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ABSTRACT: The UiO family of metal—organic frameworks
(MOFs) has been extensively studied for several applications
owing to their high stability rendered by their robust secondary
building units. The efficient design and use of these materials
require a fundamental understanding of their thermal stability and
its impact on chemical and structural functionality. Herein, we
provide a detailed characterization of the intrinsic thermal behavior
of the UiO-67 and functional analogues, UiO-67-NH, and UiO-67-
CHj;. Using in situ temperature-programmed X-ray diffraction, we
find that distortion of the carboxylate group on the organic linker
leads to negative thermal expansion (NTE) of the UiO-67 MOFs
during heating. This NTE behavior is correlated with rich and
reversible thermal changes observed in the MOF infrared spectral
signature as samples are heated to the sample activation
temperature (473 K). We find that in the absence of oxygen, activated UiO-67 samples show higher thermal stability compared
to ambient or inert environments, with temperature-programmed desorption revealing an overall stability trend: UiO-67 > UiO-67-
CH; > UiO-67-NH,. Two stages of change are observed during thermal treatment above 473 K, which are directly related to
deformation of the inorganic node and the isotropic NTE behavior of these materials. Ultimately, these results provide a real-time
interpretation of the fundamental thermoresponsive behavior of UiO-67 MOFs and ofter a foundation for accurate interpretation of
MOF interactions with guest molecules and their temperature dependence.

B INTRODUCTION of the influence of temperature on MOF structural and
functional properties.

In this work, we focus on zirconium-based MOFs as this
class of materials is often acclaimed for their exceptional
chemical,’*™*® mechanical,'” """ and thermal'** stabilities
compared to other subgroups of MOFs.>”® Isostructural UiO-
66 and UiO-67 (UiO = University of Oslo) are representative
examples. In an ideal crystal of UiO MOFs, the inorganic node
consists of a Zrg octahedron supported by coordination of y3-
bridging hydroxyl and oxo groups and 12 bridging carboxylates
from ditopic carboxylate linkers giving rise to a 3D periodic
framework.”** Previous studies on UiO MOFs recognized
that the Zr,0,(OH), node is sensitive to thermal treatment in
which the cluster can reversibly dehydrate by changing the
coordination number of the Zr metal centers."”'>*’ This

Metal—organic frameworks (MOFs) constitute a broad class of
porous, crystalline materials which have shown promise in a
wide variety of applications, including gas storage and
separation,l’2 sensing,*”’4 and catalysis.5 These materials are
hybrid inorganic—organic structures that can be synthesized
from a multitude of metals or metal oxides and organic
building blocks, resulting in a virtually infinite number of
possible structures.”® Unlike other porous materials, like
porous carbons or zeolites, MOFs amenability toward
modular design allows for direct control over chemical and
physical properties and thus offers a high degree of tunability
to achieve desired attributes.”””'? However, MOF functional
properties are heavily influenced by their thermal stabil-

ity.”'""? In this regard, thermal stability is defined as the ability

of the material to resist variations in structural, chemical, and

functional properties in response to temperature changes.' Received:  October 2, 2020 i
Despite many practical applications requiring some a priori Revised:  December 4, 2020

knowledge of MOF thermal stability, there is a lack of Published: December 30, 2020
experimental insight into the intrinsic thermal properties of
these materials other than the thermal decomposition
processes, which warrants the need for a thorough evaluation
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process has been observed experimentally via in situ infrared
(IR) spectroscopy and gravimetric analysis over the temper-
ature range of 523—573 K under inert and ambient
environments, whereby the fully hydrated Zr;O,(OH), node
loses two equivalents of water and transitions to its fully
dehydrated (ZrsO4) form.">”® This structural change is not
reported to compromise the structural integrity of the MOF.
However, extended X-ray absorption fine structure analysis
revealed significant structural distortions of the cluster
resulting from the change in Zr coordination number."
Moreover, in situ analysis of the X-ray pair distribution
function revealed that the Zrg nodes of UiO-66 and NU-1000
compress with increasing temperature, and that these
distortions are linked to perturbations in the MOF local
structure without affecting the long-range crystal structure.”*
These structural distortions are related to phase changes in the
bulk metal-oxide (ZrO,) and may be associated with reversible
changes of the zirconium node during dehydration.'”**

Several reports relate MOF thermo-structural properties
with thermal expansion behavior. In particular, negative
thermal expansion (NTE)—the decrease in volume with
increasing temperature—has been observed in a handful of
MOFs, including MOF-5,° HKUST-1,”° IRMOF variants,”’
ZIFs,”® and UiO materials.””?° This unusual phenomenon is
believed to originate from several low-frequency transverse
vibrational modes of the organic linker and inorganic cluster,
which enables a degree of structural ﬂexibility.12 Recently,
Burtch et al. implemented several design strategies to control
thermal expansion properties in MOFs by investigating the
effect of ligand sterics, metal identity, guest environment, and
thermal history on MOF NTE.”” Their proof-of-concept study
has provided detailed insight into designing MOF materials
with controlled thermal expansion behavior.

Ultimately, only limited experimental studies exist which
directly probe the influence of temperature on the structural
evolution of UiO MOFs without decomposing the material.
Furthermore, these studies have focused primarily on the
inorganic component (metal node) leaving a lack of under-
standing about the role of the organic component on thermal
stability. While it is generally accepted that the decomposition
pathway for UiO materials proceeds via the breakdown of the
ligand, producing benzene and CO, as the gaseous
decomposition products and leaving the bulk metal-oxide
(Zr0O,), it remains unclear whether the evolution of these
volatile species forms primary or secondary decomposition
products.”'**° The decomposition temperature for UiO-66
and UiO-67 have been reported via thermogravimetric analysis
(TGA) within the range of 673—773 K under ambient and
inert environments.'"*""> However, the reported temper-
atures depend heavily on the measurement conditions and this
justifies for the need for a more detailed description of the
thermal processes which occur during MOF degradation.

