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ABSTRACT: Intercalation/deintercalation reactions enable introduction/removal of intercalants without destructive structure trans-
formation of host lattices. They are among the most versatile ways to design metastable phases attainable in mild synthesis conditions.
Recently, topochemical deintercalation of oxygen anions has opened up an avenue to access new compounds with unusual transition
metal oxidation states and interesting properties. So far, the scope of such anion deintercalation was mainly restricted to oxides and
their oxyhalide derivatives. But lately we presented a proof of concept study on sulfur deintercalation reaction driven by anionic
redox in La,O,S,. Here we extend this work and present the design of new members of a family of slightly colored non-centrosym-
metric metastable oxysulfides. Our work shows that the reduction with an alkali metal of sulfur dimers in Ln,0,S; (Ln = Pr, Nd)
precursors leads to the topochemical deinsertion of half sulfur atoms of each S2 pairs, producing two new metastable 04-Ln,0,S
(Ln= Pr, Nd) phases. The non-centrosymmetric compounds 04-Ln;0,S (Ln= La, Pr, Nd) evidence second and third harmonic gener-

ation effect, suggesting potential applicability of the topochemical route for design of nonlinear optical materials.

INTRODUCTION

Intercalation and deintercalation of a cationic guest (intercalant)
are soft chemical processes often at work in lamellar materials
without destroying the overall crystal structure of host lattices.
That type of reactions draws even more public attention for its
use in electrochemical devices after 2019 Nobel Prize. ' Mean-
while, (de)intercalation processes have been serving as a pow-
erful tool on conception of new solid-state materials. Intercala-
tion / deintercalation reactions usually proceed at much lower
temperature than conventional ceramic syntheses and are con-
sidered as typical soft chemistry (“Chimie douce”) method.
Since in most cases the structural transformations are not de-
structive these reactions often lead to metastable compounds.
For instance low temperature deintercalation of A" cations from
transition metal dichalcogenides AMS;, led to numerous meta-
stable MS; edifices. Metastable Cdl,-type VS, and CrSe, were
indeed obtained by deintercalation of LiVS, and KCrSe, in
presence of iodine 2 * while cubic TiS, was prepared from
CuTi,S4 using bromine as oxidizing agent.*>

More recently, the deintercalation of oxygen anions via the use
of metal hydrides have also attracted much attention due to the
capability of the process to prepare metastable compounds with
unusual transition metal oxidation states and interesting proper-
ties.® 7 Hence, the low temperature (T = 200 °C) oxygen dein-
tercalation in the perovskite nickelate using NaH as reducing
reagent,l’! led recently to the stunning discovery of the super-
conducting NdosSrooNiO> compounds with nickel in square
planar coordination 2.

Most of topochemical intercalation reactions, as those afore-
mentioned, rely on redox activity of transition metal cations.
This is due both to the well-known, intrinsic ability of transition
metals to accept different valence states. In contrast, monoa-
tomic anions with fully occupied valence levels cannot play the
role of redox center due to a too high redox potential in their
fully reduced form (e.g. O*, S*). However, anions also exist in
some materials such as chalcogenides and pnictides as molecu-
lar dimeric species, °''°that is, as discrete and covalently-
bonded structural entities that have vacant antibonding molec-
ular orbitals available for electron transfer. The redox activity
of such polyanionic species was first established in the 80’s,
when Brec et al. succeeded in the fully deintercalating of lith-
ium in the Li;FeS, ternary sulfide. '*!? This work demonstrated
the valence change of the sulfur anions thanks to the formation
of sulfur dimers (S,)* within the delithiated compound. Since
then, the redox activity of anionic dimers or oligomers was ob-
served in many polychalcogenides,'® and was found more re-
cently to play an important role in Li-rich oxides. '*!* The in-
tense researches on the redox activity of anions in-both oxides
1315 and chalcogenides '!7 has established itself as a very ac-
tive new domain called “anionic redox”. In that framework
some work is now focusing on the topochemical intercalation
of metal species based on anionic redox only. In particular, it
was shown that chalcogen dimers (Q,)* (Q = S, Se) embedded
in lamellar compounds are effective anionic redox centers to-
wards reductant metal species (M?). ¥ For example, the low
temperature reaction of metallic copper (Cu’) with La,0,S;, a
layered materials with %/.[La,O,] slab well separated by (S2)*
dimers, leads to the topochemical insertion of copper to form



