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Metal—-organic frameworks vs. buffers: case study
of UiO-66 stability

Daniel BUzek, a

*a0 Slavomir Adamec,? Kamil Lang 22 and Jan Demel
UiO-66 is a zirconium-based metal-organic framework (MOF) that has numerous applications. Our
group recently determined that UiO-66 is not as inert in aqueous dispersions as previously reported in
the literature. The present work therefore assessed the behaviour of UiO-66 in buffers: 2-amino-2-
(hydroxymethyl)-1,3-propanediol (TRIS), 4-(2-hydroxyethyl)piperazine-1-ethane sulfonic acid (HEPES),
N-ethylmorpholine (NEM) and phosphate buffer (PB), all of which are commonly used in many UiO-66
applications. High performance liquid chromatography and inductively coupled plasma mass spec-
trometry were used to monitor degradation of the MOF at 25 °C. In each buffer, the terephthalate linker
was released to some extent. The chemical nature of the buffer media played a decisive role in the stabi-
lity with a more pronounced leaching effect in the saline forms of these buffers. The HEPES buffer was
found to be the most benign, whereas NEM and PB should be avoided at any concentration as they were
shown to rapidly degrade the UiO-66 framework. Low concentration TRIS buffers are also recommended,
although these offer minimal buffer capacity to adjust pH. Regardless of the buffer used, rapid tere-
phthalate release was observed, indicating that the UiO-66 was attacked immediately after mixing with
the buffer. This process was even more pronounced at 37 °C, i.e., at typical temperature in biological and
medical applications. In addition, the dissolution of zirconium, observed in some cases, intensified the
UiO-66 decomposition process. These results demonstrate that sensitive analytical techniques have to be
used to monitor the release of MOF components so as to quantify the stabilities of these materials in
liquid environments.

10,11

liquid media,®° drug delivery and biomedicine,'®"" catalysis,"?

energy storage'® and sensing.'*

Metal-organic frameworks (MOFs) are coordination networks
consisting of inorganic nodes (referred to as secondary build-
ing units or SBUs) joined together by organic linkers giving
structure with potential voids."”” The use of different metals
together with the wide range of potential linkers allows for the
synthesis of MOFs having numerous different structures,
topologies, properties and functionalizations.’* MOFs typi-
cally exhibit significant porosity and high surface areas often
exceeding 1000 m* g~'.°> Owing to their potential variability,
MOFs are promising materials for many applications, such as
gas storage and separation,”’ adsorption of pollutants from
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At present, the poor stability of MOFs precludes their use in
many applications, partly because MOFs are less stable than
purely inorganic materials such as zeolites.">'® Mechanical
stability is important when shaping MOFs into pellets or when
these materials are used for mechanical operations,'” while
thermal and hydrothermal stability are vital in industrial pro-
cesses that are associated with high temperatures or the pres-
ence of water vapour and steam."®° Finally, chemical stability
is required when employing MOFs in liquid-based appli-
cations, including drug delivery, biomedicine, sensing and
water treatment.'>'®  Aqueous environments represent
especially challenging conditions for MOFs because of poten-
tial for the hydrolytic cleavage of the coordination bonds con-
stituting the MOF backbone.”"** The stability of MOFs in
water is determined by the strength of the metal-linker coordi-
nation bonds,* and so metal ions that are trivalent (such as
cr', A" and Fe™) or primarily tetravalent (such as Ti", zr'
and Hf") form the most water-stable MOFs when employing
carboxylate-type linkers.>*~>°

Zirconium-based MOFs (Zr-MOFs) represent a large family
of water-stable structures. The most common Zr-MOFs,
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Fig. 1 From left: The theoretical structure of UiO-66, a detailed view of the 12-connected [ZrsO6(OH)4]*?* SBU of UiO-66, and the molecular struc-

tures of the (a) HEPES, (b) NEM and (c) TRIS buffer constituents.

Ui0-66, UiO-67 and UiO-68, are composed of [ZrOs(OH),]"**
SBUs connected by terephthalate, 4,4-biphenyldicarboxylate
and 4,4'-terphenyldicarboxylate linkers, respectively, to form
12-connected structures having an fcu-a-topology.>” Since the
initial discovery of Zr-MOFs, many researchers has focused on
the use of polytopic or functional linkers as well as different
connective patterns among the Zr-SBUs. Such research has led
to the design of dozens of new structures, including those of
the MOF-808, NU-1000, PCN-222/MOF-545, MOF-525 and
PCN-224 materials.”®>° Even so, the most commonly utilized
Zr-MOF is UiO-66, because this MOF is robust and easy to syn-
thesize and has numerous potential applications (Fig. 1).*°

Zr-MOFs are widely used in water-based applications such
as catalysis, sensing, water treatment and drug delivery.'"*"3?
In many of these applications, the Zr-MOFs are not utilized in
neat water, but rather are dispersed in aqueous media with
specific pH values, often achieved by the addition of buffers.
Despite the common use of buffers, thus far there have been
no detailed studies assessing the stability of Zr-MOFs in such
solutions. Those studies that have examined the stability of
MOFs have assessed post-exposed solids retrieved from various
dispersions using powder X-ray diffraction (PXRD), gas adsorp-
tion analyses and scanning electron microscopy (SEM).'83%739
Recently, our own group demonstrated that these methods are
not able to conclusively assess structural changes induced in
MOFs by exposure to aqueous media having various pH
values.’® Indeed, even though the UiO-66 structure is quite
stable in pure water, leaching of the terephthalate linkers has
been shown to occur after adjustment to a pH of 6.0 while, at
higher pH values, the UiO-66 framework is completely
degraded.

The present work investigated the stability of UiO-66 in the
most commonly utilized buffers, namely 2-amino-2-(hydroxy-
methyl)-1,3-propanediol (TRIS), (4-(2-hydroxyethyl)piperazine-
1-ethane sulfonic acid (HEPES), phosphate buffer (PB) and
N-ethylmorpholine (NEM), and in their saline forms (Fig. 1).
The stability of this material was assessed by monitoring the
release of the terephthalate linker and zirconium, as this
approach has been shown to be superior when characterizing
MOFs after exposure to water.’**> The high performance
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liquid chromatography (HPLC) analysis of released linker also
allowed the kinetics of the linker release to be studied. The
results, together with data regarding the release of zirconium,
were compared with data obtained using the PXRD, N, adsorp-
tion and SEM techniques more commonly applied during
stability characterizations.

