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Selective hydrogenation via precise
hydrogen bond interactions on catalytic
scaffolds

Song Shi1,2,4, Piaoping Yang1,4, Chaochao Dun 3, Weiqing Zheng1,
Jeffrey J. Urban 3 & Dionisios G. Vlachos 1

The active site environment in enzymes has been known to affect catalyst
performance throughweak interactions with a substrate, but precise synthetic
control of enzyme inspired heterogeneous catalysts remains challenging.
Here, we synthesize hyper-crosslinked porous polymer (HCPs) with solely -OH
or -CH3 groupson thepolymer scaffold to tune the environment of active sites.
Reaction rate measurements, spectroscopic techniques, along with DFT cal-
culations show that HCP-OH catalysts enhance the hydrogenation rate of
H-acceptor substrates containing carbonyl groups whereas hydrophobic HCP-
CH3 ones promote non-H bond substrate activation. The functional groups go
beyond enhancing substrate adsorption to partially activate the C =O bond
and tune the catalytic sites. They also expose selectivity control in the
hydrogenation of multifunctional substrates through preferential substrate
functional group adsorption. The proposed synthetic strategy opens a new
class of porous polymers for selective catalysis.

Enzymes-inspired catalysts composed of active sites and protein
binding pockets interactingwith a substrate have been a long-standing
goal of heterogeneous catalysis (Fig. 1a)1–3. Such artificial analogs
require the synthesis of spatial structures with suitable electronic
properties4,5. There has been increasing emphasis on tuning the
environment of active sites at the nanoscale5–7 for instance, metal
−organic frameworks (MOFs) with tailorable coordination building
blocks8,9. For example, UiO-66 modified with poly(dimethylsiloxane)
(PDMS) becomes hydrophobic and enhances the concentration of
certain organic substrates and the activity10. The accurate control of
reactions by engineering the active site environment has recently been
reviewed8. Engineering single-atom catalysts through the local coor-
dination and electronic state of the catalytic center is another class of
tunable heterogeneous catalysts11. Beyond geometric structure, it is
even more desirable to mimic the promotion mechanism of enzymes
by tuning the weak interactions between the reactant and the
environment12. Hydrogen bond plays a key role in enzyme catalysis

especially for low-barrier hydrogenations13. For example, the amino
acid residue in the human transketolase at position 366 could form a
crucial hydrogen bond with the N1 in the substrate thiamine (Fig. 1c)14.
Due to the lack of structural precision in synthesizing traditional solid
catalysts, mimicking the weak interaction to modulate catalytic reac-
tions remains challenging. The precise control of the active site
environment requires unambiguous binding motifs to enable the
incorporation of catalytic active sites, well-adjustable chemical com-
position with specific functional groups, high surface area with hier-
archical porosity for fastmass transfer, and a stable catalyst during the
reaction and recycling. Porous organic polymers (POPs) are multi-
dimensional porous network materials built via strong covalent lin-
kages between various organic building blocks. They have recently
emerged as versatile, tailorable materials15 with unique 3D porous
structure, by changing the monomer or the functional groups. For
example, by encapsulating metal nanocrystals in amine-based POPs,
Cargnello’s group found a transition in the Pd-catalyzed CO
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oxidation16,17. Xiao and Ma synthesized POPs with building blocks
containing the same functional groups as the high boiling solvent used
in the fructose dehydration18. Their approach provided a “solid sol-
vent” like character to the active site, greatly promoting fructose
dehydrogenation while avoiding a high boiling solvent. All these
examples demonstrate the ability of POPs to be good models of
enzyme-inspired catalysts.

Herein, we aim at designing active sites with precisely controlled
hydrophobic or hydrophilic environments to form a hydrogen bond
with substrates that act as H acceptors (Fig. 1b, d). We synthesize
hyper-crosslinked porous polymer (HCPs) with nitrogen (N) atoms for
anchoring metal nanoparticles and methyl (CH3) or hydroxyl (OH)
groups to direct the chemistry. Through spectroscopic techniques,
reactions of various substrates, and density functional theory (DFT)
calculations, we demonstrate a substrate-specific H bond that not only
affects the substrate adsorption but also regulates the hydrogenation
rate and selectivity. Our synthetic strategy opens the possibility of
precise tuning catalytic scaffolds for improving hydrogenations.

