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ABSTRACT

The chemical microenvironment surrounding metal nanoparticles (NPs) plays crucial roles in regulating their electronic

structures. However, due to the lack of quantitative descriptor, such effect has been understood largely in a qualitative manner.

To address this issue, a series of reticular metal-organic frameworks (MOFs) with diverse functional groups (MIP-206-X, X =
OH, OCH;, H, Cl, and F) were synthesized, and Pt NPs with similar sizes and loadings were incorporated to afford Pt@MIP-
206-X for ammonia borane methanolysis. X-ray absorption near edge structure (XANES) was adopted to determine the d-orbital

occupancy of Pt, and the electronic contribution from MOFs was quantified as the descriptor Ae, which was demonstrated to

accurately describe the Pt-methanol adsorption strength (quantified by activation entropy and methanol desorption temperature)

and exhibit an excellent linear correlation with catalytic activity. Isotopic analyses and DFT calculations revealed that a larger Ae

strengthens methanol adsorption on Pt, promotes O—H bond cleavage as the rate-determining step (RDS), and leads to enhanced

activity.

1 | Introduction

For supported metal catalysts, the electronic structure of metal
centers is of great importance in determining their catalytic
performance [1-6]. According to the d-band center theory [7,
8], it governs substrate interactions, thereby determining cat-
alytic activity. As seen in enzymes, electronic state of metal
center is strongly influenced by the surrounding chemical
microenvironment; consequently, extensive efforts have been
devoted to modulating this microenvironment to optimize perfor-
mance [9-16]. These elegant reports establish qualitative corre-

lations between the chemical microenvironment, the electronic
state of metal centers and their catalytic activity. Despite the
progress, a precise quantitative relationship among them, though
highly desired and essential to guide the design and synthesis
of heterogeneous catalysts [17-19], has not yet been clearly
established.

To achieve this goal, recent studies explored the quantitative
relationship between electronic structure and catalytic
performance through methods such as alloying and metal-
support interactions, with successful applications in some
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systems [20-27]. Notwithstanding these valuable efforts, the
models adopted in these studies to modulate electronic state
of metal sites more or less introduce additional variables,
such as size [21, 23], morphology [25], composition [22, 26],
and bond length [27] of metal NPs, which may also influence
catalytic performance. These variables not only interfere with
the quantitative correlation between metal electronic structure
and catalytic activity but also make it difficult to independently
investigate the effect of the chemical microenvironment on the
metal’s electronic structure. On the other hand, the electronic
structure regulation of metal NPs is generally uneven in
traditional supported metal catalysts—stronger at the metal-
support interface and weaker at noninterface regions [20, 28,
29]. Overall, the parameters affecting the resulting performance
in a catalytic system are complex; it is challenging to control all
parameters while regulating electronic structure of metal centers
as the sole variable. To this end, it is necessary to develop suitable
supports that can create uniform chemical microenvironment
around metal centers, while regulating electron transfer between
the support and metal center without introducing additional
variables.

Metal-organic frameworks (MOFs) [30-34], a class of crystalline
porous materials with well-defined structures, high porosity,
and tunable pore wall environments, have been intensively
demonstrated to be promising supports for metal NPs toward
catalytic applications [35-39]. The customizable pore struc-
tures of MOFs can effectively incorporate metal NPs without
disturbing substrate accessibility [40-45]. More importantly,
the functional groups on the MOF pore walls can be flexi-
bly tailored, thereby creating modulated microenvironment to
enable tailored electronic properties for encapsulated metal
NPs, without altering other parameters. This makes MOFs an
ideal platform for investigating the quantitative relationship
among modulated microenvironment, metal electronic struc-
ture, and catalytic performance. However, to date, the elec-
tron transfer between chemical microenvironment and metal
center remains unquantified, and finding a suitable descrip-
tor to quantify this property is highly desired yet very chal-
lenging to describe the quantitative relationship among the
three.

In this work, a series of isoreticular MOFs with different
functional groups, named MIP-206-X (X = OH, OCHj;, H, Cl],
and F), have been synthesized, followed by incorporating Pt
NPs to afford Pt@MIP-206-X for the methanolysis of ammonia
borane (Scheme 1). Significantly, the resulting Pt@MIP-206-X
exhibit distinctly different activities, despite similar Pt sizes and
loadings. By fixing possible interfering parameters, the d-orbital
occupancy of Pt is evaluated by x-ray absorption near edge
structure (XANES), and the electronic contribution from MOFs
to Pt is quantified, affording the descriptor Ae, which has been
confirmed as an excellent descriptor for both Pt-methanol adsorp-
tion strength and catalytic activity (Scheme 1, right). Mechanistic
studies reveal that a larger Ae leads to stronger Pt adsorption of
methanol (described by the activation entropy, AS°*), facilitating
the O-H activation of methanol and thereby enhancing the
catalytic activity (described by turnover frequency, simply as
TOF).

