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ABSTRACT: Advanced one- and two-dimensional high-field and ultrafast
MAS NMR measurements have been conducted in tandem with DFT
calculations for the NMR parameters to deeply characterize the local
environment and the long-range structure order of the porous metal−
organic framework (MOF) type UiO-66(Zr) (UiO for University of Oslo)
functionalized by a series of polar −Br, −2OH, and −NH2 groups. Such an
innovative combining approach applied to the complex architecture of
MOFs has been revealed successful not only to unambiguously assign all
the NMR signals to the corresponding crystallographic sites but also to
validate the crystal structures for each functionalized material that were
only predicted so far. A further step consisted of probing the impact of the grafted functions on the ligand dynamics of these
MOFs by means of dielectric relaxation spectroscopy measurements. It has been evidenced that the rotational motion of the
organic linker requires overpassing an energy barrier that strongly depends on the functional groups, the −NH2 functionalized
version implying the highest activation energy. Such a finding was further explained by the relatively strong intraframework
interactions which take place between the grafted function and the inorganic node as suggested by the analysis of the
corresponding simulated crystal structure.

KEYWORDS: porous metal organic frameworks, functionalized UiO-66(Zr), structure, ligand dynamics, solid-state NMR,
DFT calculations, dielectric relaxation

■ INTRODUCTION
Porous Metal Organic Frameworks (MOFs) belong to a class
of hybrid crystalline materials, which structures made of metal
ions linked by organic polycomplexing linkers (carboxylates,
phosphonates, azolates ...) form extended three-dimensional
(3D) porous frameworks.1−5 They offer an unprecedented
structural and chemical diversity leading to architectures with
various controlled pore sizes (from micro- to mesopores),
shapes and chemical functionalities. These key features make
MOFs very promising for several societal-relevant applications
(energy, environment, health...) with performances either
complementary or sometimes surpassing those of conventional
porous solids (zeolites, activated carbons...) in gas capture-
storage6−9/separation,10,11 drug or biological gas controlled
release,12−15 and catalysis.16−18 Among the possible routes to
optimize the related MOFs properties, the introduction of
potent active sites has been envisaged19−30 by i) creating
intraframework coordinatively unsaturated metal sites, ii)
incorporating metal nanoparticles within their porosities, or

iii) functionalizing their organic ligands through direct synthesis
or postsynthesis treatment. Indeed, it has been established that
grafting functional groups into MOFs16,30−35 offers a unique
opportunity to modulate the physical and chemical properties
of MOFs (polarity, acidity-basicity, specific enhancement of the
host−guest interactions, flexibility...) without altering their
original topologies. As a typical illustration, some of us have
already reported that grafting the organic linker of certain
MOFs with polar functional groups (−OH, −NH2, −CO2H,
−SO3H...) leads to a significant enhancement of their
performances for the selective adsorption of gas
(CO2...)

7,25−30 or therapeutic molecules (busulfan, caf-
feine...).36,37 Such a ligand modification strategy can also
generate new MOFs potentially attractive for their amphidy-
namic properties crucial for envisaging artificial molecular

Received: March 19, 2012
Revised: May 3, 2012
Published: May 22, 2012

Article

pubs.acs.org/cm

© 2012 American Chemical Society 2168 dx.doi.org/10.1021/cm300863c | Chem. Mater. 2012, 24, 2168−2177

pubs.acs.org/cm


machines dedicated to electro-optic applications in the domains
of data storage and communication.38,39

Although the role of the functionalization has been analyzed
for several applications, much less attention was paid to probe
its impact on the structure behavior of the MOFs, including the
description of the local environment and the long-range order
of the grafted organic linker and the resulting perturbation of
the lattice dynamics. 1H and 13C solid-state magic-angle-
spinning (MAS) nuclear magnetic resonance (NMR), with its
atom specific character and its sensitivity to local order, has
been demonstrated to be a valuable tool for the structure
characterization of MOFs,40−44 in complement to diffraction
techniques and molecular simulations.45,46 The dynamics of the
aromatic rings has been revealed as a sensitive marker of the
MOF structure properties responsible for spectacular phenom-
ena such as the breathing of the MOF type MIL-53 solid.47

Indeed, the free rotation of the organic part of the MOF has
been recently probed using either solid-state 2H
NMR,38,39,48−50 neutron inelastic scattering combined with
calculations,51,52 or dielectric measurements53,54 through the
investigation of the reorientational motions of the dipolar
systems.55

