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ABSTRACT: The mechanism of photochemical CO, reduction to formate by PCN-136, a HCOO~ V\
Zr-based metal—organic framework (MOF) that incorporates light-harvesting nanographene CO, Photoreduction  OH o _oH
ligands, has been investigated using steady-state and time-resolved spectroscopy and density by PCN-136 MOF v o/ A
functional theory (DFT) calculations. The catalysis was found to proceed via a “photoreactive )°|\ !
capture” mechanism, where Zr-based nodes serve to capture CO, in the form of Zr— L~ Y07 OH,
bicarbonates, while the nanographene ligands have a dual role of absorbing light and storing o, , gnan e e /H
one-electron equivalents for catalysis. We also find that the process occurs via a “two-for-one” k

route, where a single photon initiates a cascade of electron/hydrogen atom transfers from the
sacrificial donor to the CO,-bound MOEF. The mechanistic findings obtained here illustrate
several advantages of MOF-based architectures in molecular photocatalyst engineering and
provide insights on ways to achieve high formate selectivity.

etal—organic frameworks (MOFs) are excellent scaf- components of a photocatalytic system—Ilight harvester,

folds for the design of heterogeneous photocatalysts photosensitizer, catalyst, sacrificial agent and substrate—
because they enable self-assembly of light-harvesting chromo- shorten mass transfer and charge migration distances, thus
phores and catalysts into ordered arrays of porous crystals for improving the overall efficiency.' "¢
efficient substrate adsorption and subsequent conversion.' ™ Beginning with the first study using NH2-MIL-125(Ti) for
While initial studies proposed a semiconductor model of photoreduction of carbon dioxide to the formate anion
photoactive MOFs to explain their broad UV—vis absorption HCOO™ in 2012,"” MOFs and their derivatives have been
edges falling within semiconductor band gaPS;Q’IO this model actively explored in the past decade as a new class of carbon
has since been discounted based on weak coupling between dioxide reduction photocatalysts.'~® This work is motivated by
distant chromophores, attribution of broad absorption to the need to mitigate the effects of carbon dioxide on climate
inhomogeneous broadening, poor overlap between frontier change by its conversion into carbon-neutral fuels and value-
orbitals, lack of band dispersion in the electronic structure, and added chemicals (carbon monoxide, formic acid, methane,

low charge mobility leading to low photoconductance."' ~"*

Despite the growing consensus that MOFs behave like an
ordered array of self-assembled molecular catalysts,'”'* the
strengths of MOFs as highly porous heterogeneous catalysts
and the spatial confinement of molecular components in MOF
assemblies'® leading to electronic properties greater than “sum
of their parts” should not be undervalued.'* Among the
materials with the highest porosity, MOFs have a high density
of active surface sites available for catalysis, facile diffusion of
reactants, and separation of products.”” Different aspects of
MOF architecture including pore sizes and shapes, morphol-
ogy, etc,, are highly tunable with nearly infinite selection of
organic or organometallic linkers and metal nodes, while
postsynthetic modifications can be utilized to incorporate
additional catalytic species or spectators that may orient
reactants favorably or stabilize transition state structures.’
Furthermore, the proximity and confinement of different

methanol, etc.) using sustainable energy resources, such as
sunlight. MOFs enable selective adsorption and high uptake of
CO, using functionalized or hydrophobic linkers, providing a
high local concentration of CO, around the catalytic site, while
the competing hydrogen evolution reaction can be sup-
pressed.” Zirconium-based MOFs are often utilized in
photocatalytic CO, reductions, because Zr-carboxylate MOFs
are formed via strong coordination bonds between the Zr*
ions of the secondary building units (hard acid) and the
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carboxylate O of the ligands (hard base).'® The stability of Zr-
MOFs in organic solvents and aqueous acidic conditions'®"
combined with the abundance of Zr in nature and low toxicity
of Zr in biological systems have led to 8growing numbers of Zr-
MOFs reported in recent literature.'” Many Zr-MOFs with
amine-functionalized linkers,*~** highly conjugated link-
ers, > 72¢ metelllolig'ands.,27’28 mixed ligands,“’29 node- or
ligand-grafted molecular catalysts or single-atom catalysts,”” >
and enzyme encapsulation®” have been shown to catalytically
convert CO, to HCOO~, CO, CH,, CH;0OH, and
CH;CH,OH under visible light irradiation in the presence of
sacrificial electron donors or water.

