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ABSTRACT

Converting solar energy into electricity is a reasonable way to ameliorate the current
untenable energy situation. One way to harness solar energy is to mimic the mechanisms
already present in natural photosynthesis. A key component of many artificial
photosynthetic systems is the linker connecting the dye to an electrode. Studying the
associated electron transport process is important for improving linker efficiency.
Similarly it is important to be able to control the electron transfer to the dye from a water
oxidation catalyst, and to be able to improve the lifetime of the charge separated state.
Natural photosynthesis provides a blueprint for this in the tyrosine-histidine pair in

photosystem II. In this work, research on these topics is described.
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INTRODUCTION
Humanity’s demand for energy, especially as regards our use of fossil fuels, has led to
significant damage to many different components of the planetary ecosystem. Of special
concern is the contribution to the increase in greenhouse gasses caused by the burning of
fossil fuels.(213) Though there are many potential sources of energy available to
humanity, very few options exist that won’t continue to cause damage to the
environment. One such option is solar energy.
Virtually all energy currently available to humanity has its ultimate source in the sun.
Even fossil fuels originated principally as plant matter, and that matter was created
through the action of photosynthesis on carbon dioxide from the atmosphere, along with
water. The sun provides a significant amount of energy, on the order of 15,600 TW in the
form of light that is able to make it to the surface of the earth, making solar power a
compelling target for energy research.(214, 215)
Natural photosynthesis is a well-known system in nature that is able to obtain energy
from the sun. Of special interest is photosystem II, in which light is absorbed by antenna
pigments, and the energy from the light is then transferred to the P680 pigment cluster in
the reaction center, shown in figure 1.(216) This excitation, then causes the transfer of an
electron from the P680 to the nearby pheophytin, followed by further electron transfer to
a plastoquinone molecule, which is eventually reduced to plastoquinol. The P680 ground
state is then regenerated by transferring the hole that was present on it to a nearby
tyrosine moiety, and through the process of proton coupled electron transfer (PCET), to

the oxygen-evolving complex.(171) After four such occurrences, a sufficient number of



oxidizing equivalents is accumulated on the oxygen evolving complex to oxidize water,

producing oxygen gas, and four protons.



6. Figure 1 — The reaction center of photosystem II (216)



Though natural photosynthesis does not directly provide usable electrical power, the
processes involved include both the transport of electrons, through the reduction and
diffusion of plastoquinone, and the generation of a proton gradient. Mimicking the light
harvesting components of this system using artificial dyes allows for the creation of
organic photocells, which can be used to generate electricity. In addition to directly
generating electrical power it is also possible to mimic another property of Photosystem
II, by utilizing catalysts to help oxidize water. The electrons, and protons produce by the
oxidation of water can then be used to produce, with the help of addition catalysts,
hydrogen gas, a storable fuel. It may even be possible in the future to reduce carbon
dioxide to produce higher energy fuels such as formaldehyde and methanol.

In many artificial photosynthetic systems like that seen in figure 2, a dye is attached to a
semiconducting electrode, and is also either adjacent to or directly attached to a water
oxidation catalyst such as an iridium oxide nanoparticle. When the dye is excited by light,
an electron is injected into the conduction band of the semiconductor, followed by the
abstraction of an electron from the oxidation catalyst to regenerate the ground state of the
dye. In a similar manner to natural photosynthesis, after four cycles, water can then be
oxidized. The electrons and protons thus produced are then transferred to the other half of

the cell where they can be used to reduce the protons and produce hydrogen gas.
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ELECTRON TRANSFER IN DYE-SEMICONDUCTOR SYSTEMS

Many artificial photosynthetic systems involve the attachment of a dye to a
semiconductor electrode. The study of the electron transfer in dye-semiconductor systems
is therefore important to the understanding of the processes involved in artificial
photosynthetic systems.(1-6) In conventional systems, however, the large degree of
inhomogeneity in the binding and orientation of the dye on the electrode can complicate
the study of the electron transfer process.(28)

There have been many spectroscopic studies done on the photoinduced electron transfer
from dyes to semiconductor nanoparticles, however the studies are often complicated not
only by the binding inhomogeneity, but also by the size distribution and crystallinity of
the nanoparticles being studies. In addition there are often unbound dye molecules
trapped near the nanoparticle, which can complicate the kinetics being studies by
interfering with the electron transfer process.(1, 29-32) These problems can be
ameliorated by using a system that is well characterized in both the size of the
nanoparticles and the concentration of the dye.(1, 4-6, 25, 33-63)

Perylene dyes are a good choice for this type of study because they are highly stable, and
there redox properties can be easily tuned by adjusting their functionalization. Several
perylene dyes were studied and are shown in figure 3.(64-75) These perylene dyes
contain carboxylic anhydride moieties which, after hydrolysis, are able to bind to the
nanoparticle as carboxylic acid anchoring groups.(77-79)

Initially the nanoparticles used were produced in reverse micelles (Chapter 2), which
allowed for finer control of the nanoparticle size distribution.(39, 52, 53, 56, 58)
However the surfactant groups interfered with the binding of some of the dyes due to

6



steric effects. In addition the electric field near the nanoparticle surface generated by the
ionic properties of the polar head of the surfactant may have affected the electron
transfer. Because of these problems, titanium dioxide nanoparticles were prepared
without surfactant molecules (Chapter 3), and suspended in an organic solvent. In both

cases, electron transfer was observed for perylene dyes 1 and 2, but not for dye 3.
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Figure 3 — Perylenes used in the studies of Chapters 2 and 3



FREEBASE PORPHYRIN DYES

Because of their similarity to chlorophyll, and their relatively simpler synthesis,
porphyrins are commonly studied as light harvesting molecules for use in dye sensitized
solar cells and artificial photosynthetic systems.(172-175) In addition, porphyrin dyes do
not contain rare elements. Due to the presence of rare metals in many water oxidation
catalysts, a lot of attention has been devoted to developing organic catalysts.(179-183)
Unfortunately, in artificial photosynthetic systems the ration of dye to catalyst can exceed
1000:1, therefore insuring that the dye contains no rare metals also becomes important. In
artificial photosynthetic systems ruthenium dyes are used the most, though systems using
zinc porphyrins have been able to produce photocurrents.(178, 184-188)

In chapter 4 water splitting is demonstrated using a series of free-base porphyrins using

visible light. Photocurrents were observed which were comparable to ruthenium dyes.

BENZIMIDAZOLE-PHENOLS

In photosystem II the electron transfer from the oxygen evolving complex to the oxidized
P680 pigment complex is coupled to proton movement, it has been suggested that this
results in an increase of the charge separation lifetime. This is critical in photosynthesis
since the charge separation has to last long enough to allow for the accumulation of
sufficient oxidizing equivalents on the oxygen evolving complex. In the natural system
this occurs through the oxidation of a tyrosine moiety, followed by proton transfer to a
nearby hydrogen bonded histidine moiety. In addition, there is a asparagine moiety
hydrogen bonded to the other side of the histidine ring likely providing another pathway

for proton transfer. (217-220)



Benzimidazole-phenols (BIPs) have been previously studied as synthetic mimics of the
tyrosine histidine pair.(221) It is expected that, for the PCET step to work optimally the
proton and electron transfer should occur in a concerted manner. If this is the case, then it
would be expected that the kinetic isotope effect (KIE) of the proton transfer should be
larger than 1, since the proton transfer would occur in the rate limiting step. In chapter 5
The KIE of several BIP models, seen in figure 4, are studied by computational or
electrochemical methods. It is determined that inclusion of a methyl ester or carboxylic
acid moiety on the 4-position of the benzimidazole is necessary to increases the KIE

above 1.
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ABSTRACT

We report on the photosensitization of titanium dioxide nanoparticles (TiO2 NPs)

synthesized inside AOT (bis(2-ethylhexyl) sulfosuccinate sodium salt) reverse micelles
following photoexcitation of perylene derivatives with dicarboxylate anchoring groups.
The dyes, 1,7-dibromoperylene-3,4,9,10-tetracarboxy dianhydride (1), 1,7-
dipyrrolidinylperylene-3,4,9,10-tetracarboxy dianhydride (2), and 1,7-bis(4-tert-
butylphenyloxy)perylene-3,4,9,10-tetracarboxy dianhydride (3), have considerably

different driving forces for photoinduced electron injection into the TiO2 conduction

band, as estimated by electrochemical measurements and quantum mechanical
calculations. Fluorescence anisotropy measurements indicate that dyes 1 and 2 are
preferentially solubilized in the micellar structure, creating a relatively large local

concentration that favors the attachment of the dye to the TiO2 surface. The binding

process was followed by monitoring the hypsochromic shift of the dye absorption spectra
over time for 1 and 2. Photoinduced electron transfer from the singlet excited state of 1

and 2 to the TiO2 conduction band (CB) is indicated by emission quenching of the TiOZ-

bound form of the dyes and confirmed by transient absorption measurements of the

radical cation of the dyes and free carriers (injected electrons) in the TiO2 semiconductor.
Steady state and transient spectroscopy indicate that dye 3 does not bind to the TiO2 NPs

and does not photosensitize the semiconductor. This observation was rationalized as a

consequence of the bulky #-butylphenyloxy groups which create a strong steric

14



impediment for deep access of the dye within the micelle structure to reach the

semiconductor oxide surface.
INTRODUCTION

The study of interfacial electron transfer (IET) in dye—semiconductor nanoparticle
systems is an area of considerable research interest from both fundamental and practical
points of view.(1-6) Modification of metal oxide semiconductors with organic dyes is a
well-known method to extend their photoresponse to visible light. Application of metal
oxide/dye systems has been extensively demonstrated in a variety of organic—electronic
devices such as dye-sensitized solar cells (DSSC),(7-12) heterogeneous
photocatalysis,(13-18) and chemical sensing.(19-23) The current need for performance
improvement in many of these devices entails a better understanding of the IET process
which plays a central role in device operation.(1, 12, 24-27)

Dye to semiconductor nanoparticle (NP) photoinduced electron transfer has been widely
studied in nanostructured metal oxide semiconductor films where the dye molecules are
deposited in a relatively uncontrolled manner leading to a number of physically adsorbed
and nonbound aggregated dyes with poor electronic coupling with the
semiconductor.(28) A large number of the electron transfer studies on these systems have
been performed using steady state and time-resolved UV—vis spectroscopic techniques.
The results obtained usually show complex kinetics and spectra due to the heterogeneous
nature of the dye—NP binding, the size and crystallinity of the semiconductor NPs,
scattering effects of the nanostructured film, and the presence of unbound trapped dye

and dye aggregates.(1, 29-32) The use of well characterized dye-sensitized NP

15



suspensions can help to overcome many of these difficulties (by reducing scattering
effects and providing a more homogeneous set of semiconductor NPs), and accordingly a
large number of studies have been carried out on such systems.(1, 4-6, 25, 33-63) In
some of these studies, well dispersed and homogeneous semiconductor particle
suspensions were obtained via a microemulsion method.(39, 52, 53, 56, 58)

Perylene based dyes have been extensively explored as photosensitizers for DSSC
because they absorb strongly in the visible, are chemically photostable, and are amenable
for fine-tuning their light absorbing and redox properties through structural
modifications.(64-75) Additionally, the relatively low number of excited state relaxation
pathways in perylenes, as compared to the prototypical ruthenium based dyes, facilitates

the study of IET.(75) Binding of perylene derivatives to TiO2 has been achieved through

carboxylic acid and dicarboxylic acid groups derived from anhydrides.(66-74) The nature
of the binding and the electronic coupling between the dye and the semiconductor has
been shown to influence the dye excited state properties and IET behavior.(66, 67, 69, 73,
74, 76) Binding of perylene derivatives to metal NPs and metal-oxide and nanorods has
also been achieved through thiol and sulfide groups, respectively.(77-79)

Herein we report studies of the sensitization of TiO2 nanoparticles in a reverse micelle

suspension by perylene dye derivatives. The perylene dyes used in this study, (1,7-
dibromoperylene-3,4,9,10-tetracarboxy dianhydride (1), 1,7-dipyrrolidinylperylene-
3,4,9,10-tetracarboxy dianhydride (2), and 1,7-bis(4-tert-butylphenyloxy)perylene-
3,4,9,10-tetracarboxy dianhydride (3), contain cyclic anhydride moieties which hydrolyze

to yield two carboxylic acid groups that serve as anchoring groups to the TiO2 surface.
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Steady state and transient spectroscopic results indicate that a large portion of dyes 1 and

2 are attached to the TiO2 NP surface and can effectively initiate IET. On the other hand,

spectroscopic results show inefficient binding of dye 3 to the semiconductor surface and
lack of photoinduced electron transfer, indicating that the bulky structure of the dye

hampers the binding process within the micelle—TiO2 NP structure.

EXPERIMENTAL AND THEORETICAL METHODS
Materials

Titanium tetraisopropoxide (TTIP, >97.0%), isopropanol (anhydrous, 99.5%), 3,4,9,10-
perylenetetracarboxylic dianydride (97%), 2,6-diisopropylaniline (97%), pyrrolidine
(99%), and bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT, 98%) were purchased
from Sigma-Aldrich and used as received. Anhydrous tert-butyl alcohol was purchased
from Alfa-Aesar and used as received. Thin layer chromatography plates (250 um), with
fluorescent and nonfluorescent indicators, were purchased from Analtech, Inc. Silica gel
(SiliaFlash F60 40—63 pum) used for column chromatography was purchased from
SILICYCLE. Syringe PTFE membrane (200 nm pore) filters: disposable assemblies
(PALL, Acrodisc. CR 25 mm) and disposable membranes (Microclar, T02013WPH) on a
reusable filter holder (Cole-Palmer, CZ-02928-10) were used interchangeably. N-Heptane
(HPLC grade), ethanol (anhydrous, HPLC grade), and potassium hydroxide (KOH, ACS
reagent grade) were purchased from Merk. Perchloric acid (ACS reagent grade) was
purchased from Taurus. Ultrapure water (18€2, Millipore) and bottled water (Sintorgan,

HPLC grade) were used interchangeably. Tetrahydrofuran (THF) (Sintorgan, HPLC) was
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distilled over metallic sodium with benzophenone. All solvents used for column

chromatography were distilled before use.

Synthesis

1,7-Dibromoperylene-3,4,9,10-tetracarboxy dianhydride (1)
Compound 1 was obtained following a literature procedure.(74)
1,7-Dipyrrolidinylperylene-3,4,9, 1 0-tetracarboxy dianhydride (2)

Compound 2 was prepared following slightly modified reported protocols. First, N,N'-
bis(2,6-diisopropylphenyl)-1,7-bis(pyrrolidin-1-yl)perylene-3,4,9,10-tetracarboxylic acid
bisimide was prepared.(74) This was followed by base hydrolysis in tert-butyl alcohol

and purification by column chromatography using 2% ethyl acetate in chloroform as

1
eluent on silica gel(80) to yield compound 2. All compounds were characterized by H
NMR and MALDI-TOF mass spectrometry; the spectra were identical to those

previously reported.
1,7-Bis(4-tert-butylphenyloxy)perylene-3,4,9, 1 0-tetracarboxy dianhydride (3)

Compound 3 was prepared following a modified published procedure.(81) A portion of
compound 1 (8 g, 14.5 mmol), 4-tert-butlyphenol (7.2 g, 48.0 mmol), and cesium
carbonate (9.5 g, 29.1 mmol) were dissolved in dimethylformamide (485 mL) and heated
at reflux for 4 h under nitrogen. The reaction mixture was poured into water (200 mL)
and neutralized with aqueous 1 M HCI. The precipitate was filtered and washed
repeatedly with water and then methanol to give a crude solid. A 100 mg portion was

then purified by preparatory TLC, which was followed by flash column chromatography
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on silica gel using chloroform as the eluent to afford a red solid (15.4 mg, 0.022 mmol,
1

15.4% yield). H NMR (Chloroform-d, 400 MHz): SH, ppm 9.64 (d, J= 8.2 Hz, 2 H),

8.71 (d,J=8.2 Hz,2 H), 8.28 (s, 2 H), 7.52 (d, /= 8.6 Hz, 4 H), 7.13 (d, /= 8.6 Hz, 4

H), 1.39 (s, 18 H).