TABLE 1 | The Pt content, size, and corresponding Pt dispersion
(Dpy) evaluated by CO chemisorption over Pt@MIP-206-X composites.

Groups Pt Size Size
Entries (X) (Wt%) Dy, (%) (nm)* (nm)®
1 OH 1.58 88.60 1.27 1.5+04
2 OCH; 1.58 87.07 1.30 15+04
3 H 1.50 77.74 1.45 1.6 +0.4
4 Cl 1.50 82.55 1.37 1.5+04
5 F 1.59 86.71 1.30 1.5+0.3

The sizes of Pt NPs are evaluated based on *CO chemisorption or "HAADF-
STEM results.

2 | Results and Discussion

The isoreticular MIP-206-X (X = OH, OCH;, H, Cl, and F)
have been synthesized under solvothermal conditions by reacting
zirconium salts with isophthalic acid (IPA) or its functionalized
derivatives (5-IPA-X, except for 5-IPA-OCH;). The MIP-206-
OCH; was prepared via post-synthetic linker exchange from
MIP-206-H [46], with the exchange ratio estimated to be approx-
imately 50%, as determined by nuclear magnetic resonance
(NMR) spectroscopy (Figures S1 and S2). Scanning electron
microscopy (SEM) images of MIP-206-X reveal similar sizes and
morphologies with a small amount of aggregation (Figures la
and S3). Pt NPs are incorporated into MIP-206-X by introduc-
ing H,PtCl; based on a double-solvent approach (DSA) [39],
followed by reduction under H, atmosphere, to afford Pt@MIP-
206-X composites. Powder x-ray diffraction (XRD) patterns
show similar high crystallinity and phase purity of MIP-206-
X (Figure S4a). Upon introducing Pt NPs, the crystallinity
and structural integrity of Pt@MIP-206-X are well preserved
(Figure S4b).

Pt NPs are clearly visualized in the HAADF-STEM images
(Figure 1b,c), while no apparent Pt NPs appear on the outer
surface in the corresponding SE-STEM image (Figure 1d). This
contrast strongly suggests that the vast majority of Pt NPs are
encapsulated within the MOF particles [47], ensuring uniform
microenvironment surrounding Pt NPs. Nitrogen sorption mea-
surements assess the porosity of the Pt@MIP-206-X composites.
All samples display similar porous feature (Figure SIl1), with
Brunauer-Emmett-Teller (BET) surface areas ranging from 325 to
595 m?/g. Compared to the pristine MIP-206-X (Figure S12), the
slight decrease in BET surface areas further supports successful
incorporation of Pt NPs into the MOF pores. To quantify the
number of catalytically accessible Pt sites, CO chemisorption
titration experiments are conducted on all five composites
(Table 1) [48, 49]. The Pt dispersions are evaluated to be 77~89%
with particle sizes of 1.27~1.45 nm, which is consistent with
the Pt sizes observed in HAADF-STEM images (Figures 1b
and S5).

To elucidate the electron transfer between MIP-206-X and Pt
NPs, L;-edge XANES spectra have been recorded. The white
line peak is assigned to the electron transition from the 2p;,
orbital to the 5d orbital of Pt, reflecting the density of unoccupied
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SCHEME 1 | Schematic illustration showing the synthesis of Pt@MIP-206-X (X = OH, OCHj3, H, Cl, and F) and the corresponding quantitative
relationship among 4e, 4S%*, and TOF of Pt NPs toward the methanolysis of ammonia borane. EDG and EWG denote electron-donating groups (EDG)

and electron-withdrawing groups, respectively.
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FIGURE 1 | (a) SEM image of MIP-206-OH. (b) HAADF-STEM image of Pt@MIP-206-OH (inset: size distribution of Pt NPs). (c) HAADF-STEM

and (d) the corresponding SE-STEM images of Pt@MIP-206-OH.
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FIGURE 2 | (a) Pt Ly-edge XANES spectra and (b) Pt L,-edge XANES spectra (Insets: enlarged concerned peaks). (c) Pt 4f XPS spectra and (d)

CO-DRIFTS spectra of Pt@MIP-206-X (X = OH, OCHjs, H, Cl, and F).

