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ABSTRACT: Nonlinear optical (NLO) crystals, being the primary medium
for laser wavelength conversion, are crucial in all-solid-state lasers.
Borophosphates offer more structural varieties than pure borates and
phosphates, and they have become popular as NLO crystal candidates.
Through spontaneous crystallization, we acquired a noncentrosymmetric
alkali metal borophosphate crystal material, K2Na3B2P3O13 (KNBPO).
KNBPO crystallizes in the orthorhombic Cmc21 space group with the
following unit cell parameters: a = 13.9238(18) Å, b = 6.7673(8) Å, c =
12.1298(15) Å, and Z = 4, and its structure is characterized by a fundamental
building unit 1∞ [B2P3O13] chain structure made up of bridging oxygen linkages between BO4 and PO4 tetrahedra. KNBPO has a
short ultraviolet (UV) cut-off edge (<186 nm), a congruent melting characteristic, good thermal stability, and a moderate second
harmonic generation response roughly 0.42 times that of KH2PO4. Theoretical calculations reveal that the optical properties of the
compound mainly originate from BO4 and PO4 units. Due to the short UV cut-off edge, KNBPO can be used as a potential NLO
material in the UV and even deep UV regions, and it enhances the structural variety of borophosphates, which has a reference value
for scholars investigating similar materials.

■ INTRODUCTION
As one of the four greatest innovations of the 20th century,
laser technology has become an integral part of people’s
everyday lives.1−3 Nonlinear optical (NLO) crystals, as crucial
materials that could extend the laser wavelength, have also
attracted a growing amount of scientific attention.4−8 Through
the unremitting efforts of scientists, some NLO crystal
materials with excellent comprehensive properties and
commercial value have been discovered, which primarily
include borate and phosphate crystal materials, such as
KBe2BO3F2 (KBBF), LiB3O5 (LBO), β-BaB2O4 (BBO),
CsB3O5 (CBO), CsLiB6O10 (CLBO), KH2PO4 (KDP),
KTiOPO4 (KTP), NH4H2PO4 (ADP), etc.

9−18 These well-
known crystalline materials are limited in practical production
applications to varying degrees due to inherent defects such as
the highly toxic raw material Be and its severe layered growth
habit of KBBF, the two-photon absorption and photorefraction
of BBO, the serious deliquescence of CLBO, and the
incompatibility with realistic laser output below 355 nm of
KDP, KTP, and ADP. In practice, exploration of novel
ultraviolet (UV) NLO materials has significant scientific value
in contemporary culture.
Borophosphates are heterogeneous substances that combine

borates and phosphates but are distinct from them.19−21

Three-coordinated planar triangle BO3 and four-coordinated
tetrahedral BO4 are the predominant coordination modes of B
in borate materials.22 These two types of B−O units may also

be joined to form B3O6, B3O7, and B5O10, among
others.10,11,23−26 Phosphates primarily include four-coordi-
nated tetrahedral PO4, and PO4 can also be polycondensed
into oligomeric groups such as P2O7, P3O10, P4O13, etc. that are
connected by corner share.27−32 The primary distinction
between borophosphates and pure borates and phosphates is
that the structure of borophosphates ought to have B−O−P
bonds connected by bridging oxygens. Correspondingly,
borophosphates exhibit a richer structural chemistry variety
than borates and phosphates. Kniep and co-workers catego-
rized borophosphates systematically from the perspective of
structural chemistry, chiefly based on the boron-to-phosphorus
ratio and the varied fundamental building units (FBUs) of
anionic groups in the structure, giving us a better knowledge of
borophosphates.20

Borophosphates have a variety of properties due to their
complex structures.33 Nevertheless, researchers have discov-
ered that noncentrosymmetric structures are not the norm in
borophosphates,34 and only a few compounds, such as BPO4,
MBPO5 (M = Ca, Sr, Ba), KMBP2O8 (M = Sr, Ba),
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Na5B2P3O13, MPbBP2O8 (M = K, Rb), Na3Cd3BP4O16, etc.,
exhibit NLO properties.33,35−42 Among them, BPO4 is
considered a promising deep UV NLO material due to its
short deep UV cut-off edge, large nonlinear coefficient, and
high laser damage threshold. Since the BPO4 structure contains
only tetrahedral groups BO4 and PO4, its birefringence is small,
which limits its phase-matching ability. However, being the
first borophosphate NLO crystal material identified, BPO4 has
caught the interest of borophosphate researchers.43−45 For the
investigation of novel NLO materials, second-order Jahn−
Teller (SOJT) groups can be inserted into the NLO active
groups to increase the NLO performance of the materials, such
as Pb2B5O9I and Cd4BiO(BO3)3.

