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Abstract: The zeolite imidazolate framework ZIF-8 is shown for the first time to be able to catalyze
transesterification of vegetable oil with significant activity. Rationalization of this behavior at the atomic
scale is provided by combining CO adsorption monitored by FTIR and DFT calculations (clusters and periodic
models). We demonstrate that the acido-basic sites are located at the external surface of the material or
at defects, but not in the microporosity of ZIF-8. A great variety of sites are found the surface: OH and NH
groups, hydrogenocarbonates, low-coordinated Zn atoms, and free N~ moieties belonging to linkers. Their
proportions depend on the operating conditions (temperature and pressure). The acido-basicity of the surface
is then probed by adsorption of CO at low temperature. In parallel, the species present are mapped by
DFT calculations combined with a thermodynamic model. An assignment of the CO region of the FTIR
spectra can thus be proposed. The complex infrared spectrum is attributed to the coexistence of classical
C-adducts of CO with acid sites and other modes on basic sites (O-adducts and side-on adducts). Adsorption
energies and CO frequency shifts show that some strong Lewis sites exist (in particular Zn, species), as
well as strong Brgnsted acid sites (NH groups), together with basic sites (OH groups and N~ moieties). By
calculating the co-adsorption of a model ester (methyl acetate) and methanol, we show the prevailing role
of Zn,, species as acid sites, combined with N~ moieties and OH groups as basic ones, in determining the
catalytic properties of ZIF-8. This work opens new perspectives on the use of MOFs in catalysis and, more
generally, on the properties of their external surface.

1. Introduction

Metal —organic frameworks (MOFs) have attracted growing
interest in the scientific community since the pioneering work
on these solids in the 1990s (see refs 1—12 and references
therein for some examples). These materials consist of metallic
nodes bonded by organic linkers.®® Multiple combinations
between metal cations and various organic linkers make it
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possible to design an outstanding range of potential structures,™
having numerous tunable properties. Accordingly, these hybrid
crystalline materials have potentially broad applicationsin fields
including sensing,** storage and separation of gases®™ %’
optics,***® magnetism,***8 and drug delivery.™® Very recently,
motivated by the pioneering work of Fujita and co-workers,?
this versatility was echoed in the field of catalysis,'® *? driven
by the need for well-defined species that are able to catalyze a
variety of single steps, from acido-basic to redox reactions.
Promising catalytic activities of MOFs have been reported for
reactions catalyzed by organometallic centers,® 2" and by
Brensted acids®?® 3 or bases,®*>® either present or grafted in
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the framework, sometimes with interesting regioselectivity?”~2°

or enantioselectivity.*? Because of their very high surface area
(often higher than 1000 m?g), the valorization of MOFs as
support or templates for polyoxometalates, metal and metal
oxide particles, is also investigated, opening new fields for
catalytic applications.3*36—40

The design (eventualy postfunctionalization) of a MOF a
priori, according to the intended catalytic reaction, has been
attempted several times in the examples cited before, mainly
through the synthesis of structures exhibiting low-coordinated
metal species as nodes (or at least labile ligands on the nodes),**
or through the choice of appropriate linkers bearing an adequate
chemical function. However, significant catalytic activities have
also been reported for some “saturated” frameworks, e.qg.,
without any low-coordinated structural metal atoms, and in
which the linkers are not functionalized (if we except the linking
function), 152223284243 This“ opportunistic” catalysis, asit was
called by Hupp and co-workers,” is not well understood.

At this stage, provided no degradation of the MOF occurs
under the operating conditions, three hypotheses can be drawn
for the identification of the nature of the active site:
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Figure 1. Hypotheses drawn for the explanation of the activation of a
reactant R by a nonfunctionalized metal —organic framework (MOF). M
depicts the node, L the linker of the MOF, and R* the activated reactant.
(a) Hypothesis : Coordination promotion of the node (here from IV to V).
(b) Hypothesis: Transient de-coordination of one M—L bond and subsequent
activation of R by the low-coordinated M and/or L moieties. (c) Hypothe-
sis : Activation at sites located on the external surface of the MOF or at
structural defects, here exemplified by a My, species.

(i) The apparently saturated node is temporarily able to increase
even further its coordination number to achieve Lewis acid-
type activation (Figure 1a).

(ii)One of the node-to-linker bonds temporarily de-coordinates
to alow the generation of a transient species that is able to
activate the reactants by either the Lewis acid moiety (unsatur-
ated node) or the basic one (unsaturated linker), or both (Figure
1b). This has been proposed by Kwak et a.*? to explain the
activity of Zn-based coordination polymers in the transesteri-
fication of esters.

(iii) The external surface, or structural defects (as postulated by
Ravon et al.?® for the IRMOF-1 and -8 alkylation catalysts), of
the MOF may be where the active sites are located, due to the
expected presence of dangling bonds (Figure 1c).

Those proposals relate to the way organometallic complexes
work in homogeneous catalysis, with additional constraints
inherent to the (relative) rigidity of the framework. To date, no
clear demonstration of the origin of catalysis on such materials
has ever been provided. Molecular modeling can be of great
help for rationalizing, at the atomic level, the behavior of MOFs
and has often been used for that purpose. To the best of our
knowledge, except for our very recent work focusing on the
expected sites at the external surface of ZIF-8,* most atomistic
approaches to the properties of MOFs are related to the
defectless bulk of the material, mainly for storage and separation
purposes (see refs 45—53 for examples). There is thus a great
challenge in providing an atomistic picture of the reactive
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Figure 2. Successive steps in the transesterification of triglycerides with the R"OH alcohol, producing (a) diglycerides, (b) monoglycerides, and (c) glycerol,

together with one molecule of ester RCOOR’ at each step.

behavior of these materials, according to the three hypotheses
mentioned above.

One particularly interesting family of MOFs is the zeolite
imidazol ate frameworks (ZIFs).>* ZIFs, based on an imidazolate
linker and metallic nodes, can adopt symmetrical porous
structures analogous to zeolites; for example, ZIF-8 has been
synthesized from 2-methylimidazole (denoted Im in the fol-
lowing) and a zinc precursor in the sodalite form.®>%° This
zeolite-like material exhibits a high surface area of 1400 m?/g,
thermal stability up to 420 °C, and pore diameters of about 11
A 5455 These properties make the ZIF-type materials good
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candidates for hydrogen and carbon dioxide storage applica-
tions.>” %2 A priori, catalysis should not be efficient on this type
of material, insofar as Zn accommodates a very favorable
tetrahedral coordination (asin the bulk of wurtzite ZnO, and in
contrast to other very reactive Zny-based MOFs*2%%) and no
extra-functionalization on the 2-methylimidazolate linker.

In the present work, we show for the first time that despite
this expected stability, ZIF-8 exhibits significant reactivity in
transesterification of rapeseed oil (Figure 2) to produce alkyl
esters. Methanol is traditionally one of the reactants, and then
fatty acid methyl esters (FAME) are obtained and can be used
as biodiesel.®* We show here that ZIF-8 is a challenging
dternative to zinc aluminate,® even alowing the use of alcohols
other than methanal.

