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From (NH4)3[Zr(PO4)2F] to (NH4)3[S“2(PO4)2]C'.: the
rational design of a tin-based short-wave ultra-
violet phosphate with large optical anisotropyf
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Exploration of ultraviolet phosphates with large optical anisotropy is of great significance to the develop-
ment of ultraviolet lasers. Nevertheless, featuring a highly-symmetric structural unit of the PO4 group,

ultraviolet phosphates are usually characterized by small optical anisotropies in spite of the discovery of
numerous phosphates, highlighting the great challenge in the design and synthesis of benign ultraviolet
phosphates. Herein, a new ultraviolet phosphate of (NH4)s[Sn,(PO4),]Cl was rationally obtained by a sub-

stitution-oriented design strategy. With the cosubstitution of Zr** and out-of-plane F~ of [Zr(PO4),FI3~
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Introduction

Benefiting from their prominent physicochemical properties
and diverse structures, non-t-conjugated phosphates and sul-
phates have been stellar materials in ion exchange,"?
catalysis,* nonlinear optics,”” etc. In particular, with the
intrinsic solar-blind nature of P-X (where X = O, F and Cl)
bonds and their comprehensive advantages over physico-
chemical stabilities, phosphates are desirable ultraviolet crys-
tals with exceptional performance for optical transparency and
laser damage threshold, which has enabled the extensive
application of KTiPO;®™ and KH,PO, (KDP)"™** crystals in
the near ultraviolet and visible light region. In contast, in
terms of the valuable short-wave ultraviolet (SUV, A < 280 nm)
region, there are still few mature nonlinear optical (NLO) phos-
phates, which can be ascribed to the tremendous difficulty of
the coexistence of a moderate optical dispersion ability (An >
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layers of (NH4)3[Zr(PO4),F], (NH,)3[Sno(POL),ICL featuring new layers of [Sn,(PO4),)2~ and out-of-plane
Cl™ was successfully isolated, indicating the feasibility of substitution for the design of (NH4)s[Zr(PO4),F]-
type phosphates. In particular, (NH4)3[Sn>(PO,4),]Cl exhibits a wide band gap of 4.7 eV and a large birefrin-
gence of 0.065 @ 1064 nm, which is favorable to practical applications.

0.04 @ 1064 nm) and a wide band gap (E; > 4.4 eV) in one
specific phosphate. For instance, the remarkable crystal of
LiHgPO, '* was characterized by a large birefringence of 0.068
@ 1064 nm together with a small band gap of 4.03 eV, while
the notably deep-UV (4 < 200 nm) transparent crystal of
BasPs0, *° was predicted to have a weak optical dispersion
ability. Hence, the exploration of ultraviolet phosphates with
large optical anisotropy is of great significance.

Hitherto, several strategies have been applied to the
enhancement of optical dispersion abilities of phosphates.
Generally, they can be classified into two categories, namely
the introduction of birefringence-active (BA) units like anionic
groups with large structural anisotropies aroused by stereo-
active lone pair (SALP) electrons or z-conjugated configur-
ations, as well as the utilization of low dimensional anionic
frames like one-dimensional chains and two-dimensional
layers. According to Pauling’s 4th rule, most m-conjugated
anionic groups and phosphate groups should be inherently
repulsive to each other for their small coordination numbers
and high valence central cations, detrimental to the molecular
design. In contrast, despite their outstanding performance
over optical anisotropy and competitive structural affinity to
phosphate groups, SALP-type anionic groups are usually
excluded from SUV phosphates for their fatal impact on
optical transparence. Surprisingly, recent investigations of
SALP-type materials have revealed that antimony- and tin-
based SALP-type anionic groups are supportive of the coexis-
tence of a large birefringence and wide band gap,'®™® while
the rarity of antimony- and tin-based phosphates, let alone
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those with one dimensional chains and two dimensional
layers, has made the feasibility of antimony- and tin-based
SUV phosphates much yet indistinct.

