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In this work, the main properties characterizing the photochromism of hackmanites,
tugtupites, and scapolites (three aluminosilicate natural minerals) are reported and com-
pared. These properties are the activation energy necessary to generate the color, the
absorption spectrum of the colored form, and the bleaching energy characterizing the
return to a color-less mineral. An innovative joined experimental and computational
approach is used to give an atomistic perspective on the origin of these properties allow-
ing to understanding the difference of color or the lower stability of the colored form of
the scapolite. It appears that the stability of the colored form is due to an unusual
motion of a sodium atom, made possible by the specific structure of this mineral family,
to stabilize a trapped electron responsible of the coloration. This motion is larger for
hackmanite and tugtupites compared to scapolite, explaining the larger stability of the
trapped electron in the two first minerals compared to the last one.

photochromism | aluminosilicates | density functional theory | doping | UV-vis spectroscopy

Photochromic materials are attracting scientists not only because of the nice-looking
change of color but mainly because these materials can find many applications in high-
tech devices such as optical memories and optical switches (1-3). Up to now, molecu-
lar crystals are the most investigated route for developing photochromic materials
(4-6). Even if less studied, some inorganic solids also present a photochromic behavior.
These include thin film oxides (WO3, M0oOs ... ) (3, 7, 8) which typically have poorly
reversible photochromlsm (3), rare-earth doped materials (e.g., Bas(PO4)3Cl:Eu?* and
BaMgSiO4zEu®") (9), and other materials reviewed by Badour et al. (10) For the latter,
the photochromism originates from a photo-induced electron transfer from the rare-
earth ion to an oxygen vacancy, giving rise to a trapped electron, also called an
F-center. It is interesting to note that most ceramic materials (e.g., BaMgSiOy4 and
S1,5n0y) can actually show photochromism without rare-earth doping but they often
have worse coloring efficiency (11). Thus arises the question of the possibility to have a
strongly photochromic material without a rare-earth element. Interestingly, along with
existing promising ceramic materials, efficient reversible inorganic photochromes have
been known to geologists for decades but they have almost never been investigated by
chemists (12). These minerals are natural from the aluminosilicate family: hackmanite
(NagSicAlsO,4Cly) (13, 14), tugtupite (NagAl,Be,SigO,4Cly) (12), and scapolite
([Na,Ca] 4Al3Si9044[Cl,CO;5],) (12). Hackmanite is no longer accepted as official
name by the International Mineralogical Association. However, for consistency with
previous publications, we will still use it in this work. In terms of crystal structure,
these three minerals possess a characteristic aluminosilicate cage (called p-cage) contain-
ing a sodium polyhedron (a tetrahedron for hackmanite and tugtupite and a square for
scapolite) with a chlorine ion standing in its center (Fig. 1). Hackmanite has been, to
some degree, investigated by chemists (13, 15, 16), proving that its synthesis and com-
positional tuning are accessible. On the contrary, tugtupite and scapolite have almost
not been considered for their photochromic properties up to now probably due to their
difficult synthesis even if some examples are reported (17, 18). In addition, photochro—
mic synthetlc tugtupite or scapolite has not been reported to date. Espeaally, tugtupite
is also rare in natural form. Therefore, we compare these minerals using natural sam-
ples rather than artificial ones. These three minerals, while belonging to the same fam-
ily, experience different properties in terms of colored form (Fig. 1), activation energy,
and bleaching energy. In this work, we will provide the complete characterization of
the photochromism in these three natural minerals based on experiments and excited
state quantum chemical calculations, including crystal embedding effects. Beyond these
characterizations, we will present a physicochemical interpretation of the origin of their
different behavior. We will prove that the electronic state inversion responsible for the
photochromic phenomenon is due to an unusually strong atomic relaxation for the
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Significance