46,47 It was discovered,
however, that the addition of SOJT groups red-shifted the
cut-off edge, which was incompatible with the short cut-off
edge.48 In order to find UV NLO materials with excellent
comprehensive properties, it is a prerequisite for the material
itself to have UV transmission. To preserve the excellent
optical transmission of borophosphate NLO active groups
BO3, BO4, and PO4, it is acceptable to incorporate into the
structure alkali metals, alkaline earth metals, and rare-earth
elements with fully closed-shell electronic structures, which
lack d−d and f−f electronic transitions.
Following the principles above, we focus on the exploration

of alkali metal borophosphates. Two related compounds,
Na5B2P3O13

39 and KNa4B2P3O13,
42 were discovered by

previous researchers in the study of alkali metal borophos-
phates. Although the two compounds have similar crystal
structures, they crystallize in different space groups (P21 for
Na5B2P3O13 and Pna21 for KNa4B2P3O13), and the second
harmonic generation (SHG) response of Na5B2P3O13 is larger
than that of KNa4B2P3O13. In this research, we aimed to
investigate how structures and properties change with
increasing K content of compounds in the KxNa5−xB2P3O13
(x = 0, 1, 2, 3, 4, and 5) system. In this research, we identified a
noncentrosymmetric borophosphate substance K2Na3B2P3O13
(KNBPO) via high-temperature spontaneous crystallization.
KNBPO has a short UV cut-off edge as well as an appropriate
SHG response. The crystal structure, thermal characteristics,
optical properties, and electronic structure of KNBPO are all
described in depth in this paper.

■ EXPERIMENTAL SECTION
Crystal Growth of KNBPO. A spontaneous crystallization

procedure utilizing NH4BF4 (99.5%, Aladdin) flux was used to
generate single crystal samples of KxNa5−xB2P3O13 (x = 2, 3, 4, and 5).
The raw components and flux were mixed in an agate mortar (molar
ratio of K2CO3−Na2CO3−B2O3−NH4H2PO4−NH4BF4 = 2:3:2:6:3
for x = 2, K2CO3−Na2CO3−B2O3−NH4H2PO4−NH4BF4 = 3:2:2:6:3
for x = 3, K2CO3−Na2CO3−B2O3−NH4H2PO4−NH4BF4 = 4:1:2:6:3
for x = 4, and K2CO3−B2O3−NH4H2PO4−NH4BF4 = 5:2:6:3 for x =
5) before being transferred to platinum crucibles. The initial mixed
samples were fully melted by heating the crystal growth furnace to
700 °C at a rate of 1 °C/min and keeping them at this temperature
for 24 h. The samples were then cooled to 300 °C at a rate of 1 °C/h
and then brought down to room temperature at a rate of 20 °C/h.
Finally, only the sample with x = 2 had transparent crystals in the
platinum crucible. In platinum crucibles of samples with 3 ≤ x ≤ 5, we
found that the obtained compounds were very prone to hygroscopic
decomposition (within ten minutes), indicating that the K tolerance
in the KxNa5−xB2P3O13 system is x = 2.
Synthesis of the Polycrystalline Powder Sample. The

polycrystalline powder samples of KxNa5−xB2P3O13 (x = 0, 1, and
2) were synthesized by the traditional high-temperature solid-state
reaction method. The raw materials for the initial reaction included

