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nd strong SHG responses of
hetero-oxyfluorides by dual-fluorination-directed
bandgap engineering†

Yilei Hu,‡a Xingxing Jiang, ‡b Tianhui Wu,‡a Yanyan Xue,‡a Chao Wu, *a

Zhipeng Huang, a Zheshuai Lin, b Jun Xu,a Mark G. Humphrey c

and Chi Zhang *a

A wide bandgap is an essential requirement for a nonlinear optical (NLO) material. However, it is very

challenging to simultaneously engineer a wide bandgap and a strong second-harmonic generation (SHG)

response, particularly in NLO materials containing second-order Jahn–Teller (SOJT) distorted units.

Herein, we employ a bandgap engineering strategy that involves the dual fluorination of two different

types of SOJT distorted units to realize remarkably wide bandgaps in the first examples of 5d0-transition

metal (TM) fluoroiodates. Crystalline A2WO2F3(IO2F2) (A ¼ Rb (RWOFI) and Cs (CWOFI)) exhibit the largest

bandgaps yet observed in d0-TM iodates (4.42 (RWOFI) and 4.29 eV (CWOFI)), strong phase-matching

SHG responses of 3.8 (RWOFI) and 3.5 (CWOFI) � KH2PO4, and wide optical transparency windows.

Computational studies have shown that the excellent optical responses result from synergism involving

the two fluorinated SOJT distorted units ([WO3F3]
3� and [IO2F2]

�). This work provides not only an

efficient strategy for bandgap modulation of NLO materials, but also affords insight into the relationship

between the electronic structure of the various fluorinated SOJT distorted units and the optical

properties of crystalline materials.
Introduction

Nonlinear optical (NLO) materials, exemplied by commercial
b-BaB2O4 (b-BBO), LiB3O5 (LBO), KH2PO4 (KDP), KTiOPO4 (KTP)
and AgGaS2 (AGS),1 can effectively expand the spectral range of
lasers, and may therefore serve as key materials for the all-solid-
state laser devices that are widely applied in modern laser
technologies such as photolithography, spectral analysis, tissue
imaging, and environmental monitoring.2 A high-performance
NLO material should not only possess non-centrosymmetry,
but it should also exhibit a large second-harmonic generation
(SHG) coefficient, a wide bandgap, sufficient birefringence, and
good physicochemical stability.3 Unfortunately, two of the key
optical properties, a wide bandgap and a strong SHG coefficient,
are two oen-competing optical parameters and difficult to
unctional Molecular Materials, School of
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engineer simultaneously in a material, owing to their con-
trasting microstructural requirements.4

Modulation of SHG responses can be achieved by incorpo-
rating second-order Jahn–Teller (SOJT) distorted cations,5–7

such as octahedrally coordinated d0-transition metal (TM)
cations (e.g., Ti4+, V5+, Nb5+, Mo6+, etc.)5 or stereochemically-
active lone-pair cations (e.g., Se4+, Te4+, and I5+, etc.),6

