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ABSTRACT: Two new potassium lead fluoride carbonates,
KPb,(CO,),F and K, ;oPbs ;s(CO;)sFs, have been synthesized
and characterized. The materials were synthesized through
solvothermal and conventional solid-state techniques.
KPb,(CO;),F and K, ,,Pbs;s(CO;)sF; were structurally
characterized by single crystal X-ray diffraction and exhibit
two-dimensional crystal structures consisting of corner-shared
PbOF and PbOGF, polyhedra. K,-,Pbg;(CO;)sF; is non-
centrosymmetric, and crystallizes in the achiral and nonpolar
space group P6m2 (crystal class —6m2). Powder second-
harmonic generation (SHG) measurements using 1064 nm
radiation revealed a SHG efficiency of approximately 40 X a-
SiO,, whereas a charge constant, ds3, of approximately 20 pm/

KPb,(CO;3),F

K3 70Pbs 15(CO3)sF3

V was obtained through converse piezoelectric measurements. For the reported materials, infrared, UV—vis, thermogravimetric,

and differential thermal analysis measurements were performed.

B INTRODUCTION

Noncentrosymmetric (NCS) polar compounds have been of
significant interest attributable to their technologically
important properties such as ferroelectricity and pyroelec-
tricity.'~* Other interesting functional properties of NCS but
not necessarily polar structures are second-harmonic generation
(SHG) and piezoelectricity.’® A number of approaches to the
design and synthesis of new NCS materials have been
reported.” > We have focused on designing new NCS
materials®*~* by using cations susceptible to second-order
Jahn—Teller (SOJT) distortions: octahedrally coordinated d°
transition-metal cations and lone-pair cations.***° Both
families of cations are in asymmetric and locally polar
coordination environments attributable to SOJT effects. With
lone-pair cations such as Pb**, Te*, I’*, and so forth, a
stereoactive lone-pair is observed that “pushes” the ligands
toward one side of the cation, resulting in a highly asymmetric
coordination environment. With respect to contribution of
anions to NCS structure, fluoride carbonates have attracted
considerable attention over the past 10 years as a result of the
polarizability of the carbonate groups.’' ™ The polarizability of
anisotropic carbonate group with a z-conjugated system is
approximately S times greater than that of isotropic fluoride
ion.?”®! The difference in polarizability between these two
anions could give rise to the formation of a macroscopically
polar material.

A few NCS fluoride carbonates have been reported.*"** SHG
has been observed in K,Ln,(CO,),F, (where Ln = Nd, Sm, Eu
and Gd),*> with the largest efficiency reported for
KEu,(CO;);F,. In addition, a family of NCS alkaline—

-4 ACS Publications  © 2013 American Chemical Society 2466

alkaline-earth fluoride carbonates, KSrCO;F, RbSrCO;F,
KCaCO,F, RbCaCO;F, CsCaCO,F, and Cs;Ba,(CO;),F;
were reported recently.’"*® Of these materials, only
Cs;Ba,(CO,),F; is polar, whereas the others are nonpolar
and achiral. These materials have a wide transparency in the
UV, in the range of 200—800 nm, except for Cs;Ba,(CO;),F;
with a UV cutoff at approximately 210 nm. The alkaline—
alkaline-earth fluoride carbonates are SHG active with
efficiencies of 1-3 X KDP (40—120 X a-SiO,). Finally,
transition metal fluoride carbonates, KCuCO,F,** BaMCO,F,
(where M = Mn, Cu and Zn),**%* and Ba,Co(CO,),F,** have
also been reported. Of these materials, only KCuCO,F is NCS
and polar, whereas the others are centrosymmetric. No SHG,
piezoelectric, or polarization properties have been reported for
KCuCOj4F.

