This is the accepted manuscript of the article that appeared in final form in Microporous and Mesoporous Materials 284 : 128-132
(2019), which has been published in final form at https://doi.org/10.1016/j.micromes0.2019.04.008. © 2019 Elsevier under CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

A straightforward route to obtain zirconium based

metal-organic gels

Janire Santos-Lorenz§ Rubén San José-Velddp Jonathan AIbY Garikoitz

Beobidé, Pedro CastafipOscar Castillt, Antonio Luqué and Sonia Pérez-Yaffes

®Departamento de Quimica Inorganica, Facultad de Ciencia y Tecnologia, Universidad del Pais

Vasco/Euskal Herriko Unibertsitatea, UPV/EHU, Apartado 644, E-48080 Bilbao, Spain.

®Departamento de Ingenierias Quimica y Biomolecular, Universidad de Cantabria, E-39005

Santander, Spain.

‘Departamento de Ingenieria Quimica, Facultad de Ciencia y Tecnologia, Universidad del Pais

Vasco/Euskal Herriko Unibertsitatea, UPV/EHU, Apartado 644, E-48080 Bilbao, Spain.

dDepartamento de Quimica Inorgénica, Facultad de Farmacia, Universidad del Pais

Vasco/Euskal Herriko Unibertsitatea, UPV/EHU, E-01006 Vitoria-Gasteiz, Spain.

tThese authors contributed equally.
*Corresponding authors. E-mail addresses: oscar.castillo@ehu.eus (O. Castillo),

sonia.perez@ehu.eus (S. Pérez-Yarfiez)

Keywords: zirconium, metal-organic gel, G@lectroreduction, porosity, green chemistry



ABSTRACT:

Zirconium based metal-organic gels are obtaineoutjin a rapid method at room temperature,
employing green solvents, in which the role of wateimportant. These porous materials,
decorated with Brgnsted acid sites, show outstgnidiarmal and chemical stability prompting

them as stable catalyst in the continuous eleattation of CQ.



1. Introduction

Metal-organic frameworks (MOFs) are nowadays onthefmost relevant research fields in
materials science [1]. These highly ordered crijstalporous materials owe their relevance
mainly to their high surface areas, tunable porgsiatriguing functionalities. Moreover, when
compared to traditional porous solid materials. @eolites and activated carbons) MOFs have
demonstrated to fulfill several applications [2]owkver, their industrial applicability is
sometimes hampered by their poor shaping and pab#isy together with their usual poor
stability [3]. The reversible nature of coordinatibonds affords peculiarities to this kind of
compounds not achievable for other materials, lamt @so be regarded as one of the major
drawbacks for their industrial application in saleareas [4]. In order to surpass the
disadvantage of the instability, some years agdaded MOFs appeared as promising
materials. Lot of efforts have been devoted toptagress of this type of materials since their
outstanding stability, together with the alreadievant properties of MOFs, make Zr-based
compounds a keystone in the area of porous matefidl Once the problem of the poor
stability seems to be overcome, materials withdbsired shapes are required. As MOFs are
generally obtained as microcrystalline powders,oatgynthetic procedure is employed to
achieve the aforementioned requisite. In this vilag,shaping of the material is performed with
the necessity of employing binders or additivesclwheads to a reduced adsorption capacity of
the material [6]. Keeping in mind this aspect, ligteéhere has emerged a class of materials
called MOGs (metal-organic gels) in which shapimgwbacks of MOFs are far exceeded [7].
Therefore, the combination of Zr-based compounds wie suitable gelation process could
shed light on the industrial implementation of thype of materials. Up to date a few works
dealing with MOGs have been published [8-10], idolg a work with some archetypical
zirconium based MOFs that led to metal-organic d&l§. However, most of the MOGs
previously reported are obtained through an enieadlt demanding route (i.e. employing
heating procedures) and with environmentally ursnable solvents such as N,N-

dimethylformamide, N,N-dimethylacetamide or hydroctt acid. Moreover, during the last



years the development of nanocomposites via gremogwls affords a promising alternative to
porous/mesoporous catalyst supports [12-15].

Herein, we explore some zirconium based systemis thi¢ aim of offering a simple and
rapid method to obtain gels. Conventional dryingcedures lead to a notorious shrinkage of
the original gel to provide the corresponding xetpdn which a remarkable decrease of
porosity takes place, rendering usually a non-porotaterial. However, when they are
subjected to a supercritical drying process, tiseilteag aerogels retain their original porous
architecture. Due to their morphological and chemifeatures, these materials have been
evaluated as electrodes in the electrocatalyticatash of CQ, a challenging issue of our

society in concordance with the achievement ofrearaneutral energy cycle [16].
2. Experimental
2.1. Samples

For our purpose, we focused on UiO-66 [17], MOF{88]1 and MOF-808[18] metal-
organic frameworks, all of which share the octahk#rg(1s-O)4(1is-OH),]*** building unit that
is 12-fold connected (through terephthalate andafate ligands in UiO-66 and MOF-801,
respectively) or 6-fold linked (through trimesate MOF-808) to adjacent octahedra. The
resulting three-dimensional frameworks are wellknofor their very high surface area and
unprecedented stability [19-20]. Table 1 gathees shmple coding, and formulae of the gels
herein obtained upon the optimum conditions, wttike synthesis procedure for each sample is

described in the Supplementary data.