Natural photochromic minerals
have been reported by geologists
for decades. However, the
understanding of the
photochromism mechanism has a
key question still unanswered:
What in their structure gives rise
to the photochromism's
reversibility? By combining
experimental and computational
methods specifically developed to
investigate this photochromism,
this work provides the answer to
this fundamental question. The
specific crystal structure of these
minerals allows an unusual
motion of the sodium atoms
stabilizing the electronic states
associated to the colored forms.
With a complete understanding of
the photochromism mechanism in
hand, itis now possible to design
new families of stable and tunable
photochromic inorganic materials-
based devices.
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Fig. 1. Photos of the three materials in their colorless and colored forms. hackmanite (4), tugtupite (B), and scapolite (C). Different views of the three minerals’
structure enhancing the characteristic p-cages made of silicate Si04*~ (blue), aluminate AlO4>~ (cyan), and beryllate BeO,®~ (mint green) corner-shared tetrahedra.
Four sodium atoms (yellow) form a tetrahedron (hackmanite, D, and tugtupite, E) or a square (scapolite, F) in which lies a chloride atom (bright green).

inorganic solid state. This is made possible by the atomic orga-
nization offered by the crystal structures of these minerals based
on the sodium polyhedron surrounded by the aluminosilicate
B-cage.

Before starting, we may recall that in hackmanite, it is
known that the photochromism originates from the substitu-
tion of a Cl~ by a S, ion generating at the same time a Cl~
vacancy in the adjacent B-cage, noted V¢, for charge neutrality
(Eq. 1) (15). Upon ultraviolet (UV) light exposure, the 8.2
ion (called activator) transfers one of its electrons to V¢ leading
to a trapped electron called an F-center (Eq. 2):

2ClG + 83 = (Sy)g + Vg +2C10 [1]
(S2)er + Va=(S2)a + Var (2]

The electronic transitions of the F-center in the visible part of
the spectrum are responsible for the color, while the return of
the trapped electron on the disulfide anion corresponds to the
bleaching of the material. Hence, the mineral can reversibly
transition from a colorless to a colored form through an elec-
tron transfer. This working principle can be presented in energy
levels on a reaction coordinate diagram (Fig. 2). The electron is
initially localized on the S,%” ion giving the 18,27 Va(ay)]
ground state. The photo-induced activation corresponds to the
population of the a; orbital located on V¢ ('[S27.Valay) ]

A [S2% ) Va(@)] 'Sz, Via(an)] °[Sy ., Va(a)] *[S:, Va(ty)]
tz(vcl) I 4 T
a;(Va) 2 N 2l Y
n*(S;%) 157 T T 1

Sy, Va(ay)]

ENERGY

F-center's
absorptio

'[S:*, Va(ay)]

Geometry
colored form

Geometry
colorless form

Fig. 2. Energy diagram representing the photochromism mechanism in
aluminosilicate. The formation, relaxation and destruction of the F-center
are depicted by red arrows. The blue arrow corresponds to the absorption
of the F-center responsible of the color. Orbital descriptions of each
electronic state are presented above the diagram.
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excited state) followed by a spin relaxation to the triplet state
(IS, ,Vai(ag) ™). The color corresponds to an electronic tran-
sition between the lowest orbital of V¢, a;, and the first unoc-
cupied orbital of V¢, tp. The return of the electron from Vg
to the sulfur impurity and the geometry relaxation associated
corresponds to the bleaching of the material.

Due to composition and crystal structure similarities between
the three minerals considered in this article, it has been
assumed that this photochromic mechanism is the same for all
of them. However, analysis of the oxidation states of sulfur in
these minerals typically reveals a large variety of sulfur-based
species (19, 20), and we cannot rule out the possibility that the
F-center can be generated from another sulfur impurity than
S,%~. This will be investigated in the following by considering
other sulfur impurities. Furthermore, while the fact that
the photochromism originates from the inversion of the
1S, Va(ay)] and *[S, ,Va(ap) ] states, leading to a meta-
stable F-center, the reason why this state inversion is possible in
these materials is still not described in the literature. We will
highlight in this manuscript that an important “breathing” of
the sodium polyhedron made possible by the large p-cages of
these materials allows this state inversion.

By combining time-dependent density-functional theory (TD-
DFT) computations and experimental characterizations especially
designed for the investigation of photochromic minerals (e.g.,
thermotenebrescence), this article presents a deep analysis of the
characteristics of this photochromism. The structure of the article
will follow the mechanism of the photochromism starting by
1) the photo-induced electron transfer generating the F-center,
then 2) the properties of the F-center, and finally 3) the bleaching
of the material.

