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Highly Tuneable Photochromic Sodalites for Dosimetry,
Security Marking and Imaging

Hannah Charlotte Byron, Claudia Swain, Pyry Paturi, Pauline Colinet, Raphaël Rullan,
Vesa Halava, Tangui Le Bahers,* and Mika Lastusaari*

Photochromic sodalites are considered for a plethora of possible applications,
such as UV indexing and X-ray imaging, but for many of these the materials
are yet to be optimized. UV indexing can be improved through incremental
adjustment of the activation energy of coloration from 300 to 410 nm through
replacement of sulfur with selenium. By combining this and other methods of
tuning presented in the literature, the excitation threshold and
photochromism color can be tuned independently of one another. The range
of possible absorption maxima is expanded to 420–680 nm, or almost the
entire visible spectrum. Mixing low-cost and easy-to-synthesize sodalites
further broadens the possible range of colors and facilitates development of a
unique sodalite mix capable of quantifying the doses of two types of UV
radiation simultaneously. Finally, the response to X-rays of these highly tuned
sodalites is investigated, and it is found that they can be sensitized to produce
clear, high-contrast X-ray images at significantly lower doses of radiation than
those required by classic photochromic sodalite, Na8(AlSiO4)6(Cl,S)2.

1. Introduction

A photochromic material is one whose color changes when ex-
posed to light. Such a material can be organic or inorganic, with
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some of the most famous and widely
studied examples including azobenzenes,
spiropyrans, silver salts and nanoparti-
cles, and tungsten oxides.[1–11] Organic
photochromes, sometimes called molec-
ular switches for their ability to switch
from one state to another, are highly
tuneable, and a broad range of colors is
available.[4,5,12] The color changes available
from inorganic photochromic materials are
more limited, though their temperature and
moisture resistance, as well as general dura-
bility, is advantageous. Moreover, the li-
brary of available colors is growing, and
some materials, like polycrystalline V2O5,
have even been shown to change color
on exposure to visible light.[13] The ma-
jority of photochromic binary transition
metal oxides change from a pale yellow-
brown to deep blue-black, the result of
photoreduction or photo-oxidation followed
by a charge transfer.[10,14–18] Metastable F-

center formation in vacancies is also a common mechanism for
inorganic photochromic materials, and such systems are present
in a range of rare-earth activated materials capable of changing
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Figure 1. Unit cell of photochromic sodalite. One chloride is re-
placed by the disulfide S2

2− activator responsible for photochromism.
A white sphere in the center of the cage corresponds to the chloride
vacancy, VCl.

from white to purple, blue, green and yellow.[19–26] The F-center-
vacancy mechanism is also found in natural photochromic min-
erals such as hackmanite, tugtupite and scapolite,[27–29] which are
aluminosilicates mostly used for decorative purposes, but which
in recent years have sparked interest for a plethora of potential
applications.

Synthetic hackmanite, now no longer classed as a min-
eral itself but as a variety of sodalite,[30] has been stud-
ied by scientists since the 1950s.[31–33] Initial studies looked
into the reasons behind the photochromism (also called tene-
brescence in minerals),[32,34] but in the late 20th century
cathodochromic sodalites for data storage applications were of
more interest.[35–39] Only since the 2010s has photochromic so-
dalite been deeply studied with the aim of developing it for com-
mercial applications.[40–44] Its attractive luminescence properties,
studied in depth by Norrbo et al., show great potential for use in
diagnostic tests, energy storage and safety lighting,[40,45] while the
photochromism can be exploited in UV and X-ray dosimetry ap-
plications and as passive detectors of high-energy radiation.[41–43]

The desired color change of white to pink, purple, blue or yellow
can be easily chosen by simple adjustment of the formula and
salts used during synthesis.[34,35,37,46] Moreover, all of this is pos-
sible without the need for toxic, expensive or rare elements. All
of these set photochromic sodalite aside as a uniquely tuneable,
low-cost, robust and green inorganic photochromic material.
Figure 1 shows the crystal structure of photochromic sodalite,
which has a unit cell parameter of 8.89 Å and belongs to the space
group P„43n.[45]

In this work, we demonstrate the true versatility of sodalites
as inorganic photochromes by presenting the full range of col-
ors available. To the best of our knowledge, no other inorganic
material can be tuned to show such a diverse range of pho-
tochromic colors through simple adjustments to the formula
and stoichiometry. Nevertheless, it is not possible to tune so-
dalites to change from white to absolutely every possible color:

for example, white-to-green photochromism would require ab-
sorption in both the blue and red regions of the visible spec-
trum, which is only possible with two absorption bands. While
photochromic sodalites with two different F-centers with differ-
ent absorption spectra are known, tuning the absorption en-
ergy of one without the other is highly challenging.[46] How-
ever, we show that this problem is easily mitigated by treat-
ing photochromic sodalites as photochromic pigments and mix-
ing them such that the result changes from white to any de-
sired color. For example, using this method we were able to
develop sodalite mixes which change from white to orange,
green and brown, produced from simple inexpensive starting
materials.

Photochromic sodalites show excellent coloration under UVC
radiation, X-rays and 𝛾-rays, though to function as detectors
for, e.g., solar UV radiation on Earth’s surface, the energy at
which coloration occurs must be lowered to the UVA region.[47]

Norrbo et al. explored the possibility of this, and found that
partial substitution of Na with K or Rb was able to somewhat
lower the threshold, though the effect was limited by the sol-
ubility of the large ions in the lattice. This was also discussed
by Agamah et al. in 2020 while explaining how the presence
of potassium can improve the afterglow by reducing compe-
tition between the tenebrescence and persistent luminescence
phenomena.[48] However, as the coloration occurs when an elec-
tron is excited from a S2

2− impurity (𝜋* occupied orbital) into a
chloride vacancy (a1 unoccupied orbital),[27,49] it is logical to as-
sume that replacement of disulfide with another species with
a higher energy occupied orbital would also reduce the exci-
tation energy.[50] The most obvious choice is another dichalco-
genide, such as Se2

2− or Te2
2-.[50,51] Few studies have been done on

photochromic sodalites prepared with selenium and tellurium,
though Ballentyne and Bye showed in 1970 that such materials
were indeed photochromic and behaved similarly to their disul-
fide counterparts,[52] and Reinen and Lindner studied the lumi-
nescence of Se2

− and Te2
− in ultramarines.[53] In this work, we

demonstrate that selenium does indeed affect the activation en-
ergy of F-center formation in photochromic sodalites, and the ra-
tio of sulfur to selenium used during synthesis can be used to
tune this threshold. Such materials can then be mixed with UVC-
sensitive photochromic sodalites of a contrasting color to give a
product capable of turning from white to one of several colors, de-
pending on the UV excitation wavelength. This kind of mix can
be used to qualitatively identify UV radiation of unknown energy
and also to measure the dose of both UVA and UVC radiation
simultaneously.

