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Hackmanite (Nag(AlsSisO24)(CLS)2), a sulfur-doped sodalite mineral, exhibits reversible
photochromism, meaning it changes color under UV light and fades back to its initial color when
exposed to visible light or heat. This unique property makes hackmanite a promising candidate for
applications in photochromic eyewear, optical coatings, and UV sensors. As the amount of harmful
UV radiation reaching the Earth’s surface has significantly increased in recent years, there is a
growing need for effective UV protection and monitoring tools. Photochromic sensors that change
color under UV light provide a rapid, visual indication of excessive UV exposure. Similarly,
photochromic eyewear darkens in sunlight, functioning like sunglasses to protect the eyes and the

sensitive surrounding skin from harmful radiation.

In this work, the primary goal was to determine optimal synthesis conditions for hackmanite,
enhance its photochromic response, and evaluate its suitability for photochromic films and potential
eyewear applications. Bromide was substituted for chloride in the hackmanite structure, and various
parameters, including annealing and reduction temperatures, grinding duration, and boron addition,
were investigated to enhance the material’s photochromic properties. Hackmanite films were
fabricated with attention to mass percentage optimization, thickness consistency, and aggregation
control through surfactants. The results showed that higher color intensity resulted in more opaque
material, and that attempts to enhance transmittance through aggregation control or reducing the
crystallite size were ineffective. These limitations suggest that there are significant challenges
hindering the development of a transparent hackmanite lens material suitable for commercial use, and
further research needs to be done. However, while hackmanite may not be ideal for transparent
applications like eyewear, it holds significant potential for UV sensors and similar applications where

transparency is not a critical requirement.
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Abbreviations

UV radiation — ultraviolet radiation
m-% — mass percentage

XRD — X-ray diffraction

XRF — X-ray fluorescence

SEM - scanning electron microscopy



1. Introduction

1.1. Reversible photochromism

Intelligent materials, also called smart materials, are advanced substances that can reversibly change
their properties in response to external stimuli, such as light, temperature, pH, or electrical fields.
Among these, photochromic materials stand out for their ability to reversibly change color upon
exposure to light. The color change of such materials is typically induced by UV light, and the color
returns to its original, uncolored state through heating or exposure to visible light.! This unique feature
called photochromism, or tenebrescence, is especially promising in applications such as UV
indexing®?, optical information storage*, energy-saving window glass®, X-ray imaging®, optical
switches’, and photochromic eyewear® '°. With the increasing interest in photochromic materials,
there is a growing demand for cheaper, more durable, and environmentally friendly alternatives.
Hackmanite, a sodalite mineral, is one such material showing promising properties due to its
modifiability and abundance of natural sodalite.!! The following sections will explore the unique role
of hackmanite among photochromic materials, highlighting its potential to overcome the limitations
of conventional organic and inorganic compounds through its defect-induced photochromic

mechanism.

The reversible color change in photochromic materials occurs due to a chemical transformation,
where absorption under specific wavelengths of electromagnetic radiation differs significantly
between the two forms.!>!3 This reversible transformation often involves structural or conformational
changes, which may also lead to additional changes in the materials properties beyond just the
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absorption. These changes may include shifts in refractive index'4, fluorescence!>!’, electrical

conductivity'®, and opacity!®, for example.

Photochromic materials that change color under UV radiation include inorganic, organic, and
hybrid compounds. Well-known organic photochromic compounds include spiropyran®2
spirooxazine®!, azobenzene?’. These compounds typically contain a conjugated m-system, which
enables large resonance. These structural features enable unimolecular reactions, such as cis-trans
isomerizations, ring closing and opening, and intramolecular proton transfers, which are plausible for

their photochromic behavior.?’%3

Organic photochromic molecules have high photosensitivity, but they often suffer from
degradation of switching efficiency, as they cannot withstand many color-changing cycles. In
addition to the rapid deterioration of photochromism, organic compounds are challenged by steric
hindrances in their structures and low photostability. Especially the weak heat and long-term light

stability of organic photochromic systems limit the potential applications.!! Inorganic materials,



such as tungsten oxide (WO3) and molybdenum trioxide (MoQ3) offer several advantages, including
thermal stability, mechanical strength, and much better fatigue resistance. However, they typically
exhibit much lower photochromic contrast and pose environmental concerns due to the presence of
heavy metals. These compounds are also relatively expensive, which limits their practical
applicability.?*** The photochromic behavior in inorganic materials can generally be explained with
two mechanisms: the color change is attributed to photon-induced electron-hole pairs that are trapped
by defects within the material, or the hopping of valence electrons that generate charge transfer.?
While inorganic photochromic materials do not have such vast range of colors as organic ones, their
durability, mechanical strength, and temperature resistance are much better, and they are also much

easier to produce.?>

While organic photochromic materials suffer from degradation and inorganic compounds are often
environmentally concerning, photochromic sodalite, also called hackmanite, presents a promising
alternative. This unique, intelligent mineral with the general formula Nag(AleSisO24)(CLS)> is
particularly interesting due to its tunability, as well as its cost-effective and simple synthesis. Its
defect-based photochromic mechanism allows for virtually endless color-changing cycles without
compromising structural integrity, addressing some of the challenges common with traditional
photochromic materials. Although hackmanite is a naturally occurring mineral, it can also be
synthesized via several methods, including solid-state reactions or hydrothermal synthesis.
Hackmanite’s composition has been successfully modified in several research studies**’!,

suggesting that its properties could be further enhanced through continued research.

1.2. Photochromic sodalites

Sodalite (NasAlsSi6024Cl2), discovered in 1806 by Karl Ludvig von Giesecke (1761-1833), is the
sodium-rich member of the sodalite mineral group. Sodalite minerals have a general formula of
Mg(T'T"04)6X2, where the M-site typically consist of mono- or divalent elements such as Ca, K, Li,
Na, Sr, or Mn. The T-site consists of tetrahedrally coordinated elements, including Al, Si, B, and Be.
The X-side varies widely, and it can include anions like C1~, Br, S™, I, or molecules such as SO4*",
COs* or OH, for example.*

The framework of sodalite is composed of ordered SiO4 and AlO4 tetrahedra, which create so called
B-cages within the structure. Each PB-cage contains a large Cl™ anion, which is tetrahedrally
coordinated by four Na* cations. Chemical impurities, vacancies and structural defects within the
sodalite framework can significantly influence its properties. A particularly notable example is the
mineral hackmanite, in which the C1~ ion is partially replaced by a S»>~ ion. This substitution generates
a chloride vacancy (Vci) in the B-cage structure to maintain charge neutrality (Figure 1).!'>°? This

inclusion of sulfide and vacancy results in small enlargement of the structure!. These structural



features, along with the easy doping, enable hackmanite to exhibit reversible photochromism'!231:3,

persistent luminescence (PeL)?®*?, thermoluminescence®, and photoluminescence.

Hackmanite is therefore a sulfur-doped sodalite mineral, and although the correct nomenclature,
according to the International Mineralogical Association is photochromic sodalite,®® the term
hackmanite will be used in this study, as it is widely established in the published research. Hackmanite
exhibits a photochromic color change when exposed to UV, X-ray, or gamma radiation, returning
back to its original state under visible light or heat.® This color change, unlike in organic color-
changing compounds, can occur practically indefinitely without degradation. This, together with the
easy and cheap synthesis of hackmanite have led to growing interest in its potential applications,

including detection and measurement of UV- and gamma radiation, and diagnostics.>*%3

Figure 1. Hackmanite unit cell, consisting of SiO4 and AlO4 tetrahedra, and CI-, Na* and S;* ions in the sodalite cage. In
natural hackmanite the anion is chloride, but in this study, it was replaced by bromide. The figure is modified from a
research article written by Vuori et al.?

1.2.1. Hackmanite’s photochromism

Under UV light, hackmanite changes color from white to pink or purple, and the color then fades to
the white shade under visible light. The color change is initiated when UV radiation excites the
valence electron of the anionic disulfide ion (S,*), causing the electron to move to a nearby chloride
vacancy (Vci) within the sodalite framework. The vacancy stabilizes the negative charge of the
sulfide, maintaining charge neutrality in the structure. The chemical equation for this mechanism is

shown below.

57+ V= Sy + Vg



This process creates an F-center at the anionic vacancies, altering the optical properties of sodalite
by enabling it to absorb visible light. This radiation, together with the excitation energy of the
electron, causes the purple color. When enough energy is applied, such as visible light or heat,
electrons are released from the F-center and return to the disulfide anion, causing the purple color to
fade away. This means that when there is not enough light or heat present, the F-centers can last

permanently.!6-32:34

The lattice parameter increases, albeit only by a small amount, when F-centers are formed, and
hackmanite is in the colored form. The framework geometry remains the same, but the bond distances
and ion positions undergo some small changes. This is due to the redistribution of electrons in the
framework, as they transfer from the sulfide to the vacancy.!!? The interaction between sodium and
the F-center structure with an electron and S>™ is stronger compared to the bleached form, where the
vacancies are not filled. This electrostatic interaction pulls sodium more towards the trapped electron
and thus increases the Na—O distance. The impact of this electron transfer varies within the whole
structure, as the majority of the sodium ions are located near cages that have chloride ions instead of
the vacancies, and thus do not take part in the photochromic mechanism.! This work is focused on
hackmanite where chloride is replaced with bromide. This is done to expand the unit cell, and that
way decrease the excitation energy, as this change allows the hackmanite to absorb light at longer

wavelengths.’!

The depth of the color depends on factors such as the wavelength and intensity of excitation,
crystallite size of the hackmanite, and the size and density of the F-centers'=**. The color change can
occur practically indefinitely, as no chemical bonds are broken in the process, and the hackmanite’s

sodalite cage structure remains intact, as the F-center forms in the pores of it.!?

1.3. Photochromic glasses and films

The skin around the human eye is very delicate and prone to sunburn and skin cancer, and even
minimal levels of UV radiation can cause damage to the eye.’” Atmosphere blocks out the most
harmful, highest energy UV-C radiation, but much of UV-A and UV-B radiation reach the Earth
surface. Thus, it is very important to correctly protect the eyes from the harmful UV radiation from
the sun. Photochromic eyeglasses, which protect the eye by darkening like sunglasses when exposed
to UV radiation outdoors, offer a promising solution for UV protection. When returning indoors, the
color fades away in the presence of visible light and no UV light. By blocking UV radiation,
photochromic lenses also reduce eye strain and eye damage. Compared to sunglasses, photochromic
lenses are convenient because they function as both eyeglasses and sunglasses, making them easier
to use. Especially if one must use glasses also indoors, using photochromic eyeglasses removes the

need for changing from sunglasses to normal eyeglasses when returning indoors.*>
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Photochromic sunglasses protect the eyes from harmful UV radiation, but UV sensors monitor the
UV exposure, telling when to protect better from the sun. This monitoring is increasing its
importance, as nowadays the awareness of the harmful side effects of UV radiation is increased.
Photochromic UV sensors show a visible color change when exposed to UV light, offering an instant

and easy way to detect harmful UV radiation.?>%°

In addition to films and lenses, photochromic glass windows have gained significant attention
recently due to their potential to reduce energy losses associated with inefficient window systems,
which often allow excessive heat transfer in and out of buildings. Buildings account for the largest
part of global energy consumption, responsible for 30—40% of the total energy used globally, with
windows contributing significantly to this inefficiency.>*'*? Especially in regions with hot climate
and intensive sunlight, the demand for air conditioning is particularly high. Photochromic windows
reduce the transmission of light through the window in bright conditions, thus reducing the reliance
on air conditioning. Furthermore, on cloudy days the windows remain transparent, allowing natural
light to transmit through without the need for additional window coverings, making them a practical

and energy-sufficient solution.’