Here, our aim is to fully address the structure and dynamic
behavior of the zirconium(IV) terephthalate UiO-66(Zr)
solid56,57 and its structure analogues functionalized with −Br,
−2OH, and −NH2 groups. This zirconium(IV)-based porous
MOF type material, whose structure is built up from the
Zr6O4(OH)4 oxoclusters bounded to twelve terephthalate
(BDC) ligands56,57 (Figure 1), has attracted great attention

for its hydrothermal stability associated with promising CO2/
CH4 separation properties. More recently, starting from
hypothetical crystal structures generated by a computational
assisted structure determination approach for a large series of
functionalized UiO-66(Zr), some of us have predicted that
introducing polar functional groups on the organic linker leads
to CO2/CH4 selectivities that outperform those obtained for
the conventional porous solids.30 A preliminary validation step
of such findings would be to ensure that the simulated
structures are consistent with the conclusions drawn from a
deep experimental characterization. Therefore, a combination
of one (1D) and two-dimensional (2D) high-field and ultrafast
MAS NMR measurements and density-functional-theory
(DFT) calculations of the NMR parameters has been employed
on the UiO-66(Zr) and some of its functionalized analogues
−Br, −2OH, and −NH2 (Figure 1) not only to validate the
hypothetical structures but also to assign all the lines to their

corresponding crystallographic sites. Beyond this structure
aspect, our recent Molecular Dynamics simulations have
evidenced that the dynamics of the organic linker in this
narrow windows MOF significantly impacts the diffusion
process of small molecules such as CO2 and CH4.

58,59 Indeed,
in complement to the structure investigation mentioned above,
dielectric relaxation measurements have been conducted on the
same series of functionalized UiO-66(Zr) with the aim to
experimentally probe the influence of the functional groups on
the rotational motions of the organic linker.

■ MATERIALS AND METHODS
Synthesis Protocol. The UiO-66 and its functionalized −NH2,

−Br, and −2OH analogues were solvothermally synthesized according
to the previously described procedures60−62 from an equimolar
solution of ZrCl4 and organic ligand precursors in DMF. The
purification of the solids was performed using DMF and methanol
exchanges. The so-obtained activated samples were characterized by X-
ray powder diffraction, infrared spectroscopy, thermal gravimetry
analysis, and nitrogen adsorption porosimetry (for more details, see
the SI).

NMR Experiments. The 1H ultrafast MAS (62.5 kHz) NMR
spectra of the UiO-66(Zr)s were recorded on a Avance III 800 Bruker
spectrometer (B0 = 18.8 T, Larmor frequency = 800.1 MHz) using a
1.3 mm ultrafast MAS probe. The DEPTH63 pulse sequence
synchronized with the rotor period was applied to suppress existing
background. The recycle delay was set to 3 s, and 16 transients were
accumulated for each sample. The 2D double-quantum single-
quantum (DQ-SQ) NMR spectra were recorded at MAS 62.5 kHz
using the R122

164 recoupling pulse sequence and excitation/
reconversion periods of the DQ coherence of 384 μs. In all 2D
experiments, phase sensitive detection in the indirect dimension was
obtained using the States-TPPI method.65

The 13C cross-polarization (CP)66 MAS NMR spectra were
acquired on a Avance 500 Bruker spectrometer (B0 = 11.7 T, Larmor
frequency of 500.1 and 130.3 MHz for 1H and 13C, respectively) using
a 4 mm probe. The MAS frequency was set to 10 kHz, the recycle
delay was set to 5 s, and ∼10 000 transients were accumulated for each
sample. The CP transfer was achieved by fulfilling the Hartmann−
Hahn matching condition ν(1H) = ν(13C) + νMAS and a 1H RAMPed-
amplitude (RAMP)67 CP pulse with an amplitude ΔνRF(1H) of 10
kHz. The first 1H 90° pulse was set to 5 μs. Finally, 1H 64-step small-
phase incremental alternation (SPINAL-64)68 decoupling was
implemented during the acquisition period of the 13C NMR spectrum.
The 1H and 13C chemical shifts were referenced to proton and carbon
signals in TMS, respectively. The NMR spectra were reconstructed
using the DMFIT69 software. AS the UiO-66(Zr)s are porous solids,
they can absorb water molecules, whose protons signals overlap with
those of the linkers of the UiO-66(Zr)s. Therefore, prior to the NMR
measurements, all UiO-66(Zr) samples were dried under air overnight
at 100 °C. Powder X-ray diffraction analyses were realized on these
dried samples and showed that this heat treatment did affect neither
the structure nor the degree of crystallinity of the material.

DFT Calculations. The calculations of the NMR parameters were
performed with the CASTEP,70,71 a DFT-based code available in the
Materials Studio 5.0 package using the projector augmented waves
(PAW)72 and gauge included projector augmented waves (GIPAW)73

algorithms for the EFGs and NMR chemical shifts, respectively. A
similar approach has been proved to be reliable for the calculation of
the NMR parameters (shielding, electric field gradient, and scalar
tensors) for a number of solids, but it has never been extended so far
to porous MOFs for NMR line assignment. Here, the Perdew-Burke-
Ernzerhof (PBE) functional74 was used in the generalized gradient
approximation (GGA) for the exchange correlation energy, and the
core−valence interactions were described by ultrasoft pseudopoten-
tials.75 The pseudopotential generated ‘on-the-fly’ within the NMR
CASTEP package were used, without implementing any additional
corrections. The wave functions were expanded on a plane wave basis

