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/Abstract: Ten mixed-linker metal-organic frameworks
[AI(OH)(m-BDC-X),_,(m-BDC-SO;H),] (H,BDC=1,3-benzenedi-
carboxylic acid; X=H, NO,, OH) exhibiting the CAU-10-type
structure were synthesized. The compounds can be grouped
into three series according to the combination of ligands
employed. The three series of compounds were obtained by
employing different ratios of m-H,BDC-X and m-H,BDC-
SOsLi. The resulting compounds, which are denoted CAU-10-
H/Sx, -N/Sx and -O/Sx, show exceptionally high thermal sta-
bility for sulfonated materials of up to 350°C. Detailed char-
acterization with special focus on polarity and acidity was
performed, and the impact of the additional SO;H groups is

clearly demonstrated by changes in the sorption affinities/
capacities towards several gases and water vapor. In addi-
tion, selected samples were evaluated for proton conductivi-
ty and as catalysts for the gas-phase dehydration of ethanol
to ethylene. While only very low proton conductivities were
observed, a pronounced increase in catalytic activity was
achieved. Although reactions were performed at tempera-
tures of 250 and 300 °C for more than 40 h, no desulfonation
and no loss of crystallinity were observed, and stable etha-
nol conversion resulted. This demonstrates the high stability
of this material.

/

Introduction

Metal-organic frameworks (MOFs) have attracted much atten-
tion in the last few years due to their potential applications in
the fields of gas storage and separation, drug delivery, and cat-
alysis."" MOFs are built up from inorganic building units, for ex-
ample, metal ions or clusters, which are interconnected by or-
ganic linker molecules, forming, in general, three-dimensional
porous structures. This modular assembly allows for tuning of
properties by chemical functionalization of the organic part or
by replacement of the inorganic unit. This approach is called
isoreticular chemistry™” and has previously been applied to sev-
eral well-known framework structures.”’ Recently, another con-
cept to design compounds with desired properties has been
established. In the so-called mixed-linker approach, differently
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functionalized linker molecules are incorporated in one frame-
work to selectively influence the characteristics of a com-
pound.”

For example, Al-MIL-53, [AI(OH)(BDC-X)], is a flexible com-
pound based on (functionalized) 1,4-benzenedicarboxylic acid
[H,BDC(-X)] and chains of trans corner-sharing AlO, octahe-
dra.’*¥ Its flexibility and thermal stability strongly depend on
the nature of the functionalized linker molecule. By using a mix-
ture of H,BDC and H,BDC-NH, it was possible to influence
these properties by means of the ratio of the incorporated
linker molecules.” In another recent study, mixed-linker MOFs
based on the CAU-10, [AI(OH)(m-BDC-X)], structure were syn-
thesized to fine-tune the sorption properties of this com-
pound.”” CAU-10 is built up from helical chains of cis corner-
sharing AlOg octahedra interconnected by isophthalate ions. A
series of isoreticular compounds has been synthesized with
several functionalized isophthalic acids. Depending on the
functional group of the linker molecule, the structure of each
derivative is slightly altered. This results in different uptake ca-
pacities, affinities, and accessibilities of the pores of each com-
pound towards different adsorbates.??

The incorporation of sulfonic acid groups in MOFs is of great
interest. Due to their strongly acidic protons, compounds bear-
ing these groups show potential for catalytic or proton con-
duction applications.”! The sorption properties of such com-
pounds can also be influenced. Recently, it was reported that
the introduction of sulfo groups in the zirconium-based com-
pound UiO-66 led to a strong increase in the sorption selectivi-
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ty for CO, over CH, compared to the unfunctionalized com-
pound.” The synthesis of SO,H-functionalized MOFs is not
always easily accomplished. Only a few examples are known in
which the acid group was directly introduced into the frame-
work by the use of a monosodium sulfoterephthalate organic
linker molecule.®*'® Another way to introduce sulfo groups is
through post-synthetic modification, which was demonstrated
by Chen et al. using Cr-MIL-101, Zr-UiO-66, and Al-MIL-53.%"

