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ABSTRACT: Tight control of charge transport from a visible
light sensitizer to a metal oxide nanoparticle catalyst for water
oxidation is a critical requirement for developing efficient
artificial photosynthetic systems. By utilizing covalently
anchored molecular wires for hole transport from sensitizer
to the oxide surface, the challenge of high rate and
unidirectionality of the charge flow can be addressed.
Functionalized hole conducting molecular wires of type p-
oligo(phenylenevinylene) (3 aryl units, abbreviated PV3) with
various anchoring groups for the covalent attachment to
Co030, catalyst nanoparticles were synthesized and two
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alternative methods for attachment to the oxide nanoparticle surface introduced. Covalent anchoring of intact PV3 molecules
on Co;0, nanoparticles (and on SiO, nanoparticles for control purposes) was established by FT-Raman, FT-IR, and optical
spectroscopy including observation, in some cases, of the vibrational signature of the anchored functionality. Direct monitoring of
the kinetics of hole transfer from a visible light sensitizer in aqueous solution ([Ru(bpy);]** (and derivatives) light absorber,
[Co(NH,)CI]** acceptor) to wire molecules on inert SiO,(12 nm) particles by nanosecond laser absorption spectroscopy
revealed efficient, encounter controlled rates. For wire molecules anchored on Co;0, nanoparticles, the recovery of the reduced
sensitizer at 470 nm indicated similarly efficient hole transfer to the attached PV3, yet no transient hole signal was detected at
600 nm. This implies hole injection from the anchored wire molecule into the Co;0, particle within 1 s or shorter, indicating
efficient charge transport from the visible light sensitizer to the oxide catalyst particle.

1. INTRODUCTION

For developing an efficient artificial photosynthetic system, a
critical requirement is the delivery of charge from the light
absorber to multielectron catalysts for water oxidation or fuel
production with high quantum yield at low overpotential. Tight
control of charge transport is favored for linkages that are
molecularly defined and allow flow of electrons (or holes) only
in the desired direction, while blocking transfer in the reverse
sense. Such stringent control may be provided by molecular
wires, especially the ones that impose directionality on the
charge flow. We are exploring a method for coupling Co;0,
nanoparticles with a visible light chromophore through a hole
conducting molecular wire embedded in a dense phase, few
nanometers thin, silica shell that separates the catalyst from the
chromophore. We have recently shown that the Co;0,
nanoparticles act as efficient multielectron catalysts for water
oxidation at close to neutral pH."* Amorphous silica layers of
nanometer depth are known to provide facile transport for
protons while blocking passage of molecular products.® Using
proper geometries, this approach could open up constructs for
integrated systems that afford closure of the photosynthetic
cycle on the nanoscale under separation of the water oxidation
catalysis from the reduction chemistry. Spatial separation of the
two chemistries by a product-impermeable layer is particularly
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important for the case of multistep CO, reduction, which may
involve 4, 6, or even 8 electron transfer events. Moreover,
coupling of a nanoparticulate water oxidation catalyst with the
visible light chromophore by molecular wires might overcome
the inefficient hole transfer between catalyst and light absorber
commonly observed thus far for metal oxide catalysts.**

A class of well-established molecular wires for hole
conduction are p-oligo(phenylenevinylene) molecules, which
exhibit a very small rate dependence on distance for properly
matched potentials of the attached components.*” For the
three membered representative 1,3-di((E)-styryl)benzene (ab-
breviated PV3, referring to 3 aryl units), the highest occupied
molecular orbital (HOMO) has sufficient potential (E° = 1.32
V vs SHE)”® to drive a Co;0, nanoparticle catalyst for water
oxidation. At the same time, hole injection into this wire
molecule is energetically accessible by mild donors such as Ru
bipyridyl-type visible light sensitizers.” With the PV3 LUMO
situated at —1.7 V (vs SHE), electrons from the visible light-
excited sensitizer cannot be accepted by the wire, thus,
imposing unidirectional charge flow. Efficient transfer of charge
from wire molecules to the nanoparticle catalyst may require
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covalent anchoring on the metal oxide surface. While covalent
charge transport linkers to Co oxide surfaces have not been
explored so far to our knowledge, functionalities such as
carboxylate, phosphonate, ether, or acetyl acetonate commonly
used for anchoring of visible light sensitizers on TiO, in dye
sensitized solar cells offer a starting point.*'°"'* Moreover,
photochemical grafting of terminal vinyl groups results in stable
attachment to TiO, surfaces as well."> For achieving orientation
of the wire molecules vertical to the nanoparticle surface,
polydentate and tripodal anchors with terminal OH groups are
of particular interest.'"'672°

In this paper, we report on the synthesis, characterization,
and attachment of molecular wires on Co;0, catalyst surfaces,
and on the demonstration of visible light-sensitized hole
transfer to the anchored wire molecules. The syntheses and
characterization of 1,3-di((E)-styryl)benzene molecules featur-
ing several different functionalities for covalent anchoring on
oxide nanoparticle surfaces are presented. Optical, FT-infrared,
and FT-Raman spectroscopy are employed for monitoring
covalent attachment to the oxide particle surface. Transient
optical measurements on the nano- and microsecond time scale
provide direct evidence for efficient hole injection from a Ru
bipyridyl-type visible light sensitizer into molecular wires
anchored on Co;0, and SiO, nanoparticles. Embedding of
the anchored wire molecules into an amorphous, nanoscale
silica layer, and core—shell constructs with proper geometry
(e.g, nanotubes) for the development of an integrated system
that affords water oxidation catalysis separated from chromo-
phore and reduction chemistry will be reported in forthcoming

papers.

2. RESULTS

2.1. Design, Synthesis, and Characterization of p-
Oligo(phenylenevinylene) Molecular Wires. The PV3
derivatives were assembled by the trans-selective Wittig—
Horner reaction® > after incorporating the desired hydro-
philic** and anchoring functional groups in the precursors. A
perpendicular (radial) orientation of the molecular wires with
respect to the oxide particle surface is required in order to
achieve spatial separation of the water oxidation from
chromophore/carbon dioxide reduction catalytic sites by a
few nm and minimize through-space back charge transfer.
Furthermore, radial orientation prevents aggregation and
intermolecular 7—7 interactions, thus will enable subsequent
casting of a gas separating but proton-conducting silica layer
around the wire molecules (schematically shown in Figure 1).
To minimize perturbation of the electronic structure of the
conjugated 7-electron system, the anchoring groups for the
molecular wires were introduced only at the para position of
one terminal benzene ring of the PV3 molecules. For the PV3
molecules to be water-soluble, sulfonate groups were
incorporated into the benzene ring at the other end of the
PV3 molecular wires.”” In addition to facilitating water
solubility, sulfonate groups are poor conjugate bases and
nucleophiles, and therefore unlikely to covalently attach to
metal oxide surfaces, which might otherwise result in cross-
linking and aggregation of the functionalized nanoparticles.

