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ABSTRACT: We assign 1H and 13C NMR resonances
emanating from acetone, methanol, and cyclohexane adsorbed
inside the pores of UiO-66(Zr). These results are informed by
density functional theory (DFT) calculations, which probe the
role of two competing effects inside of the pore environment:
(i) nucleus independent chemical shifts (NICSs) generated by
ring currents in conjugated linkers and (ii) small molecule
coordination to the metal-oxyhydroxy cluster. These inter-
actions are found to perturb the chemical shift of in-pore
adsorbate relative to ex-pore adsorbate (which resides in
spaces between the MOF particles). Changes in self-solvation
upon adsorption may also perturb the chemical shift. Our
results indicate that cyclohexane preferentially adsorbs in the
tetrahedral pores of UiO-66(Zr), while acetone and methanol adsorb at the Zr−OH moieties on the metal-oxyhydroxy clusters in
a more complex fashion. This method may be used to probe molecular adsorption sites and material void saturation with selected
adsorbates, and with further development may eventually be used to trace in-pore chemistry of MOF materials.

■ INTRODUCTION

For the last two decades, metal−organic frameworks (MOFs)
have been a topic of investigation due to their high surface
areas, tunable structures, and modular linker chemistries.1,2

These systematically variable properties have allowed MOFs to
be employed for a variety of purposes, from chemical storage3,4

and separations5 to heterogeneous catalysis.6 The periodic
nature of MOFs, comprised of organic linkers connecting
inorganic metal-oxyhydroxy clusters, presents extraordinary
chemical design opportunities and synthetic challenges.
The UiO family of MOFs is of particular interest due to its

high thermal and chemical stability,7 as well as its potential for
industrial use due to facile and scalable synthesis.8−10 UiO-
66(Zr) is a face-centered cubic MOF that contains tetrahedral
and octahedral pores, as illustrated in Figure 1. These pores
arise from the voids created by terephthalic acid linkers
connecting Zr-based metal-oxyhydroxy clusters (Zr6O4(OH)4).
This family of frameworks has demonstrated reverse shape
selectivity in liquid separations,11,12 suggesting the importance
of improving the understanding of cage environments to
enhance separation properties. Recent investigations have
revealed that key characteristics of these frameworks (such as
functionalization of the organic linkers,13,14 variation of the
inorganic cluster,15,16 crystallite size,17 and presence of missing-
linker defects18−20) greatly affect the material performance,

including chemical storage and catalysis.21−24 Fewer studies,
however, trace in-pore adsorbate chemistries within MOFs, in
part due to the challenge of differentiating between in- and ex-
pore adsorbates with common spectroscopies.
Correlating the influence of differing MOF pore environ-

ments on adsorbate molecular dynamics is essential for
improving MOF design practices and grasping the nature of
adsorbate−adsorbent interactions. To this end, quasi-elastic
neutron scattering (QENS) and molecular dynamics (MD)
simulations have been used in a complementary fashion to
measure and interpret the self-diffusion coefficients of guest
molecules in UiO-66(Zr), which were found to be very small
(10−11 m2 g−1).25,26 In other studies, 129Xe NMR and MD
simulations were successfully employed to determine xenon
dynamics in the UiO family of frameworks with varying cage
sizes.27 Separately, NMR relaxometry measurements have
quantified the relative distributions of adsorbates in nano-
meter-sized MOF pores (in-pore) and micrometer-sized voids
(ex-pore) of various MOFs, illustrating the potential for NMR
methods to differentiate adsorbate environments.28 Establishing
accessible spectroscopic methods (void of complex analysis) to
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probe in-pore species would enable the utilization of NMR for
real-time monitoring of processes involving adsorbed small
molecules. Adsorbed molecules can be distinguished by
interactions taking place in differentiated in-pore MOF
environments. Developing pore-type specific structure−prop-
erty relationships in MOFs with diversified pores will ultimately
lead to more efficient separations and catalysis with MOFs.
Investigations of other porous materials with conjugated π-

electron systems, such as activated carbons29−31 and carbon
nanotubes,32 have shown that in- and ex-pore guest molecules
are identifiable based on distinct chemical shifts that arise from
local magnetic fields generated by ring currents in the host
system.33 In these systems, in-pore adsorbate experiences a
nucleus independent chemical shift (NICS),34 which can be
obtained from DFT calculations as a function of position by
employing the Biot−Savart law.32,35 In many experiments on
adsorbed molecules in porous carbons, similar chemical shift
deviations (Δδ) are observed for different atoms (including 1H
and second period elements such as 31P/19F).36,37 However, in
some cases for heavy atoms, different shift deviations may be
observed due to polarizability.32 In addition to the NICS, local
interactions can have an impact on chemical shift deviations.
Extensive experimental work corroborated by DFT calculations
have demonstrated the impact of weak local interactions (i.e.,
hydrogen bonding) on the proton chemical shift.38,39

Furthermore, local interactions have been investigated in the
context of crystal packing effects on a guest molecule, with the
host acting as a “tweezer,” providing a distinct short-range
electronic environment sampled by the guest. In these crystal
packing studies, nuclei other than protons were found to have
chemical shift deviations with many contributing factors,
including long-range NICS effects and local currents arising
from packing.40 The abundance of conjugated aromatic rings in
MOF linkers motivated us to explore the suitability of NICS
quantification in MOFs as a means to study molecular
adsorption. In fact, previous NMR studies41 of alkanes in

