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Tailoring defects in metal-organic frameworks is important for
enhancing sorption and reaction properties. Defects in UiO-66
have been characterized for the first time by using water adsorp-
tion measurements. We found that the defect-induced hydrophi-
licity, quantitatively expressed by the Henry constant and the satu-
ration water uptake, correlates well with the catalytic performance
in the cyanosilylation of benzaldehyde.

Metal-organic frameworks (MOFs) are a fascinating class of
materials that offer ample opportunities in the research areas
of catalysis, gas adsorption, gas separation and related
fields."™* MOFs are porous materials composed of
interconnecting inorganic and organic moieties,>® which can
be tuned to meet certain requirements.” For instance, by
varying the organic linker, many different structures with
tuneable inner pore volumes, e.g. micro or mesoporosity, can
be obtained.® Initially, MOFs have gained a lot of attention in
the context of gas-storage applications; however, their thermal
and chemical stability have limited possible (industrial) appli-
cations so far.”'® A step forward in this context has been
made with Zr-based MOFs, e.g. UiO-66 and PCN-222,"""
which are stable in most chemical solvents with decomposi-
tion temperatures as high as 400 °C."*

When dealing with crystalline materials, defects and disor-
der are steady companions at temperatures above 0 K. Re-
cently, it has been recognised that defects can be used to al-
ter the properties of MOFs, especially their catalytic activity
and sorption behaviour.">?° For instance, (defective) Zr-
based MOFs have been used as Lewis acid catalysts in various
reactions, including Meerwein reduction,*’ esterification,**
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hydrogenation of aromatic compounds,” epoxide ring-
opening reaction and others.” Despite the large interest of
the community in this field, there is a current debate on what
is the most effective set of experiments to determine the na-
ture of defects, e.g. concentration, type of defects and their
chemistry.

Our work follows on from the important findings of
Vermoortele** and Wu,>* who used different modulators, e.g.
acetic acid (AA) and trifluoroacetic acid (TFA) for the incorpo-
ration of defects in UiO-66. Here, we use varying amounts of
AA and TFA as modulators to prepare UiO-66 samples with
an increasing amount of defects.>"**** Subsequently, water
sorption measurements were performed to elucidate the
chemistry of the incorporated defects, in particular their hy-
drophilicity which can be directly linked to their Lewis acid-
ity. Additionally, we use the cyanosilylation of benzaldehyde
as a catalytic test reaction to probe the Lewis acidity of the
defects in UiO-66 directly.”®*>” Synthetically, 16, 33, 67 and
100 equivalents of AA with respect of zirconia were used to
prepare defective UiO-66 and samples are denoted as 16AA,
33AA, 67AA, 100AA, respectively. For TFA as a modulator, 1
and 10 equivalents were used and the samples are denoted
as 1TFA and 10TFA (for the proposed sum formulas see Table
S271). Unmodulated UiO-66 (UiO-66 ref) was also synthesized
as a reference sample, following a modified procedure
reported by Shearer et al.>® The details of the synthesis condi-
tions can be found in the ESL}

After synthesis, the phase purity of all the samples was
confirmed using powder X-ray diffraction (see ESIf Fig.
$1).">?% Additionally, we like to note that no intensity in the
low theta region (2-660°) was observed which would indicate
the presence of correlated defects in UiO-66 as observed by
Goodwin and co-workers.”® Moreover, thermogravimetric
analysis (TGA) was performed for all samples, and the results
were compared to that of UiO-66 ref to investigate the effect
of the incorporated amount of the modulator and the ther-
mal stability (see ESIf Fig. S3). For samples with AA as the
modulator, a typical weight loss at approximately 300 °C is

CrystEngComm, 2017, 19, 4137-4141 | 4137


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ce00224f&domain=pdf&date_stamp=2017-07-19
https://doi.org/10.1039/c7ce00224f
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE019029

Published on 23 February 2017. Downloaded by Technical University of Munich on 5/22/2019 3:51:29 PM.

