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ABSTRACT: The transformation of lignin into value-
added chemicals presents a major challenge, requir-
ing new chemistries and catalytic approaches. In this
report, we introduce metal-organic frameworks
(MOFs) as catalysts for the hydrogenolysis of aryl-
ether bonds in phenylethylphenyl ether (PPE), ben-
zylphenyl ether (BPE), and diphenyl ether (DPE),
which incorporate the p-O-4, a-O-4, and 4-0O-5 link-
ages of natural lignin. The versatile IRMOF-74(n) se-
ries serves as our catalyst platform; its tunable pore
size accommodates a range of lignin fragments and
it possesses the required thermal and chemical ro-
bustness for industrial use. Catalytic C-O bond
cleavage to the corresponding hydrocarbons and
phenols using Mg-IRMOF-74(l) and Mg-IRMOF-74(ll)
occurs at 1 MPa hydrogen pressure and tempera-
tures as low as 120 °C. The conversion efficiency
varies as PPE > BPE > DPE. Computational model-
ing indicates that the MOF is not merely a passive
support, but activates the C-O bonds in aromatic
ethers. We also show that these MOFs can stabilize
Ti and Ni dopants, which increases the conversion
efficiency to as high as 82% with 96% selectivity for
hydrogenolysis vs. hydrogenation.

In an effort to limit the greenhouse effect by re-
ducing CO, emissions, many developed countries
are mandating that production of energy and chemi-
cals from renewable resources be increased.’? For
example, the U.S. DOE 2030 goal is to produce 20%
of transportation fuels from biomass.® Achieving this
would produce enormous quantities of byproduct
lignin, a complex biopolymer consisting of cross-
linked oxygenated polyaromatics. If even the inter-
mediate DOE 2022 goal were met, annual lignin pro-
duction would exceed 60 Mton,* far outstripping cur-
rent demand.® As the most abundant renewable
source of aromatics, lignin potentially could be used
to sustainably produce valuable “platform chemi-
cals,” such as ethylene, propylene, butadiene, ben-
zene, toluene, xylenes, and phenol. However, be-
cause of lignin’s recalcitrance and diverse struc-
ture,®” this represents a major challenge.

The most common C-O linkages present in soft-

and hardwood lignin are the B-O-4 (50-60% of link-
ages), a-0-4 (2-8%), and 4-0O-5 bonds (4-7%); the
remainder are C-C linkages (Scheme S1).8° The
wide range of reactivity present in these linkages
considerably complicates efforts to develop effective
depolymerization and valorization processes. Cata-
lytic hydrogenolysis is a promising avenue that has
received considerable attention; hydrogen is a low-
cost consumable reactant that enables depolymeri-
zation under milder conditions than conventional
gas-phase pyrolysis. Unfortunately, most hydrogen-
olysis processes require high temperatures (>200
°C), high hydrogen pressures (>5 MPa), and use
catalysts developed for conventional petroleum refin-
ing rather than the biorefinery.” %" Alternative cata-
lysts, both heterogeneous and homogenous, have
been proposed, but many involve costly metals such
as Au, Ru, Ir, Rh, Pd, and Pt.” The platinic metals
can also lead to complex mixtures of arenes and cy-
cloalkanes. Nickel-'>"® and nickel-titanium nitride
(TiN)'" catalysts show some promise, exhibiting good
conversion efficiencies. However, problems remain:
in some cases a base is required;'*!° others exhibit
poor selectivity with respect to ring hydrogenation'
or lose activity with cycling. Consequently, develop-
ment of effective catalysts for lignin valorization re-
mains a major scientific challenge with considerable
societal and environmental implications.

We hypothesized that Metal-Organic Frame-
works (MOFs) could be an effective alternative to
traditional approaches to lignin catalysis. MOFs are
crystalline materials consisting of metal ions coordi-
nated to bridging organic linkers to form a structure
with micro- or mesoscale pores. From the perspec-
tive of lignin valorization, the tailorable porosity and
pore chemistry of these materials enables rational
design to achieve product selectivity with high turno-
ver rates. Moreover, MOFs have high thermal and
chemical stability and as condensed-phase materials
do not have the catalyst recovery issues associated
with homogeneous catalysts. Together, these fea-
tures make MOFs attractive for industrial-scale cata-
lytic processes.'®'® MOFs can also serve as hosts for