We focused our research on aluminum-based MOFs, because
these compounds are known for their high thermal and chemi-
cal stability.?>>'? In addition, the starting materials are inex-
pensive and of low toxicity, which makes them interesting for
industrial usage." The goal of the present study was to com-
bine the properties of AI-MOFs and sulfo-functionalized com-
pounds. Therefore, we chose CAU-10 as the parent structure
and employed isoreticular synthesis using 5-sulfo isophthalic
acid monolithium salt (m-H,BDC-SO,Li). Pure m-H,BDC-SO;Li as
the organic linker does not lead to the CAU-10 analogue;
hence, mixtures of linkers were used. By adopting the synthe-
sis conditions of the already known compounds CAU-10-H,
-NO,, and -OH, we were able to synthesize three series of
mixed-linker compounds with the CAU-10 structure with differ-
ent fractions of sulfonic acids incorporated into the framework:
[AI(OH)(m-BDC-H),_,(m-BDC-SO;H),]-solvent  (y=0.08,  0.15,
0.205, 0.24; CAU-10-H/S1 to CAU-10-H/S4); [AI(OH)(m-BDC-
NO,),_,(m-BDC-SO;H) J-solvent (y=0.065, 0.10, 0.175, 0.215;
CAU-10-N/S1 to CAU-10-N/S4) and [Al(OH)(m-BDC-OH), ,(m-
BDC-SO;H),J-solvent (y=0.08, 0.125; CAU-10-O/S1 and CAU-10-
0/S2); for further details see Experimental Section]. The ob-
tained compounds were characterized by IR and NMR spec-
troscopy, thermal and elemental analysis, powder XRD (PXRD),
and sorption measurements. Selected samples were investigat-
ed with regard to their proton conductivity and catalytic per-
formance in the dehydration of ethanol.

Results and Discussion
PXRD investigations and crystal structure

The structure of the CAU-10 framework is built up from helical
chains of cis corner-sharing AlO; polyhedra.” The three-di-
mensionality of the framework results from the connection of
each helix to four adjacent helices with alternating rotational
orientation through the carboxylate groups of (functionalized)
isophthalate ions (Figure 1). Square-shaped channels with
a maximum diameter of about 7 A are formed. The pores can
be modulated by the use of functionalized linker molecules®?
or in a mixed-linker approach by the use of differently func-
tionalized linker molecules.”

All mixed-linker compounds in this study were obtained as
microcrystalline powders. The SEM image of CAU-10-H/S1 is
shown in Figure 2 (SEM images of CAU-10-H/S2-4 are shown
in Figures S1-S3 of the Supporting Information). For example,
the PXRD patterns of the CAU-10-H/Sx samples are compared
to that of CAU-10-H in Figure 3. The mixed-linker compounds
are also highly crystalline. Compared to the PXRD pattern of
CAU-10-H, only changes in the relative intensities of the reflec-
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Figure 1. Structure of CAU-10. Al atoms are displayed in very light gray, O
atoms in gray, and C atoms in dark grey. The light gray atoms represent pos-
sible functional groups.
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Figure 2. SEM image of CAU-10-H/S1.
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Figure 3. PXRD measurements for the mixed-linker compounds CAU-10-H/Sx
compared to the theoretical and experimental patterns of CAU-10-H.
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tions up to 20° (260) are observed, which become more pro-
nounced with increasing amounts of SO;H groups. This can be
explained by the additional electron density within the pores
due to the incorporated sulfo groups.

The PXRD patterns of CAU-10-N/Sx and CAU-10-O/Sx are
compared with those of CAU-10-NO, and CAU-10-OH in Fig-
ure S4 of the Supporting Information. The mixed-linker com-
pounds are obtained in high crystallinity, and the positions
and relative intensities of all reflections are in good accordance
with those of CAU-10-NO, and CAU-10-OH. The high-resolution
PXRD patterns of all compounds were indexed by using TOPAS
Academics."” The resulting cell parameters were refined by
using the Pawley method,"™ and only slight changes com-
pared to those of the parent structures were observed
(Table 1). The Pawley fits are shown in Figures S5-S14 of the
Supporting Information.

Table 1. Results of the Pawley refinements.

