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Defect engineering in metal-organic framework compounds has allowed for improvements in catalysis-
based functionalities, gas sensing, and gas storage. Metal-organic framework UiO-66 compounds with
Zr- and Hf-based metal secondary building units were studied with Raman and infrared vibrational
spectroscopy. Missing linker and missing cluster defects were engineered into the crystal structure via
a modulated synthesis technique. Missing cluster defects in Hf-UiO-66 are first characterized by powder
X-ray diffraction (PXRD) whereby two low-angle peaks were fit to extract the relative quantity of reo
topology in four defective samples. A monotonic red-shift of the Raman-active Hf—-O coordination bond
vibration is interpreted as a signature of missing cluster defects, resulting from less-rigid charge-
balancing monocarboxylate formate ions replacing the dicarboxylate linker molecule. This signature is

hypothesized to be independent of the topology in which the defects appear. Missing linker defects in
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vibrational modes confined to the linker molecule. Together, Raman and infrared vibrational

DOI: 10.1038/d2ra03131k spectroscopies coupled with standard characterization techniques are employed to directly probe the
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Introduction

Metal-organic framework compounds (MOFs) are a class of
nanoporous crystals that have been studied for applications in
gas sensing, storage, and separation;' drug delivery;*® and
decontamination of chemical warfare agents (CWAs)’~ among
others. One of the more popular applications is in gas storage
whereby the porous nature of the MOF allows for uptake of
small molecules.* To understand MOF-adsorbate interactions,
spectroscopic techniques such as in situ infrared absorption or
Raman spectroscopy are often employed to relate spectroscopic
changes observed during uptake to bonding of a guest molecule
to the framework.'**> One of the most well-studied MOFs is Zr-
Ui0-66, a 12-connected Zr-based MOF with Zrg(p3-0)4(p3-OH),
secondary building units (SBU) connected by 1,4-benzene
dicarboxylic acid (BDC) ligands known as linker molecules.* Zr-
UiO-66 is typically able to hydrolyze organophosphorus nerve
agents and their simulants only on the surface of the crystal**
where the agent or simulant can access open Zr sites. This
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nature of defects as well as offer new characterization tools for missing cluster defects in UiO-66.

limitation in Zr-UiO-66 is largely due to the small dicarboxylate
linker in combination with the full 12-connected structure of Zr-
UiO-66 that creates small (~8 A) pore apertures* that do not
allow the nerve agents or simulants to penetrate the pores to
reach the catalytically-active Lewis-acidic metal nodes. One way
to overcome this shortcoming is to introduce defects into the
structure, on average creating larger pores and apertures.*>
The relevant defects in UiO-66 are of two types: missing
linker and missing cluster defects.’® As the name suggests,
a missing linker defect is created by the replacement of one or
more dicarboxylate linker molecules per SBU with a charge-
balancing capping agent, the nature of which depends on
conditions during synthesis; typically formate ions from the
dimethyl formamide (DMF) used in synthesis cap the defect
sites, but also any additional modulator used during synthesis.
Assuming no missing cluster defects are present, missing linker
defects have been quantified using thermogravimetric analysis
(TGA) by monitoring weight loss while slowly ramping the
temperature of the MOF as organic linkers and excess solvent
are burned off."” Missing cluster defects are created by the
absence of one or more SBUs in the crystal structure. Interest-
ingly, ordered missing cluster defects can create a short-range
deviation from the fcu topology of the pristine structure,
introducing nanoregions of reo topology.*® It has been shown
that ordered regions of reo topology introduce two peaks in the
X-ray diffraction (XRD) pattern at around 5°, thus allowing XRD
to be used to characterize UiO-66 by monitoring the emergence

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of reo topology.*®* However, since these features will only show
up in XRD if the missing cluster defects are ordered in small
regions of reo topology, XRD is not sensitive to randomly-
dispersed missing cluster defects, which makes direct quanti-
fication of missing cluster defects in a crystal challenging.