Such a reaction can be catalyzed by acids or bases. In
particular, determining steps are the activation of the nucleo-
philicity of the alcohol by deprotonation (thanks to basic sites)
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Figure 3. Expected behavior of water and carbon dioxide on the external
surface of ZIF-8. () Molecular or dissociative adsorption of water. (b)
Formation of monodentate (MH) and bidentate (BH) hydrogenocarbonates.

and the activation of the electrophilicity of the ester (thanks to
Bransted or Lewis acid sites). Following hypothesis (Figure 1a),
acid activation can be invoked on Zn,y nodes. Hypothesis raises
the additional questions of the acidity of Zn,, ions and the
basicity of the methylimidazolate moiety within the framework.
The same kind of sites (Zn;;; and N~ extremities of the linkers)
can be exposed on the surface. Depending on the number of
linkers lost around an exposed Zn center, Zn,, and Zn, could
also befound, of course with different stabilities. After synthes's,
the samples are usually exposed to ar, which can lead to
adsorption of water and/or CO, on these reactive sites. In
particular, water can adsorb molecularly (on exposed Zn) or
dissociatively (on Zn?*—N~ pairs, Figure 3a), generating OH
and NH groups. CO, can further lead to the formation of
hydrogenocarbonates (Figure 3b), either monodentate (noted in
the following as“MH”") or bidentate (“BH"). We have proposed
an ab initio evaluation of the stability of these various sites.*
Their acido-basicity now has to be looked at in detail to
understand the reactivity of ZIF-8.

In the present work, we combine FTIR-monitored carbon
monoxide adsorption at low temperature and density functional
theory (DFT) calculations to investigate the nature of acido-
basic sites in the porosity and on the surface of ZIF-8. Carbon
monoxide is indeed very commonly used to get a first insight
on potentially reactive Lewis and Bregnsted acid sites,®® %8
including for MOFs.?>%%7% We show here that information can
also be obtained on potentially basic sites. Periodic and cluster
models of the solid are associated to obtain the most accurate
picture of the behavior of Zn nodes (in the bulk or at the external
surface) with reactants and to assign experimental infrared
spectra. The adsorption ability of CO is then compared with
that of methanol and of a model ester, methyl acetate, so as to
identify the active site in the reaction.

To the best of our knowledge, this study is the first to
demonstrate the catalytic interest of ZIF-8 and provides a
thorough demonstration of the location of the active sites by
both analytical and ab initio calculations techniques. The
concepts established here may be of great interest for under-
standing the behavior of the external surface of the whole ZIF
family; more generaly, they can provide arationae for catalysis
by nonfunctionalized MOFs.
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2. Experimental Part

2.1. Synthesis. The synthesis of ZIF-8 was carried out with
dight modifications to the procedure reported by Huang et al.>®
A solution consisting of 2-methylimidazole (6.442 g, Sigma-
Aldrich, 99%) dissolved in 100 mL of methanol (SDS, HPLC
grade 99.8%) was slowly added to a solution of zinc hydroxide
(3.904 g, International Laboratory, 95%) in agueous ammonia
(25% v/v, 500 mL, Carlo-Erba). White polyhedral crystals began
to appear immediately. Synthesis was done under ambient
temperature with gentle steering. After 2 days, the resulting
white solid was filtered off and washed three times with 100
mL of a H,O/MeOH (1:1v/v) mixture. This solid was dried in
air and characterized by elemental analysis, X-ray diffraction
(XRD), and N, adsorption isotherms.

Zinc aluminate was used as a reference materia for the
catalytic activity. This catalyst was prepared using a method
previously described.®® A commercia boehmite was mixed with
ZnO powder in the presence of a nitric acid solution. This
mixture was kneaded for about 45 min and then extruded in
order to form cylinders. Theses extrudates were then dried
overnight at 593 K and calcined at 1173 K. The catalyst obtained
is a zinc auminate with a Zn/Al ratio of 0.3.

2.2. Characterizations. The textural properties of the ZIF-8
sample were analyzed by recording the N, adsorption isotherm
at 77 K, using a Micromeritics ASAP 2420 instrument. Before
gas sorption analysis, ZIF-8 was pretreated for 12 h at 383 K
under vacuum. The specific surface area was determined using
the Brunauer—Emmett—Teller (BET) model.

Powder XRD patterns were collected on a Bruker D4 X-ray
diffractometer with Cu Ka radiation at 40 kV, 40 mA and fitted
with an energy-discriminating detector. 26 angles were scanned
from 2° to 60° at a rate of 0.02°/s. Elemental analyses were
performed by X-ray fluorescence (for Zn) and thermal conduc-
tivity measurements (for N, O, C, and H).

Infrared spectrawere recorded on a Nexus Fourier transform
instrument equipped with a KBr beam splitter and an MTC
nitrogen-cooled detector. Infrared spectra of self-supporting
pellets of pure powder sample, inserted in a liquid nitrogen-
cooled IR céll (CaF, windows) connected to a conventional gas-
manipulation evacuation line, were collected with 4 cm™
resolution. The ZIF-8 sample was pretreated from 298 to 473
K within 4 h under vacuum (~10~® mbar). The sample was
then outgassed during 10 h at 473 K under vacuum (~1076
mbar). CO adsorption was performed in situ at low temperature
(liquid N, temperature) by applying pulses of increasing CO
pressures and constant volume (1.69 mL) (corresponding to CO
amounts from 0.3 to 292 umal).

2.3. Catalytic Tests. Experiments were performed in a 100
mL stainless steel batch reactor. The reaction medium was
stirred with a magnetic stirring bar and heated with a heating
magnetic stirrer. Reactants (commercial alcohols and edible-
grade rapeseed oil) and catalyst (0.5 g) were first introduced in
the reactor. The molar acohol/oil ratio was set at 27.5, as the
nature of the alcohol could change for the study. The total mass
of liquid was set at 50 g. The reaction medium was then stirred
at 200 rpm and heated at 473 K. The time t = 0 was assigned
when the temperature reached 473 K, which explains nonzero
conversion at t = 0.

The initia reaction medium and the reaction effluents form
a biphasic mixture at ambient temperature (however, it is
monophasic at 473 K), the polar phase containing mainly
glycerol and unreacted alcohol, and the apolar phase containing
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Figure 4. Systems modeled by DFT: (&) bulk ZIF-8 (periodic approach); (b) {Zn-Im,} cluster; (c) {Zn-Img} cluster; (d) {Zn-Imy} cluster; and (€) {Zn-Im;,}

cluster.

mainly FAME (or other esters when acohols other than
methanol are used) and glycerides. Sample of 2 mL were
collected manually from the reaction medium, at different
reaction times, for analysis. The samples were washed with brine
in order to remove glycerine and the alcohol. Eight drops of
the apolar phase (containing glycerides and FAME) were then
diluted in 3 mL of analytical-grade THF, and the sample was
analyzed by gel permeation chromatography on aWaters HPLC
apparatus equipped with three Waters Styragel columns (THF)
with a molar mass range of 0—1000 g-mol~%. These columns
were placed in a thermostated oven at 313 K. Detection was
made using a Waters 2414 refractive index detector. The results
gave the relative composition of the apolar phase in triglycerides,
diglycerides, monoglycerides, and FAME. At the end of the
reaction, the reaction medium was collected and filtered on a
0.1 um Teflon filter, and extra alcohol was evaporated. The
apolar phase (containing ester and nonconverted glycerides) and
the polar phase (containing glycerine and ethers) were separated
and analyzed by ICP-OES, to analyze eventua catalyst leaching
products. The apparatus used was a Thermo Jarrell Ash Iris
Advantage inductively coupled plasma optical emission spec-
trometer. The apolar-phase samples were diluted in xylene and
directly injected, whereas the polar-phase samples were diluted
in ethanol and injected via a cold (—10 °C) nebulization
chamber.

Zinc aluminate was chosen as a reference catalyst, as the use
of this kind of solid has been described in a heterogeneous
industrial transesterification process.