In the field of photochromic ophthalmic lenses, silver halides — particularly silver chloride, and
often silver bromide — were among the most widely used materials.>?! Photochromic silver halide
glass was first successfully manufactured in 1964 by Armistead and Stookey.” The photochromic
mechanism in silver halides is based on ionic valence changes within the glass matrix.?® When
irradiating the glass with UV light, electrons are excited from chloride ions, forming chlorine atoms.
These electrons reduce silver ions to silver atoms, which absorb visible light and cause coloration. In
visible light the process reverses, and the color fades. This reversible process is maintained by the
glass matrix, which traps the halogen atoms near silver ions, also preventing unwanted side reactions

due to its hydrophobic, inert, and rigid nature ®%%

Silver halide-based glass lenses were popular primarily in the earlier generations of photochromic
eyewear. Today, plastic lenses based on organic dyes dominate the market since John Crano’s
breakthrough with these materials in the mid-1980s. Crano developed photochromic lenses using
naphthoxazines and naphthopyrans, which were commercialized under the Transitions™ brand.***
Glass lenses using silver halides are heavier and more fragile, while organic dyes are embedded in
plastic lenses, making them lighter and more impact-resistant. Most modern photochromic lenses are
based on polycarbonate polymers and naphtopyran-based organic dyes. These include the latest

Transitions™ lenses, as well as Hoya Sensity™, Drivewear®, Photofusion®, and Essilor® lenses.*->



Producing photochromic lenses with heavy metals can be costly and may involve environmentally
harmful processing steps, while organic compounds, even though having smaller environmental
impact, are typically less durable. Therefore, this work explored the use of hackmanite in
photochromic lenses, as hackmanite is both easy and cheap to produce, environmentally friendly, and
can change color virtually indefinitely. Moreover, defects-induced photochromism, that hackmanite
is also based on, has not been studied nearly as much as the other types of mechanisms and materials
based on them. This rises the importance of the research concerning hackmanite, as the tunability of

it may give crucial possibilities in the field of photochromic lenses and films.

1.4. The background and goal of this work

The primary aim of this work was to produce color-changing photochromic films using hackmanite,
due to its excellent properties, and then to explore the synthesis of hackmanite-infused glasses. The
project initially focused on synthesizing hackmanite with characteristics that include rapid coloration,
a low excitation threshold, and a deep color. Hackmanite films were prepared by combining
hackmanite with silicone elastomer, with the hackmanite mass percentage optimized to prevent
cloudiness while still achieving a sufficiently deep color. Production parameters were further refined
to ensure high absorptance and small crystalline size, enhancing the films’ overall optical
performance.

Additionally, several essential properties of hackmanite films, such as coloration rate, fading rate,
transmittance, appearance, and thickness, were evaluated. This evaluation was done to determine
hackmanite’s suitability for use in photochromic films or lenses, and to identify any material
adjustments needed for optimal performance.

Although the project initially aimed to synthesize hackmanite-infused glasses, simultaneous
unpublished research within the same research group suggested that incorporating hackmanite into a
glass matrix did not yield promising results. Based on these findings, the synthesis of hackmanite
glasses was not pursued further in this study. Instead, the focus remained on optimizing the synthesis
of hackmanite films and collecting critical data to support future research in this area. By focusing on
hackmanite films, this work aims to lay the groundwork for potential applications in photochromic
lenses, UV sensors, and energy-efficient windows, where hackmanite’s properties could offer distinct

advantages.

2. Experimental

Hackmanite was synthesized using two different methods: solid-state and precipitation. Various
experimental parameters were investigated to optimize the synthesis process, including annealing and
reduction temperatures, the duration of these processes, and the techniques used for reduction.

Additionally, the influence of various precursor additives was examined to evaluate their impact on
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the synthesis efficiency and the resulting properties of hackmanite. The following sections outline the
specific procedures and experimental conditions used in each synthesis method, as well as the

modifications made to evaluate hackmanite’s structural, optical, and photochromic characteristics.

2.1. Solid-state synthesis

Multiple batches of hackmanite were synthesized using the solid-state synthesis method, following
the synthesis route detailed in Chapter 2.1.1. below. While the general synthesis route remained
consistent, certain variations were introduced in specific batches, which are detailed in their
respective sections. Additionally, depending on the temperature, number of samples, and overall
availability, the type of furnace used for syntheses differed among batches. The furnace models used
for each sample are listed in Table S1 in Supporting Information. It is important to note that variations
in furnace models may influence thermal profiles and subsequently affect the properties of the

synthesized hackmanite, as each furnace may have unique thermal characteristics.

2.1.1. The grinding set

The grinding set samples were prepared to optimize the grinding process, with the goal of achieving
a small crystallite size. Smaller crystals are essential for preventing the formation of fuzzy hackmanite
films, as larger crystals may contribute to uneven film surfaces and enhanced aggregation. The
starting materials used in solid-state synthesis were zeolite A (Sigma—Aldrich), sodium sulfate
(Naz2SOg4, Sigma—Aldrich, > 99 %), and sodium bromide (NaBr, J.T.Baker, > 99 %). Before use, all
materials were dried in air at 500 °C for one hour in a Nabertherm N3/C8 furnace to remove any

residual moisture.

For each sample, 1.667 g of zeolite A, 0.10 g of Na2SO4, and 0.69 g of NaBr were weighed using
a plastic spoon and paper to minimize metal contamination. Six of these mixtures were then ground
and homogenized in an agate mortar for 5 minutes, and then transferred to alumina crucibles for the
initial heating. For this annealing part, the heating temperature was set to 850 °C, heating rate to 3

°C/min and dwelling time to 5 hours.

After the initial heat treatment, the samples were ground again in an agate mortar for 5 minutes to
ensure uniformity. The samples were then transferred back into alumina crucibles and placed back
into the furnace for reduction. A reducing atmosphere was created using Formier gas (10 % hydrogen
and 90 % nitrogen), and the reduction was conducted at 850 °C with a heating rate of 18 °C/min for
2 hours. Once the furnace had cooled down freely below 100 °C, the gas supply was turned off, and

the crucibles were removed from the furnace once the temperature had decreased to below 60 °C.

After reduction, the hackmanite samples were further ground in an agate mortar for 5 minutes, after

which they were washed with water three times using Heraeus Biofuge Stratos centrifuge operating



at 1400 rpm for 5 minutes per cycle, to remove any residual impurities. The washed samples were
dried overnight at 80 °C in an incubator. To examine the effect of grinding techniques on crystal size,
the dried samples underwent two types of grinding. One sample was manually ground in an agate
mortar for 5 minutes, while the remaining five samples were ground using a ball mill at a constant
speed setting of 5 (corresponding to 1730 rpm motor speed). Each of these five samples was ground
for varying durations of 2.5, 5.0, 7.5, 10.0, or 12.5 minutes, with each interval differing by 2.5
minutes. For consistency, the samples are designated as HO, H2.5, H5, H7.5, H10, and H12.5,

corresponding to their respective grinding times in the ball mill.

2.1.2. Addition of boron

The addition of boron was investigated to explore whether it could produce a glassy material by
modifying the solid-state synthesis route established by R. Radler’!. Radler’s research focused on
creating glass-like sodalite materials through the incorporation of flux agents, such as boric oxide
(B203). He found that certain samples, most notably sample he referred as H-11-S-3, exhibited
excellent tenebrescent properties in a glassy, translucent form. This particular sample used “H-11" as
one of the starting materials, which was synthesized by firing a mix of Na;COs, Al2Os, and silicic

acid at 900 °C in three cycles.

In the modified synthesis, Zeolite A and NaBr were substituted for H-11 and NaCl, respectively.
Initially, only the addition of boron was pursued to test its effects on the product, following the same
procedure as the standard solid-state method outlined previously. The starting material quantities
were kept consistent with Radler’s work, using 1.8 g of Zeolite A, 0.067 g of NaxSO4, 0.2817 g of
NaBr and 0.1 g of BoO3 (Merck, > 99 %). To assess the impact of boron concentration, an additional
sample containing only 0.05 g of B2Os was prepared. Both samples were ground in an agate mortar,
then placed into alumina crucibles, and same annealing and reduction protocols as detailed in Chapter
2.2.1. were conducted. After reduction, the samples were washed three times with water, dried

overnight at 80 °C, and then ground in a ball mill for 7.5 minutes at speed 1400 rpm.

After obtaining good results with the addition of boron, the syntheses conducted by Radler were
further explored. In addition to the previously mentioned H-11-S-3, also synthesis of Radler’s sample
H-76-11 was investigated to examine the effects of substituting boric acid (H3BO4) for boric oxide
(B203). The sample H-76-11 was selected to determine whether this substitution would lead to any

notable differences in the material’s properties.

To begin, a new batch of hackmanite, excluding boron, was synthesized following the procedure

detailed in Chapter 2.2.1. The synthesis involved six samples, each composed of 1.667 g of Zeolite



A, 0.10 g of NaxSO4, and 0.69 g of NaBr, which were ground for 5 minutes and placed in alumina

crucibles for the established annealing, reduction, and grinding steps.

For the synthesis of sample H-76-11, 0.9804 g of the previously synthesized hackmanite, 0.0490 g
of H3BO4 (Merck > 99.8 %), and 0.1381 g of NaBr were combined. Similarly, H-11-S-3 was
synthesized with 1.8 g of Zeolite A, 0.067 g of NaxSOy4, 0.2817 g of NaBr, and 0.1 g of B2Os. Both
samples were then ground for 5 minutes and transferred to alumina crucibles for the reduction
process, following Radler’s conditions. No separate annealing was performed. The samples were
reduced in a Formier gas atmosphere (10 % H2/90 % N>) at 1100 °C, with a heating rate of 10 °C/min
and a dwelling time of 30 minutes. After reduction, the samples were ground in an agate mortar,

washed three times with distilled water, and dried overnight at 80 °C.

To further assess the effect of higher boron content, additional hackmanite samples with higher
boron amount of 0.14 g and 0.17 g were synthesized. These samples were prepared following the
same procedures as the two initial boron-doped samples, including both annealing and reduction.
However, as these samples did not exhibit good results, the experiments with boron were not
conducted further. For consistency, the samples with added boron are designated as BH0.05, BHO.1,
BHO.14, and BHO.17, corresponding to the calculated B>O3; mass percentage. Samples H-76-11 and
H-11-S-3 are designated as in the original study by R. Radler’’.

2.2. Precipitation from an aluminosilicate solution

Hackmanite was also synthesized by precipitation from an aqueous aluminosilicate solution, with the
goal of obtaining smaller particles. This synthesis method was adapted from procedures developed
by Hund et al.>? The detailed synthesis procedure is outlined as follows:

1. Preparation of sodium hydroxide solution: 63 g of NaOH (J.T.Baker, > 98 %) was weighed
and dissolved in 77 g of crushed ice in an Erlenmeyer flask. The mixture was stirred rapidly,
as the reaction is exothermic, and NaOH tends to adhere to glass surfaces. The use of ice
reduces the heat generated during dissolution.

2. Addition of aluminum: Once the sodium hydroxide was fully dissolved, 1.08 g of aluminum
(Sigma—Aldrich, > 99 %) was carefully added to the mixture, while continuously stirring with
a magnetic stirrer. The aluminum then dissolves in the basic solution, generating aluminum
ions necessary for the aluminosilicate framework.

3. Addition of salts: After complete dissolution of the aluminum, 20.876 g of NaBr and 3.0255
g of NaxSO4 were added to the solution. These salts serve as the precursors for bromide and
sulfate ions.

4. Filtration: The mixture was then transferred to a vacuum flask and filtered to remove any

excess aluminum.



5. Addition of sodium silicate: The filtered solution was transferred to a round-bottom flask, and
10 ml of sodium silicate (Sigma—Aldrich) was added via a dropping funnel while continuously
stirring. The silicate ions complete the aluminosilicate framework of hackmanite.

6. Reflux: The solution was refluxed for 24 hours at 105 °C. After refluxing, the resulting white
crystalline product was filtered, washed thoroughly with distilled water, and dried overnight
at 80 °C in an incubator.

7. Reduction: The dried product was reduced in a furnace under a reducing Hz/N> atmosphere at
850 °C for 2 hours, following the same reduction procedure used in the solid-state synthesis
method. Once the reduction was complete, the hackmanite was ground in a ball mill for 7.5

minutes in speed 5 to achieve a uniform particle size

2.2.1. Reduction tests

In previous experiments, hackmanite was reduced in a furnace at 850 °C using a reducing Formier
gas atmosphere, as outlined in earlier sections. Given that the precipitation method may act as an
alternative to the initial annealing step in solid-state synthesis, an alternative reduction method was
tested to determine whether hackmanite could be reduced without the need for a furnace. This
alternative approach involved using sodium borohydride (NaBHa, Sigma—Aldrich) as a strong

reducing agent.

