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ABSTRACT: To modify its steric and electronic properties as a
support for heterogeneous catalysts, electron-withdrawing and
electron-donating ligands, hexafluoroacetylacetonate (Facac ) and
acetylacetonate (Acac ), were introduced to the metal—organic
framework (MOF), NU-1000, via a process akin to atomic layer
deposition (ALD). In the absence of Facac or Acac , NU-1000-
supported, AIM-installed Ni(Il) sites yield a mixture of C4, C6,
C8, and polymeric products in ethylene oligomerization. (AIM =
ALD-like deposition in MOFs). In contrast, both Ni-Facac-AIM-
NU-1000 and Ni-Acac-AIM-NU-1000 exhibit quantitative cata-
lytic selectivity for C4 species. Experimental findings are sup-
ported by density functional theory calculations, which show in-
creases in the activation barrier for the C—C coupling step, due
mainly to rearrangement of the siting of Facac™ or Acac to par-
tially ligate added nickel. The results illustrate the important role
of structure-tuning support modifiers in controlling the activity of
MOF-sited heterogeneous catalysts and in engendering catalytic
selectivity. The results also illustrate the ease with which crystal-
lographically well-defined modifications of the catalyst support
can be introduced when the node-coordinating molecular modifier
is delivered via the vapor phase.

Heterogeneous catalysis is central to chemical and polymer
manufacturing,' a variety of environmental remediation process-
es,> and many other chemo-centric endeavors.> Appropriately
chosen supports can be used to modulate the electronic properties
of deposited active species, potentially yielding desirable changes
in catalyst activity or chemical selectivity.*’ Inorganic-oxides®®
constitute a widely studied and broadly effective family of sup-
ports. Nevertheless, fine-tuning support properties using solely
inorganic components can be challenging. We reasoned that met-
al-organic frameworks (MOFs), could function as both broadly
and finely tunable heterogeneous-catalyst supports; here we pre-
sent such results.

MOFs constitute a large and growing class of porous, crystal-
line materials.” Broad tuning of MOF physical and chemical
properties is achievable via modulation of metal-containing nodes

and/or the interconnecting organic linkers,'® making them promis-
ing materials for a broad range of potential applications, including
gas separation,'! gas storage and release,'” chemical sensing,"
and heterogeneous catalysis.'* NU-1000, a MOF of scu topology
featuring Zrg(p3—0)4(1—OH),4(H,0),(OH), clusters as nodes (ab-
breviated as Zrs) and tetratopic 1,3,6,8-(p-benzoate)pyrene
(TBAPy*) units as linkers,'® has proven effective as a support for
well-defined oxy-metal catalysts, including catalysts for ethylene
hydrogenation and oligomerization,'® propane oxidative dehydro-
genation,'” and alkene epoxidation.'®

Work in our labs has shown that vapor-phase “AIM” (ALD-like
chemistry in MOFs) is effective for assembling uniform arrays of
catalytically active, metal-oxygen and metal-sulfur clusters direct-
ly on MOF nodes.'®'® For example, the material, Ni-AIM-NU-
1000, exhibits high activity for ethylene oligomerization upon
addition of the co-catalyst, (CH;CH,),AlCl. However, this cata-
lyst generates a wide distribution of products, including C4, C6,
and C8, as well as undesirable polymeric material.'®