For the determination of hole injection efficiency from a
visible light sensitizer into wire molecules in homogeneous
aqueous solution, the water-soluble sodium 2,2'-((1E,1'E)-1,4-
phenylenebis(ethene-2,1-diyl))dibenzenesulfonate
(Na,PV3_SO3 SO3) was prepared in good yields by a
straightforward one-step Wittig—Horner reaction between
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Figure 1. Core—shell construct with tripodally anchored, hole-
conducting PV3 molecular diodes embedded in a proton-conducting
silica shell.

sodium 2-formylbenzenesulfonate (1) and tetraethyl (1,4-
phenylenebis(methylene) )bis(phosphonate) (2) (Scheme 1).
Asymmetrically functionalized oligo(phenylenevinylene)
wires were synthesized in a convergent and modular fashion.
The routes to the mono para-sulfonated PV3 oligomer ethyl 4-
((E)-4-((E)-4-cyanostyryl)styryl)benzenesulfonate
(PV3_CN_SO20Et) and its more hydrophilic derivatives are
illustrated in Schemes 2 and 3. The nitrile precursor (E)-4-(4-
(diethoxymethyl)styryl)benzonitrile (PV2_CN_CH(OEt)2) is
isolated with high trans regioselectivity and high yields from the
Wittig—Horner reaction between 4-(diethoxymethyl)-
benzaldehyde (3) and diethyl 4-cyanobenzylphosphonate (4).
The nitrile group is versatile and can be readily transformed
into anchors such as carboxylates, aldehydes, alcohols, amines,
or further converted into chelating groups. The acetal can be
hydrolyzed under mild acidic conditions with aqueous acetic
acid in a biphasic reaction to provide (E)-4-(4-formylstyryl)-
benzonitrile (PV2_CN_C(O)H), with another formyl group
for a subsequent Wittig—Horner reaction with an appropriately
derivatized hydrophilic aryl phosphonate. Methyl 4-
(bromomethyl)benzenesulfonate (S) is converted via the
Arbuzov reaction with triethyl phosphite (6) into ethyl 4-
((diethoxyphosphoryl)methyl)benzenesulfonate (7) in quanti-
tative yields.”> Subsequent reaction between PV2_CN_C(O)H
and 7 in the presence of a strong base gave PV3_CN_SO2-
(OEt) as a yellow solid in good yields without the need for
column chromatography in this entire reaction sequence.
Attempts at basic hydrolysis of PV3_CN_SO2(OEt) with
aqueous NaOH or KOH yielded a yellow solid material that is
poorly soluble in water. Hydrolysis at elevated temperatures
and pressures in an autoclave with CsOH produced cesium 4-
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Scheme 1. Preparation of the Water-Soluble Na,PV3 SO3 SO3 by the Wittig—Horner Reaction
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Scheme 2. Convergent Synthesis of PV3_CN_SO2(OEt)
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Scheme 3. Hydrophilic Functionalization of PV3_CN_SO2(OEt) by Hydrolysis and Conversion into an Amide
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((E)-4-((E)-4-sulfonatostyryl)styryl)benzoate
(Cs,PV3_CO2_S03, Scheme 3), which is still only sparingly
soluble in water and dimethyl sulfoxide (DMSO), but sufficient
amounts dissolved for characterization by '"H NMR spectros-
copy. In accordance to observations in previous studies,”* para-
sulfonated PV3 molecules have poor solubility in water,
presumably due to the hydrophobic 7-stacking interactions.
In an attempt to disrupt the strong intermolecular forces of the
PV3 molecules and install three anchor points in a tripodal
perpendicular arrangement for the molecular wires on metal
oxide surfaces, Cs,PV3_CO2 SO3 is condensed with tris-
(hydroxymethyl)aminomethane (8) using O-(6-chlorobenzo-
triazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophos-
phate (HCTU) as the peptide coupling agent.”**® However,
the isolated yellow cesium 4-((E)-4-((E)-4-((1,3-dihydroxy-2-

(hydroxymethyl)propan-2-yl)carbamoyl)-styryl)styryl)-
benzenesulfonate (CsPV3_tripod_SO3) has only slightly
enhanced aqueous solubility, prompting further synthetic
modifications to the hydrophilic component for coupling with
PV2_CN_C(O)H.

On the basis of the reasonable water solubility of
Na,PV3 SO3 SO3, we surmised that ortho substitution on
PV3 molecules may minimize the 7-stacking interactions. The
derivative Cs;PV3_CO2_2S03 was thus designed with this
insight in mind and the assembly is presented in Scheme 4.
Hydrogenation of sodium 4-formylbenzene-1,3-disulfonate (9)
with NP Pd(0)EnCat 30”7 as the catalyst provides sodium 4-
(hydroxymethyl)benzene-1,3-disulfonate (10) in good yields
without need for further purification. The use of 10% Pd/C
with various additives such as ethylenediamine®® in different
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Scheme 4. Convergent Preparative Route to the Water-Soluble Cs;PV3 CO2 2S03
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Scheme S. Transformation of Cs;PV3 CO2 2S03 into Chelating, Poly-ol Anchors by Amide Coupling
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solvents invariably leads to a mixture of unreacted starting
material, product, and the over-reduced byproduct 4-methyl-
benzene-1,3-disulfonate (11), which cannot be readily sepa-
rated without reverse-phase column chromatography. Chlori-
nation of finely crushed 10 with SOCI, and catalytic amounts of
N,N-dimethylformamide (DMF) to produce 4-(chloromethyl)-
benzene-1,3-disulfonyl chloride (12),* followed by methyl-
ation using sodium methoxide (13), yields dimethyl 4-
(chloromethyl)benzene-1,3-disulfonate (14) as a viscous,
orange 0il.*>*" Subsequent Arbuzov reaction*” between 6 and
14 led to an unexpectedly complex mixture, from which diethyl
4-((diethoxyphosphoryl)methyl)benzene-1,3-disulfonate (15)
is isolated as a colorless oil after purification by column
chromatography on silica. A Wittig—Horner reaction between
PV2 CN C(O)H and 15 also resulted in a mixture of
products, and diethyl 4-((E)-4-((E)-4-cyanostyryl)styryl)-
benzene-1,3-disulfonate (PV3_CN_2SO2(OEt)) was purified
by silica column chromatography and collected in moderate
yields. Hydrolysis of PV3_CN_2SO2(OEt) at elevated
temperatures and pressures in an autoclave with a concentrated
aqueous solution of CsOH produced cesium 4-((E)-4-((E)-2,4-
disulfonatostyryl)styryl)benzoate (Cs;PV3_CO2 2SO3). The
compound is readily soluble in water and somewhat soluble in
methanol.

