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ABSTRACT: Light-driven conversion of CO, to chemicals provides a sustainable )
alternative to fossil fuels, but homogeneous systems are typically limited by cross reactivity < bV

between different redox half reactions and inefficient charge separation. Herein, we present (_
the bioinspired development of amphiphilic photosensitizer and catalyst pairs that self-
assemble in lipid membranes to overcome some of these limitations and enable
photocatalytic CO, reduction in liposomes using precious metal-free catalysts. Using
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sodium ascorbate as a sacrificial electron source, a membrane-anchored alkylated cobalt

porphyrin demonstrates higher catalytic CO production (1456 vs 312 turnovers) and selectivity (77 vs 11%) compared to its water-
soluble nonalkylated counterpart. Time-resolved and steady-state spectroscopy revealed that self-assembly facilitates this
performance enhancement by enabling a charge-separation state lifetime increase of up to two orders of magnitude in the dye
while allowing for a ninefold faster electron transfer to the catalyst. Spectroelectrochemistry and density functional theory
calculations of the alkylated Co porphyrin catalyst support a four-electron-charging mechanism that activates the catalyst prior to
catalysis, together with key catalytic intermediates. Our molecular liposome system therefore benefits from membrane
immobilization and provides a versatile and efficient platform for photocatalysis.

B INTRODUCTION

The sunlight-driven reduction of CO, to value-added products
is a promising and sustainable path to mitigate anthropogenic
CO, emissions and produce renewable platform chemicals.
The use of lipid membranes such as liposomes as artificial
photosynthetic scaffolds is an elegant and bioinspired approach
to design photosynthetic systems.' These synthetic liposomes
can self-assemble into biomimetics of thylakoid membranes
while allowing tunability of their supramolecular and photo-
catalytic components. Crucially, they facilitate charge separa-
tion” * and can spatially separate (compartmentalize) redox
half reactions,” thereby avoiding cross reactivity (such as back
reactions and charge recombination)’'? that severely limits
homogeneous photocatalysis.”""

Liposomes have been explored as scaffolds for different
photochemical processes, including charge separation dynam-
ics across lipid membranes®””'>"? and molecule-based
photocatalytic systems for water oxidation and reduction."*~"”
More recently, full water splitting was reported using
liposomes embedded with photocatalytic metal organic
frameworks.” However, CO, photoreduction liposome systems
remain scarce,"®"” and understanding has been limiting, hence
preventing further development. The previously reported
examples utilized a membrane-bound ruthenium tris-bipyridine
dye and Lehn-type rhenium bipyridine catalyst, which
generated moderate amounts of CO under visible light
irradiation (CO turnover number [TON¢g] = 190 after 15
h'® and 15 after 3 h'"). In comparison, the library of
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homogeneous CO, photocatalytic systems is extensive, and
earth-abundant catalysts based on terpyridine and porphyrin
ligand families display high catalytic activity and product
selectivity under aqueous conditions.**”>

Herein, we exploit the tunability of molecular catalysts to
synthesize alkylated CO, reduction catalysts to self-assemble
with alkylated photosensitizers in liposome membranes. These
new catalysts are based on state-of-the-art homogeneous
catalysts,””*" with modified ligand scaffolds. The beneficial
effects of self-assembly and flexibility of the approach,’ which
enable facile variation of active sites in the liposomes, are
demonstrated by a series of new alkylated precious metal-free
catalysts based on terpyridine and porphyrin ligands (Figure
1A). Photocatalysis results comparing the performance
between alkylated catalysts and water-soluble catalyst ana-
logues are provided, and time-resolved/steady-state emission
(photoluminescence) and transient absorption spectroscopies
are utilized to determine the beneficial effects of self-assembly
on charge separation. These techniques provide unprecedented
insights into the photoinduced charge-transfer dynamics at the
water—membrane interfaces. Key interactions between the
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Figure 1. Structures of molecular components and phospholipids, and schematic representation of molecularly decorated liposomes. (A) Lipophilic
(subscript L) and water-soluble (subscript W) bis-terpyridine- and porphyrin-based molecular catalysts (blue, left and center) and ruthenium tris-
bipyridine photosensitizer (red, right). (B) Phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (NaDSPE-PEG2K). (C) Scheme of a molecularly functionalized liposome system,
with the inset highlighting a simplified representation of different electron transfer steps occurring during photocatalytic CO, reduction at the
water—membrane interfaces. Cat = catalyst, PS = photosensitizer, and ED = electron donor, i.e., sodium ascorbate (NaHAsc).

sacrificial electron donor sodium ascorbate (NaHAsc),
membrane-bound [Ru(bipyridine);]**-type photosensitizer,
and catalyst molecules are examined to explain the superior
photocatalytic activity of liposomes compared to their
homogeneous analogues. Furthermore, the most active
catalyst, §,10,15,20-(tetra-N-hexadecyl-4-pyridinium)-
porphyrin cobalt(II) (CoPy), is comprehensively studied on
transparent electrodes using in situ UV—vis—NIR and
resonance Raman spectroelectrochemistry to understand its
catalytic behavior, an approach that still remains scarce.”*™*” In
combination with density functional theory (DFT), these
methods reveal important reaction intermediates during CO,
reduction and an unusual precatalytic four-electron charging
mechanism that precedes its catalytic activity.

B RESULTS AND DISCUSSION

Synthesis and Assembly of Photocatalytic Lip-
osomes. The tunability of molecular catalysts allows the
periphery of the catalyst to be functionalized for self-assembly
while maintaining a functional catalytically active site. The 3d
transition metal complexes of Fe, Co, and Ni have emerged as
active CO, reduction catalysts with terpyridine’”***” and
porphyrin®"** ligands (hereinafter denoted as T and P,
respectively), with no reports yet implementing them in self-
assembled photocatalytic CO, reduction liposome systems. To
increase their lipophilicity and facilitate assembly at the water—
membrane interface in the liposomes, hexadecyl chains were
introduced into the ligands to prepare a systematic series
(denoted as MT, and MP;, where L = lipophilic, W = water-
soluble, and M = Co, Ni, Fe; Figure 1).1 Full synthetic and
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characterization details are provided in the Supplementary
Methods section (see Figures S1—S4).

The UV—vis spectra and cyclic voltammograms (CVs) are
comparable for the alkylated and water-soluble analogues in all
cases, including the photosensitizers (Figures 2A,B and SS—
S$15), which indicates that the catalytically active site remains
largely unchanged. Focusing on the most active catalysts CoPy,
and CoPy (see below), analogous absorption features are
observed by UV—vis spectroscopy in acetone (Figure 24, Soret
bands: 456, = 1.07 X 10° and €,,3,,, 1.05 X 10° M~ cm™},
respectively), as well as analogous electrochemical response.
The CV of CoPy in N,- and CO,-saturated dimethylforma-
mide (DMF) shows five reversible redox processes centered at
—0.82, —0.99, —1.20, —1.38, and —1.49 V vs Ec”* (Figure
2B).>"** The first two processes correspond to the same metal-
centered single-electron reduction process (Co™"), possibly
due to different electroactive environments created by the
(de)coordination of DMF molecules and the different
arrangement of the long alkyl tails in solution.”* The other
three redox waves are assigned based on the literature to a one-
electron porphyrin-centered single-electron reduction (Py”~)
and two pyridinium-centered two-electron reductions (Table
S1).213 Integration of the square wave voltammetry (SWV)
scans of CoPy and CoPyy and comparison of the relative ratios
between the charge passed during chronoamperometry
measurements in DMF confirm that both molecules can
store up to six electrons (Figure S16 and Tables S2 and S3).

