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A B S T R A C T   

We apply polarization-orientation Raman spectroscopy, as an alternative to X-ray diffraction, to LTA single 
crystals containing S3

− in sodalite cages additionally to S8 rings in large cavities. The sample was obtained via 
sulfur vapor adsorption at ~550 ◦C (LTA-S-550). We show that S3

− is located in the (110) plane with its 2-fold axis 
along the LTA 4-fold axis. The anion position suggests strong interaction of its terminal atoms with Na+ localized 
in LTA 6-membered rings. The anions display optical absorption band at ~590 nm (2.1 eV) and resonant Raman 
enhancement. We observe a record-high S3

− bond-bending mode frequency ~274 cm− 1 due to a strong bond- 
angle contraction. This leads to the Fermi resonance of its overtone with the symmetric bond-stretching mode 
in the frequency range of 544–552 cm− 1. An anomalous Raman downshift of the S3

− bond-stretching modes with 
a decrease of temperature is observed and attributed to partial compressive stress relaxation. Luminescence band 
at ~845 nm is observed suggesting considering LTA-S-550 as an interesting light-emitting material. We discuss a 
role of S3

− in the high dielectric constant up to ~160 and a possible contribution of the anion to the ion-exchange 
selectivity to Sr2+/Cs+ enhancements of LTA with sulfur.   

1. Introduction 

S3
− anion radical was observed in the famous pigment ultramarine 

(sulfur-doped zeolite sodalite (SOD)) [1–7], borosilicate glasses [8,9], 
liquid solutions of sulfur or its compounds [10–14] and alkali halides 
[15]. Moreover, it was shown that S3

− is a dominant form of sulfur in 
aqueous solutions at elevated temperatures and pressures [16] proving 
that it is an important component of geological fluids and, therefore, one 
of the basic molecules of the Earth and Universe. In sense of applica
tions, anionic sulfur species play a crucial role in alkali-metal–sulfur 
batteries [14,17]. 

Optical absorption and Raman spectra (OAS and RS) of S3
− in 

different environments were intensively studied from 1960s up to now. 
The S3

− absorption band at ~600 nm was found to be responsible for the 
blue (or green in combination with S2

− ) color of ultramarine [1–6,13,18]. 
Resonant RS, associated with this band, was demonstrated [2,3,13]. 
Electron paramagnetic resonance (EPR) was also widely used for S3

−

characterization [5,19]. Via sulfur vapor adsorption, S3
− was obtained in 

the zeolite LTA with SOD cages and characterized using OAS, RS and 
EPR [20]. Later S3

− in LTA was fabricated and examined in a few other 
works [3,21–24]. Importantly, LTA with sulfur (LTA-S) displays a high 
dielectric constant up to ~160 with a peculiar temperature dependence 
[25] and enhanced ion-exchange selectivity to radio-active Cs+ and Sr2+

[26–28]. 
Theoretically, S3

− was considered in Refs. [29–33]. The calculations 
suggested the bond length r = 0.199–0.204 nm and the bond angle α =
114.7◦-116.3◦ for free-standing S3

− with the C2V point group geometry 
(Fig. 1). Its three normal vibration modes (Fig. 1) are Raman active. The 
symmetric bond-stretching mode (A1 symmetry) with a frequency ν1 =

533-555 cm− 1, the bond-bending mode (A1) with a frequency ν2 =

232-269 cm− 1 and anti-symmetric bond-stretching mode (B2) with a 
frequency ν3 = 569-590 cm− 1 were experimentally observed in many 
works [2,3,6,7,10–13,15,20–22]. Depending on theoretical approach, 
calculated frequencies vary in wide intervals, namely ν1 = 504-557 
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cm− 1, ν2 = 217-234 cm− 1 and ν3 = 531-599 cm− 1 [30,31,33]. 
Previous optical studies of SOD-cage-confined S3

− were done mostly 
on polycrystalline or powder samples with no attention to the light 
polarization. In contrast, here, we apply the method of polarization- 
orientation RS [34–36], an important alternative to the X-ray diffrac
tion, for characterization of S3

− confined in the SOD cages of LTA single 
crystals. This method can be easily applied for characterization of spe
cies confined in anisotropic zeolites like MOR, AFI, CAN and CHA 
[37–42] while it is always a challenge in case of cubic zeolites like LTA. 
Using this method, we determine orientation of the anions in LTA along 
with the S3

