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Abstract: Our research involves the development of new cationic materials for anion-based applications.
We report the solvothermal synthesis and characterization of Pb3F5NO3, a new layered lead fluoride material
that, unlike the majority of layered and open-framework materials, is cationic in charge. The structure consists
of polyhedral lead centers connected by doubly and triply bridging fluoride groups. We quantitatively
exchanged the interlamellar nitrate groups of Pb3F5NO3 for dichromate, under ambient aqueous conditions.
Nuclear magnetic resonance and UV-vis spectroscopy show the reaction proceeds to 61.0% completion
in several days. The material is also stable to 450 °C, which is vastly superior to organic resins that are still
the standard for anion-exchange. The presence of extraframework anions also opens up other potentially
unique anion-based properties, such as new catalytic reactions, anion intercalation, or growth of anionic
clusters within the void spaces of the cationic material.

Introduction

We are focusing on the solvothermal synthesis and charac-
terization of extended germanates, stannates, and plumbates for
their potential to yield microporous zeotype materials. We use
traditional cationic structure-directing agents (SDAs), such as
organic amines or alkali metals, to produce extended anionic
materials.1-3 We are also interested in lower group 14 metals
because they are larger than silicon, can have higher coordina-
tion numbers, and their polyhedra can take on smaller M-O-M
bond angles.4 Their connectivity should be more adaptive,
leading to structures not possible with SiO4-based building
blocks. We are therefore also studying anionic SDAs for the
synthesis of cationic, covalently bonded, open inorganic net-
works that exchange, trap, or catalyze reactions of anions. Such
materials would offer properties not possible with traditional
microporous or layered intercalation materials that only contain
extraframework cations or neutral species.

Traditional cationic SDAs have been shown to yield new
layered and open-framework materials in the late group 14 metal
system, where organic ammonium cations reside in the void
space of these structures. A series of open-framework germa-
nium oxides have been previously reported,5-10 with several

more appearing recently.11-15 Cheetham and co-workers have
described a series of Sn-based extended structures, where Sn-
(II) centers are joined by oxalate16,17or phosphate groups.18 The
tin oxalates tend to be layered, as in a very recently reported
ammonium tin oxalate.19

Metal phosphates and phosphonates are perhaps the most
established class of 2D intercalation materials,20,21 and the
phosphonates have been well-studied for a wide variety of
metals, including Mg, Ca, Mn, Zn, and Cd;22 Ba;23 and Pb.23,24

Anion-exchange of the capping phosphate groups for phospho-
nate has been shown, but leads to a drastic reduction in the
crystallinity of the starting crystals.20 There exists, however, a
class of synthetic and naturally occurring solids known as
layered double hydroxides (LDHs). Their structures are based
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on brucite, Mg(OH)2, which contains charge-neutral layers of
edge-sharing Mg(OH)6 octahedra, and each oxygen atom is
bonded to three metal centers. Isomorphic substitution ofx Mg2+

centers for M3+ centers with similar ionic radii25 renders the
layers cationic, with the general formula [M2+

1-xM3+
x(OH)2]-

An-
x/n‚mH2O. There is much compositional diversity developed

for LDHs: M2+ ) Mg2+, Fe2+, Co2+, Cu2+, Ni2+, Cd2+, or
Zn2+; M3+ ) Al3+, Cr3+, Ga3+, or Fe3+. A range of inorganic
and organic anions may be used for direct synthesis or ion-
exchanged into the material, such as carbonates, halides, nitrates,
sulfates, bisphosphonates, polyoxometalate anions, [Fe(CN)6]4-,
porphyrins, phthalocyanines, or amino acids.26-31 LDHs can also
be pillared.32 Despite this rich materials chemistry, all LDHs
are isostructural and adopt the brucite-type double hydroxide
structure.

In our exploratory synthetic work to date, we have discovered
a series of materials based on late group 14 metals, which we
denote BING-n, where BING denotes SUNY at Binghamton
and n denotes structure type. These structures can be of any
dimensionality: 1D, 2D1, and 3D2 tin oxalates, layered tin
phosphonates,3 or the layered hexafluoro salts of germanium
and tin.33 Here, we describe BING-5, a cationic two-dimensional
lead fluoride, its characterization, and capacity for our target
application of anion-exchange.

Experimental Section

Synthetic Procedure.A typical experiment involved the sequential
addition of the following reagents (all used as-received) to a 250 mL
Nalgene beaker, with thorough manual mixing after each step: (i) the
solvent (distilled water or pyridine, Acros, 98%); (ii) concentrated HNO3

(15.8 M, Fisher), if used; (iii) hydrofluoric acid, 48%; and (iv) lead(II)
nitrate (Baker Inc.). The molar ratio was 80:0:1:1 or 16:2:1:1,
respectively. The resultant opaque, colorless slurry was stirred mechani-
cally for 15 min, then placed in a 23 mL capacity Teflon-lined Parr
autoclave and heated statically at 150°C for 3 days. The product was
recovered by suction filtration and washed with water and acetone,
with a typical yield of 61.79%.