The liposomes are fabricated by extrusion using two
different phospholipids (Figure 1B) to increase the liposomes’
stability and the affinity between the membrane and the metal
complexes, which are mixed with the two phospholipids before
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Figure 2. Comparison of UV—vis spectra and cyclic voltammetry (CV) of CoP; and CoPyy catalysts and photocatalytic CO, reduction results. (A)
UV—vis spectra of porphyrin-based (blue) water-soluble CoP,, and (black) lipophilic CoPy, catalysts in acetone. (B) CV of CoP and CoPy, in
(black) N,- and (orange) CO,-saturated 0.2 M TBAPF; DMF solutions. (C) Cryo-TEM of unilamellar liposomes containing [DMPC] = 100 uM,
[NaDSPE-PEG2K] = 1 uM, [RuPS; ] = 10 uM, and [NiT] = 2 uM. (D) Photocatalytic activity as a function of time of liposomes containing all
alkylated catalysts at the same concentration (500 nM) in CO,-saturated 0.1 M NaHCOj;. (E) Photocatalytic activity of (red) CoPy in liposomes
and (orange) CoPy, in homogeneous conditions as a function of catalyst concentration (0—500 nM) in CO,-saturated 0.1 M NaHCO; after 4-h
experiments. (F) Photocatalytic activity of liposomes containing CoPy as a function of catalyst concentration (0—S00 nM) in CO,-saturated 0.1 M
(red) NaHCOj; and (gray) NaH,PO, buffer after 4-h experiments. Arrows in Figure 2E,F indicate the dataset’s y axis. CV experimental conditions:
working electrode: glassy carbon (¢ = 3 mm), counter electrode: Pt mesh, reference electrode: Ag/AgNO; (10 mM) in 0.2 M TBAPF, acetonitrile.
Fc*/° couple = +0.07 V vs Ag/AgNO;. Scan rate: 100 mV s~'. Photocatalytic experimental conditions: (liposomes, plots D-F) [DMPC] = 100 uM,
[NaDSPE-PEG2K] = 1 uM, [RuPS, ] = 10 uM, [Catalyst] = S00 nM in plot D or 20—500 nM in plots E and F. (Homogeneous, plot E) [RuPS,,]
= 10 uM, [Catalyst] = 20—500 nM. CO,-saturated 0.1 M NaHAsc and 0.1 M NaHCO, (pH = 6.7) or NaH,PO, (pH = 6.3) at 25 °C.

Table 1. Summary of Exclusion Control and Buffer-Dependent Experiments”

entry ps? catalyst (nM) buffer CO/nmol (TON(p) H,/nmol (TONy,) PTONco® CO Sel. /%
1 RuPS, CoP, (500) NaHCO, 283 (189) 55 (36) 19 84
2 RuPS; CoP; (20) NaHCO, 44 (735) 14 (225) 3 78
3 RuPS, CoP, (500) NaH,PO, 541 (361) 120 (80) 36 82
4 RuPS, CoP, (20) NaH,PO, 87 (1456) 26 (434) 6 77
s RuPS,, CoP,, (500) NaHCO, 97 (65) 15 (10) 6 87
6 RuPS,, CoPy(20) NaHCO, 32 (529) 23 (379) 2 58
7 RuPS,, CoP,, (500) NaH,PO, 199 (133) 97 (65) 13 73
8 RuPS,, CoPy, (20) NaH,PO, 19 (312) 146 (2425) 1 11
9¢ RuPS; CoPy, (500) NaHCO, nd. (-) nd. (=)

10 - CoP;, (500) NaHCO; nd. (=) nd. ()

1V RuPS;, - NaHCO, 6 (-) 5(=) <1 54
128 RuPS, CoP,, (500) NaHCO; nd. (-) nd. (=)

13 RuPS,, - NaHCO, 28 (=) 31 (=) 2 48

“Results confirm the origin of CO and compare the buffer-dependent catalytic activity of CoPy in liposomes and CoPy in homogeneous
conditions. “In all cases, [PS] = 10 uM. [DMPC] = 100 M and [NaDSPE-PEG2K] = 1 uM used with RuPS;; [NaHAsc] = 0.1 M in CO,-
saturated aqueous 0.1 M NaHCO, (pH ~ 6.7) or 0.1 M NaH,PO, (pH ~ 6.3) buffer solution, 4 > 400 nm, AM 1.5G, 100 mW cm™?, 25 °C.
“PTON(g is the TONq based on PS and is calculated to be 2 X mol CO /mol PS. “CO selectivity (%) = nco/ (nco + ny,) X 100. “n.d.” stands for
not detected. “Experiments carried out in the dark./In experiments without a catalyst, the CO and H, evolved likely come from RuPS; or RuPS,,
and unidentified photodegraded byproducts.””** 8NaHAsc was absent.

extrusion (see the Supplementary Methods section).'*™'*% transition-phase temperature of 24 °C, and is used to form the

The first lipid is 1,2-dimyristoyl-sn-glycero-3-phosphocholine bulk of the membrane bilayers. The second lipid, 1,2-
(DMPC), which is a zwitterionic lipid at neutral pH, has a distearoyl-sn-glycero-3-phosphoethanolamine-N-[ methoxy-
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(polyethylene glycol)-2000] (NaDSPE-PEG2K), is an anionic
and bulky lipid used as a dopant (<1% mol). The use of
NaDSPE-PEG2K has a twofold benefit as electrostatic
attraction improves immobilization of the positively charged
molecular components, whereas its long methoxy polyethylene
groups help diminish liposome ;:1ggregation.1 Dynamic light
scattering measurements showed that extruded liposomes have
average diameters of 149 + 11 nm in 0.1 M NaHCO; and 127
+ 9 nm in 0.1 M NaH,PO, and 0.1 M NaHAsc (Tables S4—
S6). These sizes are consistent with Cryo-TEM (Figure 2C).
Dynamic light scattering also showed that liposome size, with
and without dye and catalyst molecules, is not affected after 4 h
of visible light irradiation (<10% size variation), which
highlights the photostability of the lipids under our
experimental conditions.

Furthermore, initial screening of molecule-containing lip-
osomes fabricated with DMPC and two different lipids, i.e.,
1,2-dilauroyl-sn-glycero-3-phosphocholine and 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine, showed that all three doped
liposomes were in the fluid liquid crystal phase at room
temperature, possibly due to the presence of 10% RuPSp
(Figure S17). Importantly, DMPC-based liposomes exhibited
better catalytic activity and electron transfer kinetics than the
other two; hence, we selected DMPC as the main liposome
building block thereafter (see Supplementary Note 1).

