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Many analytical methods have been successfully employed for the study of minerals, in particular,
vibrational infrared (FTIR) and Raman spectroscopies and X-ray powder diffraction (XRPD). The ad-
vantages of the vibrational spectroscopic techniques for identifying and characterizing minerals include:
rapid and versatile use; qualitative and quantitative chemical signatures; distinctive chemical fingerprint
of a material; indirect determination of the crystal features (polymorphism, isomorphism, coordination,
degree of deformation of structural polyhedra); small sample quantity (area less than 1 pm? for Raman);
wide coverage of 4,000 — 50 cm™' region in a single scan; in situ and direct measurements without sample
preparation; nondestructive use; etc. On the other hand, XRPD is a destructive technique that, depending
on the method used and the density of the material, requires from a few micrograms up to around 5 grams
of sample quantity for analysis. In spite of that, it is a rapid and powerful technique used in mineral stud-
ies with relatively straightforward interpretation of the results. During the last decade, portable X-ray
powder diffractometers for the nondestructive analysis of art and archeological materials have been de-
veloped along with the portable and hand-held vibrational spectroscopy instrument. Here, some ad-
vantages and limitations in the process of the complementary use of FTIR and Raman vibrational spec-
troscopy and XRPD for identification and characterization of minerals are outlined.

Keywords: vibrational spectroscopy; X-ray powder diffraction; advantages; limitations; minerals

BKPCTYBAILE HA BUBPAIIUCKATA (MH®PAIIPBEHA 1 PAMAHCKA) CIIEKTPOCKOIIHJA
N PEHAI'EHCKATA JU®PAKIINJA O IPAIIOK ITPU UIEHTUDOUKALINJA
N KAPAKTEPU3AIINJA HA HEKOU MUHEPAJIN — TIPEJHOCTHU U OT'PAHUYEHOCTMU.
HNPETJEJIEH TPY J{

MHOTY TeXHHMKH YCIIEIIHO C€ KOPHCTAaT 3a H3ydyBame Ha MHHepanuTe. Mely HMB 0coOeHO ce
n3aBojyBaar BuOpammckure wuHppanpseHa (FTIR) m pamaHcka CHIEKTPOCKOIIMja W PEHATEHCKara
mudpakimja on mpamok (XRPD). IlpemHoctute Ha BHOPAIMCKO-CIEKTPOCKOIICKHTE TEXHHUKH 3a
nACHTU(HKANMja U KapakTepH3alnja ce cOCTojaT BO: Op3a M MHOTYCTpaHa ymorpeda; KBaJMTATHBHO U
KBAaHTUTATUBHO XEMHCKO OJIpEAyBame; pa3lIMKyBameé Ha XeMHCKara IpUpoja Ha MaTepHjalioT MpeKy
HETOBHOT CIEKTap; MOCPEIHO OIpeJeNlyBambe Ha KapaKTepUCTHUKUTE Ha KPUCTAIOT (moiaumopduzam,
n3oMopdu3am, KOOpIMHAIM]jA, CTENIEH Ha JedopManuja Ha CTPYKTYPHUOT TOJIHMEAAp); Majo KOJIMYECTBO
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Ha TPUMEPOK (32 paMaHcKara CIEKTPOCKONHMja M MOBpIIMHA moMana on 1 um?); mupok ondar Ha
cmektpanda obmact ox 4000 — 50 cm™! mpeky camo eeH CKeH; in sifu U JUPEKTHO CHUMamE 6e3
MOJTOTOBKA Ha NPHUMEPOKOT; HENECTPYKTHBHOCT Bp3 HpuMepokoT uTH. Ofn npyra crtpaHa, XRPD e
JECTPYKTUBHA TEXHHWKa 3a KOja, BO 3aBHCHOCT OJf METO/aTra Koja Ce KOPHCTH M Of TyCTHHara Ha
IIPUMEPOKOT, 32 aHANIN3a € NOTPEOHO O HEKOIKY MIJITPAMU JI0 OKOIY 5 Tpama nmpumepok. M mokpaj toa,
Toa ¢ Op3a M MOKHA TEXHHKa KOja YeCTO C€ KOPHUCTH IPH MCIHUTYBamba Ha MHUHEPAINTE, a CE OIMKYBa CO
penaTUBHO €HOCTAaBHA MHTEpIIpETanyja Ha pe3ynraruTe. Bo nociennara nexana cé nmoBeke ce pa3BuBaat
u ce kopucrar T.H. npeHocHH XRPD uHCTpyMeHTH 3a HeAeCTpPyKTHBHA aHalM3a Ha yYMETHUUYKH HU
apXCOJIOIIKK MaTepHjajy, CEKaKo BO CIpera CO COOJIBETHUTE payHW HH(PALPBEHH W paMaHCKU
cnekrpoMeTpu. Bo 0BOj mpemieneH Tpya € JaJeH OCBPT Ha HEKOW NPETHOCTH M OTPAaHWICHOCTH IIPU
KOMIUTeMeHTapHO Kopucrele Ha FTIR wu pamancka crekrpockomuja, kako u Ha XRPD 3a
HACHTU(UKALN]a M KapaKTepH3alrja Ha Pa3TidHi MUHEPaJIH.

Kayunu 360poBu: BHOpalmcka CIEKTPOCKOIMja; PEHAreHCKa AW(paKIyja oJ NMpauioK; NPeIHOCTH;

OTPpaHUYCHOCTU; MUHEPAJIN

1. INTRODUCTION

X-ray powder diffraction’ and vibrational
(infrared and Raman) spectroscopy*® are the most
widely used techniques for studying minerals.
These methods provide valuable information about
either the crystal or molecular structure of miner-
als, but there are some distinct advantages and lim-
itations that one of the techniques has over the oth-
er. In this author's review, we will explore and dis-
cuss these aspects throughout the analysis of a
large number of various types of minerals — anhy-
drous, hydrous, silicate, non-silicate, etc.

One of the primary advantages of vibrational
spectroscopy is that it can provide detailed infor-
mation about the chemical composition and chemi-
cal bonding in a mineral.?® Infrared (IR) and Ra-
man spectroscopy measure the way that a mineral
absorbs and emits radiation in the corresponding
regions of the electromagnetic spectrum. The ob-
tained spectra can be used to identify the functional
groups and the type of chemical bonds present in
the mineral. In contrast, X-ray powder diffraction
only provides evidence about the crystal structure
of the mineral, but not necessarily for the chemical
composition and the functional groups.

Another advantage of vibrational spectros-
copy is that it can be used to characterize minerals
whose analysis using other techniques is difficult
or impossible. For example, some minerals may be
too small or occur in mineral conglomeration or
association to be individually analyzed using X-ray
powder diffraction. In addition, vibrational spec-
troscopic techniques can be used to study minerals
in situ, or in their natural environment, which can
provide important insight into their behavior and
properties under real-forming conditions. This is
not possible with powder diffraction, which requires
the mineral to be in a powdered form.® In contrast,
powder diffraction data collection can be a more

time-consuming process and cannot provide an an-
swer to the presence of amorphous phases, which
can be determined in both IR or Raman spectra
since their building units also give unique spectral
bands, regardless of the fact that the structures are
not periodically arranged in three dimensions.

On the other hand, one of the main ad-
vantages of powder diffraction over vibrational
spectroscopy is that it can provide a complete crys-
tal structure analysis.!* This means that not only
can the unit cell dimensions and space group be
determined, but also the positions of all the atoms
in the crystal can be located. In addition, powder
diffraction also has the advantage of being able to
simultaneously determine the presence of a wide
range of minerals. This technique can be used to
identify both common and rare minerals, and it can
provide information about their crystal structure
and composition, because the peaks in the diffrac-
tion patterns are narrower and less complex to in-
terpret in comparison to the vibrational bands in
the spectra. The positions of the X-ray powder dif-
fraction maxima are constant (and easier to inter-
pret), which is not always the case with the posi-
tion of the vibrational bands in the Raman and in-
frared spectra arising from the functional group, as
they might be shifted depending on their cation
(metal, hydrogen) or anion (OH) arrangement.

There are cases of powder XRD dominance
over single-crystal XRD. Namely, reliable results
can be obtained using X-ray powder diffraction,
which make it possible to obtain good resolution of
reflections, determine reliable values of unit cell
parameters (comparable to those obtained by sin-
gle-crystal X-ray diffraction), and carry out credi-
ble identification of structurally similar minerals.
Another advantage is that powder XRD can be
done a mixture and using Rietveld analysis deter-
mine composition whereas single-crystal XRD re-
quires a single phase.
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On the other hand, micro-Raman spectrosco-
py has some advantages over infrared spectroscopy.
The former is a non-destructive technique, so the
sample can be used for other studies or analyses,
which is particularly important for gems and valua-
ble specimens. This allows multiple techniques to
be used on the same sample, which can provide a
more complete picture of the analyzed mineral.*®

In parallel to the above-mentioned experi-
mental techniques, the present review also scrutiniz-
es the relevance of state-of-the-art theoretical mod-
eling techniques that have been used as a tool for
more exact and more reliable interpretation of the
experimental data. In many cases, even when quan-
titative agreement between theoretical and experi-
mental data cannot be achieved, theory still predicts
the right order of appearance of bands in the vibra-
tional spectra of these complex solid-state systems
and solely by inspecting the resemblance between
the theoretical and experimental spectral patterns
more detailed assignments can be provided.