Moreover, to date, the most efficient way to design in-
organic crystals with specific structures is through substitution
using appropriate prototypes and substitutes, with the selec-
tion of the prototype playing a vital role in determining the
outcome. By searching the Inorganic Crystal Structure
Database, the famous zirconium phosphate (NH,);[Zr
(PO4),F]*° (abbreviated as AZPOF) has caught our attention
due to its merits. These include two-dimensional layers of [Zr
(PO,),FJ3,~ with advantages in terms of structural anisotropy,
weak interlayer hydrogen bonding resulting in high structural
flexibility to accommodate layer variations, and the utilization
of highly electronegative F~ ions to expand the band gap. Most
importantly, Zr** was proved to be substitutable by Sb** and
Sn**, which has enabled the achievement of a series of
NaTi,(PO,);-type>* antimony- and tin-based phosphates.
Hence, AZPOF-type antimony- and tin-based phosphates
should have high feasibility for synthesis, as well as high
capacity for optical anisotropy and SUV transparency.

Prompted by these actualities, we focused on the explora-
tion of AZPOF-type antimony- and tin-based phosphates
through substitution. Fortunately, (NH,);[Sn,(PO,),]Cl (abbre-
viated as ASPOC), the first AZPOF-type tin-based phosphate,
was obtained. ASPOC not only features AZPOF-type
[Sn,(PO,),J%~ layers, but also exhibits SUV transparency and a
large birefringence of 0.065 @ 1064 nm. Herein, we introduce
the synthesis, structure and properties of ASPOC.

Experimental
Synthesis and crystal growth

Single crystals of ASPOC were grown using a mild hydro-
thermal method. The growth was carried out by mixing
C3N;3(NH,);, (NH,)H,PO, and SnCl,-2H,0 in a molar ratio of
approximately (2-4):(4-6):(1-2), along with HCl acid
(Caution: the addition of HCI should be done in a fume cup-
board due to its volatility and corrosiveness) and H,O solvent.
The corresponding ingredients were then poured into 25 mL
Teflon-lined autoclaves, which were securely sealed in high-
pressure reaction vessels. The autoclaves were heated slowly to
170 °C in an oven and maintained at this temperature for
approximately three days. Afterward, the mixtures were slowly
cooled to room temperature within one day, leading to the pre-
cipitation of ASPOC. Block-shaped crystals were selected for
single crystal X-ray diffraction (XRD) measurement, while poly-
crystalline samples were also chosen for property characteriz-
ation. The purity of polycrystalline samples of ASPOC was eval-
uated using powder XRD measurement (Fig. S17).

X-ray diffraction measurements

An ASPOC crystal measuring 0.12 X 0.12 x 0.07 mm® was
selected for single crystal X-ray diffraction data collection. The
data were collected using an Agilent Technologies Super Nova
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Dual Wavelength CCD diffractometer equipped with graphite-
monochromatic Mo Ka radiation (4 = 0.71073 A) at 297.34(11)
K. The crystal structure was solved using the intrinsic phasing
method with ShelXT?>* and refined using full matrix least
squares techniques with ShelXL.>® Based on the unusual temp-
erature factors observed for fully-occupied ‘Cl1’, the presence
of a prominent residual peak near ‘Cl1’, and the significantly
large R; index, it is highly probable that the splitting of ‘Cl1’
was required. To substantiate this hypothesis, the split posi-
tion of ‘Cl2’ was primarily determined based on the aforemen-
tioned residual peak, and the occupancy was obtained through
a free refinement using ShelXL. The considerably decreased R,
index and the well-normalized temperature factors of both
‘Cl1’ and ‘Cl2’ further validated the correctness of this arrange-
ment. The accuracy of the structure was verified using the
ADDSYM algorithm in the PLATON** program. PXRD patterns
of ASPOC polycrystalline samples were collected by a TongDa
TD-3500 diffractometer using Cu Ka radiation (a = 1.5406 A) at
room temperature with an angular range of 26 = 10-70°, a scan

step width of 0.02° and a scan rate of 1.6° min™".