Results and discussion
Synthesis and characterization of UiO-66

Zirconium-based UiO-66 was prepared according to a pre-
viously published procedure.*® Briefly, zirconium chloride, ter-
ephthalic acid and acetic acid were combined in a molar ratio
of 1:1:95 and allowed to react in N,N-dimethylformamide
(DMF) at 120 °C to generate UiO-66. This product was
thoroughly washed with DMF and acetone then activated by
heating at 100 °C under a dynamic vacuum. Water was not
used for washing so as to eliminate any possibility of hydro-
Iytic reactions. The parent UiO-66 prepared in this manner was
characterized by PXRD, N, adsorption analyses, SEM, 'H
nuclear magnetic resonance (NMR) spectroscopy after dis-
solution in deuterated sodium hydroxide (see discussion and
Fig. S1 in the ESI}); and by thermogravimetric analysis (TGA,
Fig. S2, ESIT). The latter analysis showed an initial endother-
mic process with an associated mass loss of 10% between
room temperature and 230 °C that was attributed to the
release of water. This was followed by an exothermic peak at
approximately 400 °C ascribed to the decomposition of mono-
carboxylates originating from the initial synthesis. The com-
plete thermal decomposition of the UiO-66 between 450 and
560 °C was accompanied by the release of large amounts of
CO, and H,O0. The TGA data showed an overall mass loss of
55% which is sum of 10% of water and approximately 45%
was attributed to the degradation of the material (primarily
the terephthalate linkers) yielding to ZrO,.

This material was found to have a Brunauer-Emmett-
Teller (BET) specific surface area of 1395 m> g~' and a
terephthalate : monocarboxylates molar ratio of 1.00:0.31.
Details of these analyses are provided in Fig. S1 and S2 in
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the ESIf and in our previous paper.”” The results of the In each trial, 50 mg of the UiO-66 was combined with
above analyses demonstrated that the UiO-66 was defective, 50 mL of a buffer incorporating the buffering compound in
primarily due to missing clusters, similar to the UiO-66 the concentration range between 0.01 and 1.0 M (with the
described by Lillerud et al.*? exception of PB), after which the kinetics of the terephthalate
release were monitored for 4 h using HPLC. In selected cases,
the kinetics was followed for 24 h. The concentrations and pH
Many potential applications of MOFs require buffered media values of the various dispersions are summarized in Table 1.
having a specific pH value. In the present work, the hydrolytic = We also examined the effects of the saline forms of TRIS,
stability of UiO-66 was therefore assessed in TRIS, HEPES, PB HEPES and phosphate-buffered saline (PBS) along with those
and NEM buffers, all of which are commonly used in biomedi- of NaCl solutions, acting as references. The dissolved zirco-
cine for in vivo or in vitro applications such as drug delivery, nium concentrations were determined using inductively
and also for catalytic or sensing purposes. These buffers were coupled plasma mass spectrometry (ICP-MS), also after 4 h
prepared by carefully combining their acidic and basic com- (Table S3, ESI}). Following each trial in a given solution, the
ponents so as to avoid the requirement to add sodium hydrox- solid was separated, washed and characterized by PXRD, N,
ide or acid for the purpose of pH adjustment, and thus to adsorption and SEM.

reduce variations in the ionic strength between buffers (see In a blank experiment, UiO-66 was also immersed in neat
details in Table S2, ESIT). water. In this case, the pH of the aqueous medium was 3.8 due

Stability of UiO-66 in buffer solutions

Table 1 The stability of UiO-66 in various media

Sger’/ SBET Linker release Linker release Time of total linker
Buffer Chuffer/mol L™ pH* pH? m” g~ decrease?/% 15 min%/% 4 h%% release//min
H,0 n. a. 5.5 3.8 1331 5 <LOD <LOD n.a’f
TRIS pH 7.5 0.01 7.5 7.0 1222 12 5.6 10 n.af
0.05 7.5 7.4 1107 21 8.0 16 n.af
0.1 7.5 7.5 1100 21 10 26 n.af
0.5 7.5 7.5 785 44 46 96 n.af
1.0 7.5 7.5 n. al n. a. 81 100 120
TRIS pH 9.0 0.01 9.0 8.2 849 39 33 49 n.af
0.05 9.0 8.5 n.a n. a. 92 100 60
0.1 9.0 8.8 n.al n. a. 9 100 60
0.5 9.0 9.0 n.al n. a. 99 100 30
1.0 9.0 9.0 n.a n. a. 100 100 10
HEPES 0.01 7.5 7.2 1319 5 4.2 9.4 n.af
0.05 7.5 7.3 1308 6 5.0 12 n.af
0.1 7.5 7.5 1289 8 5.2 13 n.af
0.5 7.5 7.5 1254 10 5.8 15 n.af
1.0 7.5 7.5 1122 20 5.3 17 n.af
PB 0.01 7.5 7.0 128 91 16 99 n.af
0.05 7.5 7.3 38 97 83 100 180
0.1 7.5 7.5 224 84 93 100 120
0.2 7.5 7.5 248 82 99 100 60
NEM 0.01 8.2 8.1 952 32 16 23 n.af
0.05 9.2 8.8 493 65 44 61 n.af
0.1 9.6 9.1 370 73 72 93 n.af
0.5 10.1 9.6 10 99 91 100 120
1.0 10.2 10.1 5 99 97 100 120
NacCl 0.01 6.0 4.4 1373 2 <LOD <LOD n.af
0.05 6.0 4.8 1356 3 <LOD 0.1 n.af
0.1 6.0 4.7 1323 5 0.1 0.1 n.af
0.5 6.0 5.0 1319 5 0.7 0.8 n.a’f
1.0 6.0 4.9 1322 5 1.3 1.6 n.af

