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ABSTRACT: The electronic character of porphyrin active sites for electro-
catalytic reduction of CO, to CO in a two-dimensional covalent organic
framework (COF) was tuned by modification of the reticular structure. Efficient
charge transport along the COF backbone promotes electronic connectivity
between remote functional groups and the active sites and enables the
modulation of the catalytic properties of the system. A series of oriented thin
films of these COFs was found to reduce CO, to CO at low overpotential (550
mV) with high selectivity (faradaic efficiency of 87%) and at high current
densities (65 mA/mg), a performance well beyond related molecular catalysts in
regard to selectivity and efficiency. The catalysts are stable for more than 12 h Catalytic Metal
without any loss in reactivity. X-ray absorption measurements on the cobalt L- Center
edge for the modified COFs enable correlations between the inductive effects of

the appended functionality and the electronic character of the reticulated

molecular active sites.

B INTRODUCTION catalysts have been optimized in terms of activity and selectivity
by functionalization of the organic ligands on the catalytically
active metal center, as illustrated by extensive work on
metalloporphyrin systems as a prime example.”’~* Indeed,
the direct functionalization of the porphyrin building block is
synthetically challenging through such a pure molecular
approach. We reasoned, however, that the high charge carrier
mobility of COF-366-Co would allow for electronic commu-
nication throughout the whole framework of the material and
thus hypothesized that we can therefore circumvent the direct

Covalent organic frameworks (COFs) are composed of
covalently linked organic molecules, which are held together
in specific geometric and spatial arrangements.'™> Research
efforts have largely focused on varying the size and shape of the
molecular building blocks to design the structural properties of
COFs such as porosity.~"* In this report, we show how these
building blocks can also be tuned electronically such that
remote functionalization of linker units has a significant impact

on the electronic character of molecular active sites embedded ol ) o -
within the reticular superstructure and consequently, their modification of the porphyrin building-block and instead

accompanying reactivity. Within this context, we and others functionalize the organic strut that is used to reticulate it into
have recently identified COFs and their related MOF the extended framework. It is worthy of note that the potential
for remote functionalization is advantageous in the context of

the rational optimization of CO, electroreduction catalysts
because it reduces the influence of the introduced functionality
to electronic effects and potentially circumvents undesirable
interference in the reaction via steric hindrance or through non-
covalent interactions.

As a first step, we synthesized a series of COFs with different
electron withdrawing groups on their respective struts termed

congeners as a promising platform for supporting molecular
catalysts for the electrochemical conversion of carbon dioxide
to carbon monoxide.'®™'® Indeed, extensive research has been
devoted to the design of molecular catalysts that facilitate this
chemical transformation, and while electrolytic approaches
benefit from using water as a reaction medium that facilitates
proton and electron transfer, its use also requires good
selectivity of the catalyst over the competitive off-pathway
reduction of water itself to hydrogen.'” > Consequently,
systems used for this transformation must be tuned for both Received: November 16, 2017
high reactivity and selectivity.24’30_36 Molecular CO, reduction Published: December 29, 2017
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Figure 1. Design and synthesis of cobalt-porphyrin derived covalent organic frameworks. The molecular nature of the COF backbone allows for
systematic modulation of the electronic structure of the catalytically active cobalt center. Because of the porosity of the framework diffusion of the

reactants to the active sites is facilitated.

COF-366-Co, COF-366-(0OMe),-Co, COF-366-F-Co and
COF-366-(F),-Co (Figure 1; Section S1). To make a
comparison between the aforementioned materials in terms
of reactivity, two critical points had to be addressed. First and
foremost, when deposited on the electrode as a microcrystalline
powder, only a small amount of the COF is electrochemically
As such, to better compare the reactivity of the
different samples, we prepared thin films of the materials to

accessible.**

ensure that the majority of the metal centers in the framework
are electrochemically active. Second, to rationally design a
catalyst it is important to monitor the effect of the
functionalization on the electronic structure of the active site.
Because the orbitals that are primarily relevant to the catalytic
activity of the cobalt centers are its 3d orbitals, we decided to
investigate the cobalt L-edge X-ray absorption spectroscopy
(XAS) data of the functionalized COFs to assess inductive
effects of the reticular structure. These transitions consist of
excitation of 2p core electrons into empty 3d-orbitals. Indeed,
we observe that functionalization of the struts with electro-
negative elements directly translates into an electron with-
drawing effect on the cobalt center and the extent of this effect
is proportional to the electronegativity, as well as the amount of
functional groups that are installed. The observed differences in
electronics significantly alter the reactivity of the molecular
active sites in the reticular material, which can be rationalized
based on the proposed mechanism for the electrocatalytic
reduction of CO, to CO using cobalt porphyrin derived
catalysts. This report represents a study of direct electronic
structure—function relationships of COF electrocatalysts.*’