Photocatalytic CO, Reduction in Liposomes. The
photocatalytic activity of liposomes was assessed in CO,-
saturated aqueous NaHCO; buffer solution (25 °C)
containing sodium ascorbate (NaHAsc) as a sacrificial electron
donor (pH = 6.7) under visible light irradiation from a solar
light simulator (AM 1.5G, 100 mW cm™?, 1 > 400 nm UV
filter, IR water filter) (Figures S18—25). The photosensitizer is
a single electron donor; therefore, photocatalytic tests employ
an excess of photosensitizer to drive the 2e™ reduction of CO,
to CO. During catalyst screening, a 20:1 photosensitizer to
catalyst ratio was used to minimize electron transfer limitations
and allow the nature of the catalysts to limit system
performance.

CO evolved as the major photocatalytic CO, reduction
product from all six alkylated catalysts (Figures 1A and 2D)
and was analyzed by gas chromatography (GC), with
moderate-to-high CO selectivity (62% for NiP and 74—87%
for all others; Tables 1, S7, and S8). H, was a byproduct, and
no other products were detected after 4 h of photocatalysis
(such as methane using GC or formate using nuclear magnetic
resonance (NMR) and ion chromatography). In contrast,
analogous homogeneous systems containing water-soluble
photosensitizer RuPS,y and catalysts (MPy, or MT,y) produce
lower amounts of CO and, in most cases, higher amounts of H,
under the same experimental conditions (Figure 2E, Tables 1,
S8, and S9). This is exemplified by comparing CoPp in
liposomes with its homogeneous analogue CoPyy, reported
previously,”" as CoPy shows more catalytic turnovers (TON¢q
=189 + 8 vs 65 + 1) and a higher CO formation rate (89 + 18
vs 24 + 1 nmolcy, h™) under the same experimental
conditions. This difference in performance can be ascribed to
diffusion limitations for the homogeneous system, such as
slower electron transfer kinetics between RuPSyy and catalysts
(see below).>*'® This can be probed indirectly by varying the
catalyst concentration, with CoPy-containing liposomes being
more active and CO selective at all concentrations (20—500
nM) with a directly proportional relationship between CO
formation and CoP; concentration (Figure 2F). At 20 nM
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catalyst concentration, CoPy, reaches a TONy of 735 + 91
and CO selectivity of 78%, compared to a TONq of 529 + 3
and CO selectivity of 58% for CoPy.

Exchanging the CO,-saturated 0.1 M buffer from NaHCO;
to NaH,PO, (pH = 6.7 vs 6.3) provides a higher buffering
capacity and minimizes proton gradients near the two-
dimensional water—membrane interface.*® This change in-
creases the rate of CO production for CoPy at varying catalyst
concentrations while also maintaining high CO selectivity
(Figure 2F). This leads to a TON¢q of 1456 + 36 and CO
selectivity of 77% for CoPy at 20 nM, compared to 312 =+ 22
and 11% for CoPyy. These results exceed previously reported
Re(bipyridine)-based liposome systems,"®'® and match top
performing homogeneous photocatalytic CO, reduction
systems in aqueous conditions (Table S10).

Exclusion control experiments for the CoPy system confirm
that no gaseous products evolve in the absence of RuPS,
NaHAsc, or light irradiation (Table 1 for details). Photo-
catalysis with isotopically labeled '*CO, shows the formation
of ®CO as the only photocatalytic CO, reduction product,
which confirms that CO is produced from CO, (Figure S26).
The rate of CO formation in all cases decays over time, which
can be attributed to the photodegradation of RuPS; during
light irradiation. This hypothesis is confirmed by electronic
absorption spectroscopy showing that after light irradiation in
liposomes, containing both RuPS; and an alkylated catalyst,
the 450 nm band belonging to RuPS; decreases in intensity
irreversibly over time. This is in contrast to liposomes
containing only CoPyp, where the Soret band intensity does
not diminish (Figure S27), consistent with previous
reports.">*’~*? Additionally, while 0.1 M NaHAsc was chosen
as the optimal concentration to obtain a high CO evolution
rate and CO selectivity, variation of NaHAsc concentration
(50—400 mM), as well as visible light intensity (20—100%),
shows that CO and H, formation is affected by both variables
(Tables S11 and S12), confirming that formation of reduced
RuPS; "~ species is limiting the overall reaction of the studied
liposomes.

Photoinduced Charge Transfer in Liposomes. To
determine the effects of membrane self-assembly on electron
transfer steps, time-resolved and steady-state emission
quenching studies (Stern—Volmer analysis) were carried out
with water-soluble and lipophilic photosensitizers (i.e., RuPSy,
or RuPS;) (Figure S28). In both cases, [Ru'(bpy);]** is
photoexcited and reductively quenched by NaHAsc to form
[Ru"(bpy),(bpy ~)]*, with the photoluminescence intensity of
photoexcited Ru(II) being dependent on the quenching rate.*’
Examining homogeneous RuPSy, the quenching occurs by
diffusional encounter with NaHAsc, as observed with
indistinguishable steady-state and time-resolved Stern—Volmer
plots (i.e.,, Iy/I and 7o/7 as a function of [NaHAsc] in Figure
3A; bimolecular quenching rate constant k; = 3.7 X 10’ M~*
s™'). In contrast, while the emission intensity is strongly
decreased by increasing the concentration of NaHAsc, it does
not have an obvious effect on the emission lifetime of RuPS; in
liposomes (Figure 3B). This can be attributed to a high local
concentration of HAsc™, which is electrostatically attracted to
the charge-dense liposome membranes loaded with cationic
RuPS; (coulombic association-driven static quenching with an
association constant K, of 31 M™"). This is further supported
L-1
ot
= emission intensity) in liposomes of 100 mM anionic HAsc™