Results
Tuning active site environment and characterization
HCPswith -OH functional groups (HCPs-OH)were synthesized through
the Friedel-Crafts alkylation using phenol as the monomer. A theore-
tical ratio of 20% triphenylamine was used as part of the monomer
enabling theN site to act as the binding site formetal nanoparticles. As
a control catalyst, HCPs with CH3 groups (HCP-CH3) were synthesized
with the same method using toluene monomer. The structural integ-
rity of HCPs and their functional groups were demonstrated via solid-
state (ss) 13C Nuclear Magnetic Resonance (CP/MAS 13C-NMR, Fig. 2a)
and Fourier-transform infrared spectroscopy (FT-IR, Fig. 2b). Both of
the two catalysts show a wide resonance peak near 135 ppm in Fig. 2a,
which is attributed to the aromatic carbons and the one at 36 ppm to
themethylene carbon formed by the Friedel-Crafts reaction. Themain
absorption peaks (1450, 1500, and 1600 cm−1) in the FT-IR spectra in
Fig. 2b originate from the aromatic ring skeleton vibrations, and peaks
(2926, 2850, and 1472 cm−1) are related to the asymmetrical and sym-
metrical stretch vibrations and deformation vibration of the methy-
lene group. These are consistent with theNMR results, illustrating they

have similar skeletons. For HCP-OH, the peak at 150 ppm is ascribed to
the carbon connected to -OHgroups,which is also reflected in FT-IR by
the wide peaks at 3500 cm−1 are ascribed to the -OH groups and the
peaks near 1210 cm−1 correspond to the C-O stretching band of the
phenolic hydroxyl. For HCP-CH3, the peak at around 18 ppm is due to
themethyl carbon connected with the benzene ring, also shown in the
FT-IR peaks at 2980 cm−1. Note no signal is located at 160-200 ppm,
suggesting no carboxylic acid or aldehyde groups.

Taken together, the ss-NMR and FT-IR results indicate the synth-
esis of an HCP scaffold with desirable functional groups. The func-
tional groups are also manifested in simple wettability tests (Fig. S1).
HCP-CH3 floats on water and has a water contact angle of 107°. In
contrast, HCP-OH is hydrophilic with a water contact angle of 33° and
disperses homogeneously in water.

Fig. 2c reveals the rough surface of HCPs-OH with interconnected
pores (SEM images) and the 3D reconstruction using FIB (Fig. 2d),
clearly showing their hierarchical structure to enable fast transport. O
and C are homogeneously distributed, i.e., the OH groups are evenly
distributed (Fig. 2f, h). The porous properties were confirmed via N2

physical adsorption isotherms (Fig. S2). The steep increase uptakes at
low relative pressure (P/P0 < 0.001) indicate abundant microporosity,
as expected. The corresponding BET-specific surface area, total pore
volume, the average pore width, and the element ratios (C, H, and N)
are listed inTable S1. The existenceof N illustrates the incorporation of
triphenylamine as binding sites and the similar fraction of N (~0.7 wt%)
in the HCPs of different functional groups demonstrates the same
number of binding sites. Ir nanoparticles were introduced via the
impregnation and reduction method (Fig. 1; Ir-HCP-OH and Ir-HCP-
CH3) and were homogeneously distributed inside the HCPs (TEM
images inFig. 2g andFig. S3, andnoobviouspeaks of Ir inXRDpatterns
in Fig. S4 also confirmed Ir was in its high dispersed state). A slight BET
area decrease was observed upon loading Ir but the porous structure
was preserved (Table S1, Fig. S2). Overall, two catalyst supports with
OH or CH3 groups were successfully synthesized.

Selective hydrogenation
The TGA curves show that both catalysts are stable below 300 °C
(Fig. S5), i.e., they are stable under our reaction conditions. We
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Fig. 1 | Enzymes inspired microenvironment-controlled catalyst. Schematic
diagram of (a) enzyme structure and (b) designed catalyst porous catalyst.
c Hydrogen bond interaction between the substrate thiamine and the human

transketolase. d Hydrogen bond interaction between furfural and the porous
organic polymer.
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employ different substrates to understand the impact of functional
groups on activity. Toluene hydrogenation over Ir-HCP-CH3 is faster
than Ir-HCP-OH (Fig. 3a), consistent with prior work10 that hydro-
phobicity enhances the activation of weak polar hydrocarbon sub-
strates. In sharp contrast, furfural hydrogenation shows an inverse
promotion effect (Fig. 3b), and 2-methyl furan (2-MF) ring hydro-
genation exhibits similar activity (Fig. S6). The strong substrate-
specificity over the Ir-based catalysts (Fig. 3d) underscores the
impact of the active site environment. For carbonyl-containing
substrates, the hydrophilic support shows a superior reaction rate.
For less polar substrates, like toluene, a hydrophobic catalyst
enhances the rate.

