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The Hammett equation is commonly used to theoretically depict the remote electronic effects of substituents on catalytic activities
of metal nodes of metal-organic frameworks (MOFs). However, the application of the theory to MOF catalysts usually encounters
problems because it relies heavily on empirical parameters with unknown transferability. To develop an alternative prediction

theory, the linker orbital energy model has been proposed by density functional theory calculations. The model provides a simple
method to approximately depict the remote electronic substituent effects on catalytic activities of metal nodes of MOFs, and its
general applicability to MOFs is supported by extensively revisiting the structure-activity relationships reported in the literatures.
The model can be used to design catalytic activity of metal nodes of MOFs by engineering the electronic properties of linkers and

substituents.
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INTRODUCTION

The coordination interaction of metal atoms with aryl ligands
constitutes a wide variety of catalysts in the world, which range
from heme enzymes’ to various organic-inorganic hybrid catalytic
materials®>>. The knowledge how aryl ligands regulate the
catalytic activities of metal atoms linked to them is thus of great
importance to both fundamental chemistry and catalytic applica-
tions of such metal-aryl hybrids, which, however, is still an elusive
question®.

The insufficient knowledge of how aryl ligands alter the
catalytic activities of metal atoms is recently particularly reflected
in the study of the catalytic functions of metal-organic frameworks
(MOFs). MOFs refer to a family of porous crystalline materials
formed by interconnecting metal nodes and organic linkers (Fig.
1a)’°. Their potentials as engineered catalytic materials have
recently attracted much interest'®"', Ideally, the metal nodes can
serve as the active sites to catalyze chemical reactions if they
contain coordinatively unsaturated metals and the linker sub-
stituents as the control factors to further fine-tune the catalytic
activities of the metal nodes'®. However, the practical implemen-
tation of this idea usually encounters unpredictable outcomes
when attempting to tune the activities by varying linker
substituents, because of the lack of a simple guiding theory for
the effects of linker substituents on the catalytic activities.

So far, Hammett substituent constant (0)'”"'® and its exten-
sions'®2' are the commonly-used methods to quantitatively
describe the electronic effects of linker substituents on catalytic
activities of metal nodes of MOFs. As early as 1937, Hammett'®
revealed the following linear relationship between the rate
constant of the dissociation of benzoic acid (ky) and those of
the dissociations of its substituted derivatives (k):

k
= 1
g ko po (M

In Eq. (1), o is the substituent constant depending on the nature
of substituent; p is the constant depending on reaction

environment and mechanism. Because the o constants correlate
closely with the well-known concepts—electron-donating and
withdrawing abilities of the substituents, they been widely applied
to quantitatively depict the relationships between the structures
and reactivities of substituted organic compounds?=%°,

Indeed, Hammett o constants have been successfully used to
depict the linker substituent effects on thermal catalytic activities
of several MOFs3°33, Shown in Fig. 1b is the MOF named UiO-66-
X3°. They are formed by zirconium cluster Zrg(u-0)4(u-OH), and
the X-substituted linker called benzene-1,4-dicarboxylic acid
(BDC). They have been regarded the prototypes of MOFs to study
the linker substituent effects. Vermoortele et al. have reported that
the activities of UiO-66-X in catalyzing the cyclization of citronellal
to isopulegol, which is denoted as Reaction 1 hereafter, exhibit a
positive relationship with the o constants of substituents X (Fig.
1¢)3". Likewise, Hammett o constants have successfully explained
the substituent effects for the oxidase-mimicking catalysis of MIL-
53(Fe)*2 and some other Lewis acid catalysis of MIL-101(Cr)>3,

