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ABSTRACT: Anomalous compression behaviors such as negative
linear compressibility (NLC) and negative area compressibility
(NAC) are emerging functionalities essential for utilities under
extreme conditions. Metal—organic frameworks (MOFs) present a
large family of NLC/NAC materials under the well-recognized
“wine-rack” mechanism. Nevertheless, the working pressure of
MOFs is limited to typically no more than 3 GPa. Herein, we
report the observation of a rare reentrant NLC behavior of MIL-
53(Al) over an ultrawide pressure region up to 41.6 GPa. MIL-
S3(Al) with the classic wine-rack topology first exhibits an NLC
behavior along the c-axis in the pressure region of 0—2.7 GPa,
followed by a normal compression process between 2.7 and 12.9
GPa. After that, it is surprising to find that the reentrant NLC
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property remains at a record-high pressure (>40 GPa) among the previously reported MOFs. The mechanisms of the distinct
compression behaviors of MIL-53(Al) in the three stages are studied by combining the X-ray diffraction analyses, Raman spectra,

and DFT calculation. Particularly, the photoluminescence of Crt

is used as a unique probe for the subtle changes of the local

coordination environments of AI** under compression. Both the absorption spectra and photoluminescence of Cr**-doped MIL-
S3(Al) not only verify the three-stage compression processes but also reveal a hidden structural/electrical phase transition around
22.0 GPa. These findings provide an in-depth understanding of the structure—property relationship of abnormal compression

behavior at the local-structure level.

B INTRODUCTION

Negative linear compressibility (NLC) is an anomalous
mechanical behavior describing that a material can expand
along a specific direction under uniform compression without
any phase transition. NLC is thermodynamically allowed for it
couples to the volume reduction but goes against the intuition
that the compression is bound to generate the contraction.' ™
NLC materials spur great interests in the exploration of
inherent mechanisms for their unusual elasticity, which may
also exploit a range of promising application fields such as
interferometric pressure sensors, artificial muscles, and shock-
resisted optical fibers."”® Up to now, the NLC phenomenon
has been observed in a diversity of materials, involving
inorganic compounds such as BPO,, BAsO,, and a-BiB;O,
and metal—organic frameworks (MOFs) such as Ag;[Co-
(CN)4], Zn[Au(CN),],, and KMn[Ag(CN),];.”~"* Several
kinds of mechanisms for the generation of NLC have been
proposed for specific materials, such as wine-rack and
honeycomb networks, and the Lifshitz model."' ™"

MOFs are compounds with framework architectures
constructed by metal ions or clusters (nodes) and organic
linkers (struts).">'® MOFs always show considerable structural
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flexibility in response to pressure, such as NLC, symmetry-
lowering, and amorphization, owing to the polyhedron rotation
or framework relaxation.”'’™"" Particularly, when structural
phase transition occurs along with an NLC behavior, a two-
stage NLC phenomenon may be observed in both the low-
pressure (LP) and high-pressure (HP) phases with a closely
related mechanism. These reported examples include Ag;[Co-
(CN),] (phase I: K. = =76 TPa™', 0—0.19 GPa; phase II: K, =
—5.3 TPa™!, 0.19—7.65 GPa) and Zn[Au(CN),] (phase I: K.
—42 TPa™!, 0—1.8 GPa; phase II: K, = —5.3 TPa™}, 1.8—14.2
GPa).'"'* Also, owing to the structural flexibility, NLC within
MOFs is usually restricted to very low pressures, after which
the pressure-driven structural phase transition or amorphiza-
tion possibly occurs with the disappearance of NLC." The
strategy of inclusion of counterions within the framework
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Figure 1. XRD patterns reveal the reentrant NLC behavior of MIL-53(Al). (a) Powder XRD patterns of MIL-53(Al) as a function of pressure. (b)
Enlarged XRD patterns in the 26 range of 3.4° to 4.6°. (c) Cell parameters of MIL-S3(Al) as a function of applied pressure. (d) Cell volumes as a
function of applied pressure. P—V fitting results: phase I: V, = 1382.8 + 3.2 A, By = 11.3 & 0.4 GPa, B’ = 4; phase II: V, = 1292.2 + 4.2 A, By = 41.0

+ 1.3 GPa, B = 4.

cavities is used to extend the NLC pressure range. However,
the highest NLC pressure is no more than 15 GPa in all the
ever reported MOFs, which is much lower than that of the
inorganic NLC materials and limits the potential applications
of NLC MOFs.**!

