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Abstract

Ultrathin amorphous silica membranes with embedded organic molecular wires (oligo(p-
phenylenevinylene), 3 aryl units) provide chemical separation of incompatible catalytic
environments of CO, reduction and H,O oxidation while maintaining electronic and protonic
coupling between them. For an efficient nanoscale artificial photosystem, important performance
criteria are high rate and directionality of charge flow. Here, the visible light induced charge flow
from anchored Ru bipyridyl light absorber across the silica nanomembrane to Co;O4 water
oxidation catalyst is quantitatively evaluated by photocurrent measurements. Charge transfer
rates increase linearly with wire density, with 5 nm™ identified as optimal target. Accurate
measurement of wire and light absorber densities is accomplished by the polarized FT-IRRAS
method. Guided by DFT calculations, four wire derivatives featuring electron donating
(methoxy) and withdrawing groups (sulfonate, perfluoro-phenyl) with HOMO potentials ranging
from 1.48 to 0.64 V vs. NHE were synthesized and photocurrents evaluated. Charge transfer
rates increase sharply with increasing driving force for hole transfer from the excited light
absorber to the embedded wire, followed by a decrease as the HOMO potential of the wire
moves beyond the Co;0, valence band level towards more negative values, pointing to an
optimal wire HOMO potential around 1.3 V vs NHE. Comparison with photocurrents of samples
without nanomembrane indicates that silica layers with optimized wires are able to approach
undiminished electron flux at typical solar intensities. Combined with the established high proton
conductivity and small molecule blocking property, the charge transfer measurements
demonstrate that oxidation and reduction catalysis can be efficiently integrated on the nanoscale

under separation by an ultrathin silica membrane.






1. Introduction

Closing of the light driven cycle of CO, reduction by H,O oxidation on the shortest possible
length scale, the nanometer scale, is beginning to get recognized as an important design feature
of artificial photosystems because it allows to minimize efficiency-degrading processes. Chief
among them are resistance losses caused by ion transport over macroscale distances and buildup
of concentration imbalances, and back or cross reactions.'™ To avoid the latter, an ultrathin
membrane is required for chemically separating the incompatible H,O oxidation and CO,
reduction catalysis environments while maintaining electronic and protonic coupling between
them. In fact, completing the cycle of water oxidation and generation of primary reduction
intermediates on the nanoscale under membrane separation is a key design feature of natural
photosynthesis,” which is the only existing technology for making chemical compounds at the
terawatt level, the scale required for impact on replacing fossil resources. Towards this goal, we
are taking an inorganic oxide-based approach for developing core-shell nanotube arrays in which
each nanotube constitutes a complete photosystem for vapor phase CO, reduction by H,O under
membrane separation (Figure S1).'? Arrangement of the nanotubes in the form of square inch
sized arrays enables separation of the evolving O, and reduced CO, products on all length scales
from nanometers to square inches and beyond, thereby extending the performance advantage of
complete, nanoscale integrated photosystems to the macroscale. Such chemically robust arrays,
once equipped with top and bottom covers, constitute systems free of photocatalytically inactive
components for deployment over large areas of non-arable land for CO, photoreduction by H,O

to fuel at scale.



The inside surface of each Co;0, nanotube provides the catalytic sites for H,O oxidation.
As shown in previous work,>®” Co;0, nanoparticles are efficient H,O oxidation catalysts, and the
Co;0;, is intensely utilized in novel nanoscale photocatalytic systems.*? The amorphous silica
shell of 2-3 nm thickness that surrounds the Co oxide nanotube blocks O, and other small
molecules from crossover, while molecular wires (oligo(p-phenylenevinylene)) made of 3 aryl
units, abbreviated as PV3) embedded in the silica control charge transfer from light absorbers on
the outside of the silica shell to the Co;0, catalyst on the inside.'*!” Furthermore, stacked Co;0,
and SiO, nanolayers were shown to transmit protons at rates that exceed by far those needed to
keep up with the solar flux at maximum intensity. Hence, the flow of protons generated by H,O
oxidation on the Co;0, surface through the oxide nanowall to the sites of CO, reduction on the
opposite side does not pose efficiency limitations under artificial photosynthesis conditions.'®

While motivated by the specific Co;0,-Si0O, core-shell nanotube system described above,
maximizing controlled charge transfer through embedded molecular wires for driving a catalyst
on the opposite side of an ultrathin silica separation membrane may open up the efficient
coupling of incompatible redox catalysis environments of systems of various designs. The task
requires optimization of the coupling and energetic alignment of light absorber, wire, and
catalyst. Here, we evaluate the rate of visible light induced charge transfer from light absorber
through the silica nanolayer to the Co;0, catalyst by monitoring the photocurrent as function of
highest occupied molecular orbital (HOMO) energetics of the wire tuned by varying electron
withdrawing or donating properties of substituents. In addition, the effects of wire density and
light absorber loading are investigated. For the photocurrent measurements, planar samples are
employed which enabled detailed structural characterization of the nanolayers by surface

sensitive polarized FT-infrared reflection absorption spectroscopy (FT-IRRAS). To attain



adequate photocurrents, sub-monolayer light absorber coverage of planar samples demanded a
strong visible light absorber. For this reason, Ru tris-bipyridyl complex was selected, a widely

used photostable and electrochemically reversible light absorber with maximum at 450 nm (e =
14,500 mol L' cm™)" attached to the silica surface via amide linkage to tripodal silyl phenyl

anchor (Figure 1).

2. Experimental Section

Synthetic Materials and Methods. All chemicals were purchased from Sigma-Aldrich
including HPLC grade (99.8%) solvents, which were dried with 3A molecular sieve (Alfa-Aesar)
for three days and stored in a nitrogen glovebox before use, unless noted otherwise. Four hole
conducting molecular wires made of three p-phenylenevinylene units (1,4-di((E)-styryl)benzene,
abbreviated PV3) were studied. These were functionalized in para position on one end (ring 1)
with a COOH or an ethynyl group for Co;O, attachment via a tripodal anchor, and on the
opposite end with either a SO5°Cs*, a SO;Et or a OCHj; substituent in para position of ring 3, or
CeFs in place of ring 3. These were synthesized as described in the following (see SI for detailed
experimental procedures). Abbreviations for wires, numbering of rings, and HOMO energetics
are summarized in Scheme 1.

The molecular wire with a carboxylic acid group for Co;0, attachment via amide linkage
on ring 1 to tripodal silyl aniline anchor, and capped with a sulfonate group (A-PV3-SO;) was
prepared following a previously described method.' The wires with an ethynyl group for Co;0,

attachment via click chemistry on ring 1, and capped with a sulfonate ester (E-PV3-SO;Et), a p-



methoxy group (E-PV3-OCH;) on ring 3, or with a pentafluorophenyl group as ring 3 (E-PV3-
Fs), were synthesized as shown in Scheme 2, and as described in the SI. Since the click reaction
is Cu(l) catalyzed (copper(I) catalyzed azide alkyne cycloaddition (CuAAC)), it forms the 1,4-
regioisomer of the 1,2,3-triazole ring. The synthesis of each wire involved a combination of Pd-
catalyzed cross coupling and Wittig reactions. Briefly, Sonogashira coupling of diethyl-4-
iodobenzylphosphonate (1) with TMS- or TIPS-acetylene produced 2 in good yields (TMS =
trimethylsilyl, TIPS = triisopropylsilyl). We found that the TIPS group was stable through each
step of the synthesis, and therefore preferable as a protecting group. Ring 2 was added by Wittig
reaction between 2 and 3, followed by deprotection of the diethyl acetal. The resulting aldehyde
4 was reacted in a Wittig reaction with a suitably substituted diethyl benzylphosphonate (5a-c) to
add ring 3 and form E-PV3-SO;Et, E-PV3-OCHj; and E- PV3-F;, respectively (Scheme 2).

