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Introduction   

The process of simultaneous two-photon absorption (2PA) was first theoretically 
predicted by Maria Goeppert-Mayer in 1931 [1] (Nobel prize in Physics 1963). She 
considered the quantum-mechanical transition probability from an atom’s ground 
electronic state to an excited electronic state via simultaneous absorption of two 
photons, where the combined energy of the photons equals the resonance transition 
energy between the states. The first experimental confirmation of this archetypical 
nonlinear-optical phenomenon was reported, about 30 years later by W. Kaiser and  
C. G. Garret [2], following the invention of the pulsed ruby laser. They used this light 

source to excite the crystal of CaF2 containing luminescent Eu2+ ions to induce emission 

from ions excited levels possessing twice the energy that of the near-infrared laser 
photons. This pioneering experiment also confirmed the parity selection rule, according 
to which 2PA in systems with inversion symmetry is allowed only between states of equal 
parity. The latter property, often referred to as the Laporte rule, is now widely used to 
investigate symmetry properties of complex systems and their complex environments.  

Interestingly, it has been observed that even nominally inversion symmetric 
chromophores may sometimes show partial overlap between the 1PA and 2PA spectra 
[3], [4], [5]. Our approach is to study the extent and the nature of that overlap and use 
this knowledge to gain new photophysical insights, such as the origin and underlying 
mechanisms leading to the apparent relaxation of the Laporte rule [5], [6], [7]. One 
should note, however, that because the efficiency of 2PA is usually relatively low and the 
experiments often rely upon a very high flux of photons, accurate quantitative 2PA 
measurements remain a technically demanding task. In the experiments described in this 
Thesis, we take advantage of recent advances in femtosecond laser technology, 
producing ultrashort pulses with high instantaneous photon flux and an automated 
selection of a wide range of excitation wavelengths. Latter characteristics facilitate the 
collection of quantitative 2PA spectral data with superior accuracy and fidelity. 

Because the rate of 2PA in a molecule increases as a square of instantaneous photon 
flux, i.e., fluence or intensity of the incident light, the excitation may be confined to  
a small sample volume by utilizing a sharply focused laser. This property facilitates  
various practical applications encompassing fluorescence excitation microscopy,  
3D micro- and nano-fabrications, optical power limiting [8], photonic materials 
processing, ultrahigh-density optical data storage [9], and photodynamic therapy [10],  
to name a few.  

Additionally, 2PA has entered a rapidly evolving field of super-resolution microscopy, 
where a combination of two-photon excitation with stimulated emission depletion 
facilitates significantly increased spatial resolving power, surpassing the diffraction limit 
[11], [12]. 

While developing new applications for 2PA materials is outside the scope of the 
current Thesis, the results described here may be applied in biological two-photon 
excitation fluorescence microscopy. Compared to 1PA, 2PA techniques offer several 
added advantages, such as reduced scattering and deeper tissue penetration while,  
at the same time, lowering photodamage.  

One key to progress, through understanding the physics underlying 2PA processes, 
lies in the accurate characterization of 2PA materials, their 2PA spectral profiles and 2PA 
cross-section values and determining how these parameters change in response to 
different molecular environments. Even though there are numerous commercial 
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wavelength-tunable ultrafast laser systems, there are no commercial instruments for 
2PA spectroscopy. Therefore, performing reliable and accurate two-photon 
measurements at accuracy levels comparable to conventional spectrometers that 
measure one-photon absorbance spectra remains an important task.  

This doctoral Thesis starts with a brief overview of the theory underlying 2PA 
spectroscopy of organic fluorophores, including a short discussion of the role of inversion 
symmetry. Our advanced 2PA spectroscopy techniques, some of which were developed 
as part of this Thesis, are described next. The focus is on two-photon induced 
fluorescence (2PIF) detection methods. The thesis provides a detailed description of an 
automated multi-sample 2PA spectrometer, which we used to achieve the required 
accuracy, high throughput, and expanded spectral range. 

In this Thesis, we study two different types of novel proton-sensing 2PA  
fluorophores with contrasting inversion symmetry properties. First, we address  
a set of non-centrosymmetric coumarin derivatives augmented with four different 
phosphazene groups, serving as preferred sites for protonation in low-pH solvents.  
The fluorophores’ neutral and protonated forms are characterized in terms of their  
1PA and 2PA spectra. A strong blueshift in both absorbance and fluorescence is noted 
upon protonation, accompanied by reduced 2PA cross-section and much lower quantum 
yield values compared to the neutral structures, thus indicating reduced conjugation. 

Secondly, we study nominally inversion symmetric diketopyrrolopyrrole fluorophore 
containing two symmetrically placed potential protonation sites. By gradually increasing 
the pH of the solution, we observe how the chromophore’s 1PA and 2PA spectra change 
as the symmetry breaks upon single protonation and then, upon double protonation, 
reverts back to the inversion-symmetric state. These observations are the first 
demonstration of 2PA spectral behavior as an on-off-on inversion symmetry switch, 
monitored by the corresponding Laporte rule. Furthermore, for the first time, the 2PA 
vs. 1PA spectral behavior is related back to the pH of the solvent and pKa values of  
the fluorophore, thus establishing two-photon spectroscopy as a new quantitative 
protonation probe. 
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Abbreviations, terms, symbols   

1PA  One-photon absorption  
2PA  Two-photon absorption 
2PIF  Two-photon induced fluorescence 
2PEFM  Two-photon excited fluorescence microscopy 
ACN Acetonitrile 
AF455  2,4,6-tris[9,9-bis(3,7-dimethyloctyl)-7-(diphenylamino)-fluoren-2-yl]-1,3,5-

triazine 
BBO Beta Barium Borate 
C151  Coumarin 151 
C153  Coumarin 153 
DCM  Dichloromethane  
DMSO  Dimethylsulfoxide 
EEM Excitation-emission matrix 
MCR-ALS Multivariate curve resolution-alternating least squares 
MeOH Methanol 
NICPB National Institute of Chemical Physics and Biophysics 
NLT Nonlinear transmittance 
OPA Optical parametric amplifier 
PBS  Phosphate-Buffered Saline 
QY Quantum yield 
Rh6G  Rhodamine 6G 
SDS  Sodium dodecyl sulfate 
SHG  Second harmonic generator 
SOS  Sum-over-states 
TCSPC Time-correlated single-photon counting 
THF  Tetrahydrofuran 
Tol Toluene 
TPM  Two-photon microscopy 
Triflic Trifluoromethanesulfonic acid 
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1 Theoretical considerations 

1.1  Probability and cross-sections of one- and two-photon transitions 

Figure 1 shows the ground energy level (𝐸𝑔) and the excited energy level (𝐸𝑒) of a 

molecule, separated by the energy gap, ∆𝐸 = 𝐸𝑒 − 𝐸𝑔. When the molecule, initially in 

the ground state, is illuminated with monochromatic light of frequency, 𝜈1𝑃𝐴 (in Hz), the 
system may undergo a transition to the excited state, provided that the transition 
between the energy eigenstates is not prohibited by symmetry, and that the absorbed 
photon inducing the excitation has the energy,  

where ℎ is the Planck constant. This process, called one-photon absorption (1PA), is 
indicated in Figure 1 by a single vertical blue arrow.  

 

 

Figure 1: Optically induced transitions from the ground state (Eg) to an excited state (Ee) are enacted 
by (a) absorption of one photon (blue vertical arrow) and (b) by simultaneous absorption of two 
photons (two red arrows). The dashed horizontal line corresponds to the so-called virtual 
intermediate state. 

Alternatively, the same excited state may be reached by the simultaneous absorption 
of two photons (or in a more general case – any integer number of photons), provided, 
again, that the transition is not prohibited by symmetry, and that the combined energy 
of the photons equals the energy difference between the initial and final states. In the 
case of degenerate 2PA, indicated with two red arrows in Figure 1, the two photons have 
equal energy: 

 𝐸𝑝ℎ = ℎ𝜐2𝑃𝐴 =
1

2
(∆𝐸). (2) 

The dashed horizontal line in Figure 1 shows the so-called virtual intermediate level, 
located half-way between the two real energy states. However, since the two photons 
are absorbed strictly simultaneously, no distinction can be made between the arrival 
times of the photons, even in principle, meaning that no “storage” of energy may occur 
in the process. Indeed, as will be made clear from the quantum-mechanical calculations 
shown below, no intermediate state experiences a change of population in the 2PA 
process. The notion of a virtual intermediate level is more a matter of mathematical 
convenience and serves illustrative purposes rather than reflects any physical reality.  

 𝐸𝑝ℎ = ℎ𝜐1𝑃𝐴 = ∆𝐸, (1) 
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From a simple phenomenological viewpoint, let us consider a monochromatic laser 
beam of the photon flux, Φ, where every photon has the same angular frequency, 𝜔. 

When the beam passes through a thin cuvette of thickness, z, containing a solution with 
absorbing chromophores at the concentration, Ng, then the photon flux at the output of 
the cuvette will be attenuated with respect to that at the input. Neglecting attenuation 
potentially caused by scattering and reflections by the cuvette walls etc., we may write 
down an approximate expression for the variation (attenuation) of the photon flux: 

 𝛥𝛷 = 𝛷 − 𝛷0 ≃ −𝜎1𝑃𝐴𝑁𝑔𝛷0𝛥𝑧 − 𝜎2𝑃𝐴𝑁𝑔𝛷0
2𝛥𝑧, (3) 

where 𝛷0 is the incident photon flux, 𝜎1𝑃𝐴 is the 1PA cross-section and 𝜎2𝑃𝐴 is the 2PA 
cross-section. Any higher-order multi-photon absorption cross-section may be 
phenomenologically defined in a similar manner. Typical peak cross-section values for 
organic dyes and fluorophores are, 𝜎1𝑃𝐴 ~10–19 – 10–16 cm2, and, 𝜎2𝑃𝐴 10–50 – 10–47cm4 s 
photon–1. The small value of 𝜎2𝑃𝐴 suggests that in order for the 2PA to have an 
attenuation effect comparable to that of 1PA, one would need instantaneous photon flux 
values on the order of, 𝛷0 ≃ 𝜎1𝑃𝐴/𝜎2𝑃𝐴 ≃ 1028−1034 photon cm–2 s–1. Another notable 
feature that follows from the phenomenological expression Equation (3) is that 2PA may 
be distinguished from potential concurrent 1PA by its quadratic dependence on 𝛷0. This 
property will be extensively used in our experiments described below for distinguishing 
between 2PA and 1PA. 

In Appendix 4, we derive the one-photon absorption cross-section for molecules in a 
solution using first-order quantum-mechanical time-dependent perturbation theory, 
leading to the following relation (assuming random orientation of the absorbers): 

 𝜎1𝑃𝐴(𝜔) =
𝜋𝜔

3𝑛𝑐𝜀0ℏ
  |𝜇𝑓𝑔|

2
𝜌𝑀(𝜔), (4) 

where 𝜇𝑓𝑔 is the transition dipole moment between the initial state, g, and the final 

state, f, n is the index of refraction of the solvent and 𝜀0 is the electric constant (vacuum 
permittivity), ℏ is the reduced Planck constant, and c is the velocity of light in a vacuum. 
The 𝜌𝑀(𝜔) is the normalized line shape function: 

 ∫ 𝜌(𝜔)𝑑𝜔 = 1. (5) 

The transition dipole moment may be evaluated from the known ground- and excited 
state wavefunctions, Ψ𝑔(𝑟) and  Ψ𝑓(𝑟), according to the relation: 

 𝜇𝑓𝑔 = ∫ 𝛹𝑓
∗(𝑟)𝑒𝑟Ψ𝑔(𝑟)d3(𝑟), (6) 

where e is the elementary charge and the integral runs over the coordinates of all 
electrons, 𝑟. The magnitude of the transition dipole moment is commonly expressed in 
Debye (D) (1 D = 3,33564*10–30 C∙m), and electric dipole-allowed transitions in organic 
dyes have typical values, |𝜇| ~1 – 10 D. In the SI units, 1PA cross-section is expressed 
(m2); however, most literature uses the units of cm2. The larger the transition dipole, the 
stronger the associated per-molecule attenuation or absorption. Another useful metric 
of 1PA is the oscillator strength, which is proportional to the square of the magnitude of 

|𝜇𝑓𝑔| and is expressed as [13]:  

 𝑓𝑓𝑔 =
2𝑚𝑒𝜔

3𝑒2ℏ
|𝜇|2, (7) 

where 𝑚𝑒  is the electron mass, and e is the electron charge. Chromophore’s ability to 
absorb light is also often expressed in the molar extinction coefficient units (cm–1 M–1), 
which is related to the 1PA cross-section as follows: 
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 𝜀𝑀(𝜔) =
𝜎1𝑃𝐴(𝜔)𝑁𝑎

103ln (10)
, (8) 

where Na is the Avogadro constant and 𝜎1𝑃𝐴 is in cm2 [14]. Expression for the two-photon 
absorption cross-section is obtained by means of extending the time-dependent 
perturbation calculation to the second order (Appendix 4): 

 𝜎2𝑃𝐴 =
𝜋 𝜔2

𝜀0
2𝑐2ℏ2𝑛2

  |∑
(𝜇𝑚𝑔. 𝑒) × (𝜇𝑓𝑚. 𝑒)

(𝜔𝑚𝑔 − 𝜔)
𝑚

|

2

𝜌𝑀(2𝜔),  (9) 

where 𝑒 is the unit polarization vector and the subscript m refers to any intermediate 
state and 𝜔𝑚𝑔 = 𝜔𝑚 − 𝜔𝑔. A commonly used unit for the two-photon cross-section is 

GM (1 GM is 10–50 cm4 s photon–1), named after Maria Goeppert-Mayer.  
According to Equation (9), the cross-section is proportional to the modulus square of 

the sum of terms (generally complex), where each one corresponds to a particular 
transition probability amplitude. Figure 2 shows, in an illustrative manner, the different 
dipole moments contributing to these amplitudes. We assume, for simplicity,  
the lowest-energy excited state to act as the final state. First, we note that the 
summation over the index m implies that we need to include contributions from the 
transition matrix elements between the ground state and all states, i.e., including the 

state g itself, (𝜇𝑔𝑔), and elements between the final state and any intermediate state, 

i.e., including the final state itself, (𝜇𝑓𝑓). Permanent dipole moment change (∆μ) 

between the ground and final state is expressed as: 

   ∆𝜇
𝑓𝑔

=  𝜇
𝑓𝑓

− 𝜇
𝑔𝑔

. (10) 

Secondly, Equation (9) implies that at any given frequency, 𝜎2𝑃𝐴, includes values of 
transition dipole moments and transition frequencies for all excited electronic states,  
so-called sum-over-states (SOS), consisting of a large number of terms. These virtual 
states can be represented with the sum of individual stationary states Ei. However,  
it must be emphasized that the latter representation is purely illustrative in nature as 
only the overall transition from Eg to Ef can be observed. 

When the energy difference between the photon energy and the energy of the 
nearest one-photon allowed state is reduced, dramatic enhancement of the 2PA will be 
observed [15]. It means that in general, all, except the lowest excited state, 2PA 
transitions are enhanced. Additionally, when one would use non-degenerate two-photon 
excitation, i.e., ℏ𝜔1 ≠ ℏ𝜔2, the 2PA spectra might differ depending on whether ℏ𝜔1 or 
ℏ𝜔2 is nearing resonance with a 1PA transition. In our experiments, however, we only 
use degenerate excitation. 
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Figure 2: Different transition dipole moments contributions to the molecule’s transition from the 
initial state Eg to the final state Ef. Black horizontal lines represent real energy levels, red vertical 
arrows represent photon energy and black vertical arrows show transition dipole moments. (a) the 
intermediate energy level is represented by the ground or the final level. (b), (c) the g→f transition 
involves a higher-lying energy level acting as an intermediate level but without its population.  

1.1.1 Role of molecular inversion symmetry and Laporte rule 
For any centrosymmetric molecule, a Cartesian reference frame of coordinates may be 
chosen such that for each atom in the position, {x,y,z}, representing the molecule’s 
structure, there is an equivalent atom in the position, {–x, –y, –z}. Similarly, electronic 
states of an isolated centrosymmetric molecule may be classified as either gerade (g) 
(even) or ungerade (u), depending on whether or not the electronic wave function, 
Ψ𝑚(𝑟), changes sign upon inversion of the coordinates. Figure 3, is presenting a simplified 
model of u-parity (a) and g-parity (b) wave functions acts and how their sign changes 
upon inversion. 

 

Figure 3: Schematic representation of the effect that inversion of coordinates has on the 
wavefunction of certain parity. Positive values are colored in red and negative values are colored in 
blue, (a) u-parity electronic states, (b) g-parity electronic states.  
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The Laporte rule stipulates that, as a result of the antisymmetric nature of individual 
photon electric fields, an electric dipole-allowed one-photon transition must involve a 
parity change, either g → u or u → g. Only in this case does the transition dipole moment 
integral, Equation (6), contain a totally symmetric representation, i.e., it may be different 
from zero. This constraint means that parity-preserving, purely electronic transitions 
must be absent from the one-photon absorption spectra of centrosymmetric 
chromophores. On the other hand, two-photon transitions between opposite parity 
states, g → u or u → g, are forbidden, while transitions between the same parity states, 
u → u or g → g, are allowed. Indeed, for the sum in Equation (9) to be different from 
zero, in the case of a centrosymmetric molecule, every intermediate state m must have 
a different parity from g. Because, at the same time, f and m states must also be of 
opposite parity, it follows that the states g and f must be of the same parity. Therefore, 
in molecules with an inversion center, purely electronic transitions that are one-photon 
allowed are two-photon forbidden, and vice-versa. 

No parity selection rule applies if the molecule lacks inversion symmetry or if  
the nominal inversion symmetry is broken. Symmetry breaking can result from  
lower-symmetry conformations, non-symmetric environments, etc. Another common 
reason why the Laporte rule may appear relaxed in the spectra of nominally  
inversion-symmetric chromophores is related to electronic-vibrational interactions, 
which will be discussed below. 

1.1.2 Simplified models of 2PA spectra 
As already discussed above, calculating the 2PA cross-section using Equation (9) implies 
summation over all contributing probability amplitudes (Figure 2). In practice, such 
summation is often difficult or even unattainable, especially because of lacking reliable 
information on the matrix elements connecting initial- and final states to higher energy 
states. On the other hand, situations exist where the SOS may be approximated by 
considerably simplified models accounting only for a few so-called essential states.  
Of particular interest for our studies is a situation when a non-centrosymmetric molecule 
possesses a strong permanent electric dipole moment difference between the ground 
and the first exited state (Δ𝜇𝑓𝑔 = 𝜇𝑓𝑓 − 𝜇𝑔𝑔 ≠ 0). In this case, an important 

simplification can be made regarding the transition to the lowest-energy excited state; 
we may assume that only the initial and final levels contribute to the 2PA, and all higher 
energy states contribution is negligible. This is the so-called two-level model of 2PA and 
is illustrated in Figure 4 (a), where the Eg and Ef represent the ground and final energy 
levels. Expression for the cross-section accounting also for random orientation of 
chromophores in a solvent may be written as follows: 

 𝜎2𝑃𝐴(𝜔) =
𝜋𝐿4

15 𝑛2𝑐2𝜀0
2ℏ2

(2 cos2(𝛽) + 1) |𝜇𝑓𝑔|
2

|∆𝜇𝑓𝑔|
2

𝑔𝑀(2𝜔) (11) 

where 𝛽 is the angle between vectors, 𝜇𝑓𝑔, and, 𝛥𝜇𝑓𝑔, and 𝑔𝑀(2𝜔) is the normalized 

line shape function. The optical local field correction factor, 𝐿, is introduced in order to 
account for the fact that the electric field acting on the molecule may differ from the one 
applied, due to interactions with the solvent. The procedure of isotropic averaging is 
explained in Appendix 4.  

When a molecule is centrosymmetric, then the static dipole moments are equal to 
zero, 𝜇𝑔𝑔 = 𝜇𝑓𝑓 = 0, and the two-level model may contribute only through vibrational 

coupling (which will be discussed in the next paragraph). Purely electronic contribution 
to 𝜎2𝑃𝐴requires then accounting for an intermediate energy level, (m), which leads to the 
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so-called three-level model (Figure 4 (b) and includes the transition dipole moments 𝜇𝑚𝑔 

and 𝜇𝑓𝑚. At this point, it is appropriate to make some important observations: 

i. It has been established empirically [16], [17] that the two-level approximation 
Equation (11) is often applicable to the lowest-energy electronic transition of 
molecules with large Δµ. 

ii. If Δ𝜇 is small or if a high-energy excited state is the final state, then accounting 
for contributions from essential intermediate states (other than g and/or f) is 
requisite (three-level model).  

 

Figure 4: Few essential state models of 2PA; black horizontal lines represent molecule energy levels, 
red arrows represent photon energy, and black arrows are the transition dipole moments (a) two-
level model for non-centrosymmetric chromophore with non-zero permanent dipole moment 
difference, 𝛥𝜇  (b) Three-level model for centrosymmetric chromophore that involves transition 
dipole moments  from the ground electronic state to the intermediate energy state, 𝜇𝑚𝑔, and from 

the intermediate state to the final state, 𝜇𝑓𝑚. 

1.1.3 Vibronic structure of 1PA spectra 
In addition to the dependence on the electronic coordinates (𝑟), one must also account 
for the coordinates of the normal mode of the nuclei (𝑄) to obtain a complete wave 
function for a molecule. In the Born-Oppenheimer approximation, the wavefunction may 
be presented as the product, 

 𝛹(𝑟, 𝑄)  ≈  𝜓𝑖(𝑟, 𝑄)𝜒𝑛(𝑖)(𝑄). (12) 

Where 𝜒𝑛(𝑖)(𝑄) is the vibrational-rotational wavefunction and 𝜓𝑖(𝑟, 𝑄) is the electronic 

wavefunction depending parametrically on the normal coordinates of the nuclei, Q.  
As a consequence, the electronic energy is no longer constant, as was assumed above, 
but rather varies as a function of (𝑄). This reliance is schematically shown in Figure 5, 
where the vibrational states (belonging to a particular electronic state) are represented 
with the numbered oscillating lines. The dashed black line represents the potential 
energy surfaces, 𝐸𝑔(𝑄), and, 𝐸𝑓(𝑄), of the ground- and excited electronic states, 

respectively. The horizontal axis represents one (generalized) nuclear or vibrational motion 
coordinate, and the vertical axis corresponds to the total energy. In Figure 5, the potential 
energy surfaces, and consequently, the vibrational wave functions, are approximated to 
be of the same shape (i.e., congruent, and equal scale factors), with minima shifted by 
Delta Q indicating a generalized bond length extension in the excited state. In reality,  
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the potential surfaces may have different shapes, shifted minima positions and even 
different sets of normal vibrational coordinates (Duschinsky effect). Even more, different 
electron distributions in an excited state or close-lying electronic levels may couple, 
producing multiple energy minima [18].   

The transition dipole matrix element between m'th vibronic level of the ground 
electronic state, 𝛹𝑔,𝑛 =  𝜓𝑔(𝑟, 𝑄)𝜒𝑛(𝑄), and n'th vibronic level of the excited electronic 

state, 𝛹𝑓,𝑚 =  𝜓𝑓(𝑟, 𝑄)𝜒𝑚(𝑄) can be expressed as: 

   μ⃗⃗fg, mn =  ⟨𝜒𝑚(𝑄) |𝜒𝑛(𝑄) ⟩𝑀𝑓𝑔. (13) 

Where 𝑀𝑓𝑔  is averaged electronic transition dipole moment evaluated over the nuclear 

coordinates of the initial and the final vibrational states. Equation (13) expresses the 
Condon approximation stating that the overall transition dipole μ⃗⃗fg, mn depends on the 

overlap integral of the nuclear wave functions, ⟨𝜒𝑚(𝑄) |𝜒𝑛(𝑄) ⟩, multiplied by the 
averaged electronic transition dipole moment. The square of the nuclear overlap integral 
|⟨𝜒𝑚  |𝜒𝑛 ⟩|2, is called the Franck-Condon factor [19].  

 

 

Figure 5: One-photon transitions between a set of vibrational levels in the ground (Eg) and excited 
(Ef) electronic state. The vertical axis corresponds to the total energy, E, and the horizontal axis is 
the vibrational coordinate, Q. Dashed lines show corresponding potentials Eg(Q) and Ef(Q). ΔQ is 
the shift between the two potential minima positions. 0-0, 0-1, and 0-2 vibronic transitions are 
marked with red arrows. 

Because quantum-mechanics postulates that transitions between discrete energy 
states are instantaneous, the transition between Eg and Ef may be presented by vertical 
arrows (vertical transitions, Figure 5). If the potentials had the same shapes and no shift 
occurred between the equilibrium nuclear coordinates in the ground and the excited 
electronic states, ΔQ = 0, then only transitions without change of the vibrational quantum 
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number would be non-vanishing, due to orthogonality of the vibrational wave functions. 
At low temperatures, the molecule would be in the lowest vibrational level (n = 0) in the 
ground state, and only a 0-0’ transition would be present. Higher vibrational levels would 
also be populated with increasing temperature, meaning that transitions would occur 
between 0-0’, 1-1’, 2-2’, etc. However, as long as perfect harmonic potential vibrational 
levels have the same energy gaps, the absorption spectrum would consist of a single 
absorption band, which we call the 0-0 band. In most cases, the vibrational eigenfunctions 
in the g and f electronic states are neither identical nor perfectly harmonic. As a result, 
the absorption (and emission) spectrum displays a so-called vibronic progression reflecting 
a non-zero Franck-Condon factors for the transitions, 0-1, 0-2, etc.  

