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ABSTRACT: Amide bonds have been utilized as covalent
linkages between photosensitizers and molecular catalysts in
some supramolecular photocatalysts. It is unclear how the
presence of amide groups affects properties of the molecular
catalysts. This study examines the effect of amide derivatization
on photocatalytic CO, reduction using Re(bpy)(CO);C],
where bpy is 2,2'-bipyridine. Our results indicate that
derivatization with electron-withdrawing amide (—CONH)
groups lowered the catalytic activity by a factor of ~6 when the
Re(I) compound was directly excited in the absence of
additional photosensitizers but facilitated electron transfer
between Ru(bpy);** and the Re(I) catalyst when Ru(bpy);>*
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was used as a photosensitizer for excited-state electron transfer. The electron-withdrawing amide bond was then utilized to graft
the Re(I) complex onto the surface of silica nanoparticles. The surface Re(I) sites were found to be well separated in a diimine-
tricarbonyl coordination environment. The surface-immobilized catalyst showed activity comparable to the homogeneous Re(I)
compound in photocatalytic CO, reduction. Photochemical properties of the surface Re(I) catalyst were further probed using in
situ FTIR and EPR spectroscopies. In the presence of a sacrificial electron donor, bipyridine-based, one-electron reduction of the
surface Re(I) catalyst occurred upon visible-light irradiation. The results are particularly relevant to the development of
photoelectrochemical devices for sustainable fuel production via CO, reduction.
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1. INTRODUCTION

Developing methods to recycle CO, in a sustainable manner is
an extremely active research topic."? Photocatalytic CO,
reduction is a promising long-term solution to CO, utilization
that employs sunlight as a renewable energy input.*~> Wide-
bandgap semiconductors, such as titanium dioxide nanomateri-
als,~® have been widely investigated as robust photocatalysts
for CO,-to-fuel conversion. Transition metal compounds,
including those of Ru and Re, are homogeneous catalysts
capable of mediating multielectron CO, reduction.” "
Tricarbonyl Re compounds have been studied as a model
catalyst for electrocatalytic and photocatalytic CO, reduction
since the early report by Hawecker et al."> The photophysical
and photochemical properties as well as catalytic reactivity of
tricarbonyl Re(I) complexes can be significantly altered by
modifying or derivatizing ligands of the Re(I) metal
center.> "¢

Many molecular and supramolecular systems have utilized
amide groups as covalent linkages to facilitate electron transfer
between electron donating components and reactive cen-
ters.'” > For example, tricarbonyl Re(I) complexes were
covalently linked to metalloporphyrins via amide moieties to
form supramolecular photocatalysts, in which the C atom of the
amide group was directly attached to the Re(I) complexes.'” ™"
In a different study, a tricarbonyl Re(I) complex was covalently
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linked to a zinc porphyrin, forming a supramolecular
photocatalyst bearing an amide group with the N atom
connected to the Re(I) complex.”® Such heteronuclear dyads
can absorb long-wavelength light for photoinduced intra-
molecular electron transfer. Our recent study demonstrated
that derivatization of the Re(I) catalyst with amide groups led
to a red shift of the metal-to-ligand charge transfer (MLCT)
band of Re(bpy)(CO),Cl, where bpy is 2,2'-bipyridine.”* It is
unclear, however, how derivatization of the bpy ligands with
amide groups affects photocatalytic properties of the Re(I)
complexes. This present work examines the effect of amide
derivatization on photocatalytic CO, reduction using Re(bpy)-
(Co);CL

Furthermore, the amide groups are employed as linking
moieties to immobilize the Re(I) complex on a solid-state
surface via a new method. Covalent attachment of molecular
catalysts on electrode surfaces is a viable approach to fabricate
devices for photoelectrochemical CO, reduction,~*” which
eliminates the need for sacrificial electron donors and expensive
molecular photosensitizers. The design and synthesis of
covalent linkages plays a key role in successful fabrication of
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photoelectrochemical devices for CO,-to-fuel conversion. Our
research involves the investigation of various surfaces and
linking strategies for robust surface attachment of molecular
catalysts. This present study employs a commercially available
fumed silica as an inert support for tricarbonyl Re(I)
complexes. A Re(I) complex was covalently attached to the
silica surface, characterized with spectroscopic techniques, and
compared against the corresponding homogeneous complexes
in photocatalytic CO, reduction in the presence of a sacrificial
electron donor.