metal nanoparticles (NPs) known to catalyze hydro-
genation reactions.?>?? Finally, compared with cata-
lysts supported on amorphous substrates, MOFs
possess uniform cavities and a high density of reac-
tive centers, effectively creating an array of “nanore-
actors” throughout the material.’®?® We recently
demonstrated this possibility by showing that Mg-
MOF-74 (Mg,(dobdc), dobdc = 2,5-dioxido-1,4-
benzenedicarboxylate) can withstand melt infiltration
with the highly reactive metal hydride NaAIlH,.?
Moreover, when doped with a titanium halide, this
MOF reversibly catalyzes the rehydrogenation of the
NaH and Al products following H, desorption. We
speculated that TiCl, species stabilized in the MOF
pores activate H,, possibly generating reactive mo-
bile hydrogen species.

Here, we extend the MOF nanoreactor con-
cept to lignin valorization, using MOF-74 as a starting
point for catalyst development. The MOF-74 topolo-
gy has several advantages in addition to the thermal
and chemical stability revealed by our prior work.
First, the recently reported isoreticular IRMOF-74(n)
series®* provides hexagonal 1-D channels with diam-
eters between 1.2 nm and 9.8 nm that can accom-
modate lignin oligomers and molecular fragments
(dimers and trimers) produced by common lignin
depolymerization treatments.?® Second, these MOFs
have a high density of open metal sites (OMS), which
can behave as Lewis acids to activate C-O bonds in
lignin oligomers. Finally, the IRMOF-74(n) MOFs can
be synthesized with a wide range of earth-abundant
metals, including Mg, Mn, Fe, Co, Ni, Cu, Zn, as well
as mixed-metal compounds of up to ten different
metals,?® allowing the reactivity of the OMS to be
readily tuned.
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Figure 1. Powder XRD patterns of the as-synthesized,
infiltrated, and cycled IRMOF-74() (left) and IRMOF-
74(l) (right) catalysts.

In addition to the pure MOFs, we also pre-
pared IRMOF-74(]) and IRMOF-74(ll) samples infil-
trated with TiCl, and Ni nanoparticles, which were
previously shown to catalyze aryl ether hydrogenoly-
sis.’ 16177 The infiltration of Ti species was performed

using our previously described procedure,?® in which
TiCl, is vapor-infiltrated into the pores of the activat-
ed MOF, followed by treatment with gaseous hydro-
gen at 90 °C. Nickel infiltration was achieved using
methods pioneered by Fischer’s group to create
metal nanoparticles (NPs) in MOFs.?
Bis(cyclopentadienyl) nickel was used as a precur-
sor, followed by reduction with hydrogen. Powder
XRD indicates that both IRMOF-74(]) and IRMOF-
74(I) maintain their crystallinity after these treatments
(Figure 1). The metal loadings, determined by ele-
mental analysis, are 1.52 wt% Ti and 2.91 wt% Ni in
IRMOF-74(l) and 1.75 wt% Ti and 3.07 wt% Ni in
IRMOF-74(ll). The consistency of the titanium load-
ings within dissimilar pore diameters is consistent
with our earlier supposition that the dopant metal
halide adsorbs on the pore walls, probably at the
locations of the OMS. The Ti:Cl ratio in the titanium-
infiltrated samples annealed under hydrogen is close
to 1:3, suggesting that Ti*® species are present in the
final product.?® The metal distribution in the as-
synthesized powders was determined through scan-
ning electron microscopy (SEM) measurements us-
ing energy-dispersive spectroscopy (EDS). The ele-
mental maps confirm that both Ti and Ni species are
homogeneously distributed within the MOF particles
(Figure 2 and Fig. 2S, Supp. Info). Since the penetra-
tion depth of 15 keV electrons used in EDS meas-
urements is about 5 um, this method probes the en-
tire catalyst particle and not only its surface. Nitrogen
BET analysis indicates that the surface area of
IRMOF-74(l) is reduced from 1627 m?/g to 431 and
459 m?/g upon infiltration with Ti and Ni species, re-
spectively. In the case of IRMOF-74(ll) the surface
area decreases from 1736 m?qg for the activated
IRMOF-74(ll) to 672 and 591 m?%qg for TiI@IRMOF-
74(I) and Ni@IRMOF-74(ll), respectively. These data
indicate that substantial accessible pore volume re-
mains after MOF infiltration.

