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Abstract: Because of the rich fluorescent color and unique photochromic properties, hackmanite has
attracted many mineralogists. In this paper, the basic gemmological characteristics and photochromic
and fluorescence mechanisms of four different colors of hackmanite are further investigated through
the study of their structural, compositional, and spectroscopic features. The results show the change in
the color of hackmanite in photochromism is caused by the joint action of the F-center and the oxygen
hole centers. The change in the UV-Vis spectra may be caused by the superposition of two peaks.
Under 365 nm UV excitation, the peak of fluorescence spectra of 662 nm is related to the anﬁzl—[u
transition of S, 7, the blue emission at 441 nm is caused by the 3Py.1— 18y transition of s2 ions (Pb%*,
TI*, Sn?* Sb?*), and at 541 nm is caused by the Mn?* center. The results are helpful in deepening
the understanding of photochromism, fluorescence mechanism, and its structure, expanding the
application of hackmanite.
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1. Introduction

Hackmanite is a feldspar-like mineral, and gem-grade hackmanite is well known for
its charming photochromism. The structure of the hackmanite (NagAlgSigOs4 (Cl, S)2)
consists of a tetrahedron of AlO4 and SiO; alternating with four and six members. The
framework has a large cavity containing C1~ and Na* ion forming (NasCl)** entities, where
Na coordinates with three O?~ ions and one CI~ in the frame (Figure 1) [1,2]. Infrared
spectroscopy studies show that the spectra below 150 cm~! belong to NaCl tetrahedron,
the peaks between 150 and 300 cm ™! are related to the Al-Si skeleton, and the peaks around
735 cm ™! are related to the symmetric stretching vibration of T-O-T (T = Al and Si) [3-5].
The synthesized NagAlgSigOs4 (Cl, S); sample showed a typical peak (about 450 cm~ 1) and
symmetric (about 700 cm~ 1) and asymmetric (about 1000 cm ™) T-O-T peacs (T = Al and
Si). Under irradiation at 365 nm, the FTIR (Fourier transform infrared ) spectra basically
do not change, while under irradiation at 254 nm, the FTIR spectra change a little, but it
can be observed, especially in the asymmetry T-O-T signal [6]. However, there are still no
specific reports on the relationship between the structure of natural hackmanite and its
photochromic properties.

Crystals 2023, 13, 1607. https:/ /doi.org/10.3390/ cryst13111607

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst13111607
https://doi.org/10.3390/cryst13111607
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-4884-2675
https://doi.org/10.3390/cryst13111607
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13111607?type=check_update&version=1

Crystals 2023, 13, 1607

20f12

Figure 1. The structure of hackmanite unit cell [7] (a is the y-axis, b is the x-axis, and c is the z-axis).

Photochromism occurs in hackmanite after short-wave or long-wave ultraviolet irra-
diation. The present study shows that it is due to the fact that S substitutes for Cl in the
sodalite and forms Cl vacancy. However, the sulfur-containing ion is unstable when it
has Cl vacancy around it, and it is easy to decompose when irradiated by ultraviolet light.
The electrons generated in this process are excited under the UV light about 4.3~5.5 eV,
entering the conduction band and captured by Cl vacancy, which is relatively stable to
form an F-center, resulting in a purple color [8-13]. The band gap is about 7.7 eV, and the
main types of sulfur ions in hackmanite are S,2~ or S>~, which provide electrons for pho-
tochromism [8]. However, the specific sulfur-containing ion that causes its photochromism
has not been determined yet [6]. The effect of other elements, except S, on photochromism
is still controversial [8-13].

Both violet square sodalite showed orange-red fluorescence and orange-violet-red
fluorescence by UV irradiation. In hackmanite, green fluorescence is thought to be caused
by partial substitution of Na* by Mn, while partial substitution of Al** by Fe3* leads to
red luminescence and orange fluorescence is caused by the S, ™ [13-15]. Ce3* causes the
fluorescence spectra to show an emission peak around 340 nm, Eu?* leads to violet fluores-
cence, and the s?-type ions are associated with blue fluorescence, while the association of
Ti** with oxygen vacancies may also lead to blue fluorescence [16].

