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Pb2Ga3F6(SeO3)2X3�2H2O (X = Cl, Br): two new
HTO-type members exhibiting large NLO effects
mediated by ionic mixing and substitution
strategies†

Lili Liu, *a Junbo Wang,a Bingchen Xiao,a Xunchi Li,a Yaoqing Chu,a

Tongqing Sun *b and P. Shiv Halasyamani c

The anion mixing strategy and equivalent substitution of functional groups are two effective and

controllable methods to improve the probability of obtaining noncentrosymmetric (NCS) structures and

optimizing nonlinear optical (NLO) performance. Herein, Pb2Ga3F6(SeO3)2X3�2H2O (X = Cl and Br) are

discovered via cation group substitution and introduction of oxyfluoride [GaF4O2] octahedra. They are

also the first examples possessing two kinds of halogen atoms in the hexagonal tungsten oxide (HTO)

family. Pb2Ga3F6(SeO3)2Cl3�2H2O and Pb2Ga3F6(SeO3)2Br3�2H2O are isostructural and crystalize in the

noncentrosymmetric trigonal space group R32, and they feature a three dimensional (3D) framework

with HTO-type [Ga3F6(SeO3)2]N layers linked by [Pb2Br3]N layers. Owing to the effective arrangement of

chemical functional units, Pb2Ga3F6(SeO3)2X3�2H2O exhibit strong SHG responses of 4.0–4.5 � KH2PO4

(KDP) and short UV cut-off edges of o300 nm, which are two essential parameters for NLO practical

applications. The other physical and chemical properties of title compounds were evaluated in this work

using IR spectroscopy, thermal parameter measurements, and theoretical calculations.

Introduction

Through second-harmonic generation (SHG), NLO materials
can achieve frequency conversion, which extends the laser
output wavelength resulting in NLO crystals being indispensa-
ble in laser science.1,2 An excellent UV NLO crystal needs to
simultaneously satisfy the following attributes: (1) strong SHG
intensity (dij 4 0.39 pm V�1 (d36 KDP)), (2) short UV cutoff edge
(o300 nm), (3) large optical birefringence (Dn B 0.07), (4)
phase-matchable capability, (5) large laser damage thresholds
(LDTs) (45 GW cm�2), (6) growth of large size single crystals
(centimeter size), and (7) good physical–chemical stability.3–5

The SHG coefficient is a key parameter of NLO materials that
concerns their frequency doubling conversion efficiency. The
general strategy to enhance the SHG coefficient is to introduce
asymmetric structural units such as stereochemically active
lone pair (SCALP) electrons (Pb2+, Bi3+, Se4+, and I5+),6–12 and
a distorted polyhedron constructed using d10 (Zn2+, Cd2+) or d0

cations (Ti4+, Nb5+, V5+, and Mo6+).13–17 However, most of these
atoms undergo d–d or f–f electron transition which is heavily
against the effectiveness of transparency of related materials.
To enlarge the band gap, alkali and alkaline-earth metal cations
without d–d or f–f electron transitions are preferred, despite
these cations contributing little to enhance the SHG. Therefore,
it is a challenge to achieve a balance between a large SHG effect
and a wide band gap. The key to solve this problem is to select
suitable fundamental building blocks (FBBs) and create a
reasonable structural arrangement.

Recently, it has been shown that the anion-mixing strategy
and group substitution strategy are two highly efficient synth-
esis strategies in the design and synthesis of new NLO materi-
als, which have resulted in the successful syntheses of new
SHG materials,18–23 such as CsVO2F(IO3),

24 A3VO(O2)2CO3

(A = K, Rb, Cs),25 and Pb2TiFO(SeO3)2Br.
26 The anion-mixing

strategy, namely, is to introduce different kinds of anions as the
ligands into one cation-centred polyhedron. The most popular
anion-mixing strategy is the replacement of O2� by an F� ion to
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construct oxyfluoride polyhedrons (for example MOxFy type
polyhedron),27–31 such as AB4O6F (A = NH4, Na, Cs),32,33

