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Chiral metal sulfates have demonstrated potential applications in various areas such as ferroelectricity and
nonlinear optics (NLO) due to their non-centrosymmetric structural features. However, the synthesis of
chiral metal sulfates remains a formidable challenge, as tuning the polarizability and anisotropy of the
highly symmetric tetrahedral sulfate group is particularly difficult. In this context, we have rationally syn-
thesized a chiral sodium lanthanum sulfate, NaLa(SO4),(H,O), through the combination of alkali and rare-
earth cations. The compound exhibits NLO response with a short absorption cutoff edge (<192 nm).
Theoretical calculations suggest that the NLO response mainly originates from the synergistic cooperation
of [LaOg] polyhedra and [SO4] tetrahedra. Furthermore, NaLa(SO4),(H,O) may potentially achieve birefrin-
gence phase matching, as predicated by high birefringence (0.13 @ 1064 nm) in theoretical calculations.
Additionally, NaLa(SO4),(H,0) shows a high proton conductivity of 3.22 X 10~% S cm™ under 85 °C and
98% relative humidity. The complementary cation strategy of this work offers a new paradigm for the con-
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Introduction

Metal sulfates have broad applications in optics, magnetism,
catalysis and proton conduction due to their diverse struc-
tures, which arise from the abundant coordination modes
between sulfate ([SO,]) tetrahedra and metal cations.’™ Chiral
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trollable synthesis of chiral metal sulfates and development of functional materials.

metal sulfates, in particular, have garnered significant atten-
tion for their potential applications in ferroelectricity and non-
linear optics (NLO) owing to their non-centrosymmetric struc-
tural features.'®® For instance, as non-r-conjugated clusters,
the aligned anionic [SO4] groups often exhibit a notable
second harmonic generation (SHG) response and a wide trans-
mittance window, making them potential candidates for deep
ultraviolet (UV) second-order NLO crystals."™® However, the
synthesis of chiral metal sulfates remains a formidable chal-
lenge, as tuning the polarizability and anisotropy of the highly
symmetric tetrahedral [SO,] group is particularly difficult.

To obtain chiral metal sulfates, the introduction of diverse
metal cations with local asymmetric units is an efficient strat-
egy to generate macroscopic asymmetry.’”>* These cations can
be classified into: (1) d'® cations with a vulnerable displace-
ment, e.g.; Zn>", Cd*;"*"'8 (2) d° electronic configuration
cations with distorted octahedral coordination, for example,
W°" and Ti**;'*2° (3) cations with stereochemically active lone
pairs, e.g.; Sn**, Pb**, and Bi*';'"'?*"?? (4) alkali/alkaline-
earth cations with no d-d electron or f-f electron transitions in
UV region;''*®*%23725 (5) rare-earth cations containing distor-
tive polyhedra with relatively large hyperpolarizability.”® It is
worth noting that rare-earth cations, especially Sc**, Y**, La*",
Gd*', and Lu*", which lack unclosed d or f electrons, may
effectively avoid unfavorable d-d or f-f electronic transitions
and have recently been employed to prepare NLO-active chiral

This journal is © the Partner Organisations 2024
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metal sulfates.>® Additionally, rare-earth cations exhibit intri-
guing topologies and coordination modes due to the accessi-
bility of higher coordination numbers. However, incorporating
two or more synergistic cations into chiral sulfates represents
a substantial challenge attributed to the difficulty in rationally
assembling local asymmetric units.

In this context, through the complementary integration of
alkali and rare-earth cations, we have rationally synthesized a
chiral sodium lanthanum sulfate, NaLa(SO,),(H,O)
(Scheme 1a). The compound exhibits SHG response with a
short absorption cutoff edge (<192 nm, Scheme 1b).
Theoretical calculations suggest that the synergistic
cooperation of [LaOg] polyhedra and [SO,] tetrahedra mainly
contributes to the SHG response and high birefringence,
potentially  achieving  birefringence phase matching.
Furthermore, NaLa(SO,4),(H,O) shows a high proton conduc-
tivity of 3.22 x 107> S em™" under 85 °C and 98% relative
humidity (Scheme 1c). Notably, since such complementary
cation strategy may be applied to other alkali/alkaline-earth
cations and rare-earth cations, this work can pave a new
avenue for the controllable synthesis of functional chiral metal
sulfates.

