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1. Introduction 

 

The work presented in this dissertation was conducted between September 2001 and 

November 2004 in the laboratories of Prof. Torsten Fiebig at the Technical University Munich 

and at Boston College (Boston, USA). This thesis summarizes the diverse scientific activities 

that I was involved in during these three years, starting from the design and development of 

ultrafast spectroscopy instrumentation, their application to various molecular systems in the 

condensed phase, and ending with the first steps towards establishing a new experimental 

methodology for measuring excited state structural changes.  

A significant effort was spent on the design of a state-of-the-art femtosecond pump-probe 

setup using a laser induced white light for probing (Chapter 2). The diversity and complexity of 

the molecular systems of interest require a broad probing window, ranging from the UV to the 

NIR. Femtosecond broadband spectroscopy provides a unique possibility to simultaneously 

monitoring transient (excited state) absorption, stimulated emission and ground state bleaching.  

In addition, during the course of this work a home-built picosecond laser was developed as 

an excitation source for fluorescence lifetime measurements utilizing time-correlated single 

photon counting technique.  

The spectrum of systems studied in this dissertation ranges from solvated electrons and 

labeled DNA bases to more complex artificial and natural multichromophore systems. The 

scientific scope of this work is directed towards the nature of molecular excited states, the 

degree of electronic delocalization in multichromophores, mixing and electron transfer coupling. 

Because of the diverse nature of these projects we will present a brief description of the 

scientific background in the beginning of each chapter. The thesis is outlined as follows: 

Chapter 3 describes our experimental results on electron transfer in a model pyrene-

labeled DNA base 5-pyrenyl-2’-deoxyuridine (PydU) using fs-broadband pump–probe 

spectroscopy. The dynamics of PydU in a nonprotic solvent (acetonitrile) was compared  to the 
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dynamics in a protic solvent (methanol). Evidence for the formation of a planar intramolecular 

charge transfer state is presented. This structural change accompanies the formation of pyrene 

radical cations. The temporal evolution of the excited state absorption spectrum provides a direct 

evidence for a greatly enhanced electron transfer (ET) yield in methanol. These results will be 

discussed in terms of hydrogen bond dynamics and their involvement in DNA ET. 

After studying the dynamics of the isolated PydU in organic solvents, the next step was to 

utilize PydU in DNA and to study the mechanism of electron injection and subsequent 

interbase electron shift using PydU as electron donor and  5-bromo-2’-deoxyuridine (Br-dU) 

as electron acceptor. Again, broadband pump-probe spectroscopy has been applied. The 

observation of kinetic dispersion in the lifetimes of the charge transfer states will be reported 

and discussed. Important general conclusions regarding time-resolved measurements in DNA 

are drawn. 

The further investigations in Chapter 3 are focused on the study of ultrafast local structural 

dynamics and excitation energy transfer in DNA using a pair of pyrenyl-labeled DNA bases. 

The temporal evolution of the femtosecond pump-probe spectra reveals the existence of two 

electronic coupling pathways – through-base stack and through-space – which lead to excitation 

energy transfer and excimer formation even when the labeled DNA bases are separated by one 

A-T base pair. The data explicitly show that the electronic coupling which mediates through-

base stack energy transfer is so strong that a new absorption band arises in the excited state 

absorption spectrum within 300 fs. From the analysis of time-dependent spectral shifts due to 

through-space excimer formation, the local structural dynamics and flexibility of DNA can be 

characterized on the picosecond and nanosecond time scales. 

The work on the functionalized DNA bases and DNA oligonucleotides has been conducted 

in collaboration with the group of Dr. Achim Wagenknecht (TUM). The various results 

presented in Chapter 3 have been published in three publications which appeared in Chemical 

Physics Letters, Angewandte Chemie, and The Journal of Physical Chemistry B.   
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In Chapter 4 the photophysical properties of a series of acridinetriarylamine redox cascades 

are reported. The purpose of these artificially syntesized cascades is to promote photoinduced 

hole transfer from an acridine fluorophore into an adjacent triarylamine.  The rates of hole 

migration along the redox gradient, tuned by substituents attached to the triarylamine redox 

centers are determined by fs-broadband pump-probe experiments. Our studies reveal different 

dynamic processes in the cascades depending on the solvent polarity, e.g., direct charge 

separation after photoexcitation vs a two step hole transfer mechanism. The work presented in 

Chapter 4 has been done in collaboration with Prof. Christoph Lambert (University Würzburg) 

and recently published in The Journal of the American Chemical Society.  

Chapter 5 is dedicated to the study of the electron photo detachment dynamics after 

resonant excitation of the lowest charge transfer state of aqueous iodide solution at various 

temperatures. As described in detail in Chapter 2, in this experiment we have generated and 

applied a probe white light with a very broad spectrum (400 - 1100nm) in order to reveal more 

spectral features of the observed transient absorption band. The kinetic analysis suggests that  

(at least) two intermediate states are involved in the photo dissociation process. The first 

intermediate builds up with a time constant of 220–180 fs in the investigated temperature 

interval (25-75°C) and has been assigned to an iodine:electron pair in a transient solvent 

configuration. Subsequent solvent reorganization leads to a quasi-equilibrated hydrated 

atom:electron pair state that builds up with a time constant of 700–540 fs. The following 

relaxation seems to be governed by partially diffusion-controlled recombination of the electron 

in the presence of an attraction potential well with depth of about 850 cm-1. This work was 

conducted in collaboration with Prof. Alfred Laubereau and Dr. Hristo Iglev (TUM) who 

developed a theoretical model based upon the kinetic analysis of the transient spectra. The 

results were published in a joint publication in Chemical Physics Letters.  

Finally, Chapter 6 describes the development of a new methodology to measure time-

dependent excited state circular dichroism (CD) spectra. This exciting new approach goes 

conceptually beyond conventional pump-probe spectroscopy and demonstrates a new way to 
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probe structural changes in the excited state of molecules and molecular assemblies in chiral 

environments. In this chapter we present an outline of the general principle of this approach, 

discuss the polarization properties of the broadband white light continuum, and present 

preliminary results which demonstrate the technical feasibility of fs-broadband CD 

spectroscopy.   
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2. Experimental methodologies 

2.1. Femtosecond broadband pump-probe setup. 

2.1.1. Femtosecond pulse sources.  

All time-resolved pump-probe measurements presented in this thesis were performed with 

the home-built femtosecond pump-probe spectrometer, shown in Figure 2.1. The laser source is 

a commercial Ti:sapphire amplifier system (Clark MXR CPA2001) producing 775nm, 1 kHz, 

170 fs, 800µJ pulse train. Approximately one third of the output is split into two beams using the 

beamsplitter BS (R=92%) with energies of 4 µJ and 230 µJ, respectively. The high energy beam 

is used to pump a commercial two stage visible noncollinear optical parametric amplifier (Clark 

MXR NOPA ). The output of the NOPA is a chirped broadband pulse, tunable between 470 – 

720 nm with energies of about 7-20 µJ which is compressed using a two prism (P1 and P2) 

compressor.[1] The measured output spectra are shown in Figure 2.2(a) and they are taken using 

commercial fiber spectrograph (Ocean Optics USB2000). After the compression the 

autocorrelation traces are measured by a commercial autocorrelator (APE PulseCheckTM ) and 

are depicted in Figure 2.2a) The resulting pulse durations are typically between 28-40 fs 

FWHM, assuming Gaussian pulse shape. In the experiments, carried out in the course of current 

work the excitation pulses were produced by second harmonic generation (SHG) of the NOPA 

output in a 100 µm thick BBO crystal (type I phase matching) and subsequent compression.[2] 

Since the phase matching bandwidth of the doubling crystal is limited to ~7nm in the near UV 

range, the converted pulses width is broadened to ~70fs.  In order to minimize Fresnel losses in 

the compressor prisms (P3 and P4) the polarization of the second harmonic must be the 

horizontal. To fulfill this condition, the NOPA output polarization before the doubling crystal is 

changed from horizontal to vertical by a periscopical pair of mirrors M7, M8, twisted at 90° in 

the horizontal plane. 
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Figure 2.1. : Schematic representation of the transient absorption experimental setup. The 

following abreviations  are  used: BS - beamsplitter of the fundamental 775nm beam; S1 and S2 - 

two motorized shutters which block the probe and pump beams respectively;  M1, M2, M3 and 

M4 - high reflection dielectric mirrors at 775nm, 45o; λ/2 - a λ/2 plate; CaF2 – calcium fluoride 

plate that is used for white light continuum (WLC) generation; M5, M6, M7, M8, M9, M10, M11, 

M12 and M13 - aluminum mirrors;  PM1 - 30o off-axis parabolic mirror; PM2 - 90o off-axis 

parabolic mirror; MS - a stack of dielectric filtes used to cut off the fundamental; wedged BS - a 

wedged beamsplitter that is used to split the WLC into probe and reference beams, respectively; 

P1, P2, P3 and P4 - fused silica prisms; L1, L2 – telescopical system of lenses used for varying 

the spot size of the pump in the cell. 
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Figure 2.2. (a) Typical output spectra from the NOPA. The amplification bandwidth is optimized 

for shortest pulse performance. (b) Autocorrelation functions for the NOPA output pulses. 

Pulsewidths are in the range 28-36 fs FWHM, assuming Gaussian pulse shape. 

2.1.2. Probe white light generation and characterization.  

The optical density changes induced by optical pumping in the sample are probed by a 

femtosecond white-light continuum (WLC) which is delayed by using a 2ns-range, 0.2µm 

resolution computer controlled translation stage (PI-M5.11). The WLC is generated by tightly 

focusing of the lower energy beam (~4 µJ) in a 3-mm thick rotating CaF2 plate using lens with 

focal length of 100 mm. By adjusting the parameters of the beam with neutral density filters and 

a diaphragm a self focusing mode can be achieved. It is possible to obtain a single filament WL 

by increasing the input energy beyond the self focusing point. Collimation of the wide spectrum 

WLC is performed by 30° off-axis parabolic mirror PM1 with off-axis focus length 77 mm. A 

dielectric mirror MS with custom design multilayer coating is used for attenuation of the 

fundamental (775 nm) and to smooth the probe spectrum (Figure 2.3 inset). The filtered WLC 

provides a usable probe source between 320-750 nm. The WLC pulse passes through the CaF2 

plate and subsequent optical elements which introduce a chirp due to the group velocity 

dispersion (GVD) i.e. its different spectral components accumulate different group delays. As a 

result different spectral components of the WLC pulse are interacting with the excited sample 
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molecules at different delay times. Before entering the sample the WLC spreads in time 

typically from several hundred fs up to ps depending on the length of the passed  
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Figure 2.3. Chirp measurements of the whitelight continuum (WLC) using the cross phase 

modulation (XPM) artifact (a-d) and the up-conversion technique (a') in a 100 µm thick 

nonlinear BBO crystal. a, a': after propagating through a 1 mm cell, filled with solvent, b: after 

propagating through an empty cell (2×1.25 mm), c: resulting chirp used for the time correction 

(c = d + (a−b) / 2), d: after propagating through a single cell wall (1.25 mm quartz), e: in the 

absence of a cell.  Inset shows typical spectra of WLC generated in 3mm CaF2 crystal and 

relative transmission dependence of the used dielectric filter MS (shown in Fig 2.1).  
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Figure 2.4. Cross phase modulation (XPM) artifact generated in MeOH using excitation 
wavelength of 340 nm.   
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dispersion material. To minimize the chirp in the current setup the overall thickness of the 

traversed optical material is reduced to only 2.25mm of low-dispersion fused silica.  A stack of 

customized dielectric mirrors (filters) MS  is made of two dielectic coated fused silica substrates 

with a thickness of 0.5 mm each. In the very broad probe spectrum, covering the entire range 

from 320 to 750 nm the “time-zero” is spread typically for 0.9 to 1.3ps (Fig. 2.3). Hence, in 

order to correct the wavelength dependence of "time-zero" in the transient absorption 

experiments one has to characterize the group delays of the different spectral components of the 

WLC very accurately.  

All chirp-measurement techniques are based on 2χ  as well as 3χ  type nonlinear interaction 

between the WLC and a gate  femtosecond pulse.[3-7] Several workgroups have reported 

recently a method based on a 3χ  nonlinear process of cross-phase modulation (XPM) between a 

pump and a probe pulses interacting in the sample medium of a transient abortion experiment 

where a XPM artifact is observed.[4, 6-8] This XPM artifact provides a very convenient way to 

characterize the chirp because the measurement can be carried out in the same experimental 

arrangement as used for measuring the pump-probe spectra. However, the physical phenomenon 

which results from XPM is very complicated. An approximate description of the XPM artifact 

can be given assuming Gaussian shape wave packets and a linear chirp of the phase modulation 

function, where the artifact behavior strongly depends on the ratio of the value of chirp rate 

parameter and the square of pump pulse duration.[6, 7] Unfortunately, this simplified description 

does not guarantee a universally valid prediction of XPM artifacts under real experimental 

conditions. In addition, one can observe a substantial decrease in the accuracy of the group delay 

measurements going from the blue to the red part of the WLC (Figs. 2.3 and 2.4).  Therefore,  a 

second method  can be used and it is based on sum-frequency generation between pump and the 

WLC to verify the results of the XPM artifact measurements. For the sum-frequency generation 

one 100µm thick BBO crystal (32° cut) and a gate pulse (35 fs, 675nm, 5 µJ)  derived from the 

NOPA are used. The sum-frequency was detected using the commercial fiber spectrograph . In 

order to obtain the XPM artifact signal from the frequency-doubled NOPA output is used as gate 
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pulse (340nm), focused in the same 100µm thick BBO medium.  Figure 2.3 (a and a') shows that 

both methods give similar results (within 7%). The precision of the chirp measurement is better 

then ± 15fs. The accumulated group delay of the different spectral components of the WLC 

probe in the sample is obtained by measuring the chirp of the WLC in the presence and absence 

of the cell and the solvent, respectively (Fig. 2.3 b-e).  

2.1.3. Data acquisition methods 

After passing the mirror MS (for spectral smoothing) the WLC is split into two beams − 

probe and reference − using a wedged beam splitter. The reference beam is directed through a 

sample volume which is not affected by the pump pulse. Both the probe and reference spectra 

are detected independently and simultaneously by a CCD array. Pump, probe and reference 

beams are focused in the sample by a 90° off-axis parabolic mirror PM2 with off-axis focus 

length 100mm. The pump  beam spot size in the sample is controlled by varying the distance 

between two lenses L1 and L2 with focal length 75 mm and -50 mm. Typical diameter of the 

pump spot is in the range of 200-600 µm. The pump energy varies between 200 and 800 nJ 

(measured  using Coherent LM1 power meter), depending on the pump wavelength. The energy  

and  pump  spot  size are  adjusted  to  minimize  contributions  from  the  solvent  to  the  signal. 

A sample cell with 1.25 mm fused silica windows and a light path of 1 mm is used for all 

measurements. All  measurements  are  performed  at the  ‘magic’  angle (54.7°) between  pump  

and  probe  pulse polarization  to avoid contributions from orientational relaxation to the signal. 

The detection system consists of an imaging polychromator (TRIAX 180, Jobin Yvon) and a 

CCD array (Hamamatsu S7031, 1044x128 pixels) cooled down to -20 °C using a multi stage 

thermo-electrical cooling (TEC) system.  

To improve the sensitivity of the measurement a dual beam geometry (probe and reference) 

and a digital lock-in technique is implemented. The signals are collected in a four-step 

measurement cycle. In each step probe and reference signals are recorded at certain conditions 
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determined by the states of probe and pump shutters S1 and S2 in Figure 2.1, respectively. 

Hence, the four possible configurations of the shutters determine the spectral distribution of the 

transient absorption signal at a certain delay, which is given by: 
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where the lower index denotes the recorded probe (ps) and reference (rs) signal, respectively. 

The upper index characterizes the setting of the two shutters which control the pump (p) and the 

probe (pr) beams: pr: probe shutter is open, both the probe and the reference beam are passing 

through the sample; p: pump shutter is open, the pump is passing through the sample;  pr + p: 

probe and pump shutter are open;  0 :  both shutters are closed. Hence, the following signals are 

recorded during the full measurement cycle: 

I.  ppr
psI +  , ppr

rsI +   :  all beams are present in the sample; 

II. pr
psI  , pr

rsI    :  probe and reference beams are present, pump beam is absent. The detector  

 records the spectral distributions of the probe and the reference beam   

 superimposed to noise; 
 

III.  p
psI ,  p

rsI    : only the pump beam is present. The detector records sample 

 emission/scattering and noise; 
 

IV.  0
psI  , 0

rsI   : absence of all three beams. The detector records only the background noise. 

The recorded signals at each step are result from integration, typically for several 100 laser 

pulses.  The exact number of acquired laser shots within a single four steps cycle is selectable  

and depends on individual experimental conditions. 

The overall sensitivity, i.e. the smallest absorbance change that can be measured is typically 

2.10-4 or 0.2 mOD (1 mOD = 10-3 optical density units). The spectral amplitude of the signal 

before time zero (so-called baseline) is usually in the range of –2 to 2 mOD and is subtracted 

from the data. 
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2.1.4. Near infrared white light continuum generation 

To observe the excited state absorption bands in the near infrared range (NIR) of 750 – 1200 

nm an extended WLC is generated using an auxiliary parametric amplifier as a pump source 

(Figure 2.5a). The second NOPA produces 1180nm, 10µJ, 51fs (Figure 2.5(b), inset) pulses and 

the output beam is tightly focused in a CaF2 spinning crystal with thickness of 3mm. The 

resulting continuum extends to the 400-1150nm range (Fig. 2.5 (b)), the chirp is characterized as 

described in paragraph  2.1.2. and the time-shift (chirp) correction is made using the dependency 

c as shown in  Figure 2.3(a). 
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Figure 2.5.  (a) Schematic representation of the extended white light generation setup. (b) White 

light spectra generated using 1180nm, 50fs, 5µJ pulses. Inset shows an autocorrelation function 

of the second NOPA output 1180nm pulses.   

 

2.1.5. Numerical Data analysis 

From the chirp characterization we obtained the relative time delay values between probe 

wavelengths. Hence, the temporal evolution of the entire pump-probe spectrum can be 

constructed by applying the proper time-shift correction. The time vector of the measured data is 

shifted for each spectral channel of the CCD according to the measured chirp. For the new time 

points are linearly interpolated the OD values between the OD values of the corresponding 
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nearest neighbor time points. However, for a quantitative analysis of the data determination of 

the absolute time-zero values with respect to the pump pulse is needed. This is realized by 

numerical deconvolution of an instantly rising spectral component Fλ(t) at a certain wavelength  

with an experimental response which is assumed to be a Gaussian function:   

g(t)=1/(π1/2σ)⋅exp[−{(t−τ0)/σ}2].   Fλ (t) is a sum of up to i exponentials: 

 ∑
−−

=−
i

t

i
iectF τ
τ

λ τ )(                 ( τ≥t ) (2) 

 The resulting time-dependent signal (at a given probe wavelength λ) Sλ (t) is given by: 

 τττ λλ dtFgtS
t

)()()( −= ∫
∞−

 (3) 

which can be solved analytically to give: 
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where erf is the error function and  ci  is the amplitude of the component (i)  with decay time τi. σ 

is related to the full width at half maximum (FWHM) of the experimental response (σ = 

FWHM/1.6651). Here τ 0  is the time shift fit parameter which is subsequently used to determine 

the absolute time-zero. 

2.1.6. Time and spectral resolution 

The overall instrumental response function (IRF) time resolution of the setup was obtained 

from the fit of the signal of acetonitrile solution of pyrene as a reference molecule system.[9] 

The excitation wavelength is set to 360nm to match the S0 →  S2 transition. Figure 2.6. 

represens the instantaneous rise of the optical density at 580nm, corresponding to pyrene 

transient S2 →  Sn absorption.[9] The data are analyzed by least squares fitting as described in 

the  previous section 2.1.5.  Assuming a Gaussian shape for IRF a width value of 125 fs 

(FWHM) is obtained and a decay constant of 89 fs (92%).  
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Figure 2.6. Time-dependent change of optical density of pyrene in acetonitrile at 580nm. The 

sample cell optical path  is 1mm. 

The spectral resolution of the experimental setup is determined by multi-peak Lorentzian 

fitting of reference Hg lamp spectra. For the entire range in use (320-750nm), a spectral 

resolution of 7 - 10 nm is obtained. 

2.2. Picosecond time-resolved fluorescence setup  

In recent studies [10-13] the fluorescent DNA base analogue 2-aminopurine (Ap) has been 

used as a probe for the investigation of DNA or RNA interactions. It has been shown that Ap 

does not change the DNA structure or disrupt the biological interactions of DNA. [11-13] The 

highly fluorescent character of Ap allows the direct base-to-base electron/hole transfer to be 

investigated using fluorescence lifetime measurement methods, in particular the time correlated 

single photon counting (TCSPC) technique.  However, the lowest excited singlet state of Ap – 

which has π -π * character [14] – is shifted to longer wavelengths compared to those of the 

natural bases which allows selective excitation of Ap in DNA base stack in a spectral range 

around 320 nm. The simplest way this excitation wavelength to be made available is through 

fourth harmonic generation of short-pulsed laser oscillator working at ~ 1.3µ m. However, such 
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lasers are not currently commercially available and therefore a customized Nd:YVO4 picosecond 

pulse diode-pumped solid state laser (DPSSL) was designed and built.  Since the amplification 

at the 1.32 µ m laser line is almost four times less than at 1.06 µ m we had to start the 

construction with a “conventional” wavelength 1064nm.  

2.2.1. Passively mode-locked laser calculations and design. 

Based on calculations for laser cavity in [15] a proper laser resonator is designed to 

minimize the influence of the induced thermal lens over the generated laser mode. 

2.2.1.1. Resonator requirements for stable mode-locking operation. 

The construction of diode-pumped solid state lasers (DPSSL) requires precise design of the 

laser resonator. The cavity requirements for highly efficient laser performance depend on the 

laser mode of operation, e.g. CW, Q-switching or mode-locking. 

In the case of passive mode locking the stability of laser operation is a function of the beam 

waist radii in the active medium and in the passive mode-locking element.[16, 17] Therefore, the 

latter two parameters as well as the resonator g1g2 product are the three input parameters of our 

laser cavity design. In this context, a resonator calculation means to determine the optical 

components (curvature of the mirrors and focal lengths of the lenses) and their relative position, 

i.e. resonator spatial parameters, corresponding to these input conditions. 

The most common approach is based on numerical fitting of the special parameters in order 

to comply with the desired beam waist radii.[18, 19] In this chapter we present a method for 

analytical calculation of 3- and 4-mirror resonators having as starting parameters the waist spot 

sizes and the g1g2 product.  

In a passively mode-locked DPSSL using nonlinear mirror technique, strong requirements 

for tight focusing in the nonlinear mode-locker have to be fulfilled.[20-22] For mode locking by 

frequency doubling nonlinear mirror typical values of the waists in the active and in the nonlinear 

crystal are: Cω =300-600 µm and NLCω =50-100µm, respectively.[20, 21] In the case of mode-
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locking using a semiconductor saturable-absorber mirror (SESAM), the typical beam radii 

providing saturation of the amplification as well as absorption are 150-200µm for the active 

medium and 50-150µm for SESAM structures.[16, 22] In addition, higher numbers of modes can 

be supported by choosing long laser resonators. Resonator lengths in the range 1.0 -1.9 m 

corresponding to 150-80 MHz output pulse repetition rate are usually exploited. 

General requirement for DPSSL resonator is to provide good overlapping between the pump 

beam and the laser mode in the active material.[23, 24] The optimum pump beam radius ( pumpω ) 

is determined by two opposing factors: reducing the pump beam diameter leads to lower 

threshold of the generation, but to higher thermal effect that is proportional to the square of 

l/ pumpω .[25] 
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Figure 2.7. Thermal lens focal length versus pump power 

To estimate the crucial impact of the thermal lens effect on the laser-diode pumping with 

power of over several watts, the thermal lens effective focal length is measured in the case of 

diode-pumped Nd:YVO4 laser. The output of a fiber-coupled diode-laser array with maximal 

output power of 10 watts was focused into a spot size of pumpω =400 µ m in the active crystal, 0.5% 

atomic concentration, a-cut Nd doped YVO4. The thermal lens behavior was investigated by 

measuring the dependence of the TEM00  mode diameter in a 9 cm long plane parallel resonator, 

where one can consider the mode predominantly determined by the thermal lens. The diameter 

of the fundamental mode was measured as a function of the distance from the output mirror and 
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was extrapolated to obtain the beam waist radius at the output.[26] The results are shown in 

Figure 2.7. Approximation of the experimental data with the function fth=a/Pb gives: a = 0.13 

m/W and b=0.83. The strong influence of the pump power over the thermal lens implies the 

design of a resonator working in a broad range of thermal lens focal lengths. 

2.2.1.2. Implementation of the ABCD formalism to describe the resonator. 

For description of the spatial parameters of the fundamental mode the ABCD laws of the 

geometric optics are used.[27] The beam waist radii of the fundamental mode at the mirrors as a 

function of the elements (A, B; C, D) of the single-pass matrix of the resonator are: 

)1( 211

22
1 ggg

gB
−

=
π

λ
ω   

)1( 212

12
2 ggg

gB
−

=
π

λ
ω                          (5) 

where  g1= A - B/R1 , g2 = D - B/R2 , λ   is the wavelength of the laser radiation. For the widely 

used 3- and 4-mirror resonators in DPSSL typically the end-mirrors are flat. Starting with 

equation (1) one could obtain simple expressions for g1 and g2:   g2/g1 = ( 21 / ωω )2. Assuming 

that the ratio g2/g1 is a known parameter as well as g1g2, which meets the stability condition 0 < 

g1g2< 1 and characterizes the resonator position in the stability diagram can be derived: 

1

2
211 ω

ω
ggg ±=  ;     

2

1
212 ω

ω
ggg ±=                                  (6) 

Applying these equations in the following sections analytical solutions can be obtained for 

the spatial parameters of the resonator as a function of the mode spot sizes 1ω , 2ω  and the g1g2 

parameter. 

2.2.1.3. Analytical solution for 3-mirror resonators 

A common scheme of the resonator is shown in Figure 2.8. To fulfill the requirement for the 

beam diameters on the mirrors M1 and M3 one should select suitable values for L1, L2 and the 

radius of the concave folding mirror M2. It can be assumed that the thermal lens is placed at the 

very surface of the mirror M1, which is satisfied for end-pumped solid state lasers implementing a 

mirror-coated active crystal. 
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Figure 2.8. Principle scheme of 3-mirror resonator. 
 
 
 
 

The following single-pass matrix describes the 3-mirror resonator: 
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Here fth0 is the focal length at which the beam waist radii over the mirrors M1 and M2 are 1ω  

and 2ω  respectively. From equations (1) - (5) the analytical solutions are derived for L1, L2 and 

R in the case where both g1 and g2 are negative: 










 −
+−

−
==

λω
πω

λω

πω

20

21121
212

211

1
1

1
2

thf
gggg

gg

gg
f

R
                                (10) 

( )21 1 gfL −= ;   








 −
−−=

λω
πω

20

211
12

1
1

thf
gg

gfL                                (11) 

From equations (4)-(7) the limits of the stability zone are determined using the conditions 

g1g2 (fth-cr1)=0 and g1g2(fth0) = 1 and for the critical values of the focal length of the thermal lens 

we have: 
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Therefore fth-cr1 exists for every fth0, while fth-cr0 exists only for 21210 / ggBf th ωω< . 
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The equations for L1 and L2 show that the whole length of the resonator L=L1+L2 is 

determined entirely by 1ω , 2ω , fth0, and the parameter g1g2. The first three parameters are 

essential for the operation of the laser while g1g2 determines the sensitivity of the resonator to 

the thermal lens effect and could be varied in order to obtain longer resonators. This is depicted 

in Figure 2.9 by an example showing the beam waist radii at M1 and M2 mirrors, 1ω  = 400 µm, 

2ω  = 80 µm respectively, for the two different values of fth0 and g1g2. 
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Figure 2.9. Beam waists size 1ω  and 2ω  versus focal length of the thermal lens for resonator 

lengths: a) 0.41m;  b) 0.85m;  c) 0.49 m;  d) 1.40 m. 