3. Computational Methods

3.1. Periodic Approach. Periodic density functional calculations
were performed with the VASP 4.6 code,”* in the framework of
the generalized gradient approximation (GGA) of Perdew and Wang
(PW91).” The interaction between core and valence electrons was
described by the projector augmented waves (PAW) approach”
with an energy cutoff of 400 eV. Due to the dimensions (cubic
unit cell of 17.012 A per side) of the cell considered, al calculations
were performed at the gamma point. Geometry optimizations were
run until residual forces on atoms did not exceed 5 x 1072 eV A1,
Gaussian smearing with o = 0.05 eV was applied. Figure 4a depicts
the bulk of ZIF-8 after optimization of the atomic positions at
constant lattice parameter (extracted from Huang et al.*®). The cell
contains 276 atoms. As explained in our previous work,** periodic
systems aso enabled the cluster approach described in the next
paragraph to be validated.

3.2. Cluster Approach. A cluster approach was chosen to model
the local environment of reactive sites of ZIF-8 at a higher level of
theory than GGA, in particular for the accurate calculation of the
vibration frequencies of the adsorbed CO molecule. Cluster density

(71) Kresse, G.; Hafner, J. Phys. Rev. B 1994, 49, 14251-14269.
(72) Perdew, J.; Wang, Y. Phys. Rev. B 1992, 45, 13244-13249.
(73) Kresse, G.; Joubert, D. Phys. Rev. B 1999, 59, 1758-1775.

functional calculations were performed in the framework of the
hybrid B3L Y P exchange-correlation functional,”*® with the def2-
TZVPP basis set, within the TURBOMOLE 5.10 code™ "’ via the
MAPS 3.1 platform (distributed by Scienomics). In a preliminary
work,* we extensively studied the impact of the size of the cluster
and of the basis set, which led to the parameters chosen here. Four
main types of environments of Zn have been modeled (Figure
4b—e): {Zn-Im;} @) (Im being the ligand) are representative of
the local environment of the Zn ions within the structure of the
MOF (i = 4) or at its externa surface (i = 1—3, depending on the
number of metal—ligand links lost). For the sake of clarity, these
clusters will be denoted {Zn-Im} (i = 1-4) in what follows,
without any further mention on their charge. The geometry of {Zn-
Img} was fully optimized (until residual forces on atoms did not
exceed 5 x 1072 eV-AY), but the Zn atom only was alowed to
relax in {Zn-Im;_3}, to take into account the rigidity of the real
periodic ZIF-8 structure. The validity of the present cluster approach
was established by comparison with periodic systems (see ref 44).
The interaction of these sites with H,O and CO, was studied** to
quantify the thermal stability of adsorbed molecular water and CO,
molecules, hydroxyls, NH groups, and hydrogenocarbonates (MH
and BH, Figure 3). First, the adsorption energies of water and/or
CO, were compared to establish the stability at 0 K of the various
systems. The impact of the temperature and of the pressure was
then taken into account by calculating free energies, A,G, according
to the model presented in ref 44.

The adsorption of CO on the relevant acido-basic sites was
further modeled (the adsorbing site and CO molecule being relaxed).
Harmonic vibration frequencies were determined analyticaly in
TURBOMOLE. Anharmonic corrections were applied for one case
(CO adsorption on the Zn atom of { Zn-Img}): the potential energy
surface was explored manually, by varying the C=0 distance in
the range 0.05 A, the mass center of the vibrator being fixed. A
grid of 11 points was used to fit the potential energy variations
with a third-order development of the Morse potential, and the
anharmonic stretching frequency was deduced from the resolution
of the Schrodinger equation for the Morse potential and from the
fit parameters. By this method, it was shown that the CO frequency
shift, Aveo = Vco(adsorbed) — YCO(g)s between the adsorbed state and
the gas phase is the same with or without anharmonicity corrections.
Thus, only CO harmonic frequency shifts are reported in what
follows. The adsorption of methanol and methyl acetate was then
investigated on the most plausible sites in the operating conditions
(as obtained from the thermodynamic approach).

4. Experimental Results

The XRD pattern (Supporting Information, Figure S1.1) was
indexed in a cubic symmetry with a = 17.050(8) A (close to
sample 1 reported by Huang et a.*®). The elemental analysis
provides the following results (weight percent): Zn, 27.59; O,

(74) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.

(75) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.

(76) Ahlrichs, R.; Bar, M.; Héaser, M.; Horn, H.; Kélmel, C. M. Chem.
Phys. Lett. 1989, 162, 165-169.

(77) Treutler, O.; Ahlrichs, R. J. Chem. Phys. 1995, 102, 346-354.
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Figure 5. FTIR difference spectra of ZIF-8 recorded after adsorption of
CO, in the C=0 zone. The arrow indicates increasing amounts of CO.

3.50; N, 23.23; H, 4.23; C, 41.15. The calculated values for
(ZnC8N4H10)12(C02)2_1(H20)2'1 are asfollow: Zn, 27.43; O, 3.52;
N, 23.49; H, 4.38; C, 41.18. This confirms that ZIF-8 was
properly synthesized. Type | nitrogen sorption isotherm (Sup-
porting Information, Figure S2.1) behavior was observed for
ZIF-8, confirming its microporous nature. It also reveaded a
permanent open porosity. An apparent surface area of 1460
m?-g~ was obtained using the BET model, in line with the
literature.

4.1. Characterization of Acido-Basicity by CO Adsorption
Monitored by FTIR. The FTIR spectrum of the material after
activation at 473 K under vacuum (Supporting Information,
Section S3) is compatible with spectra reported in the literature
for this material.®? In addition to framework bands, peaks at
frequency higher than 3200 cm™* were observed, despite very
low intensities relative to the others. Spectra recorded for
increasing amounts of adsorbed CO (from 0.3 to 292 umol, with
the spectrum of the activated sample subtracted) are reported
in Figure 5 for the C=0 vibration frequency domain. In the
3900—3200 cm™* region, a set of new bands grows upon CO
adsorption (not shown). Due to the very smal intensities
recorded in this domain, no comment on the evolution of the
corresponding band can be made because of the low signal/
noise ratio. This is, however, an indication that the species
vibrating in this zone are affected by CO adsorption. We focus
on the C=0 region in the following.

For the smallest CO doses, a 2225 cm™* band appeared first,
strongly blue-shifted (+-82 cm™') as compared to that for gas-
phase CO (~2143 cm™1). Other blue-shifted bands (2205—2147
cm™Y) then gradually appear, accompanied by some strongly
red-shifted components at 2100 (—43 cm™1) and 2090 cm™
(—53 cm™1). These negative shifts are of the same order of
magnitude as those reported for O-adducts (see further section
5.2) on alkaline-exchanged zeolites.”® " Finally, for higher CO
coverage, a band near 2147 cm™* grows, with a side peak near
2116 cm™ L. Note that the position of the peaks observed at very
low CO coverage was almost unaffected by the increase in the
amount of adsorbed CO. This suggests that, in contrast to ZnO
for example, 28 only poor dipolar coupling occurs between CO
molecules, and adsorbing sites are well defined and isolated.

(78) Arean, C. O.; Tsyganenko, A. A.; Platero, E. E.; Garrone, E.; Zecchina,
A. Angew. Chem,, Int. Ed. 1998, 37, 3161-3163.

(79) Garrone, E.; Fubini, B.; Bonelli, B.; Onida, B.; Otero Arean, C. Phys.
Chem. Chem. Phys. 1999, 1, 513-518.

