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The thermally induced decarboxylation
mechanism of a mixed-oxidation state
carboxylate-based iron metal–organic
framework†

Hannah F. Drake, a Gregory S. Day,a Shaik Waseem Vali,b Zhifeng Xiao, a

Sayan Banerjee,a Jialuo Li, a Elizabeth A. Joseph,a Jason E. Kuszynski, a

Zachary T. Perry,a Angelo Kirchon,a Osman K. Ozdemir,c Paul A. Lindahl ab and
Hong-Cai Zhou *ad

Investigations into a thermally generated decarboxylation mecha-

nism for metal site activation and the generation of mesopores in a

carboxylate iron-based MOF, PCN-250, have been conducted.

PCN-250 exhibits an interesting oxidation state change during

thermal treatment under inert atmospheres or vacuum conditions,

transitioning from an Fe(III)3 cluster to a Fe(II)Fe(III)2 cluster. To probe

this redox event and discern a mechanism of activation, a combination

of thermogravimetric analysis, gas sorption, scanning electron micro-

scopy, 57Fe Mössbauer spectroscopy, gas chromatography-mass

spectrometry, and X-ray diffraction studies were conducted. The

results suggest that the iron-site activation occurs due to ligand

decarboxylation above 200 8C. This is also consistent with the

generation of a missing cluster mesoporous defect in the frame-

work. The resulting mesoporous PCN-250 maintains high thermal

stability, preserving crystallinity after multiple consecutive high-

temperature regeneration cycles. Additionally, the thermally

reduced PCN-250 shows improvements in the total uptake capacity

of methane and CO2.

Iron-based redox behavior is well-documented,1,2 in particular,
the one electron Fe(II)–Fe(III) oxidation state change is highly
utilized in catalytic reactions.3 Additionally, the coordination
behavior and ligand environments of both Fe(II) and Fe(III) have
been well-studied.1,4 However, the study of mixed-oxidation state
homometallic metal–organic frameworks (MOFs) and their effect
on gas adsorption behavior has rarely been systematically explored.

Redox behavior in MOFs has traditionally focused on the
use of active metals in catalysis.5 However, the oxidation-state
changes that occur within the confined and often inflexible
coordination environments of MOFs should result in unique
structural features that can affect other aspects of MOF
utilization.6–10 In particular, there has been a longstanding
effort to incorporate open metal sites within MOFs for gas
storage due to their ability to attract molecules such as CH4, H2

and CO2.4,11–14 The coordination environments and affinity
toward guest molecules of transition metals are known to be
highly sensitive to metal oxidation state changes.1 Although the
generation of open metal sites within MOFs for gas storage
applications has been of longstanding interest, the mechanistic
understanding of how the oxidation state change occurs in
carboxylate MOFs has rarely been explored.15 Prior research
into the carboxylate MOF, PCN-250 (also known as MIL-127,2),
has shown that the m3-oxo Fe cluster prefers a Fe(III)3 oxidation
state.16 Additionally, we have recently shown that PCN-250
appears to generate defects during thermal activation.17 To that
end, this work investigates and proposes a thermally induced
decarboxylation mechanism of oxidation state change in a carbox-
ylate MOF and probes its effect on gas storage. In addition, the
thermal stability of PCN-250 was investigated to probe the limits
of mesopore generation by decarboxylation activation within the
MOF. This mechanism of activation for a carboxylate MOF has not
been fully investigated previously, but may have wide standing
implications for the thermal activation of many carboxylate MOFs
beyond the PCN-250 system (Fig. 1).

