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Second-order nonlinear optical (NLO) materials are of current
interest and great importance owing to their uses in photonic
technologies.1 The most widely used such materials at present are
mainly inorganic crystals based on borates, such asâ-BaB2O4

(BBO) and LiB3O5 (LBO), and phosphates, such as KH2PO4 (KDP)
and KTiOPO4 (KTP).2 It is reported that the active groups
responsible for the NLO properties in BBO and LBO crystals are
(B3O6)3- and (B3O7)5- anions, respectively. Metal borophosphates
containing both borate and phosphate groups are also promising
NLO materials.3 The asymmetric coordination polyhedron adopted
by SeIV or TeIV atoms is also reportedly able to afford noncen-
trosymmetric structures with consequent interesting physical prop-
erties, such as nonlinear optical second harmonic generation
(SHG).4-6 Transition metal ions with d0 electronic configuration,
such as Ti4+, Nb5+, W6+, and Mo6+, etc., which are susceptible to
second-order Jahn-Teller distortions, have been introduced to the
metal selenite or tellurite systems in order to enhance their SHG
properties.4-6 We deem that a compound containing both borate
anion and selenium(IV) or tellurium(IV) which contains the lone
pair electrons may possess good SHG properties due to the presence
of two types of SHG active groups. So far, no such compounds
have been reported. Our exploration on the compounds in the
selenite-borate system led to the discovery of a new second-order
NLO material, Se2B2O7, with a SHG efficiency of about 2.2 times
that of KDP (KH2PO4) based on powder SHG measurements.
Herein we report its synthesis, crystal structure, and optical
properties.

Single crystals of Se2B2O7 were isolated quantitatively by the
solid-state reaction of B2O3 (1.2 mmol) and SeO2 (2.4 mmol) at
320 °C in an evacuated quartz tube. Its purity was confirmed by
XRD powder diffraction studies. The measured XRD powder
pattern matches the one simulated from single-crystal X-ray
diffraction studies.7 Se2B2O7 is slightly moisture sensitive in air at
room temperature.

The structure of Se2B2O7 features a 3D network composed of
B2O7

8- anions interconnected by SeIV atoms (Figure 1). The boron
atoms are tetrahedrally coordinated by four oxygen atoms, which
is different from the trigonal BO3 geometry in BBO.2b In LBO,
both trigonal BO3 and tetrahedral BO4 groups are found.2c A pair
of BO4 tetrahedra are further interconnected into a B2O7

8- unit via
corner sharing (O(7)). The B-O distances range from 1.40(1)-
1.516(9) Å and O-B-O bond angles fall in the range of 102.8-
(6)-117.5(6)°. These bond lengths and angles are comparable to
those in other borates.2,3 The B(1)-O(7)-B(2) angle is 130.7(5)°.
In BBO, three BO3 groups are corner-sharing to form a planar
(B3O6)3- unit, whereas in LBO, the interconnection of planar BO3

and tetrahedral BO4 groups resulted in a 3D network with large
tunnels occupied by lithium atoms.2 Both Se(1) and Se(2) adopt a
ψ-SeO3 trigonal pyramidal geometry with the lone pair electrons
occupying the pyramidal sites. The Se-O distances are in the range
of 1.695(5)-1.709(5) Å, which are comparable to those reported

in other metal selenites.8 Bond valence calculations indicate that
the B atoms are in an oxidation state of+3 and the Se atoms are
+4, the calculated total bond valences for B(1), B(2), Se(1), and
Se(2) are 3.03, 3.04, 4.01, and 3.96, respectively.9

The open framework of Se2B2O7 can also be described as an
interesting mixed (3,4)-connected net of the B and Se (linked by
-O- bridges) (Figure 1). Such net is the ins-type which has been
reported in InS and silver complex of hexamethylenetetramine.10

Right-handed helical tunnels along thec axis are formed (Figure
1b). These tunnels are based on B6Se4 10-membered rings. The
lone pairs of the SeIV atoms are orientated toward the above tunnels.

TGA studies show that there is only very slight weight loss before
300 °C, which is due to the release of the surface water absorbed.
Then it exhibits a large step of weight loss which is completed at
440°C, which corresponds to the release of two molecules of SeO2

per formula unit. The final residuals are B2O3. The total weight
loss of 75.7% is in good agreement with the theoretical value of
76.1%.