The light absorber [Ru(bpy).(dcbpy)]Cl, (bpy = 2,2’-bipyridyl, dcbpy = 4,4’-dicarboxyl-
2,2’-bipyridyl) was prepared according to literature procedure."

Pt Electrode Fabrication. 2 nm Ti adhesive layer and 100 nm of Pt (99.99%) were
consecutively deposited by e-Beam evaporation (Semicore SC600 e-beam evaporator) at < 2 X
107 Torr on Si wafers (prime grade p-type, Addison Engineering Inc.) pre-cleaned by standard
RCA procedure.

Co0;0,4Atomic Layer Deposition. Atomic Layer Deposition (ALD) of cobalt oxide was
carried out using a Cambridge Nanotech/Ultratech Savannah 100 system equipped with 300 W
hollow cathode plasma source (Meaglow, Inc.) featuring a grounding grid above the sample. The
process temperature was 40 °C, and bis-(cyclopentadienyl)cobalt(II) (cobaltocene, CoCp,; min

98% from STREM Chemicals, Inc.) was used as a precursor, heated to 80 °C and purged with



200 sccm high purity Ar during pulse. Oxygen flow and chamber pressure were maintained at 60
sccm and 15 mTorr during the deposition process. CoCp, dose was 5 s long, followed by 5 s of
purging. Oxygen plasma half-cycle was 1 s pre-plasma, 5 s plasma (300 W) and 15 s purging.
Two hundred such cycles lead to a deposition of 13 + 0.8 nm thick Co;0, layer. Structural
identification of the ALD layer as Co;0, (spinel) is shown by the characteristic Co-O stretch
modes in the FT-IRRAS at 686 and 602 cm™ (Figure 2(a) trace (1))."® STEM-EDX and AFM
characterization of Co;0, ALD layers was reported in previous publications.''® While uniformly
covering the Pt surface, the Co;0, ALD layer is constructed of densely packed 3-5 nm
crystallites, which implies that the actual surface area onto which wires are attached is somewhat
larger than the geometrical area (footprint).''

Thickness Measurement. The thickness of ALD oxide films were measured using
spectroscopic ellipsometry (Horiba Jobin UVISEL) in the 900-250 nm range at angles varying
from 45 to 70° with 5° steps.

Anchoring of 4-(trimethoxysilyl)aniline (TMSA) or 4-(trimethoxysilyl)benzyl azide
(TMSBA) on Co;0,. 1.5 x 3 cm? Si/Pt/Co;0, substrates were cleaned by sonication in
isopropanol for 5 min before being placed in a 0.5 mM toluene solution of TMSA (Gelest) or 0.4
mM toluene solution of TMSBA anchor (Gelest). The solution was refluxed for 4 h. After
cooling, the substrates were immersed in THF, sonicated for 10 min, and the solvent was
switched to water and refluxed for 1 h. As a final step, the substrates were dried with a N, stream
and immediately utilized for PV3 attachment or kept in a closed vial for further characterization.

Covalent Attachment of PV3. The amide attachment of the COOH-substituted PV3 to

the Si/Pt/Co;0, substrate with bound NH,-substituted anchor (TMSA) was performed as



follows: 1.0 mg (2.0 umol) of PV3 and 0.8 mg (2.2 umol) of peptide coupling reagent HATU (o-
(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium-hexafluorphosphate) were sealed in a
Schlenk flask and evacuated on the Schlenk line for 2 hours, then N,N-dimethyl formamide (1
mL, anhydrous; Sigma Aldrich) was added by syringe. The solution was stirred for 30 minutes
until it became bright yellow. The solution was dropped onto the Si/Pt/Co;0,/TMSA substrate,
which was placed in a desiccator, which was evacuated and refilled with 1 atm of nitrogen. The
procedure was repeated 3 times. After 24 h the substrate was rinsed with water and transferred to
a flask containing deionized water, sonicated for 5 min, and dried in N..

The click (CuAAC) attachment of PV3 to the Si/Pt/Co;0, substrate with bound azido-
substituted anchor (TMSBA) was carried out according to literature.? Details of the procedure
are described in the SI.

SiO; Deposition. Silicon dioxide layers were deposited with the above described
Savannah 100 Cambridge Nanotech ALD system. SiO, deposition was carried out at 40°C with
150 W plasma power using the following cycle: Under a flow of 5 sccm of Ar the chamber
exhaust was closed and a 0.05 s pulse of tris(dimethylamino)silane (3DMSA) introduced to the
chamber. The chamber was kept sealed for 60 s before purging with 40 sccm of Ar for 30 s
followed by a 5 sccm 45 s purge with O,. At a pressure of 200 mTorr the plasma was ignited for
5 s followed by purging with Ar for 45 s at 5 sccm. Nineteen such cycles lead to a deposition of
3.59 4 0.04 nm thick SiO, layer, which is the ALD protocol used for all samples presented in this
work. Previous studies have shown that PV3 wires are fully encapsulated by SiO, for this
number of ALD cycles,'® and initial photocurrent measurements showed maximum current for

samples prepared with between 18 and 20 ALD cycles.? Structural identification of the ALD



layer as amorphous SiO, is confirmed by the characteristic longitudinal optic (LO) SiOSi
asymmetric stretch at 1226 cm™ in the FT-IRRAS shown in Figure 2(a) trace (1)." Cross
sectional HR-TEM and AFM images of silica nanolayers deposited by the plasma-enhanced
ALD method on Pt reported in a previous paper demonstrate uniformity,? while a scanning
TEM-EDX image of a Si0, ALD layer grown on Co;0, nanolayer shows uniformity as well
(Figure 3A of Ref. 7). Conformal property of the SiO, layers was shown by O, blocking and
suppression of redox activity of standard redox couples such as ferrocene or ferrocyanide.'"'> An
atomic Si/O ratio of 0.51 + 0.05 for the silica ALD layer was determined by high resolution XPS
of an SiO, layer deposited on bare Pt (Figure S2 of Ref. 7).

Covalent Attachment of Light Absorber on SiO, Surface. For [Ru(bpy),(dcbpy)]**
attachment to the silica layer, TMSA was anchored on the SiO, surface followed by reaction
with a carboxylic group of the dcbpy ligand to form an amide bond using the same method
described above for PV3 attachment to anchored silyl aniline.

