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Abstract

The H,S stability of a range of MOFs was systematically assessed by first-principle calculations.
The most likely degradation mechanism was first determined and we identified the rate constant
of the degradation reaction as a reliable descriptor for characterizing the H,S stability of MOFs.
A qualitative H,S stability ranking was thus established for the list of investigated materials.
Elemental structure-stability relationships were further envisaged considering several variables
including the nature of the linkers and their grafted functional groups, the pore size, the nature of
metal sites and the presence/nature of coordinatively unsaturated sites. This knowledge enabled
the anticipation of the H,S stability of one prototypical MOF, e.g. MIL-91(Ti), which has been
previously proposed as a good candidate for CO, capture. This computational strategy enables an
accurate and easy handling assessment of the H,S stability of MOFs and offers a solid alternative
to experimental characterizations that require the manipulation of a highly toxic and corrosive

molecule.
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1. Introduction

Metal-Organic Frameworks (MOFs), a class of highly crystalline and tunable porous

materials, have been envisaged over the past several years for a myriad of applications in the
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fields of catalysis,”” gas adsorption/separation,”” biomedicine®® and sensing among
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others. While their performances sometimes outperform the well-established porous media

such as zeolites, silica and carbons, this family of hybrid materials is still not yet widely applied
to industry since most of the studies rarely report their chemical stability under working
conditions. Typically, the performances of MOFs are promising to solve challenges in critical
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industrial applications such as CO, capture,” " flue gas scrubbing, natural gas (NG) and

refinery-off gases (ROG) upgrading.”**” This critically calls for a systematic exploration of the
stability of the best MOFs upon exposure to impurities present in the associated flue gas
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streams such as H,O, H,S, SOy, and NOx among others to meet the industry’s expectation in

this field.”' While the stability of MOFs upon water adsorption is routinely assessed from both

. - . 42
experimental’>>’ and modeling®®*

standpoints, this is far to be the case under harsh conditions
as for instance in the presence of acidic and basic species.”** Only a small fraction of MOFs
promising for CO, capture, natural gas or bio-gas purification has been tested in terms of
stability upon exposure to NOy, SOy, H,S and NH; 48, Specifically, related to H,S, while a
series of MOFs have been envisaged for the capture of this highly toxic molecule, 2% 4%
such as MIL-53(Al, Cr) and MIL-47(V),”**' soc-MOF,** kag-MOF-1,*° MIL-125(Ti),” UiO-
66,”> Mg-CUK-1,” MIL-53(Al)-FA,>* MFM-300(Sc)*’ and MIL-53(Al)-TDC,” the H,S stability
of only a very few promising MOFs for the applications mentioned above, e.g. KAUST-7,>
KAUST-8,” kag-MOF-1,%° soc-MOF**, MIL-125(Ti)* and MOF-74(Ni),”” has been verified.

Beyond this observation, to the best of our knowledge no systematic exploration of the H,S
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stability of MOFs has been reported to date and understanding of the H,S degradation
mechanism is still far from clear. Indeed, while standard experimental techniques such as X-ray
diffraction and Thermogravimetric analysis, >> >** have been used to characterize the stability of
MOFs after exposure to H,S, only a few in situ FT-IR study has been conducted to characterize
the adsorption modes of H,S in MOFs,*" >* however without paying attention on the H,S
degradation mechanism. From a computational standpoint, while the H,S physisorption
mechanism has been elucidated for a range of MOFs using force field based Monte Carlo (MC)