K5(NbOF4)(NbF7)2,
27 and A2WO2F3(IO2F2) (A = Rb and Cs).34

On the one hand, O2� and F� anions have different anionic
radii and electronegativities, which can break the original
structure and symmetry of pure oxyanions (such as MOx type
polyhedrons) and will result in large polarizability and deform-
ability, which can simultaneously improve the possibility of
macroscopic NCS and birefringence. On the other hand, F� can
modify the electronic band structure of materials because of
the lower energy of F-2p states compared with that of O-2p
states, and then adjust the cutoff edge to blue-shift by replacing
O2� sites of oxyanions.27,35,36 Therefore, the anion-mixing
strategy between O2� and F� allows regulating the composition,
symmetry, polarizability, and transmittance of materials as well
as improving their comprehensive NLO performance. Group
substitution is a chemical substitution-oriented design strat-
egy, which is to directly modify the crystal structure of the
known prototype compound to retain good original structural
genes and improve optical properties.24 It is well-known that
HTO-type selenite and tellurite represent an important family
of SHG materials, and the structural feature of this family is
that d0 TM-centred octahedral anionic layers are capped on one
or both sides by [SeO3]

2�/[TeO3]
2� groups.37 Many HTO-type

compounds have been reported, like AGa3F6(SeO3)2 (A = NH4, K,
Rb, Cs), Cs(TiOF)3(SeO3)2, A2(WO3)3(SeO3)(A = NH4, Rb, Cs),
A2(WO3)3(TeO3) (A = Rb, Cs), and A2(MoO3)3(SeO3)2 (A = Rb, Cs,
Tl, NH4).

37–41 However, most HTO-type materials exhibit non-
phase matchability, which can be attributed to their intrinsi-
cally small birefringence. To improve the non-phase match-
ability problem of HTO-materials, in the study of Prof. Chi
Zhang, [GaO2F4]

5� units coming from main group were intro-
duced to replace d0 TM-O6 units based on known
A(VO2)3(SeO3)2 (A = Rb, Cs) through group substitution and
anion-mixing strategies, and then compounds AGa3F6(SeO3)2
(A = Rb, Cs) were obtained that exhibit strong phase-matchable
SHG responses (5.0–6.0 � KDP at 1064 nm).37

Inspired by the above ideas, two new NCS selenites,
Pb2Ga3F6(SeO3)2X3�2H2O (X = Cl and Br), were discovered by
our group based on group substitution and anion-mixing
strategies. Pb2Ga3F6(SeO3)2X3�2H2O feature HTO-type [Ga3F6
(SeO3)2]N layers and have large SHG intensities (4.0–4.5 �
KDP at 1064 nm) and wide band gaps (4.59 and 4.13 eV). After
studying the structures and properties of HTO-type selenites
reported in the ICSD database (see Table S1, ESI†), it is worth
noting that Pb2Ga3F6(SeO3)2X3�2H2O (X = Cl and Br) are the first
two compounds including two different halogen atoms and
exhibit a better balance between a large SHG effect and wide
band gap in the current HTO-type selenite family.

Experimental

Caution: Hydrofluoric acid is toxic and corrosive! It must be
handled with extreme caution and appropriate protective equip-
ment and training.

Reagents

PbCl2 (Alfa Aesar, 98%), PbBr2 (Alfa Aesar, 98%), Ga2O3 (Alfa
Aesar, 99.99%), SeO2 (Alfa Aesar, 99.4%) and HF (Alfa Aesar,
48–51%) were used as received.