2. MATERIALS AND METHODS

2.1. Experimental

The following samples were natural miner-
als collected mainly from deposits in N. Macedo-
nia: almandine [Fe3Al»(SiO4)3] from Staro Bonce;
beryl [Be;ALSicOis] from Caniste; hematite
[Fe,Os3] from Damjan and RZanovo; rutile [TiO,]
from VeselGani; jarosite [KFe3(SO4)2(OH)s] from
Bukovik; struvite [MgNH4+PO4-H,O] from Crni
Vrv; and stibnite [Sb.Ss], realgar [a-AsS], parare-
algar [AsS], parapierrotite [TISbsSs], hornesite
[Mg3(AsOs)2-8H20] and picropharmacolite
[CasMg(AsO3;0H)2(AsOs4),- 11H,O]  from  Allchar
(Fig. 1). Other studied minerals were collected
throughout the world: symplesite [Fe3(AsOs).:8H,O]
from Laubach (Germany); pharmacolite
[Ca(AsO;0H)-2H,0] from Saru Dornei (Romania);
and vladimirite [Cas(AsO3;0H)(AsO4)2-4H,0] from
White Caps Mine, Nevada (USA) (Fig. 1). The fol-
lowing samples were synthetic analogues to the min-
erals: pyrargyrite [AgsSbS;], stibioellisite [T1:SbSs],
miargyrite [AgSbS;] and weissbergite [TISbS;] and
were prepared by solid-state reactions in sealed
quartz tubes.!*!> The natural samples were carefully
separated from the ore sample under an optical mi-
croscope. All samples were powdered prior to taking

vibrational spectroscopy and XRPD measurements.
The Perkin Elmer 2000 FTIR interferometer
was employed for recording the room temperature
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(RT) and liquid nitrogen temperature (LNT) mid-IR
spectra using the KBr pellet method (4000 — 400
cm). The pellet was prepared by distributing 1 mg
of the powdered sample into 250 mg KBr (for IR
spectroscopy, Merck) and applying a pressure of 10
t/cm?. A Graceby Specac P/N 21525 variable-
temperature cell (Graceby Specac, Orpington, Kent,
UK) with KBr windows was used for the LNT
measurements. The resolution of the instrument was
4 cm™ and each spectrum was averaged from 16
scans (accumulations). The far-IR spectra were rec-
orded on the same instrument (650 — 50 cm™') using
suspension mulls of the samples with Nujol between
polyethylene plates. The number of scans was set to
512 and the resolution was 4 cm™.

A micro-Raman multichannel spectrometer,
Horiba JobinYvon LabRam Infinity (f < 100) with
either 532 nm Nd:YAG laser line or He:Ne laser
(632.8 nm), was used for recording the spectra. Ad-
ditionally, the almandine sample was recorded by
other conventional (dispersive) and Fourier trans-
form Raman instruments. In particular, Renishaw
micro-Raman 1000 spectrometer using the 514 nm
excitation line of an air-cooled argon ion laser
(Melles Griot), as well as the Dilor Z24 triple dis-
persive monochromator with Coherent Innova 400
operating at 488 nm Ar laser line (4 scans, resolu-
tion 4 cm™') were used. A Bruker FT Raman model
106/S connected to FTIR interferometer Equinox 55
with 1064 nm line of Nd:YAG frequency laser was
employed to collect the FT-Raman spectrum (1024
scans, resolution 4 cm ™) of stibnite as well.

The X-ray powder diffraction patterns of the
minerals were recorded on a Philips PW 3710 X-
ray diffractometer from 8 to 120° 26 (step size
0.01°, time per step 2.5 s). A X-ray generator with
50 kV and a current of 30 mA was employed as a
source for Cu Ko radiation. The mineral sample
was powdered and manually positioned over a sili-
con sample plate. The diffractograms were ana-
lyzed by the Fullprof program, and the ICDD-
PDF-2 database for phase identification and peak
indexing was employed.

For the crystal structure solution of symplesite,
a Stoe Stadi-P powder diffractometer was used [Mo
Koy, radiation from primary Ge(111) Johannson-type
monochromator and using a Mythen Dectris 1K de-
tector]. The powdered sample was sealed in a borosil-
icate glass capillary (0.5 mm diameter Hilgenberg
glass capillary No. 50), which was spun during the
measurement for better data statistics. Diffraction
data for the crystal structure solution were collected
from 3° to 42° 26 for a period of 24 h, with more de-
tailed information given in Runcevski et al.*®
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Almandine [FesAl2(SiO4)3] from Staro Bonée

50 mm

Hematite (Fe203) from Damjan

50 mm

Rutile (TiO2) from Veseléani Stibnite (Sb2Ss) from Allchar

25 mm

Realgar (a-AsS) from Allchar Pararealgar (AsS) from Allchar
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Pharmacolite [Ca(AsO30H)-2H20]
from Saru Dornei, Romania

B T Ry 1.4

Vladimirite [Cas(AsO30H)(AsOa4)2-4H20]
from White Caps Mine, USA

NS 2

Picropharmacolite [Ca4sMg(AsO3sOH)2(AsOa4)2-11H20]  Symplesite [Fes(AsO4)2-8H20] from Laubach, Germany
from Allchar

5 mm

Struvite (MgNH4PO4 -H20) from Crni Vrv Jarosite [KFe3(SO4)2(OH)e] from Bukovik

Fig. 1. The photographs of the studied minerals
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2.2. Theoretical techniques

Appearance of a band in the vibrational
spectrum of a given material indicates a transition
with a certain energy difference between the vibra-
tional levels, corresponding to the energy of the
absorbed IR photon. However, the experimental
data does not give any additional information
about the studied system, e.g., the nature or origin
of the involved levels. Therefore, performing theo-
retical calculations in order to provide support or
even offer a thoroughly new understanding of the
experimentally observed pattern has become a
standard in contemporary science.

In a number of our previous studies, differ-
ent theoretical approaches for the previously out-
lined purposes, based on the periodic density func-

tional theory (DFT), have been implemented. The
first one of these is the pseudopotential plane-wave
(PSPW) density functional theory approach
(PSPW DFT), while the second one is based on the
representation of the one-particle wavefunctions
(often called crystal orbitals) as linear combina-
tions of Bloch functions. The Bloch functions are,
on the other hand, expressed through atomic orbit-
als (i.e., local functions). The particular implemen-
tation of the PSPW DFT approach used is the one
in the NWCHEM series of codes, while the second
is the one in the CRYSTAL series of codes. The
DFT implementation is based on the Kohn-Sham
formalism, in which the energy of the system is
written in the form of the Kohn-Sham functional:

E[w:]= ZZJI//i {— %}Vzl//id F + IVion (F)o(F)d°F + iJ‘ p(f)p(F')d 359

+Exc[o(F)]+ Enn (R} (1)

where in equation (1), Eion is the Coulomb energy
of interionic interactions, {R} denotes the momen-
tary set of ionic (i.e., nuclear) positions, Vi is the
interaction potential between electrons and ions,
and Ex[p(r)] is the exchange-correlation energy
functional. The electron density is defined as:

p(F)= ZZ,I%I2 @)

Choosing the set of one-electron wavefunc-
tions {4} such that the Kohn-Sham functional is
minimized, arrives at the Kohn-Sham equations:

{_Z;Vz +Vin (F)+VH (F)+ch (F)}/li (F) =&Y (F) ©)

In equation (3), & are the energy eigenvalues
of the Kohn-Sham Hamiltonian and V4 is the Har-
tree electronic potential. The single-particle orbit-
als, within the plane-wave expansion formalism,
can be written in the following form:

y (F)= exp(iIZF);ti . (G)exp(iéf) (4)

In equation (4), K is a vector within the first

Brillouin zone; G, on the other hand, denotes the
set of reciprocal lattice vectors. The nonlocal pseu-
dopotential term in the PSPW Kohn-Sham equa-
tions has the form:

v, )= SVvE[F-R, P-R,)  ©

The complexity of electron-electron interac-
tions in many-electron systems, within the DFT
approach, is contained within the exchange-

correlation potential vV*°(F,F"). It can have two

basic forms: local and nonlocal. The local variant
is a simple, local multiplicative potential:

Ve(r, ) =ve(F)s(F — 1) (6)