1117

B EXPERIMENTAL SECTION

COF Synthesis. A Pyrex tube measuring 10 X 8 mm (o.d X id.)
was charged with $,10,15,20-tetrakis(4-aminophenyl)porphinato]-
cobalt [Co(TAP)] (18 mg, 0.025 mmol), BDA, 2,5-dimethoxytereph-
thaldehyde/2-fluoroterephthaldehyde/2,3,5,6-tetrafluoroterephthalde-
hyde (0.075 mmol), 1,2- dichlorobenzene (1 mL), butanol (1 mL),
and 6 M aqueous acetic acid (0.25 mL). After sonication for 1S min
the tube was flash frozen at 77 K (liquid N, bath). After one freeze—
pump—thaw cycle the system was evacuated to an internal pressure of
50 mTorr and flame-sealed. The reaction was heated at 120 °C for 72
h, yielding a dark purple precipitate at the bottom of the tube, which
was isolated by filtration. The wet sample was then transferred to a
Soxhlet extractor and thoroughly washed with methanol (24 h) and
acetone (24 h). Following that, the product was washed five times with
liquid CO,. The system was then heated up to 45 °C to bring about
the supercritical state of CO, and slowly bled to ambient pressure.
Finally the product was evacuated at 100 °C for 18 h at 1 X 107> mtorr
to yield activated sample. Yield: 24.18 mg, ~90% based on Co(TAP).
For the synthesis of the thin films an HOPG substrate was added to
the synthesis conditions described above. Upon completion of the
reaction, the substrate was separated from the bulk COF, sonicated
briefly, and washed over 2 days with acetone and methanol in a 20 mL
vial.

X-ray Absorption Spectroscopy. XAS data was acquired at
beamline 6.3.1 at the Advanced Light Source in Lawrence Berkeley
National Lab. Samples were prepared for measurement by lightly
pressing a thin film of the desired sample onto a conductive copper or
carbon substrate prior to loading into the measurement chamber. The
X-ray source was 1.9 GeV with a current of 500 mA. L-edge energy
calibration was performed with a metallic cobalt foil standard. All
samples were measured in an ultrahigh vacaum (UHV) environment
of 1 X 107 Torr and 300 K. The monochromator slit width was
decreased to the smallest possible value to simultaneously decrease
photon flux incident on the sample of interest and to obtain the
highest possible energy resolution. For our chosen parameters, the
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Figure 2. Optimizing the morphology of the COF catalyst. (a) Grazing incidence wide-angle X-ray scattering (GIWAXS) of the COF film on HOPG
shows preferred orientation of the material. (b) COF forms uniform films of 250 nm in thickness as shown by SEM. (c) Data suggest that the COF
layers are oriented in a 90° angle with respect to the substrate. (d) 2D line-profile of the GIWAXS data is in good agreement with the expected
diffraction pattern. (e) Oriented thin films of COF-366-Co outperform deposited COF on porous carbon fabric and films without preferred

orientation obtained on glassy carbon.

resulting energy resolution was measured to be 0.6 eV. X-ray induced
damage was carefully monitored for. Each experimental spectrum
consists of >6 individual spectra taken at different spots of the sample
on the stage. Before each individual high-resolution spectrum was
taken, a fast survey scan was also taken on the same sample spot. The
high-resolution and survey spectra were closely compared to
determine that the X-ray beam did not damage the COF and change
the resulting spectrum.

Cobalt L-edge spectra were simulated with CTM4XAS software."®
A reasonable set of starting parameters was obtained through a survey
of the literature. D4h symmetry, Co®* formal oxidation state, 1.6 eV
10Dq, 3000K, 0.95 spin orbital coupling, 0.2 eV Lorentzian
broadening, and 0.2 eV Gaussian broadening parameters were
consistent for simulations across all samples. The effects of electron-
withdrawing and -donating groups were simulated through the
variation of the Slater integral parameters from 0.6 to 1.1.