− vibration mode Raman tensor calculations. We observe a 
record-high ν2 ~ 274 cm− 1 indicating the LTA-confined anion 
compression. The ν2 high frequency leads to the Fermi-resonance of the 
2ν2 over-tone with the ν1 mode. Interestingly, despite similarity of the 
polarization properties of ν1 and ν2 modes, polarization-orientation 
behavior of two Fermi-resonance bands appeared to be different. 
Additionally, anomalous S3

− stretching mode frequency vs. temperature 
dependence is found and rather strong S3

− luminescence is observed in 
the infrared (IR) spectral region. We discuss a role of S3

− in the high 
dielectric constant up to ~160 and a possible contribution of the anion 
to the ion-exchange selectivity to Sr2+/Cs+ enhancements of LTA with 
sulfur. 

2. Experimental and theoretical methods 

Synthetic LTA zeolites (Na12Al12Si12O48) were used in this work. 
Crystal growth procedure is described in Ref. [43]. LTA has nearly 
spherical-shape large cavities with diameter of ~1.14 nm which are 
connected through narrow windows of ~0.42 nm diameter (Fig. 2). 
Each large cavity is accompanied by a small cavity, sodalite cage, with 
the diameter of ~0.63 nm. The zeolite structures are accessible at the 
International Zeolite Association website http://www.iza-structure. 
org/IZA-SC/ftc_table.php. The sizes of the cubic LTA crystals were 

~20 μm along the edge of the cube. 
Dehydration of zeolites in vacuum was performed in Pyrex ampoules 

for the sample LTA-S-300 at the temperature t ~300 ◦C and for the 
sample LTA-S-550 at t ~550 ◦C. The design of the ampoules made it 
possible to add sulfur powder to the zeolite after dehydration without 
exposing the dehydrated samples to air. The subsequent adsorption of 
the sulfur vapor was carried out at the same temperatures during a few 
days until the color of the sample was saturated: yellowish for LTA-S- 
300 and green for LTA-S-550. These two temperatures ~300 ◦C and 
~550 ◦C, in accordance with previously obtained data, were chosen for 
the formation of solely S8 rings in the LTA large cavities similar to Refs. 
[34,44] and for the maximal possible loading of LTA with sulfur via 
adsorption [20], respectively. 

RS of the LTA-S-300 and LTA-S-550 single crystals were studied 
using Renishaw micro-Raman spectrometer with ~1 μm focused laser 
probe size. The 514.5 nm line of the Ar + laser and 633 nm line of the 
He–Ne laser were used for the RS excitation. Photoluminescence spectra 
were recorded using the same spectrometer. UV–visible OAS were 
studied using Carl Zeiss micro-optical spectrometer, the light probe size 
being ~5 μm. The samples were intentionally broken to minimize their 
optical density in the ultra-violet (UV) spectral range and placed into 
glycerol between two cover glasses to avoid surface light scattering. 

The S3
− Raman frequencies and intensities were calculated using the 

density functional theory (DFT). The DFT calculations were performed 
with the Turbomole 7.6 software package [45] using gradient PBE [46] 
and hybrid PBE0 [47] exchange-correlation functionals and def2-TZVP 
basis sets [48]. The cluster model, consisting of the whole SOD cage 
([S3Na8T12O6(OH)24]5-), was cut from the periodic ultramarine model 
from Ref. [31], and the dangling bonds were saturated with H atoms. In 
order to get reasonable vibrational frequencies, cluster geometry was 
optimized. The positions of terminal H atoms were fixed during opti
mization, and their masses were set to large values (999 a. u.) to mini
mize the values of imaginary frequencies arising from constrained 
optimization (the frequencies were found to be below 10 cm− 1). 