Characterization Methods.Powder X-ray diffraction (PXRD) was
carried out with a Scintag XDS 2000 powder diffractometer using Cu
KR radiation (λ ) 1.5418 Å), solid-state detector (which removes white
radiation andâ lines), scan range of 5° to 45° (2θ), and scan rate 0.5°/
min. All samples were ground thoroughly in a mortar and pestle before
mounting the resultant powder in the sample holder. TGA was carried
out with a TA Instruments 2950, with a 10°C/min scan rate and

nitrogen purge. UV-vis absorption spectroscopy was collected on a
Perkin-Elmer spectrometer, Lambda2S. NMR was caried out with a
Bruker AM 360, using 10 mm broadband probe, 26.0 MHz at ambient
temperature, external reference saturated NH4NO3 solution in D2O +
10% HNO3, pulse width 30µs (∼70° pulse), repetition time 0.34 s
(approximate 15× T1), sweep width 23809 Hz, and processing 10 Hz
line broadening prior to Fourier transform. Elemental analysis was
performed by Quantitative Technologies Inc. Single-crystal XRD was
performed on a Bruker AXS single-crystal diffractometer with Smart
Apex detector, using Mo KR graphite monochromated radiation (λ )
0.71073 Å),ω-scan, 1868 frames collected withω step size 0.3°, 10 s
exposition time, and absorption correction for 8µm plates (010) using
XPREP.34

Results and Discussion

BING-5 Synthesis and Structure. The synthesis of this
material is straightforward, and can be performed with water
or pyridine as the solvent. Nitric acid must be added in the case
of the latter, which leads to a synthesis mixture with a similar
level of acidity. Both methods give identical products in terms
of crystal size and crystallinity. The product is phase-pure,
comparing the experimental PXRD pattern to the theoretical
pattern based on the single-crystal data. Thed010 peak based
on single-crystal data is 11.908(1) Å, while that of the
as-synthesized product is 11.933(1) Å. Elemental analysis of
the as-synthesized product (12.26% F, 1.35% N) also agrees
well with the theoretical values based on the stoichiometric
formula Pb3F5NO3 (12.20% F, 1.80% N).

We initially used sodium tetrafluoroborate instead of HF(aq),
in the hope that the former would act as an anionic SDA.
Instead, we obtained phase-pure BING-5, and the product is
identical when NaBF4 is partially or fully replaced with HF(aq).
Either act as a source of fluoride, which is necessary in order
to obtain the lead fluoride material: in its absence, there was
no solid product.

The structure of BING-5 consists of cationic lead fluoride
[Pb3F5]+ layers, separated by partially disordered interlamellar
nitrate anions (Figure 1a). Three of the four crystallographically
distinct nitrates were equally disordered between two positions
(Table 1). Each lead fluoride layer is a triple layer, where a
neutral Pb2F4 layer (Figure 1b) connects to two cationic, outer
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Table 1. Summary of Crystal Data, Details of Intensity Collection,
and Refinement of BING-5

empirical formula NO3F5Pb3

formula weight 778.58
crystal size (mm) 0.37× 0.10× 0.008
crystal system triclinic
space group P1h
color of crystal colorless
a (Å) 7.3796(6)
b (Å) 12.1470(9)
c (Å) 16.8549(13)
R (deg) 100.460(2)
â (deg) 90.076(1)
γ (deg) 95.517(1)
V (Å3) 1478.6(2)
Z 8
T (K) 110(2)
Dc (g cm-3) 6.995
µ(Mo-KR) (mm-1) 68.212
no. of obsd data [I > 2σ(I)] 5105
R1 [I > 2σ(I)] 0.0496
wR2 (all data) 0.0774
goodness of fit 0.979
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Pb2F3 layers (Figure 1c), accounting for the overall formula.
The lead centers are 8-coordinate cubic in the neutral central
layer and 5-coordinate distorted square pyramidal in the cationic
outer layers. The fluorides reside in tetrahedral sites, coordinat-
ing to four lead centers [Pb-F distances 2.319(9) to 2.810(8)
Å]. The oxygens of the nitrates also interact with the outer side
of the lead centers of the outer cationic layers [Pb-O distances
2.78(2) to 3.26(1) Å].

One key feature of the structure is the monovalent charge of
the bridging fluoride anions that connect the metal cations into
a layer. In the well-known class of zeolites and clays, the
bridging anion is divalent oxygen, giving rise to anionic or
neutral inorganic structures. We believe this unusual feature of
BING-5 is a consequence of the large radius and softness of
the lead atoms, and we are attempting to use other metals in a
similar manner. The nitrate groups charge-balance the layers,
fill the empty space, and stabilize the structure, as for zeolite
structure-directing agents, but happen to be negative in charge.

Characterization of BING-5. The PXRD pattern of the
product, which consisted of large, colorless plates, displays high
crystallinity, phase purity, and a layer-to-layer distance of
12.151(2) Å (Figure 2a). TGA studies showed that BING-5
retains its structure to ca. 450°C (Figure 3), where subsequent
PXRD indicated it decomposed toR-PbF2. This stability is due
to the strong Pb-F covalent bonding network within the layers,
the electrostatic bonding with the interlamellar nitrates, and the
close contact of the lead centers with one oxygen of the nitrates
(see above).

