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ABSTRACT

The development of efficient solar energy conversion devices has attracted much
attention. Despite the fact that progress have been achieved, a fundamental understanding
examining why efficiency can be improved remains elusive. For example, dye-sensitized
solar cells (DSSC) exhibit high conversion efficiency when acetonitrile is used to prepare
both the working electrode and the electrolyte. However, the mechanism explaining exactly
how solvent influences device performance has not yet been systematically investigated.
Another prominent example is the metal/semiconductor heterojunction systems. While it
has been demonstrated that such mixed systems can significantly improve solar conversion
efficiency, the mechanism of the electron dynamics driving these systems remains
controversial. This stems in part from the fact that the experimentally deduced time
constants, which are characteristic of such systems, are only ever extracted from
phenomenological models and therefore cannot be assigned to specific physical processes.
Ultimately, the development of a physical model is necessary to obtain an unambiguous
physical picture of the solar conversion process.
In this dissertation, the ultrafast nonlinear spectroscopic methods, second harmonic
light scattering (SHS) and transient absorption (TA) spectroscopy, have been employed to
study dye molecular adsorption and charge transfer dynamics in several solar energy
conversion systems, including 1) DSSC, where solvent effects are investigated to
understand why acetonitrile is the most effective solvent; 2) Ag/TiO2 heterostructure
system, where a physical model is proposed to quantitively analyze the electron dynamics;
3) porphyrin/Ag/TiO2 nanocomposite, where we found there is no electron injection from
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porphyrin to TiO2 and plasmonic metal can enhance the porphyrin dye adsorption to
improve the device efficiency.
The propensity for surface adsorption of two related dyes, ortho-ethyl red (o-ER)
and para-ethyl red (p-ER), onto TiO2 particles is studied with SHS. While p-ER readily
adsorbs onto TiO2, o-ER does not. It is suggested that this difference is linked to the effects
of the steric hindrance of the adsorbate. The influence of the solvent on the adsorption of
p-ER onto TiO2 is also investigated. Of significance, p-ER can only chemically bond to the
TiO2 surface in aprotic solvents, where adsorption free energy scales with solvent polarity.
For protic solvents, preferential adsorption of the solvent shell ultimately prevents direct
adsorption of p-ER onto the surface of TiO2. Likewise, solvent effects on charge transfer
from p-ER to TiO2 are studied by TA. The electron injection rate is shown to be positively
related to solvent polarity. Overall, highly polar aprotic solvents are shown to facilitate dye
adsorption and electron injection, which helps improve the efficiency of DSSC devices.
Ultrafast dynamics of plasmon-induced hot electrons from Ag to TiO2 nanorods are
probed by TA. The observed transient signal, which corresponds to the lifetime of the
optically generated electrons, is analyzed using a physical model including electron
injection, relaxation, band edge annihilation, the surface to bulk diffusion, and back
diffusion from the bulk to the surface. A ca. 13 fs electron injection time is deduced for Ag
to TiO2, which is faster than that generated in Au and dyes. Additionally, the excited state
exciton dynamics of a porphyrin J-aggregate are investigated and subsequently modeled.
More rapid dynamics are found following aggregation of the porphyrin, which can be
attributed to the inclusion of more efficient relaxation channels. However, no electron
injection from the J-aggregate to TiO2 is observed. This likely stems from the negatively
charged repulsion between the two components. Further, when the J-aggregate is
iv

introduced into an Ag/TiO2 system, optical excitation occurs predominantly in the Jaggregate. This stems either from direct excitation of the J-aggregate or indirect excitation
through plasmon-induced resonant energy transfer from Ag. Our results indicate that
plasmon can enhance the dye adsorption, which has great potential for designing more
efficient plasmonic DSSC devices.
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CHAPTER 1
INTRODUCTION

1.1 Global Energy Landscape
Our quality of life depends to a large degree on the availability of energy.1-3
According to the 2019 BP Statistical Review of World Energy report,4 fossil fuels still
dominate the global energy supply and account for roughly 85% in 2018 (Figure 1.1).
However, fossil fuels have many problems. In the long term, fossil fuels are distributed
unevenly on Earth and are of finite extent, cannot be replenished fast enough. In the short
term, combustion of fossil fuels produces greenhouse gases (e.g., CO2) which are known
to contribute to global warming, and other harmful environmental pollutants.5-6 As an
alternative, the renewable energy sources which are environmentally friendly and
unrestricted by the geopolitical boundaries, namely, wind, geothermal, hydro, fusion and
solar have come out.7-8 Out of all of these, solar power is an entirely viable option to replace
the majority of energy sources in the next decades because of the technology to do that
currently exists, and there is more than enough power available to be harvested.9-10
The amount of energy delivered by the Sun to Earth in one hour is around 4.7 ´
1020 J, which is as much as the current world total energy consumption in one year.11
Generally, there are three ways for solar energy conversion. Solar energy can be converted
into electricity and chemical fuels through photovoltaic and photocatalysis devices,
respectively.12-13 It can also be directly used to heat water and space.
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Figure 1.1 The global energy consumption structure in 2018. Source: BP Statistical
Review of World Energy 2019, 68th edition.

1.2 Solar Energy Conversion
1.2.1 Development of Photovoltaics
Despite the fact that the photovoltaic effect was first experimentally demonstrated
by Edmond Becquerel in 1839,14 more than one century later, the first practical
photovoltaic cell was finally publicly demonstrated at Bell Laboratories in 1954.15 Since
then, enormous efforts have been made to develop more efficient devices to convert solar
energy to electricity. There are three generations of solar cells until now.12 The firstgeneration solar cells are made of crystalline silicon, which is expensive but already being
commercialized.16-17 Second generation cells are thin-film solar cells, where the cost
decreases but the efficiency is still very low.18 The third generation, also described as
emerging photovoltaics, includes organic solar cells,19 dye-sensitized solar cells (DSSC)202
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as well as the recently emerging perovskite solar cells,22 etc. Most of them have not yet

been commercially applied and are still in the laboratory stage. The reported timeline for
laboratory research solar cells efficiencies are shown in Figure 1.2.
In order to make these technological finally commercially available, besides the
improvements in efficiency, other factors should be considered, including costs, stability,
marketing. Until 2018, solar cells provided less than 1.8% of the world’s energy supply.4
From a scientific point of view, advancing the current photovoltaic technology is still
important, but elucidating the fundamental mechanisms and principles will certainly
promote the development of this field in a longer-term.

1.2.2 Development of Photocatalysis
Besides solar photovoltaics, which converts sunlight into electricity, the solar
energy can also be converted by photocatalysis and stored in chemical fuels such as
hydrogen by water splitting, ammonia by nitrogen reduction, and hydrocarbon compounds
(such as methane, methanol, formic acid, and ethanol) by CO2 reduction.23-28 In 1972,
Fujishima and Honda discovered the hydrogen generation by splitting water using the TiO2
electrode in a photoelectrochemical cell.29 In 1979, the same group reported the
photocatalytic CO2 reduction by different semiconductors.30 These two discoveries have
opened a new avenue for solar fuel production. Until 2018, The CPV-Hydrogen system
has achieved the maximum solar to hydrogen efficiency of 18%, the daily average
conversion efficiency of 15%, with solar to a hydrogen production rate of 218 kW h/kg.31
It was reported the highest Faradaic efficiency (93%) for CO2 reduction in aqueous media
by a sulfur-doped indium catalyst in 2019.32
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Figure 1.2 The reported efficiencies for the different types of research solar cells from the
National Renewable Energy Laboratory.
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Typically, the photocatalysis devices are based on semiconductors. In the last
decades, many semiconductors for photocatalysts have been developed, such as metal
oxides (TiO2, ZnO, ZrO2),29-30, 33 metal chalcogenides (CdS, CdSe),34-37 metal nitrides
(Mo2N, TiN),38-39 carbon nitrides (C3N4)40-41 and III-V compounds (GaAs, InP, GaP).42-43
The bandgap of selected semiconductors are shown in Figure 1.3.44 For example, TiO2 is
the first semiconductor used for water splitting.29 However, owing to its large bandgap, it
can only absorb the UV light, many attempts are made to dope TiO2 to enable the visiblelight photocatalytic activity, but the efficiency is still very low (11%).45 To improve the
efficiency, two or more nanomaterials have been combined together to form a composite,
including metal-semiconductor heterojunction (Au/TiO2, Ag/TiO2),46-48 semiconductorsemiconductor heterojunction (PbS/TiO2),49 semiconductor-carbon composites,50-51 multijunctions (Tandem Cells and Z-Schemes)52-53. The development of inexpensive, stable, and
highly efficient materials is the key to the commercialization of photocatalysts for solar
fuel production. In addition, the mechanistic understanding of the correlation between the
photocatalytic performance and the nanomaterial feature is also essential.
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Figure 1.3 Band edge positions with respect to the vacuum level and the NHE for selected
semiconductors at pH 0. The top squares represent the conduction band edges; the bottom
squares present the valence band edges. The top numbers show the exact conduction band
level, and the number between squares is the bandgap. The two dashed lines indicate the
water redox reaction potentials. Reprinted with permission from ref. [44].
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1.3 Dye-Sensitized Solar Cells
The dye-sensitized solar cells (DSSC) with an efficiency of 7%, were first
developed by O’Regan and Gräztel in 1991.20 The device was a 10-µm-thick optically
transparent TiO2 film, coated with a monolayer of a trimeric ruthenium dye. The
development of DSSC was still slow until 2000 when the cell efficiency of DSSC of >10%
was reported.54-55 After then, the number of studies on DSSC has rapidly increased. In
2014, the DSSC with the zinc porphyrin dye and Co(II/III) tris(bipyridine)-based redox
electrolyte reached an excellent efficiency record of 13%.56 Just one year later, the highest
efficiency record of 14.3% was achieved by a DSSC with the co-sensitization of two metalfree organic dyes and Co(II/III) tris(phenanthroline)-based redox electrolyte.57 The wide
attention of DSSC is because of its several advantages, including low cost and easy
fabrication as a result of utilizing solution-processable organic dye materials.58 However,
the low power conversion efficiency is the big problem because of inefficient light
absorption, charges separation, and transport in organic materials. To overcome the
efficiency bottleneck, the fundamental investigation on understanding the mechanism of
these devices is really requirable.59

1.3.1 Working Principles of DSSC
The device architecture of a typical liquid DSSC is schematically shown in Figure
1.4, which consists of a working electrode, a redox electrolyte and a counter electrode.60-62
The arrows indicate the electron flow direction, which begins with the dye (red dots).
The core part of the working electrode is the dye-titanium dioxide (TiO2) interface,
created by the sensitization process in which the TiO2 substrate (usually coated on indium
tin oxide, ITO, glass) is soaked in a solution of the dye. The purpose of the dye is to act as
7

a photosensitizer, in which it operates as both a photon absorber and an electron donor. The
semiconductor TiO2 (yellow spheres) works as the electron acceptor. The counter electrode
typically consists of a thin Pt film (blue bar) coated on an ITO surface (grey bar). And
finally, an electrolyte solution consisting of iodide and triiodide is dispersed between the
electrodes and acts as a redox couple.

Figure 1.4 The schematic device architecture of a typical liquid dye-sensitized solar cells.

The working principle of DSSC is demonstrated in Figure 1.5.58, 60, 63 The detailed
processes are described below:
Dye excitation: The dye molecule is initially in its ground state S. When light
shines on the DSSC, dye molecules get excited from its ground states to excited state S*
(Step 1).
8

Electron Injection: During the excited dye molecules oxidization process, an
electron can be produced, which can be injected into the conduction band (CB) of TiO2,
because the LUMO energy of the excited dye usually is higher than the CB of TiO2, shown
in Figure 1.5 (Step 2). Then the injected electrons from the dye can move freely in the CB
and finally diffuse into the ITO film.
Redox mediators: When the electrons are transferred to the counter electrodes,
they will reduce the oxidative redox species to the reductive redox species (I3-®I-) in Step
3. The reduced redox species will then diffuse to the TiO2/dye/electrolyte region and
regenerate the oxidized dye by Step 4. By completing all of the processes, the solar-toelectricity cycle ends, where a photon has been converted into an energetic electron ready
for producing electricity.
Back Electron Transfer: However, the above steps only described the desired
processes in DSSC. In the real operation, there are also several undesired processes, called
back electron transfer, happening simultaneously. The excited dye molecules may lose
their energy before injecting electrons into the TiO2 through direct radiative or nonradiative recombination (Step 5). Moreover, the oxidized redox species in the electrolyte
(Step 6) or the oxidative dye molecules (Step 7) may capture the electrons within the TiO2
during its transport. All these undesired processes result in a loss of electrons before they
complete the entire solar to electricity conversion cycle.
To increase the efficiency of the solar cells, step 2 should be increased and steps 5,
6, 7 should be slowed down.
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Figure 1.5 The energy diagram and electronic process in dye-sensitized solar cells.

1.3.2 Factors Influencing DSSC Efficiency
Many factors can affect solar cell efficiency, and one of the most important is the
working electrode, including semiconductors and dyes.9,

63

The wide bandgap

semiconductor is the most desirable for DSSC fabrications.21, 60 TiO2 is a well-documented
semiconductor because it is photo-corrosion resistant, non-toxic, cheap, and easy-to
manufacture.64-66 It has been reported that TiO2-based solar cells using co-sensitization of
two metal-free organic dyes and Co(II/III) tris(phenanthroline)-based redox electrolyte
currently exhibit the highest conversion efficiencies to date of 14%.57 Nevertheless, the
low electron mobility through nanocrystalline TiO2 (∼0.1−1 cm2/(V s)) and the
photoactivity under UV radiation restrict further efficiency improvement and long-term
stability.67 As alternatives, numerous wide-band-gap semiconductors such as ZnO,68-69
SnO2,70-71 WO3,72 Nb2O5,73 SrTiO3,74 etc. have been explored. Among them, SnO2 and ZnO
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have been found to be the most appealing. 69, 75-76 However, solar cells using ZnO and SnO2
as photoanodes suffer from low energy-conversion efficiency compared to that of TiO2.
The highest efficient record for ZnO-based69 and SnO2-based70 DSSC was 6% and 3%,
respectively. The DSSC with >6% efficiency by employing composite photoanodes of
SnO2 nanoparticles/ZnO nanotetrapods was reported.76
The dye selection has several requirements: chemically adsorption on the
semiconductor surface, appropriate LUMO and HOMO energy levels for effective charge
injection into the semiconductor, high molar extinction coefficients in the visible and nearIR region, excellent photostability and solubility, etc.77-79 In the last decades, tremendous
effort has been devoted to developing a variety of dyes or photo-sensitizers which can be
divided into five types: 1) Ruthenium polypyridyl dyes show excellent performance as a
result of their broad light absorption range from UV to near-IR light, suitable energy levels
with respect to TiO2, and high molecular stability.80 The highest efficiency was recorded
at 11.7% in 2010.81 2) Metal-free organic dyes, most of which are designed with a donor–
Π spacer–acceptor (D–Π–A) structure, are recognized as promising sensitizers owing to
their high molar extinction coefficient (e = 50,000–200,000 M-1 cm-1), low cost, easy
synthesis and high flexibility of the molecule structures.82-83 To date, the best singlejunction organic solar cell was recorded the highest efficiency of 16.7% using fused-ring
acceptor with electron-deficient core (Y6) dye.84 3) Porphyrin dyes, especially Zn(II)
porphyrins, are widely used because of their intense absorption in the region of 400–700
nm and appropriate energy levels.85 Porphyrin-sensitized DSSC has demonstrated a high
12% conversion efficiency in 2011.784) Quantum-dot sensitizer, is another material with
promising use due to their tunable size/shape-dependent energy bandgaps, high optical
absorption coefficients (α = ∼100,000 cm−1), and multiple exciton generation
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characteristics.86 A quantum dots solar cell with 16.6% efficiency was claimed by
researchers from Queensland University in 2020.87 5) Perovskite-based sensitizers, have
attracted considerable attention because of their excellent light-harvesting characteristics
(Eg = ∼1.5 eV, OAE = ∼820 nm, ɛ = ∼150,000 m−1 cm−1).88 Until 2019, the highest
conversion efficiency 23.7% was reported in Pb-I perovskite solar cells.89 Meanwhile, the
perovskite solar cells using poly(3-hexylthiophene) showed a similar efficiency of
23.3%.90 As a new type of third-generation photovoltaic device with the advantages of high
efficiency, low cost, ease of manufacturing, perovskite solar cells are currently a hot area
of intense study with (photon-to-electron conversion efficiencies) PCEs of 25% expected
in the near term.
Redox electrolytes in DSSC working as the medium to transfer electrons from the
counter electrode to the oxidized dye can also affect the solar cell performance.91 The most
widely used electrolyte is still the liquid electrolyte, where iodide–triiodide (I3−/I−) is the
universe because of its satisfactory kinetic properties.91 To overcome the sealing and longterm durability substantially hinder problems of the liquid electrolyte, quasi-solid-state
electrolytes (e.g., ionic liquids)92-93 and solid-state electrolytes (e.g., hole-transporting
materials)94-95 are extensively investigated recently.

1.3.3 Solvent Effects in DSSC
The solvent is another often overlooked but still a very important factor, affecting
the DSSC properties once the working electrode, counter electrode, and electrolyte are
chosen.96-99 The solvent in the working electrode fabrication process can affect the dye
adsorption process onto the TiO2 surface.98-100 The solvent chosen in the electrolyte can
influence the electron injection from the photoexcited dye into TiO2.101-103 As a result,
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understanding solvent effects on dye molecules adsorption and electron injection at the
TiO2 surface is vital for the optimization of the DSSC efficiency.
In general, solvents can be classified into two categories based on their ability to
donate protons, protic and aprotic.104 Protic solvents, such as ethanol (EtOH), can donate
protons easily and enable hydrogen bonding with the neighboring dye molecules. In
contrast, for aprotic solvents (such as acetonitrile, ACN), the interactions are typically
through dispersion forces. Both the aprotic and protic solvent effects on the DSSC
performance have been studied experimentally and theoretically.96-97, 101, 105-109 It was found
that the Monascus Red dye had light conversion efficiency in aprotic solvent dimethyl
sulfoxide (DMSO) compared in protic solvents such as water and ethanol.107 The
adsorption number density of an infrared organic dye (NK-6037) on TiO2 increased
dramatically in alcoholic solvents with decreasing dielectric constants was reported
previously.100 A first-principles investigation study showed that the adsorption free energy
for a carboxylic dye in acetonitrile is much higher than in water, suggesting that water can
effectively compete with dye adsorption while acetonitrile not.105 After reviewed a lot of
works, we found that the aprotic solvent, acetonitrile, is the best and widely used solvent
for both the ZnO-based106 and TiO2-based97, 103, 105 DSSC. An increasing efficiency for
D149/ZnO cell was observed when going from nitromethane (NM), dimethylformamide
(DMF), to ACN.106 The conversion efficiency of N3/TiO2 DSSC in different solvents was
found to be in the order of ACN > methoxy propionitrile (MPN) > propylene carbonate
(PC) > g-butyrolactone (GBL) > dimethylacetamide (DMA) > DMF > DMSO.97 The
electron injection of the N3 dye was investigated by luminescence spectroscopy and was
found that the quantum yield decreases in the order ACN > EtOH > DMSO.102 Even though
a bunch of studies about the solvent effects on the performance of DSSC has been reported
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and the aprotic solvent acetonitrile was found to be the most efficient for most of the DSSC
devices, the mechanism or general understanding of how solvents affect the basic
processes, dye adsorption and electron injection to TiO2, is still lacking.
In the first part of this dissertation, I will use the carboxylic anchoring dye/TiO2 as
a DSSC model to study how the solvent effect the dye adsorption and electron injection
processes. And also, we will try to explain why acetonitrile is the most efficient solvent?

Figure 1.6 Mechanism of the photocatalysis of TiO2-metal for water splitting under UV
light (left) and Visible light (right) excitation.

1.4 Plasmonic Metal-Semiconductor Heterojunction Systems
The incorporation of noble metals is a well-known strategize to improve the
photocatalytic efficiency of TiO2. The loading of noble metal on the surface of TiO2 can
enhance the photocatalytic property in two ways.110-111 First, the incorporated metal
nanoparticles (NPs) can act as electron traps, leading to facile electron–hole separation,
which is utilized mainly under UV light exposure, as shown in Figure 1.6 (left). Second,
the surface plasmon resonance (SPR) effect induced by visible light irradiation can be used
to enhance the activity of photocatalysts, as shown in Figure 1.6 (right). However, the
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influence of the SPR property is more pronounced because it can broaden the absorption
to the whole solar spectrum.

1.4.1 Surface Plasmon Resonance of Noble Metals
Noble metal nanoparticles (such as those of Au, Ag, or Cu) have attracted lots of
attention in many different areas because of its unique optical properties, which derive from
the localized surface plasmon resonance (LSPR),112-114 typically occurs in the visible to the
near-UV region of the spectrum, and can be tuned by adjusting the nanoparticle size, shape,
or by the selection of material. When light is incident on a metal nanoparticle with
frequency matching the plasmon resonance, the free conduction electrons oscillate
collectively, leading to an intense local electromagnetic field, as shown in Figure 1.7.112
The electromagnetic decay takes place on a femtosecond timescale, either radiatively
through re-emitted photons115 or non-radiatively by transferring the energy to hot
electrons.48,

116-117

The plasmons undergo non-radiative decay first into single-electron

excited states, after which emission of photoelectrons may occur if the plasmon energy
exceeds the work function of the metal.116 The rest of the single-electron excited states
relax non-radiatively through electron-electron and electron-phonon collisional processes
and are ultimately converted into heat.

48

Non-radiative decay in noble-metal

nanostructures can take place through intra-band excitations within the conduction band or
inter-band excitations caused by transitions between other bands (for example, d bands)
and the conduction band.118-119

15

Figure 1.7 A schematic description of localized surface plasmon resonance in a metal
sphere shows the oscillation of collective electrons driven by the electric field. Reprinted
with permission from ref. [112].

Figure 1.8 illustrates that when Ag is illuminated with visible light, only intra-band
transitions occur, generating highly energetic hot electrons. In contrast, inter-band
transitions occur in Au due to its relatively lower inter-band energy (∼2.3 eV).119
Therefore, the visible-light-induced inter-band transitions limit the production of highly
energetic electrons in Au,120 making it a less attractive hot-electron injector material than
Ag for solar-driven applications. However, small light-absorbing Ag NPs exhibit
resonance frequencies in the violet region of the visible spectrum, overlapping with the
absorption of most promising metal oxides, which limits Ag application.
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Figure 1.8 Illustration of the phonon-assisted intra-band electronic transitions in Ag
plasmonic nanoparticles (left) and inter-band electronic transition in Au plasmonic
nanoparticles (right) when illuminated with visible light. Reprinted with permission from
ref. [119].