1.1.4 Vibronic contribution to 2PA spectra 
While the expression, Equation (9), for the 2PA cross-section is applicable regardless of 
the exact nature of the states g, f, and m, it would be advantageous to rewrite it in terms 
of electronic-vibrational wave functions accounting for the Franck-Condon principle.  
As illustrated in Figure 6, the totality of electronic (g, m, f) and vibronic (i, j, k) quantum 
numbers are represented in initial-, intermediate- and final energy levels: E(g,i), E(m,j), E(f,k), 
respectively.  

 

Figure 6: One- and two-photon induced electronic-vibrational transitions.  One-photon absorption 
is marked with a blue arrow, two-photon absorption is marked with red arrows, virtual energy level 
is marked with a dashed line, initial-, intermediate- and final energy level E(g, i), E(m,j), E(f,k)  are marked 
with a black horizontal line where indexes (g, m, f) and (i, j, k) represent the totality of electronic 
and vibronic quantum numbers, respectively, in each electronic state. 

The application of the Franck-Condon principle to two-photon spectra was discussed 
in detail by W.L. Smith [20] and is replicated here, who showed that much of the above 
description for the vibronic one-photon spectra and the same vibrational overlap integrals 
could be applied to the corresponding two-photon spectra. In the Born-Oppenheimer 
approximation, the electric dipole moment matrix element between the states (g,l) and 
(f,k) is given by: 

   
μ⃗⃗gi, fk = ⟨𝜒

𝑓,𝑘
(𝑄)| 〈𝜓

𝑓
(𝑟, 𝑄)|�̂�(𝑟, 𝑄)|𝜓

𝑔
(𝑟, 𝑄)〉 |𝜒

𝑔,𝑖
(𝑄)⟩ 

= ⟨𝜒𝑓,𝑘(𝑄)|𝜇𝑓𝑔(𝑄)|𝜒𝑔,𝑖(𝑄)⟩.  
(14) 
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Where 𝜒𝑘, 𝜒𝑖  are the vibrational wavefunctions in the initial and final electronic states, 
respectively, �̂�(𝑟, 𝑄) is the dipole moment operator, and where in the second line of the 
equation, we performed integral over the electron coordinates, r, which gives the 
electronic transition moment 𝜇𝑓𝑔(𝑄). The dependence of the electronic transition 

moment on the nuclear coordinates can be expressed as a Taylor series in the individual 
normal coordinates 𝑄𝑟  about the equilibrium position of the initial electronic state: 

 
𝜇𝑓𝑔(𝑄) = 𝜇𝑓𝑔(0)+ ∑ {

𝜕𝜇𝑓𝑔

𝜕𝑄𝑟

}

𝑟 0

𝑄𝑟 +
1

2
 ∑ {

𝜕2𝜇𝑓𝑔

𝜕𝑄𝑟1𝜕𝑄𝑟2

}

𝑟1,𝑟2 0

𝑄𝑟1𝑄𝑟2

+ ⋯. 

(15) 

When looking at only the first two terms of Equation (15) and separating the totally 
symmetric (s) and non-totally symmetric (a) modes, we obtain  

   𝜇𝑓𝑔(𝑄) = 𝜇𝑓𝑔(0) + 𝜇𝑓𝑔
𝑠 𝑄𝑠 + 𝜇𝑓𝑔

𝑎 𝑄𝑎, (16) 

where  

   
𝜇𝑓𝑔

𝑠 𝑄𝑠 = ∑ {
𝜕𝜇𝑓𝑔

𝜕𝑄𝑠

}

𝑠 0

𝑄𝑠   𝑎𝑛𝑑  𝜇𝑓𝑔
𝑎 𝑄𝑎 = ∑ {

𝜕𝜇𝑓𝑔

𝜕𝑄𝑎

}

𝑎 0

𝑄𝑎 . 
(17) 

The corresponding approximate expression for the vibronic transition moment in 
Equation (14) is: 

   

μ𝑔𝑖,fk = ⟨𝜒
𝑘
(𝑄)|𝜇

𝑓𝑔
(0) + 𝜇

𝑓𝑔
𝑠 𝑄𝑠 + 𝜇

𝑓𝑔
𝑎 𝑄𝑎|𝜒

𝑖
(𝑄)⟩ =

𝜇
𝑓𝑔

(0)⟨𝜒
𝑘|𝜒

𝑖
⟩ + 𝜇

𝑓𝑔
𝑠 ⟨𝜒

𝑘|𝑄𝑠|𝜒
𝑖
⟩ + 𝜇

𝑓𝑔
𝑎 ⟨𝜒

𝑘|𝑄𝑎|𝜒
𝑖
⟩ =

𝜇
𝑓𝑔

(0)⟨𝑘|𝑖⟩ + 𝜇
𝑓𝑔
𝑠 ⟨𝑘|𝑄𝑠|𝑖⟩ + 𝜇

𝑓𝑔
𝑎 ⟨𝑘|𝑄𝑎|𝑖⟩. 

(18) 

Above we are using the abbreviation, ⟨𝜒𝑘|𝜒𝑖⟩ = ⟨𝑘|𝑖⟩, while remembering that k and 
i represent the totality of vibrational quantum numbers in the two states. The first term 
is the electronic transition moment at the equilibrium position of the initial state 
multiplied by the vibrational overlap, factor called the Condon integral. The second  
and third terms, which arise from vibronic interaction, can collectively be called 

Herzberg-Teller terms. An electronically forbidden transition is one where μ𝑔𝑖,fk vanishes 

for all nuclear configurations having the same symmetry as the equilibrium position of 
the initial state, e.g., due to the Laporte rule. Symmetric distortions along the axis 
preserve inversion symmetry on this axis, and the second term in Eq. (18) still obeys the 
Laporte rule. In this case, only the third term of Equation (18) remains.  

Following the calculations presented in [20] and detailed in Appendix 12, assuming 
absorption of two identical photons i.e. 𝑒 vectors at the beginning and the end are the 
same, we reach the equation for the two-photon absorption cross-section for a transition 
that takes place from the initial electronic state, g, with vibronic quantum number k, to 
the final electronic state, f, with the vibronic quantum number, i, through an 
intermediate state, m: 

 

𝜎2𝑃𝐴 =
𝜋𝜔2

𝜀0
2𝑐2ℏ2𝑛2   〈|�⃗� (⟨𝑘|𝑖⟩ ∑

𝜇𝑓𝑚(0)∙𝜇𝑚𝑔(0)

(𝜔𝑚𝑔−𝜔)𝑚 + ⟨𝑘|𝑄(𝑖)|𝑖⟩ ×

∑ {
𝜇𝑓𝑚(0)𝜇𝑚𝑔(1)+𝜇𝑓𝑚(1)𝜇𝑚𝑔(0)

(𝜔𝑚𝑔−𝜔)
}𝑚 ) �⃗�|

2

〉 𝑔𝑀(2𝜔).  
(19) 

where 𝜇𝑓𝑚(0) and 𝜇𝑚𝑔(1) are zeroth and first-order approximations of electronic 

transition moment Taylor series expansion and where we have used the fact that the 
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vibrational terms for the intermediate state are canceled out. Here ⟨𝑘|𝑖⟩ represents the 
overlap integral of the vibrational wave functions of the initial and final state with the 

nuclei in the equilibrium positions, whereas the term ⟨𝑘|𝑄(𝑖)|𝑖⟩ accounts for changes in 

overlap due to the vibrational displacement of the nuclei. Index (i) on the ensemble 
coordinates of the nuclei represents the initial electronic state. 

Similarly, the 1PA cross-section can present by combining Equation (18) and Equation 
(4):  

 
𝜎1𝑃𝐴(𝜔) =

𝜋𝜔

3𝑛𝑐𝜀0ℏ
  |𝜇𝑓𝑔(0)⟨𝑘|𝑖⟩ + 𝜇𝑓𝑔

𝑠 𝑄𝑠⟨𝑘|𝑄𝑠|𝑖⟩

+ 𝜇𝑓𝑔
𝑎 𝑄𝑎⟨𝑘|𝑄𝑎|𝑖⟩|

2
𝑔𝑀(𝜔). 

(20) 

If we neglect Herzberg-Teller terms:  

 𝜎1𝑃𝐴(𝜔) =
𝜋𝜔

3𝑛𝑐𝜀0ℏ
  |𝜇𝑓𝑔

2(0)⟨𝑘|𝑖⟩|
2

𝑔𝑀(𝜔). (21) 

1.1.5 Two-level model of 2PA and vibronic 2PA transitions  
It was mentioned above that in the case of strongly dipolar molecules, a two-level model 
of 2PA has often proven to be adequate, particularly for the description of the  
lowest-energy electronic transition [16]. Let us re-cast Equation (19) by retaining only the 
sum of initial and final levels, whereby the intermediate level is represented, in turn, by 
the ground and final levels. We obtain: 

 

𝜎2𝑃𝐴(𝜔) =
𝜋𝜔2

𝜀0
2𝑐2ℏ2𝑛2  〈 |𝑒 (⟨𝑘|𝑖⟩ (

𝜇𝑓𝑔𝜇𝑔𝑔

−𝜔
+

𝜇𝑓𝑓𝜇𝑓𝑔

𝜔
) + ⟨𝑘|𝑄(𝑖)|𝑖⟩ ×

(
𝜇𝑓𝑚

𝜕𝜇𝑔𝑔

𝜕𝑄
+𝜇𝑔𝑔

𝜕𝜇𝑓𝑔

𝜕𝑄

−𝜔
+

𝜇𝑓𝑓

𝜕𝜇𝑓𝑔

𝜕𝑄
+𝜇𝑓𝑔

𝜕𝜇𝑓𝑓

𝜕𝑄

𝜔
)) 𝑒|

2

〉 𝑔𝑀(2𝜔).  

(22) 

After some re-arrangement (see Appendix 12) this may be written in a more compact 
form when assuming linearly polarized identical photons (Appendix 4): 

 

𝜎2𝑃𝐴(𝜔) =
𝜋 

15 𝑛2𝑐2𝜀0
2ℏ2

(2 cos2(𝛽) + 1)   |⟨𝑘|𝑖⟩𝜇𝑓𝑔∆𝜇 +

⟨𝑘|𝑄(𝑖)|𝑖⟩ (𝜇𝑓𝑔
𝜕(∆𝜇)

𝜕𝑄
+

𝜕𝜇𝑓𝑔

𝜕𝑄
(∆𝜇))|

2

𝑔𝑀(2𝜔).  
(23) 

if we neglect Herzberg-Teller terms, then: 

 𝜎2𝑃𝐴(𝜔) =
𝜋 (2 cos2(𝛽) + 1)

15 𝑛2𝑐2𝜀0
2ℏ2

  |⟨𝑘|𝑖⟩ 𝜇𝑓𝑔∆𝜇|
2

𝑔𝑀(2𝜔). (24) 

It can be seen from comparing Equations (21) and (24) that in the case of the  
two-level system the vibronic intensity distributions in the corresponding progression is 
determined by ⟨𝑘|𝑖⟩ and are the same for 2PA and 1PA, as is often the case for strongly 
dipolar chromophores. 
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1.1.6 Estimation of the permanent electric dipole moment change upon 
electronic transition 

If the chromophore is strongly dipolar, then both 2PA and 1PA transitions are allowed, 
and the main contribution to the 2PA originates from the Frank-Condon term. Such direct 
relation between the 2PA, 𝜇𝑓𝑔 and ∆𝜇𝑓𝑔 allows quantitative estimation of the absolute 

value of the change of the permanent electric dipole moment as follows (for derivation, 
see Appendix 14): 

 |∆𝜇⃗⃗ ⃗⃗ ⃗| = √
5

𝑃(𝛽)

 𝑛 𝑐 𝜀0 ℏ  𝑁𝑎 𝜔 𝜎2𝑃𝐴(𝑚𝑎𝑥) 

  103 ln(10) 𝐿2𝜀𝑀(𝑚𝑎𝑥)   
. (25) 

Here the terms 𝜀𝑀(𝑚𝑎𝑥) and 𝜎2𝑃𝐴(𝑚𝑎𝑥) represent respective peak values in the 0-0 

band, 𝑃(𝛽) is introduced by isotropic averaging [21] and depends on excitation 

polarization. For linearly polarized light 𝑃(𝛽) = 2 cos2(𝛽) + 1), whereas for circularly 
polarized light 𝑃(𝛽) = 1/2(cos2(𝛽) + 3) [14]. 

1.1.7 Quantum-chemical calculations and modeling  
When interpreting our experimental findings, we extensively rely on quantum-chemical 
calculations that provide respective theoretical values of key molecular parameters, such 
as 1PA oscillator strengths, 2PA cross-section, and corresponding peak wavelengths.  
The calculations were performed by our NICPB lab group members, Dr. Merle Uudsemaa 
and Dr. Aleksander Trummal, and also by our collaborator Dr. Denis Jacquemin at the 
University of Nantes, France. Therefore, even though quantum chemistry is outside the 
scope of this Thesis, a short description of the calculation methods used is in order.  

Gaussian09 [22] or Gaussian16 [23] software was used to obtain relaxed molecular 
structures and respective linear spectra, while Dalton2020 [24]  was used for estimating 
nonlinear-optical properties. As a common prerequisite, the ground-state conformational 
search was carried out in the gas phase at B3LYP [25], [26]/6-311G(d,p) [27] DFT level. 
The lowest energy conformers were re-optimized in the solvent of interest using PCM 
[28], [29]/B3LYP/6-311G(d,p) method, where the solvent effects were treated in the 
framework of polarized continuum approximation. The lack of imaginary frequencies in 
harmonic vibrational spectra was established for each optimized structure to confirm the 
true minimum conditions on the potential energy hypersurface. The ground-state 
vibrational eigenvectors displacement patterns were subsequently used for 2PA profiling 
of selected vibrational modes. For some calculations, the discrete-continuum approach 
involving one explicit solvent molecule was also implemented to account for the specific 
solvation contribution of especially in case of hydrogen-bond donation-capable solvents. 
The resulting lowest energy conformers were selected for the calculation of optical 
properties. 1PA vertical excited state energies, transition oscillator strengths, and the 
change of the permanent electric dipole moment (Δμ) upon the electronic excitation 
were obtained from TD-DFT [30] calculations using tuned Coulomb Attenuated Method 
B3LYP [31] (CAM-B3LYP) functional. The fine-tuning was performed to achieve an 
optimal match with the experimentally determined counterpart values based on a) the 
quality of fitting of the measured 1PA line shape using theoretical vibronic approach (see 
below) and b) the calculated energy of the first vertical singlet transition, which is 
expected to be close to the energy of experimental absorption maxima. It has been 
shown that the representative set of internal CAM-B3LYP parameters (𝛼 = 0.03; 𝛽 = 0.97; 
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𝜇 = 0.125) along with slight variations in the range-separation parameter 𝜇 used in the 
present study led to satisfactory predictions of the spectroscopic properties. 

Theoretical extinction coefficients of the 1PA transitions were obtained by applying a 
Gaussian broadening function on respective calculated oscillator strengths and excitation 
energies obtained from TD-DFT calculations. The corresponding experimental values of 
FWHM were estimated from Gaussian deconvolution of the measured absorption spectra. 

The present study also computed the vibrationally-resolved electronic spectra using 
Franck-Condon and Herzberg-Teller (FCHT) expansion terms for selected S0 → S1 
transitions. The geometries of the ground state and first excited state were optimized, 
and frequency calculations were performed in a respective solvent under equilibrium 
conditions. The vibronic 1PA spectra were generated at T = 0 K with convergence levels 
of over 90%. 

The dominant natural transition orbitals [32] (NTOs) were calculated and subsequently 
visualized using the GaussView software package to characterize the changes in electron 
density related to a particular electronic transition.  

Dalton2018 software suite [33], [24] was used for all single residue quadratic response 
calculations of two-photon transition probability, 𝛿2𝑃𝐴in implicit solvent.  

Rotationally averaged 2PA transition probabilities are evaluated in DALTON according 
to: 

 〈𝛿2𝑃𝐴〉 =
1

30
∑ (𝐹𝑆𝑎𝑎𝑆�̅�𝑏 + 𝐺𝑆𝑎𝑏𝑆�̅�𝑏 + 𝐻𝑆𝑏𝑎𝑆�̅�𝑎)𝑎𝑏 , (26) 

with F, G, and H being equal to 2 in the case of linearly polarized light and 𝑆̅ is the complex 
conjugate of 𝑆. 

The corresponding second-order transition moment 𝑆𝑎𝑏
𝑖𝑓

 between the initial (i) and 

final (f) states is expressed as: 

 𝑆𝑎𝑏
𝑖𝑓 (𝜔1, 𝜔2) = ∑ {

〈𝑖|𝜇𝑎|𝑛〉〈𝑛|�̅�𝑏|𝑓〉

𝜔𝑛𝑖−𝜔1
+

〈𝑖|𝜇𝑏|𝑛〉〈𝑛|�̅�𝑎|𝑓〉

𝜔𝑛𝑖−𝜔2
}𝑛≠𝑖 , (27) 

where 〈𝑖|𝜇𝑎|𝑛〉 is the transition dipole moment between the corresponding electronic 
states, 𝜔𝑛𝑖  is the excitation energy, 𝜔1 and 𝜔2 are the frequencies of photons involved 
in transition (𝜔1 and 𝜔2  are equal in the case of 2PA).  

The macroscopic 2PA cross-sections (in GM) for the S0 → S1 transition was obtained 
from the relation:  

 𝜎2𝑃𝐴 =
4 𝜋3𝛼𝑎0

5

𝑐
 

𝜔2

𝜋 (
FWHM

2
 )

〈𝛿2𝑃𝐴〉 ∙ 1050, (28) 

where 𝛼 is the fine structure constant, 𝑎0 is Bohr radius, ω is the calculated photon 
energy (half of the transition energy), and FWHM is the full width at half maximum of 
the 2PA absorption band. 

Theoretical estimation of pKaH values in methanol was conducted by our collaborators 
in the group of Prof. Ivo Leito from the University of Tartu. It was based on a correlation 

established between the computed Gs values (Gibbs free energy differences between 
protonated and deprotonated forms) and experimental pKaH values [25] of 11 differently 
substituted pyridines, covering pKaH range from 2.8 to 10.4. using expression: 

 𝑝𝐾
aH

= 𝑐1  
𝛥𝐺s

𝑁𝐴𝑘𝐵𝑇 ln (10)
+ 𝑐2. (29) 

Where c1 and c2 are linear regression constants, NA is Avogadro’s Constant, kB is the 
Boltzmann constant, and T is the absolute temperature. Likewise, the respective 
correlation was used for the prediction of dication deprotonation (pKaH(2)).  



 

25 

The required Gs values were estimated from COSMO-RS calculations at T = 298K and 
assuming infinite dilution by applying solvent-specific deviations from the ideal 
conductor state as computed by the statistical thermodynamics approach implemented 
in COSMOtherm software. The preceding single-point ideal conductor calculations were 
carried out for all stable conformers at COSMO/BP86/def2-TZVPD level of theory, 
following sampling of conformational space and identification of relevant conformers 
using COSMO/BP86/def-TZVP method. TURBOMOLE quantum chemistry suite was used 
for all calculations in the ideal conductor. 
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2 Experimental methods 

2.1 Overview of experimental techniques for measuring 2PA spectra 
and 2PA cross-sections 

As was pointed out at the beginning of section 2, the probability of 2PA is much lower 
than that of the 1PA, under typical excitation conditions. This difference makes the 
determination of the minor photon flux changes due to 2PA a challenging task.  

To further illustrate this circumstance, let us estimate the relative change of the 
photon flux when a collimated laser beam passes through a cuvette of the path length, 
d, and is filled with a solution of 2-photon absorbing chromophores at the molar 

concentration, 𝐶𝑀 =
103

𝑁𝐴
𝑁𝑔. Integration of the second term in Equation (3) gives: 

 𝑇 =
Φ0 − Φ(𝑑)

Φ0

=
1

1 + 𝐶𝑀 ∙ 103 ∙ 𝑁𝐴 ∙ 𝜎2𝑃𝐴 ∙ Φ0 ∙ 𝑑
. (30) 

After inserting typical experimental values, 𝐶𝑀 = 1 𝑚𝑀, 𝜎2𝑃𝐴 = 1 𝐺𝑀, Φ0 =

1027  
𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑐𝑚2∙𝑠
, 𝑑 = 1 cm, we arrive at the transmittance change, Δ𝑇 ≈ 0.994 or 0.6%. 

Measuring such a small change of the transmittance implies that the experimental 
accuracy of determining the photon flux must be much better than 1%, both at the input 
as well as at output side of the sample. Achieving such high accuracy which is often not 
an easy task, especially due to large pulse-to-pulse energy fluctuations inherent to pulsed 
lasers. Another potential disadvantage of direct measurement of 2PA is that, in many 
cases, it requires using a relatively high chromophore concentration (≥1 mM). The latter 
may cause difficulties due to aggregation and other inter-chromophore interactions.  

In addition, because of the need to utilize relatively high photon flux (1027 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑐𝑚2∙𝑠
 or 

higher), there may occur artifacts causing nonlinear side effects such as thermal lensing, 
self-focusing(-defocusing), sample bleaching, etc. Certainly, there exist well-established 
experimental techniques for the direct determination of 𝜎2𝑃𝐴 such as z-scan [34] and 
Nonlinear transmittance [35]. Nevertheless, for the purpose of characterizing potential 
fluorescent probes for microscopy applications, it is advantageous to use a fluorescence 
detection-based method, which allows the use of lower laser power and much lower 
sample concentration. A summary of the advantages and disadvantages of direct and 
indirect methods is further summarized in Table 1.  

It should be noted that even though fluorescence serves only as an indirect probe of 
the 2PA transition rate, and thus determining the 2PA values requires supplementary 
measurements (see below), it does offer a significant advantage as it allows better 
discriminations between 2PA and potential artifacts, especially such as non-linear 
lensing, excited state absorption (ESA) and residual 1PA. 
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Table 1: Comparison of direct and indirect methods for measuring 2PA spectra and cross-sections. 

2.1.1 Two-photon excited fluorescence 
As 2PA promotes the molecule to an excited electronic state, the accumulated excitation 
energy is eventually released to the surrounding environment. This process may proceed 
by one or more physical pathways, such as the emission of fluorescence and/or 
phosphorescence, the creation of heat and/or phonons, etc. [36]. Methods of indirect 
2PA spectroscopy methods are based on detecting these 2PA-induced secondary effects. 
However, establishing the required quantitative relation between the detected secondary 
signal and the number of excited molecules created by each excitation laser pulse may 
be, again, a demanding task.  

The most commonly used indirect method is based on detecting two-photon 
absorption-induced fluorescence (2PIF). Under conditions where the excitation rate is 
much less than the excited-state relaxation rate, such that absorption saturation may be 
ignored, the number of fluorescence photons emitted is proportional to the number of 
chromophores excited via 2PA. Depending on how the above proportionality ratio is 
evaluated, the 2PIF methods can be, in turn, divided into absolute and relative 2PIF 
methods.  

The absolute 2PIF method implies accurate characterization of the excitation laser 
pulse photon flux, i.e., energy (number of photons), and spatial and temporal profiles in 
the entire range of excitation wavelengths. To determine the 2PA cross-section value, 
one also needs to evaluate the fluorescence emission quantum yield, which, in turn, may 
imply knowledge of the efficiency of the fluorescence detection system, thus turning the 
2PA measurement, again, into an experimentally rather tedious task. The relative 2PIF 

Direct techniques Indirect techniques 

Advantages: 
• Direct absolute determination 

of  𝜎2𝑃𝐴 
• Broadly applicable to various 

nonlinear  
absorbers, including liquids, solids, thin 
films, etc. 

• Conceptually straightforward 
• Relatively simple and low-cost 

experimental setup. 
 

Advantages: 
• Potentially background-free 

signal 
• Allows use of more diluted 

solution and/or lower laser 
power 

• Allows distinguishing between 
“pure” 2PA process and 
potential experimental artifacts 
such as 1PA, ESA etc. 

 

Disadvantages: 
• Requires measurement of very 

small changes of the photon 
flux typically, <1% 

• May require highly 
concentrated samples >1 mM 

• Susceptible to nonlinear side 
effects due to high photon flux 

• Difficulty of distinguishing 
between 2PA and 1PA, ESA, etc. 

Disadvantages: 
• Requires samples to be 

sufficiently fluorescent (or 
luminescent) 

• Requires characterization of 
emission properties 

• Assumes that the emission 
follows Kasha’s rule. 
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method, on the other hand, may alleviate some of these complications, provided that 
suitable well-characterized 2PA reference standards can be used. Indeed, by comparing 
the 2PIF signals obtained for the studied chromophore (sample) to that of the reference 
sample at identical excitation conditions, one may eliminate the need for accurate 
characterization of the photon flux.  

This allows not only increase of the efficiency and throughput of measuring the 2PA 
spectra, but also increase of the accuracy and reliability of these measurements. 
Increased accuracy is due to reduced systematic errors, as the sample spectra are always 
corrected with respect to a known reference, thus greatly alleviating effects due to 
potential artifacts caused by changes in the excitation laser pulse shape and duration. 
The experiments described in this Thesis take extensive advantage of such 2PA reference 
standards, which have been previously developed by our group [37]. A detailed account 
of our 2PIF measurement techniques is given below. 

