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/Abstract: In a systematic investigation, the synthesis of
metal-organic frameworks (MOFs) with MIL-140 structure
was studied. The precursors of this family of MOFs are the
same as for the formation of the well-known UiO-type MOFs
although the synthesis temperature for MIL-140 is signifi-
cantly higher. This study is focused on the formation of Zr-
based MIL-140 MOFs with terephthalic acid (H,bdc), biphen-
yl-4,4'-dicarboxylic acid (H,bpdc), and 4,4'-stilbenedicarboxyl-
ic acid (H,sdc) and the introduction of synthesis field dia-
grams to discover parameters for phase-pure products. In
this context, a MIL-140 network with H,sdc as linker mole-

\

cule is first reported. Additionally, an important aspect is the
reduction of the synthesis temperature to make MIL-140
MOFs more accessible even though linkers with a more deli-
cate nature are used. The solvothermal syntheses were con-
ducted in highly concentrated reaction mixtures whereby a
targeted synthesis to yield the MIL-140 phase is possible.
Furthermore, the effect of the often-used modulator ap-
proach is examined for these systems. Finally, the character-
istics of the synthesized MOFs are compared with physisorp-
tion measurements, thermogravimetric analyses, and scan-
ning electron microscopy.
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Introduction

In the last few decades, metal-organic frameworks (MOFs)
have received growing attention from researchers. Formed by
inorganic building units (IBUs) and organic linker molecules,
MOFs belong to the family of porous coordination polymers.™
Their properties can be widely controlled by using different
metal cations and organic linkers for their construction. MOFs
often exhibit a high surface area and, with increasing length of
the linker molecule, the pore size is tunable.” The pore interior
can be modified by using linker molecules with different func-
tionalities.®** Owing to this modular composition, tailored ma-
terials for applications such as gas storage and separation,”
drug delivery systems,”” catalysts,”’ or as sensing materials®
are possible.

An outstanding representative of this group of materials is
the zirconium-based MOF UiO-66 (UiO: universitetet i oslo),
which was firstly described by the Lillerud group.” In contrast
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to other frameworks, based on zinc or copper, Zr-based MOFs
exhibit exceptional chemical and thermal stabilities.">" With
the synthesis of UiO-66, Cavka et al. presented a three-dimen-
sional framework in which the IBUs are twelvefold connected
by terephthalates, forming an extended fcu framework. This
and the high oxidation state of the Zr*", resulting in a high
Zr—0 bonding energy, are the main reasons for the high stabil-
ity of these frameworks. With an elongation of the linker mole-
cules, the isoreticular series of UiO-67 (H,bpdc: biphenyl-4,4'-di-
carboxylic acid) and UiO-68 (H,tpdc) was reported. To obtain
crystalline materials, it is beneficial to add further additives to
the synthesis of UiO-67 or UiO-68. In the so-called modulation
approach, monocarboxylic acids are added to the reaction mix-
ture to slow down the nucleation of the MOF. Owing to the
competition reaction between the modulator and the linker
for the Zr** cations, the reversibility of the formation is in-
creased, which leads to more ordered materials and larger
crystals.'?

The pore sizes and the surface areas increase from UiO-66 to
UiO-68. A disadvantage of the frameworks with longer linker
molecules is the decreasing stability."” Indeed, UiO-67 shows
the same thermal stability as UiO-66 but decomposes in the
presence of water.!"”

With the increasing popularity of the UiO frameworks, a
large number of linkers have been used to obtain functional-
ized materials with UiO structure.™ Thus, the uptake of certain
gases can be enhanced and allows the use of functionalized
Ui0-66 frameworks as sensor materials.'” Either with the
direct synthesis of functionalized materials or post-synthetic
modification,'® by which other substituents can be intro-
duced, a decreased pore size and surface area follows. For this
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reason, the accessibility of these groups can be limited as well
as the usability, for example, in a sensing device.

By using the same linker molecules, Guillerm et al. presented
new Zr-based MOFs with even higher chemical and thermal
stability."” In contrast to the UiO materials, the so-called MIL-
140 series exhibits chains of sevenfold coordinated Zr cations
as IBUs, which are oriented parallel to the c-axis of the struc-
ture. Each zirconium oxide chain is connected to six other
chains, resulting in a three-dimensional framework. The corre-
sponding tube-like one-dimensional pore system is located in
the voids between three Zr-oxide chains (see Figure 1). Owing

Figure 1. Representation of the surrounding of one zirconium oxide chain in
MIL-140A, which is connected via terephthalates to six other chains. The re-
sulting one-dimensional tube-like pore system (yellow) is indicated by
yellow spheres (dark blue polyhedra: Zr; red: oxygen; gray: carbon).

to this one-dimensionality, the Brunauer-Emmett-Teller (BET)
surfaces and the pore sizes of these materials are slightly lower
than the materials with fcu topology. The MIL-140 series is
characterized by a higher thermal stability than the UiO series
(ca. 500 vs. ca. 450°C) and exhibits a higher stability concern-
ing mechanical pressure. In contrast to UiO materials, the
members of the MIL-140 series are stable in boiling water."”!
This higher tolerance towards water can be explained with the
more hydrophobic character of the MOFs. In case of the MIL-
140B, an interesting potential application is the protection of
cultural heritage through a high adsorption of acetic acid from
air without degradation.