It has been previously reported that the normally micro-
porous PCN-250 tends to form mesopores when stressed.17 The
most prevalent mesopore generated in this structure is a 37 Å
pore which corresponds to the loss of a metal cluster within the
framework.17 The m3-oxo Fe cluster of this MOF contains two
axial water molecules and one axial hydroxyl group.18 It was
previously suspected that the open metal site for the iron atoms
within the cluster could be generated by elimination of a
coordinated water molecule on the cluster. Additionally, the
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axial hydroxyl ligand could potentially be removed through a
reductive process, producing a mixed-oxidation state cluster,
Fe(III)2Fe(II). It can be observed that PCN-250 undergoes distinct
color changes upon activation. The color of this material changes
from red/orange under ambient conditions, to brown when acti-
vated at 180 1C, and to nearly black when activated at 240 1C. This
activated sample can be stored under Ar(g) or N2(g) atmospheric
conditions, allowing for the long-term maintenance of this active
form. TGA decomposition data of PCN-250 shows that there is a
small mass loss of 5.9% that occurs at 220 1C that does not appear
before 200 1C (Fig. 2). Interestingly, in the aluminum version of
PCN-25019 this mass loss event does not occur (Fig. S17, ESI†). We
performed both 57Fe Mössbauer spectroscopy and TGA-MS to
probe whether this was a redox-driven mass loss.

57Fe Mössbauer spectra was collected on a sample of unac-
tivated PCN-250. The 5 K low-field spectrum was dominated
(B90% overall spectral intensity) by a quadrupole doublet with
isomer shift d = 0.54 mm s�1 and quadrupole splitting DEQ =
0.61 mm s�1 (Fig. 3A). The spectrum also included a sextet
representing B10% overall intensity. The sextet was observed
at 5 K across all activation conditions, but collapsed into the
doublet at 150 K. This behavior and the aggregated nature of
the MOF suggests that the iron in the sample is magnetically
ordered Fe(III) with a blocking temperature o150 K.

Interestingly, utilizing the traditional activation of PCN-250,
180 1C under vacuum,16 results in the formation of a mixed
Fe(II), Fe(III) system, with the Fe(II) state existing in ca. 1/3rd of the
Fe sites. The Fe(II) quadrupole doublet has d = 1.24 mm s�1 and
quadrupole splitting DEQ = 2.3 mm s�1; the Fe(III) doublet also
shifted slightly in activated samples, to d = 0.53 mm s�1 and
quadrupole splitting DEQ = 0.64 mm s�1. Overall, this corresponds
to a Fe(II)Fe(III)2 cluster state, as expected for the thermodynami-
cally preferred oxidation environment for the m3-oxo Fe cluster.16

Heating the sample to 240 1C followed by Mössbauer spectroscopy
at 5 K resulted in the Fe(II) level in the sample dropping slightly
to 31% and the magnetic sextet increasing slightly 10% to 15%
(Fig. 3C). A detailed description of measures taken to avoid
sample contamination, and the procedures utilized may be
found in the ESI.†

To evaluate the effect of the vacuum environment forcing
the removal of the reductant, we heated the sample under Ar(g) at
240 1C (Fig. 3D). Interestingly, activation under these conditions
still resulted in the formation of Fe(II), although only in 23% of
the sample Fe, with the magnetic sextet still remaining at 10%,
instead of the 15% seen with vacuum activation. Performing
the same activation under CO2(g) rather than Ar(g) resulted in
no Fe(II) formation (Fig. 3E). After activation under vacuum,
exposure to air reoxidized the iron back to Fe(III) (Fig. 3F).

To probe the mechanism of the reduction, TGA-MS experi-
ments were conducted to investigate the mass loss event
observed in the 200–240 1C range. The TGA-MS data under
N2(g) for PCN-250 shows the mass loss event corresponding to
the temperature region at B2500 s (Fig. 2). According to the MS
results, that event primarily corresponded to the evolution of
methanol and CO2. The loss of methanol is due to the extensive
methanol solvent exchange performed on the material before
the experiment.20 The evolution of CO2 at these temperatures
however, is unusual as CO2 evolution is usually only observed

Fig. 1 Mechanism of cluster activation through decarboxylation pathway.
Overall yield is CO2, 2 FeIII, 1 FeII, an R–H decarboxylated ABTC ligand and an
R–OH decarboxylated ABTC ligand. The decarboxylated ligand fragments are
observed in GC-MS, the CO2 evolution is observed in TGA-MS, and the Fe
oxidation state is consistent with findings in Mössbauer spectroscopy.

Fig. 2 TGA curve of fresh PCN-250 where specific gases, H2O, MeOH,
CO2, and DMF, are monitored for the temperature of gas release from the
sample. Only the CO2 gas contribution is correlated to the temperatures
associated with the oxidation state change observed for the sample.

