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We have discovered a metabrganic framework containing cationic inorganic layers. The metal
fluoride—organodisulfonate structure, f[C,H4(S0s),], was synthesized hydrothermally. The lead
fluoride cationic layers are covalently connected by 1,2-ethanedisulfonate chains oriented perpendicular
to the layers. The material is thermally stable to ca. 325above which the material collapses to phase-
pure a-PbR. This material is a rare example of the use of organosulfonates as organic linker and the
first metal-organic framework to contain lead fluoride connectivity. The existence of extended cationic
inorganic moieties embedded within a metalganic framework material further diversifies the possible
structure types of this rapidly growing class of materials.

Table 1. Crystallographic Information, Data Collection and
Refinement Parameters for SLUG-6

empirical formula PE>CoH4S,06
formula weight 640.55
crystal size, mm 0.1& 0.16 x 0.04

Introduction

Metal-organic frameworks (MOFs) are a rapidly growing
class of materials, with conference symposia recently devoted
to the subject:? The vast interest is based on their potential

applications, the primary examples being gas stofage,
catalysis® and enantioselectivity.** Strictly speaking,

crystal system
space group
crystal color, habit

monoclinic
C2/c
colorless, plate

MOFs are three-dimensional networks, though lower dimen- zgﬁ; iléigé?z()lo)
. . 1 . .
sional materials fre_quent_ly oc_cEFr. In fact, the_ I|t_erature_ c(A) 8.8453(4)
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organic frameworks, coordination frameworks, and even B Eggg; 38063620(10)
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Figure 1. Optical micrograph (109 magnification) of the MOF crystals.

Figure 2. Atom labeling scheme, illustrating bonding and geometry around
the lead center. Thermal displacement ellipsoids are shown at 50%
probability.

boxylate, the first example of an MOF material with infinite
1D Cu(ll) oxide chains embedded in the structir€heetham
and co-workers reported a series of cobalt succinate metal
organic materials, where the inorganic connectivity and
dimensionality within the MOF increased with synthesis
temperaturé®'® Some further examples of MOFs with
embedded inorganic connectivity running through the struc-
ture include neodymium oxide hydrate chatfithorium
oxyfluoride chaing! and copper(l) halide chains or layéts.

There are only two examples of extended materials to date
that contain ethanedisulfonate anions. A layered double

(18) Tran, D. T.; Fan, X. J.; Brennan, D. P.; Zavalij, P. Y.; Oliver, S. R.
J.Inorg. Chem 2006 45, 7027-7027.

(19) Forster, P. M.; Stock, N.; Cheetham, A. Kngew. Chem., Int. Ed.
2005 44, 7608-7611.

(20) Serpaggi, F.; Ferey, Q. Mater. Chem1998 8, 2737-2741.

(21) Kim, J. Y.; Norquist, A. J.; O’'Hare, Dl. Am. Chem. So003 125
12688-12689.

(22) Ciurtin, D. M.; Smith, M. D.; zur Loye, H. Anorg. Chim. Acta2001,
324, 46-56.

Chem. Mater., Vol. 19, No. 19, 2004659

hydroxides (LDH) type structure was reported by Cheetham
and co-workerd?® The anions are arranged parallel to the
cobalt hydroxide layers and interact electrostatically. The
other example consists of inorganic layers of only concat-
enated silver. The Ag(l) centers are covalently coordinated
by the oxygen atoms of the ethanedisulfonates, and the
structure may be thought of as a very early example of an
MOF.2* The literature as well as the Cambridge Structural
Database (CSD) indicate that the remaining known ethanedis-
ulfonate crystal structures are either inorganic clusters or
simple salts. The series of metal sulfonates published by
Shimizu and co-workers contain organic groups other than
ethylene, and no extended inorganic connectivity beyond
dimers or 1D chains are obsen&d-or the related class of
metal phosphonates and diphosphonates (as well as those of
other metals), both the phosphorus and organic group are
required for structure formation, and the inorganic portion
is charge neutref

Although MOFs are well-known to have an overall
cationic chargél?’28 none to date contain an extended
cationic inorganic moiety. All extended inorganic moieties
within the MOF are anionic or neutral in chartfeln the
course of our studies on anion templating of cationic
material2®>~32 we discovered a layered lead fluoride where
the 2D inorganic layers are cationic and covalently bonded
by anionic short chain disulfonate groups.

