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is assigned to bound MetCat+./Ti3+ charge-transfer exciton and other features are assigned to the 

cation radical of MetCat and electron in the conduction band. The fact that the charge separated 

species are observed immediately after excitation suggest immediate delocalization of the excited 

charge carriers and matches fairly well with what was observed in femtosecond fluorescence 

upconversion measurements. 

450 500 550 600 650 700 750
0.0

0.3

0.6

0.9

1.2

 150 fs

 1.2 ps

 5.5 ps

 10 ps

 22 ps


A

 (
1
0

-3
)

Wavelength (nm)

Met-Cat/TiO
2

A

Figure 4.10 (A) ESA spectra at different time delays for MetCat/TiO2 after excitation at 420 nm. 

Corresponding transient decay traces at (B) 480 nm and (C) 650 nm 
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However, the bound CT exciton at 480 nm (Figure 4.9B) decays fast until that ESA 

vanishes. In contrast, the ESA at 650 nm (Figure 4.9C) does not decay fast. The results show that 

it is possible to achieve good charge separation with donor substituted catechol. Even though there 

is a contribution of bound CT exciton, charge separation greater than 50% was observed in this 

system. It would be interesting to see if acceptor substituted catechol can lead to similar charge 

separation. Figure 4.10A shows the ESA at different time delay for NO2-Cat/TiO2 after excitation 

at 420 nm. 
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Figure 4.11 (A) ESA spectra at different time delays for NO2-Cat/TiO2 after excitation at 420 nm. 

Corresponding transient decay traces at (B) 480 nm and (C) 650 nm 
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It can be observed from Figure 4.10A that the ESA at 150 fs consisted a positive feature 

centered around 540 nm. The transient features below 520 nm were complicated by the intense 

ground state absorption of NO2-Cat/TiO2. This ESA at 540 nm is assigned to the absorption of 

NO2-Cat+./Ti3+ CT excitonic state. It is interesting to note the absence of ESA greater than 650 nm 

indicating that ultrafast charge separation is quite negligible for NO2-Cat/TiO2 system. Optical 

absorption and fluorescence upconversion measurements have shown that the localized CT state 

of NO2-Cat and Ti3+ defect states is very strong creating deeper trap state from where the 

delocalization into the conduction band of TiO2 is difficult. However, as the time delay is 

increased, the bound CT excitonic state decays (Figure 4.10B) very fast and smaller charge 

separating species were formed. With time delay, there is a formation of transient greater than 650 

nm suggesting the delocalization into the conduction band of TiO2 from the bound localized CT 

state. Figure 4.10C shows a growth to form electron in the conduction band absorption, but its 

contribution is almost 10 to 20 times smaller than that of MetCat and Cat. Contrasting ESA features 

were observed for different substituents on catechol.  

Similar transient absorption measurements were carried out for all derivatives. The features 

observed are fairly similar to what was discussed above. To avoid repetition, only the comparison 

of kinetics of different catechol derivatives at their respective ESA maxima is presented. Shown 

in Figure 4.11A are the comparison kinetics decay traces for Cat-derivatives on TiO2 nanoparticles 

in solution. It can be observed from figure that the kinetics of MetCat decays quite slowly 

compared to that of CN-Cat and Nitro-Cat. The percent of long components in decay is shorter 

with increase in acceptor strength (Table 4.4). The results clearly show that the donor substitution 
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leads to better charge separation when compared to acceptor even though stronger CT complex is 

formed with an acceptor substitution. 
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Figure 4.12 Comparison of kinetic decay at their ESA maxima for (A) Cat-derivatives/TiO2 and 

(B) Sal derivatives/TiO2 

Figure 4.11B shows the comparison between the kinetic decay traces of Sal/TiO2 and NH2-

Sal/TiO2 in solution.  Interestingly, not much of difference is observed between the kinetics and 

their lifetimes (Table 4.4) for Sal/TiO2 and NH2-Sal/TiO2 pointing to the fact that Sal forms weaker 

complex with Ti3+ than that of Ti4+. As Sal forms a complex with Ti4+, charge separation occurs 

immediately without the presence of intermediate localized CT excitonic state and thus no effect 

of substituent was observed. 