TiO, Deposition. ALD of titanium dioxide was conducted with the same Oxford FlexAl-
Plasma Enhanced ALD system. The process temperature is 40 °C, and tetrakis(dimethylamido)
titanium(IV) (TDMAT; 99.999% from Sigma Aldrich) and oxygen plasma served as a precursor
and an oxidant, respectively. Oxygen gas flow was kept at 60 sccm throughout the deposition
process. The titanium precursor exposure half cycle consisted of 2 s dosing and 10 s purging
using 250 sccm high purity Ar gas. The oxygen plasma half cycle consisted of 2 s pre-plasma
treatment, 3 s plasma exposure, and 5 s purging with 100 sccm N, and 250 sccm Ar. Plasma
power of 250 W was applied for 3 s during the oxygen plasma half cycle. The deposition

chamber pressure was held at 80 mTorr during the TDMAT dosing and purging steps and 15
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mTorr during the oxygen plasma steps. Forty-five such cycles lead to a deposition of 5.0 + 0.07
nm thick TiO, layer.

FT-IRRAS Measurements. IRRAS spectra were recorded on a Bruker FT-IR
spectrometer model Vertex 80 equipped with a LN, cooled HgCdTe detector, a computer
controlled reflection accessory Bruker model A513/QA, and wire-grid polarizer model F350.
The mirror angle of the IRRAS accessory was fixed at 80° and the grid polarizer switched
between p and s polarization, and an aperture of 2.5 mm was used (p refers to perpendicular
orientation with respect to both the line of light propagation and the surface, and s refers to
parallel to the surface and perpendicular to the line of light propagation). Twenty spectra of 400
scans each at 2 cm™ resolution were recorded and averaged. Sample single beam spectra with p
polarization were divided by single beam spectra of reference sample (aluminum mirror) and the
negative logarithm calculated. A corresponding absorbance spectrum for the s polarized
configuration was computed and subtracted from the p polarized absorbance spectrum

-logo(p, sample/p, ref) — [-log(s, sample/s, ref)]
From this result, a Pt or Pt/Co;0, background was subtracted. The background absorbance
spectrum was determined by the same computational method as used for the sample. All figures
show spectra calculated according to this method, unless noted otherwise. Bands of residual
atmospheric water vapor in the sample compartment were computationally eliminated as well.

UV-vis Measurement. UV-vis measurements were recorded with a Shimadzu
spectrometer model 2450 either in standard transmission mode, or transmission mode using an
integrated sphere accessory model ISR-2200. In the latter configuration, scattered transmitted

light as well as transmitted light in the direction of the incident probe beam was collected.
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Photoelectrochemical Measurements. For photocurrent measurements in 3-electrode
configuration at an applied voltage equal to the measured open circuit voltage, the working
electrode was illuminated with 476 nm Ar ion laser light (Coherent model Innova-90) (Figure
1). The size of the 476 nm laser beam impinging on the working electrode was 0.66 cm? and the
sample area exposed to the electrolyte solution was 0.42 cm?. A Pt wire served as counter
electrode and Ag/AgCl as reference electrode. Experiments were controlled with a CH
Instruments model CH1604E potentiostat.

DFT calculations. Density Functional Theory (DFT) techniques were used for total
energy and geometry optimization calculations with tight convergence criteria as implemented in
Gaussian 09 software. In all calculations, we used B3LYP exchange correlation functional and 6-
31+G** basis set. As widely practiced in DFT literature, Kohn-Sham orbital energetics was used

as approximation to HOMO and LUMO energy.

3. Results and Discussion
3.1 Structure and Density of Molecular Wires and Light Absorbers by FT-IRRAS and UV-
Vis spectroscopy
Molecular wires embedded in ultrathin silica layers were attached to the tripodal silyl aniline or
silyl benzyl azide anchors on the Co;0, catalyst surface by an amide or a triazole linkage via
‘click’ chemistry (specifically, Copper(I)-catalyzed alkyne-azide cycloaddition, CuAAC),
respectively. For attachment of the [Ru(bpy).(dcbpy)]** light absorber on the silica membrane

surface after encasing the wires in an amorphous SiO, layer, amide coupling to the silyl aniline
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anchor was used for all samples, with the complete assembly schematically shown in Figure 1.
While covalently attached to surfaces, the distribution of embedded wires and light absorber
molecules is random as there is no molecularly defined linkage between them. The selected
loading densities assured that the average distance between anchored Ru complex and wire
terminus at the silica surface is less than 1 nm and therefore suitable for charge transfer. This

approach serves to explore simple hierarchical assembly methods in order to enable scalability.

3.1.1 Wire and Light Absorber Attached to Tripodal Anchor by Amide Linkage

The detailed FT-IRRAS characterization of the stepwise assembly of Pt/Co;0,/TMS-Am-PV3-
S0,/Si0, samples, schematically shown in Figure S2, was presented in a previous paper.'?
Comparison of polarized FT-IRRAS and non-polarized GATR FT-IR measurements (grazing
incidence attenuated total reflection FT-IR) demonstrated the vertical orientation of the wires,
which ensures that the embedded molecules span the silica membrane face-to-face. Spectra of
the corresponding preparations for the experiments reported here are displayed in Figure S3
traces (1)-(4).

The [Ru(bpy).(dcbpy)]** light absorber was covalently anchored on the SiO, surface by
one of the carboxyl groups of the bipyridyl ligand through an amide bond with the NH, group of
the tripodal TMSA anchor (Figure 1). Corresponding IRRAS data before and after linkage of the
Ru complex to TMSA anchored on the silica of a Pt/Co0;0.,/S10, sample (no embedded wires) are
shown in Figure 2(a) trace (2) and trace (3), respectively. The sample before attachment of
TMSA showing bands of Co;0, (686, 602 cm™) and SiO, (1226 and 820 cm™)'® is displayed in

trace (1) for reference. In addition to the characteristic bands of TMSA (1621, 1602, 1510, 1416,
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1293, 1272, 1193, 1139, 1107(sh), 1060(sh), 524 cm™) with detailed assignments presented in
previous work,'® Figure 2(a) trace (3) shows pronounced amide I (1660 cm™) and amide II (1520
cm’ (shoulder)) modes of the linkage. Ligand-centered infrared bands of [Ru(bpy),(dcbpy)]* are
readily discerned at 1725, 1590(sh), 1464, 1444, 1393, 1320, 782, 764, and 730 cm™ presented
on an expanded scale in Figure 2(b), in good agreement with the infrared spectrum of parent
[Ru(bpy);]**.* The 1725 cm™ C=0 stretch of a free CO,H group on the dcbpy ligand** indicates
that, for the majority of dcbpy ligands, only one carboxyl group forms an amide linkage to a
TMSA anchor. No other bands beyond those assigned to the components described above are
observed in the infrared spectra of Pt/Co;04/S10,/TMS-Am-Ru or corresponding samples with
Si0, embedded A-PV3-SO; wires (Figure S3, trace (6)), which confirms that the samples are
free of impurities.

Surface densities of anchors, molecular wires and light absorbers were determined by
combining measurements of UV-vis absorption spectra of a Co;0,/TMS-Am-PV3-
S0O,/Si0,/TMS-Am-Ru sample prepared on a quartz support and FT-IRRAS of a sample with
identical composition on Pt support (Figures S4 and S5), as described in detail in the SI. The
approach takes advantage of the 246 nm absorption band of TMSA anchor with its established
extinction coefficient, and the superior spectral sensitivity of FT-IRRAS bands of TMSA for
accurately determining the fraction of anchors that covalently link to wire or light absorber
molecules (A-PV3-SO; (360 nm) and [Ru(bpy),(dcbpy)]** (460 nm) peaks are very weak while
the intensity of the TMSA band at 246 nm is adequate for density evaluation (Figure S4)).
According to the analysis, absorbance of 1.84 x 107 for the 1510 cm™ band of TMSA

corresponds to anchor density of 3.0 nm? With the TMSA density established by the intensity of
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the infrared bands, the fractional absorbance decrease of its 1621 cm™ NH, IRRAS mode upon
formation of the amide bond to wire molecule or Ru complex allows accurate determination of
the density of wires and light absorbers, respectively. Using these FT-IRRAS measurements,

densities of embedded wires and light absorbers for all sample preparations were evaluated.