We have been interested in investigating the association of a
lone-pair cation, Pb**, and carbonate fluoride anions to couple
their acentric features and thereby enhance the formation of a
new NCS material. To date, no material in the A*—Pb*'—
CO;>—F~ system (where A* = Li*, Na*, K*, Rb*, or Cs*) has
been reported. Our investigation of the K—Pb—CO;—F system
resulted in two new potassium lead fluoride carbonates,
KPb,(CO;),F and K, 7oPbs;5(CO3)sFs. K2.70Pb5.15(C03)5E3 is
NCS and crystallizes in achiral and nonpolar space group P6m2.
In this paper, we report the synthesis, structure, character-
ization, and structure-property relationships of both materials.
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In addition, for K, 7,Pbs ;5(CO;)F; we investigate its functional
properties: SHG and piezoelectricity.

B EXPERIMENTAL SECTION

Reagents. KF (Alfa Aesar, 99.5%), Pb(OAc),.3H,0, PbF,, PbCO;
(Sigma-Aldrich, 99.9%), MeOH (Sigma-Aldrich, 99%), and
CF;COOH (Sigma-Aldrich, 99%) were used as starting materials.

Synthesis. Crystals of KPb,(CO,),F and K, ,,Pbs s(CO;) F; were
grown by solvothermal techniques using a mixture of methanol and
trifluoroacetic acid as a solvent. The reaction mixture of 0.379 g (1.00
x 107 mol) of Pb(OAc),-3H,0, 0.232 g (4.00 X 107> mol) of KF,
1.50 mL (3.71 X 1072 mol) of methanol, and 1.50 mL (1.94 X 107>
mol) of trifluoroacetic acid were placed in a 23-mL Teflon-lined
stainless steel autoclave. The autoclave was closed, gradually heated up
to 180 °C, held for 24 h, and then slowly cooled to room temperature
at a rate of 6 °C h™". The solid products were isolated from the
mother-liquor by vacuum filtration and washed with ethanol. Colorless
hexagonal plate-like crystals and block-shaped crystals, subsequently
determined to be KPb,(CO;),F and K, ;,Pbs ;s(CO;)F;, respectively,
were obtained as a mixture in which the latter is the major phase,
approximately 70% (Supporting Information, Figure S1). The
reported compounds are slightly hygroscopic; thus the products
were stored in a vacuum desiccator.

Polycrystalline KPb,(CO;),F and K, ,,Pbs ;s(CO5)F; were synthe-
sized by conventional solid-state techniques. For KPb,(CO,),F,
stoichiometric amounts of KF (0.116 g 2.00 X 107 mol) and
PbCO, (1.07 g, 4.00 X 1073 mol) were thoroughly ground and pressed
into pellet. The pellet was placed in alumina boat that was heated to
250 °C in flowing CO, gas, held for 2 days, and then cooled to room
temperature at a programmed rate of 180 °C h™'. For
K,70Pbs, 15(CO;)sF;, amounts of KF (0.126 g, 2.16 X 10~ mol),
PbCO; (1.07 g, 4.00 X 107> mol), and PbF, (0.029 g, 0.12X 10™> mol)
were thoroughly ground and pressed into pellet. The pellet was placed
in alumina boat that was heated to 270 °C in flowing CO, gas, held for
3 days, and then cooled to room temperature at a programmed rate of
180 °C h™". The materials were determined to be pure by powder X-
ray diffraction (Supporting Information, Figure S1).

Single-Crystal X-ray Diffraction. A colorless hexagonal plate
crystal (0.10 X 0.10 X 0.03 mm®) and a colorless block-shaped crystal
(0.10 X 0.10 X 0.05 mm®) were selected for single-crystal diffraction
analysis. Data were collected on a Bruker SMART APEX2
diffractometer equipped with a 4K CCD area detector using
graphite-monochromated Mo—Ka radiation. For each sample a
hemisphere of data was collected using a narrow-frame method with
scan widths of 0.30° in ®. Exposure times were 90 s per frame for
KPb,(CO;),F and SO s per frame for K,,,Pbs;(CO;)sF;. Both
crystals were found to be slightly nonmerohedrally twinned. This
minor twinning did not impact the subsequent solution and
refinements. Data were integrated using the Bruker SAINT program,®®
with the intensities corrected for Lorentz factor, polarization, air
absorption, and absorption attributable to the variation in the path
length through the detector faceplate. An empirical absorption
correction was made. The positions of the lead atoms were determined
by Patterson methods using SHELXS-97,° and the remaining atoms
were located by difference Fourier maps and least-squares cycles
utilizing SHELXL-97.*” All calculations were performed using WinGX-
98 crystallographic software package.® Relevant crystallographic data,
selected bond distances and angles for KPb,(CO,;),F and
K, 70Pbs15(CO;3)sF; are given in Tables 1—2. Atomic coordinates
and equivalent isotropic displacement parameters are shown in the
Supporting Information, Table S1— S2.

