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Tiivistelmd - Sammandrag - Abstract

The invention relates to a material
represented by the following formula (I)

(M) g (M" "M’ "7 ) 6024 (X, 8)2:M" """
formula (I).

Further, the invention relates to an
ultraviolet radiation sensing material,
to different uses, to a device and to a
method for determining the intensity of
ultraviolet radiation.

Keksints koskee materiaalia, Jjoka
esitetaan seuraavalla kaavalla (I)

(M) g (M" "M’ "7 ) 6024 (X, 8)2:M" """

kaava (I).

Lisaksi keksintd koskee
ultraviolettisdteilyd havaitsevaa

materiaalia, eri k&ayttsjsa, laitetta Jja
menetelmis ultravioclettisateilyn
intensiteetin ma&rittémiseksi.
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SYNTHETIC MATERIAL FOR DETECTING ULTRAVIOLET RADIATION

FIELD OF THE INVENTION

The 1invention relates to a material, to an
ultraviolet radiation sensing material, to a device,
to uses of the material, and to a method for

determining the intensity of ultraviolet radiation.

BACKGROUND OF THE INVENTION

Elevated levels of ultraviolet (UV)
irradiation, whether <caused by sunlight or tanning
ultraviolet devices, has the adverse effect of
increasing the probability of skin cancer, other
diseases of the skin as well as skin aging. Knowing
when to seek for cover from ultraviolet radiation or
when to apply or reapply sunscreen lotion is thus of
importance.

UV responsive photochromic organic molecules
that change color upon UV exposure can be used.
Currently, there are such devices as UV 1indicator
bracelets and cards that can be used to indicate the
level of solar UV radiation. These are Dbased on
organic molecules such as spiro-oxazines, spiropyrans,
fulgides, fulgimides, bisimidazoles and viologen
derivatives. Usually, the color from these materials
fades when UV exposure 1s removed, thus making them
reusable indicators, but some of them are for single
use. However, many of the reusable photochromic
molecules have a short lifetime, and they can thus
lose their functionality after too long or too intense
UV exposure. Spiro-oxazines, however, may last for two
to three years. The drawback for the spiro-oxazines is
their high price. The high prices and short lifetimes
decrease the wusability of these materials in the

photochromic UV indicator devices.
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The 1inventors have therefore recognized a
need for a low-cost ultraviolet radiation sensing

material that is stable for a long period of time.

PURPOSE OF THE INVENTION

The purpose of the invention is to provide a
new type of material and its use. Further, the purpose
of the invention 1s to ©provide an ultraviolet
radiation sensing material and its use. Further, the
purpose of the invention 1is fTo provide a device.
Further, the purpose of the invention is to provide a
method for determining the intensity of ultraviolet

radiation.

SUMMARY

The material according to the present
invention 1is characterized by what 1s presented in
claim 1.

The ultraviolet radiation sensing material
according to the present invention is characterized by
what 1s presented in claim 10.

The device according to the present invention
is characterized by what is presented in claim 11.

The use o0of the material according to the
present invention 1is characterized Dby what is
presented in claim 13 or in claim 15.

The method according to the present invention

is characterized by what is presented in claim 16.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included
to provide a further understanding of the invention
and constitute a part of this specification,
illustrate embodiments of the invention and together
with the description help to explain the principles of

the invention. In the drawings:
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Fig. 1 discloses the test results of example
5;

Fig. 2 discloses the test results of example
6;

Fig. 3a and Fig. 3b disclose the test results
of example 7; and

Fig. 4 discloses the test results of example

DETATLED DESCRIPTION OF THE INVENTION

The present invention relates to a material

represented by the following formula (I)

(M" ) g (M""M"" ") 6024 (X,5)2:M" " 77

formula (I)

wherein

M’ represents a combination of at least two
monoatomic cations of different alkali metals selected
from Group 1 of the IUPAC periodic table of the
elements;

M’’ represents a trivalent monoatomic cation
of an element selected from Group 13 of the TIUPAC
periodic table of the elements, or of a transition
element selected from any of Groups 3 - 12 of the
IUPAC periodic table of the elements, or any
combination of such cations;

M’’’ represents a monoatomic cation of an
element selected from Group 14 of the IUPAC periodic
table of the elements, or any combination of such
cations;

X represents an anion of an element selected
from Group 16 of the IUPAC periodic table of the
elements, or any combination of such anions; and

Mrrr represents a dopant cation of an

element selected from rare earth metals of the IUPAC
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periodic table of the elements, or from transition
metals of the IUPAC periodic table of the elements, or
any combination of such cations, or wherein M’’’’ 1is
absent.

The present invention further relates to a

material represented by the following formula (I)

(M" ) g (M""M"" ") 6024 (X,5)2:M" " 77

formula (1)

wherein

M’ represents a monoatomic cation of an
alkali metal selected from Group 1 of the IUPAC
periodic table of the elements, or any combination of
such cations;

M’’ represents a trivalent monoatomic cation
of an element selected from Group 13 of the TIUPAC
periodic table of the elements, or of a transition
element selected from any of Groups 3 - 12 of the
IUPAC periodic table of the elements, or any
combination of such cations;

M’’’ represents a monoatomic cation of an
element selected from Group 14 of the IUPAC periodic
table of the elements, or any combination of such
cations;

X represents an anion of an element selected
from Group 16 of the IUPAC periodic table of the
elements, or any combination of such anions; and

Mrrr represents a dopant cation of an
element selected from rare earth metals of the IUPAC
periodic table of the elements, or from transition
metals of the IUPAC periodic table of the elements, or
any combination of such cations, or wherein M’’’’ 1is
absent.

