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Fluorescence analysis for characterizing the alkali
stability of metal—organic frameworks: an
informative complement to X-ray diffractiont

Shuai-Liang Yang,® Gen Li,? Xiao-Yan Liu,? Lin Zhang,® Yan Xu® and
En-Qing Gao () *°

The stability of metal-organic frameworks (MOFs) in solutions is of essential importance from the per-
spectives of scientific research and practical applications. Powder X-ray diffraction (PXRD) with isolated
solids is a common protocol to judge the stability. However, solid-state characterization may lead to
ignorance of possible chemical leaching and even partial collapse, and the ignorance may lead to confus-
ing or even false conclusions about stability and relevant properties. Herein, based on the pH-responsive
fluorescence associated with alkaline hydrolysis of MOFs, a fluorometric method is proposed for charac-
terizing the stability of luminescent or luminogenic MOFs in basic solutions. Exemplified by two Zr(iv)
MOFs, Zr-TCPBP (tetracarboxylate linker) and UiO-66-NH, (dicarboxylate), the method has been vali-
dated by a comparative study with solid-state characterization using PXRD, scanning electron microscopy
(SEM) and thermogravimetry. The method has the advantages of facile operation, high sensitivity and
good complementarity to PXRD and SEM. It can be used to continuously monitor the whole hydrolytic
process starting with nondestructive local hydrolysis and ending with abrupt and destructive hydrolysis,
giving the pH values for different hydrolytic stages. The method has great potential to be extended for
characterizing the stability of MOFs towards acids or other substrates in solution.

but there are two important drawbacks of this method. One is
that the possibility of partial leaching of MOF components

Metal-organic frameworks (MOFs), an emerging kind of
porous material built from metal nodes and organic links,"
have aroused great scientific interest. Their structural designa-
bility, diversity, tunability, and porosity endow MOFs with
potential applications in gas adsorption and separation,*”
chemical  sensing,®*  photonics,">'®  heterogeneous
catalysis,'” ' proton conduction,”*> etc. The functional per-
formance of MOFs is highly dependent on their crystalline
porous structures, and the structural lability to humidity,
acids, bases and other external stimuli often limits their practi-
cal applications.”>*” Thus, being aware of the stability/lability
of MOFs under various conditions is very significant. Powder
X-ray diffraction (PXRD) has been the conventional method to
assess the structural integrity of MOFs isolated from solutions,
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without framework collapse is ignored. The other is that the
amorphous materials generated by partial decomposition of
MOFs may not be detected by PXRD. High-performance liquid
chromatography (HPLC) has been used to detect leached
ligands in aqueous solutions,*®** but the method needs
tedious preliminary preparation and complex instrumentation.
It is necessary to find a more effective method to complement
PXRD for determining the stability of MOFs in solution.

Luminescent or luminogenic MOFs dispersed in solution
often show sensitive emission changes in response to some
chemical species. This has encouraged extensive studies to
develop MOF-based chemical sensors with excellent sensitivity
and selectivity having been reported.***> Most studies attribu-
ted the fluorescence response to intact MOFs, the intactness
being judged from PXRD with solids isolated from sensing
media. The issue that the luminescence of MOF dispersions
can be strongly affected by a minute amount of exuded fluo-
rescent species is rarely addressed. The overlook may lead to
erroneous conclusions and understandings.

Zr(v) MOFs built from ZrsO,(OH), nodes and carboxylate-
terminated linkers are deemed to be a class of highly stable
MOFs.**?” High acid resistance at pH < 0 has been commonly
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reported,*®**" which is understandable considering the well-
matching double bonding of carboxylate groups with high oxo-
philic Zrs clusters and the low pK, of aromatic ~-COOH.””
However, the stability in basic solutions has been reported
with great discrepancy even for the same MOF. Taking UiO-66-
NH, as an example, Lillerud et al. reported that the MOF is
completely decomposed into an amorphous phase after treat-
ment with a pH 14 solution.*”> According to Van Der Voort
et al., the MOF maintains a good crystalline structure after
placing in a pH 12 NaOH solution for two months.** However,
Aguilera-Sigalat et al. showed that the MOF undergoes certain
structural damage in alkaline solution with pH > 9.** These
quite different conclusions are all based on PXRD analysis,
reflecting the inadequacy of PXRD in characterizing the stabi-
lity of MOFs in liquid media.