We employ Raman spectroscopy as well as FTIR absorption
spectroscopy to directly probe the vibrational signature of each
defect type in Zr-UiO-66 and Hf-UiO-66, importantly finding
a spectroscopic signature of missing cluster defects in Hf-UiO-66.

Experimental
Synthetic procedures

Pristine UiO-66 was synthesized following previously-reported
procedures.* Pristine Hf-UiO-66 was synthesized following the
same procedure, with 519 mg HfCl, instead of ZrCl,. Defective
UiO-66 samples containing missing linkers were synthesized
following previously reported procedures.” Briefly, 378.1 mg
ZrCl, and 539 mg of terephthalic acid were added to 10 mL of
dimethylformamide (DMF) in a 6 dr glass vial. Modulator was
added (6.3 mL acetic acid, 2.8 mL formic acid, or 4.2 mL formic
acid) to produce defective Zr-UiO-66 with 14%, 22%, and 25%
missing linkers respectively. The vial was capped and heated at
120 °C for 3 days. Defective Hf-UiO-66 containing missing
cluster defects was synthesized by modifying procedures
previously reported in the literature.’* The density of missing
clusters was adjusted by changing the Hf: terephthalic acid
ratio or by increasing the concentration of formic acid modu-
lator. For all samples, 960 mg HfCl, was added to 40 mL of DMF
in a 100 mL Pyrex jar. Terephthalic acid and formic acid were
added for each sample as follows. 5% reo: 332 mg terephthalic
acid, 10 mL formic acid; 10% reo: 415 mg terephthalic acid,
15 mL formic acid; 17% reo: 415 mg terephthalic acid, 20 mL
formic acid; 32% reo: 166 mg terephthalic acid, 10 mL formic
acid.

Methods

Powder X-ray diffraction (PXRD) for Zr-UiO-66 and Hf-UiO-66
samples was collected on a Rigaku MiniFlex benchtop diffrac-
tometer with Cu Ko, radiation (A = 1.5418 A) with a 0.1° reso-
lution and 15° min~' scan rate. UiO-66 particle size and
morphology were measured by scanning electron microscopy
using a LEO/Zeiss 1550 field emission scanning electron
microscope. Samples were prepared by drop casting a MOF
suspension in ethanol onto fluorine-doped tin oxide (FTO).
Missing linker defects were characterized by thermogravimetric
analysis (TGA) on a TA TGA-5500 under an air flow from 30-
650 °C with a 10 °C min~" ramp rate as per ref. 20. N, isotherms
were collected on a Micromeritics 3Flex at 77 K. The samples
were activated at 150 °C under vacuum overnight to remove
excess moisture prior to analysis. From the N, isotherm,
a calculated pore size distribution was obtained and used to
identify samples with missing cluster defects, since these
samples will contain an additional pore 16 A in diameter.
Raman spectra were obtained using a Dilor Triple XY Raman
spectrometer coupled to an optical microscope. A 473 nm laser
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excitation source with 100 pm spot size illuminated the powder
sample on a glass slide on a microscope stage open to air.
Scattered light collected by the microscope objective is
dispersed across a liquid nitrogen cooled CCD detector after
encountering a series of three gratings. Each of the three grat-
ings are 1800 mm™* holographic gratings blazed at 500 nm.
Scans were obtained at frequencies no lower than approxi-
mately 100-150 cm ™' to avoid saturating the detector with
Rayleigh-scattered laser light, and no higher than approxi-
mately 3000 cm ™~ where the spectra are obscured by fluorescent
backgrounds. However, in Zr-UiO-66, there are very few Raman-
active modes at high frequencies and data collected in this
region will not be shown. Fourier transform infrared absorption
spectra were obtained in the range of 400 to 4000 cm ™" using
a Nicolet Nexus 670 spectrometer. For all infrared data, each
powder sample was crushed together with KBr that had been
dried in an oven and then pressed into a pellet of 13 mm
diameter and a thickness of 0.54 mm with a maximum pressure
of approximately 10 tons using a hydraulic press. The pellet was
mounted by placing it over a small hole in a stainless-steel plate
and securing it with a magnet to hold the pellet in place. The
interior volume of the spectrometer was flushed with nitrogen
gas for the duration of the scans to avoid effects due to moisture
in the ambient air.

