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The development in the field MOF materials is moving from the discovery of new structures toward
applications of themost promisingmaterials. Inmost cases, specialized applications require incorporation
of functional chemical groups. This work is a systematic investigation of the effect that simple substituents
attached to the aromatic linker have on the stability and property to the parent MOF. A family of
isoreticular MOFs, based on the UiO-66 structure was obtained from the three different linker ligands
H2N-H2BDC, O2N-H2BDC, and Br-H2BDC. The physicochemical and chemical investigation of
these materials demonstrate that this class of MOFs retains high thermal and chemical stabilities, even
with functional groups present at the linker units. The results demonstrate the possibility of
incorporating active functional groups into the UiO-66 structure almost without losing its
exceptionally high thermal and chemical stability. It has been established that the functional
groups, at least in the amino functionalizedUiO-66 sample, are chemically available as evidenced by
the H/D exchange experiment, making the tagged UiO series MOFs very interesting for further
studies within the field of catalysis.

Introduction

An exceptional challenge in MOF synthesis is to modify
chemical composition, functionality, and molecular dimen-
sions systematically without altering the original topology.1

Widespread interest in the aforementioned aim has resulted
in a rational, designedapproach in thepreparationofMOFs,
where the choice of metal ion and ligand can be judiciously
selected.2-7 Although the ability to incorporate different
metal centers intoMOFs has improved,8-10 the introduction
of ligands containing functional groups into theMOF is still
a challenging issue because of the reactivity of such groups
under preparative conditions.11 In this regard, to design a

structure with desired properties, the starting building blocks
should satisfy two particular requirements: (i) contain the
relevant features necessary to build the skeleton and (ii) have
different functionalities and dimensions that can be adopted
under similar synthesis conditions to produce structures with
the same topology.
During the last 10 years, impressive progress has been

made and this approach has been advanced to a point that
allows thedesignofporous structures inwhichpore sizes and
functionalities can be varied systematically.1-6,8-13 These
types of porous materials are currently attracting consider-
able attention for their possible use in applications such
as gas storage,14-19 catalysis,20-26 separations,27-33 drug
delivery,34-38 and sensors.39-43
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Additionally, one of the main weaknesses of MOFmate-
rials may be ascribed to their rather low thermal, hydrother-
mal, and chemical stabilities when compared with zeolites,
a fact that may undoubtedly limit their use in large scale
industrial applications. In this regard, rather limited data
havebeen reported in the scientific literature up tonow.44-47

However, we recently presented a first generation of a
zirconium-basedMOF (UiO-66) characterized by very high
surface area and with an unprecedented thermal stability.
This material results by connecting together hexanuclear
zirconium clusters with a simple, commercially available
bridging ligand1,4-benzenedicarboxylate (BDC), furnishing
a robust, 3-dimensional porous structure, I0O3 according to
the classification by T. Cheetham et al.48 The high thermal
stability has been attributed to the combination of strong
Zr-O bonds and on the ability of the inner Zr6 cluster to
rearrange reversibly upon dehydroxylation or rehydratation
of μ3-OH groups, without detrimental effects on the

stabilities of the connecting dicarboxylate bridges. TheUiO-66
has a decomposition temperature above 500 �C and is quite
resistant tomanychemicals, and it remains crystalline evenafter
exposure to high external pressures.49

Our present goal is to assess how functionalization of
BDC independently contributes to modify the chemical and
physical properties of UiO-66. Herein, we report a systema-
tic assembly of a series of frameworks that have structures
based on the skeleton ofUiO-66, wherein the pore function-
ality and sizehavebeenalteredwithout changing theoriginal
topology. We have pursued the assembly of extended struc-
tures of the Zr-based MOF UiO-66 with three different
commercially available ligands: 2-amino-benzenedicarboxy-
lic acid (H2N-H2BDC), 2-nitro-benzenedicarboxylic acid
(O2N-H2BDC), and 2-bromo-benzenedicarboxylic acid
(Br-H2BDC) (Scheme 1).
The synthesis of the three new functionalized MOFs

