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ABSTRACT: A zirconium metal−organic framework with UiO-66 topology was
synthesized using a 1,4-naphthalenedicarboxylic acid (NDC) linker (UiO-66-NDC).
From synchrotron powder X-ray diffraction (PXRD), we found that the naphthalene
rings of the NDC linker are out of (a,c)-plane equilibrium by 30°, similar to the
situation found by single crystal XRD for the benzene rings in UiO-67 (Cryst. Growth
Des. 2014, 14, 5370). Different fractions of the benzene-carboxylic (BC) acid
modulator versus NDC were used to tune structural properties of the final product. The
modulator increases both the crystal size and the surface area of the product, but
reduces its thermal stability owing to insertion of defects: missing linkers and missing
Zr6(OH)4O4 clusters. This study proves that the defect density (fraction of BC
incorporation) can be tuned in UiO-66-NDC materials up to almost 50%. At that stage,
the crystal is characterized also by a high density of missing Zr6(OH)4O4 inorganic
cornerstones. Notwithstanding such structural defectivity, even the most defective
material is stable after thermal activation at 200 °C (able to fully remove the solvent)
and in water conditions, opening possibilities for application in the fields of catalysis and molecule sorption.

1. INTRODUCTION

Metal−organic frameworks (MOFs)1,2 are a new class of
porous materials with high surface area attracting attention due
to their numerous potential applications for selective gas
absorption3 and storage,4−6 catalysis,7−11 biomedicine,12,13 and
others.14−18 One of the major reasons for their success in so
many fields is the high flexibility in their structure and
composition as they consist of metal−oxygen clusters (or
secondary building units, SBUs) connected by organic
molecules (linkers). In 2008 (and successive works), the
Lillerud group reported a new family of zirconium-based
MOFs, namely, UiO-66,67,68 (UiO stands for University of
Oslo) with unprecedented thermal, chemical, and mechanical
stability,19−31 that have found a wide range of applications.32−36

It has even been foreseen that the all-gas-phase synthesis of
UiO-66 through modulated atomic layer deposition could
enable implementations in microelectronics.34 The prototype
member of this family is UiO-66, with 1,4-benzene-dicarbox-
ylate (BDC) as a linker and Zr6O4(OH)4 as the SBU, that

transforms into Zr6O6 upon solvent removal.21−23 The
framework is preserved up to 400 °C in air and possess a
high surface area of 1236 m2/g.37 In 2014 Shearer et al.
reported that various synthesis methods can be used to tune the
BDC incorporation in the framework, influencing both the
surface area and the thermal stability of UiO-66.24

In 2009 the “coordination modulator” concept was
introduced by Tsuruoka et al. for capping reagents, who used
carboxylic acids to regulate the rate of framework extension and
crystal growth.38 Later, other groups reported that addition of
modulators to the synthesis of HKUST-1 results in formation
of bigger crystals.39,40 A similar approach was further adopted
for synthesis of UiO-66-type MOFs, reaching a higher surface
area and better catalytic activity with respect to unmodulated
UiO-66.41,42 Schaate et al.43 employed benzoic and acetic acids
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as modulators for synthesis of UiO-66 and other UiO-type
structures.
The control of the defect chemistry in MOFs, in particular,

for UiO-66, has been investigated in order to achieve better
performances in many applications. This approach has been
named “defect engineering” as a shorthand for the ability to
manipulate defects by a synthetic and controlled way. Many
authors have recently shown with their works several
fascinating ways to achieve this kind of defect con-
trol.16,24,29,31,32,35,37,42,44−49

On the other hand, Garibay et al.,50 following a slightly
modified procedure from ref 19, obtained an MOF with UiO-
66 topology replacing BDC linkers with 1,4-naphthalenedi-
carboxylic acid (1,4-NDC). Because of structural similarity, it is
labeled hereafter as UiO-66-NDC. The replacement of the
linker opens new possibilities such as an increased affinity
toward postsynthesis π-functionalization on the naphthalene
rings.20 Starting reagents were ZrCl4, 1,4-NDC, and N,N-
dimethylformamide (DMF) with a molar ratio 1:1:143. No
modulator was used in that synthesis.50 Similarly, Huang et al.51

employed 2,5-dimethylterephthalic acid (2,5-BDC-(CH3)2) in
order to synthesize UiO-66-(CH3)2, a material that has shown
enhanced chemical stability toward water adsorption and an
improved performance in CO2 adsorption with respect to the
plain UiO-66.
In the present work, we further modified the synthesis

technique and investigated how benzene-carboxylic (BC) acid,
acting as a modulator, affects UiO-66-NDC properties. For the
first time, we refined the influence of the BC/NDC ratio on the
formation of UiO-66-NDC phase (Table 1).

