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ABSTRACT: Understanding the stability of porous materials, MIL-53 (AlCr,) 500 . i . . .
especially metal—organic frameworks (MOFs), is central to -

defining their applications in gas storage, separation, and catalysis. of ® .
Herein, integrating high-temperature drop combustion calorimetry -

as well as simultaneous thermal and in situ structural analyses, we 3 -soof 1
performed a comprehensive study on the thermodynamic, thermal, % e

and structural stabilities of MOF in air. A family of MIL-53 = ~1000F ]
(Al,_,Cr,) with systematically tuned metal contents was intention- < i

ally chosen considering their unique property that H,BDC species 1500¢ AH AR TR & ]
serve as both coordinated linkers and guest species confined. The 2000 Fos f . )

results suggest that as temperature increases, all samples underwent Pnma 00 02 04 06 08 10
(1) a phase transition from the pore-filled Pnma to the Imma with Cri(Al+Cr)

empty pores, (2) structural degradation, and (3) complete

oxidation (burning). At the same temperature, as the chromium (Cr) content increases, the thermal and structural stability of
MIL-53 (Al,_,Cr,) in air decreases. In contrast, interestingly, the intrinsic thermodynamic stability systematically increases as a
function of Cr content, evidenced by the more exothermic enthalpies of formation, ranging from 92.8 + 73.4 kJ/mol (slightly
metastable) to —1593.2 + 60.8 kJ/mol (stable). Such a phenomenon is likely due to enhanced H,BDC—MIL-53 guest—host
interactions upon Cr substitution, which energetically neutralize the metastability of MIL-53 open frameworks. This study highlights
that the thermal, structural, and energetic stabilities are different and have equal importance in governing the synthesis and
applications of MOFs.

B INTRODUCTION The experimental thermodynamic studies on formation
stability and energetic landscape of MOFs were pioneered by
Navrotsky and colleagues, in which near-room-temperature
solution calorimetry with different solvents, including acid,
base, and organic solvents, was employed to quantify the
enthalpies of formation of MOFs with different porosity,
structure, and polymorphism.'*~*° Parallelly, Woodfield’s
group designed a highly customized setup for the first set of
low-temperature heat capacity measurements on MOFs to
elucidate their entropic evolutions as a function of temper-
ature.”’ These studies suggest that the magnitude and trend of
macroscopic thermodynamic properties, such as formation
enthalpy and heat capacity, reflect subtle variations in the

Metal—organic frameworks (MOFs) are solid-state “molecular
tinker toy like” crystalline porous materials constructed by self-
assembly of metal nodes and organic linkers into multidimen-
sional lattices through coordination chemistry."”> Compared to
traditional inorganic porous materials, such as zeolites,
mesoporous silica, and carbon polymorphs, the distinct
advantage of MOFs is their intrinsic modifiability in metal
nodes, functional linkers, and exchangeable building blocks,
which leads to promising application potential in gas storage,”’
. O a7 . 8—11 .
adsorption and separation,”” " catalysis, drug delivery, and
1214 .
molecular sensing, Numerous topologies have been
synthesized, whereas large-scale industrial applications of
MOFs are hindered by their stability issues at elevated

temperature, under humid environments, and within harsh Received: March 23, 2021 4 ) @
chemicals. Extensive research has been performed on the Revised: ~ May 21, 2021 T
synthesis, structure, and performance evaluation of MOFs. Published: June 22, 2021 !g/f§g
However, much fewer studies have been conducted on ’ QQ 2
systematic investigation into MOF stability, which is the

