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A 2,2'-Bipyridine-Containing Covalent Organic Framework
Bearing Rhenium (l) Tricarbonyl Moieties for CO, Reductiont

Damir A. Popov, John M. Luna, Nicholas M. Orchanian, Ralf Haiges, Courtney A. Downes and
Smaranda C. Marinescu*

The reduction of CO, into higher energy products such as carbon-based fuels and feedstocks is an attractive strategy for
mitigating the continuous rise in CO, emissions associated with the growing global energy demand. Rhenium tricarbonyl
complexes bearing 2,2'-bipyridine (2,2'-bpy) ligands are well-established molecular electrocatalysts for the selective
reduction of CO, to CO. Construction of efficient devices for this electrochemical process requires the immobilization of
electrocatalysts to electrode surfaces. To integrate Re(2,2'-bpy)(CO); fragments into a covalent organic framework (COF),
Re(5,5'-diamine-2,2'-bpy)(CO)sCl (1) was synthesized and electrochemically investigated. Complex 1 is an active and
selective electrocatalyst for the reduction of CO, to CO with excellent faradaic efficiency (99%). The presence of the amine
substituents leads to a destabilization of the n* orbital of the 5,5'-diamine-2,2'-bpy ligand with respect to the metal
center. Therefore, 1 requires more negative potentials (-2.47 V vs. Fc+/°) to reach the doubly reduced catalytically active
species. DFT studies were conducted to understand the electronic structure of 1, and support the destabilizing effect of
the amine substituents. The Re-2,2'-bpy fragments were successfully integrated into a COF containing 2,2'-bpy moieties
(COF-2,2'-bpy) via a post-metallation synthetic route to generate COF-2,2'-bpy-Re. A composite of COF-2,2'-bpy-Re, carbon
black, and polyvinylidene fluoride (PVDF) was readily immobilized onto glassy carbon electrodes and electrocatalytic CO,
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reduction to CO was observed at—2.8 V vs. Fc”*, with a faradaic efficiency of 81% for CO production.
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www.rsc.org/dalton

Introduction

Carbon dioxide (CO,), a greenhouse gas that is released by
both natural and artificial processes, has received attention as
an abundant, economical, and renewable C, feedstock that can
be converted to higher-energy products.l'5 Production of
renewable chemical fuels from CO, reduction can provide a
method to store the electricity generated from solar and wind
power in the form of chemical bonds, which can counteract
the intrinsic intermittency of the renewable energy sources.®
In addition, the conversion of CO, to chemical fuels would
positively impact the global CO, balance.’

One promising route to the production of renewable
chemical fuels is the electrocatalytic reduction of CO, (ERC). A
variety of molecular catalysts have been studied for this
process.z's’ 79 Molecular catalysts and their intermediates are
attractive because control over the first, second, and outer
coordination spheres of the ligand environment allows for

tuning of their chemical properties, such as reduction
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potentials, catalytic activity, and selectivity. Of particular
promise are the rhenium 2,2'-bpy complexes. The ligands 2,2'-
bpy are commonly used in coordination chemistry and form
stable well-defined complexes.lo' 1
multiple reduction events with redox equivalents stored on

Such systems can undergo

both the metal centre and the ligand due to the redox non-
innocence of 2,2'—bpy.12' 3 Due to their high selectivity for CO,
reduction over proton reduction, rhenium 2,2'-bpy catalysts
have been extensively studied.**®

Deployment of large-scale electrocatalytic devices requires
the development of synthetic strategies for the immobilization
of molecular catalysts to electrode surfaces. Heterogenization
of molecular catalysts has emerged as a promising strategy
that combines the favourable properties of molecular
homogeneous systems, such as high selectivity and tunability,
with the stability and robustness associated with
heterogeneous catalysts. Demonstrated methods for the
immobilization of molecular CO, reduction electrocatalysts
onto carbon-based electrodes include casting methods™ 7%,
the use of pyrene groupsu'B, covalent attachment**?¢,
electropolymerizationls' 2731 and incorporation of catalytic
units into extended frameworks®>?*
molecular electrocatalysts via
(MOFs) and covalent-organic frameworks

Immobilization of
metal-organic frameworks
(COFs) is an
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attractive strategy because the permanent porosity of these
materials allows for rapid substrate diffusion and access to an
unprecedented number of active sites leading to enhanced
catalytic activity in comparison with solution-based molecular
elet:trocatalysts.33'46 Additionally, site-isolation of the
molecular catalysts incorporated in MOFs and COFs results in
enhanced stability of these systems and allows for extended
catalytic performance.

Strategies have been developed for the incorporation of
Re(2,2'-bpy) catalytic units into heterogeneous structures for
immobilization onto carbon-based supports. The non-covalent
attachment of Re(2,2'-bpy) complexes containing pyrene
groups onto highly oriented pyrolytic graphite (HOPG)
electrodes was presented by Gray et al.? The resulting device
was shown to be active towards the electrochemical reduction
of CO, to CO, however, long-term performance was limited by
leaching of the rhenium active sites into solution. Similarly, an
analogous Mn(2,2'-bpy) complex was anchored via a pyrene
unit to a carbon nanotube electrode yielding an assembly that
displays high activity for ERC under fully agueous conditions
with TONs of up to 1790 + 290 for CO and up to 3920 + 230 for
formate.”® Covalent attachment is exemplified by graphite-
conjugated Re(2,2'-bpy) (GCC-Re) catalysts, where the authors
used the o-quinone moieties, commonly found on the edge
planes of graphite, to condense o-phenyldiamine units of a
modified Re(2,2'-bpy) complex.26 The resulting GCC-Re
surfaces exhibit high turnover numbers (>12,000) and turnover
frequencies, exceeding the activity of the soluble molecular
analogue. Controlled current electrolysis of GCC-Re revealed
sustained catalytic activity at 1 mA/cm2 for 1.4(3) h, followed
by rapid deactivation. To our knowledge, the only example of
Re(2,2'-bpy) incorporation into a MOF for ERC was developed
by Sun and co-workers. The monolithic Re-based MOF thin film
was deposited onto conductive FTO substrates by liquid-phase
epitaxy.47 The device demonstrated high current densities that
exceeded 2 mA/cm2,33' 3 however the current densities in a
CO,-saturated solution gradually dropped off, which was
attributed to degradation of the MOF. Additionally, metal 2,2'-
bpy catalysts have been incorporated into MOFs for
photocatalytic H, evolution, photocatalytic carbon dioxide
reduction, and electrocatalytic water oxidation.® %53
However, ERC was not reported in these studies.