3. Optical absorption and Raman spectra of S3
¡ confined in LTA 

single crystal 

OAS of LTA-S-300 and LTA-S-550 single crystals are shown in Fig. 3 
(a). Both samples display S8 ring absorption band with a maximum at 
~280–285 nm. Additionally, the S3

− band at ~590 nm (~2.1 eV) is 
observed in the LTA-S-550 spectrum. This absorption band was attrib
uted to the 2B1 → 2A2 electron transition [29], which is allowed to the 
light polarization parallel to the Y-axis of the S3

− molecule (Fig. 1). 
Fig. 3(b–f) show RS of LTA-S-300(b) and LTA-S-550(b-f) single 

crystals at the temperatures of ~300 K and ~77 K with the excitation 
wavelengths λ = 514.5 nm and 632.8 nm. Polarization configurations 

Fig. 1. Normal vibration modes of S3
− . The mode symmetries are indicated on 

the left; the intervals of the experimentally observed frequencies are shown in 
the middle and the Raman activity tensors are displayed on the right. 

Fig. 2. Framework of LTA with S3
− anions in the sodalite cages (a); S8 double ring cluster in the LTA large cavity (b); schematic view of the LTA-S crystal rotated in 

the laboratory co-ordinate XY-plane (c). 
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XX and XY were used, the first/second index standing for the polari
zation of the incident/scattered light in the laboratory X and Y axes 
(Fig. 2(c)). The angle φ is the rotation angle of the LTA crystal in the XY 
plane (Fig. 2(c)). 

RS of LTA-S-300 (Fig. 3(b), black curve) with the excitation wave
length λ = 514.5 nm displays only S8 ring bands like in Ref. [34], where 
detailed RS polarization/orientation study showed that the rings are 
oriented by their 4-fold axis along the LTA 4-fold axis (Fig. 2 (b)) in 
agreement with the LTA-S single crystal X-ray diffraction study [43]. RS 
of LTA-S-550 (Fig. 3(b), green curve) displays same S8 bands and an 
additional S3

− band at ~551 cm− 1, other conditions being equal. With 
the excitation wavelength λ = 632.8 nm (Fig. 3(b), red curve), the S3

−

band at ~551 cm− 1 is enhanced compared to the S8 bands. Additionally, 
two other S3

− characteristic bands at ~274 cm− 1 (ν2) and ~581 cm− 1 (ν3) 
become clearly recognized. Similar resonance Raman enhancement of 
the S3

− bands due to the 2B1 → 2A2 electron transition was observed 
earlier in Refs. [2,3,13]. A number of the S3

− overtones due to the 
resonance RS at the 632.8 nm excitation are shown in Fig. 3(c). 
Importantly, the record-high ν2 frequency of ~274 cm− 1 is a clear 
indication of a strong anion compression in the SOD cavity. Appearance 
of S3

− in LTA at the elevated sulfur adsorption temperature is associated 
with an increase in the S2 and S3 molecule concentration in the sulfur 
vapor on one hand and with the enlargement of the SOD cage vibration 
amplitude on the other hand, which is similar to the appearance of 
SOD-cage-confined Se2

− in LTA [36]. 
Although it looks like the ~551 cm− 1 band should be assigned to the 

ν1 mode, it is, actually, a doublet ν+ due to the Fermi resonance of the ν1 
mode with the 2ν2 overtone. Its doublet structure is clearly seen at the 
temperature T ~77 K and λ = 514.5 nm in the range of ν+ and 2ν+ modes 
(Fig. 3(d and e)). 

A few important findings can be observed in the low-temperature RS, 
namely: a strong enhancement of the S3

− bands compared to the S8 bands 
at λ = 632.8 nm and an anomalous downshift of the anti-symmetric 
bond-stretching mode ν3 from ~581 cm− 1 to ~578 cm− 1 in contrast 
to the regular slight upshifts of the S8 bands (Fig. 3(d), red curve). The 
effects can be explained by a zeolite-induced tensile strain of the anion at 

low temperatures. However, since the molecule is compressed in the 
SOD cage, we can attribute the effect to a partial compressive stress 
relaxation of the anion with a decrease in temperature, as was suggested 
in Ref. [36] in case of LTA-confined Se2

− . Anyway, it is clear that the 
anion bond lengths appeared to be enlarged when the temperature was 
decreased, which is anomalous. Interestingly, the bond angle seems to 
remain unchanged with cooling since the bond-bending mode frequency 
is the same ν2 ~274 cm− 1 with ~0.5 cm− 1 accuracy at both T ~300 K 
and ~77 K. Raman enhancement of S3

− bands at T ~77 K is associated 
with a red shift of the ~590 nm absorption band due to the anion bond 
length enlargement, which is improving the resonance Raman condition 
for the λ = 632.8 nm excitation similar to the improvement of the 
resonance condition of the Se2

− band and the 514.5 nm excitation 
wavelength at T ~77 K [36]. 

