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Introduction

Due to their defined structures, high specific surface areas and
chemical diversity, research effort on metal-organic frame-
works (MOFs)'™ has increased over the last years. One focus is
on the incorporation of linker molecules bearing a functional
side group into a known framework structure resulting in
so-called isoreticular metal-organic frameworks. This can be
achieved either by direct synthesis®* or via post-synthetic
modification (PSM)"*™® of the frameworks. The most promi-
nent example for the direct synthesis is the IRMOF series
based on MOF-5.""?° MIL-53(Al)*" (MIL: Matériaux de I'Institut
Lavoisier) has also been synthesized using several functiona-
lized terephthalate linkers.>”>® The number of functional
groups in MOFs can be adjusted by synthesizing mixed-linker
metal-organic frameworks (MIXMOFs) with defined ratios of
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metal-organic frameworks isoreticular to DUT-5. The properties of the frameworks could be tuned by
varying the number of functional groups in the materials and the amine groups were employed in post-
synthetic modification reactions without changing the framework structure or significantly decreasing the

functionalized and unfunctionalized linker molecules.?” >3

MIXMOFs have the advantage that their properties, e.g.
specific surface area, thermal stability and basicity, can be
tuned depending on the linker ratio.””>° Moreover, the
number of functional groups in the framework materials influ-
ences the interaction with guest molecules, which can be bene-
ficial for gas adsorption applications.*

When linker molecules with more complex side chains are
used during synthesis, the formation of the framework might
be prevented due to sterical hindrance or undesired side reac-
tions of these functional groups with framework metal atoms,
therefore, changing the target structure. In those cases, the
functionalities can be incorporated in the MOF structure using
the post-synthetic modification approach, in which a more
complex organic group is covalently anchored to the side func-
tionality of the linker after framework formation. The
approach has often been applied to modify amine functional-
ities, e.g. with anhydrides,**® aldehydes'® or isocyanates.’”
Azide***° or alkyne®' groups have also been used for post-
synthetic click reactions. The introduced side chains can for
example enhance the gas adsorption®”**** and separation****
properties of a framework or they can be exploited as active
sites in heterogeneous catalysis.*®*>™*”

We previously modified the metal-organic framework
MIL-53-NH,(Al) with maleic anhydride, which resulted in a
chelating side chain that was used to immobilize Pd(u) com-
plexes.”® During this process, a drastic decrease in specific
surface area from approx. 1000 m* g~* to only 85 m* g~* has
been observed. Owing to this fact, in a second study mixed-
linker metal-organic frameworks with a defined ratio of func-
tionalized and unfunctionalized linker molecules were applied
as starting materials for PSM.*® Although pore blocking could

This journal is © The Royal Society of Chemistry 2015
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be minimized due to the dilution of the amine groups, the
specific surface area was still only approx. 500 m”> g~" after
PSM. Furthermore, as a consequence of the small size of the
terephthalate linkers, also the diameter of the resulting pores
in mixed-linker MIL-53(Al) is comparatively small (<1 nm),
thus, limiting the range of potential guest molecules for PSM
or applications in separation and catalysis.

To further increase the accessible pore volume and to
enable more complex modification routes, the incorporation
of longer linker molecules into the framework structure might
be beneficial. There are already examples in literature for
materials that feature structures isoreticular to MIL-53(Al)
but larger pore dimensions. MOF-253°° could be synthesized
with 2,2"-bipyridine-4,4’-dicarboxylate linkers, which were post-
synthetically modified with palladium,’® copper’® and ruthe-
nium®' complexes for applications in catalysis.’>> 4,4'-Biphe-
nyldicarboxylate (BPDC) was employed as linker molecule in
the synthesis of the porous framework DUT-5 (DUT: Dresden
University of Technology).>> DUT-5 consists of Al-OH
chains, which are connected by the linker molecules resulting
in a three-dimensional framework structure, in which the
aluminum ions are coordinated to six oxygen atoms (space
group Imma; Scheme 1). The resulting material is thermally
stable to approx. 400 °C and has a specific surface area of
Sger ~ 1610 m* g~'. In contrast to MIL-53(Al), which interacts
with different substrates inside the pores by changing its pore
geometry (breathing effect),”* DUT-5 is a rigid framework.