Understanding the dynamics resulting from heating-induced
effects is critical for comprehending structural changes and
framework stability. Without a complete knowledge of the
intrinsic thermal behavior, the interactions between porous
materials and guest species can be easily misinterpreted.”>** In
this work, we investigate the fundamental thermal behavior of
UiO-67 MOFs using temperature-programmed Fourier-trans-
form infrared spectroscopy (FTIR), mass spectrometry (MS),
and synchrotron powder X-ray diffraction (PXRD) under
controlled vacuum conditions which isolate the material of
interest by eliminating atmospheric contaminants such as

water vapor, carbon dioxide, or nitrogen gas and thus provide
ideal conditions for monitoring thermally induced framework
changes. PXRD measurements reveal significant NTE behavior
of the UiO-67 MOFs, which we find to be associated with
reversible structural changes observed in the IR signature. Our
work provides insights into intrinsic framework behavior that
governs fully reversible heating effects of UiO-67, UiO-67-
NH,, and UiO-67-CH; as samples are heated up to 473 K via
in situ FTIR and synchrotron PXRD. With the goal of
elucidating changes and/or processes that take place as MOFs
are heated above 473 K, temperature-programmed desorption
mass spectrometry (TPD-MS), in situ FTIR, and PXRD are
used to track the evolution of structural changes during the
degradation process.

B EXPERIMENTAL SECTION

The syntheses of UiO-67, UiO-67-NH,, and UiO-67-CH; are based
on the established method reported in detail previously.>> From our
previous work, we estimated the defect concentration for all three
UiO-67 MOFs using elemental microanalysis and found that for
activated UiO-67 samples, the average concentration of missing linker
defects per secondary building unit (SBU) is less than one for UiO-
67, equal to one for UiO-67-NH,, and 1.6 for Ui0-67-CH,.** These
results are in good agreement with the ligand occupancy characterized
by XRD refinement (0.97 for UiO-67 and 0.93 for UiO-67-NH,) (see
Section 2.2 in the Supporting Information for more details).

Temperature-programmed IR and MS experiments were performed
using custom-built ultrahigh vacuum (UHV) instruments described
previously.”® Briefly, a stainless steel UHV chamber was pumped
down using a turbomolecular pump backed by a mechanical pump
providing base pressures of less than 1.0 X 107° Torr after bakeout.
Samples were deposited onto a clean 25 ym thick tungsten (W) grid
(AlfaAesar) braced to a copper sample manipulator. Sample
temperature was monitored by a fast response K-type thermocouple
(Omega) directly spot-welded to the W grid. This design allows for
rapid cooling to cryogenic temperatures (~100 K) and resistive
heating up to 1400 K using direct current from a power supply
(model # SCR 10-80, Electronic Measurements Inc.).

For TPD-MS and FTIR experiments, MOF samples that were
dispersed in dimethylformamide (DMF) were first centrifuged at
14,000 rpm for S min after which the supernatant was removed. The
remaining wet MOF pellet (~2 mg) was pasted onto the W grid as a
disk of 6—8 mm diameter and thickness of about 25—50 um to
provide uniform coverage with an optical density on the order of 1, as
evaluated by FTIR, and introduced into the UHV chamber. The
chamber was baked over a period of 18—24 h, during which the
temperature of the sample and chamber reached a maximum of 373
K. Sample activation was achieved post-bakeout by holding the MOF
samples at 473 K for 1 h.

Custom-written LabVIEW programs, using drivers from commer-
cial components, were used to control the heating process, monitor
temperature and pressure, and track the evolution of mass fragments.
Mass spectra were acquired during heating of the MOFs from 300 to
1273 K at 2 K/s continuously. Decomposition products were verified
using a shielded residual gas analyzer (RGA) quadrupole mass
spectrometer (AccuQuad RGA 300, Stanford Research Systems).
Thermally induced changes were monitored in real time by collecting
in situ IR spectra using an FTIR spectrometer (Tensor 27, Bruker) via
OPUS 7.5 software (Bruker). Spectra were acquired in the
transmission mode in the range of 400—4000 cm™" as an average of
16 scans using a room temperature DLaTGS detector with 4 cm™
resolution (6 mm aperture and 10 kHz scan velocity). The total time
for the completion of a spectrum was ~14 s. Before each experiment,
a 64-scan background spectrum was collected using the bare tungsten
grid as the sample reference.

Temperature-programmed synchrotron PXRD experiments were
performed at Beamline 17-BM at the Advanced Photon Source at the
Argonne National Laboratory (ANL). The beamline uses a VAREX
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4343CT area detector to harvest in situ 2D XRD data in the X-ray
transmission geometry. Sample powder was loaded into a one-end
sealed amorphous silica capillary (O.D. 1.1 mm, LD. 0.9 mm), which
was mounted to a sample stage connected to a turbomolecular pump
that maintained a vacuum status of lower than 1.0 X 107 Torr during
the experiments. Two temperature programs were used on each of the
three MOFs: (1) cycling of temperature between 90 and 480 K and
(2) thermal degradation from room temperature to 900 K. In the
temperature cycling experiment, a sample was first activated at 473 K
(373 K for UiO-67-CHj) to remove physically absorbed species in the
framework before cooling to 90 K, while XRD data were continuously
collected every minute. Then, the sample was heated from 90 to 480
K followed by cooling back to 90 K in a step mode with a 30 K
interval, where XRD data were taken at each interval. In the thermal
degradation experiment, a sample was heated from room temperature
to 900 K at a rate of 60 K/min, while XRD collection was continuous
with a rate of 10 s per XRD image. Temperature control was achieved
either by an Oxford Cryostream 800 Plus instrument in the
temperature cycling experiment or by a hot air blower used in the
degradation experiment. The X-ray wavelength was 0.35364 A. Data
conversion from 2D to 1D was carried out through the GSAS-II
software.”” TOPAS (version 5) was used for Rietveld analysis.

