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ABSTRACT: Through comprehensive analysis of carboxylate-
based metal—organic frameworks (MOFs), we present general

evidence that challenges the common perception of MOF metal- IN METORG AN|C FRAMEWORKS

linker bonds being static. Structural dynamics in MOFs, however,

typically refers to the “breathing” behavior of cavities, where pores ® p *&

open and close in response to guest molecules, and to the transient " 7 ‘ Z9 \
binding of guest molecules, but dynamic bonding would explain -8, r L g " 7\ '.\
important MOF phenomena in catalysis, postsynthetic exchange, / N i » *
negative thermal expansion, and crystal growth. Here, we - O <
demonstrate, through use of variable-temperature diffuse reflectance -

infrared Fourier transform spectroscopy (VT-DRIFTS) aided by ab - OF- MIL-125

initio plane wave density functional theory, that similar evidence for A0S S ERS

melting behavior in zeolitic imidazolate frameworks (ZIFs), i.e.,

reversible metal-linker bonding, driven by specific vibrational modes, can be observed for carboxylate MOFs by monitoring the red-
shifts of carboxylate stretches coupled to anharmonic metal-carboxylate oscillators. To demonstrate the generality of these findings,
we investigate a wide class of carboxylate MOFs that includes iconic examples with diverse structures and metal-linker chemistry. As
the very vibrations invoked in ZIF melting but heretofore unobserved for carboxylate MOFs, these metal-linker dynamics resemble
the ubiquitous soft modes that trigger important phase transitions in diverse classes of materials while offering a fundamentally new
perspective for the design of next-generation metal—organic materials.

B INTRODUCTION polymers known as metal—organic frameworks (MOFs) have
been invoked to describe melting mechanisms of MOF
liquids'*~"® and glasses.'” "> These disordered MOF materials
attract considerable attention by opening possibilities in the
design of porous materials for applications ranging from gas
storage to ion exchange membranes, but the metal—ligand
dynamics associated with their melting transitions challenge
the common conception of MOFs as static structures.
Although metal-linker lability helps explain melting and other
important behavior, evidence for such dynamic coordination
chemistry has only been observed indirectly for carboxylate
MOFs.””~* Direct measurement of metal-linker lability has
been possible for certain ZIFs, however, requiring specialized
high-temperature synchrotron techniques.'*”* The intensifying
research into dynamic metal—organic materials would benefit,
therefore, from routine methods that probe metal-linker

Important material phenomena often depend on dynamic
distortions to solid lattices, such as ion diffusion through solid
electrolytes' and surface reconstruction of heterogeneous
catalysts.” In particular, certain lattice vibrations cause such
extreme distortions to equilibrium geometries that they trigger
structural phase transitions responsible for wide-ranging
functional properties,” including ferroelectricity,"”’ metal—
insulator transitions,® exciton condensation,”'” and multi-
ferroics.'" Monitoring these phonon modes as a function of
temperature reveals that the peak positions redshift and
intensities diminish near the phase change critical temperature
due to the vibrations transferring energy into the structural
reordering process through anharmonic coupling to other
phonons.'” Because these vibrations dissipate energy, they are
termed “soft modes”. Analysis of such vibrations, and their
coupling to magnetic, vibrational, electronic, and other degrees

of freedom, offers a microscopic basis for predicting and Received: ~September 3, 2020 =LALS
controlling phase transitions."* Understanding the relationship Published: October 29, 2020 .
of lattice dynamics to phase transitions has guided the design ﬂm‘m
of new types of materials, such as metastable phases, for '
devices with specifically enhanced physical properties.

Recently, metal-linker dynamics in the porous coordination
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lability, especially for carboxylate MOFs, which constitute the
overwhelming majority of MOFs.

Although reversible metal-linker coordination is thought to
drive MOF crystallization, such dynamic bonding is not
commonly thought to occur once the MOF is formed.
Dynamic metal-linker bonding is well-documented in analo-
gous one-dimensional coordination polymers, which comprise
an important subset of materials termed “dynamic”, “adapt-
able”, “stimuli-responsive”, or “self-healing covalent net-
works”.*°~** For example, formation constants (log Ky Ky =
[bound metal linkers]/[unbound metal linkers]) of metal-
pyridyl® and metal-carbene®® polymers have been measured to
be as small as 3 to 4, implying that “unbound” states constitute
a significant portion of the polymer linkages.