In a more realistic scenario involving the
nonlocal effects, v*° acts as an integral operator. In
our previous studies based on local density approx-
imation (LDA), a Vosko's functional'” has been
implemented to solve the Kohn-Sham (KS) equa-
tions in an iterative manner. The valence electrons'
wavefunctions were represented by expansion in a
plane-wave basis set, while to account for the in-
teractions between the valence shell electrons and
the nuclei and core electrons, the pseudopotential
approach was used. In our previous studies, the
norm-conserving Hamann pseudopotential'® was
used for As, O and H atoms, with the nonlocal part
modified to a completely separable form, accord-
ing to Refs.” and Troullier-Martins norm-
conserving pseudopotentials?’’ on Mg and Fe. A
series of extensive test calculations has been done
for each of the studied systems to arrive at the pa-
rameters that should be implemented for the actual
productive calculations. Such tests have been done,
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e.g., by discretization along lattice vector direc-
tions in order to determine an appropriate grid of
points which will be further used to allow suffi-
cient convergence. Our previous studies carried out
the Ewald summation over several unit cells in
each spatial direction to ensure appropriate con-
vergence. Along with the Vosko's functional, a se-
ries of different systems were studied by numerous
test calculations with other nonlocal exchange-
correlation functionals, such as PBE96, PBESOL
etc. The geometries of the used 3D periodic model
systems were optimized with the Grassman LMB-
FGS energy minimization scheme. Usually, two
geometry optimization procedures were imple-
mented. The first one allowed both the atomic po-
sitions within the unit cell as well as the unit cell
parameters themselves to vary in the course of op-
timization. Conversely, in the second one, the unit
cell parameters were kept fixed (at the experimen-
tally determined values), while the atomic posi-
tions within the unit cell were allowed to vary dur-
ing optimization. By carrying out numerous test
calculations using both approaches, the conclusion
was derived that the second procedure often led to
much more reliable data and, at the same time,
provided significantly better agreement with the
experiment. Sequentially to geometry optimization,
harmonic vibrational analysis was carried out
based on analytic computation of the nuclear Hes-
sian matrix using the first-derivative of the analyti-
cal gradients. To project out the translations and
rotations of the nuclear Hessian, we have used the
standard Eckart projection algorithm.

3. RESULTS AND DISCUSSION
This section outlines the advantages and

limitations of XRPD and vibrational spectroscopy
for identification purposes of the minerals studied.

Table 1

The examples are sorted out by pinpointing the
superiority of some of the techniques over the oth-
er. Since they have their own advantages and dis-
advantages, it is recommended to use them as
complementary rather than competitive techniques.
Sometimes, however, it is necessary to use only
one of the above-mentioned techniques. In addi-
tion, the usefulness of theoretical techniques to
support and assist the empirical assignments of the
spectral bands was also addressed. Theoretical
studies are a valuable tool to initiate reassignments
and substantial reconsideration of the factors lead-
ing to certain trends in the vibrational frequencies.

3.1. XRPD dominance over vibrational (infrared)
spectroscopy

3.1.1. Rutile

The IR spectrum of rutile is extremely sensi-
tive to size, shape and preparatory sample condi-
tions.*?>?3 The reason behind this is due to its high
refraction index that causes spectral differences
that are predominantly expressed in the IR rather
than in the corresponding Raman spectrum.* Thus,
the spectral manifestation varies in terms of broad-
ening of the bands as well as in the shift of the
band maxima (Fig. 2).2>?® Therefore, the IR active
modes give rise to four bands in the far IR spec-
trum of our analyzed rutile sample (Fig. 2g).?” As
presented in Table 1, the observed four IR bands in
the spectrum of the studied rutile sample appear in
the expected broadened spectral regions. In spite of
that, the identification of the minerals with high
refraction index, as in the case of the rutile sample,
should be additionally proved by the use of more
reliable methods.

Band assignment and frequencies (in cm™') in the IR spectra of rutile from Veselcani
compared to corresponding literature data (data from Ref.”’)

Description Our V\vrorl'( Ocana & Sell:na s Mcz?evitt & . Luxon & Summitt?3,
(Vesel¢ani) natural Baun*, synthetic natural®
E) - 334 m® 365 —345 352w 350
E2-w 398 m 435 -405 423 w 425
El—wi 528 w 545 -515 608 s 610
Azu—va 600 s 675 - 600 695 s 680

2 The intensities are not given.

® The range for band appearance is given because six spectra are observed. Intensity varies.

¢s — strong; m — medium; w — weak.

Maced. J. Chem. Chem. Eng. 43 (1), 1-28 (2024)
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In our recent study of rutile vibrational dy-
namics, a combined molecular dynamics (MD)
approach, in conjunction with the linear response
theory-based analysis of the trajectories, was car-
ried out to compute the temperature-perturbed in-
frared response of TiO. with the generalized two-
dimensional correlation analysis of the obtained
spectra.?® We have used the second-order self-
consistent charge density functional tight binding
(SCC-DFTB) approach for 3D periodic systems to
carry out the MD simulations. The study demon-
strated the usefulness of the approach and its po-

Table 2

tential to get further insights into the vibrational
dynamics of periodic systems by combining statis-
tical physics simulations with the generalized two-
dimensional correlation spectroscopy (2D COS)
analysis. By carrying out an in-depth analysis of
the synchronous and asynchronous 2D spectra, a
significant new insight into the anharmonic cou-
plings between the modes in the studied system
was provided. In addition, the sequential character
of the temperature-induced changes in the vibra-
tional force field was also rationalized.

The most intense maxima in the X-ray diagram of rutile from Veselcani
compared to the literature data (data from Ref.”’)

Our work Berry & Thompson® Berry3’?
hkl I/l desp (A) dexp (R) dexp (R)
110 100 3.21 3.2410 3.25«
101 32 2.46 2.495 2.495
200 8 2.23 2.2912
111 15 2.17 2.183 2.193
210 7 2.04 2.0512
211 33 1.68 1.6877 1.69¢
220 9 1.62 1.6213 1.62>
002 6 1.47 1.473, 1.461
130 6 1.45 1.451
031 12 1.35 1.3544 1.352
112 8 1.34 1.344,
321 5 1.18 1.169;
222 5 1.09 1.092,
141 5 1.04 1.04112

 Synthetic analogue.

405

Absorbance

1000 700 400

1000 700 400

Wavenumber/cm™!

Fig. 2. The IR spectra (a-f) of various synthetic and commercial rutile samples?
compared to the spectrum of rutile (g) from VeselCani

Maced. J. Chem. Chem. Eng. 43 (1), 1-28 (2024)
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To avoid possible misidentification and mis-
interpretation of the nature of the rutile samples, a
more reliable method is recommended. Therefore,
the sample was analyzed by X-ray powder diffrac-
tion. Table 2 lists the characteristic peaks in the
studied powder diagram?’ compared with the cor-
responding maxima in the diagrams of natural®
and synthetic*® rutile samples. The comparison
shows that the results from the X-ray powder pat-
tern of the studied rutile sample are practically
identical with the diagrams of the natural rutile
taken from the literature. The characterization of
the studied mineral sample shows that XRPD is
certainly a more reliable technique for identifica-
tion of the studied rutile sample compared to FTIR
spectroscopy.

Table 3

3.1.2. Hematite

Two hematite samples were studied?’ in the
far-infrared region (Fig. 3). Very pronounced spec-
tral similarity strongly indicates that the investi-
gated samples belong to the same mineral. The
observed six bands in the spectra of the studied
samples correspond, in general, to the number of
the infrared bands (four to six) reported in the lit-
erature,*?*2%3! (Table 3) and are in agreement with
the predictions based on the factor-group analysis.®
The observed frequency shifts of the corresponding
bands (Fig. 3, Table 3) in the studied spectra were
explained as due to the influence of the particle
shape and size.

Band assignment and firequencies (in cm™) in the IR spectra of hematite
samples from Damjan and RZanovo compared to corresponding literature data (from Ref.”’)

Mode Our work Taylor et al?, Farmer?, McDevitt & Serna et al %,
Damjan _ RZanovo natural natural® Baun?, synthetic synthetic?
Ey! 641m® 643 m 625 sh 650 w 630 sh - -
E? 453 s 446 s 465 s 440 s 470 s 480 s 468 s
EJ 315 307 s 335s - 335 345s 325s
E* 233w 233w - 229 w 229 w 235w -
Ao 528's 526's 545 s 525s 540's 560 s 560 s
Ao 397w 397w 370 sh 400 sh 380 w 370 sh 370 sh

2 The band frequencies are approximate because numeric data are not given.
b First column — lath-shaped microcrystals; second column — very irregularly shaped particles.

¢s — strong; m — medium; w — weak; sh — shoulder.

Absorbance

b)

600 500 400 300 200
Wavenumber/cm-1

Fig. 3. The far-IR spectra of hematite
from Damjan (a) and Rzanovo (b)
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In order to confirm the insights obtained by
infrared spectroscopy, the X-ray diagrams of the
studied samples were obtained.”” Several peaks in
their X-ray patterns* (not shown here) were not
typical for hematite and were attributed to the
presence of talc and orthochrysotile impurities in
the Rzanovo sample as well as to the quartz impu-
rities in the Damjan sample (Table 4).

