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Conjugated polymers are promising candidates for photocatalyst materials owing to the molecular design
flexibility in tuning their properties, including visible light responsiveness. The rational introduction of
a molecular metal complex acting as a catalyst at a specific location is an effective approach to activate
conjugated polymer photocatalysts for the selective conversion of small molecules, such as carbon
dioxide. However, the photocatalytic activity of the conjugated polymer/metal complex hybrids has not
been satisfactory. In particular, there is still much room for improvement in polymer structure
engineering to maximise the activation of a molecular complex catalyst centre by photoexcited
electrons. This work demonstrates the strong impact of side chains and ligand structures, which do not
significantly affect the optical properties of the polymers, on their photocatalytic performance for CO,
reduction. The relatively rigid aromatic side chains and condensed aromatic ligand moieties enable
effective inter-m-chain charge transfer to activate the isolated (i.e. low-concentration) Ru(i) complex
catalyst. The manipulation of photoexcited charge transfer by structural modulation resulted in
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Introduction

The catalytic conversion of CO, into energy-added molecules is
important for both decreasing the CO, concentration in the
atmosphere and generating energy and carbon resources.’ In
particular, the utilisation of solar energy has been regarded as
an attractive method for CO, conversion. There is an urgent
need to develop photocatalyst materials for harnessing the
energy of visible light, which is a major component of sunlight.

Inorganic semiconductors,*® metal complexes,” and their
hybrid materials’®** have been extensively studied as photo-
catalysts for visible-light-driven CO, reduction. High selectivity

“Department of Energy and Hydrocarbon Chemistry, Graduate School of Engineering,
Kyoto University, Nishikyo-ku, Kyoto 615-8510, Japan. E-mail: nakada@scl.kyoto-u.ac.
Jp; ryu-abe@scl. kyoto-u.ac.jp

Precursory Research for Embryonic Science and Technology (PRESTO), Japan Science
and Technology Agency (JST), 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan
“Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
“Department of Applied Chemistry, Graduate School of Engineering, Osaka University,
2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

T Electronic supplementary information (ESI) available: Electron microscope
images, spectroscopic data, and calculated molecular orbitals. See DOI:
https://doi.org/10.1039/d5s5e00142k

This journal is © The Royal Society of Chemistry 2025

counterpart photocatalysts containing the alkyl side chain and bipyridine ligand moieties.

for CO, reduction, based on well-defined and tunable active sites,
is one of the advantages of molecular photocatalysts, as has been
demonstrated in previous works.””® Another important favour-
able property of molecular photocatalysts is the capability to
design molecular orbitals to facilitate the transfer and separation
of photoexcited charges, as demonstrated by highly selective and
efficient photocatalysis even under visible-light illumination.*®
On the other hand, semiconductor photocatalysts are advanta-
geous with regard to formation of band structures.>** The band-
gap excitation of semiconductors generates multiple electrons
and holes in the conduction and valence bands. Therefore,
simultaneous multi-electron reduction and oxidation reactions,
e.g., overall water splitting’>® and CO, reduction using water as
the electron source,® have been achieved by a number of semi-
conductor photocatalysts, while they have hardly been reported
with molecular photocatalysts alone.” However, when used for
CO, reduction, semiconductor photocatalysts frequently suffer
from the low selectivity of CO, reduction due to the competition
with efficient proton reduction.® Hence, assemblies of metal
complex molecules and semiconductor particles have been
developed to exploit their specific advantages; however, the
achievement of efficient photocatalytic CO, reduction using
these systems is still challenging.'®"
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Recently, conjugated polymers have attracted significant
attention as new and promising heterogeneous photocatalyst
materials.”*** Conjugated polymers exhibit visible light
absorption owing to their expanded m-conjugation with flexible
molecular designability for engineering the HOMO and LUMO
energies. The hybridisation of molecular metal complex (photo)
catalysts is an effective method for activating conjugated poly-
mer photocatalysts for selective CO, reduction. Although
introducing an appropriate anchor unit to either conjugated
polymers* or molecular metal complex***® affords intermolec-
ular hybrid for CO, reduction, incorporating ligand units for the
metal centre directly into the polymer as building blocks is
a simpler and more effective method for the site-selective and
robust introduction of metal complex catalysts.**"-*