2.2 Chemical solvents and reagents 

This study uses organic chromophores that have been acquired from commercial sources 
as well as those that were synthesized by our collaborators, especially for this project. 
Commercial dyes, coumarin 153 (C153) (99%), Rhodamine 6G (Rh6G) (99%), were 
purchased from Sigma Aldrich, coumarin 151 (7‐amino‐4‐(trifluoromethyl) coumarin) 
(99%) was purchased from Alfa Aesar, LDS798 was purchased from Exciton and AF455 
was provided by Dr. S. Tan (US Air Force Research Lab, OH, USA) 

Solvents such as tetrahydrofuran, methanol, dimethyl sulfoxide, octanol, and toluene 
(all HPLC grade) were purchased from Sigma Aldrich, and chloroform was purchased 
from Merck (99.8%). Distilled water was produced in-house.  

The protonation experiments used trifluoromethanesulfonic acid (Triflic) (99%) or 
hydrochloric acid (HCl, ≥37%). Both were purchased from Sigma Aldrich. 

2.3 Compounds under study 

The chemical structure of four coumarin 151-based fluorophores decorated with 
different phosphazene groups are shown in Figure 7 and were provided to us by our 
collaborator Prof. Ivo Leito from Tartu University. The synthesis of these compounds was 
described in [38], [39]. 

 

Figure 7: The chemical structures of coumarin C151 and the four phosphazene derivatives C1, C2, 
C3, and C4.  
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The compounds were received in the form of yellow powder in 15 – 20 mg quantities, 
as shown in Figure 8.  

 

Figure 8: Vials containing C1, C2, C3, and C4 powder. 

The second type of custom dyes were derivatives of pyrrolopyrroles and was prepared 
by the research group of Prof. Daniel T. Gryko from the Polish Academy of Sciences.  
Even though 2PA experiments were performed with 13 different pyrrolopyrroles, for this 
Thesis, we selected two representative compounds, named 1a and 3,6-bis-(2-tert-
butylpyridin-4-yl)-diketopyrrolopyrrole (PDP). The corresponding structures are shown 
in Figure 9. The compounds were received in ~10 mg quantities as a colored powder and 
were used without further purification. Vials containing PDP and 1a can be seen in Figure 
10. A description of the synthesis can be found in [40]. 

 

 

Figure 9: Chemical structures of PDP and 1a. 
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Figure 10: The vial containing PDP on the left and 1a on the right. 

2.3.1 Measurement of linear absorbance spectra 
UV-VIS spectrophotometer (UV 3600 PLUS, Shimadzu) was used to determine the linear 
absorbance spectra of the sample solutions. Additionally, 1PA measurements were used 
to characterize solution concentration, purity and photostability both, before and after 
each 2PA measurement. Solutions were prepared in either 1 mm or 1 cm Teflon-stoppered 
quartz cuvettes manufactured by Starna Scientific. The optical density of the solutions 
varied between 0.1 to 2.0. 

2.3.2 Measurement of linear fluorescence emission spectra 
One-photon-induced fluorescence was measured with a Perkin Elmer LS-55 
spectrofluorometer. The samples were contained in Teflon-stoppered 1 cm quartz 
cuvettes, and the chromophore concentration was adjusted so that the maximum optical 
density at the excitation wavelength was below 0.1 to minimize the inner filter effect.  
To improve the reliability of the collected spectra, we used a custom instrument spectral 
correction function, which was developed in-house using a set of fluorescent reference 
standards (see Appendix 8 for further discussion). 

2.3.3 Determination of molar extinction coefficient  
Stock solutions CDye~1 mM was prepared by weighing ~0.5 mg of the solid dye using 
Sartorius Lab Instruments GmbH & Co. KG MSA36P-OCE-DH analytical balance. Dye was 
then thoroughly stir-mixed into 1.5 ml of solvent. The stock solution was then diluted 
into a series of 4 to 5 samples, with concentrations in the range of 0.03 – 0.08 mM.  
The maximum absorbance of the diluted samples did not exceed O.D. ~1.5 (in 1 cm 
cuvette). 

The normalized spectra for each sample were evaluated and compared to ensure that 
no impurities or aggregates were present. The molar extinction coefficient (in M–1 cm–1) 
at the absorption peak was determined by fitting the measured peak absorbance vs. 
concentration dependence with a linear function. The process was repeated 2 to 3 times 
to improve fidelity, and the results were averaged.  

Due to limited solubility, the stock solution of PDP was prepared in 50 ml of methanol 
instead of 1.5 ml, as was the case for coumarin derivatives. The extinction coefficient for 
compound 1a was provided by Prof. D. Gryko.    
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2.3.4 Measurement of fluorescence quantum yield 
To determine the fluorescence quantum yield of coumarin samples, five solutions were 
prepared with different chromophore concentrations with maximum optical density 
ranging from 0.02 to 0.1. Fluorescence emission quantum yields were measured relative 
to the standards applying the method described in [41], using the equation: 

 𝑄𝑠 = 𝑄𝑟 (
𝑚𝑠

𝑚𝑟
) (

𝑛𝑠

𝑛𝑟
)

2

, (31) 

where 𝑄𝑟  is the reference standard fluorescence quantum yield, 𝑚𝑠 and the 𝑚𝑟  are 
respective fitted slopes for the integrated fluorescence intensity vs. absorbance for the 
five samples at different concentrations.  𝑛𝑠 and 𝑛𝑟 are the refractive indices of the 
reference and sample solutions. The standards used were C153 in ethanol, 𝜙𝑒𝑚 = 0.53 
[42], and C151 in ACN, 𝜙𝑒𝑚 = 0.57 [43] and were chosen based on similarity to absorption 
and fluorescence spectral profiles of the studied samples.  

2.3.5 Measurement of pH 
Protonation (or hydronation) is adding a proton (or hydron) to an atom, molecule, or ion, 
and is extensively utilized in the current Thesis to alter the chromophore’s properties, 
including its symmetry. In solution and at room temperature, protonation is usually a 
rapidly equilibrating process. The rate of protonation is tied to the acidity of the 
protonating species. In this work, trifluoromethanesulfonic acid (CF3SO3H) and hydrochloric 
acid (HCl) are used to create an excess of hydrogen ions in the solution. 

The strength of an acid is usually expressed in terms of the equilibrium dissociation 
constant, Ka, that characterizes the acid-base dissociation reaction and is defined as, 

  𝐾𝑎 =
[𝐴−][𝐻+]

[𝐻𝐴]
, (32) 

where [𝐻𝐴] is the concentration of the acid, and [𝐴−]and [𝐻+] are the concentration of 
the conjugate base and the hydrogen ion. A more practical quantity is the negative 
logarithm (acidity): 

 𝑝𝐾𝑎 = − 𝑙𝑜𝑔10 𝐾𝑎. (33) 

and is commonly determined for aqueous solutions. For example, triflic acid is one of the 
strongest acids having aqueous acidity, −14.7 pKa units, while the aqueous pKa value for 
HCl is –5.9 [44]. In this work, however, non-aqueous solvents such as methanol or THF 
are also used. This may affect the apparent pKa of each acid according to the leveling 
effect of the solvent, although presumably both acids can be considered strong acids for 
each solvent investigated. 

The acidity or basicity of a solution is characterized by pH, corresponding to the 
negative logarithm of the concentration of hydrogen ions (mol/L) also typically in water 
solution. A standard way of measuring pH is with a pH meter. A typical pH meter consists 
of pair of silver-silver chloride electrodes combined into one probe. The reference 
electrode is kept under constant electric potential, while the measuring electrode is 
immersed in a buffer solution surrounded by a glass membrane that is selective to 
hydrogen-ion. The pH value of a sample solution is determined by measuring the 
potential between the reference and the measurement electrode, linearly calibrated 
using two or three reference pH solutions (Aqueous solutions of pH 4, 7 & 10). 

In our experiments, we used the pH meter (827 pH lab, Metrohm) and probe (Ag/AgCl 
electrode, Biotrode 6.0224.100, Metrohm). The probe diameter was small enough  
to fit inside 1x1 cm quartz cuvettes where the samples were prepared. Before each 
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measurement, regular two-point calibration with aqueous buffers was used. The pH 
probe was calibrated in methanol solution by titrating reference acids (i.e. pyridine,  
1-ethylpiperidine and quinoline) in water and in the solvent of interest. The measured 
offset value was used to correct the pH values obtained in the solvent of interest [45], 
[46]. 

2.3.6 Measurement of 1PA titration spectra 
Titration measurements were conducted using a relatively dilute solution (CDye~20 µM) 
to ensure fully dissolved dye and to avoid precipitation. First, diluted triflic acid was 
prepared by adding one drop of concentrated acid to 5 ml of methanol. Then, the neutral 
methanol solution of the studied chromophore was prepared, and absorbance spectra 
and the pH value of the neutral solution were determined. Next, one drop of the diluted 
triflic acid (~0.03 M) was added to the solution. The sample was stirred for approximately 
30 s. Then the pH of the mixture was measured, followed by the measurement of the 
absorbance spectra.  

The dropwise addition of the dilute acid was repeated until the sample showed no 
noticeable change in the 1PA spectrum. Finally, a drop of concentrated triflic acid was 
added to ensure a large excess amount of hydrogen cation in the solution. Final titration 
spectra were obtained by subtracting pure solvent absorbance and correcting for the 
concentration change due to added solvent volume. The same procedure as described 
above was also used for the THF but without the pH measurement. 

2.4 Measurement of two-photon absorption spectral profiles and 2PA 
cross-sections 

Our experiments aimed to determine the 2PA cross-section and the 2PA spectra, i.e., the 
dependence of 𝜎2𝑃𝐴 on the excitation wavelength, with the highest possible accuracy 
and fidelity. For this purpose, we measured separately the 2PA spectral shapes and the 
2PA cross-section, following two related but slightly different procedures, as will be 
described next.  

2.4.1 Wavelength-tunable femtosecond laser system 
To facilitate high-quality measurements, it is vital to have a broadly wavelength-tunable 
pulsed laser source. The laser also has to display stable output characteristics such as 
pulse duration, spatial mode shape, beam pointing direction, etc. The stability of the 
laser output was especially critical to ensure that sample and reference measurements 
were performed with identical excitation conditions. In our 2PA experiments, we used a 
wavelength-tunable femtosecond pulsed laser system manufactured by Light Conversion, 
Inc (Vilnius, Lithuania). The system comprises the following components: A Pharos-SP 
pump laser (A), Orpheus-HE optical parametric amplifier (B) (OPA), and Lyra-SH second 
harmonic generator (C) (SHG). The layout of the laser on our optical table is shown in 
Figure 11. 
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Figure 11: Tabletop layout of the femtosecond pulse laser system (Light Conversion). A – PHAROS-
SP pump laser, B – ORPHEUS-HE optical parametric amplifier, C – LYRA second harmonic generator. 

The Pharos pump laser generates ~160 fs duration, 1 mJ energy pulses. The pump 
laser itself comprises a Kerr lens mode-locked femtosecond oscillator followed by a 
regenerative chirped pulse amplifier. The amplifier uses a directly diode-pumped 
Yb:KGW (ytterbium-doped potassium gadolinium tungstate) crystal gain medium, along 
with a femtosecond pulse optical stretcher-compressor unit. Pharos operates at the 
center wavelength of 1030 nm, delivers a maximum average output power of 6 W at 
maximum 6 kHz pulse rate and pulse duration of ~170 fs. The pulse repetition rate may 
be lowered down to 100 Hz, without affecting the pulse energy or other pulse 
parameters, by using the built-in Pockels cell pulse-picker. 

Wavelength tuning of the femtosecond pulses is achieved by using the process of 
optical parametric amplification with Orpheus-HE (OPA). The frequency-doubled pump 
laser photons at 515 nm are split into two longer-wavelengths, signal and idler photons, 
by three-wave mixing in type I BBO crystal. The OPA output wavelength is continuously 
tunable in the range λ = 630 – 1040 nm (signal) and λ = 1022 – 2600 nm (idler). 
Furthermore, by using type I SHG in BBO (Lyra-SH), additional wavelength tunability in 
the ranges λ = 315 – 520 nm (SH Signal) and λ = 515 – 630 nm (SH Idler) is achieved. 

Figure 12 shows the typical average output power of the laser in the signal (SIG), idler 
(IDL), and the second harmonic of idler (SH-IDL), wavelength tuning ranges at 6 kHz pulse 
repetition rate. The average power in most signal and idler ranges is 150 – 450 mW 
(energy per pulse 25 – 75 µJ). The sudden power drop near 1030 nm is due to the OPA 
wavelength degeneracy point, i.e., when the signal and idler wavelengths coincide.  
The second harmonic of the idler has an average power of around 100 mW (energy per 
pulse 17 µJ). 
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Figure 12: Typical average laser power at the signal (SIG), idler (IDL), and second harmonic of idler 
(SH-IDL) wavelength ranges. 

The OPA output is kept vertically polarized, which is achieved by inserting a  
broad-band half-wave plate positioned inside the Lyra-SH, depending on whether the 
signal or idler. 

2.4.2 Two-photon-excited fluorescence spectrometer 
Our 2PA measuring apparatus (Figure 13) was designated to perform two related 
measurements: 

a) Measurement of the relative two-photon excited spectral profile in a broad 
range of wavelengths (2PA spectral shape function). 

b) Comparison of the 1PA and 2PA excitation values at selected excitation 
wavelengths to determine absolute 2PA cross-section. 
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Figure 13: Schematic of the automated femtosecond 2PA spectrometer for measuring 2PA spectral 
profile and determining 2PA cross-section. These two measurements used slightly different beam 
paths (see main text for explanation). BB – motorized beam block; Pol – polarizer; GP – Glass plate; 
ID – iris diaphragm; L – focusing lenses; LPF – long-pass filter; BP – band-pass filter; M – Mirrors; 
FM – Flipper mirror; λ/2 – half-wave plate; BBO – barium borate crystal; SPF – short-pass filter; 
NDFW – motorized neutral density filter wheel; PED – pyroelectric detector. 
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Our first task was to ensure that the OPA output contained only the desired 
wavelengths (signal or idler) and that any spurious wavelengths were sufficiently strongly 
suppressed. 

Even though the manufacturer Light Conversion Ltd. supplied a set of interference 
filters designed for this purpose, we opted for a different approach (described below). 
Essentially because the commercial filters, due to their limited wavelength range, would 
prevent the continuous scan of the entire 2PA spectra. 

In our case, the OPA output was spectrally filtered in three stages. In the first stage, 
the laser beam was passed through a vertically oriented Glan-Laser Calcite Polarizer 
(Thorlabs GL10-B). The polarizer transmitted the signal (idler) and suppressed the 
residual idler (signal) component. Secondly, we took advantage of the fact that the signal 
and idler beams propagated in slightly different directions, with the relative angle 
between the two beams ~2°. This branching allowed us to further suppress undesired 
wavelength components with a set of iris diaphragms (ID1, ID2, ID3). Finally, a combination 
of color glass filters and interference filters were used to further prevent any residual 
undesired wavelengths from reaching the sample. The diaphragms ID1-ID4 were also 
used to ensure reproducible alignment of the beam path, especially when switching 
between signal and idler measurement regimes. The glass plate (GP1) reflected a small 
fraction of the OPA beam to the spectrometer (USB2000, Ocean Optics), which 
monitored the OPA spectral output. 

To perform relative 2PA measurements, the main beam was passed through the glass 
plate, GP2. The beam was then expanded using a 4x Galilean telescope comprising a 
negative lens f = –75 mm, (LC1582-ML, Thorlabs) (L1) and a positive lens, f = 300 mm, 
(LA1484, Thorlabs) (L2). The expanded beam was focused ~50 mm behind the sample 
with the lens f = 750 mm, LA1978-ML, Thorlabs (L3).  

Shortly after L3, the beam passed through a continuously variable neutral density filter 
wheel (NDFW1) (NDC-100C-2, Thorlabs). The filter was mounted on a custom motorized 
rotating stage, which allowed controlled attenuation of the pulse energy by a factor of  
1 – 100 and which we used to determine the dependence of the fluorescence signal on 
the photon flux incident on the sample.  

Sample solutions were contained in 1 mm path length spectroscopic quartz cuvettes 
positioned in a custom-made motorized rotating sample turret (Figure 14, top panel), 
capable of holding up to eight samples simultaneously. The automated sample turret 
facilitated back-to-back measurements of multiple samples without manual 
intervention. The turret was connected to a linear translation stage that allowed 
adjusting the sample position perpendicular to the excitation beam direction. The sample 
stage rotation was kept unidirectional to ensure repeatability of the sample positions.  

The relative laser power incident on the sample was measured with a pyroelectric 
detector (PED) (QS-I-Test, Gentec). It monitored the energy of pulses reflected from a 
glass plate (GP3) positioned directly before the sample. 

The position and shape of the beam on a sample were monitored by reflecting 4% of 
the excitation beam with a glass plate, GP4, to a CCD beam profiler camera (BC106-VIS, 
Thorlabs) through a lens L4 (f = 150 mm, AC254-150B, Thorlabs). A manual neutral 
density filter wheel (NDFW2) (NDC-100C-4, Thorlabs) was placed in front of the camera 
and was manually rotated to avoid saturation of the CCD sensor. The diameter of the 
beam spot at the sample varies with the wavelength in the range of 0.3 – 1.5 mm. 
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Figure 14: Top panel: custom motorized sample turret capable of holding a maximum of 8, 1 mm 
cuvettes; Bottom panel: BBO crystal with automated SHG angle tuning.  

Fluorescence emitted from the sample was collected at 90 degrees with respect to the 
excitation beam’s propagation direction. The emission was first reflected using a flat 
mirror M6 (2” square mirror) and then focused with a spherical mirror M7 (Ø75.0 mm,  
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f = 150.0 mm, protected silver, CM750-150-P01, Thorlabs) on the entrance slit of 328 mm 
focal length and F/4.1 aperture spectrograph (Kymera 328i, Andor). A suitable interference 
band-pass (BP) filter was used before the spectrograph to cut off scattered laser light. 
Figure 15 shows the layout of the spectrograph and the fluorescence collection optics. 
The spectrograph has four interchangeable diffraction gratings with different groove 
counts (300 lines/mm blazed at 500 nm, 300 lines/mm blazed at 860 nm, 600 lines/mm 
blazed at 500 nm, 1200 lines/mm blazed at 500 nm).  

 
 

 

Figure 15: Andor spectrograph Kymera 328i (surrounded by a yellow dotted line). An input signal is 
reflected with mirror (M9) and (M10) to the Quad-grating turret (GT), allowing for selection 
between four gratings. Switchable mirror M12, is needed to select between two output ports of the 
spectrographs. 
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The fluorescence was detected using a liquid nitrogen cooled, 1024x256 pixels CCD 
(Symphony Horiba, Inc) attached to one of the two output ports of the spectrograph. The 
CCD readout was performed using a 20 kHz Symphony Solo controller that was 
synchronized with the laser pulse rate and with a mechanical shutter at the input port of 
the spectrograph. In our experiments, we used mainly the 300 l/mm grating, which gave 
a 260 – 280 nm wide spectral span over the CCD detector length. The CCD signal was 
binned vertically over all 256 pixels. The fluorescence spectra were recorded along with 
a corresponding CCD background, where the latter was obtained by blocking the 
excitation laser beam using a custom-built motor-driven beam block (BB). 

Pulses from the reference pyroelectric detector (PED) were averaged using a 10-bit 
digital oscilloscope (DSOS404A, Keysight), which was synchronized with the laser and the 
CCD camera. 

To carry out absolute 2PA cross-section measurements, we engaged ~4% reflection 
from the glass plate GP2, which directed a small portion of the OPA pulse energy to the 
frequency-doubling beam path used for one-photon excitation. A half-wave plate 𝜆/2 
was used to rotate the polarization by 90 degrees to the horizontal direction. Long-pass 
near-IR glass filter was used to cut off any residual visible light emitting from the OPA. 
The OPA wavelength was frequency doubled in the second harmonic generation (SHG) 
BBO nonlinear crystal, which was angle-tuned for Type I phase matching. The crystal also 
changed the polarization back to vertical. For automated wavelength tuning of the SHG, 
the BBO crystal was mounted on a custom motorized rotation stage (Figure 14, bottom 
panel). The crystal angle was adjusted to achieve optimal phase matching at each laser 
wavelength according to the predetermined calibration curve. A linear stage was 
integrated into the apparatus to facilitate manual control over the crystal's vertical 
position. Before use, the motor position was zeroed by finding the maximum SHG power 
with the laser at 800 nm. The beam was routed to the sample with a flipper mirror, FM5, 
after which the beam traveled true the same optics as with non-frequency doubled 
beam. The PED reference detector was exchanged for a photodiode detector for higher 
sensitivity (average SHG power at the sample was ~20 µW at 6 kHz). The beam positions 
at the sample were monitored with the beam profiler (BC106-VIS, Thorlabs) to ensure 
overlap for 1PA and 2PA excitation beams.  

2.4.3 LabView control software 
A custom control program written in LabView State Machine command pattern was used 
for data collection from the CCD and the oscilloscope, along with control of the stepper 
motors and laser wavelength. The program also performed preliminary data analysis. 
Detailed descriptions and screenshots of the program interface are shown in Appendix 5.  

2.5 Procedures for evaluating 2PA spectral shape 

The procedure of measuring the relative 2PA spectral profile was conducted in four steps, 
as listed below: 

I. The fluorescence signals from the sample under study and from one or 
more reference solutions were collected back-to-back at each excitation 
wavelength, λ2PA, under identical excitation and detection conditions.  

II. At each λ2PA value, the laser power incident on the sample was gradually 
attenuated by rotating the neutral density filter wheel in ~10 steps over 
an interval, O.D. 0 – 1.0. 
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III. At each λ2PA and ND filter position, the fluorescence emission spectrum 
integrated over a predetermined wavelength region {λmin, λmax} (see 
Figure 43 in Appendix 5) was recorded. 

IV. The power dependence was evaluated at each λ2PA by linear fitting a  
log-log plot of the integrated fluorescence versus the relative laser 
power.  

The fit function, M+Sx, served a dual purpose. First, the slope parameter, S, allowed 
us to determine whether the power dependence is sufficiently close to the quadratic 
function, 𝑆 = 2.00 ± 0.05. Secondly, the offset parameter, M, was used to evaluate the 
relative 2PA spectral shape of the sample using the following equation: 

 𝐴2𝑃𝐴
𝑆 (𝜆2𝑃𝐴) =

𝑀𝑆(𝜆2𝑃𝐴)

𝑀𝑅(𝜆2𝑃𝐴)
𝐴2𝑃𝐴

𝑅 (𝜆2𝑃𝐴), (34) 

where A2𝑃𝐴
𝑅 (𝜆2PA) is the known 2PA spectral profile of the reference, and subscripts s and 

r refer to the sample and the reference, respectively.  

2.6 Procedure for measuring 2PA cross-section 

A separate measurement was conducted at select excitation wavelengths, 𝜆2PA to obtain 

the 2PA cross-section of the sample, 𝜎2𝑃𝐴
𝑆 (𝜆2PA). We assume that Kasha’s rule is valid, 

i.e., that the fluorescence spectrum and quantum yield are the same for 1PEF and 2PEF 
in any given sample and that the fluorescence yield is independent of the excitation 
wavelength. Then, by comparing the 1PEF and 2PEF signals recorded from the same 
sample, one can account for the fluorescence emission’s efficiency and fluorescence 
detection's efficiency under current experimental conditions [47], [3]. The two-photon 
cross-section of the sample, at the wavelength 𝜆2𝑃𝐴, was evaluated using the following 
relation: 

 σ2𝑃𝐴
𝑆 (𝜆2PA) =

𝑀𝑆(𝜆2𝑃𝐴)

𝑀𝑅(𝜆2𝑃𝐴)

𝑀𝑅(𝜆1𝑃𝐴)

𝑀𝑆(𝜆1𝑃𝐴)

𝐶𝑅

𝐶𝑆
𝜎2𝑃𝐴

𝑅 (𝜆2PA)
1−10

−𝑂.𝐷.(𝜆1PA)𝑆

1−10
−𝑂.𝐷.(𝜆1PA)𝑅

, (35) 

where 𝜎2𝑃𝐴
𝑅 (𝜆2PA) is the two-photo cross-section of the reference chromophore (in GM), 

C is the chromophore concentration, O.D. (𝜆1PA) is the optical density of the solution in 
the cuvette determined at the 1-photon excitation wavelength, 𝜆1PA. 𝑀(𝜆1𝑃𝐴) is the 
1PEF signal fitting parameter, and the sub-indices S and R refer to the sample under study 
and the 2PA reference standard, respectively. 

The 2PA cross-sections were determined at up to six different excitation wavelengths, 
typically separated by ~10 nm intervals and using at least two different reference 
standards. The final 2PA cross-section spectrum was obtained by scaling the spectral 
shape function to best fit the measured cross-section values. The latter procedure 
allowed to further mitigate random error. 

As an example, Figure 16 shows the 2PA spectral profile of 1a scaled with respect to 

several 𝜎2𝑃𝐴
𝑆 measurements using four different reference standards; C153 in DMSO 

(square symbols), C153 in Toluene (upside-down triangles), AF455 in THF (triangles) and 
Rh6G in methanol (circles). 
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Figure 16: Example of  compound 1a 2PA spectra shape (blue symbols), 2PA absolute value against 
reference (black symbols), C153 in DMSO (square), C153 in Tol (upside down triangle), AF455 in THF 
(triangle), Rh6G in MeOH (circle). 

