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ABSTRACT: The solid-solution mixed-linker approach, where a linker is 350 More FDC.  {m—

partially replaced by a similar one under retention of the isoreticular metal— 300] more hydrophilic

organic framework (MOF) structure, offers an easy and inexpensive way to Qo P

fine-tune MOF properties to design tailored compounds. A total of 10 ,OWO,

aluminum mixed-linker MOFs, [AI(OH)(X),(Y);_.] (X =IPA, isophthalate; g 20 - More IPA.

Y = EDC, 2,5-furandicarboxylate) spanning between the isostructural MOFs less hydrophilic
CAU-10-H (a = 1) and MIL-160 (a = 0), were synthesized by employing
different ratios of the aforementioned linkers. CAU-10-H and MIL-160 have
been reported as highly promising materials for cycling water sorption for
heat transformation applications. A detailed characterization with a focus on
the changes in the sorption properties for water vapor showed that the 0 ‘ : ‘ , ,
hydrophilicity is readily and easily tuned through the mixed-linker approach 0.00 005 o0 pressu?';i /o, 0:20 025
between the limits of MIL-160 and CAU-10-H. An increasing fraction of

IPA shifts the steep increase in the S-shaped water adsorption isotherm in small steps from p/p, = ~0.05 for MIL-160 to p/p, =
~0.18 for CAU-10-H. Higher coefficient of performance (COPy) values for the mixed-linker materials over MIL-160 illustrate
the well-balanced hydrophobicity/hydrophilicity of the former under the exemplary calculation conditions.
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B INTRODUCTION results for each combination in a different three-dimensional
structure of the MOFs, as for example in pillar-layer
MOFs.>>*® An alternative route to synthesize mixed-linker
MOFs is the postsynthetic modification of presynthesized
single-linker MOFs. Burrows and co-workers demonstrated the
possible postsynthetic oxidation of MOFs, derived from sulfur-
functionalized 4,4'-biphenyldicarboxylate ligands. Through
postsynthetic modification with dimethyldioxirane, the prep-
aration of MOFs containing sulfide and sulfone tags was

Metal—organic frameworks (MOFs) are a class of materials
that are potentially porous and crystalline. They consist of
metal ions or metal-oxo clusters connected by bridging organic
ligands (linkers) and have gained attention in the last years due
to their high and designable inner surface.'™ MOFs are
actively investigated toward potential applications in, e.g,
catalysis,”> sensing’ gas separation”® and storage,’ drug
delivery,'® and cycling water adsorption processes for o
adsorption heat pumps'"'* or water ha1'vesting.l3'_17 The possible. ) ) ) o
properties of MOFs are easily tunable by the choice of metal ] Here, we apply t.he starting mixture, albellt of t.wo 51.m11ar
ions'® and linkers. 192 linkers under retention of the MOF structure in an isoreticular
Deng et al. demonstrated that the incorporation of different synthe51§ approach. (Sch.eme 1. Burro.ws called %t “solid-
functionalized linkers in MOFs can lead to enhanced sorption solution” app roach. in which the proportions of the hgands or
properties.”” There are different concepts of mixing linkers or metals can }z’f continuously adjusted, albeit maybe not in every
different metals under the names like mixed-linker MOFs, proportion. ) ) ) )
mixed-metal MOFs, multivariate MOF, and mixed-component In a study of solid-solution mixed-linker MOFs based on

MOFs.2*">" Through the usage of such mixed-linker/metal CAU-10-H, a series of MOFs using isophthalate and

29 functionalized isophthalate linkers (IPA-X, functional groups

combinations, properties like stability,”>*” affinity,”® or

selectivity’’ to different gases have been successfully in S-position) were successfully tuned for their gas sorption
modified.**
Mostly, mixed linker describes the combination of different Received: February 12, 2019
ligands in the starting reaction mixture. Typically, such a ligand Revised:  May 6, 2019
mixture of different sizes, shapes, and coordination features Published: May 8, 2019
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Scheme 1. Schematic Formation of Mixed-Linker MOFs by Adjusting the Linker Proportions
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properties bgf synthesizing MOFs with different mixed-linker
proportions.

The possibility to adjust the hydrophobicity/hydrophilicity
through linker modification was demonstrated by Zhang et
al.*® MAF-4 (ZIF-8, zinc 2-methylimidazolate) can be tuned to
become more hydrophilic by partial or full replacement of the
linker with 3-methyl-1,2,4-triazolate in MAF-7. Replacing a C—
H moiety with an isoelectronic N atom influenced the polarity
of the resulting MOF strongly, where the additional N atom
served as an extra adsorption site for polar molecules.***” This
MAF-4 to -7 variation impressively demonstrated the potential
of material tailoring through partial isoreticular linker
replacement.

