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The practical value of metal-organic frameworks (MOFs) which harness great momentum in influencing

various fields will be significantly increased if the materials are inexpensive, eco-friendly and can be

manufactured at a large scale. Calcium MOFs that satisfy such demands but remain rarely studied

in terms of the general applicability of their scale-up synthesis have been investigated in this work.

A convenient, low-cost and eco-friendly method for rapid, large-scale synthesis (ca. 80% yield, over
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50000 kg m~> per day within 1 min) has been proposed for the production of seven Ca—MOFs with
diverse rod/layer-like building units and overall topologies, including a new one (ROD-94) with a rare
underlying net. Moreover, one of the products (ROD-95) has been demonstrated to be capable of

detecting and quantitatively measuring the water contents in commercial organic solvents (DMF, EtOH

rsc.li/materials-advances

Introduction

With the rapid development of society and due to the gradual
depletion of natural resources, new materials for use in the
energy storage and industrial manufacturing fields need to be
developed. Metal-organic frameworks (MOFs), as a class of
novel and diverse materials, have been widely studied for their
use in gas adsorption and separation,* catalysis,” biomedicine®
and so on. To date, various metal sources, especially transition
metals, have been used in the construction of MOFs because of
their tendency to form secondary building units (SBUs) with
regular geometries, which is a prerequisite for predictable
overall topologies.* Calcium and its compounds have found
various practical applications such as in catalysis® and CO,
capture® and, more importantly, these materials are cheap,
biocompatible and eco-friendly. However, MOFs built from
calcium ions remain less explored, even though they are valuable
in catalysis,” gas separation,® biomedicine,” sensing’® and so on.

Scale-up manufacturing acts as a bridge between laboratorial
and industrial syntheses.'! Solvothermal synthesis, which is one
of most common synthetic methods for preparing MOFs in a lab,
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and THF) with LOD values of around 1%, and a fluorescent test paper has been implemented accordingly.

is unpractical for magnifying the reaction scale due to its
disadvantages of long duration, high consumption, and low
safety. In order to overcome these shortcomings, a number of
new techniques including mechanochemical synthesis,"” flow
synthesis'® and atomic layered deposition'* were developed in
the past two decades. Although these methods are suitable for
producing MOFs with higher space-time yields (STYs) and lower
energy costs, purchasing and maintaining the required instru-
ments is still expensive. Recently, several reports regarding simple
salt-based room temperature synthesis were published, but these
included only isolated examples, thus lacking a demonstration of
general applicability. Herein we focus on developing a simple, low-
cost and general method for the rapid and large-scale synthesis of
calcium MOFs.

Notably, the variability in the coordination geometry of
calcium and its preference to form diverse infinite SBUs** are
the obstacles that need to be tackled in order to achieve this
goal. Calcium ions, usually considered to be a hard acid with a
high charge density, are subject to severe solvation effects in
solution due to their oxophilic nature.'® Therefore, oxygen-
containing solvents may compete with metal-ligand reactions
and influence the final structure and sample crystallinity."” The
variable coordination number of Ca®" ions,'® ranging most
commonly from 6 to 8, also makes it easy to incorporate OH™
and O*> generated from solvents used in the formation of
metal-oxo clusters.'® So far, except for a few with oligonuclear
clusters (i.e. with finite SBUs),”*"”° most of the Ca-based MOFs
contain rod-like (1D)**?° and layer-like (2D)'**' metal-oxo
building blocks (i.e. with infinite SBUs).**Y The diversity of
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Scheme 1 lllustration of the room-temperature rapid synthesis of calcium

MOFs with different ligands used in this study. A photograph of a 400 mL
batch synthesis of CaNH,PTA (ROD-95) is also shown.

synthetic procedures and structural types reported in the
literature makes it challenging to develop a general method
for fast scale-up syntheses (Scheme 1).

In this work, calcium acetate was selected as the precursor
due to its poor solubility in organic solvents and medium-
dependent fast precipitation ability.> The organic ligands
chosen included di- and tritopic carboxylates and the targeted
MOFs have rod/layer-like SBUs, including a new MOF, namely
CaDNBPDC (denoted ROD-94), with a rare topology. By con-
trolling the amount of water, the crystallinity of all seven
calcium rod/layer MOFs is maintained during the ultrafast
scale-up synthesis. After optimization, a high yield of about
80% and a STY (space-time yield) of up to 100 000 kg m > per
day are achieved. To demonstrate its practical use, the bulk
sample of CaNH,PTA (denoted as ROD-95) is demonstrated as a
fast-response luminescence detector for measuring water con-
tent in organic solvents, showing good sensitivity and a limit of
detection (LOD) of around 1%.

