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PbgBa,(BO;)sX (X = Cl, Br): new borate halides with
strong simulated optical anisotropies derived from
Pb** and (BO;)*"

Lu Liu,”’ Bingbing Zhang,“’ Fangfang Zhang, *“ Shilie Pan, " Fangyuan Zhang,"”
Xingwen Zhang,“” Xiaoyu Dong,*’ and Zhihua Yang"“

Two new borate halides, PbgBa,(BO3)sX (X = Cl, Br), have been synthesized by solid-state
reactions and their structures determined by single-crystal X-ray diffraction. They are
isostructural and feature 3D frameworks composed of the alternately stacking of the [PbBO]
and [PbBOX] layers which are connected by 10-coordinated Ba atoms along the ¢ direction.
First principle calculations show that both compounds have large birefringence of 0.1582
and 0.1810 at 532 nm, respectively. The large birefringence originates from the strong
optical anisotropies of the Pb>" cations and (BO;)*>~ groups based on the real-space atom-
cutting analysis. The IR and UV—Vis—NIR diffuse reflectance spectroscopies, as well as
thermal stability analyses for both compounds are performed.

Introduction

Birefringent crystals as important materials in the optical
communication industry have become hot research issues and
attracted much attention in many fields such as optical
polarizing components, optical isolators, circulators and beam
displacers.' Up to now, a series of borate birefringent crystals
have been found or commercially available. Commonly used
borate birefringent material is a-BaB,0O, (BBO), 2 which has a
broad transparent range from 189 to 3500 nm, a large
birefringence (0.116 at 1064 nm) and high laser damage
threshold. And there are also some potential borate birefringent
crystals including Cay(BOs),,” YBa3B4Oys,* Ba,Mg(B;304),
YA13(BO3)4,6 NaMgBO;,” etc. The Ca;(BOs), crystal has a
short UV transmittance cutoff at 180 nm, but its birefrigence is
small. YBa3;ByO 5 has a wide range of 300 — 3000 nm, and a
relative large birefringence about 0.11 in the visible range.
Ba,Mg(B;0y), is recently reported as a new birefringent crystal
with large birefringence (0.11 at 589 nm), and the UV
absorption cut-off edge of is about 178 nm. Given this, it is still
in urgent need of a new birefringent crystal with large
birefringence and wide transmission range.

It is known that birefringence is related to the anisotropic
polarizability of the structure,® therefore, the structural groups
with large polarizability anisotropy, for example, the coplanar
and dense BOj; groups can be selected for designing
birefringent crystals.” Taking the KBe,BO;F, (KBBF) crystal
as an example, it demonstrates that the main contributions to
the birefringence come from the (BOs)®~ groups, whereas those
from the K cations are negligible.'’ At the same time, the Pb>"
cations can generate strong electronic anisotropy polarizability
due to the stereochemically active lone pair effect.'' Therefore,
the incorporation of the Pb?" cations and borate groups into one
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compound is prone to produce crystals with large birefringence.
However, there are few studies focusing on the effect of the
Pb?" cations on the birefringence.

In the current work, we explore the PbO-BaO-B,0;-NH,X (X =
Cl, Br) system and two new lead barium borate halides,
PbsBa,y(BO;)sX (X = Cl, Br), were successfully synthesized
through the solid state reaction method. Isostructural
PbgBa,(BO3)sCl and PbgBa,(BO3)sBr reveal 3-dimension (3D)
frameworks consisting of [PbBO] and [PbBOX] layers where
the Ba®" cations are resided in the interlayer. In this paper, the
syntheses and characterizations of PbgBay(BO;)sX are
comprehensively investigated. The first principle calculations
were performed on PbgBay(BO;)sX and show that they have
relatively large birefringence (0.1582 and 0.1810 at 532 nm,
respectively). The origin of the large birefringence for the
reported materials is discussed in detail by the real-space atom-
cutting method.

