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ABSTRACT: Moisture can cause irreversible structural
collapse in metal-organic frameworks (MOFs) resulting in
decreased internal surface areas and pore volumes. The details
of such structural collapse with regard to pore size evolution
during degradation are currently unknown due to a lack of
suitable in situ probes of porosity. Here we acquire MOF
porosity data under dynamic conditions by incorporating a
flow-through system in tandem with positronium annihilation
lifetime spectroscopy (PALS). From the decrease in porosity,
we have observed an induction period for water degradation of
some Zn4O-based MOFs that signals much greater stability
than commonly believed to be possible. The sigmoidal trend in the degradation curve of unfunctionalized MOFs caused by water
vapor has been established from the temporal component of pore size evolution as characterized by in situ PALS. IRMOF-3 is
found to degrade at a lower relative humidity than MOF-5, a likely consequence of the amine groups in the structure, although,
in contrast to MOF-5, residual porosity remains. The presence of an induction period, which itself depends on previous water
exposure of the sample (history dependence), and sigmoidal temporal behavior of the moisture-induced degradation mechanism
of MOFs was also verified using powder X-ray diffraction analysis and ex situ gas adsorption measurements. Our work provides
insight into porosity evolution under application-relevant conditions as well as identifying chemical and structural characteristics
influencing stability.

■ INTRODUCTION

Metal-organic frameworks (MOFs) have attracted broad
interest from scientists and engineers because their porosity is
often maintained in the absence of guests. Furthermore, their
regular and controllable crystalline structure offers a level of
control over both chemical functionality and pore geometry.
Thus, MOFs have been investigated as candidates for
applications such as H2 storage,1−4 CO2 capture,5−9 liquid
phase separations,10−12 and catalysis.13 Commercial applica-
tions of MOFs have been slow to develop, and one often cited
barrier to applications for some of the earliest and most
extensively studied classes of MOFs is their instability against
moisture.14 Tremendous advances have been made toward the
goal of water-stable/water-resistant MOFs, and these advances
have primarily been realized by changing the nature of the
metal-linker interaction.15−20

The degradation of some MOFs caused by water has been
monitored by powder X-ray diffraction (PXRD),21,22 post-
exposure gas sorption analysis,14,15 and optical microscopy.23

For example, a PXRD study of the structural integrity of a
variety of MOFs exposed to various concentrations of water in
organic solvent led to the conclusion that one of the decisive
factors in determining water stability of MOFs is their metal
clusters.21 MOFs with Zn4O(CO2R)6 metal clusters are less
water stable compared to the ones with copper paddlewheel

clusters followed by those with trinuclear chromium clusters;
this ordering is in general accord with computational
predictions from quantum mechanical calculations based
upon cluster models.22 Water stability of MOFs has also been
proposed to be influenced by many factors such as the number
of metal ions in the cluster, oxidation state of the metals, and
metal−oxygen bond strength in the corresponding metal
oxides.22 The effect of linker functionality on MOF humidity
stability has received considerable attention.24 The MOF often
becomes less sensitive to moisture when hydrophobic func-
tional groups are incorporated.25−27 Even though the structure
dependence of MOF water sensitivity/stability is known in the
MOF community, MOF water sensitivity/stability is normally
treated as a binary phenomenon: the discussed MOF is either
water stable or unstable. This is partially because of a critical
shortcoming with the previous studies that the techniques
applied so far offer limited understanding of the interaction
between water and MOFs. PXRD gives averaged information
about bulk crystallinity but offers little information on disorder;
gas sorption analysis can quantitatively measure the accessible
internal surface area, but no information on local disorder or
porosity inaccessible to the probe gas is obtained. Most
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importantly, neither of these techniques can characterize
disorder and monitor pore structural changes during adsorption
in real-time. PXRD is known to sometimes predict high
porosity when none is observed,28 and sorption analysis
requires halting water exposure and re-evacuating the sample
prior to analysis. In other words, the two central techniques for
understanding porosity changes upon water exposure are
fundamentally inadequate. Here we overcome many of these
limitations by utilizing a complementary technique, positro-
nium annihilation lifetime spectroscopy (PALS), integrated
into a gas flow-through system (Figure S1). Striking results
have been found that suggest wide regions of exceptional
stability even for those materials previously considered to be
quite sensitive. In particular the focus of this study is MOFs
based on the Zn4O cluster and their water induced degradation
as a function of time and relative humidity. Zn4O(FMA)3,

29

MOF-5,30 UMCM-8,31 and IRMOF-332 are found to be stable
under a certain range of relative humidities for extended time
periods and display stabilities depending on structure and
history not possible to rationalize solely from the chemistry of
the isolated metal cluster (Figure 1).