(80) Scarano, D.; Bertanione, S.; Spoto, G.; Zecchina, A.; Otero Arean, C.
Thin Solid Films 2001, 400, 50-55.
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Figure 6. Conversion of vegetable oil into monoglyceride at 473 K,
catalyzed by ZIF-8, as a function of time, depending on the nature of the
alcohol (reference data on a conventional ZnAl,O, catalyst are also given).

4.2. Transesterification of Vegetable Oil. The reaction of
vegetable oil with methanol at 473 K, in the presence of ZIF-8
as a catalyst, led to the full conversion into monoglycerides in
less than 2 h. This corresponds to a significant improvement in
catalytic properties as compared to a conventional ZnAl,O,
catalyst, as shown in Figure 6. Leaching of zinc was estimated
at about 100 ppm in the glycerol and 1 ppm in the ester, which
is an indication of the heterogeneous origin of the activity
recorded here. Moreover, the reactivity is dependent on the
nature of the alcohol involved in the reaction. Linear alcohols
(methanol, pKa = 15; ethanol, pKa = 16; 1-propanol and
1-butanol, pKa ~ 19) as well as branched ones (isopropanoal,
pKa = 17; tert-butanol, pK, = 19) were tested (Figure 6). The
reactivity decreases with the acidity of linear alcohols; however,
branched al cohols exhibit almost no reactivity. The same trend
were observed for ZIF-8 and ZnAl,O,, showing that the limited
reactivity of branched alcohols was not due to diffusion
problems in the porosity of ZIF-8. For each alcohol, the
reactivity of ZIF-8 was improved as compared to the reference

5. DFT Results

5.1. External Surface Sites of ZIF-8 as a Function of
Temperature and Pressure. The diagram depicted in Figure 7
summarizes the stability of the various groups located at the
external surface of ZIF-8,* depending on the number of Im
linkers still bonded to the Zn node. P = 1 bar represents the
conditionsin ambient air; P = 10~ mbar istypical of analytical
conditions (FTIR cell). The partia pressures of CO, and water
are given by the composition of ambient air. Experimentally,
the pressure measured on the gauge was lower (~10-% mbar),
but the pressure at the level of the wafer is certainly higher, so
a better evaluation of the stability of the species is given by
calculations done at P = 102 mbar.

At 0 K, hydrogenocarbonates (monodentate, MH) are dways
the most stable species (Figure 7a,d,i). Then, by increasing the

(81) Scarano, D.; Spoto, G.; Bordiga, S.; Zecchina, A.; Lamberti, C. Surf.
Sci. 1992, 276, 281-298.
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Figure 7. Structure and thermal stability of adsorbates on {Zn-Im;} clusters, for atotal pressure of 1 bar (lower axis) and 1076 bar (upper axis) in air. (a)
MH and NH on {Zn-Img}, (b) molecular water on {Zn-Imz}, and (c) {Zn-Im3} without any adsorbate. (d) Two MH and two NH on {Zn-Im,}, (€) one MH,
one OH, and two NH on {Zn-Imy}, (f) one BH and NH on {Zn-Im,}, (g) one OH and NH on {Zn-Imy}, and (h) {Zn-Im,} without any adsorbate. (i) Three
MH on {Zn-Im}, (j) two MH and one OH on {Zn-Im}, (k) two OH on {Zn-Im}, and (I) one OH and one NH on {Zn-Im}. A—E refer to experimental

operating conditions during pretreatment, analysis, and catalysis (see text).

temperature, MH gradually convert into OH groups by the
release of CO,, or eventually into bidentate hydrogenocarbonates
(Figure 7). On Zny, ({ Zn-Img} cluster), molecular water is more
favorable than dissociated water (Figure 7b). Zny, is then
revealed from water desorption on {Zn-Img} at ~230 K in
ambient air (Figure 7c). Zny,, species, surrounded by one or two
OH groups (on {Zn-Imy} and {Zn-Im,}, respectively, Figure
79,k), also appear at ~210 and 410 K, respectively (in ambient
air). Zn, are expected at higher temperatures from {Zn-Imy}
and {Zn-Im;} (Figure 7h,l), but Zn, species (issued from the
ultimate dehydration of {Zn-Im;}) never appear on the stability
diagram due to their significant reactivity toward water.

From Figure 7, it is possible to infer the species present during
the experimental procedure before CO adsorption. At ambient
temperature and pressure (mark A in Figure 7), Zny,, species are
thus found on {Zn-Img} and {Zn-Imy}, together with OH and NH
groups on {Zn-Imy} and {Zn-Im}, and MH groups on {Zn-Im}.
Under lower pressure (sample put into vacuum, mark B in Figure
7) at ~298 K, the calculations predict the desorption of CO, and
H,0 from {Zn-Im}, leading to the formation of Zn,, and gemina
OH groups. Upon thermd treatment at ~473 K (mark C in Figure
7), Zn,, and isolated Zn;,—OH groups should be obtained on {Zn-
Im}. Lowering the temperature to about 100 K (just before CO
introduction, mark D in Figure 7) produces MH groupson al kind
of {Zn-Im;} systems, converting al Zn,, into Zn,y. The caculated
stahility ranges at low temperature are however quite narrow, and
this, together with the impact of the kinetics of re-adsorption of
H,0O and CO,, can lead to a great variety of environments, which
must be taken into account in assigning the experimenta spectra
reported in section 4.1.

At this stage, the best evaluation of the surface species in the
catalytic test is given by the conditions at 1 bar and 473 K, even
if the presence of the acohol as the main species in the medium
is not taken into account in the calculations. In these conditions,
we mainly expect Zny;; and Zny, on the surface (Figure 7, mark E),

eventually with OH groups (on {Zn-Imy} and {Zn-Im}). NH are
also expected, in same amount as OH groups.

5.2. Interaction of Bulk and Surface Sites with CO.
5.2.1. Various Modes Studied. The adsorption of CO was then
modeled, first to propose an assignment for the experimental
spectra (section 4.1) and more generally to identify the sites
that are able to exhibit some specific functionality. The three
hypotheses given in the Introduction [ extension of the
coordination of the Zn,, node; de-coordination of imidazolate
ligands from Zn nodes, revealing Zn?" and N~ reactive moieties;
and reactivity of the sites located at the external surface of ZIF-
8] were computationally explored. Additionally, the interaction
of the CO molecule with the Im ligands was calculated. Figure
8 summarizes the CO adsorption modes studied, with some
examples.

The main adsorption energies of the CO molecule and shifts
of the stretching C=0 frequencies, calculated on the basis of
the cluster models, are reported in Table 1. Usually, the CO
molecule interacts through its C atom with transition metals.
In the present case we deal with a cationic Zn?" species, so
that the electrostatic component of the interaction may prevail 5283
Shifts can thus be assigned in part to the vibrational Stark effect.
However, Scarano et a. showed for ZnO that a small orbital
overlap of o type cannot be excluded.®* Orbitals calculations
were performed to address that point.

For smal interaction strengths, a mutual equilibrium was
found between C- and O-adducts.”®"984~% Thus, we investi-

(82) Pacchioni, G.; Cogliandro, G.; Bagus, P. S. Surf. Sci. 1991, 255, 344—
354,

(83) Storozhev, P.Y.; Yanko, V. S,; Tsyganenko, A. A.; Turnes Palomino,
G.; Rodriguez Delgado, M.; Otero Arean, C. Appl. Surf. Sci. 2004,
238, 390-394.

(84) Ferrari, A. M.; Neyman, K. M.; Rosch, N. J. Phys. Chem. B. 1997,
101, 9292-9298.