Anion-Exchange.In this procedure, we simply place a known
amount of material in solution and stir for a desired amount of
time.35 PXRD of a sample of BING-5 crystals after exchange
indicates the material retains an open structure (Figure 2b, cf.
Figure 2a). We were unable to index the pattern, but found that
the d010 peak increased slightly to 12.298(1) Å.

We found that pre-ground material absorbs dichromate,
releasing interlamellar nitrate, but gradually decomposed to lead
chromium oxide (PbCrO4, crocoite) over a period of 7 days.

(35) A 1.0 mmol sample of BING-5 product was placed in a beaker, followed
by 1.5 mmol of potassium dichromate (Baker) and 50 mL of distilled water.
Only the dichromate dissolved, yielding a yellow solution with BING-5
material on the bottom of the beaker. The beaker was covered with Parafilm
and stirred mechanically at room temperature for the desired time. UV-
vis was then performed by diluting 1.0 mL of solution to 50.0 mL with
distilled water.

Figure 1. Crystallographic views of BING-5 (Pb, dark gray; N, light gray;
O, F, white): (a)a-projection, showing the interlamellar, anionic nitrate
groups; (b)b-projection of the neutral, central Pb2F4 layer; and (c) one of
the two outer [Pb2F3]+ layers that surround the Pb2F4 layer.

Figure 2. PXRD patterns: (a) as-synthesized BING-5 material and (b)
after anion-exchange for 3 days, showing the open structure remains intact.

Figure 3. The TGA trace of BING-5 shows that the material is stable to
approximately 450°C.
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Single crystals, however, retained their structure, while still
uptaking dichromate in high capacity: we follow the uptake of
dichromate by UV-vis of the exchange solution (Figure 4).36

12.7%, 46.3% and 52.0% of the dichromate from the original
0.030 M solution (added in 50% molar excess with respect to
the BING-5 solid35) is absorbed after 0.5, 3, and 7 days,
respectively.37 This trend is corroborated by the following: (i)
14N NMR of the exchange solution showed that nitrate was
gradually being released into solution. A calculation based on
14N peak areas relative to a known standard shows our material
is 13.3%, 61.0%, and 86.0% exchanged after 0.5, 3, and 7 days,
respectively.38 (ii) When another lead-based material, such as
PbO, was used in place of BING-5 as an exchange solid, no
dichromate sorption occurred. The dichromate concentration was
identical before and after 3 days of stirring, as judged by UV-
vis spectroscopy. Similarly, the PXRD pattern of the PbO solid
was unchanged.

The ion-exchanged material (3 days, PXRD, Figure 2b) was
placed in a 0.03 M HNO3 solution, to see if the exchange could
be reversed, replacing dichromate with nitrate. The analogous
conditions of ion-exchange were used.35 No reaction occurred
after 3 days, as the ion-exchange solution was colorless, and
only the one peak of nitrate (centered at 301 nm) was observed
in a UV-vis spectrum. Presumably, the large hydration enthalpy
of nitrate makes its re-intercalation highly unlikely, and is
responsible for the selectivity of BING-5 for dichromate. We
are therefore currently studying the intercalation of other
inorganic and organic anions into our structure.

Conclusions

BING-5 expands the known structure types of cationic
materials beyond the isostructural set of LDHs. The structure
represents our first efforts toward constructing cationic extended
materials built from late group 14 elements. We are currently
exploring other possible anionic structure-directing agents, such
as transition metal complexes, organic anions, and carbonate.
This report also shows an initial example of anion-exchange,
and it is anticipated that other anion intercalation chemistry is
possible with this material. Materials synthesis with anionic
SDAs is a largely unexplored strategy, and it is highly plausible
that a wide range of cationic inorganic materials await discovery,
with potentially unique properties.
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of charge via the Internet at http://pubs.acs.org.

JA017333W(36) Relative absorbances were measured using the 450 nm peak of dichromate,
at acceptable values of absorbance and away from any nitrate bands. It
should also be noted that dichromate is being absorbed. No peaks of
monochromate were seen, comparing to the UV-vis spectrum of a 0.03
M solution of K2CrO4 (Baker). Dichromate solutions are also known to be
highly stable (Harris, D. C.,QuantitatiVe Chemical Analysis, 4th ed.; W.
H. Freeman: New York, 1995; p 439).

(37) While a small amount of PbCrO4 does form after 7 days, the PXRD peak
intensities are too low to account for these exchange percentages.

(38) A TGA trace of the 3 day ion-exchanged solid (PXRD, Figure 2b) contained
transitions identical with the as-synthesized solid, but only ca. 2.8 wt %
was lost over the first thermal event, versus ca. 8.0 wt % (Figure 3). This
reduced weight loss of ca. 65% agrees well with the14N NMR data.
Dichromate would not volatize off in the TGA, so both methods indicate
the degree of anion-exchange.

Figure 4. The series of UV-vis patterns of the anion-exchange solution
shows that dichromate is gradually being absorbed (arrows) by BING-5,
as corroborated by PXRD,14N NMR, and TGA.
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