We sought to investigate crystalline porous frameworks, in
particular covalent organic frameworks (COFs), as tunable
materials  for electrocatalysis.54 These materials are
advantageous because they can be easily constructed from
molecular building blocks, thus enabling the control of the
arrangement of catalytic active sites within the COF structure.
Moreover, the pores surrounding the active sites would
provide access for the substrate, in this case CO,, to the
catalytic site. Here, we show the incorporation of catalytic
rhenium 2,2'-bpy active sites into a COF. In this study, we use a
previously reported COF (COF-2,2'-bpy) derived via the
modified Schiff base reaction 1,3,5-
triformylphloroglucinol and 2,2'-bipyridine-5,5'-diamine, which
combines reversible and irreversible Schiff base reactions.>” °*
An irreversible proton tautomerism leads to the formation of

between
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COF-2,2'-bpy, with remarkable stability in water, as well as
strong acids and bases. Therefore, the resulting framework can
serve as a platform for catalysis under harsh conditions, which
was demonstrated in the study of COF-2,2'-bpy-supported Co
catalyst for the electrocatalytic oxygen evolution reaction
(OER).56 This catalyst demonstrated high stability (24 h) and
efficiency (95%).

With this in mind, a Re(2,2'-bpy) complex is proposed,
where the 2,2'-bpy fragment is modified with amine groups in
the 5,5' positions for subsequent integration into a COF. The
synthesis, characterization and electrocatalytic properties of
Re(2,2'-bpy-5,5'-diamine)(CO);Cl (1) towards CO, reduction is
presented. The electronic effects of the amine groups are
probed using DFT. Two different synthetic pathways, a direct
Schiff base condensation with 1, and post-metallation of COF-
2,2'-bpy are explored for the integration of 1 into a COF
structure. The resulting materials are studied as
electrocatalysts for CO, reduction.

Results and discussion
Synthesis and Characterization

Treatment of Re(CO)sCl with 2,2'-bipyridine-5,5'-diamine led to
the formation of a yellow precipitate. The 'H NMR spectrum of
the 2,2'-bpy-5,5'-diamine ligand displays peaks at 3 7.89, 7.84
and 6.95 ppm, corresponding to the aromatic protons, and a
broad singlet peak at 4 5.30 ppm, corresponding to the amine
protons. Upon metallation, a downfield shift in the peaks is
observed (5 8.22, 7.96, 7.21, and 6.20 ppm), suggesting clean
formation of complex 1 with a deshielding effect of the
rhenium tricarbonyl moieties (Equation 1). Solid state
structure of 1eDMF reveals equatorial coordination of the
bipyridine ligand with a N(1)—Re(1)-N(2) angle of 75.40(5)°,
and facial arrangement of the three carbonyl ligands, typical of
other Re(l)-tricarbonyl complexes bearing 2,2'-bpy ligands
(Figure 1 and Tables S1-S3). The similarity in geometry
between 1 and Re(2,2'-bpy)(CO);Cl suggests that incorporation
of the meta-substituents does not influence the geometry of
the Re center, as has been confirmed by X-ray crystallography.

NH, NH,

=N N cl
| N N

Z toluene/methanol 7, | wCO

+ Re(CO)Cl OOl o Eq. 1
N7 reflux 7 N/ | \co
|
S 1h S co
-2CO
NH, NH,

1
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Figure 1. Solid state structure of 1eDMF with ellipsoids set at
50% probability level. Aryl protons and the solvent molecule
(DMF) are omitted for clarity.

FTIR studies of a pellet of 1 with KBr reveal two major
frequencies at 2015 and 1896 cm'l, which are characteristic of
CO stretching frequencies (Figure S1). The frequency at 2015
cm™is assigned to the stretching mode of the axial CO ligand;
while the broad frequency at 1896 ecm™ is indicative of two
overlapping equatorial CO stretches. Besides these features,
the FTIR spectrum displays additional shoulders at 2022, 1929,
and 1845 cm™. However, when the FTIR spectrum of complex
1 was collected using an ATR attachment (Figure 2), two major
peaks at 2011 ecm™ and 1891 cm™ were observed, suggesting
that 1 undergoes halogen exchange with KBr during the pellet
preparation. The minor peaks at 1919 and 1836 cm™
correspond to the in-phase and out-of-phase stretching modes
of the equatorial CO ligands, and these frequencies persist in
the ATR-IR spectrum. The broad peak at 1891 em? is a
fundamental band and the appearance of the persisting
shoulders is due the coupling caused by Fermi resonance. A
classic example is benzoyl chloride.®’ Additionally, similar
shoulders have been observed for Re(bpy-COOH)(CO);Cl by
Kubiak et al.’®

2100 2050 2000 1950 1900

Wavenumbers (cm-')

1850 1800 1750

Figure 2. CO stretching region of the ATR-FTIR spectrum of 1.

To provide computational insight for the assignments of
the carbonyl stretching modes, frequency calculations were
run at the MO6 level of theory with a hybrid basis set (6-31G*
for C, H, N, O and LANL2DZ for Cl, Re). The calculated carbonyl
stretching frequencies for Re(2,2'-bpy)(CO);Cl and 1 are shown
in Table S4, and the stretching vectors for these modes are
depicted in Figure S2. The character of these three modes and
their relative energy ordering are unchanged in 1, providing

This journal is © The Royal Society of Chemistry 20xx

theoretical support for the assignment of the experimental FT-
IR results.

