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Chapter 1

Introduction

The synthesis of many (artificial) chemical compounds created a huge industrial
sector, which has steadily increased over the last century. By using the Haber-Bosch
process invented at the beginning of the 20th century, for example, millions of tons
of ammonia, a natural fertilizer, are produced annually [1]. In geographical and eco-
nomic circles this up-scaled chemical process is even considered the most important
invention of the former century. Resulting from the fact that chemical reactions often
branch, meaning that one reactant can result in multiple products, exact setting of
the experimental parameters is required. Depending on the specific reaction, these
parameters can possibly be temperature, pressure, illumination, and/or an addition
of substances working as catalysts (G. Ertl, Nobel Price in Chemistry in 2007 [2]).

The final reaction product is easy to identify by using methods like mass spectrome-
try, nuclear magnetic resonance and liquid chromatography. However, the reaction
mechanism itself, often consisting of multiple steps, is usually only inferred by using
chemical intuition. Nevertheless, by knowing the exact sequence, fine tuning of reac-
tion parameters and the transfer of knowledge to similar systems is made possible.
Hence, directly resolving the mechanism is an essential part of basic research in
chemistry (predominantly in the liquid phase) and physics (mainly solid-state based
research). Since reaction mechanisms often proceed over multiple excited molecular
states, tracing excited-state behavior is an important goal in chemistry, especially
in photochemistry. For example, 5-diazo Meldrum’s acid, a photoresist compound in
ultraviolet (UV) photolithography [3], reacts to an ester following 267 nm excitation,
whereas 330 nm illumination generates Meldrum’s acid [4] — a fact that illustrates
the influence of the illumination wavelength.

As explained above, understanding the behavior of electronically excited states ena-
bles tailoring of a reaction outcome into the desired product. Unraveling the relaxa-
tion mechanisms of photoexcited molecules requires both speed and skill. Speed is
necessary, because an event in time can only be resolved by an even faster event [5]
and light-induced reactions typically proceed within a time range of femtoseconds
to microseconds [6]. Therefore, femtosecond laser pulses [7] are utilized to study
reactions on their fundamental time-scales [8,9], providing the required speed. Now-
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adays, clever combinations of femtosecond laser pulses are used. First of all there
was the pump–probe or transient-absorption technique (A. Zewail, Nobel Price in
Chemistry, 1999 [10]), where one ultrashort laser pulse induces a chemical reaction,
followed by a subsequent pulse probing the unfolding dynamics in real time. Al-
though pump–probe spectroscopy is still the most common ultrafast time-resolved
spectroscopy method, this seminal technique has been extended and generalized
in past years. For example, by spectrally resolving the pump pulse, the concept
of two-dimensional (2D) spectroscopy, very common for nuclear magnetic resonance
measurements [11,12], was transferred into the optical regime [13,14]. The additional
frequency axis can be used to track photophysical transport mechanisms like energy
distribution [15] and photochemical processes like isomerization [16]. Furthermore,
using a sequence of pump pulses before the probe pulse interacts with the sam-
ple, the so-called pump–repump–probe method, allows time-resolved excited-state
photochemistry to be within grasp [17].

Within this thesis, the above mentioned experimental techniques were either used
(pump–probe and 2D spectroscopy) or adapted (two-color 2D and pump–repump–
probe spectroscopy) to meet the requirements of the multiple systems under in-
vestigation. Furthermore, in a novel approach for assessing electronic transitions,
pump–repump–probe and two-color 2D spectroscopy were combined into electronic
triggered-exchange 2D spectroscopy (TE2D). Since this method links information
about reactants, intermediates and products, excited-state photochemistry is eluci-
dated in a unique way. All these techniques are demonstrated on two intriguing pho-
tosystems, a metalated bisporphyrin and a dinitro-substituted merocyanine. Thus,
not only proof-of-principle experiments are presented, but also two comprehensive
reaction schematics are unraveled by subsequent experiments with increasing com-
plexity.

The necessary theoretical background for understanding both the techniques and
photochemistry, is presented in the following chapter (Chapter 2). There, the pro-
perties of femtosecond laser pulses, nonlinear frequency conversion processes, and,
lastly, light-induced transitions in molecules are summarized.

In Chapter 3, the principles of time-resolved spectroscopy in liquid phase are explai-
ned, both for transient-absorption and 2D spectroscopy. In addition, the experimen-
tal implementations, including the used laser system are described. Both setups are
optimized for electronic spectroscopy, which means that the corresponding vibronic
transitions are induced with photons possessing visible or ultraviolet wavelengths.

Porphyrins, the so-called colors of life [18], are the focus of Chapter 4. Natural por-
phyrinoid systems possess excellent energy transport mechanisms which are import-
ant in photosynthesis and can be resolved by time-resolved methods [15]. Another
curious detail about porphyrins is the strong contribution of the second electronical-
ly excited singlet state, called “Soret band” for these molecules, to the photophysical
behavior. Completely artificial light-harvesting complexes are part of current rese-
arch, but it is still a long way to go. Thus, to gain further knowledge about this
molecular class, a directly β,β′-linked bisporphyrin with zinc metalation is analy-
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zed using both pump–probe and 2D spectroscopic measurements. Additionally, the
dimer is compared to its monomeric building block. In this study, pump–probe mea-
surements provide a general overview of the photodynamics, while 2D spectroscopy
visualizes especially the Soret-band chemistry. By combining all this the excited-
state energy transport mechanisms are unraveled, both on a femtosecond and on a
nanosecond time-scale.

The properties of a molecular photoswitching device [19] are analyzed in Chapter 5
with similar spectroscopic means as in the chapter about the time-resolved proper-
ties of a porphyrin. The molecular class of spiropyran/merocyanine is an electrocylic
photosystem, which enables light-induced switching between two stable isomers, eit-
her spiropyran or merocyanine, on an ultrafast time-scale [20]. In addition to asses-
sing the switching by pump–probe and pump–repump–probe spectroscopy directly,
possible loss channels are analyzed using a novel two-color 2D setup in pump–probe
geometry with a continuum probe. This new setup enables monitoring of the poten-
tial energy surfaces belonging to the ground state and the first excited singlet state,
so that merocyanine, which absorbs strongly in the visible, can be analyzed in detail.
The latter surface is scanned afterwards with the newly developed method of elec-
tronic TE2D spectroscopy, thus, tracking intermediate states in the photochemistry
of this molecule.

The thesis is concluded with a summary of the most important results (Chapter 6).
Insight is provided, both from an experimental point of view, stressing the trans-
ferability of the new techniques to other challenges, as well as from a photoche-
mical angle, assessing the potentials of both the bisporphyrin and the spiropyran–
merocyanine photosystem.
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Chapter 2

Theoretical Background

Chemical reactions often occur within picoseconds. Time-resolved spectroscopy of-
fers a possibility to investigate these processes if two conditions are fulfilled. On the
one hand, an event in time is needed to start a reaction. On the other hand, additio-
nal events, which are shorter than the duration of the mechanism itself, are needed
to observe the temporal evolution. Since ultrashort laser pulses are highly sensitive
tools, which satisfy these requirements [8–10], photochromic [21] reactions are well
suited to be studied in a time-resolved fashion. Therefore, the temporal and spatial
properties of laser pulses are explained in Sec. 2.1, followed by an introduction to
nonlinear optics (Sec. 2.2). The latter is necessary to understand the generation of
ultrashort laser pulses with tunable frequencies as well as the signals in time-resolved
spectroscopy. Finally, light-induced transitions, the Born-Oppenheimer approxima-
tion and relaxation mechanisms are elucidated (Sec. 2.3).

2.1 Mathematical Description of Ultrashort Laser
Pulses

Ultrashort laser pulses are the main tool in most experiments performed in this the-
sis. A common representation of these pulses are superpositions of electromagnetic
waves with different frequencies, which interfere constructively. This approach is well
documented in literature, e.g., in Refs. [22–24], and is presented in the following in
a compressed way, introducing the physical parameters of laser pulses.

These superimposed plane waves or spatially and temporally changing electrical
fields E⃗(t, r⃗) have to satisfy the inhomogeneous wave equation

−∇×
[
∇× E⃗(t, r⃗)

]
− 1

c2
∂2

∂t2
E⃗(t, r⃗) = µ0

∂2

∂t2
P⃗ (t, r⃗) , (2.1)

where c = 1/
√
ϵ0µ0 is the speed of light, µ0 the magnetic permeability, and ϵ0

the dielectric constant, all in vacuum. On the one hand, polarization P⃗ (t, r⃗) is the
generator of an electrical field. On the other hand, it is also the response of matter
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to an applied electrical field. Therefore, spatial and temporal behavior is coupled via
the wave equation. Equation 2.1 is only valid for homogeneous and non-magnetic
materials. The most significant bulk materials used, fused silica, nonlinear crystals,
and organic solvents, can be treated within this approximation.

The beam propagation itself can be described via the homogeneous wave equation,
i.e., linear polarization of the electrical field and propagation along an arbitrarily
chosen z-axis as a plane wave. Accordingly, the solutions E⃗(t, r⃗) of Equation 2.1 can
be separated into the form

E⃗(t, r⃗) ∝ u(r⃗)E⃗(t, z), (2.2)

with u(r⃗) as the spatial beam profile and E⃗(t, z) as the time-dependent polarization
state along the z-Axis. Both parts will be treated separately in the following sections.

2.1.1 The Electrical Field in Time and Frequency Domain

As time and frequency domains are equivalent, from a pure mathematical point
of view it is sufficient to describe the pulses in only one of the two domains and
transform the solution if necessary. Furthermore, since it is sufficient to neglect the
vectorial attributes and to consider only one spatial point, E⃗(t, z) is treated as E(t).
Hence, the initial real-valued temporal electrical field can be simplified to

E(t) = 2A(t) cos [Φ(t)] = A(t)eiΦ(t) + c.c. = E+(t) + E−(t), (2.3)

where A(t) denotes the real-valued amplitude and Φ(t) the corresponding tempo-
ral phase. Since the complex-valued electrical field E+(t) contains all contributions
originating from positive frequencies, it is termed as the signal. By contrast, E−(t)
contains the contributions originating from negative frequencies. The Phase Φ(t)
itself can be separated into different factors

Φ(t) = a0 + ω0 t+ φ(t). (2.4)

A constant phase offset is denoted by a0. The phase contribution, which is linearly
proportional to the time t with ω0 being the center frequency of the electrical field,
is described by ω0 t. A nonlinear part φ(t) sums up all higher order contributions.

Using Equation 2.4 the complex-valued temporal electric field E+(t) is expressed as

E+(t) = A(t)eia0 eiω0 t eiφ(t) = Ec(t)e
ia0 eiω0 t, (2.5)

with Ec(t) as the complex-valued envelope function without the absolute phase and
ω0 t describing the oscillations of the electrical field within this envelope function [25].
If rapidly oscillating carrier-frequency phase factors are neglected, meaning Ec(t)
does not change much within one optical cycle T = 2π/ω0, this separation is called
slowly-varying envelope approximation (SVEA). The SVEA is valid for all used laser
pulses in the presented work.
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The corresponding electrical field in the frequency domain E(ω) is obtained after
Fourier transformation (FT) of E(t):

E(ω) =
1√
2π

∫ ∞

−∞
E(t)e−iωt = F

{
E(t)

}
. (2.6)

The electrical field E(t), resulting from the back-transformation,

E(t) =
1√
2π

∫ ∞

−∞
E(ω)eiωt = F−1

{
E(ω)

}
(2.7)

has to be equal to Equation 2.3. Even though E(ω) has contributions originating
from positive and negative frequencies it suffices to use

E+(ω) =

{
E(ω) if ω ≥ 0 ,

0 if ω < 0 ,
(2.8)

since for real-valued E(t) the following relation

E(ω) = E∗(−ω) (2.9)

is valid where the asterisk denotes complex conjugation.

Analogously to the mathematical treatment in the time domain, a separation of
E+(ω) into a real-valued amplitude A(ω) and a spectral phase Φ(ω) is possible:

E+(ω) = A(ω)e−iΦ(ω). (2.10)

In order to better understand the importance of the phase and the resulting effects
on the laser pulses used, both the temporal and spectral phase will be expanded
into a Taylor series. The power series is centered around time zero for Φ(t) and,
accordingly, around the center frequency ω0 for Φ(ω), resulting in

Φ(t) =
∞∑
j=0

aj
j!
tj with aj =

∂jΦ(t)

∂tj

∣∣∣
t=0

, (2.11)

Φ(ω) =
∞∑
j=0

bj
j!
(ω − ω0)

j with bj =
∂jΦ(ω)

∂ωj

∣∣∣
ω=ω0

. (2.12)

The individual Taylor coefficients correspond to different properties of laser pulses.
In both domains the coefficients of zero order a0 and b0, the absolute phase, des-
cribe the shift of the maximum of the electrical field compared to the maximum
of the envelope. The temporal coefficient of the first order a1 describes the center
frequency ω0, while the higher order coefficients aj are combined into φ(t), which
characterizes the chirp of the pulse. This term describes a change in frequency over
time as observed in the chirping of birds, explaining the name. If the change is po-
sitive (dω/dt > 0) it is denoted up-chirp and dω/dt < 0 is called down-chirp. In
the frequency domain, the influence of the phase is not as intuitive. The following
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explanations are valid for the common Gaussian-shaped spectrum. The coefficient
b1 describes a simple shift of the entire pulse in time. Higher order coefficients lead
to different behavior. Contributions of even order lead to chirped pulses whereas
contributions of odd order generate pulse sequences.

The spectral phase is affected by materials like glass and solvents, when the corre-
sponding pulse passes through them. Therefore, the phase

Φ(ω) = k(ω)L =
ω

c
n(ω)L, (2.13)

is accumulated, where L is the length of the medium and n(ω) the real-valued index
of refraction in a material without any loss [25]. The value of the latter is strongly
frequency dependent. Additional absorption effects are added with an imaginary
part in the index of refraction. The first derivative of the spectral phase

Tg =
∂Φ(ω)

∂ω
= L

(∂ω
∂k

)−1

=
L

vg
(2.14)

describes the delay of the maximum of the envelope with vg as the group velocity
of the wave packet. A second important effect when an optical wave passes through
material is an increasing dispersion, resulting from the frequency dependence of the
refractive index. Hence, pulse broadening is observed. This group delay dispersion
(GDD) is described by the second derivative of the spectral phase normalized to the
length of the material, depending on the wavelength λ = 2πc/ω, resulting in

GDD =
∂2Φ(ω)

∂ω2
=

λ3

2πc2
d2n

dλ2
. (2.15)

2.1.2 Optical Observables

The electrical fields E(t)/E(ω) and the respective phases Φ(ω)/Φ(t), all introduced
in section 2.1.1, are sufficient for a theoretical description of laser pulse phenomena.
Since these quantities are not directly measurable, observables are needed that can
be detected without further data analysis. They are introduced in the following.

The average of E2 over a complete optical cycle multiplied by proportionality fac-
tors is called intensity and is measured by most common detectors, like, e.g., CCD-
cameras or photodiodes. Within the slowly-varying envelope approximation the in-
tensity as a function of time is

I(t) = cϵ0n
1

T

∫ t+T/2

t−T/2

E2(t′)dt′ = 2cϵ0nA(t)
2, (2.16)

with n as the index of refraction of the medium in which the intensity is measured.
Analogously, the spectral intensity is

I(ω) = 2cϵ0nA(ω)
2. (2.17)
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While theoretical descriptions often use the angular frequency ω, experimentalists
commonly use the wavelength λ = 2πc/ω. A frequency-to-wavelength conversion
with a Jacobi-transformation, which is necessary because λ ∝ ω−1, results in

I(ω)dω = I[ω(λ)]
∣∣∣dω
dλ

∣∣∣ ∝ I
(1
λ

) 1

λ2
. (2.18)

In addition to the transmission Tr = I(λ)/I0(λ) corresponding to the percentage
of intensity passing through a certain sample, spectroscopic measurements often
detect the absorbance Abs(λ) of a sample corresponding to an intensity change in
a logarithmic way, defined as

Abs(λ) = − lg
[ I(λ)
I0(λ)

]
= ϵ(λ)cd. (2.19)

The absorption coefficient ϵ(λ) is wavelength dependent, c corresponds to the concen-
tration and d to the thickness of the sample, while lg denotes the decadic logarithm
(log10). This linear dependence of absorbance on c and d is called Lambert–Beer law
and it describes the observed intensity by an exponential decay.

In time-resolved experiments the detected response is often not the absolute absor-
bance but the change in comparison to a reference beam that passes the sample
under fixed conditions. Because both pulses are compared to the same intensity I0,
the absorption change ∆Abs(λ, T ) can be measured for a specific wavelength λ and
a fixed time delay T between pulse and reference pulse, resulting in

∆Abs(λ, T ) = Abs(λ, T )− Abs(λ)ref = − lg
[I(λ, T )
I(λ)ref

]
. (2.20)

An equivalent representation of the Lambert–Beer law but in dependence of the
number of absorbing molecules N(T ) instead of the concentration is

I(λ, T ) = I0(λ)e
−γ(λ)N(T )d, (2.21)

with γ(λ) = ln(10ϵ).This results in an absorption change of

∆Abs(λ, T ) =
1

ln(10)
γ(λ)(N(T )−N0)d, (2.22)

where N0 denotes the maximal number of excitable molecules. Hence, an absorption
change is directly linked to a photochemical or photophysical process in the measured
sample. As ∆Abs is calculated by using the quotient of two quantities possessing the
same units, it should not possess a real physical unit. However, the unit OD (short
for “optical density”, which is a synonym for absorbance) is used from now on, as it
is a common convention in literature [26, 27].

For better characterization of the laser pulses used beyond the integrated intensity
or energy, information about the pulse length (time domain) or spectral width (fre-
quency domain) is necessary. For simple pulses without any pre- or post-pulses, for
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Figure 2.1: Spatial propagation of a Gaussian beam. The intensity profile is shown on the
left, while the right side describes the paraxial beam propagation around the beam waist
w0(z = 0). The red lines follow the beam width, the black lines at |z| = z0 denote the
Rayleigh length, and dashed black lines represent the beam propagation of a geometrical
beam defining the divergence angle θ. The gray dashed lines describe the curvature.

example Gaussian-shaped ones, the full width at half maximum (FWHM) for the
measured intensity is used. The FWHM denotes the time or frequency difference if
the values are measured at half of the maximal signal strength on both sides of the
intensity peak. Hence, the spectral width ∆ω and the pulse length ∆t is defined as

∆ω = FWHM[I(ω)], and (2.23)
∆t = FWHM[I(t)]. (2.24)

It is important to keep in mind that these two values are not independent from each
other but are linked by a Fourier transform. Thus, the time-bandwidth product

∆t∆ω ≥ 2πcB (2.25)

is valid for all (laser) pulses. The magnitude of the coefficient cB is of the order of
unity and depends on the overall pulse shape. For the most common pulse shape, the
Gaussian pulse, cB = 4 ln(2)/(2π) = 0.441 is valid. If expression 2.25 changes from
an inequation to an equation, the associated laser pulse is called bandwidth-limited
and it is as short as possible, the pulse is perfectly compressed.

2.1.3 Spatial Beam Propagation

While the former section dealt with the behavior of E⃗(t, z), i.e., the propagation in
time, the properties of the spatial directions have been neglected. The properties of
u(r⃗), describing the spatial behavior will be explained now [24,28].

While a laser pulse itself consists of many modes in longitudinal or z-direction there
are also transversal modes that define the spatial profile of the beam in the x-y-plane.
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For all laser pulses used in this thesis the approximation holds that only the simplest
possible spatial mode, the pure Gaussian mode (called TEM00-mode), is sufficient
to solve the wave equation (Equation 2.1). The corresponding spatial profile is

u(r⃗) = u0
1√

1 + z2/z20
e−iθ(z)eik(x

2+y2)/[2R(z)]e−(x2+y2)/w2(z), (2.26)

and this solution represents the optimal behavior of a laser beam. Every deviation
from this mode leads to an increase in divergence and focus spot size [28]. Hence,
even a Gaussian beam has a finite focus size w0 ̸= 0 at z = 0, the so-called beam
waist, in contrast to plane waves, where w0 = ∞. No point-sized focus is possible
for real pulses. Figure 2.1 visualizes the propagation properties of a Gaussian beam.

These are

w(z) = w0

√
1 + z2/z20 , (2.27)

z0 =
nπw2

0

λ
, (2.28)

R(z) = z +
z20
z
, (2.29)

θ(z) = arctan (z/z0), (2.30)

θ(z ≫ z0) =
λ

nπw0

=
w0

z0
. (2.31)

The beam radius w(z) and the divergence angle θ(z) define the propagation. The
wave front is described by the radius of curvature R(z), which is ∞ at the beam
waist. Within the Rayleigh length z0, the part of the laser beam where the width
has not yet reached

√
2w0, the wave front can be treated as approximately planar.

This part of the beam used in all following experiments, because the beam spot is as
small as possible and the pulse can be treated within the framework of plane waves.

2.2 Nonlinear Optics

So far the polarization P⃗ (t, r⃗) was treated as a purely linear response of matter to
the applied electrical field. In this case, as shown in section 2.1.2, the real part of the
proportionality constant ϵ describes the phase, the dispersion and the group velocity
while the imaginary part describes a gain or a loss of intensity in the medium [24].
For higher intensities, this assumption of a linear response is not sufficient any more
and the polarization P⃗ (ω) has to be treated as a series of polarization contributions,
depending on different powers of the electrical field. Hereby, the polarization can be
written as a combination of linear and nonlinear contributions

P⃗ (ω) = P⃗ (1)(ω) + P⃗NL(ω) = P⃗ (1)(ω) + P⃗ (2)(ω) + P⃗ (3)(ω) + ... . (2.32)

As a result, new processes have to be taken into consideration when laser pulses are
used, which possess high intensities in a short amount of time.
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2.2.1 Nonlinear Processes

Polarization is of special importance as a source of new electrical fields. Hence, it is
possible to generate electrical fields which satisfy the unique requirements of each
experiment. Further separation of Equation 2.32 results in

Pi(ωq) = ϵ0

(∑
j

χ
(1)
ij (−ωq, ωm)Ej(ωm) +

∑
j,k

χ
(2)
ijk(−ωq, ωm, ωn)Ej(ωm)Ek(ωn) + ...

)
,

(2.33)

where the subscripts i, j, k denote the spatial directions, the susceptibility χ(n) is
the n-th order answer of the medium in regards to the applied number n of electrical
field(s). The emitted frequency ωq is determined by

ωq = ωm + ωn + ... . (2.34)

Within this work, the most important nonlinearities are the polarization components
of second and third order. In isotropic media χ(2) = 0 is valid and the next remai-
ning higher order is χ(3). Most non-crystallized media, like solutions, are isotropic.
Therefore, the remaining nonlinear contribution is the measured signal response in
time-resolved measurements, like transient-absorption, transient-grating and two-
dimensional spectroscopy. Often a corresponding change in absorption is detected.

For the generation of the laser pulses used non-isotropic crystals like β-barium-borat
(BBO) or Ti:sapphire are employed, possessing large susceptibilities χ(2). These can
be exploited for frequency conversion processes, generating tailored frequencies. So-
me of the most important conversions are visualized in Fig. 2.2, with colors denoting
the frequencies. A conversion of incoming frequencies is evident, when considering
the example of an electrical field

E = Eme
−iωmt + Ene

−iωnt + c.c. (2.35)

consisting of two frequencies ωm and ωn propagating in the same direction. This
field results in a polarization response of second order:

P (2) =2ϵ0χ
(2)(EmE

∗
m + EnE

∗
n)

+ ϵ0χ
(2)(E2

me
−2iωmt + E2

ne
−2iωnt + c.c.

+ ϵ0χ
(2)(2EmEne

−i(ωm+ωn)t + 2EmE
∗
ne

−i(ωm−ωn)t + c.c.). (2.36)

Equation 2.36 can be separated into three parts, each describing a different class of
conversion processes. The first line describes a static field that is generated by the
two time-dependent electrical fields. The second line describes a frequency doubling
of each incoming wave, called second harmonic generation (SHG). The third line
describes new electrical fields, either oscillating with the sum ωsum = (ωm+ωn) [sum
frequency generation, SFG, Fig. 2.2a)] or the difference frequency ωdiff = (ωm − ωn)
[difference frequency generation, DFG, Fig. 2.2b)] of the two source field frequencies.
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Figure 2.2: Schemes of the most common nonlinear frequency conversion methods: a)
Sum frequency generation (SFG) b) Difference frequency generation (DFG) c) optical pa-
rametric amplification (OPA) d) Supercontinuum generation (SCG). Colored pulses denote
the frequencies before and after the conversion processes take place.

Experimentally, often the case ωm = ωn is used resulting in only one new time-
dependent field E(2 ·ωm). Hence, a stronger second harmonic signal is obtained [29].

These nonlinear conversion processes are optimized by using phase matching bet-
ween all participating beams. This is necessary to minimize destructive interference
between the incoming and outgoing waves inside the bulk material. Most processes
lead to the use of three different waves. Therefore, the following phase matching
condition for the combined wave vectors k⃗ has to be fulfilled:

0 = k⃗m + k⃗n − k⃗q (2.37)

If the assumption ωq > ωm > ωn with |⃗ki| = niωi/c holds and normal dispersion, i.e.,
an increase of refraction with increasing frequency, is present, this equation cannot
be fulfilled in isotropic media. A solution is offered by birefringent crystals, because
the polarization can be chosen such that the dispersion differs for ordinary and ex-
traordinary directions, thus, Equation 2.37 can be fulfilled. However, optimal phase
matching is only possible for one specific frequency and for neighboring frequencies
to a certain degree. Therefore, the thinner the crystal, the larger is the potential
bandwidth as less dispersion has to be corrected. A compromise has to be found as
the efficiency of the frequency conversion process scales with the thickness.

Another important frequency conversion is optical parametric amplification [OPA,
Fig. 2.2c)]. A narrow part of a weak but broadband seed pulse is strongly inten-
sified, generating the signal pulse. Energy conservation is fulfilled by depleting a
collinear intense pump pulse. Momentum and energy conversation laws lead to the
generation of a third pulse, the idler pulse, at a frequency of ωidler = ωpump −ωsignal.
OPA is used to generate pulses ranging from the ultraviolet into the mid-infrared



14 Theoretical Background

regime. Often an improved approach is used, called non-collinear optical parame-
tric amplification (NOPA). Here, the pump and seed pulses overlap under a certain
angle (nonzero), which enables phase-matching for a wider spectral width of the
seed pulse. This results in pulses with a higher spectral bandwidth, thus, they can
be compressed down to shorter durations (compare Equation 2.25). However, the
efficiency is reduced comparing the NOPA process to collinear OPA [30].

In addition to χ(2)-conversion processes, white-light or supercontinuum generation
[SCG, Fig. 2.2d)] is often used in time-resolved spectroscopy [31]. Here, a narrow-
band, high-intensity pulse is focused into a nonlinear medium, like water or calcium-
fluoride (CaF2), resulting in a spectrally broadened pulse. Broadening is observed
on both sides of the pump. Generally considered and treated as a χ(3)-process SCG
is not understood completely theoretically, but self-phase-modulation and Raman-
scattering are important contributions [32]. These SCG pulses normally cover the
complete visible spectral range in the case of a 800 nm pump pulse. If special mate-
rials like photonic crystal fibers are used the bandwidth can even exceed one octave.
Accordingly, the spectrum covers parts of the ultraviolet, the entire visible and parts
of the infrared spectral range [33]. Continua in the deep UV are also possible by com-
bining nonlinear processes. In a first step, a UV pump pulse is generated by SFG.
In a second step, this pulse is frequency broadened with SCG [34].

2.2.2 Laser Pulse Characterization

In order to understand the results of a photochemical study, it is necessary to know
exactly which kind of laser pulses are employed to separate the chemical results
from the properties of the pulses themselves. For example, if isomerization happens
within a few tens or hundreds of femtoseconds but the exciting pulse has a duration
of 200 fs the measured duration of the isomerization process will be 200 fs, since there
is an uncertainty at which moment in time the photon initiates the photoreaction.
A very simple way to estimate pulse durations is to measure the spectrum and then
to approximate the duration with a Fourier transformation assuming a flat spectral
phase or to use the time-bandwidth product (Equation 2.25) to estimate the duration
(Sec. 2.1.2). But these two possibilities, using purely spectral information, yield the
shortest possible pulse instead of the real one. The latter is possibly broadened by
material dispersion, and, thus, the properties resulting from the phase contributions
are completely neglected.

The nonlinear processes previously described (Sec. 2.2.1) cannot only be used to
generate electric fields for the experiment but also to characterize them. There is a
large variety of methods, which use purely time-domain data like intensity autocor-
relation, or frequency-domain data like spectral interferometry [5,25,35–38]. A very
popular pulse characterizing method is frequency resolved optical gating (FROG),
which uses a mixed time-frequency approach to characterize the laser pulse [35].
Pulse duration, spectrum, time-bandwidth product, and the value of all phase con-
tributions are determined while — depending on the specific method used — a few
ambiguities remain.
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Figure 2.3: Schematics of two SHG-FROG techniques. The incoming pulse (green) is
frequency doubled in a BBO crystal (violet) and the signal is measured in a spectrally-
resolved manner. a) Noncollinear approach: After splitting the pulse by using an interfero-
meter, one part is delayed via a stage. Only the signal response from the overlap of both
pulses 2 · E(t) · E(t − τ) is detected, exploiting phase-matching conditions. b) Collinear
approach: Intrinsic phase stability is guaranteed by generating the pulse pair completely
in-line. However, the SHG-signal has to be extracted from [E(t)+E(t+ τ)]2. c) Measured
FROG trace of an uncompressed NOPA pulse in the visible spectral range.

Due to the similarity of a FROG measurement to an intensity autocorrelation, it
is also called a spectrally-resolved autocorrelation. Commonly, a FROG setup is
implemented by spatially and temporally overlapping the unknown pulse with a
copy of itself noncollinearly identical to an autocorrelation. At the intersection a
nonlinear medium is placed. By detecting the corresponding nonlinear signal, often
the second harmonic, a frequency-resolved and phase-sensitive feedback is gained.
This frequency-resolved detection is the difference between a FROG and an auto-
correlation measurement. Essentially, the pulse serves as a time gate for its copy by
shifting one pulse continuously with respect to the other, e.g., by a linear stage. The
noncollinear geometry results in a background free signal because the conservation
of momentum leads to emission in the direction of k⃗S = k⃗1 + k⃗2 ̸= k⃗1 ̸= k⃗2. With a
stepwise variation of the relative delay τ between the two pulses the FROG-trace

ISHG
FROG(ω, τ) =

∣∣∣∣∫ ∞

−∞
Ẽ(t) + Ẽ(t− τ)e−iωt dt

∣∣∣∣2 (2.38)

is measured by resolving the signal as a function of frequency or wavelength and
time delay. A schematic experimental implementation is shown in Fig. 2.3a). After
the measurement, the pulse is reconstructed by different algorithms allowing identi-
fication of the electrical field, which generates the trace. The calculation of ISHG

FROG is
repeated for various fields until calculated and observed traces agree within a chosen
convergence criteria. Whereas convergence of these algorithms has not been proven
theoretically so far [35], for all pulses in this work convergence was observed.
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Moreover, while the generation of a pulse copy is easily achievable in theory, expe-
rimental limitations may force a collinear approach (abbreviated cFROG) sketched
in Fig. 2.3b) [39]. While the obtained signal is no longer background free, because
SHG contributions resulting from only one electrical field are emitted into the same
direction, a cFROG can be measured in a lot of different setups, resulting in

ISHG
cFROG(ω, τ) =

∣∣∣∣∫ ∞

−∞

[
Ẽ(t) + Ẽ(t+ τ)

]2
e(−iωt) dt

∣∣∣∣2 . (2.39)

Only the generation of double pulses with a shiftable delay, e.g., by using a pulse
shaper is required [40]. The pulse reconstruction is done by the same algorithms as
for the FROG after the cFROG trace is reduced to expression 2.38. Therefore, low
pass Fourier filtering is performed and the permanent offset for long delay times
subtracted, resulting in a FROG trace similar to the one shown in Fig. 2.3c).

2.3 Molecular Transitions

The previous sections introduced the properties of laser pulses used to induce or
detect atomic or molecular reaction dynamics. The underlying molecular transitions
are explained in the following section.

A photochemical molecular reaction is the interaction of a photon with a molecule,
often resulting in the absorption of the former. As a result, the molecular state
changes from its initial configuration with the wave function Ψi and energy Ei (most
probably the ground state) into a final one with Ψf and energy Ef , also called an
excited state in the case of a resonant excitation. The energy separation between
the initial state Ψi and the final state Ψf is equal to the photon energy ~ω with ~
as Planck‘s reduced constant, hence ~ω = Ef −Ei. This energy difference is covered
by rotational, vibrational, and electronic transitions with an increasing amount of
energy. The energy of the states is obtained by solving the Schrödinger equation

H|Ψmol(r, R)⟩ = E|Ψmol(r, R)⟩ (2.40)

for the corresponding molecular wave function |Ψmol(r, R)⟩ where r denotes the
coordinates of the electrons and R the coordinates of the nuclei. In the following
spin contributions are neglected for simplicity. An exact solution for this equation is
very challenging and only systems of three or less particles, e.g., the hydrogen ion H+

2

consisting of two protons and one electron, are analytically solvable. Using the Born-
Oppenheimer approximation often allows numerical solutions for larger molecular
systems, which help to estimate properties like transition energies or corresponding
wave functions [41].

The Born-Oppenheimer approximation is applied after taking a closer look at the
Hamiltonian of a molecular system, consisting of

H = Te + TN + Vee + VeN + VNN , (2.41)
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with Te =
∑

i
p2i
2me

and TN =
∑

K
P 2
K

2mK
as the kinetic energy of the electrons (e)

or nuclei (N) and the interaction potentials Vxy. In addition, the wave function is
separated into

|Ψmol(r, R)⟩ =
∑
e

|Ψe(r,R)⟩|Φ(R)⟩. (2.42)

|Ψe(r, R)⟩ denotes the electronic wave function that only depends parametrically
on the coordinates of the nuclei R and |Φ(R)⟩ denotes the wave function of the
nuclei, which is completely independent from the electron dynamics. The Born-
Oppenheimer approximation is to first solve the electronic parts of the Schrödinger
equation at fixed coordinates R:

(Te + Vee + VeN)|Ψe(r, R)⟩ = Ee|Ψe(r, R)⟩. (2.43)

This has to be repeated for many different sets of coordinates R. Thereafter, the
equation for the nuclei

(TN + VNN + Ee)|Φ(R)⟩ = E|Φ(R)⟩, (2.44)

is solved, using the previous results as parametric parameters. This corresponds to
a complete separation of the electronic movement from the kinetics of the nuclei,
thereby neglecting all contributions of the kinetic energy that result from coupling
between nuclei and electrons. Coupling terms are present because the kinetic energy
operator of the electrons is applied to the wave functions of the nuclei and vice versa,
generating non-zero terms. The approximation is often valid because the mass diffe-
rence between electrons and nuclei exceeds three orders of magnitude, which results
in different velocities and inertias. Hence, the electrons react nearly instantaneously
to any changes of the nuclei (adiabatic approximation). The total energy of a mo-
lecular state depends on the possible movements of all atoms, which basically lead
to multidimensional potential energy surfaces describing a certain electronic state.
Within this state there are vibrational sublevels, which describe the movements of
the electronic wave packet. Hence, one potential energy surface corresponds to one
electronic molecular state with the spin used as the characteristic distinction, for
example singlet (S) with the effective spin

∑
i si = 0 and triplet states (T) with∑

i si = 1. In addition to this separation electronic states can be divided into two
other categories. There are bound states where the electron remains within the sy-
stem after excitation. The second category are unbound states. In the latter, the
electron leaves the molecular system, resulting in a positive ion and a free electron.
Fig. 2.4a) visualizes transitions between two bound states (black, solid lines) also
containing vibrational states (gray, dashed lines). Absorption of a photon (green
arrow) from the ground state is followed by fluorescence after the molecule has
internally relaxed (orange arrow).

The probability of an optical transition between two potential energy surfaces is
described by Fermy’s golden rule

ki−f ∝ |M e
if |2 · FC, (2.45)
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where the probability ki−f is proportional to the vibrational Franck–Condon factor
FC defined by the initial and final states, which denotes the overlap integral of
the vibrational wave functions in both state. Therefore, the greater the vibrational
overlap of the wave functions belonging to the initial and final states is, the larger is
the transition probability. Furthermore, ki−f is proportional to the transition matrix
of the electronic wave function

M e
if = ⟨Ψe,i(r, R)|µe|Ψe,f (r, R)⟩, (2.46)

which depends on the overlap and symmetries of the electronic wave functions and
their corresponding transition dipole moments

µe = −e
∑
i

ri + e
∑
K

ZKRK , (2.47)

defined by the amount and position of the charges of both electrons (first term)
and nuclei (second term) [42, 43]. Transitions often occur at the turning point of
the excited-state wave functions belonging to a certain vibrational state, as a result
from the statistical higher probability density there. In each vibrational ground-state
level, however, the highest probability density is in the middle. Furthermore, tran-
sitions are (within the adiabatic Born-Oppenheimer approximation) always vertical
because the nuclei coordinates R do not change during an electronic excitation. The-
se electronic transitions proceed mostly in the visible or ultraviolet spectral range.
Purely vibrational transitions, however, depend on the transition dipole moment of
the wave function describing the nuclei. Thus, they are at lower energies, often in
the mid-infrared regime. Within this thesis, photons with wavelengths ranging from
267 nm to 1000 nm are used. They induce primarily electronic transitions, often
coupled to higher vibrational levels. Thus, they are called vibronic transitions and
both absorption (green) and emission (orange) are visualized in Fig. 2.4a) combined
with the corresponding vibrational wave functions (blue).

After photoexcitation, the excited molecule relaxes back to the ground state. Cer-
tain deactivation processes exist, all possessing characteristic time-scales. Thus, by
determination of the time-scale using time-resolved spectroscopic methods, the re-
laxation can be analyzed. In addition, one has to distinguish between non-radiative
and radiative processes [44]. Both transitions and molecular states can be combined
in a so-called Jablonski diagramm. The molecular states are visualized by horizontal
lines marking the lowest energy. Additionally, the spin multiplicity is used as the
abscissa. Transitions are marked by arrows with the direction denoting excitation
(upwards) and relaxation (downwards) [45]. Fig. 2.4b) shows an exemplary Jablonski
diagram with four different electronic states (black, solid) and corresponding vibra-
tional levels (gray, dashed). Possible transitions are named by their abbreviations
visualizing the multitude of possibly competing relaxation channels.

Relaxation from a vibrationally hot state proceeds via vibrational cooling (VC) un-
til the vibrational ground state of the same electronic state is reached. The lost
excess energy is either transported to solvent molecules, used as a thermal bath, or
distributed over the entire molecule. The former is called intermolecular vibrational
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Figure 2.4: a) Two exemplary one-dimensional potential energy surfaces, belonging to
the ground state (GS) and an excited state (ES) (black, solid). Vibrational states are
drawn as vertical lines (grey, dashed) together with corresponding wave functions (blue).
Two vertical radiative transitions (arrows), absorption (green) and emission (orange), pro-
ceed between states possessing strong vibrational overlap (Franck–Condon transition). b)
Jablonski diagramm, describing the energetic ordering of molecular states (indicated by
vertical lines) with regard to their spin. Exemplarily, three singlet (S0, S1, and S2) and
one triplet state (T1) are drawn (black), vibrational sublevels are marked in gray. Possible
non-radiative relaxation processes (IC, VC, ISC) are marked by black, dashed arrows and
the radiative processes, fluorescence (F, orange) and phosphorescence (P, red), are shown
as undulated arrows. c) Isomerization process occurring via a conical intersection (CI)
connecting a common excited state and two different ground-state minima. After photoex-
citation (green), non-radiative vibrational relaxation occurs until the wave packet reaches
the CI. There, an ultrafast transition into each GS may take place.

energy transfer (VET) and proceeds typically within picoseconds. The latter faster
process, is called intramolecular vibrational relaxation (IVR), constituting distri-
bution of vibrational energy contained in one hot mode into many of the 3N − 6
different vibrational modes in existence (or 3N − 5 for linear molecules), typically
on a femtosecond time-scale. These time-scales are valid for electronically excited
states, while in the ground state vibrational relaxation is much slower.

Relaxation from one electronically excited state into another only requires strong
electronic coupling if states of the same spin multiplicity participate. An isoenergetic
horizontal transition takes place on an ultrafast time-scale (< 1 ps) called internal
conversion (IC). Subsequently, vibrational cooling in the new state leads to further
relaxation. If states of different multiplicity intersect (often S1 and T1) and no other
relaxation pathway exists, intersystem crossing (ISC) can take place. There, in ad-
dition to electronic coupling like in IC, spin-orbit coupling must also be strong to
permit changes of the total spin. Typical lifetimes are in the fast ns domain, when
going from S to T and up to milliseconds if the direction is reversed (T to S).

In addition to this non-radiative transition, both fluorescence (F) and phosphore-
scence (P) are possible. In accordance to Kasha’s rule, fluorescence is often the
dominating relaxation pathway connecting S1 and S0. This leads to relaxation via
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emission of a photon, usually red-shifted compared to the absorption wavelength. Pi-
coseconds are the typical time-scale while IC between these two states would proceed
on a nanosecond time-scale, resulting from the large energy shift when compared
to the energy separation of excited states. A similar luminescent process connec-
ting T1 and S0 is called phosphorescence, however, typical time-scales can reach
milliseconds. ISC between these two states is also highly unlikely (up to seconds).

Experimentally, using time-resolved spectroscopy, it was shown that non-radiative
transitions between two different molecular geometries are possible resulting in iso-
merization. These reactions were explained via a common excited state [46–48].
Hence, the Born-Oppenheimer approximation fails when two potential energy sur-
faces come close. Often potential surfaces are not allowed to intersect, especially for
two-atomic atoms. By avoiding degeneracy of different states, an “avoided crossing”
occurs and the potential energy surfaces deform. Thus, a non-radiative transition
between two different electronic states should happen via internal conversion follo-
wed by vibrational relaxation within picoseconds, which does not match the observed
femtosecond time-scale. Furthermore, for larger molecular systems intersections of
potential energy surfaces are very common, which therefore require a non-adiabative
approach where electronic and nuclei movements are no longer uncoupled. They of-
ten possess a conical shape, thus, are called conical intersections (CI), which enable
ultrafast transitions between electronic states [43, 49]. A possible visualization of
the corresponding potential energy surfaces is given in Fig. 2.4c). Within a single
vibrational period, the wave function crosses the CI and relaxes from a higher exci-
ted state into a lower one. Often, S1-S0 relaxation is observed. One famous example
is the isomerization in bacteriorhodopsin, where an ultrafast (< 1 ps) transition
and strong coherent oscillations connecting the two states are observed [50]. A com-
plex theoretical description of conical intersections and their behavior within the
Born-Huang theory is given in Ref. [51].



Chapter 3

Experimental Methods

In the following chapter several time-resolved measurement techniques and the cor-
responding experimental implementations are explained. While within this thesis
new methods have been developed, all implementations described here were largely
already present in the laboratories used. Therefore, references are added, when addi-
tional information about the construction or capabilities are available in literature.
The first section shortly describes the employed femtosecond laser system and the
available frequency-conversion setups (Sec. 3.1). Afterwards, after a short introduc-
tion of transient-absorption spectroscopy, the data analysis is summarized, and the
actual implementation discussed (Sec. 3.2). Finally, two-dimensional spectroscopy is
introduced. A short summary of the theoretical requirements is given, followed by
an explanation of the box geometry. This section is concluded by the description of
the miniaturized setup, which is capable of using ultraviolet pulses (Sec. 3.3).

3.1 Laser System

All laser pulses used over the course of this thesis were generated by a femtosecond
laser system based on a Ti:Sapphire oscillator combined with a regenerative ampli-
fier. The commercial Solstice setup (Spectra Physics) was predominantly used. The
integrated Ti:Sapphire oscillator (MaiTai) generates the seed pulses (800 nm, 14 nm
width, < 100 fs) at an 80 MHz repetition rate. These pulses are afterwards ampli-
fied by “chirped pulse amplification” [52]. Hence, the oscillator pulses are stretched,
amplified, and compressed again. The necessary energy for the amplification process
is provided by a 527 nm Nd:YLF pump laser operating at 1 kHz (Empower) pum-
ping a second Ti:Sapphire crystal, serving as the gain medium. Afterwards, pulses
at 800 nm with 100 fs duration and 3 mJ at a repetition rate of 1 kHz are availa-
ble for subsequent frequency conversion processes. Therefor, the output is split into
three beams using beam splitters; each beam possessing roughly one third of the
laser power. While one beam can be used in various ways, depending on the actu-
al performed experiment, the remaining two are directly converted into frequencies
required for the experiments using different NOPA setups.
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One of the two beams is used to seed a commercial NOPA with two amplifica-
tion stages (TOPAS White, LightConversion), generating pulses between 250 and
1000 nm. These are compressed afterwards by an internal prism pair down to 20 fs.
Pulses below 450 nm are generated via frequency doubling, while contributions abo-
ve 850 nm are available by using the near-infrared part of the continuum seed pulse.
The visible pulses possess energies between 20 and 50 nJ, by contrast the ultraviolet
and infrared pulses are about one order of magnitude weaker [53].

The second beam line is used to seed another NOPA. However, the input energy
is reduced below Epump ≈ 400 µJ, which corresponds to Epump, SHG ≈ 80 µJ of
400 nm pump power, in order not to damage the crystals. This homebuilt system is
described in greater detail in Ref. [54], including details about the construction. In
short, pulses covering large parts of the visible spectral range — up to a bandwidth
of 200 nm and down to a pulse duration of 10 fs — are generated. These short pulse
durations are achieved by combining two processes. First, the seed continuum is
compressed with an internal prism compressor, reducing the effective pulse length.
Second, the pump pulse is stretched by a 10 cm fused silica rod in the beam path
of the 400 nm light. Therefore, both seed and pump overlap more favorably in two
different amplification stages, generating the broadband pulses. The output energy
is ≈ 8 nJ, when using a broadband pulse, and is reduced to ≈ 2 nJ when the NOPA
is optimized for a specific wavelength and operated in a narrower capacity.

While the commercial system is completely computer controlled and provides com-
parable pulses with a fast adjustable center wavelength on a day-to-day basis, the
homebuilt system has to be tuned manually but results in shorter pulses. Therefo-
re, the actual system used depends on the specific requirements of the experiment.
Spectroscopic experiments are performed with pulse energies in the nJ regime, thus,
both systems are efficient enough.

3.2 Transient-Absorption Spectroscopy

Since electronic methods like streak cameras or time-correlated single photon coun-
ting employ one laser pulse and detect the signal response using electronic means
only, are limited to a time resolution of a few picoseconds, a completely different
approach is necessary for an increase in time resolution [25, 55]. By using two dif-
ferent femtosecond laser pulses, spatially overlapping at one defined sample point
the limitations of purely electronic-based detection devices are circumvented. Hence,
these femtosecond laser pulses provide an alternative spectroscopic approach with
improved time resolution. Pump–probe or transient-absorption spectroscopy is the
most common time-resolved spectroscopy method, using femtosecond laser pulses.
There, one pulse is exciting the sample and the second one probes the light-induced
differences over time. On the one hand, this technique enables the study of many
light-induced electronic and/or vibrational transitions. On the other hand, pump–
probe is conceptionally simple, the experimental implementation and data analysis
is straightforward. All of this taken together, the wide-spread use is explained.
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Figure 3.1: a) Schematic noncollinear pump–probe setup with a pump having an adjust-
able delay T (green) and a continuum probe with spectrally-dispersed detection spatially
overlapping in the sample cell. b) Energy level diagram with population shown in bars
(colors represent absorption maxima). Without a pump pulse all molecules are in S0, after
pump pulse interaction a small percentage is excited into S1. When calculating ∆Abs four
signal contributions can be observed: Negative valued GSB, corresponding to missing mole-
cules in the ground state (green) and SE, caused by a probe photon stimulating emission in
S1 (red), and positive ESA, where a probe photon is resonantly absorbed into higher-lying
states Sn (blue). Positive product absorption (PA) is not shown.

3.2.1 Observable Signal Contributions

For many measurements performed in this thesis, the transient-absorption approach
visualized in Fig. 3.1a) is used. The first laser pulse, the intense pump pulse (green),
excites the sample into higher-lying electronic states. Afterwards, the second one,
the probe pulse (continuum), probes the changes induced by the pump pulse in the
sample (mostly solutions or thin films). This possesses different absorption proper-
ties in the ground and excited states. Hence, the name pump–probe spectroscopy.
The two pulses possess an adjustable relative time delay T , called waiting time,
which allows measurements in a time-resolved manner by step-wise scanning of T .
Comparing the spectrally-resolved intensity changes with [IPPr(λ, T )] and without
[IPr(λ)] presence of the pump pulse, Equation 2.20 can be used to detect the changes
in absorbance, slightly rewritten as:

∆AbsPPr(λ, T ) = − lg
(IPPr(λ, T )

IPr(λ)

)
. (3.1)

This change in absorption is time-dependent because transitions between vibratio-
nal or electronic levels occur with time as covered in Sec. 2.3, resulting in differing
absorption and transmission properties subjected to the probe pulse. The absorpti-
on change ∆AbsPPr alongside one specific wavelength for different waiting times is
called a transient and enables identification of relaxation time-scales. Furthermore,
spectrally-resolved data, covering different transitions, for one time delay T is a so-
called difference spectrum. These difference spectra visualize, which different signal
contributions are dominant at a certain waiting time.
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In principle, there are four different signal contributions as visualized in Fig. 3.1b),
which cause changes in ∆AbsPPr. They can all be traced back to effective concen-
tration changes (represented by horizontal bars) induced by the pump pulse. First,
after excitation of a sample, the number of molecules in the ground state is re-
duced. Hence, less intensity of the probe pulse is absorbed at wavelengths where
ground-state absorption (GSA) occurs. This negative signal, occurring (nearly) im-
mediately after photoexcitation, is called a ground-state bleach (GSB), which can
be (partially) recovered over time, as molecules relax back into the ground state.
A second, also negative signal, is caused by stimulated emission (SE). There, often
occurring at wavelengths known from fluorescence measurements, probe photons
induce the emission of additional photons with identical energy and momentum.
Hence, the detected probe intensity increases after photoexcitation of the sample
by the pump, resulting in a negative signal. It is often red-shifted compared to the
GSA wavelength because of vibrational cooling and more effective Franck–Condon
overlap with higher vibrational levels in the ground state. The difference of SE and
GSB in regards to IPPr is that the intensity belonging to GSB is increased because
less photons are absorbed, while in the SE signal additional photons are emitted,
increasing the probe intensity IPPr.