Highly tuned photochromic sodalites containing heavy cations
and anions also display an improved response to X-rays. The
chlorosodalite (Na8(AlSiO4)6(Cl,S)2) tested by Vuori et al. con-
tains only relatively light elements,[42] meaning it will not
strongly interact with X-rays, particularly at the energies used
for imaging (20–150 keV).[54] By utilizing sodalites made with
elements such as bromine, iodine and rubidium, we were able
to produce X-ray images with improved contrast and at lower
doses than those used by Vuori et al, including of denser sub-
jects. This is yet again proof that by making simple adjustments
to the formula, photochromic sodalites can be tuned and opti-
mized to the desired application, without the need for rare or toxic
elements.
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Figure 2. a) Effect of different alkali metal cations on the position of the reflectance minimum: the effect of increasingly large average halide anion size
is also visible. b) Reflectance curves for photochromic sodalites showing the full range of absorbance maxima achieved thus far. c) Photographs of the
colored forms of sodalites in b), including a picture of one uncolored sample. The absorbance maxima of the colored forms are marked next to each
sample, and the compositions are given in Table 1.

2. Results and Discussion

2.1. Full Control of the Photochromism Color

From the literature we know that the tenebrescence color can
be changed from pink to purple to blue through substitution
of chloride with bromide or iodide, respectively.[35,37,55] This is
the result of unit cell expansion increasing the vacancy size and
thus shrinking the energy gap between the F-center’s HOMO and
LUMO.[56] With this aim to tune the HOMO–LUMO bandgap of
the F-center, gallium and germanium substitution has also been
studied.[9,10] Cation substitution is another way to expand the unit

cell: for example, replacing Na+ with K+ or Rb+. To the best of
our knowledge, Norrbo et al. are the only group who have stud-
ied the photochromism of these types of sodalites, and they did
not investigate any changes in absorption spectra at that time.[41]

However, our studies show that the cation also has an effect on
the position of the absorbance maximum (Figure 2a). Colinet pro-
posed through the use of computational studies, that this effect is
the result of loss of degeneracy around the F-center, which would
lead to broadening of the absorption band due to the presence of
multiple possible transitions.[50,51] This appears as a shift in ab-
sorption maximum, and band broadening was observed for some
materials (Section S1, Supporting Information). However, band
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Table 1. Compositions of the sodalites responsible for the photochromism
colors of Figure 2b,c. *Produced by potassium ion exchange of the sodalite
with an absorption maxima of 656 nm: exact Na:K ratio is unknown, but it
is estimated that 50% of Na was replaced with K[60].

Position of absorbance
maximum [nm]

Composition

438 Na7.64Ca0.18 (AlSiO4)6(Cl,S)2

426 + 529 Na1.78Ca0.11(Na,K)6(AlSiO4)6(Cl,S)2

512 Na8(AlSiO4)6(Cl,S,Se)2; S:Se = 1:1

534 Na8(AlSiO4)6(Cl,S,Se)2; S:Se = 2:1

557 Rb2Na6(AlSiO4)6(Br,S)2

584 Na8(AlSiO4)2(Br,I,S)2; Br:I = 1:1

609 K2Na6 (AlSiO4)6(Cl,I,S)2; Cl:I = 1:1

622 LiNa6K(AlSiO4)6(Br,S)2

644 K2Na6(AlSiO4)6(I,S)2

656 K2Na6Al6Si4.8Ge1.2O24(I,S)2

682 K4Na4Al6Si4.8Ge1.2O24(I,S)2*

broadening was not significant enough to explain the significant
changes in absorption maximum induced by potassium in par-
ticular, which we instead believe to be the result of unit cell ex-
pansion, or because potassium can be situated further from the
center of the cage.[57] Rubidium was found not to induce as great
a red-shift in the absorption maximum as potassium, likely due to
poor lattice solubility.[41] Likewise a blue-shift in absorption max-
imum upon lithium substitution was not observed, in part due
to lithium sodalites’ weak tenebrescence,[40,58] and also because
of lithium’s tendency to expand the vacancy.[55] Instead, the posi-
tion of the reflectance minimum for lithium sodalites remained
roughly constant, while for other alkali metals the halogen’s ef-
fect is observable. However, by utilizing the already large red-shift
in absorption maximum caused iodine in conjunction with that
of potassium, we were able to push the absorption maximum to
650 nm (in comparison with the 540 nm absorption of the pris-
tine sodalite). Furthermore, by combining this with partial substi-
tution of Si with Ge, we were able to extend the range of possible
absorption maxima to 680 nm (Figure 2b).

Some of us recently showed how this range of F-center absorp-
tion wavelengths can be even further expanded in the other di-
rection by partial substitution of sodium with calcium to raise
the energy of the F-center’s LUMO.[46] These materials change
color from white to yellow, with the exact color being the result
of an interplay of pink and yellow F-centers (absorbing 520 and
430 nm respectively). Depending on the ratio of pink- to yellow-
absorbing F-centers in the material, the tenebrescence may ap-
pear pink, yellow or pale orange. Thus, through simple adjust-
ments of the formula, it is possible to produce photochromic so-
dalite that changes from white to almost any other color, with an
easily tuneable F-center absorption maximum ranging from 420–
680 nm, or almost the entire visible spectrum (Figure 2c, Table 1).
Not only is it possible to tune sodalites to show comparatively un-
usual color changes (white to yellow, white to orange), but with
the exception of the very long wavelengths (650–680 nm), tun-
ing does not require any elements considered rare, according to
the ACS periodic table of endangered elements.[59] It should be
noted that F-centers can also show luminescence. We recorded

the emission spectra for each sample presented in this work (see
the Supporting Information) , and observed blue (due to Ti3+––
VO pairs) and red (Fe3+) emissions typical of sodalites ,[48] but no
color center emission was observed.