Results and discussion

The compound NaLa(S0,),(H,0) was synthesized through a
complementary strategy involving the combination of Na" and
La®". This approach demonstrates robustness across a wide
range of temperatures (120-200 °C), concentrations, and pH
levels (see details in the ESIT). Single-crystal X-ray diffraction
(SCXRD) analysis revealed that NaLa(SO,),(H,O) crystallizes in
the chiral trigonal space group P3,21 (No. 154) with unit cell
parameters of a = 7.060(4) A, b = 7.060(4) A, and ¢ = 12.953(8)
A. The chiral NaLa(SO,),(H,O) exhibits an overall sma-type
topology (Fig. 1a, b and S1t). The coordination numbers of
La®>" and Na* are 9 and 8, respectively (Fig. 1b). Each La atom
is coordinated to eight oxygen atoms from six [SO,] tetrahedra
(four of them contributing one oxygen atom and two of them
providing two), and one oxygen atom from a water molecule.
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Fig. 1 Crystal structure of NalLa(SO4),(H>0). (a) Simplified sma topo-
logy. (b) View of the framework along the c axis. (c) 1D triangular prism
[NaLa(SOy),l,, (right), and packing manners of [LaOg] polyhedron (left)
and [SO,] tetrahedron (middle). (d) Structure of 1D pore (nanotube, left)
and spiral water chain in the nanotube (right).

Each Na atom is similarly coordinated to eight oxygen atoms
from six [SO,4] groups. The Na atoms and La atoms are linked
by [SO,4] tetrahedra to form an infinite chiral triangular prism
1D-hain, [NaLa(SO,4),]. (Fig. 1c and S2%). In this triangular
prism, the La, Na and S atoms form a spiral chain with an
ordered arrangement of -La-S-Na-S-. Each 1D-triangular
prism is connected to three adjacent prisms by sharing Na and
La atoms, further assembling into a sma-type framework with
[SO,] units acting as 4-connected nodes (Fig. 1b). The [LaOg]
polyhedron and [SO,] tetrahedron are uniformly arranged
along the c-axis in a spiral pattern (Fig. 1c), and such spiral
arrangement is beneficial for enhancing SHG effect due to the
increased microscopic second-order susceptibility.
Interestingly, a chiral nanotube is formed by linking six 1D-
triangular prisms of [NaLa(SO,),]. (Fig. 1d). A top view along
the c-direction of this chiral nanotube resembles the “Star of
David” (Fig. 1d). A careful examination of the simplified topo-
logy (with sulfate units omitted) of {Nas;Las} hexagonal rings
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(a) Synthesis of NaLa(SO,4),(H,0) using a complementary cation strategy. (b) Comparison of birefringence with the literature.
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1D spiral water chain promoted high proton conductivity of NaLa(SO4)>(H,0).
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on the surface of this nanotube is reminiscent of the {Cs} hexa-
gons in carbon nanotubes (Fig. S31). Furthermore, in each
chiral nanotube, two chains of -La-S-Na-S- form a double
helical structure similar to DNA on the inner wall of the nano-
tube. The [LaOy] polyhedron and [SO,] tetrahedron are also
arranged in a double-helical manner around the nanowall
(Fig. S47). Surprisingly, the interior 1D pore of the framework
is filled with nanoconfined water molecules, which form a
water helix corresponding to the 3, axis through hydrogen
bonding (Fig. 1d). These water molecules are weakly co-
ordinated with La atoms on the inner wall of the nanotube
and are stacked one by one in a 120° staggered manner in the
center of the 1D pore, forming spiral nanowires as observed
from the single-crystal structure (Fig. 1d). The polar water
helices may enhance nonlinear optical susceptibilities. In
addition, the spirally aligned water molecules could contribute
to high proton conductivity by serving as a potential proton
transport channel. Detailed studies on SHG response and
proton conductivity are described in the following sections.
The compound of NaLa(SO,),(H,0) is further fully charac-
terized by various spectroscopic methods. The phase purity of
the polycrystalline sample was confirmed by the powder X-ray
diffraction (PXRD) analysis as the experimental PXRD pattern
of NaLa(SO,),(H,O) corresponds closely with the simulated
pattern based on the crystallographic data (Fig. 2a).
Thermogravimetric analyses of NaLa(SO,),(H,O) were further
performed under a nitrogen atmosphere. As shown in Fig. 2b,
the weight loss of 4.8% at the temperature range of 180-400 °C
corresponds to the release of water molecules in 1D pore
(theoretical loss of 4.7%). The infrared (IR) spectrum of the
crystalline NaLa(SO,),(H,O) revealed the existence of [NaOg],
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[LaOy] and [SO,] structural building units (Fig. 2c).
Specifically, the IR band at the range of 3638-3430 cm ™" con-
firms the presence of water molecules. The peak at 1617 cm ™"
can be assigned to the bending vibrations of coordination
water. The broad peak at 1100 cm™" can be attributed to the
stretching vibrations of [SO,] groups and their bending
vibrations appear at around 660 cm™". Moreover, the peaks at
487 cm ™" and range of 555-705 cm ™" belong to the vibrations
of the [NaOg] and [LaOg] polyhedra, respectively. The UV/
visible-near-infrared (UV/Vis-NIR) diffuse reflectance spectrum
and its transformed absorption spectrum of NaLa(SO,),(H,O)
reveal a UV absorption edge clearly below 192 nm, with the
reflectance ca. 69% at 192 nm, indicating that NaLa
(SO4),(H,0) possesses a short wavelength deep-UV absorption
edge (Fig. 2d and S6%). The bandgap of NaLa(SO,4),(H,O) is
comparable to reported deep-UV NLO alkali metal/alkaline-
earth metal-based sulfates, such as LisNazRb,(SO,),'* and
Cs,BeS,(504),.>> Notably, the compound Nala(SO,),(H,O)
exhibits excellent stability under high humidity and tempera-
ture conditions (Fig. S71), making it highly suitable for practi-
cal applications.

