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We report the adsorption of C2H2, CO2 and SO2 in a new, ultra-stable Cr(III)-based MOF, MFM-300(Cr),

{[Cr2(OH)2(L)], H4L ¼ biphenyl-3,30,5,50-tetracarboxylic acid}. MFM-300(Cr) shows uptakes of 7.37, 7.73

and 8.59 mmol g�1 for CO2, C2H2 and SO2, respectively, at 273 K, 1.0 bar, and shows a higher selectivity

for SO2/CO2 compared with the Al(III) analogue MFM-300(Al) (selectivity of 79 vs. 45). In order to monitor

the effects of changing metal centre on gas uptake and to integrate the properties of the homometallic

analogues, the mixed metal MFM-300(Al0.67Cr0.33), [Al1.34Cr0.66(OH)2(L)] has been synthesised. In situ

synchrotron micro-FTIR spectroscopy has identified distinct CO2 binding environments on Al–O(H)–Al,

Cr–O(H)–Cr and Al–O(H)–Cr bridges in MFM-300(Al0.67Cr0.33), and we have determined the binding

domains for these gases by in situ synchrotron X-ray diffraction in both MFM-300(Cr) and MFM-

300(Al0.67Cr0.33). The capability of these materials for gas separation has been confirmed by dynamic

breakthrough experiments. The incorporation of Al(III) and Cr(III) within the same framework allows tuning

of the host–guest and guest–guest interactions within these functional porous materials.
High porosity, chemical and thermal stability and exible
design are critical features of metal–organic framework (MOF)
materials. Design-led incorporation of functional groups such
as hydroxyl (–OH),1–3 amine (–NH2)4,5 and halogen (–F, –Cl,
–Br)6–8 groups to form supramolecular interactions with guest
species is an effective methodology for enhancing gas sorp-
tion.9,10 The design of MOFs with open metal sites has been
explored widely, but this can oen lead to materials that are
unstable upon desolvation and/or in contact with moisture.11,12
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Variation of metal centres in complex structures is a method-
ology that may alter or enhance materials properties but does
not necessarily introduce signicant structural changes.13 We
were thus interested to investigate the properties of mixed-
metal MOF materials, and chose Al(III) and Cr(III) as target
centres to compare within the MFM-300 series.

Cr(III)-Based MOFs tend to be highly stable and have been
used in catalysis.14 MIL-101(Cr) has removable terminal water
molecules connected to a trinuclear [Cr3(m3-O)(O2CR)6(-
F,OH)(H2O)2] building block, leaving two Lewis acidic sites
accessible to catalyse a range of reactions such as oxidations
and epoxidations.15–17 Its extensive use can be attributed to the
stability of MIL-101(Cr) to water, and Cr(III)-based MOFs
generally show enhanced chemical stability as a result of the
low lability of Cr(III), which can also be exploited for gas sorp-
tion.18,19 The Al(III)-tetracarboxylate MOF, MFM-300(Al), shows
high adsorption of CO2 and SO2,2 while heterometallic MOFs
with multiple metal centres within the same framework can
show enhanced gas sorption and catalytic capabilities.20,21

Herein, we report the synthesis and gas adsorption of two new
Cr-containing analogues of MFM-300(Al): the homometallic
MFM-300(Cr) and the mixed metal analogue MFM-
300(Al0.67Cr0.33). Their capability for gas separation has been
studied by IAST analysis22 and by dynamic breakthrough
experiments. Synchrotron X-ray powder diffraction has been
This journal is © The Royal Society of Chemistry 2021
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used to determine the preferred binding sites for adsorbed CO2,
SO2 and C2H2 within these materials, and synchrotron micro-IR
spectroscopy conrms intermolecular interactions of adsorbed
gas molecules with M–m2O(H)–M0 (M and M0 ¼ Al or Cr) func-
tionalities. This study reveals new insights into the effects of
partial transmetallation in isostructural MOFs on host–guest
interactions and overall gas adsorption capacity.
Results and discussion