To achieve covalent attachment to metal oxide surfaces (vide
infra), the two derivatives cesium 4-((E)-4-((E)-4-(bis(2-
hydroxyethyl)carbamoyl)styryl)styryl)benzene-1,3-disulfonate
(Cs,PV3 O3N 2S03) and cesium 4-((E)-4-((E)-4-((1,3-

dihydroxy-2-(hydroxymethyl)propan-2-yl)carbamoyl)-styryl)-
styryl)benzene-1,3-disulfonate (Cs;PV3_tripod 2S03) were
synthesized. These congeners have two and three alcohol
groups for condensation with surface M—OH (M = Sj, Co)
groups, and were prepared in similar fashion to the
monosulfonated version above with HCTU as the dehydrating
agent (Scheme 5).2>?¢ All precursors were characterized by 'H
and ®C NMR spectroscopy and high resolution mass
spectrometry. In addition, the PV2 and PV3 oligomers were
further studied using FT-IR, FT-Raman, and UV-visible
spectroscopy because these techniques offer unique features
of the molecules that are essential for verifying the covalent
anchoring of the PV3 molecular wires on the metal oxide
surfaces.

2.2. Transient Absorption Spectroscopy of Hole
Injection into Free Molecular Wires in Aqueous
Solution. The ground state optical absorption spectra of
representative examples of the PV2 and PV3 molecular wires
measured in chloroform or in water are displayed in Figure 2,
while the absorption maxima (4,,,,) and extinction coefficients
(&) are summarized in Table 1. All spectra exhibit at least one
intense absorption band between 320 and 380 nm, with
extinction coeflicients equal or exceeding 29 000 M em™,
attributable to an aromatic 7—7* transition.”> The observed red
shift of the z—x* band from PV2 CN_C(O)H to
PV3 _CN_2SO2(OEt) is consistent with the extended
conjugation of the PV3 congeners compared to the PV2
precursors. The absence of a substantial solvent shift of the PV3
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Figure 2. (a) UV—visible spectra of 10 uM PV2_CN_C(O)H (black)
and 25 M PV3_CN_2SO2(OEt) (red) in CHCI,. (b) UV—visible
spectra of 12.5 uM Cs,PV3_ tripod 2803 (blue) and 25 uM
Na,PV3_SO3_SO3 (green) in water. All spectra were collected in
10 X S mm cuvettes.

Table 1. Photophysical Properties of New PV2 and PV3
Oligomers in Solution”

oligomer Amax (M) e (10* M 'em™)
PV2 CN_CH(OEt)2 327 6.09
PV2_CN_C(O)H 241 229
325 9.29
354 7.52
PV3_CN_SO2(OEt) 244 231
371 6.09
PV3_CN_2S02(OEt) 243 173
356 3.68
Na,PV3_SO3_SO3 239 149
349 4.14
Cs,PV3_CO2_SO3 242 1.80
306 1.90
361 2.92
CsPV3_tripod_SO3 250 2.51
323 3.72
405° 0.99
Cs;PV3_CO2 2803 242 153
363 5.05
Cs,PV3_O3N 2503 241 3.53
361 7.95
Cs,PV3_tripod 2503 243 2.0
356 5.38

“Tonic comgounds in aqueous solution, and neutral organic molecules
in CHCl;. “Shoulder.

m—n* peak between chloroform and water indicates that, in
dilute solution, species in both solvents are well dispersed and
do not undergo aggregation by z-stacking. Therefore, we do
not expect excited state—excited state annihilation processes to
33,34

play a role in dilute solutions.

Transient absorption measurements were conducted to
probe for spectral signatures of hole injection into PV3

molecules in aqueous solution. The transient optical experi-
ments were carried out with [Ru(bpy);]** or [Ru(bpy-
(CO,Me),);]** (bpy = 2,2'-bipyridine; bpy(CO,Me), = 2,2'-
bipyridine-4,4’-dimethylcarboxylate) as the visible light sensi-
tizers and Na,S,05 or Co(NH;)Cl; as the sacrificial electron
acceptor. These are established visible light sensitization
systems™> in which a Ru complex is generated at a potential
suitable for hole injection into the wire molecules. The
energetics and kinetics of the electron transfer processes
leading to the oxidized Ru complex have been reported.” % The
standard redox potentials of these reagents and PV3 (1,3-
di((E)-styryl)benzene) are listed in Table 2 (relative to NHE in

Table 2. Reduction Potentials of Reagents Used in Time-
Resolved Spectroscopic Studies

reagent E,, (V)
PV3*+/PV3? 1.327%
PV3/PV3~? —1.6974
Ru(bpy);**/ Ru(bpy);™* 145774
Ru(bpy);™*/ Ru(bpy)s* —11777%
Ru(bpy);™**/ Ru(bpy)s" 0.84774
Ru(bpy);**/ Ru(bpy);*™* —0.84774
Ru(bpy[CO,Me]);**/ Ru(bpy[CO,Me]);**¢ 1.80*%#
Ru(bpy[CO,Me]);**/ Ru(bpy[CO,Me]);* —-0.66*4
$,0427/80,7* 1.96*%
SO, 7*/S0,>~ 24344
Co(NH,)CI**/Co?* 0.33%
0,/H,0 1.23%%

“Potentials relatlve to standard hydrogen electrode in water unless
otherwise noted. “The potentials were measured in butyronitrile with
the sodium calomel reference electrode’ and the value reported here
has been corrected to SHE in aqueous solutions.*’ “The potentials
were measured in acetonitrile with ferrocene as the internal standard**
and the value reported here has been corrected to SHE in aqueous
solutions.*!

aqueous solution).”*"**~* The energetics of the Ru complexes
and the parent PV3 molecule confirm that the metal—to—ligand
charge transfer (MLCT) excited state [Ru(bpy);]*"* does not
have sufficient potential to oxidize or reduce PV3 molecules.*®
The only process that may occur in the absence of an electron
acceptor for quenching of the excited Ru complex is triplet—
triplet energy transfer from [Ru(bpy(CO,Me),);]*"* to
Na,PV3 SO3 SO3. The lifetime of the excited *PV3
molecules so formed was found to be 1.39 + 0.02 us in
aqueous solutions (Supporting Information Figure S1). Upon
quenching with a sacrificial electron acceptor S,04" or
Co(NH;)CI**, oxidized sensitizers [Ru(bpy);]** or [Ru(bpy-
(CO,Me),);]**so formed have sufficient potential to oxidize
PV3 molecules (unfunctionalized). On the other hand,
reduction of PV3 by the excited sensitizer is thermodynamically
not possible (Table 2 and Figure 3). The parent [Ru(bpy);]**
sensitizer only has a modest overpotential available to oxidize
unfunctionalized PV3 molecules. Since all PV3 derivatives
investigated in this work have electron-withdrawing groups
such as sulfonates, carboxylates, and amides, the required
potential for oxidation is expected to be more positive than that
for unfunctionalized PV3. For this reason, [Ru(bpy-
(CO,Me),);]*" was used as the standard chromophore in the
time-resolved experiments.