There are some unusual features in the structure of
K, 70Pbs 15(CO;)sF; The F(1) atom was found to be disordered
about a 3m site. Initially the material was thought to be
K;Pb(CO;)sFy; however, the anisotropic displacement parameters
of the K(2) cation in the double layer consistently refined to a
nonpositive definite value. Since K and Pb are the only heavy elements
present, it was clear that there had to be a mix of these two elements at
this position. Furthermore, since Pb?* has twice the charge of K* there
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Table 1. Crystallographic Data

KPb,(CO5),F K, 70Pbs 15(CO;3)sFs
M/g mol ™ 592.50 1529.65
T/ K 296(2) 301(2)
A A 0.71073 0.71073
crystal system hexagonal hexagonal
space group P6;/mme (No. 194) P6m2 (No. 187)
a/ A 5.3000(2) 5.3123(5)
b/ A 5.3000(2) 5.3123(5)
¢/ A 13.9302(8) 18.6203(17)
a/ deg 90 90
p/ deg 90 90
7/ deg 120 120
v/ A3 338.88(3) 455.07(7)
VA 2 1
D./g cm™ 5.807 5.582
u/mm™ 50237 48.194
20,/ deg 58.48 54.70
Ry, 0.0471 0.0478
GOF 1.340 1.159
R(F)* 0.0187 0.0207
R(ED)* 0.0512 0.0598
Flack parameter N/A 0.012(18)

“R(F) = MIF) — IEI/JIF,). *R.(F2) = [Iw(E> — E2?/
ZW(F02]1/2~

Table 2. Selected Bond Distances (A) and Angles (deg)

KPbZ(CO3)2F I<2,70Pb5.15(C03)5F3
Pb(1)—0O(1) x 6 2.6829(6) Pb(1)—0O(1) X 6 2.6668(9)
Pb(1)—F(1) 2.3327(3) Pb(1)—F(1) x 2 2.454(9)
C(1)-0(1) x 3 1.277(3) Pb(2)-0(2) X6 2.6918(11)

Pb(2)—F(1) 2.254(10)
O(1)-Pb(1)-0O(1)  48.68(15)
O(1)-Pb(1)-0O(1)  70.28(15) Pb(3)—-0(3) x 6 2.6926(11)
F(1)-Pb(1)-0O(1)  82.86(9) Pb(3)—F(2) 2.3478(8)
Pb(1)—F(1)—Pb(1)  180.00 C(1)-0(1) x 3 1.296(9)
C(2)-0(2) x 3 1.293(7)
C(3)-0(3) x 3 1.282(7)
O(1)—Pb(1)—0O(1) 49.8(4)
0O(1)-Pb(1)—0(1) 70.2(4)
F(1)—Pb(1)—0O(1) 89.55(7)
F(1)—Pb(1)—F(1) 175.0(7)
0(2)—-Pb(2)—-0(2) 49.2(3)
0(2)—-Pb(2)—-0(2) 69.6(3)
F(1)-Pb(2)-0(2) 81.76(15)
0(3)-Pb(3—-0(3) 48.7(3)
0(3)-Pb(3)-0(3) 70.1(3)
F(2)-Pb(3)-0(3) 82.25(14)
Pb(1)—F(1)—Pb(2) 169.5(16)

had to be a vacancy present for each Pb** cation to maintain charge
balance. When a mixed occupancy model of 70% K*/15% Pb**/15%
vacancy was placed at the original “K(2)” site, the overall model
refined very nicely, resulting in a formula of K,,,Pbs;5(CO;)sFs.
Changing the amount of Pb present from 5 to S5.15 represents only a
3% increase, which is quite plausible under the reaction conditions.
Also, this model results in a Pb:K ratio of 1.9 in K, ,,Pbs;(CO;)sF,
that is not very different from the ratio of 2.0 found in the
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cocrystallizing material KPb,(CO;),F. For verification purposes we
collected data on a second crystal from the same batch, and the results
were not significantly different between the two refinements. Both cif’s
have been deposited in the Supporting Information.

