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ABSTRACT: Photocatalytic CQreduction into formate (HCOQ® has been widely studied Co-PI-COF,
with semiconductor and molecule-based systems, but it is rarely investigated with covale®# 1 .
organic frameworks (COFs). Herein, we report a novel @meeptor COF nameZb-PI- - \‘
COF composed of isoindigo and metallated porphyrin subunits that exhibits high catalytic
e ciency (50 mol formate ¢ h ') at low-power visible-light irradiation and in the absence b |
of rare metal cocatalysts. Density functional theory calculations and experimematal di g
re ectance measurements are used to explain the origin of catalgticyeand the .=
particularly low band gap (0.56 eV) in this material. The mechanism of photocatalysis‘fsf;al Q s
studied experimentally and is found to involve electron transfer from ttial sagent to the
excitedCo-PI-COF The observed high-eiency conversion could be ascribed to the enhanceee-
CO, adsorption on the coordinatively unsaturated cobalt centers, the narrow band gap, and t
e cient transfer of the charge originating from the postsynthetic metallation. It is anticipated

that this study will pave the way toward the design of new simpleientl @atalysts for photocatalytic, @uction into useful
products.

KEYWORDS:isoindigo, GQ@eduction, formate, photocatalysis, covalent organic frameworks

IéOA in MeCN

INTRODUCTION AltrrlT%gl%]h many semicondudforand molecular-based
- : i . yste have been studied for the photoreduction of
Excessive anthropogenic emissions of carbon dioxige (Cog%oz their limited conversion eiency, low C@binding

into the atmosphere have resulted in the accumulation ! . . X :
reenhouse gases and have led to the worldwide phenomea nity, _unfgvorgblg active-site architecture, and ra_p|d charge

gf lobal g, At th i poN o P&lombination limit their overall performancenis shifted

of global warming. € same time, Ja NontoXIC, — yhe focus of research in theld to develop and test new
inexpensive, abundant, and renewable source of cEtbon.

: materials that can make a breakthrough in thierey of
development of eient processes that would conver, CO photocatalytic COreductiort?  Covalent organic frame-

into high value-added products has thus been looked at aggks (COFs) have emerged as a class of noble-metal-free and
viable and economic optiorAmong these processes, the pyrely organic materials possessing permanent porosity and a
photocatalytic CQedUCtion into valuable chemicals has beenong_range structural Oraé'COFS are proven to have the
noted as particularly promising. This is due to the fact that thgotential to address many of the issues faced by the current
reaction can be performed under ambient conditions, while tegstems due to many unique properties: (i) structural
reactants employed are simple, namely, wategr, aG® tunability and large surface area with numerous spatially
sunlight, which is an inexhaustible and environmentaligolated docking sites for £®inding, (ii) long-range
friendly energy source. Additionally, the photocatalytic CCcrystallinity and order that help to understand the structure

reduction does not induce secondary pollti@®, photo- activity relations and allow for further optimization, (iii) the
reduction reactions can take up various forms, with CO and
formate (HCOO) being the most common reduction Received: October 27, 2021 EAPPLIED

product$. However, the latter product is favorable as it isAccepted: December 8, 2021
the simplest oxygenated species produced from the reductiéblished: December 21, 2021
of CQ, and an intermediate in the formation of methanol and

higher-order hydrocarbons, whiobd uses in plastics, paints,

organic solvents, and fuel Célls.
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Figure 1.Synthesis and characterization oPtHeOF. (a) Synthetic scheme for the preparation ®@H®OF (b) experimental powder XRD
pattern of thePI-COF along with the Pawley-ned simulated structure; (c) cross-polarization magic-angle sphrsolid-state NMR
spectrum of thBI-COFwith peaks assigned to carbon atoms; (d) schematic representation of the metallation reaction with CoQo-obtain the
PI-COF with structural models drawn inatient orientations.

inherent pores in the COFstructures that facilitate GO  strated high catalytic actif/itgnd selectivity on account of
adsorption through noncovalent interactions and act #avorable CQObinding in the metal sites through metal
nanoreactors, (iv) the conjugateelectron structure that carbonyl coordination bond$! This unique combination of
allows for rapid and eient charge-carrier transport, and (v) a building blocks ensures a built-in photosensitizer (isoindigo
combination of the electron donor and acceptor in thejerivative with extendedconjugation) and a molecular
backbone structure that serves as extiee light-harvesting  catalyst (metalloporphyrin), which jointly facilitateient
apparatus, mimicking éawti cial leai™™ A majority of the  charge transféf.Additionally, the nitrogen richness of this
reported examples of COFs used in photocatalyc CQnaterial further enhances ity for CQ adsorption. The
reduction produqe CO as the product, that is, as describ -COF has a square layered structure, corresponding to a
above, less desired than formatehose COFs that do tetragonal cell witP4 symmetry, and the postsynthetically