To date, there are only a few groups focusing on the synthe-
sis of MIL-140 MOFs or computational studies."®" According
to Guillerm et al., for the successful synthesis of MIL-140, high
temperatures are needed, otherwise the UiO phase is obtained.
For this reason, they estimated that the UiO-66 phase repre-
sents the kinetic product whereas the MIL-140A phase is the
thermodynamic one. The group of D'Allesandro focused on mi-
crowave-assisted synthesis of MIL-140 frameworks. They were
able to yield a variety of different functionalized MIL-140A
frameworks with a very short reaction time, which were impos-
sible to synthesize by using conventional heating.”"?? In a re-
cently published investigation, Butova et al. were able to con-
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trol the synthesis of the system UiO/MIL-140 with addition of
water.”® The authors of the study argued that upon addition
of water to the synthesis mixture, Zr oxide nanoparticles are
formed, which lead to the selective crystallization of UiO-66. In
that work, the synthesis temperature of 220°C is still as high
as in the original work. Wang etal. used a different ap-
proach.?” They conducted their MOF synthesis at 185°C and
ended up with a mixture of UiO-66 and MIL-140-A. The authors
discuss that the differing surface charge of the two phases can
be exploited to separate both from each other by adding neg-
atively charged magnetic beads to the as-synthesized product
mixture. In contrast to UiO-66, MIL-140A is negatively charged
and shows no interaction with the beads. Consequently, only
the UiO-66 particles are adsorbed onto the magnetic beads
and can be separated from the product mixture.

Taking all this into account, we revisited the synthesis of
frameworks with MIL-140 structure to examine the synthesis
parameters, where a phase-pure material can be obtained. A
very important aspect of this investigation is the reduction of
the reaction temperature. With a reduced reaction temperature
it will be possible to introduce thermally instable functional
groups in the future, (e.g., azido-groups for sensing applica-
tions).””! Additionally, the control on the resulting phase under
more moderate conditions will make MIL-140-type frameworks
more accessible because instead of high-pressure vessels, com-
monly used glass vials can be used for the synthesis.

The present work is focused on the synthesis of MIL-140A, C,
and D. In contrast to the published MIL-140D, we used 4,4'-stil-
benedicarboxylic acid (H,sdc) instead of the azo-bridged linker
molecule for the synthesis of a MIL-140D analog material. In
consideration of that, we are able to use a commercially avail-
able linker and present a new framework with MIL-140 struc-
ture, the MIL-140D-sdc. For the first time, we present the suc-
cessful syntheses of MIL-140 frameworks at 150 and 120°C. Fi-
nally, we want to examine in a systematic study the crystalliza-
tion behavior of the MIL-140 compounds and to establish syn-
thesis field diagrams with areas of phase-pure products.

Results

We investigated systematically the synthesis of the three
MOFs, MIL-140A, C, and D-sdc, and focused on a controlled
synthesis to avoid the crystallization of the corresponding UiO
phase. In our approach, we evaluated the formation of the
MOFs through a defined choice of reaction parameters, like
the precursor or modulator concentration as well as the reac-
tion temperature and time. These fundamental studies are of
great importance for the targeted synthesis of MIL-140 struc-
tured MOFs to avoid unwanted byproducts. As is known from
the literature,” the use of terephthalic acid (H,bdc) and ZrCl,
in a solvothermal reaction in DMF leads to the formation of
the prototypical Zr-MOF UiO-66. To obtain this MOF and other
UiO-type materials, the typical ratio of metal salt and linear di-
topic linker in the synthesis mixture is 1:1, which corresponds
well with the sum formula of the final product (for UiO-66:
Zr0,(OH),(bdc)e). In many published syntheses, the reaction
mixtures are highly diluted because either the solubility of the
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linker is low or the aim of the synthesis is the production of
single crystals for structural determination. The corresponding
ratio between metal salt and solvent ranges from 1:500 to
1:2000.% A typical synthesis temperature is 120°C or lower in
the case of functionalized linkers with delicate groups.”” For
the synthesis of MIL-140-type materials, several changes of the
synthesis parameters are proposed. The synthesis of MIL-140A
(ZrO(bdc)), for example, is conducted at a temperature of
220°C and a ratio of ZrCl,/H,bdc/DMF of 1:2:80.'" So, the syn-
thesis mixture has a higher concentration compared with the
synthesis of UiO-type materials and an excess of linker is used
to obtain the phase-pure product. According to the authors,
the high synthesis temperature is necessary to obtain the MIL-
140 material because lower temperatures lead to the related
UiO-type material. One of our aims in this study was the reduc-
tion of the synthesis temperature to prevent the necessity of
autoclaves and thereby making the MIL-140-type materials
more accessible. Thus, we reduced the synthesis temperature
of our experiments to 150 °C or lower. For more detailed reac-
tion parameters, see Tables S1-512 in the Supporting Informa-
tion.

Synthesis of MIL-140A

Influence of precursor concentration

We examined the influence of the precursor concentration on
the outcome of MIL-140A syntheses by systematically varying
the amount of DMF in the synthesis mixture. The ratio of
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H,bdc and ZrCl, was kept at 1:1 whereas the amount of DMF
was varied between 120 and 20 equivalents. The products ob-
tained from syntheses at a temperature of 150°C and a reac-
tion time of 24 h show an evolution of the products from UiO-
66 to MIL-140A depending on the amount of DMF. The PXRD
patterns of both compounds show intensive diffraction peaks
at similar positions but can be distinguished from each other
easily: UiO-66 shows first peaks at 26 =7.37 and 8.52°, whereas
the peaks of MIL-140A are at 260 =7.45 and 8.74° (see Figure S1
in the Supporting Information). Furthermore, the intensities of
the two diffraction peaks are inverted for both materials.