Catalysts that selectively facilitate the production of C4 (1-
butene) from ethylene are of great interest since 1-butene is a
widely used co-monomer in the commercial gas-phase synthesis
of linear low-density polyethylene. We reasoned that appropriate
tuning of the steric and electronic environment near the Ni(II)
active site of Ni-AIM-NU-1000 might modulate its activity and/or
catalytic chemical selectivity. As a starting point, and as a proof-
of-concept, we first introduced highly electron-withdrawing or
weakly electron-donating ligands for Zre, hexafluoroacety-
lacetonate (Facac ) or acetylacetonate (Acac”), followed by AIM
installation of Ni(II); the resulting materials are termed Ni-Facac-
AIM-NU-1000 and Ni-Acac-AIM-NU-1000, respectively (Figure
1). Notably, support-ligand installation was accomplished via
volatilization, vapor-phase delivery of, and MOF-permeation by
the conjugate acids, HFacac and HAcac, concomitant with release
of aqua and hydroxo ligands. The organic elaboration brought
about distinct decreases in catalytic activity for ethylene oli-
gomerization. Also seen, however, was a remarkable increase in
product selectivity, i.e. exclusive formation of C4 (butene), with
an overwhelming preference for the isomer, 1-butene. Density
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functional theory (DFT) modeling provides key insights into the
mechanistic basis for high catalytic chemical selectivity.
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Figure 1. Schematic depiction of installation of the mono-anionic
Facac™ ligand and Ni ions to the Zrs nodes of NU-1000. Color: C,
grey; H, white; O, red; F, green; Ni, purple; Zr, cyan. (For clarity,
linkers are truncated and shown as formate groups.) The indicated
partial ligation of added Ni by Facac™ is derived from computa-
tions.

Due to the strong electron-withdrawing character of —CF;
groups the single oxygen-bound proton is sufficiently acidic that
ligation of Facac to MOF nodes via a process similar to solvent-
assisted ligand incorporation (SALI)' is expected. Because of the
high vapor pressure of HFacac, Facac anions can be installed
within NU-1000 via the molecular equivalent of ALD. Acac ani-
ons can be introduced in the same way. Acac incorporation can
be quantified via 'H spectroscopy, showing ~ 2.8 + 0.1 ligands
per Zrg node before and after Ni AIM process. A combination of
'H and ""F NMR spectroscopy was used to quantify Facac™ incor-
poration, giving an average loading of ~ 2.5 + 0.2 ligands per Zrg
node (Figure S1).

Diffuse reflectance infrared Fourier transform spectra suggest
that the strength of binding of —OH to nodes is altered by binding
Acac or Facac™ to the nodes, as the —OH stretching frequency
shifts from 3674 to 3651 or 3642 cm', respectively (Figure S2).
One can imagine two possible modes of ligation for (F)acac :
bridging between pairs of Zr(IV) ions or single-ligand chelation of
one Zr(IV). Single-crystal X-ray diffraction of the “molecular
AIM” functionalized material revealed that each Facac anion
chelates a single Zr ion (Figure S3 ¢ & d) where the ligands point
toward the hexagonal channels and toward pores perpendicular to
the c-axis (Figures S3 a & b and Table S1).

Retention of —OH stretches in the IR spectrum implies that Fa-
cac-AIM-NU-1000 and Acac-AIM-NU-1000 can be further func-
tionalized with Ni(II). Using a procedure similar to that for Ni-
AIM-NU-1000, the new materials, Ni-Facac-AIM-NU-1000 and
Ni-Acac-AIM-NU-1000, were produced. The incorporation of Ni
ions and retention of Facac ligands after the Ni-AIM were con-
firmed via X-ray photoelectron spectroscopy (XPS) (Figures S4 &
S5). Important differences between the XPS spectra of NU-1000,
Facac-AIM-NU-1000, and Ni-Facac-AIM-NU-1000 are the in-
ferred values of the Zr 3ds,, binding energy (Figure S4 a). Upon

coordination of Facac™, the binding energy shifts from 182.9 to
183.3 eV; after Ni installation, it shifts slightly back to higher
energy. These observations imply electronic communication be-
tween Facac  ligands, Zrg nodes, and grafted Ni(Il), behavior that
was computationally probed by CM5 charge analysis.”’ (Table
S2) The electronic effect of the more weakly electron-donating
Acac ligands is not obvious in the XPS data. Detailed characteri-
zation (SEM/EDS, powder XRD and N, isotherms) of all samples
indicated little difference in MOF crystallinity, particle morphol-
ogy, or porosity (Figures S6—S8), thus underscoring the structural
stability of the MOF with respect to node elaboration.
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Figure 2. (a) X-ray absorption near-edge spectra (XANES) and
(b) extended X-ray absorption fine structure spectra (EXAFS) for
Ni-Facac-AIM-NU-1000, Ni-Acac-AIM-NU-1000 and Ni-AIM-
NU-1000, and reference Ni(OH),; (¢) conversion vs. W/F for
ethylene dimerization catalyzed by activated Ni-Facac-AIM-NU-
1000 and Ni-Acac-AIM-NU-1000; (d) product distribution for
ethylene oligomerization as catalyzed by activated Ni-Facac-
AIM-NU-1000 and Ni-Acac-AIM-NU-1000 compared to Ni-
AIM-NU-1000. Note: data for Ni-AIM-NU-1000 are from refer-
ence 16a. (W=mol catalyst; F=flowrate reactant (mol/s))