One can see that for values of g1g2, close to the critical stability condition g1g2=l, the 

length of the resonator is longer but more sensitive to changes of the thermal lens. Therefore 

it is possible to increase the length of the resonator with self-imaging system that consists of 

two identical lenses placed at a distance of twice their focal length. This technique increases 

the length of the resonator with four focal lengths without change of the beam parameters in 
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Figure 2.10. Beam waists radii 1ω  and 2ω  versus L2 for fth= 3m (solid line) and fth=0.3m (doted 

line). With small changes of L2 one can obtain stable regime of operation in a broader range of 

thermal lenses conserving 1ω , and 2ω  close to the their initial values. 

the resonator. Another technique for construction of long laser resonators working for a broad 

range of thermal lenses relies on an appropriate selection of L2 that provides g1( fth)=g1(fth0) - this 

is shown in the example on Figure 2.10 associated with 'd' curve with initially calculated 

parameters using the formulae (6), (7): L1 = 1.17 m, L2 = 0.24 m and R = 0.40 m. 

2.2.1.4. Reducing of 4- mirror resonators to 3-mirror resonators. 

The optical scheme of a 4-mirror resonator used in DPSSL is show in Figure 2.11. It consists 

of two end-mirrors M1 and M4 and two folding mirrors M2 and  M3 placed at a distance Lf. 

L1

M1 M ,f2 2

M4

AE
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L =f +f +f 2 3 ∆

 

Figure 2.11. 4-mirror resonator scheme. 
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The single pass matrix characterizing the 4-mirror scheme without taking into account the 

thermal lens is: 
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To find an analytical solution in an analogous way to the 3-mirror resonator, is a difficult 

problem because of the more complicated mathematical expressions for the matrix elements and 

because of the fact that there are only three initial conditions ( 1ω , 2ω  and g1g2) to determine the 

unknown resonator parameters L1, f2, f3, ∆  and L2. 

We found a substitution reducing the Ms
z matrix to a matrix similar to the 3-mirror Ms

v 

matrix where the thermal lens effect is neglected: 

3
11' f

FL
LL f+= ;    

2
22' f

FL
LL f+= ;   

32 ff
F

∆
=                  (14) 

where L1’, L2’, F could be determined from equations (6) and (7) for the 3-mirror resonator. The 

new variable F is a focal length F(f1, f2, ∆ ) of an effective lens. In order for the resonator to be 

in a stable regime the matrix element C must be negative. That means L1,2> L1,2’ i.e. the 4-mirror 

resonator could provide longer resonator length than its equivalent 3-mirror one. For a full 

description of the resonator one should know additional initial parameters. 

2.2.1.5. The laser resonator   

The laser configuration is depicted in Figure. 2.12. The 4x4x4 mm Nd:YVO4 crystal is 

pumped by a 808 nm fiber  coupled diode laser (LIMO). The output power and fiber core 

diameter are 10 W and 400 µm, respectively. Two aspherical lenses L1 and L2 with focal 

lengths of 9 and 15 mm form a telescope. The laser cavity is closed on the active crystal side by 

a dichroic high reflectivity coating, directly on the Nd:YVO4 crystal surface. On the other side, 

the frequency-doubling non-linear mirror (NLM)[28] consists of a 7-mm-long KTP crystal , cut 



2. EXPERIMENTAL METHODOLOGIES  

 22 

for oo-e type second harmonic generation (θ  = 39.2° ϕ = 90°) and a dichroic mirror M5 with 

reflectivity above 99% at 532 nm and equal to 31% at 1064 nm. The nonlinear crystal mounting 

allows angle tuning and translation along the laser cavity axis. When the KTP crystal is tuned to 

the phase matching angle and translated at ~10 mm from the dichroic mirror, a noticeable 

increase of the SHG intensity reveals the efficient passive mode locking of the Nd:YVO4 

oscillator. 

The average output power at 1064 nm was 0.7W for pump power of 8W. Although some 

works have shown that  NLM can operate without additional mode locking, [28, 29] we observe 

a much more stable operation of the oscillator when a saturable-absorber mirror (SESAM) is 

used in the cavity. The obtained pulse train has a frequency of 70 MHz, corresponding to the 

resonator length of 214 cm. 
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Figure 2.12. Schematic diagram of the passive mode-locked Nd:YVO4 laser. Used designations  

are:   M1 – high reflective coating for 1064nm on the Nd:YVO4 crystal; M2, M3, M4 – high 

reflection dielectric mirrors. M4  - R=90% output coupling mirror. SESAM – semiconductor 

saturable absorber mirror with 1% unsaturated losses; L1, L2 – collimating and focusing lens, 

respectively; L3 – output collimating lens. 
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2.2.2. Time correlated single photon counting setup 

The apparatus  for fluorescence kinetics is depicted in Figure 2.13. The output pulse train of 

the mode-locked Nd:YVO4  is split into two using the beamsplitter BS (R=8%) and the main part  

of the power is focused through the lens L1 into a 5mm thick KTP nonlinear crystal (cut at 

θ =39.5°, ϕ =90°). The resulting 532nm pulse and the remaining fundamental are focused 

together using the lens L2 (f=50mm) into 6mm LBO nonlinear crystal (θ =43°, ϕ =90°) for third 

harmonic generation. The length of the KTP crystal is selected to compensate for its  
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Figure 2.13. Schematic setup of the picosecond time-resolved fluorescence apparatus. The 

following abbreviations are used : BS – beamsplitter R=4%; KTP – doubling crystal for 1064nm;  

LBO – nonlinear LBO third harmonic generation; P1 – fused silica prism for wavelength  

separation, L1 – L5 – fused silica lenses; M1,M2,M3 – flat aluminum mirrors; Mono – single 

grating monochromator; MCP – micro channel plate; PMT - photomultiplier;  CFD – constant 

fraction discriminator input of the SPC630 photon counting board; PD – photodiode for time 

synchronization; Sync – synchronization input; PC – control and data acquisition computer. 
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birefringence and the resulting polarization of the went-through 1064nm beam is linear and 

vertical as well as the polarization of the generated second harmonic at 532nm. The third 

harmonic output power is measured to be around 0.8 mW. After passing the separation  prism 

P1 the 355nm beam  is reflected by steering mirrors, M1 and M2 and is focused in the sample 

cell by the lens L4 (f=150mm). The cell has an optical path 2mm and is tilted by 45° in respect 

of the excitation beam to minimize the parasitic pump reflections from the cell walls. 

The lens L4 is used to collect the fluorescence in solid angle of 1.3sr and to focus it into the 

entrance slit of a grating monochromator (Oriel MS125, 12.5cm). Suppression of the residual 

scattered pump light is achieved using Schott WG400 low pass filter. A Glan-Taylor polarizer is 

set to the ‘magic angle’ 54.7° in order to prevent the signal contributions from the polarization 

reorientation. The fluorescence intensity is adjusted varying the optical transmission of a 

neutral-density (ND) filter. The spectrally separated (12nm FWHM) photon flux passes through 

the monochromator and is detected by microchannel plate and photomultiplier head 

(Hammamatsu R3809U-50).   

The signals are processed by a single photon counting PCI module (SPC-630, Becker-

Hickl). The time-correlated single photon counting technique is based upon measuring the time 

between the excitation of the sample and the consecutive emission of a single photon. The 

fluorescence signal is attenuated so that physically only one photon per around 103-104 

excitation pulses is detected. Accumulation of a manifold of such measurements yields a 

histogram depicting the time dependence of the fluorescence of the sample. 

The IRF of the described fluorescence spectrometer is characterized by measuring the time 

profile of the scattered excitation pulses from a 2-mm optical cell filled with  non-fluorescent 

scattering medium (e.g. milk), conserving the same excitation and detection geometry. The 

instrumental response has a full width at half maximum of 39.6±0.5ps (Fig. 2.14). The time 

window of the measurement is limited by the laser pulse repetition rate (70MHz) and is 14.2ns. 
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Figure 2.14.  Instrumental response function of the TCSPC fluorescence setup at excitation 

wavelength 355nm. 

2.3. Equipment and methods for steady-state absorption and fluorescence measurements    

All the solvents for the measurements were Uvasol grade (Merck) and were used without 

further purification. The transient absorption experiments were carried out using sample cells 

with optical path lengths of 1 mm and 1.25 mm thick fused silica windows. For the steady-state 

measurements 10 mm cells were used. Steady-state fluorescence spectra were obtained with a 

Jobin-Yvon Fluoromax-3 fluorimeter. The spectra are intensity corrected. The absorption spectra 

are recorded with a Varian Cary 50 spectrometer.  

To exclude a possible degradation of the samples during the measurement, steady-state 

absorption and fluorescence spectra of the samples were measured before and after the time-

resolved experiments. In all the solutions used in the following chapters no indications of  

degradation were found. 
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3. Ultrafast photoinduced processes in DNA   

3.1. Hydrogen-bond-assisted electron transfer to a DNA base 

3.1.1. Background  

The interplay between electron transfer (ET) and proton transfer (PT) remains a subject of 

lively scientific debates, especially in biological systems [30-41]. In particular DNA represents 

a unique supramolecular medium for PT and ET processes because the base pairs are 

structurally coupled in a Watson-Crick arrangement. Understanding the role that hydrogen-

bond structures can play in driving electronic charges through the base stack is therefore 

critical.  

In this chapter, a spectroscopic investigation of the ET dynamics in the model nucleoside 

5- pyrenyl-2’-deoxyuridine (PydU) is presented. Pyrene derivatives have been used previously 

as artificial DNA bases by Kool et al. [42] Herein the different approach is used  and the 

pyrenyl group  is attached covalently to the 2’-deoxyuridine nucleobase [43, 44] as shown in  

Figure 3.1(a). The radical anion of thymidine (which is structurally very similar to uridine) and 

cytidine have been proposed as major intermediate charge carriers during electron transport in 

DNA [45]. The recent reports on the photophysics of PydU (and its cytidine analogue) both in 

DNA [41, 46] and in aqueous solutions [37, 39, 40] demonstrate the significance of 

protonation concomitant to the reduction of dT and dC. Although these results have relevant 

implications for electron migration through DNA they have been obtained in water which has a 

polarity not typical for the inner part of DNA, and under non-physiological pH conditions. 

 First, we present our femtosecond data of PydU in methanol (MeOH) and acetonitrile 

(MeCN), typical solvents without (MeCN) and with hydrogen bonding capabilities (MeOH). 

By comparing the ET dynamics in these solvents one can address the specific role of a proton 

donating and accepting medium on the ET process (as found in Watson-Crick base pairs). In 
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1995, Netzel et al. studied the steady state fluorescence and nanosecond fluorescence lifetime 

of PydU in MeOH and MeCN [44]. It was proposed that ET from Py* to dU should be more 

favorable in MeOH than in MeCN because of a proton-coupled electron transfer (PCET) 

process.  

Combining the electrochemical potentials E(Py•+/Py) = 1.5 V [47] and E(dT/dT•-) =  

-1.8 V (vs. NHE) [48], the driving force ∆G for the ET process in PydU is ~ 0.05 eV (using 

E00=3.25 eV for Py* [47]) – if Coulombic stabilization is neglected. Netzel et al. concluded 

that the formation of Py•+dU(H)• is thermodynamically exergonic whereas the formation of 

Py•+dU•−  is endergonic.  Consequently, in MeCN no ET reaction would be possible. We have 

applied femtosecond broadband pump-probe spectroscopy to illuminate the early time excited 

state dynamics in PydU after optical pumping in both MeOH and MeCN. 

N

N
H

O

O

O

OH

OH

PydU  
 

              (a)                                                                                           (b) 

Figure 3.1. (a) Structure formula of PydU; (b) summary of the transitions represented in 

transient absorption spectra of PydU. 

After photoexcitation PydU undergoes an intramolecular ET which results in the formation 

of the contact ion pair (CIP) Py•+−dU•−. There are two categories of electronic transitions (as 

shown on Figure 3.1b) that can be observed in transient absorption spectra of strongly coupled 

contact ion pairs [49, 50]: 

i) Local radical absorption bands are most commonly discussed when transient absorption 

spectroscopy is applied to charge transfer systems. The bands are usually very similar to those 

observed in separated Py•+ or dU•− reference systems and therefore straightforward to interpret. 
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ii) The interchromophore (IC) transitions in Figure 3.1 (b) are reverse charge-transfer 

(RCT) transitions which lead to nonpolar, locally excited states. RCT absorption is analogous 

to exciplex emission since both processes involve charge recombination. Their intensities are 

largely dependent on the electronic coupling between Py and dU and should therefore reflect 

nuclear motions and structural changes that alter this coupling. The temporal evolution of RCT 

absorption bands can be regarded as a pendant to time-resolved emission spectra.  

3.1.2. Femtosecond pump-probe data 

Figure 3.2 reveals the different characteristics of local and IC bands for PydU by showing 

the pump-probe spectra of PydU in three different solvents, 20ps after photoexcitation. The 

band around 380 nm (Figure 3.2 inset) which reflects the absorption of the initially excited 

pyrenyl state (Py*)[51] and the bands between 450 and 510 nm (local pyrenyl bands, 

Py•+/Py*) are virtually solvent independent because the underlying transitions 
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Figure 3.2. Pump-probe spectra of PydU in three different solvents, 20 ps after excitation at 345 

nm. One can clearly distinguish the solvent-independent (local) pyrenyl transitions and the 

strongly solvent-dependent CIP state absorption bands (reverse charge transfer). The inset 

shows the characteristic Py* absorption band around 375nm. 
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are not accompanied by changes in the molecular dipole moments. In contrast, the broad 

(RCT) absorption band between 600 and 670 nm is strongly solvent dependent. Τhis band 

exhibits a solvatochromic shift towards shorter wavelengths with increasing solvent polarity. 

On the other hand, the intensity of the IC band depends on the magnitude of the electronic 

coupling between the two aromatic subsystems and therefore on the conformation of PydU. A 

rise in the intensity suggests the transition from a twisted to a more planar geometry with 

enhanced π-electron overlap between Py and dU [52]. 

In MeOH the single-wavelength kinetics (Figure 3.3) indicate that the initial Py* 

population (~375 nm) decays with a 35 ps time component which matches the rise time of the 

Py•+ absorption at 505 nm. The fact that the ET product (Py•+) is rising on the same time scale 

as the IC band (Fig. 3.3) clearly indicates that the ET process is coupled to a structural change 

in the molecule. In other words, while the molecule is moving towards a more planar 

geometry, more charge is transferred from Py* to dU. In MeCN, on the other hand, it can be  
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Figure 3.3. Time-dependent transient absorption signals of PydU  in MeOH at three selected 

wavelengths. The decay time at 375 nm (35 ps, 63%) matches the rise time of the Py•+ 

absorption at 505 nm. The rise time of the IC band (7 ps at 630 nm) is convoluted with the 

spectral shifting dynamics. Inset: PydU in MeCN. The population decay of Py* probed at 375 

nm. The short decay component (~ 4 ps) represents the ET equilibration dynamics. 
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observed a fast equilibration between Py* and Py•+ on the time scale of a few ps which is 

typical for electron donor (D) / acceptor (A) systems with small driving forces where the ET is 

incomplete. The inset of Figure 3.3 clearly shows the biexponential decay of the Py* 

population (probed at 375 nm) where the fast component (~4 ps) characterizes the equilibration 

dynamics. Subsequently, the molecule undergoes a similar structural relaxation as observed in 

MeOH, indicated by the rise of the IC band around 630 nm.  
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Figure 3.4. Time-dependent evolution of the pump-probe spectrum of PydU  in (a) MeCN and 

(b) MeOH between 3 and 20 ps after excitation. The arrows show the time evolution of 

corresponding  peak maxima. The time difference between each spectrum is 1 ps. 

In contrast to the MeOH data, however, the IC band in MeCN is not exhibiting a blue shift 

(Figure 3.4 (a)). The absence of the spectral shift in MeCN indicates that the shift originates 

from MeOH-specific solute-solvent interactions. These interactions are likely caused by the 

hydrogen-bond network, particularly the H-bonds between MeOH and dU/dU•−. However, the 

protonation of dU•− by MeOH should be thermodynamically unfavorable. This conclusion is 

based on the pKa value of 6.9 which was determined by Steenken et al. for the protonated 

thymidine radical dT(H)• which thus represents a stronger acid than MeOH (pKa 15.7).[53] 

Based on the difference in pKa values one would expect a rate constant for dU•− protonation in 

the order of milliseconds, i.e. several orders of magnitude slower than the lifetime of the CIP 

state [54]. Instead of PCET more relevant is a hydrogen bond-assisted ET mechanism where 
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hydrogen bonding facilitates the transfer of electronic charge from Py* to dU. While protons 

will certainly be “re-adjusted” within the hydrogen bond network there should not be a 

kinetically distinguishable Py•+dU(H)• species based on thermodynamic arguments.  

In MeCN, on the other hand, one observes a fast equilibration between Py* and Py•+ on the 

time scale of a few ps which is typical for electron D/A systems with small driving forces 

where the ET  is incomplete (Figure 3.4 (a)). Subsequent to ET the molecule is undergoing a 

similar structural relaxation as observed in MeOH, indicated by the rise of the IC band around 

630 nm. 

 

 

(a) 

 
 

(b) 

Figure 3.5.  (a) Schematic of excited state interactions between PydU and MeOH/MeCN   (b) 

Molecular model to illustrate hydrogen bond interactions between PydU and MeOH. The 

structure is  optimized using the PM3 hamiltonian. 

The results presented in this section demonstrate the relevance of a proton 

donating/accepting environment for ET dynamics, especially in the small driving force regime. 

Even if protonation/deprotonation of the ionic intermediates is thermodynamically not feasible, 

the hydrogen-bonding interactions are capable of driving the ET to a specific site. Such 

hydrogen-bond-assisted ET mechanisms are likely to play a vital role in many biological ET 

reactions where G∆  is often very small. 

hν 

Py*−dU 

Py•+−dU•−   (MeCN) 
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3.2. Structural inhomogeneity and electron transfer dynamics in DNA 

3.2.1. Background 

Reductive electron-transfer (ET) processes in DNA have attracted considerable interest 

over the last 2–3 years.[55] The injection of an excess electron into DNA initiates a type of 

charge transfer which is complementary to the extensively studied oxidative hole transfer. [55, 

56] Recent studies [39, 45, 46, 55, 57-62] support the idea that the reductive type of charge 

transfer has a high potential for application in new nanodevices based on DNA or DNA-

inspired architectures.  

Until five years ago, most knowledge about excess electrons in DNA came from γ -pulse 

radiolysis studies.[57] However recent photochemical assays focus on the investigation of ET 

by chemical means: 

1) Carell et al. could show that the amount of T–T dimer cleavage depends rather weakly 

on the distance to the electron donor. [58] 

2) Giese et al. could show that a single injected electron can cleave more than one T–T 

dimer.[59] 

3) Rokita et al. detected a significant base-sequence dependence of the ET efficiency.[60] 

To date, only a few groups [46, 61] have focused on the dynamics of ET processes. In refs. 

[46, 55, 57-61] a thermally activated electron hopping mechanism has been suggested with C•- 

and T•- as intermediates.[45]However, we could show that proton transfer interferes with ET 

indicating that T•- is more likely to play a major role as an electron carrier rather than C•-.[39, 

62] 

Over the last years it has become apparent that ET phenomena in DNA cannot be 

understood without explicitly considering the manifold of conformational states present in 

DNA. [63-67] Since ET rates strongly depend on the microscopic environment, a single kinetic 

rate constant might not be observed for DNA-mediated ET but rather a distribution of rates. 
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In this chapter we present a study of the mechanism of electron injection and subsequent 

interbase electron shift by ultrafast time-resolved measurements using 5-bromo-2’-

deoxyuridine (Br-dU) as the electron acceptor.[68-71] Pyren-1-yl-2’-deoxyuridine (PydU)[43] 

has been applied as the electron donor, since photoexcited Py* allows the reduction of C and 

T.[47, 72] The  synthesized [46, 73]  and investigated PydU-modified DNA duplexes PU1 and 

PU2  are shown in Figure 3.6a).  
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(a) (b) 

Figure 3.6. (a)  Pyrene-modified DNA duplexes PU1 and PU2; (b) force field (AMBER) 

minimized structure of a PydU-modified DNA duplex. 

The PU1 is a control duplex containing only the PydU chromophore with adjacent C and T 

bases as acceptors for the subsequent electron transfer from dU•-. The DNA duplex PU2 

contains additionally the Br-dU group which is placed adjacent to PydU. 

3.2.2. Experimental results and discussions 

The femtosecond broadband pump-probe spectroscopy is applied to explore the early time 

ET dynamics in PU1 and PU2 within a broad spectral probing window and the temporal 

evolution of the pump-probe spectra of PU1 is shown in Figure 3.7. Immediately after excitation 

at 350 nm a pyrene-like excited state (PydU)* is formed which undergoes ET yielding the 
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contact ion pair (CIP) Py•+–dU•-. Since the ET process formally represents the injection of an 

electron into the base stack, the injection rate can be obtained from the decay of the transient 

absorption band of (PydU)* at 385 nm.[40] In the CIP state the radical cation (Py•+) and the 

radical anion (dU•-) are electronically coupled (as a result of a direct p-orbital overlap) and 

thus exhibit strong spectral features which extend from around 450 to approximately 750 nm.   
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Figure 3.7. Temporal evolution of the pump-probe spectra of PU1 after photo excitation with a 

femtosecond pulse at 350 nm in two different time ranges: (a) -0.6 – 3 ps, (b)  3 ps - 1400 ps. 

Spectra at early times are shown in blue, evolving through green, yellow to red/dark red (late 

time spectra).  

While the rise time of the transient absorption signals in this spectral region is about 2–3 ps 

(for all five DNA duplexes) the decay times vary in a very broad range depending on the probe 

wavelength. To obtain more mechanistic insight the time-dependent pump-probe-signal )(tSλ  

between 350 and 700 nm is analyzed by fitting with three exponential terms functions (Eq. (1))  as  

described in details in paragraph 2.1.6. The parameters (ci, iτ  , i=0..3 in Eq.(2)) are evaluated by  a 

least-square fitting. 
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Figure 3.8. Normalized time-dependent pump-probe signals of PU1 between 450 and 580 nm. 

Figure 3.8 displays the kinetic profiles in the spectral region between 435 and 580  nm.  

The multi-exponential nature of the signal in this spectral region can be clearly observed. The 

fastest time component 1τ  has been found to be in the range of 1.5 to 8 ps (depending on the probe 

wavelength as shown on Figure 3.9(a)) and the slow component was fixed at 3 ns.  The 

intermediate time component 2τ  varied between 120 and 540 ps (Fig. 3.9 (b)) thereby showing 

pronounced probe wavelength dependence. The fast decay component 1τ  has a large 

amplitude (c1) between 570 and 700 nm - the region in which the pronounced spectral 

blue shift occurs at early time. Since the maximum of the broad band is ~590 nm (after 

the spectral shift is completed) one observes positive values for c1 (indicating a decay) 

for λ  > 590 nm and negative values (indicating a rise) for λ  < 590 nm. 
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Figure 3.9. PU1 transient time components and corresponding amplitudes (as obtained from the 

kinetic analysis) as a function of the probe wavelength. The error bars have been estimated on 

the basis of  least-square fitting results. 
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Furthermore, it is interesting to note that 1τ  is strongly pronounced around 480 nm 

(negative peak of c1). This wavelengths corresponds to the absorption band of the pyrene 

radical cation (Py•+). Towards shorter wavelength, c1 is changing its sign and reaches another 

maximum around 390 nm (absorption maximum of Py*), thereby providing direct proof that 

the initial charge injection occurs with the rate constant 1τ . Hence, based on the kinetic 

analysis which reveals the spectroscopic signatures of Py•+ and Py* in the spectral 

dependence of 1c  can be concluded that the initial ET takes place in 2.4 ps (dotted horizontal 

line in Figure 3.9(a)). Figure 3.9 (d) shows the spectral dependence of 2c  indicating that the 

picosecond component 2τ  is clearly present over the entire spectral range. The exact value of 

the nanosecond component 3τ  could not be determined accurately because it is outside of the 

experimental probing window (up to 1.5 ns). The amplitude c3 is nearly constant between 600 

and 400 nm and follows the intensity of the pump-probe spectrum below 400nm (Fig. 3.9 (d) 

inset). 

The initially excited state (PydU)* has a broad absorption band between 600 and 700 nm 

which − upon charge separation − undergoes an ultrafast blue shift, analogue to the well-known 

dynamical Stokes shift in time-resolved fluorescence experiments. Thus, the process of charge 

injection into the base stack exhibits great similarity with the classical solvation dynamics in 

polar solvents. DNA acts as a polar solvent which "responds" to changes in the electron 

density within the stack by structural adjustments. At the same time, structural fluctuations 

are "driving" the electron from the donor into the base stack. After ET is completed there are a 

vast number of states characterized by a broad dispersion of electronic and structural 

properties. The electronic diversity originates from various degrees of electron transfer within 

the substates. The thermodynamic driving force for ET in (PydU)* is weak ( ≈∆G  -0.1eV) 

[40] and thus complete ET can only be achieved if the contact ion pair Py•+-dU•- is 

energetically stabilized by the surrounding DNA environment. Given the manifold of 

conformational substates prior to photo excitation, the initial conditions for medium-driven 
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ET exhibit a vast dispersion of energies for the chromophore (PydU) which becomes visible 

when broadband probing techniques are applied. Consequently, one does not observe a 

single kinetic rate constants for the electron injection but rather a distribution of individual rate 

constants. 
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Figure 3.10.  Pump-probe transients of PU2 at two different probe wavelengths. The ground-

state recovery signal at 364 nm (hollow squares) is negative but is inverted to be visually 

comparable to the (positive) transient absorption of the CIP state at 485 nm (filled circles). The 

inset displays the 3 ps rise of the 485 nm transient which marks the rate for electron injection. 

To see whether subsequent ET into the base stack competes with charge recombination in 

the CIP state the repopulation dynamics of the PydU ground state was measured. The observed 

dynamics are very similar in both duplexes, PU1 and PU2. As shown for PU2 (Figure 3.10), 

the recovery dynamics of the ground state (530 ps (64%), >2 ns (36%) at 364 nm) does not 

match the lifetime of the electron injected CIP state (250 ps (55%), >2 ns (45%); rise time 3 ps 

at 485 nm) thereby suggesting that an additional decay channel (other than charge 

recombination!) is present from the CIP state. This result suggests that only a fraction of CIP 

ensembles returns to the ground state and the remaining CIP populations react through a 

different channel. 
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3.2.3. Conclusion 

The results presented here underline the inevitable need to include conformational 

substates and fluctuations in the theoretical description of photoinduced processes in DNA. 

Simple kinetic schemes with well-determined rate constants do not include the complex 

structural and dynamical landscape in DNA and can therefore provide only an idealized 

simplistic view. 

Several important conclusions emerge from this study: 

1) DNA is a flexible medium with a manifold of conformational states exhibiting a wide 

range of reactivities and rate constants.  

2) As expected, the electron-injection process in our functionalized duplexes show only 

minor variations arising from structural inhomogeneity because it occurs between the 

covalently connected Py and dU moieties. Subsequent ET into the base stack is much more 

sensitive to structural parameters and thereby characterized by a distribution of time rates. 