ﬁiﬁgzﬁquﬁsfzmﬁugg %f Haiggﬁigc;;?l\é?s er%ei/r;sr:ve cobalt-metallatgdo-PI-COFhas calculated lattice parameters
L ysiSo fa=Db=40.87 A and an interlayer spacing of 4.94 A. It

enzyme$’ Nonetheless, COFs have recently been described % . . . o .
emerging platforms for GPhotoreduction® c_at_alyzgs the GQeduction reaction upon |rrad|at|on1W|th

To address the drawbacks of the existing systems, we hetdfiPle light (150 W) and generaté® mol formate ght
report the synthesis of a novel COF nateiOFcomposed | N source of HCOOcarbon has been ven throughout
of isoindigo and metalloporphyrin building units and evaluaff® photochemical reaction by emplo;}_@z. Lastly, a
its potential for COphotoreduction into formate (HCOD proposed mechanism of L@hotoreduction is established
Isoindigo derivatives have served as electinrdenoieties ~ based on the density functional theory (DFT) calculations and
with broad adsorgtion ranges in organic solar celleldad the experimental data analysis. Overall, this study reports a rare
e ect transistor$®> Porphyrins, in contrast, contain con- example of a simple donacceptor COF-based photocatalyst
jugated -electron systems and serve as excellent electrdior the reduction of COnto formate with yields comparable
transfer carriers. Metalloporphyrins in particular have demoto- more complex systems containing noble rifetals.

2016 https://doi.org/10.1021/acsami.1c20729
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Figure 2.Pictorial top and side views of the computed most stable structiatatams obtained for the @)-COF and (b) Co-PI-COFE

Most representative distances are also indicated, as well as the simulation unit cell used in the calculations (dashed-line red bgx). White, dar

blue, red, and purple spheres represent the H, C, N, O, and Co atoms, respectively. (c) Simulated XRD patterns of the structures in (

indicating the indexes and angles associated with majsrdnaggon peaks.

RESULTS AND DISCUSSION reaction was successful and resulted in the formation of a
; " : twork, as shown kfigure a.
PI-COF was synthesized through imine bond formation© ’ . . .
setueen 510,150 eacs-amincpnenyporpyrin and "= DK POPEres oI COTuee oo mestoner
aldehyde derivative of isoindigo. Crystallinity was On@-l‘ectron micrgsco ies' (SEM and TEM) V\?e found that the
achieved after several trials witkréint solvent combinations P !

o L morphology of the material corresponds to unspised
and temperature ranges. Thecdity of achieving crystallinity rod-[l)ike gt)r/ucturesF(gure Sp Fusped clumps gﬁhese

is likely related to theexible aliphatic chains in the isoindigo structures measure several microns in all directions and can

