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A B S T R A C T   

The study of hole radiation defects and intrinsic luminescence in microporous cancrinite is carried out. It is 
shown that nonradiative decay of electronic excitations at temperatures above 120 K leads to the formation of 
hole radicals (CO3)

.− . The intrinsic luminescence of cancrinite is attributed to the radiative recombination of 
electronic excitations.   

1. Introduction 

A cancrinite is an aluminosilicate belonging to the feldspathoid 
mineral family. The crystal structure of the compound (Fig. 1) is char
acterized by layers of the six-membered ring of Si- and Al-centered 
tetrahedra, which form a three-dimensional framework. The rings sur
round the cancrinite-type (CAN) cavities and structural channels. Can
crinite contains carbonate and chlorine anions in the voids of the 
channels. Sodium and calcium ions also occupy the in-channel positions 
around the carbon-centered triangles. Sodium atoms and water mole
cules are alternately located in the center of the CAN cavities. 

Materials with a cancrinite structure were proposed for the storage of 
liquid radioactive waste [1]. Cancrinite-type materials show promising 
photocatalytic properties [2,3]. They could be a perspective host for 
polymers isolated in a dielectric matrix [4], oriented fluorescent dyes 
[5], photochemistry [6–8], solar energy conversion devices [9] and 
photonic crystals [10], as well as the combined effect of adsorption 
enthalpy and entropy in the diffusion dynamics of adsorbed molecules 
[11]. The structural properties and lattice dynamics of microporous 
natural and synthetic compounds of the cancrinite group have been 
intensively studied [12]. We have found that ultraviolet (UV) irradiation 
creates carbonate radicals in cancrinite [13]. That makes it possible to 
use cancrinite in photochemical water purification systems. However, 
the mechanism of electronic defect creation under UV, vacuum ultra
violet (VUV), and X-ray excitation are not well investigated. 

Most of the studies were focused on the cancrinite materials co- 
doped with Se. These samples demonstrated a broad photo
luminescence band peaked at 1.4 eV under 2.4 eV excitation attributed 

to Se−2 centers. Photoionization of Se2−

2 ions under UV irradiation forms 
Se−2 centers in the cancrinite channels [14]. Organic molecules and 
lanthanides ions in cancrinite cages showed photoluminescence in other 
zeolite-like materials [15,16]. An intrinsic luminescence peaked at 3.6 
eV was found in other stressed microporous silicates [17,18]. 

The intrinsic luminescence and radiation defect formation mecha
nisms in microporous materials have been studied during the past 50 
years. The detailed investigation was focused on sodalite ceramics 
containing halogen ions [20–27], and sulfoaluminates [28]. 

Sodalite materials containing Cl ions in sodalite cages demonstrate 
intrinsic luminescence in 2–4.5 eV spectral region under 6 eV excitation. 
Luminescence peaked at 2.5–3.7 eV was observed in Br-sodalites [20, 
25]. Three luminescence bands with maxima at 2.8, 3.6, and 4.2 eV were 
found in I-sodalite [21]. Observed luminescence peaked at 3.6 eV is 
attributed to radiative decay of electronic excitations near Na3I defect 
cages. 4.2 eV emission band corresponds to decay of electronic excita
tions near Na4I cages. Imperfect cages (Br− and/or Na+ is absent) 
actively participate in the process of luminescence excitation and the 
creation of F centers in Br sodalities under VUV excitation [22]. Intrinsic 
luminescence is not studied in cancrinite. In the present work, we 
investigate the intrinsic luminescence and electronic defect formation 
processes in cancrinite under UV/VUV and X-ray excitations. 

2. Methodology 

The samples were extracted from the nepheline syenites at the Zhidoi 
alkaline complex (Tunka Range, Siberian Craton, Russia). Cancrinite 
occurs as aggregates of coarse prismatic grains. Samples range in color 
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from brownish pink to grayish pink and are translucent to opaque. 
Under a binocular microscope, the cancrinite grains were carefully 
handpicked and cleaned off contaminants, mainly aegirine and nephe
line. The part of samples was powdered to 0.02 mm and then was 
verified using the X-ray powder diffractometer D8 ADVANCE (Bruker). 
The analysis of the chemical composition and crystal structure of studied 
cancrinite has been performed [13]. 