24-25, 49, 51, 53, 55
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simulations and Density Functional Theory (DFT) calculations,
studies have addressed the question of H,S stability/degradation.
Herein, the driving-step of the H,S-induced MOF degradation reaction was explored
systematically using periodic DFT calculations applied to a series of MOFs. To that purpose, we
first evaluated different plausible degradation mechanisms with MIL-53(A1)-BDC™ taken as our
reference MOF material since it was already proved experimentally to be stable upon exposure to
H,S. This preliminary stage enabled us to identify the most probable degradation mechanism and
to propose the rate constant of the degradation reaction as a reliable descriptor for characterizing
the H»S stability of MOFs. We further explored a range of MOFs with the objective to evaluate
how the stability of this family of materials is affected by the nature of the linkers, with the
consideration of several derivatives of MIL-53°*>> and CAU-10;%® the nature of the functional

groups grafted to organic linkers, with the use of functionalized MIL-53(Al)s,***’

the pore size
with the comparison between the large-pore and narrow-pore forms of MIL-53(Al)-BDC-NH,,"’
the metal substitution with the cases of CAU-10(Al)®® and MIL-160(A1)®” and their Ti-

analogues and the presence/nature of coordinatively unsaturated site (CUS) with the

consideration of MOF-74 (Ni)’’ and MOF-74(Zn).’> >’ This systematic exploration led to a



qualitative H,S stability ranking of all these MOFs based on the evaluation of their associated
rate constants for the corresponding first-step degradation reaction. This allowed to reveal
elemental structure-stability relationship that was further transferred to anticipate the H»,S
stability of the MOF MIL-91(Ti) as a show-case since this material has been proposed as a good
candidate for the selective capture of CO, under flue gas conditions’® while its H,S stability was
still unknown. We believe this computational approach allows an accurate and easy handling
assessment of the H,S stability of MOFs without the need to perform fastidious experiments due

to the high toxicity and corrosive character of H»S.

2. Computational methods

The unit cells of all empty MOFs were first geometry optimized at the DFT level starting
with their known crystal structures. Note that for all structures showing lattice parameters below
12 A, super-cells associated with a doubled cell parameter along the corresponding direction
were constructed. These calculations used the projector augmented wave (PAW)”' formalism
within the generalized gradient approximation (GGA) method with Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional as implemented in Vienna Ab Initio Simulation Package
(VASP).”*™ The DFT-D3 method” was employed to include the dispersion correction. A cut-off
energy of 900 eV for the plane-wave basis set was considered to ensure convergence with the
following criteria of 0.01 eV/A and 107 eV for the forces and energy respectively. The Brillouin
zone was sampled at gamma point. Note that for Ni- and Ti-containing MOFs, spin-polarization
was considered together with DFT+U approach’® to accurately describe the 3d states, where Usg
was selected to be 6.4 ¢V and 3.0 eV for Ni’’" and Ti’® respectively. In addition, unlike Ti-MOFs
which have zero magnetic moment, we found for MOF-74(Ni) that ferromagnetic (FM) intra-

chain coupling is slightly more stable than the anti-ferromagnetic (AFM) one by 0.06 eV.
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Therefore, the FM configuration for MOF-74(Ni) was selected for geometry optimization and
subsequent calculations described below. Regarding the functionalized MIL-53(Al)-BDC, we
considered the narrow pore (np) structure of MIL-53(Al)-BDC-NH; as well as its large pore (Ip)
form known to exist in the presence of guest molecules®’ while MIL-53(A1)-BDC-NO, was
treated solely in its previous reported Ip form.*® The DFT-optimized lattice parameters of all
empty MOFs are summarized in Table S1 along with the corresponding structures represented in
Figures S1-S6. Starting with these DFT-optimized structures, 1 H,S molecule was introduced per
unit cell and the resulting guest-loaded configurations (labeled IS for Initial States) were further
DFT-geometry optimized using the same settings mentioned above, their lattice parameters being
maintained fixed. As a further stage, the H,S degradation mechanism was explored, the transition
states (TS) and the products (called final states (FS)) being identified using the climbing image
nudged elastic band method (CI-NEB)" as implemented in the Transition State Tools for VASP
(VTST) module.*® Frequency calculations were performed for all minima (IS and FS) and
transition state (TS) structures to ensure no imaginary frequency for both IS and FS and only 1
imaginary frequency for TS. Only the positions of the atoms involved in the first-step
degradation reaction were relaxed during frequency calculations.

The potential energy (E) profile was then constructed by considering the optimized MOF unit
cell and H,S in the gas phase as zero-point potential energy. The reaction energy (AE) and its
associated energy barrier (AE") at 0 K were calculated using equations (1) and (2):

AE= E(FS)—E(IS) (1)
AE=E(TS)-E(IS) )

where E(X=IS, TS, FS) is the relative energy of the corresponding X configurations.