An isoreticular framework DUT-5-SO, with 4,4'-dibenzoic
acid-2,2"-sulfone linkers has been synthesized and was
applied in the gas phase adsorption of alkanes, alkenes and
aromatics.>® Recently, DUT-5-amine and DUT-5-nitro were
synthesized successfully applying 2-amine-4,4"-biphenyldi-
carboxylic acid and 2-nitro-4,4-biphenyldicarboxylic acid in
the framework synthesis.>® However, so far none of the frame-
works bearing free functional groups have been applied in
post-synthetic modification reactions. In the present work,
functionalized 4,4'-biphenyldicarboxylic acid molecules with

Scheme 1 Schematic representation of the structure of the metal
organic framework DUT-5; grey: C, red: O, yellow: Al; pore diameter:
19.2 x 22.7 A; space group: Imma.
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Scheme 2 Functionalized 4,4'-biphenyldicarboxylic acid molecules
with an additional amine (H,amineBPDC), alkyne (H,alkyneBPDC), azide
(H,azideBPDC) or nitro (H,nitroBPDC) group.

an additional amine, alkyne, azide or nitro group were used.
Since none of these linkers are commercially available, they
were synthesized in a straightforward multi-step synthesis
from dimethyl biphenyldicarboxylate (Me,BPDC, Scheme 2) as
a single cheap starting material.

The functionalized linker molecules were applied in the
formation of DUT-5-amine, DUT-5-alkyne, DUT-5-azide and
DUT-5-nitro. Moreover, mixed-linker metal-organic frame-
works with a defined number of functionalized and unfunctio-
nalized linkers were synthesized. The novel mixed-linker
framework materials were thoroughly characterized and amine-
functionalized MIXDUT-5-amine(50) was successfully modified
in post-synthetic modification reactions with maleic anhydride,
salicylaldehyde and 2-pyridinecarboxaldehyde.

Results and discussion
Synthesis

The introduction of additional side groups at the linker mole-
cules is essential to tune the properties of metal-organic
frameworks and to enable post-synthetic modification of the
materials. To obtain functionalized metal-organic frameworks
based on DUT-5, which is known from literature, 4,4"-biphe-
nyldicarboxylic acid molecules with an additional amine,
alkyne, azide or nitro group (Scheme 3 and ESI}) were
synthesized.

The synthetic strategy was designed to minimize the
number of synthetic steps and, thus, all four linkers could be
obtained in two to five steps from a commercially available
starting material. Therefore, the four linker molecules were
synthesized within only eight steps in total. The first key inter-
mediate, dimethyl 2-nitrobiphenyldicarboxylate (1), was pre-
pared by nitration of Me,BPDC following a described
procedure under standard nitration conditions.’® The nitro-
functionalized linker H,nitroBPDC was obtained by hydrolysis
of the ester groups of (1) under basic conditions. The second
key intermediate of the synthesis, dimethyl 2-aminobiphenyl-
dicarboxylate (2), was prepared by reduction of (1) with Pd/C in
H, atmosphere. The amine-functionalized linker H,amine-
BPDC was also obtained by basic hydrolysis of the dimethyl
ester precursor 2. The azide-functionalized linker H,azide-
BPDC was synthesized from H,amineBPDC using a mild and
efficient procedure applying tert-butyl nitrite (‘BuONO) for the

Dalton Trans., 2015, 44, 16802-16809 | 16803
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Scheme 3 Multi-step synthesis of functionalized 4,4'-biphenyldicarboxylic acid molecules; reaction conditions are given on the left.

formation of a diazonium salt and its subsequent substitution
with azidotrimethylsilane (TMS-N3).°” The alkyne-functiona-
lized linker H,alkyneBPDC was prepared in three steps from
the key intermediate 2. In a first step, the dimethyl ester 2-iodo
derivative (3) was obtained by nucleophilic substitution with
sodium iodide via the corresponding diazonium salt. Direct
coupling of trimethylsilylacetylene (TMSA) with 3 catalyzed by
Pd/Cu led to the formation of the TMS-protected alkynyl
derivative (4). The final deprotection step of the acid and the
alkyne groups was performed in basic media resulting in
H,alkyneBPDC.