2. EXPERIMENTAL AND METHODS
2.1. MOF Synthesis. The chemicals ZrCl4, 1,4-NDC, BC acid, and

DMF were purchased from Alfa Aesar and used without further
purification. Deionized (DI) water (18 MΩ cm) was obtained from a
Simplicity UV ultrapure water system. In a typical procedure, ZrCl4
(0.250 g) was dissolved in 25 mL of DMF in a conical flask, and 57.9
μL of DI water was added. Then, a respective amount of BC, as
reported in Table 1, was poured into the flask with ZrCl4 solution, and
1,4-NDC (0.232 g) was added. After complete dissolution of the
reagents, the flask was sealed and placed into the preheated oven at
120 °C for 24 h. In this way, we obtained three samples labeled with
respect to an added amount of BC: 0BC (without BC acid), 10BC,
and 60BC with 10 and 60 equiv of BC acid, respectively (Table 1).
The synthesis performed using 100 equiv of BC resulted in no
precipitate even after 96 h at 120 °C. Also for the other molar
compositions (0BC, 10BC, and 60BC) the synthesis was duplicated
increasing the heating time at 120 °C to 96 h. In those cases, there was
no significant difference in the XRD profiles and in the product yield,
indicating that 24 h is sufficient to complete the synthesis. For
comparison, a standard UiO-66 was obtained under the same
conditions using BDC as a linker but without a BC modulator.

2.2. Characterization Techniques. Diffraction patterns were
measured in 0.7 mm rotating glass capillaries at the European
Synchrotron Radiation Facility (ESRF), beamline BM01B54 (succes-
sively moved to BM31) for 0BC, 10BC, and 60BC samples, and for
the standard UiO-66 for comparison. Twenty diffraction patterns were
measured for each sample with a CMOS-Dexela 2D detector and
averaged before the analysis. Wavelength of the incoming beam, λ =
0.505235(5) Å, and sample-to-detector distance were calibrated using
LaB6 and silicon powder standards. The adopted experimental setup
allowed us to cover the 1.4−40.0° 2θ range, which corresponds to the
Q-range from 0.30 to 8.51 Å−1 and to a d-spacing ranging from 20.68
down to 0.74 Å. Subsequent averaging and integration were carried
out using the PyFAI software.55 Profile analysis was performed using
Jana2006 software.56 Framework stability of 0BC-60BC series was
further checked by laboratory powder X-ray diffraction (PXRD)
collected in the 30−500 °C temperature interval, with an X-ray
powder diffraction system ARL X’TRA (Thermo Scientific) using Cu−
Kα radiation.

An ultrahigh resolution scanning electron microscope of Hitachi
SU8230 type was used to obtain high resolution images of the
material. The sample was mounted on a carbon tape prior to the
measurement. The surface area and porosity were determined by BET
and Langmuir methods from nitrogen physisorption isotherms
obtained (at 77 K) on an accelerated surface area and porosimetry
analyzer ASAP 2020 (Micromeritics). The sample was activated at 200
°C for 24 h in a dynamic vacuum before the measurement. Pore
volumes were calculated at P/P0 = 0.5 and taking into account the
density of liquid N2 at 77 K.52,53

Adsorption isotherms were simulated with the “adsorption
isotherm” task within the “Sorption Tools” menu in BIOVIA Materials
Studio version 2017r2. The simulations were performed at 77 K, using
a geometry optimized N2 molecule as the adsorptive and a single,
geometry-optimized unit cell of the model structure of interest as the
adsorbent. We adopted the Metropolis method and the COMPASS
force field. The isotherms were simulated over a pressure range of
0.01−100 kPa, in which 50 fugacity steps were distributed logarithmi-
cally in order to increase the number of data points in the steep initial
portion of the isotherm. The “Fine” quality setting was used for all
simulations. Charges were force field assigned, while electrostatic
forces were calculated with the Ewald method. The “atom-based”
method was adopted for the calculation of van der Waals forces. No
constraints were assigned.

Zirconium K-edge X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) spectra were
measured using a Rigaku R-XAS spectrometer installed in the “Smart
Materials” center of the Southern Federal University, Russia.
Bremsstrahlung was produced by an X-ray tube with a fixed water-
cooled W anode operating at 30 kV and 70 mA. A white beam was
monochromatized by a Johansson-type Si(620) crystal with an energy
resolution of around 15 eV at 18 keV. The samples in powder form
were pressed into pellets of 18 mm in diameter. The mass of the
samples was optimized to obtain the best signal-to-noise ratio in
EXAFS spectra. Measurements were performed at room temperature
in transmission mode using a single scintillation counter as a detector.