The rate constant (k) of the first-step H,S degradation reaction was further considered as a
more reliable descriptor than AE' to quantitatively assess the stability of MOFs against H,S at
room temperature (298 K). Indeed, k explicitly reflects the chemical equilibrium between the
three configurations (IS, TS and FS), rather than simply comparing the reaction energy barrier,
AE', which is insufficient to assess the difference between MOFs in terms of stability.

The k value was calculated using equation (3)

AGH AG,
k=exp (- =) — exp (- 2) 3)

where AG' is the reaction free energy barrier; AG' is the reversed reaction free energy barrier and
T is the temperature (298 K). AG' and AG', were calculated as follows :

AG'=G(TS)-G(IS) (4)

AG'=G(TS)-G(FS) (5)
where G(X=IS, TS, FS) is the free energy of.the corresponding X configurations calculated as
follows:*'

G =Eq + Fyip(vi, T) (6)

where Eg is the energy of the X configuration, and Fyi,(vi, T) its corresponding Helmholtz

vibrational energy defined as follows:

Fup(i D) =3 5i{hvi + 2k Tn[1 —exp (201} ()

where h is Planck’s constant, k, is Boltzmann’s constant, v; is the harmonic vibrational
frequency for relaxed atoms and T is set to 298 K.

According to the definition of k, a positive value indicates that the decomposition of the
corresponding MOF is feasible upon exposure to H,S, whereas a negative k value is a signature

that the degradation is less probable. Since the first step of the degradation reaction is assumed to



be the predominant step in the reaction path, indeed more negative is k, more stable is the

associated MOF against H,S.

3. Results
3.1 Exploration of the plausible H,S degradation mechanism and evaluation of the rate
constant: MIL-53(Al)-BDC as a showcase

Referring to the mechanism proposed in the literature for the degradation of MOFs upon
exposure to acid gas, e.g. SO,,*” we explored several possible HaS first-step degradation reaction
paths as shown in scheme 1.

(1) mechanism 1: one of the metal-oxygen bonds breaks and the created unsaturated x-O atom is
further coordinated by an hydrogen atom transferred from H,S, while the remaining —SH group
combines with the created coordinatively unsaturated Al site to form a metal-sulfur bond,

(2) mechanism 2: similarly to mechanism 1, an hydrogen atom of H,S bounds the created
unsaturated ©-O atom, however the —SH group coordinates to the carbon atom of the —COO"
group;

(3) mechanism 3: the —SH group replaces the 4-OH hydroxyl function of the MOF to form two
Al-S bonds, while the other hydrogen atom of H,S combines with the released OH function to
form a water molecule.

These three mechanisms were explored for MIL-53(Al)-BDC considered as a model MOF in
our study and the different states along the reaction are illustrated in Figure 1. The most stable
adsorption configurations of H,S (IS) correspond to the scenario where its S-atom points towards
the u-OH group with a separating S(H,S)-H(u-OH) distance of 2.33 A. For mechanism 1, one of
the Al-O bonds breaks upon H,S adsorption and the Al-S distance shortens along the reaction