B RESULTS AND DISCUSSION

Initial Characterization. The initial IR spectra of the UiO-
67 MOFs under UHV conditions reveal several narrow and
intense features consistent with previous reports for crystalline
nanoporous materials.'****** The IR spectra of UiO-67 upon
introduction into the UHV chamber (P < 5.0 X 107 Torr)
and following sample activation at 473 K (P < 1.0 x 107®
Torr) are presented in Figure 1. It is evident for UiO-67 that

|AA=0.1

Absorbance (a.u.)

T T T T T
2500 2000 1500 1000 500

Wavenumber (cml1)

T T T
4000 3500 3000

Figure 1. IR spectra of UiO-67 recorded upon introduction to the
UHV chamber (P < 5.0 X 107 Torr) (blue) and following sample
activation at 473 K (P < 1.0 X 107® Torr) (red). All baseline corrected
spectra were recorded at room temperature.

prior to sample activation, a broad band centered at 3440 cm™!

dominates the high wavenumber region of the IR spectrum,
which is assigned to residual physisorbed water and hydrogen
bonded solvent (DMF). Moreover, intense features at 2930,
2856, and 1668 cm™! are consistent with the C—H and C—N
stretchin% of pore-confined DMF, which vanish with activation
at 473 K.'>** Similar IR spectral features are observed for UiO-
67-NH, and UiO-67-CHj, (Figures S1 and S2). Assignment of
vibrational modes is guided by previous literature reports and
can be found in the Supporting Information (Table S1) for all
Ui0-67 MOFs,' %%

The choice of sample activation temperature was guided by
our prior work, which used IR and TGA to evaluate the
activation protocol for UiO-67 and functional analogues, UiO-

912

67-NH, and UiO-67-CH;.*> TGA of the as-synthesized
samples revealed negligible weight loss between 423 and 673
K, indicating that the samples may be stable up to 673 K, while
evaluation of the IR spectral signature revealed no significant
spectral changes after activation at 473 K to suggest
degradation of the framework (Figures 1, S1, and $2).%

All MOFs studied in this work feature a single, narrow
isolated O—H stretch at 3678 cm™ attributed to a symmetric
and equivalent distribution of bridging u;-OH groups around
the zirconium node (Figures 1, S1 and $2).2** This feature
increases in intensity with the removal of physisorbed water
and solvent. Functionalization of the biphenyl dicarboxylate
(BPDC) linker is confirmed for UiO-67-NH, by the presence
of bands at 3485 and 3398 cm™' representative of asymmetric
and symmetric N—H stretching modes, respectively (Figure
S1).*" For UiQ-67-CHs, features at 2982 and 2962 cm™' are
associated with asymmetric and symmetric sp> C—H stretching
modes, respectively, of the methyl substituent (Figure S2).*
Functionalization does not appear to influence the nature of
the isolated O—H stretch (3678 cm™) as the band position
and width are consistent for all UiO-67 MOFs.

Sample purity is confirmed by synchrotron PXRD under
high vacuum conditions (P < 1.0 X 107 Torr) during the
activation process (Figure S11). The activation at 473 K (373
K for UiO-67-CH;) removed almost all adsorbed solvent
molecules in the frameworks revealed by the notable intensity
change of several low 26 angle peaks, for example, 3.3 and 4.8°
(Figure S11). However, a gradual increase of structural
disorder (static atomic displacement) in the sample crystallites
was observed through the disappearance of high 26 angle XRD
features when samples were held at the activation temperature
for an extended period of time, evidenced by an overall
reduction in high angle peak intensity. For this reason, and in
order to retrieve the greatest amount of structural information
from the XRD data, the samples were cooled from the
activation temperature to 300 K as soon as no further changes
in the low 20 angle XRD peaks were observed (~10 min).

Reversible Thermal Effects. A number of unique and
reversible changes appear in the IR spectra upon heating from
100 K to 473 K. The free bridging hydroxyl mode—
v(OH)ge.—initially observed at 3678 cm™ (100 K) for all
UiO-67 MOFs broadens and shifts toward lower wavenumber
with increasing temperature; at 473 K, this feature is observed
at 3670 cm™! (Figure 2). Furthermore, by 473 K, the intensity
of v(OH)g,. increases on the order of 50% for UiO-67, while
the intensity for the functionalized analogues remains virtually
unchanged (Figure 2). After thermal treatment and upon
cooling to 100 K, the v(OH)g,. signal returns to its initial state
and overlaps almost perfectly with the initial spectra measured
prior to heating, indicating fully reversible thermal behavior.
Multiple heating cycles have been carried out for different
sample batches to confirm reproducibility (see Figure S3).