4. Fermi resonance, luminescence, polarization-orientation 
Raman spectra dependencies of S3

¡ and understanding high 
dielectric constant of LTA-S 

Using polarization-orientation RS method [34–36], one can find that 
the behavior of two components of the ~551 cm− 1 band is different 
(Fig. 3(e)). Indeed, the low-frequency component nearly completely 
vanishes at the polarization configuration XY(φ = 0◦) while the 
high-frequency one remains relatively strong at this configuration and 
minimizes at XY(φ = 45◦). Polarization/orientation dependence of the 
bond-bending mode ν2 at ~274 cm− 1 (Fig. 3(f)) is similar to that of the 
doublet high-frequency component. Fig. 4(a–d) show Lorentz fitting of 
the Fermi-resonance doublet. Theoretically polarization-orientation 
dependence of the band intensities is considered in the following 
paragraph. 

The Raman scattering efficiency of a vibration mode of crystal for the 
incident and scattered photons with polarizations in the directions of 
unit vectors eI and eS, respectively, is given by a general expression [49]:  

RIS = K(ΣeI
σAσρ eS

ρ)2                                                                         (1) 

Fig. 3. OAS of LTA-S-300 and LTA-S-550 single crystals (a); RS of the same samples for the polarization configuration XX(φ = 0◦) (b); resonant RS of LTA-S-550 up to 
~2000 cm− 1 at λ = 632.8 nm (c); low-temperature (T ~ 77 K) RS of LTA-S-550 for XX(φ = 0◦) (d), for different configurations at λ = 514.5 nm (e) and λ = 632.8 
nm (f). 
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where K is a constant of proportionality, Aσρ is the Raman tensor cor
responding to the studied vibration, and eI

σ and eS
ρ are components of the 

unit vectors along the principal axes of a crystal. Formula (1) is obvi
ously valid for the Raman efficiency of vibrations of species incorpo
rated into zeolite crystals as well as for the Raman efficiency of 
vibrations of crystals. However, for the zeolite-confined species, eI

σ and 
eS

ρ are components of the unit vectors along the principal axes of the 
species instead of the principal axes of crystals. 

Let us consider S3
− located in the (110) plane of LTA with the mole

cule Y-axis oriented along the [110] direction of the crystal and the Z- 
axis oriented along the [100] direction of the crystal. Raman tensors of 
both symmetric stretching and bending A1 modes have non-zero diag
onal components a, b and c (Fig. 1). Judging from the atomic displace
ments only in the Y Z plane, we neglect a. We focus on the cases: 1) b2 ≫ 
c2 and 2) c2 ≫ b2. According to formula (1), we obtain for the first case:  

RXX = b2(cos4(φ -45◦) + sin4(φ -45◦)+(cos4φ +sin4φ)/2)                      (2)  

RXY = b2(2cos2(φ -45◦)sin2(φ -45◦) + cos2φ sin2φ)                              (3) 

and for the second case:  

RXX = 2c2(cos4φ +sin4φ)                                                                 (4)  

RXY = 4c2cos2φ sin2φ                                                                      (5) 

For b2 ≫ c2, RXX/RXY displays máxima/minima at φ = 45◦, 135◦, 
225◦ and 315◦ while minima/maxima at 0◦, 90◦, 180◦ and 270◦. It is vice 
versa for c2 ≫ b2. Fig. 4(e) shows experimental (symbols) and theoretical 
(curves) angle dependences of the intensities of the low-frequency 
(black) and high-frequency (red) components of the S3

− Fermi- 
resonance. The low-frequency component intensity is perfectly 
described by equations (4) and (5) for XX and XY polarization config
urations, respectively (black curves), which corresponds to c2 ≫ b2. The 
high-frequency component intensity angular dependence is described by 
equation (3) for XX-configuration and (4) for XY-configuration, which 
corresponds to b2 ≫ c2. The angular dependence of the Raman intensity 

of the high-frequency component of the Fermi resonance coincides with 
that of the 274 cm− 1 bending mode (Fig. 4(f)). 

