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ABSTRACT: A noncentrosymmetric nitrate, Pb;s(OH);4(NO;);s, has been
obtained using a hydrothermal method. It is constructed of [Pb,(OH),]*
cubanes and nitrate form the overall three-dimensional structure via weak Pb—
O bonds. Powder second-harmonic generation (SHG) using the Kurtz—Perry
technique shows that Pb;(OH);;(NO,);s is type I phase-matchable, and the
measured SHG coefficient was 3.5 times that of KH,PO,. The direction and
magnitude of the dipole moments in PbO, polyhedra and [NO;]~ triangles of
Pb,c(OH),4(NO;),¢ have been quantified using the bond-valence approach,
which shows that the large SHG response originates from the cooperation of
PbO,, polyhedra and [NO;]" triangles. The band structure and density of states as
well as electron density difference are calculated on the basis of density functional

theory.

B INTRODUCTION

Optical materials with second-order nonlinear optical (NLO)
properties find uses in laser frequency conversion, as optical
parameter oscillators, and as other optical and photonic
devices."~” A higher probability of acentricity of these materials
is generally achieved by incorporating asymmetric building
units into the molecular structures. In the well-known borate
NLO systems, the macroscopic optical responses of the UV and
deep-UV NLO borates are dominated by B—O units such as
[B,04]>” in -BaB,O, (BBO),® [B;0,]° in LiB,Os (LBO),’
[BO,J*~ in KBe,BO,F, (KBBF)'* and Sr,Be,B,0, (SBBO),'®
and [BO,]*” in SrB,0,.”* Among these B—O units, the planar
[BO;]* anionic group possesses a relatively large microscopic
second-order susceptibility; it is considered to be the best NLO
effect for UV and deep-UV light generation. Analogous to the
[BO;]*~ group, the [CO;]* and [NO,;]” structural units
possess a number of unique advantages. (i) They always exist in
the form of planar 7-conjugated systems that can produce a
moderate birefringence. (ii) A planar triangle structure together
with their coparallel alignment may produce higher bulk NLO
coefficients. Efforts to explore such advantages from materials
with [CO;]*” have been rewarding. For example, alkaline and
alkaline earth fluoride carbonates MNCO,F (M = K, Rb, or Cs;
N = Ca, Sr, or Ba)"** and CsPbCO;F"'" have been proven by
Ye et al. to be promising UV NLO materials with potential in
practical applications, despite their moderate second-harmonic
generation (SHG) coefficients. However, in contrast to
successful applications of borate, investigation of the NLO
property of [NO;] -containing materials has been scarcely
investigated.
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In this work, we report the first example of lead nitrate
hydroxide NLO crystal Pb,(OH),4(NO;) ¢ with a large SHG
response. Interestingly, this compound displays a strong SHG
response that is 3.5 times that of KH,PO, (KDP), and it is type
I phase-matchable. Furthermore, the direction and magnitude
of the local dipole moments in PbO, polyhedra and [NO;]~
triangles of Pb;s(OH),4(NO;),¢ have been quantified using a
bond-valence method. Besides, to gain further insight into the
electronic properties, the band structure, density of states, and
electron density difference are calculated on the basis of the
density functional theory (DFT). More importantly, such SHG
behavior has not been reported previously for such a lead
nitrate hydroxide compound.

B EXPERIMENTAL SECTION

Synthesis. Pb,(OH),((NO,),s was prepared by hydrothermal
synthesis. Pb(NO,), and LiOH-H,0 used in this work were purchased
from commercial sources without further treatment; 0.994 g (3.0
mmol) of Pb(NO;), and 0.020 g (0.5 mmol) of LIOH-H,0 were
suspended in 10.0 mL of deionized water and added to a stainless steel
bomb equipped with a Teflon liner (23 mL). The mixture was heated
at 200 °C for 72 h. After the mixture had cooled to 25 °C at a rate of 4
°C/h, the colorless block crystals of Pb;s(OH);s(NO;);s were
collected and washed with deionized water. The yield was 92%
based on lead.