Sorption-Based Heat Transformation. This technology
is of interest for adsorption heat pumps (AHPs), including
thermally driven adsorption chillers (TDCs). Solid sorption
systems are a promising method for heat transformation, due
to their low maintenance requirement and the possible use of
nonhazardous refrigerants like water or methanol."***”

The general principle of heat transformation processes is
illustrated in Figure 1. The transformation can be separated
into two different stages: the working cycle and the
regeneration cycle. During the working cycle, a working fluid
(mainly water due to its high evaporation enthalpy and
nontoxicity) is evaporated by taking up Q. (heat of
evaporation), which generates the desired cooling in TDCs.
Heat of adsorption (Q,q,) is released by the uptake of the
working fluid at the adsorbent. The regeneration cycle is
started after sufficient loading of the adsorbent, by applying
Qges (heat of desorption). The condensation of the desorbed
working fluid releases heat of condensation (Q.ynq)-

In AHPs, the released heats of adsorption (Q,q) and
condensation (Q,ynq) are utilized to provide a heating system
at a medium temperature level (~40 °C). Desorption
temperatures below 80 °C are favored since they can be
reached by solar thermal heat and various sources of industrial
waste heat.'"*’

The rising interest for adsorbents with tailored water-
sorption properties in the last years*"** can be shown by the

4052

Sorption material,

- 2

Working fluid
1. Working cycle

Working fluid
2. Regeneration cycle

/ J

Figure 1. In the working cycle, a working fluid (favorably water due to
its high evaporation enthalpy and nontoxicity) is evaporated, taking
up the heat of evaporation Q.,,- During incorporation into a porous
material, the heat of adsorption Q.4 is released. In the regeneration
cycle, driving heat Qg for desorption is applied, and further
condensation takes place at a medium temperature level and releases
condensation heat Q_,,4. The device can be used as a chiller or a heat
pump. The image was taken from ref 40. Reproduced by permission
of The Royal Society of Chemistry.

ongoing research for new materials toward the application in
heat transformation processes. 6

An important performance indicator for porous materials in
heat transformation processes is the uptake capacity of the
working fluid along with the temperature boundaries for
evaporation, desorption, and heat rejection temperature from
the adsorbent and the condenser. The constraints for cooling
applications are evaporation of the working fluid from as low as
possible reservoir temperatures and still showing high uptake
when the adsorbent itself reaches as high as possible
temperatures through Q.4. The latter is more effectively
dissipated to the environment from an as high as possible
temperature level. For regeneration, an as low as possible
desorption temperature together with an as high as possible
condenser temperature level for the dissipation of Qg is
preferable.”” For MOF applications in cycling water sorption,
the uptake range should be adapted to these boundary
constraints of the different temperatures. Changes in boundary
temperatures will change the relative pressures, and it is
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evident that in this regard a range of MOF materials, which are
adaptable to the specific application, will be needed.

Aluminum-based MOFs are promising candidates for
industrial applications due to their nontoxic nature, chemical
or thermal stability, and low-cost educts.**** The MOFs CAU-
10-H"*° and MIL-160*""" have been tested for their
applicability in sorption-based heat transformation systems.
Because of their water uptake together with their working
temperatures, these MOFs were seen as the most promising
MOF materials, outperforming conventional adsorbents like
zeolites or silica gels. Both offer relatively high uptake values
for water vapor (CAU-10-H:> 307 mg/g at 0.26p/p, and 298
K; MIL-160:"* 360 mg/g at 0.50p/p, and 303 K) and exhibit
favorable S-shaped or TUPAC-type V isotherms.*>?7 #3233
The beginning of water uptake depends on the hydrophilicity
of the used adsorbent. MIL-160 is more hydrophilic than
CAU-10-H; hence, water adsorption starts for MIL-160 at p/p,
= 0.05 and for CAU-10-H at p/p, = 0.18.>"

CAU-10-H, of sum formula [AI(OH)(IPA)], and MIL-160,
[Al(OH)(FDC)], exhibit the same topology, based on the
similar V-shaped isophthalate (IPA) and 2,S-furandicarbox-
ylate (FDC) linkers (Scheme 1, Figures S1 and S2, Supporting
Information (SI)). Both MOFs display infinite helical chains
with cis-corner-sharing AlO4 octahedra, in which the shared
corners are OH anions. The remaining oxygen atoms
coordinate with bidentate carboxylate groups of the respective
linker molecules.”>"*

In this work, a series of isoreticular mixed-linker MOFs,
based on isophthalate (IPA) and 2,5-furandicarboxylate
(FDC) were synthesized to cover the hydrophilicity range
between more hydrophilic MIL-160 and less hydrophilic CAU-
10-H.