The noncentrosymmetric structure of Se2B2O7 prompts us to
measure its SHG properties. SHG measurements on the powder
samples reveal that Se2B2O7 exhibits a SHG efficiency of about
2.2 times that of KDP (KH2PO4). Further absorption spectrum
measurements indicate that Se2B2O7 is transparent in the range of
400-2000 nm. From 400 to 190 nm, the absorption increases with
the decreasing wavelength, and the largest absorption rate is about
23% at 190 nm. Hence Se2B2O7 can be used in UV, visible, and
near-IR regions as a NLO material. Optical diffuse reflectance study
of Se2B2O7 reveals an optical band gap of 4.64 eV (see Supporting
Information); therefore, Se2B2O7 is a wide band gap semiconductor.
For comparison, the band gaps for BBO (6.43 eV) and LBO (7.78
eV) are much wider.11

To gain further insights on the band structure and optical
properties of Se2B2O7, band structure and optical property calcula-
tions for Se2B2O7 were performed by using the total-energy code
CASTEP.12

Figure 1. View of the structure of Se2B2O7 down theb axis (a) and wire
representation of the structure of Se2B2O7 down the c axis (b). BO4

tetrahedra are shaded in cyan. Se, B, and O atoms are drawn as pink, cyan,
and red circles, respectively.
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Results of band structure calculations indicate that B2Se2O7 is
an indirect gap semiconductor with a band gap of 3.99 eV, which
is slightly smaller than that derived from optical diffuse reflectance
spectrum study. The band just above the Fermi level is predomi-
nately derived from unoccupied Se-4p and O-2p states. The band
just below the Fermi level is composed of O-2p, Se-4p, and B-2p
states, mixing with small amounts of Se-4s, O-2s, and B-2s states.

The calculations of linear optical properties described in terms
of the complex dielectric functionε(ω) ) ε1(ω) + iε2(ω) were
made. The imaginary part of the dielectric functionε2 was given
in the following equation:13

The first-order susceptibility and the linear refractive index can be
derived from the dielectric function. The first-order nonresonant
susceptibility at the low frequency region is given byø(1)(ω)ii )
[ε(ω)ii - 1]/4π, and the second-order susceptibilities can be
expressed in terms of the first-order susceptibilities as follows:14

where F(2) ) ma/(N2e3). These expressions are derived from a
classical anharmonic oscillator (AHO) model. Them and e are,
respectively, the electron mass and charge, and the parametersa,
characterizing the nonlinearity of the response, can be obtained from
experimental or theoretical estimations. It is noted thatN is a density
number of unit cells in a crystal instead of density number of atoms
in a classical AHO model.

The dielectric functions of orthorhombic structured B2Se2O7 are
resolved into three components:εx(ω), which is the spectrum for
polarization alonga direction (E | a axis),εy(ω) (E | b axis), and
εz(ω) (E | c axis). The average function,ε2(ω), is given as (ε2x +
ε2y + ε2z)/3 (see Supporting Information). The most prominent peak
is located at 6.1 eV, which mainly originates from the O-2p to
Se-4p direct interband transitions. The average value of polarized
zero frequency dielectric constants isε(0) ) (εx + εy + εz)/3 )
2.03. The dispersion of linear refractive index displays strong
anisotropy which arises from the anisotropy of the dielectric
function,nc > nb > na, but nc andnb are much larger thanna (see
Supporting Information). B2Se2O7 belongs to the crystal class 222.
According to Kleinman’s symmetry conditions, only one indepen-

dent componentZXYexists. The frequency-dependent (dynamic)
second-order susceptibilities ofø(2)(-2ω, ω, ω)zxy calculated by
eq 2 is shown in Figure 2. The calculated value ofd36 (d ) 1/2ø(2))
is about 4.36× 10-9 esu, at a wavelength of 1064 nm (1.165 eV),
which is nearly 4 times that of KDP (d36 ) 1.1 × 10-9 esu). This
value is significantly higher than our measurements on powder
samples as the calculations are based on single crystals that generate
much stronger SHG signals under phase-matching considerations.

In summary, the combination of the lone pair containing
selenium(IV) and borate anion resulted in Se2B2O7 with good SHG
property. Our future efforts will be devoted to the growth of large
crystals and related physical property studies for this compound.
We will also explore other similar systems to find other new NLO
materials.
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Figure 2. Calculated dynamic second-order susceptibilities of Se2B2O7.
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