path as follows: 4.36 A (IS)— 2.62 A (TS)— 2.46 A (FS) to finally form a bond, while the H-S
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bond of H,S dissociates (H-S distance : 1.35 A (IS)— 1.82 A (TS)—3.29 A (FS)). This
mechanism is associated with a very high energy barrier (AE") and a highly endothermic reaction
energy (AE) of 169 kJ mol" and 115 kJ mol” respectively. For mechanism 2, the reaction
proceeds via a significant reduction of the S-C distance between S(H,S) and C(COO-) from 4.70
A (IS) to 2.56 A (TS) prior to form a S-C bond of 1.94 A (FS) while one of the H-S bonds of
H,S breaks along the reaction path 1.35 A (IS) — 2.00 A (TS) — 2.64 A (FS). This degradation
mechanism is also highly endothermic (AE=117 kJ mol") and the associated energy barrier (AE'
=146 kJ mol) is as high as the value obtained for mechanism 1. Considering the fact that the
protonation of the oxygen atom of the carboxylate group does not lead to an uncoordinated Al
site, this mechanism was excluded since no further degradation of the framework can be
expected. For mechanism 3, similar to mechanism 1, there is formation of an Al-S bond along
the reaction path as seen by the evolution of the corresponding Al-S distance (4.36 A (IS) —
2.30 A (TS) — 2.38 A (FS)). Although the resulting reaction energy AE (123 kJ mol™) is only
slightly higher than the value obtained for mechanism 1 (115 kJ mol™), its energy barrier AE' is
much higher (256 vs 169 kJ mol™). This trend is explained by the fact that mechanism 3 proceeds
via the breaking of 2 metal-oxygen bonds. Therefore this set of calculations demonstrates that
mechanism 1, where only one of the metal-oxygen bonds breaks and one metal-sulfur bond
forms, is the most likely first step of the MOF degradation upon exposure to H,S. This
mechanism 1 was thus systematically explored for the whole investigated MOFs. We assumed a

similar first-step degradation reaction mechanism for all MOFs described above.
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Scheme 1: The three different mechanisms of the first-step degradation reaction between H,S
and MOFs with MIL-53(Al)-BDC as a model system.

e lechanism 1
e Mlechanism 2
e Mechanism 3

Figure 1: Potential energy profile for the three different H,S degradation mechanisms explored in

the case of MIL-53(Al)-BDC with the associated relative energies for the Initial States (IS),

Transition States (TS) and Final States (FS). An illustration of the IS, TS and FS configurations

is also provided. Color codes are carbon (brown), oxygen (red), sulfur (yellow), hydrogen (white)
and aluminum (green). The corresponding energies and distances are reported in kJ mol™ and A

respectively.



Furthermore, the calculated k value for the degradation mechanism 1 was found to be —4.9x107.
Indeed, since MIL-53(Al)-BDC was previously demonstrated to be stable against H,S
experimentally, this value was considered in the following sections as a reference to assess the
stability of the series of MOFs. Indeed all MOFs associated with similar or even more negative k
values will be considered as stable materials upon exposure to H,S. Therefore, this descriptor

was used to rank qualitatively the H,S stability of all MOFs described above.

3.2 Impact of the nature of linkers on the H,S stability of AI-MOFs
3.2.1. MIL-53(Al) frameworks

The first-step degradation reaction paths and the corresponding potential energy profiles for
MIL-53(Al)-FA and MIL-53(Al)-TDC are compared with those for MIL-53(Al)-BDC in Figure
2. The most stable adsorption configurations of H,S (IS) for both MIL-53(Al)-FA and MIL-
53(Al)-TDC are similar to that observed for MIL-53(Al)-BDC with a predominant interaction
between S(H»S) and H(u-OH). It is worth noting that the configurations of TS and FS along the
reaction paths are also quite similar for the three different MOFs. The reaction energy barrier AE'
for MIL-53(Al)-FA (165 kJ mol™) is very close to that for MIL-53(Al)-BDC (169 kJ mol™),
while the associated reaction energy AE is slightly lower (102 vs 115 kJ mol™). Interestingly,
MIL-53(Al)-TDC shows a significanly lower AE' (126 kJ mol™) but a similar AE (103 kJ mol™)

as compared to the values found for the two other isoreticular forms.
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——MIL-53(Al)-BDC
e MIL-53(Al)-F A
= MIL-53(Al)-TDC

P

Figure 2: Potential energy profiles for the first-step H,S degradation reaction by MIL-53(Al)-
BDC (black line), -FA (red line) and -TDC (blue line). Color code is the same as in Figure 1. The
corresponding energies and distances are reported in kJ mol™ and A respectively.

