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ABSTRACT: Metal−organic frameworks (MOFs) offer a promis-
ing architecture for designing heterogeneous catalysts, in which
catalytically active metal centers can be installed on a porous MOF
structure and modified using nonstructural ligands. Recently, it was
shown that the activity for ethylene hydrogenation of Ni deposited
on the MOF NU-1000 can be amplified 26-fold via the use of
substituted nonstructural benzoate ligands (Liu et al. ACS Catal.
2019, 9, 3198−3207). However, as profound as this result is
experimentally, this change in activity corresponds to an activation
energy difference of only about 2.4 kcal/mol, putting it at the edge
of the accuracy of density functional theory. In this study, we
evaluate various density functionals for their ability to provide a
consistent description of the experimental trend using a single-
metal approximation of the active site. Our findings demonstrate the difficulties faced when calculating trends in small energy
differences in MOFs, such as variance between functionals and differences in predictions due to subtle geometrical or rovibrational
effects. In summary, we find no agreement in even the sign of the trend between different functionals, and only a minority of
functionals are able to reproduce the experimental trend. However, among the functionals we examined, a subset demonstrate
robustness in their predictions (either in agreement with or against the experimental trend) and we recommend using them for the
computation of these small energy differences in MOF catalysis.

■ INTRODUCTION
Metal−organic frameworks (MOFs) are a broad class of
porous materials consisting of inorganic nodes linked by
organic linkers. By installing catalytically active metal centers
on the nodes, MOFs have been shown to catalyze a variety of
industrially relevant chemical reactions1,2 such as ethylene
hydrogenation,3,4 propane oxidative hydrogenation,5 alkene
epoxidation,6 and butene dimerization.7,8 This activity can be
enhanced further by tuning the metal centers via the use of
nonstructural ligands.2,3,9−13 In principle, this design allows for
structurally controlled and modifiable metal centers to be
integrated into a heterogeneous framework amenable to reuse.
However, the central tasks of designing, synthesizing, and then
functionalizing MOFs for catalysis are quite challenging,14−16

and broad commercial-scale use is in many aspects still in the
adoption phase. As such, computational modeling is critical to
the development of this technology.9,17 By far the most
common approach to the modeling of catalytic MOF species is
the use of density functional theory (DFT).17,18 However, it is
well known that descriptions of catalytic activity can vary
depending on the choice of the density functional approx-
imation.17−19

Despite this, it is generally hoped that although absolute
differences in energies may vary between functional choices,
trends in chemical activity are described consistently. However,
this may not hold true when approaching the “chemical
accuracy” limit (±1 kcal/mol) of DFT, as DFT tends to
introduce errors of similar magnitude in benchmark data.20 As
trends in chemical activity approach this energy threshold,
variations between functionals can become significant. Never-
theless, it is important to note that energy differences at this
scale remain relevant, as a mere 2 kcal/mol energy difference
corresponds to more than a tenfold change in catalytic activity
at 100 °C. In the case of modeling small-molecular complexes,
this sensitivity can often be mitigated by selecting a suitable
functional based on comparison with benchmark wave
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function theories.21 However, in modeling extended inorganic
complexes such as MOFs, this quickly becomes infeasible.

Recently, Liu and co-workers published a study in which a
Hammett series of para-substituted benzoate nonstructural
ligands (R = −NH2, −OCH3, −CH3, −H, −F, −NO2) were
used to modify active Ni sites deposited on NU-100022,23 for
ethylene hydrogenation, resulting in a 26-fold increase in
activity from R = −NO2 to R = −OCH3.12 While the effect of
such substituted aryl species has been studied in MOF catalysis
via replacement of the organic linkers,24−29 studies on the
direct modulation of the active site with such ligands remain to
be done. Under the assumptions of transition state theory, the
change in rate observed by Liu and co-workers corresponds to
an activation energy difference of only 2.4 kcal/mol at the
operating temperature of 100 °C, placing it at the edge of DFT
chemical accuracy. Furthermore, the active site characterized
by Liu and co-workers is ill-defined (a common trend in MOF
catalysis), which makes it difficult to pin down an accurate
computational model.

In this study, we employed 22 density functionals to
investigate this experimental trend and assess the reliability of
DFT in describing trends in MOFs at this energy scale using a

single-metal approximation of the active site. Our results
highlight the challenges encountered when computing trends
in small energy differences in MOFs, such as variance between
functionals and differences in predictions due to subtle
geometrical or rovibrational effects. In summary, we find no
agreement in even the sign of the trend between different
functionals, and only a minority of functionals are able to
reproduce the experimental trend. However, among the
functionals we examined, a subset demonstrates robustness
in their predictions (either in agreement with or against the
experimental trend) and we recommend using them for the
computation of these small energy differences in MOF
catalysis.