Optical measurements

The reflection spectrum of ASPOC was performed with a UV
2600 UV-vis spectrophotometer in the range of 200-800 nm,
while the reflectance of BaSO, plate was used as the referential
standard.

Thermal analysis

Differential thermal analysis (DTA) was carried out on a
NETZSCH STA 2500 analyzer under flowing nitrogen gas. The
sample was enclosed in an Al,O; crucible and heated from

room temperature to 500 °C at a rate of 15 K min™".

Computational details

The electronic and optical properties of ASPOC were investi-
gated using density functional theory (DFT) with a plane-wave
pseudopotential method. The Perdew-Burke-Ernzerhof (PBE)
functional in the generalized gradient approximation (GGA)
was chosen as the exchange-correlation functional. A cutoff
energy of 750 eV was employed to determine the number of
plane-wave basis sets. Monkhorst-Pack k-point sampling was 2
x 3 x 3 for numerical integration over the Brillouin zone. In
the optical property calculations, more than 400 empty bands
were considered, and a scissors operator value of 0.754 eV was
incorporated into the analysis of the refractive indices. A
similar setup was used for the theoretical calculation of
AZPOF, with some variations. The cutoff energy was increased
to 850 eV, and the Monkhorst-Pack k-point sampling was
adjusted to 2 x 4 x 3.

Results and discussion

Crystal structures

As listed in Table 1, ASPOC crystalizes in the orthorhombic
Pbcn space group. The asymmetric unit of ASPOC is consti-
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Table 1 Crystallographic data and structure refinement for ASPOC

Empirical formula (NH,4)5[Sn,(PO,),]CL
Space group Phcn

al/A 9.6614(15)

bIA 9.9609(16)

c/A 13.465(3)

VA 4

i /mm71 4.335

F(000) 976.0

Radiation Mo Ka

20 range for data collection/°
Index ranges

5.874 to 59.414
~13<h<9,-13<k<13,

-10<1<17
Reflections collected 4098
Independent reflections 1590 [Rin¢ = 0.0434, Rgigma = 0.0558]
Data/restraints/parameters 1590/0/85

Goodness-of-fit on F* 1.083

Final R indices [I > 26()] R, = 0.0376, WR, = 0.0932
Final R indices [all data] R, =0.0628, WR, = 0.1074
Largest diff. peak/hole/e A~ 0.96/—0.91

Ry = T|Fo| = |Fe| [/ ZIFol, WRy = {Zw[(Fo)” — (F) T/ Zwl(Fo) 1.

tuted by two chlorine atoms, two nitrogen atoms, one tin
atom, one phosphorus atom, four oxygen atoms and eight
hydrogen atoms. To be specific, tin cations are all three-co-
ordinated to oxygen atoms of ‘O1’, ‘O2’ and ‘O3’ with bond
lengths ranging from 2.093(5) A to 2.121(5) A, while phos-
phorus atoms are all coordinated to four crystallographically-
independent oxygen atoms with bond lengths in the range of
1.497-1.539 A. Such structural parameters for PO, and SnO;
units are close to those in crystals like Sn,P,0,”° and A
[Sn4(PO,);] (A = Na, K, NH,).”® Subsequently, each pair of PO,
and SnO; units formed eight-membered Sn,0,(PO,), loops
through the alternating sharing of ‘O1’ and ‘O3’ atoms
between the adjacent PO, and SnO; units, while each
Sn,0,(PO,), loop was corner-shared with four Sn,0,(PO,),
loops through ‘02’ atoms in fabricating the open frame work
of [Sny(PO,),]% "~ layers. Consequently, a new type of sixteen-
membered Sn,04(PO,), loop with an open area of 5.628 A x
8.321 A was generated, while the center of the Sn,04(PO,),
loop was occupied by one NH, ion, with a central anion of
‘N1’. With respect to the inter-layer region of ASPOC, NH, ions
with a central anion of ‘N2’ and chlorine ions of ‘Cl1’ and ‘Cl2’
are dispersed as counter ions.