According to the literature, no modulator is needed to
obtain phase-pure MIL-140A.""" By comparing the PXRD pat-
terns of the corresponding products from syntheses conducted
for 24 h without the addition of modulators (see Figure 2a), it
can be seen that UiO-66 is formed when an amount of 120 or
100 equivalents of DMF are used. With 80 equivalents of DMF
and below, the phase-pure synthesis of MIL-140A is possible.
In a very concentrated synthesis mixture (20 equiv DMF) the
diffraction peaks appear broader, indicating the formation of
nanoparticles.

With the addition of 10 equivalents of acetic acid as a modu-
lating agent, a different observation can be made (see Fig-
ure 2b). Considering the two reflections around 26 =28.6°, it is
evident that in the range between 120 and 80 equivalents of
DMF, a mixture of UiO-66 and MIL-140A is produced. Compara-
ble to the results of the unmodulated synthesis, with high pre-
cursor concentrations (20 to 60 equiv DMF) only MIL-140A is

0 eq acetic acid 10 eq acetic acid
eq DMF eq DMF
R J‘1 20 eq 120 eq
JL‘ 100 eq J‘ A 100 eq
= A A 80eq = L 80
© A 3 © =
: A“ o 60eq: o _60eq
J\.L . 40 eq - ~ 40eq
J\L S 20 eq L o 20 eq
5 10 15 20 25 30 5 10 15 20 25 30
20/° 20/°
20 eq acetic acid 30 eq acetic acid
eq DMF eq DMF
. 120 eq 120 eq
. 100 eq b o 100 eq
:é M 80 eq 3 80 eq
© * © A -
= ) ) 60 eq — o 60 eq
U - 40 eq L " 40 eq
. 20 eq J\_ | " 20 eq
5 10 15 20 25 30 5 10 15 20 25 30
20/° 20/°

Figure 2. PXRD patterns of the products obtained from the systematic investigation of the formation of MIL-140A with different amounts of acetic acid. The

PXRD patterns are arranged according to the amount of DMF from 20 to 120 equivalents.
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obtained. By increasing the amount of acetic acid up to 20
and 30 equivalents, similar results can be obtained (Figure 2c¢
and d). An exception is the synthesis with 20 equivalents DMF
and 30 equivalents acetic acid, where additional diffraction
peaks are observed and those of the MIL-140A appear broader.
This experiment was repeated with a longer reaction time of
72 h ending up with a phase-pure MIL-140A (Figure 2). As a
consequence, the diffraction pattern of the 24 h synthesis can
be described as a pre-phase.

The summary of these results in a synthesis field diagram
renders two distinct areas (Figure 3). Above approximately

120~ 7 7 [ 7| Ui0-66
ol B @ & =;||(ZL)-16§;I\:IL14OA
goll B B B |0 e
:o1lH B H W
«1H B B B
»H B B 0O
o 10 20 30

Acetic acid / eq

Figure 3. Synthesis field diagram of the UiO-66/MIL-140A system. The indi-
vidual phases were assigned from PXRD for products from reactions for 24 h
at 150°C.

80 equivalents DMF lies an area where UiO-66 co-crystallizes
with MIL-140A. Conducting the synthesis at a higher dilution
with all other parameters kept constant yields only UiO-66. In
this synthesis area and in even higher dilutions the formation
of UiO-66 is usually described. It becomes clear that a phase-
pure synthesis of MIL-140A is very feasible if the reaction is
conducted in highly concentrated synthesis mixtures (60 equiv
of DMF and less). Under these conditions, the linker (H,bdc) is
not completely dissolved. Either the presence of undissolved
linker or the strongly acidic reaction conditions promote the
formation of the MIL-140A phase. Naturally, the interaction of
both can be necessary, too. It is conceivable that UiO-66 pre-
cipitates at first, followed by a degradation of this framework
under acidic conditions and a recrystallization of MIL-140A.
However, we found no evidence to support that theory. In-
stead, the product of the synthesis with the highest concentra-
tion of 20 equivalents of DMF and 30 equivalents of acetic acid
yield a preliminary phase. After increasing the reaction time of
this approach from 24 to 72 h, there is only MIL-140A present
in the PXRD (Figure S2 in the Supporting Information).

After these first results of the UiO-66/MIL-140A system it is
clear that the precursor concentration has a strong impact on
the formed products. At the same time, the addition of a mod-
ulator affects the formation of the frameworks. The SEM inves-
tigation of the sample prepared with 60 equivalents of DMF
and 30 equivalents of acetic acid reveals platelet-like particles,
which are partly grown together (see Figure 4, left). In accord-
ance with the crystallographic data (long a- and b-axis, short c-
axis), the platelets show a short dimension perpendicular to
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Figure 4. Left: SEM image of a MIL-140A sample obtained from a synthesis
with 60 equivalents DMF and 30 equivalents acetic acid for 24 h at 150°C
with a magnification of 5000. Right: TEM image of the same sample. The dis-
tance between the two yellow lines indicates the distance between ten lat-
tice planes.

the viewer, which make them appear very thin. For this reason,
we used TEM for higher resolution. In the TEM images, lattice
planes are visible and the average distance between the
planes is about 11.6 A (see Figure 4, right). A comparison with
the cell parameters shows a length of the b-axis of 11.18 A.
With this good agreement, the lattice planes (0b0) are perpen-
dicular to the observer. Including the other dimensions (long
a- and short c-axis) and the very thin proportion of the crystal,
we assume that the view of the crystal is along the c-axis.