Electrochemistry. For the electrolysis experiments, 0.5 M
potassium bicarbonate was used as the electrolyte. A standard 3-
electrode setup was employed with a carbon disk counter electrode
and Ag/AgCl reference electrode. For product quantification, a home-
built two-compartment setup was used which featured a nafion
membrane separating the working and counter compartments. GC
analysis was performed at each time point by direct introduction of the
headspace into a GC sampling loop. All current densities are
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normalized by amount of cobalt as determined by inductively coupled
plasma atomic emission spectroscopy (ICP).

GIWAXS. Grazing incidence wide-angle X-ray scattering data were
acquired with a Pilatus 2 M detector (Dectris) instrument on beamline
7.3.3 at the Advanced Light Source, Lawrence Berkeley National
Laboratory (4 = 1.24 A). The incidence angle was held at 0.120 to
optimize signal collection. Silver behenate was used to calibrate the
sample—detector distance and the beam center. The Nika package for
IGOR Pro (Wavemetrics) was utilized to reduce the acquired 2D raw
data to 2D images in reciprocal space and convert 2D images to 1D
line profiles.*”

B RESULTS AND DISCUSSION

Oriented Thin Films of COF-366-Co. Our initial efforts
were directed toward the optimization of the electrochemical
accessibility of the COF catalyst by controlling the morphology
of the system. One major drawback of our initial system was
that only a small portion, 4—8%, of the cobalt sites were in fact
electrochemically accessible which we attributed to the poor
contact of the sample with the electrode surface and sluggish
transportation between individual COF crystallites.'® As such,
we chose to move from depositing the microcrystalline COF
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powder onto porous carbon fabric toward directly growing thin
films of COF onto the electrode surface. In our first attempt,
we tried to grow COF-366-Co on glassy carbon. While these
films showed improved activity on a per cobalt basis the
material had poor interactions with the substrate, resulting in
detachment of the COF films over time. We reasoned that this
challenge could be overcome by growing oriented thin films of
COFs on a more ordered surface. In addition to an improved
interaction with the electrode surface, oriented thin films have
also been shown to facilitate redox processes in COF
materials."* Accordingly, we chose highly ordered pyrolytic
graphite (HOPG) as our electrode material. Oriented thin films
were grown by adding the substrate to the reaction mixture
containing [5,10,15,20-tetrakis(4-aminophenyl)porphinato]-
cobalt, Co(TAP), and 1,4-benzenedicarboxaldehyde (BDA)
(Figure 2). The crystallinity and preferred orientation of the
films in respect to the substrate were confirmed by grazing
incidence wide-angle X-ray scattering (GIWAXS) (Figure 2a).
The diffraction pattern of the oriented thin films of COF-366-
Co confirmed the formation of the expected structure (Figure
2d). Contrary to our expectations, the COF layers did not grow
coplanar to the electrode surface but orient perpendicular to
the graphite layers (Figure 2c). Scanning electron microscopy
showed films of uniform thickness of ~250 nm (Figure 2b).

Electrochemical experiments were carried out in 0.5 M
potassium bicarbonate aqueous buffer at pH 7.2 and controlled
potential electrolysis was performed under an applied potential
of —0.67 (vs. RHE). The oriented thin films of COF-366-Co
exhibited significantly improved catalytic performance on a per
cobalt basis with current densities for the formation of CO of
45 mA/mg cobalt and a faradaic efficiency of 87% which
constitutes a 9-fold improvement over the microcrystalline
COF powders. While the reactivity of the films grown on glassy
carbon initially showed a similar performance, the oriented
films show a significantly improved long-term stability for more
than 12 h (Figure 2e). With the optimized morphology at hand,
we chose to advance a step further and utilize the unique
features of our catalyst system: (i) the high degree of electronic
communication throughout the whole framework™® and (ii) the
organic backbone of the structure which allows for covalent
modification.”*”** The proposed mechanism for CO, reduc-
tion with cobalt porphyrin suggests that in a first step cobalt(II)
gets reduced to cobalt(I) (Section $2).* To facilitate this step,
we decided to introduce electron-withdrawing functional
groups onto the linker of the COF to take away electron
density from the cobalt center and make it more prone to
reduction.”’