by comparing the quenching quantum efficiencies (¢ =
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Figure 3. Photoinduced charge transfer in liposomes. (A and B) Stern—Volmer plots in the homogeneous environment and liposomes, respectively,
from steady-state emission intensity (I,/I) and lifetime (7,/7) data as a function of NaHAsc concentration, where I, and 7, are the values in the
absence of NaHAsc. (C) Normalized transient absorption kinetic traces collected for RuPS™ at S00 nm for S00 us after laser excitation. (D)
Normalized kinetic traces for RuPS;,~ at S00 nm (original AOD = 0.02S5) obtained in the presence of [NiTy] = 0—300 uM. (E) Normalized
kinetic traces for RuPS;~ at 500 nm (original AOD = 0.003) obtained in the presence of [NiT] = 0—5 yM. (F) Summary of photoinduced
charge-transfer dynamics of photocatalytic liposome and homogeneous systems (see also Table S14). (Green) Lifetime of excited photosensitizer
molecules, and in brackets, the percent contribution for the short-lifetime component, in homogeneous (Hom.) and liposomes (Lip.) before self-
quenching occurs, without the presence of HAsc™. Experimental conditions: (homogeneous) [RuPSy,] = 30 uM; and (liposomes) [DMPC] = 100
uM, [NaDSPE-PEG2K] = 1 yM, [RuPS;] = 10 uM in Ar-saturated 0.1 M NaHCO;. (Red) Reductive quenching rate and adsorption rate
constants (kq and K, respectively), and charge separation quantum yields (¢@gr) for homogeneous and liposome systems (see Figure S31 and
Supplementary Note 3). Experimental conditions: (homogeneous) [RuPSy] = 30 uM, [NaHAsc] = 0—0.3 M; and (liposomes) [DMPC] = 100
uM, [NaDSPE-PEG2K] = 1 uM, [RuPS;] = 10 uM, [NaHAsc] = 0—0.1 M in Ar-saturated 0.1 M NaHCO;. (Orange) Charge recombination
timescale between reduced PS and oxidized quenchers in homogeneous and liposomes. Experimental conditions: (homogeneous) [RuPS,,] = 30
uM; and (liposomes) [DMPC] = 100 uM, [NaDSPE-PEG2K] = 1 uM, [RuPS;] = 10 #M in Ar-saturated 0.1 M NaHAsc and 0.1 M NaHCOs.
(Blue) One-electron transfer rate constants between the reduced PS and a catalyst. Experimental conditions: (homogeneous) [RuPSy,] = 30 uM,
[NiTy] = 0—300 uM or [CoPy] = 0—25 uM; and (liposomes) [DMPC] = 100 uM, [NaDSPE-PEG2K] = 1 uM, [RuPS,] = 10 uM, [NiT_] = 0—
S uM in Ar-saturated 0.1 M NaHAsc and 0.1 M NaHCO;. (Pink) Charge recombination timescale between the reduced catalyst (NiTy,) and
oxidized quencher in homogeneous conditions. Experimental conditions: [RuPS] = 30 uM, [NiTy,] = 100 uM in Ar-saturated 0.1 M NaHAsc
and 0.1 M NaHCO;.
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Figure 4. Square wave voltammetry (SWV) scans, chronoamperometry, and UV—vis—NIR spectroelectrochemistry (SEC) of CoP, immobilized
on FTO. (A) SWV scans of CoP, dropcast on fluorine-doped tin oxide (FTO) in N,- and CO,-saturated 0.1 M NaHCO;. Deconvoluted SWV
waves are shown as dashed lines. (B and C) In situ UV—vis—NIR SEC of CoP; dropcast on FTO in N,- and CO,-saturated 0.1 M NaHCO,,
respectively. (D) Potential-dependent change in the normalized absorbance of the 415 nm (Soret band of CoP;) and 860 nm bands under CO,
compared to under N, (filled vs open circles). N.B.: The small differences between plots B and C in the shape of the initial spectra at +0.7 V vs
SHE are attributed to the different degrees of aggregation of CoPy molecules on the electrode surfaces after dropcasting.**

(p = 0.74) with a 100 mM concentration of the cationic
quencher methyl viologen (¢ = 0.16; Figure S29). By contrast
in homogeneous solution, methyl viologen shows a rate
constant k; & 1.0 X 10° M™" 7! with excited [Ru"(bpy);]**,
which is twenty-seven-fold larger than that of NaHAsc.
Immobilizing complexes in liposomes increases their local
concentration, which may increase the rate of self-quenching
processes of RuPS;.' This was examined by monitoring the
phosphorescence decay rate at 600 and 650 nm in the absence
of NaHAsc, which showed no difference for homogeneous
RuPSy,. In contrast, the decay for membrane-bound RuPS;
was faster as the RuPS; concentration increased (DMPC/
RuPS; molar ratios of 10:1, 20:1, and 40:1 were studied;
Figure S30). Data fitting of the emission trace at 650 nm
indicated a short-lifetime component attributed to self-
quenching by a neighboring ground-state RuPS; molecule
(see Supplementary Note 2 and Table S14). The contribution
of this self-quenching component to the overall rate is smaller
at higher concentrations of DMPC. This indicates that diluting
RuPS; in the liposomes hinders self-quenching events,
presumably by spatially separating them. This emphasizes the
importance of balancing higher photosensitizer concentrations
to maximize light absorption against self-quenching processes.
Photocatalysis results showed that higher concentrations of
DMPC (more liposomes), with constant total concentrations
of RuPS; and CoPy, had higher catalytic activity consistent
with the above findings (Figure S24 and Table S13).
Transient absorption spectroscopy (TAS) uses laser pulse
excitation and measures the absorption of photogenerated
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species. This allows the lifetimes of the photoexcited
[Ru(bpy),(bpy ~)]*** and reductively quenched
[Ru"(bpy),(bpy ")]* (RuPS™) to be compared in homoge-
neous solution and within liposomes.*' Reductive quenching
of the photoexcited state by NaHAsc forms the formal RuPS~,
which absorbs at 500 nm. RuPS™ has a reduction potential of
~—1.2 'V vs SHE in 0.1 M NaHCO3,”* which provides enough
driving force to reduce the catalysts. The conversion of RuPS
to RuPS™ (i.e., charge separation quantum yield or @gr) is
higher in homogeneous conditions than in liposomes (35 vs
6%) and may be ascribed to the charged liposome membranes.
While liposomes favor static quenching (see above), they also
hinder diffusion of oxidized ascorbate species and thereby
lower their solvent-cage escape yield (Figure S31 and
Supplementary Note 3). In contrast, the decay of RuPS~ is
far slower in liposomes than in homogeneous solution, with a
substantial absorbance value remaining even 500 us after the
excitation pulse (Figure 3C). While the homogeneous RuPSy,~
decay is approximately single exponential (26 us time
constant), RuPS;~ is strongly biphasic (Figure $32), with
one phase similar to that in homogeneous solution (110 us
time constant, 23% contribution) and one much slower, which
represents the majority of RuPS;~ (2.4 ms time constant, 77%
contribution). A tentative assignment is that the fast phase is
the rapid recombination of immobilized RuPS;~ and oxidized
ascorbate molecules remaining near the reaction site at the
same liposome, possibly at the interior liposome interface,
while the slower recombination is between RuPS;~ species and
oxidized ascorbate molecules that have escaped into the bulk
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Figure S. Resonance Raman spectroelectrochemistry (SEC), DFT calculations, and proposed catalytic cycle for CoPy on FTO. Potential-
dependent in situ Raman SEC: (A) difference spectra for N,- and (B) CO,-saturated conditions. Gray translucent bars highlight prominent bands.
(C and D) (upper) Experimental and (lower) DFT-calculated spectra at +0.7 and —0.9 V, respectively. All experimental spectra have a polynomial
background removed. (E) Proposed catalytic mechanism for CoP, immobilized on FTO supported by experimental and computational results.
SWYV = square wave voltammetry, CA = chronoamperometry. The dashed box and arrows highlight the experimental techniques utilized to identify
different intermediates at the steady state. N.B.: The small differences between plots A and B in the shape of the initial spectra at —0.1 V vs SHE are
attributed to the different degrees of aggregation of CoPy molecules on the electrode surfaces after dropcasting.™*

solution.” Thereby, despite liposomes showing lower g1, the
incorporation of charged dyes into the liposome membrane
slows recombination processes and favors long-lived charge
separated states, highlighting liposomes as more efficient
systems for photoinduced charge separation.