Powder X-ray Diffraction. Powder X-ray diffraction (PXRD)
measurements on KPb,(CO,),F and K,,Pbs,s(CO,;)sF; materials
were performed using a PANalytical X'Pert PRO diffractometer
equipped with Cu Ka radiation. The data were collected in the 260
range of 5°—70° with a step size of 0.008° and a scan time of 0.3 s. No
impurities were observed, and the experimental and calculated PXRD
are in very good agreement (Supporting Information, Figure S1).

Infrared (IR) Spectroscopy. Mid-Infrared (MIR) data were
collected in a reflectance mode in an inert atmosphere using an
Alpha-P (Bruker Optik) spectrometer (spectral resolution 4 cm™)
built into a glovebox (MBraun) in the 400—4000 cm™' range
(Supporting Information, Figure S2).

UV-vis Diffuse Reflectance Spectroscopy. UV—visible reflec-
tance data were collected on a Varian Cary 500 Scan UV—vis—NIR
spectrophotometer over the 200—2000 nm spectral range at room
temperature. Poly(tetrafluoroethylene) was used as a diffuse
reflectance standard. The reflectance spectrum was converted to
absorption using the Kubelka—Munk function.”””® (Supporting
Information, Figure S3).

Thermal Analysis. Thermogravimetric analyses were performed
on an EXSTAR TG/DTA 6300 instrument. Approximately 20 mg of
KPb,(CO;),F and K,,Pbs,5(CO;)sF; were placed separately in a
platinum pan and heated at a rate of 10 °C min™' from room
temperature to 900 °C under flowing N, (Supporting Information,
Figure S4).

Second-Harmonic Generation (SHG). Powder SHG measure-
ments were performed on a modified Knurtz-nonlinear optical (NLO)
system using a pulsed Nd:YAG laser with a wavelength of 1064 nm. A
detailed description of the equipment and methodology has been
published.”" As the powder SHG efficiency has been shown to strongly
depend on particle size,”” K, ,oPbs ;5s(CO;)sF; was ground and sieved
into distinct particle size ranges (<20, 20—4S, 45—63, 63—75, 75—90,
>90 um). Relevant comparisons with known SHG materials were
made by grinding and sieving crystalline a—SiO, and LiNbOj into the
same particle size ranges. No index matching fluid was used in any of
the experiments (Supporting Information, Figure S6).

Piezoelectric Measurements. Converse piezoelectric measure-
ments were performed using a Radiant Technologies RT66A
piezoelectric test system with a TREK (model 609E-6) high voltage
amplifier, Precision Materials Analyzer, Precision High Voltage
Interface and MTI 2000 Fotonic Sensor. K,,,Pbs,s(CO;)sF; was
pressed into pellets (~1.2 cm diameter, ~0.7 mm thickness) and
sintered at 260 °C for 3 days. Silver paste was applied to both sides of
the pellet, and the pellet was cured at 250 °C for 12 h (Supporting
Information, Figure S7). For all of the structural figures, the program
VESTA was used.”

Energy-Dispersive X-ray Spectroscopy (EDS) Analysis. A
JEOL JSM 6330F scanning electron microscope equipped with an
electron dispersive spectrometer was used to determine the lead to
potassium ratio. The collected crystal of K,,,Pbs,s(CO;)sF; was
mounted on one flat face and coated with 25 nm carbon. Intensity data
were processed by Oxford IsisLink software. Standards used were
KAISi;Og for potassium, PbCrO, for lead, CaF, for fluorine, and
graphite for carbon. Three analyses on this sample were obtained with
a focused beam of 15 keV accelerating voltage and 12 yA emission
current; one on each of the three visible faces. (Supporting
Information, Figure S8).