Although MIL-53(Al)-TDC shows the lowest AE', it does not mean that it is the least stable
one out of the three MOFs. Indeed, Table 1 which reports the reaction free energy barriers (AG'),
the reversed reaction free energy barriers (AG,) and the rate constant (k) values for the 3
isoreticular MOFs at 298 K, shows that MIL-53(Al)-TDC is by far the most stable one, since its
associated k value is much more negative (—1.1x107) as compared to the values obtained for
both MIL-53(Al)-BDC (—4.9x10) and MIL-53(Al)-FA (—1.4x10”). These calculations predict
the following sequence in terms of stability: MIL-53(Al)-TDC)>>MIL-53(Al)-BDC ~ MIL-
53(Al)-FA since the two last MOFs show k values of similar magnitude. This trend is consistent

with the very good H,S adsorption/desorption cyclability of MIL-53(Al)-TDC previously
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reported” as well as a similar stability of MIL-53(Al)-FA>* and MIL-53(Al1)-BDC.” The
combination of a lower AE' with a similar AE finally leads to a more negative k (and higher
stability) for MIL-53(Al)-TDC. This observation confirms the reliability of the rate constant as a
descriptor to assess the H,S stability of MOFs.

Table 1: Reaction free energy (AG), reaction free energy barrier (AG'), reversed free energy

barrier (AG") and rate constants of the first-step H,S degradation reaction (k) for all investigated
MOFs. All the energies are reported at 298 K in kJ mol™.

AG AG' AG, K
MIL-53(Al)-BDC 133 180 47 —4.9x10”
MIL-53(Al)-FA 117 168 50 ~1.4x107
MIL-53(Al)-TDC 117 134 17 -1.1x107
MIL-160(Al)-Furan 130 176 46 —9.0x10”
CAU-10(Al)-BDC 118 178 60 -3.3x10™"
CAU-23(Al)-TDC 122 147 25 —4.0x107
Ip-MIL-53(Al)-BDC-NO, 141 183 42 —4.3%x10®
Ip-MIL-53(Al)-BDC- NH, 163 208 45 -1.5x10°®
np-MIL-53(Al)-BDC-NH, 168 206 38 —2.5x107
CAU-10(Ti)-BDC 63 129 66 -2.8x10™"
MIL-160(Ti)-Furan 74 122 48 —4.4x107
MOF-74(Ni) 87 118 31 ~5.5%10°°
MOF-74(Zn) 13 75 61 -2.0x107™M
MIL-91 (Ti) 145 163 18 —8.3x10™

3.2.2 CAU-10(AD)-BDC, MIL-160(Al)-Furan and CAU-23(Al)-TDC frameworks
In complement to 3.2.1, the H,S stability of CAU-10(Al)-BDC, its furan derivative (MIL-
160(Al)-Furan) and a similar structure integrating TDC linker (CAU-23(Al)-TDC) were

explored.
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= CAU-10(Al)-BDC
e MIL-160(Al)-Furan
= CAU-23(Al)-TDC

Figure 3: Potential energy profiles for first-step H,S degradation reaction by CAU-10(Al)-BDC
(red line), MIL-160(Al)-Furan (black line) and CAU-23(Al)-TDC (blue line). Color code is the
same as in Figure 1. The corresponding energies and distances are reported in kJ mol™ and A
respectively.

Compared to MIL-53 MOFs, while CAU-23(Al)-TDC shows the same adsorption mode with the
interactions between S(H»S) and H(u-OH), CAU-10 derivatives (CAU-10(Al)-BDC and MIL-
160(Al)-Furan) show different H,S adsorption configurations because their 4-OH sites are not
sterically accessible to guest. Indeed, H,S interacts with the oxygen atom of the carboxylate
groups. Figure 3 and Table 1 reveal that despite CAU-23(Al)-TDC shows the lowest energy
barrier AE', its associated k value is much more negative than for CAU-10(Al)-BDC. This trend
which is the same than that observed between MIL-53(Al)-TDC and MIL-53(Al)-BDC, strongly
suggests that the incorporation of TDC linker tends to reinforce the H,S stability of the MOF
architecture. MIL-160(Al)-Furan built with a heteroatom containing linker is expected to be also