Although sulfate reduction typically requires high temperatures to proceed efficiently, this
experiment explored a low-temperature reduction process. Aluminosilicate produced through the
precipitation reaction was dissolved in a small amount of water, and either 0.5 g or 1 g of NaBH4 was
added to the solution. The reaction was conducted at approximately 105 °C, limited by the boiling
point of water. Instead of utilizing hydrothermal conditions, the experiment was conducted in an open
reflux system for 24 hours under normal atmospheric pressure. The lack of an autoclave, which would
have provided hydrothermal conditions, was a noted limitation in this experiment. After refluxing,
the resulting precipitate was filtered, washed with distilled water, and dried overnight at 80 °C. An
additional reduction test was performed by adding a few drops of formic acid to the solution along
with NaBH4. The inclusion of formic acid was intended to lower the pH of the solution, potentially

enhancing the reduction efficiency by increasing the availability of hydrogen ions.

2.2.2 Temperature tests

Since the reduction of hackmanite using NaBH4 during refluxing was unsuccessful, the necessary
temperature for converting sulfate to sulfide was investigated. The aim of these temperature tests was
to determine if the required temperature for efficient sulfate reduction was too high to be conducted

using a reducing agent. By identifying the minimum temperature needed for this conversion, other
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solvents, such as oleic acid, which can operate at higher temperatures, could potentially be considered

for future experiments.

For these temperature tests, 0.5 g of hackmanite synthesized through the precipitation of an
aluminosilicate solution was placed into a Lindberg furnace for reduction. The heating rate was set
to 18 °C/min, and the heating time to 2 hours. The reduction temperatures ranged from 850 °C to 450
°C, with each test temperature decreasing by 50 °C. After reduction, each sample was washed with
distilled water, dried, and ground in an agate mortar. These tests provided more information into the
minimum temperature required to achieve a successful reduction, establishing basis for potential

alternative reducing agents and reaction conditions.

2.3. Preparation of hackmanite films

Hackmanite films were prepared using tenebrescent hackmanites, which were sieved through a 25
pum sieve before film preparation to ensure uniform particle size. The film base material was silicone
elastomer (Dow SYLGARD 184), composed of a silicone base and a curing agent in a 10:1 ratio. A
specified amount of hackmanite was added to the silicone mixture to achieve the desired mass
percentage. The resulting hackmanite-elastomer mixture was thoroughly mixed to ensure an even
dispersion of hackmanite particles throughout the silicone base. The mixture was then evenly spread
on a 0.1 mm thick polyethylene film (copier film), which was placed in a Memmert VO 200 vacuum
oven for 10 minutes at 25 °C and 10 mbar to remove air bubbles. Finally, the films were cured in an
incubator at 70 °C overnight. This curing step allowed the elastomer to set, resulting in a flexible,

tenebrescent hackmanite film.

2.3.1. Optimization of the hackmanite mass percentage

At the beginning of the experiment, hackmanite mass percentages in the films were set between 5%
and 0.17%, with various amounts within this range being tested. The hackmanite content was
optimized based on visual inspection as well as reflectance and transmittance measurements.
Hackmanite H7.5 was selected for the film fabrication process due to its small crystal size and

photochromic properties, which will be analyzed in Chapter 3.1.

The initial films were prepared by first weighing 1.7 g of silicone elastomer and 0.17 g of curing
agent, which were then mixed with 0.0984 g of hackmanite in a plastic beaker. Half of this initial
mixture was applied onto a plastic film. Next, another 1.7 g of silicone elastomer and 0.17 g of curing
agent were added to the remaining mixture. Half of this new mixture was then poured onto a plastic
film. This dilution process was repeated four times, resulting in a series of five films with theoretical

hackmanite mass percentages of 5.00 %, 1.70 %, 0.75 %, 0.35 %, and 0.17 %. The films were then
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placed in a vacuum oven at low pressure for 10 minutes to remove air bubbles, and subsequently

cured overnight at 80 °C.

During this initial series of films, the progressive dilution of the hackmanite mixture presented
some challenges. It was challenging to consistently transfer exactly half of the mixture onto the film,
and remnants of the previous mixture often adhered to the sides of the plastic beaker during the
addition of elastomer and curing agent for dilution. As a result, the actual hackmanite content in the
fourth and fifth films may deviate from the intended values. To address this issue, a new set of films
was prepared individually rather than through dilution to achieve more accurate hackmanite mass per

cent.

The optimization of hackmanite proportions was guided by comparing the results from the initial
set of films, which will be detailed in Chapter 3.2.1. The analysis revealed that films exhibited
cloudiness at high hackmanite concentrations, whereas low concentrations resulted in diminished
tenebrescence properties. Therefore, the hackmanite amounts for the films were selected to be within
the range of 0.35 m-% to 1.70 m-%. Hackmanite used in the previous films, H7.5, was also utilized
in these films. The film preparation process involved accurately weighing 1.00 g of elastomer and 0.1
g of curing agent, mixing them in a plastic decanter with the proper amount of hackmanite for the
desired mass per cent, and applying the mixture in consistent quantities evenly onto the plastic film,

as done previously.

2.3.2. Aggregation control in films

Following the analysis of previous results, new films were fabricated to address the issue of
hackmanite aggregation observed in the previous films, which was particularly evident in the SEM
images. Two surfactants — Triton X-100, a nonionic surfactant, and Anti-Terra 250, a polymer-based

surfactant — were introduced as an additive to the starting materials.

The hackmanite mass percentage in these films was set to approximately 0.70 m-%, to allow better
comparison within the same film set as well as with previous films of the same hackmanite m-%. For
the first film, a basic plastic transfer pipette was used to add a drop of Triton X-100 ((p-(1,1,3,3-
tetramethylbutyl)phenyl)poly(oxyethylene), from Sigma-Aldrich) to the starting mixture, resulting in
a relatively high Triton content of 1.10 m-%. Therefore, to improve precision, a Pasteur pipette was
used in the preparation of the two following films, which allowed for more controlled and reduced
volume addition. Additionally, due to the minimal amounts of Triton X-100 required, extra silicone
elastomer and curing agent were added to the mixture to facilitate the attainment of this low
concentration. As a result of these adjustments, the amount of Triton X-100 was reduced from 1.10

m-% to 0.12 m-% and finally to 0.06 m-%. However, because the vacuum oven was unavailable at
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the time, the film with 0.12 m-% of Triton X-100 could not be placed in the oven immediately after
preparation. This delay led to the formation of impurities and caused the starting materials to spread
more in the plastic film before curing, resulting in less reliable measurement results and a significantly

thinner film compared to the others.

The properties of the previous films led to trying if Anti-Terra 250 (BYK) could help with
aggregation issues. However, the initial hackmanite had ran out, so more was synthesized using the
same synthesis route as for hackmanite H7.5 (Chapter 2.2.1.). As the optical features of this
hackmanite differ from the one used in the making of Triton X-100 films, another film without Anti-
Terra 250 was made to see the impact of the surfactant addition, while the other had 0.10 m-% of it.
The films were synthesized as described previously, and the hackmanite mass percentage was kept at

0.7 % to allow comparison.

In addition to testing surfactants, a modified dispersion technique was explored. Two hackmanite
films were synthesized using hackmanite BH0.1, one by mixing the starting materials with a plastic
spoon by hand, and another by using a tip sonicator (Hielscher UP100H, 125 W/cm) for 10 minutes.
In order to properly dip the tip to the mixture, more elastomer was needed, as the usual amount of 1.7
g was insufficient. Thus, 10 g of elastomer, 1.00 g of curing agent and 0.19 g of hackmanite were
mixed. These films were prepared following the same method described previously, with the film
thickness set to 0.35 mm using a film applicator, which will be further detailed in the following

chapter.

2.3.3. Optimization of film thickness

The thickness of the films was measured using a VWR International digital caliper, with
measurements taken from the center of each film at a flat, even spot. These measured thicknesses
include the 0.10 mm designated to the copier film that the photochromic films were prepared on, as

all the measurements were conducted with the copier film included.

In the initial experiments, the film thickness varied significantly due to inconsistent amounts of the
elastomer—hackmanite mixture applied to the plastic film and allowed to spread freely. During film
preparation, additional silicone elastomer and curing agent were added to the mixture after the
previous film to gradually dilute the hackmanite concentration. Half of this mixture was then applied
to the polyester film to form a new film. As a result, the last films are slightly thicker because the
increased mixture volume led to a larger amount being applied to the polyester film. Films from the
second series are noticeably thicker as they were individually prepared without dilution, applying
almost the entire initial mixture on the copy film. These variations in film thickness significantly

affect the transmittance measurements, as thinner films appear lighter when colored, causing the
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results to be incomparable. Thicker films generally exhibit lower transmittance already before
coloring compared to thinner ones, regardless of the hackmanite concentration, leading to less reliable
comparisons within the film series. Therefore, due to the inconsistency in film thickness, the

transmittance results of the second film series are not fully comparable to those of the other films.

To address this issue, a film applicator was used to ensure more consistent thickness. Although
commercial photochromic lenses typically have a thickness of 1.5 to 2.0 mm>, the hackmanite—
elastomer mixture spreads rapidly when poured onto the polyester film, requiring a thinner
application. In these experiments, the film mixture was prepared as previously described and then
uniformly applied onto a polyester film using an Erichsen Coatmaster 510 film applicator. The draw-
down speed was set to 5 mm/s, and the application layer thickness was set to 0.35 mm, which was
the average thickness of the previous films. This film applicator enabled more precise control over

the film thickness, eliminating thickness as a variable factor in the final results.

2.4. Acrylic hackmanite disks
As previously discussed, some unpublished experiments in incorporating hackmanite into glass using
sol-gel or melt-quenching methods had shown no success, so other ways to make transparent lenses

were studied.

To explore other possible routes for photochromic hackmanite lenses, acrylic resin was tested.
Hackmanite disks were prepared using Technovit 4006 resin (Heraecus Kulzer GmbH), a highly
transparent, cold-embedding resin based on methyl methacrylate (MMA), with a 12-minute curing
time at relatively low temperatures. This 2-component powder-liquid system is typically cured in a
specialized PressurePot designated for Technovit materials, but it was not available in this
experimental work. Instead, the curing process was conducted at 2.5 bar of pressure at room
temperature, similar to the standard procedure, to increase the boiling point of the liquid and promote

effective curing.

A relatively high amount of hackmanite was added to the resin to observe its behavior in the much
thicker acrylic disks, especially in the case of color intensity. Initially, the powder and liquid resin
components were mixed in a 5:3 ratio, after which hackmanite was added to achieve the desired mass
percentage of 10 m-%. The mixture was then quickly transferred to a plastic mold, which was placed
in a pressure vessel set to 2.5 bar for 12 minutes to cure. The volume of transferred mixture depended
on the desired disk thickness — at first, a thicker disk was synthesized to observe how hackmanite
interacts with the acrylic resin. Then, both thicker and thinner disks were made to evaluate the impact

of thickness on reflectance, transparency, opacity, and other relevant properties.
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2.5. Characterization

2.5.1. X-ray diffraction (XRD)

The structure and purity of the synthesized hackmanites were analyzed using X-ray powder
diffraction (XRD) with a PANalytical Aeris diffractometer, operating at parameters of 40.0 kV and
7.5 mA, and with a PIXcellD medipix3 detector. The measurements were conducted with Cu K12
radiation with the following settings: divergence slit of 1/4°, 13 mm mask, 0.04 rad soller collimator,
9 mm anti-scatter slit, nickel beta filter, beam limiter in the upper position, scan rate of 0.201°/s, and

step size of 0.0217°.

The results were processed using the Rietveld method with the PANalytical HighScore Plus
4.9.0.27512 software, utilizing theoretical results from the PDF-4+2023 4.21.0.2 database. No other
structural parameters, except for the unit cell parameters, were refined. Background and peak profiles
were determined with a minimum peak width of 0.01, a maximum peak width of 1.00, and a peak
base width of 2.00. Peaks were then fitted more precisely to the background, and sample purity was

evaluated by comparing the experimental peaks to the theoretical data in the database.

The crystallite sizes of hackmanites were calculated by a modified Scherrer equation that takes into
account instrumental signal broadening (1). The 26 and full width at half maximum (FWHM) values

of the characteristic highest-intensity hackmanite peak obtained using the HighScore Plus software.