La;0,Cu,S;. This process is driven by electron donation from
elemental copper to the empty molecular orbital of (S;)* di-
mers, which triggers both the cleavage of S-S bonds and the
migration of metal to construct infinite copper sulfide layers
(Figure 1).
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Figure 1. Illustration of the two different anionic redox topo chem-
ical routes enabled by the reaction of chalcogenide dimer with dif-
ferent metal species. Breaking of the chalcogen-chalcogen bonds is
followed either by intercalation of the metal species or by deinter-
calation of the part of its anions.

On the other hand, the reactivity of these (S,)* dimers can also
lead to deintercalation of sulfur anions instead of intercalation
of the metal species (Figure 1).!° In this work, we follow our
preliminary investigation of the deintercalation of sulfur in
La>0,S,, 1° to show that the whole series of isostructural homo-
logues Ln,0,S; (Ln= La, Pr, Nd) equally undergo deintercala-
tion of sulfur anions when treated with alkali metals (Na, K, Rb)
at mild temperature. This topochemical reaction is reversible
and conserves the structural features of the Ln,O, layers (vide
infra). At the end, the anionic redox reaction produces a family
of metastable compounds hereafter labeled 04-Ln,O,S (nota-
tion by Pearson symbol) that are non-centrosymmetric com-
pounds and potentially interesting as nonlinear optical materi-
als.

Experimental section
Preparation of the La:0:S: precursors.

The synthesis of pure Ln,O,S; precursors (Ln=La, Pr, Nd) was
performed in vacuum sealed tubes containing a mixture of
Ln;03, Ln and S (Ln2Os3 from Aldrich 99.9%, Ln from Alpha
Aesar 99.9% and S from Aldrich 99.99%) in stoichiometric ra-
tio and annealed at 650°C during 120 hours.

Topochemical conversion from Ln20:S: to 0A-Ln:0:S.

The topochemical synthesis of 0A-Ln,O,S (Ln=La, Pr, Nd)
metastable compounds was carried out by mixing the Ln,0,S,
precursors with one alkali metal (Li (Aldrich, 99%), Na (Al-
drich, 99%), K (Aldrich, 98%) or Rb (Aldrich, 98%)) in a 1: 2

molar ratio. The mixtures prepared under argon atmosphere
were then loaded into silica tubes that were evacuated (~10
torr) and sealed. The sealed tubes were then heated at tempera-
ture ranging from 200 °C to 350°C and held at that temperature
for 2 h to 10 h (e.g. 340°C during 10h for most samples). Fi-
nally, the sealed tubes were gradually cooled to room tempera-
ture and subsequently opened under argon atmosphere. The re-
sulting powders were successively washed with isopropanol,
ethanol and distilled water to dissolve the alkali salts formed
during the reaction and then dried in an oven at 60°C. When
using Na, K or Rb this method yielded pure 04-Ln,O,S (Ln=La,
Pr, Nd) compounds. The same method was tested for a mixture
of Lithium and La,0,S, but an incomplete reaction was ob-
served. It led to partial sulfur deintercalation of the oxysulfide
precursor and to a passivation layer on the remaining Li metal
pieces. The 04-Ln,O,S (Ln=La, Pr, Nd) powders are transpar-
ent but their color depends on the rare earth used i.e. colorless
for Ln=La, slightly greenish Ln= Pr or slightly bluish for Ln=
Nd. All products are stable under ambient atmosphere. In the
case of Ln,O,S, the same reaction performed at 200°C or 350
°C gave identical results, i.e. pure 04-La,O,S without any trace
of hP-LayO,S.