From this data, we calculate the average cross-section σ2PA (800 nm) = 37 GM with a 
maximum standard deviation of 2.7 GM (~7%). It should be noted that, in general, the 
𝜎2𝑃𝐴 values showed a trend where measurement performed relative to AF455 in toluene 
consistently shows lower values than relative to C153 in toluene, which, in turn, is lower 
than C153 in DMSO, thus indicating that the primary source of experimental error is likely 
due to some systematic discrepancy in the absolute values of some of the reference 
standards.  

2.7 Spectral decomposition by multivariate curve resolution-
alternating least squares (MCR-ALS) method  

2.7.1 Decomposition of linear absorption spectra  
In order to proceed toward quantitative analysis of some of the titration spectra 
described below, it is much preferred to obtain the constituent spectral profiles in their 
pure form rather than a superposition of different species. For this purpose, the spectra 
were decomposed into constituents using a multivariate curve resolution-alternating 
least squares (MCR-ALS) method [48]. The method decomposes a collection of two or 
more linearly independent, spectrally overlapping species into their individual spectra, 
each of which has an exclusively positive contribution (user-defined constraint). Analysis 
works by iteratively optimizing some initial estimates, which in our case is made from  
Ka model Equation (32). In order to elucidate the current procedure, we note that,  
the pH-dependent absorbance spectra may be represented as a 2-dimensional  

(20pH ⨯ 600) matrix, A. The primary assumption is that A can be decomposed into  
three rank-one matrices, as illustrated below. Each rank-one matrix is a dyadic product 
of concentration and wavelength vectors of the corresponding form: 
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(36) 

which in turn is given by the product,  

 𝑨 = 𝑑 ∙ 𝑪 ∙ 𝜺𝑻. (37) 

Where d is the constant optical path length of the cuvette (1 cm), C is the (20pH ⨯ 3) 
concentration matrix representing the concentrations of three individual components, 

at each pH value, and 𝜺 is the (600 ⨯ 3) corresponding molar extinction coefficient 
spectra matrix. C and 𝜺 can each be solved using the pseudoinverse of the other. 

The concentration model of two reversible protonation reactions with two 
equilibrium constants 𝑘1 and 𝑘2, for individual components was derived based on the 
Nernst equation of pH meter response and on the Ka definition (Equation (32)) further 
explained in Appendix 13. First, an initial guess of matrix C was created using measured 
pH values, the Nernst equation, and guesses of Ka. 𝜺 was determined in a linear least 
squares manner using the pseudoinverse of C according to Equation (37), 

 𝜺𝑻 = 𝐂+ ∙
𝐀

𝑑
 (38) 

The first estimate of the extinction spectra, 𝜺, was calculated taking into account the 
experimentally determined extinction spectra of the neutral form, DPD. The spectrum of 
PDP was set to a fixed value (having been determined experimentally), and the spectra 
of the following species were constrained to be non-negative. After correcting the molar 
absorption spectra, the latter was used to obtain updated concentrations using the 
reverse pseudoinverse, 

 𝐂 =
𝑨

𝑑
∙ (𝜺𝑻)+, (39) 

where the concentration model was least-squares optimized to these new C values.  
The procedure was iterated until the model converged. Details of this process are further 
discussed in [49]. 

2.7.2 Decomposition of two-photon absorption spectra 
Because our initial measurement of 2PA titration did not yield absolute 𝜎2𝑃𝐴 values, and 
because the fluorescence yield of different protonation species varied significantly, to 
obtain 2PEF excitation profiles of pure forms the MCR-ALS technique was applied to the 
excitation-emission matrix of each sample, consisting of excitation wavelengths and 
corresponding emission wavelengths, 𝐹𝑠(𝜆𝑒𝑥 , 𝜆𝑒𝑚). Equation (35) to may be recast as: 

 
 

𝜎𝑆(𝜆𝑒𝑥) =
𝐹𝑆 ∙ 𝐶𝑅 ∙ 𝜑𝑅(𝜆𝑒𝑚)

𝐹𝑅 ∙ 𝐶𝑆 ∙ 𝜑S(𝜆𝑒𝑚)
∙ 𝜎𝑅(𝜆𝑒𝑥)  

 

(40) 

Where F is the observed 2PEF signal, C is the concentration,  is the differential quantum 
efficiency over the collected emission wavelength range and 𝜎𝑅(𝜆𝑒𝑥) is a known 2PA 
cross-section profile of the reference. To determine the relative spectral shape of the 
sample, Equation (40) can be modified by combining terms that do not depend on the 
excitation wavelength and substituting these collectively with the constant, A [3]. As the 
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emission spectra are recorded simultaneously with the two-photon excitation spectrum, 
F can be presented as a two-dimensional excitation-emission matrix (EEM), written as: 

 𝑭𝑆(𝜆𝑒𝑥 , 𝜆𝑒𝑚)
𝜎𝑅(𝜆𝑒𝑥)

𝐹𝑅(𝜆𝑒𝑥)
= (

𝝈𝑆(𝜆𝑒𝑥) ∙ 𝑪𝑆

𝐴𝑅

) ∙ 𝝋𝑆
𝑇(𝜆𝑒𝑚) (41) 

The main objective of the reference measurements is to account for variations in the 
excitation pulse parameters affecting the two-photon absorption. Here the left side of 
the equation consists of the measured or known terms, where FR are not recorded as a 
matrix but are instead integrated over the entire emission wavelength region of the 
reference sample to get a more stable signal for comparison. On the right side, CS is the 
diagonal (3 ⨯ 3) matrix estimated from the concentration model used in the 1PA titration 
measurement. 𝐴𝑅 is the scaling factor (initially set to 1) representing the relative 
reference quantum yield and the CCD detector efficiency at emission wavelengths used 
for each sample-reference pair. The scaling factor is constant across each individually 
collected excitation-emission matrix, but varies for different sample-reference pairs, so 
after decomposition, AR was used to match excitation profiles resulting from using 
different references by scaling to match overlapping excitation wavelength regions for 

each sample-reference pair. Submatrices S (ex ⨯ 3) and S (em ⨯ 3) are decomposed 
using the MCR-ALS technique, assuming both are larger or equal to zero. Figure 17 shows 
a contour plot of an example excitation-emission matrix of a PDP sample (pH 7.2) where 
the horizontal-axis is the laser excitation wavelength and on the vertical-axis is the 
recorded emission wavelength, wherein the total emission intensity is corrected for the 
excitation power. For comparison, the decomposed normalized emission spectra are 
shown on the right side, and the normalized 2PA spectra of pure forms are shown on the 
top. 
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Figure 17: Excitation-emission matrix of a sample with pH 7.2, 2PA corresponding to laser excitation 

wavelengths (ex), lighter color indicating higher intensity. Decomposed normalized emission of 
three forms is shown on the right, and the normalized 2PA of three forms is shown on the top.  

The excitation-emission matrix has dimensions of ex = 260 x em = 1024. 

To obtain the absolute two-photon cross-section values of the components contained 
in a mixed sample, the 1PEF excitation-emission spectra were also collected under 
analogous conditions as for 2PEF and were again decomposed using MCR-ALS to obtain 
the pure form spectra. These decomposed 1PEF EEM signals are used to correct for the 
differential quantum efficiency of sample and reference, as described in chapter 3.6.  

The technique mentioned above applied MCR-ALS decomposition to only a single 
sample-reference pair at a time, however, an alternative method was also used to 
validate the obtained spectra. Multiple samples with varying pH were compiled into a 3D 

array (sample pH ⨯ ex ⨯ em), using scaling index X that unfolds dimensions of the 

sample S(pH) and ex into a single dimension. As a result, a larger 2D matrix can be 

formed (X (pH, ex) ⨯ em) and decomposed with a single MCR-ALS method. In other 
words, essentially, multiple excitation-emission matrices were cropped and aligned to 
match the emission wavelengths, creating a much larger excitation-emission matrix, 
which was decomposed in a single optimization step. In this case, AR was additionally 
solved during MCR-ALS optimization, initially set to 1, but allowed to vary for each 
sample-reference pair. In total, there were 57 pairs, corresponding to an additional  
57 AR parameters. Finally, as this multi-sample method displayed good agreement with 
the single-sample method described earlier, the excitation spectral profiles obtained 
with both methods were averaged. 
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3 Aim of the study 

One of the most widely used applications of the 2PA phenomenon is two-photon excited 
fluorescence microscopy (2PEFM). Multiphoton excitation offers several advantages 
compared to standard 1-photon excitation, such as superior sample penetration depth 
and improved 3D resolution [50]. Because the intrinsic fluorescence of biological tissues 
and cells is generally low, one typically introduces probes, such as organic fluorophores,  
to facilitate the imaging. Traditionally, efforts in developing new 2PEFM fluorophores have 
been focused on obvious attributes, such as increasing the 2PA cross-section, especially at 
wavelength matching the so-called tissue transparency window (𝜆2PA = 750 – 900 nm) [51], 
improving the fluorescence quantum yield, higher photostability, etc.  

While addressing these parameters remains important, it is becoming equally critical 
that new kinds of probes are developed endowed with specific sensing and quantitative 
reporting capabilities. The ability to quantify pH and/or concentration of different ions 
are of particular interest. In addition to the above, it is also desirable that the new  
2-photon fluorophores would display selective affinity to particular cellular compartments, 
such as cell membrane, nuclei, etc. 

Numerous studies have separately addressed the issues of 2PA  efficiency, pH 
sensitivity, and lipophilicity, but only a few examples combine these properties in one 
functional quantitative probe [52]. Some promising fluorophores were discussed in [53], 
[54], [55]. In [53], designed molecules with a lipophilic fluorene core that enabled 
efficient cell membrane staining and showed high two-photon brightness (174 and  
276 GM for basic and acidic solutions, respectively). A very similar molecule is also 
introduced by Werts et al. [56] with even higher reported 2PA cross-section values. 
However, because the comprehensive characterization of 2PA properties is often difficult, 
2PA optimization has been typically limited only to a single wavelength or very narrow 
excitation region. Thorough photo-physical characterization is particularly important 
because certain spectral variations may be also resulting from local environmental 
changes, thus mistaken for a pH shift. 

As already pointed out in the current Thesis, inversion-symmetry is a strong influencer 
in framing the 2PA response. Accordingly monitoring 2PA variations caused by symmetry 
change has been suggested for sensing pH. Pond et al. observed a significant reduction 
of the 2PA cross-section upon binding of Mn ions to crown-ether compounds [57].  
Additionally, a blue shift of the 1PA spectra occurred. These observations were 
interpreted as decreasing the degree of intramolecular charge transfer in the 
chromophore due to the deactivation of the nitrogen lone-pair donor group at the 
binding site. Huang et al. reported a similar behavior with molecules obtained from  
3,9-dithia-6-azaundecane, designed to detect silver ions [58]. Another related  
bipyridine-centered donor-acceptor-donor inversion symmetric type fluorophores were 
reported by Divya et al. [59] and Li et al. [60], which displayed enhancement of the  
2PA cross-section upon binding of Zn2+. 

The work by Daniel et al. [53] reports a centro-symmetrical bolaamphiphilic (i.e., 
amphiphilic surfactants with two hydrophilic groups separated by a long hydrophobic 
chain) quadrupoles with a lipophilic fluorene core and two symmetric pH-sensitive 
acceptor end-groups. After adding HCl acid or NaOH to the solution, the 2PA bands  
red-shifted, which authors interpreted as increasing the electron-withdrawing strength 
of the terminal moieties. However, no distinction between single- and double-protonation 
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steps was reported, and neither was the vibronic structure of 2PA transitions discussed 
or evaluated.  

Numerous preceding studies as well as experiments described in this Thesis show that, 
when the 2PA spectra are measured with sufficiently high quality, then deviations from 
the Laporte rule may be noted [5]. Such that nominally parity-forbidden transitions are 
still present in the 2PA spectra. 

As summarized above, most previous studies of symmetry-changing 2PA systems 
were focused on specific applications and did not address or clarify the complex 
underlying photophysics. As we will show in this Thesis, in order to get a clear quantitative 
understanding of the protonation effect on the chromophore's symmetry, detailed 
characterization of vibronic transitions are of utmost importance. 

Quantitative sensing of pH, of course, implies that the relation between two-photon 
characteristics and acidity-basicity of the environment is comprehensively known and 
understood. In our view, there are two different approaches toward this goal. In the first 
case, one takes advantage of the circumstance that attaching a proton often has the 
effect of changing the conjugation pattern inside the fluorophore, which in turn, may 
result in some changes in absorption- and emission parameters such as variation of 
intensity and/or shifts of peak wavelengths. This type of pH-sensitivity is rather common 
and is not related to the unique photophysical properties of the two-photon process.  
In this case, the 1PA and 2PA spectra change, if not in exact proportion to one another, 
then often in a very similar manner.  

The second approach, studied for the first time by the author of this Thesis, takes 
advantage of the Laporte rule in inversion-symmetric fluorophores. Indeed, if the 
protonation could change the underlying molecule symmetry, e.g., by switching the 
inversion symmetry on or off, then that would result in profound changes in the relative 
spectroscopic signals of 1PA and 2PA. It is worth underlining that change of symmetry 
may or may not be accompanied by substantial changes in the conjugation, thus making 
the second approach potentially more suitable for quantitatively determination of pH. 

In this Thesis, we investigate both of these different approaches. First, we study how 
protonation changes the 1PA, 2PA, and fluorescence emission properties of a series of 
dipolar molecules (non-centrosymmetric). Samples are derived from Coumarin 151 by 
adding a single preferred protonation site. These chromophores comprise a phosphazene 
moiety with high lipophilicity in both neutral and protonated forms. We measure the acid 
titration 1PA and 2PA spectra of the neutral and (single) protonated structures and 
present a detailed quantitative picture of the observed behaviors. 

In the second part, we perform the protonation of a nominally inversion-symmetric 
pyrrolopyrrole with two equivalent and symmetric protonation sites. While the neutral 
chromophore and its double-protonated version possess inversion symmetry,  
the attachment of just one proton (single protonation) causes the nominal inversion 
symmetry to be lowered or broken, thus altering the Laporte selection rule. However,  
in reality, especially in large organic fluorophores, drawing a clear distinction between 
the symmetric- and non-inversion symmetric two-photon spectra is often obscured due 
to prevalent vibronic interactions. We address this issue by performing a detailed 
experimental and theoretical evaluation of vibronic contribution to the 1PA and 2PA 
transitions. This allows us to recast the Laporte rule in a more comprehensive way, thus 
paving the way for the quantitative determination of pH from observed changes in the 
2PA vs. 1PA ratio. 
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4 2PA study of protonation effects in novel organic 
chromophores 

4.1 Spectroscopic characterization of lipophilic coumarins: 
Measurement of titration spectra 

Figure 18 shows the linear absorption spectrum of the modified coumarin C2 (chemical 
structures shown in Figure 7 on page 28) in acetonitrile upon titration with HCl.  
The titration experiment was conducted to see protonation effects in 1PA spectra.  
The investigation also provided knowledge about the chromophore's reaction 
equilibrium and solubility. The absorption spectrum of the neutral form is marked with a 
blue line. The lowest-energy transition with the peak at λ1PA ~395 nm is identified as the 
S0 →S1 transition, most likely (see below) comprising multiple overlapping vibronic 
components. The second prominent future of the neutral form spectra is a shoulder at 
λ1PA ~ 260 nm, and the steep increase at λ1PA <250 nm is due to higher-energy excited 
singlet states. Also, it should be noted that, in the neutral form spectrum, there is no 
vibronic progression at λ1PA ~270 nm characteristic of isolated phenyls.  

 

Figure 18: 1PA titration spectra of C2 with diluted HCl in acetonitrile. Neutral form (blue line) and 
fully protonated form (red line), and intermediate curves (black line). Black arrows indicate change 
upon dropwise addition of the diluted acid. The green line marks the curve where the neutral and 
protonated form are in equal concentrations, and the pH value corresponds to the pKa value of 15.2 
[38]. Estimated pH values derived from the amount of added acid and assuming an 
organic/aqueous mixture. pH values in ACN could be obtained by applying an offset of 11.4, 
assuming linearity. 
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Upon gradual addition of diluted HCl, the absorbance of the neutral form decreases 
while the absorbance of a new species, which we attribute to the singly protonated form, 
increases. The fully protonated form is marked with a red line. The intermediate titration 
curves are shown as solid black lines. The green curve marks the level of titration where 
the neutral and the protonated forms are at equal concentrations, corresponding to the 
pKa value for an organic/aqueous mixture (i.e. intracellular conditions) of 3.79 [38].  
The pH values shown on the right are calculated based on added acid concentration, 
assuming complete dissociation and an aqueous solution. Previous measurements in 
acetonitrile have indicated a pKa of 15.2, indicating a solvent offset of  +11.4. This large 
difference in estimated pKa corresponds to the stabilization of protons in a hydrogen 
bonding environment compared to an aprotic solvent. 

In the protonated C2, the S0 →S1 maximum blue-shift to λ1PA ~330 nm, while the peak 
molar extinction decreases from 24400 M–1cm–1 in the neutral form to 15300  M- 1cm–1. 
The pH of the fully protonated solution in ACN is estimated to be ~15.0. We also note the 
absence of the shoulder at, 𝜆1𝑃𝐴 ~260 nm, and the appearance of a clear phenyl-like 
vibronic progression around 𝜆1𝑃𝐴 ~270 nm. The existence of clear isosbestic points at 355, 
275, and 235 nm indicates stoichiometric conversion between the neutral and singly 
protonated species.  

The isosbestic points also indicate that both the protonated and neutral form are 
stable in acetonitrile. While this initial titration was carried out with concentrated 
aqueous HCl, later experiments used purified triflic acid to exclude potential artifacts 
caused by the presence of water molecules. The photostability of acid and base forms 
was assessed by conducting 1PA absorbance measurements over a prolonged time of 
several hours or days. 

Quantum chemical calculations offer further useful insight of the 1PA spectra. The top 
panel of Figure 19 shows the calculated purely electronic transitions, represented with 
the red and blue sticks for protonated and neutral forms, respectively. The stick height 
represents the transition's oscillator strength. The calculations place the S0 → S1 

absorption of the neutral form in acetonitrile solution at 𝜆1𝑃𝐴 = 400 nm and with the 
oscillator strength, f = 0.56. These results correlate very well with the experimental 
values of 𝜆1𝑃𝐴 = 395 nm and f = 0.47, fully validating the above assignment of the  
lowest-energy band as S0 → S1. The calculations also reproduce well the higher-energy 
region of the neutral form spectrum, showing several closely spaced energy levels at  
𝜆1𝑃𝐴 <230 nm.  
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Figure 19: Comparison of the calculated and experimentally measured 1PA spectra of C2 in 
acetonitrile. Top panel: Neutral (blue) and protonated (red) absorbance spectra (solid lines); 
calculated electronic transitions are represented with vertical sticks. Bottom panel: The same 
absorption spectra (solid lines) compared to calculated vibronic transitions (vertical sticks) for  
S0 → S1 and vibronic transitions convolution with a Gaussian (black dashed line). 

The calculated S0 → S1 transition wavelength of the protonated form, 𝜆1𝑃𝐴 = 329 nm, 
matches well the experimental value, 𝜆1𝑃𝐴 = 330 nm. The computed oscillator strength 
values of the protonated forms are somewhat higher compared to the experimental 
data, f = 0.47 and f = 0.34, respectively. The onset of the strong absorption at the blue 
edge of the experimental 1PA spectrum of the protonated form coincides with the 
calculated S12 excited state located at λ1PA ~230 nm, followed by further strongly 
absorbing states at even shorter wavelengths. 

The lower panel of Figure 19 compares the measured 1PA profiles of the neutral and 
protonated C2 to the calculated vibronic transitions for the lowest electronic band,  
S0 → S1. In Franck-Condon and Herzberg-Teller (FCHT) approximation, i.e., the first two 
of Taylor terms expansion Equation (15). We see that in both the neutral and the 
protonated forms 0-0 component has a higher peak intensity than the multiple vibronic 
transitions. However, after convoluting the calculated stick spectrum with a Gaussian 
(dashed lines), the theoretical and experimental profiles become rather close, especially 
after allowing a small ~10 nm redshift to better match with the experiments 
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inhomogeneously broadened profile. Additionally, in the case of vertical electronic 
transition calculation, excited state geometry is not changed compared to the ground 
state. In contrast, for vibronic calculations, the excited state geometry is optimized in the 
0-0 transition, thus lowering the energy compared to a purely electronic transition. 

Figure 20 presents the experimental 1PA and 2PA cross-section spectra of the four 
coumarin 151 derivatives, C1–C4, and the parent coumarin 151 (C151). The spectra were 
obtained in two solvents, acetonitrile (left panel) and n-octanol (right panel), which we 
selected to emulate, respectively, a polar and lipid bilayer-like environment.  

The 2PA spectra (colored circles, left vertical axis) were measured in the wavelength 
range of λ2PA = 550 – 1000 nm. The wavelength of corresponding linear molar absorptivity 
spectra (solid line, right vertical axis, upper horizontal axis) is scaled as λ1PA = 1/2∙λ2PA. 
Blue and red represent the neutral and fully protonated forms, respectively. 

 

Figure 20: 1PA (blue and red lines) and 2PA (blue and red symbols) spectra of the four lipophilic 
derivatives, C1–C4, and the parent C151, in neutral acetonitrile (blue) and in acetonitrile with  
~0.3 M of triflic acid (red) on the left column and in neutral (neat) n-octanol and in n-octanol with 
the addition of ~0.3 M triflic acid. Black lines represent the estimated change of the permanent 
dipole moment (Δ𝜇) values for the neutral forms.  
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Table 2 collects the measured peak 1PA and 2PA wavelengths, corresponding linear 
peak extinction coefficients, and σ2PA values for each coumarin sample. The calculated 
1PA peak wavelengths and peak σ2PA values are shown for comparison. Two important 
observations are present: First, all four neutral phosphazene-modified structures display 
in ACN a marked 60 – 80 nm red-shift of the S0→S1 band, compared to the parent C151. 
The amount of this shift increases with the count of attached pyrrolidine groups. Similar 
changes have been observed for azaphosphane modifications in other systems, implying 
these groups are proficient electron donors  [61]. In non-polar n-octanol, a slightly 
smaller (~40 nm) red shift is observed but without noticeable dependence on the specific 
phosphazene structure. The solvent polarity-dependent shifts indicate that these 
chromophores possess a non-vanishing permanent electric dipole moment in the ground 
electronic state. Overall, the redshift and slight increase of the oscillator strength suggest 
extended conjugation compared to C151. 

In acetonitrile solution, the observed redshift correlates to increasing the number of 
attached pyrrolidines, while a slight enhancement of 1PA and 2PA cross-section (17 to 
21 GM) is seen for the mixed-phosphazene structures.  However , in neutral n-octanol, 
the peak σ2PA values essentially coincide for all the derivatives C1–C4, σ2PA = 16 GM 
independent of the substituents. This difference in behavior may be attributed to 
different polarity of the solvents but could also indicate some reaction occurring 
between ACN and Ph and Pyrr groups, whereas n-octanol has no such effect. A second 
important observation that follows from the spectra presented in Figure 20 is that in all 
neutral forms the lowest-energy 2PA peak coincides with the S0→S1 band maximum in 
the corresponding 1PA spectrum (max λ2PA = 2∙ max λ1PA). Furthermore, the measured 
2PA excitation profile closely follows the shape of the 1PA spectrum, especially on the 
red-wavelength side of the band. From this empirical data and the fact that the 
coumarins under study lack inversion symmetry, we conclude that the 2PA band 
observed in the 700 – 900 nm region must also be due to the S0→S1 transition.  
In particular, the neutral forms of C2 in ACN have peak σ2PA = 19±1.5 GM at λ2PA = 790 nm, 
and in n-octanol, peak σ2PA = 16±1.3 GM at λ2PA = 795 nm, which both match the 
corresponding 1PA peak wavelength at 395 nm and 398 nm. 

The quantitative correspondence between the S0 → S1 2PA and 1PA spectral profiles 
indicates that the 2PA spectrum is well described by the same Franck-Condon factors as 
in the case of 1PA, as given by the first term in Equation (23). In this case, using a  
two-level approximation of 2PA is well justified, and we may apply Equation (25) to 
estimate the value of Δμ ≈ 6 D in ACN and slightly less, Δμ ≈ 5.5 D in n-octanol. The parent 
C151 shows lower σ2PA = 7 GM and σ2PA = 9.4 GM in ACN and n-octanol, respectively. 
Additionally, the permanent dipole change is also lower, Δμ ≈ 5 D. These values are 
shown in Figure 20 by the black line and the average value is also collected in Table 2, 
along with quantum chemically calculated values.  

It was also noted that the neutral forms display a distinct two-photon allowed 
transition at 600 – 630 nm. The fact that this transition is not readily identifiable with any 
feature in the corresponding higher-energy portion of the 1PA spectra aligns well with 
previous observations reported for related coumarins [3], [37]. This band also matches 
well with several transition energies predicted by quantum chemical calculations,  
which were anticipated to have low 1PA oscillator strength. 
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Table 2: Summary of experimental and calculated 1PA/2PA photophysical parameters. 