“The pH of the as-prepared buffer. ” The pH after a 4 h trial. ° The specific surface area calculated by the BET method from N, adsorption iso-
therms after a 4 h trial. “ The decrease in Sy in comparison to that of the parent UiO-66 (Sgpr = 1395 m? g™*) in %. ¢ The amount (%) of the
linker released after 15 min and 4 h, respectively, with respect to the total amount of the linker in parent UiO-66 (100% = 446 mg L™ terephthalic
acid)./The time required for the total release of all linker in the material (446 mg L™ terephthalic acid determined by HPLC). ¢ Complete linker
release was not observed. " A colloidal system was formed. <LOD indicates that the concentration of terephthalic acid was below the HPLC detec-
tion limit (0.01 mg L™%).
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to the release of formate and acetate anions originally bound
at defect sites in the UiO-66.** Prior work has shown that both
these species (although primarily the acetates) are leached out
from the MOF, resulting in an acidic pH.*® In this trial, the
concentration of released terephthalic acid in the water was
found to be below the detection limit of the HPLC (<0.01 mg
L_i) and subsequent PXRD, N, adsorption and SEM assess-
ments of the solid did not indicate any changes relative to the
parent UiO-66 (Fig. S3, ESIt). These results established the
structural and compositional stability of UiO-66 in water after
a 4 h treatment.

The total amount of terephthalate linker in the parent
UiO-66 was determined by dissolving 50 mg of UiO-66 in
50 mL of 1.0 M sodium hydroxide.”® The resulting solution
contained 446 + 16 mg L' terephthalic acid, indicating that
the original material contained approximately 45% by mass of
the linkers, in good agreement with the TGA results. The stabi-
lity of a MOF is typically also determined by the solubility of
the linker in a given medium, and so the solubility of ter-
ephthalic acid in the various solutions was examined. This
solubility was found to vary greatly depending on pH and ionic
strength. In neat water, the solubility was quite low at approxi-
mately 20 mg L™' while solubilities in the buffer solutions
were more than an order of magnitude greater, as can be seen
from the data in Table S4 (ESIf). For each buffer solution
assessed, the solubility of terephthalic acid was much greater
than the terephthalate concentration that could be leached
from the UiO-66 (compare Table 1 and Table S4, ESI}), demon-
strating that the release of terephthalate was never limited by
its solubility.

Stability of UiO-66 in TRIS buffers

TRIS buffers are made by combining 2-amino-2-(hydroxy-
methyl)-1,3-propanediol (the alkaline form of the compound)
and its hydrochloride (the acidic form) in various ratios to
obtain pH values ranging between 7 and 9. These buffers are
often used as a medium for cell cultivation and molecular bio-
chemistry, with MOFs having applications in drug delivery and
as biosensors; TRIS buffers are also utilized as an environment
for the post-synthetic modification of MOFs.**™® In all these
cases, the buffer concentrations are between 0.01 and 1.0 M
with a typical working pH of 7.5. Therefore, we concentrated
on ascertaining the effects of a TRIS buffer having a pH 7.5 on
the stability of UiO-66, by assessing the kinetics of tere-
phthalate release from the UiO-66 framework in detail
(Table 1). To delineate the effect of pH, we also performed the
same set of experiments at pH 9.0.

We initially analysed the effect of the TRIS concentration
on the extent of terephthalate release (Fig. 2). The exposure of
the UiO-66 to 0.01 and 0.05 M TRIS solutions at pH 7.5
resulted in 10 and 16% linker release after 4 h, respectively.
These values are similar to the 12% terephthalate release in
water adjusted to pH 7.0 using a sodium hydroxide solu-
tion.*” It is important to keep in mind that the release in
these trials were not limited by the terephthalate solubility.
As can be seen from Table S4 (ESIT), the solubility of tere-
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phthalate in 0.01 M TRIS is much greater (302 mg L") than
the concentration that was leached from the UiO-66 (45 mg
L™, equivalent to 10% release). However, the buffer capacity
of the 0.01 M TRIS solution was insufficient to maintain a
constant pH in conjunction with the release of terephthalate
and monocarboxylic acids occupying defect sites in the
Ui0-66.*° The resulting variation in the pH could be impor-
tant in certain biological applications. Higher TRIS concen-
trations were found to significantly enhance the terephthalate
release, such that complete loss of the terephthalate linker
occurred within 120 min in 1.0 M TRIS, at which point the
solid MOF transitioned to a colloid dispersion and recovery
of the solid was impossible. These observations indicate that
the TRIS buffer constituents coordinated to zirconium ions
(see the section entitled “Zirconium in buffers” below).
Regardless of the TRIS concentration, the majority of the tere-
phthalate release was also found to occur during the first
30 min of the treatment.

The prolongation of the release experiments in 0.01, 0.05
and 0.1 M TRIS to 24 h showed that the linker release occurs
slowly even in a longer times scale. The most pronounced
effect was observed in 0.1 M TRIS solution (Fig. S4, ESI{).

PXRD, N, adsorption isotherms and SEM were all used to
characterize the MOF samples after buffer exposure for 4 h,
with the exception of the sample immersed in the 1.0 M TRIS
solution at pH 7.5, because no solid could be recovered
(Fig. 2). The positions of diffraction lines suggested that the
UiO-66 phase was retained even after immersion in 0.5 M
TRIS, during which the MOF lost 96% of its terephthalate
linker content. These observations are consistent with the
results of our previous work,’ in which PXRD patterns
recorded only total decomposition of the UiO-66. In the case
of the parent UiO-66, the diffraction line at a 20 value of
approximately 12.1° was more intense than the two lines at
14.2° and 14.8° and this intensity ratio was even more evident
in the patterns of the post-exposed UiO-66. This behaviour was
common to all the buffers assessed in this work (see PXRD
patterns in Fig. 3-6) and can be ascribed to the degree of
hydroxylation of the UiO-66 structure, which increased the
intensity of the line at 12.1° after contact of the UiO-66 with
water.*”