Intercalation of sulfur anions into 0A-Ln:0:S (Ln=La, Pr).

The 04-LnyOsS (ca. 200 mg) powders (Ln=La, Pr) were com-
bined with S flakes (Aldrich, 99.99+%)inal:0.50r 1: 1 molar
ratio and ground in an agate mortar under argon atmosphere.
Then the mixture was pressed into pellets and sealed in an evac-
uated (~107 torr) silica tube. The tubes were heated to 200 °C
at a rate of 100 °C h! and held at this temperature between 2 h
and 4 h before gradual cooled down to room temperature. This
method yielded pure powders of Ln,O,S, (Ln=La, Pr) when a
04-Lny0,S : S ratio 1 : 1 was used for complete intercalation
(see figure S5). Conversely when a half intercalation was tar-
geted using a 04-LnyO,S : S ratio 1 : 0.5 a new phase with for-
mulation 04-LnsO4S3 was obtained often with traces of the 04-
Ln,O,S precursor (see figure S6). In the case of 04-Ln,O-S a
sulfur intercalation was also successfully attempted at lower
temperature 7'= 150 °C but it required longer annealing time
(48 h).

Preparation of stable hP-La:>0:S compounds.

Stable hP-Ln,0,S (Ln=La, Pr, Nd) were obtained by decompo-
sition of the Ln,O,S; precursors at 900°C. Ln,O,S: precursors
we pressed into pellets and loaded into silica tubes that were
sealed under vacuum (~107 torr). The tubes were heated at
900°C using a ramp of 100°C/hours and then held at this tem-
perature for 2 hours. After cooling to room temperature a sulfur
deposition was observed at one tube end. The powders obtained
at the other tube extremities were pure hP-Ln,O,S compounds
as confirmed by XRD analysis (see Figure S7).

Alternatively, the stable hP-Ln,O,S (Ln=La, Pr, Nd) poly-
morphs were also obtained by transformation of 0A-Ln,0,S
metastable phases. For these experiments a pressed pellet of
0A-Ln,0,S were loaded into vacuum-sealed silica tubes (~1073
torr), and held for 2 hours at 400°C. After cooling at room tem-
perature, a pure powder of hP-Ln,O,S compound was obtained
as characterized by XRD (see Figure S8).



Chemical analysis

Semiquantitative chemical analyses of all 0A-Ln,O,S (Ln=La,
Pr, Nd) samples, were performed using a scanning electron mi-
croscope JEOL 5800 equipped with an energy dispersive X-ray
(EDX) microanalyzer. The chemical analysis of 0A-Ln,O,S re-
vealed the presence of the three elements Ln, O and S but due
to the low atomic number of oxygen a quantitative result was
not obtained for this element. The relative atomic percentage
ratios (Ln/S) measured for the different La, Pr, Nd derivatives
are respectively La/S= 64.4 (2)/35.6(1), Pr/S= 65.2(2)/34.8(1)
and Nd/S= 66.5(4)/33.5(2). Assuming two lanthanum and oxy-
gen in the atomic composition the EDX analysis gave the fol-
10Wing COITlpOSitiOI’lS LazozsLog“)’ Przozsl,o()“) ’Ndzozsl‘m(z) in
good agreement with the expected one 0A-Ln,0O,S.

Raman spectroscopy

Raman spectra of all samples were recorded in backscattered
geometry using a Renishaw inVia spectrometer equipped with
a 514 nm argon laser. The laser power was maintained at 0.15
mW. At least two different locations of the different powder
samples were analysed to ensure their homogeneity.

Magnetic measurements

Magnetic measurements were performed using a Quantum De-
sign MPMS SQUID magnetometer in the 300K-1.5K tempera-
ture range. Zero field-cooled (ZFC) and field-cooled (FC) sus-
ceptibility were measured on a powder sample of 04-Pr;0,S (m
= 55.6 mg) under an applied field of 1000 Gauss. Data were
corrected from the sample holder contribution. The core dia-
magnetism was calculated using tabulated Pascal increments.
and a contribution [14, of -9.4 x 105 cm*/mole was subtracted
from the measured data.