1.4.2 Interfacial Charge Separation Mechanisms
Despite many kinds of noble metal and semiconductor composite have been
developed and already demonstrated that the photocatalysis efficiency can be dramatically
enhanced,46, 48, 121-122 the understanding of the reasons is still very limited. Until now, there
are three reasons proposed:44,

123-124

1) light absorption enhancement by photonic

enhancement,125 which can be understood by either the light trapping enhance the light
path by forward and backward light scattering in large particle126 or light absorption crosssection increment in small particle by creating a strong local electromagnetic field with
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intensity up to ~103 times the incident field;46 2) reduction of the charge recombination rate
by the plasmon-mediated electromagnetic field;125 3) enhancement of the charge separation
in metal and semiconductor interface by different mechanisms, including plasmon-induced
hot-electron transfer (PIHET),127-128 plasmon-induced resonance energy transfer
(PIRET),129 direct interfacial charge-transfer transition (DICTT),130-131 and plasmoninduced interfacial charge-transfer transition (PICTT).130 The schematic pathways of these
four mechanisms are shown in Figure 1.9.130
PIHET: A hot electron-hole pair can be generated by the plasmon non-radiative
decay under proper light irradiation. Hot electrons can overcome the Schottky barrier
between the metal and semiconductor interface and transfer to the adjacent semiconductor
(Figure 1.9 PIHET). Tian and Tatsuma first proposed the PIHET mechanism based on the
measurements in the Au-TiO2 system.128 The charge separation efficiency is determined
by the relative energy of hot electrons in the metal to the height of the Schottky barrier at
the interface.125, 132 The hot electrons energies depend on the carrier concentrations and
geometry (shape and size) of the plasmonic structures, which offer flexibility in controlling
the PHET enhancement by varying the geometry of plasmonic metals.44 The hot electron
injection efficiency was reported only around 40% in the Au-TiO2 while almost 100% for
ruthenium N3 dye to TiO2 studied by transient absorption spectroscopy,133 which means
some unknown pathways exist to consume the plasmonic energy and retard its transfer to
the semiconductor. More efforts are required to understand this fundamental issue to design
efficient plasmonic photocatalysts by fully utilizing the plasmonic hot electrons.
PIRET: Interestingly, the plasmon-enhanced photocatalysis is still observed when
an insulating SiO2 layer exists between the plasmonic metal and the semiconductor.129 To
explain this phenomenon that the PIHET mechanism cannot work, Nick Wu’s group made
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an unprecedented discovery of the PIRET process (Figure 1.9 PIRET).129,

134

PIRET

proceeds via coupling between the SPR dipole of the metal and the transition dipole of the
semiconductor, which non-radiatively transfers the plasmonic energy from the metal to the
semiconductor, leading to charge separation in the semiconductor. In contrast to PIHET,
the dipole-dipole interaction thus does not require intimate contact between the plasmonic
metal and the semiconductor. The efficiency of PIRET depends on both the distance and
the spectral overlap between the semiconductor’s absorption band and the SPR band of the
plasmonic metal.129 In contrast to the PIHET, the PIRET process is expected to be much
more efficient in enhancing the photocatalytic activity because it still can enable the charge
separation in the semiconductor at the energies even below the bandgap. This indicates that
incorporating multiple plasmonic photosensitizers into a wide bandgap semiconductor
could result in the absorption of full-spectrum solar radiation that can generate electronhole pairs in the wide bandgap semiconductor.
DICTT: In this process, an electron-hole pair can be directly generated in the
interface with the electron in the condition band of semiconductor and holes in the metal
(Figure 1.9 DICTT). Such transitions between metal adatoms and semiconductor
electrodes have been reported,135 as having metal-to-adsorbate resonances for CO adsorbed
on Pt nanoparticles131, 136 and Cs atoms adsorbed on Cu(111).137 However, these interfacial
transitions are often too weak compared with bulk metal transitions or plasmon bands131,
137

and cannot serve as efficient light-harvesting pathways.
PICCT: This new pathway was first proposed and experimentally demonstrated in

colloidal quantum-confined CdSe-Au nanorod heterostructures by Tim Lian group in
2015.130 In this pathway (Figure 1.9 PICTT), the direct generation of an electron in the
semiconductor and an electron-hole in the metal-induced by the surface plasmon resonance
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effects, where the metal plasmon serves as a light absorber, but strong interdomain
coupling and mixing of the metal and semiconductor levels. This model is an extension of
the chemical interface damping model that has been proposed to account for the adsorbateinduced broadening of the plasmon bands of metal nanoparticles.138

Figure 1.9 Four charge-separation pathways at metal and semiconductor interface. PHET:
plasmon-induced hot-electron transfer; PIRET: plasmon-induced resonance energy
transfer; DICTT: direct interfacial charge-transfer transition; PICTT: plasmon-induced
interfacial charge-transfer transition. Reprinted with permission from ref. [130].
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Despite many mechanisms proposed to describe the hot electron injection process
from metal to semiconductor, understanding the dynamics after the electrons injected into
the conduction band of semiconductors is also necessary because it related to the electron
recombination process. However, the fact is that the systematic study the electron dynamics
in the conduction band of semiconductors is still limited. Usually, the electron dynamics
can be described as a multiexponential decay function.130, 139-140 Many mechanisms are
proposed to explain the multiexponential decay both in the dye-sensitized semiconductor
and metal-semiconductor systems.139,

141-144

For example, the inhomogeneous spatial

distribution of adsorption sites and electrons in the TiO2 conduction band, and different
energy trap sites were proposed by Lian group to understand the nonexponential decay for
Fe(II)(CN)64- sensitized TiO2 nanoparticles.141 Durrant group studied the recombination
dynamics in dye-sensitized nanocrystalline TiO2 film and they modeled the recombination
by the random walk of electrons in TiO2 between an energetic distribution of trap states.144
In the Au/TiO2 system reported by Tachiya group, they assigned the decay to the back
electron transfer from Au to TiO2 and the nonexponential was due to the diffusion of many
electrons in the TiO2.133, 142 The biexponential decay with a half-time of 1.45 ps was
assigned to the charge recombination times in the Au/CdSe NRs systems by Lian group.130
The hot electron cooling and trapping were also proposed to interpret the initial decay of
the transient IR signal in the N3-TiO2 system.143 Both Hartland and Lian groups found that
the recombination dynamics depended on the sample synthesis methods.145-146
This stems in part from the fact that the deduced time constants, which are typically
extracted from phenomenological models, 139-140 cannot be assigned to specific physical
processes. The development of a physical model is necessary to obtain an unambiguous
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physical picture of the electron dynamics. This should be very helpful for the improvement
of the solar energy conversion efficiency for both photovoltaic and photocatalysis devices.
In the second part of this dissertation, I will describe how to understand the electron
dynamics in several systems (Ag/TiO2, porphyrin/TiO2, and porphyrin/Ag/TiO2) by
employing some specific physical models to analyze the transient absorption experimental
results.

1.5 Aim and Scope of the Dissertation
There are two significant parts of this dissertation. In the first part, from chapters 3
to 6, we study the molecule structure and solvent effects on the dye-sensitized solar cells
by second harmonic scattering and transient absorption spectroscopies. We figure out why
the acetonitrile solvent is widely used. The second part includes chapters 7 to 9, where the
electron dynamics in Ag/TiO2, porphyrin dye/TiO2, and dye/Ag/TiO2 systems have been
investigated by transient absorption spectroscopy. The corresponding physical models are
proposed to describe the dynamics processes quantitively.
Chapter 2 is the brief introduction of the general theory of Second-Harmonic
Scattering (SHS) and Transient Absorption (TA) Spectroscopies. The experimental setups
are also described.
Chapter 3 studies the influence of the molecular structure of the dye on adsorption
using SHS. We find that para-ethyl red (p-ER) exhibits a strong SHS response, while no
signal is detected from ortho-ethyl red (o-ER). This suggests that o-ER does not adsorb
onto TiO2, likely due to the effects of steric hindrance.
Chapter 4 investigates the adsorption of p-ER onto TiO2 in aprotic and protic
solvents. It is found that p-ER molecules adsorb to TiO2 with a smaller free energy change
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and with a larger density in protic solvents than in aprotic solvents. Two different
adsorption models are proposed to account for the deduced adsorption isotherms. In aprotic
solvents, p-ER adsorbs directly onto TiO2. Conversely, in protic solvents, where solvent
molecules bind strongly to TiO2, the dye molecules only adsorb onto the solvent shell
around the particle. Our results indicate that protic solvents are unfavorable for inducing
adsorption of carboxylic dyes.
Chapter 5 examines how aprotic solvents affect p-ER adsorption onto TiO2. Dye
number density is found to be similar in different aprotic solvents and the adsorption free
energy is found to increase with solvent polarity. This can be understood as re-solvation of
the solvent molecules (i.e., displaced by the adsorption of the dye molecule at the surface)
in more polar solvents results in a larger adsorption free energy for dye adsorption. With
this, it is finally clear why acetonitrile is such an effective solvent for DSSC devices.
Chapter 6 shows the solvent effects on electron injection from p-ER to TiO2 probed
by transient absorption. Measurements conducted in three different aprotic solvents show
that electron injection lifetimes are in the 250-300 fs range but display a trend positively
related to solvent polarity. This trend can be understood using the Marcus theory, in which
the reorganization energy varies correspondingly in the three solvents. This study shows
that for aprotic solvents with higher polarity facilitates faster electron injection, which
further substantiates acetonitrile as a more effective solvent for DSSC devices.
Chapter 7 presents the plasmon-induced hot electron dynamics in Ag adsorbed on
TiO2. Photoexcited electrons after injection from the Ag into the TiO2 conduction band
show decays on three ultrafast time scales. This complex electron dynamics is crucial to
the photosensitized device efficiency but has never been explained. We have devised a
physical model incorporating all known dynamic processes to account for the observed
23

multi-exponentials and found that each of the decays is related to more than one process.
With the rate of the individual process determined, we quantitatively characterize
generation and retention of conduction band electrons in metal sensitized semiconducting
nanomaterials.
Chapter 8 displays the excited state exciton dynamics for a porphyrin J-aggregate.
The relaxation dynamics of the monomer are shown to be much slower than the Jaggregate, which can be explained by the creation of new nonradiative relaxation channels
produced following aggregation. Moreover, no electron injection from the TPPS porphyrin
J-aggregate to the TiO2 NRs is observed, mainly due to that both the porphyrins and the
TiO2 NRs are negatively charged and hence exhibit a strong electrostatic repulsion.
Chapter 9 focuses on the J-aggregate/Ag/TiO2 composite investigation. After the Jaggregate are introduced to the Ag/TiO2 system, transient absorption experimental results
analysis shows that nearly all of the light shin on this system are absorbed by the Jaggregate either by the direct excitation and indirect energy transfer (plasmon-induced
resonant energy transfer) from Ag after the plasmon created under the pump light. Our
findings indicate that the plasmon can enhance the dye adsorption in a
dye/metal/semiconductor system.
Chapter 10 is a summary and perspective. Some unresolved questions and possible
new directions are discussed as well.
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CHAPTER 2
NONLINEAR AND ULTRAFAST OPTICAL SPECTROSCOPIES

2.1 Overview
Optical spectroscopy encompasses a wide variety of techniques used to study how
matter interacts with light. When light interacts with a medium, the induced polarization
of the medium by an electromagnetic field can be expressed as a power series, shown in
Equation 2.1:147
𝑃+⃗ = 𝑃+⃗. + 𝜀. (𝜒 (1) 𝐸+⃗ + 𝜒 (%) 𝐸+⃗𝐸+⃗ + 𝜒 (3) 𝐸+⃗𝐸+⃗ 𝐸+⃗ +∙∙∙)

(2.1)

where 𝑃+⃗. is the permanent polarization, 𝜀0 is the vacuum permittivity, and c(1), c(2), and
c(3) are the first, second, and third-order susceptibilities, respectively. 𝐸+⃗ is the incoming
electric field.
When the intensity of the electric field is very small (10-103 V/cm), as emitted from
bulbs or flash lamps, the induced polarization is dominated by the linear terms,
𝑃+⃗. + 𝜀. 𝜒 (1) 𝐸+⃗. These linear processes, like absorption, reflection, refraction, diffraction or
scattering, do not significantly change the matter’s properties, because they are several
orders of magnitude smaller than the intensity of the electric fields binding electrons to the
nuclei in the matter (~109 V/cm).148
Since the amplitude of the lower order susceptibility is always more significant than
the higher-order ones (for example, in condensed phase media the relative amplitude of
𝜒 (1) : 𝜒 (%) : 𝜒 (3) is 1:10-12:10-24),147,

149

therefore, when the applied electric field is

sufficiently intense, like a pulsed laser (electric field of the order of 105-108 V/cm),147, 150
the higher-order terms 𝜒 (%) 𝐸+⃗ 𝐸+⃗，𝜒 (3) 𝐸+⃗𝐸+⃗ 𝐸+⃗ cannot be negligible.
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Second-harmonic generation (SHG) is a second-order nonlinear optical process
first discovered from a non-centrosymmetric quartz crystal in 1961.151 After 20 years of
development, the original of the SHS finally attributes to the symmetry-breaking nature of
a medium.152 Since the central symmetry is necessarily broken along the normal direction
of an interface, SHG is a powerful surface-specific tool to characterize the molecular level
details of the interface.153-155
Under the continuous efforts of great scientists, many kinds of nonlinear
spectroscopies are developed. For example, the other second-order spectroscopy, Sum
Frequency Generation (SFG) Spectroscopy,154-158 can be used to study the vibration mode
of the interfacial molecules. Some third-order nonlinear spectroscopy such as Transient
Absorption (TA) Spectroscopy can be employed to study the electron dynamics.159-162

2.2 Second Harmonic Generation
2.2.1 Theory of Second Harmonic Generation
Second Harmonic Generation (SHG) is a special case of second-order nonlinear
spectroscopy in the frequency domain, where two photons at frequency ω are coupled to
produce one photon at the second harmonic frequency 2ω from a nonlinear medium, as
illustrated in Figure 2.1. The induced second-order polarization 𝑃+⃗ can be expressed as:147,
163

(%)
𝑃+⃗%5 = 𝜀. 𝜒 (%) 𝐸+⃗5 𝐸+⃗5

(2.2)

As an even order term in the polarization expression, SHG, is sensitive to the
symmetry of the medium. For isotropic media, an inversion symmetry operation changes
all vectors’ signs. Therefore, the second-order polarization, 𝑃+⃗ , can be expressed as:
(%)
−𝑃+⃗%5 = 𝜀. 𝜒 (%) (−𝐸+⃗5 )7−𝐸+⃗5 8
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(2.3)

To satisfy both Equations 2.2 and 2.3, it implies 𝜒 (%) = −𝜒 (%) , which is impossible
unless 𝜒 (%) = 0 . Therefore, 𝜒 (%) vanishes in symmetry inversion media and SHG is
forbidden. However, at interfaces where inversion symmetry is broken, 𝜒 (%) is not
necessarily equal to zero under inversion operation. In other words, the SHG is forbidden
from isotropic bulk and only allowed from an interface, which makes SHG an intrinsic
interface-specific technique.

Figure 2.1 Schematic of second harmonic generation from a nonlinear medium with
second-order susceptibility 𝜒 (%) .

To investigate SHG from the interface, a planar interface model was widely
(%)
adopted, as displayed in Figure 2.2. The nonlinear polarization 𝑃+⃗%5 generated from the

interface is governed by Maxwell’s equations, from which the wave equation can be
derived as:147, 164
−∇% 𝐸+⃗%5 +

; ′ > = ?+⃗=@
<=

>A =

= −;

(=)

> = C+⃗=@

1
B<

=

>A =

Where 𝜀 ′ is the relative permittivity; c is the speed of light.
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(2.4)

The intensity of the SHG signal can be given by solving the above wave equation
at the condition that ignores the depletion of the fundamental light, expressed as:147, 164
(=) =

I%5 =

=
EFGHII F 5 = J@
∆RS
𝐿% 𝑠𝑖𝑛𝑐 % ( % )
=K
=
K@
=@ ;B <

(2.5)

(%)

where 𝜒TUU is the effective second-order nonlinear susceptibility, 𝑛%5 and 𝑛5 are the
refractive indices of the media at the frequencies of 2ω and ω, I5 is the intensity of the
incident light, L is the optical length, and ∆𝑘 is the difference of wave vectors between
the incident and the SHG light, i.e., ∆𝑘 = 𝑘%5 − 2𝑘5 .

Figure 2.2 Schematic of the model to treat the second harmonic generation response from
a planer interface between two isotropic media.
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Besides the constant parameters (𝑛%5 , 𝑛5 , c, 𝜀. , L), once the incident light
(%)

intensity I5 is fixed, only the left two parameters 𝜒TUU and ∆𝑘 determinate the SHG
intensity. Second-order nonlinear susceptibility 𝜒 (%) describes the response of the medium
to the applied field. This macroscopic property of the interface can be related to a two-level
molecular energy level system between the ground and excited states, shown in Figure 2.3.
Two incident photons with the same frequency ω excite a molecule from the ground state
“g” to an excited state “e”. Subsequently, the molecule returns to the ground state with an
emission of a photon with the second harmonic (SH) frequency 2ω. The full expression for
the nonlinear susceptibilities under dipolar approximation can be expressed as: 147, 165
χ(%) = b75

\𝑔^𝜇 ^𝑖 `\𝑖 ^𝜇 ^𝑒`\𝑒 ^𝜇 ^𝑔`
cd e58efgdc hb75cH e%58efgHc h

(2.6)

Where ⟨𝑔|𝜇|𝑖⟩ represents the transition dipole moment from the ground state g to the
intermediate state i, 𝜔mf is the corresponding frequency of the transition, 𝑟fm is the
linewidth associated with the transition, etc. Equation 2.6 shows that the magnitude of
𝜒 (%) , corresponding to the SHG intensity, can be dramatically enhanced when the incident
or/and the SHG frequency is in resonance with any of the transitions. This condition can
be satisfied by selecting proper incident wavelength so that ω or 2ω is close to 𝜔mf or 𝜔mT .
After the 𝜒 (%) is determined, the I%5 in Equation 2.5 can reach the maximum
under the condition ∆𝑘 = 0, called the phase-matching condition. This can be achieved
by tuning the incident light direction if more than two lights are applied. But for SHG, this
phase-matching condition is automatically fulfilled in a planar surface.
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Figure 2.3 The energy diagram of the two-level system for second harmonic generation.

The second-order nonlinear susceptibility𝜒 (%) is a third rank tensor with 3×3×3=27
(%)

elements, can be expressed as 𝜒foR , where i, j, and k denote the x, y, and z Cartesian
(%)

coordinates, respectively. The macroscopic susceptibility elements 𝜒foR can be written as
(%)

the sum of the individual molecular polarizabilities 𝛽f ′ o ′ R ′ through a statistical average
over molecular orientations:165
(%)

(%)

𝜒foR = 𝑁 ∑ s𝐹foRf ′ o ′ R ′ (𝜃)v 𝛽f ′ o ′ R ′

(2.7)

Where i, j, k are laboratory coordinate; 𝑖 ′ , 𝑗 ′ , 𝑘 ′ are molecular coordinate; N is the
number of molecules on a surface, q is the molecular orientation on a surface, and
s𝐹foRf ′ o ′ R ′ (𝜃)v is the ensemble average of the product of the direction cosines between
laboratory axes and molecular axes. More orientated molecules aligned on the interface,
the higher SHG intensity is expected to be detected.
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2.2.2 Second Harmonic Generation at Colloidal Particle Interface
Because the SHG signal is only allowed in the symmetry inversion broken
system,147,

164

like the planer surface and interface, it was believed that, as a

centrosymmetric system, surfaces of colloids could not be investigated using SHG until
1966, when Eisenthal and coworkers first demonstrated that SHG could be detectable at
the surface of spherical colloidal particles where some malachite green molecules were
absorbed.166 Different from planar surfaces where SHG is emitted along the reflective
direction, SH signal from colloid particle surfaces scatter into space with an angular
distribution determined by the sizes, shapes, and compositions of the particles.167-170 As a
result, SH signal from particle surfaces is often called Second Harmonic Scattering (SHS),
which has already been applied to characterize various molecular processes on the surfaces
of various colloidal particles including nanoparticles,169,

171

aerosol particles172 and

biological cells.173-174
The nonlinear Rayleigh-Gans-Debye (NLRGD) theory or the nonlinear Mie
(NLM) theory was developed to descript the SH fields generated from molecules adsorbed
at all regions of the particle and the SH signal scattered in all solid angles.175-177 In general,
an individual non-centrosymmetric molecule can generate SH radiation by itself.178 When
two close molecules are oppositely oriented, the radiated field generated will cancel with
each other. Therefore, the net coherent radiated field from all of the molecules dissolved
in the bulk solution is zero because the molecules oriented randomly. This can be
understood through the fact that for each molecule oriented in a given direction, there is
another one oriented in the opposite direction. When the distance is much less than the
coherence length of the process, the nonlinear polarization from the bulk species is out of
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phase. Therefore, the statistical sum of the polarization is zero, resulting in no coherent SH
generation.
Consider a simple model of a spherical particle with a diameter D, two identical
molecules adsorbed on the particle surface with opposite orientations,165-166 as is shown in
Figure 2.4. The oppositely oriented molecules have nonlinear hyperpolarizabilities 𝛽 (%) ,
of opposite sign. The total SH electric field 𝐸%5 can be expressed as:179
𝐸%5 ∝ 𝛽 (%) 𝐸5 𝐸5 (1 − 𝑒 f∙∆R∙{ )

(2.8)

In the forward direction, where the SH signal is generated along the incident beam
propagation direction. The amplitude of the scattering vector ∆𝑘 can be calculated as:
∆𝑘 = 2𝑘5 − 𝑘%5 =

|}(K@ eK=@ )
~@

=

|}∙∆K
~@

(2.9)

From Equations 2.8 and 2.9, it is clear that if D is much less than the incidental
wavelength 𝜆5 , then ∆𝑘 ∙ 𝐷 ≪ 1 and 𝐸%5 = 0 . On the other hand, if 𝐷 ≈ 𝜆5 , then
∆𝑘 ∙ 𝐷~1, which means constructive interference of the SH polarization from the two
molecules. When the magnitude of ∆𝑘 ∙ 𝐷 = 𝜋, 𝐸%5 will reach the maximum, which is
of twice that of the individual molecule.
Then consider, if the propagation directions of the fundamental and SH lights are
no longer parallel to each other, i.e., there is an angle between the two beams 𝜃… , as shown
in Figure 2.4 (B). In this case, the amplitude of the scattering vector should be calculated
differently:176
∆𝑘 = 2𝑘%5 𝑠𝑖𝑛

†‡
%

=

|}∙K=@
~=@

𝑠𝑖𝑛

†‡
%

(2.10)

As mentioned before, the constructive interference condition is ∆𝑘 ∙ 𝐷 = 𝜋, it is
demonstrated that the phase-matched SH intensity appears at larger scattering angles with
particle sizes decrease. In other words, the detection angle of the SH experimental setup is
32

dependent on the colloidal particle size. For example, if the size is close to the fundamental
light wavelength, the forward direction can be applied.

Figure 2.4 Schematic of second harmonic light scattering from colloidal particles with a
diameter comparable or larger (A) and much smaller (B) than the incidental wavelength.

2.2.3 Second Harmonic Light Scattering Experimental Setup
A forward direction detection experimental setup has been built for collecting the
SH emission spectrum, as shown in Figure 2.5. Briefly, a Ti:Sapphire oscillator (Coherent,
Micra-5, average power 350 mW) with 80 MHz repetition rate and 50 fs pulse duration
centered at 800 nm was used for our experiments. A long-pass filter (Schott RG695) was
placed before the sample to remove the SH signal generated along the propagation path of
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the fundamental beam. The laser was focused at the center of a glass cuvette (inner diameter
0.8 cm, outer diameter 1.0 cm) in which a magnetic stirrer is positioned to ensure
homogeneous mixing of the dye molecules and colloidal particles. As it was expected that
SHS from small size particles has a wide distribution of scattering angles, the SH signal
was collected by a 5 cm focal length 2-inch lens in a wide solid angle (within ± 27° in both
horizontal and vertical angles around the fundamental beam propagation direction).
After passing through a bandpass filter (Schott BG39, 340 nm - 600 nm) that got
rid of the fundamental beam, the collected light was delivered into a monochromator
(Acton 300, Grating 300 groves/mm, blazed at 500 nm) and measured by a photomultiplier
tube (PMT, R1527 Hamamatsu). The electronic signal from PMT was further amplified by
a fast preamplifier (350 MHz, Stanford Research) and analyzed by a photon counting
system (Stanford Research SR400). A Labview (National Instrument) program was written
to control the monochromator and to record data from the photon counting system. The
emission spectrum was measured by scanning the wavelength through the monochromator.
And the time-dependent experiment was performed by fixing the monochromator at 400
nm and collecting the SH signal at 1-sec interval synchronized by the computer.
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Figure 2.5 Schematic of the experimental setup for second harmonic light scattering.

2.3 Transient Absorption Spectroscopy
2.3.1 Theory of Transient Absorption Spectroscopy
Transient absorption (TA) spectroscopy, an ultrafast optical pump-probe technique,
has been proven to be a powerful tool to investigate ultrafast dynamics.162, 180-182 TA is
third-order nonlinear spectroscopy in time-domain. In general, the third-order polarization
𝑃+⃗(3) at time domain can be expressed as:147
𝑃+⃗(3) (𝑡1 , 𝑡% , 𝑡3 ) = 𝜀. 𝜒 (3) (𝑡1 , 𝑡% , 𝑡3 )𝐸+⃗1 (𝑡)𝐸+⃗% (𝑡 + 𝑡1 )𝐸+⃗3 (𝑡 + 𝑡1 + 𝑡% )

(2.11)

Where E1, E2, E3 are the three electric fields that interact with the system sequentially, t1,
t2, t3 are the temporal delay between the electric fields as well as the third-order signal and
𝜒 (3) is the third-order nonlinear susceptibility.
Ultrafast TA is based on ultrashort laser pulses.183-184 The pump triggers a
perturbation of the sample twice simultaneously (t1 = 0) at time zero. This perturbation is
monitored by the probe, and both pulses are delayed by varying the optical pathlength of
the pump beam with a delay stage.185 The pump “on” and “off” can be controlled by a
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chopper. The schematic view of a pump-probe experiment is shown in Figure 2.6. This
time delay between pump and probe (t2) allows investigating changes in absorbance from
the instrument response function (IRF). The broadband probe enables to monitor various
wavelengths simultaneously, which is explained in more detail below.