3.1.2 Wire Attached to Tripodal Anchor by Click Chemistry (CuAAC)

For determining the optimum energy level alignment of the silica embedded molecular wire with
the light absorber and Co;0, catalyst to achieve maximum electron transfer efficiency, wires with
electron donating or withdrawing substituents on the terminal aryl moiety (ring 3) were
synthesized. Each wire featured an ethyne (HC = C-) group in para position of ring 1 for
attachment to the N5 group of the TMSBA anchor by click chemistry (Scheme 1). The FT-
IRRAS of TMSBA anchored on Co;0,, shown in Figure 3 trace (1) and summarized in Table 1,
features all bands with only small frequency shifts compared to the FT-IR transmission spectrum
of TMSBA crystallites in KBr (Figure S6 trace (2)). Aromatic CH stretch modes are observed at
3066 and 3021 cm™, and those of the methylene group at 2949 and 2845 cm™. The v,(N3) at
2100 cm™ of anchored TMSBA is the same as for free azide.” Aryl quadrant and semicircle ring
phenyl stretch modes at 1600, 1549, 1497 and 1400 cm™ agree well with corresponding TMSBA/
KBr bands, as do the CH, bending mode at 1449 cm™ and 8(CCH) at 1181 cm™. The intense
bands at 1129, 1100, and 1021 cm™ are stretch vibrations of the Si(-O-Co)s tripod, very close to
the corresponding Si(-O-C); modes of free TMSBA. A striking difference of the infrared spectra
of surface anchored and free TMSBA is the relative intensity of the N; stretch band at 2100 cm™.

For the anchor on the surface, the absorbance ratio of the N; band and the 1600 cm™ aryl stretch

15



mode is 1:1 (Figure S6 trace (1)) while the corresponding ratio for free TMSBA is 10:1 (Figure
S6 trace (2)). This difference is due to the fact that the anchored molecule is probed by p-
polarized IRRAS while the powder spectrum is recorded by non-polarized infrared light. It
indicates that the Nj stretch of the anchored TMSBA is mainly s-polarized (parallel to the
surface) with only a minor p component while for the aryl stretch the p component dominates.*
We conclude that the aryl ring of the anchor is perpendicular to the surface while the azide group
is oriented mainly in horizontal direction. The latter orientation is facilitated by the presence of
the CH, group linking the aryl and N; moieties, and enables vertical orientation of the PV3
molecular axis upon formation of the triazole ring (Scheme 1).

The FT-IRRAS recorded following attachment of the E-PV3-SO;Et wire by click
reaction to the TMSA anchor, designated TMSB-Tz-PV3-SO;Et (Tz for triazole ring) is shown
in Figure 3 trace (2). In the CH stretch region, a new band at 2915 cm™ attributed to the ethyl
group is observed along with the CH modes of the anchor. The decrease of the azide mode at
2100 cm™, shown on an expanded scale in the inset, directly reports the click attachment
reaction. Observed infrared band in the region 2000 - 650 cm™ including spectral assignments are
presented in Table 1. Characteristic bands of the ethyl sulfonate ester substituent of the wire are
at 1343 cm™ (v,(SOy)), 1188 cm™ (vym(SO2)), 930 cm™! (v,(S-0-C)), 696 cm™ (v (S-O-C)), and
569 cm™ (8(SO,)). Triazole ring modes are found at 1167 cm™ (stretch), 968 cm™ (in-plane
bend), and 837 cm™ (out-of-plane bend).?%

Click attachment of E-PV3-Fs wire to the TMSBA anchor on Co;0, results in the FT-
IRRAS shown in Figure 4 trace (2), quantifiable by the decrease of the azide mode at 2100 cm™

(inset). Spectral assignments of modes in the fingerprint region are presented in Table 1. The
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signature of the perfluoro phenyl group is manifested by peaks at 1520 and 1491 cm™ (both
admixed with aryl stretch), 1002 (shoulder) and 962 cm™ (admixed with triazole in-plane
bending mode). This agrees with the typical pattern according to which C-F stretch modes mix
with aryl ring modes in a perfluorophenyl group.*® Triazole ring modes absorb at 1217, 1156 cm™
(stretch) and 668 cm™ (out-of-plane ring bend).

The FT-IRRAS recorded following attachment of the E-PV3-OMe wire by click reaction
to the TMSBA anchor, designated TMSB-Tz-PV3-OMe is shown in Figure 5 trace (2). The
intensity of these wire bands is significantly lower than the intensity of the TMSB-Tz-PV3-
SO;Et and TMSB-Tz-PV3-F;s bands (the wire density for the spectra shown in Figures 3, 4, and 5
is similar as can be seen from the similar decease of the Nj stretch absorption upon wire
attachment). In the CH stretch region, new bands at 2922 cm™ and 2850 cm™ originate from
asymmetric and symmetric CH stretch of the methoxy substituent.>’ As shown in Table 1,
infrared modes below 2000 cm™ involving the methoxy substituent are observed at 1456 cm™
(8,5(CH;)) and 1253 cm™ (C,,-O-C),*>* while triazole bands are contribute to absorptions at
1173 (ring stretch), 968 (in-plane bend), and 837 cm™ (out-of-plane bend).”

For each of these samples, subsequent casting of the anchored wires into Si0, by ALD
and attachment of [Ru(bpy),(dcbpy)]** light absorber by TMSA anchor was conducted as
described in Sect. 3.1.1.

Densities of azide functionalized anchors, triazole-linked wires and amide-linked Ru light
absorbers were calculated based on the assumption that the extinction coefficient of the strong
characteristic Si-O-Co stretch mode of the aryl-Si(OCo); tripod between 1120 and 1140 cm™,

which is common to both the NH, (TMSA) and CH,-Nj; functionalized anchor (TMSBA), is the
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same (i.e. independent of whether the anchor features an aniline or benzyl azide moiety).
Therefore, the density of anchored TMSBA could readily be determined by the observed
absorbance of the TMSBA mode at 1125 cm™, with a peak absorbance of 9.1 x 10~ representing
3 anchor molecules nm?, as described in more detail in the SI. The fractional absorbance
decrease of the N3 IRRAS mode of the TMSBA anchor at 2100 cm™ upon formation of triazole
linkage to wires was used to determine the density of the embedded wires (shown in Figures 3,
4, and S as inset of trace (2)). The density of anchored Ru complexes was determined according

to the method described in Sect. 3.1.1.