Results and discussion
Scale-up synthesis of calcium MOFs

Numerous studies on the scale-up, fast and industrial synthesis
of MOF materials have been reported due to the vast need for
their application in various fields.>” For calcium MOFs, how-
ever, general and systematic studies of scale-up syntheses are
very rare, because their structures are highly solvent-dependent
due to the strong solvation effect of calcium ions, which makes
the prediction of their structures difficult. Seven calcium MOFs
including a newly reported one, CaDNBPDC (ROD-94), were
selected to perform studies of the scale-up synthesis (see the
experimental details in the ESIT). CaNH,PTA (ROD-95) was first
chosen for the study because its ligand, 2-aminophthalic acid,
is luminescent and shows charge-transfer properties, thus it
has various potential applications.?® What’s more, the amino
group in the ligand can also serve as an active site for basic
catalysis and selective gas adsorption.>* Previously, CaNH,PTA
was synthesized under solvothermal conditions with or without
the assistance of surfactants,'®?°” which was inconvenient for
applications due to the long duration and high temperature
required for the synthesis. To minimize the consumption of
energy and time while maximizing the yield and STY of the
reaction, an optimized procedure for producing gram-scaled
CaNH,PTA was conducted by facilely mixing the aqueous
solution of calcium acetate and H,NH,PTA in DMF at an
ambient temperature.
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Fig. 1 Optimization of reaction conditions for CaNH,PTA (ROD-95) indi-
cated by phase purity: (a) synthetic method, (b) types of organic solvents,
(c) reaction time and (d) amount of DMF.

First of all, various approaches were considered in synthe-
sizing CaNH,PTA (Fig. 1a). Compared to a previously published
method," facilely heating a DMF solution of the ligand and
calcium salt for only 2 h yielded a yellow crystalline powder with a
better crystalline phase, thus successfully shortening the synth-
esis duration from days to a few hours. Since the energy efficiency
of heating is low, room-temperature synthesis is more favorable
and practical.'*>*** In order to further shorten the duration of
the reaction and crystallization, which is another critical variable
affecting productivity and efficiency, tests were carried out within
various time durations with the ratio of feed fixed (1 mmol
H,NH,PTA, 5 mL DMF, 2 mL 0.5 M Ca(OAc), solution). After
1 min, the targeted yellow powder was produced in a high yield
with good crystallinity, as demonstrated by the well-matched
PXRD patterns in Fig. 1c. Micron-scale particles with a uniform
clustered morphology were observed under a scanning electron
microscope (SEM, Fig. S6, ESIT). Prolonging the duration from
1 min to 30 min and even to 4 h, the phase purity and
morphology were maintained (Table S3, ESIt), which indicated
that the reactions were almost completed in 1 min. This could be
explained by the fast precipitation process driven by the rather
poor solubility of MOFs compared with that of calcium acetate
and the moderate basicity of calcium acetate.'»*?%2° Notably,
unlike other MOFs synthesized from the corresponding metal
acetates, it takes only a very short time to complete the reaction.
One of the possible reasons for this is that, for calcium ions, the
affinity towards oxygen atoms is much stronger than that of
common transition metal ions, and the Ca—O bond is rather
ionic; thus, the formation of calcium carboxylate is much easier
and faster relative to transition metals. As shown in Fig. 1b,
different products were yielded in various solvents due to the
high solvation tendency of calcium ions. According to Kamlet-
Taft rules,”” a solvent with a low o value as well as high p and
n* values (like DMF, DMAc, DMSO, etc.) is suitable for the
gelation process, and the high n* value is responsible for the
solvation step in the formation of coordination compounds.>'

This journal is © The Royal Society of Chemistry 2020
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The role of DMF was also taken into consideration because it
is important in dissolving and deprotonating the ligand*® as
well as in metal cluster formation, especially for calcium with
strong affinity towards oxygen donors,® but the amount of
DMF should be reduced due to environmental and economic
concerns. When 5 mL DMF was added, broccoli-like crystallites
(Fig. S7, ESIT) with well-matched diffraction patterns could be
obtained (Fig. 1d). This uniformity was preserved up to 15 mL
DMF. Because of the poor solubility of calcium acetate in DMF
and that of 2-aminoterephthalic acid in water, a small amount
of residuals started to appear when the DMF amount was less
than 5 mL or more than 15 mL, suggesting the precipitation of
unreacted starting materials. Further investigation on the
morphology of the as-synthesized microscale crystals showed
that each particle was constituted by smaller stacked crystals,
which were around 100 nm in size (Fig. S7, ESIt). From 5 mL to
15 mL, the yields remained around 83% (Table S4, ESIt), which
indicated that the amount of DMF was irrelevant to the
productivity of CaNH,PTA, and thus the optimized amount is
set at 5 mL in the following experiments.