However, the limitations of Hammett o constant are also
obvious. (1) Because it is obtained for substituents based on the
thermodynamics of specific reactions, the transferability of the
constant to other reactions is unknown. Although extensions like
o, 07, and opyt have been derived to adapt to other
reactions'®~2, the simplicity and universality of the method are
reduced. (2) Because it is devised for only substituent effects, the
constant is not applicable to reactions in which the linkers also
vary. Also shown in Fig. 1b are UiO-67-0-X and UiO-67-m-X. Unlike
UiO-66-X, these MOFs are formed by the zirconium cluster and the
linker called X-substituted biphenyl-4,4’-dicarboxylic acid (BPDC).
Recently, Farha et al. have reported that UiO-66-X, UiO-67-0-X, and
UiO-67-m-X can all catalyze the hydrolysis of dimethyl
4-nitrophenyl phosphonate (DMNP), denoted as Reaction 2
hereafter (Fig. 1¢)3*-3. Because of the limitations, Hammett o
constant is not applicable to such MOFs with varying linkers (BDC
and BPDCQ). It is desirable to study the mechanism of the
substituent effects and develop a more general prediction model.
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In this work, the full pathways for UiO-66-X MOFs to catalyze
Reactions 1 and 2 will be investigated by density functional theory
(DFT) calculations and using the cluster models of MOFs. The
result will suggest the underlying mechanism for the substituent
effects on the catalytic activities. The approximately linear
relationships between the key energy barriers of the catalyses
and the linker orbital energies of the MOFs will be established.
Such linear relationships will suggest linker orbital energy to be
the effective descriptor for the remote substituent effects on the
catalytic activities. With linker orbital energy as the descriptor, the
linker orbital energy model, which approximately describes the
substituent effects on catalytic activities of metal nodes of MOFs,
will be developed and verified. The linker orbital model does not
rely on empirical parameters, and it is applicable to MOFs with
varying linkers and substituents. It may serve as a more general
prediction model than Hammett, which can be used to design
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Fig. 1 Metal-organic frameworks (MOFs) and reactions catalyzed
by them. a Construction of a MOF structure with the metal nodes
and organic linkers; b Construction of the UiO-66-X, UiO-67-0-X, and
UiO-67-m-X MOFs, in which X-substituted benzene-1,4-dicarboxylic
acid (BDC) and biphenyl-4,4’-dicarboxylic acid (BPDC) are the linkers.
c Reactions 1 and 2 catalyzed by the MOFs and the questions to be
studied in this work. In ¢, the atoms closely relevant to the reactions
are shown in red. The color setting for atoms in b: Zr, gray blue; H,
green; O, red; C, gray.
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catalytic activity of metal nodes of MOFs by engineering the
electronic properties of linkers and substituents.

RESULTS

Electronic substituent effects on the energy barriers

To study electronic substituent effects on the key catalytic energy
barriers of Reactions 1 and 2, the mechanisms and kinetics of both
reactions catalyzed by UiO-66-X (X=H, NH,, and NO,) were
comparatively studied using DFT calculations based on Structure-
A and B (Fig. 2a). The details of the calculations are given in the
Method section. According to the calculations, Reaction 1
catalyzed by Structure-A (X=H, NH,, and NO,) all follow the
mechanism of Fig. 3a. Namely, the transfer of H atom from the
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Fig. 2 Structural models of UiO0-66 and the definition of
quantities relevant to the catalytic kinetics. a Structure-A and B.
b Structure-C. ¢ Diagram showing definitions of rate-determining
transition state (RDTS), rate-determining process (RDP), free energy
barrier for rate-determining step (Gprps), and change of catalyst
charge in RDP (AQcar). In a, b, the coordinatively unsaturated
zirconium atoms are labeled, and the color setting for atoms is: Zr,
gray blue; H, sea green; O, red; C, gray; R, pink.
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Fig. 3 Mechanisms and kinetics of the UiO-66-X catalyzed reactions obtained by DFT calculations. a, b Mechanisms and corresponding
free energy profiles for Reactions 1. ¢, d Mechanisms and corresponding free energy profiles for Reactions 2. In b, d, relative free energies are
labelled; free energy barriers of the rate-determining steps are shown in italic (energy unit: kJ mol™").

carbon to oxygen and the formation of the carbon-carbon bond
proceed in a concerted manner, converting the citronellal to
isopulegol (B1 — C1). The reaction energy profiles for this
mechanism are shown in Fig. 3b. This mechanism is consistent
with that obtained by DFT calculations using Structure-B (X =H,
NH,, and NO,) by us (Supplementary Fig. 1). It is also consistent
with that obtained using the similar method (X =H and NO,) by
Vermoortele et al. 3'. The kinetically less favorable pathways are
shown in Supplementary Fig. 2. The Gibbs free energy barriers
(Gp,rps's) of the rate determining steps (RDS) for substituents NH,,
H, and NO,, are 73.1, 55.7, and 49.8 k) mol~', respectively. These
Gpprps results match well with the experimentally observed
increasing activity order UiO-66-NH, < Ui0-66-H < Ui0-66-NO,>".

