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New shades of photochromism — yellow sodalites
for the detection of blue light§
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The absorption energy of the F-center in photochromic sodalite can be lowered by expanding the unit
cell with larger ions, changing the color from pink to blue. Blue-shifting this absorption to produce other
colors is not so straightforward. In this work, sodalites of the formula Na,_,Ca,(Na,K)e(AlSiO4)(CLS), displaying
white-to-yellow photochromism have been prepared and thoroughly characterized. Combining spectroscopic
experiments and quantum chemical calculations, the formation of a Na,Ca entity inside the sodalite cage
surrounding the trapped electron responsible for the yellow color is postulated. Optimal yellow
photochromism occurs for 0.13 < x < 0.18, while at x > 0.27 the formation of the by-product davyne begins
to affect the structure and optical properties. Finally, the sensitivity of these materials to blue light is shown to

rsc.li/materials-c

1. Introduction

Photochromism describes the ability of a material to change
color upon exposure to light. This phenomenon is perhaps
most familiar in the context of photochromic eyeglasses, which
darken in sunlight and fade again when the wearer steps
indoors.” The first photochromic materials to be discovered
were organic molecules,” and due to the versatility of organic
chemistry and the low density of organic molecules, these have
long since replaced their silver chloride counterparts in com-
mercially available photochromic lenses.> However, despite the
high tunability of organic photochromic molecules, they are
often sensitive to humidity, pH and extreme temperatures.
Inorganic photochromic materials, on the other hand, are
generally superior in terms of robustness. Perhaps the most
famous of these is the aforementioned borosilicate glass doped
with silver salts from Corning Inc.? The color in these glasses
arises from the formation of silver nanoparticles, similar to the
Ag-doped TiO, nanoparticles of Ohko et al.>® Tungsten and
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make them well-suited as sensors for blue light over-exposure e.g. from computer screens or smart phones.

molybdenum oxides have also been popular inorganic photo-
chromic materials showing a yellow-to-blue color change con-
sidered for smart windows.*”~® Other matrices and activators
have been developed to bring inorganic photochromic materials up
to par with their organic counterparts in terms of reversibility' """
and diversity of color range,"*™” though the majority of these
contain at least one so-called “endangered” element, whose avail-
ability will become uncertain in the near future:'® for example P, V,
Cu, Zn, Sr, Y, Nb, Mo, Ag and W.

Photochromic sodalites, sometimes called hackmanites,
have been a topic of research for almost a century. Recent
developments into their synthetic analogues, some of which
also display attractive luminescence properties, have shown
that they have potential to be developed for a huge range of
possible applications. The unique combination of white-to-pink
reversible photochromism sensitive to UV,"® X-rays®® and
gamma radiation,”" along with orange and blue-white photo-
luminescence as well as persistent luminescence, means these
materials could find future use as safety lighting,?* X-ray imaging
solutions,?® radiation detectors,?®>** dosimeters,>®*"** in
diagnostics®® and in energy storage, to name just a few. These
materials are also highly robust and do not require any expen-
sive, toxic or endangered elements.

The mechanism of photochromism (tenebrescence) in these
materials is well established under UV excitation: the inter-
action between a disulfide S,>~ impurity in the structure, which
replaces a Cl™ anion inside the sodalite cage, and a nearby
chloride vacancy (V) caused by the need for charge neutrality.
When excited with UV radiation, an electron transfers from
S,>” to Vg, where it forms an F-center that absorbs visible
light.>* In chlorosodalite this F-center absorbs green light of
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around 500-540 nm, giving the colored form a pink shade. The
effect of the unit cell size and thus the size of the chloride
vacancy on the absorption spectrum of the F-center has been
known since the 1970s, where Phillips substituted Cl for Br and
I, and noticed as the unit cell expanded that the F-center
absorbed longer wavelengths of light, shifting the colored form
from pink to purple to blue.>® In 2010 Williams et al. utilized
gallium and germanium to expand the unit cell, and observed
the same trends.® It is indeed straightforward to expand the
unit cell with larger ions and decrease the absorption energy of
the F-center, however to go in the other direction is more
challenging. Fluoride sodalites are tricky to prepare due to
the high melting points and stabilities of alkali metal fluorides,
and smaller cations like lithium do not have enough of an
effect on the unit cell to change the photochromism color
dramatically.'®** A more radical approach is required to blue-
shift the F-center’s absorption significantly.

Some members of the sodalite family are known to contain
calcium: hatiyne ((Na,K)3(Ca,Na)(Al;3Si304,)(SO,,S,Cl)) and
lazurite (Na,Ca(AlgSicO,4)(SO,4)(S3)-H,0) are calcium- and
sulfur-containing members of the sodalite family which crystal-
lize in the same P43n space group as sodalite. Haiiyne and
lazurite are brightly colored by polysulfide anions, often giving
an ultramarine blue color, as in lapis lazuli.?®*” There is no
record of these minerals being photochromic, however this may
be due to their intense body colors rendering any color change all
but invisible. Also related to these are the minerals nepheline
(NazK(AL,Si4O4¢)), cancrinite ((Na,Ca,[d)g(AlgSigO054)(CO3,504),
2H,0) and davyne ((Na,K)sCa,(Al¢SicO,4)(Cl,,S0,),). These miner-
als crystallize in hexagonal space groups P6; (nepheline, cancri-
nite) and P6;/m (davyne), and both nepheline and cancrinite-like
by-products have been observed during the synthesis of sodalites
and their analogues.?®? It is thus expected that the introduction
of calcium to the sodalite system could result in the formation of
one or more of these phases.