UiO-67 demonstrate a negative chemical shift of in-pore
adsorbed light alkanes relative to the free gases, which could be
explained by NICSs.42−45

The present work examines the adsorption of small molecule
adsorbates in UiO-66(Zr) with NMR spectroscopy and is
informed by DFT calculations. In- and ex-pore chemical
shift(s) are differentiated by increasing the adsorbate loading
past saturation, where the ex-pore environment is easily
identifiable. The nature of the adsorbate is varied to probe
consistency of ring current effects on the adsorbate chemical
shifts. We present DFT calculations that inform possible
reasons for the differences in chemical shifts between the in-
and ex-pore adsorbate molecules. Adsorbate molecules that do
not interact chemically with the adsorbent present NICS
changes, whereas adsorbates with adsorbent-specific intermo-
lecular interactions (e.g., oxygen-assisted hydrogen bonding)
have chemical shift deviations in different directions for
different nuclei. We conclude that NICS due to organic linker
ring currents dominate the observed chemical shifts for
adsorbates when there are no chemically specific adsorbent−
adsorbate interactions. Our work enables determination of the
preferred adsorption sites in UiO-66(Zr) and should be
applicable to other MOFs.

■ EXPERIMENTAL AND THEORETICAL METHODS

Synthesis. UiO-66(Zr) was synthesized following a
previously reported procedure for UiO-66(Hf), with ZrCl4 in
place of HfCl4.

46 In this bulk synthesis procedure, 0.35 g (1.5
mmol) of ZrCl4 (Sigma, 99+%) and 0.25 g (1.5 mmol) of 1,4-
benzenedicarboxylic acid (H2BDC) (Sigma, 98%) were
dissolved in 20 mL of DMF (Fisher Scientific, 99+%) in a
Schott bottle (100 mL volume). Ten milliliters of formic acid
(Sigma, 95%) was added as a modulator (after dissolution of
the reactants) to increase both crystallinity and yield.47 An
airtight Schott bottle cap was found to be important for a
successful solvothermal synthesis. The bottle was sealed and
heated to 393 K for 24 h. UiO-66(Zr) was then recovered via
vacuum filtration.

Activation. Newly synthesized UiO-66(Zr) was activated as
reported previously.14,48 The material was washed with DMF
three times to rid any residual reactant. After undergoing four
solvent exchanges with methanol to remove DMF, the UiO-
66(Zr) material was filtered, dried, and evacuated under
vacuum at 378 K for 12 h.

Characterization. Powder X-ray diffraction (PXRD) data
was obtained with a Bruker D8 Discover GADDS Powder X-
ray diffractometer with Cu Kα radiation (λ = 1.540 Å). A step
size of 2θ = 0.01° was used over a 2θ range from 2.5 to 50° (see
Figure S1 in the Supporting Information). The synthesized,
activated material was determined to be UiO-66(Zr) by
comparison to previously reported diffractograms.49−52

Gas adsorption isotherms of nitrogen (Praxair, 99.999%)
adsorption at 77 K were obtained on a Micrometrics Gemini
VII 2390 surface area and pore volume analyzer (see Figure S2
in the Supporting Information). The Brunauer−Emmett−
Teller (BET) surface area in the relative pressure range of

< <0.05 0.3P
P0

was determined to be 1280 ± 20 m2 g−1,

which is consistent with previous reports of modulated
syntheses of UiO-66(Zr).52,53 The pore surface area and
volume as obtained from the t-plot using the Harkins and Jura
equation54 were 1180 ± 20 m2g −1 and 0.60 ± 0.05 cm3 g−1

respectively (see Figure S3 in the Supporting Information).

Figure 1. Unit cell (black outline) of UiO-66(Zr) consisting of the
metal-oxyhydroxy cluster and terephthalate linkers.16 Zirconium
(blue), oxygen (red), carbon (gray), and hydrogen (white) constitute
the full structure. Green and orange spheres represent the tetrahedral
and octahedral pores, respectively.
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The sizes of the UiO-66(Zr) crystallites and aggregates were
approximated using field-emission scanning electron micros-
copy (Hitachi S-5000 FE-SEM) (see Figure S4 in the
Supporting Information). All UiO-66(Zr) particles were
mounted to SEM stubs using carbon tape and sputter coated
with Au/Pd prior to imaging. A beam voltage of 10 kV was used
for all images.
Sample Preparation in NMR Rotors. UiO-66(Zr) was

packed into 3.2 mm outer diameter zirconia MAS rotors.
Rotors were weighed prior to and after packing to determine
the mass of the packed UiO-66(Zr). A microsyringe was used
to add adsorbates (acetone (Sigma, 99%), methanol (Sigma,
99.5%), and cyclohexane (Sigma, 100%)) to the rotor, after
which the rotor was capped and weighed again to determine
the adsorbate mass. After adsorbate dosing, the rotor was
heated to 323 K for 20 min to equilibrate and weighed again to
ensure adsorbate containment within the rotor. Rotors were
found to be liquid-tight, with no sample loss after the
equilibration period. Samples were also weighed after the
completion of experiments and determined to be liquid-tight
over the timespan of the experiments performed. For control
experiments without UiO-66(Zr), a rotor was filled with
nonporous KBr and saturated with the neat adsorbate. This
method was used to limit the amount of liquid in the rotor and
thus ensure rotor stability.
NMR Experiments. All nuclear magnetic resonance