As for Reaction 2, the catalyses by Structure-A (X =H, NH,, and
NO,) all follow the mechanism of Fig. 3c. Because Reaction 2
experimentally occurred in a basic condition with pH = 10, both
hydroxyl anion OH™ and H,O were considered as the hydrolysis
agents. The pathway of OH™ has a lower Gogps and thus is
discussed here. The hydrolysis mainly consists of three steps: First,
the consecutive adsorption of OH™ and DMNP on the catalyst
surface (A2 — B2 — C2); second, the transfer of OH adsorbate from
the catalyst to the phosphorus center of DMNP to form the five-
coordinated phosphorus intermediate, following by the conforma-
tional change to form the hydrolysis-ready intermediate
(C2 > D2 - E2); third, the intramolecular hydrogen transfer
yielding the products (E2 — F2). The corresponding free energy
profiles are shown in Fig. 3d. For each of the three catalysts,
C2 — D2, namely, the transfer of the OH adsorbate from MOF to
the DMNP has the highest free energy barrier, corresponding to
the RDS. The Gpprps's for UiO-66-NH,, UiO-66-H, and UiO-66-NO,
are 20.6, 25.1, and 39.6 k) mol™', respectively, in good agreement
with the experimentally observed decreasing activity, UiO-66-
NH, > Ui0-66-H > Ui0-66-NO,3*73¢. The kinetically less favorable
pathways are shown in Supplementary Fig. 3. Similar mechanisms
have been previously reported for the hydrolysis of sarin®” and
organophosphate warfare agents''38,

The above results suggest that Reactions 1 and 2 catalyzed by
the UiO-66-X MOFs have an opposite linker-substituent effects on
the catalytic activities, which agree well the structure-activity
relationships of both reactions experimentally reported
before®'*, The consistency between the computed Gprps and
experimental activity orders confirms that the cluster models of
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UiO-66-X used in this work is suitable for studying the electronic
substituent effects.

Mechanism of the electronic substituent effects

To study the underlying mechanism for the opposite electronic
substituent effects, charge population analysis was performed for
structures involved in the RDSs for both reactions. To be different
from RDS, structural conversion from the previously neighboring
intermediate to the rate-determining transition state (RDTS) in the
reaction path is denoted as the rate-determining process (RDP)
hereafter. Furthermore, the total number of charge located on the
catalyst region, which includes the metal node and organic linkers,
of the catalyst-reactant complex is denoted as (Qca7), and the
variation of Qcat in the RDP is denoted as AQcat hereafter (Fig. 2c).
The RDS of Reaction 1 is B1 - TSgy,c; — C1. Intermediates B1 and
C1 and transition state TSg,c; are shown in Fig. 4a, in which the
Qcar values are marked. As can be seen, although Qcat increases
from —0.241 in B1 to —0.217 in C1, it decreases from —0.241 in B1
to —0.287 in TSgy/ci. Therefore, AQcar= — 0.046 (Fig. 4a). To
obtain detailed charge-evolution information, intrinsic reaction
coordinate (IRC) calculation was performed to locate transient
structures linking the stationary points, and then charge popula-
tion analysis was performed for these transient structures. The
results are plotted in Fig. 4b, which verify that the RDP is featured
by electron transfer from the reactant to the catalyst moiety
(AQcaT<0). Because an electron-withdrawing substituent
enhances the ability of MOFs to accept electrons, substituent like
NO, reduces the G, gps and improves the catalytic activity. On the
contrary, because an electron-donating substituent decreases the
ability of MOFs to accept electrons, substituent like NH, increases
the Gprps and reduces the catalytic activity. The above results
profoundly explain the mechanism for the activity order of
Reaction 1: Ui0-66-NH, < Ui0-66-H < Ui0-66-NO,>".