Finally, photochemical reduction of the surface-immobilized
Re(I) catalyst in solid state was investigated with in situ
spectroscopic techniques, including Fourier transform infrared
(FTIR) and electron paramagnetic resonance (EPR) spectros-
copies. The in situ spectroscopic studies provided useful
information on the structural and functional properties of the
surface Re(I) sites.

2. EXPERIMENTAL METHODS

2.1. Materials. Thionyl chloride, 2,2'-bipyridine-4,4’-
dicarboxylic acid, propylamine, triethylamine (TEA), trietha-
nolamine (TEOA), dichloromethane (DCM), dimethylforma-
mide (DMF), tetrabutylammonium hexafluorophosphate
(TBAH, >99%), 3-aminopropyltrimethoxysilane (APTMS),
pentacarbonyl chlororhenium(I), and tris(2,2'-bipyridine)
dichlororuthenium(II) hexahydrate (denoted “Ru(bpy);**”)
were obtained from Sigma-Aldrich. 4,4’-Diamino-2,2’-bipyr-
idine was obtained from BOC Sciences. All reagents were used
without further purification. A nonporous fumed silica (Aerosil
200) obtained from Evonik was used as the model substrate for
surface immobilization.

2.2. Synthesis and Characterization of Homogeneous
Re(l) Catalysts. Three homogeneous Re(I) compounds were
synthesized in this study. The synthesis of Re(bpy)(CO),Cl
(denoted Re-bpy) and a Re(I) compound derivatized with
amide groups (Re-L1, see Scheme 1la) was reported in our

Scheme 1. Molecular Structures of (a) Re-L1 and (b) Re-L2
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recent study.”* The synthesis of another derivatized Re(I)
compound (Re-L2, see Scheme 1b) started with the
preparation of 4,4’-dipropionylamido-2,2’-bipyridyl. Initially,
50 mg of 4,4’-diamino-2,2’-bipyridyl was placed in an
atmosphere of nitrogen and then suspended in 8 mL of dry
tetrahydrofuran and 3 mL of dry TEA. The suspension was
stirred at room temperature for 20 min prior to adding 0.4 mL
of propionyl chloride dropwise. The reaction was allowed to
proceed overnight. It was then poured into 20 mL of saturated
Na,COj; solution and extracted four times with 40 mL of DCM.
Combined organic fractions were dried over MgSO,, and the
solvent was removed on a rotary evaporator to obtain an oily
residue. This residue was then dissolved in 10 mL of dry ethyl
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ether and was left to crystallize in a refrigerator overnight. The
solvent was decanted, and the resulting white solid was washed
with an additional 10 mL of ether, followed by drying in
vacuum to yield 34 mg of 4,4’-dipropionylamido-2,2’-bipyridyl.
For coordination with Re(I), 40 mg of pentacarbonyl
chlororhenium(I) was dissolved in 20 mL of chloroform. To
that solution, 34 mg of 4,4'-dipropionylamido-2,2’-bipyridyl
was added, and the reaction solution was refluxed for 3 h. The
solvent was removed in vacuum, and the residual solid was
dissolved in 2 mL of DCM. The solution was slowly diluted
with 10 mL of diethyl ether, and the resulting solids were
collected and dried in vacuum to yield 50 mg of target
compound. 'H NMR (499.75 MHz; DMSO-dg) & 11.01 (s,
2H), 8.80 (d, 2H, J = 6.2 Hz), 8.74 (d, 2H, ] = 1.9 Hz), 7.74
(dd, 2H, ] = 6.2 Hz, 1.9 Hz), 2.09 (m, 4H), 1.13 (t, 6H, ] = 7.5
Hz). BC NMR (125.67 MHz, DMSO-dy): § 174.18, 156.03,
153.61, 148.74, 115.84, 111.53, 29.83, 8.90.

UV—visible spectra of the synthesized Re(I) compounds in
DMF were obtained on a Cary 50 Bio spectrophotometer.
Emission spectra of the synthesized Re(I) compounds in DMF
were collected on a Cary Eclipse fluorescence spectrometer.
Electrochemical studies were carried out using a PAR model
VersaSTAT 4 potentiostat using a single compartment cell and
using 0.1 M TBAH as the supporting electrolyte in DMF at a
scan rate of 100 mV/s. The electrodes used were a Pt counter
electrode (~6 cm platinum wire, BASi), a glassy carbon
working electrode (3.0 mm diameter, BASi), and a saturated
KCl Ag/AgCl reference electrode (PAR). Ferrocene (Fc) was
used as the internal standard, and all potentials were converted
versus Fc/Fc'. DMF-saturated Ar was bubbled for 20 min
through the electrochemical cell before every scan.