Tablel

3. Results and discussion

In a general procedure, ZiG$ dissolved in a mixture of solvent®l. Afterwards, the metal

source is added to the solution containing thewaflix ligand. Then, the resulting solution is
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left unaltered, and the outcome is inspected bynsmes tube inversion test to determine
whether the gel is formed or not. As each metaknig system requires its own gelation
conditions, in order to set the optimum paramet@esscrutinized several synthetic parameters
such as solvent, metal salt, reagent ratio, adddialer, concentration, and temperature (see S1
and S2 sections in the Supplementary data). Sqlwexter ratio and addition order were found
to be the most crucial aspects. Precisely, onlyharail and DMF provided stiff gels, but as
long as the water is within a specific ratio ranger instance, in Zr-MOG-1 when,8:Zr ratio

is comprised between 3.4 and 13.4, the gel is fdrime.-2 minutes (Fig. 1a). Somewhat higher
H,O:Zr ratios (up to 35) lengthen monotonically thed tbrmation time (40 minutes). Out of
these limits the time required by the gelation uibtreases.

It must be noted that the formation of the coortiampolymer nodes (i.e. polyoxometalate
type cluster) requires water in the reaction mefi@that, the addition of a quasi-stoichiometric
amount of water provides oxide and hydroxide bridgauired for the formation of the cluster,
without being so high as to promote further polyzegion into more extended insoluble
polymeric species. Then, the addition of the palgoaylic acid promotes the polymerization
reaction by cross-linking the zirconium nodes. Towering of the pH by addition of HCI
impedes the gelation, since it hinders the depadion and coordination of the ligand. On the
contrary, the addition of base boosts the readtianmuch and particulate gels are obtained
(Fig. 1b). With regard to the influence of the dauah order, if Zr(IV) source and the
polycarboxylic acid are mixed prior to the additioh water, the direct coordination of the
carboxylic ligand to the Zr(IV) centers saturatisscoordination sphere precluding the inclusion

of oxides and hydroxide anions in a later stage.

Figurel

To get deeper insight into the role of water weiedrout ESI-MS (electrospray ionization-

mass spectrometry) measurements on the reagenirenpatior to the addition of the carboxylic



acid (see S3 section of the Supplementary datd)MaSs spectroscopy studies performed over
a 0.332 M ZrC} methanolic solution adding a small amount of watév: 2%) and without
adding it, indicate that significant changes takace (Fig. 2, Fig. S.2 and Fig. S.3). In the
methanol solution, halozirconates and mixed zineommethoxide/chlorides are predominant,
while when adding water mainly water-coordinatedcéps are observed and the Zr:Cl ratio is
highly reduced. It is also worth mentioning thabnghe addition of water a bunch of signals
appears with a 0.5 periodicity (indicative of a cBarge) at m/z values around 500-575,
probably due to the presence of polynuclear spdudsed on oxide and hydroxide bridges.
Upon the addition of the carboxylic acid, the afbemtioned zirconium complexes evolve to
[Zr6(ps-O)a(ns-OH)s) *** type cluster as corroborated by the FTIR and Xp&tsa of the final
products (see S4 and S5 sections of the Suppleryetidsa). The shape and position of the
zirconium 3d peaks (3d and 3d,,) resemble the data available in the literature rédated
MOFs (MOF-808, UiO-66 and MOF-801) [21-23], featlit@l of them by the hexanuclear Zr

cluster.

Figure2

With the aim of providing deeper insight into thature of the metal-organic gels, we
performed powder X-ray diffraction (PXRD) measuramseupon the samples, in order to tie
together Zr-MOG-1, Zr-MOG-2 and Zr-MOG-3 with the&lated MOFs (MOF-808, UiO-66
and MOF-801, respectively). In this sense, PXRDepas of the samples (Fig. S.9) revealed a
broad signal betweerf2 6-10° (d = 14.7-8.8 A) which indicates a kindooflering which can
be related to the contribution of the most interekections of each of the corresponding related
MOFs within the measureddZange. For instance, the diffraction patterns §agd-66 show
peaks at@7.4° (d = 11.9 A) and 8.6° (d = 10.2 A) corresgagdo (111) and (200) reflections,
respectively, while in the isoreticular MOF-801 sbeeflections appear af 8.6° (d = 10.2 A)

and 9.9° (d = 8.9 A) [17-18]. The main reflectidos MOF-808, (220) and (311), emerge &t 2