Table 4.4 Transient decay times of the investigated small molecule/TiO2 nanocomposites 

Sample Lifetimes 

Cat/TiO2 av = 1.7 ± 0.3  ps (85.1%), long >30 ps (14.9%) 

MetCat/TiO2 av = 5.5 ± 0.5 ps (46.8%), long >30 ps (53.2%) 
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CN-Cat/TiO2 av = 0.65 ± 0.1 ps (67.6%), long >10 ps (32.4%) 

NO2-Cat/TiO2 av = 2.7 ± 0.3 ps (100%) 

Sal/TiO2 av = 3.5 ± 0.3 ps (73.4%), long >10 ps (26.6%) 

NH2-Sal/TiO2 av = 3.8 ± 0.4 ps (63.9%), long >100 ps (36.1%) 

The transient absorption measurements have shown distinct differences between different 

substituents, especially for the case of Cat-derivatives. The hypothesis is that Cat forms CT 

complex with Ti3+ defect sites and creates a localized CT excitonic state that was detrimental for 

achieving efficient charge separation. However, that effect was minimized by the use of a donor 

which gave decent charge separation even in solution phase. Thin films of TiO2 possess much 

smaller defect states as they are heated to remove dangling bonds and the density of defect states 

are much smaller. It would be interesting to see if there are any differences in transient absorption 

features for Cat/TiO2 in solution and thin film phases. The transient absorption features of Cat/TiO2 

in solution were already discussed above and the main result is the presence of ESA feature for 

bound Cat+./Ti3+ at 550 nm. Shown in Figure 4.12 A are the ESA at different time delays for 

Cat/TiO2 thin films. It is quite interesting to see completely different features. The ESA for 

Cat/TiO2 thin film at 200 fs is dominated by bleach with a maximum at 470 nm and broad 

featureless absorption greater than 650 nm. The bleach is due to the disappearance of Cat/TiO2 

absorption and the ESA greater than 650 nm is assigned to the absorption of electrons in the 

conduction band of TiO2. This result proves our hypothesis that the absorption observed for 

Cat/TiO2 in solution phase is that of the localized CT excitonic state. The transient decay traces at 

650 nm were compared for Cat/TiO2 in solution and thin film phases (Figure 4.12 B) and one can 

Table 4.4 - continued
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observe the absence of any charge recombination in thin film phases. This is one of the first result 

that shows the possibility of achieving long-lived charge separation with Cat/TiO2 systems. 

450 500 550 600 650 700 750

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

 300 fs

 2.5 ps

 12 ps

 30 ps

 80 ps


A

 (
1
0

-3
)

Wavelength (nm)

Cat/TiO
2
 thin filmA

0 10 20 30 40 50

0.0

0.2

0.4

 Cat/TiO
2
thin film


A

 (
1
0

-3
)

Time (ps)

 Cat/TiO
2
 Solution

B

Figure 4.13 (A) ESA spectra of Cat/TiO2 thin film at different time delays and (B) kinetic decay 

trace comparison for solution and thin film phases 

Similar comparison of transient features was carried out for Sal/TiO2 in solution and thin 

film phases. The transient features of Sal/TiO2 in solution consisted of ESA maximum at 500 nm 

and broad absorption for electrons in the conduction band. Likewise, the ESA of Sal/TiO2 thin film 

(Figure 4.13A) consisted of an ESA maximum at 500 nm, another shoulder at 630 nm and broad 

featureless absorption greater than 650 nm. The ESA features of Sal/TiO2 in solution and thin film 

phases are more or less similar where in the excitation of complex leads to instantaneous charge 

separation with the formation of cation radical of sal and electrons in the conduction band. The 

kinetic decay traces were compared for solution and thin film phases and shown in Figure 4.13 B. 

There is a fast decay in both cases of solution and thin film. However, the charge separation is 

higher for thin film compared to solution. This is expected as the defect state densities are lower 

in thin film leading to better charge separation. Cat/TiO2 has shown differences in the manner Cat 
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forms complex with Ti3+. In the case of Sal, it forms a better complex with Ti4+ in solution phase 

as well as thin films and thus no major differences in charge-carrier relaxation was observed in the 

case of Sal/TiO2. 
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Figure 4.14 (A) ESA spectra of Sal/TiO2 thin film at different time delays and (B) kinetic decay 

trace comparison for solution and thin film phases. 