An increase in the v(OH)g,, intensity observed for UiO-67
has been previously reported to result from solvent removal
and subsequent emergence of cornerstone y;-OH groups that
were initially perturbed by solvent-induced hydrogen bond-
ing.”> However, analysis of the IR spectra following activation
(Figure 1) provides no spectroscopic evidence to suggest that
residual DMF or water remains in the interior pore space.
Should this intensity increase in v(OH)g,, result from the
desorption of perturbing solvent molecules during heating,
then we should expect to observe the loss of a hydrogen-
bonded IR signal associated with the solvent. Given that no
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Figure 2. IR spectra highlighting the thermally induced changes of v(OH)g,. for (a) UiO-67, (b) UiO-67-NH,, and (c) UiO-67-CH;, as shown
before heating at 100 K (blue), during heating at 473 K (red), and after heating at 100 K (black, dashed). Note blue and black traces for UiO-67,

UiO-67-NH, and UiO-67-CHj lie directly on top of one another.

such signal is observed suggests that the observed redshift and
increase in v(OH)y,, intensity for UiO-67 are purely thermal
effects.

To completely understand the impact of temperature on the
MOF structure, temperature cycling experiments were carried
out under high vacuum (P < 1.0 X 107° Torr) and monitored
using in situ XRD. The evolution of the UiO-67 unit cell edge
length as the temperature is cycled from 90—480—90 K
(Figure 3) clearly reveals a negative linear relationship between

480 K

s

26.855 —

3&(@

\;,1@\

26.850 —

26.845 —

26.840 —
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Figure 3. Change in the unit cell edge length (A) for UiO-67 as
sample temperature is cycled from (1) 300 to 90 K (blue), (2) 90 to
480 K (magenta), and (3) 480 to 90 K (green), as represented by the
schematic experimental sequence in the inset. The associated error in
a-axis length is smaller than the symbol size.

the axis length and temperature. All three UiO-67 MOFs
exhibit isotropic NTE (Figure S13). For UiO-67, a sharp
decrease is observed around 480 K (Figure 3), which correlates
to an irreversible increase of the Zr atomic displacement
parameter (ADP), signaling an increase of static disorder of the
Zr site (Figure S15). The origin of this irreversible change is
related to the Zr node dehydroxylation discussed in the next
section. Other than this, the linear NTE behavior is mainly
attributed to the change of bond lengths and angles in the
carboxylate group, according to the Rietveld refinement results
(Figures S16 and S17). The C—O bond length and O—C—0O

913

bond angle change from 1.259(5) A and 129(1)° at 90 K to
1.227(6) A and 134(1)° at 480 K, resulting in a compression
of the O—C—O triangle by 0.07 A. It is important to note that
the bond lengths and angles measured by XRD are based on
average atomic site positions obtained from Rietveld refine-
ment. The C—O bond length reported above is in fact the
distance between the average positions of the C and O sites,
the apparent decrease of which upon heating is likely a result of
correlated vibrational motion between C and O, while the
actual C—O bond length is unlikely to decrease. Moreover, the
refinement results also reveal that the dihedral angle of the
phenyl rings in the BPDC ligand varies reversibly with
temperature (Figure S18).

Functionalization on the organic linker impacts the degree of
NTE in the UiO-67 MOFs. Examination of the linear thermal
expansion coefficients (a) during temperature cycling from
90—480—90 K for the three MOFs (Table 1) reveals that UiO-

Table 1. Linear Thermal Expansion Coefficients () of UiO-
67 Series MOFs [107° m/(m*K)] Calculated from Refined
Unit Cell Parameters”

temperature cycling thermal degradation

calculated range calculated range

(K) a (K) a
Ui0-67 90 to 420 —-3.29(1) 570 to 790 —-8.7(1)
UiO-67-NH, 120 to 330 —2.48(7) 580 to 740 -9.5(3)
Ui0-67-CH, 120 to 300 —1.06(7) 580 to 770 -3.13(6)

“See Figures S13 and S25 for details.

67-NH, and UiO-67-CHj; have smaller NTE coefficients than
UiO-67. This may be because the functionalized branches on
the BPDC linkers render the crystal lattice less compressible
during heating to 480 K, an effect also discussed in the study
by Burtch et al,”” However, both functional analogues show
larger lattice contraction than UiO-67 at ~480 K (Figure S13),
which is correlated to the loss of y3-OH groups from the node
and described in detail in the next section. A comparison of the
XRD data measured at 300 K for the three activated MOFs
reveals that both UiO-67-NH, and UiO-67-CHj have a higher
degree of structural disorder than UiO-67, as shown by the
relatively weak high 20 angle peaks of UiO-67-NH, and UiO-
67-CH; compared to UiO-67 (Figures S19—S21). Besides,
UiO-67-NH, and UiO-67-CH; are more susceptible to
increasing structural disorder than UiO-67 upon heating, as
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shown by the weakening or disappearance of high 260 angle
peaks after a cycle of heating and cooling (Figures $19—S21)
because of defect generation in the crystal structures as the
sample temperature approaches 480 K. In any case, the higher
degree of structural disorder of the functional analogues does
not impact the structural integrity of the bulk material.
Analysis of the IR difference spectra in the 1750—1050 cm ™
interval provides insights into thermally induced structural
changes associated with carboxylate (C—O) and benzene ring
stretching, C—H bending, and N—H bending (UiO-67-
NH,).">™ Several IR features in this region are shifted toward
lower wavenumber (redshift) and grow in intensity with
increasing temperature, as shown in Figure 4 for UiO-67.

100K —’ 473K 473K
Clean UiO-67

|AA= 0.04

Absorbance (a.u.)

1700 1600 1500 1400 1300 1200 1100
Wavenumber (cm )

Figure 4. IR difference spectra for UiO-67 in the 1750—1050 cm™
region recorded in situ during heating from 100 K (blue) to 473 K
(red), as indicated by the color legend showing changes in
carboxylate, benzene ring, and C—H bending modes. Difference
spectra were collected using the clean MOF at 100 K as the reference

(black).