K2CO3 (99%, Aladdin), Na2CO3 (99%, Aladdin), B2O3 (98%,
Aladdin), and NH4H2PO4 (99%, Aladdin). The reaction raw materials
for KxNa5−xB2P3O13 (x = 0, 1, and 2) were accurately weighed
according to the stoichiometric ratio and mixed evenly in an agate
mortar. The ground mixed raw materials were put in platinum
crucibles and pre-fired at 550 °C for 24 h in a muffle furnace in order
to completely volatilize impurities such as NH3 and CO2 in the mixed
raw materials. The pre-fired samples were crushed in agate, followed
by complete grinding. The pre-fired samples were then put in
platinum crucibles and sintered at 600 °C (for KNBPO), 650 °C (for
KNa4B2P3O13), and 680 °C (for Na5B2P3O13) for 24 h in a muffle
furnace, respectively. During the synthesis of KxNa5−xB2P3O13 (x = 0,
1, and 2) polycrystalline powder samples, the muffle furnace’s heating
and cooling speeds were both 1 °C/min. For further characterization,
the sintered samples were eventually crushed to fine powder.
Structure Determination. Data for single crystal X-ray

diffraction on transparent bulk crystal KNBPO was acquired using a
Rigaku AFC10 diffractometer equipped with graphite monochromatic
Mo-Kα (λ = 0.71073 Å) radiation at 293 K. For data collection and
absorption correction, the CrysAlispro program and the multi-scan
technique have been used. The crystal structure of KNBPO was
solved with the SHELXT49 solution program using the dual method
and using Olex2 1.350 as the graphical interface, and the structure
refinement of the model KNBPO was performed with SHELXL51

2014/7 using full matrix least squares minimization on F2. Table 1

lists crystallographic parameters for KNBPO. Tables S1 and S2 show
the exact atomic coordinates and equivalent isotropic temperature
factors and specified bond lengths of KNBPO, respectively.
Characterization of the Powder Sample. The polycrystalline

powder sample KNBPO was analyzed at room temperature using a
Bruker D8 X-ray diffractometer equipped with a Cu Kα (λ =
1.540598 Å) radiation source. For the sample characterization, the
scanning step length was 0.02° and the scanning rate was 0.1 s/step.

Table 1. Crystallographic Data and Structure Refinements
for KNBPO

formula weight 469.70
temperature/K 296.15
crystal system orthorhombic
space group Cmc21
a/Å 13.9238(18)
b/Å 6.7673(8)
c/Å 12.1298(15)
α/° 90
β/° 90
γ/° 90
volume/Å3 1142.9(2)
Z 4
ρcalc/g/cm3 2.730
μ/mm−1 1.440
F(000) 920.0
radiation Mo Kα (λ = 0.71073)
2θ range for data collection/° 5.852 to 66.264
index ranges −21 ≤ h ≤ 21, −9 ≤ k ≤ 10, −18 ≤ l ≤ 10
reflections collected 6828
independent reflections 1837 [Rint = 0.0437, Rsigma = 0.0541]
data/restraints/parameters 1837/1/117
goodness-of-fit on F2 1.067
final R indexes [I > = 2σ(I)] R1 = 0.0490, wR2 = 0.1181

a

final R indexes [all data] R1 = 0.0691, wR2 = 0.1296
a

largest diff. Peak/hole/e Å−3 0.55/−0.94
Flack parameter 0.24(15)
aR1 = Σ||Fo| − |Fc||/Σ|Fo|, and wR2 = [Σw(Fo2 − Fc2)2/ΣwFo4]1/2 for
Fo2 > 2σ (Fo2).
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Powder X-ray diffraction (PXRD) data with a 2θ range of 10° to 80°
was acquired.
Optical Characterizations. The diffuse reflectance spectrum of

the powder KNBPO sample in the 186−2500 nm range was measured
using a Shimadzu UV-3600 PLUS UV−vis−NIR spectrometer and
BaSO4 as a reference. In the region of 400−2000 cm−1, an Excalibur
3100 Fourier transform infrared (IR) spectrometer was used to
characterize the IR spectra of the powder KNBPO sample. The
KNBPO powder was thoroughly crushed with KBr (99%, Aladdin)
powder at a mass ratio of 1:100 to prepare the sample for infrared
measurement.
Thermal Measurements. NETZSCH STA 2500 was used to

measure differential scanning calorimetry (DSC) and thermogravi-
metric (TG) testing of KNBPO. The 10 mg samples were placed in a
platinum crucible and heated to 800 °C under the following test
conditions: N2 atmosphere, 10 °C/min heating rate, and 10 °C/min
cooling rate.
Powder SHG Measurement. For KNBPO powder SHG