4.4. Mechanism of Charge-Carrier Relaxation Dynamics in Surface-Modified TiO2 Nanoparticles 

Optical absorption, time-resolved fluorescence and absorption measurements carried out 

on catechol and salicylate derivatives have shown following things. Charge-transfer compleesx 

were formed with all small molecule derivatives with TiO2 nanoparticles in solution and all 

molecules were able to modify the surface of TiO2 with catechol derivatives shifting the absorption 

to 600 nm while salicylate derivatives shifting to 520 nm. With increasing the acceptor strength of 

catechol, CT absorption was stronger and shifted to longer wavelengths with NO2-Cat forming 

strongest complex. All the investigated small molecule derivatives have shown ultrafast ICT 

emission. The CT emission decay was mostly instrument response limited for catechol derivatives, 

and anisotropy measurements have shown that the emission arises out of localized CT states. With 

increasing the acceptor strength, the ICT emission decay slowed down with the NO2-Cat/TiO2 
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complex showing slowest decay. The ICT decay is attributed to the charge delocalization into the 

conduction band of TiO2 from the excited CT state.  As the CT complex is strongest with the NO2-

Cat, it suggests a complex with a deeper surface state and that delocalization into the conduction 

band from this state is an uphill process. However, no such differences were observed in Sal 

derivatives as it forms complex with surface Ti4+ states that are higher in energy and near to the 

conduction band edge or above. 

Figure 4.15 Schematic diagram showing the CT complexation behaviors of Catechol and 

Salicylate with TiO2 nanoparticles in solution. Also shown in the next schematic are the charge 

injection and charge delocalization pathways from the excited molecule/TiO2 CT state 

Transient absorption measurements of Cat/TiO2 in solution phase have shown the presence 

of an excited CT state that recombines with a faster time constant. However, no such excited CT 

State was observed for Sal/TiO2 where excitation leads to charge separated state followed by multi-

exponential charge recombination. The presence of an excited CT state in Cat/TiO2 is attributed to 
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the fact that Cat forms a strong CT complex with Ti3+ defect states while Sal forms a CT complex 

with Ti4+. (Figure 4.14) This CT complex of Cat with Ti3+ shows an interesting behavior with 

respect to donor/acceptor strength of the substituent on catechol. With increasing the strength of 

acceptor on catechol, the CT complex is stronger and the excited state contribution to the ESA is 

larger and the charge separation is smaller. MetCat, a donor substituted catechol shows a smaller 

percentage decay corresponding to the excited CT state and the highest charge separated 

species.On the other hand, NO2-Cat, the strongest acceptor shows no charge separation initially as 

the excited CT state dominates its ESA spectral profile. With a decay in the excited CT state, small 

amount of charge separated species was observed. However, the transient absorption features of 

Sal/TiO2 and NH2-Sal/TiO2 are similar to one another as the contribution from the excited CT state 

is smaller in both cases. 

Interesting transient absorption features were observed for Cat/TiO2 in solution and thin 

films. As the defect Ti3+ states are smaller in thin films, the ESA of Cat/TiO2 do not show any 

feature corresponding to the excited CT and the dynamics is dominated by instantaneous formation 

of charge separated species and interestingly show slow charge recombination. (Figure 4.14) The 

results show that the Cat/TiO2 thin film systems can be used for photocatalytic applications or 

solar cells as it leads to efficient charge separated species. However, no differences were observed 

for Sal/TiO2 in solution and thin films. 

4.5. Conclusion 

Charge carrier relaxation dynamics in surface CT modified TiO2 nanoparticles was studied 

with femtosecond time-resolved fluorescence and transient absorption spectroscopy. The major 

objectives of this study are to probe the influence of donor/acceptor strength on the charge carrier 

dynamics in catechol and salicylic acid modified TiO2 nanoparticles as well as to understand the 
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CHAPTER 5 

 ULTRAFAST INTERFACIAL CHARGE-TRANSFER DYNAMICS IN ANTHRACENE 

AND PYRENE CATECHOL FUNCTIONALIZED TIO2 NANOPARTICLES 

5.1. Introduction 

In the previous chapter, the charge-carrier dynamics of surface charge-transfer (CT) 

modified TiO2 nanoparticles was discussed. The results have shown that the localized charge-

transfer states created by surface modifiers dominate the charge carrier dynamics where the 

strength of the donor/acceptor on the modified surface modified influence the charge separation 

and recombination dynamics. However, the surface modifiers have limited absorption in the 

visible region. Attaching the dye molecules to the surface modifiers would enhance the visible 

light absorption. However, the dynamics of charge carriers with this arrangement would be 

affected both by charge-transfer states of surface modifiers and the dye molecules that are attached 

to it. It would be interesting to know which chromophoric structure would dominate the charge 

relaxation dynamics.  A schematic of the dye-surface modified semiconductor under investigation 

is shown in Figure 5.1. The charge-carrier dynamics in these geometries are quite important for 

addressing the interfacial charge-transfer concerns that are important for dye solar cells and 

catalysis. 
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Figure 5.1 Schematic diagram of the dye-surface CT modified TiO2 nanoparticles. 