UiO-66-NH2 (1), UiO-66-NO2 (2), and UiO-66-Br (3) was
initiated by determining the reaction conditions necessary
to produce MOFs with the same topology of the parent
UiO-66. These conditions differ slightly with respect to the
one previously adopted. The presence of functionality in the
resulting MOFs was probed by FTIR. Thermal and struc-
tural stability of the modified MOFs were examined using
powderX-raydiffractionanalysis (PXRD) and thermogravi-
metric analysis (TGA). Langmuir surface areas were also
determined using N2 isotherms at 77 K to examine the
porosity of the functionalized materials. Some changes
in the surface area because of the presence of additional
functionality on the BDC ligand were revealed. More
importantly, considerable alteration of the chemical resis-
tance toward strong acid and base media and on the
thermal stability was noticed to occur as a consequence of
the functionalization.

Experimental Methods

All chemicals were obtained commercially (Aldrich) and used

without further purification.

Preparation of UiO-66-NH2 (1), UiO-66-NO2 (2), and UiO-

66-Br (3). A standard upscaled synthesis of UiO-66-NH2 (1) was

performed by dissolving ZrCl4 (1.50 g, 6.4mmol) and 2-amino-1,4-

benzenedicarboxylic acid (H2N-H2BDC) (1.56 g, 6.4 mmol) in

DMF (180 mL) at room temperature in a volumetric flask. The

resulting mixture was placed in a preheated oven at 80 �C for 12 h

and then held at 100 �C for 24 h. After the solution was cooled to

room temperature in air, the resulting solid was filtered and repea-

tedlywashedwith absolute ethanol for 3 dayswhile heated at 60 �C
in a water bath. The resulting yellow powder was filtered, trans-

ferred to a Schlenk flask, and dried under vacuum at ambient

temperature.

Scheme 1. Linkers Used for Synthesizing Tagged MOFs
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UiO-66-NO2 (2) and UiO-66-Br (3) MOFs were synthesized

analogously by replacing H2N-H2BDC with the equivalent

molar amounts of O2N-H2BDCandBr-H2BDC, respectively.

PXRD Analysis. Approximately 3 mg of UiO-66-NH2 and

modified samples were soaked in ethanol dispersed and dried as a

thin layer on a glass plate before the PXRDmeasurements. PXRD

data were collected at ambient atmosphere and temperature on a

Bruker D5000 instrument with monochromatic Cu KR1 radiation

(λ=1.540 Å) operated in Bragg-Bretano geometry.

Surface Area Analysis. Specific surface areas were determined

fromnitrogenadsorption/desorption isothermsandwereperformed

on a BEL SORP MINI system (BEL Japan, Inc.). Prior to the

surface area analysis, the sampleswere activated in vacuumat 80 �C
for 1 h and then the temperature was raised to 150 �C for 2 h.

IR Spectroscopy Analysis. The IR experiments were per-

formed in transmission mode on a FTIR Bruker VERTEX 80

spectrometer equipped with two detectors: a cryogenic MCT

detector (spectral range 4000-600 cm-1) for UiO-66-NO2 (2)

and UiO-66-NH2 (1) and a DTGS detector (spectral range

4000-400 cm-1) for UiO-66-Br (3). The MOF under study

was analyzed in the form of a thin film deposited on a silicon

wafer. The thin filmwas prepared froman ethanol suspension of

the samples. Solvent removal spectra were obtained by introdu-

cing the silicon wafer in a quartz cell that allowed “in situ”

spectrum collection in a controlled atmosphere, and the sample

was degassed at 373Kunder dynamic vacuum (residual pressure

<10-2 Pa) for 30 min. Functionalized linker spectra were

recorded by diluting the pure compound with KBr powder

and pressing the mixture into a pellet form.