Titanium Dioxide Nanoparticles (Ti 1'02 NPs)

The synthesis was carried out by the hydrolysis of TTIP inside the water pool of AOT
reverse micelles suspended in n-heptane.(52) In this system, the micelles act as

nanoreactors, where the hydrolysis reaction takes place, preventing the formation of TiO2
nanoparticle aggregates. A micellar suspension of W= 1 (wo = [HZO]/ [AOT]) was
prepared by adding 220 pL of aqueous HClO4 (0.02 M) to 30 mL of AOT solution (0.4

M) in n-heptane under continuous stirring. A 0.2 mL aliquot of a TTIP stock solution
(0.136 M) in anhydrous isopropanol was added dropwise to 30 mL of the micellar
suspension under mild agitation at room temperature. Stirring was continued for 20 min

to obtain a clear micellar suspension containing TiO2 NPs (see Figure 6, inset).
Micelles without T 1'02 NPs

A control sample of micelles without TiO2 NPs was prepared following exactly the same

procedure described above except for the addition of TTIP. We estimate a significant
proton concentration inside the reverse micelle water pool based on the concentration of

HClO4 in the aqueous solution used for micelle formation. However, calculation of pH is
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not valid in these systems where the nanoscopic size of the water pool limits the number

of avalible water molecules.(82)
Instruments and Measurements
Steady State Absorption

Spectra were recorded in 1 cm path length cuvettes with the following
spectrophotometers: diode array HP 8452, Shimadzu - UV-IR (2041PC), and Hitachi

double beam UV/vis spectrophotometer (U-2800).
Steady State Fluorescence

Spectra and fluorescence anisotropy measurements were obtained with the following
spectrofluorometers: Horiba FluoroMax-4 and PTI Quantamaster 40, both equipped with
motorized polarizers. To compare emission intensities of samples measured with

absorbances not matched at the excitation wavelength (Abs(A )), the corrected emission
€X
intensity of a given sample (Icorr(kem)) was calculated from the observed emission

intensity (Iobs(kem)) using eqgs 1 and 2:(83)

Abs,(2,.) (st
. A =| B\ ex/ I ‘ A’ . 10
Acorr ( em ) (AbSA (A'ex )) A,obs ( )

(D
and

Absg( Ay )+ Absg(4,,)

]B,corr (/lem ) = [B,obs (A'em ) 10( ?

)
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where A and A are excitation and emission wavelengths, respectively, and the
€X em

subscripts A and B correspond to the different samples for which the emission intensity is

compared.
Time Resolved Fluorescence

Fluorescence lifetime measurements were performed with a time-correlated single photon
counting (TC-SPC) system. The excitation source was a fiber supercontinuum laser based
on a passive mode-locked fiber laser and a high-nonlinearity photonic crystal fiber
supercontinuum generator (Fianium SC450). The laser provides 6 ps pulses at a repetition
rate variable between 0.1 and 40 MHz. The laser output was sent through an Acousto-
Optical Tunable Filter (Fianium AOTF) to obtain excitation pulses at the desired
wavelength. Fluorescence emission was collected at 90° and detected using a double-
grating monochromator (Jobin-Yvon, Gemini-180) and a microchannel plate
photomultiplier tube (Hamamatsu R3809U-50). The polarization of the emission was
54.7° relative to that of the excitation. Data acquisition was done using a single photon

counting card (Becker-Hickl, SPC-830). The IRF had a FWHM of ~50 ps, measured

from the scattering of sample at the excitation wavelength. The data was globally fitted as
a sum of exponential decays including IRF deconvolution using locally written software

(ASUFIT)(84) developed in a MATLAB environment (Mathworks Inc.).
Time Resolved Absorption

Femtosecond to nanosecond transient absorption measurements were acquired with a
kilohertz pulsed laser source and a pump—probe optical setup. Laser pulses of 100 fs at

800 nm were generated from an amplified, mode-locked titanium sapphire kilohertz laser
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system (Millennia/Tsunami/Spitfire, Spectra Physics). Part of the laser pulse energy was
sent through an optical delay line and focused onto a 2 mm sapphire plate to generate a
white light continuum for probe beam. The remainder of the pulse energy was used to
pump an optical parametric amplifier (Spectra Physics) to generate excitation pulses at
different wavelengths, which were modulated using a mechanical chopper. The excitation
intensity was adjusted using a continuously variable neutral density filter. The probe
beam was sent through a monochromator (SP150, Action Res. Corp.) and recorded by a
diode detector (model 2032, New Focus Inc.) and boxcar (SR250, Stanford Research
Systems). The instrument response function was ca. 200 fs.

Nanosecond transient absorption measurements were recorded with excitation from an
optical parametric oscillator pumped by the third harmonic of a Nd:YAG laser (Ekspla

NT342B). The pulse width was ~4-5 ns, and the repetition rate was 10 Hz. The detection

portion of the spectrometer (Proteus) was manufactured by Ultrafast Systems. The
instrument response function was ca. 4.8 ns.

Transient absorption data analysis was carried out using ASUFIT. In brief, decay-
associated spectra were obtained by fitting the transient absorption kinetic traces over a
selected wavelength region simultaneously as described by eq 3 (parallel kinetic model)

AbsB(Aex )+AbSB(Acm )

]B,corr (/lem ) = [B,obs (A'em ) 10( ?

3)
where AA(4, £) is the observed absorption change at a given wavelength at time delay ¢

and # is the number of kinetic components used in the fitting. A plot of Ai(k) Versus

wavelength is called a decay-associated spectrum (DAS), and represents the amplitude
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spectrum of the ith kinetic component, which has a lifetime of T. The global analysis

procedures described here have been extensively reviewed. Random errors associated
with the reported lifetimes obtained from fluorescence and transient absorption

measurements were typically <5%.

Structural Characterization

1H NMR spectra were recorded on a 400 MHz Varian Liquid-State spectrometer. NMR
samples were dissolved in deuteriochloroform with 0.03% tetramethylsilane as an
internal reference. Mass spectra were obtained on an Applied Biosystems Voyager-DE
STR matrix-assisted laser desorption/ionization time-of-flight spectrometer (MALDI-

TOF).
Dynamic Light Scattering (DLS)

Measurements were performed with a Malvern Instrument 4700 system with detection at
90° from the excitation, at a temperature of 25 °C, and using the 488 nm spectral line of
an argon ion laser. Light scattering results were analyzed with Zetasizer software
(provided by the manufacturer) to obtain hydrodynamic radius distributions and
polydispersity indexes. Microemulsion solutions were filtered through 200 nm pore
filters right before data acquisition. Extreme care was taken to reduce the contamination

by dust.
Electrochemical Measurements

Cyclic voltammograms on 1, 2, and 3 in solution were carried out in benzonitrile (1) or

acetonitrile (2, 3) with 100 mM tetrabutylammonium hexafluorophosphate as supporting
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electrolyte. A three electrode setup, consisting of a glassy carbon disc working electrode,

.
platinum gauze counter electrode, and Ag /Ag quasireference, was used with the sample

volume under an argon atmosphere. A CH Instruments 760D pontentiostat and
+
corresponding software were used for all measurements. The Ag /Ag quasireference was
+ +
calibrated to the ferrocenium/ferrocene (Fc /Fc) couple with EFC Fe taken as 0.45 V vs

saturated calomel electrode (SCE).
Transmission Electron Microscopy

TEM micrographs were collected using a Philips CM200 TEM at 200 kV. The TiOz—

micelle microemulsion was plated on a plasma treated (10 min, air intake) 200-mesh
carbon coated copper grid (Canemco, Lakefield, QC, Canada) for 1 min before wicking
using filter paper. The grid was then rinsed with high purity water (HyClone, Logan, UT)
to wash AOT surfactant away. TEM micrographs were analyzed using ImageJ
software.(85) The “analyze particle” plug-in was used to find the outline and calculate the

diameter of nanoparticles on arbitrarily thresholded images.
Computational Methodology

Geometry optimizations of dyes 1, 2, and 3 (in their open (O) and closed (C) forms) (see
Figure S3a in the Supporting Information) were performed with Gaussian 09(86) using
density functional theory (DFT) calculations at the B3LYP/6-31G(d) level of theory.(87-
94) Using the conductor-like polarizable continuum model (CPCM), acetonitrile was

implicitly included for all the optimizations.(95, 96)
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RESULTS AND DISCUSSION
Perylene Dyes
Molecular Structure

The structures of perylene derivatives 1, 2, and 3 are shown in Scheme 1. On the basis of
the structure of the dyes, at least three species in equilibrium can be proposed during the
hydrolysis of an anhydride group (catalyzed in basic media), as shown in Scheme 1
(right). Partially hydrolyzed and/or deprotonated species, i.e., involving only one of the
two anhydride rings present in the dyes, were not considered in this scheme but are also
possible. As it is discussed below, the opening of at least one anhydride group to yield a

dicarboxylic acid species is necessary for binding of the dyes to the TiO2 surface. The
precise nature of the interaction between the carboxylic group and the TiO2 surface atoms

still remains a subject of debate. Possible binding modes of the carboxylic acid species to

the TiO2 surface involve bidentate simple adsorption (electrostatic attraction and

hydrogen bonding) and chemical bonding (ester linkage, bridging, and chelating).(76, 97)
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Scheme 1 — Structure of perylene dyes
(left) Molecular Structure of Dyes 1, 2, and 3; (right) Opening of Anhydride Ring under
Basic Catalysis
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Spectroscopic Characterization in Homogeneous Solution
-6
Figure 5 shows the absorption and fluorescence of dyes 1 and 2 in ethanol (~10 M) as a

function of time and addition of base (potassium hydroxide). The solutions were prepared
by addition of a small aliquot (100 puL) of dye stock solution in THF (in this solvent, the
dyes are present in the anhydride form, species C, Scheme 1) to 3 mL of ethanol with
continuous stirring. The acquisition of spectra as a function of time started immediately
after the stock dye solution was added to ethanol. For perylenes 1 and 3, both absorption
and fluorescence spectra (Figure 5a and b) show clear isosbestic and isoemissive points,
indicating the interconversion between two species with distinct spectra and similar
fluorescence quantum yields. The species that absorb and emit at longer wavelengths are
assigned to the anhydride form (C, Scheme 1), while the shorter wavelength absorption
and emission spectra are assigned to the fully hydrolyzed form for each dye (O, Scheme
1).(66, 67, 69-71) In the case of 2, isosbestic points and isoemissive points were not
observed. This indicates that there are more than two interconverting species with
significantly different spectra, presumably protonated/deprotonated amines,
protonated/deprotonated carboxylic acids, or zwitterionic species. For all perylenes, the
spectral changes observed indicate that the addition of a strong base (potassium
hydroxide) is necessary to shift the equilibrium between the anhydride species (C,
Scheme 1) and its hydrolyzed form (O, Scheme 1) toward the later. The base catalyzes
the hydrolysis of the cyclic anhydride and deprotonates the resulting dicarboxylic acid
(species O, Scheme 1). Figure 5a, c, and e show that the absorption spectra of the freshly

prepared ethanol solutions (where the anhydride species prevails) are significantly
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bathochromically shifted (49, 134, and 48 nm for 1, 2, and 3, respectively) compared to
the corresponding spectra after base addition (when the fully hydrolyzed species
prevails). The fluorescence spectra shown in Figure 5a and ¢ were recorded with
excitation at the isosbestic point for 1 and 3 (472 and 478 nm, respectively) to allow for
the direct comparison of the relative fluorescence quantum yields of the anhydride and
hydrolyzed species. The resulting fluorescence intensities indicate that the emission

quantum yields (CI)F) of both species (C and O) are very similar for these perylenes. For 2

the emission spectra were corrected for the number of photons absorbed at the excitation
wavelength as described in the experimental section. Comparison of emission intensities

before and after base addition for 2 (Figure 5d) indicates that the emission quantum yield

0
of the hydrolyzed form is significantly larger than that of the dianhydride form (CI)F >8

¢
(I)F ). The spectral changes observed upon hydrolysis of the dyes in solution are

consistent with previous reports on analogous dyes(66, 67, 69, 70, 74) and were useful

for monitoring the kinetics of dye binding to TiO2 as described below.
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Figure 5 — Absorption and emission spectra of perylene dyes

Absorption and emission spectra of 1 (a, b), 2 (c, d), and 3 (e, f) in ethanol as a function
of time and KOH addition. Emission spectra for 1 and 3 were taken with excitation at the
isosbestic point (472 and 475 nm, respectively). Emission spectra for 2 were taken with
excitation at 594 nm. The dye concentration was ~10—-6 M for all samples. Arrows

indicate the direction of change.
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Energy Diagram

Scheme 2 shows the relative energetics for the oxidation of the ground and excited states
of the dyes and the conduction band edge (ECB) of TiOz. The potential for the first
oxidation (D+/D) of the dyes was measured electrochemically for the cyclic anhydride
(closed) form of the dyes. Attempts to measure D+/D of the hydrolyzed (open) form were
unsuccessful; thus, to a first approximation, the D+/D of the C form will be used for
calculations through the text. The potential for the oxidation of the excited state (D+/D*)
was calculated with the equation D+/D* = D+/D — Eoo’ where E00 is the zero—zero optical

excitation energy estimated from the intersection of the normalized absorption and
emission spectra of the hydrolyzed (open) species in ethanol (see Figure S1 in the

Supporting Information). The ECB value of TiO2 was estimated as the flat-band
potential(98) of polycrystalline TiOZ, —0.52 vs SCE at pH 2,(99) to account for the

concentration of protons in the micelle water before NP formation. On the basis of
energetic considerations, according to Scheme 2, all the dyes are capable of

photoinjecting an electron in the conduction band of TiOz. Two additional factors not

considered in Scheme 2 could in principle lead to a higher driving force for the
photoinduced IET process: (a) the oxidation potentials of similar dyes attached to the

TiO2 surface in their open bound form are known to shift anodically relative to those in

solution in their closed form(67, 69, 71) and (b) the presence of trap-sites energetically

situated between the valence and conduction bands of the TiO2 NPs which could act as

electron acceptors. Finally, the size-quantization effect observed in the TiO2 NPs used
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herein (vide infra) could lead to a negative shift of ECB shown in Scheme 2, resulting in a

decreased driving force for photoinduced electron transfer. Since the magnitude of the
factors mentioned before cannot be estimated accurately, Scheme 2 provides only a first

approximation for the energetics of the system.
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Scheme 2 — Oxidation potentials for perylene dye excited states

Diagram Depicting the Potentials for the First Oxidation and for the Oxidation of the
Optically Excited States of 1, 2, and 3 and the TiO2 Conduction Band (CB) Energy.
D/D+ values were measured electrochemically for the anhydride (closed) form of the
dye. D/D* values were calculated as described in the text from the EOO energy of the
hydrolyzed (open) form of the dyes.
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Quantum mechanical calculations were performed to correlate molecular structure with
the experimental electrochemical and spectroscopic parameters. The calculated HOMO-
LUMO energies and energy gaps are summarized in Table 1. Rationalizing the DFT
calculations by means of molecular orbital analysis, it was observed that both the HOMO
and LUMO energies of all dyes shifted to less negative energies (vs vacuum) upon
opening of the anhydride ring. Also, the HOMO-LUMO gap of all dyes increased upon
opening of the anhydride with respect to the closed form, resulting in a hypsochromic
shift of the absorption spectra. These two observations combined yield an increase in the
driving force for photoinduced injection. These results are in agreement with previous
work on analogous perylenes(65, 66, 70, 71) and correlate well with the electrochemical

and spectroscopic data presented in Table 1 and Figure 5.
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Table 1 — Potentials of opened and closed perylene dyes
Energetics of 1, 2, and 3 estimated by electrochemistry, spectroscopy and quantum mechanical
calculations.

HOMO-

Ox(1)  Ox(2)* Red(1* Red(2)> HOMO® LUMO® Eoo®
LUMO Gap®
1.99 -0.25 -0.52
1-C ) -- 1.99 -0.52 2.51 2.32
(irr) (61) (64)
1-0 -- -- -- -- 1.83 -0.82 2.65 2.59

0.81 0.91 -0.72
2-C -- 0.86 -1.08 1.94 1.71
(47) (35) (61)

2-0 -- -- -- -- 0.73 -1.40 2.13 2.10
1.61 -- -0.51 -0.70

3-C 1.56 -0.80 2.36 222
(65) -- (52) (55)

3-0 -- -- -- -- 1.41 -1.10 2.51 2.56

*E1/2 values for the indicated process reported in V vs SCE with the peak separation
(AEp) given in mV.

®Calculated HOMO and LUMO energies (see Figure S3a in the Supporting Information)
were normalized to the experimental oxidation potential of 1-C vs SCE by the equation
Evs SCE =—Ecal —4.26 eV.

‘Determined from the intersection of the normalized emission and absorption spectra
(measured in ethanol, Figure 1S in the Supporting Information) with the equation EO0O
(eV) = 1240/A (nm).
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Titanium Dioxide Nanoparticles (TiO2 NPs)

Characterization

The hydrodynamic diameter distribution of the micellar suspension before and after the
addition of TTIP stock was measured by DLS. As shown in Figure 6a (gray bars), the
mean hydrodynamic diameter (d) of the micelles before TTIP addition was found to be d
= 3.8 + 0.5 nm (mean and standard deviation of three independent experiments). After

formation of TiO2 NPs, the mean hydrodynamic diameter of the micelle/TiO2

microemulsion is slightly increased to d = 4.5 + 0.1 nm; see Figure 6a (black bars). As

seen in this figure, the size distribution of the micelle microemulsion with TiO2 NPs is
narrower than that of the micelles without TiO2 NPs. This effect can be attributed to the
fact that micelles without TiO2 inside are inherently dynamic systems continually

exchanging water from the inner pool and surfactant molecules with other micelles, so

that its size varies constantly. In the case of micelles containing TiO2 NPs, the surfactant

movement is much more restricted, possibly due to attractive electrostatic interactions
between the negatively charged polar head of the surfactant and the positively charged

oxide surface under the acidic conditions inside the water pool. Estimation of the total
3 -6
concentration of micelles (Crn =10 M) and of TiO2 NPs (CNP =10 M) (see details in

the Supporting Information) in the resulting solution after NP formation indicates that a

large fraction of the total micelles do not contain TiO2 NPs. Considering this estimation,

we rationalize the significant difference observed for the DLS results of micelles with
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and without TiO2 NPs as a consequence of a higher light scattering efficiency of the TiO2

NP vs that of “empty” micelles.