3.2 Efficiency of Charge Transfer across Silica Membrane by Photocurrent Measurement
Pt supported planar Co;0,/wire/SiO, samples with anchored [Ru(bpy),(dcbpy)]** complexes
were utilized as working electrodes for visible light induced current measurements in order
quantify charge flow from light absorbers to Co;0; catalyst through the silica membrane, as
illustrated by the diagram shown in Figure 1 (photoelectrochemical cell displayed in Figure S7).
The [Ru(bpy).(dcbpy)]** complexes excited to the MLCT state (Ap, = 460 nm, Figure 6(c))
inject hole charges into the embedded wire molecules upon electron transfer to sacrificial
electron acceptor S,0¢” that results in cathodic photocurrent. Figure 6(a) red trace (1) shows a
Faradaic photocurrent of 15.5 nA cm? upon 476 nm illumination (121 mW cm), with the circuit
held at a potential equal to the measured open circuit potential. By contrast, no Faradaic current
is observed for a Pt/C0;0,/Si0,/TMS-Am-Ru sample (no embedded molecular wires), only

I

capacitive photocurrent due to the buildup of Ru™ on the silica surface (Figure 6(a) black trace

(2)). It should be added that excitation of Co;0,, which absorbs throughout the visible region
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(Figure S4), does not induce photocurrent as demonstrated in previous work when illuminating a
Pt/Co;0, sample (no SiO, coating) in the absence of [Ru(bpy);]** sensitizer."' We conclude that
short circuit photocurrent flows exclusively through embedded molecular wires. The effect of
silica embedded wires can be demonstrated with much higher sensitivity when using the orders
of magnitude higher concentration of dissolved (non-surface bound) [Ru(bpy);]** light absorber,
as shown in Figure S8(a). Samples with or without embedded wires are free of pinholes as
confirmed by the absence of waves during CV sweeps using established redox couples (Figure
S8(b)).

In addition to Faradaic photocurrents, samples with or without embedded wires exhibit
capacitive photocurrents manifested by the sharp signal upon illumination onset. For the sample
with embedded wires (Figure 6(a) trace (1)), an anodic capacitive photocurrent spike is
observed. By contrast, cathodic capacitive charging is encountered upon photo-excitation of a
sample that lacks embedded wires (Figure 6(a) trace (2)). For the sample with embedded wires,
the most plausible origin of the capacitive photocurrent is that the replacement of SO,*,
produced upon electron transfer from excited surface anchored [Ru(bpy),(dcbpy)]* to S,05%,
proceeds at slower rate than the rate of photoexcitation of a given Ru complex (see further
discussion below). As a result, a repeatedly excited Ru complex can transfer hole charge to
embedded wires but is blocked from electron transfer to S,0O5* thereby remaining in reduced
state until fresh S,04* diffuses sufficiently close for electron transfer to proceed. Hence, the silica
surface on the working electrode is negatively polarized by the buildup of reduced
[Ru'(bpy),(dcbpy)]*. For samples without embedded wires, electron transfer from excited Ru

light absorber to S,0¢* is not accompanied by hole donation to wires, thus building up oxidized
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[Ru"(bpy),(dcbpy)]** that renders the silica surface positively polarized. The opposite sign of the
observed capacitive photocurrents for the two types of samples, despite the fact that both
processes are cathodic, is attributed to the build-up of opposite charge on the silica surface of the
working electrode.

Strong support for attributing the observed low photocurrent to slow replacement of
consumed S,05> acceptor at the silica/electrolyte interface was obtained by photocurrent
measurements of samples for which the anchored [Ru(bpy),(dcbpy)]** was encapsulated in a 5
nm thick TiO, layer deposited by ALD. It is well established that anchored Ru bipyridyl
complexes transfer electrons very efficiently to the TiO, conduction band on the ultrafast time
scale.* Therefore, by inserting a TiO, nanolayer between the Ru light absorber and the persulfate
electrolyte, the efficient non-radiative decay of the excited [Ru(bpy),(dcbpy)]** MLCT state
(decay time 210 ns)* that competes with electron transfer to S,0s> is replaced by the less
efficient back transfer of TiO, conduction band electrons to the oxidized Ru** center (multiphasic
decay of tens to hundreds of ps).**” For the Co;0,/TMS-Am-PV3-SOs/Si0,/TMS-Am-Ru/TiO,
sample, the photocurrent after start of 476 nm illumination at 216 mW cm? was 615 nA cm™,
exceeding the initial photocurrent of a Co;0,/TMS-Am-PV3-S05/Si0O,/TMS-Am-Ru sample (no
TiO, layer) of similar wire density by a factor of 21 (normalized for 476 nm laser intensity). We
conclude that visible light-driven charge flux through the silica membrane via embedded wires
by illumination of anchored light absorbers is limited by the efficiency of electron transfer from
the excited Ru complex to the acceptor in the electrolyte solution, which is much higher for the
case of the TiO, conduction band. Furthermore, when increasing the laser intensity from 216

mW cm™ to 2,580 mW cm? (factor of 11.9), the current density increased by a factor of 10.4 to
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6.370 uA cm™, as shown in Figure 6(b), demonstrating that there is no indication that silica
embedded wires limit photo-induced charge flux in the ten uA cm™ regime. Note the expected
decrease to a steady state photocurrent of 1.2 uA cm™ after several seconds due to depletion of
S,0¢* acceptor ions at the TiO,/electrolyte interface upon continued photolysis.

To demonstrate that the Ru complex is the sole light absorber responsible for the
observed photocurrent, the wavelength dependence of the photocurrent was recorded. As shown
in Figure 6(c), the photocurrent at constant laser intensity (92 mW cm™) at 514, 502, 476, and
458 nm follows the optical absorption profile of the [Ru(bpy),(dcbpy)]** MLCT band.**** No
contribution to the photocurrent by absorption of light by Co;0, (Figure S4 trace (6)) is
observed.

Comparing photocurrent measurements of Co;0,/TMS-Am-PV3-S0;/Si0O,/TMS-Am-Ru
samples with preparations that feature Ru light absorber directly anchored on the Co;0, surface
(no silica membrane) provides insight into the efficiency of photoinduced charge flux across the
silica membrane. In Figure 6(d), the observed photocurrent of a Pt/Co;0,/TMS-Am-Ru sample
without silica membrane (red trace (1), 5.8 Ru nm™) is 47.4 nA cm? compared to 28.8 nA cm™
for a Co;0/TMS-Am-PV3-S0;/Si0,/TMS-Am-Ru sample with membrane (black trace (2), 6.0
PV3-SO; nm?, 8.8 Runm?). The density calculations were based on FT-IRRAS shown in
Figure S9. The photocurrent of the sample with membrane is 60% of the photocurrent measured
for the sample without membrane. We conclude that for a silica membrane with embedded A-
PV3-SO; wires, the photocurrent amounts to a large fraction of what is observed in the absence
of a membrane. With the assumption that the fraction of excited [Ru(bpy),(dcbpy)]** that

undergoes electron transfer to S,04” is the same for the photocurrent measurements with and
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without membrane because the non-radiative decay processes of excited [Ru(bpy),(dcbpy)]* that
compete with electron transfer to S,0¢* are the same for both samples,*® the result indicates that
the electron transfer efficiency from light absorber to Co;0, catalyst through the silica membrane
is already about half of the efficiency in the absence of the membrane. As described in the
following, optimization of the wire density and wire energetics will allow us to sufficiently

improve the efficiency to approach photocurrent levels obtained without membrane.