3) It is important to probe both the early time events and the product states for obtaining 

conclusive mechanistic insight. Since DNA-mediated ET is a multistep process on various time 

scales, the electron-injection rates may not necessarily correlate with the strand degradation as 

the chemical result of DNA-mediated ET. 

4) The subsequent ET in the base stack occurs on the time scale of several hundred 

picoseconds, therefore competing with charge recombination in the studied duplexes. It is 

reasonable to assume that subsequent migration steps will be faster since the Coulomb 

interaction between the excess electron and Py•+ decreases drastically with separation. Hence, 

the current results provide a lower limit for the rate of reductive ET between single bases in 

DNA. 
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3.3. Local dynamics and flexibility of DNA on the picosecond time scale 

3.3.1. Introduction 

The results decribed in the previous section show that a proper description of the ET 

dynamics in DNA must include structural dynamics and inhomogeneity. In the following 

section a method which allows the probing of local structural DNA dynamics in real-time is 

presented. Over the last decade the structural [74-84] and electronic [85-91] properties  of 

DNA have been the focus of intense research efforts. DNA is a complex medium with internal 

dynamics on time scales that span over 15 orders of magnitude (from 10-13 s to 102 s).[82, 92] 

Various techniques have been applied to study DNA dynamics on the time-scales of seconds to 

milliseconds,[84] nanoseconds and subnanoseconds.[93-95] While slow dynamics are more 

easily related to biological function, the specific role of local ultrafast motions remains widely 

unknown. However, their relevance has recently been pointed out in connection with electronic 

transfer processes, such as oxidative DNA damage.[64, 66] 

The experimental methodologies for studying ultrafast conformational changes or 

reorganization dynamics in DNA are generally based on spectroscopic monitoring of specific 

chromophores bound to DNA. Berg et al. have recently presented an approach [93, 94] which 

is an analog to the conventional time-resolved experiments for studying solvation dynamics in 

polar solvents: upon photo excitation a chromophore undergoes an instantaneous change in its 

permanent electric dipole moment. The polarizibility of the surrounding medium is responding 

to the change of the dipole moment and the reorientation of the environment can be followed 

by monitoring the fluorescence Stokes shift as a function of time. From these experiments one 

can derive an effective polarity of DNA as well as characteristic time scales for reorganization 

dynamics [93, 94].  

In this section we present an alternative approach for measuring ultrafast structural 

dynamics in DNA. Instead of using a single polar CT chromophore which is inserted into the 



3. ULTRAFAST PHOTOINDUCED PROCESSES IN DNA  

 41 

base stack we utilize a pair of interacting chromophores covalently attached to a specific DNA 

base but located in the major groove. This approach reduces structural perturbations in the base 

stack which might affect the local dynamics. When the DNA structure and conformation 

allows that these chromophores get in close contact they can form excimers (excited dimers) 

with characteristic spectral properties.[42, 83, 96-100] Pyrene-labeled oligonucleotides have 

been employed to probe conformational changes in both RNA and DNA [101-107] and to 

investigate photoinduced charge transfer between bases in DNA [37, 39, 40, 44, 46, 108, 109] 

Recently, pairs of ethynylpyrene-labeled bases have been utilized to monitor salt-induced B-Z 

DNA transitions by steady state spectroscopy.[104] 

Previous studies on pyrene directly linked to nucleotides in the base stack revealed 

evidence for ultrafast electron transfer (with uracil (dU) and cytidine (dC)) and hole transfer 

with guanine.[39] However, the free energies for these processes have been estimated to be 

only around -0.1 to -0.3 eV.[40] Although, an acetylene bridge is a strong mediator for 

electronic coupling between chromophores, [110-113] the additional separation between Py 

and dU should inhibit a complete electron transfer. 

The Py-≡-dU-modified oligonucleotides studied in the current chapter are shown in Figure 

3.11.  They were synthesized in the group of Dr. Achim Wagenknecht (TUM) by using a semi-

automated synthetic strategy using Sonogashira-type cross-coupling conditions on solid-phase 

[114]. The 1-ethynylpyrene (Py-≡-) moiety is covalently attached to the 5-position of Uridine 

and replaces the methyl group of naturally occurring thymidines and it is expected to be 

located in the major groove.[115, 116] This assumption is based on similar modifications 

which revealed that such ethynyl substitutions have only little influence on the stability of the 

resulting modified DNA duplexes and do not perturb the Watson-Crick base pairing 

ability.[117, 118] 
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Figure 3.11. Py-≡-dU -modified DNA duplexes EP1 – EP3. 

Using this molecular design, the chromophore does not replace a DNA base or a base pair 

which would result in an artificially constructed local environment of the chromophore inside 

the DNA. In the current systems, the Py-≡- group merely extends the conjugated planar system 

of the uridine and thus equips it with optically traceable properties. 

3.3.2. Steady state absorption and fluorescence data 

Figure 3.12 shows the absorption and fluorescence spectra of all three DNA duplexes 

(EP1-EP3) together with the ones  of Py-≡-dU (in MeOH and MeCN) and Py-≡-H (in MeCN). 

The absorption spectra of  Py-≡-dU  (both in DNA and in organic solvents) are substantially 

different from that of Py-≡-H. The apparent red shift of the long-wavelength absorption band 

in Py-≡-H is caused by a strong enhancement of the 10 SS →  transition in Py-≡-dU due to 

intramolecular electronic coupling between Py and dU. The absorption spectra clearly indicate 

that electronic structure of Py-≡-dU is delocalized. Hence, even though the pyrene moiety is 

located in the major groove the optical excitation will spread instantly over the entire molecule 

and thus into the base stack. In turn, the π -stacking interactions affect the pyrenyl absorption 

bands as indicated by the pronounced red-shift (~ 10 nm) of the duplexes EP1-EP3,  
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Figure 3.12. Steady state absorption (left) and fluorescence (right) spectra of EP1 – EP3 along 

with the spectra of reference systems Py-≡-H and Py-≡-dU in MeOH . 

with respect to the maxima of Py-≡-dU in MeOH and MeCN.  

Because of the strong intramolecular coupling the typical pyrenyl-type fluorescence (as 

observed for Py-≡-H) is absent in Py-≡-dU. Hence, one cannot expect to find the characteristic 

redshifted emission, typically observed in pyrene excimers. Instead, the fluorescence spectra of 

the “dimer” duplexes EP2 and EP3 show only a moderate red-shift in their fluorescence 

spectra. 

In addition, all duplexes show a characteristic absorption at ~400 nm due to DNA 

hybridization [119]. The latter indicates substantial ground state interaction between Py-≡-dU 

and adjacent base pairs which are only present in DNA duplexes. The fact, that the 400 nm 

absorption is not present in oligonucleotides where pyrene is directly linked to dU suggests 

strongly that it originates from specific interactions involving the electronically ‘rich’ 

acetylene group rather than the pyrene chromophore itself. 
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Although EP2 contains two Py-≡-dU groups, the fluorescence intensity (after excitation at 

400 nm) is nearly the same as in EP1. This observation indicates that the interaction between 

Py-≡-dU and the adjacent base is highly directional and that the concentration of ground state 

complexes is approximately the same in EP2 and EP1. In EP3, both Py-≡-dU units are flanked 

by 3’ and 5’ neighboring bases which allows the formation of twice as many ground state 

complexes as in EP1 yielding a two-fold fluorescence intensity compared to EP1. Additional 

evidence for substantial ground state interactions is provided by the excitation wavelength 

dependence of the fluorescence spectrum of EP2 (Fig. 3.13). 
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Figure 3.13. Excitation wavelength dependence of the steady state fluorescence spectrum of 

EP2.  

Since the focus of the present chapter is not directed towards the ground state interactions 

between Py-≡-dU and adjacent bases the excitation wavelength is set to 364 nm, near the 

maximum of the 10 SS →  absorption of Py-≡-dU for the femtosecond pump-probe 

experiments. 
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3.3.3. Femtosecond broadband pump-probe results 

Figure 3.14 displays the temporal evolution of the pump-probe spectra of EP1 and Py-≡-

dU in MeOH within 1 ns after optical excitation. The spectra are dominated by a broad, 

asymmetric absorption band with a maximum around 700 nm which must be attributed to (Py-

≡-dU)* absorption. One can observe that Py-≡-dU in MeOH and Py-≡-dU inserted in the base 

stack (EP1) exhibit very similar spectral dynamics. The onset of relaxation in the excited state  
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Figure 3.14. Temporal evolution of the pump-probe spectra of (a) Py-≡-dU in MeOH and (b) 

EP1 in the time range between –1 ps and 1 ns after excitation at 364 nm (various step sizes). 

Early spectra are shown in blue/green and late spectra are shown in red/dark red colors. The 

arrows trace the time-dependent spectral maxima. 
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Figure 3.15. Temporal evolution of the pump-probe spectra of EP2 (a) and EP3 (b) in the time 

range between –1 ps and 1 ns after excitation at 364 nm (various step sizes). Early spectra are 

shown in blue/green and late spectra are shown in red/dark red colors. The red arrows trace 

the time-dependent spectral maxima. 

is manifested by a spectral blue shift of the absorption band. The spectral shifting dynamics are 

continuous, similar to those observed in time-resolved emission studies of CT states in polar 

solvents.[120, 121] It can be assumed that the latter originates from a solvation process 

involving rearrangements in the hydrogen bond network. A similar observation has been made 

for Py-dU, where the pyrene and uracil chromophores are directly linked through a covalent 

bond.[122] The time-resolved pump-probe spectra of the Py-≡-dU dimers (EP2 and EP3) in 

DNA are shown in Figure 3.15. Comparing these spectra with those from the single Py-≡-dU 
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chromophore (Fig. 3.14 (a)) three important differences can be observed: First, an additional 

absorption  band around 500 nm rises within 300 fs. Second, the shifting of the spectral 

maximum at ~700 nm to shorter wavelengths is more pronounced. Third, the spectra of EP2 

and EP3 are broader (throughout the entire time range) than the ones of EP1. 

 

 

Figure 3.16. Temporal evolution of the spectral position (in wavenumbers) of the maximum of 

the IC absorption band for EP1 -EP3. 

 

 
ν~∆  (cm-1) 1τ  (ps) 2τ  (ps) A1 (%) A2 (%) 

EP1 440 4.6 220 69 31 

EP2 1300 1.9 7.6 85 15 

EP3 1000 16.4 1860 47 53 

Table 3.17.Biexponetial fit coefficients for the spectral shift of (Py-≡-dU)* absorption band 

maxima in EP1-EP3. 

EP1 
EP2 
EP3 
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A quantitative comparison of the spectral shifting dynamics in EP1 – EP3 is shown in 

Figure 3.16 where the spectral position of the maxima of the (Py-≡-dU)* absorption band are 

plotted as a function of time. All peak shift functions have been fitted using biexponentials 

(Table 3.17). In EP1, the (Py-≡-dU)* absorption band undergoes a rapid shift with a time 

constant of 4.6 ps (70%), followed by a slower shift of 220 ps (30%). However, the total 

magnitude of the shift is only 440 cm-1. In contrast, in EP2, the spectral shift is 1300 cm-1
 with 

a time constant of ~2 ps for 75%. In EP3, one observes almost the same magnitude of spectral 

shifting (1000 cm-1), however, exhibited on a much longer time scale; approximately 50% of 

the shift occurs with a 16 ps time constant and 50% on a significantly longer time scale of 1.9 

ns. 

3.3.4. Discussions 

From the temporal evolution of the pump-probe spectra of EP1-EP3 a detailed picture of 

the spectral and dynamical characteristics of chromophore interactions through DNA bases 

emerges. The drastic spectral shifts in the broadband excited state absorption spectra of  EP2 

and EP3 (compared to EP1) clearly certify dynamic interactions  between the two 

chromophores. The differences in the observed magnitudes of the spectral shifts ν~∆  (Table 

3.1) suggest that stabilizing chromophore interactions between the two pyrene chromophores 

are present. It therefore seems reasonable to assume that an excimer-type state is being formed 

in EP2 and EP3. The (Py-≡-dU)* absorption band exhibits a dynamical solvatochromic shift, 

similar to those observed in time-resolved fluorescence spectroscopy. However, in 

fluorescence spectroscopy excited state processes (e.g charge transfer) lead to shifts towards 

longer wavelengths while the opposite behavior (i.e. shifting towards shorter wavelengths) is 

observed in excited state absorption. In the case of EP3, where the pyrene moieties are 

separated by one intervening A-T base pair, forming stabilized excimer structure requires 
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substantial conformational reorganization (Fig. 3.17) involving at least three base pairs, and 

takes place on the nanosecond time scale. The fact that  ν~∆  is similar for EP3 and EP2 

suggests that excimers of similar structure are formed in both duplexes. However, the time 

scale on which the spectral shift occurs is different. In EP3, 50% of the shift takes place with a 

time constant of 16 ps. The finalization of the shift, however, takes place on a much longer 

time scale (1.9 ns). In 16 ps, only small structural adjustments of the two chromophores are 

possible. Since the base-acetylene-pyrene axis is fairly rigid, it is likely that bending motions 

and partial rotation would have to originate from the base pair. A tightly-bound excimer 

structure could be achieved by additional local reorganization of the entire duplex. Those 

‘large-scale’ reorientations are likely to take place on the nanosecond time scale. 

 

Figure 3.18. Force field (MM+) optimized structures of EP3; equilibrium structure (left) and an 

‘induced’ conformation with strong π-overlap between the two attached pyrene chromophores 

(right). The structure has been optimized with one negative and one positive charge evenly 

distributed over the carbon atoms of the two pyrenes.  

Because of the intrinsic asymmetry in the structure of Py-≡-dU there are at least two 

possible relative orientations of the pyrene moieties to be considered. Since both orientations 

will be present in the ground state, it is expected to have spectral inhomogeneities in the 

excited state absorption spectrum, and thus broader bands in the case of EP2 and EP3 (relative 

to EP1). With one base pair separating the two chromophores, the distance between the pyrene 
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moieties increases to ~7Å. Moreover, the additional pitch of 36° leads to a vanishing p-overlap 

in the equilibrium structure (Fig. 3.17, left). 

3.3.5. Evidence for ultrafast energy transfer through the base stack  

The results shown above clearly indicate the existence of second pathway for excitation 

energy transfer - through-base stack interaction. Since the excitation is delocalized over the 

Py-≡-dU chromophore the optical excitation leads to instant electronic excitation in the base 

stack. The appearance of the excited state absorption band at 500 nm in both EP2 and EP3 

(Fig. 3.18 (a)) within 300 fs after optical pumping indicates efficient excitation energy transfer 

mediated through the intervening A-T base pair. The magnitude of the electronic coupling 

which gives rise to a new absorption band and the ultrafast rate of the process suggests that the 

energy transfer is mediated through direct p-orbital overlap (as opposed to dipolar Coulomb 

coupling!). 
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(a) (b) 

Figure 3.19. (a) Transient absorption spectra of all three duplexes at delay time 300 fs. (b) 

Qualitative schematics of the two electronic coupling pathways for excitation energy transfer in 

EP3 (and EP2): Through-space (TS) and Through-base stack (TB) coupling. 
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Finally, it is important to note that both electronic transitions in the dimer systems EP2 and 

EP3 (i.e. the 500 nm and the 700 nm band) must originate from the same excited state since 

the decay times of both absorption bands are identical within the experimental error. Although 

through–base mediated transfer is accompanied by very small structural reorganization, in 

contrast to pyrenyl excimer formation, the electronic nature of both product states must be very 

similar. Hence, in this measurement simultaneously are probed two different regions of the 

multidimensional lowest-energy potential energy surface of the system. 

3.3.6. Conclusion 

Femtosecond broadband pump-probe spectroscopy was applied to monitor local structural 

dynamics in DNA utilizing two chromophores which were covalently (rigidly) attached to 

DNA bases but spatially extended into the DNA groove. The results indicate the presence of 

two electronic coupling pathways. First, a very efficient through-base stack pathway that leads 

to a new transient absorption band in the dimer systems (EP2 and EP3). The bands rise on the 

time scale of 300 fs, even in the case when the two chromophores are separated by one A-T 

base pair. Hence it must be concluded that excitation energy can migrate over distances of 

~7? . in ~300 fs. Since the ground state structure should not permit direct spatial π -orbital 

overlap between the chromophores it is likely that the interaction is facilitated through indirect 

coupling involving excited states of the intervening A-T base pair. 

The second interaction pathway – which involves direct orbital overlap – has been 

identified by a pronounced dynamic spectral blue shift. From the analysis of the time-

dependent shift is extracted the time scale for local structural motions in DNA. As expected, if 

the chromophores are in direct contact only minor structural changes are needed to form a 

stable excimer structure. Hence, the shifting dynamics are completed after 10 ps. In the case 

where the chromophores were separated by one A-T base pair, the overall shifting dynamics 
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exhibit a long time component of ~ 2ns. This time constant is assigned  to  local  structural  

motions in DNA involving the reorientation of at least 3 base pairs. 
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4. Photoinduced processes in artificial multichromophores  -  

Triarylamine redox cascades  

4.1. Introduction  

The investigations in this chapter are focused on completely artificial light-driven systems 

based on triarylamines that might be able to induce the long-range separation of opposite 

charges upon irradiation. The systems of interest are triarylamine cascades in which a hole can 

be transferred along a redox gradient. The redox centers of these cascades are built up from 

triarylamines connected by acetylene spacers. Electron transfer or, more precisely, hole transfer 

processes in triarylamine based systems have thoroughly been investigated in the past.[123-126] 

Owing to the relatively simple synthetic accessibility and the stability of oxidized triarylamines 

these units are widely used as hole transport components in optoelectronic devices.[127-132] 

But also on a molecular level triarylamines have attracted considerable interest: the triarylamine 

group was used as the charge bearing unit in organic mixed valence compounds for 

intramolecular ET studies [123-126, 133-137] as well as in organic high spin systems for 

organic ferromagnets.[138-148] One-dimensional systems with two triarylamine groups have 

been investigated but also cascades with many triarylamines in a row [149-151] up to polymers 

[135, 152] and dendrimers.[153-158] 

The hole is injected in the cascade by photoinduced electron transfer of an excited acridine 

chromophore. Triarylamines are used as redox centers for the above mentioned reasons but also 

because triarylamines possess a relatively low internal reorganization energy.[159, 160] 

Therefore, HT processes are expected to be rather quick which will favour photoinduced charge 

separation processes over other competing processes.  

The designed cascade structures A1 – A5 are shown in Figure 4.1 together with the reference 

systems A6 – A8. The principal features of the cascade systems are the fluorescent donor 
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Figure 4.1.  Redox systems A1 - A8. 

substituted acridine chromophore and the triarylamine cascade. The triarylamine units are 

connected by triple bonds in order to ensure an essentially rigid structure of the whole  cascade 

with fixed HT distances.  While the HT distances can be considered as fixed in A1-A3 and A5 

by the relatively rigid bridge structures, the corresponding distance in A4 [N(acridin)...N(TRA3)] 

can vary between ca. 23 and 29 Å depending on the conformer.  



4. PHOTOINDUCED PROCESSES IN ARTIFICIAL MULTICHROMOPHORES  

 55 

To illustrate the chromophore-bridge cascading approach the redox systems are divided into 

the following subunits: acridine acceptor (A), the first triarylamine attached to the acridine 

(TRA1), the second, and third triarylamine (TRA2 and TRA3) which are farther apart. Two 

triarylamine groups connected by a triple bond yield a tolandiamine (e.g. TRA1=TRA2). The 

donor substituted acridine fluorophore (A-TRA1) is a strong oxidizing agent in the first excited 

charge transfer (CT) singlet state. This locally excited singlet state is expected to oxidize the 

adjacent triarylamine moiety (TRA2) which is attached to the donor substituted acridine by a 

acetylene spacer.  

The photophysics of the donor substituted acridine dyes are are reasonably well 

understood thanks to the work of Herbich and Kapturkiewicz [161] (HK called in the text of the 

current chapter). These authors investigated a series of dialkylamino substituted phenylacridines 

by fluorescence spectroscopy. The local redox potential of the triarylamine units is tuned by 

substituents (-Cl, -Me, -MeO) in para position of the phenyl rings so as to form two short (A1, 

A2) and one long (A4) cascade with downhill hole transport gradient, that is, the triarylamine 

moiety most apart from the acridine has the lowest redox potential, i.e. it is more easily oxidized 

than the triarylamine adjacent to the acridine. In a recent study [162] is shown that the redox 

potentials of triarylamine in tolandiamines may span a range of 400 mV depending on the 

substituents. For comparison a branched dendrimeric system (A5) is also measured as well as a 

short cascade with uphill redox gradient (A3). The photophysical properties of these cascades 

will be compared with A-TRA1 subunits A6-A8.  

4.2. Steady-state optical properties 

The absorption spectra of the A-TRA1 species A6-A8 show a moderately strong CT band 

around 25000 cm-1 which can be ascribed to a charge transfer from the triarylamine donor to the 

acridine acceptor [161]  (Fig. 4.2). The sharp peaks at ca. 26000, 28000 and 29000 cm-1 stem 

from localized excitations of phenylacridine and the broad and very intense peak at ca. 33000 

cm-1 is due to a localized triarylamine excitation. The CT bands are somewhat stronger 
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Figure 4.2. Absorption spectra of A6-A8 and phenylacridine as reference. The solvent is CH2Cl2. 
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Figure 4.3. Normalised fluorescence spectra (solid lines) of A6 from left to right in C6H12, MTBE, 

THF, PrCN, DMSO. 

red shifted with MeO substituents than with Me or Cl, that is, the donor strength of the 

triarylamine unit can be tuned by the para substituents attached to the phenyl rings. The 

absorption CT bands of A6-A8 are moderately positive solvatochromic (e.g. A6: 26200 cm-1 in 

C6H12 and 25700 cm-1 in DMSO) which indicates an increase in dipole moment upon excitation 

(the complete data set can be found in [122]. Much in contrast, the fluorescence spectra of A6-

A8 are strongly positive solvatochromic and display a huge Stokes shift (see e.g. Figure 4.3 for 
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the fluorescence spectra of A6, the full data set for all compounds can also be found in [122]) 

which is stronger for A8 and A7 than for A6. This Stokes shift indicates a major reorganization 

in the excited state. HK [161] explain this behavior by a solvent depending mixing of a locally 

excited state and a CT state with a different degree of planarization in the excited state while the 

ground state is generally nonplanar.  

The absorption spectra of the cascades A1-A5 (Figs. 4.4 and 4.5) are much less structured 

than those of A6-A8 due to severe band overlap. The main feature that is added is a very intense 

band at ca. 27000 cm-1 which is due to the tolandiamine moiety. This band overlaps strongly 

with the CT band at ca. 25000 cm-1 which is only seen as a low-energy tail of the tolan band 

which prevents a reasonable band deconvolution. From Figure 4.4 it is obvious that the 

substitution pattern has only a marginal influence on the absorption spectra with exception of the 

low-energy tail which is more intense in A3 due to the MeO substituent at TRA1 which makes it 

a stronger donor compared to TRA1 in A1 and A2. It is also found that the absorption spectra of 

A4 and A5 are quite similar. It is due to the fact that both species have the same number of TRA 

groups and tolandiamine units. This observation supports the conceptual approach of dividing 

the cascades into the above mentioned weakly interacting units. 

35000 30000 25000 20000
0

20000

40000

60000

300 350 400 450 500 550

M
ol

ar
 a

bs
or

pt
iv

ity
 [M

-1
cm

-1
]

Wavenumber [cm-1]

 A1
 A2
 A3

 Wavelength [nm]

 

Figure 4.4. Absorption spectra of A1-A3 in CH2Cl2. 
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Figure 4.5. Absorption spectra of A4 and A5 in CH2Cl2. 

 

  
25000 20000 15000

0.0

0.2

0.4

0.6

0.8

1.0

400 450 500 550 600 650 700 750

N
or

m
al

iz
ed

 f
lu

or
es

ce
n
se

 [
a.

u
.]

Wavenumber [cm-1]

A1

 Wavelength [nm]

 

Figure 4.6. Normalized fluorescence spectra of A1 from left to right in C6H12, Bu2O, Et2O, THF. 

The fluorescence spectra of A1-A5 (example A1 is shown on Fig. 4.6) are all strongly 

solvatochromic and are very similar in energy and band shape to those of A6-A8. However, 

while there are significant differences in the Stokes shift of A6-A8 owing to strong substituent 

effects, the fluorescence energy maxima for A1-A5 are very similar in a given solvent. 

Excitation spectra of all compounds are identical to the absorption spectra and show complete 

energy transfer to the S1 state.[122] In addition, no fluorescence from the tolan is observed 
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which should occur between 25000 and 20000 cm-1. Altogether, these features prove that the 

fluorescent state in the cascades has the same electronic nature as that in the A-TRA1 species 

A6-A8, i.e. all cascades emit from a CT state localized in the A-TRA1 moiety.  

4.3. Transient absorption properties 

4.3.1. Excited state dynamics in the acridine/triarylamine systems 

To elucidate the photophysical mechanisms in the model redox cascades it is crucial to 

investigate first the dynamics after photoexcitation in the acridine-triarylamine D-A systems 

without the tolan “antenna”. Figure 4.7 shows the temporal evolution of the pump-probe spectra 

of A8 measured in three different solvents after excitation at 360 nm. Immediately after 

excitation there is a broad transient absorption band showing a weak bifurcation with weakly 

pronounced maxima centered around 610 and 690 nm. This initial spectral distribution which 

rises within the pulse duration of the experimental setup (~120fs) does not significantly vary 

with solvent (Fig. 4.7(a)-(c)). After several 100fs, however, the evolution becomes strongly 

solvent dependent. In acetonitrile (Figure 4.7(a)) the initial two peak distribution gets more 

pronounced while the band at 690 nm undergoes a shift to 725nm. Reference measurements  on 

the dianisylphenylamine have shown that the lowest excited singlet state of these compounds 

absorb at ~ 700nm. At the same time dianisylarylamine radical cations absorb at around 

730nm.[125] Hence, upon charge transfer in A8 one would expect to observe a dynamical shift 

in this spectral region. Acridine radical anions are known to have an absorption band at ~ 

600nm.[163] Thus, the temporal evolution of A8 in acetonitrile reflects an ultrafast 

photoinduced (vs. optical) charge transfer from acridine to the triarylamine unit in less than 2ps.  

 



4. PHOTOINDUCED PROCESSES IN ARTIFICIAL MULTICHROMOPHORES  

 60 

500 550 600 650 700 750

0

10

20

(c)

O
pt

ic
al

 d
en

si
ty

 c
ha

ng
e 

[m
O

D
]

Wavelength [nm]

500 550 600 650 700 750

0

10

20

30

(b)

O
pt

ic
al

 d
en

si
ty

 c
ha

ng
e 

[m
O

D
]

Wavelength [nm]

500 550 600 650 700 750

0

10

20

(a)

O
pt

ic
al

 d
en

si
ty

 c
ha

ng
e 

[m
O

D
]

Wavelength [nm]

 

Figure 4.7. Temporal evolution of the pump-probe spectra of A8 in different solvents – (a) 

acetontrile, (b) benzonitrile, (c) MTBE, within the first 20 ps after excitation (various stepsize). 

Early spectra are shown in blue/green and late spectra are shown orange/red colors. 



4. PHOTOINDUCED PROCESSES IN ARTIFICIAL MULTICHROMOPHORES  

 61 

In benzonitrile (Fig. 4.7 (b)) the initial spectral bifurcation is merging into a pronounced 

band at 700nm which reaches its maximum intensity after 500fs. The onset of charge transfer is 

marked by a spectral shift of the amine radical cation band (accompanied by a drop in intensity) 

as well as by the rise of the band of the acridine radical anion (610 nm). In contrast to 

acetonitrile, where the charge transfer process leads to a continuous spectral shift the results in 

benzonitrile reveal characteristic “two-level” kinetics with a well pronounced isosbestic point at 

660nm.  