In this work, we investigated the effect of introducing
calcium to photochromic sodalites, and present for the first time
their remarkable yellow tenebrescence when synthesized with the
correct Na:Ca ratio. We go on to explain the mechanism of the
yellow photochromism through the assistance of computational
simulations, we determine the optimal calcium concentrations for
yellow photochromism and discuss the detrimental effect too
much calcium has on the structure and photochromic properties.
Finally, we show that these sodalites can be used as blue light
sensors to help people detect over-exposure to blue light, which
has been reported to have adverse effects on e.g. eye health and
the human circadian system.***!

2. Experimental

2.1 Synthesis

Samples of nominal formula Na, ,,Ca,(Na,K)¢(AlSiO,)s(CLS),
were synthesized using 0.7 g of dry zeolite 4A (Sigma Aldrich) or
dry zeolite 3A (Zeochem), 0.06 g dry Na,SO, (E. Merck, 99%),
and stoichiometric amounts of NaCl (Sigma Aldrich, 99.5%)
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and CaCl,-6H,0 (Riedel De Haén, 99%) corresponding to a total
of 0.0040 mol. In a sample with x = 0.00, 0.0040 mol of NaCl was
used; when x = 1.00, 0.0040 mol CaCl,-6H,0O was used. For
0.00 < x < 1.00, the appropriate stoichiometric amounts of NaCl
and CaCl,-6H,0 were used. The starting materials were ground
together by hand in an agate mortar and then placed in an oven,
where they were heated in air to 850 °C for 5 h. After cooling,
samples were ground again and placed in an oven, where they
were heated to 850 °C in a reducing atmosphere of 88%N,/12%H,,
for 2 h. Once cool, the samples were collected and analyzed. In
some cases, NaBr (J. T. Baker), Nal (E. Merck), CaBr, (British Drug
Houses) and Cal, (Alfa Aesar, 99.5%) were used in stoichiometric
amounts instead of NaCl and CaCl,-6H,0.

2.2 Analysis

The materials’ structure and purity were analyzed using room
temperature X-ray powder diffraction (XRPD). XRPD was per-
formed using a Panalytical Aeris benchtop instrument, with
copper K, , radiation (1 = 1.5406 A (K,;) and 1.5444 A (K,,))
with a step size of 20 = 0.011° and an integration time of 0.25 s
per step. Some samples were measured multiple times and
their diffractograms added to produce a good enough signal-to-
noise ratio for Rietveld refinement with Panalytical HighScore
Plus software connected to the ICDD PDF4+ 2021 database.
Sample compositions were 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.
Results were compiled from four scans using a silver filter, a
copper filter, an aluminum filter and no filter, respectively.
The change of color of the materials after UV irradiation was
investigated using reflectance measurements under illumination
of a 40 W incandescent lamp, with an incident irradiance of
1.34 W m™? in all measurements. The reflectance of the sample
before excitation was measured and then used as the white
background color. Samples were excited with 254 nm radiation
from a UVP model UVLS-24 EL, 4 W 254/365 nm handheld lamp
(UVC irradiance approx. 3.0 mW cm ) 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 fiber connected to an Avantes HS-
TEC spectrometer with a data collection time of 1.6 s (160 ms
integration time, 10 averages). The materials’ colors were quan-
tified as L*a*b* coordinates using a Konica Minolta CM-2300d
handheld spectrometer with its own white calibration disc.
Cumulative tenebrescence excitation spectra were measured
by irradiating the sample with 340-220 nm radiation produced
by a SB522 150 W Xe-arc lamp coupled to a LOT MSH 300
monochromator, for 7.5 minutes per wavelength. 10 nm intervals
were used between irradiation wavelengths. The reflectance of the
sample was measured using the same HS-TEC spectrometer and
optical fiber as previously mentioned, but under the illumination
of an OceanOptics LS-1-CAL incandescent torch. Reflectance was
measured before irradiation and set as the white background;
after irradiation reflectance was measured again. The reflectance
wells were integrated to give the color intensity. Optical bleaching
of tenebrescence was measured by first measuring the sample’s
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reflectance and setting this as the white reference. The sample
was then excited with 260 nm radiation from the SB522 150 W
Xe-arc lamp coupled to a LOT MSH 300 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 re-coloured using
260 nm radiation for 5 min, then bleached with light ranging
from 300-680 nm. The cycle was repeated using 20 nm steps in
the bleaching wavelength. The reflectance wells were integrated to
give colour intensity, and the decrease in colour intensity caused
by each bleaching wavelength relative to the previous intensity
after 260 nm excitation was calculated accounting for sponta-
neous fading in darkness. These results produced the optical
bleaching spectra. Reflectance was measured using the same HS-
TEC spectrometer and optical fibre 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).

Thermotenebrescence?:**

was measured using the same
optical fiber and HS-TEC spectrometer as before, 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 approx. 2.2 mW cm ™ 2).
After coloration, the sample was then heated from 20-250 °C
at a rate of 3 °C s~ 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 thermoluminescence 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.*?