(85) Tsyganenko, A. A.; Escalona Platero, E.; Otero Arean, C.; Garrone,
E.; Zecchina, A. Catal. Lett. 1999, 61, 187-192.
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Figure 8. Adsorption modes of CO invoked in the present computational
study and examples of optimized cluster structures: (a) C-adduct with Zn?*;
(b) O-adducts with of Zn?*; (c) C-adduct with L—H groups (L = O, N, M,
B); (d) O-adduct with L—H groups (L = O, N, M, B); (e) side-on mode
with N7; (f) side-on mode with L—H, L—HJ|OC; (g) side-on mode with
L—H, L—HIJ|CO; (h) formate; and (i) interaction of CO with the Im cycle.
Same colors as in Figure 7.

gated both types of linear adsorption modes with potentially
Lewis (Figure 8a,b) and Bransted (Figure 8c,d) acid/basic sites.
With anionic species like oxygen in zeolites frameworks, a side-
on mode was shown as the most stable.** This mode was studied
for N~ terminations (Figure 8¢€). We will also show that this
kind of mode can be obtained in a more general manner (CO
adsorbed parallel to the LH groups, L = O, N, M, or B, Figure
8f,g). Formates (Figure 8h) were also reported to result from
reaction of CO on nucleophilic OH groups (on MgO and
y-Al,05,%2 zirconia,*°* partially reduced ceria,*® and ZnO%),
so we also quantified their stability ab initio. Finaly, adsorption
configurations of CO in the vicinity of the imidazolate ligand
were calculated (Figure 8i), by analogy with the observations
on benzene rings in mesoporous organosilicas.®®

5.2.2. Interaction of CO with the Bulk of ZIF-8. Within the
ZIF-8 framework, the coordination of CO by Zny, nodes is
expected to lead to Zny (Figure 1a). Any attempt to simulate
the Zn coordination extension in the bulk of ZIF-8 on the basis

(86) Otero Arean, C.; Tsyganenko, A. A.; Manoilova, O. V.; Turnes
Palomino, G.; Penarroya Mentruit, M.; Garrone, E. Chem. Commun.
2001, 455-456.

(87) Storozhev, P. Y .; Otero Arean, C.; Garrone, E.; Ugliengo, P.; Ermoshin,
V. A.; Tsyganenko, A. A. Chem. Phys. Lett. 2003, 374, 439-445.

(88) Camarota, B.; Ugliengo, P.; Garrone, E.; Arean, C. O.; Delgado, M. R;;
Inagaki, S.; Onida, B. J. Phys. Chem. C 2008, 112, 19560-19567.

(89) Bonelli, B.; Otero Arean, C.; Armandi, M.; Rodriguez Delgado, M.;
Garrone, E. ChemPhysChem 2008, 9, 1747-1751.

(90) Bucko, T.; Hafner, J.; Benco, L. J. Phys. Chem. B 2005, 109, 7345—
7357.

(91) Tsyganenko, A. A.; Kondratieva, E. V.; Yanko, V. S.; Storozhev, P. Y.
J. Mater. Chem. 2006, 16, 2358-2363.

(92) Gopal, P. G.; Schneider, R. L.; Watters, K. L. J. Catal. 1987, 105,
366-372.

(93) Pokrovski, K.; Taek Jung, K.; Bell, A. T. Langmuir 2001, 17, 4297—
4303.

(94) Korhonen, S. T.; Caatayud, M.; Krause, A. O. J. Phys. Chem. C 2008,
112, 16096-16102.

(95) Li, C.; Sakata, Y.; Domen, K.; Maruya, K. I.; Onishi, T. J. Chem.
Soc., Faraday Trans. 1 1989, 85, 1451-1461.

(96) Hussain, G.; Sheppard, N. Spectrochim. Acta, Part A 1987, 43, 1631—
1637.
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of periodic or cluster models (Figure 4ab) failed, CO being
gjected from the coordination sphere of Zn. The breaking of
one Zn—N bond within the framework to stabilize the CO
molecule in the neighborhood of a newly formed Zn;,, atom
(Figure 1b), and eventualy by the N~ moiety of the de-
coordinated Im, was modeled by the periodic approach but
corresponds to a highly endothermic reaction (4+120 kJ-mol~*
for the C-adduct; ejection of the CO molecule and re-formation
of the Zn—N bond for the O-adduct). Finaly, the most stable
mode of interaction of CO with the ZIF-8 framework appeared
to be interaction with the Im ligands themselves, as depicted in
Figure 8i and in Supporting Information Figure S4.1 (—8
kJ-mol~* with the periodic model and —7 kJ-mol~! with the
{Zn-Imy} cluster model). As for benzene in organosilicas,® the
CO molecule preferentially adsorbs parallel to the aromatic ring.
The frequency shift is, however, very low, +2 cm™2, near the
gas-phase frequency. This can explain the growing 2137 cm™*
mode, dominant for the highest CO adsorbed amounts (Figure
5).

5.2.3. Interaction of CO with External Lewis Sites. For the
sites representative of the external surface of ZIF-8, we
considered not only the most stable systems in the operating
conditions (low pressure, T ~ 100 K) but also al other systems
which appear in the thermodynamic diagram (Figure 7), as some
of them are likely to be obtained after pretreatment at 473 K.

Calculations (Table 1) predict that the most stable species
are C-adducts (from one to three CO molecules on the same
site) involving Zn, and Zn, Lewis acid sites (Figure 8a). They
also give rise to the highest C=0 frequency blue-shift (up to
+95 cm™), as expected. Because such low coordination
numbers are not stabilized easily in the medium (see the
thermodynamic diagram), they are presumably in the minority
as compared to surface Zny;; and Zn,y. The highest adsorption
energy values are consistent with the appearance of the 2225
and 2205 cm™! bands from the first pulses of CO in the
experimental IR spectrum. Asreported in section 5.2.2, Znyy is
unable to interact with CO molecules. Zny; species interact much
more weakly with CO molecules than Zn; (no stronger
adsorption than —8 kJ-mol~1) and accordingly lead to lower
blue-shifts (+-16 cm™* or lower), consistent with the 2155 cm™*
experimental band. Note that, for ZnO samples, CO adsorption
experiments led to shifts of about +50 cm™ at low coverage.®®’
For the {Zn-Imy} cluster on which two CO molecules are
adsorbed, no back-donation was shown, but bonding overlap
takes place between d orbitals of Zn and the HOMO of CO
(o-donor) (Supporting Information, Figure S5.1). Thus, as
inferred by Scarano et a. for ZnO,®* blue-shifts induced by
Lewis Zn?* sites are due to both electrostatic and orbital overlap
(o-type) effects.

O-adducts on Zr?* Lewis sites were also calculated (Figure
8b) and led either to dlightly positive frequency shifts for the
weakest sites (+4 cm™ for the Zn;; - -+ OC adduct in { Zn-Imz},
but the adsorption energy is only —1 kJmol) or to strongly
negative shifts on Zn, (—49 cm™ for Zn,+--OC), which can
explain the 2100 and 2090 cm™* experimental bands. O-adducts
were always less stable than C-adducts on Lewis acid sites
probed here. To our knowledge, this is the first time that this
mode is shown for and O-adduct involving Zn?* as L ewis sites,
most studies reported in the literature being focused mainly on
alkali metal cation-exchanged zeolites.