3.3 Influence of Wire and Light Absorber Density on Photocurrent Efficiency
To optimize the charge transfer across the silica separation membrane, several parameters were
varied, starting with the density of molecular wires. Photocurrents were measured for 3 samples
with different A-PV3-SO; wire density under identical illumination and electrolyte conditions.
Observed initial photocurrents after light-on are (1) 27.4 nA cm™ for 4.1 PV3 nm? (2.8 Ru nm™),
(2) 16.2 nA cm? for 2.1 PV3 nm? (1.0 Ru nm™), and (3) 3.3 nA cm™ for 0.6 PV3 nm? (3.7 Ru
nm™), as shown in Figure 7(A). The photocurrent is found to increase linearly with wire density
(Figure 7(B)). For wire density substantially higher than 5 PV3 per nm?, lack of sufficient SiO,
ALD deposit in the spaces between wires may begin to adversely affect the integrity of the silica
membrane for blocking O, and other small molecules.* Therefore, 5 nm™ is an optimal target for
wire density.

In contrast to the distinct wire density dependence of the photocurrent, there is far less
sensitivity of the photocurrent with respect to the density of [Ru(bpy),(dcbpy)]*, as manifested
by the absence of photocurrent change, within uncertainty, for SiO,-embedded E-PV3-F;

samples with up to 9-fold different TMS-Am-Ru density (Figure S10). The linear wire density
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dependence of the photocurrent, despite the up to factor of 3 different TMS-Am-Ru density,
similarly demonstrates the absence of a significant influence of the anchored light absorber

density on the photocurrent.

3.4 Influence of Wire Energetics on Photocurrent Efficiency

Equally important for optimizing the electron transfer efficiency is the energy level alignment of
light absorber, wire, and Co;0, catalyst. Specifically, the proper potential of the HOMO of the
embedded wire is critical for efficient hole charge transfer across the silica membrane.
Photocurrents were evaluated for three wire molecules modified on ring 3 as described in Sect.
3.1.2 (Scheme 1), namely p-ethyl sulfonate in E-PV3-SO;Et (for comparison with amide linked
A-PV3-S0;), p-methoxy in E-PV3-OMe (electron donating), and perfluorophenyl as ring 3 in E-
PV3-F; (electron withdrawing). Interpretation of the results was based on DFT derived HOMO
potentials of the wires. The comparison is rendered feasible by the fact that all wires are attached
to the Co;0, surface by the same triazole linkage and use the same anchor moiety (TMSBA).
The additional CH, group on the anchor, present for synthetic reasons, does not influence the
HOMO and LUMO distribution of the wire, as explained in Figure S11. Comparison of
photocurrent data of p-sulfonate wires with triazole and amide linkage, whose HOMO differ by
0.32 V, provided additional insight.

For click attached E-PV3-SO;Et, photocurrent is shown in Figure 8(a) trace (1), together
with FT-IRRAS data shown in Figure 8(b) for determining the Ru light absorber density.
Absorbance of 2.88 x 10 for the 1125 cm™ band of anchored TMSBA corresponds to a density
of 0.95 TMSBA nm™, while the fractional decrease of the 2099 cm™ azide band upon click

attachment of E-PV3-SO;Et via a triazole ring indicates wire density of 0.72 nm* (Figure 3).
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[Ru(bpy),(dcbpy)]** density is calculated as 3.6 nm™ based on the observed TMSA density of 5.4
nm™ and fractional decrease of the NH, band (1621 cm™) of 60% (Figure 8(b)). The
photocurrent is 39.0 nA cm? after onset of illumination (Figure 8(a) trace (1)). Normalized for
the same wire density of 0.6 nm™ as the A-PV3-SO; sample (Figure 7), the initial photocurrent
(33.4 nA cm?) for E-PV3-SO;Et is 10 times higher than the 3.3 nA cm™ measured for amide
attached A-PV3-SO; wire. The large difference is attributed to the 0.32 V stronger driving force
for charge transfer from Ru light absorber to click-attached wire HOMO; at the interface with
Co;0,, isoenergetic occupied Co;0, levels are available for both wires (Figure 9).

A distinct feature of the photocurrent of the TMSB-Tz-PV3-SO;Et sample shown in
Figure 8(a), trace (1), is the decay of the Faradaic current, which vanishes after a few seconds
under illumination. The photocurrent behavior indicates a decrease of the S,05* acceptor
concentration in the vicinity of the silica surface and the anchored Ru complexes. The effect is
attributed to the closeness of the HOMO potential of TMSB-Tz-PV3-SO;Et and the Co;0,
valence band maximum, which results in partial hole population on the embedded wires; any
hole population on the wires results in efficient charge recombination with excited
[Ru(bpy),(dcbpy)]** electrons, thereby preventing collection of photogenerated holes at the Pt
electrode. As the S,04 concentration in the vicinity of the silica surface decreases, the reduced
[Ru'(bpy).(dcbpy)]'* density increases, which results in more efficient recombination with holes
transferred to embedded wires, diminishing the photocurrent. Application of a cathodic potential
moves the Co;0, valence band maximum to more negative values, which decreases the partial
hole population on the embedded wires and, hence, reduces the charge recombination process

(Figure 8(a) trace (2) and trace (3)).
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Samples with embedded perfluorophenyl derivatized wires gave a photocurrent of 28.8
nA cm™ upon start of illumination, as shown in Figure 10(a). From absorbance of 7.41 x 10~ for
the SiOCo mode at 1129 cm™', a density of 2.44 TMSBA nm™ is calculated. According to the
decrease of the 2100 cm™ azido stretch by 60% upon click reaction, a wire density of 1.46 E-
PV3-Fs nm? is obtained. [Ru(bpy),(dcbpy)]** density is 6.5 nm™ calculated based on the
observed TMSA density of 14.2 nm™ and fractional decrease of the NH, band (1621 cm™) of
46% (Figure S12(a)). The observed photocurrent density is 28.3 nA cm?, or 11.6 nA cm™ when
normalized for 0.6 nm™ wire density, indicating a factor of 3.5 increase of charge transfer
efficiency relative to A-PV3-SO; for a driving force increase of hole transfer from Ru light
absorber to embedded wire by 0.25 V (Figure 9). As can be seen in Figure 10(a) the Faradaic
photocurrent decreases significantly within a few seconds after onset of illumination indicating
partial hole population on the embedded wires due to the closeness of the E-PV3-Fs HOMO
potential and the Co;0, valence band potential. As in the case of click-attached E-PV3-SO;Et,
applying a negative potential of a couple hundred mV suppresses the photocurrent decay.

For click-attached E-PV3-OMe, measurement of the short circuit photocurrent (Figure
10(a)) shows no Faradaic cathodic photocurrent at any of the Ru densities used (from 1 to 10 nm
%). FT-IRRAS data for determining wire and Ru light absorber density are presented in Figure 5
and Figure S12(b), respectively. Absorbance of 3.87 x 10~ for the 1129 cm™ band of anchored
TMSBA corresponds to a density of 1.27 TMSBA nm?, while the fractional decrease of the 2099
cm’ azide band upon click attachment of E-PV3-OMe of 38% indicates wire density of 0.5 nm™.
[Ru(bpy),(dcbpy)]* density is 1.2 nm™ calculated based on the observed TMSA density of 3.26

nm~ and fractional decrease of the NH, band (1621 cm™) of 37%. When comparing with the
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observed photocurrent for click attached E-PV3-SO;Et of similar wire density and considering
an uncertainty of + 1.5 nA, it is found to decrease by over a factor of 20 from E-PV3-SO;Et to E-
PV3-OMe samples. Because the driving force of hole charge transfer from Ru to wire HOMO
increases by 0.52 V from sulfonate to methoxy substituted wire and, therefore, expected to result
in strongly enhanced rather than reduced photocurrent, the observed opposite trend is attributed
to the fact that the HOMO is aligned with the Co;0, bandgap, and hole transfer from E-PV3-
OMe to Co;0, is blocked (Figure 9).