Communication

observed which corresponds to the dehydroxylation of Zr
clusters. At approximately 500 °C, a second weight loss is ob-
served, which was previously assigned to linker decomposi-
tion in pure Ui0-66.>* In contrast to that, the defective UiO-
66 samples prepared with TFA as the modulator exhibit a
multistep curve in the TGA. The first weight loss at 320 °C
was ascribed earlier to TFA anions directly adsorbed on the
coordinatively unsaturated sites (CUS) of the zirconium clus-
ter as well as the dehydroxylation of the Zr cluster.>’ The first
step qualitatively correlates with the amount TFA used in the
synthesis. The thermal stability of these samples is approxi-
mately 50 °C lower, as compared to the reference. N,
physisorption measurements were also performed (see Fig.
S2 in the ESIt), showing type I isotherms, which is typical for
microporous MOFs such as UiO-66. Importantly, the porosity
of the samples significantly increases with increasing amount
of the modulator (see Table 1). This is in strong agreement
with previous results, where the increased porosity has been
ascribed to an increasing amount of defects incorporated in
the UiO-66 framework.'>?**%?73* For materials prepared with
increasing quantities of the AA modulator, several trends can
be observed as shown in Table 1 and graphically in the ESIf
(Fig. S4-S6). When TFA is used, the nitrogen isotherm data
shows that the addition of either small or large amounts of
modulator (1 and 10 mol equivalent) leads to an increase of
the BET surface area and pore volume. This suggests that
TFA creates more defective samples than AA (Fig. 1).

In order to access the chemistry of the defects, in particu-
lar their hydrophilicity, water adsorption measurements were
performed on all the samples in this study. The water adsorp-
tion capacity can be determined as the water uptake at partial
pressure close to the bulk saturation vapor pressure, p/p°; ~
1, while the Henry constant, Ky, is a quantitative indicator of
hydrophilicity. Ky corresponds to the slope of the water ad-
sorption isotherm at very low coverage (see ESIf Fig. $7).%°
However, this approach is valid assuming an ideal adsorption
system. For a more realistic adsorption system (non-ideal
gas), an extrapolation of the virial plot of In(n/p) versus n can
be adopted to obtain Ky, where 7 is the mol of adsorbed mol-
ecules and p is pressure at low coverage (see ESI{ Fig. S8).*
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Fig. 1 lllustration of the catalytic cyanosilylation of benzaldehyde on a
Lewis acidic missing-linker defect in UIO-66. Green polyhedra: clusters
with missing linker defects; light blue polyhedra: ideal Zrg clusters.

The water adsorption isotherms of the UiO-66 ref and the
AA modulated UiO-66 are presented in Fig. 2a. The parame-
ters calculated from these isotherms obtained at 298 K are
tabulated in Table 1. It is worth nothing that the Gurvitch
rule® is satisfied as the pore volume obtained with nitrogen
at 77 K is comparable with that obtained with water at 298 K.
However, slightly lower values of the pore volume are system-
atically obtained by water sorption which may be explained
by the presence of hydrophobic domains within the pores
that may repel H,O molecules, thus avoiding complete pore-
filling.*® The very low pressure region of the isotherms
(Fig. 2a and b) were used to determine the Henry's constant.
Interestingly, as can be seen from Table 1, this constant in-
creases with increasing amount of AA. This suggests that AA
makes a more hydrophilic surface, because of the missing
linker defects which allow the metal site to be more accessi-
ble. Furthermore, simulated water sorption isotherms of UiO-
66 with missing linker defects indicate an increased hydro-
philicity, which is in agreement with our experimental
work.”® Interestingly, two steps are observed in the second

Table 1 Summary of N, and water adsorption on UiO-66 ref and modulated UiO-66

N, at 77 K H,0 at 298 K
Modulator  BET PSD Pore volume®  Pore volume” Shape of water ads  Henry constant®  Max water ads
Sample (eq.) (m*>g™)  (nm) (em® g™ (em® g™ isotherm (mol™ g Pa™!) capacity (cm® g™)
UiO-66 ref 0 1068 1.16 0.37 0.35 2 steps 2.04 x107° 495
16AA 16AA 1131 1.2 0.38 0.37 1 step 1.52x107° 519
33AA 33AA 1191 1.2 0.41 0.40 1 step 2.49 x 107° 556
67AA 67AA 1314 1.2 0.47 0.44 1 step 2.27 x107* 603
100AA 100AA 1334 1.2 0.50 0.48 1 step 7.58 x107* 650
1TFA 1TFA 1100 1.2 & 1.5 0.40 0.39 2 steps 3.52x 1074 528
10TFA 10 TFA 1567 1.2 & 1.5 0.59 0.55 2 steps 712 x107* 740