■ METHODS
Our study begins from the work of Li et al.,3 who
computationally investigated ethylene hydrogenation by Ni
deposited on bare NU-1000, without modification via
nonstructural benzoate ligands. Figure 1 shows the active site
model employed by Li et al.3 (left), the experimental
characterization of the active site by Liu and co-workers12

(middle), and the model we have employed in this work

Figure 1. Left: Schematic of the cluster model used by Li et al.3 to study the hydrogenation of ethylene by Ni deposited on NU-1000. Middle:
Experimental characterization of a NixOyHz cluster by Liu and co-workers.12 Right: Schematic of the modified cluster model used in this work to
study the experimental trends. The bare node is composed of Zr6(μ3-O)4(μ3-OH)4(OH)4(OH2)4, which is linked to the other nodes in the MOF
by eight 1,3,6,8-tetrakis(p-benzoate)pyrene linkers, which surround the node. In both models, these linkers are truncated to formate.3

Figure 2. Calculated mechanism for ethylene hydrogenation on benzoate-modified Ni(II)-NU-1000, following the work of Li and co-workers.3

Each structure is labeled as an intermediate (I) or transition state (TS, colored red) with numbers starting from 1 (I1, I2, I3) and (TS1, TS2) and
further as a singlet (S) or triplet (T). The free energy of each structure relative to I1 (calculated with M06-L) is shown above each label in kcal/
mol. The product (P) represents the ΔG of ethane with respect to ethene and H2. The TOF-determining intermediate (TDI) and TOF-
determining transition state (TDTS) structures are identified as I3 and TS2, respectively.
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(right). To model the experimental trend, we have modified
the Ni center of Li et al. by a single nonstructural para-
substituted benzoate ligand.

However, we note that this use of a single Ni active site
contradicts the experimental characterization of Liu and co-
workers (Figure 1, middle), who experimentally characterized
the active site as nondescript NixOyHz cluster with metal
nuclearity close to 4 (and with an additional active site per
node).12 Although the use of such a cluster model would
provide a more complete description, it has been shown in
computational studies that Ni clusters have similar computed
activity for ethylene oligomerization compared to single Ni
centers on MOF nodes,30 and thus we reasoned that a single
Ni(II) active site was suitable for the purposes of this work.

Using this new catalytic model, the catalytic cycle of
ethylene hydrogenation proposed by Li and co-workers was
then reproduced in order to confirm the TOF-determining
intermediate (TDI) and TOF-determining transition state
(TDTS) (Figure 2). These computations were carried out with
the M06-L functional31 in Gaussian 1632 using an ultrafine
grid. The def2-SVP33 basis set was used for nonmetals and
def2-TZVPP33,34 was used on Ni and Zr atoms. The SDD
pseudopotential34 was used for Zr to accelerate calculations, as
used in previous studies of catalytic metals deposited on NU-
1000.35−37 Thermochemical effects were considered in the gas
phase using standard rigid rotor harmonic oscillator (RRHO)
approximations38 at 100 °C, following the experimental
report.12 Low vibrational frequencies were treated with the
quasi-harmonic treatment of Ribero et al.39 with an applied
scaling factor of 0.976 to the vibrational frequencies40 as
implemented in GoodVibes.41 Linker carbon atoms were
frozen in their initial positions during optimization.

Following these computations, the Hammett trend identified
by Liu and co-workers was studied through computation of the
TDI and TDTS energies for four para substituents: R = −NH2,
−H, −CF3, and −NO2. These energies were calculated by
reoptimizing the geometries of the TDI and TDTS with 22
different density functionals (APFD,42 B3LYP,43 B3LYP
+D3,43,44 B98,45,46 BMK,47 CAM-B3LYP,48 LC-ωPBE,49

M06,31 M06-2X,50 M06-HF,51,52 M06-L,31 M11-L,53 MN12-
L,54 MN15,55 O3LYP,56 PBE0,57 SOGGA11,58 SOGGA11-
X,59 TPSSh,60,61 ωB97,62 ωB97X,62 and ωB97X-D63), which
were chosen to present a good mix of hybrid functionals (e.g.,
B3LYP and M06), local functionals (e.g., M06-L, M11-L, and
SOGGA11), functionals including dispersion (e.g., ωB97X-D
and B3LYP+D3), and long-range corrected functionals (e.g.,
CAM-B3LYP and LC-ωPBE). We note that the substituents
used to model the Hammett trend (R = −NH2, −H, −CF3,
and −NO2) differ slightly from those reported by Liu and co-
workers (R = −NH2, −OCH3, −CH3, −H, −F, and NO2). We
have chosen to replace R = −OCH3, −CH3, and −F with R =
−CF3 in order to more efficiently screen the range of Hammett
parameters and to avoid the conformational complications of R
= −OCH3.