Even in the absence of any additional catalytic units, Zr-
based MOFs have been shown to photocatalytically convert
CO, selectively to HCOO™. While the catalytic performance
has been reported in many studies,’>*** the catalytic site
responsible for conversion and mechanistic details remain
unclear. This is in contrast to Ti-based MOFs with small
organic ligands, such as NH,-MIL-125(Ti), for which an
evident photochromic effect, unambiguous electron para-
magnetic resonance (EPR) spectroscopy data, and transient
absorption (TA) photolysis experiments confirm that the
photoinduced generation of Ti(III) ions occurs from ligand to
metal charge transfer (LMCT) excited states and that these
reduced node metal centers are responsible for catalytic
conversion of CO, to HCOO™.”** Whether LMCT states
cause reduction of Zr(IV) to Zr(III) in the Zrg-oxo clusters is
currently open to debate. Many studies on Zr-MOFs for
photocatalytic CO, reduction have provided EPR, UV—vis
diffuse reflectance, photoluminescence, and ultrafast transient
absorption data showing evidence of charge transfer from
excited state ligand to Zr-oxo cluster, reduction of Zr*" to Zr*",
and subsequent CO, to formate reduction by Zr**.*7>%*% In
contrast, other studies controvert the possibility of node
reduction, based on the lack of EPR signal ascribable to Zr(III)
and lack of photocatalytic activity in Zr-MOFs.*”*" Computa-
tional studies indicate that the empty d-orbitals of Zr do not
overlap with the ligand #* orbitals and that electronic
transitions in Zr-MOFs are purely ligand-based and cannot
result in formation of Zr(IlI) via LMCT.*****’ Finally, a
recent study showed a non-innocent role of the sacrificial
electron donor TEOA and argues that the photoreduction of
CO, begins with the photooxidation of TEOA to generate
TEOA* radicals that serve as hydride donors to reduce
thermally activated CO, at the Zrg Lewis acid nodes.***’

Given the contrasting conclusions drawn from previous
studies regarding the photochemical mechanism of formate
formation, we report here a mechanistic study of photo-
chemical reduction of CO, by PCN-136, a Zr-based MOF that
contains nanographene-based, hexakis(4-carboxyphenyl)-
hexabenzocoronene, HCHC® ligands (Scheme 1). The
synthesis of PCN-136 was reported previously by the Zhou
team, who elegantly circumvented the challenges associated
with the low solubility of HCHC-H4 by performing a
postsynthetic nanographene planarization.”® The authors
showed that PCN-136 absorbs light throughout the entire
UV/vis range and that it photocatalytically reduces CO,
selectively to formate. Here, we build on this work by
exploring the mechanism of CO, reduction using steady-state
and time-resolved photochemistry experiments coupled with
density functional theory (DFT) calculations. Our work
provides strong evidence that the photochemical reduction of
CO, occurs via a “photoreactive capture” mechanism in which
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Scheme 1. Photochemical CO, Reduction to Formate by a
Zr-Nanographene MOF PCN-136“
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“PCN-136 ball-and-stick structure: black for carbon, blue for
zirconium, red for oxygen, white for hydrogen; the MOF is made
of Zrg(u3-0),4(u;—0OH),(OH)4(H,0)s nodes and HCHC-Hg con-
jugate acid form of the ligand (hydroxide and aqua ligands of two of
the Zr’s in the node are omitted for clarity); sacrificial electron donors
used for the study of photochemical reduction are triisopropanol-
amine (TIPA), 1-benzyl-1,4-dihydronicotinamide (BNAH) and
triethylamine (TEA).