() D= =
BB )cos)

where

D = crystalline size (m)

k = shape factor, which is 0.9

A = wavelength of the X-rays, which is 1.5406 x 1071 m
B = full width at half maximum (FWHM, rad)

Binstr. = line width (rad)

0 = peak position (°)

The instrumental line width, Binser., for the desired angle range was calculated by substituting the 26
value obtained from the hackmanite peak into a quadratic equation (2). This equation describes the

instrumental line width of the diffractometer used in this work.

(2) PBinste. = 0.00001 x (20)* — 0.0008 x 20 + 0.1028

where
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0 = angle range, °

Binstr‘ = llne Wldth, °©

Peak values used in the calculations, as well as the calculated crystallite sizes, are listed in Table

S2 in Supporting Information.

2.5.2. X-ray fluorescence (XRF)

X-ray fluorescence analysis was used to identify the elemental composition of the hackmanite
samples. The spectrometer utilized for this purpose was PANalytical Epsilon 1, and the analysis
protocol, Na 1h, involved conducting four separate measurements. These four measurements all had
a specific detector mode, filter, acceleration voltage, measurement time, and measurement range,

which are listed below in Table 1.

Table 1. Specific settings of each measurement involved in the Na 1h program of XRF spectrometer.

normal Ag 50 120 2-34

normal Cu 50 300 2-34
high Al 12 180 automatic
high - 10 3000 0.9-4.0

2.5.3. Reflectance

Tenebrescence properties of the samples were investigated by measuring their reflectance with
Avantes AvaSpec HS-TEC spectrometer coupled to a 1000 um VIS/NIR 0.37NA PC04 optical fiber
and using Avantes AvaSoft 8.11.0.0 as the measurement software. The light source was Avantes
Ocean Optics LS-1-Cal lamp when using optical fiber in an open environment, and Avantes AvaLight
14 DHc lamp when using an integrating sphere (in-house, mark and model not known). The
integrating sphere was coupled to two optical fibers as previously mentioned, the other fiber being
coupled to the lamp and another one to the spectrometer. The setup used in each measurement is listed

in Table S3 in Supporting Information.

Reflectance was first measured from the sample being studied, after which it was irradiated with
254 nm UVLS-24 UV lamp for five minutes for excitation. Immediately after this coloration,
reflectance was measured again. The reflectance spectra measured before and after coloring were
then compared to better illustrate the effect of UV exposure on the reflectance properties of the
samples. For hackmanite powder measurements, magnesium oxide powder (MgO) was used as the
white reference. For hackmanite films, however, a control film without hackmanite served as the

white reference. This control film was created from silicone elastomer and a curing agent, following
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the same preparation methods and using the same quantities of materials as the hackmanite films, but

with no hackmanite added.

The color rise curves were measured with an Avantes AvaSpec HC-TEC spectrometer connected
to a LOT-QuantumDesign MSH300 monochromator and a LOT-QuantumDesign LSB522 lamp and
the same light source as in previous measurements, specifically the Avantes OceanOptics LS-1-Cal
lamp. The color rise was measured with an Avantes AvaSpec HS-TEC spectrometer. A non-colored
film was used as the white reference in the measurement, after which the film was colored for 30
minutes at a wavelength of 254 nm, with reflectance measured concurrently. The measurement time
was set to 200 ms, with 10 measurements averaged. The results present the integrals of the spectra,

i.e., the color intensity as a function of time.

The tenebrescence fading curves were measured using the same equipment as in the reflectance
measurements, with a non-colored sample as the white reference. In this measurement, the sample
was irradiated for 10 minutes with a 254 nm UV lamp, after which reflectance was measured for over
an hour with integration time of 200 ms and 10 averages per measurement. The reflectance curves
were integrated, and a new plot was fitted from these values to illustrate color intensity as a function

of time.

2.5.4. Transmittance

Transmittance of the films was measured using the same setup, with optical fiber, as in the reflectance
measurements. A control film synthesized without hackmanite was used as the white reference. In
the first measurement, the film was placed 10 centimeters away from the light source, positioned next
to the detector. After this, the film was exposed to 254 nm UV light for 5 minutes to induce coloring,
and the measurement was repeated immediately after coloring, again 10 centimeters from the light
source. To ensure consistency and accuracy, the film was always positioned in the same spot on the
detector. This was important as in some samples the thickness of the film varied in different areas,

which could affect the transmittance and thus the reliability of the measurement results.

2.5.5. Scanning electron microscope

Scanning electron microscope (SEM) images were acquired using an Apreo 2S electron microscope,
operating at 2 kV. Powder samples were prepared by dispersing around 1 mg into 3 mL of pure
ethanol, then putting a few droplets of this suspension on a SEM steel stub covered with a carbon
conductive tape. Regarding the hackmanite films, a small square of such films (0.5 cm?) was cut and

placed on the top of the conductive tape.

Due to the difficult accessibility of SEM, only images of hackmanites H7.5 and H10, as well as

hackmanite films 1 m0.73 and 1 _m1.69, were obtained. This was done to closely examine the surface
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structure of the films and the size differences of the hackmanite crystals. The SEM images were taken

from a working distance of 10 mm using Everhart-Thornley and T1 detectors.

The Everhart-Thornley Detector (ETD) utilizes both secondary and backscattered electrons to
generate an image that allows for the examination of the sample’s topography or surface morphology.
The T1 detector primarily detects backscattered electrons, which are useful for identifying elements
deeper within the structure and analyzing the sample's elemental composition. In T1 images, heavier

elements appear as brighter areas.

3. Results

The results are presented in chronological order in most parts, as the outcomes of each experiment
served as the foundation for the following experiments, ensuring a systematic progression of the

research.

3.1. Grinding set

The grinding set samples were prepared to optimize the grinding process, with the goal of achieving
a small crystallite size. All hackmanite samples were washed three times with distilled water,
resulting in the absence of NaBr impurity peaks in the XRD graphs. The main peak of NaBr, typically
found at 29.9°, is almost imperceptible across samples. As no other impurity peaks are observed, this
indicates that the samples are very pure. All samples display equivalent peaks to Br-hackmanite at
14.0°, 19.8°,24.4°,34.7°,37.6°,42.9°, and 45.4°, confirming that they all exhibit the desired sodalite
structure (Figure 2A).

Hackmanites HO and H2.5 exhibit the deepest reflectance valleys (Figure 2B), likely due to their
large crystallite sizes (Table 2 and Table S2, Supporting Information). Larger hackmanite crystals
interact with light over a greater volume, which can result in less light to be reflected, but more being
absorbed. This absorption results in deeper reflectance valleys. However, despite the benefits of high
absorptance, within e.g. glass smaller crystallite sizes are preferred for transparency, as larger crystals

can scatter light more effectively, leading to cloudy films that lack the desired transparency.

Considering both crystallite size and reflectance, hackmanite H7.5 was the most optimal sample.
It has the smallest crystallite size and a reflectance valley with a reflectance value of 52.6 % at ~565
nm, indicating that approximately 47.4 % of the light is absorbed at this wavelength, which is not
much less compared to the absorptance of hackmanites HO and H2.5. Hackmanites H10 and H12.5
were in the ball mill for the longest duration, leading to relatively small crystalline sizes. However,
their reflectance valleys are significantly smaller, which might be due to partial disintegration of the

crystal structure in the ball mill. Consequently, these hackmanites exhibit weaker absorptance than
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the others, possibly due to the impaired ability of the sulfide ion to donate electrons to the bromine

vacancies as the original defect structure of the hackmanite is disrupted.

Table 2. Average crystalline sizes calculated using the Scherrer equation. More extensive information, such as the
parameters of the hackmanite main peak, is listed in Table $2 in Supporting Information.
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Figure 2. XRD graphs (A) and reflectance spectra (B) of the grinding sample set. Also Br-hackmanite’s
(Nas(AlsSis024)(Br,S)2) calculated XRD graph [04-017-7137] is included from PDF4+ software. All reflectance spectra are
normalized to 100 % reflectance at 900 nm, and the depths of the reflectance valleys at ~565 nm, calculated as the
difference from 100 % reflectance, are reported in the figure.

The results indicate that hackmanites HO and H2.5 exhibit the deepest reflectance valleys, which
is consistent with their larger crystal sizes. Hackmanite HS, despite its large crystal size, shows poor
absorption, suggesting that size alone does not determine the absorptance efficiency. Based on these
findings, hackmanite H7.5 was selected to use in film preparation, as it has the smallest crystal size

in the series and relatively high absorptance.

In the SEM-ETD images of hackmanites H7.5 and H10 (Figure 3A-B), small hackmanite crystals
are clearly visible, with size differences on the order of ~0.5—1 micrometer, as seen from the four-
micrometer scale bar in the lower corner. When comparing the images, hackmanite H10, which shows
weaker absorptance and possibly a fractured crystal structure, clearly has much larger crystal size
distribution. Figure 3C clearly shows how the hackmanite crystals have aggregated, which is not a
desirable feature for photochromic film or lens applications, where a uniform size distribution is
needed, so that the color will appear uniform and not fuzzy or cloudy. In the T1 images (Figure 3C—
D), distinct hackmanite crystals are visible, which, as expected, show little variation in brightness,

suggesting that there is no variation in the elemental composition.
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Figure 3. SEM-ETD and SEM-T1 images of hackmanites H10 (A, C) and H7.5 (B, D).

In addition to the tendency of hackmanite to aggregate, the large variation of the crystallite sizes
should also be noticed, as this means that the crystallite size calculated from the diffraction pattern
may not be completely reliable. The Scherrer equation provides the average size of the crystallites,
however not accurately reflecting the larger crystals. Smaller crystals cause peak broadening in XRD
diffraction peaks, meaning that the influence of large size variation isn’t completely accounted in the
calculations, as the FWHM would be smaller with larger crystals.?° The differences in the calculated
crystallite sizes of these hackmanites are relatively small, and due to the large error distribution, the
samples’ order when considering decreasing crystallite size may be completely different. However,
as the crystallite sizes couldn’t be calculated more accurately, H7.5 with average crystallite size of
50 nm was still chosen to be used in further experiments, as the size variation wasn’t as large in the

SEM images, and the absorptance was good.

3.2. Optimization of the mass percentage of hackmanite in films
Hackmanite concentration was optimized to achieve the best balance between transparency and
photochromic intensity. Two sets of films were prepared: one set was prepared by diluting the starting

material mixture, while the other set consisted of individually prepared films.
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3.2.1. First film set

In the first set, hackmanite films were prepared by using half of the precursor mix for the initial film,
while the remaining half was diluted with additional silicone elastomer and curing agent. Due to this,
the calculated mass percentages may be inaccurate. The highest mass percentage was 5 %. Following
the same dilution method for each film, the theoretical mass percentages were determined to be 5.00
m-%, 1.69 m-%, 0.73 m-%, 0.34 m-%, and 0.17 m-%. The film thicknesses are presented below in
Table 3, as they significantly affect all outcomes, especially when there are substantial thickness
variations within the film series. The film with hackmanite mass percentage of 1.69 is significantly
thicker than the other films, but otherwise, the differences in thickness between the films are not
substantial. To simplify references, the films are labeled with shorter names that indicate the film

series and the hackmanite mass per cent.

Table 3. Thicknesses of the first series of films.

0.17 0.34 0.73 1.69 5.00
0.31 0.58 0.31 0.29 0.47

The depth of the reflectance valley increases with the hackmanite content (Figure 4). This outcome
is expected, as more tenebrescent hackmanite present in the film leads to more colored material due
to increased number of color centers. The most significant changes in reflectance are seen in films
1 m5.00 and 1 m1.69, likely due to the significant difference in hackmanite concentration in these
films. Films with hackmanite content of 0.17 %, 0.34 %, and 0.73 % exhibit relatively small

differences in concentration, resulting in smaller differences in absorption.
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Figure 4. Reflectance spectra of hackmanite films with varying m-%. All reflectance spectra are normalized to 100 %
reflectance at 900 nm, and the depths of the reflectance valleys, calculated as deviations from 100 % reflectance, are
reported in the figure.
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The transmittance spectra of the films, measured both before and after coloring, effectively
illustrate the impact of UV dyeing (Figure 6A). The transmittance was not measured for the films
with the least and most hackmanite in the film series, as the films with the most hackmanite were
quite opaque, and the films with the least hackmanite did not color much at all, which were neither
desired characteristics. All samples showed the same expected behavior — the films with the most
hackmanite colored the most, resulting in lower transmittance. Increasing the concentration of
hackmanite intensifies both absorption and scattering, which leads to less light passing through the
film. The high concentration also leads to more cloudy appearance, as the increased number of
hackmanite particles reflect, scatter, and absorb light at multiple points. This is very noticeable when
comparing the transparency and cloudiness of films with hackmanite content of 1.69 % and 0.17 %.
When the films are held 1.5 cm above grid paper, the grid is detectable only through the film with
lower hackmanite content (Figure 5). Another reason for the cloudy appearance of the films is the

hackmanite’s behavior to aggregate.
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Figure 5. Hackmanite films before (bottom) and after (top) irradiating the samples for 5 minutes with 254 nm UV light.

