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High thermal and chemical stability in pyrazolate-bridged metal–organic
frameworks with exposed metal sites†
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Reactions between the tritopic pyrazole-based ligand 1,3,5-tris(1H-pyrazol-4-yl)benzene (H3BTP) and

transition metal acetate salts in DMF afford microporous pyrazolate-bridged metal–organic

frameworks of the type M3(BTP)2$xsolvent (M ¼ Ni (1), Cu, (2), Zn (3), Co (4)). Ab-initio X-ray

powder diffraction methods were employed in determining the crystal structures of these compounds,

revealing 1 and 2 to exhibit an expanded sodalite-like framework with accessible metal cation sites,

while 3 and 4 possess tetragonal frameworks with hydrophobic surfaces and narrower channel

diameters. Compounds 1–4 can be desolvated without loss of crystallinity by heating under dynamic

vacuum, giving rise to microporous solids with BET surface areas of 1650, 1860, 930 and 1027 m2 g�1,

respectively. Thermogravimetric analyses and powder X-ray diffraction measurements demonstrate the

exceptional thermal and chemical stability of these frameworks. In particular, 3 is stable to heating in

air up to at least 510 �C, while 1 is stable to heating in air to 430 �C, as well as to treatment with boiling

aqueous solutions of pH 2 to 14 for two weeks. Unexpectedly, 2 and 3 are converted into new crystalline

metal–organic frameworks upon heating in boiling water. With the combination of stability under

extreme conditions, high surface area, and exposed metal sites, it is anticipated that 1may open the way

to testing metal–organic frameworks for catalytic processes that currently employ zeolites.
Introduction

A large segment of the global economy is based on the use of

natural and synthetic zeolites in chemical industries as deter-

gents, adsorbents/desiccants and heterogeneous catalysts.1

Consequently, worldwide consumption of these materials is

estimated at about 4–4.5 million metric tons per year.1c,d As

purely inorganic materials, zeolites are extraordinarily robust

and provide moderately high surface areas, which together

facilitate catalytic activity. Nevertheless, their performance can

be limited by the stiffness of the framework, whose features,

above all pore size and surface functionalization, are not readily

modified using self-assembly approaches. Over the past decade,

metal–organic frameworks have begun to emerge as possible

alternatives for such applications. These materials are hybrid

compounds built up from metal ions or metal-based clusters
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linked via various organic bridging ligands to form a three-

dimensional skeleton, frequently with an extraordinarily high

surface area.2 Compared to zeolites, metal–organic frameworks

typically display a considerable degree of tunability, achievable

by judicious selections of inorganic and organic components, or

via post-synthetic modification of the surface.3 Depending upon

the metal ions and organic linkers incorporated in the frame-

work, key chemical and physical properties, such as pore size,

surface area, guest binding capability, catalytic activity, can

potentially be finely modulated. This has enabled researchers to

generate metal–organic frameworks of interest for a variety of

applications, including gas storage,4 molecular separations,5 and

heterogeneous catalysis.6

Although metal–organic frameworks have in rare instances

displayed thermal stability up to 500 �C,7 none yet approach the

robustness of zeolites, a disadvantage further worsened by

problems generally related to their low chemical stability. This is

particularly true for those systems based on divalent metal

cations combined with organocarboxylate bridging ligands,8

which can be subject to hydrolysis and thermal decomposition in

the presence of moisture.9 In this regard, it is clearly beneficial to

discover new high-surface area metal–organic frameworks that

are stable toward diverse environments such as air, water, acidic

and basic media, and even extreme temperatures and pressures.

Such advancements will extend the utility of metal–organic
Chem. Sci., 2011, 2, 1311–1319 | 1311

http://dx.doi.org/10.1039/c1sc00136a
http://dx.doi.org/10.1039/c1sc00136a
http://dx.doi.org/10.1039/c1sc00136a
http://dx.doi.org/10.1039/c1sc00136a
http://dx.doi.org/10.1039/c1sc00136a
http://dx.doi.org/10.1039/c1sc00136a


D
ow

nl
oa

de
d 

on
 1

4 
Ju

ne
 2

01
1

Pu
bl

is
he

d 
on

 2
8 

A
pr

il 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1S

C
00

13
6A

View Online
frameworks towards a variety of applications where zeolites have

been playing a major role.