As for Reaction 2, the RDS is C2 — TS¢y/p2 — D2. Shown in Fig.
4c are intermediates C2 and D2 and transition state TSc,/p,. The
Qcat increases from 0.325 in C2 to 0.420 in TSc,/pz (AQcat = 0.095)
and further increases to 0.515 in D2, suggesting that electrons are
transferred from the catalyst to the reactant moiety in the RDP.
This charge population result is further evidenced by the result of
Fig. 4d, which shows the detailed charge evolution along the IRC.
Because an electron-donating substituent enhances the ability of
MOFs to transfer electrons away, the result profoundly explains

npj Computational Materials (2023) 59
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Fig. 4 Variation of catalyst charge in rate-determining steps. a, c Catalyst charge variation (AQcar) for structures involved in the rate-
determining steps of Reactions 1 and 2, respectively. b, d Variation of total energy (E,)) and AQcar With intrinsic reaction coordinate (IRC) for
Reactions 1 and 2, respectively. For structures in (a, c), the linkers are not shown for clarity. The color setting for atoms in a, ¢: Zr gray blue, H

sea green, O red, C gray, N blue; P, gold.

the mechanism for the activity order of Reaction 2: UiO-66-
NH, > Ui0-66-H > UiO-66-NO,>*.

Taken together, the mechanism for the electronic substituent
effects on the catalytic activities of metal nodes of MOFs can be
ascribed to AQcar, namely, the variation of catalyst charge in the
RDP. In case of AQcat <0 (e.g., Reaction 1), the activity is closely
relevant to the electron transfer from the reactant to catalyst
moiety in the RDP. Because electron withdrawing substituents are
beneficial to such an electron transfer, they will reduce Gy, gps and
increase the catalytic activity. In case of AQcar> 0 (e.g., Reaction
2), the activity is closely relevant to the electron transfer from the
catalyst to reactant moiety in the RDP. Because electron donating
substituents are beneficial to such an electron transfer, they will
reduce Gy gps and increase the catalytic activity. The above result
profoundly explains the opposite electronic substituent effects of
Ui0-66-X in catalyzing Reactions 1 and 23134,

Linker orbital energy model

To quantitatively describe the electronic substituent effects on
thermal catalytic activity of metal nodes of UiO-66-X MOFs, the
linker orbital energy model was established. To this end, the
orbital interaction between reactant and catalyst moieties was
analyzed for TSgq,cq and TSca/p», i.e., the RDTS for Reactions 1 and
2, using the ETS-NOCV method?°. The results are present in Fig. 5a
and Supplementary Fig. 4. As can be seen, the main orbital
interactions of both RDTSs are similar, which is the interaction
between the metal d,. orbital and linker p orbital. Owing to the
remote 1-d conjugation between the linker substituent and nodal
metal, the substituent will tune the extranuclear electron density
and consequently effective nuclear charge (Z.5) of the metals (Fig.
5b and Supplementary Fig. 5). This will further tune the catalytic
activity of the metal by tuning the energies of molecular orbitals,
including the d,. orbital, localized on it. Such substituent effect on
catalytic activity via the n-d conjugation is sometimes understood
by that the remote conjugation tunes the Lewis acidities of the
nodal metals3'334°,

To establish a quantitative relationship between the catalytic
activity (estimated by value of G,gps) and orbital energy, the

npj Computational Materials (2023) 59

frontier orbital energies of substituted catalysts and Gy rps's were
calculated for Reactions 1 and 2, using Structure-C (R=Ry;
X =NH,, CHs, OH, H, F, Cl, Br, NO,, CHO, CN, CF3) as the model
of UiO-66-X (Fig. 2b). The reason of using Structure-C is discussed
in the Method section. The Gy rps of Reaction 1 scales positively
with the LUMO energies of the catalyst, Ecatiumo (Fig. 50);
likewise, the Gpgrps of Reaction 2 scales negatively with the
Ecatiumo (Fig. 5d). Different equations like linear and exponential
functions were used to fit G, rps With Ecatiumo. For simplicity and
avoiding overfitting, the linear relationships were adopted here for
further discussion (for exponential fitting, see Supplementary Fig.
6). For both reactions, the Gy, rps also shows the scaling relation-
ships with the corresponding HOMO energy of the catalyst
(ECAT,HOMO)I but the R2 fitted with ECAT,HOMO are smaller than the
corresponding R?> with Ecatiumo (Supplementary Fig. 7). The
better relationship of Gy rps With Ecatumo may be ascribed to that
the metal d,. orbital constitutes the main orbital interaction in the
RDTS, as suggested by Fig. 5a.