To study the sensitivity of these trends with respect to
thermochemical effects, enthalpies and entropies were
calculated with different quasi-harmonic treatments of low
vibrational modes. In the RRHO approximation, the entropy
of a single vibrational mode is computed as
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which is notoriously ill-behaved in the low-frequency limit of ω
→ 0. As such, several authors39,64,65 have proposed quasi-
harmonic treatments of low-frequency vibrations to avoid this
behavior.

Table 1 shows the four treatments of low-frequency
vibrations we investigate in this work, the first being the

standard RRHO approach with the entropic contributions of
all vibrational frequencies calculated via eq 1. The simple but
effective approach proposed by Ribero et al.39 is to replace all
vibrational frequencies less than 100 with 100 cm−1.
Alternatively, Grimme64 proposes an approach in which
frequencies below 100 cm−1 are treated as rotations, and Li
et al.65 have proposed an additional quasi-harmonic treatment
of these frequencies for enthalpic contributions. As will be
shown, the use of these quasi-harmonic treatments can have
significant effects on the predicted free-energy trends from
DFT when small energy differences are under analysis. We
note that an additional degree of freedom in computing
thermochemical quantities from calculated vibrational frequen-
cies is the use of empirical scaling factors.40 However, due to
the large amount of functionals used, no scaling factor was
applied to the calculated frequencies in the larger investigation
of the Hammett trends.

■ RESULTS
Figure 2 shows the catalytic cycle computed for ethylene
hydrogenation for benzoate-modified Ni deposited on NU-
1000 computed with M06-L following the steps for the
reaction on the bare node computed by Li and co-workers.3

Starting from the Ni(II) hydride I1, an ethylene molecule
binds to form I2, which then undergoes migratory insertion in
TS1 to form I3. Hydrogen then binds to form species I4,
which undergoes another migratory insertion in TS2 to form
ethane (P). As Ni(II) has a formal d8 electron configuration, it
can occur both in the singlet (Ms = 0) and triplet (Ms = 1) spin
states; besides the initial configuration I1, all structures were
computed to be most stable as singlet states.

In contrast to the hydrogenation without benzoate
computed by Li and co-workers,3 our calculations suggest
that the nonstructural benzoate stabilizes the Ni with respect
to the bare node, alternating between chelating the bound Ni
center with one or two oxygens. This reaction diagram clearly
presents a single turnover frequency (TOF)-determining
intermediate (TDI, I3) and TOF-determining transition state
(TDTS, TS2) under the assumptions of the energetic span
model,66 which allows the proportionality of the TOF to be
expressed as
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Table 1. Thermochemical Settings Used for the Calculation
of Enthalpies and Free Energiesa

scheme name description

1 RRHO full harmonic treatment
2 Ribeiro quasi-harmonic entropic correction of Ribero et al.39

3 Grimme quasi-harmonic entropic correction of Grimme64

4 Li both the quasi-harmonic entropic correction of
Grimme and the quasi-harmonic enthalpic correction
of Li et al.65

aAll quasi-harmonic schemes use a cutoff frequency of 100 cm−1.
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We use this relationship to compute trends in the relative TOF
for different density functionals and quasi-harmonic treat-
ments.

To give a sense of the variance we found in the computed
trends among the different density functionals, Figure 3 shows
the trends in catalytic activity predicted across the Hammett
series of R = −NH2, −H, −CF3, and −NO2 by nine of the 22
density functionals (O3LYP, PBE0, BMK, M06-L, APFD,
M06, B3LYP+D3, ωB97X-D, and M11-L) using eq 2 with
standard RRHO approximations. Lines of best fit as a function
of the Hammett constant σ (mσ + b) are shown in black for

each functional, with slopes (m), intercepts (b), and R2 values
shown as text on each plot. These trends are compared to the
experimental data shown at the top of the figure. As can be
seen, the predicted trends vary significantly between func-
tionals, with three functionals giving positive slopes (O3LYP,
PBE0, and BMK), three functionals giving negative slopes
(M06-L, APFD, and M06), and three functionals giving a slope
close to zero (B3LYP+D3, ωB97X-D, and M11-L).