In addition to its beautiful appearance, attractive fluorescent color, and photochromic
characteristics, natural hackmanite is also of industrial importance [5,10]. Until now, most
of the studies have been on synthetic hackmanite, and the fluorescence and photochromic
properties of natural hackmanite, as well as the relationship between photochromic and
fine structure, have not been systematically studied. Natural hackmanite differs from
synthetic hackmanite in many ways in its EPR profile, especially in the location of oxygen
holes. The signal of oxygen vacancies is generally not observed in synthetic samples.
Therefore, in this paper, 14 natural hackmanite samples were selected to comprehensively
discuss the composition, structure, photochromism, and fluorescent properties. The natural
hackmanite has the effect of other elements on photochromism, which was also observed
in the experiment. Plus, the synthesis of hackmanite is mainly focused on the F-center,
and the article is aimed at exploring the effect of oxygen holes on the photochromic
properties to provide new ideas for the synthesis of hackmanite energy storage materials.
This study is also helpful in systematically understanding the gemological characteristics,
optical properties, and internal structure of natural hackmanite, broadening its application
in various fields of optical data storage, security marking, medical diagnostics, and so
on [6,17].
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2. Materials and Methods
2.1. Materials

14 hackmanite samples from Afghanistan, numbered s-1~s-14, were selected for the
experiment, as shown in Figure 2a. s-1, s-9, and s-13 are light purple, s-2, 7 are pink purple,
s-3, 10, and 11 are blue, s-4, s-6 are dark purple, s-5 is white, and s-8, s-12, and s-14 are
mostly purple and contain white minerals. The samples are all mineral combination, which
is granular structure and blocky constructure.
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Figure 2. (a) Appearance of hackmanite samples, (b) Color change of hackmanite samples after
exposure to 365 nm UV fluorescent lamp for 15 s.

The photochromic color change was present in all the samples of hackmanite. Under
the irradiation of a 365 nm UV fluorescent lamp (60 W), the samples changed color rapidly,
and the time of color change was very short, less than 1 s. Figure 2b shows the photochromic
color change of the samples, and the selected samples are the representative samples of
different color shades. The color changes of differently colored hackmanites are different:
blue hackmanite changes to purple, light purple hackmanite changes to purple, pink-purple
hackmanite changes to dark purple, and purple hackmanite changes to dark purple.

2.2. Methods

Routine gemological characterization tests were performed using a gemological mi-
croscope, electronic balance, refractometer, and UV fluorescent lamp. Infrared spectro-
scopic testing was performed using a Tensor 27 Fourier infrared spectrometer using the
reflectance method. The test voltage is 220 V, the resolution is 4 cm !, the scanning range is
1800400 cm~!, and the scanning speed is 10 kHz. The UV-Vis spectral test is performed
using UV-3600 UV-Visible spectrophotometer of Shimadzu, Japan. The test method was re-
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flectance, the test range was 200-900 nm, and the sampling interval was 0.5 s. Fluorescence
spectra were tested using a Hitachi F-4700 instrument to test the fluorescence emission
spectra of the samples. The test was carried out using a PMT voltage of 600 V, a scanning
speed of 12,000 nm/min, and the test range was 390-680 nm. The EPR results were obtained
with a paramagnetic resonance spectrometer ESR/EPR (A300, Bruker, Germany) under the
following test conditions: room temperature, 20.03 mW power, and 100 kHz modulation
frequency. The trace element test was carried out by laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) using Analytik Jena Plasma Quant MS, (Jena,
Germany). The laser ablation system was an excimer laser with a resolution of 193 nm.
High-purity helium was used as a carrier gas for the experiments. The single-point analysis
time was 85 s, of which the blank background acquisition time was 20 s, the continuous
ablation acquisition time was 45 s, and the time for cleaning the sampling system was
40 s. The data point size of the sample acquisition was 100 um. The electron probe test
was performed using an EPMA-1600 electron probe microanalyzer manufactured by Shi-
madzu Corporation of Ishi, Shimadzu, Japan. The accelerating voltage was 15 kV, the
current was 10 nA, the electron beam spot diameter was 5 um, the sample surface was
sprayed with carbon, SPI standard samples, and the ZAF calibration method was used for
data processing.