Raman Spectroscopy. Raman spectra were recorded on a

Renishaw inVia Ramanmicroscope spectrometer. A diode laser

emitting at 785 nm was used; only 5% of the total laser power

was admitted to the spectrometer. Photons scattered by the

sample were dispersed by a 1200 lines/mm grating monochro-

mator and were simultaneously collected on a CCD camera; the

collection optic was set at 50� objective. The spectral collection

setup of 50 acquisitions, each of 10 s duration, was adopted. The

samples were prepared as powders.

Thermal Analysis. Thermogravimetric analysis (TGA) and

temperature programmed adsorption/desorption (TPA/TPD) were

carried out in flowingnitrogen (13mL/min) andoxygen (3mL/min)

atmosphereusingaRheometricScientific STA1500 instrumentwith

an adapted gas supply system. The TG analyses were performed

with parallel onlinemass spectrometric (MS) analysis. TheMS data

were recorded with a Pfeiffer OmniStar GSD 300 O quadrupole

equipped with an electron multiplier detector. The gas for MS

analysis was collectedwith a heated steel capillary ending inside the

reactionchamber3mmabove the sample.Theapproximate sample

weight was 10 mg in all experiments and the heating rate in TG

experiments was 5 �C/min.

Temperature-Resolved PXRD.The thermal decomposition of

the as-synthesized taggedUiO-66materials in airweremonitoredby

powder X-ray diffraction. The diffractograms were recorded on a

SiemensD5000 instrument in focusing transmission geometry using

Cu KR1 radiation. The sample was packed in a capillary (quartz,

0.7mm) andmounted in a goniometerwhichwasplaced in a flowof

hot air. Diffractograms (2θ=3-25�) were collected at several tem-

peratures until structural decomposistion was observed. The tem-

perature was changed in steps after the recording of a complete

diffractionpattern.Two temperature incrementswere chosen: 50 �C
in the range 100-250 and 20 �C in the range 250-410 �C.

Chemical Stability. The stability of MOF samples toward

water, acid and base for UiO-66 and the three tagged materials

were studied by treating the as-synthesizedmaterials (0.2 g) with

solutions (20 mL) of water, 1.0 M HCl, and 1.0 M NaOH,

respectively, for 2 h at room temperature. After the treatment,

the solids were filtered and dried before the XRD analyses were

performed.

Results and Discussion

In a previous study, the Zr-based MOF UiO-66 was
obtained via solvothermal synthesis from a DMF solution

ofZrCl4 andH2BDC.The resultingmixturewas sealed in an

autoclave and placed in a preheated oven at 120 �C for 24 h.