S“b.“r?'tsv Wh'Ch. are essent_lal for gnhanced SOIUb”!ty' TlB broken down into smaller aggregates with sonication. The
optlmlzed reaction was carrleql outin a sealed tube in a 3 ermal stability of the material was investigated with
mixture o_f 1-butanol ar_1d meS|terne. mlthe presence of 6 ermogravimetric analysiSglre SB Unlike most of our
acetic af:'d for 5 day§_|gure a, dgtaﬂs In thé;_upportmg_ previously reported covalent organic matétialdoth
Informatio). The material was pued by extensive washing gaiing reagents in this work exhibit a very high thermal
with 1,4-dioxane and used for analysis after drying. This repgff i, This could be attributed to the fact that both starting
is only the second time that isoindigo subunits have beqR,ierials contain fused rings or macrocyclic structures, which,
incorporated into COFS, although their photoadsorption in general, are thermally more stable than simple organic
properties and applications in optoelectronics are We([]bmpounds. Because #EeCOF is formed through imine
established in conjugated POIY'%‘AHS- _ chemistry, it may appear that the COF is slightly less thermally
The molecular characterization ofRRCOFwas realized  giapje than its building blocks. Nevertheless, it does not start to
by two techniques. The Fourier-transform infrared (FT"R)degrade until 408C, which is comparable to other reported
spectroscopy data of the COF indicate the presence of the Ccofrs. The initial weight loss &00°C is likely related to
N bond at 1603 cm, which strongly suggests the coupling Oftrapped solvent molecules.
the aldehyde with the amineidure S)L Furthermore, the T ytilize thePI-COF for photocatalytic CQOconversion,
C O vibration present in the isoindigo monomer at 1612ye introduced Co metal centers into the material by
cm —~and the N H vibration of porphyrin at 3210 and 3346 postsynthetic metallation of the porphyrin subuRitsire
cm *are all absent in theal COF, suggesting the completion 14) 32 Dye to the long-range order within the structure of the
of the reaction. In addition, the lactam @ vibration of the  p|-.COFE. such postsynthetic mathtions are expected to
isoindigo moiety is preserved in both the starting material aRg¢cur in a more controlled manner than in amorphous
the COF at 1690 and 1697 cmrespectively. Solid-state materiald®** The obtaineCo-PI-COFwas characterized by
cross-polarization magic-angle spitfh@IMR spectrosco-  similar means as the pristine COF. FT-IR spectroscopy
py was used to further detail the structure oPtHeOF measurements indicated that the N lactam C O, and
(Figure t), and signals corresponding to both building block& C H stretching are all preserved and exhibit minimal
of the COF were idengd. In the aliphatic region between 10 shifts in their respective sign&igjre S The morphology
and 40 ppm, various signals corresponding to the aliphatic sistethe metallated COF remains unchanged, as indicated by
chains of the isoindigo moiety were found. The signals aroupdth SEM and TEM micrographsigure Syt Thermal
120, 130, and 150 ppm correspond to the porphyrin subunitability is slightly reduced compared toPth€ OF, which
specically to its phenyl ring, CC pyrrole, and CN pyrrole can be explained by the addition of the metal centers. Above
functionalities, respectively. Furthermore, the signals belongd@ °C, the coordination bonds between the metal and the
to the isoindigo subunit appeared at around 135, 140, and 1ffirogen atoms of the pyrrole rings in porphyrin break.
ppm and were assigned to the free phenyl ring, fused phenylhe permanent porosity of both tAReCOF and Co-PI-
ring, and lactam CO functional group, respectively. COFwas evaluated with, Bas adsorption at 77 K. Fitting the
Combined, these results strongly indicate that the couplirgas adsorption data to the Brunakemmett Teller (BET)

2017 https://doi.org/10.1021/acsami.1c20729
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Figure 3.(a) Computed band diagram separately sgefor spin-up and spin-down channels faZohel-COFalong the high-symmetry
X XY path, where a band gap of 0.56 eV is indicated. (b) 3D isosurfaces (both with values of03f00%5he sake of comparison)
corresponding to the valence band (VB) and conduction band (CB).

model resulted in the total surface areas of 183 arfj22 m checked via the good agreement between the experimental
respectively. The pore size distribution corresponding to thend simulated diactogramsHigure b). The most favorable
adsorption measurement in fAeCOF indicated that the eclipsed AA stacking cgaration predicted by theory in both
material contained pores with diameters ranging between 2&ses reveals interlayer distances of 4.87 and 4.94 A, with a
and 12.9 nm. The average pore size was 4.9 nm. Metallatibeoretically estimated pore size of aroundb8Nn3 in a
a ected the porosity of the materfalgiire Sp Due to the perfectly canonical system, in both cases.
presence of Gbatoms, the pores in the polymeric network Prior to testing thé?I-COF and Co-PI-COFin photo-
were mostlylled up, so th€o-PI-COFprimarily exhibited a  catalytic CQ conversion experiments, we resorted to DFT
mesoporous nature. This can be nicely observed in the typed¥Iculations to investigate the domaaceptor properties of
isotherm, which exhibits an open hysteresis loop closing the COF building blocks and to determine the band gap. The
precisely 0.4 relative pressure. The total surface area decreagstems analyzed involved more than 300 atoms, so going to
which can be attributed to the introduction of the metal ionsnore accurate methods beyond the conventional DFT to
into the network. Finally, to observe the presence of metdescribe the electronic properties was computationally
ions, we carried out mapping in the scanning transmissiamfeasible. Both materials showed low band dispersion. As
electron microscopy (STEM) mode of electron microscopgan be seen in the band diagrams, computed for the high-
(Figure Sp These experiments clearly demonstrate an evesymmetry X XY path, thePI-COFyields a direct
distribution of all constituent chemical elements, includingand gap of 0.88 eV for th@oint and the Fermi level in the
carbon, nitrogen, oxygen, and cobalt. Mapping experimemisddle of the gapF{gure S) Its valence band is primarily
allowed us to estimate an average Co contedt\wf %. located on the porphyrin subunit, while the conduction band is