Single-Crystal X-ray Diffraction. Single-crystal X-ray diffraction
data were collected on an APEX II CCD diffractometer using
monochromatic Mo Ka radiation (4 = 0.71073 A) at 120(2) K,
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integrated with SAINT."® The structure was determined by the direct
methods and refined by full-matrix least-squares fitting on F* using
SHELXTL."* All non-hydrogen atoms were refined with anisotropic
displacement parameters. The structure was checked with PLATON
for missing symmetry elements.'> Crystal data and details of data
collection and refinement are summarized in Table 1. Atomic

Table 1. Crystal Data and Structural Refinement for

PblG(OH) 16(N03) 16

empirical formula
formula weight
temperature (K)
wavelength (A)
crystal system
space group, Z

unit cell dimensions

volume (A3)
density (calcd) (mg/m®)

absorption coefficient
(mm™)

F(000)
crystal size

0 range for data
collection (deg)

limiting indices
no. of reflections

collected/no. of
unique reflections

completeness to 6 =
27.50° (%)

refinement method

goodness of fit on P

final R indices [F,> >
20(F,1)]°

R indices (all data)®

Flack parameter

Pb;6(OH),4(NO3);6
4579.33

120(2)

0.71073
monoclinic

Ce, 4

a =254814(12) A
b=17.1832(8) A
c=18.1746(9) A
B =133.54°
5768.7(5)

5273

46.652

7808
0.06 mm X 0.02 mm X 0.02 mm
1.62—27.50

—25<h<33,-22<k<22 -23<1<23
21767/9192 [R(int) = 0.0766]
99.6

full-matrix least-squares on F*
1.071
R, = 0.0432, wR, = 0.0938

R, = 0.0533, wR, = 0.1130
0.49(2)

extinction coefficient 0.000053(4)

largest difference peak 2.488 and —3.853 e/A’

and hole

“R, = YNE| = IEN/YIF,, and wR, = [ Yw(F,? — F2)*/ Y wE,*]"/2 for
F? > 20(E}).

coordinates and selected bond distances and bond angles are listed
in Tables S1—S3, respectively, of the Supporting Information. PXRD,
IR, TG, and UV—vis—NIR diffuse reflectance spectra are shown in
Figures S3—S6, respectively, of the Supporting Information.

Powder X-ray Diffraction. The powder X-ray diffraction (PXRD)
pattern of Pb4(OH),((NO;);s was obtained on a Bruker D8
ADVANCE X-ray diffractometer by using Cu Ka radiation (1 =
1.5418 A) in the 20 angular range of 10—80°.

Infrared Spectroscopy. An infrared spectrum was recorded on a
Shimadzu IR Affinity-1 Fourier transform infrared spectrometer in the
range from 400 to 4000 cm™" with resolution of 2 cm™". The sample
(6 mg) was mixed thoroughly with S00 mg of dried KBr.

TG Analysis. The TG curve was determined on a simultaneous
NETZSCH STA 449F3 thermal analyzer instrument, with a heating
rate of 10 °C/min in an atmosphere of flowing N, from 30 to 900 °C.

UV-Vis—NIR Diffuse Reflectance Spectrum. UV-vis—NIR
diffuse reflection data were collected on a Shimadzu SolidSpec-
3700DUV spectrophotometer over the range of 190—2600 nm.

Second-Order NLO Measurements. A second-harmonic gen-
eration test was performed on Pb;s(OH),4(NO;),s by the Kurtz—
Perry method.' Polycrystalline Pb,(OH),4(NO;),¢ was ground and
sieved into distinct particle size ranges: <20, 20—38, 38—S5S, 55—88,
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88—105, 105—150, and 150—200 um. The polycrystalline powders
were then placed in a light-tight box and irradiated with a Q-switched
Nd:YAG solid-state laser of 1064 nm. To make relevant comparisons
with known SHG materials, polycrystalline KDP was ground and
sieved into the same particle size ranges.

Ferroelectric Measurements. To measure the potential ferro-
electric behavior, frequency-dependent polarization measurements
were taken at room temperature under a static electric field of 1—4
kV/cm between 50 and 200 Hz. The polarization measurements were
taken on a Radiant Technologies model RT66A ferroelectric test
system with a TREK high-voltage amplifier.

Calculation Details. The DFT calculation was performed using
the CASTEP module.'” The generalized gradient approximation
(GGA) with the Ceperley and Alder-Perdew-Zunger functional (CA-
PZ) functional was adopted.'® The plane-wave basis set energy cutoff
was set at 340.0 eV. The total energy tolerance was 2 X 107 eV/atom.
The k-point grid sampling in the Monkhorst—Pack scheme was set at
2 X 2 X 2 for the Brillouin zone.