Herein, we developed a fluorometric method for determin-
ing the stability of MOFs in basic solutions. The method is
based on the fluorescence response induced by alkaline hydro-
lysis of MOFs. By a comparative study combining PXRD, scan-
ning electron microscopy (SEM) and thermogravimetry (TG),
the feasibility and reliability of the method are first demon-
strated with a Zr(iv) MOF (Zr-TCPBP) with 2,2',6,6'-tetra(4-car-
boxyphenyl)-4,4"-bipyridine (TCPBP)*> and then extended to
UiO-66-NH,, (Scheme 1). The method has the advantages of
simple operation, high sensitivity and high informativeness,
representing a nice complement to conventional solid-state
characterization methods. In particular, it can be used to
monitor the whole process from minor leaching of linkers to
obvious hydrolysis and to complete hydrolysis, giving the pH
range of rapid decomposition.

Results and discussion

Zr-TCPBP consists of 12-connected Zrg(ps-0)4(OH),(COO);,
and 4-connected TCPBP*~ (Scheme 1). We previously demon-
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Scheme 1 Structures of the MOFs studied.
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strated that the MOF has high acid stability and shows fluo-
rescence transitions in the pH 3.3-1.8 region owing to coopera-
tive protonation at the multiple basic pyridyl sites at pore sur-
faces.*” In continuation of the previous work, we investigated
its fluorescence response to high pH. As shown in Fig. 1, the
fluorescence emission of a Zr-TCPBP dispersion in water
(0.3 mg mL™", unless otherwise specified) shows no appreci-
able change in the wavelength or intensity in the range of pH
4.4-7.2. Upon further increasing the pH, the emission
maximum is gradually blue shifted from 435 to 395 nm with a
concomitant intensity increase.

On the one hand, the intensity initially increases smoothly,
then abruptly rises in the range of pH 11.0-11.8, and finally
becomes constant beyond the range (Fig. 1b). The critical
point for the abrupt transition is at about pH 11.4, as esti-
mated from the derivative curve. The intensity transition
means that a small pH change can lead to a significant fluo-
rescence enhancement, which indicates the potential appli-
cation of the MOF as an ultrasensitive pH probe working in
the highly basic range. On the other hand, the 1, vs. pH plot
shows two linearly dependent regions, a slow blue shift for pH
varying from 7.5 to 9.6 and a rapid blue shift for pH 9.6-11.5
(Fig. 1c). The linear variation indicates the feasibility of quanti-
tative pH determination in the basic range by monitoring Aay.
Fluorescence pH sensing based on wavelength shifts, com-
pared to that based on intensity changes, can have some
advantages such as high anti-interference and visual color
changes.*® Converting the emission spectra to chromaticity
coordinates in the Commission Internationale de L’Eclairage
(CIE) chromaticity diagram gives a linear region for pH
7.5-11.5, which corresponds to the cyan-to-blue change in the
fluorescence color (Fig. S17).