Interestingly, the frontier orbital energies of the catalysts have
good linear relationships with the corresponding frontier orbital
energies of the linkers: the LUMO of linker (E, ymo) scales linearly
with Ecariumo with R>=0.99 for the linear fitting (Fig. 5e); the
HOMO of linker (E_ pomo) scales linearly with Ecatpomo With
R? = 0.97 (Fig. 5f). Such good linearly relationships can be ascribed
to that both HOMO and LUMO of the UiO-66-X clusters are mainly
located on the linkers (Supplementary Fig. 8). Based on the
approximately linear relationships between Gy, rps and E ymo, the
following equation can be derived:

I'MOF—
In< MOF X> = mAQcatELumo +n (2)
'MOF—H

The details of the derivation of Eq. (2) can be found in the
Supplementary Note 1. In Eq. (2), rmorx and ryorn mean the
catalytic reaction rates of substituted and unsubstituted MOFs,
respectively; m and n are constants depending on the catalytic
system and m>0. Equation (2) quantitatively describes the
remote electronic effects of substituents on catalytic activity of
metal nodes of MOFs. Especially, the slope of the linear function of
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Eg. (2) indicates the plus or minus sign of AQcat, providing
mechanistic insights into the catalytic mechanisms.

Comparing Eq. (1) and Eq. (2), it is obvious that item mAQcar of
Eq. (2) corresponds to p of Equation (2), and E_ymo of Eq. (2)
corresponds to o of Eq. (1). This suggests that Hammett constant
should have linear relationship with E | ymo. The plots of o and its
extensions with E; | ymo are present in Supplementary Fig. 9 and
Table 1, in which the approximate linear relationships of the
constants with £ ymo can indeed be found. This result confirms
the potential of E, | ymo as the activity descriptor of MOFs.

Noteworthily, although AQcat is key to understanding the
mechanisms underlying the model, the exact value of AQcar is not
required when using the linker orbital energy model. Similarly, the
exact energies of ligand frontier orbitals with respect to vacuum
energy, which are usually hard to obtain by DFT calculations, are
also not required when using the model. Instead, obtaining the
relative values of the orbital energies is sufficient for using the
model. Because frontier orbital energies are intrinsic properties of
linkers, whose relative values can be easily and reliably obtained
by DFT calculations*' or photoelectron spectroscopic experiments,
the model provides a simple way to fine tuning catalytic activity of
MOFs by engineering linker substituents.

Frontier orbital energies are intrinsic electronic properties of
molecules closely relevant to chemical activities, on the basis of
which a lot of activity principles have been successfully
established for different scenarios before*?>=*>, The present linker
orbital energy model is devised for the electronic substituent
effects on catalytic activities of metal nodes of MOFs. It is
applicable to MOFs with the same metal nodes but similar linkers
and different substituents, in which the linkers and substituents
exert influences on the catalytic activity mainly through the
electronic m-d conjugation rather than other effects like stereo-
hindrance or hydrogen bonding. Such n-d conjugation usually
exists in MOFs consisting of transition metals and aromatic linkers,
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in which the metals make bonds with the linker atoms through
the hybridization involving the metal d and linker s and p orbitals
(Supplementary Fig. 5). It is inapplicable to MOFs where the
substituents are directly added to the metal nodes, not having the
d-p m-conjugation®. It is also inapplicable to MOFs where metal
nodes are not the catalytic active centers®’.

Experimental verification of the model

To verify its validity, the above linker orbital energy model has
been used to revisit the structure-activity relationships of UiO-66
MOFs with a larger variety of linkers and substituents. For Reaction
1, UiO-66-X MOFs with eight substituents were considered (X =H,
NH,, OCHj3, F, CHs, Br, Cl, NO,); for Reaction 2, UiO-66-X (X = NH,,
NO,, H), UiO-67-H, UiO-67-m-NH,, and UiO-67-0-NH, were
considered. The structure-activity relationships for these reactions
have been experimentally studied before. The rates of Reaction 1
catalyzed by the UiO-66-X MOFs, which were taken from the study
of Vermoortele et al.3!, are plotted in a linear function with the
orbital energy E  umo in Fig. 6a (for the source data, see
Supplementary Table 2). The negative slope means AQcat<0,
which is in good agreement with the above result that the RDP of
Reaction 1 has a minus AQcar. Rates of Reaction 234 catalyzed by
the Ui0-66/67-X were taken from the study of Katz et al. and
Islamoglu et al.3%. As shown in Fig. 6b, they correlate in positively
with E_ | umo, in good agreement with the above result that the
RDP of Reaction 2 has a positive AQcat (AQcat > 0). Therefore, the
present results systematically disclose the underlying mechanisms
for the previously reported linker and substituent effects on
catalytic activities of UiO-66/67 MOFs.