It is again evident that, compared to the ap-
plied FTIR method, the XRPD is a more reliable
technique for detecting the presence of various
types of impurities in the studied two hematite
samples. This scenario comes into mind particular-
ly for the oxide and sulfide samples whose absorp-
tion bands rest in the far-IR region where the re-
maining oxygen-containing minerals (carbonates,
sulfates, phosphates, arsenates, vanadates, arse-
nates, silicates, etc.), do not show pronounced
peaks and can hardly be detected when present as
an impurity in oxides, sulfides and/or sulfosalts.
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Table 4

The impurity maxima in the X-ray diagram of hematite
from Rzanovo and Damjan compared to the literature data (adapted from Ref.”’)

Our work (RZanovo)

Our work (Damjan)

Impurities (Assignment
from Berry & Thompson?)

I dexp (A) I I dexp (A)
12 9.03 9.35x — Talc
15 6.88 7.10x — Orthochrysotile
8 4.67 4.59¢ — Talc
10 3.51 3.557 — Orthochrysotile
14 3.28 3.34x — Quartz
20 3.05 3.124—Talc
9 2.27 2.284 — Quartz
6 2.27 2.335 — Orthochrysotile

3.2. Vibrational spectroscopy dominance over
XRPD

3.2.1. Beryl

While beryl [Be3;Al>SicOis] is generally con-
sidered a nominally anhydrous mineral, the infra-
red spectrum obtained at room temperature for the
beryl sample from Caniste reveals bands indicating
the presence of water molecules (H,O) and hy-
droxyl groups (OH). The spectrum indicates two
distinct bands at 3592 cm™! (B-notation) and 3660
cm ! (C-notation), as shown in Fig. 4a. In contrast,
the infrared spectrum obtained at liquid nitrogen
temperature (LNT) exhibits an additional weak
band at 3697 cm™! (A-notation), as shown in Fig.
4b.3* This spectral deviation strongly suggests the
presence of a particular type of H,O molecules
predominantly occupying channels along the c-axis
in the beryl structure.****> Specifically, the bands
observed in the 3690 — 3699 ¢cm™! and 3629 — 3650
cm ! regions (refer to Table 4%) represent type I
H>O molecules, which are arranged with their
symmetry axis perpendicular to the channel axis, a
characteristic feature of alkali-free beryls. These
bands are almost absent in our room temperature
spectrum. Conversely, the bands corresponding to
the stretching vibrations of type II H.O molecules
(associated with alkali-bearing beryls) appear in
the 3660 — 3674 cm™' and 3590 — 3596 cm™' re-
gion, which are distinctive features of the studied
beryl specimen. Furthermore, the bending vibra-
tion of HO (1623 cm™!, inset in Fig. 4) provides
additional evidence for the presence of type I H,O
molecules, as its wavenumber is approximately 20
cm ! higher than the corresponding band for type I
H>O molecules (the latter band is absent in our IR
spectrum). The studied beryl does not contain a
third type of H,O with the same C2 symmetry axis
orientation as type I water,*® nor does it contain

CO; molecules, as indicated by the absence of
bands associated with their infrared active modes

(refer to Table 4°°).
A 8(H,0) type Il
17001600
v4(H,0) type Il
B-notation
3592
v4(H,0) type Il
C-notation
() v3(H,0) type Il 3660
8 A-notation
©
£ |a)
o
3
< 3661
3591
3697
b)
T T T
3750 3700 3650 3600 3550

Wavenumber/cm-!

Fig. 4. FTIR spectrum of beryl from Caniste
recorded at RT (a) and at LNT (b) in the stretching
H2O0 region. Inset: The bending H20 region.

The Raman spectrum of beryl in the stretch-
ing region of H,O (Fig. 5a) aligns with the expec-
tations based on the corresponding IR spectrum.®
Specifically, the prominent band at 3596 cm™ can
be confidently attributed to the vi mode of type 11
water molecules, while the band with very weak
intensity at 3663 cm™' may be related to the corre-

Maced. J. Chem. Chem. Eng. 43 (1), 1-28 (2024)
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sponding v3 vibration. The band resulting from the
deformations of H>O molecules is fingerprinted as
a weak band and appears at 1610 cm™! (Fig. 5b).
No bands related to type I water molecules are de-
tected in either the stretching or bending regions,
providing further indirect confirmation of their

absence in the crystal structure of the analyzed
beryl specimen.

Here it should be pointed out that X-ray
powder diffraction is not a suitable technique for
detecting the presence of water molecules in the
studied beryl sample.

v4(H,0) type Il
a) 3596 b
2 2
a A 3(H,0) type Il
S 2
£ £ 1610
c c
© ©
£ E
© ©
(14 14
1 1 1 I
3800 3700 3600 3500 1800 1700 1600 1500

Wavenumber/cm-!

Wavenumber/cm-!

Fig. 5. Raman spectrum of beryl from Caniste in the stretching H20 region (a) and bending H2O region (b)

3.3. Infrared spectroscopy dominance
over Raman spectroscopy

3.3.1. Symplesite and hornesite

Despite the intricate structural composition
of symplesite [Fes3(AsQOs),'8H>O] and hornesite
[Mg3(AsO4)2-8H20], the spectral characteristics of
both minerals can be systematically and relatively
casily analyzed by dividing the overall spectrum
into distinct regions associated with vibrations of
the crystalline water molecules and the molecular
anions (AsO4*), connected by the corresponding
cations.’® The objective here is to emphasize the

a)

Absorbance

b)

ability to identify and correlate the infrared and
Raman bands originating from water vibrations.
The presented infrared spectrum of symple-
site in Figure 6a exhibits a striking similarity to pre-
viously reported data.**’ Notably, due to the com-
plex hydrogen bonding network, a broad band re-
sulting from H,O stretching vibrations appears in
the symplesite IR spectrum within the 3500 — 2800
cm! range, with two peaks observed at 3377 ¢cm™
and 3000 cm' (Fig. 6a). Additionally, the bending
mode of water molecules is represented by a peak at
1630 cm™!, closely resembling literature findings.**’

M
v/ + T
.‘""ﬂ
' 9%
v
'y
¥ | v
B
“ / v
5] VL

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber/cm-!

Fig. 6. Experimental IR spectra of symplesite (a) and hornesite (b). The wavenumbers of the prominent peaks are marked by arrows.
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In both symplesite (with Fe)!'¢ and hornesite
(with Mg)* structures, the octahedral arrangement
of arsenate and water oxygen atoms around the
metal (M) atom forms a repeating unit,
M;06(H20)4, which is connected to two similar
neighboring units as well as four individual octa-
hedral species of the form MO»(H,O)s. Through
such linking, which extends infinitely in an ideal
crystal, a complex band parallel to the (010) plane
is generated. The connection between two bands of
this nature is facilitated by weak H,O---H,O inter-
actions. The combination of water molecules in-
volved in these interband interactions forms a near-
ly regular tetrahedron composed of four water
molecules. This tetrahedral grouping is predomi-
nantly stabilized by electrostatic forces. Although
the precise positions of hydrogen atoms within the
studied minerals have not been experimentally de-
termined, an overall understanding of the hydrogen
bonding pattern can be derived from the descrip-
tion of the crystal structure and the wide range of
O---0O interatomic distances documented in crystal-
lographic studies of symplesite and hornesite,'*®
which contributes to the observed spectroscopic
features in the range of water OH stretching mode.

The infrared spectrum of hdrnesite reveals a
higher number of bands in both the H,O stretching
and bending regions compared to the symplesite
spectrum (Fig. 6b). Two distinct bands arising from
v(H,0) vibrations are observed at 3483 ¢m™' and
3045 ¢cm™!, accompanied by two smaller peaks at
3401 cm™! and 3166 cm™' (Fig. 6b, Table 1 in

Ref.*®). The spectral pattern of OH stretching in
hornesite resembles the infrared bands observed in
phosphate analogues such as vivianite (3460 cm™!,
3281 cm™!, 3104 cm™')*>* and metavivianite (3350
cm!, 3240 cm™!, 3145 cm ™). 4!

In hornesite, the bands corresponding to the
bending modes of water molecules are situated at
1682 cm™, 1621 cm™ and 1581 cm™ (Table 1 in
Ref*®), consistent with literature data.*> These
bands also closely align with the corresponding
bands found in vivianite-type minerals, such as
vivianite (1666 cm™, 1615 cm™, 1586 cm™)* and
metavivianite (1670 cm™, 1625 em™, 1580 cm™!).4!

The discrepancies between the Raman spec-
tra of hornesite and symplesite are considerably
more evident (Fig. 7).

It is important to note that, contrary to the
three*>* to five** very weak Raman bands reported
in the literature, which were attributed to water
stretching vibrations, our Raman spectrum of
hornesite does not exhibit any bands in the water
stretching region (Fig. 7b), aligning with the find-
ings published by Frost et al.* This further con-
firms the well-known fact that the Raman tech-
nique is not sufficiently reliable in detecting the
presence of water molecules in the analyzed sam-
ples, primarily due to their low polarizability. On
the other hand, in symplesite, only one Raman
band arising from water stretching vibrations was
observed at 3448 cm™' (Fig. 7a), in contrast to the
two bands mentioned in the literature for para-
symplesite.*?