Diffuse-reflectance spectroscopy

The diffuse-reflectance spectra of all samples were recorded on
a Varian Cary 5G spectrometer equipped with a 60 mm diame-
ter integrating sphere and computer controlled using the Cary
WinUV software. Diffuse reflectivity was collected from 250
nm to 1000 nm (i.e. 1.24 eV —4.96 eV). The sample reflectance
R was calibrated using Halon powder (Varian) as the reference
of 100% reflectivity and plotted as the Kubelka-Munk function
K/ S=(1-R)/(2R). Estimation of optical band gap E, was
directly made from Kubelka-Munk function K / S without con-
verting them into Tauc plots.

SHG measurements

The SHG measurements were performed at room temperature
using an optical parametric amplifier (Spectra Physics TOPAS
Prime) excited by a titanium sapphire regenerative (Ti-Sap) am-
plifier (Spectra Physics Solstice) as the excitation light source,
with 100 fs pulse width, 1 kHz repetition rate, 1.0
mJ=(pulse-cm2) excitation density, and wavelengths of 1200
nm. Sample luminescence was monitored using a spectrometer
(Jovan-Ybon Triax550) equipped with a charge-coupled device
(Andor Technology DU420A).

RESULTS AND DISCUSSION

Ln,0,S; (Ln=La, Pr, Nd) is a series of compounds to test ani-
onic redox reactivity. These compounds are all isostructural
with Lay0,S, (La**>0%2(S2)*) and possess a layered structure
with sulfur-sulfur dimers sandwiched by Ln,O, fluorite type
layers. 2° The electronic band structure of these compounds re-
veal that the empty os.s* and filled mss* bands are laying on
both sides of the Fermi level. 2! It means that the only redox
active species in this material is the anionic sulfur dimer (S;)*
that has its highest ¢* level available to host electrons of a re-
ductant.
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Figure 2. X-Ray diffraction patterns obtained after reaction of
Lax02S2 with alkali metals A= Na, K (before washing), Rb (after
washing) at 340°C during 10h. The lower panel shows for compar-
ison the X-Ray pattern of the precursor Lax02S2 while the upper
panel shows the pattern of the known compound hP-La202S.

In this study we have first tested the reactivity of the La,0,S,
precursor toward the electropositive alkali metals i.e. A = Na,
K, Rb. Our preliminary results conducted at low temperature
(200 °C) with rubidium demonstrated the sulfur deintercalation
from the precursor. ! The same can be observed when Na or K
alkali metals were used as reducing agents. Their synthesis con-
ditions are detailed in the experimental part in SI.
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Figure 3: (a) Representation of the structure of the 0A-La20:S phase. The structure is projected along the b and ¢ directions and the coordi-
nation polyhedra of the La and S atoms are shown. (b) Comparison with the structure of the stable phase hP-La,O:S.

Figure 2 compares the X-ray diffraction patterns of the products
obtained when reacting with Na, K and Rb. These syntheses
yielded the same product with appearance of A,S alkaline salts
that drive the reaction (see the Na and K reactions). These salts
could be washed away with isopropanol (see the reaction with
Rb for instance).