With the purpose of exploring NLC MOFs that can survive
to a higher pressure range, we have screened dozens of known
MOFs under compression. Among them, MIL-53 is of a
representative wine-rack topology, where the metal-centered
octahedra locate the vertexes as hinges and are bridged by the
organic ligands.”> The NLC behavior of MIL-53(Al)-Ip has
been reported in 2015, with a compressibility value of —28
TPa™! within 0—3 GPa along the a-axis, positive contractions
along all axes within 3—6 GPa, and no data for higher
pressure.”’ Herein, we report the experimental data of MIL-
S3(Al) up to more than 40 GPa. Surprisingly, a rare reentrant
NLC behavior has been observed in the 12.9—41.6 GPa region
for the first time besides the previously reported NLC behavior
in the LP range. Structural analyses based on in situ X-ray
diffraction data and Raman spectra have been conducted to
reveal the structure evolution through the NLC within
different pressure ranges. Particularly, the photoluminescence
(PL) of Cr’* is used as a unique probe for the subtle changes
of the local coordination environments of AI** under
compression. Dramatic changes of the optical properties in
Cr*"-doped MIL-53(Al) were observed and corresponded well
to the NLC behavior and pressure-induced structure
transitions.

B EXPERIMENTAL DETAILS

Material Synthesis. Polycrystalline samples of MIL-S3(Al) were
synthesized following the reported method.”” Aluminum nitrate
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nonahydrate (AI(NO;);-9H,0, Aladdin, 99%), terephthalic acid
(CgHgO,, Aladdin, 99%), and deionized water were mixed at a
molar ratio of 1:0.5:80 and then reacted under a hydrothermal
condition of 220 °C for 72 h. The product was collected after washing
with deionized water/ethanol and drying at 80 °C overnight. For 5%
Cr**-doped MIL-53(Al), chromium(III) nitrate nonahydrate (Cr-
(NO;);-9H,0, Aladdin, 99%) was added into the reactant instead of S
mol % AI(NO,);-9H,0.

Characterizations under Ambient Conditions. The phase
purity of the as-obtained MIL-53 (Al):5% Cr was analyzed by using a
PANalytical Empyrean diffractometer (Cu Ka source (4 = 0.154
nm)), and the absorption spectra of the 3% Cr**-doped MIL-53(Al)
powder were measured by a UV—Vis spectrophotometer (U-4100,
Hitachi) with an integrating sphere.

In Situ HP Characterizations. Standard symmetrical diamond
anvil cells (DACs) with 300 um culets were used in all HP
measurements. Stainless steel or rhenium gaskets were pre-indented
to about 40 ym in thickness, and 150 um holes were drilled using a
laser drilling system to serve as the sample chambers. The sample
powder was pressed into a pellet and loaded into the sample chamber
filled with silicone oil as the pressure-transmitting medium (PTM). A
ruby sphere was then loaded to calibrate the pressure by using the
ruby fluorescence method.**

HP powder X-ray diffraction (XRD) patterns were collected at the
4W?2 High Pressure Station in Beijing Synchrotron Radiation Facility
(BSRF). A focused monochromatic X-ray beam with a size of about
15 X 35 pm?* and a wavelength of 0.6199 A was used. The diffraction
data were recorded by the Mar34S image plate. High-purity CeO,
powder was used as the standard for calibration. The powder XRD
patterns were integrated with the Dioptas program.*® Lattice
parameter refinements were performed by using the FULLPROF
program.”® The compressibility was calculated by the empirical
function I = Iy + A(p — gc)" via the online program PASCal (http://
pascal.chern.ox.ac.uk/).2

The HP Raman spectra were collected using a 532 nm line and a
2400 slits/mm diffraction grating in a Renishaw inVia spectrometer.

https://doi.org/10.1021/acs.chemmater.1c04398
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Figure 2. Reentrant NLC behavior of MIL-53(Al) and its structural origination. (a) Change rate of the lattice parameters as a function of pressure.
(b) Compressibility coefficients of the lattice parameters as a function of pressure. (¢, d) Schematic representations of the framework evolution of
MIL-53(Al) during NLC-I and NLC-II.