Interestingly, formation constants of molecular metal-
carboxylate complexes akin to MOF coordination moieties,
e.g., zinc-benzoate, range from only 0.1 to 1.5.%" Structural
dynamics in MOFs, instead, conventionally refers to the
pressure-induced “breathing” behavior of pore cavities,”*™*'
the transient binding of guest molecules,””**™* and the
negative thermal expansion (NTE) of certain MOFs,"’ ™ but
labile metal-linker bonding would explain important phenom-
ena, such as the ability of MOFs to undergo postsynthetic
exchange,”* ™ perform catalysis at seemingly saturated metal
centers,”' and readily grow as bulk crystals. Reversible metal-
linker bonding could also complement the current mechanistic
understanding that dynamic linker motion drives NTE, and,
more broadly, guide deliberate control over important MOF
functions, while inspiring the design of porous materials with
stimuli-responsive, metastable, self-healing, and other adapt-
able behavior. With challenging the common conception of
carboxylate MOFs as static structures, evidence for their labile
metal-linker bonding will enable their design in applications
that leverage structural dynamics.

Here, we demonstrate variable-temperature diffuse reflec-
tance infrared Fourier transform spectroscopy (VT-DRIFTS)
as a convenient method for probing MOF metal-linker
dynamics. We observe that at higher temperatures, carboxylate
stretches red-shift for a general collection of representative
carboxylate-based MOF materials, which we ascribe to thermal
population of MOF conformations with “loose” metal-
carboxylate linkages in equilibrium with a decreased
population of “tight” metal-linker states. Importantly, the C—
O stretches provide a convenient spectroscopic handle for
metal-linker bonding dynamics, due to the coupling of the
readily observable C—O modes to the more elusive M—O
modes (Scheme 1A). A similar approach has been employed
previously, where analysis of linker, rather than metal-linker
vibrational modes, provided evidence for dynamic bonding in
self-healing metal-pyridyl one-dimensional coordination poly-
mers.’” Variable-temperature Raman spectroscopy evidenced
red-shifting pyridyl stretches at higher temperatures that were
attributed to dynamic structural rearrangements.”> Evidence
for the melting mechanism of ZIFs rests on analysis of red-
shifting zinc-imidazolate bond stretches, requiring specialized
variable-temperature terahertz (THz)/Far-IR synchrotron
techniques, due to the low-energy spectral range.”* In these
reports, consistent with analysis of other dynamic and phase-
change systems, the red-shifting behavior was attributed to
thermal population of the unevenly spaced vibrational excited
states of an anharmonic Zn-imidazolate oscillator.”> Because
the states become more closely spaced at higher energies, the
apparent vibrational mode shifts to lower wavenumbers. With

Scheme 1. Molecular Orbital (MO) Description of MOF
Metal-Carboxylate Interactions”
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“(A) Schematic representation of C—O and M—O coupled
anharmonic oscillators in metal-carboxylate complexes. (B) MO
diagram of carbonyl bond in a carboxylate group.