For typical nanosecond pump—probe measurements, sam-
ples purged with N, in quartz cuvettes beforehand were
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Figure 4. (a) Transient absorption signal at 600 nm upon 450 nm excitation of sensitizer in the presence of Na,PV3 SO3 SO3 (0.26 mM)(S,04"",
0.50 M; [Ru(bpy(CO,Me),);]*, 5 uM). Inset: phosphorescence recovery at 600 nm on expanded time scale. (b) Decay of PV3* 600 nm signal. (c)
Bleach recovery of [Ru(bpy(CO,Me),);]** and growth of PV3* at 470 nm. Inset: bleach recovery at 470 nm on expanded scale. (d) Transient
absorption signal at 600 nm upon 450 nm excitation of sensitizer in the presence of Cs,PV3_O3N 2503 (50 uM)(Co(NH,;);CI**, 10 mM;
[Ru(bpy(CO,Me));]**, 10 uM). Inset: Phosphorescence recovery at 600 nm on expanded scale. (e) Decay of PV3* 600 nm signal. (f) Bleach

recovery of [Ru(bpy(CO,Me),);]**

at 470 nm. Inset: Bleach recovery at 470 nm on expanded scale.

illuminated at 450 nm (3—8 m]J/pulse, 8 ns pulse duration) to
excite the MLCT transition of [Ru(bpy(CO,Me),);]

wavelength that avoids direct excitation of the PV3 molecules.
A large excess (0.5 M, 2 X 10* to 10° equivalents) of S,04>"
relative to [Ru(bpy(CO,Me),);]** was used to ensure
formation of substantial concentrations of [Ru(bpy-
(CO,Me),);]*. In time-resolved measurements with excess
Na,PV3 S03 SO3 relative to [Ru(bpy(CO,Me),);]*", the
reaction was probed at 470 nm near the MLCT 4, of the
sensitizer, and at 600 nm where the absorption 4., of PV3
radical cations is anticipated (Figure 4).” The radical cation
absorption at 600 nm overlaps with the phosphorescence of
[Ru(bpy(CO,Me),);]**. As shown in Figure 4c, at 470 nm, the

recovery of the ground state from the sensitizer photobleach,
shown on an expanded scale in the inset, is followed by growth
of the PV3 radical absorption. By contrast, only partial recovery
of the photobleach of [Ru(bpy(CO,Me),);]*" is observed in
the absence of Na,PV3_SO3_SO3 (Supporting Information
Figure S2a). When probed at 600 nm (Figure 4a), the rise time
of the PV3 radical absorption is 4.5 + 0.2 us (preceded on the
nanosecond time-scale by [Ru(bpy(CO,Me),);]** phosphor-
escence decay shown in the inset), in agreement with the
bleach recovery at 470 nm (4.9 + 0.1 us). The 600 nm PV3*
absorption signal decays slowly with a time constant of 300 + §
us (Figure 4b). An exponential fit of the lifetime for the 650 nm
phosphorescence emission gives a 1/e time of 56 + 4 ns, which
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Figure 5. Proposed elementary steps involved in the generation and decay of PV3 radicals after photosensitization by [Ru(bpy(CO,Me));]*".

is consistent with a bimolecular quenching process between
[Ru(bpy(CO,Me),);]*** and S,04> with a lower limit of k =
3.6 X 107 L mol™' s™" (lower limit because of consumption of
S,04” during the photolysis).

These results are satisfactorily explained by the elementary
steps summarized in Figure 5. After quenching by the electron-
acceptor S,04” at near diffusion-controlled rates, the [Ru(bpy-
(CO,Me),);1°* thus formed injects a hole into
Na,PV3_S03_SO03 resulting in growth of the radical cation
absorption with a 4.5 ys time constant. Subsequent degradation
of the PV3 radical by excimer formation or other processes
leads to the gradual decay of the transient absorption signal.
The transient absorption spectrum, shown in Figure 6a,

{a) 0.03; == 700 ns (b) == 13us
= 50 ps — 31ps
— 343 ps 0.04{ — 151 ps
0.02
0.02
< oor < :
0.00 B\
000] |
-0.02
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400 450 500 550 600 650
Wavelength (nm)

450 500 550 600 650 70Q
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Figure 6. (a) Time evolution of transient absorption spectra of radical
cation of Na,PV3 SO3 SO3 with vibronic structure. Excitation of
[Ru(bpy(CO,Me),);]** at 450 nm. (b) Transient absorption spectra
of radical cation of Cs,PV3_O3N_2S03.

confirms the assignment of the 600 nm signal as the A, of a
PV3 radical cation. The absorption profile is in good agreement
with PV3 radical cation reported in tetrahydrofuran solvent.” It
is interesting to note that the transient absorption spectrum
shows the characteristic vibronic fine structure with a frequency
of about 690 cm™". However, due to formation of the strongly
oxidizing SO, radical when persulfate is used as the sacrificial
quencher, Na,PV3_SO3_SO03 is rapidly degraded in solution.
Therefore, time-resolved measurements had to be conducted
with optimized concentrations of the molecular wire and just a
few laser shots before replacing the sample. The static UV—
visible spectra before and after the laser photolysis experiments
clearly demonstrate significant loss of the 7—z* band below
400 nm (Figure S3). To avoid this problem and the
complications that arose for the kinetic treatment, an alternative
electron acceptor [Co(NH;)sCl]** was used for the majority of
the remaining experiments.

The reduced aquated Co" ions generated by quenching of
[Ru(bpy(CO,Me),);]*** by [Co(NH,),CI]** cannot be
reoxidized to Co™ by the radical cation (Table 2). Therefore,

spontaneous secondary redox reactions following the electron
transfer step do not occur. To probe if the alkyl groups of the
multidentate anchors will adversely affect the hole injection
kinetics due to oxidative degradation, Cs,PV3_O3N 2SO3
was examined in time-resolved optical spectroscopic studies.
[Ru(bpy(CO,Me),);]*** is quenched with a lifetime of 81 + 2
ns, and the radical cation absorption at 600 nm grows with a
time constant of 25.8 + 0.4 us (Figure 4d). The latter agrees
well with the bleach recovery of the sensitizer of 27.7 + 0.4 us
monitored at 470 nm (Figure 4f). The corresponding average
bimolecular hole transfer constant is 7.5 X 10° L mol™' s™". The
cation subsequently decays with a time constant of 343 + 3 us;
the characteristic transient absorption spectrum is shown in
Figure 6b. The chemical stability of the PV3
(Cs,PV3_O3N _2S03) wire molecule is much higher with
[Co(NH,)sCI]** as the sacrificial acceptor compared to the
experiments with S,04%, as can be seen from the negligible loss
of UV band intensity below 400 nm after irradiation (Figure S3,
experiment with similar concentration and number of laser
shots as Na,PV3_SO3 SO3 measurements). The electron
acceptor [Co(NH,);CI]** has a lower aqueous solubility than
S,04%, slightly slower quenching rates possibly due to
electrostatic repulsion with [Ru(bpy(CO,Me));]**, and sub-
stantial UV—visible absorption intensity that limits the usable
concentration due to the optical inner filter effect. Despite these
limitations, the better stability of the PV3 derivatives in the
presence of [Co(NH;);Cl]** made the Co complex the
preferred sacrificial quencher in subsequent transient optical
measurements of hole injection into molecular wires anchored
on metal oxide surfaces.