The resulting crystalline material is a combination of hexa-

nuclear Zr oxo-hydroxo clusters and the organic aromatic

linker. The crystalline material had a topology of very high

surface area andwith unprecedented stability. In the present

study, three different benzenedicarboxylic acids based linkers

were examined for their ability to modify UiO-66 and gen-

erate the new, taggedMOF systems. The linkers studied in-

cluded 2-amino-benzenedicarboxylic acid (NH2-H2BDC),

2-nitro-benzenedicarboxylic acid (NO2-H2BDC), and

2-bromo-benzenedicarboxylic acid (Br-H2BDC), see

Scheme 1.
The synthesis procedure adopted for the new, tagged

MOFs slightly differs with respect to the one previously

reported for UiO-66,49 as the temperature conditions

originally adopted forUiO-66 (120 �Cfor24h) only resulted

in an amorphous phase. For this reason, we report here a

very promising alternative approach in which the synthesis

temperature increases by design during the crystallization

step from 80 �C (12 h) to 100 �C (24 h). In addition, the

synthesis was successfully and reproducibly scaled up by

approximately a factor of 25 as detailed in the Experimental

Section. These MOFs are therefore available on a larger

scale. The resulting powders exhibit different colors depend-

ing on the funtionalization present on the linker: UiO-66-

NH2 (1) is yellow, whereas UiO-66-NO2 (2) andUiO-66-Br

(3) are both white. Repeated attempts at obtaining single

crystals with dimension appropriate for single-crystal X-ray

crystallographic studies by varying synthesis parameters,

such as time, temperature program, stoichiometry, and

solvents, were unsuccessful. Thus, the bulk crystallinity of

each tagged MOF was instead evaluated by powder X-ray

diffraction (PXRD). The diffraction patterns obtained for

the as-synthesized samples are reported inFigure 1 (top) and

reveal that the materials are indeed crystalline. All 2θ peaks

were consistent with the as-synthesized UiO-66 parent

material,17 which demonstrates that the tagged UiO-66-X

MOFs (X=NH2 (1), NO2 (2) and Br (3)) are topologically

equivalentwithUiO-66, as depicted inFigure 2. TheUiO-66

structure was solved on the basis of the powder XRD

pattern; it consists of an inner Zr6O4(OH)4 core in which

the triangular faces of the Zr6 octahedron are alternatively

capped by μ3-O and μ3-OH groups. All the polyhedron

edges are bridged by the carboxylates (μ2-(CO2)) originating

from the dicarboxylic acids to form a Zr6O4(OH)4(CO2)12
cluster.Consequently, eachZratom is eight-coordinatedwith

a square-antiprismatic coordinationgeometrywithall ligands

being bonded through oxygen atoms. One square face of the

square antiprism is formed by oxygen atoms supplied by
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carboxylates, while the second square face is formed by

oxygen atoms from the μ3-O and μ3-OH groups.49

One of the main properties of MOF materials is the
presence of microporosity50-54 that confers upon them
interesting properties that are key to potential applications
in different fields. Inmany instances, the highporosity (in the
manifestationof inner surfacephysically available to external
agents) can be obtained by thermal evacuation and by
exchanging the solvent contained within the as-synthesized
MOFwith a lower boiling point solvent, followed by remov-
al of the lower boiling solvent under relatively mild condi-
tions.As reported byNelson et al., solvent removal is usually
a delicate operation that can lead to collapse or channel
blockage.55,56 In our case, a high-temperature thermal evac-
uation procedure is to a great extent hampered by the
presence of the functional groups. Therefore, a liquid

solvent exchange (e.g.,DMFwith ethanol) procedurewas

performed, followed by pore evacuation at moderate

temperatures. PXRD measurements performed after ex-

change with ethanol (see Figure 1, bottom) demonstrated

that the crystallinity was well preserved. However, a

residual quantity of DMF was still present, as suggested

by FTIR analysis (vide infra).
To evaluate the porosity, N2 adsorption/desorption iso-

therms (see Supporting Information SI, Figure S1) were

collected and the Langmuir surface areas were consequently

calculated (Table 1). All isotherms of the crystalline tagged

MOF samples were obtained at 77 K with N2 and all were

found to retain porosity despite the presence of different

functional groups on the linker. The Langmuir surface area

data were found to range from 1300 to 850 m2/g. Ob-

served decreases in surface area (∼850m2/g for (2) and (3)

vs ∼1300 m2/g UiO-66 and UiO-66-NH2 (1)) are largely

attributed to both reduced free space available and increased

overall weight of the new MOF as a result of introducing

large and heavy nitro groups and Br atoms.
IR and Raman Spectroscopy Characterizations. The

presence of the introduced functional groups on the

linkerswas further evidenced by characterizing theMOFs

under study with IR and Raman spectroscopies. The IR

spectra were collected on samples prepared as thin films

and the measurements were performed after solvent

removal at 100 �C in vacuum. The Raman spectra were

obtained on powder samples in air.
InFigure 3, theFTIR (left part) andRaman (right part)