The results obtained with (A = Na, K, Rb) points towards the
formation of La,0,S, which was fully confirmed by energy dis-
perse X-ray spectroscopy (EDX) experiments (see supplemen-
tary information). The formation of these products is remarka-
ble as their X-ray diffraction patterns are not comparable with
the one of thermodynamically stable polymorph /P-La,0,S
(see comparison in Figure 2) whose structure depicted in Figure
2 crystallizes in the hexagonal space group P-3m1. The reactiv-
ity of Pr,0,S; and Nd>O,S: towards alkali metals was equally
examined (See SI for the detailed synthetic protocols). In both
cases, the results are similar to the one observed with the
La,0,S; precursor. The X-Ray diffraction patterns of all Ln,0,S
compounds look quite similar (See Figure S1) with that of the
lanthanum counterpart while the EDX confirm the formation of

Pr;0,S and Nd,O,S (see analysis results in SI). In fact, these
patterns correspond to the one of the new polymorph of La,0,S
that was successfully predicted using the genetic algorithm
USPEX (see reference 19 for details). This calculation revealed
a metastable phase lying just above in energy of the stable phase
hP-La;O,S. Figure 3 shows the structure of this predicted met-
astable phase called hereafter 04-La,O,S as it possess an ortho-
rhombic space group Amm?2. The predicted structure of oA-
La,O,S was used as first model to refine the X-ray powder dif-
fraction patterns of all Ln,O,S (Ln=La, Pr, Nd) compounds.
These refinements converged rapidly and gave satisfying re-
sults as shown in Table 1 and Figure 4. The results of the re-
finements are summarized in Table 2 and Table 3. More details
are given in supplementary information (Table S1, S2 and S3).

The reactivity of the pairs was also monitored using Raman
spectroscopy. Figure S2 compares the Raman signature of all
precursors Ln,O,S, (Ln=La, Pr, Nd) with the one of the meta-
stable Ln,O,S phases. In the precursors, the stretching modes of
the S-S bonds appears as the most prominent doublet peak



around 500 cm™'. This doublet completely disappears in all met-
astable Ln,O,S (Ln=La, Pr, Nd) phases. The Raman study con-
firms therefore that the reaction of alkali metals with the
Ln,0,S; precursors ends up in the breaking of all the S-S di-
mers. It suggests that the reaction involves only the valence
change of the anions from (S;)* to S*. This hypothesis is sup-
ported by magnetic susceptibility measurements specifically
carried out on the Pr,0,S compound. Figure S3 shows that the
magnetic susceptibility of this compounds follows a Curie-
Weiss law, x = C/(T - 0) in the whole temperature range (4-

300K). The Weiss temperature 0=24.79 K is positive indicating
the presence of ferromagnetic interaction. The experimental ef-
fective magnetic moments l.sr=3.47 uB deduced from the curie
constant C= 1.5 cm® K mol™! C is in good agreement with the
effective magnetic moments calculated for Pr’* ions (pes =
3.58 uB). It excludes therefore a valence change of the praseo-
dymium cation during the sulfur deintercalation reaction.

Table 1. Cell parameters and reliability factor of 04-La20:S, 04-Pr:20:S and 04-Nd:0:S obtained from the Rietveld refine-

ment.
04-La202S 04-Pr202S 04-Nd202S
4.1489(3) A 4.0899(4) A 4.0647(5) A
b 3.9752(3) A 3.9043(4) A 3.8738(4) A
c 12.7275(9) A | 12.4665(11) A | 12.4050(15) A
x2 1.38 2.07 2.11
R(obs)(%) 1.87 1.95 3.57
Rp(%) 6.68 5.69 6.40
Rup(%) 9.07 7.54 8.61

Table 2. Atomic positions and atomic displacement parameters of 04-La20:S, 04-Pr20:S and 04-Nd:0:S obtained from the
Rietveld refinement. The occupied Wyckoff Position of the Amm2 space group are 2a (0 0 z) and 2b (2 0 z). All site

occupations were fixed to 1.