In one embodiment, M’ represents a monoatomic

cation of an alkali metal selected from a group
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consisting of Na, Li, K, and Rb, or any combination of
such cations. In one embodiment, M’ represents a
monoatomic cation of an alkali metal selected from a
group consisting of Li, K, and Rb, or any combination
of such cations.

In one embodiment, M’ represents a monoatomic
cation of an alkali metal selected from Group 1 of the
IUPAC periodic table of the elements, or any
combination of such cations; with the proviso that M’
does not represent the monoatomic cation of Na alone.

The material is a synthetic material. I.e.
the material 1s synthetically prepared. The present
invention relates to a synthetic material represented

by the following formula (I)

(M") g (M""M"7" ") 6024 (X,5)2:M" " "7

formula (I)

wherein

M’ represents a combination of at least two
monoatomic cations of different alkall metals selected
from Group 1 of the IUPAC periodic table of the
elements;

M’’ represents a trivalent monoatomic cation
of an element selected from Group 13 of the TIUPAC
periodic table of the elements, or of a transition
element selected from any of Groups 3 - 12 of the
IUPAC periodic table of the elements, or any
combination of such cations;

M’’’ represents a monoatomic cation of an
element selected from Group 14 of the IUPAC periodic
table of the elements, or any combination of such
cations;

X represents an anion of an element selected
from Group 16 of the IUPAC periodic table of the

elements, or any combination of such anions; and
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M”77’ represents a cation of an element
selected from rare earth metals of the IUPAC periodic
table of the elements, or from transition metals of
the TIUPAC periodic table of the elements, or any
combination of such cations, or wherein M’’’'’ 1is
absent.

In this specification, unless otherwise
stated, the expression “monoatomic ion” should be
understood as an ion consisting of a single atom. If
an 1lon contains more than one atom, even 1f these
atoms are of the same element, it is to be understood
as a polyatomic idion. Thus, in this specification,
unless otherwise stated, the expression “monoatomic
cation” should be understood as a cation consisting of
a single atom.

Hackmanite, which 1is a wvariety of sodalite
material, is natural mineral having the chemical
formula of NaghAlegSie0,4 (Cl,S) 5. The inventors
surprisingly found out that a synthetic hackmanite
based material enabling the detection of ultraviolet
radiation can be prepared. The inventors surprisingly
found out that the synthetic material, as a result of
being subjected to ultraviolet radiation, has the
technical effect of showing color intensity, which is
proportional with the irradiance of the sensed or
detected radiation. The inventors also found out that
the material has the added utility of not changing
color in the absence of ultraviolet radiation and may
thus be used to indicate whether ultraviolet radiation
is present. The material may thus be used to detect
and indicate the amount of e.qg. ultraviolet B
radiation and ultravioclet C radiation that cause
sunburn.

Ultraviolet light is electromagnetic radiation
with a wavelength from 10 nm (30 PHz) to 400 nm (750
THz). The electromagnetic spectrum of ultraviolet

radiation (UVR) can be subdivided into a number of
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ranges recommended by the IS0 standard 1IS0-21348,
including ultraviolet A (UVA), ultraviolet B (UVB),
ultraviolet C (uve) . The wavelength of UVA is
generally considered to be 315 - 400 nm, the
wavelength of UVB is generally considered to be 280 -
320 and the wavelength of UVC is generally considered
to be 100 - 290 nm.

In one embodiment, the ultraviolet radiation
comprises ultraviolet A radiation, ultraviolet B
radiation and/or ultraviolet C radiation. 1In one
embodiment, the ultraviolet radiation consists of
ultraviolet A radiation, ultraviolet B radiation
and/or ultraviolet C radiation. In one embodiment, the
ultraviolet radiation 1s ultraviolet A radiation,
ultraviolet B radiation and/or ultraviolet C
radiation.

In one embodiment, M’ represents a
combination of at least two monoatomic cations of
different alkali metals selected from Group 1 of the
IUPAC periodic table of the elements, and wherein the
combination comprises at most 66 mole percent (mol-%)
of the monoatomic cation of Na. In one embodiment, M’
represents a combination of at least two monoatomic
cations of different alkali metals selected from Group
1 of the IUPAC periodic table of the elements, and
wherein the combination comprises at most 50 mol-% of
the monocatomic cation of Na. In one embodiment, M’
represents a combination of at least two monoatomic
cations of different alkali metals selected from Group
1 of the IUPAC periodic table of the elements, and
wherein the combination comprises at most 40 mol-% of
the monoatomic cation of Na, or at most 30 mol-% of
the monoatomic cation of Na, or at most 20 mol-% of
the monoatomic cation of Na.

In one embodiment, M’ represents a
combination of at least two monoatomic cations of

different alkali metals selected from Group 1 of the
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IUPAC periodic table of the elements, wherein the
combination comprises 0 - 98 mol-% of the monoatomic
cation of Na. In one embodiment, M’ represents a
combination of at least two moncatomic cations of
different alkali metals selected from Group 1 of the
IUPAC periodic table of the elements, wherein the
combination comprises 0 - 100 mol-% of the monoatomic
cation of K. 1In one embodiment, M’ represents a
combination of at least two monoatomic cations of
different alkali metals selected from Group 1 of the
IUPAC periodic table of the elements, wherein the
combination comprises 0 - 100 mol-% of the monoatomic
cation of Rb. In one embodiment, M’ represents a
combination of at least two monoatomic cations of
different alkali metals selected from Group 1 of the
IUPAC periodic table of the elements, wherein the
combination comprises 0 - 100 mol-% of the monoatomic
cation of Li.