Fig. 3 57Fe Mössbauer spectroscopy of (A) unactivated mesoporous
PCN-250 sample, (B) PCN-250 sample activated under vacuum using
the conventional activation temperature of 180 1C for 12 hours, (C) PCN-
250 sample activated under vacuum at 240 1C for 12 hours, (D) PCN-250
sample activated under Ar(g) at 240 1C for 12 hours, (E) PCN-250 sample
activated under CO2(g) at 240 1C for 12 hours, (F) PCN-250 sample after 10
cycle activation at 240 1C and subsequent air exposure. All samples were
sealed in an E-icosane wax before being removed from activation condi-
tions for Mössbauer measurements.
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in MOF decomposition during complete thermolysis of the
MOF ligand (B5000 s in Fig. 2). A temperature of 200–240 1C
is too low for the organic ligand thermal decomposition of the
ligand in the MOF scaffold, H4ABTC (Fig. S14, ESI†). Addition-
ally, it was noted that the only water signal observed during the
TGA-MS occurred during the early stages of the experiment,
o150 1C, which suggests that water loss does not contribute to
the redox event within PCN-250. As a result of the observed CO2

evolution from the sample at the temperature that corre-
sponded to the oxidation state change for the metal clusters,
a decarboxylation-based activation mechanism could not be
ruled out as a potential activation mechanism for this system.
The implications of this mechanism of activation are far
reaching for other carboxylate-based MOFs, thus warranting
further investigation.

Due to the corroborated Mössbauer and TGA-MS data, we
propose that the reduction event at the cluster of PCN-250 is
due to a decarboxylation assisted reduction. To probe this, a
sample of PCN-250 that had undergone multiple activation
cycles was decomposed and analyzed by gas chromatography-
mass spectrometry (GC-MS). The resulting spectra were com-
pared to a decomposed sample of unactivated PCN-250 as well
as free H4ABTC linker by GC-MS. The GC-MS of the three
samples matched, with the exception of an extra peak in the
heat cycled PCN-250 sample (Fig. 4). When isolated, this peak
was identified as containing decarboxylated ligand fragments
of H4ABTC. The presence of these fragments in the GC-MS,
when they are not present in the GC-MS of free ligand or freshly
synthesized MOF sample, indicated that the decarboxylation
occurred during heat cycling of the material.

Heating the sample under ambient conditions or in a
carbon dioxide atmosphere did not generate any change in
the oxidation state for the iron clusters and there were no color
changes observed for the bulk material. It can thus be inferred
that when conducted under air or carbon dioxide atmospheres,
the atmosphere is too oxidizing, preventing the reduction event
from occurring during thermal treatment. We also observed
that the activation of the clusters is reversable, after exposure to an
oxidizing environment we regenerated the Fe(III)3 state (Fig. 3F).
This was observed for all tested temperatures of activation.
Reactivating the sample consecutively resulted in the regenera-
tion of the mixed valent Fe(II)Fe(III)2 phase.

Typically, the random nature of MOF defects and post-
synthetic modifications make exact structural determination
using single crystal X-ray diffraction difficult or impossible, as
the resulting structure is an average over the entire crystal. As
such, single crystal experiments cannot definitely show the
structure of the defect site generated within the MOF during
activation by decarboxylation. However, minor observed changes
in the bond distances and occupancy within the m3-oxo Fe clusters
after activation during variable temperature single crystal X-ray
diffraction of PCN-250 in a sealed gas cell under vacuum were
observed (Fig. S12, ESI†). This suggests that the averaged change
in the MOF structure by single crystal X-ray determination can be
observed but that the site-specific decarboxylation mechanism
cannot be observed.