Influence of reaction temperature

An important parameter for MOF syntheses is the reaction
temperature. Under more moderate conditions, thermally un-
stable groups can be introduced to the framework and the
material becomes more interesting for different applications.
To investigate this issue, the parameters of a synthesis that
yielded phase-pure MIL-140A (40 equiv DMF, 30 equiv acetic
acid) were chosen as the starting point. The temperature of
this synthesis was reduced from 150°C to 120°C whereas the
synthesis time was extended from 24 h to 72 h. As shown in
Figure 5, it is possible to obtain a crystalline material with pa-
rameters as described. A closer inspection reveals broadened
diffraction peaks for the low-temperature synthesis but leaves
no doubt of the purity of the MIL-140A phase. This could be
an indication for the presence of nanoparticles. To prove that

150 °C

//a.u.

120 °C

5 1 15 20 25 30
20/ °
Figure 5. PXRD patterns of two MIL-140A products from syntheses with

40 equivalents DMF and 30 equivalents acetic acid for 72 h at 120°C and for
24 h at 150°C.
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there are no amorphous impurities, we compared the products
synthesized at 150 and 120°C with Ar physisorption measure-
ments (Figure S3 in the Supporting Information). Both com-
pounds exhibit the same BET surface area of around 300 m?*g™"

(Table S13 in the Supporting Information).

Synthesis of MIL-140C
Influence of precursor concentration

As already discussed for the synthesis of MIL-140A, the precur-
sor concentration has an influence on the precipitated materi-
al. In the following experiments, this behavior is investigated
for the formation of MIL-140C. For this purpose, the same reac-
tion parameters as for the UiO-66/MIL-140A system are chosen,
with a reaction temperature of 150°C and 24 h reaction time.
The amount of DMF in the synthesis mixture was varied sys-
tematically between 20 and 120 equivalents and the ratio of
H,bpdc and ZrCl, was kept at 1:1. The amount of acetic acid
was also varied between 0 and 30 equivalents. As for the UiO-
66/MIL-140A system, the two compounds can be easily distin-
guished by their most intensive diffraction peaks. The first two
reflections of MIL-140C (20=5.56 and 6.30°) occur at smaller
diffraction angles than those of Ui0-67 (20=5.71 and 6.59°)
and the intensity ratios are reversed (Figure S4 in the Support-
ing Information).

With special attention to the PXRD patterns of the unmodu-
lated syntheses, neither of the two phases precipitate. With an
increased precursor concentration in the reaction mixture
(20 equiv DMF), the broad reflection at 260=6.2° becomes

0 eq acetic acid

CHEMISTRY

A European Journal

Full Paper

more defined (see Figure 6a). This diffraction pattern could
originate from an unknown phase of the MIL-140C, which is
further described in the characterization section.

As already mentioned, the addition of a modulator is useful
to synthesize UiO-67 or MIL-140C."*"®¥ Upon the addition of
acetic acid (10 to 30 equiv), crystalline products can be ob-
tained (see Figure 6b-d). In general, there are three different
areas discernible depending on the concentration of precur-
sors in the synthesis mixture. Diluted precursor mixtures
(100 equiv DMF and more) yield MIL-140C and UiO-67 as prod-
uct mixtures. In the range between 60 and 80 equivalents
DMF, the resulting phase depends on the modulator concen-
tration. The purity of MIL-140C is increased when a higher
amount of modulator is used. Similar results can be observed
concerning the products of very concentrated reaction mix-
tures (20 and 40 equiv DMF). With an addition of only
10 equivalents of acetic acid, the MIL-140C phase is formed.
With higher amounts of modulator, an additional phase precip-
itates until the modulator concentration is so high that the
linker H,bpdc is obtained.

In summary, there is an optimal range regarding the precur-
sor concentration, which is shifted with an increasing amount
of acetic acid to higher dilutions. This behavior is shown in the
synthesis field diagram in Figure 7. In contrast to the systemat-
ic investigation for the UiO-66/MIL-140A system, in which it is
possible to synthesize MIL-140A from highly concentrated syn-
thesis mixtures, the synthesis of MIL-140C has more parame-
ters to consider. First of all, a modulator is absolutely necessary
to obtain a crystalline material under these conditions. Without

10 eq acetic acid

eq DMF eq DMF

120 eq 120 eq

.—/\_ 100 eq L 100 eq

3: _A 80 eq 3 M s 80 eq
© @©

— _-J\ 60eq T A . 60 eq

,_A 40 eq __JL A : 40 eq

___JL\_A N 20 eq JL N L 20 eq

5 10 15 20 25 30 5 10 15 20 25 30

206/ ° 20/°
20 eq acetic acid 30 eq acetic acid

eq DMF eq DMF

. 120 eq oL oa 120 eq

J}. i 100 eq JJL LA 100 eq

= __M S 80eq = A 80 eq
® @®

= A el 60eq AJL A 60eq

__)\L A e, “40eq M rerda 20 eq

JL\ A \ A 20 eq Al )20 eq

20/°

25 30

(o]