The third possible signal is positive excited-state absorption (ESA). There, resulting
from the population transfer into excited states, different transitions show a resonant
absorption. Hence, additional probe photons are absorbed. If a permanent product
is formed, e.g., by bond breaking, isomerization or ionization, this also corresponds
to positive changes in ∆Abs(λ, T ) and it is called product absorption (PA). The
reasoning is identical to ESA. Separation of product absorption and ESA is possible
when comparing their behavior to corresponding SE signals, e.g., using two difference
spectra. If both bands decay, the positive signal originates from ESA; if only the
SE decays the new positive band corresponds to a permanent product absorption.
Summarizing, the following changes in intensity cause the corresponding positive
and negative absorption changes:

GSB : IPPr > IPr ⇒ ∆AbsPPr < 0 (3.2)
SE : IPPr > IPr ⇒ ∆AbsPPr < 0 (3.3)

ESA : IPPr < IPr ⇒ ∆AbsPPr > 0 (3.4)
PA : IPPr < IPr ⇒ ∆AbsPPr > 0 (3.5)

In addition to temporal relaxation, also rotational diffusion can be measured. Using
linearly polarized laser pulses for both pump and probe, a subensemble of an iso-
tropic sample is excited whose transition dipole moment is parallel to the laser
polarization. With time, often on a fast picosecond, or even a femtosecond [56]
time-scale, this anisotropic behavior relaxes back into a homogeneous distribution
because of rotational relaxation and collisions of the sample with the solvent. By
choosing a relative angle, called “magic angle”, of 54.7° (resulting from tan2 ϕ = 2)
between respective pump and probe polarization, the anisotropic effects are mostly
avoided, because the absorption changes alongside the perpendicular contributions
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are two times the parallel contributions relative to the polarization axis [57]. For a
detailed theoretical study about anisotropic effects influencing transient-absorption
spectroscopy, see Ref. [58].

Furthermore, time-resolved spectroscopy in the liquid phase is aggravated at the
time of simultaneous arrival of both pump and probe (T ≈ 0) by unwanted signal
contributions. These short-lived absorption changes are caused by the temporal over-
lap of the laser pulses inside the flow cell and the solvent. The, so-called, “coherent
artifact” is mostly a signal contribution of third order and theoretically fairly well
understood [59–61]. It can even be used for experimental determination of time zero
via cross correlation [62]. The largest signal contribution is caused by cross phase
modulation, which describes the interaction of the intense pump pulse with the weak
probe pulse via the media where they intersect. Basically, the refraction indices of
all nonlinear media, where the pulses intersect, are modulated with time, similar to
self phase modulation. The weak probe pulse is subjected to a frequency shift of

∆ω(t) = −2
nω0d

c

∂

∂t
|A(t)|2, (3.6)

where n denotes the effective refractive index, ω0 the central probe pulse frequency,
d the intersection length, and A(t) the envelope function within the SVEA. Looking
at Equation 3.1 it is clear that a frequency shift changes the spectral intensity. Thus,
by comparing the probe pulse intensity with and without the pump pulse present,
necessary for calculating ∆AbsPPr, the cross phase modulation is detected as an
unwanted signal. The shorter the used pulses are, the shorter-living is the coherent
artifact, stressing the need to use compressed pulses for the experiments in order to
obtain the best possible time resolution. The coherent artifact is basically masking
the sample response, effectively blinding the measurement. The minimal possible
time-resolution, even in the optimal case without a coherent artifact, is a convolution
of the temporal profiles of both pump and probe pulses. Therefore, a shorter pulse
length corresponds to a higher time resolution. Since by measuring the pure solvent
the coherent artifact is obtained, which strongly depends on the pulse overlap, this
convolution of pump and probe is achieved experimentally. Furthermore, the longest
possible probe time-scale corresponds to the length of the linear stage used.

3.2.2 Signal Evolution and Data Analysis

After describing the principal signal contributions in the previous sections, changes
in the temporal behavior are assessed in the following. Some of the detected signals
can be permanent, most probably new product bands or GSB, showing no tempo-
ral behavior. Other signals change with time, e.g., stimulated emission signals if a
radiative relaxation channel (fluorescence) is possible and, accordingly, ESA, which
monitors the concentration of a specific excited state. Hence, if the system is exci-
ted into S2 and relaxes into S1, the ESA and SE signals originating from S2 or S1

decrease/increase with increasing time delay. Therefore, these relaxation dynamics
have to be assessed in order to analyze and understand the measured data.
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One possible way to access the temporal behavior is the use of rate equations. They
describe photochemical changes using sets of differential equations of first order. For
example, recovery of the ground-state concentration c(S0) after excitation into S1

can be described as:

d c(S1)(t)

dt
= − 1

τS1
c(S1)(t), (3.7)

d c(S0)(t)

dt
=

1

τS1
c(S1)(t). (3.8)

The first equation describes how S1 is emptied, while the second equation describes
the replenishment of S0. The time constant τS1 simultaneously describes the lifetime
of S1 and the replenishment of the ground state because no additional states are
considered [63]. The characteristic solutions of differential equations like these are
exponential rise and decay functions

c(T ) = c0 exp(−
T

τ
), (3.9)

depending on the waiting time T , the effective lifetime τ , and the concentration c.
One possibility for evaluating the data is to generate a set of rate equations and
compare them afterwards to the results. However, if multiple states and relaxation
channels participate in the reaction scheme of the detected sample this is a challen-
ging task.

Thus, the data obtained in this thesis was analyzed by global fitting routines ba-
sed on the mechanisms reviewed by van Stokkum et al. and by using the graphical
interface Glotaran accessing the statistical fitting package TIMP [64–66]. The ba-
sic idea of a global fit in pump–probe spectroscopy is to use a sum of exponential
functions, each representing the lifetime of a certain state or a cooling dynamic.
Each of these time constants is fixed over the entire bandwidth, and multiplied by
a wavelength-dependent amplitude. It is important to assess the minimal number
of time constants needed to adequately fit the data, because if the amount is over-
estimated the fit quality will increase. In addition to these exponential functions,
the fit function is convoluted with a Gaussian shaped instrument response function
(IRF), modeling the coherent artifact and estimating the time resolution. A chirp in
the pump pulse, resulting in slightly varying zero times for different wavelengths, is
considered by using a polynomial function, shifting time zero with increasing wave-
length. This separation into exponential decays and a spectral amplitude is possible
when considering the Lambert–Beer law in Equation 2.19 and combining it with the
exponential decays obtained from using an ansatz of first order differential equations
(Equation. 3.7). Accordingly, the Lambert–Beer law can be rewritten into a sum of
n differently absorbing coefficients, depending on the wavelength and concentration,
exponentially changing with time,

Abs(t, λ) ∝
n−1∑
i=0

ϵi(λ) · ci(t). (3.10)
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No spectral correlation is assumed in the fitting procedure, every wavelength is
treated independently, only the time constants remain the same. For further discus-
sion, the concepts of evolution-associated difference spectrum/spectra (EADS) and
decay-associated difference spectrum/spectra (DADS) are exploited, which are both
weighting the wavelength-dependent parameter differently [64].

Both, EADS and DADS, represent the spectral fitting parameters when a transient-
absorption map, consisting of a set of difference spectra for different waiting times
T , is globally fitted with a parallel rate model (DADS) or a sequential rate model
(EADS). In a sequential model, the excited photosystem relaxes n-times from an
excited state into an energetically favorable state, thus, until the number of estima-
ted time constants is reached and the ground state is replenished. No branching is
possible. By contrast, in a parallel model the photosystem is excited into a series
of states, from where independent relaxation directly into the ground state sets in,
so that the branching is maximal, while no two-step reactions are assumed. Here,
the number n of exponential functions represents the number of excited states. Ac-
cordingly, the corresponding time-dependent change of concentration and connected
change of absorption is

cparai (t) = e
− t

τi × IRF, (3.11)

∆Abspara(t, λ) =
n−1∑
i=1

DADSi(λ) · cparai (t), (3.12)

in the parallel model. The parallel model is very similar to Equation 3.10, no weighing
parameters are necessary. In the sequential rate model (EADS), time-dependent
change of concentration and absorption

cseqi (t) =
i∑

j=1

bije
− t

τj × IRF, (3.13)

∆Absseq(t, λ) =
n−1∑
i=1

EADSi(λ) · cseqi (t), (3.14)

is fitted again. However, the concentration is weighted with the parameter bij

bij =

∏i−1
m=1 km∏

n=1,n̸=j(kn − kj)
, (3.15)

where instead of a time constant τi the corresponding rate ki = 1/τi is used out of
simplicity. This parameter is needed, because not every transition is treated inde-
pendently, but step-wise relaxation from one state into the next is assumed.

In both models each rate represents a photochemical transition. The advantage
of using a sequential fit model is that the corresponding parallel model can be
calculated, while the reverse transformation is not possible. Basically, multiplication
of the difference spectra with the associated concentration profiles results in a three-
dimensional fit of the data. In short, the EADS represent the difference spectra
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at different time delays and specify how these evolve with time. DADS show the
wavelength-dependent amplitude, which is associated with one time constant. It
contains the same overall information as EADS. While EADS provide an overview
on and insight into spectral dynamics, DADS place more emphasis on the structure
of the change. In particular, a DADS sheds light onto a specific time constant and
corresponding relaxation processes, and how the latter are connected to each other.
Introducing the behavior of a system with the help of EADS and discussing details
with the support of DADS is therefore aimed at combining their strengths. However,
DADS are more commonly used for the discussion of time-resolved data, as well as in
pump–probe [27], fluorescence upconversion [48], and even 2D spectroscopy [67–69].

If the exact relaxation mechanism is known, a species associated rate model (also
called target model) can be fitted allowing a combination of branched and multi-step
reactions. The benefit is that the spectral behavior reflects the real absorption and
emission properties of the molecule. However, the fit quality is not increased when
compared to purely parallel or sequential models. An exemplary study can be found
in Ref. [70], however, the additional benefits are marginal in most cases so that this
approach is not further commented on.

3.2.3 Transient-Absorption Spectrometer

Nearly all experiments in this thesis were performed using the transient-absorption
setup in the following as the basis, only the degenerate pump–probe and four-wave
mixing experiments in Sec. 4.6 were performed in a different lab. However, the
specifications were very similar. The pump–probe setup was developed as part of a
former dissertation [58] and is described there in full detail.

The setup was developed with the goal of being adaptable to a number of different
experiments, thus, possessing three different beam lines instead of just two. The
principal layout is shown in Fig. 3.2. The primary probe pulses are obtained by
super continuum generation (black line), while the primary pump pulses are the
output pulses of a NOPA (green line). The third pulse can either be used as a pump
or a monochromatic probe pulse (blue line), depending on the experiment. All pulses
are spatially overlapped at the sample position. All elements placed there can be
positioned by linear stages in order to adjust the optimal position and the effective
angles between pump and probe pulses were minimized to achieve the best possible
overlap and to come as close to a completely collinear configuration as possible. The
entire setup is placed on a (90 ·60) cm large breadboard and inside a nontransparent
box for dust protection, to reduce temporal fluctuations and room-light illumination.

The pump pulse (green) inside the setup is guided via silver-coated (Ag-coated)
mirrors in an all-reflective manner, avoiding as much dispersive media as possible,
and providing achromatic usability. Only the adjustable neutral-density (ND) wheel,
controlling the pump intensity, and the broadband λ/2-wave plate, adjusting the
polarization plane, remain. With a focal length of 200 mm a spot size of ≈ 50 µm
is achieved, the position of which can be adjusted by the focusing mirror, placed
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Figure 3.2: a) Layout of the transient-absorption setup including breadboard dimensi-
ons: Colored lines represent pump or probe beams. The continuum probe beam is detected
spectrally resolved and the other two can be independently chopped with half of the la-
ser’s repetition rate. Pulse intensities are adjustable via neutral density (ND) filter wheels
and focusing optics are adjustable by delay stages. Schematics adapted from Ref. [58]. b)
Exemplary transient-absorption map of a mixed-valence polyradical measured with this
setup. Changes in ∆Abs are color coded, with bluish colors denoting negative and reddish
colors positive signals. For negative time delays ∆Abs = 0 is valid because the pump ar-
rives before the probe. For T > 0 there are a strong GSB (450 nm) and two ESA bands
identified (550 nm, 650 nm). No permanent product formation is observed and all signals
approach zero for long waiting times.

on a linear stage. The most common pump pulses are used from one of two NOPA
systems, allowing a custom adaption of both bandwidth and center frequency.

The variable pulse (blue) was changed in contrast to Ref. [58] from a pure 267 nm
usability to a wider usage, by using Al-coated optics, instead of dielectric high-
reflective mirrors. Hence, both 800 nm, 400 nm, 267 nm pulses are possible as light
sources in addition to the second NOPA. Depending on the wavelength the focusing
lens has to be adjusted and the beam size exceeded the first pump pulse by ≈ 2 times.
Both pulses can be independently moved by computer-controlled mechanized delay
stages of 600 mm length with Al- or Ag-coated retroreflectors (corresponding to
Tmax ≈ 3.4 ns) placed outside the protective box.

Finally, the probe pulses (black), fixed in time, are obtained by focusing ≈ 1 mW
of the 800 nm fundamental into a, constantly linearly moving, 5 mm thick CaF2

window. Thus, continuum pulses, covering the entire visible spectral range instead
of possessing a sharp cutoff at 450 nm, as the previously used Sapphire plate, were
obtained [26, 71]. The strong contribution of the 800 nm seed pulse was elimina-
ted by inserting a custom made hot mirror (Laser Components), designed for high
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transmission between 400 and 750 nm, while 800 nm is blocked, before the beam is
focused into the sample. The beam line is also all-reflective using Ag-coated optics.
Scatter is reduced by inserting a reflective, focusing telescope after the sample and
placing an aperture in the focus. Thus, the beam profile is cleaned and only pure
probe light remains. Broadband, shot-to-shot detection is used by focusing the pro-
be light after passing of the sample into a spectrometer (Acton SpectraPro2500i),
possessing a 2048 · 512 pixel wide, cooled CCD camera (Pixis 2K) as the detector
unit. The signal noise is limited by calculating ∆Abs via shot-to-shot measurements.
Thus, every second pump pulse is blocked using an optical chopper wheel operating
at 500 Hz (half of the laser’s repetition rate of 1 kHz).

An exemplary measurement is shown as a contour plot in Fig. 3.2b). Excitation
at 525 nm is used (gray box) and the entire visible spectral range is probed for
waiting times up to T = 300 ps. Bluish colors denote negative and reddish colors
positive contributions. A negative GSB (450 nm) and a broadband ESA, possibly
splitted into two separate bands is clearly visible (550 nm, 650 nm). All the signal
contributions decay parallely and after 250 ps no time-resolved signal is left, thus,
the entire excited population has relaxed. For these long waiting times and for T < 0
the low noise of the setup is seen. For a more in-depth study of the time-resolved
data measured for a neutral, low-band-gap, mixed-valence polyradical, which exceeds
demonstrating the capabilities of the system used, it is referred to Refs. [72,73].

3.3 Coherent Two-Dimensional Spectroscopy

Coherent two-dimensional (2D) spectroscopy [8,74–77] provides a more versatile and
illustrative approach compared to transient absorption (Sec. 3.2), as it directly rela-
tes the excitation dependence and the spectral response of a system within a single
measurement. In addition to signal contributions known from transient-absorption
experiments (ESA, SE, GSB, PA), coupling or energy or population transfer between
different states can be intuitively extracted. The additional frequency axis, providing
a specific spectral response for every excitation frequency, also separates the beha-
vior of different absorbing contributions, like isomers [78] or chromophores within
a light-harvesting complex [15], and visualizes the interconnection of participating
states.

The result of such a measurement is a contour plot, the so-called 2D spectrum, con-
taining two frequency axes. In Fig. 3.3 a cartoon-like 2D spectrum of a photosystem
absorbing at two different pump frequencies (ω1, ω2) is visualized. Both states show
an elliptical diagonal contribution, where ωPump corresponds to ωProbe. Reddish cir-
cular contributions describe direct coupling between the two states via off-diagonal
signals. The coupling is evident because a system which is excited at one frequency,
for example ω2, absorbs at the frequency of the second state ω1. Thus, a transfer
of population from state two into one must have occurred. In addition, the state
absorbing at ω1 possesses another contribution (bluish circle) which is not coupled
to the second state because the emission frequency is not identical with ω2.
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Figure 3.3: Schematic 2D spectrum, where a spectrally-resolved emission (ωProbe) is com-
bined with an axis relating to excitation (ωPump). As a result, contributions are resolved
which are hidden in a pump–probe experiment, e.g., the two circular reddish off-diagonal
peaks for both ω1 and ω2. By contrast, the bluish peak denotes a signal originating from ω1

that is not coupled with ω2. A 2D spectrum is related to a difference spectra in transient
absorption via integration over the pump axis while the probe axis is retained.

Coherent 2D spectroscopy has been implemented in different wavelength regimes.
2D spectroscopy using pulses in the infrared spectral range (2DIR) enables ana-
lysis of the electronic ground-state behavior and tracks coupling between different
vibrational states [79, 80]. For electronic correlations 2D spectroscopy was realized
in the visible [13,81–83] and recently in the ultraviolet (UV) [84–86] spectral range.
The necessary theoretical background is briefly summarized in the following section
(Sec. 3.3.1). The interested reader is referred to the Refs. [8, 74–76, 87, 88] as far
as a deeper insight is concerned, especially regarding perturbation theory, nonline-
ar optics and the density matrix formalism. After understanding how third-order
polarization is connected to a 2D spectrum (Sec. 3.3.1), Sec. 3.3.2 describes how
a 2D spectrum is obtained from the measured data. The relationship of transient-
absorption, transient-grating, and 2D spectroscopy is covered in Sec. 3.3.3, while the
actually used experimental implementation is described in Sec. 3.3.4.

3.3.1 Theoretical Description of P⃗ (3)(t, r)

In time-resolved spectroscopic measurements within this thesis the detected signal
depends most of the times on the third-order polarization P⃗ (3)(t, r). Multicolor-
excitation experiments are the exception. For transient-absorption, transient-grating
and two-dimensional spectroscopy this polarization coefficient depends upon inter-
action of three electric fields, each one arriving at its own moment in time, with a
quantum mechanical system, the sample. P⃗ (3)(t, r), related to the signal response,
can be calculated by combining perturbation theory and the density formalism in
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Figure 3.4: a) Pulse sequence of a four-wave mixing experiment with heterodyne detecti-
on. The first three pulses (green) at t̃i, separated by coherence time τ or population time T ,
respectively, excite the sample. The emitted response (continuum) is detected via spectral
interferometry using a local oscillator (green) arriving after the pump-pulse interaction. b)
Schematic implementation of a 2D experiment in box geometry. By adding up the wave
vectors (−k⃗1 + k⃗2 + k⃗3) it is evident that the signal direction k⃗S is in line with the LO
direction k⃗LO. Other signal contributions are blocked by an aperture before detection the
spectrally-resolved interference pattern caused by signal and LO is detected.

the Liouville space [8], resulting in

P⃗ (3)(t, r) =

∞∫
0

dt3

∞∫
0

dt2

∞∫
0

dt1S⃗
(3)(t3, t2, t1)

E⃗(t− t3)E⃗(t− t3 − t2)E⃗(t− t3 − t2 − t1). (3.16)

Here, the third order response function S⃗(3)(t3, t2, t1) contains every information
about the measured system itself, while the interaction with the electrical fields at
a certain time is treated by E⃗(t′). The detection of the resulting signal is called
a four-wave mixing experiment because three incident beams generate a coherent
signal response with the emission direction defined by phase matching [8]. In the
following, the most general case of a four-wave mixing experiment, 2D spectrosco-
py, is treated theoretically. The other two methods used, transient-absorption and
transient-grating spectroscopy can be considered as a higher degenerate case of the
former and can be derived from the formalism describing 2D measurements as will be
explained in Sec. 3.3.3. If all excitation pulses share the spectral and temporal profile
it is a one-color measurement [81]. If pulses one and two (which need to be identical)
are different from pulse three it is a so-called two-color 2D measurement [89].
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For a 2D experiment the pulse sequence shown in Fig. 3.4 is used. The three exci-
tation fields, each with its one phase ϕi and wave vector k⃗i denoting the direction
of the corresponding electrical field, are located in time at t̃1, t̃2, and t̃3. The diffe-
rence τ = t̃2 − t̃1 is called coherence time because the corresponding density matrix
is in a state of coherence, i.e., off-diagonal elements are nonzero. The time delay
T = t̃3 − t̃2 = −t̃2 is the population or waiting time. After interaction of the cor-
responding fields only diagonal elements in the density matrix are nonzero in a
two-level system while in a three-level system double coherence contributions are
possible. The (often very weak) signal is measured with the help of a fourth pul-
se, called the local oscillator (LO) pulse, using so-called heterodyne detection. By
detection of the spectral interference pattern caused by signal response and local
oscillator, data extraction becomes possible. However, only the first three pulses are
used for excitation. The LO is strictly used for detection purposes.

In order to obtain the complete third-order response function the phase-sensitivity
of the measured signal is exploited. For a single 2D spectrum the population time
T is fixed and the coherence time τ between the first two pulses is systematically
scanned from −τmax to +τmax. The maximal value of τ has to be large enough that no
coherence is observed any more. After two Fourier transformations, one along τ and
one for t, the response function can be plotted in a contour plot with the frequencies
axes ωτ , denoting the excitation axis, and ωt, denoting the emission axis. The latter
axis is in principle the same as in a transient-absorption experiment while the former
information cannot (easily) be obtained there.

The electrical field E⃗(t) necessary for a 2D experiment is described by

E⃗(t) = Ã(t− t̃1)exp(−iω0(t− t̃1) + ik⃗1r⃗) + Ã(t− t̃2)exp(−iω0(t− t̃2) + ik⃗2r⃗)

+ Ã(t− t̃3) + i⃗k3r⃗) + c.c. , (3.17)

where Ã(t) = A(t) exp[−iϕ(t)] denotes the complex-valued envelope function and ω0

the frequency of the laser pulses [81]. Using this expression to solve Equation 3.16
the experimental and theoretical challenges become evident. Every electrical field
contains 6 different contributions. Therefore, the complete expression P⃗ (3)(r, t) con-
sists of up to 6 · 6 · 6 = 216 signal contributions, which can overlap in space and/or
time. Using phase-cycling mechanisms [90], described in more detail in Sec. 5.5.1,
or phase matching, used in the following, the amount of detected terms can be
greatly reduced. Using the box geometry, i.e., the three identical excitation pulses
and the local oscillator travel alongside the edges of a perfect square, as visualized
in Fig. 3.4b), before they are focused into the sample, the signal is emitted in the
direction k⃗S = −k⃗1 + k⃗2 + k⃗3 = k⃗LO and only 6 terms contribute in signal direction.

A second simplification is the “rotating wave approximation”, which can be used if
the excitation frequency is approximately the monitored transition frequency of the
system under investigation. On the one hand, there are fast oscillating phase terms,
depending on τ . These can be neglected in the data evaluation because positive and
negative contributions cancel each other. On the other hand, also a constant signal
offset or a very slowly oscillating contribution in the integral is observed, which
corresponds to the effective signal.
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Using all this, the polarization vector P⃗
(3)
rw is obtained. Similar to transient-

absorption data there are signal contributions in the 2D spectra corresponding to
stimulated emission, ground-state bleaching, or excited-state absorption. However,
the sign convention is commonly inverted. Advantageous is that the homogeneous
(diagonal width) and inhomogeneous (anti-diagonal width) line width of a diagonal
absorption can be obtained. Off-diagonal peaks visualize direct couplings between
the connect states like transport processes. Monitoring the changes over different
waiting times describe how energy transport proceeds within a photosystem.

3.3.2 Extraction of a Two-Dimensional Spectrum

Theoretically, the third-order polarization is the desired signal, however, experimen-
tally only the signal field E⃗S(τ, T, ωt), or even more precise the signal intensity, is
measured in an optical experiment and not the polarization itself. Therefore, the
relation

E⃗S(τ, T, ωt) ∼
iωt

n(ωt)
P⃗ (3)(τ, T, ωt) (3.18)

has to be used to generate a 2D spectrum. The fact, that the probe or emission
axis is already detected spectrally resolved by the spectrometer after the signal
time t and no additional Fourier transformation has to be performed is already
considered in this expression. The 2D spectrum itself is obtained after a second
Fourier transformation, this time alongside τ , resulting in

S⃗2D(ωτ , T, ωt) =

∞∫
−∞

iP⃗ (3)(τ, T, ωt)exp(iωττ)dτ. (3.19)

The obtained signal field S⃗2D(ωτ , T, ωt) is a complex-valued function depending on
two frequencies [75]. By plotting the real-valued contributions, the change in ab-
sorbance is visualized. While, by plotting the imaginary parts, the change in the
refraction index becomes evident. In photochemistry, the change of absorbance is
commonly of higher interest, since it can easily be connected to a concentration
change using the Lambert–Beer law (compare Sec. 3.2.1). Finally, the signal field
also depends on the population time T . Hence, experimentally often a series of 2D
spectra for different waiting times is measured. This enables tracking of photoche-
mical relaxation both in frequency as well in time.

In principle, the electrical field of the signal response E⃗S(τ, T, ωt) in direction k⃗S has
to be measured directly, resulting in the absolute value and the signal phase. This
is for example done in degenerate four-wave mixing measurements [91]. However,
this signal is very small, aggravating the detection. The signal can effectively be
amplified by using heterodyne detection. Hence, a fourth pulse is employed, the so-
called local oscillator, which spatially overlaps with the emitted signal but shares
no temporal overlap. Afterwards, spectral interference between the signal field E⃗S

and the electrical field of the local oscillator E⃗LO is detected. Commonly the local
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oscillator is either a pulse copy of the third pulse delayed by tLO or the third pulse
itself. The spectrally-resolved intensity is determined as

ISI(ωt) =
∣∣∣E⃗S(ωt)e

iϕS(ωt) + E⃗LO(ωt)e
iϕLO(ωt)

∣∣∣2
= IS(ωt) + ILO(ωt) + 2

√
IS(ωt)ILO(ωt)cos[ϕS(ωt)− ϕLO(ωt)], (3.20)

where the signal amplitude E⃗S(ωt) and phase eiϕS(ωt) can be extracted, while the
corresponding values of the local oscillator are already known.

The extraction of the signal field from the measured data proceeds in four steps.
First, a Fourier transformation of Equation 3.20, experimentally a spectrum with
strong modulations, from the frequency into the time domain leads to three signal
contributions: one around time zero and one each at ±tLO. Second, by using a
rectangular Fourier window around tLO the contributions from the signal field are
separated by setting all other values equal to zero. This is only possible if the signal at
time zero and the one centered at tLO are clearly separated. Accordingly, a minimal
possible delay for tLO is determined. Third, an inverse Fourier transform retrieves
the signal field, still overlaid with contributions from the local oscillator. In a last
step, by dividing the spectrum after the Fourier transform by the LO spectrum and
subtracting effects of the LO phase, the pure signal field E⃗S(ωt)e

iϕS(ωt) is retrieved.

The signal intensification in a heterodyned scheme is attributed to the adjustable
intensity of the local oscillator while the signal intensity is always fixed for a cer-
tain pump intensity. Therefore, the detected signal without heterodyne detection
is proportional to IS(ωt). Using the local oscillator the detected oscillating phase-
sensitive term is proportional to

√
IS(ωt)ILO(ωt). Hence, by increasing the intensity

of the local oscillator the signal intensity also increases. As a result, in experiments
with heterodyne detection often pulse intensities with ≈ 1 nJ are used compared
to roughly 10 times higher intensities in pump–probe geometry based experiments
without heterodyned schemes.

However, the signal extraction is aggravated by experimental challenges. Equati-
on 3.20 represents the ideal case, while in reality the signal pulse is overlaid by
scattered light. The heterodyne detection scheme not only intensifies weak signals,
but also scatter, resulting in the measured intensity I123LO [88, 92]. However, by
setting the Fourier windows around the time of the local oscillator only coherent
scatter within this time window has to be considered. By measuring the signal re-
sponse with only the third pulse and the LO present (I3LO) and the response with
pulses one and two and the LO present (I12LO) and subtracting them from I123LO

ISI(ωt) = I123LO(ωt)− I3LO(ωt)− I12LO(ωt) (3.21)

the signal intensity ISI(ωt) is obtained and data evaluation can proceed as described.
A drawback is the necessity to perform additional measurements, which do not
contribute to an increased signal-to-noise ratio. Only scatter is effectively reduced.

The signal is not only weak but also depends strongly on the phases of the excitation
pulses. If one beam path is deranged, e.g., by a loose optical element, an unknown
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temporal shift occurs, leading to uncertainties between the measured and the calcu-
lated time delays. As a result, the corresponding 2D spectra are distorted because
not every element is attributed to the right time. Thus, phase stability between the
pulses is necessary. Whereas for 2D measurements in the infrared actively stabilized
possibilities exist [93], passive solutions are preferred for electronic 2D spectroscopy
employing visible or ultraviolet pulses because of the shorter wavelengths. One so-
lution is pairwise beam manipulation, where optical elements always influence two
beams [82]. While this passive technique does not provide perfect phase stability, a
satisfactory precision of λ/100 is commonly observed [83,85].

As previously explained, a full 2D data set has a real-valued (called absorptive)
and a complex-valued (called dispersive) contribution, which are plotted in separate
spectra. However, this separation requires knowledge about the absolute phase, but
often only the phase difference between two or more pulses is controllable. However,
the absolute phase can be determined by comparing phase-insensitive transient-
absorption data for a specific waiting time with 2D data for the same population
time T . The spectrally resolved pump–probe amplitude, divided by the square root
of the probe pulse intensity, is related via the projection-slice theorem to the real-
valued 2D spectrum [13, 75]. More precisely, the projection of the real-valued 2D
spectrum onto the ωt-axis has to be identical to the pump–probe data, thus:

S⃗TA
!∝ Re

(
ωt

n(ωt)
E⃗Pr(ωt)

∫ ∞

−∞
S⃗2D(ωτ , T, ωt)e

iϕc+i(ωt−ω0)tcdωτ

)
. (3.22)

By numerically varying different values for ϕc, the absolute phase, and tc, a timing
offset between pulse 3 and the local oscillator, different real-valued 2D spectra are
generated, which all possess the same absolute value. The corresponding projections
are compared with the pump–probe data STA, which does not depend on the absolute
phase at all, until sufficient convergence is obtained. This process of determining and
correcting the phase offset in a 2D spectrum is called “phasing”. Without this process
a separation of the 2D spectrum into real and imaginary parts is not allowed, only a
plot of the absolute value is possible. This signal correction is important to extract
the information, which can directly be attributed to the absorbance change.

3.3.3 Relationship of Time-Resolved Spectroscopic Techni-
ques

While coherent 2D spectroscopy allows extraction of the complete third-order signal
field S⃗2D(ωτ , T, ωt) also other, related techniques exist. They often retrieve only a
small part of the latter signal but have lower requirements. Two other spectroscopic
techniques, transient grating and transient absorption, are also used in this thesis
and their relation to 2D spectroscopy is now explained.

One possibility is transient-grating spectroscopy in box geometry. This measurement
is performed similar to a 2D experiment, but pulses one and two arrive always at
the same time (τ = 0) while the population time T is scanned. Therefore, transient
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grating is a degenerate 2D measurement. The first two pulses interfere with each
other generating a spatial modulation, which possess the wave vector (−k⃗1 + k⃗2).
Using the Bragg condition the signal field is emitted in k⃗S = (−k⃗1 + k⃗2 + k⃗3). By
using heterodyne detection, very low excitation densities are possible. The retrieved
signal field contains information about the lifetime of the excited-state population.
In principle, ESA, SE, and GSB can be detected on the probe axis and no influ-
ence of the excitation frequency is resolved. The information content is similar but
not identical to a transient-absorption measurement introduced in Sec. 3.2. Often,
a transient-grating experiment is performed before a 2D measurement to obtain
information about photostability and basic photochemistry of a sample.

Transient-absorption spectroscopy is also a four-wave mixing experiment. The pump
pulse used there has to be treated as a pump-pule pair arriving simultaneously,
hence, with zero time-delay and opposing wave vectors k⃗1 = −k⃗2. The probe pulse
corresponds to the third excitation pulse, causing the signal to be emitted into the
same direction. Afterwards, the signal is resolved by spectral interferometry with
the probe pulse itself as the local oscillator. Therefore, transient absorption and 2D
spectroscopy are intrinsically connected. Reversing the point of view 2D spectros-
copy can also be seen as a more advanced transient-absorption measurement with
a spectrally-resolved pump-axis. Accordingly, experimental implementations are in
use, where a near-monochromatic excitation pulse is scanned over many different
frequencies and constructs a 2D spectrum step-by-step. However, there the time
resolution is limited by the smaller excitation bandwidth [69, 94]. To the approach
presented in this section is commonly referred to as Fourier transform 2D (FT-2D)
and the maximal resolution, both in the time and frequency domain, is achieved.

3.3.4 Two-Dimensional Spectrometer for the Ultraviolet Re-
gime

The 2D experiments in box geometry in Sec. 4.6 were performed with an all-reflective
miniaturized setup optimized for ultraviolet applications developed by Selig and co-
workers in this group [34,83,95]. While phase stability using pairwise beam manipu-
lation is used, similar to another implementation present in the lab [83], the use of
only conventional optics was not possible due to the need to generate four different
beams in the ultraviolet.

The entire setup, depicted in Fig. 3.5, is surrounded by a protective housing and
possesses a footprint of less than 0.1 m2, which ensures minimal optical pathways of
all beams and as little as possible introduced dispersion. The incoming laser light,
consisting of a single beam, is focused onto a 2D-crossed grating (customized design,
g = 6.25 µm, Carl Zeis MicroImaging), which generates multiple beams of differing
orders. Choosing four of the same order via a mask in a squared arrangement, the
three necessary excitation pulses and the local oscillator are generated. All four are
nearly perfect copies of each other. Using two off-axis parabolic mirrors (OAP) with
the same focal length f = 15 cm the beams are recollimated and focused onto the
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Figure 3.5: Schematics of the used 2D setup optimized for applications in the UV. After
generation of four pulses by a crossed grating (CG), pair-wise beam manipulation is pos-
sible by two delay stages (DS1, DS2). Collimation and focusing is performed by off-axis
parabolic mirrors (OAP1, OPA2). The beams travel in a perfect square (box geometry).
All emitted signal contributions, which do not travel in direction k⃗LO are blocked and the
signal response is measured in a heterodyned fashion. Adapted from Ref. [34].

sample plane after different pulse pairs travel over a pair of delay stages. Using a
motorized delay stage (MFA-CC Newport) and a piezo actuator (PX 200 CAP, Pie-
zosysteme Jena) beams three and four can be delayed in relation to one and two
(DS 1). By usage of a second piezo actuator of the same type beams one and three
can be delayed in relation to two and four (DS 2). This combination of three different
delay adjustments enables a systematic scanning of T and τ as explained in detail
in Ref. [96]. The local oscillator (pulse four) is additionally delayed by 2 ps using a
neutral density filter wheel (the only dispersive element), which additionally enables
adjustment of the signal strength. After the sample is excited, only the heterodyned
signal is detected using the same type of spectrometer as in the transient-absorption
setup described in Sec. 3.2.3. Pulses one, two, and three can be blocked by mecha-
nical shutters, enabling measurements of the different scattering contributions as
previously explained. However, as these shutters are not synchronized to the laser
repetition rate no shot-to-shot measurements are possible. A more detailed summa-
ry of the setup is given in Ref. [92], detailing information about the construction,
phase stability and obtained 2D spectra in the ultraviolet spectral range.



Chapter 4

Ultrafast Exciton Dynamics of a
Bisporphyrin

4.1 Introduction

Porphyrins, a cyclic subclass of tetrapyrroles, constitute a class of molecules whose
derivatives are of great importance for a wide facet of processes in nature. Tetrapyr-
roles and their congeners serve as cofactors in proteins where they fulfill a variety
of functions: for example, chlorophyll a, a reduced porphyrin containing magnesium
ions, plays a central role in photosynthetic electron and energy transfer, whereas
heme, an iron porphyrin, participates in the transport and storage of diatomic ga-
ses. To understand the primary steps of the aforementioned processes, femtosecond
investigations have emerged as an essential tool [97,98]. The versatility of synthetic
porphyrins is also widely exploited in many different emerging areas. In medicine,
synthetic porphyrins are used for the treatment of neurodegenerative diseases [99]
and cancer [100]. In physics and chemistry, applications comprise molecular electro-
nics [101, 102], artificial light harvesting [103], ultrafast electron transfer in donor–
acceptor complexes [104,105], and efficiency control of organic solar cells [106]. Un-
derstanding the ultrafast processes involved in all of these applications is a necessity
for a full physicochemical characterization of (artificial) porphyrins, as for example
the light signal transmission in molecular photonic wires proceeds through excited-
state energy transfer [107]. Actually, a multitude of time-resolved studies on various
porphyrinoid systems, differing in their central metals and substitution patterns,
some published recently, documents this trend [105,108–113].

In this chapter the ultrafast dynamics of a directly β,β′-linked bisporphyrin, which
contains a unique framework within the class of porphyrin dimers because of its
intrinsic axial chirality, is explored in a racemic mixture and compared to the pho-
tophysics of its monomeric building block [114–117]. The results were obtained in
a cooperation between three different research groups. Prof. Dr. G. Bringmann and
coworkers were responsible for the synthesis (Dr. D. C. G. Götz) and the density
functional theory (DFT) (Dr. T. Bruhn) (Institut für Organische Chemie, Universi-
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a) b)

Figure 4.1: Molecular structures of: a) ZnTPP, a metalated monoporphyrin, and b)
(ZnTPP)2, which consists of two ZnTPP units connected via direct β,β′-linkage; only
one of the two stable enantiomers (with P-configuration) of the racemic mixture is shown.

tät Würzburg), while Prof. Dr. D. Guldi and M. Sekita obtained the nanosecond data
(Department Chemie und Pharmazie, Universität Erlangen-Nürnberg). Figure 4.1b)
displays the structure of bis[tetraphenylporphyrinato-zinc(II)] [(ZnTPP)2], which
consists of two identical monoporphyrins, namely 5,10,15,20-tetraphenylporphyrins
(ZnTPP) [Fig. 4.1a)], linked via a covalent bond between two β-positions. In contrast
to directly linked bisporphyrins reported previously [118,119], the axial chirality of
the ‘super-biaryl’ (ZnTPP)2 is independent of the substitution pattern of the two
subunits, but solely arises from its intrinsically C2-symmetric β,β′-coupling motif.
The bulky phenyl substituents, introducing large steric hindrance in combination
with the Zn-metalation, which rigidifies the molecular backbone, and the direct
linkage without any spacers leads to a rigid bisporphyrin, effectively hindering ag-
gregation and rotation of the monomeric subunits [115]. This results in two stable
enantiomers in P- or M-configuration, contained in the racemic sample in which the
experiments were performed. In contrast, directly meso,meso’ -linked zinc bispor-
phyrins seem more flexible as far as temporal relaxation of photoexcited porphyrins
is concerned, stressing the photophysical interest in β, β′-linked bisporphyrins [120].

In the following, the photodynamics of (ZnTPP)2 are presented in a comprehensi-
ve way revealing the complex reaction scheme. Section 4.2 summarizes the state of
literature for porphyrins and introduces the concept of molecular excitons. Transient-
absorption measurements comparing the dimer (Sec. 4.5) to its building block
ZnTPP (Sec. 4.4) together with excitation into the first and second electronical-
ly excited state show that excitonic effects strongly contribute to the photophysical
behavior in the dimer. The influence of these excitonic contributions to the rela-
xation pathways is then directly visualized with the help of coherent electronic 2D
spectroscopy in Sec. 4.6, additionally combined with degenerate transient-absorption
and transient-grating measurements possessing ultrafast time resolution. These ex-
periments reveal that in addition to ultrafast non-radiative relaxation, population
transfer happens within the excited states of the dimer. All conclusions inferred from
the different measurements are then summarized in Sec. 4.7.
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Parts of this chapter were already published and are reproduced in part with per-
mission from Ref. [116]1 (Sec. 4.4 and 4.5) and from Ref. [117]2 (Sec. 4.6).

4.2 Physicochemical Properties of Porphyrins

As a result of their diversity, porphyrins are the system of choice for many photo-
chemical and photophysical experiments. Therefore, an overview of their molecular
chemistry (Sec. 4.2.1) and the modeling of porphyrins (Sec. 4.2.2) is given, extended
by the introduction of molecular excitons (Sec. 4.2.3).

4.2.1 Spectral Characterization of Porphyrins

Porphyrins, also called cyclic tetrapyrroles3, are large planar molecular systems con-
sisting of four pyrrole rings linked via methine groups, used as bridges, in a cyclic
arrangement. As a result of this cyclic arrangement, a discoidal heterocyclic macro-
cycle with a common conjugated π-system is formed [121,122]. The basic porphyrin,
with the Lewis structure shown in Fig. 4.2, is called “free base (porphin)” and pos-
sesses 18 π-electrons, thus, obeying Hückel’s rule for aromaticity, which requires
(4n + 2) π-electrons [123]. The free base is a tautomeric structure because the four
inner nitrogen atoms are only bound to two hydrogen atoms in order to form an
electronically saturated compound. Thus, two different stable configurations, each
with the hydrogen atoms placed on the opposite site of each other are possible [124].
By changing the environment of this π-system, feasible by two different methods,
the chemical properties of porphyrins are tailorable for a specific application [125].

First, the macrocycle possesses 20 different binding positions, separable into three
categories. There are 8 α-positions where the carbon atom is next to a nitrogen
atom, representing a functional unit, 8 β-positions, which are two carbon atoms
apart from a nitrogen atom, and 4 meso-positions, which are located at a com-
pletely achiral environment. By adding substituents possessing positive or negative
mesomeric and/or inductive effects the properties of the π-system are changed. Ex-
emplary binding positions are shown in Fig. 4.2 by black arrows. In addition, the
N-H-H-N axis is arbitrarily chosen as the x-direction (blue arrow) of all transition
dipole moments while the N-N axis represents the y-direction (red arrow).

Second, via insertion of a metal into the center of the macrocycle the structure of
the π-system also changes, resulting in three different kinds of metalloporphyrins.
These are closed-shell metalloporphyrins with zinc or magnesium central atoms,
which possess large spin-orbit couplings. These result in non-radiative transitions
between singlet and triplet states, which are normally forbidden in a dipole-dipole
approximation with neglected spin-orbit coupling. However, for these porphyrins the

1Copyright: PCCP Owner Societies [2013], DOI: 10.1039/C2CP23608G
2Copyright: Institute of Physics [2013], DOI: 10.1088/1367-2630/15/2/025006
3There exist also linear tetrapyrroles, which are not treated within this thesis.
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Figure 4.2: Chemical structure of the free base porphyrin. Exemplarily, binding positions
are marked by black arrows and the direction of the two transition dipole moments through
the N-N axis are marked by blue (x-direction) and red (y-direction) dotted arrows.

coupling contributions are so strong that they cause important reaction pathways.
In open-shell, paramagnetic porphyrins with cobalt or copper atoms fluorescence is
quenched while in open-shell diamagnetic porphyrins with nickel inside the emission
properties are dominated by spin-orbit coupling due to low lying metal triplet states.

As a consequence of the aromaticity porphyrins possess multiple absorption bands
reaching from the ultraviolet into the visible spectral range. These bands can be
spectrally shifted and altered in their relative intensity by metalation and differing
substitution patterns. Since basically the properties can be tailored to one’s wishes,
the physicochemical interest in these photosystems is explained. Porphyrins possess
a broad but weak absorption in the visible spectral range, the so-called Q band,
which represents the first electronically excited singlet state S1. For the free base
porphyrin four different absorptions are present resulting from the D2h-symmetry,
hence, possessing only 2 mirror planes and a twofold rotational axis, of the ma-
crocycle, while after insertion of a metal only two bands remain. After metalation
the tautomerism is no longer present and the transition dipole moments are now
degenerate for x- and y-directions resulting in the new more symmetric point group
D4h, possessing a four-fold rotational axis. An additional consequence of this dege-
neracy is the Eu-symmetry of all transitions into the Q band, which are of the π-π∗

kind [125].

A much stronger absorption (5 to 100 times more intense), the so-called Soret or
B band, is located at around 400 nm and caused by transitions into the second
excited singlet state S2. For Zn-metalloporphyrins, which are used in this work, all
emission and absorption properties are based on the properties of the π-electrons in
the macrocycle and no additional absorption bands emerge resulting from metal-to-
ring charge transfer [126].
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Figure 4.3: a) Gouterman’s four orbital model for the free-base porphyrin. The directions
of the transition dipole moments are marked in blue (x-direction) and red (y-direction) as
defined via the two N-N axes. b) Resulting states after pure molecular orbital calculations
(left) and after inclusion of a configuration interaction term (right).

4.2.2 The Gouterman Model

In porphyrins, two different electronically excited states, which strongly differ in
their absorption strength, are present. Therefore, the classic molecular orbital theo-
ry consisting of one highest occupied molecular orbital (HOMO) and one lowest
unoccupied molecular orbital (LUMO) cannot even sufficiently explain the linear
photophysical characteristics. Martin Gouterman developed in the 1960’s a mo-
del which explains all essential features of free-base and metalloporphyrins, which
nowadays is still used for intuitive explanations of the observed photophysical ef-
fects [125,127]. His approach combines previously used molecular orbital calculations
combined with configuration interaction theory [128].

In a first step the two highest occupied and the two lowest unoccupied molecular
orbitals are calculated via Hückel theory. One HOMO and one LUMO are not suffi-
cient because in porphyrins two HOMOs and LUMOs are always degenerate. Thus,
they are not separable. Afterwards, configuration interaction theory, which genera-
tes new effective states by superimposing two molecular orbitals, is applied to both
HOMOs and LUMOs. This is used to explain the large difference in the absorption
coefficients of the first and second electronically excited singlet state. By considering
configuration interaction electronic transition are no longer directly related to a sin-
gle molecular orbital aggravating descriptive explanations. The relative contribution
of each molecular orbital for a certain transition is strong if both states share the
same symmetry and increases even further with shrinking energetic difference.

In Fig. 4.3a) the HOMOs and LUMOs for a non-metalated porphyrin are shown. All
transitions are isoenergetic and the transitions Ψ1 → Ψ4 (Ψ1 → Ψ3) and Ψ2 → Ψ3

(Ψ2 → Ψ4) share the same symmetry, thus, interact strongly. The quantitative
contribution of each transition dipole moment µ⃗MO

j,g to the transition Ψi → Ψf

(abbreviated ΨiΨf ) is the configuration-interaction coefficient Ai,f
j,g. A

i,f
j,g denotes the

relative contribution of the Ψj → Ψg transition to the effective transition from ΨiΨf
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with the transition dipole µ⃗CI
i,f , hence

µ⃗CI
i,f =

∑
j,g

Ai,f
j,gµ⃗

MO
j,g . (4.1)

Since the energies of the two contribution states are degenerate the configuration-
interaction coefficient Ai,f

j,g for all contributions is Ai,f
j,g = ±1/

√
2. Accordingly, the

first four singlet excited states resulting from all possible linear combinations are

Qx =
1√
2
(Ψ1Ψ3 +Ψ2Ψ4) , (4.2)

Qy =
1√
2
(Ψ1Ψ4 −Ψ2Ψ3) , (4.3)

Bx =
1√
2
(Ψ1Ψ3 −Ψ2Ψ4) , (4.4)

By =
1√
2
(Ψ1Ψ4 +Ψ2Ψ3) , (4.5)

with x and y as the direction of the resulting transition dipoles [125]. Two transiti-
ons belong to higher energetic states, thus, forming the Soret band (Bx, By). The
remaining two transitions form the lower-energetic Q band (Qx, Qy) as visualized in
Fig. 4.3b). The degeneracy of the HOMOs and LUMOs leads to an effective tran-
sition probability of 0 in both the Qx and Qy state. If the degeneracy is lifted but
the states are still in close proximity upper tendencies (strong B-band/weak Q-band
absorption) remain valid [127]. Moreover, the Q band is generally associated with
the first electronically excited singlet state S1 while the Soret band relates to the
second electronically excited singlet state S2.

Therefore, the Gouterman model provides a comprehensible picture for the descripti-
on of photophysical processes in porphyrins. Furthermore, the necessity of separating
the transition dipole moments into two effective ones, which possess orthogonal di-
rections, is stressed. While they are degenerate in a monoporphyrin, this can lead
to different states, possessing different energies in case of a dimer. This will become
evident when excitons and/or more complex porphyrinoid systems are considered in
the next sections.