2.3. Surface Immobilization of Re-L1 on Silica Nano-
particles. Prior to surface immobilization of Re-L1, 150 mg of
silica (SiO,) was dried at 120 °C for 1 h and dispersed in 30
mL of dry toluene using ultrasonication. Next, 90 uL of
APTMS was added to the toluene solution under constant
stirring. The resulting mixture was refluxed for 12 h. The
functionalized SiO, was then washed with excess amounts of
toluene, diethyl ether, and DCM prior to further derivatization.
In a separate solution, 75 mg of 2,2'-bipyridine-4,4’-
dicarboxylic acid was refluxed under nitrogen in 10 mL of
SOCL, for 6 h and dried under vacuum to remove excess SOCI,
and any generated amounts of HCl or SO,. The resulting
product, 4,4-bis(chlorocarbonyl)-2,2’-bipyridine, was dissolved
in 30 mL of dry DCM and added dropwise to the
functionalized SiO, dispersed in 30 mL of dry DCM and
subsequently refluxed for 12 h. The product was washed with
excess DCM and diethyl ether and redispersed in toluene. To
this toluene solution, 30 mg of pentacarbonyl chlororhenium(I)
was added, and the mixture was refluxed overnight. The final
product was washed with toluene, diethyl ether, and DCM and
air-dried overnight. The resulting sample in powder form is
denoted Re-L1-SiO,. The amount of Re(I) centers in Re-L1-
SiO, was determined by elemental analysis to be 2.9 pmol per
10 mg of powder material.

Elemental analysis of the synthesized powder materials was
conducted by acid digestion of the surface-immobilized Re(I)
samples, followed by quantification using a Varian Vista AX
induced coupled plasma atomic emission spectrometer. UV—
visible spectra of powder samples pressed on BaSO, pellets
were obtained on a Cary 50 Bio spectrophotometer fitted with
a Barrelino diffuse reflectance probe using BaSO, as a standard.
Infrared spectra of the surface-immobilized Re(I) samples were
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collected on a Nicolet 6700 FTIR spectrometer equipped with
a Harrick Praying Mantis diffuse reflectance accessory, a three-
window chamber, and a DTGS detector.”® EPR spectra were
collected at room temperature on an X-band (9.5 GHz) Bruker
EleXsys E-500 cw-EPR/ENDOR spectrometer. In FTIR and
EPR studies of Re-L1-SiO, in solid state, visible-light irradiation
(4 > 425 nm) was provided using a Fiber-Lite series 180
illuminator. An optical fiber was used to guide light irradiation
to reach the sample through a KBr window of the photoreactor
chamber.

2.4. Photocatalytic Testing. Typically, 4.0 pmol of a
homogeneous Re(I) complex or 10 mg of a surface-
immobilized Re(I) catalyst was dispersed in 4.0 mL of a
DMF-TEOA (3:1 v/v) solution in a Pyrex test tube (8 mm
diameter, 8.3 mL volume). In some tests, 4.0 umol of
Ru(bpy);** was added to the reaction solution for photo-
catalysis under visible-light irradiation. Prior to photocatalytic
testing, the reaction solution was bubbled with DMF-saturated
CO, (99.999%, Airgas) for 20 min. The reaction solution was
then irradiated with an ozone-free Xe lamp equipped with a
water filter (10 cm in length). In this study, an AM 1.5 filter was
used with the Xe lamp to provide simulated solar irradiation.
The AM 1.5 filter blocks ~50% of the infrared irradiation but
does not significantly alter the UV or visible region in the
output of the Xe lamp. A 475-nm long-pass filter was used
together with the same Xe lamp to provide visible-light
irradiation for the experiments with Ru(bpy);>* as a photo-
sensitizer. Light intensity on the reaction solution was fixed at
25 mW/cm?® The head space above the reaction solution was
sampled with a gastight syringe at different time intervals for
product analysis using an Agilent 7820 GC equipped with a
TCD detector and a 60/80 Carboxen-1000 packed column
(Supelco). The turnover number (TON) was calculated as the
number of moles of CO produced per mole of Re catalyst used.
The amount of formic acid as a minor product of Re(I)-
mediated CO, reduction was not monitored in this study.