Figure 2.6 Schematic view of a pump-probe experiment. The pump beam is delayed with
respect to the probe beam using a delay line. The intensity of the probe beam after the
sample is detected. The pump “on” and “off” can be controlled by a chopper.

The probe beam intensity transmitted through the sample depends on whether the
pump “on” or “off” when arriving at the sample. Let’s call the intensity transmitted through
the sample with the pump Ioff and without pump Ion. The absorbance of the sample in the
absence (A) and presence (A + ΔA) of the pump are shown in Equations 2.12 and 2.13,
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respectively.185 The resulting change in absorbance is then obtained, as shown in Equation
2.14.
J

𝐴 = − log • ŽII
•
J

(2.12)

B

J

𝐴 + ∆𝐴 = − log • JŽ• •

(2.13)

B

J

∆𝐴 = − log ‘J Ž• ’

(2.14)

ŽII

Where, I0 is the probe pulse intensity without sample; ∆𝐴 is the differential absorption
between the pump “on” and “off”, which holds a large amount of information. The intensity
is mostly proportional to the number of excited molecules and the absorption coefficient
of the transient species.

Figure 2.7 A schematic description of how transient absorption experiment measurement
works. The blue and red dots represent the ground state and excited state electrons,
respectively.
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An example shown in Figure 2.7, can be used to describe how the ∆𝐴 come from.
When the pump is “off”, for example, eight electrons (blue dots) in the ground state are
measured the absorption A=8S0. When the pump light turns “on”, two electrons (red dots)
are pumped to the excited states. Now the total absorption of the sample A+∆𝐴 = 6S0+2S1.
The differences absorption ∆𝐴 = -2S0+2S1, where the negative means the loss of electrons
in ground stats and positive means the new generation of electrons in an excited state.
The sign of the ΔA signal defines which particular species contributes to the signal
as shown in Figure 2.8.186
1) Negative sign, Ion > Ioff. This is the case for ground-state bleaching (GSB) and
stimulated emission (SE). For GSB, the pump can be absorbed by the sample within the
absorption range of the ground state. For SE, where the probe triggers the radiative decay
of the excited state and thus increases Ion. SE spectra possibly shift to the red as the excited
state cools down to the lowest excited state level (Figure 2.8 B).
2) Negative sign, Ioff > Ion. This is the case for excited-state absorption (ESA), an
indicator of a new transient species originating from the sample excitation.

2.3.2 Application of Transient mid-IR Absorption Spectroscopy
The probe of the TA spectroscopy used in this thesis is located in the mid-IR region.
This is also called Transient mid-IR Absorption (TA-IR) Spectroscopy, which is
commonly used to detect vibrational transitions of the molecules (ground, excited, and
oxidized forms).187 Progress in the use of TA-IR and related techniques to investigate
connections between photoinduced charge transfer and structural/vibrational processes
have been used extensively to study a wide range of materials and interfaces,188-190 and has
recently been highlighted by Weinstein and coworkers,191 as well as Vauthey and
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coworkers.192 More interesting, TA-IR was also found to be used to detect the electrons in
the conduction band of semiconductor and can be applied to investigations of solar energy
conversion, with several examples for DSSC and noble metal/semiconductor systems, was
also recently discussed by Furube,193 and Lian and coworkers.180, 182, 188

Figure 2.8 (A) The energy diagram describes the different contributions to the transient
absorption spectra. (B) The various features in a typical transient absorption spectrum.

The IR laser pulse probes the absorption through intra-band transitions of the
electrons in the conduction band of the semiconductor.194 For the free carrier to absorb a
photon, scattering with a phonon is required for momentum conservation, resulting in an
absorption coefficient that increases with the photon wavelength. Consequently, absorption
by free carriers in the conduction band is strong through the mid-IR but becomes negligible
in the visible region. Because the electron signal is present in all semiconductors, TA-IR
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spectroscopy can be used to study the electron injection in any adsorbate (metals,
molecules)/semiconductor composite.

2.3.3 Transient mid-IR Absorption Spectroscopy Experimental Setup
A noncollinear geometry was used for our transient mid-IR absorption
spectroscopy setup, as shown in Figure 2.9. Briefly, A regen-amplified Ti:Saphire laser
system (Quantronix) operating at 800 nm and 1 KHz repetition rate was used for the
experiments. A typical output power of the laser was 2.5 W. The 800 nm output from the
regenerative amplifier was split into two parts to generate pump and probe pulses. A tiny
portion (40%) was frequency-doubled in a BBO crystal to generate pump pulses at 400 nm
with the fluence at the sample kept as low as 3 µJ/pulse (using a combination of a halfwave
plate and a polarizer) to minimize higher-order annihilation processes. The other part of
the output laser pulse was used to pump an IR Optical Parametric Amplifier (Quantronix,
Palitra-FS/REV.A) to generate two tunable near-IR pulses ranges of 1.2 to 1.5 µm and 2.4
to 1.7 µm, separately. These signal and idler pulses were then combined in an AgGaS2
crystal to generate 1900 cm-1 (1.5 μJ/pulse) through difference frequency generation. The
IR beam was attenuated by more than 1000 times before the samples. The pump and probe
pulse focal point sizes were 350 and 160 µm, respectively. The 1900 cm-1 radiation was
detected by a liquid nitrogen cooled HgCdTe detector (Judson J15D14-M204B-S01M-60D31316), followed by an amplifier. The pump pulses were chopped by a New Focus Model
3501 Chopper at 500 Hz so that the absorbance change can be measured as the difference
between two adjacent probe pulses (one with the pump on and the next without). Signals
from the probe detector were sent to a lock-in system (Stanford Research, SR830 DSP
Lock-in Amplifier). The digitized outputs were processed and recorded by a home-made
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program based on Labview. The pump-probe cross-correlation (instrument response
function) was represented by a Gaussian with FWHM of 300 ± 10 fs by measuring the
solvent scattering.

Figure 2.9 Schematic of the experimental setup for transient mid-IR absorption
spectroscopy.
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CHAPTER 3
MOLECULAR STRUCTURE EFFECTS ON DYE ADSORPTION ONTO
TITANIUM DIOXIDE NANOPARTICLES

3.1 Introduction
As described in Chapter 1, the sensitizer dyes are crucial factors that can affect the
dye-sensitized solar cells (DSSC) efficiency.78, 81, 84, 89, 195 There are five types of dyes
developed in the last several decades, including Ruthenium polypyridyl dyes,81 Metal-free
organic dyes,84 Porphyrin dyes,78 Quantum-dot,195 and Perovskite-based sensitizers.89
Among them, the highest efficiency (23.7%) was achieved based on perovskite, but its
stability is quite low.89 The quantum-dots and organic dyes were reported to achieve a
similar highest efficiency (16.6%).84, 195 Despite the current solar conversion efficiency is
not the highest, the organic dyes with the donor–Π spacer–acceptor structure have more
advantages such as low cost, easy synthesis and high flexibility of the molecule structures,
etc.82-83
In DSSC, the efficiency is highly determined by the interaction between dye
molecules and the surface of semiconductor (e.g., TiO2) particles.65, 196-197 The dye with
carboxylic groups was reported to be strongly covalent bonded with TiO2,105, 198-199 which
are widely used in DSSC devices.102, 199-200 It was found a dye molecule with different
isomers showed quite different solar conversion efficiency previously.201 However, the
mechanism study about how the molecular structure influence the DSSC efficiency is still
lacking. One of the reasons might be that it is challenging to directly measure the
interaction between dye and TiO2 in the experiment. Thanks to the development of the
surface-specific technique second harmonic scattering (SHS), which has been employed
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into lots of particle surface/interface studies in molecular details.166, 169, 202-204
In this chapter, we employ SHS to examine the surface adsorptions of the para- and
ortho-isomers of a carboxylic anchoring dye, ethyl red, onto TiO2 nanoparticles. Para-Ethyl
Red (p-ER) and ortho-Ethyl Red (o-ER) are chosen as the case study dyes in our
experiments since their uses in sensitized TiO2 photovoltaic applications have been
documented.199, 201, 205-208 We found that only the p-ER can adsorb on the TiO2 surface
while o-ER not, likely due to the steric effects. The results have already been published in
Langmuir, 2017, 33, 7036–7042.209

3.2 Experimental Section
3.2.1 Materials
The titanium dioxide powders (Rutile TiO2, 99.9%, U.S. Research Nanomaterials
Inc.) was used as received. Acetonitrile (ACN, ≥99.93%, Sigma-Aldrich) was used without
further purification. The chemical structures of the two dyes used in this study, para-Ethyl
Red (p-ER) and ortho-Ethyl Red (o-ER) are shown in Figure 3.1. o-ER (Alfa Aesar) was
used as received commercially and the purity of ≥ 98% is checked by NMR measurements.
The dye p-ER was synthesized according to the procedure reported in the
literature:210 2.0 g 4-amino benzoic acid (Alfa Aesar) and 30 ml 6 M HCl aqueous solution
in a 100 ml flask was cooled in an ice-bath. Ice-cold NaNO2 (1.0 g in 5 ml H2O) solution
was added slowly into the flask. The solution was stirred for 30 min to produce diazonium.
Subsequently, an ice-cold solution with 2.3 ml diethyl aniline (Alfa Aesar) and 10 ml 12
M HCl was added into the mixture and left to stir for 1 hour at 0 °C. The resultant product
was neutralized with saturated NaHCO3 solution. The precipitated orange solid was
collected and washed with water three times, followed by recrystallization with methanol.
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The final powder was dried at 50 °C under vacuum. The purity of p-ER was ≥ 98% checked
by NMR measurements as well. (The p-ER sample was synthesized by Xia Li.)

Figure 3.1 Chemical structures of p-ER (left) and o-ER (right).

3.2.2 X-Ray Diffraction
The X-Ray Diffraction (XRD) pattern of the TiO2 nanoparticles is shown in Figure
3.2. The grain size and rutile fraction can be calculated by the Scherrer equation.211 The
results display a well-defined diffraction pattern indicating the presence of the rutile crystal
formation. For the rutile phase, peaks were observed at 2θ values of 27.84, 36.51, 39.66,
41.64, 44.49, 54.73, 57.05, 63.20, 64.47, and 69.38°,212-213 respectively, representing the
Miller indices of (110), (101), (200), (111), (210), (211), (220), (002), (310) and (301)
planes, respectively. The weight fraction of rutile phase is calculated to be 100 wt.% from
the equation of WR=1/ [1+0.8(IA/IR)], where IA is the X-Ray integrated intensities of the
(101) reflection of anatase which is not present in this sample and therefore is 0, and IR is
that of the (110) reflection of rutile at 2θ of 27.84°. The rutile diffraction lines also correlate
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to ICDD PDF card 21-1276. (The measurement was performed by Danielle L. Kuhn and
Zachary Zander at the U.S. Army Edgewood Chemical Biological Center.)

Figure 3.2 The X-Ray diffraction (XRD) pattern of Rutile TiO2 nanoparticles.

3.2.3 Scanning Electron Microscope
The Scanning Electron Microscope (SEM) images were obtained on FEI Quanta
450FEG SEM equipped with the latest Energy Dispersive Spectrometer (Oxford Aztec
Energy Advanced EDS System). The SEM images are shown in Figure 3.3. The average
size of the TiO2 nanoparticles was characterized to be 160 ± 40 nm in diameter. (The
measurement was performed by Xia Li.)
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Figure 3.3 The scanning electron microscope (SEM) images of the commercially available
TiO2 nanoparticles. The average size is demonstrated to be 160 nm in diameter.

3.2.4 Second Harmonic Light Scattering
The experimental setup for Second Harmonic Light Scattering has been described
in detail in Chapter 2. The density of TiO2 particles was set to 3.8×109 per mL in the
solution for the SHS experiments. All experiments were performed at room temperature
(22 ± 1 °C).

3.3 Results and Discussion
Based on the theory of SHS in the colloid solution, the SHS signal comes from the
dye molecules adsorbed on the nanoparticle surface.166, 169 To check if the SHS signal
comes from p-ER molecules at the surface of TiO2 particles, SHS intensities taken at 400
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nm from three samples, including TiO2 in Acetonitrile (ACN) colloid solution with 20 μM
p-ER, TiO2 in ACN colloid solution without p-ER, and 20 μM p-ER ACN solution are
compared in Figure 3.4. The p-ER/TiO2 sample produces more than 104 times larger SHS
signal than p-ER and TiO2 alone, confirming that the SHS signal is only from p-ER
adsorbed on TiO2 surface. The hyper Raleigh Scattering signal at 400 nm from TiO2
colloidal solution and the p-ER solution is too weak to be detectable.

Figure 3.4 SHS intensity profiles with the units (counts per second) from 20 µM p-ER in
TiO2-in-ACN solution (red), 20 µM p-ER in ACN alone (green), and TiO2 in ACN alone
(black), respectively.
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Previous experiments demonstrated that the carboxylic acid anchoring position
could affect the DSSC performance.199, 201, 214 To illustrate the mechanism of molecular
structure effects, o-ER, another isomer of p-ER, was chosen to study the adsorption onto
TiO2 particle surfaces by SHS. Figure 3.5 shows SHS measurements of the two dyes in the
TiO2-in-ACN solution. Upon adding p-ER into the TiO2 colloidal solution to make a 20
µM concentration, a discernable SHS signal was detected. In contrast, with 20 µM o-ER
in the TiO2-in-ACN solution, the SHS signal is too weak to be detected within our
experimental sensitivity.

Figure 3.5 SHS intensity profiles with the units (counts per second) from 20 µM p-ER (red
dots) and 20 µM o-ER (black dots) in TiO2-in-ACN colloids.
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In order to understand the different SHS behavior for o-ER and p-ER dye molecules
in ACN solutions containg TiO2 nanoparticles, the factors that can influence the SHS
intensity need to be reviewed again. In principle, the SHS intensity depends on the surface
adsorbed molecules number density and the surface nonlinear susceptibility, which is a
coherent sum of the molecular hyperpolarizability according to the ensemble orientation
average. We first consider adsorption on the surface. The TiO2 particle surfaces were found
to be neutral in ACN from zeta potential measurement. The Ti atoms on the surface of TiO2
are the sites for –COOH to bind.215 Consequently, the ER dyes adsorb onto the TiO2 surface
with the –COOH group anchored at the surface. For the para isomer, the hydrophobic part
of the molecule stretches away from the surface. In contrast, the part of the ortho isomer
beyond the N=N group presents a steric hindrance upon adsorption. In addition, the
interaction of –COOH and the adjacent nitrogen of the azo- moiety of o-ER could attenuate
the interaction of the –COOH and TiO2 surface. This possibility was previously proposed
with the computational predictions in the literature.201 Consequently, the formation of an
intramolecular hydrogen bond for the ortho-isomer could lead to the weak binding of the
dye with the TiO2 surface. These results imply that o-ER unlikely binds to the TiO2 surface,
so there is no detectable SHS signal.
One of the other possibilities is that although o-ER adsorbs onto the surface, the
molecules tend to lie down, and orient tangentially on the TiO2 particles. Such a geometric
configuration might lead to weak SHS responses from o-ER on TiO2 surfaces. To assess
which is the most likely causing the near-zero SHS from o-ER, we first determine the
relative strength of the molecular hyperpolarizability (with 800 nm fundamental for
generating 400 nm second harmonic) of o-ER vs. p-ER. The same experimental setup
described above was used for measuring the hyper-Rayleigh scattering intensity. The
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scattered light intensity at 400 nm was recorded for 2 mM dye in either tetrahydrofuran
(THF) or ACN and the solvents only. It was found that the hyper-Rayleigh intensities from
the two dye isomers, with the solvent background subtracted, show the following ratio:
In THF, I(o-ER)/I(p-ER) = 2.2/1.0 and in ACN, I(o-ER)/I(p-ER) = 10.7/1.0. The ratios
presumably differ from the solvent-induced shift of the electronic transition strength at 400
nm. The hyper-Rayleigh measurements indicate that the molecular hyperpolarizability of
o-ER is much larger than p-ER. The fact that there is zero SHS intensity while p-ER gives
strong SHS intensity can only result from the fact that o-ER does not adsorb onto the TiO2
surface due to steric hindrance. If o-ER does adsorb onto the surface tangentially, there still
should be a component of hyperpolarizability that is perpendicular to the surface for
generating detectable, low SHS intensity.
This comparative study clearly demonstrates the effect of molecular structure on
adsorption. Our results show that the p-ER dye can adsorbe on the TiO2 surface while oER cannot, simplify due to the steric hindrance. This work also explains why the o-ER
derivative-sensitized solar cells exhibit a very low solar energy conversion in the previuos
report.201

3.4 Conclusions
The effects of molecular structure on the adsorption of carboxylic anchoring dyes
p-ethyl red and ortho-ethyl red, two isomers, onto TiO2 particles in aprotic solvents have
been investigated. The interface-sensitive Second Harmonic Light Scattering technique has
been used to directly detect adsorption of the dye molecules on the surface of the TiO2
particles in the colloidal solution.
Through hyper-Rayleigh scattering measurements, we have determined that o-ER
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has a much larger molecular hyperpolarizability than p-ER. However, it has been found
that upon adding the dyes into the TiO2 colloids, the SHS signal from p-ER is strong, but
there is no detectable signal from o-ER. This observation can only be explained by
concluding that o-ER does not adsorb onto the particle surface because of the steric
hindrance presented by the o-ER structure. This observation also provides an explanation
about why o-ER has a much lower DCCS efficiency.
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CHAPTER 4
DYE ADSORPTION ONTO TITANIUM DIOXIDE NANOPARTICLES IN
APROTIC AND PROTIC SOLVENTS

4.1 Introduction
As discussed in Chapter 1, the solvent can affect the dye-sensitized solar cells
(DSSC) performance98, 100, 107-108 because it plays a vital role in the working electrode
fabrication process, where the TiO2 thin film is soaked with a dye solution to let the dye
molecules be absorbed onto the TiO2 surface. Obviously, the solvent selection can affect
the dye adsorption process to the TiO2.97, 100, 108, 205 There are many works about the solvent
effects on dye adsorption have been reported previously.98, 100, 105, 108 A first-principles
investigation study showed that the adsorption free energy for a carboxylic dye in
acetonitrile is much higher than in water, suggesting that water can effectively compete
with dye adsorption while acetonitrile not.105 As also mentioned in Chapter 1 that the
acetonitrile is the best and widely used solvent for both the ZnO-based106 and TiO2-based97,
103, 105

DSSC. However, the general understanding of how solvents affect dye adsorption

on TiO2 is still lacking.
Generally, solvents can be classified into two categories: protic and aprotic.104 It is
anticipated that dyes with carboxylic groups will be subjected to hydrogen bonding in
protic solvents,205, 216-217 in contrast to the absence of hydrogen bonding in aprotic solvents.
Hydrogen bonding to solvent molecules should reduce the tendency for the dye to bind to
the TiO2 surface. Further, alcoholic protic solvent molecules may form strong covalent
bonds with the semiconductor surface, 218-221 which would subsequently hinder interactions
between the carboxylic dyes and TiO2.
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To quantitatively determine the adsorption characteristics for dyes interacting with
TiO2 colloidal particles, we use the surface-specific technique, second harmonic light
scattering (SHS).166, 169, 173, 203, 222-226 SHS has been demonstrated as a versatile tool for
accurate measurement of the adsorption density and free energy of molecules on colloidal
particle surfaces.171, 222, 225 In previous Chapter 3, we have demonstrated that the carboxylic
anchoring dye, p-ER can be worked as a perfect probe molecule in the SHS experiment
measurement.
In this chapter, we use the p-ER as the representative dye molecule to study the
solvent effects on the dye adsorption onto TiO2 by SHS. Specifically, two kinds of solvents,
protic (ethanol and isopropanol) vs. aprotic (acetonitrile) solvents are studied. It is found
that strong binding of protic solvent molecules with TiO2 prohibits direct adsorption of pER directly onto the TiO2 particle surface. This work has been published in J. Phys. Chem.
C, 2019, 123, 8265–8272.227

4.2 Experimental Section
4.2.1 Materials
The synthesis procedure and the molecular structure of the p-ER have been
described in detail in Chapter 3. The description and characterization of the rutile TiO2
(99.9%, U.S. Research Nanomaterials Inc.) nanoparticles have been described in Chapter
3. Acetonitrile (ACN, ≥99.93%) and isopropanol (IPA, ≥99.5%)) were purchased from
Sigma-Aldrich. Ethanol (EtOH, 200 proof-Absolute, Anhydrous) was purchased from
Pharmco-Aaper Inc. All of the solvents were used as received without further purification.
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4.2.2 Second Harmonic Light Scattering
The experimental setup for Second Harmonic Light Scattering has been described
in detail in Chapter 2.

4.2.3 Dynamic Light Scattering
The hydrodynamic size of TiO2 nanoparticles (NPs) in different solvents were
measured with a Malvern Zetasizer Nano ZSP. Similar to the SHS experiments, a density
of 3.8 ×109 TiO2 particles per mL solution was used for the DLS measurements. The
dielectric constants228-229 used for ACN, EtOH, and IPA are 37.5, 24.3, 18.3, respectively.
The refractive indexes228 used for ACN, EtOH, and IPA are 1.342, 1.359, 1.383,
respectively. Measurements were conducted at (25.0 ± 0.1) °C with the 632.8 nm laser
output. A total of three measurements were acquired for each sample.

4.2.4 Fourier Transform Infrared Spectroscopy
FTIR spectra were recorded on a Thermo Nicolet Magna 860 FTIR spectrometer
with a spectral resolution of 0.5 cm-1 averaging 128 scans, equipped with an MCT detector
cooled by liquid nitrogen. A home-made sample holder assembly, which has an optical
path-length of a 25 μm (defined by a plastic spacer), was used to allow measurements of
the solute in solvent and solvent spectra in a single experiment. The final reported results
correspond to the absorbance of the solute, in which the pure solvent signal has been
removed by subtraction.

4.2.5 Computational Methods
Ab initio calculations were performed to deduce the magnitude and spatial
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orientation of the frequency-dependent first hyperpolarizability tensor elements, b(2w;w,w), for p-ER under different solvent conditions. Specifically, time-dependent density
functional theory (TD-DFT), using the Coulomb attenuating method (CAM),230 was used
to characterize the ten lowest energy excited electronic states of p-ER at the cam-B3LYP/6311+G(2d,p) level of theory. Frequency-dependent hyperpolarizabilities were calculated
using the Polar CPHF=(RdFreq) keyword. Solvent effects were modeled using the
SCRF=(PMC, Solvent=***) keyword in which the solvent was specified as either ethanol
or acetonitrile. Additionally, TD-DFT was used to deduce the magnitude and spatial
orientation of the electronic transition dipole moments for transitions from the ground state
to the ten lowest energy electronic states. All calculations were performed in the
GAUSSIAN09 suite of programs.231 (The calculation was performed by Michael J. Wilhelm.)

4.3 Results
4.3.1 TiO2 Nanoparticle Size Distribution
Solvent molecules may bind to TiO2 particles with different strengths. Molecules
bound to particles through covalent bonds would appear in dynamic light scattering (DLS),
which measures the hydrodynamic size of the particle moving in the solvent, together with
the solvent shell as part of the particle. DLS measurements of TiO2 particles in ACN (red
line), EtOH (black line), and IPA (blue line) are shown in Figure 4.1. The experimental
data were fit to a Gaussian function to deduce the average hydrodynamic size distribution
of TiO2, which were found to be 310 ± 73 nm, 483 ± 134 nm, and 444 ± 156 nm in ACN,
EtOH, and IPA, respectively. It is noted that the hydrodynamic size (diameter) of TiO2
colloids in the protic solvents, EtOH and IPA, is 100 nm larger than in the aprotic ACN.
This increased size indicates that the protic solvent molecules bond strongly with the TiO2
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particle and therefore form a molecular solvent shell around the particle. In the absence of
solvents, scanning electron microscopy (SEM) measurements reveal that the average size
of TiO2 nanoparticles is 160 ± 40 nm, which is roughly 150 nm, 320 nm, and 280 nm
smaller than the hydrodynamic size in ACN, EtOH, and IPA, respectively. The
substantially thicker solvation shells observed for EtOH and IPA (>150 nm) likely stems
from stronger bonding of the solvent with TiO2.