Figure 2. SEM and EDS analysis of Ni@IRMOF-74(l) and
Ti@IRMOF-74(l) samples. The scale bar in all EDS
maps is 500 nm.



We selected phenylethylphenyl ether (PPE),
benzylphenyl ether (BPE), and diphenyl ether (DPE)
(Scheme 1) as representative substrates for our in-
vestigation, as these incorporate the B-O-4, a-O-4,
and 4-0O-5 (or 4,4') linkages, respectively (Figure S1).
The as-synthesized MOF-based catalysts were eval-
uated for their catalytic activity in hydrogenolysis re-
actions with these substrates (Scheme 1), results of
which are given in Table 1. The reactions were per-
formed in stainless steel cells loaded with the lignin
model compound in p-xylene and the MOF catalyst.
Mixtures were pressurized with H, and heated to 90
— 120 °C. In all cases the reactor pressure was 1
MPa H,; such pressures are commonly used in in-
dustrial hydrogenation reactions, including many
heterogeneous catalysis processes.?

Experiments using IRMOF-74(l) and IRMOF-
74(l)-based catalysts revealed that all three ethers
react with molecular H, to generate phenol and the
corresponding aromatic hydrocarbon (Scheme 1).
GCMS and 'H NMR analysis (Figs. S4 and S5) of the
xylene solution after the reaction of all three sub-
strate molecules clearly indicate new peaks corre-
sponding to the reaction products. No products of
ring hydrogenation or ring opening were detected.
The conversions obtained using both MOFs follow
the trend PPE > BPE > DPE. In all cases, higher
conversions were obtained using the IRMOF-74(ll)
catalyst. The difference can be quite substantial; for
example, the conversion of PPE increased from 12%
to 39% by using IRMOF-74(ll) as the catalyst instead
of IRMOF-74() (Table 1). Optimized geometries
computed using density functional theory (DFT) indi-
cate that all three substrates will fit within the pores
of either MOF (Fig. S6), suggesting that other factors,
such as access to the OMS, the transition state ge-
ometry, or the reactant and/or product diffusion
rates within the pore, are responsible for this trend.

Conversions are considerably higher when the MOF
pores contain TiCl,; the effect is even greater using
the Ni-doped MOF catalysts (Table 1). In all cases
(with or without TiCl, or Ni dopants), it is clear that
the MOF-based catalysts are responsible for the re-
action; no substrate conversion occurred in the ab-
sence of the MOF catalyst. Moreover, PXRD data
(Fig. 1) indicate that the MOF structure is unchanged
by the hydrogenolysis reaction. In addition, elemental
analysis inductively coupled plasma optical emission
spectrometry of the supernatant following the reac-
tion yielded no evidence of Mg, Ti, or Ni, confirming
that the MOF itself is the active catalyst and not a
solubilized component containing these metals. Fi-
nally, repeated cycling of the TI@QIRMOF-74(l,Il) and

Ni@IRMOF-74(l,1l) catalysts did not affected their per-
formance; the recovered MOFs were washed with p-
xylene and reused for up to five tests without any
significant loss in catalytic activity. The recycled cata-
lysts also showed no signs of structural degradation
or loss of crystallinity, as confirmed by PXRD analysis
(F|g 1, cycled catalysts)
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Scheme 1. Reactions of lignin model compounds cata-
lyzed by the MOFs.

Table 1. Catalytic effect of MOF-based catalysts on
hydrogenolysis of lignin model molecules.

Time, | Conv Selectivity

Hours ¢ 1 2 3

16 12 | 87 a1

49 84

76 91

The activity of the three catalysts follows the
trend NI@IRMOF-74 > Ti@QIRMOF-74 > IRMOF-74,
regardless of substrate, with the highest conversions
obtained for the B-O-4 and a-O-4 linkages (82% and
76%, respectively) using Ni@IRMOF-74(ll). More re-
markably, all three catalysts display very good selec-
tivity for hydrogenolysis vs. hydrogenation, with se-
lectivity towards ethylbenzene and phenol as high as
98%. Achieving selective bond cleavage is important
to have some control over the product distribution.
Based on the stoichiometry of the reactions in



Scheme 2, equal amounts of the two products
should be obtained. We find that slightly lower
amounts of 1, 2, or 3 are obtained relative to phenol
(Table 1). This is likely due to the higher volatility of
the compounds, leading to finite concentrations in
the head space above the reaction that are not fully
recovered when the pressure is released.
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Figure 3. Optimized substrate-cluster geometries, from
which binding energies and hydrogenolysis free ener-
gies were computed. Atom code: Mg(yellow); O(red);
C(black); H(white).

