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short-wavelength nonlinear
optical fluoride material featuring unprecedented
polar cis-[Zr6F34]

10− clusters†

Mei Yan, Ru-Ling Tang, * Wen-Dong Yao, Wenlong Liu and Sheng-Ping Guo *

Traditional fluorides are rarely reported as candidates for nonlinear optical (NLO)materials featuring a deep-

ultraviolet cutoff edge. Theoretical investigations suggest that the ZrF8 dodecahedron shows large

polarizability anisotropy and benefits for large birefringence. Herein, a new fluorine-rich fluoride,

K3Ba2Zr6F31, was synthesized by coupling the ZrF8 group, featuring acentric cis-[Zr6F34]
10− clusters with

a 63-screw axis. Significantly, K3Ba2Zr6F31 exhibits a short UV cutoff edge (below 200 nm) and moderate

second-harmonic generation (SHG) response (0.5 × KH2PO4). It also possesses a relatively large

birefringence (0.08@1064 nm), together with a broad transparency window (2.5–21.1 mm). First-

principles calculations suggest that the cis-[Zr6F34]
10− cluster built by ZrF8 dodecahedra are the

dominant contributors to the large band gap (7.89 eV, cal.) and SHG response simultaneously. Such

systematic work highlights that Zr-based fluorides afford a new paradigm for the development of

efficient NLO materials with a short UV cutoff edge.
Introduction

Deep-ultraviolet (DUV) nonlinear optical (NLO) materials can
produce coherent light below 200 nm through a second
harmonic generation (SHG) process, which is useful for diverse
applications in high-tech equipment and represents a leading
edge in materials and civil science.1–6 Traditionally, research on
such materials has been mainly limited to p-conjugated
systems, expanding from borate, carbonates like AEB8O15H4

(AE = Sr, Ca),7 b-Rb2Al2B2O7,8 LiZn(OH)CO3,9 and K5Mg2La3(-
BO3)6 (ref. 10) to borate uorides, uorooxoborates, uoride
carbonates as RbAlB3O6F,11 Cs0.5Rb0.5AlB3O6F,11 CsB4O6F,12

M2B10O14F6 (M = Ca, Sr),13 BaBe2BO3F3,14 KMgCO3F.15 The
latest, non-p-conjugated systems have provided a source for
DUV transparent materials, and can be divided into phos-
phates, sulfates, silicates, and their derivatives. The discovery of
LiRb2PO4,16 CsNaMgP2O7,17 Ba3P3O10X (X= Cl, Br),18 Li2BaSiO4,6

Cs2B4SiO9,19 Li3AlSiO5,20 and K2Zn3(SO4)(HSO4)2F4,21 have
attracted more scientists to consider these systems as prom-
ising candidates for DUV NLO materials and to discover more
compounds.

The prerequisite of eminent NLO crystals is the ability to
crystallize into noncentrosymmetric structures.22–26 Polar
materials, one branch of noncentrosymmetric (NCS)
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symmetries, have been increasingly recognized as an indis-
pensable part, along with various polar functional building
blocks (FBBs). Wu’s group proposed a polar iodate K2-
Zn(IO3)3(I2O5(OH))(IO2(OH))(H2O) composed of “tumbler-like”
[Zn(IO3)(I2O5(OH))] clusters.27 Luo’s group reported one DUV
crystal Ba(SO3CH3)2, with a new polar non-p-conjugated NLO
building unit, SO3CH3

−.28 Wu’s group synthesized Zn(NH3)CO3

which displays a “three-in-one” NLO-active motif which
includes a polar NH3 molecule, polar displaced Zn2+, and p-
conjugated CO3

2− ions.29 The polar tetrahedral S2O3 group
constructed of one UV NLO crystal (NH4)S2O3 was provided by
Luo’s group.30 Additionally, to obtain a short UV cutoff edge,
uorine with large polarizability anisotropy and hyper-
polarizability is frequently used in designing new NLO mate-
rials with a DUV cutoff edge.31–35 The borate uorides,
uorooxoborates, uoride carbonates, uoride sulfates, and
uoride phosphates mentioned above with oxyuoride moie-
ties, have been reported with excellent overall NLO properties.
The success of synthesizing these crystals draws our attention to
pure uorides. To date, the reported three uorides (BaMgF4,
BaZnF4, and SrAlF5) all feature short UV transparency (∼126,
155, and 145 nm).36–38 Nevertheless, severe drawbacks of small
birefringence hinder the realization of phase-matchable (PM)
behaviors.