5d states. Increased white line peak is associated with a higher
transition probability, indicating greater 5d orbital vacancy [50].
Accordingly, the white line intensity is regarded as an indicator
of the d-orbital occupancy of Pt. From the XANES spectra of the
five Pt@MIP-206-X composites (Figure 2a), which give overall
spectral shapes and white line intensities that are very similar to
those of a Pt foil reference and far different from PtO, reference
(Figure S13), confirming that the Pt species is in the metallic state.
Notably, the weakest white line intensity is observed for Pt@MIP-
206-OH, indicating the Pt in this catalyst has the most electron
filling in its d orbitals.

From the above white line intensity, the Pt d-orbital electron
density decreases in the order: Pt@MIP-206-OH > Pt@MIP-
206-OCH; > Pt@MIP-206-H > Pt@MIP-206-Cl > Pt@MIP-

206-F. This result clearly indicates that charge transfer occurs
between the MOFs and the d orbitals of Pt NPs, with Pt on
EDG MOFs exhibiting higher d-orbital occupancy than that on
electron-withdrawing group (EWG) MOFs. To further quantify
the electron transfer between the MOFs and Pt NPs, XANES
measurements at the Pt L,-edge are conducted (Figure 2b),
showing the same trend as the L;-edge results, verifying the
order of electron-donating ability across different MOFs. The
integrated white line peak areas from both L, and L, edges are
adopted to quantify the electron transfer between the MOFs and
Pt [51], defined as the descriptor, de. Using Pt@MIP-206-H as the
reference, the Ae spans from -0.04306 to 0.02539 e (Table S1).

The electronic density of Pt has been investigated by x-ray
photoelectron spectroscopy (XPS) (Figure 2c). The Pt 4f binding
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energies exhibit a clear trend: Pt@MIP-206-OH < Pt@MIP-206-
OCH; < Pt@MIP-206-H < Pt@MIP-206-Cl < Pt@MIP-206-F,
indicating that Pt incorporated in MIP-206-OH is the most
electron-rich, whereas Pt in MIP-206-F is the most electron-
deficient. Additionally, CO adsorption diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) results give further
support (Figure 2d). As an established probe for Pt surface
electronic properties, the CO vibrational frequency displays a
redshift with increasing surface negative charge [52]. All compos-
ites present linear CO adsorption vibrational peaks at 2066-2040
cm™!, with peak positions in the following order: Pt@MIP-206-
OH < Pt@MIP-206-OCH; < Pt@MIP-206-H < Pt@MIP-206-Cl <
Pt@MIP-206-F, demonstrating a gradual decrease in Pt surface
electron density. Both XPS and CO-DRIFTS results show that the
electron density of Pt NPs follows the electron-donating ability
of the MOFs, indicating that the electronic state of Pt can be
precisely regulated by the chemical microenvironment created by
the MOFs.

Motivated by the above results, catalytic methanolysis of ammo-
nia borane for hydrogen production over Pt@MIP-206-X (X
= OH, OCH;, H, Cl, and F) has been investigated. Given
its high hydrogen content (19.6%), ammonia borane has been
widely regarded as a promising hydrogen storage material [53].
Moreover, the methanolysis of ammonia borane follows a typical
zero-order kinetics with simplified reaction profiles, making
it ideal for probing electronic structure-activity relationship of
catalysts. All these composites showcase very high activity in this
reaction, in which Pt@MIP-206-OH achieves full conversion in
2.61 min, while Pt@MIP-206-OCH,, Pt@MIP-206-H, Pt@MIP-
206-Cl, and Pt@MIP-206-F required 3.25, 4.51, 6.15, and 10.90 min,
respectively (Figure 3a). The TOF results can be accurately
determined on the basis of the catalytic reaction rates, together
with the corresponding Pt loading and dispersion (Table S2),
showing a reverse trend with respect to the full conversion
time. Powder XRD patterns confirmed preserved crystallinity and
structural integrity after the reaction (Figure Sl4a). HAADF-
STEM observation for Pt@MIP-206-OH indicates that Pt NPs
remained uniformly dispersed within the MOF particle, with no
significant aggregation detected (Figure S14b). A hot filtration
experiment over Pt@MIP-206-OH showed that no further con-
version of ammonia borane occurred after removal of the catalyst
(Figure S15), reflecting the truly heterogeneous nature of the
catalytic process. In addition, a linear correlation can be observed
between reaction rate and Pt content for Pt@MIP-206-OH with
different Pt loadings (Figure S16), indicating that no diffusion
or mass transfer limitations are present under the applied con-
ditions [54]. The catalytic activity of Pt@MIP-206-OH remains
essentially unchanged in four consecutive reaction cycles, and
its crystallinity is well preserved (Figure S17), demonstrating its
excellent stability and reusability.