10

15

20/°

20

25 30

Figure 6. PXRD patterns of the products obtained from the systematic investigation of the formation of MIL-140C with different amounts of acetic acid. The
PXRD patterns are arranged according to the amount of DMF from 20 to 120 equivalents.
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Figure 7. Synthesis field diagram of the UiO-67/MIL-140C system. The indi-
vidual phases were assigned from PXRD for products from reactions for 24 h
at 150°C.

the addition of acetic acid, a structurally unknown phase is
formed. Moreover, the change of the resulting phase mixture
of Ui0-67 and MIL-140C to pure MIL-140C is dependent on the
precursor concentration, which can be seen in Figure 6. In con-
trast to MIL-140A, the ranges are shifted to slightly higher dilu-
tions owing to the lower solubility of H,bpdc. Consequently,
with further addition of acetic acid, less linker can be dissolved
in DMF and the phase-pure synthesis of MIL-140C is only possi-
ble with a higher DMF dilution. Nevertheless, the right concen-
tration of the precursors is again a requirement for the suc-
cessful preparation of phase-pure MIL-140 frameworks.

Influence of modulator concentration

As described above, the concentration of the precursors as
well as the amount of modulator have an influence on the
product formation of the UiO-67/MIL-140C system. In the next
experiments, the amount of DMF was set to 130 equivalents
and the ratio between H,bpdc and ZrCl, remained unchanged.
The reaction temperature was kept at 150°C but the reaction
time was increased to 72 h. To investigate the influence of the
modulator on the product phases, the amount of acetic acid
was varied between 0 and 90 equivalents.

As already mentioned, the use of modulating agents be-
comes very useful in Zr-MOF syntheses with longer linker mol-
ecules. This observation can also be made in these experi-
ments (see Figure 8). Without the addition of acetic acid or
with a too low amount (below 10 equiv), the synthesis yields
an amorphous product or UiO-67. This is in good agreement
with the crystallization behavior of UiO-67 reported in the liter-
ature or as mentioned before. A further increase in the
amount of modulator results in the formation of a phase mix-
ture of UiO-67 and MIL-140C. With an addition of 30 equiva-
lents of acetic acid, UiO-67 is only a byproduct and by using
60 equivalents of acetic acid a phase-pure synthesis of MIL-
140C is possible. When using higher concentrations of acetic
acid, again a second phase can be noticed (compare with Fig-
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Figure 8. PXRD patterns of the products obtained from a synthesis with an
increasing amount of acetic acid (bottom to top: 0, 5, 10, 20, 30, 60, and
90 equiv).

ure 6d). Clearly, UiO-67 can only be synthesized in pure form
with 10 equivalents acetic acid whereas higher amounts favor
the formation of MIL-140C. This corresponds well with the crys-
tallization behavior as is shown in the synthesis field diagram
in Figure 7. The area of phase-pure MIL-140C synthesis is shift-
ed to higher amounts of modulator and to higher dilutions.
The results of the PXRD patterns are further investigated
with SEM investigation (Figure S5 in the Supporting Informa-
tion). With an increasing amount of acetic acid from 10 to
60 equivalents at 130 equivalents DMF, the morphology
changes from spherical particles to platelet-like particles.

Influence of reaction temperature and time

With these insights into the crystallization of MIL-140C, the re-
action time and reaction temperature were varied. For these
purposes, the experiment with 30 equivalents acetic acid and
80 equivalents DMF was chosen because the reaction produces
phase-pure MIL-140C. With a reaction temperature of 150°C,
the reaction time was varied between 2 and 72 h. Even after
only 2 h MIL-140C is formed, indicating a fast reaction rate.
Nevertheless, the yield is significantly lower than after 24 h
(Table S14 in the Supporting Information) and recrystallized
H,bpdc can be observed in the PXRD pattern (Figure S6 in the
Supporting Information). The PXRD patterns of the obtained
products are similar and reveal the formation of MIL-140C (see
Figure 9, right).

Finally, this experiment was repeated with a lower reaction
temperature of 120°C. After 72 h, a crystalline material is ob-
tained, which can be clearly identified as MIL-140C (see
Figure 9, left). In the SEM images of the product from the syn-
thesis at 120°C, the platelet-like morphology of the MIL-140C
particles can be seen (Figure S7 in the Supporting Informa-
tion).
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Figure 9. Left: PXRD patterns of MIL-140C syntheses with 80 equivalents of
DMF and 30 equivalents of acetic acid at 150°C and 120°C after a reaction
time of 72 h. Right: PXRD patterns of MIL-140C syntheses with 80 equiva-
lents of DMF and 30 equivalents of acetic acid at 150 °C with increasing reac-
tion time (from bottom to top: 2, 4, 6, 24, and 72 h).