Figure 4.1 Dynamic light scattering measurement of TiO2 particles in ACN (red line),
EtOH (black line), and IPA (blue line). The average hydrodynamic size distribution in
ACN, EtOH, and IPA is 310 ± 73 nm, 483 ± 134 nm, and 444 ± 156 nm.
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4.3.2 Adsorption Isotherms
It has been shown that p-ER can facilitate second harmonic generation (SHG)
following irradiation with 800 nm light. The resulting 400 nm SH light is resonantly
enhanced.209 As p-ER adsorbs onto a surface, molecule-surface interactions (as well as
inter-adsorbate interactions) align the adsorbed p-ER molecules so that the SH light
generated by these molecules constructively interfere. Conversely, the SH light generated
by randomly oriented p-ER molecules in solution destructively interfere and cancel with
each other. Consequently, the SHS signal detected from samples containing colloidal TiO2
and p-ER reflects the amount of p-ER adsorbed on the particle surface.
Figure 4.2 displays the SHS intensities measured as a function of the p-ER
concentration added into the TiO2 colloid in different solvents. The SHS intensity at each
data point was recorded after it reached a constant value following the addition of the dye,
indicating that equilibrium has been reached at that specific p-ER concentration. The red
dots are the SH intensities from p-ER molecules adsorbed on TiO2 in ACN. The SH signal
reached saturation at the low concentration of only ca. 5 µM. The black dots are SH
intensities from p-ER adsorbed on TiO2 in EtOH, where the signal reaches saturation at ca.
25 µM. Blue dots are from p-ER adsorbed on TiO2 in IPA, where saturation is observed at
ca. 20 µM, similar to the EtOH result. The maximum SH intensity of p-ER adsorbed on
the TiO2 surface in ACN is almost 25 times larger than the signal for either EtOH or IPA.
The insert in Figure 4.2 shows the SH intensity as a function of p-ER concentration with
the maximum of each SHS curve normalized to the same magnitude.
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Figure 4.2 Experimentally measured adsorption isotherm of p-ER onto TiO2 nanoparticle
surface in ACN (red dots), EtOH (black dots), and IPA (blue dots). The solid curves are
fits based on different Langmuir adsorption models: Equation 4.3 for ACN and Equation
4.6 for EtOH and IPA. Insert shows the normalized SHS intensity curves.

Next, we consider competing for solvent effects on the adsorption of p-ER on the
TiO2 surface. Specifically, we monitor changes in the measured SH intensity from a sample
containing colloidal TiO2 in ACN, a constant concentration of p-ER, and increasing
concentrations of EtOH. Figure 4.3 shows the normalized SHS signal from 10 µM p-ER in
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the TiO2 in ACN colloid, as a function of EtOH concentration added. The first point is the
measured SH signal without EtOH and was normalized to 1. Importantly, the SHS signal
is observed to decrease as the concentration of EtOH increases. Specifically, the SHS signal
decreases to 0.5 when 10 µM EtOH was added (i.e., corresponding to equal parts p-ER and
EtOH) and the signal decays to less than 0.1 when 0.1 M EtOH was added.

Figure 4.3 The normalized SHS signal from a sample containing 10 µM p-ER in the TiO2
in ACN colloid as a function of EtOH concentration. The SHS signal decrease indicates
that EtOH can displace adsorbed p-ER molecules from the TiO2 surface in ACN.
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4.4 Analysis
4.4.1 Overview
The SHS intensity, ISHS, can be quantitatively analyzed to extract information such
as the adsorption free energy and the density of surface adsorbed dye. Experimentally, ISHS
is related to the square of the p-ER surface coverage, q, which is defined as the ratio of the
surface adsorbed dye molecules numbers (N) to the maximum number of adsorption sites
(Nmax) on the nanoparticle surface:153-154, 171, 173
𝐼”•” ∝ 𝐴𝜃 %

(4.1)

Where A is a proportionality scaling constant that is intrinsically related to the ensemble
average of the hyperpolarizability of p-ER adsorbed on the particle surface.

4.4.2 p-ER Adsorption onto TiO2 Surface in Aprotic Solvents
The surface coverage of p-ER on the TiO2 surface at any given dye concentration
in the colloidal solution can be quantitatively described by the Langmuir model. For an
aprotic solvent like ACN, the coverage is determined by the adsorption equilibrium:
𝑘£
𝐷 + 𝑇𝑆 ⇌ 𝐷𝑇 + 𝑆
𝑘¤

(4.2)

Here a p-ER dye molecule (D) moves onto a surface adsorption site (TS), displaces an
adsorbed solvent molecule (S) from the surface into the solution, and becomes adsorbed
(DT). The adsorption and desorption rates are denoted as ka and kd, respectively. q is related
to the total concentration of p-ER in solution:169, 222-223
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Where Nmax and the adsorption equilibrium constant, K=ka/kd, can be obtained from a
nonlinear least-squares fit of the adsorption isotherm in Figure 4.2. K can then be used to
calculate the adsorption free energy DGads. The numerical constant 19 corresponds to the
molar concentration of pure ACN in units of mol/L.
The fit deduced Nmax for p-ER on TiO2 in ACN is 1.58 ± 0.04 μM (Table 4.1),
which is smaller than the theoretical maximum number 2.7 μM. The adsorption free energy
is -11.4 ± 0.1 kcal/mol.

Table 4.1 Fitting parameters, including the proportionality A constant and the maximum
number density Nmax of p-ER adsorption onto TiO2 nanoparticles, the binding constant K
in ACN and the scaled 𝛂K in EtOH and IPA. The adsorption free energy △G is calculated
from K or 𝛂K.
Aprotic

ACN

A

257800 ±998

Nmax (μM)

1.58±0.04

19/K (μM)

Protic

EtOH

IPA

8672±148

9478±133

Nmax (μM)

18.2±0.4

15.0±0.3

0.08±0.01

1/𝛂K (μM)

0.13±0.06

0.11±0.04

K

(2.4±0.3)´108

𝛂K (M-1)

(7.5±3.4)´106

(8.8±3.4)´106

∆G(kcal/mol)

-11.4±0.1

∆G(kcal/mol)

-9.4±0.2

-9.5±0.2

A

4.4.3 p-ER Adsorption onto TiO2 Surface in Protic Solvents
Adsorption of p-ER onto TiO2 in protic solvents, such as EtOH and IPA, differs
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from that in aprotic solvents due to two primary considerations: 1) p-ER can form hydrogen
bonds with solvent molecules and 2) protic solvent molecules strongly bind to the TiO2

1599.2

(b)
EtOH
1698.5
1719.3

(a)
ACN

1722.1

1598.2

surface.

Figure 4.4 FTIR spectrum of p-ER in ACN (a) and EtOH (b). Peaks at 1598.2 cm-1 and
1599.2 cm-1 correspond to aromatic modes. Peaks at 1722.1 cm-1 and 1719.3 cm-1
correspond to COOH stretches. The new peak at 1698.5 cm-1 (in EtOH) is the hydrogenbonded COOH stretch. The broadband near 1640 cm-1 in the ACN spectrum corresponds
to residual signal from the ACN solvent not removed from the subtraction procedure.

The existence of hydrogen-bonded p-ER can be identified in the IR absorption
spectrum. Figure 4.4 depicts the FTIR absorption spectra for p-ER and TiO2 in ACN
(Figure 4.4a) and EtOH (Figure 4.4b). All the observed spectral resonances can be assigned
as follows except the broadband near 1640 cm-1 in the ACN spectrum, which is an artifact
resulting from the subtraction procedure aimed at removing the signal from the ACN
solvent. The bands at 1598.2 and 1599.2 cm-1 correspond to the aromatic modes (naromatic)
62

of p-ER in ACN and EtOH, respectively. Likewise, the bands at 1722.1 and 1719.3 cm-1
are the C=O stretch mode (nCOOH) of the carboxylic groups of p-ER in ACN and EtOH,
respectively. The peak at 1698.5 cm-1 in EtOH, but not in ACN, is assignable to hydrogenbonded carboxylic groups of p-ER. The measured intensity ratio between hydrogen-bond
COOH (1698.5 cm-1) and free COOH (1719.3 cm-1) is roughly 2:1, strongly suggesting
that the ratio of hydrogen-bonded COOH to free COOH is about 2:1.

Protic solvents like EtOH and IPA bind strongly to TiO2.218, 232 The strong binding
is supported by the particle size measurements described in the previous section.
Furthermore, previous studies have reported that the adsorption free energy for a hydroxyl
group (-OH) interacting with a TiO2 surface is comparable to that of a carboxyl group (COOH).220, 233-235 We, therefore, expect that in alcoholic solvents, it is unlikely that p-ER
will displace a solvent molecule from the TiO2 surface. This is especially true for our
experimental conditions in which the p-ER concentration is orders of magnitude smaller
than the solvent (i.e., µM vs. M). Instead, we anticipate that p-ER would predominantly
adsorb onto the solvent shell around the TiO2 particle.
The adsorption of p-ER can, therefore, be described by two distinct equilibria: 1)
the hydrogen bonding equilibrium for p-ER and solvent molecules forming hydrogenbonded p-ER (represented by DHS):
𝑘1
𝐷 + 𝑆 ⇌ 𝐷𝐻𝑆
𝑘e1
(4.4)
and 2) the adsorption equilibrium of p-ER onto a surface site of the solvent shell
(represented by DTS):
63

𝑘£
𝐷 + 𝑇𝑆 ⇌ 𝐷𝑇𝑆
𝑘¤

(4.5)

Consequently, the dye surface coverage for protic solvents can be expressed as: 236
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where a=1/(17´K1+1), in which K1 is the equilibrium constant of Equation (4.4) and K is
the equilibrium constant of Equation 4.5. Nonlinear least-squares fittings of SH intensities
as a function of p-ER concentration in EtOH and IPA yield values of aK and Nmax.
The Nmax of p-ER on TiO2 in EtOH and IPA obtained from the fitting (reported in
Table 4.1) are 18.2 ± 0.4 μM and 15.0 ± 0.3 μM, respectively. These are more than 5 times
higher than the theoretical maximum number of 2.7 μM. The hydrogen bond scaled
adsorption free energy of p-ER on TiO2 in EtOH and IPA are -9.4 ± 0.2 kcal/mol and -9.5
± 0.2 kcal/mol, respectively. Both are 2 kcal/mol less than the adsorption free energy in
ACN.

4.5 Discussion
4.5.1 Adsorption of p-ER onto TiO2 in Aprotic vs. Protic solvents
Different from the physical adsorption for carboxylic dye on the TiO2 surface, the
solvent molecules bind strongly to the TiO2 surface and compete against direct dye
adsorption onto the particle surface in protic solvents.
Hydrogen bonding between the solvent hydroxyl group and the carboxylic group
of the dye has already been discussed.205 Here, hydrogen bonding specifically between
EtOH and p-ER was confirmed by FTIR measurements (Figure 4.4). It is expected that the
hydrogen bonding between solvent molecules and p-ER can reduce the quantity of p-ER
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molecules that may adsorb onto the particle surface.
The interaction of alcohols on TiO2 surfaces has previously been studied.232-233 The
chemisorption and dissociation of alcohol on TiO2 surfaces have been observed.218 Our
DLS measurements in Figure 1 show that the TiO2 hydrodynamic size is 1.5 times bigger
in EtOH and IPA when compared with that in ACN: indicating that EtOH and IPA strongly
bind onto the TiO2 particle and form a solvent shell. Consequently, in the presence of protic
solvents, p-ER likely adsorbs to the solvation shell, rather than the TiO2 particle surface.
Our analysis shows that the adsorption free energy change for p-ER adsorption onto
TiO2 in ACN is roughly 2 kcal/mol larger than in EtOH and IPA. This difference is likely
due to the differences in binding sites: i.e., in ACN, p-ER adsorbs directly onto TiO2,
whereas in protic solvents, p-ER adsorbs onto the solvent shell surrounding the particle.
The binding energy between the carboxylic group of p-ER with TiO2 is expected to be
stronger than that between the carboxylic group with the solvent molecules surrounding
the TiO2 particle.
The Nmax for p-ER on the particle surface in protic solvents is deduced to be an
order of magnitude larger than in the aprotic solvent ACN. We note that Nmax is the total
number of p-ER molecules on the surface and is a product of the surface area and the
adsorption density.
The unit cell dimension of the Rutile TiO2 (110) surface are around 2.96 Å ´ 6.49
Å.237-238 The carboxylic group binding site on the TiO2 (110) surface is expected to be 19
Å2 (i.e., suggesting a number density of 5.0×106 µm-2). For 160 nm diameter TiO2 particles,
the maximum adsorption molecule numbers (Nmax) is calculated to be around 2.7 µM (the
calculation processes are detailed described in Appendices A). Our theoretical maximum
concentration is nearly 2-fold larger than the experimentally deduced value (1.58 ± 0.04
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μM) and therefore strongly suggests that p-ER adsorption on TiO2 particles in ACN is
characterized by an unsaturated monolayer. This number is, however, an order of
magnitude smaller than the 18 µM and 15 µM values deduced for p-ER on TiO2 particles
in EtOH and IPA, respectively.
To rationalize the much larger Nmax in protic solvents, we first consider that the
particle size measured in EtOH and IPA was 1.5 times larger than in ACN.
Correspondingly, the surface area of the particles in the protic solvents is ~ 2.25 times
larger than in ACN. Furthermore, the larger particle sizes in the protic solvents are
consistent with the conjecture that there is a solvent shell around the TiO2 particle and that
p-ER adsorbs onto the solvent shell. As reflected by the free energy changes measured for
the different adsorptions in the two different types of solvents, the dye-protic molecule
interaction is weaker than the dye-TiO2 binding. The weaker interaction depicts that the
adsorption of dye on the solvent shell is less site-specific than on the TiO2 surface.
Consequently, the adsorption density on the solvent shell can be larger than on the TiO2
surface. An estimate based on the measured Nmax and particle size put the average
adsorption site on the particle in the protic solvents as ~2.5 Å2, a small but not unreasonable
number considering that the carboxylic group has a 2-3 Å2 size.201
As shown in Figure 4.5, two different solvent-dependent adsorption models are
described for interactions of p-ER with TiO2 particles. In ACN, the -COOH group of p-ER
chemically bonds with the Ti atoms of the TiO2 and displaces the surrounding ACN solvent
from the TiO2 surface. Conversely, in EtOH, which binds strongly with TiO2 to form a
solvent shell around TiO2, p-ER is unable to displace the EtOH solvent. Instead, p-ER
adsorbs onto the surface of the EtOH solvation shell coating the TiO2 particle.
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Figure 4.5 Different adsorption models for p-ER onto TiO2 nanoparticle surfaces in ACN
and EtOH. In ACN, p-ER can replace the adsorbed ACN and chemically bind with TiO2.
In EtOH, p-ER interacts with the EtOH solvation shell covering the TiO2 nanoparticle.

We then ask the question - Why does a smaller density of p-ER on TiO2 in ACN
give more SHS signal than the protic solvent cases where more p-ER are adsorbed on the
particle? Here we recognize that in addition to adsorption density, factors like the ensemble
orientation and intermolecular interactions of the molecules on the surface may strongly
affect the SHS intensity.
First, consider the orientation of p-ER at the particle surface in different solvents.
It is reasonable to assume that p-ER molecules are aligned in the same orientation when
they adsorb directly on the TiO2 surface with the -COOH group chemically bound to the
Ti atoms.206 In contrast, p-ER adsorbed on the surface of the EtOH solvation shell, where
the interaction is weaker and the solvent shell molecules may not be as ordered as the TiO2
surface atoms, may not have the same alignment and therefore yields a more disordered
orientation. Consequently, the ensemble average of the molecular hyperpolarizability of
the aligned molecules on the TiO2 surface may result in a much larger surface susceptibility
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than that of the more disoriented molecules on the solvent shell.
Time-dependent DFT calculations were performed to characterize the magnitude
and relative spatial orientation of the resonantly enhanced first hyperpolarizability tensor
components, b(-2w;w,w), of p-ER in both protic (EtOH) and aprotic (ACN) solvents.
Specifically, we calculated the b(-2w;w,w) components at 2w = 400 nm, which is in near
resonance with the predicted S2 state of p-ER. The molecular frame orientation of the bzzz
(-2w;w,w) components were predicted to be relatively invariant with respect to solvents, in
which the main projections were aligned predominantly along the major in-plane molecular
axis (x-axis), and (to a lesser extent) along the out-of-plane axis (z-axis). However, the
magnitude of b(-2w;w,w) showed an explicit solvent dependency in which b(-2w;w,w) for
ACN was predicted to be ca. 25% larger than that for EtOH (i.e., 2.55x10-26 esu vs.
1.91x10-26 esu). These calculations further substantiate the validity of the proposed
adsorption models.

4.5.2 Protic Solvents Bind More Strongly Than p-ER with TiO2
A key factor influencing the adsorption behaviors of the carboxylic anchoring
group of p-ER to TiO2 under different solvent environments is that, as compared to p-ER,
protic solvent molecules tend to bind more strongly with TiO2. To demonstrate this point,
we examine the competitive nature of absorption between p-ER and EtOH on TiO2
particles.
Specifically, we examined what would happen to the measured SHS signal from a
p-ER in the TiO2/ACN sample following the addition of increasing concentrations of
EtOH. If protic solvents, such as EtOH, do indeed exhibit stronger interactions with the
TiO2 surface, the expected result should be a reduction in the measured SHS signal as p68

ER is displaced from the TiO2 surface. As depicted in Figure 4.3, the maximum signal is
observed only in the absence of EtOH. As EtOH is introduced to the sample, and as the
EtOH concentration increases, the measured SHS signal exhibits a substantial and
monotone decrease. This result strongly indicates that EtOH displaces surface adsorbed pER from TiO2 in ACN, and likewise that EtOH exhibits more durable binding to the TiO2
surface. This is consistent with our proposed adsorption model that, for protic solvents, pER is shielded from direct TiO2 adsorption due to preferential binding of the solvation
shell.
It should be noted that some prior studies have reported the usage of
protic/alcoholic solvents in the preparation of DSSC devices.98, 107-108 Further, it has been
previously reported that carboxylic-anchoring dyes, such as p-ER, in gaseous conditions
bind to rutile TiO2 in several different forms (e.g., bidentate, monodentate). So how to
understand our current observation that p-ER does not bind to the surface of rutile TiO2 in
the presence of an alcoholic solvent? It is important to note that during the production
process of most DSSC devices, the solvent is eventually evaporated leaving behind the dye
which can then interact with the TiO2 surface. In the current study, we examine the dyeTiO2 binding in the presence of solvent (ethanol) which exists in the colloid with orders of
magnitude higher concentration than the dye. This is a very different scenario compared to
the dry dye-TiO2 electrode. Our study shows that in the presence of alcoholic solvents, pER cannot access the TiO2 surface due to preferential binding of the excess solvent, but
adsorbs onto the solvent shell surrounding the particle. However, during the
drying/evaporation process, p-ER can adsorb to the TiO2 surface following the loss of
nearby solvent molecules. In fact, our results are actually fully consistent with prior studies
examining the dye-TiO2 interaction in the absence of solvent.
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Interestingly, it is well known that solvent selection can significantly affect the
overall efficiency of DSSC devices,97, 100, 102, 108 even though the solvents are eventually
removed from the electrode. The effects of solvent selection to the overall efficiency of
DSSC devices, however, until recently remained to be characterized. This and our previous
study on aprotic solvents209 directly examine the interactions between the carboxylic
anchoring dyes and the TiO2 surface in the presence of solvents, and contribute to the
eventual understanding of the role of solvents in making the most efficient DSSC devices.

4.6 Conclusions
The adsorption of the carboxylic anchoring dye, p-ER, onto TiO2 particles in protic
(e.g., EtOH, and IPA) vs. aprotic (e.g., ACN) solvents were studied using the surfacespecific technique SHS. IR absorption spectra indicate that portions of p-ER in protic
solvents are hydrogen-bonded. Light scattering measurements show that the particle size
of TiO2 in protic solvents is about 50% larger than in the aprotic solvent. The adsorption
free energy and the maximum density of p-ER on TiO2 were determined from analyses of
p-ER adsorption isotherms recorded from the SHS experiments.
Two different models for p-ER adsorption on TiO2 particles were proposed for the
two different types of solvents. In the aprotic solvent (ACN), p-ER dye molecules adsorb
directly onto the TiO2 surface and replace the adsorbed ACN molecules. In the protic
solvents, however, it is assumed that the solvent molecules bind strongly with TiO2 and
form a solvent shell. Consequently, as they are unable to displace the solvent molecules,
the p-ER molecules adsorb onto the solvent shell, but not the TiO2 surface. Furthermore,
the equilibrium between hydrogen-bonded and free p-ER is included in the adsorption
model in which only the non-hydrogen bonded p-ER adsorbs to the surface. The adsorption
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models can quantitatively reproduce the observed adsorption isotherms. The free energy
change for adsorption in the aprotic solvent is about two kcal/mole bigger than in the protic
solvents: reflecting that binding of p-ER directly on TiO2 is stronger than on the protic
solvent shells. Experiments depicting the competition of adsorption between p-ER and
ethanol on TiO2 in ACN further illustrate that the protic solvent molecules bind stronger
than p-ER with TiO2.
Analyses show that there are ten times more p-ER on the protic solvent shell than
on the TiO2 in an aprotic solvent, even though the SHS intensity is stronger for the aprotic
solvent case. This observation is consistent with the adsorption model in that p-ER directly
adsorbed on TiO2 are aligned in the same direction and result in larger surface
susceptibility. In contrast, more p-ER can adsorb on the solvent shell but with less
alignment and thus smaller susceptibility.
These findings show that for protic solvents, the carboxylic anchoring dye
molecules (like p-ER) do not adsorb directly on TiO2, instead they adsorb on the solvent
shell that is around the TiO2 particles. Based on this observation, it is reasoned that aprotic
solvents (ACN) are more suitable for mediating adsorption of carboxylic dyes on TiO2 for
DSSC applications.
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CHAPTER 5
SOLVENT POLARITY EFFECTS ON DYE ADSORPTION ONTO TITANIUM
DIOXIDE NANOPARTICLES IN APROTIC SOLVENTS

5.1 Introduction
As discussed in Chapter 4, we show that the carboxylic anchoring dye molecules
(like p-ER) do not adsorb directly on TiO2 in protic solvents, instead, they adsorb on the
solvent shell that is around the TiO2 particles. Based on this observation, we understand
that aprotic solvents are more suitable for mediating adsorption of carboxylic dyes on TiO2
for dye-sensitized solar cells (DSSC) applications. Then we further ask what kind of
property of aprotic solvent can affect the dye adsorption process? The solvent selection
rules should be addressed for the DSSC community to design more efficient devices.
Solvent properties such as the polarity, dipole moment, polarizability, exclusive
volume of the solvent molecule, dielectric constant, and hydrogen bonding could modulate
the interfacial interactions between the dye molecules and semiconductor,239-241 which can
affect the dye adsorption. Previous theoretical studies focused primarily on how the
adsorption geometry of organic dyes is configured on the TiO2 surface in the presence of
solvents.242-245 Although the surface density of some organic dyes at TiO2 surfaces has been
experimentally examined,100 the adsorption energy has not been measured and the effect
of different solvents on surface adsorption has not been explored.
In this chapter, we will continue to employ SHS to investigate the adsorption free
energy and density of the dyes at the surface of TiO2 particles and determine the effect of
different solvents on the surface adsorption of the dyes. We finally find the aprotic solvents
with the higher polarity contribute the higher dye adsorption free energy, which can answer
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the question we mentioned in chapter 1 why acetonitrile is widely used in DSSC. This work
has been published in Langmuir, 2017, 33, 7036–7042.209

5.2 Experimental Section
5.2.1 Materials
Four solvents were used without further purification: Tetrahydrofuran (THF,
99.7%, Alfa Aesar), Acetonitrile (ACN, ≥99.93%, Sigma-Aldrich), Acetone (Ace, ≥99.9%,
Sigma-Aldrich), and Ethyl Acetate (AcOEt, 99.5%, Sigma-Aldrich). The synthesis
procedure and the molecular structure of the p-ER have been described in detail in Chapter
3. The description and characterization of the rutile TiO2 (99.9%, U.S. Research
Nanomaterials Inc.) nanoparticles have been described in Chapter 3.

5.2.2 Second Harmonic Light Scattering
The experimental setup for Second Harmonic Light Scattering has been described
in detail in Chapter 2.

5.3 Results and Discussion
The solvent and dye interactions can be examined from the electronic spectra
(UV-Vis), which are shown in Figure 5.1: absorption spectra in the visible region of p-ER
in four aprotic solvents, ACN, Ace, AcOEt, and THF. Each of the four spectra shows two
peaks and is analyzed through nonlinear least-squares fit with each of the peaks assuming
a Gaussian band shape with band center and full-width-half-maximum as fitting
parameters. The fitting results show that both peaks shift to the red approximately in the
order of solvent polarity of THF, AcOEt, Ace, and ACN. The high-energy band centers are
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372 nm (THF), 371 nm (AcOEt), 378 nm (Ace), and 390 nm (ACN) while the low-energy
band centers are 447 nm (THF), 444 nm (AcOEt), 450 nm (Ace), and 454 nm (ACN).