/ “1%
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Fig. 7. Experimental Raman spectra of symplesite (a) and hornesite (b). The peak maxima are marked with arrows.
Pictures of the analyzed minerals under the micro-Raman objective are also given.
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3.3.2. Stibnite

The far-infrared spectrum of stibnite [Sb,Ss]
(Fig. 8a) is very similar to the one reported in the
literature.***” The bands at 372 and 337 cm™' were
assigned as Sb—S stretching vibrations (originating
from the group with shorter Sb—S distances), while
the bands at 276 and 242 cm™' belonged to the
stretching Sb—S vibrations originating from the
group with the longer Sb-S distances.*#4

The bands below 200 ¢cm™ could be as-
signed to the S—Sb-S bending vibrations, as ex-
plained in our previous reports.’® Similar far-IR
spectra are observed for the series of other miner-
als also containing SbS; pyramids in their struc-
tures like pyrargyrite [AgszSbSs3], stibioellisite
[T13SbSs], miargyrite [AgSbS,], and weissbergite
[TISbS;] (Fig. 8) and their identification could be
inferred from their far-IR spectra.

However, when an approach was made to in-
terpret the Raman spectra, the same mineral, regard-
less of being natural, synthetic crystals or nanoparti-
cles, exhibited surprisingly different Raman spectrum
to those reported in various literature sources. For
instance, the Raman spectra of natural and synthetic
stibnite [Sb,S3], collected by the use of green (514.5,
532 nm) and red (632.8 nm) excitation laser lines,
portrays considerable differences to the works of
Refs.”*5 (Fig. 9). The much-pronounced differences

f Stibnite

in the Raman spectral view of stibnite, sometimes
resulting in a completely different pattern, raises the
question whether stibnite and its synthetic analogue,
as well as other structurally similar SbSs-pyramid-
containing sulfosalts, undergo photoinduced trans-
formation during spectral collection.

a) Sb,S;

b) Ag;Sbs §

¢) TI,SbS N\ ~
x\\%\ 3 / \ / \ A
S i S \
d) Agsbs,

Absorbance

_e) TISbs, MW N
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Fig. 8. Far-IR spectra of stibnite and other structurally related
minerals containing SbS3 pyramidal units
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Fig. 9. Different views of the Raman spectra and the corresponding bands in stibnite [Sb2S3] from various literature sources
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Fig. 10. Micro-Raman spectra of unburned (left panel) and degraded/burned samples of SbS3-containing minerals (right panel).
The degradation product is a mixture of antimony [Sb] and senarmontite [0-Sb203].

By comparing our obtained Raman results
for stibnite with relevant literature sources, it be-
comes evident that a correct Raman spectrum of
stibnite should exhibit two prominent bands cen-
tered around 280 cm™ and 300 cm™'. However, if
the laser intensity is not properly controlled and
increases beyond acceptable limits, the stibnite
sample undergoes a transformation into senarmon-
tite [a-Sb,0s3] and antimony [Sb], resulting in in-
tense peaks at 145 cm!, 184 ¢cm™! and 257 cm™!
(Fig. 10), which are attributed to these com-
pounds.>® The same photodegradation phenomenon
is observed for other minerals that contain struc-
turally related SbS; pyramids, including parapier-
rotite [T1SbsSs], stibioellisite [T13SbS;], miargyrite
[AgSbS,] and weissbergite [TISbS,] (Fig. 10).
Consequently, if Raman spectra of light-sensitive
sulfides containing SbS; pyramid structural units
are recorded without carefully observing the spec-
imen both before and after spectral collection in
both in situ and ex situ measurements, erroneous
conclusions and misidentifications may arise.
Therefore, it is crucial to establish a proper proto-
col for collecting Raman spectra of laser light sen-

sitive samples, paying close attention to the inten-
sity of the laser power.

3.3.3. Almandine

To establish a connection between the vibra-
tional and crystallographic characteristics of al-
mandine, we present its IR absorption spectra with-
in the wavenumber range of 1200 — 370 cm™! (Fig.
11).3 The identification process was based on the
comparison of the spectral results with correspond-
ing literature data for almandine specimens from
various locations worldwide.”’ % Since the studied
mineral is natural, it is expected that some spectral
differences may arise, making the identification
process more challenging at times.

Nonetheless, the interpretation of IR bands
proceeded smoothly within two distinct spectral re-
gions. The first region encompassed bands above 800
cm! (998 cm!, 967 cm™!, 901 cm™, 877 cm™),
which were assigned as v; modes originating from
the SiOy tetrahedra.*®* An additional weak band was
observed around 1090 cm™!, consistent with syn-
thetic analogues studied by Boffa Ballaran et al.’’
The second well-defined region combined peaks
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from low-energy modes ranging from 700 to 400
cm . The lowest band at approximately 450 cm™!
corresponded well with literature data and was at-
tributed to the v» mode of the SiO4 tetrahedra. The
three highest bands in this spectral region of al-
mandine (at 640 cm™!, 571 cm™!, and 530 cm™) also
matched literature data, and they were attributed to
the v4 modes of the SiOy tetrahedra.®® Furthermore,
the band around 380 cm™' was primarily assigned
to SiO4 rotations.

Almandine, Fe;Al,(Si0,);

Absorbance

I | I | | |
1200 1000 800 600

Wavenumber/cm-!

| |
400

Fig. 11. Infrared spectrum of almandine from Staro Bonce

The unique Raman spectrum of the alman-
dine mineral offers potential for its characteriza-
tion.>* In our study, we examined the almandine
sample using various Raman instruments and exci-
tation lasers (Fig. 12).%° The upper spectral region,
above 850 cm!, exhibited striking similarity to
bands attributed to Si—O stretchings. The strongest
band at 920 cm™' was precisely assigned to the
symmetric stretching mode of the SiOy tetrahedra.
Additionally, three weak bands appeared in this
region (at 838 cm™!, 976 cm™!, and 1025 cm™), cor-
responding to antisymmetric SiO4 stretching vibra-
tions. In the 650 — 450 cm™' region, the Raman
bands for almandine single crystals reported in the
literature®”696264 agsociated with the bending v,
and v4 SiOs modes were observed at similar fre-
quencies and intensities in our spectra.

However, there were two prominent bands at
446 cm and 607 cm? that appeared only in the
spectrum obtained using a 1064 nm laser. Initially,
these unexpected bands were attributed to structural
changes® resulting from possible sample photodeg-
radation or burning during 1064 nm excitation. How-
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ever, it was later discovered that these bands were
actually caused by laser-induced fluorescence from
the presence of rare earth element (REE) impurities
in the specimen providing detailed explanation and
theoretical background regarding their occurrence.®

This perplexing situation highlights the pos-
sibility of incorrectly assigning certain bands in
FT-Raman vibrational spectra, which could lead to
erroneous mineral identification. Similar observa-
tions have been made in other fields, such as ce-
ment minerals,®® calcium minerals,®’%° dental ma-
terials,” and bioceramics.”! Understanding the ge-
ochemical behavior of REEs and the crystal chem-
istry of minerals exhibiting laser-induced REE flu-
orescence bands has expanded the knowledge of
geological and biological samples.

Therefore, it is strongly recommended to
view dispersive and FT-Raman spectroscopy,
which belong to the same vibrational method (Ra-
man), as complementary techniques rather than
competing ones, as they each have their own ad-
vantages and limitations.

488 nm
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Fig. 12. Dispersive Raman spectra of almandine from Staro
Bonce (a, b, ¢) obtained with 488, 514.5, and 532 nm excita-
tion lines, respectively, as well as the FT-Raman spectrum (d)
obtained with 1064 nm laser. The fluorescence bands in the
latter spectrum at 446 and 607 cm™! are marked.

3.3.4. Realgar and pararealgar

Light, as a natural phenomenon, has the abil-
ity to induce a wide range of physical and chemical
changes in various minerals.”>™ Several light-
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induced effects have been observed in different
minerals. Rutile can darken when exposed to light™
while quartz varieties, including amethyst, can ex-
perience fading.”>® Fluorite may lose color and
fluorescence,”” and silver halides like chlorargy-
rite, bromargyrite, iodargyrite and miersite can un-
dergo photodecomposition.”™ Proustite can undergo
photooxidation.”"®8! However, the most notable
influence is observed in the mineral realgar, which
undergoes a structural change to its natural dimorph,
pararealgar (Fig. 13). The photoconversion reac-
tion, initially discovered by Douglas et al.®
through XRD and SEM measurements, has been
further investigated using various techniques. In-
frared and Raman spectroscopy researchers have
been particularly interested in studying the mecha-
nism, propagation, side reactions, by-products, ini-
tiation conditions, rate, kinetics and light intensity

threshold for conversion for over 30 years. %3¢
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Fig. 13. Raman spectrum of the realgar (a) and the pararealgar
(b) formed by the longer exposure to laser-excitation light on
the starting mineral. The IR spectrum of the realgar

(c) and the pararealgar (d) collected from realgar sample left
for 3 years under natural light exposure.