Table 1. Molar Composition of the Reagents and Average Size (<L>) of the Resulting UiO-66-NDC Crystals after 24 h of
Synthesisa

surface area (m2 g−1) pore volume

sample name ZrCl4, mol 1,4NDC, mol H2O, mol BC, mol DMF, mol <L>, nm BET Langmuir (mm3 g−1)

0BC 1 1 3 0 300 80 448 593 221
10BC 1 1 3 10 300 150 575 696 260
60BC 1 1 3 60 300 800 693 840 319
100BC 1 1 3 100 300 NP

aComparable results have been obtained for the 96 h synthesis. Also reported in the last four columns are the surface area and the pore volume
obtained from N2 adsorption isotherms applying both BET and Langmuir methods (vide infra section 3.2). Pore volumes were calculated at P/P0 =
0.5 and taking into account the density of liquid N2 at 77 K.52,53 NP = no precipitate.
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Total acquisition time per sample was around 3.5 h. Subsequent data
treatment was carried out in Athena code of Demeter package.57

The Raman spectra were collected on inVia Raman microscope
(Renishaw) on the samples in air with 785 nm laser of 0.05% power,
and 20× objective. Reported spectra are the average of 30 acquisitions
performed on three different points (10 each) on the sample.
Prior to NMR measurement samples were calcined in air at 200 °C

for 24 h to remove solvent and physisorbed modulator. Samples were
prepared by weighing 20 mg of MOF into a centrifuge tube. A 1 mL
solution of 1 M NaOH in D2O was then added to the tube. Upon
addition of the digestion medium, the centrifuge tubes were capped
and stacked on IKA KS260 instrument for 30 min before leaving the
samples to digest over a period of 24 h. This OH− based procedure
dissolves only the organic portion of the MOF (linker, modulator,
solvent, etc.), while the inorganic component precipitate as zirconium
dioxide. The precipitate was separated by centrifugation at 3000 rpm
for 30 min and the 600 μL of top solution was sampled in NMR.
Liquid 1H NMR spectra were recorded with a Bruker Avance DPX-
400 NMR spectrometer (300 MHz). The relaxation delay (d1) was set
to 20 s to ensure that reliable integrals were obtained, allowing for the
relative concentrations of the molecular components to be accurately
determined. The number of scans was 64.

3. RESULTS AND DISCUSSION

3.1. PXRD Synchrotron Radiation Data Refinement:
Comparison between 0BC and standard UiO-66. Rietveld
refinement of PXRD data collected at the BM01B beamline of
the ESRF synchrotron on UiO-66-NDC (0BC) sample
confirms that it is isoreticular to UiO-66. Being compared,
the patterns show very little difference in shape and intensity of
the reflections, although they show a little shift toward lower 2θ
due to a small increase of the lattice parameter (from a =
20.7582(4) to 20.851(1) Å, corresponding to Δa ≈ +0.093 Å,
Δa/a = +0.45%, see Figure 1 and Table 2 and Table 3). The
increased value of lattice constant in UiO-66-NDC is related to
the stress created by extra benzene rings of the 1,4-NDC
molecules in comparison with the standard BDC ligands.
The Rietveld refinement of the UiO-66 MOF was performed

in the Fm3m space group (No. 225) using as a starting model
the structure refined in the original manuscript of Cavka et al.19

(that combined PXRD and Zr K-edge EXAFS data) and fixing
to unit the occupancy factors of all atoms, see Table 2. Because
of the high symmetry of the space group, the structure contains
only one independent zirconium atom, two independent
oxygen atoms (O2 being the μ3-O atom of the inorganic
cornerstone and O1 belonging to the carboxylate unit of the
linker), and three carbon atoms of the BDC linker (C11, C12,
and C13; C14 and C15 are present only in NDC linker); see
inset in Figure 1 and Table 2.19,21,25 A quite large isotropic
atomic displacement parameter was found for C13 (Uiso =
0.077(5) Å2) with respect to that of C11 and C12 atoms. This
could be interpreted as a small twisting of the benzene ring of
the BDC linker around the σ-bonds between C11 and C12.
Such twisting would not affect the time averaging of the
electron density of C11 and C12, being on the rotation axis,
while that of C13 would result in a clearly anisotropic atomic
displacement, which is difficult to clearly show from PXRD
data. Another possible explanation would be that the benzene
ring of the BDC linker would have an out of plane equilibrium
position. If this would be the case, the C13 atom should have a
y-coordinate different from zero, half of the occupancy and
double degeneration for symmetry reasons. This is indeed the
situation found by the recent single crystal synchrotron
radiation X-ray diffraction reported by Øien et al.25 As the
C13 atom is quite close to the rotation axis, such a twisting
effect (if present) is relatively small, and we are unable to
confirm or discard the result of Øien et al.25 from our PXRD
data. As the refinement obtained with the simpler model
reported in the original work of Cavka et al.19 was able to
properly reproduce the experimental PXRD pattern, we
decided to keep this higher symmetry model. The comparison
between observed, calculated, and difference (black, red, and
blue line, respectively) PXRD patterns has been reported in
Figure 2a.
The same strategy adopted to refine the data of UiO-66-