36



A

Ocurrence (%)
T T e

0 v T
3.0

Absorption

micelles micelles/TiO,

240 280 320 360 400 440 480 520 560
Wavelength (nm)

Figure 6 — DLS measurements of micelles

(a) DLS measurements of microemulsions without (gray bars) and with (black bars) TiO2
NPs. Dashed lines indicate the corresponding mean diameter values for each sample. (b)
Absorption spectra of microemulsions without (gray) and with (black) TiO2 NPs. The
inset shows a photograph of the micelle and micelle-TiO2 microemulsions.
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Spectroscopic evidence for the formation of TiO2 particles is seen in the absorption

spectra. Figure 6b shows the absorption spectra of micelles before (dashed line) and after
the addition of TTIP (solid line). In the latter, the strong absorption in the UV region is

assigned to the TiO2 band gap transition. It is well-known that the band gap of

semiconductors is modulated by quantum confinement effects when the particle size
reaches nanometric dimensions.(100, 101) These size-induced quantum effects produce
an increase of the band gap which results in a blue-shift of the optical absorption.
However, some reports in the literature indicate unusual variation of the oscillator

strength of the first allowed direct transition in TiO2 NPs (as a consequence of structural

size effects) and caution about the use of the absorption shifts to estimate NP size based
on quantization effects.(102) Other reports indicate that the presence of surface states and

formation of a surface dipole layer on the surface of TiO2 NPs synthesized in inverse

micelles leads to sub-band gap absorption, making the comparison of shifts

unreliable.(103) Our TiO2 NPs show a significant blue shift in the absorption spectra
relative to that of bulk TiOz. Assuming that this shift is due to quantum effects, the
apparent band gap of the NPs can be estimated as EBG ~ 3.88 eV (see Figure S2 in the
Supporting Information). This putative EBG of TiO2 NPs is significantly higher than that
of bulk TiO2 (3.2 and 3.0 eV for anatase and rutile phases, respectively), suggesting
significant size-quantization.(53, 103-105) The prepared micelle/TiO2 microemulsion has

very low light scattering effects even at wavelengths below 350 nm due to the small
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average size of the TiO2 NP and narrow size distribution, being an ideal system for

spectroscopic studies.

The morphology and crystallinity of the synthesized TiO2 NPs were studied by

transmission electron microscopy (TEM). The micrographs in Figure 7 show nearly
spherical particles with an estimated mean diameter of 3.5 + 0.7 nm (average from 123
particles). The particles have a relatively narrow size distribution, as shown on the
histogram in Figure 7c. These measurements are consistent with the DLS results showing

a mean diameter for the “naked” TiO2 NPs which is slightly smaller than the mean
hydrodynamic diameter of the TiO2—micelle system. High resolution TEM (HRTEM)

images (Figure 7a) show, for some particles, clear crystal planes with an average spacing
of 2.186 + 0.004 A (mean from 6 NPs), which matches well the literature values of the

(111) planes of bulk rutile TiO2 (2.188 A, (111) plane); no interplanar spacing in the

anatase phase matches this value. Even though this information is not sufficient to
categorically assign a crystal structure to the synthesized nanoparticles, since this would
require a more detailed study involving diffraction experiments, the results suggest the
rutile phase as the most likely one. However, given the large number of factors that affect
the observation of NP crystalline structure in TEM micrographs,(106) we cannot make a

definitive assignment of the crystalline nature of the prepared TiO2 nanoparticles based

only on HRTEM images.
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Figure 7 — TEM micrographs of TiO2 nanoparticles

TEM micrographs of TiO2 nanoparticles synthesized in AOT reverse micelles. (a) High
magnification image showing crystallinity in the circled TiO2 nanoparticle. Scale bar = 5
nm. (b) Representative region showing TiO2 nanoparticles as dark circles and excess
AOT surfactant as dark gray areas. Scale bar = 50 nm. (c) Histogram of nanoparticle
diameter constructed by analyzing TEM micrographs; see details in text. The dashed line
indicates the mean diameter value.
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Dye—TiO2 NP Systems

Assembly

Binding of perylene 1 and 2 to TiO2 NPs in a microemulsion was carried out by addition

4
of 100 pL of dye stock solution (~10 M) in THF to 3 mL of a TiOZ—NP—micelle
suspension ([TiOz] =0.109 g/L) in n-heptane (for pump—probe experiments, the dye/TiO2

NP concentration ratio was increased 2 times). The microemulsion was left incubating for
>4 h, and absorption spectra were recorded at periodic time intervals immediately after

addition of the dye, as shown in Figure 8. A control sample of micelles without TiO2 was

prepared as described in the Materials section and analyzed in an analogous manner. The
hypsochromic shift observed in the absorption spectra of dyes 1 and 2 in the presence of

TiO2 is indicative of opening of the anhydride ring and suggests binding of the resulting

dicarboxylic form of the dye to the semiconductor.(65-71, 73, 74) Further evidence for

dye binding to the oxide surface comes from time-resolved experiments that are
ot _
described in detail below and which show the formation of the dye —TiOz(e ) charge

separated state. Other authors have confirmed binding of dyes (containing carboxylic acid

moieties) to TiO2 films using FTIR by monitoring the frequency shift of the carbonyl
band upon acid deprotonation and binding to the oxide surface.(107, 108) In the micelle

5
systems described herein, AOT surfactant molecules are in an ~10 -fold excess relative to

dye molecules (vide infra); thus, the IR absorption of the AOT ester groups dominates the

carbonyl band signal and precludes observation of dye binding to TiO2 by vibrational
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spectroscopy. In both systems, l-TiO2 and 2-Ti02, the binding of the dye was a relatively

slow process, as shown by the kinetic traces in the insets of Figure 8a,b. When 3 was

added to a TiO2 NP microemulsion, no significant changes were observed in the

absorption and emission spectra over time, indicating that the dye’s anhydride groups are

not hydrolyzed. Under these conditions, the attachment of the dye to the TiO2 surface

through the possible binding modes of the carboxylic acid species is precluded.
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Figure 8 — Absorbtion spectra of perylenes in TiO2 nanoparticle microemulsion
Absorption spectra of 1 (a), 2 (b), and 3 (¢) in a microemulsion containing TiO2 NPs as a
function of time. The inset displays kinetic traces at the indicated wavelengths (circles
and squares) and corresponding monoexponential fittings (solid lines) with a shared time

constant.
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Figure 9 shows the absorption, fluorescence emission, and excitation spectra of the dyes
in samples described above after incubation for 17 h. No further spectral changes were

observed beyond this time. The absorption spectrum of 1 in the presence of TiO2 NPs

(Figure 9a, solid line) shows clear contributions from two distinct species, referred to as

1-C and 1-OB (for closed-unbound and open-bound to TiOZ, respectively), with
absorption peaks (Absmax) at ~519 and 471 nm, respectively. The presence of the TiO2
NPs is confirmed by the strong absorption in the UV region (below 360 nm); see Figure
9a, solid and dotted lines. The corresponding fluorescence excitation spectrum (Figure
9a, dashed line) indicates that 1-C is the species that contributes predominantly to the

observed fluorescence. The absorption and fluorescence excitation spectra of the control

sample without TiO2 NPs (Figure 9b) show that 1-C is the only species present in the
absence of TiO2 NPs. Note that in this case the strong TiO2 absorption in the UV region

is not observed.
Analogous preparation and analysis using perylene 2 shows similar results (Figure 9c and

d). In this case, the observed shift (~25 nm) is significantly smaller than that observed in
ethanol upon full basic hydrolysis (~134 nm); this difference could be explained
considering only partial hydrolysis of the dye in the TiOz—micelle microemulsion. Thus,
the spectra with peak absorption at ~690 and 665 nm are assigned to the anhydride

(closed, 2-C) and partially hydrolyzed (open bound, 2-OB, i.e., only one anhydride group
is hydrolyzed) forms of 2, respectively. Evidence for the putative partial hydrolysis of 2

in ethanol is shown as a small shift in the absorption and emission spectra upon addition
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of a few equivalents of KOH; see Figure 5c (blue dash-dotted line). As mentioned before,
the lack of an isosbestic point in Figure 5c suggests the presence of more than two
interconverting species for 2.

The absorption and emission spectra of 3 did not show significant changes in TiOz—

micelle vs empty micelle microemulsions, as shown in Figure 9e and f. The lack of
spectral shift and low emission quenching suggest that the dye does not open and bind to
the oxide and consequently cannot effectively photoinject an electron in its conduction
band. The deficient binding of the dye is rationalized as a consequence of the bulky 4-
tert-butylphenyloxy groups which create a strong steric hindrance for the insertion of the

dye through the micelle structure to reach the TiO2 NP surface. Analysis of the calculated

molecular structure for the dyes supports this interpretation, indicating that the largest
molecular dimension (D) across the perylenes’ bay substituents varies in the series as D1

(9 A)<D2 (13 A) < D3 (27 A); see Figure S3b in the Supporting Information.
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Figure 9 — Absorbtion and emission spectra of perylenes in micelle microemulsion with
and without TiO;

(a) Absorption (solid black), emission (solid gray), and normalized excitation spectra
(dash) of perylene 1 in a microemulsion containing TiO2 NPs and absorption of a
microemulsion containing TiO2 NPs (dotted line) but not the dye. (b) Same as part a but
for a microemulsion without TiO2. (¢, d) Same as parts a and b, respectively, for perylene
2. (e, ) Same as parts a and b for perylene 3. Excitation spectra were recorded with
emission at 578, 735, and 610 nm for (a, b), (c, d), and (e, f), respectively. Emission
spectra were recorded with excitation at 470, 630, and 495 nm for (a, b), (c, d), and (e, 1),
respectively. Emission spectra intensities were corrected as described in the experimental

section. Vertical dotted lines show absorption maximum in microemulsions with and
without TiO2 NPs for each dye.
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Steady State Absorption and Emission Spectra and Emission Anisotropy

Steady state fluorescence anisotropy measurements were performed to gain insight on the
location of the dyes in micellar suspensions. Table 2 shows that the fluorescence
anisotropy of 1, 2, and 3 is considerably higher in micellar suspensions than in the low
viscosity solvent THF, indicating that the movement of the dye is significantly restricted
and suggesting that it is preferentially located in the ordered micellar environment. This
preferential location of the dye generates a relatively high local concentration of the dye
in the micellar environment which presumably facilitates the binding of dye to the

adjacent oxide surface in solutions of micelles with TiO2 NPs. Under these conditions,
the fluorescence of 1 and 2 in the TiOz—micelle suspension is highly reduced (~70%
quenched for l-TiO2 and 2-TiO2 compared to the corresponding control samples without
TiOz). In the case of the l-TiO2 system, the emission is dominated by the spectrum of the

closed anhydride species of the dye (Scheme 1, C), while the absorption spectrum has a
major contribution corresponding to the open bound species (OB). The lack of significant
emission corresponding to the OB species suggests an efficient fluorescence deactivation

pathway by electron injection from photoexcited dye into the TiO2 conduction band (see
Scheme 2). The remaining emission of the l-TiO2 system, which is presumably from the

nonbound C species located in the micellar environment, is more polarized than that of 1

in the micelle without TiOz. This indicates that the TiO2 NP restricts the movement of the

nonbound dye presumably by creating a more rigid micelle due to the strong electrostatic

interaction of the positively charged TiO2 surface and the negatively charged sulfonate
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group of the surfactant. Similar observations were found for the 2-TiO2 system, although

it is difficult to discriminate the contribution of the C species and partially OB species
due to the relatively small spectral shift in their emission spectra. The shape of the

fluorescence excitation spectra of the 2-TiO2 system is in between the absorption spectra
of the 2-TiO2 and 2-micelle systems, indicating a significant contribution of both the C
and OB species to the observed fluorescence. In the case of the 3-TiO2 system, the

emission spectrum is dominated by the emission of the C species and the steady state
emission anisotropy measurements in different environments show similar trends to the
other perylene systems, but not so marked. This observation is consistent with the dye
being located in the outer layer of the micellar structure but not close enough to attach to

the TiO2 surface.
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Table 2 — Steady State Fluorescence Anisotropy (r) of Perylene Dyes in Different

a
Environments

THF micelle micelle/ TiO2

1 0.004 (0.002)  0.12(0.01) 0.24 (0.01)
2 0.011(0.001)  0.15(0.02) 0.33 (0.03)

3 0.015(0.007)  0.04 (0.01) 0.21(0.01)

?Anisotropy was measured in an L-format geometry spectrofluorimeter. The reported
numbers are the average and the standard deviation (in parentheses) of the values
obtained over the 520-610, 710-770, and 550—640 nm spectral ranges for 1, 2, and 3,
respectively.
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Time Resolved Fluorescence Anisotropy

Figure 10 shows the fluorescence anisotropy decays of dyes 1, 2, and 3 in different
environments. The fluorescence anisotropy decay of 1 in heptane can be fitted with one
fast decay lifetime of 81 ps. However, when 1 is dissolved in a micelle solution (control
sample), the anisotropy shows a biexponential decay with components of 81 ps (2%) and
1.67 ns (98%). The 81 ps component is associated to the rotational correlation time of 1
in the heptane, whereas the 1.67 ns component could be associated to the rotation of the
dye within the surfactant layer of the micelle. Alternatively, the 1.67 ns component can
be associated to the rotation of the whole dye—micelle assembly (the decay closely

matches the rotational correlation time of a sphere with a diameter of ~3.5 nm in

hexane).(83) The anisotropy decay of 1 in a micelle solution containing TiO2 NPs shows

a biexponential decay with a 81 ps (15%) component associated with the free dye in
heptane and a longer 2.74 ns (85%) component associated with the rotation of the dye in

the restricted surfactant layer or with the rotation of the whole l-TiOz/micelle assembly

in heptane. Dye 2 shows analogous behavior with slightly larger decay components in all
media; this difference is associated with the larger molecular dimension D (see Figure
S3b, Supporting Information) of 2 vs 1 which hinders the rotation of 2 relative to that of
1. Dye 3 dissolved in heptane and micelles shows analogous behavior to 1 and 2 but with
slightly larger decay components consistent with a larger steric hindrance for rotation due

to the bulky #-butylphenoxy groups. The anisotropy decay of 3 in micelles with TiO2 NPs

is very similar to that in micelles without NPs. This observation is consistent with the

lack of spectroscopic evidence for opening of the anhydride groups and putative binding
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to the TiO2 surface. Overall, the analysis of the time-resolved data shows results in line

with those of the steady state anisotropy emission shown in Table 2.
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Figure 10 — Fluorescence anisotropy decays

(a) Fluorescence anisotropy decays (data points) of 1 in heptane (black), micelle solution
(red), and TiO2—micelle solution (blue). Smooth lines show exponential fits to the data.
Samples were excited and emission collected at the following wavelengths: heptane and
micelle: Aex = 520 nm, Aem = 600 nm; 1-TiO2: Aex = 420 nm, Aem = 510 nm. (b) Same
as part a but for dye 2. Heptane: Aex = 640 nm, Aem = 750 nm; micelle: Aex = 640 nm,
Aem = 750 nm; 2-TiO2: Aex = 640 nm, Aem = 750 nm. (c) Same as part a but for dye 3.
Heptane, micelle, and 3-TiO2: Aex = 515 nm and Aem = 600 nm. The dye concentration
was ~10—6 M for all samples.
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Time Resolved Emission

TC-SPC measurements were performed to investigate the nature of the steady state

emission quenching observed for the dye—TiO2 systems. Figure 11a shows the

fluorescence decay associated spectra (DAS) of the l-TiO2 system. Global analysis of

kinetics yields four decay components ()(2 = 1.14) with lifetimes of 29 ps, 212 ps, 1.09 ns,
and 4.28 ns. To a first approximation, the 29 ps component with maximum at 520 nm is
associated with the 1-OB (open bound species) and the rest of the components are
associated with the 1-C (closed unbound species) in different environments. On the basis
of these assignments, the first fluorescence DAS (29 ps) shows energy transfer from 1-
OB (open bound species) to 1-C, as indicated by the negative amplitude above 600 nm.
The second (212 ps) and third (1.09 ns) components show energy migration in between
1-C species which are in slightly different environments toward the most solvated one,
with the lowest energy (4.28 ns component). Overall, the data indicates the existence of a
nonhomogeneous system with several dyes per micelle. Analogous measurements on the

I-micelle system (control sample without TiO2 NPs) show longer lived multiexponential

decays (see Figure S4a in the Supporting Information) consistent with the high emission

quenching observed for 1-TiO2 vs 1-micelle in the steady state measurements (vide

supra).

Figure 11b shows the fluorescence decay associated spectra (DAS) of the 2-TiO2 system.