experiments, the Kurtz and Perry approach was used.52 A Q-switched
Nd: YAG laser with a wavelength of 1064 nm was used for the
process. KNBPO samples of different particle sizes (50−100, 100−
150, 150−200, 200−250, and 250−300 μm) were obtained by
grinding and filtering their crystalline samples. The crystalline KDP
sample (99%, Aladdin) used as a reference was also pulverized into
the same particle sizes as the KNBPO above for testing.
Elemental Analysis. The elemental distributions of KNBPO are

determined using energy-dispersive X-ray spectroscopy. To acquire
elemental mapping images, a field emission scanning electron
microscope (SEM, S-4300, Hitachi) with an accelerating voltage of
15 kV was used. Due to the large deviation of the element analysis
results of the two light elements, B and O, the contents of the heavy
elements K, Na, and P were characterized. Figure S1 illustrates the
heavy elements’ specific content and distribution results.
Computational Methods. The first-principles calculations for

the KNBPO crystal are performed by the plane-wave pseudopotential
method implemented in the CASTEP package based on the density
functional theory (DFT).53−56 The exchange-correlation functional
was chosen to be the Perdew−Burke−Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA).57 The plane-
wave energy cutoff was set as 750 eV and the self-consistent-field
tolerance was set as 10−6 eV/atom. The Monkhorst−Pack k-point
sampling mesh density of 0.08 Å−1 separation over the Brillouin zone
was chosen for the primitive unit cell.58 The optimized norm-
conserving pseudopotentials59 in the Kleinman−Bylander60 form are
used to describe the effective interaction between atom cores and
valence electrons for all the elements. The distribution of valence
electrons for each element in KNBPO are K 3s23p64s1, Na 2s22p63s1,
B 2s22p1, P 3s23p3, and O 2s22p4. Based on the experimentally
obtained crystal structure, the electronic band structure of KNBPO
was calculated. The SHG coefficient dij was calculated using the
density functional perturbation theory, recently implemented in
CASTEP.61,62

■ RESULTS AND DISCUSSION
PXRD Data. KNBPO single crystals were grown employing

the high-temperature molten salt spontaneous crystallization
technique, and its crystal structure was determined using single
crystal structure analysis. To assess the plausibility of the
solved crystal structural model, we preliminarily synthesized
polycrystalline powder samples using a conventional high-
temperature solid-state method. As illustrated in Figure 1, the
experimental PXRD pattern agreed with the calculated pattern
based on single-crystal crystallographic data, and simultaneous
PXRD analysis validated the phase purity of KNBPO.
Crystal Structure. KNBPO has a noncentrosymmetric

structure and it crystallizes in the orthorhombic space group
Cmc21 (No. 36), with the asymmetric unit containing one K,
two Na, two B, two P, and eight O. These atoms occur in the

structure as the coordinated forms of KO8, Na1O6, Na2O10,
BO4, and PO4, respectively. The basic building units (BBUs) of
KNBPO are made up of BO4 and PO4 tetrahedra that are
joined together by shared bridging oxygen, with B:P ratios of
1:1 and 1:2, respectively (Figure 2a). The B−O bonds in the

BO4 tetrahedron possess bond lengths ranging from 1.427(10)
to 1.485(7) Å with an average bond length of 1.467 Å.
Similarly, the bond lengths of P−O bonds in PO4 tetrahedra
vary between 1.475(5) and 1.582(7) Å with an average of
1.526 Å. Borophosphates are heterostructured phosphate-
borate compounds, and the ratio of BBU BO4 to PO4 in the
structure is one of the most significant categorization criteria
for borophosphates since it has a large impact on the structural
arrangement of anionic groups. To minimize P−O−P bond
formation, the ratio of different anionic groups in borophos-

Figure 1. Comparison of experimental polycrystalline powder and
theoretically simulated PXRD patterns of KNBPO.