In one embodiment, M’ represents a
combination of at least two monoatomic cations of
different alkali metals selected from a group
consisting of Li, Na, K, and Rb. In one embodiment, M’
represents a combination of two monoatomic cations of
different alkali metals selected from a group
consisting of Li, Na, K, and Rb. In one embodiment, M’
represents a combination of three monoatomic cations
of different alkali metals selected from a group
consisting of Li, Na, K, and Rb. In one embodiment, M’
represents a combination of monoatomic cations of Li,
Na, K, and Rb.

In one embodiment, M’ represents a
combination of a monocatomic cation of Na with a
monoatomic cation of Li, a monoatomic cation of K
and/or a monoatomic cation of Rb. In one embodiment,
M’ represents a combination of a monocatomic cation of
Na with a monoatomic cation of K or a monoatomic

cation of Rb. In one embodiment, M’ represents a
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combination of a monoatomic cation of Na with a
monoatomic cation of K and a monoatomic cation of Rb.

In one embodiment, M’ represents

8}

combination of a monoatomic <cation of Na and
monoatomic cation of K; or a combination of a
moncatomic cation of Na and a monoatomic cation of Rb;
or a combination of a moncatomic cation of K and a
monoatomic cation of Rb; or a combination of a
monoatomic cation of Na, a monoatomic cation of K, and
a monoatomic cation of Rb; or a combination of a
monoatomic cation of K and a monoatomic cation of Rb.

In one embodiment, M’ represents a
combination of a moncatomic <cation of Li and a
monoatomic cation of Na; or a combination of a
monoatomic cation of Li and a moncatomic cation of K;
or a combination of a monoatomic cation of Li and a
monoatomic cation of Rb; or a combination of a
monoatomic cation of Li, a monoatomic cation of K, and
a monoatomic cation of Rb; or a combination of a
monoatomic cation of Li, a monoatomic cation of Na, a
monoatomic cation of K and a monoatomic cation of Rb.

In one embodiment, M’ represents a monoatomic
cation of Li. In one embodiment, M’ represents a
monoatomic cation of K. In one embodiment, M’
represents a monoatomic cation of Rb.

The combination of at least two monoatomic
cations of different alkali metals selected from Group
1 of the IUPAC periodic table of the elements has the
effect of enabling the preparation of a material that
is sensitive to ultraviolet A radiation, ultraviolet B
radiation and/or ultraviolet C radiation. The
combination has the effect of enabling the preparation
of a material being able to indicate the presence of
at least one of ultraviolet A radiation, ultraviolet B
radiation and ultraviolet C radiation, or the presence
of all of wultraviolet A radiation, ultraviolet B

radiation and ultraviolet C radiation.
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In one embodiment, M’’ represents a trivalent
monoatomic cation of a metal selected from a group
consisting of Al and Ga, or a combination of such
cations.

In one embodiment, M’’ represents a trivalent
monoatomic cation of B.

In one embodiment, Mr7 represents a
monoatomic cation of an element selected from a group
consisting of Si and Ge, or a combination of such
cations.

In one embodiment, X represents an anion of
an element selected from a group consisting of F, CI1,
Br, and I, or any combination of such anions.

In one embodiment, X represents an anion of
an element selected from a group consisting of 0O, S,
Se, and Te, or any combination of such anions.

In one embodiment, the material is
represented by formula (I), wherein M’’’’ 1is absent.
In this embodiment the material is not doped.

In one embodiment, the material is doped with
at least one rare earth metal ion and/or at least one
transition metal ion. In one embodiment, the material
is doped with at least one rare earth metal ion and at
least one transition metal ion. In one embodiment, the
material is doped with at least one rare earth metal
ion or at least one transition metal ion.

In one embodiment, the material is
represented by formula (I), wherein M’’’’ represents a
cation of an element selected from rare earth metals
of the IUPAC periodic table of the elements, or from
transition metals of the IUPAC periodic table of the
elements, or any combination of such cations.

In one embodiment, M’’’’ represents a cation
of an element selected from a group consisting of Eu
and Tb, or a combination of such cations. In one
embodiment, M’’’’ represents a cation of an element

selected from a group consisting of Ti, VvV, Cr, Mn, Fe,
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Co, Ni, Cu, and Zn, or any combination of such
cations.

In one embodiment, M’ represents a
combination of at least two moncatomic cations of
different alkali metals selected from a group
consisting of Li, Na, K, and Rb, and wherein the
combination 1is selected 1in order to ©provide a
predetermined absorption edge for the material. 1In
this specification, unless otherwise stated, the
expression “absorption edge” should be understood as
the energy threshold over which energy the material
will change color.