2
Global analysis yields four decay components (y = 1.10) with lifetimes of 487 ps, 2.8 ns,

and 5.3 ns. The 487 ps component is associated with the 2-OB (partially open bound
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species) and could be assigned in principle to the photoinduced electron injection process

from 2-OB to TiOz. However, some electron injection may occur faster than the

instrument resolution (~10 ps) and therefore is non-time-resolved in this experiment. The

rest of the components are associated with the 2-C (closed nonbound species) in different
environments. Analogous measurements on the 2-micelle system (control sample without

TiO2 NPs) show a longer lived biexponential decay (2.9 and 4.9 ns, see Figure S4b in the

Supporting Information) consistent with the high emission quenching observed for 2-

TiO2 vs 2-micelle in the steady state measurements (vide supra).
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Figure 11 — Fluorescence decay associated spectra

(a) Fluorescence decay associated spectra of the 1-TiO2 system; data was acquired with
excitation at 480 nm. Data was globally fitted (x2 = 1.14) as described in the
experimental section. Inset: kinetic traces and corresponding fits (smooth line) at selected
wavelengths and the instrument response function (IRF). (b) Same as part a for the 2-
TiO2 system (y2 = 1.10). Data was acquired with excitation at 640 nm. The short-lived
components were multiplied by a factor to make them clearly visible.
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Time Resolved Absorption
Femtosecond pump—probe experiments were performed to establish the kinetics of the

photoinduced electron transfer reaction of the dye—TiO2 system. Figure 12a shows the
results for the 1-TiO2 system; global analysis of kinetics (measured up to 40 ps time

delay) shows four decay components with lifetimes of 210 fs, 2.5 ps, 21.5 ps, and 212 ps.
The 40 ps time window used in the experiment was chosen to accurately determine the
faster components of the decay; the 212 ps component cannot be accurately determined
with this window and was fixed in the analysis based on the information provided by the
TC-SPC experiments (vide supra). The decay associated spectra (DAS) of the 210 fs

component can be attributed to the formation of a charge transfer state between 1-OB and
TiO2 (i.e., 1.+-Ti02(e_)). It shows decay of stimulated emission and singlet excited state
absorption at ~540 and 780 nm, respectively, and formation (negative amplitude) of 1-
OB radical cation with characteristic absorption at ~650 nm.(75, 109) The DAS of the 2.5

ps component can be attributed to the decay of 1-C, showing ground state bleaching and
stimulated emission at ~500—700 nm and singlet excited state absorption at ~780 nm.
This DAS can be associated with the process seen in the fluorescence decays, i.e., energy
migration in between 1-C species in different environments. The 21.5 ps component is
most likely due to the energy transfer process between 1-OB and 1-C, as seen in the
fluorescence decay data (Figure 11a, 29 ps fluorescence DAS). The DAS of the 212 ps

component shows a mixture of two main processes: (a) decay of singlet excited state of

the 1-C species (as seen in the fluorescence decay data) and (b) decay of the 1.+-Ti02(e_)
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charge separated state with strong absorption at ~650 nm and weak absorption around

850—1000 nm characteristic of the 1-OB(75, 109) radical cation species and free carrier

(injected electrons) in the TiO2 semiconductor,(110) respectively.
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Figure 12 — Decay associated spectra
(a) Decay associated spectra of the 1-TiO2 system measured by pump—probe (fs to ps
range). Data was acquired with laser excitation at 460 nm. Inset: kinetic traces (data
points) and corresponding fits (smooth lines) at selected wavelengths. (b) Same as part a
but measured by flash photolysis (ns to ps range). Data was acquired with laser excitation
at 440 nm. (c) Decay associated spectra of the 2-TiO2 system in argon saturated solution

measured by flash photolysis (ns to ps range). Data was acquired with laser excitation at
660 nm.
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Transient absorption measurements on the 1-TiO2 system in the nanosecond to

millisecond time range were performed to complement the pump—probe data on the faster
time scale; the results are shown in Figure 12b. Global analysis of the kinetics shows
three decay components: 1.14 ps, 14.5 ps, and a component that does not decay within
the 40 ms time window. The 1.14 pus DAS is associated with the decay of triplet excited

states of 1-C and 1-OB showing transient absorption in the ~500-650 nm range and

ground state bleaching at 450 and 510 nm. The other two DAS are associated with the
ot _

decay of the 1 -TiOz(e ) state. They show the characteristic ground state bleaching and

induced absorption seen in the pump—probe data (see Figure 12a, 212 ps DAS). The
nondecaying transient has ground state bleaching at ~510 nm and is associated with the
charge transfer state formed with 1-C most likely due to migration of charge from 1-OB
to 1-C. The triplet excited state is not clearly shown in these measurements, since it is
most likely quenched due to the presence of molecular oxygen. To determine the lifetime
of the nonresolved component, a kinetic trace at 700 nm was recorded up to 10 ms; see

the Figure 12b inset. Fitting of this trace yields two decay components of ~15 ps and ~1.5

o+
ms. As mentioned before, both of these components are consistent with the decay of 1
species.

Flash photolysis measurements on the 2-TiO2 system in argon saturated solution are
shown in Figure 12¢. Global fit to the data yields two components: a long-lived

ot _
component of 34 ms assigned to the decay of the 2 -TiOz(e ) charge transfer state and a
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68 us DAS assigned to 2-OB and 2-C triplet states. Measurements in air saturated

solutions (see Figure S5 in the Supporting Information) show only one DAS of 30 ms
ot _
assigned to the 2 -TiOz(e ) state with spectral features very similar to the long decay

measured in argon. The transients in the 520-700 and 640—820 nm regions correspond to
the 2-OB ground state absorption recovery and the 2-OB radical cation absorption decay,

respectively.
ot _
Attempts to determine the formation rate of 2 -TiOz(e ) at short time scales using the

pump—probe technique showed only features associated with the excited state decay (see

Figure S6, Supporting Information). The lack of radical cation absorption at early times is
o+ —

probably due to the long lifetime of the 2 -TiOZ(e ) state which precludes the recovery of

the 2-TiO2 system ground state in the time between laser pulses (2 ms, pulse frequency =

500 Mz) coupled to slow sample mixing due to the high viscosity of the solutions.
Rigorous analysis of time-resolved emission and absorption data in a non-homogeneous
system requires the use of a model which considers a distribution of exponential decays
to describe the kinetics of each transient species. The distribution of decays accounts for
the distribution of available environments in the heterogeneous system. In our analysis,
we used the minimum number of exponential components that adequately fitted the
experimental data within the experimental error. Thus, it is likely that the reported decay
components correspond to a weighted mean value of the actual distribution of constants

associated with each species.
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Distribution of Dyes in the Micellear Solution

To better understand the dye—TiO2 assembly process, it is useful to discuss the expected

distribution of dyes in micellar systems. The distribution of nonreacting dyes (i.e., in
anhydride form) in a micelle microemulsion can be calculated from the concentration of

dye and micelles (Cdye and Cm, respectively) assuming Poisson statistics,(111) as shown
in eq 4:

A’n . e—/l

n!

P ==

n

4
where Pn is the probability of finding »n dyes in a given micelle and Xm = Cdye/ Cm is the
-3
average number of dyes per micelle. In our experiments, km >10 (see the Supporting

Information); thus, the probability of finding two (or more) dyes in a given micelle is less

than one in a million. On the other hand, considering that kNP = Cdye/ CNP ~0.77 (see the

Supporting Information) and assuming that the dyes are distributed exclusively among

micelles that contain TiO2 NPs, the probability of finding two and three dyes per NP are

-3 -6
P ~ 0.14 and P o~ 0.03, respectively. Comparison of Cm ~10 Mand CNP ~13x10
indicates that in the TiOZ—NP microheterogeneous solutions a large fraction of the total
micelles does not contain TiO2 NPs. The results of these calculations and the evidence for

dye aggregation shown in the time-resolved experiments (vide supra) suggest that in the

equilibrated l-TiO2 and 2-TiO2 systems the dyes are preferentially located in the small
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fraction of the micelles that contain TiO2 NPs rather than being statistically distributed

among all the available micelles. This preferential dye location can be explained
considering the following mechanism. At early times after dye addition, the dyes are
statistically distributed among all the available micelles in the solution by micelle-

collision mediated dye exchange. When a dye reaches a micelle containing a TiO2 NP, it

can attach to the oxide surface and it is longer available to be exchanged with other
micelles on subsequent collisions. Eventually, all nonbound dyes “find” micelles

containing a TiO2 NP and attach to them. The slow equilibration process shown in Figure
8a,b could in principle be evidence of the proposed mechanism.

Photoiduced Electron Transfer

The spectroscopic results discussed above show evidence that both the 1-TiO2 and 2-TiO2
systems undergo photoinduced electron transfer to yield the dye—TiO2 charge separated
state. Global analysis of pump—probe and flash photolysis results indicate that the
apparent forward and backward rate constants for the formation and decay of the 1.+-
TiO (e ) statearc k ~48x 10 s (1210 fs)andk <6.9x 10's  (1/14.5 ps),
respectively. On the other hand, as it was mentioned above, it was not possible to
measure by pump—probe the kF of the 2°+-Ti02(e_). TC-SPC results for this system show
a fluorescence decay with relatively slow components; the shortest decay component of

o+
~490 ps for 2"‘-TiO2 might in principle be associated with the formation of the 2 -

TiO2(e_); however, due to the limited time resolution of the TC-SPC experiment, there is
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most likely a much faster unresolved fluorescence decay component associated with
o+
photoinduced electron injection on a shorter time scale (<10 ps). Formation of 2 -

TiO2(e_) was confirmed by flash photolysis experiments showing clear features of charge

-1
separated state that decayed on a very long time scale, kb =33 s (1/30 ms). For the 3-
TiO2 system, the spectroscopic studies indicate that the dye does not bind to the TiO2 NPs

and show no evidence of photoinduced electron injection. Thus, in the following analysis

only, the 1-TiO2 and 2-TiO2 systems will be considered.

The experimentally determined electron transfer rate constants can be discussed in terms
of eq 5 and similar equations that have been developed to describe electron transfer from
a single donating state to a continuum of accepting states, such as those present in the

conduction band of TiO2 nanoparticles.(1, 98, 112-115)

(A+AG°+E)?

2 © _ _ -
kgery = 7”11@ P(E) ‘H(E)‘z (4ﬂMBT) 2 ) kT

(5)
where p(E) is the effective density of states at the energy £ relative to the conduction
band edge, f{E) represents the Fermi distribution function, H(E) is the average electronic

coupling between the dye excited state and all k states in the semiconductor, and A is the
0
total reorganization energy. AG is the energy difference between the energy level of the

0
excited dye and the bottom of the conduction band and can be written as AG = ECB —

+ _
E(D /D¥*). To a first approximation, H(E) and A are assumed to be the same for all the

dye—TiO2 systems given the analogous structure of the dyes and their expected identical

63



N
binding modes to the TiO2 surface. Under these approximations and given that E(2 /2%*) >

+
E(1 /1%*), the rate constants for forward electron transfer are expected to follow the

relationship kF(2) > kF(l). The previous analysis suggests that the ~490 ps fluorescence

o+
quenching component seen on the 2-TiO2 system is not due to the formation of the 2 -

_ 12
TiO2(e ) state and that kF(2) >48%x10 s .
Models for kB generally involve semiconductor effects such as charge trapping and

transport which are not well-defined in our system, so no detailed analysis will be carried
out for this case. It is noteworthy to mention that approaches entirely based on quantum-

chemical calculations can be used to estimate dye—TiO2 electron injection times.(76, 116)
Such methods have been successfully applied to the study of perylene—TiO2 systems with

phosphonic and carboxylic acid anchoring groups and various spacer groups(76) and will

therefore be interesting to apply to the systems described in this work.
CONCLUSIONS

We report the successful sensitization of TiO2 nanoparticles inside reverse micelles by

perylene dyes. These systems having well dispersed oxide nanoparticles of small
diameter (<5 nm) spherical shape and relative narrow size distribution are good models
for the study of dye—semiconductor photoinduced electron transfer reactions in solution.
Steady state and transient absorption and emission spectroscopy indicate that perylenes 1

and 2 efficiently attach to TiO2 nanoparticles inside reverse micelles. The binding of the

dyes to the oxide surface involves the attachment of dicarboxylic acid groups produced
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by hydrolysis of a cyclic anhydride. Binding of perylene 3 to the NPs was inefficient
presumably due to steric hindrance resulting from the bulky #-butylphenoxy groups

connected at bay positions of the dye. The 1-TiO2 and 2-TiO2 systems undergo fast

ot _
photoinduced electron transfer (kf <210 fs) to form the dye —TiOz(e ) charge separated

state. The electron injected into the semiconductor NP recombines with the dye radical

cation on a very long time scale (kb(l) > 14 ps and kb(2) =30 ms).

It is clear from these observations that the molecular structure of the dye plays an
important role in the phenomena we observed. In principle, it should be possible to use
dyes with the required substitutions to target specific regions of micro-heterogeneous
media; it is also possible to modulate the redox potential of the dyes and thereby control
electron injection. Therefore, one could use these design parameters to envision
applications of molecular systems to sensitize semiconductor nanoparticles located in
specific regions of a micro-heterogeneous environment. Additionally, one could imagine
other applications in which the dyes are used to map complex landscapes by means of

their fluorescence.
Supporting Information

Figures S1-S6 and description for the estimation of the average number of dyes per

micelle and per TiO2 NP. This material is available free of charge via the Internet at

http://pubs.acs.org.ezproxy1.lib.asu.edu.
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ABSTRACT

The photosensitization effect of three perylene dye derivatives on titanium dioxide
nanoparticles (TiO, NPs) has been investigated. The dyes used, /, 7-dibromoperylene-
3,4,9,10-tetracarboxy dianhydride (1), 1,7-dipyrrolidinylperylene-3,4,9, 10-tetracarboxy
dianhydride (2) and 1, 7-bis(4-tert-butylphenyloxy)perylene-3,4,9, 10-tetracarboxy
dianhydride (3) have in common bisanhydride groups that convert into TiO; binding
groups upon hydrolysis. The different substituents on the bay position of the dyes enable
tuning of their redox properties to yield significantly different driving forces for
photoinduced electron transfer (Pcr). Recently developed TiO, NPs having a small
average size and a narrow distribution (4 £ 1 nm) are used in this work to prepare the
dye-TiO; systems under study. Whereas successful sensitization was obtained with 1 and
2 as evidenced by steady-state spectral shifts and transient absorption results, no evidence
for the attachment of 3 to TiO, was observed. The comparison of the rates of Pt (kPer)
for 1- and 2- TiO; systems studied in this work with those obtained for previously
reported analogous systems, having TiO, NPs covered by a surfactant layer, indicates that
kP.r for the former systems is slower than that for the later. These results are interpreted
in terms of the different energy values of the conduction band edge in each system.

Enhanced Article Feedback

INTRODUCTION

Photoinduced electron transfer (P.r) at dye-semiconductor interfaces plays a central role
in a number of technological applications such as solar cells [117-120], light-emitting
diodes [121, 122], field effect transistors [123-125], advanced catalytic processes [126,

127], optoelectronic transducers, etc. The detailed study of photoinduced processes in
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functioning devices is in general complicated by the spatial heterogeneity of the organic—
inorganic interfaces at the nanoscale. The large number of possible dye to semiconductor
binding geometries (including dye binding modes, nanoparticle size and distribution) and
the potential for generation of dye aggregates are some of the main factors that contribute
to the heterogeneity of these systems and limit the detailed study of Pt processes.

One of the strategies used to try to understand and minimize the heterogeneity effect is to
study electron transfer processes in well-defined model nanoassemblies comprised of
organic dyes bound to metal oxide particles in suspension [128-137]. We recently
published a study of P.r processes on a system consisting of perylene dyes bound to TiO;
NPs inside a micellar structure (dye-TiO,@micelle) [138]. We selected perylene dyes
because they are highly photostable and amenable to the tuning of both their redox and
their TiO; binding properties through chemical functionalization [139-147]. To reduce
the size distribution of the inorganic nanoparticles in our previous work, we performed
the synthesis of TiO, particles inside the water pool of reverse micelles (which function
as a controlled size nano-reactor). However, the presence of surfactant groups
surrounding the titanium dioxide nanoparticles (TiO, NPs) (TiO,@micelles) hindered the
binding of some of the dyes due to steric effects and potentially affected the P.r processes
in dye- TiO,@micelle nanoassemblies due to the electric field generated by the surfactant
polar heads and corresponding counterions.

Herein we report on the study of Per on dye-TiO; systems assembled from TiO, NPs
prepared without surfactant molecules and suspended in an organic solvent. Steady-state
and transient absorption results indicate that in these systems a significant portion of dyes
1 and 2 can bind to TiO, NPs and undergo P.r whereas dye 3 is observed to not bind to
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naked TiO,. The rate constants for charge injection and charge recombination for dye 1-
and dye 2- TiO; systems are discussed and compared to those previously acquired with
TiO, NPs prepared within micellar systems. Advantages and disadvantages for both
preparations in terms of the dye-nanoparticle assembly and of charge injection and charge

recombination rates are discussed.

MATERIALS AND METHODS

Materials

Titanium tetrachloride (>97.0%) and dichloromethane (anhydrous, 99.5%) were
purchased from Sigma-Aldrich and used as received, all other materials for the

preparation of compounds 1, 2 and 3 were the same as reported in reference [138].

Synthesis

Perylenes 1 (I, 7-dibromoperylene-3,4,9,10-tetracarboxy dianhydride), 2 (1,7-
dipyrrolidinylperylene-3,4,9, 10-tetracarboxy dianhydride) and 3 1,7-bis(4-tert-
butylphenyloxy)perylene-3,4,9, 10-tetracarboxy dianhydride were prepared following
literature procedures [138, 146, 148].