major hurdle to overcome prior to their eventual applications.
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microscopic compositional and structural factors of MOFs.
Generally, MOFs are less stable and less exothermic or even
endothermic compared with their corresponding dense phase
assemblages. It is also indicated that there appears to be not
much thermodynamic penalty for the synthesis of MOF
structures with ultrahigh porosity and specific surface area, and
the energetic stabilities among MOF polymorphs are not
significantly different. Moreover, it was found that strong
adsorbate—MOF guest—host interactions effectively stabilize
MOFs in the synthesis processes and during applications
involved in adsorption and separation. Recently, we reviewed
these studies in detail,”>~>* in which the energetic landscape,
entropy evolution as a function of temperature, and
thermodynamics of molecule—materials interactions were
summarized and discussed. These thermodynamic studies
significantly enhanced our fundamental understanding on the
intrinsic stability of MOF formation, yet we realized the lack of
integrated in situ studies on the thermal, structural, and
energetic (thermodynamic) stability on MOFs sharin§ the
same topology with systematically tuned compositions.””**
The objective of this study is to determine the energetic
(thermodynamic), thermal, and structural stability of a group
of MIL-53 in air as a function of temperature. MIL-53
(Al,_,Cr,) samples (M** = AP** or Cr**, 0 < x < 1) were
intentionally chosen to represent bimetallic MOFs with
systematically tuned aluminum (Al) and chromium (Cr)
contents. These MIL-53 (Al,_,Cr,) samples share a unique
breathable framework structure with infinite chains of corner-
sharing octahedra of AI** or Cr’* coordinated with 1,4-
benzenedicarboxylic acid (H,BDC) linkers. The molar formula
of as-synthesized MIL-53 (Al,_,Cr,) is denoted as M(OH)-
(BDC)-(H,BDC),, in which -(H,BDC), represents pore-
confined H,BDC molecules. The pore-filled phase of MIL-53
has a space group of Pnma, while its empty-pore structure
belongs to Imma (see Figure 1). All samples were thoroughly

Imma

Figure 1. Schematic illustration of MIL-53 structures: (a) the pore-
filled phase with Pnma space group and (b) the empty-pore phase
with Imma.

investigated by ex situ and in situ powder X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), N, adsorption—desorption full
isotherm analysis, and thermal analysis using an integrated
thermogravimetry—differential scanning calorimetry—mass
spectrometry (TG-DSC-MS) system. Subsequently, the
formation enthalpies of MIL-53 (Al,_,Cr,) from dense phase
assemblages of M,0; and H,BDC were determined by using
high-temperature drop combustion calorimetry, which was
recently developed to probe the formation energetics of
organic and/or hybrid materials that cannot be dissolved at
near-room temperature by traditional acid/base solutions and/

or organic solvents.” This study reveals the complex relations
among compositional factors that govern the thermal,
structural, and energetic stabilities of MIL-53 (Al,_,Cr,).

B EXPERIMENTAL METHODS

Materials Synthesis. Analytical grade aluminum nitrate
nonahydrate [AI(NO,);-9H,0], chromium nitrate nonahy-
drate [Cr(NO;);9H,0], terephthalic acid (H,BDC), dime-
thylformamide (DMF), and methanol (MeOH) were
purchased from Sigma-Aldrich. MIL-53 (Al) was-synthesized
by using a method reported previously by Rallapalli et al.,* in
which AI(NO,);-9H,0, H,BDC, and ultrapure water (1:0.5:80
molar ratio) were mixed under vigorous stirring and trans-
ferred to a 40 mL Teflon-lined stainless steel autoclave. After
hydrothermal synthesis in an oven programmed at 220 °C for
72 h, the precipitate was collected and washed with ultrapure
water (50 mL). Subsequently, the precipitate (~1 g) was kept
in 20 mL of DMF overnight to maximize the removal of
unreacted BDC ligands. The product was further washed with
50 mL of MeOH to exchange the residual DMF followed by
drying at 150 °C under vacuum for 12 h. MIL-53 (Cr) was
synthesized according to the approach reported by Serre et
al.”’ Specifically, Cr(NO,);-9H,0, H,BDC, and H,O with a
molar ratio of 1:1:280 were mixed under vigorous stirring and
transferred to a Teflon-lined stainless steel autoclave for
hydrothermal synthesis at 220 °C for 72 h. The relatively high
synthesis temperature used in this study may lead to formation
of bulk oxides outside of MOF pores, and postsynthesis
centrifugation was applied to maximize the oxide removal.”**’
The bimetallic MIL-53 (Al,_,Cr,) samples (x = 0.25, 0.5, and
0.75) were synthesized by using the same method as that of
MIL-53 (Cr). The same purification and activation processes
were used for all samples.