Theoretically, Raman tensor components a1, b1, c1 and a2, b2, c2 of 
the ν1 and ν2 modes, respectively (Fig. 1), can be calculated using time- 
dependent density functional theory [50], which is included to the 
Turbomole package [45]. For a free standing S3

− and off-resonance 
excitation, we obtained a1 ~ 2.06, b1 ~ 63.2, c1 ~ 14.1 and a2 ~ 
0.56, b2 ~ 21.9, c2 ~ − 8.1. In accordance with our assumption, a 
components appeared to be small compared to b and c ones, while b1

2 ~ 
20c1

2 and b2
2 ~ 7.3c2

2. For the resonance excitation, close to the electron 
transition 2B1 → 2A2, the domination of b over c components becomes 
even stronger due to the B2 symmetry of the transition allowed for the 
electric field of light E//Y. (To be correct, Raman intensity values, ob
tained for the resonance excitation cannot be considered as enough 
accurate.) Thus, this theoretical consideration suggests that the condi
tion b2 ≫ c2 works for both ν1 and ν2 modes. 

At the first glance, the validity of the condition b2 ≫ c2 for both ν1 
and ν2 modes seems contradicting to our experimental observation 
suggesting different polarization/orientation behavior for the bending 
and Fermi-resonance high-frequency ν+ modes with b2 ≫ c2 on one hand 
and the low-frequency ν- mode of the Fermi resonance with c2 ≫ b2 on 
the other hand. However, actually, there is no contradiction since the 
Fermi-resonance modes are mixed. Theoretical consideration is valid for 
the non-mixed bending mode. For the mixed modes, we have to apply 
our theoretical single ν1 mode result to the total Raman intensity of the 
Fermi-resonance doublet, which is mainly determined by its high- 
frequency ν+ component at the resonant 632.8 nm excitation (Fig. 3 
(f)). This component polarization/orientation behavior is similar to that 
of the bending mode Fig. 4(e and f)) and corresponds to b2 ≫ c2 and 
orientation of the S3

− molecule by its Y and Z axes along the [110] and 
[100] LTA directions, respectively. Lorentz curve fitting of the Fermi 
doublet at the 632.8 nm excitation is shown in Fig. 5(a) and the band 
Lorentz amplitudes compared to that of the ~480 cm− 1 band of S8, 
which are proportional to the areas under curves, vs. wavelength are 

Fig. 4. Fitting of LTA-S-550 RS (λ = 514.5 nm) in the S3
− bond-stretching mode region as a summation of two Lorentzians in the form (2A/π)(Γ/(4(ν− ν0)2 

+ Γ2)) 
with the peak frequencyν0, amplitude A and half-width Γ for XX(φ = 0◦) (a), XX(φ = 45◦) (b), XY(φ = 0◦) (c) and XY(φ = 45◦) (d); angular dependencies of the low- 
frequency (black squares) and high-frequency (red squares) peak amplitudes for XX and XY configurations with theoretical curves shown in corresponding colours 
(e); angular dependence of the 274 cm− 1 peak amplitude (red squares) with red theoretical curve (f). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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shown in Fig. 5(b). Apparently, the ν+ band is enhanced compared the ν- 
band at the 632.8 nm resonant excitation. 

It would be important to determine a real value of ν1 of S3
− in LTA. As 

was shown nearly 100 years ago [51,52], the Fermi-resonance compo
nent frequencies can be expressed by the equation, which is slightly 
modified for our particular case:  

ν± = (ν1+2ν2)/2 ± [4W2 + (ν1 – 2ν2)2]1/2/2                                         (6) 

where ν1 and ν2 are unperturbed frequencies while W is perturbation 
energy in cm− 1 given by the anharmonic terms in the interatomic po
tential. The unperturbed 2ν2 ~ 2 x 274 = 548 cm− 1 with ν+ ~551.6 
cm− 1 and ν- ~544 cm− 1 at T ~77 K. The ν+ value is rather accurately 
determined using the Lorentz curve fitting (Fig. 4(a–d)). The ν- value is 
less accurate. Lorentz fitting results suggest the low-frequency compo
nent peak in the range 543.9–546.8 cm− 1. The value of ~544 cm− 1 

seems to be most precise since the Lorentz bands centered at ~544.3 
cm− 1 (Fig. 4(a)) and 543.9 cm− 1 (Fig. 4(d)) are relatively strong and 
their positions are rather accurately determined. Similar Lorentz fitting 
of LTA-S-550 room-temperature RS reveals ~545 cm− 1 value for ν-, 
which correlates with the anomalous temperature-induced shift of ν3. At 
the same time, ν+ ~551.6 cm− 1 appeared to be nearly independent off 
the temperature like ν2 ~ 274 cm− 1 suggesting that, in the sense of the 
frequency, ν+ mainly originates from 2ν2 while ν- from ν1 with the 
Raman activity of both ν+ and ν- originating from that of ν1. Briefly, 2ν2 
mode borrowed its high Raman activity from the ν1 mode, which is 
rather common for Fermi-resonances [52]. 