04-La;02S 04-Pr202S 04-Nd202S
Atoms Site z Uiso(A?) z Uiso(A?) z Uiso(A?)
Lnl 2a 0.6442(2) 0.0149(8) 0.6442(2) 0.0150(10) 0.6447(4) 0.0126(10)
Ln2 2b 0.3380(2) 0.0149(8) 033702) | 0.0150(10) | 0.33753) | 0.0126(10)
o1 2a 0.236(3) 0.007(8) 0.229(4) 0.006(13) 0.233(6) 0.009(17)
02 2b 0.218(3) 0.007(8) 0.212(4) 0.006(13) 0.213(6) 0.009(17)
S 2a 0.9665(10) | 0.0066(1) | 0.9674(14) 0.022(7) 0.969(2) 0.024(11)

Table 3. Main interatomic distances (Ln-0O), (Ln-S), (Ln-Ln) and (S-S) for 04-La>0:S, 04-Pr:0:S and 04-Nd:0:S.

Interatomic distance (A)

Atom 1 Atom 2 04-La>02S 04-Pr202S 04-Nd202S
Lnl (0] 2.31(3) 2.22(2) 2.23(4)
Lnl 02 2.29(2) 2212) 2.2003)
Lnl S 3.030(12) 2.945(14) 2.92(2)
Ln2 o1 2.44(3) 2.45(3) 2.41(4)
Ln2 02 2.48(3) 2.503) 2.48(5)
Ln2 S 3.299(8) 3.261(9) 3.244(14)
Lnl Ln2 3.780(2) 3.7113) 3.688(4)

S S 3.9752(5) 3.9043(7) 3.8738(9)
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Figure 4. Rietveld refinement of the X-ray powder pattern of the
0A-Ln20:S (Ln=La, Pr, Nd) phases. (a) La compound, (b) Pr com-
pound and (c) Nd compound. For each compound the insert shows
a picture of a pressed pellet of the powder.

All these measurements suggest therefore a reaction based on a
pure anionic redox mechanism that may be written:

LIIzOz(Sz)Z" +A> LnZOZSZ' + Azsz"
with Ln=La, Pr, Nd and A= Na, K, Rb.

This reaction leads to the deintercalation of half of the sulfur
atoms from Ln,0,S, and produce a new polytype of Ln;O,S, i.e.
0A4-Lny0;S (see Figure 2). All 04-Ln,0,S (Ln=La, Pr, Nd) com-
pounds crystallize in the non-centrosymmetric space group
Amm?2 and are isostructural. As expected for steric reasons, Ta-
ble 1 reveals that the cell parameters and cell volumes decrease
going form the La to the Pr and Nd variants. The structural ar-
rangement of the new 0A-Ln,0,S compounds (Figure 3) is built
upon the stacking of [Ln,O-] slabs alternating with isolated sul-
fur atoms. Both hP- and 0A-Ln;O,S polymorphs are common
in such alternate stacking while structures within the respective
[Ln,O,] slabs differ drastically. Namely, the 0A-Ln,O,S com-
pound exhibits [Ln,O,] fluorite-type (001) slabs, while the hP
derivatives exhibits [Ln,O,] fluorite-type (111) slabs. Conse-
quently, the sulfur atoms present different lanthanide polyhedra
in the two polymorphs, i.e. trigonal prism in the oA phase and
octahedron in the hP phase (see Figure 3). The Ln atoms show

also different environments. In the hP structure type, Ln atoms
occupy a single coordination site composed of four oxygen at-
oms and three sulfur atoms. In contrast, there are two different
Ln sites in the oA-structure type composed of four oxygen at-
oms and two or three sulfur atoms (see Figure 3). Clearly the
0A-La,0,S phase is directly inherited from the La,O,S, precur-
sor built up from an alternate stacking of (001) fluorite-type
[La,0,]*" infinite layers separated from each other by discrete
(S2)* sulfur dimers aligned in parallel to the layers. 2° The sulfur
deintercalation does not modify therefore the [La,O,] slab but
only involves a shift of half [La,O,] layers along the %2(b + c)
direction of the precursor as shown in Figure S4.

(a)

2.98 eV oA Nd,0,S
(2.98.eV) ,=3.84 eV
(2.96 eV) oA Pr 0 S
=3.3
(3.067 eV) oA-LaZOZS
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Figure 5 : Diffuse-reflectance spectra measured on (a) 0A-Ln202S
(b) hP-Ln20:S and (c¢) Ln202S2 (Ln = La, Pr, Nd)- The band gap
energies (Eg) of all compounds are indicated in each panel and their
pre-peak energies are put in parentheses when necessary.