HP UV-Vis absorption spectrum measurements were conducted increased sequentially, the (101) and (200) peaks merge
using an Ocean Optics QE65000 scientific-grade spectror'neter. In situ together and shift toward the high-angle region. A structural
HP PL spectrum measurements were conducted bY using a hf’me' phase transition occurs around 2.7 GPa from orthorhombic to
designed spectroscopy system (Ideaoptics, Shanghai, China) with a monoclinic (P2/m) according to the Le Bail fitting results
40S nm laser as the excitation light source. The bandgap value was . . -,
. . ) (Figure S4). No evident structural phase transition has been
derived from the optical absorbance data by using the Tauc plot . ;
observed from the diffraction data up to 41.6 GPa.

method®** according to the following equation:
Surprisingly, the XRD peak around 4° moves toward a high

(hwa)V'" = A(hy — E,) angle first in the 2.7—12.9 GPa region (positive linear
compressibility, PLC) and then to a low-angle direction

where & is Planck’s constant, v is the frequency of vibration, « is the again above 12.9 GPa (NLC-II), indicating the reentrant NLC
absorption coefficient, E is the bandgap, and A is the proportional behavior. MIL-53(Al) suffers an irreversible pressure-induced

constant. The value of the exponent n denotes the nature of the
sample transition and is theoretically equal to 1/2 or 2 for direct
allowed and indirect allowed transitions, respectively. For the sample
of 3% Cr**-doped MIL-53(Al), the value of n was selected to be 1/2.

The first-principles calculation was performed using the CASTEP

amorphization at the higher pressure region around 40 GPa
and after releasing to ambient conditions. Figure 1c,d shows
the lattice parameters extracted from the refinement of the
XRD data. Three pressure points, namely, T1, T2, and T3, are

package.*® The ambient crystal structure of MIL-53(Al) was adopted marked to show either the structural transitions or electrical
as the initial structure model. Structure optimization at various transition evidenced by the PL property. T1 at 2.7 GPa marks
pressure points was performed adopting the experimental cell sizes the transformation from orthorhombic to monoclinic phase
with all the atomic positions relaxed. The electron—electron (ana to P2/m) and also from NLC to PLC along the g-axis.
interaction was treated with an energy cutoff of 600 eV using the The second transition occurred at 12.9 GPa (T2), followed by
LDA and PAW—PBE pseudopotential. The valance electrons of H, C, the reentrant NLC behavior in MIL-S3(Al) along the a-axis.

1 24..2 24,4 2 1 .
O, and Al were 1s', 2572p", 25°2p", and 3s°3p’, respectively. T3 labels the anomalous compressibility of the cell volume,

which has been confirmed by the anomalous change of the PL

B RESULTS AND DISCUSSION property (will be discussed in the optical property section).

The Pressure-Driven Structural Evolution of MIL- NLC Property of MIL-53(Al). “Reentrant” phenomena are
53(Al). Phase-pure polycrystalline samples of MIL-53(Al) and rare but extremely important to understand the essence of
5% Cr**-doped MIL-53(Al) were synthesized under the critical physical behaviors such as orbital ordering, magnetic
hydrothermal condition”* (Figures S1 and S2). Figure 1 frustration, and lattice expansion.”' ~** From the cell parameter
displays the in situ powder XRD patterns of MIL-53(Al) under evolution as a function of pressure, we notice that MIL-53(Al)
the HP of up to 41.6 GPa. At ambient pressure, the diffraction expands again along the g-axis above 12.9 GPa besides the
peaks can be well indexed with the orthorhombic space group NLC-I region, which presents an emerging “reentrant” NLC
Pnma. In the representative XRD patterns between 3.4° and phenomenon among all the previously reported NLC
4.6°, the diffraction peak (200) shifts to lower angles before 1.8 materials. Figure 2 shows the pressure-dependent change and
GPa (NLC-I), indicating that abnormal enlargement of the d- compressibility coefficients of the lattice parameters during
spacing of (200) occurs upon compression. Visual evidence both the NLC-I and NLC-II processes. In the first stage at 0—
can be found with the shift of (101) and (200) peaks in the 1.8 GPa, the framework of MIL-53(Al) extends by 2.4% along
raw two-dimensional XRD images (Figure S3). As the pressure the g-axis and contracts by 12.1% in the ¢ direction, much
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Figure 3. Raman evidence for the NLC mechanism in MIL-53(Al). (a) Raw Raman spectra for MIL-53(Al) as a function of pressure. (b) Pressure

dependence of the Raman peak locations of MIL-53(Al).