CO, is first captured by the MOF node in the form of a Zr—
bicarbonate adduct. It is then photochemically reduced via
photoinduced electron transfer from nanographene-based
ligand-centered excited states of the MOF. The results of
this work opened the possibility of using MOF building blocks
not just for gas capture/release schemes, but also for combined
capture and direct conversion to value-added chemicals.

To obtain insights into the possible reaction mechanism,
computational investigation using DFT was performed
(Section S1). The calculated density of states of PCN-136,
indicates that the frontier orbitals are mostly located on the C
atoms of the ligand (Figure S1) and also explains the
previously reported narrowing of the experimental bandgap
to 1.18 eV upon postsynthetic ligand modification.”® Based on
these results, we conclude that the light absorption by PCN-
136 will lead to 7—7* transitions and that the photoreduction
by a sacrificial donor (SD) will generate ligand-centered radical
ions as opposed to reduced Zr-centers on the MOF node. This
conclusion is further supported by the calculated energy
landscape for the CO, reduction to formate involving Zr-
reduction (“catalytic node” mechanism, Figure S2), which
shows that the reduction of Zr(IV) center to the correspond-
ing Zr(III) ion in the node requires 2.77 eV. Given that the
calculated bandgap of PCN-136 is much smaller, we conclude
that the photochemical reduction of the Zr(IV) ion is not
likely to occur. We also explored the possibility of CO,-to-
formate conversion catalyzed by the ligand and found that this
reaction pathway requires 1.77 eV of energy, which is again
more than the bandgap (“catalytic ligand” mechanism, Figure
S3). This calculation is consistent with the experimental
finding that ligand alone cannot reduce CO, to formate with
triisopropanolamine (TIPA) as SD.**

Interestingly, our calculations indicate that the “photo-
reactive capture” mechanism shown in Figure 1, which occurs
via the insertion of CO, into the Zr—OH bond of the node,
provides a low-energy reaction pathway for CO,-to-formate

https://doi.org/10.1021/acs.jpclett.3c00049
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Figure 1. Calculated Gibbs free energies for photoreactive CO,
capture mechanism. The Gibbs free energy is shown below the line,
and the numbering of structures is shown above the line at each step;
the spin density distribution for 3 is shown in the upper-right corner.
(Color code for computed structures: Zr, light gray; O, red; H, blue;
C, dark gray; spin densities, yellow.)

conversion. Several different CO, chemisorption modes were
considered and the calculated Gibbs free energies were found
to vary from +0.18 eV to +0.82 eV (Figure S4). The “bidentate
bicarbonate Zr—0,—COH” structure 2 (Figure 1) formed by
CO, insertion into the Zr—OH bond was found to have the
lowest AG value. Similar capture reactivity by insertion into
the metal-hydroxide bond has been observed in natural CO,
fixation by carbonic anhydrase*® and has been employed for
CO, capture.”” Our calculations indicate that the Zr—
bicarbonate adduct 2, once formed, can be efficiently reduced
to the formate ion with relatively low energy input (Figure 1).
The reduction of the bound bicarbonate 2 to form
intermediate 3 requires only 1.10 eV, which is smaller than
the bandgap of PCN-136. The reduction takes place on the
ligand moiety, as confirmed by the calculated spin density
distribution for adduct 3 (Figure 1), indicating that the
nanographene ligand serves as the site for storage of one-
electron equivalents. The second reduction step from 3 to 4 is
downhill in energy, leading to the generation of formic acid.
Overall, the computational results shown in Figure 1 propose a
mechanism that combines CO, capture with its photochemical
reduction to formate, which can proceed using photons with
energy across the solar spectrum.