The established crystal-chemical formula, calculated on the basis of 
12(Si + Al) per formula unit, for the investigated cancrinite is 
Na6⋅47Ca1⋅23K0⋅01 [Al5⋅97Si6⋅03O24](CO3)1⋅45(SO4)0⋅03Cl0.01 ⋅2H2O [13]. 
Cancrinite has a hexagonal unit cell (Fig. 1). Two mutually exclusive 
configurations of the CO3 anionic group occupy the center of the 
channels in the crystal structure of the studied cancrinite. A character
istic feature of the samples under study is the disordering of the cationic 
position into two sub-positions. In addition, in our samples, the Ow 
position (oxygen of the H2O molecule) is situated on the threefold axis, 
which is rare since Ow displacement from the ideal position at (2/3, 1/3, 
z) was observed in most of the previously published structural models. 
The revealed features of the crystal structure of studied cancrinite [13] 
are unique since they have not previously been found in such a combi
nation among the structural characteristics of cancrinite samples from 
other deposits. 

Photoluminescence spectra were recorded using an MDR-2 mono
chromator with a grating having 1200 lines per mm and a Hamamatsu 
photomodule operating in the photon counting mode. Excitation was 
carried out using a Hamamatsu L7293-50 deuterium lamp with a mag
nesium fluoride window through a VMR-2 vacuum monochromator. The 
excitation spectra were corrected using sodium salicylate. The sample 
was attached to the cryofinger using a thermal silver paste, which does 
not emit under the VUV excitation, and placed in a pumped closed-cycle 
cryostat. 

Electron spin resonance (ESR) spectra were recorded using a RE- 
1306 X-band spectrometer with a frequency of 9.257 GHz. A single 
crystal was placed in a test tube. The measurements were carried out at 
room temperature and in a quartz cryostat at 77 K. 

The crystals were irradiated using an X-ray tube with a Pd anode 
driven by 40 kV at 20 mA for 10 min at room temperature. Optical 
absorption spectra of the samples were measured on a PerkinElmer 
Lambda 950 spectrophotometer in the integrating sphere at room tem
perature [29]. 

The following procedure is used to measure a thermal bleaching 
curve. The sample was heated with step 50 K and kept at this temper
ature for 5 min. Then it was cooled down to room temperature, and the 
ESR and optical absorption spectra were measured again until the 

absorption and the ESR signal disappeared. 
The measurement of a spectrum of creation of (CO3)

.− radical was 
performed by the following procedure. The sample was irradiated for 30 
min using a Hamamatsu L7293-50 deuterium lamp with a magnesium 
fluoride window through a VMR-2 vacuum monochromator. Next, the 
ESR signal from the induced centers was measured at room temperature. 
After that, the sample was thermally bleached at 573 K and irradiated 
with the next wavelength. 

The following technique was used to measure the temperature 
dependence of the creation of radiation defects in cancrinite crystals. 
The sample was placed in a dewar with liquid nitrogen vapor and irra
diated by a low-pressure mercury lamp (λ = 198 nm) for 10 min. The 
temperature was monitored using a type-K thermocouple. After irradi
ation, the sample was placed in a cryostat at 77 K, and the ESR spectrum 
of induced radiation defects was measured. This procedure was repeated 
at temperatures ranging from 80 to 235 K. 

The absorption and ESR spectra of the sample irradiated with a low- 
pressure mercury lamp coincide with the spectra of the X-irradiated 
sample. 

3. Results 

The studied samples of cancrinite contain a small number of impurity 
centers. Therefore, impurity luminescence is not detected. However, an 
intrinsic luminescence is observed at low temperatures under excitation 
in the region of fundamental absorption. The spectrum is shown in 
Fig. 2. Two broad bands with maxima at 3.8 and 2.8 eV are observed. 
The excitation spectra monitored in both bands coincide. The excitation 
spectrum consists of a rise at 5.4 eV, a slight dip at 5.6 eV, and an 
intensive peak at 6.2 eV. The luminescence is quenched at the heating of 
the sample above 220 K. The temperature dependence of the lumines
cence intensity is shown in Fig. 3. 