MFM-300(Cr) was synthesised by hydrothermal reaction of H4L
(biphenyl-3-30-5-50-tetracarboxylic acid) and CrCl3$6H2O in
acidic (HCl) water, and was isolated as blue, microcrystalline
powder (yield ¼ 91%). High resolution synchrotron X-ray
diffraction conrms that MFM-300(Cr) possesses extended
metal chains of [CrO4(OH)2] bridged by L4� and two cis-m2-OH
groups forming 1D channels that propagate along the c axis.
The heterometallic MFM-300(Al1�xCrx) was synthesised via
a similar method but using both Al and Cr salts in the reaction
to give a light blue microcrystalline powder (yield � 86%).
Various ratios of Al and Cr salts were tested for synthesis, and
the actual Al : Cr ratio within the heterometallic product was
determined by ICP-OES analysis (see ESI†). Among all the ob-
tained materials with different ratios, MFM-300(Al0.67Cr0.33)
shows the best performance in terms of gas sorption. MFM-
300(Al0.67Cr0.33) is isostructural to the parent complexes MFM-
300(M) (M ¼ Al, Cr) (Table S3†), with M–OH bond distances
of 1.930(1)�A,1 1.953(1)�A and 1.868(5)�A in MFM-300(Al), MFM-
Fig. 1 Adsorption isotherms of CO2 (black), CH4 (aqua), C2H2 (orange),
MFM-300(Al0.67Cr0.33), at 273 K, 0–1 bar; (d) FT-IR spectrum showing the
300(Al0.67Cr0.33) (green) and MFM-300(Cr) (blue).

This journal is © The Royal Society of Chemistry 2021
300(Cr) and MFM-300(Al0.67Cr0.33), respectively. The homoge-
neity of the distribution of Cr and Al in MFM-300(Al0.67Cr0.33)
has been studied by synchrotron FT-IR experiments. Three
bands for n(OH) are observed at 3690, 3672, and 3641 cm�1

assigned to Al–(OH)–Al, Al–(OH)–Cr and Cr–(OH)–Cr moieties,
respectively, thus demonstrating a homogeneous distribution
of M(III) centres (Fig. 1d). The ratio of Al : Cr is further
conrmed by TGA (Fig. S1†).

Desolvated MFM-300(Cr) and MFM-300(Al0.67Cr0.33) show
similar BET surface areas of 1360 and 1305 m2 g�1, respectively,
and adsorption isotherms for CO2, C2H2 and SO2 were
measured for these materials. At 273 K and 1.0 bar, the total gas
uptakes for MFM-300(Al), MFM-300(Cr) and MFM-
300(Al0.67Cr0.33) are 7.00, 8.48 and 7.37 mmol g�1 for CO2, 6.89,
8.67 and 7.73 mmol g�1 for C2H2, and 8.1, 10.0 and 8.59 mmol
g�1 for SO2, respectively (Fig. 1a–c). Taking the difference in
molecular mass per unit cell into account, the number of gas
molecules per metal ion in each MOF is given Table S10.† The
thermodynamic parameters Qst and DS were calculated using
the van't Hoff isochore (Fig. S6–S11†). With CO2, C2H2 and SO2

loadings between 0.5–4.0 mmol g�1, the values of Qst are 25.5–
28.6, 35.0–42.8 and 39.3–46.0 kJ mol�1 for MFM-300(Cr); and
26.4–29.3, 31.5–32.0 and 43.5–54.6 kJ mol�1 for MFM-
300(Al0.67Cr0.33), which are similar to those of MFM-300(Al).1,2

Ten cycles of adsorption/desorption of SO2 were conducted for
all three materials at 298 K between 0–0.1 bar, and all main-
tained their full adsorption capacity, conrming their excellent
stability under these conditions (Fig. 2a–c). Throughout the
N2 (purple) and SO2 (pink) in (a) MFM-300(Al), (b) MFM-300(Cr) and (c)
n(OH) peak in the M–OH–M functionality in MFM-300(Al) (red), MFM-
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Fig. 2 Cycling experiments of SO2 at 298 K between 0–0.1 bar in (a) MFM-300(Al), (b) MFM-300(Al0.67Cr0.33) and (c) MFM-300(Cr). (d) IAST
selectivity of SO2/CO2 (5 : 95) in MFM-300(Al) (red), MFM-300(Al0.67Cr0.33) (green) and MFM-300(Cr) (blue) up to 1 bar at 273 K. Breakthrough
plots for SO2/CO2 (0.4% SO2, 16% CO2) diluted in He through a fixed bed packedwith (e) MFM-300(Cr) and (f) MFM-300(Al0.67Cr0.33) at 298 K and
1 bar.
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cycles, MFM-300(Al) and MFM-300(Al0.67Cr0.33) were found to
retain SO2 upon desorption under dynamic vacuum at 298 K
(22% and 5% SO2 retained, respectively), and require elevated
temperature to fully remove SO2. In contrast, MFM-300(Cr)
shows negligible retention of SO2 (<0.4% or <0.05 mmol g�1)
under dynamic vacuum at ambient temperature. Combined
with its high structural stability and adsorption capacity, MFM-
300(Cr) offers a regenerable platform for SO2 capture of rele-
vance to ue gas desulfurization.23–25 We further explored these
MOFs for the separation of SO2 from CO2, as SO2 is an impor-
tant ue gas impurity in CO2 streams and can lead to numerous
operational problems in carbon separation and geological
sequestration.26,27 IAST selectivities of SO2/CO2 (5 : 95) were
calculated for these MOFs from pure component isotherms
between 0–1 bar at 273 K (Fig. 2d). Notably, MFM-300(Cr) shows
the highest SO2/CO2 selectivity of 79 at 273 K and 1 bar
compared to 56 for MFM-300(Al0.67Cr0.33) and 45 for MFM-
7192 | J. Mater. Chem. A, 2021, 9, 7190–7197
300(Al). Dynamic breakthrough experiments with 0.4% SO2