although, in general, these microstructural building units
promote a red-shi in the absorption edge. A structurally
related strategy involves uorination of the TM cation-centered
oxyanions8 in order to blue-shi the absorption edge, but the
SHG responses of the resultant materials are usually limited
(<1.0 KDP) owing to the oen-antiparallel arrangements of the
uorinated TM oxyanions. A complementary approach relies on
combination of two types of oxyanions containing SOJT dis-
torted cations; this has been demonstrated by the successful
syntheses of a variety of hetero-oxyanion materials with strong
SHG responses,9,10 such as ASe2V3O12 (A ¼ Rb, Tl),9a A2-
(MoO3)3(SeO3)2 (A ¼ Rb, Tl),9b MgTeMoO6,9c AMoO3(IO3) (A ¼
Rb, Cs, NH4) (A ¼ Rb, Cs, NH4),9d,e K(VO)2O2(IO3)3,9f and
[C(NH2)3]2Mo2O5(IO3)4$2H2O.9g However, the bandgaps of these
materials are relatively narrow owing to the existence of d-
orbital electrons in the TM cations, which signicantly
restricts the optical transparency range in the short-wavelength
region and reduces the laser damage threshold.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Nevertheless, of the possible chemical systems, assembly of
hetero-oxyanions may still offer an ideal platform for optical
property modulation because of their multiple tunable micro-
structural building units.10 The two mutually exclusive optical
properties of bandgap and SHG response are intimately related
to the electronic band structure of the material, which can be
micro-controlled by the intrinsic properties and spatial
arrangements of the building units.11 In this study, we propose
a general bandgap engineering approach based on uorinating
two types of oxyanions, both containing SOJT cations. In this
approach, a judicious assembly of uorine-rich units contain-
ing heavy cations addresses the problematic competition
between bandgap and SHG response in hetero-oxyanion mate-
rials. To implement this strategy, heavy 5d0-TM octahedra (e.g.,
Hf4+, Ta5+ and W6+) are preferred to conventional 3d0/4d0-TM
octahedra of the same family because heavy 5d0-TM octahedra
are anticipated to form less-covalent bonds with oxygen/
uorine owing to their lower effective electronegativity (refer-
ring to the ease of oxygen-to-metal charge transfer for the heavy
5d0-TM octahedra);12 this will increase the bandgap of the
resultant materials. The simultaneous uorination of two
different types of oxyanions in the one structure (i.e. d0-TM-
centered octahedra and non-metal-centered polyhedra) can
induce further signicant differences in the band structures
and increase the bandgap owing to the highly electronegative
uorine, an outcome observed in recently reported uoroox-
oborates13 and uorophosphates.14 Furthermore, uorine
acting as chemical “scissors” can effectively reduce the dimen-
sionality of the structure, which may be highly benecial for the
enhancement of bandgap.15 Finally, large macroscopic polari-
zation (corresponding to a large SHG effect) may be achieved by
stacking the oxyuorine anions in an additive mode. To
demonstrate the effectiveness of our proposed strategy, we
disclose the successful synthesis of the rst examples of 5d0-TM
uoroiodates A2WO2F3(IO2F2) (A ¼ Rb (RWOFI), Cs (CWOFI)).
Their unique lambda (L)-shaped [WO2F3(IO2F2)]

2� hetero-
oxyuorine anions not only drive the formation of the polar
structures that exhibit strong phase-matching SHG responses of
3.8 (RWOFI) and 3.5 (CWOFI) times that of KDP, sufficient
birefringences, and wide optical transparency windows from
the ultraviolet to the mid-infrared, but more importantly induce
very wide bandgaps of 4.42 eV (RWOFI) and 4.29 eV (CWOFI) –
both among the largest bandgaps for d0-TM iodates. Herein we
report their syntheses, crystal structures, electronic structures,
and optical properties, as well as structure–property correla-
tions employing a combination of experiments and rst-
principles calculations.

Results and discussion

Although considerable research pursuing non-centrosymmetric
iodates containing 3d0/4d0-TM cations susceptible to the SOJT
effect has been undertaken, there has thus far been only one
5d0-TM iodate reported (K5(W3O9F4)(IO3),16 containing the W6+

cation). The synthetic difficulty lies in the fact that tungsten is
a refractory metal, and is extremely difficult to dissolve in
common solvents. Unlike the previous synthetic method, in this
© 2022 The Author(s). Published by the Royal Society of Chemistry
study hydrouoric acid was used not only as the solvent but also
as a uorine source for the syntheses of hetero-oxyuorides
A2WO2F3(IO2F2) based on the following reaction equation:

2A2CO3 + 2WO3 + 2H5IO6 + 10HF/ 2A2WO2F3(IO2F2) + O2[

+ 2CO2[ + 10H2O

Our efforts to synthesize homologues with other alkali metal
cations (e.g., Na+, K+) were unsuccessful, possibly due to the
large differences in ionic radii among these alkali metal cations
(0.102, 0.138, 0.152, and 0.167 nm for Na+, K+, Rb+, and Cs+,
respectively).17a The purities of the two hetero-oxyuorides were
conrmed by comparison of their experimental PXRD patterns
with simulated patterns derived from single-crystal X-ray
diffraction data (Fig. S1†). The energy dispersive X-ray spec-
troscopy analyses reveal element distribution maps for RWOFI
and CWOFI with molar ratios of 9.38 : 5.01 : 4.02 : 26.55 and
8.75 : 4.78 : 4.54 : 25.11 for Rb/Cs, W, I and F, respectively,
which are consistent with the molar ratios determined from
single-crystal X-ray diffraction (Fig. S2†).