3. Results and Discussion
3.1. Basic Gemological Characteristics

Photochromism was found in all hackmanite samples. Under the irradiation of a
365 nm UV fluorescent lamp (60 W), the color of hackmanite samples changed rapidly, and
the time was less than 1 s (Figure 2b). Figure 2b shows the photochromism of hackmanite
samples, which varies with different colors.

There are a large number of uneven fractures on the surface of hackmanite samples
(Figure 3a,c), and a group of moderate cleavage is developed. The symbiotic minerals of
hackmanite were observed to be white, and some developed in bands (Figure 3b,d). The
refractive index of the sample ranges from 1.482 to 1.485, and the relative density ranges
from 2.26 to 2.36 (Table S1). All hackmanite samples have fluorescence under long-wave
ultraviolet lamps (Figure S1) but do not have fluorescence under short-wave ultraviolet
lamps. All hackmanite samples were phosphorescent-free. The gas-liquid fluid inclusions
developed in the hackmanite samples (Figure 3f), and there was a group of medium
cleavage (Figure 3e), which was fully bright under orthogonal polarization, indicating that
it was a mineral aggregate.

Figure 3. Characteristics of hackmanite under gemological microscope. (a,c) Uneven ports developed
by hackmanite, (b,d) Other minerals associated with hackmanite. Characteristics of hackmanite sam-
ples under a polarizing microscope, (e) A set of medium cleavage of hackmanite, (f) Fluid inclusions.
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3.2. Structure and Composition Characteristics

The crystal structure of the tetrahedral framework SOD ([AlgSigO24]°~) with large
cavities (3 cages) within the structure can accommodate large cations such as Na*, K,
and Ca?* and additional anions such as C1—, F~, SO42~, S%, S3~, CO32~, OH™ [18]. As
shown in Figure 4, the absorption peak at 1008 cm ™! is due to the asymmetric stretching
vibration of Si-O-5i, and its wave number changes due to the difference of Si/Al in the
framework [19-21]; 734, 709, and 665 cm ™1 correspond to the vibrational peaks of the
symmetric Si-O-Si, and another study suggests that 709 cm ™! corresponds to the bending
vibration of the chemical bonding in the O-Al-O unit due to the Al-induced chemical
bond bending vibrations; 665 cm ™! is caused by Al-O vibrations, and the peaks at 474 and
439 cm~! belong to the bending vibrations of T-O-T (T = Si/Al) [8,22-30].
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Figure 4. FTIR spectra of hackmanite samples.

In order to explore the microscopic phase composition of different colors of hackmanite,
Raman spectra of blue and purple hackmanite were tested, and the results are shown in
Figure 5. It is observed that s-10 and s-12 have peaks at 167, 265, 294, 463, 987, and
1062 cm™!, which are consistent with RRUFF ID R040141.
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Figure 5. Raman spectra of hackmanite samples. (a) The main gemstone of hackmanite, (b) The
Raman spectra of magnesite and the red areas are tested points. (c) The Raman spectra of the main
gemstone of hackmanite of 200~3500 cm 1.

The results show that the peak at 167 cm ™! is caused by cationic sublattice vibration,
and 265 cm ! is caused by Na-O with Al/Si-tetrahedra bending or v, vibration of S3>~. The
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peak at 294 cm ™! is caused by the symmetric Al/Si-tetrahedra bending, and the peak at
463 cm~! is caused by the NayCl-tetrahedra stretching, Si-O bending, SiOy vibration or v of
T-O-T; 987 cm~! represents the A; stretching frequency of v; of sodalite framework or the
symmetric Al/Si-tetrahedra stretching. The literature suggests that the peak at 987 cm ™!
may also be caused by the oxygen bending mode A; or the symmetric stretching vibration
of A1(v1)S042~; 1062 cm ! is caused by asymmetric Al/Si-tetrahedra stretching and is also
the main energy band of CO32~ [17,25,30-32].