Experimental Section

Synthesis.PF,[C,H4(SOs),] (which we denote SLUG-6, for
University of California, Santa Cruz, structure no. 6) was synthe-
sized hydrothermally under autogenous pressure. Solid @aF5
um powder, 99-%, Fisher Acros) and 1,2-ethanedisulfonic acid
(EDSA, 95%, TCI America) were added sequentially to deionized
water in a 1:2:200 molar ratio, respectively. The total volume of
the reaction mixture was scaled to 10 mL and added to a Teflon-
lined stainless steel autoclave (constructed in-house). The 15 mL
capacity autoclave was filled to c#s volume and heated statically
in an oven at 150C for 72 h. The average yield was 80%.

Instrumental. Powder X-ray diffraction (PXRD) data were
recorded using a Rigaku Americas MiniFlex Plus powder diffrac-
tometer. Diffraction patterns were recorded from 4 t6 8@, with
a step rate of 0.0426/s. In-situ variable temperature PXRD was
performed using a Rigaku Ultima Il multipurpose diffraction
system. Patterns were taken from 7 t6 2@, with a step rate of
0.0# 260/s. The mounted sample was heated from 25 to 800
and powder patterns were taken at&Dintervals. Single-crystal
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Figure 3. Crystallographic images of SLUG-6 (Pb, purple; F, green; S, yellow; O, red; C, white; H, gray). (a) View of afe]{Player down the
crystallographica-axis. (b) End-on view of the layers along the crystallograghaxis.

data were recorded using a Bruker KAPPA APEX Il CCD area Table 2. Bond Lengths (A) and Angles (deg) around the Lead

Center?
detector X-ray diffractometer with graphite-monochromated Mo K
radiation § = 0.710 73 A). Data were collected with a combination Pb1—-02 2.452(6) PbtF1A 2.461(4)
: Pb1-F1B 2.515(4) Pbt03C 2.528(6)
of w andg scans ¢ width = 0.5°) for 10 s. The data were observed Pbl-F1 2.546(4) Pb:F1D 2.692(4)
to be twinned by an approximate 18fbtation about the [001] 02—-Pb1-F1A 85.79(16) 02Pbl1-F1B 90.03(16)

direction in real space and were integrated with the appropriate F1A—Pbl-F1B 71.82(14) 02Pb1-03C 75.15(17)

twin matrix (SAINT).2%The data were corrected for absorption and Flp(‘)_zptl’jlglof’:(i %ggég((ig)) Fﬁ;%glo?:(i 1;‘5’-311((1111))
33b i - - . - .

other effects TWINABS. : The space group was detgrmlned to F1B—Pbl-F1 122.59(16) 03EPbI_F1 89.19(15)

be C2/c based on reflection intensities and systematic absences ©2-pp1-FID  141.21(15)  F1APb1-FI1D  127.29(17)

(XPREB.%3¢ The structure was solved by direct methods and  F1B—Pbl-F1D 83.51(13) 0O3€Pb1-F1D 87.37(15)

expanded routinely from Fourier difference magELXTL).33 F1-Pbl-F1D 75.60(11)

Non-hydrogen atoms were included with anisotropic thermal motion 2 symmetry transformations used to generate equivalent atoms:xA,

parameters. Hydrogen atoms were included in calculated positions+ 1/21, y =1, i + Yz B, X, =y, 2+ Yz C, X, =y, z— Uz D, —x + 13,

with thermal parameters tied to the atom to which they are bonded.Y t /2 =2+ /2.

