
Appendix A

Experimental parameters

Compound Pump-pulse Probe-pulse Pump-Probe Bias
name power (150 kHz) power (150 kHz) CC potential

[µW] [µW] [fs] [V]
440 nm, p-pol 280 nm, p-pol FWHM

Pe’-COOH 290 19 38 0.00
Pe’-CH=CH-COOH 160 30 38 0.20
Pe’-CH2-CH2-COOH 280 8 36 0.20

Pe’-tripod 500 250 (285 nm) 50 0.25
Pe’-PO(OH)2 180 10 35 0.20

Pe’-CH2-PO(OH)2 200 10 33 0.10
Pe’-rod 240 17 36 0.30

Catechol:TiO2 200 15 35 0.20
Pe-CH2-S:Ag(110) 35 10 36 -0.50

Table A.1: The experimental parameters used for the TR-2PPE measurements.
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Technische Universität Berlin.

[61] C. Zimmermann, Untersuchungen zur Elektroninjektion und Rekombination

an farbstoffsensibilisierten TiO2-Schichten. PhD thesis, 1999, Technische

Universität Berlin.

[62] T. M. Halasinski, J. L. Weisman, R. Ruiterkamp, T. J. Lee, F. Salama,

and M. Head-Gordon, “Electronic absorption spectra of neutral perylene

(C20H12), Terrylene (C30H16), and Quaterrylene (C40H20) and their positive

and negative ions: Ne matrix-isolation spectroscopy and time-dependent

density functional theory calculations,” J. Phys. Chem. A 107, pp. 3660–

3669, 2003.

[63] I. B. Berlman, Handbook of Fluorescence Spectra of Aromatic Molecules,

Academic Press, 1965.

[64] R. Ernstorfer, Spectroscopic investigation of photoinduced heterogeneous

electron transfer. PhD thesis, Freien Universität Berlin, 2004.

[65] C. Zimmermann, F. Willig, S. Ramakrishna, B. Burfeindt, B. Pettinger,

R. Eichberger, and W. Storck, “Experimental fingerprints of vibrational

wave-packet motion during ultrafast heterogeneous electron transfer,”

Phys. Chem. B 105, p. 9245, 2001.



128 BIBLIOGRAPHY

[66] S. Felber, W. Storck, Q. Wei, E. Galoppini, and F. Willig in preparation .

[67] L. Wang, R. Ernstorfer, F. Willig, and V. May, “Absorption spectra related

to heterogeneous electron transfer reactions: The perylene-TiO2 system,”

J. Phys. Chem. B , p. (in press), 2005.

[68] A. Amtout and R. Leonelli, “Resonant raman scattering from excitons in

TiO2,” Phys. Rev. B 46, p. 15550, 1992.

[69] L. Kavan, M. Grätzel, S. E. Gilbert, C. Klemenz, and H. J. Scheel, “Electro-

chemical and photoelectrochemical investigation of single-crystal anatase,”

J. Am. Chem. Soc. 118, pp. 6716–6723, 1996.

[70] E. Yagi, R. Hasiguti, and M. Aono, “Electronic conduction above 4 K of

slightly reduced oxygen-deficient rutile TiO2−x,” Phys. Rev. B 54, p. 7945,

1996.

[71] S. E. Holloway, “Handbook of surface science Vol.1,” in Elsevier, 1996.

[72] U. Diebold, “Understanding metal oxide surfaces at the atomic scale: STM

investigations of bulk-defect dependent surface processes,” Mat. Res. Soc.

Symp. Proc. 654, p. AA 5.1.1, 2001.

[73] P. K. Schelling, N. Yu, and J. W. Hally, “Self-consistent tight-binding

atomic-relaxation model of titanium dioxide,” Phys. Rev. B 58, p. 1279,

1998.

[74] K. M. Glassford and J. R. Chelikowsky, “Optical properties of titanium

dioxide in the rutile structure,” Phys. Rev. B 45, p. 3874, 1992.