spectra of the tagged MOFs 1-3 are compared with the

Figure 1. Comparison of PXRD patterns of UiO-66-NH2 (1, red), UiO-66-NO2 (2, blue), and UiO-66-Br (3, green) with untagged UiO-66 (black). Top:
As-synthesized (from DMF) tagged MOFs. Bottom: Ethanol-exchanged tagged MOFs.
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spectra of the parent UiO-66. The FTIR spectrum of the
amino-tagged sample UiO-66-NH2 (1) is depicted in
Figure 3, parts (a) and (b). Spectroscopic features due
to the presence of the amino group can be discerned in the
whole spectral region and in particular in the high fre-
quency region where the primary aromatic amino group
displays two medium absorptions, one at 3507 cm-1 and
the other at 3384 cm-1. These bands represent, respec-
tively, the asymmetric and symmetric N-H stretching
modes. Upon treatment with D2O vapors, these bands
underwent the expected isotopic shifts with new bands
appearing at 2618 and 2478 cm-1 which are assigned to
asymmetric and symmetric N-D stretching modes, re-
spectively (see SI, Figure S2). Importantly, this H/D
scrambling shows that the amino group is accessible as
well as chemically reactive. An analysis of the lower
frequency region of the IR spectra requires particular
attention due to the presence of a great number of bands,

partially discussed and analyzed in our previous report,49

and the bands are largely assigned to skeletal vibration
modes of the material (combination of modes due to the
organic aromatic linker and the Zr cluster unit). Among
these features, it is possible to distinguish two other charac-
teristic bands of the amino group: the medium N-H bend-
ing (scissoring) vibration observed at 1626 cm-1 and the
strong C-N stretching absorption distinctive of aromatic
amines at 1356 cm-1. This assignment has been further con-

firmed by recording the IR spectrum of the linker (NH2-
H2BDC) (see SI, Figure S3). The spectroscopic features of
the linker amino group are seen and comparedwith the ones
observed for UiO-66-NH2. There is evidently a good match
between bands assigned to the -NH2 functionalization
(νasym(-NH2), νsym(-NH2), δ(-NH2), and ν(C-N)). Un-
fortunately, the Raman spectrum of UiO-66-NH2 (1) is not
available as this material is fluorescent and the detection of
its typical spectroscopic features is not possible.
Parts c and d in Figure 3 report the FTIR spectrum of

UiO-66-NO2. The presence of the nitro group at the
linker is confirmed by the presence of typical spectro-
scopic features arising from aromatic nitro compounds.
In particular, the nitro group shows absorption because of
asymmetric (ν (NO)asym) and symmetric (ν(NO)sym) stretch-
ing modes. Asymmetric modes typically result in a strong

Figure 2. Depiction of Zr-MOFs with (a) 1,4-benzene-dicarboxylate (BDC) linker, UiO-66; (b) 2-amino-1,4-benzene-dicarboxylate (H2N-BDC) linker,
UiO-66-NH2 (1); (c) 2-nitro-1,4-benzene-dicarboxylate (H2N-BDC) linker, UiO-66-NO2 (2); (d) 2-bromo-1,4-benzene-dicarboxylate (H2N-BDC) linker,
UiO-66-Br (3).

Table 1. Comparisons of Experimental Surface Areas (Langmuir) and
Calculated57 Surface Areas of UiO-66, UiO-66-NH2 (1), UiO-66-NO2

(2), and UiO-66-Br (3)

Langmuir surface
area [m2/g] UiO-66

UiO-66-
NH2 (1)

UiO-66-
NO2 (2)

UiO-66-
Br (3)

experimental 1300 1250 856 899
calculated 1187 996 839 817
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band in the 1550-1500 cm-1 region; symmetric modes
absorb in the 1360-1290 cm-1 region. In our case, UiO-
66-NO2 (2) shows,when comparedwithUiO-66 (Figure 3g),
thepresenceof twoadditionalbands in theabove-mentioned
regions. The first is centered at 1554 cm-1 and the second,
partially overshadowed by a strong band attributed to a
carboxylate mode, appears as a shoulder at approximately
1355 cm-1. These bands can be reasonably ascribed to the
NO2 group. As expected, similar absorptions were observed
also in the IR spectrum of the NO2-H2BDC linker (see SI,