greater population of higher energy states, the vibrational
amplitudes also increase until they reach a critical ratio with
respect to the interatomic metal—ligand spacing, termed the
Lindemann ratio,** causing the material to melt. Fundamen-
tally, this behavior resembles the ability of soft modes to
induce phase transitions through vibrational motion. Here, we
demonstrate that similar evidence for melting behavior can be
observed for carboxylate MOFs by monitoring the red-shifts of
carboxylate stretches coupled to anharmonic metal-linker
oscillators. We justify this strategy in terms of molecular
orbital arguments and a simple two-state model of tight and
loose metal-linker states in thermal equilibrium. The temper-
ature-induced metal-linker dynamics evidenced in these
prototypical MOFs resembles VI-DRIFTS studies of soft
modes and phase changes in other classes of materials,
including ZIFs, but had not been previously observed for
ubiquitous carboxylate MOFs. Evidence for soft modes in
carboxylate MOFs have been previously impeded by the
difficulty of monitoring low-energy metal-linker vibrations
directly, whereas the carboxylate stretches studied here provide
a convenient alternative spectroscopic handle. To demonstrate
the generality of these findings, we investigate a wide class of
carboxylate MOFs that includes iconic examples with diverse
structures and metal-linker chemistry. The broad applicability
of these results offers a fundamentally different perception of
MOFs. In addition to MOFs, we expect VT-DRIFTS to offer a
powerful method for probing the stability, dynamics, and
structure of other organic—inorganic materials featuring
metal—ligand bonds, such as 1-D coordination polymers,
porous liquids, and metal—organic cages.”> ™’

B RESULTS AND DISCUSSION

Molecular orbital (MO) theory provides a straightforward
explanation for why carboxylate stretches might redshift with
weaker metal-linker interactions. Scheme 1B illustrates a
simplified MO diagram for an individual C—O bond of a
carboxylate group. Because the highest energy electrons reside
in orbitals that are anti/nonbonding with respect to the C—O
bond, they act as the lone pair involved in dative interactions
with metal ions. Accordingly, stronger M—O interactions
would also enhance C—O bonding by distributing the
antibonding density away from the C—O bond vector.
Therefore, strong M—O interactions should cause blueshifts
to carboxylate stretches, and weak M—O interactions should
cause redshifts. Indeed, strongly ionic carboxylate complexes,
such as sodium benzoate, show the highest-energy carboxylate
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Figure 1. Variable-temperature diffuse reflectance infrared Fourier transform spectra (VT-DRIFTS) and computed phonon modes of HKUST-1.
(A) (Top) Experimental spectra collected between —100 and 200 °C under dynamic vacuum. (Bottom) Simulated peak positions of phonon
modes with carboxylate character denoted by color intensity and labeled according to modes shown in panel B. (B) Representation of “asymmetric”
and (C) “symmetric” carboxylate-based phonon modes projected at the I' g-point.

stretching modes. For similar reasons, interactions between
Lewis acidic metal ions and carbon monoxide induce blueshifts
to C—O stretching frequencies. Hence, we hypothesize that if
MOF metal-linker bonds exist in equilibrium between “tight”
and “loose” states, then high temperatures would produce
redshifts by shifting the equilibrium toward weaker C—O
interactions. Second, if observed carboxylate bands arise from
overlapping spectral components from tight and loose species,
then we expect band widths to maximize at temperatures
where these species exist in equal mixtures and minimize at
temperatures dominated by a single species.

The material HKUST-1 (Cus;(1,3,5-benzenetricarboxy-
late),) was chosen as an initial target for VI-DRIFTS as
many seminal studies of MOFs were first demonstrated with
this material. Figure 1A plots the spectra collected at 50 °C
intervals starting from room temperature, then warmed to 200
°C, and then cooled to —100 °C. Surprisingly, several bands, in
addition to the expected asymmetric and symmetric carbox-
ylate stretches, appear to redshift with increased temperature.
Therefore, we employed density functional perturbation theory
for proper assignment of all bands in Figure 1A. For emphasis,
only bands with carboxylate character are plotted in Figure 1A,
but full calculated spectra are included in the Supporting
Information. As the Cu paddlewheel dimer in HKUST-1
displays antiferromagnetic ordering below 280 K,°* which is
within the measured temperature regime, spectra were
simulated with both antiferromagnetic (AFM) and ferromag-
netic (FM) ordering, with the former showing excellent
agreement with spectra collected below room temperature
(Figure 1A, bottom). To aid in band assignment, vibrational
normal modes were projected at the I" g-point and represented
as molecular diagrams (Figure 1B), with arrows denoting
vibrational directions and oscillator intensities. Interestingly, all
contain carboxylate character, suggesting that the temperature
dependence of the data in Figure 1A arises from orbital
interactions involving carboxylates specifically. Among these
bands, the symmetric carboxylate stretch shows the most
distinctive redshift. Notably, the band unique to the AFM
magnetic state helps account for the experimental feature, such
as the peak at 1499 cm™’, that disappears above 300 K. We
therefore attribute this band to the calculated phonon at 1520

cm™'. Consequently, we explicate the following analysis by
focusing on this band in particular, although the symmetric and
asymmetric carboxylate stretches of all MOFs considered here
exhibit redshifts.