4.2.3 Molecular Excitons

In solid state physics, especially to explain the absorption of a photon by an atomic
lattice resulting in moving charge carriers, often the concept of excitons, introduced
by Frenkel in 1931 [129] is used as an explanation for the observed characteristics.
Over the course of time this concept was extended beyond the well-ordered lattice,
via molecular crystals for polymers and finally for dimers in solution [130]. Three
different definitions of an exciton, each stressing the importance of different proper-
ties, thus, explaining certain aspects better, are often used [131]. These definitions
are:
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• An exciton corresponds to an excitation of an assembly of atoms in concert
in contrast to a localized excitation. This definition explains the properties of
two-dimensional atomic lattices well.

• An exciton is a wave packet traveling through an assembly of atoms and arises
from a superposition of states belonging to single atoms. Especially electronic
energy transfer is explained well in this picture.

• An exciton is a moving, neutral excitation “particle”, which consists of a nega-
tive charged electron combined with a positive charged hole and linked move-
ments through the compound where it was generated. It is important to note
that no actual ionization takes place but essentially the behavior in the valence
and conduction band of semiconductors is explained within this definition.

These definitions and the deducted properties describe the spectroscopic charac-
teristics and the flow of excitation energy within all kinds of media at different
temperatures. The next section is based on the comprehensive study of excitons
in [132] and is predominantly based on the second description.

Within this work only excitonic effects in dimers will be discussed for two reasons
(a theoretical as well as an experimental treatment of excitonic effects in multichro-
mophore systems can be found in Ref. [92]). On the one hand, the main focus of
Chapter 4 is (ZnTPP)2, a porphyrin dimer, and dimers are the simplest system
where these excitonic effects occur. On the other hand, by treating all effects within
the dimeric framework a solid theoretical background without many approximati-
ons can be used in contrast to very large systems, which require more assumptions,
for example in regard to their number of allowed transition states. The following
description is based on physical dimers, defined as two interacting molecules which
do not need to be chemically-linked to each other [132]. Hence, a very generalized
approach can be used and the results are applicable to a lot of different systems. In
addition, strong coupling is assumed between the monomers and all wave functions
are not properly antisymmetrized. This anti-symmetrization can be neglected as long
as there is no exchange of electrons between the two subunits. All obtained results
can be transferred to chemical dimers. The latter is defined by the existence of a real
chemical bound between the building blocks, as it is the case for the covalently-linked
(ZnTPP)2.

The behavior of two identical monomeric units each with their own Hamiltonian Ĥn

is determined by two independent Schroedinger equations

Ĥn|φi
n⟩ = εin|φi

n⟩. (4.6)

The eigenenergies εin and their eigenstates |φi
n⟩ are dependent on n which denotes

the monomeric unit (using subscripts 1 and 2) and i referring to the ground or the
first excited singlet state of each subunit (using superscripts 0 and 1). Accordingly,
the Hamiltonian of the dimer Ĥ consists of the two monomeric terms (Ĥ1, Ĥ2) and
an additional exchange potential (V̂ )

Ĥ = Ĥ1 + Ĥ2 + V̂ , (4.7)
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where all three are described by point-dipole point-dipole terms obtainable via mul-
tipole expansion. By using only the quadratic term of this expansion the simplest
possible approximation is used. While this is sufficient here, there are cases where
higher order contributions need to be taking under consideration. In order to obtain
the new dimeric eigenenergies and eigenstates, one has to solve the corresponding
Schroedinger equation

Ĥ|Ψf⟩ = Ef |Ψf⟩. (4.8)

The ground-state wave function |Ψ0⟩, where neither monomer is excited and the
first excited-state wave function |Ψf⟩, which is a linear combination of two terms,
where one of the monomers is excited, are

|Ψ0⟩ =|φ0
1φ

0
2⟩, and (4.9)

|Ψf⟩ =cf1|φ1
1φ

0
2⟩+ cf2|φ0

1φ
1
2⟩. (4.10)

Both are obtained via the valence bond or Heitler-London theory, i.e., the eigen-
functions of the perturbed system are equal to linear combinations of the product
of molecular eigenfunctions. Therefore, only one ansatz is necessary to describe the
electronic behavior in contrast to molecular orbital theory, which requires one ansatz
for each electron [42]. The coefficients cf represent the relative excitation of the two
subunits. In a homodimer, this means for two identical monomers, the energies εin are
the same, which simplifies the possible coefficients to c11 = c12 = c21 = −c22 =

1
2

√
2

after performing the necessary normalization. Inserting these values in Equation 4.10
leads to two non-degenerate eigenstates belonging to the first electronically excited
state

|Ψ±⟩ = 1√
2

(
|φ1

1φ
0
2⟩ ± |φ0

1φ
1
2⟩
)
. (4.11)

By solving the Schroedinger equation 4.8 with these wave functions in addition to
an arbitrarily chosen ground-state energy of 0 the energy of the first electronically
excited state of a dimer is

E± = ⟨Ψ±|Ĥ|Ψ±⟩

=
1

2
(ε11 + ε12 + ⟨φ1

1φ
0
2|V̂ |φ1

1φ
0
2⟩︸ ︷︷ ︸

=:V11

±⟨φ1
1φ

0
2|V̂ |φ0

1φ
1
2⟩︸ ︷︷ ︸

=:V12

±⟨φ0
1φ

1
2|V̂ |φ1

1φ
0
2⟩︸ ︷︷ ︸

=:V21

+ ⟨φ0
1φ

1
2|V̂ |φ0

1φ
1
2⟩︸ ︷︷ ︸

=:V22

).

(4.12)

Again using the fact that for a homodimer the eigenenergies and corresponding
wave functions are identical, i. e., ε11 = ε12 and φn

1 = φn
2 , resulting in V11 = V22 and

V12 = V21, this term is simplified to

E± = ε1 + V11 ± V12. (4.13)

Equation 4.13 shows the energies of the two split excitonic states, which will be
compared to the first electronically excited state in the corresponding monomers.
The energies consist of three contributions. The main energy contribution in the
dimer for both states is ε1, which is also the excited-state energy of the monomeric



4.2 Physicochemical Properties of Porphyrins 47

building block. In addition, both new states E± are shifted by V11 towards lower
energies in comparison to the monomer. This stabilization stems from increased van
der Waals interaction in the dimer because the proximity of the two subunits is
beneficial for the entire system from an energetic perspective. The third and most
interesting term is the Davydov splitting 2 · V12, because this term describes the
energetic difference of the two non-degenerate states, which previously formed a
single first excited state. This term basically is the main difference going from a
monomer to a dimer and splits the energy level of the first excited state, resulting
in a double peak structure. The Davydov splitting 2 · V12 = 2 · VD is mainly caused
by dipole-dipole interaction and results from

V̂D =
µ⃗1 · µ⃗2 − 3(µ⃗1 · R̂)(µ⃗2 · R̂)

R3
, (4.14)

with the unit vector

R̂ = (r⃗2 − r⃗1)/|r⃗2 − r⃗1| (4.15)

as the relative position vector of the two subunits positioned at r⃗1 and r⃗2 in relation
to the origin, R as the spatial separation and µ⃗n as the transition dipole moment of
the first or second monomer.

Therefore, the absorption spectra of a dimer, which possesses two absorption bands
in the vicinity of the monomeric transition from the ground state into the excited
state, can be described by a shift and a subsequent splitting of the eigenenergies. The
lower-energetic state is denoted as S1α while the higher-energetic state is denoted as
S1β from now on. The relative strength of the two absorption bands, which do not
represent the excitation of a single monomer but are resulting from a superposition
of excited monomeric states, can differ strongly. The absorption dipole strength for
the two transitions is

D± =
∣∣∣ 1√

2
µ⃗1 ±

1√
2
µ⃗2

∣∣∣2 = |µ⃗|2(1± cos θ), (4.16)

where θ represents the angle between the two transition dipole moments µn and ±
denotes the energetically higher or lower state.

Two common configurations for dimers are the parallel arrangement of the buil-
ding blocks, corresponding to head-to-tail configuration (J-dimer) or to the stacked
sandwich-type arrangement (H-dimer) where one monomer is on top of the other.
For both cases the angle θ = 0° is observed, thus, the absorption dipole strength
has its maximum value for one transition while the other transition is completely
forbidden. However, resulting from the in-line or parallel orientation of the transi-
tion dipole moments, the allowed or forbidden transition is exchanged for the two
dimer configurations as visualized in 4.4. For a dimer with oblique transition dipole
moments, which often corresponds to chemical dimers, both transitions are allowed
albeit the effective transition for each transition is weaker. However, easy estimation
whether the dimer is more of an J-type or more of an H-type system is possible
because the main absorption is then either red- (J-type) or blue-shifted (H-type)
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Figure 4.4: Transition dipole moment orientation and exciton energy level-diagrams for:
a) a J-type dimer (transition dipole strength: 0 for S1β); b) an H-type dimer (transition
dipole strength: 0 for S1α); c) a dimer with oblique relative transition dipole moments:
both transitions are allowed. Dotted horizontal lines represent states whereto no transfer
occurs; solid lines represent the states which are populated after excitation. The dimer itself
is represented by two rhomboid structures with inserted arrows indicating the direction of
the main dipole moment above each diagram. Principle adapted from [130].

in regard to the monomer. This is only valid if the Davydov splitting is large in
comparison to the increased stabilization caused by the additional van der Waals
interaction (|V11| < |2 · VD|).
The previous paragraphs dealt with the splitting of the excited states in a dimer
and considered the effects of a single light-matter interaction. However, time-resolved
properties and multiple excitations were not considered. Taking these into account
the energy level diagram has to be extended by an additional state, the so-called
double-excited state at an energy level of E = hνS1α +hνS1β

. This state results from
the fact that a system excited into either S1α can absorb a second photon, before the
first excitation has relaxed, and be excited into S1β and vice versa. In order to excite
directly into this state a two-photon excitation is necessary as was theoretically and
experimentally shown in Ref. [133]. This additional signal corresponds to an ESA
signal in a pump–probe experiment and the first excitation to GSB, however, both
the excitation into S1α and S1β originates from the same ground-state belonging
to the entire dimer [132]. The energy level diagram in Fig. 4.5a) corresponds to
this scheme with violet arrows denoting transitions with the frequency of the S1β-S0

transition and blue with the S1α-S0 transition. The black arrow symbolizes possible
relaxation from S1β into the energetically more favorable S1α.

In the following paragraphs it is described how excitonic effects occur in a modeled
pump–probe experiment. Fig. 4.5b),c) shows calculated difference spectra from a
hypothetical transient-absorption experiment for a system with the energy level
diagram in Fig. 4.5a). Arbitrarily Gaussian shaped pulses with a width of 7 nm
centered at 427 nm (S1β) and 443 nm (S1α) were chosen. All possible transitions
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Figure 4.5: a) Energy level diagram of dimer consisting of S0, S1α, S1β , and the double-
excited state. Transitions with the S1α-S0 frequency are in blue, transitions with the S1β-S0

one are in violet. b) Difference spectra obtained by exciting directly into S1β consisting of
GSB (blue) and a combined SE and ESA signal (green). c) Difference spectra after exciting
directly into S1α consisting of GSB (blue) and a combination of SE and ESA (green) signal.

(SE, GSB, and ESA) were assumed to be identical in their corresponding absorption
strength. The red difference spectrum consisting of a large negative peak at 427 nm
in Fig. 4.5b) corresponds to the signal received after excitation into S1β. Accordingly,
the common ground state is depopulated resulting in a bleach of both absorption
bands (blue spectra). However, stimulated emission is only possible from S1β since
the entire excited-state population is there, while a second photon can excite the
dimer into the double-excited state resulting in a strong positive ESA. These two
effects combined result in the green contribution. Hence, it seems that only the S1β

transition is bleached while the entire excitable ground-state population is gone.

By contrast, Fig. 4.5c) corresponds to the difference spectra obtained after excitation
solely in S1α or after relaxation from S1β into S1α has occurred. Here, seemingly
only the weaker transition is bleached (red) while again the entire ground state is
depopulated, as opposed to half of it, since half of the bleached signal has vanished
(blue) but this time SE is possible from S1α, while the absorption of a photon with
the energy of the S1β transition leads to the double-excited state. It is important to
note that no relaxation effects are considered, the two spectra correspond to static
configurations, where the entire population is either in S1α or S1β.

4.3 Experimental Conditions in the Transient-
Absorption Experiments

ZnTPP and (ZnTPP)2 were synthesized according to literature [114,115] in the re-
search group of Prof. Dr. G. Bringmann (Institut für Organische Chemie, Universi-
tät Würzburg), additionally purified by preparative gel permeation chromatography
(GPC) and analyzed by NMR and UV/VIS spectroscopy before and after the optical
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Figure 4.6: a) Optical transmission properties of two filters eliminating the seed in the
probe beam. The HT VIS (red) possesses a rather flat high-transmission curve in the
entire visible domain (the dip at 400 nm results from the dielectric coating, blocking the
fundamental at 800 nm [26]). The FGL850 longpass filter (Thorlabs) transmits only above
850 nm (blue). b) Supercontinuum spectrum (green) obtained in the NIR after blocking
of the fundamental and all visible contributions. Please note the logarithmic scale and the
nonzero spectrometer noise level (black).

experiments to exclude photodegradation. The molecules were dissolved in ethanol
with a concentration of 130 µM (ZnTPP) or 75 µM [(ZnTPP)2], corresponding to
a maximal optical density of 1 OD or 0.75 OD in the Soret band, respectively, di-
rectly prior to the femtosecond time-resolved measurements. This high absorption
was chosen in order to measure the photodynamics of the first two excited singlet
states, whose effective absorption strengths differ at least one order of magnitude,
within a single measurement.

For the spectroscopic experiments, steady-state absorption spectrometers (Hitachi
U-2000 or JASCO V 670) with a 200 µm flow cell and a fluorescence spectrometer
(JASCO FP-6300) with a 1 mm flow cell were used. Both a femtosecond [20] and a
nanosecond transient-absorption spectrometer setup were employed.

Details on the transient-absorption setup and the measurement procedures are given
in Chapter 3.2. In this chapter both 400 nm excitation pulses, resulting in a time
resolution of ≈ 100 fs, focused down to a diameter of d = 200 µm, as well as 560 nm
pulses, resulting in a time resolution of ≈ 50 fs, focused down to 50 µm, were used.
The continuum probe pulses had a width of ≈ 40 nm slightly depending on the
respective probe wavelength. All measurements were performed in the magic angle
configuration with an angle of 54.7° between pump and probe pulse polarization by
changing the pump polarization direction with a half-wave plate in order to avoid
anisotropic signal contributions [57].

In addition to common measurements with a probe continuum in the visible spectral
range, also experiments with a probe in the NIR regime were performed [134]. One
possibility to conduct these experiments would be the use of two (N)OPAs, e.g.,
used in Ref. [110] — one serving as the ultraviolet or visible pump pulse source and
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the other one as the near-infrared probe pulse generator [135]. However, because
of the small bandwidth of the probe pulse a combination of single measurements
would be necessary in order to obtain pump–probe data, which is frequency-resolved
along the probe axis. Using the fact that spectral broadening after focusing an
intense beam into a nonlinear media is observed for both directions of the frequency
axis (Fig. 2.2d), [136]) nearly the same experimental configuration as for transient-
absorption measurements in the visible can be used for these kinds of experiments.
For example, this was demonstrated for the laser dye IR140 by Xu and coworkers
who identified and investigated a cis/trans photoisomerization in this dye [137–139].

The transient-absorption setup described in Sec. 3.2.3 is used for these experiments
with the pump beam configuration unchanged. However, some modifications in the
probe beam were necessary in order to access the spectral range above 800 nm. As
explained there the fundamental is blocked after the probe continuum is generated,
in order to avoid saturation of the detector because the intensity of the 800 nm
exceeds the white-light intensity by multiple orders of magnitudes. Fig. 4.6a) shows
the spectral transmission properties of the edge filter HT VIS (red) (custom desi-
gned by Laser Components) used in the standard setup, however, measured with
unpolarized light in a steady-state spectrometer. Basically the entire visible spectral
range and even parts of the near-infrared regime pass the filter with a transmission
coefficient of more than 70%. The dip at 400 nm is a result of the dielectric coating
of the mirror, which is designed to block 800 nm, which also impacts harmonics of
this wavelength [26]. This edge filter cannot be used in the NIR because the em-
ployed monochromator (Acton SpectraPro 2500i) is based on a grating, thus, only
one octave broad spectra are detectable at once in contrast to prism based detector
systems. The reason for this is that the second order signal contributions of the 400
to 750 nm white-light contributions spectrally overlap with the near-infrared spec-
trum above 800 nm, thus, aggravating the signal identification and retrieval. This
was avoided by the use of a commercial longpass filter (Thorlabs FGL850, 2 mm
Schott Glass), which possesses very good transmission properties above 850 nm [blue
curve, Fig. 4.6a)] instead of the standard HT VIS filter. In addition to the very flat
transmission curve above 900 nm, the entire visible spectral range and the 800 nm
fundamental is nearly completely blocked. In Fig. 4.6b) the measured superconti-
nuum (green) is shown in a semi-logarithmic plot. The black curve corresponds to
the dark background of the CCD camera. The usable wavelength range is from 850
to 1000 nm, above which only very weak intensities were observed. In addition,
the spectrometer can still be calibrated by common calibration lamps like Neon,
Hg(Ar), and Krypton, which possess well documented line spectra up to 1000 nm.
Calibration measurements on IR140 yielded similar results as obtained by Xu and
coworkers [138,139] confirming the usability of probe pulses in this spectral region.

The nanosecond transient-absorption measurements were also performed with a
home-built setup albeit in the group of Prof. Dr. D. Guldi (Department Chemie und
Pharmazie, Universität Erlangen-Nürnberg). The excitation was generated using the
output of the second harmonic (532 nm) from a Nd:YAG laser (Quanta-Ray GCR-
11, Spectra Physics). Pulse durations of less than 5 ns with energies of up to 7 mJ
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were selected. The optical detection was based on a pulsed xenon lamp, a monochro-
mator, a photomultiplier tube or a fast silicon photodiode with 1 GHz amplification
and a 500 MHz digital oscilloscope. The laser power of every laser pulse was registe-
red by detecting a picked off beam with a photodiode. Several time delays between
2.5 and 150 µs were measured at room temperature with a sample density of 0.1 OD
at the excitation wavelength of 532 nm in argon-saturated ethanol.

Calculations were performed by Dr. T. Bruhn in the research group of
Prof. Dr. G. Bringmann by using Gaussian09 [140] with the ωB97xD [141] func-
tional for the optimizations and CAM-B3LYP [142] for the TD calculations both in
combination with the 6-31G* basis set [143,144] (6-311G* for Zn [145,146]). For all
calculations the conductor-like polarizable continuum model (abbreviated C-PCM
in literature) was used to consider solvent effects [147]. Oscillator strength values
were taken from the length formalism and overlaid with Lorentzian curves using
SpecDis [148, 149] and a gamma value of 0.05 eV. The overall UV curve was red-
shifted as compared to the experiment and therefore a shift of 29 nm was applied
to get a better fit of the computed curve with the experimental one.

4.4 ZnTPP — Introducing a Photophysical Model
Compound

The motivation for a time-resolved study on ZnTPP despite the many known pro-
perties is twofold: first, the fairly well-understood ZnTPP serves as a reference com-
pound for the study of (ZnTPP)2 later on, which is the main topic of this chapter
and represents a new class of porphyrinoid systems. Second, since multiple electro-
nic states are participating in the photophysical relaxation, using excitation into
S1 and S2 in combination with a global analysis scheme enables a more extensive
analysis of the monomer than reported up to now. At first a summary about the
basic properties of ZnTPP will be given (Sec. 4.4.1) and the non-time resolved pro-
perties analyzed (Sec. 4.4.2). Finally, the main part of this section, the pump–probe
data, is presented (Sec. 4.4.3) and used to generate a comprehensive reaction scheme
(Sec. 4.4.4). The results of the following section are published in Ref. [116].

4.4.1 Literature Overview

A serious discussion about and interpretation of the relaxation dynamics of
(ZnTPP)2 requires thorough understanding of its monomeric building block
tetraphenylporphyrinato-zinc(II) [ZnTPP, Fig. 4.1a)] [150, 151]. ZnTPP consists of
the free base framework (shown in Fig. 4.2) but with Zn metalation and four phenyl
rings attached to meso-binding positions. In nature, porphyrins usually occur in the
form of metal complexes. Zinc possesses a closed shell of valence electrons, a pro-
perty greatly simplifying data interpretation because the absorption and emission
properties are then to a large degree governed by π-electrons of the macrocycle [126].



4.4 ZnTPP — Introducing a Photophysical Model Compound 53

Further reduction of complexity stems from the D4h-symmetry of ZnTPP also used
by Gouterman in his theoretical description of the electronic properties of porphyrins
summarized in Sec. 4.2.2 [125]. Moreover, ZnTPP has reasonable fluorescence quan-
tum yields from both the Q and the Soret band. Hence, exploration of the electronic
structure with time-resolved optical measurements is feasible by detecting stimu-
lated emission or fluorescence originating from there. In contrast to excited-state
absorptions these two signals can intuitively be attributed to the responsible state
by comparing the data to results obtained by linear techniques. In the following, an
overview of results obtained with time-resolved methods in literature is given.

Group of Solvent τ1/ fs τ2/ ps τ3/ ps τ4/ ns
R.P. Steer [152–154] Ethanol 150 2.35 10–20 1.88
A. H. Zewail [150] Benzene 200 1.5 12 1.7

R. M. Hochstrasser [108] Chloroform “inst” 1.2 18 2.2

Table 4.1: Exemplary time constants for ZnTPP where τ1 corresponds to IVR in S2,
τ2 is the lifetime of S2, τ3 corresponds to cooling dynamics in S1, and τ4 corresponds
to the S1 lifetime. The abbreviation “inst.” stands for “instantaneous”. In addition to
the ultrafast time-scales given above, the T1 lifetime was measured to be 23 ms in 2-
methyltetrahydrofuran [155].

After excitation into S1, ZnTPP undergoes intersystem crossing (ISC) into the
lowest-lying triplet state T1 with an efficiency of 97% in ethanol solution [152]. This
effect dominates the S1 lifetime of 1.88 ns. The T1 lifetime was measured to be 23 ms
in 2-methyltetrahydrofuran [155]. The remaining relaxation pathway constitutes S1-
S0 fluorescence with a quantum yield of 3% [152]. From S1, as well as from T1, higher
states are formed upon absorption of a further photon. The S1-Sn transitions are
of particular importance, since their extinction coefficients are as large as those of
the Soret band, thus, large excited-state absorptions evolve in transient-absorption
measurements [156]. In contrast to other photosystems one important relaxation
pathway from these high-energy states Sn starts in S2, namely fluorescence to the
ground state exists. However, stronger fluorescence is observed from S1 as expected
from Kasha’s rule. Furthermore, the photophysics of these higher-excited states can
be controlled by multiphoton processes as theoretically shown in Ref. [157]. From
S1, several reaction pathways set in, like intersystem crossing and fluorescence. Ex-
citation into S2 also occurs upon direct absorption of a UV photon in addition to
upper multi-step processes via S1 [150]. Intramolecular vibrational relaxation (IVR)
in S2 marks the fastest hitherto resolved time-scale for ZnTPP. This time constant
in ethanol has been determined to be 60-90 fs by Gustavsson and coworkers [158],
using fluorescence up-conversion, and to be 150 fs by Fontaine-Aupart and cowor-
kers [159] via transient-absorption spectroscopy. From the S2 state, fluorescence is
observed with a quantum yield of only 0.14% when excited at 400 nm [154]. Most
molecules undergo internal conversion into S1 with an S2 lifetime of 2.35 ps in etha-
nol [153]. Finally, intermolecular vibrational-energy transfer proceeds on a 20 ps
time-scale [108]. Table 4.1 summarizes time constants available from literature and
visualizes the good agreement obtained by independent groups [116].
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Figure 4.7: Steady-state absorption (solid lines) and fluorescence spectra (dashed lines) of
ZnTPP (black) and (ZnTPP)2 (red). Q-band absorption and emission (inset) is similar for
ZnTPP and (ZnTPP)2, consisting of two contributions each, the Soret band in (ZnTPP)2,
however, shows an additional Davydov splitting and no vibrational substructure [116]. The
latter is clearly seen in the black spectrum of the monomer at ≈ 400 nm.

4.4.2 Steady-State Characterization

The steady-state absorption (black, solid) and fluorescence (black, dashed) spectra
of ZnTPP dissolved in ethanol are displayed in Fig. 4.7. The absorption spectrum
consists of four identifiable contributions. The Soret band S2 itself peaks at 421 nm,
while the weaker maximum at 400 nm is assigned to a convolution of transitions of
vibrational states in accordance with literature [160]. The Gouterman four-orbital
model [125] predicts two degenerate S2 states, and a fit with multiple Gaussian-
shaped functions in Ref. [161] provided the best results with three functions centered
at 401.6, 420.9, and 421.6 nm indicating a slight splitting of 39 cm−1 between the
nearly degenerate bands and the existence of at least three states in this spectral
region, with the one at 401.6 nm identified as a vibrational substructure. The much
weaker absorbing porphyrin Q bands are found at 556 nm [vibrational hot state
Q(1,0)] and 594 nm [vibrational ground state Q(0,0)] and no loss of degeneracy
is observable. The measured spectrum matches well known ones from literature
[150, 151]. When compared to the free base which possesses four separate Q-band
absorptions the influence of the metalation is visualized [110].

In the emission spectra (inset, dashed) clearly distinguishable fluorescence is ob-
served at 600 nm [Q(0,0)] and 649 nm [Q(0,1)] originating from the excited-state
population caused by the two Q-band absorptions. The emission spectrum measured
is not corrected for possible re-absorption and both emission and absorption overlap
around 600 nm. Thus, a quantitative signal analysis is not easily possible. However,
the position of the bands and the twofold splitting agrees well with spectra published
in literature [150,151].
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Figure 4.8: Transient-absorption data of ZnTPP after excitation with 400 nm pump
pulses covering the visible spectral range. After a time delay of 1 ps the scale of the
ordinate changes from linear to logarithmic spacing.

4.4.3 Transient-Absorption Measurements

Photodynamics after Soret-Band Excitation

Transient-absorption data after excitation into hot vibrational states of S2 with
400 nm pump pulses are shown in a contour plot in Fig. 4.8. Up to 1 ps spacing
of the data points is linear. Afterwards, logarithmic scaling is chosen in order to
provide insight for long time delays of up to 3.5 ns in addition to resolving ultrafast
contributions on the fs time-scale simultaneously. Bluish colors denote negative and
reddish colors positive changes in absorbance. Soret-band absorption at 421 nm,
Q-band absorptions (556 nm, 594 nm) and stimulated emission around 650 nm is
clearly identified in addition to broad excited-state absorptions over the entire visible
spectral range. The identified vibrational substructure could not be resolved with
the continuum probe spectra.

For an intuitive understanding of the participating time-scales, transients represen-
ting the three most important absorption and emission bands, the Soret band (blue),
the Q band (green) and the stimulated emission (red) in combination with corre-
sponding fits (black) obtained via global fitting, whose background is explained in
Sec. 3.2.2, are shown in the Fig. 4.9. The black curves visualize the excellent fit
quality. Five time constants were needed to fit ZnTPP’s dynamics after 400 nm
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Figure 4.9: Transient behavior at selected wavelengths reflecting the dynamics of the Soret
(blue) and Q band (green) and stimulated emission (red). Fit results from the global fitting
routine are shown in black. Note the changing scale of the abscissa and the ordinate [116].

excitation and the spectrally resolved amplitudes are shown in Fig. 4.10 (EADS in
top and DADS in bottom panel). The fifth time constant relates to a permanent
offset in the measurements. It summarizes the relaxation processes, which occur on
a time-scale beyond the first few nanoseconds and are therefore not resolved. For
example, additional triplet pathways often occurring with µs time constants should
be considered [116].

Some of the spectral features that are displayed in Fig. 4.10 are described in more
details in this section. Because of the many overlapping contributions, whenever
a dip is mentioned, it relates to a negative contribution often on top of another
transient signal, such as an excited-state absorption (ESA). The discussion starts
with explaining the EADS, which are very close to spectral cuts of the measured
data, the difference spectra. First, the data in Fig. 4.10 exhibit a dominant negative
signal right after the excitation (black), which is centered at 420 nm corresponding
to the Soret band. This signal then loses 25% of its initial amplitude on a time-scale
of 140 fs (red) and further decreases by 10% with 2.1 ps (blue). Beyond this point
no significant evolution of this peak was noted (green and cyan).

Second, the black EADS clearly shows a dip at 447 nm, representing stimulated
emission originating in S2. It red-shifts to 452 nm and decreases in intensity on a
time-scale of 140 fs. This signal completely vanishes on a time-scale of 2.1 ps.

Third, a positive signal, an ESA, is observed between 433 and 536 nm. Its strength
increases with time until the blue EADS is reached. From there on, the ESA de-
creases slightly and its maximum red-shifts from 450 to 453 nm on a time-scale of
100 ps. The cyan EADS crosses the blue, green, and red EADS at approximate-
ly 489 nm. The evolution of the ESA for higher and lower energies connected at
this isosbestic point reveals an increase and decrease, respectively, on a time-scale
of 1.9 ns. Finally, the remaining signal is a rather sharp ESA centered at 460 nm.
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Figure 4.10: EADS (top) and DADS (bottom) of ZnTPP excited at 400 nm showing
the temporal changes associated with five time constants: 141 fs (black), 2.1 ps (red),
97 ps (blue), 1.9 ns (green), and a constant offset (cyan). For better visualization, the data
for wavelengths above 430 nm are additionally shown as a magnified graph (right-hand
ordinate) and black arrows denote the corresponding ordinate [116].

Hence, the previous broadband ESA changed into a spectrally narrower more in-
tense excited-state absorption, indicating a population transfer because of the large
change.

Fourth, all EADS exhibit a dip centered at 556 nm [Q(1,0)]. Nearly the entire evolu-
tion at this probe wavelength is the same as that of the broad ESA, on top of which
the dip is observed. However, a further dip at longer wavelengths, corresponding to
Q(0,0), behaves differently. Its position is at 594 nm (red), then shifts to 597 nm
(blue and green), before it blue-shifts back to 594 nm (cyan). The blue and the green
EADS exhibit one further dip at 659 and 656 nm, respectively corresponding to the
Q-band emission wavelengths observed in the fluorescence measurements. The other
EADS are rather structureless in this wavelength region.

The connection between different relaxation processes is better seen in the DADS in
the bottom panel of Fig. 4.10. Two of the most obvious findings are that the decay
at 452 nm is directly connected to a rise at 656 nm with a time constant of 2.1 ps
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Figure 4.11: EADS (top) and DADS (bottom) of ZnTPP excited with 560 nm showing
the temporal changes associated with five time constants: 143 fs (black), 1.9 ps (red),
17 ps (blue), 2.0 ns (green) and constant offset (cyan). For better visualization, the data
for wavelengths above 430 nm are additionally shown as a magnified graph (right-hand
ordinate) and black arrows denote the corresponding ordinate [116].

(red) and that the decays at 597 and 656 nm are both attributed to a time constant
of 1.9 ns as evidenced by the two dips (green) and that they also correspond to the
sharpening of the ESA at 460 nm.

Photodynamics after Q-Band Excitation

Figure 4.11 shows the corresponding EADS and DADS of ZnTPP when excited
at 560 nm, thus predominantly the Q band is populated. They look very similar
to those corresponding to the 400 nm excitation discussed previously, except that
contributions from the fastest dynamics — occurring with 140 fs and 1.9 ps — are
much smaller in amplitude. The description of the dynamics of ZnTPP upon S1

excitation will be done by using DADS (Fig. 4.11, bottom) in the next paragraph.

The black DADS in Fig. 4.11 clearly shows the existence of SE at 652 nm right after
excitation in contrast to Fig. 4.10 where the SE starts after 2.1 ps. In addition, a dip



4.4 ZnTPP — Introducing a Photophysical Model Compound 59

at 418 nm and a positive peak at 424 nm, resulting in a slight red shift of the overall
difference spectrum on the associated time-scale of 140 fs are identified. This effect
is reversed on the 1.9 ps time-scale of the red DADS. One further significant contri-
bution coming from the red DADS is a positive peak at 659 nm, which represents an
increase in SE. The blue DADS has a positive peak at 423 nm and a negative dip at
445 nm indicative of the shift of the ESA maximum (as also observed in Fig. 4.10).
Furthermore, the blue DADS shows a positive peak at 597 nm and a dip at 668 nm
both of which are faint. The green DADS, associated with the 2.0 ns time constant,
has negative dips at 430, 464, 655, and a faint one at about 604 nm. There is also
a very broad positive signal with a maximum at 526 nm connected to the negative
peak at lower wavelengths with an isosbestic point at 489 nm. The cyan DADS
is identical to the cyan EADS and can be regarded as the offset for the measured
evolution. There is also no noticeable difference between the four cyan curves in
Fig. 4.10 and Fig. 4.11 as expected. Since they relate to a permanent offset, they
should be identical for both parallel and sequential models. Table 4.2 compiles the
time constants obtained by globally fitting the ZnTPP transient-absorption data.
They are in very good agreement with the results in literature (see Table 4.1).

λP / nm τ1/ fs τ2/ ps τ3/ ps τ4/ ns
400 140± 30 2.1± 0.1 97± 2 1.9± 0.1
560 140± 30 1.9± 0.1 17± 1 2.0± 0.1

Table 4.2: Time constants obtained by global fitting routines for the relaxation dynamics
of ZnTPP after excitation into S1 (560 nm) and S2 (400 nm).

4.4.4 Development of a Temporal Relaxation Scheme

The steady-state absorption spectrum shown in Fig. 4.7 (black) provides the basis
for interpretation of the transient data. It directly reveals that the negative signals at
421, 556, and 594 nm are (at least partly) attributable to ground-state bleach. Nega-
tive contributions arising from stimulated emission from the Q band are discernible
at 600 and 649 nm in accordance with the fluorescence measurement. The positive
contribution followed by a negative dip at the latter wavelength relates to the oc-
cupation and depopulation of S1, since it is solely due to SE from S1. This SE and,
in turn, the S1 occupation increases on the time-scale of 2.0 ps (Fig. 4.10). Thus,
this time constant is attributed to S2 → S1 internal conversion. The same signal
also enables the estimation of the lifetime of the S1 state to 2 ns since the SE si-
gnal vanishes on this time-scale via intersystem crossing into T1. While intersystem
crossing often is a weak pathway this can be the dominating contribution in Zn
metalloporphyrins as explained in Sec. 4.2.1. This also explains the signal changes
between 433 and 536 nm, i.e., sharpening of the ESA at 460 nm and the decaying
broadband absorption. The ESA to the blue of the isosbestic point at about 489 nm
is a transition from T1, while the ESA to the red is a transition from S1. The former
is growing at the expense of the latter with time [116].
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The assignment of the two remaining time constants is more challenging. The 10-
100 ps cannot be unambiguously identified. On the one hand, the spectral blue
shift of the ESA at 451 nm indicates vibrational-energy transfer or excess energy
transfer to the solvent since higher photon energies are required to induce a resonant
transition into higher energy states after relaxation. On the other hand, the blue-shift
of the peak at 649 nm is in contradiction to this interpretation, since SE generally
red-shifts with increasing relaxation. A remaining explanation for the blue-shift of
the SE band is a thermal equilibration between the two (nearly) degenerate states
predicted by Gouterman’s model after predominant population of the lower-lying S1

state by S2 → S1 IC. Both processes may happen on roughly the same time-scale,
which hampers resolving their individual contributions. This would also explain the
observed relatively large uncertainty, ranging from 20 to 100 ps, in the estimated
value of the underlying time constant.

Figure 4.10 shows that the 140 fs component is large in the Soret band. The as-
signment is based on the following considerations: First, the amplitude decreases
drastically upon 560 nm rather than 400 nm excitation. In other words, the corre-
sponding transition has to involve the S2 state directly. Second, the red EADS in
Fig. 4.10 shows no SE at 649 nm, which rules out a transition into S1. Third, a
transition from S2 directly to the ground state is observable via SE at 447 nm in
Fig. 4.10 but no GSB recovery is seen in the Q band. The latter would be detectable
if a direct ground-state transfer is a significant relaxation channel, so that this path-
way is only very minor. Taken the aforementioned together, the 140 fs component
must be attributed to a process involving the population of the vibrational ground
state of S2 — for example vibrational relaxation or IC from higher states into S2.

However, the second state involved in the transition remains unknown. Since the
black DADS in Fig. 4.10 does not show a transition into S0 (no GSB recovery
at 560 and 600 nm), its decay is not the GSB-related recovery of S0. The two
remaining options are an increasing ESA or a decreasing SE. The latter option
appears reasonable because the system was excited into S2 and SE may well arise
from these initially excited states at wavelengths close to the Soret absorption band.
As such, the negative peak of the red DADS at 424 nm must also relate to SE. The
wavenumber difference to the peak at 420 nm in the black DADS is 240 cm−1.
Hence, from Fig. 4.10, it is possible to retrieve that SE is disappearing at 420 nm on
a time-scale of 140 fs, reappearing red-shifted on the same time-scale, where the SE
vanishes again with 2.1 ps. The latter time constant relates to the population of the
Q band, therefore, the vanishing of SE from S2 corresponds well to this population
transfer. Identical statements are valid for the dips at 447 nm (black DADS) and
452 nm (red DADS), which are reasonable wavelengths for fluorescence and SE from
S2 [150]. Here the shift corresponds to 250 cm−1 but a clear estimation is hindered
by the large ESA on top of the contribution.

In the following three processes are considered to explain the observed red-shift of
stimulated emission around 450 nm. First, vibrational modes of tetrapyrroles are
known to lie as close as 23 cm−1 above the vibrational ground state, so that the
observed shift could be IVR [160, 162]. However, vibrational modes so close to the
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Figure 4.12: Reaction scheme for ZnTPP showing the relaxation pathways after excitation
with 400 nm (blue) and 560 nm (green). Excited molecules relax with 140 fs within S2, from
there IC into S1 with 2 ps sets in. After relaxation processes within S1 on a ps time-scale
most molecules proceed into T1 via ISC within 2 ns [116].

vibrational ground state are very sparse. The median vibrational wavenumber is
more in the realm of 1300 cm−1, i.e., around 400 nm where the vibrational side
band can be observed in the steady-state spectrum [162, 163]. Therefore, it seems
rather unlikely that these few vibrational modes carry such extraordinary emission
strength.

Second, the shift in SE could arise from a transition between the two (nearly) dege-
nerate B states predicted by Gouterman’s four-orbital model [125]. The energy spa-
cing of 39 cm−1 estimated by fitting Gaussian functions to the steady-state spectrum
shows the possibility of an SE shift in the data when the excited-state population
relaxes from the higher-energetic into the lower-energetic state of the two, only near-
ly, degenerate states. Such an estimation of the energy splitting by fitting Gaussian
functions– indicative of electronic states — is at best a very rough approximation,
since it neglects vibrational fine structure. However, a lifting of degeneracy was alrea-
dy observed in the condensed phase [164] substantiating this possibility, whereas no
splitting was observed in ZnTPP when seeded in pulsed supersonic expansions [160].
It is not possible in the experiment to detect the absorption belonging to each of
the two states separately because of the small energetic difference, which is much
smaller than the observed broadening caused by solvation, thus only one broad fea-
ture, shifting with time, is observed. Since both states share the same symmetry
they should also carry comparable absorption and emission strengths. However, the
excitation wavelength for the data represented in Fig. 4.10 was 400 nm, i.e., the
molecules initially have excess vibrational energy, and vibrational relaxation has to
take place. Excitation at 560 nm yields somewhat smaller but still observable con-
tributions from S2, for example SE around 450 nm, which can only be explained
by two-photon absorption. Since the decay of SE yields the same time constant of
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140 fs as after 400 nm excitation, relaxation from Sn, with n > 2, states excited
by two-photon absorption with 560 nm (corresponding to an effective excitation at
280 nm) shows that the redistribution of the initial excess energy indeed happens
on a time-scale much faster than 140 fs.

Lastly, the solvent might respond to the new distribution of electronic density in the
S2 state, which differs from the one in the ground state, by rearranging itself. This
would lead to an effective energetic downshift of the S2 potential energy surface and,
hence, to a red-shift of emission as observed (Stokes shift). ZnTPP exhibits a very
small S2 Stokes shift of 115 cm−1 in ethanol [165], so that this option seems viable.
However, while examples of rearrangements on sub-picosecond time-scales exist, it
is known to usually take place on a fast picosecond time-scale [166] and is therefore
relatively unlikely to occur within the observed time constant of 140 fs. Moreover,
this option does not take into account that the main Soret-band absorption arises
from more than one final state. In light of the aforementioned, none of these three
processes should be excluded based on the data acquired over the course of this
work, but a vibrational Stokes shift seems to be the most viable solution. In related
studies on ZnTPPs relaxation dynamics, the preferred assignment is IVR, however,
further possibilities were not discussed [158].

The determined time constants are consistent with those from literature, thus, de-
monstrating the analysis scheme’s usefulness and reliability in relaxation process
description and model establishment for ZnTPP. Additionally, a framework for the
description of the relaxation processes of (ZnTPP)2 is generated. Literature assi-
gnment of the 140 fs and the 10-100 ps components to vibrational relaxation are
purely based on the order of magnitude arguments [108, 158, 159]. To the best of
my knowledge, assignments based on spectral properties are not reported for these
two components and it is therefore not surprising that the results presented here
indicate that the addition of different processes to vibrational relaxation provide
alternative explanations. All the discussed results are gathered in the energy scheme
in Fig. 4.12, which corresponds well to the one obtained in Ref. [151].

4.5 (ZnTPP)2 — How Dynamics Change upon
Going from Monomer to Dimer

In the previous Section ZnTPP was thoroughly analyzed. The knowledge gained the-
re is used in the following to assess the properties of (ZnTPP)2, a directly β, β′-linked
bisporphyrin. Attention is especially drawn to the excitonic behavior, expected in a
dimeric system, and how this influence changes the temporal properties in the Soret
band as well in the Q band. In principle the same technique, pump–probe spectros-
copy, as before will be used, but in a wider variety of experiments. The results of
the following section are published in Ref. [116] and it is organized as follows.

At first, a summary of porphyrin dimers in literature is given (Sec. 4.5.1), directly
followed by a steady-state sample characterization of (ZnTPP)2 (Sec. 4.5.2). After-
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wards, a wide array of transient-absorption experiments is performed, with multiple
excitation and detection spectral ranges, even time delays up to microseconds are
analyzed in order to get as much information as possible (Sec. 4.5.3). Lastly, all
the experimental information is analyzed and discussed within two different possi-
ble reaction schemes, especially differing in how the behavior in the Soret band is
explained, and compared to the monomeric scheme.

4.5.1 Literature Overview

A multitude of time-resolved studies concerning covalently-linked porphyrins ha-
ve been conducted since an efficient route for their synthesis has been developed
independently by Therien and coworkers [167] and Osuka and coworkers [168]. Lea-
ding examples are dimers and polymers [56,108,120], linear arrays of various lengt-
hs [109,169], thin films [170], rings [118], and boxes [171,172]. In early work, Hoch-
strasser and coworkers, investigated an ethyne-bridged meso,meso’ -linked and a
β, β′-linked dimer [108]. The latter dimer differs from the dimer that is reported on
here by the presence of an ethyne bridge rather than a direct linkage. This is import-
ant, since rotational movements of the different porphyrin monomers in non-directly
linked systems are in most cases possible without restrictions. In ethyne-bridged di-
mers with large substituents, rotation is already exacerbated by an energetic barrier
for β, β′-linkage [108]. Beyond that it is strongly hindered for the direct linkage, even
resulting in two stereochemically stable enantiomers [114]. However, this hindrance
does not exclude possible ‘wobbling’ of the dihedral angle. To explain the observed
relaxation dynamics, Hochstrasser and coworkers developed a model, necessitating
two conformers, differing in and distinguished by the dihedral angle between the
subunits in meso,meso’ -configuration, which both participate in the relaxation. In
contrast, this assumption is discarded for the description of an ethyne-bridged β, β′-
linked ZnTPP dimer, whose relaxation mechanisms are still not fully understood
and could not be resolved because of their ultrafast occurrence [108,116].

Kim and coworkers, who investigated a large variety of meso,meso’ -linked oligomers,
subsequently picked up and refined the two-conformers idea. The conformer that is
predominantly present in the ground state is assumed to exhibit a dihedral angle of
90°, whereas it is believed that 0 ≪ ΘD < 90° holds for the other, smaller fraction of
molecules. The ratio of excited conformers is influenced by the excitation wavelength.
The first relaxation step after S2 excitation occurring on the 300 fs time-scale in the
case of the meso,meso’ -linked dimer in toluene solution happens solely in S2 [120].
This step is followed by a temporally unresolved τ < 100 fs internal conversion
from S2 to S1. In S1, the molecule can undergo isomerization between the ΘD = 90°
conformer and the 0 ≪ ΘD < 90° conformer on a time-scale of 8 ps, while the S1

lifetime was measured to be 1.93 ns [120].

Additionally, Kim and coworkers incorporated an excitonic model considering the
electronic porphyrin structure [109, 120]. Dimers are the simplest model system for
excitonic exchange in which degeneracy from two nearly identical electronic states
is found as shown in chapter 4.2.3 for a model system with large Davydov splitting



64 Ultrafast Exciton Dynamics of a Bisporphyrin

B
Z

B
X

B
Y

B
X

B
Z

B
Y

B
X

B
X

Θ
D
 = 90°

Θ
D
 < 90°

θ

90°

dimer

Θ
D
 = 90°

dimer

0 < Θ
D
 < 90°

monomer

B
X
, B

Y
, B

Z

B
X
- B

X

B
Y
, B

Z

B
X
+B

X

B
X
 - B

X

B
Y
 + B

Z

B
Y
 - B

Z

B
X
+ B

X

a) b)

Figure 4.13: a) Directions of the transition dipole moments of the monomer (BX, BY, BZ)
for dihedral angles ΘD = 90° (top) and ΘD < 90° (center), and the linear combination into
the excitonic states of the meso,meso’ -linked dimer (bottom) (illustration adapted from
Ref. [109]). For ΘD ̸= 90°, the degeneracy of the dimeric states is lifted. b) Calculated
structure of (ZnTPP)2 indicating similarities to the ΘD < 90° meso,meso’ -linked dimer.
For clarity, only two phenyl substituents in meso-position are drawn [116].

in the first excited state. In contrast, porphyrins have a large splitting in the Soret
band. Figure 4.13a) depicts how the electronic states of the monomer change due
to excitonic interactions between two porphyrin moieties for a meso,meso’ -linked
dimer in the Soret band for two different dihedral angles. Both moieties have a tran-
sition dipole moment BX aligned parallelly with respect to each other. The associa-
ted electronic states couple, thus, forming two excitonic states. On the one hand,
the energetically higher-lying state is dipole-forbidden and, on the other hand, the
lower-lying state is fully allowed [bottom panel of Fig. 4.13a)]. In addition to these
excitonic states, two degenerate states resulting from the BZ and the BY transition
are noticed in-between the excitonic states. Owing to the perpendicular orientation
of these two transitions, they do not couple. As a consequence, the associated states
only exhibit a weak excitonic character and largely maintain their monomeric, i.e.,
localized character. For dihedral angles different from 90°, the degeneracy between
the now coupled BZ and BY states is canceled and the distinction between monome-
ric and excitonic states fades away, but remains valid in principle [109]. The 300 fs
process mentioned above for relaxation in S2 is explained by a transition between the
two lowest-lying states. In the Q bands, similar excitonic splittings are not observed
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due to the much smaller transition dipole moments [108, 120]. This observation in-
dicates that the lowest-lying singlet electronically excited states are weakly coupled,
localized states, which preserve the z-y degeneracy associated with the S1 state of
the monomers. The dimeric state associated with the Q band is simply denoted as
S1 without further differentiation in the following. A compilation of measured time
constants for dimers similar to the one studied here is given in Table 4.3. Again
there is a good agreement between different studies but the properties of different
bisporphyrins vary in important details like the lifetime of the Soret band.

linkage solvent τ1/ fs τ2/ ps τ3/ ps τ4/ ns
meso,meso’ [120] toluene 300 8 – 1.93
ethyne β, β′ [108] chloroform 150 18 – 1.6
meso, β [173] acetonitrile – 4.1 59 1.76

β, β′ acetonitrile – 8.5 – 1.79

Table 4.3: Measured time constants for bisporphyrins with different linkage.

In this work, the excitonic model of Kim and coworkers will be transferred to dimers
with β, β′-linkage. The presented approach is based on the common molecular buil-
ding block ZnTPP for the meso,meso’ - and β, β′-linked dimers and on the fact that
the monomeric transition dipole moments are aligned in a similar way [Fig. 4.13b)].
Only a twofold splitting was observed with steady-state absorption measurements in
the UV and VIS spectral range, indicating nearly degenerate states in the original
publication where (ZnTPP)2 was first introduced [115]. Therefore, it is aimed to un-
derstand the influence of excitonic interactions by comparing (ZnTPP)2 to ZnTPP,
and to investigate how appropriate the model developed for meso,meso’ -linked por-
phyrin dimers is for (ZnTPP)2.

4.5.2 Steady-State Characterization

Figure 4.7 shows the steady-state absorption spectrum (red, solid) of (ZnTPP)2
dissolved in ethanol. The dimer exhibits two strong absorption bands in the So-
ret region as a result of excitonic Davydov splitting. The higher-energy absorption
features a maximum at 428 nm and appears to be broader than the lower-energy
Soret absorption with a maximum at 443 nm. The former one is red-shifted by
≈ 400 cm−1 with respect to the main Soret absorption of ZnTPP at 421 nm. An
additional difference to ZnTPP is that no vibronic substructure is evident compared
to the peak in the monomer centered at 400 nm. Nevertheless, small contributions
from minor transitions might be hidden under the broader absorption features of
the bisporphyrin, for example at 414 nm a shoulder is visible.