As a result, the use of Raman spectroscopy
instrumentation with visible excitation lasers,
commonly employed for identifying and character-
izing realgar in archaeological, cultural heritage
and mineral studies, could inadvertently alter the
chemistry of the analyzed sample and lead to misi-
dentification, confusing realgar with pararealgar
(Fig. 13). It has been discovered that this solid-
state photoconversion can be triggered by light
across the visible range and is not limited to safe
light (A > 670 nm). Therefore, infrared spectrosco-
py is recommended as the preferred vibrational
spectroscopic  technique for analyzing light-

metastable and unstable mineral samples, even for
remote and on-site studies, as it allows for the ac-
quisition of experimental results without detecting
sample-induced changes. Alternatively, near-
infrared Raman spectroscopy instruments operat-
ing with either 785 nm or 1064 nm excitation la-
sers can be selected as another option.

3.3.5. Jarosite

Jarosite [KFe3(SO4)2(OH)s] and related sub-
group sulfate minerals are of high importance in a
variety of mineral processing demands, and the
knowledge of jarosite formation mechanisms, its
stability and thermal behavior is essential for its
management and utilization.® Occasionally, during
the processing of some minerals (e.g., zinc), jaro-
site is intentionally precipitated to remove unwant-
ed iron, and this is known as the jarosite process.”
In other mineral processing technologies (e.g., bi-
oleaching of chalcopyrite), jarosite precipitates and
forms unwanted passivating layers on ore minerals,
which slows mineral dissolution and metal recov-
ery.”2 However, the purity of this mineral is
sometimes compromised because it occurs as a
secondary product of the alteration of iron-rich
minerals, and is formed and found in association
with quartz, alunite and feldspar minerals, among
others.”® Therefore, it is of vital interest to screen
jarosite tailing waste by effective and rapid tech-
niques like infrared and Raman spectroscopy.**
However, when interpreting the vibrational spectra
of jarosite, it should be pointed out that infrared
spectroscopy provides better insight into the asso-
ciated quartz impurities in comparison to its Ra-
man pattern (Fig. 14) mainly because the quartz
infrared spectrum is much richer in bands com-
pared to its Raman spectrum. Furthermore, there is
a triplet of IR quartz bands (850 — 650 cm™) that
appear in the spectral window that are neither over-
lapped by the sulfate and Fe—O vibrational band
positions, nor overlaid with in-plane and out-of-
plane OH vibrations (Fig. 14a,b).”*'% On the other
hand, the Raman spectrum of the same jarosite
sample associated with the quartz impurities (Fig.
14c) shows only two bands attributed to quartz, but
the strongest one (460 cm™) is almost completely
overlapped by the higher wavenumber v»(SO4*)
band centered at 454 cm™ (Fig. 14c—¢). Thus, if no
particular attention is stressed, one might not de-
termine the quartz impurity, particularly consider-
ing that the Raman spectra of minerals are some-
times only recorded down to 150 — 200 cm™" (Fig.
14d)' however the second band from the quartz
impurity does not appear until 120 cm™'.
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Fig. 14. Infrared spectrum of jarosite from Bukovik (a) and the corresponding spectrum of quartz (b).
Raman spectrum of the analyzed jarosite from Bukovik (c), compared to the spectrum of pure jarosite,
(RRUFF ID: X050105) (d),'% and quartz (¢). The rectangular fragments mark the region of interest for the appearance
of the bands originating from the quartz impurities (marked by arrows).

3.3.6. Struvite

The formation of some minerals does not
exclusively occur during geological processes, as
they might appear as urinary calculi during differ-
ent biochemical reactions that take place in the
human body. Although literature enlists pharma-
ceutical products known for their ability to form
calculi,'® the majority of more than a hundred
known urinary calculi are composed of minerals.
The need to reveal the chemical composition and
identify the type of urinary stone, makes vibration-
al (IR and Raman) spectroscopy the first choice
technique capable of providing accurate results in a
rapid, cheap, nondestructive, and environmentally
friendly manner. Nonetheless, Raman spectroscopy
confronts specific constraints, with the most prom-
inent one being the issue of background fluores-
cence that can obscure the entire spectral range,
rendering Raman bands nearly impossible to dis-
cern.'”” Typically, the principal source of fluores-
cence stems from impurities present, particularly in
biological samples.'® The interference caused by
fluorescence is also dependent on the laser excita-
tion wavelength. Therefore, selection of the correct
excitation source as well as computational, photo,
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or chemical bleaching can be used in order to
avoid fluorescence background noise in the Raman
spectrum.'® 12 However, these preprocessing
methods and algorithm tools may be time inten-
sive, laborious and utilizes consumables. There-
fore, IR spectroscopy stands as a more convenient
method for analysis of urinary stones due to the
lack of spectral fluorescence. Furthermore, the
minerals/calculi containing structural water mole-
cules can additionally provide stronger bands in
the corresponding IR spectrum. On the other hand,
the water molecules, being a part of the crystalline
structure in some urinary calculi minerals, are
weak Raman scatterers and their Raman active
modes do not provide strong spectral signals mak-
ing the identification process even more difficult.
Here, we present the advantage of using IR
spectroscopy to accurately identify the struvite
[MgNH4PO4-6H,0O] mineral that very frequently
occurs in urinary calculi. Despite the large number
of different compositional molecular units (NH**,
PO+*, H,0), its Raman spectrum is scarce in bands
(Fig. 15¢) and shows fluorescence. On the other
hand, its infrared spectrum clearly distinguishes
various regions typical for the vibrations of the
molecular units (Fig. 15a,b).!3"!" Raman spectra
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identification''”"'?! is even more challenging if the
spectrum is collected in a shorter exposure time
since only three bands from the phosphate vibra-
tions are evident, without the appearance of any
Raman bands from the ammonium ions. Thus, the

strong fluorescence and weak bands might com-
promise the identification of struvite among the
other possible phosphate-built urinary calculi can-
didates (monetite, brushite, newberyite, dittmarite).
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Fig. 15. Infrared and Raman spectrum of struvite (a, ¢) and the corresponding spectra from the literature, (RRUFF ID: R050511)
(b, d).'% The assignment of the marked bands from the NH4", PO4*~ and H>O vibrations is given by arrows,
whereas the region for the v(H20) vibrations is marked.

3.4. Raman spectroscopy dominance
over infrared spectroscopy

3.4.1. Pharmacolite, picropharmacolite
and viadimirite

These minerals, in addition to the presence of
crystalline water, all contain hydrogen arsenate units.
The pharmacolite [Ca(AsO3OH)-2H,0O] mineral con-
tains only hydrogen arsenate units, whereas vladi-
mirite [Cas(AsO3;0OH)(AsOs),-4H,O] and picrophar-
macolite [CasMg(AsOsOH)(AsOs):-11H,0] addi-
tionally contain arsenate building blocks in the
crystal structure. Considering the diverse composi-
tional and structural complexity of the minerals, it
was interesting to test the capability of infrared and
Raman spectroscopy to determine and assign the
bands that arise from either the hydrogen arsenate
or the arsenate structural anions. Despite the fact
that all studied minerals manifest OH vibrations, it
was not of particular interest here to evaluate the
behavior of these vibrations along with the water
vibrations in the spectral regions typical for the

stretching and the bending vibrations of these os-
cillators, although these considerations were under-
taken in our previous work.!'??

The infrared spectra in the range of 1000 —
450 cm™' exhibit a complex pattern of overlapping
bands, which can be attributed to vibrations origi-
nating from (AsO;OH)*  and/or (AsO.)* groups.
All the minerals studied share distinct spectral sim-
ilarities in the 950 — 750 cm™! range (Fig. 16a—c),
where the stretching modes give rise to characteris-
tic bands. It is reasonable to propose that the indis-
tinct band observed at 934 cm™' in pharmacolite
corresponds to the vs; mode associated with
(AsOs;OH)* units, which aligns very well with the
findings obtained from our theoretical computa-
tions (see Table 2!'??). A similar band at 938 cm™,
attributed to the v3 mode, also appears in dussertite
[BaFe*"3(AsO4)(AsOsOH)(OH)s].!?*  The subse-
quent bands, displaying a strong and prominent
intensity around 900 and 860 cm™' in all three min-
erals, can be assigned to the v modes originating
from (AsO;OH)* and/or (AsO4)*" groups. The in-
tense band situated within the 810 — 800 cm™! re-
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gion can be ascribed to the v; mode originating
from the protonated arsenate group,'?* while the
weak band around 845 cm™! is attributed to the cor-
responding v mode (see Table 2!*?), consistent
with theoretical calculations. However, due to the
broad manifestation of the stretching bands, the IR
spectroscopy alone cannot precisely determine
whether the bands in this region of vladimirite and
picropharmacolite spectra result from stretching
vibrations within the AsOs units or the AsO3;OH
units. Additionally, despite the presence of both
unit types in the latter two minerals, the number of
bands in this spectral region is not greater com-
pared to the pharmacolite spectrum, where
AsO3OH units alone are present in the structure.