Contrary to PXRD, the N, adsorption isotherms were found
to be more sensitive to changes in the UiO-66 network, and
indicated decreasing specific surface areas but with preser-
vation of the microporous nature of the material at increasing
TRIS concentrations (Table 1, Fig. 2). These decreases in
specific surface area did not correlate with the percentage of
the released linker, and so this parameter does not reflect the
degree of degradation of the UiO-66. In addition, the SEM
images did not show any changes in the morphology over the
concentration range of 0.01-0.1 M TRIS compared with the
parent UiO-66. Interestingly, exposure to the 0.5 M TRIS dis-
rupted the surfaces of microcrystals even though their shapes
were preserved. This behaviour is likely connected to the
behaviour of the zirconium ions, which partially dissolved in
the solution and were partly hydrolysed and precipitated to

Inorg. Chem. Front., 2021, 8, 720-734 | 723
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Fig. 2 The stability of UiO-66 in TRIS buffers, a 4 h treatment. Upper row from left: Kinetics of the terephthalate release in TRIS buffers of different
concentrations and pH 7.5 or 9.0, and a comparison of the PXRD pattern of the parent UiO-66 with those of post-exposed specimens. These pat-
terns have been normalized and shifted vertically to avoid overlaps and the vertical dashed line divides the diffractograms at 26 = 10° so that the less
intensive diffractions above 10° can be enlarged. Middle row from left: N, adsorption isotherms and SEM images of the parent UiO-66 and a sample
after immersion in 0.01 M TRIS at pH 9.0. Bottom row: SEM images of UiO-66 samples after immersion in TRIS solutions of varying concentrations

and pH values.

form an amorphous solid on the microcrystal surfaces (see the
section titled “Zirconium in buffers” below).

To better understand the effect of pH on the UiO-66 stabi-
lity, analogous experiments were repeated in a TRIS solution at
PH 9.0, which is the upper limit for a TRIS buffer. At this pH,
a large amount of terephthalate was released even at low TRIS
concentrations such as 0.01 and 0.05 M, accompanied by a
lowering of the final pH value (Table 1). Except for the 0.01 M
TRIS trial, complete release occurred within 60 min or less. We
recovered a small amount of the solid only from the 0.01 M
TRIS, while at higher TRIS concentrations the solid formed
colloids. Similar to the effects observed at pH 7.5, the posi-
tions of diffraction lines were unaffected. However, the specific
surface areas were considerably decreased, the shapes of the
adsorption isotherms indicated the loss of microporosity, and
the SEM analyses revealed significant decreases in the particle
sizes, although with preservation of the shape of the micro-
crystals (Fig. 2).

In general, the TRIS buffers at pH 7.5 represented a destruc-
tive environment for UiO-66, especially at concentrations
above 0.05 M. The main reason was that the buffer com-

724 | Inorg. Chem. Front., 2021, 8, 720-734

ponents coordinated to zirconium ions and the transfer of
these ions into solution was accompanied by the release of a
large portion of the linker and destruction of the UiO-66
framework. The retrieved solid, even after leaching of 96% of
the terephthalate linker, was found to generate the same diffr-
action lines. Therefore, PXRD is suitable only for the detection
of the total destruction of the UiO-66 framework. The specific
surface area decreased when the TRIS molarity increased,
although the microporous nature of the UiO-66 was main-
tained (with the exception of the 0.01 M TRIS solution at pH
9.0). Evidently, UiO-66 should be used only in 0.01 or 0.05 M
TRIS buffers at pH 7.5, and the associated small release of the
linker should still be considered. TRIS buffers at pH 9.0
should be excluded completely.

Stability of UiO-66 in HEPES buffer

HEPES buffers are a mixture of 4-(2-hydroxyethyl)piperazine-1-
ethane sulfonic acid and its sodium salt and are used in the
pH range from 7.0 to 8.0 (Fig. 1). There are reports on appli-
cations of UiO-66 in HEPES in areas such as drug delivery, cell
imaging, luminescence (chemodosimetry), biomedicine appli-

This journal is © the Partner Organisations 2021
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Fig. 3 The stability of UiO-66 in HEPES buffers at pH 7.5, a 4 h treatment. Upper row from left: Kinetics of the terephthalate release in HEPES
buffers of different concentrations, comparison of the PXRD pattern of the parent UiO-66 with those of post-exposed specimens, and N, adsorption
isotherms of the parent UiO-66 and of post-exposed specimens. The PXRD patterns have been normalized and shifted vertically to avoid overlaps
and the vertical dashed line divides the diffractograms at 20 = 10° so that the less intensive diffractions above 10° can be enlarged. Bottom row: SEM
images of UiO-66 samples after immersion in HEPES solutions of varying concentrations (see Fig. 2 for an SEM image of the parent UiO-66).
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Fig. 4 The stability of UiO-66 in PB solutions at pH 7.5, a 4 h treatment. Upper row from left: Kinetics of the terephthalate release in PB of different
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an asterisk resulted from the Mylar foil support. Bottom row: SEM images of UiO-66 samples after immersion in PB solutions of varying concen-
trations (see Fig. 2 for an SEM image of the parent UiO-66).

cations and catalysis,*®>° including the post-synthetic modifi-

cation of Zr-MOFs.>" HEPES buffers are commonly used at
concentrations between 0.01 and 0.1 M with a pH 7.5.

results obtained with TRIS, the release was quite limited even
at high HEPES concentrations. As an example, immersion in
0.01 and 1.0 M HEPES led to the release of 9.4 and 17% of the

From Fig. 3 and Table 1, it is apparent that the extent of
terephthalate leaching from the UiO-66 HEPES was compar-
able to those in water adjusted to pH 7.0."° In contrast to the

This journal is © the Partner Organisations 2021

terephthalate linker from the UiO-66 network after 4 h,
respectively, indicating that the dependence of the linker
release on the HEPES concentrations was significantly lower.
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parent UiO-66 and of post-exposed specimens. The PXRD patterns have been normalized and shifted vertically to avoid overlaps and the vertical
dashed line divides the diffractograms at 20 = 10° so that the less intensive diffractions above 10° can be enlarged. The diffraction lines marked with
an asterisk resulted from the Mylar foil support. Bottom row: SEM images of UiO-66 samples after immersion in NEM solutions of varying concen-
trations (see Fig. 2 for an SEM image of the parent UiO-66).
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Fig. 6 The stability of UiO-66 in NaCl solutions, a 4 h treatment. Upper row from left: Kinetics of the terephthalate release in NaCl solutions of
different concentrations, comparison of the PXRD pattern of the parent UiO-66 with those of post-exposed specimens, and N, adsorption isotherms
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The buffer capacity of the 0.01 or 0.05 M HEPES was evidently ~ESI}). Similarly to TRIS buffers, the slow release of tere-
not high enough to hold the pH constant, although the final phthalate continued at longer treatment times (Fig. S4, ESI}).