Figure 2. (a) BBU and FBU composed of BO4 and PO4 units in the
KNBPO structure. (b) 1∞ [B2P3O13] is built from the condensation
of the FBU [B2P3O13]. (c) Reverse alignment of adjacent 1∞
[B2P3O13] chains along the b-axis. (d) Backbone structure of
KNBPO is made up of adjacent 1∞ [B2P3O13] chain layers arranged
along the b-axis in opposing orientations. (e) 1D virtually unlimited
∞[B2P3O13] chain structure in KNBPO.
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phates should be oriented toward B:P ≤ 1:1, which is more
advantageous for phosphate groups to occupy terminal
positions. The FBU in KNBPO is a B2P3O13 group generated
via the polycondensation of several forms of BBUs constituted
of BO4 and PO4. The FBU with B:P = 2:3 can be viewed as a
group of five tetrahedra linked by two types of BBUs (B:P =
1:1 and B:P = 1:2) via sharing bridging oxygen (Figure 2a).
Each FBU is joined in an ordered fashion and extends parallel
to the b-axis to produce a 1∞ [B2P3O13] chain. Viewed from
the c-axis direction, two adjacent 1∞ [B2P3O13] chains are
staggered and arranged in parallel along the b-axis direction.
The 1∞ [B2P3O13] chain layers on the neighboring ab planes
are placed forward and backward along the b-axis direction in
the structure (Figure 2b−d). As illustrated in Figure 2e, K and
Na chains are packed into the one-dimensional anion
backbone along the b-axis in an orderly manner, and finally,
a one-dimensional KNBPO spatial structure with asymmetric
centers is formed. KNBPO has a similar FBU group and a 1∞
[B2P3O13] chain compared to its related compounds
Na5B2P3O13

39 and KNa4B2P3O13.
42 With the increase of the

K content from Na5B2P3O13 to KNa4B2P3O13 and to KNBPO,
the distortion of the 1∞ [B2P3O13] chain in their 1∞ [B2P3O13]
chain-layer skeleton structure is reduced (Figure S2), and the
symmetry of the space group is further improved, so that they
crystallize in the monoclinic P21, orthorhombic Pna21, and
orthorhombic Cmc21 space groups, respectively.
Thermal Stability. To explore the melting point of

KNBPO and whether it is a congruently melting compound,
we performed DSC characterization (Figure 3). The DSC

curve reveals a broad peak at about 530 °C in the heating
stage, followed by a clear endothermic peak around 673 °C.
The polycrystalline powder synthesis of KNBPO is through the
two processes of pre-sintering at 550 °C and sintering at 600
°C, in which the state of KNBPO is solid. The PXRD results in
Figure 1 show that the sample synthesized at 600 °C is the
KNBPO pure phase, indicating that the broad peak near 530
°C in Figure 3 is not the real endothermic peak of the sample
but the background peak in the instrumental characterization
process. We observed the state of the KNBPO sample while it
was gently heated up to further identify the melting point peak
of KNBPO. The findings demonstrate that the sample is solid
before 673 °C and quickly melts into a liquid after the
temperature reaches 673 °C, which phenomenon corresponds
to the endothermic peak at 673 °C in the DSC curve, implying

that the melting point of KNBPO is 673 °C. Strangely, no
obvious exothermic peak was observed during the cooling
stage, which means that the exact freezing point temperature of
KNBPO cannot be obtained from the present DSC data alone.
During the crystal growth experiment, we discovered that if the
cooling rate of growing KNBPO crystals is too quick, the
molten sample will easily become a glassy sample analogous to
clear glass. As a consequence, it is speculated that rapid cooling
of the instrument during DSC characterization makes the
sample glassy rather than crystalline, resulting in no visible
exothermic peak during the cooling process in the DSC data,
which also occurs in the boron-rich systems and other
borophosphates.23,63 In order to further confirm whether
KNBPO is a congruent melting compound, we heated the
KNBPO polycrystalline powder to melt and then cooled it to
room temperature at a cooling rate of 0.5 °C/h and performed
the PXRD test. Although the PXRD patterns of KNBPO
before and after melting appear to have a preferred orientation
due to different crystal plane reflection intensities, it is still the
same phase before and after melting, indicating that it is a
congruent melting compound, as shown in Figure S3. This
finding is also observed in the related congruent melting
compounds Na5B2P3O13 and KNa4B2P3O13 (Figures S4 and
S5). The TG curve corresponding to the right axis of Figure 3
illustrates that there is almost negligible weight loss of KNBPO
during the temperature range of the measurement, implying
that it has good thermal stability.
Optical Properties. The UV−vis−NIR diffuse reflectance