Titanium dioxide nanoparticles of (4 + 1) nm size (see Figure S1) were prepared by a
nonhydrolytic condensation method involving the elimination of alkyl halide between
metal alkoxides and metal halides [149-151] (M. J. Llansola-Portoles, unpublished). The
resulting TiO, NPs were dried in ultrahigh vacuum at 25°C for 8 h to remove physisorbed
HCI, which was produced in the synthesis, from the surface of the TiO, NPs. After
drying, the resulting NP powder was added to freshly distilled THF to achieve the desired

NP concentration. Small amounts of HCI remain present on the surface of the TiO, NPs
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(see Supporting Information). Therefore, the NPs zeta potentials kept positive preventing
agglomeration and further condensation of the NPs in THF.

Binding of perylenes 1 and 2 to TiO, NPs was carried out by addition of 100 pL of a
stock solution of the dyes (~10—4 m) in THF to 3 mL of a TiO, NP suspension

([TiO2] = 0.1 g L—-1) in THF (for pump-probe experiments dye concentration was
increased 10 times in an attempt to maximize the amount of dye attached and thus
improve the signal corresponding to dye-TiO, assemblies). The system was left
incubating for >12 h and absorption spectra were recorded at periodic time intervals

immediately after addition of the dye.

Instruments and measurements

Absorption spectra were measured on a Shimadzu UV-3101PC UV-vis-NIR
spectrometer. Steady-state fluorescence spectra were measured using a Photon
Technology International MP-1 spectrometer, measurements were corrected for the
detection system response. Excitation was provided by a 75 W xenon-arc lamp and a
single grating monochromator. Fluorescence was collected at 90° to the excitation beam.
Fluorescence was detected via a single grating monochromator and an R928
photomultiplier tube operating in the single photon counting mode.

Fluorescence decay measurements were performed by the time-correlated single-photon-
counting method (TC-SPC). The excitation source was a fiber supercontinuum laser
based on a passive modelocked fiber laser and a high-nonlinearity photonic crystal fiber
supercontinuum generator (Fianium SC450). The laser provides 6-ps pulses at a
repetition rate variable between 0.1 and 40 MHz. The laser output was sent through an

Acousto-Optical Tunable Filer (Fianium AOTF) to obtain excitation pulses at desired
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wavelength. Fluorescence emission was detected at the magic angle using a double
grating monochromator (Jobin Yvon Gemini-180) and a microchannel plate
photomultiplier tube (Hamamatsu R3809U-50). The instrument response function was
35-55 ps. The spectrometer was controlled by software based on the LabView
programming language and data acquisition was done using a single photon counting
card (Becker-Hickl, SPC-830). Fluorescence anisotropy decays were obtained by
changing the detection polarization of the fluorescence path parallel or perpendicular to
the polarization of the excitation light. The anisotropy decays then were calculated
according to Eq. (1), where Iyy(?) (or Iyu(?)) is the fluorescence decay when the
excitation light is vertically polarized and only the vertically (or horizontally) polarized
portion of fluorescence is detected, denoting that the first and second subscripts represent
excitation and detection polarization, respectively. The factor G which is equal to the
ratio of the sensitivities of the detection system for vertically and horizontally polarized
light can be determined either by so-called tail matching of Iyy(¢) and Iyu(?) or by

[Hv(l)/IHH(Z).

Ly, () =Gl (1)
1, (t)+2GI,, ()

r(t) =

(6)

The femtosecond transient absorption apparatus consisted of a kilohertz pulsed laser
source and a pump-probe optical setup. Laser pulses of 100 fs at 800 nm were generated
from an amplified, mode-locked Titanium Sapphire kilohertz laser system

(Millennia/Tsunami/Spitfire; Spectra Physics). Part of the laser pulse energy was sent
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through an optical delay line and focused on to a 3 mm sapphire plate to generate a white
light continuum for the probe beam. The remainder of the pulse energy was used to pump
an optical parametric amplifier (Spectra Physics) to generate excitation pulses, which
were selected using a mechanical chopper. The white light generated was then
compressed by prism pairs (CVI) before passing through the sample. The polarization of
pump beam was set to the magic angle (54.7°) relative to the probe beam and its intensity
adjusted using a continuously variable neutral density filter. The white light probe is
dispersed by a spectrograph (300 line grating) onto a charge-coupled device camera
(DU420; Andor Tech.). The final spectral resolution was about 2.3 nm for over a nearly
300 nm spectral region. The instrument response function was ca 150 fs.

The nanosecond—millisecond transient absorption measurements were made with
excitation from an optical parametric oscillator driven by the third harmonic of a
Nd:YAG laser (Ekspla NT342B). The pulse width was ~4-5 ns, and the repetition rate
was 10 Hz. The detection portion of the spectrometer (Proteus) was manufactured by
Ultrafast Systems. The instrument response function was ca 4.8 ns.

All TC-SPC and transient absorption data were globally analyzed using locally written
software (ASUFIT) [152] developed under MATLAB (Mathworks Inc.) environment.
The model and procedure for global fitting have been described in detail in reference
[138]. Decay associated spectra (DAS) obtained from global analysis can have positive or
negative amplitudes as a function of wavelength. Positive amplitudes are obtained where
absorbance difference signals (AA) are: a) positive (AA>0) and decreasing (becoming
less positive) in time (0(AA)/6t<0) or b) negative (AA<0) and increasing (becoming more
negative) in time (3(AA)/5t<0). While negative DAS amplitudes occur where AA signals
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are: a) positive (AA>0) and increasing (becoming more positive) in time (6(AA)/6t>0) or
b) negative (AA<0) and decreasing (becoming less negative) in time (3(AA)/6t>0). These
global analysis procedures have been extensively reviewed and random errors associated
with the reported lifetimes obtained from fluorescence and transient absorption
measurements are typically <5%.

Transmission electron microscopy (TEM) were collected using a Philips CM200 TEM at
200 kV/Cs 1.2 mm/PTP Resolution: 0.25 nm/Focused Probe: 0.5 nm/Imaging Modes:

TEM/STEM.

Multivariate curve resolution (MCR)

MCR with alternating least squares (MCR-ALS) procedures were applied using a
MATLAB-based routine developed by R. Tauler and A. de Juan. The software is
available for free at www.ub.es/gesq/mcr/als2004.htm. Non-negativity (measured and
estimated absorbances and concentrations in an experiment will always be nonnegative)
and closure (sum of concentrations is forced to be equal to a constant value at each stage)
constraints were used to obtain a unique solution. More details on the application of the
method and program use can be found in the operating manual at

http://www.ub.edu.ezproxy.lib.asu.edu/mcr/als2004/manual.pdf.
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RESULTS AND DISCUSSION

Dye structure and energetics

The molecular structures of the perylene derivatives used as sensitizers in this work are
shown in Scheme la. All dyes have two anhydride groups that are subject to hydrolysis
under basic conditions (see Scheme 1b) or in the presence of TiO, NPs to yield the
corresponding dicarboxylate groups [138]. In their hydrolyzed “open form,” the dyes are
able to bind to the surface of TiO, NPs through the dicarboxylate anchoring group by
chemical bonding and/or electrostatic attraction [138, 153, 154] to yield the open, bound
dye species. The redox properties of the dyes were tuned by the attachment of electron
donating or withdrawing groups at the bay positions. Scheme 1c shows the energy
diagram of the dye- TiO, system taken from reference [138]. In this diagram, the energy
for the conduction band edge (ECB) of the TiO, NPs was estimated as the flat band
potential (V) of polycrystalline TiO, in water at pH =2 (Vip, W/pH=2=-0.52 V, vs
Standard calomel electrode, SCE) to account for the concentration of protons inside the
micelle water pool (where the TiO, NPs were synthesized) [138, 155]. On the other hand,
the TiO, NPs used for the experiments described in this work are suspended in a THF
solution, which contains trace amounts of acidic water. The Vb of TiO, in neat THF has
been reported as Vi, THF =—-2.34 V (vs SCE) [155]. However, the Vj, in nonaqueous
solutions is mainly determined by the potential establishment of proton adsorption—
desorption equilibrium involving solvent molecules and TiO, [155]. As such equilibrium
is not possible in nonaqueous aprotic solvents (e.g. THF) the V', value in these solvents is
strongly affected by trace amounts of protic impurities (e.g. the presence of trace amounts

of water leads to significantly positive shifts in V) [155]. Considering these factors, the
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effective £CB value for the TiO, NPs used in this study cannot be accurately defined, but
it is estimated to fall between —0.52 and —2.34 V (vs SCE). As will be discussed,
transient-absorption experiments show evidence for Pt in 1- TiO; and 2- TiO, systems
indicating that the effective £CB in these systems must be only slightly more negative
than —0.52 V so that P, from the dyes excited state to the TiO, CB is thermodynamically

favorable.
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Dye- TiO; nanoassemblies

Steady-state absorption

The binding of the dyes to TiO, NPs was followed by monitoring over time the shift of
their absorption spectra in the presence of NPs. This is possible because upon opening of
the anhydride ring and binding to TiO, the absorption spectra of the dyes shift to higher
energies [141-143, 146, 156]. This shift can be associated with a reduction in the
effective conjugation length of the chromophore [140, 141, 143, 157] and has been
previously characterized for the dyes used in this work in ethanolic solution and upon
binding of 1 and 2 to TiO, [138]. Figure 13 shows the absorption spectra as a function of
time following addition of dye to a TiO, NP suspension in THF. For the 1-TiO, system a
significant absorbance shift was observed after 12 h (Fig. 1a) indicating that binding of
the dye is slow under the studied conditions. In contrast, significant changes in the
absorption occurred within 30 min for the 2-TiO; system (Fig. 1b, inset). The magnitude
of the absorption shift (~70 nm) observed upon incubation of dye 2 with surfactant-free
(“naked”) TiO, NPs (2-Ti0,) is significantly larger than that previously observed upon
incubation with TiO, NP covered by a layer of surfactant molecules (2-TiO,@micelle)
(~24 nm) [138]. In addition, the absorption shift observed for the 2- TiO, system is
similar to that previously observed upon exhaustive basic hydrolysis of dye 2 in ethanol
solution (where presumably both anhydride groups are hydrolyzed yielding a maximum
absorption shift of ~130 nm) [138]. These observations are consistent with the idea that
binding of dye 2 to naked TiO, NPs can occur at least partly through both dicarboxylic
acid groups (product of the hydrolysis of both anhydride rings) whereas dye 2 binds to

TiOx@micelle NPs via one dicarboxylic acid moiety (resulting from hydrolysis of only
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one anhydride ring). The surfactant molecules on the TiO,@micelle NPs presumably
preclude the formation of dye-NP geometries where both anhydride rings are close
enough to the NP surface (and/or remaining water pool) to hydrolyze and bind
simultaneously. Thus, dye-NP binding geometries involving both dicarboxylic groups in
one particle and others where the dye acts as a bridge between two NPs are in principle

possible for naked TiO, NPs, but very unlikely for TiO,@micelle NPs.
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Figure 13 — Absorbtion spectra of perylenes as they attach to TiO, nanoparticles

(a) Time sequence of absorption spectra collected after addition of 1 to a suspension of
titanium dioxide nanoparticles in THF. [Dye] = ~10—6 m, estimated

[NP] =~0.1 mg mL—1. (b) Same as (a) for dye 2. The first and last spectra were collected
at 0 and 105 min, respectively. The inset displays kinetic traces at specific wavelengths.
(c) Species spectra obtained by multivariate curve resolution analysis of data in (b). The
inset shows the concentration time evolution for each species (line style coded).
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To identify the spectra of the different species present upon hydrolysis and subsequent
binding of 2 to TiO, NPs we used MCR techniques. Analysis of the absorption spectra
time sequence shown in Fig. 1b using the MCR-ALS method [158] is shown in Fig. 1c.
The results indicate the presence of three species with distinct peak absorptions at 691 nm
(Species A), 658 nm (Species B) and 620 nm (Species C) that can be in principle
associated with the hydrolysis of none, one and both anhydride rings, respectively. The
inset shows the concentration of each species as a function of time indicating a stepwise
interconversion between species, i.e. A <> B <> C. The assignment of A, B and C species
to the closed, mono-hydrolyzed and di-hydrolyzed dye species is further supported by
MCR analysis of data corresponding to the basic hydrolysis of 2 in ethanol (see Figure
S2a), which also shows the presence of three interconverting species (driven by basic
titration) with spectral features analogous to the species shown in Fig. 1C. Similar
analysis of the data corresponding to the incubation of dye 2 with TiO,@micelle NPs
[138] yields only two species with peak absorptions at 688 and 664 nm (see Figure S2b)
presumably corresponding to the closed and mono-hydrolyzed species.

In contrast to the spectral shift observed for 1 and 2 in the presence of TiO, NPs, the
absorption spectrum of dye 3 did not significantly shift over time under the same
conditions (see Figure S3). This result suggests that dye 3 does not bind to naked TiO,
NPs and thus no additional experiments to investigate P.r were performed with this dye-
TiO, NP system. Further evidence and discussion for the lack of binding of 3 is given in

the time-resolved fluorescence anisotropy section (see below).
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Steady-state and time-resolved emission

Recently we reported a large quenching of dye emission (due to Per) upon binding of 1
and 2 to TiO; in a micellar system [138]. Attempts to quantitatively determine dye
emission quenching for 1 and 2 in solution by steady-state fluorescence measurements
with and without naked TiO, NPs failed due to the presence of unattached dyes and of
dye aggregates (see time-resolved fluorescence measurements below), which partially
dissolve over time and then bind to the TiO, NPs.

Time-resolved fluorescence measurements (TC-SPC) were performed to investigate the
kinetics of the emission of dyes 1 and 2 in the presence of TiO, NPs (see Figure S4a and
b, respectively). Results for solutions of 1 incubated with TiO, NPs show fluorescence
decay-associated spectra (DAS) with three components of 100 ps, 850 ps and 3.9 ns

(* = 1.18). The 100 and 850 ps components could be associated with dye aggregates
where the dye is in the closed form suspended in solution and showing significant
autoquenching. It is well known that perylenes are prone to aggregate and crystallize to
afford typically weakly luminescent particles [159, 160]. The main driving force for
aggregation comes from strong intermolecular 7—z-stacking interactions resulting from
the extended z-system and large quadrupole moment of perylenes. The most likely
fluorescence quenching mechanisms in these putative aggregates are: (1) enhancement in
the rate of internal conversion to the ground state due to increased coupling of electronic
excitation to lattice vibrations, (2) exciton (dipole—dipole) interactions and (3) efficient
energy transfer to nonemitting defects or impurities [161, 162]. Alternatively, the 100 and
850 ps components could be associated with the emission of the dye when physisorbed

on the surface of NPs in its closed form and thus with a low electronic coupling for Per.
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The 3.9 ns component is associated with the emission from 1 in its closed form and
nonaggregated in solution. On the other hand, the fluorescence DAS of solutions of 2
incubated with TiO, NPs yielded two fluorescence DAS components (y2 = 1.12) with
lifetime of 71 ps and 2.5 ns. The 71 ps component with maximum at 740 nm could be
associated with aggregates of 2 closed species, which show a short fluorescence lifetime
due to autoquenching. The 2.5 ns component is associated with 2 in its closed form and

nonaggregated in solution.

Time-resolved fluorescence anisotropy

To further investigate the diffusion rotational properties of the emitting species in the
studied samples we performed time-resolved fluorescence anisotropy measurements.
Figure 14 shows time-resolved fluorescence anisotropy decays of the dyes in THF
solutions with and without the addition of TiO, NPs. As seen in Fig. 2a, the decay of dye
1 in solution can be fitted with a single exponential lifetime of 115 ps similar to that
observed in n-heptane (81 ps) [138]. In the presence of TiO, NPs, the anisotropy decay
can only be satisfactorily fitted with two exponential components (115 and 890 ps). The
shorter component can be associated with the reorientation dynamics of free dye in
solution or energy transfer among dyes in aggregates since both situations are possible
and create a fast depolarization effect in the emission. The 890 ps component can be
ascribed to the presence of dye molecules physisorbed on the surface of TiO, NPs or
covalently bound to surface defects such that the effective dye-TiO, electronic coupling
(H) for P.r is very small and consequently the dye fluorescence is not significantly
quenched. These putative dye-TiO, assemblies are significantly larger than a free dye in

solution and consequently have much slower reorientation dynamics. To test this, we
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calculated the radius of a sphere with an 890 ps rotational correlation time in THF (see
Supporting Information); the obtained value, » = 1.2 nm, is in close agreement with the
size of our TiO, NPs (diameter 4 + 1 nm). An analogous situation, but with longer time
constants, is observed for dye 2 (see Fig. 2b). The free dye in solution shows a mono-
exponential decay with a lifetime of 253 ps and in the presence of NPs it shows a
biexponential decay with 253 ps and 1.36 ns components. These results are consistent
with the larger molecular size of 2 vs 1 [138] and consequently slower reorientation. In
contrast to this, dye 3 shows fast mono-exponential decays for both situations, the free
dye in solution (265 ps) and in the presence of TiO, NPs (188 ps) (see Fig. 2¢). The
results indicate that dye 3 does not exhibit physisorption or bind to TiO, NPs which is
consistent with the lack of absorption shift observed when the dye is incubated in the
presence of NPs (see Figure S3). The lack of binding of dye 3 to TiOx@micelles NPs was
previously reported by our group and rationalized invoking strong steric interactions
between surfactant molecules and the bulky t-butylphenoxy groups of the dye which
prevented the formation of geometries where one anhydride ring was close enough to the
TiO, surface to achieve binding [138]. The new results presented herein indicate that
even in absence of micelles in the system, the t-butylphenoxy groups present strong steric

hindrance to reach dye- TiO, NPs geometries necessary for efficient attachment.
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Figure 14 — Fluorescence anisotropy decays

(a) Fluorescence anisotropy decays (data points) of 1 in THF without (circles) and with
titanium dioxide nanoparticles (triangles). Smooth lines show exponential fits to the data.
Samples were excited and emission collected at the following wavelengths: Aex =450 nm
Aem = 550 nm. (b) Same as (a) for dye 2: Aex = 600 nm Aep, = 760 nm. (¢) Same as (a) for
dye 3: Aex =450 nm and Ae, = 550 nm. Dye concentration was ~10—6 m for all samples.
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Time-resolved absorption

Time-resolved transient absorption techniques were used to investigate the kinetics of Per
in the dye-TiO, nanoassemblies. Measurements in the femtosecond to nanosecond
(pump-probe) and nanosecond to microsecond (flash-photolysis) time ranges were
performed in an attempt to measure the kinetics of formation and recombination,
respectively, of the dye™-TiO, (e—) charge separated state.