Compound λ1PA max, nm εM, M
–1cm

–1 σ2PA max, GM (λ2PA, nm) Δμ, D (S0 → S1)  

 Exp Calc Exp Exp Calc Exp Calc 

 acetonitrile 

C151 366 366 16400 7 (735) 8[a] 4.5 6.6 

C1 393 396 22100 17 (785) 16[b] 5.8 6.5 

C2 395 400 24400 19 (790) 15[b] 5.9 6.4 

C3 399 400 23500 21 (805) 18[c] 6.2 7.5 

C4 407 406 20000 19 (820) 23[d] 6.5 8.3 

C151-
PROT 

314, 270 309, 271 4800, 9800 – – – 3.4, 4.9 

C1-PROT 330 328 14500 3 (664) 6[e] 3 4.8 

C2-PROT 330 329 15300 3 (663) 6[f] 3 4.8 

C3-PROT 332 330 15600 4 (664) 7[f] 3 5.2 

C4-PROT 333 331 15000 4 (664) 7[g] 4 5.6 

 n-octanol 

C151 383 365 17044 9.4 (775) 8[a] 4.9 6.3 

C1 397 397 22100 16 (795) 16[b] 5.3 6.1 

C2 398 400 22900 16 (795) 15[b] 5.3 6 

C3 397 401 21100 16 (795) 20[c] 5.5 7.2 

C4 398 406 20400 16 (795) 25[d] 5.6 8 

C151-
PROT 

316, 276 308, 269 4773, 8959 – – – 3.0, 4.3 

C1-PROT 334 327 15000 3 (685) 6[e] 3 4.4 

C2-PROT 335 328 15600 4 (685) 6[f] 3 4.4 

C3-PROT 336 329 15700 4 (685) 6[f] 4 4.7 

C4-PROT 338 329 16200 5 (695) 7[g] 4 5.2 

 
Next, we consider how the 1PA and 2PA spectra are affected by adding a saturating 

amount of triflic acid to the solution. These spectra are shown in Figure 20 as red lines 
and red symbols. The protonation causes the S0 → S1 1PA band of C1–C4 to shift 
hypsochromically by as much as ~75 nm. At the same time, the extinction coefficient 
decreases by 20 – 30%, whereas the spectrum of C151 splits into two bands at 325 nm 
and 270 nm. In the 2PA cross-section spectrum, the protonation has an equally dramatic 
effect. Additionally, the peak σ2PA in C1–C4 is reduced by almost a factor of 4 to 6. For 
example, in C2 in ACN solution the peak cross-section is reduced from 19 GM to 3 GM.  

Although the overall blue shift of the 2PA S0 → S1 band appears to follow that of the 
1PA spectrum, we observe that the measured 2PA band profiles show a certain deviation 
from corresponding 1PA band profiles. Details and the potential origin of these 
discrepancies will be discussed in section (4.1.1) below. 

2PA of C151 has been studied earlier in ethanol solution, however, the reported  
peak values seemed to be rather inconsistent, 𝜎2𝑃𝐴 = 47.1 GM (754 nm) [62], 𝜎2𝑃𝐴 = 14.5 
(694 nm) [63], and 𝜎2𝑃𝐴 = 88 GM (760 nm) [64], most likely due to different measuring 
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techniques. Our measured values for C151 in octanol and ACN are presented in Appendix 
6 and could potentially be used as future reference standards. 

Another interesting feature observed in Figure 20 is that in the short wavelength 
region, λ1PA ~250 – 290 nm, the protonated forms of C1–C4 show a distinct series of peaks 
resembling a vibronic progression. Figure 21 expands and compares this particular 
section of C2 in ACN (solid line) to the absorption spectrum of phenol in hexane, dashed 
line [65]. Based on the close similarity of these two structures, we attribute the observed 
features to the vibronic spectrum of individual attached phenyls in C1–C4. However,  
as a similar structure is also visible in C4 in n-octanol, this effect could not be just due to 
phenyls but must also include pyrrolidines. Further investigation would be needed for a 
better understanding of this phenomenon. 

 

 

Figure 21: C2 in acidic ACN solvent (solid black line) compared to phenol dissolved in hexane (black 
dashed line). 

4.1.1 On potential causes of apparent mismatching between the spectral 
profiles of 1PA and 2PA of S0 → S1 transition in protonated C1–C4 

A number of strongly dipolar chromophores, including several coumarins, show a close 
match between the lowest electronic transition’s 2PA and 1PA spectral profiles [66]. 
Above, we discussed that this is indeed the case for the neutral chromophores C1–C4.  
To further emphasize this finding, Figure 22 shows these profiles for neutral C2 in 
acetonitrile plotted on a logarithmic scale. We see that the profiles match very closely 
indeed, such that the ratio of σ2PA/ε1PA (dash line) remains nearly constant over more 
than three orders of magnitude change of σ2PA value in the 700 – 950 nm range. 
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Figure 22: Comparison of 2PA and 1PA of neutral C2 in ACN, 2PA blue circles, 1PA blue line, σ2PA/ε1PA 

ratio dash line. 

However, in protonated chromophores there is notably less  spectral agreement. 
Figure 23 presents the experimental 1PA (line) and 2PA (red symbols) spectra for C2 with 
0.3 M triflic acid in acetonitrile and n-octanol solvents and shows a noticeable relative 
redshift of the 2PA profile. Magenta-colored columns represent the calculated electronic 
transition wavelengths and oscillator strengths (f).  
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Figure 23: Expanded view of the experimental 1PA (line) and 2PA (red symbols) spectra for C2 with 
0.3 M triflic acid, in acetonitrile and n-octanol, compared to calculated wavelengths and oscillator 
strengths (f) of electronic transitions for the monomer (magenta) and dimer (orange) optimized 
structures. Circled transition oscillator strengths are multiplied with indicated value for visibility. 

Upon close inspection of the 2PA spectra in ACN (upper panel Figure 23), we observe 
two overlapping bands, with the maxima at λ2PA = 605 and 663 nm, accompanied by a 
shoulder near λ2PA = 705 nm. In n-octanol, the middle band appears red-shifted and 
merged with the shoulder. Even though the 1PA spectrum in n-octanol also seems to 
display a weak low-energy shoulder at λ2PA ~720 nm (λ1PA ~ 360 nm), such a feature is 
practically absent in acetonitrile. 

Even though satisfactory explanation of this behavior is currently lacking, we have 
investigated a few potential hypotheses as described below. 

Our theoretical calculations of the 1PA electronic spectra (magenta bars in Figure 23)  
indicate no excited state below S0 → S1, thus excluding the possibility of 2PA due to such 
states. 

However, if one would consider formation of dimers, then such red-shifted state 
becomes a possibility. Orange bars in Figure 23 show the calculated wavelengths on and 
oscillator strength of electronic 1PA transitions in a hypothetical dimer of protonated C2 
in ACN and n-octanol. In both cases, there is a red-shifted excited state, although the 
predicted 1-photon oscillator strength is much smaller than our observations would 
imply.  

To further elucidate the possibility of dimerization we conducted concentration-
dependent NMR studies of protonated C2 ACN solution. Indeed the NMR spectra 
confirmed the formation of dimers but only at concentrations ≳3 mM, while the 2PA 
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spectra were recorded at a much lower concentration, ~10 µM [67]. The negative finding 
also correlated with the linear absorption measurements, which did not show any 
evidence of dimers in the concentration range of 0,04 mM to 12 mM. 

An alternative explanation for the 2PA red shift could be related to a tendency of ACN 
to chemically react with acids and certain other solutes [68]. In our experiments with 
acetonitrile triflic acid mixtures, we noticed the occurrence of some kinetic behavior over 
time slight rise in the absorbance at short wavelengths <300 nm, which could be 
explained by acetonitrile reacting with the triflic acid. In addition, it is acknowledged that 
acetonitrile may react with other acids as well, and products may contribute to 
secondary reactions [69]. However, such behavior has not been reported in n-octanol, 
thus rendering chemical instability an unlikely explanation for the 2PA red-shift. 
Nevertheless, these effects are worth considering when studying chromophores in 
acetonitrile acid mixtures. 

4.1.2 Fluorescence emission quantum yield and two-photon brightness  
Figure 24 shows the fluorescence emission spectra and the fluorescence excitation 
profiles of the studied chromophore in acetonitrile and n-octanol solution. The emission 
spectra were recorded with the excitation tuned to the maximum 1PA wavelength, as listed 
in Table 3. The excitation spectra were collected at the corresponding fluorescence 
emission peak wavelength. Good overlap (within 10%) between the excitation profiles 
and the corresponding one-photon absorption spectra confirmed the validity of Kasha’s 
rule. 

 

Figure 24: Normalized excitation (dashed lines) and emission spectra (solid lines) for C1 (cyan), C2 
(magenta), C3 (blue) and C4 (red) in acetonitrile and n-octanol, in neutral (neat) solvent, and with 
the addition of triflic acid. 
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In our case, the Stokes shift constitutes as much as 80–120 nm for the neutral forms 
and 70 – 80 nm for the protonated versions and in both solvents, which is typical to 
strongly dipolar chromophores such as coumarins. 

Interestingly, we see a deviation from the mirror-image law on the lowest panel in 
Figure 24. Where the emission spectra of compounds in acidic n-octanol display what 
appears as a peak at ~480 nm, whose relative amplitude seems to correlate with the 
count of attached phenyl groups. The 480 nm emission bands may indicate an additional 
excited state deactivation pathway involving proton transfer from the molecule to the 
solvent. This hypothesis is supported by the fact that we do not see a similar effect in 
ACN, as in the latter solvent, such charge transfer is less likely due to higher redox 
potential. One might assume that the 480 nm peak may be due to residual neutral form, 
but this is not endorsed by the measured 1PA and fluorescence excitation spectra, where 
there is no sign of neutral species. 

In addition to the steady-state fluorescence, we performed time-correlated single-
photon counting (TCSPC) measurements of nanosecond time-resolved emission kinetics, 
shown in Appendix 7, that support the proton transfer hypothesis. Also, a quick study on 
solvent dependence of C3 was conducted, summarized in Appendix 9. 

It is common to characterize fluorophores for two-photon microscopy in terms of their 
two-photon brightness, expressed as, 

 𝐵2𝑃𝐴 = 𝜎2𝑃𝐴
𝑚𝑎𝑥 ∙ 𝜙

𝑒𝑚
, (42) 

where 𝜎2𝑃𝐴  is the peak 2PA cross-section (in GM) and 𝜙𝑒𝑚 is the fluorescence quantum 

yield. We measured the fluorescence emission quantum yields of C1–C4 in acetonitrile 

and octanol solvents, following the procedure described in the experimental methods 

section. The results are summarized in Table 3. 

Table 3: Summary of the experimental fluorescence maximum wavelengths (nm), emission 
quantum yields, two-photon brightness values (GM), and Stokes shift (cm–1) of C1–C4 and parent 
C151 in neutral and protonated ACN and octanol solutions.  

Compound 

Neutral  Protonated 

𝜆𝑒𝑚 𝜙𝑒m 𝐵2𝑃𝐴 
Stokes 
shift 

𝜆𝑒𝑚 𝜙𝑒m 𝐵2𝑃𝐴 
Stokes 
shift 

acetonitrile 

C151 463 0.57 4 5724 411 0.02 0.06 7516 

C1 487 0.65 11 4911 411 0.02 0.07 5972 

C2 492 0.65 12 4991 411 0.02 0.06 5972 

C3 508 0.62 13 5378 412 0.04 0.16 5849 

C4 519 0.54 10 5302 413 0.06 0.24 5817 

n-octanol 

C1 489 0.74 11.5 4739 403.5 0.12 0.39 5157 

C2 495 0.72 11.6 4924 412 0.09 0.32 5579 

C3 506 0.71 11.4 5426 415 0.1 0.34 5666 

C4 514 0.64 10.3 5670 417 0.13 0.5 5605 
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As presented earlier, the protonation substantially blueshifts the peak 2PA 
wavelength and also reduces the peak cross-section value. The quantum yield of C1–C4 
in the neutral solvents is relatively high, 𝜙𝑒m = 0.54 – 0.74, while the corresponding  
two-photon brightness is also relatively high B2PA = 10 – 13 GM. Our two-photon 
brightness values are comparable to those reported earlier by Luo et al. [70] for some 
related phosphazene-modified coumarins, which also showed a red-shifted 1PA spectra 
and increased molar absorptivity.  

Protonation causes a considerable drop of the quantum yield, 𝜙𝑒m = 0.09 – 0.13,  
and it also reduces the 𝜎2𝑃𝐴, value. As a result, the two-photon brightness of the 
protonated forms is reduced by a factor of 50 to 100, B2PA = 0.3 – 0.5 GM, for the  
n-octanol. In the case of an ACN, this decrease is even more drastic, 𝜙𝑒m = 0.02 – 0.06, 
and B2PA = 0.06 – 0.24 GM. Furthermore, the emission of the mother compound, C151, 
protonated form in both solutions, was nearly completely quenched. The reason for low 
fluorescence emission can be related to the very flexible NH2 group, which is attached to 
the benzopyrone moiety by a single bond. Thus, it is expected that the excited dye 
molecules can dissipate the excess energy very fast to the solvent bath in a non-radiative 
way through the flip-flop motion of the NH2 group [43].   

Even though higher B2PA values would remain desirable, coumarins relatively low two-
photon brightness is still reasonably sufficient for less demanding imaging applications, 
see below. 

4.1.3 Preliminary fluorescence microscopy studies 
To fully implement chromophores in practical applications, further research is needed. 
At the current state, some preliminary studies are already under investigation. The first 
step is to look at chromophore’s ability to stain cells and whether it can be done in a 
solvent buffer mixture that is acceptable for the living cells. For preliminary studies,  
C6 rat astrocytes cells were stained with five µg stock solution in 5 mL in a PBS puffer. 
The stock solution was prepared by mixing 0.446 mg of dye (C3) with 446 µL DMSO. Rutt 
Taba in NICBP prepared samples. Imaging was done with one photon excitation Olympus 
Fluoview FV10i-LIV confocal laser-scanning microscope. Images were taken with 
excitation at 405 nm, and emission was collected at 455 nm. Results are shown in Figure 
25, where on the left panel are control cells with no added dye, with no detectable 
fluorescence signal, and on the right panel, cells stained with C3 are clearly visible.  
The experimental setup did not allow the complete separation of fluorescence from dye 
in neutral or acidic environments. As preliminary results, C3 showed good staining 
efficacy in a solvent mixture suitable for studying living cells.  
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Figure 25: C6 rat astrocytes cells under fluorescence microscope a) control with no added dye,  
b) cells stained with C3 in DMSO and PBS buffer mixture. 

4.2 On-off-on control of molecular inversion symmetry via multistage 
protonation 

4.2.1 Photophysical properties of pyrrolopyrroles  
The main objective of this Thesis is to demonstrate how protonation affects the 2PA and 
2PEF characteristics of organic fluorophores depending on their intrinsic symmetry. The 
coumarins described in the preceding section represent inherently non-centrosymmetric 
fluorophores, where the presence or absence of attached protons does not affect the 
underlying symmetry. In the following, we focus on fluorophores with nominally 
inversion-symmetric structures and where the protonation formally changes the 
molecular symmetry. As a representative class of such fluorophores, we chose 
pyrrolopyrroles, one of the most electron-rich heterocycles among aromatic two-ring 
systems [71]. The pyrrolopyrroles have previously shown high peak 2PA cross-section 
values, in some cases over 1000 GM units [4]. The latter molecules also possess strong 
1PA transitions in the visible wavelength region, high fluorescence yield, good stability, 
etc. [72], [73], [71]. As an example of characteristic 1PA and 2PA spectroscopy of these 
compounds, we first consider a novel pyrrolopyrrole 1a structure shown in Figure 9.  

Figure 26 shows the linear absorption and fluorescence emission spectrum of 1a in 
toluene. Compared to the parent 1,2,4,5-Tetraarylpyrrolo[3,2-b]pyrroles (TAPPs) [40], 
the absorption maximum of 1a is bathochromically shifted by as much as 155 nm.  
At λ1PA = 450 – 550 nm, the vibronic progression of 1PA transition to the first excited 
state, S1, can be seen. It is composed of a 0-0 peak at λ1PA = 502 nm with a corresponding 
maximum extinction coefficient value of 42500 M–1cm–1, followed by a second peak,  
0-1, at λ1PA = 474 nm and a shoulder, 0-2, at λ1PA ~ 440 – 455 nm. Higher-energy electronic 
transitions S0 → S3 and S0 → S4 can be seen at λ1PA = 408 nm and λ1PA = 380 nm, with the 
maximum extinction coefficient values of 20 000 M–1cm–1 and 26800 M–1cm–1, 
respectively. The fluorescence emission spectra show a relatively small Stokes  
shift, 730 cm–1, along with the mirror image of the S0 → S1 absorption with peaks,  
λem 0-0 = 521 nm, λem 0-1 = 552 nm and a shoulder at λ1PA ~ 590 – 620 nm.  
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Figure 26: Pyrrolopyrrole 1a absorbance (solid line) and normalized fluorescence emission (dash 
line) in toluene, along with the assigned vibronic transitions. Twelve chromophores with related 
structures were studied [40].  

Figure 27 shows the 2PA cross-section spectra of 1a in toluene (symbols, lower 
horizontal scale), superimposed for comparison with the 1PA spectral profile (upper 
horizontal scale) reproduced from Figure 26.   

 

Figure 27: 2PA cross-section spectra (symbols) of 1a in toluene presented on linear (left panel) and 
logarithmic (right panel) scale. Blue lines 1PA spectral shape (blue symbols) absolute 2PA cross-
section values (black symbols) in toluene. Absolute 𝜎2𝑃𝐴 values were determined in the λ2PA = 780 – 
850 nm range (black symbols)relative to selected reference standards [37] and the results were 
averaged. 

There are two most prominent two-photon transitions, both are at higher energies, 
well above the lowest-energy one-photon allowed S0 to S1 transition. A single band  
with the peak 2PA cross-section of 104 GM is observable at λ2PA = 690 nm, and a feature 
consisting of a broad double peak with a maximum 2PA cross-section of 45 GM is  
located at λ2PA = 820 nm. The right panel of Figure 27 presents the S0 → S1 vibronic 2PA 
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band on a logarithmic scale. According to the Laporte rule, inversion symmetry forbids 
purely electronic S0→S1 transition. Still, there is a slight shoulder observable at,  
λ2PA = 915 – 1070 nm with 𝜎2𝑃𝐴 ~ 2.5 GM. Possible origins of this feature will be discussed 
in detail in the following section.  

Quantum chemical calculations performed by Dr. Jacquemin [40] provide support for 
the above spectral assignments and are collected, along with the experimental results, 
in Table 4. Even though the calculated electronic S0→S1, S0→S2, S0→S3, and S0→S4, 
transitions wavelengths are blue-shifted by as much as, ~60 nm, with the corresponding 
oscillator strengths relative values are still in good agreement with the experiment.  
The calculated fluorescence emission maximum, 493 nm, is also positioned at higher 
energy than the experimental findings, 521 nm. A relatively large mismatch between the 
computational energies compared to experimental results can be related to the 
particular nature of these boron-containing systems [74], [40]. The 2PA band between 
800 nm and 900 nm is most likely related to the S0→S2 transition that is dark in 1PA and 
gives the calculated peak 2PA cross-section of, 𝜎2𝑃𝐴 = 94 GM, which is approximately two 
times larger than the experimental value, 𝜎2𝑃𝐴 = 44 GM.  Since current calculations do 
not account for vibrational motion of the chromophore, then due to the assumed 
inversion symmetry, the theoretical 𝜎2𝑃𝐴  for the S0→S1 transition identically vanishes. 

Table 4: Comparison between experimental and quantum chemically calculated photophysical 
parameters of 1a. 

𝑇𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝜆1𝑃𝐴 𝑚𝑎𝑥, 𝑛𝑚 𝜀, 𝑀−1 𝑐𝑚−1 𝑓 𝜎2𝑃𝐴, 𝐺𝑀 (𝜆2𝑃𝐴, 𝑛𝑚) 𝜆𝑒𝑚, 𝑛𝑚 

 Exp Calc Exp Calc Exp Calc Exp Calc 

 S0→S1 502 442 42 500 0.86 2.5 (1004) 0 521 493 

 S0→S2 – 352 – 0 44 (820) 94 (704) – – 

 S0→S3 408 351 20 000 0.42 42 (816) 0 – – 

 S0→S4 380 322 26 800 0.26 29 (760) 0 – – 

4.3 Multi-stage protonation in a novel inversion symmetric 
pyrrolopyrrole 

The pyrrolopyrrole described in the previous section lacks obvious binding groups or sites 
that could facilitate the attachment of a proton, or, for that matter, any other charged 
species, such as a metal ion [58], [59]. In order to gain such desired functionality, we,  
in collaboration with Dr. D. Gryko, designed a modified fluorophore (3,6-bis-(2-tert-
butylpyridin-4-yl)-diketopyrrolopyrrole (PDP)) shown in Figure 28. The molecule features 
two symmetrically- placed pyridyl substitutions, such that the corresponding outermost 
pyridyl nitrogens could act as protonation sites. 

In a neutral solvent such as methanol, the neutral form of the fluorophore would 
dominate as the pyridine groups are weakly basic, and not favorable for attaching or 
binding a proton. It is expected that addition of some acid to the solution would cause 
one proton to bind at one of the two sites (single protonation), while further increase of 
the acid concentration will eventually lead to both sites binding a proton (double 
protonation). This staged protonation process is shown schematically in Figure 28, where 
we designate the corresponding neutral form as the PDP, the single-protonated molecule 
as the HPDP, and the double-protonated species as the HPDPH.   
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Figure 28: Two-step protonation of PDP molecule. Neutral (PDP) on the left, single-protonated 
(HPDP) in the middle, and double-protonated (HPDPH) on the right. The attached hydrogen ions at 
the nitrogen are marked with pink circles. 

Figure 29 shows the 1PA and the fluorescence emission spectra of PDP in neutral 
methanol solution (is the absorption spectra in toluene, acetone, THF, DMO and Pyridine 
solvents are shown in Appendix 1). In an analogy to the 1a discussed above, and also 
supported by quantum chemical calculations discussed below, we may assign the peaks 
at λ1PA = 508 nm, λ1PA = 476 nm and a shoulder at λ1PA ~430 – 455 nm to the 0-0, 0-1, and 
0-2 components of the S0 → S1 vibronic manifold, respectively. The Fluorescence 
emission spectra mirrors the 1PA with the maxima at λem = 550 nm and at λem = 574 nm. 
The Stokes shift between the 1PA and the fluorescence peaks is 817 cm–1. Compared to 
a1, the vibronic progression of PDP shows a slightly different intensity distribution. We 
note that the peak extinction coefficient for PDP, ε = 23000 M–1cm–1, is only about half 
of that in 1a. In addition, PDP is showing only weakly pronounced higher-energy 
transitions futures in the λ1PA ~300 – 450 nm region.  

 

 

Figure 29: 1PA absorbance (solid line) and normalized fluorescence emission (dashed line) of PDP 
in methanol solution. 
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The two-photon absorption cross-section spectrum of PDP in methanol is shown in 
Figure 30 appears to be nearly matching (0-1) vibronic band at 476nm in the maximum 
at λ2PA = 954 nm, with the peak value 𝜎2𝑃𝐴 = 0.8 GM which is near twice the corresponding 
1PA spectrum.  

There is less such correspondence between the second feature at λ2PA ~ 902 nm in the 
2PA spectrum and the 0-2 band in 1PA. However, in the 0-0 transition region, the 2PA 
spectrum shows again a weak but distinct shoulder at λ2PA ~1020 nm with the 
corresponding 𝜎2𝑃𝐴 = 0.4 GM. At shorter wavelengths, below λ2PA <820 nm, the 2PA 
cross-section starts to rapidly increase. 

 

 

Figure 30: 2PA of the neutral PDP in methanol solution (symbols). 1PA (blue line) spectra shape is 
shown for comparison. The same data is presented on linear scale (left panel), and on logarithmic 
scale (right panel). The absolute σ2PA values (bold circles with error bars) were determined by 
corresponding measurements performed in the λ2PA = 780 – 850 nm range. 

Figure 31 shows how the 1PA spectrum of PDP changes upon titration of the methanol 
solution with triflic acid diluted in the same solvent. The insert shows the relation 
between the amount of acid solution added and the measured pH value of the sample 
solution. The spectra on the main panel are color-coded to represent corresponding pH 
values. At pH ~5, one isosbestic point can be observed at λ1PA = 517 nm. At the pH values 
below 2.7, two secondary isosbestic points appear at λ1PA = 555 and 434 nm. This 
observation can be tied to the emergence of the anticipated single-protonated and 
double-protonated forms, HPDP and HPDPH. These two new absorbance features show 
maxima at λ1PA = 547 nm and λ1PA = 567 nm, respectively. 
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Figure 31: 1PA titration spectra of PDP in methanol solution with diluted triflic acid (one drop of 
concentrated triflic acid in 5 ml of methanol). The insert shows the correspondence between the 
measured pH and the number of added drops of the diluted acid. 

To obtain pure spectral forms of HPDP and HPDPH, we used MCR-ALS decomposition 
of the titration spectra as described in the experimental methods section, 2.7.1. Figure 
32 shows the results of the decomposition, where the green and red curves correspond 
to the molar extinction of the single (HPDP) and double (HPDPH) protonated forms. Two 
stages of protonation bring about a progressive redshift of the lowest-energy band as 
well as a redshift of the higher-energy portion of the spectrum. The 1PA maximum shifts 
form λ1PA = 508 nm to λ1PA = 546 nm and λ1PA = 569 nm for single- and double-protonated 
forms, respectively. Protonation also broadens the S0→S1 band slightly but without 
significant change in the peak εM value. These experimental parameters are collected in 
Table 5.  Additionally, PDP and HPDPH show a similar vibronic distribution of the lowest 
electronic transition. 
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Figure 32: Molar extinction spectra PDP (blue), HPDP (green), and HPDPH (red), all in methanol 
solution, obtained by the MCR-ALS decomposition results. Contribution from three main species 
was confirmed by singular value decomposition (SVD) of the absorbance matrix A. The first three 
singular values form 99.3% of the total signal, with the remaining singular values appearing as a 
scree [75] indicative of random noise (not shown). 