Experimental
Solid-state Synthesis

Polycrystalline samples of PbgBay(BO3)sX were synthesized by
solid-state reactions method. Mixtures of NH,;Cl (8 mmol,
0.428 g), PbO (48 mmol, 10.714 g), BaCO; (16 mmol, 3.158 g)
and H;BO; (40 mmol, 2.473 g) for PbsBa,(BO3)sCl, as well as
NH4Br (8 mmol, 0.784 g), PbO (48 mmol, 10.714 g), BaCO,
(16 mmol, 3.158 g) and H3;BO; (40 mmol, 2.473 g) for
PbsBa,(BO;)sBr, were packed into platinum crucibles and
mixed thoroughly in an agate mortar, respectively. The powders
were first preheated at 300 °C for 7 h. Then the mixture was
gradually elevated to 530 °C, and dwelled at this temperature
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Figure 1. Powder XRD patterns of calculated, before
melting and after melting forPbgBa,(BO;)sCl (a) and
Pb¢Ba,(BO;)sBr (b).

for 72 h with several intermediate grindings and mixings. The
purity of the samples was confirmed by powder X-ray
diffraction (XRD) analyses. Powder XRD patterns for
PbgBay(BO3)sX are shown in Figure 1, which are in good
agreement with the calculated XRD patterns.

Single-crystal Growth

Single crystals of PbgBay(BO;)sX were grown by the
spontaneous crystallization method. The crystals were grown
from mixtures of NH,Cl (2 mmol, 0.107 g), PbO (12 mmol,
2.679 g), BaCO; (4 mmol, 0.789 g) and H3;BO; (10 mmol,
0.618 g) for PbgBay(BO3)sCl, as well as NHyBr (2 mmol, 0.196
g), PbO (12 mmol, 2.679 g), BaCO; (4 mmol, 0.789 g) and
H3;BO; (10 mmol, 0.618 g) for PbsBa,(BO;)sBr. The starting
materials were respectively loaded in the Pt crucibles which
were put in a vertical programmable temperature furnace, and
then the temperature was heated to 700 °C at a rate of 5 ° C/min
and kept for 10 h to guarantee that the solution mixed
thoroughly and homogeneously. Later it was cooled down to
the initial crystallization temperature 580 °C at a rate of 50
°C/h, and followed by cooling to 560 °C at the rate of 1 °C/h.
Finally, the temperature was allowed to cool to room
temperature at a rate of 10 °C/h. Hence a few of colorless
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crystals of PbgBa,(BO3)sX could be found from the solution,
respectively.

Structure Determination

PbeBay(BOs)sX single-crystals with dimensions of 0.204 x
0.088 x 0.035 mm’ and 0.201 x 0.151 x 0.098 mm’ were
respectively selected under microscope and the structure data
were collected by single-crystal XRD on a Bruker SMART
APEX 1II single-crystal diffractometer equipped with a 4K
CCD-detector using Mo Ko radiationat 296 (2) K and
integrated with a SAINT-Plus program.'> The numerical
absorption corrections were carried out using the SADABS
program forarea detector.'” Then the crystal structures were
solved by direct methods and refined in SHELX-97
crystallographic software package.'* All atoms were refined
with anisotropic displacement parameters. The structures were
checked for missing symmetry elements with PLATON.'
Crystal data and structure refinements are listed in Table 1. The
atomic coordinates and equivalent isotropic displacement
parameters are given in Table S1 in the Supporting Information.
Selected bond lengths and angles for PbgBa,(BO;)sX are listed
in Table S2 in the Supporting Information.
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Tablel. Crystal data and structure refinement for
PbBa,(BO;)sX (X = Cl, Br).
Empirical formula Pb¢Ba,(BO;)sCl Pb¢Ba,(BO;)sBr
Formula weight 1847.32 1891.78
Temperature / K 296(2) 296(2)
Crystal system Monoclinic Monoclinic
Space group C2/m C2/m
Unit cell dimensions @ =9.3155(7) A a=9.306(5) A
b=5.3958(5) A b=5.388(3) A

zZ, VI A’

Dcal. / g~cm’3
Absorption
coefficient / mm™
F (000)