B RESULTS AND DISCUSSION

Structures. KPb,(CO;),F exhibits a two-dimensional
crystal structure that consists of double-layers of Pb(CO;);F
polyhedra (see Figure 1). The Pb** cations are connected by
carbonate groups in the ab-plane, whereas along the c-axis
direction the connectivity is through a bridging fluoride. The K*
cations are located in the cavities formed between Pb(CO;);F
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Figure 1. Ball-and-stick representation of a single Pb(COj;) layer in
the ab-plane and the K* cations beneath this layer (a). Ball-and-stick
(b) and polyhedral (c) representations of KPb,(CO;),F in the bc-
plane. Note that the double-layers are staggered to minimize lone-pair
—lone-pair interactions.

polyhedral blocks. The double-layers are staggered about the c-
axis to minimize Pb** lone-pair—lone-pair interactions. In
connectivity terms, the material may be written as {2-
[Pb06/3F1/2]5/2_ 2[CO;3)**}7, with charge balance maintained
by one K* cation. Each Pb*" cation is bonded to six oxygen
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atoms and one fluorine atom in a distorted hexagonal pyramidal
coordination environment, with Pb—O distances of 2.6829(6)
A and a Pb—F distance 2.3327(3) A. The carbonate C—O
distance is 1.277(3) A. The K* cation is surrounded by six
oxygen atoms with K—O distances of 2.679(4) A. Bond valence
calculations resulted in values of 1.36, 1.72, and 4.05 for K,

Pb*, and C*, respectively (Supporting Information, Table
§3).7475

K, 70Pbs 15(CO;)F; also exhibits a two-dimensional structure
that consists of double-layers of Pb(CO,);F polyhedra and
triple-layers of Pb(CO,;);F and Pb(CO,),F, polyhedra (see
Figure 2). The double-layer alternates with the triple-layer,

“ K*/Pb2+/vacancy
Q

[} Cé+
o O
on F

J*oo

¢ © oo

Figure 2. Ball-and-stick (a) and polyhedral (b) representations of
K, 70Pbs 15(CO;5)sF; in the be-plane. Only one position of the
disordered bridging fluoride in the triple layer is shown.

stacking along the ¢ direction. The Pb*" cations are connected
by carbonate groups in the ab-plane, and along the c-axis
direction the connectivity is through a bridging fluoride. In the
triple-layer, the K" cations are located in cavities formed
between the Pb(CO;);F and Pb(CO;);F, polyhedral blocks. In
the double-layer the bridging fluoride F(2) is ordered, whereas
in the triple layer the bridging fluoride F(1) is statistically
disordered with a Pb—F—Pb angle of 169.5(16)°. The Pb(2)*"
and Pb(3)*" cations are in distorted hexagonal pyramidal
coordination environments with Pb(2)—0(2) (Pb(3)—0(3))
distances of 2.6918(11) A (2.6926(11) A), and Pb(2)—F(1)
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(Pb(3)—F(2)) distances of 2.254(10) A (2.3478(8) A). The
Pb(1)*" cation is found in a distorted hexagonal bipyramidal
environment with Pb(1)—O(1) distances of 2.6668(9) A and
Pb(1)—F(1) distances of 2.454(9) A. As would be expected,
the outer Pb(2)—F(1) distance is considerably shorter than the
central Pb(1)—F(1) distance. The K* cations are surrounded by
six oxygen atoms with K—O distances that range between
2.669(7) A and 2.858(7) A. The C—O bond distances range
from 1.282(7) to 1.296(9) A. Bond valence sum calculations
resulted in values of 1.01, 1.67—1.97, and 3.87—4.02 for K,
Pb*, and C*, respectively (Supporting Information, Table
$4).7475