In addition, the dimer exhibits two Q-band absorptions at 563 and 601 nm (red,
solid). The former maximum is red-shifted by ≈ 20 cm−1 with respect to the main
Q-band absorption of ZnTPP at 556 nm but very similar in shape. Two fluorescence
bands (red, dashed) are observed red-shifted compared to the Q-band absorptions,
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Figure 4.14: Transient-absorption data of (ZnTPP)2 after excitation with 400 nm covering
the visible spectral range. After a time delay of 1 ps the scale of the ordinate changes from
linear to logarithmic spacing.

i.e., a stronger signal at 611 nm and a weaker fluorescence at 655 nm. The former
is red-shifted by 300 cm−1 with respect to the strong S1 fluorescence of ZnTPP at
600 nm, but again showing a similar shape.

4.5.3 Transient-Absorption Measurements

Photodynamics after Soret-Band Excitation

The transient-absorption data of (ZnTPP)2 excited at 400 nm are shown in Fig. 4.14
with the same color coding and semi-logarithmic spacing as for the ZnTPP map
(Fig. 4.8). Most noteworthy, the two negative signals in the Soret region behave
vastly different when compared to the temporal relaxation in the monomer. In con-
trast, the behavior in the visible spectral range, which consists of a broad ESA
overlapped with Q-band absorption and SE looks similar at first glance. The dyna-
mics are better displayed in Fig. 4.15a), which shows transients for the Q band. The
vibrational excited state at 563 nm is marked in green and the vibrational ground
state at 611 nm in orange. The stimulated emission signal (red) corresponds well
to the fluorescence at 658 nm. In addition, Fig. 4.14b) shows transients in the split
Soret band (426 nm, violet and 443 nm, blue). For all transients the corresponding
global fit is shown in black. Again five time constants were needed to model the
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Figure 4.15: a) Transients reflecting the dynamics of the Q band (green, 563 nm, orange,
611 nm) and the stimulated emission signal (red, 658 nm). b) Transients reflecting the Soret
band at 426 nm (violet) and 443 nm (blue). Fit results from the global fitting routine are
shown in black. Note the changing scale of the abscissa after 1 ps [116].

data. The obtained EADS (top) and DADS (bottom) are displayed in Fig. 4.16 and
the most important aspects will be discussed in the following paragraphs [116].

First, the black EADS — corresponding to the 113 fs component — induces large
changes throughout the entire spectral range. The largest impact is seen on the high-
energy Soret peak at 426 nm in form of a large negative contribution. The amplitude
decreases strongly and the center slightly blue-shifts to 424 nm throughout the decay
of the fastest component. In contrast to the monomer, a rise, as evident by the
positive peak in the corresponding DADS (bottom panel, black curve), develops at
662 nm. The amplitude in the left Soret peak decreases even further in the red EADS
associated with a time constant of 7.8 ps. With a time constant of 40 ps, the signal
amplitude at 424 nm still decreases for the blue EADS and a dip at 415 nm becomes
clearly visible for later times as indicated by the green EADS. This dip corresponds
well with the unassigned shoulder observed in the steady-state spectrum. From there
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Figure 4.16: EADS (top) and DADS (bottom) of (ZnTPP)2 excited with 400 nm showing
the temporal changes induced by five time constants: 113 fs (black), 7.8 ps (red), 40 ps
(blue), 1.5 ns (green) and constant offset (cyan). The inset (bottom, lower right panel)
magnifies the signal to the red of the isosbestic point at 489 nm with black arrows indicating
the corresponding ordinate [116].

on, the amplitude of this additional signal reduces slightly, but hardly any further
changes occur at wavelengths shorter than 437 nm. The lower-energy Soret peak at
443 nm changes to a much smaller degree. Its amplitude only slightly varies with
time but the position of the dip does not change at all.

Second, there is no stimulated emission (SE) from S2 detectable as evident in the
monomer via a dip around 450 nm. SE would be identified via a dip in the black
EADS, which possesses no such feature.

Third, the large positive signal between Soret and Q band, attributable to ESA,
is evident as in the monomer. But the black EADS has a positive contribution at
467 nm, which vanishes with 113 fs and builds up between 490 and 540 nm. This
phenomenon does not occur in ZnTPP. The remaining positive signal decreases from
the red to the blue and the green EADS. No peaklike structure reappears until the
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1.5 ns component becomes important, resulting in a maximum at 477 nm. The
latter component induces a decrease on the low-energy side of the isosbestic point
at 504 nm. These contributions are shifted by ≈ 600 cm−1 towards lower energies in
comparison to the monomer but behave in a very similar way.

Fourth, a dip is seen that is initially centered at 562 nm and that as such corresponds
to the Q band in the absorption spectrum in Fig. 4.7. The amplitude of the dip
decreases strongly and the contribution plateaus with 113 fs and subsequently with
7.8 ps, thus, most possible representing a combined GSB and SE signal. Furthermore,
the dip red-shifts to 564 nm with the same time constant of about 8 ps. No significant
changes are observed on a time-scale of 40 ps. Finally, the dip red-shifts slightly with
a structure that remains nearly unaltered on a time-scale of 1.5 ns. A further dip
is observed that initially absorbs at about 600 nm (black EADS). This dip flattens
significantly for its low energetic contributions while the minimum position red-
shifts to 606 nm as time progresses (red, blue EADS). On the nanosecond time-scale
a clear minimum emerges at 601 nm, which corresponds well to the predominant
fluorescence wavelength. The last observable feature is again a dip, centered at
665 nm in the red EADS, also due to stimulated emission or fluorescence in the
steady-state experiments. The signal at this wavelength decreases with 7.8 and 40 ps
and red-shifts to 666 nm on the latter time-scale.

Features that are better observed in the DADS will be pointed out in the following.
Interestingly, the 660 nm band seems to build up much faster when compared to the
2 ps dynamics in ZnTPP — please compare the black DADS in Fig. 4.16 and the
red DADS in Fig. 4.10. Additionally, the red DADS in Fig. 4.16 only contributes
significantly in two regions, between 411 and 452 nm, and as well between 533
and 598 nm. At first glance the two contributions look very similar in these two
regions — exhibiting a dip to the higher-energy side and a positive peak to the
lower-energy side of the respective region. The blue DADS gives rise to a negative
double-peak shape in the Soret region and apparent dips in the Q band. The green
DADS exhibits a dip at 559 nm overlapped by a broad positive signal combined
with a strong decrease in SE at 665 nm.

Photodynamics after Q-Band Excitation

The EADS resulting from global fits of the (ZnTPP)2 transient-absorption data
excited at 560 nm are shown in Fig. 4.17. Five time constants were again needed
to fit the dynamics. The change in excitation wavelength has its largest impact on
the black EADS. Here, the time constant of 260 fs is twice as large as in the case of
400 nm excitation. The Soret peak at 426 nm in the black EADS has a much smaller
amplitude than its neighboring Soret peak at 442 nm in the same EADS. This is
in sharp contrast to the black EADS in Fig. 4.16 with similar amplitudes for both
peaks. Both black EADS furthermore have a positive peak-like contribution at about
468 nm independent of the excitation wavelength. However, no positive contribution
stems from the very fast time component in the 560 nm excitation between 488 to
540 nm. Another noticeable difference evolves at 659 nm in the black EADS of
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Figure 4.17: EADS (top) and DADS (bottom) of (ZnTPP)2 excited with 560 nm showing
the similar temporal changes induced by five time constants: 260 fs (black), 11 ps (red),
57 ps (blue), 1.3 ns (green) and constant offset (cyan). The inset (bottom, lower right panel)
magnifies the signal to the red of the isosbestic point at 489 nm with arrows denoting the
corresponding ordinate [116].

Fig. 4.17. In particular a dip is evident right from the start in addition to a positive
signal build-up (as evidenced in the DADS), whereas the black DADS in Fig. 4.16
only shows positive build-up of this signal without a preceding stimulated emission
signal.

It can be seen in the EADS in Fig. 4.16 and Fig. 4.17 that the difference spectra
belonging to delay times larger than one picosecond exhibit only small differences for
S1 and S2 excitation. The shape of all spectra except for the black one is generally
unaltered. The cyan EADS shows the remaining signal at the maximum time delay
of 3.7 ns, which is remarkably similar for both excitation wavelengths and even
compared to ZnTPP. Table 4.4 compiles the time constants obtained by globally
fitting the (ZnTPP)2 transient-absorption data. The values are in agreement with
Table 4.3, where different bisporphyrins are analyzed.
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λP / nm τ1/ fs τ2/ ps τ3/ ps τ4/ ns
400 113± 25 8± 1 40± 7 1.5± 0.1
560 260± 30 1± 1 57± 3 1.3± 0.1

Table 4.4: Time constants obtained by global fitting routines for the relaxation dynamics
of (ZnTPP)2 after excitation into S1 and S2. In addition, a lifetime of 58 µs was measured
for the triplet state.

Photoinduced Properties on the µs Time-Scale

In order to determine the lifetime of the triplet state of (ZnTPP)2, whose lifetime
exceeds the time-scale of the femtosecond experiments, transient-absorption measu-
rements upon excitation at 532 nm with nanosecond pulses were performed in the
absence of oxygen for lifetimes up to 200 µs. The results are shown in Fig. 4.18.
The difference spectra in Fig. 4.10a) reveal large excited-state absorptions at 480
and 840 nm relating to the triplet states of the bisporphyrin. In addition, positive
signals are evident between 400 and 1000 nm. The dominating ground-state bleach
at 440 nm is still observable and seemingly the small Q-band bleach at 560 nm.
At the end of the measurement nearly the entire excited population has returned
to the ground state and no other photoproduct is formed. A kinetic analysis of the
triplet excited-state absorption at 840 nm (blue) reveals a monoexponential decay
with a lifetime of 58 µs [Fig. 4.10b)]. In comparison with the lifetime of (ZnTPP)2 in
toluene (52 µs), the more polar solvent ethanol seems to stabilize the triplet state.

Ultrafast Photodynamics in the Near-Infrared Regime

Fig. 4.19 shows transient-absorption data of (ZnTPP)2 after excitation with 400 nm
into the Soret band and a NIR continuum probe ranging from 800 to 1000 nm as a
contour plot, again with logarithmic scaling after a time delay of 1 ps. The advantage
of this spectral domain is that the first optically allowed electronic transition from
the (ZnTPP)2 singlet ground state corresponds to the Q-band absorption between
500 and 600 nm. Stimulated emission and fluorescence is also constrained to wave-
lengths shorter than 700 nm as shown in the fluorescence spectrum in Fig. 4.7 and
the transient-absorption map in Fig. 4.14. Thus, only excited state or photo product
absorptions are possible in this spectral range. However, excitation from S1 into S2

requires an excitation wavelength between 1500 and 2000 nm, calculated using the
energetic spacing between Q and Soret band. Hence, this signal can be excluded and
only higher states are accessible.

Examining the data, the existence of a strong coherent artifact caused by strongly
overlapping and interaction pump and probe pulses in the solvent or the flow cell,
is clearly seen around time zero by both negative and positive contributions with
a short lifetime. In addition, a small signal for negative waiting times T is evident
around 900 nm, the very symmetric shape resembles the so-called perturbed free
induction decay [174]. This signal is common in the infrared, because it depends
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Figure 4.18: a) Broadband differential absorption spectra obtained upon nanosecond flash
photolysis (532 nm) of (ZnTPP)2 for time delays between 2.5 and 150 µs at room tempe-
rature, indicating the triplet state of (ZnTPP)2 at 480 and 840 nm. b) Time-absorption
profiles of (ZnTPP)2 at 840 nm, monitoring the decay of the triplet state [116].

indirectly on the bandwidth of a transition, which is much smaller for pure vibra-
tions. However, it has also been observed for electronic transitions in a porphyrin
system [175]. It can only occur at a wavelength resonant with ground-state transiti-
ons, because, as a result of the negative time delays, it depends on the probe pulse
interacting with the sample before arrival of the pump. No excited states are partici-
pating. (ZnTPP)2 has no absorption band in this spectral range, seemingly excluding
this explanation for the signal observed. However, the triplet state absorbs there as
is evident in the difference spectra in Fig. 4.18a). Therefore, a possible explanation
is that the pump does not exchange the entire sample between two laser shots, and
the free induction decay is induced by population in T1. While this free induction
decay is used as a spectroscopic signal [176], here it is an unwanted artifact.

Both, the coherent artifact and this signal for T < 0, are decayed after 200 fs at
most, and are not further considered in the data analysis. Afterwards, the measured
absorption change is positive, indicated by reddish colors, over the entire measured
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Figure 4.19: Transient-absorption data of (ZnTPP)2 after excitation with 400 nm and a
NIR probe. While the entire signal is positive (reddish colors), corresponding to increased
absorption, the signal rises at ≈ 845 nm while it decays at ≈ 900 nm.

spectral range and shows nearly no change with time up to hundreds of picoseconds.
Finally, with a nanosecond dynamic one peak around 845 nm increases and sharpens
with time while around 900 nm a decay is evident.

For a more in-depth analysis a global fit, similar to the previous experiments, was
performed but this time only two time constants were necessary and again an in-
strument response of ≈100 fs was obtained. There is no change with a fs or fast ps
time constant, thus, the Soret band, which is excited by the used 400 nm pulses is
not responsible for the behavior observed. The obtained time constants resulted in
dynamics between 0.9 and 1.2 ns, depending on the measurement, and an additional
global offset. While the difference for the time constants within two measurements
is quite large, the spectral signature was exactly the same for both. Hence, this dif-
ference is attributed to the measured time delay of only 3 ns, which corresponds to
only three times of the observed lifetime. In Fig. 4.20 three transients (dotted) and
their corresponding fits (lines) in the same color are shown exemplifying the fit qua-
lity. The shown transients indicate the rise of a band with 0.9 ns at 845 nm (green),
the existence of an isosbestic point at 872 nm (red) and a decay of an excited state
at 926 nm (blue).

The spectral signature of the global scheme is displayed in Fig. 4.21 (EADS in top
and DADS in bottom panel). The EADS has at first a very broad ESA covering the
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Figure 4.20: Transient behavior of (ZnTPP)2 obtained with a NIR probe. A product
absorption (green dots), an isosbestic point (red dots), and a decreasing ESA (blue dots)
together with a global fitting routine (lines) are shown. The decaying signal around time
zero corresponds to the coherent artifact.

entire spectral region (black), which changes with roughly 900 ps. This resembles
the broad ESAs observed over the entire visible spectral range in the previous mea-
surements (compare Fig. 4.16 and 4.17). The red EADS corresponds to the signal
for very long times and a clear peak centered at 845 nm is present while for longer
wavelength nearly no signal contributions remain. This peak corresponds well to the
peak observed at 840 nm in the µs experiments (Fig. 4.18), which is associated there
with the decay of a triplet state of (ZnTPP)2. In addition the isosbestic point where
all processes cancel each other is clearly identified at 872 nm. This entire behavior
for the first 3 ns resembles the development of the sharp ESA centered at 477 nm
found after probing in the visible.

The DADS in the bottom panel of Fig. 4.21 contain the same information but
the influence of the 900 ps component is more clearly resolved (black). For higher
wavelengths, relative to the isosbestic point, the absorption decays with time. In
contrast, for lower wavelengths a rise is present, because the negative signal vanishes.
Therefore, the positive absorption for the longest possible time delay remains (red).

4.5.4 Creation of Possible Temporal Relaxation Schemes

In the dimer, new electronic states are formed due to excitonic coupling, whose
impact on the molecule’s relaxation dynamics, as evident in the experimental data
in Sec. 4.5.3, will be discussed here [116]. The changes in comparison to the monomer
will be explained with the help of two models and a calculation of the transition
dipole moments leading to the Soret-band absorption. The first model is based
on the model of Kim and coworkers and particularly adheres to their distinction
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Figure 4.21: EADS (top) and DADS (bottom) of (ZnTPP)2 probed with a NIR continuum
showing the temporal changes with a 900 ps time constant (black) and the offset (red).

between monomeric and excitonic states [109,120]. The second model is simpler but
describes the measured spectra equally well while showing good agreement with the
results from the TD-DFT calculations below. It is basically a transfer of the concepts
presented for excitonic splitting in S1 (visualized in Fig. 4.5) into the S2 state.

To allow a more in-depth investigation of the excited states of (ZnTPP)2 the mole-
cular structure was optimized using DFT methods and the corresponding absorption
spectrum was calculated (the following calculations were performed in the group of
Prof. Bringmann). Earlier studies had shown that simple DFT methods (with either
pure or hybrid functionals) cannot fully reproduce the conformational features of
these compounds [115]. Thus, the long-range- and dispersion-corrected functional
ωB97xD was used in combination with the 6-31G* basis set (and 6-311G* for Zn).
Only this functional yielded a conformation of the molecule that closely resembles the
one found in the X-ray structure of the free-base analogue of (ZnTPP)2 correspon-
ding to an angle of 57° between the porphyrin subunits. The calculated structure had
a dihedral angle of 68°, which is rather close to 57°, especially, when considering the
insertion of a Zn atom and the non-crystalline environment in the case of (ZnTPP)2
in solution. Without dispersion corrections the calculations give a structure with a
90° angle and with pure or hybrid functionals in combination with Grimme’s di-
spersion correction a conformation is found with a quite small angle of 34° between
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these moieties (both conformations are nearly C2-symmetric, corresponding to a
single rotation axis). However, the angle between the monomers has a very strong
impact on the excited states, and, accordingly, also on the absorption spectrum of
the molecule. The ωB97xD-optimized structure is fully unsymmetrical with an angle
of 68° between the porphyrin monomers and is shown in blue in Fig. 4.13b). As a
consequence, the (BX-BX) excitation should no longer be dipole-forbidden, as the
BX transition dipole moments of the monomers are not in-line anymore, in contrast
to the meso,meso’ -linked porphyrins with nearly orthogonal building blocks [see
Fig. 4.13a)]. To calculate the excited states of (ZnTPP)2 the long-range-corrected
hybrid functional CAM-B3LYP was used, because previous studies had shown that
this functional reproduces the absorption spectra of porphyrins more reliably than
standard functionals like e.g. B3LYP [177, 178]. Most importantly the functional
introduces nearly no charge-transfer contributions in the Soret- and Q-band regions
of porphyrins and chlorophylls, which is in agreement with high-level calculations
such as SAC-CI, DFT/MRCI, or CASPT2.

For a better comparison, the optimized structures of three bisporphyrins with dif-
ferent angles between the porphyrin units and their corresponding absorption spec-
tra were calculated and are shown in Fig. 4.22. The TD CAM-B3LYP calculations
of the ωB97xD-optimized structure reproduce the experimental UV spectrum of
(ZnTPP)2 (blue) very well. As expected from the energy level diagram for me-
so,meso’ -bisporphyrins in Fig. 4.13, the Soret region contains four different states,
all of them without any significant charge-transfer character. Hence, the assignment
of the states can be transferred directly to (ZnTPP)2. The higher-energetic peak at
427 nm, called S2β, consists of two quite close excitations with a distance of 2.9 nm,
which comprise transition dipole moments belonging to the BY and BZ coupling of
the monomeric moments. The small energetic distance between the two states again
validates the transfer because lifted degeneracy is expected for non-orthogonal dihe-
dral angles. The shoulder at 415 nm, also found in the experiment as a dip for long
waiting times, e.g., in the EADS in Fig. 4.16, is the no longer dipole-forbidden (BX-
BX) transition. The state associated with the lower-energetic Soret peak is denoted
as S2α and originates from the (BX+BX) transition. This state is expected to be
the most stable S2 configuration because it possesses the lowest energy. In addition,
there are four nearly degenerate states forming the Q band around 600 nm, to which
will be referred as S1 since no separation is possible. In principle they should possess
the same lifted degeneracy as seen in the Soret band and calculated for a model
dimer in Sec. 4.2.3. The Q-band absorption at 563 nm is known to belong to higher
vibrational states of S1 in porphyrins [150]. This is confirmed by the calculations,
which are not able to predict vibrational states and accordingly fail to identify the
experimentally found hot Q band. Hence, there is zero signal strength at this wa-
velength, even after broadening the observed transitions as a necessary extension of
the calculations because the experiments are all performed in the condensed phase.

If the two monoporphyrins are fixed at an near orthogonal orientation the red spec-
trum (top) with the corresponding structure (bottom) is observed in Fig. 4.22 using
D-PCM, a polarization model, to account for the used solvent ethanol. In order to
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Figure 4.22: a) Calculated (solid) and experimental (black, dashed) absorption spectra of
(ZnTPP)2 for different dihedral angles. Transitions without spectral broadening are shown
as bars at the corresponding wavelength. In addition, the couplings of the monomeric
transition dipole moments of the prominent states are shown. b) Corresponding structures
of the constrained (const., 72°(red), 34° (green)) and optimized (opt.) spectra [68°(blue)].

reach the energetic minimum of this structure the two linked porphyrin macrocycles
bend towards each other so that an effective dihedral angle of only ΘD = 72° is
formed. This already demonstrates that a β,β′-linked bisporphyrin like (ZnTPP)2
is most stable in a non orthogonal conformation. The UV spectrum obtained for
ΘD = 72° is quite similar to the one for the minimum configuration. This is not
surprising due to the small effective change of the dihedral angle between the two
structures. However, two differences are evident. First, the spectral difference bet-
ween the (BY+BZ) and (BY−BZ) states is with 5.8 nm twice as large as before.
Yet, even such a large broadening is not resolved in the experiments. Second, the
oscillator strength belonging to the transition into (BX−BX) is smaller so that the
shoulder in the UV curve nearly vanishes. This lower value is in line with the larger
dihedral angle because the transition dipoles BX of each monomer possess higher
effective overlap.

If a very small dihedral angle of ΘD = 34° is chosen in order to achieve a more
planar configuration the resulting absorption spectrum (green) does not match the
experimental one at all. A much larger Davydov splitting can be found and addi-
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tional excited states in the Soret band occur, which do not possess experimental
counterparts. All these additional states show charge-transfer character in contrast
to the ones observed for the more orthogonal configurations, thus, showing that they
belong to artifacts caused by choosing wrong theoretical parameters. Furthermore,
the Q-band excitations are shifted to lower energies as compared to the experiment,
hinting at a slightly stronger conjugation between the monomeric halves in this con-
figuration. Interestingly, the S0–S2(BX+BX) transition has a much lower intensity
than in the minimum configuration showing the higher symmetry of this geometry
by which this transition is again dipole forbidden. Thus, the near orthogonal and
parallel configurations computed for the conformers found show only poor matching
compared to the minimum structure with a dihedral angle of 68°.

The key to understanding both the steady-state and the dynamical properties of
(ZnTPP)2 is the temporal evolution of the higher-energy Soret peak since multiple
transitions are present in the calculated absorption spectra. The S2β peak decreases
strongly and independently from the excitation wavelength on a femtosecond time-
scale. If this decay was attributable to SE between S2β and S0, the initially observable
GSB would be restored after the depopulation of the Soret states, which is expected
to occur within a few picoseconds or faster. However, as is apparent from Fig. 4.16,
the EADS do not support the observation that the ground state is repopulated
since the GSB does not vanish completely. This leaves partial GSB recovery as the
only viable explanation. GSB recovery implies that the ground state of a molecule
is repopulated, though, a process that can be excluded in the present case since a
population transfer into T1 seems to occur and the S2α peak does behave vastly
different from the S2β peak. That means if GSB recovery takes place the relaxed S0

would be subject to re-excitation into S2α. Accordingly this peak should decrease
with exactly the same time constant as S2β, which is, anyhow, not the case.

Intersystem crossing is evident when considering the behavior at 504 nm next to the
isosbestic point, increasing signal for higher frequencies and decreasing signal for
lower frequencies, and that SE from S1 around 665 nm disappears with 1.5 ns without
replenishing the ground state at Q(1,0) and Q(0,0). This dynamic is very similar to
that of ZnTPP but somewhat faster — 1.5 ns versus 2 ns — and, thus, assigned to
intersystem crossing originating in S1. Moreover, the green and cyan EADS/DADS in
Fig. 4.16 resemble the green and cyan EADS/DADS of the monomer ZnTPP shown
in Fig. 4.10 and Fig. 4.11. The agreement in terms of spectral appearance and
associated time constants implies the same origin for the respective time constant.
In order to resolve the intersystem crossing directly, transient-absorption with a
NIR probe was performed (see Fig 4.19). With a lifetime of one nanosecond a clear
sharp peak emerges, centered at 845 nm, while a broadband ESA vanishes, which
can be attributed to originate from the Q band because of the similar lifetime as
observed for the decay in the VIS measurement. This is visualized in the transients
in Fig. 4.20, which clearly show the population of an excited state (green) and the
connected decay of the originating state (blue), in addition to the isosbestic point
in between (red). The final evidence for the participation of triplet states is gained
by the nanosecond transient-absorption measurements, revealing a lifetime of the
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excited states of (ZnTPP)2 centered at 480 nm and 840 nm of 58 µs (Fig. 4.18).
This long lifetime is only attributable to a triplet state.

By combining all three measurements the photodynamic pathway is unveiled. The
population transfer proceeds from S1 to T1 and finally back to S0. The nanosecond
measurements clearly link the absorption at 845 nm to the final triplet state. Thus,
this state that is populated with one nanosecond and decreases latter on with 58 µs;
therefore, no other transfer proceeds during this time. Hence, the participating tri-
plet state Tn is identified as T1.

After having explained the final reaction steps on a nanosecond scale, the discussion
of the behavior in S2 is continued. The apparent contradiction of the Soret-band
behavior can be solved by employing D. Kim and coworkers’ model that has already
been described in section 4.5.1 [120]. The glaringly different dynamics of the two
Soret peaks can be explained by their distinct localization character. According to
this model, the S2β state is strongly localized at one of the two porphyrins, thus, is
very similar to a Soret-band absorption in a monomer. By contrast, the S2α state is
completely delocalized over the dimer and has no monomeric equivalent. However,
both states are excitonic states with a certain amount of delocalization, only the re-
lative amount varies. The excitonic character of both states is also indicated by the
observable splitting of the S2 band in the absorption spectrum shown in Fig. 4.7 (red
curve). This statement is strongly supported by Bringmann et al., who showed that
the doublet of the Soret absorption band originates from excitonic splitting by com-
paring UV absorption and CD spectra of atropo-enantiomers in directly β, β′-linked
bisporphyrins such as (ZnTPP)2 [115]. If a physical process like, for instance, coup-
ling of these excitonic states to the (torsional) vibrational modes [179] of the dimer
or structural imperfections [180] exists, it would force the excitation to become fully
localized at one of its monomeric subunits. Such localization dynamics are indeed
observable in various molecular systems [132,181]. For porphyrin dimers, it has been
shown by transient conductivity techniques that the degree of delocalization varies
for different electronic states, namely singlet versus triplet excited states [182,183].
Decoherence of excitons disallows excitations into the initial, delocalized states, sin-
ce the electron distribution and, in turn, the transition dipole moment of an excited
molecule usually differs from that of the ground state. However, the confinement
of the excitation to one of the monomeric halves leaves the other monomer moiety
virtually unexcited. In other words, decoherence of the excitonic states essentially
creates excited as well as unexcited monomeric halves. Thus, the unexcited moieties
created can be excited by absorption of a photon giving rise to ESA that essenti-
ally resembles the ground-state absorption spectrum of ZnTPP. The model of Kim
and coworkers predicts that these monomeric absorptions show up at exactly the
wavelengths where the weakly excitonic states absorb. As a consequence, the states
with a strong excitonic character remain bleached in the difference spectrum, while
the states with a weak excitonic character seemingly recover to the ground state.
However, the GSB of the latter band is only hidden by an ESA, which resembles
the monomer absorption. This scenario agrees well with the observations during the
first picosecond in the Soret-band region.
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In addition, the evolution of the 562 nm dip underscores this interpretation. On
time-scales of the excitonic decoherence, the dip decreases in amplitude — a trend
similar to that discussed in the context of the Soret-band dynamics. The Q band
arises from four electronic transitions — in full analogy to Fig. 4.13a) and the Soret
band — two degenerate states for each monomer. However, no splitting into separate
bands is observed for these states as discussed in Sec. 4.5.3. ESA from the monomeric
ground state should decrease the observable GSB of the whole Q band. This again
matches the observations presented in Sec. 4.5.3.

In line with the fluorescence spectra, SE from S1 should emerge around 655 nm. This
is, however, not seen in the black EADS of Fig. 4.16, but in the red EADS of the same
Figure. Moreover, SE is already present in the black EADS when the samples are
excited at 560 nm (Fig. 4.17). Here, the dip in the black spectrum serves as evidence
for its presence. As a matter of fact, the fs time constant must also be assigned to
internal conversion from S2β or S2α into S1 in addition to the localization process.
Unfortunately, it cannot be concluded from the measurements when exactly the
internal conversion into S1 starts. However, Kim and coworkers [120, 184] observed
that the IC rate kIC into S1 for different porphyrin oligomers obeys the energy gap
law. The latter is given by

kIC ∝ 1013s−1e(−κ∆E), (4.17)

with the proportionality constant κ and the energy difference ∆E between S2β and
S2α [184]. Using ∆E = E(S2β) − E(2α) ≈ 813 cm−1 and κ ≈ 2 ∗ 104 cm−1 - as
determined in Ref. [120] by a fit of the energy gap law to data obtained by excitation
into the Soret band — kIC is approximately (120 fs)−1. This value is in intriguing
agreement with the time constant of (114 ± 25) fs measured in the present work.
Therefore, it can be concluded that the S2β → S2α transition is the rate-limiting step
for the internal conversion into S1. This agreement moreover provides evidence for
the comparability of the oligomers in meso,meso’ configuration investigated there
and the dimer studied here. Compared to ZnTPP’s internal conversion with 2 ps,
(ZnTPP)2 relaxes about one order of magnitude faster, which is in good agreement
with the work by Hochstrasser and coworkers who reported a similar ratio for a
monomeric and a dimeric structure (compare Tables 4.1 and 4.3) [108].

The ESA feature seen in the black EADS of Fig. 4.16 and Fig. 4.17 at about 467 nm is
observable upon 400 and 560 nm excitation, but not detectable in the black EADS of
ZnTPP (Figs. 4.10, 4.11). The occurrence of this feature only in the dimer implicates
that an exciton-related state is populated by this ESA. Following this, the decrease
of the amplitude of the ESA with both ps time-scales (≈ 10 ps, ≈ 50 ps) resembles
that of the S2 peak. This again indicates the importance of excitonic coupling for
the (ZnTPP)2 dimer.

The red DADS in Fig. 4.16 associated with a time-scale of roughly 9 ps has only
significant contributions in the wavelength range of ground-state absorption. In both,
the Soret and Q band, the red DADS shape consists of a dip at shorter wavelengths
and a positive peak at longer wavelengths. The positive peak of this component
contradicts a GSB recovery. Owing to the fact that the Soret-band population decays
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on the fs time-scale, this rules out that the red DADS, which has quite a large
amplitude in the Soret-band region, originates from SE. The observable features
therefore again arise from ESA. The following considerations explain the decay and
neighboring rise of this ESA: A system consisting of two excitonic states yields upon
back-to-back excitation a two-exciton state [132]. As a matter of fact, a molecule
in the excited S1β is still excitable into S1α and vice versa. Hence, a transition
from S1β into S1α would lead to an increase of absorption of photons with E(S1β)
and a reduction of absorption of photons with E(S1α). On the basis of E(S1β) >
E(S1α) (see Fig. 4.13 and Fig. 4.7) the red DADS in the Q-band region are well
in line with the expectation. In the context of higher-energy excitonic states, a
molecule in the excited S1β state can still be excited into S2α, but not into S2β,
whereas a molecule in the excited S1α state can still be excited into S2β, but not
into S2α. Again, a good agreement between experiment and prediction is reached
for the DADS in the Soret-band region. Further support for this notion is shown in
Fig. 4.23, which shows the existence of two different kinds of states belonging to the
BX transition dipole moments on the one hand and to the BY and BZ moments on
the other hand. Additionally, the ps time-scale reveals a transition between states of
comparable energetic spacing, namely IVR, for which (0.1-10 ps)−1 rates are typical.
This rationale necessitates that not only monomeric, but also excitonic states are
populated and consequently probed in the molecular ensemble. While the origin of
the fs time component is the relaxation from the excitonic into the monomeric state,
the ps time constant relates to relaxation both in the excitonic and monomeric states
in the Q band. Hence, the loss of excitonic coherence may result in an excitation that
is localized in one of the two moieties. This redistribution of the excitation between
both subunits of the dimer may give rise to incoherent excitonic excitations [132].

In meso,meso’ -linked porphyrin dimers, either ethyne-bridged or directly-linked, the
dynamics on a fast-picosecond time-scale are assigned to a change of the dihedral
angle between the two porphyrin moieties [108, 120]. This rotation is assumed to
happen within S1 after photoexcitation into S2. In contrast, this explanation was
discarded for the 18 ps component observed in ethyne-bridged β, β′-linked bispor-
phyrin on the basis of strong steric hindrance [108]. Importantly, a high rotational
barrier was also experimentally and theoretically determined by Bringmann and
coworkers for (ZnTPP)2 [115].

Based on the spectral shape of the blue DADS in Fig. 4.16, the ≈ 40 ps time
constant in the Soret region is due to the reformation of the ground state, i.e., a
typical GSB recovery for a small percentage of the molecules takes place. The time-
scale for this process implies that the energy is transferred to the solvent. The dip
in the green DADS of Fig. 4.16 at 560 nm (strongest Q-band absorption) relates to
the S1 → S0 relaxation that is dominated by the S1 → T1 intersystem crossing. SE
from the S1 states is observed for 660 nm showing the existence and the temporal
behavior of a S1 → S0 transition. However, the fluorescence quantum yield ΦF of
(ZnTPP)2 is between 2% and 3% in toluene, tetrahydrofuran, and benzonitrile [185].
Such values for the dimer are comparable to that of the monomer, where such a dip
is unobservable, suggesting the existence of an additional contribution of unknown
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Figure 4.23: Two possible reaction schemes for (ZnTPP)2 a) a mixed monomeric/excitonic
approach with distinct monomeric behavior; b) a complete excitonic scheme based on su-
perposition of monomeric states forming new ones. The red downward arrows are assigned
to relaxation dynamics in S1. Thinner lines represent vibrational states. The blue and the
green lines in both schemes denote the actual excitation wavelengths [116].

origin. The inferences drawn so far in this section are combined in the model shown
in Fig. 4.23a). While this model is able to account sufficiently for all measured
time constants, discrimination between monomer-like and pure excitonic states is
complicated and somewhat nontransparent.

The second, alternative model to rationalize the dynamics of the dimer is an alterati-
on of the first model. It disregards the distinction between monomeric and excitonic
states as it is explained for a physical dimer in the first excited state in Sec. 4.2.3. In
fact, it extends the exciton concept and the idea of back-to-back excitation, resul-
ting in a double-excited molecule, to the fastest component in the very same way it
was applied in the assignment of the 9 ps component. The principle is also identical
to the calculations for a dimer, which absorbs at the two wavelengths of the Soret
band in Fig. 4.5. The aforementioned discussions concerning the spectral-temporal
evolution of the difference spectra of the dimer on time-scales other than the fs time-
scale are fully applicable to the latter model in Fig. 4.23b), only the first ultrafast
component is described differently.

In addition, the model assumes redistribution of the excitation between the two
moieties, leading to the formation of incoherent excitonic excitations on a femtose-
cond time-scale. It does, however, not emphasize the localization character. Instead,
it explains the observations within a comparably simple excitonic framework. The
fs time constant remains assigned to the excitonic loss of coherence and the S2 → S1

IC, but is assumed to predominantly populate S1α, which enables the excitation of
S2β (BY, BZ) and S1β (QY, QZ). By contrast, the (re-)excitation of S2α(BX+BX) and
S1α(QX+QX) remain disallowed. In consequence, ESAs occur that result in a decre-
ase of the higher-energy Soret peak and the Q-band absorptions; this consequence
agrees well with the observations outlined above.

This model is strengthened by a closer inspection of the cyan DADS of (ZnTPP)2 in
Fig. 4.17. It shows one remarkable feature, namely a dip with a minimum at about
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414 nm. A corresponding feature can also be identified at the same wavelength in the
steady-state spectrum of the dimer as a shoulder peak, which is according to the TD-
DFT calculations a higher-energy excitonic Soret state — denoted by S2(BX-BX) —
that is dipole-forbidden in the stringent 90° alignment. Since the calculations reveal
a non-orthogonal conformation, the transition into S2(BX-BX) is allowed unlike in
the case of the meso,meso’ -linked porphyrin dimers (Fig. 4.13). This gives rise to the
additional transition centered around 415 nm. The oscillator strength is somewhat
weaker but comparable to the other Soret transitions and the transition seems more
stable when compared to the short-lived states with participation of BY and BZ. The
conclusive assignment of this transition substantiates a purely excitonic explanation
without the need to consider both monomeric and excitonic states.

4.6 (ZnTPP)2 — Accessing Population and Energy
Transfer in Excited States

Two dimensional electronic spectroscopy is a powerful technique to detect couplings
between different states [15]. One challenge with porphyrins is the spectral range of
the Soret band, centered around 430 nm, which lies in-between the ultraviolet and
the visible spectral range. Thus, nearly no multidimensional spectra are available
in literature. Recently, a weakly-linked magnesium bisporphyrin was measured in a
fluorescence based approach, which yielded information about the dihedral angle and
suggested excitonic interaction [111,112]. With the same technique folding dynamics
of a Zn bisporphyrin with a long spacer inside a liposome membrane were studied,
however, the excited-state relaxation was deemed a future goal [186].

In the previous section two different models were introduced in order to explain the
temporal behavior of (ZnTPP)2 after photoexcitation. The pure excitonic approach
necessitates direct coupling between S2β and S2α resulting in population transfer.
Via 2D spectroscopy in box geometry with degenerate pump and probe pulses this
only indirectly inferred population transfer will be directly observed in the following
chapters validating the latter model visualized in Fig. 4.23b). At first, the experimen-
tal conditions and necessary adaptations, when working with degenerate pump and
probe pulses around 430 nm, will be explained (Sec. 4.6.1). Afterwards, transient-
absorption spectroscopy with degenerate pump and probe pulses directly exciting
S2α and S2β in the Soret band without much vibrational excess energy is performed
with high time resolution (Sec. 4.6.2). The obtained results are compared to the
400 nm excitation case (compare Sec. 4.4.3) in order to confirm the observed fea-
tures. Subsequently, independent transient-grating measurements in box geometry
using low excitation densities verify the observations from the transient absorpti-
on experiments (Sec. 4.6.3). At last, coherent electronic 2D spectroscopy is used to
directly observe population transfer in the Soret band (Sec. 4.6.4). These findings
are discussed and the energy transfer confirmed by calculating the corresponding
2D spectra of a simplified excitonic four-level model (Sec. 4.6.5). The results of the
following section are published in Ref. [117].
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4.6.1 Experimental Conditions

The synthesis and linear characterization of (ZnTPP)2 is identical to the one descri-
bed in Section 4.3 albeit the concentration was reduced corresponding to an optical
density of 0.3 at 443 nm in a 200 µm flow cell. This reduction is possible because the
Q-band behavior will not be investigated here, therefore, the reduced signal strength
there can be neglected. The flow cell (Starna, Type 48/UTWA/Q) possesses silica
windows of only 200 µm thickness in order to decrease material dispersion.

For all experiments in the following chapter a different but similar fs laser system,
as described in Sec. 3.1, was used. In brief consisting of: A diode-pumped MaiTai
Oscillator, a Spitfire regenerative amplifier, and an Empower pump laser (all Spectra
Physics) resulting in laser pulses with 100 fs duration, 4 W output power, and 1 kHz
repetition rate. The degenerate pump and probe pulses were obtained after frequency
doubling 870 nm pulses, generated from a commercial NOPA (TOPAS White, Light
Conversion), in a 65 µm thick β-barium borate crystal. This results in pulses centered
at 435 nm with 12 nm FWHM and a minimal pulse duration of 23 fs in case of a
bandwidth-limited pulse.

The 2D setup itself, described in section 3.3.4, was designed for applications between
250 and 375 nm. Hence, the necessary wavelengths for experiments in the Soret band
of (ZnTPP)2 (400 to 450 nm) are not contained in the original specifications [85]:
Accordingly, slight modifications were necessary. Every optical element in use is
reflective, hence, only little dispersion is introduced, and is coated with aluminum
in order to enable an effective reflection of UV light. When comparing the overall
reflection for 450 nm and for the UV spectral range, it decreases roughly by 5%
per optical element in the VIS because the reflection changes from ≈90% (UV) to
≈85% (VIS). With 10 optical elements placed after the crossed grating the effective
transmission decreases by more than 50%. However, a 750 µW seed beam results
in up to 4 nJ of energy in each single one of the four pulses. This pulse energy
corresponds well to the required energies in the low nJ domain used in Ref. [85] for
2D experiments. In addition to the higher losses on the Al coatings, the beams are
separated further apart at the crossed grating because of diffraction. In Fig. 4.24a)
the diffraction pattern for a broadband pulse ranging from 250 (violet) to 375 nm
(red) is shown, defining the minimal size of all optical elements, which was used
to minimize the entire setup as much as possible. However, while the setup was
designed using (1,1)-type reflections (green) of the grating, it was modified to use
the (1,0)-type beams (white) later on, which possess a higher signal strength as
shown in Fig. 4.24b) just by turning the grating by 45°. Hence, the beams move
closer together by a factor of 1√

2
. Accordingly, the maximal possible wavelength is

extended to 530 nm when considering the limitations caused by the size of the used
optical elements. Finally, the mask, blocking all unused grating reflections, and the
shutters, which allow the usage of different beam combinations, were changed to
models which fit to this wavelength change.

Transient-grating measurements of pure ethanol at the sample position showed a co-
herent artifact [60,61] combined with inseparable solvent dynamics. Their combined
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Figure 4.24: a) Spatial beam profile for a beam with a width from 250 to 375 nm (violet
to red) if (1,1)-type beams are used, determining the size of the optical elements [95]. b)
Reflections of the crossed grating after 633 nm illumination. Green circles correspond to
(1,1)-type reflections while white circles correspond to (1,0)-type beams, which possess a
higher reflection coefficient but move 1√

2
times closer [34].

lifetime was approximately 50 fs, thus, determining the minimal time resolution in
all experiments in box geometry with 435 nm excitation. For the 2D experiments the
coherence time τ was scanned from −125 to 125 fs in steps of 1.4 fs. The absolute
phase, necessary for data evaluation [75,88] as described in Sec. 3.3.2, was adjusted
to the measurement of the longest population time T of each scan over multiple
times T before averaging over several different scans performed from short to long
population times and vice versa. The longest measured population time T = 500 fs
was chosen to avoid signals resulting from solvent contributions or phase twists [187],
which aggravate the phasing procedure.

Transient-absorption data, necessary for the determination of the absolute phase in
2D measurements, were obtained in a setup similar to the one presented in Sec. 3.2.
Though, in place of a continuum probe the 435 nm pulses were used as degenera-
te pump and probe pulses. In addition, dispersive elements were avoided, with the
single exception being a 2 mm thin beam splitter, in order to achieve a good compa-
rability with the all-reflective 2D setup. The spectrometer, the linear stages, and the
acquisition and analysis software are of the exact same type as for the continuum
mode transient-absorption setup (Sec. 3.2.3) [34,188].

4.6.2 Transient Absorption with Ultrafast Time Resolution

Transient-absorption data after direct excitation into and probing of the Soret band
are shown in a contour plot in Fig. 4.25 together with the pump and probe spec-
tra (red) and the molecular absorption of (ZnTPP)2 on top. The spacing on the
time axis is linear since the absorption change was only measured up to a time
delay of ≈750 fs. It is evident that the excitation spectrum covers both absorption
peaks S2α and S2β only partially. However, transient-absorption experiments only
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Figure 4.25: Transient-absorption data of (ZnTPP)2 covering the Soret band showing
only bleaching and emission signals, obtained with degenerate pump and probe pulses.
Pump pulse (red) and molecular absorption (black) spectra are shown on top [117].

depend on the relative changes in the probe spectrum, thus, experimental results,
which directly reflect the physicochemistry of (ZnTPP)2, are obtained over the enti-
re spectral bandwidth — only the noise increases toward the edges as a result of the
low signal strength. After the decay of the coherent artifact, the entire remaining
signal in the transient-absorption map is negative (bluish colors), thus, consisting
of combined GSB and SE. The lower energetic peak S2α shows only a small spectral
downshift towards lower wavelengths within 200 fs but nearly no decay with time
within ≈750 fs. By contrast, the higher energetic peak S2β decreases fast and no
spectral shift is visible. After ≈750 fs a small negative offset remains [117].

For a better comparison two exemplary transients centered at the positions of the
absorption peaks in the Soret band (compare Fig. 4.7 and the top of Fig. 4.25) are
shown in Fig. 4.25a) together with results of a global fitting routine (black). Only
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Figure 4.26: a) Transients reflecting the S2β (blue) and S2α (red) states of (ZnTPP)2 after
435 nm excitation together with corresponding fits from global analysis schemes (black). b)
DADS corresponding to a time constant of 98 fs (black) and a constant offset (cyan) [117].

one time constant, resulting in a decay of 98 fs, and a constant offset were needed
for a global fit with satisfying quality as a result of the short measured time delay.
Hence, longer living processes like intersystem crossing into the first triplet state,
are not resolved. Looking at the data, the transient at 427 nm (blue, S2β) decreases
with the fitted time constant of ≈ 98 fs while the transient at 443 nm (red, S2α)
shows almost no decay with time. The data shown here after excitation with 435 nm
pulses are in good agreement with the 400 nm excitation case used in the previous
chapter 4.5.3, thus, the same conclusions about the excitonic coupling between the
two states can be drawn.

In addition, vibrational relaxation seems to be an unimportant or unresolvable re-
action pathway for molecules in S2β because the results for two different excitation
energies are comparable and no Stokes shift is observable. This is confirmed by the
shape of the DADS in Fig. 4.25b). While the black DADS (τ ≈ 100 fs) decays around
427 nm and is positive for wavelengths > 443 nm, the offset mainly corresponds to
the absorption shape of S2α but with negative sign. This behavior is very similar to
the DADS shown in Fig. 4.16. Unfortunately, it is not possible to determine more
information about the depopulation of S2β than already known because all these
experimental features were already discussed in Sec. 4.5.4. However, the better time
resolution of this experiment resolves a previously unknown fast Stokes shift for S2α

shifting from 441 to 443 nm.

4.6.3 Transient-Grating Measurements —
Transfer into the Box Geometry

In Fig. 4.27 transient-grating data of pure ethanol [a)] and of (ZnTPP)2 [b)] are
shown as a contour plot for a probe axis ranging from 420 to 450 nm. In transient-
grating experiments in box geometry the measured signal is shown dependent on
S(3), thus, the sign convention is inverted when compared to pump–probe techni-
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Figure 4.27: a) Transient-grating data of pure ethanol showing the coherent artifact
determining the time resolution b) Transient-grating data of (ZnTPP)2 covering the Soret
band. One large decaying contribution, covering both absorption peaks, is evident.

ques. The color code is similar to the one used for the previous experiments with red
denoting high signal intensities but for zero signal strength green was chosen in or-
der to enhance the contrast. Both measured molecular responses possess oscillating
contributions along the wavelength axis. These result from the fact that the transi-
ent grating signal, in contrast to the optical density change measured in transient-
absorption measurements, corresponds to the molecular response multiplied by the
shape of the spectrum of the local oscillator. It contains these oscillations, which are
only detected when using a grating with many lines, for example 600 lines per mm
in this case, which is necessary for the heterodyned detection scheme. They origi-
nate from a small post pulse coming out of the TOPAS resulting in fast oscillations
when measuring spectral interferometry. They are normally not detected when a
grating with less lines or spectrometer with lower resolution are used. The influence
of this additional pulse on the observed signal in the experiment can be neglected
because of the weak intensity (< 1%), the strong shape change only results from
the necessary multiplication with the spectrum. The used heterodyne detection in
transient-grating measurements is a big advantage compared to transient absorption
because very low pump intensities can be used. Thus, if the same conclusions can be
drawn in both measurement techniques artifacts and multiphoton contributions can
be excluded in the interpretation of the data. The former can be excluded becau-
se two different transient-absorption setups and additionally the four-wave mixing
setup were used, resulting in three independent data sets. The latter can be exclu-
ded because the excitation density in the transient-grating measurements is much
lower than in the transient absorption measurements in Sec. 4.5 and multiphoton
processes should depend strongly on the pump power.

Fig. 4.27a) shows a transient-grating measurement of pure ethanol consisting only of
a short-living coherent artifact (reddish colors) covering nearly the full bandwidth of
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Figure 4.28: a) Transient-grating data for S2β (blue, 431 nm) showing ultrafast relaxation
with τ ≈ 60 fs (violet) b) Transient-grating data for S2α (red, 441 nm) showing almost no
change with time. For both transients black denotes the corresponding solvent dynamics
scaled to the absorption maximum at time zero.

the laser pulse. From this measurement the time resolution (≈ 50 fs) can be obtained
and any long-living contributions are excluded. Figure 4.27b) shows a transient-
grating measurement of (ZnTPP)2 dissolved in ethanol. Only one very broad signal
is detected, which is strongly wavelength-dependent. It shifts within 200 fs from
430 nm to higher wavelengths but remains unchanged for time delays > 200 fs.

To allow a better analysis, Fig. 4.28 shows single transients. Figure 4.28a) denotes the
transient (blue) belonging to S2β, but at 431 nm as a result of the small probe pulse
spectrum. After a strong coherent artifact and solvent contribution at T = 0 (black)
the signal decays rapidly. The corresponding exponential fit leads to a lifetime of
(60±10) fs in addition to a small positive offset. In contrast the transient belonging
to S2α (red) in Fig. 4.28b) remains unchanged over the first 600 fs corresponding
to a permanent bleach without any stimulated emission. Both transients are in
accordance with the transients in pump–probe geometry shown in Fig. 4.26.