B RESULTS AND DISCUSSION

Crystal Structure. Compound Pb;(OH),((NO;) crys-
tallizes in monoclinic noncentrosymmetric space group Cc, and
the asymmetric units consist of 16 Pb atoms, 16 hydroxides,
and 16 nitrates. Such a lead nitrate hydroxide has been
previously reported,'® and its structure was refined with space
group Ia; however, the R values were high (R, = 0.076; wR, =
0.183). Hence, this paper provides improved refinements with
an R, of <0.05. According to Davidovicha,* the limiting value
for a Pb—O bond is considered to be 3.30 A. The primary
coordination sphere of the Pb(II) atom can be limited to the
Pb—O distance of 2.70 A, while the secondary coordination
sphere ranges from 2.70 to 3.30 A. Pb(1), Pb(3), and Pb(4) are
ligated by three hydroxides in the primary coordination sphere
and five oxygen atoms from nitrates in the secondary
coordination sphere. The overall coordination number of
these Pb atoms can be written as (3 + E) + S, and the
polyhedron in the primary coordination sphere is a -
tetrahedron. Pb(5) atoms have an overall coordination number
of (3 + E) + 6, while Pb(8) atoms have an overall coordination
number of (3 + E) + 4. The 10-coordinate Pb(2), Pb(6), and
Pb(11) atoms have three hydroxides in the w-tetrahedral
primary coordination sphere and seven oxygen atoms in the
secondary coordination sphere. The eight-coordinate Pb(7),
Pb(9), Pb(10), Pb(13), Pb(14), and Pb(16) atoms have four
oxygen atoms from hydroxides and nitrate in the primary
coordination sphere, with an overall coordination number of (4
+ E) + 4. Pb(12) atoms have a coordination number of (4 + E)
+ 5, and their primary coordination spheres show a y-trigonal
bipyramidal geometry. The Pb(1S) atom has a unique
coordination number of (4 + E) + 6. The view of the
coordination environments of the 16 Pb atoms is shown in
Figure 1. Table S4 of the Supporting Information gives the
coordination number, coordination sphere geometry, and bond
lengths of 16 Pb atoms in Pb;;(OH),;(NO;);s. Only the
primary coordination sphere is considered; the nitrate shows
monodentate, bimonodentate, or free modes. When the
secondary coordination sphere is also considered, the nitrate
shows pi3, piy, ps, and pg modes, as shown in Figure S1 of the
Supporting Information.

Simply, the overall three-dimensional structure of 1 can be
viewed as being constructed of [Pb,(OH),]*" cubanes and
nitrate via weak Pb—O bonds (Figure S2 of the Supporting
Information). Each [Pb,(OH),]* cubane consists of four
Pb(II) atoms and four hydroxide ions that generate a distorted
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Figure 1. View of the coordination environments of Pb atoms. Note
that the bonds linking Pb and oxygen atoms in the secondary sphere
are shown as dashed orange lines.

cubane-shaped structure. Within a cubane, each Pb(II) atom is
connected to three hydroxides and vice versa. The Pb—Pb
distances range from 3.722(S) to 3.822(7) A, and Pb—Pb—Pb
angles are in the range of 57.888(2)—61.503(4)°. These values
are in agreement with those of other [Pb,(OH),]*" cubanelike
structures reported previously. PXRD showed good agreement
with the calculated one derived from the single-crystal data
(Figure S3 of the Supporting Information).

Infrared Spectroscopy. The peaks around 3500 cm™" can
be attributed to the presence of hydroxyl groups. The peaks at
1385, 1307, 1029, and 820 cm ' can be attributed to
asymmetric stretching and symmetric stretching vibrations of
[NO;]~ groups (Figure S4 of the Supporting Information).

TG Analysis. From the TG curve of Figure SS of the
Supporting Information, it can be seen that the material is very
stable and there is no weight loss when the temperature is <150
°C. Then, it undergoes a weight loss between ~150 and 310 °C
because of the release of the two molecules of H,O. The
observed weight loss of 3.17% matches well with the calculated
one (3.14%). In the second stage, occurring between 310 and
900 °C, the weight loss might be attributed to the gradual
decomposition of nitrate.