Crystal size / mm

1

3

Limiting indices

Reflections unique
(Rint)
Completeness to
theta / %
Goodness-of-fit on
2

Final R indices [F,>>

26(F,) I*
R indices (all data)®

Largest diff. peak
and hole / e-A™

c=17.9757(17) A
£=101.172(6)°
2, 886.42(13)
6.92

61.3

1532

0.204 % 0.088 x
0.035
~10<h <10,
—21<I<18
0.0617

99.7
1.120

R, = 0.0465, wR, =
0.1033

Rl = 00554, WR2 =
0.1063

2.32 and —2.38

c=17.994(9) A
B=101.513(6)°
2, 884.2(8)
7.11

63.6

1568

0.201 x 0.151 x
0.098
~10<h<10,
—14<1<21
0.0528

99.7
1.088

R, =0.0574, wR, =
0.1632

Rl = 00633, WR2 =
0.1717

4.46 and — 6.93

Powder X-ray Diffraction

Powder XRD analyses of PbsBay(BO3)sX were performed at
room temperature in the angular range of 26 = 10 — 70° with a

scan step width of 0.02° and a fixed counting time of 1 s/step
using an automated Bruker D2 PHASER X-ray

This journal is © The Royal Society of Chemistry 2012
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Figure 2. The crystal structure of PbgBa,(BO3)sBr.

diffractometer equipped with a diffracted beam monochromator
set for Cu-Ka radiation

Infrared Spectroscopy

The IR spectra were measured on a Shimadzu IR Affinity-1
Fourier transform IR spectrometer. The samples were
respectively thoroughly mixed with dried KBr (6 mg of the
sample and 590 mg of KBr) and pressed into discs, and the
spectra were recorded in the range from 400 to 4000 cm™' with

a resolution of 2 cm ™.

UV-Vis-NIR Diffuse Reflectance Spectroscopy

The diffuse reflectance data of the PbgBa,(BO3)sX powder
samples were respectively collected at room temperature on a
Shimadzu SolidSpec-3700DUV UV-Vis-NIR
Spectrophotometer with the spectral range from 190 to 2600
nm.

Thermal Analysis

The thermal analyses of PbgBa,(BO3)sX were carried out on a
NETZSCH STA 449C thermal analyzer instrument. The
samples were respectively placed into Pt crucibles with a
heating rate of 10 °C/min in an atmosphere of flowing N, from
room temperature to 1000 °C.

First-principles Calculations

This journal is © The Royal Society of Chemistry 2013

The electronic structure of PbsBa,(BO;3)sX was investigated
using the density functional theory (DFT) method based the ab
initio implemented in the CASTEP package.'® The Perdew-
Burke-Ernzerh of functional within the Generalized Gradient
Approximation scheme was applied for the exchange-
correlation potential.'” The Monkhorst-Pack grid'® was set at 3
x 3 x 1 in the Brillouin zone (BZ) of the unit cell. For the
purpose of achieving energy convergence, the plane-wave
cutoff for a normal-conserving pseudopotential is 820.0 eV."
And the valence electrons were provided by the package used.

Results and discussion

Crystal Structure

PbsBa,(BO;)sX are isostructural and crystallize in the
monoclinic system with space group C2/m. Therefore, only the
structure of PbgBa,(BO;)sBr is discussed in detail as are
presentative. Its crystal structure is illustrated in Figure 2. The
asymmetric unit of the compound is composed of three
crystallographically distinct lead sites, one crystallographically
distinct barium site, one crystallographically distinct bromine
site, three crystallographically distinct boron sites and six
crystallographically distinct oxygen sites. The structure shows a
complicated 3D network and it is characterized by the
alternately stacking of the [PbBO] and [PbBOBr] layers which
are connected by 10-coordinated Ba atoms along the ¢ direction
(Figure 2). In the [PbBO] layer, the Pb(2)O;, Pb(3)Os
polyhedra and B(1)O; groups connnect with each other via

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Arrangements of the BO;
PbBa,(BO;)sX viewed along the b direction.

groups in

sharing O(1), O(3) and O(4) to form a chain, which is further
extended through the O(4) atoms along the a direction, and the
connectivity is through bridging B(3), O(5) and O(6) atoms
along the ¢ direction. In the [PbBOBr] layer, the Pb(1)O;Br;
polyhedra and B(2)O; groups link with each other to form a
chain, and the chains further extending along a direction via
O(1) atoms, whereas along the ¢ direction the connectivity is
via bridging Br atoms.