Along this line, our strategy has involved the use of poly-

azolate-bridging ligands,10 that can lead to frameworks with

strong metal–nitrogen bonds, providing a greater chemical and

thermal stability compared to their carboxylate-based counter-

parts. Employing polyazolate heterocycles, the strength of the

resulting M–N bonds can be predicted to be closely related to the

pKa values for the deprotonation of the N–H bond. Indeed,

increased stability has been observed for frameworks generated

from organic ligands functionalized with 1,2,3-triazole (pKa ¼
13.9)11 than for analogues based upon tetrazole (pKa ¼ 4.9).11,12

Imidazole, with an even higher pKa of 18.6,
11 has been shown to

afford frameworks of still greater thermal stability (Tdec up to

390 �C) and some chemical resistance to alkalinity and boiling

solvents such as water, methanol and benzene.7a In particular,

however, organic ligands functionalized with pyrazole (pKa ¼
19.8),11 are of interest for the synthesis of robust pyrazolate-

bridged frameworks.

A number of pyrazolate-based metal–organic frameworks

exhibiting exceptional stability have already been realized. For

example, 1,4-bis(1H-pyrazol-4-yl)benzene (1,4-H2BDP) was

found to react with salts of cobalt(II),13 nickel(II) or zinc(II)7d,e to

afford frameworks exhibiting good thermal stability (Tdec¼ 420–

460 �C) and permanent porosity with Langmuir surface areas

between 1600 and 2670 m2 g�1. Employing instead the bent

molecule 1,3-bis(1H-pyrazol-4-yl)benzene (1,3-H2BDP) results

in a double-walled zinc-based framework of even greater thermal

stability (Tdec ¼ 500 �C), which further shows chemical stability

in a hot acidic solution (pH 3).7e The thermal stability of pyr-

azolate-based materials was again observed for the cubic

frameworks Ni8L6(OH)4(H2O)2 with L ¼ 4,40-bis(1H-pyrazol-4-

yl)biphenyl (Tdec ¼ 420 �C) or 2,6-bis(1H-pyrazol-4-yl)pyrrolo

[3,4-f]isoindole-1,3,5,7(2H,6H)-tetrone (Tdec ¼ 410 �C).7f

Furthermore, a Cu(I) framework based on 3,30,5,50-tetramethyl-

4,40-bipyrazolate (H2Me4bpz) was found stable up to 500 �C in

nitrogen atmosphere but also in air atmosphere with a decom-

position temperature of above 400 �C.7h On the whole, the

thermal and chemical stability of pyrazolate-based frameworks is

indeed significantly increased relative to the tetrazolate- and

triazolate-bridged frameworks. We note, however, that none of

these high-stability pyrazolate-based frameworks possess

internal surfaces bearing open metal coordination sites.

Exposed metal cations within metal–organic frameworks have

been demonstrated to lead to outstanding properties for

hydrogen storage,14 gas separations,4b–e,12,15 and catalysis.6

Among the azolate-based metal–organic frameworks of this

type, Mn3[(Mn4Cl)3(BTT)8]2$20MeOH (Mn-BTT, H3BTT ¼
1,3,5-tris(2H-tetrazol-5-yl)benzene), a rigid high-surface area

framework with an expanded sodalite-like structure and exposed

Mn2+ sites, exhibited a high H2 binding affinity
14a and Lewis acid

catalysis.6c Unfortunately, the relatively low thermal stability

(Tdec z 200 �C) and water-sensitivity of this tetrazolate-bridged

framework limits its utility. Attempts to synthesize analogous

triazolate-based structures afforded the more stable framework

H3[(Cu4Cl)3(BTTri)8] (Cu-BTTri, H3BTTri ¼ 1,3,5-tris(1H-

1,2,3-triazol-5-yl)benzene).12 With improved thermal stability

(Tdec ¼ 270 �C), this compound exhibits substantial chemical

resistance, retaining its porous structure in dilute HCl solution
1312 | Chem. Sci., 2011, 2, 1311–1319
(pH 3) at room temperature or in boiling water for 3 days.

Moreover, its stability in basic media enabled grafting of ethyl-

enediamine on the open Cu2+ sites, leading to a record heat of

CO2 adsorption for a metal–organic framework.