In one embodiment, the material is configured
to change color on exposure to ultraviolet radiation,
wherein the correlation between the intensity of the
color of the material and the 1intensity of the
ultraviolet radiation 1s calculated based on the

following formula 1:

y = Al*elx/tl) 4 vO0

formula 1

wherein the parameters have the following
meanings:

y = color intensity [per cent of black]

Al = amplitude for color

x = UV index value for sunlight or UV lamp
power [%] for UVA, UVB, and/or UVC

= growth constant for color

ot
'_\
|

y0 = initial offset for color.
Based on the above formula 1, the radiation
intensity can be calculated from the color intensity

as follows:

x = tl*¥[1ln(y - v0) - 1InAl].
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In one embodiment, for solar UVI detection, Al

= -1 to -15, t1 = -30 to -5, and y0 = 5 to 20.

In one embodiment, for UVA detection, Al = -
1.5 to -0.1, t1 = -30 to -10, and y0 = 2.5 to 10.5.

In one embodiment, for UVB detection, Al = -
3.0 to -1.8, t1 = -450 to -20, and y0 = 11 to 13.

In one embodiment, for UVC detection, Al = -
3.0 to -1.8, t1 = -200 to -15, and y0 = 12 to 13.

The change in the combination of at least two
monoatomic cations of different alkali metals selected
from Group 1 of the IUPAC periodic table of the

elements enables to prepare a material that can be

adjusted to detect ultraviolet A radiation,
ultraviolet B radiation and/or ultraviolet C
radiation.

In one embodiment, the material 1s selected

from a group consisting of (Na,K)gAlgS15024(C1l,S),,
(Na,Rb)gAlgSig024(C1,S) 2, (Na,K,Rb) gAlsS16024(C1, S) 2,
(Na, K) gAlgSi6024 (C1, S)2:Fu, (Na,K) gAlsS16024(Cl,S),:Tb,
(Li,K)gAleSie024(C1,S) 2, (Li,Rb)sAlgSie024 (Cl, S) 2,
(Li, K, Rb) gAlsSi¢024(C1, S) 2, and (Li,
Na, K, Rb)gAlsSi16024 (Cl,S)2.

In one embodiment, the material is

synthesized by a reaction according to Norrbo et al.
(Norrbo, I.; Gtuchowski, P.; Paturi, P.; Sinkkonen,
J.; Lastusaari, M., Persistent Luminescence of
Tenebrescent NaghAlegSi60,4 (Cl,S)2: Multifunctional
Optical Markers. Inorg. Chem. 2015, 54, 7717-7724),
which reference 1is Dbased on Armstrong & Weller
(Armstrong, J.A.; Weller, J.A. Structural Observation
of Photochromism. Chem. Commun. 2006, 1094-1096) using
stoichiometric amounts of Zeolite A and NayS0: as well
as LiCl, ©NaCl, KCl1 and/or RbCl as the starting
materials. The possibly used at least one dopant 1is
added as an oxide, such as Eu,0s or Tb:07. The material
can be prepared as follows: Zeolite A is first dried
at 500 °C for 1 h. The initial mixture is then heated
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at 850 °C in air for 48 h. The product is then freely
cooled down to room temperature and ground. Finally,
the product is re-heated at 850 °C for 2 h under a
flowing 12 % Hy + 88 % N; atmosphere. The as-prepared
materials are washed with water to remove any excess
LiCl1l/NaCl/KC1l/RbCl impurities. The purity can be
verified with an X-ray powder diffraction measurement.

The present invention further relates to an
ultraviolet radiation sensing material, wherein the
material 1is a material according to one or more
embodiments described in this specification. The
present invention further relates to an ultraviolet
radiation sensing material, wherein the ultraviolet
radiation sensing material comprises the material
according to one or more embodiments described in this
specification.

The present 1invention further relates to a
device, wherein the device comprises a material
according to one or more embodiments described in this
specification. In one embodiment, the device 1is an
ultraviolet radiation sensor, an ultraviolet radiation
detector, or an ultraviolet radiation indicator.

The ultraviolet radiation indicator can be
applied e.g. in a label on a bottle of skin cream or
sunscreen, wherein the change in color would alert the
user to the application of the sun protection. The
material may be used e.g. on the outside of a window
to alert the residents before going out about the
ultraviolet radiation intensity. The material can also
be mixed as a powder in the raw materials used for the
production of a plastic bottle, a sticker, a glass and
a similar product that 1is to be provided with a UV
indicator. This offers the products themselves a UV
indicator. The products containing the material may
also be conceived as Jjewelry. The material can be used
as a display portion of a meter, which is calibrated

according to the shade.
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The present invention further relates to the
use of the material according to the present invention
for indicating the presence of ultraviolet radiation.
In one embodiment, the ultraviolet radiation 1is
ultraviolet A radiation, ultraviolet B radiation
and/or ultraviolet C radiation.

The present invention further relates to the
use of the material according to the present invention
in a security device. In one embodiment, the security
device 1s selected from a group consisting of a
thread, a foil and a hologram. In one embodiment the
security device 1is an ink. In one embodiment, the
security device is used on a banknote, a passport or
an identity card.

The present invention further relates to a
method for determining the intensity of ultraviolet
radiation, wherein the method comprises:

a) providing a material according to one or
more embodiments described in this specification;

b) subjecting the material provided 1in step
a) to ultraviolet radiation;

c) determining a change in the color of the
material as result of being subjected to ultraviolet
radiation; and

d) comparing the color of the material with a
reference indicating the correlation of the intensity
of the ultraviolet radiation with the color of the
material.

In one embodiment, step c¢) comprises visually
determining the change in the color of the material.