Applying those linker molecules, single-linker DUT-5-
amine, DUT-5-alkyne, DUT-5-nitro and DUT-5-azide were syn-
thesized. In addition, mixed-linker metal-organic frameworks
with varying ratios of functionalized and unfunctionalized
linker molecules were prepared (denoted as “MIXDUT-5-func-
tionality(x)”, where x is the amount of functionalized linker in
mol%). Moreover, a MIXDUT-5-amine(33)-alkyne(33) with
three different linker molecules was synthesized. In contrast to
the solvothermal route used in literature,”
performed at ambient pressure (see ESIt), therefore simplify-
ing the up-scaling of the reaction, which is important for
potential applications.

all reactions were

Characterization

The X-ray diffractogram of DUT-5 matched the one reported in
literature® very well confirming the successful formation of
the framework structure under ambient pressure. Further-
more, the structures of the functionalized (Fig. 1) and mixed-
linker (Fig. 2 and S1-S4}) materials proved to be isoreticular to
DUT-5, thus, demonstrating that the functional side groups
did not prevent the formation of the framework. However, the
intensity of the reflections for the azide-functionalized frame-
works was lower and the reflections were significantly broader
indicating a decreased crystallinity of the materials or amor-
phous contributions.

ATR-IR spectroscopy was applied to exclude the presence of
residual free acid molecules or solvent molecules (N,N-di-
methylformamide) in the pores of the frameworks. Moreover,
ATR-IR was used to ascertain that the functional groups were
stable under the synthesis conditions and present in the

16804 | Dalton Trans., 2015, 44, 16802-16809
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Fig. 1 XRD patterns of DUT-5 and functionalized materials based on
DUT-5.
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Fig. 2 XRD patterns of DUT-5 and mixed-linker metal—organic frame-
works based on DUT-5.

resulting materials (Fig. S7-S11f). The spectra did not
show any bands that could be ascribed to the C=O0 vibrations
of free acid molecules or DMF. Therefore, IR analyses suggest
that the pore system of the functionalized materials is not
blocked by residual molecules and that the side groups should
be accessible for post-synthetic modification. The N-H stretch-
ing vibrations of the amine functionalities (3485 cm™ and

This journal is © The Royal Society of Chemistry 2015
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3380 cm™") and the C=C-H stretching vibration of the alkyne
functionalities (3290 cm™) have a low intensity but can be
observed in the corresponding spectra. Likewise, the nitro
functionalities show characteristic bands at 1533 cm™" and
1355 cm'. Those observations clearly prove the successful
incorporation of the functionalized linker molecules into the
frameworks. However, the azide band (around 2120 cm™") was
barely visible, which led to the assumption that the azide func-
tionality might not be stable under the applied reaction con-
ditions. Instead, an additional band at 3436 cm™' was
observed which suggested the formation of a carbazole. This
transformation of H,azideBPDC has recently also been
reported in literature when high temperatures (>80 °C) were
used during the synthesis of the Zr-based framework UiO-67.
The formation of the carbazole led to a slightly bent linker
molecule and therefore a changed geometry, which might be
the reason for the low crystallinity of the azide-containing
MOFs.

Nitrogen physisorption measurements were performed to
determine the accessible pore volumes and specific surface
areas. The adsorption and desorption isotherms of all
materials can be found in the ESI (Fig. S13-S18%). A specific
surface area of 1880 m” g~' and a micropore volume of
0.61 cm® g~ were established for DUT-5, which is in good
agreement with the values (Sgpr = 1613 m* g~*; pore volume =
0.81 cm?® g7') reported in literature.”® The surface areas of the
amine- and alkyne-functionalized MOFs were only slightly
lower (Sppr(DUT-5-amine) = 1570 m® g '; Sgpr(DUT-5-alkyne) =
1270 m* g~'; Table 1) proving again the formation of the
porous DUT-5 structure. However, the specific surface areas of
DUT-5-azide (540 m> g~'; Table S51) and DUT-5-nitro (550 m>
g~") were significantly lower, which in combination with the
XRD data indicates that the formation of an extensive three-
dimensional framework structure was not successful.

For the MIXDUT-5-amine(x) frameworks the specific surface
areas ranged from 1600 m> g~ to 1630 m* ¢~! and were, thus,
between the values of pure DUT-5 and pure DUT-5-amine
(Table 2). With the exception of the azide- and nitro-functiona-
lized frameworks, the new materials all exhibited high specific
surface areas from 1350 m> g~' for MIXDUT-5-alkyne(50) to
1630 m* g~' for MIXDUT-5-amine(50) and MIXDUT-5-amine
(33)-alkyne(33) and featured large micropore volumes, which is
essential for post-synthetic modification at the functional side
groups.