In order to achieve a still greater level of stability, approaching

that of zeolites, pyrazolate-bridged analogues of this important

structure type were sought. Herein, we report the synthesis of the

new linker 1,3,5-tris(1H-pyrazol-4-yl)benzene (H3BTP, see

Fig. 1a), and its use in generating a series of exceptionally robust

metal–organic frameworks, two of which adopt the Mn-BTT

structure and feature exposed metal cation sites.
Results and discussion

Synthesis and structure of sodalite-type Ni3(BTP)2 and

Cu3(BTP)2 phases

Reaction of H3BTP with nickel(II) or copper(II) acetate in DMF

at 160 �C afforded, upon washing with methanol and drying in

air, Ni3(BTP)2$3DMF$5CH3OH$17H2O (1) and Cu3(BTP)2$8-

CH3OH$10H2O (2) as yellow and brown microcrystalline

powders, respectively. Preliminary powder X-ray diffraction

acquisitions showed both compounds to be isomorphous with

the sodalite-like structure of Mn-BTT.14a The latter compound

consists of chloride-centered [Mn4(m4-Cl)]
7+ squares linked via

triangular BTT3� ligands to form a porous, three-dimensional

framework in which each metal center further has a bound DMF

molecule directed into the pores. Overall, the framework has an

anionic charge, which is balanced by [Mn(DMF)6]
2+ cations

included in the pores. Despite the great similarity in size and

shape between H3BTT and H3BTP, our attempts at synthesizing

a Mn-BTT analogue using H3BTP and various metal chlorides

were unsuccessful. Instead, the use of metal acetates in DMFwas

found to promote the deprotonation of the pyrazole ligand to

form M–N bonds and the extended sodalite-like framework

structure of 1 and 2. As assessed by X-ray powder structure

analysis, 1 and 2 are isomorphous, but not isostructural with

Mn-BTT. Specifically, the m4 bridging chloride anion present in

Mn-BTT, is absent in 1 and 2, as evidenced by elemental analysis

and X-ray fluorescence (see Fig. S6, ESI†) and consideration on

their structural features (see below).

Compounds 1 and 2 crystallize (see Fig. 1) in the cubic space

group Pm�3m, with the metal ions lying on crystallographic two-

fold axes and arranged in tetranuclear cores of rigorous, crys-

tallographically-imposed square symmetry, with M/M edges of

3.118(6) and 3.013(7) �A, for 1 and 2, respectively. The chloro-

centered Mn4 squares in Mn-BTT showed Mn/Mn distances of

3.70(3) �A, in agreement with the presence of the inner m4-Cl ion

and leading to a larger accessible empty volume (as measured, e.

g., by the BET specific area, vide infra).23 In 1 and 2, each M/M

edge is bridged by pyrazolate groups from two distinct BTP3�

ligands, resulting in a square-planar coordination geometry at

each metal ion. Residing on a 3m crystallographic site, each

BTP3� ligand employs its three pyrazolate substituents to bridge

M/M edges of three different M4 squares. Each square is con-

nected to eight adjacent squares, generating a rigid three-

dimensional framework. Thus, the framework structure features

octahedral cavities centered at [1/2 ,
1/2 ,

1/2 ], with BTP3� ligands

spanning each face andM4 squares truncating each vertex to give
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Scheme of the pyrazole-based ligand 1,3,5-tris(1H-pyrazol-4-yl)benzene, H3BTP (a) and portions of the structure of Ni3(BTP)2$3-

CH3OH$10H2O (1m), as determined from powder X-ray diffraction data. (b) Green, blue, and gray spheres represent Ni, N and C atoms, respectively; H

atoms and solvent molecules are omitted for clarity. The inset shows the square-planar Ni4 cluster bridged by eight pyrazolate rings. The compound

Cu3(BTP)2$8CH3OH$10H2O (2) is isostructural. Selected bond distances (�A) and angles (�) for the structures of 1 and 2, respectively: M–N 2.0200(4)

and 2.1225(6); M/M 3.118(6) and 3.013(7); N–M–N 77.4(2), 102.6(2), 178.9(3) and 73.7(2), 106.0(2), 174.4(3); M–N–N 64.2(1), 116.7(1) and 67.1(1),

117.3(1). Please note that in both cases, the crystallographically independent portion of the BTP3� ligand has been modeled by means of a rigid body.19
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an expanded sodalite cage unit. The sharing of squares between

neighboring cage units along the three unit cell axes, results in

one-dimensional channels running parallel to the cell axes. These

channels have a wide diameter of nearly 10 �A (based upon van

der Waals radii). Yet, only a very small entrance, possibly

limiting the size and shape of adsorbable gases, allows access to

the ca. 6-�A cavity within the octahedral, sodalite-like cage units.