Syntheses

All the reported compounds were prepared by hydrothermal
methods. The loaded compositions are PbCl2 (0.28 g), Ga2O3

(0.14 g), SeO2 (0.11 g), HF (B0.05 mL) and H2O (5 mL) for
Pb2Ga3F6(SeO3)2Cl3�2H2O, and PbBr2 (0.37 g), Ga2O3 (0.14 g),
SeO2 (0.11 g), HF (B0.05 mL) and H2O (5 mL) for Pb2Ga3-
F6(SeO3)2Br3�2H2O. The reactions were carried out at 230 1C for
4 days, followed by slow cooling to 100 1C at a rate of 2 1C h�1.
And, then the temperature was cooled to room temperature for
5 hours. The final pH value of the reaction media was close to 1.
Finally, the products were ultrasonically washed with de-
ionized water, and many colourless thin plate-shaped crystals
were obtained with yields of B65% and B50% based on PbBr2
for Pb2Ga3F6(SeO3)2Cl3�2H2O and Pb2Ga3F6(SeO3)2Br3�2H2O,
respectively. The purities of samples were confirmed by X-ray
diffraction (XRD) studies (Fig. S1, ESI†).

Powder X-ray diffraction

Powder XRD measurements were carried out at room tempera-
ture using a PANalytical X’Pert PRO diffractometer equipped
with Cu Ka radiation (l = 1.5418 Å). Data were collected in the
two-theta range of 10–701 with a step scan width of 0.0081 and a
scan time of 0.5 s. The powder XRD patterns for the powder
samples of Pb2Ga3F6(SeO3)2Cl3�2H2O and Pb2Ga3F6(SeO3)2Br3�
2H2O are shown in Fig. S1 (ESI†). As seen in Fig. S1 (ESI†),
the experimental and calculated diffraction patterns are in
good agreement.

Structural characterization

The crystal structures of Pb2Ga3F6(SeO3)2Cl3�2H2O and
Pb2Ga3F6(SeO3)2Br3�2H2O were determined by single crystal
X-ray diffraction. Data were collected on a Bruker SMART APEX2
diffractometer equipped with a 4K CCD area detector using
graphite-monochromated Mo Ka radiation (l = 0.71073 Å) and
were integrated with the SAINT program.42 A multi-scan techni-
que was applied for the absorption corrections. The structures
were solved by direct methods using SHELXS-97.43,44 All atoms
in the structure were refined using full matrix least-squares
techniques, and final least-squares refinement was on Fo

2 with
data having Fo

2
Z 2s (Fo

2). All two structures were checked for
possible missing symmetry with PLATON, and no higher sym-
metry was found.45 The Flack parameters were refined to
0.032(18) and 0.002(11) for Pb2Ga3F6(SeO3)2Cl3�2H2O and
Pb2Ga3F6(SeO3)2Br3�2H2O, respectively, which confirm the cor-
rectness of their absolute structures. Crystal data and structure
refinement information for the two compounds are listed in
Table 1. The final refined atomic positions, isotropic thermal
parameters, and bond valence sum (BVS) calculations46 are given
in Table S2 (ESI†), and selected bond lengths and angles are
listed in Table S3 (ESI†).
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Infrared spectroscopy

The infrared spectra (IR) of Pb2Ga3F6(SeO3)2Cl3�2H2O and
Pb2Ga3F6(SeO3)2Br3�2H2O in the 500–4000 cm�1 range were
recorded by using a Thermo Scientific Nicolet iS10 FT-IR
Spectrometer at room temperature.

UV-vis-NIR diffuse reflectance spectroscopy

The UV-vis-NIR diffuse reflectance spectra of Pb2Ga3F6(SeO3)2-
Cl3�2H2O and Pb2Ga3F6(SeO3)2Br3�2H2O were measured at
room temperature with a Cary 5000 UV-vis-NIR spectrophoto-
meter in the 200–1000 nm wavelength range.

Thermal analysis

The thermal properties were carried out on an EXSTAR TG/DTA
6300 in the temperature range from room temperature
to 600 1C with a heating and cooling rate of 10 1C min�1 in
flowing N2.

SHG measurements

Powder SHG was measured by using the Kurtz–Perry method at
1064 nm.47 Polycrystalline Pb2Ga3F6(SeO3)2Cl3�2H2O and
Pb2Ga3F6(SeO3)2Br3�2H2O and KDP were ground and sieved
into distinct particle size ranges (o20, 20–45, 45–63, 63–75,
75–90, and 90–125 mm). Sieved KDP powder was used as the

reference. The samples were placed in 1 mm thick fused silica
tubes. The intensity of the frequency doubled radiation from
the samples was measured using a photomultiplier tube.