4.6.4 Coherent Electronic 2D Spectroscopy

The results from coherent electronic 2D spectroscopy performed on (ZnTPP)2 with
435 nm excitation pulses are shown in Fig. 4.29 for several population times T
ranging from 0 to 250 fs in steps of 50 fs. Additionally, spectra for 500 fs are presented
in order to observe long-living contributions in the Soret band. For each population
time absolute (Abs), absorptive real (Re), and refractive imaginary (Im) parts (from
left to right) of the 2D spectrum are pictured containing the complete information
contained in the third-order response. Again the sign convention is inverted in regard
to pump–probe techniques with black/violet denoting negative contributions like
ESA and couplings while reddish colors visualize GSB and SE. Contour lines from
5 % to 95 % of the maximum signal amplitude of the T = 0 fs data are drawn in steps
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Figure 4.29: 2D data of (ZnTPP)2 after 435 nm excitation consisting of absolute (Abs),
real valued (Re) and imaginary (Im) spectra for population times T in 50 fs steps and
additionally for T = 500 fs. Contour lines from 5 % to 95 % of the maximum signal
amplitude of the T = 0 fs data are drawn in steps of 10 %. The color code is chosen to
cover intensive positive (red) to negative (black) signal amplitudes [117].
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of 10 %. Excitation corresponds to the horizontal ν̄τ wavenumbers, and detection to
the vertical ν̄t axis ranging from 2.2 · 104 cm−1 (455 nm) to 2.4 · 104 cm−1 (417 nm).
The red line marks the diagonal, which corresponds to unshifted absorption and
emission. As a consequence of the limited spectral width of the employed laser
pulses, only partially covering the molecular absorption, the dynamics of the two
excitonic Soret states are visible as 2D line-shape modifications rather than clearly
separated peaks. In addition, it is necessary for the population time T = 0 fs to
take signal contributions of the solvent into account. These signal contributions
can be neglected for higher population times, as verified by transient grating in
Sec. 4.6.3 and 2D measurements of the pure solvent ethanol. Furthermore, “phase
twist” contributions originating from the temporal overlap of the third pulse with
the two first ones may occur at T = 0 fs [187].

Considering the absolute and real parts, the latter corresponding to the absorption
change also measured in a pump–probe experiment, a similar signal evolution is
observed over time. At the beginning (T = 0 fs) the signal containing both excitonic
states is elongated along the diagonal of the spectrum with a strong maximum at
|2.3 · 104| cm−1 for both excitation and emission wavenumbers. This peak loses its
diagonal shape within 100 fs becoming more circularly shaped combined with a shift
towards ν̄t = 2.28 ·104 cm−1, hence, (ZnTPP)2 emission relaxes from higher to lower
detection wavenumbers or eventually directly into S1. In addition to this shift a large
part of the higher energetic contributions vanish as seen for ν̄τ = −2.32 · 104 cm−1.
The response decreases strongly (yellow to blue) and shifts from ν̄t = 2.32 ·104 cm−1

to 2.28 · 104 cm−1 resulting in a peak broadening and a strong pronunciation of the
off-diagonal contributions for higher excitation and lower emission wavenumbers.
After 150 fs the shape of the Abs and Re 2D spectra remain nearly unchanged but
show an overall relaxation, which is especially seen when comparing the spectra for
T = 200 fs and 500 fs. In both spectra only a weak, circularly shaped, slightly off-
diagonal peak centered at (ν̄τ = −2.3 ·104 cm−1/ν̄t = 2.28 ·104 cm−1) remains, which
is very similar in shape albeit the signal is weaker for T = 500 fs. Summarizing, S2β

seems to relax combined with a shift towards lower wavenumbers while S2α shifts
slightly and decays only weakly.

The imaginary parts of the 2D spectra exhibit a change in sign. The connecting
nodal plane changes from a diagonal to a vertical alignment with increasing T .
Again, the strongest changes happens when going from T = 0 to 50 fs and in the
last spectrum for T = 500 fs. While the imaginary-valued spectra are necessary in
order to present the complete data set, an interpretation similar to the absorption
change, attributed to population and energy transfer in the excited molecule relaxing
with time, is not intuitively possible and not required for a sufficient understanding
of the excitonic coupling dynamics in (ZnTPP)2, thus, on this data will not be
commented further [117]. An in-depth study and interpretation allow the retrieval
of previously unknown information, for example about vibrational wave packets,
but only with strong theoretical support, as shown in back-to-back publications by
Kauffmann, Manĉal, and coworkers [189,190].
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Figure 4.30: (a) Development of diagonal and off-diagonal signal amplitudes for four
regions of interest marked in the inset. (b) Difference spectra with respect to T = 0 fs at
ν̄2ατ = −2.26 cot 104 cm−1 (red) and ν̄2βτ = −2.34 · 104 cm−1 (blue) for T = 50 fs (dashed)
and T = 250 fs (solid) as marked in the inset [117].

Similar to transient-grating and transient-absorption experiments a discussion of the
transient behavior of a specific emission frequency is beneficial for a better under-
standing of the photosystem. In 2D measurements this is, in addition, combined with
information about a specific excitation frequency. Thus, to get a better impression
of the different signal amplitude progressions in the 2D spectra, four square regions
of interest (ROI) with side lengths of 188 cm−1 (corresponding to ≈ 3.5 nm) around
the diagonal and off-diagonal wavenumbers corresponding to the linear absorption
maximum [ν̄2α

τ = −ν̄2α = −2.26 · 104 cm−1 (S2α) and ν̄2β
τ = −ν̄2β = −2.34 · 104 cm−1

(S2β)] are chosen instead of a simple cut as done in the other techniques. The signal
evolution of these ROIs is shown in Fig. 4.30a) as a function of population time T
for two diagonal contributions at S2α2α = (−ν̄2α, ν̄2α) (red, solid), S2β2β = (−ν̄2β, ν̄2β)
(blue, solid) and two off-diagonal signals at S2α2β = (−ν̄2α, ν̄2β) (red, dashed) and
S2β2α = (−ν̄2β, ν̄2α) (blue, dashed).

Starting at T = 0 fs, only the diagonal signals S2α2α, S2β2β (solid) show a significant
positive amplitude corresponding to a combined bleach and stimulated emission
signal. With increasing population time T both diagonal contributions decrease,
reducing the amount of SE, though the signal amplitude of S2β2β decreases faster
and stronger than S2α2α. In addition, S2α2α remains nearly constant after 200 fs
while S2β2β decreases over the entire population time, seemingly approaching zero
signal strength. Considering the off-diagonal evolution (dashed), S2α2β is positive at
first, proceeds with a slight decay during the first femtoseconds and then remains
close to zero but still positive at the end. On the other hand, S2β2α, corresponding
to molecules excited into S2β and absorbing at S2α, is nearly zero at T = 0 fs, which
is in good accordance to the diagonal elongated peak behavior in the Abs and Re
2D spectra. For time zero each signal should emit at the same frequency where
it was excited [75]. But afterwards, the signal increases rapidly during the first
100 fs, indicative of increased absorption like population transfer or excited-state
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absorption. For even larger times T the signal strength subsequently decreases, but
the remaining positive offset is nearly as large as the S2α2α signal at T = 500 fs.

For further insight into the dynamics, especially about the relaxation pathways of
each single excited state in the Soret band, Fig. 4.30b) visualizes transient difference
spectra for two different pump-pulse frequencies corresponding to the two excitonic
absorption maxima, labeled 2α and 2β. A transient difference spectrum along a
specific pump frequency images where molecules excited into the corresponding state
absorb for a specific waiting time. Decreasing signals correspond to population decay
while increasing signals indicate rising populations.

The difference spectrum (DSi), with i = 2α, 2β of the real valued 2D spectra with
respect to the population time T = 0 fs, i.e., DSi = I(T, ν̄i

τ , ν̄t)− I(T = 0, ν̄i
τ , ν̄t) are

evaluated and cuts along ν̄t for those ν̄i
τ values corresponding to the linear absorption

peaks ν̄2α
τ = −ν̄2α (red) and ν̄2β

τ = −ν̄2α (blue) are displayed for population times
of 50 fs (dotted) and 250 fs (solid) in Fig. 4.30b). The combined GSB and SE signal
of DS2α decreases over time indicative of a depopulation of this state. This is at
least partially attributed to a ground-state recovery because the signal decreases,
albeit weakly, also for ν̄2β

t . Therefore, re-excitation of the entire molecule is possible.
In addition to the strong decay for ν̄2α

t the signal also shifts progressively towards
lower wavenumbers with time similar to the shift seen in the degenerate transient-
absorption data for S2α in Fig. 4.25.

For DS2β (blue) the GSB and SE contributions at ν̄2β
t also decay with increasing

population time T , but three times stronger as compared to ν̄2α
t in DS2α and the

difference spectrum again shifts towards lower wavenumbers. But the behavior at
ν̄2α
t is decisively different. A strong positive signal, indicative of increased absorp-

tion, emerges after T = 50 fs. While it relaxes analogously to the other observed
contributions it remains positive for T = 250 fs but somewhat shifted towards lower
frequencies. Regarding the shifts in DS2β it is important to keep in mind the spec-
tral width of the Soret band states which overlap. As a result if S2β is depopulated
the signal strength around ν̄t = −2.3 · 104 cm−1 becomes stronger negative and the
positive signal belonging to S2α seemingly shifts. This also explains the different
frequencies where zero signal strength is crossed.

4.6.5 Validation of the Purely Excitonic Reaction Scheme

In the previous experiments the dynamics of excitonic states in the Soret band of
(ZnTPP)2 were probed after direct excitation, in order to resolve possible linkage
between S2β and S2α as it was proposed in the reaction scheme in Fig. 4.12b).
The degenerate pump and probe pulses used here result in a slightly better time
resolution, thus, the dynamics within the first few femtoseconds are better resolved.

Analyzing the transient-grating data in Sec. 4.6.3, only one broad positive signal
contribution is identified, albeit the two absorbing states are both covered by the
pump pulse. Both, transient absorption and transient-grating measurements are used
to measure population dynamics within excited states (Sec. 3.3.3). Thus, all infor-
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mation contained in the transient-absorption map in Fig. 4.25 should be evident
in the transient-grating map (Fig. 4.27). While the decay of the high energetic
part at 431 nm with 60 fs is a little bit faster than the estimated 100 fs for both
transient-absorption measurements (400 nm and 435 nm excitation) the behavior is
in principle very similar. In addition, the lower energetic part at 441 nm remains
nearly constant as also previously evidenced. Hence, the reaction pathways for the
Soret band discussed in Sec. 4.5.4 are also found here. Therefore, this independent
technique confirms the previous measurements and allows the transfer into the box
geometry, because no unexpected artifacts or photodestruction were observed. In
this geometry the more elaborate 2D measurements can be performed.

Looking at the transient-absorption data in Fig. 4.25, a slight shift in the lower-
energetic band can be seen since the main absorption wavelength shifts from 441 nm
(2.268 · 104 cm−1 > ν̄2α) to 443 nm (2.257 · 104 cm−1 ≈ ν̄2α) within 250 fs. This time
also corresponds well to the lifetime of the Soret band in porphyrins as previously
shown by Hochstrasser and coworkers [108] and confirmed for (ZnTPP)2 in Sec. 4.5.
This shift is evident considering the behavior on both sides of the absorption band
and how the spectral position changes with time. The observed shift corresponds to
a wavenumber difference of roughly 100 cm−1 and can be, most probably, assigned
to a Stokes shift or vibrational relaxation. By contrast, no such feature can be found
for the higher-energetic Soret band corresponding to ν̄2β.

Now looking at the 2D spectra in Fig. 4.29, this relaxation has to be considered in the
interpretation of the data. As discussed all spectra shift towards lower wavenumbers
with time. However, IVR is presumably not the main reason for the change of signal
amplitude shown in the ROIs corresponding to the absorption at ν̄2β [S2β2β, S2β2α,
Fig. 4.30b)] since the lowest wavenumber contained in the ROIs for ν̄2β is more
than 300 cm−1 above the observed maximal wavenumber (2.3 · 104 cm−1) of the
observed Stokes shift; therefore, the changes at ν̄2β indicate the participation of
other processes.

For a more in-depth analysis, calculations, which simulate absorptive 2D spectra,
were performed based on solving the Bloch equations as proposed in [191] for a
two-level system [117]. The reaction scheme of (ZnTPP)2 is simplified to a four-level
model shown in Fig. 4.31a) consisting of the ground state g, the exciton states S2α

and S2β corresponding to the splitting in the Soret band and the two-exciton state f,
which implies that S2α and S2β are both excited [132]. The depicted transition wave-
numbers ν̄g2α = ν̄2αf = 2.26 · 104 cm−1 and ν̄g2β = ν̄2βf = 2.34 · 104 cm−1 correspond
to the energy difference between the ground state g and S2α or S2β, corresponding to
the twofold splitting measured in the steady-state absorption spectrum. The same
level scheme was used for the calculated transient absorption in Fig. 4.5 and for the
description of molecular excitons in Sec. 4.2.3. This simplification is possible, becau-
se only the behavior of the Soret band is of interest here and all other transitions
are only observed indirectly for two reasons. On the one hand, the spectral band-
width of the laser spectrum covers only the Soret band and, on the other hand, only
population times T up to 500 fs were measured. Hence, no relaxation into S1 states
(Q band) or triplet states, as it will occur in porphyrins in the visible spectral range
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and on at least a picosecond time-scale, are included. For example a decay from the
excited state S2α into the ground state g results in the calculated 2D spectra in a loss
of SE and GSB, thus, a positive signal decays over time. For the bisporphyrin itself
this process proceeds, as verified by the transient-absorption measurements, via a
long living triplet state. Accordingly, only the loss of SE and no GSB recovery can
be detected, which also results in the loss of a positive signal over time. As a result,
this simple model should provide the right temporal and spectral behavior but with
a much stronger amplitude. With this in mind, no quantitative information should
be extracted from these calculations. More elaborate simulated 2D spectra are cal-
culated for example in Refs. [192,193] by employing Redfield theory or by analytical
calculation of the photon echo 2D signal. Both techniques exceed the capabilities of
an experimental group and deliver, albeit more detailed, a very similar interpretation
of the corresponding 2D spectra. This is even more evident in Ref. [194] where the
2D spectra of a porphyrin dimer, however, with meso, meso’ -linkage and a spacer,
are calculated, under full consideration of the degenerate nature of the Soret band
and the discussion evolves around the four signals (two diagonal, two off-diagonal)
also discussed here.

In the simulated data the corresponding excitonic states were fitted by Lorentzian
functions (blue, solid) to the linear absorption spectrum (red, dashed) shown in
Fig. 4.31b). For S2α, fitted curve and molecular absorption correspond very well.
In contrast, the agreement for S2β is weaker. Unsurprisingly the fitted peak does
not cover the high-energetic edge of the absorption band, because the third state
centered at 2.4 · 104 cm−1 is not included in the calculation. In addition, the absorp-
tion band is much broader than the fit, resulting from the existence of two nearly
degenerate states, as the corresponding Lorentzian function. However, the central
frequency matches quite well. Summarizing, the two model states are adequately
reproduced, especially when considering the simplified reaction scheme. The expe-
rimental excitation and detection pulses (black, dashed) were treated by Gaussian
functions (green, solid) fitting quite well. Slight deviations on the edges are evident,
which stem from the fact that the used NOPA pulses did not possess a perfect
Gaussian-shaped spectrum. The resulting Re 2D spectra for 50 (upper row) and
250 fs (lower row) in addition to the corresponding experimental ones are shown
in Fig. 4.31c). The calculations were performed with (middle column) and without
(left column) inclusion of a coupling between the excitonic states to compare the-
se with the experimental results (right column), while no additional environmental
and inhomogeneous broadening effects were considered. The coupling was taken into
account by an exponential population transfer from S2β to S2α with a time constant
of 114 fs as observed in Sec. 4.5.

Again looking at the experimental results for the degenerate pump and probe pul-
ses, a look at the transient-absorption data in Fig. 4.25 reveals a signal decay in
S2β on a time-scale of 100 fs, which corresponds to the 114 fs decay used for the
simulated population transfer. The product state is not unambiguously identified
but the ground state g can be excluded since then S2α would need to show a similar
signal decay: A populated ground state would enable re-excitation into both, S2α
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Figure 4.31: a) Four-level model consisting of ground state g, excitonic states S2α, S2β and
biexcitonic state f, arrows are denoting possible transitions. b) Fit with two Lorentzians
(blue) to the absorption spectrum (dashed red) and two Gaussian functions (green) to the
used laser spectrum (dashed black). c) Calculated Re 2D spectra without coupling (left),
with coupling (middle), and corresponding experimental data (right) for T = 50 fs (top)
and T = 250 fs (bottom) [117].

and S2β as previously discussed in Sec. 4.5.4 and, in addition, deemed improbable
by the transient-grating measurements. A reasonable assumption within the model
is a population transfer from S2β to S2α, which would lead to an increased excited-
state absorption into the two-exciton state f as calculated for this simple system in
Fig. 4.5. Looking at the behavior in S2α, only a small Stokes shift and perhaps a va-
nishing SE signal on a femtosecond time-scale is directly observable but the amount
of bleaching stays roughly the same over the entire time delay. This evidences that
the ground state is not repopulated during the experiment.

Looking at the development of the signal amplitude and the simultaneous change
of shape to lower energies in the real-valued 2D spectra in Fig. 4.29, all previously
discussed relaxation processes within the Soret band are also evident because the
information contained in transient-absorption experiments are part of the informa-
tional content in a 2D spectrum. The entire signal weakens with time, resulting
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from overall relaxation, observable in all spectra, into the lower Q band (as also
known for similar systems [108, 120]). Since the Q band absorbs in the visible this
relaxation manifests itself only indirectly here since no SE from S2 is possible any
more. In addition, the signal amplitude for high excitation ν̄τ and low detection ν̄t
wavenumbers changes with time as discussed in the experimental section. This in-
dicates a relaxation by solvent effects like a Stokes shift or by a population transfer
from S2β to S2α as the change mainly appears as an off-diagonal signal between the
corresponding excitonic states.

The changes in the signal amplitude are more precisely seen in the difference spec-
tra [compare Fig. 4.30(b)] relative to T = 0 fs. For DS2α (red) a weaker decrease of
signal amplitude compared to DS2β can be observed, which confirms the different
dynamics already seen in transient absorption and the higher stability of S2α. Com-
paring the difference spectra for T = 50 fs and T = 250 fs, a progressive decrease
to lower wavenumbers of the combined SE and GSB signal can be observed. At
T = 0 the signal consists of GSB and SE contributions. After a given population
time (T = 50 fs) the signal shifts to lower wavenumbers as the SE contribution is
influenced by a Stokes shift. As the lifetime in the Soret band is ≈ 150 fs [108] the
Stokes-shifted SE vanishes for T ≫ 150 fs while the GSB still maintains, leading to
the observed stronger signal decrease at lower wavenumbers. Crucial new informa-
tion are gained when looking at DS2β (blue). Most importantly an increasing signal
amplitude for DS2β at wavenumbers corresponding to the lower energetic state S2α is
evident. This is a direct consequence of a coupling between S2β and S2α as proposed
in Sec. 4.5.4. This signal is indicative of relaxation from S2β into S2α since molecules
excited into S2β now show absorption at frequencies corresponding to the state S2α,
most probably belonging to increased SE, while at the same time the SE signal for
S2β decreases. This signal was only deduced from the transient-absorption measu-
rements because it is hidden within the strong ground-state bleach and stimulated
emission signal, necessitating the additional 2D measurement.

This coupling between the two excitonic states and the corresponding relaxation dy-
namics are more intuitively visualized in the development of the signal amplitudes
at the chosen ROIs in Fig. 4.30b), which are similar to a transient. The decreasing
amplitudes S2α2α and S2β2β, representing the diagonal contributions and monitoring
the amount of molecules, which are excited, mirror the observation of the transient-
absorption study. They show an overall decrease, again much faster for S2β2β than
for S2α2α. The nonzero signal after a population time of 500 fs necessitates the exi-
stence of a long living intermediate state, which was previously identified as T1. The
coupling in the excited state is visualized by the two off-diagonal contributions S2α2β

and S2β2α corresponding to molecules excited into S2α and still excitable into S2β and
vice versa. After a given population time the dynamics are dominated by population
relaxation processes from S2β to S2α. As this relaxation gives rise to contributions to
the excited-state absorption for S2β2β, stemming from twofold excitation, and to the
SE for S2β2α, resulting from the increased population, it explains the time evolution
of the related signal amplitudes. S2β2α increases over the first 100 fs and accordingly
S2β2β decreases as long as this transfer takes place.
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This interpretation is also strengthened when considering the simulated spectra.
Without two coupled excited states the signal starts in a diagonal orientation, quite
similar to the experimental spectrum for short population times, but there are hard-
ly any changes towards lower detection frequencies with evolving time. This is not
surprising because only slow relaxation originating in S2β is included in the simulati-
on, therefore, explaining the small differences between the spectra for T = 50 fs and
250 fs. The initially observable black contour lines around the edges are due to phase
twist contributions because of effective pulse overlap between all used laser pulses,
similar to a coherent artifact in transient absorption. This qualitative behavior does
not match the experimental observations well. On the other hand, the calculation
where the two excited states are coupled and have population transfer with a 100 fs
dynamic shows a shift of intensity for high excitation wavenumbers going from hig-
her to lower detection wavenumbers with time, i.e., a growth of contributions below
the diagonal and a simultaneous decay of the signal for higher wavenumbers. In
addition, the diagonal orientation for small T becomes horizontally symmetric with
time similar to the experiment. Finally, the spectrum for T = 50 fs also matches
the experimental one. Compared to the experiment the development of the spectral
shape resembles the calculated coupled 2D spectrum qualitatively, especially the
shift of center of gravity to regions below the diagonal is evident. Hence, regarding
both the measurements and the simulated model spectra population transfer within
the excited Soret band is considered to be a reasonable explanation for the observed
effects. In Sec. 4.5.4 two different explanations for the excitonic relaxation behavior
were introduced. One, shown Fig. 4.23a), required the definition of monomeric and
excitonic states and the introduction of different states, sharing the same energy. The
completely excitonic picture, however, is much simpler but a direct energy transfer
between the two excitons was necessary, which could not be detected via pump–
probe measurements. It was identified here in the 2D spectra, hence, the reaction
scheme proposed for (ZnTPP)2 in Fig. 4.23b) is validated.

4.7 Conclusion

The aim of this study was to develop an understanding of ZnTPP’s relaxation dy-
namics, a porphyrin monomer, used as a precursor molecule for potential applica-
tions like molecular wires [102] and to gain insight into the relaxation dynamics of
(ZnTPP)2, a directly β, β′-linked bisporphyrin with hindered rotation around the
biaryl axis [114,115]. Especially the behavior of the excited states and how they are
connected was in the focus. By a combination of diverse techniques in addition to
the use of three different excitation wavelengths a comprehensive understanding of
the photo-induced dynamics of (ZnTPP)2 was obtained. The corresponding reaction
scheme is visualized in Fig. 4.32 with colored boxes denoting the primary technique
responsible for a specific result. In summary, fs-resolved transient-absorption measu-
rements supported by absorption and fluorescence spectra, a global analysis scheme
(VIS: green, NIR: red), and TD-DFT calculations in addition to coherent electronic



4.7 Conclusion 99

~1.5 ns

~100 fsS
2β

S
0

T
1

S
2α

S
1

 

 

 

 

 

 

 

 

~50 µs

 

Θ
D
= 68° (opt. struc.)

Figure 4.32: Simplified reaction scheme of (ZnTPP)2 after photoexcitation into S2β with
boxes denoting the primary technique which obtained the results. Coupling in the Soret
within (violet) was predicted (right) with TD-DFT measurements and observed (left) with
coherent 2D spectroscopy. Afterwards, relaxation into the Q band proceeds where cooling
dynamics occur (green), as is evident by a transient-absorption study comparing (ZnTPP)2
to ZnTPP. Lastly, intersystem crossing into T1 is measured with transient absorption in
the NIR (red).

2D experiments in box geometry combined with simulations were used to extract as
much information as possible (violet).

While the results for the ZnTPP monomer are in good accordance with literature,
the data for (ZnTPP)2 differ from previous studies on similar dimers featuring me-
so,meso’ -linkage (green dashed box). Thus, the models developed for those systems
had to be extended, resulting in two alternative models taking into account the di-
stinct features observed for the β, β′-linked dimer. Both models assign the largest
of the determined time constants (≈ 1.5 ns) to intersystem crossing into T1 (red
dashed box). A time constant of 40 ps is attributed to a small ground-state recovery
most probably by fluorescence as radiant S1-S0 relaxation is observed. The dyna-
mics taking place on the faster time-scales incorporate the excitonic nature of the
electronic states. The interaction of the two monomeric units cancels the degeneracy
and leads to Davydov splitting of the Soret band. Two time constants (i.e., 9 ps and
150 fs) are assigned to energetically favorable transitions into two groups of excito-
nic states. The smaller time constant is additionally combined with relaxation from
the second into the first electronically excited state and possibly decoherence of the
initially excited coherent excitons. The semi-monomeric, semi-excitonic model ad-
ditionally assumes that a localization process happens on this ultrafast time-scale.
The latter leaves one of the two moieties excitable from its monomeric ground state.
By contrast the purely excitonic model based on superposition of former monomeric
states forming non-trivial localized states does not rely on an actual localization
step, which leaves only one subunit excited.

In order to obtain more detailed information about the excited-state behavior the
ultrafast excitonic dynamics in the Soret band (ZnTPP)2 was additionally analyzed
by transient absorption and coherent two-dimensional spectroscopy with ultrashort
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degenerate pump and probe pulses (violet dashed box). In the transient-absorption
experiments the more stable S2α state shows in addition to various relaxation dy-
namics a Stokes shift within 200 fs. However, only an indirect assignment of the
participating states is possible. Whereas the energetically higher state relaxes with
≈ 100 fs into another state the energetically lower state relaxes on a much longer
time-scale similar to the previous experiment. These relaxation dynamics are ob-
served in more detail, allowing a direct assignment using coherent 2D spectroscopy.
A simple model shows that these dynamics cannot result from a Stokes shift alone.
Off-diagonal contributions in the experimental and qualitatively modeled 2D spectra
provide an explanation: population transfer occurs between the corresponding exci-
tonic states S2α and S2β as a result of electronic coupling, confirming the validity of
the second, purely excitonic model. Thus, this result contributes to a deeper under-
standing of the processes happening in the strongly absorbing yet very short-lived
Soret bands of porphyrins.

Exploiting the information contained in the different measurements the results of
the study corroborate a comprehensive reaction scheme based on one conformation
of (ZnTPP)2 and show that the dimer already possesses distinct excitonic charac-
teristics. In addition, the importance to understand the photophysical behavior of
higher excited states above the S1 state is highlighted. These findings demonstrate
that (ZnTPP)2 is a versatile molecular model system for porphyrin science, even
more when its chiroptical properties are considered. With its distinct excitonic cha-
racter and pronounced axial chirality, the molecule may serve as a unique building
block for larger porphyrin arrays with applications ranging from asymmetric cata-
lysis over biomimicry of electron-transfer [115] to organic optical devices.



Chapter 5

6,8-Dinitro BIPS — Comprehensive
Study of a Molecular Switch

5.1 Introduction

Photochromic compounds are promising molecular systems for organic electronic
devices like ultrafast transistors because of their unique property to be switchable
between two stable states with light [19], hence, serving as a possible molecular
bit [195–197]. A multitude of different molecular systems exist in literature as, e.g.,
diarylethenes [198–200], fulgides [196, 201–204], and the spiropyran–merocyanine
photosystem [205–210] all off them possessing strong photochromism [21]. Though
the first articles about this topic were published more than a decade ago, still not all
properties are known and well understood. Quite contrary, the results barely scratch
the surface of their powerful potential and usability as indicated by recent studies
for all these molecules: diarylethene-based switches were used for a non-destructive
optical readout on a single-molecule scale [200]. Recent time-resolved studies on
fulgide derivatives demonstrate how structural modifications tailor the optical pro-
perties [211] and prove that this system can perform all optical switching cycles
repeatable with clock-rates of 250 GHz [196]. Finally, a spiropyran–merocyanine
system showed the ability to be switchable between two states in addition to solubi-
lity in water [212]. Solubility under aqueous conditions allows for the integration of
spiropyran into DNA strands, allowing optical triggering in biological applications.

All these publications have in common that they highlight the benefits of a logical
bit, which performs switching on a fast time-scale, up to hundreds of GHz, and is
ultimately restricted to dimensions of only a few nanometers. The first goal has
been met for fulgides. However, three-dimensional optical data storage and readout
on a molecular scale is limited by the diffraction limit of the used light source. Over
the last years this challenge has been subject of numerous publications and now real
working systems with a lateral resolution of less than 500 nm were realized [213–215].

After having elucidated the couplings and excited-state relaxations of a porphy-
rin dimer in the previous chapter, now the second focus of this thesis is discus-
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Figure 5.1: Ultrafast absorption-based time-resolved spectroscopic techniques. left: third-
order excitation techniques: a) pump–probe/transient-absorption spectroscopy b) coherent
2D spectroscopy; right: two-color excitation: c) pump–repump/dump–probe spectroscopy
d) triggered-exchange 2D spectroscopy [219].

sed. An indolino-benzopyran, more precisely 6,8-dinitro-1’,3’,3’-trimethylspiro[2H-
1-benzopyran-2,2’-indoline] (6,8-dinitro BIPS) [216, 217], which is a spiropyran–
merocyanine system based on a 6π-electrocyclic reaction is subjected to a series of
photochemical experiments. Ring-closed spiropyran comprises two orthogonal chro-
mophores (pyran and indole moiety), which do not absorb in the visible spectral
range, whereas ring-open merocyanine consists of one large planar π-system strongly
absorbing in the visible spectral range. The main goal is to determine the suitability
of 6,8-dinitro BIPS as a molecular switch. For an effective conclusion the following
open questions have to be addressed:

Is bidirectional switching between the open and closed form possible on an ultrafast
time-scale? Are there disadvantageous reaction pathways which lower the quantum
efficiency of a possible device and dilute the switching sample? This is important,
because in an efficient switching device the existence of a third species, serving as
the reactant in a competitive reaction path towards opening or closing (as observed
in fulgides [218]), is disadvantageous. Does the photochemical behavior change after
twofold excitation? This for example is important to determine the maximal speed
of multiple read–write cycles.

In order to obtain all this information the comprehensive reaction scheme of 6,8-
dinitro BIPS is unveiled in this chapter, showing a multitude of reaction pathways.
All pathways are detected and accessed via different time-resolved spectroscopic
methods including newly-implemented ones, like coherent electronic 2D spectrosco-
py with a supercontinuum probe [78, 220, 221], or newly-developed multicolor and
multidimensional experiments, like electronic triggered exchange spectroscopy.

However, until now electronic 2D, and its possible extensions, have only been applied
to photophysical processes like energy transport in photosynthetic compounds [15]
or for the analysis of dimeric systems [117, 189, 222]. In the mid-infrared spectral
range photochemical studies are far more common, especially for the study of non-
equilibrium systems. In transient 2DIR spectroscopy, a preceding pump pulse trig-
gers a chemical process, e.g., a switching process in peptides [87, 223], unfolding
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dynamics in proteins [224], metal-to-ligand charge transfer [225], or bond cleavage
in metal carbonyls [226]. In 2DIR triggered-exchange spectroscopy, this additional
pump pulse starts the reaction after the IR excitation, linking vibrations in the
reactant to those in the product [225,226]. The molecules can also undergo a struc-
tural change between the excitation and detection steps without a further triggering
pulse (2DIR exchange spectroscopy) [227–231]. In this chapter, these techniques are
extended from vibrational to electronic transitions by using visible laser pulses.

The four different pulse sequences used in this photochemical study are highlighted
in Fig. 5.1 with the ones known from the (ZnTPP)2 experiments in Chapter 4 on the
left and new techniques on the right side. Ordering of the experiments is as follows:

Section 5.2 summarizes requirements of molecular switches, describes the concept
behind pericyclic reactions and introduces the state of literature for merocyanines,
especially for the BIPS family. Transient-absorption spectroscopy [Fig. 5.1a)], with
two different excitation wavelengths, allows for the discrimination of two merocya-
nine isomers in solution (Sec. 5.4). Subsequently, coherent electronic 2D spectrosco-
py [75] in pump–probe geometry [89,94,220] is implemented and used to assess the
importance of isomerization (Sec. 5.5). Here, compared to transient absorption the
pump pulse is split into a pump pulse pair [Fig. 5.1b)].

Spectrally-resolved pump–repump–probe measurements [Fig. 5.1c)] — pump–probe
experiments with an additional repump pulse separated by the time τPR from the
pump — are used to identify the product formed after S1 excitation and for reso-
nant excitation into higher-excited merocyanine Sn states (Sec. 5.6). By combining
2D and pump–repump–probe spectroscopy, electronic triggered-exchange 2D spec-
troscopy (TE2D) is implemented for the first time. Basically after performing a 2D
experiment the repump interacts with the excited-state population connecting the
spectral signatures before and after an additional light-matter interaction [Fig. 5.1d)]
(Sec. 5.7). Lastly, a summary is given in Sec. 5.8 concluding this chapter and des-
cribing the photochemical reaction mechanisms of 6,8-dinitro BIPS.

Parts of this chapter were already published and are reproduced in part with per-
mission from References [20, 27, 78]1 (Sec. 5.4, 5.6.2, and 5.5) and from Ref. [219]2
(Sec. 5.6 and 5.7).

5.2 Molecular Switches

The most common implementations for data processing and storage are nowadays
based on semiconductors. A different approach is based on organic molecules which
satisfy certain criteria, called molecular or optical switches. Their properties are
summed up in the following sections. At first, their requirements are introduced in
Sec. 5.2.1. Afterwards, pericyclic reactions are elucidated (Sec. 5.2.2), which are the

1Copyright: American Chemical Society [2013], DOI: 10.1021/ja2032037,
DOI: 10.1021/jp108322u, DOI: 10.1021/ja1062746

2Copyright: American Physical Society [2013], DOI: 10.1103/PhysRevLett.110.148305
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fundamental reaction mechanisms behind many optical switches. In Sec. 5.2.3 the
spiropyran–merocyanine photosystem is introduced, which is a promising candidate
for a molecular switch, based on its strong photochromism. 6,8-Dinitro BIPS, the
molecular system whose reaction mechanisms will be unveiled in this chapter, is one
of the representatives of this molecular class.

5.2.1 Properties of a Molecular Switch

The term molecular switch itself describes the photosystem, to which this tag is
applied, intrinsically quite well. Basically an information storage device called a
molecular switch has to be made of a molecule which is switchable between two
distinguishable forms by light. Often photochromism is exploited to generate such a
molecular bit, consisting of a “closed” state, representing zero, and an “open” state,
representing one. Hence, the molecules act like a logical bit in a semiconductor devi-
ce. In his seminal book Feringa presented a more detailed list of necessary properties
that enable designation of the label molecular switch to a certain molecule [19] which
is summarized below:

• A molecular or optical switch has to exist in (at least) two configurations, often
different isomers. These two configurations have to differ in their optical pro-
perties, e.g., their respective absorption spectra are unambiguously attributa-
ble to each configuration. This is achieved by different extinction coefficients
for at least one specific wavelength. Diarylethene derivatives, a well-studied
class of molecular switches, including a cyclic unit, absorb in the ring-open
form strongly in the UV at wavelengths < 400 nm. The ring-closed isomer,
however, absorbs in the visible spectral range around 500 nm, allowing a clear
distinction [198]. Different distinction possibilities are e.g. circular dichroism
or the different response to magnetic fields after illumination [19].

• Both of these configurations have to be thermally stable. This means that both
have to remain indefinitely in their ground state, if they are not illuminated.
This is fulfilled by diarylethene derivatives and fulgide systems. Other possible
candidates, like spiropyrans, remain in their switched configurations only for
a certain amount of time, because of thermochromism [232].

• However, a light-induced conformation change causing the conversion of the
“open” into the “closed” form and vice versa has to happen fast in regard
to any thermal reactions and also very efficiently [201]. This represents the
light-induced switching process, the centerpiece of a working molecular switch.
“Open” and “closed” do not have to represent cyclic reaction schemes. However,
cyclic reactions are often used.

• These light-induced conformation changes have to be repeatable many times
for a single sample. This fatigue resistance is quasi observed in diarylethene
derivatives, which can repeat a high number of photocycles (ncycles > 104)
while for furylfulgides the number of cycles is limited to ncycles ≈ 100 [19].
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• Finally, a non-destructive readout has to be possible for determining the ac-
tual conformation state of the photosystem, without affecting it. This can, for
example, be realized by infrared spectroscopy, which induces purely vibratio-
nal and no electronic changes, as shown for the time-resolved switching cycle
of a fulgide or for spiropyrans [196,233].

All these criteria should optimally be fulfilled by a certain molecular system in order
to be called an optical switch. For achieving the goal of a data processing device on a
molecular scale, different promising classes of molecules exist. Azobenzenes [234,235],
spiropyrans [20, 205, 212], furylfulgides [211, 218, 236], indolylfulgides [202, 237, 238],
and diarylethenes [198,239] are different molecular classes which satisfy at least some
of the criteria, but each one has certain advantages and disadvantages. The quantum
efficiencies for the photoreactions in both directions (opening reaction: Φc−o, closing
reaction: Φo−c), in addition to the spectral range of the absorption maximum Absc−o

and Abso−c, and the thermal stability after photoswitching are given in Tab. 5.1 for
some selected compounds. As it is evident by recent publication dates (2009-2012),
the properties of molecular switches undergo a continuous improvement and are part
of current research projects.

mol. photoswitch Φc−o[%] Φo−c[%] Absc−o Abso−c Stab.
diarylethene [19] ≈ 50 ≈ 2 UV VIS Yes
furylfulgide [240] ≈ 50 < 30 UV VIS Yes

indolylfulgide [202] < 50 < 17 UV VIS Yes
azobenzene [234] 25 50 UV UV No

mod. azobenzene [235] > 90 > 90 UV VIS No
spiropyrans [212] < 4 < 20 VIS UV No

6,8-dinitro BIPS [20,27] < 10 < 40 VIS UV No

Table 5.1: Quantum yields for opening (Φc−o) and closing switching-directions (Φo−c),
together with the spectral region of the absorption maximum (Absc−o and Absc−o, respec-
tively) for common molecular systems. Stab. denotes to the permanent thermal stability
of both configurations. The mod. azobenzene is a unique bridged configuration, strongly
altering the photochemical properties. The separated row relates to 6,8-dinitro BIPS, the
molecule studied in this chapter. The values are partially obtained in later sections.

Basically two different types of chemical reaction can be used in a molecular switch.
On the one hand, cis/trans isomerization is employed as the mechanism, as for
example in azobenzenes. In these systems very high quantum efficiencies in both
directions are possible. However, the absorption spectra are typically not comple-
tely separable – both azobenzene conformations absorb between 300 and 400 nm –
aggravating photochemical access to only one species [234]. This problem was re-
cently synthetically addressed and a modified azobenzene with additional bridges
circumvents this problem by shifting one band into the visible regime [235]. As an
additional benefit even higher reaction yields are determined in both directions.
However, long-lasting thermal stability is not observed for these compounds.
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On the other hand, the electrocyclic process of ring-closure and opening in diary-
lethenes, fulgides, and spiropyrans is a promising reaction type for a potential photo
switch. Since 6,8-dinitro BIPS undergoes this reaction mechanism, it is explained in
more detail in Sec 5.2.2. For this mechanism both molecular configurations have well
separated spectral absorptions, one conformation absorbing in the UV and the other
one in the visible spectral range. Diarylethenes were one of the first suggestions for a
switching device, because of their strong fatigue resistance, however their quantum
yield in closing direction is very low [19]. Fulgides have high quantum yields in both
directions, good fatigue resistance and well separated absorption bands. Merging
all these attributes the high promise of fulgides for developing molecular switches
is explained. However the open form undergoes partial isomerization into a third
configuration not capable of closing. Such an unwanted side product reduces the
amount of photoswitchable molecules with each photocycle and leads to a nontrivial
readout signal because more than two possibilities exist.

From this short review, discussing azobenzenes, diaryelethenes, and fulgides, it is
evident that it is not easy to find a system which satisfies all necessary criteria:
Most of the systems excel in some aspects, while not fulfilling one condition at all.
However, the spiropyran–merocyanine photosystem, discussed in this thesis, satisfies
all criteria to a certain extent, as elucidated in the following. Both bands are well
separated, though, as a unique property the ring-open form absorbs in the visible and
the closed in the UV contrary to the previous examples. No side products, beyond
thermal isomerization for different merocyanine isomers [241], are known and the
system performs reasonably well in both directions. Thermal stability is observed
on a time-scale of minutes [71]. When taking all these properties into account the
potential of 6,8-dinitro BIPS, the actual photosystem used, is evident. Therefore,
additional research is necessary, which will be addressed in this chapter.

5.2.2 Pericyclic Reactions

Pericyclic reactions are an important reaction mechanism for the understanding
of many molecular switches [123]. These reactions typically involve the π-electron
system of a molecule. Therefore, over the course of the reaction, large changes in the
electron density are induced. Hence, optical properties like absorption are strongly
influenced. A pericyclic reaction is a so-called concerted reaction. This term denotes
a direct reaction without a (meta-)stable intermediate state; instead, these reactions
proceed via a short-lived transition state. After excitation into this highly unstable
reaction intermediate, multiple chemical bonds are formed or broken in a single
reaction step. While a lot of pericyclic reactions consist of two or more interacting
π-systems, as, e.g., the famous Diels–Alder-reaction [242] – a cycloaddition and
bimolecular reaction – the only case treated in this work is the interaction of different
π-electrons within one molecule (unimolecular reaction).

The most common reaction scheme for molecular switches, as shown by the amount
of examples in Sec. 5.2.1, is the electrocyclic reaction. This corresponds to a subclass
of the pericyclic reaction principle. In this case a molecular π-bond (or double bond)
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Figure 5.2: a) Visualization of the [6π]-electrocyclic ring closure/opening of 1,3,5-
hexatriene/1,3-cyclohexadiene. For the closure direction every π-bond shifts one position
and the last one (dashed) is cleaved and reformed into a σ-bond. This results in 1,3-
cyclohexadiene which performs a [4π + 2σ] ring opening. b) HOMO of 1,3,5-hexatriene,
capable of a disrotatoric ring-closure, c) and LUMO, showing conrotatoric behavior.

is broken and creates a single σ-bond. This results in a ring-closure reaction because
an additional bond covalently links two previous unconnected atoms. Accordingly,
the reversed reaction is called a ring-opening reaction and separates two previously
directly-linked atoms via cleavage of a σ-bond. The exact reaction mechanism is
defined by the number n of π-electrons and k of σ-electrons contained in the ring-
system, resulting in an [nπ + k σ] ring-closure or ring-opening reaction.

Fig. 5.2a) visualizes the [6π]-ring closure of 1,3,5-hexatriene, which possesses 3π-
bonds, leading to 1,3-cyclohexadiene. Each participating bond shifts by one position,
until the ring closure is possible, resulting in a new photosystem. Here two electrons,
which previously formed a π-bond (dashed), are used to link a new σ-bond. This
reaction mechanism, which forms or breaks a π-bond in a ring-system, containing 6
carbon atoms, is one of the most fundamental electrocyclic reactions. The photoche-
mical ring-opening reaction, starting with 1,3-cyclohexadiene, is both theoretically
and experimentally well studied [243–246]. After vibrational relaxation of cyclohe-
xadiene in the excited state 1B the excited molecule relaxes into the 2A state and
from there proceeds into the vibrationally excited ground state of hexatriene via a
conical intersection (CI). The entire reaction proceeds on an ultrafast time-scale.
Within 100 fs the hot ground state is reached and afterwards a fast ps relaxation
sets in until metastable, vibrationally completely relaxed, hexatriene is observed.

In order to assess the stability of an entire molecular system or a specific reaction
pathway, molecular orbital theory has emerged as an important tool. If only the
highest occupied (HOMO) and lowest unoccupied molecular orbitals (LUMO) are
used, both types of orbitals are called frontier orbitals [247]. Figure 5.2 shows the
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HOMO [Fig. 5.2b)] and LUMO [Fig. 5.2c)] of 1,3,5-hexatriene. Each π-electron is
visualized as a dumbbell-shaped p-orbital, with black and white halves denoting
opposite signs of the atomic wave functions. A superposition of the atomic orbi-
tals, containing all atoms forming a molecule, results in the molecular orbitals. For
molecular systems the energy is minimized if the system reaches its most stable
configuration and stability is enhanced if the corresponding atomic wave function
can overlap constructively. Thus, the interacting halves of two p-orbitals have to
share the same sign. As a result, systems with even parity perform electrocyclic
reactions via disrotatoric movements, meaning both p-orbitals have to turn in oppo-
site directions (as shown for the HOMO of 1,3,5-hexatriene), while odd parity leads
to conrotatoric behavior, meaning they turn both in the same direction [LUMO in
Fig. 5.2c)]. Thermal reactions start from the HOMO, while photochemical reacti-
ons, because of the excitation, normally begin with the LUMO. Thus, normally one
type of reaction (thermal or photochromic) is energetically preferred and the other
forbidden, since these two orbitals possess different parity [248]. This is valid for the
hexatriene-cyclohexadiene system, which only performs a light-induced, conrotato-
ric, ring-opening but no photochemical ring-closure reaction is observed [246, 249].
However, according to Woodward–Hoffman rules the thermal back-reaction is pos-
sible. Hence, by calculating the molecular orbitals an estimation about plausible
photochemical and thermal reaction pathways is intuitively gained.

An efficient molecular switch utilizes the following behavior: Efficient photochemical
reactions for both directions and nearly no thermal activity. Often the hexatriene-
system is incorporated, however with additional substituents and chromophores to
tailor the behavior to satisfy many of the required criteria summarized in Sec. 5.2.1.

5.2.3 Merocyanines and Spiropyrans

The spiropyran–merocyanine photosystem constitutes of a class of molecules which
can perform a 6π-electrocyclic ring-closure or -opening reaction via the same mecha-
nism as 1,3-cyclohexadiene, resulting in strongly differing photochemical properties
as explained in the previous Section 5.2.2. Fischer and Hirshberg detected these
dyes when their samples changed color after continuous illumination. They returned
to their original coloration after a macroscopic waiting time and without further
illumination, performing a photochemical and a thermal reaction [250].

The reason for the different color is the substantially different π-systems of both
isomers. Spiropyrans (SP), from which the simplest possible configuration is shown
in Fig. 5.3a), consist of at least a pyran unit (blue) fused to an orthogonally oriented
indole moiety (black). Both units are connected at a single carbon atom Cspiro, the
spiro-carbon, and possess only weak electronic interaction [207, 251]. Accordingly,
this system is optically transparent in the visible spectral range and absorbs only in
the UV, nearly identical to the behavior of each of the two chromophores, indole and
pyran. After (resonant) illumination in the UV, the C-O bond in the pyran moiety
is cleaved, and the new isomer forms a methine bridge, defined by the three dihedral
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Figure 5.3: a) A photochromic spiropyran–merocyanine model system. Spiropyran (left)
consists of an indole (black) and an orthogonal pyran (blue) moiety. Planar Merocyanine
(right) still consists of the indole, while, via bond breaking, the pyran is changed into a
methine bridge defined by three dihedral angles (red). With increasing solvent polarity
the equilibrium shifts from a quinoidal (top) to a zwitterionic conformation (bottom). b)
Completely unsubstituted BIPS (R = H) in spiropyran conformation. Common binding
positions are marked by numbers and the not specified substitutes are marked as R.

angle configurations3 θD = α, β, γ (red). Additionally, the ring-open remains of
the pyran rotate by about 90°, from an orthogonal orientation directly into the
plane of the indole. Hence, a large planar system with only one shared, but enlarged
π-electron system is formed. This results in a strong new absorption in the visible
spectral range, responsible for the coloring, because the energy requirement to induce
changes in the π-electron density are greatly reduced. This new ring-open form is
called merocyanine (MC). Thermal relaxation or illumination with visible light leads
back to the spiropyran, completing the electrocyclic reaction circle.

One very well studied class of spiropyrans is the so-called 1’,3’,3’-trimethylspiro[2H-
1-benzopyran-2,2’-indoline] (BIPS) molecule and differently substituted derivatives.

3A dihedral angle is the angle between two planes and contains normally 4 atoms in a chemical
compound and not three like a bond angle.
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The basic structure of the molecule is shown in Fig. 5.3b) with an additional benzene
ring attached to the pyran moiety, forming the so-called chromene or benzopyran,
compared to the previous model system [206,232,233,252]. The most important bin-
ding positions are marked by numbers and for BIPS itself the possible substituents R
are either methyl groups CH3 (1’,3’,3’) or simple R = hydrogen (H) for the 6,8 positi-
ons. Time-resolved photochemistry, from femtoseconds [233] up to µs [253], of BIPS
derivatives with differing substitutions patterns focused mostly on the ring-opening
mechanism out of two reasons. On the one hand, the ring-opening is photochemically
allowed. Thus, it is accessible with high yield as shown for 1,3-cyclohexadiene. On
the other hand, spiropyran is, at least at room temperature, the most stable configu-
ration. Therefore, easy access without the need of additional light sources necessary
for photoconversion [254], is provided. For BIPS itself, merocyanine is formed with
a 28 ps time constant after excitation of spiropyran dissolved in tetrachloroethene
with a quantum yield of Φc−o = 10% [233], and within ≈ 1 ps in ethanol and n-
pentane [206,207]. While some ambiguities exist, like the existence of a short-living
intermediate species, possibly in a cisoid conformation (resembling spiropyran, but
with an already cleaved C-O bond) [233], the existence of an inefficient, but fast
singlet reaction pathway is generally agreed upon.