All kinds of planar BO; groups are parallel to the b-axis (Figure
3). At the same time, B(1)Os is parallel to B(2)O; whereas the
plane of the B(3)O; and B(2)O; groups has dihedral angles of
71.2°. The ratio of the parallel B(1)O3 and B(2)O; groups to the
inclined B(3)O; groups is 4: 1.

In the structure, the B atoms are all coordinated with three O
atoms to form isolated BO; groups. It is worth noting that the
05, O5’, 06 and O6’ atoms in B(3)O; groups are generated by
the 2-fold axis, and the sites of these atoms are half-occupied.
As shown in Figure S1 in the Supporting Information, the
B(3)O; group randomly adopts one of the orientations (up or
down). The average lengths of the B-O bond in three types of
the BO; groups are 1.363 A, which is close to those observed in
other known borates.?*2* It should be known that Pb(1) is not
only bonded to three O atoms but also three Br atoms. Pb(2)
and Pb(3) merely connect with seven or five O atoms to form
distorted polyhedra, respectively. The Pb-O bonds range from
2.221-2.800 A and the Pb-Br bond length 3.313 A, which is
normal in other compounds.”® The Ba atom is bonded to nine O
atoms and one Br atom, and the Ba-O bond lengths are in the
range of 2.820-2.858 A, the Ba-Br bond length is 3.488 A.

Infrared Spectroscopy

IR spectra of PbsBa,(BOs)sX between 400 and 4000 cm ™ were
shown in Figure S2 in the Supporting Information. Referring to
the literatures.?* the peaks near 1384, 1163 for PbgBay(BO3)sCl
and 1369, 1159 cm™' for PbgBa,(BO5)sBr are attributed to the
asymmetric and symmetric stretching vibrations for the BO;
groups. The bands observed at 835 and 717 cm™' for
PbgBay(BOs)sX (X = Cl, Br) are related to the out-of-plane
bending vibrations of B-O bonds in the BOj; groups. These
results are in agreement with other compounds containing BO;
anionic groups.

UV-Vis—NIR Diffuse Reflectance Spectroscopy

4| J. Name., 2012, 00, 1-3

The optical diffuse reflectance spectra of PbgBa,(BO;)sX are
shown in Figure S3. Absorption (K/S) data were calculated
from the following Kubelka - Munk function:*> %

F(R) = (1 —R)*2R=K/S

Where R representing the reflectance, K is the absorption, and S
the scattering. In a F(R) versus E (eV) plot, extrapolating the
band gaps of PbgBay(BO3)sX are 3.7, 3.6 eV, respectively.

Thermal Analysis

The TG-DSC curves of PbgBa,(BO;)sX are shown in Figure S4.
TG analysis studies indicate that PbsBay(BO;)sCl and
Pb¢Ba,(BO;)sBr do not show weight loss before 875 and 800
°C, respectively. Then they began to lose weight slowly,
corresponding to the volatilization of halogenide formed by
decomposition. In their DSC curves there are only one clear
and strong endothermic peaks at 683 °C and 665 °C, which
corresponds to the melting points of PbgBay(BO3)sX
respectively. In addition, the polycrystalline powder of
PbgBay(BO3)sX were packed into a Pt crucible and heated to
700 °C, and hold at this temperature for 6 h, respectively, then
they were cooled to room temperature slowly. Analyses of the
powder XRD pattern of the solidified melt show that the solid
products are identical to that of the initial powder (Figure 1),
which reveals the congruent melting behavior of both
compounds.

Electronic Structure

The calculated energy bands of PbgBay(BO3)sX along the line
of high symmetry points in the BZ are shown in Figure S5 in
the Supporting Information. It is found that PbsBa,(BO;)sX are
indirect band gap compounds with the valence band (VB)
maximum and the conduction band (CB) minimum located at
different points. The calculated band gaps are 2.70 eV and
2.61eV, while the experimental optical band gaps are 3.7eV and
3.6 eV, respectively. It is well-known that the calculated band
gap can cause quantitative underestimation of band due to the
discontinuity of exchange-correlation energy.”’ In consequence,
in the subsequent calculations of the linear optical properties,
scissors of 1 eV and 0.84 eV are ad%gted forPbgBa,(BO3)sX.
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Figure 4. Total DOS and partial DOS of PbBa,(BO3)sCl (a)
and PbGBaz(BO3)5Br (b).