(97) Griffin, G. L.; Yates, J. T. J. Chem. Phys. 1982, 77, 3751-3758.
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Table 1. Calculated CO Frequency Shift (in Decreasing Order) and Adsorption Energy Related to Stable Adsorption Modes of CO on
Various Sites of ZIF-8, Modeled by the Cluster Approach?®

calculated Avgo (cm™) cluster adsorbates on the Zn nucleus adsorption mode adsorption energy per CO molecule (kJ-mol™)

+89, +95, +100 {Zn-Im} no adsorbate Zn; ++-+ 3CO —79
+86, +92 {Zn-Im} no adsorbate Zn, ===+ 2CO -9
+83 {Zn-Im} OH(1) + NH(1) Zn, -+ 1 CO —32
+68, +77 {Zn-Im} OH(1) + NH(1) Zn, ++++ 2CO —30
+65 {Zn-Im} no adsorbate Zn, ++-- 1CO —-117
+63 {Zn-Imy} no adsorbate Zny ++++ 1CO —37
+51, +59 {Zn-Imy} no adsorbate Zn, ++++ 2CO —-29
+51 {Zn-Im} OH(1) + NH(1) Zny—Im—=NH ---- CO -20
+35 {Zn-Im} OH(1) + NH(1) Zn;—0OH ---+ CO —13
+29 {Zn-1my} OH(1) + NH(1) Zny —Im—NH ---- CO —10
+16 {Zn-Img} no adsorbate Zny, ===+ CO -8
+16 {Zn-Img} MH(1) + NH(1) Znyy—Im—=NH ---- CO —6
+13 {Zn-Imy} OH(1) + NH(1) Zny, ++++ CO —4
+9 {Zn-Img} MH(1) + NH(1) Zny—MH ---- CO -5
+9 {Zn-Imy} MH(2) + NH(2) Zny—MH ---- CO —4
+9 {Zn-Imy} BH(1) + NH(1) Zny—BH ---- CO —10
+8 {Zn-Imy} OH(1) + NH(1) Zn;;—OH ---+ CO -3
+7 {Zn-Im} MH(3) Znyy—MH ---+ CO -13
+6 {Zn-Im} MH(3) Znyy—MH +--- OC —4
+6 {Zn-Imy} MH(1) + OH(1) + NH(2) Znyy—MH +--- CO -3
+4 {Zn-Img} no adsorbate Zny, -+ OC -1
+4 {Zn-Imy} MH(1) + OH(1) + NH(2) Znyy—C0H ---- OC -1
+2 periodic (bulk) Im||CO -8
0 {Zn-Imy} MH(1) + OH(1) + NH(2) Znyy—C0H ---- CO -2
0 {Zn-Img} molecular H,O (1) Zny—OH +--+ CO -10
-2 {Zn-Imy} OH(1) + NH(1) Zn;;—OH ---- OC -1
-3 {Zn-Imy} OH(1) + NH(1) Zn;;—OHJ|ICO -2
-3 {Zn-Im} MH(3) Znyy—MH||ICO -5
-5 {Zn-Imy} OH(1) + NH(1) Im—N~||CO -3
—6 {Zn-Im} MH(3) Znyy—MH]||OC -6
—6 {Zn-Img} molecular H,0 (1) Zny—0OH «+++- OC —6
—16 {Zn-1my} OH(1) + NH(1) Zny—Im—NH ---- OC -5
—22 {Zn-Im} OH(1) + NH(1) Zn;—OH ---- OC —6
—-33 {Zn-Im} OH(2) Zn,;; —OH||OC —13
—38 {Zn-Im} OH(1) + NH(1) Zn—Im—=NH ---- OC -11
—43 {Zn-lm} OH(Z) Zny, *OH"CO —-12
—43, —47 {Zn-Im} OH(1) + NH(1) Zn, +++- 20C -8
—49 {Zn-Im} OH(1) + NH(1) Zn, ++-+10C -9
@ The simulated local structures are aso given. “||" indicates side-on modes. The most likely species in the operating conditions according to the

thermodynamic diagram (Figure 7, mark D) are emphasized in bold.

5.2.4. Interaction of CO with External NH Groups. NH
groups appeared to be the strongest Bransted acid sites, on the
basis of both the CO adsorption energies within the C-adduct
mode (Figure 8c, up to —20 kJ-mol~?) and the corresponding
C=0 frequency shifts (up to +51 cm™1). These features were
enhanced when the Im ligand was bonded to Zn, (as compared
to Zny and Zny). They can be considered as partialy
responsible for the 2205, 2170, and 2155 cm™* bands for Zn-
Im-NH, Zny;-Im-NH, and Zny-Im-NH, respectively. O-adducts
are also stable (even if less stable than C-adducts, asin the case
of protonic sites in zeolites?®®® or silicas®#) on N—H groups
and lead to negative frequency shifts (up to —11 cm™* for Zny-
Im-NH), generally lower than those of zeolites. These modes
likely participate in the 2137 and 2100 cm™* experimental bands.
Finally, side-on adducts were tested on NH groups but were
never stable.

5.2.5. Interaction of CO with External OH Groups. Except
for the Zn,-OH groups, which were the site of competitive
interaction of CO (C-adduct) as compared to NH groups (+35
cm?* frequency shift with —13 kJ-mol~? stabilization), other
C-adduct on OH groups induced only weak interaction and low
frequency shifts (+8 cm™* and lower). Thisis an indication of
poor Brensted acidity. The O-adducts on OH groups (again
generally less stable than C-adducts, Figure 8d) generally led
to negative frequency shifts, likely at the origin of the 2137

and 2116 cm™* experimental bands. The most favorable CO
adducts on OH groups were side-on modes (up to —13
kJ-mol~%; see for example Figure 8f,g)., which are expected to
take part in the 2137, 2116, and 2100 cm™* experimental bands.
With typical formation energies of —80 to —133 kJ-mol 4,
formates appeared to be by far more stable than all CO adducts
(Figure 8h). However, no clear experimental infrared evidence
can be given here for formates, probably due to kinetic
limitations: their formation requires much more demanding
bond-breaking and -forming sequences™ than the simple forma-
tion of adducts, as evidenced by the elevated temperatures
(higher than 100 K) required for their formation on oxides,%93%

5.2.6. Interaction of CO with External Hydrogenocarbonates.
Due to their stability range (low temperature), hydrogenocar-
bonates (MH and BH) are exclusively bonded to Zn,y, species.
They are thus only weak Bransted acid sites, as shown by their
moderate adsorption energies relative to the C-adducts. The 2155
cm™* band can be assigned to those species. O-adducts and side-
on modes were competitive with C-adducts on hydrogenocar-
bonates. Most of them led to slightly negative shifts, which can
be linked to the 2137 cm™* band.

(98) Calatayud, M.; Collins, S. E.; Baltanas, M. A.; Bonivardi, A. L. Phys.
Chem. Chem. Phys. 2009, 11, 1397-1405.
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Table 2. Calculated Adsorption Energies of Methanol and Methyl
Acetate on External Surface Sites of ZIF-8, Related to Stable
Species in the Catalytic Test Conditions (Mark E in Figure 7)

adsorption energy (kJ - mol~")

cluster adsorbates of methanol of methyl acetate
{Zn-Img}  no adsorbate —31 (molec.) —16
{Zn-Imz} OH(1) + NH(1) —35(dissoc.onZnand OH) —30 (onZny)
—46 (molec.) —36 (on NH)
{Zn-Im}  OH(1) —58 (molec.) —40

—76 (dissoc. on Znand N™)

5.2.7. Interaction of CO with External N~ Moieties. Among
the various types of CO adducts with the N~ moieties studied,
only the side-on adduct (Figure 8e) appeared to be stable, with
a small red-shift of the CO stretching frequency (—5 cm™?),
similar to that observed for silica, whereas oxide ions in the
CsX zeolite induced a stronger red shift (~ —20 cm™%).*

The most stable surface species in the considered operating
conditions are indicated by mark D in Figure 7. The corre-
sponding expected signals are emphasized in bold in Table 1.
They appear in a narrow range ([—6,+16 cm™!]) around the
Avco = 0cm~t value, which meansthat, statistically, the signal
is expected to be mostly developed in the spectral region around
2143 cm™%, which is indeed the case (see Figure 5).