pH was not greatly affected. Clearly, because the solubility of The PXRD patterns did not indicate changes in the UiO-66
terephthalic acid in HEPES solutions was much greater than structure after the treatment, whereas the N, adsorption iso-
the concentration of the leachates, the terephthalate release therms showed that the specific surface area decreased by
was not affected by the terephthalate solubility limit (Table S4, approximately 20% after immersion in the 1.0 M HEPES, with
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the preservation of the microporous structure of the UiO-66. In
addition, SEM images of the post-exposed solids showed the
same morphology as that of the parent UiO-66.

These results demonstrate that HEPES buffers are relatively
benign to the UiO-66 framework, the effect of the HEPES con-
centration on linker release is very low, and the terephthalate
release is predominantly controlled by the hydrolytic activity of
the water itself. Highly concentrated HEPES buffers are there-
fore much more compatible with UiO-66 and more suitable for
UiO-66-based applications than TRIS buffers. However, the
partial terephthalate release from UiO-66 connected with the
formation of additional structural defects cannot be ignored in
some cases.

Stability of UiO-66 in phosphate buffer

PB buffers and PBS are the most widely utilized media for bio-
logical and medical applications and for cell cultivations
because of their good compatibility with living tissues and
microorganisms. For these reasons, these buffers are often
combined with bulk or nanosized MOFs for drug delivery or
photodynamic therapy, or as contrast agents.*>”>>3

Fig. 4 and the data in Table 1 establish that the UiO-66
rapidly lost the terephthalate linker at all PB concentrations.
Thus, the degradation was complete shortly after 180 min in
0.05 M PB and was greatly accelerated in 0.2 M PB to just
60 min. With the exception of 0.01 M PB, the majority of the
terephthalate was released within the first 15 min. The
increase in the buffer molarity accelerated the UiO-66
decomposition. Similar to the results obtained with the low
concentration TRIS and HEPES solutions, the PB did not
maintain a constant pH at concentrations below 0.05 M due to
the large release of the terephthalate linker and/or
monocarboxylates.

The PXRD pattern of the solid retrieved from 0.01 M PB
after 4 h contained diffraction lines attributable to the UiO-66
phase, even though 99% of the terephthalate linker was
released. At higher PB concentrations, the UiO-66 was trans-
formed to an amorphous solid phase. The PB also had a sig-
nificant effect on the N, adsorption isotherms and BET
specific surface areas (Fig. 4). The BET specific surface area of
the solid immersed in 0.05 M PB was significantly decreased
to 38 m* g~ ' even though the area was increased considerably
to 224 and 248 m” g~ ' after treatment in 0.1 and 0.2 M PB,
respectively. Most likely, the amorphous solid examined by
PXRD was an amorphous zirconium-phosphate coordination
polymer generated in the highly concentrated PB and having
an increased specific surface area.>**® In agreement with the
above results, SEM images demonstrated a significant decrease
in particle size at lower PB concentrations (0.01 or 0.05 M) and
complete disintegration at concentrations above 0.1 M PB.

In general, PB buffers provide a highly destructive environ-
ment for UiO-66 even at very low concentrations. The effect of
PB is so strong that more than 80% of the terephthalate
linkers are released within 15 min of immersion in 0.05 M PB
and higher concentrations. Clearly, PB buffers are not suitable
for any application of UiO-66 that take advantage of its porous
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structure. This would also be the case in drug delivery formu-
lations, which are generally based on a slow release of active
compounds from carrier structures.

Stability of UiO-66 in N-ethylmorpholine solution

NEM solutions (Fig. 1) were selected for analysis based on the
frequent usage of these media in catalysis primarily for the
degradation of organophosphates such as methyl paraoxon
and chemical warfare agents together with Zr-MOFs.’**®* NEM
solutions are typically used at concentrations in the vicinity of
0.5 M with pH values varying between 8.0 and 10.2.

NEM solutions were found to induce the release of tere-
phthalate from UiO-66 even at low concentrations. The extent
of the release was also significantly increased with increases in
the NEM concentration and at higher pH values up to pH 10.2
in 1.0 M NEM (Table 1, Fig. 5). The leaching kinetics were
similar to those observed in trials with the other buffers,
meaning that the linker release was very fast during the first
15 min of the treatment, followed by a considerable decelera-
tion. The terephthalate linker was completely released from
the UiO-66 in the 0.5 and 1.0 M NEM within 120 min.

Diffraction patterns confirming the UiO-66 structure were
obtained after immersion of the material in solutions having
low NEM concentrations (Fig. 5). The PXRD data for the solid
retrieved after treatment in 0.1 M NEM did not exhibit changes
in the positions of the diffraction lines of UiO-66 or the for-
mation of a new phase, even after 93% of terephthalate had
been leached. The dissolution of the terephthalate was corre-
lated with a decrease in the specific surface area to 370 m”> g™*
together with retention of microporosity. After the complete
release of terephthalate in 0.5 or 1.0 M NEM, the diffraction
patterns no longer indicated the presence of UiO-66 and the
porosity of the material disappeared. Surprisingly, even the
solid recovered from the 1.0 M NEM contained some particles
(albeit with reduced sizes) having the original morphology as
shows SEM images (Fig. 5).

NEM solutions greatly affected the UiO-66 framework in a
short time frame, such that the UiO-66 structure was comple-
tely destroyed at higher NEM concentrations. These results
suggest that NEM buffers are not suitable in cases where
UiO-66 is utilized as a catalyst. In addition, the reuse of this
material after contact with NEM would evidently be challen-
ging or even impossible because of the extensive degradation
of the material.