The cancrinite acquires a blue color under irradiation at room tem
perature. In the absorption spectrum of the irradiated crystal, an intense 
band with a maximum at 2 eV is observed (Fig. 4). This absorption is 
attributed to (CO3)

.− radicals [13]. Also, an ESR signal attributed to this 
centers with gy = 2.014 and gx = 2.018 appears in the irradiated samples 
(Fig. 5). Fig. 2 (blue dots) shows the dependence of the number of 
created (CO3)

.− radicals on the irradiation energy. The number of the 
radicals was estimated from the integral intensity of the ESR signal. The 
figure shows that the radicals are created after irradiation with energies 
above 6 eV. 

The efficiency of radiation coloration of the sample during cooling 
decreases significantly. It is no longer staining at temperatures below 
120 K (Fig. 3). At the same time, the intensity of the intrinsic lumines
cence increases with cooling. 

The cancrinite irradiated at room temperature becomes discolored 
during heating above 500 K. The ESR signal is not registered in the 
bleached sample. The temperature dependencies of the destruction of 

Fig. 1. Crystal structure of the studied cancrinite projected along the c axis. Si- 
and Al-centered tetrahedra are blue and black, respectively. Oxygen atoms are 
drawn in red. Na and Ca atoms are cyan and light green, respectively. C atoms 
are brown and H atoms (hydrogens of H2O molecule) are drawn in grey. The 
partially white coloring of the spheres indicates a vacancy. The figure was 
prepared in the program VESTA (version 4.3.0) [19] using single-crystal data 
obtained in Ref. [13]. 

Fig. 2. Luminescence spectra (curve 1) at 6 eV excitation (curve 2), measured 
at 80 K. The blue dots show the creation efficiency of (CO3)

.− radical at 300 K. 
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the (CO3)
.− radicals in cancrinite calculated from the absorption and 

ESR spectra are shown in Fig. 6. The activation energy of this process is 
estimated using the Garlick-Gibbson kinetics of the second order for the 
thermally stimulated process [30]. The activation energy is about 0.91 
eV with a frequency factor 108 Hz. Thermally stimulated luminescence 
is not observed during the heating of cancrinite. 

4. Discussion 

In the X-irradiated samples the absorption band at 2 eV and the ESR 
signal appear. They correspond to the (CO3)

.− radicals [13]. Similar 
absorption and ESR were observed in neutron and X-irradiated calcite 
(CaCO3) [31], potassium bicarbonate (KHCO3) [32], naturally 

irradiated Maxixe beryl (Be3Al2(Si6O18)) containing CO2−

3 anions in 
channels [33]. 

The (CO3)
.− radicals are induced in cancrinite under X-ray or UV 

irradiation (Figs. 2 and 5). This fact indicates that the excitation of 
carbonate complexes (CO3)

2−

occurs. In calcite, the fundamental ab
sorption edge was observed in 6 eV spectral region. The top of the 
valence band is produced by mixing of C and O 2p and 2s states within 
the carbonate group [34]. The highest states demonstrate a significant O 
2s character with some mixing of Ca 3p states, that facilitate charge 
transfer from 4s orbital states to anionic C and O orbitals [35]. There
fore, we can conclude that transition within the carbonate group is 
located in cancrinite in the region of 6 eV, similarly to that observed in 
calcite. Upon excitation in this region, the carbonate complex ionizes 
with the formation of the (CO3)

.− radical. 
At the same time, the absorption increases in 2.8–4 eV region. The 

absorption of electronic F and F+ centers in calcium oxide lies in this 
region. F and F+ centers represent anionic oxygen vacancies, capturing 
two or one electrons [36]. On the other hand, the excitonic mechanism 
of defect creation cannot occur in simple oxides because displacement 
energies for both anion and cation species are significantly larger than 6 
eV [37]. In zeolites the displacement energies of oxygen anions and 
cations are about 40–60 eV and 20 eV, respectively [38]. Therefore, 
vacancies cannot be created under 6 eV irradiation. 