The rise of tenebrescence coloration were measured by
constantly exciting samples with 254 nm radiation from a
UVP model UVLS-24 EL, 4 W 254/365 nm handheld lamp
(UVC irradiance approx. 1.3 mW cm ™ 2) or with 302 nm radia-
tion from a UVP model UVM-57, 6 W lamp (UVB irradiance
approx. 1.3 mW cm %) while measuring their reflectance under
a 40 W incandescent lamp giving constant incident irradiance.
In this case, MgO was used as the white reference. Reflectance
spectra were measured using the same optical fiber coupled to
the same HS-TEC spectrometer as before, with a 200 ms
integration time and 10 averages. In this way, samples were
irradiated for 60 minutes with data collected every two seconds.
The integrals of the reflectance curves were used to give the
color intensity.
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The fade of tenebrescence was measured under incandes-
cent lighting immediately after the rise of coloration by turning
off the UV lamp and measuring the reflectance every two
seconds for two hours. The fade of tenebrescence under an
Airam 2700 K 9 W warm LED light, cool white LED ambient
lighting, a blue LED from a North GLGID-02 RGB lamp, and a
HP Compaq LA2306x WLED-backlit LCD computer monitor,
were measured after 15 min of coloration under 254 nm UV in
the same way. For fading curves, the white reference was the
sample in its uncolored form. Irradiances of the light sources
from 400-1050 nm were measured with a Delta Ohm HD 2102.1
photo/radiometer coupled to a LP 471 RAD irradiance meter.
Dose correction was carried out for the pink and yellow F-center
absorptions under incandescent light using the relative inten-
sities of the incandescent lamp in those wavelength ranges; for
the sodalite’s entire absorption spectrum dose correction was
done using the measured irradiances.

2.3 Computational simulations of F-center’s absorption

During the computational study, only calcium substitutions of
sodium atoms in the pristine sodalite of formula Nag(Al¢SisO,4)Cl,
were considered.

The methodology includes 3 main steps:

1. Optimization of the geometry of pristine sodalite’s bulk in
PBC, followed by the generation and optimization of the
corresponding 2 x 2 x 2 supercell.

2. From this supercell, addition of the defect (F-center/
trapped electron) at a Cl™ site, as well as substitution of 1 to
4 of the sodium atoms surrounding this site by calcium ones,
and optimization of the corresponding 2 x 2 x 2 supercells’
geometries. Three possibilities were considered in order to go
from the unmodified [Na,V¢]** composition to: [NazCavg]'™,
[Na,CaV*" and [Ca,Ve]*". They correspond to systems that
will be referred to as Na;Ca, Na,Ca and Ca, in opposition to the
unmodified Na, structure. In the case of Na;Ca, the addition of
one positive charge was offset by the substitution of one Si** by
one AI*" in the surrounding B-cage.

3. Extraction of a cluster containing the p-cage and the
corresponding modified “tetrahedron” structures for the simu-
lation of the F-center’s absorption with an embedded cluster
approach. Atom positions are fixed to the ones of the geometry
optimized in periodic boundary conditions.

Computational details are given in the following paragraphs:

All optimized structures obtained with the ab initio
CRYSTAL17** code were conducted at the DFT/PBE0*” 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 sublattice with a 12 x 12 x 12 k-points
mesh for the geometry optimization of the bulk system, while a
single k point (the I" point) was used for the geometry optimiza-
tion of the supercells. When considering the F-center in the
structure (i.e. a trapped electron), calculations were performed
in an unrestricted formalism to account for the singly-occupied
orbital. A numerical frequency calculation was performed to
assess the nature of the stable geometry found. This calculation

This journal is © The Royal Society of Chemistry 2023
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was performed only on the sodium and calcium atoms since
the B-cage is known to be very rigid and not affected by
chemical modifications in the sodium tetrahedron."®*?

Localized basis set used in CRYSTAL PBC calculations was
then kept for the F-center’s absorption simulations. The basis
set for the electron in the vacancy has been previously optimized
and is of the form 111G(d).*® All-electron double- basis sets with
polarization functions were used for Si ([4s3p1d]/(20s12p1d)),*”
Al ([4s3p1d)/(17s9p1d)),*® O ([3s2p1d]/(10s4p1d)),*®* and CI
([4s3p1d]/(16s10p1d)).*® All-electron triple-; basis sets with polar-
ization functions were used for Na ([4s3p1d)]/(15s7p1d),** and
Ca ([6s4p1d]/(17s11p1d)).*?

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

3. Results and discussion
3.1 Notes on the composition of the materials

The precise compositions and formulae of these materials
are difficult to determine, due to the presence of defects in the
structure. Nonetheless, the following general formula can be used
to describe these materials: Na, ,,Ca,(Na,K)s(AlSiO4)6(CLS),. The
exact ratio of Na:K is uncertain, as the main starting material
used was zeolite 3A powder, which is obtained from zeolite 4A
that has undergone some degree of ion exchange to substitute Na
with K. The extent of ion exchange is difficult to quantify, and
many manufacturers do not state precise Na:K ratios in their
material specifications sheets, however the amount of K is higher
than that of Na in 3A zeolites. Potassium chloride is also a
common impurity in the NaCl starting material, so it can be
assumed that some potassium is present in all the materials,
regardless of which zeolite was used. The same batch of zeolite 3A
from the same company was used in all syntheses done with
zeolite 3A, and thus it can be assumed that the ratio of Na:K in
the zeolite 3A starting material was always the same. The formulae
of the starting materials zeolite 4A and zeolite 3A can be expressed
as the following: zeolite 4A, NaAlSiO,; zeolite 3A, (Na,K)AISiO,.
XRF measurements confirm the presence of potassium in all
materials, and experimentally it was shown that the photochromic
properties of calcium-containing sodalities were marginally
improved by the presence of extra potassium from the zeolite
3A used (ESL ¥ Section S1). Thus, we used zeolite 3A as a starting
material for most materials in this work. The effect of small
amounts of potassium on the optical properties of these materials
are visible. However, for simplicity, when discussing the mecha-
nism of photochromism, we only consider sodium and calcium
ions inside the sodalite cage.