NDC-0BC succeeded in locating Zr, O1, O2, C11, C12, C13 in
reasonable positions with physically meaningful Uiso parame-
ters, but failed in locating C14 and C15 with y fixed to 0.
Indeed, when we tried to refine the corresponding occupancy
factors, they resulted to almost null values. We then adopted
the model reported by Øien et al.,25 removing the constraints
on the y ordinate of C13, C14, and C15 atoms. To guarantee
stability to the refinement, we applied soft constrains to the
C12, C13, C14, and C15 atoms to stay on the same plane. Soft
constraints have also been adopted on all CC distances
between aromatic carbons (around 1.4 Å) and between C11
and C12 (around 1.5 Å, single-bond distance). The refinement
stability further improved by adding a soft constrain on the
O1−C11−O1 angle around 126°, that defines the connection
between the linker and the inorganic cornerstone.
The occupancy factors of the atoms of the inorganic

cornerstone have been fixed to unit, while those of the atoms
of the NDC linkers were fixed to 0.87 according to the
thermogravimetric analysis (TGA) data (see below Figure 9).
The result of the refinement is reported in Table 3, the
structure of the NDC linker is reported in Figure 3, while the
comparison between observed, calculated, and difference
(black, red and blue line, respectively) PXRD patterns can be
appreciated in Figure 2b.
Repeating the last refinement fixing to unit we obtained

results fully compatible with those presented here, as the
atomic coordinates for all atoms are equivalent in both
refinements within less than 2 estimated standard deviations

Figure 1. Background corrected PXRD patterns of UiO-66 (red) and
UiO-66-NDC-0BC (black) samples obtained using synchrotron
irradiation: λ = 0.505235(5) Å. To better appreciate the higher 2θ
angle data, the patterns have been multiplied by a factor 4 and 20 in
the 3−22° and 22−40° 2θ-intervals, respectively. The model in the top
right corner depicts connection of a linker with two SBU in UiO-66-
NDC structure. Blue polyhedra represent zirconium coordinated by
oxygen ions, while the carbon atoms of the linker are represented by
black spheres; σ-bonds are denoted by white flat arrows. Also reported
are the labels used in the refinement to discriminate among
crystallographic independent carbon and oxygen atoms, see Table 2
and Table 3.
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(esd). The simulated pattern still resulted in a good agreement
with the experimental one, but the all the Uiso of the carbon
atoms slightly increased, and the fit goodness factors worsen by
about 5% with respect to the results reported in Table 3. We
consequently decided to consider as final refinement that
obtained by fixing the occupancies of the atoms of the NDC
linkers to 0.87. See section S1 and Table S1 of the Supporting
Information for a more detailed comparison between the two
refinements.
For symmetry reasons four equivalent values of the φ angle

are available: φ = +30, −30, +150, and −150; for graphical

reasons, only the φ = +30 case has been represented in Figure
3a. From this picture, it becomes evident why the first
refinement, performed fixing y = 0 for the C13, C14, and C15,
resulted in locating only C13, with a larger Uiso parameter with
respect to that of C11 and C12 atoms. Indeed, if we label as
C13′, C14′, and C15′ the carbon atoms of the NDC linker
corresponding to the φ = −30 solution, then the relative
distances of the symmetry equivalent atoms are 1.21, 2.42, and
3.63 Å for d(C11−C11′), d(C12−C12′), and d(C13−C13′),
respectively. This implies that only the couple of C13 and C13′
have some electron density on the y = 0 plane, while C14, C14′,

Table 2. Atomic Parameters Resulting from the Rietveld Refinement of the UiO-66 in the Fm3̅m Space Group (No. 225):
Fractional Coordinates (x, y, z); Isotropic Atomic Displacement Parameters (Uiso), Occupancy Factors, Site Degeneration and
Number of Atoms in the Unit Cella

atom x y z Uiso (Å
2) occupancy factor site no. of atoms/unit cell

Zr 0.1198(1) 0 0 0.0116(4) 1.000 24e 24
O1 0.1750(3) 0 0.0919(3) 0.022(2) 1.000 96j 96
O2 0.0555(3) −x −x 0.018(3) 1.000 32f 32
C11 0.1467(4) 0 −x 0.035(5) 1.000 48h 48
C12 0.2044(5) 0 x 0.065(7) 1.000 48h 48
C13 0.2686(6) 0 0.1772(6) 0.077(5) 1.000 96j 96

aTo compare with the previous refinement,19 please consider that Uiso = Beq/(8π
2). Values of Rwp and Rp parameters are 0.86 and 0.82, respectively,

and reduced χ2 = 2.13 for 40 variables. The refined cell parameter is a = 20.7582(4) Å [V = 8944.8(6) Å3]. See the inset in Figure 1 for the atom
labeling.

Table 3. Atomic Parameters Resulting from the Rietveld Refinement of the UiO-66-NDC-0BC MOF in the Fm3 ̅m Space Group
(No. 225): Fractional Coordinates (x, y, z), Isotropic Atomic Displacement Parameters (Uiso), Occupancy Factors, Site
Degeneration and Number of Atoms in the Unit Cella

