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Eight new compounds, namely K;MgSc,(BsO1p)s, K7Srg345C2.44(BsO10)s.  Kelin.94BaY202(BsO10)3,
KeNaBaY2(BsO10)s, Rbs3Nasz7Y2(BsO10)s, RbeNaysY25(BsO10)s KeNaigaY218(BsOi0)s and KsMgo geZno12Y>
(BsO10)3, were successfully synthesized with the aid of the flexibility of isolated anion groups. All the com-
pounds crystallize in the non-centrosymmetric (NCS) space group R32. Their structures feature a zero-
dimensional configuration composed of isolated [BsO;0] groups, which are connected by an [MOg|-based
octahedron, forming a three-dimensional framework with tunnels filled by the other cations. The com-
pounds show an appropriate second harmonic generation (SHG) response, comparable to that of com-
mercial KH,PO,4 (KDP), and a short ultraviolet (UV) cut-off edge (<190 nm), achieving optimal balance
between the two critical parameters for nonlinear optical (NLO) applications in the UV region.
Additionally, for a deeper investigation of the structural flexibility, a comparison was carried out in
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A;MRE,(BsO10)3 (A = alkali metal, M = divalent element, and RE = rare earth metal) structures. The fasci-
nating results indicate that the single point link between the M cation-centered octahedron and isolated
[BsO10] groups increases the structural flexibility and adjustability to accommodate varied cations, provid-
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Introduction

Ultraviolet (UV) nonlinear optical (NLO) materials, which can
halve the wavelength of light (or double the frequency)
through second-harmonic generation (SHG), have significant
applications in material micromachining, laser medical treat-
ment, and photolithography.’™® In the past several decades,
numerous NLO materials, including borates, phosphates, car-
bonates, and nitrates, have been explored for promising UV
and deep-ultraviolet (DUV) applications.”> Among these,
borates have emerged as preferred candidates due to their dis-
tinctive structures composed of n-conjugated [BO;] and [BO,]
units, which confer performance advantages, such as a short
UV cut-off edge, large SHG response and/or suitable
birefringence.’*® Notable examples include f-BaB,O,
(B-BBO),"® LiB;Os (LBO),"”” CsLiB¢O;, (CLBO),'"® and
KBe,BO;F, (KBBF),' all of which display wide transparency
windows extending into the DUV region and a large SHG
coefficient (comparable to or larger than that of KH,PO, (KDP,
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ing the foundations for the design of novel compositions.

d3s ~ 0.39 pm V™1)). KBBF is regarded as the sole material that
is amenable to the direct generation of coherent light below
200 nm.*° However, its layering tendency in single-crystal
growth and the toxicity of beryllium oxide severely limit its
potential applications.”’ Consequently, the effective design
and synthesis of novel UV/DUV NLO materials have emerged
as essential goals in research.

In crystal engineering, an efficient approach for discovering
novel UV NLO materials involves using classical structures as
templates or modifying them.”*>° For example, based on the
structural framework of KBBF, several borates, including
NH,B,O4F,*° CsZn,B;0,,>' and BaAIBO;F,,* have been devel-
oped. Among them, NH,B,O¢F shows excellent NLO properties
including a large SHG response (3x KDP), adequate birefrin-
gence (0.117@1064 nm), and a DUV cut-off edge (156 nm).
Moreover, through combining diverse host and guest functional
units within the gaudefroyite family, many new compounds
with honeycomb frameworks of different types of chains, such
as Ba,Sry(BO;)sFs,>® BazLa,04(BO5);X (X = F, Cl, and Br), and
SrsLa(BO;).X (X = Cl, Br),** were reported. Based on the above
analysis, it is not hard to notice that the selection of a suitable
framework is conducive to designing new NLO materials.

Recent attention has turned to the A;MRE,(B5014); family
(A = alkali metal, M = divalent element, and RE = rare earth

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/dalton
http://orcid.org/0000-0002-5607-0628
http://orcid.org/0000-0003-0975-1700
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt01944c&domain=pdf&date_stamp=2025-11-06
https://doi.org/10.1039/d5dt01944c
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054044

Published on 21 October 2025. Downloaded on 1/21/2026 2:03:54 AM.