B RESULTS AND DISCUSSION

Synthesis and Characterization. A total of 10 relevant
mixed-linker compounds [Al(OH)(X),(Y),_.] (X IPA,
isophthalate; Y = FDC, 2,5-furandicarboxylate) with varying
fractions of IPA and FDC and two single-linker MOFs MIL-
160 and CAU-10-H were synthesized. Isophthalic acid and 2,5-
furandicarboxylic acid are inexpensive commercially available
linkers. The known AI-MOFs MIL-160 and CAU-10-H were
chosen as platform materials for mixed-linker experiments
because of their isoreticular nature, easy accessibility, robust
synthesis,SS and promising water-sorption properties. Due to
the in situ mixed-linker synthesis, there is no need for
(post)synthetic modifications to obtain substituted ligands to
change the desired properties. For the applications in cycling
water sorption, the uptake range should be adapted to the
boundary constraints of different temperatures. Therefore, a
systematic change in the sorption properties is of high interest.

The mixed-linker synthesis was started on the side of MIL-
160 using basic aluminum diacetate [Al(OH)(CH;COO),]
and different amounts of H,IPA and H,FDC, which were
dispersed in H,O and refluxed for 24 h (for further details, see
Experimental Section and Supporting Information, Section
S3). Thus, the environmentally beni§n “green” (aqueous)
route reported by Permyakova et al.™* was applied. These
mixed-linker compounds synthesized in water are denoted
MIL-160IF a:b (I = IPA, F = FDC; a = fraction of IPA, b =
fraction of FDC). The values for the MOF-incorporated
fractions of IPA and FDC were confirmed postsynthetically
through solution "H NMR spectroscopy with the MOFs
dissolved in 5% NaOD in D,0 (see '"H NMR spectra in
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Section S11 in SI for details). Based on the integral ratios of
IPA and FDC protons in the 'H NMR spectra, the actual
linker ratios were calculated (see Tables S1 and S2 in the SI).

From the side of CAU-10-H, the mixed-linker synthesis had
to be carried out with the addition of N,N-dimethylformamide
(DMF) to obtain crystalline and porous materials. The ratio of
DMEFE/H,0 was adjusted to the fraction of H,IPA used in the
respective synthesis (for further details, see Experimental
Section and SI, Section S3 and Table S2).°° The DME-
synthesized mixed-linker compounds are denoted CAU-10-H-
IF a:b (a = fraction of IPA, b = fraction of FDC).

In addition, the aqueous and thus green synthesis of mixed-
linker MOFs with a higher IPA fraction was tested.
Compounds with an IPA fraction of up to 0.7 still show
comparable crystallinity and sorption properties. However,
aqueous-synthesized materials with higher IPA fraction show a
decreased crystallinity and sorption properties. CAU-10-H
does not form under purely aqueous reflux conditions (see
Section S10 in the SI for further information).

All mixed-linker compounds were obtained as microcrystal-
line powders. Powder X-ray diffraction (PXRD) patterns of
selected mixed-linker and single-linker MOFs are shown in
Figure 2. CAU-10-H and MIL-160 are isoreticular MOFs,
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Figure 2. PXRD patterns of mixed-linker MOFs with different ratios
of isophthalate (IPA) and 2,S-furandicarboxylate (FDC) and
simulated diffractograms of MIL-160 and CAU-10-H, from cif-files
to CSD-Refcode PIBZOS®” and OQOBUT,*” respectively (see Figure
S3, SI, for an enlarged image).

hence structurally very similar (cf. Figures S1 and S2, SI).
Therefore, there are only minor differences in the diffracto-
grams (see Section S1 in the SI for further explanation).”!

DME-synthesized CAU-10-H compounds tend to possess a
higher IPA fraction, based on the starting ratio, than the
related aqueous-synthesized MIL-160 compounds.

Infrared (IR) spectra of all washed samples were recorded
and are shown in Figure 3 together with spectra of H,IPA and
H,FDC. An increasing fraction of IPA in MIL-160IF leads to
the appearance of characteristic bands for IPA, e.g,, vibrations
at 745 and 723 cm™'. These vibrations are characteristic for
C—H “out-of-plane” deformation vibrations of 1,3-substituted
benzene rings.””*° Simultaneously, the C—H “out-of-plane”
deformation vibration of 2,5-substituted furan decreases at

around 780 cm ™.
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Figure 3. IR spectra (attenuated total reflection (ATR) mode) of
mixed-linker MOFs in the range of 2600—550 cm™'; see Figure S$4 in
the SI for full-range IR spectra from 4000 to S50 cm ™.

Thermogravimetric analysis (TGA) measurements under a
synthetic air atmosphere to a final temperature of 700 °C
showed that most mixed-linker compounds exhibit a three-step
weight loss (Figure 4 and Section S9, SI). In a temperature

100
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Figure 4. Selected thermogravimetric analysis (TGA) curves of MIL-

160IF 62:38, MIL-160IF 51:49, and MIL-160IF 41:59 under a
synthetic air atmosphere and a heating rate of S K/min.

interval from 25 to 200 °C, adsorbed H,O molecules are
removed. The remaining weight losses show the decom-
position of the framework depending on the linker fractions.
The weight loss between 400 and S00 °C represents the
decomposition of the FDC linkers, whereas the final loss from

around 500—600 °C can be assigned to the decomposition of
IPA linkers. Above 600 °C, the framework is decomposed and
the residual mass is Al,O (Section S9, SI, for the results of all
executed TG measurements).