PALS has been utilized as a probe for vacancies and pores in
crystalline and amorphous materials for over 40 years.33,34

However, PALS is quite new to the MOF field, with only a few
examples35,36 validating it as an in situ nondestructive technique
complementing the traditional probes for MOFs. Character-
ization of inaccessible pore space,28 structural evolution in
MOFs during heating,35 porosity information on MOFs during
gas adsorption35,36 have all been successfully studied. Since the
positronium (Ps) annihilation lifetime in porous materials can
be reliably correlated to the pore diameter using the Tao−
Eldrup model33,37,38 (Figure S2), PALS is an ideal technique to
characterize changes in pore size or pore size distribution due
to degradation by water. Water vapor can break down the
coordination bonds in MOFs leading to local framework
collapse.39 As a result, the relative amount of intact framework
pores will be reduced, and this can be detected in the PALS
spectrum as a decrease in the intensity of Ps annihilating in the
framework pores (Ps with the characteristic framework
lifetime). Therefore, PALS is well suited to monitor pore
evolution of MOFs in real-time under humid conditions.

■ RESULTS AND DISCUSSION
MOF-530 is one of the first exceptionally high surface area
MOFs, and we have utilized it as the benchmark material for a
variety of applications.10,40,41 It has been studied in detail and is
reported to be very sensitive to water vapor.21,42−45 The
performance of MOF-5 is compromised by its sensitivity to
water vapor.42−46 We have previously reported that MOF-5
maintains its crystallinity after soaking in a mixture of water and
DMF in the ratio of 1:8 for 1 h.21 Another study has claimed
that MOF-5 was observed to decompose in humid air in as
short as 10 min (relative humidity not reported).47 This
ambiguity motivates developing a better quantitative under-
standing of the porosity evolution of MOF-5 caused by its
interaction with water.
PALS was applied to MOF crystals under controlled relative

humidity. MOF crystals were placed in a 0.29 cm3 well within
an aluminum sample holder having a horizontal bore to allow
gas flow through the sample (Figure 2). For a general PALS-

hydration experiment, ∼80, ∼80, ∼30, and ∼100 mg were
loaded in the sample holder for MOF-5, UMCM-8, Zn4O-
(FMA)3, and IRMOF-3, respectively. The sample holder was
sealed by an aluminum lid to allow loading of the MOF in the
glovebox and eliminate interaction with the atmosphere. The
positron source, 22NaCl, enclosed in a 13 μm thick Kapton film,
was attached to the lid and placed adjacent to the sample. The
sample holder was flipped upside down so that the sample was
as close to the source as possible to maximize positrons
stopping in the MOF. A nitrogen flow at 20 mL/min with
controlled relative humidity was achieved by mixing dry
nitrogen (0% relative humidity) and humid nitrogen (100%
relative humidity, generated from an 80 cm height column of
water with gas dispersion tube) with controlled flow rates
(Figure S1). Nitrogen was used in preference to air because
oxygen is paramagnetic resulting in spin quenching that reduces
the Ps lifetime in air to about 70 ns compared to 138 ns in
nitrogen at 1 atm. Humidity sensors were placed before and
after the sample holder to monitor the inlet and outlet gas
stream. Two fast plastic gamma detectors, 5.08 cm in diameter,
were placed closely above and below the sample holder as start
and stop detectors. The 1270 keV gamma ray coincident with
beta emission from 22Na is monitored by the start detector as
the start signal of the production of a positron. The subsequent
annihilation of Ps generates gamma ray photons (≤511 keV)
which can be detected by the stop detector. The lifetime of the
Ps event is the time interval between the start and stop
signals.33 The Ps lifetime spectrum is a histogram of several
million of such lifetime measurements (Figure S3). This
spectrum is fitted to a sum of exponentially decaying

Figure 1. Compositions and structure comparison of Zn4O(FMA)3
(Zn4O(fumarate)3), MOF-5 (Zn4O(benzene-1,4-dicarboxylate)3), and
UMCM-8 (Zn4O(benzene-1,4-dicarboxylate)1.5(naphthalene-2,6-di-
carboxylate)1.5). The accessible cubic pore spaces are depicted by
colored cubes. The cage metrics are marked accordingly.