As illustrated in Fig. 1, AZPOF and ASPOC have many simi-
larities in terms of structure. To be specific, both of them are
characterized by layered structures with inter-layer connections
consisting of weak ionic bonds and hydrogen bonds, while the
layers in both crystals share similar topologic patterns, includ-
ing eight-membered and sixteen-membered loops. Hence,
ASPOC can be classified as an AZPOF-type crystal. To the best
of our knowledge, this is the first time that a new AZPOF-type
crystal has been achieved with the uneven substitution of Zr**
with SALP-type Sn”*, highlighting the feasibility of uneven sub-
stitution strategy in the exploration of AZPOF-type crystals. On
the other hand, the structure of ASPOC reveals certain differ-
ences as compared with that of AZPOF due to the uneven sub-
stitution. Firstly, with the uneven substitution of Zr*" with

This journal is © the Partner Organisations 2024

View Article Online

Research Article

() (b) A A A A A
o r4 o o ~4‘4 o
‘ CVTNT YTV Y
:ALAL ALAL A
0 P "‘- P ""- Ps
o £ | VIV IVIV IV
K 2 ° 0 ° J ° -o ° ° °
(el pidipetigidiy e

Y Y | TVWENTNT VTV
L o e

4 PG

g e

4 RTEECTYT
pofleodofo ool

Fig. 1 Comprehensive structural characteristics of AZPOF (a) and
ASPOC (b) as well as the layer characteristics of AZPOF (c) and ASPOC
(d). (Two disordered partial Cl™ anions with total occupancy of 0.198 are
depicted with translucency for better clarity in (b).)

SALP-type Sn**, ASPOC exhibits only corner-sharing between
adjacent eight-membered loops, in contrast to the presence of
both edge- and corner-sharing between adjacent eight-mem-
bered loops in AZPOF. Secondly, ASPOC is characterized by a
quasi-coplanar arrangement of PO, units and an ambilateral
alignment of Sn>* with reference to their anionic layer planes.
This contrasts with the ambilateral arrangement of PO, units
and quasi-coplanar alignment of Zr*" in AZPOF. Last but not
least, in contradistinction to the involvement of halogen
elements, specifically F~, in the formation of [Zr(PO,),FJ3,~
anionic layers in AZPOF, ASPOC excludes halogen elements
from the anionic layers of [Sn,(PO,),]% "

Thermal analysis

As illustrated in Fig. 2, the DTA curve reveals a palpable
endothermic peak at 208.9 °C in the heating process, implying
the thermal decomposition of ASPOC. Impressively, no other
peaks were detected throughout the entire measurement,
suggesting the stability of ASPOC over a wide temperature
range. This finding highlights that ASPOC exhibits a higher
decomposition temperature compared to other ammonium-
included phosphates such as NH,[BPO,F],>” (NH,);Fe
(PO;F),F,***° and NH,Fe,(PO,),.*° Hence, the moderate
decomposition temperature of ASPOC should contribute to the
practical applications of ASPOC.

Optical properties

By referring to the UV-vis diffuse reflection spectrum shown in
Fig. 3, ASPOC exhibited remarkable optical transparency
within the wavelength range of 350-800 nm by presenting
comparable reflection rates to those of the referential BaSO,
powder. To determine the actual band gap of ASPOC, the
Kubelka-Munk plot was employed, as demonstrated in the
inner chart of Fig. 3. By analyzing the simulated plot in Fig. 3,
the band gap of ASPOC was estimated to be approximately 4.7

Inorg. Chem. Front., 2024, M,1775-1780 | 1777
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Fig. 2 Measured DTA curve of ASPOC.
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Fig. 3 UV-vis diffuse reflection spectrum (outer chart) and the fitted
Kubelka—Munk plot (inner chart) of ASPOC.

eV. This value aligns well with the colorless appearance of the
as-grown crystals of ASPOC, further confirming its high trans-
parency across the visible region. On the other hand, despite
experiencing a sharp decrease in light transmission in the UV
region, ASPOC still exhibits a distinct short cut-off edge at
around 237 nm. The wide transparency window exhibited by
ASPOC surpasses those of most stannites, such as Sn,Mn
(PO,),,%" (NH,),Ag1,5n,Se,, ** and PbSn(P0O,)Cl,** and is com-
parable to the transparency ranges observed in
Naz;CaZn,B;04,>* Ba,(BO3);_(CO;),Cly,,** and BaZnBO,F *°
materials. This characteristic is particularly advantageous for
ASPOC in SUV applications, where materials with a broad
transparency window are sought after.