To explore the mechanism of the complex pH dependence
of fluorescence in basic solutions, we filtered the Zr-TCPBP
dispersions in pH 7.2, 9.6 and 11.5 solutions and measured
the fluorescence of the filtrates and solid residues re-dispersed
in water. The filtrate for the nearly neutral dispersion shows
no emission, but those for pH 9.6 and 11.5 show significant
emission, which is even more intense than the emission of the
unfiltered dispersions (Fig. 2a). The latter two filtrates share
the same A,.x (395 nm) with the free organic ligand dissolved
in basic solution, indicating the presence of the ligand in the
filtrates and also in the corresponding dispersions. That is,
there is no leaching of the ligand for neutral dispersions, but
significant leaching occurs for the dispersions of pH 9.6 and
11.5 because of hydrolysis of the MOF. The emission intensity
of the pH 11.5 filtrate was significantly higher than that for pH
9.6, confirming the expectation that the degree of leaching or
hydrolysis increases with pH. As can be seen, the pH 11.5 dis-
persion and its filtrate both have A,,,x = 395 nm, and the emis-
sion intensity of the filtrate is very close to that of the ligand
solution with a controlled concentration. This suggests almost
complete MOF hydrolysis and ligand release at that pH. The
fact that the emission of the dispersion is weaker than that of
its filtrate can be simply because of the scattering effect of the
solid particles in the dispersion. The conclusions are corrobo-
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Fig. 1 (a) Emission spectra of the suspension of Zr—TCPBP in the pH 4.4-12.1 range under 345 nm excitation (the dashed arrow shows the trace of
the emission maximum with increasing pH). The inset shows the intensity-normalized spectra at pH 7.5-11.5. (b) Variation of the emission intensity
at 395 nm with pH. The inset shows the derivative plot. (c) pH dependence of the Ao and the linear fits (red lines). The insets show the emission at

pH 6.7 and 12.1 under 365 nm UV light.
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Fig. 2 (a) Emission spectra of Zr-TCPBP dispersed at different pH
values (solid curves) and the corresponding filtrates (dashed curves). The
spectrum of the tcpbp?™ solution is included for comparison. (b)
Emission spectra of different samples dispersed in neutral water. The
samples include pristine Zr—TCPBP and the solid residue obtained by
filtering the Zr—TCPBP dispersions at pH 9.6 and 11.5.

rated by analyzing the emission of the filter residues re-dis-
persed in neutral water. The residue from the pH 9.6 suspen-
sion shows almost identical emission to the as-synthesized
MOF (Fig. 2b), suggesting that the framework is preserved with
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minor ligand leaching. However, the residue from the pH 11.5
dispersion is essentially non-fluorescent and shows no
obvious IR bands attributable to the ligand (Fig. S27t), indicat-
ing almost complete hydrolysis of the MOF to zirconium
hydroxide hydrate at the high pH.>”

Based on the above analysis, the fluorescence variation of
the MOF dispersion with pH can be well justified as follows.
The pH-independent fluorescence in the pH 4.4-7.2 range
comes from the MOF itself without ligand leaching. The fluo-
rescence observed at an intermediate pH (7.5 < pH < 11.5) is
an envelope of the emissions from the leached organic ligand
and the retained MOF. The blue shift and intensity enhance-
ment with pH are due to the short-wavelength and high-inten-
sity contribution from the ligand becoming more and more
significant. At pH > 11.8, the constant fluorescence is related
to complete release of the ligands as a result of complete
hydrolysis.

The pH-induced fluorescence change associated with
partial to full basic hydrolysis inspired us to propose a fluoro-
metric approach for characterizing the stability of MOFs in
basic solutions. The hydrolysis occurs simply owing to the
competition between the carboxylate group and increasing
OH" in binding metal ions at the node of the framework.>” For
Zr-TCPBP, the small intensity increment below pH 11 indi-
cates that a small portion of the ligands is replaced by OH".
The partial hydrolysis at nodes does not necessarily cause
severe framework collapse, especially for the high-connectivity
robust frameworks like Zr-TCPBP. The abrupt intensity rise
above pH 11 indicates substantial ligand leaching because of
the onset of the drastic destructive hydrolysis of the frame-
work. The onset pH of the fluorescence change (ligand leach-
ing) and the onset and critical pH for an abrupt fluorescence
transition can be used as measures of the stability of the
MOFs at different stages.