Our next objective is to obtain the two-photon absorption spectra of the protonated 
forms. This task was complicated by the fact that the protonation affected not only the 
spectral profiles, but also changed spectrum and the efficiency of the fluorescence 
emission. The fluorescence quantum yield of HPDP was roughly four times that of the 
neutral form, while the emission of the HPDPH was strongly quenched compared to both 
PDP and HPDP. 

Figure 33 (a) shows some examples of the experimentally measured 2PEF excitation 
spectral profiles at different pH, for the excitation wavelength range, λ2PA = 800 – 1300 nm, 
covering the S0 → S1 transition of all the three forms. The pH values are color-coded from 
2.0 to 8.2, indicated on the figure legend, together with the emission detection 
wavelength, which spanned, λem = 450 – 804 nm.  A slight mismatch occurred in the raw 
spectra at the degeneracy wavelength, 1030 nm, where the OPA switches between signal 
and idler output modes. This technical artifact was corrected by aligning the signal and 
idler sections at 1030 nm, as shown in Figure 33 (b). This allowed the general spectral 
changes to be compared by rescaling the excitation profiles to match at 995 nm. Showing 
that the PDP form is present for pH >7, with the maximum 2PA at, λ2PA = 954 nm. Adding 
diluted triflic acid causes a redshift of the maxima to λ2PA  ~1100 nm (pH around ~3.5), 
and then a slight hypsochromic shift to λ2PA ~1060 nm (pH below 2.5). 

Due to the lack of isosbestic points, the same straight forwarded decomposition 
technique used for the 1PA could not be applied here. We circumvented this issue by 
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using the fact that each protonation form had its unique emission spectrum. For our 
mixed samples, we recorded the entire emission spectrum at each excitation 
wavelength. This data was composed into an excitation-emission matrix (EEM) for 
further analysis, as described in section 2.7.2.  

Figure 33: 2PEF excitation spectra in methanol with decreasing pH marked with different colors.  
a) selected unscaled 2PEF. b) All collected 2PEF spectra normalized at 995 nm. 

To obtain the 2PA cross-section spectra of HPDP and HPDPH, we used two slightly 
different decomposition techniques. In the first, so-called ‘single-sample’ process, the 
MCR-ALS decomposition was applied individually to each EEM, corresponding to the 
measurements at each titration pH, as well as separately for the signal or idler excitation 
wavelength region. In the second, so-called ‘multisample’ method, all EEMs were 
decomposed simultaneously by combining them into one large 2D matrix.  

Figure 34 shows the resulting 2PA cross-section spectra of HPDP and HPDPH in 
methanol. A slight difference is noted in the 2PA profiles depending on the decomposition 
method used. The final 2PA spectra were obtained by averaging these two results. 
The peak 2PA wavelengths are at λ2PA = 954 nm, 1086 nm, and 1066 nm for PDP, 
HPDP, and HPDPH, respectively. The corresponding peak cross-section values are 
σ2PA = 0.81 ± 0.05 GM, 7.7 ± 0.5 GM, and 2.0 ± 0.3 GM. To obtain the absolute two-photon 
cross-section values of the components contained in a mixed sample, the 1PEF and 2PEF 
excitation-emission spectra were collected back-to-back and each decomposed using 
MCR-ALS, according to the “single-sample” method. Decomposed 1PEF EEM signals were 
used to correct for the differential quantum efficiency of sample and reference, 
technique is further discussed under method section (2.7).  
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Figure 34: 2PA cross-section spectra of HPDP, and HPDPH, obtained by MCR-ALS decompositions 
using the single- (solid line) and multi-sample (dashed line) methods.  

As a by-product of the spectral decomposition results, the fluorescence spectral 
profiles of HPDP and HPDPH were also obtained and are shown in along with PDP Figure 
35.  

 

 

Figure 35: Normalized fluorescence emission spectra of PDP, HPDP, and HPDPH in methanol 
solution obtained from MCR-ARL decomposition of the titration data and EEM spectra. Spectra are 
uncorrected for detector sensitivity. 

Interestingly, the emission spectra of the singly- and doubly protonated forms appear 
strikingly similar, with the peaks at λem ~638 nm and λem ~645 nm, respectively. Also,  
the structure of HPDPH is not mirroring its absorption spectra, which may be related to 
distortions in the relaxed S1 excited state due to intermolecular charge transfer caused 
by the attached proton. 
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Figure 36: Summary of 1PA (solid line) and 2PA (empty symbols) spectra for PDP (blue), HPDP 
(green), and HPDPH (red) in methanol solution. The 2PA profiles were scaled according to the 
absolute cross-section values measured in the range, λ2PA = 900 – 950 nm (full symbols). Dashed 
black line is the change of permanent electric dipole moment in HPDP; dotted black lines are the 
1PA vs. 2PA ratio in PDP and HPDPH.  

Figure 36 summarizes the 2PA cross-section spectra of PDP, HPDP, and HPDPH 
combined with the corresponding 1PA molar extinction spectra. 

The 2PA maxima of HPDP and HPDPH are both red-shifted relative to the PDP by λ2PA 
~140 nm and λ2PA ~110 nm, respectively, following the same trend as in the 1PA. In the 
case of HPDP the 2PA spectral profile closely follows that of the 1PA, while in PDP and 
HPDP they are clearly different. 
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While both the 1PA and 2PA profiles of HPDP are broad and feature less, the 2PA 
profiles of both PDP and HPDPH show a spectral maximum somewhat close to but not 
exactly matching the corresponding 0-1 band of the 1PA S0 → S1 transition. Importantly, 
both nominally symmetric forms also display a shoulder in the 2PA spectrum, which 
seems to be co-located with the 0-0 band of the 1PA S0 → S1 electronic transition.  
The fact that 1PA and 2PA profiles coincide in HPDP implies that the two-state model 
adequately describes the 2PA cross-section in this case.  We thus use Equation (25) to 
estimate the permanent electric dipole moment change giving, Δμ = 3.4 Debye. Dashed 
line in Figure 36 shows the Δµ value (inner right vertical scale) estimated by evaluating 
the ratio between 2PA and 1PA profiles. This ratio stays remarkably constant, as would 
be expected if Δµ is independent of the vibrational contributions. On the other hand, the 
same ratio evaluated for PDP and HPDPH varies considerably across the vibronic band.  

In order to shed light on the spectral features of the symmetric forms, we performed 
calculations (Table 5) indicating that the theoretical S0 → S1 purely electronic transition 
is positioned at λ1PA = 485 nm, λ1PA = 546 nm, and λ1PA = 578 nm for PDP, HPDP, and 
HPDPH, respectively. These values exhibit good agreement with the experimental band 
maxima, although computed values of ε and σ2PA are, for all forms, notably higher than 
the experimental counterparts. This mismatch may indicate a systematic issue that 
appears to be specific to diketopyrrolopyrroles [76]. However, the theoretically 
calculated dipole moment change, Δμ = 4.0 Debye, still compares favorably with the 

experimental finding, Δμ = 3.4 Debye. Table 5. also lists the calculated polarizability,  

in the ground state and its change,  upon excitation. These latter two values are 
relatively small compared to molecular volume estimated from the sp2 carbon bond 
length and may originate from the molecule's axial shape. Furthermore, the calculations 
associate the dominant 1PA peak band in PDP and HPDPH with the corresponding 0-0 
vibronic component of the S0 → S1 transition, while identifying no other electronic 
transitions in the low energy region (λ1PA > 400 nm). This suggests that the multiple 
absorption bands observed for PDP and HPDPH in 1PA stem from the vibronic coupling. 
In the case for HPDP, significant spectral broadening characteristic of dipolar systems 
prevents detailed assignment of accompanying features, even though vibronic nature is 
clear already from our above discussion of Δμ. 

Let us now consider in some further details what vibrations could give rise to the 
observed vibronic band structure. For this purpose, we performed quantum-chemical 
calculations of the electronic-vibrational transition strengths and wavelengths of PDP, 
HPDP, and HPDPH. The results are summarized in Figure 37 and Table 5. Note that 
because of above mentioned systematic issues with determining exact 0-0 wavelength, 
the spectra were shifted by 55 nm, 91 nm, and 100 nm to match best the experimental 
data. The black vertical lines in Figure 37 show the vibronic contributions to 1PA 
absorption, while the 0-0 component is shown with a red line.  Selected few major 
vibronic modes contributing most to the 0-1 band are highlighted in yellow. The atomic 
displacement vectors for these selected modes are shown for each form in Appendix 16 
(Figure 53, Figure 54, and Figure 55). These modes are observed to be of ag symmetry, 
suggesting that the 1PA vibronic band originates mainly from Franck-Condon coupling 
terms. Dashed line in Figure 37 corresponds to the convolution of the calculated vibronic 
intensities with a Gaussian inhomogeneous profile. An excellent agreement between the 
experimental 1PA spectra and the convolved vibronic profile supports the vibronic 
quantum chemical calculation results.  
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Figure 37: Calculated vibronic spectra of PDP, HPDP, and HPDPH (vertical lines). Dominant modes 
contributing in the 0-1 1PA range are marked with yellow, (the corresponding normalized 
displacement vectors are shown in Appendix 16). The experimental 1PA spectra in MeOH (solid line) 
and the convolution of the calculated vibronic intensities) with Gaussian distribution (HWHM = 500 
cm–1) to simulate line broadening (dashed lines). The calculated spectra are shifted by –55 nm,           
–91, and –100 nm for PDP, HPDP, and HPDPH, respectively.  
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Table 5: The experimental and calculated electronic spectral properties of the PDP series in MeOH. 

 PDP HPDP HPDPH 

Parameter Expt Calc[a] Expt Calc[a] Expt Calc[a] 

max, M–1cm–1 

(1PA, nm) 

22900 (508) 
19000 (477) 

34600[b] 
(485) 

23200 
(546) 

32500[b] 
(546) 

23400(569) 
31300[b] 

(578) 

f01 (Osc. Str.) 0.21 0.45 0.32 0.45 0.31 0.42 

01, D 4.80 6.81 6.10 7.20 6.09 7.17 

(S0), Å3 – 70.1 – 73.4 – 72.7 

, Å3 – 5.9 – 7.2 – 8.0 

(S0), D – 0.01 – 23.25 – 0.41 

(S1), D – 0.01 – 18.28 – 0.35 

, D NA 0.0 3.4 5.0 NA 0.1 

2PA – 0.1 – 9837 – 1.1 

2PA, GM 

(2PA) 
0.81 (954) 0[c] (969) 7.7 (1086) 16[c] (1112) 3.1 (878) 0[c] (1157) 

, GM (2PA) 3 (785) 0 (748) >7 (<820) 5 (834) 6 (860) 3 (866) 

, GM (2PA) – 34 (690) – 1357 (796) – 5522 (832) 

em, nm 533 – 649 – 639 – 
[a] For symmetric PDP the transition energies and oscillator strengths from PCM/mCAM-B3LYP  
(α = 0.08, β = 0.92, μ = 0.15), for HPDP and for HPDPH from PCM/mCAM-B3LYP (α = 0.08, β = 0.92, 
μ = 0.135) calculations at 6-311G(d,p) level. [b] 1PA FWHM 0.35, 0.37 and 0.36 eV for PDP, HPDP 
and HPDPH, respectively (Gaussian line shape) [c] 2PA FWHM 0.25, 0.22 and 0.27 eV for PDP, HPDP 
and HPDPH, respectively. 

Next, let us turn our attention to HPDP, which displays coinciding 1PA and 2PA profiles 
for the S0 → S1 transition. Since the 1PA shape is most likely due to Frank-Condon factors, 
then we may conclude that the 2PA shape originates from similar factors in the  
two-photon transition probability. Indeed, According to Equation (21) and Equation (24) 
in the first approximation, the vibronic intensity distribution in both 1PA and 2PA are 
determined mainly by the same Condon integral.  

On the other hand, for the inversion symmetric PDP and HPDPH, vibronic transition 
allowed in the 1PA, should be strictly 2PA forbidden. However, the 2PA spectra displays 
a notable shoulder at, λ2PA ~1025 nm in PDP and at λ2PA ~1150 nm in HPDPH, i.e., at a 
wavelength that is approximately twice the corresponding 1PA 0-0 band, thus potentially 
implying a mechanism that circumvents the parity. 

One obvious possible mechanism is via symmetry-breaking molecular conformations, 
[77], [78], [79] and in particular the rotation around the single-bond linking the 
peripheral pyridine groups appears a likely candidate. In this regard, theoretical 
calculations were performed to determine the potential effect of inversion  
symmetry-breaking conformations. Figure 38 shows three representative conformers 
with different rotations of the pyridyl moieties, of which (A) was determined to be  
the lowest-energy ground state configuration for all three forms. 
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Figure 38: Symmetry assignments for the different conformers of PDP. Conformer A represents the 
lowest-energy configurations for all three protonation states. 

The computational results are summarized in Table 9 (Appendix 15). Although the 
rotation of pyridyl moieties along the linking single-bond can lead to slightly higher 
energy non-inversion symmetric conformers, our calculations showed that in all cases, 
the 0-0 2PA cross-section remains negligible for both PDP and HPDPH. This makes some 
physical sense as well, as tert-butyl groups would not be expected to contribute to 
conjugation, so these conformers would have the same π-conjugated structure. We thus 
conclude that conformational changes are most likely not involved in the non-vanishing 
2PA. 

Our second hypothesis is that the 2PA spectra of PDP and HPDPH are due to Herzberg-
Teller coupling with vibrational modes as described by the equation:  

 𝜎2𝑃𝐴(𝜔) ≅ 𝛾   |⟨𝑘|𝑖⟩𝜇𝑓𝑔∆𝜇 + ⟨𝑘|𝑄(𝑖)|𝑖⟩ (𝜇𝑓𝑔
𝜕(∆𝜇)

𝜕𝑄
+

𝜕𝜇𝑓𝑔

𝜕𝑄
(∆𝜇))|

2

, (43) 

where 

 𝛾 =
𝜋 

15 𝑛2𝑐2𝜀0
2ℏ2

(2 cos2(𝛽) + 1). (44) 

Since in inversion-symmetric molecules, ∆𝜇 =  0, the first (Franck-Condon) term as 
well as the last term in the Herzberg-Teller expansion are zero. Thus, in the two-level 
approximation, the 2PA cross-section may be only due to the derivative term of the 
permanent dipole moment change with respect to a displacement, Q. Additionally,  
the magnitude of this change is scaled by the square of the overlap integral of the 

displaced ground- and the excited-state vibrational wave functions, ⟨𝑘|𝑄(𝑖)|𝑖⟩. 

Unfortunately, the derivative terms cannot be analytically computed for 2PA at present, 
so full quantitative treatment remains outside the scope of this analysis. However, 
Equation (43) does offer some approximate investigations. 

To this effect, nuclear distortions along select ground-state vibrational mode 
eigenvectors were prepared computationally for the neutral PDP molecule, for which 
1PA, 2PA and molecular dipole moments were calculated in a similar manner as the initial 
lowest-energy structure, summarized in Table 6. This method has been previously, 
applied to dipolar molecules [80]. The magnitude of the displacement was selected 
relative to the mass-weighted normalized mode vector, depicted in Figure 39, which for 
different modes corresponds to a different total distance of atomic coordinates. For each 
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mode, the displacement was selected to be relatively small, but large enough to observe 
a change in either dipole moment terms. In general, larger displacements were required 
for vibrations which encompass motions for many atoms in a shallow potential well, 
while smaller displacements demonstrated effects in more localized and higher energy 
vibrational modes. 

Table 6: The calculated electronic spectral properties of PDP in MeOH and its analogs when 
distorted along selected vibrational modes with various scaling factors applied to respective 

displacement vectors. For  and , the first value is directly computed by TD-DFT, while the value 
within parentheses calculated by applying the two-level model (Equation 25) to the quantum 

chemical estimates of  or , respectively. The 1PA-active vibrational modes are highlighted in 
gray. 

Parameter PDP 

Mode 12 (bu, 
171 cm–1) 

Mode 21 (bu, 
267 cm–1) 

Mode 14 
(ag, 198 
cm–1) 

Mode 24 
(ag, 293 
cm–1) 

±0.8[a]  ±1.2[a]   ±0.8[a]   ±1.2[a]   ±0.8[a]   ±0.8[a]  

S0 →S1 
transition, nm 

485 485 484 486 487 478 470 

f (oscillator 
strength) 

0.45 0.45 0.45 0.45 0.44 0.47 0.48 

, D 
0.0 

(0.0) 
0.4 

(0.2) 
0.7 

(0.4) 
0.6 

(0.4) 
0.9 

(0.5) 
0.0 (0.0) 0.0 (0.0) 

2PA, GM 
0.0 

(0.0) 
0.06 

(0.18) 
0.13 

(0.41) 
0.13 

(0.35) 
0.28 

(0.75) 
0.00 

(0.00) 
0.00 

(0.00) 

 

Parameter 

Mode 36 (bu, 432 
cm–1) 

Mode 132 (bu, 1624 cm–1) 
Mode 134 (bu, 

1637cm–1) 

±0.4[a] ±0.8[a] ±0.1[a] ±0.2[a] ±0.4[a] ±0.1[a] ±0.2[a] 

S0 →S1 
transition, 
nm 

488 495 486 488 497 492 509 

f (oscillator 
strength) 

0.44 0.40 0.45 0.44 0.43 0.44 0.43 

, D 0.7 (0.2) 1.3 (0.3) 0.4 (0.2) 0.7 (0.4) 1.4 (0.8) 1.6 (0.9) 2.6 (1.6) 

2PA, GM 
0.02 

(0.42) 
0.07 

(1.45) 
0.04 

(0.12) 
0.15 

(0.48) 
0.62 

(1.81) 
0.85 

(2.45) 
2.39 

(6.67) 
[a] Scaling factor for displacement vectors  

The magnitude of the displacement vectors was determined by arbitrary scaling 
factors as explained above. Even though our current model lacks desired quantitative 
accuracy, it does qualitatively reproduce our key experimental observations, including 
the apparent violation of the Laporte Rule. 

According to the C2h symmetry of PDP, vibrational modes can occur as irreducible 
representations ag, bg, au, and bu. Due to the significant computational cost of a full 
analysis, we selected only a few representative bu modes, which introduce an in-plane 
asymmetric distortion, as well as ag modes, which are Franck-Condon active in 1PA. 
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Modes with au symmetry were excluded as these occur perpendicular to the plane of the 
molecule, and so would have a negligible effect on molecule's in-plane transitions, while 
bg modes would behave analogous to ag and not break the inversion symmetry of the 
molecule. While ag modes contribute to low-energy 1PA vibronic transitions by affecting 
the transition dipole, they show a negligible effect on 2PA, as seen in Table 6. In contrast, 
specific 1PA inactive bu modes, demonstrated in Figure 39 (the average direction and 
magnitude of displacements of the atoms are indicated with arrows),  significantly boost 

the  value of the S0→S1 transition, up to  = 2.6 D. Given that the calculated oscillator 
strengths for different normal modes stay relatively constant, f = 0.40 – 0.48, this is 
indicating possibility (at least in principle) of non-vanishing 2PA due to this type of H-T 
coupling. 

Mode 12 (171 cm–1): 

 

Mode 21 (267 cm–1): 

 

Mode 36 (432 cm–1): 

 

Mode 132 (1624 cm–1): 

 

                                                         Mode 134 (1637 cm–1): 

 

Figure 39: Average direction and magnitude of displacements for the selected ground-state normal 
modes of bu symmetry for PDP, which may contribute to the observed 2PA in 0-0 region. 

Figure 40 (a) shows how the calculated change of the permanent dipole upon S0 → S1 

transition, Δµ, depends on the displacement, ΔQ, for some selected low- and  
high-frequency vibrational modes. The bu modes are shown in black, while ag modes are 
in red, with labels corresponding to the mode-numbers in Table 6. For all bu modes,  
Δµ terms show a linear dependence. In contrast, for ag modes, Δµ remains exactly zero, 
independent of the displacement ΔQ. 
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Figure 40: Dependence of the dipole moment change (a) and 2PA cross-section (b) on the ground 
state displacement along vibrational modes, Q. Different modes are indicated with numbers, colors 
denote the ag (red) or bu (black) vibrational symmetry. 

Similar trends observed for σ2PA (Figure 40 (b)) were calculated according to standard 
tensor formalisms in Dalton, which is not currently able to incorporate full vibronic 2PA 
effects, because numerical evaluation of the derivatives of second-order moments over 
vibrational coordinate space which is required for calculating H-T expansion terms, 
remains prohibitive for the structures with over 150 vibrational degrees of freedom like 
PDP. In that respect, more advanced techniques for treating derivative terms are 
currently under development [81]. Essentially, 𝜕𝜇, 𝜕∆𝜇, and vibrational overlap terms, 

⟨𝑘|𝑄(𝑖)|𝑖⟩, as they are in Equation (43), are not able to be separated from Dalton’s 

composite result for vibrationally distorted structures. However, the calculated change 
in Δµ can be used as an approximation for the H-T 𝜕∆𝜇 term. From the linear dependence 
in Δµ, one would anticipate a quadratic increase in the cross-section when distorting 
along any Q-coordinate, which is observed in Figure 40 (b) for bu modes. Likewise, the ag 
modes, which do not change the Δµ, have vanishing calculated cross-sections. Together, 
these trends suggest that it is primarily the 𝜕∆𝜇 𝜕𝑄⁄  term that dominates the vibronic 
enhancement of 2PA through H-T coupling. 



 

76 

4.3.1 Quantitative relation between 2PA spectra and pH 
The results presented above indicate that pH induced symmetry breaking affects 2PA to 
a much greater extent than the corresponding 1PA. A strong correlation between the 
measured 2PA spectra and pH values creates opportunities to use this effect for 
quantitatively optical monitoring of the pH. However, for this purpose, it is important to 
determine corresponding pKa as reliably as possible. Our measured 1PA titration spectra 
of PDP lead to pKa values for the first- and second protonation step, ~4.6 and ~3.2 
respectively. At the same time, our quantum chemical COSMO-RS calculations [82], [83] 
indicate corresponding pKa values, 5.9 and 4.2. We point out that the calculations include 
regression adjustment due to other pyridines.  Which were obtained by calculating the 

Gibbs free energy differences (Gs) between the protonated and dissociated forms.  
The latter was inserted into Eq. (27) to establish a correlation between the computed 

Gs and pKa values [84], [85] of 11 differently substituted pyridines (further discussed in 
theoretical section 1.1.7). 

 While the calculated values are slightly higher than the experimental, both display a 
~1.5 pH interval between the two protonation stages, supporting the experimental pKa 
results. 

With the known pKa values, quantitative estimation of pH could be made e.g., by 
monitoring the ratio of fluorescence signals of two excitation wavelengths corresponding 
predominantly to the neutral and doubly protonated form of PDP. Phenomenologically, 
the symmetry breaking effects are not limited to only pH sensing, but could be applied 
to detect some other local environmental factors, such as concentration of metal ions, 
protein conformational changes etc.  
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5 Conclusions and outlook 

In this thesis, two sets of novel organic fluorophores were studied, possessing two 
different mechanisms that change two-photon absorbance depending on the pH of the 
environment. For detailed quantification of these phenomena, a custom-built 
automated femtosecond spectrometer for measuring the 2PA spectral profile and 
determining the 2PA cross-section was created, achieving efficient and repeatable 
acquisitions over a wide range of visible and NIR two-photon excitation wavelengths. This 
advanced experimental technique led to unmatched accuracy in determining the spectral 
properties and absolute cross-sections, even in complex mixed samples, revealing 
information about their interaction mechanisms with their surroundings and 
demonstrating potential use as two-photon pH sensitive probes. 

In the first part, four coumarin 151 derivatives [38] were investigated as candidates 
for pH-sensitive lipophilic two-photon active probes. These probes display a large  
(60 nm) shift in 1PA and 2PA absorption upon changes in pH, stemming from a disruption 
of molecular conjugation upon protonation. The measured two-photon brightness was 
on the order of 10 and 0.20 GM for the neutral and protonated forms, respectively, 
making them potentially useful for microscopy measurements. By comparison,  
the precursor compound, C151, was found to have a brightness of 4.0 GM at 735 nm in 
acetonitrile, which is significantly lower than the previously reported value of 27 GM  
(754 nm) in ethanol [62]. In an acidic environment, the new derivatives show a lower 
brightness, but the values remain viable for practical microscopy, while the emission of 
C151 is completely quenched. Furthermore, when placed in polar and non-polar 
solvents, these new coumarin derivatives displayed unchanging absorption and emission 
characteristics making them robust sensors of pH or in mixed-polarity environments, 
such as near or in cell membranes. These findings have been confirmed in a preliminary 
fluorescence microscopy result conducted using 1PA, although applying these probes in 
two-photon microscopy is left for future studies.  