Results and discussion
Raman spectroscopy

Raman spectroscopy and infrared absorption were used to
characterize pristine Zr-UiO-66 and the results were compared
to density functional theory calculations published by Valen-
zano, et al. to properly assign peaks in the spectrum to specific
vibrational modes."” However, perfect assignment of peaks is
very difficult. This can be understood in a few ways: first, the
UiO-66 structure is large and complex. As such, most of the
vibrations are not pure motions of some well-defined species.
For example, modes that appear dominated by motion on the
Zr-0 coordination bond often also have contributions from the
motion of the benzene ring on the linker or the p;-OH and p;-O
species in the metal SBU. Also, with the large number of atoms
in a MOF crystal, there is a correspondingly large number of
Raman- and IR-active modes, many of which are very closely
spaced in frequency with slightly different atomic motions.
Therefore, making an exact assignment of any peak in the
spectrum is nearly impossible with such a complex system.
Despite many of these closely-spaced modes having different
specific motions, most modes within a small frequency region
have atomic motions that typically occur on the same species.
For example, Raman-active modes with calculated frequencies
between 425 and 450 cm ™" are largely dominated by motion of
the p;-OH and its bond with neighboring Zr atoms. However,
each mode in this range has slightly different motions, each
with different contributions from the linker molecule: some
appear to be pure Zr-u;-OH wagging whereas others are
a combination of this motion with more complex contributions
from the carboxylate tails of the linker molecule as well as C-H
wagging of the benzene ring. Therefore, rather than giving an
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Fig. 1 Zr-UiO-66 and Hf-UiO-66 comparison. (a) Full Raman spectra of Zr-UiO-66 and Hf-UiO-66 highlighting near-identical vibrational
signatures of the two crystals. (b) Fingerprint region: differences between Zr- and Hf-UiO-66 are seen in modes corresponding primarily to

vibrations of metal atoms.

explicit assignment for each peak, we will discuss our results in
terms of different families of modes: those with significant Zr-O
coordination bond contributions, modes dominated by motion
of Zr-p;-OH or Zr-u3-O, and motion primarily confined to the
linkers with little motion of the metal atoms or within the SBU.

To study the effect of missing cluster defects in Hf-UiO-66,
we first compare the vibrational spectra of pristine Zr-UiO-66
to those of pristine Hf-UiO-66. Importantly, the structure and
topology (feu) of the two pristine structures are nearly identical;
the only difference being a one-to-one replacement of Zr in favor
of Hf. Therefore, the assignment of vibrational modes is carried
out in a two-step process: first by assigning relevant peaks in
pristine Zr-UiO-66 as discussed above, then by comparing the
vibrational spectrum of pristine Zr-UiO-66 to that of pristine Hf-
UiO-66. Each spectrum is internally normalized to a peak at
865 cm™ ' corresponding primarily to C-H motion confined to
the linker molecule. During this comparison, we note that the
Raman spectra between 400 and 1600 cm ™" are nearly identical
(Fig. 1a) to one another. In this range of frequencies, most
Raman-active modes are dominated by motions confined to the
linker molecules. Since both pristine Hf-UiO-66 and pristine Zr-
UiO-66 are synthesized in the same topology with the same
linker molecule, it is unsurprising that the linker modes remain
unchanged. This also suggests that the strength of the metal-
linker coordination bond is similar in the two structures.
Within the “fingerprint region” (150-400 cm™') (Fig. 1b), the
differences between the spectra of the two structures are
noticeable. In this frequency range, the discrepancy between Zr-
UiO-66 and Hf-UiO-66 suggests that most Raman-active modes
have significant contributions from the metal atoms. With no
full DFT calculation of Raman-active modes in Hf-UiO-66
similar to the calculation published by Valenzano, et al.'’
band assignments in Hf-UiO-66 are made by first matching each
peak to the corresponding peak in Zr-UiO-66. Then, the Zr-UiO-
66 mode is assigned via the Valenzano calculation and the Hf-
UiO-66 assignment is inferred by replacing Zr with Hf where
applicable.