Results

In this work, the hackmanite and tugtupite originate from
Greenland, while the scapolite is from Afghanistan. Structural
and elemental analyses (see SI Appendix) confirm their respec-
tive crystallographic structure. The scapolite corresponds to a
mineral family whose composition is between two crystallo-
graphic systems called marialite (formula Nag(Al3SigO,4)Cl)
and meionite (formula Ca4(AlgSigO,4)(CO3)) (21). The sample
investigated here comprises 75% marialite and 25% meionite
character based on the Na/Ca ratio. For simplicity, in quantum
chemical calculations, the scapolite was modeled with a 100%
marialite character. Since the marialite is by itself a solid solu-
tion, the interested readers will find out how we built this solid
solution and the final structure we selected to model the

pnas.org



marialite in the SI Appendix. Briefly, in terms of experiments,
we establish the energies associated with the creation of the
color center, the absorption spectrum of the color center, as
well as the thermal and optical bleaching of the color. Further-
more, we investigate the stability of the color center under reg-
ular room light and in the dark as well as the repeatability of
the coloring-bleaching cycles (all data are in the SI Appendix).
In terms of computational methodology, all geometries
are obtained through periodic boundary conditions DFT cal-
culations. Spectroscopic properties are then computed at the
TD-DFT level on clusters extracted from the periodic geome-
tries. These clusters are embedded in pseudopotentials and
point charges fitted such as reproducing Madelung potential of
the crystal (see computational details).

All the technical experimental and computational details are

given in the ST Appendisx.

Photochromism Activation. All three minerals show the charac-
teristic orange photoluminescence (370 nm excitation) (87
Appendix, Fig. S4) of the S, ion in the material as a signature
of both the presence of sulfur-based impurities and the appro-
priate oxidation state of sulfur (17, 22, 23). However, only
hackmanite and scapolite have a measurable quantity of sulfur
(~0.2 at% for both) while tugtupite has no detectable S impu-
rities by X-ray photoelectron spectroscopy (XPS), indicating
that the S content is below 0.1 at%, corresponding to the limit
of detection of the XPS (SI Appendix, Table S1). The excitation
spectra associated with the coloration of the material is reported
in Fig. 3 along with the TD-DFT computed charge transfer
transition energies. The system is modeled by a sulfur-based
impurity substituting a Cl atom in one p-cage and a Cl vacancy

in the closest B-cage of the S-based impurity. The TD-DFT

simulation involves a cluster made of the two p-cages surround-
ing the two defects (embedded in pseudopotentials and the
ficted point charge array). For the three materials, the experi-
mental spectrum is characterized by a broad band ranging from
375 nm (~3.3 eV) to 250 nm (~5.0 eV). The existence of
shoulders (scapolite and hackmanites) indicates that several
activators are probably responsible for the coloration. This is
confirmed by computed activation energies when several sulfur-
based activators are considered (SO4*~, SO5*7, S*7, and
$,%). Interestingly, while the S,>™ activator is generally con-
sidered to be the one responsible for the photochromism in
artificial hackmanites, in natural aluminosilicates the activation
energies computed with $*~ are also included in the experi-
mental curves. Even SO5%~ could be considered as an activator
at high energy, but its activation energies are less in agreement
with the experiment. The uncertainty of TD-DFT for the sim-
ulation of through space charge transfer transition does not
allow us to clearly discriminate between the S,>~ and S~ as
the main activator.

In other words, in natural minerals, several sulfur-based
impurities can activate the photochromism, while in artificial
ones for which the synthesis conditions are well defined, it may
be possible to select the oxidation state of sulfur impurities and
consequently the activation energy of the photochromism.
From the measurements, it also appears possible to have several
activators at the same time, enabling development of more
complex applications.

Computed oscillator strengths associated to the photo-
induced electron transfer are notably weak (between 104 and
1079, in agreement with the experimental observation that a
longtime exposition under UV light is necessary to saturate the

color (in the order of 10 min) (SI Appendix, Fig. S5). It must
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Fig. 3. Activation energy for the F-center formation. (A) Coloration excitation spectra of hackmanite, tugtupite and scapolite from left to right. The color
intensity is given in arbitrary units. The 1.0 value reflects the moment the color is visible to the naked eye, the maximum of intensity cannot be compared
between different materials. Vertical gray areas show the calculated excitation energy range by TD-DFT. The cluster used for the computation is represented
on the top-right corner of each graph. (B) Representation of the extracted clusters along with the HOMO (z*) and LUMO (a4) orbitals involved in the
transition for the activation of photochromism, when considering S,%~ activator (isovalue 0.02 a.u.). The black dotted arrow depicts the electron transfer.
(O) similar to (B) when considering $2~ activator, the HOMO is thus a 3p orbital.
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be noted that the inherent compositional inhomogeneity of
natural minerals results in multiple slightly different local struc-
tures around the sulfur-containing activators. This may cause
some shifts and asymmetric broadening in all observed optical
spectra.