To break the limits of non-PM behavior and impart a sense of
polarity into a material, our work utilizes polar metal uoride
polyhedra. We herein comprise ZrF8 dodecahedra with large
polarizability anisotropy and present a polar uoride,
K3Ba2Zr6F31, through assembling the alignment of acentric cis-
[Zr6F34]

10− clusters. Additionally, the K+ and Ba2+ cations
Chem. Sci., 2024, 15, 2883–2888 | 2883
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View Article Online
without d–d/f–f transition are incorporated, and we survey the
K–Ba–Zr–F system in detail. Since the band gap and optical
properties are mainly decided by the Zr and F atoms, and the F-
2p nonbonding states are the dominant contributors for the top
of the valence band, speculation about the higher ratio of F
atoms in the material may lead to a shorter UV cutoff edge,
leading to an increase in the quantity of HF and altered ratio of
reagents. Fortunately, our endeavor results in a new polar
uoride, K3Ba2Zr6F31. The cis-[Zr6F34]

10− clusters, formed by
vertex- and edge-sharing ZrF8 dodecahedra arranged in the
same orientation, makes K3Ba2Zr6F31 exhibit a moderate SHG
response and a DUV cutoff edge below 200 nm. It also features
PM behavior, a large calculated band gap (7.89 eV), and large
birefringence (0.08@1064 nm), which declares it as a potential
NLO crystal and veries the cis-[Zr6F34]

10− cluster as a prom-
ising functional motif for constructing NLO materials.

Results and discussion

Colorless and transparent rod-like crystals of K3Ba2Zr6F31 were
synthesized via a hydrothermal thermal reaction from amixture
of KF, ZrF4, BaCl2$2H2O, and HF solution at 200 °C (detailed
description in the ESI†). The experimental powder X-ray
diffraction (PXRD) pattern is characterized and shown in
Fig. S1a,†matching well with the simulated one and conrming
the purity of the powder sample. The result is also conrmed
with EDS elemental analysis, as shown in Fig. S1b.†

With a polar structure, K3Ba2Zr6F31 adopts the hexagonal
space group P63mc (No. 186) (Table S1†). The asymmetric unit is
made up of one unique K, one Ba, two Zr, and eight F atoms
(Table S2†). The Zr(1) atom is eight-coordinated with F atoms to
form a distorted ZrF8 bicapped triangular prism with wide Zr–F
distances ranging from 1.991(3) to 2.348(3) Å (Table S3†). The
Zr(2) atom also exhibits an eight-coordinated mode, being
bonded to F atoms with bond lengths of 2.008(3)–2.169(3) Å and
forming a ZrF8 bicapped triangular prism. Three Zr(1)F8 units
share edges to form the [Zr(1)3F19]

7− cluster and three Zr(2)F8
units share vertexes to form the [Zr(2)3F21]

9− cluster (Fig. S2a
and b†). The [Zr(1)3F19]

7− and [Zr(2)3F21]
9− clusters further

share vertexes and edges to form the cis-[Zr6F34]
10− cluster

(Fig. 1a and b). The polar cis-[Zr6F34]
10− clusters then share F(5)
Fig. 1 (a and b) Cis-[Zr6F34]
10− cluster at the ac and ab plane; (c) the {[

{[Zr6F31]
7−}N anionic chains and whole structure of K3Ba2Zr6F31 viewed a

2884 | Chem. Sci., 2024, 15, 2883–2888
atoms to generate the {[Zr6F31]
7−}N chain along the c-axis,

which arrange parallel to the ab plane with the 63-screw axis
(Fig. 1c). The K and Ba atoms are all bonded to twelve F atoms
with bond distance ranges of d(K–F) = 2.647(5)–3.270(5) Å and
d(Ba–F) = 2.795(3)–2.912(3) Å (Fig. S3†), situating at the space
between the chains and serving as the counter ion to maintain
charge balance (Fig. 1d). The BVS results of K, Ba, Zr, and F
atoms are 0.92, 2.11, 4.06–4.09, 0.79–1.11, respectively, consis-
tent with the normal valence states (Table S2†).39

The polymeric Zr–F clusters, linkage association modes,
and dimensions of Zr-based uorides are concluded in Table
S4.† It can be seen that the hexametric clusters are common in
Zr-based uorides, and small amounts are trimeric, tetrameric,
or higher octal, decameric clusters. Nevertheless, the
[Zr6F34]

10− clusters are rst reported here in zirconium uo-
rides, distinct from the [Zr6F36]