Despite this greatly increased range of tenebrescence colors,
one color remained truly elusive: green. Green light is located
in the middle of the electromagnetic spectrum (500–560 nm),
so for an object to appear green, it must absorb light at either
end of the visible spectrum and reflect the middle portion. This
is challenging for photochromic sodalites, which usually pos-
sess only one absorption band. While the aforementioned yellow
photochromic sodalites do usually contain two types of F-center
and thus two absorption bands, separating these bands is chal-
lenging: shifting the absorbance of the pink Na4 F-centers us-
ing larger halides is impossible without destroying the 430 nm
absorption of the Na2Ca F-centers.[46] A proper orange color has
also proved difficult to obtain: Ca-containing sodalites with pink
and yellow bands of roughly equal intensity generally show only
a weak color change (Figure 2c),[46] and the F-center is yet to be
tuned to absorb in a suitable range for a white-to-orange color
change (460–490 nm).

In order to overcome these shortcomings, we attempted to mix
two or more photochromic sodalites as if they were paint: we now
have access to the three primary colors of pigments – pink, yellow
and blue – and thus they can be mixed together to produce green,
orange or any desired color. Mixing photochromic sodalites is
somewhat challenging, as they are all usually white before ex-
posure to UV. When mixing, we started by choosing materials
with roughly equally intense absorption bands and mixing them
in equal amounts (Figure 3a). The resulting color was checked by
briefly irradiating with UV, and the composition adjusted if nec-
essary. Through mixing, we have finally completed the collection
of possible colors of photochromic sodalites, including all colors
of the visible spectrum as well as neutral colors like brown. In-
terestingly, mixing weakened the overall intensity of the colored
form, as is particularly visible for the green mix. This is likely
due to a reduced concentration of each type of color center in
the overall mix. The L*a*b* coordinates, however, confirm that
this material is indeed green in its colored form (Figure 3b). Pho-
tographs of the colored forms of these materials are shown in
Figure 3c. Note that the orange, green, and brown materials are
sodalite mixes; all other colors arise from one pure type of pho-
tochromic sodalite.

These mixes are suitable for any applications of pho-
tochromic sodalites thus far presented in the literature,
such as dosimeters, detectors, and security markers, amongst
others.[41–44,61] They present the added advantage of true
color customization, and can be produced from cheap pre-
cursors: pink sodalite (Na8(AlSiO4)6(Cl,S)2), yellow sodalite
(Na7.64Ca0.18(AlSiO4)6(Cl,S)2) and blue sodalite (Na(AlSiO4)6(I,S)2
or K2Na6(AlSiO4)6(Br,S)2).

2.2. Tuning the Excitation Threshold for Dosimetric Applications

First, we present the results of lowering the activation energy of
F-center formation through substitution of sulfur with selenium.
TD-DFT analyses predict that both selenium and tellurium will
lower the activation energy,[50] and indeed both were tested in this
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Figure 3. a) Reflectance curves of green, orange, and brown mixes in their colored forms, as well as the pink, yellow and blue photochromic sodalites
used to produce them. b) a* and b* coordinates of the colored forms of the range colors available. c) Photographs of the range of photochromic sodalites
in their colored forms.

way, though all materials made with tellurium were very dark in
color, and thus any color change upon exposure to UV was not
visible to the eye. The effect of selenium on the excitation spec-
tra of tenebrescence was immediate, with coloration occurring at
gradually lower energies as the amount of selenium in the ma-
terial increases. Figure 4a shows the excitation spectra of tene-
brescence in selenium-containing photochromic sodalites. Here
we see that at 25 mol% selenium substitution there is already an
increase in coloration intensity induced by 325 nm radiation. By
50 mol% Se substitution coloration begins at 380 nm and when
sulfur is fully replaced by Se, coloration begins at 410 nm. This
observation is supported by TD-DFT calculations of system con-
taining an E2

2− (E = S, Se) impurity substituting a Cl− ion in

the vicinity of a Cl− vacancy. The charge transfer transition cor-
responding to the 1[E2

2−(𝜋*),VCl(a1)] → 1[E2
−(𝜋*),VCl

−(a1)] elec-
tronic transition is computed at 3.61 eV for S2

2− and 3.33 eV
for Se2

2− activators. We further hypothesized the formation of
a SeS2− activator for mixed composition materials with a com-
puted charge transfer transition energy at 3.48 eV. In other words,
TD-DFT overestimates the transition energies (by ≈0.2–0.3 eV)
but reproduces the trend observed experimentally quite well. In
term of orbitals involved, the Figure S4 (Supporting Information)
shows the HOMO and LUMO orbitals involved in the charge
transfer transition where we can see that going from S to Se
does not change the chemical nature of the orbitals involved
(Section S3, Supporting Information). The position of the

Adv. Funct. Mater. 2023, 2303398 2303398 (5 of 15) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Tenebrescence excitation spectra of chloride sodalites with selenium replacing 0–100 mol% of sulfur. b) Reflectance spectra of the
samples in a) before and after 5 min irradiation with 254 nm UV. The white reference was MgO. c) Optical bleaching spectra corrected for spon-
taneous fading in darkness. d) Color intensities of the background color and color change after exposure to UV. e) Photos before and after UV
irradiation. f) Effect of selenium on the mechanism of F-center formation and thermal and optical bleaching. Electron transfers initiated by pho-
toexcitation are marked with solid arrows, while nonradiative geometrical relaxations are indicated by dotted arrows. As more selenium replaces
sulfur, the relative number of 1[S2

2−(𝜋*), VCl(a1)] decreases and 1[Se2
2−(𝜋*),VCl(a1)] increases. E = S or Se. Figure (f) is adapted from Norrbo

et al (2018).[41]

Adv. Funct. Mater. 2023, 2303398 2303398 (6 of 15) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 2. Calculated optical bleaching energies obtained from thermotenebrescence measurements and measured excitation thresholds of F-center forma-
tion compared to those predicted by TD-DFT (using S2

2−, SeS2−, and Se2
2− activators to simulate 0%, 50%, and 100% of S replaced by Se respectively)[64].