bigger than that along the b-axis (by 2.0%). The compressi-
bility coeflicients of the three unit-cell axes are calculated by
using the PASCal program,”” which gives the values of K, =
—7.7 TPa™!, K, = 7.1 TPa™}, and K, = 41.9 TPa™". Compared
with the previously reported MIL-S3(Al)-Ip (K, —28
TPa™'),” the NLC value along the a-axis (—7.7 TPa™) is
much smaller, which can be attributed to the filled holes of
MIL-53(Al) by the ligand molecules resistant to external
pressure. The NLC-II stage occurs in the pressure range of
12.9—41.6 GPa, where the g-axis elongates by 3.3% and the b-
axis compresses by 12.5%, compared with that along the c-axis
by about 3%. The corresponding compressibility coefficients
are K, = —1.3 TPa™}, K, = 0.6 TPa™!, and K, = 0.3 TPa™},
respectively. Compared with the other NLC materials
including MOFs, the compressibility along the g-axis in
NLC-II is quite smaller, but the pressure range with NLC is
the largest up to now (Table S1). Normally, almost all of the
materials with abnormal compressibility that can survive to a
relatively high pressure (several tens of GPa) are all inorganic
materials, such as BPO, and BAsO,.*

The structure evolution of MIL-S3(Al) under compression
is evaluated by DFT structure optimization using the
experimental cell parameters at given pressures. Under ambient
conditions, the corner-sharing AlOg4 octahedra bridged by the
terephthalic acid ligands arrange along the b-axis, with all the
Al atoms occupying the 4a position. In the NLC-I stage, the
column of AlOg octahedra falls into two categories and rotate
in opposite directions around the b-axis (about 14°), making
the framework prolonged along the g-axis and contracted in
both directions of the b, c-axis. This also creates two kinds of
Al sites: 2a (All) and 2d (Al2), which breaks the crystalline
symmetry into the space group P2/m. With the rotation of
AlOg octahedra, the organic ligands bend slightly on the joint
between the benzene ring and the —CO,— group.” > Similar
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phase transition has been reported in Zn(CN), initialed by the
rotations of the polyhedra in the opposite directions.’® In the
NLC-II stage, the shrinkage of the AI—O—Al angles turns into
the most likely mechanism for the a-axis stretching instead of
the rotations of the octahedra (Table S2). The Al-O-—Al
angles decrease by about 10°, which is nearly 10 times larger
than that in the NLC-I stage. As a result, the b-axis has a bigger
magnitude of compression in the NLC-II process instead of
the c-axis in the NLC-I stage.

Raman Evidence for the NLC Mechanism. Raman
measurements are conducted to probe into the subtle local
structure evolution of MIL-53(Al) under compression. Figure
3 shows the representative Raman spectra recorded in the 50—
1800 cm™" region of up to 41.6 GPa. The first stage falls into
the pressure range below 2.4 GPa, coinciding with the
structural phase transition point T1 as evidenced by the
XRD results. In this range, the peak at 54 cm™' weakened
sharply, which can be attributed to the depressed rotation of
the phenyl in the framework by pressurization (Table S3). The
peak at 184 cm™! is assigned to the scissoring-like bending of
the AlO4 octahedra, which disappears at 2.4 GPa. The
scissoring of the AlO4 octahedra is linked with a seesaw
motion of the phenyl, which is considered one of the triggering
factors for the breathing of MIL-53(Al).” The weakening of
this Raman peak therefore indicates that the motion of the
skeleton associated with “breathing mode” is restrained at a
fairly low pressure. The peak located at 827 cm™" is ascribed to
the out-of-plane waggling vibration between the carbon atoms
and the aromatic rings, which decreases and finally vanishes at
2.4 GPa. Meanwhile, the peak at 804 cm™ relative to the
bending vibration of —O—C—O— groups increases upon
compression, which strongly indicates the pressure-induced
bending between —CO,— groups and aromatic rings. All
evidence confirms the structural evolution of the MIL-53(Al)

https://doi.org/10.1021/acs.chemmater.1c04398
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Figure 4. Optical spectra of 5% Cr**-doped MIL-53(Al) under compression. (a) Optical absorption edge of 5% Cr**-doped MIL-53(Al) in the
range of 25,000—37,000 cm™. (b) PL spectrum of 5% Cr**-doped MIL-53(Al) excited by a 405 nm laser. (c) Absorption spectrum of the d—d
transitions of 5% Cr**-doped MIL-53(Al). (d) Bandgap evolution of 3% Cr**-doped MIL-53(Al) as a function of pressure. (e) Intensity of CT

absorption as a function of pressure. (f) PL spectra of Cr** ions in 5% Cr**

-doped MIL-53(Al) as a function of f pressure. (g) Energy levels of Cr**

5% Cr**-doped MIL-53(Al) as a function of pressure, compared with those in ruby (Cr**-bearing ALQ,).*

framework under high pressure and supports the previously
proposed NLC mechanism.