Figure 2. Illustration of the flow-through PALS apparatus.
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components characterized by a pore-sensing Ps lifetime in ns
and its corresponding intensity (the fraction of all positrons
that decay as Ps with the corresponding lifetime). A second Ps
component with a lifetime around 138 ns (characteristic of Ps
decaying in 1 atm of N2) accounts for Ps that has diffused out
of the MOF grain and annihilates in the intergranular gas-filled
space. We also search for the presence of any other Ps lifetimes
that may emerge as a result of framework collapse and/or void
coalescence. With a specific relative humidity setting, one PALS
spectrum is collected every 4 h in automated scans that range
from typically 2 days to 2 weeks. The lifetime (ns) of Ps
decaying in the MOF framework pores (hereafter referred to as
Ps framework lifetime) and the intensity (in %) of the Ps with
that lifetime (hereafter referred to as Ps framework intensity)
are fitted from each spectrum and then plotted against time
(hours) of humid nitrogen exposure.
When a steady nitrogen flow at 20 mL/min with 40% relative

humidity at 25 °C is flowed through a bed of ∼80 mg MOF-5,
the Ps framework lifetime (representing the size of framework
pores) decreases from 13.0 to 12.4 ns within the first 19 h
(green symbols in Figure S4). This slight decrease in Ps
framework lifetime is consistent with some minimal accumu-
lation of water molecules in the pores prior to their collapse,
While the intensity of framework Ps, which indicates the
relative population of intact framework pores in the material,
decreases from 32% to 9%. This indicates that the typical MOF-
5 crystals have only 28% of its original porosity remaining after
19 h exposure to 40% relative humidity. The decrease in both
Ps framework lifetime and Ps intensity correlates with the
structural rearrangement/degradation of MOF-5. After the
initial slight decrease, the Ps framework lifetime dramatically
drops from 12.4 to 6.3 ns with wider error bars of ±2.1 ns, and
the Ps intensity keeps going downward from 9% to 0.15%,
indicating that the MOF-5 framework collapses catastrophi-
cally. Based on the correlation between Ps framework lifetime
(ns) and cubic pore diameter (nm) (Figure S2), the
aforementioned lifetime drop suggests that 40% relative
humidity causes the size of MOF-5 framework cell to change
from a uniform 1.3 nm to a collection of different sizes ranging
from 1.02 to 0.69 nm at the end of the experiment. The
decrease of the framework intensity from 32% down to 0.15% is
due to irreversible local cell collapse instead of water
condensing and filling the cells based on the BET surface
area of MOF-5 after the 40% relative humidity exposure
experiment (Figure S16, BET SA = 63 m2/g). No amount of
drying or gentle heating could recover the framework Ps
signal.48 PXRD of MOF-5 after the 40% relative humidity
exposure shows obvious structural transformation (Figure S12).
The change of MOF-5 crystallinity reveals that the framework
collapses and transforms into ZnBDC·xH2O (BDC = benzene-
1,4-dicarboxylate, where x is between 1 and 2) with little
porosity.39

Repeating the above experiment with a relative humidity of
30%, the Ps intensity and Ps framework lifetime do not change
after 200 h of exposure. The BET surface area of MOF-5 after
200 h of 30% relative humidity treatment (red symbols in
Figure S16) is very close to that of initially activated MOF-5
(black symbols in Figure S16). After 43 h of exposure to 40%
relative humidity, MOF-5 loses 99.5% of the framework pores,
while no degradation is observed at 30% relative humidity. This
difference in degradation behavior of MOF-5 under different
humidities is not a dose effect. To illustrate this point, Ps
intensity (%) is plotted against total H2O charged per mass of