Key to catalytic turnover is the electron transfer kinetics
between the reduced photosensitizer RuPS™ and catalyst,
which can be probed using TAS to monitor the absorption
decay of RuPS™ in the presence of the catalyst. NiTy, and
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CoP,y were analyzed as homogeneous model catalysts because
of the lack of visible absorption of NiTy, which complements
that of RuPS, and the high catalytic performance of CoPyy.
The presence of either leads to a more rapid decay of RuPSy,~
species (Figures 3D and S33 and Supplementary Note 4) and
is accompanied by the formation of new absorption bands at
450 and 470 nm for NiTy,~ and CoPy,, respectively, as well as
the bleaching of the Soret band at ~430 nm for CoPy~
(Figures S34 and S35). In liposomes, all six alkylated catalysts
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accelerate the decay of the RuPS;~ species, which is a solid
indicator of electron transfer occurring from RuPS;~ to the
catalysts in close proximity (Figures 3E, S36, and S37).
Exemplifying the beneficial forward electron transfer kinetics of
membrane-bound species over homogeneous systems, the
bimolecular electron transfer rate constant kgr of membrane-
bound NiT) is nine times faster than that of the homogeneous
system NiTy (2.0 X 10" vs 2.2 x 10° M~ s7!; Figure S38).
This enables a comparable electron transfer yield for 5 uM
NiT, in liposomes and 100 yM NiTy, in homogeneous
solution (ca. 80% in both cases; see Table S14 and
Supplementary Note S for details). Notably, the kyr of
CoPy, (1.3 X 10" M™ s7') is six times faster than that of
NiT,y and highlights the larger driving force to reduce CoPyy
compared to NiTyy.

Taken together, these findings (summarized in Figure 3F)
show that self-assembly of the membrane-bound species
strongly affects reductive quenching and self-quenching
dynamics. They can also increase charge separation and
recombination lifetimes. Crucially, despite the lower g of
liposomes, the relatively high surface concentration of
membrane-bound species in liposomes diminishes diffusion
limitations that hinder homogeneous systems. This is due to
shorter electron transfer distances between photosensitizers
and catalysts, which greatly assists catalysis."'”

Mechanistic Studies of CoP,-Mediated CO, Reduc-
tion. The high catalytic activity of CoPp prompted an
investigation into its catalytic mechanism. The hydrophobic
nature of its alkyl tails enables it to be immobilized via
physisorption onto conductive supports such as transparent
fluorine-doped tin oxide (FTO) or glassy carbon electrodes
(GCE) after dropcasting. This allowed a mechanistic study
coupling its electrochemical response to spectroelectrochem-
ical (SEC) UV—vis and Raman spectroscopies. The results
were rationalized by DFT calculations to examine the
molecular changes that CoP; undergoes during CO,
reduction.

The SWV of FTOICoPy, in CO,-saturated 0.1 M NaHCO,
displays two reduction waves appearing at —0.1 and —0.35 V vs
SHE (Figure 4A), which are assigned to a first metal-centered
one-electron process and then a ligand-centered three-electron
process (Table S3). FTOICoP, and GCEICoP, presented a
catalytic CO, reduction wave with an onset potential (E,,.) at
—0.9 V, and CO is detected by GC after chronoamperometry
at —0.9 V (0.07 and 0.16 umol CO cm™? respectively),
(Figure S39 and Table S15). In contrast, the equivalent blank
chronoamperometry experiments using bare FTO and GCE
evolved 0.01 and 0 umol CO cm™ respectively. For
comparison, the immobilized catalyst shows similar redox
processes and catalytic onset to CoPy.”"** Chronoamperom-
etry measurements at —0.9 V of the other five alkylated
catalysts (MP; and MT;) on GCE reveal that they are less
active and CO selective than CoPy (Figure S39C), indicating
that CoPy has the lowest overpotential (7 ~ 0.37 V) to reduce
CO, of all six alkylated catalysts, which supports the trend
observed in photocatalysis.

UV—vis—NIR SEC of FTOICoP, compared changes in N,-
and CO,-saturated 0.1 M NaHCO; (pH 8.0 and 6.7,
respectively) with chronoamperometric potential steps from
+0.7 to —0.9 V vs SHE. The pH difference between N,- and
CO,-saturated 0.1 M NaHCO; solutions is caused by the
hydration of CO, to form carbonic acid.*® At +0.7 V, the
complex is in the Co(II) state and features a Soret band at 415
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nm and Q-band absorption at 535 and 670 nm (Figure 4B,C).
The Soret band decreases in intensity as Co(Il) is reduced to
Co(1),** starting at 0.0 V in N, and —0.1 V in CO,, with
complete reduction at —0.7 V in both N, and CO, (Figure
4D). This is consistent with our SWV and TAS, and the Soret
band bleaching may correspond to formation of cobalt hydride
species (Co—H) under N,, or binding of CO, under CO,
saturation.*” Concurrent with Co™" reduction, the absorption
bands at 510 and 575 nm become more intense (Figure S40),
indicating reduction of the porphyrin ligand.34 Additionally, a
new absorption at 860 nm grows in intensity from —0.3 to
—0.7 V and is assigned to the reduction of two hexadecyl-N-
pyridinium rings, in agreement with our SWV results and the
literature.”">**> There are negligible absorption changes at
860 nm from —0.7 to —0.9 V, indicating that the remaining
two hexadecyl-N-pyridinium rings are not reduced, even under
catalytic conditions. Therefore, this analysis indicates a four-
electron reduction that activates the cobalt porphyrin prior to
catalysis in water (see below), in contrast to the six-electron
reduction of homogeneous CoPy, previously observed in DMF,
which is not catalytically active (Figures 2B and S13 and
Supplementary Note 6 with associated Figure S41 for further
discussion).

Raman SEC on FTOICoP was performed analogously to
UV—vis SEC and interpreted as difference spectra obtained by
subtracting the oxidized species spectrum (+0.7 V) from each
spectrum (Figure SA,B). Thereby, reduction of the porphyrin
ring is observed below —0.3 V under N, and CO, consistent
with SWV and UV—vis—NIR SEC results (Figures S42 and
S43), specifically changes to peaks at 1007 and 1599 cm™,
ascribed to stretching and bending modes of pyrrole rings
(C,—Cp C4—Cy, and C,—N) and methine bridge (C,—C,,)
within the porphyrin core ligand,”> and between 1300 and
1500 cm ™" arising from CH, twisting and CH; bending modes
from the alkyl tails (Table S16).*® Further reduction of the
CoP,, films from —0.5 to —0.7 V in N, and CO, induces the
concomitant appearance of new and more intense bands
(especially in the case of CO,) at 1192, 1212, and 1634 cm™
that are ascribed to bending and stretching modes of C—C, C—
N*, and N*—CH, in the alkylated pyridinium rings.">*” This
corresponds to the increase in absorption at 860 nm attributed
to reduced pyridinium rings. Importantly, applying —0.9 V
induces no further spectral changes, highlighting that no more
than two pyridinium rings of the CoPp, molecules are reduced
after —0.7 V, which is consistent with our SEC results and the
literature.”” Furthermore, monitoring potential-dependent
Raman intensities at 1599 and 1007 cm™ for an oxidized
and a reduced species, respectively, reproduces the trend
observed in Figure SB (Figure S44 and Table S17).