To verify whether it is applicable to MOFs beyond UiO-66, the
model has been further applied to revisit the structure-activity
relationships for MIL-53(Fe)-X and MIL-101(Fe)-X MOFs, which
catalytically activate O, to oxidize organic substrate as oxidases
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Fig. 6 Experimental verification of the prediction model. a, b Plots of £, | ymo and Ei nomo With the relative reaction rates of Reactions 1 and
2, respectively. ¢ Partial structures of X-substituted MIL-53(Fe) and MIL-101(Fe) MOFs. d, e Plots of £, | ymo and E_omo With the relative reaction
rates for the oxidase-like catalysis of MIL-53(Fe)-X and MIL-101(Fe)-X, respectively. f Plots of £, | ymo and E; pomo With the relative reaction rates
for ligand exchange of the palladium complex. In a, b, d-f, the solid lines are for eyesight guide.

do>2. The structures of these two MOFs are shown in Fig. 6c. Wu
et al. have reported that an electron-withdrawing substituents like
NO, enhance the catalytic activities of both MOFs. Because an
electron-withdrawing substituent reduces linker LUMO energies, it
can be inferred from the model that the AQcat of the catalyses
have a minus sign (AQcat < 0). This mechanistic insight agrees well
with the previous study that the RDS of the catalysis is indeed an
electron-transfer-to-catalyst process®?. Because AQcar<0, it can
be further inferred from the model that the relative catalytic
activities of both MOFs correlate negatively with E; | ymo. As can be
seen from Fig. 6d, e, the activities indeed scale negatively with
E Lumo- These results suggest that the linker orbital energy model
is also applicable to MIL-53(Fe)-X and MIL-101(Fe)-X MOFs.

The model is even applicable to the substituent effects on
activity of organometallic complexes beyond MOFs. Wu et al. have
recently developed another substituent constant opg™*, which
better describes the electronic effects of remote substituents on
thermodynamics and kinetic of the palladium complexes?'. The
model was also used to revisit the activity of the ligand exchange
reaction of the substituted palladium complexes. As shown in Fig.
6f, the relative rate of the ligand exchange reaction indeed has a
linear relationship with the E, | ymo of substituted benzoic acid,
suggesting the general applicability of the model.

The above results also serve as the example applications of the
model. Because Hammett theory'® and its derivatives?'*? have
been widely used to quantify the electronic substituent effects on
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a large variety of materials properties, e.g., orbital energies®,
bonding energies?'?*, catalytic activity?®, reaction barriers?’, and
reaction mechanisms?%2°, we expect that the present model will
serves as the more simple and general theoretical tool for remote
substituent effects on materials properties including catalytic
activities of metal nodes of MOFs.

DISCUSSION

To summarize, the linker orbital energy model approximately
describing the remote electronic effects of linker substituents on
catalytic activities of metal nodes of MOFs has been developed
and verified. The d,. orbital of nodal metals of MOFs, whose
energy is crucially influenced by the remote substituent via the m-
d conjugation, plays a vital role in the catalysis. The free energy
barrier, G,rps, Of the rate-determining step of the catalysis scales
approximately linearly with linker LUMO energy, E, | ymo. suggest-
ing that E_ ymo is the effective descriptor for the substituent
effects on the catalytic activity. The plus or minus sign of the
catalyst charge variation in the rate-determining process, namely
AQcar, signifies how Gprps depends on E|ymo: Gpros scales
positively with E_ | ymo if AQcat <0; Gprps Scales negatively with
Ei Lumo if AQcat > 0. These results lead to the development of the
model of Eq. (2), which quantitatively depicts the approximately
linear relationship between the relative catalytic activities and
Ei Lumo- The validity of model has been supported by revisiting the

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences



structure-activity relationships of different MOFs and reactions.
The results profoundly explain the mechanisms for the previously
reported linker and substituent effects on the catalytic activities of
MOFs, which are the state-of-the-art questions of the research
field. Compared to Hammett constants, the present model does
not reply on empirical parameters, and it is applicable MOFs with
not only varying substituents but varying linkers. The model may
provide a general method to precisely design catalytic activity of
metal nodes of MOFs by engineering the electronic properties of
linkers and substituents.