Figure 5.1 UV spectra (solid lines) of p-ER in four different aprotic solvents, including
acetonitrile (ACN), acetone (Ace), ethyl acetate (AcOEt), and tetrahydrofuran (THF). The
UV envelops were fitted with two Gaussian peaks (broken lines), both of which show redshift with shift magnitude increasing approximately with solvent polarity. The center of the
high-energy peaks: 372 nm (THF), 371 nm (AcOEt), 378 nm (Ace), and 390 nm (ACN).
The low-energy peaks: 447 nm (THF), 444 nm (AcOEt), 450 nm (Ace), and 454 nm
(ACN).

A consequence of this shift is that as the polarity of the solvent increases, the highenergy peak comes closer to be in resonance with the second harmonic frequency.
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According to the classical solvation theory,239 the solvent-induced energy shift is given by:

DE = -

µ g ( µe - µ g )
éë f (e ) - f (n 2 ) ùû
3
a

(5.1)

Where μg is the dipole moment of solute in the ground state, μe is the dipole moment of
solute in an excited state, a is the spherical solute molecule radius with the units of Å,
f(ε)= (2(ε -1))/(2 ε +1), ε is the dielectric constant of solvents at low frequency, f(n2)=(2(n21))/(2n2+1), n is the refraction index of solvents. The spectral shifts with solvent polarity
are in accord with Equation 5.1 described above for both the high-energy peak and the lowenergy peak. The low-energy peak is attributed to π-π* transition, whereas the high-energy
peak is due to an intramolecular charge transfer transition. The red-shifts in UV spectra
suggest that the solvatochromism of the two transitions for p-ER is of positive character.
Figure 5.2 displays the SHS intensity measured as a function of the p-ER
concentration added into the TiO2 colloidal solution prepared with the four different aprotic
solvents. The SHS intensity at each data point was collected after it reached a plateau
following the addition of the dye, indicating that equilibrium has been reached at that
particular p-ER concentration. The adsorption isotherms for the four aprotic solvents show
different rising slopes, indicating that the adsorption free energy of p-ER onto TiO2 varies
with the solvent. In addition, the maximum SHS intensity level varies with the solvent – it
increases with increasing solvent polarity, in the order from THF, AcOEt, Ace, to ACN.
The maximum SHS intensity depends on the following factors: the maximum adsorption
density on the surface, the individual molecular hyperpolarizability b(2) in the specific
solvent, as well as the molecular orientation on the surface which affects the overall surface
nonlinear susceptibility. The transition energy for the high-energy peak shifts towards 400
nm from less polar THF to polar ACN, as shown in Figure 5.1. The electronic transition
shifts closer to be resonant with 2ω (400 nm) from THF to ACN, leading to a larger
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hyperpolarizability b(2) in the more polar ACN. Consequently, the hyperpolarizability b(2)
of the p-ER may increase in the same direction.246

Figure 5.2 SHS measured adsorption isotherms of p-ER onto TiO2 in the four aprotic
solvents (ACN, Ace, AcOEt, and THF). The solid red dots refer to the SH intensity in
ACN, the green Ace, the orange AcOEt, and the blue THF. The solid lines are the fittings
to the Modified Langmuir model (Equation 5.2). The inset displays the normalized SHS
isotherms of the four solvents.

To quantitatively determine the adsorption free energy of p-ER on the TiO2 surface,
the Langmuir model described in Chapter 4 was used to fit the SHS-measured adsorption
isotherms. In the analysis, the SHS intensity is proportional to the square of the surface
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coverage of p-ER, which is related to the total concentration C of dye molecules, including
the ones in the solvent and on TiO2 and the adsorption equilibrium constant K. The surface
population N relative to the maximum density of molecules on the surface (Nmax), namely,
surface coverage, is given by:169, 203-204, 223
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Where Cs corresponds to the molar concentration of pure solvent in units of mol/L. A
nonlinear least-squares fit of the SHS intensity measured as a function of C yields Nmax and
K from which the adsorption free energy △G can be deduced. The fitting results for the
adsorption of p-ER onto TiO2 in the four solvents are listed in Table 5.1.

Table 5.1 Comparison of the experimentally determined maximum number density Nmax
and the binding constant K of p-ER adsorption onto TiO2 nanoparticles in four aprotic
solvents (ACN, Ace, AcOEt, and THF). The adsorption free energy △G is calculated from
K.

Solvents

Nmax

K

(number of p-ER /µm2)

△G
(kcal/mol)

ACN

3.09 (± 0.08) ´ 106

257.34 (± 32.17) ´ 106

-11.43 ± 0.07

Ace

2.83 (± 0.35) ´ 106

62.10 (± 14.44) ´ 106

-10.58 ± 0.14

AcOEt

4.69 (± 0.42) ´ 106

25.70 (± 4.30) ´ 106

-10.06 ± 0.10

THF

4.68 (± 0.38) ´ 106

15.41 (± 1.48) ´ 106

-9.76 ± 0.06
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The maximum surface density Nmax of p-ER obtained from the fitting reported in
Table 5.1 is close to or smaller than that of the maximum surface coverage, 5.0×106 µm-2,
estimated below. We have used XRD to confirm that the rutile crystalline (110) phase
dominates our TiO2 nanoparticle sample. The unit cell of the TiO2 (110) surface has
dimensions of 2.96 Å ´ 6.49 Å.237-238 The carboxylic group binding site on the TiO2 (110)
surface is expected to be 19 Å2, under the assumption that one carboxylic group bind to a
unit cell of TiO2. For 160 nm diameter TiO2 particles, the maximum adsorption molecule
concentrations or binding sites (Nmax) is calculated to be around 2.7 µM, corresponding to
the number density of 5.0 ×106 µm-2, which is larger than the experimental results 3-4.7
×106 µm-2, indicating that p-ER adsorption onto TiO2 particles in ACN is characterized by
an unsaturated monolayer.
To get insights into the solvent-dependent adsorption of p-ER onto TiO2 particles,
we analyzed the correlation of the adsorption free energies measured in our experiments
with several solvent scales, including Kamlet-Taft parameters (hydrogen bond donation
ability a, hydrogen bond acceptance ability b, and pority/polaribility parameters p),247-248
acidity and basicity,249 donor numbers and acceptor numbers,250 polarity Z,251 and
ET(30).247, 252 These scales are categorized into two: the first three are microscopic and the
last two are macroscopic. It was found that the b value in Kamlet-Taft parameters, acidity,
and donor numbers give consistent tendency of the correlations with abilities of accepting
electrons for the solvents or donating protons with the adsorption free energies of the dye
onto TiO2. In other words, either of them could be used to describe the correlation with the
adsorption free energies measured in our experiments. Furthermore, the more macroscopic
scales such as ET(30) and polarity Z are also consistent with each other. The bigger the
solvent ET(30) and polarity Z is, the larger the surface adsorption free energy △G. As such,
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we plotted the △G obtained above with the b value in Kamlet-Taft parameters and the
ET(30) solvent scales,247,

252

as shown in Figure 5.3. Such correlations suggest that

interactions between p-ER and the solvents determine the adsorption of the dye onto TiO2
particle surfaces.

Figure 5.3 The adsorption free energy of p-ER onto TiO2 as a function of the ET(30) energy
representing the solvent polarity and the hydrogen bond acceptance (HBA) ability b for the
four aprotic solvents.

As the solvated p-ER adsorbs onto the surface, the free energy change encompasses
the energies associated with the following contributions: 1) taking the solvated p-ER to the
surface, 2) surface binding of p-ER, 3) partial solvation of the surface-bound p-ER, 4)
desorption of the surface-bound solvent molecule(s) replaced by p-ER, and 5) re-solvation
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of the displaced solvent molecule(s); as well as entropy induced energy change. Now we
consider the possible effects of solvent polarity in each of the contributions. It is reasonable
to assume that the energies associated with entropy change and Item 2 remain unchanged
with the increase of solvent polarity. Item 1 – de-solvation of p-ER in fact would contribute
to the opposite direction to the adsorption free energy change with increasing solvent
polarity; i.e., it would take more energy to de-solvate p-ER from solvents with larger
polarity and actually cause the adsorption free energy to be smaller. This particular effect
in Item 1 will be offset by Item 3 – partial solvation of the surface-bound p-ER. It is most
likely that the difference in energy caused by Items 1 and 3 is small so that the combined
influence is not consequential. This leaves the energies associated with desorption and resolvation of the surface-bound solvent molecules displaced by the adsorption of p-ER as
the major cause of the free energy change as a function of solvent polarity. The re-solvation
of the displaced solvent molecules in a more polar solvent will contribute more to the free
energy change, consistent with the trend observed experimentally. The above discussion
illustrates that the effect of solvent polarity is due primarily to the re-solvation of the
displaced solvent molecules from the surface by the dye molecule. These hypothetical
processes require support from calculations and are under investigation.
Our experimental findings also explain that the treatment of dyes in ACN improves
sensitized solar cells efficiency in the literature.253-254 The most likely interpretation, based
on our measurements, is that the difference of 1.4 kcal/mole in adsorption free energies
from the least polar solvent THF to the most polar ACN depicts the most efficient
adsorption of p-ER onto TiO2 in the most polar solvent. With this amount of difference in
free energy at room temperature, it takes approximately one order of magnitude less dye
concentration to achieve monolayer coverage in ACN than in THF.
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5.4 Conclusions
The effects of solvent polarity on the adsorption of carboxylic anchoring dyes pethyl red onto TiO2 particles in aprotic solvents have been investigated. The interfacespecific Second Harmonic Scattering technique has been used to directly detect adsorption
of the dye molecules on the surface of the TiO2 particles in the colloidal solution.
The Langmuir adsorption isotherm of p-ER in four aprotic dyes Acetonitrile,
Acetone, Ethyl Acetate and Tetrahydrofuran, have been measured as the SHS intensity
detected as a function of the dye concentration in the colloids. Analyses of the isotherms
afford the determination of the maximum adsorption density and the adsorption free energy
of p-ER in each of the four solvents. It was found that the maximum density varies slightly,
less than 50% from each other, among the four solvents. On the other hand, there is a 1.4
kcal/mole difference in the adsorption free energy with the magnitude being smallest from
the least polar solvent THF to the most polar solvent ACN. This observation provides an
explanation of why ACN is the most efficient among commonly used electrolytes for
DSSC.
The adsorption free energy measured for p-ER onto TiO2 linearly correlates with
the b value in Kamlet-Taft parameters, acidity, and donor numbers, polarity Z, and ET (30).
It appears that the higher the ability of accepting electrons and solvent polarity are, the
larger the adsorption free energy. After examining the various contributions to the
adsorption free energy, this trend is best understood from the difference in re-solvation of
the solvent molecules displaced by the adsorption of the dye from the surface.
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CHAPTER 6
ELECTRON INJECTION FROM DYE TO TITANIUM DIOXIDE
NANOPARTICLES IN APROTIC SOLVENTS

6.1 Introduction
In Chapters 4 and 5, we use SHS to study the solvent effects on the dye adsorption
process and find the aprotic solvent with higher polarity is more efficient for the dye
adsorption because the higher adsorption free energy is observed as the solvent polarity
increase. As mentioned in Chapter 1, the charge separation or the interfacial electron
injection from dye molecules to semiconductor nanoparticles can also affect the dyesensitized solar cells (DSSC) performance.181, 255-258 Usually, the DSSC device is put in a
liquid electrolyte environment to work. It is easy to expect that the solvent selection of the
electrolyte can definitely affect the electron injection rate. Experiments have already
demonstrated that high DSSC efficiency depends on fast carrier injection and slow
recombination.161,

188, 258-261

However, the understanding of the solvent effects on the

electron injection between dye and semiconductor is still being formed. 259, 262-264
In principle, the solvent may affect the band edge position of the semiconductor, its
electronic coupling with the adsorbate molecules, and the energy of the molecules before
and after the injection. The many reports so far have provided abundant information for
characterizing the injection process, but our knowledge on how the presence of solvent
molecules may affect carrier injection dynamics is still evolving. Lian and coworkers
reported that the presence of aqueous water or protic solvents like methanol and ethanol
lowers the band edge of TiO2 and increases the electron injection rate from the lightabsorbing dye to TiO2.262 They have also investigated the pH dependence of electron
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injection from the perspective of the change of the band edge position.263 Ellis et al.
reported that the nonpolar solvent like hexane has a negligible influence on charge transfer
dynamics from quantum dots.265 Durrant et al. found that solvents, either protic or aprotic,
do not significantly affect the electron injection rates in Ru(dcbpy)2(NCS)3/TiO2 films.266
In contrast, Lee et al. discovered that the donor number rather than the dielectric constant
of the solvent matters more to the electron injection rate.
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Hyun et al. found that the

charge transfer rate increases dramatically with a solvent dielectric constant which was
accounted for by a modified Marcus theory taking into account only the static dielectric
effect.267
In this chapter, we examine if there is a systematic dependence in the electron
injection rate upon the change of solvent among the aprotic solvents. Our results in Chapter
5 have shown that the adsorption free energy is affected by the polarity of the aprotic
solvent, likely due to the change in the solvation energy.209 In principle the change in
solvent molecule polarity may affect the solvent interaction with both the semiconductor
and the adsorbate and subsequently the injection rate. The electron injection dynamics at
the adsorbate-semiconductor nanoparticle interface in an aprotic solvent in this study were
probed by transient absorption spectroscopy which has been widely used for probing
electron dynamics.160, 194, 258, 260, 262-263, 265, 267-271
Here, we chose 400 nm as the pump and 1900 cm-1 as the probe to study the excitedelectron injection and decay processes in the system of p-ER coated TiO2 nanoparticles. A
400 nm ultrafast pump pulse excited the electrons in p-ER. The 1900 cm-1 ultrafast pulse,
with varying time delay, probed the absorption of the excited electrons injected into the
conduction band of TiO2. Three different aprotic solvents (acetonitrile, dichloromethane,
and chloroform) are chosen to study the solvent effect on the electron injection rate. We
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find the higher polarity solvent can assist the electron injection, consistent with the effects
on the dye adsorption. This work has been published in Chemical Physics, 2018, 512, 9397.272

6.2 Experimental Section
6.2.1 Materials
Titanium dioxide powders (Anatase TiO2, 99.9%, 40 nm diameter) were purchased
from US Research Nanomaterials Inc. pare-Ethyl Red (p-ER) was synthesized using the
procedure described in Chapter 3. Chloroform (CF, 99.7%) and dichloromethane (DCM,
99.9%) were purchased from Alfa Aesar Inc. Acetonitrile (ACN, ≥ 99.93%) was purchased
from Sigma-Aldrich. These solvents were used as received.

6.2.2 Transient mid-IR Absorption Spectroscopy
The experimental setup for transient mid-IR absorption spctrosocpy has been
described in detail in Chapter 2.
0.5 mg/ml TiO2 particles and 0.37 mM p-ER were prepared as stock solutions that
were used for preparing the samples for the transient absorption experiments. For example,
the p-ER/TiO2 in the CF solution was mixed with 2 ml TiO2 stock solution and 2 ml p-ER
stock solution.
A 10 mm ´ 5 mm quartz cuvette (Starna Cells Inc.) was used to host the sample
with the short path for light propagation. A 2 mm ´ 2 mm stirrer (Big Science Inc.) was
used to ensure that the colloid solution is uniform during the measurement.
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6.3 Results
Figure 6.1 shows traces of transient absorption of the IR pulses measured following
the pump pulse excitation of the p-ER/TiO2 nanoparticles in the CF solution. The green
line is from a sample with solvent only without the particles or dye. As there are no
chromophores to interact with the excitation pulse, the signal measured here is the loss of
the laser light through scattering and is treated as the instrument response function.
Measurements using solvent-only samples with ten different solvents including CF, ACN,
and DCM yielded the instrument response functions which are fitted through a nonlinear
least-squares procedure with a Gaussian function with 300 ± 10 fs FWHM.
The blue line displays the measurement for only p-ER in CF. This curve is very
similar to the instrument response function and indicates that p-ER molecules in the
solution (a relatively high 0.18 mM concentration) do not contribute to the transient
absorption signal. The black line represents the transient absorption response from a TiO2
in the CF sample. The signal has a rapid rise, followed by a decay on a time scale too long
for this experiment to resolve. This signal shows that there are excited electrons in the
conduction band. Since the 400 nm (3.1 eV) light energy is below the Anatase TiO2
bandgap of 3.2 eV,273 the excitation is likely through the trap states near the band edge,146
followed by carrier transport to the conduction band. Fitting of the rise of the signal gives
a combined excitation-transport time constant of 178 ± 15 fs.
The red curve in Figure 6.1 is the transient absorption response from a p-ER/TiO2
in the CF sample. p-ER at 0.18 mM concentration ensures a saturation coverage on the
particle surface.209 The rise corresponds to the electron injection transfer process from the
p-ER excited states into the conduction band of the TiO2 particle. The slow decay of the
signal observed after electron injection into TiO2 indicates that diffusion as well as
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recombination of the excited carriers in TiO2 is very long on the time scale of the display
here. The magnitude of the rise in the signals from the p-ER/TiO2 samples is much larger
than that from samples with TiO2 only. This observation depicts that the injection following
excitation of the dye molecules produces many more excited electrons in TiO2 than direct
excitation of the particle itself. As a result, the contribution from the TiO2 absorption is
neglected in the following analysis of the p-ER/TiO2 signals.

Figure 6.1 Transient absorption signal (at 1900 cm-1) following the 400 nm excitation
pulse: The green line is obtained with the solvent CF only; the blue line from p-ER in CF;
the black line from TiO2 nanoparticles in CF; and the red curve from p-ER/TiO2
nanoparticles in CF. t=0 is set as the first maximum point of the red signal.
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Figure 6.2 The normalized transient absorption curves obtained from p-ER on TiO2
nanoparticles in three different solvents (ACN, DCM, CF) with a 400 nm pump and 1900
cm-1 probe, where the rise of the signals shows the trend of ACN>DCM>CF. The points
are normalized signals and lines model fittings. Insert shows the original measured-data
curves without normalization.

The solvent effect on electron injection from p-ER molecules into TiO2 is illustrated
by the transient absorption traces of p-ER/TiO2 in the three different solvents. The absolute
magnitude of the transient absorption DA is affected by the p-ER coverage on the particles
and the excitation efficiency at 400 nm of p-ER which changes in different solvents. The
DA from samples in these three solvents are shown in Figure 6.2. For characterizing the
87

dynamics, we focus on the change of the signal in time. The injection time constants,
obtained from fitting the transient absorption traces to a single exponential rise convoluted
with the instrument response function (300 fs), for the three solvents are 257 ± 19 fs (ACN),
271± 16 fs (DCM), and 296 ± 8 fs (CF) respectively (Table 6.1).

Table 6.1 The lifetime of electron injection from p-ER to TiO2 nanoparticles in different
solvents (ACN, DCM, CF) measured as the rise of the transient absorption signal.

Solvent

Rise time (fs)

ACN

257 ± 19

DCM

271 ± 16

CF

296 ± 8

6.4 Discussion
The observed injection rates from p-ER to Anatase TiO2 nanoparticles in the three
different aprotic solvents are range from 250-300 fs. This range compares similarly to the
<500 fs values reported for p-ER/TiO2 systems.274 Among the three aprotic solvents, a clear
trend emerges: the more polar solvent appears to have a faster electron injection rate.
To understand how different aprotic solvents affect the electron injection rate, it is
useful to review the classical Marcus theory which was suggested previously for
understanding electron transfer from the dye molecule to the semiconductor 262. Here we
consider only the parts of the rate equation that are relevant to the solvent. The total
Electron Transfer (ET) rate from the adsorbate to the semiconductor using the classical
Marcus formulation

262, 275-276

depends on the coupling between the molecule and the
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semiconductor, the density of the semiconductor states at the energy of the excited
molecular state with respect to the semiconductor band edge, and the energy changes from
the initial to the final states. The effect of the solvent appears most prominently in the
reorganization energy l, the change of energy of the system as a result of the change in
charge distribution in the electron injection process, of the free energy change. The free
energy change due to the different interactions between the semiconductor and the different
aprotic solvents is negligible, as evidenced by the negligible change in conduction band
edge in different solvents.277
The reorganization energy consists of the vibrational (li) and the electronic (lo)
contributions. The vibrational contribution is relatively small in this case of molecular
excitation and can be neglected in comparison with the electronic contribution (l≈lo). The
electronic reorganization energy can be calculated from the dielectric response of the
solvent to a change in charge distribution from the neutral molecule/semiconductor to a
charged ion/charged semiconductor as 275
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Where De is the charge difference for the adsorbate before and after electron injection; a is
the radius of the dye molecule or the distance to the interface; R is the distance between
the center of the molecule and its image in the semiconductor or twice the distance to the
interface (R=2a); eop and es are the high (optical) frequency and static dielectric constants,
where eop = n2, n being the reflective index of the solvent; and the subscripts 1 and 2
represent the solvent and semiconductor respectively. In this case, De=1, a=0.4 nm for pER, and the other values used are summarized in Table 6.2.201 The reorganization energy
for the three different solvents is calculated as 0.48 eV (ACN), 0.38 eV (DEM), and 0.31
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eV (CF). As plotted in Figure 6.3, these calculated reorganization energies do show a
correlation with the measured electron injection rates; the electron transfer rate increase as
lo increases.

Table 6.2 The refractive index (n), optical (eop) and static dielectric constants (es); and the
calculated reorganization energy (lo) for the three p-ER/TiO2/solvent systems.

a

Solvent

n

eop

es

lo (eV)

ACN

1.34

1.81

37.5

0.48

DCM

1.42

2.03

8.93

0.38

CF

1.45

2.09

4.81

0.31

TiO2a

2.50

6.25

30

N/A

from Refs. 259, 278

In order to understand the trend in Figure 6.3, the Marcus theory is examined here.
The electron transfer rate constant as expressed in Marcus Theory, can be reduced to
Equation 6.2:
𝑘?ª = 𝐴

1
«|}~Ž R¬ ª
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Where A is a simplified parameter incorporating integrations over functions that are
assumed to be non-variant as the solvent changes; kBT is the Boltzmann constanttemperature which in this case is 27.5 meV. In this equation, it is clear that with a fixed ∆G
value (the best estimate as -1.38 eV201), the electron injection rate increases with
reorganization energy, i.e., the electron injection rate follows the trend ACN > DCM > CF.
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CF
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Figure 6.3 The lifetime of electron injection from p-ER into TiO2 nanoparticles in three
different solvents plotted as a function of the calculated reorganization energy (l0).