Selected scanning electron microscopy (SEM) images
illustrate that the obtained materials have no characteristic
microcrystal morphology and exhibit a tendency toward
aggregation (Figure S and Section S8, SI). Mixed-linker
MOFs show different particle and aggregate sizes. Micro-
crystallinity can be recognized by the facetted primary
particles.

Sorption Properties. Apparent Brunauer—Emmett—Teller
(BET) surface areas were determined for all synthesized
compounds from N, sorption isotherms at 77 K (Figure 6).
The expected BET surfaces between 1153 and 668 m?/g were
achieved, in line with the literature BET values for MIL-160
(1150 m?/g) and for CAU-10-H (635 m?/g) (Table 1).*>*

Remarkably, however, the surface areas for most mixed-
linker MOFs were even higher than the values for the neat
MOFs MIL-160 and CAU-10-H. In particular, the mixed-
linker BET surface areas and also the pore volumes were
consistently higher than the respective values that were
calculated as the sum of the linker-fraction-weighted surface
areas and pore volumes of the neat MOFs (see columns 3 and
4 for calc. S (BET); columns 6 and 7 for calc. Vi, in Table 1).
For the MIL-160 series, for example, until a fraction of 0.5 IPA,
the surface areas and pore volumes are higher than 1000 m*/g
and 0.40 cm®/g, respectively, corresponding to slightly more
than 100% of the expected porosity. For the CAU-10-H-IF
compounds, the total pore volumes are significantly higher
than expected. This is explained by an increase in the lower
mesopore region with pore diameters above 2.5 nm as
evidenced by the cumulative pore plot for the CAU-10-H-IF
series in Figure 7.

The generally increased nitrogen and water sorption of
mixed-linker samples over the neat MOFs MIL-160 and CAU-
10-H could be explained by the slight mismatch in the linker
geometries of IPA and FDC. Both single-linker MOFs are
isoreticular and consist of cis-corner-sharing AlOg4-octahedra
(Figures S1 and S2 in SI), yet the length of the linkers and
their bending between the carboxylate functions differ. AlO-
octahedra in CAU-10-H are connected at a 120° angle,
whereas the angle in MIL-160 is 129.4°. When both linkers are
incorporated in the same network structure, this mismatch
should lead to framework irregularities. When occurring
periodically, these irregularities may lead even to missing
linkers, leading in turn to an increase in porosity (see below).
Yuan et al. synthesized a series of defective UiO-66 MOFs,

— SEI 20V WDOmm  SS30

x

10,000 1pm

x10,000 Tpm  —

Figure 5. SEM images of MIL-160IF with different ratios of IPA and FDC. (a) CAU-10-H-IF 85:1S, (b) MIL-160IF 51:49, and (c) MIL-160IF
22:78. Magnification in all images is 10 000; the scale bar is 1 ym; see Section S8 in the SI for additional SEM images.
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Figure 6. Left: N, sorption isotherms of CAU-10-H-IF mixed-linker MOFs at 77 K; see Section S6 in the SI for all N, sorption measurements.

Filled symbols:

adsorption; empty symbols: desorption. Right: BET surface and total pore volume vs. the IPA linker fraction.

where the growing number of defects was correlated to the
increasing apparent BET surface areas.”® ™'

Furthermore, H,O sorption isotherms were measured at 293
K to verify the hydrophilicity tuning through incorporation of
two different linkers in one framework. All mixed-linker MIL-
160IF and CAU-10-H-IF compounds show the favorable S-
shaped or TUPAC-type V H,O sorption isotherms” with a
steep uptake in a narrow pressure range (Figure 8).3’7 The
steep part of the S-shaped isotherm is finished at about p/p, =
0.2, with all uptake values surpassing the technically desirable
working capacity of 200 mg/g.’”*> When the total water
uptake is reached (at p/p, = 0.9), the uptake values are all
above 300 mg/g (Table 2). The beginning of water uptake
depends on the fractions of more hydrophilic FDA and less
hydrophilic IPA. Starting from neat MIL-160 (FDA only
linker), a higher IPA content causes a shift to a higher relative
pressure, indicating a less hydrophilic material. Starting from
neat CAU-10-H (IPA only linker), a higher FDA content shifts
the water uptake to lower p/p, values, concomitant to a more
hydrophilic MOF.