Standard Characterizations. We examined the morphol-
ogy of each sample by scanning electron microscopy (SEM)
using a Tescan Vega3 operated at 20 kV and 72 pA. Ex situ
powder X-ray diffraction (XRD) experiments were performed
by using a Rigaku SmartLab (Cu Ka radiation, 4 = 1.5406 A)
operated at a scan rate of 4°/min in the 20 range of 5°—80° for
phase identification. X-ray photoelectron spectroscopy (XPS)
measurements was performed with a Thermo Scientific K-
Alpha spectrometer equipped with Al Ka (1486.6 eV)
radiation. The surface area and pore dimension of each sample
were measured by N, adsorption—desorption full isotherm
analysis at 77 K on a Micromeritics 3Flex adsorption analyzer.
Before each measurement, the sample was outgassed at 300 °C
overnight. The specific surface area was calculated by using
both the Langmuir (SLangmuir) and the multiple-point
Brunauer—Emmett—Teller (BET, Sgpy) methods. The pore
size and volume were calculated by using the Horvath—
Kawazoe (HK) method.

Thermogravimetry—Differential Scanning Calorime-
try—Mass Spectrometry (TG-DSC-MS). Thermal analyses
with TG-DSC-MS were performed by using a STA 449 F3
Jupiter (Netzsch Instruments) coupled with a quadrupole mass
spectrometer QMS 403 D (Aéolos).*® In each analysis, about 5
mg sample was placed in a platinum (Pt) crucible heated from
35 to 700 °C at 10 °C/min under an air flow of 40 mL/min.
The evolved gases were introduced through a heated transfer
line (200 °C) and analyzed simultaneously by the MS. Signals
recorded include m/z = 18 (H,0), 32 (0O,), and 44 (CO,).
Moreover, we also took advantage of the TG-DSC-MS data for
compositional analysis on all samples.

https://doi.org/10.1021/acs.jpcc.1c02623
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Figure 2. (a) Ex situ XRD patterns at room temperature, (b) N, adsorption—desorption full isotherms at 77 K, (c) pore size distribution, and (d—

h) SEM images for all MIL-53 samples.

Table 1. Compositional and Surface Analysis Results on All MIL-53 Samples at 77 K

molecular formula
(Al-OH)(CsH,0,)(CsHeO4)om
(A10A74Cf0.25_0H) (C8H4O4) (C8H604)0.62
(Al 5,Cry,45—OH)(CsH,0,) (CsHgO4) 075
(Aly 25Cry71—OH)(CsH,0,) (CsHsO4)o.60
(Cr—OH)(CH,0,4)(CsHgO4)o.40

sample name
MIL-53 (Al)
MIL-53 (Aly5Crozs)
MIL-53 (AlysCrys)
MIL-53 (Alg,5Cro7s)
MIL-53 (Cr)

SeT (mz/ g) SLangmuir (mz/ g) dyx (A) VHK—micropore (cm3/ g)
980.8 1495.3 7.8 0.5
964.1 1340.8 7.5 0.5
1095.2 1447.6 79 0.6
905.0 1062.0 8.3 0.5
890.1 1094.6 7.0 0.4

In Situ X-ray Diffraction (XRD). Temperature-pro-
grammed in situ XRD data were obtained by using a Rigaku
HT-1500 furnace on a platinum crucible,’' ** with the
platinum peaks removed by using software, with a heating
rate of 10 °C/min under a 40 mL/min of air flow with an
equilibrium time of 5 min by holding the target temperature
prior to each scan. Using Bragg’s law, we calculated the d-
spacing of each sample. Lattice parameters in the Pnma (no.
62) space group were calculated by using (200), (020), and
(202) peaks for a, b, and c, respectively. Lattice parameters for
the Imma (no. 74) space group were calculated by using (101),
(020), and (011) peaks for a, b, and ¢, respectively. Peaks were
indexed by using crystal phase data reported by Loiseau et al.*®

High-Temperature Drop Combustion Calorimetry.
High-temperature combustion drop calorimetry measurements
were conducted by using a Tian-Calvet twin microcalorimeter,
Setaram Alexsys-1000, where the enthalpy of drop combustion
(AH,,,) of each sample was directly obtained.” Air-
equilibrated MIL-53 (Al,_,Cr,) samples were pressed into
cylindrical pellets between 4 and 6 mg. Each pellet was
dropped from room temperature into an empty quartz crucible
inside the reaction chamber kept at 800 °C. O, was
continuously flushed through the chambers at a flowrate of
70 mL/min, providing a constant oxidative environment for
the thermal combustion. The calibration factor of the
instrument was determined by using benzoic acid
(C¢H;CO,H). Prior to the calorimetric measurements, the
samples were degassed at 150 °C for 12 h (1077-107°
mmHg). We intentionally applied a low activation temperature
of 150 °C for calorimetry experiments to keep the H,BDC
linkers confined within MIL-53 for investigation into the
impacts of H,BDC—MIL-53 guest—host interactions on
energetic stability of materials. A 3D-printed calorimetric

14041

dropper was used to transfer and introduce the sample into the

calorimeter to minimize exposure to the ambient environ-
36

ment.”” At least three successful measurements were

performed on each sample for deriving formation enthalpy

(AHp) and enthalpy of mixing (AH,,;).