Mol% S replaced
with Se

Trap EA [×10−21 J] Trap depth [eV] Excitation threshold [eV] Excitation threshold predicted
by TD-DFT [eV]

0% 76 ± 3 0.47 ± 0.02 3.44 3.61

25% 49 ± 2 0.31 ± 0.01 3.44 –

33% 46 ± 3 0.29 ± 0.02 3.44 –

50% 49 ± 5 0.31 ± 0.03 3.26 3.48

100% 48 ± 3 0.30 ± 0.02 3.02 3.33

reflectance minimum does not significantly change with increas-
ing amounts of selenium, suggesting it does not affect the va-
cancy size considerably and thus the absorption energies of the F-
center formed on UV excitation (Figure 4b). The bleaching spec-
tra of these materials are as expected, i.e., optimal bleaching oc-
curs at the same wavelengths we observe maximum absorbance
of the F-center (440–620 nm, maximum ≈500 nm, Figure 4c),
again supporting the theory that selenium does not affect the en-
ergy levels of the F-center. The sample containing only Se has
a noticeably narrower optical bleaching band, due to its low col-
oration threshold. This material also bleaches significantly more
easily than those containing some sulfur, likely because the rela-
tive color change is small, hence the relative bleaching percentage
is much larger for this sample.

The selenium-containing materials also generally have
stronger body colors, i.e., their permanent color is a pale orange
even before exposure to UV (Figure 4e). To identify the reason for
this, Raman spectroscopy was performed to investigate the pres-
ence of radical anions such as S2

−
, S3

−, and Se2
−, which may be

responsible for the color (Section S2, Supporting Information).
By comparing the Raman spectra to the reflectance spectra of
uncolored chlorosodalites with differing S:Se and the literature,
it was concluded that the darkening body color was the result
of Se2

− species, as in red ultramarines.[53,62,63] This is further
supported by the TD-DFT simulated absorption wavelength of a
Se2

– trapped in a sodalite computed at 460 nm.[56] Increasing
the amount of selenium increases the proportions of Se2

− in the
material, which is believed not to participate in photochromism.
This explains the gradually weakening photochromic response
seen in Figure 4b,d – there is a gradually decreasing concentra-
tion of the S2

2− and Se2
2− activators required for photochromism.

XRF measurements taken after washing also confirm the pres-
ence of selenium in the structure, despite concerns that the
Na2SeO3 starting material would decompose during synthesis
(Section S2, Supporting Information). These materials also
retain the blue-white photoluminescence and persistent lu-
minescence properties of synthetic photochromic sodalites
(Section S2, Supporting Information).[49] The observed effects of
gradual sulfur substitution with selenium on the body color and
excitation spectra also holds true for other sodalite compositions
(Section S4, Supporting Information).

Thermotenebrescence[41] fade curves of selenium and sulfur-
selenium sodalites were measured to investigate selenium’s ef-
fect on the thermal bleaching energy. Contrary to expectation,
the thermal bleaching energy did not gradually decrease with se-
lenium content. Instead, the thermal bleaching energy dropped

immediately from 0.47 eV to 0.30 eV with introduction of only
25 mol% Se and remained the same for all subsequent sam-
ples (Table 2). The sudden change suggests that introduction
of even a small amount of Se destabilizes the F-center simi-
larly to potassium, which lowers the activation energy of ther-
mal bleaching.[51] Indeed, the obtained trap depth is close to that
reported for (Na,K)8(AlSiO4)6(Cl,S)2 (0.28 eV).[41] On the other
hand, the gradual decrease in F-center activation energy with in-
creasing selenium content can be explained by the increase in
energy of the HOMO of the activator when going from S to Se
(Figure 4f).

2.3. Simultaneous Passive Dosimetry of UVA and UVC Radiation

The ability to finely tune the excitation threshold through intro-
duction of selenium improves photochromic sodalite’s prospects
for UV indexing and dosimetry, as it can be easily and reliably
sensitized to UVB and UVA radiation. In Section 2.1, two or more
sodalites excitable by UVC were mixed to produce any desired
tenebrescence color. Following from this, we considered the idea
of mixing two photochromic sodalites with differing excitation
spectra and contrasting colors to develop a passive radiation in-
dicator. Such a mix would change from white to one of two col-
ors, depending on the wavelength of UV it was exposed to. The
color intensity would also give an indication of the dose, further
expanding the functionality of such a material as a passive mul-
tifunctional detector.

A range of photochromic sodalite mixes were developed with
the aim of achieving distinctly different colors when the mix
was excited with UVA or UVC. Figure 5a shows an exam-
ple of how such a mix is chosen: the reflectance curves of
the colored forms of the two components used, along with
their excitation spectra, are good indicators of whether a mix
will work. Ideally the two components are excited by differ-
ent wavelengths of UV, and their absorbance maxima are dis-
tinctly separate too. In this example, we considered one blue
iodosodalite and one pink chlorosodalite made with selenium.
While both are excited by UVC, the difference in coloration
intensities will cause the blue sodalite to dominate under exci-
tation by 280 nm and below, while above 320 nm only the pink
sodalite is excited. This is demonstrated in Figure 5b, where
the change in reflectance minimum with respect to excitation
wavelength of a similar mix is clearly visible. The variation is
around 50 nm, the material appearing blue-violet under UVC ra-
diation, violet under UVB and pink under UVA. This mix was
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Figure 5. a) Tenebrescence excitation spectra and reflection spectra of the colored forms of two sodalites considered for a wavelength-sensitive pho-
tochromic mix. b) Change in reflectance minimum for a similar mix to that presented in a) with respect to UV excitation wavelength. c) A film cast from a
sodalite mix with “IMC” written on it using three different wavelengths of UV and a stencil. d) Use of the mix in c) for qualitative detection of UVA, UVB,
or UVC. e) Examples of other mixes showing different tenebrescence colors under the given UV wavelengths. f) Photo- and persistent luminescence
(PeL) of mix 1 from e) under three different UV lamps.

subsequently used to produce a flexible tape, using a modified
version of the method presented by Abhinay et al.,[65] and with
the aid of a stencil the acronym IMC was made using three dif-
ferent UV wavelengths (Figure 5c). The different colors of the
letters are apparent.