To eliminate the potential effect of the Ir active site, the detailed
particle size and the electronic density of Ir were further studied. We
believe that the slightly different average particle size (around 3 nm;

Fig. S3) does not dramatically affect selective hydrogenation. XPS data
(Fig. S8; no significant shift in the binding energy at 60.5 eV, ascribed
to the Ir0 nanoparticles)19 and CO adsorption Drifts-Ir data (Fig. S9,
both of the two catalysts show adsorption peaks at 2044 cm−1) illu-
strated a similar electronic density. Overall, Ir-HCP supports with
similar active metal sites and tuneable microenvironments (hydro-
philic vs. hydrophobic) were built.

Although the two catalysts are similar in particle size and elec-
tronic state, other aspects of the active site, like the crystal phase, the
spatial location, and so on, could affect the reaction. It is not possible
to rule them out. We tested Pd and Pt nanoparticles for furfural and
toluene hydrogenation (Fig. 3c and corresponding characterizations
shown in Figures S10 and S11). Although the absolute enhancement is
metal specific, as expected, the promotion effect is still seen: the HCP-
OH catalysts enhance the furfural hydrogenation rate, whereas the

Fig. 2 | Catalyst structure and composition. a Solid-state 13C CP/MAS NMR of
HCP-OH andHCP-CH3. Asterisks denote spinning sidebands.b FT-IR of theHCP-OH
andHCP-CH3. c SEM images of HCP-OH. The green square is the FIB reconstruction

area. d 3D reconstruction through SEM-FIB. e–h HADDF and TEM mapping of
different elements of Ir-HCP-OH. i HR-TEM images of Ir particles.
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HCP-CH3 ones the toluene hydrogenation rate. This finding showcases
that themain driver for the reaction rate enhancement stems from the
environment of the active site and is independent of the metal. All of
this evidence showed that the active site is not themain reason for the
reaction difference.

To assess the impact of active site environment on adsorption, the
isotherms of furfural and toluene were obtained in the reaction solvent
(Fig. S12, S13). The results are revealing: furfural adsorbs on HCP-OH
catalyst twice (a saturation adsorption of 1.95mmol/g) than on HCP-
CH3. The affinity constantKofHCP-OH is also about 3x than that ofHCP-
CH3. In contrast, the toluene saturation on the two supports is similar
and lower than furfural’s (Fig. S13), illustrating the group-specific inter-
action of furfural with HCP-OH.

To further understand the substrate-active site interaction, in situ
DRIFTS furfural adsorption was conducted (Fig. 4a, b). Both supports
show furfural adsorption, but the peaks overHCP-OH aremuchhigher,
consistent with the adsorption isotherm (Fig. S14). Those around 1700
cm−1 were ascribed to the carbonyl group of furfural20. The multiple
peaks are characteristic of multiple binding modes. Deconvolution
shows that the one at 1720 cm−1 is due to the physically adsorbed
furfural, those at 1698 cm−1 to the furan ring adsorption, and the lowest
one at 1670 cm−1 to the O terminated C =O group (η1)20,21. No peaks at
1450 cm−1, characteristic of η2 adsorption (withO andCof the carbonyl
group adsorbed), were observed. It is noteworthy that all peaks on the
HCP-OH support shift to a lower wavenumber than HCP-CH3,
demonstrating stronger furfural adsorption (Fig. S14). In addition, the
ratios of the three adsorption modes on the two catalysts differ
(Fig. 4a, b). Specifically, the η1 conformation on HCP-OH is higher than
on the HCP-CH3, i.e., the interaction of the C =O group is stronger (or
there are more binding sites). Furthermore, with increasing

temperature, all the furfural peaks on the HCP-CH3 disappear at 130-
170 °C (Fig. S15), whereas on the HCP-OH, the desorption temperature
increases to 170-220 °C (Fig. S16). The furan ring-related peaks are
similar on HCP-OH and HCP-CH3, i.e., the binding differences are
mainly due to the C =O group (Fig. S14). ATR-IR adsorption (Fig. S17)
shows that the furfural peaks on theHCP-CH3 are like those of the pure
liquid furfural. On the HCP-OH, the ring peaks are also pure furfural
like, but the C =O peaks at 1670 cm−1 shift to a lower wavenumber and
become broader, i.e., the C =O group binds stronger due to different
binding sites. Since the main difference between supports lies in their
functional groups, the adsorption difference is due to the carbonyl
group interacting with the substrate via H bond. Due to the precise
composition of the scaffold enabled by tuning the monomer, one can
mimic heterogeneous surface functional groups. If a hydrogen bond is
implicated, themost powerful evidence can come fromconcentration-
dependent 1H-NMR22. As shown in Figs. 4c and 4e, the active H of
phenol is located at 4.56 ppm. With the addition of furfural, the H
peaks shift to the low field of 5.42 ppm, undisputedly illustrating H
bond formation. AΔGof−0.552 kcal/mol (Fig. S18)was calculated from
1H-NMR shift (Eqs. S2 and S3). On the contrary, the active H did not
shift when toluene was added to the solution, indicating no H bond of
toluene with OH. As a control experiment, 2-MF gives a tiny shift in the
Hpeak (△G= −0.213 kcal/mol, Fig. 4d, and S19), suggesting a relatively
weak H bond with phenol (Fig. 4d). Therefore, the H bond strength
difference between the OH bond and the substrate is the main reason
for the reaction difference, which was different from the previous
modulation method (Table S4).