Sample CAU-10-  Space group  a=b [A] clAl Ry [%]
H 14, 21.55(7) 10.38(3) 1.9
H/S1 14, 21.3846(6) 10.7424(5) 5.7
H/S2 14, 21.4262(8) 10.6918(6) 5.2
H/S3 14, 21.4786(6) 10.6635(5 4.4
H/S4 14, 21.4896(5) 10.6277(5) 4.8
NO, P4, 21.4707(3)  103777(2) 3.2
N/S1 P4, 21.532(1) 10.409(1) 4.0
N/S2 P4, 21.539(1) 10.421(1) 3.3
N/S3 P4, 21.525(1) 10.416(1) 3.6
N/S4 P4, 21.514(2) 10.405(2) 3.2
OH P4 21.3072(5) 38.6974(9) 4.8
0/S1 P4 21.325(1) 38.793(2) 4.2
0/S2 P4 21.285(2) 38.792(5) 5.5

Vibrational spectroscopy

IR spectra of all compounds were collected after washing the
samples with water. For example, the spectra of CAU-10-H/Sx,
m-H,BDC-SOsLi, and CAU-10-H are shown in Figure 4. The box
marks the characteristic vibrations of the SO;H groups and it is
clearly visible that, with increasing amount of SO;H groups,
the intensities of the characteristic bands increase.

There are no indications for uncoordinated linker molecules,
since no bands around 1700 cm™' due to free carboxyl groups
are observed. The characteristic stretching modes of the car-
boxylate groups of the mixed-linker compounds are in accord-
ance with those of the single linker compound. The presence
of sulfo groups is verified by the vibrations between 1250 and
1000 cm™' (black box). The asymmetric and symmetric vibra-
tions of the sulfo groups are observed at Vy_s_o=1223 and
1160 cm™', respectively, and at Vs o=1044 cm~". The in-plane
skeletal vibration of the sulfonic acid substituted benzene ring
appears at 7=1080cm ' and the C-S vibration at 7=
629 cm™'. The C—H out-of-plane vibrations for the 1,3-substi-
tuted benzene rings, which are observed at 7=725 and
755 cm™', are marked with stars. For the 1,3,5-substituted ben-
zene ring this vibration appears at #=782 cm™' and is marked
with a plus sign.®®' The IR spectra of CAU-10-N/Sx and CAU-
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Figure 4. IR spectra of CAU-10-H/Sx compared to those of CAU-10-H and m-
H,BDC-SO,Li. The star marks the out-of-plane CH vibration of the 1,3,5-sub-
stituted linker molecules and the plus sign the same vibration for the 1,3-
substituted linker. The box marks the area of the SO;H vibrations.

10-O/Sx are compared to those of the linker molecule and the
respective single-linker compound in Figures S15 and S16 of
the Supporting Information. Again, no unconsumed linker mol-
ecules are observed in the spectra, and the characteristic vibra-
tions for the sulfo groups are present.

Thermal Analysis

To investigate the thermal stability, thermogravimetric (TG)
measurements of all compounds were performed under air.
The results for the CAU-10-H/Sx samples are shown in Figure 5.
All TG curves exhibit a two-step weight loss. The first step up
to around 300°C can be attributed to the removal of incorpo-
rated H,0 and DMF molecules. Around 400 °C the frameworks
start to decompose, and X-ray amorphous Al,O; is formed at
temperatures above 600 °C. The TG measurements of the CAU-
10-N/Sx and -O/Sx samples are shown in Figures S17 and S18
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Figure 5. TG measurements of the CAU-10-H/Sx samples.
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of the Supporting Information. Again, two-step weight losses
were observed. The removal of incorporated solvent molecules
is completed at about 250°C for CAU-10-N/Sx and about
230°C for CAU-10-O/Sx. Above these temperatures the frame-
works slowly start to decompose into X-ray amorphous Al,O;.

Sorption properties

To investigate the influence of the incorporated sulfo groups
in the different functionalized CAU-10 analogues, sorption
measurements with different adsorptives were performed. N,
and H, (up to 1 bar) measurements were carried out at 77 K
and CO, (up to 1 bar), and H,0 vapor measurements at 298 K.