With properly-assigned Raman-active modes in Hf-UiO-66,
we then begin to study the effects of missing cluster defects.

22442 | RSC Adv, 2022, 12, 22440-22447

Hf-UiO-66 was synthesized and first characterized by XRD as
well as by a pore size distribution analysis (Fig. 2). The
appearance and growth of two low-angle peaks in the XRD (see
Fig. S1f) allowed the determination of the fraction of the
sample in the reo topology across all of the defective samples as
discussed above. The pristine Hf-UiO-66 showed neither of
these two low-angle peaks and so is treated as defect-free. The
treatment as defect-free is also corroborated by the pore size
distribution analysis in Fig. 2 as well as TGA analysis. Above
400 cm ', the spectra of the Hf-UiO-66 samples exhibit no
change as a function of defect level. Although the samples being
compared differ in density of missing cluster defects, it is
nonetheless unsurprising that most of the spectra are identical.
If a metal SBU is removed from the structure, the 12 linkers are
either left “dangling” (i.e., only coordinated to one SBU rather
than two) or the linkers are removed along with the SBU and
replaced with charge-balancing capping agents, the latter being
more likely. As such, the total number of linkers may be reduced
as missing cluster defect density increases, but a large quantity
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Fig. 2 Pore-size distribution of pristine and defective Hf-UiO-66.
Peaks near 6 angstroms and 8 angstroms represent tetrahedral and
octahedral pores respectively while the peaks between 15-20
angstroms represent missing cluster defects.
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Fig. 3 Missing cluster defects in Hf-UiO-66. (a) Full Raman spectra of Hf-UiO-66 defect series, highlighting the near-perfect agreement among
all defective samples. (b) Fingerprint region showing mode quenching as a function of defect density in Hf-UiO-66. The 231 cm™! vibrational

mode is monotonically red-shifted as a function of defect density.

of linker molecules will still be sampled with each measure-
ment. Thus, the modes assigned primarily to linker motion
(400-1600 cm ") will still be present in each sample and located
at the same frequency.

Vibrational modes involving the Hf atoms are likely to be
more dependent on the density of missing cluster defects than
are the linker modes. Within the fingerprint region, there are
five peaks of interest centered at approximately 176, 231, 245,
320, and 355 cm™ ' (Fig. 3). These modes most commonly
involve either motion of the Hf-O coordination bond or the Hf-
130, however, the mode at 320 cm™ " cannot accurately be
assigned due to the lack of a clear corresponding peak in the
pristine Zr-UiO-66 Raman spectrum. Also, the mode at 176 cm ™"
is the most complex vibration, involving motion of Hf-O and
Hf-p;0 in the SBU as well as C-H motion on the linker mole-
cule. With each spectrum internally normalized to a peak at
865 cm ™' as discussed above, all of the modes within the
fingerprint region that have been assigned to motion involving
the Hf atom have lower intensities in defective samples than in
the pristine sample, likely due to the Raman intensity scaling
with the number of scattering species. However, a few impor-
tant patterns begin to emerge upon closer inspection. First, the
mode centered at 245 cm~ ' has very similar intensity in all
samples regardless of defect density, and second, the neigh-
boring vibrational mode centered at 231 cm™ ' has been
quenched in all defective samples. Attempting to assign these
peaks to specific atomic motions is difficult for reasons dis-
cussed above. However, within the fingerprint region this
difficulty is exacerbated by the large quantity of Raman-active
modes calculated in this frequency range. With this in mind,
there are two reasonable interpretations of these two modes:
either the 231 cm™' mode involves the Hf-u;0 while the
245 cm™ ' mode involves the Hf-O coordination bond, or the
reverse.