Figure 1. Illustration of the UiO-66(Zr) crystalline structure, the large
pink sphere representing the void regions inside the cages (Zr
polyhedra, green; C, gray; O, red). Representation of the function-
alized ligands adopted in this work. H atoms on the BDC linkers were
omitted for clarity.
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set with a kinetic energy cutoff of 600 eV. The Brillouin zone was
sampled using a Monkhorst-Pack grid spacing of 0.04 Å−1 (6
calculated k-points). The computations were performed for each
functionalized UiO-66(Zr) starting with the structures we previously
predicted, via a computational assisted structure determination
approach,30 without further geometry optimizations. One should
notice that the plausible structure models were built assuming ordered
positioning of the substituted groups.
Dielectric Measurements. The complex dielectric function,

ε*(f,T) = ε′(f,T) − i ε″(f,T) (T temperature; f frequency; ε′ real
part; ε″ dielectric loss part) was measured by using an ALPHA analyzer
(Novocontrol). The temperature was controlled by a quatro
cryosystem operating with a dry nitrogen gas stream. To avoid any
structure degradation of the material under high mechanical pressure,
the crystalline powder was not pressed onto self-supported pellets, but
rather introduced into a specific cell similar that is generally used for
liquids. About 75 mg of the activated powder sample was poured on
the lower electrode of the cell and then very gently pressed by the
upper metallic electrode. The solids were in situ treated at 220 °C
under dried nitrogen flux, for two hours, in order to ensure that the
residual water molecules are fully removed.
The dielectric measurements were carried out at different fixed

frequencies ranging from 1 Hz to 1 kHz under nonisothermal
conditions, from −140 to 220 °C, with a constant and slow heating
rate (0.5 °C·min−1). We checked that during the measurements
performed at a given frequency and under linear heating conditions,
the fluctuation of the temperature was very limited, so that the
isothermal conditions are supposed to be attained.

■ RESULTS AND DISCUSSION

1. Structure. 1.1. NMR Measurements. UiO-66(Zr). The
13C MAS NMR spectrum of the UiO-66(Zr) contains three
peaks located at isotropic chemical shifts δiso of 128.9, 136.7,
and 171.3 ppm (Figure 2a). The peak at high chemical shift is
characteristic of C atoms from the carboxylic group. A 13C
CPMAS NMR spectrum was recorded without 1H decoupling,
i.e. with 1H−13C heteronuclear dipolar couplings still present.
This results in a broadening of the line at 128.9 ppm, which is
consequently assigned to the carbon atoms bonded to a proton,
i.e. the −CH group. The line at 136.7 ppm is not affected by the

1H decoupling and therefore corresponds to the signature of
the quaternary aromatic carbon atoms (Table 1). The 1H NMR

spectrum of UiO-66(Zr) contains two main regions (Figure
2b) characteristic of the aromatic protons (8 ppm) and of the
Zr−OH groups (0−3 ppm). The existence of only one line for
the aromatic protons suggests a unique environment of the
proton coupled with a perfect planarity of the phenyl ring as
evidenced by our predicted structure (Figure 3a). In addition,
one observes the signals characteristic of some residual water (6
ppm) and free terephthalic acid (7.6 ppm) within the pores,
not removed neither by the overnight drying nor the DMF and
MeOH exchanges.

Figure 2. (a) 13C CPMAS NMR spectra of the non modified UiO-
66(Zr) recorded with (top) and without (bottom) 1H decoupling and
(b) 1H NMR spectrum. The lines are assigned to the corresponding
carbon atoms that are labeled in the schematic representation of the
UiO-66(Zr) structure (c).

Table 1. Experimental δiso,exp (ppm) and DFT-Calculated
δiso,cal (ppm) 1H Isotropic Chemical Shift and Line
Assignment of the 1H NMR Resonances to the Protons in
the Various UiO-66(Zr)s

δiso,exp (±0.1) δiso,cal assignment

UiO-66(Zr)
8.0 8.1 CH
2.6 0.83 Zr−OH
UiO-66(Zr)-2OH
9.9 10.3 OH
7.2 7.2 Haromatic

1.1 0.9 Zr−OH
UiO-66(Zr)-NH2

7.9 7.7 Ha

7.3 7.1 Hc

7.2 6.9 Hb

5.6 8.0 NHd

4.0 NHe

average: 6.0 NH2

1.2 0.9 Zr−OH
UiO-66(Zr)-Br
8.6 8.7 Ha

8.3 8.4 Hc

8.0 8.0 Hb

1.2. 0.5 Zr−OH

Figure 3. Typical environments of the organic ligand in the non-
modified UiO-66(Zr) (a) and in its −NH2 (b), −2OH (c), and −Br
(d) functionalized analogues issued from the simulated crystal
structures. The distances are reported in Å. The Zr, O, C, H, Br,
and N atoms are represented in green, red, gray, white, brown, and
blue, respectively.
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UiO-66(Zr)-NH2. The
13C CPMAS NMR spectrum of the

UiO-66(Zr)-NH2 shows seven of the eight expected NMR lines
(Figure 4a), which line widths are similar to those in the non-

modified form (∼100 Hz). As expected, two inequivalent
carbonyl 13C resonances (∼170 ppm) with a 1:1 ratio are
observed. The 15N NMR spectrum of the UiO-66(Zr)-NH2