2.3. Covalent Attachment of p-Oligo-
(phenylenevinylene) on SiO, and Co;0, Nanoparticles.
Inspired by postsynthetic bioconjugation protocols on silica
surfaces,”™ >~ we sought a procedure that would be suitable for
covalent attachment of PV3 wire molecules on SiO, and Co;0,
nanoparticle surfaces. In initial attempts, peptide coupling
condensation reagents>*® to form covalent linkages between
surface Si—OH or Co—OH groups and the carboxylates from
the PV3 wires were employed. For example,
Cs;PV3_CO2 2803 was activated with HCTU as the
dehydrating agent prior to adding 12 nm SiO, nanoparticles
to the aqueous solution, which resulted in a maximum of 8 mol
% PV3 surface coverage. After repeated centrifugation and
rinsing cycles to remove physisorbed PV3 molecules, the
functionalized SiO, PV3_CO2_2SO3 was isolated as a pale
yellow, fluorescent solid. FT-IR spectra of a powder of SiO,
particles with attached PV3 molecules mixed with KBr are
shown in Figure 7. After subtracting the spectrum of plain SiO,
particles (Figure 7b) from the SiO2 PV3 spectrum (Figure
7a), the resulting difference spectrum (Figure 7c) shows
characteristic bands of Cs;PV3_CO2 2S03. Figure 7d
presents the infrared spectrum of solid Cs;PV3_CO2 2SO3
in KBr.*”>® There is good agreement between the spectra of
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Figure 7. FT-IR spectra of PV3_CO2_2S03 molecules anchored on
12 nm SiO, nanoparticles. (a) Spectrum of $i0, PV3 CO2 2S03 in
a KBr pellet. (b) Spectrum of SiO, nanoparticles in a KBr. (c)
Difference spectrum of $SiO, PV3_CO2_2S03 and SiO,. The black
arrow indicates the C=0 stretch of anchored silyl ester. (d) Spectrum
of Cs;PV3_CO2_2S0O3 in a KBr. Strong IR bands of
Cs;PV3_CO2_2S03 are indicated by dashed lines for convenience.

the neat wire and the anchored wire molecule except for small
frequency shifts and broadening of some bands in the case of
the anchored molecule. The most significant change is the
replacement of the C=0 stretch of the carboxylic acid group
around 1663 cm™' for pristine Cs;PV3_CO2 25803 (Figure
7d) by an ester C=O stretch at 1710 cm™' upon covalent
anchoring (arrow, Figure 7c).54 Transmission electron
microscopy confirms that the silica nanoparticles remain well
dispersed with the original size distribution, although some
aggregates exist (Figure S4).

In pursuit of an even simpler protocol to anchor the PV3
wires to metal oxide surfaces, an alternative method that
exploits covalent attachment via dehydration was developed.
Since multidentate photosensitizers have been successfully
adsorbed on TiO, surfaces,*"'7>*>*7% the poly alcohol
derivatives CsPV3_tripod_SO3, Cs,PV3_O3N_2S03 and
Cs,PV3_tripod 2SO3 were used to ensure a perpendicular
orientation of the wires while enhancing chemical stability
through the chelating effect of three anchor points. Briefly, after
dispersing the finely crushed PV3 salts with the 12 nm SiO,
particles in a polar aprotic solvent with a moderate boiling
point such as 1,2-dimethoxyethane (DME) and 1,2-difluor-
obenzene, the reaction mixture was heated to reflux, capped
with a Soxhlet extractor containing CaH, to dehydrate the
solvent. The dehydration is driven to completion by removal of

17111

the water byproduct. Excessively high temperatures were
avoided to prevent decomposition of the PV3 side-chains and
aggregation of the SiO, particles by condensation reactions
between surface silanol groups of different silica particles.
Addition of about 20 mol % of lithium dodecylsulfate as a co-
surfactant improved the loading, probably by dispersing the
SiO, particles. After centrifugation and an aqueous workup
procedure similar to the method mentioned before, the
functionalized silica material was characterized with vibrational
and optical spectroscopy and found to contain the expected
spectral features of PV3 wires (Supporting Information Figure
S5). The FT-Raman spectrum of S$iO, PV3 tripod 2503
shown in Figure 8a further corroborates the attachment of
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Figure 8. FT-Raman spectra of PV3_tripod 2SO3 molecules on 12
nm SiO, nanoparticles and PV3_tripod_SO3 molecules on S nm
Co;0, nanoparticles. (a) Spectrum of powder of
SiO,_PV3_tripod 2S03. The two red arrows indicate Raman
bands attributed to C—H stretch modes of methylene groups of the
anchored tripod. (b) Spectrum of Cs,PV3_tripod 2S03. (c)
Spectrum of Co;0,_ PV3_tripod_SO3. (d) Spectrum of CsPV3_tri-
pod_SO03. Strong Raman bands of the wire molecules are indicated by
dashed lines for convenience. Bands with red asterisks originate from
Co0;0,. The sharp spike at 600 cm™" in traces (a) and (c) is due to an
instrumental artifact.

intact PV3 wires since all bands of the wire molecule (trace b)
appear in the spectrum of the SiO, anchored molecule (trace
a). Moreover, the C—H stretch absorptions of the tripodal
anchor at 2911 and 2868 cm™ are observed with enhanced
intensity compared to the free molecule, as was previously
noted in the case of tripodal anchoring on another oxide surface
(TiO,). This observation further confirms that PV3_tripod 2-
$03 is attached to the solid oxide surface via the three alcohol
groups. 20495359

The method using HCTU proved equally effective under the
same experimental conditions for the covalent anchoring of
PV3 molecules on Co;0, catalyst nanoparticles surfaces. Figure
9 shows FT-IR spectra of PV3_tripod_SO3 wire molecules
anchored on § nm Co;0, particles. When subtracting the
spectrum of plain S nm Co;0, particles (Figure 9b) from the
Co30, PV3 spectrum (Figure 9a), the resulting difference
spectrum (Figure 9c) shows characteristic bands of CsPV3_tri-
pod_SO3. Figure 9d presents the infrared spectrum of solid
CsPV3_tripod_SO3 in KBr. There is good agreement between
the spectra of the pristine wire and the anchored wire molecule
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Figure 9. FT-IR spectra of PV3_tripod_SO3 molecules anchored on
S nm Co;0, nanoparticles. (a) FT-IR spectrum of
Co;0, PV3_tripod SO3 in a KBr. (b) FT-IR spectrum of S nm
Co;0, nanoparticles in a KBr. (c) Difference spectrum of
Co;0, PV3 tripod SO3 and 5 nm Co;0, (normalized to the
Co—0 band at 665 cm™). Strong IR bands of CsPV3_tripod SO3,
are indicated by vertical lines for convenience. (d) FT-IR spectrum of
CsPV3_tripod_SO3 in a KBr pellet.