The reference may be e.g. a card or the like
that indicates the correlation between the intensity
of the ultraviolet radiation and the intensity of the
color of the material. In one embodiment, the
intensity of the color of the material is used to
indicate the value of the UV index. In one embodiment,

the correlation between the intensity of the color of
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the material and the intensity of the ultraviolet
radiation is calculated based on the following formula
1:

y = Al*elx/tl) 4 vO0

formula 1

wherein the parameters have the following
meanings:

y = color intensity [per cent of black]

Al = amplitude for color

x = UV index value for sunlight or UV lamp
power [%] for UVA, UVB, and/or UVC

tl = growth constant for color

v O initial offset for color.

The embodiments of the invention described
hereinbefore may be used in any combination with each
other. Several of the embodiments may be combined
together to form a further embodiment of the
invention. A material, a device, a use, or a method,
to which the invention is related, may comprise at
least one of the embodiments of the invention
described hereinbefore.

The material has the added utility of being a
low-cost material offering stability even in high UV
levels as well as decoloration with white light.

The material has the added utility that it
does not change color in the absence of UV radiation.

The material has the added utility that its
color can be returned to colorless (white), 1i.e.
decolored, with visible light or heating thus enabling
it to be reused.

The material has the added utility that it
follows well the erythemal action spectrum making it
possible to monitor especially UVB and UVC that cause

sunburn.
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The material has the added utility that with
sunlight the color intensity can be used to indicate
the value of the UV index.

EXAMPLES

Reference will now be made in detail to the
embodiments of the present invention, examples of
which are illustrated in the accompanying drawings.

The description below discloses some
embodiments of the invention in such a detail that a
person skilled 1in the art 1s able to utilize the
invention based on the disclosure. Not all steps of
the embodiments are discussed in detail, as many of
the steps will be obvious for the person skilled in

the art based on this specification.

EXAMPLE 1 — Preparing (Na,K)gAlegSig024(CL,S)2

The material —represented by the formula
(Na,K)gAlegS16024(C1,S), was prepared 1in the following
manner: 0.7000 g of dried (500 °C for 1 h) Zeolite A,
0.0600 g of NayS0s and 0.3067 g of KCl powders were
mixed together. The mixture was heated at 850 °C in
alr for 48 h. The product was freely cooled down to
room temperature and ground. Finally, the product was
re-heated at 850 °C for 2 h under a flowing 12 % H, +

88 % N, atmosphere.

EXAMPLE 2 — Preparing (Na,Rb)gAlegSic024(Cl,S)>

The material represented by the
formula (Na,Rb) gAlgSic024(Cl,S), was prepared in the
following manner: 0.7000 g of dried (500 °C for 1 h)
Zeolite A, 0.0600 g of Na,S0, and 0.4957 g of RDbC1
powders were mixed together. The mixture was heated at
850 °C in air for 48 h. The product was freely cooled

down to room temperature and ground. Finally, the
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product was re-heated at 850 °C for 2 h under a

flowing 12 % H; + 88 % N, atmosphere.
EXAMPLE 3 - Preparing (Na,K)gAlegSis024(Cl,S): (denoted

hereafter as “Na,K Composition 27)

The material —represented by the formula
(Na,K)gAlegS16024(C1,S), was prepared 1in the following
manner: 0.7000 g of dried (500 °C for 1 h) Zeolite A,
0.0600 g of NazxS0;, and 0.1800 g of NaCl and 0.0675 g
KCl powders were mixed together. The mixture was
heated at 850 °C in air for 48 h. The product was
freely cooled down to room temperature and ground.
Finally, the product was re-heated at 850 °C for 2 h

Q Q

under a flowing 12 & H, + 88 % N, atmosphere.

EXAMPLE 4 - Preparing (Na,K)gAlgSig024(Cl,S).:Eu

The material represented by the formula
(NaK) gAlgSig024 (Cl,S)2:Eu was prepared in the following
manner: 0.7000 g of dried (500 °C for 1 h) Zeolite A,
0.0600 g of Napy304 and 0.1800 g of NaCl and 0.0675 g of
KCl powders were mixed together with 0.002 g of Euy0;
powder. The mixture was heated at 850 °C in air for 48
h. The product was <freely cooled down to room
temperature and ground. Finally, the product was re-
heated at 850 °C for 2 h under a flowing 12 % H, + 88 %

N, atmosphere.

Example 5 - Testing of a sample of the materials

prepared in example 1, example 2 and example 3

A sample of each of the materials prepared in
example 1, example 2 and example 3 were tested by
irradiating them for 1 min with selected wavelengths
between 200 and 450 nm using a Varian Cary Eclipse

luminescence spectrometer. After each irradiation, the
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sample holder was photographed and the irradiated and
non-irradiated parts were analyzed with the Imaged
program to obtain the intensity of color. The sample
was then replaced and re-irradiated with the next
wavelength. The color intensities thus obtained were
normalized so that without coloring a value of zero is
obtained and the strongest coloring gives a value of
one. The results are presented in Fig. 1 indicating
the absorption edges for coloring of the prepared

materials.