Figure 15a and ¢ shows pump-probe results for the 1-TiO, system with excitation at

490 nm. Global analysis of the kinetic data shows four decay components with lifetimes
of ~500 fs, 2.3 ps, 45 ps, and 2.7 ns (see Fig. 3a). The DAS of the 500 fs component can
be attributed to P.r from 1 open, bound species to TiO, to form the 17"-TiO, (e—) state.
The following spectral features support this assignment: (1) decay of stimulated emission
(negative amplitude) corresponding to 1 open, bound at ~520 nm (see Figure S5a, red
dashed line), (2) formation of 1 radical cation (negative amplitude) with characteristic
induced absorption at ~630 nm and (3) formation of free carriers (injected electrons) in
the TiO; semiconductor (TiO; (e—)) (negative amplitude) with absorption around

1000 nm. The 2.3 and 45 ps components show a mixture of two main processes: (1)
decay of singlet excited state of the 1 closed species (as seen in the TC-SPC data, Figure
S4a) and (2) decay of the 17-TiO, (e—) charge separated state with positive amplitudes at
~630 nm (1°" absorption) and 850—1000 nm (TiO; (e—) absorption). The last 2.7 ns DAS
can be attributed mostly to the decay of singlet excited state of 1 closed form
(presumably free in solution), showing ground state bleaching and stimulated emission

from ~520 to 570 nm, and induced absorption at 470 and 750 nm.
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Figure 15 — Decay associated spectra of perylenes at 490 nm

(a) Decay associated spectra of 1-TiO, nano-assemblies in THF solution measured by
pump-probe (fs to ns range). Data were acquired with pump laser excitation at

Aex =490 nm. (b) Same as (a) measured by flash-photolysis (ns to us range) upon

Aex = 440 nm. (c) Kinetics traces (data points) and fits (smooth lines) at selected
wavelengths corresponding to the data shown in (a).
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Transient absorption measurements on the 1-TiO, system in the nanosecond to
millisecond time range were performed to complement the pump—probe data; the results
are shown in Fig. 3b. Global analysis of the kinetics in argon-saturated solution yields
two components, 2.5 ms and 12 ps (excitation at 440 nm). The 2.5 ms component is
associated with the decay of the 17-TiO, (e—) state showing positive amplitude signals
around 630 nm (1°" absorption, see kinetic trace in Fig. 3b inset) and up to ~950 nm
(TiO; (e—)). The 12 us component is oxygen sensitive and it is associated with the decay
of triplet excited states of 1 (in open and closed forms) showing transient absorption in
the ~500—700 nm range and ground state bleaching at 450 and 520 nm (small dip).
Figure 16a and ¢ show pump-probe results with excitation at 650 nm for 2-TiO,
nanoassemblies. Global fit to the data yields four DAS components of 260 fs, 3.4 ps,
130 ps and 1.9 ns (see Fig. 4a). The 260 fs component is mainly associated with singlet
energy transfer from the open form of the dye to the closed one and possibly, to some
extent, to the formation of the 2""-TiO, (e—) charge separated state. This component
shows the following spectral features: (1) stimulated emission decay (negative amplitude)
of 2 open species in the 660—730 nm region (consistent with the red dashed spectra in
Figure S5b), (2) formation of stimulated emission of the dye in its closed form with a
positive amplitude around 760 nm and (3) 2™ transient absorption formation (negative
amplitude) above 650 nm. In addition to this, the ground state bleaching of open dye 2
(around 600 nm) decays to some extent with the same lifetime (260 fs) and there is no
rise with 260 fs at 1000 nm. Therefore, we do not have strong spectral evidence of 2™'-
TiO, (e—) formation on the time scales measured. It is likely that charge separation is

very fast and occurs in less than 150 fs (instrument response time of our apparatus).
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Transient absorption at 1015 nm supports this assumption showing a kinetic trace with
instantaneous rise, limited by instrument response (see Fig. 4c, violet data points). The
3.4 ps DAS component is assigned to solvation-induced band-shift of the emission band
of 2 closed species. The 130 ps and 1.9 ns components show a mixture of two main
processes: (1) recovery of ground state bleaching and stimulated emission of 2 closed
species (presumably slightly aggregated and/or physisorbed on the NPs) consistent with
its close temporal match to the emission DAS components shown in Figure S4b (71 ps
and 2.5 ns) and (2) recovery of ground state bleaching of the open-bound form of 2 (due
to recombination of the 2"-TiO, (e—) state) showing negative amplitude in the region

around 640 nm.
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Figure 16 — Decay associated spectra of perylenes at 650 nm

(a) Decay associated spectra of 2-TiO, nano-assemblies in THF solution measured by
pump-probe (fs to ns range). Data were acquired with pump laser excitation at

Aex = 650 nm. (b) Same as (a) measured by flash-photolysis (ns to ps range).

Aex = 640 nm. (c) Kinetic traces (data points) and fits (smooth line) at selected
wavelengths corresponding to the data shown in (a).
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Figure 16b shows flash-photolysis results with excitation at 640 nm for the 2-TiO,
system. Global analysis of the data yields two DAS components of ~500 ns and 3.7 ps.
The shorter component is associated with the triplet state of the dye in its closed and open
forms showing ground state absorption bleaching recovery (negative amplitude) from 570
to ~800 nm (2 closed species, see Fig. 4a, solid black spectrum) and triplet state transient
absorption decay (positive amplitude) below 550 nm. The 3.7 pus component is associated
with the decay of the 2”-TiO, (e—) charge separated state. This long component shows
ground state bleaching of 2 fully open bound species in the 500—-650 nm region
(consistent with the solid red spectra, Figure S5b) and 2" transient absorption above

650 nm (consistent with previously reported transient features of 2™ [138]).

A comparison of the dynamics of Pt in dye-TiO>@micelle NPs vs dye-TiO, systems
shows that the Pt rate (kP.t Scheme Ic¢) for 1-TiO, (kP.t [1, naked] = 1/500 fs) is slower
than that for 1-TiOx@micelle (kP¢r [1, micelle] = 1/210 fs). On the other hand, for both
the 2-TiO,@micelle and 2-TiO; systems, the corresponding kPt rates are faster than the
time resolution of our pump-probe instrument, so no comparison can be made in this
case. Regarding the kinetics of recombination of the dye™-TiO, (e—) state (kBr,

Scheme 1c¢), kB.r (1, naked) = 1/2.5 ms is slower than kBt (1, micelle) ~1/1.5 ms and
kBer (2, naked) = 1/3.7 ps is faster than kBt (2, micelle) ~1/30 ms.

The measured P, rate constants can be discussed in terms of Eq. (2) [128,163-167],
where p (E) is the effective density of states at the energy E relative to the conduction
band edge (ECB), f(E) represents the Fermi distribution function, H(E) is the average
electronic coupling between the dye excited state and all & states in the semiconductor, 4

is the total reorganization energy, and AGO = ECB — E(D'/D"). To a first approximation
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H(E) and A are assumed to be the same for all the dye-TiO, systems given the analogous

structure of the dyes and their expected identical binding modes to the TiO; surface.

o0 1 (A+AG°+E)?

rer =5 [ p(E)(1 — £(B) A (mks Ty Fe 05T i

(7)
As was discussed before, the ECB (naked) is more negative than ECB (micelle), thus
|AGO(naked)| < |AGO(micelle)| and kP.r (naked) < kP.r (micelle) (assuming Py in the
normal Marcus region [52]), which is consistent with the experimental results.
Since models for kB.r involve charge trapping and transport effects which are not well

defined in our NPs no detailed analysis is presented for this case.

CONCLUSIONS

The main objective of this work was to study the sensitization effect of perylene dyes in
surfactant-free TiO, NPs with small average size and relatively narrow size distribution
in THF. In principle, these particles present the opportunity to construct simple dye-TiO,
systems, as compared to the previously reported dye-TiO,@micelle assemblies, to
investigate P.r processes. The added surfactant layer in the later systems presumably
affects the dye-TiO; P.r processes due to the highly directional electric field produced by
the surfactant polar groups and corresponding counterions. Thus, in this sense the dye-
TiO@micelle systems are complex ones characterized by a larger number of variables as
compared to the dye-TiO, systems used in this study. However, problems related to dye
aggregation in THF and the potential formation of dye-NP aggregates in which two NPs
can be linked by bridging perylenes (due to its ability to function as bifunctional anchors)

created unanticipated complications in the formation of the dye-TiO; systems studied
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herein. In the case of bridging, the micelle structure provides an organizing scaffold that
prevents the formation of NPs aggregates. The results of this study highlight the
importance of several factors including solubility, the presence of multiple anchoring
groups and steric hindrance of bay groups that affect binding geometries that must be
considered in the design of perylene derivative dyes as P.r sensitizers for inorganic

semiconductor NPs.
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SIGNIFICANCE

The capture and conversion of sunlight into a useful chemical fuel (H,, CH4, CH;0OH,
etc.) is a central goal of the field of artificial photosynthesis. Water oxidation to generate
O, and protons stands as the major bottleneck in these processes. Relatively few stable
photosensitizers can generate sufficient oxidizing power to drive water oxidation, and
those that do contain rare elements such as ruthenium. In this paper, we show that metal-
free organic photosensitizers are capable of driving photoelectrochemical water
oxidation. Significantly, these photosensitizers exhibit comparable activity to that of

ruthenium-containing photosensitizers under broadband illumination. In addition, we

94



report to our knowledge the first demonstration of a molecular photosensitizer, outside of

natural photosynthesis, that can drive water oxidation utilizing only red light.
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ABSTRACT

Solar fuel generation requires the efficient capture and conversion of visible light. In both
natural and artificial systems, molecular sensitizers can be tuned to capture, convert, and
transfer visible light energy. We demonstrate that a series of metal-free porphyrins can
drive photoelectrochemical water splitting under broadband and red light (A > 590 nm)
illumination in a dye-sensitized TiO; solar cell. We report the synthesis, spectral, and
electrochemical properties of the sensitizers. Despite slow recombination of
photoinjected electrons with oxidized porphyrins, photocurrents are low because of low
injection yields and slow electron self-exchange between oxidized porphyrins. The free-
base porphyrins are stable under conditions of water photoelectrolysis and in some cases
photovoltages in excess of 1 V are observed.

The capture of solar energy and storage as reduced chemical fuels is a significant
challenge for a future renewable energy economy. Solar fuels may take the form of H, or
reduced carbon-containing molecules (CHa, C,Hg, CH30H, etc.). Large-scale reduction
of water or CO; requires an abundant electron donor to provide the reducing equivalents.
Natural photosynthesis uses water as the electron source, generating oxygen as a
byproduct. Most artificial photosynthetic systems also seek to use water as the electron
donor, even though the kinetically slow oxygen evolution step is a performance
bottleneck (169).

The thermodynamic requirements for water oxidation are relatively modest. A minimum
potential of 1.23 V is required, although practical systems need higher voltages because
of catalytic overpotentials and series losses in photoelectrolysis cells. This minimum

thermodynamic requirement can be satisfied by light of all wavelengths shorter than 1
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um. Allowing for reasonable overpotentials and series losses, the minimum onset for
light absorption in a one-photon-per-electron system is near 650 nm, and the maximum
theoretical power conversion efficiency is about 20% (170). Although many molecular
sensitizers and solid-state semiconductors absorb in this range, finding stable sensitizers
with redox or band potentials that span the water oxidation and reduction potentials is a
significant challenge.

Light harvesting in natural photosynthesis is accomplished by a hierarchical assembly of
accessory pigments that funnel their excitation energy to chlorophyll molecules (171).
The core of chlorophyll-a is a substituted chlorin (172), a porphyrin ring with a reduced
exo double bond (173). Because porphyrins are synthetically more accessible than
chlorins and bacteriochlorins, many groups have studied them as light-harvesting
molecules in dye-sensitized solar cells (DSSCs) (174, 175). Unlike ruthenium
polypyridyl dyes, porphyrins contain only abundant elements and strongly absorb across
most of the visible spectrum (176). Grétzel and coworkers recently demonstrated a 12.3%
efficient DSSC for electricity generation, using a push—pull Zn porphyrin (177).

In contrast to conventional DSSCs, water-splitting dye-sensitized photoelectrochemical
cells (WS-DSPECs) use molecular sensitizers and water oxidation catalysts that are
coadsorbed onto a mesoporous TiO, electrode. The sensitizer absorbs visible light, injects
an electron into the conduction band of TiO,, and is then re-reduced by the water
oxidation catalyst, which oxidizes water to give molecular oxygen and protons. The
photoinjected electron migrates through the TiO; film to a dark cathode where protons

are reduced to molecular hydrogen (168). At high light intensity in the blue part of the
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visible spectrum, incident photon current efficiencies (IPCEs) up to 14% have been
demonstrated with WS-DSPECs (178).

Earth-abundant catalysts and sensitizers will be needed for large-scale deployment of
artificial photosynthesis. Much effort has been devoted to the development of earth-
abundant water oxidation catalysts (179-182), including a recently reported completely
organic catalyst (183). Less attention has been paid to the development of earth-abundant
sensitizers—an important problem for WS-DSPECs where absorber-to-catalyst ratios can
exceed 1,000:1. Ruthenium polypyridyl sensitizers are most commonly used in WS-
DSPECs (10, 184-187), although Moore et al. (188) demonstrated a WS-DSPEC

sensitized with a zinc porphyrin that produced modest photocurrent (~30 pA/cm?).

Organic sensitizers (containing C, H, N, and O) are earth abundant and offer the
possibility of being low cost. The viability of organic sensitizers has been studied in
conventional DSSCs (189, 190) and organic solar cells (191, 192), but is largely
unexplored in the context of water splitting. Tachan et al. recently proposed type II
sensitization with catechol on TiO; (193). They observed current enhancement, although
the Faradaic efficiency of oxygen generation was not measured and it is unclear how
much of the enhancement was specific to visible light sensitization.

In this paper, we demonstrate overall water splitting using metal-free organic sensitizers.
We show that a series of free-base porphyrins can drive the photoelectrochemical water-
splitting reaction, using only visible light illumination at photocurrents comparable to
those of Ru polypyridyl sensitizers. TiO, electrodes sensitized with these porphyrins
generate photocurrent corresponding to water oxidation, even when illuminated with red

light (A > 590 nm). Although hole transport and injection yields are poor, back electron
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transfer recombination is much slower than it is with the most widely used Ru

polypyridyl sensitizer.
METHODS

Detailed syntheses and characterization data for the compounds used in this study, along
with additional details of the photoelectrochemical experiments, can be found in S/
Appendix.

Preparation of WS-DSPEC Electrodes

IrO,-catalyzed TiO, photoanodes were made as described elsewhere (187). An aqueous
paste of anatase TiO, nanoparticles was applied to an 8-Q/cm” fluorine-doped tin oxide-
coated glass slide via a doctor blading technique. After sintering, the electrodes were
soaked in 100 uM citrate-capped IrOy solution for 14 h and then sintered for 3 h at 450
°C to form crystalline IrO,. Electrical contact was made with a conducting silver paste
and protected with Hysol C Loctite white epoxy. The electrodes were then soaked in a
200-uM solution of sensitizer in ethyl acetate for 22 h in the dark, rinsed with fresh ethyl
acetate, and stored in the dark.