To understand the structures of the synthesized materiatlspstly located in the isoindigo building block. In contrast, the
the initial crystal models of the pristine and metallate€€o-PI-COF exhibits a smaller band gap of 0.56 eV.
materials were simulated with the uSgovia Materials Studio Metallation of the framework with?C@ns with three free
software. A crystal structure based on the stacked square lagégstrons in the 3d orbital creates a narrow-gap exttiyysc
was built in the tetragorfd space group. The structure was semiconductorFigure 3 with a Fermi level closer to the

rst geometrically optimized with the use of a universalonduction band. A separate depiction of the spin-up and spin-
force eld. A prole re nement of the experimental powder X- down channels illustrates that the band gap originates from the
ray diraction (PXRD) data was completed starting with thisspin-up states. Therefore, the system is highly reactive and
lattice, resulting in unit cell parametesso#3.24 A and = expected to exhibit high performance in a range of processes,
457 A. Then, DFT calculations were completed, and thiecluding CQ conversion. Additional theoretical studies
optimization of the cell shape and size, simultaneous to tdemonstrated that the net magnetization per Co atom is
relaxation of the structure, revealed in all cases perfectly squate7 g (Figure SB The 3D isosurfaces of the orbital
two-dimensional lattices (even with no symmetry constraintglectronic densities corresponding to the valence and
with optimized lattice parameters of 41.04 and 40.87 A for tt@onduction electronic states of theedint nonmetallated
PI-COF and Co-PI-COF respectively Fijgure 2. As and Co-metallated COF systems are studied here. From these
mentioned, derent interlayer stacking fashions have beengures, we can extract information about the spatial local-
tested, where eclipsed stacking was energetically preferenti@ation and delocalization degree of these states, which may
both the PI-COF and Co-PI-COFE The reliability of the directly connect with the transport, catalytic, and optical
theoretically obtained structures and stacking has beeerformance of the systems, the homogeneity in the spatial

2018 https://doi.org/10.1021/acsami.1c20729
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Figure 4.Photocatalytic COreduction experiments. (a) Scheme showing the photocatalytic processGutRIHEOF (b) amount of
HCOO generated from G@s a function of the time of irradiation oveCixd®|-COFandPI-COFand in the absence of the X0urce; (c)
recyclability of th€o-PI-COF, (d) emission spectra of t@®-PI-COFafter the addition of B00 L of triethanolamine (TEOA) { = 390
nm); (e) emission spectra of ARCOF after the addition of B00 L of TEOA ( = 390 nm); (/)*3C NMR spectra for the obtained product
using*3C0O, as a source.

Table 1. Conversion Rates for GBeduction to Formate Using COF Photocatalysts in the MeCN/TEOA Mixture

catalyst rate of HCOJ molg*h Y irradiation range and lamp intensity refs

DQTP COF Zn 152.5 800 nm 420 nm (300 W) 42

3.0 wt % Ru/TpPa-1 108.8 800 nm 420 nm (300 W) 20

COF-367-Co (Il) 48.6 800 nm 380 nm (300 W) s6

COF-367-Co (Ill) 93 800 nm 380 nm (300 W) 36

0.7 wt % Ru@TpBpy 172 800 nm 420 nm (300 W) 43

Co-PI-COF 50 800 nm 420 nm (150 W) this work
distribution of the states, and their orbital character to permitradiation Figure 4). The CQ photoreduction reaction
dipolar transitions between th&m. was conducted using a prepared sample@btR&COFas a

To investigate the optical properties oPth€ OFandCo- heterogeneous catalyst, while TEOA in acetonitrile (MeCN)