We can roughly estimate ν1, νav = (ν1+2ν2)/2 ~ (ν++ν-)/2 and W. 
Indeed, νav ~547.8 cm− 1 for T ~77 K with ν1 ~ 547.6 cm− 1 and W ~3.6 
cm− 1. Of course, these values cannot be precisely determined since the 
frequency measurement accuracy is ~0.5 cm− 1. Nevertheless, we can 
conclude that the ν1, and 2ν2 frequencies nearly coincide with each 
other and the perturbation energy is in the range of 3–4 cm− 1. For future 
references, we postulate ν1 ~ 547.5 cm− 1 at T ~77 K and ν1 ~ 548.5 
cm− 1 at T ~300 K. 

Interestingly the ratio W/νav ~0.5% for S3
− looks very low compared 

to those of the very famous Fermi-resonance molecules CO2 and CS2, 
which can be easily calculated from the data of Ref. [53]. The ratios are 
~3.7% for CO2 and ~6.5% for CS2 in the gas state at T~300 K and not 
much depending on T, namely, they are ~3.5% and ~4% for solid CO2 
and CS2, respectively, at T~100 K. This is an indication of a very low 
anharmonicity of the S3

− vibrations compared to those of CO2 and CS2. 
Table 1 shows experimental and theoretical S3

− Raman frequencies 
and absorption band wavelengths. As we mentioned, ν2 = 274 cm− 1 is 
the record-high S3

− bond-bending mode frequency observed in any 
environment, which is indicating the strongest S3

− bond angle contrac
tion in the SOD cage of LTA. From Table 1 data, it is clear that both ν1 
and ν2 of SOD-cage-confined S3

− are significantly higher than those of S3
−

in liquid solutions. A large deviation in the ν1 (~5%) and ν2 (~15%) 
values is a result of such a compression, bond angle being a softer 

parameter than the bond length. The absorption wavelength of the 
compressed SOD-cage-confined S3

− is shorter than that of S3
− in liquid 

solutions. 
Our theoretical calculations confirm the S3

− compression in the SOD 
cage. DFT calculations at the PBE level give higher frequencies for S3

−

inserted into the cage (S3Na8T12O6(OH)24 cluster with T = Si or Al) than 
those of free-standing S3

− . More detailed calculations considering S3
−

environment were performed in Ref. [33]. It was shown that the bond 
length r ~0.2012 nm and bond angle α ~116.33◦ of free-standing S3

−

were ~1% and ~5%, respectively, decreased in clusters. 
As we mentioned in previous sections, the S3

− compression in SOD 
cages is similar to that found for Se2

− [36]. The compression of the 
SOD-confined Se2

− was clearly demonstrated via comparison with the 
cancrinite-channel-confined Se2

− , which is not compressed in the chan
nel direction [40]. Interestingly, the compression of Se2

− in SOD cages of 
LTA was found to be weaker than that in SOD cages of SOD. Here, we 
observe an opposite in sense of the angle contraction. Se2

− luminescence 
band wavelength was found to be dependent on the anion compression 
with the stronger compression corresponding to the shorter lumines
cence wavelength. We could not find any data on S3

− luminescence in 
literature but we observe rather bright luminescence band of LTA-S-550 
with a maximum at ~845 nm here and assign it to S3

− (Fig. 5(c)). Its 
strong intensity can be associated with the anion compression. 

Finally, we should note that the high dielectric constant ε ~160 of 
LTA-S, attributed to the temperature-activated dipoles [25], is most 
probably associated with a high concentration of S3

− anions. Indeed, 
LTA-S-550 density measurement using single crystal flotation in Clerici 
solutions [54] gave the value of the sulfur loading density ~ 20 ± 2 
atoms per a simplified LTA unit cell (large cavity + sodalite cage), which 
corresponds well to 16 atoms in the large cavity plus 3 atoms in the 
sodalite cage. Neutral non-polar S8 rings are unable producing any ε 
enhancement of LTA. Contrary, S3

− has both charge and dipole moment 
which are able to make the ε enhancement. 