The total and partial densities of states of PbsBay(BO3)sX are
shown in Figure 4. It is obvious that the valence band ranging
from — 26.0 to — 10.0 eV can be assigned to Ba Ss, Sp, B 2p, 2s,
O 2s and Cl 3s / Br 4s states. The highest valence band and the
lowest conduction band near the Fermi level (between — 10.0
and 10.0 eV) should be valued, which determine most of the

This journal is © The Royal Society of Chemistry 2012
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optical character in a compound. We can see that in that region,
the Pb 6s, 6p and B 2p states overlap with O 2p states
completely, indicating the covalent interactions of Pb-O and B-
0.

To further understand the correlation between microscopic
electronic structure and macroscopic properties, the electronic
localization function (ELF) of PbgBa,(BO3)sBr is also been
calculated. ELF plot for PbgBa,(BO3)sBr as shown in Figure 5
clearly demonstrates “lobes” on the Pb*' cations due to the
electrostatic repulsion and Pb-O bonding character. The
interactions that exist between the Pb and O atoms also
indicated by DOS are present due to the highly asymmetric
bonding feature for Pb atoms, which can be considered as the
stereochemical effect of the lone pair of Pb**. And there is also
nonisotropic charge localization in the B and O sites. It can be
concluded that the O-influencing Pb®" cations and (BO;)*~
anionic groups the key to optical anisotropies in
PbéBaz(BO:;)sBr.

are

|- 750083
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Figure 5. The ELF map of PbgBa,(BO;)sBr.
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Figure 6. The birefringence of PbgBa,(BO3)sX (X = Cl, Br).

Optical Properties

PbgBay(BO3)sX crystallizes in 2/m point group which belong to
a negative biaxial crystal due to ny, — n, < n, — n,. Firstly, we
must confirm the principal dielectric axis if we want to
calculate their linear optical properties. For example, in
Pb¢Ba,(BO;);sBr, the Y dielectric axis is superposed on the b
crystallographic axis, but the principal dielectric axes X and Z
are not related to any specific crystallographic directions. The
included angle between the crystallographic axis a and the
principal dielectric axis X in the ac plane was calculated to be
4.33° (Figure S6 in the Supporting Information). Through
relevant rotation operation, the linear refractive indices of
PbgBa,(BOs)sBr were calculated in the principal dielectric axis

This journal is © The Royal Society of Chemistry 2012
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coordinate system. The obtained birefringence values against
the wavelengths are plotted in Figure 6. It is clear that
Pb¢Ba,(BO;)sX possess large birefringence with An = 0.1582
and An = 0.1810 at 532 nm, which demonstrates that they are
potential birefringence materials.

Atom-cutting Analysis

To further elucidate and analyze the contribution of an ion (or
an anionic group) to the birefringence, a real-space atom-
cutting technique® was adopted, which has been widely used to
analyze the linear refractive indices and SHG coefficients of
many borate crystals, such as BBO, Li,Sr(BO;),,%’
BaAIBOsF,,*® Bi,ZnOB,0¢’! and so on.>? The cutting radii of
Pb, Ba, B, O, Cl and Br atoms are set as 1.2, 1.35, 0.82, 1.4,
1.81 and 1.95 A, respectively. The calculated refractive indices
and birefringence of PbsBa,(BO5)sCl using the “atom-cutting”
method are listed in Table S3 in the supporting information. As
shown in it, the contribution to the birefringence from all
(BO3)*™ groups is about 56.5%. The contribution of the Pb*"
cations is about 27.1% while the contributions of Ba** and CI”
are small. The calculated refractive indices and birefringence
of PbsBa,(BO;);sBr using the “atom-cutting” method are listed
in Table 2. As shown in it, the contribution to the birefringence
from all (BO)*~ groups is about 48.6%. The contribution of the
Pb?" cations is about 48.2% while the contributions of Ba®>", Br-
are negligibly small. From the above analysis, it is found that
the contributions to optical anisotropies follow the trend of
(BO;)*” = Pb* » Ba®", X".