We have developed all-in-one hybrid photocatalysts consist-
ing of linear conjugated polymers with a bipyridine unit that
acts as a ligand bearing the Ru(u) carbonyl complex catalyst for
photocatalytic CO, reduction.** The introduction of an appro-
priate donor-acceptor structure in the conjugated system
enabled selective LUMO localisation on the Ru(u) complex
catalyst moiety, leading to improved photocatalytic CO, reduc-
tion activity. In addition, this hybrid photocatalyst exhibited
selective CO, reduction even in aqueous solution.** However, its
photocatalytic activity was not satisfactory, with a quantum
efficiency of 0.4%, leaving much room for improvement.**

In this work, we demonstrate a strategy for effective inter--
chain transfer of photoexcited electron to the Ru(u) complex
catalyst through the control of the concentration of the catalyst
centre and side chain modulation (Fig. 1).

Pd(PPhg)s (2 mol%) R
K>COs N

\I(l N/n

H,0/0-DCB (1:5 viv)

Bpln Bpin  reflux, 2 days

R=PhorCgg

[PhCz-BpyRu,],

View Article Online

Paper

Results and discussion

Effects of side chains and Ru complex introduction on
crystallinity, light absorption, and HOMO-LUMO potentials

Conjugated polymers [PhCz-Bpy],, [PhCz-Phen],, and [CgCz-
Bpy], (PhCz: 9-phenyl-carbazole, CggCz: 9-(9-heptadecanyl)-
carbazole, Bpy: 2,2'-bipyridine, Phen: phenanthroline) were
synthesised using Suzuki-Miyaura cross-coupling reactions
between 5,5'-dibromo-2,2’-bipyridine or 3,8-dibromo-1,10-
phenanthroline and carbazoles with diboronic ester substitu-
ents at the 2,7 positions. The newly synthesized [PhCz-Phen],
and [Cg sCz-Bpy], polymers were characterised using solid-state
13C cross-polarization/magic angle spinning (CP/MAS) NMR
spectroscopy to confirm the existence of key building unit
structures (Fig. S11). Gel permeation chromatography (GPC) for
[Cs,sCz-Bpy],, that is soluble in chloroform gave weight-average
molecular weight (M,,) of 10800. Scanning electron micros-
copy (SEM) images show aggregated structures of the polymers
with sizes of several pm (Fig. S271). A Ru(u) carbonyl complex was
introduced by coordination to the diimine moieties of [PhCz-
Bpy]., [PhCz-Phen],, and [CsgCz-Bpy], to yield the corre-
sponding hybrids, [PhCz-BpyRu,],, [PhCz-PhenRu,],, and
[Cs sCz-BpyRu,],. The polymers with the introduced Ru(u)
complex exhibited characteristic CO vibrations at 1960 and
1995 cm ' that can be assigned to the Ru(Bpy)(CO),Cl,-type

coordination environment (Fig. S3-S5f). The CO vibration
absorption increased with increasing extent of the used Ru
complex (x) for coordination reaction to the polymer.

Fig. 2 shows powder XRD patterns of the obtained polymers.
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[PhCz-BpyRu,], and exhibited typical
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Fig. 1
study.
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(a) Synthetic procedures, (b) molecular structures, and abbreviations of conjugated polymers bearing a Ru(i) complex catalyst used in this

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se00142k

Open Access Article. Published on 11 April 2025. Downloaded on 12/11/2025 12:48:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

@) [PhCz-BpyRu,],

Intensity / a.u.