Similar profiles for the functionalized analogues are provided in
the Supporting Information (Figures S4 and SS). These
thermally induced spectral changes are most likely related to
the changes in the biphenyl dihedral angle and lattice
contraction evidenced by XRD (Figures S15—S18). However,
it is important to report that these thermally induced
perturbations do not irreversibly change the MOF structure
evidenced by the observation that upon sample cooling to 100
K, all spectral features return to their initial state and that no
new vibrational features appear, indicating that all UiO-67
MOFs are stable with respect to heating in UHV up to 473 K.

For UiO-67, the most notable vibrational signals are
observed at ~1360 and ~1580 cm™' and assigned to the
symmetric and asymmetric C—O stretching modes of the
bidentate Zr-coordinated carboxylate group, respectively
(Figure 4).** Recall, that the largest contributor to the linear
NTE behavior of the three MOFs are the changes in the C—O
bond length and O—C—O bond angle of the carboxylate
groups (Figures S16 and S17). Changes in the IR difference
spectra, specifically of the C—O stretching modes, indicate
significant structural distortions on the carboxylate groups
during heating. Taken together, it follows that thermal
perturbations of the carboxylate moieties on the organic linker
are likely the main contributor to the NTE behavior for the
three MOFs.

The vibrational motions of UiO-67-NH, are uniquely
affected by temperature changes. Specifically, the sharp v(N—
H) bands detected at 3485 and 3398 cm™' (100 K) show

substantial spectral broadening toward higher wavenumber
(blueshift) and an apparent reduction in intensity when heated
to 473 K (Figures S and S6). This thermal response occurs

AA=0.01

Vas(NH)
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— After
Heating
(100 K)

V4(NH)

V(OH)gee

V(CH)
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Figure S. IR spectra of UiO-67-NH, recorded before heating at 100 K
(blue), at 473 K (red), and after heating at 100 K (black),
highlighting temperature-induced changes in MOF features associated
with the bridging free O—H on the Zr node (3678 cm™'), primary
N-H stretching (3486 and 3398 cm™), and linker C—H modes.
Note: blue and black spectra lie almost directly on-top of one another,
indicating that this heating effect is reversible. All spectra are baseline
corrected.

gradually and is not influenced by the heating rate within the
1.0—2.0 K/s range. It is important to report that the v(N—H)
peak area is conserved after heating and that the signal recovers
to its initial state upon cooling back to 100 K, indicating that
no NH, groups are removed during the heating process. The
gradual broadening and reduction in the IR peak height of the
N—H stretching modes (Figures S and S6) correlate with large
atomic displacement of the linker atoms and wider dihedral
angle between the planes of the benzene rings, which causes
greater variation of local environments for the NH, groups that
contributes to the broadening of the IR peaks (Figures S18 and
$28). A similar thermal response is observed for the methyl
C—H stretches (2982 and 2962 cm™) of UiO-67-CHj;
spectral broadening and reduction in intensity by 473 K
(Figure S6). Upon cooling, the v(N—H) and v(C—H) bands of
UiO-67-NH, and UiO-67-CHj;, respectively, sharpen and
return to their initial states, indicating that the thermally
induced response is fully reversible (Figures 5 and S6). It is
worth stating that the changes detected in the IR are not
because of loss of material as no product evolution is observed
from the TPD for temperatures below 473 K, as discussed in
detail later.

Irreversible Thermal Effects. All UiO-67 MOFs undergo
three stages of changes before their final degradation at around
800 K, as revealed by in situ PXRD recorded while samples are
heated from 300 to 900 K (Figures 6, S22—S24). It is
important to note that unlike the IR or TPD experiments,
XRD samples were not activated prior to the thermal
degradation experiments. As a result, the first stage of change
reflects a desolvation process up to 450 K, indicated by the
change of several low 26 angle peaks, for example, the
disappearance of the peak at 3.3° (Figures S22—524). There is
very little peak shifting, showing that the rigidity of the
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Figure 6. Unit cell edge lengths (A) of the UiO-67 MOFs as samples
are heated from 300 to 900 K during the thermal degradation
experiment. Degradation temperatures (K) are marked with arrows.
The associated error in a-axis length (A) is smaller than the symbol
size.

frameworks is not affected by the removal of residual solvent
molecules. Starting from the end of the desolvation stage, the
MOFs display significant lattice contraction from 420 to 550
K, where all XRD peaks shift to higher angles without apparent
change of relative intensities. The lattice contraction at around
480 K in the temperature cycling experiment is in fact part of
the second stage revealed here. From 550 K to the point of
degradation, the lattice contraction continues, reminiscent of
the NTE reported above. UiO-67-CH; has the lowest
contraction rate among the three MOFs, which is consistent
with the observation in the temperature cycling experiments
(Table 1).

In addition to the multistage lattice contraction, other
structural changes occurring to UiO-67 in the degradation
process are revealed from the in situ XRD data. The refined site
occupancy of the p;-O (H) site, which is 1 for the starting
material, starts decreasing at 480 K and reaches 0.78(2) at 580
K (Figure S26). Meanwhile, the average bond length between
Zr and p3-O (H) decreases from 2.14(1) to 2.10(1) A (Figure
S26). These results support the dehydroxylation model,
proposed based on computation and X-ray absorption
spectroscopy (XAS) studies of UiO-66 and UiO-67 in which
the Zrs0,(OH), node transforms to a distorted ZrsOg

15,23

node, which in theory would bring the y3-O (H) site
occupancy from 1 to 0.75 and shorten the average Zr to y;-O
(H) distance as the hydroxyls are removed.