Unlike other samples, the s-12 also has peaks at 410, 736, and 969 cm L. The peak at
410 cm ™! is caused by the anti-phase mode E of v, frequency of the framework tetrahedra.
The peak at 736 cm ! represents the v, bending frequency of the T, mode of the framework;
969 cm~! is caused by the asymmetric strong Si and weak Al-tetrahedra stretching. The
s-10 has a peak at 1088 cm ™!, which is caused by the 2" v; of $3~ [17]. The white part
of s-12 was significantly different from the main part on magnification examination, and
Raman spectra showed that it was not hackmanite but magnesite.

In order to explore the HS™, the Raman spectra of the main gemstone of hackmanite of
1200~3500 cm~! were tested. However, we did not find obvious signals around the range
(Figure 5c).

In order to explore the differences in the composition of different colors of hackmanite,
X-ray fluorescence spectroscopy and electron probe tests were carried out, and the results
are shown in Table S2 and Table 1. LA-ICP-MS test was used to investigate the trace element
composition of hackmanite (the results are shown in Figure 6 and Table S3).

Table 1. EPMA data of hackmanite samples (wt %).

Data NaZO C1‘203 Si02 Ti02 MgO Fe203 S MnO A1203 Cl NiO Kzo CaO Total 1
s-13-1 24.86 0.00 36.47 0.00 0.01 0 0.1 0.00 31.69 7.21 0.00 0.48 0.09 99.28
s-13-3 2491 0.00 36.99 0.00 0.00 0.02 0.07 0.01 30.59 7.07 0.02 0.45 0.08 98.61
s-5-1 23.21 0.00 36.96 0.00 0.00 0.08 0.1 0.00 32.78 7.32 0.00 0.23 0.05 99.08
s-5-3 24.93 0.00 37.17 0.00 0.02 0.09 0.08 0.01 31.47 7.01 0.05 0.31 0.09 99.65
s-11-1 23.76 0.02 36.39 0.06 0.00 0.06 0.12 0.05 32.10 7.20 0.00 0.23 0.11 98.47
s-11-2  25.19 0.00 37.25 0.00 0.00 0 0.11 0.03 29.85 6.91 0.08 0.21 0.08 98.15
s-11-3  24.56 0.01 36.60 0.00 0.00 0 0.13 0.00 32.74 7.51 0.02 0.17 0.06  100.10
s-14-2  23.70 0.00 36.58 0.12 0.00 0.07 0.09 0.00 32.67 6.99 0.00 0.29 0.10 99.03
s-14-3  24.88 0.00 37.22 0.01 0.00 0.01 0.10 0.02 31.44 6.99 0.00 0.38 0.08 99.55
! In the total sums, oxygen equivalents of Cl are subtracted.
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Figure 6. Statistical diagram of trace elements content in hackmanite samples, (a) Statistical diagram
of rare earth elements content in hackmanite samples, (b) Statistical diagram of other trace elements
content in hackmanite samples.
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The content of major elements of hackmanite samples are Na, Al, Si, S, Cl, and O. In
addition, there are metallic elements (Ca, K, Mg, Ta, Sr, Ir, Hg), transition metal elements
(Fe, Nli, Cu, Mn, Rb, Ba, Hf, Os, Pt, Cr, Sc, Ti), non-metallic elements (Br, As), rare earth
elements (Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, etc.). The average content of Na,O of light purple,
white, blue, and purple sodalite is 24.74%, 24.417%, 24.50%, and 20.26%, and the average
Aly,O3 content is 31.89%, 31.39%, 31.56%, and 21.84%. The average content of SiO, is 36.64%,
36.98%, 36.74%, and 48.38%, the average content of SOj is 0.20%, 0.21%, 0.30%, and 0.25%,
and the average content of Cl is 7.10%, 7.10%, 7.10%, and 4.67%. Purple hackmanite has
the lowest Cl content, the lowest Al content, the lowest Na content, and the highest Si
content. Blue hackmanite has the highest sulfur content. The colors of the hackmanite
samples range from light to dark, with white, light purple, blue, and purple being the
successive hues. Among them, the blue hackmanite has the highest content of S, and the
purple hackmanite has the lowest content of Cl, which indicates that the substitution of CI
by S has a great influence on the color of hackmanite. According to Figure 6, the contents
of rare earth elements and trace elements in the sample are not necessarily related to the
color depth but may be related to the hue of the color of the sample.