0.05

10 20 30
26/ degree

(b) [PhCz-PhenRu,],
x=0
= 0.05
z
2
£
S SN
behoctiome e . 1|
1}0 2I0 3I0 4I0 50
26/ degree

View Article Online

Sustainable Energy & Fuels

(C) [CS,SCZ'prRux]n

Intensity / a.u.
k £

Fig. 2 XRD patterns of (a) [PhCz-BpyRu,l,, (b) [PhCz-PhenRu,l,, and (c) [Cg sCz-BpyRu,l,.
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UV-visible diffuse reflectance spectra of (a) [PhCz-BpyRu,l,, (b) [PhCz-PhenRu,l, and (c) [Cg gCz-BpyRu,l,.
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diffraction patterns with characteristic diffraction peaks at 26 of
~11°and ~25° (Fig. 2a and b), which are often observed in linear
T-conjugated polymers.** The diffraction peaks at higher angle
correspond to the d-spacing value of ~3.6 A, which should be
related to the v stacking of the conjugated chains.*****¢ On the
other hand, the d-spacing value for the diffraction at lower angle
(~8.1 A) was similar to the distance between the conjugated
backbones separated by side chains as previously assigned for
linear conjugated polymers.****¢ [PhCz-PhenRu,], exhibited
sharper and stronger diffraction peaks than [PhCz-BpyRu,],,
reflecting its higher crystallinity. By contrast, [CgsCz-BpyRu,],
with long alkyl side chains showed very broad peaks with an
expanded d-spacing (~4.3 and 16°) compared with the other
polymers with phenyl side chains (Fig. 2c). The lower crystallinity
of the structure is likely caused by the bulky branched Cg g alkyl
chain.?**** The introduction of the Ru-complex moiety
decreased the sharpness of the peaks depending on the loading
amounts. In the case of [Cg 3Cz-BpyRu,],, low-angle shifts in the
broad peak was also observed upon increasing x. This is due to
the disordering of the stacking sequence by the incorporation of
the relatively large Ru-complex core (~1 nm). However, the
characteristic diffraction patterns of [PhCz-BpyRu,], and [PhCz-
PhenRu, ], were retained even when the Ru complex was incor-
porated. Hence, the integrated structure of conjugated chains
was distinctly different for each side chain (phenyl vs. alkyl),
regardless of the incorporation of the Ru complex.
Polymerisation of the colourless monomers afforded yellow
powders with visible light absorption. The absorption wave-
lengths were negligibly affected by the side chain structures and
diimine moieties of [PhCz-Bpy],, [PhCz-Phen],, and [Cg sCz-Bpy],,
(Fig. 3). Coordination of the diimine moiety to the Ru complex
generated a new absorption peak at approximately 450 nm (Fig. 3,
inset). The HOMO and LUMO levels derived from the HOMO-
LUMO energy gaps (E,) and the ionisation energies measured by
photoelectron yield spectroscopy (PYS; Fig. S6-S87), were negli-
gibly affected by changing the side chains and the diimine moiety
(Fig. 4a). By contrast, the coordination to the Ru complex induced
selective shifts of the LUMO to a lower energy by ~0.3 eV, while
maintaining the HOMO energies for all polymers. This LUMO
shift due to the Ru complex introduction is consistent with our
previous report on [PhCz-BpyRu,],, (x = 0 and 1).** The theoretical
calculation for the corresponding monomers suggests that the
HOMO and LUMO are respectively localized on carbazole and
diimine, and the LUMO energy was stabilized because of the
electron-donating coordination of diimine to Ru (Fig. S97).
Importantly, the LUMO energies of the Ru-complex-bearing
polymers were almost constant, regardless of the amount of the
Ru complex introduced (Fig. 4a). Therefore, we can conclude that
the Ru complex modification produced isolated LUMO distrib-
uted on diimines coordinated to the Ru centre, which has ca. 0.3—
0.4 eV lower energy than that of the free diimine moiety (Fig. 4b).