[75] P. J. D. Lindan, N. M. Harrison, M. J. Gillan, and J. A. White, “First-

principles spin-polarized calculations on the reduced and reconstructed

TiO2(110) surface,” Phys. Rev. B 55, p. 15919, 1997.

[76] D. Vogtenhuber, R. Podloucky, A. Neckel, S. G. Steinemann, and A. J. Free-

man, “Electronic structure and relaxed geometry of the TiO2rutile (110)

surface,” Phys. Rev. B 49, p. 2009, 1994.

[77] A. Fahmi, C. Minot, B. Silvi, and M. Causa, “Theoretical analysis of the

structure of titanium dioxide crystals,” Phys. Rev. B 47, p. 11717, 1993.

[78] S. Munnix and M. Schmeits, “Electronic structure of ideal TiO2(110),

TiO2(001), and TiO2(100) surfaces,” Phys. Rev. B 30, p. 2202, 1984.



BIBLIOGRAPHY 129

[79] S. Munnix and M. Schmeits, “Origin of defect states on the surface of

TiO2,” Phys. Rev. B 31, p. 3369, 1985.

[80] H. Sano, G. Mizutani, W. Wolf, and R. Podloucky, “Ab initio calculation of

optical second harmonic generation at the rutile TiO2(110) surface,” Phys.

Rev. B 70, p. 125411, 2004.

[81] S.-D. Mo and W. Ching, “Electronic and optical properties of three phases

of titanium dioxide: Rutile, anatase, and brookite,” Phys. Rev. B 51,

p. 13023, 1995.

[82] V. E. Henrich, G. Dresselhaus, and H. J. Zeiger, “Observation of two-

dimensional phases associated with defect states on the surface of TiO2,”

Phys. Rev. Lett. 36, p. 1335, 1976.

[83] K. T. Jacob, S. M. Hoque, and Y. Waseda, “Synergistic use of thermo-

gravimetric and electrochemical techniques for thermodynamic study of

TiOx (1.67≤x≤2.0) at 1573 K,” Mater. Trans. JIM 41, p. 681, 2000.

[84] X. Wu, A. Selloni, M. Lazzeri, and S. K. Nayak, “Oxygen vacancy mediated

adsorption and reactions of molecular oxygen on the TiO2(110) surface,”

Phys. Rev. B 68, p. 241402, 2003.

[85] K. Onda, B. Li, and H. Petek, “Two-photon photoemission spectroscopy

of TiO2(110) surfaces modified by defects and ø2 or 2̋o adsorbates,” Phys.

Rev. B 70, p. 45415, 2004.

[86] K. McCarty, “Growth regimes of the oxygen-deficient TiO2(110) surface

exposed to oxygen,” Surf. Sci. 543, p. 185, 2003.

[87] M. A. Henderson, W. S. Epling, C. L. Perkins, and C. H. F. Peden, “Inter-

action of molecular oxygen with the vacuum-annealed TiO2(110) surface:

Molecular and dissociative channels,” J. Phys. Chem. B 103, p. 5328, 1999.

[88] M. A. Henderson, “A surface perspective on self-diffusion in rutile TiO2,”

Surf. Sci. 419, p. 174, 1999.

[89] R. D. Smith, R. A. Bennett, and M. Bowker, “Measurement of the

surface-growth kinetics of reduced TiO2(110) during reoxidation using

time-resolved scanning tunneling microscopy,” Phys. Rev. B 66, p. 35409,

2002.



130 BIBLIOGRAPHY

[90] S. Reiß, H. Krumm, A. Niklewski, V. Staemmler, and C. Wöll, “The ad-
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sorption at the TiO2 anatase (101) surface investigated by periodic hybrid

HF-DFT computations,” Surf. Sci. 582, pp. 49–60, 2005.

[111] G. Guerrero, P. H. Mutin, and A. Vioux, “Anchoring of phosphonate and

phosphinate coupling molecules on titania particles,” Chem. Mater. 13,

pp. 4367–4373, 2001.