12−, and [Zr6F38]
14− clusters in

other compounds.40,41 The {[Zr6F31]
7−}N chain is also observed

for the rst time in K3Ba2Zr6F31, unlike the common
{[Zr2F12]

4−}N chain in BaZrF6,42 K2ZrF6,43 Li2ZrF6.44 As
summarized in Tables S5 and S6,† K3Ba2Zr6F31 is not only the
rst with an asymmetric structure among the uorides with 31
F elements in the formula, but also the rst reported to be SHG-
active among the uorine-rich uorides (F > 30), although
(XeF)2(Ti9F38) and LiK10Zr6F35$2H2O also crystallizes in the
NCS space groups.45,46

The thermal behavior of K3Ba2Zr6F31 was investigated using
differential thermal analysis (DTA), thermogravimetric analysis
(TGA), and PXRD characterization. As seen in Fig. S4a,† no
distinct weight loss was apparent from the TGA curve until 650 °
C, while an endothermic peak could be observed around 490 °C
on the DTA curve. In order to nd out the attribution of the peak
at 490 °C, the powder sample was heated to 500 °C followed by
PXRD (Fig. S4b†). The XRD peaks show obvious differences with
the peaks in the unheated sample, and the residues correspond
to BaF2 and K3Zr2F11. The XRD pattern of the sample heated to
630 °C is similar to that of the sample heated to 500 °C, which
manifests the decomposition of K3Ba2Zr6F31. The weight loss
covering 650–1000 °C could be assigned to the partial decom-
position of the ZrF4, and the apparent weight loss (43.7%)
detected is consistent with the calculated value (cal. 40.7%). The
Zr6F31]
7−}N chain along the c-axis; (d) the aligned arrangement of the

long the c-axis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) PM curves of K3Ba2Zr6F31 and KDP with 1064 nm laser
radiation. (b) SHG intensities of K3Ba2Zr6F31 and KDP in the particle size
range 200–250 mm.
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residues at 1000 °C are conrmed to be Ba4Zr2F16 and some
unknown compounds, using the PXRD results.

The UV-vis-NIR diffuse reectance spectrum (Fig. 2a) was
measured and showed that K3Ba2Zr6F31 is transparent down to
200 nm (corresponding to a band gap larger than 6.2 eV) with
high reectance exceeding 67% in the range of 200–1400 nm.
The value is larger than some uorides like KNa2ZrF7 (5.07 eV),37

Na2CeF6 (3.89 eV),47 and [Cd(C4H6N2)4]3[ZrF7]2 (C4H6N2 =

3methylpyrazole) (5.2 eV),48 and indicates its potential applica-
tion in the UV region. The IR spectrum of K3Ba2Zr6F31 exhibits
one obvious peak at 474 cm−1, which can be assigned to the
stretching and bending vibrations of the Zr–F bonds in the ZrF8
units (Fig. 2b).49

Powder SHG measurements under 1064 nm of K3Ba2Zr6F31
were performed using the Kurtz–Perry method to evaluate the
NLO properties.50 The result indicates that PM behavior can be
realized since the SHG intensities gradually increase with the
increase of particle size and then reach a platform (Fig. 3a).
Additionally, it showcases moderate SHG efficiency of about 0.5
times that of KH2PO4 (KDP) in the particle size range 200–250
mm (Fig. 3b), and is comparable with reported halides with
a short UV cutoff edge, like SrAlF5 (0.65 × KDP).38 In fact, the
SHG intensity of K3Ba2Zr6F31 (0.5× KDP) is relatively weak when
compared with those previously reported. To further improve
the SHG efficiency of halides, Cl or Br atoms may be introduced
for the favorable chemical covalence and exibility, and rela-
tively large polarizability. Halides with mixed halogen anions
tend to show enhanced overall NLO performance, as demon-
strated in previous studies involving Pb18O8Cl15I5,51 Pb7F12Cl2,52

and CsZnBO3X2 (X2 = F2, Cl2, and FCl).53 Additionally, the K site
occupied by Rb/Cs may be helpful for larger SHG intensities for
the increased polarizability of larger congener cations along with
stronger interatomic interactions with adjacent F atoms, which
is supported by the cases of LiA2PO4 (A = Rb, Cs),54–56 and
A3VO(O2)2CO3 (A = K, Rb, and Cs).57–59
Fig. 2 (a) UV-vis-NIR diffuse reflectance and (b) IR spectra of
K3Ba2Zr6F31.