To verify the reliability of the fluorometric method, we
examined the alkali stability of Zr-TCPBP by means of conven-
tional solid-state characterization methods. The most widely
used method is PXRD analysis with the solids isolated from
dispersions. The method is unique for demonstrating the

This journal is © the Partner Organisations 2022
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retention of bulk crystallinity. Zr-TCPBP shows no significant
change in PXRD after being soaked at pH up to 11 (30 mg of
MOF in 10 mL of aqueous solution) (Fig. 3a, pH 11*). This
seems to indicate that the MOF is stable at pH 11, but accord-
ing to fluorescence analysis, there is actually significant leach-
ing of the ligand at that pH. The conclusion drawn from PXRD
actually depends on the amount of the MOF relative to the
solution used. For 30 mg of MOF treated with 100 mL of solu-
tion (the concentration of the MOF is the same as that for fluo-
rescence tests), the PXRD for pH 10.5 treatment becomes
weaker especially for high-angle peaks (Fig. 3a). For pH 11, the
PXRD worsens and shows only two broadened low-angle
peaks, which indicates the preservation of only some degree of
long-range order in the MOF. The sample treated at pH 11.5
shows a profile typical of amorphous solids, suggesting com-
plete hydrolysis of the MOF. The results are consistent with
fluorescence analysis, both confirming partial to complete
hydrolysis as the pH is increased. However, the PXRD analysis
is less sensitive and cannot definitely disclose the ligand leach-
ing below pH 9.5, whereas the fluorescence analyses disclose
the onset of leaching (hydrolysis) at pH 7.5. Furthermore, the
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Fig. 3 (a) PXRD patterns of Zr—TCPBP treated with aqueous solutions
at different pH values (30 mg of MOF with 100 mL of solution, except
for pH 11*, for which 30 mg of MOF was treated with 10 mL of pH 11
solution). (b) TCPBP/Zr ratio obtained from TG analysis with the samples
treated with aqueous solutions at different pH values.
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facile pH-fluorescence titration analysis reveals an abrupt
hydrolytic transition starting at pH 11 and completing at pH
11.8, with a critical pH of 11.4. The abrupt transition is
difficult to identify and quantify with the PXRD method. In
brief, the fluorometric method can be a simple but useful
complement to PXRD for characterizing the stability of MOFs
in basic solutions and provides more precise and detailed
information of ligand leaching and framework decomposition.

SEM was used to analyze the morphology of the samples
treated at different pH values (the concentration of the MOF is
the same as that used in the fluorescence test). The as-syn-
thesized sample of Zr-TCPBP contains uniform cubic crystal-
lites of size about 400 nm (Fig. 4). There are no significant
changes in the size and morphology after pH 9.5 treatment.
This, in accordance with PXRD, confirms that the minor
ligand leaching indicated by fluorescence analysis hardly
affects the exterior appearance and the interior crystallinity,
giving a framework with linker-vacancy defects. In other
words, SEM is also less sensitive than the fluorometric
method, which can detect a small degree of nondestructive
local hydrolysis at Zrs nodes without framework collapse. At
pH 10.5, the SEM images show a mixture of cubic, irregularly
shaped and rough-surfaced particles of different sizes, indicat-
ing significant hydrolysis of the MOFs. At pH 11.5, the image
is predominated by small, inhomogeneous and shapeless par-
ticles, confirming almost complete hydrolysis of the MOF. The
morphological changes at pH 10.5 and 11.5 are consistent
with the results obtained from PXRD and fluorescence
analyses.

Thermal gravimetry (TG) was performed with the isolated
solids to confirm the ligand leaching (Fig. S31). The TG plots
of Zr(iv) MOFs in air flow generally feature a plateau ascribable
to the “dry” frameworks with dehydrated ZrsOs nodes and
multicarboxylate linkers, followed by rapid weight loss owing
to linker decomposition and finally by a constant residual
weight corresponding to ZrO,.*>*” The plateau/residual weight
ratio can be used to estimate the linker/metal molar ratio. For
pristine Zr-TCPBP, the TCPBP/Zr ratio was estimated to be

Fig. 4 SEM images of Zr—TCPBP. (a) As-synthesized. (b—d) Treated at
different pH values.
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0.51, very close to the 1: 2 ratio expected for a defect-free struc-
ture. The linker/metal ratios for treated solids were plotted
against pH at which the MOF was treated (Fig. 3b). As can be
seen, the ratio does not change after treatment at near-neutral
pH. The treatment at pH 9.5 (10.6) leads to a slight (obvious)
decrease of the ratio, and an abrupt drop was witnessed for
increasing pH from 10.6 to 11.7. The trend confirms the
ligand leaching process disclosed by fluorescence analysis.