7.1° (d = 12.4 A) and 8.4° (d = 10.5 A), respedtija8]. All these reflections can be related to
the interplanar distances between zirconium clusteays set by the bridging ligand. In this
regard, the terephthalate ligand imposes the gredltgster- - - cluster distance (UiO-66: 14.7 A),
and therefore, it sets the greatest interplandamiges between cluster arrays. Accordingly, its
diffraction maximum appears at loweé 2alues in comparison with those implying shorter
bridging distances (Zr-MOG-3: 12.6 A and Zr-MOG-12.4 A). Several post-synthetic
solvothermal treatments were performed with the afmmproving the crystallinity of the
material, although none of them worked.

Supercritical drying of the gels led to highly poso translucent monoliths which
microstructural features were studied by physisorption at 77 K and scanning electron
microscopy (SEM). The Nisotherms of the aerogels feature an IUPAC typésdtherm
characteristic of macroporous materials with a rpesaus contribution as indicated by the
hysteretic desorption isotherm (Fig. S.12) [24]btgacted porosity data is gathered in Table
S.5. The compounds show moderate specific surfeeasa219, 377 and 52°ng*, for Zr-
MOG-1, -2 and -3, respectively). The total porewnés follow the same trend (1.14, 5.00 and
0.32 cm ¢, respectively) and, interestingly, the values BMEOG-1 and -2 are relatively high
when compared to MOFs holding the highest poremeki(1.14—4.40 chyg?) [25]. Note that
the porosity of these MOGs is mainly attributedtheir microstructural features which is in
concordance with the aforementioned lack of criistgt of the coordination polymers and the
small size of the particles (15—-30 nm) that cousditthe porous monoliths observed in SEM

images (Fig. 3 and Fig. S.11).

Figure3

According to the thermogravimetric data, all sarapleshow an initial mass loss
corresponding to physisorbed solvent and humidiftgr which the coordination framework of

Zr-MOG-1 and Zr-MOG-2 remains stable upct 400°C (Fig. S.6 and Fig. S.7). This value is



in concordance with the foreseen thermal stahilitgirconium-based MOFs [5,26]. The earlier
decomposition of Zr-MOG-3ca. 320°C) is related to the lower stability of the non+aaiic
fumarate ligand (Fig. S.8). In addition to theietimal stability, the chemical stability of the
metal-organic gels was evaluated (see section $1ledSupplementary data). The gels were
subjected to chemical inertness tests based admthersion of a slice of gel for 24 h in a series
of the most usual chemical scenes. AccordinglyM®O&Gs remain stable upon the exposure to
common organic solvents such as acetonitrile, ofdom and N,N-dimethylformamide, as well
as to aqueous solution of different acidity. Zr-MQGvas the chemically most resistant gel,
remaining unshakeable in a wide range of pH va(fresn 1 to 12), and even in concentrated
HNO; (69%). Only very basic conditions were able tcalirthe gels up which is in concordance
with the previously described behaviour of Zr-MOifs alkaline media [5]. Furthermore,
inspired by the stiffness of previously reportedsgend aerogels, we accomplished uniaxial
guasistatic compression tests upon herein prepaeeogels (Figure S.18). In this case, the
compression-strain curves indicate that these akyogehave as brittle materials holding
relatively low strain values (stress: 2.3?105.8-1¢ MPa; strain: below 20%) comparable to
other metal-organic aerogels.[8] No correlation Heeen found between the mechanical
behaviour and the thermogravimetric results.

Zirconium MOFs are known by exhibiting differenpgs of Brgnsted acid sites [27]. Thus,

to determine if the herein reported metal-orgarets goresent comparable surface acidity we
performed an acid-base titration upon Zr-MOG-1.sTéumalysis revealed four types of protons
in Zr-MOG-1 with the following pK values: 3.3, 5.1, 6.7 and 7.7. In a previous stady,
Farha and coworkers pointed out the existencerettpk, values attributable to bridging-
OH (pK, = 3.6) and to terminal —-OHpK, = 6.2) and —OH (pK= 8.2) groups that replace
missing linkers in zirconium cluster. In our cases additional pKvalue (5.1) can be related to
the presence of protonated —COOH groups as refardte formula (see Table 1). In fact, it
fits rather well the pkg (4.7) of trimesic acid [29]. Note that the nanomneesize of the particles

renders a faulty external surface furnished by aeséites resulting from either a surfeit or



shortage of linkers around the clusters which actofor the surface acidity. The same studies
were performed for the remaining MOGs (see ESI).