Synthesis of MIL-140D-sdc

The published structure of MIL-140D is based on the linker
3,3'-dichloro-4,4"-azobenzenedicarboxylic  acid  (H,abdc-Cl,).
Owing to the better commercial availability, which makes it
easier to conduct systematic investigations, the structurally
similar linker molecule 4,4'-stilbenedicarboxylic acid (H,sdc)
was used. It shares, in principle, the same structure but its
backbone is completely based on carbon atoms and it has no
further functional groups at the phenyl rings. Furthermore, the
calculated distance (Figure S8 in the Supporting Information)
between the carbon atoms of the carboxylate groups of H,sdc
(12.4 R) is slightly larger than that of H,abdc-Cl, (12.2 A). By
using H,sdc as the linker under typical MIL-140 synthesis condi-
tions, it was possible for us to prepare a new member of the
MIL-140 family, called MIL-140D-sdc.

For the description and characterization of this new com-
pound different analyses were carried out. Beside thermogravi-
metric analysis and sorption measurements (see below), we re-
produced the reported MIL-140D with 4,4-azobenzenedicar-
boxylic acid as linker (H,abdc) and transferred the reaction con-
ditions to our linker H,sdc with slight adjustments.”” Further-
more, we developed a structural model for the new MIL-140D-
sdc for better comparability of the PXRD pattern (see Figure 10

B
S

MIL-140D-sdc

I/ a.u.

MIL-1 4QD-abdc

L A L Theoretical
5 10 15 20 25 30
20/ °

Figure 10. PXRD pattern of the MIL-140D samples synthesized with H,abdc,
H.,sdc, and the calculated pattern.
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and the Supporting Information). Owing to the longer linker
H,sdc, the unit cell parameters of the MIL-140D-sdc are slightly
larger than those of the previously reported MIL-140D
(Table S15 in the Supporting Information)."” As can be seen,
the calculated and experimental patterns of MIL-140D-sdc
show a very good agreement, especially for the first two dif-
fraction peaks. In comparison to the pattern of the reproduced
MIL-140D, the diffraction peaks are slightly shifted to smaller
angles.

Influence of precursor concentration

For the following experiments, the same reaction parameters
are chosen as before (150°C and 24 h reaction time). As al-
ready mentioned for the UiO-67 and MIL-140C, a modulator
should be essential for MOF syntheses with longer linkers, as it
is the case here. The molar ratio of ZrCl, and H,sdc was kept at
1:1, the amount of DMF was varied between 20 and 120 equiv-
alents, and the amount of acetic acid between 0 and 30 equiv-
alents.

The results of the unmodulated experiments are comparable
to those of the experiments for MIL-140C (see Figure 11a).
There is no precipitation of MIL-140D-sdc, but with decreasing
equivalents of DMF, a sharp reflection appears at approximate-
ly 26=5.30°. This phase is similar to the product of the MIL-
140C synthesis with 20 equivalents of DMF and 0 equivalents
of acetic acid but, owing to the longer linker, shifted to smaller
angles (see Figure 6a).

An important factor to be considered is the even poorer sol-
ubility of H,sdc in DMF in comparison to H,bpdc and H,bdc.
Products form highly concentrated precursor mixtures and
show two more reflections (16.46° and 23.43°), which can be
assigned to the linker H,sdc (marked in blue).

With a higher amount of acetic acid, the recrystallization of
the linker occurs even at higher dilution (see Figure 12). Conse-
quently, the phase-pure synthesis of MIL-140D-sdc is also shift-
ed to higher dilutions compared with MIL-140A and MIL-140C
(see Figure 11b-d and Figure S9 in the Supporting Informa-
tion).

The results of the experiments concerning MIL-140D-sdc can
be summarized in that either an amorphous phase, the linker,
or the MOF precipitates. However, the right precursor concen-
tration seems to be even more important than for MIL-140A
and MIL-140C because there are only small variations of the
synthesis parameters possible. The linker solubility of H,sdc is
even lower than that of H,bpdc. This is the reason why a too
concentrated synthesis mixture does not yield the desired
product and only the recrystallized linker can be isolated (see
Figure 11). The suitable range for the preparation of this mate-
rial is smaller than for MIL-140C and MIL-140A. Furthermore,
for experiments at 150°C, there is no indication of a product
with fcu topology like UiO-sdc.””

Influence of modulator concentration

The systematic investigation of the crystallization behavior of
MIL-140D-sdc reveals a clear dependency on the precursor
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Figure 12. Synthesis field diagram of MIL-140D-sdc. The individual phases
were assigned from PXRD for products from reactions for 24 h at 150 °C.

concentration. With an increasing amount of modulator, the
solubility of the linker decreases and the area for a successful
synthesis is shifted to higher dilution compared with MIL-140A
and C. The direct connection between the amount of acetic
acid and the formation of MIL-140D-sdc can be shown by the
results of the following experiments. With a reaction tempera-
ture of 150°C and a reaction time of 72 h, the amount of DMF
was set to 120 equivalents and the amount of acetic acid
varied between 0 and 40 equivalents.

Chem. Eur. J. 2019, 25, 13598 - 13608 www.chemeurj.org

~ %
- *

s
-
L
f

//a.u.

i

10 15 20 25 30
26/ °

Figure 13. PXRD patterns of the products obtained from a synthesis with an
increasing amount of acetic acid (bottom to top: 0, 10, 20, 30, and

40 equiv). The blue marked diffraction peaks can be assigned to the linker
H,sdc.