Theoretical calculations

The CASTEP package was employed to perform self-consistent
field (SCF) and geometry optimization (GO) calculations
by using Broyden–Fletcher–Goldfarb–Shanno methods, with the
norm-conserving pseudopotentials (NCPs).48 The exchange–corre-
lation functional was the Perdew–Burke–Ernzerhof (PBE) func-
tional within the generalized gradient approximation (GGA).49,50

The plane-wave energy cutoff was set as 940 eV. The adopted
convergence tolerance energy and self-consistent field tolerance
were 5 � 10�6 eV per atom and 10�6 eV per atom, respectively.
The k-point separation for each material is set as 4 � 4 � 2 in the
Brillouin zone for the SCF. After optimization, the optics calcula-
tion will be performed subsequently. The linear optical properties
were examined based on the dielectric function e(o) = e1(o) +
ie2(o). The imaginary part of a dielectric function e2 can be
calculated based on the electronic structures and the real part is
obtained using Kramers–Kronig transformation; accordingly, the
refractive indices and the birefringence (Dn) can be calculated.

Results and discussion
Crystal structure

Single-crystal XRD analyses revealed that Pb2Ga3F6(SeO3)2Br3�
2H2O and Pb2Ga3F6(SeO3)2Cl3�2H2O are isostructural, both
crystallizing in the nonpolar NCS space group R32 (No. 155).
Accordingly, only a representative structure, Pb2Ga3F6(SeO3)2-
Br3�2H2O, will be discussed in detail. Fig. S2 (ESI†) shows the
structure of Pb2Ga3F6(SeO3)2Br3�2H2O. In its asymmetric cell,
there is one crystallographically independent Pb atom, one Ga
atom, one Se atom, one Br atom, one F atom, two O atoms, and
two H atoms. As shown in Fig. 1a, Pb2Ga3F6(SeO3)2Br3�2H2O
features a 3D framework, composed of [Ga3F6(SeO3)2]N

� anio-
nic layers and [Pb2Br3]N

+ cationic layers. In the structure, the
Ga atom is surrounded by two apical O atoms and four
equatorial F atoms to form the [GaF4O2] group, which extend
on the ab plane to build the [Ga3F6O6]N layer through sharing

Table 1 Crystal data and structure refinement for Pb2Ga3F6(SeO3)2Cl3�
2H2O and Pb2Ga3F6(SeO3)2Br3�2H2O

Formula Pb2Ga3F6(SeO3)2Cl3�2H2O Pb2Ga3F6(SeO3)2Br3�2H2O
Fw 1133.84 1267.22
Space group Trigonal, R32
a (Å) 7.2103(5) 7.2307(8)
c (Å) 28.232(3) 29.057(3)
Volume (Å3) 1271.1(2) 1315.6(3)
Z 3 3
Dcalcd (Mg m�3) 4.444 4.798
m (mm�1) 29.366 34.749
GOF on F2 1.125 1.018
R/wR [I 4 2s(I)]a 0.0310/0.0772 0.0201/0.0446
R/wR (all data)a 0.0313/0.0775 0.0207/0.0448
Flack parameter 0.024(16) 0.003(11)

a R1 = S||Fo| � |Fc||/S|Fo| and wR2 = [Sw(Fo
2 � Fc

2)2/SwFo
4]1/2 for Fo

2 4
2s(Fo

2).

Fig. 1 Crystal structure of Pb2Ga3F6(SeO3)2Br3�2H2O. (a) Crystal structure of Pb2Ga3F6(SeO3)2Br3�2H2O seen along the b-axis. (b) [Ga3F6(SeO3)2]N layer.
(c) [Pb2Br3]N layer seen along the b-axis. Pb–O bonds were omitted for clarity.
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common F atoms. And then, SeO3 groups cap both sides of the
[Ga3F6O6]N layer to form the HTO-type [Ga3F6(SeO3)2]N layer
(Fig. 1b). As shown in Fig. 1c, each Pb is bonded to three Br
atoms to form the PbBr3 group, and then PbBr3 groups were
arranged on the ab plane end to end to construct the [Pb2Br3]N
layer. [Ga3F6(SeO3)2]N layers and [Pb2Br3]N layers were stacked
alternately along the c-axis and linked together through Pb–O
bonds to build the whole crystal structure of Pb2Ga3F6-
(SeO3)2Br3�2H2O.