After attaching a nitro group in position 6 on the pyran [compare Fig. 5.3b)], resul-
ting in the so-called 6-nitro BIPS, the photochemical properties change drastically.
The switching efficiency increases to a much higher yield. However the reaction me-
chanism now seems to involve strong triplet contributions [255]. While theoretical
models for the BIPS family propose an ultrafast ring closure proceeding via a co-
nical intersection seam, this reaction is not observed for 6-nitro BIPS. To follow
the mechanisms competing with the ring-closure reaction, 6-nitro BIPS was con-
tinuously illuminated with UV light, followed by a pump–probe experiment with
visible excitation and detection [254]. Several merocyanine isomers, at least two,
possibly three, were observed after excitation of merocyanine in the ground state,
but no reaction pathway to the spiropyran was detected. Despite this quite severe
limitation in regard to a switching device, 6-nitro BIPS is probably the most studied
molecule of the entire BIPS family, with the results covering all states of matter.
In the gas phase, a four-step isomerization process, completed within 100 ps, was
observed, leading from spiropyran over intermediates to merocyanine [256]. The be-
havior in phospholipid layers resembles, quite surprisingly, the behavior in the liquid
phase, meaning a light-induced ring-opening reaction is detected [257]. An enhance-
ment in the ring-opening yield was observed when using chirped pulses on 6-nitro
BIPS enclosed in a solid state polymer [258–260] and substantiated by theoretical
calculations [261]. Laser desorption-electron diffraction measurements were used to
directly identify spiropyran, the lowest merocyanine triplet state, and merocyanine
in its ground state contained in the used sample after UV excitation, which contained
pure spiropyran before excitation [262].

This chapter focuses experimentally solely on 6,8-dinitro BIPS, having two nitro
groups attached to the pyran, at position 6 and 8, while the indole unit remains
unchanged [58, 216, 217, 263, 264]. As a result of this substitution pattern, thermal
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stability is observed for merocyanine in contrast to most other BIPS derivatives whe-
re spiropyran is more stable [263]. Each nitro group induces an electron-withdrawing
effect. Hence, one group is weakening the bond between the spiro carbon and the
oxygen, while adding a second one cleaves the bond [212]. Minami and Taguchi also
determined that the absorption maximum shifts to the blue with increasing solvent
polarity, starting at 560 nm in chloroform and moving down to ≈ 520 nm in different
alcohols [263]. This is due to the fact that merocyanine either exists as a zwitterio-
nic (Fig. 5.3a) bottom), or a quinoidal structure (Fig. 5.3a) top), depending on the
solvent. The zwitterionic structure is dominant in solvents with high polarity but
generally an equilibrium of both is present. First time-resolved experiments with
25 ns-time resolution showed that 6,8-dinitro BIPS ground-state absorption occurs
within the time resolution, and changes with τ = 200 ns. Furthermore, they verified
the existence of a new spiropyran absorption. Thus, the existence of a photochemical
ring-closure pathway for a merocyanine is proven, albeit the exact mechanism pro-
ceeding via singlet, via triplet, or via a combination of both kind of states remains
unknown [264]. Using pump–probe Brewster angle reflectometry the other direction,
spiropyran to merocyanine was observed with 10 ns time resolution [265].

Hobley et al. highlight, using transient-absorption measurements, that after pho-
toexcitation of 6,8-dinitro BIPS in acetonitrile with 400 nm pulses a permanent
photo-induced bleach remains in the visible spectral range [217]. Additionally, a
high percentage of the excited molecules were radiatively relaxing back to the ground
state with time constants of either τ ≈ 80 ps or τ ≈ 400 ps. Hence, an electrocyclic
ring-closure reaction is indicated on a fs-time-scale but the product was not directly
identified. Moreover, the time-scale of the mechanism was inaccessible, because it was
inseparable from the decay of stimulated emission. Furthermore, the 400 nm pulses
provided significant excess energy, which could change the photochemical behavior;
excitation into S1 is beneficial, since the amount of participating states is restricted
to S1, possibly T1, and the ground state. Using transient MIR measurements and vi-
sible excitation pulses, previous work by J. Buback and myself provided the missing
evidence for ultrafast ring closure in 6,8-dinitro BIPS. Vibrational bands belon-
ging to merocyanine and spiropyran, centered around 1350 cm−1, and identified by
Futami et al. using low-temperature measurements and DFT calculations [266], are
detected. Merocyanine absorption vanished within the time resolution of < 100 fs
and a new absorption band belonging to spiropyran emerged [20, 58, 71]. Further
transient-absorption experiments with visible excitation pulses confirmed the pre-
vious observations (missing merocyanine and the existence of two time constants).
In addition, the photochemical back reaction, an electrocyclic ring opening, was also
observed using UV excitation with an efficiency of ≈ 10% [20]. Hot merocyanine is
formed on a picosecond time-scale and subsequently relaxes to its ground state with
a decay time of ≈ 40 ps. Summing up, the ring-opening behavior of 6,8-dinitro BIPS
resembles the one of BIPS. The reaction mechanism for the closing, though, resulting
in spiropyran, is quite unique. Hence, 6,8-dinitro BIPS is one of the few examples of
a spiropyran–merocyanine system able to perform as a photoswitch, providing the
motivation for the studies explained in the following sections.
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τc−o [ps] Φc−o[%] τo−c [ps] Φo−c[%]

BIPS (TCE) [233] ≈ 30 (S) < 10 − −
6-nitro BIPS (TCE) [255] (T) ≈ 60 − −

Py-BIPS (water) [212] ≈ 2 (S) < 4 ≈ 25 (S) < 20

6,8-dinitro BIPS (CHCl3) [58] < 6 (S) ≈ 10 ≈ 30 (S) 40

Table 5.2: Summary of the photochemical properties for differently substituted BIPS.
(S) or (T) denotes singlet or triplet pathways. TCE corresponds to tetrachloroethene
and CHCl3 to chloroform as the solvent. While BIPS and 6-nitro BIPS differ from 6,8-
dinitro BIPS and perform no ring closure, the latter compares very well to Py-BIPS.

Table 5.2 provides an overview of the time-scales and efficiencies for different
BIPS derivatives. While BIPS and 6-nitro BIPS differ quite drastically from 6,8-
dinitro BIPS, the results of a recent study of a new kind of BIPS (Py-BIPS) corre-
spond well to the results obtained for 6,8-dinitro BIPS. There, water-solubility was
achieved by adding a large alkyl-chain to the nitrogen atom and by inclusion of a
pyridinium (Py) structure altering the benzene unit. Thus, the common BIPS con-
figuration was strongly altered [212]. Indeed, Py-BIPS in aqueous solution performs
a ring-opening reaction within 1.6 ps and an efficiency of ≈ 3% and a ring closure in
less than 25 ps with ≈ 20% quantum yield. Interestingly, the thermal equilibrium is,
at least with a probability of more than 95%, on the spiropyran isomer. This stron-
gly indicates that the ability to perform a complete photocycle does not depend on
whether the merocyanine is more stable (6,8-dinitro BIPS) or the spiropyran (nearly
all substitutions patterns), confirming the unique nature of 6,8-dinitro BIPS.

5.3 Sample Characteristics and Preparation

6,8-dinitro BIPS was synthesized via the Knoevenagel condensation reaction of com-
mercially available 1,2,3,3-tetramethyl-3H-indolium and 3,5-dinitrosalicylaldehyde
resulting in the merocyanine form of 6,8-dinitro BIPS in 79% yield according to
literature [21] and characterized by HPLC and 400 MHz NMR spectroscopy. The
synthesis, including NMR measurements, confirming the purity, was performed by
R. Schmidt in the research group of Prof. Dr. F. Würthner (Institut für Organische
Chemie, Universtät Würzburg) [20].

Steady-state absorption spectra in the visible spectral range were measured in a
2 mm suprasil cuvette with a Hitachi U-2000 spectrophotometer. Fluorescence spec-
tra were recorded with a Jasco FP-6300 fluorescence spectrometer in a 1 cm flow
cell (Hellma, Type 176-050-40). All spectra were recorded directly after solving the
crystals in chloroform with spectroscopic grade purity [78].

For the transient-absorption (Sec. 5.4) and 2D measurements (Sec. 5.5) an absor-
bance of 0.3 OD around the absorption maximum was chosen, while the density was
increased towards 0.5 OD for the multipulse experiments (Sec. 5.6 and 5.7). This
was done in order to increase the signal strength subjected to the additional pump
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pulse(s), thus, effectively increasing the retrieved signal. All measurements were per-
formed in a 200 µm suprasil flow cell (Starna, Type 48/Q/0.2). Sufficient flow was
ensured using a low pulsation Micro Annular Gear Pump (HNP Mikrosysteme, mrz-
4605) and a sample reservoir of 25 ml in a brown, light-absorbing, storage glass. All
used pulses were spatially overlapped within the flow cell by employing a number
of small pinholes with variable diameter d (25 µm < d < 200 µm), but sharing the
macroscopic dimensions of the flow cell. Therefore, they can be inserted into the
sample holder instead, allowing adjustments and fine tuning.

5.4 Following an Electrocyclic Ring-Opening Reac-
tion

The transient-absorption study in the following section introduces the photochromic
compound 6,8-dinitro BIPS, which is the focus of this entire chapter. The spectral
signatures and lifetimes of two merocyanine isomers in solution are identified and
their photochemical behavior after excitation is explained, demonstrating an elec-
trocyclic ring-closure mechanism. The section is organized in the following way:

First, steady-state absorption and fluorescence measurements are used for a simple
characterization of the compound, confirming the broad absorption in the visible
spectral range for the merocyanine and the occurrence of UV absorption bands for
the spiropyran form (Sec. 5.4.1). Second, pump–probe measurements with two diffe-
rent excitation wavelengths in the visible spectral range are presented and the origin
of the observed spectral signatures is explained (Sec. 5.4.2). Finally, a photochemical
reaction scheme based on two isomers is presented and the quantum yield for the
closing reaction is estimated (Sec. 5.4.3).

5.4.1 Steady-State Characterization

The steady-state absorption spectrum of 6,8-dinitro BIPS, thermally stable in the
merocyanine form [20, 27, 216], dissolved in chloroform is displayed in Fig. 5.4a)
(green, solid) together with the corresponding structure shown as an inset on the
right upper side. The absorption spectrum consists of a dominant absorption peak
centered at 560 nm, covering wavelengths from 450 to 650 nm, most probably be-
longing to the S1-S0 transition of the merocyanine form [217]. It is evident that the
low energetic side (λ > 600 nm) cannot be described by modeling the photochemical
transition with a single Gaussian function centered at 560 nm. Accordingly, either a
weaker feature is hidden under the strong main absorption, or the absorption band
has a more complex origin. Centered at ≈ 370 nm, the S2-S0 transition of merocya-
nine is identified, more than two times weaker as the S1-S0 absorption in the visible.
The feature at 370 nm is due to a small perturbation induced by the lamp change
within the spectrometer. Going even further in the UV additional weak absorptions
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Figure 5.4: a) Steady-state absorption spectra of 6,8-dinitro BIPS dissolved in chloroform
for both conformations. Spiropyran (black, dashed) absorbs solely in the UV, merocyanine
(green, solid) possesses a strong absorption band in the visible. Corresponding structures
are drawn below their legend entry. The spectra used for pump–probe experiments are
shown in red (560 nm) and blue (620 nm) [20]. b) Emitted fluorescence of 6,8-dinitro BIPS
with spectrally-resolved excitation and emission axis. Two separate peaks after excitation
at 560 and 610 nm, leading to emission at 600 and 630 nm, are identified (dark signals).
The black dashed line represents scatter along the diagonal and the excitation axis was
generated by tuning of a monochromatic light source [78].

set in, belonging to even higher transitions into states Sn. Solvent contributions of
chloroform can be neglected down to 250 nm.

Steady-state absorption properties (black, dashed) of the ring-closed spiropyran [left
inset of Fig. 5.4a)], are obtained after illumination of the merocyanine sample with
an array of green and orange LEDs resulting in a ring-closure reaction. The thermal
stability was checked and the photoproduct is stable on a time-scale of minutes or
longer, which is sufficient for any time-resolved measurement. The sample reservoir
can be continuously illuminated, if spiropyran is needed, only the small amount wi-
thin the transfer tube is not subjected to any photoconversion. The main absorption
bands are now centered at ≈ 255 nm and ≈ 340 nm and the visible spectral range is,
as expected from literature, completely transparent. Only weak absorption remains,
which corresponds to a small remaining fraction of merocyanine. After illuminati-
on of 6,8-dinitro BIPS with a continuum extending into the UV obtained from a
Xe-flash lamp a stable equilibrium consisting of a mixed solution of merocyanine
and spiropyran is formed, which absorbs both in the UV and the visible spectral
range (not shown). This mixture with strong concentrations of each form results
from the effective absorption in the UV of both molecules. While merocyanine can
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be accessed purely by excitation in the visible, a pure spiropyran excitation is not
possible. However, by proper choice of the UV excitation-wavelength, a coefficient
of about 3:1 is possible (at ≈ 267 nm, corresponding to the third harmonic of the
laser fundamental). In addition, the depicted spiropyran spectrum shows that blea-
ching with a visible light source allows a nearly complete photoconversion from the
merocyanine conformation to spiropyran.

The existence of two separate, partially overlapping, absorption bands for the mero-
cyanine form of 6,8-dinitro BIPS, hidden below the S1 absorption, is even stronger
suggested in the fluorescence spectrum shown in Fig. 5.4b) with spectrally-resolved
excitation and detection axis. The wavelength axes on the right and upper side
are in nm while the left and lower frequency axes are scaled in THz to provi-
de a better overview and a simple conversion tool. The frequency axes scale li-
nearly, while the wavelength axes are spaced nonlinear. White and yellow denote
weak emission signals and more reddish colors denote more intense fluorescence.
After excitation around 560 nm strong emission at 600 nm is detected (signal 1:
λP = 560 nm,λPr = 600 nm). Excitation around 610 nm leads to emission at 630 nm
(signal 1: λP = 613 nm,λPr = 630 nm). Both features are clearly separated as is
evident by the fluorescence minimum around 575 nm and are not parallelly orien-
ted along the diagonal (black, dashed line). This line additionally corresponds to
remaining scattered light originating from the flow cell or the solvent. However, the
scatter is strongly reduced because the depicted spectrum consists of the fluorescence
of merocyanine minus a pure solvent measurement. Identification of the scattered
light is possible, because absorption and emission wavelengths are identical and pu-
re chloroform possesses no visible fluorescence, but shows the same scattered light
feature.

5.4.2 Transient-Absorption Measurements

Relaxation Dynamics after Excitation at 560 nm

Transient-absorption data of 6,8-dinitro BIPS after excitation with 560 nm pulses
into S1 are shown in a contour plot in Fig. 5.5 for pump–probe delays T up to 3.5 ns.
The corresponding pump pulse in relation to the absorption spectrum is shown in
Fig. 5.4a) in red. Bluish colors denote negative and reddish colors positive contribu-
tions. Clearly three separate contributions are identified, which all decay within the
first 500 ps. They are attributed in the following way, by using information obtai-
ned from the linear measurements in Sec. 5.4.1: The observed ground-state bleach
(GSB), with only a partial recovery, is centered at ≈ 559 nm and identified by a
comparison to the main absorption band in the steady-state absorption spectrum
with a peak at ≈ 560 nm resulting from the S1-S0-transition. A very broad stimu-
lated emission (SE) signal is seen around 610 nm, ranging from ≈ 580 to 680 nm.
This stimulated emission signal, which is directly related to fluorescence in the non-
time resolved experiments, corresponds well to the measured fluorescence spectrum,
possessing emission around 600 nm when excited at 560 nm. Finally, excited-state
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Figure 5.5: Transient-absorption data of 6,8-dinitro BIPS after excitation with 560 nm
pump pulses. Strong, partially permanent, GSB (560 nm) combined with SE (610 nm) and
ESA (445 nm) is clearly seen. Dominant temporal changes happen only for T < 500 ps.

absorption (ESA) centered at 445 nm is seen, which possesses no analogue in simple
excitation or emission spectroscopy, since the entire signal relates to a photochemi-
cally induced transition happening between two excited states. After 500 ps nearly
no further change is evident in the data, but a permanent bleach, ranging from
500 nm< λP < 580 nm, is seen, which corresponds to a reduced concentration of
the reactant, hence, photoconverted merocyanine.

The temporal behavior of these contributions is visualized by colored transient cuts
in Fig. 5.6a), which are extracted from the contour map (Fig. 5.5), together with
the results of a global fitting routine underlaid with black lines. All three transients,
representing ESA (blue), GSB (green), and SE (red) seem to decay on the same time-
scale, thus, are directly connected, most probably via photochemistry happening in
the S1 state. In addition, ESA and SE seem to possess a smaller, longer living decay
on a fast nanosecond time-scale, while the GSB seems to remain unchanged, resulting
in a strong negative constant offset after 500 ps.

Data were globally described with two exponential decays, numbered 1 and 2 in
the following, and a remaining constant, accounting for permanent or long-living
contributions, which exceeds the maximal waiting time of 3.5 ns, and the obtained
results model the data convincingly. A purely parallel model was chosen, whose fun-
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Figure 5.6: a) Transient behavior after 560 nm excitation at selected probe wavelengt-
hs reflecting ESA (blue), GSB (green), and SE (red) together with global fitting results
(black). b) DADS corresponding to lifetimes of τ1 = 96 ps (red) and τ2 = 800 ps (blue)
and a permanent offset (black).

damentals are explained in detail in Sec. 3.2.2. The first 10 ps were not included
in the fitting routine, thus, neglecting fast-living vibrational contributions, which
would hinder the choice of pure exponential fit functions [245]. The resulting decay-
associated difference spectra (DADS) are shown in Fig. 5.6b) and their spectral
properties will be discussed now in greater detail. In all difference spectra a dis-
tortion is seen at ≈ 560 nm belonging to pump-induced scatter, which should not
aggravate the analysis any further. The red DADS, belonging to a time constant
τ1 = (96 ± 1) ps, is the dominant spectral contribution with signal over the entire
probe wavelengths, as already indicated by the transients. While both, a strong SE
centered at 615 nm and an ESA at 445 nm with similar signal strength decay on
this time-scale, the ground state centered at 559 nm is replenished only partially
and shows a much lower absorption strength. The entire behavior of this DADS vi-
sualizes a radiative relaxation from S1 back to S0, without further steps in-between,
because the decay of ESA and SE, which both monitor the S1 population occurs
simultaneously with repopulation of the ground state.

The second, blue, DADS, corresponding to a time constant of τ2 = (800 ± 20) ps,
behaves much differently and is much weaker. A broad negative signal, ranging from
580 to 680 nm, is seen. One possibility would be SE centered at 640 nm, correspon-
ding nearly to the second emission in the fluorescence spectrum combined with the
strongly overlapping unknown GSB centered at ≈ 600 nm. This seams a reasona-
ble explanation, because the overall curvature changes at 615 nm, an indication of
a more complex shape caused by two different, but overlapping contributions. In
combination with these two negative signals, two connected positive ESAs are also
evident centered at 455 and 550 nm. Again, this behavior is indicative of a radiative
relaxation into the ground state, however the observed wavelengths indicate other
states as the origin of the signals.
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Figure 5.7: Transient-absorption data of 6,8-dinitro BIPS after excitation with 620 nm
pump pulses. The long-living component is dominating compared to 560 nm excitation,
resulting in two strong ESAs (460 nm, 552 nm), a GSB (600 nm), and SE (650 nm), which
are all shifted towards longer wavelengths.

Last, the permanent offset, shown in black, possesses two negative contributions.
One in the visible centered at 559 nm, which seems to mirror the S1-S0 steady-state
absorption, and a second, weaker one below 400 nm. While the spectral signature
is not completely resolved, the S2-S0 transition is beginning in this spectral region.
Overall, a permanent reduction of merocyanine is a viable explanation, resulting in
formation of ring-closed spiropyran, because a similar behavior is identified after
continuous-wave irradiation.

Relaxation Dynamics after Excitation at 620 nm

Transient-absorption data of 6,8-dinitro BIPS after excitation with 620 nm pulses,
into the low-energetic edge of the S1 band, are shown in a contour plot in Fig. 5.7
for delay times up to 3.5 ns. The pump pulse, compared to the absorption spectrum,
is shown in Fig. 5.4a) in blue. At first glance the data looks much different from
the previous case with 560 nm excitation pulses (Fig. 5.5), possessing dominant
long-living contributions on a nanosecond time-scale. There are four different con-
tributions, which change over the course of the entire measurement. Positive ESA
is seen at 460 and 550 nm and a strong SE signal is centered at 650 nm. The latter
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Figure 5.8: a) Transient behavior after 620 nm excitation at selected wavelengths reflec-
ting ESA (violet, blue), GSB (green), and SE (red) together with global fitting results
(black). b) DADS corresponding to lifetimes of τ1 = 60 ps (red) and τ2 = 790 ps (blue)
and a permanent offset (black).

overlaps strongly with the long lasting GSB signal at 600 nm. This bleach, again in-
dicating a reduced reactant concentration, is not located at 560 nm as expected but
rather at the absorption wavelengths responsible for the second emission peak in the
fluorescence measurement. In addition, the stronger overlap of SE and GSB relates
well to the spectrally narrower emission peak centered at 630 nm in the fluorescence
spectrum in Fig. 5.4b), also indicating a smaller Stokes shift.

The transient behavior of these four contributions is shown in Fig. 5.8a). The stron-
gest signal, SE at 650 nm (red), decays nearly completely, approaching zero at long
time delays. The corresponding bleach at 600 nm (green) decays on the same time-
scale, albeit, the initial signal is much weaker and the remaining offset is significant,
indicating an efficient radiative relaxation pathway after excitation into the red edge
of the absorption band. The ESA at 460 nm (violet) corresponds well to the other
signals, analogously decaying and approaching zero at long delays. However, the
second ESA at 552 nm (blue) has an initial rise, followed by a decay parallel to all
other processes. The corresponding global fitting routine (black) models the data
well, again consisting of a parallel fitting model with two exponential decays and a
long-living offset. The fit results in the three DADS — shown in Fig. 5.8b) — which
will be discussed in the next paragraph.

The first, weak DADS attributed to a time constant τ1 = (60±5) ps (red), possesses
a negative contribution around 560 nm, ranging from 500 to 600 nm. No peculiar
shape is evident because the maximum signal strength is below 1 mOD, but the wa-
velength relates well to the GSB signal as expected when compared to both linear
measurements in Fig. 5.4; the signal is slightly broadened most probably because of
additional SE. In addition a small positive signal around 450 nm is indicated, cor-
responding to ESA. However, for this excitation wavelength the dominant spectral
contribution occurs with τ2 = (790± 10) ps (blue DADS). The spectral distribution
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is exactly as visually inferred from the contour map. There are two separated ESAs
(460 nm, 550 nm), SE (650 nm), and GSB recovery (600 nm). All collectively decay
over the entire measured time delay of 3.5 ns. The latter two signals strongly overlap,
but are clearly separable because of the curvature of the DADS. Lastly, the black
offset spectrum remains, characterized by a strong bleach at 600 nm and a weaker,
but visible, shoulder at 560 nm.

Interestingly, when comparing the measurements at different excitation wavelengths
(λP ≈ 560 nm or λP ≈ 620 nm), the respective shapes of the red DADS (attributed
to τ1 ≈ 95 ps, the smaller value for τ of the second measurement with λP ≈ 620 nm
is weighted less, because of the weak and noisy signal contribution) and the blue
DADS (τ2 = 800 ps) are very similar but the relative strength has changed a lot.
By contrast, the black spectrum, belonging to a permanent reactant loss, differs
strongly: Upon 560 nm excitation, it is also centered at 560 nm, which corresponds
to the main absorption band in the absorption spectrum. In addition, it corresponds
well to the pump-wavelength causing the blue of the two fluorescence peaks. Upon
620 nm excitation the long lived bleach is centered at 600 nm, which is the pump-
wavelength responsible for the second, red peak in the fluorescence measurement.
This strongly indicates the existence of two different species, hidden in the one
absorption peak, which can be excited separately. Each species decays with its own
time constant of approximately τ1 = 95 ps or τ2 = 800 ps.

5.4.3 Simple Spiropyran–Merocyanine Reaction Scheme

The following section explains the photochemical behavior of 6,8-dinitro BIPS by
combining the results obtained from the global fits, the steady-state measurements
and information known from literature, forming together a cohesive picture. The
differences caused by the two different pump wavelengths already showed that a
simple photochemical scheme consisting of only one excited state and the ground
state is not sufficient to explain the data. Thus, a more complex scheme is necessary.

The steady-state absorption spectrum in Fig. 5.4a) provides the basis for interpreta-
tion of the transient-absorption data. Figure 5.9a) shows a comparison between the
offsets, corresponding to the signal after 3.5 ns, obtained in time-resolved measure-
ments (red: λP = 560 nm, blue: λP = 620 nm), compared to the inverted steady-state
spectrum (black). The signal strength is arbitrarily chosen in order to provide insight
into the observed signals. The red spectrum corresponds very well to the absorption
spectrum, only for λPr > 580 nm a deviation is visible, hence, it can be attributed to
missing merocyanine. The absorption spectrum (black) is broader than the observed
bleached contribution, indicating that a second reactant is present. By contrast, the
remaining offset obtained by using excitation pulses centered at 620 nm does not
match at all the absorption spectrum at first glance. However, it fits adequately the
red edge, supporting the existence of a second contribution.

A similar bleach was observed, recovering partially with two time constants in a
time-resolved study of 6,8-dinitro BIPS in acetonitrile with 400 nm excitation [217].
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Figure 5.9: a) Comparison of the offsets after 560 nm (red) and 620 nm excitation (blue)
with the inverted absorption spectrum (black). The red spectrum corresponds to the main
absorption band, while the blue one overlaps with the low-energy shoulder at 600 nm. b)
Spectrally-resolved quasi quantum efficiencies by using the data (solid) or the fitting results
(diamonds). For 560 nm excitation ≈ (40− 45)% of the excited population vanishes at the
GSB band (red). For 620 nm excitation the broad SE signal disturbs evaluation leading to
≈ (35− 40)% loss at 600 nm (blue).

There two possible explanations were proposed for this behavior. The first invol-
ves formation of a cisoid species relaxing in different excited states, while the other
scheme necessitates the existence of two different isomers in merocyanine configura-
tion, which are both present in solution. Both relax with their corresponding time
constants and their spectral emission and absorption properties are shifted when
compared to each other. However, Hobley et al. could not distinguish between these
schemes and preferred the first one because the offset (showing a lower signal-to-
noise ratio than the data shown here) obtained in their measurements was seemingly
in agreement with the inverted steady-state spectrum [217]. The new measurements
presented here, though, enable the confirmation of the isomerization theory.

The idea behind different merocyanine isomers in solution is based on the properties
of the methine bridge, formed by the cleavage of the pyran unit. This bridge pos-
sesses, as explained in Sec. 5.2.3, the dihedral angles α, β, and γ. Each of them can
either be in trans (180°, T) or in cis configuration (0°, C). Therefore, theoretically
23 = 8 isomers are possible, all differing in their dihedral angle configuration. Figu-
re 5.10a) visualizes their configurations using the concept of an isomeric cube. The
three-dimensional coordinate system is formed by the dihedral angles in the methine
bridge. Spiropyran itself resembles most closely α = 90°, β = 0°, and γ = 0°, while
all merocyanine isomers are placed on the outer edges. Only configurations with
β = 180°= T are stable for the BIPS family [207]. NMR line-shape measurements
clearly identified the TTC isomer of 6,8-dinitro BIPS [marked in red in Fig. 5.10c)]
as the most stable one in chloroform and, accordingly, from now on every contri-
bution corresponding to this isomer is marked in red. The second most stable one
is the TTT isomer [marked in blue in Fig. 5.10c)], which is only found in a minor
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Figure 5.10: a) Possible isomers of 6,8-dinitro BIPS in an isomeric cube. Axis are the
dihedral angles α, β, γ with 0° (cis) and 180° (trans). SP is approximately α = 90°, β = 0°,
and γ = 0°. Adapted from [54,207]. b) Energy level diagram, consisting of two MC isomers
[TTC (red), TTT (blue)] and spiropyran (black). Arrow colors denote the wavelengths, with
solid lines corresponding to GSB, dashed ones to ESA, and curled ones to SE. All TTT
contributions are red-shifted relative to TTC, and TTC is the most stable form. Curved
lines denote the non-radiative electrocyclic ring-closure mechanism. c) Molecular structure
of all participating molecules, combined with the resolved direction of the mechanism.

concentration in solution when compared to TTC [216]. Subsequently, contributions
arising from the TTT isomer will be marked in blue. Spiropyran possesses, at least
for 6,8-dinitro BIPS, the highest ground-state energy of these three conformations.
This behavior is sketched in the energy level diagram in Fig. 5.10b), containing the
ground and, additionally, the first-excited state. By contrast, 6-nitro BIPS possesses
the same energetic ordering of the possible merocyanine isomers, but spiropyran is
the energetically preferred isomer of the complete photosystem [255].

The spectrally-resolved fluorescence measurement resolves two peaks (λP = 560 nm,
λPr = 610 nm; λP = 600 nm, λPr = 630 nm). These two peaks directly correspond
to the absorption and emission properties obtained in the pump–probe experiments
and are assigned as follows. Excitation at 560 nm leads to bleach and emission of the
first peak, hence, corresponds to the dominant TTC isomer. Excitation at 620 nm
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leads to bleach and emission of the second peak, belonging to a small admixture of
TTT in solution. The seemingly much stronger emission of the red-shifted compo-
nent can be explained by the longer lifetime, which results in stronger fluorescence,
as predicted by Einstein coefficients. Both isomers show a remaining bleach after
their excited-state population has completely relaxed but no product formation is
resolved in the visible. Hence, dominant isomerization can be excluded. Transient
MIR measurements, previously performed by Buback in this group [58,266], showed
that after merocyanine excitation vibrations belonging to spiropyran are resolved.
Thus, the photoproduct is positively identified as the ring-closed spiropyran [266].
Figure 5.10c) visualizes all three molecular structures and how they are connected
via photochemical ring-closure reactions. Spiropyran has the greatest similarity to a
somewhat cisoid merocyanine structure, lying between the CCC and TCC isomer.
Hence, the most stable TTC needs at least one isomerization step while TTT needs
two to reach spiropyran. This theory of two merocyanine isomers in solution explains
Fig. 5.9a) very well, because the sum of the blue and the red signal matches the
steady-state spectrum. A more extensive study of 6,8-dinitro BIPS in chloroform,
which combines the transient-absorption data obtained for multiple excitation wa-
velengths in a single global fit, determines a relative yield of [TTC]

[TTT ]
= 10

1
[27]. Thus,

the qualitative assumptions derived here, regarding the existence of two isomers,
their lifetimes, and concentration percentage, are confirmed there.

λP [nm] τ1 [ps] τ2 [ps] λoffset [nm] Φo−c [%]
560 96± 1 800± 20 559 (TTC) 40
620 60± 5 790± 10 600 (TTT) 35

Table 5.3: Time constants, center wavelength of the permanent bleach, and the quantum
yield obtained from exciting 6,8-dinitro BIPS with light pulses centered at 560 nm (top)
and 620 nm (bottom). The discrepancy for τ1 is attributed to the weak signal for 620 nm
excitation.

In order to estimate the effective quantum yield Φo−c the bleach after 3.5 ns, di-
rectly corresponding to the percentage of missing excited reactant molecules, has to
be divided through the initial observable signal, which is directly proportional to
all excited molecules. This is visualized for both isomers in Fig. 5.9b). Solid lines
represent the values obtained using the measured data itself, thus, are not netted
for contribution of the other isomer. By contrast, the diamonds are obtained using
the offset and the corresponding decaying signal taken from results of the global
fitting. Only small differences between the two methods are evident, clearly confir-
ming that each wavelength excites one isomer predominately. In principle, Φo−c has
to be wavelength independent over the entire bandwidth of the molecular ground-
state absorption. Thus, it should appear as a constant contribution in Fig. 5.9b), as
it is approximately the case for the TTC isomer (red). The ring-closure efficiency
is 40% < ΦTTC < 45%, using the results from the fitting routine. For further re-
ference ΦTTC ≈ 40% is used. For TTT no plateau is observed (blue), because SE
(λPr > 600 nm) and ESA (λPr < 580 nm) overlay with the pure GSB signal, inter-
fering with the calculation. Using the small remaining window 30% < ΦTTT < 40%
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is a valid estimation. Taking the value directly at 600 nm, corresponding to the
maximum of the steady-state absorption, ΦTTT ≈ 35% is obtained. The latter result
is important, because it means 6,8-dinitro BIPS is capable of ring-closure for both
isomers. Hence, there are no dead pathways as for example present in fulgide mo-
lecules. In addition, the obtained pathway is quite efficient when compared to the
data shown in Tab. 5.1, again visualizing the promise of this system. All important
properties are combined in Tab. 5.3, basically showing that excitation at 560 nm
dominantly excites TTC merocyanine. Whereas, excitation at 620 nm is too far in
the red to excite a significant amount of TTC. Therefore, the red-shifted, less stable,
TTT isomer dominates the photochemical behavior.

Summing up, this pump–probe study gives a first overview of the molecular reaction
scheme of 6,8-dinitro BIPS. However, neither the product is directly identified, nor
the excited-state pathways accessed. Seemingly, this molecular mixture consists of
two different merocyanine molecules, which do not interact after photoexcitation,
but share a common product, spiropyran. This is visualized in Fig. 5.10b), with TTC
on the left, SP in the middle, and TTT on the right side of an approximated energy
level diagram. Additionally, all measured signals in the pump–probe study (arrows)
are colored according to their central wavelength. Ground-state absorption is shown
by solid arrows, stimulated emission by undulated ones (with the estimated lifetime
of S1 shown in ps), dashed ones represent excited-state absorption. Lastly, the ul-
trafast ring-closure, together with the corresponding quantum efficiency, is indicated
by a curved black arrow. Despite the large amount of information already obtained
for the photochemistry of 6,8-dinitro BIPS, further questions will be addressed in
the following sections.

5.5 Assessing Possible Isomerization Dynamics in
the Excited State

Using transient-absorption experiments with varying excitation wavelength the exis-
tence of two different isomers in solution, attributed to TTC and TTT configuration,
and an efficient electrocyclic ring-closure reaction for 6,8-dinitro BIPS was directly
observed in the previous section. However, no information about a possible inter-
conversion between the two isomers was obtainable. Isomerization would result in a
negative ground-state bleach for one isomer and a new positive photoproduct signal
for the second one, mirroring the shape of the ground-state absorption. However,
while in principle the spectral signatures of both isomers are known, this information
was not separable from the data, because always both isomers were excited to a cer-
tain degree. Accordingly, bleaching is observed at 560 nm (GSA TTC) and 600 nm
(GSA TTT), thus, hiding effectively an isomerization reaction pathway. By perfor-
ming multiple pump–probe measurements and an incremental scan of the excitation
wavelength from λP ≈ 520 nm to λP ≈ 650 nm, analyzing many overlapping signals,
and finally applying various reaction models, Buback and coworkers estimated that
the photoisomerization yield is below 2% [27, 58]. This result is only indirectly in-
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ferred from the data, though, and not directly evident (as indicated by the quite
complicated description), highlighting the necessity to perform extensive measure-
ment routines and data analysis in a pure pump–probe study to access information
regarding the pump wavelengths.

Direct visualization of an isomerization, within a single measurement and without
extensive post-processing of the experimental data, is possible using coherent elec-
tronic 2D spectroscopy. There, the spectral response of a system is spread alongside
every pump wavelength, as shown in the previous chapter for analysis of the excited-
state behavior of (ZnTPP)2 (Sec. 5.5). The following section is ordered as follows:

First, the implementation of a coherent electronic 2D spectroscopy setup in pump–
probe geometry [187] with inherently phase-stable pump-pulse pairs, generated and
delayed with a femtosecond pulse shaper [68,77,89,267,268], and a supercontinuum
probe [220] is described (Sec. 5.5.1). This represents an alternative to the implemen-
tation in box geometry used for the experiments on the bisporphyrin. Subsequently,
the experimental conditions for the isomerization study on 6,8-dinitro BIPS are
presented (Sec. 5.5.2), followed by an introduction of three possible isomerization
schemes (Sec. 5.5.3). Then, the experimental results are presented and discussed
(Sec. 5.5.1). The section is concluded by the assessment that isomerization is ne-
gligible and how this affects the spiropyran–merocyanine photosystem (Sec. 5.5.5).
This section has already been published in Ref. [78]

5.5.1 2D Setup with a Continuum Probe in Pump–Probe
Geometry

For the 2D measurements a partially collinear, pulse-shaper-assisted approach in
pump–probe geometry was implemented using the transient-absorption setup des-
cribed in Sec. 3.2 as the experimental backbone. The modifications are applied in
the same way as introduced in literature, similar to those for 2D IR [94,267,268], for
2D VIS [68, 89, 220] and for 2D UV experiments [84], showing the great flexibility
of the 2D configuration in pump–probe geometry. The first pump pulse interacts
with the sample in the electronic ground state, followed by a second collinear pump
pulse, phase-stabilized relative to the first one, after the coherence time τ . After a
waiting time T the probe pulse, in a non collinear beam arrangement, interacts with
the sample. The emitted response is heterodyned by the probe itself, who acts as
the local oscillator and measured in a spectrally-resolved manner. There is no need
for an additional local oscillator pulse. Fourier transformation along τ yields the
intrinsically phased electronic 2D spectrum. Hence, the continuum probe pulse re-
mains unchanged, when compared to the previous transient-absorption experiments,
as proposed by Tekavec and coworkers [220]. However, the pump pulse arrangement
has to be adapted in the following way:

The visible pump pulses are generated with a NOPA, identical to the transient-
absorption measurements. Afterwards, these pulses were compressed and split into
phase-stable double pulses with an adjustable time delay τ by a LCD-based femto-



126 6,8-Dinitro BIPS — Comprehensive Study of a Molecular Switch

second pulse shaper and characterized via pulse-shaper-assisted collinear frequency-
resolved optical gating (cFROG) [39,40] (compare Sec. 2.2.2). The pulse pairs where
generated by the LCD, which is placed within the Fourier plane of a pulse shaper
in 4f-design4, by applying the phase mask M(ω),

M(ω) =
1

2
[exp(i[ω − (1− γ)ωc]t) exp(iΦ1) + exp(iΦ2)], (5.1)

resulting in a pulse centered at τ = 0 with initial phase Φ2 and a second pulse
delayed by time t with initial phase Φ1 and carrier frequency ωc [94]. The adjustable
factor γ represents the relative change compared to the carrier-envelope phase when
the pulse is shifted. A mechanical delay stage combined with a retroreflector, like in
a Fabry–Pérot interferometer, changes both the envelope and the carrier phase of
a pulse pair when τ is scanned, thus, γ = 1. With a pulse shaper only the desired
phase difference in the envelope can be adjusted (γ = 0), a so-called rotating frame
measurement, or even an intermediate setting between these two cases (0 < γ < 1) is
possible. The smaller the used γ-value is, the fewer data points are required to resolve
the signal. This oscillates with the effective frequency ωsignal = (ω−(1−γ)ωc), which
contains the 2D signal, because the Nyquist limit is extended by using a (partially)
rotating reference system. As an unwanted result of this undersampling, a Fourier
transformation of the measured data set does not yield the correct frequency axis
because the measured frequency is not ω itself. This can easily be corrected by
shifting the frequency back to its original value after data evaluation is performed.
This is possible because the value of γ, as well as the laser pulse frequencies, are
known. However all measurements in this work were performed without (partially)
rotating frame (γ = 1), thus, did not require any frequency shifting. A comparison
of different data sets for different values of γ can for example be found in Ref. [94]
and for the same setup and pulse shaper as employed here in Ref. [16].

As a result of the collinear pump pulse pair alignment, there are two inseparable
phase matching directions in which the 2D signal is emitted. These are k⃗S = −k⃗1 +
k⃗2 + k⃗3 and k⃗S = +k⃗1 − k⃗2 + k⃗3. Accordingly, the signal phase is obtained as:

Φsignal = ±(Φ1 − Φ2) + ΦPr − ΦPr = ±(Φ1 − Φ2). (5.2)

Thus, the measured 2D signal depends directly on the phase difference between
the two collinear pump pulses, which is directly adjustable by the pulse shaper
using the mask in Equation 5.1. In addition to this phase-dependent signal, also
a phase-insensitive transient-absorption signal generated by two interactions with
either signal field 1 or 2 is contained in the detected signal field because it is emitted
in the same direction. This interfering signal cannot be separated spatially since
the wavevector k⃗S of the emitted response is oriented in the same direction. Hence,
the necessary data for a 2D spectra has to be disentangled by using phase cycling,
i.e. combining datasets for the same pulse pair delay τ but with different relative
phases between pulse 1 and pulse 2. While many different schemes are proposed

4Details about the possibilities and limitations of this design can be found in Ref. [269] (con-
struction) and Ref. [73] (polarization pulse shaping).
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Figure 5.11: Transient cuts at 584 nm recorded for a pulse pair separated by τ for 6,8-
dinitro BIPS at T = 100 ps. a) Measured data SΦ1=Φ2=0 (red) and SΦ1=0,Φ2=π (black) pos-
sessing constant pump–probe and oscillating 2D contributions. b) Measured data SΦ1=Φ2=π

(blue) and SΦ1=π,Φ2=0 (black) similar to a). c) Two-step phase cycling schemes applied to
the data in a) (red) and the data in b) (blue). d) Four-step phase cycling scheme using
every dataset in a) and b).

in literature, in this work only the two simplest ones are used to extract all phase
dependent contributions [90]. These are a two-times phase cycling scheme, combining
just two datasets corresponding to the simplest possible one, and a four-times phase
cycling scheme, delivering spectra with strongly reduced noise. Both are explained
and visualized in the next paragraph.

Fig. 5.11 shows measured transient data for increasing coherence time τ , up to 60 fs
at λPr = 584 nm and population or waiting time T = 100 ps for 6,8-dinitro BIPS
in chloroform. The whole measured data set consists of an array with 256 diffe-
rent wavelengths. Figure 5.11a) shows the measured data without any correcti-
ons for two separate measurements, containing both the phase dependent (oscil-
lating) and the phase-independent (constant) signal contributions: for Φ1 = Φ2 = 0
(red) and for Φ1 = 0, Φ2 = π (black). Since the constant parts for long cohe-
rence times are identical within the precision of the experiment, they correspond
to the pure transient-absorption contribution. By contrast, the oscillating terms
are exactly out of phase. This was achieved by using an effective phase change
|∆Φ| = |Φ1,1 − Φ1,2 + Φ2,1 − Φ2,2| = π between the two pulse sequences. Hence,
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one signal is a damped sine-shaped signal and the second one a cosine one. Figu-
re 5.11b) shows the measured data for Φ1 = Φ2 = π (black) and Φ1 = π, Φ2 = 0,
again the effective total phase difference is |∆Φ| = π, resulting in similar oscilla-
ting contributions, albeit, the applied offset phases are slightly different. Therefore,
both measurements a) and b) possess an identical envelope function, which is con-
firmed by the experiment. However, it has been shown that large parts of scatter,
induced by the first or second pulse interacting with the cuvette and/or the sol-
vent two times, depends strongly on the initial phase, thus, explaining differences in
the phase-sensitive signal [94]. Accordingly, the scattering contributions in measu-
rements a) and b) are exactly out of phase. Figure 5.11c) depicts the most simple,
two-step, phase-cycling scheme, which is not employed later-on in this work but
serves as proof-of-principle that the newly implemented setup works. Here, the two
individual measurements in Fig. 5.11a),b) are just subtracted resulting in the iden-
tical curves shown in red [a)] and blue [b)], oscillating around zero signal strength.
The 2D signal is either

S2D, two step = SΦ1=Φ2=0 − SΦ1=0,Φ2=π (red), or (5.3)
S2D, two step = SΦ1=Φ2=π − SΦ1=π,Φ2=0 (blue). (5.4)

A much more efficient phase cycling scheme is the four-step scheme, taken from
Ref. [84,94] and used for the following measurements, with

S2D, four step = SΦ1=Φ2=0 − SΦ1=0,Φ2=π + SΦ1=Φ2=π − SΦ1=π,Φ2=0, (5.5)

which is depicted in Fig.5.11d) (black). On the one hand, the effective oscillating
signal is increased by four times, as compared to the oscillating term in a single mea-
surement (±5 mOD compared to ±20 mOD), because this four-times summation
scheme extracts all measured 2D contributions in all four combined measurements.
In addition, phase insensitive pump–probe signals are effectively eliminated, notice-
able because the signal oscillates around zero signal strength. On the other hand,
scatter is dramatically reduced without increasing the measurement time by an ad-
ditional recording of correction terms. Hence, the four-step phase-cycling scheme is
advantageous to the two-step scheme in the sense that it is comparable in measu-
rement time to a simple averaging of two measurements with a two-step scheme.
However, the obtained 2D spectra are additionally cleaned of pump-induced scat-
ter [84, 89, 94, 268]. Compared to 2D measurements in box geometry no additional
recording of scattering correction terms is necessary, every recorded spectrum is used
for the evaluation.

Afterwards, automatically phased absorptive 2D spectra are generated by Fourier
transformation along τ and taking only the real valued parts, resulting in a spec-
trally resolved pump axis. The probe axis is generated by measuring the spectrally
dispersed absorption change induced in the probe, the necessary Fourier transforma-
tion is automatically performed by the spectrometer. There is no additional phasing
procedure necessary as for example for 2D in the box geometry [13, 75] because of
the employed collinear scheme of pulses 1 and 2.
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Figure 5.12: Phase-stability measurement over the course of 10 h, generated by alternating
a relative phase difference of ∆Φ1,2 = 0 (blue) and ∆Φ1,2 = π (red) between a pulse pair
separated by coherence time τ = 100 fs. No long-living drift is noticeable and the standard
deviation is below 0.01 · 2π for each single curve.

The two-layer, 640-pixel mask (SLM-640, CRI) of the broadband shaper allows for
independent amplitude and phase shaping resulting in pulses with about 200 nJ
of energy. The temporal shaping capability, i.e., the largest possible time delay a
generated pulse shape can be shifted, is limited to a temporal window of ≈ 2.2 ps.
Therefore, the necessary population time T between the second pulse and the third
pulse, the white-light probe, has to be introduced by conventional means. Hence,
the same mechanical stage as employed in the transient-absorption experiments
is used to delay the two pump pulses, allowing population times of T < 3.6 ns.
The supercontinuum probe pulses, fixed in time, ranged from 420 THz to 820 THz
(corresponding to 390 nm to 720 nm). The pump and probe pulses had parallel
polarization relative to each other and were spatially overlapped in a 200 µm flow
cell. The measurement of changes in the optical density of the sample introduced
by the pump pulses was carried out with 1 kHz acquisition rate by blocking every
second pair of pulse-shaper generated double pulses. In this way all spectra are spec-
trally normalized to the white-light spectrum of the probe pulse as in conventional
transient-absorption experiments.

Coherent 2D measurements are very sensitive to the relative phase difference bet-
ween the first two pump pulses, thus, stringent requirements have to be fulfilled
in regard to phase stability. Pulse shapers have emerged as a very precise tool for
generating double pulses. Baumert and coworkers, for example, proved that a pulse-
shaper generated pulse pair can be created with a known separation adjustable up
to zeptoseconds or 10−21 s, which easily exceeds the necessary phase stability [270].
In order to assess the phase stability of the new 2D setup a double pulse sequence
was generated repeatedly with a pulse separation of τ = 100 fs, centered at 600 nm,
and iterating effective phase differences of zero or π. Afterwards, the spectrum was
measured and the phase difference determined via Fourier transformation. This mea-
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Figure 5.13: (a) Normalized absorption spectrum of 6,8-dinitro BIPS dissolved in chloro-
form (black/gray), together with experimental spectra of pump (green) and probe (purple)
pulses. The absorption maximum of the two ring-open isomers TTC (red) and TTT (blue)
are shown as dashed lines [78]. b) Measured SHG-cFROG trace of the pump pulse, after
a compression routine. The FWHM is below 20 fs, and no subpulse structure is evident,
both indicating a bandwidth-limited pulse.

surement was recorded over the course of 10 hours in order to determine short-term
and long-term precision. The results are shown in Fig. 5.12. Both the zero pha-
se difference (blue) and the relative difference of pi (red) between the two pulses
correspond to straight lines parallel to the x-axis, thus, no long-term drift occurs.
In addition the standard deviation of each measurement is below 2π/100, which is
comparable to recorded precisions for coherent 2D setups in box geometry [83, 85].
Moreover, the relative phase difference between zero and π represents the case where
the highest changes in transmission (maximal to minimal) occur. Therefore, it serves
as a test of the necessary waiting time between re-orienting the liquid crystals in
the LCD and measuring the spectrum. A waiting time of 500 ms is sufficient for
the applied sequences. Additionally, both pulses of the pulse pair have an unknown
phase offset because the laser system is not carrier-envelope-phase stabilized. This
additional offset is unimportant for the measurement procedure because it affects
both pulses equally and is, thus, eliminated via the phase-cycling scheme. On the
one hand, no phasing of the data is necessary when compared to the box geometry
but, on the other hand, the imaginary part of the 2D spectrum is not obtainable
without further approximations [89].