The F-Center Absorption Spectrum. The most obvious differ-
ence between the three oxides considered in this work is the
final color of the colored form (Figs. 1 and 4). These colors
originate from the absorption spectrum of a trapped electron,
presented in Fig. 4 in the form of reflectance spectra. The
reflectance curves show broad minima centered at 550 nm
(hackmanite), 510 nm (tugtupite), and 620 nm (scapolite).
The nature of the color center is confirmed by TD-DFT calcu-
lations as an electron trapped in a chlorine vacancy with com-
puted transitions at 500 nm (hackmanite), 490 nm (tugtupite),
and 615 nm (scapolite). The shape and positions of the simu-
lated reflectance spectrum agree with the experiment, ultimately
leading to a simulated color close to the observed one. The
orbitals of the trapped electron (Fig. 4) are delocalized beyond
the Nas polyhedron explaining why a modification of the
[-cage composition affects the transition energy of the F-center
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Fig. 4. Experimental (solid line) and simulated from TD-DFT (dotted line)
reflectance spectra of (A) hackmanite, (B) tugtupite, and (C) scapolite. On
the left part, experimental and simulated colors are given under a picture
of the material. On the right part of each graph lies the representation of
the orbitals involved in the absorption of the F-center (isovalue 0.02 a.u.).

Orbital labels are associated to the point group of the Nas polyhedron
(Td for hackmanite and tugtupite, Dy, for scapolite).
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(when comparing hackmanite and tugtupite). The very differ-
ent absorption spectrum of the scapolite (both experimentally
and computationally) compared to the two other minerals
highlights the large sensitivity of the F-center transitions with
respect to the nature of the Nay polyhedron (a square for scapo-
lite and a tetrahedron for the two other minerals). In a recent
work, we also proved that the cell parameters also affect the
energetics of this transition (22). In terms of transition inten-
sity, the computed oscillator strengths are similar along the
three minerals (~0.2). We can thus expect a close optical den-
sity in absorption for a similar F-center concentration and
material properties (defect concentrations, surface rough-
ness ...) for the three aluminosilicates considered here.

Stability of the Colored Form: the Bleaching Energy. Once the
F-center has been formed, questions of its relative stability
(from a thermodynamic point of view) and its life-time (from a
kinetic point of view) arise. As a first and simple observation,
we note that at room temperature and under indoor light, the
minerals return to a colorless form (in other words “bleach”)
with different kinetics: as an example of bleaching under
1600 Ix white light, scapolite’s color has a lifetime (time needed
to drop to 1/e of the original intensity) of ~30 s, whereas for
tugtupite the lifetime is 14 min and for hackmanite 20 min (S/
Appendix and SI Appendix, Fig. S6). As a second observation,
we note that after such optical bleaching, coloration and subse-
quent new bleaching can be carried out in repeated cycles (S7
Appendix, Fig. S7). In darkness, where only the thermal energy
available at room temperature affects the bleaching, the color
lifetimes are 61 h for hackmanite and 66 h for tugtupite (S
Appendix, Fig. S8). However, both samples have still color left
after 2 wk in darkness. Of course, it is impossible to actually
measure color intensity in darkness and thus avoid the bleach-
ing caused by the reflectance measurements themselves. Scapo-
lite bleaches too fast to enable measuring any reasonable data
in darkness.

The above is a first clue toward quite different electronic
state energy profiles for the three minerals. To quantify the
thermal activation energy associated to the bleaching, we set up
a thermotenebrescence experiment (19) similar to the thermo-
luminescence experiments used to probe defect states in solids
(see the ST Appendix for more information). The color intensity
of the F-center is recorded upon a gradual temperature increase
(3°Cls) (SI Appendix, Fig. S9) allowing for the extraction of
the thermal bleaching activation energies (0.28 eV, 0.72 eV,
and 0.03 eV for hackmanite, tugtupite, and scapolite, respec-
tively) and confirming the first rough observation.