Figure S3), further validating the assignment. The C-N
stretching vibration ν(C-N) usually present in nitroaro-
matic compounds near 870 cm-1 is not straightforwardly
assigned.58 The Raman spectrum (c0), which in this case
can be obtained because the sample does not fluoresce,
exhibits many features in the 1700-200 cm-1 range. These
mostly resemble the typical Raman bands of parent UiO-66
shown in Figure 3, part (g0), except for some minor shifts in
some cases.59 Here, bands ascribed to benzene ring and

Figure 3. Left part: FTIR spectra of tagged Zr-MOFs activated at 373 K in vacuum. (a) UiO-66-NH2 (1); (b) magnification of the of the ν(NH2)asym and
ν(NH2)sym region; (c)UiO-66-NO2 (2), (d)magnificationof the of the ν(NO2)asymandν(NO2)sym region; (e)UiO-66-Br (3); (f)magnificationof the ν(C-Br)
region; (g)UiO-66.Vibrationalmodes due to the presence of functional groups are indicated. * denotes residualDMF.Right part:Raman spectra of tagged
Zr-MOFs recorded in air. (a0) UiO-66-NH2 (1); (c

0) UiO-66-NO2 (2); (e
0) UiO-66-Br (3); (g0) UiO-66.

(57) Duren, T.; Millange, F.; Ferey, G.; Walton, K. S.; Snurr, R. Q.
J. Phys. Chem. C 2007, 111, 15350–15356.

(58) Socrates, G. J. Chem. Educ. 1995, 72, A93.
(59) Valenzano, L.; Civalleri, B.; Chavan, S.; Bordiga, S.;Nilsen,M.H.;

Jakobsen, S.; Lillerud, K. P.; Lamberti, C. Chem. Mater. In press.
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carboxylate vibrational modes are readily distinguished,
while the vibrational features involving the Zr-containing
moiety are hardly detected. However, in UiO-66-NO2 (2)
some differences can be appreciated. The most promi-
nent is the new band centered at 1360 cm-1 ascribable to
ν(NO2)sym.

60 Furthermore, other new bands appear in
the 1100-900 cm-1 range and at the lowest frequencies.
The FTIR spectrum recorded for UiO-66-Br (3) shows
(Figure 3, parts (e) and (f)) a profile that is quite similar to
the one obtained for UiO-66 (Figure 3, part (g)). Although
there are no pure carbon-halogen stretching vibration
modes for aromatic halogen compounds,61 the presence of
peaks sensitive to the bromo functionality are evidenced. In
particular, the main bands involving the carbon-bromine
bond vibration were seen at 680 cm-1; a similar band was
seen for the Br-H2BDC linker (see SI, Figure S3).62 The
Raman spectrum of UiO-66-Br (3) reported in Figure 3,
part (e0), presents again common features also seen forUiO-
66 in Figure 3, part (g0), except of course for some small
band shifts. As previously observed, some new bands (1040,
736, 290 cm-1) that are not straightforwardly assigned also
appear. In this case, the assignment of vibrational modes
involving Br is more difficult.
Preliminary experiments performed following CO2 ad-

sorption with FTIR spectroscopy show an equivalent
response (see SI, Figure S4) testifying to a similar beha-
vior of the tagged materials and the pristine UiO-66 with
respect to CO2 adsorption.
Thermal Stability of Tagged MOFs. To confirm the

stability and structural integrity of 1-3 at elevated tem-
peratures, samples of each were examined by TGA. The
ethanol-treated samples were first dried under vacuum to
remove any residual solvent. All the tagged samples
exhibited different thermal stabilities compared to that
of UiO-66 with observed decomposition temperatures
between 350 and 500 �C in air (Figure 4). An interesting
question that arises at this point is: Which functional
group properties will affect MOF decomposition tem-
peratures? First, if we consider electronic effects, the
NH2-taggedMOF (1) is electron rich and theNO2-tagged
MOF (2) is electron poor, based on theHammett σ values
for these substituents.63 Yet, these MOFs undergo de-
composition at rather similar temperature at ∼350 �C,
whereas the Br-tagged MOF (3) and the parent (“H-
tagged”) MOF (UiO-66) which have Hammett σ values
somewhere in-between, decompose at considerably high-
er temperatures, ∼500 �C. Next, if we consider steric
effects alone, the sterically hindered UiO-66-Br (3) de-
composes at a similar temperature as the least hindered
UiO-66, ∼500 �C. By comparison, UiO-66-NH2 (1) of
intermediate steric hindrance and UiO-66-NO2 (2), of
similar steric hindrance as UiO-66-Br (by simple inspec-
tion of Chem3D spacefilling models of the respective
X-substituted benzenes) undergo decomposition at the
considerably lower temperatures at ∼350 �C. Thus,