and 16% CO2 in He also conrmed the selective retention of low
concentrations of SO2 with MFM-300(Cr) and MFM-
300(Al0.67Cr0.33) under ow conditions (Fig. 2e and f). In both
cases, CO2 eluted rst and saturated rapidly [t ¼ 19 and 21 min
g�1 for MFM-300(Al0.67Cr0.33) and MFM-300(Cr), respectively],
whereas SO2 starts to elute at t ¼ 56 and 76 min g�1, respec-
tively, and shows a steadier breakthrough curve.

To gain deeper understanding of the host–guest interactions
underpinning these processes and to rationalise the observed
gas selectivities, in situ high resolution synchrotron PXRD has
been used to determine the preferred binding sites for CO2, SO2

and C2H2 molecules within MFM-300(Cr) and MFM-
300(Al0.67Cr0.33) via Rietveld renement (Fig. 3–5; Tables S1 and
S2†). For CO2, the primary site of adsorption, CO2

I, is bound to
the m2-OH group of the hydroxyl-metal chain, Om2-OH/OCO2 ¼
3.301(4), 3.39(1), 3.21(3) �A for MFM-300(Cr), MFM-
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Views of binding pocket of CO2
I and CO2

I/CO2
II interactions in (a and b) MFM-300(Cr) and (c and d) MFM-300(Al0.67Cr0.33). Positionally

disorderedmolecules are shown as translucent. Green: Cr, Light green: AlCr, red: O, grey: C, white: H. Blue bond: m2-OH/CO2
I, turquoise bond:

Ph/CO2
I, orange bonds: CO2

I/CO2
II interactions.
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300(Al0.67Cr0.33) and MFM-300(Al),2 respectively, and is disor-
dered by a mirror plane that dissects the m2-OH (Fig. 4).28,29 CO2

I

is further enclosed by aromatic C–H groups of the biphenyl core
of the linker and forms additional supramolecular interactions
[OCO2

I

/CAromatic ¼ 3.223(3)–4.094(2) �A in MFM-300(Cr) and
3.27(1)–4.00(1) �A in MFM-300(Al0.67Cr0.33)]. The second site,
CO2

II, is positioned near-perpendicular to CO2
I with full occu-

pancy. The CCO2
I

/OCO2
II

distances in MFM-300(Cr), MFM-
300(Al0.67Cr0.33) and MFM-300(Al) are 3.57(1), 3.67(2) and
3.92(1) �A, respectively, suggesting a more compact packing of
CO2 in MFM-300(Cr).
Fig. 4 Views of binding of SO2
I and of SO2

I/SO2
II interactions in (a a

disordered molecules are shown as translucent. Green: Cr, light green:
turquoise bond: Ph/SO2

I, orange bonds: SO2
I/SO2

II interactions.

This journal is © The Royal Society of Chemistry 2021
For SO2, two adsorption sites were observed in both MFM-
300(Cr) and MFM-300(Al0.67Cr0.33) (Fig. 4). As for CO2, the
primary SO2 site, SO2

I, is located with an end-on mode to the
bridging m2-OH group, Om2-OH/OSO2 ¼ 3.350(6), 3.163(1) and
3.201(6) �A in MFM-300(Cr), MFM-300(Al0.67Cr0.33) and MFM-
300(Al) respectively. SO2

I also interacts with the surrounding
linker moieties via van der Waals interactions [OSO2

I

/CAromatic

¼ 3.08(2)–4.26(7) �A in MFM-300(Cr) and 3.055(2)–3.688(3) �A in
MFM-300(Al0.67Cr0.33)]. SO2 at site II is located perpendicularly
to SO2