MOF (g/g) (Figure S10). With 5.94 g of H2O charged per
gram of MOF-5 under a relative humidity of 40%,
corresponding to 43 h of humidity treatment, the Ps intensity
goes down to 0.15% (green symbols in Figure S10) indicating
collapse of the lattice. Under a relative humidity of 30%, after a
similar dose of H2O charged per gram of MOF-5 (black
symbols in Figure S10) which corresponds to 57.5 h of
humidity treatment, the Ps intensity stays around 32%, and
MOF-5 remains intact. Thus, relative humidity, not water
dosage, is key to the water degradation process.
To more precisely define the region of stability for MOF-5, a

series of relative humidities were explored, and the Ps intensity
and Ps framework lifetimes collected. The framework
intensities (Figure 3a) and framework Ps lifetimes (Figure

S4) are plotted against flow time of the humid nitrogen with
different relative humidities. For all cases, the framework pore
size does not change significantly, the intensities of MOF-5
framework Ps follow a universal sigmoidal trend: the porosity
reaches almost zero, and the water degradation of MOF-5
reaches completion. Therefore, an equilibrium water adsorption
isotherm is not achievable for MOF-5 because the water
adsorption of MOF-5 is irreversible. The shape of the MOF-5
water breakthrough curve49 suggests that the water uptake is
attributed to irreversible transformation. MOF-5 will eventually
reach its completely degraded phase under any relevant
humidity. The MOF-5 “half degradation time (T1/2)” defined
as the number of hours required for the framework intensity to
decrease to half of its original value shows a nominally
exponential dependence on relative humidity as shown in
Figure 3b. Once the time factor is removed by plotting Ps

Figure 3. (a) Ps framework intensity of MOF-5 (Ps lifetime = 13.5 ns,
pore diameter = 1.28 nm) against time (hours) under the relative
humidities (RHs) of 30% (black), 34% (red), 36% (blue), 38%
(orange), and 40% (green) at 25 °C. (b) The time required for the Ps
framework intensity to decrease to half its starting value (T1/2) as a
function of relative humidity. Error bars are smaller than the plotting
symbols.
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framework lifetime against framework intensity, the entire
degradation processes coincide with each other (Figure S8).
However, the lower the relative humidity, the longer time it
takes for the Ps intensity to start to decay. It also shows that at
30% relative humidity, even after 189 h of exposure to
humidity, the Ps intensity is hardly altered (black symbols in
Figure 3), while for the same amount of time, at a slightly
higher relative humidity (34%), the Ps intensity already
decreases to 11.5%, which corresponds to 40% of the
framework being damaged (red symbols in Figure 3). The
results imply that how early the framework degradation
happens depends on the concentration of water (i.e relative
humidity of gas flow) in stark contrast to the typical methods of
degradation for water sensitive metal complexes. The higher the
relative humidity, the longer MOF-5 has been exposed to the
humidity, and the larger the amount of water the framework
has been exposed to, the faster degradation occurs and
proceeds.
An induction period manifested in the initiation phase of the

sigmoidal degradation curve has been discovered, suggesting a
relative humidity window for long-term stability for MOF-5. To
further test this hypothesis, additional experiments were
conducted to assess the long-term stability of MOF-5. Little
change in PXRD patterns is seen after 6 months of exposure to
humid air with relative humidity up to 11% (Figure S21). This
indicates that in applications such as hydrogen storage, where
the water concentration would be low, moisture instability is
not a concern for MOF-5. The gross morphology of the
samples is observed to be unchanged. This finding runs counter
to countless assertions in the literature which, though perhaps
intuitive, do not have any long-term stability testing of
relevance to support them.
There is a dramatic change in the stability of MOF-5 within a

small window of relative humidity. Under a relative humidity of
36% (blue symbols in Figure 3a), the Ps intensity of MOF-5
framework was not observed to be reduced after 11 h because
there are few hydrophilic groups present in the intact MOF-5:
all the carboxylate groups are coordinatively bonded to Zn4O

6+

metal clusters. At longer times, the Ps intensity decreases
slowly. The reduction of Ps intensity accelerates progressively
as the degradation proceeds, and the amount of broken
coordination bonds between linkers and metal clusters
increases exposing more hydrophilic functional groups. This
can be explained considering that the broken bonds from the
decomposition reactions on the framework in turn promote the
degradation of the crystal. Decomposition again slows down
toward the end of the curve due to the shrinkage of the number
of surviving hydrolysis-prone sites in the framework at the end
of the curve.
In light of these observations, we hypothesized that other