Finally, in MTBE one can observe the rise of the triarylamine excited state absorption band 

at 710 nm. However, the rise is not followed by a spectral shift towards 730 nm (triarylamine 

radical cation) and the acridine radical anion band around 610 nm remains absent as well. 

Consequently, there is no evidence for the population of a strongly dipolar CT state in MTBE.  

From the results shown in Figure 4.7 the following mechanistic picture emerges. Excitation 

of A8 leads to a largely delocalized excited state with similar electronic (and geometrical) 

structure in acetonitrile, benzontrile and MTBE. Immediately after excitation, coupling to 

various nuclear modes (both internal and solvent modes) leads to energy localization on the time 

scale of 100 fs – 1 ps. The spectroscopic signatures found in the transient absorption spectra 

suggest that – in all three solvents – a locally excited (LE) triarylamine state is formed shortly 

after excitation. In the polar acetonitrile, ultrafast energy localization competes with charge 

transfer which occurs on the same time scale. In benzonitrile, the thermodynamic driving force 

for CT is much smaller which leads to a reduced CT rate. Hence, energy localization and CT are 

clearly separable processes. Finally, in MTBE the thermodynamics for CT are highly 

unfavorable and thus the triarylamine excited state cannot undergo efficient CT.  
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Figure 4.8. Temporal evolution of the pump-probe spectra of (a),(b) A1 and (c),(d.) A3 in 

acetonitrile. The graphs in (a) and (c) represent the dynamics in -0.5 to 3 ps with 60 fs stepsize; 

(b) and (d) show the interval of 3ps to 150ps after excitation (various step sizes). Early spectra 

are shown in blue/green and late spectra are shown orange/red colors. The insets show the time-

dependent absorption at 740nm and 700nm, respectively 

4.3.2. Charge transfer  and effect of driving force in tolan-bridged systems 

Photoexcitation of A1 - A5 at the pump wavelength (360 nm = 27800 cm-1) initially 

populates a tolan state (Figure 4.8 shows examples A1 and A3) because this unit has the highest 

absorptivity at this energy (Figs. 4.4 and 4.5). Hence, the tolan units serve as antenna systems. 

These tolan states are expected to be the precursor states for ultrafast intramolecular energy 

transfer to the corresponding charge transfer states. Immediately after photoexcitation of A1 and 

A3 one can observe a broad, structureless absorption band between 500 and 700nm (Fig. 4.8(a) 

and (b)). This band represents the absorption of the unrelaxed Franck Condon state populations. 



4. PHOTOINDUCED PROCESSES IN ARTIFICIAL MULTICHROMOPHORES  

 63 

After several 100fs there are three main transient absorption bands, the 610nm (acridine radical 

anion), the 700-740 nm band, and a very intense band at 490 nm which must be assigned excited 

state absorption of the tolan system. The fact that the tolan band at 500 nm is present throughout 

the lifetime of the excited states of A1-A5 must be viewed as a clear indication that the transient 

absorption spectra cannot be reconstructed by (diabatic) mixing of spectral reference 

components obtained from separate measurements. Hence, the electronic coupling between the 

chromophores is significant. 

 The inset in Figure 4.8 b) also displays the time-dependent transient absorption signal of 

the 740 nm band. In contrast to A8 (acetonitrile) where this band rises within the time resolution 

of our experimental setup the rise of this band in A1 is strongly biexponential, i.e. it shows a rise 

time of 4ps (40%). This rise time must be interpreted as the hole transfer time from the 

triarylamine (TRA1) which is adjacent to the acridine to the terminal amine (TRA2).  

 Because of the substitution scheme in A3 hole transfer between the central and the 

terminal amine unit is thermodynamically unfavorable. Hence, a charge transfer state of the type  

A−–(TRA1)+–TRA2 is formed. Entirely consistent with this proposal is the fact, that the rise of 

the 740 nm band in A3 is not showing a picosecond component (Fig. 4.8 (d) inset). 

 A comparison of the 740nm transients of A1 and A3 (insets of Figure 4.8 (b) and (d)) 

reveals a significantly longer lifetime of the CT state of A3. However, in addition to these 

differences the intensity ratio reveals also interesting information about the excited state 

relaxation in A1 and A3. Most obvious is the difference in the relevant contribution of the 

610nm band which is significantly stronger in A3 than in A1, suggesting a more localized, 

twisted acridine radical anion in A1 than in A3. In fact, this interpretation is in agreement with 

the rest of the data: In A3 the charge is only being transferred between the acridine and the 

adjacent TRA1 unit. In order to establish a large dipole moment the acridine has to twist to 

electronically decouple from the rest of the aromatic system. This will result in a fairly pure 

acridine radical anion band. The CT state dipole moment of A1 is somewhat larger than that of 

A3 (the slope of A1 is larger than A3 in the Lippert-Mataga plot in [122]), however one has to 
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bear in mind that the positive charge is delocalized much farther over the second amine unit. 

Hence, the negative charge on the acridine will also be delocalized. As a result, the radical anion 

character is “diluted” which is manifested in the reduced 610nm band. 

4.3.3. Effect of redox cascade extension.  

Figure 4.9 shows the temporal evolution of the pump-probe spectra of A4 and A5 in 

acetonitrile. The insets display the time-dependent transient absorption at 740 nm (triarylamine 

radical cation band). A comparison of the symmetrical “doubly-branched” system A5 with its 

single-branch analogue it becomes clear that the spectral properties are very similar (both in time 

evolution and in spectral distribution) suggesting that the two tolan branches are acting as 

independent substituents. Figure 4.9b shows the spectral dynamics in the extended redox system 

A4. Most noticeable is the kinetic behavior (Fig. 4.9 (b) inset) which differs qualitatively and 

quantitatively from all other systems. The instant rise of the 740nm signal is followed by an 

ultrafast decay (200-300fs) and then another slow rise with a time constant of 20 ps. These 

characteristics can be explained by assuming that the signal is composed from two overlapping 

contributions, i.e. two chromophores with similar absorption properties. Given the structure of 

A4 it seems reasonable to propose the following model: Photoexcitation at 360 nm of the tolan 

units leads to two parallel processes: a direct charge separation from the tolan excited state 

which yields A--TRA1-TRA2-(TRA3)+ (which occurs in 200-300 fs) and a slower hole transfer 

from the CT state A--(TRA1)+-TRA2-TRA3 which again leads to A--TRA1-TRA2-(TRA3)+ in 20 

ps. The latter process is analogous to the ones observed in the shorter cascades.  
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Figure 4.9. Temporal evolution of the pump-probe spectra of (a) A5 and (b) A4 in acetonitrile, 

2ps to 150ps after excitation (various step sizes). Early spectra are shown in blue/green and late 

spectra are shown in red/dark red colors. The insets show the time-dependent absorption at 

740nm. 

The direct transfer can be rationalized based on the fact that the tetraaryl tolan adjacent to the 

acridine is actually an electron D/A moiety which can form biradical intermediates. Hence, upon 

excitation of the tolan system in A4 there is – dependent on the conformation of the molecule – 

an initial extent of charge separation which will immediately undergo relaxation towards the 

final extended charge transfer state within 200-300 fs.  The rate constants for HT and charge 

recombination resulting from spectra deconvolution of the pump-probe measurements for A1, 
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A2, A4 and A5 in acetonitrile and benzonitrile are collected in Table 4.11. From these data it is 

apparent that the extension of the cascade (A4 vs A1) slows down both kHT and kCR by one order 

of magnitude. In the same way replacement of the polar acetonitrile by the less polar 

benzonitrile slows down both rate constants by one order of magnitude because back electron 

transfer occurs in the Marcus inverted region. For comparison, the rate constants kHT from 

fluorescence measurements in CH2Cl2 are also given in Table 4.11. The values are still smaller 

than those obtained in benzonitrile because CH2Cl2 is less polar. 

tolan excited state

A-TRA1-TRA2

(A)--(TRA1)+-TRA2 (A)--TRA1-(TRA2)+

(A)--TRA1-TRA2-(TRA3)+

apolar solvent (MTBE)

polar solvent
(CH2Cl2, PhCN
or MeCN)

kHT

knr

kf

kCR

dipolar tolan excited state

 

Figure 4.10. State diagram for A1,A2, and A5 (left hand side) and for A4 (extension right hand 

side). 

 
 ACN (TA) 

τHT /ps  (kHT/109 s-1) τCR/ps (kCR/109 s-1) 

BZN (TA) 

τHT /ps  (kHT /109 s-1) τCR /ps  (kCR/109 s-1) 

CH2Cl2 (Ref. [122]) 

(kHT /109 s-1)  

A1 3.2    (310)                22            (45) 30         (33)              180          (5.5) (1.2)  

A4 20      (50)                410          (2.5) 250       (4)                > 2000     (<0.5)  -- 

A5 2.3    (440)                23            (44) 28         (36)              480          (2.1) (0.96)  

Table 4.11. Rise time tHT of the transient absorption peak at ca. 740 nm and kHT as well as 
life time tCR of the final charge separated state and kCR of the charge recombination. 

 



5. ULTRAFAST ELECTRON SOLVATION DYNAMICS  

 67 

5. Ultrafast electron solvation dynamics 

5.1. Motivation 

The dynamics of chemical reactions in solutions strongly depend on the interactions between 

the reactants and the solvent molecules. In the last decade particular interest has been developed 

to ultrafast electron transfer in ionic solutions.[164-167] The most prominent type of electron 

transfer is the one shown by halide anions in solution. Isolated halides in the gas phase support 

no bound electronic excited states below the detachment threshold.[168]   For a halide anion 

embedded in a water cluster, the ionization potential increases with the cluster size, due to the 

solvation induced stabilization of the ground state anion. [169, 170] Consequently, in a bulk 

solution, these anions show an intense near-UV absorption at energies well below the ionization 

threshold. Photoexcitation in this absorption band produces a neutral halogen atom and a 

solvated electron. Therefore this class of intermolecular transitions is called charge-transfer-to-

solvent (CTTS). [168] The sensitivity of the CTTS states to the solvent environment makes them 

ideal candidates for investigating how local solvent structure, solvent-induced radiationless 

relaxation, and solvation dynamics control electron transfer reactions. 

The sub-picosecond electron detachment of aqueous chloride solutions after two-photon 

excitation was examined by Gauduel et al. [166, 171] and other groups.[172, 173] Eisenthal and 

co-workers carried out a time resolved study of solvated electrons formed after two and three-

photon excitation of aqueous iodide solutions. [165, 174] The experiments stimulated detailed 

theoretical studies of Sheu and Rossky.[175, 176] The molecular dynamics (MD) simulations 

predict two formation channels of the solvated electron after population of a high-lying CTTS-

state of the iodide: Direct nonadiabatic electron separation (within 50 fs) or fast relaxation 

within the CTTS states to the lowest charge transfer state (time constant of 450 fs) and  

subsequent adiabatic separation of the electron from the iodine. A complex was predicted 

consisting of an atom, between an electron and a water molecule. The structure obviously 
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displays spectral features similar to that of a hydrated electron since the first solvation shell of 

the charge is solely occupied by water molecules. Geminate recombination of the complex was 

predicted to occur within a few picoseconds, whereas the release of the electron appeared to be 

unlikely in the computations. The result is not consistent with the large yield of the generated 

solvated electrons found experimentally.[165, 174]  

More recent computations of Staib and Borgis [177, 178] for an aqueous chloride solution 

arrived at somewhat different conclusions due to the more detailed treatment of the solvent 

polarization. The results of these authors may be summarized as follows: The initial excitation 

of the anion in the lowest charge transfer state was considered that leads to an excited state 

absorption centered at 1.13 µm.[178]  Within the first 100 fs the electron separates ~4 Å from 

the parent chlorine core. In the following first picosecond the system develops a larger chlorine–

electron separation of ~6 Å that is accompanied by a continuous shift of the induced absorption 

from 950 to 720 nm. The calculated free enthalpy G(r) of the system exhibits a distinct 

minimum around rmin = 6 Å which lies G∆  = 3 ± 0.5 kBT below the value for complete 

detachment. The pair dissociation competes with a nonadiabatic recombination of the electron 

and chlorine atom. Based on the results of the MD quantum simulations Staib and Borgis 

proposed a simple kinetic model for the relaxation dynamics after photoexcitation of aqueous 

chloride. The CTTS excited Cl
-
aq is converted into the hydrated (Cl:e-) pair with a rate =genk 2.5 

ps-1.The latter can dissociate ( =dissk 0.031 ps-1) while the nonadiabatic recombination to a 

ground state anion Cl- is slower ( =reck 0.001 ps-1).[178] 

Bradforth and co-workers recently presented experimental data on aqueous iodide [179-181]  

at room temperature after one-photon excitation into the lowest CTTS band. Using the discussed 

kinetic model a formation time of the hydrated iodine:electron pair of =−1
genk 200 fs   

as reported.[179] The complex subsequently recombines with a time constant of =−1
reck 33 ps or 

dissociates with a time constant of =−1
dissk 70 ps. The latter value obviously represents an upper 

limit and not the relaxation time directly, since geminate recombination of dissociated electrons, 

i.e., hydrated electrons, was omitted in the analysis. Correspondingly it was shown that the 
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simple model cannot describe the recombination dynamics for times larger than 100 ps when 

slow contributions to diffusive recombination appear.[180, 181] Therefore, the long-tail 

dynamics is analyzed with the help of a diffusion recombination in the absence of an interaction 

potential. The extracted parameter values, however, of 26 and 24 Å, obtained, respectively, for 

the initial and recombination distance between the iodine and the electron are not meaningful. 

Kloepfer et al.[181] also obtained a numerical solution of the partially diffusion-controlled 

geminate recombination of a pair in the presence of an interaction potential using a code 

provided by Krissinel and Agmon.[182] The  extracted well depth and position of the minimum 

of the free enthalpy were G∆  = 620 cm-1 and R0 = 4 Å , respectively.[181]  

The experimental studies support the microscopic picture for the electron detachment of 

aqueous halides developed from MD simulations. One important aspect of the relaxation 

dynamics of the atom:electron pair however is still missing: experimental information about the 

lifetime of the hydrated iodine:electron pairs. The temperature-dependent observations are 

intend to provide novel information on the relaxation dynamics of the atom:electron pair and 

give experimental support to the MD prediction of an attractive interaction between the 

separated electron and the parent atom. 

5.2. Temperature-dependent pump-probe data 

In this chapter the temperature dependence of the photoionization dynamics is investigated 

that provides some evidence of the pair dissociation rate. To this end, a series of pump–probe 

experiments on aqueous I
-
 is carried out at three temperatures, 25, 50 and 75°C. The relaxation 

dynamics after single-photon excitation into the first CTTS band is studied with broad-band 

femtosecond probe pulses in the spectral range 425–1100 nm as described in section 2.1.4. The 

sample cell, equipped with 1-mm windows of UV grade fused silica, has a thickness of 250 µm 

and is filled with a circulating solution of NaI (Merck Eurolab, GR for analysis) in de-ionized 

water at a concentration of about 2.5 mM. In order to maintain a constant sample  temperature, 



5. ULTRAFAST ELECTRON SOLVATION DYNAMICS  

 70 

the solution passes a temperature controller right before  the sample cell. Because of a 

sufficiently large quantity of the investigated liquid volume  
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Figure 5.1. Temporal evolution of the absorption changes of an aqueous NaI solution at 25 °C 

after excitation at 242 nm; different delay time values are indicated in the inset. 

 (900 ml) the concentration of undesired photo-products like I2 can be neglected. 

The measured transient absorption spectra at 25 °C after single-photon excitation at 242 nm 

are presented in Figure 5.1. Only several representative spectra at selected delay time values are 

shown. Around 484 nm a gap of the probe data occurs that is due to the partial scattering of 

pump radiation into the probe beam direction. While no meaningful signal is found at negative 

delay times (-200 fs), the instantly appearing  absorption change is seen at wavelength range 650 
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to 1000 nm (spectra at time zero tD = 0 ps in Fig. 5.1(a)). The maximum of this early absorption 

appears at 1000 nm, but cannot be accurately determined with the available probing range (up to 

1100nm). The absorption band grows within the next 200 fs and its maximum shifts to ≈ 900 

nm. Increasing the delay time the maximum of this absorption shifts to shorter wavelengths and 

is located at ≈ 760 nm (tD = 0.6 ps, Figure 5.1a) only 400 fs later. At later delay times the 

absorption narrows notably and reaches a stable maximum position at ≈ 720 nm. A spectrum 

close to that of the equilibrated solvated electron [183] is reached at tD = 1.4 ps. An isosbestic 

point is not indicated by the transient spectra of Figure 5.1a. Hence, it is concluded that more 

than one intermediates are involved in the dynamics. 

The measurements for larger delay times up to 1 ns (Figure 5.1b) indicate that the changes in 

the absorption band shape have terminated approximately 3 ps after the excitation. The 

agreement with the absorption of the fully solvated electron provides strong evidence that at 

least the first solvation shell of the separated electron is already fully established at this time. 

The subsequent relaxation (Fig. 5.1(b)) can be assigned to population decay, i.e., geminate 

recombination of the photogenerated electron with the parent atom. 

For the same experimental conditions, but at higher temperatures of 50 and 75 °C, 

corresponding measurements were carried out obtaining a similar time evolution of the spectra 

(data not shown). At longer delay times (tD ≥  1.5 ps) the absorption band  is found to be slightly 

broadened and red-shifted as compared to the data of Figure 5.1(b). The observed band maxima 

are located at 750 and 775 nm for 50 and 75 °C, respectively. 

This spectral shift is in close agreement with the well-known temperature dependence of 

the absorption spectrum of the equilibrated solvated electron.[183] Three representative kinetics 

at 575, 725 and 1075 nm are shown in Figure 5.2. (experimental points, calculated solid lines). 

The maximal absorbance change measured at the respective probing wavelength for the higher 

temperatures are normalized to the value at 25 °C for a direct comparison. 
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Figure 5.2. Time evolution of the absorption changes of aqueous iodide after excitation at 242 nm 

taken  at 575, 725 and 1075 nm for temperatures of 25 °C (full points), 50 °C (open triangles) 

and 75 °C (crosses).The solid lines represent calculated (fitted) data .  

Different delay time intervals are depicted in the left and right panels of the Figure 5.2. The 

temperature dependence is noteworthy. Especially at 575 nm the induced absorption at 25 °C 

(full circles in Figure 5.2a) increases more slowly as compared to higher temperatures. The 

signal reaches a maximum at tD ~ 1.5 ps. In the near infrared the ultrafast dynamics is almost 

reversed. The signal transients at 1075 nm (Figure 5.2 (e)) reach a distinct maximum 

instantaneously (at tD ≈ 0.2 ps). The subsequent decay occurs with an effective time constant of 
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≈ 0.5–0.7 ps. The measurements for larger delays up to 300 ps (right panels of Fig. 5.2) indicate 

that after the maxima around tD ≈  1.5 ps the absorption curves decrease to different plateau 

values, depending on temperature but within time intervals independent of the probing 

wavelengths. The relaxation profile cannot be fitted by a simple exponential decay. This finding 

supports the assumption that the long-time dynamics are dominated by diffusion controlled 

geminate recombination.[181] One can conclude from Figure 5.2 that the fraction of electrons 

undergoing geminate recombination in the aqueous iodide solution obviously decreases as the 

temperature rises. 

A similar dependence was reported for the photoionization of aqueous hydroxide[184] and 

pure water.[185] But the exact values for the survival probability of the hydrated electrons 

reported for the latter solutions are different from that of aqueous iodide.[185] 

We finally mention that measurements of a pure water sample under the same excitation 

conditions show no measurable effect within experimental accuracy (data not shown). 

Therefore, a contribution of photoionization of the solvent to the signal transients is negligible. 

5.3. Data analysis 

According to the arguments in section 5.1 the initially excited lowest charge transfer (LCT) 

state undergoes a decay with a time constant 1τ . The followed electron separation is accounted 

for by a discrete precursor state (I:e-)non-eq. Subsequently, a quasi-equilibrated hydrated 

halogen:electron pair (I:e-)hyd is formed, representing a further intermediate state. The formation 

and solvent relaxation of the pair takes a time constant 2τ  that is the decay time of  the  

precursor (I:e-)non-eq.  The  relaxation of  the  weakly  bound  atom:electron pair  

(I:e-)hyd may be described by three-dimensional diffusion of the particles in the presence of a 

radially symmetric potential  
                                     ( ) 2

0 )]}(exp[1{ RrGrU −−−∆= β                                   (15) 

Here G∆  is the depth of the potential well. r and R0, respectively, denote the particle 

separation and minimum position. The scaling factor β  accounts for the potential width. The 
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relaxation of the pair in this potential is governed by the spherically symmetric Debye–

Smoluchowski equation. [186]  

A method for a numerical solution of this equation is based on the detailed-balance 

approximation.[187] A brief description of the used numerical algorithm will be given. It begins 

with a discretization of the radial coordinate r, from contact radius rc (i = 0) between atom and 

electron to some maximum value rmax (i = m). Hereby i represent the number of the 

corresponding layer (Fig. 5.3). The resulting radial layers are accounted for by separate states 

with populations equal to the average population density of the layers. In this approximation a 

population exchange exists just between adjacent layers, while the exchange rates depend on the 

interaction potential. 

The transition rate Ω  from a state j  to a neighboring state i   (i = j ± 1) is given in [187]:  

                    ( ) ( )( ) ( ) ( )( )[ ]2/exp2
jiji rVrVrrrDji −−∆=Ω                             (16) 

 Here D = DIo + De-
aq is a mutual diffusion coefficient, and V(r) = U(r)/kBT is the normalized 

potential depending on temperature. The equilibrated iodine:electron pair is generated at 

distance r = R0 with rate 1/t2, while the backward reaction leading to the ground state anion 

occurs simultaneously at the contact distance r = rc (absorbing boundary condition).  

 

Figure 5.3. Energy level scheme used to account for the measured dynamics during the 

photodetachment of electrons from aqueous iodide solution. 
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On the other hand rmax is taken large enough (>15 Å), so that the gradient of the potential curve 

is negligible. At these distances the electron is expected to be fully solvated and quasi-stable so 

that the recombination rate vanishes. The terminating level is the equilibrated, hydrated electron 

e-
aq.Consistent with the MD results and the data of Figure 5.1b), it was assumed that the spectral 

properties of the hydrated pair in the probing range are constant during the dissociation process 

and agree with the absorption of the solvated electron. This spectral similarity supports the 

assumption that the (I:e-)hyd is assembled from a solvation configuration with an iodine an 

electron and a water molecule in between. The microscopic picture provides the possibility to 

estimate the I–e- distance to be R0 = 6.1 Å as the sum of the iodine–oxygen distance (RI–O = 3 Å) 

[188] and the radius of the first solvation shell of the electron (RO–e-=3.1 Å) [189] distances in 

aqueous solution. The mutual diffusion coefficient at room temperature was estimated to be D = 

0.56 Å2/ps from the reported numbers DI0 = 0.1 Å2/ps [190] and De-aq =0.46 Å2/ps [191] for the 

components. The values of D at 50 and 75 °C were treated as fitting parameters. The free 

parameters of the model (relaxation rates, potential constants, extinction coefficients, etc.) are 

obtained by fitting the calculated curves (solid lines in Figure 5.2) to the measured signal 

transients using Powell’s method.[192] 

5.4. Discussions 

The results of the data analysis are graphically represented in Figure 5.4 and are summarized 

in Table 5.5. After population of the LCT state of the iodide by a 5.1 eV photon, a broad 

absorption appears in the near-infrared with a maximum close to 1000 nm at all three 

temperatures. The excited state absorption of LCT (filled squares and dotted lines on Figure 5.4) 

may be assigned to transitions to higher lying CTTS levels. The relaxation of LCT assigned to 

the escape of the electron from the parent solvent cavity is found to occur with time constants 1τ  

= 220–180 fs, going from 25 to 75 °C (Table 5.5). 
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An important property of the solvated electron is the high sensitivity of its absorption 

spectrum to the local environment.[193] Thus the rapid development of the transient absorption 

spectra observed within the first 1 ps (Fig. 5.1(a)) supports the conclusion that the initial  
  

 

Figure 5.4. Molar absorption coefficients of the observed intermediates assigned to the initially 

excited LCT state (filled squares), the transient (I:e-)non-eq state (hollow triangles), together with 

that of the final product: equilibrated solvated electron (filled circles). The points are obtained by 

fitting the theoretical model to the experimental data shown in Figures 5.1 and 5.2. The points 

are interconnected with lines for easy viewing. 
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relaxation dynamics is accompanied by a continuous reorganization of the electron solvation 

cavity. The argument is in accordance with the MD prediction for the separation of the electron 

from the parent halogen.[178] Because of different time scales involved in the electron 

detachment and as is discussed above, the process is divided in the model into two steps. A first 

intermediate of the pair is formed that is assigned to an atom:electron pair in a yet non-

equilibrated solvent configuration (I:e-)non-eq. The experimental data support this picture. The 

intermediate is characterized by a broad absorption band centered at 825 nm (hollow triangles 

and dashed lines in Figure 5.4). The spectral profile of the intermediate and its built-up rate 1/1 τ  

are only weakly temperature dependent in the investigated range. The finding suggests that 

increasing the solution temperature the relaxation pathway remains unchanged. The further 

separation of the excess electron from the iodine atom and organization of the new solvation 

layer leads to the hydrated atom:electron pair (I:e-)hyd. This complex shows an absorption 

spectrum similar to that of e-
aq (Fig. 5.1). For the formation of the (I:e-)hyd the time constant t2 is 

found to vary from 700 to 540 fs for temperatures from 25 to 75 °C. 

 

 25° C 50°C 75°C Ref. [25] Cl
-

aq, Ref. [15] 
 

1τ   [fs] 220 ± 50 200 ± 50 180 ± 50 200 100 

2τ   [fs] 700 ± 50 650 ± 50 540 ± 50 – 400 

D0 [Å 2/ps] 0.58 0.95 ± 0.1 1.35 ± 0.1 0.8 0.78 

rc  [Å] 5.0 ± 0.1 (5.0 ± 0.1) (5.0 ± 0.1) 4.0 – 

R0  [Å] 6.1 (6.1) (6.1) 4.0 6.0 

β   [Å -1] 0.68 ± 0.05 0.80 ± 0.05 0.93 ± 0.05 1.1 – 

W∆   [Å] 2.6 ± 0.2 2.2 ± 0.2 2.0 ± 0.2 – 3 

G∆   [cm-1] 850 ± 100 830 ± 100 860 ± 100 620 620 ± 100 

η  0.25 ± 0.02 0.39 ± 0.02 0.53 ± 0.02 0.25 0.75 

pairτ  [ps] 21 ± 2 17.5 ± 3 16 ± 2 22 32 

Table 5.5. Summary of the relaxation times and fitting parameters for photoelectron geminate 

recombination with iodine at 25°C, 50°C and 75°C. The values in brackets are input parameters 

taken from 25 °C measurement. 
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The rise of the formation rate may be attributed to the higher mobility of the water molecules 

at increased solvent temperature. The hydrated complex (I:e-)hyd is stabilized by an attractive 

interaction described by a Morse potential. The extracted well depth G∆  = 850 ± 100 cm-1 

remain unaffected by temperature variation (as shown in Table 5.5). The contact distance rc at 

which the recombination between the excess electron and the parent occurs, is fitted to be 5.0 ± 

0.1 Å. The numbers for R0, and rc at 25 °C are assumed to depend only weakly on temperature 

and used as input parameters in the analysis of the dynamics at the higher temperatures. For the 

Morse constant the numbers seem to increase from ß = 0.68 ± 0.05 to 0.93 ± 0.05 Å-1 going from 

25 to 75 °C. The corresponding full half width W∆  of the potential curve decreases from 2.6 ± 

0.2 Å at 25 °C to 2.0 ± 0.2 Å at 75 °C. Adopting the above developed microscopic picture the 

faster decrease of the iodine–electron attraction may be related to the higher vibrational energy 

of the water molecules in the solvation layer of the atom:electron pair with rising temperature. 