A2WO2F3(IO2F2) (A¼ Rb, Cs) are the rst examples of 5d0-TM
uoroiodates. They are isostructural and crystallize in the same
non-centrosymmetric and polar orthorhombic space group,
Cmc21 (no. 36), so only the structure of CWOFI is described in
detail here (Tables S1–S5†). Its structure is composed of zero-
dimensional (0D) [WO2F3(IO2F2)]

2� hetero-oxyuorine anions
and Cs+ cations (Fig. 1b). In the [WO2F3(IO2F2)]

2� hetero-
oxyuorine anion, the unique I5+ cation is coordinated by two
O atoms and two F atoms, forming an unsymmetrical [IO2F2]
tetrahedron (Fig. 1a). The two I–F bond lengths (1.974(8)�A) are
longer than the two I–O lengths (1.790(17) and 1.759(14)�A), and
the F–I–F bond angle is close to linear (177.8(6)�). Each W6+

cation is octahedrally coordinated with two terminal O atoms,
three terminal F atoms, and one bridging O atom from an
[IO2F2]

� group bound in a unidentate fashion (Fig. 1a). TheW–F
and W–O bond distances lie in the ranges 1.733(16)–1.953(8)
and 1.800(10)–2.263(17) �A, respectively. One [WO3F3] octahe-
dron further connects with one [IO2F2] tetrahedron by sharing O
atoms, forming the L-shaped [WO2F3(IO2F2)]

2� hetero-
oxyuorine anion (Fig. 1a) with a W–O–I angle of 140.78�; this
differs from other L-shaped iodate-containing species such as
cis-[ZrF6(IO3)2],17a cis-[VO2F2(IO3)2],17b and [Ga(IO3)2F4].17c The
[WO2F3(IO2F2)]

2� hetero-oxyuorine anion is the rst example
of a TM iodate containing two different types of heavy atom-
containing SOJT distorted cations. The Cs+ cations connect
the L-shaped [WO2F3(IO2F2)]

2� hetero-oxyuorine anions,
forming a 3D layer-piled structure along the b-axis (Fig. 1b).

The most critical structural feature of CWOFI, however, is
the tungsten-centered oxyuorine anion, which plays a key role
in construction of the polar uoroiodate. The W6+ cation
undergoes intra-octahedral distortion toward the terminal
uorine atom, a corner (C4) distortion, with one short [1.733(16)
�A], one long [2.263(17) �A], and four normal [1.800(10)–1.953(8)
�A] W–O/F bonds (Fig. S3†). The magnitude of the out-of-center
distortion (Dd) is 0.84, which corresponds to strong distortion
(Dd > 0.8).18 The C4 distorted [WO3F3] octahedron is favorable
Chem. Sci., 2022, 13, 10260–10266 | 10261
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Fig. 1 (a) Structural building units in CWOFI. (b) Crystal structure of CWOFI viewed along the b-axis. The blue arrow in the panel represents the
net dipole moment of the structure. (c) Structural building unit description of the arrangement of 0D [WO2F3(IO2F2)]

2� units and Cs+ cations. The
Cs–O/F bonds are omitted for clarity.
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for creating L-shaped units with a xed polarization orienta-
tion. The bridging O(2) with one long bond has the greater
residual negative charge, based on BVS calculations (Table S5†),
and is therefore predicted to bond in preference to the other O/F
terminal ligands; it consequently links to the lone-pair cation
I5+ to form the L-shaped [WO2F3(IO2F2)]

2� hetero-oxyuorine
anion. The W6+ cations are blocked from distorting toward
a corner, owing to the unsymmetrical [IO2F2]

� oxyuorine
anions, the lone-pair cation I5+ serving to reinforce the direction
of the intra-octahedral distortion. The polar orientation of the
L-shaped [WO2F3(IO2F2)]

2� hetero-oxyuorine anion is xed
and it cannot rotate due to signicant steric effects (Fig. 1a). As
a result, the [WO2F3(IO2F2)]

2� hetero-oxyuorine anions pack in
the crystal structure with their polar orientations arranged in an
additive fashion.