An increase in the donor strength of the 2,2'-bpy-5,5'-
diamine ligand is expected to decrease the Re-N bond lengths
due to the stronger nitrogen donors, while the carbonyl C-O
bond length should increase due to stronger m-backbonding
interactions with Re. As neither the Re-N, nor the C-O bond
lengths are perturbed, it can be inferred that the electron
density at Re is largely unchanged by the inclusion of electron-
donating amine groups in the meta-positions (Table S4).
However, there is a consistent decrease in the experimental
and calculated carbonyl stretching frequencies upon inclusion
of the meta-substituted amines, suggesting that there is a
subtle increase in w-backbonding from rhenium to the
carbonyl ligands, which was less evident from the structural
parameters.

High resolution (HR) XPS studies of 1 reveal the presence of
Re, Cl, and N (Figure 3). One set of peaks is observed in the Re
4f region, with binding energies of 43.4 and 40.9 eV,
corresponding to Re 4fs;, and 4f;, levels, respectively. HR XPS
studies in the Cl 2p region reveal two peaks, with binding
energies of 198.9 and 197.1 eV, and assigned to Cl 2p,;, and
2p3,, levels, respectively. Additionally, one peak at 398.8 eV
was observed and assigned to the N 1s level.

(@N1s (b) Cl 2p

I,/-\
ALY

404 402 400 398 396 394
Binding energy (eV)

302 204 202 200 198 196 194 192
Binding energy (eV)

(c) Re 4f \

48 4 44 42 40 38 36
Binding energy (eV)

Figure 3. XPS spectra of 1. (a) N 1s core level; (b) Cl 2p core
level; and (c) Re 4f core level.

Electrochemical Studies

Cyclic voltammograms (CVs) of 1 were recorded using glassy
carbon electrodes in acetonitrile (MeCN) solutions of 0.1 M
[nBusN][PFs] under a nitrogen atmosphere, and multiple scans
of 1 display similar current density values (Figures 4 and S21).
Two irreversible reduction features are observed at —2.11 V
and —2.47 V vs. Fc”* (Figure 4). All the potentials listed here
are referenced versus Fc%” couple. These reduction features
do not exhibit increased reversibility upon either increasing
the scan rate (Figure S3), or reversing the potential after the
first reduction (Figure S22). The cathodic peak current
densities at —2.11 V and —2.47 V are directly proportional to
the square root of the scan rate (Figure S4), as expected for a

Dalton. Trans., 2018, 00, 1-3 | 3
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freely diffusing species in solution obeying the Randles-Sevcik
equation.

CVs of 1 under CO, exhibit a ~4-fold increase in current
density near the second reductive feature, suggesting that a
catalytic reaction is taking place (Figure 4). Controlled
potential electrolysis (CPE) of 1 (0.5 mM) under CO, was
performed at —2.57 V (Figure S5). 9.2 coulombs of charge were
consumed after 1 h. Analysis of the gas mixture confirmed
production of CO with a Faradaic efficiency (FE) of 99% and a
TON of 100,800, as described in the SI (Table S5). Negligible
amounts of CO were observed under a nitrogen atmosphere,
suggesting that the CO produced is from CO, and not from the
carbonyl groups present in 1. Negligible amounts of formate
were observed by FTIR, suggesting that the overall reaction is a
2-proton 2-electron reduction of CO, to €0.*® Addition of
external proton donors (e.g. water, methanol, trifluoroethanol,
and phenol) did not improve the catalytic performance. At the
negative reduction potentials needed for the catalysis, it has
been reported that the O-acceptor can be a proton extracted
from MeCN*>° or from [nBuyN][PFg] through Hoffman
degradationeo. The FTIR spectra of the electrolysis solutions
before and after CPE studies display identical peaks (Figure

S6), suggesting that complex 1 is stable under the
. - 61-63
electrocatalytic conditions.
100
o 0
5—100
< 200
2 -300
0n
S -400
°
£ -500
g
5 -600
© 700 —nN2
800 —CO02
-2.8 -2.6 -2.4 22 -2 -1.8 -1.6

Potential vs. Fc*/° (V)

Figure 4. CVs of 1 (0.5 mM) in 0.1 M [nBusN][PFs] in MeCN
under Ar (black) and CO, (red) at a scan rate of 100 mV/s.

The reduction features in 1 occur at potentials more
negative than those of any of the previously reported rhenium
2,2'-bpy molecular catalysts (Table 56).16' % To understand this
difference in the electronics of 1, DFT calculations were
performed. Relative energies for the Kohn-Sham molecular
orbitals of Re(2,2'-bpy)(CO);Cl and 1, along with illustrations of
the respective HOMOs and LUMOs, are presented in Figure 5.
It is clear from this diagram that the overall HOMO and LUMO
character for 1 is not drastically perturbed from that of
Re(2,2'-bpy)(CO);Cl. The LUMO retains its 2,2'-bpy =w*
character, and the HOMO exhibits Re-Cl t* character. Though
the character of these orbitals is not perturbed, the LUMO is
evidently destabilized by the increased antibonding
interactions in the m-framework of the 5,5'-diamine-2,2'-bpy
ligand. This destabilization is the likely cause for the increased
reduction potential of 1 relative to Re(2,2'-bpy)(CO);Cl, as the
additional electron would populate this destabilized, higher-
lying LUMO. The relative energy of the corresponding 2,2'-bpy-

4 | Dalton. Trans., 2018, 00, 1-3 | 4

5,5'-diamine m-bonding orbital was also shown to lie higher in
energy than that of Re(2,2'-bpy)(CO);Cl (see Figure S11),
confirming that the highest occupied 2,2'-bpy-5,5'-diamine
based orbital is similarly destabilized upon introduction of the
amine groups.