For CAU-10-H/Sx it was only possible to record a N, isotherm
for the compound with the lowest degree of doping due to
very long equilibration times (Supporting Information, Fig-
ure S19). The pore volume is decreased to 0.21 cm®g~" and the
specific surface area to 372 m?g~' compared to CAU-10-H
(Viie=0.25cm?g™", as=635m?g™"). All CAU-10-N/Sx samples
show a type | isotherm characteristic of microporous materials
(Supporting Information, Figure S20). The specific surface area
decreases with increasing amount of sulfo groups incorporated
into the framework. The single-linker compound CAU-10-OH
does not adsorb any nitrogen. However, for the mixed linker
compounds a small uptake is observed (Supporting Informa-
tion, Figure S21). The incorporation of sulfo groups perhaps
leads to a more ordered orientation of the linker molecules
due to interactions of the functional groups, so that the pores
become accessible for nitrogen molecules.

Water-vapor sorption measurements for all mixed-linker
compounds are compared to those of the single-linker parents
in Figure 6. According to Canivet etal.,, three parameters
should be considered to characterize the samples concerning
their hydrophobicity/hydrophilicity."® The capacity c¢ reflects
the accessible pore volume, indicator a=p/p, gives the rela-
tive pressure at which 50% of the capacity is reached, and the
slope of the isotherm at low relative pressures is relevant to
describing the affinity.

In all cases, with increasing amount of incorporated SO;H
groups the a parameter shifts to lower p/p, values and the
slope at low relative pressures increases, which indicates in-
creasing affinity towards water vapor and therefore higher hy-
drophilicity. For CAU-10-H/Sx the capacity decrease is clearly
due to the additional space required by the SO;H groups. For
CAU-10-N/Sx only small changes in the sorption capacity are
observed, since the replacement of a NO, group by an SO;H
group probably only slightly affects the pore volume. The
same can be assumed for the CAU-10-O/Sx samples. The
strong affinity towards water vapor suggests potential applica-
tion of these materials in the field of humidity sensing, and
therefore they are currently under investigation. For the CO,
measurements the same trend was observed. In all cases the
affinity increases with increasing amount of incorporated SO;H
groups (Supporting Information, Figures S22-S24). The capaci-
ties of CAU-10-H/Sx (Supporting Information, Figure S27) and
-N/Sx (Supporting Information, Figure S23) decrease but, inter-
estingly, that of CAU-10-O/Sx (Supporting Information, Fig-
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Figure 6. Water-vapor sorption isotherms of the mixed-linker compounds
compared to those of the single-linker counterparts. Top: CAU-10-H/Sx.
Middle: CAU-10-N/Sx. Bottom: CAU-10-O/Sx.

ure S24) increases. Apparently, the presence of OH and SO;H
groups leads to strong interactions between the linker mole-
cules, which could lead to a polarizing effect of the pore sur-
face that strongly affects the affinity. This behavior has previ-
ously been observed for the mixed-linker compound CAU-10-
NO,/NH,."”

Since hydrogen is a small nonpolar molecule, the polarity of
the introduced sulfo groups does not affect the affinity to-
wards this gas, and only the reduced pore volume influences
the sorption behavior of the materials. Therefore, for all materi-
als a reduced sorption capacity for H, is observed, but no
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Table 2. Results of the sorption measurements.
Sample N, (77 K) H, (77K) CO, (298 K) H,0 (298 K)
CAU-10-  a,[m*’g "W, [em?’g™']  [wt%] [wt %] [em’g™]
H 635/0.25 1.12 10.57 468
H/S1 372/0.21 1.03 10.52 407
H/S2 - 0.95 9.88 357
H/S3 - 0.91 9.44 329
H/S4 - 0.85 8.87 305
NO, 440/0.18 1.01 8.71 2158
N/S1 324/0.15 0.91 8.61 318
N/S2 270/0.13 0.81 8.29 351
N/S3 242/0.12 0.69 7.72 332
N/S4 158/0.09 0.64 7.12 382
OH - 0.79 5.57 390
0O/s1 67/0.04 0.77 6.57 379
0/S2 74/0.05 0.69 8.04 377
[al p/p,=0.5

change in their affinity (Supporting Information, Figures S25-
S27). Trend graphs comparing the affinities and capacities of
all compounds towards H,O vapor and CO, gas as well as the
specific surface areas are shown in Figures S28-S30 of the Sup-
porting Information; Table 2 summarizes the results of the
sorption measurements of all compounds.