Covalent Functionalization of COF-366-Co. We thus set
out to make a series of COFs with systematically incorporated
functionality, namely COF-366-Co, COF-366(OMe),-Co,
COF-366-F-Co and COF-366-(F),-Co (Figure 1), to deter-
mine the COF with the optimal amount of electron
withdrawing groups and maximize the reactivity at a given
overpotential. The synthesis of these frameworks was carried
out analogous to the synthesis of the parent framework COF-
366-Co. Powder X-ray diffraction confirmed that the space
group and the metrics of the structures remained essentially
unaltered (Sections S3 and S4). The films of all COFs were
crystalline and the grazing incidence wide-angle X-ray scattering
of all structures confirmed the same orientation with respect to
the substrate as described above for COF-366-Co (Sections S3
and S4). To confirm that the effects that we measure in the
COFs are due to differences in the electronic nature and not a
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result of different affinities of the framework itself for CO,, we
carried out CO, sorption on all of the studied materials. The
materials all displayed a comparable uptake of CO, at 295 K
(23.5—27.4 cm® em™). To confirm that the affinity for CO, of
the different frameworks is also similar we measured CO,
sorption at different temperatures to derive isosteric heat of
adsorption (Q,,) values which turned out to be the same for all
measured materials (24.6—24.1 k] mol™") (Table 1; Section S5
and S8).

Table 1. Pore Size Distribution (PSD), BET Surface Area
(Agpr), CO, Uptake, and Isosteric Heat of Adsorption (Q,,)
Values for the Binding of CO, for the COF Catalysts

material 5?)2 (mé]gjl) b (Eg:i;lg_t?%(f (&J n(lzcs)tl_1 )4
COF-366-Co 10—18 1700 234 24.6
COF-366-(0OMe),-Co 818 867 242 24
COF-366—F-Co 10—18 1901 27.0 24.2
COE-366-(F),-Co 816 832 274 2.1

“Determined by fitting of the adsorption branch using quenched solid
state density functional theory (QSDFT) cylindrical/slit pore model
on the absorption branch of the isotherm. bCalculated using the BET
method from the nitrogen sorption data of the activated samples at 77
K. “Uptake at 800 Torr and 298 K, the conditions under which we
carry out the catalysis. “Calculated from pure component isotherms
using Henry’s law.

X-ray Absorption Spectroscopy. To further probe the
effect of the introduced groups on the catalytically active cobalt
site we turned to X-ray absorption spectroscopy (XAS) on the
cobalt L-edge. Such a measurement would directly determine
whether or not modification does indeed cause a change in the
electronic structure of the metal center. The metal L-edge
spectra feature transitions from 2p core electrons into
unoccupied 3d states.”” >* The resulting spectrum imparts
information regarding the formal oxidation state, symmetry,
and extent of electronic delocalization of the probed
element.”> >’ Considering the fact that the d-orbitals are the
orbitals that are principally relevant to the catalytic activity of
the porphyrin metal center, L-edge absorption measurements
yield direct information on the effect of the substituents on the
electronic structure of the catalyst. The L3-edge spectra of the
different COFs and a series of molecular porphyrin model
systems {Co(TIP) [5,10,15,20-tetrakis(1-N-
benzylideneaniline)porphinato]cobalt, Co(THP) =
[5,10,15,20-tetrakis(4-hydroxyphenyl) porphinato]cobalt, Co-
(TCPP) = [5,10,15,20-tetrakis(4-carboxyphenyl)porphinato]-
cobalt, Co(TAP)} are illustrated in Figure 3a, b, respectively.
Immediately noticeable is the increasing intensity of peaks at
777 and 779 eV for the porphyrin model with increasing
electron withdrawing character of the functional groups. The
XAS spectra of the COFs also change depending on the
functional group that is present on the linker. Comparison of
the data to theoretically modeled spectra by introducing
inductive effects from a hypothetical square planar ligand field
confirmed an increasing electron withdrawing effect of the
linker on the cobalt site in the order: COF-366-Co, COF-366-
(OMe),-Co, COF-366-(F),-Co, and COF-366-F-Co (Figure
3c—g; Section S6). The fact that the differences in electron
withdrawing character on the cobalt center do not follow the
expected trend according to basic inductive effect consid-
erations is giving credence to the importance of this study for
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Figure 3. XAS Co L-edge spectroscopy. (a) Spectra of COF-366-Co and derivatives and (b) various molecular cobalt porphyrin complexes. In both
cases, the spectra are stacked in order of increasing negative inductive effect. (c) Changes in the theoretical spectrum of a cobalt(II) ion are shown
for a hypothetical increasing electron-withdrawing ligand field where the negative inductive effect of the ligand field increases from bottom (blue) to
top (red). Obtained XAS cobalt L-edge spectra for (d) COF-366-Co, (e) COF-366-(F),-Co, (f) Co(TAP), and (g) Co(TCPP) are in good
agreement with their respective simulated patterns.