To get further knowledge on the potential applitgbiof these materials we decided to
analyze the performance of Zr-MOG-1 as catalystha continuous electroreduction of €O
into valuable chemicals which is howadays one efdhallenges for sustainable development
[30-31]. Although metal and metal oxides have begely studied as electrocatalyst in €O
reduction, recently a series of MOFs and MOGs tdemonstrated their activity rendering
reduction products such as oxalic acid, formic aakthanol and ethanol [32-34]. In this
regard, apart from the activity expected for theanium sites of Zr-MOG-1, the presence of
Brgnsted acid sites in the surface of the matecatsprovide a proton source in the formation
of reduction products. The results revealed theé&ion of formic acid as single product in the
liquid fraction which is a valuable chemical thande used in a variety of traditional industrial
uses including pharmaceutical synthesis, pulp mtalu or textile industry [35]. Measured
production rates and efficiencies (24.4-43.1 pmdl $i and 2.3-4.2 %, respectively; see
section S13 of the Supplementary data) where cabjato those provided by other MOFs but
are below the ones corresponding to best perforimmmganic materials. In spite of it, a striking
feature is that the material remains stable afterof operation, which denotes no leaching or
degradation of the material. This behaviour makésrhaterial appealing for the long term runs

required in real application.
4. Conclusions

All in all, only under well-selected synthetic catmohs the gelation succeeded, being
remarkable the role that water plays in the foromatf cluster seeds, after which a sudden and
massive nucleation process occurs upon the addifigrolycarboxylic ligand, leading to well
set up metal-organic gels. These conditions hawsvetl us to form zirconium metal-organic
gels in a rapid manner (1-2 minutes) without emipigymodulators such as HCI and acetic
acid. As a result, the reported gelation proces®wn Zr-based amorphous materials exhibiting

a porous microstructure with an outstanding theramal chemical stability. These materials are



based on [Z(OH),(O),]** clusters as corroborated from PXRD, XPS and FTRsis. The
inner surface of the metal-organic gels is decdratgh non-deprotonated carboxylic groups.
Additionally, the [Zg(OH).(0)]*** cluster also presents acid protons due to the dcicdnature
of the zirconium(lV) cationAll these features make the materials suitableafdsranch of
industrial applications, among which catalysis isay promising one as it depends on the local
structure of the active sites regardless of thegiree or not of long range ordering. In this
sense, the herein reported MOGs have been testdaiodes in the electrocatalytic reduction

of CO,, showing a promising performance towards the gdiugr of formic acid.
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Tablel

Coding and formulae of prepared metal-organic gels.

Related Carboxylic
Code Formula®
MOF ligand
Zr-MOG-1 MOF-808 Trimesate &0,(OH)4(BTC),.1{HBTC), g1- nSolvent

Zr-MOG-2 UiO-66 Terephthalate &,4(OH),(BDC)s 3 HBDC), »5 nSolvent

Zr-MOG-3 MOF-801 Fumarate &04(OH)4(FUM)5 s{HFUM)g ¢ NSolvent

4BTC: benzene-1,3,5-tricarboxylate (trimesate), Bb€nzene-1,4-dicarboxylate (terephthalate),
FUM: trans-1,2-ethylenedicarboxylate (fumarate).

14
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‘ 1 unit
o—o

[zrCI(H,0),]

[Zr(H,0)¢]" + [2rCl,(H,0),]

1004

4.9 mLMeOH + 0.1 mLH,0
1T s or 2

[ZrCl—
[ZrcL;:(crlso)]- [2r,(OH)OCI]

[ZrCl4(CH;0),] || [Zr,0,Cl¢]

[Zr(OH);Clg] + [Zry(OH);(CH;0)ClsT

%

(Zr,Clg)

5 mL MeOH (water traces)

Fig. 2. ESI-Mass spectra of the initial stage during thetlsesis procedure in a methanol-
water mixture (upper side) and without the additoérwater (lower side). The inset in the

upper side shows a magnification of m/z = 490-58@e.
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UPV/EHU SEI 10.0kV  X25,000 1um WD 9.8mm

Fig. 3. SEM micrograph of the aerogel corresponding td¥G-1 at 25 kX magnification.
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GRAPHICAL ABSTRACTS

Zirconium based metal-organic gels are obtainedutiiin a green and rapid method at room
temperature in which the role of water seems torbeial.

2 N‘" highly porous
, }, aerogel
[2r(OH),0,1"2* ) |
ZR-BASED
METAL-ORGANIC GELS
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less porous
xerogel

18



HIGHLIGHTS

e Green and rapid method for achieving zirconium dasetal-organic gels (MOGSs) at
room temperature.

» Porous structure with thermal and chemical stgtiitigether with Brgnsted acid sites.

e Zr-MOGs as electrodes in the electrocatalytic rédncof CGO, to formic acid.