Figure 4 shows the slopes (m) of lines of best fit and
calculated R2 values for the 22 density functionals studied in
this work using the RRHO approximation to calculate free

Figure 3. Top: Experimentally observed data by Liu and co-workers,12 with lines of best fit both excluding R = −NH2 (blue, as done in the original
work) and including R = −NH2 (black). Bottom: Trends in calculated catalytic activity calculated across the Hammett series of R = −NH2, −H,
−CF3, and −NO2 predicted by nine different density functionals (O3LYP, PBE0, BMK, M06-L, APFD, M06, B3LYP+D3, ωB97X-D, and M11-L)
using eq 2 with the TDI and TDTS identified by M06-L (Figure 2) but reoptimized with each functional. Lines of best fit as a function of the
Hammett constant σ (mσ + b) are shown in black for each functional, with slopes (m), intercepts (b), and R2 values shown as text on each plot.
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energies. As can be seen, there is significant variance in the
predicted trend between different functionals (m = −1.54
(M06) to m = +1.27 (BMK)). For the purposes of qualitatively
analyzing the predictions of the different functionals, we
separate those which predict a trend with R2 > 0.65 (said to
have a “significant” trend) from those which predict a trend
with R2 < 0.65 (said to have no significant trend). Of the 22
functionals investigated, 10 give significant positive slopes (R2

> 0.65, m > 0), three give significant negative slopes (R2 > 0.65,

m < 0), and the remaining 9 functionals give no significant
trend at all (R2 < 0.65).

However, in some cases, this lack of significance is due to
NH2 being an outlier in the predicted trend (e.g., ωB97X-D in
Figure 3), which is in qualitative agreement with the
experimental results including NH2 (Figure 3, top). Unfortu-
nately, due to variance between functionals, it is difficult to
establish these predictions as more or less meaningful than
functionals with different outlier groups (e.g., M11-L in Figure
3).

Figure 4. Slopes of lines of best fit and R2 value for 22 functionals calculated across the Hammett series of R = −NH2, −H, −CF3, and −NO2 using
RRHO thermochemical approximations.

Figure 5. Slopes of lines of best fit and R2 value across the Hammett series of R = −NH2, −H, −CF3, and −NO2 that show variance in the strength
and sign of predicted trends with different quasi-harmonic thermochemical approximations (Table 1).
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In analyzing trends between different functionals, there is
little similarity to be found between the predictions of local
(e.g., M11-L, M06-L), hybrid (e.g., ωB97X, M06-2X), high-
parameter (e.g., M06, MN15), low-parameter (e.g., B3LYP,
PBE0), dispersion-corrected (e.g., ωB97X-D, APFD), or long-
range (e.g., ωB97, CAM-B3LYP) functionals�the sign and
strength of the trend is distributed in all of these categories.
For example, no trend can be found in the M06 series, in
which the slope initially becomes more negative with
increasing exact exchange (M06-L: m = −0.45 to M06: m =
−1.54) but turns positive moving to M06-2X (m = 0.98) and
M06-HF (m = 0.93).

Variance in DFT predictions is also found moving between
different quasi-harmonic treatments (Figure 5). Moving from
standard RRHO to the quasi-harmonic treatment of Ribero et.
al., two functionals move from predicting significant positive
trends with R2 > 0.65 to predicting no significant trend at all:
BMK (R2 = 0.96 → R2 = 0.09) and M06-2X (R2 = 0.78 → R2 =
0.54). Thus, in these functionals, the trend observed under the
RRHO treatment of vibrational effects is primarily driven by
the calculated entropies of vibrations less than 100 cm−1.
Expectantly, in both the case of BMK and M06-2X, the trend
predicted under RRHO treatment returns gradually under the
treatments of Grimme and Li and co-workers (BMK: R2 = 0.09
→ R2 = 0.74; M06-2X: R2 = 0.54 → R2 = 0.7), which
increasingly incorporate the thermochemical effects of
vibrations under 100 cm−1 quasi-harmonically instead of
eliminating them completely as is done under the approach
of Ribero et al.