This sodalite mix film was then tested as a dosimeter. After
calibration of the rise of tenebrescence color excited by UVA and
UVC respectively (Section S6, Supporting Information), the tape
was colored by two UV sources simultaneously. Figure 6 shows
the results of quantitative dosimetry with this mix, showing the
material was able to estimate the dose (fluence) of both UVA and
UVC radiation with exposed to them simultaneously (Table 3).
A detailed discussion of the development and functionality of
the model is given in the Supporting Information, though the
equations used to describe the relationship between UVA dose

(fluence), UVC dose and the measured coloration intensities are
given in Equations (1) and (2). In these equations, the terms

Table 3. Regression data from linear fitting of the data in Figure 6.

UV type UVA UVC

Test number 2 6 2 6

Intercept –2 ± 3 1.4 ± 1.2 3 ± 3 –1.3 ± 0.4

Slope 1.1 ± 0.3 1.2 ± 0.2 1.2 ± 0.1 1.11 ±
0.05

Residual sum of squares 187.6 26.1 162.1 3.2

Pearson’s r 0.7826 0.8718 0.9503 0.9908

R2 0.61246 0.76011 0.90299 0.98178

Adv. Funct. Mater. 2023, 2303398 2303398 (8 of 15) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Plots showing how well the model was able to predict the fluences of UVA a) and UVC b). A slope of close to 1 indicates good prediction by
the model. Full results from fitting of the straight lines are given in Table 3.

y0474,A, A474,A, R0474,A, y0474,C, A474,C, R0474,C, y0603,A, A603,A, R0603,A,
y0603,C, A603,C, and R0603,C are all obtained from fitting of calibra-
tion data integrated at 474 and 603 nm respectively, A1474, A2474,
p474, x0474, A1603, A2603, p603, and x0603 are obtained from fitting a
function that relates measured and predicted coloration intensi-
ties at 474 and 603 nm respectively, I474 and I603 are the measured
color intensities at 474 and 603 nm, respectively, fA is the dose
of UVA radiation determined by the model and fC is the dose of
UVC radiation determined by the model

A474,A ⋅ eR0,474,AfA = A1,474 − y0,474,A − y0,474,C +
A2,474 − A1,474

1 + 10p474(x0,474−I474)

−A474,C ⋅ eR0,474,CfC (1)

A603,A ⋅ eR0,603,AfA = A1,603 − y0,603,A − y0,603,C +
A2,603 − A1,603

1 + 10p603(x0,603−I603)

−A603,C ⋅ eR0,603,CfC (2)

This kind of analysis requires an accurate spectrometer capa-
ble of measuring the change in reflectance after exposure to UV,
and the results were interpreted by solving Equations (1) and (2)
numerically. However, it does demonstrate that photochromic
sodalite mixes can be used to detect and measure the dose of
more than one type of radiation hitting the same spot passively.
Such a passive detector would not require any electronics during
measurement and can be left in the testing area to measure the
dose, which is then determined afterward from the intensity of
the color change. This kind of material can also be used more
qualitatively, by comparing to a reference card which allows the
user to determine which type of radiation they were exposed to
(Figure 5d).

Since excitation threshold can be tuned independently to the
photochromism color, this kind of detector is not limited to

these two colors. Utilizing selenium and potassium’s effects
on the excitation threshold,[41] we were able to produce several
mixes showing different colors under UVC and UVA excitation
(Figure 5e). In this figure, mix 1 functions in the opposite way to
the mixes in Figure 5a–d : it is pink under UVC and blue under
UVA. Mix 2 is blue under UVC and yellow-green under UVA; mix
3 is pink under UVC and yellow under UVA. These mixes also
retain all the luminescence properties of their starting materials,
which would also render them attractive materials for security
marking (Figure 5f).

2.4. Use of Heavy Ions to Improve X-Ray Imaging

In 2021, Vuori et al. presented for the first time how
photochromic sodalites could be used to make X-ray
images.[42] In their work they used unmodified sodalite,
i.e., Na8(AlSiO4)6(Cl,S)2. The elements present in this kind
of sodalite are some of the lightest in the periodic table, which
means their photoelectric absorption coefficients are relatively
low.[66] While pushing the limits of the absorption band of
photochromic sodalite in Section 2.1 , it occurred to us that some
of the heavier elements we used, such as bromine, iodine and
potassium, may have helped sensitize these materials to X-rays.
We therefore sought to investigate this, to explore how tuning
photochromic sodalites can be used to improve their potential
for X-ray imaging, particularly focusing on lowering the required
dose to produce a clear image.

When photochromic sodalite is exposed to X-rays, color cen-
ter formation does not occur via a simple electron transfer from
a neighboring S2

2− species to an adjacent chlorine vacancy. In-
stead, a cascade of electrons and holes is created, which even-
tually relax to form the color center. The full mechanism of pho-
tochromic sodalite’s coloration under X-rays is explained in detail
in Vuori et al.’s 2021 paper.[42] The penetrating nature of X-rays
means that upon X-ray exposure, the entire sample changes color,

Adv. Funct. Mater. 2023, 2303398 2303398 (9 of 15) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. a) Coloration intensity with respect to UV dose (fluence) of photochromic sodalites of differing compositions. b) The same materials’ dose–
response curves when excited with X-rays. c) Photoelectric absorption coefficients for sodalites containing heavy ions.[69] d) X-ray image of the internal
electronics of a micro SD adapter taken with a commercial phosphor imaging plate and an iodosodalite tape. e) X-ray images of a flying ant (left)
produced on two different photochromic sodalite tapes at different doses. The salt used in sodalite synthesis (MX) is indicated.

rather than just the surface. Thus, the surface coloration inten-
sity induced by X-rays will be weaker than that of UV. Due to this
penetration, it is also not possible to directly compare the doses
of UV to X-rays. However, when we compare the behavior of dif-
ferent sodalites under UV versus X-rays, we do see the effect of

the heavier ions on the material’s sensitivity to X-rays. Figure 7a
shows that the order of color intensities after exposure to UV is
somewhat random: M=Rb, X=Cl colors most strongly, and M=
Na, X=Br least strongly. However, when we look at the responses
under X-ray, we see a much more logical pattern: M = Na,