These predictions are consistent with the experimental
evidence provided that the observed reduction events are 2,2'-
bpy based. In order to demonstrate this, the zinc analogue of
1, Zn(2,2'-bpy-5,5'-diamine)(CH;C0O0),-H,0, was synthesized
by treating zinc acetate with 2,2'-bpy-5,5'-diamine in
water/methanol to generate a white solid. The 'H NMR
spectrum of this solid displays peaks corresponding to the 2,2'-
bpy-5,5'-diamine ligand environment, along with another peak
at 1.79 ppm, corresponding to the methyl protons in the
acetate group (6H). The electrochemistry of the zinc complex
was explored (Figure S10). Two reduction events are observed
at -2.31 V and -2.71 V, suggesting that the features present in
Figure 4 might be ligand-based reductions, which is common
for related 2,2'-bpy based Re complexes.

4f LUMO'——— — —> ‘r’?&ﬁj{
A8,
N

; 3

HOMO'
of HOMO

LUMO
3 -

—

=

Relative Energy (eV)

2F

Figure 5. Molecular orbital diagrams and frontier orbital
images for Re(2,2'-bpy)(CO);Cl (HOMO, LUMO; blue) and 1
(HOMOQO', LUMO'; red). Calculations were performed using the
MO6 functional with the 6-311G* basis set for H, C, N, and O
atoms and the LANL2DZ effective core potential and basis set
for Cl and Re atoms.

According to published mechanistic studies of CO,
reduction with Re(2,2'-bpy)(CO)sCl, it is common for this and
related 2,2'-bpy based Re complexes to dissociate Cl following
the electron transfer step.ss' 8573 The species formed upon the
electron transfer, [Re(2,2'-bpy)(CO);Cl]", exists in equilibrium
with the neutral complex, [Re(2,2'-bpy)(CO)3]O, and the
dissociated CI”_ Since the first reduction feature in 1 appears
irreversible at various scan rates (Figure S3), this indicates that
chloride dissociation is an irreversible process on the timescale
of the CV experiment. The complete chloride dissociation in 1
is attributed to the more cathodic potential of the first
reduction caused by the destabilization of the LUMO (vide
supra).

This journal is © The Royal Society of Chemistry 20xx
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To probe this observed irreversibility, changes in the CV
response upon addition of nBu;NCl were monitored. The
addition of nBu,NCl is expected to shift the equilibrium away
from the dissociation of chloride, causing an increase in the
reversibility of the first reduction feature. This, however, is not
observed even in the presence of a large excess of chloride
(0.1 M nBu4NCl), supporting that the observed chloride
dissociation is indeed an irreversible process (Figure S7). To
further probe the irreversibility of the first reduction feature in
1, a chloride-abstracted analogue of 1, Re(2,2'-bpy-5,5'-
diamine)(CO)3;(MeCN)(OTf) (1°Tf), was synthesized from 1 and
silver triflate. The 'H NMR spectrum of the resulting crystals
display peaks associated with the 2,2'-bpy-5,5'-diamine ligand
environment along with a broad peak at 2.09 ppm (3H),
indicative of the coordinated acetonitrile ligand. The reduction
features observed in 1°™ are more positive compared to the
ones in 1, by approximately 200 mV and 190 mV, respectively
(Figure S8), consistent with other previously reported triflate
rhenium bipyridine complexes.“’ "% No increase in reversibility
of the first reduction feature in 1°" is observed upon
increasing scan rate (Figure S9), suggesting irreversible loss of
the acetonitrile ligand following the first reduction on the CV
timescale. Therefore, both experiments using nBu,NCl and 107
support that the first reduction and the subsequent ligand (CI™
or MeCN) loss is an irreversible process.

Immobilization studies

Following the successful electrocatalytic reduction of CO, to
CO using 1, attempts to integrate 1 into a COF by a modified

55, 56, 75 . .
In this reaction

Schiff base condensation were explored.
the initial imine formation is followed by an irreversible enol-
to-keto tautomerism, which leads to a two-dimensional COF
with remarkable stability in water, strong acids, and bases.
Inspired by this and the fact that the 2,2'-bpy-5,5'-diamine
ligand was successfully used as a building block for COF (COF-
2,2'-bpy) formation,”® 7° we reasoned that the structurally
related complex 1 could induce COF formation in a similar
fashion. Unfortunately, attempts to directly utilize 1 were
unsuccessful and led to unidentifiable mixtures.

it was
of this

Since COF-2,2'-bpy contains 2,2'-bpy fragments,
proposed that post-synthetic 7678
framework, specifically post-metallation, result in
incorporation of the rhenium (l) tricarbonyl fragments
(Re(CO);), effectively heterogenizing the rhenium 2,2'-bpy
molecular catalyst. We prepared COF-2,2'-bpy, which is an
orange crystalline material featuring an intense peak at 2 6 =
3.6° in the powder X-ray diffraction (PXRD) pattern,
corresponding to the [100] reflection.”® 7° Treatment of COF-
2,2'-bpy with Re(CO)sCl in toluene under reflux for 3 days
results in the formation of a dark-red powder, COF-2,2'-bpy-
Re, which underwent solvent exchange to remove the excess

modification
could

starting materials (Equation 2). The amount of Re catalyst
incorporated into the framework can be modified by varying
the Re(CO)sCl/COF-2,2'-bpy ratio. Using ratios of 0.01, 0.05,
0.15, 1.0, and 1.5 results in the formation of COF-2,2'-bpy-Re
samples with rhenium weight percentages of 0.21, 0.65, 1.86,

This journal is © The Royal Society of Chemistry 20xx

15.39 and 29.38, respectively, as determined by inductively
coupled plasma atomic emission spectroscopy (ICP-OES)
studies of the digested dark-red powders. FTIR and XPS studies
were used to probe whether molecular,
centres exist within COF-2,2'-bpy-Re.
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b
i

i
o5 N
0
eiconRe— A AN A
[ o M,
N o ™ B
‘\ S AL »
NS H
wo I
e

)