EXAMPLE 6 - Testing of a sample of the materials

prepared in example 1, example 2 and example 4

A sample of each of the materials prepared in
example 1, example 2 and example 4 were tested by
irradiating for 1 min with a solar simulator lamp
(LOT/QD LS0500) using different irradiances between
300 and 1200 W/m?. The irradiances were measured using
a hand-held Seaward Solar Survey 100 device. After
irradiation, the change in the reflection spectrum of
the material was measured with an Avantes AvaSpec
2084x14 spectrometer connected to a 600 micrometer
optical fiber. The reflectance measurements were
carried out under illumination from a 60 W
incandescent 1light Dbulb located 20 c¢cm above the
sample. The thus obtained reflectance spectra were
integrated in the visible wavelength range (400 - 700
nm) using Origin 2015 software (OriginLab) to obtain
the total change 1in reflectance. This reflectance
value 1s divided with that obtained for carbon black
to obtain a wvalue describing the color intensity in
comparison with a completely Dblack material. The
dependence between color intensity and UV index for
e.g. (Na,K)gAlgSig024(Cl,S), was obtained as follows:
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Color intensity [% of black] = -11.4*exp(UV index/-6.64) 4
13.9

The result 1is presented in Fig. 2 showing
that the color intensity of the prepared material is a

function of sunlight intensity and UV index.

EXAMPLE 7 - Testing of a sample of the materials

prepared in example 1 and example 2

A sample of each of the material as prepared
in example 1 and example 2 were tested by irradiating
with UVA (330-350 nm), UVB (295-315 nm) and UVC (260-
280 nm) using a Varian Cary Eclipse luminescence
spectrometer. After each irradiation, the sample
holder was photographed and the irradiated and non-
irradiated parts were analyzed with the Imaged program
to obtain the intensity of color. This intensity value
is divided with that obtained for carbon black to
obtain a value describing the color intensity 1in
comparison with a completely Dblack material. The
sample was then replaced and re-irradiated with the
next power. The results are presented in Fig. 3a and
Fig. 3b showing that the <color intensity of the
prepared material 1s a function of UV lamp intensity
for UVA, UVB and TUVC. The <color intensity for
(Na,Rb)sAlgSic0-4 (Cl,S)» was obtained as follows:

Color intensity [% of black] —-0.4*exp(UvA lamp power [5]/-

25.6) + 10.0

Color intensity [% of black] = -2.6*exp(UVB lamp power [5]/-
61 4 127

Color intensity [% of black] = -2.0*exp(UvC lamp power [%]/-
77+ 12.4

EXAMPLE 8 - Testing of a sample of the material

prepared in example 1
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A sample of the material as prepared in
example 1 was tested and compared with commercial
ultraviolet (UV) indicator card (Good Life Innovations
Ltd / Colour Changing, UK). The test procedure was the
same as described in example 5 above. Further, the
erythemal action spectrum was tested for both
following the procedure described in Webb, A.R.,
Slaper, H., Koepke, P., and Schmalwieser, A.W., Know
your standard: Clarifying Lhe erythema action
spectrum, Photochemistry and Photobiology 87 (2011)
483-486. The results are presented in Fig. 4 showing a
comparison of the absorption edges for coloring of
(Na,K)gAleSi6024(Cl,S8)2, and the commercial UV indicator
card as well as the erythemal action spectrum of human

skin (dashed line).

It is obvious to a person skilled in the art
that with the advancement of technology, the basic
idea of the invention may be implemented in wvarious
ways. The invention and its embodiments are thus not
limited to the examples described above; instead they

may vary within the scope of the claims.
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CLAIMS

1. A material represented by the following

formula (I)

(M" ) g (M""M"" ") 6024 (X,5)2:M" " 77

formula (I)

wherein

M’ represents a combination of at least two
monoatomic cations of different alkali metals selected
from Group 1 of the IUPAC periodic table of the
elements, wherein the combination comprises 0 - 98
mol-% of the monoatomic cation of Na;

M’’ represents a trivalent monoatomic cation
of a metal selected from a group consisting of Al and
Ga, or represents a trivalent monocatomic cation of B,
or a trivalent moncatomic <cation of a transition
element selected from any of Groups 3 - 12 of the
IUPAC periodic table of the elements, or any
combination of such cations;

M’’’ represents a monoatomic cation of an
element selected from a group consisting of Si and Ge,
or any combination of such cations;

X represents an anion of an element selected
from a group consisting of 0O, S, Se, and Te, or any
combination of such anions, or wherein X represents an
anion of an element selected from a group consisting
of F, Cl, Br, and I, or any combination of such
anions; and

Mrrrs represents a dopant cation of an
element selected from rare earth metals of the IUPAC
periodic table of the elements, or from transition
metals of the IUPAC periodic table of the elements, or
any combination of such cations, or wherein M’’’’ 1is

absent.
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2. The material of c¢laim 1, wherein M’
represents a combination of at least two monoatomic
cations of different alkali metals selected from Group
1 of the IUPAC periodic table of the elements, and
wherein the combination comprises at most 66 mol-% of
the monoatomic cation of Na.

3. The material of any one of claims 1 - 2,
wherein M’ represents a combination of at least two
monoatomic cations of different alkali metals selected
from a group consisting of Li, Na, K, and Rb.

4. The material of any one of claims 1 - 3,
wherein M’ represents a combination of a moncatomic
cation of Na with a monoatomic cation of Li, a
monoatomic cation of K and/or a monoatomic cation of
Rb.

5. The material of any one of claims 1 - 4,
wherein M’’’’ represents a cation of an element
selected from a group consisting of Eu and Tb, or a
combination of such cations.

6. The material of any one of claims 1 - b5,
wherein M’’’’ represents a cation of an element
selected from a group consisting of Ti, VvV, Cr, Mn, Fe,
Co, Ni, Cu, and Zn, or any combination of such
cations.