Characterization of Electrodes

Sensitizer surface coverages on TiO, were determined using the Q-band absorbance in
solution and on dry TiO; films. Emission data were collected on TiO, coated with an
insulating ZrO, shell applied by atomic layer deposition (ALD) via excitation of the
Qy(1,0) peak. Photoelectrochemical measurements were made using a 150-W Xe lamp
fitted with air mass (AM) 0, AM 1.5, and 410-nm or 590-nm long-pass filters, which

prevented band gap excitation of the TiO,. Short-circuit absorbed photon-to-current
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efficiency (APCE) measurements were made with a Metrohm Autolab potentiostat with a
I-ms time resolution. A 470-nm light-emitting diode (LED) (Thorlabs M470L3) was
used as the illumination source. Open-circuit photovoltage decay measurements also used
the 470-nm LED to provide bias illumination, with a 532-nm pulse (5 mJ, 7-10 ns) from
a Nd:YAG laser (SpectraPhysics INDI-40-10) used to pump the system. The voltage
decay was monitored on an oscilloscope (Tektronix TDS 540A). The current efficiency
for oxygen generation at the photoanodes was measured using a calibrated Pt collector
electrode as previously described (186, 187). For each value reported, standard errors
were calculated from measurements of six replicate samples. Detailed characterization

procedures are reported in SI Appendix.

RESULTS

Absorption and Emission Spectra

Free-base porphyrins exhibit a strong Soret band absorption in the near-UV/blue portion
of the spectrum and four lower-intensity Q bands at longer wavelengths (194). The Soret
bands for the sensitizers studied in this work (Fig. 1) typically had maxima at ~410 nm,
with extinction coefficients in excess of 105 M—1-cm . As the light source used for
photoelectrochemical measurements is equipped with a 410-nm long-pass filter, it is the
Q bands of the sensitizers that are of particular importance in this study. SI Appendix,
Table S1 gives the absorbance maxima and molar extinction coefficients for the Q bands

f each sensitizer.
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Figure 17 — Free-base porphyrin sensitizers used in this study.
Compound acronyms are defined in SI Appendix.
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An analysis of the absorbance maxima in SI Appendix, Table S1 shows that the position
of the Q bands is influenced by the type and number of substituents at the meso positions
of the porphyrin ring. TMP, TTP, and PAP have alkylphenyl substituents at each meso
position and have nearly identical absorbance maxima. The MMP, DMP, and TMP series
exhibits a 6- to 8-nm red shift with each additional mesityl group. With MDC and
MDCE, the four Q bands appear at nearly identical positions. Molar extinction
coefficients also show some general trends, with fully substituted porphyrins generally
having larger values. On the dry, sensitized TiO, films, the positions of the Q bands show

a slight red shift (~1-3 nm) (SI Appendix, Table S2). Typically, the absorbance at the

Qy(1,0) peak was between 1 and 2 absorbance units, with the subsequent Q bands
following the trends in extinction coefficient measured in solution. The surface coverage
(SI Appendix, Table S2) was calculated using the absorbance of the Qy(1,0) maximum.

The fluorescence spectra of the porphyrin sensitizers contained two well-defined peaks,
the higher-energy emission assigned to the Q(0,0) transition and the lower-energy one
assigned to Q(1,0) (Table 1). As in the absorption spectra, the emission maxima shifted to
the red as the number of meso-mesityl groups increased from MMP to TMP (S/
Appendix, Fig. S1). For the fully substituted sensitizers (TMP, TTP, and PAP), the
position of the Q(1,0) fluorescence peak was consistent; however, for TTP the Q(0,0)
peak (663 nm) was shifted 9 nm to the red relative to TMP and PAP (654 nm). These
porphyrins, as well as DMEP, show a mirror image relationship in the relative intensities

of the Q(0,0) and Q(1,0) absorption and emission bands.
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Table 3 — Properties of dyes
Emission maxima (nm), singlet energy gap (eV), ground state oxidation (E,x) and excited
state reduction potentials (E*q) (V. vs. Ag/AgCl) of sensitizers

Porphyrin  Q(0,0)" Q(0,1)* E(0,0) Eox E*.eq
TMP 654 (1.0)  721(09) 191 1.05 -0.86
DMP 645(1.0)  710(1.6)  1.94 1.04 -0.90
MMP 641 (1.0)  702(1.5) 196 1.02 -0.94
DMEP  683(1.0)  738(0.6)  1.87 1.18 -0.67
TTP 663 (1.0)  721(0.8)  1.90 1.18 -0.72
PAP 655(1.0)  720(0.8) 191 1.29 -0.62
MDCE  677(1.0)  700(lL.1)  1.92 1.03 -0.89

* Relative intensity of the peaks in parentheses. Emission maxima (nm), singlet energy
gap (eV), ground-state peak of anodic wave (E,,), and excited-state reduction potentials

(E"a) (V vs. Ag/AgCl) of sensitizers
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Electrochemistry

The peak of the anodic wave (E,.) for the sensitizers on TiO, is presented in Table 1.
MDC is not included as it rapidly desorbed during the experiment. We determined E,, by
cyclic voltammetry (SI Appendix, Fig. S2). On TiO; the oxidation of the sensitizers was
electrochemically irreversible, as previously reported (188). The trends in E,, differed
from the observed spectral trends. For example, increasing the number of mesityl
substituents introduces a very slight positive shift in Eg, while exerting a more
significant effect on the spectral properties. The E,, value for TMP is in close agreement
with the value (1.09 V vs. Ag/AgCl) measured by Watson et al. (195). Although TMP,
TTP, and PAP have similar spectral characteristics, their Epa values are markedly
different, with TMP and PAP separated by 240 mV (SI Appendix, Fig. S2).

The excited-state reduction potential E r.q was estimated as the difference between Epa of
the ground state and the lowest-energy singlet (Eo), determined by the crossing point of
the normalized emission and absorption spectra. The porphyrins studied had very similar
Ego values, so E 4 was largely determined by the position of Epa. E'q has direct
implications for the ability of the excited sensitizer to inject an electron into in the
conduction band of TiO,. For anatase, the conduction band edge potential is about —0.81
V vs. Ag/AgCl at pH 6.8 (196).

In addition to absorbing visible light, the sensitizer must also conduct holes across the
surface to a catalytic IrO, particle. Intermolecular hole transfer between sensitizers on
TiO, has been well studied in the context of conventional DSSCs (197-199). Focusing on
sensitizers relevant to WS-DSPECs, Hanson et al. (200) measured the cross-surface

electron diffusion coefficients (Dypp) for a series of ruthenium polypyridyl complexes by
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polarizing the electrode positive of their formal potential and then monitoring the
bleaching of the metal-to-ligand charge transfer (MLCT) absorbance. The absorbance-
time curve was fitted to a modified Cottrell equation to give the apparent cross-surface
electron diffusion coefficient. Using the same method, we found that Dy, for the
porphyrin sensitizers used in this study was too slow to measure (<10-11 cm*s'). By

comparison, ruthenium polypyridyl complexes typically have D,p, values on the order of

107°-10"" em*s™" (200, 201).

Photoelectrochemistry

For WS-DSPECs, the photovoltage is defined as the difference between the potential of
water oxidation (+0.63 V vs. Ag/AgCl at pH 6.8) and the Fermi level of the TiO, under
illumination (187). We previously determined the optimal IrO, loading to be 0.5
pmol/cm” (187). At this loading, we measured open-circuit photovoltages of 1.07 £ 0.01
V and 1.11 £ 0.03 V with the [Ru(bpy).(4,4"-(PO3;H,),bpy)] sensitizer (187, 201). The
photovoltages we observed in this study were generally similar and fell between 1.00 V
and 1.10 V (Table 2). MDC exhibited a significantly lower photovoltage (0.88 + 0.01 V);
however, it desorbed from the TiO, at a significant rate under illumination (S/ Appendix,
Fig. S4). Under red light illumination (AM 1.5 simulated solar spectrum with a 590-nm

long-pass filter), a photovoltage drop of ~0.10 V was observed.
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Table 4 — Photoelectrochemical data for various sensitizers
Photoelectrochemical data for various sensitizers, open-circuit voltage (mV), integrated
photocurrent (mC cm™), and incident photon to current efficiency (IPCE)

410 nm long-pass 590 nm long-pass
Porphyrin Integrated Integrated
Vo photocurrent IPCE Vo photocurrent IPCE

T™MP 1045+5 5.1+0.1 0.028 + 909 +21 0.8+0.0 0.009
0.005% 0.001%

DMP 1088+5 3.7+0.9 0.018 + 1004+7 25+02 0.029
0.005% 0.002%

MMP 1054+ 17 6.4+0.6 0.032 + 910+5 1.6+0.3 0.018
0.003% 0.003%

DMEP 1020+ 15 7.2+1.5 0.036 + 945416 1.6+0.5 0.019
0.007% 0.006%

TTP 1080+4 5.7+1.0 0.028 + 953+12 25+£02 0.030
0.005% 0.006%

PAP 1008 +15 2.8+0.8 0.014 + 878+15 1.0+ 0.0 0.011
0.004% 0.001%

MDC 879+12 0.5+0.0 0.006 + 700+12  0.1+0.0 0.001
0.000% 0.000%

MDCE 1078+7 6.6+0.3 0.032 + 982+14 22+0.0 0.025
0.002% 0.000%
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We measured the photocurrent at +0.10 V vs. Ag/AgCl applied bias for 10 min under
illumination. For ready comparison between sensitizers, we integrated the current to find
the charged passed (SI Appendix, Fig. S3). For the majority of sensitizers there was little
difference in the integrated charge under illumination with a 410-nm long-pass filter
(Table 1). PAP and DMP were notable exceptions, passing about half the charge of the
other sensitizers. Integrating the photon flux from 410 nm to 700 nm, we calculated IPCE
values of 0.014-0.032% for the 10 min of illumination. Under red light (590-nm long-
pass filter), the charge passed decreased although IPCE values generally remained
constant. Samples that lacked sensitizer or [rO2 showed no measurable photocurrent (<1
nA-cm %) with either the 410-nm or the 590-nm long-pass filter. A small transient current
that decays within 100 ms can be observed when a sensitizer is present but no IrO; is
present.

We determined the Coulombic efficiency for oxygen evolution of a TMP-sensitized
photoanode (Fig. 2), as previously described (186, 187). When the cell was degassed with
Ar, the collector electrode showed a small cathodic background current (~60 pA) before
illumination. Once the cell was exposed to light, the photoanode generated photocurrent
that was mirrored in time on the collector electrode. Using the collection efficiency
(81%) determined by calibration with a Pt film generator electrode, we calculated a
Faradaic efficiency of 102 + 5%, (i.e., near unity) for water oxidation at the WS-DSPEC

photoanode.
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Figure 18 — Collector—generator experiment to monitor O, Faradaic efficiency.

The generator electrode is a TMP-sensitized photoanode at +100 mV vs. Ag/AgCl, and
the collector electrode is a planar Pt film at =640 mV vs. Ag/AgCl (3 M NaCl). Faradaic
efficiency is calculated as ~100%, and collection efficiency previously determined is
81%.
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To better understand the IPCE values of the various sensitizers on TiO,, we sought to
measure the quantum yield of injection. Meyer and coworkers (202) used a
poly(methylmethacrylate) actinometer to measure quantum yields for injection of
electrons from excited ruthenium polypyridyl dyes into TiO,; however, we were unable
to accurately determine the molar extinction coefficient of the porphyrin radical cation
following injection. Thus, instead of directly determining the injection yield, we
measured the APCE under short-circuit conditions. Electrodes with 4-pum-thick TiO;
films were used to promote efficient charge collection. These films were not
functionalized with catalyst, so the APCE was calculated from the photocurrent in the
first millisecond of illumination in pH 6.8, 100-mM phosphate buffer. To minimize
recombination effects the system was held at short circuit and the measurement was
performed over a short time period (1 ms). [Ru(bpy).(4,4'-(POsH;),bpy)] was used as a
comparison sensitizer, as quantum yields for injection by ruthenium polypyridyl
sensitizers are typically high. Table 3 reports the short-circuit APCE values for the
sensitizers. Surprisingly, the APCE values in the TMP, DMP, and MMP series were in
the reverse order of the overpotential for charge injection. PAP had the lowest APCE
value (2.4 + 0.2%), consistent with its more positive excited-state reduction potential. By
contrast, [Ru(bpy)2(4,4'-(POsH;),bpy)] had an APCE 3-10 times higher than that of the

porphyrin sensitizers.
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Table 5 — Short-circuit absorbed photon to current efficiency
(APCE) and open-circuit photovoltage decay time (ms)

Porphyrin APCE te

T™MP 0.074 £ 0.011 5945
DMP 0.066 = 0.005 29+ 6
MMP 0.031 +0.004 25+2
DMEP 0.044 + 0.002 30+4
TTP 0.052 +0.017 38+ 1
PAP 0.024 + 0.002 33+1
MDCE 0.038 +0.006 59+2
[Ru(bpy)2(4,4’-(PO3H>).bpy)] 0.209 +0.017 4+1
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We also compared the transient open-circuit photovoltage decay rates for each sensitizer
and [Ru(bpy).(4,4’-(PO3H,),bpy)] (Table 3). Photovoltage decay curves were fitted to a
stretched exponential function to extract the recombination time constant, t, (Fig. 3). For
the porphyrin sensitizers, values of 1, were on the order of tens of milliseconds, with
some correlation between longer recombination time and the number of substituents.
Interestingly, the porphyrins exhibited a 1. roughly one order of magnitude longer than
that of [Ru(bpy).(4,4"-(PO3;H,),bpy)]. It is important to note that illumination intensity
and not V,. was kept constant for each sensitizer, although V,. values were consistent

with values measured under broadband illumination.
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Figure 19 — Representative transient open-circuit photovoltage decay for a DMP-
sensitized electrode.

Steady-state bias was provided by a 470-nm LED and the pump was generated by a 532-
nm ND:YAG laser pulse (t = 0). Red line, fit to AV = AV, 0 exp[(t/t)’].
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DISCUSSION

The open-circuit photovoltages and integrated photocurrents are quite similar for most of
the free-base porphyrin sensitizers. However, a deeper analysis of the spectral and
electrochemical properties of the sensitizers reveals significant differences. To properly
understand the photoelectrochemical results, it is crucial to understand these differences
and to develop a kinetic picture so we can rationally design strategies to improve the
system.

Analysis of the spectral and electrochemical data reveals that these properties are directly
affected by substitution on the porphyrin core. Symmetry, inductive, and resonance
effects may cause these differences. We can observe the effect of symmetry if we
compare TMP, DMP, and MMP. Generally, the four-orbital model is used to describe the
absorption spectra of porphyrins (194, 203). With free-base porphyrins, the N-H protons
on the pyrrole core reduce the overall symmetry of the molecule and split the Q bands
into Qx and Q, components. This band splitting functionally extends the absorption into
the red. Substitution at the meso position shifts the energy of one highest occupied
molecular orbital (HOMO) and both lowest unoccupied molecular orbitals (LUMOs).
The other HOMO orbital has a nodal plane at the meso position and is unaffected (194).
With each additional mesityl group, the molecule becomes more symmetric
electronically, the Q bands shift by 6-8 nm to the red, and the molar extinction
coefficients increase. Although TMP does not strictly have D4, symmetry, we assume
that the aryl groups at each meso position give it quasi-D4, symmetry.

Porphyrin electrochemistry is classically described by the Hammett linear free energy

relationship, with the potential of the radical & cation sensitive to the inductive electron
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donating/withdrawing character of the substituent and the stabilizing/destabilizing
character of any m bonds (204). Inductive effects in this study are hard to elucidate as
mesityl, tolyl, and hydrogen are electron-donating groups (204). Resonance between aryl
substituents and the © system of the macrocycle core in this study would be expected to
stabilize the radical cation.

Resonance stabilization effects can be clearly seen when comparing TMP, TTP, and
PAP. From a symmetry standpoint, these compounds are similar with aryl groups at each
meso position; the similarity in Q-band absorbance maxima reflects this shared
symmetry. Additionally, the inductive effects of the substituents are expected to be
similar (204). We might expect TMP to have the least resonance stabilization as steric
effects between mesityl and the macrocycle core typically result in a dihedral angle close
to 90°. In contrast the aryl groups on TTP and PAP are less hindered and closer to
coplanarity with the porphyrin core, thus allowing resonance stabilization effects to
cathodically shift E,,. Surprisingly, we see an anodic shift in E,, for TTP and PAP, with
TTP shifted by 130 mV and PAP by 240 mV relative to TMP. McLendon and coworkers
offer a possible explanation for this behavior (205). In bridged porphyrin adducts, they
observe maximum rates of intramolecular electron transfer at 0° and 90°, with the
minimum rate near 45°. They attribute this result to orbital symmetry considerations. As

we noted, mesityl groups exhibit dihedral angles of ~90°, whereas tolyl groups sit at an

angle closer to 60° (206).
The combined effects of substitution on the spectral and electrochemical properties of the
porphyrins are reflected in the excited-state reduction potential, E'ra. A sensitizer with an

E*red that is too positive will have low yields of electron injection into TiO,. Thus, more
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efficient cells should incorporate sensitizers that have resonance stabilization and
cathodically shifted E,,. However, the picture is more complicated. For example, the
excited-state reduction potential of TTP is 220 mV more positive than that of MMP, yet
within error both sensitizers generate the same amount of integrated photocurrent. Part of
this is certainly related to differences in Ey,. The E,, of TTP is 160 mV more positive
than that of MMP and the former should exhibit a more rapid rate of electron transfer
from the IrO, catalyst. It is important to be cautious about shifting the potential of the
radical cation too positive as PAP demonstrates. Despite being the most strongly
oxidizing of the sensitizers tested, E'r.q for PAP is too positive for efficient injection into
TiO, as the APCE results indicate. The overall effect leads to low photocurrent.