UV-Vis—NIR Diffuse Reflectance Spectroscopy. The
UV cutoff edge of Pb;s(OH)4(NO;);¢ is below 310 nm
(Figure S6 of the Supporting Information). The absorption (K/
S) data are calculated from Kubelka—Munk function F(R) = (1
— R)*/2R = K/S>' The absorption versus the energy of
exciting light shows band gap energies of 3.78 eV.

Calculation. Figure 2 shows the obtained band structures
for Pb;4s(OH);,(NO3),4 plotted along the high symmetry lines
by the GGA calculations. Pb;s(OH);4(NO;) 4 is an indirect gap
compound, with a calculated band gap of 2.779 eV, which is
smaller than the experimental values mentioned above because
of the well-known discontinuity in the derivative of exchange
correlation energy within DFT.>”> The orbitals of
Pb,4(OH)4(NO;)4-calculated bands can be understood by
analyzing the DOS diagrams. The upper region of the valence
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Figure 2. Calculated band structure and total density of states and the
corresponding partial density of the orbital of Pb;s(OH),4(NO;) .

band is mainly composed of O 2p states, and the bottom of the
conduction band is mainly composed of N 2p and O 2p states,
which are hybridized. The O 2p states of the upper region of
the valence band originate from both [OH]™ and [NO;]7; the
contributions of O 2p states from [OH]™ and [NO;]™ are 27
and 73%, respectively.

In addition, to further verify the stereoactive lone pair
electrons on the Pb*" cation, the electron density difference
map around the Pb** cation is calculated (Figure S7 of the
Supporting Information). It shows that the 6s> lone pair on the
Pb** maintains its almost spherical shape, which indicates that
the Pb** cation has an inert or non-stereoactive lone pair.

NLO and Ferroelectric Properties. Phase-matching
experiments indicate that Pb;4(OH),((NO;);s is type I
phase-matchable,with large SHG responses, ~3.5 times that
of the KDP standard with a similar grain size (Figure 3). A

4
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Figure 3. SHG measurements of Pb;((OH);;(NO;),4 ground crystals
with KDP as a tester.

bond-valence method is used to calculate the direction and
magnitude of the dipole moments in PbO, polyhedra and
[NO,]™ triangles of Pb,,(OH)4(NO;);s.>>** The detailed
calculation method and formula are described after Table SS of
the Supporting Information. Because the ELF calculations show
that the 6s* lone pair on the Pb** maintains its almost spherical
shape, the distortion of the lone pair has not been considered.
Here, both the primary coordination sphere of the Pb(II) atom
with a Pb—O distance of 2.70 A and the secondary
coordination sphere that ranges from 2.70 to 3.30 A are
considered to ensure that the contribution of the Pb part to the
dipole moment will not be underestimated. Furthermore, the
cooperative action of the polyhedral dipoles has also been
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Table 2. Detailed Contributions from PbO,, Polyhedra and [NO;]™ Triangles and Total Polarization of the Whole Unit Cell (Z

= 4)

symmetric code

Xy z

Xz

Xy z

X,y z

0.5 +x 1.5 —y, =05 +z

05+« 15—y —0S5 +z

05+x 15—y —0S5S+z

0.5 +x 15—y —05+z

X,1—-y —05+z

X,1—y9-05+z

X,1-y —05+z

X,1—y9-05+z

05+x05+yz

05 +x 05 +y 2z

0.5 +x 05 +y 2z

0.5 +x 05 +y 2z

X,y z

0.5 +x 1.5 —y, =05 +z

X, 1-y —05+z

05 +x 05 +y 2z

species

4
2 (PbO,);

k=1
8

Z (PbO, ),

k=5

Z (PbO,),

k=9

Z (PbO, )

k=13

Z (PbO,);

k=1

8
Z (PbO,);
k=5

12

Z (PbO,),

k=9

Z (PbO,),

k=13

Z (PbO,);

k=1

z (PbO, ),

k=5

Z (PbO,),

k=9
16

Z (PbO,),

k=13

Z (PbO,),

k=1

Z (PbO, )