MOFs based on the basic Zn4O cluster might also have regions
of stability under humid conditions. UMCM-8 is composed of
Zn4O(CO2R)6 metal clusters and a 1:1 ratio of the linear
linkers benzene-1,4-dicarboxylate (BDC) and naphthalene-2,6-
dicarboxylate (NDC). It has a structure similar to MOF-5, but
instead of having cubic cages of a single size, it has two cubic
cages and two tetragonal cages (Figure 1) and larger voids than
MOF-5. The larger the pores, the longer the Ps framework
lifetime (less rapid the Ps annihilation) because of the reduced
overlap of the Ps wave function with the surrounding electrons
of the pore walls. It is generally observed, within a homologous
series, that MOFs with larger void spaces display less stability
due to a tendency toward structural collapse.49 On this basis the

larger pores of UMCM-8 might be expected to engender
reduced stability toward water. However, the degradation of
UMCM-8 in fact requires higher relative humidity than MOF-5
(Figure 4). At 36% relative humidity, conditions that can

initiate the decomposition of MOF-5 do almost nothing to the
Ps intensity (blue symbols in Figure 4) or Ps framework
lifetime (Figure S5) in UMCM-8 for 200 h. The Ps framework
lifetime of UMCM-8 remains at 16 ns which corresponds to an
average pore diameter of 1.4 nm, and Ps intensity stays at 32%
which corresponds to an intact framework. When the relative
humidity is increased to 44%, the Ps framework lifetime drops
from 16 to 12 ns in 120 h (pink symbols in Figure S5), and the
Ps intensity shows a sigmoidal trend similar to MOF-5. These
results imply that with the same concentration of water, MOFs
with the same metal clusters but different pore sizes/
hydrophilicity tolerate water vapor to different extent. In
combination with recent studies demonstrating that more
sterically demanding ligands improving kinetic stability toward
humidity degradation,24,50 this suggests a two-fold approach to
overcoming water instability for this large class of MOFs. The
proposed explanation for the greater stability of UMCM-8 is
that the attack of water on the MOF does not happen through
interaction of a single water molecule with a metal cluster
breaking/disturbing the interaction of the Zn−O tetrahedron.
The size of the pore and the hydrophilicity of linkers play
important roles as well. The hypothesis is that degradation
must be triggered by a certain amount of accumulation of water
in the pore, a mechanism similar to capillary condensation. The
larger the inner diameter of the pore, the higher the partial
pressure of water (relative humidity of gas stream in the present
case) is needed to accumulate sufficient water molecules to

Figure 4. (a) Ps framework intensity of UMCM-8 (Ps lifetime = 16.0
ns, pore diameter = 1.40 nm) as a function of time under the relative
humidities (RHs) of 36% (blue), 38% (orange), 40% (green), and 44%
(pink) at 25 °C. (b) The correlation between half degradation time
(T1/2) of UMCM-8 and relative humidity. Error bars are smaller than
the plotting symbols.
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hydrolyze coordination bonds between linkers and metal ions.
The hydrophilicity of linkers may also contribute to the stability
difference between MOF-5 and UMCM-8. The computed log P
(calculation see Supporting Information) value of benzene
(1.97) is lower than that of naphthalene (2.96) which means
that BDC is more hydrophilic than NDC. Even though a
fraction of cages in UMCM-8 have the same size as MOF-5,
UMCM-8 does not start degrading at the same time with
MOF-5. This observation implies that the degradation of the
series of Zn4O-based MOFs does not start unless accumulation
of water molecules takes place in multiple cages. Otherwise,
UMCM-8 and MOF-5 should have started to decompose at the
same relative humidity.
To further explore the factors dictating hydrolytic stability,

the IRMOF Zn4O(FMA)3 was studied using the same approach
with PALS under 30% relative humidity, and the results were
compared to MOF-5 (Figure 5). This material, reported by