X-ray absorption spectroscopy was employed to probe the va-
lence and size of the Ni-oxo clusters in Ni-Facac-AIM-NU-1000
and Ni-Acac-AIM-NU-1000. Observable in the X-ray absorption
near-edge spectral (XANES) region (Figure 2 a), is weak pre-edge
peak corresponding to the 1s—3d transition at 8333.3 eV. This
peak is indicative of divalent nickel, as observed in the Ni(II)
standard (Ni(OH),) and in Ni-AIM-NU-1000. In the Fourier trans-
formed extended X-ray absorption fine structure (EXAFS) spec-
trum, the dominant peak appears at a phase-uncorrected distance
of ~1.62 A; it can be fitted to a Ni—O scattering path featuring a
bond length of 2.03 + 0.01 and 2.05 + 0.01 A for Ni-Facac-AIM-
NU-1000 and Ni-Acac-AIM-NU-1000, respectively. (Figures 2b,
S9, S10, and S11 and Table S3.) The peak at 2.73 A, which has
been ascribed previously to Ni—Ni scattering,'®® is marginally
weaker here than that in the EXAFS spectrum of Ni-AIM-NU-
1000, implying a slightly smaller Ni-oxo cluster in the Fa-
cac/Acac-modified materials. This inference is in line with the
results of inductively coupled plasma atomic emission spectros-
copy (ICP-AES) results, which indicate Ni loadings of 3.4 + 0.3,
3.5+ 0.4 and 4.0 = 0.3 Ni/Zrg for Ni-Facac-AIM-NU-1000, Ni-
Acac-AIM-NU-1000 and Ni-AIM-NU-1000 to be, respectively.
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To probe the effects of Acac™ and Facac™ ligands on the catalyt-
ic behavior of Ni-AIM-NU-1000, we examined the gas-phase
oligomerization of ethylene. The three materials exhibit qualita-
tively similar catalytic behavior during the first 10 h time-on-
stream (TOS), viz. (Figure S12a) modest decreases in catalytic
activity presumably due to initial formation of polymeric prod-
ucts. C4 and C6 were also observed during the first 10 h TOS
(Figure S12b). The turnover frequency (TOF) (on a per-nickel-
atom basis) gradually decreases — ultimately stabilizing, after ~10
h, at (3.5 £ 0.78) x 10 s™" for Ni-Facac-AIM-NU-1000 and (4.4 +
0.85) x 1075 for Ni-Acac-AIM-NU-1000 (Figure 2c), ~20 times
lower than that for the modifier-free catalyst (0.07 s)."%* Accom-
panying TOF stabilization is a refinement of the product distribu-
tion such that Ni-Facac-AIM-NU-1000 and Ni-Acac-AIM-NU-
1000 both catalyze only C4 formation. In striking contrast, the
unmodified catalyst even after several hours on stream, yields a
mixture of C4, C6, and C8 products (Figure 2d). Characterization
of the post-catalysis versions of Ni-Facac-AIM-NU-1000 and Ni-
Acac-AIM-NU-1000 (Figures S13—S16) reveals retention of the
original microparticle morphology and crystallinity, and retention
of post-synthetically installed Facac /Acac™ and Ni(II).