The brightness is adjusted to enhance the distinction between the film and the white paper.

After UV-irradiation, the lowest point on the transmittance spectra for all films was at a wavelength
of approximately 510 nm, with the transmittance of about 35.0 % for film 1 m1.69, 77.4 % for
1 _m0.73, and 83.4 % for film 1 _m0.34, respectively. Additionally, a very small, distinct maximum
at 907 nm is observed in each spectrum, which can be likely attributed to the silicone elastomer.
Figure 6A also includes the normalized AM1.5 solar spectrum’®*, which highlights how the samples
particularly block wavelengths around ~415—-570 nm, where the solar irradiance is the most intensive.
This range also corresponds to wavelengths where the human eye is the most sensitive (Figure
6B).**>> Therefore, photochromic hackmanite would be an excellent candidate for applications in

self-adjusting eyewear.
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Figure 6. Transmittance spectra of hackmanite films with varying m-% (A) and spectral sensitivity of the human eye
adapted to daytime (photopic) and nighttime (scotopic) lighting (B) *°. The m-% of hackmanite in each film is reported
to the transmittance spectra.

The surface morphology and topography of film samples are presented in the SEM images below
(Figures 7A-D), which visualize the issue of aggregation affecting the properties of the films.
Especially in the SEM-T1 image of film 1 m1.69 (Figure 7D) small hackmanite crystals can be seen
alongside elastomer, demonstrating the crystals’ increased habit of aggregating together. Hackmanite
and elastomer can be distinguished from the contrast differences: hackmanite crystals appear more
lighter gray than elastomer, as heavier elements appear darker in the image. Big, aggregated clumps
can be clearly seen on the right side of the image, as well as some smaller ones alongside. What
should be noted in these figures, is that the scale bar is up to forty micrometers, while in the SEM
images of hackmanite crystals (Figure 3), the scale bar was only four micrometers, and the crystals
still appeared quite large. Considering the fact that the imaging scale is increased from four to forty
micrometers, it can be noted how large the aggregated hackmanite-elastomer clumps actually are —
for example, in Figure 7C, the aggregate is more than 40 micrometers in length. Such large
aggregates naturally lead to more opaque films by increasing the scattering of light. It is to be noted

that Figure 7B shows also a big hexagonal crystal that is so far unidentified in composition.

The key finding from these SEM images is the aggregation of the crystals, which led to the
production of a third film series, where Triton X-100 was added to prevent this aggregation. Further

results of that film series are analyzed in Chapter 3.4.
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Figure 7. SEM-ETD images of film 1_m0.73 (A and B) and film 1_m1.69 (C), and SEM-T1 image of film 1_m1.69 (D).

3.2.2. Second film set

The films of the second set were made individually rather than through dilution. The thicknesses of
these films, compiled to Table 4 below, were much higher compared to the first set of films, affecting
especially the transmittance more. Comparing the depths of the reflectance valleys reveals that, as
seen before, the tenebrescence properties are better in films with higher hackmanite concentrations
(Figure 8A). When comparing the absorptance of these films with the previous film set, it is evident
that the differences in absorption are significantly smaller when the hackmanite concentration does
not vary as widely between films. In the first film series, the difference in hackmanite content between
films with the most hackmanite is approximately 3.30 percentage points, whereas for these films, the

difference is only 0.30 percentage points. This explains the reduced variability in the results.

Table 4. Thicknesses of the second series of films.

1.60 1.29 1.01 0.72 0.40
0.49 0.55 0.53 0.53 0.57

The transmittance of the films having the highest and lowest hackmanite m-% were left

unmeasured, like in the previous film set. The lowest point on the transmittance valley after irradiation
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is located at a wavelength of approximately 480 nm (Figure 8B). The transmittance after irradiation
is about 45.5 % for film 2 m1.29, 50.1 % for film 2 m1.01, and 60.7 % for film 2 0.72. These
measurements also reveal a small, distinct peak at 907 nm, likely caused by the silicone elastomer.
While the films effectively block the wavelengths below 500 nm, the transmittance remains relatively
low at wavelengths above 500 nm, where both spectral solar irradiance and human eye sensitivity are
particularly high (Figure 6). This behavior suggests that the films offer broad-spectrum UV blocking,
extending into visible light, which may be beneficial for applications requiring enhanced UV and
high-intensity light protection. The decrease in transmittance with increased film thickness is
particularly evident when comparing the film’s transparency when placed directly on paper versus

when it’s positioned 1.5 cm above it (Figure 8C).

160 ~

A hackmanite m-%
1.60
140 —1.29
R —1.01 .
X 120 — 072 &
- —0.40 0}
3 e
C ©
% 100 nog =
ko) 11.9 % 5
5 ” S
¥ 80 23.0 % 2 55
29.1 % |
31.3% 50 4
604 7 —o984mm  Namea, T N e e T
325 % 4 before
. . 1.29 m-%
t. =5 min 45 t =5min after
40 T T T T 1 T T T T T T T 1
200 400 600 800 1000 200 400 600 800 1000
Wavelength (nm) Wavelength (nm)

-

uo

L ”-i‘aiﬁ"iﬁ; | 01 % 0.72 % 040 % \1_6(} o/ * before irradiation rradiation
I *

1.5 cm above paper

Figure 8. Reflectance (A) and transmittance (B) spectra, and images (C) of hackmanite films with varying m-%. All
reflectance spectra are normalized to 100 % reflectance at 950 nm, and the depths of the reflectance valleys at ~558
nm, calculated as the difference from 100 % reflectance, are reported in the figure. In transmittance spectra the m-%

of hackmanite in each film is reported in the figure. The brightness of the images is adjusted to enhance the distinction
between the film and the white paper, and the hackmanite m-% in each film is reported in the figure. The last three
images are taken of the same film.

The properties of the films of both series seem to behave as expected. For example, film 2 m0.40
has a little deeper reflectance valley than film 1 _m0.34, as it has just a little higher hackmanite
concentration and about as thick film. Between films I _m0.73 and 2_m0.72 there is a large difference
between the reflectance valley depths, but it can be explained with the film thickness — film 2 m0.72
has 11.9 percentage points deeper valley, but it is also 0.22 mm thicker. The same behavior is present
with all films, thicker films exhibit more intense photochromism than corresponding thinner films
with quite the same hackmanite content.
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Between the film sets, there is also variation between the points of the smallest transmittance. In
the first film set, the smallest transmittance is at ~210 nm, while for the other film set it is at ~480
nm. This could be due to the difference in their preparation, as the films of the second set were
prepared individually rather than by dilution, like the first films. This better mixing would allow more
uniform dispersion, in addition to the much shorter preparation time when compared to that of the
first films, as when preparing films via dilution, the mixture was left in the decanter each time
additional elastomer and curing agent were weighed for addition. Better particle dispersion together
with the thicker film could result in less interference and increased interaction with the light, leading

to smaller transmittance minimum.

By comparing the characteristics of films from both sets, it can be observed that the thicker films
have both better absorptance and smaller transmittance relative to the hackmanite concentration.
However, the films still appear very opaque, which is often attributed to light scattering, which is
probably the case here also. To obtain transparency, this scattering must be minimized. In order to
enhance the transparency, smaller particle size should be achieved, together with minimal particle

aggregation and better particle distribution in the film or other matrices.

3.3. Coloration

To better evaluate hackmanite’s suitability for photochromic applications, the tenebrescence fading
rate, and the rate of coloration were measured. The color rise curves were measured for both
hackmanite (H7.5) and hackmanite film (1_m5.00) to see the influence of the silicone elastomer and
other properties on coloration rate (Figure 9). The hackmanite and films exhibited the most intensive
coloration when irradiated with a 254 nm UV lamp, which was therefore used for these

measurements, consistent with all the previous experiments. The color rise curves present the color

intensity as a function of time, and the
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difference in coloration rate between the two
~ 25001 samples is minimal.
E ]
z 2000 The color intensity increased over time,
@ ]
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Time (min) function in OriginLab Origin) (Table 5).
Figure 9. Color rise curve of hackmanite and This indicates that the hackmanite powder

photochromic film. . . . .
reaches its maximum color intensity faster
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than the film, likely due to more direct UV interaction and the absence of silicone elastomer, which
could slow down this process. Although the hackmanite powder reached maximum color intensity

more quickly, the film maintained a more consistent, intensive color over time.

The longer coloration time of the film is not quite optimal considering its suitability for applications
in photochromic eyewear, as commercial eyewear typically reaches the full color upon exposure to
UV radiation within approximately 30 seconds to 2 minutes, despite having an average thickness of
1.5-2 mm — considerably thicker than the films prepared in these experiments.**>3, However, as this
study is just preliminary experimentation focusing on the potential use of hackmanite in eyewear, the
results are not expected to compete with those of commercial eyewear. Additionally, the silicone
elastomer in these films has limited absorptance and transmittance properties, further reduced by the
elastomer’s tendency to collect dust and impurities due to its sticky surface, as well as uneven

hackmanite distribution, as discussed previously.

Table 5. ExpDec2 parameters of color rise curves. Smaller t1 values indicate a faster initial rise in color intensity, while
larger t2 values indicate a longer coloring phase. Higher A values indicate a more noticeable color intensity rise during
the process.

4.1+0.1 223+1.6 -1762.2 £52.1 -1629.8 £ 20.8 3451.6 £38.9
2.6+£0.0 13.3+0.2 -1061.2 £ 14.8 -1873.7+£11.9 2995.2+4.9

The tenebrescence fading curves (Figure 10) were measured for only five films due to the longer
measurement process, which limited the number of samples that could be tested. Based on the
previous results, the second set of films displayed slightly better properties, so four films from this
set and one film from the first set were chosen for measurement. Films 2 m1.60 and 2 m1.29 showed
the fastest fading at the beginning of the measurement, which is likely due to their higher hackmanite

m-%, resulting in more intense shade of
9000 ,
Tenebrescence fading

8000 A, =254 nm

t =10 min
7000 irr 1_m073

violet color.

From the lifetime parameters of the fading

6000 curves, listed in Table 6 below, the fading

5000 rate can be seen to be directly dependent on

4000

Intensity (a.u.)

the hackmanite concentration. Films with
3000 : . .
higher hackmanite concentration fade more
2000
slowly when compared to films with lower
1000

concentration, such as films 1 m0.73 and

2 m0.72, which fade more quickly.

Figure 10. Tenebrescence fading curves of films listed in

, However, the films with higher hackmanite
the figure.
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concentration have a more intense coloration, meaning the color also fades more noticeably over time.
This is expected, as films with lower concentration fade more quickly and less intensively. These
results are as expected, as films with lower hackmanite content also have fewer bromide vacancies,
resulting in less color centers and, consequently, less substantial color change. The time required for
fading to occur is significantly longer than the time for coloration, due to the unfavorable quantum
mechanical transition that is necessary for the electrons to recombine with the S, ions.* So, when the
number and density of the color centers is higher, the fading process proceeds much slower due to

the increased number of electrons requiring recombination with the S;™ ions.