NacCl is typically used in excess when synthesizing photo-
chromic sodalite, to prevent the formation of halogen-free
phases like nepheline.”® When preparing these materials, the
same molar ratios of salt (i.e., NaCl and/or CaCl,) and sodium
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sulfate were used in all syntheses, ie. 0.00042 mol sodium
sulfate and 0.0040 mol of salt. NaCl was substituted with
various mol% CacCl, to produce a range of different composi-
tions. Due to the salt always being used in excess, it is uncertain
exactly how much sodium and calcium pass into the structures
of these materials, however it is assumed that the Na: Ca ratio
of the starting mixture and that of the product are roughly
constant. X-ray fluorescence analyses have shown that an
increased amount of CaCl, in the starting mixture results in a
greater proportion of calcium in the product (ESL,T Section S1),
and according to the XRD diffractograms only very small
amounts of Ca-containing by-products, such as CaCl,, are
present, suggesting Ca does indeed pass into the sodalite
structure. In lieu of exact formulae, the general formula with
nominal values of x based on the molar ratios of NaCl: CaCl,
used in synthesis are given to describe these materials. The
differences in valence and therefore stoichiometry of Na and Ca
have been taken into account.

3.2 Change from pink to yellow photochromism

The ionic radii of Na* and Ca®*" are rather similar (1.02 and
1.00 A in coordination number 6),** but their charges are
different. Thus one can expect some difficulties in the solubility
of Ca®" into the sodalite structure. This is why calcium was
added gradually with small steps. Here, we show the results for
five samples with compositions around those found critical for
the color of tenebrescence.

We observed that tenebrescence is pink, as in calcium-free
sodalites, with one absorption band at 540 nm, until the mole
fraction x of calcium reaches 0.11. Above this threshold, the
tenebrescence color is clearly yellow (Fig. 1a and b), with an
asymmetric absorbance band with a maximum at 435 nm. As
the calcium content is increased above 0.11, the color becomes
more intense up to x = 0.18, then weakens again. From this we
can determine that the optimum compositions for yellow
photochromism are 0.13 < x < 0.18 (Fig. 1c). The pink
absorption band is also least significant in the colored form
of materials with these compositions. There is therefore an
optimal distribution of defects able to form blue-absorbing
F-centers in these materials. Photochromism is very weak close
to the changeover, but appears to be a pale pinkish-orange
color, with both absorption bands visible in the reflectance
spectrum. L*a*b* color coordinate data also shows the transi-
tion of the color from pinker to yellower (Fig. 1d). All five
samples had similar L* values, so their a* and b* values are
comparable in terms of saturation.

Fig. 1e presents the XRPD diffractograms, showing sodalite
as the main phase, along with NaCl (marked with *), KCl (+)
and nepheline (x) (ESL* Section S2) as the most significant
impurities. In order to study the structural effects surrounding
this change, Rietveld refinements were performed to determine
quantities such as the unit cell parameter and unit cell volume.
The ratios of sodalite to the main impurities were also calcu-
lated during refinement (Table 1). Fig. 1f presents the unit cell
volume with respect to calcium content. The variation in unit
cell size is very small, with all values within 5 A* of each other,
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Fig. 1
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0.14 showing the changeover from pink to yellow photochromism.

(b) Photographs of the same samples before and after irradiation with 254 nm UV showing their uncolored and colored forms, respectively.
(c) Reflectance well depth (absorption intensity) at 420-435 nm for 0.00 < x < 0.40, showing variation in yellow color intensity with respect to
calcium content. (d) a* and b* color coordinates of the colored forms of the samples, showing the shift from pink to yellow. (e) XRPD patterns compared

to a sodalite ref. 16, with the main impurities indicated as follows: + =

nepheline (PDF 04-015-8159),%° * =

NaCl (PDF 04-013-1689),*¢ and x = KCl

(PDF 04-007-3595).%” (f) Unit cell volumes obtained by Rietveld refinement with respect to calcium content.

Table 1 Unit cell parameters and weight-% ratios of sodalite to other

main impurity phases for 010 < x <

0.14 in Nay_,Ca,(Na,K)gs(Al-

SiO4)6(CLS), around the switch over from pink to yellow photochromism

x  aaxis (A) V(A®) Nepheline (%) NaCl (%) KCI (%) CaCl, (%)
0.10 8.901 705.15 6.6 5.0 6.4 0.0

0.11 8.911 707.54 21.7 9.9 9.0 0.0

0.12 8.910 707.44 0.0 15.6 0.0 1.4

0.13 8.912 707.80 0.0 16.2 0.0 0.0

0.14 8.906 706.33 9.0 7.8 11.9 0.0

3364 | J Mater. Chem. C, 2023, 11, 3360-3374

and there

isn’t any clear trend in the unit cell volume’s

evolution as a function of Ca content. The slight variations
may be due to distortion inside the cage caused by calcium’s 2+

charge, since Na* and Ca**

are otherwise similar in size.

When considering the mechanism of this phenomenon, the first
thing to consider was the role of sulfur, which has been established

to be essential in the photochromism of sodalites.

1948-50 geveral low

oxidation state polysulfide species are present in natural sodalite,

This journal is © The Royal Society of Chemistry 2023
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usually giving a permanent body color such as yellow (S,™) or
blue (S;7).2**"”' We were able to detect some permanent
coloration from S,” (ESIL,¥ Section S3), but despite its low
formation energy, the yellow-absorbing S;~ was not present
in these materials. However, Norrbo et al. proved that the
reversible white to pink photochromism in typical photochro-
mic sodalites arises from electron transfer from S,>~ to Vg
upon UV irradiation to form an F-center capable of absorbing
green light.>* Therefore, the possible presence of other poly-
sufides than S,*>~ does not affect the photochromism. We used
this mechanism as a starting point to investigate the source
of white-to-yellow photochromism in calcium-containing
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sodalites. Computational studies led by some of us provided
a very strong agreement with experiments in the simulation of
F-center’s absorption in sodalite-type minerals.>® Here, the
same protocol was used on calcium sodalites. Since only the
close environment would impact the F-center’s absorption, only
modification of the surrounding tetrahedron was considered
when adding calcium in the supercell. Three possibilities
referred to as Naz;Ca, Na,Ca and Ca, were considered and
compared to the unmodified Na, structure (¢f. Section 2.3,
ESI,} Section S4). When two Na' surrounding V¢, were replaced
with Ca®*, the absorbance profile of the F-center matched
the experimental data remarkably well (Fig. 2a). From the

b) E (eV) Na, Na,Ca
A [Sy (1), Vei(Do)l Ds
& D, —
] ;
D,(T) 3
Lt @ LUMO+2
w N LUMO+1
. Lumo
36-50eV . @ Lumo
' HOMO*
. Do(A) D,