In other cases, functionals only predict significant trends (R2

> 0.65) when quasi-harmonic treatment is added: B3LYP (R2

= 0.46 → R2 = 0.96), MN12-L (R2 = 0.45 → R2 = 0.70), and
MN15 (R2 = 0.47 → R2 = 0.68). Thus, in these functionals, the
lack of a trend observed under the RRHO treatment of
vibrational effects is primarily due to spurious thermochemical
contributions to the calculated entropies of vibrations less than

100 cm−1. Correspondingly, as the thermochemical effects of
these frequencies are reincorporated quasi-harmonically, the
strength of predicted trends is decreased: B3LYP (R2 = 0.96 →
R2 = 0.71), MN12-L (R2 = 0.7 → R2 = 0.54), and to a lesser
extent MN15 (R2 = 0.68 → R2 = 0.61). The stark difference in
this behavior between B3LYP and B3LYP+D3 is particularly
noteworthy.

Given the variance in free-energy predictions, one might
wish to examine trends in only the electronic portion of the
energy directly predicted by DFT. Unfortunately, while this
results in marked differences from the free-energy predictions,
it does not appear to improve consistency between predictions.
Figure 6 shows the computed trends with the approximation
ΔΔG‡ ≈ ΔΔE‡.67 Of the 22 functionals studied, 9 functionals
give significant positive slopes (R2 > 0.65, m > 0), four give
significant negative slopes (R2 > 0.65, m < 0), and the rest give
no significant prediction (R2 < 0.65). Overall, the size of
predicted trends is decreased moving from the predictions
using RRHO (Figure 4), with several functionals predicting
slopes near m = 0.

Despite this, five functionals move to predicting significant
trends when considering only changes in ΔE: B3LYP+D3 (R2

= 0.16 → R2 = 0.81), MN12-L (R2 = 0.45 → R2 = 0.81), ωB97
(R2 = 0.25 → R2 = 0.68), ωB97X (R2 = 0.04 → R2 = 0.99), and
ωB97X-D (R2 = 0.03 → R2 = 0.94), while three functionals
move to predicting insignificant trends: M06 (R2 = 0.96 → R2

= 0.58), M06-2X (R2 = 0.78 → R2 = 0.35), and M06-HF (R2 =
0.93 → R2 = 0.3). Thus, thermochemical corrections from the
RRHO approximation are responsible for the predicted slope
(or lack thereof) for many of the trends in free energy shown
in Figure 4. The example of B3LYP+D3 is particularly
surprising, as given the strong trends shown by B3LYP
under quasi-harmonic treatment, this implicates the dispersive
correction to the vibrational terms in accounting for the lack of
trend in B3LYP+D3 (Figure 5).

Figure 6. Slopes of lines of best fit and R2 value across the Hammett series of R = −NH2, −H, −CF3, and −NO2 using predictions from only
differences in the electronic energy.
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To understand the sensitivity of these trends in the
electronic energy to geometrical differences, we calculated
single-point trends using geometries optimized with three
different functionals: two functionals with m < 0 (APFD and
MN12-L) and one functional with m > 0 (PBE0). These
calculated trends are shown in Figure 7, for four functionals
with particularly high variance in this regard: APFD, MN12-L,
M06-L, and B3LYP+D3. As can be seen, the change in
geometries between functionals can have dramatic effects on
the predicted slope: APFD (m = −0.69 → m = 0.52 at MN12-
L geometries) and B3LYP+D3 (m = −0.14 → m = 0.75 at
APFD geometries) move from positive to negative slopes while
maintaining significant R2 values. Similarly, M06-L (R2 = 0.8 →
R2 = 0.53 at APFD geometries) and MN12-L (R2 = 0.92 → R2

= 0.18 at APFD geometries) move from predicting significant
trends to insignificant ones (R2 > 0.65 → R2 = 0.65); the
reverse is true of B3LYP (R2 = 0.48 → R2 = 0.99 at PBE0
geometries), M06-2X (R2 = 0.35 → R2 = 0.99 at PBE0
geometries), M06-HF (R2 = 0.30 → R2 = 1.00 at PBE0
geometries), M11-L (R2 = 0.56 → R2 = 0.96 at PBE0
geometries), and MN15 (R2 = 0.11 → R2 = 0.97 at PBE0
geometries).

■ DISCUSSION AND CONCLUSIONS
In summary, we find the predictions of different DFT
functionals to be scattered and inconsistent when utilizing a
single-metal approximation of the active site studied by Liu et
al.12 About half of the functionals we tested predict a positive
slope opposite to the experimental findings, while an equal
amount predict a negative slope or no significant trend at all
(Figure 4). Furthermore, the sign and strength of these trends
are impacted significantly by the treatment of small

thermochemical effects and geometrical contributions (Figures
5−7).