[112] P. M. Echenique and J. B. Pendry, “The existence and detection of Rydberg

states at surfaces,” J. Phys. C 11, p. 2065, 1978.

[113] M. Wolf, E. Knoesel, and T. Hertel, “Ultrafast dynamics of electrons in

image-potential states on clean and Xe-covered Cu(111),” Phys. Rev. B

54, p. R5295, 1996.

[114] T. Hertel, E. Knoesel, A. Hotzel, M. Wolf, and G. Ertl, “Femtosecond time-

resolved photoemission of electron dynamics in surface Rydberg states,” J.

Vac. Sci. Technol. A 15, p. 1503, 1997.

[115] R. W. Schönlein, J. G. Fujimoto, G. L. Eesley, and T. W. Capehart, “Fem-

tosecond relaxation dynamics of image-potential states,” Phys. Rev. B 43,

pp. 4688–4698, 1991.

[116] J. R. L. Lingle, N.-H. Ge, R. E. Jordan, J. D. McNeill, and C. B. Harris,

“Femtosecond studies of electron tunneling at metal-dielectric interfaces,”

Chem. Phys. 205, pp. 191–203, 1996.

[117] T. Wilhelm, J. Piel, and E. Riedle, “Sub-20-fs pulses tunable across the

visible from a blue-pumped single-pass noncollinear parametric converter,”

Opt. Lett. 22, p. 1494, 1997.

[118] G. Cerullo, M. Nisoli, and S. D. Silvestri, “Generation of 11 fs pulses tunable

across the visible by optical parametric amplification,” Appl. Phys. Lett. 71,

p. 3616, 1997.

[119] P. Baum, S. Lochbrunner, and E. Riedle, “Generation of tunable 7-fs ultra-

violet pulses: achromatic phase matching and chirp management,” Appl.

Phys. B 79, p. 1027, 2004.

[120] J. Piel, E. Riedle, L. Gundlach, R. Ernstorfer, and R. Eichberger, “Sub-20

fs visible pulses with 750 nJ energy from a 100 kHz NOPA,” in preparation

, 2005.



BIBLIOGRAPHY 133

[121] R. Ernstorfer, L. Gundlach, C. Zimmermann, F. Willig, R. Eichberger, and

E. Riedle, “Generation of sub-20 fs tunable visible pulses from a 100 kHz

NOPA for measuring ultrafast heterogeneous electron transfer,” in Ultrafast

Optics IV: Selected Contributions to the 4th International Conference on

Ultrafast Optics, F. Krausz, G. Korn, P. Corkum, and I. A. Walmsley, eds.,

95, pp. 393 – 398, 2004.

[122] I. Z. Kozma, P. Baum, S. Lochbrunner, and E. Riedle, “Widely tunable

sub-30 fs ultraviolet pulses by chirped sum frequency mixing,” Opt. Exp.

11, p. 3110, 2003.

[123] P. Baum, S. Lochbrunner, and E. Riedle, “Tunable sub-10-fs ultraviolet

pulses generated by achromatic frequency doubling,” Opt. Lett. 29, p. 1686,

2004.
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Cu(111)-Oberfläche. PhD thesis, 1999, Freien Universität Berlin.

[127] M. K. Nazeeruddin, A. Kay, I. Rodicio, R. Humphry-Baker, E. Mueller,

P. Liska, N. Vlachopoulus, and M. Grätzel, “Conversion of light to elec-

tricity by cis-X2Bis(2,2’-bipyridyl-4,4’-dicarboxylate)ruthenium(II) charge-

transfer sensitizers (X = Cl−, Br−, I−, CN−, and SCN−) on nanocrystalline

TiO2 electrodes,” J. Am. Chem. Soc: 115, p. 6382, 1993.
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[150] I. Bartoš and W. Schattke, “Surface sensitivity of very low energy elec-

trons,” Surf. Rev. and Lett. 6, pp. 631–633, 1999.