B RESULTS AND DISCUSSION

The ex situ XRD patterns at room temperature suggest that at
room temperature all as-made samples belong to the
orthorhombic Pnma space group corresponding to the phase
with H,BDC guest molecules confined, which is consistent
with earlier studies (see Figure 2a).””’>" N, adsorption—
desorption isotherms at 77 K are plotted in Figure 2b. All
samples present Type I isotherms, which strongly suggest
microporosity. The specific surface areas were determined by
using both BET and Langmuir methods. Specifically, MIL-53
(AlysCrys) presents the highest BET surface area of 1095.2
m?/ g, while MIL-53 (Cr) has the lowest value of 890.1 m?2/ g
(see Table 1). The BET analysis results are in good agreement
with previously reported values, ranging from 950 to 1500 m?/
%7 Langmuir surface analysis returns higher surface areas
spanning between 1062.0 and 1495.3 m’/g. The micropore
volume of each sample was calculated by using the Horvath—
Kawazoe (HK) method, ranging from 0.4 to 0.6 cm’/g (see
Table 1). Figure 2c also presents the pore size distributions of
all samples. Generally, introduction of Cr broadens the pore
size distribution of MIL-53.

The SEM images of all samples are presented in Figure 2d—
h. MIL-53 (Al) shows star-shaped morphology with ordered
octahedral crystals (~3.3 pum, see Figure 2d). This is consistent
with observation in previous studies, in which star-shaped
particles formed through intergrowth of orthorhombic MIL-53

https://doi.org/10.1021/acs.jpcc.1c02623
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https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02623?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02623?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02623?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02623?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c02623?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C pubs.acs.org/JPCC

a b c

XPS O1s —— MIL-53 (Al) XPS (Al 2p) XPS (Cr)

| ——MIL-53 (Al Cr, ) Al2 Crap. Cr2
—— MIL-53 (AI_ Cr, ) Py rép,,Crzp,,
C1s 05~ "0

- —— MIL-53 (Al ,Cr, ) 3 35
;i ——MIL-53 (Cr) s S / NN
2 2 2 \
] @ - s [
£ - U

400 600 800 1000 1200 1400
Binding Energy (eV)

0 200

50 60 70 80 90 570 580 590

Binding Energy (eV) Binding Energy (eV)

Figure 3. (a) XPS survey, (b) Al 2p, ,, and (c) Cr 2p,,, and Cr 2p5,, spectra of all MIL-53 samples.
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MIL-53 samples: (b) H,0, m/z = 18; (c) O, m/z = 32; and (d) CO,, m/z = 44.

(Al) crystals."”™ As the Cr/Al ratio increases, morphology
degradation and particle size decrease are observed (see Figure
2e—h). For MIL-53 (Cr), spherical particles (~150 nm)
slightly smaller than previously reported sizes are seen (see
Figure 2h).** Such particle size decrease is typical for MOFs
2630 In short, the
samples with higher Al content tend to present better
morphology. Such morphological variations as a function of
cation composition were also observed on other bimetallic
MOFs. ™%

The XPS survey spectra with C 1s, O 1s, Cr 2p, and Al 2p
peaks are presented in Figure 3a. The Al 2p and Cr 2p spectra
are shown in Figures 3b and 3c, respectively. Specifically, the
Al 2p3 and Al 2p1 are at 74.18—74.68 €V and 74.68—75.78 eV,
respectively (see Figure 3a).°° As the Cr content increases, the
binding energies of Al 2p3 and Al 2p1 shift to higher values.
For MIL-53 (Cr), the two prominent peaks at $77.68 and
587.18 eV are attributed to Cr 2p;,, and Cr 2p, ,, respectively
(see Figure 3¢).”"®? The remaining two peaks at 578.78 and
588.38 eV belong to Cr 2p;, and 2p,,, satellite peaks,
respectively. As the Cr/Al ratio increases, the prominent peaks
slightly shift from 577.18 to 577.28 eV for Cr 2p;/, and from
586.68 to 586.78 eV for Cr 2p,/,. Additionally, the intensity of

synthesized in acid-free environments.