To gain insight into the reason behind the metastability of
the F-center at the atomic scale, we optimized the geometries
of the colorless form (i.e., the minimum of the potential energy
surface [PES] of the '[S,> Vg state corresponding to the
electron on S,>7) and of the colored form (i.e., the minimum
of the PES of the *[S, 7,V ] state corresponding to the elec-
tron in Cl vacancy) at the DFT level using periodic boundary
conditions. Looking at the structural changes between the col-
ored and colorless, one can see that the shape and size of the
fB-cages are similar between the two forms, corresponding to
the observation of Weller et al. (24) The main change occurs
on the Nay polyhedron’s shape and the dianion’s bond length
and orientation (Fig. 54) with a contraction of Nay around the
F-center (because the trapped electron attracts the surrounding
Na* ions) and a decrease in S-S bond length in agreement with
the depopulation of the ©* anti-bonding orbital (Fig. 2) (15).

pnas.org
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A scan of the PESs associated with the '[S,>",Va] and
18,7,V ] states was computcd (Fig. 5B) as a function of
the sodium tetrahedra and S,?~ deformations by DFT using a
ASCEF procedure in periodic boundary conditions. These scans
indicate that the two PESs are mainly affected by the sodium
polyhedron relaxations rather than the S-S contraction for the
hackmanite and tugtupite while both motions contribute to the
states’ inversion for the scapolite.

A similar study was conducted considering $*>~ as the activa-
tor. We optimized the geometrles of the colorless form (i.e., the
minimum of the PES of the '[S?>7,Vq] state correspondmg to
the electron on $*7) and of the colored form (i.e., the mini-
mum of the PES of the >[S™,V ] state corresponding to the
electron in Cl vacancy) at the DFT level using periodic bound-
ary condition (PBC). This time, only the Nas polyhedron’s
deformation was considered (S7 Ap endzx, Fig. SlSA) A scan
of the PESs associated with the '[S>7,Vci] and 2[S™, V]
states was computed (S/ Appendix, Fig. S15B) as a function of
the sodium tetrahedra deformations by DFT in PBC. We
observe again the inversion of the two states responsible for the
photochromism phenomenon.

The color bleaching energy of these minerals can be extracted
from the PES either as the vertical energy difference between the
two states at the geometry of the colored form (i.e., the mini-
mum energy of the 3[S, ™,V ] state or >[S™,V ] state accord-
ing to the activator), depicted by the plnk arrow in Fig. 5B, or
as the energy dlfference between the minimum energy of the

31S," Va1 (or ’[S™,Va ) state and the energy of the conical
intersection, depicted by the black arrow in Fig. 5B. The vertical
energy can also be computed by TD-DFT on a cluster extracted
from the periodic system (see SI Appendix). All values are given
in Table 1. Whatever the computational approach chosen, the
trend obtained from theory is the same as the one obtained
experimentally when con51der1ng S,>" activator. The F-center is
the most stable in tugtupite followcd by hackmanite then scapo-
lite. This is not the case if $°~ is considered to be the activator
leading to almost the same F-center stability for hackmanite and
tugtupite (scapolite remaining much less stable). Considering the
S~ activator, the bleaching energy is smaller for scapolite, in

PNAS 2022 Vol. 119 No.23 2202487119

Val and 3[S;~ V7] with respect to the energy of '[S,%
function of the geometry deformation of S, and 2xNa,. Stable geometries for the '[S,>~

Val at the geometry of the colorless form (0% deformation), as a
Val and 3[S,~ V¢ ] states are presented by black points.

agreement with the experimental observation, but the energies
obtained for tugtupite and hackmanite are identical, if not
higher for hackmanite (ASCF [conical]), whlch does correspond
to the experlmental order. This suggests that S,°~ is most proba-
bly the main actor in the photochromism of these natural miner-
als, in agreement with the lower activation energy required to
send an electron from this impurity toward the vacancy. Of
note, we compute a positive bleaching energy by TD-DFT for
the scapolite considering the S*~ ion as activator. In other
words, TD-DFT does not predict any state inversion. Several
reasons can explaln this finding: first S*~ is maybe not the exper-
imental activator; second, the crystal embedding is not well
reproduced by point charges even if fitted to reproduce the

cluster
(=100 atoms)

fixed point charges
(=1 000)

tuneable
(=50 000

Fig. 6. Structure of the embedding used for the TD-DFT calculation.