In the initial phase, the fading rate for all films ranges from 1.15 to 5.43 minutes, which is
promising for potential use in photochromic eyewear, as the fading is expected to occur rather quickly
when going indoors. However, the second, slower fading phase (t2) is notably long even for films
with lower hackmanite m-%. The initial color intensity drops quite fast, but complete fading of the
color takes significantly longer than the 5-10 minutes typical for commercial photochromic
eyewear ™. This tenebrescence fading speed could however be improved if the hackmanite was
embedded in a different base material, such as glass. The silicone elastomer isn’t completely clear
even without the hackmanite, so measuring the fading curve of a more transparent sample with
hackmanite could provide more reliable results. Additionally, measuring the fading curve of
hackmanite powder would have allowed comparison of how the elastomer affects the fading process,
but this was not included in this study as it was realized only later.

Table 6. ExpDec2 parameters for tenebrescence fading curves. Smaller t1 values indicate a faster initial drop in color

intensity, while larger t2 values indicate a longer fading phase. Higher A values indicate a more noticeable fading effect
during the process.

1.2+0.1 223+0.7 999.2+42.9 17779 £ 154 15.8+0.3
54+0.2 59.0+7.9 2667.5£76.9 3500.6 £ 158.2 19.4+3.9
32+0.1 33.0+£1.1 2513.7+£35.7 3285.0+£19.3 43.5+£0.6
32+0.1 28.6+1.1 1827.9+42.5 2769.1 £23.9 249+0.5
1.6 +0.1 20.6 0.5 1209.5 +£40.8 2575.6 £20.8 28.0+0.3

3.4. Aggregation control in films

Because of the aggregation observed in the results presented above, possible means of reducing
clumping were investigated. The third set of films, prepared to experiment if Triton X-100 would
solve this problem with hackmanite aggregation in films, consisted of three films which all had
hackmanite concentration of 0.70 %, while the mass percentage of Triton X-100 varied (Table 7). In
the reflectance measurements of these films, a film containing Triton X-100 and no hackmanite was
used as the white reference instead of a film without hackmanite, like was done with the previous

films. This allowed the reflectance contribution from both Triton X-100 and silicone elastomer to be
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excluded when subtracting the reflectance values measured before dyeing from the ones measured
after dyeing. The reflectance spectra (Figure 11A) clearly demonstrate that the reflectance valley of
film Triton0.12 is significantly smaller compared to the other two films, most probably due to the
poor manufacturing process. The reflectance valleys of films Triton1.10 and Triton0.06 are quite as
deep, indicating that inclusion of Triton X-100 does not significantly reduce the photochromic
behavior. The difference between the valleys is only about one percentage point, which could be
attributed to factors such as varying film thickness due to film preparation without the film applicator,
minor impurities, or uneven distribution of hackmanite within the film. Thus, it could be stated that
in the case of UV absorption, Triton X-100 is a safe additional reagent to use in aggregation control

in making of hackmanite films.

Table 7. Mass percentages of hackmanite and Triton X-100, and thicknesses of each film.

0.70 0.70 0.70
1.10 0.12 0.06
0.48 0.16 0.51

Film Triton0.12 exhibits significantly higher transmittance compared to the other films (Figure
11B), but this film was also considerably thinner and did not undergo intense coloration under the
UV lamp. Additionally, there is a notable difference in transmittance between films with Triton m-%
of 1.10 % and 0.06 %, despite both having the same hackmanite concentration. Films Triton0.06 and
Triton1.10 are quite similar in thickness, but film Triton1.10 transmits light much less effectively.
This reduced transmittance may suggest that higher concentration of Triton X-100 does not help with
aggregation but instead enhances it. It could also be due to impurities or air bubbles in the area of the
film where transmittance was measured. The opacity and lack of transparency of the films, especially

when held few centimeters above the grid paper, are illustrated in Figure 11C.

29



100

1°°'M 0.12 m-%

98 90

1 31% <
R 96+ 3 R
< 804wt
§ %7 Triton X-100 m-% Z o
E 1.10 @ 70~
T 92- —o0.12 S
x ——0.06 =
10.8 %
90 + 604 N -
4 11.5 % before
88- =254 nm Hr = 254 N 1.10 m-% — Tter
| ) 50+ t,_=5min
t. =5 min
86 T T T , T T T T T T T 1
200 400 600 800 1000 200 400 600 800 1000
Wavelength (nm) Wavelength (nm)
Before irradiation After irradiation 1 em from paper 2 c¢m from paper

Figure 11. Reflectance (A) and transmittance (B) spectra, and images (C) of hackmanite films with varying Triton X-100
m-%. All reflectance spectra are normalized to 100 % reflectance at 950 nm, and the depths of the valleys at 554 nm,
calculated as the difference from 100 % reflectance, are reported in the figure. In transmittance spectra the m-% of
Triton X-100 in each film is reported in the figure. The images are all taken of film Triton1.10, and due to much brighter
lighting, the film may appear lighter in color compared to the previous images of other films.

Films with 1.10 m-% and 0.06 m-% of Triton have better transmittance before dyeing, which is the
expected outcome for transparent or -lucent materials intended to color under UV exposure. After
dyeing, the transmittance minimum of film Triton1.10 is 51.9 % at 467 nm, and 69.0 % of film
Triton0.06 at 515 nm. Film Triton0.12 showed improved transmittance after dyeing with the
transmittance minimum being approximately 95.2%. This result is not ideal, as the transmittance of
the film is expected to decrease when colored. However, this unexpected increase in transmittance
might be attributed to several factors related to the measurement setup, as it was not done in a covered
area. Although the transmittance was measured in a dark room, with only the light from the computer
screen and the light source directed at the film, there may have been other sources of stray light
affecting the results. For instance, reflections from the computer screen, the measuring equipment, or
even from a white laboratory coat could have influenced the measurements. Additionally, variations
in the alignment of the film relative to the light source and the detector, as well as slight
inconsistencies in the positioning of the film, could have caused errors. The ambient light could have
interacted with the surface of the film, especially given its varying thickness and the potential

presence of air bubbles or impurities as the films collect also dust very easily.

Films Triton0.06, Triton1.10 and 2 m0.72 all have quite the same thicknesses, but the UV
absorption of film 2_m0.71 is much more intensive, as the reflectance valley is around 10 percentage
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points deeper. Due to the better absorption, it could be expected that film 2 m0.71 would also have
a smaller transmittance minimum, but it is however only slightly better than that of film Tritonl1.10.
This could indicate that including Triton X-100 in the film does not help with the aggregation,
especially as the better transmittance of Triton(0.06 is most likely due to smaller Triton content. The
very good transmittance of film 1 _m0.73 can most likely be attributed to no Triton in the film, much
less thick film, and smaller reflectance valley, which leads to less intense color. SEM-ETD images
taken of the film Triton1.10 (Figure 12A—B) confirm this theory by showing that even though the
surfactant nature of Triton X-100, it could not prevent the hackmanite aggregating together with the
elastomer. Especially on a larger scale, the big, aggregated hackmanite—elastomer clumps can be seen

(Figure 12B).

det | mode | WD HFW mag ®

urr = ade | W
5 pA ETD SE 105 mm 328 ym 387 x

Figure 12. SEM-ETD images of film Triton1.10 with a four (A) and one hundred (B) micrometer scale provided in the lower
right corner.

In addition to Triton X-100, also Anti-Terra 250 was used to help with aggregation. As the
reflectance valley of the synthesized hackmanite is much smaller compared to the hackmanite used
in the Triton films, also the absorptance of these films is naturally much smaller (Figure 13). The key
point is however the large difference, about five percentage points, in the measured reflectance
between the films. The film with the added Anti-Terra has a much smaller valley, which could also
be seen by the eye as lack of color. This could not be explained with large thickness differences, as
film applicator was used, leading a thickness of 0.27 mm for the reference film, and 0.25 mm for the
film with Anti-Terra. Due to this, no further measurements or experiments were conducted with the

surfactant.
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Figure 13. Reflectance spectra of the film with Anti-Terra 250, the reference film, and the hackmanite used in them. All
spectra are normalized to 100 % at 900 nm, and the depths of the valleys at 560 nm, calculated as the difference from
100 % reflectance, are provided in the figure.

Given the type of surfactants, Anti-Terra 250 could have been expected to be a better option
concerning this aggregation control, as Triton X-100 offers better help mostly when wanting to reduce
surface tension to solubilize hydrophobic substances in water. Also, nonionic surfactants are more
sensitive to high temperatures, as when heating, the surfactant solutions become cloudy. This so-
called cloud point temperature of Triton X-100 is around 66 °C in water, and even though the films
were made of elastomer mixture and not in an aqueous solution, they were still left at 70 °C
overnight.’” This has probably played a small part in the increased cloudiness of the film, as the Triton
X-100 might have affected the curing process. In the case of Anti-Terra 250, the reduced UV
absorption might have been due to reduced exposure of hackmanite particles to UV light due to
morphological reasons, such as decreased particle dispersion, for example. Another possible
reasoning for the decreased absorptance, is Anti-Terra coating the hackmanite particles and thus
limits the excitation of the valence electron of S»*> to the bromide vacancy. This would lead to a
smaller number of color centers and thus less effective photochromic response to UV light. This could
be further investigated with SEM, but in this research the limited availability of SEM limited the

number of samples to examine, so these films were not studied any more.

In addition to testing dispersing agents, the dispersion technique was tried to be improved by using
a tip sonicator instead of just mixing the mixture with a plastic spoon. However, both the reference
film and the sonicated film have relatively small reflectance valleys (Figure 14), considering that the
films in the Anti-Terra 250 and Triton X-100 experiments all had 0.7 m-% of hackmanite, meanwhile
these films had 1.7 m-%, and still the valleys were as deep. The reason for this could be smaller UV

absorption of the used hackmanite, but the hackmanite used in this experiment was BHO.1, which had
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even deeper reflectance valley (Figure 16, 36.8 %) than the hackmanite used in the making of the

Anti-Terra film and its reference (Figure 13, reference film 10.4 %).
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Figure 14. Reflectance spectra of the sonicated film and the reference film. Both spectra are normalized to 100 % at
1000 nm. The depths of the valleys, calculated as the difference from 100 % reflectance, are provided in the figure.

Neither the thickness differences between the films can explain the weak absorption despite the
higher hackmanite m-%. A film applicator was used, leading to a thickness of 0.35 mm for the
sonicated film, and 0.36 mm for the reference film, meaning that they are about 0.10 mm thicker than
the Anti-Terra reference film, but over 0.10 mm thinner than the Triton1.10 and Triton0.06 films.
Despite the large thickness variation between the films, the reflectance valley was around 10 % for
each. Another explanation for the reduced UV absorption of these films was that the available tip
sonicator needed a lot of mixture to properly work, as it was not made for smaller quantities. This
meant that a lot of hackmanite was needed to achieve a high m-%, which was needed to see the
influence of sonication on the film’s properties. The relatively low UV absorption and thus quite
nonexistent color change could be due to partial destruction of the hackmanite structure during the
sonication, or inefficient mixing of the hackmanite—elastomer mixture. As over 10 grams of elastomer
was used in the mixture and only a small part was used in the making of the film, the hackmanite may

have been aggregated in the part of the mixture that was not used.

Despite the potential of especially Anti-Terra 250, the experiments with aggregation control were
not continued anymore. Using a tip sonicator, as well as the inclusion of Triton X-100 and Anti-Terra
250 reduced the wanted features such as transmittance or UV absorption, without showing any
significant help in the problem with aggregation. Thus, more focus was put on other parameters that

could be improved and explored, such as the synthesis parameters.
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3.5. Addition of boron

The addition of boron was investigated to explore whether it could produce hackmanite glass by
modifying the solid-state synthesis route established by R. Radler.’! All boron-containing samples
have distinctive hackmanite peaks at 14.0°, 19.8°, 24.3°, 34.7°, 37.5°, and 42.8° (Figure 15). The H-
76-11, BH0.05, BHO.1, BHO.14, and BHO.17 samples are all very pure, with no impurity peaks

observed. However, the H-11-S-3 sample shows several additional peaks that correspond to the XRD

| 50,47 A pattern of nepheline (NasKAl4(SiO4)4). The four
] ” ~ A A *~ main peaks of nepheline, located at 21.3°, 23.2 ©,
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Figure 15. XRD patterns of hackmanites with added boron.
Nepheline’s (NasKAl4(SiO4)s) calculated XRD graph [04-016-
1737] is also included from PDF4+ software. identical to those used in sample BHO.1, yet the

the used starting materials and quantities were

differences in the XRD patterns are significant. The high synthesis temperature of 1100 °C results in
loss of bromide, as it can vaporize at relatively low temperatures due to its low boiling point. This
loss of bromide from the structure results in the formation of nepheline alongside hackmanite. As the
H-11-S-3 sample was synthesized with a much shorter reduction time and without a separate
annealing step, complete loss of bromide did not occur, as the calculated XRF results (Table S4,
Supporting Information) show that there was still nearly 27 % of Br left. The amount of Si and Al,
elements much present in nepheline, is much higher, meanwhile the amount of S and Br, only in the
hackmanite structure, is reduced. Together with the XRD pattern, this underlines the formation of

nepheline.