Based upon van der Waals radii, a total void volume of 66 and

69% is estimated from the structures of 1 and 2, respectively.16,17

The slight increase of unit cell and void volumes from 1 to 2 is

consistent with the ionic radii of square-planar Ni2+ and Cu2+

ions (0.63 and 0.71 �A, respectively), which result in longer Cu–N

bonds and a slightly expanded framework for 2. The electron

density residues present in the Fourier difference maps, as

resulting from the modelling of the frameworks alone, clearly

indicate that: (i) both cavities and channels contain guest solvent

molecules, and (ii) solvents such as DMF, CH3OH, and water

can bind to open metal coordination sites. As evidenced by the

isolation and characterization of different solvated forms,

coordinated solvent is indeed likely to be present at an apical

position, protruding into the large channels and creating

a square-pyramidal coordination at each metal center.18

In examining the chemical stability of 2, some amount of the

solid was refluxed in a concentrated basic (NaOH, pH 14)

solution. A brown deposit isolated from the solution turned out

to be a distinct new phase, Cu3(BTP)2$6H2O (20), which could be

also obtained by refluxing 2 in an acid solution (HCl, pH 3). This

microcrystalline product appears, however, to be non-porous, as

evidenced by a thermogravimetric analysis showing no weight

loss up to decomposition (see Fig. S7, ESI†). Its powder

diffraction trace could be easily indexed to a R-centered trigonal

unit cell, with the likely presence of c-type glide planes. Possible

space group candidates are therefore R�3c and R3c, which share

the same systematic extinction conditions. Indeed, a structureless
This journal is ª The Royal Society of Chemistry 2011
Le Bail fit matched well with the observed diffraction pattern (see

Table S1, ESI†). Unfortunately, compound 20 has thus far

resisted all attempts of structural resolution, although clear

indications of a nearly layered disposition of the BTP3� ligands

(parallel to ab) and of trinuclear Cu3 units were found.Work is in

progress to assess the complete crystal structure, but the results,

if any, will be postponed to a future contribution.
Synthesis and structure of tetragonal Zn3(BTP)2 and Co3(BTP)2
phases

Since the discovery of Mn-BTT, it has been established that

isostructural tetrazolate-based frameworks can be synthesized

with a variety of other transition-metal ions, including Cr2+, Fe2+,

Co2+, Ni2+, Cu2+ and Cd2+.14,20 Similarly, we sought to obtain

pyrazolate-bridged analogues of Ni3(BTP)2 and Cu3(BTP)2
incorporating other transition-metal ions with a high affinity for

nitrogen-based ligands.21 After numerous attempts applying

different reaction conditions, a white microcrystalline powder

was obtained through addition of triethylamine to a solution of

Zn(CF3SO3)2 and H3BTP in DMF. Due to the high pKa of the

pyrazole rings, either base or high temperature is essential to

force the reaction to proceed.22 Washing with wet methanol

followed by drying in vacuo resulted in a compound of formu-

lation Zn3(BTP)2$4CH3OH$2H2O (3). As might be expected for

transition-metal ions favoring tetrahedral stereochemistry, such

as zinc(II) and cobalt(II), Co3(BTP)2$8CH3OH$10H2O (4) was

synthesized following the same reaction procedure.

Compounds 3 and 4 crystallize in the tetragonal space group

P42/ncm. The local coordination geometry can be appreciated

from the depiction at the bottom of Fig. 2, while the overall

framework structure is shown at the top. The structures contain

tetrahedrally coordinated metal(II) centers arranged in collinear

chains running along [110] (and equivalent directions), with
Chem. Sci., 2011, 2, 1311–1319 | 1313
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Fig. 2 Portions of the structure of Zn3(BTP)2$4CH3OH$2H2O (3),

determined by powder X-ray diffraction analysis, as viewed along the c

(upper) axis and [110] direction (bottom). Orange, blue and gray spheres

represent Zn, N and C atoms, respectively; H atoms and solvent mole-

cules are omitted for clarity. The compound Co3(BTP)2$8-

CH3OH$10H2O (4) is isostructural. Selected bond distances (�A) and

angles (�) for the structures of 3 and 4, respectively: M–N 2.077(6), 2.053

(6), 2.106(7) and 2.124(7), 2.035(8), 2.046(9); M/M 3.654(1) and 3.748

(1); N–M–N 102.3(4)–127.3(4) and 97.7(4)–120.8(2); M–N–N 120.0(4),

121.3(2) 123.1(2) and 119.1(3), 119.7(3), 125.8(3). Please note that in both

cases, the crystallographically independent portion of the BTP3� ligand

has been modeled by means of a rigid body.19
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pyrazolate-bridged intermetallic separations of 3.748(1) and