Full data for the crystal structure refinement are given in Table 1. 3 )
Thermogravimetric analysismass spectrometry (TGAMS) Lower temperatures (#5125°C) effected no reaction of the

analysis was carried out using a TA Instruments 2050 thermo- Starting lead fluoride material, which does not dissolve in
gravimetric analyzer with g, purge, coupled to a quadrupole sector water before loading into the autoclave. Therefore, 160
mass spectrometer (Pfeiffer Vacuum Thermostar, GSD 301 T3) with is the ideal temperature for the solvothermal synthesis of
70 eV ionization potential. Samples were heated from ambient this material with this given set of reagents and ratios.
temperature to 600C at a rate of SC/min. Optical micrographs  Attempts to isolate other extended structure types from this
were obtained with an AxioCam MRc digital camera mounted on gystem were unsuccessful. Elemental analysis is consistent
a Carl Zeiss Axioskop MAT optlcal microscope. Elementallanaly3|s with the structural formula. Analyzed percentages of C, H,
\'/\lv?)s performed by Quantitative Technologies, Inc. (Whitehouse, and N were 3.85%, 0.55%, areD.05%, compared with the

' values of 3.75%, 0.32%, and 0.00% calculated from the
structure solution, respectively. The theoretical powder
pattern generated from the structure solution fully matches

The product crystals are colorless plates in a nonmerohe-the experimental pattern.

dral twin morphology (Figure 1). The title compound forms  The structure of SLUG-6 consists of layers of lead fluoride
under a wide range of synthetic conditions and starting with overall stoichiometry [P#]2* (Table 1, Figures 2 and
reagent ratios. For metal to water ratios of 1:100 or less, the 3a). The fluorides are triply bridging in a distorted tetrahedral
crystals were in the range of 3000 um long, and about  geometry with one corner vacant and--Pb bond angles
one-third of the solid recovered was unreacted lead fluoride. of 108.18(149, 121.90(16), and 105.47(14) The geometry
More dilute conditions (from 1:150 to 1:300) resulted in around the Pb(Il) center is highly distorted five coordinate
larger needle-like crystals longer than 30@ (1:200, Figure  (Table 2, Figure 2). Each lead bonds to three fluorides within
1) and yields representative of that reported above. Synthesighe layer and two interlamellar sulfonate oxygens, one for
temperatures higher than the ideal 18D (175-225 °C) each of the two closest organosulfonates (Figure 3b). The
resulted ino-PbF, (ICDD # 41-1086) as the major product.  average PbO distance is 2.528(6) A, well within covalent
range obtained by a search of the Cambridge Structural
(33) (a)SIAI_NTi foftwege ftor intelgrfi_ti?\? tg_crystwfgégggic %atgﬁiﬁgr, . Database (CSD; 2.604 0.211 A)34 The distances from

N AWINADS Unersity of Gatngen. ée,mahy(’ ) one (©  Oxygen O1 to the nearby symmetry-related lead Pb1 atoms

XPREP: Part of the SHELXTL Crystal Structure Determination are 2.880(5) and 2.956(5) A. These values are well beyond
Package 5.03; Siemens Industrial Automation, Inc.: Madison, WI,
1995. (d)SHELXTL Crystal Structure Determination PackaBeuker

Analytical X-ray Systems Inc.: Madison, WI, 19999. (34) Allen, F. H.Acta Crystallogr. B2002 380—-388.