Effects of concentration of Ru complex hybridised on the
photocatalytic CO, reduction activity

Photocatalytic CO, reduction was performed in a mixed solu-
tion of acetonitrile (MeCN) and triethanolamine (TEOA) (4 :1),
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Fig. 5 Amounts of formate, CO, and H, formation generated over
[PhCz-BpyRu,l, (2 mg) with different loading amounts of Ru complex
moiety (x=0, 0.05, 0.1, 0.3, 0.5,and 1) in MeCN-TEOA (4 : 1, v/v, 2 mL)
under irradiation of 2 > 380 nm light for 6 h.

where hybrid polymers were dispersed, under a CO, atmo-
sphere with a light (1 > 380 nm) irradiation (Fig. 5). As indicated
in our previous work,** [PhCz-BpyRu, ], generated formate as
the main product of CO, reduction using TEOA as an electron
donor. By contrast, [PhCz-Bpy],, without the Ru complex (x = 0)
did not give formate or CO, clearly indicating that the Ru
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Fig. 6 (a) Transient photoconductivities upon laser pulse excitation at
355 nm of [PhCz-BpyRu,l,, with different loading amounts of Ru
complex moiety. (b) Dependence of maximum transient conductivities
PdZumax and amounts of formate production on the amount of Ru
complex hybridised.
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complex moiety acted as a selective CO, reduction catalyst. The
best photocatalytic performance was obtained at x = 0.1.
Surprisingly, the amount of generated formate increased with
decreasing Ru-complex incorporation, from x = 1 to 0.1 (Fig. 5).
This trend is unusual and differs from the trends observed for
the conventional semiconductor/molecular hybrid photo-
catalysts; in most cases, photocatalytic activity increases with
increasing number of molecular catalyst units because electron
transport from the semiconductor to the molecular catalyst is
the limiting process.?”*® By contrast, the unusual trend found in
this study, i.e., enhanced activity with decreasing Ru-complex
hybridisation, implies that the conjugated polymer enables
more effective activation of isolated Ru-complex catalysts by
their photoexcited electrons. Consequently, the turnover
number for formate formation increased drastically with
decreasing Ru-complex catalyst loading (Fig. 5).

Because CO, reduction into formate is a two-electron
reduction process, frequent transfer of photoexcited electrons
to one catalyst molecule would enhance the photocatalytic
activity if the chemical reaction were the rate-determining
process. To gain further insight into the photoinduced
charge-transfer behaviour, time-resolved microwave conduc-
tivity measurements, which provide a powerful tool for the
visualization of the photoconductivity of a material, were per-
formed. The photoconductivity ¢=u, where ¢ is the quantum
efficiency of charge carrier generation and Zu is the sum of the
photogenerated carrier mobilities, first increased within the

View Article Online
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instrumental time resolution (~1077 s) and then gradually
decreased due to charge recombination and/or trapping.
Compared to [PhCz-Bpy],, the maximum photoconductivity
¢Zlmax decreased upon loading the Ru complex in [PhCz-
BpyRu,], (Fig. 6a). Interestingly, the introduction of only a small
amount of the Ru complex (x = 0.05) significantly decreased the
photoconductivity, although it did not affect their crystallinity.
According to our previous report,* the decreased photocon-
ductivity can be attributed to the trapping of photoexcited
electrons by the Ru-complex moiety, which results in an
increased electronic density of the Ru centre, as indicated by
transient IR measurements. Importantly, the decreased photo-
conductivity was saturated at x = 0.1 and became constant at 0.1
= x = 1 (Fig. 6b). This indicated that the Ru complex coordi-
nated to only 10% of the bipyridine unit in [PhCz-BpyRu, 4], is
enough for accepting the photogenerated electrons in the
conjugated skeleton. In other words, one Ru-complex catalyst
can more frequently accept photoexcited electrons in the case of
lower loading amount; therefore, [PhCz-BpyRu, ], showed
a higher rate of photocatalytic CO, reduction.