except for small frequency shifts and broadening of some bands
in the case of the anchored molecule. Comparison of the FT-
Raman spectra of anchored Co;0, PV3_tripod_SO3 and neat
PV3_tripod_SO3 powder (Figure 8c,d) confirms that the wire
molecules remain intact after anchoring. We conclude that this
synthetic method provides a general, straightforward protocol
for attachment of molecular wires on metal oxide surfaces.
2.4. Kinetics of Hole Injection into p-Oligo-
(phenylenevinylene) Wires Attached to SiO, Nano-

particles. The UV-visible spectrum of
§i0, PV3_CO2 2SO03 dispersed in water in the presence of
200 mM Li,SO, is illustrated in the Supporting Information
Figure S6. The silica constructs aggregate upon drying and
scatter light significantly when redispersed in aqueous solutions.
The high concentration of Li* aids in the dispersion of the silica
constructs, presumably by electrostatically adhering to the
negatively charged silica surface under neutral aqueous
conditions. Moreover, the Li* ions also minimizes adsorption
of [Ru(bpy(CO,Me),);]** on the silica surface, thus
minimizing triplet energy transfer from MLCT excited
[Ru(bpy(CO,Me),);]** to PV3 prior to electron transfer to
the acceptor molecules. The Li* thus serves to enhance the
formation of [Ru(bpy(CO,Me),);]>" and subsequent hole
transfer to PV3 wire molecules. Assuming that the extinction
coefficient of the PV3 moiety remains unchanged after
attachment on SiO, and taking into account the 200 m’
g 'surface area of the commercial 12 nm particles, the surface
concentration is estimated to be 0.051 PV3 molecules per nm*
of silica, corresponding to about 22 PV3 molecules per
nanoparticle. The optical and photophysical data of free and
surface attached PV3 molecules are summarized in Table 3.
Nanosecond optical spectroscopy of $i0, PV3_O3N_2S03
sample in 250 mM Li" aqueous solutions probed at 600 nm
gave a rise time of the radical cation of 18 + 2 us (Figure 10a)
and a decay time of 208 + 4 us (Figure 10b). On the basis of a
SiO, particle concentration of 1.5 X 107° M, a diffusion
controlled bimolecular hole transfer constant of 3.6 X 10'° M~
s~ is calculated. Contribution to the signal from any free PV3
molecules detached from the silica particle surface is very small
as illustrated in Figure 10a by the trace (gray color) measured
for the supernatant solution after sonication and removing the
§i0, PV3_O3N_2S03 particles by centrifugation. Further-
more, control sensitization experiments of free PV3 molecules
in the presence and absence of Li* (250 mM) confirmed that
Li* does not affect the hole transfer kinetics within uncertainties
(Figure S7). The recovery of the [Ru(bpy(CO,Me),);]*"
bleach at 470 nm fits an exponential function with a time
constant of 16 + 1 us (Figure 10c), in agreement with the
growth kinetics of the PV3 radical cation. The identity of the
PV3 radical cation is confirmed by the transient absorption
spectrum shown in Figure 10d. We conclude that hole transfer
from the oxidized Ru sensitizer to the anchored PV3 wire
molecule is very efficient at a driving force (overpotential) of
480 mV. The inset of Figure 10a shows on an expanded scale
the quenching of the [Ru(bpy(CO,Me),);]>"* emission by
electron transfer to the [Co(NH,)sCl]** acceptor with a time

Table 3. Photophysical Properties in Aqueous Solutions of Selected PV3 Derivatives and 12 nm Silica Nanoparticles with PV3

Wires Anchored on the Surface

sample Na,PV3_S03_SO3 Cs,PV3_O3N_2S03 Si0, PV3_CO2 2S03 SiO, PV3_O3N_2SO3 Co3;0, PV3_tripod SO3
A (nm) 349 361 324 350 365
e (10* M™' ecm™) 4.1 8.0 5.1 8.0 3.7
Surface Coverage 0.051 0.097 83
(molecules nm™>)
Surface Coverage (per 22 42 417

nanoparticle)

PV3 Formation 7 (us) 4.5 + 0.2 (600 nm)

4.9 + 0.1 (470 nm)
0.82

25.8 + 0.4 (600 nm)
27.7 + 04 (470 nm)

PV3 Formation k (10° 0.75

M—ls—l)

25 + 8 (600 nm)

>0.51

18 + 2 (600 nm)
16 + 1 (470 nm)

36

104 + 0.2 (470 nm)*
30 + 2 (470 nm)

a

“No PV3 radical cation observed on the 10 ns and longer time scale, only recovery of Ru" at 470 nm is detected.

17112

dx.doi.org/10.1021/ja306162g | J. Am. Chem. Soc. 2012, 134, 17104—17116



Journal of the American Chemical Society

(2)0.010¢ **= == 600 nm

am| |

5

S R T
0.005 s

<

) o.oocrl-ﬁm *:- P

-0.005+
0

10 15

20 40 05

Time (us) Time (ms)
— 40 ps
— 200 ps
— B00 ps

500 550 600 650 700

Time (ps) Wavelength (nm)

Figure 10. (a) Transient absorption signal at 600 nm upon 450 nm
excitation of sensitizer in the presence of SiO, PV3_O3N_2S03 (4
mg) in a 2 mL suspension (Co(NH;);Cl;, 10 mM; [Ru(bpy-
(CO,Me),);]*", 10 uM). The gray trace is the time-resolved signal of
the supernatant. Inset: Sensitizer phosphorescence recovery at 600 nm
with a lifetime of 160 + 2 ns. (b) Decay of SiO, PV3 O3N _2S03
radical cation at 600 nm. (c) Bleach recovery of [Ru(bpy-
(CO,Me),);]*" at 470 nm after hole injection into
SiO, PV3_O3N_2S03. The gray trace is the time-resolved signal
of the supernatant. Inset: Bleach recovery at 470 nm with a lifetime of
151 = 6 ns. (d) Transient absorption spectral decay of
Si0, PV3 O3N 2SO03 radical cation after excitation at 450 nm.

constant of 160 + 2 ns (k = 6.3 X 10° M™! s7!). These results
indicate that rise and decay of the radical cation generated by
hole injection into SiO,-anchored wire molecules is similar to
that observed for the corresponding free PV3_O3N_2S03
molecules.

A similar study of time-resolved hole injection was conducted
for PV3 molecules anchored on the SiO, particle surface by a
carboxylate group (SiO, PV3 CO2 2S803). The results,
presented in Table 3 and Figure S8 are again the same as for
the free wire in solution, thus, confirming that anchoring of
PV3 wire molecules on an inert oxide surface, whether through
a carboxylate group or via a combination of two alcohols plus
an amide group, does not substantially affect the fate of the
injected hole.