The second-order NLO properties of NaLa(SO,),(H,O) were
evaluated on a home-built femtosecond laser pumped single
crystal NLO measurement setup (Fig. S81).>° As shown in
Fig. 3a, power-dependent SHG response of a NaLa(SO,),(H,O)
microcrystal pumped at 860 nm confirm the second-order NLO
activity of the chiral sodium lanthanum sulfate. Moreover,
wavelength-dependent NLO spectra exhibit clear second har-
monic peaks when pumped at various wavelengths over the
near-infrared region of 780-920 nm (Fig. S91). The effective
second-order NLO coefficient (d.g) of NaLa(SO,),(H,O) is esti-
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Fig. 2 PXRD pattern (a), thermogravimetric analyses (b), IR spectrum (c) and UV/Vis-NIR spectrum (d) of NaLa(SO4),(H,O).
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(a) SHG spectra pumped at various excitation power at 860 nm. (b) Logarithmic plot of SHG intensity as function of the incident power,

range). (c) Electronic band structure of NaLa(SO4)>(H,O). (d) Calculated dis-

persion of refractive index curves of NaLa(SO4),(H,O). (e)Total and partial density of states of NaLa(SO4),(H,O).

mated to be ~0.21 pm V™! with the optimized linearly polar-
ized pump at 860 nm by using a Y-cut quartz as the reference,
suggesting a moderate SHG efficiency.’” Additionally, the SHG
intensity shows a quadratic dependence on the incident laser
power, verifying the two-photon nature of this second-order
NLO response (Fig. 3b). Notably, the SHG intensity remains
the same within 2 minutes when the laser power is maintained
as high as ~150 mW (860 nm), suggesting the high laser
damage threshold of NaLa(SO,),(H,O) (Fig. 3b and S107%).
Unfortunately, we could not obtain the laser damage threshold
of NaLa(S0,),(H,0) since the expected powder is out of the
limit of our setup. Polarization-dependent SHG intensity
demonstrates a quadrupolar profile (Fig. S11}), and the polar-
ization ratio is calculated as 0.19.

To deeply understand the origin of SHG response, elec-
tronic structures and birefringence phase-matchable perform-
ance are further investigated by the density functional theory
(DFT) methods.®® The electronic band structure calculation
suggests that the direct band gap of NaLa(SO,4),(H,O) is 5.88

This journal is © the Partner Organisations 2024

eV (Fig. 3c), which is smaller than the experimental value (>6.2
eV), since the energy bandgap is usually underestimated when
adopting the generalized gradient approximation (GGA)
method with the Perdew-Burke-Ernzerhof (PBE) function due
to the limitation of DFT calculation.?® The refractive index dis-
persion curves of NaLa(SO,),(H,O) are also lucubrated and the
birefringence is estimated as 0.13 at 1064 nm (Fig. 3d), indicat-
ing the phase-matching ability of NaLa(SO,),(H,O) in the
deep-UV NLO process. Furthermore, electron transition
between states near the Fermi level and structural distortion of
coordination polyhedra could mainly contribute to the SHG
response. As such, partial density of states projected onto
specific atoms are calculated and presented in Fig. 3e. The
highest valence band (VB) is determined by the O 2p nonbond-
ing orbitals, whereas the empty O 2p, La 6d, and S 3p states
majorly contribute to the lowest conduction band (CB). The
orbitals of blue-shift cation (Na' in our case) exhibit no
obvious contribution to the bandgap. Therefore, the orbitals of
[SO4] and [LaOo] units define the highest VB and lowest CB.