We would expect that the wider coverage of the visible spectrum by free-base porphyrin
sensitizers would lead to higher photocurrents relative to [Ru(bpy).(4,4’-(POsH,),bpy)].
In fact, we see the opposite: Porphyrin-modified electrodes generated roughly half the
photocurrent of analogous [Ru(bpy).(4,4-(POsH,).bpy)] cells. As a starting point to
understand this difference, we first consider surface coverage. [Ru(bpy).(4,4'-
(PO3;H,),bpy)] has a surface coverage on the order of 1 x 10—7 mol/cm® (201). In the
current study, the bulky sensitizers TMP and PAP had the lowest surface coverages (0.45
x 107 mol/cm” and 0.42 x 107" mol/cm®); however, TTP exhibited a higher surface
coverage, possibly because the tolyl groups can achieve greater planarity, and the lack of
ortho-methyl groups would allow closer approach of the macrocycles. MDC exhibited a
high surface coverage relative to MDCE (0.61 x 10" mol/cm?), possibly due to
electrostatic effects. An increase in surface coverage is observed in going from TMP to

DMP (0.92 x 107" mol/cm®) with a very significant increase in coverage observed with
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MMP (2.8 x 107" mol/cm?). Steric effects are probably at work in this case. With every
sensitizer the surface coverage is comparable to typical [Ru(bpy).(4,4"-(PO3;H,).bpy)]
coverages and thus the coverage trends cannot explain the differences in photocurrent.

A second possibility is that the porphyrin sensitizers are not electrochemically stable. As
noted above, the oxidation of the sensitizers on TiO, is electrochemically irreversible,
which could indicate a side reaction of the radical cation or desorption of the oxidized
species from the electrode. Several lines of evidence argue for photoelectrochemical
stability and authentic water oxidation activity. First, as noted above, irreversibility of
porphyrins on TiO, has been previously observed (188). Also, we have observed that
films of [Ru(bpy):(4,4"-(POsH),bpy)] with poor hole transport characteristics also
exhibit electrochemical irreversibility on TiO, (201). Second, in nonaqueous solutions
TMP (195) and TTP (207) are reversible, suggesting that the irreversibility we observe is
not due to fundamental chemical instability of the sensitizers. Third, UV-Vis spectra of
the electrodes before and after photoelectrolysis generally show no change in absorption,
except for MDC (SI Appendix, Fig. S4). If the sensitizers are unstable, we would expect
to see a change both in peak absorbances and in the shape of the absorption spectrum.
Although we do see some increase in absorbance after electrolysis, we suggest that this is
related to residual water within the mesoporous TiO; and not to sensitizer modification.
Finally, we directly observe oxygen generation and determine a Faradaic efficiency close
to 100%.

As surface coverages, electrochemical stabilities, and excited-state potentials of these
sensitizers are comparable to those of [Ru(bpy).(4,4-(POsH;).bpy)], we identify two
major differences: injection into TiO; and cross-surface hole transport (Fig. 4). Although
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we do not directly measure a quantum yield of injection, the APCE for [Ru(bpy).(4,4'-
(PO3H»),bpy)] is 3—10 times larger than APCEs of the porphyrin sensitizers. For some of
the porphyrin sensitizers, E rq is positive of the conduction band edge potential of TiOs.
From that perspective it is surprising that some sensitizers, PAP for example, inject into
TiO,. In this case, it is possible that hot injection may occur from the higher-energy
Q(1,0) transitions (208). Under 590-nm long-pass illumination, only a portion of the
Qy(1,0) band is typically illuminated, which could allow for hot injection. Also, fast
deactivation pathways may contribute to poor injection. Finally, the anchoring group can
have an important effect on electron injection (209, 210). This likely can explain the high
photocurrents observed for DMEP and MDCE. In these two molecules, the orbital
overlap between the porphyrin macrocycle and the carboxyl group is not impeded by a
large dihedral angle between the macrocycle and a meso phenyl ring, as it is in the other

compounds.
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Figure 20 — Selected electron transfer processes in WS-DSPEC
(7) injection, (i7) recombination, (iii) hole transfer, (iv) regeneration of oxidized sensitizer,
and (v) transport to the fluorine-doped tin oxide anode.
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The other significant difference we observe compared with [Ru(bpy).(4,4"-(PO3;Hz),bpy)]
electrodes is hole transport by the sensitizer layer. For [Ru(bpy).(4,4’-(POsH;),bpy)] at a
surface coverage of 10" mol-cm 2, typical values for D,y are in the range of 10°—10 "
cm’s '. Based on the limit of detection of our system, the Dy, values of the sensitizers
we explore in this study are two or more orders of magnitude lower than that of
[Ru(bpy).(4,4'-(PO3H»),bpy)]. The difference in D,,, may be related to the difference in
charge between [Ru(bpy).(4,4’-(POsH,),bpy)] and the porphyrin sensitizers. Both the
Ru(Il) and Ru(III) forms of [Ru(bpy).(4,4"-(PO3H,),bpy)] are charged and water soluble,
whereas only the oxidized form of the porphyrin sensitizers is charged. Oxidation of the
neutral porphyrin may induce a significant solvent reorganization energy. Also, the hole
on the porphyrin cation is ligand centered, whereas on the Ru(Ill) complexes it is metal
centered, which may play some additional role. Efficient hole transport by the sensitizer
is crucial to photocurrent generation, so the low D, values of these sensitizers suggest
low or negligible photocurrent. As the distance the hole can travel is a function of both
D.pp and T, the order of magnitude increase in recombination time apparently mitigates
the low Dgpp values for the porphyrins. The high surface coverages observed for these
sensitizers will also help to mitigate a low Dgpp.

On a final note, the porphyrin-sensitized electrodes are active under red light
illumination, whereas [Ru(bpy).(4,4’-(POsH,),bpy)]-sensitized electrodes do not show
any photocurrent in the red portion of the spectrum. Most notably the IPCE values for
full-spectrum illumination (410 nm long-pass) and for red light illumination (590 nm
long-pass) are very similar. Thus, although the actual currents are low, the electrodes use

the red photons as well as the rest of the spectrum. The utilization of red light to drive
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water splitting represents a significant step forward for molecular photoelectrochemical

water-splitting systems.

CONCLUSION

In this study we demonstrate a functioning WS-DSPEC, using organic free-base
porphyrin sensitizers. The spectral and electrochemical behavior of the free-base
porphyrins can be tuned both by the number and by the type of substituents. Fully
substituted porphyrins at the meso position exhibit the most red-shifted spectra and are
strongly absorbing. Electron-donating substituents that extend the core m system shift E,,
to more cathodic values. Although a negative shift of E,, is desirable for injection into
TiO,, it lowers the driving force for oxidation of IrO,. Although this study has focused
mostly on electron-donating aryl substituents, pentafluorophenyl or cyano substituents
are electron withdrawing and would provide an alternative pathway for tuning sensitizer
energetics.

Despite the variability in their spectral and electrochemical properties, the majority of the
porphyrins exhibited significant photocurrent under illumination. Under full visible and
red light illumination, the electrodes produced measurable photocurrents and had open-
circuit voltages in excess of 1 V, although the photocurrent was lower than that of
electrodes sensitized with [Ru(bpy).(4,4’-(POsH,),bpy)]. The porphyrin sensitizers have
lower injection yields and slower hole transport than [Ru(bpy).(4,4’-(POsH,),bpy)]. The

slow hole transport is partially mitigated by an increase in the recombination time.
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ABSTRACT

Proton coupled electron transfer (PCET) is an important process in many biological
systems. Of specific interest is the tyrosine-histidine couple in photosystem II. Several
benzimidazole-phenol (BIP) analogues of this systems have been studied
electrochemically, and the standard rate constants and kinetic isotope effects (KIE) have
been determined. In addition two of these BIPs include hydrogen bonding moieties as
analogues of the asparagine moiety present in natural photosynthesis, in order to
introduce a secondary proton acceptor. In one case the KIE was determined utilizing a

computational methodology utilizing proton vibrational wave functions.
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INTRODUCTION

The electron transfer from the oxygen evolving complex of photosystem II to the
oxidized P680 pigment complex is known to be coupled to proton movement between the
nearby tyrosine (Tyrz) and histidine (His-190), possibly resulting in an increase in the
charge separation lifetime. This is an important step in the functioning of photosystem II
since an increase in charge separation lifetime can aid in the accumulation of sufficient
oxidizing equivalents on the oxygen evolving complex to oxidize water. In the natural
system this occurs through the oxidation of the Tyrz moiety, followed by proton transfer
to the nearby hydrogen bonded His-190 moiety. In addition, there is a asparagine moiety
hydrogen bonded to the other side of the histidine ring which could help to provide
another site for proton transfer.(217-220)

Benzimidazole-phenols (BIPs) have been studied as synthetic mimics of the tyrosine-
histidine pair.(221) It is expected that, for the PCET step to work optimally the proton
transfer and electron transfer should occur in a concerted fashion. If this is the case then
the proton transfer should occur as part of the rate-limiting step. Therefore the kinetic
isotope effect (KIE) of the proton transfer should be larger than 1. The KIE of several
BIP models, as shown in figure 21, have been studied by either computational or
electrochemical methods, and the effect of the inclusion of a hydrogen bonding

substituent at the 4-position of the benzimidazole on the KIE has been studied.
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BIP-H

BIP-COOH

BIP-COOMe

BIP-CONEt,

Figure 21 — Studied compounds
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EXPERIMENTAL AND THEORETICAL METHODS

Materials:

Methyl 2,3-diaminobenzoate was obtained from Combi-Blocks, and all other chemicals
were obtained from Alfa Aesar. Deuterated solvents for NMR were obtained from

Cambridge Isotopes.
Synthetic Methods
2-(3°,5 -Di-tert-butyl-2’-hydroxyphenyl)-7-carboxybenzimidazole

To a solution of 3,5-di-tert-butyl-2-hydroxybenzaldehyde (1.17165 g, 5 mmol) in
nitrobenzene (35 ml) was added drop-wise a suspension of 2,3-diaminobenzoic acid
(.76075 mg, Smmol) in nitrobenzene (35 ml). The mixture was maintained at reflux under
argon for 5 hours, after which the nitrobenzene was removed under reduced pressure. The
crude material was purified by extraction with 0.1 M potassium hydroxide, followed by
neutralization with 1.0 M citric acid to pH 7, and extracting the solution with
dichloromethane. The material was purified by column chromatography on silica using

5% methanol in dichloromethane. The material was then crystalized from

1
methanol/hexanes to give (451mg, 1.23 mmol) a 24.6% yield. H NMR (400 MHz

DMSO0-d6): 8 . ppm 1.32 (s, 9 H) 1.40 (s, 9 H) 7.89 (t, J=8.8 Hz, 1 H) 7.90 (s, 1 H) 7.99

(s, 1 H) 8.02 (d, J=7 Hz, 1 H) 8.29 (s, | H) 13.42 (s, 1 H) 13.87 (s, 1 H) 14.39 (s, 1 H);

MALDI-TOF: m/z calcd for C23H28N203, 3662, ObSd, 367.4
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2-(3°,5 -Di-tert-butyl-2 -hydroxyphenyl)-7-carbomethoxybenzimidazole

To a solution of 3,5-di-tert-butyl-2-hydroxybenzaldehyde (325 mg, 1.5 mmol) in
nitrobenzene (15 ml) was added drop-wise a suspension of methyl 2,3-diaminobenzoate
(249 mg, 1.50 mmol) in nitrobenzene (15 ml.) The mixture was maintained at reflux
under argon for 16 hours, after witch the nitrobenzene was removed under reduced
pressure. The crude material was purified by silica pad using hexanes/dichloromethane,
giving a fluorescent yellow solution. The solvent was removed under reduced pressure,

and the product was further purified by crystallization from isopropanol/hexanes to give a

1
tan crystalline product (245 mg, 0.644 mmol) a 43 % yield. H NMR (400 MHz Benzene-

d6): 8 . ppm 1.28 (s, 9 H) 1.72 (s, 9 H) 3.45 (s, 3 H) 6.96 (t, J=7.83 Hz, 1 H) 7.39 (d,

J=2.35Hz, 1 H) 7.64 (d, J=2.35 Hz, 1 H) 7.67 (d, J=7.83 Hz, 1 H) 7.77 (d, J=7.83 Hz, 1
H) 10.55 (br. s., 1 H) 13.79 (s, 1 H) ; MALDI-TOF: m/z calcd for C,3H»sN,03, 380.2,

obsd, 381.6

Electrochemical Methods

Experimental Conditions

Cyclic Voltammetry

Cyclic Voltammetry was performed with a Potentiostat/Galvanostat Model 273A (
EG&G Princeton Applied Research) using a glassy carbon rod (Tokai 3mm diameter or
Imm diameter) as working electrode, a platinum grid as counter electrode and an
Ag/AgCl pseudoreference electrode in a conventional three-electrode cell. Anhydrous

acetonitrile (Aldrich) was used as solvent for the electrochemical measurements. The
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supporting electrolyte was 0.5M tetrabutylammonium hexafluorophosphate and the
solution was deoxygenated by bubbling with argon. The working electrode was cleaned
by polishing followed by rinsing with acetone, then dried with hot air. The
voltammograms were recorded at 100mV/s. The potential of the pseudoreference
electrode was determined using the ferrocenium/ferrocene redox couple as an internal
standard (its standard potential being 0.31 V vs SCE (222)).

Controlled Potential Coulometry

Controlled Potential Coulometry was performed with a Potentiostat/Galvanostat Model
273A ( EG&G Princeton Applied Research) using a glassy carbon stick (Carbone
Lorraine) as working electrode, a platinum grid as counter electrode and an Ag/AgCl
pseudoreference electrode in a conventional three-electrode cell. Anhydrous acetonitrile
(Aldrich) was used as solvent for the electrochemical measurements. The supporting
electrolyte was 0.1M tetrabutylammonium hexafluorophosphate and the solution was
deoxygenated by bubbling with argon. The working electrode was cleaned by polishing
followed by rinsing with acetone, then dried with hot air. The voltammograms were
recorded at 100mV/s. The potential of the pseudoreference electrode was determined

using the ferrocenium/ferrocene redox couple as an internal standard.

Cyclic Voltammetry of BiP-COOH in Acetonitrile

BiP-COOH has been investigated by cyclic voltammetry in acetonitrile. As can be seen in
Figure 21, the compound exhibits a first reversible wave assigned to the phenol/phenoxyl
couple at an apparent standard potential of 0.9V vs SCE. At higher potentials, two
irreversible waves are observed possibly characterizing the oxidation of the phenoxyl

radical involving an ECE mechanism.
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Figure 22 — Cyclic voltammogram of BiP-COOH in Acetonitrile
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Cyclic Voltammetry of BiP-COOMe in Acetonitrile

BiP-COOMe has been investigated by cyclic voltammetry in acetonitrile. As can be seen
in Figure 22, the compound exhibits a first reversible wave assigned to the
phenol/phenoxyl couple at an apparent standard potential of 0.931V vs SCE. At higher
potentials, two irreversible waves are observed possibly characterizing the oxidation of

the phenoxyl radical involving an ECE mechanism.
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Figure 23 — Cyclic voltammogram of BiP-COOMe in Acetonitrile
The ferrocenium/ferrocene redox couple is re presented by the black line
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Determination of Electron Transfer Kinetics using Cyclic Voltammetry

With the assumption that surface phenomenon are not present, electron transfer at an
electrode can be represented as the competition of two different rates. that of the electron
transfer and that of the diffusion of the species. During the experiment the cyclic
voltammogram is recorded at several different rates, and compared to a simulation
performed with the DigiSim software package. A trumpet plot is then generated for each
system. Equation 2 (which is derived from equation 1) with the assumption the diffusion
rate of the compound being measured is substantially similar to that of ferrocene (D =5 x

10" cm/s) allows us to determine the apparent standard rate constant.(211)

P 2Dsim
S
10g(Vexp) = 10g(Wsim) + 10g(< sim> D )

S ) Doy,
(1)

P = kgim k10 20
(2)
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Computational Methods

As rates could not be determined by us for the PCET process involved in electron transfer
in the BIP-H system studied, it was assumed for the sake of calculation that the electron
transfer happened in a concerted fashion with the proton transfer. With this assumption,
and following the procedure described in Hammes-Schiffer et al. (211) we can describe
the PCET process as a nonadiabatic transition between the electron-proton vibronic states
of the ground state and oxidized BIP-solvent complex. The electron-proton vibronic
states are represented by the product of the appropriate diabatic electronic state and the
associated proton vibronic state.

If the donor-acceptor distance is fixed, the The anodic and cathotic rate constants are as

defined in equations 3 and 4 respectively.

el v 2 AU /1
kon R) = ZP( ) /kBmprde 1- £ exp[( ijBe“ )]
wv

B (vets v)z (=AU, -+ en + 1)?
ki) = ) B | f def (&) exp| -
wy

" QII
AU;W = AUMV + kBT ll’l?

(5)
For vibronic states represented by u for the reduced solute complex and v for the
oxidized solute complex. P, and P, are the Boltzmann probabilities for the associated

vibronic states. f () is the Fermi distribution function of the electrodes electronic states.
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The density of states at the Fermi level is py,, and the electronic coupling is V¢ and B’ is

a parameter representing the exponential decay of the electro