2.5. Hole Injection into p-Oligo(phenylenevinylene)
Wires Attached to Co;0, Nanocatalyst Particles. When
exploring hole injection into PV3 wire molecules covalently
attached to Co;0, nanocatalyst particles using [Ru(bpy-
(CO,Me),);]** as the sensitizer and [Co(NH;),Cl]** as the
acceptor (pH 7), no significant absorption of the radical cation
was detected at 600 nm on the time scale of nanoseconds and
microseconds. Twenty percent acetonitrile was added to the
aqueous solution in order to prevent precipitation of the
Co;0, PV3 particles at the desired concentrations. For
nanosecond pump—probe measurements with Co;0, PV3
particles, samples were purged with N, in 10 X 2 mm cuvettes
and excited at 450 nm (20—30 mJ/pulse). The higher power
and shorter path length for the probe light compared to the
$i0,_PV3 study were necessary to provide sufficient signal-to-
noise due to light absorption by the black-colored Co;0,
nanoparticles. Figure 11a shows the transient response at 600
nm for a Co;0, PV3_ tripod_SO3 sample in 250 mM Li*
monitored under concentration conditions similar to those of
8i0,_ PV3 (Co;0, particle concentration 0.46 uM), but with

0,008 — . __600 nm
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Figure 11. (a) Transient absorption trace (black) at 600 nm upon 450
nm excitation of sensitizer in the presence of
Co;0, PV3 tripod SO3 (Co(NH;);Cl;, 15 mM; [Ru(bpy-
(CO,Me),);]*, 20 uM; Li*, 025 M; CH;CN:H,O = 1/5). Gray
trace shows transient observed for supernatant. (b) Black trace: Bleach
recovery of [Ru(bpy(CO,Me),);]*" at 470 nm. The gray trace shows
transient observed for supernatant.

substantially higher concentration of attached PV3 wire
molecules for Co;0, PV3 tripod SO3: 417 PV3 tripod -
SO3 molecules per Co;0, particles versus 22 PV3—O3N
molecules per SiO, particle. Yet, no significant PV3* radical
cation signal can be discerned from the 600 nm transient
absorption experiment; only the emission of [Ru(bpy-
(CO,Me),);]*** and its decay by conversion to [Ru(bpy-
(CO,Me),);]* is observed. By contrast, bleach recovery of
[Ru(bpy(CO,Me),),;]** with a time constant of 10.4 + 0.2 us
can clearly be seen from Figure 11b, indicating hole injection
into anchored PV3 molecules. The same observations were
made for Co;0,—PV3 samples with lower PV3 loading. No
significant recovery of the bleach at 470 nm is detected on the
tens of ps time scale when conducting the sensitization
experiments with bare (wire-free) Co;0, particles (the hole
injection time from [Ru(bpy(CO,Me),);]*" into Co;0,
particles has been measured as 25 ms).” Contributions to
the signal from any free PV3 molecules detached from the
Co;0, particle surface are absent, as can be seen in Figure 11
by the faint traces of photolysis experiments with supernatant
solutions recorded under the same conditions used for the
Co;0,_PV3_tripod SO3 suspensions. We conclude that hole
injection from [Ru(bpy(CO,Me),);]** to PV3 wire molecules
attached to Co;0, molecules occurs, yet no concurrent radical
cation signal on the time scale of tens of nanoseconds or
microseconds is observed.

3. DISCUSSION

p-Oligo(phenylenevinylene) molecules with 3 units (PV3) offer
suitable prototypes as hole conducting molecular wires with
reasonable photochemical stability for charge transport from a
visible light sensitizer to a Co;0, nanoparticle catalyst for water
oxidation. We have synthesized a small library of PV3
derivatives for the covalent anchoring of the wire molecules
on the oxide particle surface that includes anchoring groups
such as tripodal —C(=O)NHC(CH,OH); or bidentate
—C(=O0)N(CH,CH,0H),. Sulfonate groups in ortho and/
or para position on the opposite end of the wire molecule
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facilitate radial arrangement of the wire molecules and at the
same time afford adequate water solubility for spectroscopic
characterization and hole injection experiments. Anchoring of
PV3 wire molecules on Co;0, nanoparticle catalyst surfaces,
and on insulating SiO, for control experiments using either
HCTU coupling or the Soxhlet extractor dehydration method,
was found to provide stable surface attachment for spectro-
scopic studies and photosensitized charge injection experiments
in aqueous solution. These anchors are known to impose radial
(vertical) orientation of the wire molecule according to
previous work by Meyer and Gallopini in the case of TiO,
surfaces," "7 thus enforcing proper geometry of the wire
molecules in addition to electrostatic repulsion between the
negatively charge Co;0, surface and the sulfonate groups.

With covalent attachment of intact wire molecules to
insulating SiO, and catalytic Co;O, nanoparticle surfaces
established by FT-Raman, FT-IR and UV—visible spectroscopy,
time-resolved optical absorption measurements reveal efficient
hole injection from the oxidized sensitizer into the anchored
wire molecules. While hole transfer from oxidized sensitizer
into PV3 wires attached to SiO, nanoparticles is observed both
by the growth of the 600 nm transient absorption of the PV3*
radical cation and the recovery of the reduced Ru sensitizer at
470 nm, the absence of a signal at 600 nm for wires attached to
Co50, indicates a much shorter residence time of the hole on
PV3 attached to these catalyst particles. Comparison of the
transient signal amplitude at 600 nm for PV3 on SiO, particles
(Figure 10a) and the noise of the kinetic trace for PV3 on
Co;0, at the same wavelength (Figure 1la) allows us to
estimate an upper limit for the hole residence time in the case
of Co;0,—PV3. For SiO,—PV3, the buildup of PV3*
absorbance is 0.007 with negligible decay on the time scale of
its 18 ps rise. In the case of Co;0,—PV3, the 1/e time for PV3*
growth is 10.4 ps (1/k;) as inferred from the rate of 470 nm
recovery of the reduced sensitizer. Buildup of intensity at 600
nm (noise 0.0008 absorbance units) is prevented by a fast
decay process of PV3*. From these observations, we calculate
that PV3" is depleted at a rate of k, =7 X 10° s™" or larger (k,
calculated according to 0.0008/0.007 = 1 — k,/(k, + k;), with
k, = 9.6 x 10* s71).

The most probable pathway of PV3* loss is hole transfer to
the attached Co;0, particle. Alternative hole transfer pathways,
in particular reaction with other wire molecules or unknown
species, are very unlikely because of the observed long hole
lifetime, under otherwise similar experimental conditions, for
wire molecules anchored on (insulating) SiO, particles. The
fast hole injection from anchored PV3 to Co;0, is plausible in
particular because the HOMO of the wire molecule (1.4 V) is
energetically well aligned with the HOMO of the Co;0,
acceptor particle (1.2 V). While we are not aware of precedents
for hole transport across conducting wire molecules covalently
attached to a metal oxide surface, hole transfer by an incoherent
hopping mechanism on submicrosecond time scales was
reported for organic donor—acceptor systems featuring oligo-
(phenylenevinylene) bridges.6’7’18’55’61_65 The fastest reported
hole transfer so far from a visible light sensitizer, a Ru(bpy),
congener attached to a metal oxide nanoparticle catalyst, IrO,,
via an acetylacetonate anchor was determined by Mallouk to be
2.2 ms.*® We conclude that coupling of a sensitizer with Co;0,
particles via oligo-para(phenylenevinylene) molecular wire may
offer a new approach for efficient light-induced hole transfer to
a catalyst nanoparticle.