As mentioned earlier, the literature studies are divided
based on the basic pH range in which UiO-66-NH, is
stable.**™** Based on the above investigation with Zr-TCPBP,
we believe that the discrepancy mainly arises from the
different conditions for treating the MOF, especially the rela-
tive amount of the MOF to the solution, which has attracted
little attention. We reassessed the basic hydrolytic stability of
UiO-66-NH, by a combined study with fluorescence analysis,
PXRD and SEM.

The emission spectra of UiO-66-NH, dispersed in aqueous
solutions with pH 6.9-10.8 (0.1 mg mL ") are shown in Fig. 5a.
The emission witnesses no shift in A, (425 nm) but a signifi-
cant enhancement in the intensity with increasing pH. The
intensity versus pH plot shows a slow increase for pH varying
from 6.9 to 9.2, followed by an abrupt rise for pH 9.2-10.5,
with the inflection point at pH 10.3 (Fig. 5b). The trend is
similar to that observed for Zr-TCPBP, but the rapid intensity
transition occurs at lower pH. This could indicate a low alkali
resistance for UiO-66-NH,. It is worth mentioning that a
similar rapid fluorescence enhancement induced by a pH
increase has been reported previously for UiO-66-NH, and also
for its post-synthetically modified derivatives.** However, the
authors ascribed the enhancement to the formation of the
-NH™ group by deprotonating the amino groups within the
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MOFs. To determine the real emissive species and the
enhancement mechanism, the spectra of the supernatants
obtained by filtering the dispersions were recorded (Fig. S47).
The spectra show the same A.,,ax as those observed for the dis-
persions, and the variation of emission intensity with pH is
very similar to that for the dispersions (Fig. 5b). Notably, even
at pH 6.9, the supernatant is fluorescent, with the intensity
being slightly lower than that of the unfiltered suspension
(Fig. S51). The results strongly suggest that the emission pre-
dominantly arises from the linker leached to the liquid phase
and that leaching occurs even at neutral pH. The emission
from solid particles is minor. For further comparison, the
aqueous solution of the linker, 2-aminoterephthalic acid, was
investigated at various pH values. The results reveal that the
linker at a fixed concentration shows pH-independent emis-
sion spectra in the range of pH 6.3-10.9, with An.x = 425 nm
(Fig. S671). The invariant emission suggests invariant emissive
species in the wide pH range. Referring to the pK, values of
comparable compounds (4.92 (-COOH) and 2.14 (-NHj;") for
2-aminobenzoic acid*® and 3.20 and 4.30 for terephthalic
acid*®), the existing form of 2-aminoterephthalic acid in the
above pH range should be the divalent anion with two car-
boxylic protons removed. Beyond the range, the fluorescence
of the free linker decreases at pH > 11.5 and is almost comple-
tely quenched at 13.2. This phenomenon can be ascribed to
the deprotonation transformation from -NH, to -NH™, consist-
ent with the long-known example that aniline becomes non-
fluorescent at pH > 13 for the same reason.’® On the other
hand, lowering the pH below 5.1 leads to a gradual red shift
and intensity increase, which can be attributed to the gradual
protonation of the divalent anion. Overall, the investigations
with filtrates and the free linker definitely support that the
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Fig. 5 (a) Emission spectra (320 nm excitation) of the dispersions of UiO-66-NH, under different pH conditions. (b) Emission intensity (425 nm) of
the UiO-66-NH, aqueous dispersions of different pH values and their filtrates. The inset shows the derivative plot. (c) PXRD patterns of UiO-66-NH,
treated with aqueous solutions of different pH values compared with the simulated pattern and that of the as-synthesized MOF. (d—g) SEM images

of UiO-66-NH; before and after treatment at different pH values.
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alkali-induced gradual and then abrupt emission enhance-
ment for UiO-66-NH, is due to the increased linker leaching,
or basic hydrolysis, rather than amino deprotonation. In par-
ticular, the fluorescence analysis reveals linker leaching even
under neutral conditions and hydrolytic decomposition with a
critical pH of 10.3. In addition, the kinetic measurements at
various pH values suggest that the linker leaching and hydro-
lytic decomposition are fast and reach equilibrium within
10 min (Fig. S77).