Density Functional Theory (DFT) calculations elucidate the
effect of OH and CH3 groups on the adsorption of furfural. Since
POPs are amorphous and hard to model computationally, we focus
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on the functional groups of POPs rather than the detailed spatial
configuration. Therefore, the 2D graphene ribbons with zigzag and
armchair edges and one terminal H atom being replaced with an OH
or a CH3 group were employed as computational models to capture
the functional groups of HCP-OH and HCP-CH3 support, respec-
tively (Fig. S20), considering that they not only capture the inter-
action between furfural and the two functional groups but also
contain aromatic rings found in POPs. The optimized configurations
of furfural adsorption illustrate that over the CH3 group, the furfural
is parallel to the graphene surface (Fig. 4f and S21a) with a flat-lying
geometry, suggesting rin g adsorption mode. Over the OH group,
however, furfural slightly tilts with the carbonyl group towards the
OH group, indicating η1 adsorption mode (Fig. 4g and S21b). These
agree qualitatively with the adsorption isotherm, TPD, and DRIFTS-
IR results above. Additionally, the adsorption energies of furfural on
OH groups are lower than on CH3 groups by 0.07 eV for the zigzag
model and 0.16 eV for the armchair model (Table S3). The distance
of theOH group from the carbonyl O atomof furfural is 1.76 Å on the
zigzag model and 1.85 Å on the armchair model, shorter than the
distance between the CH3 group and the carbonyl O atomof furfural
(Fig. 4f-g and Fig. S18a-b), suggesting a stronger interaction
between furfural and OH group due to the hydrogen bonding of

−OH···O = CH − . The hydrogen bond interaction also elongates the
bond length of C = O from 1.230 Å to 1.242 Å, weakening the C = O
bond. These results that OH group can strengthen the binding of
furfural by hydrogen bond and weaken the C = O bond were further
verified by studying the interaction between furfural and the
two monomers (toluene and phenol) (Fig. S22). This clearly shows
that the OH groups play a role beyond adsorption in catalytically
promoting the C = O bond hydrogenation. We return to this
point below.

Importance of OH density
The above results clearly show that the functional groups go
beyond affecting adsorption. To gain further insight, the -OH
density was varied by adjusting the ratio of phenol to toluene in
the synthesis. The OH density difference was confirmed using
ssNMR. The ratio of the peaks at 150 ppm (benzene ring carbon
connected with OH) and 135 ppm (total benzene ring) reflects the
OH density23. The peak ratio increases with increasing phenol
content and so is the furfural hydrogenation rate (Figs. 5a,5b).
These results underscore the importance of the density of the OH
on catalytic performance and the tunability of the active site
environment.

7.0 6.5 6.0 5.5 5.0 4.5

4 1

3 1

2 1

1 1

0 1

Ph
en

ol
Fu

rf
ur

al
 r

at
io

ppm

1800 1780 1760 1740 1720 1700 1680 1660

Wavenumber (cm-1)
1800 1780 1760 1740 1720 1700 1680 1660

Wavenumber (cm-1)

a) Furfural on HCP-OH b) Furfural on HCP-CH3 

Physical  
adsorption 

Ring 
adsorbed 

1 

Physical  
adsorption 

Ring adsorbed 

1 

c) d) 

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5

4 1

3 1

2 1

1 1

0 1

To
lu

en
e

ph
en

ol
 ra

tio

ppm
6.2 5.8 5.4 5.0 4.6

4 1

3 1

2 1

1 1

0 1

2-
M

F:
Fu

rf
ur

al
 r

at
io

ppm

e) 

4.56 ppm 

5.42 ppm 

4.56 ppm 

4.60 ppm 

4.56 ppm 

4.56 ppm 

Physical adsorption Ring adsorbed  

2.48 Å  1.76 Å  

OH@Zigzag CH3@Zigzag 

f ) g ) 

Fig. 4 | Hydrogen bond interaction of the substrate with different scaffolds.
Drifts IR of furfural on (a) HCP-OH and (b) HCP-CH3. Concentration-dependent
1H-NMR results of (c) furfural with phenol, (d) 2-MF with phenol, and (e) toluene

with phenol. Optimized configurations of furfural adsorption over (f) CH3 group
and (g) OH group on zigzag graphenemodels. The cartoons at the top indicate the
adsorption modes.