/ﬁ o cicopre P o
N N So ) o o

P
sl L 4 3 T
o Lt
\ \N\ 2 ) c\kcc),Rle\N‘ S N
o NP o acatt Ky o AT Tl
AN Z Z
LY i
Cly “So o7 ) No
o HN
M corazam [

The FTIR spectra of all the COF-2,2'-bpy-Re samples
displayed the presence of the characteristic CO stretches at
2023 and 1907 cm™ (Figure 6). The former is assigned to the
stretching mode of the axial CO ligand, and the latter is
assigned to the in-phase and out-of-phase stretching modes of
the equatorial CO stretches (unresolved due to their similar
energies), which agrees with the FTIR of 1 (vide supra),
suggesting that Re(CO); sites retain their molecular nature
within the heterogeneous framework. No CO stretches were
observed in the FTIR spectrum of COF-2,2'-bpy (Figure S12).
Additionally, the CO stretches in the FTIR spectrum of
Re(CO)sCl (Figure S13) are distinct from those of COF-2,2'-bpy-
Re, indicating that 2,2'-bpy-coordinated Re(CO); moieties are
the source of the CO stretches observed in Figure 6.

0.21 wt % Re

0.65wt % Re
—1.86 wt % Re
—15.39 wt % Re
—29.38 wt % Re

1900

2000
Wavenumbers, cm-

2200 2100 1800

Figure 6. Overlay of the FTIR spectra of COF-2,2'-bpy-Re with
various amounts of incorporated rhenium, such as: 0.21
(orange), 0.65 (yellow), 1.86 (green) 15.39 (blue), and 29.38
(purple) wt % Re.

HR XPS studies of COF-2,2'-bpy-Re 15.39 and 29.38 wt % Re
reveals the presence of Re, Cl, and N (Figures S14 and 7). One
set of peaks is observed in the Re 4f region with binding
energies of 44.3 and 41.9 eV, corresponding to Re 4fs;; and
4f;/, levels. The XPS peaks observed are similar to the ones of
1, as well as to those of other reported heterogenized
species,21 26 suggesting that the rhenium tricarbonyl moiety is
maintained upon heterogenization via COF. HR XPS studies of

Dalton. Trans., 2018, 00, 1-3 | 5
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the Cl 2p region reveal two peaks, with binding energies at
198.9 and 198.2 eV, corresponding to Cl 2p;;, and 2psp,
respectively. Additionally, one peak at 400.5 eV was observed
and assigned to the N 1s region. XPS studies of Re(CO)sCl
(Figure S15) show distinct electronic environments for both
the Re 4f and Cl 2p regions from that of COF-2,2'-bpy-Re.
Therefore, based on the FTIR and XPS data for COF-2,2'-bpy-
Re, we conclude that Re-2,2'-bpy are incorporated into the
framework.

(@aN1s

(b) CI 2p
A

404 402 400 398
Binding energy (eV)

396 203 202 201 200 199 198 197 196 105
Binding energy (eV)

(c) Re 4f

a7 4 43 @ 30
Binding energy (eV)

Figure 7. XPS spectra of COF-2,2'-bpy-Re that displays 29.38 wt
% Re. (a) N 1s core level; (b) Cl 2p core level; (c) Re 4f core
level.

To probe whether the structural integrity of COF-2,2'-bpy
was retained upon post-metallation, PXRD patterns were
collected for all the COF-2,2'-bpy-Re samples and the un-
metallated COF-2,2'-bpy (Figure 8). All the COF-2,2'-bpy-Re
samples except for the 29.38 wt % Re sample maintained the
crystalline structure of COF-2,2'-bpy as evidenced by retention
of the peak at 2 6 = 3.6°. The loss of this peak in the 29.38 wt
% Re case is consistent with the lack of long-range order due
to a high occupancy of the 2,2'-bpy active sites by Re
tricarbonyl fragments, which induces exfoliation and pore
misalignment.

The permanent porosity of COFs is an attractive feature
that is expected to facilitate substrate diffusion. To investigate
the surface areas of the developed frameworks, Brunauer-
Emmett-Teller (BET) measurements were performed. The
surface areas of COF-2,2'-bpy-Re 15.39 and 29.38 % were
found to be 192.7 and 150.0 mz/g, respectively, which is
smaller that the surface area found for COF-2,2'-bpy-
supported Co material (450 mz/g).56 The small pore size of the
resulting COF-2,2'-bpy-Re samples could lead to poor diffusion
of CO, throughout the material, thus inhibiting
electrocatalysis.

Having observed successful incorporation of Re(CO);
fragments into COF-2,2'-bpy, the efficiency of the resulting
materials as catalysts for ECR was explored. Given that many
framework materials are insulating,”' 7% % 3nd that an
analogous Co catalyst hosted by COF-2,2'-bpy was supported
on a highly conductive carbon-based material,56 we decided to
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integrate COF-2,2'-bpy-Re with a conductive additive, carbon
black, and a polymer binder, such as polyvinylidene fluoride
(PVDF), to generate the COF-2,2'-bpy-Re-based composite. CVs
of the glassy carbon electrode modified with the rhenium-
based composite in MeCN (0.1 M [nBuysN][PFg]) under N,
display no redox features. A similar behavior was reported by
Surendranath et al. for the surface-bound Re(2,2'-bpy)
species.26

—0wt % Re
0.21 wt % Re
0.65 wt % Re

—1.86 wt % Re

—15.39 wt % Re

2 4 6 8 10
20 (degrees)

Figure 8. Overlay of the experimental PXRD patterns of COF-
2,2'-bpy-Re with 0.00 (red), 0.21 (orange), 0.65 (yellow), 1.86
(green) and 15.39 (blue) wt % Re incorporation.