The role of the planar carbonate group with respect to the
rest of the structure has been described earlier.”*~”® In fluoride
carbonates, the carbonate group may be flat (parallel) or
inclined (on-edge) with respect to the overall structure. In both
KPb,(CO,),F and K,,,Pbg,(CO;)sFs, the planar carbonate
groups are parallel to the structural layers. This is similar to
other reported fluoride carbonates such as NaBaCe,(CO,),F”
and BaCe(CO,),F.* Along the c-axis, the planar carbonate
groups are eclipsed within the double (KPb,(CO;),F) and
triple-layer (K,oPbs,5(CO;)sF;) blocks, but are staggered
between blocks. One interesting feature of the outer Pb(CO;)F
layers is that the CO; groups are not in the plane of the Pb
atoms, but instead are pushed in toward the interior of the
layers (see Figure 3). The COj, planes are offset by about 0.36
A from the Pb planes. This is most likely caused by steric
repulsion from the lone-pair of electrons on the Pb atoms. The
Pb—O distances in the outer Pb(CO;)F layers are longer than
that in the central Pb(CO,)F, layers in K, ,oPbs;s(CO;)sF,
attributable to the offset position of the CO; groups.

In both materials the asymmetric coordination environments
of the outer Pb** atoms of each layer are polar, that is, each
PbOGF polyhedron exhibits a local dipole moment. Since both
double-layers and triple-layers are composed of PbOF
polyhedra with equal and opposite polarizations, the net dipole
moments in KPb,(CO;),F and K,-Pbs,;(CO;)sF; are zero.
Therefore, the structures are macroscopically not polar.

A common feature for KPb,(CO;),F and
K, 70Pbs ;s(CO5)F; is the occurrence of double-layers of
PbOGF polyhedra (see Figure 3a). Although single-layer
PbO4F polyhedra have been previously observed in
BaPb,(CO;),F,,***? the materials in this report are the first
examples of double-layer and triple-layer polyhedra composed
of PbOGF and PbOGF, (see Figure 3). Analogous AOGF, (A =
Sr** or Ca’") polyhedra have been observed previously in
KSrCO5F, RbSrCO;F, and KCaCO,F.’"*> Thus, the central
Pb** cation in the triple-layer may be considered to have an
inert rather than stereoactive lone-pair, that is, the lone-pair is
more spherical. A stereoactive lone-pair on Pb*" is found in the
double-layer in both materials, as well as in the outer PbO(F
polyhedra of the triple-layer. To visualize the lone-pair on the
Pb>* cations, ELF calculations were performed on both
materials using the VASP ackage8 #2 with the PBE
exc%ange -correlation functional,” and an 5 = 0.5 (see Figure

4).

Unusual Features of K, 70Pbs 15(CO;)sF;. With regard to
the nonstoichiometric formula for K, ;oPbs,5(CO;)sF,, there is
precedence for partial substitution of Pb*" at K* sites.”*> Pb**
has a six-coordinate effective ionic radius of 1.19 A, that is only
10% smaller than K* (1.38 A).** Thus both cations may occupy
the same crystallographic site. Site disorder between Pb** and
K* has been reported in KPb,Cl; and Na,_ K .Pb; FXs (X =
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(b)

Figure 3. Ball-and-stick representation of (a) the double-layer unit
consisting of two PbOGF distorted hexagonal pyramids and (b) the
triple-layer unit consisting of two PbO¢F distorted hexagonal pyramids
alternating with one PbO4F, distorted hexagonal bipyramid.

Cl, Br).**® There is also no structural issue with having a
partial vacancy at this site since the double-layer skeleton,
composed of planes of Pb(CO;) linked by F, is quite rigid (see
Figure 2). The double-layer framework is not perturbed in any
significant way by the absence of a cation in the cavities 15% of
the time, as evidenced by comparison with the fully occupied
double-layer in KPb,(CO;),F. Note that the a and b unit cell
dimensions in both materials are virtually identical (5.3000(2)
A vs 53123(5) A)—a function of the Pb(CO,;) bonding
pattern (see Figure la)—and the Pb—F distances in the
double-layers are also essentially the same (2.3327(3) A vs
2.3478(8) A). Although both crystals measured showed the
same Pb:K ratio, it should be noted that there is nothing
particularly special about the 70% K*/15% Pb** composition. It
is quite possible that each individual crystal of this material is
composed of a different K:Pb ratio, and the crystals we used are
simply representative samples.
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Figure 4. ELF diagram, 17 = 0.5, of the double-layer in KPb,(COj;),F
(top) and the triple-layer in K, ;oPbs s(CO5)sF; (bottom). Note that
in both materials the “capping” Pb** cations exhibit a stereoactive lone-
pair, whereas the central Pb** in K, ,oPbs;s(CO;):F; exhibits an inert
lone-pair.