To provide experimental support for the mechanism, we
synthesized PCN-136 using a previously published proce-
dure™® (product characterization is provided in Section S2,
Supporting Information). The formate ion was detected during
photochemical reduction of CO, by PCN-136 using TIPA as
SD (Section S3, Supporting Information), consistent with
previously published results.”® The role of the Zr—bicarbonate
adduct 2 was evaluated experimentally by investigating the
conversion of PCN-136 into the bicarbonate adduct PCN-
136-HCO; using two approaches (Figure 2): (i) a direct
reaction between CO, and PCN-136 and (ii) the reaction
between aqueous bicarbonate ions and PCN-136 (see Section
S1 for more information). Pathway i was evaluated by
monitoring the changes in the infrared (IR) spectra of PCN-
136 after exposure to CO, and after subsequent purge with
argon (Figure 2a, blue trace). The exposure to CO, gives rise
to a growth of weak absorption bands associated with OH
stretching (3530—3750 cm™!), CO asymmetric stretching
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Figure 2. Experimental support for the “photoreactive capture”
mechanism: (a) IR difference absorption spectra (AA = A[sample] —
A[PCN-136]) of PCN-136 purged with CO, (blue) or exposed to
aqueous NaHCO, (red). The black spectrum shows the calculated
difference IR absorption spectrum (AA = A[2] — A[1]). (b) Solid-
state CPMAS '3C NMR of PCN-136 before (blue) and after (red)
NaH"COj, treatment. The spectrum of NaHCO; (black) is shown for
reference. (c) Formate yield as a function of irradiation time for
NaHCOj;-treated PCN-136 in Ar-sparged 8:1:1 acetonitrile/water/
TIPA solution.

(1500—1650 cm™"), CO symmetric stretching (1420—1480
cm™), OH bending (1280—1300 cm™'), COH bending
(1170—1190 cm™"), and COH stretching (990—1020 cm™),
which can be attributed to the Zr—bicarbonate group based on
the literature.” > A similar difference IR spectrum was
obtained when PCN-136 was treated with NaHCO; (Figure
2a, red trace) and matches qualitatively the difference IR
spectrum obtained from DFT calculated structures 2 and 1
(Figure 2a, black trace). However, the bands ascribable to
bicarbonate in the IR spectra in Figures 2a, S13, and S14 are
weak in intensity (similar to previously reported IR spectra™),
precluding a more definitive assignment. The PCN-136-HCO,
structure formed by a treatment with NaHCO; remains
crystalline (XRD, Figure S12), while the formation of the
bicarbonate was further confirmed using nuclear magnetic
resonance, NMR (Figure 2b). Solid-state '*C NMR (Figure
2b) shows a new broad peak at 167 ppm in PCN-136-H"*CO,,
which can be assigned to the C atom of the Zr-bound
bicarbonate group and is comparable to the literature reported
13C NMR chemical shifts of Zr-carbonate/bicarbonate.’®>’
The same peak at 167 ppm is also observed for pbz-MOF-1
(the precursor MOF for PCN-136 with the same Zr-node)
after NaH'3COj, treatment (Figure S15).

Given that the experimental photochemical CO, reduction
is performed in a basic solution (8:1:1 acetonitrile/water/
TIPA with pH 7.2—8.2, Section S3) where bicarbonate ions
are expected to dominate, we hypothesize that pathway ii is
more relevant for the observed photocatalysis. It is interesting
to point out that PCN-136-HCOj is not likely to be formed by
the Zr—OH + HCO;~ — Zr—0,CH (or 2) + OH™ exchange
because the driving force for this reaction is calculated to be
AG = +1.24 eV. Instead, we hypothesize that the PCN-136-
HCO; formation involves exchange with the ligand, as shown
in Scheme 2. This ligand/bicarbonate exchange is also
supported by a previous report showing that full MOF
digestion takes place when concentrated bicarbonate solutions
are used’® and the observation that our more dilute
bicarbonate solutions take on a dark red color, attributable
to free ligand, when they were added to PCN-136. We further
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Scheme 2. Proposed Mechanism of Photochemical CO,
Reduction by PCN-136“
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“The Zr-node of the MOF is represented by a shaded grey circle and
three relevant Zr-centers, while L-COOH represents the HCHC-Hg
ligand.

performed the photochemical reduction of PCN-136-HCOj; in
the absence of CO, and found that the formate ions are still
formed (Figure 2c). The observation of formate formation by a
direct reduction of bicarbonate adduct is a strong confirmation
that the “photoreactive capture” mechanism takes place.