Stability of UiO-66 in saline buffers

Many physiological buffers contain sodium chloride (or pot-
assium chloride or their combination) as an essential com-
ponent. Thus, PBS, TRIS saline and HEPES saline are widely
used in biological and medical applications. The effect of
saline on UiO-66 stability was assessed by immersing UiO-66
in sodium chloride solutions having concentrations ranging
from 0.01 to 1.0 M without pH adjustment (Table 1, Fig. 6).
The results were compared with those observed after exposure
to PBS, TRIS saline and HEPES saline (Fig. 7), all of which
comprised 0.01 M of the buffering compound together with
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Fig. 7 The release kinetics of terephthalate from UiO-66 in 0.01 M TRIS, HEPES and PB buffers at pH 7.5 and their saline forms containing 0.15 M

NaCl.

0.15 M NaCl (the concentration commonly used in saline
buffers).

First, we studied the effect of NaCl solutions on UiO-66.
The initial pH values of the sodium chloride solutions
decreased from 6.0 to pH 4.4-5.0 after mixing with the parent
UiO-66. HPLC analyses established that the amount of
released terephthalate was negligible, with a maximum value
of approximately 1.6 and 2.1% in 1.0 M NaCl after 4 and 24 h,
respectively, and that the majority of the terephthalate was
released during the first 30 min (Fig. S4, ESIt). PXRD patterns
and SEM images of the material after these trials did not indi-
cate any changes, and specific surface areas obtained from N,
adsorption isotherms showed a maximum decrease of only 5%
which is within the experimental error.

Fig. 7 depicts the effects of salinity on the terephthalate
release from UiO-66 in TRIS saline, HEPES saline and PBS
buffers. Importantly, the presence of NaCl had a negative
effect on the UiO-66 stability. Specifically, the total amount of
released terephthalate was increased by 20-30% in the saline
forms of the TRIS and HEPES buffers compared with the
corresponding pure buffers. In addition, the decomposition of
UiO-66 was considerably accelerated in the PBS solution as
compared with the PB solution.

Data resulting from saline solutions indicate that the pres-
ence of sodium chloride in water has a negligible, if any, effect
on UiO-66 stability (Fig. 6). In contrast, the presence of saline
in buffers generates a synergistic effect leading to a higher
degree of UiO-66 decomposition. Therefore, saline buffers
should be used with care in UiO-66-based applications.

Effect of temperature on the UiO-66 stability

Many biological and medical applications of MOFs require
temperature of 37 °C. We selected 0.01 M TRIS, HEPES and PB
buffers and 0.01 M NaCl solution, the most often utilized
environments in these applications, to evaluate the effects of
temperature on the stability of UiO-66. These trials were only
done at concentration of buffers of 0.01 M for 4 h.

A blank experiment in water showed no effect of 37 °C treat-
ment temperature on the UiO-66 stability. The same result was
obtained in 0.01 M NacCl. In contrast, the kinetics of the linker
release was significantly accelerated in buffer solutions reach-
ing similar terephthalate concentrations after 4 h of treatment
as observed at 25 °C (Fig. 8). These results document that the
damage to the UiO-66 structure is much faster at 37 °C than at
25 °C and is completed within 10-30 min after the mixing of
UiO-66 with the buffer solutions.

Zirconium in buffers

Dissolved Zr*" ions exist only in strongly acidic environments,
whereas in neutral or basic solutions Zr"" immediately hydroly-
ses to form amorphous zirconium oxide/hydroxide
species.’>*° In addition to this process which was anticipated
in the buffers in the present work, the mass losses exhibited
by the UiO-66 during trials in the TRIS buffers were higher
than could be explained by the amount of terephthalate
released and, in some cases, no solid was even recovered.
These results indicate the solubilization of zirconium and the
formation of colloidal dispersions, and so the concentrations
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Fig. 8 The effect of temperature on the release kinetics of terephthalate from UiO-66 in 0.01 M TRIS, HEPES, and PB. Blank experiments in water
and NaCl solutions are not shown since terephthalate concentrations were below limit of detection.
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of dissolved zirconium were evaluated using ICP-MS (Table S3,
ESIY).

Total amount of zirconium in parent UiO-66 was deter-
mined using ICP-MS after microwave-assisted total dissolution
of the MOF in mixture of nitric, hydrochloric and hydrofluoric
acids. Resulting data showed that content of zirconium in
parent UiO-66 was 33.5 + 1.2%, i.e. maximum release of zirco-
nium can lead to 335 + 12 mg L™ in our experimental setup.
This content of zirconium is in good agreement with similar
defective UiO-66 described in literature.**®' Moreover, amount
of zirconium was confirmed by TGA measurement which
showed 333 mg L™" (for details see Table S3, ESIT) and which
is well comparable with data resulting from ICP-MS.

Fig. 9 shows the percentages of zirconium released into the
TRIS (pH 7.5 and 9.0), PB and NEM buffers after 4 h. Data for
the HEPES buffer and NaCl solution are not presented here
because the zirconium concentrations were below the detec-
tion limit of the analytical method (0.001 mg L', representing
3 x 107*% of total zirconium) in these cases.

The TRIS buffers had the strongest ability to stabilize zirco-
nium in solution via coordination with 2-amino-2-(hydroxy-
methyl)-1,3-propanediol. The amount of dissolved zirconium
was correlated with both the TRIS concentration and pH
(Fig. 9). Indeed, the zirconium concentrations in the separated
liquid phases after the treatment of UiO-66 in 0.01-0.1 M TRIS
at pH 7.5 were below the detection limit or very low. Under
these conditions, the extent of terephthalate leaching was also
minor. Increasing the TRIS concentration to 0.5 or 1.0 M
greatly increased the concentration of dissolved zirconium,
which was consistent with the increased release of the tere-
phthalate linker. Even so, the zirconium concentration in 1.0
M TRIS at pH 7.5 (171 mg L™ ie. 51% of total zirconium
content) was still less than the total amount of zirconium in
the UiO-66. The treatment was accompanied by visible
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Fig. 9 Percentages of dissolved and stabilized zirconium after a 4 h
treatment in various buffers. The corresponding concentrations and
experimental errors are given in Table S3, ESI.{ Total amount of zirco-
nium (100%) corresponds to 335 mg L.