7. The material of any one of claims 1 - 6,
wherein M’ represents a combination of at least two
monoatomic cations of different alkali metals selected
from a group consisting of Na, K, and Rb, and wherein
the combination 1is selected 1in order to provide a
predetermined absorption edge for the material.

8. The material of any one of claims 1 - 7,
wherein the material is configured to change color on
exposure to ultraviolet radiation, wherein the
correlation between the intensity of the color of the
material and the intensity of the ultraviolet
radiation is calculated based on the following formula
1:
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y = Al*elx/tl) 4 vO0
formula 1

wherein the parameters have the following

meanings:

y = color intensity [per cent of black]

Al = amplitude for color

x = UV index value for sunlight or UV lamp
power [%] for UVA, UVB, and/or UVC

tl = growth constant for color

y0 = initial offset for color.

9. The material of <c¢laim 1, wherein the
material 1s selected from a group consisting of
(Na,K) gAlgSi6024(C1, S) 2, (Na,Rb) gAleSis024(CL, S) 2,
(Na,K,Rb) gAleS16024 (Cl, S) 2, (Na,K)gAlegS16024(C1l,S)2:Eu,
(Na,K)gAleS16024(C1,S)2:Tb, (Li,K)gAleS16024(C1,S)2,
(Li,Rb) gAleS16024(C1,S)2, (Li,K,Rb)gAlgSie024(C1l,S),, and
(Li,Na,K,Rb)gAlsSic024(CLl,S) 2.

10. An ultraviolet radiation sensing
material, characterized 1in that the material
is a material as defined in any one of claims 1 - 9.

11. A device, characterized in that
the device comprises a material as defined in any one
of claims 1 - 9 or claim 10.

12. A device of claim 11, wherein the device
is an wultraviolet radiation sensor, an ultraviolet
radiation detector, or an ultraviolet radiation
indicator.

13. Use of the material as defined in any one
of claims 1 - 9 for indicating the presence of
ultravioclet radiation.

14. The use of claim 13, wherein the

ultraviolet radiation is wultraviolet A radiation,
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ultraviolet B radiation and/or ultraviolet C
radiation.

15. Use of the material as defined in any one
of claims 1 - 9 in a security device.

16. A method for determining the intensity of
ultraviolet radiation, wherein the method comprises:

a) providing a material as defined in any one
of claims 1 - 9 or 10;

b) subjecting the material provided 1in step
a) Lo ultraviolet radiation;

c) determining a change in the color of the
material caused by the ultraviolet radiation; and

d) comparing the color of the material with a
reference indicating the correlation of the intensity
of the ultraviolet radiation with the color of the
material.

17. The method of claim 16, wherein step <)
comprises visually determining the change in the color

of the material.
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PATENTTIVAATIMUKSET

1. Materiaali, Jjoka esitetaan seuraavalla
kaavalla (I)

(M" ) g (M""M"" ") 6024 (X,5)2:M" " 77

kaava (I)

jossa

M’ tarkoittaa vahintadidn kahden monoatomisen
kationin vhdistelm&a eri alkalimetalleista, Jjotka on
valittu IUPAC:n alkuaineiden Jjaksollisen Jjarjestelman
ryhmastd 1, Jjossa vyhdistelmad k&sittda 0 - 98 mol-%
Na:n monoatomista kationia;

M’’ tarkoittaa trivalenttista monoatomista
kationia metallista, Jjoka on wvalittu ryhmasta, Jjoka
koostuu Al:std Jja Ga:sta, tal B:n trivalenttista
monoatomista kationia, tail trivalenttista monoatomista
kationia siirtymdalkuaineesta, Jjoka on valittu
IUPAC:n alkuaineiden Jjaksollisen Jjarjestelmadn mista
tahansa ryhmista 3 - 12, tai mitd tahansa tallaisten
kationien yhdistelm&a;

M7 tarkoittaa monoatomista kationia
alkuaineesta, Jjoka on valittu ryhmasta, Jjoka koostuu
Si:sta Ja Ge:sta, tai mita tahansa tallaisten
kationien yhdistelm&a;

X tarkoittaa anionia alkuaineesta, Jjoka on
valittu ryhméasta, joka koostuu O:sta, S:stad, Se:sta ja
Te:sta, tai mita tahansa tallaisten anionien
vhdistelmaa, tai X tarkoittaa anionia alkuaineesta,
joka on valittu ryhmasta, joka koostuu F:sta, Cl:sta,
Br:stada ja I:sta, tali mitad tahansa tallaisten anionien
yvhdistelm&dd; ja

M tarkoittaa dopanttikationia
alkuaineesta, Joka on wvalittu IUPAC:n alkuaineiden

jaksollisen Jarjestelmdn harvinaisista maametalleista
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tai IUPAC:n alkuaineiden Jjaksollisen Jjarjestelman
siirtymametalleista, tai mita tahansa tallaisten
kationien vyhdistelm&a, tai M’’’’ puuttuu.

2. Patenttivaatimuksen 1 mukainen materiaali,
jossa M’ tarkoittaa va&hintaan kahden monoatomisen
kationin vhdistelm&a eri alkalimetalleista, Jjotka on
valittu IUPAC:n alkuaineiden Jjaksollisen Jjarjestelman
ryhmastd 1, ja Jjossa yhdistelmd kasittiaa korkeintaan
66 mol-% Na:n moncatomista kationia.