From the description of the measured long-time dynamics (right panels in Figure 5.2) the 

effective lifetime pairτ  of (I:e-)hyd can be determined with a simple exponential fit. The 

experimental data show that this time constant decreases from pairτ  = 21 ± 2 ps to 16 ± 2 ps 

going from 25 to 75 °C. The results for the mutual diffusion coefficient D0 are 0.95 ± 0.1 and 

1.35 ± 0.1 Å2/ps at 50 and 75 °C, respectively.  The values  are consistent with  the well-known   

temperature  dependence of De-aq.[191] The strong temperature dependence of the diffusion 

coefficient reflects the corresponding variation of the quantum yield η  for generating fully 

solvated electrons. The data show (Table 5.4) that 1 ns after the optical excitation the ratio of 

fully solvated electrons to the atom:electron pairs at tD = 1.5 ps increases from η  = 0.25 ± 0.02 

to 0.53 ± 0.02 in the range 25–75 °C. These numbers are smaller than those measured for 

aqueous F- at room temperature, where η   = 0.77 ± 0.03.[167] Taking into account the similar 

diffusion coefficient, DF = 0.33 Å2/ps,[190] this variation shows the strong influence of the 

halogen atom on the ps relaxation dynamics, i.e., gives some experimental support to the 

existence of atom:electron pair. 
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For comparison the room temperature results of Kloepfer et al. are listed in the 5th column of 

Table 5.5.[179, 181] The result for the decay time pairτ of the LCT agrees well with their result. 

The build-up time t2 of the quasi-equilibrated atom:electron species was not reported by these 

authors. The value determined from the model for G∆  is somewhat greater than reported by 

Kloepfer et al. It should be noted that the investigated temperature dependence of the present 

work provides sensitive information on the attractive interaction of the pair. A significant 

difference in the analysis of Kloepfer et al. [181] is the very small value of the I–e- distance of 

R0 = 4 Å, as compared to the iodine–oxygen distance (3 Å)[194] and the radius of the first 

solvation shell of the electron (3.1 Å).[189] 

5.5. Conclusion 

The fs-broadband pump-probe study of the temperature dependent electron photodetachment 

in iodide solution shows several important points:  

  - The initially excited LCT state shows a broad absorption in the NIR with a maximum 

around 1000 nm at all three bulk temperatures. As concluded from the measured LCT relaxation 

the released electron escapes the anion solvation shell with a time constant t1 = 220–180 fs 

going from 25 to 75 °C. The separation of the excess electron from the iodine atom and the 

assembling of a new solvation configuration take 700–540 fs in the mentioned temperature 

interval. To account for the two time constants two intermediates are introduced that are 

assigned to an atom:electron pair in a non-equilibrated solvation structure and a quasi-

equilibrated, hydrated pair.  

 - The former precursor, (I:e-)non-eq is characterized by an absorption spectrum centered at 

825 nm that is only weakly affected by the temperature variation in the investigated range. The 

finding suggests that increasing the solution temperature the relaxation pathway remains 

unchanged. The absorption band of the second intermediate which appears within the first 2 ps 

cannot be distinguished from that of the solvated electron. It is assigned to a solvated 

atom:electron pair (I:e-)hyd. The subsequent slower dynamics indicated by an absorption 
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decrease is strongly temperature-dependent and explained by a competition between pair 

dissociation and geminate recombination.  

- The relaxation dynamics is described by diffusion of the particles in the presence of an 

attractive interaction described by a Morse potential with depth of about 850 ± 100 cm-1. The 

extracted full halfwidth of the potential well decreases from 2.6 Å at 25 °C to 2.0 Å at 75 °C. 
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6.  Femtosecond circular dichroism spectroscopy  

6.1. Introduction 

Biological function results from the unique entanglement of structure and dynamics. Thus, 

any methodology that can probe both structural and dynamical properties of biopolymers will be 

valuable to understand how nature functions on the molecular level. Time-resolved 

spectroscopic methods are well suited to probe the dynamics of various molecular processes on 

time scales down to femtosecond.[195-197] Consequently, there is a variety of techniques using 

both linear and non-linear optical detection schemes to measure molecular dynamics in real-

time. However, the structural details, including the direction, amplitude, and time-scale of 

functionally important motions in biomolecules are usually immeasurable in direct way.   

Currently, x-ray diffraction and absorption, including synchrotron radiation have been used 

to study picosecond [198] transient structures in proteins. Ultrafast electron diffraction (UED) 

has emerged as a competitive technique to probe structural dynamics both on solid surfaces and 

in the gas phase.[199] Although, far less popular, ultrafast time-resolved circular dichroism  

spectroscopy is an additional method to obtain structural information about evolving molecular 

systems (e.g. a folding protein).[200, 201]  

Circular dichroism spectroscopy has been widely applied as a tool in material sciences, 

chemistry, biology and physics.[202] Molecules, that are optically active (chiral) exhibit 

circular dichroism (CD), i.e. a difference in extinction for left- and right-circularly polarized 

light: ∆ε= εL−εR. The CD effect originates from the fact that electric and magnetic transition 

dipole moments are not perpendicular to each other (which results in a helical net electron 

displacement during excitation). While chirality is necessary for observing a CD spectrum, the 

molecules (i.e. chromophores) do not have to be chiral to show a CD signal if they are spatially 

oriented to form a chiral array as typically found in biopolymers like folded proteins or nucleic 
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acids. The latter case is commonly described as exciton-coupled (EC)  CD spectroscopy and has 

been advanced by Harada and Nakanishi.[203, 204] 

 

  

Figure 6.1. Left: Basic interaction scheme between two chromophores. If the interaction  between 

X and Y is negligible, the excitation will remain completely localized. If  X and Y are coupled a 

delocalized exciton state will be formed. Right: The effect of the interaction on the absorption and 

CD spectrum. The figure is  taken from Ref. [204] 

The observed signals depend strongly on the orientation of the chromophores to each other. 

To illustrate the principle of EC-CD one should consider two identical, achiral, weakly-coupled 

(dipole-dipole interaction) chromophores. As shown in Figure 6.1 the coupling of degenerate 

transitions on these chromophores will lead to two CD bands of opposite signs which are 

spectrally located slightly above and slightly below the transition of the isolated chromophore. If 

the interaction between the chromophores is time-dependent – due to structural dynamics in the 

system – The CD spectrum will also be time-dependent. In fact, it will depend on the relative 

orientation of the two chromophores to each other and the vector connecting them.  

There are two main approaches utilized to measure CD spectra. In ellipsometric CD 

measurements the change in the ellipticity of a highly elliptically polarized light beam upon its 

passage through a circularly dichroic sample is detected. Any polarization state of light can be 

viewed as a superposition of circularly left and right polarization with certain amplitude and 

phase. Passing through dichroic (or birefringent) materials will induce changes of the relative 

amplitudes (and phase) of left and right circular polarization. Hence, the ellipticity of the input 

beam polarization is changed too. By measuring these changes for both left and right elliptically 



6. FEMTOSECOND CIRCULAR DICHROISM SPECTROSCOPY 

 83 

polarized probe beams, it is possible to determine both the sign and magnitude of the CD. 

Although successfully applied in many nanosecond time-resolved CD measurements, the 

ellipsometric approach has inherent drawbacks.[200, 205] Any circular and linear birefringence 

of the sample, sample cell, or optical elements in the beam path   can generate artifacts which 

could be on same order or even higher than the expected CD signal. 

The second approach (which is used in modern commercial steady state CD spectrometers) 

is based on the direct measurement of the differential absorption of right and left circular 

polarized light, using polarization modulation and phase-locked detection techniques to increase 

the signal-to-noise ratio. The basic schematic of a CD instrument using this absorptive method is 

shown on Figure 6.2. 
 

 

 

Figure 6.2. A basic schematic of a CD instrument which measures directly the differential 

absorption of right and left circular polarized light. 

A monochromatic linearly polarized light beam passes through a piezo-optic modulator in 

which the polarization state of the beam is switched between right and left circular polarization. 

This modulated light beam is directed through a sample, and subsequently processed by a phase 

locked detector (referenced at the modulation frequency). Hence this technique eliminates the 

need for analyzing the polarization state of the beam after passing through the sample. As a 

result the direct absorptive approach is less prone to polarization artifacts. The implementation 
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of phase locked detection provides high signal-to-noise measurements, which is critical for using 

this approach since the differential absorptions are small (typically in the range of 0.01 to 0.1 

mOD). On the other hand the time resolution of this method is limited to several periods of the 

modulation frequency. The current technology of photo-elastic and electro-optic modulators 

produces a limit for the time resolution which is in the millisecond and microsecond range, 

respectively. Therefore a main disadvantage of the described method is its technological 

restriction for ultrafast time resolved CD measurements.  

The principle of time resolved CD spectroscopy is to measure CD spectra as a function of 

time after rapid initiation of the dynamics of interest.[202] Initial attempts of time resolved CD 

measurements used kinetic techniques such as stopped flow,[206] temperature jump,[207] and 

flash photolysis [208]  measurements in combination with the standard absorptive CD technique. 

The time resolution of those instruments was limited to milliseconds or microsecond.  

The existing methodology for picosecond time-resolved [200, 209] CD is closely related to 

conventional pump-probe detection schemes and can generally be extended to the femtosecond 

time range. There are two laser pulses (pump and probe) with a variable time delay between 

each other. The first pulse initiates a dynamical process (e.g. chemical reaction) by 

photoexciting a chromophore in the sample while the second pulse is probing the CD spectrum 

after the system has evolved in time. The probe laser beam is generated by a tunable 

picoseconds laser. Before entering the sample the probe beam polarization is modulated using an 

acousto-optical or electro-optical modulator just like in a conventional CD spectrometer (Fig. 

6.2). In addition the modulator controls the Q-switch in the laser oscillator in a way that 

successive probe laser pulses only pass through the modulator when certain amplitudes for “+” 

“-“quarter wave retardation are being applied. The modulation frequency of the probe 

polarization is on the order of several hundred Hz.[200] This is about one order of magnitude 

slower than the pulse repetition rate of the tunable laser output.  

This arrangement makes direct absorptive CD measurements at fixed wavelength feasible. 

Kinetics (i.e. time-dependent transient signals) are recorded by varying the time delay between 
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pump and probe pulse. Obtaining the entire CD spectrum requires the tuning of the wavelength 

of the probe laser beam over the whole spectral range of interest. This procedure is complicated, 

laborious and simply impractical for broadband CD detection. In this respect monitoring the 

temporal evolution of the CD signal simultaneously over the entire spectral range would provide 

a more complete data set for the CD dynamics which in turn would allow a more detailed 

interpretation of the CD measurements in terms of structural and conformational changes. 

6.2. Generation and characterization of circularly polarized white light continuuum 

From the earliest years of WLG has been discovered it was believed that the polarization is 

the same as that of incident laser pulse. Until now investigations of polarization state of WLG 

are made either integrally over the whole spectrum [210] or only over a very narrow spectral 

range close to the pump wavelength.[211] However, the amplitude dynamic range of WLG 

signal is changed by several orders of magnitude along the spectrum. This may lead to a fallacy 

in the characterization of white-light polarization properties.  For instance, the broad blue-shifted 

wing - which is of most practical use - has an amplitude of several order of magnitude smaller 

(10-3, 10-4) than the amplitude around the seed wavelength.  

The clarification of the spectral distribution of the polarization state of the WLG is a crucial 

point for the proposed new technology of broadband fs-CD spectroscopy. In addition it will have 

a profound impact on the applications of the WLG as a tool for other femtosecond spectroscopic 

techniques.  

The preliminary results provide a new insight into the polarization phenomena occurring 

upon WL generation in isotropic condensed media. In the cases of linear and circular 

polarization of the incident laser beam one can observe that in certain spectral regions of the 

generated continuum the polarization state is preserved whereas for other spectral regions the 

continuum does not inherit the seed pulse polarization. It is determined that there is an optimum 

in the energy of the incident beam at which the intensity and the degree of preservation of the 

polarization in the region of the blue shifted spectrum reach their maximum.  
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A schematic of the white-light continuum generator (WLG) and experimental setup is shown 

in Figure 6.3. It is based on the experimental setup described in details in section 2.1.2. The 

polarization state of the input beam and the WL is controlled by Glan polarizers PG1, PG2 and 

quarter retardations wave plates QR1 and QR2 respectively. Monitoring of the output WL 

spectra is done with the commercial fiber coupled spectrograph and pico-joule energy meter.  
 

 

Figure 6.3. Schematic representation of the optical setup for white light continuum generation and 

characterization. 

In order to measure the WL intensity more precisely in the spectral area where its intensity is 

three to five orders of magnitude lower a high-pass filter F is used. It reduces the spectral 

intensity around the input pulse wavelength. The white light spectrum is characterized by a 

relatively symmetric broadening of 2000-3000 cm-1 around the seed pulse wavelength, and a 

broad blue shifted pedestal with a relatively constant intensity (Fig. 6.4, inset). The  blue cut-off  

wavelength depends on the material.[212]  For the used CaF2 crystal, pumped at 775 nm the 

spectrum covers the range down to 320 nm. 
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The polarization properties of WL in the case of circular polarized input pulses are observed 

when the zero-order quarter waveplate at 775 nm – QR1 was placed after the polarizer PG1. The 

plate is oriented so that the beam after it is precisely circularly polarized.  

The measured degree of preservation of the circular polarization is determined by the degree to 

which the zero-order quarter waveplate QR2 can transform the WL polarization back to linear 

polarization. The passed through QR2 continuum light is analyzed using a second calcite Glan-

Taylor  polarization prism PG2. Measured are the two orthogonal components – parallel 

polarized intensity ( )λPARI  and perpendicular polarized intensity ( )λPERPI   when PG2 is oriented 

parallel and perpendicular to PG1 respectively.  The obtained wavelength dependent polarization 

ratio is defined as   ( ) ( ) ( )λλλρ PERPPAR II=  and  is shown in Figure 6.4.  
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Figure 6.4. Spectrum (A) and polarization ratio (B) of white-light continuum generated with 

circularly polarized pump pulses. The insets show the entire spectra in logarithmic scale. The 

red squares (C) represent the polarization ratio of the WLC obtained by using a zero-order 

4/λ  plates and corresponding interference bandpass filters  at 351, 488, 532, 628, 770 and 

788nm. 

The red squares represent the measured values of ( )λρ  when quarter zero-order wave  plates 

at selected wavelengths are used. For all six wavelengths a corresponding bandpass interference 
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filter is used and the relative intensities are measured by the pJ meter.  The black solid line in 

Figure 6.4 shows the outcome when a broad band quarter wave plate in the 460-650 nm region 

is used. The deterioration of the circular polarization degree of preservation of the generated 

continuum on the edge of the blue shifted wing is mostly due to the deterioration of the quarter 

wave plate properties. 

6.3. A new methodology for transient circular dichroism measurement 

In this chapter the focus is placed on design and construction of a broadband femtosecond 

time-resolved circular dichroism spectrometer with the capability of simultaneously acquiring 

data over a large spectral region (ultraviolet to near infrared). 

A schematic of the designed femtosecond white light based CD spectrometer is shown on 

Figure 6.5. It is based on the pump-probe transient spectrometer described in section 2.1. The 

main difference is introducing polarization control in the femtosecond white light generator. The 

The key function of the WLG is to perform a computer-controlled switching between left and 

right circular polarization of the WL. This is achieved by controlling the polarization of the 

input seed laser pulse using an electro-optical modulator. As a modulator is used a plane-parallel 

longitudinal Pockels Cell (PKC) made of a DKDP optical crystal. In this scheme, it alternates 

between plus/minus quarter wave of retardation of a linear polarized input beam by applying a 

high voltage on cell electrodes. The high voltage switch supplies externally synchronized bipolar 

voltage swings in the kilovolt range on PKC electrodes. The precision of the output voltage 

determines the precision of the polarization state of the generated WL and therefore the 

“polarizational resolution” of the measurement. 

 The voltage exhibits a very steep slope with a subsequent plateau and the frequency of 

modulation may be varied and it considerably  lower than the repetition rate of the femtosecond 

pulses of the probe which is 1 kHz. The optical shutter system consists of a shutter and 

controller and is synchronized with the high voltage pulses. Consequently, it is possible to use 

an approach of noise reduction, similar to the one used in the pump-probe transient absorption 
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measurements described in section 2.1.3. Distinctive features of the new detection method are: 

First, each measurement cycle has two phases which only differ in the polarization of the probe 

beam.  Second, choosing a modulation frequency for the polarization which is smaller than the 

repetition rate of the laser pulses permits many pump/probe pulses per modulation cycle.  
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Figure 6.5. Shematic layout of the broadband circular dichroism spectrometer. 

The digital lock-in detection made possible with this arrangement improves the signal-to-noise 

ratio substantially; Third, a two probe beam geometry has to be used to eliminate the artifacts 

caused by the birefringence and dichroism of the optical elements in the optical path of the probe 

beam. Using the beamsplitter WBS the probe beam is split into two approximately equal beams 

(channels) before entering the sample. Both optical beams pass through the optically active  

volume of the sample. The polarization of the second (reference) beam has to be “scrambled”. 

This is accomplished by using an calcite polarization scrambler DP. The consequent detection 

and processing of the signals are identical of these, described in chapter 2. The recorded signals 

at each step will result from averaging, typically for several 100 laser pulses. 
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6.4. Implementation of femtosecond white light for steady state CD measurements. 

Finally, shown is a comparison between the steady state CD spectrum of optically pure Λ  - 

enantiomer of [Ru(bpy)3]PF6 solution in acetonitrile obtained with the prototype setup to the 

corresponding CD spectrum measured by a commercial spectrometer (Fig. 6.6).  
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Figure 6.6. Comparison of the steady state CD spectrum of optically pure Λ - [Ru(bpy)3]2+ : The 

preliminary results vs. the spectrum obtained with commercial CD spectrometer (Jasco). 

 

The preliminary results clearly document that polarization control acrros a broad fs-white 

light spectrum is technically possible. Further steps to optimize the signal-to-noise ratio are 

currently being undertaken. First attempts to measure time-dependent excited state CD 

spectra will be starting shortly in the new laboratory of Prof. Fiebig at Boston College. 
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Appendix A -  List of abbreviations  

 
τ   life time  

λ   wavelength 

°C  degree Celsius 

A  acceptor 

A  adenine/adenosine 

Å  Ångström 

BBO beta barium borate 

Br-dU 5-bromo-2’-deoxyuridine 

C  cytosine/cytidine 

CCD charge-coupled device  

CD  circular dichroism 

CIP contact ion pair 

cm  centimeter(s) 

CT  charge transfer 

CTTS charge transfer to solvent 

D  donor 

dC deoxycytidine  

dG deoxyguanosine  

DMF  dimethylformamide 

DMSO  dimethylsulfoxide 

DNA  deoxyribonucleic acid 

DPSSL diode pumped solid state laser 

dU deoxyuridine 

e.g.  for example (exempli gratia) 

EP Py-=-dU modified DNA duplex 

ET  electron transfer 

fs  femtosecond(s) 

FWHM full width at half maximum 

g  gram(s) 

G  guanine/guanosine 

h  hour(s) 
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HOMO  highest occupied molecular orbital 

HT  hole transfer 

i. e.  that is (id est) 

IC  internal conversion 

IC inter-chromophore 

IRF instrumental response function 

l  liter(s) 

KTP potassium titanyl phosphate 

LBO lithium triborate 

LCT local charge transfer  

LUMO  lowest unoccupied molecular orbital 

MD molecular dynamics 

MeOH methanol 

MeCN acetonitrile 

ml  milliliter(s) 

mM  millimolar 

mm  millimeter(s) 

mOD milli-optical density   

ms  millisecond(s) 

MTBE tert-butyl-ethyl-ether 

Nd:YVO4 neodimium-doped yttrium vanadate 

NLM  non-linear mirror  

nm  nanometer(s) 

NHE normal hydrogen electrode 

NOPA noncolinear optical parametric amplifier 

OD  or  O.D. optical density 

PCET  proton-coupled electron transfer 

PCI peripheral component interconnect 

pKa acid ionization constant 

ps picosecond(s) 

PT proton transfer  

PU PydU-modified DNA duplex 

Py pyrene 

Py-=-dU  5-(1-pyrenylethynyl)-2’-deoxyuridine 
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Py-≡-H 1-ethynyl-pyrene 

PydU  5-(pyren-1-yl)-2’-deoxyuridine 

r  distance 

RCT reversed charge transfer  

R.T.  room temperature 

S0  ground state 

S1 lowest excited singlet state 

S2  excited singlet state 

sec  second(s) 

SESAM semiconductor saturable absorber mirror 

SHG second harmonic generation 

T  thymin/thymidin 

TCSPC time correlated single photon counting   

TEC thermo electrical cooling 

TRA triarylamine 

UV  ultra violet 

W  Watt 

WLC white light continuum 

WLG  white light generator 

XPM cross-phase modulation  
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Abstract

We report on the electron photodetachment dynamics after excitation at 242 nm of the lowest charge transfer state of aqueous I�

at solution temperatures of 25, 50 and 75 �C. A first intermediate is observed that builds up with a time constant of 220–180 fs in the

investigated temperature interval and is assigned to an iodine:electron pair in a transient solvent configuration. Subsequent solvent

reorganization leads to a quasi-equilibrated hydrated atom:electron pair (I:e�)hyd that builds up with a time constant of 700–540 fs

at 25–75 �C. The following relaxation seems to be governed by partially diffusion-controlled recombination of the electron in the

presence of an attraction potential well with depth of about 850 cm�1.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

In the past decade particular interest was devoted to

ultrafast charge transfer in ionic solutions [1–4]. A
prominent type of electron transfer is that shown by

halide anions revealing the strong influence of solvent–

solute interaction. Ionization of isolated halides in the

gas phase does not involve bound electronic states below

the detachment threshold [5]. For a halide anion embed-

ded in a water cluster, the ionization energy increases

with the cluster size, due to the solvent-induced stabil-

ization of the anion [6,7]. The correspondingly high ion-
ization threshold in bulk solution allows for the

appearance of a neighboring band of levels called

charge-transfer-to-solvent states (CTTS) [5], since pho-

toexcitation in this band produces a neutral halogen

atom and a solvated electron.
0009-2614/$ - see front matter � 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2005.01.014
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The sub-picosecond electron detachment of aqueous

chloride solutions after two-photon excitation was

examined by Gauduel et al. [3,8] and other groups

[9,10]. Eisenthal and co-workers carried out a time-
resolved study of solvated electrons formed after two

and three-photon excitation of aqueous iodide solutions

[2,11]. The experiments stimulated detailed theoretical

studies of Sheu and Rossky [12,13]. The molecular-

dynamics (MD) simulations predict two formation

channels of the solvated electron after population of a

high-lying CTTS-state of the iodide: Direct nonadia-

batic electron separation (within 50 fs) or fast relaxation
within the CTTS states to the lowest charge transfer

state (time constant of 450 fs) and subsequent adiabatic

separation of the electron from the iodine. A complex

was predicted consisting of an atom, between an elec-

tron and a water molecule. The structure obviously dis-

plays spectral features similar to that of a hydrated

electron since the first solvation shell of the charge is so-

lely occupied by water molecules. Geminate recombina-
tion of the complex was predicted to occur within a few

mailto:higlev@ph.tum.de 
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picoseconds, whereas the release of the electron ap-

peared to be unlikely in the computations. The result

is not consistent with the large yield of the generated sol-

vated electrons found experimentally [2,11].

More recent computations of Staib and Borgis [14,15]

for an aqueous chloride solution arrived at somewhat
different conclusions due to the more detailed treatment

of the solvent polarization. The results of these authors

may be summarized as follows: The initial excitation of

the anion in the lowest charge transfer state was consid-

ered that leads to an excited state absorption centered at

1.13 lm [15]. Within the first 100 fs the electron sepa-

rates �4 Å from the parent chlorine core. In the follow-

ing first picosecond the system develops a larger
chlorine–electron separation of �6 Å that is accompa-

nied by a continuous shift of the induced absorption

from 950 to 720 nm. The calculated free enthalpy G(r)

of the system exhibits a distinct minimum around

rmin = 6 Å which lies DG = 3 ± 0.5kBT below the value

for complete detachment. The pair dissociation com-

petes with a nonadiabatic recombination of the electron

and chlorine atom. Based on the results of the MD
quantum simulations Staib and Borgis proposed a sim-

ple kinetic model for the relaxation dynamics after pho-

toexcitation of aqueous chloride. The CTTS excited Cl�aq
is converted into the hydrated (Cl:e�) pair with a rate

kgen = 2.5 ps�1.The latter candissociate (kdis = 0.031 ps�1)

while the nonadiabatic recombination to a ground state

anion Cl� is slow (krec = 0.001 ps�1) [15].

Bradforth and co-workers recently presented experi-
mental data on aqueous iodide [16–18] at room temper-

ature after one-photon excitation into the lowest CTTS

band. Using the discussed kinetic model a formation

time of the hydrated iodine:electron pair of

k�1
gen ¼ 200 fs was reported [16]. The complex subse-

quently recombines with a time constant of

k�1
rec ¼ 33 ps or dissociates with a time constant of

k�1
dis ¼ 70 ps. The latter value obviously represents an
upper limit and not the relaxation time directly, since

geminate recombination of dissociated electrons, i.e.,

hydrated electrons, was omitted in the analysis. Corre-

spondingly it was shown that the simple model cannot

describe the recombination dynamics for times larger

than 100 ps when slow contributions to diffusive recom-

bination appear [17,18].

Therefore, the long-tail dynamics is analyzed with the
help of a diffusion recombination in the absence of an

interaction potential. The extracted parameter values,

however, of 26 and 24 Å, obtained, respectively, for

the initial and recombination distance between the

iodine and the electron are not meaningful. Kloepfer

et al. [18] also obtained a numerical solution of the

partially diffusion-controlled geminate recombination

of a pair in the presence of an interaction potential using
a code provided by Krissinel and Agmon [19]. The

extracted well depth and position of the minimum of
the free enthalpy were DG = 620 cm�1 and R0 = 4 Å,

respectively [18].

The experimental studies support the microscopic

picture for the electron detachment of aqueous halides

developed from MD simulations. One important aspect

of the relaxation dynamics of the atom:electron pair
however is still missing: experimental information about

the lifetime of the hydrated iodine:electron pairs. In this

paper the temperature dependence of the photoioniza-

tion dynamics is investigated that provides some evi-

dence of the pair dissociation rate. To this end, a

series of pump–probe experiments on aqueous I� is car-

ried out at three temperatures, 25, 50 and 75 �C. The
relaxation dynamics after single-photon excitation into
the first CTTS band is studied with broad-band femto-

second probe pulses in the spectral range 400–

1100 nm. The temperature-dependent observations pro-

vide novel information on the relaxation dynamics of

the atom:electron pair and give experimental support

to the MD prediction of an attractive interaction be-

tween the separated electron and the parent atom.
2. Experimental

The femtosecond spectrometer used to study the elec-

tron photodetachment is based on a commercial Ti:sap-

phire amplifier system generating 150-fs pulses of 800 lJ
and 1 kHz repetition rate at 775 nm. A portion of the

pulse is used to pump a first two-stage noncollinear opti-
cal parametric amplifier (VIS NOPA, see Fig. 1). Tun-

able pulses between 450 and 700 nm with energies of

7–20 lJ are obtained after passing a two-prism compres-

sor. For the UV excitation process the output of the

NOPA tuned to 484 nm is frequency-doubled in a
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100-lm BBO-crystal providing pulses at 242 nm with

energies of 1 lJ and a duration of 100 fs.