Water adsorption in MIL-160 starts at p/p, = 0.05 and
represents the higher hydrophilicity of MIL-160 compared to
CAU-10-H with its onset at p/p, = 0.1S. The water affinity of
the MOF plays a crucial role for the necessary adsorption and
desorption conditions for heat pump and cooling applications.
Weak hydrophilic materials adsorb water at too high relative
pressures (i.e., silica gel), whereas strong hydrophilic materials
need a high desorption and regeneration temperature (i.e.,
zeolites).> %

We also carried out a water vapor sorption experiment of a
physical mixture of MIL-160 and CAU-10-H to verify whether
we have indeed succeeded in the synthesis of a mixed-linker
MOE. The resulting water vapor sorption isotherm of the
physical mixture exhibits a two-step uptake at the relative
pressures of the neat single-linker MOF samples (Figure S7 in
SI), whereas the mixed-linker samples all exhibit a single
uptake step whose relative pressure has been shifted with the
hydrophilicity of the linker ratio.

The temperature boundaries in adsorption heat trans-
formation devices are defined by the heating or cooling
application, the low- and mid-temperature source, the
desorption temperature, the setup of the device, and the
specific application. A typical application is, for instance, a heat
pump setup using an earth probe at 10 °C, a floor heating
system working at 35 °C, and a water-based hydraulic circuit
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delivering desorption temperatures at slightly below 100 °C.
The condensation temperature is set to 40 °C. The vapor
pressures at these temperatures [pg(T)] can be used to
calculate relative pressure for adsorption and desorption at
which the adsorption and desorption process step takes place

_ ps(’l-;vap) _ ps(’I(':ond)

Pl D -
B n),. BT

For the described example, the relative pressure is 0.22 for
adsorption and 0.07 for desorption. The use of ambient air
instead of an earth probe as heat source results in evaporation
temperatures between —10 and 15 °C, and therefore, the
requirements for the adsorbent material change drastically.

Comparing 10, 0, and —10 °C for T, the relative pressure
of adsorption decreases from 0.22 over 0.11 to 0.05 (see
Section S12, SI for details). Therefore, for lower evaporation
temperatures, the usage of more hydrophilic, “tailored”,
adsorbent materials is crucial for optimized working con-
ditions.

In Figure 9, the water uptake values at p/p, = 0.2 (directly
after the steep rise of the S-shaped isotherm) are plotted versus
the micropore volume and show a reasonable linear

PS(Tads) )

correlation. Depending on the literature source, water uptake
may be correlated with the total pore volume (calculated at p/
po = 0.95).°> When plotting the water uptake at p/p, = 0.90
versus the total pore volume at p/p, = 0.90 (Figure S8, SI) it is
evident that there is no suitable correlation between MIL-
160IF and CAU-10-H-IF samples. However, from our
experience, the micropore volume (Table 1) has a more
decisive role in determining the water uptake. Also, the water
uptake and total pore volume at p/p, = 0.90 can already be
influenced by interparticle voids, especially for strongly
aggregated materials (cf. Figure S).

Hence, a plot of the water uptake at p/p, = 0.2 versus the
micropore volume indeed presents a more convincing trend
and verifies that for chemically identical MOFs a higher
micropore volume is followed by a higher water uptake (Figure
9).

The noteworthy significantly higher total water uptake at p/
po = 0.90 versus p/p, = 0.2 for the CAU-10-H-IF compounds
(Figure 10) is explained by the increase of pore volume in the
lower mesopore region with pore diameters above 2.5 nm as
was already discussed above for the total pore volume and
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Figure 7. Cumulative pore volume and pore size distribution for the
CAU-10-H-IF series, illustrating the increased mesoporosity with pore
sizes also above 25 A (2.5 nm) (see Figure S6 for a comparison of
CAU-10-H-IF and MIL-160IF series).

shown by the cumulative pore plot for the CAU-10-H-IF series
in Figure 7.

The isosteric heat of adsorption (Figure 11) was determined
directly from the adsorption isotherms using the Clausius—
Clapeyron equation (see Section S13 in the SI for further
information) for four exemplary solid-solution mixed-linker
samples. For the largest adsorbed amount, the heat of
adsorption (AH,g4) remains constant at around SS kJ/mol.
These values are comparable to those reported for MIL-160
(54 kJ/mol) and CAU-10-H (49 kJ/mol).>*>!

Table 2. Results of Mixed-Linker Synthesis of MIL-160IF
with Different Ratios of IPA and FDC

water vapor uptake (mg/g) at 293 K

compound MIL-160IF a:b

MIL-160 Lit.**
MIL-160
MIL-160IF 11:89
MIL-160IF 22:78
MIL-160IF 32:68
MIL-160IF 42:58
MIL-160IF 51:49
CAU-10-H-TF 53:47
CAU-10-H-TF 63:37
CAU-10-H-IF 74:26
CAU-10-H-TF 85:15
CAU-10-H-IF 96:04
CAU-10-H 246 (0.20p/p,)
CAU-10-H Lit.>%* 307 (0.26p/p,)"

“Measured at 303 K. *Measured at 298 K.