5.3. Interaction of Bulk and Surface Sites with Alcohols.
5.3.1. Interaction of Methanol with the Bulk of ZIF-8. The
activation of methanol on the Zn, nodes within the bulk
(periodic model) was explored according to hypotheses and
(Figure 1): both extension of coordination of Zny, to Zn, and
activation by de-coordination of a Zn—N bond failed with
methanol (extension of the coordination led to gection of
methanol within the pore, with an interaction energy of —15
kJ-mol %, and de-coordination of the Zn—N bond corresponds
to a very endothermic process, +113 kJ-mol™?), as for CO. It
can thus be definitely concluded that activation of the reactants
will not occur easily on the nodes located in the bulk of ZIF-8.

5.3.2. Interaction of Methanol with Surface Sites of ZIF-8.
The adsorption of methanol on the external surface of ZIF-8 was
modeled on the clusters identified as the most stable in the given
operating conditions (catalytic test, mark E in Figure 7). Molecular
and dissociative adsorption (dissociation of the O—H bond,
adsorption of CH3;O™ on Zny, and Zny;, and protonation of N~
moieties or OH groups) were investigated. Adsorption energies
are reported in Table 2 for the preferred adsorption modes.
Adsorption on external surface sites was preferred over adsorption
within the bulk. Similarly to water adsorption, methanol adsorbed
molecularly on the Zny,, atom of {Zn-Img}. On{Zn-Imy}, molecular
and dissociative adsorption of methanol are very competitive (—46
and —35 kJ-mol~! for the molecular and dissociative modes,
respectively). Dissociation preferentialy occurred by protonation
of the OH group, and a strong hydrogen bond remained between
the CH3;O™ groups and the water molecule that was obtained
(Figure 9a). On {Zn-Im}, dissociation was more favorable than
molecular adsorption and preferentially involved Zn,, cations and
N~ anions. Comparison of the adsorption energies from one system
to another indicates that the adsorption is more favorable on Zn,
than on Zny;, as expected. However, it is more favorable on Zny,
of {Zn-Imy} than on {Zn-Img}, which can tentatively be assigned
to two factors:

(1) Steric hindrance: indeed the OH group on {Zn-Imy} is less
bulky than the additional Im linker in {Zn-Img}.

(2)Electronic factors: OH groups may render the Zn—0O dlightly
more ionic than the Zn—N bond between the node and the linker.
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Figure 9. (a) Competitive adsorption modes of methanol on Zny, (as
modeled on the {Zn-Im,} cluster with one OH group on Zn), either
molecular (left) or dissociation on Zn-OH pairs (right). (b) Co-adsorption
of methyl acetate and methanol (dissociation on Zn-N pairs) on Zn;, of the
{Zn-Im} clusters.

This could enhance the effective Lewis acidity of Zny, in {Zn-
Imy} as compared to {Zn-Img}. However, CO adsorption
energies and frequency shifts (Table 1) are amost the same for
both systems.

5.4. Interaction of Surface Sites with Methyl Acetate. Trig-
lycerides are too bulky (see an evaluation of their dimensions
by force-field smulations in the Supporting Information, Section
S6) to enter the bulk of ZIF-8. This, together with the fact that
alcohols themselves cannot be activated in the bulk of the
catalyst (section 5.3), led us to consider the activation of esters
at the external surface of ZIF-8 only.

Methyl acetate was chosen as a model ester for DFT
calculations. Its adsorption on the external surface of ZIF-8 was
modeled by the same method as for the adsorption of methanol.
Activation by the Zn,;; and Zn,, atoms was investigated, as well
as protonation by NH groups. Adsorption energies are reported
in Table 2. As for methanol, adsorption of methyl acetate is
more favorable on Zny, than on Zny,, even if the sensitivity of
methy| acetate is less pronounced than that of methanol. The
activation on NH groups is competitive with that on Zn;; (on
{Zn-Imy}) and Zny, (on {Zn-1m}), but the ester is not protonated
in its most stable state (NH interacts with the ester through
hydrogen-bonding).

The transesterification reaction then requires a certain prox-
imity between the activated alcohol and ester partners. Among
the Zn surface sites accessible in catalytic conditions, only Zny,
species have the opportunity to adsorb (and thus activate) at
the same place the two molecules. The explicit co-adsorption
was calculated for the { Zn-Im} cluster exhibiting one OH group.
The resulting structure is shown in Figure 9b. The global co-
adsorption energy reached —91 kJ-mol 1. As shown by Zn—0
bond lengths (2.39 A for the ester and 1.86 A for the
methanolate species) and by adsorption modes, the methanol
molecule is more strongly activated than the ester, consistent
with the strong dependence of the catalytic activity on the
alcohol acidity (section 4.2).

6. Discussion

The present work shows for the first time that ZIF-8 can be
a very interesting catalyst in the transesterification reaction,
despite the absence of postfunctionalization, and the reaction
proceeds with several linear alcohols (methanol, ethanol,
1-propanol, and 1-butanol). The infrared spectrum of the
material suggests that some OH- and NH-type species exist on
the sample. DFT cluster calculations indeed indicate that a great
variety of species can be expected on the external surface of
ZIF-8: Zny, and Zn;,; ions, N~ moieties of nonbridging linkers,
OH and NH groups, as well as hydrogenocarbonates (mono-
dentates MH or bidentates BH).
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Table 3. Assignments of FTIR Spectra for CO Adsorption on the External Surface of ZIF-8, As Obtained from DFT Calculations

. Assignment from calculations
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The CO molecule, the adsorption of which was followed by
FTIR, was used to get a closer ook at the nature of the acido-
basic sites. On the basis of periodic and cluster DFT calculations,
we propose first an assignment of the experimental infrared
spectra and then an identification of the acido-basic sitesin the
bulk and on the surface of the solid. We then discuss the
plausible active sitesin catalysis on the basis of results obtained
by simulation of the adsorption of methanol and methyl acetate
on ZIF-8.

6.1. Assignment of Infrared Spectra (C=0 Stretching Fre-
guencies). CO adsorption on ZIF-8 activated at 473 K in a
vacuum leads to a variety of bands in the infrared, in the
C=0 stretching frequency region of the spectrum. Several
bands correspond to blue-shifts as compared to CO in the
gas phase, which is an indication of the presence of C-adducts
of CO with acid sites of the solid up to strong sites (as attested

by the shift to +82 cm™t). More surprisingly (because of
their lower occurrence in the literature), a set of red-shifted
bands appears from the first CO pulses. Indeed, the bands
observed are barely shifted as a function of CO coverage.
The first question arising from these results has to do with
where CO adsorbs at low coverage: Does the external surface
play arole, or does CO only reveal peculiar interactions with
the bulk material itself?

DFT calculations indicate that CO interacts only weakly with
the bulk of ZIF-8 and cannot be responsible for strong infrared
shifts. In contrast, species at the external surface of the material
are shown to induce various interactions, some of them being
quite strong. Various adsorption modes (C-adducts, O-adducts,
side-on adducts) are indicated and explain the spectral features
observed experimentally. The assignment of the IR spectra, as
suggested by calculations, is reported in Table 3. C-adducts are
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mostly responsible for the blue-shift region of the spectra,
whereas O-adducts and side-on adducts are at the origin of the
red-shifted zone.