k=5

z (PbO, ),

k=9

Z (PbO,),

k=13

16
Y (NOy),

j=1
16
Y (NOy),
j=1

16
2. (NOy),

j=1
16

Y (Noy),

j=1

Z (PbO,),

k=1

dipole moment

5.0089

8.0445

0.0716

3.7768

5.0089

6.9139

0.0716

3.7768

44175

8.0445

0.0716

3.7768

5.0089

8.0445

0.0716

3.7768

—7.4278

—7.3913

—7.3347

—7.3871

65.8848
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—1.2369

—5.2735

—2.9525

1.2520

1.2369

4.4508

29528

—1.2520

0.5640

5.2735

2.9525

—1.2520

—1.2369

—5.2735

—2.9525

1.2520

4.1265

—4.1396

—4.1407

4.1444

—1.4956

z
5.3963

4.7288

—2.0963

4.0747

5.3963

4.0593

—2.0963

4.0747

4.6863

4.7288

—2.0963

4.0747

5.3963

4.7288

—2.0963

4.0747

—9.5338

—9.5236

—9.5188

—9.5262

47.0343

magnitude (D)
4.3037

7.9061

3.6501

3.3534

4.3037

6.2551

3.6501

3.3534

3.6455

7.9061

3.6501

3.3534

4.3037

7.9061

3.6501

3.3534

8.0987

8.0959

8.0882

8.0993

47.8380
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Table 2. continued

dipole moment

symmetric code species x
64 —29.5408
Y (NOy),
j=1
total polarization 36.3440

y z magnitude (D)
—0.0094 —38.1023 27.8324
-1.5050 8.9319 30.9186

evaluated using the complete crystal symmetry, including both
point and translation operations. Not only the contribution
from PbO,, polyhedra and [NO;]™ triangles of the asymmetric
unit but also the total polarization of the whole unit cell (Z = 4)
is included. The detailed calculation results are listed in Table 2
and Table S5 of the Supporting Information. From the table,
we can see that the local dipole moment of PbO,, polyhedra in
Pb,s(OH)4(NO;) ¢ is 47.8380 D, which is larger than those of
[NO,]™ triangles (27.8324 D). The SHG response of
Pb,c(OH),4(NO,) ¢ originates from the cooperation of PbO,
polyhedra and [NO,]” triangles; the magnitudes of dipole
moments along the b-axis are almost canceled, and their vector
sum is well-enhanced in the a—c plane. The total local dipole
moment is 30.9186 D, with a net distortion for
Pb,;(OH),4(NO;) ¢ approximately along the [301] direction
(Figure 4). The potential ferroelectric behavior and frequency-

c
S Q"‘ e (=
[ \j ',\ < ot
o yires 9% 'y A
58 VEXHE'S AN )
Greda. o

A 7% SN
. '\'.1/&‘ § N
(./ \ \l°
b : ®Pb
®N
.0

Figure 4. Orange arrow representing the direction of the net distortion
along the [301] direction for Pb;(OH)x(NO;) 4.

dependent polarization measurements were also conducted,
and the observed curves do not show ferroelectric hysteresis,
suggesting that the Pb;((OH);4(NO;);s sample has no
ferroelectric response (Figure S8 of the Supporting Informa-
tion).

B CONCLUSION

In summary, a nitrate nonlinear optical crystal
Pb,4(OH)4(NO;)4 is reported. Its crystal is constructed of
[Pb,(OH),]*" cubanes and the planar triangle 7-conjugated
[NO;]™ system. Powder SHG measurement shows that
Pb,4(OH),4(NO;),s possesses a large SHG response ~3.5
times that of KDP and is type I phase-matchable. Further, the
dipole moment and the first-principle calculations show that
the SHG response of Pb;s(OH),4(NO;);s mainly originates
from the cooperation of PbO,, polyhedra and [NO;]™ triangles.

3324

These indicate the nitrates with planar 7z-conjugated [NO;]~
triangles may be the potential candidates for the design of the
UV NLO materials. In the future, we will find new NLO
materials by combining building units containing second-order
Jahn—Teller distorted cations with a planar 7#-conjugated
system and understand the structural nature of their polarity.

B ASSOCIATED CONTENT

© Supporting Information

CIF file, final coordinates, selected bond distances, bond angles,
XRD patterns, IR, UV—vis—NIR diftuse reflectance spectros-
copy, TG, electron density difference map, calculation of
distortion, and local dipole moment. This material is available
free of charge via the Internet at http://pubs.acs.org.
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