atom x y z Uiso (Å
2) occupancy factor site atoms/unit cell

Zr 0.1176(1) 0 0 0.0129(8) 1.00 24e 24
O1 0.1699(3) 0 0.0903(3) 0.022(2) 1.00 96j 96
O2 0.0641(4) −x −x 0.056(5) 1.00 32f 32
C11 0.1504(2) 0 −x 0.003(4) 0.87 48h 41.76
C12 0.2012(2) 0 x 0.043(7) 0.87 48h 41.76
C13 0.2603(3) 0.0280(5) 0.1890(3) 0.023(6) 0.435 192l 83.52
C14 0.2724(5) 0.056(1) 0.1296(4) 0.24(3)b 0.217 192l 41.76
C15 0.3317(7) 0.084(2) 0.1174(6) 0.36(5)b 0.217 192l 41.76

aValues of Rwp and Rp parameters are 0.76 and 0.81, respectively, and reduced χ2 = 1.55 for 45 variables. The refined cell parameter is a = 20.851(1)
Å [V = 9065(1) Å3]. See the inset in Figure 1 for the atom labeling. The occupancy factors of the atoms of the inorganic cornerstone have been fixed
to unit, while those of the atoms of the NDC linkers were fixed to 0.87 according to the TGA data (see below Figure 9). The refined structure has
been deposited in the CCDC data base with number 1553924. bAn unique Uiso parameter for C14 and C15 atoms was set proportional to the
distance from the rotational axis.

Figure 2. Panel (a): Observed (black line), calculated (red line), and difference (blue line) PXRD patterns for the UiO-66 MOF: λ = 0.505235(5) Å.
Panel (b): as panel (a) for the UiO-66-NDC-(or 0BC) MOF. The quantitative results of the two Rietveld refinements are reported in Table 2 and
Table 3, respectively.
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and C15 and C15′ are too far from that plane. The optimized
Uiso parameters (Table 3) exhibit the following trend: C11 <
C12 < C13 < C14, C15. This observation suggests a small
twisting of the NDC rings around the equilibrium position (φ
= +30, − 30, +150, or −150).
Summarizing, our synchrotron radiation PXRD study

confirmed that UiO-66-NDC (0BC) sample is isoreticular to
UiO-66 and evidenced that the NDC ligand adopts a tilted
position of φ = 30°, a value that is indeed comparable to the
torsion angles found in molecular structures of napthtyl
carboxylates and carboxylic acids, which is usually a 10−40°
interval.59−63

For the standard UiO-66 analogue, the BDC ligands are free
to occupy the high symmetry position (φ = 0°), see Figure 4a.
Conversely, using the more bulky NDC ligands, in the UiO-66-
NDC framework there is a steric conflict between the naphthyl
groups of two adjacent linkers (Figure 4b), that forces
carboxylate and naphthyl groups of the same linker to be out
of plane. The torsional angle optimized in the present PXRD
refinement (φ = 30°, see Table 3) is stabilized by the
optimization of an attractive interaction between a σ orbital of a
C−H group and the π orbital of two naphthyl groups in two
adjacent linkers (Figure 4c). It is worth noticing that this tilting
effect is even more pronounced in the case of the UiO-67
analogue (φ = 36°),28 where the φ value confirms the tendency
of binaphthyl to have high torsion angles, due to intramolecular
interactions, see Figure 4d. It is finally worth considering that
neutron powder diffraction would have been a much more
suitable technique to obtain a more accurate location the linker
atoms than PXRD (in which scattering is dominated by the Zr
atoms);64 however, the much larger sample amount requested
(from some milligrams to few grams) and the need to use
deuterated linkers in the synthesis prevented the use of such
strategy. Notwithstanding this evidence, the accuracy of our
synchrotron radiation PXRD study is sufficient to evidence the
tilted position of the ligand.
3.2. Crystal Size and Textural Properties. The materials

crystallize in intergrown crystals (shown in Figure 5) which are
too small (<1 μm) for structure determination by single crystal
diffraction. From the SEM images it emerges that a higher
amount of BC leads to the formation of larger crystals with
better defined morphology. The average size increases from 80,
through 150 up to 800 nm for 0BC, 10BC, and 60BC,
respectively. Without addition of BC intergrown aggregates of
very small crystals are observed, and the shape of 0BC crystals

is not well established (Figure 5a). On the contrary, addition of
10 or 60 equiv of BC results in well-defined octahedral crystals
(Figure 5b,c). It is also evident from the images that one crystal
is formed on the facet of another.
PXRD patterns of UiO-66-NDC structure with variation of

modulator content are shown in Figure 6. The intensities of
PXRD reflections become sharper with an increase of BC
amount, evidencing different crystallinity of the samples.
Reflections due to planes with similar d-spacing could be best
resolved in the 60BC sample. For example, the (315) and
(006) reflections in the 8.2−8.5° 2θ region can be distinguished
starting from the 0BC sample, but they are becoming fully split
only in the 60BC pattern. Moreover, the (339) and (608)

Figure 3. Panel (a) View from the (101) direction of the atoms of the NDC linker as optimized in the refinement reported in Table 3. For each
atom, the radius of the spheres is defined by the corresponding (Uiso)

1/2 value. For symmetry reasons four equivalent values of the φ angle are
available: φ = +30, − 30, +150, and −150 (only the first solution is here represented). Panel (b): analogous representation of the same optimized
structure reported from a tilted view. In this case the sphere radii correspond to the atomic radii and do not consider the thermal motion. In both
parts, the three-dimensional visualization of crystal structure was performed using the VESTA code.58