Regardless of how these two Raman-active modes are
assigned, there is a clear trend that represents missing cluster
defects. First, the mode centered at 231 cm™ " in pristine Hf-UiO-
66 is largely quenched compared to all defective samples

© 2022 The Author(s). Published by the Royal Society of Chemistry

regardless of defect density. Also, this mode is monotonically
and roughly linearly red-shifted as a function of defect density
(Fig. 4). Next, the mode centered at 245 cm ™" in pristine Hf-UiO-
66 remains largely unchanged regardless of defect density; the
intensities of this peak in the defective samples are lower than
that of the pristine sample, but the measured quenching is
significantly less strong than that of the 231 cm ™" mode. Due to
the measured shift of the 231 cm™' mode, we therefore
hypothesize that the 231 em™" mode is due to vibrations of the
Hf-O coordination and the 245 cm ™" is due to vibrations of the
Hf-p30 species. The quenching of both of these modes can be
understood by an average decrease of scattering species
through the removal of metal SBUs and the corresponding
removal of linker molecules. We conclude that the 231 cm™*
mode corresponds to the Hf-O coordination because it experi-
ences a monotonic red-shift as well as a quenching of the
intensity relative to the pristine Hf-UiO-66. At higher defect
densities, the metal SBU adjacent to a defect site is capped by
formate ions that are less massive than the linker molecule.
Therefore, the more defective samples contain more Hf-O
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Fig. 4 Signature of missing cluster defects. Correlation plot of peak

position versus the percentage of reo topology as extracted from

fitting PXRD peaks along with a linear fit.
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species in which the oxygen atom is part of the formate capping
group rather than the heavier linker molecule, causing the
observed frequency shift. Mass differences between the formate
and linker are not sufficient to describe the observed red shift,
as a decrease in the mass would act to increase the vibrational
frequency. To explain the observed decrease in the vibrational
frequency, there must also be a corresponding decrease of the
spring constant of the metal-oxygen coordination bond. This is
reasonable due to the nature of the molecules: the dicarboxylate
linker molecule is coordinated to metal SBUs on both ends and
is correspondingly more rigid than the monocarboxylate
formate capping species. Therefore, the observed decrease in
vibrational frequency is directly related to defect-induced
rigidity change of the Hf-O coordination bond. The linear
trend (Fig. 4b) between peak position and defect level extracted
from PXRD fits suggests that the quantity of missing cluster
defects - regardless of the topology in which they occur -
increases with the increasing PXRD-derived defect level. These
data also suggest that the monotonic decrease of the Hf-O
coordination bond vibrational frequency implies that the larger
the percentage of the crystal volume in the reo topology, the
more highly defective the samples are, not simply that the same
number of defects is increasingly well ordered.

The above claim that the Raman spectroscopic fingerprint of
missing clusters in Hf-UiO-66 is independent of the topology in
which they occur is supported by a group theory analysis of the
pristine fcu topology versus the defective reo topology. Atomic
coordinate calculations were recently performed by Cliffe,
et al."® on optimized structures of fcu Zr-UiO-66, reo Zr-UiO-66,
fcu Hf-UiO-66, and reo Hf-UiO-66. These structurally-optimized
atomic coordinates were used to determine the number and
symmetry of the allowed Raman-active modes by means of the
Bilbao Crystallographic Server.*** Comparison of the modes of
the various structures to one another shows that the reo Hf-UiO-
66 has more than twice as many Raman-active modes as does
the fcu Hf-UiO-66 regardless of mode symmetry (A4, E, or T,).
However, in the experimental spectra, when comparing defec-
tive Hf-UiO-66 to pristine Hf-UiO-66, there is a one-to-one
correspondence between all modes across the entire
measured range. We would expect additional peaks to be
observed if the defective samples were to have large regions of
reo topology, so it is likely that either the differences in the
experimental Raman spectra are due to randomly-dispersed
missing cluster defects or that the regions of the sample that
adopt the reo topology are not sufficiently large and ordered to
be detected by Raman spectroscopy. The other possibility is that
our pristine Hf-UiO-66 sample in fcu topology is not truly pris-
tine and has missing clusters in the reo phase already, thus
obscuring the differences between pristine and defective Hf-
UiO-66. However, both the pore size distribution (Fig. 2) of
the pristine Hf-UiO-66 as well as the agreement between the
Raman spectra of pristine Hf-UiO-66 and pristine Zr-UiO-66
suggest that this is unlikely.