3. Jonkin patenttivaatimuksista 1 - 2
mukainen materiaali, Jjossa M’ tarkoittaa va&hintaéan
kahden monoatomisen kationin vhdistelm&aa eri
alkalimetalleista, Jjotka on wvalittu ryvhmasta, Jjoka
koostuu Li:stad, Na:sta, K:sta ja Rb:sta.

4. Jonkin patenttivaatimuksista 1 - 3
mukainen materiaali, jossa M’ tarkoittaa Na:n
monoatomisen kationin vyhdistelmda Li:n monoatomisen
kationin, K:n monoatomisen kationin ja/tai Rb:n
monoatomisen kationin kanssa.

5. Jonkin patenttivaatimuksista 1 - 4
mukainen materiaali, Jossa M’'’’’ tarkoittaa kationia

alkuaineesta, Jjoka on valittu ryhmasta, Jjoka koostuu

Eu:sta Ja Tb:sta, tai tallaisten kationien
yvhdistelméa.
6. Jonkin patenttivaatimuksista 1 - 5

mukainen materiaali, Jossa M’'’’’ tarkoittaa kationia
alkuaineesta, Jjoka on wvalittu ryhmastad, Jjoka koostuu
Ti:sta, V:sta, Cr:sta, Mn:sta, Fe:sta, Co:sta, Ni:sta,
Cu:sta Ja zn:sta, tai mita tahansa tallaisten
kationien yhdistelmaa.

7. Jonkin patenttivaatimuksista 1 - 6
mukainen materiaali, Jossa M’ tarkoittaa wvahintaan
kahden monoatomisen kationin vhdistelm&aa eri
alkalimetalleista, Jjotka on wvalittu ryvhmasta, Jjoka

koostuu Na:sta, K:sta ja Rb:stda, ja Jjossa vyhdistelma
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on valittu ennalta maaratyn absorptiorajan
alkaansaamiseksi materiaalille.

8. Jonkin patenttivaatimuksista 1 - 7
mukainen materiaall, Jossa materiaali on sovitettu
vaihtamaan varia, kun se altistetaan
ultraviolettisateilylle, jossa materiaalin varin
intensiteetin Ja ultraviolettisdteilyn intensiteetin
valinen korrelaatio lasketaan seuraavan kaavan 1

perusteella:

y = Al*elx/tl) 4 vO0

kaava 1

jossa parametreilla on seuraavat merkitykset:

y = varin intensiteetti [prosenttia mustasta]
Al = vadrin amplitudi
x = UV-indeksiarvo auringonvalolle tai UV-
lampun teho [%] UVA:1le, UVB:lle ja/tai UVC:1lle
tl = kasvuvakio véarille
yv0 = alku-offset varille.
9. Patenttivaatimuksen 1 mukainen materiaali,

jossa materiaali on wvalittu ryhméstd, Jjoka koostuu

seuraavista: (Na,K)gAleSig024(C1,S) o,
(Na,Rb)gAlgSig024(C1,S) 2, (Na,K,Rb) gAlsS16024(C1, S) 2,
(Na, K) gAlgSi6024 (C1, S)2:Fu, (Na, K)gAleSie024(Cl,S)2:Tb,
(Li,K)gAleSie024(C1,S) 2, (Li,Rb)sAlgSie024 (Cl, S) 2,
(Li,K,Rb)gAleS16024(C1l, S) 2, Ja
(Li,Na,K,Rb)gAlsSic024(CLl,S) 2.

10. Ultraviolettisateilya havaitseva
materiaali, tunnettu siitd, ettd materiaali on
jossakin patenttivaatimuksista 1 - 9 madritelty

materiaali.
11. Laite, tunnettu siitda, etta laite
kasittaa Jjossakin patenttivaatimuksista 1 - 9 tai

patenttivaatimuksessa 10 maaritellyn materiaalin.
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12. Patenttivaatimuksen 11 mukainen laite,
Jjossa laite on ultraviolettisateilyanturi,
ultraviolettisateilydetektori tai
ultraviolettisdateilyindikaattori.

13. Jossakin patenttivaatimuksista 1 - 9
madritellyn materiaalin kayttd ultraviolettisdteilyn
lasndolon indikoimiseksi.

14. Patenttivaatimuksen 13 mukainen kaytto,
jossa ultraviolettisateily on ultravioletti A -
sateilya, ultravioletti B -sateilya ja/tai
ultravioletti C -sateilya.

15. Jossakin patenttivaatimuksista 1 - 9

maadritellyn materiaalin kayttd turvavalineessa.

16. Menetelma ultraviolettisateilyn
intensiteetin maarittamiseksi, jossa menetelma
kasittaa:

a) Jjarjestetaan jossakin
patenttivaatimuksista 1 - 9 tai 10 maaritelty

materiaali;

b) altistetaan vaiheessa a) Jjarjestetty
materiaali ultraviolettisateilylle;

c) maaritetaan ultraviolettisateilyn
aiheuttama muutos materiaalin varissa; Ja

d) verrataan materiaalin wvaria referenssiin,
joka 1indikoi wultraviolettisadteilyn intensiteetin Jja
materiaalin varin korrelaatiota.

17. Patenttivaatimuksen 16 mukainen
menetelmd, jossa vaihe c¢) ka&sittda materiaalin véarissa

tapahtuvan muutoksen madarittamisen visuaalisesti.
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