© 2024 The Author(s). Published by the Royal Society of Chemistry
In order to elucidate the origin of the SHG response, the
dipole moments of ZrF8 units have been calculated. Although the
x and y components of the dipole moments in the unit cell of
K3Ba2Zr6F31 did not completely offset, they only afford the values
of 2.4205 and 0.0823 D in one unit cell. The z component
provides much larger value of−19.8108 D that mainly determine
the macroscopic polarization. The total dipole moment calcula-
tion of K3Ba2Zr6F31 affords a value of 19.9583 D for the net dipole
moment in one unit cell, which corresponds with a dipole
moment per unit cell of 0.034 D Å−3 (Table S7†). This value ts
with the distorted coordination caused by the difference of the
bond lengths and electronegativities, as mentioned above.

To clarify the microscopic mechanism of the properties of
K3Ba2Zr6F31, theoretical calculations on the electronic structure
and optical properties were performed in the CASTEP package
based on density functional theory (DFT).60,61 The calculated
band structure curve shows that K3Ba2Zr6F31 has an indirect
band gap of 5.79 eV with the PBE function (Fig. S5a†). The
HSE06 function was also performed and the calculated value is
7.89 eV for K3Ba2Zr6F31,62 corresponding to the very short cutoff
edge of 157 nm (Fig. 4a). The underestimation of the calculated
value is normal for the discontinuity of the local-density-
approximation exchange–correlation function,63–66 and the
scissor of 2.1 eV was adopted when analysing the optical
properties of K3Ba2Zr6F31. The total and partial density of states
(TDOS and PDOS) were also calculated to investigate the inter-
relation of atom orbitals. The top of the valence band near the
Fermi level (Ef) is mainly occupied by F-2p nonbonding states,
and the bottom of the conductive band is mainly dominated by
Zr-4d and F-2p orbitals (Fig. S5b†), which illustrate that the
band gap of K3Ba2Zr6F31 is determined by Zr and F atoms.
Considering the Kleiman symmetry restriction and the space
group, K3Ba2Zr6F31 has three nonzero independent SHG coef-
cients, d15, d31, and d33 (Fig. 4b). The largest SHG tensor of
Chem. Sci., 2024, 15, 2883–2888 | 2885
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Fig. 4 Calculation results for K3Ba2Zr6F31. (a) Band structure, (b) NLO coefficients, (c) refractive indexes, and (d) polarizability anisotropy of ZrF8,
MgF6, AlF6, and ZnF6 species. The Fermi level is set at 0 eV.
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K3Ba2Zr6F31 is calculated to be c15 = 0.17 pm V−1, which is 0.22
times that of KDP (d36 = 0.39 pm V−1). The calculated value is
smaller than the experimental one (0.5 × KDP) and such
underestimation has also been observed in other reports.34,67

The birefringence (Dn) is calculated to be 0.08@1064 nm
(Fig. 4c), which is larger than some d0-TM based uorides and
oxyuorides like CsNaTaF7 (0.01@1064 nm),68 K3ZrF4(SbF4)(-
SbF5) (0.038@1064 nm)49 and K8(ZrF6)(Sb2Zr2F20) (0.039@1064
nm).49 The birefringence (Dn) is large enough for PM ability and
manifests the shortest PM wavelength (400 nm) calculated in
Fig. S6.† The polarizability anisotropies of ZrF8, MgF6, AlF6, and
ZnF6 species were calculated, and the value of ZrF8 (29.5) is
larger than those of the other three species (10.2, 1.0, and 5.3),
illustrating the greatly enhanced birefringence and PM behav-
iour of K3Ba2Zr6F31 (Fig. 4d). The birefringence is large enough
to realize the PM behaviour and can be attributed to the strong
local polarity generated by the ordered arrangement of the
{[Zr6F31]

7−}N chain along the c-axis.
Conclusions

In summary, a new uorine-rich NCS uoride with polar
structure K3Ba2Zr6F31, has been studied. It features cis-
[Zr6F34]

10− clusters formed of {[Zr6F31]
7−}N anionic chains that

formed by assembling ZrF8 dodecahedra with large polariz-
ability anisotropy. It is a promising NLOmaterial withmoderate
2886 | Chem. Sci., 2024, 15, 2883–2888
SHG response, DUV cutoff edge, and wide IR transition range.
According to the theoretical calculations, it displays promising
linear optical properties such as a large band gap (7.89 eV) and
sufficient birefringence (0.08@1064 nm) for PM behaviour. This
work opens the door to develop uorides with polar structures
composed of ZrF8 groups with large polarizability anisotropy,
benecial for large birefringence and accelerating the develop-
ment of new NLO materials with DUV cutoff edge.
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