(NMR) experiments were performed on a Bruker Avance
spectrometer at a magnetic field strength of 16.4 T,
corresponding to 1H and 13C Larmor frequencies of 700.13
and 176.04 MHz, respectively, with a Bruker narrow bore H/
C/N magic angle spinning (MAS) probe. Experiments studying
small molecule adsorption in UiO-66(Zr) were performed at a
spinning rate of 5 kHz. Control experiments on neat adsorbates
were performed at a 4 kHz spinning rate. Efforts were made to
shim as best as possible on neat solvent samples, though some
line shape imperfections remained at low intensity. 1H
adsorption experiments were performed using a spin echo
(90°−τ−180°−τ−acquire) pulse sequence to eliminate the
background signal from the NMR probe.55 A radio frequency
(RF) field strength (B1) of 47 kHz and spin echo delay of τ =
200 μs were used in all 1H NMR experiments, which were
found to be quantitative with a recycle delay of 12 s. 1H two-
dimensional (2D) homonuclear exchange spectroscopy experi-
ments56 were performed on samples with adsorbate loadings
where additional peaks (relative to the neat adsorbate)
emerged. Mixing times ranging from 0.001 to 1 s were used.
A brief recycle delay of 1 s was used in all 2D spectra to reduce
the time necessary to collect the 200 t1 increments. 13C
adsorption experiments were performed using a one-pulse
(90°-acquire) pulse sequence with continuous wave (CW)
proton decoupling to eliminate J-couplings.55 A RF field
strength of 31 kHz and recycle delay of 4 s were used in all 13C
spectra; the shortened recycle delay did not allow for
quantitative analysis of the spectra. All proton and carbon
chemical shifts were referenced externally to the proton peak
and tertiary carbon peak of adamantane at 1.8 and 38.5 ppm
(on the TMS scale) respectively57 and conducted at room
temperature (∼298 K).
Kohn−Sham Density Functional Theory (DFT) Calcu-

lations. Gaussian09 software was used to perform NMR
chemical shift calculations.58 Structural data for UiO-66(Zr)
were taken from literature single-crystal X-ray diffraction
(SCXRD) studies.51 Zr6O4(OH)4 clusters were removed from

initial NMR calculations since they are assumed not to
contribute significantly to the nucleus independent chemical
shift (NICS). Removal of these clusters decreased computa-
tional time and the size of the basis sets necessary for
calculations with zirconium. NMR calculations were performed
at the B3LYP level of theory, with a 6-31G(d) basis set, using
the gauge independent atomic orbital (GIAO) method to
calculate NMR shielding tensors.59 “Banquo atoms,” which are
fictitious atoms with no electrons or nuclear charge, were
employed as probe nuclei for the local magnetic field35 as a
function of position inside the tetrahedral and octahedral pore
environments of UiO-66(Zr). The diagonalized chemical
shielding tensor
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was obtained for all linker and Banquo atoms. It is important to
note that the chemical shielding tensor is not expressed in
units of chemical shift, but the isotropic nucleus
independent chemical shift (referred to as NICS) for each
B a n q u o a t o m w a s c a l c u l a t e d a s f o l l o w s :
δ σ σ= − −(Tr( ) Tr( ))NICS

iso 1
3 shielding ref . The trace (Tr) of the

tensors is the sum of the diagonal components and σref is the
diagonalized chemical shielding tensor of the reference
atom. In this model, Tr(σ re f) = 0 ppm.59 Thus,
δ σ= − (Tr( ))NICS

iso 1
3 shielding for our calculations and reported

values. Coordination of methanol and acetone to the metal-
oxyhydroxy clusters of UiO-66(Zr) was modeled using a single
metal-oxyhydroxy cluster where formate groups were sub-
stituted for terephthalate linkers to maintain charge balance.
The geometry of the cluster (in the presence of the guest
molecule) was optimized at the B3LYP level of theory with the
basis set DGDZVP, which is large enough to accurately
describe zirconium-containing molecules.60 The gauge inde-
pendent atomic orbital (GIAO) method was used to calculate
NMR shielding tensors for all atoms. Geometry optimizations
and NMR shielding tensor calculations were performed for neat
acetone and methanol in the absence of the metal-oxyhydroxy
cluster. The difference in the isotropic chemical shifts

( δ σ σΔ = − −(Tr( ) Tr( ))coordination
1
3 adsorbed free presents an ap-

proximation of the influence of coordination on the observed
chemical shifts of the adsorbed guest molecules. Competing
effects of NICS and coordination are discussed in the sections
below.