Computational modeling using density func-
tional theory (DFT) suggests that the OMS in the
IRMOF-74 pores play an important role in the cata-
lytic mechanism. We used a cluster model (Figs. 3,
S6) consisting of four five-coordinate Mg?* ions, each
connected to five oxygen donor atoms, which ap-
proximates one wall of the hexagonal pore. Comput-
ed binding energies (see details in the Supporting
Information) indicate strong interactions for all three
substrates adsorb with the cluster, even in the pres-
ence of the xylene solvent. The energies follow the
trend PPE > BPE > DPE (Table 2), correlating with
the observed trend in conversion. The relaxed sub-
strate-cluster geometries center one of the aromatic
rings over the Mg OMS (Fig. 3 for PPE; Fig. S8 for
BPE and DPE). Mulliken charge analysis (Table S3)
indicates that the C-O bond is more highly polarized
when the substrate is adsorbed to the cluster, sug-
gesting that the MOF activates this bond. The hy-
drogenolysis free energy AG°(hydrogenolysis) is also
more negative when the substrates interact with the
cluster than in the gas phase (Table 2). Significantly,
both the adsorption energy and AG°(hydrogenolysis)
are energetically more favorable for PPE and BPE
than for DPE, and the interaction of DPE with the
cluster has very little effect on AG°(hydrogenolysis).
These results are consistent with the experiments,
which show much higher conversion efficiencies for

PPE and BPE compared to DPE for all catalysts and
conditions tested.

Table 2. Calculated substrate binding energies to the
IRMOF-74 cluster model and the change in Gibbs free
energy upon hydrogenolysis. The effect of solvent on
the binding energy is shown by the “gas phase” vs.

“solvent” columns.

Binding energy, kJ/mol
IRMOF-74 cluster model |  © 0 @ 7027 FORERETER TS

Substrate

Gas phase

Solvent
(Xylene)

No MOF

In MOF

AG°(reaction)
, kJ/mol

PPE

135.1

81.9

-103.5

-142.3

-38.85

BPE

124.5

752

-106.6

-129.1

-22.47

DPE

44.9

37.2

-80.3

-81.8

-1.48

Compared with other homogeneous or heter-
ogeneous catalysts proposed for aryl-ether bond
cleavage, the MOFs used here present significant
advantages. First, the presence of a high density of
OMS likely activates the C-O bond, as evidenced by
the intrinsic catalytic activity in the absence of transi-
tion metal dopants. Second, stabilizing transition
metal NPs increases the hydrogenolysis selectivity;
moreover, the catalytic activity is achieved without
the addition of a base (NaO'Bu), as is required for a
recently reported “ligandless” nickel catalyst.™ Inter-
estingly, NIi@IRMOF-74 has higher reactivity with
PPE than DPE, whereas the ligandless catalyst re-
acts with these at comparable rates, suggesting the
possibility of selective B-O-4 hydrogenolysis using
the MOF. Stabilizing TiCl, in the pores also enhances
the MOF catalytic activity. In this case, the mecha-
nism may be activation of H,.2® Finally, these
Ni@IRMOF-74 catalysts also exhibit higher stability
when recycled than Ni NP stabilized on MIL-120,
which exhibit consistent degradation of activity with
reuse.'®

In summary, we find that Mg-IRMOF-74(l) and
Mg-IRMOF-74(ll) catalyze C-O aryl-ether bond
cleavage, which is a new reaction category for cata-
lytic MOFs. This activity can be considerably en-
hanced by the addition of transition metal dopants or
NPs. Although additional effort is needed to under-
stand the mechanism and improve the conversion
efficiencies, the selectivities of these MOFs, coupled
with their favorable thermal, chemical, and cycling
stability, make them worthy of consideration as lignin
valorization catalysts.
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