spectrum of Figure 4a demonstrates that KNBPO has a high
reflectance in the broad range of 400−2500 nm. Due to the
presence of alkali metals in its structure, there are no d−d and
f−f electronic transitions affecting transmission in KNBPO.
Finally, KNBPO still maintains a reflection intensity of 40.25%
at 186 nm, indicating that its UV cut-off edge is less than 186
nm. Therefore, KNBPO may have potential applications in the
UV and even deep UV regions.
Considering that the IR spectrum can deduce the molecular

structure of substances from information such as relative
vibrations and molecular rotations between atoms inside the
molecule, we can use it to investigate the unique coordination
environment of B and P in the structure. Figure 4b illustrates
that the characteristic absorption peaks of the IR spectrum of
KNBPO are mostly concentrated in the fingerprint region and
have a peak shape similar to the borophosphates reported by
Chen and co-workers.64 The absorption peak at 1039 cm−1

corresponds to the BO4’s asymmetric stretching vibration. The
absorption peaks around 916, 870, 827, and 750 cm−1 are the
outcome of BO4’s symmetric stretching vibration. PO4 is
responsible for the asymmetric stretching vibration peak of
about 1099 cm−1. The peak of the symmetric stretching
vibration of PO4 is around 985 cm−1. The bending vibration
peaks of the BO4 and PO4 groups are found below 680 cm−1.
The coordination modes and structures of B and P that
correspond to the absorption peak data in the IR spectrum are
tetra-coordinated tetrahedral groups. This conclusion is
consistent with the findings of other studies and also
corresponds to the crystal structure that we solved.
SHG Properties. The variation of the SHG intensity

response of different particle sizes characterized by the Kurtz
and Perry method is shown in Figure 5a. Similar to the change
trend of the KDP curve, the SHG intensity of the KNBPO
curve also grows consistently with the particle size, indicating
that it can achieve type-I phase matching at 1064 nm

Figure 3. DSC and TG curves of KNBPO.
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wavelength laser. According to the SHG single particle size
intensity curve shown in Figure 5b, the SHG response intensity
of KNBPO is about 0.42 times that of KDP in the range of
250−300 μm. Compared to its related compounds
Na5B2P3O13 and KNa4B2P3O13, when the K content in the
structure increases, the distortion of their respective 1∞
[B2P3O13] chain gradually diminishes, and the microscopic
polarizability in the structure decreases as well, resulting in a
lower macroscopic SHG response (in the same particle
size).39,42 The anionic group theory proposed by Chen et

al.65 points out that the B−O groups make a major
contribution to the SHG response of borates, where the
non-π-conjugated BO4 groups are less polarized than the π-
conjugated B3O6 and BO3 groups. Aside from the effect of
various kinds of anionic groups on the compound SHG
response, the microscopic arrangement of anionic groups in
the structure does have a significant impact on the compound
macroscopic SHG response. Following the investigation, it is
clear that, first, the 1∞ [B2P3O13] anionic chain in KNBPO is
composed of non-π-conjugated BO4 and PO4 tetrahedra.

Figure 4. (a) UV−vis−NIR diffuse reflectance spectrum of powder KNBPO. (b) IR spectrum of KNBPO powder.

Figure 5. (a) SHG intensity curve with different particle sizes and (b) SHG intensity curves with a single particle size of KNBPO.