■ RESULTS AND DISCUSSION
1H and 13C MAS NMR spectra for cyclohexane adsorbed into
UiO-66(Zr) for a range of cyclohexane loadings are shown in
Figure 2. For 1H NMR spectra at low cyclohexane loadings (6%
mass ratio), two peaks emerged, both at lower frequencies with
respect to the peak of neat cyclohexane. At higher loadings (11
and 44%), a third peak emerged with a chemical shift identical
to that of neat cyclohexane, indicating saturation of the MOF
pores and filling of the void space between crystallites. Thus,
the two peaks at emerging at 6% loading were assigned to “in-
pore” cyclohexane, while the third emerging peak at 11% and
44% was assigned to “ex-pore” cyclohexane, with “in-pore” and
“ex-pore” referring to the local environment of existing inside
and outside of UiO-66(Zr) crystallites (see Table S1 in the
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Supporting Information). Ex-pore adsorbate is assumed to
occupy void space between the UiO-66(Zr) crystallites. We
define the general formula specifying chemical shift deviation
between in-pore and neat adsorbate as Δδ = δin‑pore − δneat,
which gives values of −0.2 and −2.7 ppm here (corresponding
to the two peaks in the 6% loading). Potential origins of the
distinct in-pore environments are discussed below.

13C experiments at both low and high loadings comple-
mented 1H experiments. At low loadings, two peaks emerged,
both at lower frequencies relative to the peak of neat
cyclohexane. At higher loadings, a third peak emerged, with a
chemical shift equal to that of neat cyclohexane (see Table S1
in the Supporting Information). Both 1H and 13C resonances
shifted in the same direction. The Δ δ values were −0.4 and
−2.1 ppm for 13C NMR. 2D 1H exchange spectroscopy
experiments were performed for samples containing both in-
and ex-pore resonances, though exchange between these
environments could not be detected here due to the low
intensity of the in-pore resonances.
Figure 3 shows comparable NMR results for acetone

adsorbed into UiO-66(Zr). At low loadings (7.5 and 16%
mass ratio), the broad peak associated with 1H methyl protons
resonated at lower frequencies compared to neat acetone. A
second peak emerged at higher loadings (21, 40, and 63% mass
ratio) at the same chemical shift of the methyl protons of the
neat adsorbate (see Table S2 in the Supporting Information).
Thus, the two peaks at low and high frequency were assigned to
in- and ex-pore acetone, respectively. The proton Δδ for
acetone takes a value of −0.5 ppm.
The 13C carbonyl chemical shifts at low loadings (7.5 and

16% mass ratio) appeared at higher frequencies compared to
the neat acetone carbonyl chemical shift (Figure 3). Similar to
the 1H experiments, a secondary carbonyl resonance emerged
at higher loadings (21, 40, and 63% mass ratio), supporting the
inference of pore saturation. The 13C chemical shift of the
second peak (at lower frequencies relative to the initial peak
present at low loadings) matched the carbonyl chemical shift of
the neat acetone (see Table S1 in the Supporting Information).
The carbonyl peak presented a Δδ value of 2.5 ppm. Despite

the 1H methyl NMR chemical shifts being sensitive to in- and
ex-pore adsorbate, 13C methyl chemical shifts were not
significantly perturbed across multiple loadings, and thus
distinct in- and ex-pore 13C methyl resonances could not be
identified. Contrary to cyclohexane, for which the 1H and 13C
Δδ values have the same sign, acetone has 1H and 13C Δδ
values of opposite sign. Furthermore, the lack of a change of
chemical shift for the 13C methyl group is possibly due to
competing Δδ mechanisms, which are discussed below.
Qualitative inspection of peak line widths in Figure 3

suggests exchange between chemical environments. Thus, 2D
1H homonuclear exchange spectroscopy experiments were
performed to determine whether exchange occurred between
the two resolved chemical environments assigned as in-pore
and ex-pore acetone, and the time scale of said exchange. Cross-
peak intensities at various mixing times (0.001, 0.1, and 0.5 s)
demonstrate a chemical exchange time constant between the
two environments on the order of hundreds of milliseconds
(Figure 4).
The self-diffusion coefficient of neat acetone is reported to be

4.8 × 10−9 m2s−1.61 In mesoporous materials such as silica, the
self-diffusion coefficient of acetone has been demonstrated to
be smaller in magnitude than the neat adsorbate self-diffusion
coefficient, having a value of ∼10−10 m2s−1.62 We surmise that
this value may be reduced further in UiO-66(Zr) due to MOF-
adsorbate interactions. The Einstein relation of the self-
diffusion coefficient to root mean squared displacement
(RMSD) of the molecule63 was employed to qualitatively
approximate the length scale associated with the observed
chemical exchange process (t ∼ 100 ms).

Figure 2. 1H and 13C NMR (16.4 T) spectra of cyclohexane subject to
UiO-66(Zr) as a function of loading. The mass ratio is the (mass of
cyclohexane used/mass of UiO-66(Zr) material). Amplifications of
spectra are noted directly on the figure.

Figure 3. 1H and 13C NMR (16.4 T) spectra of acetone subject to
UiO-66(Zr) as a function of loading. The mass ratio is the (mass of
acetone used/mass of UiO-66(Zr) material).
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This estimated length scale of the observed exchange was
compared to the sizes of the crystals (∼nm) and particle
conglomerates (∼μm) determined via field-emission scanning
electron microscopy (FE-SEM) (see Figure S4 in the
Supporting Information). The size of particle conglomerates
was on the order of micrometers, qualitatively supporting the
rationale that acetone could diffuse between the in- and ex-pore
environments on the time scale of the exchange experiments.