Having identified at least two species with distinct charge by
Raman SEC, DFT calculations were carried out to obtain
simulated Raman spectra for possible reaction intermediates.
DEFT calculations were performed using CoPyy as a simplified
structural model (CoP hereinafter) with various charges (+5 to
—2) with and without several coadsorbed ligands (CO, CO,,
COOH, H,0, and H). Results confirm that the cobalt
oxidation state largely influences the Raman spectrum, whereas
the axial ligands (other than CO,) result in minimal changes
(Supplementary Note 7 and Figures $45—S48). Crucially, the
DFT-calculated Raman spectra for the unreduced ([CoP]*
and [CoP(H,0)]*) and four-electron reduced ([CoP(CO)]°
and [CoP(H,0)]°) complexes reproduce the experimental
spectra obtained under N, and CO, at +0.7 and —0.9 V,
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respectively (Figure SC,D). This indicates that CoPp
molecules can store up to four electrons, in agreement with
SWV and UV—vis—NIR SEC. We hence propose a catalytic
cycle for CoP; immobilized on FTO (Figure SE). This
catalytic mechanism proceeds via binding of CO, and
protonation by the singly reduced [CoP]*" (Eappl =-01V
vs SHE). Three further electron transfer steps, protonation,
and dehydration of the CO,H adduct then form
[CoP(CO)]* (Eappl = —0.7 V). Subsequently, two-electron
transfer steps (Eappl = —0.9 V) lead to the formation of the six-
electron-reduced [ CoP; (CO)]° adduct. Desorption of CO and
coordination of H,O form [CoP(H,0)]°, which can react
with CO, and two protons to reform [CoPy(CO)]** and close
the cycle.

B CONCLUSIONS

We report a systematic series of amphiphilic earth-abundant
CO, reduction catalysts, which were designed to readily self-
assemble into lipid membranes and form, together with an
amphiphilic ruthenium dye, photocatalytic liposomes. The
most active liposome system containing the $,10,15,20-(tetra-
N-hexadecyl-4-pyridinium)porphyrin cobalt(Il) catalyst CoP
is more active than its water-soluble analogue, achieving a high
TONCo (1456 after 4 h) with high CO selectivity (77%). The
CoPy, system thereby exceeds previously reported benchmarks
in CO, photoreduction in liposome and homogeneous
systems, highlighting the beneficial effect on the activity and
product selectivity when immobilizing molecular catalysts onto
two-dimensional lipid bilayer surfaces.

Time-resolved and steady-state spectroscopies provided
unprecedented insights into the origin of the higher activity
of liposome-bound molecular systems. Results revealed that
self-assembled dyes have a 4—100 times longer charge
separation state lifetime, and display a ninefold faster electron
transfer to self-assembled catalysts compared to homogeneous
analogues. Two-dimensional charged membranes diminish
diffusion limitations between ascorbate and self-assembled
photosensitizers due to electrostatic attraction, and despite
lowering @g1, they increase the reduced photosensitizer
lifetime. Membrane immobilization also leads to a higher
relative surface concentration of membrane-bound species.
This shortens the electron transfer distance between photo-
sensitizers and catalysts, thereby resulting in enhanced catalytic
activity. Furthermore, the superior catalytic activity of CoPp
was examined to show that it undergoes a four-electron
activation mechanism before catalytic turnover with key
intermediates being determined by DFT calculations. The
proposed multielectron activation mechanism further high-
lights the advantage of self-assembled systems as the electron
transfer efficiency between dye—catalyst pairs is much higher
than for diffusional systems. This effect is fundamental to the
high activity of these photocatalytic liposome systems.

Hence, beyond providing new insights into the photo-
induced charge-transfer dynamics of membrane-bound species
and the catalytic mechanism of CoPy, this work illustrates the
power of combining time-resolved and in situ spectroscopic
techniques to understand molecule-based systems. This work
shows the potential of liposome-bound molecular systems for
efficient photocatalysis, which can move beyond CO,
reduction in future development.
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B EXPERIMENTAL SECTION

Materials. All synthetic procedures involving air- or moisture-
sensitive materials were carried out under an inert N, atmosphere by
using Schlenk techniques. Solvents were purchased dried (e.g., DMF)
or dried using standard purification procedures under an inert
atmosphere. Reagents for synthesis were purchased from commercial
suppliers in the highest purity available and used without further
purification. CO, and N, gas bottles (2% methane internal standard)
were purchased from BOC. NaHCO; (99%), [Co(H,0)s](BE,),
(>99%), (+)-sodium L-ascorbate (>99%), iodomethane (99%),
sodium acetate (99%), tetrabutylammonium hexafluorophosphate
(TBAPF,, >99%), 4,4'-dimethyl-2,2'-dipyridyl (98%), and n-butyl-
lithium solution (2.5 M hexane) were purchased from Merck.
[Ni(H,0)s](BF,), (>99%) was purchased from Fisher Scientific. 4-
Hydroxy-2,2":6',2"-terpyridine (98%) was purchased from HETCAT.
Anhydrous FeCl, (99%), 2,2':6,2"-terpyridine (97%), and 1-
bromohexadecane (97%) were purchased from AK Scientific.
[RuCl,(bpy),] (with a minimum of 19% Ruthenium content) was
purchased from Alfa Aesar. Sodium hexafluorophosphate (98.5%),
Ni(acetate),-4H,0 (97%), and Co(acetate),-4H,0 (97%) were
purchased from Acros Organics. 5,10,15,20-(Tetra-4-pyridyl)-
porphyrin (P, 98%), iron(III) $,10,15,20-(tetra-N-methyl-4-pyridyl)-
porphyrin pentachloride (95%), and nickel(III) S,10,15,20-(tetra-N-
methyl-4-pyridyl)porphyrin pentachloride (95%) were purchased
from Porphychem.

Lipid (dry powder) DMPC and polycarbonate extrusion filters
(pore size = 0.2 ym; diameter = 19 mm) were purchased from Merck.
Lipid (dry powder) NaDSPE-PEG2K, DLPC, DPPC and the extruder
set, containing two needles with a holder and heating block, were
purchased from Avanti.

Physical Characterization. 'H and '3C NMR spectra were
collected with a Bruker 400 MHz NMR spectrometer at room
temperature. Chemical shifts for '"H NMR spectra are referenced
relative to residual protons in the deuterated solvent (Eurisotop).
Elemental analyses were carried out by the Microanalysis Service of
the Yusuf Hamied Department of Chemistry, University of Cam-
bridge, using a Perkin-Elmer 240 Elemental Analyzer. High-resolution
mass spectra were recorded using a Synapt G2-Si high-definition mass
spectrometer. UV—vis spectra were collected using a Cary 60 UV—vis
spectrometer. Attenuated total reflectance fourier-transform infrared
spectra were recorded on a Nicolet iS50 spectrometer. Dynamic light
scattering experiments were performed with a Zetasizer Nano ZS.

Preparation of Liposomes and Synthesis of Catalysts and
Photosensitizer. Full details of the followed methodology can be
found in the Experimental Section in the Supporting Information.

Characterization of Liposomes. Liposome samples were
characterized via dynamic light scattering and by cryogenic trans-
mission electron microscopy, which were used to confirm liposome
size and analyze the fluidity of liposome samples containing molecular
species.

Dynamic Light Scattering. The size distribution of the hydro-
dynamic diameter (Z,,.) and the polydispersity index were measured
at 25 °C by dynamic light scattering with a Zetasizer Nano-S from
Malvern operating at 632.8 nm with a scattering angle of 173°.