NCS Considerations. The double-layer units in both
KPb,(CO,),F and K,,oPbss(CO;)sF; are structurally the
same, consisting of two nearly planar arrangements of Pb(CO5)
linked by bridging F atoms. The COj; groups in each layer are
in an eclipsed configuration when viewed down the ¢ axis,
which is necessitated by the large cations in the cavities
between layers. Careful inspection of this eclipsed double-layer
structure indicates that it is not possible for this building unit to
reside on an inversion center since the F and K atoms have
trigonal symmetry in the ab plane with respect to each other.
Thus it is impossible for an ordered arrangement to have an
inversion center at any site in this plane. Similarly the triple-
layer unit in K,,Pbs s(CO;)sF; cannot possibly reside on an
inversion center since the central Pb and C atoms have trigonal
symmetry in the ab plane. The double and triple-layers that
comprise both of these compounds are inherently NCS.
Therefore the only way for these materials to pack in a
centrosymmetric arrangement is for there to be an inversion
center between the individual multilayer sheets. In
KPb,(CO;),F there is an inversion center between each of
the double-layers, and the space group is centrosymmetric, P6;/
mmc. However there is no way to form an inversion center
between the alternating double and triple-layers of
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K, 70Pbs 15(CO;)sF;, and therefore this material necessarily
crystallizes in a NCS space group, P6m2.

Infrared (IR) Spectroscopy. The IR spectra of
KPb,(CO;),F and K,,Pb;,(CO;)sF; revealed C—O vibra-
tions between 1400—680 cm™'. The strong broad bands
observed at 1398 and 1400 cm™ can be assigned to the
stretching C—O vibrations. The out-of-plane vibration, o-
(OCO), is observed in the range of 850—830 cm™ as a
medium band, and the bending vibration, 5(OCO), should
appear at 720—680 cm™! as a medium weak band.**"% A
strong band, however, was observed in the range of 720—680
cm™" which can be attributed to the overlap between the
bending vibration, §(OCO), and the stretching vibration,
v(Pb—0).%¥%° The v(Pb—F) vibration is observed at ~400
em™* The infrared spectra have been deposited in the
Supporting Information, Figure S2.

UV-vis Diffuse Reflectance Spectroscopy. The UV—vis
diffuse reflectance spectra revealed that the absorption energies
for KPb,(CO;),F and K,,,Pbs,s(CO;)sF; are approximately
3.9 and 3.8 eV, respectively. This is consistent with the white
color of the materials. Absorption (K/S) data were calculated
from the Kubelka—Munk function.*””°

2
PRy = LR _K

2R S
where R represents the reflectance, K the absorption coeflicient,
and S the scattering factor. In a K/S versus E (eV) plot,
extrapolating the linear part of the rising curve to zero resulted
in the onset of absorption at 3.9 and 3.8 eV. The UV—vis
diffuse reflectance spectra have been deposited in the
Supporting Information, Figure S3.

Thermal Analysis. The thermal behaviors of KPb,(CO,),F
and K, ;Pbs;5(CO;)sF; were investigated using thermogravi-
metric analysis (TGA) and differential thermal analysis (DTA)
under N, atmosphere. The decomposition of both materials
begins at approximately 290 °C, corresponding to the loss of
CO,. The experimental weight loss is in good agreement with
the calculated weight loss. The endothermic peaks in the
heating curve are consistent with the decomposition of the
materials. The exothermic peaks in the cooling cycle indicate
recrystallization of the residues. At approximately 830 °C,
weight loss was observed that is likely attributable to the loss of
fluorides. Powder XRD data of the residuals revealed PbO and
unidentified phases. The DTA/TGA diagrams and powder
XRD spectra for KPb,(CO;),F and K, ,Pb;;(CO;)F; have
been deposited in the Supporting Information,Figures S4 and
Ss.