To probe the thermal stability of the frameworks, thermo-
gravimetric analyses were carried out in air (Table 3 and

Table 1 Specific surface areas and micropore volumes of DUT-5 and
functionalized DUT-5

Material Sger [m* g7 Micropore volume [em® g™
DUT-5 1880 0.61
DUT-5-amine 1570 0.58
DUT-5-alkyne 1270 0.40
DUT-5-nitro 550 0.15

This journal is © The Royal Society of Chemistry 2015
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Table 2 Specific surface areas and micropore volumes of MIXDUT-5-

functionality(x) materials; x: amount of functionalized linker molecules
applied in the synthesis in mol%

SBET Micropore volume
Material [m?* g™ [em® g7']
MIXDUT-5-amine(25) 1600 0.54
MIXDUT-5-amine(50) 1630 0.58
MIXDUT-5-amine(75) 1630 0.59
MIXDUT-5-alkyne(25) 650 0.17
MIXDUT-5-alkyne(50) 1350 0.42
MIXDUT-5-alkyne(75) 970 0.29
MIXDUT-5-amine(33)-alkyne(33) 1630 0.56

Table 3 Thermal stability of functionalized DUT-5 frameworks and
mixed-linker frameworks in air

Thermal stability [°C]

DUT-5 450
MIXDUT-5-amine(25) 420
MIXDUT-5-amine(50) 400
MIXDUT-5-amine(75) 390
DUT-5-amine 370
MIXDUT-5-alkyne(25) 440
MIXDUT-5-alkyne(50) 420
MIXDUT-5-alkyne(75) 400
DUT-5-alkyne 390
MIXDUT-5-nitro(50) 380
DUT-5-nitro 340
MIXDUT-5-amine(33)-alkyne(33) 410

Fig. S21-S307). In literature, a thermal stability of up to 430 °C
was reported for DUT-5.>> The measurements performed in
the present work showed the stability of DUT-5 up to 450 °C,
therefore, also supporting the successful formation of the
DUT-5 structure. The functionalized frameworks showed a
reduced but still relatively high thermal stability of 340 °C
(DUT-5-nitro), 370 °C (DUT-5-amine and DUT-5-azide) and
390 °C (DUT-5-alkyne). By introducing different amounts of
the functionalized linker molecules, the thermal stability of
the MIXDUTSs could be tuned following a trend depending on
the linker ratio. With increasing amount of amine functional-
ities in the frameworks, the thermal stability was gradually
reduced from 450 °C to 370 °C (Fig. 3 and Table 3). This trend
has previously been reported for amine-functionalized mixed-
linker MOFs based on MIL-53(Al)*° and is a qualitative proof
for the linker ratio incorporated in the MIXDUTs. A similar
trend was also observed for the alkyne-, azide- and nitro-func-
tionalized MIXDUT-5 materials (Table 3 and Fig. $23-S307).
Additionally, TG-IR measurements performed
(Fig. S33 and S347) to confirm the successful incorporation of
a defined number of the amine-functionalized linker mole-
cules into the MIXDUT-5-amine(x) materials. The NO, band in
the IR spectra, which originated from oxidation of the amine
functionality of the linker molecules during TG analysis, was
integrated. The areas obtained by this method steadily
increase with increasing amount of HyamineBPDC. Obviously,

were

Dalton Trans., 2015, 44, 16802-16809 | 16805
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Fig. 3 Thermogravimetric (top) and DTA analyses (bottom) of DUT-5,
DUT-5-amine and MIXDUT-5-amine(x) carried out in air.

the ratio of the amine-functionalized and unfunctionalized
linker molecules in the MIXDUT-5-amine(x) materials is in
good agreement with the ratio that was applied during syn-
thesis. Moreover, the maximum of the integrated peak area of
the CO, band is shifted to lower temperatures for the materials
with increasing functionalization degree, which also confirms
the slightly reduced thermal stability of the amine-containing
frameworks.