3.654(1) �A for Co and Zn, respectively. The BTP3� ligands are

bisected by a crystallographic two-fold axis and possess one

pyrazolate moiety in plane with the inner arene and the other two

making a dihedral angle of about 64� to the benzene core. Each

chain connects to three adjacent chains to afford a three-

dimensional framework. Porosity is apparent in the structures,

with one-dimensional channels of slightly less than 4 �A-diameter,

running parallel to c and filled with guest solvent molecules. The

surfaces exposed within these channels appear to be only p-rings,
1314 | Chem. Sci., 2011, 2, 1311–1319
thus imparting a hydrophobic character. Overall, the accessible

void volume reaches 46 and 50% for the structures of 3 and 4,

respectively.16 Unlike 1 and 2, these compounds do not feature

metal-bound solvent molecules that could potentially be

removed to generate coordinatively-unsaturated metal centers.

When compound 3 was heated in boiling water, a new crys-

talline phase Zn12[Zn2(H2O)2]6(BTP)16 (30) was obtained, as

identified by X-ray powder diffraction. The same phase was also

isolated through the reaction of 3 in a concentrated basic solu-

tion (NaOH, pH 14) for 30 min. Although 3 is highly resistant to

high temperatures (up to 510 �C), the solid-state transformation

in basic pH conditions occurs at room temperature in a very

short time, indicating that the presence of water is critical to its

instability. Compound 30 crystallizes in the cubic space group

Pn�3n. The best structural model derived from our X-ray powder

diffraction analysis was found to contain one-dimensional chains

running along the three crystallographic axes. Two crystallo-

graphically distinct zinc(II) centers, referred to as Zn1 and Zn2,

alternate along the chains (see Fig. 3). Site Zn1 possesses

a tetrahedral stereochemistry, with coordination by four

nitrogen atoms belonging to the pyrazolate moieties of four

distinct BTP3� ligands. Situated at the vertices of a [Zn2(H2O)2]
4+

rhombic unit, Zn2 shows a cis-ZnN2O2 tetrahedral stereo-

chemistry, where the nitrogen atoms belong to pyrazolate groups

from two distinct BTP3� ligands. Due to the orientational

disorder affecting the rhombic units (which reside on a crystal-

lographic four-fold axis), along each chain, Zn1 may be bridged,

by the BTP3� ligands, either to Zn2, via a Zn–N bond, or to

a water molecule, via a N/HO hydrogen bond (see Fig. S5,

ESI†). Given the overall coordination mode of the BTP3�

ligands, which employ all of their nitrogen atoms to form bonds,

the chains are mutually connected to give a dense, three-dimen-

sional framework with no voids or channels for hosting solvent.

As expected in the absence of guest solvent molecules, ther-

mogravimetric analysis shows no weight loss for the compound

up to decomposition, which occurs at a rather high temperature

of above 400 �C (see Fig. S8, ESI†).
Gas adsorption properties

Prompted by their porous structures, we evaluated the perma-

nent porosity of compounds 1–4 by collecting N2 adsorption

isotherms at 77 K. Complete removal of coordinating solvents

without collapsing the structure is not always trivial, however,

due to an activation barrier which should be overcome by

applying vacuum and high temperatures, often subsequent to

solvent exchange using a volatile coordinating solvent such as

methanol. To determine the optimal activation temperatures of

the methanol-exchanged phases, the samples were heated under

dynamic vacuum at gradually increasing temperatures, while N2

adsorption was repeatedly measured at each stage. From the N2

isotherm measurements, the best activation method for

compounds 1 and 2 was determined to be application of dynamic

vacuum at 250 �C for at least two days. With no bound solvent, 3

and 4 can be activated by heating under vacuum at the lower

temperature of 160 �C for two days.