neither electronic nor steric requirements of the func-
tional groups in the molecular linkers appear to offer
simple correlations with the observed thermal stability,
and thus the origin of the differences is as yet unclear.
However, these variations notwithstanding, it is impor-
tant to note that all these tagged MOFs have exception-
ally high thermal stabilities.
The decomposition during a TGA experiment was also

monitored bymass spectrometry forUiO-66 andUiO-66-
NH2 (1) (see SI, Figure S5). At the temperature of lattice
breakdown (Tdecomp= 540 �C for UiO-66 and 350 �C for
UiO-66-NH2), benzene andCO2 fragmentswere observed in
the gas phase by MS, suggest the breakdown of the con-
nection between the linker and the inorganic brick and also
of the bond between the benzene rings and the terminal
carboxyl group. It is not clear whether these fragments
are primary or secondary decomposition products and
thus it remains unclear whether cleavage of the benzene-
carboxylate group is a crucial step in the thermalbreakdown.
Temperature-Resolved XRD. The thermal stabilities

and decompositions of the tagged materials were also
monitored by temperature-resolved powder XRD, as
shown in Figure 5. UiO-66-NH2 (1) and UiO-66-NO2 (2)
(Figure 5a and b) exhibited quite similar decomposition
behavior. Initially, the materials were well crystalline with
the UiO-66 topology. From 100 to 250 �C, a slight increase
in intensity of the (111) reflection (2θ=7.283�) was observed,
which is due to the removal of the solvent (DMF). For
UiO-66-NH2 (1), another effect of the solvent removal is the
disappearance of the two peaks at 2θ lower than the (111)
reflection, which represents forbidden reflections for the
topological space group (Fm3m (225)), but these broad
peaks index in the right cubic cell if the symmetry is reduced
to primitive. A decrease in the intensities at around 300 �C
was observed for both materials (290 �C for UiO-66-NH2

(1) and 310 �C for UiO-66-NO2 (2)), followed by a peak
broadening clearly showing the decomposition of the ma-
terial.At 410 �C,UiO-66-NH2 (1) andUiO-66-NO2 (2) were
fully decomposed. These results are in accordance with the
TGAanalyses (Figure 4), where the decompositions started

Figure 4. TGAanalysis ofUiO-66 (black),UiO-66-NH2 (1, red),UiO-66-
NO2 (2, blue), and UiO-66-Br (3, green). Weight % is relative to high-
temperature residue (ZrO2 by PXRD).

(60) Clarkson, J.; Smith, W. E. J. Mol. Struct. 2003, 655, 413–422.
(61) Socrates, G. J. Am. Chem. Soc. 2001, 124, 1830–1830.
(62) Bertie, J. E.; Sunder, S. Can. J. Chem. 1973, 51, 3344–3353.
(63) Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165–195.
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at around300 �C,albeit at a somewhat lower temperature for
UiO-66-NH2 (1) than forUiO-66-NO2 (2).The temperature-
resolvedPXRDforUiO-66-Br (3) (Figure 5 c) demonstrated
a higher thermal stability for this material compared toUiO-
66-NH2 (1) and UiO-66-NO2 (2). Although a decrease in
signal intensities was observed, no peak broadening could be
seen in the temperature range studied. This confirms the