This observation supports the topochemical nature of the sulfur
deintercalation reaction. To learn more about this process, we
investigated the low temperature reversibility of the reaction i.e.
the sulfur intercalation into 0A-Ln,O,S.

To this end, the powders 0A-Ln,O,S easiest to synthesize (i.e.
with Ln= La, Pr) were mixed with elemental sulfur in the 1:1
atomic ratio and heated at 200 °C. The XRD analysis of the
products (Figure S5) confirmed the back conversion to the orig-
inal Ln,O,S, materials with no detected impurities. These ex-
periments confirm the complete reversibility of the tempera-
ture-assisted sulfur intercalation/deintercalation reaction based

6



on a pure anionic redox process. Moreover partial intercalation
or deintercalation experiments undertaken with 0A-LayO,S
have shown that the reaction involves the formation of at least
one intermediate phase with composition La,0,S;s (i.e.
La404S;, Ln*"40%4(S2)*S*) (see Figure S6). The structure of
this intermediate phase Las;04S; is also inherited from the
LnyO,S; precursor (see ref 19 for structure determination). The
same behavior is also observed in the case of partial intercala-
tion experiments undertaken with 0A-Pr,O,S. The diffraction
pattern evidences new peaks in good agreement with the simu-
lated pattern of a PrsO4S; phase (SG=Amm?2; a=8.3546(13),
b=3.9773(5), c= 12.5481(13)) isostructural with LasO4S; (see
Figure S6).

Figure 4 displays in inserts the pictures of pressed pellets of 0A-
Ln,0,S powders. The La derivative is colorless while the Pr and
Nd derivatives show, respectively a slight green and blue hue
coming from the 4f transitions on the lanthanide ions. The Kul-
belka-Munk transformed diffuse-reflectance spectra of 0A- and
hP-Ln,O,S powders, as well as their Ln,O,S, precursors are dis-
played in Figure 5. The synthesis conditions for preparation of
the stable #P-Ln,0,S compounds is described in supplementary
information and their powder X-ray diffraction patterns are dis-
played in Figures S7 and S8. All Ln,O,S samples except hP-
Pr;0,S exhibit an absorption preceded by a pre-peak. Overall
absorption shift towards high energies along the Pr < Nd ~ La
sequences for the oA-series with pre-peaks and absorption
thresholds at 2.96 and 3.31 eV, 2.98 and 3.84 ¢V and 3.07 and
3.88 eV for 0A-Pr;0,S, Nd,O,S and La,0,S, respectively. In
contrast, the absorptions associated to hP-Nd>O.S (2.83 and
3.80 eV) are significantly lower in energy than the ones hP-
La202S (3.48 and 4.13 eV) while hP-Pr,O,S exhibit only a
steep onset at 3.47 eV. Sharp and low-intense absorptions are
observed in the visible range for Nd and Pr containing Ln202S
phases in relation with Laporte forbidden f-f transitions. Their
weakness account for the pale observed green and blue colors
for Pr;0,S and Nd»O,S. These bands are located at the same
energy for the oA- and hP- polymorphs and the Ln,O,S, pre-
cursors for Pr and Nd lanthanides. La0,S,, Pr,0,S, and
Ndx0,S,, display a yellow color associated to ms.s* — os.s*
transitions.