Article https://doi.org/10.1038/s41467-023-36015-z

Nature Communications |          (2023) 14:429 5



Nano-scaled intimacy of OH groups to active sites
To further understand the function of the OH group on the reac-
tion, the particle size effect of Ir-HCP-OH was investigated. The
number of exposed surface, edge, and vertices (corner) sites to the
total number of atoms is proportional to ~d−1, d−2, and d−3,
respectively24,25. By controlling the loading of Ir, five catalysts of
different particle sizes were synthesized (Fig. S23). The results
show that TOF scales as d−2.54 (Fig. 5c), indicating potentially that Ir
edge sites near OHs are more active, clearly showing a synergistic
effect between the two sites, consistent with the DFT
results above.

Selectivity control
Aside from the rate control, the hydrogen bond interaction can
also be leveraged in selectivity control. In the α,β-unsaturated
aldehyde hydrogenation, it is a challenge to selectively hydro-
genate the C = O over the C = C bond26. Conformation control
provides an efficient method to promote the C = O hydrogenation
selectivity. Previously, self-assembled monolayers (SAMs) were
used for cinnamaldehyde hydrogenation27. With the phenylated
SAMs, the π-π interaction between SAMs and the substrate pro-
motes the “head down” conformation, resulting in higher
selectivity28. Here, we exploit the hydrogen bond between OH and
C = O groups (Fig. 6a). Not only does the hydrophilic catalyst
increase the hydrogenation rate, but it also promotes the selec-
tivity to the unsaturated alcohol (Fig. 6b). This result shows
hydrogen bonds could regulate selective hydrogenation of multi-
functional substrates.

Catalyst Recyclability
Finally, the recyclability of Ir-HCPs-OH was tested. The after-
reaction catalyst TEM (Fig. S24) showed some big particles form-
ing. The selective hydrogenation of furfural was tested at a low
conversion of about 15% (Fig. S25). The catalytic activity remains
constant in run 2, but the conversion drops in run 3, due to the
structure collapse or sintering of the Ir nanoparticles. Hot filter
experiments and ICP show that the catalysis is heterogeneous with
no detectable leaching (Fig. S26). Catalyst regeneration from sin-
tering can be overcome by redispersion or encapsulation methods
developed recently29–31.

Discussion
In enzyme catalysis, the weak interaction of the substrates with the
pocket is essential in performance. Controlling the spatial interactions
of substrates with the surface functional groups of the scaffold cata-
lysts with precision is crucial. In many traditional catalysts, such as
activated carbon, there are many functional groups32. Although one
could determine their ratio, it is hard to distinguish the role of each. In
this regard, POPs are an ideal platform for tuning the environment
around the active site. The H-bond interaction between the substrate
and the catalyst is not limited to POPs; rather, we have found this H
bond also in zeolite materials (Supply note 1), illustrating universality.
We tested the adsorption of ketones (cyclopentanone, cyclohexanone,
and cycloheptanone) on Si-Beta andSi-ZSM-5 (Si/Al = 500) using in-situ
FT-IR in Fig. S27. Irrespective of the substrate, Si-Beta adsorbs almost
10× than Si-ZSM-5 (Table S2) despite minimal differences in BET sur-
face area, pore volume, and pore size (Table S1). DRIFTS-IR reveals a
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huge difference in the area around 3500 cm−1 (Fig. S28), ascribed to Si-
OH groups, implying many more OH groups in Si-Beta than Si-ZSM-5
that can hydrogen bond with the carbonyl groups.

In summary, inspired by enzyme catalysis, we designed HCPs-
based catalysts with different environments consisting of precisely
grafted OH and CH3 groups around the active sites whose density can
change. These catalysts expose substrate-specific catalytic perfor-
mance. Hydrophilic catalysts form H-bonds with C =O containing
substrates like furfural, absent from weakly polar substrates. Such
interactions enhance adsorption, potentially modify the interfacial
sites to increase reaction rates, and promote selective C =O hydro-
genation over C =C hydrogenation in α,β unsaturated and furanic
aldehydes. This work provides a new strategy for bio-inspired cata-
lysts, by taking advantage of the weak interactions between substrates
and the active site environment to direct the chemistry.