Coordination environments of cations in Pb2Ga3F6-
(SeO3)2Br3�2H2O are shown in Fig. S3 (ESI†). The Pb atom is
coordinated with three O atoms, three F atoms and three Br
atoms to form a sphere-like [PbO3F3Br3] polyhedron that shows
weak chemical stereoscopic activity. The Se atom is bonded to
three O atoms to form the SeO3 pyramid. The Ga atom connects
with two O atoms and four F atoms to form the [GaF4O2] group.
In the structure, the Pb–O bond is 2.870(4) Å, the Pb–Br bond is
2.915(6) Å, the Pb–F bond is 2.869(6) Å, the Se–O bond is
1.706(4) Å, the Ga–F bond is 1.950(7) Å and the Ga–O bond
is 1.951(4) Å. The calculated bond valence sum (BVS) values of
Pb, Ga, Se, Br, F, O(1) and O(2) are +2.24, +2.73, +3.99, �1.06,
�0.90, �1.88 and �1.69, respectively, which are in accordance
with their corresponding oxidation states of +2, +3, +4, �1 and
�2 (Table S2, ESI†).

Structural evolution from A(VO2)3(SeO3)2/AGa3F6(SeO3)2
(A = Rb, Cs) to Pb2Ga3F6(SeO3)2X3�2H2O

In this part, we discuss how to obtain the title compounds
Pb2Ga3F6(SeO3)2X3�2H2O through remoulding known A(VO2)3-
(SeO3)2/AGa3F6(SeO3)2 (A = Rb, Cs). Here, the A atom is set as
the Rb atom.

From Fig. 1 and 2, it is clear that RbGa3F6(SeO3)2, Rb(VO2)3-
(SeO3)2 and title Pb2Ga3F6(SeO3)2X3�2H2O compounds are all
sandwich-like structures, composed of alternately stacked anio-
nic layers and cationic layers. The so-called anionic layers have
similar components, and they are formed by octahedra and
SeO3 groups. As shown in Fig. 1 and 2a, Pb2Ga3F6(SeO3)2X3�
2H2O and RbGa3F6(SeO3)2 possess same anionic [Ga3F6-
(SeO3)2]N layers, in which [GaF4O2] octahedra form the basic
layer skeleton and then the SeO3 groups are capped on it. For
Rb(VO2)3(SeO3)2, the Ga atoms are changed as V atoms, and all
the F atoms are remoulded as O atoms to maintain the charge
balance, and then to form the [V3O6(SeO3)2]N layers (Fig. 2b).
[Ga3F6(SeO3)2]N and [V3O6(SeO3)2]N layers are the typical struc-
tural character of the HTO family. After the construction of
[Ga3F6(SeO3)2]N or [V3O6(SeO3)2]N anionic layers, the cationic
part plugs in the space between the anionic layers. For
RbGa3F6(SeO3)2 and Rb(VO2)3(SeO3)2, they have a very similar
crystal structure: Rb atoms are inserted into the gaps between
two adjacent [Ga3F6(SeO3)2]N or [V3O6(SeO3)2]N layers (Fig. 2).
But for the title compounds Pb2Ga3F6(SeO3)2X3�2H2O, the
cationic part is 2D [Pb2X3]N

+ layers, not isolated cations. In
another word, cationic [Pb2X3]

+ layers take the place of equiva-
lent A+ ions to achieve the structural transformation from
known RbGa3F6(SeO3)2/Rb(VO2)3(SeO3)2 to Pb2Ga3F6(SeO3)2X3�
2H2O.