[8,%(1*), Ve (Do)l

T
3[Sy (1), Ve (Do)l

(a) Reflectance curves of photochromic sodalites showing pink (x = 0.00) and yellow (x = 0.14) photochromism, along with simulated reflectance

curves for the F-center in Nay and Na,Ca systems (TD-DFT/cam-B3LYP absorption energies convoluted by a Gaussian, using 0.3 eV as FWHM). The
Na,Ca system's simulated reflectance spectrum matches well with the experimental result for x = 0.14. (b) Mechanism of F-center formation followed by
energetic diagram of the three first electronic transitions for the Na, and Na,Ca systems computed by TD-DFT. The red arrow represents excitation of an
electron from $,27(n*) to V¢ and the green arrows spin relaxation from a singlet to triplet state 32 Grey boxes represent the distribution of energies of
ground state 1[S,2~(n*), VDo)l and excited state 1S, ™(n*), Ve (Do)l due to variations in local structure. The transitions are dominated by the HOMO to the
three lowest LUMOs characters (presented as inserts). Excited states are of doublet spin-multiplicity explaining the notation Do, D1, D, and D3 for ground
and excited states. (c—f) Structures of the pristine system called Na,4 (c and e) and the defective Na,Ca (d and f) system from DFT optimized geometries
showing the full beta cage (c and d) or focusing on the inside of the beta cage (e and f). Dark and light blue polyhedra surround the Si and Al atoms
respectively. Red, yellow, pink and green spheres represent the oxygen, sodium and calcium atoms and the center of the cavity respectively.
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agreement between simulated and experimental data we con-
cluded that the Na,Ca species surrounding a chloride vacancy
is the system responsible for yellow photochromism. The
presence of calcium in the sodalite cage has two effects: first it
modifies the crystal field felt by the trapped electron, inducing a
blue shift of the absorption compared to the unmodified (Na,)
structure. Secondly, it reduces the symmetry of the trapped
electron embedding, resulting in the loss of orbital degeneracy,
in turn leading to the splitting of the single absorption of the
trapped electron in several absorptions.

The switch from white — pink to white — yellow photo-
chromism can be explained by considering the statistical dis-
tribution of the vacancies in the material. For x = 0.00, the only
chloride vacancies present are surrounded by four Na* (Na,,
Fig. 2b, c and e), ie., typical of pink photochromic sodalite, and
this has been proven to give an absorption around 500-540 nm
upon excitation (Fig. 2a and b). The broader band from experi-
mental data may be the result of small amounts of potassium
from the zeolite 3A starting material.>> As the amount of calcium
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in the material is increased, the cages increasingly contain the
Na,Ca structure (Fig. 2d and f), which simulations predict would
give a yellow F-center if a chloride vacancy was present inside this
particular cage. However, due to the greater amount of Na, cages
in materials with a low calcium concentration (x = 0.00-0.10), the
observed color is pink, as the likelihood of the vacancy occurring
at the Na, cage is much higher. As we approach the switchover
point there are now enough vacancies in Na,Ca-type cages that the
yellow band begins to appear, and for x > 0.13, the majority of
vacancies are in Na,Ca cages and only the yellow color is observed.
The absorption spectrum of the colored form for x > 0.13 is,
however, asymmetrical, suggesting that some Na, cages still
contain vacancies, and upon irradiation a small amount of
green-absorbing F-centers are still formed. This is discussed
further in Section 3.4.

3.3 Return to pink and the loss of photochromism

The best yellow photochromism was observed in samples with
0.13 < x < 0.25. At these values of x, the 435 nm absorption
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Fig. 3 (a) Reappearance of the pink absorption band as calcium content increases past x = 0.25. (b) Appearance of the davyne phase at x > 0.27.3653The
other main impurities are indicated as * = NaCl (PDF 04-013-1689)*¢ and x = KCl (PDF 04-007-3595).#’ (c) Strongest yellow photochromic response
compared to high calcium content reflectance curves, showing very weak or absent of photochromism for x > 0.50. (d) Diffractograms of the samples in
¢, showing davyne has become the dominant phase at x > 0.50. Increased noise levels indicate reduced crystallinity.
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dominates in the colored form, and the 540 nm absorption is
very weak. However, as soon as x > 0.27 the reappearance of
the pink band was observed (Fig. 3a), and for x > 0.50 the
photochromism disappears completely (Fig. 3c). This can be
correlated with a structural change - as calcium content
increases, the XRD patterns show that a second phase, davyne
((Na,K)eCay(AlSic024)(Cl,,S04),), begins to appear (Fig. 3b).
The presence of davyne explains the changes in the photo-
chromic properties at higher calcium contents: at first yellow
photochromism starts to weaken (x > 0.18), and then the pink
band begins to appear. This is likely due to calcium preferen-
tially locating in the davyne phase as it begins to form, resulting
in a reduced number of sodalite cages containing Na,Ca and
thus weaker yellow photochromism. The presence of chloride
and sulfate in davyne may also affect the number of SZZ’—Vcl
pairs in the material, and thus the intensity of photochromism.
At x > 0.18 davyne may already be forming, but it is not yet
crystalline enough to show in the XRPD diffractograms. At
x = 0.27 enough davyne has formed to be visible by XRPD,
and at the same time the pink band has returned, suggesting a
greater number of remaining Cl vacancies are located in Na,
cages due to less Ca being present in the sodalite structure.
Eventually davyne becomes the dominant phase (Table 2), and
the materials also become less crystalline (Fig. 3d). This results
in the gradual decrease in photochromic sodalite content, and
at x > 0.5 we observe complete absence of the sodalite phase

and therefore only very weak photochromism.