Adv. Funct. Mater. 2023, 2303398 2303398 (10 of 15) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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X = I being the best and M = K, X = Cl the worst (Figure 7b).
While the characteristic emission of the X-ray source used is
22 keV (silver anode), at 50 kV the bremsstrahlung from such an
X-ray tube passes well above the K-edge of iodine (33.2 keV).[67,68]

Thus, when we consider the calculated photoelectric absorption
coefficients for sodalites of the given compositions (Figure 7c),[69]

it is understandable that the materials made with sodium iodide
and rubidium chloride perform the best. Bromosodalites gener-
ally outperformed their chlorosodalite counterparts, though in-
terestingly, the M = Na, X = Cl sample used in this study col-
ored surprisingly well under X-rays at very high dose (>120 mSv).
However, below this dose it colors relatively weakly, as expected.
With the aim in mind of reducing the X-ray dose required for
clear imaging, the impact of heavier ions on X-ray sensitivity at
doses of <100 mSv is clear, regardless of how strongly the sample
is able to color under UV.

Figures 7d,e demonstrate how replacing chloride in regular
sodalite with iodide improves the material’s suitability for X-ray
imaging dramatically, both in terms of image contrast and by re-
ducing the required dose. In Figure 7d, the application of quality
control of electronic components proposed by Vuori et al. was
tested on a micro SD adapter. The image produced with iodoso-
dalite was compared to that produced by a commercial computed
radiography (CR) plate (phosphor material: BaFBr:Eu). The dose
required by sodalite is significantly higher than that of the CR
plate, though this is in part because the majority X-rays produced
by our XRF device are relatively soft and likely do not penetrate
the SD reader significantly enough to color the sodalite well. In-
dustrial radiography is usually performed using an X-ray tube
with a tungsten anode working at ≥100 kV, with a characteristic
emission of 57.9 keV.[70–72] These harder X-rays are more suitable
for penetrating an inorganic sample and will also be absorbed by
the iodosodalite strongly, resulting in a better image (Figure 7c).
Furthermore, the iodosodalite film does not need to be kept in
the dark before reading, nor is an expensive reader required –
the image is immediately visible to the eye and can be recorded
with a simple camera.

Soft organic samples are also better imaged with iodosodalite,
as shown in Figure 7e. The internal structure of the ant is clearly
visible on the iodosodalite tape after exposure to less than half
the X-ray dose used to produce an image of similar quality
with chlorosodalite. The blue color of iodosodalite also appears
darker to the eye, resulting in higher contrast. Theoretically, pho-
tochromic sodalite prepared with potassium or rubidium iodide
would show an even stronger response to X-rays (Section S10,
Supporting Information), which would further improve its suit-
ability as a cheap alternative to CR plates in nondestructive test-
ing.

3. Conclusions

The full range of photochromic colors achievable in sodalites
through simple substitutions and adjustments of the stoichiom-
etry has been presented and its shortcomings discussed. This
range has been expanded further by mixing easily synthesizable
pink, yellow and blue photochromic sodalites together to pro-
duce robust materials capable of changing from white to orange,
green, and brown. These could become attractive competitors
to other inorganic materials showing these color changes which

contain expensive and toxic elements, such as silver, fluorine and
phosphorus.[8,23] This work represents another advance in the
versatility of photochromic sodalites and has once again demon-
strated how they can easily be commercialized for a huge range
of everyday and specialist applications.

We have also shown how the activation threshold for F-center
formation in photochromic sodalite can be reliably and incre-
mentally lowered through gradual replacement of sulfur with se-
lenium, without affecting the F-center’s energy levels. The mech-
anistic origin of this effect is discussed along with the change in
thermal bleaching energy. This effect remains consistent in so-
dalites with a variety of compositions and photochromism colors
with minimal effect on the F-center’s absorption spectrum. The
drawbacks of selenium substitution are discussed, such as its ten-
dency to affect the body color of the material. It is possible that a
stronger reducing atmosphere will mitigate the issue of the dark-
ening body color, as the Se2

− responsible for the color will get re-
duced to Se2

2−. Such materials can be mixed with selenium-free
sodalites of a contrasting color to produce a material capable of
passively distinguishing between UVA, UVB and UVC radiation
through the color it changes to upon exposure. We also demon-
strated how spectroscopic analysis of the color change after si-
multaneous exposure to UVA and UVC can be used to quantify
the doses of both.

Finally, we show how studies on how the composition affects
the color reveal how these materials can be sensitized to X-ray
radiation. Iodosodalite’s blue color change produces images with
significantly better contrast than chlorosodalite, is able to image
dense inorganic samples in the dose ranges used in industry, and
produces an equally clear image with less than half the dose re-
quired for chlorosodalite. Further testing with iodosodalites con-
taining potassium and rubidium are expected to produce even
better results.

4. Experimental Section
Synthetic Procedures: The majority of samples in this work were pre-

pared from zeolite A in a solid-state method. The basic protocol involves
grinding 0.700 g zeolite A (Sigma Aldrich) with 0.235 g NaCl (Sigma
Aldrich, 99.5%) and 0.060 g Na2SO4 (E. Merck, 99%) by hand. This mix-
ture is placed in an alumina boat and heated in air in a tube furnace to
850 °C for 5 h. Once the furnace had cooled, the mixture was ground
again, placed in the same boat, and returned to a tube furnace, where it
was heated again in a reducing atmosphere of 12% H2/88% N2 at 850 °C
for 2 h. After the furnace had cooled, the sample was removed, in some
cases washed with distilled water to remove soluble impurities, and char-
acterized. NaCl was replaced with stoichiometric amounts of one or more
other salts, such as LiCl (Acros, 99%), LiBr (Sigma Aldrich, 99%), LiI (Fluka
Chemie, > 98%), NaBr (J. T. Baker), NaI (E. Merck), KCl (Merck, 99.5%),
KBr (Merck), KI (Ega-Chemie, > 99%), RbCl (Merck), RbBr (Alfa Aesar,
99.8%), RbI (Sigma Aldrich, 99.9%), or CaCl2·6H2O (Riedel de Haën,
99%). In some cases, 0–100 mol% Na2SO4 was replaced with Na2SeO3
(Sigma Aldrich, 99%). Due to the toxicity and low decomposition temper-
ature of Na2SeO3, these samples were prepared inside a quartz reactor
with the furnace inside a fume hood.