3.3. Spectroscopic Characterization Tests
3.3.1. Fluorescence Spectra

In Figure 7a, the peaks at 214 nm and 384 nm are observed, and the A¢yy = 441 nm. It
shows that the optimal excitation wavelength is under 214 nm.
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Figure 7. Fluorescence spectra of hackmanite samples, (a) Excitation spectra of hackmanite samples,
(b) Emission spectra of hackmanite samples.

All samples fluoresce under a 365 nm long-wave ultraviolet (UV) lamp and vary in
colors (Figure S1). And in order to explore the fluorescence emission characteristics of
hackmanite, the fluorescence emission spectra under a 384 nm UV lamp were tested (EX
slit = 5.0 nm, EM slit = 5.0 nm), using a 500 nm green light filter, as shown in Figure 7b. The
fluorescence emission peaks were found at 441, 541, and 662 nm. The emission peak of
662 nm is related to the transition of ZHg—>2Hu of S, 7. Some synthetic hackmanite samples
also show blue emission at around 441 nm, which is caused by 3Py1— 1Sy transitions of
sZ-type ions such as Pb%*, T1*, Sn?*, and Sb%*. In other studies, blue fluorescence may be
attributed to O2~ [2,17,33]. In Table S3, it can be observed that Pb, T1, Sn, and Sb are present
in the hackmanite samples, and it can be inferred that the blue fluorescence is caused by
the 3Py 1 — 1S, transition of s? ions such as Pb%*, TI*, Sn?*, and Sb2*. The emission front at
541 nm is caused by the Mn?* center, and the presence of Mn can be observed in Table 1.
The emission peak of s-9 is most obvious at 441 nm.
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3.3.2. UV-Vis Spectra

To examine the photochromism of hackmanite samples, the UV-Vis absorption spectra
of the samples were measured. Figure 8a shows that there are absorption peaks in light
purple, pink purple, blue, and dark purple samples at around 237, 290, and 540 nm, and
from dark purple to blue. The peak at 540 nm shows a red shift, and the peak at 290 nm
shows a blue shift. Studies have shown that the substitution of Na* by Yb** and Er®*
in synthetic hackmanite will lead to a slight tendency to bluish-purple color [34]. The
results of UV-Vis light absorption spectra show that the absorption wavelength of s-10 is
larger than that of s-1, s-4, and s-8 around the absorption band of 530~540 nm. According
to Figure 6a,b and Table S3, it can be observed that the content of Yb and Er in s-10 is
significantly less than that in other samples, which confirms this result.
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Figure 8. (a) UV-Vis absorption spectra of hackmanite samples, (b) Schematic diagram of hackmanite
photochromism mechanism, (c) UV-Vis absorption spectra of hackmanite samples before and after
exposure to 365 nm ultraviolet light.

Hackmanite also has a narrow absorption band at 248~295 nm and 310~320 nm caused
by $2~—S~ + e~ /S~ —S~ + e, which represent the absorption of ultraviolet rays in
natural light by S-containing ions. After UVA/UVC irradiation, narrow-band absorption
decreased with the increase in irradiation time (Figure 8c and Figure 52). According to
Table S2, it can be inferred that most S-containing ions decompose and produce electrons,
resulting in weakened ultraviolet absorption after UV irradiation. However, the S content
of 5-10 is relatively higher, so its absorption intensity weakened relatively smaller.
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As shown in Figure 8¢, after irradiation of 365 nm and 254 nm ultraviolet lamps,
the absorption peak at 540 nm of s-1 and s-10 shifts to a lower number. We selected the
absorption-enhanced part of the UV-Vis spectra of s-1 for the split-peak fitting process
(Figure 9a,b). It can be observed that there is also a peak near 1.86 eV (667 nm). The peak is
less enhanced after photochromism than the peak at 2.23 eV (557 nm). The peak at 2.23 eV
(557 nm) and the peak at 1.86 eV (667 nm) before photochromism is caused by the oxygen
hole centers [12]. The peak at 1.86 eV (667 nm) nm after photochromism is caused by
F-center [34]. Therefore, the shift of the absorption peaks of s-1 and s-10 after irradiation
may be due to the superposition of the two sites.