For probing purposes a second NOPA (NIR NOPA,

see Fig. 1) generates 80-fs pulses at 1140 nm that pro-

duce a white light continuum (WLC) by focusing into

a 3-mm thick rotating CaF2 plate. The applicable wave-
length range of the WLC extends from 400 to 1100 nm.

Using a wedged beam splitter the continuum is split into

two parts for probing and reference measurements. The

reference radiation is directed through a sample volume

that is not affected by the pump pulse. The relative

polarizations of the pump and the probe beams are set

to the magic angle 54.7� for rotation-free observation.

The probe and reference spectra are detected indepen-
dently and simultaneously behind the sample, using an

imaging polychromator and a CCD array cooled to

�20 �C.
Due to the monotonous frequency chirp of the WLC

emission [20], the radiation can be represented as a

superposition of delayed femtosecond pulses close to

the Fourier transform limit, centered at a series of fre-

quencies. The relationship between the frequency posi-
tion and time delay of the constituents is described by

a chirp function. The time evolution of the pulses at var-

ious wavelengths was determined by cross-correlation

measurements in a 100 lm BBO crystal with a test-pulse

of 35 fs at 675 nm from the VIS NOPA. The measured

pulse durations of the spectral components varied be-

tween 90 and 110 fs.

The sample cell, equipped with 1-mm windows of UV
grade fused silica, has a thickness of 250 lm and is filled

with a circulating solution of NaI (Merck Eurolab, GR

for analysis) in de-ionized water at a concentration of

about 2.5 mM. In order to maintain a constant sample

temperature, the solution passes a temperature control-

ler right before the sample cell. The experiments are per-

formed at three different temperatures, 25, 50 and 75 �C,
respectively. Because of a sufficiently large quantity of
the investigated liquid volume (900 ml) the concentra-

tion of undesired photo-products like I�2 can be

neglected.

At all wavelengths a coherent artifact is observed

around zero delay time, possibly due to cross-phase

modulation (XPM) between the intensive pump and

weak probe pulses [21]. The phenomenon manifests it-

self by rapid, small changes of the probe transmission
at zero delay time. In order to enlarge the XPM signal

the 242 nm excitation pulse was replaced by 15 lJ 484-

nm pulse, by substitution of the 100 lm BBO crystal

by fused silica specimen with the same optical path.

Since the different spectral components of the probing

continuum traverse the sample at different delay times,

the coherent artifact provides a convenient way for in

situ determinations of the zero delay time setting at
the respective probing wavelengths with an accuracy of

±20 fs.
3. Spectroscopic data

Examples for the measured transient absorption spec-

tra at 25 �C after single-photon excitation at 242 nm are

presented in Fig. 2. The data extend over the range 425–

1100 nm. Only selected delay time values are presented.
Around 484 nm a gap of the probe data occurs that is

due to the deflection of pump radiation into the probe

beam direction. While no transmission effect is found

at �200 fs, a small absorption change is already seen

at delay time zero that increases from 650 to 1000 nm

(see Fig. 2a). The maximum of this early absorption ap-

pears at 1000 nm (tD = 0 ps), but cannot be accurately

determined with the available probing range. The spec-
tral feature grows within the first 200 fs and develops

to a broad band centered at �900 nm. Increasing the

delay time the maximum of this absorption shifts to

shorter wavelengths and only 400 fs later (tD = 0.6 ps,

see Fig. 2a) it is located at �760 nm. At later delay times

the absorption narrows notably and reaches a stable

maximum position at �720 nm. A spectrum close to

that of the equilibrated solvated electron [22] is reached
at tD = 1.4 ps. An isosbestic point is not indicated by the

transient spectra of Fig. 2a. It is concluded that more

than one intermediate is involved in the dynamics.

The measurements for larger delay times up to 1 ns

(see Fig. 2b) indicate that the changes in the absorption

band shape have terminated �3 ps after the photode-
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tachment process. The agreement with the absorption of

the fully solvated electron provides strong evidence that

at least the first solvation shell of the separated electron

is already fully established at this time. The subsequent

relaxation (see Fig. 2b) can be assigned to population

decay, i.e., geminate recombination of the photogener-
ated electron with the parent atom.

For the same experimental conditions, but at higher

temperatures of 50 and 75 �C corresponding measure-

ments were carried out obtaining a similar time evolu-

tion of the spectra (data not shown). At longer delay

times (tD P 1.5 ps) the transient absorption was found

to be slightly broadened and red-shifted as compared

to the data of Fig. 2b. The observed band maxima are
located at 750 and 775 nm for 50 and 75 �C, respec-

tively. This spectral shift is in close agreement with the

well-known temperature dependence of the absorption

spectrum of the equilibrated solvated electron [22].

Some results for the signal transients deduced from

the transient spectra are depicted in Fig. 3. Three se-

lected wavelengths of 575, 725 and 1075 nm are consid-

ered (experimental points, calculated solid lines). The
maximal absorbance change measured at the respective

probing wavelength for the higher temperatures are nor-

malized to the value at 25 �C for a direct comparison.

Different delay time intervals are depicted in the left

and right hand parts of the figure. The temperature

dependence is noteworthy. Especially at 575 nm the

induced absorption at 25 �C (see full circles in Fig. 3a)

increases more slowly as compared to higher tempera-
tures. The signal curves reach a maximum at tD � 1–

1.5 ps. In the near infrared the observed dynamics is
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obviously faster. The signal transients at 1075 nm (Fig.

3e) reach a distinct maximum already at �0.2 ps, shortly

after the peak of the UV pulse. The subsequent decay

occurs with an effective time constant of �0.5–0.7 ps.

The measurements for larger delay up to 300 ps

(see r.h.s. of Fig. 3) indicate that after the maxima
around tD � 1.5 ps the absorption curves decrease to

different plateau values, dependent on temperature

but within time intervals independent of the probing

wavelengths (note different ordinate scales). The relax-

ation profile cannot be fitted by a simple exponential

decay. The finding supports the assumption that the

long-time dynamics are dominated by diffusion-

controlled geminate recombination [18]. Inspection
of Fig. 3 reveals that the fraction of electrons under-

going geminate recombination in the aqueous iodide

solution obviously decreases as the temperature rises.

A similar dependence was recently reported for the

photoionization of aqueous hydroxide [23] and neat

water [24]. But the exact values for the survival prob-

ability of the hydrated electrons reported for the lat-

ter solutions are different from that of aqueous iodide
(see below).

We finally mention that measurements of a neat

water sample under the same excitation conditions show

no measurable effect within experimental accuracy (data

not shown). Therefore, a contribution of photoioniza-

tion of the solvent to the signal transients presented here

is negligible.
4. Data analysis

According to the arguments in Section 1 the initially

excited lowest charge transfer (LCT) state decays with

a time constant s1. The followed electron separation is

accounted for by a discrete precursor state (I:e�)non-eq.

Subsequently, a quasi-equilibrated hydrated halo-
gen:electron pair (I:e�)hyd is formed, representing a fur-

ther intermediate in our model. The formation and

solvent relaxation of the pair takes a time constant s2
that is introduced in our model as the decay time of the

precursor (I:e�)non-eq. The relaxation of the weakly

bound atom:electron pair (I:e�)hyd may be described by

three-dimensional diffusion of the particles in the pres-

ence of a radially symmetric potential U(r) = DG{1 �
exp(�b(r � R0))}

2. Here DG is the depth of the potential

well. r and R0, respectively, denote the particle separa-

tion and minimum position. The scaling factor b ac-

counts for the potential width. The relaxation of the

pair in this potential is governed by the spherically sym-

metric Debye–Smoluchowski equation [25]. An elegant

method for a numerical solution of this equation is based

on the detailed-balance approximation [26]. The numer-
ical algorithm begins with a discretization of the radial

coordinate r, from contact radius rc (i = 0) between atom
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and electron to some maximum value, rmax (i = m). The

resulting radial layers are accounted for by separate

states with populations equal to the average population

density of the layers. In this approximation a population

exchange exists just between direct neighbor layers, while

the exchange rates depend on the interaction potential.
The transition rate X from a state jjæ to a neighboring

state jiæ (i = j ± 1) is given by: X(ijj) = (D/Dr2)(ri/
rj)exp{�(V(ri) � V(rj))/2} [26]. Here D ¼ DI0 þ De�aq is a

mutual diffusion coefficient, and V(r) = U(r)/kBT is the

normalized potential depending on temperature. The

equilibrated iodine:electron pair is generated at distance

r = R0 with rate 1/s2, while the backward reaction lead-

ing to the groundstate anion occurs simultaneously at
the contact distance r = rc (absorbing boundary condi-

tion). rmax, on the other hand, is taken large enough

(>15 Å), so that the gradient of the potential curve is neg-

ligible. At these distances the electron is expected to be

fully solvated and quasi-stable so that the recombination

rate vanishes. The terminating level is the equilibrated,

hydrated electron e�aq.

Consistent with the MD results and the data of Fig.
2b, it was assumed that the spectral properties of the hy-

drated pair in the probing range are constant during the

dissociation process and agree with the absorption of

the solvated electron. This spectral similarity supports

the assumption that the (I:e�)hyd is assembled from a

solvation configuration with an iodine an electron and

a water molecule in between. The microscopic picture

provides the possibility to estimate the I–e� distance to
be R0 = 6.1 Å as the sum of the iodine–oxygen distance

(RI–O = 3 Å) [27] and the radius of the first solvation

shell of the electron (RO–e�=3.1 Å) [28] distances in

aqueous solution. The mutual diffusion coefficient at

room temperature was estimated to be D = 0.56 Å2/ps

from the reported numbers DI0 = 0.1 Å2/ps [29] and

De�aq ¼ 0:46 Å
2
=ps [30] for the components. The values

of D at 50 and 75 �C were treated as fitting parameters.
The free parameters of the model (relaxation rates, po-

tential constants, extinction coefficients, etc.) are ob-
Table 1

Relaxation times and fitting parameters: R0 and D 0 at 25 �C are input param

25 �C 50 �C

s1 (fs) 220 ± 50 200 ± 50

s2 (fs) 700 ± 50 650 ± 50

D 0 (Å2/ps) 0.58 0.95 ± 0.1

rc (Å) 5.0 ± 0.1 (5.0 ± 0.1)

R0 (Å) 6.1 (6.1)

b (Å�1) 0.68 ± 0.05 0.80 ± 0.05

DW (Å) 2.6 ± 0.2 2.2 ± 0.2

DG (cm�1) 850 ± 100 830 ± 100

g 0.25 ± 0.02 0.39 ± 0.02

spair (ps) 21 ± 2 17.5 ± 3

The values in brackets are input parameter taken from 25 �C measurement. F

results from MD simulations for aqueous Cl� [15] are also displayed.
tained by fitting the calculated curves (note solid lines

in Fig. 3) to the measured signal transients using

Powell�s method [31].
5. Results and discussion

The results of the data analysis are summarized in

Table 1 and in Fig. 4. After population of the LCT state

of the iodide by a 5.1 eV photon, a broad absorption

shows up in the near-infrared with a maximum close

to 1000 nm at all three solution temperatures. The ex-

cited state absorption of LCT (filled squares and dotted

lines on Fig. 4) may be assigned to transitions to higher-
lying CTTS levels. The relaxation of LCT assigned to

the escape of the electron from the parent solvent cavity

is found to occur with time constants s1 = 220–180 fs,

going from 25 to 75 �C (see Table 1).

An important property of the solvated electron is the

high sensitivity of its absorption spectrum to the local

environment [32]. Thus the rapid development of the

transient absorption spectra observed within the first
1 ps (see Fig. 2a) supports the conclusion that the initial

relaxation dynamics is accompanied by a continuous

reorganization of the electron solvation cavity. The

argument is in accordance with the MD prediction for

the separation of the electron from the parent halogen

[15]. Because of different time scales involved in the elec-

tron detachment and as is discussed above, the process is

divided in our model into two steps. A first intermediate
of the pair is formed that is assigned to an atom:electron

pair in a yet non-equilibrated solvent configuration

(I:e�)non-eq. The experimental data support this picture.

The intermediate is characterized by a broad absorption

band centered at 825 nm (hollow triangles and dashed

lines in Fig. 4). The spectral profile of the intermediate

and its built-up rate 1/s1 are only weakly temperature

dependent in the investigated range. The finding sug-
gests that increasing the solution temperature the relax-

ation pathway remains unchanged.
eters taken from the literature

75 �C Refs. [16,18] Cl�aq, Ref. [15]

180 ± 50 200 100

540 ± 50 – 400

1.35 ± 0.1 0.8 0.78

(5.0 ± 0.1) 4.0 –

(6.1) 4.0 6.0

0.93 ± 0.05 1.1 –

2.0 ± 0.2 – 3

860 ± 100 620 620 ± 100

0.53 ± 0.02 0.25 0.75

16 ± 2 22 32

or comparison the room temperature data of Kloepfer et al. [16,18] and
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The further separation of the excess electron from the

iodine atom and organization of the new solvation layer

leads to the hydrated atom:electron pair (I:e�)hyd. This

complex shows an absorption spectrum similar to that

of e�aq (see Fig. 2). For the formation of the (I:e�)hyd the
time constant s2 is found to vary from 700 to 540 fs for

temperatures from 25 to 75 �C. The rise of the formation

rate may be attributed to the higher mobility of the water

molecules at increased solvent temperature.

The hydrated complex (I:e�)hyd is stabilized by an

attractive interaction described by a Morse potential.

The extracted well depth DG = 850 ± 100 cm�1 remain

unaffected by temperature variation (see Table 1). The
contact distance rc at which the recombination between

the excess electron and the parent occurs, is fitted to

5.0 ± 0.1 Å. The numbers for R0, and rc at 25 �C are as-

sumed to depend only weakly on temperature and used

as input parameters in the analysis of the dynamics at

the higher temperatures. For the Morse constant the

numbers seem to increase from b = 0.68 ± 0.05 to

0.93 ± 0.05 Å�1 going from 25 to 75 �C. The corre-
sponding full halfwidth DW of the potential curve de-

creases from 2.6 ± 0.2 Å at 25 �C to 2.0 ± 0.2 Å at

75 �C. Adopting the above developed microscopic pic-

ture the faster decrease of the iodine–electron attraction

may be related to the higher librational energy of the

water molecules in the solvation layer of the atom:elec-
tron pair with rising temperature. Describing the mea-

sured long-time dynamics (see r.h.s. of Fig. 3) with a

simple exponential fit we can determinate the effective

lifetime spair of (I:e�)hyd. The experimental data show

that this time constant decreases from spair = 21 ± 2 ps

to 16 ± 2 ps going from 25 to 75 �C.
The results for the mutual diffusion coefficient D 0 are

0.95 ± 0.1 and 1.35 ± 0.1 Å2/ps at 50 and 75 �C, respec-
tively. The values are consistent with the well-known

temperature dependence of De�aq [30]. The strong temper-

ature dependence of the diffusion coefficient reflects the

corresponding variation of the quantum yield g for

generating fully solvated electrons. Our data show

(see Table 1) that 1 ns after the optical excitation the
ratio of fully solvated electrons to the atom:electron

pairs at tD = 1.5 ps increases from g = 0.25 ± 0.02 to

0.53 ± 0.02 in the range 25–75 �C. These numbers are

smaller than the measured for aqueous F� at room tem-

perature, where g = 0.77 ± 0.03 [4]. Taking into account

the similar diffusion coefficient, DF = 0.33Å2/ps, [29] this

variation shows the strong influence of the halogen atom

on the ps relaxation dynamics, i.e., gives some experi-
mental support to the existence of atom:electron pair.

For comparison the room temperature results of

Kloepfer et al. are listed in the 5th column of Table 1

[16,18]. Our numbers for the decay time s1 of the LCT

agree well with their result. The build-up time s2 of the
quasi-equilibrated atom:electron species was not re-

ported by these authors. Our value for DG is somewhat

greater than reported by Kloepfer et al. It is felt that the
investigated temperature dependence of the present

work provides sensitive information on the attractive

interaction of the pair. A significant difference in the

analysis of Kloepfer et al. [18] is the amazingly small va-

lue of the I–e�-distance of R0 = 4 Å, as compared to the

iodine–oxygen distance (3 Å) [27] and the radius of the

first solvation shell of the electron (3.1 Å) [28].
6. Summary

We report on the photodetachment of electrons in a

2.5 mM iodide solution at temperature values of 25, 50

and 75 �C. After one-photon excitation by a 100 fs-pulse

at 242 nm into the lowest CTTS band, the dynamics are

studied with 100 fs probe radiation in the spectral range
of 400–1100 nm. The initially excited LCT state shows a

broad absorption in the NIR with a maximum around

1000 nm at all three bulk temperatures. As concluded

from the measured LCT relaxation the released electron

escapes the anion solvation shell with a time constant

t1 = 220–180 fs going from 25 to 75 �C. The separation

of the excess electron from the iodine atom and the

assembling of a new solvation configuration takes
700–540 fs in the mentioned temperature interval. To ac-

count for the two time scales two intermediates are
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introduced that are assigned to an atom:electron pair

in a non-equilibrated solvation structure and a quasi-

equilibrated, hydrated pair. The former precursor,

(I:e�)non-eq is characterized by an absorption spectrum

centered at 825 nm that is only weakly affected by the

temperature variation in the investigated range. The
finding suggests that increasing the solution temperature

the relaxation pathway remains unchanged. The absorp-

tion band of the second intermediate showing up within

the first 2 ps cannot be distinguished from that of the

solvated electron. It is assigned to a solvated atom:elec-

tron pair (I:e�)hyd. The subsequent slower dynamics

indicated by an absorption decrease is found strongly

temperature-dependent and explained by a competition
of pair dissociation and geminate recombination. The

relaxation dynamics is described by diffusion of the par-

ticles in presence of attractive interaction described by a

Morse potential with depth of about 850 ± 100 cm�1.

The extracted full halfwidth of the potential well de-

crease from 2.6 Å at 25 �C to 2.0 Å at 75 �C.
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The reductive electron transfer (ET) in DNA can be studied by ultrafast
time-resolved measurements combined with chemically probed DNA-
strand-cleavage experiments. Owing to the numerous conformations
of DNA present the results show a variety of ET rates. For more
information see the Communication by H.-A. Wagenknecht, T. Fiebig,
et al. on the following pages.
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Electron Transfer

Real-Time Spectroscopic and Chemical Probing
of Reductive Electron Transfer in DNA**

Peter Kaden, Elke Mayer-Enthart, Anton Trifonov,
Torsten Fiebig,* and Hans-Achim Wagenknecht*

Reductive electron-transfer (ET) processes in DNA have
attracted considerable interest over the last 2–3 years.[1] The
injection of an excess electron into DNA initiates a type of
charge transfer which is complementary to the extensively
studied oxidative hole transfer.[1,2] Recent studies[1, 3–11] sup-
port the idea that the reductive type of charge transfer has a
high potential for application in new nanodevices based on
DNA or DNA-inspired architectures.

Until five years ago, most knowledge about excess
electrons in DNA came from g-pulse radiolysis studies.[3]

However recent photochemical assays focus on the inves-
tigation of ET by chemical means:
1) Carell et al. could show that the amount of T–T dimer

cleavage depends rather weakly on the distance to the
electron donor.[4]

2) Giese et al. could show that a single injected electron can
cleave more than one T–T dimer.[5]

3) Rokita et al. detected a significant base-sequence depend-
ence of the ET efficiency.[6]

To date, only Lewis et al.[7] and our groups[8] have focused
on the dynamics of ET processes. In refs. [1, 3–8] a thermally
activated electron hopping mechanism has been suggested
with CC� and TC� as intermediates.[9] However, we could show
that proton transfer interferes with ET indicating that TC� is
more likely to play a major role as an electron carrier than
CC� .[10, 11]

Over the last years it has become apparent that ET
phenomena in DNA cannot be understood without explicitly
considering the manifold of conformational states present in
DNA.[12] Since ET rates strongly depend on the microscopic

environment, a single kinetic rate constant might not be
observed for DNA-mediated ET but rather a distribution of
rates.

Herein, we present our recent efforts to study the
mechanism of electron injection and subsequent interbase
electron shift by combining ultrafast time-resolved measure-
ments with chemically probed strand-cleavage experiments
using 5-bromo-2’-deoxyuridine (Br-dU) as the electron
acceptor.[13] Pyren-1-yl-2’-deoxyuridine (Py-dU)[14] has been
applied as the electron donor, since photoexcited Py* allows
the reduction of C and T.[15] Using our previously published
synthetic procedures, we prepared the Py-dU-modified DNA
duplexes 1–5 (Scheme 1).[8, 16] The DNA 1 is a control duplex

containing only the Py-dU chromophore with adjacent C and
T bases as acceptors for the subsequent electron transfer from
dUC� . The DNA duplexes 2–5 contain additionally the Br-dU
group which is placed either adjacent to Py-dU or separated
from Py-dU by one A–T base pair.

We have applied femtosecond broadband pump-probe
spectroscopy[17] to explore the early time ET dynamics in
DNAs 1–5 within a broad spectral probing window. Upon
excitation at 350 nm, a pyrene-like excited state (Py-dU)* is
formed which undergoes ET yielding the contact ion pair
(CIP) PyC+–dUC� . Since the ET process formally represents
the injection of an electron into the base stack, the injection
rate can be obtained from the decay of the transient

Scheme 1. Pyrene-modified DNA duplexes 1–5 and force field
(AMBER) minimized structure of a Py-dU-modified DNA duplex
(bottom left).
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absorption band of (Py-dU)* at 385 nm.[10b] In the CIP state
the radical cation (PyC+) and the radical anion (dUC�) are
electronically coupled (as a result of direct p-orbital overlap)
and thus exhibit strong spectral features which extend from
around 450 to approximately 750 nm. Figure 1 shows repre-

sentatively the time-dependent decay of the pump-probe
spectra of DNA 1 in the time range of 150–1500 ps after
excitation. While the rise time of the transient absorption
signals in this spectral region is about 2–3 ps (for all five DNA
duplexes) the decay times vary from 100 ps to 600 ps depend-
ing on the investigated wavelength.[18] This strong kinetic
dispersion in the lifetimes of the CIP state is consistent with
multi-conformational states in a highly disordered medium
such as DNA.[12c]

To see whether subsequent ET into the base stack
competes with charge recombination in the CIP state we
measured the repopulation dynamics of the Py-dU ground
state. The observed dynamics are very similar in all duplexes,
1–5. As shown representatively for DNA 3 (Figure 2), the
recovery dynamics of the ground state (530 ps (64%), > 2 ns
(36 %) at 364 nm) does not match the lifetime of the electron-
injected CIP state (250 ps (55%), > 2 ns (45 %); rise time
3 ps at 485 nm) thereby suggesting that an additional decay
channel (other than charge recombination!) is present from
the CIP state. This result suggests that only a fraction of CIP
ensembles returns to the ground state and the remaining CIP
populations are reacting through a different channel.

To identify the nature of this other channel we probed the
reaction product of this multistep DNA-mediated ET process
chemically. Br-dU undergoes a chemical modification after its
one-electron reduction which can be analyzed by piperidine-
induced strand cleavage[13] and has been applied to quantify
the efficiency of DNA-mediated ET processes.[6, 11] Based on
reduction potentials, Br-dU is not a significantly better
electron acceptor than C or T[19] and thus very similar
lifetimes for the CIP states were measured in DNA 1–3
bearing T or Br-dU directly adjacent to the Py-dU group.
Hence, Br-dU is a kinetic electron trap (Scheme 2).

No strand cleavage has been observed during the irradi-
ation of DNA 1. This result provides the important control
that the observed strand cleavage in the DNA 2–5 can be
assigned to the presence of Br-dU (Figure 3). DNAs 2 and 3
show much higher cleavage efficiency than 4 and 5. Thus
considering that strand degradation represents the chemical
result of the DNA-mediated ET process, it is remarkable that
just one intervening A–T base pair lowers the ET efficiency
between Py-dU and Br-dU to such an extent. This result
indicates that conformational control of ET in DNA becomes
more dominant with increasing separations—a result which is
entirely consistent with the observed dispersion of CIP
lifetimes.

Several important conclusions emerge from this combined
study:
1) DNA is a flexible medium with a manifold of conforma-

tional states exhibiting a wide range of reactivities and
rate constants

2) As expected, the electron-injection process in our func-
tionalized duplexes show only minor variations arising
from structural inhomogeneity because it occurs between
the covalently connected Py and dU moieties. Subsequent

Figure 1. Time-dependent decay of the pump-probe spectra of DNA 1
(350 mm) in buffer (10 mm Na-Pi (Pi =phosphate), 250 mm NaCl,
pH 7), in the time range of 150 ps (blue)–1500 ps (red) after excitation
at 350 nm.

Figure 2. Pump-probe transients of DNA 3 (350 mm) in buffer (10 mm

Na-Pi, 250 mm NaCl, pH 7) at two different probe wavelengths. The
ground-state recovery signal (*, 364 nm) is negative but has been
inverted to be visually comparable to the (positive) transient absorp-
tion of the CIP state (*, 485 nm). The inset displays the 3 ps rise of
the 485 nm transient which marks the rate for electron injection.

Scheme 2. Electron injection and ET in Py-dU-/Br-dU-modified
duplexes.
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ET into the base stack is much more sensitive to structural
parameters and thereby characterized by a distribution of
time constants and different strand-cleavage efficiencies

3) It is important to probe both the early time events and the
product states for obtaining conclusive mechanistic
insight. Since DNA-mediated ET is a multistep process
on various time scales, the electron-injection rates may
not necessarily correlate with the strand degradation as
the chemical result of DNA-mediated ET

4) The subsequent ET in the base stack occurs on the time
scale of several hundred ps, therefore competing with
charge recombination in our duplexes. It is reasonable to
assume that subsequent migration steps will be faster
since the Coulomb interaction between the excess elec-
tron and PyC+ decreases drastically with separation.
Hence, our results provide a lower limit for the rate of
reductive ET between single bases in DNA.
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Abstract

Electron transfer (ET) in a pyrene-labeled DNA base (PydU) has been investigated with fs-broadband pump–probe spectros-

copy. By comparing the dynamics of PydU in a nonprotic solvent (acetonitrile) and a protic solvent (methanol) with similar dielec-

tric properties, one can observe the formation of a planar intramolecular charge transfer state and the build-up of the pyrene radical

cation population in real time. The temporal evolution of the excited state absorption spectrum provides direct evidence for a greatly

enhanced ET yield in methanol. The results emphasize the critical role of hydrogen bonding for ET involving DNA bases. No spec-

troscopic evidence for (de)protonation of the ET product could be manifested.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The interplaybetweenelectron transfer (ET)andproton

transfer (PT) remains a subject of lively scientific debates,

especially in biological systems [1–12]. In particular,

DNA represents a unique supramolecular medium for
PTandETprocesses because the basepairs are structurally

coupled in a Watson–Crick arrangement. Understanding

the role that hydrogen-bond structures can play in driving

electronic charges through the base stack is therefore criti-

cal. A promising model system for the investigation of this

particular aspect of ET in DNA is PydU.
N

N

O

O

H

O OH

OH

PydU
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The system contains pyrene as a chromophore and

redox partner in the excited state, directly linked to 2 0-

deoxyuridine [13,14]. The radical anion of thymidine

(which is structurally very similar to uridine) and cyti-

dine have been proposed as major intermediate charge

carriers during electron transport in DNA [15]. We
have recently reported extensive work on the photo-

physics of PydU (and its cytidine analogue) both in

DNA [12,16] and in aqueous solutions [9–11] which

demonstrated the significance of protonation concom-

itant to the reduction of dT and dC. Although these

results have relevant implications for electron migra-

tion through DNA they have been obtained in water

which has a polarity not typical for the inner part
of DNA, and under nonphysiological pH conditions.