3. RESULTS AND DISCUSSION

3.1. Photocatalytic CO, Reduction Using Homoge-
neous Re(l) Compounds. The amide-derivatized Re(I)
compounds, Re-L1 and Re-L2 (see Scheme 1 for structures),
were characterized with a variety of techniques. The MLCT
band of Re-L1 has a maximum absorption at 396 nm relative to
369 nm for that of Re-bpy (Table 1), indicating a red shift of 27
nm due to derivatization of the bpy ligand with strong electron-
withdrawing —CONH groups. Such derivatization also resulted

Table 1. Spectroscopic and Electrochemical Properties of
Synthesized Homogeneous Re(I) Complexes

MLCT A"  em. A0 E.*

compounds nm nm v (CO) em™  V vs Fc/Fc*

Re-bpy 369 (3.64) 611 1893, 1917, —1.78, —2.20
2019

Re-L1 396 (4.06) 650 1897, 1920, —1.53, —1.95
2020

Re-L2 365 (5.47) 589 1888, 1912, -191, —2.25
2016

“Maximum absorption wavelength of the MLCT band; extinction
coefficients in 10° dm® mol™ cm™ are listed in parentheses.
“Maximum emission wavelength of the Re(I) complexes. “Vibrational
frequencies of Re carbonyl groups; spectra collected in DMF. “First
and second reduction potentials under Ar.
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in a red shift of 39 nm in the emission band as well as a shift of
+0.25 mV in redox potentials (Table 1). In addition, the £(CO)
bands of Re-L1 were observed at higher frequencies than those
of Re-bpy (Table 1). The opposite trend was observed for Re-
L2, in which the bpy ligand of the Re(I) complex was
derivatized with weak electron-donating amide groups
(=NHCO). In particular, both the MLCT band and emission
band were slightly blue-shifted in the presence of the electron-
donating groups, while the redox potentials were shifted to
more negative values (Table 1). Because of the electron-
donating effect of the —NHCO groups, the £(CO) bands of
Re-L2 were seen at lower frequencies than those of Re-bpy
(Table 1). This is consistent with prior studies by others. For
example, Koike et al. synthesized Re(I) catalysts bearing
electron-donating (—CH,) and electron-withdrawing (—CF;)
groups on the bpy ligand.'* Upon derivatization with a —CH,
group, the first redox potential of the Re(I) catalyst was shifted
by —0.12 mV and the quantum yield of CO formation was
slightly increased.'* Derivatization of the Re(I) catalyst with
—CF; group shifted the first redox potential from —1.43 to
—1.03 V versus Ag/AgCl (0.1 M) and significantly lowered the
quantum yield of CO formation in photocatalytic CO,
reduction.'*

The three Re(I) compounds were tested in photocatalytic
CO, reduction using TEOA as the sacrificial electron donor
under simulated solar irradiation. The presence of the electron-
withdrawing —CONH groups significantly lowered the photo-
catalytic activity of the tricarbonyl Re(I) catalyst (Figure 1).

()

Turnover Number of CO

0 1 2 3 4
Reaction Time (hours)

Figure 1. Photocatalytic CO, reduction using 1 mM (a) Re-bpy, (b)
Re-L1, and (c) Re-L2 under simulated solar irradiation in a DMF-
TEOA (3:1 v/v) solution.

When Re-L1 was used in photocatalysis, the TON of CO
formation was 5.8, in comparison with 31 using Re-bpy after
light irradiation for 4 h. This observation is consistent with the
positive shift of the reduction potentials and subsequently
lower reducing power of Re-L1 relative to Re-bpy. In our study,
derivatization of the bpy ligand with an electron-donating
—NHCO group was also detrimental to photocatalytic
reactivity of the Re(I) catalyst. Under the same experimental
conditions, a TON of 6.8 was obtained using Re-L2 as the
photocatalyst. The homogeneous Re-L1 and Re-L2 became
inactive after the first 2 h of photocatalysis (Figure 1), possibly
due to altered photophysical properties, poor stability of the
derivatized Re(I) complexes under the experimental conditions,
or both.