As expected, the activity of these catalysts is positively corre-
lated with their Pt electron density (Figure 2), suggesting that
the Pt electronic structure plays a critical role in determining
its catalytic behavior. This relationship has been qualitatively
explained by various theories and characterizations [9-16], with
electronic structure of metal centers considered a key factor
in determining their binding strength with substrates. Despite
the well-establishment of d-band center theory [7, 8], from an
experimental perspective, a quantitative description linking the

binding strength between reactant and metal to the metal’s
electronic properties, and how this affects catalytic performance,
is still lacking yet highly desired. Therefore, an attempt was made
to identify the catalytic descriptor by correlating the electronic
properties of Pt with its kinetic behavior.

Catalytic experiments at different ammonia borane concentra-
tions were conducted over Pt@MIP-206-OH (Figure S18). The
nearly concentration-independent reaction rates indicated that
the methanolysis of ammonia borane for hydrogen generation in
this system follows zero-order kinetics. Temperature-dependent
kinetic studies have been conducted (Figure S19). Reaction rate
constants (k) are determined for all catalysts at varied temper-
atures, enabling the evaluation of activation energies (E,) and
pre-exponential factor (A) (Figure 3b). The activation entropy
(AS°*) is reflected by the pre-exponential factor; therefore, based
on transition state theory [55], AS°* can be calculated from the
kinetic data. While the energy barrier from the ground state to
the transition state is quantified by E,, the molecular freedom
loss during the adsorption process is reflected by AS%*. The com-
pensation effect between E, and AS%*, as observed in Figure 3c,
indicates that minimal reaction energy barriers are exhibited
by catalysts featuring maximal freedom loss upon substrate
adsorption (e.g., Pt@MIP-206-OH), thereby leading to maximal
reaction rates. Given that methanol activation is recognized to
be the key factor influencing the reaction rate in methanolysis
of ammonia borane [56], the methanol adsorption should be
of great importance. Since the loss of degrees of freedom upon
substrate adsorption on the metal surface is closely related to the
metal-substrate interaction strength, the Pt-methanol adsorption
strength can be indicated by AS®*. An attempt has been made to
correlate AS®* with TOF, and a strong linear relationship is found
(Figure 3d), indicating that the reaction activity is determined by
the adsorption strength between Pt and the substrate. Despite the
above ideal results, due to the difficulty of directly customizing
and experimentally measuring AS®* in catalyst design, using 45%*
as a descriptor for catalytic activity remains unfeasible.

Therefore, a parameter related to the catalyst structure is sought
that could be linked to the adsorption strength between metal
center and substrate. Given that the only variable is the electron-
donating capacity of the MOFs, a close relationship is assumed
to exist between the electron transfer from the MOFs to Pt
surface and the adsorption of substrates on Pt. To verify this
hypothesis, the parameter Ae is attempted to correlate with
AS%, and delightedly, a nearly linear relationship is observed
(Figure 4a). This result indicates that the difference in A4S%*
during the reaction is caused by the electron transfer (4e) between
the MOFs and Pt, suggesting that Ae can be regarded as a
predictor of the Pt-methanol adsorption strength. Conventional
XPS and CO-DRIFTS techniques were also employed for quan-
titative analysis (Figure S20). Although the parameters obtained
from these techniques exhibit directional correlations with AS%*,
their linearity is relatively weak. These results suggest that XPS
and CO-DRIFTS can serve as directional predictors of catalytic
reactivity, whereas the XANES-derived 4e demonstrates a more
prominent advantage in quantitatively describing the electronic
modulation of Pt species.