Inorg. Chem. Front., 2024, 1, 7026-7033 | 7029
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Consequently, the [LaOy] polyhedral (especially the two short
La-O bonds, La01-0004 and La01-0004," Fig. $57) and [SO,]
tetrahedra have significant contributions to the density of
states near the forbidden band and thus play a key role in
determining the second-order nonlinear optical performance.
Considering the existence of sulfate tetrahedra as proton
hopping sites and water-derived hydrogen-bonded chain, the
NaLa(S0,),(H,0) could be a good candidate of proton conduc-
tor. To assess its proton conducting performance, alternating
current impedance spectroscopy measurements using com-
pacted pellets of the crystalline powder were conducted under
70-98% relative humidity at 30 °C. The impedance spectra of
the compound are shown in Fig. 4a and their bulk and total
proton conductivities were determined from the semicircles in
the Nyquist plots. The semicircle in the high-frequency region
relates to the bulk and grain boundary resistances, and the tail
in the low-frequency region corresponds to the mobile ions,
which are blocked by the interface between electrode and elec-
trolyte.>® Such results reveal that the bulk proton conductivity
of NaLa(S0,4),(H,0) increases rapidly with the increase of
humidity and reaches 5.77 x 107® S em™" at 30 °C and 98%
relative humidity. To verify the humidity dependent proton
conducting property of NaLa(SO,),(H,0), water vapor absorp-
tion and desorption isotherms were measured at 298 K. As
shown in Fig. 4b, the water vapor adsorption of NaLa
(SO4)»(H,0) increases with the increasing humidity, which is
consistent with the change of proton conductivity, suggesting

View Article Online
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that the compound is humidity dependent proton conductor.
Besides, under high humidity, the highest water vapor uptake
of NaLa(S0,),(H,0) can reach 151.3 mg g~ ', suggesting that
the compound is highly hydrophilic, probably due to the exist-
ence of abundant sulfate groups that can easily form strong
hydrogen bonds with adsorbed water molecules. The proton
conductivity of NaLa(SO,4),(H,O) was further investigated at
30-85 °C under a constant relative humidity of 98%. As
depicted in Fig. 4c, with the temperature increase from 30 to
85 °C, the bulk conductivity of NaLa(SO,),(H,O) increase
obviously from 5.77 x 107° to 3.22 x 107® S cm™", showing
typical temperature dependent proton conductivity. To gain
insight into their proton transfer mechanism, the activation
energy (E,) of NaLa(SO,),(H,O) at 98% relative humidity and
30-85 °C was calculated according to the Arrhenius equation
(Fig. 4d). The result reveals that NaLa(SO,),(H,0) shows an E,
of 0.96 eV, suggesting that the dominated proton conduction
mechanism for this compound is vehicle mechanism (accom-
plishes proton transport by diffusive routes, generally with E, >
0.4 eV).*® Therefore, we conclude that the high photon con-
ducting performance of NaLa(SO,),(H,O) can be attributed to
the multiple sulfate groups in the structure that can not only
act as proton hopping sites but also easily form extensive
hydrogen-bonded chains with adsorbed water molecules for
promoting proton transport.**** In addition, 1D spiral chain
of water molecules formed through hydrogen bonding facili-
tates proton conduction. It is worth noting that the high
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Fig. 4 (a) Nyquist plots of NaLa(SO4)>(H,O) at 30 °C and various humidity variations from 70% to 98%. (b) Water vapor adsorption and desorption
isotherms of NaLa(SO4),(H,O) at 298 K. (c) Nyquist plots of NaLa(SO,),(H,O) at 98% relative humidity and various temperature variations from 30 to
85 °C. (d) Arrhenius plot of NaLa(SO4),(H,O) under 98% relative humidity and different temperature variations from 30 to 85 °C.
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proton conductivity of NaLa(SO,),(H,O) is among the highest
values reported for sulfate-based compounds.*!™*?

Conclusions

In summary, we have successfully synthesized a chiral sodium
lanthanum sulfate, namely NaLa(SO,4),(H,O), through the
complementary integration of alkali and rare-earth cations.
The compound exhibits SHG response with a short absorption
cutoff edge (<192 nm), and a high birefringence
(0.13@1064 nm, estimated by theoretical calculations), indicat-
ing that NaLa(SO,),(H,0) could become a potential deep-UV
transparent NLO material. Detailed theoretical calculations
suggest that the NLO performance mainly originates from the
synergistic cooperation of [LaOy] polyhedra and [SO,] tetrahe-
dra. Notably, NaLa(SO,),(H,O) shows a high proton conduc-
tivity of 3.22 x 107> S em™" under 85 °C and 98% relative
humidity. Our study provides a new paradigm for the control-
lable synthesis of chiral metal sulfates and the development of
functional materials, enabling a deeper understanding of the
structure-property relationship. Importantly, the complemen-
tary cation strategy described in this work can be further
applied to other alkali/alkaline-earth cations and rare-earth
cations. Work along this line is currently ongoing in our
laboratory.
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