Figure 4. Graphical representation of the inorganic Zr6(OH)4O4 SBU
with two adjacent linkers in some different UiO-66- and UiO-67-type
structures. Panel (a) Standard UiO-66 (BDC ligand), from single
crystal XRD refinement (φ ≈ 0°).25 Panel (b): picture showing the
overlap between adjacent NDC ligands in the case of a too small value
of the torsional angle φ for UiO-66-NDC. Panel (c): UiO-66-NDC,
optimized from PXRD (φ = 30°), this work. Panel (d): UiO-67-BN
(3,3′-dimethylbiphenyl and 1,1′-binaphthyl linker scaffolds), from
single crystal XRD refinement (φ = 36°).28
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reflections, in the 14.0−14.2° 2θ region, and (719) and (828)
reflections, in the 16.1−16.3° 2θ region, are merged to a single
peak for the 0BC sample, and resolved in the 60BC pattern,
which is demonstrated in the inset of Figure 6. The fwhm of
(317) reflection at ∼10.8° decreases from 0.063° for sample
synthesized without BC modulator to 0.046° for the 60BC
sample. The limiting resolution of the setup obtained for a
standard LaB6 (NIST) sample is 0.042° fwhm for (101)
reflection at 10°. Cell parameters decrease from 20.851 Å for
the 0BC sample to 20.827 and 20.820 Å for 10BC and 60BC,
respectively, as determined by Rietveld refinement of the XRD
patterns. This means that the progressive addition of modulator
decreases the stress created by the use of 1,4-NDC linkers
instead of the standard BDC for the UiO-66 synthesis, resulting
in a = 20.7582(4) Å, see Table 2.
3.3. N2 Adsorption Isotherms. For the UiO-66, 67, and

68 family of MOFs, the increase of crystal size with addition of
modulator was previously described43 and can be explained by
the fact that zirconium ions form a complex salt with BC. The
presence of BC in the synthesis batch changes the reaction
mechanism, because all active sites around Zr4+ ions became
occupied with BC molecules. In such a situation, any linker
molecule can interact with zirconium ion only via exchange
reaction. This fact decreases the rate of nucleation in solution
and, therefore, results in bigger crystals. It should be mentioned
that another process could also take place. If concentration of a
monobasic acid in solution is much higher than that of a linker,
an exchange reaction might be suppressed. As the result, a
portion of SBUs will keep molecules of modulator coordinated
to the metal ion instead of being available for the coordination
of linker since monobasic acids can contact zirconium in one
SBU only (while linker molecules can connect two adjacent
SBUs, compare panels (a) and (b) of Figure 7).
Depending on the number of vacancies this feature may

increase the surface area and the pore volume and reduce

stability of the material, as demonstrated by Shearer et al.24

where the linker vacancies were tuned by acting on the
synthesis temperature and on the ZrCl4/BDC ratio. Linker
vacancies may yield to Zr ions characterized by two
coordination vacancies, thus representing surface Lewis acid
centers of potential catalytic interest.8−10 When the BC/NDC
ratio is high it may be possible that some Zr6O4(OH)4
cornerstones are missing: this happens when most of the
adjacent ones are capped by BC units, as schematically shown
in Figure 7c. Finally, by further increasing the BC/NDC ratio
(see the 100BC case in Table 1), most of the 12 connections of
the SBU are capped by BC, preventing the crystallization
process.
The presence of an increasing density of cornerstone

vacancies upon increasing the BC content in the synthesis
(hypothesized in Figure 7) is confirmed by the N2 adsorption
isotherms reported in Figure 8a (scattered curves), that clearly
show that the adsorption plateau appears at significantly higher
cm3 g−1 STP values moving from 0BC to 10BC and 60BC. The
consequent Barrett−Joyner−Halenda65 (BJH) pore size
distribution is shown in Figure 8b,c as determined from
adsorption and desorption isotherms, respectively.66 All
samples exhibit a similar sorption profile, and the isotherms
can be attributed to the type I (IUPAC classification), which is
typical for microporous materials. Specific surface area
calculated by Brunauer−Emmett−Teller (BET)67 and Lang-
muir68 models increases with amount of BC, and the same
occurs for the pore volumes (Table 1), supporting the defective
models schematized in Figure 7b,c: see the distribution of
nanopores in the 2−3 nm region (Figure 8b,c). For
microporous materials the region of the isotherm near to P/
P0 = 1 is usually ascribed to adsorption in cavities between the
crystallites of material. Respectively to what is observed in
Figure 8a, the isotherm of 10BC sample demonstrates the
highest adsorption, while that of 60BC has no evident
increment. This situation is well illustrated by the SEM image
shown in Figure 5c, showing well separated big crystals, leaving

Figure 5. SEM micrographs of 0BC, 10BC, and 60BC samples, panels (a), (b), and (c), respectively. All images were taken with the same
magnification.