This journal is © the Partner Organisations 2021

View Article Online

Research Article

changes in the transparency of the mixture and recovery of the
post-exposed solid was not possible due to formations of
colloid. In the case of TRIS buffers at pH 9.0 (i.e., above the
pK, of the TRIS conjugated acid), zirconium was stabilized in
the solutions, such that the suspensions became transparent
above 0.05 M TRIS. The concentration of dissolved zirconium
increased to 233 mg L™ (equivalent to 69% of the total zirco-
nium content) in 1.0 M TRIS, which was still less than the
total content of 335 mg L™". This discrepancy can be attributed
to the hydrolysis of the non-complexed or partially-complexed
zirconium by 2-amino-2(hydroxymethyl)-1,3-propandiol to
form colloidal particles.

The use of the HEPES buffers did not result in any zirco-
nium dissolution because the zirconium did not coordinate
with the 4-(2-hydroxyethyl)piperazine-1-ethanesulfonate. As
was discussed in section entitled “Stability of UiO-66 in HEPES
buffer” above, the amount of linker released in HEPES solu-
tions was significantly less affected by the buffer concentration
compared with trials using TRIS. In both cases, the linker
releases were comparable at concentrations in the range of
0.01-0.05 M. However, increasing the TRIS concentration was
found to promote linker release, evidently because of the
partial dissolution of zirconium, which was not observed in
highly concentrated HEPES solutions. The solubilization of zir-
conium therefore seems to have promoted decomposition of
the MOF.

In agreement with the rapid disintegration of UiO-66 in the
PB solutions (Fig. 4), the zirconium concentration was found
to increase in the trials up to 0.05 M PB (Fig. 9, Table S3,
ESIT). At higher PB concentrations the zirconium concen-
trations decreased, evidently because of the formation of zirco-
nium phosphate coordination polymer (based on the PXRD
patterns, N, adsorption isotherms and SEM images of the
materials (Fig. 4) that incorporated dissolved zirconium. NEM
has minimal ability to coordinate with zirconium and so there
was little stabilization of the metal in the 0.5 and 1.0 M NEM
buffers and the majority of the zirconium was hydrolysed,
accompanied by the total release of the terephthalate in the
MOF (Fig. 5 and 8).

These data indicate that the constituents of some buffers
can strongly coordinate with zirconium and that this effect
directly modifies the stability of UiO-66. Indeed, the decompo-
sition of UiO-66, as indicated by the release of the linker,
appears to be initiated by the solubilization of zirconium.
Clearly, pre- and post-exposure weighing of an MOF cannot
conclusively show the stability of the material in a buffered
solution or be used to quantify the formation of missing-linker
defects. The observations provided in this section may also
serve to elucidate the initial stages of the degradation of a zir-
conium-based MOF.

Conclusions

This work examined the stability of UiO-66 in various buffers
to illustrate the limitations and possible failure mechanisms
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of this material. None of the tested buffers were found to be
harmless to UiO-66. Low TRIS concentrations at pH 7.5
induced the release of the terephthalate linker, but this was
primarily because of the hydrolytic effect of the water in the
buffer at given pH. Thus, 0.01 and 0.05 M TRIS buffers with a
pH of 7.5 are the most suitable UiO-66 media as they induce
only partial UiO-66 decomposition. However, these buffers
allow pH variability. At higher TRIS concentrations or pH
values, the leaching of terephthalate and =zirconium is
enhanced considerably and eventually leads to the complete
destruction of the UiO-66 framework. In contrast, the HEPES
buffers were found to have a relatively small effect on the
UiO-66 framework and could be suitable for UiO-66 appli-
cations, similar to TRIS at low concentrations, but again with
partial release of the linker. PB and NEM buffers, even at low
concentrations, significantly degrade the MOF framework and
should be avoided in all UiO-66-based applications. We also
found that saline buffers, commonly utilized in biological and
medical applications, support the terephthalate release when
compared with corresponding pure buffers. In addition,
raising temperature from 25 °C to 37 °C accelerates the kine-
tics of the terephthalate release considerably.

Regardless the type and concentration of the buffer, a
common feature was the rapid release of terephthalate within
the first 15-30 min of exposure, indicating immediate attack of
the UiO-66 by the buffer constituents. When saline buffers
were used, both the rate and magnitude of the linker leaching
was increased. The present results confirm that standard tech-
niques such as PXRD, N, adsorption, SEM, and weighing
before and after the treatment are not conclusive as they do
not provide quantitative data regarding changes in the UiO-66.
Thus, more sensitive analytical approaches based on HPLC or
ICP-MS will be important to increasing our understanding of
the stabilities of various MOFs in different environments,
including neat water, aqueous solutions and organic solvents.

Moreover, this work determined that the fate of zirconium
is also a very important issue in UiO-66 stability. Primarily
TRIS and PB can act as ligands to coordinate with zirconium
and promote its dissolution. The degree of UiO-66 decompo-
sition also appears to be highly correlated with the ability of
the buffering compound (and the concentration of the buffer)
to dissolve zirconium, as shown by a comparison between the
results obtained using TRIS and HEPES. This phenomenon is
likely to be common to all zirconium-based MOFs, evidence
for which is provided by our previous work with the Zr-por-
phyrin-MOF PCN-222.°>

Experimental
Materials and methods

The materials and chemicals used in this work are summar-
ized in Table S1 (ESIf). Buffer solutions were prepared by
mixing the acidic and basic forms of respective components in
ratios required to give the desired pH value. To eliminate ionic
strength changes, we avoided the addition of sodium hydrox-
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ide or acids for the purpose of pH adjustment. Detailed
descriptions of buffer preparation procedures are provided in
Table S2 (ESIf).