Cryogenic Transmission Electron Microscopy (Cryo-TEM).
Samples were analyzed by Cryo-TEM as described elsewhere.”® In
brief, samples were equilibrated at 25 °C and high relative humidity
within a climate chamber. A small drop of each sample was deposited
on a carbon-sputtered copper grid covered with a perforated polymer
film. Excess liquid was thereafter removed by blotting with a filter
paper, leaving a thin film of the solution on the grid. The sample was
vitrified in liquid ethane and transferred to a microscope, continuously
kept below —160 °C and protected against atmospheric conditions.
Analyses were performed with a Zeiss Libra 120 transmission electron
microscope (Carl Zeiss AG, Oberkochen, Germany) operating at 80
kV and in zero-loss bright-field mode. Digital images were recorded
under low-dose conditions with a BioVision Pro-SM Slow Scan CCD
camera (Proscan elektronische Systeme GmbH, Scheuring, Ger-
many).

https://doi.org/10.1021/jacs.2c01725
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Photocatalysis. Before photocatalytic testing, the liposome or
homogeneous reaction solution (3 mL) was purged for 20 min with
CO,, or N, for control experiments, containing in both cases 2%
methane as the internal standard for GC. After purging, the vials were
kept in a water bath at 25 °C and irradiated for 4 h using a Newport
Oriel Xenon 150 W solar light simulator (100 mW cm™2, AM1.5G)
containing infrared water and ultraviolet (4 > 400 nm) filters. Each
different photocatalytic experiment was performed in triplicate, unless
otherwise stated. In the case of light intensity experiments, additional
neutral density filters were used to achieve different light intensities
(90, 50 and 20%).

Gaseous Product Analysis. The amount of produced CO and
H, was analyzed by headspace gas analysis using a Shimadzu Tracera
GC-2010 Plus with a barrier discharge ionization detector. The GC-
2010 Plus was equipped with a ShinCarbon micro ST column (0.53
mm diameter) kept at 40 °C using helium carrier gas. Aliquots of SO
or 100 uL of the headspace gas were removed from the sealed
photocatalytic vials using a gastight syringe (Hamilton) for GC
analysis at hourly time intervals. Data are presented as mean =+
standard error of the mean and were calculated from a number of
repeats of independent experiments. No formate was detected using
'"H NMR and ion chromatography. Photocatalytically generated
methane was not detected, and this was confirmed by carrying out
experiments with CO, gas without any internal standard CH,. Then,
after photocatalysis, the headspace gas was analyzed using GC.

Isotopic Labeling Experiment. Photocatalysis experiments in
0.1 M NaH,PO, and 0.1 M NaHAsc aqueous solution with *CO, as
the headspace gas were performed. After 3 h of simulated light
irradiation, the vial headspace was transferred to an evacuated gas
infrared cell (SpecAc, 10-cm path length, equipped with KBr
windows) and a high-resolution transmission spectrum was collected
with a Thermo Scientific Nicolet iS50 FT-IR spectrometer.

Quantum Yield Measurements. One-milliliter solutions con-
taining DMPC (100 yM) liposomes made of RuPS; (10 yM) and
CoPy, (500 nM) were irradiated with monochromatic light (4 = 450
nm), using two different light intensities (I, = 5.55 and I, = 11.73 mW
cm™?), produced with a solar simulator (LOT LSN 254) equipped
with a monochromator (LOT MSH 300). Duplicate experiments
were performed for each light intensity, and the averaged values of the
produced umol of CO were utilized to determine @ using eq 1:

) = 2ncoNyhe
tirrﬂmp ( 1 )

where nco is the moles of photogenerated CO gas, N, is the
Avogadro constant in mol™, & is the Planck constant in J s, c is the
speed of light in m s7', t,, is the irradiation time in s, A is the
monochromatic light wavelength in m, I is the light intensity in J s~
m™2, and A is the irradiation cross-section in m”. P is the probability of
absorbing a photon by the photosensitizer, ie., 1—10~(Abs@4sénm)
where due to the high scattering of the DMPC liposomes the
absorbance used was calculated employing the bulk concentration of
RuPS; (10 M) and its molar attenuation coefficient (1.35 X 10* M™!
cm™!) in methanol.

Steady-State Emission and Absorption Spectroscopy.
Absorption spectra were recorded in 1.0 cm quartz cuvettes on a
Cary S0 Bio spectrometer. Steady-state emission spectra were
recorded in 1.0 cm quartz cuvettes on a Fluorolog 3 fluorimeter
(Horiba) with double grating monochromators and a P928 PMT
detector, and before measurements, all solutions were degassed with
Ar.

Determination of the RuPS Quenching Constants. For
dynamic (diffusional) quenching, the Stern—Volmer equation (eq
2) was applied:*

Do (% X 100

I
D= T =14 Ky [Q1 =1+ krlQl

T

2)

where I, and I are emission intensities in the absence and presence of
the quencher, while 7, and 7 are emission lifetimes in the absence and
presence of the quencher, respectively. Ky is the Stern—Volmer
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constant, and k, is the second-order rate constant for the quenching
reaction.

For static quenching, where the emission intensity from the
associ4;19ted complex can be neglected, the following relation (eq 3) was
used:

b4k
where K, is the association constant between the dye and quencher,
and I, and I have the same meaning as in the previous equation. In the
case of purely static quenching, the observed lifetime of the
unquenched dyes is not affected (7, = 7).

Nanosecond Transient Absorption and Emission Measure-
ments. For nanosecond transient absorption and emission measure-
ments, optical excitation was performed by using the third harmonic
output of a frequency-doubled Q-switched Nd:YAG laser combined
with an OPO to generate 460 nm excitation pulses. For time-resolved
spectra and kinetic traces on nano-to-microsecond time scales, a
Quanta-Ray Pro series/ OPO combination (Spectra-Physics) was used
to give 460 nm, 8 mJ pulse™’ (in some cases, 20, 30, and 50 mJ
pulse™). The laser was coupled to a LP 920 detection system
(Edinburgh Instruments) equipped with a pulsed XBO 450 W xenon
Arc Lamp (Osram), which can provide the white light for probing. An
iStar CCD camera (Andor Technology) and a LP920-K photo-
multiplier (PMT) detector connected to a Tektronix TDS 3052 500
MHz S GS/s oscilloscope were used for transient signal detection.
Transient absorption and emission data were acquired using LP 900
software and processed using Origin 2018 software. For kinetic traces
on milli-second time scales and above, a Quantel, Brilliant B laser with
Opotek OPO was used to provide 460 nm, 15 mJ pulses. The probe
light was single wavelength and provided using an un-pulsed 150 W
Xe lamp in a flash photolysis spectrometer (Applied Photophysics
LKS.60). Two monochromators were used to minimize sample
excitation by probe light: the first monochromator was set to the
desired detection wavelength before reaching the sample, and the
second monochromator was placed after samples. The absorption
difference of samples at specified wavelength can be monitored with a
PMT Hamamatsu R928 detector and digitized using an Agilent
Technologies Infinium digital oscilloscope (600 MHZ). Transient
absorption data were acquired within the Applied Photophysics LKS
software package. All transient absorption and emission measure-
ments were carried out at room temperature, and a 1.0 cm path length
quartz cell cuvette was used for the measurements, and before
measurements, all solutions were degassed with Ar.