uptake after steep rise total uptake

360 (~0.50p/po)”
359 (0.90p/p,)
368 (0.90p/po)
346 (0.89p/p,)
376 (0.91p/po)
357 (0.89p/po)
352 (0.89p/p,)
395 (0.92p/py)
387 (0.91p/p,)
375 (0.90p/p,)
359 (0.90p/po)
322 (0.91p/p,)
334 (0.90p/po)
~340 (>0.90p/p,)

305 (0.15p/p,)
312 (0.16p/p,)
302 (0.21p/p,)
316 (0.21p/p,)
308 (0.21p/p,)
303 (0.20p/p,)
310 (0.20p/p,)
293 (0.20p/p,)
294 (0.20p/p,)
271 (0.20p/p,)
229 (0.20p/p,)

Volumetric isotherms at three different temperatures of
CAU-10-H-IF 74:26, CAU-10-H-IF 53:47, MIL-160IF 51:49,
and MIL-160IF 32:68 were used to fit a thermodynamic model
as described in the literature.*” Using this model, uptake
capacities were calculated for different boundary temperatures
in the adsorption and desorption stage. Figure 12 shows the
results in the form of a heat map. As can be seen, the variation
of the linker shifts the area of high uptake capacities toward
low relative pressures. During the desorption stage, an as low
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Figure 8. Water vapor adsorption isotherms at 293 K of mixed-linker MIL-160IF (top) and CAU-10-H (bottom). For clarity of the mixed-linker
effect, only the adsorption isotherm parts in the range of 0 < p/p, <0.20, corresponding to ¢~ < In(p/p,) < 2 X 72, are depicted. See Figure S7, SI,
for full water vapor sorption isotherms (including desorption branches).

4057

DOI: 10.1021/acs.chemmater.9b00617
Chem. Mater. 2019, 31, 4051-4062


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00617/suppl_file/cm9b00617_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00617/suppl_file/cm9b00617_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00617/suppl_file/cm9b00617_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b00617

Chemistry of Materials

3501 M|L-160|1F632:68 MIL-160IF 11:89
MIL-160IF 42:58
3004 MIL-160IF 51:49—.a \'
) CAU-10-H-IF 74:26 ¢ o
> CAU-10-H-IF 74:26
£ CAU-10-H-IF 85:15 CAU-10-H-IF 53:47
2 250 MIL-160IF 22:78
f‘g ] CAU-10-He
S CAU-10-H-IF 96:04 o
g
®© 4
= 200
= Uptake at 0.2 p/p,
150 ‘ ‘ ° l‘thake at 0.? p/py
0.0 0.1 0.2 0.3 0.4
Vpore (micro) (cm3/g)

Figure 9. Water uptake vs micropore volume (by the V—t method
with thickness method DeBoer) of all relevant samples.
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uptake value after the steep S-shaped adsorption step (at p/p, = 0.2)
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Figure 11. Isosteric heat of adsorption determined from three
different temperatures (293, 313, and 333 K; MIL-160IF 32:68 only
293 and 313 K). The dotted line with AH,,1; o = 44.2k]/mol

marks the heat of vaporization of water at 293 K.

as possible desorption temperature is demanded in a broad
range of condenser temperatures due to the fact that this
lowers the effort for each cycle and therefore increases the
efficiency of the process (see Section S14 in SI for calculation
details).

The working capacity and coefficient of performance (COP)
of the adsorbents depend strongly on the chosen working
conditions, e.g, desorption temperature and adsorption and
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Figure 12. Heat maps with calculated uptakes in the adsorption stage
(left) and the desorption stage (right side) for (from top to bottom)
CAU-10-H, CAU-10-H-IF 74:26, CAU-10-H-IF 53:47, MIL-160IF
51:49, and MIL-160IF 32:68 and MIL-160.

desorption pressure. To assess the performance of a material, a
COP for the material is often presented in the literature. o465
Figure 12 depicts the exemplarily calculated values for four
mixed-linker samples together with the single-linker MOFs
CAU-10-H and MIL-160. As conditions for a heat pump cycle,
an evaporator temperature of 10 °C, a middle temperature of
40 °C, and different driving temperatures below 95 °C were
chosen (see Section S15 in SI for COP calculation details and
COP(). As reported before, CAU-10-H is more suitable for
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cooling applications than for a heat pump cycle,® whereas
MIL-160(Al) shows an adsorption characteristic very similar,
albeit with a slightly higher uptake, to that of SAPO-34. The
latter is a material being used commercially in heat pumps.”’
The COP values show impressively that materials can be
designed using the solid-solution mixed-linker approach
described here in a way that higher COP values than for
MIL-160 can be obtained even for comparably low driving
temperatures of down to 70 °C. These higher COP values
prove the perfectly well-balanced hydrophobicity/hydrophilic-
ity of the mixed-linker materials by the exemplary calculations
of MIL-160IF 32:68, CAU-10-H-IF 53:47, and MIL-160IF
51:49 and in part also CAU-10-H-IF 74:26 (Figure 13).