NMR measurements of the dissolved frameworks were
carried out to quantify the linker ratios in the MIXDUT
materials. In a previous study conducted with MIXMIL-53-
amine(x), it was possible to quantify the linker ratios confirm-
ing that the real and theoretical ratio matched very well.** For
MIXDUT-5-nitro(50), the ratio detected by NMR spectroscopy
(Fig. 4) matched the applied ratio perfectly. However, for the
amine-, alkyne- and azide-functionalized materials quantifi-
cation proved to be difficult due to the strong overlap of the
signals of the different linker molecules in the aromatic region
of the NMR spectrum. Moreover, a small fraction of the amine
groups might have reacted with the solvent (N,N-dimethyl-
formamide). Similar observations have recently been reported
for the NMR spectra of amine-functionalized UiO-67, which
2,2'-diaminobiphenyl-4,4'-dicarboxylate  linkers.**
Nonetheless, the signals can qualitatively be assigned to the

features
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Fig. 4 NMR spectrum of MIXDUT-5-nitro(50) dissolved in NaOH/D,0.

functionalized and unfunctionalized molecules, therefore
again proving the presence of both linker molecules.

Since ATR-IR spectra, N, physisorption measurements, TG
analyses and NMR spectra all strongly suggest the successful
incorporation of the functionalized linker molecules, we claim
that the synthesis of amine- and alkyne-functionalized metal-
organic frameworks based on the structure of DUT-5 and
mixed-linker MOFs with a combination of modified and non-
functionalized linker molecules was successful. The synthesis
of nitro-functionalized MIXDUT-5 was successful, although
XRD and N, physisorption measurements suggest a low crys-
tallinity of the material. The disappearance of the azide band
(ATR-IR) strongly indicates that the azide group was not stable
under the applied reaction conditions. This fact is corrobo-
rated by the appearance of an additional band around
3436 cm ', which could be ascribed to the N-H stretching
vibration of a carbazole that was formed under the applied
reaction conditions. The low crystallinity (XRD) and porosity
(N, physisorption) of the azide-functionalized frameworks
might be due to the slightly bent geometry of this linker
molecule.

Post-synthetic modification

After thorough characterization of all materials, the functional
groups in the mixed-linker metal-organic frameworks were
modified in post-synthetic modification (PSM) reactions. In a
previous study on MIL-53-amine*® a significant drop of the
specific surface area from 980 m”> g~* to only 150 m* g~ " was
observed throughout the modification process with maleic
anhydride. This trend could be reduced by using MIXMIL-53-
amine(x) instead of pure MIL-53-amine as starting material.
Thus, the modified material still exhibited a specific surface
area of approx. 500 m> ¢~ *.*° Using MIXDUT-5 materials with
a larger pore diameter for the PSM reaction should further
minimize the pore blocking. Moreover, the syntheses of the
functionalized linker molecules are expensive and, thus, apply-
ing MIXDUTs with a reduced number of those linkers also has
the advantage of decreasing the production costs.

This journal is © The Royal Society of Chemistry 2015
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Scheme 4 Post-synthetic modification of MIXDUT-5-amine(50) with
maleic anhydride (top), salicylaldehyde (middle) and 2-pyridinecarbox-
aldehyde (bottom).

MIXDUT-5-amine(50) was modified using maleic anhydride
(Mal), salicylaldehyde (Sal) and 2-pyridinecarboxaldehyde
(Pyal), respectively (Scheme 4).

In all three cases, X-ray diffractometry proved that the struc-
ture of the starting material was preserved throughout the
modification reaction without significant loss of crystallinity
(Fig. S57). Obviously, the framework structure was stable under
the applied PSM reaction conditions.

The specific surface area did not change substantially for
the materials modified with salicylaldehyde (1610 m* g™') or
2-pyridinecarboxaldehyde (1600 m*> g™'), while a reduction of
the specific surface area from 1630 m* g”' to 1200 m”> g~ was
discovered for the PSM with maleic anhydride (Table 4 and
Fig. S191). However, the specific surface area of MIXDUT-5-
amine(50) only decreased by approx. 25% throughout the reac-
tion with maleic anhydride, whereas in previous studies the
specific surface area of MIXMIL-53-amine(50) with smaller
pores was reduced by approx. 50% (980 m> g~ vs. 500 m”> g™ ')
under the same modification conditions. Therefore, the pore
system of all modified frameworks should still be accessible.