Figure 6. PXRD patterns of UiO-66-NDC samples prepared with
different amounts of BC modulator, from bottom to top: 0BC (red),
10BC (blue), and 60BC (olive): λ = 0.505235(5) Å. The inset shows a
magnification of the 13−17° 2θ region.

Figure 7. Qualitative scheme of defect formation in synthesis with
increasing amount of BC acid. (a) Perfect case (absence of BC acid).
(b) Formation of little pores (small amount of BC acid). (c)
Formation of big pores, with missing clusters (large amount of BC
acid).
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almost no cavities between them. In the case of the 0BC sample
(Figure 5a), the smaller crystallites exhibit a more dense
packing in comparison to the 10BC sample (Figure 5b), which
leaves no significant free volume between the crystallites.
The presence of the cornerstone vacancies (hypothesized in

Figure 7c) in the 60BC sample is further confirmed by the edge
jump of the Zr K-edge study reported in Section S3 of the
Supporting Information (see Figure S2a) and quantified it to
about 15%. The EXAFS data analysis (Figure S2b−d) confirms
the similarity of the SBU in the 0BC and 60BC materials
compared to a standard UiO-66 material. This testifies that the
local environment of Zr is the same in all samples and
corresponds to that of the standard UiO-66 sample.19,21

Coming back to the diffraction data (Figure 6), the absence
of the forbidden reflections24,29,31,37 in the small angle region
implies the absence of long-range order in the structural
defects.

Of interest are the full line curves in Figure 8a, reporting the
simulated adsorption isotherms for the framework optimized by
PXRD refinement (gray curve) and after a successive force field
optimization of the structure (black curve, see above Section
2.2 for details). The UiO-66-NDC framework, considered as a
rigid entity is not able to justify the N2 uptake measured in the
experiment (gray full curve). This uptake increases significantly
when the structure is allowed to relax (black full curve). This
simulation shows the flexibility of the rotation of the NDC
ligands around the torsional φ angle and justifies the high Uiso
parameters obtained in the Rietveld refinement for C14 and
C15 atoms, see Table 3.

3.4. Thermal Stability by TGA and PXRD. It is now well
established that the UiO-66 framework is incredibly tolerant to
a high concentration of defects. The initial evidence for this
came in the form of TGA data presented in a paper by
Valenzano et al.21 Therein, the authors demonstrated that the
magnitude of the decomposition weight loss step was
significantly less than that theoretically expected by the
idealized chemical equation [Zr6O6(BDC)6] → 6 ZrO2. The
TGA of all samples are reported in Figure 9 by rescaling the

weight at the end of the process to 100% and attributing it to
the pure ZrO2 phase (nonscaled TGA curves are reported in
Figure S3). The theoretical weight loss from the burning of the
organic linkers are in the case of defect-free 1,4-NDC 161%
based on ZrO2, and this weight is indicated as a dotted line in
Figure 9. The sample made without modulator, 0BC, has a
weight loss upon combustion that corresponds to 13% missing
linkers. On these basis, we fixed to 0.87 the occupancy factor of
the atoms of the NDC linker in the Rietveld refinement of
0BC, see Section 3.1, Table 3. The samples made with benzoic
acid as a modulator demonstrate a larger and less sharp weight
loss. This is probably due to “missing cluster defects” (Figure
7c), as it is known from a parallel study on UiO-66, that are
promoted by modulated synthesis.31,41 This evidence, con-
firmed by the Zr K-edge jump in the XAS experiment (see
Supporting Information, Figure S2a), underlines that the
formation of missing SBUs (Figure 7b,c) is more effective at
higher BC content. The framework breakdown temperature

Figure 8. Panel (a): N2 physisorption isotherms of 0BC (circles),
10BC (squares), and 60BC (triangles) samples. The filled and open
symbols represent the adsorption and desorption branches,
respectively. Also reported are the theoretical adsorption curves
calculated on the structures obtained from PXRD refinement (gray
line) and from a subsequent force field optimization (black curve).
Panel (b): BJH adsorption pore distribution obtained from the N2
physisorption isotherms reported in part (a). Panel (c) as panel (b)
from the desorption isotherms.

Figure 9. TGA plots showing the thermal degradation of 0BC, 10BC,
and 60BC samples renormalized referring the remaining weight at high
temperature (ZrO2) as 100%. Under this convention, the weight of a
desolvated UiO-66 free of defects should be 161% (see dotted gray
line).
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follows the trend (60BC < 10BC < 0BC) as evidenced by the
extend of the stability plateau (250−450 °C interval) and as
clearly observed in the temperature dependent PXRD pattern
collected after heat treatment in air at 200, 300, 400, and 500
°C for 12 h (Figure 10). Samples 0BC and 10BC preserve their

initial structure up to 400 °C. However, at this temperature
partial decomposition of the structure of 10BC sample can be
observed (see widening of the reflexes in Figure 10b). Sample
60BC maintained crystallinity up to 200 °C only (Figure 10c),
while at 300 and 400 °C broad XRD peaks indicate the loss of
long-range order. All samples collapsed at 500 °C into ZrO2.
However, even the most temperature unstable 60BC sample
could be activated for potential applications (solvent removal)
without losing its initial structure.
Because of possible technologic application (i.e., sorption

and catalysis) of the material, water stability tests were
performed. All samples preserved their crystal structure after
contact with water at room temperature for 24 h and
subsequent activation at 200 °C for 12 h (see Supporting
Information, Figure S1).
3.5. Incorporation of BC Modulator in the Framework