“ Pore volume determined with N, adsorption. ” Pore volume determined with water adsorption, PSD = pore size distribution. © A Henry
constant value in the order of 10”7 corresponds to very hydrophobic materials, while values in the order of 10~ correspond to very hydrophilic
materials. For further information please see ref. 30 where other Henry constant values for different types of MOFs are reported.
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Fig. 2 (a) Water sorption isotherms of UiO-66 ref and AA modulated
UiO-66, and (b) water sorption isotherms of UiO66 ref and TFA-
modulated UiO-66.

part of the water adsorption isotherm (range of partial pres-
sure 0.25 to 0.4) for UiO-66 ref. This finding is in agreement
with the work of Canivet et al.; however, other studies did not
observe a similar feature.>®*>233738% Nevertheless, the obser-
vation of this step-like behaviour seems to be highly depen-
dent on the number of data points obtained during water ad-
sorption measurement in the appropriate range of p/p°® = 0.2-
0.4. In earlier works, this behaviour was linked to the dual
pore size distribution in UiO-66, and thus is characteristic of
the pore filling of the tetrahedral (0.7-0.8 nm, first step) and
octahedral (1.1-1.2 nm, second step) cavities respectively.*® In
our UiO-66 ref sample, two pore size distributions (PSD) are
confirmed by water adsorption but not by N, adsorption mea-
surements due to the insufficient data points at the very low
p/p° region. Nevertheless, the addition of AA leads to the dis-
appearance of the first step, suggesting that AA preferentially
attacks the smaller pores and enlarges them. Thus, a
narrower pore size distribution with only a PSD comparable
to that of the octahedral pores can be found for the modu-
lated samples. Furthermore, in the last part of the water sorp-
tion isotherm (above p/p°® = 0.8), the maximum water uptake
can be observed, and thus the total pore volume can be calcu-
lated. These values also increase as the modulator concentra-
tion is increased (Table 1). This can be explained by the addi-
tional pore space generated by the defects.*”

This journal is © The Royal Society of Chemistry 2017
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Similar to AA, in the TFA case, the Gurvitch rule®® is veri-
fied with the pore volume obtained with water at 298 K com-
parable to the one obtained with nitrogen at 77 K. Similarly,
the Henry's constants were evaluated for the TFA samples,
and we found that the TFA samples are more hydrophilic
than the UiO-66 ref and the AA modulated samples. Interest-
ingly, the shapes of the isotherms are more complex for the
TFA-modulated samples. Indeed, in the range of p/p°® 0.3-0.5
for both TFA samples, two steps can be clearly observed. This
behaviour seems to be more prominent than in the UiO-66
ref sample. This may indicate that TFA does not seem to at-
tack preferentially the smaller pores but rather enlarges both
cavities. Another interesting observation from the water ad-
sorption experiment on the TFA modulated UiO-66 is the on-
set of a third step around p/p°® ~ 0.8. Since we did not ob-
serve this step in UiO-66 ref and in the AA modulated UiO-66,
we can propose two interpretations of this effect. (i) This step
is related to the creation of a third pore size distribution that
results from the merging of some of the two other micro-
pores, or (ii) this is linked to the outer surface or interparticle
condensation.*® To propose a possible mechanism, it is
worth noting that the weakest point in the UiO-66 structure
is the bond between the benzene rings and the terminal car-
boxyl group in the BDC linker."” In the case of the AA modu-
lator, the BDC linker is replaced by AA, whereas in the case
of TFA modulated UiO-66, the replacement of BDC by TFA is
followed by the removal of TFA upon activation.>' This may
create larger cavities and more hydrophilic unsaturated zirco-
nium metal sites. A more detailed comparison of the water
isotherms of UiO-66 ref, AA-modulated UiO-66, and TFA-
modulated UiO-66 is given in Fig. S7 (see the ESI{). Another
possible explanation for the water adsorption isotherm
depicted in Fig. S7f is it might be due to the nature of the
zirconium metal site that could undergo reversible structural
rearrangement upon activation and introduction of water va-
por."”?* In the case of UiO-66 ref, it is known that the as-
synthesized UiO-66 can readily contain some missing
linkers,>**° and the zirconium metal cluster might exist in
the hydroxylated (VIII) and dehydroxylated (VII) forms, proba-
bly due to the incomplete activation process. This coexistence
could lead to the reversible structural rearrangement upon
water adsorption and the readily available missing linkers
were terminated by water molecules during water adsorption
processes. This termination process, thus, could induce a
step in the isotherm. In the case of AA-modulated UiO-66,
there is no step observed in the middle range of the partial
pressure of water adsorption. This might be linked to the ad-
dition of AA that does not only replace some of the BDC
linkers but also terminate the readily available missing
linkers. Therefore, there is no water-induced missing linker
termination during water adsorption and in turn, no step is
observed in the isotherm. In the case of TFA-modulated UiO-
66, the replacement of some BDC linkers by TFA is followed
by the removal of TFA upon activation.”" This creates a bigger
cavity and the zirconium metal sites are more exposed to wa-
ter. In this case, structural rearrangement is more likely to