Figure 6. (a) Calculated electronic energy band structure; (b) DOS and PDOS of the KNBPO.
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Second, the forward and reverse alignment of adjacent 1∞
[B2P3O13] anionic chains along the b-axis weakens the local
microscopic polarizability to a certain extent. Certainly, the
NLO active groups BO4 and PO4 of the non-π-conjugated
system, together with the unfavorable arrangement of the 1∞
[B2P3O13] anionic chain to the NLO effect, eventually cause
KNBPO to display limited SHG response at the macroscopic
level.
Theoretical Results. Theoretical computation is an

essential approach for deeper understanding of the link
between structure and properties. We investigate the electronic
structure of KNBPO at the atomic level using the method
mentioned in the previous session.
The calculated band structure indicates that both the valence

band (VB) maximum and the conduction band (CB)
minimum of KNBPO appear at the Γ point (Figure 6a), so
it is a direct band gap compound with a band gap value of
5.185 eV. According to the density of states (DOS) and partial
density of states (PDOS) plots (Figure 6b), the orbitals near
cations K and Na are mostly positioned deep in the VB below
−10 eV. The B 2p, P 3p, and O 2p orbitals display clear inter-
hybridization in the VB range from −10 to 0 eV, suggesting
that the contribution in this VB area is mostly from the B−O
and P−O units. To identify the most important orbitals at two
sides of the band gap, we plot the sum orbital densities of the

two highest occupied VBs and the two lowest unoccupied CBs,
as shown in Figures 7 and 8. It turns out that VB maximum is
mainly made of P-connected terminal oxygen on the
continuous backbone, but not those similar at the side chain,
whereas the CB minimum is more dispersed to distribute over
cation Na and all bridging and terminal oxygen. The strongest
density originates from Na ion sites, indicating Na cations may
play an important role in optical processes.
In the theoretical research, we also calculated the linear and

NLO properties of KNBPO. The three independent SHG
coefficients d31, d32, and d33 are predicted to be 0.159, 0.121,
and −0.19 pm/V, respectively. The calculated and the
experimental SHG coefficients are almost identical when
compared to the d36 (0.39 pm/V) value of KDP.66 With
calculated birefringence being ∼0.011@1064 nm, the value is
not in a typical suitable range (0.05−0.1) for implementing
phase matching. The calculated refractive index dispersion
curve indicates that nz > nx > ny (Figure 9), and it is possible to
obtain the shortest ny(ω) = nz(2ω) at 514 nm, demonstrating
that the shortest phase-matching wavelength of KNBPO is 514
nm. Although the birefringence of KNBPO is small, it still
maintains phase-matching capacity under 1064 nm laser
wavelength, which is consistent with the experimental results.
Combining theoretical calculations and the anionic group
theory, we speculate that, for KNBPO, its optical properties

Figure 7. Stereo pair (cross-eyes) view of the orbital density of the two highest occupied bands, with an energy range covering from 0.0 to −0.07
eV below the Fermi level. Note that the probability density is localized on the backbone (P-connected) terminal oxygen.

Figure 8. Stereo pair (cross-eyes) view of the orbital density of the two lowest unoccupied bands, with an energy range covering from 5.2 to 6.9 eV
above the Fermi level. Note that electrons from terminal and bridging oxygens contribute to those bands.
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may be mainly determined by BO4 and PO4 units, a conclusion
similar to that of Yang et al.42 Due to the small optical
anisotropy of the BO4 and PO4 units and their arrangement in
the structure that is not conducive to the large SHG response,
KNBPO finally has a small birefringence and a small nonlinear
coefficient.

■ CONCLUSIONS
In conclusion, the noncentrosymmetric alkali metal borophos-
phate KNBPO can be obtained by a high-temperature melting
method, and its one-dimensional structure is composed of a
FBU 1∞ [B2P3O13] chain that is made up of BO4 and PO4
tetrahedra joined by corner share, with K and Na orderly
embedded between one-dimensional FBU chains. KNBPO has
high reflectance over a wide range, and its UV cut-off edge is
below 186 nm. As a congruent melting compound, KNBPO
has good thermal stability with almost no weight loss during
the heating process. According to the DSC characterization, it
has a medium melting point of 673 °C. KNBPO can achieve
type-I phase matching, but because the one-dimensional FBU
B2P3O13 group is not placed in the most advantageous pattern
for nonlinear effects, its SHG effect is ultimately only 0.42 ×
KDP. The DFT calculation associated with the experimental
structure shows that the small SHG coefficient of KNBPO
derives from the unfavorable arrangement of the B2P3O13
group. In other words, the emergence of KNBPO provides a
particular reference value for researchers of related materials as
well as a viable candidate for UV and even deep UV-applied
materials.
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