Our investigation of the effect of SD on the product yields
provided additional insights into the mechanism of the second
electron transfer step (Table 1). Three SDs were studied

Table 1. Effect of SD on the Formate Yield”

NH,

it N
N ARON ANiAN HO

H H NH;
o OH
) HO J
N Y\N

N N
o o .
BNAH-+ BNA* TEAH-* TEA* TIPAH-* TIPA*
AG;_,, [HCOO ] at 72 h
Reaction (eV) (mM) TON
BNAH®** + 3 —» 4 + BNA* —1.89 4.14 8.8
TEAH*" + 3 - 4 + TEA* —-1.61 1.17 2.5
TIPAH®" + 3 —» 4 + TIPA* —1.18 1.11 2.4

“The experimental formate concentration obtained after 72 h of
irradiation of PCN-136 in the presence of CO, and different SDs.
Calculated AG values for H-atom transfer from SD radical cations
(structures shown) transfer to intermediate 3.

(BNAH, TEA, and TIPA; structures are shown in Scheme 1),
and formate was generated in all three cases. However, the
formate yield increases in the TIPA < TEA < BNAH sequence
(Table 1, Figure S17). Interestingly, this trend correlates with
the calculated Gibbs free energies for the H atom transfer from
SD radical cations to the intermediate 3 (shown in Figure 1) to
form intermediate 4 (Table 1). This correlation indicates that
the second reduction step may occur thermally via hydrogen-
atom transfer from oxidized SD.

Time-resolved optical and EPR spectroscopy were utilized
to identify early intermediates formed upon the photo-
excitation of PCN-136 (Figure 3, see Section S4 for
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experimental details). Femtosecond (fs) and nanosecond
(ns) TA spectra and kinetic traces (Figures 3, parts a and b)
indicate the presence of four different transients with broad
negative signal throughout most of the visible range and a
positive signal at ~700 nm. Target analysis of TA data (Figure
3c) using a sequential 1 - 2 = 3 — 4 model provided spectral
features of individual components and accompanying 7, = 8.1
ps, 7, = 140 ps, 73 = 1 pus, and 7, = 14 us lifetimes. Time-
resolved continuous wave (cw) EPR spectroscopy (Figure 3d)
revealed the presence of a spin-polarized organic triplet signal.
This type of polarization pattern is typical for triplet states
created from optically excited singlet state by intersystem
crossing (ISC) mechanism. 377! The line shape and zero-field
splitting parameter, D & 82 mT, are similar to the triplet state
EPR spectra reported previously for organic aromatic
systems”>®® In addition to the signals associated with the
organic triplet state, a much narrower EPR signal with a
linewidth of 1.1 mT was observed at g = 2.003—2.004
(enlarged in Figure 3d inset). This signal does not demonstrate
any resolved hyperfine structure, which is indicative of an
organic radical with highly delocalized electron spin density
and no heavier atoms like oxygen or metals involved. This is a
transient radical which decays in several microseconds after the
laser flash. Consistent with the absence of stable, light-
generated paramagnetic Zr species in EPR, high-resolution Zr
XPS (Figures S18 and S19) also show that there is no change
in oxidation state of Zr. Based on this experimental evidence,
we hypothesize that the long-lived components are associated
with the formation of ligand-centered T, triplet excited state
(component 3, which formed with an ISC time of ~140 ps)
and ligand-centered radical ions (component 4), likely formed
via symmetry breaking charge transfer mechanism from the T,
state.”* Since EPR evidence suggests that the T state is formed
directly from the singlet state, component 2 is assigned to the
ligand-centered S; state. Component 1 is assigned to
vibrationally “hot” S, excited state which undergoes vibrational
relaxation to the S, state with an 8.1 ps lifetime.”> Based on
this assignment, we hypothesize that the photochemical CO,
reduction is initiated by ligand-centered excited-states, as
illustrated in Scheme 2.