Finally, the MAS NMR spectra of methanol adsorbed into
UiO-66(Zr) were recorded to understand if the mechanism
influencing the Δδ was consistent across various small
molecules. Figure 5 demonstrates the 1H and 13C NMR

spectra of methanol as a function of loading. At low loadings
(22% mass ratio), the 1H spectra exhibit only one prominent
peak that is located at lower frequencies than the methyl proton
resonance of neat methanol. This peak is assigned to in-pore
methanol, and Δδ = −0.5 ppm (see Table S3 in the Supporting
Information). Upon further inspection, a significantly broad-
ened peak is present around 4.5 ppm (see Figure S5 in the
Supporting Information), which was assigned to the hydroxyl
proton resonance of the in-pore adsorbate (Δδ = −0.3 ppm).
We note that the aromatic protons of the MOF appear at ∼7−8
ppm, and thus are not visible in the spectra presented in Figure
5.64 At higher loadings (41, 66, and 90% mass ratio), two
proton peaks (with chemical shifts similar to the hydroxyl and
methyl groups of neat methanol) emerge and are assigned as
ex-pore adsorbate (see Table S3 in the Supporting
Information). Due to the broad nature of the ex-pore hydroxyl
peak visible at higher loadings, the broadened in-pore hydroxyl
resonance from the 22% mass ratio loading could no longer be
clearly observed. 2D 1H homonuclear exchange spectroscopy
experiments tracking the methyl peak resonance were also
performed at various mixing times (see Figure S6 in the
Supporting Information), which revealed exchange between the
in- and ex-pore methyl environments at a rate similar to
acetone. Methanol in the fast limit of chemical exchange is also
observed in spectra containing in- and ex-pore resonances.

Figure 4. 2D homonuclear exchange spectroscopy experiments as a
function of mixing time (0.001, 0.1, and 0.5 s). 40% acetone loading
presented. First cross-peaks arise at ∼0.1 s.

Figure 5. 1H and 13C NMR (16.4 T) spectra of methanol subject to
UiO-66(Zr) as a function of loading. The mass ratio is the (mass of
methanol used/mass of UiO-66(Zr) material).
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13C experiments at low loadings complemented 1H experi-
ments and also revealed in- and ex-pore resonances. In contrast
to the 1H spectral assignments, the peak at the higher frequency
was determined to correspond to in-pore methanol, while the
peak at the lower frequency corresponded to ex-pore methanol
(see Table S3 in the Supporting Information). Similar to the
Δδ values for 1H and 13C of acetone, the Δδ values for 1H and
13C of methanol had opposite signs. The origin of the observed
changes of chemical shift are discussed below.
In summary, our NMR measurements have shown that

different chemical shift changes are possible upon adsorption in
UiO-66(Zr), with the observed shifts depending on the choice
of adsorbate molecule as well as the studied nucleus. To
account for these observations, three chemical shift deviation
(Δδ) mechanisms were considered: (i) ring-current shifts
arising from the aromatic linkers in the framework, (ii)
chemical shift changes due to coordination with Zr−OH
moieties in the metal-oxyhydroxy cluster, and (iii) the effects of
altering the self-solvation environment of the adsorbate.

We explored possible ring-current shifts by calculating
nucleus independent chemical shifts (NICSs) for the
tetrahedral and octahedral pores of UiO-66(Zr) (see the
Supporting Information for Gaussian input files). The NICS
gives a measure of the deviation in chemical shift that is
anticipated upon adsorption due to sampling the local
environment of MOF-linker ring-currents. The metal-oxy-
hydroxy cluster was removed for these calculations due to its
presumed negligible contribution to the conjugated system.
Heat maps of the NICS as a function of position inside of the
tetrahedral and octahedral pores are shown in Figure 6.
NICS calculations for the tetrahedral and octahedral pores

were found to have Δδ of opposite signs, with the NICSs in the
tetrahedral pore having predominantly negative value, and the
NICSs in the octahedral pore having a predominantly positive
value (Figure 6). This phenomenon (negative NICS above the
plane of the conjugated system and positive NICS in the plane
of the conjugated system) has been reported previously for
simple conjugated systems.34 Since DFT calculations are

Figure 6. Nucleus independent chemical shifts (NICSs) as a function of position inside of the (a) tetrahedral (diameter = 8 Å) and (b) octahedral
(diameter = 11 Å) pores of UiO-66(Zr).11 The X, Y, and Z coordinates are arbitrary axes that define the coordinates of the pore.
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performed at 0 K, these calculations assume that the linkers are
immobile (terephthalate ring faces face into the tetrahedral
pores, and sides face into the octahedral pores), and thus form
an idealized system. Previous studies have demonstrated the
mobility of the linkers at room temperature, which would
reduce the magnitudes of the average NICS values in each pore
relative to those calculated at 0 K.65 Average NICS values do
not account for the different regions of space that would be
occupied by different nuclei. Further work would necessitate
the assistance of MD and grand canonical Monte Carlo
simulations, which may aid determination of portions of the
pore accessible to certain atoms. Previous work on porous
carbon materials has demonstrated the ability of MD
simulations to parametrize regions of space accessible by
various atoms of adsorbate molecules.66