Chen and co-workers, is constructed from the Zn4O(CO2R)6
metal clusters and fumarate linkers; it is among the smallest
pore members of the IRMOF series. The log P value of ethene
is 1.11 suggesting that fumarate is much less hydrophobic than
either BDC or NDC. Moreover, with a theoretical cage side-
length of 1.08 nm, Zn4O(FMA)3 is smaller than MOF-5 and
therefore can shed light upon the issue of pore size in
promoting decomposition (framework Ps lifetime of 8.9 ns vs
13.5 ns for MOF-5). In Figure 5, the framework porosity of
Zn4O(FMA)3 is severely reduced under the conditions of 30%
relative humidity: the Ps intensity decreases to 0% within 6 h,
whereas MOF-5 shows almost no reduction in framework
intensity even after 200 h under these conditions. The BET
surface area of as-synthesized Zn4O(FMA)3 is 2009 m2/g
(previously reported: 1120 m2/g; theoretical surface area: 2835
m2/g, see Supporting Information), whereas after hydration, its
BET surface area decreases to 30 m2/g (Figure S18). Based on
the fact that the Ps framework intensity of Zn4O(FMA)3
decreases by an absolute value of 1.7% after 45 h of 16%
relative humidity treatment and keeps decreasing slowly with
time, the relative humidity region of water stability for
Zn4O(FMA)3 is much lower than that of MOF-5 and
UMCM-8 (Figure S11). The comparison of the region of
water stability for Zn4O(FMA)3, MOF-5, and UMCM-8
illustrates the range of different behaviors that can be seen
for hydrocarbon linkers within the same basic coordination

motif and suggests larger pores lead to greater resistance to
hydrolysis.
The functionality of linkers can influence water stability of

Zn4O-based MOFs. Hydrophilic functional groups are expected
to reduce water stability. Aniline, the core of the linker yielding
IRMOF-3, has a log P of 1.14, a value lower than 1.97 for
benzene due to the presence of the −NH2 group. It has been
reported that IRMOF-3 is more stable than MOF-5 in ambient
air.25 However, continuous monitoring of porosity by PALS
indicates that IRMOF-3 is in fact more sensitive to humidity
than MOF-5. Figure 6 plots the intensity of Ps annihilating

inside the IRMOF-3 crystals as a function of exposure time for
various values of relative humidity. This intensity is the sum of
the intensity of Ps annihilating in surviving pristine lattice (Ps
lifetime = 8−10.3 ns) and the intensity of Ps (Ps lifetime = 13−
28 ns) trapped in larger voids generated near regions of lattice
collapse, representing all Ps annihilating inside the IRMOF-3
crystals. The fitted framework lifetime is reduced because of the
additional effect of it disappearing into the intermediate
component. At short exposure times, this trapped void
component is impossible to resolve because its Ps lifetime is
very close to the pristine lattice Ps lifetime and its intensity is
very low. At long exposure times, this void component grows in
to comprise ∼2/3 of the (decaying) residual total intensity with
lifetimes that range from 17 ns for 20% relative humidity to 28
ns for 30% relative humidity (corresponding to void diameters
of 1.7 and 2.2 nm, respectively). The sum of intensities plotted
in Figure 6 is robust and nominally corresponds to the relative
residual porosity as plotted in Figures 3a and 4a.
The black symbols in Figure 6 shows that the Ps intensity of

IRMOF-3 drops dramatically within 24 h of exposure to 30%
relative humidity in a quasi-exponential fashion; this shape
contrasts dramatically with the sigmoidal shapes seen in the
MOF-5 and UMCM-8 experiments. The Ps intensity of
IRMOF-3 then stabilizes around 7%. The differences in water
stabilities and degradation trends between IRMOF-3 and
MOF-5 are attributable to the fact that the linker of IRMOF-3,
2-aminoterephthalate, has a higher water affinity than the linker
of MOF-5 and, perhaps more critically, the water-induced
decomposition product of IRMOF-3 is amorphous, whereas it
is crystalline for MOF-5. There is no apparent induction period
for the degradation of IRMOF-3 exposed to 30% relative
humidity. This suggests that the hydrophilic nature of the
functional groups, and the perhaps even the participation of

Figure 5. Comparison of Ps framework intensities between Zn4O-
(FMA)3 (blue, Ps lifetime = 8.9 ns, pore diameter = 1.05 nm), and
MOF-5 (red) at 30% relative humidity (RH) at 25 °C. Error bars are
smaller than the plotting symbols.