[151] J.-F. Baumard and F. Gervais, “Plasmon and polar optical phonons in

reduced rutile TiO2−x ,” Phys. Rev. B 15, p. 2316, 1977.

[152] V. N. Bogomolov and D. N. Mirlin, “Optical absorption by polarons in

rutile (TiO2) single crystals,” Phys. Stat. Sol. 27, p. 443, 1968.

[153] E. Hendry, F. Wang, J. Shan, T. F. Heinz, and M. Bonn, “Electron trans-

port in TiO2 probed by THz time-domain spectroscopy,” Phys. Rev. B 69,

p. 081101, 2004.

[154] N.-H. Ge, C. M. Wong, R. L. Lingle Jr., J. D. McNeill, K. J. Gaffney, and

C. B. Harris, “Femtosecond dynamics of electron localization at interfaces,”

Science 279, p. 202, 1998.

[155] M. Lorenc, M. Ziolek, R. Naskrecki, J. Karolczak, J. Kubicki, and A. Ma-

ciejewski, “Artifacts in femtosecond transient absorption spectroscopy,”

Appl. Phys. B 74, pp. 19–27, 2002.



136 BIBLIOGRAPHY

[156] J. M. Tour, W. A. Reinerth, L. J. II, T. P. Burgin, C.-W. Zhou, C. J. Muller,

M. R. Deshpande, and M. A. Reed, “Recent advances in molecular scale

electronics,” in Molecular Electronics: Science and Technology, A. Aviram

and M. Ratner, eds., Annals of the New York Academy of Sciences 852,

pp. 197–204, 1998.

[157] A. Nitzan and M. A. Ratner, “Electron transport in molecular wire junc-

tions,” Science 300, p. 1384, 2003.

[158] M.-C. Wang, J.-D. Liao, C.-C. Weng, R. Klauser, S. Frey, M. Zharnikov,

and M. Grunze, “The effect of the substrate on response of thioaro-

matic self-assembled monolayers to free radical-dominant plasma,” J. Phys.

Chem. B 106, pp. 6220–6226, 2002.

[159] XPS Handbook of The Elements and Native Oxides, XPS International Inc.,

1999. URL: http://www.xpsdata.com/PDF/zr no.pdf.

[160] T. Vondrak, C. J. Cramer, and X.-Y. Zhu, “The nature of electronic contact

in self-assembled monolayers for molecular electronics: Evidence for strong

coupling,” J. Phys. Chem. B 103, pp. 8915–8919, 1999.

[161] N. Sato, H. Inokuchi, B. M. Schmidt, and N. Karl, “Ultraviolet photo-

emission spectra of organic single crystal,” J. Chem. Phys. 83, p. 5413,

1985.

[162] R. Friedlein, X. Crispin, M. Pickholz, M. Keil, S. Stafström, and W. R.

Salaneck, “High intercalation levels in lithium perylene stoichiometric com-

pounds,” Chem. Phys. Lett. 354, pp. 389–394, 2002.

[163] S. W. Han, S. J. Lee, and K. Kim, “Self-assembled monolayers of aromatic

thiol and selenol on silver: Comparative study of adsorptivity and stability,”

Langmuir 17, pp. 6981–6987, 2001.

[164] T. Vondrak, H. Wang, P. Winget, C. J. Cramer, and X.-Y. Zhu, “Interfacial

electronic structure in thiolate self-assembled monolayers: Implication for

molecular electronics,” J. Am. Chem. Soc. 122, pp. 4700–4707, 2000.

[165] D. Velic, A. Hotzel, M. Wolf, and G. Ertl, “Electronic states of the

C6H6/Cu(111) system: Energetics, femtosecond dynamics, and adsorption

morphology,” J. Chem. Phys. 109, p. 9155, 1998.



BIBLIOGRAPHY 137

[166] J. R. L. Lingle, D. F. Padowitz, R. E. Jordan, J. D. McNeill, and C. B.

Harris, “Two-dimensional localization of electrons at interfaces,” Phys. Rev.

Lett. 72, p. 2243, 1994.