Our proposed bandgap engineering strategy involving dual
uorination of two different types of SOJT distorted units has
afforded A2WO2F3(IO2F2), the structure of which bears
a remarkable resemblance to those of conventional d0-TM
iodates. Their structures are constructed by judicious assembly
of two different types of SOJT distorted units (Fig. 1), except for
three following crucial differences. Firstly, 3d0/4d0-TM cations
(e.g., V5+, Ti4+, Nb5+, and Mo6+) are responsible for the bandgaps
of the d0-TM iodates, and these bandgaps are generally less than
3.8 eV 19 owing to the presence of d–d transitions. By contrast,
the bandgaps of the hetero-oxyuorides RWOFI and CWOFI are
expected to blue-shi because the effective electronegativity12 of
the heavy 5d0 tungsten cation is lower than that of the 3d0/4d0-
TM cations. Secondly, in stark contrast to conventional d0-TM
iodates, the dual uorination of two different types of oxyanions
10262 | Chem. Sci., 2022, 13, 10260–10266
containing SOJT cations may afford structure-building oxy-
uorine anions ([WO3F3]

3� and [IO2F2]
�) with relatively wide

HOMO–LUMO gaps,20 and thereby potentially induce a wide
bandgap in RWOFI and CWOFI. Thirdly, the abundant uorine,
acting as chemical “scissors”, induces formation of the 0D L-
shaped [WO2F3(IO2F2)]

2� hetero-oxyuorine anion, which
favors the formation of polar structures, and is benecial for
strong SHG responses, owing to the crystal packing along the c-
axis.

The optical transmission spectra of RWOFI and CWOFI
single crystals suggest that both compounds possess broad
optical transparency windows of 0.28–5.28 and 0.289–5.33 mm
(Fig. 2a, b, S4a, and b†) that cover the IR atmospheric window
(3–5 mm). The optical bandgaps of RWOFI and CWOFI from
their UV cutoff wavelengths are 4.42 and 4.29 eV. In contrast to
K5(W3O9F4)(IO3) (3.83 eV) with a similar composition, the
bandgaps of RWOFI and CWOFI are signicantly blue-shied,
which can be attributed to the combination of two different
types of SOJT-distorted oxyuorine anions as well as the
reduced 0D structures. The bandgaps of RWOFI and CWOFI are
the largest for d0-TM iodates reported to date. IR absorption
below 1000 cm�1 was measured on crystalline powder samples
of the two materials (Fig. S4c and d†). The absorption bands
ranging from 460 to 861 cm�1 can be assigned to the stretching
and bending vibrations of the [IO2F2] tetrahedra, while the
strong peaks between 950 and 900 cm�1 belong to the vibration
frequencies of the [WO3F3] octahedra. From the two-phonon
approximation, the IR edges of RWOFI and CWOFI should be
larger than 5 mm, with the maximum absorption bands around
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optical transparency windows (top) and UV-Vis-NIR transmission spectra (bottom) of RWOFI (a and c) and CWOFI (b and d). The insets
show the crystals of RWOFI (c) and CWOFI (d) used for measurements.
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977 cm�1 and 966 cm�1, respectively, indicating that RWOFI
and CWOFI are mid-IR transparent NLO materials.

The thermogravimetric analysis (Fig. S5†) reveals that
RWOFI and CWOFI are stable at temperatures up to 288 �C,
beyond which a two-step decomposition is observed. The rst
step, a sharp drop between 288–543 �C, corresponds to a weight
loss of 28.20% and 25.31%, assigned to the loss of 0.5 I2 and 1.5
F2 molecules (28.72% and 25.28% for calculated values). The
second step between 543 �C and 700 �C can be assigned to the
loss of 1 F2 molecule, with experimental weight losses of 5.53%
and 4.93% (5.93% and 5.17% for calculated values).