Methods
Catalyst synthesis
Hyper crosslinked porous polymers (HCPs)were synthesized using the
Friedel-Crafts alkylation reaction.Monomer (0.02mol)wasmixedwith
dimethoxymethane cross-linker (0.04mol) and dissolved in 1,2-
dichloroethane (20mL). Then, anhydrous FeCl3 (0.04mol)wasquickly
added under stirring. Themixturewas heated at 45 oC for 5 h and 80 oC
for 19 h. After cooling, the solid was washed with methanol for several
times and Soxhlet-extracted in methanol for 48 h, and finally dried in
an oven at 60 oC for 24 h to dark brown powders.

Ir-HCP-OH and Ir-HCP-CH3 are synthesized with the impregnation
method. The procedure is following: a certain amount of H2IrCl6 was
dissolved in amixture of water and ethanol (volume 1:1) and stirred for
30min, then 500mg HCPs were added under stirring for 1 h at room
temperature. The solution was evaporated and then dried on a 90 oC
hotplate. The as-synthesized catalysts were put in a quartz tube and
reduced at 553K for 5 h under a continuous pure H2 flow.

Characterization. X-ray photoelectron spectroscopy (XPS) was
performed on a Thermofisher ESCALAB 250Xi spectrometer using
AlKα radiation. The binding energies were calibrated using the C 1 s
level (284.8 eV) as the internal standard reference. 13C cross-
polarization magic-angle spinning nuclear magnetic resonance (13C
CP/MAS NMR) spectra were collected on a Bruker AVANCE III HD 600
MHz. In situ Drifts spectroscopy measurements were conducted on a
6700 instrument equipped with a Harrick drifts cell. ATR measure-
ments of the catalyst were conducted on a 6700 instrument equipped
with a golden state ATR equipment. The TEM imageswere obtained on
the JEM2010F and JEM2100F. The SEM image and FIB images were
recorded onAuriga 60. XRDpatternswere collectedonBrukerD8with
Cu Kα radiation. N2 adsorption isotherms were collected on Micro-
meritics ASAP 2020 BET Analyzer.

Catalytic reactions were performed in a 120mL Parr reactor.
Typically, 1mmol of furfural, 20mL of hexane, and 20mg of catalyst
were added to the reactor. Then, the reactor was charged with 300psi
of H2 and heated to the desired temperature under mechanical agita-
tion. Trimethyl benzenes were added as internal standards. The pro-
ducts were identified by Agilent 7890N GC/5973 MS detector and
quantitated by Agilent 7890N GC equipped with a CP-Volamine
(30.0m × 0.320μm) and flame ionization detector.

Spin-polarized DFT calculations were performed using the Vienna
ab initio software package (VASP, version 5.4.1)33. The electron
exchange and correlation effects were described by
Perdew–Burke–Erzenhof (PBE) exchange-correlation functional34. The
core electrons were represented with the projector augmented wave
(PAW)35 method and the plane-wave cutoff energy was set at 500 eV.
Van der Waals interactions were considered via the dispersion-
corrected density functional theory model (DFT-D3)36. The Gaussian
smearingmethodwith a smearingwidth of 0.05 eVwas employed. The
pristine graphene ribbon with armchair edges contained 54C atoms

and 12 H atoms, while the one with zigzag edges consisted of 60C
atoms and 12 H atoms. OH and CH3 were grafted onto terminal sites of
armchair and zigzag graphene ribbons. The vacuum space in the
z-direction was set to 25 Å and the in-plane vacuum between ribbons
was set to at least 15 Å. The Brillouin zonewas sampledwith a (1 × 3 × 1)
k-point and (3 × 1 × 1) k-point grid for the armchair model and the
zigzag model, respectively. All geometry optimizations were per-
formed using the conjugate gradient algorithm. The atomic force
convergence of 0.02 eV/Å and the energy tolerance of 10−6 eV were
employed. All adsorption energies reported are electronic energies.
The energy of gas-phase furfural was calculated in boxes of 20 Å × 21 Å
×22Å using gamma point. The adsorption energy of furfural (Eads) was
calculated using

Eads = Esurf + furfural�ðEsurf + EfurfuralÞ ð1Þ

where Esurf+furfural, Esurf, and Efurfural are the total energy of the adsorbed
furfural and the surface, the energyof the clean surface, and the energy
of furfural in the gas phase, respectively.

The interaction strength between molecules were calculated
using the Gaussian 09 program35. B3LYP/6–311 + G(d,p) was used with
basis set superposition error (BSSE) correction.