Given their (almost) colorless and non-centrosymmetric char-
acter, the 0A-Ln,O,S powders were subsequently tested for the
possible generation of light with a doubled frequency (second
harmonic generation, SHG). Figure 6 shows the non-linear op-
tical responses of 0A-Ln,0,S samples in the 350-700 nm range
for excitation at 1200 nm at room temperature. These measure-
ments evidence that all 0A-Ln,O,S compounds exhibit a SHG
activity at 600 nm, which is consistent with their non-centro-
symmetric structure. At the same time, a relatively large third
harmonic generation (THG) peak is also observed at 400 nm for
all compounds. THG is expected regardless the crystal sym-
metry but it is often studied in non-centrosymmetric ferroelec-
tric crystals in order to take an advantage of their strong nonlin-
ear light-matter interactions. 2> Accordingly, their THG signals
became much weaker than SHG. On the contrary, many typical
centrosymmetric crystals such as a-BBO, calcite, and rutile
equally exhibit THG despite of their SHG inertness. 23In partic-
ular, some centrosymmetric crystals like Cu,O are known to ex-
hibit strong THG signal with very weak signal at double fre-
quency. 24
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Figure 6 : Spectra of SHG and THG of 0A-Ln202S compounds
((a) Ln=La; (b) Ln=Pr; and (c¢) Ln=Nd) under excitation at
1200 nm.

The spectra in Figure 6 resemble rather those centrosymmetric
crystals despite the non-centrosymmetric crystal structure of
0A-Ln,0,S. This contradictory feature implies that 0A-Ln,O,S
may exhibit exceptionally strong third-order optical susceptibil-

ity X, and/or a weak polar structure resulting in small ¥ co-
efficient. To gain insights into the weak SHG response, the di-
pole moments for LaO4S; and LaO4S4 polyhedra were therefore
calculated using a simple bond-valence approach.?® The dipole
moments of these polyhedra are estimated to be 1.71 and 2.16
D (Debye: 10'® esu cm) in magnitude, respectively. This is
smaller than typical dipole moments found in other mixed anion
polar building blocks, e.g., 9.75-11.76 D for GeOS;, % and
3.03-5.70 for ZnOS;.2” Furthermore, the dipole moments of the
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La-centered polyhedra in 0A-Lny,O,S are directed antiparallel
to each other along the polar ¢ axis, leading to weakening of the
SHG response. Actually, the dipole moment induced by exter-
nal electric field also plays a significant role in the SHG re-
sponse, and thus these perturbation term should be considered
to explain the observed magnitude of SHG and THG signals. 2

Materials with large THG signals are of high interest to extend
the frequency conversion processes and generate directly co-
herent laser light in the UV region from commercially available
laser sources. 23 Indeed, there is nowadays a high demand for
medical, chemical sensing or optical communication applica-
tions. In that context, the large THG signal observed in the 0A-
Ln202S compounds will require more investigation to fully
characterize the NLO

x® coefficients of these compounds. This behavior of the 0A-

LnyO,S oxysulfide compounds recalls the recent discovery of a
large THG signals in another oxysulfide Bas(V0:S)2(S),. 3!
Moreover oxychalcogenides emerge as promising IR nonlinear
optical (NLO) materials with good balance between large SHG
coefficients and high laser damage threshold. %3334 The search
for new oxysulfides with NLO or other functional properties is
therefore very promising. The sulfur deintercalation method de-
scribed in this paper might be an interesting alternative to de-
sign such mixed anions functional materials. 3>-3¢

CONCLUSION

We have demonstrated that the topochemical deintercalation of
sulfur from the Ln,O,S, compounds (Ln = La, Pr, Nd) can be
triggered in presence of Rb, K and Na alkali metals. The reac-
tion leads to a metastable form of the Ln,O,S compounds built
on [Ln;O;] fluorite-type (001) slabs against [Ln,O,] fluorite-
type (111) slabs in the stable form. The process is reversible,
i.e. sulfur atoms can be deintercalated and reintercalated, and is
based only on the anionic redox activity of sulfurs, i.e. the (S2)*
/S redox couple. The new topochemical Ln,O,S materials are
non-centrosymmetric compounds. They evidence a SHG signa-
ture, but also a (very) strong THG signal. This opens the door
of topochemical route to design nonlinear optical, oxysulfide
materials for future applicability in optics.
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