This analysis was applied to a series of Zr-UiO-66 samples
synthesized with formic acid as a modulator (Fig. 5). Three
samples with varying concentrations of formic acid modulator
(labeled FA100, FA200, and FA300) were compared to pristine

22444 | RSC Adv, 2022, 12, 22440-22447
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Fig. 5 Missing clusters in Zr-UiO-66. Low concentrations of formic
acid modulator show a monotonic decrease in the observed
frequency of the Zr—-O coordination vibrations. However, further
increasing the concentration (FA300) results in a large quantity of
missing linker defects. Despite the presence of missing cluster defects
as confirmed by PXRD, the large quantity of missing linker defects
overshadows the missing cluster defects and disrupts the observed
monotonic decrease. The black dotted line depicts the center of the
300 cm™! peak in pristine Hf-UiO-66 and FA300.

Zr-UiO-66 with Raman spectroscopy. In pristine Zr-UiO-66, the
Raman band at 300 cm ™" is attributed to motion of the Zr-O
coordination bond coupled with motion of the aromatic C-H of
the BDC linker. Comparing pristine Zr-UiO-66 to FA100 and
FA200, a similar monotonic decrease as was observed in Hf-UiO-
66 is also observed with increasing formic acid modulator
concentration. However, FA300, the sample with the highest
concentration of formic acid during synthesis does not appear
to follow this trend. This discrepancy highlights the difficulty in
defect quantification within MOFs, and we relate this discrep-
ancy to missing linker defects. In Hf-UiO-66, it is suggested that
most defects are missing cluster defects and the sharpness of
the two low-angle PXRD reflections suggests very well-ordered
missing cluster defects in the reo topology.

However, in the Zr-UiO-66, TGA data suggests that there is
a large quantity of missing linker defects, with overall defect
level increasing with increased modulator; that is, FA300 is
more defective than FA200 and FA100. As will be discussed
below, missing linker defects are very challenging to study with
Raman spectroscopy, with most defective samples showing
near-perfect agreement across the entire measured range.
Therefore, we hypothesize that the large number of missing
linker defects present in the FA300 sample hinders the ability to
study missing cluster defects with Raman spectroscopy and an
accurate study of missing clusters requires first minimizing the
quantity of randomly distributed missing linker defects.

To study missing linker defects, similar spectra were ob-
tained for all Zr-UiO-66 samples containing missing linker
defects and compared to the spectrum of the pristine counter-
part (Fig. 6a). Each spectrum was internally normalized to the
peak at 860 cm ™" consistent with the Hf-UiO-66 data presented
above. Unsurprisingly, most of the region between 400 cm ™" to
1100 cm ™' in the Raman spectra remains unchanged regardless

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Missing linkers in Zr-UiO-66. (a) Full Raman spectra of Zr-UiO-66 defect series, highlighting the near-perfect agreement among all
defective samples. (b) Emergence of a new peak centered at 660 cm ™! in the acetic acid-modulated sample suggesting the presence of acetate-

capped defect sites.