This study shows that though the difference is not significant, still in the aprotic
solvent environment, the most polar solvent facilitates the fastest electron injection.
Previously we have shown that the most polar aprotic solvent enables the saturation
coverage of the dye at lower dye concentrations.209 This and the previous studies combined
points to the suggestion that a more polar solvent like acetonitrile is a better choice for
DSSC applications. In DSSC studies, ACN is typically the solvent with the highest polarity
used. This and the previous studies also call for the exploration of the use of more polar
solvent to improve the DSSC efficiency.
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6.5 Conclusions
The aprotic solvent effect on the electron injection rate in p-ER sensitized Anatase
TiO2 colloid solutions has been studied by ultrafast transient mid-IR absorption
spectroscopy. The electron injection lifetime from p-ER molecules to the TiO2
nanoparticles was found in the range of 250-300 fs for the three aprotic solvents. Though
the differences are not significant, there appears a clear trend that the electron injection rate
increases with solvent polarity. This increase can be understood base on the change in the
reorganization energy in the Marcus theory formulation of the electron transfer rates. Our
results suggest that in the aprotic solvent environment, the solvent with the largest polarity
facilitates the fastest electron injection. This is instructive for selecting proper solvent to
optimize the performance of the DSSC devices.
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CHAPTER 7
GENERATION AND RETENTION OF CONDUCTION BAND ELECTRONS IN
SILVER SENSITIZED TITANIUM DIOXIDE NANOCOMPOSITE

7.1 Introduction
As discussed in Chapter 1, wide bandgap semiconductors like TiO2 have been
broadly explored for photosensitized catalytic and voltaic applications20, 29-30 in which
conduction band electrons are generated through charge transfer from a light-absorbing
medium to induce chemical reactions or to generate electric current at a higher voltage. In
photocatalytic and photovoltaic devices, TiO2 often appears in the form of a nanoparticle
because its high surface to bulk ratio can maximize the contact of TiO2 with the lightabsorbing medium, with the surrounding reactants for catalytic reactions, or with the
electrolyte for conducting current. Important factors affecting the effectiveness of such
devices are how efficiently excited electrons can be generated in the conduction band as
well as how long these excited carriers can exist.
Dye molecules whose excited states are energetically above the conduction band
edge have been widely used as photosensitizers.20,

56, 78

More recently, metallic

nanostructures, either in platelet279-280 or core-shell form,134, 281 have been explored as
photosensitizers due to their ability to absorb an even larger quantity of light and the strong
plasmonic coupling between the metal and the semiconductor conduction band. It is
estimated that the absorption cross-section of noble metal under resonant conditions is
around 103 times larger than the absorption cross-section of conventional dye sensitizers.110
These properties may result in faster transfer of a larger quantity of excited electrons from
the metal to the semiconductor. Strategies for lengthening the lifetime of the conduction
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band electrons include reducing annihilation of the hot carries by eliminating the surface
defects282-283 and using a larger semiconductor nanostructure to facilitate diffusion of the
hot carriers away from the surface defects.142, 284
Accurate assessment of the strategies for maximizing the quantity and lengthening
the lifetime of the hot carrier requires quantitative knowledge of the optical excitation,
charge injection, annihilation, and diffusion processes involved in photosensitization and
hot electron decay. In order to understand these, we set out to quantify the relevant concepts
for maximizing the efficiency of photosensitization by metal for TiO2-based nanomaterials.
We examine silver platelets as light-harvesting source for generating a large quantity of
excited electrons in the TiO2 conduction band and TiO2 in nanorod form for extending the
lifetime of the hot electrons due to the relatively large volume for diffusion. Ag platelet is
chosen as the photosensitizer because it exhibits high absorption of UV light for generating
energetic electrons280, 285 and the disk-like platelet form increases contact with the surface
of TiO2 nanorods.286-287 This specific nanocomposite has been demonstrated to exhibit a
higher photocatalysis efficiency in a study of sun light-induced degradation of methylene
blue.288
As introduced in Chapter 2, transient IR absorption spectroscopy is widely used to
monitor the electrons in the semiconductor conduction band.130, 133, 180 Over the last decade
it was shown that absorption in the mid-IR range could be linearly correlated to the quantity
of conduction band electrons.194 In the previous report on the metal/semiconductor
nanocomposite study by transient IR absorption spectroscopy, the fast rise in transient IR
signal was assigned to the electron injection to semiconductor.130, 133, 139 However, the
assignment of IR signal decay still remains elusive and the proposed possible processes
including back electron transfer,130, 139 trappings,143 cooling,143 etc. This stems in part from
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the fact that the deduced time constants, which are typically extracted from
phenomenological models,130, 139-140 cannot be assigned to specific physical processes. The
development of a physical model is necessary to obtain an unambiguous physical picture
of the solar conversion process.
In this chapter, a kinetic model that is built upon all the known decay mechanisms
is introduced to describe electron dynamics between Ag nanoplatelets and TiO2 nanorods.
The several decay time constants can be extracted quantitively and the specific physical
meaning for each process can be easily assigned.

7.2 Experimental Section
7.2.1 Ag/TiO2 Sample Synthesis
TiO2 nanorods (NR) were fabricated using sol-gel synthesis and the procedures
were reproduced from Liu et al.289 Ag-TiO2 nanocomposites were synthesized using a
modified method from Su et al.290 The details for TiO2 nanorods and Ag-TiO2
nanocomposites synthesis can be found in our previous publication (J. Phys. Chem. C 2019,
123, 32, 19579-19587).288 The samples were synthesized by our collaborators Dr. Danielle
L. Kuhn and Zachary Zander, working at U.S. Army Edgewood Chemical Biological
Center.

7.2.2 Transmission Electron Microscopy
The transmission electron microscopy (TEM) images of the TiO2 nanorods (NRs)
and Ag-TiO2 nanocomposites were obtained using a JEOL JEM-1400 microscope
operating at 120 kV. One drop of the TiO2 or Ag-TiO2 aqueous colloid solutions was dried
overnight on the Cu grid surface covered with a Formvar carbon film (300 mesh Cu, TED
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PELLA, INC.). Figure 7.1 shows TEM images of TiO2 NRs before (Figure 7.1a) and after
(Figure 7.1b) Ag nanoplatelets deposition. The average length and diameter of the TiO2
NRs are 10 ± 3 µm and 325 ± 65 nm, respectively. The average diameter of Ag
nanoplatelets on the TiO2 surface is 52 ± 15 nm.
(a)

(b)

Figure 7.1 Transmission electron microscopy (TEM) images of (a) TiO2 Nanorods and (b)
Ag-TiO2 Nanorods.
7.2.3 Transient mid-IR Absorption Spectroscopy
The experimental setup for transient mid-IR absorption spectroscopy has been
described in detail in Chapter 2. Both the TiO2 NR and Ag/TiO2 NR samples were pressed
into 100 µm thin slices for the transient IR absorption measurement.

7.3 Results and Discussion
7.3.1 Stationary Absorption Spectra
As shown in Figure 7.2, light absorption by TiO2 NRs peaks at wavelengths shorter
than 350 nm. For the Ag/TiO2 nanocomposite, a very broad surface plasmon resonant
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(SPR) band peaking at 450 nm is observed. SPR peak broadening is strong evidence for
Chemical Interface Damping (CID),130, 291 a mechanism that facilitates hot electron transfer
to the semiconductor CB, which has been reported in the Au-CdSe NRs system.130

Figure 7.2 UV-Vis absorption spectrum of TiO2 nanorods (black) and Ag nanoplatelets on
TiO2 nanorods (red). The signals at 330 nm are normalized to unity for comparison.
7.3.2 Photoinduced Electron Dynamics
A typical transient absorption time-profile (experimental points as red dots,
theoretical fit in black line) following 400 nm pulse excitation of the Ag/TiO2
nanocomposite is shown in Figure 7.3. The transient absorption trace clearly shows a fast
rise, followed by a complex decay on multiple timescales. We note that no transient
absorption was detected for bare TiO2 nanorods, Figure 7.3 insert blue dots, indicating that
the pump pulse does not directly excite TiO2, which was consistent with the UV-Vis result.
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Although IR absorption of Ag nanoplatelets was not measured because of technical
difficulties to separate and dry the Ag nanoplatelets sample, a steady IR spectrum of Ag
colloid aqueous solution was measured to be no signal at 1900 cm-1. Based on the report
that no transient IR absorption was detected for hot electrons in Au in the Au/TiO2 system,
we do not expect Ag to absorb the 1900 cm-1 probe light. Consequently, all IR absorption
signal is assigned to electrons in the TiO2 conduction band (CB).

7.3.3 Phenomenological Fitting
The transient IR absorption time-profile in Figure 7.3 can be analyzed by a
phenomenological fitting. Specifically, it can be fitted by the following multi-exponential
functions convolved with the IRF:130, 292
∆𝐴 = ²𝑎 ∗ ‘−𝑒

e

µ¶µB
·¸

’ + 𝑏1 ∗ ‘𝑒

µ¶µ

e · B
œ ’

+ 𝑏% ∗ ‘𝑒

𝐵¼ ⨂𝐼𝑅𝐹

µ¶µ

e · B
= ’

+ 𝑏3 ∗ ‘𝑒

e

µ¶µB
·º

’+
(7.1)

Where, tr is the rise time constant and t1, t2, t3 are the decay time constants; a, b1,
b2, b3 are the amplitudes; t0 is the offset time to t=0; B is the background signal. The IRF
(300 fs) was determined by fitting the solvent scattering with a Gaussian function.272 A
nonlinear least squares fit of the signal revealed that the best fit consists of a 12 ± 86 fs rise
lifetime (the large uncertainty is a result of correlations among fitting parameters) and three
decay lifetimes: 0.4 ± 0.1, 3.6 ± 0.2, and 96 ± 8 ps, respectively. The results are shown in
Table 7.1. The rise in the transient IR signal is assignable to electron injection from Ag to
the semiconductor.130, 133, 139 The multi-exponential decay is associated with the decrease
in the quantity of the CB electrons in the TiO2 NRs.
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Figure 7.3 Temporal profile (experimental points as red dots, theoretical fit in black line)
of the transient absorption signal probed at 1900 cm-1 following a 400 nm pulse excitation
of Ag nanoplatelets on TiO2 nanorods. The signal unit is arbitrary and normalized to unity.
Early time signals are shown in the insert where the blue points represent the signal from
TiO2 nanorods only.

Multiple exponential decays have been observed in previous transient absorption
studies of electron dynamics in nanomaterials.130, 139-140 The decay lifetimes at the various
time scales have been intuitively assigned to specific decay processes. For example, the
0.4 ps time scale appears to correlate to the relaxation of hot electrons to the CB edge,143
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3.6 ps to loss of band edge electrons due to surface defects and back electron
recombination,130,

293-294

and 96 ps to diffusion to the bulk.142 However, due to the

complexity of the system and the multiple dynamic processes involved in causing the
decrease in the CB electrons, each decay lifetime may be related to more than one physical
process. Accordingly, we construct a physical model incorporating all likely decay
processes to account for the complex transient IR absorption behavior so to gain a
quantitative understanding on how each process affects the lifetime of the CB electrons.
A variety of mechanisms has been proposed to account for the decay of the CB
electrons.139, 141-144 To begin with, the CB electrons are subject to hot electron cooling143 to
the band edge and diffusion within the semiconductor body.133, 142 Significantly, it has been
shown that the size of the nanomaterial affects the diffusion process and consequently the
lifetime of the CB electrons.142 The mechanisms proposed for the loss of the CB electrons
include trap sites141 and trap states146 at the surface, carrier recombination,130, 139 and back
transfer to metal.133,

142

Although the physical picture for hot electron dynamics in

photosensitized semiconductor nanomaterials is emerging, electron decay has yet to be
quantitatively evaluated and the nature of the multi-exponential remains unexplained.

7.3.4 Physical Model Fitting
We propose a physical model, shown in Figure 7.4, which incorporates all
processes that may be responsible for the decay of the conduction band electrons. To begin
with, the hot electrons (population N1) are generated from 400 nm photoexcitation of the
Ag Surface Plasmon Resonant band.119 The hot electrons are energetically feasible to inject
into the adjacent TiO2 CB through mechanisms like plasmon-induced hot electron
transfer133-134 (PHET) or plasmon-induced interfacial charge-transfer transition130 (PICTT)
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with a lifetime (T1) of tens to hundreds of femtoseconds. The nascent hot electrons in a
nonthermal distribution are rapidly thermalized to the Fermi-Dirac distribution via
electron-electron scattering on the time scale of hundreds of fs.295-296 During
thermalization, electrons in Ag above the TiO2 CB edge follow the T1 process. Since the
thermalization process is slower than the injection process and is invisible to the mid-IR
probe, it is not included in the model.
The hot electrons initially injected into TiO2 are near the surface region, designated
as N2. These electrons are subjected to rapid relaxation (T2) toward the CB edge through
the electron-phonon coupling.141, 297 The band edge electrons in the surface area (N3) can
diffuse (T3) toward the nanorod bulk,142 back transfer (T4) from TiO2 to Ag,139 or be trapped
(Ttrap) by defects in the surface area.141, 297 Following diffusion from the surface to the bulk,
band edge electrons in bulk (N4) may diffuse back (T5) to the surface area.
In this model, electrons in the TiO2 CB are grouped into three categories: 1) nascent
hot electrons near the surface (N2), 2) band edge electrons near the surface (N3); and 3)
band edge electrons in bulk (N4). The 1900 cm-1 IR light has a penetration depth into TiO2
estimated as ~100 µm (The details are described in Appendices B).298 This penetration
depth is much longer than the size of TiO2 NRs. Consequently, all CB electrons in both the
surface and bulk regions are subject to the mid-IR probe. Importantly, IR absorption crosssections of the three types of electrons may be different. It is known that the absorption
cross-section of free electrons at particular energy is proportional to the associated density
of states.143 We, therefore, anticipate that the absorption cross-section would decrease from
hot electrons (N2) to band edge electrons (N3 and N4). This phenomenon was reported in a
previous study, where cooling of the injected electrons in the TiO2 CB resulted in a 30%
decrease in the transient IR signal.143
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Figure 7.4 A physical model describing the dynamics of photoexcited electrons in TiO2
nanorods with Ag nanoplatelets as a photosensitizer. N1 represents hot electrons in Ag, N2
hot electrons in the TiO2 conduction band, N3 conduction band edge electrons near the
surface region, and N4 conduction band edge electrons in bulk. T1 represents the rate
process of electron injection from Ag to TiO2, T2 relaxation to the conduction band edge,
T3 diffusion from the surface region to the bulk, T4 back transfer from TiO2 to Ag, T5 back
diffusion from the bulk to the surface, and Ttrap loss from the conduction band to trap states.
This figure is constructed based on Ag Fermi Energy (EF) of -4.7 eV, TiO2 conduction band
energy (ECB) -4.2 eV, and the Schottky Barrier (ESB) between Ag and TiO2 ~0.5-0.7eV.
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The rate differential equations describing the change of the three CB electron
populations can be expressed as:
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Where N1, N2, N3, and N4 are the electrons populations and only the electrons in
the conduction band of TiO2, including N2, N3, and N4, can be probed by mid-IR pulse. T1,
T2, T3, T4, and T5 are the time constants for electron injection from Ag to TiO2, hot electron
relaxation, electrons diffusion from the surface to bulk, loss of conduction band electrons,
and electrons back diffusion from bulk to surface, respectively.
Solving these four equations, the transient IR absorption signal ∆𝐴 , can be
expressed as:
∆𝐴 = {𝛼 ∗ 𝑁% + 𝛽 ∗ (𝑁3 + 𝑁| ) + 𝐵}⨂𝐼𝑅𝐹

(7.6)

Where a is an amplitude coefficient representing the absorption cross-section of
the hot electrons N2 and b of the band edge electrons N3 and N4; and B is the background
signal. IRF is a Gaussian instrumental response function with an FWHM of 300 fs which
was determined by fitting light scattered from a solvent-only sample.272 Equation 7.6 was
used for a nonlinear least squares fit of the transient IR absorption trace in Figure 7.3. The
fit analysis was done using Igor Pro (WaveMetrics) based on the fitting procedure
described in Appendices C. The fitting results are shown in Table 7.1.
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The 13 fs rise time for electron injection from Ag to TiO2 compares with a
previously reported value of less than 10 fs for Ag nanoclusters to Rutile TiO2 (110)
surface122 and is much faster than the reported 50 fs electron injection time from Au
nanoparticles to TiO2 nanoparticles.142 The much faster injection from Ag than Au is likely
due to stronger plasmonic interaction at 400 nm than Au at 550 nm. Supporting this
conjecture is the comparison of the 13 fs injection time to the 20 fs from Au to CdSe
nanorods through the PICTT mechanism.130 In the Au/CdSe study Lian and coworkers had
argued that the strong electronic coupling was evidenced by a continuous plasmon band
extending from 550 nm to the 1400 nm regime. Note in Figure 1, the Ag/TiO2 system
displays a very broadband from 400 nm to 700 nm, similarly indicating strong coupling
between the metal and the semiconductor. Another possible reason for the faster electron
injection here is that the shape of the Ag platelet facilitates better contact than that of the
Au nanoparticle. More importantly, this result confirms that electron injection from metal
to TiO2 is more than an order of magnitude faster than the 50-500 fs electron injection from
dye molecules to TiO2.141, 272, 274 Noble metals appear to be more efficient photosensitizer
than dye molecules not only because of its much stronger light absorption property but also
the much faster electron transfer. The fast injection rate facilitates injection of the great
majority of photo-generated hot electrons into the TiO2 CB before thermalization on the
100 fs time scale rendering them ineligible for transfer.295
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Table 7.1 Fitting results from the phenomenological, three-exponential decay model and
the physical model with the associated dynamic/kinetic processes.

Phenomenological Fitting

Multiexponential

Rise*
Decay 1

Decay 2

Decay 3

Physical Model Fitting

Lifetimes &

Physical Processes

(Amplitudes)

Lifetimes &
(Amplitudes)

12 ± 86 fs

Electron injection, T1

13.0 ± 0.4 fs

0.4 ± 0.1 ps

Hot electron

0.8 ± 0.1 ps

(0.9 ± 0.2)

relaxation, T2

(α, 1.1 ± 0.1)

Diffusion from

14.5 ± 1.6 ps

3.6 ± 0.2 ps

surface to bulk, T3

(β, 0.6 ± 0.1)

(0.6 ± 0.1)

Loss of CB electrons,

6.0 ± 0.7 ps

T4

(β, 0.6 ± 0.1)

96 ± 8 ps

Back diffusion from

68 ± 8 ps

(0.2 ± 0.1)

bulk to surface, T5

(β, 0.6 ± 0.1)

* The large uncertainty of the rise lifetime is a result of correlations among fitting
parameters.

The model fitting shows that the cooling of hot electrons in the conduction band is
primarily responsible for the initial sub-picosecond decay of the transient absorption signal.
The decrease of the signal is due to smaller absorption by the band edge electrons than the
hot electrons. As shown in the fitting results in Table 1, a the absorption coefficient for hot
electrons, 1.1 ± 0.1, is larger than b for the band edge electrons, 0.6 ± 0.1. Importantly, the
6.0 ps loss of the surface-region CB edge electrons is slower than the phenomenologically
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displayed 3.6 ps. Further, these CB electrons are preserved through the 14.5 ps diffusion
from the surface region to the bulk. Finally, as the electrons diffuse into the bulk, it takes
68 ps for diffusion back to the surface to subject to the loss mechanisms. This long back
diffusion time is a result of the large bulk/surface ratio of the nanorod and compares with
the size-dependent 8-120 ps diffusion lifetimes reported by Tachiya and coworkers142 for
TiO2 nanoparticles of 9-50 nm diameters.

(a)

(b)

Figure 7.5 (a) Temporal profiles of transient absorption probed at 1900 cm-1 following 400
nm pulse excitation of Ag/TiO2 at pulse energies of 3, 2, 1, 0.5, and 0.1 µJ. Absorbance is
measured in the unit of Optical Density (OD). (b) Profiles in (a) replotted with the
maximum intensities normalized to unity. Insert is the maximum absorbance change as a
function of pump pulse energy Ipump.
To characterize the loss channels for the surface region electrons, we performed an
excitation energy dependence study of the decay. The premise of the study is predicated
on the idea that trap states are important for the conduction band electron loss, but its
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capacity is limited and may be saturated by larger quantities of CB electrons. The transient
absorption signals probed with different pump energies of 3, 2, 1, 0.5, and 0.1 µJ per 400
nm pulse were recorded, Figure 7.5a. The signal, as expected, increases linearly with the
laser pulse energy (see insert of Figure 7.5), suggesting no higher-order processes in
photoexcitation.299 In Figure 7.5b, we show the transient absorption profiles with the
maximum intensities normalized. It becomes clear that for pulse energies above 0.5 µJ, all
profiles appear identical. The lowest pump energy 0.1 µJ profile (purple curve) in contrast
shows a faster decay.
The most logical interpretation for this observation is that trap states dominate the
loss of electrons at lower quantities.30 As the pump pulse energy gets higher, more CB
electrons are generated and saturate the trap states. The decay is subsequently through other
channels such as recombination with holes in Ag.30 Trap filling was also proposed by
Tachiya and coworkers in their study of electron injection from Au to TiO2, where
calculations and experiments showed trap state saturation at pump pulse energies above
0.3 µJ.30
In all previous ultrafast studies of CB electrons in photosensitized nanomaterials,
the

experimentally

observed

multi-exponential

decays

were

processed

with

phenomenological models and some intuitively assigned to single a relaxation/loss process.
This report is a first attempt to use a physical model incorporating all dynamic and kinetic
processes to account for the fate of the CB electrons. As our study shows, the decay at each
of the three time-scales - sub-picosecond, picosecond, and hundreds of picoseconds - are
related to multiple processes. Furthermore, by rigorously and quantitatively deducing the
rate of each of the processes, we gain insight into how to maximize the photosensitization
efficiency.
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From the physical model analysis, we have learned that 1) Ag platelets are an
excellent photosensitizer for TiO2, with an electron injection lifetime of 13 fs; 2) Trap states
cause a rapid loss of low concentration CB electrons but this loss channel can be saturated
at higher photon fluxes; 3) 71%, calculated as (1/T4)/[(1/T3)+(1/T4)], of the band edge
electrons are lost to the T4 channel while 29% are preserved in the CB through diffusion to
the bulk; and 4) Due to the relatively large size of the TiO2 nanorod the band edge electrons
have a lifetime of ~100 ps for catalytic or voltaic functions.

7.4 Conclusions
In conclusion, we have shown that a physical model that is built upon all the known
decay mechanisms can be used to quantitatively account for the multi-exponential decays
of the conduction band electrons probed by transient IR absorption of a metal sensitized
semiconductor nanocomposite. Each of the multi-exponential decays is related to more
than one dynamic/kinetic process, but the rate of each individual process can be
determined. From the perspective of achieving higher efficiency for photosensitized
devices, Ag is an excellent photosensitizer for TiO2 nanorods, and using higher photon flux
to saturate trap states and larger volume semiconductor nanostructures to increase the
diffusion of CB electrons from the surface to the bulk may lengthen the lifetime of the CB
electrons for catalytic or voltaic applications.

CHAPTER 8
ULTRAFAST EXCITED STATE DYNAMICS OF PORPHYRIN J-AGGREGATE
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8.1 Introduction
As discussed in Chapter 1, porphyrin molecules are widely used in light-harvesting
systems, like dye-sensitized solar cells (DSSC).300-304 These novel applications originate
from the unique characteristics of porphyrins, which include: rigid geometries, high light
absorption coefficients, and efficient charge-transfer processes.301,

305

Recently, more

attention has been focused on the self-assembly of porphyrin aggregates,305-307 resulting in
drastic changes in the resulting electronic and optical properties, such as characteristic
spectral shifts and narrowing of the UV-Vis absorption bands.308
Generally, aggregation of porphyrins occurs in two types, i.e., J-type and H-type.309310

The J-aggregate (which was named after Edwin Jelly, who first discovered these

aggregates in 1936)311 is formed when molecules aggregate in a side-to-side arrangement,
resulting in a red-shift of the absorption compared to the monomer. Conversely, Haggregate (in which the H stands for hypochromic) corresponds to molecular aggregates in
a face-to-face arrangement, which leads to a subsequent blue-shifted absorption band.
Aggregation can be initiated in a variety of ways, including increasing the concentration of
the porphyrin, changing the ionic strength, and varying the pH of the solution.312 It has also
been observed that aggregated porphyrin structures can form nanorods, nanowires,
nanotubes, and two-dimensional (2D) nanostructures, which have been extensively
employed in solar energy conversion systems.313-315 However, a detailed understanding of
the electronic and vibrational relaxation of excited porphyrins still remains to be elucidated.
The relaxation dynamics of porphyrins in both monomer and aggregate forms have
been widely studied using transient absorption spectroscopy and time-resolved
fluorescence spectroscopy.315-320 The gross majority of the studies have focused
predominantly on the porphyrin monomer.316, 319, 321-322 For instance, Zewail and colleagues
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investigated the ultrafast relaxation dynamics of free base tetraphenyl porphyrin (H2TPP)
monomer and assigned the following relaxation times: < 50 fs, 100-200 fs, 1.4 ps and 1020 ps to internal conversion (IC) from the B band to the Q band, intramolecular vibrational
energy redistribution (IVR), vibrational redistribution caused by elastic collision with
solvent molecules, and thermal equilibration by energy exchange with the solvent,
respectively.316 Compared with the monomer, it is reasonable to speculate that the
relaxation dynamics of the J-aggregate should be different. Therefore, it is imperative to
likewise understand the relaxation dynamics of the porphyrin aggregates, and indeed,
numerous research studies have been devoted to this topic.315, 317-318, 320, 323 For example,
the Kobayashi group reported the ultrafast dynamics of the J-aggregated structure of
tetraphenylphosphonium tetra sulfonic acid by femtosecond pump−probe spectroscopy and
found the exciton relaxation time for S2®S1 IC (300 fs), vibrational cooling in S1 (4-10 ps),
and the S1 state lifetime (300 ps).320 Collini et al. compared the monomeric and aggregated
H4TPPS2− porphyrin behavior and found that the dynamics in the monomer is much slower
than in J-aggregate.317 In order to account for this observation, they proposed previously
unobserved nonradiative energy relaxation channels following aggregation.317
Transient absorption spectroscopy in the visible region has been used to study
excited excitons of porphyrins.316, 320 The positive signal of the transient absorption signal
can be assigned to excited state absorption. Unfortunately, a primary weakness of this
technique is the significant spectral overlap between the various electronic states of the
porphyrins (i.e., ground state, singlet excited state, triplet excited state). For most dye
molecules, it is very hard to distinguish between the different absorbing species. As a viable
alternative, transient absorption in the mid-IR region can use to detect vibrational
transitions of the molecules in excited states.160, 180, 188 Consequently, transient absorption
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spectroscopy, probed in the mid-IR has the potential to capture exciton dynamics in excited
electronic states experimentally.
In this chapter, we employ transient mid-IR absorption to investigate the exciton
dynamics of both the monomer and J-aggregated porphyrin, 4,4′,4′′,4′′′-(porphine5,10,15,20-tetrayl) tetrakis (benzenesulfonic acid) tetra-sodium salt hydrate (TPPS)
following excitation to the S2 excited state. Our results reveal an increase in the relaxation
dynamics following the formation of the J-aggregate, which can be understood by the new
relaxation channels that become available following aggregation. Moreover, it is found that
there is no electron injection between TPPS J-aggregate and TiO2 nanorods (NR), due
primarily to the negatively charged repulsion between them.