4. CONCLUSIONS

Hole conducting wire molecules of type 1,3-di((E)-styryl)-
benzene were functionalized with carboxylate, or with bi- or
tridentate polyalcohol amide anchors for covalent attachment
to Co;0, and SiO, nanoparticle surfaces with a preferential
radial arrangement. No drastic change of HOMO and LUMO
energy levels by the functionalization was noted as indicated by
the UV—vis spectra and the fact that hole transfer from
[Ru(bpy(CO,Me),);]** to anchored wire molecules was
observed for all derivatives. Two methods were developed for
anchoring of the wire molecules. The first uses a peptide
coupling agent (HCTU) for activating the OH groups while
the other is a more general method for driving condensation of
the OH anchor groups of PV3 with surface hydroxyl groups to
completion using dehydration by CaH,. FT-infrared and FT-
Raman signatures present spectroscopic evidence for covalent
surface attachment.

Observation of the PV3 radical cation by transient optical
absorption spectroscopy, upon excitation of Ru(bpy-
(CO,Me),); in the presence of an electron acceptor in
homogeneous aqueous solution, provides direct evidence for
hole injection into wire molecules. The same radical cation
signal with similar kinetics (10—20 us growth, hundreds of s
decay) is observed for wire molecules attached to SiO,
nanoparticles. The growth kinetics of PV3", which is mirrored
by the recovery of reduced Ru(bpy(CO,Me),); sensitizer,
indicates very efficient charge transfer into free wire molecules
as well as those anchored on the silica surface. For PV3
anchored on Co;0, catalyst particles, no radical cation signal is
observed despite the fact that hole injection into wire molecules
is indicated by fast (104 us) recovery of reduced Ru(bpy-
(CO,Me),), sensitizer. This observation implies that the hole is
transferred from the wire to the Co;0, particle within a
microsecond or faster. This is consistent with the favorable
energy alignment of the HOMO of wire and catalyst. Hence,
the approach of using anchored wire molecules may open up an
efficient hole transfer pathway from oxidized donor [Ru(bpy-
(CO,Me),);]* to Co;0, catalyst particles. In the next step,
casting of a dense phase, few nanometer thin silica layer around
the wire molecules will introduce a physical barrier for
separating the water oxidation catalysis from the light absorber
and the reductive chemistry.°® At the same time, the
surrounding silica protects the wire molecules from oxidative
damage. When implemented in the form of asymmetrically
functionalized core—shell nanotubes instead of the spherical
core—shell particles, separate physical spaces will be available
for O, evolution and light absorber/reduction chemistry.
Separation of the two half reactions by a physical barrier is a
critical ingredient of an artificial photosynthetic system.

5. EXPERIMENTAL SECTION

5.1. Synthetic Materials and Methods. Silica gel (SiliaFlash
P60, SiliCycle) was used for column chromatography, while analytical
thin layer chromatography was performed using EMD Chemicals, Inc.
60 F, silica gel (precoated plastic sheets, 0.25 mm thick). All
moisture-sensitive reactions were performed using Schlenk techniques
under a nitrogen atmosphere. Deuterated solvents and isotopically
labeled reagents were procured from Cambridge Isotope Laboratories
(Cambridge, MA). Solvents such as acetonitrile, chloroform, dichloro-
methane, ethyl acetate, hexanes, and toluene were obtained from EMD
Chemicals, Inc. or Honeywell and used without further purification.
All other chemicals, including anhydrous DMF and THEF, were
purchased from Sigma-Aldrich (St. Louis, MO) and were used as
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received. Details for the synthesis of functionalized PV3 molecular
wires are presented in the Supporting Information.

5.2. Instrumentation. 'H and *C NMR spectra were recorded
using a Bruker Biospin Avance II 500 MHz High Performance NMR
Spectrometer in the Chemistry NMR Facility at the Molecular
Foundry Organic and Macromolecular Synthesis Facility, LBNL. The
NMR chemical shifts are reported in the standard J notation of parts
per million (ppm) with respect to residual protonated solvent;
coupling constants are reported in Hz. High-resolution mass spectral
analyses were performed by the QB3/Mass Spectrometry facility at the
College of Chemistry, University of California, Berkeley. UV—visible
absorption spectra and kinetic runs were recorded using a Shimadzu
UV-2100 spectrophotometer, with solution samples in 10 mm X S mm
or 10 mm X 2 mm cuvettes. FT-IR spectra were recorded at 0.5 cm™
resolution using a Bruker IFS88 or IFS66V spectrophotometer
equipped with liquid nitrogen cooled MCT detectors. FT-Raman
spectra were recorded with the IFS66V spectrophotometer with a FT-
Raman module FRA-106 at 1 cm™ resolution.

5.3. Time-Resolved Optical Absorption Spectroscopy. For
the nanosecond optical kinetics measurements, an Edinburgh
Instruments model LP920 transient absorption spectrometer equipped
with a pulsed Xe probe lamp or a CW halogen lamp (for
measurements >1 ms) was used in conjunction with a Nd:YAG
laser-pumped tunable Optical Parametric Oscillator (Continuum
model Surelite II and Surelite OPO Plus) as the excitation source.
The laser pulse width was 8 ns and the repetition rate was 10 Hz. For
measurements of the silica nanoparticle constructs, transient
absorption spectroscopy for lifetimes shorter than 20 ns is complicated
by visible light scattering of the incident pulse and emission from
defect sites of the silica material.

In typical nanosecond pump—probe measurements, samples of the
dissolved PV3 and silica constructs in sealed 10 X S mm cuvettes are
purged with N, and illuminated with 450 nm laser pulses at 3—8 m]J
for kinetics measurements, and up to 22 mJ] pulse energy when
recording transient absorption spectral maps. The laser excitation
beam was at right angle to the Xe (or halogen lamp) probe beam. For
samples of the Co;0, constructs, sealed 10 X 2 mm cuvettes
containing the nanoparticulate suspension are purged with N, and
illuminated with 450 nm laser pulses at 20—30 mJ for kinetics
measurements. A colinear geometry of the laser excitation beam and
the Xe probe beam was adopted to maximize the overlap of the two
beams. The wavelength of 450 nm was used to excite the MLCT
transition of [Ru(bpy(CO,Me));]** while avoiding direct excitation of
the PV3 molecules. A large excess of the sacrificial electron acceptors
S,04” or Co(NH,);Cl, was used to ensure a large quantum efficiency
for generating [Ru(bpy(CO,Me));]**. To obtain the time constants
for the elementary steps, the data were fit to single exponential or
biexponential functions:

y= + A e(t—'to)/r1

y=13 + A1 e(t—'fo)/ﬁ + A2 e(t—'to)/r2

The parameters y,, 7o, A,, and 7, were determined by a least-squares
fitting procedure. The term y, corresponds to the vertical intercept at
infinite time and depends on whether the signal recovers to the
baseline or retains a long-term bleach or absorption in the
measurement window. The variable 7, is the delay time of the
excitation pulse after start of the probe measurement. A, is the change
in optical density after irradiation for the nth exponential term, while 7,
is the time constant of the corresponding nth fit. Biexponential fits are
used only when two consecutive elementary reactions are anticipated.
This is the case for probing at 600 nm where the decay of
[Ru(bpy(CO,Me));]*** phosphorescence is immediately followed by
growth of the absorption of PV3 radical cation.
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