The interaction energy between furfural and monomer (phenol
and toluene) was calculated using

Einter F M = EF M + EBSSE�ðEF + EMÞ ð2Þ

where EF M, EBSSE, EF, and EM are the total energy of furfural
and monomer (F = furfural, M = phenol or toluene), the BSSE energy,
the energy of furfural, and the energy of the monomer, respectively.

Data availability
All data generated in this study are provided in the a Data file in google
drive (https://drive.google.com/drive/folders/12RF1ptZrCMhqsxoelXt
CY3BQin5bx9vM).

References
1. Liu, M. et al. Transformation of alcohols to esters promoted by

hydrogen bonds using oxygen as the oxidant under metal-free
conditions. Sci. Adv. 4, eaas9319 (2018).

2. Meeuwissen, J. & Reek, J. N. Supramolecular catalysis beyond
enzyme mimics. Nat. Chem. 2, 615–621 (2010).

3. Huang, S., Kou, X., Shen, J., Chen, G. & Ouyang, G. Armoring the
Enzymes with Metal-Organic Frameworks. Angew. Chem. Int. Ed.
59, 8786–8798 (2020).

4. Nothling, M. D. et al. Synthetic Catalysts Inspired by Hydrolytic
Enzymes. ACS Catal. 9, 168–187 (2018).

5. Ren, X. et al. Microenvironment Engineering of Ruthenium Nano-
particles Incorporated into Silica Nanoreactors for Enhanced
Hydrogenations. Angew. Chem. Int. Ed. 58, 14483–14488 (2019).

6. Schwartz, T. J. et al. Engineering catalyst microenvironments
for metal-catalyzed hydrogenation of biologically derived
platform chemicals. Angew. Chem. Int. Ed. 53, 12718–12722 (2014).

7. Li, L. et al. Integration of Pd nanoparticles with engineered pore
walls in MOFs for enhanced catalysis. Chem. 7, 686–698
(2021).

8. Jiao, L., Wang, J. & Jiang, H.-L. Microenvironment Modulation in
Metal–Organic Framework-Based Catalysis. Acc. Mater. Res. 2,
327–339 (2021).

9. Shi, W. et al. Surface Modification of Two-Dimensional Metal-
Organic Layers Creates Biomimetic Catalytic Microenvironments
for Selective Oxidation. Angew. Chem. Int. Ed. 56,
9704–9709 (2017).

10. Huang, G., Yang, Q., Xu, Q., Yu, S. H. & Jiang, H. L. Poly-
dimethylsiloxane Coating for a Palladium/MOF Composite: Highly

Article https://doi.org/10.1038/s41467-023-36015-z

Nature Communications |          (2023) 14:429 7

https://drive.google.com/drive/folders/12RF1ptZrCMhqsxoelXtCY3BQin5bx9vM
https://drive.google.com/drive/folders/12RF1ptZrCMhqsxoelXtCY3BQin5bx9vM


Improved Catalytic Performance by Surface Hydrophobization.
Angew. Chem. Int. Ed. 55, 7379–7383 (2016).

11. Li, X. et al. Microenvironment modulation of single-atom catalysts
and their roles in electrochemical energy conversion. Sci. Adv. 6,
eabb6833 (2020).

12. Dai, S. et al. Low-barrier hydrogen bonds in enzyme cooperativity.
Nature 573, 609–613 (2019).

13. Guo, H. & Salahub, D. R. Cooperative Hydrogen Bonding and
Enzyme Catalysis. Angew. Chem. Int. Ed. 37, 2985–2990 (1998).

14. Kern, D. et al. How Thiamine Diphosphate Is Activated in Enzymes.
Science 275, 67–70 (1997).

15. Wu, J. et al. Porous Polymers as Multifunctional Material Platforms
toward Task-Specific Applications.Adv.Mater. 31, e1802922 (2019).

16. Fu, Q. & Bao, X. Confined microenvironment for catalysis control.
Nat. Catal. 2, 834–836 (2019).

17. Riscoe, A. R. et al. Transition state and product diffusion control by
polymer–nanocrystal hybrid catalysts. Nat. Catal. 2,
852–863 (2019).

18. Sun, Q. et al. Creating solvation environments in heterogeneous
catalysts for efficient biomass conversion. Nat. Commun. 9,
3236 (2018).

19. Karthik, P. E. et al. Electroless deposition of iridium oxide nano-
particles promoted by condensation of [Ir(OH)6]2− on an anodized
Au surface: application to electrocatalysis of the oxygen evolution
reaction. RSC Adv. 5, 3196–3199 (2015).