Sodalites with the lowest energy absorption maxima in their colored
forms (650–685 nm) were prepared using a hydrothermal method: 0.400
g NaAlO2 (Sigma Aldrich), 0.240 g fumed SiO2 (Sigma, 99.8%), 0.167
g Na2GeO3, 0.060 g Na2SO4, and 0.668 g KI were ground together by
hand, then dissolved in a few mL of distilled water and transferred to a
23 mL Teflon cup that fitted in a small autoclave. The autoclave was sealed
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and placed into an incubator at 180 °C for 48 h. After this stage, the result-
ing paste-like solution was transferred to an evaporating dish and placed
in a drying oven (Termaks TS 8056) at 100 °C for 1–2 h to evaporate the
remaining water. The resulting powder was collected, ground and trans-
ferred to an alumina boat. Samples were subsequently sintered in air at
850 °C for 5 h, and all samples were reduced in the same way as described
above. Some of these materials were then subjected to potassium ion ex-
change to further red-shift their absorption maxima using the nitrate melt
method as described by Johnson et al.[60] Sodalites of varying composi-
tion, prepared by solid-state and hydrothermal syntheses, were ground by
hand with potassium nitrate (Alfa Aesar, 99%) in a 1:4 ratio by mass of
sodalite to KNO3. The mixture was transferred to an aluminum boat and
heated in a tube furnace at 370 °C for 16 h. Once the product had cooled, it
was washed with distilled water, centrifuged for 30 s and the liquid poured
away. This was repeated four times.

The Na2GeO3 used above was prepared by grinding stoichiometric
amounts of Na2CO3 (E. Merck, 99.5%) and GeO2 (Sigma Aldrich, 99.99%)
respectively and heating them at 800 °C for 48 h. The products were ana-
lyzed by powder X-ray diffraction (PXRD) and found to be pure.

Mixes showing different colors depending on excitation wavelength
were prepared as follows: two sodalites were chosen based upon their
measured tenebrescence excitation spectra such that one was excited by
UVA or UVB and the other only by UVC. The two materials also had to
have significantly different absorption maxima in their colored forms so
that the two colors were distinguishable to both a spectrometer and the
human eye. Once chosen, the two sodalites were mixed together in equal
proportions with a pestle and mortar. Mixes showing new tenebrescence
colors were prepared as follows: two or more sodalites were selected based
on their observed tenebrescence colors, including the intensity of the ab-
sorption band. Samples with similar absorption intensities but at different
wavelengths were selected and mixed together in equal proportions with a
pestle and mortar. The resulting mixture was irradiated for 1 minute with
254 nm radiation to check the resulting color. More of a particular com-
ponent was then added, if necessary, to adjust the color to that which was
desired.

One sodalite mix was further mixed with an organic polymer matrix and
cast into a thin flexible film. The tape casting method is based on that of
Abhinay et al.[65] Sodalite (40 mass%), 2-butanone (30 mass%), ethanol
(15 mass%), and Triton X-100 (2 mass%) were first mixed together in a
Philips Minimill PW4018/00 ball mill at speed 1 for 10 min, after which
polyvinyl butyral (7 mass%) and benzyl butyl phthalate (6 mass%) were
added to the mixture, which was mixed in the same mill for 2 min at
speed 5. The subsequent suspension was cast as a 350 μm coating onto
a 0.1 mm thick Folex Premium Universal Copy Film X-100 A4 (art. no.
39 100.100.44000) polyethylene film using an Erichsen Coatmaster 510 ap-
plicator.

Characterization Methods: The presence of selenium was investigated
with X-ray fluorescence spectroscopy (XRF) using a PANalytical Epsilon 1
device with internal Omnian calibration and a 50 kV Ag-anode X-ray tube
with K𝛼 emission at ≈22 keV. Results were compiled from four scans us-
ing a silver filter, a copper filter, an aluminum filter and no filter, respec-
tively. Materials’ structure and phase purity was assessed using powder
X-ray diffraction performed with a Huber G670 detector and copper K𝛼1
radiation (𝜆 = 1.54060 Å). Exposure time was 30 min, with 10 readings
of the imaging plate, or with a PANalytical Aeris benchtop instrument,
with copper K 𝛼12 radiation ( wavelength = 1.5406 Å (K𝛼1) and 1.5444 Å
(K𝛼2)) with a step size of 2𝜃 = 0.011° and a measurement time of 29 min
45 s across the range 8–85° (more detail in Section S11, in the Support-
ing Information). Most materials showed only the desired sodalite phase,
though small quantities of impurities such as MAlSiO4 (M = K, Rb), MX
(M=Na, K, Rb; X=Cl, Br), and nepheline (Na3KAl4Si4O16) were detected.

The change of color of the materials after UV irradiation was investi-
gated using reflectance measurements under illumination of a 40 W in-
candescent lamp, with an incident irradiance of 1.34 W m−2 in all mea-
surements. The reflectance of the sample before excitation was measured
and then used as the white background color. Occasionally MgO was used
as a white reference to study the background color of the material. Sam-
ples were excited with 254 nm radiation from a UVP model UVLS-24 EL,

4 W 254/365 nm handheld lamp (UVC irradiance ≈3.0 mW cm−2) for 5 min
and their reflectance measured again 5 s after the lamp was switched off to
show the change in reflectance. Spectra were collected using an Avantes
FC-IR600-1-ME-HTX optical fibre connected to an Avantes HS-TEC CCD
spectrometer with a data collection time of 1.6 s (160 ms integration time,
10 averages). The materials’ colors were quantified as L*a*b* coordinates
after 5 min irradiation with 254 nm from the 4 W handheld lamp using a
Konica Minolta CM-2300d handheld spectrometer with its own white cal-
ibration disc.