Powder X-ray diffraction patterns were acquired using a
PANalytical X’Pert PRO diffractometer in the transmission
mode with a Cu X-ray tube (40 kV, 30 mA). Qualitative data
analysis was performed with the HighScorePlus software
package (PANalytical, Almelo, version 3.0) and the JCPDS
PDF-2 database.”® Nitrogen adsorption isotherms were
obtained at —196.2 °C with a Belsorp max II instrument
(Microtrac Bel). Prior to each trial, the sample was heated
under vacuum at 90 °C for at least 24 h. Sample surface areas
were calculated using the Brunauer-Emmett-Teller (BET)
method. High-resolution scanning electron microscopy (SEM)
was performed using a FEI Nova NanoSEM microscope
equipped with a circular backscatter detector in the backscat-
tered electron mode, operating at an accelerating voltage of 5
kv. The samples were prepared by deposition onto a silicon
wafer chip followed by drying in air overnight.

Concentrations of terephthalic acid released from the
UiO-66 were determined by high performance liquid chrom-
atography using a DIONEX UltiMate 3000 instrument
equipped with a diode array detector (operating at 240 nm), a
20 pL sampling loop and a Hydrosphere 5 pm C18 column
(YMC Co. Ltd, Japan, 150 mm x 4.6 mm). The mobile phase
was acetonitrile/water (v/v = 30/70, both acidified with 0.1%
formic acid) with an isocratic elution having a run time of
4 min at a flow rate of 1 mL min~'. The separation was per-
formed at a constant temperature of 30 °C. Terephthalic acid
concentrations were determined using a calibration curve with
a relative standard deviation of less than 5% based on replicate
analyses of standard solutions.

Dissolved zirconium was quantified using an Agilent 7900
ICP-MS instrument equipped with an Ar burner, an ORS 4 col-
lision reaction cell and a hyperbolic quadrupole mass analyser
with an orthogonal detection system. Samples were filtered
through 0.1 pm PTFE microfilters (Whatman) and analysed in
the no-gas and He modes. The m/z signal at 90 (°*°Zr) was used
for analysis and a 20 ppb Indium solution was continuously
added as an internal standard. The zirconium concentration
was determined using a calibration curve and the relative stan-
dard deviation based on repeated analyses of the same sample
was less than 5%. Total content of zirconium was measured
after microwave-assisted decomposition of parent UiO-66
(10 mg) in a mixture of nitric acid (4 mL), hydrochloric acid
(12 mL) and hydrofluoric acid (4 mL).

Synthesis of UiO-66

The synthesis of UiO-66 was performed using a solvothermal
procedure described previously.’® Briefly, zirconium chloride
(106 mg, 0.455 mmol) was dissolved in N,N-dimethyl-
formamide (DMF; 20 mL) in a 40 mL Wheaton vial, followed
by 20 min of sonication to assure complete dissolution of the
salt. Terephthalic acid (75.6 mg, 0.455 mmol) was sub-
sequently added and the mixture was sonicated for a further
10 min, after which acetic acid (99.8%, 2.5 mL) was added as a
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modulator. The reaction solution was subsequently sealed and
crystallization was carried out in a preheated oven (Memmert
UF30 Plus) at 120 °C for 24 h. The resulting white solid was
separated by centrifugation (Hettich Rotina 380 R) at 10 000
rpm for 5 min, then washed four times with DMF and five
times with acetone. Importantly, water was not used for
washing to avoid hydrolysis of the product. After air-drying at
room temperature, the UiO-66 powder was activated by heating
at 100 °C under a dynamic vacuum for 24 h.

Stability of UiO-66

In each trial, UiO-66 (50 mg) and water (25 mL) were trans-
ferred into a SIMAX glass bottle followed by 1 min sonication.
Following this, a stock buffer solution (25 mL) was added to
give a final UiO-66 concentration of 1 mg mL ™", the bottle was
capped and the suspension was magnetically stirred at 450
rpm for 4 h. In experiments using the 0.2 M PB and 1.0 M
HEPES buffers, the UiO-66 was instead mixed directly with
50 mL of the stock buffer solution because of the limited solu-
bility of the buffer components. In trials with the saline
buffers, the 25 mL stock buffer also contained 0.3 M NaCl.
During each trial, the pH of the solution was continually moni-
tored using a pH electrode and 0.2 mL aliquots were extracted
at predefined time intervals and passed through PTFE micro-
filters (Whatman, 0.1 pm). The concentration of leached ter-
ephthalic acid in each aliquot was determined by HPLC. The
residual solid after each experiment was separated by centrifu-
gation, washed three times with water to remove traces of the
buffer solution and then washed four times with acetone.
Finally, the solid was air-dried and activated by heating for
24 h at 100 °C under a dynamic vacuum before being assessed
by PXRD, N, adsorption and SEM. In selected cases, the kine-
tics of the terephthalate release was followed for 24 h.

Blank experiments were performed based on the same pro-
cedure. In this case, the 25 mL of the buffer solution was
replaced with pure water. These blank trials confirmed that
the UiO-66 was stable in water during the experimental time
span of 4 h and that the concentration of leached terephthalic
acid was below the detection limit of the HPLC analysis.

The zirconium released into each solution in analogous
experiments was determined using ICP-MS. In these experi-
ments, the suspensions were prepared in 50 mL plastic cen-
trifugation tubes and all sample manipulations were per-
formed in plastic vials, to avoid interactions between zirco-
nium and glass surfaces.

Each experiment was repeated three times in an air-con-
ditioned laboratory with a constant temperature of 25 + 1 °C.
The errors in the concentrations of terephthalic acid (deter-
mined by HPLC) and zirconium (determined by ICP-MS) were
below 7% and 20%, respectively. The error in the zirconium
concentration was relatively high as a result of distribution of
the zirconium between the solution and amorphous and col-
loidal phases.

Terephthalate release experiments were also repeated in
water, 0.01 M NaCl solution and 0.01 M TRIS, HEPES and PB
buffers at 37 + 1 °C. A mixture of UiO-66 in water was pre-
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heated to 37 °C in a SIMAX glass bottle and then mixed with a
preheated stock solution.

The total amount of terephthalic acid in the parent UiO-66
was determined by dissolving UiO-66 (50 mg) in 1.0 M sodium
hydroxide (50 mL) with stirring overnight. The same procedure
was used to dissolve UiO-66 in deuterated sodium hydroxide
in preparation for "H NMR analysis.
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