TGA results in thatUiO-66-Br (3) starts to decompose at ca.
450 �C.
Stability towards Chemical Treatment.The stabilities of

UiO-66 and the taggedmaterials 1-3 towards water, acid
(HCl, pH=1) andbase (NaOH,pH=14)werequalitatively
studied and characterized by PXRD (Figure 6). UiO-66
sampleswere immersed in thedesired solvent for 2hat room

Figure 5. Thermal stabilities of the three tagged UiO-66 materials monitored by temperature-dependent powder XRD: (a) UiO-66-NH2 (1); (b) UiO-66-
NO2 (2); (c) UiO-66-Br (3). The two temperature intervals studied are 100-250 �C (increments of 50 �C) and 250-410 �C (increments of 20 �C). Note that
the temperature is increasing from back to front.

Figure 6. PowderX-raydiffractogramsof the taggedUiO-66materials showing the stability toward treatmentwithH2O,HCl (pH=1), andNaOH(pH=14).
(a) for comparison, UiO-66; (b) UiO-66-NH2 (1); (c) UiO-66-NO2 (2); (d) UiO-66-Br (3). See also Figure 1 for the as-synthesized PXRDs.
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temperature. In general, the results showed that these
materials, in addition to exhibiting exceptionally high ther-
mal stabilities, also revealed quite high resistance toward
these chemical treatments, similar to or better than the parent,
untagged UiO-66MOF. PXRD patterns collected for each
sample showed that they maintain their full crystallinity in
water andHCl. However, onlyUiO-66-NO2 (2) (Figure 6c)
retained its crystalline structure in NaOH, whereas UiO-66
(Figure 6a) and UiO-66-Br (3) (Figure 6d) were trans-
formed to less crystalline materials within 2 h.We note that
the most pronounced exception is the treatment of UiO-66-
NH2 (1) with NaOH, which led to a total decomposition of
the MOF, in that an amorphous phase was indicated by
PXRD (Figure 6b).
The exceptional robustness of UiO-66 and most of its

functionalized derivatives toward aqueous and acidic con-
ditions is promising inasmuch as new perspectives open up
for the future application of these materials. Evidently, the
connection between the hexanuclear Zr cluster cornerstones
and the dicarboxylate linkers in UiO-66 and 1-3 is quite
resistant toward hydrolysis, in particular in neutral and
acidic media and this inhibits dissolution of the frameworks
in aqueous HCl. In contrast, aqueous NaOH does degrade
the functionalizedMOFs, in particularUiO-66-NH2.Aswe
have discussed already, at this time we cannot straightfor-
wardly identify which functional group properties are re-
sponsible for MOF thermal stability. The same pertains to
which functional properties are responsible for differences
in chemical stability of these tagged MOFs as well.

Conclusions

A family of isoreticular MOFs, based on the parent
UiO-66 MOF, was obtained from the three different

linker ligands 2-amino-benzenedicarboxylic acid (H2N-
H2BDC), 2-nitro-benzenedicarboxylic acid (O2N-H2-
BDC), and 2-bromo-benzenedicarboxylic acid (Br-H2B-
DC). The physicochemical and chemical investigation of
these materials demonstrate that this class of MOFs
retain high thermal and chemical stabilities, even with
functional groups present at the linker units. It is not clear
what factors contribute to the observed differences in
thermal or chemical stabilities.
The results demonstrate the possibility of incorporating

active functional groups into the UiO-66 structure almost
without losing its exceptionally high thermal and chemical
stability. It has been established that the functional groups, at
least intheaminofunctionalizedUiO-66sample,arechemically
available as evidenced by the H/D exchange experiment,
makingthetaggedUiOseriesMOFsvery interestingfor further
studies within the field of catalysis. Postsyntheticmodifications
of the MOFs are currently under investigation in our labora-
tories. Ongoing experimental efforts as well as future efforts
planned for exploring the stabilities and other properties of
these MOFs by computational methods will hopefully shed
somemore light on these issues and guide the further develop-
ment of these materials for use in catalysis and other areas.
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