Manipulation of interchain charge transfer for improving the
photocatalytic CO, reduction activity

Fig. 7a-c compare the photocatalytic CO, reduction activities of
[PhCz-BpyRuy 4], [PhCz-PhenRuy;],, and [CgsCz-BpyRug 1],
Despite the lack of a significant difference in the light absorp-
tion properties (Fig. 3), the choice of the side chain and diimine
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Fig. 7 Time courses of formate, CO, and H, formation over (a) [PhCz-BpyRug 1l,.. (b) [PhCz-PhenRug 1], and (c) [Cg gCz-BpyRug 11, in MeCN-
TEOA (4:1, v/v, 2 mL) under irradiation of A > 380 nm light. Emission decays from (d) [PhCz-BpyRu,l,, (e) [PhCz-PhenRu,], and (f) [Cg gCz-
BpyRu,l, (x = 0 or 0.1) dispersed in MeCN with the excitation wavelength of A = 440 nm.
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moiety strongly affected the photocatalytic activity. Compared
to [PhCz-BpyRu,,], (Fig. 7a), substitution of the bipyridine
moiety with phenanthroline ([PhCz-PhenRu, ,],) improved the
rate of formate formation (Fig. 7b). IR spectra at 400-1700 cm "
that corresponds to the organic backbone in [PhCz-PhenRuy 4],
was maintained after photocatalysis (Fig. S10t). On the other
hand, characteristic CO vibration peaks at 2060 and 1995 cm ™"
assignable to Ru(diimine)(CO),Cl,-type coordination were
shifted to 2036 and 1956 cm ™' just after photoirradiation and
the structure was maintained after the long-term photocatalysis
(Fig. S10t). Although the obtained structure could not be
precisely characterized, ligand-substituted complex, e.g.,
Ru(diimine)(CO)LCl,,**** may form as the real catalyst species.
By contrast, the photocatalytic activity was almost completely
diminished by the introduction of the Cg g branched long alkyl
side chains on the carbazole moiety (Fig. 7c). The initial rates of
formate formation on [PhCz-PhenRu, 4], were 2.3 and 37 times
higher than those on [PhCz-BpyRu, ,], and [Cg sCz-BpyRuy 1],
respectively. The difference in their mw-chain orientation is likely
a key factor for their distinct photocatalytic activities because
[PhCz-PhenRu, 4], has a more oriented inter-wt-chain structure
than [PhCz-BpyRu, 4], while the bulky Cg ¢ side chain in [Cg Cz-
BpyRuy 4], induces a disordered structure, as shown in Fig. 2.
The behaviour of the photoexcited state was compared using
emission spectroscopy (Fig. 7d-f and S11, S12t). The MeCN
dispersions of the polymers without the Ru complex (x = 0)

[t
d [y
~t;Ff”\co‘

<= HCOOH

Inter chain
electron transfer

““~co,

Fig. 8 Proposed effects of interchain electron transfer on the pho-
tocatalytic activities of (a) [PhCz-PhenRug ], and [PhCz-BpyRug 1l,.
and (b) [C&gCZ-prRUo_l]n.
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showed emission maxima at approximately 500-550 nm upon
photoexcitation at 440 nm (Fig. S117). Introduction of the Ru-
complex moiety resulted in decreased emission intensities
(Fig. S111) with shortened emission lifetimes (Fig. 7d-f) to
different extents, depending on the conjugated skeleton.
Importantly, decreased emission, which was exhibited in the
MeCN dispersion, was not observed in dichloromethane solu-
tions of [Cg sCz-BpyRu,],, (compare x = 0 and 0.1 in Fig. S12af).
By contrast, [PhCz-BpyRu,],, which is insoluble in dichloro-
methane, exhibited emission deactivation upon the introduc-
tion of the Ru complex unit in its dispersion form (Fig. S12b¥),
similar to that in MeCN (Fig. 7a). These observations imply that
the non-radiative deactivation process originates from the inter-
m-chain charge-transfer states which can be promoted in the
solid-state with integration of the conjugated chains. Taking
this into account, the order of magnitude of the pronounced
emission decays induced the by introduction of the Ru complex
([PhCz-PhenRu, ;], > [PhCz-BpyRu, ], > [CssCz-BpyRug1],)
shown in Fig. 7d-f likely reflects the degree of occurrence of
inter-m-chain charge transfer depending on their inter-w-chain
distance and orientation. Namely, the relatively more-oriented
structure with shorter inter-w-chain distances in [PhCz-
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PhenRu, ], (and [PhCz-BpyRu,,],) possibly enables more
extended charge separation between the w-chains (Fig. 8a), and
thus, more efficient photocatalysis than [Cg sCz-BpyRu, 1], with
a disordered structure (Fig. 8b). The fact that the photocatalytic
activities of the conjugated polymer/Ru complex hybrids were
highly sensitive to inter-m-chain charge transfer (Fig. 7) indi-
cates the importance of inter-chain structural engineering.