Powder SHG measurements with 1064 nm laser radiation
reveal that RWOFI and CWOFI are phase-matchable and display
SHG signals of 3.8� and 3.5 � KDP, respectively, in the particle
size range 105–150 mm (Fig. 3). The measured SHG signals are
signicantly larger than those of previously reported crystals
with single-uorinated SOJT distorted units, such as a-
BaMoO2F4 (0.7 � a-SiO2),8b NaVOF4(H2O) (1 � a-SiO2),8c Rb2-
VO(O2)2F (0.8 � KDP),8d KNaNbOF5 (3 � KDP),8a KWO3F (3 �
KDP),8e and CsIO2F2 (3 � KDP).21 Dipole moment calculations
were performed on RWOFI and CWOFI by the bond valence
method,22 the results being summarized in Table S6.† The
calculated net dipole moments of their unit cells are similar,
consistent with their similar measured SHG results. The dipole
moments of the [WO3F3]

3� and [IO2F2]
� oxyuorine anions in

the a and b direction nearly cancel, the vector sum of the dipole
moments of both oxyanions effectively pointing along the c-axis.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The dipole moment of the [IO2F2] tetrahedron is larger than that
of the [WO3F3] octahedron, indicating that the [IO2F2]

� oxy-
uorine anions make the major contribution to the SHG
responses.

Electronic structure calculations of RWOFI and CWOFI were
undertaken to shed light on the origin of the linear and
nonlinear optical properties. The band structures demonstrate
that the two compounds are direct bandgap materials with
a high efficiency of light utilization. The calculated bandgaps of
RWOFI and CWOFI obtained from the band structures are 3.14
and 3.09 eV (Fig. S6†), respectively, smaller than the experi-
mental results of 4.42 and 4.29 eV, a difference that can be
ascribed to the discontinuity of exchange–correlation energy in
DFT calculations. Examination of the partial and total density of
states show that the I 5p andW 5d orbitals overlap with the O 2p
and F 2p orbitals over the entire energy range (Fig. 4a and S7a†).
The Rb 4p nonbonding orbitals in RWOFI are far from the
Fermi level compared to the Cs 5p nonbonding orbitals in
CWOFI. Thus, RWOFI shows a slightly larger bandgap, consis-
tent with the trend in experimental results. The contribution to
the valence band (VB) close to the Fermi level is essentially O 2p
and F 2p in nature, with the latter located at a lower energy
because of its larger electronegativity. Both I 5p and O 2p
orbitals play key roles in the lower energy regions of the
conduction band (CB), consistent with strong I–O/F and W–O/F
bonds interactions.
Chem. Sci., 2022, 13, 10260–10266 | 10263
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Fig. 3 (a) Phase-matching curves of RWOFI and CWOFI with 1064 nm laser radiation. The solid curves are guides for the eye and not fits to the
data. (b) Oscilloscope traces of the SHG signals (105–150 mm) for powders of RWOFI and CWOFI at l ¼ 1064 nm. KDP samples serve as the
references.
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To clearly demonstrate the inuences of the two heavy oxy-
uorine anions on the bandgaps, we rstly compare the elec-
tronic structures23 of RWOFI and CWOFI with K5(W3O9F4)(IO3),
which possess similar compositions but exhibit different
congurations near the Fermi level. K5(W3O9F4)(IO3) has iso-
lated [IO3]

� oxyanions with three terminal oxygen atoms that
manifest as non-bonding O 2p orbitals in the electronic struc-
ture, while most oxygen atoms in the [IO2F2]

� oxyuorine anion
of RWOFI and CWOFI are either further linked to [WO3F3]

3�

oxyuorine anions or replaced by highly electronegative F�. The
contributions of non-bonding O 2p orbitals in RWOFI and
CWOFI are consequently much less important than those in
K5(W3O9F4)(IO3). Secondly, in contrast to the interconnected
Fig. 4 (a) Total and partial density of states projected onto the constitu
weighted densities for (c) occupied and (d) unoccupied electronic states in