The optimally desolvated materials were found to adsorb

significant amounts of N2 at 77 K, displaying Type I adsorption

isotherms characteristic of microporous solids (see Fig. 4).
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Portions of the molecular structure of Zn12[Zn2(H2O)2]6(BTP)16
(30) analyzed by powder X-ray diffraction as viewed along a axis. Orange,

red, blue and gray spheres represent Zn, O, N and C atoms, respectively;

H atoms are omitted for clarity. For a description of the local disorder

affecting the Zn2O2 fragment see ESI†. Selected bond distances (�A) and

angles (�) for the structure of 30: Zn–N 2.07(2), 2.099(6); Zn–O 1.97(2);

Zn/Zn 2.97(1), 3.13(5); N–Zn–N 106.7(2), 115.2(4), 140.8(2); N–Zn–O

85.3(2); O–Zn–O 82(2); Zn–N–N 101(1), 129.0(3); Zn–O–N 84(1), 129(2).

Please note that in both cases, the crystallographically independent

portion of the BTP3� ligand has been modeled by means of a rigid body.19

Fig. 4 Nitrogen adsorption isotherms measured at 77 K for 1 (green), 2

(blue) 3 (orange) and 4 (purple). Filled and empty symbols represent

adsorption and desorption, respectively.
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Fitting the N2 isotherms afforded BET surface areas of 1650(20),

1860(10), 930(10) and 1027(3) m2 g�1 and Langmuir surface areas

of 1900(13), 2159(10), 1242(11) and 1588(40) m2 g�1 for 1, 2, 3

and 4, respectively. Perhaps owing to a smaller unit cell dimen-

sion, the surface areas of 1 and 2 are slightly lower than observed

for Mn-BTT, which, thanks to the (m4-Cl induced) inflation of

the inner Mn4 core (vide supra), displayed a BET surface area of

2100 m2 g�1.14a Actually, for 3D isostructural materials sharing

the same ligand and slightly different cores, also the empty

volume is significantly affected by the cooperative change in size
This journal is ª The Royal Society of Chemistry 2011
of the metallic nodes, here addressed by the M/M contacts in

the inner M4 square (with a linear inflation, on passing from Ni4
(or Cu4) to [(m4-Cl)Mn4], larger than 20%, see above). Similarly,

a ca. 0.1 �A increase of the metal radius on passing from Cu to Pd

in the sodalitic M(n-pymo)2 frameworks (n-pymo� ¼ pyrimidin-

n-olate) allowed the increase of nearly 30% of the void volume

and of ca. 80% of the BET surface area.23Notably, the increase in

surface area from 1 to 2 is also consistent with their unit cell

dimension and void volume, which is ultimately related to the

ionic radii of the two metal ions (see above). The surface area of 3

and 4 are also consistent with that of Zn(1,3-BDP) and Co(1,3-

BDP), which display much similarity in the framework connec-

tivity and pore size.7e
Thermal behavior

In order to probe the thermal stability of the new compounds,

thermogravimetric analyses were performed, combined with

in situ variable-temperature powder X-ray diffraction experi-

ments. While the thermogravimetric analyses were carried out

under N2 for as-synthesized compounds 1–4, complete and

detailed characterization of the thermal behaviors of 1–3 were

carried out in air by means of variable-temperature diffraction

experiments.

As depicted in Fig. 5 the thermogravimetric trace of 1 shows

a weight loss of 30% between 30 and 150 �C, corresponding to the

partial evolution of guest solvent (4 methanol and 16 water

molecules corresponds to 30%). A gradual further weight loss of

15% occurs in the range 150–430 �C, consistent with the evolu-

tion of DMF solvent molecules coordinated to the metal sites (3

DMF molecules corresponds to 16%). Further heating prompts

decomposition at 450 �C. In the TG trace of 2, a 30% weight loss

occurs below 50 �C, corresponding roughly to the evolution of 5

methanol and 10 water molecules (29%). A gradual weight loss of

8% then follows up to 410 �C, consistent with the loss of 3 metal-

coordinated methanol molecules, and further heating induces

decomposition.