Proton conductivity

Due to the presence of SO;H groups the proton conductivity
of selected compounds, that is, CAU-10-H/S1, CAU-10-N/S2,
and CAU-10-O/S2 were determined. Previous conductivity
measurements on Al-MIL-53-OSO;H (degree of sulfation of Al-
MIL-53: 50%) showed high proton conductivities at tempera-
tures up to 333 K, which were on the same order of magnitude
as observed for Nafion."”” The samples in our study contain
smaller amounts of SO;H groups, but roughly the same frac-
tion. All investigated CAU-10 samples exhibited low proton
conductivity (Supporting Information, Figure S31). Only for
CAU-10-O/S2 was it possible to determine proton conductivi-
ties in the whole temperature range. The obtained values were
between 2.74x1077 and 8.61x107°Scm™'. For CAU-10-N/S2,
conductivities ranging from 1.71x10°% to 5.61x1077 Scm™'
were found in the temperature range of 373-413 K. A proton
conductivity of 4.88x 1077 Scm™' at 413 K was determined for
CAU-10-H/S1. Since the amount of SO;H groups is similar in all
three samples, the roles of the H, NO,, and OH groups deter-
mine the proton conductivity. In combination with hydroxyl
groups higher proton conductivities could be determined over
the whole temperature range. Observed values are one order
of magnitude higher, which could be due to the fact that both
functional groups can be protonated and deprotonated and
thus participate in the proton-conducting mechanism. In con-
trast, the amount of SO;H groups in CAU-10-H/S1 and CAU-10-
N/S2 does not lead to a sufficient density of functional groups
for a constant proton-conduction pathway. Only with increas-
ing temperature, and therefore increasing mobility of the func-
tional groups and the protons, can proton conductivity occur.
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Catalytic experiments

The combination of well-defined pore spaces, the presence of
strongly acidic SO;H groups and high thermal stabilities make
the mixed-linker CAU-10 MOFs potentially interesting catalysts.
Selected samples were evaluated as catalysts for the gas-phase
dehydration of ethanol to ethylene (Table 3).

Table 3. Ethanol dehydration over mixed-linker CAU-10 samples.”

Sample CAU-10- Xeion (%] Sca= (%] Scaoca [%] Sca=o [%]
HE! 7 22 70 8
H/S2®! 27 22 76 2
H/S4®! 52 27 71 2
N/S4®! 15 30 69 1
H 56 52 42 6
H/S4" 91 79 20 1

[a] Xgon=ethanol conversion, Sc,_=ethylene selectivity, Sc,oc,=diethyl
ether selectivity, Sc,_o=acetaldehyde selectivity. [b] 250°C; feed rate
6.9 mmolmmol g, h™'; 300 mg catalyst. [c] 300 °C.

The presence of SO;H groups in the mixed-linker CAU-10
materials clearly results in a strong increase in catalyst activity.
The parent CAU-10-H shows only a very modest ethanol con-
version of 7% at 250 °C, mainly due to the presence of weakly
acidic p,-OH groups decorating the inorganic chains, a situation
similar to those in MIL-53(Al) and the aluminum fumarate
A520."81 Under identical reaction conditions, however, CAU-10-
H/S2 and CAU-10-H/S4 achieved ethanol conversions of 27 and
52%, respectively, which indicate that in these materials the
more acidic protons of the SO;H groups dominate as the
Bronsted acidic active sites. Furthermore, a higher degree of
m-H,BDC-SO;H doping correlates with a higher activity. How-
ever, CAU-10-N/S4 only reaches a conversion of 15% (250°C),
in spite of its high SO;H content. It is likely that the relatively
bulky NO, groups restrict diffusion through the one-dimen-
sional pore system and thus result in lower conversions. When
the reaction temperature is increased to 300°C, the reactivity
differences between CAU-10-H and CAU-10-H/S4 become
more pronounced, with ethanol conversions of 56 and 91 %,
respectively.