Next, a series of control experiments were conducted to
examine the influence of adding different amounts of Ca(OAc),
solution. While the amount of the ligand was fixed at 1 mmol
and the volume of DMF was set at 5 mL, the maximal yield
(~84%) could be obtained with the addition of 2 mL calcium
solution (containing 1 mmol Ca*>*) (Table S5, ESI). In addition,
the morphology of the products changed dramatically upon the
addition of different amounts of acetate (0.5-4 mL), as shown in
Fig. S8 (ESIt), ranging from needle clusters to dense block
crystals. This interesting phenomenon is probably due to the
mineralization effect of excess acetate salts, which plays an
important role in the crystallization of MOFs and so on.*°

Considering all the aforementioned factors, an optimized
synthetic recipe (1 mmol ligand, 5 mL DMF, 2 mL Ca(OAc),
solution in 1 min) was proposed. In order to test the applic-
ability of this method in the large-scale synthesis of CaNH,PTA,
a 400 mL batch (upscaled 60 times, Fig. S9a, ESIT) was chosen
as an example. The resultant powder still maintained a good
crystal phase and purity, which indicated that such a method is
suitable for scale-up synthesis (Fig. S9b, ESIt). The proposed
approach is mildly implemented at room temperature and
ambient pressure within 1 min, and the only by-product is
acetic acid, which is eco-friendly. Furthermore, the yield of
CaNH,PTA is about 84%, and the STY (51000 kg m > per day) is
also optimistic, which is favorable for industrial production.***3*

Furthermore, the general applicability of this optimized,
scale-up method was tested by extending it to seven calcium
MOFs constructed from various carboxylate ligands and showing
different topologies. There are two main reasons for choosing
these candidates:** (1) The diversity of ligands is reflected by the
choice of linear ligands (e.g. planar linear ligands such as H,PTA
and twisted ligands such as H,DNBPDC) and trifurcate ligands
which lead to topologically different Ca-MOFs. (2) The diversity
of inorganic motifs is reflected by the inclusion of calcium MOFs
containing rod (1D) or layer (2D) SBUs. The selected rod MOFs
not only display different underlying nets (e.g. with common sra

This journal is © The Royal Society of Chemistry 2020
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and irl topologies),* but also contain building units of different
shapes (e.g. straight and helical rod SBUs).**¥ In particular, the
newly synthesized MOF, CaDNBPDC (ROD-94), exhibits very rare
two-way rods (i.e. the rod SBUs extend along two nonparallel
directions) in the final vbb topology (Fig. S1 and S2, ESIt), which
was not observed in any crystal structure.*®

Fig. 2 presents all seven structures and the morphology and
crystallinity of the large-scale products. The XRD patterns of
these upscaled-synthesized Ca-MOFs were consistent with the
simulated ones. The thermal stability of the powders was also
proved by temperature-dependent PXRD and thermogravi-
metric tests (Fig. S4 and S5, ESIf), which is consistent with
the results reported previously.'>?°” Besides, the IR (Fig. S3,
ESIT) and elemental analysis results all confirmed the purity of
the products. The yields and space-time yields (STYs) of all
7 MOFs are summarized in Table 1. The yields of calcium
MOFs synthesized using this method were high (above 85%),
except for CaBTC (60%), and the space-time yields all exceed
50000 kg m 2 per day. All in all, the proposed method is suitable
for upscaled factorial production, and it might be useful for the
synthesis of other MOFs for different applications.

Luminescence detection of water in organic solvents

Water is involved in metabolism and maintains a state of inner
balance in creatures. However, from a chemical research point
of view, water is an important reactant/solvent but sometimes
even a trace amount of water can ruin a reaction, e.g. by causing
the decomposition of inorganic compounds, the deactivation of
the catalyst, the failure of a moisture-sensitive reaction, etc.**
Various convenient methods have been developed to detect
water/moisture by using luminescent MOFs, yet most of them
utilized qualitative sensing only.**

For example, a MOF-based visual humidity detector was
designed by Dong and co-workers by incorporating Cul clusters,
which can spontaneously adsorb water molecules while being
placed in the air with a change of color from yellow to reddish
brown.*® Toda and co-workers developed a humidity sensor by
using HKUST-1 showing changes in color and electrical signals
when coordinated with water. This sensor has a detection limit of
40 ppbv and a moisture response time of 2.5 s for 2.5 ppmv.*° In
2017, the Su group developed a double-emitting imidazole func-
tionalized Zn-MOF based sensor, which exhibits an extremely fast
response accompanied by a transition from blue fluorescence to
green.’” However, from a practical application point of view, the
size and morphology of MOFs should be considered, which have
significant impacts on the sensing performance. To ensure the
accuracy of sensing, uniformity in particle size and dispersion is
required, which could be guaranteed by using micron- or nano-
sized MOFs other than grinding large crystals.