NMR spectra for UiO-66(Zr) dosed with cyclohexane
demonstrated two distinct in-pore resonances, both of which
are shifted to lower frequencies relative to ex-pore resonances
for both 1H and 13C NMR measurements (Figure 2). The
similar shift changes for 1H and 13C appear consistent with
NICS effects associated with ring currents. Both observed
resonances are shifted to lower frequencies relative to ex-pore
cyclohexane, suggesting that cyclohexane may favorably adsorb
in the tetrahedral pores, based on NICS calculations (Figure 6),
since cyclohexane cannot coordinate to the metal-oxyhydroxy
clusters. This is in agreement with previous Monte Carlo
simulations of cyclohexane in UiO-66(Zr).12 In practice, we
anticipate that cyclohexane undergoes dynamic exchange
between the different positions within the octahedral and
tetrahedral pores, and also exchange between these pores, so
averaging of the chemical shift is expected. The average value of
the calculated NICS was −2.8 ppm in the tetrahedral pore and
2.1 ppm in the octahedral pore. In one unit-cell of UiO-66(Zr),
1/3 of the volume arises from tetrahedral cage voids, and 2/3
from octahedral cage voids. Thus, if accounting for volume-

w e i g h t e d t w o - s i t e e x c h a n g e : δ = × −( 2.8NICS
iso 1

3

ppm + ×) (2.12
3

ppm) ≈ 0.5 ppm. This further supports

preferential tetrahedral pore adsorption, since all of the
observed shift deviations for both 1H and 13C are negative for
cyclohexane. It is not, however, immediately apparent why two
distinct in-pore resonances should be observed for cyclohexane,
as seen in both 1H and 13C spectra. One possible explanation is
cyclohexane confined in two different conformations (boat and
chair) that interconvert slowly and can thus be resolved, which
results in two distinct chemical shifts. This, however, is unlikely,
due to the uneven populations (and vastly different chemical

shifts) of the two in-pore resonances (Figure 2). Furthermore,
interconversion between boat and chair structures is likely to be
in fast exchange on the NMR time scale at room temperature,67

and thus isolated populations should not be observable.
Another possible explanation is that these resonances arise
from intracrystalline heterogeneity in the UiO-66(Zr) structure.
Indeed, the synthesized UiO-66(Zr) material was measured to
contain some defects, based on BET surface area character-
ization measurements (see Figure S2 in the Supporting
Information). The use of modulators (including formic acid)
has been demonstrated to introduce missing linker de-
fects,8,20,47,52,68−70 and previous studies have hypothesized
these defects to be contained in correlated regions of the
MOF.46 We posit that the smaller NICS (−0.2 ppm for 1H and
−0.4 ppm for 13C) may correspond to a defective region (fewer
terephthalate linkers result in fewer ring currents to contribute
to a negative NICS), whereas the larger NICS (−2.7 ppm for
1H and −2.1 ppm for 13C) may correspond to a region with
more terephthalate linkers (fewer defects). Further inves-
tigation is, however, needed to confirm this hypothesis,
including NMR measurements as a function of defect
concentration.
In contrast to the NMR spectra for cyclohexane, the acetone

and methanol NMR spectra show 1H and 13C Δδ values of
opposite signs, rejecting the hypothesis of the NICS being the
dominant mechanism of chemical shift deviation for these
molecules. We considered that the Zr−OH in the metal-
oxyhydroxy cluster (present for UiO-66(Zr) activated at
temperatures below 573 K) (Figure 7a) may provide a
coordination site for acetone and methanol, which could
influence the Δδ value.49 Proposed modes of adsorption of
acetone (Figure 7b) and methanol (Figure 7c) are illustrated
above, with hydrogen bonding interactions between the probe
molecule and the Zr−OH group in each case.
Previous experimental and theoretical investigations of

zeolites imbibed with acetone have successfully characterized
the acidity (Lewis and Bronsted) of zeolites using 13C chemical
shift of acetone as a probe (since acetone coordinates to the
−OH groups of the zeolite framework).71−74 NMR spectros-
copy of adsorbed acetone has unveiled structure−activity
relationships of solid-acid catalysts.74,75 Furthermore, computa-
tional and experimental studies have demonstrated that defects
affect the acidity of UiO-66(Zr) materials.76,77 Thus, we
hypothesized that acetone and methanol could coordinate to
the Zr−OH groups of the metal-oxyhydroxy clusters.
We calculated chemical shift deviations for small molecule

coordination on model structures where the metal-oxyhydroxy

Figure 7. (a) Metal-oxyhydroxy cluster of UiO-66(Zr) composed of zirconium (blue), oxygen (red), and hydrogen (white). When activated at
temperatures lower than 573 K, the metal-oxyhydroxy cluster contains Zr−OH moieties which can promote small molecule coordination. (b)
Modeled coordination mode of acetone to formate-terminated metal-oxyhydroxy cluster. Dashed lines denote interatomic distances ≤ 2.5 Å. (c)
Modeled coordination mode of methanol to formate-terminated metal-oxyhydroxy cluster. Dashed lines denote interatomic distances ≤ 2.5 Å.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b12628
J. Phys. Chem. C XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b12628/suppl_file/jp7b12628_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b12628/suppl_file/jp7b12628_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b12628