I with the SSO2
I

/OSO2
II

distances being 3.45(3), 3.477(7)
and 3.34(7) �A for MFM-300(Cr), MFM-300(Al0.67Cr0.33) and
nd b) MFM-300(Cr) and (c and d) MFM-300(Al0.67Cr0.33). Positionally
AlCr, yellow: S, red: O, grey: C, white: H. Blue bond: m2-OH/OSOI,

J. Mater. Chem. A, 2021, 9, 7190–7197 | 7193
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Fig. 5 Views of binding of C2H2
I and of C2H2

I/C2H2
II interactions in (a and b) MFM-300(Cr) and (c and d) MFM-300(Al0.67Cr0.33). Positionally

disorderedmolecules are shown as translucent. Green: Cr, light green: AlCr, red: O, grey: C, white: H. Blue bond: m2-OH/C^CI, turquoise bond:
Ph/C^CI, orange bonds: C^CI/C^CII interactions.
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MFM-300(Al), respectively. SO2
II also shows weak interactions

with the phenyl ring of linker with SSO2/CAromatic ¼ 3.53(1) and
3.445(3) �A, for MFM-300(Cr) and MFM-300(Al0.67Cr0.33),
respectively.

As the bonding distances usually reect the strength of the
host–guest and guest–guest interactions within these system,
which oen inuences the gas selectivities, a summary of
bonding distances in CO2 and SO2-loaded MFM-300(Cr), MFM-
300(Al0.67Cr0.33) and MFM-300(Al) is shown in Table 1. When
comparing the two single-metal MOFs, MFM-300(Cr) shows
weaker bonding interaction to both CO2 and SO2 (longer
bonding distances) than MFM-300(Al). This reconciles the
observed differences in SO2 residues within these two materials
upon desorption at ambient temperature. However, the strong
interactions with both CO2 and SO2 means that MFM-300(Al)
achieves a lower IAST selectivity. The hetero-metallic MFM-
300(Al0.67Cr0.33) exhibits the weakest binding to CO2 and the
strongest binding to SO2 among these three MOFs. However,
the IAST selectivity of SO2/CO2 in MFM-300(Al0.67Cr0.33) falls in
between that of the two single-metal MOFs. This strongly
suggests that the host–guest bonding distance is not the sole
factor to affect the observed selectivity, which will also be
inuenced by guest–guest interactions. Also, MFM-
300(Al0.67Cr0.33) has a slightly enlarged pore diameter compared
Table 1 Summary of bonding distances within CO2 and SO2-loaded MF

Bonding distance (�A) MFM-300(Cr)

Om2-OH/OCO2 3.301(4)
Om2-OH/OSO2 3.350(6)
OCO2

I

/OCO2
II

3.57(1)
OSO2/OSO2

II

3.45(3)

7194 | J. Mater. Chem. A, 2021, 9, 7190–7197
to MFM-300(Al) due to doping with Cr(III), which also likely
contributes to the slightly higher gas uptake. In addition,
doping MFM-300(Al) with Cr(III) may well form defects leading
to increased porosity and additional binding and interaction
sites. CO2 exhibits most compact packing in MFM-300(Cr)
(shorter CO2/CO2 distance), whereas SO2 packs most tightly
in MFM-300(Al).

For C2H2, two distinct positions of C2H2 were observed with
both MFM-300(Cr) and MFM-300(Al0.67Cr0.33) (Fig. 5). C2H2

I

interacts with the bridging hydroxyl group of MFM-300(Cr) in
a side-on manner, and in MFM-300(Al0.67Cr0.33), C2H2

I is
slightly off-perpendicular. In both cases, the interactions
between the H atom of the hydroxyl to the electron rich p C^C
in C2H2 are weaker than that of CO2 and SO2 systems, with
longer bonding distances being observed [HO/CC2H2

I ¼
4.48(5)–4.58(1) �A and 4.56(8) �A in MFM-300(Cr) and MFM-
300(Al0.67Cr0.33), respectively]. C2H2

I is further anchored within
a pocket through p/p stacking interactions with the adjacent
phenyl core of the linkers [CC2H2

I

/CAromatic ¼ 3.51(2), 3.73(2),
3.91(1) �A in MFM-300(Cr) and 3.01(7), 3.30(11) �A in MFM-
300(Al0.67Cr0.33)]. C2H2

II interacts via dipole interactions with
C2H2

I in a T-shape orientation in MFM-300(Cr) [CC2H2
I

/CC2H2
II ¼

3.17(8)�A], and is more skewed inMFM-300(Al0.67Cr0.33) but with
shorter intermolecular distances [CC2H2

I

/CC2H2
II ¼ 2.79(3) �A].
M-300(Cr), MFM-300(Al0.67Cr0.33) and MFM-300(Al)