[6)]

For the MIL-140D-sdc, the presence of a modulator is more
crucial than for other MIL-140 MOFs. There is a precipitation of
an amorphous product when using a too low amount of mod-
ulator and a recrystallization of the linker if the amount is too
high (see Figure 13). Only with 20 and 30 equivalents of acetic
acid, was a crystalline product obtained but the quality of the
PXRD pattern was solely satisfying with 30 equivalents of
acetic acid.
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Figure 14. Left: PXRD patterns of MIL-140D-sdc syntheses with 120 equiva-
lents DMF and 30 equivalents acetic acid at 150°C and 120°C after a reac-
tion time of 72 h in comparison to a calculated pattern of the corresponding
phase with fcu topology (top).” Right: PXRD patterns of MIL-140D-sdc syn-
theses with 120 equivalents DMF and 30 equivalents acetic acid at 150°C
with increasing reaction time (from bottom to top: 2, 4, 6, 24, 72, and

144 h). The diffraction peaks of the recrystallized linker H,sdc are marked
with blue asterisks.

Influence of reaction temperature and time

The experiment with 120 equivalents DMF and 30 equivalents
acetic acid was repeated with different reaction times and tem-
peratures. In contrast to the MIL-140C, it is not possible to syn-
thesize MIL-140D-sdc at 150 °C with short reaction times of less
than 6 h (see Figure 14, right). However, with a reaction time
of 24 h or more, the diffraction pattern corresponds to the cal-
culated one. Furthermore, there is no indication of the forma-
tion of a UiO phase in any experiment. Clearly, the MIL-140
phase is favored over the UiO phase with H,sdc as linker mole-
cule under these conditions.

Finally, the reaction temperature was varied with a constant
reaction time of 72 h for the same experiments. In the case of
the MIL-140D-sdc, this was the first time that formation of the
fcu phase was observed, with a reaction temperature of 120°C
(see Figure 14, left).”? Under these conditions, the MIL-140D-
sdc phase was only obtained with temperatures of 150°C or
higher.

] miL-140a
MIL-140C
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Characterization

In this section, the three MOFs with MIL-140 structure are in-
vestigated with physisorption measurements, thermogravimet-
ric analysis, and '"H NMR spectroscopy (reaction parameters in
Table S16 in the Supporting Information).

Physisorption measurements with argon at 87 K of Soxhlet-
extracted samples (acetone) show an increasing uptake from
MIL-140A to MIL-140D-sdc (see Figure 15, right). Accordingly,
the resulting BET surface is around 280 m*g~' for MIL-140A
and 730 and 870 m?g~' for MIL-140C and MIL-140D-sdc. These
results are in a very good agreement with the data found in lit-
erature (Table $17 in the Supporting Information).!’?%

With regard to the thermal stability, MIL-140A and MIL-140C
show a very similar behavior with a decomposition tempera-
ture around 400 to 450°C in air (see Figure 15, left). MIL-140D-
sdc exhibits a slightly lower thermal stability of about 300 °C.
The experimental weight losses for MIL-140A and MIL-140C
correspond well with the calculated values (Table S18 in the
Supporting Information). The theoretical and experimental re-
sults of MIL-140D-sdc exhibit a difference of around 4 m % indi-
cating either the formation of ZrO, during the synthesis or
missing linker molecules in the framework.>"

To further investigate the composition of the materials and
maybe a modulator initiated defect formation, samples of
Soxhlet-extracted MIL-140A and MIL-140C were digested in
[Dg]IDMSO through the addition of HF to evaluate the ratio be-
tween linker and modulator molecules. Owing to the low solu-
bility of H,sdc in the [Dg]DMSO/HF mixture, the same proce-
dure for MIL-140D-sdc was not possible. The 'H NMR spectra of
digested MIL-140A and C reveal that the modulator acetic acid
is part of the structure in both materials or at least is so
strongly attached to the framework that it cannot be displaced
by a Soxhlet extraction with acetone. The molar ratio of acetic
acid and linker calculated from the integrals of acetic acid and
of the aromatic protons of the linker is 1:9.25 for MIL-140A
and 1:13.50 for MIL-140C. This indicates a defect formation
during the MOF synthesis by the use of acetic acid (Figure S10
in the Supporting Information) and the low-temperature ap-
proach.
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Figure 15. Left: TG analysis of solvent-exchanged (acetone) samples of MIL-140A (black), MIL-140C (red), and MIL-140D-sdc (blue) with the experimental resi-
due in percent. Right: Ar physisorption measurements of MIL-140A (black), MIL-140C (red), and MIL-140D-sdc (blue) at 87 K. The circles mark the adsorption

data and the squares those of the desorption.
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The indication of these defects in the MIL-140 MOFs increas-
es the potential to make these class of MOFs even more cus-
tomizable as is the case for UiO MOFs.B"

As mentioned above, during the syntheses of MIL-140C and
MIL-140D-sdc an unknown phase occurs. This phase was fur-
ther characterized in case of Hysdc as linker molecule. The re-
sulting product shows a BET surface area of 810 m*g~' and a
high thermal stability of over 450°C. Both characteristics are
comparable to the MIL-140D-sdc phase, which enhances the
impression of a structurally related phase (Figures S11-S13 in

the Supporting Information).