Except on Zn, and Zn,, where severa CO molecules can
adsorb, the sites interacting with CO are well separated
(generally by a distance equivalent to the dimensions of the
linker, which plays the role of the constitutive anion), in contrast
to inorganic materias, where bonding sites are very close to
one another (for example, on ZnO, oxide ions are the only
species separating the Zn?* cations). This specificity allowsthe
convenient determination of the acido-basicity of the sites
probed.

6.2. Multifunctionality at the Organic—Inorganic I nterface
As Viewed by CO. Such an approach reveals strong Lewis acid
sites on the surface of ZIF-8. Indeed, for ZnO samples, CO
adsorption experiments led to shifts of at most +50 cm~1.8%97
As the Zn;;; modeled in the present work induces only a weak
shift of +12 cm™2, we can assign the presence of stronger Lewis
acid sites to the higher occurrence of Zn;, on ZIF-8 than of ZnO
(Zn, istoo reactive to exist in significant amounts). NH groups
are the strongest Bransted acid sites on the solid. According to
the strong blue-shift generated (+51 cm™* from calculations),
they could be stronger Bransted acid sites than H—Y zeolites,
for example.®® Other protonic groups (OH and hydrogenocar-
bonates) do not exhibit significant Bransted acidity. They induce
mainly side-on adducts with CO, which is an indication of
possible basicity. N~ moieties of nonbridging linkers are also
potentially basic sites, as shown by CO adsorption. Thus, the
external surface of ZIF-8 exhibits a set of species which develop
specific acido-basicity. This suggests that catalysis occurs on
the external surface, supporting hypothesis given in the Intro-
duction. At this stage, CO adsorption does not validate
hypotheses and , as no de-coordination seems possible (periodic
calculations).

6.3. Catalysis by Nonfunctionalized ZIF-8. We show that
ZIF-8 catalyzes very efficiently the transesterification of
vegetable oil by methanol. The reaction rate decreases with
the acidity of the linear alcohol (from methanol to ethanol,
1-propanol, and 1-butanol), which suggests that the activation
of the alcohol proceeds via its deprotonation. The bulkiness
of the triglycerides (too high to allow diffusion into ZIF-8),
together with the absence of activation of methanol (the most
reactive alcohol) in the bulk of ZIF-8, as shown by DFT
calculations, leads us to exclude any reactivity from the bulk
and to assign catalysis mainly to the external surface of the
material. Bulky alcohols (isopropanol and tert-butanol) are
hardly converted in the presence of ZIF-8, which could be
interpreted as being due to the porosity of the material. But
the same is observed in the presence of the ZnAl,O, reference
catalyst: an intrinsic limitation is thus shown for the reaction
of ramified alcohols.

Among the hypotheses depicted in Figure 1, hypothesisis
thus validated. The thermodynamic diagram of stable species
at the surface obtained from the theoretical approach enables
the species present in catalytic conditions to be identified.
In particular, Zny,; and Zny, species are exposed, together with
OH groups, NH groups, and free N~ moieties. Esters can be
activated on Zny,;, Zn,;, and NH groups (even if protonation
does not correspond to an energy minimum in the latter case).
Acid (Zny, or Zny)—base (OH or N7) pairs are shown to be
able to deprotonate methanol, but the most interesting species,
capable of activating both the ester and the alcohol in very
close regions, is Zny, likely surrounded by one linker and
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one OH group. Thisis consistent with CO-FTIR experiments,
which show that the strong Lewis acidity is mainly due to
Zn;. We thus propose that these sites are responsible for
catalysis.

For the reaction of interest in the present work, we can
exclude catalysis within the pores due to strong steric hindrance
in the glycerides. However, for smaller reactants, one could also
invoke confinement effects to explain such catalytic properties.
We also cannot exclude that, for some other reactions, defects
within the solid would reveal some low-coordinated Zn cations
and N~ moieties, for which our cluster ssmulation may also
apply and which may exhibit catalytic activity. The purposeful
introduction of point defects in the structure of ZIF-8, as was
done for MOF-5 very recently,® could make it possible to
further enhance the catalytic properties of this kind of material.

7. Conclusion

The high catalytic activity of one of the most popular zeolite
imidazolate frameworks, ZIF-8, isillustrated in the transesteri-
fication of vegetable oil with various acohols (methanol,
ethanol, 1-propanol, 1-butanol, isopropanol, and tert-butanal).
The reactivity increases with the acidity of the linear alcohol.
However, ZIF-8, composed of saturated tetrahedral Zn nodes
and methylimidazolate linkers coordinated to Zn nodes by each
of their reactive parts, is not a functionalized MOF, so the origin
of its catalytic properties can be questioned. We performed
carbon monoxide adsorption at low temperature and monitored
it by FTIR to evaluate the acido-basicity of the solid. A
combination of cluster and periodic DFT calculations enabled
the infrared spectra to be assigned and a structural model for
the active sites to be proposed.

Three hypotheses were explored for the origin of such
catalytic activity: Are Zn nodes able to increase their coordina-
tion to activate the reactants? Do Zn—N bonds dissociate to
achieve activation by Zny; and N~ moieties? Are the active sites
unsaturated cations or specific groups located at the external
surface of the material? Hypotheses and were theoretically
addressed on the basis of a periodic model of the material. To
investigate the third hypothesis, we built an ab initio cluster
model, taking into account the various coordination modes
possible for Zn, as well as the presence of water and carbon
dioxide in the atmosphere. The stability of the various species
was evaluated on the basis of a thermodynamic model coupled
to DFT results. Depending on temperature and pressure,
hydroxyls, NH groups, hydrogenocarbonates, |ow-coordinated
Zn atoms, and free N~ moieties belonging to linkers are shown
to coexist on the external surface of ZIF-8.

The FTIR spectra obtained after CO adsorption at low
temperature on ZIF-8 activated at 473 K under a vacuum are
very complex in the C=0 stretching frequency region. Not only
are traditional blue-shifts at various frequencies observed, up
to +82 cm™! as compared to the gas phase, but also a set of
red-shifted signals. Using DFT cluster caculations, these signals
were assigned to classical C-adducts of CO with acid sites (blue-
shifts), as well as O-adducts and side-on adducts on acid and
basic sites. Moreover, we demonstrate that the sites that have a
significant impact on the vibrational properties of CO are located
at the external surface of the material, and not in the porosity
of ZIF-8. This approach shows that some strong Lewis sites
exist (in particular Zn, species), aswell as strong Brgnsted acid
sites (NH groups), together with basic sites (OH groups and
N~ moieties mainly).
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Taking into account these findings, and explicitly simulat-
ing the co-adsorption of a model ester (methyl acetate) and
methanol, we show that ZIF-8 is able to dissociate alcohals,
in line with experimental catalytic results demonstrating a
prevailing role of the acidity of this reactant. Zn, species as
acid sites, located at the external surface (or possibly in bulk
defects of ZIF-8), combined with N~ moieties and OH groups
as basic ones, are shown to be particularly interesting for
the combined activation of alcohols and esters and are
proposed as the active sites. This work opens new perspec-
tives on the use of nonfunctionnalized MOFs in catalysis,
and more generally on the understanding of the external
surface properties (such as hydrophilicity/hydrophobicity) of
all kinds of MOFs.
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