Determined by Dissolution-1H NMR and Raman. As
deeply described in the works of Shearer et al.,29,31,37 the

dissolution-1H NMR technique allows researchers to identify
and quantify the organic components of an MOF (e.g., linker,
modulator, or pore-filling solvent) dissolving the MOF in a
deuterated digestion medium and successive liquid 1H NMR
spectroscopy. Figure 11a reports the liquid 1H NMR spectra of

10BC and 60BC, compared with those measured on 1,4-NDC
linker and BC modulator. The quantitative integration of the
area of the specific NMR peaks in the 7.75−7.65 and 8.10−8.00
ppm regions for the BC and 1,4-NDC, respectively, resulted in
a BC/1,4-NDC ratio of 0.28 and 0.47 for 10BC and 60BC
samples, respectively.
This result is qualitatively confirmed by Raman spectroscopy

(Figure 11b), where the most intense Raman band of the BC
modulator (corresponding to a ring deformation mode at 1005
cm−1) is absent in the 0BC sample and progressively increases
from 10BC to 60BC. A complete spectroscopic (IR and
Raman) characterization of the vibrational properties of linkers
and modulators used in the synthesis of modified versions of
UiO-66, supported by periodic density functional theory
(DFT) calculations, has recently been reported by Atzori et
al.,31 and we refer to that work for a complete assignment of the
bands present in Figure 11b. Moreover, it is clear that benzoic
acid was completely removed by the adopted washing
procedure, since key bands (such as the ν(CO) and ν(C−
O) evidenced by the ● symbol) are completely absent from
the UiO-66 spectra.

4. CONCLUSIONS
Summarizing, UiO-66-NDC was synthesized using a solvo-
thermal method in DMF. PXRD refinement of synchrotron
radiation data highlighted that the naphthalene rings of the

Figure 10. PXRD patterns of 0BC, 10BC, 60BC samples recorded at
room temperature after thermal treatment in air, panels (a) to (c),
respectively. From bottom to top: as synthesized and heat treatment
200 °C, 300 °C, 400 °C, 500 °C for 12 h. In the adopted ordinate
scale, the intensity of the low 2θ reflections are cut for graphical
reasons. Patterns have been collected with Cu Kα radiation (λ =
1.5406 Å).

Figure 11. Part (a): Dissolution 1H NMR spectra obtained on the BC-
modulated UiO-66-NDC MOFs. Also reported for comparison are the
reference spectra of 1,4-NDC linker and BC modulator (black and
gray curve, respectively). All spectra except BC are normalized to the
peak 7.4 ppm shown by ⧫. The ● and * show the peaks around 7.70
and 8.05 ppm used to calculate the BC to 1,4-NDC ratio. MOF
samples were activated 200 °C for 24h in air prior NMR measurement.
Part (b) Raman spectra of 0BC, 10BC, 60BC samples, collected with λ
= 785 nm. For comparison, also reported is the spectrum of BC and
1,4-NDC (collected with λ = 514 and 785 nm, respectively). In the BC
spectrum, marker bands of ν(CO) and ν(C−O) of the carboxylic
acid are underlined by the • symbol, together with the most intense
Raman band due to the ring deformation at 1005 cm−1. In both parts
spectra were vertically shifted for clarity.
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NDC linker is out of (a,c)-plane equilibrium by 30°, adopting a
geometry that maximizes the attractive interaction between a σ
orbital of a C−H group and the π orbital of two naphthyl
groups in two adjacent linkers. The influence of the BC
modulator agent was investigated changing the BC/NDC linker
fraction from 0 to 60. No nucleation was observed for BC/
NDC = 100. A larger amounts of BC results in formation of
bigger octahedral crystals of UiO-66-NDC (due to decrease of
crystal growth kinetics) characterized by an increased specific
surface area (due to formation of more defects in the lattice).
For all crystalline samples PXRD and EXAFS confirmed the
target structure on both long- and short-range order grounds.
TGA and PXRD analyses revealed a decrease of thermal
stability with an increase of modulator amount: the presence of
both linker and SBU defects is the origin of the loss of stability,
the latter being more important at higher BC content.
Remarkably, all samples prepared with and without modulator
are stable in water even after reactivation. Thus, UiO-66-NDC,
and its defective derivatives synthesized upon increasing the
BC/NDC ratio, are sufficiently stable to be fully desolvated and
represent good candidates for further functionalization with
active catalytic centers for reactions running in gas or in liquid
phases up to 200 °C.
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