To highlight the apparent temperature dependence, Figure
2A plots the baseline-subtracted asymmetric carboxylate
stretches collected between —100 and 200 °C. This band
shifts by 5.8 cm™' from a maximum frequency of 1594.8 cm™
at —100 °C to a minimum value of 1589.0 cm™" at 200 °C. For
closer inspection, Figure 2B shows the peak maxima versus
temperature, cycled three times between —100 and 200 °C,
with values obtained from Gaussian fits to each band. These
data reveal a linear relationship between —100 and 200 °C
with a slope, X,, of —0.023 cm™'/K and confirm reversibility,
as expected for a process in thermodynamic equilibrium.
Furthermore, the symmetric stretch shifts between 1367.9 and
1362.1 cm™ in this temperature regime (Figures S6, S7), while
the additional peaks around 1640 and 1400 cm™" with partial
carboxylate character also redshift. Interestingly, these plots
resemble temperature-dependent vibrational studies of miner-
als, ZIFs, and other classes of materials that relate shifting peak
maxima to interrelated concepts of phase changes, lattice
instability, and structural dynamics. For example, the v, band
of calcite, said to possess a “softer interatomic potential” than
the other bands, exhibits a X of —0.0049 cm™'/K near the
critical temperature for phase transitions into calcium
carbonate polymorphs.”” Redshifting vibrations have also
been observed widely in other minerals, such as apatite, and
are attributed to temperature-dependent anharmonic coupling
between phonon modes.”” Additionally, the zinc-imidazolate-
based ZIF-UC-4 displays a X of —0.00292 cm™!/K in the
crystalline phase and X values of —0.00597 and —0.1377 cm™"/
K in the glass and liquid phases, respectively.24 Taken together,
these reports suggest that X offers a measure of the
susceptibility of bonds to distort in response to temperature.
Larger slopes, therefore, represent weaker bonding. Impor-
tantly, the average full-width-at-half-maximum (fwhm) values
increase from —100 °C to a maximum around 50 °C, followed
by decreasing bandwidth toward 200 °C (Figure 2C). These
data strongly suggest the presence of multiple spectral
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Figure 2. Temperature-dependent spectral data for the HKUST-1
asymmetric carboxylate vibrational mode. (A) Baseline-subtracted
reflectance spectra, with experimental data shown as markers and
Gaussian fits shown as solid lines. (B) Peak positions plotted against
temperature across three continuous temperature ramp cycles, with
error bars derived from Gaussian fits and data point colors
corresponding to temperatures shown in panel A. (C) Full-width-at-
half-maximum (fwhm) values averaged over three temperature ramp
cycles. Error bars denote standard deviations from the averaged data.

components representing species in thermodynamic equili-
brium.

To explore the generality of temperature-dependent MOF
carboxylate stretches, a suite of representative MOF materials
was investigated that offers a range of metal-carboxylate
binding geometries and metal-linker bond strengths. These
were chosen because seminal findings have been made with
them as examples: Mg-MOF-74 (Mg,(2,5-dihydroxytereph-
thalate)), Zn-MOF-74 (Zn,(2,5-dihydroxyterephthalate)),
MOF-5 (Zn,O(1,4-benzenedicarboxylate);), MIL-125
(TigOg(OH),(1,4-benzenedicarboxylate)), MIL-125-NH,
(TigO4(OH),(2-aminoterephthalate)), UiO-66 (ZrsO4(1,4-

benzenedicarboxylate)s), MUV-10(Ca) (Ti;Ca;0,(1,3,5-ben-
zenetricarboxylate),), and MUV-10(Mn) (TizMn;0,(1,3,5-
benzenetricarboxylate),). All materials were subjected to
identical measurement conditions, and resulting spectra were
analyzed by comparing to simulated spectra, as described for
HKUST-1. Indeed, all MOFs exhibited clear red-shifts to
vibrational modes upon being heated from —100 to 200 °C, as
summarized in Table 1. As expected for a diverse collection of