1.7
1.6
1.5
T 1.4
D_I
o 1.34
s}
12 MIL-160IF 32:68
—— CAU-10-H-IF 53:47
—— MIL-160IF 51:49
119 —— CAU-10-H-IF 74:26
—— MIL-160(Al)
1.0 CAU-10-H
T T T T T T T
65 70 75 80 85 90 95

Desorption temperature (°C)

Figure 13. Coefficient of performance (COPy;) calculated for a heat
pump with 10 °C evaporator temperature, 40 °C middle temperature,
and different desorption temperatures (see Section S15 in SI for COP
calculation details and COP).

The decrease in hydrophilicity from MIL-160 to CAU-10-H
was tried to reproduce and quantify with exemplary contact
angle (CA) measurements of four mixed-linker and the two
neat MOFs. The CA measurements of slightly compacted
powdered mixed-linker MOFs failed due to the capillary effect
of the macroporous powder sample. The water droplet was
directly soaked into the compacted powder. The MOF probes
were also suspended in water and drop-coated on a heated
aluminum foil. The water evaporated, leaving a thin layer of
MOF patrticles on the surface of the aluminum foil. Again, a
water drop was immediately dispersed over the whole sample
area. Furthermore, we also used a hydraulic IR-KBr press at 5
bar to try to obtain homogeneous and thin MOF pellets with
as smooth as possible surfaces. Here, the water droplet was also
soaked into the sample for a few seconds. See Figures S41 and
S42 in SI for a sequence of images showing the drop dispersion
on the surfaces of MIL-160 and CAU-10-H pellets,
respectively. Therefore, the sample preparation is still far
from optimal. The higher hydrophilicity of MIL-160 (CA =
57°) over CAU-10-H (CA = 75°) is clearly visible comparing
Figures S41 and S42 in SI with the images at t = 0 s. Still, we
note that the determination of the water contact angle depends
strongly on the timing and rapid imaging. Hence, for the
measured mixed-linker MOFs (see Table S10), we mostly
measured larger CAs than for MIL-160, but the high
uncertainty of the measurement does not allow much further
quantitative interpretation.

To the best of our knowledge, mostly, all reported water
contact angles (CA) for MOFs are measured on MOF-
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polymer composites. Especially, MOF@polymer mixed-matrix
membranes with smooth cast polymer surfaces have been
reported so far.*”%®

The multicycle water stability was exemplarily tested for four
mixed-linker samples with three consecutive executed water
vapor sorption experiments at 293 K (see Section S17 in the SI
for details). No change in water uptake capacity was observed
within the experimental error. Thus, the results are indicating a
good cyclability of the used mixed-linker MOFs, in agreement
with the already proven water stability for MIL-160 and CAU-
10-H.**°% For the latter in particular, 10 000 water-sorption
cycles without a loss in uptake capacity had been reported.”®

B CONCLUSIONS

We have presented the easy in situ synthesis of mixed-linker
MOFs under retention of the isoreticular MIL-160 and CAU-
10-H structure. The mixed-linker approach was used to
introduce two linkers of different hydrophilicities/hydro-
phobicities in one framework by systematically varying the
ratios in the performed syntheses. Thereby, we were able to
fine-tune the hydrophilicity of the limiting MOFs MIL-160 and
CAU-10-H. The water uptake region was easily shifted in
between the limits set by these two MOFs.

The solid-solution mixed-linker approach, deﬁned by
Burrows as a variation of two linker proportions,” is an easy
and inexpensive way to fine-tune the properties of isoreticular
MOFs. This approach, when based on inexpensive commer-
cially available ligands, should be highly attractive and easier to
implement in larger-scale technical MOF syntheses than the
use of especially substituted ligands or postsynthetic
modifications. We note that this solid-solution mixed-linker
approach seems to have been applied only twice so far in CAU-
10-H single-MOF modulations with differently substituted IPA
ligands.” To the best of our knowledge, this approach has
been applied here for the first time to modulate the
hydrophilicity between two water-stable MOFs geared toward
heat transformations in water-based adsorption heat pumps
under retention of a steep single-step water uptake and the
high capacities of the neat starting MOFs. COP values show
impressively that solid-solution mixed-linker materials can be
designed to have higher COP values than MIL-160 and for
advantageous low driving temperatures of down to 70 °C.

B EXPERIMENTAL SECTION

Materials and Instrumentation. All chemicals were used as
received by suppliers. For further information about used materials,
see Section S1 in the SL

Powder X-ray diffractograms (PXRD) were obtained at an ambient
temperature on a Bruker D2 Phaser (300 W, 30 kV, 10 mA; Bruker.
Billerica) using Cu Ka radiation (4 = 1.54182 A) between 5° < 20 <
50° with a scanning rate of 0.135° s™'. The diffractograms were
obtained on a flat “low-background sample holder”, in which at low
angle the beam spot is strongly broadened so that only a fraction of
the reflected radiation reaches the detector; hence, the low relative
intensities measured at 26 < 7°. The analyses of the diffractograms
were carried out with the “Match! 3.5.3.109” software.