Table 2. Atom-cutting analysis and calculated birefringence
at 532 nm for PbsBa,(BO;)sBr.

Species ifhs ny, n; An

B(1)0s, B(2)0; 1.6442 1.6946 1.5089 0.1857
B(3)0s 1.2385 1.2871 1.2357 0.0514
All (BO3)* 1.7067 1.7476 1.6301 0.1175
Pb*! 1.5326 1.5565 1.4401 0.1164
Ba®', B~ 1.2189 1.2127 1.2111 0.0078
sum 0.2417
Calcd. 2.3127 2.3175 2.1365 0.1810

Structure-property Relationship

To better understand the contribution of the (BO;)*” groups,
paralleled and slant BO; groups were cut as the research units
for PbsBa,(BO;);Br, respectively. The calculations demonstrate
that the birefringence of paralleled B(1)O; and B(2)O; groups
is 0.1857, which is much bigger than 0.0514 of slant B(3)O;
groups. As a result, the large optical anisotropy of the BO;
groups mainly comes from the paralleled B(1)O; and B(2)O;
groups. In addition, the high density can further explain why
the contribution from the BOj; groups is large. The density of
structural units BO; is 0.0113 per unit volume which is higher
than that in KBBF (0.00946 per unit volume, 0.070 at 532 nm).

Generally, the B-O groups have a great significance for the
birefringence of borates. It is rare that the birefringence coming
from the contribution of the Pb*" cations is also very large. For

J. Name., 2012, 00, 1-3 | 5
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example, in PbBiBO4> the BO; groups contribute 77% and
Bi,0, groups contribute 18% to its birefringence, which means
that there is almost no contribution from the Pb®' cations. In
Pb,BO;F,** the contribution of BOs groups to birefringence is
about 80%, while the Pb and F ions contribute only 20%. But,
interestingly, in PbgBay(BO;)sBr, the contribution to its
birefringence derived from the Pb*’cations (48.2%) is nearly
equal to that of the (BO3)*™ groups (48.6%), respectively (Table
2). The optical anisotropies from the Pb*" cations are strongly
dependent on the stereochemically active lone-pair and the high
content of Pb*".

Otherwise, from Table 2, we can see that for the Pb>" cations
and the (BO5)*~ groups, the smallest values of refractive indices
arise from the direction of the z axis and the maximum appears
on the y axis. It can be concluded that the Pb>" cations and the
(BO3)*>” groups make amutual enhancement of optical
anisotropies.

Conclusion

In summary, two new borate halides, PbsBa,(BO3)sX have been
synthesized successfully and their single crystals have been
grown by the high temperature spontaneous crystallization
method for the first time. They are isostructural and feature 3D
frameworks that consist of [PbBO] and [PbBOX] layers which
are connected by 10-coordinated Ba atoms along the c¢
direction. The calculated results suggest that both compounds
have large birefringence of 0.1582 and 0.1810 at 532 nm,
respectively. To further confirm respective contributions to the
total optical properties, we did the calculation by the real-space
atom cutting method. The results demonstrate that the Pb>"
cations and the (BO;)* groups are responsible for overall
birefringence in PbsBa,(BO;)sBr. The growth of large crystals
for further physical property studies is ongoing.
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Abstract Graphics

Manuscript title: PbsBay(BOs)sX (X = Cl, Br): new borate halides with strong
simulated optical anisotropies derived from Pb*" and (BO;)*~

Author: Lu Liu,*” Bingbing Zhang,“’ Fangfang Zhang, ™ Shilie Pan,™ Fangyuan

Zhang,“” Xingwen Zhang,*” Xiaoyu Dong,*’ and Zhihua Yang ™

Two new lead barium borate halides, PbgBa,(BOs)sX (X = Cl, Br), were successfully
synthesized by solid-state reactions. First principle calculations on them show that
they have large birefringence of 0.1582 and 0.1810 at 532 nm. The birefringence
originates from the strong optical anisotropies of the Pb*" cations and (BO3)*~ groups

based on the real-space atom-cutting analysis.
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