Dalton Transactions

metal).>® The structural adaptability of these compounds—
achieved by substituting cations with different electronic con-
figurations at the A, M, and RE sites—enables the design of
non-centrosymmetric (NCS) structures while preserving the
stable [B5O,,] framework. This suggests that elemental substi-
tution within this family could be a promising strategy for
developing NLO materials. The element selection critically
influences optical performance. Preference is given to alkali,
alkaline earth or rare-earth cations lacking d-d and f-f elec-
tronic transitions for applications in the short-wavelength UV
region, as they help extend transparency into the UV/DUV
range.>*® Additionally, distorted polyhedra formed by rare-
earth cations coordinated with oxygen atoms exhibit high
hyperpolarizability, enhancing the SHG effect in NCS
compounds.’>*® By incorporating these features, materials in
this series achieve a balance between short UV cut-off edges
and large SHG responses.*

Inspired by this approach, we incorporated a range of alkali,
alkaline earth, and rare-earth cations into A;MRE,(BsO);, and
eight new NCS compounds, K;MgSc,(B501¢)s, K7Sr0345Cs.44
(BsO10)3,  Kelio.04BaY202(BsO10)s, KeNaBaYy(BsOig)s, K/Mgo.ss
7Zn.12Y2(B5010)3, RbeNay 5Y5.5(Bs010)3, KeNayg2Y2.15(BsO10)3, and
Rb; 3Na; ;Y,(BsO40)s, were successfully synthesized. Notably, as
anticipated, the rigid [MOg] octahedra form a triangular frame-
work that immobilizes the flexible [BsO,,] anionic groups, while
the remaining cations fill the framework channels. Consequently,
the structural configuration remains largely unaffected by the
filling cations, ensuring the stability of the NCS configuration.
These findings provide valuable insights for the design of NCS
materials. The property measurements reveal promising optical
characteristics, including a short UV cut-off edge (<190 nm) and
an appropriate SHG response (0.96-1.33x KDP). Herein, we will
present their crystal structures, functional properties, and theore-
tical calculations.

Results and discussion

Crystallographic analysis indicates that all eight compounds
crystallize in the trigonal space group R32 (No. 155). The com-
pounds are isomorphic, and as such, K;MgSc,(B501¢)s,
K;Mgo.88ZN0.12Y2(B5010)3, and  RbgNa; 5Y;5(Bs010);  were
chosen as representatives for detailed characterization. Solid-
state reaction methods were employed to prepare polycrystal-
line samples of K;MgScy(B5010)3, K;Mgo.88Z10.15Y2(B5010)3,
and RbgNa; 5Y, 5(B5010)3, and their phase purity was checked
by powder X-ray diffraction (PXRD) analysis (Fig. S1). TG-DSC
was utilized to assess the thermal stabilities of
K;MgSc,(BsO10)3, K;Mgo.55ZNg.12Y2(B5010)3, and RbgNay 5Ys 5
(B5010)3. The heating DSC curves display endothermic peaks at
884, 867, and 845 °C for K;MgSc,(BsO040)3, K;Mgg gsZNg 12
Y,(B5010)3, and RbgNa, 5Y, 5(BsO10)3, respectively, while no
reduction in weight is observed in the corresponding TG
curves over the temperature range (Fig. S2), which indicates
excellent thermal stability of the compounds. Furthermore,
the PXRD  patterns of melted  K,;MgSc,(B5010)s,
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K;Mgo.55ZN0.12Y2(B5010)3, and RbgNay 5Y,.5(BsO10); vary from
the calculated ones (Fig. S3), which shows their incongruent
melting.

K;MgSc,(Bs040); is selected as a representative to elucidate
the structural characteristics in detail. In the asymmetric unit
of K;MgSc,(B50;,)3, there are three crystallographically unique
K atoms, one Mg atom, one Sc atom, three B atoms, and five O
atoms. As shown in Fig. 1, the B atoms exhibit two distinct
coordination geometries, namely, [BO;] coplanar triangles and
[BO,] tetrahedra, four [BO;] triangles and one [BO,] tetrahedron
further connected by sharing a vertex O atom to form isolated
[B5O10] groups (Fig. 1a). The Sc atoms are coordinated by six O
atoms to form [ScOg], and the discrete [ScO¢] octahedra are
further connected to the isolated [Bs;O;0] groups by sharing
oxygen atoms to form a complex three-dimensional (3D) frame-
work structure (Fig. 1b). The low-valence K* and Mg”* cations
are located in the cavities to maintain charge balance (Fig. 1d).