Table 1. Summary of Asymmetric (X,) and Symmetric (X;)
Red-Shift Slopes of Carboxylate Materials Studied Here
through VT-DRIFTS Collected under Dynamic Vacuum

MOF Name X, (cm™/K) X, (em™'/K)
HKUST-1 —0.021 —0.020
MUV-10 (Ca) —-0.019 —-0.019
MUV-10 (Mn) —0.015 —0.041
Mg-MOE-74 —0.027 —0.0087
Zn-MOF-74 —0.023 —0.0042
MOE-§ —0.026 —0.0095
MIL-125 —0.0093 —0.019
MIL-125-NH, —0.036 —0.066
Ui0-66 —0.015 —0.020
Sodium benzoate —0.015 —0.024

coordination environments and orbital interactions, the
observed temperature-induced shifts vary significantly between
MOF materials, even between isostructural analogs. Interest-
ingly, the asymmetric stretch, typically ascribed to the C=0
double bond character, exhibited greater sensitivity in certain
materials, such as MOF-5, Mg-MOF-74, and Zn-MOEF-74,
whereas the symmetric stretch, often associated with C—O
single bond character, showed greater sensitivity in others. On
the basis of this interpretation, symmetric and asymmetric
frequencies should be similar for carboxylates with greater
resonance bond character, and hence more uniform electron
delocalization. Accordingly, MOFs with asymmetric ligands,
MIL-125-NH, and MOF-74, exhibited the biggest differences
between X, and X,. According to the MO explanation, the
linker-based stretching frequencies of MOFs with strong metal-
linker bonds should show little if any temperature dependence.
This interpretation helps explain the temperature-independent
triazolate stretches observed in VT-DRIFTS studies of Zn-
CFA-1.”" Interestingly, MIL-125, MIL-125-NH,, and UiO-66,
show temperature-dependent carboxylate shifts despite their
notable structural stabilities. Yet, as expected, the observed
redshifts slopes X appear smallest among these examples.
Because molecular metal carboxylate complexes feature similar
orbital interactions to these MOFs, they should also exhibit
such temperature dependence. Indeed, we observe from VT-
DRIFTS measurements that sodium benzoate shows large
shifts to both asymmetric and symmetric carboxylate stretches
(Table 1). Comparison between isostructural MOFs also offers
insight into differences in bonding interactions. The large
redshift slopes observed for Mg-MOF-74, for instance, may be
attributed to the lower electronegativity of Mg relative to Zn,
giving rise to weaker metal-carboxylate bonding,

Rather than reproduce the observed redshifts from empirical
parameters, we investigated whether the experimental data
could be simply fitted to two equilibrium species in relative
ratios appropriate for labile metal-carboxylate bonds. Indeed, a
global population analysis of the symmetric carboxylate stretch
for HKUST-1 indicates that the temperature-dependent band

https://dx.doi.org/10.1021/jacs.0c09499
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can be accurately deconvoluted into a higher-energy
component at 1596 cm™' that decreases in intensity and a
lower-energy component at 1587 cm™! that increases in
intensity with increased temperature (Figure 3). Importantly,
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Figure 3. Global curve fittings for representative spectra of the
HKUST-1 asymmetric carboxylate stretch. Spectral deconvolution
assumed two components with constant peak maxima but variable
total areas. Fits produced a species centered at 1596 cm™ (blue) and
another at 1587 cm™ (red). Markers denote experimental data and
solid lines show Gaussian fits. Global curve fitting was performed for
all data shown in Figure 2.

the frequencies of these two components remain unchanged
during the data fitting, as expected for a two-state model.
Furthermore, this analysis corroborates the evidence in Figure
2C for a dominant species existing at either temperature
extreme but with nearly equal populations around 50 °C.
Scheme 2 illustrates this chemical scenario where each
component represents ensembles of metal carboxylate species
with either long “loose” or short “tight” interactions, each
integrated across shallow potential energy surfaces.