As shown in Fig. 9, the maximum external quantum effi-
ciency for formate formation (EQEgormate) is 2.2% at 450 nm by
using [PhCz-PhenRu, 4],,. This value is approximately six times
higher than that of our previously reported [PhCz-BpyRu, ], (ref.
31) because of the improved transport of photoexcited electrons
to the isolated Ru complex catalyst. Interestingly, the wave-
length dependence of EQEgormate did not simply follow the
absorption spectra for [PhCz-PhenRuy,], (Fig. 9a), but was
similar to the newly generated absorption peak obtained by
introducing the Ru complex (Fig. 9b). Because the peak
absorption can be assigned to charge transfer from carbazole to
the diimine-Ru moiety (vide supra), direct charge transfer to the
Ru-complex catalyst is still more effective than higher excited
states (such as carbazole to free diimine units) for CO, reduc-
tion. This result implies that there is further room for
improvement in the remote transport of photogenerated elec-
trons by higher excited states (generated spatially far from the
centre of the Ru complex).

Conclusions

In this study, we demonstrated polymer structure modulation
to manipulate photoinduced charge transfer and improve the
photocatalytic performance of conjugated polymer/metal
complex hybrids for CO, reduction. First, the isolation (i.e.
decreasing concentration) of the molecular Ru-complex catalyst
enabled much more frequent activation of the Ru-complex
catalyst by photoexcited electrons in the conjugated polymer
[PhCz-BpyRu,],. Second, the introduction of a rigid aromatic
side chain on the carbazole moiety and condensed phenan-
throline ligand enabled a further improvement in the inter-rc-
chain charge transfer owing to their more ordered stacking
structure. Owing to structural modulation, the optimised
hybrid [PhCz-PhenRu, ], exhibited ca. 6 times higher photo-
catalytic activity for CO, reduction with an external quantum
efficiency of 2.2% at 450 nm compared with its previously re-
ported [PhCz-BpyRu,],, analogue (0.4%).** This study demon-
strates the impact of rational polymer engineering on inter-m-
chain charge transfer for effective activation of a molecular
catalytic site.

Experimental section

General procedure

Solid-state *C CP/MAS NMR spectra were recorded using
a wide-bore 14.1 T magnet and Bruker AVANCE NEO 600 NMR
spectrometer equipped with a "H-"*C double resonance 3.2 mm
MAS probe. UV-visible diffuse reflectance spectra were recorded
at room temperature using a Shimadzu UV-2600i spectropho-
tometer equipped with an integral sphere (Shimadzu ISR-
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2600Plus). Attenuated total reflection FT-IR (ATR-FT-IR)
spectra were recorded using a JASCO FT/IR-4200 spectrometer
equipped with a diamond prism (JASCO ATR PRO ONE). Powder
XRD patterns were recorded on MiniFlex600-C (Rigaku, X-ray
source: Cu Ka). The emission spectra were measured under
an Ar atmosphere at room temperature using a JASCO FP-8550
spectrometer. To determine the emission quantum yield, an
integrated sphere (JASCO ILF-135) was equipped with the
spectrometer. Emission decay data were collected by the single-
photon counting method using a HORIBA DeltaFlex and
a Nano-LED (HORIBA NanoLED-440L, A = 440 nm) as the
excitation light source. Scanning electron microscopy (SEM)
images were obtained using an NVision 40 instrument (Carl
ZeissSII Nano Technology). Photoelectron yield spectra (PYS)
were measured using a Bunko Keiki BIP-KV100K instrument.
PYS measurements provide the lowest ionisation energies cor-
responding to the valence band maximum potentials.***