Interlayer inclusion is the biggest difference between title
Pb2Ga3F6(SeO3)2X3�2H2O and RbGa3F6(SeO3)2/Rb(VO2)3(SeO3)2,
which lead to the different layer distances. As shown in Fig. 3,
the distance between [Ga3F6(SeO3)2]N layers in Pb2Ga3F6-
(SeO3)2X3�2H2O is as large as 9.69 Å; the interlamellar spacing
in RbGa3F6(SeO3)2/Rb(VO2)3(SeO3)2 is only 5.83/5.73 Å,
obviously smaller than that of Pb2Ga3F6(SeO3)2X3�2H2O.

IR spectra

The IR spectra of Pb2Ga3F6(SeO3)2X3�2H2O are shown in Fig. S4
(ESI†). It is obvious that Pb2Ga3F6(SeO3)2Cl3�2H2O and
Pb2Ga3F6(SeO3)2Br3�2H2O exhibit almost similar IR spectra.
The stretching vibration of H2O and OH is observed at
B3250 cm�1. The bending vibrations of H2O are observed at
B1600 cm�1. The peaks between 1000 and 700 cm�1 are
attributed to the asymmetric stretching vibration of the SeO3

units. The vibrational peak at 490 cm�1 can be assigned to
coupling mode of the symmetric bridge Ga–F bond and asym-
metric terminal Ga–F bond vibrations.51–55

UV-vis-NIR diffuse reflectance spectra

The optical diffuse reflectance spectrum measurements indi-
cate that the absorption edges of Pb2Ga3F6(SeO3)2Cl3�2H2O and
Pb2Ga3F6(SeO3)2Br3�2H2O are approximately 270 and 300 nm
corresponding the optical band gaps of 4.59 and 4.13 eV,
respectively (Fig. 4). We observe that the absorption edges
show a red shift gradually from Pb2Ga3F6(SeO3)2Cl3�2H2O to
Pb2Ga3F6(SeO3)2Br3�2H2O after the Br atom replacing the Cl atom,
which is attributed to the relatively smaller electronegativity of the
Br atom. Compared with the HTO-type compounds listed in Table
S1 (ESI†), it is worth noting that Pb2Ga3F6(SeO3)2X3�2H2O display
the second broadest band gap in the current NLO HTO-type
selenite family (NH4(GaF2)3(SeO3)2 has the widest band gap in this
family41).

Thermal behaviour

Results of the TG analyses demonstrate that Pb2Ga3F6-
(SeO3)2Cl3�2H2O and Pb2Ga3F6(SeO3)2Br3�2H2O undergo two steps
of weight loss before 450 1C (Fig. S5, ESI†). During this process,
the observed weight losses ofB20% and 22% are very close to the
calculated values of 21.20 and 22.76% for Pb2Ga3F6(SeO3)2Cl3�
2H2O and Pb2Ga3F6(SeO3)2Br3�2H2O, respectively: the first step
corresponds to the release of H2O molecules, and the second step
corresponds to the release of SeO2. After 450 1C, a faster weight-
lessness occurs in the TG curve of Pb2Ga3F6(SeO3)2Br3�2H2O,
compared with that of Pb2Ga3F6(SeO3)2Cl3�2H2O. The reason
may be that the release of Cl and Br dominates this stage, while
the proportion of Br in Pb2Ga3F6(SeO3)2Br3�2H2O is larger than
the proportion of Cl in Pb2Ga3F6(SeO3)2Cl3�2H2O. Therefore, the
rate of weight loss for Pb2Ga3F6(SeO3)2Br3�2H2O is relatively faster
after 450 1C.