cluster was terminated with formate groups. The difference in
the chemical shifts between the coordinated acetone/methanol
and neat acetone/methanol were attributed to the coordination
of the guest molecule to the metal-oxyhydroxy cluster as
determined by DFT. Tables 1 and 2 demonstrate the Δδ values

as calculated by DFT and measured by experiment for both 1H
and 13C for both acetone and methanol. For acetone
coordination to the metal oxide cluster, the raw complexation
energy was found to be −7.28 kcal mol−1, as opposed to the
−5.50 kcal mol−1 corrected complexation energy (accounting
for basis set superposition error (BSSE)). For methanol
coordination to the metal oxide cluster, the raw complexation
energy was found to be −8.43 kcal mol−1, as opposed to the
−6.43 kcal mol−1 corrected complexation energy. Since BSSE
mandates a 25% correction in the adsorption energies, we note
that Tables 1 and 2 should be evaluated qualitatively.
Qualitatively, the positive Δδ value of the carbonyl 13C

resonance is in agreement with coordination of acetone to the
metal-oxyhydroxy cluster. However, since DFT calculations are
performed at 0 K with a static structural model, chemical shift
deviations due to coordination are expected to be exaggerated
by the calculations.59 It is important to note that the presented
DFT calculations are performed on a single adsorbate molecule,
as opposed to a cluster of self-solvating adsorbate molecules
inside of a cage (which is likely to be present experimentally).
Experiments were carried out to quantify effect of removing the
interactions provided by self-solvation (present in solution)
that isolated molecules do not experience (see Figure S7 and
Table S4 in the Supporting Information). This self-solvation
was found to be an important factor in chemical shift
deviations, and must be accounted for when comparing the
chemical shift of an isolated molecule to that of the bulk
solution. Removal of self-solvation effects (as would be
experienced by dilute adsorbate in cyclohexane) have Δδ(1H)
values on the order of magnitude of the observed chemical shift
deviations. However, due to the sizes of the MOF pores
(tetrahedral diameter = 8 Å and octahedral diameter = 11 Å)
and corresponding adsorbate kinetic diameters (4.6 Å for
acetone and 3.6 Å for methanol),78,79 full removal of self-
solvation is unlikely. Further study must be carried out with
MD or grand canonical Monte Carlo simulations to determine
the extent of self-solvation removal inside of the pore
environment. Previous computational studies have found that

the effect of self-solvation on the calculated NICSs scale as χ1
3 m,

where χm is the magnetic susceptibility of the studied
molecule.80 Furthermore, computational studies using acetone
and methanol in nanoporous materials (graphene slit pores)
have demonstrated the ordering of solvent for polar molecule

solvation shell stabilization, which reduces effective suscepti-
bility to 5−10% of the bulk liquid contributions.81

The chemical shift deviation (Δδ) of the methyl protons in
acetone measured by experiment are the opposite sign to the
methyl proton Δδ associated with Zr−OH coordination as
calculated by DFT. This rejects the hypothesis that the negative
Δδ of the methyl protons were caused solely by coordination.
Thus, we hypothesize that there are three competing
components to the variation of the in-pore chemical shift
from the ex-pore chemical shift: Δδ = Δδcoordination +
Δδself‑solvation + δNICS

iso . We infer that the dominant effect in
acetone is coordination (though further efforts must
deconvolute coordination from self-solvation), while the
dominant effect in cyclohexane is the NICS.
DFT calculations on coordinated methanol were less

conclusive. The calculated chemical shift changes appear
much smaller than the observed experimental ones, and the
value calculated for the hydroxyl group has the opposite sign to
the experimental value. Altering of self-solvation may be
partially responsible for this, due to the strong hydrogen
bonding nature of methanol. As previously discussed, hydrogen
bonding has been shown to be an important factor in chemical
shift deviations, with the chemical shift varying as a function of
hydrogen bond distance.82−85 The modes of binding for
methanol, a comparatively higher boiling point substance, are
more complex than the modes for acetone and are a topic of
further investigation to determine the dominant mechanism for
chemical shift deviations for in-pore methanol. Current DFT
calculations have simplified a periodic system into small clusters
and future work will be performed with periodic calculations to
reflect the nature of the experimental system with greater
accuracy.

■ CONCLUSIONS
NMR spectroscopy has been used to probe the adsorption
environments of guest molecules inside the MOF UiO-66(Zr).
DFT calculations can inform the adsorption mechanisms
present in the confined environments. We conclude the
following:
(1) In- and ex-pore adsorbate resonances can be identified in

UiO-66(Zr) by resolved peaks with different chemical shifts in
both 1H and 13C NMR spectra for the guest molecule. Distinct
in-pore resonances could be observed for cyclohexane, acetone,
and methanol. Depending on the molecule and the studied
nucleus, the chemical shift deviations upon adsorption (Δδ)
have different magnitude and signs.
(2) Three possible mechanisms for the different (Δδ) values

have been identified and explored by DFT calculations and
experiments. First, ring-current effects associated with aromatic
linkers can give rise to nucleus-independent chemical shifts.
Second, some small molecules can bind with the Zr−OH
groups on the metal-oxyhydroxy cluster, leading to chemical
shift deviations upon coordination. Third, altering the solvating
environment of adsorbate molecules that may hydrogen bond
(self-solvation) can impact the chemical shift deviations.
(3) For UiO-66(Zr) loaded with cyclohexane, two in-pore

resonances are observed in both 1H and 13C NMR, with similar
Δδ values. This suggests that ring-current effects dominate the
observed shift deviations for cyclohexane. The results suggest
that cyclohexane preferentially adsorbs in the tetrahedral pores.
(4) For UiO-66(Zr) loaded with acetone and methanol, Δδ

values with opposite signs are observed in 1H and 13C NMR
experiments. This suggests that the ring currents of the organic