Smint charges

https://doi.org/10.1073/pnas.2202487119
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Table 1. Experimental (from thermotenebrescence
analysis) and computed (by ASCF on a periodic model or
by TDDFT from a cluster approach) bleaching energies
in eV

Hackmanite Tugtupite Scapolite

Experimental —-0.28 -0.72 —0.03
Computed 5,2~

ASCF (vertical) -0.88 -1.22 -0.44

ASCF (conical) -0.12 -0.22 -0.01

TDDFT (vertical) -0.38 -0.40 —0.26
Computed 5%~

ASCF (vertical) -0.96 —-0.96 -0.67

ASCF (conical) -0.23 -0.14 -0.09

TDDFT (vertical) -0.19 -0.18 0.14

Madelung potential; and third, the through space character of
the charge transfer transition is not well simulated by TD-DFT.
It is not possible yet to find a good origin of the positive bleach-
ing energy between these three reasons. Future developments in
quantum chemical density embedding calculations (25) and in
quantum chemistry (such as double hybrid functionals or GW/
BSE) (26) will help to solve these problems.

Discussion

Molecular photochromic systems whose mechanisms are based
on an important molecular reorganization, such as azo-benzene,
are generally not adapted to experience the photochromism as a
densely packed solid, as there is not enough free volume to
allow such molecular motion. This limited geometrical relaxa-
tion in the solid state is also responsible for the difficulties in
developing efficient reversible inorganic photochromism. From
this perspective, the photochromic minerals presented in this
work seem thus particularly unique. Quantum calculations
bring the understanding of the origin of this stable and revers-
ible photochromism. The structure of the aluminosilicate made
of a P-cage surrounding a sodium polyhedron offers enough
free space to allow a reversible “breathing” of the sodium poly-
hedron, ultimately leading to an inversion of two electronic
states involved in the photochromic mechanism. As a matter of
illustration, hackmanite and tugtupite experience a very large
stabilization of the F-center (Table 1), much more than the
scapolite. This is accomplished by a considerable motion of a
specific sodium atom (presented by the red arrows in Fig. 54),
the one surrounding the F-center but pointing toward the acti-
vator (S;>~ or $*~ ion) (Table 2). This atom moves by ~1.2 A
to stabilize the F-center in hackmanite and tugtupite with an
S,° activator. In scapolite, this motion is only 0.6 A because
the two Nay squares surrounding the activator and V¢ defects
are far from each other. The same phenomenon is observed
when considering S*~ activator, except in a larger extent (~1.9 A

Table 2. Largest sodium atom motions (in A) surrounding
the F-center but pointing toward the activator depending
on both the activator and the mineral

Hackmanite Tugtupite Scapolite
s> 1.33 1.07 0.60
S%- 1.89 1.93 0.90
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in hackmanite and tugtupite vs. 0.9 A in scapolite) due to lower
steric constraints.

In the last few years, the facility to tune the composition of
these minerals has been reported experimentally and computa-
tionally (19, 24, 27). While these works were done mainly to
investigate the effect of composition on the final color of the
F-center and almost only based on the hackmanite structure,
we understand from the study presented here that all the char-
acteristics associated with the photochromism of the alumino-
silicate minerals can be controlled:

o The activation energy: by selecting the oxidation state of the
sulfur activator by adapting the oxidoreduction condition
during the synthesis or by using another alkaline ion instead
of Na* (19);

o The F-center color: by selecting the appropriate Nay polyhe-
dron (hackmanite, tugtupite vs. scapolite) and the composi-
tion of the B-cage (22); and

e The bleaching energy and the kinetic of the phenomenon: by
modifying the flexibility of the Nay polyhedra first by select-
ing the structure (hackmanite, tugtupite vs. scapolite) then by
tuning the p-cage volume upon chemical modifications.