CrysttngComm, 2017, 19, 4137-4141 | 4139
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Scheme 1 Cyanosilylation of benzaldehyde with trimethylsilylcyanide
(TMSCN) in CH)Cl, (DCM) to give the corresponding cyanohydrin
under the Lewis-acidic Zr-MOF.
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Fig. 3 Time-yield plot of the cyanohydrin produced by the
cyanosilylation of benzaldehyde with trimethylsilylcyanide (TMSCN)
catalyzed over 10TFA (blue), 1TFA (green) and UiO66 ref (black)
samples in comparison with the blank sample (black, open), in which
no catalyst was used.

happen and water-induced missing linker termination is re-
quired to maintain the charge balance in the defective struc-
ture. Therefore, the step in the water adsorption isotherm is
more pronounced, representing combination effects between
the presence of two pore sizes (as evidenced from the nitro-
gen adsorption measurement) and the reversible structural
changes upon defect termination by water molecules.

Lastly, in order to check if the created defects produce a
material with more Lewis acid sites, we chose the cyano-
silylation of benzaldehyde as a test reaction, which requires
the presence of such Lewis acid sites (Scheme 1).

In accordance with our expectation, the defect engineered
TFA-modulated samples reveal a significantly higher catalytic
activity when compared to their “ideal” UiO-66 counterpart,
which is considered as defect-free. Notably, a slight induction
period is observed at the beginning of the reaction, which
can be attributed to the reversible formation of a benzoin-
condensation product (Fig. 3).

Moreover, the catalytic activity nicely correlates with the
degree of TFA modulation, whereby the created defects and
the lowered coordination number of the Zr clusters cause an
improvement in the reaction rate. However, it is unclear if
the drastic impact on the catalytic activity is only caused by
the defect sites and/or by the increased surface area of the
TFA-modulated samples which should also help to overcome
diffusion limitations. Most likely, both phenomena contrib-
ute to the boost in the catalytic performance. Furthermore,
all the tested catalysts show excellent stability to the applied
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reaction conditions and could be recycled for at least two
consecutive catalytic runs, which is confirmed by PXRD (Fig.
S9 and Table S1 in the ESIf). In order to investigate the
heterogeneity of the underlying reaction, a hot-filtration test
was conducted which revealed that the reaction was cancelled
after the catalyst was separated from the reaction solution
(Fig. S10 ESIY).

Conclusions

Herein, we report water adsorption measurements as a key
tool to study the generated defects in AA and TFA modulated
UiO-66 samples. We found that increasing the amount of the
modulator causes an increase in the surface area (BET), total
water uptake and hydrophilicity, especially in the TFA modu-
lated samples with respect to unmodulated UiO-66 sample.
By this modulation approach, it is possible to increase the
hydrophilicity, which is reflected by the Henry constant, of
UiO-66 by one order of magnitude. Furthermore, we want to
highlight that it is possible to link the hydrophilicity and the
catalytic activity. Therefore, we chose the cyanosilylation of
benzaldehyde as a test reaction, which exploited the Lewis
acid sites generated by missing linker defects. Hereby, we
found that increasing the amount of TFA has a beneficial ef-
fect on the catalytic activity. In conclusion, we would like to
introduce water adsorption measurement as a complemen-
tary characterization method in order to access the chemistry
of defects. Compared to other techniques, it offers a direct
way to measure the hydrophilicity, which can be used to pre-
dict the catalytic properties for Lewis acid-based reactions.
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