Nitrogen (purity 99.9990%) physisorption isotherms were
measured on a Nova 4000e or Autosorb-6 from Quantachrome at
77 K. Water vapor sorption isotherms were measured gravimetrically
on a Quantachrome VSTAR vapor sorption analyzer (model number
Vstar4-0000-1000-XS) at 293 K. Before each sorption measurement,
the samples were activated under vacuum (1 X 107> mbar) at 423 K
for 2 h or until a pressure of § X 107> mbar was achieved.

Apparent Brunauer—Emmett—Teller (BET) surface areas were
calculated from the nitrogen physisorption isotherms. We note that
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the microporous MOF surface areas from type I isotherms should be
regarded as “apparent S (BET) values” based on ref 53 where it is
noted that “the BET-area derived from a type I isotherm must not be
treated as a realistic probe accessible surface area” but “represents an
apparent surface area, which may be regarded as a useful adsorbent
fingerprint”. Density functional theory (DFT) calculations for the
pore size distribution curves were done with the native NovaWin
11.03 software using the “N2 at 77 K on carbon, slit pore, non-local
density functional theory (NLDFT) equilibrium” model for nitrogen.
Again, none of the present DFT kernels for “N, on carbon” does
reflect the surface properties of an MOF material. Hence, the
numbers can be used for comparison of similar materials but must not
be taken as exact values for pore sizes or surface areas of MOFs. We
just note that in the absence of MOF-specific kernels the N, on
carbon kernels with different pore types are frequently used to study
the surface properties of MOFs.”

Scanning electron microscopy (SEM) images were taken by a Jeol
JSM-6510LV QSEM advanced electron microscope (Jeol, Akishima,
Japan) with a LaBg cathode at 5—20 keV. The microscope was
equipped with a Bruker Xflash 410 silicon drift detector for energy-
dispersive X-ray spectrometric determinations.

Thermogravimetric analysis (TGA) was carried out on a Netzsch
TG 209 F3 Tarsus (Netzsch, Selb, Germany) under a synthetic air
atmosphere, ramping at S K/min to 700 °C.

Fourier transform infrared spectra were recorded in ATR mode
(Platinum ATR-QL, Diamond) on a Bruker TENSOR 37 IR
spectrometer in the range of 4000—550 cm™.

"H NMR spectra were recorded on Bruker Avance I11-300 and -600
instruments. Mixed-linker compounds were dissolved in $% NaOD
solution in D,0.

Synthesis of Mixed-Linker MIL-160IF. Mixed-linker MIL-160IF
samples were prepared by an optimized synthesis route for MIL-160
reported by Permyakova et al.**

Al(OH)(CH;C00), (1.6 mmol, 0.29 g), different selected
amounts of 2,5-furandicarboxylic acid and isophthalic acid (combined
amount: 1.6 mmol) (see Table S1 for details), and distilled water (10
mL) were added to a round-bottomed flask (25—50 mL). The
mixture was then stirred under reflux for 24 h.

The cooled-down suspension was centrifuged to recover a white
product. The precipitate was dispersed three times in 45 mL of
distilled water and centrifuged afterward. In the final step, the product
was dispersed in 45 mL of distilled water and stirred for at least 16 h
before being centrifuged again. The resulting white solid was dried in
a vacuum oven at 60 °C (ca. 10 mbar) for not less than 24 h.
Obtained yields were between 200 and 285 mg.

Synthesis of Mixed-Linker CAU-10-H-IF. Mixed-linker CAU-
10-H-IF samples were prepared by an optimized synthesis route for
MIL-160 reported by Permyakova et al.** The synthesis route was
adjusted to compounds with a higher IPA ratio by the addition of
proportionate amounts of DMF.

AI(OH)(CH;C00), (1.6 mmol, 0.29 g), different selected
amounts of 2,5-furandicarboxylic acid and isophthalic acid (combined
amount: 1.6 mmol), and varying ratios of distilled water and DMF
(combined volume: 10 mL) (see Table S2 in SI for details),
depending on the amount of isophthalic acid, were added to a round-
bottomed flask (25—50 mL). The mixture was then stirred under
reflux for 24 h. The cooled-down suspension was centrifuged to
recover a white product. The precipitate was dispersed three times in
4S5 mL of distilled water and centrifuged afterward. In the final step,
the product was dispersed in 45 mL of distilled water and stirred for at
least 16 h before being centrifuged again. The resulting white solid
was dried in a vacaum oven at 60 °C (ca. 10 mbar) for not less than
24 h. Obtained yields were between 263 and 313 mg.
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