5.5.2 Experimental Parameters

Figure 5.13a) illustrates the absorption spectrum of the open form of 6,8-
dinitro BIPS (black/gray), which comprises a broad absorption band in the visi-
ble spectral range (νmax = 540 THz, λmax = 560 nm) resulting from a molecular
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mixture as discussed in Sec. 5.4.3. Two isomers exist, predominantly in TTC confi-
guration and (about one order of magnitude less) in TTT configuration, absorbing
at 540 THz (560 nm, TTC, red dashed line) and 490 THz (600 nm, TTT, blue das-
hed line), respectively [20, 27]. The center wavelength of the laser was adjusted to
605 nm/500 THz, and the pulse compressed to a duration of 20 fs (green), represen-
ting an intermediate case of the previously used excitations at 560 nm and 620 nm.
Therefore, roughly the same amount of both isomers and not only one dominantly
is excited. The probe continuum (violet) covers the complete visible spectral range.
As discussed, both isomers undergo a ring-closure reaction after excitation, with
quantum efficiencies of 40% (TTC) and 35% (TTT) and the excitation-frequency-
dependent fluorescence clearly shifts from around 475 THz to 500 THz with increa-
sing excitation frequency, as shown in Fig. 5.4b) in the previous section. Thus, each
isomer can e.g. be identified by the corresponding stimulated emission signal in the
2D spectra [78].

Figure 5.13b) visualizes the SHG-cFROG trace after compression of the pulse. The
measured trace possesses nearly no asymmetries and is of oval shape, indicating the
success of the compression [35], resulting in a near bandwidth limited pulse with
a time-bandwidth product of 0.44 and a duration below 20 fs. The pulse shaper is
first used to compress the pulse, the offset phase is permanently applied, and after-
wards the pulse pair is generated and shifted using the phase mask in Equation 5.1,
introduced in the previous section.

For all measurements the coherence time τ was scanned over 60 fs in steps of 0.5 fs.
Since no oscillating contributions are resolved after 60 fs, as seen in Fig. 5.11d), this
range is sufficient. In order to obtain a smoother 2D spectrum the time axis was
additionally lengthened by zero padding. This means, the signal was assumed to
be perfectly zero after 60 fs up to a coherence time of 300 fs. Thus, the frequency
resolution ∆ω was artificially enhanced by a factor of four by means of the applied
Fourier transformation. The four-step phase cycling measurement was repeated three
times resulting in a total measurement time of three hours per waiting time T , while
each data point S(T, τ) was averaged over 1000 ∆Abs single shot values. Hence,
this three-fold averaging is reducing long-term and short-term-noise in addition to
enabling a scattering correction.

5.5.3 Possible Isomerization Schemes of 6,8-dinitro BIPS

In this section the reaction pathways of different isomerization schemes are introdu-
ced and discussed. Furthermore, it is elucidated how a possible cis-trans isomeriza-
tion in 6,8-dinitro BIPS can be tracked over time via a series of 2D spectra. Possible
reaction schemes and corresponding schematic 2D spectra are depicted in Figu-
re 5.14. Expected signals, all identified in the pump–probe experiments in Sec. 5.4,
are numbered from 1 to 7 as indicated in the 2D spectrum in the upper left, going
from the highest-energetic one (ESA TTC) down to the lowest-lying one (SE TTT).
After excitation to the S1 state, both isomers (TTC and TTT) undergo a partial
ring-closure reaction to spiropyran. The diagonal signals are due to ground-state
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Figure 5.14: Possible isomerization schemes of 6,8-dinitro BIPS and schematic 2D spectra
(TTC: red, dashed; TTT: blue, dashed). Solid circles illustrate positive, dashed negative
signals. Isomerization peaks are filled in gray. a) No isomerization: No cross peaks emerge in
the 2D spectrum neither at short (left) nor at long waiting times (right). b) Isomerization
during relaxation: Peaks appear at the GSA for T > 0 and remain. c) Isomerization in the
excited state: Peaks are at first in the region of ESA and SE for T > 0 (short-living) and
will appear later on in the region of the GSA for T ≫ 0 [78].

absorption (GSA). As discussed, the GSA of TTT (Signal 5) is slightly red-shifted
compared to that of TTC (Signal 4), because TTC is more stable than TTT. The
same red-shift is seen in the off-diagonal contributions arising from stimulated emis-
sion for each individual isomer (Signal 6 for TTC, 7 for TTT). Each SE signal
has to appear vertically displaced from the respective GSA signal, identified in the
steady-state absorption spectrum in Fig. 5.4a), while the SE frequency is identi-
fied in the fluorescence spectrum in Fig. 5.4b). Excited-state absorption appears for
both isomers and has to be shifted vertically upwards with respect to GSA in the
2D spectra because the ESA is blue-shifted relative to the GSA. TTT exhibits two
transitions instead of one for TTC to higher lying states and the TTT signals are
again red-shifted with respect to TTC (Signal 1 for TTC, Signals 2 and 3 for TTT).
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Now three scenarios of possible chemical reaction pathways, introduced in Ref. [27]
and used there for the analysis of pump–probe data of 6,8-dinitro BIPS, are discus-
sed:

• No isomerization between TTC and TTT [Fig 5.14a)],

• isomerization during relaxation to the ground state via a conical intersection
connecting the S1 and S0 merocyanine potential energy surfaces [Fig 5.14b)],

• and isomerization in the excited state by crossing an isomerization barrier in
S1 connecting parts of the potential energy surfaces belonging to TTT and
TTC [Fig 5.14c)].

Schematics of the absorptive 2D spectra are shown in the right column of Fig 5.14 for
short (T > 0) and long waiting times, compared to the TTT lifetime τTTT ≈ 800 ps
(T ≫ 0). If no isomerization occurs, the two chemical systems TTC and TTT are
separated and, thus, any 2D peak can only arise at a crossing between lines of the
same color in Fig 5.14 (either red/red or blue/blue). If, on the other hand, the
two species interconvert, 2D peaks may also arise at red/blue crossings since they
originate from one isomer and end up in the other one.

More specifically, if no isomerization occurs, only the cross peaks belonging to ESA
and SE will emerge for each isomer, and for T ≫ 0, only the photobleach, indicating
permanently missing merocyanine and spiropyran product formation, at the GSA
frequencies will remain [Fig 5.14a)]. If ultrafast isomerization takes place directly
to the ground state, additional positive cross peaks (indicated by filled circles) will
appear in the GSA region of both isomers shortly after excitation and will remain
for T ≫ 0 [Fig 5.14b)] because the amount of TTC and TTT after excitation of the
other isomer would be higher, resulting in increased off-diagonal absorption. In the
case of isomerization in the excited state, new cross peaks in the SE region (nega-
tive) and in the ESA region (positive) of the respective other isomer will emerge for
T > 0 [Fig 5.14c)] because after the initial excitation of TTT (vertical blue line)
the relaxation would happen alongside the photochemical channels of TTC (hori-
zontal red lines) and vice versa. After relaxation, these give rise to positive cross
peaks in the GSA region for T ≫ 0. The idea is now to assess, which of the three
scenarios is correct by comparing measured 2D spectra with the schematic illustra-
tions in Fig 5.14. In this comparison, one has to keep in mind that experimental 2D
spectra may exhibit broad and overlapping contributions complicating the identifi-
cation of isomerization peaks. The measured 2D spectra also reflect the shape of the
excitation laser spectra (Figure 5.14), which can lead to an apparent shift in peak po-
sitions as shown in Sec. 4.6, where the two separate absorption peaks of (ZnTPP)2
seemingly merge, forming one broad absorption feature. However, the probe axis
is not influenced. Thus, every contribution is located at the same frequency as in
transient-absorption measurements [78].
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5.5.4 2D Measurements Unveiling the Dynamics of Both Iso-
mers

The real parts of the experimental electronic 2D spectra, called absorptive 2D spec-
tra, of 6,8-dinitro BIPS dissolved in chloroform are shown in Fig. 5.15a)-f) for waiting
times of T = 3, 30, 100, 300, 1000, and 3000 ps, respectively. The diagonal is indicated
by the black dashed line. Contour lines are drawn in equally spaced intervals with
60 levels, where solid (dashed) lines indicate positive (negative) values. All spectra
were normalized relative to the minimum of the 3 ps spectrum corresponding to an
absorption change of -1. Positive values (reddish colors) describe increased absorp-
tion, negative values (bluish colors) correspond to a decreased absorption change
of the probe pulse, analogous to transient absorption. Vertical grid lines indicate
the maxima of the GSA spectra of TTC (red) and TTT (blue) additionally mul-
tiplied by the excitation spectrum. Horizontal grid lines correspond to unchanged
frequencies of GSA, ESA, and SE of both isomers, as labeled. The frequencies ha-
ve been assigned by global fitting routines of transient-absorption data obtained in
Sec. 5.4. As can be seen in Fig 5.13 and the upper part of Fig 5.15a), the pump
pulse spectrum only partly overlaps with the absorption spectrum. Note that this
shift towards red frequencies was done in order to excite both isomers substantially
despite their different concentrations in thermodynamic equilibrium, assessing the
possible isomerization for both isomers in a single measurement. As a consequence,
the major contributions of the TTC isomer are not observed at 540 THz, but at
lower pump frequencies of about 515 THz, as marked by the vertical red line indi-
cating the signal maximum of the GSA of TTC. Nevertheless, this contribution is
clearly identified via the horizontal red line indicating TTC GSA at 540 THz [see
position of Signal 4 in Fig 5.15f)]. This example visualizes the effect of the pump
spectrum on the measured 2D spectra [78].

After 3 ps the 2D spectrum at lower probe frequencies is dominated by the SE of
TTC (Signal 6). At higher probe frequencies, one observes ESA located at the fre-
quency corresponding to TTC (Signal 1). ESA is also observed for probe frequencies
down to about 525 THz, but only at low pump frequencies (near the GSA of TTT),
as expected due to the existence of the two ESA signals of TTT (Signals 2 and 3).
The low-energy ESA band (Signal 3) becomes particularly evident for T = 30 ps
and 300 ps due to the curvature of the contour lines, indicating two different but
overlapping bands and not a single broad contribution. In the 2D spectrum for
T = 3 ps, oscillations along the probe axis are visible in the ESA (at lower pump
frequencies) that are related to Raman-active modes of the solvent and the chirp of
the continuum probe [26,59,271], since T slightly varies for different probe frequen-
cies because of this chirp. However, signals due to Raman modes are not observed
anymore after a few picoseconds, which is significantly shorter than the lifetimes of
excited 6,8-dinitro BIPS. Second- and third-order dispersion of the probe continuum
were determined as 300 fs2 and 130 fs3, respectively, and do not play a major role
for long waiting times again due to the larger time constants of excited merocyani-
ne [272]. In order to access very short population times in a 2D experiment with a
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Figure 5.15: Absorptive 2D electronic spectra of 6,8-dinitro BIPS for waiting times of a)
3 ps, b) 30 ps, c) 100 ps, d) 300 ps, e) 1000 ps, and f) 3000 ps. The frequencies of GSA,
SE, and ESA are indicated by red dashed lines for TTC and by blue dashed lines for TTT.
All contributions are numbered where they are unambiguously identified. The pump pulse
spectrum (blue) is shown on top of spectrum a) with the merocyanine absorption spectrum
(black/gray), which is additionally shown on the right side of spectra c) and f) [78].

continuum probe, one has to record multiple 2D spectra around time zero and shift
each frequency, similar to a chirp correction procedure often used in the analysis of
pump–probe data, as shown by Ogilvie and coworkers [221]. Using 2D spectroscopy
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in box geometry with degenerate pulses this challenge can also be circumvented, as
shown in Sec. 4.6, revealing energy transfer within 100 fs in a porphyrin dimer.

One approach to investigate the role of the isomers and their photoinduced beha-
vior with 2D spectroscopy could be to decompose the data into decay-associated
2D spectra [67–69]. This approach resembles the global fitting methods summari-
zed for transient-absorption data in Sec. 3.2.2. However, here a series of 2D elec-
tronic spectra is combined with the information on the photodynamics obtained in
transient-absorption studies in the previous section, where strongly differing excited-
state lifetimes of 95 ps for TTC and 800 ps for TTT (Sec. 5.4.3) were determined.
Hence, the ESA shifts to lower pump frequencies during the first 300 ps [Fig. 5.15a)-
d)] and a weak ESA contribution of TTT is remaining after 3000 ps in Fig. 5.15f).
For T = 3000 ps, the signals 4 and 5 originating from GSA of TTC and TTT,
respectively, are observed. They persist permanently due to the absence of mero-
cyanine and the formation of ring-closed spiropyran. SE of TTC (Signal 6) initially
disappears, leading to the dominant contribution of TTT in the region of SE after
300 ps (Signal 7). A separation of TTT GSA (Signal 5) and TTC SE (Signal 6), both
peaking around 500 THz (600 nm) (compare the linear absorption and fluorescence
spectra in Figure 1), is possible when the temporal behavior is taken into account.
Up to T = 100 ps, TTC behavior dominates, while TTT contributions remain nearly
unchanged with a small decay of only 10%. This allows for the assignment of the
intense negative features at 500 THz to S1 emission of TTC in panels a)-b). For
larger T the behavior of the TTT GSA is visible. This distinction is also possible
considering the TTC ground-state bleach (Signal 4), which remains nearly unchan-
ged in panels c)-f). Therefore, it is shown that photochemical reactions of TTC are
over. Other evidence for the different dynamics of both isomers is the slight shift
of the strong negative feature consisting of TTC SE, TTT GSA, and TTT SE: for
small values of T , it is mainly due to TTC SE (Signal 6), whereas for large T , it
is due to the bleach of TTT (Signal 5). This is directly evidenced by a shift of the
center frequency along the pump axis from 515 THz to 500 THz, i.e. from the ener-
getically higher TTC to the slightly lower-energetic TTT. In the 2D spectrum for
T = 300 ps, one can even clearly separate the three negative, partially overlapping
features 4, 5, and 7, which belong to the bleach of TTC and TTT, and the SE of
TTT, respectively. A negative contribution for probe frequencies above 720 THz,
best seen for T = 300 ps and 1000 ps, can be assigned to the bleach of the second
merocyanine absorption band extending from 670 THZ (450 nm) into the UV [as
also identified in the black DADS in Fig. 5.6 and seen on the right of Fig 5.15f)] [78].

5.5.5 Discussion of the Isomerization Schemes

After having discussed all features of the 2D spectra, the isomerization schemes in
Fig 5.14 are taken into account for interpretation of the data. Basically, all schemes
comprise a set of 7 peaks, corresponding to ESA, GSA and SE unique for each isomer
and a set of off-diagonal peaks centered at crossings of TTC and TTT frequencies.
The latter are defined by their occurrence at an intersection of a blue and a red line.
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If the isomerization between both isomers happens in the excited state [Fig. 5.14c)]
five additional isomerization peaks for T ≤ 100 ps are expected in the corresponding
2D spectrum of Fig. 5.15. The negative contributions in the expected 2D spectra for
T = 3 ps and 30 ps are dominated by the strong SE of TTC, but for T = 100 ps three
contributions belonging to SE (Signal 7) and GSA (Signal 5) of TTT and GSA of
TTC (Signal 4) are identified. These signals also dominate the T = 300 ps spectrum,
no additional features emerge. Further information is provided by the positive ESA:
the only detectable features are the expected frequency shift with increasing T (since
TTC decays faster than TTT) and the overall decay due to relaxation to the ground
state. The absence in the experimental spectra of clear isomerization peaks or strong
changes in the curvature as marked in Fig. 5.14c) by the filled gray circles rules out a
reaction pathway with high quantum yield between the isomers in the excited state.

The very small yield or the nonexistence of isomerization can be explained by the
presence of a barrier between the minima of TTT and TTC excited-state potentials.
Barriers in the excited state are well known for merocyanines as shown by theoretical
calculations for merocyanines without ring-closure capability [273]. Additionally, a
spiropyran–merocyanine model neglecting the indole and any substituents was used
in order to explore the ring closure via conical intersections theoretically. Barriers,
connecting different isomers, and a fast pathway to a ring-closed form were found
[252]. The barrier heights were estimated to be around 0.5 eV. While this study
assumed S2 excitation, which would enable the passing of the barrier with the help of
excess energy, direct excitation into S1 basically reduces the available energy, possibly
hindering isomerization. The effect of high-energy excitation will be addressed in
Sec. 5.6. These theoretical findings can be transferred to the related but not identical
6,8-dinitro BIPS. They explain the negligible TTC/TTT isomerization in the excited
state because the pump pulses, centered at 500 THz, possess only an energetic
window of (2.05 ± 0.15) eV, which is not sufficient to make the crossing of such a
high barrier probable.

Further insight into the absence of isomerization in this system is provided by a
comparison of the relaxation in 6,8-dinitro BIPS with TA measurements on 6-nitro
BIPS [254]. In the latter continuous UV illumination leads to the formation of 2
merocyanine isomers in solution, namely TTC and TTT absorbing in the visible
spectral range. However, the photoinduced reactions are very different for these
isomers. While photoexcitation of TTC is followed by changes in the first stereo
configuration of the methine bridge from trans to cis, the TTT isomer is additional-
ly capable of TTT-TTC isomerization, if enough excess energy is available, i.e., by
exciting it on the blue edge of its absorption band. As a consequence different isome-
rization processes are observed as a function of the excitation wavelength. Yet, no
ring closure is detectable for this system. In 6,8-dinitro BIPS the second nitro group
affects the potential energy surfaces in such a way that the merocyanine isomers are
thermally more stable than spiropyran and photochemical ring closure becomes ac-
cessible, which is very rare for merocyanines. Variation of the excitation wavelength
only affects the relative amount of excited isomers, but no effect of the excess energy
on the photoisomerization yield is visible (see also the shape of the DADS in Fig. 5.6
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and Fig. 5.8 in Sec. 5.4), since the photochemistry can change quite radically due to
the substituents. It is plausible to ascribe the negligible isomerization yield in the
excited state to the existence of energetically preferred ring-closure pathways and
to even higher barriers between the isomers.

Having excluded isomerization through the excited state, now isomerization during
relaxation to the merocyanine ground state via conical intersections connecting TTC
and TTT in S1 and S0 is considered [see Fig. 5.14b)]. This would result in positive
contributions in off-diagonal areas of the 2D spectra where GSA lines of both iso-
mers intersect. Straightforward insight is gained for the waiting time T = 3000 ps:
no isomerization peaks [located at the gray filled circles in Fig. 5.14b)] or strong po-
sitive disturbances in the contour lines are visible in the vicinity of the experimental
GSA of both molecules (Signals 4 and 5). Hence, isomerization between TTC and
TTT during relaxation can also be ruled out as a relevant reaction pathway. This
is again in accordance with Ref. [273], which compares the excited states of mero-
cyanines, cyanines, and polyenes. While polyenes possess a biradicaloid structure,
an even number of π-orbitals in the excited state, and conical intersections between
S1 and S0, the excited states of cyanines have charge-transfer character and an odd
number of π-orbitals. Merocyanine shares the latter properties and the calculations
for the merocyanine structure in Ref. [273] show a very high barrier hindering pho-
toisomerization via crossing of a conical intersection, if such a conical intersection
exists at all. Thus, the minor contribution or non-existence of isomerization to the
photoreaction pathways for 6,8-dinitro BIPS by passing a conical intersection in S1

seems plausible [78].

Hence, the 2D spectroscopy data is in accordance with the simplest model
[Fig. 5.14a)], which does not involve any photoisomerization between the two me-
rocyanine isomers. For T > 0 three positive (Signals 1-3) and four negative peaks
(Signals 4-7) are expected, which are all evident in our data as discussed above.
For T ≫ 0, when the ground-state relaxation is over, only the permanent bleach
should remain in our data. Since this is the case (with some TTT still in the exci-
ted state in the T = 3000 ps spectrum), the reaction scheme in Fig. 5.14a) is the
most probable one. No isomerization cross-peaks or even distinct deformations are
observed, substantiating that indeed isomerization does not play a major role in the
photochemistry of 6,8-dinitro BIPS. Isomerization with very low quantum yields
(compare the upper boundary of 2% determined indirectly in Ref. [27]), however,
would cause a very slight contour-line deformation, which cannot be ruled out with
absolute certainty.

Summarizing the results of the presented 2D study, the reaction scheme of 6,8-
dinitro BIPS in Fig. 5.16 is obtained. Besides confirming the scheme suggested by
the transient-absorption results [Fig. 5.10c)] the excited-state behavior is also explai-
ned. After photoexcitation of both isomers into S1, significant cis/trans isomerization
is excluded between TTC and TTT excited states, as well as via a conical intersec-
tion (red-crossed black lines). As a result, only the shown reaction pathways take
place. Both isomers partially undergo a ring closure to the identical spiropyran form
with yields of 35% to 40%, possibly by passing of a conical intersection, while the
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Figure 5.16: Photochemical reaction scheme of 6,8-dinitro BIPS consisting of two mero-
cyanine isomers (TTC and TTT) in the ground state (top row), their excited states (middle
row), and the spiropyran product (bottom). As evidenced by 2D measurements isomeriza-
tion pathways can be excluded as major channels (red crosses). The remaining reactions
(black arrows) are relaxations to the corresponding ground state via stimulated emission or
fluorescence with 95 ps/800 ps (TTC/TTT) and ultrafast ring closure to spiropyran [78].

remaining part of the excited molecules return to their ground state by fluorescence.
As a result, the photochemical fate of the excited merocyanine is determined in the
first picoseconds, with the alternatives being either ring closure or fluorescence back
to the corresponding ground state. In addition, the reaction schemes of TTC and
TTT are not connected at an intermediate state but only possess the same product.

Thus, this experiment exemplifies that electronic 2D spectroscopy is able to assess
the photochemistry within a molecular mixture and separate photochemical behavior
of two molecular species in a single measurement.

5.6 Exploring Multi-Step Reaction Pathways

The previous two sections explained the photochemical behavior of 6,8-dinitro BIPS
in solution after direct excitation into S1. Both experiments, transient absorption
and coherent electronic 2D spectroscopy, showed congruently that basically two
dominant reaction pathways exist. However, these experiments could not completely
elucidate the relaxation details and several questions remain open.

One reaction mechanism, affecting ≈ 1/3 of the excited merocyanine molecules of
both isomers, is an ultrafast electrocyclic ring closure resulting in spiropyran. How-
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ever, it is not known if spiropyran is formed directly in the ground state, if it is
vibrationally hot, or if triplet states are involved in the reaction. While these questi-
ons could be answered in principle by using a novel transient-absorption approach
with a continuum probe in the UV [34], also envisioned for 2D measurements in the
UV [274], a different solution is presented here.

The second reaction pathway, occurring for the remaining ≈ 2/3 of the excited me-
rocyanine molecules, is fluorescence from S1 into S0 on a slow picosecond time-scale
(TTC: 95 ps, TTT: 800 ps). Even though the 2D experiments have directly unveiled
that isomerization does not occur between the two present merocyanine isomers,
unanswered questions remain: Why does no isomerization takes place? Could ad-
ditional excitation energy change the photochemical behavior? Is isomerization in
principle prohibited, e.g., because of steric hindrance? Or is the energetic barrier in
the excited state, either separating TTT/TTC potential energy surfaces or a conical
intersection from the S1 potential well, just too high?

All these remaining questions for both reaction pathways cannot be answered by
using the previous methods, because an additional light-matter interaction is neces-
sary. In the following pump–repump–probe experiments are introduced. These are
basically an extension of pump–probe spectroscopy (Sec. 3.2). However, a second
pulse, in the temporal ordering between pump and probe, initiates additional pho-
toreactions. This is explained in more detail in Sec. 5.6.1. The first set of questions
is addressed by immediate re-excitation of photochemically generated spiropyran by
a UV pulse on a picosecond time-scale. This experiment visualizes that the elec-
trocyclic mechanism is really a concerted reaction in the direction MC-SP-MC. By
contrast, the direction SP-MC-SP requires an additional picosecond relaxation time
(Sec. 5.6.2). In a second experiment, the questions dealing with isomerization are dis-
cussed. Hot merocyanine in S1 is resonantly excited into higher-lying excited states,
trying to generate a measurable isomerization or an increased ring-closure yield.
However, the formation of a radical cation is observed. Yet, the ionized merocyanine
isomer can only be inferred (Sec. 5.6.3).

5.6.1 Pump–Repump–Probe Spectroscopy: Implementation
and Data Analysis

For all three-color pump–repump–probe experiments the transient-absorption setup
described in Sec. 3.2.3 is used as the experimental backbone, providing all three re-
quired pulses. However, in contrast to regular pump–probe experiments, both pump
lines were used simultaneously: One delivering the pump pulses (P), the other one
the repump pulses (R), which either dump [50,275–278] or re-excite [17,203,279] the
intermediate generated by the pump puls. The used wavelengths depend on the spe-
cific measurement, arbitrarily selectable from the light sources within the laboratory:
Two different NOPAs, the laser fundamental (800 nm) or higher-order harmonics of
the fundamental (SHG: 400 nm, THG: 267 nm) are available. The supercontinuum
probe (Pr), covering the visible spectral range, recorded by a shot-to-shot detection



5.6 Exploring Multi-Step Reaction Pathways 141

t
PR
(t)<0 T

Time

0 T>t
PR
(t)>0

a) b)

Figure 5.17: a) Pulse ordering in a pump–repump–probe scheme. While the pump (green,
0) and the probe (spectrum, T) remain fixed, the repump is scanned (blue, tPR from nega-
tive (top) to positive (bottom) times. b) Pump–repump–probe scheme with two choppers
operating at a quarter of the laser frequency. Every chopper blocks, phase-shifted, two
consecutive pulses resulting in four different probe signals. Black boxes symbolize blocked
pulses and the dashed box a complete cycle of possible pulse combinations.

scheme is identical compared to previous experiments. Thus, a wide array of pho-
toprocesses can be initiated (P, R) and detected (Pr) by employing various pulse
combinations.

For pump–repump–probe measurements, the transient signal depends on the order-
ing and relative delay of all three participating pulses. In this work the following
convention is used. The pump pulse is always fixed at time zero. The probe pulse
arrives after a certain, but again always fixed, positive waiting time T . In all ex-
periments the waiting time T is larger than T > 1000 ps. Thus, only permanent
photoproducts or highly stable intermediates will be detected. The repump pulse is
scanned by tPR relative to the pump pulse as visualized in Fig. 5.17a) with a green
pump, a blue repump and a continuum probe pulse. The black arrow within the blue
pulse indicates that this pulse is scanned over the course of the experiment in time. If
tPR < 0 then the repump pulse pre-excites the sample before pump interaction (top
panel). Accordingly, tPR = 0 corresponds to simultaneous excitation and tPR > 0
is the most interesting case with the ordering pump, repump, probe pulse (bottom
panel). If tPR > T is valid the repump arrives after the probe pulse. Hence, the
measurement is similar to a pump–probe experiment, because the changes induced
by the repump are not detected by the probe pulse.

Both excitation pulses are separately chopped at 250 Hz (a quarter of the laser’s
repetition rate) in contrast to half the repetition rate in a pump–probe measure-
ment. This is accomplished by using two synchronized choppers wheels, which are
frequency-locked to the laser repetition rate, in addition to being phase-stable rela-
tive to each other. Hence, by using 250 Hz, two subsequent pulses are either blocked
or pass, contrary to the 500 Hz clock rate, where every second consecutive pulse is
blocked. In addition to the reduced frequency, a relative phase shift of π/2, corres-
ponding to an one-pulse difference, is introduced between the two choppers wheels.
Therefore, recording of four different probe intensities is enabled, as visualized in
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Fig. 5.17b). The respective probe intensity values

1. IPRPr, induced by pump and repump (5.6)
2. IPPr, induced by pump only (5.7)
3. IRPr, induced by repump only, and (5.8)
4. IPr, as the probe intensity (5.9)

are subsequently used to calculate three different optical absorption changes, induced
by either IPPr, or IRPr, or IPRPr compared to the probe only case IPr, resulting in:

∆AbsPPr = − lg
IPPr
IPr

, (5.10)

∆AbsRPr = − lg
IRPr

IPr
, (5.11)

∆AbsPRPr = − lg
IPRPr

IPr
. (5.12)

Finally, the additional absorption change ∆Absdiff , induced by the combinati-
on of pump and repump, compared to either pump, or repump only excitation,
∆Absdiff is obtained. Therefore, subtracting both two-color measurements pump–
probe (∆AbsPPr) and repump–probe (∆AbsRPr) from the complete three-color
pump–repump–probe signal ∆AbsPRPr, results in

∆Absdiff = ∆AbsPRPr −∆AbsPPr −∆AbsRPr. (5.13)

This signal ∆Absdiff corresponds to additional photochemical contributions only ob-
tained by the interaction of both pump and repump pulse with the sample and
cannot be found by a two-color transient-absorption measurement. An example is
direct excitation into S1 by the pump pulse, followed directly by the repump pulse,
which excites resonantly into an excited-state absorption. Afterwards, a new photo-
product is measured, which is caused by the presence of excess energy or the fact
that the system is in an electronically higher-excited state, where different reacti-
on mechanisms are possible. Therefore, this mechanism could also be used to cross
energetic barriers within S1, proposed to exist for merocyanines in the previous
section.

It has been previously reported that the highest correlation between two laser shots
is obtained for consecutive pulses. Hence, induced absorption changes possess the
highest signal-to-noise ratio when obtained by shot-to-shot detection, followed by a
direct calculation of ∆Abs for only two pulses [280]. This was verified by calculati-
ons and measurements from S. Keiber within her master thesis for the laser systems
used in this thesis [281]. For the calculation of ∆Absdiff , however, four consecutive
laser pulses have to be taken into account, resulting in a higher noise level. Even
the two-color signals have slightly more noise when compared to the experiments in
Sec. 5.4, because of the reduced grade of correlation. However, the 250 Hz acquisi-
tion rate is still preferable in comparison to no shot-to-shot detection at all, when
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compared to the usage of a separate reference beam and an averaging mechanism,
which detects the induced changes over many pulses. Combining shot-to-shot de-
tection with an additional reference beam results in the best possible signal quality
in pump–repump–probe experiments, however two independent spectrometers are
needed [282]. The signal quality is very important in this kind of experiment because
the change of an optical density change is measured. Thus, the signal strength is
more than one order of magnitude lower as in common pump–probe experiments.
This results from the necessity to work in a linear excitation regime. Hence, only a
small percentage of molecules in solution is excited and of them again only a small
percentage is repumped, resulting in a weak signal strength.

5.6.2 Resolution of Two Ultrafast Subsequent Electrocyclic
Reactions

The following section traces the photochemistry of the product generated after pho-
toexcitation of either merocyanine or spiropyran. As shown previously, merocyanine
performs an electrocyclic ring-closure reaction after photoexcitation, forming spiro-
pyran (Sec. 5.4.3, Ref. [20,217]). For the BIPS family it is well known that the other
direction is also possible [206, 255]. In BIPS itself this pathway was identified and
analyzed in Ref. [20,58,71]. In order to demonstrate that 6,8-dinitro BIPS possesses
dominant singlet reaction pathways, both merocyanine and spiropyran will be ex-
posed to two subsequent excitation pulses in order to induce a second electrocyclic
reaction on a picosecond time-scale. Thus, the reaction product generated from the
first pulse is used as the reactant for a second excitation and has, in regard to ther-
mal reaction dynamics, no time to relax. The following results have already been
published in Ref. [20].

Experimental Parameters

To resolve the full photocycle (closing–opening–closing and vice versa) of 6,8-
dinitro BIPS, the thermally stable merocyanine is bleached with an array of high-
powered green and orange LEDs. This illumination results in a high spiropyran
concentration, as proven by the optical transparency in the visible spectral range
shown in the absorption spectra in Fig. 5.4 (black, dashed). This molecular mix-
ture, consisting of a large spiropyran and a low merocyanine concentration, is then
subjected to a series of pump and repump pulses.

For this pump–repump–probe experiment, pump pulses centered at 267 nm, fixed at
time zero, generated via THG are used. The repump pulses, generated from a NOPA
(TOPAS White), is centered at 560 nm and excites predominantly merocyanine
(mainly the TTC isomer). The repump pulse is varied in time by tPR in relation to
the pump pulse. The supercontinuum probe is fixed at T ≈ 1400 ps. Accordingly,
only permanent changes in the effective reactant and product concentrations are
detected, as long as tPR does not approach T . Furthermore, this combination of
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pump and repump wavelengths enables a nearly selective excitation of the ring-closed
spiropyran by the pump and the ring-open merocyanine by the repump in their
corresponding ground states. The supercontinuum probe pulse monitors changes in
the merocyanine concentration, as well as excited-state features like SE and ESA,
similar to the transient-absorption experiments in Sec. 5.4. However, the amount of
ground-state bleach at 560 nm yields the most important information. A positive
absorption means the equilibrium of the sample has changed to an increased amount
of merocyanine (and less spiropyran) after twofold excitation. A negative signal at
560 nm corresponds to more spiropyran and less merocyanine.

Fig. 5.18 visualizes the experimental results in a spectrally resolved [Fig. 5.18a)] and
a transient manner [Fig. 5.18b)]. At first the spectral behavior will be commented
on, which identifies participating reactants and products. However, no information
about the reaction speed is retrieved. Therefore, Fig. 5.18b) visualizes the transient
behavior at λpr = 560 nm, allowing to deduce temporal information about the
TTC concentration. The top panel shows an effective delay of 3.6 ns ranging from
−1600 ps < tPR < 2000 ps, while the bottom panel zooms in to times tPR ≈ 0.

Fig. 5.18a) shows normalized difference spectra for three delay times tPR. Positive
values denote an increased absorption after T = 1.4 ns and negative values a de-
creased one. Solid lines represent additional photochemical changes ∆Absdiff purely
caused by the combination of pump and repump. Dashed lines correspond to either
pump or repump only data. They are additionally shown to enable a comparison
with ∆Absdiff and to identify observed features. Each specific pump–repump delay
is denoted by a certain color. It is important to keep in mind that the effective signal
strength of the pump–repump–probe signals (∼ 0.1 mOD) is much weaker than the
(re)pump–probe signals (∼ 10 mOD), explaining the different noise levels.

Tracking a Closing–Opening Cycle

The first discussed spectra are for tPR < 0 (green). Thus, the repump pulse precedes
the pump pulse as shown in Fig. 5.17a). Looking first at the dashed spectrum, cor-
responding to 267 nm excitation only, a positive absorption centered at ≈ 560 nm is
evident. When comparing the spectral shape with the permanent GSB after 560 nm
excitation and the steady-state absorption spectra [both: Fig. 5.9a)] they are vir-
tually identical. In addition, for λPr < 450 nm a positive signal, attributed to the S2

absorption band is seen. Hence, excitation of spiropyran with 267 nm generates me-
rocyanine, more specifically the TTC isomer. This reaction proceeds on a picosecond
time-scale and is analyzed in more detail in Ref. [20,58,71] for 6,8-dinitro BIPS, re-
sulting in the same conclusion. Furthermore, electrocyclic ring-opening reactions for
other BIPS molecules are quite well studied in literature as described in Sec. 5.2.3.
For example, BIPS itself performs a fast ring-opening reaction via singlet states
within picoseconds [206, 233]. In 6-nitro BIPS the ring opening is also evident but
proceeds at least partially over triplet states [255]. Looking at ∆Absdiff (solid) the
spectral shape corresponds very well with the spectrum obtained after UV excitati-
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Figure 5.18: a) Normalized difference spectra ∆Absdiff for tPR < 0 ps (green, solid),
together with ∆AbsPPr (green, dashed), for tPR = 500 ps (blue) together with ∆AbsRPr,
and for tPR = 1400 ps (red) together with ∆ODRPr [20]. b) top: Transient behavior of
∆Absdiff for 560 nm with the pump at 267 nm and the repump at 560 nm. For tPR < 0
(green) additional TTC is probed while tPR > 0 ps (blue) has decreased TTC absorption.
For tPR > T no signal is observed (red). bottom: Resolution of tPR ≈ 0 combined with a
mono-exponential fit with a lifetime of 34 ps (black).

on, i.e., additional merocyanine absorption is observed in the pump–repump–probe
experiment for tPR < 0.

Examining the temporal evolution in Fig. 5.18b) for −1600 ps < tPR < 0 ps (green),
e.g., the repump precedes the pump pulse, a constant positive offset is seen, ranging
over the entire measured time delay. Thus, two conclusions can be drawn. First, since
no decay or rise is associated with the reaction, especially with tPR approaching zero,
it has to be a concerted reaction scheme involving no intermediate states living on a
ps time-scale. This means, the intermediate generated by exciting 6,8-dinitro BIPS
with 560 nm pulses is without relaxation able to absorb 267 nm photons. After
absorption of this UV photon the behavior at 560 nm changes again. Second, this
intermediate is stable in time, when not subjected to excitation, and is already
completely relaxed. This conclusion can be drawn from the fact that the effective
signal strength at 560 nm does not change with time; the value at a short picosecond
time delays is identical to the signal strength at tPR ≈ −1500 ps.

After combining all information, e.g. the pump excites spiropyran, the repump pulse
excites merocyanine, a constant positive offset at 560 nm is present for all measu-
red negative pump–repump delays, which in addition possesses the same spectral
shape as the TTC ground-state absorption, the following explanation is proposed:
6,8-dinitro BIPS is able to perform two electrocyclic reactions via singlet states only,
one opening and one closing step proceeding on an ultrafast time-scale and without
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the involvement of long-living intermediates. In more detail, the remaining merocya-
nine in the sample, where the equilibrium was shifted more towards the spiropyran
isomer, is excited by the green repump pulse. Accordingly, additional spiropyran
with a quantum yield of ≈ 40% for TTC is generated as discussed in detail in the
transient-absorption experiments analyzed in Sec. 5.4.3. Since the UV pump pulse
is able to initiate a ring-opening reaction, as indicated by the green, dashed diffe-
rence spectrum in Fig. 5.17a), this newly generated spiropyran together with the
already present concentration is then (partially) switched back to merocyanine. As
a result of the effectively higher spiropyran concentration in the three-color experi-
ment compared to the two-color case, more TTC is generated, resulting in a positive
product absorption band around 560 nm. Hence, the green repump pulse induces a
ring closure from merocyanine to spiropyran. This ring-closed stable intermediate is
afterwards re-opened by the UV pump pulse enabling the (green part of the) probe
to detect additional merocyanine, which was switched back and forth.

This entire mechanism proceeds within the time resolution of the experiment (<
6 ps). Thus, after the merocyanine is excited, spiropyran is immediately formed, most
probably via a theoretically proposed and calculated conical intersection [208, 252].
Afterwards, this photochemically generated spiropyran can be switched back directly
without a measurable cooling period. The SP S1 is either not participating in the
reaction, because the conical intersection connects TTC S1 with the SP S0 state,
or the participation is too short-lived to be detected. The existence of a conical
intersection in S1 for spiropyran-based photoswitches is quite common, e.g. Lanzani
and coworkers found one for spirooxazines leading to an excited-state relaxation
within 300 fs [283]. The minimal step size in the experiments shown here was 6 ps,
allowing a deduced reaction speed of < 6 ps for a full switching cycle starting at the
merocyanine isomer because at tPR ≈ 0 ps the change in the behavior occurs within a
single time-step and without any exponential rises or decays. In addition, the newly
generated spiropyran by the first pulse is stable for at least 1.5 ns, since the yield of
the bidirectional switching is not influenced by the effective delay between all three
pulses. This confirms that the first reaction step (electrocyclic ring closure) is not
only fast but also results in a stable product. Further reactions are only observed
after an additional light-matter interaction within the maximal time delay. This
longevity is one of the important necessary attributes for a molecular switch [19].

Tracking an Opening–Closing Cycle

After accessing one of the two possible switching directions, the pulse ordering is now
reversed, thus, tPR > 0. Accordingly, the 267 nm pump pulse, exciting spiropyran,
precedes the 560 nm repump pulse, exciting merocyanine, as visualized in Fig. 5.17a).
The spectral response for tPR ≈ 500 ps is shown in blue in Fig. 5.18a).

The dashed spectrum, corresponding to 560 nm excitation only, results in a per-
manent bleach centered at 560 nm, whose shape is reminiscent of the merocyanine
steady-state absorption. In addition, both the green and blue dashed spectra cor-
respond well to each other, only the sign is inverted. As discussed in Sec. 5.4.3 the
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shape corresponds to GSA of TTC and the negative sign to a permanent bleach.
Hence, a reduced TTC concentration is observed after excitation into S1. As it is ex-
pected nearly no SE and ESA are seen, because tPR is ≈ 5 ·τTTC. Again, the ∆Absdiff
spectrum looks virtually identical. Thus, the pump–repump combination shifts the
equilibrium after two light-matter interactions towards spiropyran for tPR ≈ 500 ps.

This inference is further strengthened by the third solid spectrum (red) representing
tPR ≈ 1400ps ≈ T . Pulse ordering is identical to the pump–repump case discussed
above for tPR ≈ 500 ps. Hereby, a similar spectral behavior is expected after norma-
lization. However, looking at the difference spectrum for ∆AbsRPr (corresponding
to 560 nm excitation only) negative SE (620 nm) and positive ESA (445 nm) are
visible, in addition to GSB (559 nm). This agrees well with the transient-absorption
data shown in Fig. 5.5 for short waiting times. There, these signals are assigned to
relaxation from S1 into S0. The ESA measures the excited-state population directly,
while the decreasing SE and GSB indicate that S0 is repopulated (Sec. 5.4.3). Since
in principle T ≈ 1400 ps is a long waiting time, neither SE nor ESA are expected.
However, tPR approaches the waiting time T . Hence, the photoprocesses initiated by
the repump pulse are not finished at the arrival time of the probe pulse. Thus, the
time-resolved behavior is mirrored, albeit, seemingly with reversed time-ordering.
The more tPR is increased, the closer it gets relative to the probe pulse, explaining
the inversed ordering.

Again the spectral shape of the extracted pump–repump–probe signal corresponds
well to one-color excitation data, showing analogous ESA, GSB, and SE features.
Whereas the permanent GSB is explained by increased spiropyran and decreased
merocyanine concentration, the other signals are also intuitively explicable. The
reason for the observed ESA and SE in ∆Absdiff is that excited merocyanine performs
a ring-closure reaction with a yield of Φo−c ≈ 40% only. The remaining fraction of
excited molecules remains in S1 and radiatively relaxes, while the effective population
is monitored via ESA. All three signals are visible because TTC has a lifetime of
95 ps. Hence, a high percentage of molecules is still in S1 at tPR ≈ 1400 ps ≈ T . Thus,
not only permanent products are monitored in this direction, but also non-finished
relaxation has to be considered. However, the behavior of both discussed spectra for
this pump–repump ordering confirms additional merocyanine bleach is induced by
this pulse combination. Therefore, the equilibrium is shifted towards spiropyran.

This shift towards lower merocyanine and higher spiropyran concentration, caused
by the 267 nm-pump followed by 560 nm-repump excitation, can be explained by
the following bidirectional switching scheme: The UV pump excites the high spiro-
pyran concentration, leading to a higher merocyanine ground-state concentration at
the time when the repump interacts with the sample. This increased concentration
is then excited and partially switched to spiropyran by the repump pulse. Hence, a
slightly larger amount of merocyanine is bleached as compared to the case without
the pump pulse being present. Therefore, the probe pulse measures a negative ab-
sorption change ∆Absdiff , because less TTC is present. Hence, 6,8-dinitro BIPS is
also switchable in the direction ring-closed SP to ring-open MC and back to SP with
at least 500 ps. A better estimation of the speed is given below.
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While the spectral behavior at two different pump–repump delays explain the prin-
cipal mechanism, the reaction speed for a full switching cycle SP-MC-SP is deduced
from the blue transient (specified by 0 < tPR < 1400 ps) in Fig. 5.18b) (top). Here,
a constant negative signal is identified for long times, as discussed in the correspon-
ding difference spectra. Contrary to the inverse pulse ordering, the change is not
instantaneous but increases in value on a picosecond time-scale. Therefore, upon
excitation with the 267 nm pump pulse, the reaction has to proceed over an in-
termediate state, which is not capable of ring-closure, before the 560 nm repump
can successfully reclose the now relaxed molecules. The lower panel shows an inset
for short pump-repump delays tPR < 500 ps combined with an exponential fit. The
additional merocyanine bleach increases with τ = 34 ps until it reaches a constant
level. As far as the reaction intermediate goes, several possibilities exist. Wohl and
Kuciauskas reported for 6-nitro BIPS the formation of various isomers, which inter-
convert on a picosecond time-scale. Accordingly, this would be the necessary time
until an equilibrium is reached, which can be switched back [254]. In addition, the
presence of a cisoid species, resembling a spiropyran but with an already broken
CO bond, absorbing in the visible [255], could be a precursor of the finally thermal-
ly stable TTC. Merocyanine triplet states are reported to live in the microsecond
domain [253,265,284]. Hence, they proceed on a completely different time-scale.

In conclusion, a reaction speed of τ ≈ 34 ps is identified for the closed-open-closed
cycle. The second reaction step is the time-limiting one and it proceeds via an
unknown merocyanine intermediate. The short lifetime of the intermediate allows
exclusion of strong triplet state participation in the electrocyclic ring closure and
opening reaction, confirming a concerted reaction process.

In addition, there is a clear positive spike, and, accordingly, a positive offset over
the entire remaining time tPR, when the pulse ordering is changed. This offset can-
not be related to any kind of coherent artifact because it is detected after the long
waiting time T ≈ 1.4 ns. Hence, a permanent, positive absorption is generated,
overlaid with the additional TTC bleach. This signal most probably results from a
slight underestimation of the signal strength when calculating ∆Absdiff . As shown in
Equation 5.13 ∆AbsRPr, corresponding to a permanent merocyanine bleach, is sub-
tracted from ∆AbsPRPr in order to extract the pure three-color signal. However, the
excited amount of merocyanine is lower in the pump–repump–probe measurement,
because the repump pulse excites also hot, non-switchable, molecules, generated by
the pump, effectively reducing the observable bleach. Thus, during relaxation of hot
merocyanine, |∆AbsPRPr| > |∆AbsRPr| is valid, resulting in a seemingly positive new
absorption band when calculating ∆AbsPRPr −∆AbsRPr. Albeit, without any pulse
combination effect, these two signals should be identical.

At last, for tPR > 1400 ps (red in Fig 5.18) ∆Absdiff = 0 is measured. There, the
repump pulse excites the sample after the probe pulse detects the photochemical
changes. Hence, no influence from the repump is measurable. The pump–repump–
probe data should correspond to the pump–probe data and after subtraction the
effective signal strength is zero. This actually confirms that the experimental scheme
works reliably as explained in Sec 5.6.1.
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Concluding this section, pump–repump–probe experiments serve a twofold purpose.
On the one hand, the sensitivity of the employed transient-absorption setup is visua-
lized. It is possible to measure the change in an absorption change, a signal which is
10-100 times smaller, with sufficient resolution. Hence, there is no technical obstacle
to introduce triggered exchange 2D, explained in the introduction of this section,
also in the visible spectral range and not only on the NIR. On the other hand,
new photochemical insight about the excited-state behavior of 6,8-dinitro BIPS is
shown. The molecule is capable of switching in both directions, from merocyani-
ne to spiropyran to merocyanine and the other way around, a unique property for
merocyanines. To my knowledge only one other merocyanine dye has shown this
property, a water soluble Py-BIPS [212]. Most other BIPS systems only perform
isomerization [285]. However it is important to note that one direction is direct and
fast within 6 ps, while in the other direction hot merocyanine needs to relax, limiting
the ring-closure direction to τ ≈ 34 ps.

5.6.3 Assessing Reaction Pathways Originating from Excited
States Only

The following section analyzes the properties of excited merocyanine. Hence, the
behavior of molecules who do not perform an electrocyclic reaction (explained in
the previous section) is discussed now. Transient absorption (Sec. 5.4) and 2D mea-
surements (Sec. 5.5) showed that the excited molecules after excitation into S1 relax
radiatively. However, the question of what happens after re-excitation cannot be
addressed without a further light-matter interaction. This is a topic of interest be-
cause energetic barriers in merocyanine [208] could be circumvented. Therefore, ring
closure quantum yields or isomerization efficiency could possibly be enhanced.

To this end, the same pump–repump–probe technique as for bidirectional switching
is used, however, with a different wavelength combination of pump and repump
pulses. The results will be explained in the following section and have been published
in Ref. [219].

Spectro–Temporal Pump–Repump–Probe Results

To analyze the excited-state behavior of 6,8-dinitro BIPS, the merocyanine configu-
ration is used. Photoexcitation is performed with a 600 nm pump pulse (EP ≈ 40 nJ),
generated from the home-built NOPA system and additionally with a 440 nm re-
pump pulse (ER ≈ 150 nJ), obtained by using the second harmonic from the com-
mercial NOPA system (TOPAS White). All pulses possess parallel polarization with
respect to each other. The wavelength of the pump pulse allows for an effective ex-
citation of both TTC and TTT merocyanine into S1 (GSATTC: 559 nm, GSATTT:
600 nm), while the repump is resonant with the ESA of both isomers (ESATTC:
445 nm, ESATTT: 460 nm). The waiting time T between pump and supercontinuum
probe was adjusted to T ≈ 2000 ps. Thus, only the long-living permanent bleach
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Figure 5.19: Spectrally resolved pump–repump–probe contour plot for T = 2000 ps after
resonant excitation into S1 combined by a 440 nm repump pulse. Additional photobleaching
(negative) and product formation (positive) is observed for 0 < tPR < 250 ps overlaid by
a signal overestimation for nearly all other delays [219].

of TTC and TTT is detected when the visible pump pulse is present (compare
difference spectrum after 3 ns in Fig. 5.9 for excitation of both TTC and TTT).

Fig. 5.19 shows a contour plot of pump–repump–probe data ∆Absdiff depending on
λPr and pump–repump delay tPR. The repump was scanned from tPR = −1000 ps
up to 2100 ps, crossing the pump at tPR = 0, and finally the probe at tPR = 2000 ps.
Positive values for ∆Absdiff , resulting in increased absorption, are shown in reddish
and negative ones, indicating a decrease when compared to common pump–probe
measurements, in bluish colors. Again, the depicted response ∆Absdiff is purely
caused by the interaction of both pulses and not by a single (re)pump pulse [219].