The v4 modes originating from AsOs and
AsO3;0H units consistently appear within the 480 —
450 cm! range in all minerals, and their positions
remain practically constant (Table 2'*?). Therefore,
the IR spectra below 500 cm™! do not provide use-
ful information for differentiating between these
hydrogen arsenate minerals (see Fig. 16a—c). These
interpretations were consistent with the IR/Raman
spectra of other structurally similar hydrogen arse-
nate salts.!?>1?7

Absorbance

b)

c)

1000 950 900 850 800 750 700 650 600 550 500 450
Wavenumber/cm™!

Fig. 16. IR spectra of pharmacolite (a), vladimirite (b) and

picropharmacolite (c) depicting arsenate bands from AsO3;OH
and AsOs units
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In contrast, the Raman spectra of these three
minerals below 1000 cm™!' provide a clear repre-
sentation of the distinct presence of the crystallo-
graphic AsO4 and AsO3OH units in their structures,
making it possible to deduce the number of these
units in each mineral (see Fig. 17). Consistent with
numerous published articles on the Raman behav-
ior of hydrogen arsenate minerals,!?>!24128-133 the
higher wavenumber bands are attributed to the an-
tisymmetric v3(AsO3;OH) modes, followed by one
or two stronger bands originating from the sym-
metric vi(AsO3OH) modes at slightly lower wave-
numbers. In the case of the pharmacolite mineral,
which  consists of structurally equivalent
(AsOsOH)* units,'** these bands were observed at
891, 862 and 841 cm! (see Fig. 17a), closely re-
sembling their positions in the available literature
data.’ On the other hand, the Raman spectra of
vladimirite and picropharmacolite reveal the pres-
ence of three sets of two bands (six bands in total)
within the 925 — 775 c¢m ! range (see Fig. 17b, ¢),
which fully correspond to the existence of three
non-equivalent symmetric AsO4 groups (one of
which is protonated) in the structures of vladimirite
and picropharmacolite. Specifically, the two high-
est wavenumber bands in the spectra of both min-
erals can be attributed to the vs; and v, vibrations
originating from the hydrogen arsenate group,
while the lower wavenumber sets of two bands are
assigned to v; and v; modes from the structurally
distinct AsOy units (Table 3 in Ref.'??) (Fig. 17b,c¢).
Additionally, the well-resolved lower wavenumber
band at 708 cm™! in the pharmacolite spectrum, as
well as the broad and weak bands at 760 cm™' (vla-
dimirite) and 720 c¢cm™! (picropharmacolite), are
attributed to the v(As—OH) modes.'**1%

The aforementioned significant findings re-
main consistent when examining the lower wave-
number bands (500 — 335 ecm!, Fig. 17) derived
from the corresponding v, and v4 modes (Table 3 in
Ref.!??). In the case of pharmacolite, the bands at
450 and 368 cm!' can be attributed to the vibra-
tions of v4(AsO3;OH) and v»(AsO3OH), respective-
ly, aligning perfectly with our theoretical results
for this system (see Fig. 17a).'*? Conversely, in the
spectra of vladimirite and picropharmacolite, we
observed six bands originating from the AsO;OH
unit and both (AsOs) units (three sets of two
bands) (see Fig. 17b and 17c). It is expected and
observed that the v, bands exhibit stronger intensi-
ty compared to the v4 bands in the spectra of all
three minerals. It is worth mentioning that previous
literature on vladimirite did not focus on precisely
attributing the bands in this region, providing ei-
ther stretching (vi + v3) or bending (v2 + v4) charac-
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teristics of the resulting bands.'*> Additionally, the
quality of the picropharmacolite Raman spec-
trum'*® was low and did not allow for the extrac-
tion of relevant spectra-structural information.

To offer a firmer theoretical basis as well as
a support for the tentative assignment of bands in
the vibrational spectra, quantum theoretical calcu-
lations within the density functional theory (DFT)
framework have been performed. As discussed fur-
ther, theoretical calculations in the present case
have allowed a few reassignments of bands appear-
ing in the OH stretching region.

V(AsO,0H)

Raman Intensity

T T % T T T T T T T T T T T T T T
1000 900 800 700 600 500 400 300 200 100
Wavenumber/cm™!

Fig. 17. Raman spectra of pharmacolite (a), vladimirite (b)
and picropharmacolite (¢) depicting arsenate bands from
AsO30H and AsOs units. Only the bands from the stretching
vibrations of these units are marked in different color.

Two theoretical approaches, both of which
are based on the periodic density functional theory
(DFT) within the framework of the Kohn-Sham
formalism, have been actually implemented. The
first approach is the pseudopotential plane-wave
(PSPW) density functional methodology (PSPW
DFT), as implemented in the NWCHEM series of
codes, while the second one is based on expansion
of single particle wavefunctions (the "crystalline

orbitals") as linear combinations of Bloch func-
tions. Bloch functions are, themselves, defined
through local functions (atomic orbitals). Local
functions are actually linear combinations of
Gaussian-type functions, with exponents and coef-
ficients optimized for solid state calculations. The
second, localized basis function approach is the
one implemented in the CRYSTAL series of codes.
By carrying out numerous test computations based
on PSPW DFT in the present study, it was found
that the most reliable and physically acceptable
results in the case of pharmacolite were obtained
with the nonlocal DFT approach, within the gener-
alized gradient approximation (GGA), employing
the parameter-free PBEO exchange-correlation
functional. Note that the PBEO functional has been
constructed combining the PBE generalized gradi-
ent functional with a predefined amount of exact
exchange. In the case of vladimirite, however, ac-
ceptable convergence was obtained only within the
local density approximation (LDA), i.e., using
Vosko's functional. To represent the wavefunctions
of the valence electrons, these were expanded in
the plane-wave basis set. To describe the interac-
tion of the valence electrons subsystem with the
remaining part of the system (nuclei + core elec-
trons), a norm-conserving Haman pseudopotential
for As atoms, parametrized Haman pseudopoten-
tials for O and H, as well as Troullier-Martins
pseudopotentials for Ca were used. To obtain phys-
ically reliable productive results, an extensive se-
ries of initial testing computations have been car-
ried out; for the final productive computations, 32
x 32 x 32 grid of points was used for discretization
along lattice vector directions, while Ewald sum-
mation in each spatial direction was carried out
over eight unit cells. The atomic positions within
the unit cells of the title systems were optimized
with the Grassman LMBFGS energy minimization
scheme. Unit cell parameters were, however, kept
fixed at the experimentally determined values. To
compute the nuclear Hessian, an analytical ap-
proach that relied on finding the first derivatives of
analytic gradients at the located stationary points
on the explored potential energy hypersurfaces was
used. To subsequently compute the harmonic vi-
brational frequencies, the mass-weighted Hessian
was diagonalized. Translations and rotations of the
nuclear Hessian were projected out by Eckart's
projection algorithm.

Another variant of DFT successfully applied
to the case of pharmacolite mineral in the present
study was based on localized basis sets of a Gauss-
ian type orbitals (GTO), was also successfully ap-
plied. The basis set used for Ca was based on the
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representation of core electrons by the Hay-Wadt
effective core potential (ECP) plus 3-1(1d)G con-
tracted sp-type shells; for As the Durand-type ECP
for core electron subsystem plus 2-1(1d)G on re-
maining electrons was used; for O atoms, the 8-411
basis set was used, while for H atoms the 3-1p1G
one. To construct the Kohn-Sham Hamiltonian, a
combination of Becke's three-parameter adiabatic
connection exchange functional (adopting the
WVN 5 functions, B3) with the Lee-Yang-Parr
(LYP) correlation functional was used. Control of
the calculation of two-electron Coulomb and ex-
change integrals, the truncation criteria for the in-
finite sums encountered in the calculations, etc.,
was achieved by the following set of TOLINTEG
parameters T1 — T5: 7, 7, 7, 7, 16. Regular sublat-
tice with shrinking factor 6 was used to sample the
reciprocal space; this corresponds to 80 independ-
ent k-points in the irreducible Brillouin zone (BZ).
For numerical integration in DFT, the pruned grid
of 75 radial and 974 angular points (75,974) was
used. Optimizations of atomic positions were car-
ried out using analytical energy gradients with re-
spect to atomic coordinates. Convergence criterion
for SCF KS equations on total energy was set to
10”7, Subsequent to geometric optimizations, har-
monic vibrational analysis of the system was car-
ried out at the ['-point. The dynamical matrix was
computed by a numerical calculation of the deriva-
tives of analytically computed atomic gradients.
Harmonic vibrational frequencies in the normal-
mode approximation have been further computed
by diagonalization of the mass-weighted dynam-
ical matrix, while IR intensities were computed
through the atomic Born effective charge tensors,
evaluated by a Berry phase methodology. Raman
intensities were computed by calculation of the
corresponding Raman tensor elements and subse-
quent simulation of the situation encountered in a
powdered sample by computation of integrals over
all possible orientations of ideal bulk crystals and
reducing these integrals to the three rotational in-
variants.