The foregoing observations are consistent with thermodif-

fractometric analyses (see Fig. 6 and S9, ESI†). These results

confirm the high thermal stability of 1 and 2, while also showing
Chem. Sci., 2011, 2, 1311–1319 | 1315
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Fig. 5 Thermal gravimetric analysis of as-synthesized

Ni3(BTP)2$3DMF$5CH3OH$17H2O (1, green), Cu3(BTP)2$8-

CH3OH$10H2O (2, blue), Zn3(BTP)2$4CH3OH$2H2O (3, orange) and

Co3(BTP)2$8CH3OH$10H2O (4, purple).
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that their crystallinity is retained to afford permanent porosity.

Indeed, solvent loss does not significantly affect the crystal

structures, with the powder diffraction patterns remaining

largely unchanged up to 450 �C for 1 and 390 �C for 2. Notably,

parametric Le Bail refinements against the data show that the

two compounds respond to heat with a distinct framework
Fig. 6 Overlaid powder X-ray diffraction patterns measured at elevated

temperatures in the range 30–450 �C for 1 (upper) and 30–510 �C for 3

(lower), and their two-dimensional contour plots as a function of 2q and

temperature, both displaying their thermal stability. Notably, the

diffraction patterns remained unaltered during the measurements except

for minor changes in peak intensity occurring at above 400 �C.

1316 | Chem. Sci., 2011, 2, 1311–1319
flexibility. In the case of 1, the unit cell volume remains almost

constant up to ca. 200 �C, while above this temperature, a modest

contraction, reaching 0.5%, is observed. In comparison, the unit

cell volume of 2 experiences a modest, yet continuous, decrease in

the temperature range 30–350 �C, reaching 0.8% (see Fig, S10

and S11, ESI†).

As evidenced by their thermal behavior, compounds 3 and 4

provide further examples of robust metal–organic frameworks.

The thermogravimetric traces show less weight loss than expec-

ted on the basis of the pore solvent contents. For example, an

18% weight loss is expected for 3, corresponding to 4 methanol

and 2 water molecules, but only a 12% loss is observed for both 3

and 4 in the temperature range 30–500 �C (see Fig. 5). This

discrepancy is reasonably due to solvent evolution during

weighing and transferring the sample, particularly in view of the

hydrophobic nature of the pore surfaces within these

compounds. After solvent removal, decomposition begins at 510

and 450 �C for 3 and 4, respectively. The remarkably high

thermal stability of 3 was confirmed by diffraction measure-

ments, which also revealed retention of the structure upon

heating in air (see Fig. 6). A parametric Le Bail refinement of the

data revealed this compound to be an extremely rigid material,

showing a very limited volume changes upon heating. At lower

temperatures, this suggests that the partial, and very limited,

desolvation overcomes thermal expansion effects (see Fig. S12,

ESI†). Notably, among all the members of the M3(BTP)2 family,

the tetragonal zinc(II) derivative shows the greatest thermal

stability. Indeed, in this regard, zinc(II) compounds have proven

superior to other metal(II) analogues for all of the pyrazolate-

bridged metal–organic frameworks reported so far. In the cases

of M(2-pymo)2 and M(4-pymo)2 compounds, the highest toler-

ances to elevated temperatures have also been found for M ¼
Zn.24
Chemical stability

The chemical resistance of 1–3 was examined by suspending

samples of the compounds in boiling water, boiling aqueous HCl

or HNO3 solutions at pH 2, and a boiling aqueous NaOH

solution at pH 14, conditions that reflect extreme operational

parameters in industry. Each sample (ca. 100 mg) was soaked in

the applicable test solution, which was subsequently heated at

100 �C for two weeks. During this period of time, a portion of

each sample was periodically removed, filtered, dried at room

temperature and checked by X-ray powder diffraction analysis.

For compound 1, after each two-week treatment, the sample was

desolvated by heating at 250 �C and N2 adsorption isotherms

were collected at 77 K to test retention of surface area.

Remarkably, the Ni3(BTP)2 framework of 1 is stable to all of

the environments tested and maintains both its crystallinity and

porous nature after 14 days of uninterrupted test reactions.

Powder X-ray diffraction data collected before and after each

test confirm its structural chemical integrity (see Fig. 7). No

change in crystallinity was observed, but only in the intensities of

the peaks, which is reasonably due to the difference in solvent

contents. The accessibility of the pores within the retained

structure was unequivocally demonstrated by measuring the

surface areas of the solid after each chemical stability test (see

Table 1). Significantly, 1 retains its surface area after two weeks
This journal is ª The Royal Society of Chemistry 2011
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Fig. 7 X-Ray diffraction patterns for 1 after treatment in water, acids or

base for two weeks at 100 �C.