more stable than the CAU-10(Al)-BDC since its associated k value is more negative by two
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orders of magnitude, leading to the following sequence in terms of stability: CAU-23(Al)-
TDC>>MIL-160(Al)-Furan>CAU-10(Al)-BDC. Indeed, more generally, the inclusion of
heteroatoms (sulfur and oxygen) in the linkers make MIL-53 and CAU-10 structures more stable.
On the other hand, by comparing the scenarios for MIL-53(Al)-TDC/CAU-23(Al)-TDC and
MIL-53(Al)-BDC/CAU-10(Al)-TDC, we found that the rate constants of MIL-53 frameworks
are always slightly more negative than CAU-10/CAU-23 MOFs containing the same linker. This
suggests that MIL-53(Al) is expected to be slightly more stable than CAU-10 (Al)/CAU-23(Al).
This might be du to a slightly different vibrational contribution for MIL-53(Al) vs CAU-10

(Al)/CAU-23(Al) leading to a small variation of the free energies and k values.

3.3 Impact of the nature of the functional groups grafted to the organic linker on the H,S
stability of AI-MOFs
The stability of MIL-53(Al)-BDC was further compared with that of its functionalized

derivatives with -NO, and —NH,; groups considering in all cases a lp structure.

——MIL-53(Al)-BDC
——— MIL-53(Al)-BDC-NO,
= MIL-53(Al)-BDC-NH,
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Figure 4: Potential energy profiles for first-step H>S degradation reaction by MIL-53(Al)-BDC
(black line), MIL-53(Al)-BDC-NO; (red line) and MIL-53(Al)-BDC-NH; (blue line). Color code
is the same as in Figure 1 except nitrogen (light blue). The corresponding energies and distances
are reported in kJ mol and A respectively.

Compared to the pristine MIL-53(Al)-BDC, the functionalization does not affect the
predominant interactions between H,S and u-OH, as shown in Figure 4 since the separating
distances between H,S and -NH,/~NO, groups are longer than 3 A. The potential energy profiles
shift upwards upon functionalization, while the structures of each state along the reaction paths
remain similar, as shown in Figure 4. The higher energy barrier AE' and reaction energy AE for
MIL-53(A1)-NO;, and MIL-53(Al)-BDC-NH; result from the introduction of relatively bulky
functional groups which causes higher energy penalty for the H,S-induced structural changes. As
shown in Table 1, the rate constants k calculated for both functionalized forms are slightly more
negative than the value obtained for MIL-53(Al)-BDC, suggesting the following stability
sequence: MIL-53(Al)-BDC-NO,~MIL-53(Al)-BDC-NH,>MIL-53(Al)-BDC. Indeed this series
of calculations predicts that the functionalization of the BDC linker, a strategy often employed to
enhance the affinity of the MOF for a polar molecule,”’” does not play a detrimental role on the
H,S stability of the framework.

3.4 Impact of the pore size on the H,S stability of AI-MOFs

MIL-53(Al)-BDC-NHj; in both its Ip and np forms was considered as a prototypical model to
verify if the pore size can affect the MOF stability upon exposure to H,S. The IS configuration
for the np form corresponds to an interaction between S(H,S) and the u-OH group in a similar
way than in the lp version. Figure 5 shows that the potential energy profiles are very similar in
both cases while Table 1 evidences that the rate constant for np-NH,-MIL-53(Al) is only slightly

more negative than that for the Ip structure. The relative energy of the FS configuration for the
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np structure is slightly higher than that for the lp version, while the relative energies of the IS and
TS configurations for Ip and np structures are quite similar. This whole observation suggests that
a higher degree of pore confinement is expected to induce only a tiny change of the stability of

the MOF framework agains H,S,.

= Ip-MIL-53(Al)-BDC-NH,
e p-MIL-53(Al)-BDC-NH,

Figure 5: Potential energy profiles for first-step H,S degradation reaction by Ip-MIL-53(Al)-
BDC-NH; (black line) and np- MIL-53(Al)-BDC-NH; (red line). Color code is the same as in
Figure 4 except nitrogen (light blue). The corresponding energies and distances are reported in kJ
mol™ and A respectively.