14042

Cr 2p increases as the Cr content increases, while the Al 2p
presents weakening peaks—a clear indication of decrease in
the number of Al cations (see Figure 3b,c). We also identified
the metal compositions of all samples using XPS data (see
Table 1), in which each sample presents an anticipated Al-to-
Cr ratio. The deconvolution of each peak is presented in
Figure S1 (Al) and Figure S2 (Cr).

Thermal Stability of MIL-53 (Al,_,Cr,) in Air. Thermal
analysis using an integrated TG-DSC-MS system is employed
to evaluate the thermal stability of MIL-53 (Al,_,Cr,) (see
Figure 4a—d). The weight loss of MIL-53 (Al) is ~85 wt %,
which tends to decrease as the Cr content increases. In air flow,
as temperature increases from room temperature to 700 °C, all
samples present multistage TG accompanied by corresponding
exothermic DSC peaks due to combustion of organic contents.
The corresponding derivative thermogravimetry (DTG)
profiles are plotted in Figure S3. According to earlier studies,
there are two groups of BDC species within the as-made MIL-
53, namely, (i) BDCs coordinated to the metal nodes serving
as the framework linkers and (ii) H,BDC molecules confined
within the microporosity of MIL-53 structures.”””> The
presence of these two BDC species is mirrored by the
combustion pathways, evidenced by the two-step release of

https://doi.org/10.1021/acs.jpcc.1c02623
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H,0 and CO, associated with consumption of O, in the air
flow (see Figure 4b—d). Specifically, all MIL-S3 (Al,_,Cr,)
samples share a broad exothermic DSC peak centered at about
400 °C corresponding to the combustion of pore-confined
H,BDC molecules. This is supported by the broad peaks on
the DSC and MS curves (m/z = 18, 32, and 44) within the
same temperature range. On the other hand, as the Cr content
increases, the oxidation temperature of coordinated BDC
linkers systematically decreases, ranging from ~550 °C for
MIL-53 (Al) to ~350 °C for MIL-53 (Cr) (see Figure 4d).
Interestingly, in thermal analysis the combustion temperature
of coordinated BDC appears to be lower than that of pore-
confined BDC for MIL-53 (Cr).

Structural Stability of MIL-53 (Al,_,Cr,). The in situ
XRD patterns of MIL-53 (Al,_,Cr,) reflecting the structural
stability and evolution in air as a function of temperature are
plotted in Figure 5. It has been found that the MIL-53
structure is highly dependent on the type and amount confined
species within its pores.”” As the temperature increases, the
combustion of pore-confined H,BDC molecules leads to a
phase transition from a filled-pore Pnma phase to the empty
pore phase of Imma, reported by Loiseau et al.>> and observed
at temperature above ~300 °C in our structural analysis.
Specifically, the transition from the Pnma to Imma phase is
observed to conclude at ~400 °C supported by thermal
analysis results, which suggest complete combustion of pore-
confined H,BDC molecules (see Figure 4). Subsequently, at
higher temperature, from 500 to 600 °C for MIL-S3 (Al) and
at about 400 °C for MIL-53 (AlysCrys) and MIL-53 (Cr), the
Imma phase is present. At above 600 °C for MIL-53 (Al), and
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500 °C for MIL-53 (AlysCrys) and MIL-53 (Cr) complete
framework collapse occurs. The coordinated BDC linkers of
MIL-53 (Al,_,Cr,) are decomposed and fully combusted to
the final metal oxide products Al,O; for MIL-53 (Al), Cr,04
for MIL-53 (Cr), and a AL,O;/Cr,04 mixed phase for MIL-53
(AlysCrys). The additional peaks at above 600 °C for MIL-53
(Al) and 400 °C MIL-53 (AlysCrys) and MIL-53 (Cr) are
from the platinum (Pt) crucible, which hosts the samples
during the in situ XRD experiments, as observed in our earlier
studies.' 7>*>* Therefore, according to the in situ XRD results,
we conclude that MIL-53 (Al,_,Cr,) present pore-filled Pnma
structure up to initiation of phase transition estimated at ~300
to 400 °C (see Figure S) after removal of pore-confined
H,BDC molecules, followed by relatively stable pore-empty
Imma structure up to ~400 °C for MIL-53 (Cr) to higher than
500 °C for MIL-53 (Al), after which no MIL-53 pattern shows
due to decomposition and combustion.