Figure 6. Ps intensity of IRMOF-3 (Ps lifetime = 10.3 ns, pore
diameter = 1.12 nm) against time under the relative humidities (RHs)
of 10% (violet), 20% (burgundy), 22% (dark yellow), 24% (pink), and
30% (black) at 25 °C. Error bars are smaller than the plotting symbols.
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these groups in decomposition, eliminates the need for clusters
of water molecules and existing framework damage. The rate of
degradation decreases over time as a result of the loss in the
number of intact pores, although the fact that the damage levels
out suggests that the decomposition process is somewhat self-
protective of inner porosity vide inf ra.
Under a lower relative humidity of 24%, the degradation of

IRMOF-3 caused by water follows the same trend as described
above, although the Ps intensity stabilizes at a higher level,
around 16% after 70 h (pink symbols in Figure 6). Red symbols
in Figure S24 show the relative intensity of the peak at 2θ =
6.86° in IRMOF-3 PXRD patterns changing with time under
30% relative humidity. The intensity of the primary PXRD peak
at 2θ = 6.86° goes down quickly to 0.4% of the original
intensity and then plateaus, which agrees with how the porosity
changes based on Ps intensity information (black symbols in
Figure S24). With a relative humidity of 24%, the intensity of
the primary peak in IRMOF-3 PXRD patterns decreases and
plateaus around 33% of the original intensity, which is in accord
with Ps intensity trend as well (Figure S25). These experiments
demonstrate that the porosity evolution is correlated with the
evolution of crystallinity. This can be explained by a model
wherein IRMOF-3 degrades into an amorphous phase with no
new crystallinity appearing (Figure S15) and the amorphous
continuous layer protects the interior crystalline material from
further contact with water, a mechanism analogous to self-
protective oxide formation in certain metals. In contrast to
MOF-5, which transforms into another crystalline phase
(ZnBDC·xH2O)

39 upon water exposure apparently with gaps
for water to pass through and continue degradation the
remaining MOF-5, IRMOF-3 acts differently upon encounter-
ing water. The observation of a preservation of the bulk crystal
morphology of IRMOF-3 in previous studies25 also supports a
mechanism where protection by an amorphous layer for the
IRMOF-3 prevents complete loss of crystallinity. All the curves
asymptotically approach equilibrium framework intensities that
are stable at the given relative humidities and are lower as the
humidity increases.
Water sensitivity of MOFs is history dependent as well.

Figure 7 shows that water-induced decomposition in MOFs
leads to higher sensitivity to humidity. To illustrate this point,
MOF-5 was treated for 100 h with 36% relative humidity at 20
mL/min until the Ps framework intensity decreased to 13% (a

60% reduction from the pristine material). The humidity was
then decreased to 30%. Unlike the almost unchanged
framework intensity of pristine MOF-5 treated with 30%
relative humidity right from the beginning (black symbols in
Figure 7), the framework intensity of damaged MOF-5 now
decreases much more rapidly, at a rate of 0.068% Ps framework
intensity per hour. This is slow compared to 0.49% per hour
before the switch (Figure 7), but there is clearly no induction
period at the 100 h turning point of relative humidity. This
indicates that the defects created by water lead to faster
degradation kinetics. In other words the history of the sample,
in terms of previous exposure to moisture, influences the
amount of defects in the MOF and therefore the time required
for degradation at a given humidity.

■ CONCLUSIONS

PALS incorporated within a flow-through system allows
monitoring structural degradation of MOFs in real-time
under dynamic humid conditions. For MOF-5 and UMCM-8,
the evolution rate of porosity depends sensitively (exponen-
tially) on relative humidity and proceeds by a universal
sigmoidal decrease. This indicates that the damage mecha-
nism(s) and evolution of structure are the same under different
relative humidities. An induction period consistent with
exponentially long MOF degradation has been revealed for a
group of MOFs with Zn4O(CO2R)6 metal clusters. Controlling
the relative humidity, even over a fairly large and operationally
relevant window, allows for long-term stability of these MOFs
against water vapor. The water stability of Zn4O-based MOFs
with cubic structure was found to be related to pore size and
linker hydrophilicity, as demonstrated by comparison of the
behavior of UMCM-8, MOF-5, Zn4O(FMA)3, and IRMOF-3.
These results deepen the understanding of the stability of
MOFs against water and demonstrate that water stability is
strongly dependent on relative humidity such that appropriate
process parameters can be chosen for long-term stability in
applications such as fuel gas storage, separations, and catalysis.
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