(see Figure S11 in the SI) shows a unique resonance, which is
located at −336 ppm, i.e. in the same range as the 15N chemical
shift in the NH2−BDC ligand (−320 ppm, see the SI).
The 1H NMR spectrum UiO-66(Zr)-NH2 is shown in Figure

5. The combined use of high magnetic field and ultrafast MAS
(62.5 kHz) allows an efficient reduction of the 1H−1H
homonuclear dipolar interactions (line width of about 250

Hz) and results in 1H NMR spectrum with a good resolution.
The NMR spectrum contains two main regions: at lower δiso
(1.2 ppm) are located the signals from the Zr−OH groups and
at higher δiso (7−8 ppm) the protons from the aromatic rings.
Additionally, the signals from the protons of the −NH2 group
are found at 5.6 ppm, indicating two equivalent protons. This
observation, at first, might seem contradictory with the local
environment of the −NH2 functional group present in the
predicted structure (Figure 3b), where the first proton
interacting strongly with the framework via a weak hydrogen
bond (characteristic distance H(NH2)-O(carboxylate) = 2.01
Å) drastically differs from the other characterized by the
absence of any intraframework interactions. However, the
observation of only one line in the 1H NMR spectrum could be
explained considering that the two protons are exchanging their
positions with a correlation time (see §1.2) too short to be
captured within the time scale of the NMR experiments.
To further increase the 1H resolution, 2D double-quantum

single-quantum (DQ-SQ) 1H NMR experiments have been
carried out. In such 2D NMR correlation spectra, the spatial
proximities between inequivalent proton sites are revealed by
the off-diagonal cross-correlation peaks, while proximities
between equivalent proton sites give rise to diagonal
autocorrelation peaks. Such experiments can also serve as
dynamics filter,76−79 i.e. mobile protons which are characterized
by a mobility rate higher than the correlation time given by the
1H−1H dipolar interaction will not be recoupled by the dipolar
recoupling sequence and will be filtered out. This is illustrated
for the UiO-66(Zr)-NH2 in Figure 6a, where the signal of water
within the pores has almost disappeared, and only the 1H
signals from the aromatic rings and from the NH2 group are
retained.
Improved resolution in the proton dimension of the UiO-

66(Zr)-NH2 2D NMR spectrum provides distinction of all the
inequivalent proton signals from the aromatic rings (Figure 6a).
Such a high-resolution allows in turn probing the distribution in
space of each proton, individually. The −NH2 group generates
a diagonal peak, i.e., the two protons appear equivalent on the
time scale given by the characteristic recoupling time of the
NMR experiment. The aromatic proton Hc near the NH2 group
can be identified by the H−H cross-correlation peaks between
these protons. The 2 r H sitting next to each other on the
opposite side of the ring (Ha and Hb) are close enough to
generate a cross-peak, while they are too far from the opposite
Hc to produce such a peak on the 2D 1H NMR correlation
spectrum.

UiO-66(Zr)-2OH. The 13C NMR spectrum of the UiO-
66(Zr)-2OH can be reconstructed using four resonances
(Table 2). This result indicates that there are two equivalent
OH groups on opposite positions in the aromatic rings,
consistent with the conclusions drawn from the predicted
crystal structure for this functionalized UiO-66(Zr) which
clearly shows a symmetric orientation for both −OH functional
groups leading to the same characteristic intraframework
distances H(−OH)-O(carboxylate) (Figure 3b). The 13C
lines of the UiO-66(Zr)-2OH are particularly large (∼400
Hz). The 13C transverse relaxation times T2 measured on a
Hahn-echo are however longer than 20 ms (see SI Figure S6),
indicating that the origin of such a line broadening comes from
an heterogeneous distribution of chemical shifts, which could
be due either to local disorder on the substituted positions or to
the lower degree of crystallinity of this sample, as the diffraction
peaks for this sample are particularly broader than those of the

Figure 4. (a) 13C CPMAS NMR spectra of the various UiO-66(Zr).
Lines are assigned based on DFT calculations (see text). (b)
Schematic representation of the organic linker in the NH2 and Br
(top) and 2OH (bottom) functionalized UiO-66(Zr) solids.

Figure 5. 1H high-field (18.8 T) ultrafast (62.5 kHz) MAS NMR
spectra of the various UiO-66(Zr). Unlabeled peak around 6.5 ppm
corresponds to residual ligand.
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other investigated UiO-66(Zr)s (see SI Figure S1). The 1D 1H
MAS NMR spectrum (Figure 5) contains broad resonances
corresponding to aromatic (7.2 ppm) and C−OH protons
(10.3 ppm), signal of water (5 ppm), and Zr−OH groups (1
ppm). The single peak for the aromatic protons confirms the
planarity of the ring as also pointed out in the predicted
structure. Due to the absence of neighboring protons on the
aromatic rings, there is no strong 1H−1H homonuclear dipolar
interaction, and therefore, contrary to the other UiO-66(Zr) of
this study, much weaker dipolar couplings (i.e., longer H−H
distances) can also be detected. This is shown on the 2D NMR
spectrum by the diagonal peaks for the OH groups and
aromatic protons, generated by protons from neighboring
aromatic rings (with d(Haromatic−OH) = 3.9 Å) and by the weak
cross-peaks between the aromatic protons and the inorganic
node (with d(Haromatic−ZrOH = 4.5 Å).
UiO-66(Zr)-Br. The 13C CPMAS NMR spectrum of the UiO-