20. Lucarelli, C. et al. Tandem Hydrogenation/Hydrogenolysis of Fur-
fural to 2-Methylfuran over a Fe/Mg/O Catalyst: Structure–Activity
Relationship. Catalysts 9, 895 (2019).

21. Sitthisa, S. et al. Conversion of furfural and 2-methylpentanal
on Pd/SiO2 and Pd–Cu/SiO2 catalysts. J. Catal. 280, 17–27 (2011).

22. Luo, Y. et al. Binding Energy as Driving Force for Controllable
Reconstruction of Hydrogen Bonds with Molecular Scissors. J. Am.
Chem. Soc. 142, 6085–6092 (2020).

23. Li, B. et al. A New Strategy to Microporous Polymers: Knitting Rigid
Aromatic BuildingBlocksbyExternal Cross-Linker.Macromolecules
44, 2410–2414 (2011).

24. Cargnello,M. et al. Control ofMetalNanocrystal Size RevealsMetal-
Support Interface Role for Ceria Catalysts. Science 341,
771–773 (2013).

25. Shekhar, M. et al. Size and Support Effects for the Water–Gas Shift
Catalysis over Gold Nanoparticles Supported on Model Al2O3 and
TiO2. J. Am. Chem. Soc. 134, 4700–4708 (2012).

26. Yuan, K. et al. Effective andSelectiveCatalysts for Cinnamaldehyde
Hydrogenation: Hydrophobic Hybrids of Metal-Organic Frame-
works, Metal Nanoparticles, and Micro- and Mesoporous. Polym.
Angew. Chem. Int. Ed. 57, 5708–5713 (2018).

27. Zhang, J. et al. Control of interfacial acid–metal catalysis with
organic monolayers. Nat. Catal. 1, 148–155 (2018).

28. Kahsar, K. R., Schwartz, D. K. & Medlin, J. W. Control of metal cat-
alyst selectivity through specific noncovalent molecular interac-
tions. J. Am. Chem. Soc. 136, 520–526 (2014).

29. Wang, Y. et al. Higher loadings of Pt single atoms and clusters over
reducible metal oxides: application to C–O bond activation. Catal.
Sci. Technol. 12, 2920–2928 (2022).

30. Lang, R. et al. Non defect-stabilized thermally stable single-atom
catalyst. Nat. Commun. 10, 234 (2019).

31. Aitbekova, A. et al. Templated encapsulation of platinum-based
catalysts promotes high-temperature stability to 1,100 °C. Nat.
Mater. 21, 1290–1297 (2022).

32. Gabe, A. et al. In-Depth Analysis of Key Factors Affecting the Cat-
alysis of Oxidized Carbon Blacks for Cellulose Hydrolysis. ACS
Catal. 12, 892–905 (2022).

33. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phy. Rev. B
54, 11169–11186 (1996).

34. Ernzerhof, M. & Scuseria, G. E. Assessment of the
Perdew–Burke–Ernzerhof exchange-correlation functional. J.
Chem. Phy. 110, 5029–5036 (1999).

35. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phy. Rev. B 59,
1758–1775 (1999).

36. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phy. 132,
154104 (2010).

Acknowledgements
This work was supported as part of the Catalysis Center for Energy
Innovation, an Energy Frontier ResearchCenter fundedby theUSDept. of
Energy, Office of Science, Office of Basic Energy Sciences under award
number DE-SC0001004. Dr. Song Shi thanks the support of the “Inter-
national Talent Program” from the Dalian Institute of Chemical Physics
and National Natural Science Foundation of China (Grant no. 22072147).

Author contributions
S.S. carried out the catalyst preparation, characterizations, analysis,
tests and completed the manuscript. P.Y. carried out the DFT calcula-
tions. C.D. and J.U. carried out the TEM and EDS mapping. D.G.V., C.D.,
W.Z. and P.Y. discussed the results and assisted with the manuscript
preparation. D.G.V led the project and revised the paper. All authors
reviewed and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36015-z.

Correspondence and requests for materials should be addressed to
Dionisios G. Vlachos.

Peer review information Nature Communications thanks Atsushi Gabe
and the other, anonymous, reviewers for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-36015-z

Nature Communications |          (2023) 14:429 8

https://doi.org/10.1038/s41467-023-36015-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Selective hydrogenation via precise �hydro�gen bond interactions on catalytic scaffolds
	Results
	Tuning active site environment and characterization
	Selective hydrogenation
	Importance of OH density
	Nano-scaled intimacy of OH groups to active sites
	Selectivity control
	Catalyst Recyclability

	Discussion
	Methods
	Catalyst synthesis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