3.5 Impact of the substitution of AI’* by Ti*" metal sites on the H,S stability of MOFs

As a typical illustration, the H,S stability of CAU-10(Al)-BDC and MIL-160(Al)-Furan was
compared with that of the hypothetical frameworks where AI’" was substituted by Ti*", the
hydroxyl u-OH functions bridging the metal sites being replaced by ©-O oxo functions to keep
the framework neutral. Figure 6 shows that the H,S adsorption configurations (IS) for MIL-
160(T1)-Furan and CAU-10(Ti)-BDC correspond to an interaction between H(H,S) and x-O (see

Figure 3).
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The resulting potential energy profiles for the Ti-MOFs shift downwards and both the energy
barriers and reaction energies are significantly lower as compared to their values for the
aluminum analogues (see Figure 6 vs Figure 3). Nevertheless, the rate constants calculated for
MIL-160(Ti)-Furan and CAU-10(Ti)-BDC (see Table 1) are only sligtly more negative than the
values for their Al analogues, indicating that the substitution of AI’" by Ti*" in these MOFs
which is expected to make them more hydrophobic will not deteriorate their stability against H,S.

Moreover MIL-160 remains more stable than CAU-10 whatever the nature of the metal sites.

= CAU-10(Ti)}-BDC
e MIL~160(Ti)-Furan

Figure 6: Potential energy profiles for first-step H,S degradation reaction by CAU-10(Ti)-BDC
(black line) and MIL-160(Ti)-Furan (red line). Color code is the same as in Figure 1 except
titanium (purple). The corresponding energies and distances are reported in kJ mol” and A
respectively.

3.6 Impact of the presence and nature of CUS sites on the H,S stability of MOF's
The influence of the presence and nature of CUS sites on the H,S stability of the MOF

architecture was typcally explored with the consideration of the well-known MOF-74
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architecture in its Ni °' and Zn ** versions. Figure 7 shows that the most stable adsorption
configuration of H»S in MOF-74(Ni), corresponds to a S-end coordination towards the metal site
(IS). The reaction further proceeds as follows: one of the Ni-O bonds breaks, the resulting 3-
coordinated O atom forms an oxo x-O species and one of the H atoms from H,S transfers to the
1-0 to form a u-OH (FS). Ni becomes 5-coordinated in FS, in comparison to its 6-coordinated
geometry in IS. The rate constant associated with this MOF is simulated to be more negative (—5.
x10) than our reference MIL-53(A1)-BDC (—4.9x10”). Indeed MOF-74(Ni) is predicted to be
stable upon exposure to H,S which is in excellent agreement with the experimental
observation.”’

Next we considered MOF-74(Zn). The H,S adsorption geometry (IS) is similar to that
observed for MOF-74(Ni) while associated with a slightly lower energy (see Figure 7), however
the reaction proceeds in a slightly different manner. We can observe that TS shows one of the u-
O atom unsaturated due to the Zn-O bond breaking, while one of the H atom from H,S transfers
to the unsaturated oxygen atom to form a OH group; next the H atom further transfers to a u-O
formed by a breaking of a second Zn-O bond, and the dangling oxygen atom bonds to Zn again
to form the FS. The energy barrier and reaction energy are significantly lower than the values
obtained for MOF-74(Ni), indicating that this reaction is more feasible than that involved in
MOF-74(Zn). The resulting rate constant for MOF-74(Zn) (-2.0x10™"") is much less negative
than MOF-74 (Ni) and our reference MIL-53(Al)-BDC. Therefore MOF-74(Zn) is predicted to
be much less stable compared to its Ni analogue. This simulated trend is in excellent agreement
with previous experimental observations which revealed MOF-74(Zn) unstable upon H,S
adsorption.’> *” This computational work confirms that the H,S stability of CUS-containing

MOFs can be tuned by adopting the adequate nature of metal sites.
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e MOF-74(Ni)
= MOF-74(Zn)

Figure 7: Potential energy profiles for first-step H,S degradation reaction by MOF-74(Ni) (black
line), and MOF-74(Zn) (blue line). Color code is the same as in Figure 1 except nickel (silver)
and zinc (orange). The corresponding energies and distances are reported in kJ mol™” and A
respectively.