As pressure increases continually, all the Raman peaks
decrease gradually and disappear around 20 GPa, correspond-
ing to the transition point T3 and the irreversible
amorphization from the XRD results. Notably, the Raman
peak around 632 cm™" corresponding to the stretching mode
of the AlI-O backbone basically remains unshifted in the whole
compression process, which shows the stiffness of the AlOg
octahedra when put together with organic linkers. This
phenomenon can also support the abovementioned NLC
mechanism and the structural evolution of MIL-53(Al) under
compression.

Cr3* Optical Probe for the NLC Mechanism of MIL-
53(Al). Optical signals have always been used as sensitive
probes to detect subtle local structure changes of materials
responsive to external stimuli.""** The emission bands of Cr**
are adopted to get deep insights into the local structure change
of MIL-53(Al) under compression. The Cr** ions with 3d*-
configuration are centered at distorted octahedral sites with
O’ ions occupying the vertices in Cr’*-doped MIL-53(Al),
where the electronic energy levels of Cr’* ions can be well
described by the ligand-field theory. The octahedral field gives
rise to the split d-electron levels of Cr® ions, and the reduced
site symmetry caused by the distortion of the octahedron leads
to partial removal of the electronic degeneracies.””** Thus, the
migration of ion energy levels can give an index to the change
of the local lattice structure. Figure 4 shows the optical spectra
(absorption and emission) of 5% Cr’*-doped MIL-53(Al)
under ambient conditions and under compression. First, the
absorption and emission spectra of 5% Cr’*-doped MIL-
53(Al) powder were measured under ambient conditions to

confirm the energy level structure of the Cr’* ion. A strong
absorption band appeared at the high frequency region, above
31,000 cm™', which can be assigned to the charge transfer
(CT) transition. The emission spectrum (excited by a 405 nm
laser) coupled with the absorption spectrum was utilized for
the clarification of the d—d transition energy levels. The broad
bands centered at 25,200 and 17,714 cm™" can be ascribed to
the transitions of *A, — *T, and *A, — *T,, respectively. In
contrast to the location of emission peaks, the small absorption
peak at the low frequency region was separated into two peaks
centered at 14,460 and 14,220 cm ™}, assigned to the transitions
of *A, — T, and *A, — ’E, respectively. The value of the *T,
energy level was calculated by using the spectral data according
to the ligand-field theory and put at 23,700 cm™".*’

Under compression, the bandgap (calculated from the
absorption edge, Figures SS and S6) and the emission from
transitions of *T; — “A, and E — “*A, were measured and
analyzed together with structural evolution concluded from
XRD patterns. The bandgap values decreased from 3.85 eV
under ambient conditions to 2.8 eV at ~20 GPa and then
continued to increase to 3.42 eV around 33 GPa. After the
pressure was released, this value reached 3.57 eV. The
inflection that appeared at ~20 GPa corresponds roughly to
the transition point T3 as evidenced from the XRD and Raman
measurements. In addition, the CT absorption intensity shows
several discontinuities under compression, corresponding to
the T1 and T2 transitions at 2.2 and 13.3 GPa, respectively. All
the abrupt changes arising in the evolution of absorption
properties provide strong evidence for the phase transition
during pressurization. These two changes can also be found in
the PL emission peak shifts under compression (Figure 4f,g). It
is interesting to find a red-shift of the *T; — *A, peak and a
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slight blue-shift of the ’E — *A, peak under compression. Two
inflection points are observed at 4.2 and 13.6 GPa, consistent
with the abovementioned phase transitions T1 and T2.
Remarkably, it is unusual to see a blue-shift of the *E — *A,
transition under compression compared to that in Cr**-bearing
ruby that served as a widely used pressure gauge.”” The
opposite PL shift is just unique evidence supporting the
anomalous NLC behavior of MIL-53(Al).

B CONCLUSIONS

In summary, we report a reentrant NLC behavior of MIL-53
(Al) that can survive up to more than 40 GPa. Three distinct
compression regions are observed: NLC-I, 0—2.7 GPa, with
the wine-rack mechanism; PLC, 2.7—12.9 GPa, with normal
compression behavior; NLC-II, 12.9—41.6 GPa, with a
complex rotation mechanism. Local structure analyses based
on Raman spectral evidence strongly support the distinct NLC
mechanisms in the NLC-I and NLC-II stages. The Cr** optical
properties (absorption and emission) are first used as sensitive
structure probes into the subtle coordination changes of the
AlO¢ octahedra and provide consistent results with the
structural characterizations. The discovery of a reentrant
NLC behavior in a given material and an NLC that can
survive to ultrahigh pressure in a soft MOF provides a state-of-
the-art platform for the study and rational design of more
materials with abnormal compressibility.
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