Theoretical calculations

To understand the origin of the optical transparency of
ASPOC, theoretical calculations were performed using a plane-
wave pseudopotential DFT method to analyze its band struc-
ture and density of states (DOS) map. As depicted in Fig. 4(a),
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Fig. 4 Calculated band structure (a) and density of states map (b) of
ASPOC.

ASPOC was predicted to be an indirect band gap crystal, with a
calculated value of approximately 3.946 eV, slightly underesti-
mated compared to the experimental value obtained. This
deviation may be attributed to the discontinuity of the general-
ized gradient approximation/Perdew-Burke-Ernzerhof (PBE)
exchange-correlation potentials.’” In addition, as shown in
Fig. 4(b), the occupied states at the top of the valence band pri-
marily originate from Sn 5s orbitals, accompanied by a min-
ority density of states contributed by Sn 5p, O 2p, and CI 3p
orbitals. Conversely, the states at the bottom of the conduction
band are predominantly derived from Sn 5p orbitals. Hence,
the band gap of ASPOC is mainly determined by the inherent
restrictions imposed by Sn 5s and 5p orbitals, as well as the
influence of Sn-O and Sn-Cl bonds.

As an AZPOF-type crystal, the optical dispersion properties
of ASPOC are of great interest to us, as they play a crucial role
in determining the practical application potential of SUV crys-
tals. In this study, we calculated the refractive index and bire-
fringence of ASPOC, as depicted in Fig. 5. To compensate for
the underestimated band gap resulting from the PBE method,
a scissors operator of 0.754 eV was introduced. From the calcu-
lations, we determined the birefringence of ASPOC to be
approximately 0.065 at 1064 nm. For comparison, the birefrin-
gence of AZPOF was calculated to be around 0.029 at the same
wavelength. Remarkably, the birefringence of ASPOC is found

This journal is © the Partner Organisations 2024
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Fig. 5 Calculated refractive index and birefringence of ASPOC.

to be higher than that of practical UV borate crystals such as
LiB;Os (0.04 at 1064 nm),*®**° NaSr;Be;(BO;);F, ***" and
BaAl,B,0; (0.05 at 1064 nm).*> This observation suggests that
ASPOC holds promising potential for practical applications in
the field of UV optics.

Conclusions

In summary, a new ultraviolet phosphate compound,
(NH,)3[Sn,(P0O,),]Cl, was successfully obtained using a substi-
tution-oriented design strategy. This involved the cosubstitu-
tion of Zr*" and out-of-plane F~ in the [Zr(PO,),F]3,” layers of
(NH,)3[Zr(PO,),F] with two Sn®" and Cl~, resulting in the for-
mation of (NH,);[Sn,(PO,),]Cl with new layers of [Sny(PO,4),]%~
and out-of-plane CI™. This achievement highlights the possi-
bility of substitution as a viable approach to (NH,);[Zr(PO,),F]-
type phosphates. In particular, (NH,);[Sn,(PO,),]Cl exhibits a
wide band gap of 4.7 eV and a large birefringence of 0.065 @
1064 nm, being favorable to practical applications. Given the
rarity of (NH,)3[Zr(PO,),F]-type crystals and the availability of
abundant alternative substitutes such as Sb*", Bi**, and Pb*"
ions, as well as Br™, (I03)” and I” anions, there is great poten-
tial for the development of (NH,)3[Zr(PO,),F]-type crystals with
advanced properties. Current research endeavors are dedicated
to exploring these possibilities.
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