The different reaction conditions may have also affected the overall progress and completion of
the reaction. In addition, as the dwelling time was relatively short, only 30 minutes, some bromide
might have left in the product as NaBr impurity, not being able to take part in the forming hackmanite
structure. Even though Zeolite 4A (NaAlSiOs), which was used as a starting material, does not have
potassium, some potassium is expected to result from impurities. All these may have resulted in the
formation of potassium-containing nepheline in the H-11-S-3 sample. Sample H-76-11, also
synthesized in such high temperature, did not have additional zeolite as a starting material as it was

substituted with already synthesized hackmanite. Due to this, there is no nepheline formed.
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Sample H-11-S-3 exhibits the deepest reflectance valley, with a difference of nearly 10 percentage
points compared to H-76-11, which has the shallowest valley (Figure 16). Notably, out of the four
samples — BH0.05, BHO.1, H-11-S-3, and H-76-11 — synthesized in the beginning of the study of
boron impact, H-11-S-3 contains the highest amount of boron, like sample BHO.1. In contrast, sample
H-76-11 has the lowest boron content and the smallest reflectance valley. These results suggest that
the inclusion of boron appears to increase the depth of the reflectance valley, resulting in enhanced
absorptance. However, the samples BH0.14 and BHO.17, which were synthesized to explore this
enhancement, showed a color change only hardly visible by naked eye, and the shrinkage of the

reflectance valley depth is very significant when
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photochromism in these samples is boron reacting together with the starting materials, such as
sodium, and forming separate compounds, such as sodium borate. This would reduce the amount of
sodium available for hackmanite formation, naturally leading to loss of photochromism. Both samples
also have higher amounts of sulfur, BH0.14 having 1.70 % and BHO0.17 having 1.38 % (Table S4,
Supporting information). This is a significant increase, as the amount of sulfur is much below 1 %
in almost all the hackmanite samples synthesized in this study. The amounts of other elements didn’t
significantly differ from those of samples BH0.05 and BHO.1, which both had better absorptance.
The higher amount of sulfur, together with the weak photochromism, could indicate that the synthesis
reaction wasn’t complete, and all of the sulfate was not reduced nor taking part of the hackmanite
structure. The reduction process did not necessarily proceed as wanted, if the gas supply was
discontinuous. B2Os is also a very strong fluxing agent, so the high amount of it combined together
with the high synthesis temperature may lead to excessive melting of the mixture. This could result

in the loss of stoichiometry, together with the earlier described possible formation of e.g. borates.
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When comparing the results with those from the grinding set samples, even the deepest reflectance
valley in boron-containing samples is notably smaller, only 40.3 %. This could indicate that the
addition of boron diminishes the depth of the reflectance valley. Nevertheless, within the set of boron-
containing samples, boron seems to deepen the valley, suggesting that boron might not be the sole
factor responsible for the diminished valley depth. Instead, differences in the starting material
quantities between the grinding set samples and the boron-containing samples could be contributing
factors. Specifically, in the boron-containing samples, the amount of added NaBr was more than 2.4
times smaller, and the amount of Na,SO4 was nearly 1.5 times smaller, while the amount of zeolite

remained almost the same in both sets.

The color change of samples BH0.14 and BHO.17 is very weak, and the color contrast between
them and the other boron samples is very distinctive (Figure 17). The purple color of all the samples
H-11-S-3, H-76-11, BH0.05 and BHO.1 can be seen by naked eye very well, as well as the slight

variation in their contrast. Even though the pastel purple color is quite intensive, it is still much less

intense than when comparing with, for example, the colors of reduction temperature test hackmanites

(Figure 20).

H-76-11 betore BHO.1 before

Figure 17. Pictures of the boron hackmanites. The pictures were taken after irradiating the samples for 5 minutes with
254 nm UV radiation, and the contrast of the pictures was adjusted to enhance the distinction between the colored
material and the white holder. Unlike others, sample H-76-11 was not white before coloring, so a picture of it before

irradiation is added in the figure. For comparison, also picture of BHO.1 before irradiation is added. Pictures of the
other samples before irradiation are not added, as they were all the same, white color as sample BHO.1.

Sample H-11-S-3 has another, non-photochromic phase, nepheline, but its deep reflectance valley

and strong purple color make it an interesting candidate for additional research. The reflectance valley
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could be expected to be much smaller, as it seems to have much of the additional nepheline, while
the other samples contain only hackmanite phase. However, the results show the opposite, so the
synthesis procedure could be examined more. In order to achieve a more pure hackmanite without
nepheline phase, the annealing could be repeated after remixing the sample with additional sodium

t.5! By making a new sample with H-11-S-3

bromide, as Radler stated in the original experimen
composition, and following the changes in composition and tenebrescent properties after each

annealing-NaBr addition cycle, an alternative synthesis route could be examined and optimized.

Another very essential step in research concerning hackmanite glass structures is pellet formation.
These experiments were done with powdery hackmanite, as more focus was put in the behavior of
flux agents with hackmanite and higher synthesis temperatures often required for glass making. In
order to better study the properties of hackmanite in actual glass-like material, it could be pressed
into a pellet with some additional silica, as it was found to be a promising addition in Radler’s
research.’! A pellet would reduce the amount of air pockets and ensure uniformity in melting. More
research is thus needed, but the addition of boric oxide showed very promising results, giving
optimistic signs in the aim of making hackmanite-containing glass. In addition to the topics
mentioned, hot-pressing technique could provide the needed transparency of the pellet and should be

investigated more.

3.6. Hackmanite synthesis by precipitation and reduction tests

Since solid state synthesis produced aggregated particles, precipitation synthesis was tested for
obtaining separate crystallites. Hackmanite synthesized with precipitation from an aluminosilicate
solution showed good results in the case of purity and crystallite size (Table S2, Supporting
Information), even though the reflectance valley was about 10 percentage points smaller than that
of hackmanite H7.5 (Figure 2B). The synthesized hackmanite showed quite exactly the same kind of
diffraction patterns before and after reduction (Figure 18A), indicating that there were no impurities
present after the precipitation, and after the reduction process conducted in a furnace. The samples
that were attempted to be reduced using NaBH4, and additionally including formic acid, also have all
the characteristic hackmanite peaks. However, the reduction didn’t succeed with those samples, as

only the sample reduced in a furnace has a reflectance valley (Figure 18B).
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Figure 18. XRD patterns (A) of hackmanite samples attempted to be reduced using different methods, and reflectance
spectra (B) of samples reduced using those four different approaches: furnace, NaBHa, formic acid together with NaBH4
and Na:S. All reflectance spectra are normalized to 100 % reflectance at 950 nm, and the depth of the single valley is
included in the figure.

The reduction of sulfate to sulfide is highly dependent on temperature and pH and typically requires
a strong reducing agent, such as hydrogen gas or carbon. The concentration of sulfate and reducing
agents in the solution significantly influences the reaction speed and completion. Higher temperatures
cause the ions to collide more often, leading to higher reaction rate. When reducing sulfate, where
sulfur is in a +6 oxidation state, to sulfide, where sulfur is in a —2 oxidation state, the sulfur often
transforms into intermediate sulfur compounds before achieving complete reduction. Acidic
conditions favor the formation of these reactive intermediates, shifting the reaction equilibrium
towards the reduction process. Consequently, previous research on sulfate reduction has shown that
temperatures over 200 °C, highly acidic conditions, and often hydrothermal conditions are required

in order to achieve a high reduction rate.’ %!

Reducing the SO4* to S;*>" using NaBH4 did not thus succeed, which can be attributed to the
insufficient reduction temperature. This is because the sulfate ion is very stable due to the sulfur’s
high positive oxidation state of +6, and thus a lot of energy is needed to break its bonds. In order to
continue with the alternative reduction method, the limitation of the boiling point of water (100 °C)
needs to be avoided by utilizing higher boiling point solvents, such as oleic acid, which has a boiling
point of approximately 360 °C. Another factor to focus on is the reaction environment, as in the
original publication®® a hydrothermal method was conducted after the precipitation. An autoclave
could be utilized in future experiments to explore if the reduction could be done in higher
temperatures and pressures, even though the achieved temperatures would not be as high as when
using furnaces. The results of these reduction experiments highlight the need for better experimental
conditions to achieve the desired sulfate reduction within hackmanite. By exploring higher

temperature solvents, implementing hydrothermal conditions via an autoclave, testing alternative



reducing agents, and systematically optimizing other reaction parameters, future research could

potentially achieve sulfate reduction in hackmanite without using a furnace.

3.7. Optimization of reduction temperature

As a second way of decreasing the possibility for aggregation, changing the reduction temperature
was investigated. The reflectance properties of hackmanite samples reduced at different temperatures
follow a clear trend, where samples reduced at higher temperatures, from 700 °C to 850 °C, all exhibit
significantly deeper reflectance valleys than those reduced at lower temperatures (Figure 19). This
outcome aligns with expectations, as effective sulfate reduction is essential for hackmanite’s
coloration process. At lower reduction temperatures, sulfate is not fully converted to sulfide, which
directly limits the formation of color centers within the structure. As a result, samples reduced at

lower temperatures have shallower reflectance valleys and less intense coloration.

80

500 °C, 16.1 %
1400 °C, 22.1 %
600 °C, 23.9 %
450 °C, 26.8 %
550 °C, 31.3 %

60 650 °C, 31.4 %
] \ 750 °C, 46.2 %
50 - 850 °C, 471 %
MNr = 254 nm
404 tr=5min
T T T T T T T 1
200 400 600 800 1000

Wavelength (nm)

Figure 19. Reflectance spectra of reduction temperature test hackmanites. All reflectance spectra are normalized to
100 % reflectance at 950 nm. The reduction temperature and depth of the reflectance valley are reported in the figure
in the order of descending valley.

Sample reduced at 1400 °C has a very small valley, regardless of the high reduction temperature.
This is most likely due to loss of bromide in such high temperatures, leading to destabilization and
breakage of the hackmanite structure. The XRF measurement confirms this — other hackmanite
samples have 35-45 % of Br, while this sample reduced at 1400 °C has only 18 % (Table S4,

Supporting Information).

These differences in the valley depth can also be seen by eye from the color of the hackmanite after
it was irradiated with 254 nm UV light for 5 minutes (Figure 20). Hackmanite reduced at

temperatures 650 °C and below have much smaller reflectance valleys and only a weak pastel purple
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color. In contrast, samples reduced at above 700 °C, excluding the sample reduced at 1400 °C, have

a very deep valley, leading to intense, clearly distinguishable purple color.

450 °C 500 °C 550 °C 600 °C 650 °C

700 °C 750 °C 800 °C 850 °C 1400 °C

000009

Figure 20. Pictures of colored hackmanite samples. The pictures were taken after irradiating the samples for 5 minutes
with 254 nm UV light, and the contrast of the pictures was adjusted to enhance the distinction between the colored
material and the white sample holder. The used reduction temperature is added in the figure. As all the hackmanites
exhibit the same white color before UV irradiation, no pictures before coloration were added.

The findings of these experiments suggest that 700 °C to 850 °C represents an optimal reduction
temperature range for hackmanite synthesis, high enough to provide effective sulfate reduction. At
these temperatures, hackmanite achieves maximum color center formation without significant
bromide volatilization. Avoiding excessive temperatures, such as 1400 °C, is crucial, as the bromide
loss observed at such levels leads to a notable decline in photochromic performance. In the future, by
exploring the temperatures within the range of 700 °C to 850 °C the temperature could be optimized
more to find the specific temperature that maximizes color center formation while minimizing
bromide and overall tenebrescence loss. The reduction duration at these temperatures could also be
optimized to assess whether extended reduction times could improve sulfate conversion without
reducing the color-change efficiency. These findings provide a foundation for further optimization of
reduction temperatures in hackmanite synthesis, underscoring the critical balance between

temperature control and chemical stability to achieve optimal photochromic properties.