In order to investigate the limit of decarboxylation and
mesopore generation, cycling tests were conducted. These tests
utilized conventional vacuum activation at 240 1C followed by
nitrogen isotherm data collection at 77 K after each activation
cycle. The porosity and pore size distribution of the samples
were then compared to estimate the rate of mesopore genera-
tion. The initial BET surface area of the MOF as determined by
nitrogen adsorption measurements was 1560 m2 g�1. However,
after 10 activation cycles at 240 1C, the BET surface area of the
sample was shown to have increased to 1609 m2 g�1, which is
among the highest that have been reported for PCN-250.1,4,16

Additionally, the maximum CH4 and CO2 uptake at 195 K was also
shown to have increased. The maximum uptake of methane at
195 K at 1 bar was determined to be 138.1 m3 g�1 STP, 162.6 m3 g�1

STP, and 187.4 m3 g�1 STP for the MOF at 185 1C activation, 240 1C
activation, and after heat cycling respectively (Fig. S18 and S19,
ESI†). The heat of adsorption for CH4 was observed to change from
8.65 kJ mol�1 to 12.81 kJ mol�1 and the heat of adsorption for CO2

was observed to change from 6.61 kJ mol�1 to 10.06 kJ mol�1

before and after heat cycling of the sample respectively. The
increase in gas uptake can be attributed to a greater degree of
open metal site availability in the heat treated sample, with a
greater degree of open metal sites being available not only due
to the loss of coordinating solvents, but also due to the
generation of new open metal sites due to decarboxylation,
and the resulting mesopore generation.

In order to determine if cluster aggregation or structural
changes occurred as a result of extended decarboxylation, SEM
images and TEM images of the heat cycled sample were taken
(Fig. S8, ESI†). In addition, PXRD of the heat cycled sample was
taken and compared to the as synthesized MOF as well as the
simulated data (Fig. S3, ESI†). The sample did not show any

Fig. 4 (A) GC separations of free H4ABTC ligand, freshly made PCN-250
and heat cycled PCN-250 in basic media after MOF decomposition and
metal extraction. All peaks are accounted for in all samples with the
exception of the 10.59 minute peak which is only found in the heat cycled
sample. (B) ESI-MS data of the 10.59 minute isolated peak from the
heat cycled sample. This peak contains ligand fragments that suggest a
decarboxylation mechanism of activation for the heat cycled sample.
Sample preparation may be found in the ESI.†

ChemComm Communication

Pu
bl

is
he

d 
on

 2
4 

Se
pt

em
be

r 
20

19
. D

ow
nl

oa
de

d 
on

 1
1/

28
/2

01
9 

1:
11

:2
5 

A
M

. 
View Article Online

https://doi.org/10.1039/c9cc04555d


12772 | Chem. Commun., 2019, 55, 12769--12772 This journal is©The Royal Society of Chemistry 2019

loss in crystallinity in the bulk phase, suggesting that there was
no major change in the long-range order of the MOF during
heat cycling. This also suggests a relatively random arrange-
ment of mesoporous defects within the material. The fact that
this MOF preserves its structural integrity despite the reduction
event, decarboxylation mechanism of activation, and formation
of mesopore defects, indicates the robustness of this material
and its potential for gas storage or separation. It is likely that
the stability exhibited by this MOF after decarboxylation can be
attributed to the tetracoordinate ABTC ligand. These results
suggest that within a single cluster there is still a substantial
ligand environment after decarboxylation activation preventing
overall framework collapse.

This work has focused on the investigation of the thermally
induced iron reduction and decarboxylation mechanism of activa-
tion for a carboxylate-based iron MOF, PCN-250. The results of
this study show that upon activation at elevated temperatures, an
Fe(II) center within the m3-oxo Fe metal cluster is generated,
resulting in an overall Fe(II)Fe(III)2 cluster environment in the
framework. Interestingly, this decarboxylation mechanism of
activation does not result in complete structural collapse, instead
generating a 37 Å mesopore within the structure. Additionally, the
thermally generated open metal site within the MOF resulted
in improved gas uptake performance of the multi-heat cycled
sample. Continual heat cycling of the MOF demonstrated that the
mesopore generation rate is fairly steady as cycling is performed,
further corroborating the proposed decarboxylation mechanism
of activation. Additionally, re-exposure of the sample to oxidizing
environments regenerated the m3-oxo Fe(III)3 cluster. This study
demonstrates an interesting facet of redox active metals within
MOFs and demonstrates the utility of redox events in the
unexpected generation of a stable defective structure with
improved gas adsorption capacity. Finally, the decarboxylation
mechanism of activation reported in this study has far reaching
implications for other carboxylate-based MOFs as it cannot be
immediately ruled out as a contributing factor to MOF thermal
activation of open metal sites.
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