Conclusions

The natural aluminosilicate minerals investigated here present
unusually stable and reversible photochromism for inorganic
materials. We proved that this phenomenon is due to an easy
geometrical relaxation when going from the electronic state of
the colorless form to the electronic state of the colored form
(characterized by a trapped electron in a chlorine vacancy).
This is not possible without the combination of the stable alu-
minosilicate P-cage and the space for movement within its
voids. Surprisingly, while these minerals and their properties
have been known by geologists for decades, only a very limited
number of investigations have been published by solid state
chemists. The information obtained in the present work shines
light on the origin of the photochromism and on all the possi-
bilities to tune the characteristic properties of this effect. Thus,
there is no doubt that new families of inorganic photochromic
materials with controllable properties are within reach.

Materials and Methods

Experimental Details. Crystal structure and purity were checked with X-ray
powder diffraction measurements using a Huber G670 position sensitive detec-
tor and CuK,, radiation (A = 1.54060 R). Photoluminescence spectra were
recorded with an Ocean Optics USB 2000+ spectrometer using a 365 nm LED
for excitation. XPS measurements were carried out with Perkin-Elmer PHI 5400
ESCA system. Analysis of the XPS spectra was done with Origin 2016 program
by removing Shirley background and fitting Voigt lineshapes to the spectra. The
tenebrescence excitation spectra were compiled as follows: a white sample was
partly irradiated with a Xe lamp (LOT-QuantumDesign LSB522, 150 W) for 5 min
with each wavelength chosen with a LOT-QuantumDesign MSH300 monochro-
mator. Then, the irradiated area's reflectance was measured with an Avantes
HS-TEC spectrometer and Ocean Optics LS-1-Cal as the light source. The color
intensity was obtained from integrating the visible wavelength range and sub-
tracting the integral of a noncolored sample. After each excitation wavelength,
the sample’s color was bleached (500 nm, 5 min). For Fig. 4, the reflectance
spectra were measured with a Konica Minolta CM-2300d spectrophotometer
using D65 illuminant and 10° observer. Thermotenebrescence curves were con-
structed by following the reflectance (measured with an Avantes AvaSpec
ULS2048CL-EVO spectrometer under an Ocean Optics LS-1 Cal calibration lamp
directed toward the sample 20 cm away) of an initially fully colored (irradiated
with UVP UVLS-24 operating with 4 W at 254 nm) sample as a function of
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temperature. The heating was carried out using a MikroLab Thermoluminescent
Materials Laboratory Reader RA'04 programmed at heating rate of 3°C x s~ .
The signal was corrected for spontaneous fading and for effects in a noncolored
sample's reflectance spectrum as a function of temperature to correct any discol-
oration effects induced by the heating. The thermal bleaching energies were
obtained from these curves using the initial rise method (19). More information
about the thermotenebrescence method is given in SI Appendix. The tenebres-
cence bleaching spectra were compiled with a similar procedure and setup as
the tenebrescence excitation spectra described above. However, for the bleach-
ing, the sample was first partially colored with a 5-min exposure to 254 nm UV
radiation. Then, the sample was illuminated with the chosen wavelength for
5 min, and the reflectance spectrum was measured. The sample was
re-iradiated (254 nm, 5 min) before proceeding to the next wavelength. These
measurements were done at room temperature for hackmanite and tugtupite,
whereas for scapolite, 77 K was used to minimize the effect of its fast thermally
induced color bleaching.

Computational Details. All PBC calculations were performed within the DFT
framework with the global hybrid functional PBEQ (28) along with the ab initio
CRYSTAL17 code (29), using localized (Gaussian) basis sets and solving self-
consistently the Hartree-Fock and Kohn-Sham equations thus allowing the effi-
cient use of hybrid functionals. All-electron double-{ basis sets with polarization
functions were used for Si ([4s3p1d]/(20s12p1d)) (30), Al ([4s3p1d}/(17s9p1d))
(31), 0 ([3s2p1d](10s4p1d)) (32), and Cl ([4s3p1d]/(16510p1d)) (33), while all-
electron triple- basis sets with polarization functions were used for Na
([4s3p1d)/(15s7p1d) (34). To describe the trapped electron, a basis set was
optimized with the 111G(d) structure (optimized coefficients are given in the
SI Appendix). The reciprocal space was sampled according to a sublattice with a
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