SHG measurements

The SHG effects of Pb2Ga3F6(SeO3)2Cl3�2H2O and Pb2Ga3F6-
(SeO3)2Br3�2H2O were tested under 1064 nm irradiation since
they adopt the asymmetric space group and have short
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absorption edges. The results shown in Fig. 5 indicate that both
samples cannot achieve phase matching behaviour; however,
they still exhibit strong SHG effects 4.0 and 4.5 times of
KDP with 63–75 mm particle size. Fig. 6 displays the band gaps
and SHG effects of the current HTO-type family, in which
compounds 12–15 show super SHG effects, about 7.0–12.0 �
KDP, and compounds 6–11 show large SHG effects, about
4.0–6.0 � KDP. Compound 16 has the widest band gap;
however, its SHG effect is only 1.1 � KDP. In summary, most

of them have a relatively narrow band gap of around
3.0 eV, which limits their application wavelength and LDT.
Interestingly, it is clearly demonstrated that the title com-
pounds Pb2Ga3F6(SeO3)2Cl3�2H2O and Pb2Ga3F6(SeO3)2Br3�
2H2O (compounds 6 and 7) have relatively wider optical
band gaps in the current HTO-type family. Therefore,
title compounds Pb2Ga3F6(SeO3)2X3�2H2O achieve a better
balance between the band gap and the SHG effect in the HTO
family.

Fig. 2 Crystal structures of (a) RbGa3F6(SeO3)2 and (b) Rb(VO2)3(SeO3)2. Rb–O bonds are omitted for clarity.

Fig. 3 Structural comparison among (a) Pb2Ga3F6(SeO3)2X3�2H2O, (b) RbGa3F6(SeO3)2 and (c) Rb(VO2)3(SeO3)2. H2O molecules, Pb–O bonds and Rb–O
bonds are omitted for clarity.
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Theoretical calculations

The calculated band gaps of Pb2Ga3F6(SeO3)2Cl3�2H2O and
Pb2Ga3F6(SeO3)2Br3�2H2O compounds are 3.84 and 3.10 eV,
respectively, which are smaller than the experimental values,
as the GGA-PBE underestimates the band gap (Fig. S6, ESI†).
The calculated refractive index curves of the title compounds
are plotted in Fig. S7 (ESI†). The introduction of SCALP cations
is an effective method,56–59 but it illustrates that the calculated
birefringences of two title compounds are about 0.02 and 0.01 at
1064 nm, which are not large enough to satisfy the condition of
phase matching. So, despite that Pb2Ga3F6(SeO3)2Cl3�2H2O and
Pb2Ga3F6(SeO3)2Br3�2H2O show large SHG effects (4.0–4.5 �
KDP), they are not phase-matchable as shown in Fig. 5.

Conclusions

In summary, Pb2Ga3F6(SeO3)2X3�2H2O (X = Cl, Br) compounds
were obtained as two newmembers of the HTO family, and they
are the first examples possessing two kinds of halogen atoms in

Fig. 4 The UV-vis-NIR diffuse reflectance spectra of (a) Pb2Ga3F6(SeO3)2Cl3�2H2O and (b) Pb2Ga3F6(SeO3)2Br3�2H2O.

Fig. 5 SHG intensities of Pb2Ga3F6(SeO3)2Cl3�2H2O and Pb2Ga3F6-
(SeO3)2Br3�2H2O.

Fig. 6 The band gaps and SHG effects of current HTO-type NLO selenites.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
5 

M
ar

ch
 2

02
4.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f H

ou
st

on
 o

n 
12

/1
3/

20
24

 5
:2

1:
31

 P
M

. 
View Article Online

https://doi.org/10.1039/d4tc00554f


4992 |  J. Mater. Chem. C, 2024, 12, 4986–4994 This journal is © The Royal Society of Chemistry 2024

this family. On the structural aspect, Pb2Ga3F6(SeO3)2X3�2H2O
feature the typical HTO-type [Ga3F6(SeO3)2]N layer. The two
compounds have relatively larger band gaps in the current NLO
HTO family, and the values are 4.59 and 4.13 eV, respectively.
Besides, they still exhibit strong SHG effects 4.0 and 4.5 times
of KDP. Therefore, the title compounds Pb2Ga3F6(SeO3)2X3�
2H2O achieve a good balance between wide band gaps and
large SHG effects. However, they cannot meet the type-I phase
matchable conditions due to their small birefringences. The
successful findings of Pb2Ga3F6(SeO3)2X3�2H2O compounds not
only enrich the HTO family, but also verify that it is effective to
design new NLO crystals using the anion-mixing and cation
group substitution strategies.
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