“«—2¢
a) y/ b) C)
. T T T T - 70
” 10 - —— COF-366-Co 1 Eco
2 g [ — COF-366-(OMe),-Co Il
— membrane [ —— COF-366-F-Co A N (=) ?
6 [ ——COF366(F),.Co ] § 50 -
CO+H,0 H,0 .0 1 E
) £ < 404
T oL 4 ‘@
2 < 30 4
CO,+2H || 2H*+1120, 5,.L / 1 ¢
: 2 © T 201
- oL ] g
= e =
g Y al 1 10 4
5 b 4 2 5]
COF thin film 0.5 M KHCO, 6 . ) . . . ) o

-0.6 -0.8

-1.0

-1.2 -1.4 -16 -1.8 366-Co  366-(OMe),-Co 366-F-Co  366-(F),-Co

Potential (V) vs. Fe/Fc*
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tetrabutylammonium hexafluorophosphate as the electrolyte. (c) Current densities per milligram of cobalt in the different COF catalysts under
an applied potential of —0.67 V vs. RHE in 0.5 M aqueous potassium bicarbonate buffer.

accurate structure—property relationships of the catalysts.
Furthermore, it is noteworthy that COF-366-Co itself when
compared to the starting material Co(TAP) does in fact display
a stronger electron withdrawing effect on the cobalt center
which might be a possible explanation for the significantly
lower reactivity of the molecular catalyst in comparison to the
COF (Figure 3d, f; Section S6).
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Electrochemical Characterization. To verify that the
differences in electronic structure translate into modified
electrochemical properties, we measured cyclic voltammograms
of the different compounds in N,N-dimethylformamide with
tetrabutylammonium hexafluorophosphate as the electrolyte,
which show that the potential of the cathodic wave does indeed
shift from —1.425 V vs. ferrocene/ferrocenium (Fc/Fc*) for
COF-366-Co up to —1.380 V vs. Fc/Fc" for COF-366-F-Co
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(Figure 4b). The trend here tracks to what is observed in the
XAS spectra, which confirms the unexpected order of electron
withdrawing effects in the different COF materials. It should be
noted that the CVs were obtained from powder samples
deposited on a porous carbon cloth as opposed to COF thin
films and that the resulting current was not normalized by the
weight of the material (Figure 4b). Consequently, we further
tested the reactivity of the different COF catalysts to evaluate
differences in current at a given potential. Controlled potential
electrolyses were carried out in aqueous solution at —0.67 V vs
reversible hydrogen electrode (RHE) and the different catalysts
show significant differences in reactivity. As expected, the
electron withdrawing character observed by XAS and cyclic
voltammetry improves the catalytic behavior of the framework
and the current density for CO formation increases from 45
mA mg~' for COF-366-Co to 46 mA mg~' COF-366-(OMe),-
Co up to 65 mA mg~' for COF-366—F-Co. COF-366-(F),-Co
does not perfectly represent the trend as it is the second most
electron-withdrawing material but displays the lowest reactivity.
We attribute this observation to the higher hydrophobicity of
the framework and resulting decreased access of electrolyte to
the active sites (Figure 4c).°8_60

H CONCLUSION

The findings of this study illustrate the promise of covalent
organic frameworks as an emerging class of materials for
supporting catalysis with molecular-level control of both
physical and electronic structure. We demonstrated that
optimizing the morphology of COFs and growing them as
oriented thin films significantly improves the catalytic activity of
the material compared to bulk samples. More importantly,
reticular electronic tuning of the catalytically active cobalt sites
was used to optimize the material for high activity and
selectivity by facile functionalization of the reticular parent
structure with electron-withdrawing groups. In this regard, X-
ray absorption spectroscopy on the metal L-edge has proved a
useful tool for the direct observation of the effect of framework
functionalization on the metal center. The importance of the
spectroscopic evidence is highlighted by the fact that the
differences in the electronic character of the active sites do not
follow the expected trend according to basic inductive effect
considerations. We anticipate the modularity of COF systems
through reticular synthesis, combined with the ability to
engender electronic communication between reticulated active
sites and the surrounding framework, will promote further
opportunities for a broad array of catalytic transformations and
related applications.
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