Second-Harmonic Generation (SHG) and Piezoelectric
Measurements. Since K, ,Pbs;;(CO;)sF; crystallizes in the
NCS space group P6m2, we investigated the SHG and
piezoelectric properties. Powder SHG measurements using
1064 nm radiation revealed a SHG efhiciency of approximately
40 X a—SiO, in the 45—63 pm particle size range. A relatively
weak SHG efficiency is expected as K,;oPbs s(CO;):F; is
achiral and nonpolar. Additional SHG measurements, particle
size vs SHG efficiency, indicate K,,,Pbs5(CO;)sF; exhibits
type 1 phase-matching behavior. As such K,,,Pbs;5(CO;)sF;
falls into the class B category of SHG materials, as defined by
Kurtz and Perry (Supporting Information, Figure $6).%* Based
on these measurements, we estimate an average NLO
susceptibility, (dg)eyy Of approximately 7.3 pm/V. Converse
piezoelectric measurements were also performed, and a
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piezoelectric charge constant, ds;, of approximately 20 pm/V
was determined (Supporting Information, Figure S7).

Energy-Dispersive X-ray Spectroscopy (EDS) Analysis.
The semiquantitative EDS measurements were taken three
times from the same K, ,,Pbs(CO;)F; crystal that was used
for X-ray diffraction analysis. The average Pb:K ratio of 1.94(3)
found by EDS is in excellent agreement with the value of 1.91
determined by least-squares refinement of the X-ray data. By
contrast, if this site were fully occupied by K*, the Pb:K ratio
would be 1.67.

B CONCLUSIONS

We have synthesized and characterized two new fluoride
carbonates, KPb,(CO;),F and K, ,,Pbs,(CO;)sF;. Both
materials exhibit two-dimensional layered structures.
KPb,(CO,),F consists of double-layers of Pb(CO;);F poly-
hedra, whereas K, ,,Pb,(CO5);F; consists of double-layers of
Pb(CO;);F polyhedra that alternate with triple-layers of
Pb(CO;);F—Pb(CO,);F,—Pb(CO;);F polyhedra. This results
in nearly planar sheets of Pb(COj) joined together by bridging
fluorides. Both of these double and triple-layer structural units
are inherently noncentrosymmetric, since they are composed
entirely of elements possessing trigonal symmetry in the ab
plane. The stacked double-layer units in KPb,(CO;),F
crystallize with inversion centers between them, resulting in a
centrosymmetric space group. The alternating double and
triple-layer units in K,-,Pbg,5(CO;)sF; cannot accommodate
inversion centers between them, and the space group is
therefore noncentrosymmetric. The rigid Pb-(CO;)-F frame-
works form large internal cavities which contain the potassium
cations. In KPb,(CO;),F these cavities are fully occupied.
However, in K,,Pb;(CO;)sF; the cavities in the double-
layers are only 70% occupied by K*, with the remaining 30%
populated half the time with Pb*" and half the time vacant.

The intrinsically asymmetric structures of the double and
triple-layers in KPb,(COj;),F and K, ,,Pbgs(CO;)sF; make a
positive contribution to NCS material engineering. Under-
standing the crystallographic architecture of these two materials
opens up the possibility of controlling the packing and polar
directionality of these new structural building blocks. We intend
to investigate this family of compounds further by changing
alkaline metals and lone-pair cations to create other novel NCS
materials.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic file in CIF format, experimental and
calculated powder X-ray diffraction patterns, Infrared and UV—
vis spectra, thermogravimetric and differential thermal analysis
diagrams, powder second-harmonic generation, piezoelectric
loops, EDS analysis, atomic coordinates and detailed bond
valence calculation tables. This material is available free of
charge via the Internet at http://pubs.acs.org.
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