Conclusions

In this work, we focused on the formation of MOFs with MIL-
140 structure and presented the synthesis of MIL-140A, MIL-
140C, and described MIL-140D-sdc for the first time. In contrast
to conventional solvothermal MOF syntheses, we used highly
concentrated synthesis mixtures with low amounts of DMF in
the ranges from 20 to 120 equivalents with respect to ZrCl, or
the linker. We evaluated the crystallization behavior of the
three MIL-140 materials yielded from such reaction mixtures.
As the thus-obtained synthesis field diagrams reveal, it is possi-
ble to control the syntheses to produce phase-pure MIL-140
materials under certain conditions. Keeping other parameters
constant, like reaction temperature or the solvent volume, it
becomes clear that the outcome of MIL-140 syntheses are
highly dependent on the concentration of the precursors, es-
pecially of the linker. In other words, a decisive factor is the
solubility of the linker in DMF. This can be categorized roughly
into three cases. If the linker is completely dissolved in DMF
(high amount of DMF, low amount of acetic acid), the corre-
sponding UiO-phase or a phase mixture can be obtained. If
the solubility of the linker is very low (low amount of DMF,
high amount of acetic acid), a pre-phase or the linker itself is
obtained. Only under reaction conditions where the linker is
dissolved to some extent and a sufficient amount of solid
linker is also present, was a phase-pure MIL-140 phase yielded.
From MIL-140A to MIL-140D-sdc these zones are shifted to
higher dilutions owing to the lower solubility of the used link-
ers.

The right choice of the synthesis composition enables a fur-
ther decrease of the reaction temperature for MIL-140A and
MIL-140C. We expect that the high precursor concentration
promotes the formation of MIL-140 frameworks. Beside the
linker solubility, the amount of modulator is also an important
parameter for successful synthesis control when the linkers
H,bpdc and H,sdc are used.

This work provides valuable synthesis field diagrams, which
allow control of the synthesis of MIL-140 materials. The ob-
tained knowledge can be used for a targeted formation of
new MOFs with MIL-140 structure with functionalized linkers.
Furthermore, with the lower reaction temperature of 120°C,
thermally unstable functional groups can be introduced into
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the frameworks. This opens the possibility to use these materi-
als for different applications in the future.

Experimental Section
Materials

Zirconium(lV) chloride (>99.5%, ZrCl,, Sigma-Aldrich), terephthalic
acid (98%, CgHO,, Sigma-Aldrich), biphenyl-4,4"-dicarboxylic acid
(97 %, Cy4H,00,, Sigma-Aldrich), 4,4'-stilbenedicarboxylic acid (98 %,
Ci6H;,04 ABCR), N,N-dimethylformamide (99%, DMF, Sigma-Al-
drich), and acetic acid (99%, CH;COOH, Sigma-Aldrich) were used
as obtained.

MOF synthesis

All MOF syntheses were performed in 100 mL Pyrex glass vessels.
As a cleaning step, each vessel was pre-treated with piranha acid
to remove potential seeding crystals. In the general synthesis pro-
cedure, ZrCl, (1 equiv) and the linker (1 equiv) were dissolved in a
mixture of DMF (5 mL, 20-130 equiv) and acetic acid as modulator
(0-5.57 mL, 0-30 equiv). The reaction mixture was heated to tem-
peratures ranging from 120 to 150°C and for time spans between
one and six days. Most of the syntheses were carried out at 150°C
with a reaction time of 24 h. After the vessels were cooled down
to room temperature, the resulting product was separated from
the liquid phase by centrifugation. The solid was washed once
with DMF and acetone. The obtained solids were dried in air at
120°C overnight. For a more detailed description of the reaction
parameters, see the Supporting Information.

Powder X-ray diffraction

PXRD was carried out in transmission mode by using a Stoe Stadi
P diffractometer operated with Ge(111)-monochromatized Cuy,; ra-
diation (1=1.54060 A) and a linear position sensitive detector with
scintillation counter.

Thermogravimetric analysis

TGA was performed by using a Netzsch STA 409PC thermoanalyzer.
For this purpose, the samples were filled into alumina crucibles
and heated under a flow of air at a heating rate of 5°Cmin~" up to
1000°C.

Physisorption measurements

Argon physisorption isotherms were measured at 87 K by using a
Quantachrome Autosorb-1 instrument. The samples were solvent-
exchanged with acetone by using a Soxhlet extractor and out-
gassed at 120°C under vacuum using the Quantachrome Auto-
sorb-1 instrument immediately prior to the measurement.

The “Micropore BET Assistant” implemented in the ASiQwin 2.0
software from Quantachrome was used to determine the maxi-
mum relative pressure for the BET (Brunauer-Emmett-Teller) plot.
It determines the BET range according to the theory of Rouquerol,
which was shown to be appropriate for the comparison of differ-
ent MOFs .24

Scanning electron microscopy

SEM images were taken with a JSM-6700F field-emission SEM using
a beam energy of 2 kV. Samples were dispersed in ethanol and
drop-cast on polished graphite supports.
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Transmission electron microscopy

For TEM, a FEI Tecnai G2 F20 TMP was used in bright field mode
(200 kV). For sample preparation, 400-mesh carbon-coated copper
grids (Quantifoil) were used. The samples were dispersed by ultra-
sonication in ethanol, dropped on the grid, and dried.

'H NMR spectroscopy

For the characterization with 'H NMR spectroscopy, the MOFs
(20 mg) were digested in [Dg]DMSO (0.6 mL) through the addition
of HF (15 puL, 48 wt%) and stirred for 24 h. Then, CaCl, was added
and the suspension was decanted after a short period of time.
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