The synthesized Re(I) complexes were also tested in
photocatalytic CO, reduction in the presence of Ru(bpy);**,
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which functioned as a photosensitizer to harvest visible light (4
> 475 nm) and transfer electrons to the Re(I) catalysts upon
excited-state quenching by TEOA. The Re(I) catalysts do not
have significant absorption in the visible-light (4 > 475 nm)
region. In the presence of Ru(bpy);**, TONs of 15 and 4.8
were obtained for Re-bpy and Re-L2, respectively, after visible-
light irradiation for 4 h (Figure 2). In contrast, the combination

Turnover Number of CO

0 | 2 3 4
Reaction Time (hours)

Figure 2. Photocatalytic CO, reduction using 1 mM (a) Re-bpy, (b)
Re-L1, and (c) Re-L2 under visible-light (4 > 475 nm) irradiation in
the presence of 1 mM Ru(bpy);** in a DMF—TEOA (3:1 v/v)
solution.

of Ru(bpy),>* and Re-L1 resulted in a TON of 14 upon visible-
light irradiation (Figure 2). Since Re-L1 showed lower
photocatalytic activity than Re-bpy or Re-L2 upon direction
MLCT excitation (Figure 1), the comparison shown in Figure 2
suggests that electron transfer between Ru(bpy);** and Re-L1
is much more efficient than that between Ru(bpy);** and Re-
bpy or Re-L2. Such a difference might be due to the presence of
strong electron-withdrawing groups (—CONH) in Re-Ll,
although the —CONH groups were associated with the
relatively lower photocatalytic activity of Re-L1 in comparison
Re-bpy (see Figure 1). The red shift in the MLCT band and
enhanced absorption in the visible-light region of Re-L1 relative
to Re-bpy and Re-L2 (Table 1) might also contribute to the
difference in photocatalytic activity shown in Figure 2. It should
be noted that different photon sources were used to obtain the
results shown in Figures 1 and 2. Therefore, the comparison
described here does not reflect the effect of Ru(bpy);**
photosensitization on the CO,-reduction activity of individual
Re catalysts, which is not the focus of this present study.

3.2. Synthesis and Characterization of Surface-
Immobilized Re(l) Compounds. Tricarbonyl Re(I) com-

plexes have been covalently attached to solid-state nanostruc-
tures, including titanium dioxide,? silica,®® and a polyoxome-
talate,”" for photochemical and spectroscopic studies. The
Re(I) complexes were also incorporated in light-absorbing
metal—organic framework® and periodic mesoporous organo-
silica®® for enhanced photocatalytic CO,-to-CO conversion.
Silica nanomaterials have been widely utilized as solid-state
support for photocatalysts.***> In this study, surface immobi-
lization of both Re-L1 and Re-L2 on a fumed silica was
attempted via a route different from that in our previous
study.”* Scheme 2 shows the synthesis of Re-L1 immobilized
on the surface of SiO, (“Re-L1-Si0,”). In this approach, the
silica surface containing abundant silanol groups was initially
functionalized with APTMS, a silane coupling agent bearing an
amine group. The functionalized surface was further derivatized
by reacting with 4,4’-bis(chlorocarbonyl)-2,2’-bipyridine prior
to coordination of Re(I) with the bpy moieties on the surface
(Scheme 2). This synthetic route has the advantage of forming
a monolayer of Re(I) catalytic sites that are covalently linked to
the surface through a few chemical bonds. As mentioned earlier
in the Experimental Section, the amount of Re(I) centers in Re-
L1-SiO, was determined by elemental analysis to be 2.9 gmol
per 10 mg of powder material, corresponding to a surface
density of ~0.9 Re(I) per square nanometer. This surface
density is very similar to that obtained in our previous study
using a different synthetic approach and a different solid-state
support.24

Surface immobilization of Re-L2 on SiO, was also attempted
but failed to produce the target material denoted Re-L2-SiO,. A
key step in the synthesis of Re-L2-SiO, involved the reaction
between surface ester groups and 4,4'-diamino-2,2'-bipyridine
prior to coordination with Re(I). The infrared spectrum of the
synthesized Re-1.2-SiO, (not shown) indicated the presence of
a significant amount of physically adsorbed Re(NH,-bpy)-
(CO);Cl, where NH,-bpy is 4,4'-diamino-2,2'-bipyridine.
Although the amount of Re(I) centers in Re-L2-SiO, was
determined by elemental analysis to be 1.5 gmol per 10 mg of
powder material, the synthesized material resulted in TONs of
CO formation less than 0.5 after photochemical CO, reduction
for 4 h under either simulated solar irradiation or visible-light
irradiation in the presence of Ru(bpy);**. Most likely, the
reaction between surface ester groups and 4,4’-diamino-2,2’-
bipyridine did not proceed with sufficiently high yield under the
synthetic condition, and the physically adsorbed Re(NH,-
bpy)(CO);Cl on a silica surface was not an active photocatalyst
for CO, reduction.