Lattice parameters of MIL-53 (Al), MIL-53 (Al,Cr,s), and
MIL-53 (Cr) as a function of temperature are presented in
Figure 6. The unit cell volume changes are plotted in Figure 7.
Crystallographic data for all samples are tabulated from room
temperature ex situ and in situ XRD in Table 2 and Table SI,
respectively. The a-parameter of each sample decreases near-
linearly up to 300 °C, after which a phase transition from Pnma
to Imma was observed on MIL-53 (Aly:Crys) and MIL-53
(Cr). The a-parameter of MIL-53 (Al) decreases less steeply
from 300 to 400 °C as the phase transition to Imma occurs.
Similar to this behavior, b- and c-parameters show near-linear
increases up to 300 °C for all samples and less steep increases
of MIL-53 (Al) up to 400 °C. Overall, as the temperature
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Table 2. Structural Parameters and Unit Cell Volume
Calculated from X-ray Diffraction (XRD) Patterns for As-
Synthesized MIL-53 Samples at Room Temperature

Pnma
sample a (A) b (A) ¢ (A)  unit cell vol (A%)
MIL-53 (AD)" 1725 663 12.20 1394
MIL-53 (Aly5Cros)" 1759  6.68 12.24 1438
MIL-53 (AlysCros)” 17.47 6.66 12.21 1420
MIL-53 (Aly5Cros)” 17.54 667 12.27 1436
MIL-53 (Cr)® 1736 666  12.20 1410

“Samples calculated by using in situ configuration in a platinum
crucible. “Samples calculated in ex situ configuration on a glass slide.
Such sample holder variation does not impact the structural
parameters of the MIL-53 samples.

increases up to the point of phase transition from Pnma to
Imma, the unit cell volume increases near-linearly with
temperature (see Figure 7). Such variation of lattice
parameters and unit cell volume is due to thermal expansion.>®
Following the expulsion of confined species observed in the
TG-DSC-MS data and the concurrent phase transition to
Imma, the unit cell volume decreases with temperature before
structural degradation due to combustion. Generally, thermal
structural evolution of Al-containing MIL-53 (Al,_,Cr,) can be
distinguished into three stages: (i) Pnma thermal expansion,
(ii) Pnma to Imma phase transition due to loss of confined
H,BDC species, and (iii) structural degradation of Imma with