8.2 Experimental Section
8.2.1 Materials
4,4′,4′′,4′′′-(porphine-5,10,15,20-tetrayl) tetrakis (benzenesulfonic acid) tetrasodium salt hydrate (TPPS) was purchased from Sigma-Aldrich and used without further
purification. Stock solutions of the monomer (200 µM) were first prepared by dissolving
the sodium salt in deionized (DI) water. J-aggregate was prepared by acidification of the
monomer stock solution with 37% hydrochloric acid (HCl) to a pH of ca. 1.1. The chemical
structures of TPPS that can form J-aggregate (H4TPPS2-) and exist as a monomer
(H2TPPS4-) are shown in Figure 8.1.
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Figure 8.1 The chemical structure of H4TPPS2- and H2TPPS4-, where the H4TPPS2- can
form J-aggregate and H2TPPS4- exists as a monomer.
8.2.2 Transmission Electron Microscopy
The transmission electron microscopy (TEM) experimental details have been
described in Chapter 7.

8.2.3 Transient mid-IR Absorption Spectroscopy
The experimental setup for transient mid-IR absorption spectroscopy has been
described in detail in Chapter 2. For typical experiments, 1 mL of the 200 µM stock
solution of TPPS was added to the surface of either a TiO2 thin film or CaF2 crystal samples
for transient absorption measurement.

8.3 Results
8.3.1 Sample Characterization
Representative transmission electron microscopy (TEM) images of TPPS Jaggregates and TiO2 nanorods (NR) are shown in Figure 8.2, where two distinct kinds of
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nanostructures are clearly observed. The smooth rod-like structures are the TiO2 NRs and
the irregular dark patches are the J-aggregate porphyrin nanostructures. It is clearly shown
that the porphyrin nanostructures did not grow on the TiO2 NR surface, but are simply
dispersed amongst the NRs.

Figure 8.2 Transmission electron microscopy (TEM) images of the TPPS J-aggregate and
TiO2 nanorods.

The UV-Vis spectra of both the TPPS monomer and J-aggregate coated on a glass
substrate was measured (Figure 8.3), where the concentration of the monomer and Jaggregate is not the same. The formation of J-aggregate is confirmed by the rise of sharp
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and intense bands red-shifted at 490 nm (Bx band) with respect to the monomer’s B-band
(S2 state) at 400 nm. The aggregate spectrum shows an additional band at 422 nm (By
band), the origin of which is attributed to an overall reduction of the symmetry of the
porphyrin following aggregation, which removes the 2-fold degeneracy of the S2 excited
state.317, 324 A broad Q band (S1 state) peaked at 700 nm is also observed in the J-aggregate.
The Q band, which is degenerate with D4h symmetry, splits into two components of unequal
energy, Qx (700 nm) and Qy (650 nm).316

Figure 8.3 UV-Vis absorption spectra of the TPPS monomer (red) and J-aggregate
(black) coated on a glass substrate.
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8.3.2 Excited State Dynamics
The transient absorption spectra of the TPPS porphyrin monomer (black curve) and
J-aggregate (red curve) on a CaF2 substrate, probed at 1900 cm-1 at the indicated delay
times following 400 nm excitation, are shown in Figure 8.4. Qualitatively, the measured
transient IR signal can be characterized as a fast rise and slow decay. It is found that the
normalized transient IR signal intensity (DA) decreases to 0.4 and 0.2 following a 20 ps
time delay for in the monomer and J-aggregate, respectively. This indicates that the signal
decay kinetics of the monomer is slower than that of the J-aggregate. The observed
fluctuations of the transient absorption signal are due primarily from light scattering effects
of the inhomogeneous sample.

Figure 8.4 Temporal profile of transient absorption signal probed at 1900 cm-1 with a 400
nm pump excitation of TPPS porphyrin monomer (black curve) and J-aggregate (red curve)
on a CaF2 substrate. The signal unit is arbitrary and normalized to unity.
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Figure 8.5 Temporal profile of transient absorption signal probed at 1900 cm-1 of TPPS
porphyrin J-aggregate on CaF2 (black curve) and TiO2 NR (red curve) substrate with the
pump at 400 nm wavelength. The signal unit is arbitrary and normalized to unity.

After 400 nm excitation, the temporal profile of transient absorption for the TPPS
porphyrin J-aggregate on CaF2 (black curve) and TiO2 NR (red curve) substrate probed at
1900 cm-1 are recorded and shown in Figure 8.5, where these two curves are observed to
overlap very well, suggesting the similarity of the kinetic behaviors on different substrates.

8.4 Discussion
8.4.1 Ultrafast Excited State Dynamics in Porphyrin Monomer and J-aggregate
As described in Chapter 2, transient mid-IR absorption spectroscopy has been
widely used to probe the vibrational transitions of molecules187 and free carriers in the
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conduction band of semiconductors.180, 194 For CaF2 crystals with a bandgap of ca. 10 eV,
the conduction band edge energy with respect to the vacuum level is around -0.5 eV.325
The ground state energy level for the TPPS porphyrin is estimated to be -4.7 eV.326 It is
therefore impossible for electrons generated in the S2 excited state of the TPPS J-aggregate,
following 400 nm (3.1 eV) excitation, to inject into the conduction band of CaF2.
Consequently, the transient IR signal depicted in Figure 8.4 stems entirely from the TPPS
porphyrin monomer and J-aggregate. Prior FTIR spectra of the monomer and J-aggregate
of TPPS revealed that there are no allowed transitions in the 1800-2000 cm-1 range,327
indicating that the measured 1900 cm-1 transient IR signal does not originate from the
ground electronic state. Given that our measured transient signal has been shown to stem
from the excited electronic state, this suggests that transient mid-IR absorption
spectroscopy can be employed to study the excited state exciton dynamics in TPPS
porphyrins.
The dynamics of the excited state excitons of both the monomer and J-aggregate
TPPS were recorded at 1900 cm-1 after the excitons were first generated in the S2 excited
state following 400 nm excitation. The results shown in Figure 8.4 clearly demonstrate that
the exciton dynamics in the TPPS monomer are much slower than that in the J-aggregate,
which is consistent with the previously reported results of the Ferrante group who studied
transient absorption of TPPS in the visible regime.317 This phenomenon can be understood
as the onset of new nonradiative energy relaxation channels which become available
following aggregation.
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8.4.2 No Electron Injection from the TPPS J-aggregate to TiO2 Nanorods
As distinct from CaF2, TiO2 has an ideal bandgap of ca. 3.0-3.2 eV and is, therefore,
one of the most used electron acceptors in semiconductor devices.44 The conduction band
edge energy of TiO2 with respect to the vacuum level is around -4.2 eV.44 If the TPPS
porphyrin can adsorb on the TiO2 surface, it is most likely that the electrons generated in
the porphyrin following 400 nm excitation will be injected into the conduction band of the
TiO2. However, as depicted in Figure 8.5, the transient IR results show that nearly identical
dynamics are observed for the TPPS J-aggregate on the CaF2 and TiO2 substrates,
suggesting that the same process might be detected in both cases. Since only the Jaggregate contributes to the transient IR signal on a CaF2 substrate, it is likely that the
signal detected from the TiO2 substrate originates solely from the J-aggregate. In other
words, there might be no electron injection from the TPPS porphyrin J-aggregate to the
conduction band of TiO2 because there is no physical interaction between the J-aggregate
and TiO2. This conclusion can also be supported by the TEM results shown in Figure 8.2,
where the TiO2 NR and J-aggregate nanostructures are clearly shown to exist separately.
This can be understood by the fact that both the TPPS porphyrin J-aggregate and TiO2 are
negatively charged and hence the strong electrostatic repulsion between them prevents
them from interacting with one another.

8.4.3 A Physical Model Describing the Excited State Exciton Dynamics of the TPPS
J-aggregate
In order to quantitively characterize the excited state exciton dynamics, a physical
model is proposed and depicted in Figure 8.6. In this model, the excitons (N1) in the S2
excited state (By band) are first generated via 400 nm optical excitation. The excitons can
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then relax to the ground state S0 (N0) with time T1 or transfer to the S1 excited state (N1)
by internal conversion with a time T2. The N2 population in the S1 state has higher vibration
energy and therefore needs to be quenched with a time T3 to reach N3. Finally, the N3 can
be relaxed to the ground state with a time T4.
According to this physical model, the delay-time dependence of the population at
each state is derived by solving the following rate equations:
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Here N1, N2, and N3 represent time-dependent populations at each state S2, S1 (vibrationally
excited, v>>1), and S1 (vibrationally cold, v~0). The T1, T2, T3, and T4 are the decay times
which correspond to the states N1, N1, N2, and N3, respectively.
The transient IR absorption trace in Figure 8.7 can be fitted to a numerical solution
of the above differential equations describing the kinetic model, convoluted with a
Gaussian instrument response function (IRF):
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Where A1, A2, and A3 are amplitude coefficients related to the adsorption cross-sections
for N1, N2, and N3; B is the baseline. The fit analysis was done using Igor Pro
(WaveMetrics) based on a similar fitting procedure (where the differential equations should
be changed) described in Appendices C. In actual operation, only the differential equations
need to be modified to correspond to Equations 8.1 to 8.3.
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Figure 8.6 A physical model of the exciton dynamics starting from the S2 excited states of
the TPPS porphyrin J-aggregate following 400 nm excitation. The N1, N2, and N3 are
populations of the excitons in the S2 excited state, vibrationally excited portions of the S1
excited state, and the vibrational ground state of the S1 excited state, respectively. The T1,
T2, T3, and T4 are the lifetime of the S2 state, internal conversion from S2 to S1, vibrational
relaxation or cooling, and the lifetime of the S1 state, respectively.
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Figure 8.7 Temporal profile (experimental points as red dots) of the transient absorption
probed at 1900 cm-1 of the TPPS porphyrin J-aggregate on TiO2 NR, following initial
optical pump at 400 nm. The black curve is the resulting fit based on Equation 8.4. The
signal unit is arbitrary and normalized to unity.

The deduced fit results for the TPPS J-aggregate are T1 = 0.015 ± 25 ps, T2 = 0.01
± 11 ps, T3 =7 ± 0.9 ps, and T4 = 280 ± 700 ps. The large standard deviations for T1 and T2
stems from the fact that they are highly correlated (the corresponding element in the
correlation matrix for T1 and T2 is 1, indicating perfect correlation). Conversely, the large
standard deviation for T4 results from not enough data points measured in our experiment
due to the translation stage length limitation. Despite the large standard deviations for T1,
T2, and T4, it is still reasonable to assign the deduced time constants as follows: the lifetime
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of S2 (15 fs), S2 to S1 internal conversion (10 fs), S1 state vibrational relaxation/cooling (7
ps), and the lifetime of S1 (280 ps). Our results are consistent with previously reported
values of 0.35 ps, 0.1 ps, 5 ps, and >200 ps for these four processes in the J-aggregate of
the 5,10,15,20-tetra(4-dodecyloxyphenyl) porphyrin,315 which were deduced from an
analysis of the transient absorption measurement in the visible region. This further
demonstrates that our observed transient IR signal likely stems from excitons in the excited
state of the TPPS porphyrin.

8.5 Conclusions
The ultrafast dynamics of TPPS monomer and J-aggregate thin film samples were
investigated by transient mid-IR absorption spectroscopy. This is the first time, to our
knowledge, that transient mid-IR absorption was used to study excited state excitons of a
porphyrin. The relaxation dynamics of the monomer were shown to be much slower than
the J-aggregate, which can be explained by the creation of new nonradiative relaxation
channels produced following aggregation.
Moreover, no electron injection from the TPPS porphyrin J-aggregate to the TiO2
NRs was observed, which is supported by 1) the near invariance of the transient IR signal
for the J-aggregate in both CaF2 and TiO2 substrates; 2) the lack of physical interaction
between TiO2 and the J-aggregate nanostructures observed in the TEM images; 3) both the
TPPS porphyrins and the TiO2 NRs are negatively charged and hence exhibit a strong
electrostatic repulsion.
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CHAPTER 9
PHOTOINDUCED ELECTRON DYNAMICS IN PORPHYRIN J-AGGREGATE
AND SILVER SENSITIZED TITANIUM DIOXIDE NANOCOMPOSITE

9.1 Introduction
As discussed in Chapter 1, dye molecules adsorbed on the surface of TiO2
nanoparticles have been extensively applied in dye-sensitized solar cell (DSSC) devices to
convert solar energy to electricity.20-21, 60, 62, 328 The metallic nanostructures (Ag, Au) have
been recently explored as photosensitizers for solar energy conversion due to their ability
to absorb an even larger quantity of light and the strong plasmonic coupling between the
metal and the semiconductor conduction band.46, 122, 127, 329-331 More recently, composite
plasmonic DSSC’s, which consist of dye molecules adsorbed on the surface of TiO2/noble
mental nanoparticles, have been developed in order to enhance the overall efficiency of the
device.332-336 For example, it has been demonstrated that the conversion efficiency of an
optically thin N3/TiO2/Ag composite DSSC can be improved by nearly an order of
magnitude, compared with the pure N3/TiO2 system, which might be due to that the
plasmonic nanoparticles can enhance the dye adsorption.332 However, a mechanistic
understanding of the electron dynamics of these complex dye/metal/semiconductor
systems is still fundamentally lacking. This stems in part from the fact that the carrier
dynamics in dye/metal/semiconductor systems are more complicated than in the
comparatively simpler binary systems: e.g., metal-dye, dye-semiconductor, or metalsemiconductor. For the dye/metal/semiconductor composite systems, it is necessary to take
into account all possible interactions of each of the components of the system.
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In Chapter 7, the mechanism of plasmon-induced electron transfer from Ag
nanoplatelets into TiO2 nanorods was described, where a full kinetic model was developed
in order to interpret the data. The transient IR signal rise time, which can be assigned to
the electron injection time, was deduced around 13 fs. Likewise, the transient IR signal
decays were assigned as follows: hot electron cooling (0.8 ps), back electron transfer to Ag
(6 ps), electron diffusion from the TiO2 surface to the bulk (15 ps), and back electron
diffusion from the TiO2 bulk to the surface (70 ps).
In Chapter 8, the complete absence of electron injection from the TPPS porphyrin
J-aggregate to TiO2 nanorods was demonstrated, where both the porphyrin and the TiO2
nanorods were negatively charged. The excited state exciton dynamics of the TPPS
porphyrin J-aggregate were measured and the various time constants were assigned as
follows: the lifetime of the S2 excited state (15 fs), internal conversion from S2 to S1 (10
fs), vibrational relaxation in S1 (7 ps), and the lifetime of the S1 excited state (280 ps).
Based on the results discussed in Chapters 7 and 8, the electron dynamics study of
the complex composite system porphyrin J-aggregate/Ag/TiO2 can be significantly
simplified. Specifically, given the absence of an interaction between the porphyrin and
TiO2, plus the fact that the electron dynamics between the Ag nanoparticles and TiO2 are
now well understood, only the J-aggregate/Ag nanoparticle system remains to be
investigated. In other words, understanding the J-aggregate/Ag/TiO2 composite can be
simplified to characterizing the J-aggregate/Ag system.
In this chapter, we also employ transient mid-IR spectroscopy to investigate the
electron dynamics of the TPPS porphyrin J-aggregate/Ag/TiO2 composite complex.
Plasmon-induced resonance energy transfer (PIRET) from Ag to porphyrin is proposed to
understand the dynamic processes in this complex system.
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9.2 Experimental Section
9.2.1 Materials
Details regarding the preparation and characterization of the Ag/TiO2 nanorods and
TPPS porphyrin J-aggregate samples are described in Chapters 7 and 8, respectively.

9.2.2 Transient mid-IR Absorption Spectroscopy
The experimental setup has been described in detail in Chapter 2. In a typical
experiment, 1 mL of the 200 µM TPPS J-aggregate stock solution was added to the surface
of the Ag/TiO2 thin film for the transient absorption experiment measurement.

9.3 Results
Figure 9.1 shows the UV-Vis spectra of TiO2 NR based powder samples coated on
a glass substrate. The red cure is from the TiO2 NR sample alone, where a sharp absorption
edge around 370 nm is observed and indicates that the bandgap of the TiO2 NR sample is
above 3.1eV (400 nm). This is fully consistent with our prior transient absorption result,
which revealed the absence of a signal from TiO2 NR following 400 nm excitation (Chapter
7). The continuous long-tail observed at a higher wavelength (visible region) stems entirely
from scattering and is not indicative of absorption. The black line highlights the signal
measured from the Ag/TiO2 NR sample. It exhibits a new broadband absorption in the
visible−NIR range spanning from ca. 400-700 nm. This absorption band stems from the
well-known surface plasmon resonance (SPR) of Ag NPs. The green curve depicts the
spectrum from the TPPS J-aggregate porphyrin on the TiO2 NR (Jagg-TiO2). The two
peaks observed at 490 nm (Bx band) and 420 nm (By band) with the intensity ratio Bx : By
> 1, can be assigned to the known S2 excited state transitions. The Bx band has a higher
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intensity because its transition dipole is oriented parallel to the aggregation axis (x axis),
which is defined as the direction connecting the centers of neighboring molecules.
Conversely, the transition dipole of By is oriented perpendicular to the aggregation axis.
The broadband absorption spanning from ca. 550-750 nm is assignable to the S1 excited
state transition. Finally, the blue curve exhibits the corresponding absorption spectrum of
the TPPS J-aggregate on the Ag/TiO2 NR sample. As distinct from the green curve (i.e.,
Jagg-TiO2), the inclusion of Ag results in a Bx : By intensity ratio that is less than unity.

Figure 9.1 UV-Vis spectra of TiO2 NR (red curve), Ag-TiO2 NR (black curve), the TPPS
porphyrin J-aggregate Ag-TiO2 NR (blue curve), and the TPPS porphyrin J-aggregate TiO2
NR (green curve). The observed continuous long-tail baseline of the curves is not
absorption but stems from the optical scattering of the powder sample.
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Figure 9.2 depicts representative transient IR absorption profiles at 1900 cm-1 for
samples consisting of Ag-TiO2 NR (red curve), TPPS J-aggregate-TiO2 NR (blue curve),
and J-aggregate Ag-TiO2 (black curve) as a function of time delays. All of the data points
were collected following optical pump excitation at 400 nm. The experimental results
clearly show that the overall decay process observed in the TPPS J-aggregate Ag-TiO2
(black curve) is significantly slower than either the Ag-TiO2 NR (red curve) or TPPS Jaggregate-TiO2 NR (blue cure) samples.

Figure 9.2 Temporal profile of transient absorption signal probed at 1900 cm-1 following
a 400 nm pulse excitation of Ag-TiO2 NR (red curve), the TPPS J-aggregate-TiO2 NR (blue
curve), and the TPPS J-aggregate Ag-TiO2 (black curve). The signal unit is arbitrary and
normalized to unity.
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9.4 Analysis
9.4.1 Determining the Absorption Cross-section of Ag and the TPPS J-aggregate
In order to quantify the absorption contributions of Ag and the TPPS J-aggregate
at the pump pulse wavelength (400 nm), it is necessary to remove the significant
background scattering signal of the TiO2 NR powder. Considering the inhomogeneous
distribution of TiO2 NR in the sample, the TiO2 scattering contribution in both the TiO2
NR (Figure 9.1, red curve) and TPPS porphyrin TiO2 samples (Figure 9.1, green curve)
could be different. Consequently, rather than subtracting the pure TiO2 signal (Figure 9.1,
red curve), a straight line (i.e., the dashed line in Figure 9.3) was used to mimic the TiO2
scattering signal spanning from 380 nm to 550 nm. Specifically, the line can be expressed
as:
𝐴 = 0.209 − 0.000248 ∗ 𝜆

(9.1)

where A and l are the absorbance and wavelength, respectively. The pure TPPS porphyrin
J-aggregate UV-Vis spectra (green curve, Figure 9.3) spanning 380-550 nm can then be
deduced by subtracting the scattering line function (Equation 9.1) from the original data
(red curve, Figure 9.3).
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Figure 9.3 The measured (red curve) and background-corrected (green curve) UV-Vis
spectra of the TPPS porphyrin J-aggregate TiO2 NR spanning ca. 380-550 nm.

The same procedure was applied to the spectrum of the TPPS J-aggregate/Ag/TiO2
NR. Here, the TiO2 scattering signal is modeled as:
𝐴 = 0.185 − 0.0002 ∗ 𝜆
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(9.2)

The measured (red curve) and background-corrected UV-Vis spectra of the TPPS
J-aggregate/Ag

spectrum

(blue

curve)

are

shown

in

Figure

9.4.

Figure 9.4 The measured (red curve) and background-corrected (blue curve) UV-Vis
spectra of the TPPS porphyrin J-aggregate/Ag/TiO2 NR spanning ca. 380-550 nm.

To quantify the adsorption contribution of both the Ag and the TPPS J-aggregate
for 400 nm pump pulse, the background-corrected TPPS J-aggregate (green curve) and the
Ag/TPPS J-aggregate (blue curve) spectra were re-plotted in Figure 9.5. At 400 nm, the
absorbance intensity ratio for the TPPS J-aggregate/Ag and the TPPS J-aggregate system
was deduced to be ca. 5:1. In other words, roughly 20% of the 400 nm pulse is absorbed
by the TPPS J-aggregate, and the remaining 80% of the light is absorbed by Ag.
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Figure 9.5 The UV-Vis spectra of the baseline-corrected TPPS J-aggregate (green curve)
and the TPPS J-aggregate/Ag (blue curve) on TiO2 NR surface. The signals at 490 nm are
normalized to unity for comparison.

9.4.2 Determining the Absorption Spectrum of Ag on TiO2 NR
The Ag absorption spectrum can be estimated by subtracting the sample scattering
signal (red curve, Figure 9.1). The curve after subtraction is shown in Figure 7.2 and can
be fitted by a Gaussian function with the FWHM as 138 ± 2 nm.
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9.5 Discussion
9.5.1 Plasmon-induced Resonance Energy Transfer Rate Estimation
Forster resonant energy transfer (FRET) has been well established to study how
energy non-radiatively transfers from a blue-shifted emitter to a red-shifted absorber by
dipole-dipole coupling.337-339 A very similar process, the so-called plasmon-induced
resonance energy transfer (PIRET), has also been experimentally demonstrated for
plasmon metals to semiconductors.125, 129, 281 Recently, the PIRET model has been proposed
to account for the interfacial electron injection dynamics from dye molecules adsorbed on
TiO2.340 In order to test whether or not PIRET is operational in our system, it is necessary
to estimate the corresponding energy transfer rate (kPIRET). A convenient closed-form
expression for kPIRET has been widely reported previously.337
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where JDA is the overlap integral between the fluorescence spectrum of the energy donor
and the absorption spectrum of the energy acceptor, ΦD is the fluorescence quantum yield
of the donor, NA is Avogadro’s number, τD is the fluorescence lifetime of the energy donor,
and RDA is the distance vector connecting the middle points of the transition dipole
moments of the energy donor and acceptor. The factor κ describes the influence of the
orientation of the electronic transition moments and 2/3 (𝑘 % ) is typically used for the
ensemble average orientation.339 The electron injection time (i.e., fluorescence lifetime or
tD) in our system was measured to be around 13 fs, which is comparable with previously
deduced hot electron relaxation lifetime of roughly tens to hundreds of femtosecond.130, 295
As a result, ΦD is estimated to be from 12% (tD=100fs) to 50% (tD=13fs). Furthermore,
JDA can be expressed as:338
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where FD is the normalized donor emission area and 𝜖A is the acceptor absorption
coefficient (M-1. cm-1). Based on our baseline-corrected UV-Vis measurement of the TPPS
porphyrin, the 𝜖A at 410 nm can be estimated as 0.2 × 105 M-1. cm-1, which is consistent
with results estimated from previously reported UV-Vis data.326 Given the absence of
fluorescence spectra for Ag at 400 nm excitation, the UV-Vis spectra of the Ag can be used
to estimate the fluorescence spectra because the transition dipole is similar. The normalized
baseline-corrected spectra of Ag and the TPPS J-aggregate are shown in Figure 9.6, where
nearly the whole area of the J-aggregate spectra is included. Under the assumption that 𝜖A
is a constant, the 0.5 𝜖A (l= 410 nm) can be used in the calculation. The JDA can then be
estimated to be around 1.1 × 101Ø 𝑛𝑚| 𝑀e1 𝑐𝑚e1 , which is consistent with the
previously report result (3.9 × 101Ø 𝑛𝑚| . 𝑀e1 ∙ 𝑐𝑚e1 ) of a Au coupled protoporphyrin
dye system.341
Due to the broad size distribution of Ag particles in our system (ca. 50 ± 15 nm),
three representative values of RDA (i.e., 5 nm, 10 nm, 25 nm), were considered for the
calculated PIRET rates. For instance, the RDA for a 20 nm Au plasmon band coupled with
a protoporphyrin dye has previously been reported as 8.6 nm (i.e., around the radius of the
metal particle).341 Based on all of the parameters described above, representative PIRET
rates were calculated to be 5.5-220 fs-1 (5 nm), 88 ps-1-3.5 fs-1 (10 nm), and 0.35-14 ps-1
(25 nm). In other words, the energy transfer time is deduced to be ca. several attoseconds
to tens of femtoseconds. Considering the limitation distance for FRET is 10 nm,341 the
minimum PIRET rate should be around 88 ps-1, which corresponds to a lifetime of 11 fs.
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Figure 9.6 The normalized absorption spectrum of Ag (black curve) and the TPPS Jaggregate at By band (red curve).