Fig. 8 Powder X-ray diffraction patterns of 2 during treatment in water

for 14 days at 100 �C (top) and transformation of 2 in 20 after treatment in

an acidic or a basic solution (bottom).D
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under all of the aforementioned extreme conditions. To our

knowledge, this is the most extensive range of chemical stability

yet demonstrated for a metal–organic framework. Although

some frameworks are chemically resistant in a basic solution,

none have been known to be stable in a pH 2 acid solution at

100 �C. Some imidazolate-based frameworks are known to be

substantially retained in boiling solvents (water, methanol,

benzene) for 7 days, yet only for 24 h in aqueous NaOH solution,

with a poor stability in acidic solutions reported. The zirconium-

based framework UIO-66,7b has been shown to display thermal

stability up to 540 �C, but its chemical stability in water

and common organic solvents was verified only for no

longer than 24 h at room temperature. Other stability studies on

tetrazolate-,10b triazolate-,12 and pyrazolate-based7e,15 frame-

works have been performed but, despite their sometimes good

water tolerance, the chemical stability in acidic and basic media is

either inferior to 1 or not reported. Combined with its excep-

tional stability, the presence of exposed metal cation sites in 1,

typically the preferred binding sites for adsorbates (including

nonpolar species like H2), should raise its potential for a variety

of applications.

In contrast, the copper- and zinc-based frameworks of 2 and 3,

undergo transformation to non-porous crystalline solids upon

extreme chemical treatment, as rather commonly observed for

metal–organic frameworks. As depicted in Fig. 8, compound 2

shows a progressive phase transition in boiling water, converting

to 20. This transformation occurs upon refluxing 2 in aqueous

NaOH (pH 14) or HCl (pH 3) solutions for one day. The longest

resistance of 2 to pH 14 solution at room temperature was found
Table 1 Langmuir surface areas for compound 1 as-synthesized and
after treatment with boiling water, HCl(aq) at pH 2, HNO3(aq) at pH 2 and
NaOH(aq) at pH 14.a

Conditions SALangmuir/m
2 g�1

As-synthesized 1900(13)
H2O 1830(10)
HCl(aq) 1791(14)
HNO3(aq) 1774(11)
NaOH(aq) 1925(15)

a Values were obtained from N2 adsorption measurements performed at
77 K on samples subjected to the conditions specified for two weeks and
then desolvated by heating at 250 �C under dynamic vacuum.

This journal is ª The Royal Society of Chemistry 2011
to be one day, and it was further found to be stable for two weeks

in benzene, DMF and methanol heated at reflux (see Fig. S15,

ESI†). Despite its extremely high thermal stability, compound 3

displays a resistance to hot acidic media that is somewhat inferior

to that of 1. While its structure is maintained upon heating at

100 �C in pH 3 aqueous HCl for 7 days, as shown in Fig. 9, it is

not stable to a similar treatment at pH 2. In addition, 3 reacts in
Fig. 9 Powder X-ray diffraction patterns of 3 after treatment in water,

acid or base for various durations at various temperatures.

Chem. Sci., 2011, 2, 1311–1319 | 1317
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water and especially in basic solutions, transforming into the

cubic phase 30.
Conclusions

The foregoing results demonstrate the use of the new triangular

trispyrazole molecule H3BTP in construction of microporous

frameworks of the type M3(BTP)2 (M ¼ Co, Ni, Cu, Zn)

exhibiting exceptional thermal and chemical stability. In partic-

ular, Ni3(BTP)2 retains its integrity in the face of an unprece-

dented range of extreme conditions, including heating in air to

430 �C and treatment with boiling aqueous solutions of pH 2 to

14 for two weeks. Thus, this stability parallels, or even surpasses

that of zeolites, where the presence of selectively removable Al

sites makes their frameworks unstable in highly acidic and basic

conditions.25 Moreover, Ni3(BTP)2 represents the first high-

stability metal–organic framework with accessible metal sites

lining the pore surfaces. Such a remarkable combination of

properties may open the way for testing metal–organic frame-

works in a variety of applications that currently employ zeolites

under extreme conditions. Indeed, future efforts will focus on

exploring the performance of these new high-surface area

materials in various high-temperature catalytic processes, as well

as on the synthesis of other pyrazolate-based metal–organic

frameworks featuring exposed metal sites.
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