In this work, a micron-sized fluorescent MOF, CaNH,PTA
(ROD-95), was chosen to detect and quantitatively measure the
water content in several organic solvents because it showed
stability in common solvents for 3 days (Fig. 3a) and displayed
selective luminescence response to water relative to these
organic solvents (Fig. 3b). DMF, EtOH and THF were selected
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Fig. 2 The seven selected rod/layer MOFs synthesized by the room-temperature fast scale-up synthesis method. Crystal structures, SEM images, and PXRD
patterns are shown in rows. The structure of newly synthesized CaDNBPDC (ROD-94) with an unusual underlying net is highlighted in the red dashed box.
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Table 1 Summary of the results of the scale-up synthesis of calcium
MOFs

MOF* Metal SBUs  Yield” (%) STY (kg m~ per day)
CaNH,PTA (ROD-95) 1D 86 51000
CaNDC 1D 89 60000
CaPTA 1D 90 58000
CaDHPTA 1D 93 51000
CaBTC 1D, helix 60 65000
CaDNBPDC (ROD-94) 1D, two-way 96 100000
CaBPDC 2D 93 57000

“ Abbreviations used: NH,PTA = 2-aminoterephthalate; NDC = 2,6-
naphthalenedicarboxylate; PTA = terephthalate; DHPTA = 2,5-dihydroxy-
terephthalate; BTC = benzene-1,3,5-tricarboxylate; DNBPDC = 2,2'-
dinitro-4,4’-biphenyldicarboxylate; BPDC = 4,4’-biphenyldicarboxylate.
b Based on ligands.
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Fig. 3 (a) Solvent stability of CaNH,PTA (ROD-95) monitored using PXRD
patterns after immersion for 3 days; (b) selective sensing of water mon-
itored using the emission spectra of CaNH,PTA in supernatants of various
solvents in 1 min.

for the detailed study because these are common and essential
solvents in organic/inorganic synthesis and in clean energy.**
The DMF-water system is taken as an example. Fluorescence
sensing tests show that CaNH,PTA shows an obvious response
to DMF solutions with different water contents (Fig. 4a). It can
be seen from Fig. 3b that as the moisture content decreases, the
correlation between fluorescence intensity and maximum emis-
sion wavelength can be segmented into three parts: a linear
area (100% to 46.7%), an increasing area (40% to approximately
26.7%) and an attenuation interval (26.7% to 0%). With more
than 46% water content, CaNH,PTA is completely decomposed.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Luminescence sensing of the water content in DMF through self-
disintegration of CaNH,PTA (ROD-95): (a) emission spectra with different
water contents, (b) luminescence intensity and maximum emission wave-
length as a function of water volume fraction, (c) the relationship between
maximum emission wavelength and dielectric constants, and (d—f) emis-
sion spectra of the three segments.

As the water content decreases, the fluorescence intensity also
decreases gradually and the maximum emission peak of the
supernatant is blue-shifted to approximately 425 nm (Fig. 4d),
corresponding to free-ligand emission.?*”** Both the maximum
emission wavelength and fluorescence intensity exhibit a near-
linear relationship with moisture content (Fig. 4b).

Such an interesting observation could be due to the change
in polarity of the mixed solvent. When the moisture content is
lowered, the polarity of the solvent decreases. For a polar
molecule such as 2-aminoterephthalic acid, the stabilization
effect is decreased while the ground-state and excited-state
energy levels are elevated and thus the luminescence intensity
is lowered.*® At the same time, an increase in the polarity of the
solvent makes the fluorescent emission peak of the organic
ligand with amino groups shift toward a longer wavelength.*'
In order to confirm this speculation, the dependence of emis-
sion energy with the moisture content is correlated with the
dielectric constants of the mixed solvents (Fig. 4c). According to
Jouyban et al.,** the dielectric constant of the mixed solvent is
calculated using the following equation:

Em = Q181+ P28 = @181+ (1 — 1) &, = & + @4(81 — &)

where ¢, is the dielectric constant of the mixed solvent, and
& and ¢, (x = 1, 2) are the dielectric constants and the volume
(mass or mole) fractions of the solvents, respectively. From
Fig. 4c and Fig. S10 (ESIt), it can be clearly seen that the trend
of the dielectric constant value is consistent with that of the
maximum emission wavelength and emission intensity.
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For a low water content range (26.7% to 10%), the fluorescence
intensity decreased parabolically with the decrease in water con-
tent (Fig. 4f), and the emission wavelength still remained the
same. It is noticed that when the water content was low, partial
precipitation occurred showing blue fluorescence. Therefore, it is
speculated that the change of fluorescence intensity is related to
the amount of CaNH,PTA decomposed in the mixed solvent, that
is related to the ligand concentration in the solution.” It can be
assumed that the decomposition process is as follows:

Ca(NH,PTA)DMF = Ca®" + NH,PTA*>" + DMF

Since the calcium MOF can be regarded as an AB-type ionic
compound, supposing the ligand concentration decomposed
by water is ¢((NH,PTA> ) and the calcium ion concentration is
c(Ca*), the “solubility product” of CaNH,PTA is

Kyp = ¢((NH,PTA?") x ¢(Ca®") x ¢(DMF) = ¢((NH,PTA*")* x const.

Therefore, its “solubility” can be written as

S = Kgp'"? = ¢(NH,PTA®") x const.

To obtain the quantified result, a linear fitting was carried
out for the dots of the square rooted fluorescence intensity as a
function of the moisture content, showing a good linear
relationship in the whole range (Fig. S10d, ESIY).

For the concentration range between 40% and 26.7%, the
lower the moisture content in the solvent, the more the
fluorescence is enhanced, and the peak position is almost
unchanged (Fig. 4e). This can be explained by the competition
between the influences of solubility and polarity.

The overall concentration segment can be seen as the
consequence of these two factors; the resulting phenomenon
is a reflection of the factor that dominates. When the water
content exceeds 40%, the factor of solvent polarity dominates,
but, with the decrease in water content, the factor of solubility
becomes predominant, which results in a sudden change in
luminescence intensity. Similar results were also obtained for
the systems with THF or ethanol (Fig. S11-S20, ESIT).

The limit of detection (LOD) values of the DMF-H,0, THF-
H,0, and EtOH-H,O systems were calculated to be 0.34%,
1.59% and 0.60%, respectively, showing rather high sensitivity.
In the literature, a mixed Eu/Dy MOF was recently reported
to show a sensitive response to water (LOD = 0.10%).** Fu and
co-workers also reported a Cd-MOF with a water detection limit
less than 0.01%.** However, combining the advantages of ultra-
fast scale-up synthesis, low cost of materials and energy, short
detection time (30 s) and low LOD values, the water detection
method reported here is of high practical application value.

Preparation of fluorescent test paper

In order to make the water detection tool portable for rapid sample
testing, a simple fluorescent test paper is implemented.”” A one-
pot synthesized fluorescence indicator based on the absorbent
paper was developed by taking advantage of the fast crystal
growth of ROD-95. As shown in Fig. 5a, the PXRD patterns of the
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Intensity (a.u.)
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Wavelength (nm)

Fig. 5 Preparation of the luminescent test paper: (a) PXRD patterns of the
as-made paper loaded with CaNH,PTA (ROD-95; asterisks represent the
peaks of MOF); (b) emission spectra of fluorescent and bare paper (insets
show the test paper under room light and 365 nm UV light) and (c and d)
SEM images of the substrate without and with MOF loading (red circles
indicate the growth of MOF particles on paper fibres).

paper-MOF composite indicate that the MOF sample is successfully
loaded onto the paper. The as-made test paper displays strong
blue emission of the MOF under UV light, as indicated by the
fluorescence spectrum (Fig. 5b). From the SEM photographs it
can be seen that the paper fibres are attached with the small
crystallites of the MOF with a particle size of about 8 microns
(Fig. 5c and d). All the aforementioned results indicate the
successful preparation of paper-MOF composite materials.

Conclusion

In conclusion, an ultrafast and easy scale-up synthetic method
is demonstrated for preparing various calcium rod/layer MOFs
which are inexpensive and eco-friendly relative to commonly
studied MOFs. The new route developed here is demonstrated to
have general applicability covering diverse previously reported
materials and a new one (ROD-94); thus, it is encouraged to
extend such a highly efficient method to other types of MOFs in
large scale synthesis. Thanks to the instability of calcium MOFs
in water, we put forward a new working mechanism based on the
self-degradation of ROD-95 for the quantitative measurement of
water contents in commercially available organic solvents. These
findings provide important justification for meeting the urgent
need for scalable and sustainable synthesis in the commerciali-
zation of MOFs with practical value.
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