As pointed above, the CO.−
3 radicals are not formed in calcite, beryl, 

and other carbonate-containing materials under UV or VUV radiation, 
because of energy of UV/VUV photons is not enough to create electron 
capture centers, that could be acceptors for electrons from ionized CO3. 
Thus, the formation of stable CO.−

3 radicals requires the creation of 
electron traps paired with them. The carbonate radicals are created in 
NaHCO3 and Na2CO3 solutions under UV irradiation due to the reaction 
between bi/carbonate ions and HO.. Where HO. radical is also induced 
under UV radiation [39]. 

The channels of cancrinite contain (CO3)
2−

and Cl− anions, lying in 
two mutually exclusive and partially occupied positions in the center of 
the channel, and cation site, distributed into two split positions of so
dium and calcium [13]. Partially occupied positions mean that anionic 
and cationic vacancies are located in the channels. The anionic vacancy 
can trap an electron after bicarbonate anion ionization. In Ref. [22] it 
was found that the irradiation of nonstoichiometric sodalites containing 
anionic vacancies causes an efficient creation of F-centers. Therefore, 
F-like centers attributed to anionic vacancies in the channels can be 
electronic defects created due to nonradiative decay of electronic exci
tations in cancrinite. The absorption rise in the region 2.8–4 eV could be 
attributed to this type of electronic defect. However, the origin of 
electron traps in cancrinite should still be clarified. 

The intrinsic luminescence was registered for the first time in can
crinite. In Ref. [20] luminescence in the region of 2–3 eV corresponds to 
the decay of electronic excitations of aluminosilicate cage. Lumines
cence band in quartz in the 2.7 eV region is associated with self-trapped 

Fig. 3. Temperature dependence of luminescence monitored at 2.8 eV 
(squares) and efficiency of (CO3)

.− radical creation (circles) under 198 nm 
irradiation. 

Fig. 4. Absorption spectra of cancrinite before (curve 1) and after (curve 2) 
irradiation. 

Fig. 5. ESR spectrum of irradiated cancrinite.  

Fig. 6. Temperature stability of ESR (stars) and optical absorption (squares) 
bandsattributed to (CO3)

.− centers in cancrinite. 
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excitons [40]. Luminescence bands in sodalite-like materials are located 
in the 2.8–4.2 eV range. They were attributed to radiative decay of 
electronic excitations in sodalite cages [21,22]. 

The observed excitation spectrum (Fig. 2) is typical for intrinsic 
luminescence in oxides [23,40–43]. The dip in the excitation spectrum 
in the region of 5.6 eV is associated with the presence of a fundamental 
absorption peak attributed to transitions from 2p O states to mixed C and 
O 2p and 2s and Ca 3d states. Thus, we can estimate the energy of the 
bandgap of cancrinite according to the VRBE method [44–46]. The 
bandgap is about 6.1 eV. 

As shown in Fig. 3, the efficiency of (CO3)
.− radical production de

creases during cooling. At the same time, the intensity of intrinsic 
luminescence increases (Fig. 3) with cooling. This anticorrelation 
behavior is similar to observed before in alkali-halides [47], alkali-earth 
halides [48–50] and oxides [27,51]. This fact is evidence that an exci
tonic mechanism of defect creation takes place. 

The photoionization of the 2s shell of oxygen ions causes the for
mation of electron-holes e–h pairs with the participation of 2s and 2p 
oxygen shells [52,53]. As a result, electronic excitations are formed. 
Their decay provides especially favorable conditions for the creation of 
temperature-stable (CO3)

.− hole centers. They become stable up to 500 
K (Fig. 6). At higher temperatures, destruction of (CO3)

.− centers occurs 
with nonradiative recombination. The destruction of carbonate radicals 
was observed at 440 K in BaCO3 [54]. 

5. Conclusion 

The intrinsic luminescence in cancrinite crystals was found and 
studied for the first time. The luminescence observed at temperatures 
below 150 K with two maxima at 3.8 and 2.8 eV is associated with 
radiative recombination of electronic excitations near oxygen ions. Hole 
radicals (CO3)

.− are formed as a result of the nonradiative decay of 
electronic excitations at temperatures above 150 K. 
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