Scheme 2. Equilibrium between “Tight” and “Loose”
Ensembles of MOF Metal-Carboxylate Populations Existing
near Thermoneutral Equilibrium®

“tight” state “loose” state

o] o)
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“(Top) Conversion of MOF metal-linker bonds between two
ensemble-averaged states. (Bottom) Temperature-dependent free
energies (AG) and relative population according to equilibrium
constants derived from experimental data.

To examine whether this spectral deconvolution supports
the existence of dynamic metal-carboxylate bonds, we
determined stability constants from the integrated relative
ratios of both components at each temperature. As K; relates
bound-to-unbound ratios by convention, Figure 4 instead
shows plots of K ([loose]/[tight]) versus temperature for
convenience because the lower-energy 1587 cm™' feature
associated with the loose state emerges with increased
temperature. Importantly, the room temperature log K value

with changing Cp

N W~ OO O N

constant Cp

150 200 250 300 350 400 450 500

Temperature (K)

Figure 4. van’t Hoff analysis of MOF metal-linker dynamic
equilibrium. Inverse stability constants K ([loose]/[tight]) were
determined as the ratio of integrated spectral components determined
by global curve fitting of the HKUST-1 asymmetric stretch. Data
points represent average values from three temperature ramp cycles,
with error bars denoting standard deviations. Data were fit to a
standard van‘t Hoff equation assuming constant material specific heat
(blue) and an equation with changing specific heat (pink).
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of ~0.6 corresponds well to the reported values of molecular
metal-carboxylate complexes, which range from ~0.1 to 1.5 for
common MOF metal ions.”” Such small K values imply a
surprising degree of MOF metal-linker lability, in sharp
contrast with the common conception of MOFs as being
static entities.

For further thermodynamic insight into the MOF metal-
linker equilibrium, we performed van’t Hoff analyses of K
versus temperature data. Figure 4 includes fits from a
conventional analysis (K = exp[—(AH — TAS/RT)]) and
another (K = exp[—(AH + ACH(T — 298.15 K) — T(AS+
ACp In(T/298.15 K)))/RT)]) that accounts for a changing
material specific heat (AC,), as was applied previously to
equilibrium mixtures of dynamic structures,”” such as H-
bonding networks and phase change materials. Interestingly,
accounting for AC, afforded a far superior fit to the data,
lending further support for the red-shifting carboxylate
stretches being indicators of lattice dynamical motion. This
fitting procedure afforded values of AH = 5.9 + 0.2 kJ mol ™},
AS =220+ 0.6 mol™ K™, and ACp = 37 + 4 J mol™* K™!
suggesting that this process involves a slight endothermic
barrier overcome by increases in entropy, as expected for a
thermally activated bond disruption process near equilibrium.
A changing specific heat further supports the explanation that
the red-shifting spectra arise from soft mode behavior, as
material specific heats become infinite near the critical
temperatures of phase changes.

Through advanced analytical techniques, recent investiga-
tions have made considerable progress in characterizing MOF
structural disorder and dynamics,"**””>”* but experimental
evidence for the precise geometries of dynamic systems
remains an outstanding challenge. For example, variable
temperature X-ray diffraction data of HKUST-1 reveal negative
thermal expansion, superficially suggesting bond contraction,
rather than expansion, at higher temperatures. After careful
consideration, these results can be attributed to large,
“trampoline-like” dynamic distortions of the linkers at high
temperatures that become time-averaged into a static crystallo-
graphic structure disguising the true elongated distances."’
Nevertheless, evidence for metal-linker dynamics is apparent in
the highly disordered carboxylate oxygens, which create the
greatest thermal displacements. For structural insight into the
tight and loose configurations of HKUST-1, we therefore
computed geometries across a range of contracted and
expanded unit cell volumes. Figure S45 plots the total energies
of structures resulting from lattice distortions that correspond
to temperatures spanning +444 K based on reported thermal
expansion coefficients.”” These simulated data contain several
important features that support our model: the shallow depth
of the energy well is consistent with numerous, degenerate
metal-carboxylate structures; the existence of multiple
energetic minima resemble the tight and loose species in
thermal equilibrium (highlighted in red and blue as potential
candidates); and the direct relationship between Cu—O and
C—O distances supports our claim that monitoring carboxylate
stretches serves as a proxy for studying MOF metal-carboxylate
dynamics. As expected for coupled anharmonic oscillators, this
imbalanced relationship causes the Cu—O bond to be much
more sensitive than the C—O carboxylate fragment: over the
explored temperature range, the Cu—O bond shows a 20-fold
greater slope that covers a considerable bond difference of
nearly 0.01 A compared to just 0.0006 A for C—O. These
results emphasize the remarkable ability of VI-DRIFTS to