Temperature-programmed desorption infrared spectroscopy
(TPD-IR) of methanol over Pt@MIP-206-X (X = OH, OCH,,

Angewandte Chemie International Edition, 2026

50f10

85UB017 SUOWWOD BARR1D 3ot |dde 3y} Aq pausenob a/e 9P VO ‘SN 0 S9IN1 104 A%eiqIT BUIUO A1/ UO (SUO I PUOD-PUE-SWRIALIOD A8 | IM A1 1 [oUUO//STY) SUORIPUOD PUe SWB L 38U 38S *[9202/60/82] U0 ARIqITauuO AB]IM ‘80ue s JO AISReAIUN AQ £6/86/9'1UR/Z00T OT/I0P/LI0D A8 | M AeIq1[eulUO// SRy WO14 PBPeO|UMOQ ‘O ‘9202 ‘€LLETZST



a2

18 = S—O——0—0
/ 7

16 4 = &

= I /

g1 7 /’

~12d o

I 1] /

Y {

o 101 ‘ri- &

o / /

£ 84 = &

E / P —=— Pt@MIP-206-OH
2 61 % /’ Pt@MIP-206-OCH,
4] &Y « Pt@MIP-206-H

W/ Pt@MIP-206-Cl
21 /‘ —o— Pt@MIP-206-F
0 T T T T T T T T
0 2 4 6 8 10 12 14 16
Time (min)
C 7
65 -
S 60 -
£
-
X 551
o ® Pt@MIP-206-OH
Pt@MIP-206-OCH,
504 Pt@MIP-206-H
Pt@MIP-206-Cl W
® Pt@MIP-206-F S
45

AS” (J - mol - K)

b 11.0

430 -140 -150 -160 -170 -180 -190 -200

A5 T~
e
-\:
12.0 - T
%\u
<12.51
£
3.0
—— Pt@WIP-206-OH
Pt@MIP-206-OCH,
-13.54 Pt@MIP-206-H
Pt@MIP-206-CI
4.0 —— Pt@MIP-206-F
0.00315  0.00320  0.00325  0.00330
T (K
450 )
" 400
3
- 350
‘&
= 300- i
3
© 250
_I
S, ] . o Pt@MIP-206-OH
£ 200 Pt@MIP-206-OCH,
L 150, Pt@MIP-206-H
o Pt@MIP-206-Cl
100 ] ® Pt@MIP-206-F

430 -140 -150 -160 -170 -180 -190 -200
AS” (J - mol” - K)

FIGURE 3 | (a) Catalytic activity of H, generation from the methanolysis of ammonia borane over Pt@MIP-206-X (X = OH, OCH3, H, Cl, and F).
(b) Arrhenius plots for the methanolysis of ammonia borane over Pt@MIP-206-X. (c) Correlations between E, and AS%*, and (d) Correlations between
TOF and AS%* for the methanolysis of ammonia borane over Pt@MIP-206-X.

H, Cl, and F) have been collected to further demonstrate the
feasibility of Ade as a descriptor of Pt-methanol adsorption
strength. The interaction strength between methanol and Pt can
be inferred from the methanol desorption temperatures on Pt
NPs, where higher temperatures indicate stronger adsorbate-
surface interactions [57]. Initially, the TPD-IR spectra of methanol
on MIP-206-H and Pt@MIP-206-H are compared (Figure S21).
MIP-206-H shows a distinct absorption band at ~2842 cm™,
which can be assigned to the symmetric stretching vibration of
the -CHj; group in methanol [58]. This peak is nearly eliminated
upon heating to 120°C, indicating that methanol desorption on
the MOF is largely complete at this temperature. In contrast,
Pt@MIP-206-H exhibits a pronounced peak at ~2825 cm™!, which
can be assigned to the symmetric stretching vibration of -CH; in
CH; 0%, formed via the dissociative adsorption of methanol. The
presence of this peak confirms that methanol is dissociatively
adsorbed on Pt, generating CH;0* and H*, both of which remain
adsorbed on the Pt surface. This characteristic band disappears
at ~290°C, suggesting that the desorption temperature of CH;0*
on Pt lies near this temperature.

Similar vibrational features corresponding to dissociative
methanol adsorption are also observed for the other Pt@MIP-206-
X composites (Figure S22). The CH;0* desorption temperature
can be determined from the band disappearance. Based on the

previous analysis, de is expected to be closely related to the
methanol desorption. Therefore, Ae was tried to correlate with
the measured desorption temperature, and the results showcase
a strong linear relationship (Figure 4a), further demonstrating
that Ae ideally describes the Pt-methanol adsorption strength.