3.4 Further characterizations of yellow photochromism

The yellow photochromism was further characterized and
compared to a typical Na,(Na,K)s(AlSiO,)6(CL,S), photochromic
sodalite. The excitation spectra of tenebrescence (Fig. 4a) indicate
that all the materials begin to color under 340 nm UV, though
significant coloration only begins under 320 nm or shorter wave-
length radiation. The yellow materials are best excited by 290-
300 nm or higher energy UV; on the other hand, the pink material
is not fully colored until excitation with 260 nm. The slight decrease
in color intensity at short wavelengths is likely due to harmonic
wavelengths of light capable of bleaching the materials escaping
the monochromator.

When we look more closely at the excitation profiles of the
pink and yellow F-centers in this material (Fig. 4b), we observe
that full coloration of the pink component is achieved by

Table 2 Relative phase concentrations by Rietveld refinement for x >

0.25 in Nay_»4Ca,(Na,K)g(AlSiO4)6(CLS), showing the change from sodalite
to davyne as the dominant phase

Sodalite Davyne NacCl KCl
x (%) (%) Sodalite : Davyne ratio (%) (%)
0.25 71.9 0.0 1:0 7.4 8.5
0.27 52.7 24.6 1:0.47 14.3 6.1
0.32 32.9 47.7 1:1.45 15.8 3.6
0.35 31.8 47.6 1:1.50 15.7 5.0
0.40 16.5 62.9 1:3.81 17.4 3.2
0.50 0.0 79.2 0:1 18.5 0.0
0.75 0.0 74.1 0:1 18.7 0.0
1.00 0.0 78.0 0:1 8.1 0.0

This journal is © The Royal Society of Chemistry 2023
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300 nm or higher energy UV, whereas the yellow component
is fully colored by 280 nm and higher energy radiation. This is
likely due to different, broader distributions in the energy levels
of S,>~ and Vg surrounding the blue-absorbing Na,Ca F-
centers compared to their green-absorbing Na, counterparts
(see Fig. 2b).

The optical bleaching spectrum of the yellow photochromism
is also quite predictable - the material bleaches best under
similar wavelengths of light to the F-center’s absorption max-
imum (Fig. 4c). In this way it behaves similarly to typical
photochromic sodalite, further supporting the proposed mecha-
nism. For samples containing two absorption bands, we also
obtained two different optical bleaching spectra, one for each
band (Fig. 4d). This confirms that these two bands do indeed
originate from separate color centers, some appearing pink and
some yellow, and they function independently of one another.

Thermotenebrescence measurements were carried out to
investigate the thermal bleaching energy of the yellow photo-
chromism. The yellow photochromic material with x = 0.18 was
found to have a thermal bleaching energy of 0.39 eV, which is
close to that of the calcium-free reference, x = 0.00 (Table 3).
When we examine the fading of the reflectance curves under
thermal tenebrescence, we see that the pink side fades faster
and a small yellow component remains at the maximum
temperature (ESL Section S6). The calculated trap depth would
therefore correspond to the fading of the pink component. In
fact, the calculated trap depth values for the pink component of
both x = 0.18 and x = 0.00 lie between previously presented
thermal bleaching energies of sodium-only (0.48 eV) and
sodium-potassium (0.28 €V) photochromic sodalites,* likely
due to the presence of some potassium in the materials from
the starting material zeolite 3A.>>>> The F-centers responsible
for the yellow color require more thermal energy to be emptied
than was possible to obtain with our measurement setup.

The rise and fade of color intensity in calcium-free and
calcium-containing sodalites were measured under both
254 nm and 302 nm excitation and compared. Calcium-free
sodalite colors rapidly under 254 nm UV, reaching 90% of the
saturation intensity after only two minutes (Table 4). It colors
more slowly under 302 nm and does not become as intense
(Fig. 5a). It is expected that, due to the slight variation of local
structure around the disulfide ions, there is a distribution of
energies needed to create the color center. Therefore, 302 nm
can activate only some of the color centers. The fact that the
rise rate is slower with 302 nm may be because the help of
lattice vibrations is needed to induce the coloration, ie.
because 302 nm falls a little short of the lowest energy required.

When we consider the rise curves of the calcium-containing
sodalites, we observe under both 254 nm and 302 nm the pink
F-centers located in Na,-containing cages color equally rapidly,
reaching 90% saturation in approximately half an hour (Table 4
and Fig. 5a). The pink component is more intense under
254 nm, implying the presence of a range of energies needed
to induce the color center, but all color centers form rapidly
under higher energy radiation. The blue-absorbing Na,Ca
F-centers behave more unusually. The yellow color is significantly
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(a) Tenebrescence excitation spectra for a yellow photochromic sodalite compared to a pink one. (b) Tenebrescence excitation spectra for the

pink and yellow F-centers within a calcium-containing sodalite. (c) Reflectance spectra of the colored forms of a pink and a yellow photochromic
sodalite and their corresponding optical bleaching spectra. (d) Reflectance spectra of a material clearly showing both yellow and pink absorption bands,

and optical bleaching spectra of each of the two bands.