Dehydroxylation of the Zr node is the structural reason for
the second stage of the lattice contraction shown in Figure 6.
This process is also accompanied by a drastic increase of the Zr
ADP (Figure S27), indicating that the Zr atoms in the ZrsOq4
node are locally deviated from the Zr site position in the
structure model which assumes an ideal octahedral shape for
the Zrg node. The local distortion of the ZrsOg node is difficult
to model with XRD, which probes the global crystal structure.
In other studies using techniques sensitive to local structures,
such as XAS and with X-ray pair distribution function analysis,
a split of the Zr—Zr edge distance from an ideal octahedron
was evidenced."*”*

Irreversible structural changes induced by heating are also
identified in the MOF IR spectral signature as the sample
temperature is increased beyond the temperature of activation
(>473 K). It should be noted that we define irreversible change
as the loss of material originating from the degradation of the
MOE. For UiO-67, the first and most prominent spectral
change during heating from 300 to 1273 K is the gradual loss
in signal intensity at 3678 cm™' and is recognized as the
removal of the bridging y;-OH groups from the zirconium
clusters, or dehydroxylation (Figure 7a). Additionally, we
observe perturbations of MOF skeletal modes below 800 cm™!
during the dehydroxylation process (Figure 7b). This region is
rich with spectral features associated with a variety of Zr—O
modes coupled with C—H and O—H bending modes."> During
heating, a peak at 770 cm™" grows in intensity while bands at
752, 736, and 702 cm™' disappear. Moreover, the loss of a
feature at 673 cm™' is accompanied by the appearance of two
new bands at 647 and 638 cm™' (Figure 7b). Such substantial
changes in this region suggest a loss of local symmetry at the
node, most likely associated with the structural transition from
the fully hydroxylated, ZrsO,(OH),, to the fully dehydroxy-
lated ZrsO4 node.' %%

The transition to the fully dehydroxylated node has been
reported to increase the strength of carboxylate binding to the
zirconia metal centers for the isoreticular analogues, UiO-66
and UiO-66-NH,, as evidenced by a blueshift and broadening
in carboxylate modes upon thermal treatment.*” However, in
the present study, the removal of hydroxyl groups correlates

(@) AA=0.05 |
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Figure 7. IR spectra recorded during heating from 300 to 1273 K for UiO-67 showing the temperature-dependent spectral changes for (a)
v(OH)ge at 3678 cm™" and (b) MOF skeletal modes between 1750 and 400 cm™". All baseline corrected spectra are presented for increasing

temperature from blue to red, as indicated by the color legend.
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with a redshift and broadening of the broad carboxylate modes
centered at 1409 and 1595 cm™' in the baseline corrected
spectra for UiO-67 (Figure 7b), suggesting a weakening
carboxylate node binding in the absence of O—H groups,
which may be associated with thermally induced changes in the
dihedral angle of the biphenyl linker of UiO-67. Similar
behavior was observed for the coordinated v(COO™) modes of
Ui0-67-NH, and UiO-67-CH; (Figure S7).

The dehydroxylation is also evidenced by the decrease of the
u3-O (H) site occupancy from our XRD refinement results
described above. In fact, the calculated IR spectra reported by
Valenzano et al,'> comparing the IR signature of the
hydroxylated versus dehydroxylated material, describe that
the removal of bridging y;-OH groups results in significant
structural distortions, reflected in a large blueshift (~57 cm™)
in the y5-O stretching frequency (reported at 673 cm™" for the
hydroxylated material), and the disappearance of the (OH)—
Zr—(OH) bending mode (reported at 470 em™)."® Indeed, a
plot of the normalized IR intensity as a function of temperature
reveals that the disappearance of the y5-O stretch (673 cm™)
coincides with the onset of the loss of the free hydroxyls (3678
cm™') and supports the transition to the dehydroxylated
material (Figure S8).

The onset of significant loss of y13-OH groups is recognized
by tracking the normalized absorbance as a function of
temperature, as shown for UiO-67 in Figure 8. Similar IR

Normalized Absorbance (a.u.) - V(OH)ee

Dehydroxylation

T T T T T
500 600 700 800 900

Temperature (K)

T T
300 400
Figure 8. Normalized IR intensity of the u;-OH peak for UiO-67

during heating from 300 K to the point of complete dehydroxylation
(~900 K).

profiles for UiO-67-NH, and UiO-67-CHj are given in Figure
S9. As discussed previously, our IR results indicate that all
UiO-67 MOFs undergo reversible thermal behavior when
heated up to the activation temperature (473 K). From Figure
8, continued heating above 473 K leads to a significant loss of
v(OH)j.o signaling the onset of node dehydroxylation. For
UiO-67, dehydroxylation is initiated at ~500 K, while the
onset for Ui0-67-CH; (450 K) and UiO-67-NH, (430 K)
occurs at lower temperatures (Figure S9). The lower onset
temperature is likely reflective of the higher degree of structural
disorder and higher degree of defect generation during the
heating of the functionalized samples. The trend of decreasing
dehydroxylation onset temperature from the unfunctionalized
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to the functionalized UiO-67 is in agreement with the XRD
results (Figure 6).

TPD-MS provides information on mass loss, thermal
stability, and processes occurring in situ as the UiO-67
MOFs are heated from 300 K to the point of degradation.
As samples are heated under vacuum, desorption will occur
when molecules gain enough energy to overcome the
activation barrier and are removed from the MOF as gaseous
products, which are then analyzed by the quadruple mass
spectrometer. It should be noted that during heating from 300
to 1273 K, we observe no release of material from the TPD
profile for temperatures below 473 K. However, as sample
temperatures exceed 473 K, the evolution of MS signals from
water (m/z = 18, H,0"), CO, (m/z = 44, CO,"), and CO (m/
z =28, CO") is identified, which strongly indicates irreversible
structural change (Figure 9).