The photocurrent dependence on wire HOMO potential is summarized in the form of a
plot shown in Figure 10(b). It should be added that the large (1.5 cm x 3 cm) planar single layer
sample geometry, selected for this work to enable FT-IRRAS characterization of anchored wires
and light absorbers for each sample used for photocurrent measurements, proved ideal for
quantifying and optimizing loading density and energy level alignment for maximum charge flux
through membrane via embedded wires. However, the strong kinetic bottleneck for electron
transfer from Ru complex to the acceptor, aggravated by this geometry, renders optimization of

the efficiency of light absorber-wire coupling and quantum yield determinations challenging.

3.5 Insights from Wire Density and Energetics Dependence of Photocurrents

The observed dependence of the photo-induced charge flow on density and energetics of the
embedded molecular wires revealed by the photocurrent measurements provides a rational path
for optimizing the charge transfer efficiency of the ultrathin silica membrane and at the same

time reveals key mechanistic insights.

26



The linear dependence of the photocurrent on embedded wire density (Figure 7(B))
indicates that the wires pose a charge transfer bottleneck at low wire density. The 8-fold increase
of the photocurrent upon increase of the wire density from 0.6 to 4.1 nm™ is in agreement with
the stronger electronic coupling and the reduced reorganization energy that results from
shortened average spatial separation of anchored light absorber and ring 3 of an embedded wire
molecule.*! The upper limit for wire density is determined by the functional integrity of the silica
nanomembrane in terms of chemical separation and proton conductivity property, with 5 nm™ as
a safe target.

By contrast, no substantial dependence of the photocurrent on the anchored light absorber
density is observed, as described in Sect. 3.3. The insufficient replenishment of S,04* acceptor
near the silica surface that results in the buildup of reduced [Ru'(bpy).(dcbpy)]'* complexes
suggests a plausible explanation: At 100 mW cm™ photolysis intensity, the average time interval
between arriving photons at a given Ru site is 50 ms. Hole transfer from light absorber via silica
embedded wire to Co;0, is an ultrafast process (255 ps) according to our recent transient optical
absorption study.'? Replenishment of S,04* in electron transfer distance of the Ru complex may
be substantially slower, resulting in the observed buildup of reduced [Ru'(bpy),(dcbpy)]™*
complexes. This steady state buildup of reduced Ru complexes grows larger with increasing light
absorber density, resulting in increasingly efficient charge recombination with holes injected into
the embedded wires thereby suppressing contribution to Faradaic photocurrent.

The drastic reduction of the kinetic bottleneck for the photo-induced charge flux through
embedded molecular wires by introducing a TiO, ALD layer as electron acceptor, resulting in

observed photocurrents in the ten pA cm™ regime, indicates that silica membranes with
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embedded wires are suitable for use in high surface area nanostructured artificial photosystems
for operation at maximum solar intensity.

The photocurrent behavior as function of the driving force of hole transfer from excited
[Ru(bpy),(dcbpy)]* to embedded wire, displayed in Figure 10(b), demonstrates the high
sensitivity of the charge flux with respect to the energy level alignment of light absorber,
embedded wire, and catalyst. According to Marcus theory, the kinetics for charge transfer from
excited light absorber to embedded wire (Step 1, Figure 9), and from wire to Co;0, (Step 2) is
governed by the free energy change, the reorganization energy, and the electronic coupling.[40]
For charge transfer from excited [Ru(bpy),(dcbpy)]** to embedded wire molecule, the free
energy change is estimated as the difference between the HOMO potential of the wire linked to
anchor and the redox potential of the light absorber. While the correction for the silica
environment is not available (Weller equation),® its influence on the relative rates when
comparing the various embedded wires cancels out because all wires are embedded in the same
silica medium.

When comparing the photocurrent results of samples with different modified triazole-
linked wires but equal wire density, the charge flux dependence is most likely dominated by the
free energy change because the reorganization energy and electronic coupling can be assumed to
be very similar since no significant variation in the distance between the bipyridyl ligands of
anchored [Ru(bpy).(dcbpy)]** and ring 3 of the embedded wire molecule (-C4Fs, -CsHsSO;Et, or
-C¢HsOMe) is expected. Because the wire molecules are attached to the Co;0, surface by
identical TMSBA anchors, reorganization energy and electronic coupling are not expected to be

significantly different for charge transfer Step 2, either. Therefore, the observed photocurrents for
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the three triazole attached wires indicate a strong dependence of the charge flux on the driving
force of the two sequential transfer steps. The 2.9-fold increase of the photocurrent when
replacing TMSB-Tz-PV3-Fs (HOMO + 1.23 V) by TMSB-Tz-PV3-SO;Et (HOMO + 1.16 V) is
mainly attributed to the 70 mV increased driving force of charge transfer from excited
[Ru(bpy),(dcbpy)]** to the embedded wire. The influence of the energy level alignment of the
embedded wire and Co;0, on the photocurrent is most drastically seen for TMSB-Tz-PV3-OMe
(HOMO +0.64 V), which falls within the bandgap of Co;0,. We conclude that the observed
photocurrent behavior of the click-attached wires is predominantly determined by the driving
force of the interfacial charge transfer steps, with embedded wires featuring a HOMO potential
around +1.3 V offering rates similar to those observed in the absence of a membrane. The
prevailing role of the driving force is consistent as well with the 3.5-fold increase of the
photocurrent from TMS-Am-PV3-SO; to TMSB-Tz-PV3-SO;Et as it increases by 0.32 V,
although the different chemical linkage to tripodal anchor may involve significant geometrical
differences affecting electronic coupling and/or reorganization energy.

Our modular synthetic approach for assembling silica-embedded wire molecules offers
additional avenues for further efficiency improvements of charge transport across the ultrathin
membrane. While oligo(p-phenylenevinylene) structures are shown to be well suited as
embedded wire molecules, recent new insights into the role of anchor or linker electronic
properties for facilitating rates and control of charge transfer between molecular components and
oxide surfaces offer rich opportunities.**’ For example, the intramolecular electric dipole
moment of a linker manipulated by electron donating or accepting substituents will allow fine-
tuning of wire HOMO and LUMO potential, both magnitude and direction.****® Furthermore, the

dipole of the triazole linker can be manipulated by appropriate selection of the tautomeric form.*’
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Yet another avenue to explore for tuning the energy level alignment of wire, light absorber and
Co;0, is replacing unsaturated TMS aryl anchors by saturated (-O-CH,-);C ‘spider’ anchors."
These opportunities illustrate the power of using molecular design for controlling charge

transport across the inorganic oxide membrane.