Considering the excellent capability of Ae in describing the Pt-
methanol adsorption strength, the correlation between Ae and
TOF is further investigated. As expected, an excellent linear
relationship is observed between them (Figure 4b). This con-
clusion is promising and encourages further investigations into
the impact of catalyst structures on their reaction mechanisms.
Isotopic labeling experiments are employed to investigate the
O—H bond dissociation of methanol over Pt@MIP-206-X. By
replacing CH;OH with CH;0D, the kinetic isotope effect (KIE)
values for Pt@MIP-206-OH, Pt@MIP-206-OCH;, Pt@MIP-206-
H, Pt@MIP-206-Cl, and Pt@MIP-206-F are determined to be
3.47,3.75, 3.91, 4.76, and 5.86, respectively (Figure S23 and Table
S3). The pronounced KIE values for all samples confirm the
O—H bond cleavage as the universal rate-determining step (RDS),
according to the previous Ru-catalyzed methanolysis of ammonia
borane [56]. A smaller KIE indicates that the step is more likely to
occur [59, 60]. Therefore, Ae was tried to correlate with the KIE of
each catalyst, revealing an inverse correlation with a high degree
of linearity (Figure 4b). It has been established that, when metal
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FIGURE 4 | (a) Correlations between Ae and AS®* (red line) or methanol desorption temperature (blue line) in the methanolysis of ammonia

borane over Pt@MIP-206-X (X = OH, OCHj;, H, Cl, and F). (b) Correlations between Ae and TOF (red line) or KIE (blue line) in the methanolysis of
ammonia borane over Pt@MIP-206-X. (c) The calculated adsorption energies of methanol on Pt@MIP-206-X. (d) Free energy diagrams of methanol

dehydrogenation over Pt@MIP-206-X.

center enhances the adsorption of O in methanol, the O—H bond
cleavage becomes easy [61]. It can thus be inferred that MOFs
with strong electron-donating ability (de) effectively increase the
electron density of Pt, enhancing its adsorption of methanol,
which in turn facilitates O—H bond cleavage and ultimately leads
to improved activity.

Density functional theory (DFT) calculations have been further
conducted to evaluate the influence of functional groups on
methanol activation over MIP-206-X (X = OH, OCHj;, H, Cl, and
F). The distance between the Pt NPs and the MOF pore walls was
reasonably estimated based on the size of Pt NPs and the MOF
pore dimensions, from which a simplified computational model
is constructed. Given the structural complexity of the MOF-metal

NPs interface, the model may not fully capture all features of
the real system. The charge transfer between Pt and MIP-206-
X skeletons is quantified. Bader charge analysis reveals that the
calculated Pt charge difference (4Q) for Pt@MIP-206-X (X = OH,
OCH;, H, Cl, and F) is 0.055, 0.030, -0.068, -0.182, and -0.194 e,
respectively (Figures S24 and S25). In our definition, a positive AQ
signifies charge accumulation on the framework. This confirms
that maximal charge accumulation occurs in Pt@MIP-206-OH,
which is consistent with the above experimental results. Adsorp-
tion energy calculations identify that Pt@MIP-206-OH as optimal
for methanol adsorption (-0.433 eV) (Figures 4c and S26). The
simulated Gibbs free energy change (4G) for methanol dehydro-

genation displays the O—H bond dissociation energies of 0.355,
0.377, 0.393, 0.409, and 0.432 eV, respectively for Pt@MIP-206-X
(X = 0H, OCHj,, H, Cl, and F) (Figures 4d and S27). Collectively,
DFT calculations indicate that electrons can be transferred from
MOFs with strong electron-donating ability to the Pt surface,
leading to the enhancement of Pt’s methanol adsorption strength
and the reduction of dehydrogenation barriers, thus boosting
catalytic activity, which is consistent with experimental results.

3 | Conclusion

In summary, five isoreticular MOFs with diverse functional
groups have been synthesized and adopted to encapsulate Pt
NPs with similar sizes and loadings, yielding Pt@MIP-206-X (X
= OH, OCHj;, H, Cl, and F). This provides an ideal platform
with the charge transfer between MOFs and Pt as the only
variable affecting catalytic performance. The electron transfer
between the MOFs and Pt is quantified with the descriptor 4e,
which has been demonstrated to exhibit a linear correlation
with the Pt-methanol adsorption strength (quantified by AS%*
and methanol desorption temperature) as well as the catalytic
activity in ammonia borane methanolysis. Both experimental and
computational results support that the higher the charge transfer
from MOFs to Pt, the stronger the Pt-methanol adsorption, which
promotes O—H bond cleavage and leads to enhanced activity. This
study is unprecedented to quantify the charge transfer between
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surrounding microenvironment and metal centers, proposing an
experimentally accessible descriptor and establishing a quantita-
tive relationship between metal electronic structure and catalytic
activity, which is expected to be extended to small-sized metal
cluster systems; this provides valuable insights into the design
and synthesis of high-performance heterogeneous catalysts.
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