At 300 K, all UiO-67 MOFs are fully hydroxylated, evident
by the presence of free bridging hydroxyl groups (3678 cm™)
in the IR spectra (Figures 1, SI and S2). In the TPD profiles,
the evolution of H,O (m/z = 18) is attributed to the loss of
O—H as water, resulting from the dehydroxylation of the Zr
node. It is clear that functionalization of the organic linker
influences the dehydroxylation process. For UiO-67 (Figure
9a) and UiO-67-NH, (Figure 9b), the evolution of H,0 (m/z
= 18) is initiated at ~500 K, while for the methyl-
functionalized material, the onset temperature of dehydrox-
ylation (480 K) is notably lower (Figure 9c). This is likely
related to a higher percentage of defects and thus higher degree
of structural disorder for UiO-67-CH; observed by XRD.
Moreover, while the onset temperature for dehydroxylation is
similar for UiO-67 and UiO-67-NH,, the TPD-MS line-shapes
are notably different, where a broader band distribution and a
high temperature shoulder at 700 K are observed for UiO-67-
NH, (Figure 9b), suggesting that functionalization of the
linker with the polar —NH, group allows for stronger binding
of O—H on the node possibly via inductive effects.

Previous thermogravimetry studies of UiO-type MOFs
report CO, and benzene fragments as the primary decom-
position products arising from the detachment of the linker
from the Zr node. Indeed, as the sample temperature increases
beyond 700 K, a growth in MS signal intensity is observed for
CO," (m/z = 44) and provides evidence for decarboxylation of
the organic linker, likely via cleavage of Zr—OC bonds at the 4
and 4’ position of the dicarboxylic acid linker, followed by
cleavage of aromatic—C bonds to release CO,, as illustrated by
the schematic in Figure 10.

The onset of decarboxylation is first observed for the
functionalized UiO-67 MOFs at ~650 K (Figure 9b,c),
whereas the evolution of the CO," MS signal is not observed
until temperatures approach 875 K for unfunctionalized UiO-
67 (Figure 9a). These results indicate that linker functionaliza-
tion reduces the thermal stability in UiO-67 MOFs. A similar
finding has been reported for the thermolysis of the organic
linker from multivariate UiO-66 MOFs, where TGA—MS
experiments, performed in air, revealed that functionalization
of the benzene—dicarboxylate linker with NH, groups reduces
the onset decomposition temperature from 753 to 573 K.*°
Additionally, the position of substituents on the linker is
reported to play a key role during the degradation of UiO
MOFs."" Upon decarboxylation, substituent groups located
closer to the inorganic node (i.e., ortho to carboxylate groups
of the linker) reportedly satisfy the loss in coordination,
resulting in local distortions in coordination of the node,
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Figure 9. TPD-MS profiles of (a) UiO-67, (b) UiO-67-NH,, and (c) UiO-67-CHj acquired during continuous heating at 2 K/s from 300 to 1273
K tracking mass fragments m/z = 18 (H,0", teal), m/z = 28 (CO", red), m/z = 44 (CO,", blue), and m/z = 76 ((C,H,)**, gray) or 83
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Figure 10. Schematic representation of linker degradation in UiO-67
MOFs, where X represents —H, —NH,, or —CHj groups for UiO-67,
UiO-67-NH,, and UiO-67-CHj, respectively. Degradation proceeds
via (a) cleavage of Zr—OC bonds (blue, dashed) followed by (b)
cleavage of the aromatic-C bonds to release CO,, leaving behind the
residual linker fragment.

ultimately destabilizing the overall framework and significantly
lowering the thermal stability in comparison to the
unfunctionalized MOFs. However, the decomposition temper-
atures of UiO MOFs with substituent meta to carboxylate
groups of the linker were lower compared to unfunctionalized
MOFs but higher than ortho-functionalized MOFs."" This
result supports the observations in our study where the
functionalized UiO-67 samples possessing amine and methyl
substituents, respectively, that are meta to the carboxylate
groups of the linker exhibit only slightly lower decomposition
temperatures compared to unfunctionalized UiO-67. More-
over, the evolution of the CO," MS signals coincides with a
high temperature m/z = 18 signal within the same temperature
range, indicating complete degradation of the BPDC linkers.
Unlike previous reports, we also observe the evolution of
CO* (m/z = 28) during the heating process. The CO," (m/z =
44) and CO* (m/z = 28) fragments for UiO-67 and UiO-67-
CH, produced similar temperature profiles (Figure S10),
indicating that UiO-67 and UiO-67-CHj; share similar CO,
release processes during thermal degradation. Moreover, for
these MOFs, it seems likely that CO, is a major decomposition
product. However, we note that for UiO-67-CHj, the relative
intensity of CO" is much greater than that for UiO-67. From
our previous study, and as described in the Experimental
section, it was determined that all UiO-67 MOFs reported here
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possess missing linker defects; on average less than or equal to
one missing linker for UiO-67 and UiO-67-NH, and 1.6
missing linkers per SBU for UiO-67-CH;.” It is possible that
some contribution of CO in the degradation products for UiO-
67-CHj; could originate from dangling carboxylate groups from
imperfectly coordinated BPDC linkers (e.g., monodentate or
uncoordinated BPDC) or formate capping groups bound to
the Zr node."’