Results and Discussion
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Figure 4. TGA—MS shows the material is stable to ca. 3Z5 with fragments of ethanedisulfonate evolved during the decompositiorPioF.
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Figure 5. In situ variable-temperature PXRD, with the theoretical pattern shown at the bottom. The pattern°&t &% above indexes w@-PbF,.

reasonable bonding distances. A long-fbcontact [2.692- however, is a covalent 3D MOF rather than a cationic layer,
(4) A] to a fourth fluoride center also exists on each Pb since the ethanedisulfonate molecules are anchored to the
center (dashed line, Figure 2). The lone pair on the Pb(ll) Pb centers. Indeed, attempts to remove or exchange the
center is likely oriented along this bond and therefore points organic anions from the host structure while leaving the
into the rectangle-like gaps (Figure 3a). The anionic ethane-cationic layers intact have thus far been unsuccessful. We
disulfonate [GH4(SGs),]2~ molecules reside between the attempted to exchange the ethanedisulfonate anions for
layers, aligned perpendicular to the lead fluoride sheetsbenzoate and permanganate in aqueous solution, neither of
(Figure 3Db). which gave any change in the PXRD pattern for the resultant
This topology is a rare example of a 2D cationic inorganic solid. As outlined above, our material is also a rare example
motif. The only previous examples are the LDHs (a widely of an inorganic material containing ethanedisulforfafé.
studied isostructural set also known as hydrotalcité&and A search of the CSD shows only four known organic
our previously reported BBsNO3.2° The overall structure,  structures containing PH bonds, and all are molecular.
There are two-dimensional lower p-block metal oxides

(35) Evans, D. G.; Slade, R. C. T. Layered Double HydroxideStincture known, such as the Aurivillius phasgsthough these are
and Bonding Springer: New York, 2005; Vol. 119, pp-187.

(36) He, J.; Wei, M,; Li, B.; Kang, Y.; Evans, D. G.; Duan, X. Layered
Double Hydroxides. IiStructure and BondingSpringer: New York, (37) Sharmaa, N.; Linga, C. D.; Wrightera, G. E.; Chena, P. Y.; Kennedya,
2005; Vol. 119, pp 89119. B. J.; Lee, P. LJ. Solid State Chen2007, 180, 370-376.
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high-temperature, highly condensed defect perovskite-typement. In-situ variable-temperature PXRD further confirms
structures. Red lead{PbO, the mineral known as litharge)  the thermal stability of the material (Figure 5). The inter-
has the inert pair of the metal pointing into the interlamellar lamellar organic groups begin to decompose at approximately
space, whereas in our case, the structure is a metal fluoride325 °C. The material collapses to phase-purébF, by

and the lone pair is oriented parallel to the layer. The struc- 425°

ture, however, is closely related to grandreefite, an entirely Conclusions

inorganic material with formula RB,SO.* The lead This is the only example to date of an MOF material
fluoride layers have the same connectivity as SLUG-6, but containing a cationic inorganic covalent network. A multitude
with direct connection via the sulfates as well asb-Pb of new structures should be possible by varying the organic
bonds. The bonding distances and unit cell dimensions for group that connects the two sulfonate groups. Attempts to
grandreefite are therefore shorter, both within and betweendate with propylenedisulfonate as either structure-directing
the layers. Thus, the mineral structure can be considered g29€nt or anion-exchange source have not been successful. It

highly condensed 3D framework rather than a pillared 2p MY be possible to tune the coordinating strength of the
material sulfonate, for example, with a perfluorinated carbon chain,

thereby preventing covalent bond formation to the cationic
layers. Discrete anions that only interact electrostatically with
TGA—MS data shows the thermal stability of the material the inorganic layers are necessary for our target applications

to ca. 325°C (Figure 4). The mass spectrum shows fragments of base catalysis and environmental remediation. We have
corresponding to mercaptan and organosulfonate fragmentsad success in this regard with ethanedisulfonate and other
of ethanedisulfonate. Mass fragments of 155 and ®®9  lower p-block metals, as we will soon report. We are also
correspond to €8CH,CH,SO, and OSCHCH,SO,, respec- currently studying other mono- and oligosulfonates to
tively. The 60 m/z fragment observed is most likely the —t€mplate the extended structure.
—CH,CH,S— fragment of ethanedisulfonate. The theoretical ~ Acknowledgment. This research was supported by an NSF
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