The second part of the Thesis focuses on pyrrolopyrrole fluorophores which have a 
nominally inversion-symmetric structure.  We performed a comprehensive study of 1PA 
and 2PA properties of novel pyrrolopyrrole which was decorated on opposite ends with 
an affective protonation site. It was shown that such system presents potentially an even 
more efficient sensor of pH because protonation of only one site breaks the inversion 
symmetry, while attachment of the second proton restores the symmetry, leading to 
large qualitative changes in the 2PA according to Laporte rule. 

We performed detailed 1PA and 2PA titration experiments using diluted triflic acid in 
methanol solution and showed that while the peak 1PA extinction changes very little in 
low pH environment, the corresponding 2PA spectra show marked changes, wherein the 
basic form has a peak 2PA cross-section of 0.8 GM (954 nm), which is greatly enhanced 
to 7.7 GM (1086 nm), upon single protonation. The second protonation step reduces  
2PA absorbance to 2 GM (1066 nm). These 1PA and 2PA observations match with the  
on-off-on switching of molecular inversion symmetry, which establishes, for the first 
time, a quantitative relationship between symmetry-switching and 2PA cross-section.  
It is important to note that even for a fairly large molecular system, a single proton at 
one end can result in a nearly 10x enhancement of the 2PA signal.  

Along with changes in 2PA cross-section, protonation also appears to dictate changes 
in two-photon spectral shapes. For the single-protonated form, 2PA and 1PA profiles 
match, adhering to the explanation that neither spectrum experiences differing selection 
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rules, and both are likely dominated by Franck-Condon vibrational components.  
These electronic and vibrational terms are forbidden in the case of neutral- and  
double-protonated forms, according to the Laporte rule. However, perhaps surprisingly, 
both formally forbidden cases retain small but non-vanishing cross-sections in the 
lowest-energy 0-0 region. Quantum computational modelling indicates that these 
nonvanishing 2PA components stem not from conformational changes that break the 
symmetry, but likely from low energy Herzberg-Teller vibronic coupling, which 
vibrationally distorts the ground state. Importantly, these asymmetric vibrational terms 
appear to extend to very near the 0-0 transition, which should indeed remain Laporte 
Rule forbidden. We emphasize that our the high-precision measurement techniques 
were instrumental in revealing these very important details in the 2PA spectrum.  
Our results may be regarded as a textbook example of application of the Laporte rule 
while shedding further light on the origin of vibronic 2PA transitions. Furthermore,  
a strong correlation between the measured 2PA spectra and the pH values creates 
opportunities to use optical measurements to quantitatively monitor the environment’s 
pH. 

The common tool used throughout this work was protonation and demonstrating its 
ability to manipulate molecular behavior and provoke changes in the 2PA domain,  
for which it has proven to be a powerful operant. In addition, the use of 2PA to 
quantitatively monitor pH or establish pKa values is concurrently demonstrated.  
The experimental synergy of these two themes provides an extraordinarily efficient and 
valuable means of characterizing molecular systems, particularly for those with 
symmetric qualities. This method could be further deployed for investigating other 2PA 
dyes, such as octopolar molecular pH-sensors that possess high symmetry and generally 
strong 2PA.  Another future prospect would be to replace protons with other metal ions, 
for example, silver, attached to the PDP compound. This could lead to somewhat 
different vibronic behavior. These investigations would lead to innovative highly-specific 
molecular probes, whilst also revealing further important details concerning aspects of 
2PA phenomena.  
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Abstract 

Two-photon spectroscopy as a new quantitative protonation 
probe  

Two photon spectroscopy is the study of the interaction of matter with two simultaneous 
photons, as a function of photon wavelengths. Since the invention of the laser, research 
interest in this nonlinear optics subfield has grown exponentially, with its uses 
progressing from detecting traditionally forbidden optical transitions to modern 
improved microscopy, photodynamic therapy, and commercial 3D printing. These 
current applications, as well as others that are still in the future, rely on fundamental 
research in the field of 2PA, both in the design of molecular probes tailored to produce 
specific 2PA effects, as well as the design of 2PA spectrometers to measure these effects 
efficiently. This dissertation uses a custom-built femtosecond 2PA spectrometer, with 
two-photon-induced fluorescence-based technique, combined with established high 
accuracy 2PA reference standards to investigate novel purpose-synthesized molecules.  

The first set consists of four novel fluorophores, based on a coumarin core structure, 
made lipophilic with a covalently attached phosphazene moiety. They could be 
potentially used as membrane-specific ratiometric probes, combining the high 
brightness of two-photon excited fluorescence with pH sensitivity. Changing the 
environmental acidity using trifluoromethanesulfonic (triflic) acid leads to profound 
changes in the linear fluorescence and 2PEF characteristics due to chromophores’ 
switching between neutral- and protonated forms. Coumarin derivatives are 
characterized by measuring the two-photon absorption (2PA) spectra over the region 
λ2PA = 550 – 1000 nm, observing 2PA cross-sections of σ2PA = 10 – 20 GM, with associated 
2PEF brightness of 10 – 13 GM, in neutral solutions of both acetonitrile and n-octanol. 
Corresponding acidic forms each show a decrease in 2PA cross-section and brightness. 
An interesting mismatch between 1PA and 2PA spectra of protonated forms is observed 
and several hypotheses are investigated but a definite explanation of the origin is not 
reached. In addition, 2PA high-quality spectra of the coumarin 151 in acetonitrile and  
n-octanol solvents are provided. 

The second set studies novel symmetric pyrrolopyrroles. Multistage protonation is 
used in one system, a bis-pyridinyldiketopyrrolopyrrole (PDP), to switch inversion 
symmetry off and on. The corresponding changes in selection rules result in a nearly 
tenfold change in absorption cross-section for 2PA. In addition to this symmetry 
switching, the vibronic contributions to the allowed- or forbidden-transition demonstrate 
clear trends. Combined with quantum chemical calculations, the small 2PA signals 
observed for symmetric forms are shown to originate primarily from Herzberg-Teller 
coupled vibrational modes which break the molecular symmetry. Understanding these 
mechanisms allows for the rational design of new symmetry-switching probes, while at 
the same time, the strong correlation between 2PA and solution pH creates 
opportunities to use optical measurements to quantitatively monitor pH using the PDP 
molecule. 
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Lühikokkuvõte 

Kahefotoonne neeldumisspektroskoopia kui uus 
kvantitatiivne protoneerimise sond 

Kahefotoonses neeldumisspektroskoopias on toimunud pidev areng, hõlmates nii 
mõõtmistehnikaid, aparatuuri kui ka tulemuste tõlgendamise ja mõistmise võimekust. 
Nüüdseks on jõutud tasemele, kus selles, kiiresti arenevas valdkonnas ei tehta ainult 
fundamentaalset teadustööd -kahefotoonsel neeldumisel põhinevaid praktilisi rakendusi 
kasutatakse igapäevaselt näiteks elusrakkude mikroskoopias, meditsiinilistes 
rakendustes, nagu fototeraapia, ning isegi kaubanduslikes 3D-printerites. 

Käesolevas väitekirjas kasutatakse mõõtmisteks kauaaegse arendustöö tulemusena 
KBFI mittelineaarse optika laboris valminud femtosekund laseril põhinevat kahefotoonse 
neeldumise (2PA) spektromeetrit, mis registreerib kahefotoonse neeldumise poolt 
indutseeritud fluorestsentsi. Mõõtmistulemuste kalibreerimisel lähtutakse laboris 
eelnevalt suure täpsusega mõõdetud 2PA referentsstandarditest. Väitekirjas käsitletakse 
kahte hiljuti sünteesitud molekulide rühma. Seejuures on uurimistöö fookuses 
protoneerumisest põhjustatud muutused kahefotoonsetes neeldumisspektrites.  

Esimene ainerühm koosneb neljast uudsest molekulist, mis on sünteesitud kumariin-
151 baasil. Saadud ained on kovalentselt seotud fosfaseenifragmendi tõttu lipofiilsed ja 
seetõttu võib neid potentsiaalselt kasutada raku membraanispetsiifiliste sondidena, 
mille omadused väljenduvad nii kahefotoonselt ergastatud fluorestsentsi (2PEF) kõrge 
heleduse kui ka tundlikkusena keskkonna happelisuse suhtes. Uuritava värvaine lahusele 
trifluorometaansulfoonhappe lisamine põhjustab märkimisväärseid muutusi ühefotoonselt 
ergastatud fluorestsentsi ja 2PEF-i omadustes kromofoori protoneerumise tõttu. 
Kumariini derivaatide kahefotoonsed neeldumisspektrid mõõdeti λ2PA = 550 – 1000 nm 
vahemikus, ning neutraalse vormi puhul saadud maksimaalsed 2PA ristlõiked olid  
σ2PA = 10 – 20 GM, nendele vastav 2PEF heledus oli 10 – 13 GM. Mõõtmised teostati nii 
atsetonitriili kui ka n-oktanooli keskkonnas. Happeliste vormide puhul täheldati nii 2PA 
ristlõigete kui ka heleduse olulist vähenemist. Märkimisväärne oli ka protoneeritud 
vormide 1PA ja 2PA spektrikujude omavaheline erinevus. Lisaks mõõdeti ja esitati 
sünteesi lähteaineks olnud kumariin-151 2PA ristlõike kõrgekvaliteetsed spektrid 
atsetonitriilis ja n-oktanoolis.  

Töö teises osas uuritakse modifitseeritud sümmeetrilisi pürrolopürroole. 
Spetsiifilisemalt keskendutakse ühele diketopürrolopürroolile ning uuritakse 
mitmeastmelist protoneerimist. Ühekordsel protoneerimisel kaotab molekul oma 
esialgse sümmeetria, mille tulemusena suureneb varem Laporte valikureegliga keelatud 
madalaima energiaga elektroonse ülemineku 2PA ristlõige kümme korda ning eelnevalt 
erinevad 2PA ja 1PA spektraalsed kujud kattuvad. Teistkordsel protoneerimisel 
sümmeetria taastub, ning mõõdetud 2PA spektrid on väga sarnased neutraalsele 
vormile. Mõlema sümmeetrilise vormi puhul on märgata nõrka kahefotoonset 
neeldumist keelatud ülemineku piirkonnas. Koos mõõtmistulemusi toetavate 
kvantkeemiliste arvutustega näidatakse, et väikesed 2PA signaalid pärinevad peamiselt 
Herzberg-Telleri seostuse kaudu vibratsioonimoodidest, mis rikuvad molekulaarset 
sümmeetriat. Lisaks loob avastatud tugev korrelatsioon tiitrimisspektri dekompositsiooni 
teel saadud astmelist protoneerimist iseloomustavate pH väärtuste ja mõõdetud 2PA 
spektrite vahel võimaluse kasutada optilisi mõõtmisi keskkonna pH kvantitatiivse 
määramise rakendustes. 
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Tasior, M.; Kowalczyk, P.; Przybył, M.; Czichy, M.; Janasik, P.; Bousquet, M. H. E.; 
Łapkowski, M.; Rammo, M.; Rebane, A.; Jacquemin, D.; Gryko, D. T., “Going beyond the 
borders: pyrrolo[3,2-b]pyrroles with deep red emission,” Chem. Sci., vol. 12, no. 48, pp. 
15935–15946, Dec. 2021. 
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]ZcUdWeVWffWgehUibU[Wfj
fk_WlemV̂endUdWeVWfopof

jfqWqrfprffẀs_W
Wtc]ZWn[\]ŶUW]ZŴ]YUVZUdWaV

dU[WnWu[Un\]hUWueiieVZ
WX\\[]ba\]eVWq_jWvVTe[\Ud

Ww]YUVYU_ xyz{W|}~y��zW���y�zxyz{W���}���W�Wxyz{W����z



������������	
�������������������������������� ������
�
��!����
�
������"�������#���$������#����% &��!���������'���()*)(�
�	�
�
����
����������+$�
�,!#�����-����
����
������	���
�'.!����
�
������.���
 �������/0���"��'��-�#����
��
	����������
�#������
��1'2'3'4$�������������
�
56'2$78����
��� 9�:���;<= ��� �>�$����
#!��
	 ���$-�
 � ����
56'2$78��
�������<? @�������������.���-���
!#��'<A ��
����� �����������
� �����������������
��!���#��������.���-�#���������������'<��
�"��
B!
�
���
���'<����������
�"�����
.�#CDEF$.
���#�������
��<<��
�
���
���������
	���
���.
��<G
�#����#�������#�
���<H�����"����
����"���'<I.!�-�����
,!���
�
�#����
��������'<����$�����>���
��������'<%�##��#��
�$��!�������
�G=���0�J��G?J!������
��'���"����#������"�����
��
��6���K
	�������
�
56'2$78����
���
����-������"����
�"�����������#��������	
�����
����!��
�
	���������������
���������-�#��"����#�
	���	���!��'�������
�����"�.����!.�����
�����������������
������
	�:��$.�����:F�'GA�
 �"��'�����

���
���.���
���!�����	!���������
	*($��.������:���9J#�1;�G�������!���#����'�
�����#.
�
���
����
��
$�������
��$���.����������'���.���"����#��.�
���
��
�L�����������
�#B!
��������'.
����
�!�
��������
�������' ��"��������M�
-����N��:���
!#�����
�.���
�
	�!��.����
�
���������
�$�������"������:������	!����:������
#!���
�!������
�
��
���	
�����#�
	�������
��'��N�#�������$�
��
��������#
�
	���"�.��������!������
"���L$�!���O���"��
!#���
������������!����� 
�-�F���' ���"��
���������������
�
	����
�
56'2$78����
���.����#2$������!.���!������
��
��2���49PQ(.
����($�����
��
������#�����R���"���

������# ��.
�
��
����; ��������
�����.
�
��
!���9M�����1;�������!�����*S(QPT"����.�������������#	!���������$�
�
����
������������!.���!�����
#���������R���"���T������+$�
�,!#����	���� 
�-���
������	���
����!��$�#����	
����
�
	�!�U!����
�
��
��' ������	�����T����
 ����!������������������� 
� *($��.����������
�������VWXYZ[X\]̂ _̂X̀YXX_a]bcdefghgidjgklcded�!�����
����
 ������ *($��.����������
������������$>��
�����
�
56'2$78����
���m�����������#������"�����
��
��6���K'���
��������#��	
� ����������
���"�$�"��.����# �������!.���!�������
��
��2 ��� 49M�����1;��������������:���AhnAc ���
.������#

������	�
� ����
�����	
��������������3$
���������!��#
!�
���>���!���
��
�����
�������
�9����M&o	
�������;�<A��:���ApnAl ���	
������
 ��'.!��!L���������	�
� ����
�����U!�
���$����
U!�
���$���"������������O��������������������������!��!��
	*($��.����������
������ 
!�����!���������"�+$����-�#'�����	
���
�#��-������� �����������
����q$��-�������!.���!�����
�����
���!��#

��
�!.���
	���T�����
�!����&������������' ���������
������ ���$-�
 �������#��
�����#
	���������
	�������������
�
����
�� ��**�6������������
	.���'�
 �"��'�������
�
���������
��
��
�
	���������#��������:���������"��
!�� ���
!����������
�
.
�����'.!�����������L�!���!��
���������"���.���
	�!�����#�����J
��!������'M
�#����
$ 
�-�������������"��
��������#��	
� ����������*)P�rP)*��
��$������������P)F .
��.
�����
���
���!��'G< ��� ��!�����	!���!���������������
	���������	
!�$�

�������.
�
�$�
�����#����
�
56'2$78����
���?hn?l9*($�:���;9M�����1;�:��
���#�
M
�#m�T���#�'������
���!��������B!
�
.
���������� ��MP�3�
	
�������$���
�
.
������#���������"�������' ������������� ����
�����
���!��
	������B!
�
.
�����
#"��������$���
�
.
�����M!.��U!��������� ������� ������
������
����.
�����
�������
	
!�$�

������������.
����������������������������#���������
"�� �������������������
�#���.�����������&��
�������'����������
���!�����.��
�"��������������
������#���������
�����#.
�����������U!�
�����!.���!����'����

s_tuv wxyz{|}~����|���y����xy�y��y�y��}�{�y��y�����y��{��}�S�|����{�}�{��z��{��

���������������������� ��¡¢£¡¤�¡¢¥¦ §����̈ ©ª«¬©®̄°±²³́¬µ¶·±©ª̧ µ¹©ªº®¹»¶¼®½·ª¹®¾¿©ªÀ·±̄¹

ÁÂÃÄÅÆÇÈÉÆÅÃÊÆÃ ËÌÍÃÎÏÐÅÆÈÃ
ÑÒÓÔÕÖ××ÓØØÕÖÙÚÛ×ÜÓÝÕÞßà

ÜÛØáÓâÕãÔÕääÕåãæÓçàÓÙÕä
èäéÝÕêãëÔÜãìâÓâÕãÔÕäíîí

äèäïÕïðäîðääÕÞñÝÕ
ÕòáÛØÕìÙÚÛ×ÜÓÕÛØÕÜÛ×ÓÔØÓâÕßÔ

âÓÙÕìÕóÙÓìÚÛæÓÕóãççãÔØ
ÕÖÚÚÙÛàßÚÛãÔÕïÝèÕôÔÒãÙÚÓâ

ÕõÛ×ÓÔ×ÓÝ
ö÷øùÕúûü÷ýþøÕ��þ÷�ø



������������	����
���������
��
���������
������������
�����
������ 	��	���� � ��� ����������� ��������������������������������
��
�������������� �� �
�����������������!"��������������	��
���
���������������#	�
����$����������������������������������������
�����
�����������������	����
����������������
�
� �����
 ���������
������������� ���	��
��%&'%() ������*�
�+,�������������
����	������������-./01020(13&3�����������������������%0����������
����4����������������	��� �
������������%0������������
����������������
���������
����	�����������������5���
��#�
���
�����������������
�������
�6��%0���������7���
�����
����
���	������	8*9:;��
�����
���������	�������������������)<��*,����	������=+�*�>?	�������������	���	��������	��
�����������)9@AB�!�!�!�������
�
��,�
����	���	�����	�����
���
�����������������CB��������	��
����
7�
���
�����������
�����
����������	�������	����������������������CDB�
�E9B������	��
������������
����������������
�����������������@+B�
�F@B������
��������
�����������!���
�����9�EG��������������������������������
 �������	����� ����������

���	��
���
������������
����
��HIJII����������
���������!���
�����9�E+G����������������������!���
���
�����
��
�
���������	��
��II �
��K6L�M���	�����������IN O�
���P�����
��������
�����
����������	��Q�
�����������
������������������
����
��������
����
��@���	���������
�������	��
�����������
�������������������
������R���
�������������������
����
������������	��
�����������
��������������
�����
���������
�������
������������������$�����Q�
�
��������
�������������	�������������������
�����
��	��
������������
���
�������
��������	����
����������������
�������#��
���$������������		������
����������������������7����	����	�������	��	�����������
������������
������������	��
�����	��
�����	�����	��	�������������S0'ST������	�
������������������	������������������������������)���U LV����������,�WSX����
���	������
������
�
�������������Q��
�������������
��	������������
���
������	�����	��	������)�����9�
�<��+,���������	���
��#���������	��
��%0'%Y����������������������Z����9**!9CC
����
���	������	���
�������K
��������	��
�%T�����������������������������Q����E@
��������Z����������	���
��#��������������������	�
������
�
�����������
�
�������
����	��
��������
��
����

[\]̂_^` abcdefgbcdhdijjiklmniilohfpgcqilifmnifgphfhfrsellitiuvwxmyzsellitcd{|ditpgcoehctodplcrh}cf{abci}clpttehctod~pjgclg�idgcsd�plcrh}cfhfsplcfgbcdhd{

������������������������������������������������������� �� ¡¢£¤¥¢¦����¦§̈¦�©ª«©¬�©ª® §̄°±²³

µ́¶· ¹̧º»¼½· ¾¿·À»¼Á½Â¼»·Ã¼·
ÄÅÆÇÈÉÊÊÆËËÈÉÌÍÎÊÏÆÐÈÑÒÓ

ÏÎËÔÆÕÈÖÇÈ××ÈØÖÙÆÚÓÆÌÈ×
Û×ÜÐÈÝÖÞÇÏÖßÕÆÕÈÖÇÈ×àáà

×Û×âÈâã×áã××ÈÑäÐÈ
ÈåÔÎËÈßÌÍÎÊÏÆÈÎËÈÏÎÊÆÇËÆÕÈÒÇ

ÕÆÌÈßÈæÌÆßÍÎÙÆÈæÖÚÚÖÇË
ÈÉÍÍÌÎÓÒÍÎÖÇÈâÐÛÈçÇÅÖÌÍÆÕ

ÈèÎÊÆÇÊÆÐ
éêëìÈíîïêðñëÈòóñêóë



������������		���
		������������������������������������������������������������������������������������������ �����������������!������"���������������������������������#���������#�$$��$�����������������������������������!�����������%�������������&�����'��(		��!����'��������������&�#������(			��)(������$�*���������+������ �����#������#����������������������������������$���#���$�,����#�����������"�������������������������#����������-���������!���������#���"�����.����/!����������0���������#�������%"�����!�����������#�		��#����������"���������������%�����������!�����������������������1���%��"���#"������23!4�56"����������'���'��������$���
�������$��������"������$����7������8!�.����/!�%��"�����������$��%�����������9�������������'��!�%������$(					:)(��)(!��$������������$�;*����������������#"��"������"���������������#�����"�����������$������������������������'�����"��������'��������������%������<=<>?@?ABCAD��E'��������������������������
	��#������ �����%��������"������ ����'��!�����������������������"����"��1��!�����"������"���������������"��%���������$"����"��������������������+������'����$������F������"��������������"�������!������������������GH-���"��B��������'�������������"����!IJG-��EKK���������������������$����'����$��!���������,�����������$�������������#���������'���'�������$������!�����������+�����������������3�� ���L	�� ���������������&���������"���������������%���!��"�����'�����B�E������'������������$���#G-��EKK�%�������$���*���������+�����������������������������$+����������'�!������$�������������"�����������������M����������$���������%�����������9�����!������'������������

NOPQRQS TUVWXYZ[W\UZ]̂\_]W\UZUX̀abcdTTeÔf]g\ZhWUi]jgVgkfVel]Zgemn
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Appendix 4 

One-photon absorption 
A combination of quantum and classical mechanics can be used to describe media 
interaction with light. This semi-classical approach uses quantum mechanics to describe 
media composed of atoms or molecules, and classical Maxwell theory is used to describe 
light fields interacting with molecules.  

The Schrodinger equation for an unperturbed molecule can be written as: 

 Ĥ0𝜑𝑛 = 𝐸𝑛𝜑𝑛. (44) 

Where Ĥ0 is the Hamiltonian of the unperturbed molecule, 𝜑𝑛is the wavefunction of the 
n energy state and the 𝐸𝑛is the energy of that state.  

When the atom interacts with an electromagnetic field, Hamiltonian can be written 
as: 

 Ĥ = Ĥ0 + V̂(𝑡). (45) 

The interaction energy V̂(𝑡) is small compared to Ĥ0 and can be expressed as:   

 �̂�(𝑡) = −𝑒𝜇�̃�(𝑡). (46) 

Where 𝜇 is the molecule’s electric transition dipole moment, 𝑒 is the unit polarization 

vector and �̃�(𝑡) is the oscillating electric field: 

 �̃�(𝑡) =
𝐸

2
(𝑒−𝑖𝜔𝑡 + 𝑒𝑖𝜔𝑡) = 𝐸 cos 𝜔𝑡. (47) 

Based on the time-dependence perturbation theory, a molecule interacting with an 
electromagnetic field can be described by a linear combination of the unperturbed 
molecule eigenfunctions: 

 Ψ(𝑟, 𝑡) = ∑ 𝑐𝑛(𝑡)𝑛 𝜑𝑛 𝑒−𝑖𝜔𝑛𝑡, (48) 

where |𝑐𝑛(𝑡)|2 is the probability that the electron is in state n at the time t.  
The time-dependent Schrödinger equation can now be written as: 

 
1

ℏ

𝜕

𝜕𝑡
Ψ(𝑟, 𝑡) = [Ĥ0 + V̂(𝑡)]Ψ(𝑟, 𝑡). (49) 

Combining Equation (48) and Equation (49), we obtain: 

 
1

ℏ
∑

𝜕

𝜕𝑡
𝑐𝑛(𝑡)

𝑛

𝜑𝑛(𝑟)𝑒−𝑖𝜔𝑛𝑡 = ∑[Ĥ0 + V̂(𝑡)]𝑐𝑛(𝑡)

𝑛

𝜑𝑛(𝑟)𝑒−𝑖𝜔𝑛𝑡 . (50) 

The time derivative of the first part is taken: 

 
1

ℏ
∑

𝜕

𝜕𝑡
𝑐𝑛(𝑡)

𝑛

𝜑𝑛(𝑟)𝑒−𝑖𝜔𝑛𝑡 = ∑ V̂(𝑡)𝑐𝑛(𝑡)

𝑛

𝜑𝑛(𝑟)𝑒−𝑖𝜔𝑛𝑡 . (51) 

Latter can be simplified by multiplying with the complex conjugate of the wavefunction 
of the n energy 𝜑𝑛(𝑟)∗  and integrates over space: 

 𝑖ℏ
𝑑𝑐𝑘(𝑡)

𝑑𝑡
𝑒−𝑖𝜔𝑘𝑡 = ∑ 𝑉𝑘𝑛(𝑡)𝑐𝑛(𝑡)𝑛 𝜑𝑛(𝑟)𝑒−𝑖𝜔𝑛𝑘𝑡, (52) 

where: 

 𝜔𝑛𝑘 = 𝜔𝑛 − 𝜔𝑘 =
𝐸𝑛 − 𝐸𝑘

ℏ
. (53) 

The coefficients 𝑐𝑛(𝑡) can be represented as the following expansion series in powers of 
the interaction according to the time-dependent perturbation theory: 

 𝑐𝑛(𝑡) = 𝑐𝑛
0 + 𝑐𝑛

1(𝑡) + 𝑐𝑛
2(𝑡) …, (54) 
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where 𝑐𝑛
0is the probability amplitude of an unperturbed system, e.g., ground state g and 

𝑐𝑛
1(𝑡) the probability amplitude of 1st-order perturbation, i.e., one-photon absorption. 