Material

Acetonitrile (MeCN; dehydrated, >99.5%), 1,2-dichlorobenzene
(>98.0%), methanol (MeOH, >99.8%), CH,Cl, (>99.5%), ruth-
enium(m) chloride hydrate (RuCl;-nH,0; 36-44% as Ru),
potassium  bicarbonate  (K,COs;;  >99.5%), tetrakis(-
triphenylphosphine)palladium (Pd(PPh;),; >95.0%), ethyl-
enediamine tetra acetic acid (>99.0%), Bis-Tris (>99.0%) and
potassium bromide (KBr, >99.0%) were purchased from Wako
Pure Chemical Industries Ltd., 5,5-dibromo-2,2-bipyridine
(>98.0%), 3,8-dibromo-1,10-phenanthroline (>96.0%), 9-phenyl-
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carba-
zole (>96.0%), 9-(9-heptadecanyl)-2,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)carbazole (>97.0%) and p-toluene-
sulfonic acid (>99.0%) were purchased from Tokyo Chemical
Industry Co., Ltd. Triethanolamine (TEOA; >98.0%) was
purchased from Sigma-Aldrich Co., LLC. Barium sulfate (BaSO,,
>99.0%) was purchased from Nacalai Tesque, Inc. The materials
were used as received without further purification. [Ru(CO),-
Cl,], was prepared according to a procedure reported in the
literature.* [PhCz-Bpy], was synthesised according to our
previous work.**

Synthesis

[PhCz-Phen],. A 1,2-dichlorobenzene-H,O (5:1, v/v; 12 mL)
solution containing 3,8-dibromo-1,10-phenanthroline (169 mg,
0.50 mmol), 9-phenyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)-9H-carbazole (247 mg, 0.50 mmol), K,CO;
(524 mg, 3.75 mmol), and Pd(PPh;), (11.7 mg, 0.01 mmol) was
stirred under reflux for 2 days under a N, atmosphere. After
refluxing, MeOH (20 mL) was added to the reaction mixture,
which was then filtered and washed with Milli-Q water (60 mL)
and MeOH (20 mL). Yield: 194 mg (93% based on ideal formula
of [PhCz-Phen],:[C30H17N3],)-

[Cs,8Cz-Bpy],.. A 1,2-dichlorobenzene-H,O (5:1, v/v; 12 mL)
solution containing 5,5-dibromo-2,2-bipyridine (157 mg, 0.50
mmol), 9-(9-heptadecanyl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (329 mg, 0.50 mmol), K,CO3
(525 mg, 3.75 mmol), and Pd(PPh;), (11.6 mg, 0.01 mmol) was
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stirred under reflux for 2 days under N, atmosphere. After
refluxing, MeOH (20 mL) was added to the reaction mixture,
which was then filtered and washed with Milli-Q water (60 mL)
and MeOH (20 mL). Yield: 250 mg (88% based on ideal formula
of [Cs sCz-Bpy],:[C39H47N3],,).

[PhCz-PhenRu,],. A MeOH dispersion (6 mL) containing 1
equiv. [Ru(CO),Cl,], (11.4 mg, 0.05 mmol) and [PhCz-Phen],
(20.5 mg, 0.05 mmol) was refluxed through stirring for 17 h
under a N, atmosphere. After refluxing, the obtained precipitate
was filtered and washed with MeOH (20 mL). Yield: 17.9 mg
(55% based on ideal formula of [PhCz-PhenRul,:[C;,H;,N;-
Rul,). FT-IR (ATR): vco = 2060, 1995 cm ™.

The same protocol was applied to the synthesis of [PhCz-
BpyRu,],, [PhCz-PhenRu,],, and [Cg gCz-BpyRu,], by changing
the mother polymer and the equivalents (x) of reacting
[Ru(CO),Cl,],, to the mother polymer.