To validate and complement fluorescence analysis, PXRD
and SEM were performed with the solid samples isolated
after dispersing UiO-66-NH, in neutral to basic solutions
(the solid-to-liquid ratio is the same as for fluorescence ana-
lysis). As shown in Fig. 5c, the sample after dispersion at pH
= 9 displays a well-defined diffraction profile, and the SEM
image shows uniform and discrete crystallites (Fig. 5e).
There are no significant differences in the crystallinity and
morphology as compared with pristine UiO-66-NH,. The
sample treated at pH 10 shows only a few weak diffraction
peaks, and the particles become smaller and inhomogeneous
and seem to be adhered together by the amorphous sub-
stance (Fig. 5f). For the sample treated at pH 11, SEM and
PXRD confirm the formation of a featureless amorphous
agglomerate (Fig. 5g). The above results confirm the rapid
hydrolytic decomposition and ligand leaching above pH 9.
The solid-state characterization methods give no information
about ligand leaching at pH < 9. Combining the dispersion
fluorescence method and the solid-state methods, it can be
concluded that partial ligand leaching (local hydrolysis at
nodes) at a relatively low pH does not lead to significant
degradation in the crystallinity and morphology. In addition,
fluorescence titration analysis at high pH provides a facile
method to determine the pH range for significant and com-
plete hydrolytic decomposition.

Finally, it is worthwhile to emphasize the lessons learned
from our study with Zr-TCPBP and UiO-66-NH,. First, we
should be cautious in judging the stability of MOFs towards
chemical species in solutions from PXRD with the isolated
solids. The PXRD results are strongly dependent not only on
the concentration of the chemical species but also on the
solid-to-liquid ratio used for treating MOFs (see Fig. 3a for Zr-
TCPBP and Fig. S8t for UiO-66-NH,). The latter factor has
been largely neglected, which has led to inconsistent state-
ments about the stability of MOFs. The PXRD method is incap-
able of detecting chemical leaching through nondestructive or
even partially destructive processes. Second, fluorescence is
sensitive to minor species. Many literature reports on fluo-
rescence sensing have assigned the fluorescence (or stimulus-
induced fluorescence change) of MOF suspensions to intact
frameworks, based on stability characterization with
PXRD.”'">* Unfortunately, as indicated by this work, solid-state
characterization methods are far from sufficient to warrant the
assignment. To avoid a false understanding of the underlying
chemistry and physics, careful examination of the liquid
phases is required for identifying the real emissive/responsive
species.
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Conclusions

We have demonstrated the unique dual fluorescence response
of Zr-TCPBP to basic pH by both wavelength shift and inten-
sity enhancement. The mechanism has been proved to be
associated with ligand leaching through nondestructive local
hydrolysis to destructive framework hydrolysis. Based on the
fluorescence response, we proposed and validated a fluoro-
metric method to characterize the stability of MOFs towards
alkaline solutions. The study was extended to UiO-66-NH,,
which preliminarily proved the universality of the method for
luminescent MOFs or luminogenic MOFs. The method is
simple, sensitive and informative. In particular, it can be a
good complement to the conventional PXRD method and can
be used to detect a small amount of ligand leaching to
monitor the whole process from nondestructive local hydro-
lysis to obvious and complete destructive hydrolysis, and to
determine the pH range for rapid decomposition. This
method may be extended for characterizing the chemical stabi-
lity of MOFs towards, for example, acids or other substrates of
interest in solution. The combination of the sensitive fluoro-
metric method with PXRD can help correct/avoid misunder-
standing about the stability and especially the properties sensi-
tive to chemical leaching.
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