In the B-O anionic units, the B-O distances range from
1.323(9) to 1.407(9) A for [BOs] triangles and from 1.461(9) to
1.464(9) A for tetrahedral [BO,]. The Mg-O distances are equal
to 2.113(4) A, while the Sc-O and K-O distances are in the
ranges of 2.056(5)-2.195(5) A and 2.636(5)-3.163(6) A, respect-
ively. Clearly, all these bond distances are consistent with
those in other related compounds.*' Furthermore, according
to the Brown formula, the bond valence sum (BVS) analysis
results in values of 1.08-1.39 for K*, 1.94 for Mg**, 2.76 for
Sc**, 3.00-3.05 for B**, and 1.8-2.23 for O~ (Table S2). Each of
these aligns with the expected oxidation states.*>

Currently, there are 45 known compounds in the
A;MRE,(B;50;4); family including the compounds obtained in
this work.*>"®® Interestingly, the compounds in the family,
except RbeLiCaY,(Bs01,); (space group €222,),* all crystallize
in the R32 space group. According to the difference in substi-
tution positions, we divided them into three sites: A, M, and
RE. The A site is mainly composed of monovalent cations (Li,
Na, K, Rb, etc.), the M site is composed of divalent cations
(Mg, Ca, Zn, Cd, etc.), and the RE site is composed of rare
earth elements (Sc, Y, Gd, Lu, etc.) (Fig. S4).

OK
OMg
OSc
OB
0o

K(2)04 MgO,

Fig. 1 (a) BOs, BOy4, B5O40, and YOg groups; (b) 3D structure formed by
YOg and BsOjo groups; (c) KOg, KOg, and MgOg groups; and (d) the
whole crystal structure of K;MgSc,(BsO10)3.
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First, for the A site, a monovalent alkali metal substitution
is appropriate. When equivalent substitution occurs with the
A-site cations and the radius difference of the substituted ions
is less than 0.5 A, the structural framework in the space group
R32 can remain. Conversely, a radius difference exceeding
0.5 A leads to instability of the structural framework, thus
inducing symmetry change (Fig. S5). For instance, compounds
RbgLiCaY,(B501¢); and RbgNaCaY,(Bs0,0); (space group: R32)
share similar molecular formulas, while exhibiting marked
structural differences attributed to the Na' substitution with
Li". For one thing, the [Bs;O;,] units in RbgNaCaY,(BsO40)s

ot \K’ Rﬁf
RO R
\,f \,I \N’
R OR K
(Mg/Zn)O,
(r) 03(“’
o' 9. ov"{.\o
NZCPR A &6 0o
- ° o é\ ] %,
00 097, \0"00 ogv;
% @ @ o @ o-}ﬁ“-q
12.18454 4 % 12.3530Ad b
x) (w)
AR ~d B2
F o0 2 o e
o ¢ < S e o
by 8 e o % V Q' 8 ) (¢ 6 70
%“’ “’% i
13.0830 3.04204
BaOj BaO,
) (0)

X X X

KLiy04BaY,

b
L, % % ¥

View Article Online

Dalton Transactions

form a six-membered ring structure, and these six-membered
rings are connected to each other to form a honeycomb B-O
framework (Fig. S6a), while the [BsO;] units in
RbgLiCaY,(B5040); form a curved quadrilateral (Fig. Séb). For
another thing, the difference in cation sizes is also a signifi-
cant factor. In the structure of RbsNaCaY,(B50;0)s, Na' is six-
coordinated with a radius of 1.16 A, exhibiting identical Na-O
distances of 2.462(6) A (Fig. S6c), while in RbgLiCaY,(BsO01)s,
the six-coordinated Li' radius is 0.9 A and Li-O distances
range from 2.019(9) to 2.425(11) A (Fig. S6d). The radius differ-
ence between Li* and Rb" is greater than 0.5 A. This means
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Fig 2 Structures of (a) K7MgSc2(85010)3, (b) K7Mgo_sgzno_lez(B5olo)3, (C) K7S|’034SC2_44(B5010)3, (d) K5Na1_82Y2_18(85010)3, (e) Rb5_3Na3_7Y2(B5010)3, (f)
RbgNaj 5Y25(BsO10)3, (g) Kelip.oaBaY202(BsO10)s, and (h) KgNaBaY,(BsO1p)s; the arrangement of the zero-dimensional [MOg] octahedron in (i)
K7MgSc2(BsO10)s. (j) K7Mgo 88ZNo.12Y2(BsO10)3, (k) K7Sro.345C2 44(BsO10)3, (1) KsNay g2Y2.18(BsO10)3, (M) Rbs sNasz 7Y2(BsO10)s, (n) RbgNay 5Y25(B5O10)s, (0)
KesLio.04BaY2.02(BsO10)3, and (p) KgNaBaY2(BsO10)s; and the M(BsO40)s triangular open framework composed of the [MOg¢] octahedron and [B5Osl
groups in (q) KyMgSca(BsOio)s, () K7Mgo.gsZno12Y2(BsO1o)s, (s) K7Sro345€244(BsO10)s, (1) KeNaigaY218(BsO10)s (u) RbszNaz;Y2(BsOiols, (V)