4. Conclusions

The quantitative evaluation of the photocurrent across an ultrathin silica membrane with
embedded molecular wires, combined with FT-IRRAS characterization of light absorber and
wire density, allowed the systematic optimization of visible light-induced charge transfer through
the membrane. Wires of type oligo(p-phenylenevinylene) with 3 aryl units modified on the
terminal aryl moiety by a substituent that adjusts the HOMO around + 1.3 V vs. NHE are found
to provide optimal energy level alignment with [Ru(bpy).(dcbpy)]** light absorber and Co;0,
catalyst. Photocurrents increase linearly with embedded wire density, with 5 nm? as optimal
target. A comparison of photocurrents with and without silica membrane indicates that samples
with membrane reach 60% of the charge flux in the absence of a membrane for un-optimized
wires (HOMO +1.48 V); observed photocurrent performance upon optimization of wire
energetics and density indicates that charge flux values approaching those obtained in the
absence of a membrane are achievable.

With high proton conductivity and complete chemical separation of O, (and other small
molecules) established in previous work for silica layers as thin as 3 nm,'® the precisely
controlled charge transfer property demonstrated here introduces silica nanolayers with

embedded wires as an ultrathin membrane for enabling integration of the incompatible
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environments such as H,O oxidation and CO, reduction half reactions in a complete nanoscale
artificial photosynthetic unit. More generally, inert oxide nanolayers with embedded molecular
wires offer a conducting solid interface with unprecedented control for fine-tuning of charge
transfer. The wealth of possibilities of using substituents for selecting HOMO and LUMO
potentials of organic molecules allows energy level matching of charge transport for improving
rates and imposing directionality with unrivaled precision compared to other materials choices.
Moreover, the ability to independently optimize charge transport, proton transport, and chemical
separation properties by the choice of wires and inorganic solid material for encapsulation is a
unique feature for developing efficient functional interfaces of multi-component photocatalytic

systems.
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Table 1: FT-IRRAS of TMSBA attached on Co;0, (trace (1)) and click attached wire molecules
(trace (2) of Figures 3, 4, and 5) (v = stretch, 8 = in-plane bend, § = in-plane ring bend, y = out-

of-plane ring bend).
TMSBA | E-PV3-SO:Et | E-PV3-OMe E-PV3-F; Assignment
2100 Vas(N3)
1600 Vary
1590 1588 1588 Vary1
1549 Varyl
1520 1513 1520 Vary (admixed v(C-F))
1497 Varyl
1491 Varyt, V(C-F)
1456 0.,(CHs)
1449 5,(CH,)
1400 Varyl
1369 Oqym(CH3)
1343 Vas(SO)
1308 1302
1253 V(Cyry0-C)
1217 Viing(TZ)
1188 Veym(SO2)
1181 Buryi(CCH)
1167 1173 1156 Viing(TZ)
(admixed vgym(SO,))
1129 v(S1(0Co)s)
1100 v(S1(0Co)s)
1021 v(Si(0Co)s)
1002 v(C-F)
998 8(C=C-C), v(C-C), v(C-S)
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A-PV3S0;3 Amideformation
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E-PV30OMe

Clickchemistry
CuAAC

(b)

TMS-Am-PV3SO; TMSB-Tz-PV3OsEt

Scheme 1: (a) Functionalized wire molecules with electron donating and withdrawing groups. A-PV3-SOs: -
6.43 eV (1.93V), 1.48 V; E-PV3-SO3Et: -6.11 eV (1.61 V), 1.16 V; E-PV3-F5: -6.18 eV (1.68 V), 1.23 V;

E-PV3-OMe: -5.59 eV (1.09 V), 0.64 V. The first value is the HOMO potential of the free wire calculated by
DFT (vacuum), followed in parenthesis in V vs. NHE. The last value is the potential of the wire linked to the
anchor (vs. NHE). A-PV3 and E-PV3 designate wire functionalized on ring 1 by acid or ethyne group for
amide (Am) of triazole (Tz) attachment to anchor, respectively. (b) Wires attached to anchor molecules: TMS-
Am-PV3-503: -5.98 €V (1.48 V vs. NHE); TMSB-Tz-PV3-SO3Et: -5.66 €V (1.16 V vs. NHE).
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Ag/
AgCl

Pt

Figure 1: Schematic of ultrathin silica membrane with embedded molecular wires and
covalently light absorbers covalently (but randomly) anchored on the silica surface. The
samples deposited on Pt are the working electrode for photocurrent measurements in a 3-
electrode cell. Pt wires and Ag/AgCl were used as counter and reference electrodes,
respectively.
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Figure 2: FT-IRRAS of [Ru(bpy)z(dcbpy)]z"' light absorber attached by TMSA on silica of Pt/
Co304 (10 nm)/SiO (2 nm) sample. (a) Trace (1): Pt/Co304 (10 nm)/SiO5 (2 nm). Trace (2):

After attachment of TMSA anchor. Trace (3): After attachment of [Ru(bpy)z(dcbpy)]2+ to
TMSA anchor by amide bond. (b) Expanded spectrum (3) 1800-1250 em™! and 850-500 cm'l,

red arrows indicate [Ru(bpy)a( dcbpv)]2+ bands, green arrows are modes of amide linkage
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Figure 3: FT-IRRAS of E-PV3-SO3Et wire attachment by click chemistry to TMSBA anchor
on Co30y. Trace (1): TMSBA anchored on Co30y4. Trace (2): After attachment of E-PV3-
SO3Et to anchor. Inset: Expanded v,((N3) region shows band before (black) and after E-PV 3-

SO3Et attachment by click reaction (red). Broad absorption 1620-1760 em!is due to oxide

background, and sharp band at 1263 em! due to residual Pt background.
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Figure 4: FT-IRRAS of E-PV3-F5 wire attachment by click chemistry to TMSBA anchor on
Co304. Trace (1): TMSBA anchored on Co30y4. Trace (2): After click reaction of E-PV3-F5
with anchor. Inset: Expanded v, (N3) region shows band before and after E-PV3-F5

attachment. Sharp band at 1263 em™L is due to residual Pt background.
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Figure 5: FT-IRRAS of E-PV3-OMe wire attachment by click chemistry to TMSBA anchor on
Co304. Trace (1): TMSBA anchored on Co30y4. Trace (2): After attachment of E-PV3-OMe to

TMSBA anchor. Inset: Expanded v,4(N3) NNN stretch region shows band before and after E-

T T T T T T T
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Wavenumbers / cm*

PV3-OMe attachment. Sharp band at 1263 cm'1 is due to residual Pt background.
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Figure 9: Energy level alignment of HOMO of molecular wires with HOMO of
[Ru((bpy).(dcbpy)]** light absorber and Co304 catalyst valence band. In the scheme,

anchored wires are abbreviated as OMe for E-PV3-OMe, SO;Et for E-PV3-SO;Et, Fs for E-

PV3-Fs, and SO; for A-PV3-SO;.
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Figure 10: (a) Photocurrent of Co304/wire/SiO»/TMS-Am-Ru at OCP for different
embedded wires. Top to bottom: E-PV3-OMe (0.5 nm'z), 1.2 Ru nm™2, E-PV3-SO3Et
(0.7 nm™2), 3.6 Ru nm2 (from Figure 8(a) trace (1)). E-PV3-Fs (1.46 nm™2), 6.5 Ru nm™
2, A-PV3-803 (0.6 nm'z), 3.7 Runm2 (from Figure 7A trace (3)). (b) Photocurrent

dependence on HOMO potential of embedded wire molecule, normalized for wire

density of 0.6 nm™2.
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