Time-resolved microwave conductivity measurement

Time-resolved microwave conductivity experiments** were per-
formed using a third harmonic generator (THG; 355 nm) of an
Nd:YAG laser (Continuum Inc., Surelite II, 5-8 ns pulse dura-
tion, 10 Hz) as the excitation source (9.1 x 10> photons per cm?*
per pulse) and X-band microwave (~9.1 GHz) as the probe. The
photoconductivity, Ag, was obtained using eqn (1):

Ac = APJ(AP,) (1)

where AP, A, and P, are the transient power changes in the
reflected microwave power, the sensitivity factor, and the re-
flected microwave power, respectively. The transient photo-
conductivity Ag was converted to the product of the quantum
yield (¢) and sum of the charge carrier mobilities Zu using eqn
(2) and (3), respectively:

Su=u"+pu" (2)
$2Zu = Ad/(eloFrigny) 3)

where e and Fjgp, are the unit charge and the correction (or
filling) factor, respectively. The experiments were performed in
air at room temperature (298 K).

Photocatalytic reactions

Photocatalytic CO, reduction reactions were conducted using
a merry-go-round system with a batch test tube for each
sampling. A MeCN-TEOA (4: 1) suspension (2 mL) of the pho-
tocatalyst (2 pmol) was placed in a Pyrex test tube (inner
diameter: 10 mm; volume: 8.4 mL). The reaction suspension
was purged by CO, bubbling (20 min) and sealed using a rubber
septum prior to photoirradiation. The sample tube was placed
in an LED merry-go-round reactor (Iris-MG-S, Cell System Inc.)
and irradiated with UV-visible light (380 < A < 700 nm) while
stirring. The CO and H, gaseous products were analysed using
a GL Science GC 3210 gas chromatograph (MS-5A column, Ar
carrier) equipped with a TCD detector. The formate produced in
the liquid phase was analysed using a Shimadzu LC-20AT HPLC
system equipped with two Shimadzu Shim-pack FAST-OA
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columns (100 x 7.8 mm) and a Shimadzu CDD-10A conduc-
tivity detector. An aqueous solution containing p-toluene-
sulfonic acid (0.95 g L™ ') was used as the eluent at a flow rate of
0.8 mL min ' (column temperature: 313 K). After column
separation, the eluent was mixed with an aqueous solution
containing p-toluenesulfonic acid (0.95 g L), ethyl-
enediaminetetraacetic acid (0.03 g L"), and Bis-Tris (4.18 g
L™"). The turnover number for formate formation was estimated
using eqn (4):

Turnover number = amount of formate produced (mol)/
[amount of polymer (mol)
x introduction ratio of Ru complex (x)] (4)

For wavelength dependence measurements, an LED lamp
with an independent wavelength centred at 365, 405, 430, 450,
470, 505, or 525 nm (CL-H1 series, Asahi Spectra Co.) was used
at a fixed photon flux of 9.1 x 10~ % einstein s *, instead of the
aforementioned LED merry-go-round system. The external
quantum efficiencies of photocatalytic formate formation
(EQEformate) were determined using eqn (5):

EQE(oimate = 7 X amount of formate produced (mol)/
input photon (einstein) (5)

where n is the number of electrons required to generate one
molecule of the product (i.e. two for formate formation by CO,
reduction).

Computational details

Geometry optimisations were performed using density func-
tional theory (DFT) calculations with the wB97X-D exchange-
correlation functional.*® For the core electrons of Ru ([Ar]3d"?),
Stuttgart/Dresden pseudopotentials*® at the multi Dirac-Fock
level were used. Corresponding double-¢ basis sets were adop-
ted for the Ru valence orbitals. For other elements, namely, C,
H, CI, N, O and S, correlation-consistent basis sets at the double-
¢ level (cc-pvDZ)*** were employed. Harmonic vibrational
frequencies were also analytically calculated to confirm that the
optimised structure converged to an equilibrium geometry
point. All calculations were performed using the Gaussian 16
program.*
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