66(Zr)-Br shows six broad peaks (Figure 4), with a chemical
shift range for the aromatic carbon atoms (ca. 20 ppm) much
lower than in the case of the −NH2 and −2OH UiO-66(Zr)
solids. Bromine possesses two NMR active isotopes (79/81Br),
both quadrupolar nuclear spin I = 3/2, which have large
quadrupole moment Q (>3.1 and 2.6 × 10−29 m2).80 As
observed in halogenated pharmaceuticals,81 bromine atoms can
have a large influence on the position and shape of the 13C

resonances at low static magnetic field. Therefore, 13C NMR
spectra of the UiO-66(Zr)-Br were recorded at three different
magnetic fields from 4.7 to 18.8 T. All three 13C CPMAS NMR
spectra (see SI Figure S4) show 13C resonances at the same
position, indicating that the effect of the bromine on the 13C
isotropic chemical shifts is negligible.
The 1H MAS NMR spectrum of UiO-66(Zr)-Br (Figure 5)

contains the expected characteristic signals of the aromatic
protons (unresolved peak at ∼9 ppm) and the Zr−OH groups
(1.2 ppm). The three inequivalent protons from the aromatic
rings in UiO-66(Zr)-Br become resolved on the 2D 1H−1H
MAS NMR correlation spectrum (Figure 6b), and the
neighboring Ha and Hb can be identified by their cross-
correlation peak but not assigned more precisely so far.

1.2. DFT Calculations of 1H and 13C Isotropic Chemical
Shifts. To confirm the 13C and partial 1H line assignment in the
UiO-66(Zr) structures, DFT calculations of the 1H and 13C
isotropic chemical shifts were run using the NMR CASTEP70,71

code. The calculated δiso values are reported in Tables 1 and 2,
and simulated NMR spectra are shown in the SI (Figure S8 and
S9).
For 1H, the experimental δiso (Table 1 and in the SI Figure

S9) are fairly well reproduced by the calculations: δiso,exp =
0.998 δiso,cal (R

2 = 0.966) with maximum difference below 1.8
ppm (Figure 7a), and all the protons from the aromatic rings of
the various UiO-66(Zr)s can be individually assigned (Table 1).
Such an agreement both validates the line assignment and the
structure issued from our predictions. Regarding the UiO-
66(Zr)-NH2, as the predicted crystal structure shows two

Figure 6. 2D 1H high-field and ultrafast MAS (62.5 kHz) DQ-SQ
NMR correlation spectra of (a) UiO-66(Zr)-NH2, (b) UiO-66(Zr)-Br,
and (c) UiO-66(Zr)-2OH. The top spectra, on which lines are
assigned, are the full projections along the horizontal dimension. The
dashed lines indicate H−H correlations. Selected correlations are
labeled. (d) Representation of the functionalized organic ligands on
which protons are labeled.

Table 2. Experimental δiso,exp (ppm) and DFT-Calculated
δiso,cal (ppm) 13C Isotropic Chemical Shift and Line
Assignment of the 13C NMR Resonances to the Carbon
Atoms in the Various UiO-66(Zr)s

δiso,exp (±0.1) δiso,cal assignment

UiO-66(Zr)
128.9 130.8 CH
136.7 137.1 Cquat
171. 171.0 CO
UiO-66(Zr)-2OH
123.7 123.6 C2
126.2 124.0 C3
158.5 161.9 C1
178.1 177.7 C8
UiO-66(Zr)-NH2

116.3 115.5 C4+C6
115.8

118.0 119.5 C2
131.2 133.4 C5
138.2 138.3 C3
149.8 150.2 C1
171.4 172.0 C8
172.9 173.1 C7
UiO-66(Zr)-Br
123.2 151.0 C1
126.9 127.8 C4
128.5 134.5 C6
135. 136.8 C3
137.5 137.1 C5+C2

140.4
170.2 169.1 C7
173.3 170.3 C8
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inequivalent protons for the NH2 group, one obtains two δiso,cal
at 8.0 and 4.0 ppm whose average fits well with the unique
experimental value at ∼6 ppm and supports that the two
protons are exchanging their positions with a correlation time
τc greater than 1.4 ms (τc = π√2/Δν, where Δν = 3.2 kHz is
the chemical shift difference between the calculated 1H δiso).
Such calculations were also run for the 13C nuclide (Table 2

and SI Figure S8). In heavy halogenated organic molecules (Br,
I), the effect of bromine can strongly bias the calculations,
sometimes resulting in differences between experimental and
calculated chemical shift values up to ca. 20 ppm.82 This effect
has been observed in the case of the UiO-66(Zr)-Br for the
carbon atom bearing bromine (see Table 2), with a difference
between experimental and calculated 13C δiso of 27.8 ppm.
Complementary calculations were run on the starting Br-
terephthalic ligand, and a similar difference in 13C chemical shift
for this carbon atom was also observed (see SI Figure S10),
confirming that in UiO-66(Zr)-Br, the discrepancy does not
arise from the structure data but rather from the calculations
themselves through the heavy ‘halogen atom’ effect (i.e., the
lack of relativistic effects) as mentioned in previous studies.82