For the COF-2,2'-bpy-Re samples with 0.21, 0.65, 1.86, and
15.39 wt % Re, all of which possessed the crystallinity of the
parent COF-2,2'-bpy, minimal current increases were observed
for CV experiments under a CO, atmosphere and no CO was
detected by GC following electrolysis. However, the CV of the
composite based on COF-2,2'-bpy-Re 29.38 wt % Re, termed 2,
displays currents reaching 13.2 mA at a potential of —2.8 V
under CO, saturation (Figure 9). In comparison, composite 2
displays a current of 4.8 mA at the same potential under N,.
The observed current enhancement for composite 2 under CO,
suggests that a catalytic reaction is taking place.

CPE of 2 was performed in MeCN (0.1 M [nBu,N][PF])
under a CO, atmosphere in a sealed H-cell at —2.8 V vs. Fc*
(Figure S16). During 1 hour of electrolysis, aliquots of the
gaseous headspace were taken at the 30 min and 60 min
intervals and analyzed by GC. GC confirmed the formation of
CO, with an 81% faradaic efficiency at 30 min and 57% at 60
min (Table S8). The amount of CO detected at 30 min was the
same as the amount of CO at 60 min, suggesting low stability
of the catalyst under prolonged electrolysis. The CPE profile
exhibits a significant drop-off in current, similar to that of the
reported Re-GCC.*® Control experiments performed under CO,
with composites based on COF-2,2'-bpy and Re(CO)sCl, or
carbon balck and PVDF, led to negligible amounts of CO
detected, suggesting that none of these are catalysts for ECR
(Figure S17). Additionally, CPE experiments of 2 under N,
resulted in no CO production, indicating the absence of non-
catalytic sources of CO. Together, these data indicate that 2 is
responsible for the ECR observed.

This journal is © The Royal Society of Chemistry 20xx
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Current (mA)
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Figure 9. Polarization curves for composite 2 in a 0.1 M
[nBu,N][PFg¢] acetonitrile solution under N, (black) and CO,
(red) at a scan rate of 10 mV/s.

Comparison of the CVs before and after CPE confirmed the
instability of 2 (Figure S18). Limited stability of other
heterogenized Re(2,2'-bpy) molecular catalysts has been
previously observed. 2,126,497 A possible deactivation pathway in
2 is leaching of rhenium into solution during the CPE studies.
This was probed using ICP-OES analysis of the solution
generated after CPE experiments, however, negligible amounts
of rhenium were detected. Electrolyzing the postcatalysis
solution with a clean glassy carbon electrode under CO,
showed background currents (Figure S19), typical to those of
the bare glassy carbon electrode in fresh electrolyte solution
and did not lead to the formation of CO. Additionally, the XPS
spectra of 2 following electrolysis experiments were also
collected (Figure S20). The persistence of Re signals at the
same binding energies as those observed for 2 prior catalysis
indicates that the Re active sites are retained after catalysis.
These data indicate that leaching of Re into solution is not
responsible for the loss of catalytic activity. A possible
decomposition pathway is the degradation of the framework
or the composite as a whole, limiting its long-term catalytic
activity.

Additionally, the ability of composite 2 to achieve high
electrocatalytic activity is limited by its weak non-covalent
interactions with the electrode surface. Additionally, the
polymer binder used here, PVDF, swells in acetonitrile,
disrupting the electrical integration between the catalyst,
carbon black, and the electrode surface, resulting in a surface
assembly with poor conductivity and charge transfer. Low
surface areas of the resulting material may also prevent mass
transport of the substrate (CO,) to the rhenium active sites,
and/or product diffusion, inhibiting efficient catalysis. Overall,
poor charge and mass transport are suspected to be the main
factors limiting the electrocatalytic activity and leading to the
poor performance of the COF-2,2'-bpy-Re composites for CO,
reduction.

Conclusions

In summary, we report here the synthesis of Re(2,2'-bpy-5,5'-
diamine)(CO);Cl (1), and its investigation towards the
electrocatalytic CO, reduction. Complex 1 reduces CO, to CO at

This journal is © The Royal Society of Chemistry 20xx

—2.57 V with a faradaic efficiency of 99% during 1 hour of
electrolysis. DFT studies were employed to investigate the
electronic structure of 1 and predicted that the LUMO of 1 is
destabilized relative to that of Re(2,2'-bpy)(CO);Cl. This
destabilization perturbs the electrochemical behaviour of 1 as
the complex displays more negative and irreversible reduction
features in comparison to Re(2,2'-bpy)(CO);Cl. This, in turn,
leads to irreversible chloride dissociation as the population of
the destabilized higher-lying LUMO necessitates a more
negative reduction potential.

Efforts to heterogenize 1 by incorporation into the COF-
2,2'-bpy framework containing unmetallated 2,2'-bpy moieties
led to the isolation of COF-2,2'-bpy-Re. A series of FTIR and XPS
experiments showed the presence of well-defined rhenium
sites in a single homogeneous environment. The ratio of Re
incorporation is varied between 0.21 and 29.38 wt % Re. When
COF-2,2'-bpy-Re is utilized as a composite with carbon black
and PVDF, only the sample with the highest rhenium
concentration, 29.38 wt % Re, was shown to be active for ERC
to CO at —2.8 V. Following a 30 min CPE, CO was produced with
a faradaic efficiency of 81%. The electrocatalytic activity of the
composite was diminished after 30 min of electrolysis, and
attributed to inhibited mass transport and substrate diffusion.

Experimental Section
General considerations

All manipulations of air and moisture sensitive materials were
conducted under a nitrogen atmosphere on a dual manifold
Schlenk line. The glassware was oven-dried prior to use.
Acetonitrile and toluene were degassed with nitrogen and
passed through activated alumina columns and stored over 4 A
Linde-type molecular sieves. Deuterated solvents were dried
over 4 A Linde-type molecular sieves prior to use. '"H NMR
spectra were acquired at room temperature using Varian
spectrometers and referenced to the residual 'H resonances of
the deuterated solvent (‘H: CDCl;, d 7.26 ppm; DMSO-ds, &
2.50 ppm). Elemental analyses were performed by Robertson
Microlit Laboratories, Ledgewood, New Jersey. All the
chemical reagents purchased from commercial vendors and
were used without further purification. Commercially available
tetrabutylammonium hexafluorophosphate ([nBus;N][PF¢]) was
recrystallized from hot methanol prior to use. Compounds 2,2'-
bpy—5,5'—diamine81’ 8 and 2,4,5-trihydrobenzene-1,3,5-
tl'icarbaldehyde,83 and the porous framework COF—2,2'—bpy55
were prepared according to the reported literature
procedures. The isolation of 2,2'-bpy-5,5'-diamine from the
corresponding dihydrochloride was performed with slight
modifications from the reported literature proceduressz. The
isolated dihydrochloride was dissolved in the minimal amount
of water and the solution was treated with concentrated
ammonia. This treatment allowed for the formation of needle-
like crystals of the diamine (70 %).