What can be taken away from these results? One possible
conclusion is that our catalytic model (Figure 1) is incorrect.
Although functionals vary in their predictions of the Hammett
trend (with m ∈ (−1.5, 1.5) kcal/σ), no functional predicts a
slope similar in magnitude to the experimental value of m =
−2.96 when treating NH2 as an outlier (Figure 4). This might
indicate a more active participation of the modified benzoate in
the catalysis than is included in our catalytic model (Figure 1,
right). A key approximation of our model is the treatment of
the active site as a single-metal center, which contradicts the
experimental characterization of the active site as a metal
cluster.12 It is possible that modeling the active site as a cluster
allows for a more direct participation of the benzoate ligand in
catalysis, perhaps in stabilizing a geometrical configuration of
the nanocluster that carries out the catalysis. Alternatively, Ni
clusters may enable a different catalytic pathway (e.g.,
hydrogen adsorption to the cluster) which allows for stronger
electronic effects from the benzoate substituent. Additionally,
unmodeled benzoate substituents bound to different sites
(Figure 1, middle) or structural linkers (reduced to formate in
our model) may have some effect. Evidently, to achieve reliable
quantitative accuracy in the absolute barriers at this energy
scale likely requires more careful experimental characterization
of the active site and a correspondingly more detailed
computational model.

On the other hand, a predicted slope of −1.5 kcal/σ is not
far off from the experimental findings if one considers fitting to
the outlier NH2 data point excluded from the experimental fit
(m = −1.74 kcal/σ and R2 = 0.57). For example, M06 with
standard RRHO thermochemistry predicts a nearly quantita-
tively identical slope (m = −1.54 kcal/σ) and ωB97X-D
provides a trend in qualitative agreement with the experimental

Figure 7. Slopes of lines of best fit and R2 value across the Hammett series of R = −NH2, −H, −CF3, and −NO2 using predictions from only
differences in the electronic energy for M06-L, MN12-L, B3LYP+D3, and APFD, calculated using four different geometries: geometries optimized
with the same functional used to calculate energy differences (M06-L, MN12-L, B3LYP+D3, and APFD, labeled as “Self”), geometries optimized
with APFD, geometries optimized with MN12-L, and geometries optimized with PBE0. For APFD and MN12-L, only the “Self” point is shown
instead of APFD and MN12-L, respectively.
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findings where NH2 is predicted to be an outlier point (Figure
3). Furthermore, the single-metal model would seem to
provide a good model for directly examining the electronic
effects of the benzoate substituent, as the substituted benzoate
ligand is directly connected to the active metal site. While it is
impossible to say whether or not another catalytic model is
capable of convincingly reproducing the experimental trends
using DFT, we view the takeaway of our work to be that given
a reasonable (albeit limited) single-metal approximation for
interrogating the trends observed in the Hammett series, DFT
fails to give a consistent description of even the sign of the
trend. One must be wary when evaluating trends on extended
systems in magnitude close to the accuracy limit of DFT (±1
kcal/mol).

However, our calculations provide a few key takeaways of
practical value. First, we find that at this energy scale,
thermochemical contributions play a key role�the magnitude
of trends is significantly reduced when neglecting rovibrational
effects and evaluating only changes in the electronic energy
(Figure 4 vs Figure 6). Despite this, noise from rovibrational
effects may result in a lack of any trend at this energy scale, as
found for the ωB97 family of functionals. Thus, for
investigating trends at this energy scale, we suggest functionals
that from our screening produce significant R2 values (>0.65)
in both ΔG‡ and ΔE‡, without varying significantly depending
on thermochemical settings: APFD, B98, CAM-B3LYP, LC-
ωPBE, M06-L, O3LYP, PBE0, SOGGA11-X, and TPSSh.
Among these, APFD and M06-L show particular sensitivity to
the use of geometries optimized with different functionals, and
one may wish to exclude these on that account. Alternatively, if
one is convinced by the validity of our catalytic model, then it
is worth mentioning the functionals that reproduce the sign of
the experimental trend in all (quasi)harmonic treatments:
APFD, M06, and M06-L. Regardless, we hope this work serves
as a useful example to practitioners of DFT of the challenges
that occur in the computational study of extended inorganic
systems such as MOFs at small energy scales.
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