4. Discussion

Based on the rate constants of the first-step H,S degradation reaction reported in Table 1, the
series of MOFs can be classified in terms of H,S stability as follows:
CAU-10(Ti)-BDC ~ CAU-10(Al)-BDC ~ MOF-74(Zn) < MIL-53(Al)-FA ~ MIL-160(Ti)-Furan
~ MIL-53(Al1)-BDC ~ MIL-160(Al)-Furan ~ Ip-MIL-53(Al)-BDC-NO, ~ Ip-MIL-53(Al)-BDC-
NH, < np-MIL-53(Al)-BDC-NH, < MOF-74(Ni) < MIL-53(Al)-TDC

MIL-53(Al)-TDC is found to be the most stable MOF architecture upon exposure to H»S.
From this ranking, MIL-53 MOFs regardless of linkers/functional groups are expected to be
rather stable, since MIL-53(Al)-FA, the predicted least stable MIL-53 was already reported to be

stable against H,S.>* Furthermore, the CAU-10 frameworks are expected to be unstable under
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exposure to H,S since similar rate constant value was found than MOF-74(Zn) which was
demonstrated to collapse upon H,S adsorption. As a further predictive stage, we extended our
study to predict the H,S stability of the MIL-91(Ti) MOF which demonstrated good promises for
CO, capture.” Based on the stability ranking revealed above, since this material does not exhibit
CUS sites, shows a high degree of confinement and its linker contains heteroatoms (N and P), it
is expected to show good stability against H,S. MIL-91(Ti) was then investigated with the
consideration of the degradation model reaction defined above.

Figure 8 shows that the most stable adsorption configuration of H,S (IS) is an H-end
configuration over the oxygen atom of the phosphonate group of the MOF linker. The reaction
proceeds via the breaking of one Ti-O bond and the formation of a Ti-S bond, while an H atom
of H,S transfers to the PO;™ group to form a PO3;H group (FS). This process is associated with a
very high energy barrier which makes it kinetically and thermodynamically unfavorable. The
resulting rate constant calculated is found to be highly negative (—8.3x10™*) indicating that MIL-

91(Ti) is expected to be highly stable against H»S.
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Figure 8: Potential energy profiles for first-step H,S degradation reaction by MIL-91(Ti). Color
code: carbon (brown), oxygen (red), hydrogen (white), sulfur (yellow), nitrogen (blue),
phosphorus (pink) and titanium (purple). The corresponding energies and distances are reported
in kJ mol and A respectively.
S. Conclusion

In summary, this computational study delivers a systematic assessment of the H,S stability of
a series of MOFs based on the exploration of the first-step degradation reaction. We first
analyzed three plausible mechanisms using MIL-53(Al)-BDC as a model MOF and determined
the most likely degradation mechanism. The rate constant of the first-step degradation reaction
was proposed as a reliable descriptor for characterizing the H,S stability of MOFs and further
used to assess the H»S stability of a wide range of MOFs to build up a qualitative H,S stability
ranking. Interestingly, this allowed us to reveal that the incorporation of hetero-atoms in the

organic linkers of MIL-53 and CAU-10 reinforces their H,S stability while grafting functional

groups or changing the nature of metal sites lead to a similar H,S stability of the architecture.
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MOFs containing CUS sites were also found to show distinct behavior depending on the nature
of the metal sites. The MOF MIL-91 (Ti), a promising candidate for CO, capture was further
considered as a showcase to apply our methodology for the anticipation of its H,S stability. Our
computational approach was demonstrated to allow an accurate and easy handling evaluation of
the H,S stability of MOFs to avoid the use of the highly toxic and corrosive gas in experimental
techniques. As a future outlook, we expect to extend our strategy to evaluate the stability of
MOFs upon exposure of other corrosive molecules such as SOy and NH3. These findings might
pave the way towards the identification of key chemical and structural features to guide the
development of highly stable MOFs.
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