Charge transfer processes in semiconductor nanomaterials and molecule-semiconductor 

interfaces has been in the forefront of research for last three decades. This is because of their 

applications in photography1, nano-scale devices,2 photocatalysis3, and solar energy conversion.4 

Many molecule/semiconductor nanoparticles systems have been studied, some of them include 

TiO2 and ZnO bound to organic adsorbate molecules. Sensitizer molecules adsorbed on surface of 

the semiconductor nanoparticles absorb the visible light and aid in charge separation. The 

dynamics of charge-transfer at a sensitizer-semiconductor interface has been investigated by 

several researchers for last decades as it presents a heterogeneous electron transfer problem as well 

as finding applications in dye-sensitized solar cells (DSC). In typical DSCs, the excited sensitizer 

molecules inject electrons into the conduction band of TiO2 nanoparticles where charges would be 

separated and the electrons are collected at the conducting electrode giving rise to electric voltage 

output.  Several organic dye molecules have been studied that include merocyanine,5,6 

hemicyanin,7-9  porphyrin, 9-14 phthalocyanine, 15-16   indoline,17,18 squaraine,19-21 and coumarins 

dyes.22-25 With these organic dye molecules, solar cell efficiencies of over 9% have been achieved. 

5-25 
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The most common anchoring groups used for binding the sensitizers to TiO2 surface are 

carboxylate, phosphonates, sulfonic acids, silanes,26 amides 27-29 and esters 30-32 (Type-1).34-35 

These anchoring groups are innocent and do not create additional states with semiconductors. On 

the other hand, ene-diol molecules such as catechol and salicylic acids (discussed in Chapter 4) 

present an interesting proposition wherein these small molecules not only can act as stable 

anchoring groups but also provide additional charge-transfer states in the semiconductor 

nanoparticles. 36 This type of binder is often termed as Type-2. An enormous amount research has 

focused on Type-1 binding interactions but similar work on Type-2 has been limited. In an earlier 

work, pyrogallol red and bromo pyrogallol red were used to sensitize TiO2 and interesting ultrafast 

charge injection and charge recombination were observed.37-38 Also, some work has also focused 

on porphyrin and Ru-polypyridyl complexes with catechol (Type-2) as anchoring groups.39-45 

However, the detailed understanding of the role of surface CT modifier and the chromophore is 

not available. It will also be interesting to see how the solution versus thin film phases can 

influence the dynamics of charge carriers. To understand these parameters, dynamics of charge-

carriers was studied on two organic dye molecules (anthracene and pyrene) with catechol as an 

anchoring group. Catechol groups provide the Type-2 interaction while the organic molecules 

work as sensitizers. Anth-Cat and Pyr-Cat (molecular structures are shown in Figure 5.2) were 

synthesized and the dynamics of charge carriers was probed with femtosecond fluorescence 

upconversion and transient absorption both in solution and thin film phases. 
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Anth-Cat Pyr-Cat 

Figure 5.2 Molecular structures of the investigated chromophores. 

5.2. Materials 

Titania paste was obtained from Solaronics inc., and Indium Tin Oxide (ITO) covered glass 

slides were purchased from Nanocs and were used as such. Titanium (IV) tetraisopropoxide was 

obtained from Aldrich and was used as such. Nanopure water has been utilized to carry out all the 

measurements unless stated otherwise. The materials used for the synthetical experimentation were 

catechol, anthracene-2-amine, pyren-1-amine, 3,4-dihydroxybenzaldehyde, ethanol, methanol and 

isopropanol (2-propanol) were obtained from Sigma-Aldrich and were used as received. 

5.2.1. Synthesis of TiO2 Nanoparticles 

TiO2 nanoparticles were synthesized by the controlled hydrolysis of titanium (IV) 

tetraisopropoxide.46,47 Briefly, 10 mL of Ti[OCH(CH3)2]4 was dissolved in 90 mL of isopropyl 

alcohol and was added drop wise at a rate of 1 mL min-1 to 900 mL of nanopure water (pH 1.5- 

adjusted with HNO3) with continuous stirring. The stirring was continued for a period of 12 h. A 

transparent colloid was formed which was then concentrated at 308-313 K with a rotary 

evaporator. The resulting powder was then dried under nitrogen to yield a white powder. 
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5.2.2. Fabrication of TiO2 Films 

A well established procedure for the assembly TiO2 films was used.48  ITO glass slides 

were cut into squares using a diamond cutter that were then washed and air dried. The doctor 

blading method was used to make transparent TiO2 films. The films were allowed to dry for 5 

minutes after which they were placed in an oven for 45 minutes at 723 K to bake. They were then 

taken out and allowed to cool down to room temperatures before being immersed in the selected 

sensitizer solutions for 30 minutes. They were then taken out and washed with methanol to remove 

any un-adsorbed dye. 