(@) oo b
<---s-lo () <cess-le
[ Peak fitting 1 124 [ Peak fitting 1
]Puak fitting 2 Peak fitting 2
0.8 557 (223 eV) Cumulative peak fitting / 5(52723 V) Cumulative peak fitting
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=3
>
L

o

0.6
0.5+

248 2.07 1.77 1.55 2.58 2.67 l.;? 1.55
Energy (eV) Energy (eV)

Figure 9. (a) Peak fitting of UV-Vis absorption spectra of s-1 before photochromism, (b) Peak fitting
of UV-Vis absorption spectra of s-1 after photochromism.

Usually, the absorption band of 530~540 nm is associated with F-center [8-13]. In
natural hackmanite samples, it is generally believed that the photochromism of hackmanite
is due to the electrons from sulfide ions trapped in the Cl vacancy, forming F-centers
(Figure 8b) [6,13]. As shown in Figure 2b, hackmanite samples showed obvious pho-
tochromic phenomena after exposure to 365 nm ultraviolet (UV) lamps. In order to study
the photochromic phenomenon, UV-Vis spectra tests were conducted on samples of differ-
ent colors before and after photochromism (Figure 8c). In Figures 8c and S2, the UV-Vis
spectra of all samples showed obvious changes after photochromism under the irradiation
of UV lamps at 365 nm and 254 nm. The specific performance is that the absorption band
at 540 nm becomes stronger, and the longer the irradiation time under the ultraviolet lamp
at 254 nm, the greater the intensity of the absorption band.

In order to further investigate the mechanism of photochromism, the EPR experiment
was tested. In Figure 10a,b, it is observed that there is a signal presence of g = 2.011,
which indicates the presence of oxygen hole centers in hackmanite [35]. The EPR spectra
of hackmanite has a strong signal at g = 2.011, which also disappears along with the
color of the sample when heated to 400 °C [36]. In the experimental results, the signal at
g =2.011 corresponds to the light purple color of the samples in natural light; 254 nm UV
irradiation leads to photochromism of hackmanite with deepening of the purple color, and
correspondingly, the signal at g = 2.011 is also significantly enhanced. Based on the result,
we can speculate that the photochromic change of hackmanite is not only related to the
F-center, but also the oxygen hole centers play a role in the deepening of the purple color of
hackmanite. So, the change in the color of hackmanite may be the result of the joint action
of the F-center and the oxygen hole centers.
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Figure 10. EPR spectra of hackmanite samples. (a) EPR spectra of s-3; (b) EPR spectra of s-9.

4. Conclusions

The major elements of the hackmanite samples of different colors are Na, Al, Si, S, Cl,
and O. In addition, there are metallic elements, transition metal elements, non-metallic
elements, and rare earth elements. The larger absorption wavelength of s-10 shows that Yb
and Er also have an effect on color. The different fluorescence color of hackmanite is caused
by different ions, which we have detected the relative elements. The study systematically
investigates the basic gemmological properties of the natural hackmanite, complements the
study of Raman spectroscopy and fluorescence properties, excludes the possibility of HS™
providing electrons during photochromism of the sample, and investigates the cause of the
blue fluorescence emission peaks. Moreover, the first EPR test of natural hackmanite before
and after photochromism was performed, and it was hypothesized that the photochromism
is the result of the joint action of the F-center and oxygen hole centers, which is helpful to
provide ideas for the research of hackmanite as an energy storage materials, deepen the
systematic understanding of the hackmanite and broaden the application of hackmanite as
photochromic material in various fields.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst13111607/s1, Figure S1: Irradiation of hackmanite samples under
365 nm UV fluorescent lamp; Figure S2: UV-Vis absorption spectra of hackmanite samples before
and after exposure to 254 nm ultraviolet light; Table S1: Basic gemological property parameters of
hackmanite samples; Table S2: X-ray Fluorescence spectral analysis data of hackmanite samples
(wt %); Table S3: LA-ICP-MS data of hackmanite.
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