Based on the experimental and computational studies
described above, the mechanism for photochemical CO,
reduction by PCN-136 is proposed, as illustrated in Scheme
2. The catalytic cycle is initiated by the CO, capture step,
which involves the formation of bicarbonate adduct PCN-136-
HCO; by the ligand/bicarbonate exchange from PCN-136.
Light absorption generates the ligand-centered excited state of
PCN-136*-HCO;, as confirmed by time-resolved optical and
EPR results shown in Figure 3. Subsequent reduction by a
sacrificial donor BNAH via proton-coupled electron transfer
leads to the intermediate PCNH-136-HCOj;, in which one of
the electrons needed for CO,/formate conversion is
temporarily stored at the ligand moiety. Then, thermal H
atom transfer occurs from BNAH"®* to generate the formic-acid
adduct PCN-136-HCOOH, followed by the formate elimi-
nation and the closure of the catalytic cycle.

Several aspects of the mechanism proposed in Scheme 2
illustrate advantages of MOF-based architectures in the
molecular photocatalyst engineering. First, porous 3D scaffolds
of PCN-136 bring different functional moieties into proximity,
namely the light-harvesting nanographene ligands and Zr-
based groups for CO, capture. The rigid nature of PCN-136
prevents the undesired dimerization of ligand-based radical
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Figure 3. (a) Femtosecond and (b) nanosecond transient absorption spectra of PCN-136 suspended in DMF probed at different delay times after
410 nm excitation; insets show kinetic traces at 350, 390, and 590 nm (panel a) and 530 nm (panel b). Solid lines in the inset show the fits using a
sequential kinetic model and lifetimes listed in each panel. (c¢) Component spectra (top) and population kinetics (bottom) obtained using the
target analysis of fSTA and nsTA data and a sequential 1 — 2 — 3 kinetic model for the fsTA data and a 3 — 4 model for the nsTA data. Both blue
and green spectra are for the same component observed as the last component in the fsTA data (blue) and the first component in the nsTA data
(green). (d) Photoinduced time-resolved EPR signal of PCN-136 suspended in methanol.

cations, a process that often occurs when similar open-shell illustrates that capture of CO, in the form of metal
species are freely diffusing in solution.’”®” Such improved bicarbonates is an effective tool for reactive capture.

stability of ligand-based radicals further enables utilization of Finally, the CO,/formate conversion shown in Scheme 2
ligand moieties for accumulation of “hydrogen atom involve a “two-for-one” approach, where a single photon
equivalents” near the reactive Zr-node, as illustrated in triggers a cascade of electron/hydrogen atom transfers. Similar
intermediate PCN-136-HCO;. These stored equivalents are two-electron sensitization processes have been reported
then elegantly delivered to the reactive Zr-site via a network of previously, and they includgs_‘c%e reverse reaction: the
coordination and hydrogen bonds across two Zr-centers during conversion of forr'nate to CO,. The ) tw_o-for-one CQZ'
the conversion from PCN-136-HCO; to PCN-136-HCOOH. to-formate reduction demonstrated here is likely responsible

for high formate selectivity observed here and in many other
photochemical CO, conversion ex;)eriments involving light-
responsive Zr-based MOFs.”*">**® We anticipate that the
“two-for-one” mechanism will be a valuable tool for future CO,
reduction catalysts with improved formate selectivity.

Such H atom relays have been observed in other H-bonded®®
or coordination® compounds and play an important role in
proton-coupled redox processes.

Second, the proposed mechanism combines CO, capture
with its direct conversion to value-added products, in a process

we name “photoreactive capture”. Similar reactive capture B ASSOCIATED CONTENT

schemes have recently been demonstrated as promising

mechanisms for electrochemical, photochemical, and thermal © Supporting Information
carbon upgrading, because they avoid energy losses associated The Supporting Information is available free of charge at
with the CO, release from capturing agents.”’~’> To enable https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00049.
reactive capture, the Gibbs free energies for CO, binding need Synthesis and characterization of MOFs and photo-
to be finely tuned to be sufficiently exergonic for efficient gas chemical and computational details (PDF)
capture and not too exergonic so that efficient conversion to
value-added chemicals can take place. The work reported here Transparent Peer Review report available (PDF)
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