Physical methods

Dalton. Trans., 2018, 00, 1-3 | 7
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Powder X-ray diffraction (PXRD) was performed on a Rigaku
Ultima IV X-ray diffractometer in reflectance parallel
beam/parallel slit alignment geometry. The measurement
employed Cu Ka line focused radiation at 1760 W (40 kV, 44
mA) power and a Ge crystal detector fitted with a 0.6 mm
radiation entrance slit. Samples were mounted on zero-
background sample holders. Samples were observed using a 1°
2 0 step scan from 2.0° to 60.0° with an exposure time of 11.4
s per step. No peaks could be resolved from the baseline for 2
0 >35°.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) measurements were performed using a Thermo
Scientific iCAP 7000 ICP-OES. A 1000 ppm rhenium standard in
nitric acid (Sigma Aldrich) was used to construct a calibration
plot.

XPS data were collected using a Kratos AXIS Ultra
instrument. The monochromatic X-ray source was the Al Ka
line at 1486.6 eV, directed at 35° to the sample surface (55° off
normal). Emitted photoelectrons were collected at an angle of
35° with respect to the sample surface (55° off normal) by a
hemispherical analyzer. The angle between the electron
collecting lens and the X-ray source is 71°. Low-resolution
survey spectra were acquired between binding energies of 1-
1100 eV. Higher-resolution detailed scans, with a resolution of
~ 0.8 eV, were collected on individual XPS lines of interest. The
sample chamber was maintained at < 2 x 10~ Torr. The XPS
data were analyzed using the CasaXPS software.

Brunauer—-Emmett-Teller (BET) was collected using a Nova
2200e surface area and pore size analyzer (Quantachrome
Instruments, Inc.). Materials were degassed for 2 h at 150 °C in
vacuum before measurement.

Computational Methods

All calculations were run using the Q-CHEM program package.
84 Geometry optimizations were run with restricted DFT
calculations at the MO06 level of theory with a composite basis
set. The Pople 6-31G* basis set was used for H,C,N, and O
atoms and the Hay—Wadt VDZ (n+1) effective core potentials
and basis sets (LANL2DZ) were used for Cl and Re atoms.®*?
All optimized geometries were verified as stable minima with
frequency calculations at the same level of theory. The M06
functional was used throughout this study, as it provides
reduced Hartree-Fock exchange contributions and includes
empirical fitting for accuracy in organometallic systems.93
Single point energy calculations were run with a larger 6-
311G** basis for H, C, N, and O atoms and solvation was
treated with COSMO (dielectric of 37.5 for
acetonitrile).94 Kohn-Sham orbital images are presented with
isovalues of 0.05 for clarity.

constant

Synthesis of Re(2,2'-bpy-5,5'-diamine)(CO);Cl (1)

A 100 mL oven dried 3-neck flask fitted with a reflux
condenser, adaptors, and a stir bar was allowed to cool down
under vacuum. The flask was then refilled with nitrogen and
charged with Re(CO);Cl (109 mg, 0.30 mmol) and toluene (45
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mL). A warm (50 °C) solution of 5,5'-diamine-2,2'-bpy (55.9 mg,
0.30 mmol) in methanol (5 mL) was cannula transferred to the
3-neck flask. The reaction mixture was refluxed for 1 h. The
colour of the reaction mixture changed from light to bright
yellow, characteristic of the formation of the Re(CO); species.
The reaction mixture was allowed to cool to room
temperature and then placed in the freezer (-29°C) overnight.
A yellow precipitate formed and was collected on a glass frit,
washed with 1 mL of cold methanol and dried under vacuum
to afford a bright yellow solid (141 mg, yield = 95%). 'H NMR
(400 MHz, DMSO-dg) & 8.22 (d, 2H, *J = 2.4 Hz), 7.96 (d, 2H, *J =
8.8 Hz), 7.21 (dd, 2H, > = 8.8 Hz, *J = 2.4 Hz), 6.20 (s, 4H). Anal.
Calcd for C;3H4oCIN,O3Re: C, 31.74; H, 2.05, N, 11.39. Found: C,
31.94; H, 1.97; N, 11.35. X-ray quality crystals were grown by
vapor diffusion of a diethyl ether/dimethylformamide mixture
at room temperature over the course of 1 day.

Synthesis of Re(2,2'-bpy-5,5'-diamine)(CO);(MeCN)(OTf) (1°Tf)

A reported procedure was followed.”* A 3-neck flask fitted
with a reflux condenser, adaptors, and a stir bar was charged
with Re(2,2'-bpy-5,5'-diamine)(CO);Cl (1) (24.9 mg, 0.051
mmol), AgOTf (13.0 mg, 0.051 mmol), and acetonitrile (5 mL).
The flask was covered with aluminium foil and the reaction
mixture was allowed to stir under reflux for 24 h, during which
a white precipitate formed. The supernatant was filtered, and
diffusion with diethyl ether resulted in the formation of amber
crystals, that were washed and dried (24.0 mg, yield = 79%). 'H
NMR (400 MHz, MeCN-d5) & 8.33 (d, 2H), 7.85 (d, 2H), 7.34 (dd,
2H), 5.05 (s, 4H), and 2.09 (s, 3H, CH;CN). Anal. Calcd for
Cy6H13F3NsOgReS: C, 29.72; H, 2.03; N, 10.83. Found: C, 30.12;
H, 2.04; N, 10.86.