5.2.3. Synthesis of (E)-4-((anthracen-2-ylimino) methyl) benzene-1,2-diol (AnthCat) 

The synthetic scheme for AnthCat is provided on Figure 5.3. (Collaboration with Prof. 

Ekkehard Sinn) In a 25 mL flask, anthracene-2-amine (0.30g, 1mmol) and 3, 4-

dihydroxybenzaldehyde (0.21 g, 1 mmol) were suspended in 20 mL ethanol. The mixture was 

refluxed for 12 hr with stirring, during which time an orange precipitate formed. The precipitate 

was separated by filtration and washed with 3 x 10 mL ethanol. After drying, a bright orange solid 

in 80% yield was obtained. The product was characterized by 1H NMR and mass spectrometry. 



123 

Figure 5.3 Mechanistic scheme depicting the synthesis of AnthCat 

5.2.4. Synthesis of (E)-4-((pyren-1-ylimino) methyl) benzene-1, 2-diol (PyrCat) 

The synthetic scheme for PyrCat is provided on Figure 5.3. (Collaboration with Prof. Ekkehard 

Sinn)  In a 25 mL flask, pyren-1-amine (0.20g, 1mmol) and 3, 4-dihydroxybenzaldehyde (0.13g, 

1mmol) all were suspended in 20mL ethanol. The mixture was refluxed for 12 hr with stirring, 

duringwhich time a yellow precipitate formed. The precipitate was separated by filtration and 

washed with 3 x 10 mL of ethanol. After drying, yellow solid in 78% yield was obtained. It was 

characterized by 1H NMR and mass spectrometry. 
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Figure 5.4 Mechanistic scheme depicting the synthesis of PyrCat 

5.3 Methods 

Optical absorption measurements were carried out using a Shimadzu UV 2101 PC 

absorption spectrometer. Benesi-Hildebrand analysis was used to determine the association 

constants which will be discussed in the main text. Time resolved fluorescence and fluorescence 

anisotropy of molecule/TiO2 nanoparticles were studied using the femtosecond fluorescence 

upconversion with a procedure described elsewhere.49 The upconversion system used in our 

experiments was obtained from a CDP system with a design that is similar to what has been 

published elsewhere.49 Briefly, the system used frequency doubled (400 nm) light from a mode-

locked broadband Ti-sapphire laser (Spectra Physics, Tsunami, 710-920 nm). For this system, the 

sample is continuously rotated with a rotating cell, which is 1 mm thick, to avoid the degradation 

of the sample. The horizontally polarized fluorescence which was emitted from the sample was 
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upconverted in a nonlinear crystal of -bariumborate using a pump beam at 800 nm, which first 

passed through a variable delay line. Instrument response function (IRF) was measured using 

Raman scattering from water. Fitting the Gaussian peak from the Raman scattering yielded a sigma 

value of ∼130 fs which gave a full width half maximum of ∼250 fs. 

The spectral resolution was attained by using a double monochromator and photomultiplier 

tube. The excitation average power varied during experiments but was mostly in the range of 21 ± 

0.5 mW.  The time-resolved fluorescence anisotropy (r(t)) measurements were carried out with 

parallel and perpendicular excitations in which the polarization was changed with a Berek 

compensator. Fluorescence anisotropy was calculated from the traces obtained from the parallel 

and perpendicular excitation using a method 49-51 which is based on the ratio of difference between 

parallel and perpendicular polarized emissions over the magic-angle fluorescence. 

Femtosecond transient absorption investigations were carried out using an ultrafast pump-

probe spectrometer which a  detection response for the visible electromagnetic region located at 

Argonne National Laboratory and  the experiemental description is describe in chapter of this 

dissertation and is explain in detail elsewhere.52  To explain in brief detail,  1 mJ, 100 fs pulses at 

800 nm with a repetition rate of 1 KHz were retrieved from a Nd:YLF (Empower) pumped 

Ti:sapphire regenerative amplifier (Spitfire, Spectra-Physics) with the input from a Millennia 

pumped Ti: sapphire oscillator (Spectraphysics, Tsunami). The output of laser beam was split to 

generate pump and probe beam pulses with a beam splitter (85% and 15%). The pump beam was 

produced by an optical parametric amplifier. The pump beam used is described in previously, i.e., 

420 nm, was obtained from the fourth harmonic of the idler beam. The probe beam was delayed 

with a computer-controlled motion controller and then focused into a 2 mm sapphire plate to 

generate a white light continuum. The white light was then overlapped with the pump beam in a 2 