For this reaction to proceed selectively towards the olefin
product, elevated reaction temperatures and relatively strong
acidic sites are required." Although at 250°C the ethylene se-
lectivity between CAU-10-H and the SO;H-bearing materials
does not differ strongly, this picture changes drastically at
300°C, at which CAU-10-H/S4 achieves an ethylene selectivity
of 79%. In stark contrast, CAU-10-H only achieves a selectivity
to ethylene of 52 %. Notably, both at 250 °C and 300 °C, a signif-
icant amount of acetaldehyde is formed over CAU-10-H. This
dehydrogenation product is typically associated with the pres-
ence of basic sites. For instance, the carboxylate groups of iso-
phthalic acid could act as proton acceptor sites. For the mixed-
linker compounds, acetaldehyde is formed in far lower yield,
which indicates that mainly the Bregnsted acidic SO;H sites
lining the pore interior participate in the dehydration reaction.
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Furthermore, only trace amounts of oligomerization products
were observed (butenes < 0.2%). However, for CAU-10-N/S4 re-
action at 300°C, even for short reaction times, led to strong
browning of the material and appearance of compounds of
higher molecular weight in the gas chromatogram, which indi-
cate that this material promotes undesired condensation and
oligomerization side reactions.

The stability of the mixed-linker CAU-10 samples under the
applied reaction conditions was confirmed by powder XRD
and the observation of stable conversion and selectivity pro-
files with extended reaction times, as is illustrated for CAU-10-
H/S4 in Figure 7 and for CAU-10-H in Figure S32 of the Sup-
porting Information. This was further confirmed by the lack of
desulfonation (Supporting Information, Figure S33) of the used
catalysts. The high thermal stability of the CAU-10-H/Sx materi-
als is in stark contrast to many organic SO;H-containing resins,
which typically suffer from desulfonation starting at 150°C.”*”

250 °C 300 °C
| |

Moegortt?® o |
rf-v""\‘-

100
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Figure 7. Top: Ethanol conversion (black) and selectivities to ethylene (gray)
and diethyl ether (light gray) over CAU-10-H/S4 (feed rate:

6.9 mmol gy, h™'. Bottom: PXRD pattern of CAU-10-H/S4 before (black) and
after reaction (light gray).
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Thus, the mixed-linker MOFs could serve as attractive alterna-
tives to these resins in more demanding applications such as
catalysis at elevated temperatures.

Conclusion

We have presented the synthesis of ten mixed-linker materials
exhibiting the CAU-10 structure. The known compounds CAU-
10-H, -NO,, and -OH were chosen and the mixed-linker ap-
proach was used to introduce SO;H groups in different frac-
tions up to a maximum amount of 24% for CAU-10-H/S4. The
SO;H groups do not affect the high thermal stability of the ma-
terials, but the polarity of these groups strongly influences the
sorption properties. Changes in sorption capacities and affini-
ties towards several gases (N,, H,, CO,) were observed, and
a strong increase in affinity towards water vapor reveals a po-
tential application in the field of humidity sensing, which is
currently under investigation. Due to the strong acidity of the
SO;H groups, selected samples were evaluated for their proton
conductivity and as catalysts for the gas-phase dehydration of
ethanol to ethylene. Whereas only low proton conductivity
was observed, the presence of SO;H groups clearly results in
a strong increase in catalytic activity. Although reactions were
performed at 300°C, stable conversion of ethanol, no loss in
crystallinity, and no desulfonation were observed. This high
thermal stability is in contrast to many SO;H-containing resins,
so these compounds could be an alternative candidate for cat-
alysis at elevated temperatures. In comparison to many other
MOFs, the CAU-10 compounds also exhibit exceptional stability
towards water. The materials neither showed any loss of crys-
tallinity during the water sorption experiments nor under the
severe conditions of the proton conductivity measurements
(up to 140°C under 100% R.H.) and the catalytic reactions (de-
hydration of ethanol at 300°C).