Tenebrescence excitation spectra were recorded by irradiating the sam-
ple for 5 min with the following radiation wavelengths produced by a SB522
150 W Xe-arc lamp coupled to a LOT MSH 300 monochromator: 220, 240,
260, 280, 300, 325, 350, 375, and 400 nm. Fresh sample was used for each
excitation wavelength. The reflectance of the sample was measured using
the same HS-TEC spectrometer and optical fiber as previously mentioned
under the illumination of a LS-1-CAL OceanOptics incandescent torch.
The data collection time was 1.6 s (160 ms integration time, 10 averages).
Reflectance was measured before irradiation and set as the white back-
ground; after irradiation reflectance was measured again. The reflectance
wells were integrated to give the color intensity. Optical bleaching of tene-
brescence was characterized by first measuring the sample’s reflectance
and setting this as the white reference. The sample was then excited with
260 nm radiation from the aforementioned LOT monochromator for 5
minutes and its reflectance measured. The sample was allowed to sit in
darkness for a further 5 min, after which its reflectance was measured to
obtain the spontaneous fading in darkness of the sample. The sample was
subsequently recolored using 260 nm radiation for 5 min, then bleached
with light ranging from 300 to 680 nm. The cycle was repeated using 20 nm
steps in the bleaching wavelength. The reflectance wells were integrated
to give color intensity, and the decrease in color intensity caused by each
bleaching wavelength relative to the previous intensity after 260 nm excita-
tion was calculated accounting for spontaneous fading in darkness. These
results produced the optical bleaching spectra. Reflectance was measured
using the same HS-TEC spectrometer, optical fiber, and OceanOptics in-
candescent torch as previously mentioned. The data collection time was
1.6 s (160 ms integration time, 10 averages).

Thermal bleaching energies were evaluated using
thermotenebrescence.[27,41] The same optical fibre and HS-TEC spec-
trometer as mentioned previously were used, with a data collection time
of 1 s (50 ms integration time, 20 averages). The sample’s reflectance
was measured before irradiation and used as the background. Similarly to
before, the sample’s reflectance was measured before irradiation as the
white background, then measured again after 2 min of using a 254 nm
handheld lamp as mentioned before (UVC irradiance ≈2.2 mW cm−2).
After coloration, the sample was then heated from 20 to 250 °C at a rate
of 3 °C s−1 using a MikroLab Thermoluminescent Materials Laboratory
Reader RA’04. Using the data collection time of 1 s, a reflectance spectrum
was acquired every second during the heating. The reflectance signal was
corrected to account for the effects of heating on an uncolored sample,
and then the curves were integrated to calculate the color intensity at
each temperature. The color intensity values were also corrected for
spontaneous fading under white light. Color intensity with respect to
temperature was plotted to obtain the thermotenebrescence curve.
Thermotenebrescence data was handled in a similar way to thermolu-
minescence data to calculate the depth of the trap involved in thermal
bleaching. The curves were analyzed and the trap depths calculated using
the initial rise method.[64]

Photos of other mixes showing two different tenebrescence colors after
UVA and UVC excitation were produced by exciting the samples with the
monochromator mentioned previously for 19 min (270 nm) or 13.2 min
(325 nm). These times account for the relative emission intensity of the
monochromator at those wavelengths and thus correspond to the same
radiation dose.

Photoelectric absorption curves for photochromic sodalites of
different compositions were calculated following the NIST X-ray
Form Factor, Attenuation and Scattering tables using the formula
M20Na60Al60Si60O240X18S1, where M = Na, K, Rb and X = Cl, Br, I.[69]

The stoichiometries of X and S used are based on those given by Williams
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et al.[55] X-ray images of a dead flying ant and micro SD reader were
taken by placing the subject in the aforementioned XRF device and a
flexible tape prepared from the appropriate photochromic sodalite on
top of it. The specimen was then irradiated for 26–61 min with the
X-ray radiation by the XRF device to form the X-ray image. The tape was
removed from the device and photographed. The rise of tenebrescence
coloration with respect to X-ray dose was done by subjecting the film to
the same radiation from the same device for 1–181 min, corresponding
to doses of between 4–320 mSv. Doses were measured using a Thermo
Scientific RadEye B20-ER. The reflectance of an uncolored portion of
film was measured immediately after irradiation and set as the white
reference. The reflectance of the colored region was then measured
and the reflectance curve integrated to obtain the color intensity after
that X-ray dose. Reflectance was measured using an Avantes AvaSpec-
ULS2048CL-EVO CCD spectrometer coupled to an Avantes FC-UVIR600-1
optical fibre (integration time 200 ms, 10 averages), under illumination
from a 40 W incandescent lamp at constant irradiance. The rise under
UV was measured by exposing the tape to 254 nm UV radiation from the
same lamp as previously mentioned for 15 s to 10 min at an incident
irradiance of 4.4 mW cm2. The change in reflectance was then measured
in the same way as for the rise of coloration under X-ray described above.

Computational Details: All optimized structures obtained with the ab
initio CRYSTAL17[73] code were conducted at the DFT/ PBE0[74] level of
theory using localized basis sets. HF and KS equations were solved self-
consistently with convergence criterion for the SCF cycles fixed at 10−7

Ha per unit cell. The reciprocal space was sampled according to a sub-
lattice with a 12 × 12 × 12 k-points mesh for the geometry optimiza-
tion of the bulk system, while a single k point (the Γ point) was used for
the geometry optimization of the supercells. The basis set for the elec-
tron in the vacancy has been previously optimized and is of the form
111G(d).[56] All-electron double-𝜁 basis sets with polarization functions
were used for Si ([4s3p1d]/(20s12p1d)),[75] Al ([4s3p1d]/(17s9p1d)),[76]

O ([3s2p1d]/(10s4p1d)),[77] and Cl ([4s3p1d]/(16s10p1d)).[78] All-electron
triple-𝜁 basis sets with polarization functions were used for Na
([4s3p1d]/(15s7p1d)[79] and S ([6s5p2d]/(20s14p2d)).[80] A pseudo po-
tential was used for the 10 core electrons of selenium along with a
([5s4p2d]/(15s14p7d)) basis set for the 24 remaining electrons.

Spectroscopic investigations led on the extracted clusters (embedded
in a sphere of pseudopotentials and an array of point charges),[56] were
done at the TD-DFT/CAM-B3LYP level with the same basis set as the
one used for periodic boundary condition calculations with Gaussian 16
package.[81]
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