produce spectral features of such small carboxylate distortions
as evidence for major distortions to metal-carboxylate bonds
studied only with great difficulty.

Redshifting MOF carboxylate stretches resemble lattice
dynamical soft modes observed at temperatures near the phase
transition critical temperatures (T.) for numerous materials,
such as ferroelectric perovskites and ZIFs.>®’>’® Although
described by different physical models, both involve large-
amplitude vibrations that drive structural phase changes.
According to soft mode theory, the frequency of these critical
vibrations redshifts and then vanishes as the material assumes a
new structure with unique normal modes. In the data
presented here, we attribute the redshift of the carboxylate
modes to the gradual transition of a crystalline form into an
amorphous structure with weaker metal-carboxylate bonds and
a new corresponding set of normal modes. Interestingly, these
data resemble the spectral evidence of melting behavior in
ZIFs, and yet melting has yet to be observed in carboxylate
MOFs. Computational simulations suggest, however, that
metal-carboxylate soft modes drive breathing behavior in
MOFs,”’ although direct evidence remains an outstanding
challenge. These data, therefore, suggest that carboxylate-based
MOFs undergo structural distortions associated with melting
transitions but decompose before reaching the melting point. A
key difference that may explain the absence of melting
carboxylate MOFs is that while ZIFs include individual metal
ions, carboxylate MOFs often contain multimetallic metal
nodes. Upon dissociation from linkers, these complex
inorganic fragments may recombine with nearby dangling
linker molecules into any numerous possible polymorphs and
amorphous decomposition products rather than remain in a
melted phase resembling the original crystalline lattice.
Therefore, these results suggest that melting may be achievable
in carboxylate MOFs with few competing polymorph phases,
perhaps such as those with mononuclear metal sites. While
offering evidence for the existence of soft modes invoked to
describe MOF liquids, these data provide mechanistic
justification of other MOF phenomena requiring dissociation
of MOF metal-linker bonds: most notably, single-crystal-to-
single-crystal postsynthetic modification (cation exchange and
ligand exchange),54’59’60’78 the ability of MOFs to encapsulate
molecules larger than their pore apertures,”” and the negative
thermal expansion of MOFs."’~>%**33%08! 1dentification and
analysis of soft modes in phase change MOFs also ofters a tool
for investigating fundamental aspects of how molecular
structure drives phenomena spanning spin crossover tran-
sitions, symmetry-lowering distortions, and ferroelectricity.

B CONCLUSION

VT-DRIFTS provides strong evidence for dynamic metal-
linker bonding in carboxylate-based MOFs. Redshifts to
carboxylate vibrational modes can be modeled accurately as
equilibrium mixtures of tight and loose metal-linker species,
producing K values remarkably consistent with the well-
documented lability of molecular analogs. Additionally,
carboxylate stretches serve as convenient spectroscopic
alternatives to metal-linker vibrational modes for studying
structural dynamics that have eluded recent investigations into
liquid MOFs and MOF glasses. Taken together, this previously
unobserved evidence for MOF metal-linker dynamics builds on
recent evidence that challenges the fundamental perception of
MOFs as static structures, offering mechanistic justification for
important MOF phenomena and a powerful tool for leveraging
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MOF structural dynamics in the design of next-generation
adaptable materials.
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