To understand the greatly enhanced selectivity for C4 engen-
dered by elaborating the hexa-zirconium node (itself catalytically
inactive), a Gibbs free energy profile was computationally mod-
eled based on the proposed Zrs node structure model (Figure S17).
While this model employs a single Ni atom in lieu of a larger Ni-
oxo cluster, it should permit qualitative exploration of the influ-
ence of the installed ligands. (Thus, previous computations have
shown single Ni atoms to be a good model for Niy clusters specif-
ically for understanding the catalytic activity of non-elaborated
Ni-AIM-NU-1000 for ethylene dimerization.”') As illustrated in
Figure 3, the catalytic cycle starts with the activated species 1,
where the ethyl group binds to Ni(II) via a strong -agostic inter-
action with one H of the CH; group.'®® '™ 22 An incoming eth-
ylene binds to 1 at Ni(Il) leading to the formation of 2, which is
exergonic by 8.3 kcal/mol for Ni-Facac-AIM-NU-1000. With a
26.6 kcal/mol free energy of activation, ethylene inserts into the
Ni—C bond to produce 3 via transition-state (TS) structure TS2-3.
With a subsequent free energy of activation of 9.6 kcal/mol (TS3—
4), 1-butene is produced via B-hydrogen elimination with the con-
comitant formation of a nickel hydride species. After 1-butene
desorption, ethylene can react with the nickel hydride species to
reform 1. Alternatively, 3 can further react with another ethylene
molecule to produce a more stable structure 6 (5.4 kcal/mol lower
than 3 in free energy). However, the migratory insertion of eth-
ylene into the Ni—C bond in 6 to produce Ni-hexyl species 7 re-
quires going through transition structure TS6-7 with a 24.5
kcal/mol free energy of activation, which is 9.5 kcal/mol higher
than that to produce 1-butene. Therefore, the production of 1-
butene is more favorable than the chain growth process to make
oligomeric products, in line with the experimental observation
(vide supra); Ni-Acac-AIM-NU-1000 shows similar selectivity to
Ni-Facac-AIM-NU-1000 for 1-butene production because the free
energy of activation for Ni-hexyl production (23.2 kcal/mol) is
11.2 kcal/mol higher than that for 1-butene production (Table S4).
Also noteworthy is the computation that the activation barrier for
the first C—C coupling step of unmodified Ni-AIM-NU-1000 2—
3) (13.7 kcal/mol) is 12.9 kcal/mol lower than that for Ni-Facac-
AIM-NU-1000, consistent with the higher activity for ethylene
oligomerization observed for the former. The lower activity of Ni-
Facac/Acac-AIM-NU-1000 for ethylene dimerization derives
partly from stronger binding of substrate to Ni and partly from
greater costs for structural deformation along C—C coupling reac-
tion pathways, likely due to rearrangement of the siting of

(F)acac™ to partially ligate added nickel (Figures 1 and 3; data in
Tables S5 and S6).
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Figure 3. Gibbs free energy profiles (298.15 K, 1 atm) for the
stationary points along reaction coordinates for ethylene oli-
gomerization catalyzed by Ni-Acac-AIM-NU-1000 and Ni-Facac-
AIM-NU-1000 compared to Ni-AIM-NU-1000.?* Solid and dash
lines represent C2 to C4 and C4 to C6 reaction paths, respectively.
Depictions of species in the catalytic cycle include only selected
atoms for clarity.

In summary, molecular modifiers of MOF supports for hetero-
geneous catalysts can be introduced in atomically precise fashion
via an ALD-like, vapor-phase delivery mechanism. For NU-1000,
the modifiers Facac and Acac , displace node aqua and hydroxo
ligands and bind to Zr(IV) in chelating fashion, as evidenced by
single-crystal X-ray diffraction. Compared with the modifier-free
catalyst (Ni-AIM-NU-1000), the new materials, Ni-Facac-AIM-
NU-1000 and Ni-Acac-AIM-NU-1000, exhibit lower catalytic
activity but remarkable changes in product selectivity for oli-
gomerization of ethylene — most notably, exclusive formation of
C4 (butene) species with a strong preference of the 1-butene iso-
mer. DFT free energy profiles point to energetically more favora-
ble butene release and diminished energetic access to a C-C bond
forming, chain propagation step, when the support modifiers are
present. The effects arise mainly from rearrangement of the siting
of Facac™ or Acac™ and, therefore, partial ligation of added nickel
(Figure 1). The strategy of automated, vapor-phase-mediated,
modular assembly of uniform arrays of increasingly complex
catalytic systems appears to provide a versatile way to fine-tune
properties of the active-site, and to predictably define and control
the chemical environment beyond the catalyst’s active site.
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