10264 | Chem. Sci., 2022, 13, 10260–10266
tungsten-centered octahedra in K5(W3O9F4)(IO3), the [WO3F3]
octahedra in RWOFI and CWOFI are isolated from each other,
which leads to a narrow conduction band width and a signi-
cant increase in the bandgap.15 Thirdly, the bottom of the CB in
conventional 3d0/4d0-TM iodates mainly consists of d0-TM
empty d orbitals and O 2p orbitals; in contrast, the heavy 5d0-
W6+ cation has a weaker orbital overlap with O2�/F� anions in
RWOFI and CWOFI due to its relatively low effective electro-
negativity, which results in an upward shi of the bottom of the
CB.12 The wide bandgaps observed in RWOFI and CWOFI can
clearly be attributed to synergism between the [WO3F3]

3� and
[IO2F2]

� oxyuorine anions.
ent atoms in RWOFI. (b) Calculated refractive indexes in RWOFI. SHG-
RWOFI. Color codes: I brown,W green, O red, F light green, Rb purple.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Based on the restriction of Kleinman's symmetry, there are
three non-zero SHG tensors (d31, d32, d33) for RWOFI and
CWOFI (listed in Table S7†). The absolute values of the largest
tensor d31 are 1.59 and 1.85 pm /V for RWOFI and CWOFI,
respectively, corresponding to approximately 4.1 and 4.7 times
that of KDP (d36 ¼ 0.39 pm V�1), and therefore consistent with
the experimental values. The birefringences are calculated to be
0.166 (RWOFI) and 0.137 (CWOFI) @ 1064 nm. The shortest
phase-matchable wavelength of RWOFI is ca. 262 nm (Fig. 4b),
which is shorter than its UV cut-off edge of 280 nm. In compar-
ison, the shortest phase-matchable wavelength of CWOFI is red-
shied to 302 nm (Fig. S7b†), which is attributed to its relatively
small birefringence and large chromatic dispersion. These
results are consistent with the phase-matching capability of the
two crystalline materials shown experimentally at 1064 nm. A
real-space atom-cutting analysis24 of the contributions of the
constituent oxyuorine anions [IO2F2]

� and [WO3F3]
3� to the

NLO properties has been undertaken, the resultant data being
listed in Table S7.† The [IO2F2]

� oxyuorine anions make the
major contributions to the coefficient d31 (66.5 and 70.2%), the
[WO3F3]

3� oxyuorine anions account for 27.1 and 27.3%, and
the contributions from the alkali-metal cations (6.3 and 2.5%) are
negligible, for RWOFI and CWOFI, respectively. In general, the
SHG properties are closely related to the relevant virtual (electron
and hole) excitations between the states near the Fermi level.25 A
wide bandgap usually increases the difficulty of the virtual exci-
tation, resulting in a weak SHG response, making the simulta-
neous engineering of a wide bandgap and a strong SHG response
a key problem in the development of efficient NLO materials.26

SHG-weighted electron densities27 illustrated in Fig. 4c, d, S7c,
and d† further conrm the dominant contributions of the 0D
[WO2F3(IO2F2)]

2� hetero-oxyuorine anions electron clouds to
the SHG responses. Since the SHG properties are closely related
to the band structures, the excellent linear and nonlinear optical
properties in RWOFI and CWOFI can be assigned to their unique
band structures that result from the bandgap engineering by dual
uorination of the two types of SOJT distorted units.
Conclusions

In summary, the rst examples of 5d0-TM uoroiodates, A2-
WO2F3(IO2F2), have been successfully synthesized by employing
a bandgap engineering strategy based on dual uorination of
two different oxyanions. Due to the optimized combination of
two types of uorinated SOJT distorted units, A2WO2F3(IO2F2)
exhibit wide bandgaps (4.42 eV (RWOFI), 4.29 eV (CWOFI)), the
largest of d0-TM iodates to date. They additionally possess
strong SHG responses of 3.8 � KDP (RWOFI) and 3.5 � KDP
(CWOFI) at 1064 nm, sufficient birefringence (0.166 (RWOFI)
and 0.137 (CWOFI) at 1064 nm), and broad optical transparency
windows. Theoretical calculations have elucidated that the wide
bandgaps of the two hetero-oxyuorides originate from collab-
oration of the [WO3F3]

3� and [IO2F2]
� oxyuorine anions. This

study provides an efficient bandgap engineering strategy for the
development of high-performance NLO materials with an opti-
mized balance of linear and nonlinear optical properties.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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