[167] I. Bezel, K. J. Gaffney, S. Garrett-Roe, S. H. Liu, A. D. Miller, P. Szyman-

ski, and C. B. Harris, “Measurement and dynamics of the spatial distribu-

tion of an electron localized at a metal-dielectric interface,” J. Chem. Phys.

120, p. 845, 2004.

[168] J. Moser, S. Punchihewa, P. P. Infelta, and M. Grätzel, “Surface com-

plexation of colloidal semiconductors strongly enhances interfacial electron-

transfer rates,” Langmuir 7, p. 3012, 1991.

[169] Y. Liu, J. I. Dadap, D. Zimdars, and K. B. Eisenthal, “Study of interfacial

charge-transfer complex on TiO2 particles in aqueous suspension by second-

harmonic generation,” J. Phys. Chem. B 103, p. 2480, 1999.

[170] E. Hao, N. A. Anderson, J. B. Asbury, and T. Lian, “Effect of trap states

on interfacial electron transfer between molecular absorbates and semicon-

ductor nanoparticles,” J. Phys. Chem. B 106, p. 10191, 2002.

[171] R. Rodriguez, M. A. Blesa, and A. E. Regazzoni, “Surface complexation

at the TiO2 (anatase) /aqueous solution interface: Chemisorption of cate-

chol,” J. Coll. Int. Sci. 177, pp. 122–131, 1996.

[172] P. Persson, R. Bergström, and S. Lunell, “Quantum chemical study of

photoinjection processes in dye-sensitized TiO2 nanoparticles,” J. Phys.

Chem. B 104, p. 10348, 2000.

[173] F. Willig, C. Zimmermann, S. Ramakrishna, and W. Storck, “Ultrafast

dynamics of light-induced electron injection from a molecular donor into

the wide conduction band of a semiconductor as acceptor,” Electrochimica

Acta 45, p. 4565, 2000.

[174] Y. Wang, K. Hang, N. A. Anderson, and T. Lian, “Comparison of electron

transfer dynamics in molecule-to-nanoparticle and intramolecular charge

transfer complexes,” J. Phys. Chem. B 107, pp. 9434–9440, 2003.

[175] L. G. C. Rego and V. S. Batista, “Quantum dynamics simulations of inter-

facial electron transfer in sensitized TiO2 semiconductors,” J. Am. Chem.

Soc. 125, pp. 7989–7997, 2003.



138 BIBLIOGRAPHY

[176] B. A. Borgias, S. R. Cooper, Y. B. Koh, and K. N. Raymond, “Synthetic,

structural, and physical studies of titanium complexes of catechol and 3,5-

di-tert-butylcatechol,” Inorg. Chem. 23, pp. 1009–1016, 1984.

[177] W. Stier, W. R. Duncan, and O. V. Prezhdo, “Thermally assisted sub-10 fs

electron transfer in dye-sensitized nanocrystalline TiO2 solar cells,” Adv.

Mater. 16, p. 240, 2004.

[178] W. R. Duncan, W. M. Stier, and O. V. Prezhdo, “Ab initio nonadiabatic

molecular dynamics of the ultrafast electron injection across the Alizarin-

TiO2 interface,” J. Am. Chem. Soc. 127, pp. 7941–7951, 2005.

[179] S. Ramakrishna, F. Willig, V. May, and A. Knorr, “Femtosecond spec-

troscopy of heterogeneous electron transfer: Extraction of excited state

population dynamics from pump-probe signals,” J. Phys. Chem. B 107,

p. 607, 2003.



Dank
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Betreuung seitens der Freien Universität.

Herrn Dr. Ralph Ernstorfer, für die immer vorhandene Bereitschaft zu wis-

senschaftlichen Diskussionen, die Hilfsbereitschaft bei allen experimentellen Prob-

lemen und nicht zuletzt für die Hilfestellungen bei der Freizeitgestaltung.

Frau Dr. Silke Felber, für die Unterstützung bei allen chemischen Problemen,
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