Scheme 2. Synthesis of Re-L1-SiO,
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In comparison, the successful synthesis of Re-L1-SiO, is well
supported by spectroscopic evidence. Figure 3 shows the

@
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v
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Figure 3. Optical spectra of (a) Re-L1-SiO, and (b) Re-L1.

optical spectra of Re-L1-5iO, and the homogeneous Re-L1 in
the spectral region between 200 and 700 nm. The two major
features in the spectrum of Re-L1, one around 300 nm (zz*
transition of bpy) and the other around 400 nm (the MLCT
band), are clearly seen in the spectrum of Re-L1-SiO,. A
relatively weak absorption around 550 nm is also present in the
spectrum of Re-L1-SiO, (Figure 3b). This band might be
associated with a trace amount of Fe-bpy species introduced
during the synthesis of Re-L1-SiO,.

Infrared results further prove that in Re-L1-SiO,, the Re(I)
catalyst is covalently attached to the surface via the —CONH
amide linkage. The following characteristics are noticed in the
FTIR spectrum of Re-L1-SiO, shown in Figure 4a: (i) the

1620
1901 $1549
2021 A\

Absorbance (a.u.)

T T T T T

4000 3500 3000 2500 2000 1000

Wavenumber (cm!)

1500

Figure 4. FTIR spectra of Re-L1-SiO,: (a) before photocatalytic
testing, (b) after photocatalytic testing under simulated solar
irradiation, and (c) after photocatalytic testing under visible-light
irradiation in the presence of Ru(bpy);**. Photocatalytic testing was
carried out in a mixture of DMF—TEOA (volume ratio 3:1) for 4 h.

absence of silanol groups, which are usually observed at 3745
cm™), as a result of surface functionalization with APTMS; (ii)
the presence of Re-carbonyl bands at 2021 and 1901 cm™; and
(iii) the presence of absorptions associated with the amide
linkage at ~1620, 1549 (N— H bend), and 1367 cm™' (C—-N
stretch). In our previous work,** the C=0 stretching band of
the same amide linkage was observed at 1657 cm™'. In this
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present study, the absorption at ~1620 cm™" shown in Figure
4a is likely a result of two overlapping absorptions: the C=0
stretching band at 1657 cm™" and the N—H bending band of
surface amine groups around 1600 cm™'. These two over-
lapping absorptions are more clearly seen in the spectra of Re-
L1-SiO, after photocatalysis shown in Figure 4b and 4c.

In addition, two less-intense peaks at ~1720 and ~1460
cm™" (not labeled), are present in the spectrum shown in
Figure 4a. The peaks around 1720 and 1460 cm™" are likely due
to the presence of carboxylic and carboxylate groups,
respectively, on the functionalized silica surface. Therefore,
the spectrum shown in Figure 4a suggests that not all of the
surface amine groups were consumed in the reaction with 4,4’
bis(chlorocarbonyl)-2,2'-bipyridine following the synthesis
described in Scheme 2. Furthermore, the presence of two
peaks around 1720 and 1460 cm™' in Figure 4a implies that a
relatively small amount of 4,4'-bis(chlorocarbonyl)-2,2'-bipyr-
idine was covalently attached on the silica surface through the
one-arm (one —CONH linkage) configuration instead of the
intended two-arm mode. However, our spectroscopic (optical
and infrared) results shown in Figures 3 and 4a indicate that
most of the surface-immobilized Re(I) units have the target
structure of Re-L1-SiO,. Scheme 3 shows the structures of
coexisting surface functionalities, including free amine groups,
one-arm Re(I) sites, and the target two-arm Re(I) sites, in the
synthesized material.

Scheme 3. Possible Surface Sites on the Functionalized Silica
Nanoparticles, Including the Target Two-Arm Re-L1-SiO,,
Free Amine Groups and the One-Arm Re(I) Complex
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The synthesized Re-L1-SiO, in powder form was tested in
photocatalytic CO, reduction. A TON of 6.9 was obtained
using Re-L1-SiO, as the photocatalyst after 4 h under simulated
solar irradiation, whereas a TON of 11 was obtained when Re-
L1-SiO, was tested under visible-light irradiation in the
presence of Ru(bpy);** as a photosensitizer (Figure $).
Therefore, the activity of Re-L1-SiO, was comparable to the
homogeneous Re-L1.