Table 3 Summary of optical properties of the F-centers in pink and
yellow photochromic sodalites

Table 4 Time taken for different F-centers to reach 90% of their max-
imum intensities when excited with 254 nm or 302 nm radiation

Absorption Optical bleaching Optical Thermal
maximum max wavelength  bleaching trap
x (nm) (nm) energy (eV) depth (eV)
0.00 540 480 1.8-3.6 0.44 £ 0.02
0.18 438 380 2.5-3.6 0.39 £ 0.03
0.11 (yellow) 422 420 2.4-3.4 —
0.11 (pink) 535 560 1.8-3.0 —

more intense when excited with 254 nm radiation, but colors
much more slowly. Under 302 nm radiation we reach 90% of the
maximum saturation under that wavelength in less than half the
time it takes under 254 nm, suggesting a much broader range of
energies able to form the color center, the majority of which are
only created after long exposure to high energy radiation.

The tenebrescence fades under white incandescent light in a
bi-exponential fashion (Fig. 5b). The yellow color center fades very
slowly under incandescent lighting, because an incandescent bulb

3368 | J Mater. Chem. C, 2023, 11, 3360-3374

Excitation Integrated Max intensity Time to reach
x  source (nm) region (nm) (a.u.) 90% max intensity (min)
0.00 254 545-565 17 804 1.9

302 9799 9.0
0.18 254 417-437 6961 24.8

302 566 7.3

254 515-535 361 28.2

302 208 27.0

produces comparatively little blue light, which is the optimum
color for bleaching the yellow F-center (ESL Section S7). However,
when the relative doses of blue and green light from the incan-
descent source are taken in to account, we observe that the yellow
F-center fades rapidly (Table 5). In fact, the yellow F-centers would
bleach almost an order of magnitude more quickly than the pink
ones if exposed to a sufficient dose of blue light. This sensitivity to

This journal is © The Royal Society of Chemistry 2023
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(a) Coloration rise curves showing the difference in color rise functions for the pink and yellow color centers compared to a calcium-free sodalite.

(b) Dose-corrected coloration fade curves showing the difference in fading rate in white incandescent light for the pink and yellow components,

including a calcium-free reference.

blue light is desirable when considering possible applications of
the material, as discussed in Section 3.6. The pink F-centers in x =
0.18 fade slightly faster than the calcium-free reference, which is
likely a result of the lower thermal bleaching activation energy of
the x = 0.18 material (Table 3).

3.5 Effects of halogen substitution

We have established that calcium-containing sodalites give us
access to a yellow F-center that absorbs in the 420-435 nm
region; meanwhile, calcium-free chlorosodalites’ pink F-centers
usually absorb between 520-550 nm.'® However, an orange
F-center is missing from the series, and could be achieved by
tuning the F-center to absorb light of between 450-480 nm. In
the work of Phillips et al.>® as well as Williams et al.'® we see
that by introducing larger ions into the crystal structure, the
unit cell expands and thus the absorbance of the colored form
shifts to longer wavelengths. It was therefore theorized that
replacing some chlorine with bromine or iodine would expand
the structure and shift the 430 nm absorbance towards longer
wavelengths, potentially giving rise to this desired white-to-
orange photochromism.

In order to investigate the effect of introducing other
halogens to the structure in the hope of achieving orange
photochromism, we took a specific calcium ratio known to
reliably produce yellow photochromism with no davyne by-
product, namely x = 0.25, and replaced chloride partially or
completely with bromide or iodide. Surprisingly, gradual

Table 5 Dose-corrected time constants and their amplitudes for the
fading of pink and yellow components of a yellow photochromic sodalite
showing two bands, compared to a calcium-free reference

Integrated At4) A(t,) Average
x  region (nm) 7, (h) (%) 1, (h) (%) 7 (h)
0.00 545-565 0.103 £ 0.002 25 1.11 £ 0.01 75 0.86
0.18 417-437 0.0124 £ 0.0004 32  0.202 + 0.009 68 0.14
0.18 515-535 0.10 £ 0.01 23 0.47 £ 0.02 77 0.38

This journal is © The Royal Society of Chemistry 2023

introduction of a larger halogen did not produce the expected
effect of shifting the F-center’s absorbance minimum to longer
wavelengths. Instead, the presence of larger halide ions caused
the material to behave completely differently: the yellow color
was lost and the usual pink photochromism of calcium-free
sodalite was observed instead. We found that for bromide the
loss of yellow photochromism occurs somewhere between 50—
75 mol% Br (50-25 mol% Cl); for the iodide series this change
happens between 0-25 mol% I (100-75 mol% Cl) (Fig. 6a).
Rietveld refinements were performed on the XRPD data (ESI, ¥
Section S8) and there is a noticeable expansion in the unit cell
with increasing Br /I content, as expected (Fig. 6b).

For the samples containing bromine, we see that as the
Cl:Br ratio reaches 1:1, the pink band begins to reappear
(Fig. 6¢). This suggests that as the amount of Br in the material
increases, the ratio of vacancies in the Na, and Na,Ca sites
begins to change, increasingly favoring pink F-centers. At Cl:
Br = 1:3, the pink centers dominate, and we see a similar
absorbance maximum as in Ca-free bromide sodalite, close to
560 nm. In the case of iodide, the switch from yellow to pink is
immediate (Fig. 6d). We propose that this is due to the size of
the anion and the relative amounts of space in Na, versus Na,Ca
cages: the larger Br~ and I anions fit more easily into the
Na,Ca cages, which in turn increases the likelihood of any
vacancies occurring inside Na, cages. The larger size of iodide
means this occurs even at Cl:I=3:1, whereas smaller bromide
still facilitates the formation of some F-centers in Na,Ca cages
at higher Cl:Br ratios. Absorbance maxima of pink F-centers
are again typical of Ca-free sodalites of the same Cl:X ratio.
This is also reflected in the calculated unit cells, where regard-
less of calcium content the unit cell volumes are similar for
samples of the same Cl:X ratio. Thus, we conclude that the
pink/purple absorption comes from classic Nas-Vy and S,
interactions, as in the calcium-free sodalites.