MFM-300(Al0.67Cr0.33) MFM-300(Al)

3.39(1) 3.21(3)
3.163(1) 3.201(6)
3.67(2) 3.92(1)
3.477(7) 3.34(7)

This journal is © The Royal Society of Chemistry 2021
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The position of C2H2
II is further stabilised by weak van der

Waals interactions with the phenyl core of the adjacent linker
moieties [CC2H2

II

/CAromatic ¼ 3.97(4), 4.35(7) �A and 3.29(13),
3.52(19) �A for MFM-300(Cr) and MFM-300(Al0.67Cr0.33), respec-
tively]. Thus, both MOFs have strong affinity to C2H2 through
the combined numerous weak interactions which leads to the
efficient packing of C2H2 within the pores and high C2H2

uptake.
To study the dynamics of host–guest binding, in situ

synchrotron micro-IR spectroscopy was undertaken on MFM-
300(Al), MFM-300(Cr) and MFM-300(Al0.67Cr0.33) as a function
of CO2 loading (Fig. 6). Upon activation under a ow of He,
bands for the n(OH) stretching modes were observed at
3690 cm�1 and 3640 cm�1 for MFM-300(Al) and MFM-300(Cr),
respectively. In MFM-300(Al), upon increasing the CO2 partial
pressures to 1.0 bar, the Al–O(H)–Al band centred at 3690 cm�1

gradually decreases in intensity with a new band growing at
3683 cm�1 which is observable from 60% CO2 loading. This new
Fig. 6 FTIR spectra of the n(m2-OH) stretch region of (a) MFM-300(Al),
loadings from 0 to 100%.

This journal is © The Royal Society of Chemistry 2021
peak continues to increase in intensity on additional CO2

loading. The redshi of 7 cm�1 is consistent with the m2-OH site
being increasingly occupied by CO2 and is consistent with the
crystallographic study. In comparison, the m2-OH peak observed
at 3640 cm�1 in MFM-300(Cr) undergoes a redshi of 2 cm�1

upon increasing CO2 loading and a signicant increase in
absorbance intensity. For MFM-300(Al0.67Cr0.33), distinct
absorbance bands for the different n(OH) stretching modes
were observed at 3692, 3672 and 3644 cm�1 for Al–O(H)–Al, Al–
O(H)–Cr and Cr–O(H)–Cr modes, respectively. Upon increasing
CO2 partial pressures to 1 bar, the Al–OH–Al band centred at
3692 cm�1 decreases in intensity and a new band at 3683 cm�1

emerges. This indicates that the Al–O(H)–Al band is signi-
cantly affected by the presence of CO2, suggesting a partial
depletion of Al–O(H)–Al moieties in the material and CO2

binding to this moiety. The same is observed for Al–O(H)–Cr
with a redshi of 7 cm�1 to 3665 cm�1. A shi of 2 cm�1 from
3644 to 3642 cm�1 is observed in the Cr–O(H)–Cr mode along
(b) MFM-300(Cr), and (c) MFM-300(Al0.67Cr0.33) upon increasing CO2

J. Mater. Chem. A, 2021, 9, 7190–7197 | 7195
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with a broadening of the peak. All n(OH) stretching modes were
found to shi to lower frequencies upon increasing CO2 load-
ings which suggests a weakening of the O–H bond in the metal-
hydroxyl moiety consistent with the formation of m2-OH/O]
C]O binding site.

Conclusion

Stable MOFs show increasing promise in the application of
capture of toxic gases.23 The binding domains for CO2, SO2 and
C2H2 and their host–guest binding dynamics have been studied
in a family of three iso-structural MOFs, MFM-300(Al1�xCrx) (x
¼ 0, 0.33, 1) by in situ synchrotron X-ray diffraction and IR
micro-spectroscopy. Both MFM-300(Al0.67Cr0.33) and MFM-
300(Cr) show enhanced CO2, C2H2 and SO2 adsorption uptake
than MFM-300(Al). MFM-300(Al0.67Cr0.33) exhibits the highest
number of CO2, C2H2 and SO2 molecules per metal compared
with the homo-metallic analogues, which is likely due to the
complex distribution of –OH sites within the pores and the
formation of defects via doping of MFM-300(Al) with Cr(III)
leading to increased porosity and additional binding and
interaction sites. MFM-300(Cr) shows the highest SO2/CO2 IAST
selectivity, which has also been conrmed by breakthrough
experiments. MFM-300(Cr) also promises excellent SO2 regen-
erability as conrmed by cycling measurements, demonstrating
its potential for selective removal of SO2.
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