ATR-IR measurements (Fig. S121) of MIXDUT-5-amine(50)-
Mal showed an additional band at 1690 cm™", which could be

Table 4 Specific surface areas and micropore volumes of modified
MIXDUT-5-amine(50) and MIXDUT-5-alkyne(50)

SBET Micropore volume
Material [m* g™ [em® g7
MIXDUT-5-amine(50) 1630 0.58
MIXDUT-5-amine(50)-Mal 1200 0.43
MIXDUT-5-amine(50)-Sal 1610 0.64
MIXDUT-5-amine(50)-Pyal 1600 0.59
MIXDUT-5-alkyne(50) 1350 0.42
MIXDUT-5-alkyne(50)-Pyaz 250 0.04

This journal is © The Royal Society of Chemistry 2015
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Scheme 5 Post-synthetic modification of MIXDUT-5-alkyne(50) with
2-pyridine azide.

=Z

ascribed to the C=O0 vibration of the modified side chain. In
the spectra of MIXDUT-5-amine(50)-Sal and MIXDUT-5-amine-
(50)-Pyal additional bands could not be found. Due to the low
intensity of the N-H vibrations even in the starting material
MIXDUT-5-amine(50), the successful modification could not
be confirmed based on a reduction of the intensity of these
bands.

MIXDUT-5-alkyne(50) was applied in a copper-catalyzed
click reaction with 2-pyridine azide (Pyaz) (Scheme 5).

XRD (Fig. S61) showed that the crystallinity of the MOF was
diminished considerably under the applied reaction con-
ditions, while N, physisorption measurements (Table 4 and
Fig. S207) revealed a very low specific surface area of only
250 m”> g~ after PSM. These results suggest that MIXDUT-5-
alkyne(50) might not be stable under the given reaction con-
ditions and that this modification pathway needs to be
optimized.

Conclusions

In summary, four functionalized linker molecules based on
4,4"-biphenyldicarboxylic acid with an additional amine,
alkyne, nitro or azide group were prepared. Those linker mole-
cules were successfully applied in the synthesis of novel func-
tionalized metal-organic frameworks isoreticular to the DUT-5
structure which was confirmed by XRD. ATR-IR spectroscopy
confirmed that the functionalities except the azide group (for-
mation of a carbazole) were stable under the applied reaction
conditions and present in the resulting framework materials.
N, physisorption proved that the amine- and alkyne-functiona-
lized frameworks were highly porous (1570 m® g¢™' and
1270 m> g~', respectively) and thermogravimetric analysis
showed that all functionalized materials were stable in air up
to at least 370 °C.

Additionally, crystalline mixed-linker metal-organic frame-
works with varying ratios of functionalized and unfunctiona-
lized linker molecules were prepared. This approach is
advantageous since the properties of the frameworks can be
tuned depending on the linker ratio. N, physisorption showed
that for the amine-functionalized material the surface area
increased steadily (from 1570 m”> g~ to 1880 m> g ') with
decreasing percentage of functionalized linker molecules
incorporated in the framework materials. Thermogravimetric
analysis revealed that the thermal stability of all functionalized
materials decreased with increasing degree of functionali-
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zation. ATR-IR spectroscopy also strongly indicated the suc-
cessful incorporation of the functionalized linker molecules
into the MIXDUTs. For MIXDUT-5-nitro(50) the actual linker
ratio in the framework and the ratio applied during synthesis
matched perfectly which could be proven by 'H NMR.
Additionally, TG-IR measurements of the MIXDUT-5-amine(x)
series confirmed that the linker ratios in the amine-functiona-
lized materials matched the applied ratios very well.

Finally, post-synthetic modification of MIXDUT-5-amine(50)
was achieved with maleic anhydride, salicylaldehyde and 2-pyr-
idinecarboxaldehyde. Both the crystallinity and, most impor-
tantly, the porosity (1200 m> g”' to 1600 m> g') of the
frameworks could be retained throughout the modification
process.

In future applications the novel framework materials might
be used for gas storage or separation due to the changed host-
guest interactions arising from the additional functional
groups. Another possibility is the immobilization of mono-
nuclear metal complexes on the functionalities in the frame-
work materials to obtain heterogeneous catalyst materials
featuring well-defined single-sites.
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