Whilst halide ion substitution was an unsuccessful in
producing orange photochromism in this instance, this study
did further confirm our conclusions that the color of these
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(a) Absorption maxima of the colored forms of Na,_,,Cax(Na,K)g

Wavelength (nm)
(AI1SiO4)6(CLX,S), sodalites, where x = 0.25 or 0.00 and X = Br or I. The

background represents the observed color of the colored form with respect to absorption maximum. (b) Unit cell volumes of the same sodalites with
respect to Cl: X ratio, where X = Br or I. (c) Reflectance curves of x = 0.25 sodalites containing a mix of Cl and Br. (d) Reflectance curves of x = 0.25

sodalites containing a mix of Cl and I.

materials depends on the distribution of vacancies between Na,
and Na,Ca cages in these materials. It also revealed a prefer-
ence for larger halide ions to locate themselves in cages with
Na,Ca species, when such cages are available.

3.6 Potential applications

Yellow photochromic sodalites function in the same way as
their pink counterparts, in that their color deepens with
increasing UV dose (Fig. 7a). They can also be colored by
X-rays (Fig. 7a insert, Fig. 7b), though high doses are required
to produce coloration, and contrast is low.

As discussed in Section 3.4, these yellow photochromic
materials show particular sensitivity to blue light. Modern
white light sources such as indoor LED lighting, computer
screens and smartphones, strongly emit blue light, which can
be damaging to the eyes and disruptive to the circadian
rhythm.?° Blue light in the ranges of 400-450 nm is considered
particularly dangerous to the retina.*’ This wavelength range

3370 | J Mater. Chem. C, 2023, 11, 3360-3374

also happens to be close to the optimal bleaching wavelength
of the yellow F-center of calcium-containing photochromic
sodalites. Thus, we propose that these materials would be
particularly suitable as blue light sensors.

Fig. 7b shows how the yellow color of the x = 0.18 material
fades under different light sources. Table 6 presents the time
constants of the bi-exponential decay curves. Of particular
interest is how rapidly the material fades under the light of a
WLED-backlit LCD computer screen: this light source has
strong blue light emission (ESLt Section S9), but also emits
green light capable of bleaching the pink F-centers in the
material. The relative proportions of blue and green light
emitted by the screen are ideal for bleaching this material,
and thus it would function very effectively as an indicator that
someone has been looking at a computer screen for too long.
Bleaching by cool white LED lighting typical of a modern office
environment is comparatively slower, meaning the material
could indicate to the user excessive exposure specifically to

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) Rise of yellow photochromism intensity with respect to UVC fluence (dose). Insert: Photograph of the same sodalite colored by X-rays. The

colored portion is visible inside the circle. (b) Dose-corrected fading of yellow photochromism under five different light sources.

Table 6 Dose-corrected time constants and their amplitudes for the
fading of yellow photochromic sodalite’s color under five different light
sources

Ary)
71 (h) (%) 75 (h)

0.164 + 0.008 21
0.127 4+ 0.001 64

A(rs)

Light source (%)

31+04 79
1.21 £ 0.02 36
1.27 £0.02 70
0.73 £0.09 61

0.041 + 0.004 56

40 W Incandescent lamp
2700 K Warm white LED
Cool white LED 0.072 £ 0.002 30
Blue LED 0.027 + 0.003 39
WLED-LCD computer screen 0.0043 £ 0.0003 44

the blue light from the screen in front of them. The detector
can easily be re-colored at the start of each working day with UV
light and used to track a worker’s exposure to blue light
throughout the day. Alternatively, it could be used in a home
environment, where a user could use it to monitor blue light
exposure before going to sleep.

4. Conclusions

We have developed a photochromic sodalite displaying white-
to-yellow tenebrescence, a new shade of photochromism in
these materials. This discovery represents a significant break-
through in the tuning of sodalite’s photochromism. The
mechanism of this color change in Na, ,,Ca,(Na,K)s(AlSiO4)s
(CL,8), has been confirmed and the degree of calcium substitu-
tion optimized to produce the strongest yellow color — namely
0.13 < x < 0.18. We have explored the effects of increasing the
amount of calcium up to full substitution of two sodium atoms,
and have found that above x > 0.27, the presence of the by-
product davyne becomes non-trivial. In fact, the increasing
concentration of davyne has a significant effect on the photo-
chromic property, even destroying it at x > 0.50, which must be
considered when choosing the Na:Ca ratio for a potential
application. It was also observed that while the absorbance
properties of pink F-centers in these materials match previous
studies on the relationship between vacancy size and the

This journal is © The Royal Society of Chemistry 2023

absorbance maximum, we cannot be sure if the yellow F-
centers behave similarly. This is due to the formation of davyne
at increasing x preventing the study of a system containing only
Na,Ca.

Furthermore, the unique combination and ratio of pink and
yellow F-centers in these materials and their respective sensi-
tivity to blue and green light make these materials particularly
sensitive to fading under artificial lighting, most notably that of
computer and phone screens. Thus, these unique materials are
well suited to applications in detection and monitoring of blue
light exposure, which is a topical issue in the modern age of
technology. These materials are also able to function similarly
to pink photochromic hackmanites in many other ways, includ-
ing being sensitive to X-rays. However, the yellow color is
still weaker than the pink color of typical photochromic
sodalites, and steps could be taken to optimize the synthesis
further to produce more chloride vacancies and hence a
deeper color.
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