Similar to the homogeneous Re-L1, the heterogeneous Re-
L1-SiO, became less active after the first 2 h of reaction under
the experimental conditions (Figure S). In the study by Takeda
et al, deactivation of a surface-immobilized Re(I) catalyst was
associated with the formation of Re-formato species, which was
identified by carbonyl absorptions at 2018, 1912, and 1894
em™'** In our study, infrared spectra of Re-L1-SiO, were
collected after photocatalysis followed by thorough solvent
washing. Figure 4 compares the spectrum of fresh Re-L1-SiO,

dx.doi.org/10.1021/cs300796e | ACS Catal. 2013, 3, 655—662
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Figure S. Photocatalytic CO, reduction using Re-L1-SiO,: (a) under
visible-light irradiation in the presence of Ru(bpy);>* and (b) under
simulated solar irradiation.

with the spectra of the same material after photocatalysis under
different light irradiation. The Re-carbonyl bands at 2021 and
1901 cm™" in the spectra of tested samples are almost identical
to those in the spectrum of fresh Re-L1-SiO,. The spectra
shown in Figure 4 indicate no significant formation of Re-
formato species after Re-L1-SiO, was tested in photocatalytic
CO, reduction under the experimental conditions. Therefore,
the low reactivity of Re-L1-SiO, after the first 2 h of reaction
must be associated with the performance of Re-Ll1 in
photocatalysis, as shown in Figures 1 and 2.

3.3. In Situ Spectroscopic Studies of Re-L1-SiO, in
Solid State. The use of a robust solid-state support for the
Re(I) catalyst permits the study of Re-L1-SiO, with in situ
FTIR and EPR spectroscopies in the absence of an organic
solvent. Prior to the spectroscopic investigation, a small amount
of Re-L1-SiO, was thoroughly mixed with a few drops of
TEOA as well as KBr. Figure 6 shows the FTIR spectra of the
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Figure 6. FTIR spectra of Re-L1-SiO, in solid state in the presence of
(a) Ar and (b) CO,. The sample was mixed with KBr and TEOA.

resulting mixture in the presence of Ar and CO,. Both spectra
shown in Figure 6 contain three Re-carbonyl bands at 2020,
1917, and 1896 cm™, in comparison with absorptions at 2020,
1920, and 1897 cm™" for homogeneous Re-L1 in DMF (Table
1). Only two Re-carbonyl bands at 2021 and 1901 cm™ are
present in the spectrum of Re-L1-Si0, in the absence of TEOA
(Figure 4a).
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In our previous study, Re-bpy was physically adsorbed in a
hierarchical mesoporous ZSM-5 zeolite and further mixed with
TEOA.*® The infrared spectrum of the physically adsorbed Re-
bpy sample contains two broad absorption features between
1800 and 2100 cm™".*® Because of direct interactions of Re-bpy
with the zeolite surface, the two broad absorption features
consist of multiple overlapping peaks;28 therefore, the presence
of three well-defined Re-carbonyl bands in the spectrum of Re-
L1-SiO, shown in Figure 6 suggests that the surface Re(I) sites
are distinct and that most surface Re(I) sites are in a
coordination environment identical to that of Re-L1. The
FTIR spectra shown in Figure 6 also highlight the formation of
surface adsorbed bicarbonate when Re-L1-SiO, was exposed to
CO, in the presence of TEOA. The bicarbonate species is
associated with a broad band at 1651 cm™ (Figure 6b)
characteristic of the O—C—O stretching of bidentate
bicarbonate species.*®

The Re-L1-SiO, sample containing TEOA was further
exposed to visible-light (4 > 425 nm) irradiation in the
presence of gaseous CO,. After light irradiation for 1 h, the
three Re-carbonyl bands shifted to lower wavenumbers at 2017,
1907, and 1888 cm™" (Figure 7b), corresponding to changes of
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Figure 7. FTIR spectra of Re-L1-SiO, in solid state (a) before and (b)
after visible-light (4 > 425 nm) irradiation for 1 h in the presence of
CO,. The sample was mixed with KBr and TEOA.