Among other results, the theoretical calcula-
tions in the present study have implied the possibil-
ity of somewhat different assignment of bands ap-
pearing in the region of OH stretching modes.
Namely, periodic DFT results favor an assignment
of the two highest spectral bands to the OH stretch-
ing modes of weakly bonded OH oscillators of the
crystalline water molecules (~3525 and 3444 cm™
in the IR spectra of pharmacolite), and a possible
contribution to the OH stretching region by hydro-
gen arsenate species (i.e., of the OH oscillators
within these groups) at somewhat lower wave-
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numbers (up to ~3200 — 3250 cm™!, e.g., in the
case of pharmacolite). Such assignment seems to
be in line with a more detailed analysis of the crys-
tal structure of minerals like pharmacolite, where
rather weak hydrogen bond contacts exist between
crystalline water molecules. This reassignment is
further supported by the results of the TGA-DTA
analyses. At the same time, the acidic proton with-
in the hydrogen arsenate groups takes part in rather
stronger hydrogen bonds within the general in-
crystal noncovalent bonding pattern. Certainly, this
issue appears to be rather interesting from a theo-
retical point of view; it tackles questions such as
the influence of a polarizing environment on mo-
lecular subunits containing acidic protons in rela-
tion to the position of the corresponding OH
stretching band. It is worth noting in this context
that theoretical assignment of other bands in this
spectral region is in line with the expectations
based on previous spectroscopic data.'*? While the
GTO variant of periodic DFT does not predict ap-
pearance of OH stretching bands at as low as
~2330 in the case of pharmacolite, the PSPW KS
approach actually does predict significant IR ab-
sorption due to OH oscillators at such lower wave-
numbers.

3.5. Powder XRD dominance over
single-crystal XRD

3.5.1. Symplesite

Microcrystalline minerals often have very
small crystal sizes, which can make it difficult to
determine their crystal structures using a single
crystal XRD technique. For such scenarios, an X-
ray powder diffractometer (XRPD) is a powerful
tool used for solving their structures because it can
provide information about the average crystal
structure of a sample without the need for single
crystals. One example for such a structurally elu-
sive mineral is the very rare symplesite
[Fe3(AsOq),-8H,0], discovered in the late 19" cen-
tury, whose crystal structure was vividly debated.
First, its unit cell was presented as a monoclinic
crystal system."*” About a half century later, a tri-
clinic symmetry was postulated,'*® whereas lat-
er’3%140 its symmetry was reiterated as monoclinic,
with C2/m space group reporting its unit cell pa-
rameters. In 1954, Ito corrected his previous re-
ports,'*! realizing that the study was actually per-
formed on a sample of the monoclinic dimorph,
parasymplesite  [isostructural to  vivianite,
Fe3(PO4)2:8H,0] and announced a follow-up study
that would report the crystal structure of symple-
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site. To the best of our knowledge, the only crystal-
lographic study to be reported ever since, was by
Schmetzer et al.'*?> only confirming the triclinic
symmetry. This is one example of many similar
timeline reports dealing with the intricacy of solv-
ing the crystal structure of microcrystalline, very
rare secondary minerals, whose growth occurs in
complex association with other minerals in the ox-
idized zone of arsenic-rich hydrothermal deposits.

To overcome such structural problems, the
crystal structure of natural symplesite was refined
by high-resolution X-ray powder diffraction
(XRPD) laboratory data collected from very pure
material.*® Thus, the crystal structure of symplesite
can be explained by the positioning of one iron
atom at the center of inversion (Fel, site multi-
plicity 1) and the second iron atom at a general
position (Fe2, site multiplicity 2). The Fel atom is
coordinated by four oxygen atoms from the water
molecules and by two oxygen atoms from the arse-
nate group forming a slightly distorted octahedron
with composition [Fe"O,(H,0)s] (Fig. 18a). The
Fe2 atom forms inversion symmetry related Fe2—
Fe2 doublets spaced at 3.118 A (Fig. 18b).

Oxygen atoms from:

< @ 7so.- . H,0/0H-

a)

Fe1

Fig. 18. Coordination sphere around the (a) Fe atom
positioned at the center of inversion and (b) Fe atom
occupying a general position in the unit cell of symplesite

The coordination sphere around the Fe2—Fe2
doublet consists of two edge-sharing octahedra. To
each octahedron, the arsenate groups contribute
four oxygen atoms (two oxygen atoms being
shared between both iron cores). The remaining
two oxygen atoms can be attributed to either water
molecules and/or to hydroxide anions because the
intrinsic limitations of the XRPD method does not

allow unambiguous determination of the positions
of hydrogen atoms and the atomic charge. Never-
theless, the positions of all non-hydrogen atoms in
the symplesite crystal structure were refined by
XRPD.'® Thus, if it is assumed that symplesite is
isostructural to metavivianite,*' the chemical for-
mula of the former mineral should be corrected.
The chemical formula of the Fe2—Fe2 double octa-
hedra should be [Fe,"Os(H,O/OH)4] and not
[Fex"Os(H20)4] and a mixed valence nature of
symplesite, analogous to that of metavivianite, can
only be suspected.

4. CONCLUSIONS

Vibrational spectra and X-ray powder dif-
fraction patterns allow rapid verification of the
mineral and its purity and are usually the first
choice for unambiguous identification of the sam-
ple under study. The major problems that may be
encountered in this process are:

i. The presence of mineral impurities (> 1
wt%);

ii. The possible laser-induced decomposi-
tion/degradation/conversion of the sample or the
appearance of fluorescence during Raman spectral
acquisition;

iii. Insufficient sample quantity for analysis
when dealing with rare-occurring minerals;

iv. The need to powder or destroy the sample
in order to perform quantitative transmission IR
measurements and/or X-ray powder diffraction
experiments.

Therefore, depending on the initial require-
ments, it is of utmost importance to select the most
suitable technique among IR, Raman spectroscopy
and X-ray powder diffraction for mineral identifi-
cation and characterization. We have listed here
some examples where one of the techniques used
outperforms the other(s), displaying their ad-
vantages and limitations regarding the studied
minerals (Table 5).

More specifically, the following conclusions
were drawn for the reported case studies:

i. The problem of particle size of crystallites
of minerals (rutile) with high refractive index leads
to an abrupt difference between the acquired infra-
red spectra.

ii. Depending on the wavelength of laser ex-
citation, the Raman spectra of the same mineral
(almandine) may exhibit additional unexpected
bands that could be incorrectly assigned to the fun-
damental Raman bands. This leads to incorrect
conclusions in mineral identification.
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iii. Laser excitation provokes photodegrada-
tion (stibnite) or even conversion of the photosen-
sitive minerals to other varieties (realgar-
pararealgar conversion).

iv. The XRPD technique has been shown to
be more reliable in detecting the presence of vari-
ous types of impurities in minerals (hematite), es-
pecially those absorbing in the far IR region (ox-
ides, sulfides). In this infrared region, the registra-
tion of the bands from the other oxygen-containing
minerals (carbonates, sulfates, phosphates, arse-
nates, vanadates, arsenates, silicates, etc.) present
as impurities and can barely be detected due to
their weak manifestation.

v. The nominally anhydrous minerals (ber-
yl), which can accommodate water and/or hydrox-
yl ions in the cavities of the crystal structure,
should be studied by vibrational spectroscopy
techniques (particularly IR spectroscopy) because
XRPD cannot detect these molecules.

vi. Special care should be taken to determine
and identify the contaminants in the case of the
two- (or multi-) component mineral samples or

Table5

samples with impurities as sometimes even their
strongest impurity bands are overlaid with the
bands from the dominant phase making them diffi-
cult to be traced. In such scenarios, both infrared
and Raman spectroscopy should be used simulta-
neously as quartz as impurity was hardly detected
in the Raman spectrum of contaminated jarosite
sample.

vii. Sharp and intense Raman bands can be
very informative and helps to distinguish between
the hydrogen arsenate and arsenate units, since the
bands of these units are overlapped or overlaid and
not easily separated in the IR spectrum.

viii. The Raman spectra of minerals that
build urinary calculi might show fluorescence re-
sulting in ambiguous and problematic identifica-
tion of the stone as some of the major Raman
bands can be obscured, as shown in the case of
struvite.

ix. The structure of microcrystalline miner-
als (symplesite) must be solved by Rietveld re-
finement using the XRPD data since no single
crystals are found in nature.

A matrix that correlates each mineral with the investigated techniques attributing them different grades
in accordance with their affinity (I — most suitable; 2 — suitable; 3 — least suitable/not possible)

Type of affinity Studied minerals Infrared Raman X-l:ay P °V.Vder
spectroscopy spectroscopy diffraction

Mineral impurities detection Hematite, Rutile, Jarosite 2 3 1
threshold

Fluorescence Almandine, Struvite 1 3 1

Water in minerals Beryl, Hornesite, Symplesite 1 2 3

REE traces in minerals Almandine 3 1 3
Light-sensitive minerals Realgar, pararealgar, parapierrotite, | 3 1

stibnite
Minerals with complex chemical Picropharmacolite, Pharmacolite, ) 1 3

composition Vladimirite
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