The signal can be divided into different contributions. The most prominent, and also
most interesting, signal is obtained for 0 < tPR < 250 ps. There, resonant excitati-
on into S1 for both isomers occurs via pump-pulse excitation, followed by resonant
excitation via ESA around 440 nm into highly excited states of merocyanine. A
strong negative signal, centered at the TTC absorption wavelengths of 559 nm, is
observed corresponding to an increase of the absolute value of the observed bleach
after 2 ns. Thus, the TTC ground-state concentration is permanently reduced by
the three-color experiment. This bleach is accompanied by two strong positive ab-
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Figure 5.20: a) Transient behavior of ∆Absdiff for 460 nm (blue), 559 nm (green), and
600 nm (red) combined with a global fitting routine (black). b) Difference spectra for
tPR = 30 ps (orange, squares) highlighting additional bleaching and product generation,
500 ps (violet, circles) visualizing the inverted transient-absorption data, and 2020 ps
(white, triangles) corresponding to pump-only excitation [219].

sorption bands, one between 400 to 500 nm, and the second one ranging from 600 to
700 nm. The latter band strongly overlaps with the TTT GSA. Both of these bands
indicate the formation of a new long-living species since they last over 2 ns.

The temporal behavior of these three bands is presented in Fig. 5.20a) by transient
cuts of the data shown in Fig. 5.19. A global fitting routine results in monoexponen-
tial decay with 80 ps and a permanent offset as visualized in black for both product
bands (blue:460 nm, red: 600 nm) and the GSB (green:559 nm). However, only the
first 500 ps are taken into account. This was done in order to avoid any contributions
which originate from tPR approaching the continuum probe at T . This time constant
of 80 ps corresponds well to the observed S1 lifetime of 95 ps of TTC in the pre-
vious transient-absorption experiments in Sec. 5.4. This strongly indicates that the
additional photoproduct, generated by accessing reaction pathways, which involve
higher-lying electronic states, originates from the TTC S1 state. In addition to tran-
sient cuts, Fig. 5.20b) shows difference spectra for three delays tPR, namely 30 ps
(orange, squares), 500 ps (blue, circles), and 2020 ps (gray, triangles) highlighting
the spectral behavior for the most interesting pump–repump delays.

At longer times 250 < tPR < 2000 ps all three bands vanish. Instead, a positive
signal emerges for wavelengths λPr > 500 nm and a very weak negative one to the
blue side with λPr < 500 nm. The signal strength remains constant up to tPR =
1500 ps. Therefore, neither the S1 lifetime of TTC (95 ps), nor of TTT (800 ps)
can be responsible because in the transient cuts shown in Fig. 5.20a) no change
is observed with these time constants. The difference spectrum in Fig. 5.20b) for
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tPR = 500 ps (blue, circles) has the same spectral shape but opposite sign as the black
DADS obtained upon 560 nm excitation, associated with the permanent bleaching
of merocyanine. Accordingly, this signal is interpreted as an overestimation of the
effective pump–repump signal when calculating ∆Absdiff using Equation 5.13. Both
two-color measurements with either pump (∆AbsPPr) or repump (∆AbsRPr) only,
excite a fresh sample with a well-known optical density, provided by usage of a flow
cell. However, in the pump–repump–probe measurement, after the pump has excited
the sample, the repump pulse acts on a lower concentration of merocyanine molecules
in the ground state, because ≈ 40% of the excited molecules have formed spiropyran.
Hence, a slightly lower signal is obtained for ∆AbsPRPr. This concentration change
corresponds to a very small bleach (< 200 µOD), as compared to a signal strength
around 10 mOD in the pump–probe experiment. The same effect occurs if the pulse
ordering is reversed. While the absorption of both merocyanine isomers at 440 nm
is minimal as shown in Fig. 5.4a), excitation is evident. It is important to note that
this overestimation of the signal is not an error in the measurement, because the
concentration change for TTC is a real effect, caused by the multipulse combination.

The explanation above is actually strengthened when looking at the signal develop-
ment for pump–repump delays of 1750 < tPR < 2000 ps. The value of overestimation
increases with increasing time tPR because as the repump approaches the probe, an
increased percentage of excited molecules still remains in S1 and has not relaxed to
the ground state. This results in signals for ESA (440 nm), GSB (559 nm) and SE
(600 nm) similar to the transient-absorption results. This is actually the same effect
as already discussed in Sec 5.6.2. A related explanation is valid for the increasing
signal ∆Absdiff for tPR < 0. Here, the repump precedes the pump and, thus, the
pump pulse excites a lower merocyanine concentration. This concentration reduces
even more when the repump approaches the pump because molecules still remain in
S1 and, hence, cannot be excited. The temporal behavior mirrors the 80 ps dynamics
observed for the TTC relaxation confirming this interpretation as shown for 559 nm
(green line) in Fig. 5.20a). Looking at the spectral behavior in Fig. 5.19 for tPR < 0,
no ESA at 440 nm is observed because it has decayed within a probe delay of 2 ns
but a weak (positive) signal at 600 nm is seen, corresponding to an effective bleach
of the TTT isomer, confirming that both isomers are excited partially.

Finally, ∆Absdiff = 0 for time delays tPR > 2000 ps, as shown in the black difference
spectrum for 2020 ps. Since for these long delays the repump interacts with the
sample after the probe pulse, no influence is detectable. In addition, the probed
concentration for both pump and repump excitation, when compared to the pump
only measurement is now identical, no overestimation occurs (compare Sec. 5.6.2).

Validating Cation Formation after Twofold Excitation

The pump–repump–probe scheme allows unraveling of reaction pathways occurring
after re-excitation of an electronically excited state. The results shown in Figu-
res 5.19 and 5.20 correspond to excitation of both TTC and TTT merocyanine into
S1, followed by a resonant repump pulse exciting the molecules into even higher elec-
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tronic states for 0 < tPR < 250 ps. The shape of the observable bleach is reminiscent
of the TTC absorption shown in Fig. 5.9 centered at 559 nm. In addition, both the
amount of bleach and the new observable photoproduct seen for T = 2000 ps redu-
ces exponentially with a time constant of 80 ps for positive tPR. However, spectral
TTT contributions cannot be ruled out completely because they might be hidden
under the positive absorption peak, which is lower for λPr = 600 nm, as compared
to λPr = 490 nm. The identification of the formed product is challenging as well. In
the following, the most probable assignments will be discussed [219].

First, isomerization could occur between TTC and TTT. It was determined to be
an insignificant reaction pathway after excitation into S1 via 2D spectroscopy in
Sec. 5.5.4. This statement may not hold true upon excitation into even higher states
because of the access to higher-lying potential energy surfaces, possibly characterized
by different relaxation pathways. Moreover, the additional energy might be enough
to overcome the barrier between the multidimensional potential curves estimated in
Ref. [208]. In this reference a simplified photosystem is used to verify theoretically the
ring-closure and ring-opening reaction proposed for 6,8-dinitro BIPS [58]. Looking
at the difference spectrum for tPR = 30 ps (orange squares) in Fig. 5.20b) one
positive absorption band is centered at λPr = 600 nm corresponding well to the TTT
absorption maximum. However, the TTT absorption is nearly zero for λPr = 650 nm
as seen in the black offset in Fig. 5.9b), which is not the case for the pump–repump–
probe data. In addition, while TTT possesses positive ESAs for λPr < 580 nm their
spectral shape does not match at all. The ESA is twofold, centered at 460 and 550 nm
compared to the single peak centered at ≈ 585 nm seen here. Thus, isomerization
between the two known isomers can again be excluded to be a significant pathway.
While in principle isomerization into another merocyanine isomer is possible — the
theoretical existence of eight isomers is visualized in Fig. 5.10b) and at least four of
them should be stable in principle — a blue-shifted photostable isomer was never
observed in literature. In addition, it seems plausible from a thermodynamic point of
view that the most stable isomer has the highest energetic transition into S1. Thus,
this possibility seems also highly unlikely. However, at least the existence of three
different isomers was proposed for 6-nitro BIPS [254], but as previously shown the
photochemistry of 6,8-dinitro BIPS and 6-nitro BIPS differs seriously.

Second, the excited molecules could pass a conical intersection, most probable for
the ring-closure reaction [20, 208], when relaxing via IVR. This would result in an
increased amount of ring-closed molecules. On the one hand, this explains the ob-
served photobleach. On the other hand, spiropyran possesses no absorption band
in the visible spectral range. Hence, the positive bands are unexplainable. So, this
assumption is also discarded for the majority of repumped molecules.

Third, a participation of long-living triplet states populated by the repump would
be possible. For this explanation the observed bands would be ESA and not product
bands because of the µs lifetime of triplet states, which cannot be resolved here.
While for 6-nitro BIPS the participation of triplet states to the photochemical be-
havior was suggested [255], nothing similar was seen in the transient-absorption data
of 6,8-dinitro BIPS in Sec. 5.4. Moreover, transient absorption with detection in the
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mid infrared, previously performed in this group, also found no evidence of strong
triplet state contributions in the photochemistry of 6,8-dinitro BIPS [58]. Further
evidence for a singlet pathway dominating merocyanine reactions are derived from
Ref. [286], where a merocyanine dye was analyzed with and without the presence of
oxygen serving as a triplet quencher. No effect was observed on the photochemistry,
thus, triplet pathways were excluded.

After discussion and subsequent elimination of the most obvious reaction channels,
other possibilities have to be taken into account. The combined excitation energy
of pump and repump pulses corresponds to an effective excitation with 5 eV. The
ionization energies for both indole [287] and [2H-1]-benzopyran [288], the building
blocks of a spiropyran, were determined to be ≈ 8 eV in literature. While these two
values exceed the excitation energy, the effect of the π-electron system has to be
considered, when the two units are linked. A completely new absorption band in the
visible spectral range is generated. Hence, the linked chromophore absorbs at much
lower energies. If the ionization energy is also lowered, this reaction pathway has to
be considered. Ionization yields a free electron that is released to the solvent. Solva-
ted electrons give rise to broadband signals, which interfere with the measurements.
However, chloroform is used as a solvent, which prevents the solvation but reacts
with the free electrons in a dissociative process, which does not yield any signals in
the visible regime [289]. Ionization results in the formation of a new radical cati-
on MC+•, which could explain the new product absorption. According to literature
an ionized merocyanine dye is characterized by the formation of a high- and low-
energy band when compared to the ground-state absorption mirroring the findings
here [286]. In addition, 308 nm (≈ 4 eV) excitation proved sufficient for ionization.
These considerations are transferred to 6,8-dinitro BIPS. After the first pulse gene-
rates a population in S1, the repump pulse is used as an ionization beam, explaining
the new absorption bands. Thus, pump–repump–probe spectroscopy accesses a two-
step ionization pathway. The effectiveness of this pathway can be controlled by the
pulse separation tPR effectively scanning the excited-state population.

5.6.4 Conclusion

Taking both experiments performed in this section into account, the reactions pro-
ceeding after the first excitation pulse are uncovered for 6,8-dinitro BIPS. Either
spiropyran is generated or radiative relaxation occurs from the merocyanine S1

state. On the one hand, pump–repump–probe spectroscopy is used to track the
ultrafast electrocyclic ring-closure to spiropyran. The measurements unambiguous-
ly show that both conformations are connected via singlet pathways. On the other
hand, molecules, which were not switched, were ionized in a second experiment, clear-
ly showing that ground-state excitation and excited-state excitation differ. Hence,
pump–repump–probe spectroscopy is an extension of common pump–probe spectros-
copy, which is especially suited for tracking multi-step and excited-state reactions
by using an additional laser pulse for an additional light-matter interaction.
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5.7 Tracing Multi-Step Photoreactions of Two Iso-
meric Species at Once

Femtosecond time-resolved spectroscopy was used in the previous sections to cha-
racterize photoexcited 6,8-dinitro BIPS via direct resolution of the participating
processes. The capability of directly accessing reaction mechanisms in real time is
one of the most crucial benefits of time-resolved optical techniques [8–10]. In the fol-
lowing pump–repump–probe spectroscopy (introduced in Sec. 5.6) is combined with
coherent electronic 2D spectroscopy (introduced in Sec. 5.5). This combination is
called coherent triggered-exchange 2D (TE2D) spectroscopy and directly correlates
the absorbing characteristics of an unknown sample before and after an additional
light-matter interaction. The pulse sequence is shown Fig. 5.1d) in the introduction.
Until now, this technique has only been demonstrated for 2D experiments in the
mid-infrared spectral range probing purely vibrational changes [225, 226], but not
for electronic transitions induced by the 2D pump pulse sequence. In the following
example, a reactant, defined via the S1-S0 transition frequency, will be connected
to a photoproduct formed after repump-interaction between pump and probe pulse.
This enables an unambiguous identification of the isomer of 6,8-dinitro BIPS, which
is responsible for the formation of the radical cation observed in the pump–repump–
probe measurements presented in Sec. 5.6. The experimental data and results of this
section have already been published in Ref. [219].

5.7.1 Triggered-Exchange 2D Spectroscopy

TE2D spectroscopy is realized similar to the 2D measurements described in Sec. 5.5
using a phase-locked pump pulse pair generated with a pulse shaper and separated
by coherence time τ . Furthermore, all three beam lines from the transient-absorption
spectrometer, explained in detail in Sec. 3.2, are in use. Basically, a common 2D ex-
periment is combined with a repump pulse, which re-excites the transient population
and the data is treated in a similar way as in the experiments described in Sec. 5.6.1
for the analysis of pump–repump–probe data. Both, pump as well as repump, pul-
ses are generated by two independent NOPAS. The pump pulses are centered at
λP = 590 nm and compressed down to 17 fs. Thus, they have sufficient bandwidth
to excite both isomers of 6,8-dinitro BIPS. After compression, the pulse shaper gene-
rates phase-stable pulse pairs with an adjustable coherence time delay τ by applying
the phase mask in Eqn. 5.1. The repump pulses are centered at λR = 435 nm with
≈ 40 fs duration, again covering both the ESA of TTC (445 nm) as well as the ESA
of TTT (460 nm) to a sufficient degree. The use of a continuum probe pulse enables
detection of the features described in the previous sections. All pulses were adjusted
to possess parallel polarization relative to each other.

By employing the same chopper configuration, two phase-locked chopper wheels,
placed in the pump and repump beams, respectively, as described in Sec. 5.6.1, again
three different optical density values [∆AbsPRPr (blue), ∆AbsPPr (red), and ∆AbsRPr
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Figure 5.21: Transient cuts for λPr = 585 nm exemplifying extraction of a TE2D
signal in the time domain. From the signal of dual excitation SPRPr (blue), the single cases
SPPr (red) and SRPr (green) are subtracted leading to the TE signal (black). Note the small
differences in SPPr and SPRPr (blue) and the low signal-to-noise ratio of the final TE signal.

(green)] are obtained. The colors denote to Fig. 5.21. This chopper configuration
is necessary to provide shot-to-shot signal detection. Additionally, for each fixed
population time T and pump–repump delay tPR, the coherence time τ is scanned
and a four-step phase-cycling scheme applied (see Sec. 5.5.1).

Figure 5.21 shows the corresponding oscillating transient cuts Sx obtained for diffe-
rent pulse combinations. Resulting from the used phase-cycling scheme, the shown
data only contains the phase-sensitive contributions, enabling extraction of the cor-
responding 2D spectra. Both, SPRPr (blue) and SPPr (red), possess a strong, phase-
sensitive signal which decays over a coherence time of 80 fs. By contrast, SRPr (green),
which does not depend on the coherence time τ , has (nearly) zero signal strength
as expected. The effective triggered-exchange signal STE is obtained by calculating

STE = SPRPr − SPPr − SRPr (5.14)

for every value of τ and λPr, while retaining T and tPR. Resulting from the large
similarities between SPRPr and SPPr, only the very weak, but oscillating, triggered
exchange signal STE (black) is obtained. This phase-sensitive coherent signal decays
within 60 fs at most. After performing Fourier transformation over τ and taking the
real part, the absorptive, intrinsically phased, TE2D spectrum is obtained with the
signal spread along an additional spectrally resolved pump-axis.

For the measurements τ was scanned up to 60 fs in steps of 0.5 fs and no rotating
frame was chosen (γ = 1), thus, the 2D signal was not undersampled but com-
pletely resolved within the Nyquist limit. In order to obtain smoother spectra the
effective coherence time was increased to 360 fs using zero padding, i.e., the signal
was assumed to be completely zero after 60 fs and no coherent signals were obser-
ved anymore. The four-step phase cycling scheme was repeated four times reducing
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Figure 5.22: Visualization of a TE2D spectrum for tPR = 0.5 ps and T = 2000 ps.
a) 2DPRPr spectrum containing sample interaction with all pulses b) 2DPPr spectrum ob-
tained after excitation with a pump pulse pair c) 2DRPr spectrum after pure repump in-
teraction d) Extracted TE2D spectrum showing TTC bleach and product formation [219].

long-term noise while short-term noise was limited by averaging over 500 ∆Abs
calculation (resulting from 2000 shots) to obtain all three signal contributions. No
sample degradation was observed over the course of the measurement.

5.7.2 Results of Triggered-Exchange 2D Spectroscopy

An exemplary TE2D spectrum, together with the measured 2D spectra for different
excitation configurations, is shown in Fig. 5.22 for 6,8-dinitro BIPS in chloroform.
The pump–repump delay was fixed at tPR = 0.5 ps and the population time ad-
justed to T = 2000 ps. Hence, the 440 nm repump pulse excites a large amount
of merocyanine molecules in the S1 state of both isomers, while the probe only de-
tects photoproducts stable for at least 2 ns. In Figures 5.22a)-d) vertical red/blue
lines denote the TTC/TTT absorption frequency obtained by multiplying the GSA
absorption of both isomers with the excitation spectra. Moreover, horizontal lines
denote absorption and emission frequencies obtained in Sec. 5.4 for both isomers,
again TTC is shown in red and TTT in blue. However, these frequencies are unal-
tered, as probe frequencies in a pump–probe based 2D approach are intrinsically
normalized to the relative changes in the continuum probe. The color code is si-
milar to previous experiments with yellow/red denoting increased absorption and
blue/violet/black decreased absorption change [219].
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Figure 5.22a) shows the 2D spectrum 2DPRPr obtained after excitation with a pump
pulse pair and an additional repump. At first glance it appears quite similar to
the 2DPPr spectrum in Fig. 5.22b) obtained by pump pulse excitation only. Both
spectra have distinct absorption and emission frequencies centered on the vertical
lines denoting the two isomers. Hence, both TTC and TTT are sufficiently ex-
cited to disentangle their respective relaxation. When compared to the 2D spec-
tra shown in Fig. 5.15, the data matches very well the 2D spectrum measured for
T = 1000 ps. GSB (550 THz), SE (490 THz) and ESA (680 THz) are clearly identi-
fied in both 2DPRPr and 2DPPr alongside the effective TTC absorption frequency at
|νP| ≈ 520 THz. Likewise, all previously known contributions, GSB (500 THz), SE
(460 THz), and ESA (550 THz, 650 THz) are identified for TTT at |νP| ≈ 495 THz.
Additionally, in the 2DPRPr spectrum a positive signal, absorbing at TTC pump
frequencies, extends beyond 450 THz hinting at an additional contribution caused
by the presence of the repump. The last measured spectrum 2DRPr corresponds to
repump interaction only, shown in Figure 5.22c), and possesses only very weak noise
around the TTC ground-state absorption. The non-occurrence of a 2D signal is in
line with the expectation, since the pump pulse pair is blocked.

Combining the measured data sets as explained in Sec. 5.7.1 and taking the real-
valued signal contributions after Fourier transformation yields the TE2D spectrum
shown in Fig. 5.22d). Similar to pump–repump–probe measurements the additional
effects of the multipulse combination are visualized. Thus, the TE2D spectrum can
be considered as the change in the conventional electronic 2D spectrum due to the
interaction of excited molecules with the repump pulse. However, by generating an
excitation frequency axis corresponding to the pump pulse frequencies, the molecular
ground state, from where the photochemical reaction pathway sets in, is resolved.
Thus, TE2D directly visualizes the correlations between the spectral signatures of
the precursor molecule and the response of the repump-induced photoproduct.

Looking at the spectrum along |νP| = 495 THz, corresponding to TTT excitation,
nearly no TE2D signal is seen. Moreover, no negative contribution is identified. This
means, the repump pulse does not induce any additional TTT bleach. Thus, every
TTT molecule in S1 that undergoes excitation into even higher electronically-excited
states, relaxes back to S1 via non-radiative mechanism like internal conversion combi-
ned with vibrational relaxation. From here on, the known fluorescence pathway with
a lifetime of τTTT ≈ 800 ps sets in. This statement can be made because after sub-
traction of both 2DPPr and 2DRPr nothing additional remains. Therefore, the photo-
chemical behavior is identical after excitation into S1 or Sn. Perhaps a slight positive
signal, weakly above the noise amplitude, is identified at |νPr| = (400 - 520) THz.
This results from the fact that the TTT bleaching strength is overestimated by the
measurement and data analysis procedure, similar to the pump–repump–probe ex-
periments (Sec. 5.6), and bears no additional information. Mainly, it can be seen as
an indication that the measurement procedure is working well.

As far as strong signals are concerned, a distinct GSB ranging from |νPr| = (520 -
570) THz (or λPr ≈ (520 - 580) nm) and two new positive product bands are
identified. One absorbs between |νPr| = (400 - 520) THz (or λPr ≈ (580 - 750) nm)
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and the other band at |νPr| = (590 - 750) THz (or λPr ≈ (400 - 750) nm). These three
features are virtually identical to those observed in the pump-repump-probe experi-
ment analyzed in 5.6.3 and shown in the orange difference spectrum in Fig. 5.20b)
for tPR = 30 ps. Hence, the formation of a radical cation MC+• is the most lo-
gical conclusion, confirming the previous experiments. However, as a result of the
new excitation frequency axis, the sole absorption frequency |νP| = 510 - 530 THz,
causing the formation of MC+•, is identified. This absorption range corresponds well
to the TTC S1 absorption (red dashed line in Fig. 5.22). Thus, the S1 absorption
state of TTC is identified as the chemical precursor of the MC+• generation. This
information was not directly available in the pump–repump–probe measurements,
which could only resolve the final state.

Therefore, TE2D measurements, which are an extension of both 2D and pump–
repump–probe, offer a highly sensitive tool, enabling the analysis of excite-state
photochemistry. This is important, because two-color measurements, like, e.g., tran-
sient absorption or fluorescence upconversion, often only cover the ground and the
first excited state directly by absorption and detection of one photon each. Cohe-
rent 2D spectroscopy offers more information by resolution of the pump-frequency
axis but again only the population change induced by the first pump pulse pair is
traced. By contrast, three-color techniques (pump–repump/dump–probe) force the
absorption of two photons allowing excitation into higher states and the subsequent
resolution of the population relaxation of these excited states. However, if molecular
mixtures are present, no discrimination between molecules absorbing at different
wavelengths is possible. Accordingly, TE2D closes the gap between these two tech-
niques by spectrally resolving the pump axis while keeping the twofold excitation.
It is important to note that if both, 2D and pump–repump–probe spectroscopy, are
known, the bridge to TE2D spectroscopy can be crossed in an intuitive way. In fact,
the experimental conditions, the data analysis and interpretation are straightfor-
ward, and very similar to the two techniques TE2D is based on. Hence, TE2D offers
a powerful technique, which enables the analysis of excited-state photochemistry.

5.8 Combining All Results into a Reaction Scheme

Within this chapter different time-resolved methods were used (TA: Sec. 5.4), ad-
apted (two-color 2D: Sec. 5.5; pump–repump–probe: Sec. 5.6) and newly developed
(TE2D: Sec. 5.7) to examine the photochemical behavior of the molecular switch
6,8-dinitro BIPS, resulting in a comprehensive reaction scheme. This is visualized
in Fig. 5.23 and every contribution identified will be shortly reviewed here.

Transient-absorption experiments with two excitation wavelengths [green arrow
(560 nm); orange arrow (620 nm)] unambiguously verified the presence of two me-
rocyanine isomers in solution (Sec. 5.4). Previous NMR measurements by Hobley et
al. identified TTC (dominant, left side) and TTT (minor contributions, right side)
as the most stable isomers in solution. Thus, this assignment was transferred he-
re [216,290]. A separation of the two isomers was possible because TTC relaxes with
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Figure 5.23: Comprehensive reaction scheme of 6,8-dinitro BIPS. Both MC isomers, pre-
dominant TTC (left) and blended TTT (right) perform efficient ring closure to SP via a
conical intersection (gray, dashed), and SP forms at least TTC via a singlet ring opening
(black, dashed). The remaining excited merocyanine molecules relax via fluorescence (un-
dulated arrow) on a picosecond time-scale. Hot TTC forms after resonant excitation MC+•

while only IVR is observed for TTT. The arrow color denotes the excitation or emission
wavelength while black/gray arrows denote non-radiative transitions.

τTTC ≈ 95 ps and TTT roughly 10 times slower with τTTT ≈ 800 ps. Every TTT band
is red-shifted when compared to TTC, both showing stimulated emission (undulated
arrows; TTC: orange, 610 nm; TTT: red, 650 nm) and an excited-state absorption
at ≈ 450 nm (dashed arrows; TTC: violet, 445 nm; TTT: blue, 460 nm). For TTT an
additional ESA in the visible spectral range is identified at 550 nm (dashed, green).
Both isomers show a permanent bleach, indicating a loss channel with high yield
(Φo−c ≈ 40% for TTC and Φo−c ≈ 35% for TTT) (gray dashed). While Hobley et
al. speculated [217], in previous work in this group the photoproduct was identified
as spiropyran (middle) by using transient mid-infrared spectroscopy [20,58,71]. The
black, curved arrows denote ultrafast, non-radiative relaxation.

This electrocyclic ring-closure reaction was confirmed by pump–repump–probe spec-
troscopy, which excited merocyanine first and then re-excited photochemically ge-
nerated spiropyran (violet arrow, 267 nm) resulting in newly formed merocyanine.
This measurement was also performed vice versa. Thus, 6,8-dinitro BIPS really per-
forms a complete and effective photocycle starting from all possible isomers (TTC,
TTT, and SP) (Sec. 5.6.2). This efficiency compares well to a previous reported
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full switching cycle of fulgides [196] demonstrating the potential of merocyanine in
further electronic applications.

Furthermore, 2D electronic spectroscopy was implemented using an approach in
pump–probe geometry as proposed by Jonas [75] (Sec. 5.5). More precisely, pulse-
shaper generated double pulses were combined with a supercontinuum probe as first
realized by Ogilvie and coworkers in the visible spectral range [220]. In the pre-
sented approach a LCD-based shaper was used to generate the phase-stable pulse
pairs as compared to an acousto-optical modulator there. The identified merocyani-
ne isomers in solution feature differing relaxation characteristics, which are directly
evident in the 2D spectra. The probe pulse, covering the visible spectral range, al-
lowed to simultaneously monitor the temporal changes over a broad spectral region.
A considerable frequency shift in the ESA could be identified, due to the different
time constants of the two isomers. Whereas the linear spectra corresponding to GSA
and SE of both isomers overlap, the corresponding peaks in the 2D spectra could
be clearly distinguished. The absence of cross peaks connecting TTC and TTT in
the spectra corroborates that cis/trans photoisomerization is a negligible reaction
channel. Hence, by means of broadband coherent two-dimensional electronic spec-
troscopy it is possible to directly visualize the excited-state and relaxation dynamics
of a complex photoreactive molecular system.

Conventional pump–probe spectroscopy on multichannel reactive systems [20, 27]
may require tedious and elaborate data analysis of many different data sets and
combination of those results to retrieve information about the relevant pathways in
an indirect procedure. If spectroscopic signatures from the involved species overlap
significantly in transient spectra, it may even not be possible at all to disentangle the
respective channels and to arrive at conclusive evidence. On the other hand, with
2D spectroscopy the different contributions are separated due to the second frequen-
cy axis, and, thus, one can directly read off the relevant photochemistry from the
experimental 2D traces. Thus, the (qualitative) analysis is greatly simplified even
though three rather than two pulses have to be employed in the experiment. Hence,
coherent 2D electronic spectroscopy holds great promise not only for analyzing pho-
tophysical processes such as energy transport, but also for providing new insights
into photochemical reactions with many (interconnected) pathways [78].

A second pump–repump–probe measurement clearly demonstrates the importance
of reaction pathways not originating from the electronic ground state (Sec. 5.6.3).
Here both isomers were excited into S1, followed by a repump resonant with ESA,
hence, highly excited states were reached. Via relaxation from these states previously
insurmountable barriers may be crossed or other conical intersections become acces-
sible. These processes possibly widen the array of available reaction pathways. Here,
excitation of 6,8-dinitro BIPS resulted in the formation of a radical cation MC+•

(curved, red arrow) and not in an increased ring-closure or isomerization yield.

By combining electronic 2D spectroscopy with a subsequent repump pulse, electronic
TE2D spectroscopy was realized for the first time (Sec. 5.7). This exemplary TE2D
measurement clearly identified that excited TTC is responsible for generating MC+•,
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while TTT just relaxes non-radiatively into S1. The intrinsically preserved origin of
the excited-state physics resolved via TE2D allows disentanglement of complicated
systems consisting of more than one molecule, which even share combined excited
states. This could allow the study of molecules relevant for photovoltaics, especially
when multipulse-induced charge separation is observed [291] or when searching for
(multi)photon reaction channels in heterogeneous electron transfer of dye-sensitized
devices [292]. In addition, tracing a reaction path could also be beneficial for bond-
forming dynamics of molecules adsorbed on surfaces [293–295] or for switching events
in envisaged ultrafast data storage [196,214].

In conclusion, all experiments described in this chapter clearly demonstrate that
transient-absorption measurements only result in a partial photochemical picture
of 6,8-dinitro BIPS because reaction pathways happening in excited states are not
detected sufficiently. This assessment is in-line with the previous chapter about
(ZnTPP)2, where also additional measurements were necessary. With coherent 2D
spectroscopy isomerization between two merocyanines isomers was shown to be a
negligible reaction path. Pump–repump–probe measurements clearly identified two
photoproducts (spiropyran and the radical cation MC+•), which are not detecta-
ble otherwise. Finally, TE2D spectroscopy identifies for which isomer in a molecular
mixture twofold excitation leads to different pathways. Thus, accessing excited-state
photochemistry is not only beneficial but also necessary for generating a compre-
hensive photochemical reaction scheme.



Chapter 6

Summary and Outlook

Light-induced excitation of matter, especially of atoms and molecules, proceeds com-
monly within femtoseconds, resulting in excited states. Originating from these states
many interconnecting reaction pathways may set in and chemical reaction mecha-
nisms, like isomerization or bond-breaking and formation are possible, resulting
in photoproducts that are detectable by optical means. In addition, photophysical
mechanisms like energy distribution and excitonic delocalization occur, often com-
bined with radiative relaxation via fluorescence. Thus, the reaction scheme has to
be disentangled by assessing the existence or importance of each process. Spectros-
copic methods based on femtosecond laser pulses have emerged as a versatile tool to
study photochromic reactions. Most commonly one pulse excites the sample, while
a second one, variably delayed, detects changes in the effective absorption.

Within this thesis time-resolved experiments with femtosecond laser pulses on va-
rious molecular systems were performed. However, the presented work had two foci.
On the one hand, novel photosystems, with possible applications ranging from ul-
trathin molecular wires to molecular switching devices, were extensively photoche-
mically and -physically characterized. On the other hand, time-resolved broadband
spectroscopic methods had to be newly developed, in order to resolve the com-
plex kinetics of the investigated systems. This combined approach, i.e., tailoring
new techniques to answer specific questions in unexplored photosystems, resulted in
spectroscopic techniques which can easily be transferred to other scientific studies.

By combining an excitation pulse pair with an additional laser pulse, all in the
visible spectral range, and a continuum probe electronic triggered-exchange two-
dimensional spectroscopy (TE2D) was demonstrated for the first time. This goal was
accomplished by first combining a transient-absorption setup with pump–repump–
probe capability with a pulse shaper, capable of amplitude and phase shaping in
the visible spectral range. Hence, 2D spectroscopy with a continuum probe was
implemented similar to previous setups in different research groups, covering the
ultraviolet (UV) [84], visible (VIS) [220], and mid/near-infrared (NIR) spectral range
[94]. Via the continuum probe a much wider detection axis is generated compared
to 2D spectroscopy with degenerate pulses.
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Using the described methods two different molecular systems in solution were studied
and characterized in a comprehensive manner in this thesis. A bisporphyrin, namely
a directly β, β′-linked Zn-metallated tetraphenylporphyrin dimer, (ZnTPP)2, and a
representative of the spiropyran–merocyanine photosystem, 6,8-dinitro BIPS, were
characterized for their possible future use in applications. (ZnTPP)2 is a homodi-
mer, featuring strong excitonic effects. These effects manifest themselves in twofold
splitting of the Soret band (S2) absorption spectrum. Interestingly, no splitting is
seen for the Q band (S1). Like (ZnTPP)2, 6,8-dinitro BIPS is also constructed using
two, this time differing, subunits. However, they are not similar enough to warrant a
treatment as a heterodimer. The two chromophores are a benzopyran and an indole
moiety, connected by a common carbon atom. 6,8-Dinitro BIPS itself exists in one
of two possible conformations. The ring closed spiropyran absorbs only in the UV,
by contrast the ring open merocyanine has a strong absorption in the visible spec-
tral range. For both molecular systems photodynamics upon illumination were in
a first step monitored using transient-absorption spectroscopy. However, the results
of these experiments were ambiguous because of the multitude of obtained signals,
necessitating more complex methods, which were subsequently employed.

In the case of (ZnTPP)2 first the monomeric building block, ZnTPP itself, was cha-
racterized by transient absorption combined with elaborate global fitting routines.
According to the results, population transfer from the S2 state into S1 within pi-
coseconds was identified (τ(S2) ≈ 2 ps). Afterwards, intersystem crossing into T1

proceeds within nanoseconds (τ(S1) ≈ 2 ns).

For (ZnTPP)2 in principle the same pathways were found after excitation into the
Soret and Q band, albeit the afterwards observed relaxation is faster. In addition, in-
tersystem crossing was not only indirectly deduced but directly measured by probing
in the NIR spectral range. There, singlet and triplet states were completely separa-
ble and the transfer proceeds with τ(S1) ≈ 1.5 ns. The influence of excitons in this
bisporphyrin was investigated by coherent 2D spectroscopy exciting and detecting
the Soret band. Energy and population transfer within S2 was directly visualized
on a time-scale of ≈ 100 fs. This population transfer proceeds in combination with
relaxation into S1. The latter was estimated to be on the same time-scale making it
impossible to extract the coupling without 2D measurements. Calculation of the 2D
spectra of a simple homodimer confirmed the results. After the presented analysis of
the distinct excitonic character, this molecule may serve as a unique building block
for larger porphyrin arrays with applications ranging from asymmetric catalysis over
biomimicry of electron-transfer to organic optical devices in the future [115]. The
pronounced axial chirality, caused by the molecular frame, was not exploited as a ra-
cemic mixture was studied. Methods like time-resolved circular dichroism [296,297]
could allow the determination of chiral properties in future experiments.

The second studied photosystem was the molecular switch 6,8-dinitro BIPS, existing
in two conformations. Merocyanine is the more stable form in thermal equilibrium.
Transient-absorption measurements uncovered that the sample consisted of a mole-
cular mixture of two different merocyanine isomers, referred to as TTC and TTT and
defined by the respective cis (C) or trans (T) configurations in the methine bridge.
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However, both isomers are capable of electrocyclic ring-closure with a quantum yield
Φo−c > 35%, forming the spiropyran configuration. The remaining excited molecules
return to the corresponding ground state radiatively (τTTC ≈ 95 ps, τTTT ≈ 800 ps).
Conducting 2D measurements utilizing a continuum probe the differing photoche-
mistry of both isomers was examined in a single measurement. No isomerization
between these two conformations was detected, neither via a conical intersection
nor in the excited state. Therefore, 6,8-dinitro BIPS performs a concerted swit-
ching with the single loss channel being fluorescence, despite the presence of two
reactants. This direct switching without long-living intermediates was confirmed by
utilizing a pump–repump–probe approach. 6,8-Dinitro BIPS can be closed by visi-
ble and opened by UV pulses using subsequent pulses. This mechanism via singlet
pathways satisfies an important criterion for an unimolecular switching device [19].
The reversed direction was also successfully measured. A second pump–repump–
probe experiment showed that the sample is ionized, resulting in a merocyanine
radical cation, when the first excited state is resonantly excited into higher elec-
tronic states. Furthermore, by implementing triggered-exchange 2D spectroscopy, it
was elucidated that only one isomer (TTC) was ionized, while the second one (TTT)
exclusively relaxes back into the ground state by fluorescence originating from S1.

Taking all this into account this thesis clearly showed that focusing both on the deve-
lopment of new techniques and characterizing new molecular systems yields progress
in both areas at once. Deeper insight into the photodynamics of both (ZnTPP)2,
a bisporphyrin, and 6,8-dinitro BIPS, a spiropyran–merocyanine switching system,
was gained by adapting transient absorption in the NIR spectral range, constructing
a novel 2D setup in pump–probe geometry with a continuum probe, and combining
it with multipulse excitation to coherent electronic triggered-exchange 2D spectros-
copy. All techniques solved the questions for which they were constructed, but they
are not limited to these cases. Especially TE2D opens new roads in photochemistry.
By connecting reactant, product and the corresponding intermediates, a chemical
reaction can be tracked through all stages, making unambiguous identification of
the reactive states feasible. Thus, fundamental insight into the photochemistry of
molecular compounds is gained.
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Zusammenfassung

Nach Anregung mit Licht gelangen Atome und Moleküle innerhalb weniger Fem-
tosekunden aus dem Grundzustand in angeregte Zustände. Aus diesen können ver-
schiedene photochemische Reaktionspfade, wie Isomerisierung oder Bindungsbrüche
und -verknüpfungen, einsetzen. Die hierdurch erzeugten Photoprodukte lassen sich
oft über optische Methoden nachweisen. Neben diesen photochemischen Prozessen
treten oft auch photophysikalische Effekte wie zum Beispiel die Umverteilung der
Anregungsenergie und exzitonische Delokalisierungen auf. Daher ist es essentiell, die
Existenz oder Bedeutung von möglichst vielen denkbaren Relaxationspfaden festzu-
stellen um das Reaktionsschema des untersuchten Systems zu erhalten. Hierzu hat
sich Ultrakurzzeitspektroskopie mit Femtosekundenlaserpulsen als vielfältiges Werk-
zeug herausgestellt um lichtinduzierte Reaktionen auf ihrer intrinsischen Zeitskala
zu studieren. Dazu werden verschiedene Pulssequenzen genutzt. Beispielsweise kann
ein erster Puls die Probe anregen, während ein zweiter durch Variation des relativen
Pulsabstandes zeitaufgelöst Änderungen im Absorptionsverhalten misst.

Im Rahmen dieser Arbeit sind zeitaufgelöste Experimente mit Femtosekundenla-
serpulsen an unterschiedlichen Verbindungen durchgeführt worden. Einerseits war
der Schwerpunkt neuartige Molekülklassen, deren denkbare Anwendungen von ul-
tradünnen Drähten bis hin zu molekularen Schaltern reichen, umfassend photody-
namisch zu untersuchen. Andererseits sind neue breitbandige, zeitaufgelöste Spek-
troskopiemethoden entwickelt worden. Diese kombinierte Vorgehensweise – also das
Maßschneidern neuer Techniken zur Aufklärung offener Fragestellungen an einem
neuartigen Photosystem – resultierte in neuen spektroskopischen Methoden, die in-
tuitiv auf andere wissenschaftliche Herausforderungen transferiert werden können.

Durch die Kombination eines Anregungspulspaars mit einem weiteren Laserpuls
sowie einem Weißlichtkontinuum wurde zum ersten Mal elektronische zweidimensio-
nale Spektroskopie mit ausgelöster Umwandlung („triggered-exchange 2D“, TE2D)
demonstriert. Dies war durch die Implementierung eines Pulsformers in ein transien-
tes Absorptionsspektrometer möglich. Eine wichtige Voraussetzung hierfür war die
Möglichkeit zwei Anregepulse gleichzeitig nutzen zu können, was zusätzlich Anrege-
Wiederanrege-Abfrage-Experimente ermöglichte. In einem ersten Experiment wurde
die prinzipielle Eignung des Aufbaus dadurch getestet, dass 2D Spektroskopie mit
Weißlichtabfrage implementiert wurde. Hierzu war die Vorgehensweise ähnlich zu
bereits literaturbekannten Experimenten im ultravioletten [84], im sichtbaren [220]
und infraroten Spektralbereich [94]. Der Vorteil der Verwendung eines Weißlichtkon-
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tinuums als Abfragepuls ist die spektral breitere Abfrageachse verglichen mit der 2D
Spektroskopie in der sogenannten Boxgeometrie und entarteten Pulsen.

In flüssiger Phase wurden diese Methoden dazu genutzt zwei verschiedene Verbin-
dungsklassen zu untersuchen. Ein Bisporphyrin, das direkt β, β′-verknüpfte Zn-
metallierte Tetraphenylporphyrindimer [(ZnTPP)2] und ein dinitro-substituierter
Spiropyran-Merocyanin Photoschalter (6,8-dinitro BIPS) wurden im Hinblick auf
zukünftige Anwendungen charakterisiert. (ZnTPP)2 ist ein Homodimer, in welchem
sich starke exzitonische Einflüsse zeigen, z. B. durch das Aufspalten der Soret-Bande
(S2) im Absorptionsspektrum. Interessanterweise zeigt sich kein ähnliches Verhalten
im Q-Band (S1). Ähnlich zu (ZnTPP)2 ist 6,8-dinitro BIPS auch aus zwei einzelnen,
allerdings unterschiedlichen, Chromophoren zusammengesetzt. 6,8-Dinitro BIPS be-
steht aus zwei Konformeren. Zum einen liegt das stark im ultravioletten Spektral-
bereich absorbierende Spiropyran vor, welches über einen geschlossenen Pyranrest
verfügt. Das zweite Konformer ist das planare Merocyanin, in welchem das Pyran
geöffnet wurde. Auf Grund der geänderten Elektronendichteverteilung absorbiert
Merocyanin zusätzlich im sichtbaren Spektralbereich. In einem ersten Schritt ist die
Relaxationsdynamik nach Lichtanregung für beide Moleküle, 6,8-dinitro BIPS und
(ZnTPP)2 mittels transienter Absorptionsspektroskopie untersucht worden. Aller-
dings waren die Resultate auf Grund der vielen Signalbeiträge nicht eindeutig, so
dass im Anschluss komplexere Messmethoden angewandt und entwickelt wurden.

Für das Studium des Bisporphyrins (ZnTPP)2 wurde zuerst das zugrundeliegende
Monomer ZnTPP transient untersucht und über eine globale Analyse wichtige Si-
gnalbeiträge extrahiert: Nach Lichtanregung relaxiert die angeregte Population aus
dem S2 in den S1 Zustand auf einer Pikosekunden-Zeitskala (τ(S2) ≈ 2 ps). Daran
anschließend tritt Intersystem Crossing in T1 ein (τ(S1) ≈ 2 ns).

Für das Dimer selbst ergaben sich prinzipiell die gleichen Reaktionswege, allerdings
mit höherer Reaktionsgeschwindigkeit. Dies ist sowohl durch Anregung direkt in
die Soret- als auch in die Q-Bande überprüft worden. Das Intersystem Crossing mit
τ(S1) ≈ 1.5 ns wurde nicht nur indirekt abgeleitet, sondern durch Abfrage im nahin-
fraroten Spektalbereich direkt gemessen. Der Einfluss der Exzitonen auf das Bispor-
phyrin wurde durch kohärente 2D Spektroskopie innerhalb der Soret-Bande unter-
sucht. Dies ermöglichte die Visualizierung von Energie- und Populationstransfer auf
einer Zeitskala von ≈ 100 fs. Da dieser Populationstransfer mit Relaxierung in den
S1 Zustand verknüpft ist, konnten diese Prozesse alleine durch transiente Absorp-
tionsmessungen nicht getrennt werden. Eine zusätzlich durchgeführte Berechnung
der 2D Spektren eines einfachen Homodimers unterstützte die Resultate. Indem die
hier vorgestellten Ergebnisse bezüglich der exzitonischen Eigenschaften gezielt aus-
genützt werden, könnte (ZnTPP)2 als Baustein für größere Porphyrinsysteme die-
nen. Deren denkbare zukünftige Anwendungen reichen von asymmetrischer Katalyse
über die Nachahmung von biologischem Elektronentransfer hinzu organo-optischen
Geräten [115]. Die betonte axiale Chiralität des Systems wurde in den vorgestellten
Experimenten nicht ausgenutzt, da eine racemische Lösung vorlag. Daher könnten
Methoden wie die zeitaufgelöste Messung des Circulardichroismus [296, 297] noch
zusätzlich die chiralen Eigenschaften analysieren.
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Das zweite untersuchte System war der molekulare Schalter 6,8-dinitro BIPS, beste-
hend aus zwei Konformeren. Hierbei ist im thermischen Gleichgewicht Merocyanin
die stabile Form. Transiente Absorptionsmessungen deckten auf, dass die Lösung
zusätzlich aus zwei Merocyanin-Isomeren besteht, die gemäß der Cis (C) oder Trans
(T) Konfiguration innerhalb der Methinbrücke als TTC oder TTT bezeichnet wer-
den. Im gleichen Experiment ergab sich, dass beide Isomere fähig sind eine elektro-
zyklische Ringschlussreaktion mit einer Effizienz von Φo−c > 35% zum Spiropyran
durchzuführen. Der verbleibende Anteil der angeregten Population kehrt über Fluo-
reszenz in den Grundzustand zurück (τTTC ≈ 95 ps, τTTT ≈ 800 ps). Mit Hilfe eines
kohärenten 2D Spektrums konnte die sich unterscheidente Photochemie beider Iso-
mere innerhalb einer einzigen Messung aufgezeigt werden. Zusätzlich wurde keine
Isomerisierung zwischen ihnen beobachtet, weder durch eine konische Durchschnei-
dung, noch direkt im angeregten Zustand. Damit steht fest, dass 6,8-dinitro BIPS
entweder eine konzertierte Reaktion zum Spiropyran durchführt oder über Fluores-
zenz komplett relaxiert, obwohl zwei Edukte vorliegen, die im identischen Produkt
enden können. Der direkte Schaltvorgang ohne langlebige Zwischenprodukte wurde
eindeutig über Anrege–Wiederanrege–Abfrage Spektroskopie nachgewiesen. Hierfür
wurde 6,8-dinitro BIPS in der Meroform zuerst mit sichtbarem Licht geschlossen und
anschließend mit ultraviolettem Licht wieder geöffnet. Dieser schnelle Schaltvorang,
der über Singulett-Zustände abläuft und auch für die Rückrichtung gezeigt wurde, ist
ein wichtiges Kriterium für einen funktionierenden molekularen Photoschalter [19].
Ein zweites, ähnliches Experiment zeigte, dass 6,8-dinitro BIPS zusätzlich ionisiert
werden kann, wenn die Population im angeregten Zustand resonant wiederangeregt
wird. Das neugebildete langlebige Produkt konnte einem Merocyaninkation zugeord-
net werden. Zusätzlich durch die Verwendung der neuen elektronischen TE2D Me-
thode ist aufgezeigt worden, dass lediglich das TTC Isomer ionisiert werden kann,
wohingegen das zweite Isomer (TTT) strahlend in den Grundzustand zurückkehrt.

Zusammengefasst gilt, dass durch die gleichzeitige Fokussierung auf die Methoden-
entwicklung und die Charakterisierung von unerforschten Verbindungen Fortschrit-
te in beiden Gebieten erzielt wurden. Ein tieferes Verständnis über die Dynamiken
des Porphyrindimers (ZnTPP)2 und die des molekularen Schalters 6,8-dinitro BIPS
wurden durch Erweiterungen an einem transienten Absorptionsspektrometers, den
Aufbau eines kohärenten 2D Spektrometers in Anrege-Abfrage-Geometrie und durch
die Kombination von letzterem mit Mehrfachpulsanregung zu TE2D Spektroskopie
gewonnen. Insbesondere letzteres eröffnet neue Möglichkeiten in der Photochemie,
da Edukte, Produkte und die zugehörigen Zwischenzuständen miteinander verknüpft
werden, wodurch lichtinduzierte Reaktionen schrittweise nachvollzogen werden kön-
nen.
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List of Abbreviations

(ZnTPP)2 bis[tetraphenylporphyrinato-zinc(II)]

2D two-dimensional

Ag silver

Al aluminum

BBO β-barium-borat

BIPS 1’,3’,3’-trimethylspiro[2H-1-benzopyran-2,2’-indoline]

CaF2 calciumfluoride

CI conical intersection

DADS decay-associated difference spectrum

DFG difference frequency generation

DFT density functional theory

DS difference spectra

EADS evolution-associated difference spectrum

ESA excited-state absorption

FROG frequency-resolved optical gating

FT Fourier transform/transformation

GSA ground-state absorption

GSB ground-state bleach

HOMO highest occupied molecular orbital

IC internal conversion

IRF instrument response function



172 List of Abbreviations

ISC intersystem crossing

IVR intramolecular vibrational relaxation

lg decadic logarithm

LUMO lowest unoccupied molecular orbital

MC merocyanine

ND neutral density

NIR near-infrared (spectral range)

NOPA non-collinear optical parametric amplification

OPA optical parametric amplification

P pump pulse

PA product absorption

Pr probe pulse

R repump pulse

SCG super continuum generation

SE stimulated emission

SFG sum frequency generation

SHG second harmonic generation

SVEA slowly-varying envelope approximation

SP spiropyran

TA transient-absorption (spectroscopy)

TE2D triggered-exchange two-dimensional spectroscopy

THG third harmonic generation

UV ultraviolet (spectral range)

VIS visible (spectral range)

ZnTPP 5,10,15,20-tetraphenylporphyrin

(ZnTPP)2 β, β′-linked ZnTPP dimer
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