Decarboxylation of UiO-67-NH, is uniquely different from
UiO-67 and UiO-67-CH;. While the temperature profiles of
the CO," and CO™ fragments track each other for UiO-67 and
UiO-67-CH,, they do not for the aminated MOF (inset, Figure
$10), where two CO' MS signals are observed and is
substantially broader than the CO," MS signal. This suggests
that UiO-67-NH, may follow a different CO, release process
compared to UiO-67 and UiO-67-CH;. This hypothesis has
been recently reported by Healy et al,'' after the review of
TGA—-MS data for UiO-67 and UiO-67-NH, acquired during
the thermal degradation process.”” While the mechanism of
CO, release remains unclear for UiO-67-NH,, our results
support previous observations and we anticipate that the
difference between the CO, release processes to be related to
structural defects.

Immediately following linker decarboxylation, we observe
the formation of a doubly ionized linker fragment, that is, with
2 units of positive charge, specifically: m/z = 76 (UiO-67) and
m/z = 83 (Ui0O-67-NH,, UiO-67-CHj,), as illustrated in Figure
10. The associated TPD-MS signals are provided for each
MOF in the inset of Figure 9. The onset of MS signal detection
of the residual linker fragments is observed at lower
temperatures for UiO-67-CH; (850 K) and UiO-67-NH,
(900 K) compared to UiO-67 (925 K). No significant
fragmentation of the linker was observed during heating,
suggesting that the BPDC linker detaches as a complete unit.
This observation is in accordance with the mechanism
reported by Cavka et al.,*® for the decomposition of UiO-66,
where the TGA—-MS signal associated with the benzene
fragment was observed at ~800 K. However, the authors were
unable to clearly identify whether benzene and CO, were
primary or secondary fragments of decomposition, which made
the mechanism of decomposition unclear. We observed that
the evolution of the residual linker fragments (inset, Figure 9)
follows the evolution of CO (m/z = 28) and CO, (m/z = 44),
suggesting that the primary process during framework
decomposition is the weakening of Zr—OC bonds and
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sequential loss of CO, and linker fragments. This is further
supported by the loss of IR signals for the functional groups,
ring and carboxylate modes at similar temperatures.

The observed decomposition temperatures in our studies are
higher than the reported degradation temperatures of UiO
series MOFs, as evaluated using TGA—MS experiments
performed under inert and ambient environments, and suggest
that the environmental conditions may play a significant role in
thermal stability.””***®* For example, the thermal decom-
position temperature for UiO-67 was found to be ~673 K for
TGA—MS experiments conducted in the presence of oxygen
(eg, ambient or under O, flow),’**" while under an inert
nitrogen environment, the thermal stability is increased to
~723 K% Tt appears that MOF stability is increased in the
absence of oxygen and is in good agreement with our current
study, which reports that thermal decomposition temperatures
are greater than 723 K for all UiO-67 MOFs under UHV
conditions. The overall stability trend of UiO-67 MOFs reveals
that functionalization decreases the MOF thermal stability as:
Ui0-67 > UiO-67-CH; > UiO-67-NH,. We emphasize that, in
this study, we report for the first time the thermal
decomposition temperature for UiO-67-CH;. Until now, the
decomposition for only UiO-67-(CH,), has been reported.*
When the MOFs are heated under UHV conditions, the
decomposition products generated in situ are continuously
evacuated, removing any interference from residual ambient
(0,) and/or carrier gases (N,/Ar) which can contribute to the
degradation process. Ultimately, UHV environments may
provide increased thermal stability to monitor thermal
degradation events.

B CONCLUSIONS

We have provided a comprehensive evaluation of the
temperature-dependent structural changes which influence
the thermal stability of UiO-67 and its functional analogues,
UiO-67-NH, and UiO-67-CHj;. For the first time, we have
correlated structural dynamics of the UiO-67 MOFs to rich,
reversible thermal behavior observed though temperature-
programmed IR spectroscopy and identified the distortion of
the carboxylate group as the structural origin of the NTE. The
pendant groups on the functionalized linkers of UiO-67-NH,
and UiO-67-CH; are uniquely affected by temperature,
highlighting the importance of critically evaluating temper-
ature-dependent MOF spectral features. This finding provides
a basis whereby future studies can distinguish temperature
dependent interactions of MOFs with guest molecules from
effects intrinsic to the heating of the MOFs.

Activated UiO-67 materials undergo two stages of
irreversible change, which are intimately tied to Zr node
deformation resulting from loss of OH species and the
isotropic NTE behavior of these UiO-67 MOFs. The initial
and substantial lattice contraction observed by XRD between
420 and 550 K are in excellent agreement with IR and MS
results, signaling the onset of dehydroxylation resulting in
defect generation and subsequent node distortion. As temper-
atures are increased beyond 550 K, the second stage of lattice
contraction is related to the NTE of the dehydroxylated
structure.

We empbhasize that this study reports, for the first time, the
thermal decomposition temperature of UiO-67-CH; Our
studies confirm that in the absence of oxygen and under UHV
conditions, thermal stability of UiO-67 MOFs is increased,
releasing mainly carbon dioxide and water as primary

degradation products. The overall stability trend of UiO-67
MOFs reveals that functionalization decreases the MOF
thermal stability as: UiO-67 > UiO-67-CH; > UiO-67-NH,.
Previous literature reports a wide temperature range (673—723
K) for the thermal decomposition of UiO-67, which indicates
that there is likely an environmental dependence on MOF
thermal stability. However, it remains clear that the thermal
stability of the unfunctionalized material is greater than the
functionalized analogues, arising from the linker thermolysis.
The correlation between IR, MS, and PXRD studies provides a
real-time understanding of the thermal events that occur when
UiO-67 MOFs are heated up to 1273 K. UHV environments
are found to increase the range of thermal stability, allowing for
an in-depth quantitative understanding of the intrinsic
processes that govern the breakdown of these MOFs and
provide guidance for UiO-67 MOF use in diverse applications.
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