9.5.2 A Physical Model Describing the Electron Dynamics in the TPPS Jaggregate/Ag/TiO2 system
The physical model describing the electron dynamics in Ag/TiO2 (in Chapter 7) is
shown on the right side of Figure 9.7 (yellow portion). The transient IR signal rise time,
corresponding to the electron injection time (T1), was deduced around 13 fs. The transient
IR signal decays can be assigned as follows: hot electron cooling (T2, 0.8 ps), back electron
transfer from TiO2 to Ag (T4, 6 ps), electron diffusion from the TiO2 surface to the bulk
(T3, 15 ps), and back electron diffusion from the TiO2 bulk to the surface (T5, 70 ps). The
excited-state dynamics of the TPPS porphyrin J-aggregate has been discussed in Chapter
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8 and is shown on the left side of Figure 9.7 (green portion). The T6 (15 fs), T7 (10 fs), T8
(7 ps), and T9 (280 ps) are assigned to the lifetime of the S2 excited electronic state, S2 to
S1 internal conversion, S1 excited state cooling/relaxation, and the lifetime of the S1 excited
electronic state, respectively.
Based on the above PIRET estimation, the minimum PIRET rate is estimated to be
88 ps-1, which is faster than the deduced hot electron injection rate (77 ps-1) from Ag to
TiO2 NR. It is reasonable to expect that the PIRET process from Ag to the TPPS Jaggregate (sky blue arrows in Figure 9.7) could be competing with the electron injection
(T1) process from the Ag to TiO2. In general, the PIRET process should be dominant
because it occurs at a significantly faster rate than the T1 process. As a result, the parameter
q is introduced to estimate the percentage of electrons that can be injected into the TiO2.
The remaining portion of electrons generated (i.e., 1-q) in the Ag can then be used to excite
the dye molecules through the PIRET process. Since the 400 nm pump can excite both the
Ag and J-aggregate, the parameter j is the percentage of the pump energy absorbed by Ag
nanoparticles, and 1-j represents the percentage of the pump energy that is directly
absorbed by the TPPS J-aggregate.
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Figure 9.7 A physical model of the electron dynamics in the TPPS J-aggregate/Ag/TiO2
system. The N1, N2, N3, and N4 are the populations of the hot electrons in Ag, hot electrons
in the TiO2 CB, electrons in the surface areas of the TiO2 band edge, and electrons in the
bulk areas of the TiO2 band edge, respectively. The T1, T2, T3, T4, and T5 correspond to the
time for electron injection from Ag to TiO2, hot electron cooling, electron diffusion from
the surface to the bulk, back electron injection, electron diffusion from the bulk to the
surface, and electron trapping, respectively. The N5, N6, and N7 are the population of
excitons in the S2 excited state, the S1 excited state with higher vibrational energy, and the
S1 excited states of the TPPS porphyrin J-aggregate, respectively. The T6, T7, T8, and T9
are the lifetime of the S2 excited electronic state, internal conversion from S2 to S1,
vibrational cooling or relaxation in S1, and the lifetime of the S1 excited electronic state,
respectively. j and q correspond to the percentage of the 400 nm pump absorbed by Ag
and the electrons injected into the TiO2, respectively. The sky-blue transition demonstrates
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PIRET from Ag to the TPSS J-aggregate. The Ag Fermi energy, TiO2 conduction band
energy, and ground state energy of J-aggregate are around -4.5 eV, -4.2 eV, and -4.7 eV,
respectively. The Schottky Barrier (ESB) is around 0.5-0.7eV between Ag and TiO2.

Figure 9.8 Temporal profile (experimental points as black dots) of transient absorption
probed at 1900 cm-1 with a 400 nm pump for the TPPS J-aggregate/Ag/TiO2 NR. The blue
curve is the resulting fit based on Equation 9.5. The signal unit is arbitrary and normalized
to unity.
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9.5.3 Model Fitting for the TPPS J-aggregate/Ag/TiO2 Transient Absorption
Results
From the results shown in Figure 9.2, it is expected that the transient mid-IR signal
absorbed in the TPPS J-aggregate/Ag/TiO2 sample contains contributions from both the
Ag/TiO2 sample and the TPPS J-aggregate. In the Ag/TiO2 system, the signal originates
from the hot electrons in the conduction band of TiO2 injected from the Ag. As noted above,
for the TPPS J-aggregate, the absorption signal most likely stems from vibronic transitions
in the S2 state. Nevertheless, this hypothesis still needs to be confirmed by either additional
experimental measurements or theoretical calculations. As a result, we assumed that the
transient mid-IR signal shown in Figure 9.8 for the TPPS J-aggregate/Ag/TiO2 stems from
the TiO2 conduction band and the TPPS J-aggregate excited state in the data analysis.
The differential equations corresponding to the kinetics models for the Ag/TiO2 and
TPPS J-aggregate were described in Chapters 7 and 8, respectively. The transient IR
absorption trace (Figure 9.8) can be fitted to a numerical solution of the differential
equations describing the kinetic model, convoluted with a Gaussian instrument response
function (IRF):
∆𝐴 = {𝑎 ∗ 𝑁% + 𝑏 ∗ (𝑁3 + 𝑁| ) + 𝑐 ∗ 𝑁Ý + 𝑑 ∗ 𝑁Ø + 𝑒 ∗ 𝑁Þ + 𝐵 }⨂𝐼𝑅𝐹

(9.5)

where a, b, c, d, and e are amplitude coefficients related to adsorption cross-sections for
N2, N3+N4, N5, N6, and N7. B is the background. The fitting was done using a homemade
code written in Igor Pro (WaveMetrics), which is based on a similar fitting procedure
described in Appendices C. In actual operation, only the differential equations need to be
modified based on Equations 7.1 to 7.4 and 8.1 to 8.3 in the Igor procedure. In addition,
the pump energy is divided into two parts, j and 1-j, corresponding to whether the pump
energy is absorbed by Ag or the TPPS J-aggregate, respectively. The parameter q is
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introduced as a pre-factor of N1 in both the N1 consumption and N2 new generation
differential equations, representing the percentage of the N1 electrons that can be injected
into the conduction band of TiO2 to generate N2.

Table 9.1 Fitting parameters, including the portion of pump that can be absorbed by Ag
(j), the portion of hot electrons that can be injected into TiO2 conduction band (q), the
amplitudes of electrons in TiO2 conduction band (a and b), and the amplitudes of excited
sate excitons in porphyrin J-aggregate (c, d, and e).
Parameters

Fitting Results

Ag absorbed pump portion, j

0.6 ± 0.3

Electrons injected into TiO2 portion, q

0.002 ± 0.002

Amplitude of N2, a

4 ± 48

Amplitude of N3 and N4, b

6 ± 140

Amplitude of N5, c

1 ± 14

Amplitude of N6, d

2±9

Amplitude of N7, e

1±6

Based on the previous results of the Ag/TiO2 and TPPS J-aggregate described in
Chapters 7 and 8, the time constants from T1 to T9 are already known and can be
incorporated into the model as fixed constants. In our model fitting for the TPPS Jaggregate/Ag/TiO2 systems, all of the time constants can be fixed. The parameters of the
portion of pump that can be absorbed by Ag (j), the portion of hot electrons that can be
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injected into TiO2 conduction band (q), the amplitudes for electrons in TiO2 conduction
band (a, b), and the amplitude for excited sate vibrations in porphyrin J-aggregate (c, d, e)
can be deduced from the physical model fitting and the results are listed in Table 9.1.
The fitting result for j is around 0.6, which suggests that 60% of the pump excites
the Ag to generate the hot electrons. This is reasonably close to the value of 80% estimated
from the UV-Vis spectra in Figure 9.5.
A fascinating result that the q is only around 0.2%, which indicates that only a very
tiny portion of the electrons generated in the plasmonic Ag can be injected into the TiO2
conduction band. Instead, nearly all of the hot electrons generated in the Ag are transferred
to the TPPS J-aggregate dye molecules through PIRET by dipole-dipole coupling.
Why can the 0.2% of the electrons generated in the conduction band of TiO2 still
contribute measurable transient mid-IR signals? The parameters a and b, corresponding to
the mid-IR absorption cross-section of free electrons in the conduction band of TiO2, is
much larger than the parameters c, d, and e (i.e., the mid-IR absorption cross-section in
porphyrin). This indicates that the mid-IR absorption coefficient in the conduction band of
semiconductor (TiO2) is significantly higher than that of the molecular vibration, which is
consistent with the reported cross-section results that the free carrier absorption in the midIR region is around 10-17 cm2 in semiconductors342 and two orders of magnitude smaller
(i.e., 10-19 cm2) for molecule vibrational transitions.343
In summary, our findings indicate that nearly all of the pump energy can be
absorbed by the TPPS porphyrin J-aggregate either by direct excitation (40%) or indirectly
through PIRET from Ag (59.8%) in the specific TPPS J-aggregate/Ag/TiO2 system. This
is consistent with the previous results that the plasmon can enhance the dye adsorption and
thereby improve the DSSC efficiency.332 Despite the fact that the TPPS J140

aggregate/Ag/TiO2 system cannot be used in DSSC devices, due to the lack of an
interaction between the porphyrin dye and TiO2, this work is still constructive for
understanding electron dynamics in complex plasmonic DSSC systems.

9.6 Conclusions
The electron dynamics in a TPPS J-aggregate/Ag/TiO2 composite were
investigated by transient mid-IR absorption spectroscopy. Plasmon-induced resonance
energy transfer (PIRET) was proposed to understand the transient absorption results. The
PIRET rate was estimated to be less than several femtoseconds, much faster than the hot
electron injection rate from Ag to TiO2. The fitting results based on a physical model
indicate that nearly all pump energy can be absorbed by dye molecules (TPPS porphyrin
J-aggregate) either by direct excitation or indirectly PIRET from the metal particle (Ag) in
the specific Dye/Metal/TiO2 system. This finding helps to understand the mechanisms of
the plasmonic DSSC and improving its efficiency in practical applications.
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CHAPTER 10
SUMMARY AND PERSPECTIVE

10.1 Summary
There are two representative systems (e.g., Dye-Sensitized Solar Cells and
Dye/Metal/Semiconductor Heterojunction) in solar energy conversion applications
investigated by ultrafast nonlinear spectroscopies in this dissertation.
In the Dye-Sensitized Solar Cells (DSSC) system, I explain why the aprotic solvent
(acetonitrile) is widely through the solvent effects study on the dye adsorption and electron
injection. Using the surface-sensitive technique, Second Harmonic Scattering (SHS), I
have demonstrated that the azo-dye, p-ER, readily adsorbs onto TiO2 particle surfaces.209
However, the geometric isomer, o-ER, is unable to bind to TiO2 due to steric hindrance.
Likewise, it has been shown that protic and aprotic solvents result in very different surface
binding behaviors for azo-dyes interacting with TiO2 nanoparticles.227 Whereas p-ER
directly bonds to the TiO2 surface in aprotic solvents, protic solvents (such as EtOH) form
a protective solvent shell around the particle, which prevents the dye from directly
accessing the surface. Consequently, rather than adsorbing onto the TiO2 particle, azo-dyes
can only bind to the surrounding solvent shell in protic solvent systems. Additionally,
solvent polarity was shown to play a crucial role in the adsorption process.209 For aprotic
solvents, it was revealed that the adsorption free energy of the azo-dye interacting with the
particle surface was positively correlated with the solvent polarity parameter, ET(30).
Likewise, transient absorption measurements showed that the electron injection rates from
the azo-dye to the semiconductor particle were positively correlated to the reorganization
energy, l0.272 This further highlights the superiority of polar solvents for the fabrication of
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photovoltaic devices. Taken together, these results suggest that solvents with high
polarities, such as acetonitrile, are ideally suited for the fabrication of DSSC devices.
Furthermore, these results indicate the importance of continued exploration into additional
aprotic solvents (whose polarity is higher than ACN) for optimizing the solar conversion
efficiency of DSSC devices.
In the Dye/Metal/Semiconductor system, I proposed the specific physical model to
describe the dynamics processes, which is significant progress than the previous
phenomenological model (e.g., multiexponential decay) where the deduced time constants
cannot be unambiguously assigned to a specific physical process. To understand the
complex J-aggregate/Ag/TiO2 system, the Ag/TiO2 and J-aggregate/TiO2 are isolated
studied firstly. The plasmon-induced hot electron dynamics in Ag adsorbed on TiO2 are
probed by transient mid-IR absorption. The observed transient signal is analyzed using a
physical model that includes electron injection, relaxation, band-edge electron annihilation,
electron diffusion from the surface to bulk, and electron back diffusion from bulk to
surface. The corresponding time constants are extracted to be 13 fs, 0.8 ps, 6 ps, 14 ps, and
70 ps, respectively. As distinct from prior phenomenological analysis, this is the first
physical model describing electron dynamics between a metal and semiconductor, which
will be helpful for device performance optimization. From the perspective of achieving
higher efficiency for photosensitized devices, Ag is an excellent photosensitizer for TiO2
nanorods, and using higher photon flux to saturate trap states and larger volume
semiconductor nanostructures to increase the diffusion of CB electrons from the surface to
the bulk may lengthen the lifetime of the CB electrons for catalytic or voltaic applications.
Next, the excited state exciton dynamics of the porphyrin J-aggregate on the TiO2 nanorods
are studied. It is found the similar dynamics for porphyrin J-aggregate on TiO2 and CaF2
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substrates, suggesting there is no electron injection from J-aggregate to TiO2. The signal,
only from the J-aggregate self-assembled nanostructures, is fit to a physical model
including four decay time constants of 15 fs, 10fs, 7 ps, and 280 ps, which are assigned to
the lifetime of S2, S2 to S1 internal conversion, S1 vibrational cooling/relaxation, and the
lifetime of the S1 state, respectively. Finally, the complex system J-aggregate/Ag/TiO2 is
investigated. The plasmon-induced resonant energy transfer is proposed to understand the
interaction between Ag and J-aggregate. It is also found that nearly all of the pump energy
can be used to enhance the dye adsorption either by direct dye excitation or indirectly
PIRET process from the Ag who absorbs the left photons.
In conclusion, our findings are not only important for the fundamental
understanding of the basic physical processes during the solar energy conversion process,
but also provide some guidance for designing more efficient photovoltaic and
photocatalysis devices. From the DSSC system, we learned that the aprotic solvent with
higher polarity is helpful for both the dye adsorption and electron injection. As a result, we
can propose some solvent selection rules for organic dye-sensitized solar cells fabrication:
aprotic solvent with higher polarity > aprotic solvent with lower polarity > protic solvent.
From the heterojunction system, we have learned that 1) Ag is an excellent photosensitizer
for TiO2 compared with Au and dyes; 2) Porphyrin is not a good candidate for the negative
charged TiO2 nanomaterials; 3) Introducing noble metal into DSSC is a good strategy to
enhance the efficiency of the solar cells because the plasmon can dramatically enhance the
dye adsorption.

144

10.2 Perspective
Despite all that has already been accomplished as described above, there is still
much more to be learned regarding solvent effects on the interaction of carboxylic dyes
with TiO2. In the dye adsorption process onto the TiO2 surface, quite different adsorption
kinetic processes (the time to reach the adsorption equilibrium) are detected in various
solvents. In order to deduce the energy barrier, the Temperature-dependent SHS
measurement for dye adsorption onto TiO2 in different solvents can be performed.171
Besides the pure solvent effect, the mixed solvent systems as well as pH-dependent effects,
should also be considered on the dye adsorption. Moreover, beyond neutral dyes, charged
carboxylic dyes and dye aggregates are other vital topics.
In this dissertation, the protic solvent effects on electron injection from dye to TiO2
is not mentioned because protic solvents absorb mid-IR light. It is mostly impractical to
study protic solvent effects using transient absorption at mid-IR. As an alternative
approach, time-resolved fluorescence and/or transient absorption using a visible probe
could be applied to further characterize these systems.181, 315
While the physical model we proposed can be fitted the transient absorption signal
very well, more sophisticated experiments are still necessarily designed to prove our
model. For example, different sizes of spheres TiO2 particle can be synthesized, and the
size-dependent transient absorption measurement can test the diffusion time (T3) from
surface to bulk and the back diffusion time (T5) from bulk to the surface in Figure 7.4. The
source of the transient IR signal in porphyrin is assumed from the excited state, which can
be verified by measuring the transient mid-IR absorption spectra by an array detector or
theoretical calculation.
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Even though the exciton and plasmon coupling (plexcitons) are not observed in our
porphyrin J-aggregate/Ag system, the study about the plexcitons has garnered much
attention in recent years, due to the tunable and unique optical properties that these
structures exhibit.344 Generally, the plexcitons can be achieved between Noble Metal (Ag,
Au) and J-aggregate/Quantum dots (QDs).344-345 Different coupling strength can be easily
tunable by changing the size, the shape of the metal or QDs or changing the distance
between them.345 The investigation about the ultrafast electron or energy transfer of the
hybrid state, which can be studied by transient absorption or two-dimensional electronic
spectroscopy,181, 346 is necessary to understand the light-matter interaction and therefore
design more sophisticate optoelectrical devices.
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APPENDICES A
THE THEORETICAL MAXIMUM NUMBER DENSITY ESTIMATION FOR
P-ER ADSORPTION ONTO TITANIUM DIOXIDE NANOPARTICLES

A.1 Maximum Number Density Estimation
The theoretical maximum number density for p-ER absorbed on to TiO2
nanoparticle (160 nm diameter) surface can be estimated as follow:
(a) The concentration of the TiO2 colloidal solution was estimated to be 3.8 x 10 9/mL,
described in Chapter 3 Experimental section part.
(b) For a 160 nm sphere TiO2 nanoparticle, the surface area of a TiO2 particle is
calculated:
𝑆…fKmÊT = 𝜋𝐷% = 3.14 × (160 × 10eà )% 𝑚% = 8.04 × 10e1| 𝑚%

(A.1)

(c) The total surface areas for TiO2 nanoparticles in 1 mL solution is calculated:
𝑆AáA£Ê = 𝑆…fKmÊT × 3.8 × 10à = 30.55 × 10eÝ 𝑚%

(A.2)

(d) The surface area of the carboxylic group binding site on the TiO2 surface is expected
to be 19 Å2 (i.e., assuming only a single carboxylic group binds to each unit cell).1, 2
(e) The maximum numbers of carboxylic groups in 1 mL solution can be bonded is
estimated:
#AáA£Ê =

”µŽµ˜ã
1à Å=

= 1.6 × 101Ý /𝑚𝐿

(A.3)

(f) The concentration can be estimated:
𝐶ç£è =

#µŽµ˜ã
–Ò

= 2.7 𝜇𝑀

(A.4)
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APPENDICES B
THE TITANIUM DIOXIDE MID-IR ABSORPTION PENETRATION DEPTH
ESTIMATION

B.1 Penetration Depth Estimation
The penetration depth (dp) refers to the depth at which the intensity of the field
decays to 1/e of its surface value.1 According to Beer-Lambert Law, the intensity of an
electromagnetic wave inside a material falls off exponentially from the surface as:
𝐼(𝑧) = 𝐼. 𝑒 eëì

(B.1)

Where z is the distance to the surface, the attenuation constant a=1/dp.
The attenuation constant for an electromagnetic wave at normal incidence on the material
is also proportional to the imaginary part of the material's refractive index n.
ë
%

1

= %í =
¨

5
<

𝐼𝑚 7𝑛î(𝜔)8 =

%}
~

𝐼𝑚 7𝑛î(𝜆)8

(B.2)

For TiO2 at 1900 cm-1, the imaginary of the refractive index n is around 0.0038.2 The
penetration depth can be estimated to be around 100 µm, which is much larger than the
length of the TiO2 nanorods the experiment. As a result, the IR pulse used in the experiment
can be probe all of the electrons both located at surface and bulk.
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APPENDICES C
IGOR PROCEDURE TO FIT THE TRANSIENT ABSORPTION DATA BASED
ON A PHYSICAL MODEL

As mentioned in Chapters 7, 8, and 9, a physical model was used to fit the transient
absorption signal of Figures 7.3, 8.7, and 9.8. Here, I have outlined the custom IGOR
procedure used to fit the curve of Figure 7.3 based on the differential equations in Chapter
7. The similar IGOR procedures can be modified based on different differential equations
described in Chapters 8 and 9 to fit the curves of Figures 8.7 and 9.8, respectively.

************************************************************************
#pragma rtGlobals=1

// Use modern global access method.

Function ConFit(pw, xVal, pVal, N0_results, N1_results, N2_results, N3_results,
N4_results)
wave pw
variable xVal, pVal
wave N0_results, N1_results, N2_results, N3_results, N4_results

variable N0_0=pw[0]
variable t0=pw[1]
variable sigma=pw[2]
variable tau=pw[3]
variable c2=pw[4]
variable c3=pw[5]
192

variable os=pw[6]
variable T1=pw[7] // electron injection time from Ag to TiO2
variable T2=pw[8] // hot electrons cooling
variable T3=pw[9] // electron diffusion from surface to bulk in TiO2
variable T4=pw[10] // back electron injection time from TiO2 to Ag
variable T5=pw[11] // electron back diffusion from bulk to surface in TiO2

variable dt=0.01

variable N0=1
variable N1=1-N0
variable N2=0
variable N3=0
variable N4=0

variable y0
variable y1
variable y2
variable y3
variable y4

variable i=0

do
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variable t=t0+i*dt

N0_results[pVal] = N0
N1_results[pVal] = N1
N2_results[pVal] = N2
N3_results[pVal] = N3
N4_results[pVal] = N4

y0=((-sigma * (Exp(-2*((t-t0)^2)/(tau^2))) *(N0-N1))*dt) + N0
y1=(((sigma * (Exp(-2*((t-t0)^2)/(tau^2))) *(N0-N1))-(N1/T1))*dt)+N1
y2=(((N1/T1)-(N2/T2))*dt)+N2
y3=(((N2/T2)-(N3/T3)-(N3/T4)+(N4/T5))*dt)+N3
y4=(((N3/T3)-(N4/T5))*dt)+N4

N0=y0
N1=y1
N2=y2
N3=y3
N4=y4

i=i+1
while (t<xVal)
variable IPP
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IPP= (c2*N2)+(c3*N3)+(c3*N4) + os
return IPP
end

Function convConFit(pw, yw, xw) : FitFunc
WAVE pw, yw, xw
Variable resolutionFactor = 2
Variable dT = min(1/(resolutionFactor/0.2), pw[3]/resolutionFactor)
Variable nGaussWavePnts = round(resolutionFactor/(1/pw[3]*dT))*2 + 1
Make/D/O/N=(nGaussWavePnts) gausswave
Variable nYPnts = max(resolutionFactor*numpnts(yw), nGaussWavePnts)
Make/D/O/N=(nYPnts) yWave
setscale/P x -dT*(nGaussWavePnts/2),dT,gausswave
setscale/P x xw[0],dT, yWave
gausswave = dT*exp(-((x-pw[1])/pw[3])^2)
Variable sumgauss
sumgauss = sum(gausswave, -inf,inf)
gausswave /= sumgauss

Duplicate /O yWave, N0_results, N1_results, N2_results, N3_results, N4_results
yWave = ConFit(pw, x, p, N0_results, N1_results, N2_results, N3_results, N4_results)
convolve/A gausswave, yWave
yw = yWave(xw[p])
End
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