Synthesis of Zn(2,2'-bpy-5,5'-diamine)(CH;C00),-H,0.

A solution of 2,2'-bpy-5,5'-diamine (9.3 mg, 0.050 mmol) in 1
mL of MeOH was added to a vial with a solution of
Zn(CH3C0O0),-2H,0 (21.9 mg, 0.100 mmol) in 1 mL of water at
room temperature. The reaction mixture was stirred for 1 h.
Methanol was allowed to evaporate over the period of 2 days,
leading to the appearance of colourless crystals, that were
washed with water and dried under vacuum at 100°C (16.3 mg,
84%). '"H NMR (400 MHz, DMSO-dg) 6 8.01 (d, 2H), 7.97 (d, 2H),
7.23 (dd, 2H), 6.09 (s, 4H), and 1.79 (s, 6H, CH5COO). Anal.
Calcd for Cy4H15N,OsZn: C, 43.37; H, 4.68; N, 14.45. Found: C,
43.30; H, 4.36; N, 14.32.

Typical synthesis of COF-2,2'-bpy-Re

Solid COF-2,2'-bpy (87.1 mg) was transferred to a 100 mL
round bottom flask equipped with a magnetic stir bar and a
reflux condenser. A solution of Re(CO)sCl (108.6 mg, 1.5
equivalents) in toluene (10 mL) was added to the reaction
mixture and heated at reflux temperature for 3 days. A color
change was observed from red-orange to dark-red. The
resulting powder was collected on a medium porosity frit and
washed with acetone (3 x 10 mL), dichloromethane (3 x 10
mL), tetrahydrofurane (3 x 10 mL), and acetone (3 x 10 mL).

This journal is © The Royal Society of Chemistry 20xx
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Additionally, the powder was washed with copious amounts of
acetone to remove unreacted starting materials. The resulting
powder was dried at 150°C under high vacuum for 4 h.
According to ICP-OES the sample contains 29.38 mass% of Re.
For other wt % Re, the synthesis was performed analogously to
the original synthesis of COF-2,2'-bpy-Re (see above), with the
exception that the following equivalents of the rhenium
precursor were used: 0.01, 0.05, 0.15, 1.0 equivalents, or 0.7,
3.6, 10.9, and 72.4 mg, respectively. According to ICP-OES the
samples contain 0.21, 0.65, 1.86, and 15.39 wt % Re,
respectively.

Electrode fabrication (carbon ink method)

Glassy carbon plate electrodes (6 cm x 1 cm x 0.3 cm, Tokai
Carbon Co., Ltd.) were polished with MicroPolish Powder 0.05
micron (CH Instruments, Inc.), rinsed with Millipore water and
acetone, and dried. A carbon black/PVDF paste was prepared
by combining 70 mg of the commercial carbon black material
(Vulcan XC-72R; Fuel Cell Store), 10 mg poly(vinylidene
fluoride) (Sigma-Aldrich), 20 mg COF-2,2'-bpy-Re and 4 mL of
freshly distilled N-methyl-2-pyrrolidone (NMP). The resulting
mixture was sonicated for 3 hours. Acetonitrile (10 uL) was
added to the 6 cm x 1 cm electrode surface area, followed by
the addition of 40 uL of the carbon black/PVDF paste per 2.5
cm’. The electrode was allowed to dry under vacuum for 2
hours.

Electrochemical methods

Electrochemistry experiments were carried out using a Pine
WaveDriver 20 Bipotentiostat. The electrochemical
experiments performed in a
configuration electrochemical cell under N, or CO, saturated
atmospheres in 0.1 M tetrabutylammonium
hexafluorophosphate acetonitrile solution using glassy carbon
electrodes as the working electrode. Cyclic voltammetry
experiments of 1 (0.5 mM) were carried out in a single
compartment cell using a 3 mm glassy carbon electrode as the
working electrode, platinum wire, purchased from Alfa Aesar,
as the auxiliary electrode, and silver wire as the reference
electrode. Controlled potential electrolysis (CPE) experiments
of 1 and all electrochemical measurements for COF-2,2'-bpy
and COF-2,2'-bpy-Re were conducted in a two-chambered H
cell. The first chamber held the working and reference
electrodes in 50 mL of 0.1 M tetrabutylammonium
hexafluorophosphate in acetonitrile. The second chamber held
the auxiliary electrode in 20 mL of 0.1 M tetrabutylammonium
hexafluorophosphate in MeCN. The two chambers were
separated by a fine porosity glass frit. The reference electrode
(silver wire) was placed in a separate compartment charged
with 0.1 M tetrabutylammonium hexafluorophosphate in
acetonitrile, and connected by a Vycor tip. Glassy carbon plate
electrodes (6 cm x 1 cm x 0.3 cm; Tokai Carbon USA) were
the working auxiliary
electrochemical experiments presented here were referenced
relative to ferrocene (Fc) with the Fe*”?* couple at 0.0 V.

were three-electrode

used as and electrodes. All

This journal is © The Royal Society of Chemistry 20xx

Decamethylferrocene (Fc*) with the Fe**/**

was used as an internal standard.

Gas analysis potential electrolysis
experiments were performed using 2 mL sample taken from
the headspace of the electrochemical cell and injected into a
gas chromatography instrument (Shimadzu BID-2010 plus
series gas chromatograph) equipped with a BID detector and a
2 m x 1 mm Restek ShinCarbon ST Micropacked column.
Faradaic efficiencies were determined by dividing the
measured CO produced by the amount of CO expected based
on the charge passed during the bulk electrolysis experiment.
For each species the controlled-potential electrolysis
measurements were performed at least twice, leading to
similar behaviour. The reported Faradaic efficiencies and pmol
of CO produced are average values.

couple at —0.48 V

for controlled
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