3, 10, and 8 cm™', respectively. We attribute the shift to
bipyridine-based reduction of Re-L1-SiO,, although previous
infrared spectroelectrochemical studies reported a shift of ~20
cm™ due to primarily bipyridine-based reduction of the
homogeneous Re-bpy.'®*® The much smaller shift observed
in our study should be associated with the presence of electron-
withdrawing amide (—CONH) substitution on the bpy ligand
of Re-L1-SiO,.

Photoinitiated bipyridine-based reduction of Re-L1-SiO, was
further confirmed by EPR study of the same sample containing
TEOA. Figure 8 shows the EPR spectra of Re-L1-SiO, in
powder form before and after visible-light (4 > 425 nm)
irradiation in the presence of gaseous CO,. The spectra shown
in Figure 8 clearly demonstrate the formation of paramagnetic
species upon light irradiation. In particular, the EPR spectrum
collected prior to light irradiation (Figure 8a) does not show
any noticeable signal, but the EPR spectrum upon light
irradiation (Figure 8b) contains resonance originating from an
interaction between the ungaired electron in reduced bpy
ligands with Re(I) nuclei’”** Beyond the spectroscopic
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Figure 8. EPR spectra of Re-L1-SiO, in solid state (a) before and (b)
after visible-light (4 > 425 nm) irradiation for S min in the presence of
CO,. The sample was mixed with KBr and TEOA. The spectra were
collected at room temperature.

changes described in Figures 7 and 8, no significant change was
observed in the FTIR and EPR spectra of Re-L1-SiO, in other
spectral regions or after prolonged light irradiation.

The in situ spectroscopic studies demonstrated one-electron
reduction on the bpy ligand of Re-L1-SiO, in solid state upon
visible-light irradiation in the presence of a sacrificial electron
donor. Such bipyridine-based reduction is an important step in
photocatalytic CO, reduction using homogeneous Re(I)
compounds. No significant formation of CO was observed in
the infrared study under these experimental conditions. This is
likely due to the lack of sufficient driving force for the reduced
surface Re(I) species to acquire the second electron needed for
CO,-to-CO conversion on Re(I), which is known as a two-
electron process. In this sense, photoelectrochemical CO,
reduction using molecular catalysts attached to electrodes is
among the most promising approaches for efficient CO,
reduction. In the photoelectrochemical approach, an applied
bias potential could facilitate the accumulation of two electrons
on the same catalyst site and subsequently achieve efficient
CO,-to-CO conversion. Our current research involves
derivatization and covalent attachment of tricarbonyl Re(I)
catalysts on electrodes for use in photoelectrochemical CO,
reduction.

4. CONCLUSIONS

Although amide bonds have been utilized as versatile linkages
for building supramolecular complexes, this present study
showed that derivatization of the bipyridine ligand with amide
groups significantly altered the optical, electrochemical, and
photocatalytic properties of tricarbonyl Re(I) catalysts. In
photocatalytic CO, reduction, the presence of electron-
withdrawing amide (—CONH) groups on the bpy ligand
lowered the activity of Re(bpy)(CO);Cl by a factor of ~6 when
the MLCT band of the Re(I) catalyst was directly excited. Such
a detrimental effect disappeared in the presence of Ru(bpy);**,
which initiated the photocatalysis by absorbing visible light and
subsequently transferring electrons to the Re(I) catalyst upon
excited-state quenching by TEOA. Likely, the presence of
electron-withdrawing amide groups facilitated intermolecular
electron transfer from Ru(bpy),;"* to the Re(I) catalyst.

This study also proved that amide bonds are viable linkages
to achieve robust surface immobilization of Re(bpy)(CO),Cl
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on silica nanoparticles. The surface-immobilized Re(I) complex
demonstrated optical and photocatalytic properties very similar
to the homogeneous Re(I) compound bearing the electron-
withdrawing amide groups. The use of photochemically inert
silica support permitted the study of structural and functional
characteristics of the Re(I) catalyst by using in situ
spectroscopic techniques. Our in situ spectroscopic studies
revealed that the coordination environment of the Re(I)
centers was conserved after surface immobilization and that the
surface Re(I) sites were well separated. In addition, visible-light
irradiation resulted in bipyridine-based one-electron reduction
of the surface Re(I) catalyst, an important step in photocatalytic
CO, reduction mediated by homogeneous Re(I) compounds.
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