RbgNaj 5Y2 5(BsO10)3. (W) KeLio.94BaY202(BsO10)3, and (x) KsNaBaY2(BsO10)s.
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that when Na' is replaced by the Li" cation, the larger radius
difference results in a broken threefold rotational axis of
[NaOg] in RbgNaCaY,(BsOi9);, and thus, RbgLiCaY,(BsO1¢)3
crystallizes in the lower symmetric space group C222;.

Second, for the M site, the distribution of the atoms will be
slightly different when the atoms with different valences are
substituted at the M-site. According to bond valence theory, we
obtained a series of compounds in this work. As shown in
Fig. 2, all structures contain a triangular open framework
M(B50;9); composed of an [MOg] octahedron and [Bs;O;]
groups with co-point connection. With the change of the
atomic radius from Mg to Mg/Zn, Sr/Sc, Na/Y, Na, and Ba,
which does not induce a change of the space group, the
M(B50;); frame tunnel can scale up and down with the vari-
ation of the atomic radius and chemical bond. The flexible
configuration further enables the co-existence of [B;503,] clus-
ters in all of the title compounds.

Third, for the RE site, at present, the elements Sc, Y, Gd,
and Lu whose d orbitals are fully occupied are mainly studied.
Because these coordination environments are similar, there is
no difference in the atomic distribution in the structure
(Fig. S7), which has no effect on the structural configuration.
Based on the above analysis, we can conclude that in the
A;MRE,(B50;,); family, when the A-site atoms are equivalently
replaced, an atomic radius difference greater than 0.5 A will
affect the structural configuration, causing symmetry change.
The M and RE sites have an insignificant effect on the struc-
tural configuration.
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The IR spectra of K,;MgScy(B5sO19)3, K;MgogsZNg 15
Y,(B501¢)3, and RbgNa; 5Y, 5(B5019); are shown in Fig. 3a.
Clearly, all reported compounds show similar IR absorption
spectra, with the absorption peaks located at 1180-1370 and
917-944 cm™" attributed to asymmetric stretching and sym-
metric  stretching vibrations of the [BO;3] groups,
respectively.’>®' The asymmetric stretching vibrations of the
[BO,] units were observed at 1026-1035 cm™', whereas the
symmetric stretching vibration of this unit was observed at
722-785 em™'.>**>” Meanwhile, the absorption peaks appear-
ing at 608-622 cm™" are ascribed to the bending vibrations of
both [BO;] and [BO,] groups. These characteristic peaks
confirm the existence of the [BO;] and [BO,] groups in these
structures, consistent with the previously reported results,*
further supporting the rationality of structural analysis.
Additionally, the UV-vis-NIR diffuse-reflectance spectra
recorded for the three compounds are shown in Fig. 3b. Each
of these compounds has a wide transmission from 190 to
2000 nm, and their reflectance is still above 40% even at
190 nm, which is comparable to that in other compounds in
the A;MRE,(B50,0); family, such as RbgNaCaY,(Bs5O1¢)3
(185 nm), K;SrY,(BsO10)s (<190 nm), K;BaSc,(BsO10);
(190 nm), etc., indicating that they all have the potential as
DUV NLO materials.