This effect is only felt by the first C neighbor of the Br, as
shown by the overall good agreement for all the other carbon
atoms in UiO-66(Zr)-Br (Table 2), which was thus excluded
from the global analysis presented above. The 13C lines of the
UiO-66(Zr)s were assigned so as to reduce the difference
between experimental and calculated values. The correlation is
also highly satisfactory: δiso,exp = 0.996 δiso,cal (R

2 = 0.991) with
maximum differences below 6 ppm (Figure 7b), allowing
unambiguous assignment of all the carbon resonances in the
non-modified and the functionalized UiO-66(Zr) forms.
Although, as mentioned above, care has to be taken for the

heavy halogenated MOFs, the good correlations obtained in the
UiO-66(Zr)s validate the use of NMR CASTEP for the
calculation of 1H and 13C chemical shifts in these systems.
Results of the DFT calculations are well-known to be highly
sensitive to the initial set of structure data. The good agreement
of the calculations with the experimental NMR parameters thus
also provides an experimental support for the validation of the
predicted periodic structures of the functionalized UiO-
66(Zr)s.
Here, we have clearly established that combining high-

resolution 1H (high-field and ultrafast MAS) /13C NMR
measurements and DFT calculations of the NMR parameters is
highly valuable not only to validate predicted crystal structures
but also to confirm a line assignment based on 2D NMR and to

unambiguously provide the signature of all the 1H, 13C (and
15N) atoms forming the periodic framework of the UiO-
66(Zr)s. The following section will detail the dynamics of the
UiO-66(Zr) ligands using dielectric relaxation measurements.
The conclusions drawn from this experimental tool will be
interpreted in light of the validated structure models for each
UiO-66(Zr) form.

2. Dynamics: Dielectric Relaxation Spectroscopy
(DRS). UiO-66(Zr)-NH2. Figure 8 illustrates the dielectric loss

versus frequency and temperature in a 3D representation, for
the UiO-66(Zr)-NH2 solid. Conduction related phenomena
and/or electrode polarization are observed in the low
frequency/high temperature domain, as shown by the sharp
rise of the signal. At lower temperature, one complex dielectric
relaxation band clearly appears. According to previous
reports,53,54 this signal is expected to correspond to the
signature of the dielectric relaxation process involving the local
dynamics of the organic ligand. To verify this assumption, the
data were further quantitatively analyzed.
As a preliminary step, the peak maximum position,

commonly related to the most probable relaxation process,
was considered (the complex shape of the signal will be
examined later). The shift of the peak maximum toward higher
temperature upon increasing the frequency of the applied
electrical field suggests a thermally activated process. In that
case, the relaxation rate 1/τ, characterizing the dielectric
relaxation process, is expected to follow an Arrhenius type
behavior (eq 1)

τ τ= −ΔE kT1/ 1/ exp[ / ]0 (1)

where k corresponds to the Boltzmann’s constant, T is the
temperature, ΔE is the energy barrier characterizing the
relaxation process, and τ0 is the pre-exponential factor. The
inverse of this later parameter is known as the “frequency
factor” or “attempt frequency” and represents the highest
relaxation frequency that could be reached in a hypothetical
structure that does not involve any energy barrier to cross.
According to eq 1, an Arrhenius plot issued from the
temperature and frequency data recorded at the peak
maximum, for which ωτ = 1 (ω is the electrical field angular
frequency), allows to estimate the values of ΔE and τ0. The
resulting plotted data points for the UiO-66(Zr)-NH2 solid are
shown in Figure 9 along with the linear fit that leads to an
energy barrier and a corresponding pre-exponential factor of

Figure 7. Correlations between experimental and DFT-calculated (a)
1H and (b) 13C isotropic chemical shifts in the studied UiO-66(Zr).
The thick line indicates the diagonal slope of 1. Linear regressions are
δiso,exp = 0.998 δiso,cal (R

2 = 0.966) for 1H and δiso,exp = 0.996 δiso,cal (R
2

= 0.991) for 13C.