Our LTA-S-550 RS suggest a very little change in S8 properties with 

Fig. 5. Fitting of the ν± bands at λ = 632.8 nm (a); ratios of the Lorentz amplitudes of the ν± bands to that of the 480 cm− 1 band of S8 (b); luminescence spectrum of 
LTA-S-550 (c). 

Table 1 
S3
− Raman frequencies and absorption band wavelengths.   

ν1 

(cm− 1) 
ν2 

(cm− 1) 
ν3 

(cm− 1) 
λ (nm) references 

LTA-S-550 
T–300K 

548.5 274 581 590 this work 

S3
− in SOD 
cages 

545–555 258–269 580–590 590- 
610 

[1–4,6,7,13,15, 
20–22] 

S3
− in liquid 
solutions 

533–535 232–235 571 610- 
620 

[3,10–13] 

free S3
− theory 

PBE0 
553.1 233.4 597.6  this work 

free S3
− theory 

PBE 
513.1 218.5 547.9  this work 

S3
− -in-cage PBE 536.2 254.6 562.7  this work  

V.V. Poborchii et al.                                                                                                                                                                                                                            



Materials Chemistry and Physics 316 (2024) 129103

6

temperature, namely, just usual slight expansion/contraction, which is 
consistent with a weak van der Waals interaction between the rings and 
LTA. In contrast, the (110) plane location of S3

− in sodalite cages, 
observed here, can be associated with a strong interaction of its terminal 
atoms with Na+ cations in the LTA 6-membered rings. The interaction is 
rather strong, at low temperatures. Our RS and published earlier EPR 
data [20,24] confirm that. Anomalous expansion of the S3

− bond-lengths 
with a decrease in temperature observed here is a clear indication of the 
strong anion-cation interaction. This corresponds to relatively low ε ~10 
for T < 200 K [25]. However, S3

− mobility increases with the tempera
ture, which enlarges S–Na atomic distances and decreases S3

−

bond-lengths. Importantly, the increase in the S3
− mobility enhances 

polarizability of the system organized by the positively charged LTA and 
negatively charged S3

− anions. S3
− dipole moment can also contribute to 

this. The maximal LTA-S ε ~160 was observed at T ~374 K. 
The fact that the (110) plane location of S3

− in the sodalite cage is 
associated with a strong interaction of its terminal atoms with Na+

cations in the LTA 6-membered rings can explain a strong influence of 
the sulfur doping on the LTA cation exchange to radioactive Sr2+ and 
Cs+ [26,27]. 

5. Conclusions 

We applied polarization-orientation RS to trisulfur radical anions S3
−

formed in SOD cages of zeolite LTA single crystals. This method is shown 
to be a fruitful alternative to XRD since it does not require large zeolite 
crystals or high occupancy factors. We showed that the anions are 
located in the (110) plane of LTA and oriented by their two-fold axes 
along the LTA four-fold axes. The record-high bond-bending mode fre
quency ν2 ~274 cm− 1 of S3

− suggests a strong bond angle contraction in 
SOD cages of LTA. A Fermi resonance of the 2ν2 overtone with the ν1 
symmetric bond-stretching mode is clearly displayed in the 544-552 
cm− 1 frequency range. Despite similarity of the polarization properties 
of ν1 and ν2 modes, the polarization-orientation behavior of two Fermi- 
resonance bands ν+ and ν- appeared to be different suggesting that their 
Raman tensor components are significantly different. This difference can 
be associated with a contribution of electron transitions with wave
lengths shorter than 590 nm, which could become noticeable due to the 
anion compression and, possibly, symmetry reduction. Additionally, an 
anomalous S3

− stretching mode frequency vs. temperature dependence is 
found and rather strong S3

− luminescence is observed in the near IR 
spectral region with a maximum at ~845 nm. And importantly, we can 
now explain the unusually high ε ~160 of LTA-S due to the under
standing of the role of S3

− anions, their location, orientation and inter
action with Na+ cations. 
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