Given that these compounds are NCS, we evaluated the
NLO properties of K;MgSc,(Bs010)3, K;Mgg 85210 12Y2(B5010)3,
and RbgNa; 5Y, 5(B5010);. The SHG intensity increases with the
increase of particle size in the range of 25-250 pm, which
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Fig. 3 (a) IR spectra; (b) UV-vis-NIR diffuse reflectance spectra; (c) band gap determination; (d and e) powder SHG signals under pumping at
1064 nm (in panel (e), the curves are drawn to guide the eye, not to represent a fit to the data in panel (d)); and (f) ELF iso-surfaces of oxygen around

B and RE (RE = Sc and Y) atoms.
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Fig. 4 Electronic band structures of (a) K;MgSc,(BsO10)z, (b) K;Mgo.88ZNo 12Y2(BsO10)3, and (c) RbgNay 5Y25(BsO10)s. Total and partial densities of
states of (d) K7MgSc2(85010)3, (e) K7Mg3_882n0_12Y2(85010)3, and (f) RbGNal_sYz_s(Bsolo):l,.

indicates that all three materials are phase matchable (PM)
(Fig. 3e). The comparison of the SHG signals produced by
K;MgSc,(BsO10)3, K7Mgo 85ZN0.12Y2(B5010)3, RbeNay5Y5 5(BsO10)s
and KDP powder samples with the particle sizes in the same
range (180-250 pm) reveals that the borates exhibit significant
SHG responses equal to ~0.96, 1.20, and 1.33x KDP (Fig. 3d),
respectively.

In order to study the difference in SHG response, we calcu-
lated the number density of NLO active groups of the com-
pounds. From  K,MgSc,(BsOyo);  (0.0127 A%  to
K;Mgo 5571 15Y2(B5010); (0.0130 A=) and RbgNa, 5Y, 5(BsO010)s
(0.0142 A™%), the number density of NLO active groups shows
an increasing trend, which is consistent with their order of
SHG intensity. Furthermore, we compared the number density
value of NLO active groups of Na,Ga;B,0;,(OH)*" (0.1x KDP,
number density: 0.0125 A=) with a similar borate framework,
and it also falls on the trend line, thereby consolidating the
above conclusion. In addition, from the electron localization
function (ELF), one can see the elliptical and clover-shaped
asymmetric electron density arrangements around the oxygen
atoms in [B5044] and [REOg] groups, which indicates that they
provide a positive contribution to the SHG response (Fig. 3f).

To further understand the structure-performance relation-
ship, we calculated the electronic structure and optical pro-
perties of the three compounds. The results show that they all
exhibit direct band gaps of 4.49 (K;MgSc,(B5040)3), 4.44 eV
(K;Mgo.85Z10.12Y2(B5010)3), and 4.58 €V (RbgNay 5Y; 5(BsO1¢)s)

16360 | Dalton Trans., 2025, 54, 16356-16362

(Fig. 4a—c). The calculated smaller band gap can be attributed
to the discontinuity in the correlation exchange energy.
Furthermore, based on the total density of states and partial
density of states, it can be seen that the top valence bands pri-
marily consist of B 2p and O 2p orbitals, whereas the bottom
of the conduction bands is mainly derived from the B 2p and
RE 4d orbitals (Fig. 4d-f). These findings indicate that the
synergistic effect between the RE-O and B-O groups is the
main factor governing the optical properties.

Conclusions

In summary, eight NCS rare-earth borates, K;MgSc,(B5010)s,
K7S70.345€2.44(B5010)3, KeLio.04BaY2(B5010)3, KeNaBaY,(BsO1o)s,
K;Mgo.55ZN0.12Y2(B5010)3, RbsNa15Y25(BsO10)3, KeNajgrYais
(B5O10)3, and Rbs;Najz;Y,(Bs040)3, were successfully syn-
thesized via a high-temperature solid-state reaction method.
Structural analysis shows that the triangular open framework
M(B504y)3, which is formed by the single point connection of
an [MOg] octahedron and [B5;0,,] groups, provides great flexi-
bility and adjustability in the replacement of M-site cations. In
addition, K;MgSc,(BsO10)3, K;Mgo.85ZN0.12Y2(Bs010)3, and
RbeNa; 5Y; 5(B5010); exhibit a short UV cut-off edge (<190 nm)
and good PM SHG response (0.96-1.33 x KDP). The investi-
gation into the structure-performance relationship shows that

This journal is © The Royal Society of Chemistry 2025
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the synergistic effect of [B50,] and [REOg] building units pro-
vides the main contribution to their NLO responses.
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