of defect level, though some deviations from the spectrum of
pristine Zr-UiO-66 can be seen. This can be understood by
noting that most of the vibrational modes in this region are
dominated by motion of the linker molecules. Regardless of
defect level, each sample contains identical BDC linker mole-
cules that contribute to the measured spectrum. Any defect-
induced changes in linker-dominated modes are expected to
be very slight and likely involve an intensity change due to an
average decrease in the number of scattering species as a func-
tion of defect density rather than a change of the vibrational
frequency. Unlike the Hf-UiO-66 samples synthesized with
missing cluster defects, most of the fingerprint region is very
similar in pristine and defective Zr-UiO-66 regardless of defect
density. This is not very surprising, however as these samples
fabricated with between 13% and 25% defect density only
correspond to between approximately 0.78 and 1.5 linkers
removed per SBU (12 linker molecules shared between 2 SBUSs).
That is, on average even the most highly defective samples have
structures that are extremely similar to the pristine counterpart.
Combined with the large crystal volume sampled in these
measurements, this causes all samples to appear extremely
similar to one another. This differs from the case of missing
cluster defects as the removal of one SBU is likely to remove all
12 linker molecules that were coordinated to the metal SBU.
Despite the inability to find trends indicating the presence and
nature of missing linker defects like those found for missing
cluster defects in Hf-UiO-66, Raman spectroscopy still proves to
be a useful characterization tool. In the 22% and 25% defective
Zr-Ui0-66 samples, dimethylformamide (DMF) used in
synthesis as well as a formic acid modulator imply the presence
of charge-balancing formate ions at the defect sites. In the 13%
defective Zr-UiO-66, the modulator employed was acetic acid.
Therefore, there is competition between formate capping
groups from DMF and acetate ion capping groups from acetic
acid. Direct vibrational signatures of the acetate capping agents
are noticeable in the Raman spectrum of the 13% defective
sample. As seen in Fig. 6b, the spectrum of the acetic acid-
modulated sample also shows a very noticeable new peak at

© 2022 The Author(s). Published by the Royal Society of Chemistry

approximately 660 cm ™"

acid show features at 603 and 621 cm™
features near 660 cm™'.2° Therefore, we hypothesize that the
side peak located at 660 cm ™" in the 13% defective sample is
due not to free acetic acid in the pores left over from synthesis,
but rather to the acetate ions capping the defect sites.

. Published Raman spectra on acetic
' with no additional

FT-IR analysis

While Raman spectroscopy has proven very useful for identi-
fying and understanding the nature of missing cluster defects
in Hf-UiO-66 due to the accessibility of the low-wavenumber
fingerprint region, infrared absorption spectroscopy allows for
a more complete characterization of the vibrational modes of
UiO-66 as well as signatures of missing linker defects in Zr-UiO-
66, implying that the modes observed in the infrared spectrum
are either not Raman-active or are only very weakly so. This
trend highlights the importance of a comprehensive approach
using both Raman and IR vibrational spectroscopy to ensure
a full and accurate characterization of complex systems. As seen
in Fig. 7, the spectra of the various Zr-UiO-66 samples show
near-perfect agreement in IR-active modes regardless of defect
density. As discussed in other literature, most of the IR-active
modes within the scan range of 400 to 4000 cm™" are linker-
dominated with a few of the lowest-wavenumber modes
involving motion of Zr-(OC) or p;-0.>**” Coupled with the rela-
tively small number of linkers missing per SBU in defective
samples, it is unsurprising that changes in the defect density do
not greatly alter any of these modes. Slight differences between
pristine and defective Zr-UiO-66 are seen nonetheless, namely
around 795 cm ™' and 1085 cm ™. In each case, the intensities of
the modes in defective Zr-UiO-66 are strongly quenched relative
to those seen in pristine Zr-UiO-66. The vibrational mode at
795 cm™ ' is assigned to motion of the ;-OH coupled with a C-C
bending and C-H wagging of the linker molecule. The observed
quenching is likely due to the removal of many of the C-C bonds
in defective samples, where the C-C bond is replaced by a C-H
due to the formate-capping of the defect sites. Interestingly, the
peak at 1085 cm ™~ corresponds nearly entirely to C-H wagging

RSC Adv, 2022, 12, 22440-22447 | 22445
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Fig. 7 FT-IR of missing linkers in Zr-UiO-66. (a) All FT-IR spectra of
defective and pristine Zr-UiO-66 show very close agreement to one
another. The spectra were internally normalized to the peak near
1000 cm™~! shown by the dotted line. (b) Quenching of the 795 cm™*
mode assigned to motion of the nz-OH coupled with a C-C bending
and C-H wagging of the linker molecule. (c) Quenching of the
1085 cm~* mode assigned to the benzene ring C—H wagging.