Experimental Section
Materials and methods

All chemicals are commercially available and were used without
further purification. For the synthesis, custom-made steel auto-
claves with Teflon inlets and a volume of 30 mL or glass reactors
with a volume of 100 mL for solvothermal reaction conditions
were used. The initial characterization by means of PXRD methods
was carried out on a STOE-Stadi-P Kombi diffractometer (Cuy,,; radi-
ation) equipped with an xy stage and an image-plate detector. The
data for the indexing and Pawley refinements were collected on
a STOE-Stadi-P diffractometer (Cuy,, radiation) equipped with
a Mythen detector. The software used for Pawley refinements was
TOPAS Academics v4.1."" IR spectra were recorded on a Bruker
ALPHA-FT-IR A220/p-01 spectrometer equipped with an ATR unit.
The TG analyses were carried out with a NETZSCH STA 409 CD ana-
lyzer. The samples were heated in ALO; crucibles at a rate of
4°Cmin~" under a flow of air (25 mLmin~"). The contents of
carbon, hydrogen, nitrogen, and sulfur were determined by ele-
mental chemical analysis on a EuroVector EuroEA Elemental Ana-
lyzer. Atomic absorption spectroscopy (AAS) for analysis of lithium
was carried out using a PerkinElmer AAnalyst 300 spectrometer.
Gas sorption experiments were performed with a BEL JAPAN INC.
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Table 4. Linker ratios used in the synthesis and for the final compounds with the resulting molecular formulas for all compounds.
Sample Ratio used in synthesis Ratio calcd by "H NMR Molecular formula calcd by 'H NMR and TG analysis
CAU-10- m-H,BDC-H m-H,BDC-SO;Li m-BDC-H m-BDC-SO;H
H/S1 0.825 0.125 0.92 0.08 [AI(OH)(m-BDC-H)q4,(m-BDC-SO;H), ogl-3.5 H,0-0.1 DMF
H/S2 0.75 0.25 0.85 0.15 [AI(OH)(m-BDC-H), g5(m-BDC-50;H), 15]-2.5 H,0-0.1 DMF
H/S3 0.625 0.375 0.795 0.205 [AI(OH)(m-BDC-H)q 75(m-BDC-SO3H)q 50512 H,0-0.2 DMF
H/S4 0.5 0.5 0.76 0.24 [AI(OH)(m-BDC-H), ,6(m-BDC-50;H)y 5,1+ 1.5H,0-0.2 DMF
CAU-10- m-H,BDC-NO, m-H,BDC-SO;Li m-BDC-NO, m-BDC-SO;H
N/S1 0.825 0.125 0.935 0.065 [AI(OH)(m-BDC-NO,)q g55(m-BDC-SO3H), 651+2.23H,0
N/S2 0.75 0.25 0.90 0.10 [AI(OH)(m-BDC-NO,), s(m-BDC-SO3H),1-3.08 H,0
N/S3 0.625 0.375 0.825 0.175 [AI(OH)(m-BDC-NO,), g55(m-BDC-SO3H)y 1751-2.97 H,0
N/S4 0.5 0.5 0.785 0.215 [AI(OH)(m-BDC-NO,), 765(m-BDC-SO03H), 151-2.93 H,0
CAU-10- m-H,BDC-OH m-H,BDC-SO;Li m-BDC-OH m-BDC-SO;H
0/51 0.825 0.125 0.92 0.08 [AI(OH)(m-BDC-OH),,(M-BDC-SO3H)q 6g]-4.7 H,0
0/s2 0.75 0.25 0.875 0.125 [AI(OH)(m-BDC-NO,) ;5(m-BDC-SO3H)g 1,51+4.68 H,0