Table 1. Chemical Shift Deviation (Δδ) of Resonances of
Acetone

method Δδmethyl(13C) Δδcarbonyl(13C) Δδmethyl(1H)

exptl 0 ppm 2.5 ppm −0.5 ppm
DFT 0.6 ppm 9.4 ppm 0.2 ppm

Table 2. Chemical Shift Deviation (Δδ) of Resonances of
Methanol

method Δδmethyl(13C) Δδmethyl(1H) Δδhydroxyl(1H)

exptl 0.6 ppm −0.5 ppm −0.3 ppm
DFT 0.1 ppm −0.1 ppm 1.1 ppm
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linker are not the dominant factor contributing to the in-pore
chemical environment, and that coordination at the Zr−OH
moieties in combination with alteration of self-solvation
significantly perturbs the chemical shifts.
We envision our work being used to advance understanding

of catalytic MOFs as well as MOFs used for chemical capture
and separation. This method can inform catalytic mechanisms
of reactions occurring inside catalytic MOF materials by
providing a method for identifying in-pore reactants and
products. Quantitative 1H NMR spectra can be used to
determine consumption of in-pore reactant in reactions, thus
generating a way to study reaction mechanisms inside of MOFs
on the NMR time scale. Those same spectra can also be used to
determine the saturation point of MOF materials. Analyzing the
spectra of multiple NMR nuclei (in this case 1H and 13C) on
the same guest molecule sheds light on the guest molecule’s
adsorption mechanism inside of the pore environment.
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Yaghi, O. M. Definitive Molecular Level Characterization of Defects in
UiO-66 Crystals. Angew. Chem., Int. Ed. 2015, 54, 11162−11167.
(71) Li, S.; Pourpoint, F.; Treb́osc, J.; Zhou, L.; Lafon, O.; Shen, M.;
Zheng, A.; Wang, Q.; Amoureux, J.-P.; Deng, F. Host-Guest
Interactions in Dealuminated HY Zeolite Probed by 13C-27Al Solid-
State NMR Spectroscopy. J. Phys. Chem. Lett. 2014, 5, 3068−3072.
(72) Barich, D. H.; Nicholas, J. B.; Xu, T.; Haw, J. F. Theoretical and
Experimental Study of the 13C Chemical Shift Tensors of Acetone
Complexed with Brønsted and Lewis Acids Chemical Shift Tensors of
Acetone Complexes. J. Am. Chem. Soc. 1998, 120, 12342−12350.
(73) Fang, H.; Zheng, A.; Chu, Y.; Deng, F. 13C Chemical Shift of
Adsorbed Acetone for Measuring the Acid Strength of Solid Acids: A
Theoretical Calculation Study. J. Phys. Chem. C 2010, 114, 12711−
12718.
(74) Zheng, A.; Li, S.; Liu, S. B.; Deng, F. Acidic Properties and
Structure-Activity Correlations of Solid Acid Catalysts Revealed by
Solid-State NMR Spectroscopy. Acc. Chem. Res. 2016, 49, 655−663.
(75) Haw, J. F.; Nicholas, J. B.; Xu, T.; Beck, L. W.; Ferguson, D. B.
Physical Organic Chemistry of Solid Acids: Lessons from In-Situ NMR
and Theoretical Chemistry. Acc. Chem. Res. 1996, 29, 259−267.
(76) Ling, S.; Slater, B. Dynamic Acidity in Defective UiO-66. Chem.
Sci. 2016, 7, 4706−4712.
(77) Klet, R. C.; Liu, Y.; Wang, T. C.; Hupp, J. T.; Farha, O. K.
Evaluation of Brønsted Acidity and Proton Topology in Zr- and Hf-
Based Metal-Organic Frameworks using Potentiometric Acid-Base
Titration. J. Mater. Chem. A 2016, 4, 1479−1485.
(78) Kajiwara, T.; Higuchi, M.; Yuasa, A.; Higashimura, H.; Kitagawa,
S. One-Dimensional Alignment of Strong Lewis Acid Sites in a Porous
Coordination Polymer. Chem. Commun. 2013, 49, 10459−10461.
(79) Borjigin, T.; Sun, F.; Zhang, J.; Cai, K.; Ren, H.; Zhu, G. A
Microporous Metal-Organic Framework with High Stability for GC
Separation of Alcohols from Water. Chem. Commun. 2012, 48, 7613−
7615.
(80) Drací̆nsky, M.; Bour,̆ P. Computational Analysis of Solvent
Effects in NMR Spectroscopy. J. Chem. Theory Comput. 2010, 6, 288−
299.
(81) Terrones, J.; Kiley, P. J.; Elliott, J. A. Enhanced Ordering
Reduces Electric Susceptibility of Liquids Confined to Graphene Slit
Pores. Sci. Rep. 2016, 6, 26406.
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