on the benzene ring of the linker molecule, and this mode is
quenched in all of the defective samples in a similar fashion to
the mode at 795 cm ™. Again, this could be due simply to fewer
scatterers present; a higher density of missing linker defects
implies a larger number of benzene rings (and thus C-H bonds)
missing from the structure as compared to the pristine crystal.
However, as discussed previously, the formate capping groups
are terminated by a C-H, though the symmetry of the C-H
modes will differ due to the geometric change of the defect-
capping C-H groups. These data suggest that the symmetric
C-H mode at 1085 cm ' is quenched whereas the antisym-
metric C-H mode at 1105 cm ' is largely unchanged with
increasing defect density.

Further IR investigations of the Hf-UiO-66 sample corrobo-
rate the hypothesis that most of the measured IR-active modes
represent predominantly linker motion (Fig. 8). As with the
Raman data, the IR spectra for pristine Hf-UiO-66 and pristine
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Fig. 8 FTIR of Hf-UiO-66. Full FTIR spectra of pristine and defective
Hf-UiO-66 internally normalized to the peak at the dotted line show
near-perfect agreement between all defective samples and the pris-
tine counterpart. It is very likely that any signatures of missing cluster
defects occur at frequencies too low to be accessed in this FTIR
measurement.
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Zr-UiO-66 show a one-to-one match of peak positions, suggest-
ing that very few of the IR-active modes in this frequency range
directly involve the metal atoms.

As discussed above, we also see weak quenching of
1085 cm™* modes in Hf-UiO-66 samples in the same fashion as
indicated missing linkers in Zr-UiO-66. Therefore, we hypothe-
sized the presence of missing linker defects in Hf-UiO-66, which
is corroborated by the feature between 1.1 and 1.2 nm in the
pore-size distribution analysis (Fig. 2). In contrast to the
previously-discussed Raman spectroscopy data, FTIR appears
not to be sensitive to missing cluster defects in Hf-UiO-66,
primarily due to the inaccessibility of the low-wavenumber
fingerprint region with this instrument.

Conclusions

In conclusion, Raman spectroscopy and FTIR absorption spec-
troscopy were used to directly probe the nature of defects in the
metal-organic frameworks Zr-UiO-66 and Hf-UiO-66. The
Raman-active Hf-O coordination bond in Hf-UiO-66 was shown
to occur at lower frequencies with increasing defect level. This
was attributed to the less-rigid formate charge-balancing
capping group replacing linkers at adjacent metal SBUs. The
monotonic and nearly linear red-shift of the frequency of the
Hf-O coordination bond suggests that Raman spectroscopy is
sensitive to missing cluster defects in Hf-UiO-66 regardless of
the topology in which they occur. In conjunction with the
standard XRD technique for studying missing cluster defects,
Raman spectroscopy is shown to add an extra layer of insight;
allowing for the probing of missing cluster defects directly
rather than small, ordered regions of reo topology within the
larger feu crystal. In FT-IR absorption spectra, missing linker
defects result in a quenching of C-C and C-H modes on the
carboxylate tail of the linker molecule and the benzene ring of
the linker molecule respectively. This is due to the replacement
of linkers by monocarboxylate capping agents such as formate
and acetate in defective materials. While powerful in charac-
terization, as shown in the aforementioned study of missing
linker defects, FT-IR absorption spectroscopy alone cannot offer
a complete understanding of defects in UiO-66. Due to the
inaccessibility of the low-wavenumber region, standard FT-IR
measurements are not sensitive to missing cluster defects that
alter the Hf-O and Hf-p;0 vibrational modes. Together, these
spectroscopic techniques provide a direct probe of defects
within UiO-66, allowing the disentanglement of different defect
types: the spectroscopic fingerprint of one type of defect is
independent of the nature or quantity of the other defect.
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