combustion of organic linkers and inorganic metals, in good
agreement with the thermal events revealed in the thermal
analysis using TG-DSC-MS under similar conditions. The
differences observed in thermal analysis and in situ XRD
studies, particularly in event temperatures, are likely due to the
fact that an equilibrium time was applied in the in situ XRD
experiments by holding the target temperature for 5 min prior
to each scan, while the thermal analysis had a continuously
evolving dynamic program with a fixed heating rate.
Thermodynamic Stability of MIL-53 (Al,_,Cr,). The
enthalpies of formation (AHj) derived from the measured
enthalpies of combustion (AH,,) data of all as-synthesized
MIL-53 (Al,_,Cr,) samples (Pnma) are plotted in Figure 8a as
a function of Cr content. The thermodynamic cycle applied
and thermochemical data experimentally collected from high-
temperature drop combustion calorimetry measurements at
800 °C in O, flow are summarized in Table S2 and Table 3,
respectively. Specifically, the AH; of MIL-S3 (Al) is 92.8 +
73.4 kJ/mol. Considering the large molecular weight (MW) of
MIL-53, this slightly positive value suggests that the as-
synthesized MIL-53 (Al) is energetically less stable compared
with the dense phase assemblage of Al,O; and H,BDC.
However, substitution of Al by Cr in the MIL-53 framework
stabilizes the system starting from the concentration of Cr at
~26 mol % where the formed bimetallic MIL-53 (Al,,sCry,s)
has a significantly more negative enthalpy of formation, —693.9
+ 49.0 kJ/mol. Increasing the Cr content further enhances the
thermodynamic stability of MIL-53 (Al,_,Cr,), which is
reflected in the negative correlation between the Cr
concentration and the AH; of the corresponding MIL-53
sample (see Figure 8a). However, the enthalpic benefit from
the substitution attenuates when Cr content is over the
equimolar of Cr and Al, perhaps suggesting a nonlinear
energetic impact from the random mixing of Cr and Al in the
matrix. Specifically, the enthalpy of mixing (AH,,,) can be
derived based on AH; by using the methodology established
previously.56 Values of AH,;, shown in Figure 8b were fitted
by the quadratic polynomial function, Q-x(1—x), where Q =
—2444.5 + 239.2 kJ/mol represents the interaction parameter
and x is the Cr concentration. The significantly negative value
of Q indicates that the mixing of Al and Cr within the MIL-53
lattice is strongly exothermic, which also explains the origins of
thermodynamic stability due to the substitution of Al by Cr.
Therefore, although Cr introduction decreases both thermal
and structural stability of MIL-53 (Al,_,Cr,), increased Cr
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Figure 8. Enthalpies of (a) formation and (b) mixing for MIL-53 (Al;_,Cr,) (Pnma space group, x from 0 to 1) from corresponding crystalline
dense metal oxides (Al,O5 or Cr,0;) and organic linker (H,BDC) at 25 °C.
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Table 3. Thermochemical Data from High-Temperature Drop Combustion Calorimetry Measurements at 800 °C in O, Flow

name
MIL-53 (Al)
MIL-53 (Alo.7scr0.25)
MIL-53 (Aly5Crys)
MIL-53 (Aly5Crozs)
MIL-53 (Cr)
H,BDC

AL O,

Cr,0,

H,0

CO,

AH_,,, (kJ/mol MOF)

—4936.15 + 70.20
—3920.82 + 44.57
—3543.15 + 77.75
—2963.75 + 57.34
—2685.04 + 77.42
—2852.76 + 12.55

AH,° (kJ/mol of metal)
92.84 + 73.37
—693.85 + 48.99
—1442.03 + 80.79
—1593.15 + 60.75
—1557.59 + 79.65

Hygoo® — H,5° (kJ/mol oxide)

91.22
94.42
78.45

content leads to enhanced energetic stability relevant to the
dense phase assemblages of M,0; (M = Al and Cr) and
H,BDC. In other words, and in a broader sense, most MOFs
are thermodynamically favorable to be synthesized via fine-
tuned compositional factors (metal and linker contents and
solvents), yet the materials science and chemical engineering
communities need to fully understand their properties within
specific environmental limits to maximize their potential for
industrial applications.

B CONCLUSION

In this study, by use of TG-DSC-MS, in situ X-ray diffraction,
and high-temperature drop combustion calorimetry, the
thermal, structural, and energetic stabilities of MIL-53
(Al,_,Cr,) (0 < x < 1) in air were thoroughly investigated.
This integrated stability evaluation suggests that Cr sub-
stitution weakens the thermal and structural stabilities for a
particular MIL-53 (Al,_,Cr,) in air. Combustion of pore-
confined H,BDC molecules leads to a framework phase
transition from Pnma to Imma, the empty-pore phase.
Subsequently, structural degradation is associated with
vigorous oxidation of the metal node-coordinated linkers.
Eventually, complete oxidation results in formation of the
inorganic Al,O;, Cr,03, or their solid solution. On the other
hand, the formation enthalpy of each MIL-53 (Al,_,Cr,) tends
to be more exothermic from 92.8 + 73.4 kJ/mol until reaching
a plateau at about —1593.2 + 60.8 kJ/mol as the Cr content
increases. This suggests that MIL-53 (Al) is slightly metastable,
while incorporation of Cr significantly stabilizes the framework.
Such a phenomenon is very likely a product of enhanced
H,BDC—MIL-53 guest—host interactions as the Cr content
increases, which energetically neutralizes the metastability of
empty frameworks, as commonly seen in zeolite templated by
using organic structural directing agents (OSDA). Different
stability properties of MOFs, such as thermal, structural, and
thermodynamic stabilities, share equal importance and need to
be thoroughly evaluated prior to their applications in a specific
industrial environment.
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