In this Letter, we report femtosecond dynamics of

PydU in methanol (MeOH) and acetonitrile (MeCN),

typical solvents without (MeCN) and with hydrogen

bonding capabilities (MeOH). By comparing the ET

dynamics in these solvents one can address the specific

role of a proton donating and accepting medium on

the ET process (as found in Watson–Crick base pairs).
In 1995, Netzel et al. [14] studied the steady state fluo-

rescence and nanosecond fluorescence lifetime of PydU

mailto:fiebig@bc.edu
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in MeOH and MeCN. It was proposed that ET from

Py* to dU should be more favorable in MeOH than

in MeCN because of a proton-coupled electron trans-

fer (PCET) process.

Combining the electrochemical potentials E(Py�+/

Py) = 1.5 V [17] and E(dT/dT��) = �1.8 V (vs. NHE)
[18], the driving force DG for the ET process in PydU

is �0.05 eV (using E00 = 3.25 eV for Py* [17]) – if Cou-

lombic stabilization is neglected. Netzel et al. concluded

that the formation of Py�+dU(H)� is thermodynamically

exergonic whereas the formation of Py�+dU�� is ender-

gonic. Consequently, in MeCN no ET reaction would

be possible. We have applied femtosecond broadband

pump–probe spectroscopy to illuminate the early time
excited state dynamics in PydU after optical pumping

in both MeOH and MeCN.
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2. Experimental

Our femtosecond pump–probe setup and the details of

the data processing procedure are described elsewhere
[19]. Here, we will only give a brief overview. The samples

were exited by pump pulses at 345 nm. The changes in

optical density were probed by a femtosecond white-light

continuum (WLC) generated by tight focusing of a small

fraction of the output of a commercial Ti:Sa based pump

laser (CPA-2001, Clark-MXR) into a 3 mm calcium fluo-

ride (CaF2) plate. The obtained WLC provides a usable

probe source between 350 and 1000 nm. The WLC was
split into two beams (probe and reference) and focused

into the sample using reflective optics. After passing

through the sample both probe and reference were spec-

trally dispersed and simultaneously detected on a CCD

sensor. The pump pulse (345 nm, 1 kHz, 400 nJ) was gen-

erated by frequency doubling of the compressed output

of a commercial NOPA system (Clark-MXR, 690 nm,

12 lJ, 40 fs). The overall time resolution of the setup is
determined by the cross correlation function between

pump and probe pulses which is typically 100–120 fs

(fwhm, assuming a Gaussian lineshape). A spectral reso-

lution of 7–10 nm was obtained. All measurements were

performed with magic angle (54.7�) setting for the polar-

ization of pump with respect to the probe pulses. A sam-

ple cell with 1.25 mm fused silica windows and a light

path of 1 mm was used for all measurements. No indica-
tions for degradation of the samples were found. The

sample concentration was <1 mM.

The synthesis and characterization of PydU was re-

ported elsewhere [9].
Fig. 1. Pump–probe spectra of PydU in three different solvents, 20 ps

after excitation at 345 nm. One can clearly distinguish the solvent-

independent (local) pyrenyl transitions and the strongly solvent-

dependent CIP state absorption bands (reverse charge transfer). The

inset shows the characteristic Py* absorption band around 375 nm. See

text for details.
3. Results and discussion

After photoexcitation PydU undergoes an intramo-

lecular ET which results in the formation of the contact
ion pair (CIP) Py�+–dU��. There are two categories of

electronic transitions that can be observed in transient

absorption spectra of strongly coupled contact ion pairs

[20,21].

Local radical absorption bands are most commonly

discussed when transient absorption spectroscopy is ap-
plied to charge transfer systems. The bands are usually

very similar to those observed in separated Py�+ or dU��

reference systems and therefore straightforward to inter-

pret. The interchromophore (IC) transitions in Scheme 1

are reverse charge-transfer (RCT) transitions which lead

to nonpolar, locally excited states. RCT absorption is

analogous to exciplex emission since both processes in-

volve charge recombination. Their intensities are largely
dependent on the electronic coupling between Py and

dU and should therefore reflect nuclear motions and

structural changes that alter this coupling. The temporal

evolution of RCT absorption bands can be regarded as a

pendant to time-resolved emission spectra.

Fig. 1 reveals the different characteristics of local

and IC bands for PydU by showing the pump–probe

spectra of PydU in three different solvents, 20 ps after
photoexcitation. The band around 380 nm (inset)
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Fig. 2. Time-dependent transient absorption signals of PydU in

MeOH at three selected wavelengths. Note that the decay time at

375 nm (35 ps, 63%) matches the rise time of the Py�+ absorption at

505 nm. The rise time of the IC band (7 ps at 630 nm) is convoluted

with the spectral shifting dynamics (see Fig. 3b). Inset: PydU in

MeCN. The population decay of Py* probed at 375 nm. The short

decay component (�4 ps) represents the ET equilibration dynamics

(see text).
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which reflects the absorption of the initially excited
pyrenyl state (Py*) [22] and the bands between 450

and 510 nm (local pyrenyl bands, Py�+/Py*) are virtu-

ally solvent independent because the underlying transi-

tions are not accompanied by changes in the

molecular dipole moments. In contrast, the broad

(RCT) absorption band between 600 and 670 nm is

strongly solvent dependent. Note that this band exhib-

its a solvatochromic shift, similar to the shift observed
in fluorescence spectroscopy. However, in fluorescence

spectroscopy charge transfer bands shift towards long-

er wavelengths with increasing solvent polarity while a

reverse behavior (i.e., shifting towards shorter wave-
Fig. 3. Time-dependent evolution of the pump–probe spectrum of PydU in (a

difference between each spectrum is 1 ps.
lengths) is observed in transient absorption. One of

the key advantages of fs-broadband pump–probe spec-

troscopy over fluorescence spectroscopy is that both

local and interchromophore transitions can be moni-

tored simultaneously which provides a large amount

of information about the molecular system evolving
on the excited state potential energy surface. In fact,

the intensity of the IC band depends on the magni-

tude of the electronic coupling between the two aro-

matic subsystems and therefore on the conformation

of PydU. A rise in the intensity suggests the transition

from a twisted to a more planar geometry with en-

hanced p-electron overlap between Py and dU [23].

In MeOH the single-wavelength kinetics (Fig. 2)
indicate that the initial Py* population (�375 nm) de-

cays with a 35 ps time component which matches the

rise time of the Py�+ absorption at 505 nm. The fact

that the ET product (Py�+) is rising on the same time

scale as the IC band (see Fig. 3b) clearly indicates that

the ET process is coupled to a structural change in the

molecule. In other words, while the molecule is mov-

ing towards a more planar geometry, more charge is
transferred from Py* to dU. In MeCN, on the other

hand, one observes a fast equilibration between Py*

and Py�+ on the time scale of a few ps which is typ-

ical for electron donor (D)/acceptor (A) systems with

small driving forces where the ET is incomplete. The

inset of Fig. 2 clearly shows the biexponential decay

of the Py* population (probed at 375 nm) where the

fast component �4 ps is characterizing the equilibra-
tion dynamics. Subsequently, the molecule is undergo-

ing a similar structural relaxation as observed in

MeOH, indicated by the rise of the IC band around

630 nm.

In contrast to the MeOH data, however, the IC band

in MeCN is not exhibiting a blue shift (see Fig. 3a). The

absence of the spectral shift in MeCN indicates that the

shift originates from MeOH-specific solute–solvent
) MeCN and (b) MeOH between 3 and 20 ps after excitation. The time
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interactions. These interactions are likely caused by the

hydrogen-bond network, particularly the H-bonds be-

tween MeOH and dU/dU��. However, the protonation

of dU�� by MeOH should be thermodynamically unfa-

vorable. This conclusion is based on the pKa value of

6.9 which was determined by Steenken [24] for the pro-
tonated thymidine radical dT(H)� which thus represents

a stronger acid than MeOH (pKa 15.7). Based on the dif-

ference in pKa values one would expect a rate constant

for dU�� protonation in the order of milliseconds, i.e.,

several orders of magnitude slower than the lifetime of

the CIP state [25]. Instead of PCET we therefore propose

a hydrogen bond-assisted ET mechanism where hydro-

gen bonding facilitates the transfer of electronic charge
from Py* to dU. While protons will certainly be �re-ad-
justed� within the hydrogen bond network there should

not be a kinetically distinguishable Py�+dU(H)� species

based on thermodynamic arguments (see Scheme 2).

The results presented here demonstrate the rele-

vance of a proton donating/accepting environment

for ET dynamics, especially in the small driving force

regime. Even if protonation/deprotonation of the ionic
intermediates is thermodynamically not feasible, the

hydrogen bonding interactions are capable of driving

the charge to the acceptor site. Such hydrogen-bond-

assisted ET mechanisms are likely to play a vital role

in many biological ET reactions, especially where DG
is small.
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Abstract: In this paper, we describe the synthesis and photophysical properties of a series of acridine-
triarylamine redox cascades. These cascades were designed in order to promote photoinduced hole transfer
from an acridine fluorophore into an adjacent triarylamine. The excited dipolar state then injects a hole into
the triarylamine redox cascade. Subsequently, the hole migrates along the redox gradient which was tuned
by the substituents attached to the triarylamine redox centers. The rate of hole migration was determined
by fluorescence lifetime measurements and is in the ns regime and depends strongly on the solvent polarity.
The photophysical processes were also investigated by femtosecond broadband pump-probe spectroscopy.
Our studies reveal different dynamic processes in the cascades depending on the solvent polarity, e.g.,
direct charge separation after photoexcitation vs a two step hole transfer mechanism.

Introduction

Electron transfer (ET) or, more precisely, hole transfer (HT)
processes in triarylamine based systems have thoroughly been
investigated in the past.1-4 Owing to the relatively simple
synthetic accessibility and the stability of oxidized triarylamines
these units are widely used as hole transport components in
optoelectronic devices.5-10 But also on a molecular level,
triarylamines have attracted considerable interest: the triaryl-
amine group was used as the charge bearing unit in organic
mixed valence compounds for intramolecular ET studies1-4,11-15

as well as in organic high spin systems for organic ferro-
magnets.16-26 One-dimensional systems with two triarylamine

groups have been investigated but also cascades with many
triarylamines in a row27-29 up to polymers11,30 and den-
drimers.31-36 In the present study, we will focus on triarylamine
cascades in which a hole can be transferred along a redox
gradient. The redox centers of these cascades are built up from
triarylamines connected by acetylene spacers. The hole is
injected in the cascade by photoinduced electron transfer (PET)
of an excited acridine chromophore. Triarylamines were used
as redox centers for the above-mentioned reasons but also

† Bayerische Julius-Maximilians-Universita¨t Würzburg.
‡ Boston College.
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because triarylamines possess relatively low internal reorganiza-
tion energy.37,38 Therefore, HT processes are expected to be
rather quick which will favor photoinduced charge separation
processes over other competing processes. On the other hand,
if the back electron transfer is in the Marcus inverted region, a
small reorganization energy will slow the back electron transfer
and will lead to long-lived charge separated states. Our
investigations illustrate a first step how to construct an artificial
light-driven system based on triarylamines that might be able

to induce the long-range separation of opposite charges upon
irradiation. So far, most systems that aim to mimic basic aspects
of natural photosynthetic reaction centers use porphyrine
chromophores in close analogy to their natural examples.39 Only
a few systems are known that incorporate triarylamine units.40-48
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Berlin (Germany), 1987.
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F. C. J. Phys. Chem. B2004, 108, 10721-10731.
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In this study, we refrain from employing subunits that resemble
the well-known natural systems and turn to completely artificial
chromophores and redox centers which are more likely to be
incorporated in future optoelectronic devices that shall build
up an electrical potential upon irradiation.

The cascade structures1-5 which we have designed are
drawn in Chart 1 together with some reference systems. The
principal features of the cascade systems are the fluorescent
donor substituted acridine chromophore and the triarylamine
cascade. The triarylamine units are connected by triple bonds
in order to ensure an essentially rigid structure of the whole
cascade with fixed HT distances. To illustrate our conceptual
approach we divide the chromophores into the following
subunits: acridine acceptor (A), the first triarylamine attached
to the acridine (Tara1), the second, and third triarylamine
(Tara2 and Tara3) which are farther apart; two triarylamine
groups connected by a triple bond yield a tolandiamine (e.g.,
Tara1-≡-Tara2). While the HT distances are fixed in1-3 and
5 by the almost rigid structure it is not in4 in which the
N(acridine)...N(Tara3) distance can vary between ca. 23 and 29
Å, depending on the conformer.

The donor substituted acridine fluorophore (A-Tara1) is a
strong oxidizing agent in the first excited charge transfer (CT)
singlet state. This locally excited singlet state is expected to
oxidize the adjacent triarylamine moiety (Tara2) which is
attached to the donor substituted acridine by an acetylene spacer.
We use donor substituted acridine dyes because their photo-
physics are reasonably well understood thanks to the work of
Herbich and Kapturkiewicz49 (hereafter called HK). These
authors investigated a series of dialkylamino substituted phenyl-
acridines by fluorescence spectroscopy. The local redox potential
of the triarylamine units is tuned by substituents (Cl, Me, MeO)
in para position of the phenyl rings so as to form two short (1,
2) and one long (4) cascade with downhill hole transport
gradient, that is, the triarylamine moiety which is farthest apart
from the acridine has the lowest redox potential, i.e., it is more
easily oxidized than the triarylamines adjacent to the acridine.
In a recent study, we showed that the redox potentials of
triarylamine in tolandiamines may span a range of 400 mV
depending on the substituents.50 For comparison, we also
synthesized a branched dendrimeric system (5) as well as a short
cascade with uphill redox gradient (3). The photophysical
properties of these cascades will be compared withA-Tara1
subunits (6-8) as well as with tolandiamine (9) and phenyl-
acridine (10).

Results and Discussion

A. Stationary Optical Properties. The absorption spectra
of theA-Tara1 species6-8 show a moderately strong CT band
around 25 000 cm-1 which can be ascribed to a charge transfer
from the triarylamine donor to the acridine acceptor (see Figure
1 and Table 1).49

The sharp peaks at ca. 26 000, 28 000, and 29 000 cm-1 stem
from localized excitations of phenylacridine (10) and the broad
and very intense peak at ca. 33 000 cm-1 is due to a localized
triarylamine excitation. The CT bands are somewhat stronger
red shifted with MeO substituents than with Me or Cl, that is,
the donor strength of the triarylamine unit can be tuned by the
para substituents attached to the phenyl rings.

The CT bands of6-8 are moderately positive solvatochromic
(e.g.,6: 26 200 cm-1 in C6H12 and 25 700 cm-1 in DMSO)
which indicates an increase in dipole moment upon excitation.
Fluorescence spectra of all compounds were measured at the
excitation energy of the CT band maximum. Much in contrast
to 9-phenylacridine10 which is practically nonfluorescent, the
donor substituted compounds6-8 show strong fluorescence
with high quantum yields (see Table 2). The fluorescence spectra
of 6-8 are strongly positive solvatochromic and display a large
Stokes shift (see e.g., Figure 2 for the fluorescence spectra of
6, the full data set for all compounds is given in Table 2) which
is stronger for8 and7 than for6. This Stokes shift indicates a
major reorganization in the excited state. HK49 explain this
behavior by a solvent dependent mixing of a locally excited
state and a CT state with a different degree of planarization in
the excited state while the ground state is generally nonplanar.
Here, we simply state that AM1 computations yield two ground-
state minima for8 that are very close in energy but differ in
their relative orientation of the dianisylamino group to the
acridine moiety, coplanar vs perpendicular, the latter being in
accordance with the X-ray crystal structure investigation (see
Supporting Information). If cyclohexane is excluded, then a plot
of the fluorescence energy vs the solvent parameters according
to Lippert and Mataga (eq 1)51 yields a reasonable linear
correlation (Figure 3 and Table 3). Cyclohexane is excluded as

(44) Sandanayaka, A. S. D.; Sasabe, H.; Araki, Y.; Furusho, Y.; Ito, O.; Takata,
T. J. Phys. Chem. A2001, 108, 5145-5155.
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Phys. Chem. B2003, 107, 9312-9318.

(46) Komamine, S.; Fujitsuka, M.; Ito, O. M.; Miyata, K.; Toshiyuki; Ohno, T.
J. Phys. Chem. A2000, 104, 11497-11504.

(47) Lor, M.; Thielemans, J.; Viaene, L.; Cotlet, M.; Hofkens, J.; Weil, T.;
Hampel, C.; Mu¨llen, K.; Verhoeven, J. W.; Van der Auweraer, M.; De
Schryver, F. C.J. Am. Chem. Soc.2002, 124, 9918-9925.

(48) Sandanayaka, A. S. D.; Matsukawa, K.; Ishii, T.; Mataka, S.; Araki, Y.;
Ito, O. J. Phys. Chem. B2004, 108, 19995-20004.

(49) Herbich, J.; Kapturkiewicz, A.J. Am. Chem. Soc.1998, 120, 1014-1029.
(50) Lambert, C.; No¨ll, G. J. Chem. Soc., Perkin Trans. 22002, 2039-2043.

Figure 1. Absorption spectra of6-8 in CH2Cl2.

Table 1. Absorption Maxima of 6-8

ν̃abs/cm-1

(ε/M-1cm-1)
ν̃abs/cm-1

(ε/M-1cm-1)
ν̃abs/cm-1

(ε/M-1cm-1)

6 7 8
C6H12 26200 (10400) 25100 (9050) 24700 (6700)
Bu2O 26100 (10300) 25100 (8490) 24600 (6830)
MTBE 26200 (10600) 25300 (8640) 24600 (7270)
1,4-dioxane 25900 (9980) 24900 (8030) 24400 (7410)
Et2O 26100 (10700) 25300 (8210) 24700 (7580)
EtOAc 26000 (10200) 25200 (8100) 24600 (7630)
THF 26000 (9950) 24900 (7810) 24300 (7070)
CH2Cl2 25800 (9780) 24600 (7160) 24100 (6940)
DMF 25900 (8980) 24700 (7710) 24200 (6880)
DMSO 25700 (8560) 24400 (6550)

A R T I C L E S Lambert et al.
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it gives values which are significantly too low; this effect might
have to do with changes in solute geometry in this very apolar

solvent. In eq 1ν̃f is the fluorescence energy maximum,ν̃f
vac is

the fluorescence energy maximum in vacuum,µg and µe are
the ground state and excited-state dipole moments, respectively,
which are assumed to be parallel,a0 is the effective radius of
the solute,n is the refractive index andε is the permittivity of
the solvent. The slopes of the Lippert-Mataga correlations for
6-8 are quite similar (see Figure 3 and Table 3). An effective
solute radius of 7 Å (estimated from an AM1 computation)
yields a dipole moment of 31 D for the excited state. The ground
state has a dipole moment of 4-5 D depending on the
conformation (see above) estimated by AM1 computations.
Thus, the dipole moment difference of ca. 26 D roughly
corresponds to the transfer of a unit charge from the triarylamine
nitrogen to the acridine center. Therefore, we can best describe
the CT state by(A)--(Tara1)+. In general, the stationary

(51) Suppan, P.; Ghoneim, N.SolVatochromism; The Royal Society of Chem-
istry: Cambridge, 1997.

Table 2. Steady State and Time Resolved Optical Properties of 1-8

ν̃f/cm-1 Φf τf/ns kf/108 s-1 knr/108 s-1 ν̃f/cm-1 Φf τf/ns kf/108 s-1 knr/108 s-1

1 2
C6H12 22400 0.23 1.5 1.5 5.1 21900 0.42 1.7 2.5 3.4
Bu2O 20500 0.38 20000 0.53
MTBE 19400 0.37 5.9 0.63 1.1 19100 0.49 4.8 1.0 1.0
1,4-dioxane 19500 0.49 5.4 0.91 0.94 18900 0.67 6.4 1.0 0.52
Et2O 18100 0.10 17800 0.22
EtOAc 17800 0.08 4.7 0.16 2.0 17500 0.27
THF 17300 0.06 5.0 0.12 1.9 17300 0.22 5.9 0.37 1.3
CH2Cl2 15700 0.01 0.8 0.13 12 15500 0.02 0.7 0.28 14
PrCN
DMF
DMSO

3 4
C6H12 22000 0.42 1.8 2.4 3.2 22600 0.18 1.0 1.8 8.2
Bu2O 20000 0.51 21000 0.30
MTBE 19000 0.67 4.9 1.4 0.68 20000 0.32 4.3 0.75 1.6
1,4-dioxane 18900 0.58 6.3 0.92 0.67 19800 0.42 4.7 0.90 1.2
Et2O 17800 0.50 6.9 0.73 0.72 18900 0.20
EtOAc 17300 0.36 18400 0.22 8.0 0.27 0.98
THF 17200 0.46 7.2 0.63 0.76 18300 0.13 9.2 0.14 0.95
CH2Cl2 15700 0.18 7.4 0.25 1.1 16000 0.02 4.8 0.032 2.1
PrCN
DMF 14800 0.01
DMSO

5 6
C6H12 21800 0.40 1.9 2.1 3.2 23000 0.14 0.55 2.6 16
Bu2O 20300 0.74 3.4 2.2 0.77 21800 0.26
MTBE 19100 0.31 4.5 0.69 1.5 20900 0.38 1.9 2.0 3.3
1,4-dioxane 19000 0.47 6.0 0.78 0.88 20600 0.52 3.2 1.6 1.5
Et2O 17900 0.23 20100 0.47
EtOAc 17700 0.18 6.3 0.29 1.3 19100 0.86 6.0 1.2 0.43
THF 17400 0.15 6.9 0.22 1.2 19200 0.74 5.7 1.5 0.24
CH2Cl2 15300 0.01 1.0 0.10 9.9 18200 0.90 9.3 0.97 0.10
PrCN 17100 0.74
DMF 16500 0.72 11.4 0.63 0.25
DMSO 15900 0.65 11.6 0.56 0.30

7 8
C6H12 22100 0.28 1.3 2.2 5.5 21300 0.34 2.0 1.7 3.3
Bu2O 20400 0.41 18900 0.56
MTBE 19400 0.56 4.9 1.1 0.90 17800 0.66 6.7 0.99 0.51
1,4-dioxane 19000 0.72 17600 0.71
Et2O 18300 0.63 16600 0.34
EtOAc 17700 0.67 16100 0.20
THF 17700 0.76 8.9 0.86 0.27 16000 0.29 6.2 0.47 1.1
CH2Cl2 16100 0.58 12.4 0.46 0.34 14800 0.05 2.4 0.21 4.0
PrCN 15600 0.28
DMF 15000 0.10
DMSO 14800 0.07 2.8 0.23 3.3

Figure 2. Normalized fluorescence spectra (solid lines) of6 from left to
right in DMSO, PrCN, THF, MTBE, C6H12.
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absorption and fluorescence behavior of6-8 is analogous to
the dialkylamino substituted species described by HK.49

The absorption spectra of the cascades1-5 (see Figures 4
and 5) are much less structured than those of6-8 due to severe
band overlap. The main feature that is added is a very intense
band at ca. 27 000 cm-1 which is due to the tolandiamine
moiety. This band overlaps strongly with the CT band at ca.
25 000 cm-1 which is only seen as a low-energy tail of the
tolandiamine band which prevents a reasonable band deconvo-

lution. From Figure 4, it is obvious that the substitution pattern
has only a marginal influence on the absorption spectra with
exception of the low-energy tail which is more intense in3 due
to the MeO substituent atTara1 which makes it a stronger donor
compared toTara1 in 1 and2. The absorption spectra of4 and
5 are quite similar because both species have the same number
of Tara groups and tolandiamine units. This observation
supports the conceptual approach of dividing the cascades into
the above-mentioned moderately interacting units.

The fluorescence spectra of1-5 (see Figure 6) are strongly
solvatochromic and are very similar in energy and band shape
to those of6-8, irrespective of the excitation energy. However,
while there are significant differences in the Stokes shift of6-8
due to strong substituent effects, the fluorescence energy maxima
for 1-5 are very similar in a given solvent. The slopes of the
Lippert-Mataga plots of1-5 are also in good agreement with
those of6-8. Excitation spectra of all compounds are identical
to the absorption spectra and prove complete energy transfer to
the S1 state, irrespective of excitation energy. In addition, no
fluorescence from other states, e.g., local tolandiamine states
was observed which should occur between 25 000 and 20 000
cm-1. For comparison, the fluorescence of tolandiamine9 occurs
between 24 700 cm-1 (cyclohexane) and 20 000 cm-1 (DMSO)
with quantum yields of 0.60 and 0.70. Altogether, these features
prove that the fluorescent state in the cascades has the same
electronic nature as that in theA-Tara1 species6-8, i.e., all
cascades emit from a more or less dipolar CT state localized in
the A-Tara1 moiety.

Figure 3. Lippert-Mataga plot for6 (circles),7 (squares), and8 (triangles).
The solvents are from left to right: C6H12, Bu2O, Et2O, MTBE, EtOAc,
THF, CH2Cl2, DMSO, PrCN, DMF. Cyclohexane is excluded from the
correlation.

Table 3. Fitted Parameters from Eq 1

ν̃f
vac/cm-1

(2µbe(µbe − µbg))/
4πε0hca0

3/cm-1

1 27120 -33330
2 26120 -30470
3 25840 -29570
4 27620 -32710
5 26730 -32520
6 28200 -31020
7 26380 -30060
8 24820 -30050

Figure 4. Absorption spectra of1-3 in CH2Cl2.

ν̃f ) ν̃f
vac -

2µe(µe - µg)

4πε0hca0
3 (f(ε) - 1

2
f(n2)) with

f(ε) ) ε - 1
2ε + 1

and f(n2) ) n2 - 1

2n2 + 1
(1)

Figure 5. Absorption spectra of4 and5 in CH2Cl2.

Figure 6. Reduced (I(ν̃f)/ν̃f
3 vs ν̃f) and normalized fluorescence spectra

(solid lines) of 3 from left to right in THF, Et2O, Bu2O, C6H12, and
simulation by eq 2 (symbols).
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To extract the reorganization energyλs associated with any
low-frequency vibrations (such as solvent and low energy solute
motions) and the reorganization energyλv associated with any
high energy vibrations (bond length and angle distortions) as
well as the free energy difference∆G00 between the relaxed
excited CT and the ground-state we applied the vibrational
coupling theory52-54 based on a Golden rule expression where
µfl is the fluorescence transition moment andS is the Huang-
Rhys factorλv/ν̃V.The fluorescence spectra were fitted by eq 2,
whereν̃v is an averaged high-frequency mode associated with
λv.

The fitted reorganizational parameters are collected in Table 4
for 3 and the fits are displayed in Figure 6. An averaged
vibrationν̃v ) ca. 1400 cm-1 was used for the fits which roughly
correlates to a C-N vibration. Although the partitioning of the
total reorganization energy intoλs andλv is somewhat arbitrary,
the free energy∆G00 is rather accurate and decreases with
increasing solvent polarity. However, the sum of both re-
organization energies compares well with those of tetraaryl-
tolandiamine radical cations in CH2Cl2 which is ca. 6000 cm-1.50

Similar observations are true for all other derivatives1, 2, and
4-8.