Figure 8. Dielectric loss versus frequency and temperature for the
UiO-66(Zr)-NH2 material.
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12.4 kcal/mol and 10−13.1 s, respectively. The so-obtained
energy is within the range of values from 4.0 to 15.1 kcal/mol
previously reported by different experimental (NMR, DRS) or
theoretical approaches38,39,53,54,83 for the flip or the rotational
motion of the aromatic rings in different MOFs that differ from
their structures and their ligand functionalization. In addition,
the pre-exponential factor value agrees with the one character-
izing the torsional or inversion modes of the terephthalate
linkers, which is below 10−12 s,39 and it is within the same order
of magnitude than those reported from NMR measurements
for other terephthalate based MOFs combined with zinc
(IRMOF-1),38 vanadium (MIL-47(V)), and chromium (MIL-
53(Cr))48 metal centers. One can also note that both ΔE and
τ0 values are similar to the ones already reported by DRS in the
case of the relaxation of dipolar molecular rotors, involving the
rotation of modified aromatic rotors.84,85 Previous NMR
measurements performed on the IRMOF-3 solid, which
corresponds to an amino functionalized form of the IRMOF-
1, have found a libration of the amino groups with an energy
barrier of 1.8 (±0.6) kcal/mol,39 which remains much lower
than the one deduced in the present study for the UiO-66(Zr)-
NH2, emphasizing that such a process is not responsible for the
present dielectric loss peak illustrated in Figure 8. Indeed, all
these comparisons strongly support that the dielectric
relaxation peak is likely to be due to the rotational motions
of the whole 2-aminoterephthalate ligand of the UiO-66(Zr)-
NH2.
Finally, the complex shape of the dielectric peak for the UiO-

66(Zr)-NH2 material suggests that the relaxation process is
multiple. Due to the multiplicity of the ligand rotation motions
and hence of the associated relaxation times,55 the dielectric
loss ε″f(T) spectrum can then be expressed by eq 286

∫ε τ ωτ
ω τ

τ″ =
+

∞
T G

T
T

d( ) ( )
( )

1 ( )f
0 2 2

(2)

where G(τ) is the distribution of the relaxation times.
Assuming that the pre-exponential factor τ0 is constant,86

G(τ) can be transformed into a distribution of the detrapping
energies G(ΔE), via eq 1. Basically, G(ΔE) corresponds to a
sum of elementary Gaussian functions,55,86 each of them
characterizing the relaxation process of a given family of
dipoles. The fitting of the experimental ε″f(T) spectrum using
eq 2 is reported in Figure 10. According to the time/

temperature superposition principle (eq 1), which is applicable
in the present case, we confirmed that whatever the fixed
frequency, the same parameters of G(ΔE) are required to
accurately reproduce the experimental data. From this fitting
procedure, one can conclude that two families of dipoles, i.e.
two types of rotation movements of the −NH2 based
functionalized ligands, is detected for the UiO-66(Zr)-NH2
solid. One can speculate that the existence of both relaxation
processes might be due to a statistical disorder of −NH2 groups
over symmetrically equivalent C atoms of the organic linker
within the crystal structure, as reported for Sc2(NH2−BDC)3,

50

although this statement cannot be supported by our DFT
calculations realized on structures with an ordered distribution
of the functional groups.

UiO-66(Zr), UiO-66(Zr)-2OH, and UiO-66(Zr)-Br. The
dielectric losses measured at a fixed frequency (2283 Hz) for
the UiO-66(Zr), UiO-66(Zr)-Br, and UiO-66(Zr)-2OH solids
are depicted in Figure 11 and are discussed in light of the
conclusions drawn from the case of the UiO-66(Zr)-NH2.
The dielectric signal obtained for the UiO-66(Zr) is relatively

flat and the resulting values are negligible compared to those
measured for the UiO-66(Zr)-NH2 solid. Such an observation,
which is not surprising on the basis of the apolar nature of the
terephthalate ligand involved in the UiO-66(Zr) material, is

Figure 9. Temperature dependence of the frequency factor for the
UiO-66(Zr)-NH2 material. The solid line corresponds to the
Arrhenius fit using eq 1.

Figure 10. Dielectric loss measured at 133 Hz versus temperature for
the UiO-66(Zr)-NH2. Open squares represent the experimental data,
whereas the red solid line corresponds to the fit using eq 2. Dotted red
lines correspond to the signal decomposition into two relaxation
processes.

Figure 11. Dielectric loss versus temperature, at a fixed frequency
(2283 Hz) for UiO-66(Zr), UiO-66(Zr)-NH2, UiO-66(Zr)-Br, and
UiO-66(Zr)-2OH.
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consistent with what has been already reported for IRMOF-1.53

This suggests that the phenyl ring is fully symmetrical within
UiO-66(Zr), as evidenced by the NMR measurements, and the
predicted crystal structure (Figure 3a) and thus cannot carry
any dipole moment.
According to Figure 11, the UiO-66(Zr)-2OH sample does

not show any relaxation peak, the sharp increase of the signal at
high temperature being due to the conduction process, i.e. the
diffusion of the mobile charge carriers. This observation
suggests that despite the functionalization with highly polar
hydroxo functions, the solid does not exhibit any remaining
dipole moment, due to the symmetric position of both −OH
groups on the terephthalate moieties, as already mentioned by
NMR and emphasized in the predicted crystal structure (Figure
3c).
On the opposite, the connection of −Br functions to the