Belsorp,,.x instrument. Measurements with N, and H, were per-
formed at —196 °C, and measurements with CO, and H,O vapor at
25°C. Prior to each measurement all samples were activated at
200°C overnight at 1072 kPa. Solution-state '"H NMR spectroscopy
was performed on a Bruker DRX500/Bruker Advance 200 spectrom-
eter. Prior to the measurements 2-3 mg of each sample was dis-
solved in a mixture of NaOD (5%) and D,O (95%). SEM images of
gold-sputtered samples were collected on a Philips XL30 FEG mi-
croscope. Catalytic investigations were performed on an in-house-
constructed continuous flow reactor (Supporting Information, Fig-
ure S34). For each MOF, the reactor was loaded with a sample con-
taining adsorbed atmospheric water, which was removed prior to
reaction by outgassing the sample overnight at 150 °C under an N,
flow (5 mLmin™"). In each case, the resulting amount of dry materi-
al was 300 mg. An N, flow (10 mLmin™") was saturated with etha-
nol by passing it through a bubbler containing pure ethanol (Fisch-
er), which was kept thermostatically at 40°C. This N, flow was al-
lowed to equilibrate with ethanol for 4 h prior to reaction. The re-
sulting gas mixture was passed over the catalyst bed (feed rate:
6.9 mmol g, h™") at different reaction temperatures (250, 275, and
300°C). By using a gas-sample loop, samples were collected at
30 min intervals (5 s sampling time) and analyzed with an on-line
gas chromatograph (GC Shimadzu 2010 plus chromatograph with
FID detector, GsBP-1 column; 100 m, 250 um inner diameter). Data
handling was performed with the GCsolution Analysis software (v
2.3). The proton conductivity was determined by electrochemical
impedance spectroscopy®” in a two-electrode cell setup with
a Zahner Zennium workstation. Measurements were carried out
between 1 Hz and 1 MHz (100 mV) at temperatures ranging from
333-413 K at 100% relative humidity (R.H.).?? Further details are
presented in the Supporting Information.

Synthesis

The exact amounts of starting materials for the synthesis of all
compounds are listed in Table ST of the Supporting Information.
According to the synthesis conditions of CAU-10-H,”9 the synthe-
ses of the CAU-10-H/Sx samples were carried out in custom-made
steel autoclaves with Teflon inlets and a volume of 30 mL. In a typi-
cal procedure for CAU-10-H/S1, a mixture of a 1M aqueous solu-
tion of AL(S0,);18H,0 (920 uL, 1.38 mmol), m-H,BDC (200.6 mg,
1.21 mmol), m-H,BDC-SO,Li (43.5 mg, 0.172 mmol), 1.15mL of
DMF, and 3.68 mL of H,O was placed in one of these vessels and
the reaction was performed in an oven at 135°C for 12 h with 1 h
heating and cooling ramp. The resulting precipitate was filtered
off, intensively washed with water, and dried in air at room tem-
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perature. The syntheses of the CAU-10-N/Sx and the CAU-10-O/Sx
samples were carried out in 100 mL glass reactors equipped with
a screw cap. In a typical procedure for CAU-10-N/S1, a mixture of
a 2™ aqueous solution of AICl;-6H,0 (3400 uL, 6.8 mmol), m-
H,BDC-NO, (1260 mg, 5.97 mmol), m-H,BDC-SOsLi (214.9 mg,
0.853 mmol), 4.0 mL of DMF, and 12.6 mL of H,0 was placed in
one of the vessels. In a typical procedure for CAU-10-O/S1, a mix-
ture of a 2m aqueous solution of AICI;:6H,0 (2800 pL, 5.6 mmol),
m-H,BDC-OH (874.9 mg, 4.80 mmol), m-H,BDC-SO,Li (173.3 mg,
0.686 mmol), 4.0 mL of DMF, and 13.2 mL of H,0 were used. In
both cases the reaction was performed in an oven at 120°C for
12 h with 2 h heating and cooling ramps. The resulting precipitate
was filtered off, intensively washed with water, and dried in air at
room temperature. IR spectroscopy showed no residues of uncoor-
dinated linker molecules. To determine the fraction of the incorpo-
rated linker molecules and thus to assign the molecular formula,
solution "H NMR measurements were performed (Supporting Infor-
mation, Figure S35-37) on digested samples. On the basis of the
integral ratios of the protons of the different linker molecules, the
actual ratios were calculated (Table 4). The results of the elemental
analysis agree well with the compositions of all compounds deter-
mined from thermogravimetric (TG) and 'H NMR measurements
(Supporting Information, Table S2). The acidic character of the sam-
ples was verified by a simple indicator test. On addition of H,0/
methyl red a color change from yellow to pink was observed, indi-
cating an acidic pH value (Supporting Information, Figure S38). The
exchange of the Li* ions against H* ions at the SO;H groups was
verified by AAS.
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