Fabrication of GCEICatalyst. Before immobilizing the alkylated
catalysts, the GCE surface (diameter = 3.0 mm; area = 0.09 cm”) was
cleaned by polishing using 0.015 ym alumina, rinsed with Milli-Q_
water, followed by sonication in Milli-Q water and acetone for 10 min
each solvent, and dried with a N, stream. The alkylated catalysts were
immobilized onto the GC electrodes via dropcasting a known
concentration of the catalysts in methanol (MTy) or acetone (MP,),
followed by air drying. The concentration of catalysts on the GCE,
calculated based on the dropcast volume and concentration of the
initial solution, was 1.15 nmol cm™

Fabrication of FTOICOP,. Before immobilizing CoP;, the FTO
electrodes were sonicated in acetone and isopropanol for 10 min each
and then dried in air overnight. CoPy, was immobilized onto FTO by
dropcasting 0.4 mL of a 0.2 mM 1:1 acetone/hexane solution of the
catalyst and drying in air.

Electrochemistry. CV, SWV, and chronoamperometry measure-
ments were conducted using an Ivium CompactStat potentiostat.

CV and SWV were used to characterize the catalysts in N,- or CO,-
saturated 0.2 M TBAPF; DMF homogeneous solutions at room
temperature. A custom-made two compartment H-cell with frit
separating the compartments with a three-electrode configuration was
employed with airtight compartments. The glassy carbon and Pt mesh
were used as working and counter electrodes, respectively, and Ag/
AgNO; (10 mM) was used as the reference electrode. All experiments
in DMF are referenced against the ferrocene redox couple [E(E*) =
+0.07 V vs Ag/AgNO; (10 mM)].

https://doi.org/10.1021/jacs.2c01725
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Chronoamperometry measurements of GCElcatalysts and SWV
and chronoamperometry measurements of FTOICoP; were per-
formed in a custom-made three-neck one-compartment cell. A three-
electrode configuration was employed, using the GCElcatalyst or
FTOICoP;, as the working electrode, Pt mesh as the counter
electrode, and Ag/AgCl (KCl,,) as the reference electrode (BASi RE-
6). The potentials were converted from Ag/AgCl (KCl,) to the
standard hydrogen electrode (SHE) by adding +0.199 V. All
experiments carried out in aqueous conditions were reported against
SHE. The electrolyte solution was 0.1 M NaHCO; (aq.) (15 mL) and
was purged with N, or CO, for 30 min to remove atmospheric O,.
The pH of the N,- and CO,-saturated 0.1 M NaHCO; was 8.0 and
6.7, respectively. All chronoamperometry experiments were per-
formed for 4 h, and the applied potential was —1.1 V vs Ag/AgCl
(KCly,), i.e., —0.9 V vs SHE, without iR correction. All measurements
were performed at room temperature as triplicate for each catalyst,
and data are presented as mean =+ standard error of the mean. The
mean values and standard errors of the mean were calculated from the
number of repeats of independent experiments.

In Situ UV—vis—NIR Spectroelectrochemistry. Measurements
were conducted in a single-compartment airtight electrochemical cell
using N,- or CO,-saturated 0.1 M NaHCO;, and a three-electrode
configuration was employed. FTOICoP, was used as the working
electrode, Pt mesh as the counter electrode, and Ag/AgCl (KCl,,,) as
the reference electrode (BASi RE-6). For stepwise chronoamperom-
etry (+0.7 V to —0.9 V vs SHE), the working electrode was kept at
each potential for 1 min and the UV—vis—NIR spectra were recorded
on an Agilent Cary 60 spectrophotometer using Cary WinUV
scanning software. Applied potentials were +0.7, +0.2, +0.1, 0.0, —0.1,
—02, —0.3, 0.4, —0.5, —0.6, —0.7, —0.8, and —0.9 V vs SHE. Using
different electrodes, as the final step, after the stepwise reduction of
the film, the potential was switched back to +0.7 V to reoxidize the
film. Normalized absorbance values were calculated using eq 4:

absorbance — absorbance

Normalized absorbance =
absorbance , — absorbance ;.  (4)

In Situ Resonance Raman Spectroelectrochemistry. Raman
spectra were obtained using a Renishaw inVia spectrometer.
Excitation at 785 nm and collection were via a 20X 0.4S5 NA
objective. Typical laser power was 0.4 mW with 60 s exposure time.
SEC experiments were performed using an Autolab PGSTAT204 in a
custom-built 3D printed cell using FTOICoP; as the working
electrode, leakless Ag/AgCl as the reference electrode (Green Leaf
Scientific), and Pt mesh as the counter electrode. During
chronoamperometry, 1 min was allowed at each applied potential
step (ie, +0.7, —0.1, —0.3, —0.5, —0.7, and —0.9 V vs SHE), before
spectra were recorded to allow the cell to equilibrate. Spectral analysis
was performed with a custom python script. Approximately 10 spectra
were recorded per potential on different sample areas, with averaged
spectra used for further analysis. Spectra were background-subtracted
using a 4™ order polynomial estimation method. Difference spectra
were calculated from the difference of each spectrum with the first,
recorded at +0.7 V vs SHE, using both raw and background-
subtracted spectra to ensure that no processing artifacts are
introduced by background subtraction. Relative intensity versus
potential was calculated as follows. First, characteristic modes for the
oxidized and reduced species were selected and confirmed via
comparison to DFT calculations. Next, the mode area at each
potential, (V), is obtained by integrating spectral intensity. Relative
intensity is then calculated using eq 5:

AV) = A(V)min
AWV ) pax = AV )i ()

Computational Details. DFT calculations were performed with
Gaussian09 (revision D1).%° Geometry optimization, vibrational
analysis, and Raman activities were calculated with a 6-31 +
G*>1%% basis set for C, H, O, and N and the Stuttgart/Dresden
effective core potential (SDD)**** for Co, Ni, Fe, and Ru. All the
calculations were performed using the uB3LYP** functional including

Rel. Intensity =

Grimmes D3 dispersion correction.*® Single-point energy calculations
were performed with a 6-311++G(3df,3pd)>”*® basis set for C, H, O,
and N and the SDD for Co, Ni, Fe, and Ru. Free energies were
calculated from single-point energy calculations and free energy
corrections obtained from geometry optimization and vibrational
frequency calculation, and a correction to a 1 M standard was applied
(1.9 kcal mol™). Solvent effects for the geometry optimization and
single-point calculations were modeled with a PCM solvation model
with the dielectric constant of H,O (78.4).>” Various spin states of the
intermediates were calculated, and the most stable one was chosen.
Electron transfer energies were referenced by the calculated
[Ru(bipy);)**/[Ru(bipy);])"* redox cycle, and proton transfer
energies were calculated from the free energy of a free proton in
H,0 (—272.2 kcal mol™").5%¢"

Theoretical Raman spectra were simulated based on the calculated
Raman activities for a corresponding frequency according to eq 6:

h
(UO - Ui)4 Sl
hve
4 871'2CUi<1 - exp(—ﬁ)) 6)

where v; is the individually i calculated frequency, v, is the frequency
of the probing light (12738.85 cm™), h is the Plank constant (6.626-
1073*J s), c is the speed of light (3.00-107® m s™"), k is the Boltzmann
constant (1.38:107 J K1), T is the temperature (298.15 K), and S; is
the DFT-calculated Raman activity for each individually i calculated
frequency. A correction factor of 0.96 for the calculated frequencies
was applied. For the simulated spectra, a gaussian broadening with a
variance of 40 cm™' was applied to each frequency and all the
individual gaussian curves were summed up to obtain the final
simulated Raman spectra.
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