phenyl rings of the UiO-66(Zr)-Br generates relaxing dipolar
ligands, as revealed by the presence of a dielectric peak for this
sample in Figure 11. However, compared to the signal for the
UiO-66(Zr)-NH2, the relaxation peak for the UiO-66(Zr)-Br
differs in magnitude (five times smaller) and in position (shift
toward lower temperatures). This observation supports that the
ligand relaxation is sensitive to the nature of the grafted
function, which may be analyzed in terms of electronic and
steric effects. The intensity of the peak, i.e. the dielectric
relaxation strength, is indeed proportional to the dipole
moment and the concentration of active dipoles.55 This later
parameter is roughly the same when one compares the
dielectric strength of the UiO-66(Zr)-Br and the UiO-66(Zr)-
NH2, since i) the same number of organic moieties is involved
in both periodic structures and ii) the same amount of
powdered samples was introduced in the dielectric cell.
Therefore, the dielectric strength evolution can be only related
to differences in the ligand dipole moment, as shown in the
present study.
The dielectric data of the UiO-66(Zr)-Br were then

quantitatively analyzed and led to an Arrhenius plot with the
following parameters ΔE = 8.1 kcal/mol and τ0 = 10−13.6 s (see
SI, Figure S12). The activation energy is consistent with the
energy barrier previously reported for the rotation of the
bromo-p-phenylene moieties in the IRMOF-2 structure (7.3
kcal/mol);53 the slight deviation being explained by electronic
or steric effects induced by the specific features of the i)
inorganic nodes and ii) porous network that differ from
IRMOF-2 to UiO-66(Zr)-Br. It comes that the rotational
energy barrier obtained for the bromo-terephthalate ligand in
the UiO-66(Zr)-Br is 4.3 kcal/mol smaller than the one
characterizing the amino-terephthalate moiety in the UiO-
66(Zr)-NH2 (12.4 kcal/mol). This significant energy difference
can only be related to the nature of the grafted function. This
influence is much more pronounced than the one of the
inorganic nodes, as attested by the larger energy difference
when one compares the ligand rotation in UiO-66(Zr)-NH2
and UiO-66(Zr)-Br on one hand and in UiO-66(Zr)-Br and
IRMOF-2 on the other hand. The more constraint rotational
motion involved in the UiO-66(Zr)-NH2 cannot be explained
from a steric point of view, since the van der Waals volumes of
the −NH2 and −Br functions are very close.39 This rather
suggests the existence of different intramolecular interactions
between the inorganic nodes of the MOF and the organic
ligand, which are expected to be stronger in the UiO-66(Zr)-
NH2 than in the UiO-66(Zr)-Br. This assumption is confirmed
by the crystal structures of both forms (Figure 3), which show

that the amino groups of the ligand and the oxygen atoms of
the inorganic part of the UiO-66(Zr)-NH2 interact via
hydrogen bonds (dOH‑O = 2.01 Å), whereas the distance
between the bromine atoms and the same oxygen atom of the
carboxylate group in the UiO-66(Zr)-Br is much longer (dBr−O
= 2.92 Å) (Figures 3b and 3d). Such preferential intraframe-
work interactions in the UiO-66(Zr)-NH2 solid tend to hinder
the ligand rotation that further requires a higher energy to be
initiated. Finally, in the same way than for the UiO-66(Zr)-NH2
solid, the dielectric peak of UiO-66(Zr)-Br was treated by
considering a distribution function of the relaxation times (see
SI, Figure S13). In that case, a single family of the dipoles was
considered to properly recover the experimental signal. This
result indicates that the organic linkers are equivalent for the
UiO-66(Zr)-Br sample, suggesting a relatively periodic
distribution of the functionalized linkers in the crystal structure.

■ CONCLUSION

In depth multidimensional high-field and ultrafast NMR analysis
assisted by DFT calculations of the NMR parameters was
successfully conducted to gain crucial information on the local
and long-range structure parts of a typical nanoporous MOF
UiO-66 type material. Such a joint experimental/DFT-
calculations of 1H and 13C isotropic chemical shifts approach
first applied to the MOFs has led to an unambiguous
assignment all the NMR signals for a series of functionalized
Zr-based MOFs and more interestingly the resulting data were
used to fully validate the structure models previously predicted
for each solid. Such findings open new horizons in the structure
resolution able to complement ab initio prediction strategy that
still remains inefficient for the vast majority of MOFs. Beyond
this “static” aspect of the structure, the dielectric relaxation
spectroscopy has been proved to be a powerful tool for
analyzing the dynamics of the MOF framework that is known
to control several processes of interest including the structure
transition of highly flexible MOFs upon various types of stimuli
and the diffusion of guest molecules through narrow windows
type MOFs. Here, it has been evidenced that grafting the
organic linker of the UiO-66(Zr) structure with −NH2
functional group significantly decreases its ability to “flip”.
This result suggests that although grafting such amino group
has intensively proved to significantly enhance the thermody-
namic selectivities of CO2 over gases such as CH4 and N2 for
gas purification purpose,30 it could be unfavorable to follow
such a strategy when the process of interest can be governed by
dynamic consideration, more particularly in narrow window
MOFs such as the UiO-66(Zr) where it was already established
that the rotation of the organic linker in the non-modified form
controls the diffusion rate of the guest molecules. Quasi-elastic
neutron scattering measurements will be realized to confirm
that grafting such a polar function on the UiO-66(Zr)
significantly decreases the diffusivity of the molecules of
interest consequence of a lower flip rate of the organic linker.
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