3.8. Acrylic hackmanite disks

As the final part of this work, the material with optimized photochromism intensity and crystallite
size was tested for incorporation into a transparent organic polymer. This would avoid the high
temperatures needed for doping into glass. The biggest goal in this experiment was to maintain the
photochromic feature of hackmanite even when mixed with Technovit, and it succeeded. Main reason

of concern was if Technovit would block the wavelengths needed to excite the color-change in
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hackmanite. However, as the hackmanite mass percentage was as high as 10 % in all the samples,
deeper color could have been expected to form. The depths of the reflectance valleys are ~21-27 %
(Figure 21A), similar to measured valleys of films with 0.7-1.7 m-% of hackmanite (Figure 4 and
Figure 8A). The disks are much thicker compared to the films, so the results are not fully comparable.
Still, due to the very much higher hackmanite content, the reflectance valley would be expected to be
deeper and the color of the disks much more intensive. Now, all the samples were only pale purple
(Figure 21B). Disk 3, which was made thinner, has very rough edges, whereas the thicker disks 1
(~3.67 mm) and disk 2 (~1.95 mm) have smoother and more even surface. This inconsistency in
thickness of disk 3, which can also be seen with naked eye, is large throughout the material, as in one

edge it is 2.06 mm thick and 1.41 mm in another.

In addition to the weak coloration, the samples appeared very matte and opaque, which then made
the light transmittance quite nonexistent. As the samples were prepared following the instructions on
how the Technovit samples should be made in order to achieve transparency — in high pressure and
very quickly due to the rapid curing time — this was unexpected. However, as in this experiment the
PressurePot of the manufacturer, designed for this specific material, was not available, some minor

differences in the synthesis might have caused the opacity.
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Figure 21. Reflectance spectra (A) and pictures of the three colored acrylic disks (B). All reflectance spectra are
normalized to 100 % reflectance at 1000 nm, and the depth of the reflectance valleys at 538 nm are reported in the
figure. The pictures were taken after irradiating the samples for 5 minutes with 254 nm UV light, and the brightness is
adjusted to enhance the distinction between the colored material and the white paper.

The disks were not analyzed further, nor more were made due to weak transmittance and coloration.
In the future, the combination of hackmanite with other polymers could be researched further, as the
main feature of hackmanite — tenebrescence — remains in the materials, even though the coloration
should be enhanced. The use of Technovit could also be explored more. If PressurePot was available,
the curing could be done there to possibly enhance especially the transmittance. The surfaces of the
disks could also be polished in order to see if the opacity is present within the whole disk, or just the

surfaces.

41



4. Conclusions

The initial goal of this study was to first synthesize hackmanite films and study their characteristics,
and then move on to further experimentation of hackmanite lenses instead of films, as they are more
suitable for eyewear application. However, challenges faced in another work carried out at the same
time within the research group in combining hackmanite with glass shifted the focus toward a broader
investigation of its photochromic properties. There is no published research or additional
documentation available on this work, but the extensive research showed limited potential in
incorporation of hackmanite within glass, so the incorporation was not further explored in this work

either, and the focus was kept on optimization of hackmanite’s characteristics and synthesis process.

The sunlight contains a large amount of UV radiation especially within the UV-A range (320400
nm) (Figure 6A), which is why the optimal activation wavelength for materials used in photochromic
glasses would be in that wavelength range. This would make the photochromic material respond more
effectively to the typical outdoor conditions, enabling quick coloring. The activation wavelength
cannot either be too long, near the visible light range, as then it could darken also indoors. The
samples prepared in this study obtain the deepest color under 254 nm irradiation, which is in the UV-
C range. However, UV-C irradiation is primarily blocked by the Earth ozone layer, meaning that to
obtain a deep color outdoors and to show more potential in the field of photochromic eyewear, the
optimal activation wavelength of hackmanite should be increased and activation energy thus
decreased. This has already been done by Norrbo et al.? by substitution of Na with K or Rb. Even
though the highest color intensity was still achieved with UV-C wavelengths, significant shift towards
longer excitation wavelengths was achieved. This result underlines the great potential of hackmanite

in commercial applications, as long as more research is being done.

This study investigated various synthesis techniques, material compositions, and processing
parameters to enhance the photochromic properties of hackmanite, focusing on the potential use of
hackmanite in photochromic eyewear. The experiments focused on optimizing crystal size, reduction
conditions, film preparation and aggregation control. The hackmanite samples synthesized showed
good photochromic properties, with the grinding set providing information about the relationship
between crystal size and reflectance valley depth. The findings indicate that smaller crystal sizes
generally promote better light absorption, minimizing scattering and increasing transparency in film
applications. However, samples ground for longer showed reduced UV absorption, potentially due to
structural damage during the too long grinding process. Hackmanite H7.5 emerged as the most
promising candidate, balancing small crystal size with high absorptance, making it suitable for further
experiments in film production. For eyewear applications, hackmanite’s longer fading time presents

a challenge compared to commercial products, which typically fade within 5-10 minutes. However,
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the fast coloration rate of hackmanite underlines its potential in UV sensors, as in them, transparency

1s not a needed feature.

The exploration of boron additions demonstrated that boron-containing hackmanites showed better
UV absorption than those without boron, but excessive boron led to the formation of secondary
phases, such as nepheline, and diminished photochromic response. The optimal boron content was
determined to be around 0.1 g per sample, emphasizing the importance of precise control over flux

agent concentrations.

Successful reduction is critical in hackmanite synthesis, as the sulfate-to-sulfide conversion is a
process necessary for hackmanite’s photochromic mechanism. The best photochromic performance
was achieved with reduction temperatures between 700 °C and 850 °C, as these temperatures seem
to maximize color center formation. Samples reduced at lower temperatures had less intense
coloration due to incomplete sulfate reduction, while the sample exposed to temperature 1400 °C
exhibited structural degradation, particularly through bromide loss. These findings highlight the need
for careful temperature control. Alternative reduction methods using NaBH4 did not show promising
results, as the sulfate reduction requires high temperatures which these experiments did not have. In
the future, higher temperature solvents or hydrothermal reduction using an autoclave could be

researched more.

The main hindrance in the study of the needed properties for hackmanite to be used in
photochromic eyewear was the absence of a base material that could actually be used in them. For
lack of better material, elastomer film was used, but it does not accurately represent the commercially
used base materials, such as glass or transparent polymer matrices. The hackmanite film sets
demonstrated that higher hackmanite mass percentages led to deeper reflectance valleys and more
intense coloration, but also to increased opacity and light scattering. The aggregation and clumping
of hackmanite particles could not be reduced with additives, as using them resulted in weakened UV
absorption. This highlights the need for alternative dispersion strategies to achieve a more transparent

material.

Finally, hackmanite was incorporated into Technovit acrylic resin to create a thicker, more
transparent lens material suitable for applications in eyewear and optical devices. However, the color
intensity of these films was rather weak compared to hackmanite—elastomer films, despite
significantly higher hackmanite content. The Technovit disks appeared opaque and matte, with
minimal transmittance. These results suggest that future studies should explore other polymer

matrices compatible with hackmanite.
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Additionally, alternative synthesis routes such as sol-gel or hot-press techniques could be explored
more to prepare more transparent materials. Sol-gel synthesis, which is used in the making of glass
materials, would be a promising alternative, as it requires much lower synthesis temperatures
compared to the traditional glass-making temperatures. It has already been used in the making of
photochromic glass®’, showing promising results under just 350 °C heating. However, as previously
stated, the synthesis of hackmanite glass material did not work, even in the case of sol-gel synthesis.
This could be due to an unknown reaction with hackmanite and tetracthoxysilane (TEOS), which is
used the most in sol-gel syntheses. This unwanted result could be due to undesirable interaction
between the developing silica network and hackmanite, the very long sol-to-gel drying process, or
the annealing done to finalize the condensation process. An alternative method in synthesis of
photochromic glass would be the traditionally used melt-quenching method, but it requires
temperatures of over 1300 °C, which are too high for hackmanite, as could be seen from the

hackmanite reduced at 1200 °C.%°,

This study offered the basis of the research concerning the use of hackmanite in photochromic
eyewear. The results show hackmanite’s potential for photochromic applications, even though
achieving the desired color intensity and transparency, and finding the suitable, transparent base
material requires further research. The wavelength that causes the strongest color change of
hackmanite by generating the F-centers was 254 nm with these samples. The samples did show some
coloration under irradiation of 302 nm UV lamp, but as the main focus was to achieve a very deep
color within the studied material, the measurements were done only using the 254 nm UV lamp. In
further experiments, also 302 nm and 365 nm UV lamps should be used to better see the behavior of
hackmanite within the synthesized elastomer films and in other experiments, such as when adding

boron.
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SUPPORTING INFORMATION

Table S1. Used furnaces in different syntheses.

Sample Lenton Carbolite Gero  Lindberg Blue/M Big Elite
X

an
S

H2.5

o

H7.5
H10
H12.5 X

BHO0.05 x (reduction) X
BHO.1 x (reduction) X
BHO0.14 X
BHO0.17 X
H-11-S-3 X

H-76-11 X

precipitated

hackmanite

hackmanite for

temperature set tests

450 °C x (reduction)
500 °C x (reduction)
550 °C x (reduction)
600 °C x (reduction)
650 °C x (reduction)
700 °C x (reduction)
750 °C x (reduction)
800 °C x (reduction)
850 °C x (reduction)
1400 °C x (reduction)

X
X
X
X

x (reduction)
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Table S2. Crystallite sizes calculated from the hackmanite peak in XRD graphs using the Scherrer equation. In
addition to crystalline size, 26,  and Binstr. values are included. S values are reported with three decimals
due to smaller values.

Batch Hackmanite Pinstr. (°) Crystalline size (nm)

H2.5 24.53 0.14 0.089 75.34

% H5.0 24.49 0.15 0.089 70.34
= H7.5 24.56 0.17 0.089 55.72
£ H10 24.42 0.14 0.089 71.92
© HI2.S 24.43 0.15 0.089 68.84
HO 24.58 0.15 0.089 66.72

BHO0.05 2427 0.14 0.077 66.82

2 BHO.1 2431 0.14 0.077 71.02
: BHO.14 2434 0.30 0.077 27.74
g BHO.17 24.33 0.23 0.077 37.51
2 H-11-S-3 2431 0.14 0.077 68.85
H-76-11 24.29 0.13 0.077 81.56

| Precipitated hackmanite 2431 0.22 0.089 39.80

Table S3. The reflectance measurement setup used in each measurement.

Sample set optical fiber integrating sphere

x

R A

X

SIS
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Table S4. XRF results of boron set, reduction test set, and reduction temperature set samples. Unfortunately,
XRF results of grinding set samples are not available.

Sample Al Si S Cl K Br
21.44 32.76 0.37 4.57 4.00 36.86
22.63 34.71 0.49 2.15 2.63 37.39
3 23.92 35.90 1.70 3.87 3.35 31.26
§ 22.87 34.30 1.38 2.53 4.59 34.32
b 27.92 43.57 0.18 0.85 0.66 26.82
20.94 33.51 0.43 0.87 0.69 43.56
0 <. 20 -
. 23.47 34.27 0.81 0.61 0.07 40.76
lf 22.67 34.82 0.84 0.45 3.56 37.65
‘; 24.55 34.44 0.84 0.48 2.28 37.42
E 28.80 48.92 6.76 0.56 - 14.97
S
= NaxS 25.37 36.53 2.80 0.52 0.09 34.69
N . 20
19.98 32.39 0.77 0.69 0.55 45.62
22.09 30.73 0.69 0.97 2.58 42.94
? 21.42 33.21 0.78 0.56 1.63 42.39
2
= 21.11 33.48 0.42 0.57 0.66 43.76
3 22.05 34.64 0.74 0.85 0.97 40.75
&E* 23.37 36.39 0.87 0.40 0.79 38.18
.§ 26.05 36.28 1.14 0.65 0.51 35.36
% 21.05 33.89 0.60 0.75 0.63 43.07
= 21.80 31.67 0.56 0.61 0.55 44.80
56.67 23.15 0.19 0.63 0.93 18.43
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