B. Redox Properties.To gain insight into the energy of
localized states with radical cation or radical anion character
we measured the redox potentials of1-8 by cyclic voltammetry
(CV) in CH2Cl2/0.2 M TBAH solution vs Fc/Fc+. The corre-
sponding redox potentials are collected in Table 5 where they
are grouped according to their redox potential range. An
interpretation as to which triarylamine moiety the given
potentials refer is also given in parentheses. The relatively
narrow range in which the redox potential for a given type of
triarylamine groups occurs shows that the coupling between the
triarylamine groups is relatively small compared to the influence
of the substituents (Cl, Me, MeO). The redox processes at ca.
-2200 mV refer to chemically irreversible reductions of the
acridine acceptor, those above 1000 mV refer to the second
oxidation of the triarylamine that is most easily oxidized.

The redox potentials for1, 2, 4, and5 show that the energy
cascade for an excited state with predominantly localized
triarylamine radical cation character is downhill for the migration
of a hole fromTara1 to Tara2 andTara3. Much in contrast it
is uphill for 3 where the triarylamine substituents (Cl, MeO)
are exchanged in comparison with1.

C. Time-Resolved Fluorescence Properties.Time-resolved
fluorescence decaysτf for 1-8 were measured in the nanosecond
regime in selected solvents that cover the range from totally
apolar (cyclohexane) to highly polar (DMSO). In all cases a
single-exponential decay was observed. In addition, we mea-
sured the fluorescence quantum yieldΦf in all solvents. The
quantum yields vary depending on the solvent from being low
in apolar solvents and in rather polar solvents with a maximum
of quantum yield in between up to 0.90 (see Table 2). From
both quantities,τf and Φf we calculated the rate constant for
the radiative (kf) and nonradiative decay (knr) according to eqs
3 and 4.

Both a plot ofknr and of kf for compounds1-8 in different
solvents vs the fluorescence energy shows a relatively narrow
scattering range of data points (see Figures 7 and 8), Therefore,
it is obvious that the photophysics of1-8 in the nanosecond

(52) Jortner, J.; Bixon, M.J. Chem. Phys.1988, 88, 167-170.
(53) Gould, I. R.; Noukakis, D.; Gomez-Jahn, L.; Young, R. H.; Goodman, J.

L.; Farid, S.Chem. Phys.1993, 176, 439-456.
(54) Marcus, R. A.J. Phys. Chem.1989, 93, 3078-3086.

Table 4. Reorganization Energies and Free Energy Difference of
3 as Derived from Eq 2

λv/cm-1 λs/cm-1 ∆G00/cm-1 ν̃v/cm-1

C6H12 1100 1240 -23250 1450
Bu2O 1240 2080 -22510 1400
MTBE 1210 2620 -21980 1400
1,4-dioxane 1100 2600 -21740 1400
Et2O 1140 3670 -21790 1400
EtOAc 1170 3740 -21340 1400
THF 1090 3650 -21080 1400
CH2Cl2a 1440 3400 -19520 1400

a Bad signal-to-noise ratio.

Ifl /ν̃
3 )

16× 106π3

3ε0

n(n2 + 2)2

9
µfl

2∑
j)0

∞ e-SSj

j! x 1

4πhcλskT

exp[-
hc(jν̃v + λs + ν̃ + ∆G00)

2

4λskT ] (2)

Table 5. Redox Potentials of 1-8 in CH2Cl2/0.2 M TBAH vs
Fc/Fc+, v ) 250 mV s-1a

E1/2
red/mV E1/2

ox,1/mV E1/2
ox,2/mV E1/2

ox,3/mV E1/2
ox,4/mV

1 -2160b 260 (Tara2) 640 (Tara1) 1120b

2 -2130b 250 (Tara2) 530 (Tara1) 1100b

3 -2150b 400 (Tara1) 620 (Tara2)
4 -2160b 240 (Tara3) 480 (Tara2) 680 (Tara1) 1030b

5 -2160b 270c (Tara2) 630 (Tara1) 1050b

6 -1730b 690 (Tara1) 1320b

7 -2080b 460 (Tara1)
8 -2140b 290 (Tara1) 1020b

a The assignments in parentheses refer to the triarylamine group that is
oxidized at the given potential.b Irreversible process, peak potential.c Two
electron transfer, not resolved.

Figure 7. Rate constant of the radiative processkf vs fluorescence transition
energyν̃f for 1-8 in different solvents.

Φf )
kf

kf + knr
(3)

τf ) 1
kf + knr

(4)
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time domain are energy controlled, that is, the energy of the
fluorescentA-Tara1 located CT state dominates its deactivation
kinetics. The fluorescence energy can either be tuned by
substituents (Cl, Me, MeO, Tara2, etc.) or by the solvent (apolar
> polar).

As one can see in Figure 8knr is practically constant between
16 000 and 20 000 cm-1 while above 20 000 cm-1 knr rises
strongly. This increase with increasing fluorescence energy was
also found by HK in carbazole derivatives55 and was interpreted
by a dominating intersystem crossing (ISC) from the fluorescent
CT state to a lower lying triplet state. However, as we will see
below we did not find any evidence in the transient absorption
(TA) spectra for the population of a long-lived triplet state. The
reason of theknr increase forν̃f > 20 000 cm-1 thus remains
cumbersome. For the energies below 16 000 cm-1 the set of
derivatives1-8 splits into two groups: those derivatives whose
nonradiative rate constant remains essentially constant or
increases slightly (6-8 and3) and those of whichknr dramati-
cally increases by roughly one order of magnitude (1,2,5).
Obviously, the above-mentioned energy control of deactivation
kinetics fails for the latter group of compounds. For compound
4 there is no data point low enough in energy in order to decide
to which group it belongs, however, we will present evidence
below that4 also is likely to belong to the latter group.

The increase inknr for 1, 2, 4, and5 is due to an additional
deactivation pathway. Though superficially very similar, the
contrastingknr behavior of3 vs 1 and2 shows that the lack of
an additional deactivation pathway in3 is due to the fact that
3 displays an uphill gradient for hole migration while1 and2
possess a downhill gradient. Therefore, we assume that the
additional nonradiative deactivation pathway is a hole transfer
(HT) from Tara1 to Tara2 in 1 and2. This hole migration is
only downhill in rather polar solvents, because, in contrast to
the oxidation processes observed in CV, hole migration from
an excitedA-Tara1 CT state involves a charge separation which
is unfavorable in apolar solvents. Much in contrast, the hole
migration is uphill for3 in all solvents and, thus, no additional
nonradiative deactivation is observed. To assess whether a
photoexcitation process followed by a hole migration can be
responsible for the above-mentioned additional fluorescence

quenching effect we employ the Rehm-Weller equation.
Equation 5 can be used to estimate the free energy for the PET-
hole migration process∆G° by subtracting the redox potential
difference∆E of donor (Tara2) and acceptor (A) from the free
energy difference of the ground and excited CT state potential
energy surface minima∆G00.56 The redox potential difference
can be obtained from the values in Table 5 which refer to
CH2Cl2/0.2 TBAH solution: ∆E ) 0.260 V (Tara2) - (-2.160
V (A)) ) 2.420 V for1 and∆E ) 0.620 V (Tara2) - (-2.150
V (A)) ) 2.770 V for 3. The free energy∆G00 in CH2Cl2 is
taken from the fits of eq 2 (Table 4) which can be estimated to
be ca. 20 000 cm-1 for 1 (the∆G00 value for CH2Cl2 could not
be determined for1 because of the bad signal-to-noise ratio of
the fluorescence spectrum in CH2Cl2) and 19 520 cm-1 for 3.

Eq 5 yields∆G° ) -500 cm-1 for 1 but +2820 cm-1 for 3.
Although the Rehm-Weller equation only allows a very rough
estimate of the free energy of a PET the exergonic value for1
suggests that a hole migration from theA-Tara1 CT state to
Tara2 is energetically favorable while the endergonic value for
3 explains why we cannot observe hole migration, and,
consequently no additional fluorescence quenching pathway. The
same holds true for2 for which∆G0 ) ca.-200 cm-1. Because
the cascade4 and the dendrimer5 possess very similar
fluorescence energy properties and redox potential values we
expect hole migration also to be possible in polar solvents. In
fact, for 5 the rather high nonradiative rate constant suggests a
similar process. For the cascade4, we were unable to measure
the rate constant in a solvent more polar than CH2Cl2 for which
the hole transfer is distinctly favorable. In any case, the free
energy values derived by the Rehm-Weller equation for1 and
2 are rather small so that small changes in the medium polarity
can switch the system in a way that hole migration toTara1 or
Tara2 is favorable or unfavorable while for3 it is an
unfavorable uphill process independent of the solvent. From
the fluorescence lifetime data (see Table 2) we can estimate
the hole transfer ratekHT from Tara1 to Tara2 in 1-5 by the
difference betweenknr of these compounds and the reference
compounds6-8 as given in Table 6. The reference compounds
were chosen as to match theA-Tara1 moiety in 1-5 as close
as possible. A negative sign ofkHT indicates that no hole
migration is possible either because it is against the redox
gradient as in3 or it is because less polar solvents disfavor
charge separation.

(55) Kapturkiewicz, A.; Herbich, J.; Karpiuk, J.; Nowacki, J.J. Phys. Chem. A
1997, 101, 2332-2344.

(56) Kavarnos, G. J.Fundamentals of Photoinduced Electron Transfer; VCH:
Weilheim (Germany), 1993.

Figure 8. Rate constant of the nonradiative processknr vs fluorescence
transition energyν̃f for 1-8 in different solvents.

Table 6. Hole Transfer Rate from Tara1 to Tara2 in 1-5 from
Fluorescence Lifetime Measurementsa

kHT ) knr(x) − knr(y)/108 s-1

x/y

1/6 2/7 3/8 4/6 5/7

C6H12 (-) (-) (-) (-) (-)
MTBE (-) 0.1 0.17 (-) 0.6
1,4-dioxane (-) (-)
EtOAc 1.6 0.55
THF 1.7 1.0 (-) 0.71 0.93
CH2Cl2 12 14 (-) 2.0 9.6

a (-) indicates no hole transfer (kHT is negative).

∆G° ) 8065.5[E° (Tara2) - E° (A)] - ∆G00 (5)
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D. Femtosecond Pump-Probe Spectra. Excited-State
Dynamics of 8.To elucidate the photophysical mechanisms in
the model redox cascades it is crucial to investigate first the
dynamics after photoexcitation in the acridine-triarylamine D-A
systems without the tolandiamine “antenna”. Figure 9 shows
the temporal evolution of the pump-probe-spectra of8 mea-
sured in three different solvents after excitation at 360 nm
(27 800 cm-1). Immediately after excitation there is a broad
transient absorption band showing a weak bifurcation with
weakly pronounced maxima centered around 610 and 690 nm.
Note that this initial spectral distributionswhich rises within
the pulse duration of our experimental setup (∼80 fs)sis almost
solvent independent (Figure 9a-c, blue spectra). After several

100 fs, however, the evolution becomes strongly solvent
dependent. In acetonitrile (Figure 9a) the initial two peak
distribution becomes more pronounced while the band at 690
nm undergoes a shift to 725 nm. Reference measurements on
dianisylphenylamine have shown that the lowest excited singlet
state of these compounds absorb at∼700 nm. At the same time
dianisylarylamine radical cations absorb at around 730 nm.3

Hence, upon charge transfer in8 one would expect to observe
a dynamical shift in this spectral region. Acridine radical anions
are known to have an absorption band at∼610 nm.57 Thus, the
temporal evolution of8 in acetonitrile reflects an ultrafast
photoinduced(as opposed tooptical) charge transfer from
triarylamine to the acridine unit in less than 2 ps.

In benzonitrile (Figure 9b) the initial spectral bifurcation is
merging into a pronounced band at 700 nm which reaches its
maximum intensity after 500 fs. The onset of charge transfer is
marked by a spectral shift of the amine radical cation band
(accompanied by a drop in intensity) as well as by the rise of
the band of the acridine radical anion (610 nm). In contrast to
acetonitrile, where the charge-transfer process leads to a
continuous spectral shift the results in benzonitrile reveal
characteristic “two-level” kinetics with a well pronounced
isosbestic point at 660 nm.

Finally, in MTBE we observe the rise of the triarylamine
excited-state absorption band at 710 nm. However, the rise is
not followed by a spectral shift toward 730 nm (triarylamine
radical cation) and the acridine radical anion band around 610
remains absent as well. Consequently, there is no evidence for
the population of a strongly dipolar CT state in MTBE.

From the results shown in Figure 9 the following mechanistic
picture emerges. Excitation of8 leads to a largely delocalized
excited state with similar electronic (and geometrical) structure
in acetonitrile, benzontrile and MTBE. Immediately after
excitation, coupling to various nuclear modes (both internal and
solvent modes) leads to energy localization on the time scale
of 100 fs to 1 ps. The spectroscopic signatures found in the
transient absorption spectra suggest thatsin all three solventss
a locally excited (LE) triarylamine state is formed shortly after
excitation. Reference measurements on dianisylphenylamine
have shown that the lowest excited singlet state of these
compounds absorb at∼700 nm. In the polar acetonitrile, ultrafast
energy localization competes with charge transfer which occurs
on the same time scale. In benzonitrile, the thermodynamic
driving force for CT is much smaller which leads to a reduced
CT rate. Hence, energy localization and CT are clearly separable
processes. Finally, in MTBE the thermodynamics for CT are
highly unfavorable and thus the triarylamine excited-state cannot
undergo efficient CT.

CT and Effect of Driving Force in Tolandiamine-Bridged
Systems.Photoexcitation of1-5 at the pump wavelength (360
nm) 27 800 cm-1) initially populates a tolandiamine state (see
Figure 10) because this unit has the highest absorptivity at this
energy (see Figures 4 and 5). Hence, the tolandiamine units
serve as antenna system. These tolandiamine states are expected
to be the precursor states for ultrafast intramolecular energy
transfer to the corresponding charge transfer states. Immediately
after photoexcitation of1 and3 we observe a broad, structureless
absorption between 500 and 700 nm (see Figure 10a). This band

(57) Shida, T.Electronic Absorption Spectra of Radical Ions; Elsevier: Am-
sterdam, 1988.

Figure 9. Temporal evolution of the pump-probe spectra of8 in different
solvents; (a) acetontrile, (b) benzonitrile, (c) MTBE, within the first 20 ps
after excitation (step size: 60 fs). Early spectra are shown in blue/green
and late spectra are shown in orange/red colors.
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represents the absorption of the unrelaxed Franck Condon state
populations. After several 100 fs, there are three main transient
absorption bands, the 610 nm (acridine radical anion), the 700-
740 nm band (triarylamine radical cation), and a very intense
band at 490 nm which must be assigned to excited-state
absorption of the tolandiamine system. A similar transient
absorption band at 480 nm is also visible in the spectra of
tolandiamine9 in MeCN. The fact that the tolandiamine band
at 490 nm is present throughout the lifetime of the excited states
of 1-5 must be viewed as a clear indication that the transient
absorption spectra cannot be reconstructed by (diabatic) mixing
of spectral reference components obtained from separate
measurements. Hence, the electronic coupling between the
chromophores is significant.

Figure 10 also displays the time-dependent transient absorp-
tion signal of the 740 nm band. In contrast to8 (acetonitrile)
where this band rises within the time resolution of our
experimental setup the rise of this band in1 is strongly
biexponential, i.e., it shows a rise time of 4 ps (40%). This rise
time must be interpreted as the hole transfer time from the
triarylamine (Tara1) which is adjacent to the acridine to the
terminal amine (Tara2).

Because of the substitution scheme in3 hole transfer between
the central and the terminal amine unit is thermodynamically
unfavorable. Hence, a long-lived charge transfer state of the
typeA--(Tara1)+-Tara2 is formed. Entirely consistent with
this proposal is the fact, that the rise of the 700 nm band in3
is not showing a ps component (see Figure 10 inset).

A comparison of the 740 and 700 nm transients of1 and3
(insets of Figure 10) reveals a significantly longer lifetime of
the CT state of3. However, in addition to these differences the
intensity ratio reveals also interesting information about the
excited-state relaxation in1 and3. Most obvious is the difference
in the relevant contribution of the 610 nm band which is
significantly stronger in3 than in1, suggesting a more localized,
twisted acridine radical anion in3 than in 1. In fact, this
interpretation is in agreement with the rest of our data: In3
the charge is only being transferred between the acridine and
the adjacentTara1 amine unit. To establish a large dipole
moment the acridine has to twist to electronically decouple from
the rest of the aromatic system. This will result in a fairly pure
acridine radical anion band. The CT state dipole moment of1
is somewhat larger than that of3 (see the larger slope of1 vs
3 in the Lippert-Mataga plot, Table 3), however one has to
bear in mind that the positive charge is delocalized much farther
over the second amine unit. Hence, the negative charge on the
acridine will also be delocalized. As a result, the radical anion
character is “diluted” which is manifested in the reduced 610
nm band.

Effect of the Redox Cascade Extension.Figure 11 shows
the temporal evolution of the pump-probe spectra of4 and5
in acetonitrile. The insets display the time-dependent transient
absorption at 740 nm (triarylamine radical cation band). From
a comparison of the symmetrical “doubly branched” system5
with its single-branch analogue1 it becomes clear that the
spectral properties are very similar (both in time evolution and

Figure 10. Temporal evolution of the pump-probe spectra of1 (a, b) and3 (c,d) in acetonitrile, the upper panels (a) and (c) show early spectra from-1.0
to 3 ps after excitation (60 fs step size). The lower panels (b) and (d) represent the spectra 3 to 130 ps after excitation (various step sizes). Early spectra in
each panel are shown in blue/green and late spectra are shown in orange/red colors. The insets show the time-dependent absorption at 740 and 700 nm,
respectively (see text for details).
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in spectral distribution) suggesting that the two tolandiamine
branches are acting as independent substituents.

Figure 11b shows the pump-probe spectra of the extended
redox system4. Most noticeable is the kinetic behavior (inset
11b) which differs qualitatively and quantitatively from all other
systems. The instant rise of the 740 nm signal is followed by
an ultrafast decay (200-300 fs) and then another slow rise with
a time constant of 20 ps. These characteristics can be explained
by assuming that the signal is a composite of two overlapping
spectral contributions. Given the structure of4 it seems
reasonable to propose the following model: Photoexcitation at
360 nm of the tolandiamine units leads to two parallel
processes: a direct charge separation from the tolandiamine
excited-state yieldingA--Tara1-Tara2-(Tara3)+ (which occurs
in 200-300 fs) and a slowerindirect hole transfer from the CT
stateA--(Tara1)+-Tara2-Tara3 to A--Tara1-Tara2-(Tara3)+

in 20 ps (see Figure 12). The latter process is analogous to the
ones observed in the shorter cascades. In4 there are actually
two similar but distinctly different tolandiamine groups which
should result in (partially) overlapping absorption transitions.
Nevertheless, these two tolandiamine units are likely to exhibit
different reactivity with respect to hole transfer. The direct
charge separation process can be rationalized based on the fact
that the tetraaryl tolandiamine adjacent to the acridine is actually
an electron D/A moiety which can form biradical intermediates.
Hence, upon excitation of the tolandiamine system in4 there

issdependent on the conformation of the moleculesan initial
extent of charge separation which will immediately undergo
relaxation toward the final extended charge transfer state within
200-300 fs.

The rate constants for HT and charge recombination resulting
from spectra deconvolution of the pump-probe measurements
for 1, 2, 4, and5 in acetonitrile and benzonitrile are collected
in Table 7. From these data it is apparent that the extension of
the cascade (4 vs 1) slows down bothkHT andkCR by one order
of magnitude. In the same way, replacement of the polar
acetonitrile by the less polar benzonitrile slows down both rate
constants by one order of magnitude because back electron
transfer occurs in the Marcus inverted region. For comparison,
the rate constantskHT from fluorescence measurements in
CH2Cl2 are also given in Table 7. The values are still smaller
than those obtained in benzonitrile because CH2Cl2 is somewhat
less polar than benzonitrile.

Conclusions

From the fluorescence data in Table 6 it is obvious that the
hole transfer fromTara1 to Tara2 is rapid and is the same for
1, 2 and5 in CH2Cl2 within experimental error. The hole transfer
can compete very efficiently with the deactivation pathways in
the reference chromophores as can be seen from the fluorescence
quantum yields which are very low for1, 2, 4, and5 (0.01-
0.02 in CH2Cl2) but high for the reference compounds6 and7
(0.90 and 0.58, respectively, in CH2Cl2). Interestingly, there is
no significant difference for the hole transfer rate in the branched
molecule5 compared to the linear array1. However, the hole
transfer fromTara1 to Tara2 in 4 is significantly slower
because of the lower free energy difference betweenTara2 and
Tara1 in 4 compared to that in e.g.1 due to the methyl
substitution inTara2 of 4. This conclusion is fully supported
by the pump-probe measurements in acetonitrile and benzo-
nitrile. The hole transfer in1, 2, 4, and5 should lead to a charge
separation, i.e., a negative charge on acridine (A), and a positive

Figure 11. Temporal evolution of the pump-probe spectra of (a)5 and
(b) 4 in acetonitrile, 3 ps to 150 ps after excitation (various step sizes).
Early spectra are shown in blue/green and late spectra are shown in orange/
red colors. The insets show the time-dependent absorption at 740 nm (see
text for details).

Figure 12. State diagram for1, 2, and5 (left-hand side) and for4 (extension
right-hand side).

Table 7. Rise Time τHT of the TA Peak at Ca. 740 nm and kHT as
Well as Life Time τCR of the Final Charge Separated State and
kCR of the Charge Recombination.

acetonitrile (TA) benzonitrile(TA) CH2Cl2

τHT/ps
(kHT/109 s-1)

τCR/ps
(kCR/109 s-1)

τHT /ps
(kHT /109 s-1)

τCR/ps
(kCR/109 s-1)

(fluoresc.)
(kHT/109 s-1)

1 3.2 (310) 22 (45) 30 (33) 180 (5.5) (1.2)
4 20 (50) 410 (2.5) 250 (4) >2000 (<0.5) (0.20)
5 2.3 (440) 23 (44) 28 (36) 480 (2.1) (0.96)
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charge onTara2. In the case of4 one can expect that the smaller
redox potential ofTara3 compared toTara2 leads to a second
hole transfer step in which the hole migrates to the terminal
Tara3. If less polar solvents than CH2Cl2 are used, hole transfer
in 1, 2, 4, and5 is either too slow or even unfavorable because
the free energy difference of charge separation is very sensitive
to the polarity of the solvent. In the case of3, the hole transfer
is unfavorable irrespective of the solvent due to the wrong
direction of the redox gradient.

The temporal evolution of the fs-broadband pump-probe
spectra provides detailed insight into the photophysical proper-
ties of 1-8, e.g., the data show that the extent of charge
separation in the CT state of8 strongly depends on the solvent.
While in acetonitrile rapid energy localization competes with
photoinduced charge transfer in benzonitrile these processes are
distinctly separated on the time scale, the latter process being
absent in MTBE.

The analysis of the TA spectra of1 and 3 prove the HT
process of1 in polar solvents along the redox gradient while
this process is uphill in3. The TA spectra also reveal the close
analogy of the branched5 to the single cascade1. For the
extended cascade4 the TA spectra suggest that two different
processes lead to the final charge separated state, a direct charge
separation which follows the excitation of the tolandiamine
antenna moieties and a much slower process which involves
the generation of a CT state followed by a HT step analogous
to those in1 and5. In the compounds1, 2 and5 but especially
in 4 the tolandiamine moieties not only serve as the cascade
backbone but also possess a distinct antenna effect which
collects all primary excitation energy.

In conclusion, we were able to show that acridine-triarylamine
redox cascades can be used in efficient photoinduced electron-
transfer processes. This PET can be governed by fine-tuning
of the local redox potentials of the triarylamine redox centers,
i.e., the redox gradient along the cascade molecules. Close
analogy to triarylamine compounds used in optoelectronic
devices make the presented arrays hopeful candidates for
applications in, e.g., solar cells or photoconductors.

Experimental Section

Cyclic Voltammetry. The electrochemical experiments have been
performed using a conventional three-electrode setup with a platinum
disk working electrode in dry, argon-saturated CH2Cl2 with 0.2 M
tetrabutylammonium hexafluorophosphate (TBAH) as supporting elec-
trolyte and 0.001 M substrate. The potentials are referenced against
ferrocene (Fc/Fc+). The reversibility or irreversibility, respectively, of
all redox processes were checked by measurements at different scan
rates.

UV-vis/NIR and Fluorescence Spectroscopy.The UV-vis/NIR
spectra were recorded with a JASCO V570 spectrometer in transmis-
sion. Steady-state fluorescence spectra were recorded with a PTI
QuantaMaster Model QM-2000-4 spectrometer using degassed, argon
saturated solvents in theµM concentration range. The spectra are
corrected for the wavelength sensitivity of the detector. Spectra are
converted to wavenumber scale by multiplication of the intensity with
λ2. Fluorescence quantum yields were determined relative to rhodamine
101 in EtOH (conc) ca. 1µM) which has a quantum yield of 1.00.

The quantum yields are corrected for the index of refraction of the
solvent. Fluorescence decays were measured with a PTI TimeMaster
Model TM-2/2003 stroboscopic boxcar spectrometer and a flash lamp
charged with a H2/N2 1:1 mixture. Excitation wavelength was 381 nm
for all compounds. The instrument response function was obtained by
using a dilute coffee creamer as a scatterer. The decay fits were single
exponential in all cases as checked by theø2 value, the Durbin-Watson
parameter and the final residuals.

Femtosecond Broadband Pump-Probe Setup.A detailed descrip-
tion of the setup has been been given elsewhere.58 Briefly, the
compounds were exited by pump pulses at 360 nm at 5× 10-4 - 5 ×
10-6 M sample concentration. The changes in optical density were
probed by a femtosecond white-light continuum (WLC) generated by
tight focusing of a small fraction of the output of a commercial
Ti:Sapphire based pump laser (CPA-2001, Clark-MXR) into a 3 mm
CaF2 plate. The obtained WLC provided a usable probe source between
370 and 720 nm. The WLC was split into two beams (probe and
reference) and focused into the sample using reflective optics. After
passing through the sample both probe and reference were spectrally
dispersed and simultaneously detected on a CCD sensor. The pump
pulse (340 nm, 100-200 nJ) was generated by frequency doubling of
the compressed output of a commercial NOPA system (Clark-MXR,
680 nm, 8µJ, 30 fs). To compensate for group velocity dispersion in
the UV-pulse we used an additional prism compressor. Independent
measurements of the chirp of the WLC were carried out to correct the
pump-probe spectra for time-zero differences. The overall time
resolution of the setup was obtained from the rise time of the signal
(above 580 nm). Assuming a Gaussian shape cross-correlation we
obtained a width of 100-120 fs (fwhm). A spectral resolution of 7-10
nm was obtained. Measurements were performed with magic angle
geometry (54.7°) for the polarization of pump and probe pulses to avoid
contributions from orientational relaxation. Pump energy and pump spot
size (∼200-400 µm) were adjusted to minimize contributions from
the solvent to the signal. Steady-state absorption and fluorescence
spectra of the samples measured before and after the time-resolved
experiments were compared with each other and no indications for
degradation were found. A sample cell with 1.25 mm fused silica
windows and a light path of 1 mm was used for all measurements. No
indications for aggregation could be observed in the measurements.
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Note Added after ASAP Publication.After this article was
published ASAP on July 7, 2005, a production error in the redox
potential difference equation for1 in the text just above eq 5
was discovered. The corrected version was published ASAP
on July 11, 2005.

Supporting Information Available: Synthetic details and
characterization for all compounds. X-ray crystallographic
analysis data for8. This material is available free of charge via
the Internet at http://pubs.acs.org.
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