PI-COF, we resorted touorescence spectroscopygire was used as a solvent saturated withT@®@ concentration of
S9. The steady-state emission spectra of the two powddne photocatalytic product (HCOPDwas quantied by ion
samples obtained upon excitation at 375 nm indicate thahromatography (IC) analysis of the reaction soluigaré
metallation induces a decrease in the relative intensities of th&(). Interestingly, theCo-PI-COF showed a sigrdant
three main peaks (430, 480, and 685 nm). This photophotocatalytic activity of G@duction. The amount of the
luminescence intensity decrease explains the restrained chasbetocatalytic product (HCOQ® continuously increased,
carrier recombination rate of the photoinduced electrons amdaching 11 mol in 6 h with an average formation rate of 2
holes upon metallation. In both materials, the most prominenimol h* (Figure #, Table ). This rate is comparable or
single peak occurs at 685 nm, so we performoedscence  higher® than that in reported COF-based systems, yet it
lifetime measurements at that wavelength with a 375 nm lagemoids the use of expensive noble metals and uses Xe
excitation. Our results indicate that metallation primarilyrradiation of far lower pow&rin order to investigate the
a ects the third term §) of the uorescence lifetime, which chemical stability of th@o-PI-COF recycling experiments
increases from 4.34 ns in HeCOFto 6.79 ns in th€o-PI- were performed, and they reveale®%% decrease in the
COF (Figure Sp second cycle, followed by no obvious change in the conversion
To assess the potential of @& PI-COFin photocatalytic  of CO,to HCOO anions for the next four cyclegyre ¢).
applications, its photochemical performance was examined far Co leaching into the supernatant was detected by atomic
the photocatalytic reduction of C@nder visible-light adsorption spectroscopy postcatalysis.

2019 https://doi.org/10.1021/acsami.1c20729
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The Co-PI-COFwas proven to be photocatalytically active =~ CONCLUSIONS
since no HCOOanions were obtained when the reaction wasy, ¢onclusion, a donoacceptor COF composed of isoindigo

allowed to occur in the dark. Additionally, no HC@Rons  gnqg metalloporphyrin subunits was designed, synthesized, and
were detected when the reaction occurred in the absencefgfly characterized. The structure of the COF was elucidated
CO, as a source. More importantly, onlyl HCOO was  py experimental PXRD measurements and DFT calculations.
produced when the cobalt-fRleCOF was employed as the DFT was also used to calculate the band gaps prior to and
photocatalyst under the same experimental conditions. THisllowing the introduction of the €ometal centers. The
suggests that the metallated porphyrin units operate as tfgported system is one of the most elegant systems in the
photosensitizer and catalytic SiteS. A control experiment  literature due to its low band gap of 0.72 e\:pbdicity, and
was also performed with Co-metallated porphyrin monomensptical activity, even without the presence of expensive rare
namely, the insoluble tetrabromo derivative of Co-porphyrimetals or cocatalysts. The high performance @ otidi-
and the soluble tetraphenyl Co-porphyrin. Only Oridl COF compared with thBI-COF could be explained by the
formate was produced after 6 h of irradiafiogu(e SI)1 e cient charge carrier separation, the low band gap, and the
These results demonstrate the importance of incorporating te#ong CQ adsorption at the metal centers. With a rate of 50
electron donoracceptor units into a well-ded arrangement Mol HCOO g *h %, the material performs similarly to other
within the COF structure. Additionally, they showed thasystems while being irradiated with a Xe lamp of a far lower
crystallinity of the COF is necessary to alleviate th@ower. This study is therefore expected to pave the way toward
recombination of photogenerated carriers to some degrBore sustainable yet equallicient photocatalytic systems
and minimize charges trapped at the defect sites, as showfGhCC. reduction.
similar systeni§**

These results allowed us to postulate a mechanism of the ASSOCIATED CONTENT
catalytic process. The porphyrins estereductively quenched *  Supporting Information
via visible-light absorption to form the excited CoTAPP The Supporting Information is available free of charge at
then, they accept electrons from TEOA to form CoTAPP https://pubs.acs.org/doi/10.1021/acsami.1c20729

Lastly, they reduce GQ@o formate at the Co(ll) centers, Monomer and COF synthesis procedures, FTIR spectra
which act as adsorption and activation sites for the CO of the starting materials and COFs, SEM and TEM
molecules. In such a scenario, the smtrelectron donor characterization of the COFs, TGA [&® of the
TEOA is very important to complete the photocatalytic cycle  monomers and COFs, gas adsorption isotherms and
and to avoid the recombination of the charges in the porphyrin - pore size distributions, STEM imaging ofGhePI-
subunits. This plausible reaction pathway could explain the  COF, DFT calculation details, solid-staterescence

high activity of th€€o-PI-COFwhen compared to tHel- data and lifetime measurements, IC data, and Tauc plots
COF toward CQ photoreduction. In addition, the reduced (PDB

band gap predicted by DFT calculations and experimentally ; )

con rmed by Tauc plots obtained from theude reectance Crystallographic data for PI-CAFR)

spectra Figure S1P results in enhanced visible-light

absorption and superior photocatalytic activity ofdkel- AUTHOR INFORMATION

COF over the pristine COF. Interestingly, the band gap of th€orresponding Authors
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