METHODS
Structural models

The structures shown in Fig. 2 were used as the cluster models of
UiO-66-X. Structure-A is composed by one metal node and four
substituted vinyl groups, and Structure-B is composed by one
metal node and four ortho-substituted phenyl groups (Fig. 2a).
Cluster models rather than periodic slab models were used to
represent UiO-66-X was for two reasons. First, all metal nodes in
UiO-66-X are separated by aryl linkers and thus cluster models are
sufficient to reproduce the local chemical environments of the
metal nodes in UiO-66-X. Second, hybrid density functionals,
which have been very successful in the field of computational
chemistry®®, are extremely computationally demanding for the
slab models. Indeed, Structure-B and similar cluster models have
been successfully used as the models to study the catalytic
mechanisms of Ui0-66-X3'364° and other MOFs before'®>°. Our
test calculations for Reaction 1 further suggested that catalytic
mechanisms and activity orders, which were indicated by free
energy barriers (G,rps) of rate-determining steps (RDSs), calcu-
lated with Structure-A and Structure-B were identical (Supple-
mentary Fig. 1). Compared to phenyl linkers of Structure-B, smaller
vinyl linkers of Structure-A exert smaller steric hindrance to the
reactions. Therefore, Structure-A is more suitable than Structure-B
for studying electronic substituent effects of UiO-66-X, and was
extensively used here to investigate the full catalytic mechanisms
and energy changes.

Structure-C consisting of the metal node and only one aryl
linker, was constructed as the simpler model of UiO-66-X (Fig. 2b).
Using only one linker was intended to study the electronic effect
of the specific linker. To focus on effects of linker orbital energies,
the substituent in Structure-C was placed on the para- rather than
ortho-position of the benzene ring to avoid the possible
involvement of substituent steric effects. Structure-C is more
concise than Structure-A and B and is more suitable for extensive
calculations.

Calculations

All DFT calculations were performed in the solvent phase using
the M062X density function®'. The inexplicit solvent model,
polarizable continuum model®?, was used to simulate the solvent
effect. Toluene and water were selected as the solvent molecules
for Reactions 1 and 2, respectively, according to the correspond-
ing experimental studies®'3%36, All structures were obtained by
locating geometries of stationary points in the potential energy
surfaces. All intermediates and transition states on the potential
energy surface were verified by checking the number of imaginary
frequencies using frequency analysis calculations. The intermedi-
ate and transition state have zero and one imaginary frequency,
respectively. The free energy data were also obtained through the
frequency analysis calculations. The intrinsic reaction coordinates
(IRCs) were obtained with the IRC method®*°%, and the charges
were obtained using the natural population analysis (NPA)
method>>. All metal atoms were treated with the Lanl2DZ basis
set and the Lanl2DZ effective core potential®®. All nonmetal atoms
were treated with the 6-31 G(d,p) or the 6-31 + G(d,p) basis set®’.
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The 6-31 G(d,p) basis set was used to calculate the full catalytic
mechanisms, free energy profiles, and the charge population
analyses. The 6-31 + G(d,p) basis set with the “Grid=UltraFine”
keyword was used to study the relationships of linker orbital
energies with Hammett o constants, the free energy barriers, and
frontier orbital energies of catalysts. The above calculations were
performed with the GAUSSIAN 09 program®® with the default
parameter setting if not mentioned otherwise. The reference of
the orbital energies was the vacuum level by default.

The orbital interaction between reactant and catalyst moieties
was analyzed using the extended transition state (ETS) method in
conjunction with the natural orbitals for chemical valence (NOCV)
theory®>. The Becke—Perdew exchange-correlation functional
BP86°°-5" with the TZ2P basis sets as implemented in the program
package ADF2014.10. was used these calculations®2. More details of
this calculation method can be found in our previous study®.
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