𝑐𝑛
2(𝑡) the probability amplitude of 2nd-order perturbation, and so on. 
The second term in the series of Equation (54) corresponds to the probability 

amplitude that, some later time t, after absorbing a photon whose energy is ℏ𝜔, the 
molecule reaches the state f: 

 
𝑑𝑎𝑓

1(𝑡)

𝑑𝑡
=

1

𝑖ℏ
∑ 𝑐𝑛

0
𝑛 𝑉𝑓𝑛𝑒𝑖(𝜔𝑛𝑓−𝜔)𝑡, (55) 

 
𝑑𝑎𝑓

1(𝑡)

𝑑𝑡
=

1

𝑖ℏ
𝑉𝑚𝑔𝑒𝑖(𝜔𝑛𝑓−𝜔)𝑡. (56) 

The solution of this differential equation with the initial condition 𝑐𝑓
1(−∞) = 0 (no 

perturbation at the time 0) for 𝑚 ≠ 𝑔 and considering Equation (46) and Equation (47) 
leads to: 

 𝑑𝑐𝑚
1 (𝑡)

𝑑𝑡
=

1

𝑖ℏ
�̂�𝑚𝑔𝑒−𝑖𝜔𝑚𝑔 𝑡 =

1

𝑖ℏ
𝜇𝑚𝑔𝑒�̃�𝑒−𝑖𝜔𝑚𝑔 𝑡, (57) 

 𝑐𝑚
1 (𝑡) = ∫

1

𝑖ℏ
𝜇𝑚𝑔𝑒

𝐸

2
(𝑒−𝑖𝜔𝑡 + 𝑒𝑖𝜔𝑡)𝑒−𝑖𝜔𝑚𝑔 𝑡 𝑑𝑡, (58) 

 𝑐𝑚
1 (𝑡) =

𝐸

2𝑖ℏ
𝜇𝑚𝑔𝑒 ∫(𝑒−𝑖𝜔𝑡 + 𝑒𝑖𝜔𝑡)𝑒−𝑖𝜔𝑚𝑔 𝑡 𝑑𝑡, (59) 

 𝑐𝑚
1 (𝑡) =

𝐸

2ℏ
𝜇𝑚𝑔𝑒 (

𝑒𝑖(𝜔𝑚𝑔−𝜔)𝑡

(𝜔𝑚𝑔 − 𝜔)
−

𝑒𝑖(𝜔𝑔𝑚−𝜔)𝑡

(𝜔𝑔𝑚 − 𝜔)
). (60) 

In the brackets, the first term corresponds to absorption and the second term to 
emission; here, we are interested in the first, and the second term can be disregarded. 

The probability of the transition from ground state g to excited state f by absorbing 
one photon with energy ℏ𝜔 after a time t is therefore given by: 

 𝑃𝑔→𝑓(𝑡) = |𝑐𝑓
1(𝑡)|

2
=

𝐸2

4ℏ2 |�⃗⃑�
𝑓𝑔

�⃗�|
2

[|
sin

𝜔𝑓𝑔−𝜔

2
𝑡

𝜔−𝜔𝑓𝑔

2

|

2

]. (61) 

When  𝑡 → −∞ function in brackets is a narrow Dirac delta function. To obtain a better 
representative of the solution absorption bands normalized line shape function 𝑔𝑀(𝜔) 
can be used where: 

 ∫ 𝑔(𝜔)𝑑𝜔 = 1. (62) 
Equation (61) takes form [86]: 

 𝑃𝑔→𝑓(𝑡) =
𝜋𝐸2𝑡

2ℏ2 |�⃗⃑�
𝑓𝑔

�⃗�|
2

𝑔
𝑀

(𝜔). (63) 

The corresponding transition rate of one-photon absorption is: 

 𝑅𝑔→𝑓(𝑡) =
𝑑

𝑑𝑡
𝑃𝑔→𝑓(𝑡) =

𝜋𝐸2

2ℏ2 |�⃗⃑�
𝑓𝑔

�⃗�|
2

𝑔
𝑀

(𝜔). (64) 

To obtain the one-photon absorbance, transition rate, and the first term in Equation (61) 
can be combined, resulting in: 

 𝜎1𝑃𝐴(𝜔) =
𝜋𝜔

𝑛𝑐𝜀0ℏ
  |𝜇𝑓𝑔𝑒|

2
𝑔𝑀(𝜔). (65) 

As we look at molecules in a solution, the positions of particles are not fixed, and 
molecules are randomly and isotropically oriented. Using a body-fixed coordinate system 
following averaging can be used: 

  〈|(∆𝜇𝑓𝑔. 𝑒)|
2

〉 =
1

8𝜋2 ∫ ∫ ∫ |𝜇𝑓𝑔. 𝑒|
2

sin 𝜃 𝑑𝜃
2𝜋

0
𝑑𝜑

2𝜋

0
𝑑𝜒

𝜋

0
, (66) 

  〈|(∆𝜇𝑓𝑔. 𝑒)|
2

〉 =
1

3
|𝜇𝑓𝑔|

2
, (67) 
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and the 1PA cross-section in a solution can be expressed as: 

 𝜎1𝑃𝐴(𝜔) =
𝜋𝜔

3𝑛𝑐𝜀0ℏ
  |𝜇𝑓𝑔|

2
𝑔𝑀(𝜔). (68) 

 
Probability for 2PA 
Once the expression for 𝑐𝑛

1(𝑡)  has been obtained above, we can use the same 
derivation to calculate the third term corresponding to the second approximation and 
related to the probability that the molecule reaches the final state f after absorbing two 
identical photons i.e., 𝑒 are identical, with energy of ℏ𝜔. That is to say, the molecule 
absorbs one photon that raises it to the virtual level m - with probability |𝑐𝑚

1(𝑡)|2- and 
then absorbs a second photon within time 𝜏𝑣 → 0 to reach the final state f, 

 
𝑑𝑐𝑓

2(𝑡)

𝑑𝑡
=

1

𝑖ℏ
∑ 𝑐𝑚

1(𝑡)𝑚 𝑉𝑓𝑚𝑒𝑖(𝜔𝑓𝑚−𝜔)𝑡, (69) 

 

𝑑𝑐𝑓
2(𝑡)

𝑑𝑡
=

𝑖𝐸2

4ℏ2 ∑
(�⃗⃗�

𝑚𝑔
. �⃗�)(�⃗⃗�

𝑓𝑚
. �⃗�)

(𝜔𝑚𝑔 − 𝜔)
𝑚

[𝑒𝑖(𝜔𝑓𝑚−𝜔)𝑡 + 𝑒𝑖(𝜔𝑓𝑚+𝜔)𝑡

− 𝑒𝑖(𝜔𝑓𝑔−2𝜔)𝑡 − 𝑒𝑖𝜔𝑓𝑔𝑡]. 

(70) 

The physical meaning of the subscripts f, m, and g is excited (final) level, intermediate 
level, and ground level. In this case, two photons are absorbed. As was the case in 1PA, 
we are only interested in 2PA, and discard terms related to stimulated emission 

 
𝑑𝑐𝑓

2(𝑡)

𝑑𝑡
=

𝑖𝐸2

4ℏ2 ∑
(�⃗⃗�𝑚𝑔.�⃗�)(�⃗⃗�𝑓𝑚.�⃗�)

(𝜔𝑚𝑔−𝜔)𝑚 𝑒𝑖(𝜔𝑓𝑔−2𝜔)𝑡. (71) 

Integrating over time: 

 𝑐𝑓
2(𝑡) =

𝐸2

4ℏ2 ∑
(�⃗⃗�𝑚𝑔.�⃗�)(�⃗⃗�𝑓𝑚.�⃗�)

(𝜔𝑚𝑔−𝜔)𝑚 [
𝑒

𝑖(𝜔𝑓𝑔−2𝜔)𝑡
−1

𝜔𝑓𝑔−2𝜔
]. (72) 

Square of Equation (72) gives the probability, 𝑃𝑓
(2)(𝑡), of finding the molecule at the final 

level f is: 

 

𝑃𝑓
(2)(𝑡) = |𝑐𝑓

2(𝑡)|
2

=

𝐸4

16ℏ4 |∑
(�⃗⃗�𝑚𝑔.�⃗�)(�⃗⃗�𝑓𝑚.�⃗�)

(𝜔𝑚𝑔−𝜔)𝑚 |
2

[|
sin

𝜔𝑚𝑔−𝜔

2
𝑡

𝜔−𝜔𝑚𝑔

2

|

2

]. 
(73) 

Again, to account for the broad line shape of the absorption band, we switch over to 
using the normalized line shape function 𝑔𝑀(2𝜔)  and take the time derivative to obtain 
the corresponding two-photon transition rate: 

 𝑅𝑔→𝑓
(2) (𝑡) =

𝜋𝐸4

8ℏ4 |∑
(�⃗⃗⃗�𝑚𝑔.𝑒)(�⃗⃗⃗�𝑓𝑚.𝑒)

(𝜔𝑚𝑔−𝜔)𝑚 |
2

𝑔𝑀(2𝜔). (74) 

From Equation (3): 

 𝛥𝛷 = 𝜎2𝑃𝐴𝑁𝑔𝛷0
2𝛥𝑧. (75) 

As there are two photons needed to excite one molecule  

 
𝛥𝛷

2
= 𝑁𝑔𝛥𝑧𝑅𝑔→𝑓

(2) (𝑡). (76) 

Using the latter, two-photon absorbance can be expressed as follows: 

 𝜎2𝑃𝐴 =
𝜋 𝜔2

𝜀0
2𝑐2ℏ2𝑛2   |∑

(�⃗⃗⃗�𝑚𝑔.𝑒)×(�⃗⃗⃗�𝑓𝑚.𝑒)

(𝜔𝑚𝑔−𝜔)𝑚 |
2

𝑔𝑀(2𝜔). (77) 
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Simplifications of 2PA models  
When looking at centrosymmetric molecules, in most cases, the ground and final state 
can be considered as gerade, and to allow 2PA transition intermediate state must be 
ungerade.  Using the three-level model for the centrosymmetric molecule, Equation (77) 
can be simplified for the lowest energy transition, where 𝜔 ≅ 1/2𝜔𝑓𝑔, as:  

 𝜎2𝑃𝐴(𝜔) ≅
𝜋 𝜔2𝐿4

𝑛2𝑐2𝜀0
2ℏ2  〈|

(�⃗⃗⃗�𝑓𝑔.𝑒)(∆�⃗⃗⃗�𝑓𝑔.𝑒)

𝜔
+

(�⃗⃗⃗�𝑖𝑔.𝑒)(�⃗⃗⃗�𝑓𝑖.𝑒)

(𝜔𝑖𝑔−𝜔)
|

2

〉 𝑔𝑀(2𝜔), (78) 

where 𝐿 is the optical local field correction factor, this correction is used to correct 
solvent effects on the external field as often the electric field acting on the molecule may 
be different from the one applied. For correction, Lorentz field factor  𝐿 = (𝑛2 + 2)/3  is 
often used [87]. 

The molecules that possess permanent dipole moment changes upon 
excitation, i.e., are non-centrosymmetric intermediate level, is unnecessary. A two-level 
model can be used to describe the lowest energy transition: 

 𝜎2𝑃𝐴(𝜔) =
𝜋 𝜔2𝐿4

𝑛2𝑐2𝜀0
2ℏ2

  〈|
(𝜇𝑓𝑔. 𝑒)(∆𝜇𝑓𝑔. 𝑒)

𝜔
|

2

〉 𝑔𝑀(2𝜔). (79) 

As molecules are randomly and isotropically oriented in the solvent, using a body-fixed 
coordinate system following averaging can be used [21]: 

 
 〈|(𝜇𝑓𝑔. 𝑒)(∆𝜇𝑓𝑔. 𝑒)|

2
〉 =

1

8𝜋2 ∫ ∫ ∫ |𝜇𝑓𝑔. 𝑒|
2

|∆𝜇𝑓𝑔. 𝑒|
2

sin 𝜃 𝑑𝜃
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𝑑𝜑

2𝜋

0
𝑑𝜒
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(80) 

  〈|(𝜇𝑓𝑔. 𝑒)(∆𝜇𝑓𝑔. 𝑒)|
2

〉 =
2 cos2(𝛽)+1

15
|𝜇𝑓𝑔|

2
|∆𝜇𝑓𝑔|

2
, (81) 

where the parameter 𝛽 represents the angle between the transition dipole moment 

vector 𝜇𝑓𝑔 and 𝛥𝜇𝑓𝑔. Therefore, the two-level model can be written as: 

 𝜎2𝑃𝐴(𝜔) =
𝜋 𝐿4

15 𝑛2𝑐2𝜀0
2ℏ2  (2 cos2(𝛽) + 1) |𝜇𝑓𝑔|

2
|∆𝜇𝑓𝑔|

2
𝑔𝑀(2𝜔). (82) 
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Appendix 5 

LabView program and data collection 
LabView is used to control hardware directly, like the Horiba CCD, or by sending 
predetermined commands to two Arduino microcontrollers (Nano and Pro Micro).   
The microcontrollers in turn run corresponding signal sequences to drivers connected to 
stepper motors moving sample stage, neutral density filter wheel, and BBO crystal.  
A motorized shutter/beam block (BB) is connected to the solenoid, and for operation, 
the voltage is turned on or off again by the corresponding driver connected to the 
Arduino microcontroller.  Wavelength change in OPA is performed through 
communication via TOPAS 4 server. 

 Prior to measurements, the user inputs desired parameters for excitation 
wavelengths and sample control, as indicated in Figure 41 :  

a) determine the number of samples (≤ 8) and sample names; 
b) wavelength region and step size in nm; 
c) amount of power attenuation points per wavelength (number of NDFW1 

positions, usually 6 – 10); 
d) a number of scans per power (1 – 6). 

The CCD control window is seen in Figure 42, where the user can set the following:  

e) CCD integration wavelength region (indicated with red and yellow vertical lines); 
f) CCD gain value. 

Florescence collection range is controlled by editing Kymera spectrograph parameters, 
seen in Figure 43, where three main variables are: 

g) center emission wavelength; 
h) selected grating; 
i) spectrometer input and output slit and slit widths. 
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Figure 41: LabView control program measurement configuration window. The user can specify the 
wavelength range and step to be scanned, enter the names of the samples, and specify the filter 
wheel steps (power points at one wavelength). 
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Figure 42: LabView Symphony CCD control window, integrated fluorescence is collected between 
red, λmin, and yellow, λmax, vertical markers at the bottom graph. The user can also set the 
integration time (1120 ms at the current acquisition) and amplification factor (1.0).  

 

 

Figure 43: LabView Kymera spectrograph control window. The user defines the grating to be used, 
the central wavelength and the width of the input slit. 

As all the samples have somewhat different fluorescence signals in terms of intensity 
and wavelength, to increase dynamic range, the highest possible (below saturation level) 
CCD integration time is automatically chosen at the lowest NDFW value for a given 
wavelength and sample. According to integration time, a corresponding number of 
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reference detector pulses are calculated and collected via an oscilloscope. Pulse duration 
is chosen so that the first 50 µs of the reference detector waveform (Figure 44) are dark 
signal and the next 50 µs is the PED response. The oscilloscope is used in segmented 
mode to have the fastest possible acquisition time. This means that a predetermined 
number of pulses/segments of a certain length are read into oscilloscope memory and 
analyzed later. The saved waveform's first (–50 µs to 0 s) and the second part (0 s to 50 
µs) are integrated separately. Afterward dark signal (first part) is subtracted from the 
signal (second part).  

 

 

Figure 44: Oscilloscope display screenshot of PED detector signal waveform. The waveform is 
collected from –50 µs to 50 µs from the laser trigger signal. 

CCD signal is being collected cumulatively, i.e., not by selecting individual pulses.  
The signal is integrated over a user-defined wavelength region (the following is chosen 
to have the best overlap between references and sample fluorescence spectra), and the 
dark signal is subtracted. In a later analysis, the results are corrected for the variable 
integration time used. 

2PA has a quadratic dependence on incident photons. The reference detector signal 
with different power attenuations (filter wheel positions) is plotted against fluorescence 
intensity on a double-log scale. The slope of the linear fit gives the power law coefficient, 
as is shown in Figure 45a. The following is monitored turning a scan as an indicator of 
measurement quality. The signal was signed to be origin only from the 2PA process when 
the slope was not deviating from 2.00 more than 5 percent.  

Multiple processes may contribute to the deviation from the square dependence.  
The main problem at shorter wavelengths is 2PA spectra overlap with the red edge of 
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the 1PA band. As the probability of 1PA is much higher, even a small absorption will 
significantly distort the measurement results. Some solvents have strong absorption 
around 1-micrometer wavelengths, which may also cause some artifacts. 

In some cases, the fitted slope rises well above two, as seen in Figure 45b, at 
wavelengths above 900 nm. This deviation could indicate the three-photon absorption 
process. Other nonlinear processes may affect the results as well. For example, a too 
tightly focused laser beam can cause white light to be generated in a sample cuvette or 
nearby optical elements. Another source of error might come from the long detector 
response curve. The reference detector (PED or photodiode) background is collected and 
subtracted right before the signal. If the previous pulse has not fully relaxed, this may 
lead to an underestimation of the corrected fluorescence emission signal and effectively 
gives a slope value over two. Scattered laser light might also affect results if it reaches 
the fluorescence detector. The latter is more problematic in a system that uses PMT 
detector, as there is no direct indication of what wavelengths contribute to the 
fluorescence signal intensity. 

 

Figure 45: AF455 in toluene, a) slop of the linear fit over the excitation wavelength region, rise 
above λ2PA >900 nm is caused by three-photon absorption b) example of excitation laser power- 
fluorescence intensity dependence on a log-log scale linear fit at 800 nm.  
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Appendix 6 

 

Figure 46: C151 2PA spectra in n-octanol (dash line) and acetonitrile (solid line). 
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Table 7: C151 2PA values in the 550 – 925 nm in n-octanol and acetonitrile solution. 

 Acetonitrile n-octanol  Acetonitrile n-octanol 

Wavelength, 
nm 

σ2PA, GM σ2PA, GM 
Wavelength, 

nm 
σ2PA, GM σ2PA, GM 

550 0.67 1.32 740 7.05 8.32 

555 0.55 0.95 745 7.15 8.75 

560 0.50 0.71 750 6.96 8.79 

565 0.47 0.58 755 6.77 9.05 

570 0.50 0.53 760 6.48 9.25 

575 0.59 0.57 765 6.19 9.30 

580 0.70 0.66 770 5.83 9.32 

585 0.79 0.75 775 5.52 9.41 

590 0.91 0.87 780 5.08 9.27 

595 1.07 1.04 785 4.55 9.16 

600 1.23 1.21 790 3.98 8.80 

605 1.38 1.38 795 3.44 8.38 

610 1.50 1.55 800 2.90 8.02 

615 1.57 1.63 805 2.42 7.39 

620 1.67 1.73 810 1.98 6.94 

625 1.70 1.81 815 1.57 6.34 

630 1.65 1.80 820 1.23 5.73 

635 1.62 1.72 825 0.94 5.20 

640 1.63 1.66 830 0.70 4.49 

645 1.64 1.61 835 0.51 3.90 

650 1.79 1.62 840 0.36 3.39 

655 1.94 1.66 845 0.26 2.91 

660 2.16 1.76 850 0.18 2.42 

665 2.42 1.90 855 0.13 1.95 

670 2.68 2.10 860 0.09 1.56 

675 2.98 2.32 865 0.06 1.24 

680 3.35 2.62 870 0.04 0.94 

685 3.72 2.93 875 0.03 0.68 

690 4.09 3.32 880 0.02 0.48 

695 4.64 3.77 885 0.01 0.35 

700 5.13 4.32 890 0.01 0.25 

705 5.60 4.89 895 0.01 0.18 

710 6.11 5.52 900 0.01 0.12 

715 6.55 6.08 905 0.00 0.09 

720 6.71 6.59 910 0.00 0.06 

725 7.09 7.20 915 0.00 0.04 

730 7.14 7.66 920 0.00 0.02 

735 7.20 8.02 925 0.00 0.02 
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Appendix 7 

Fluorescence decay measurements                                                        
To further gain insight into the fluorescence behavior of coumarin derivative neutral and 
protonated forms, TCSPC measurements were performed of nanosecond time-resolved 
emission kinetics. Neutral forms of C1-C4 shoved single-exponential decay with the fitted 
lifetime value, 𝜏 = 4.8 – 5.0 ns, seen in Table 8. 

Table 8: Fluorescence lifetime measurement results. 

Compound λem, nm τ, nsa 

C151 463 5.4 ± 0.1 

C1 487 4.8 ± 0.1 

C2 492 4.8 ± 0.1 

C3 508 5.0 ± 0.1 

C4 519 5.0 ± 0.1 

C2-PROT (triflic) 411 0.25 ± 0.02b 

C2-PROT (HCl) 411 
0.34 ± 0.02 (98) 

3.7 ± 0.3 (2) 

a, % total emission. b, Maximum of Lorentzian distribution. 
 

The decay time for the parent compound C151 in ACN, 𝜏 = 5.4 ± 0.1, is comparable to 
the previously reported value of 5.13 ns by Nad et al. [43]. In the acidic form, 
measurements only for C2 in acetonitrile were carried out, seen side-by-side with the 
neutral form in Figure 47. As might be expected, the quantum yield's decrease upon 
protonation also correlates to substantially faster emission decay. Compared to the 
neutral form, protonated species shows non-exponential decay comprising multiple 
decay constants. To achieve a satisfactory fitting of the data, continuous Lorentzian 
distribution of the lifetimes, with a maximum of 0.25 ns and an FWHM duration of  
0.069 ns, was used. Compared to triflic, early-time kinetics are slower with HCl, while the 
latter components are shorter-lived. Decay could be modeled by using two components 
provided in Table 8. 
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Figure 47: Time-resolved log-emission of neutral C2 (blue line, 𝜆𝑒𝑥 – 260 nm, 𝜆𝑒𝑚 – 495 nm) in 
acetonitrile, fit with a black dashed line, compared to the same sample protonated with triflic acid 
(red line, 𝜆𝑒𝑥 – 270 nm, 𝜆𝑒𝑚 – 425 nm) fit with dot-dash-dot components, described by a Lorentzian 
distribution for the protonated form and single decay component in the case of the neutral form. 

In the Fluorescence decay kinetics measurements, samples were excited with 140 fs 
pulses generated by an 80 MHz pulse repetition rate mode-locked femtosecond 
Ti:sapphire laser (Chameleon Ultra II, Coherent) equipped with a second- and third-
harmonic generator (HarmoniXX THG, Angewandte Physik & Electronik GmbH), followed 
by an electro-optic modulator (M350- 80, Conoptics) used to lower the pulse rate down 
to 2 MHz. The fluorescence decay was quantified using a commercial time-correlated 
single-photon counting (TCSPC) system (FluoTime200, PicoQuant) and the associated 
data analysis software package FluoFit. Fluorescence was detected with a microchannel 
plate photomultiplier (R3809U-50, Hamamatsu) combined with a monochromator.  
The instrument response function (IRF) was obtained using a silicon scattering solution 
in place of the sample. The used setup is further described in work done by Skowron  
et al. [88]. 
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Appendix 8 

Fluorometer correction function 
Renewed instrumental correction function was obtained using a set of well-trusted 
fluorescent reference samples: C153 in methanol, alfaNPO-MeOH, DCM-MeOH, 
Perylene Cyclohexane, TPB-Cyclohexane, and Tryptophan H2O [89] and  [90]. Samples 
were measured and compared to the literature value to obtain the correction function 
and stitched together while scaled according to the old correction function.  

 
 

 

Figure 48: Comparison of spectrofluorometer instrumental correction function old(blue) and new 
(dash red). 

Figure 48 shows a comparison between old and new correction functions. As seen, 
the most significant discrepancy occurs in the range of 450 – 550 nm. This also coincides 
with the maximum fluorescence spectra of coumarins studied in this work.  
  



 

141 

Appendix 9 

Solvent dependence of C3 
In Figure 49, C3 is shown in different solvents; blue lines show the absorption spectrum 
in neutral forms. Corresponding triflic-protonated absorbance is shown with red lines, 
dash lines indicate fluorescence with the same color scheme. The absorbance and 
fluorescence are normalized to the maximum.  

In neutral cyclohexane, the least polar solvent, the 1PA spectrum shows emerging 
features resembling those observed in the 2PA spectrum of the acidic form. 
Unfortunately, adding a small amount of acid did not result in a stable protonated 
solution but rather led to the formation of insoluble aggregates that precipitated out,  
in a matter of hours. Cyclohexane displays the smallest Stokes shift, while octanol, 
acetonitrile, and DMSO are reasonably similar, while methanol neutral form shows the 
largest stoke shift ~130 nm.  

 

Figure 49: 1PA (solid lines) and fluorescence emission (dashed lines) of neutral (blue) and 
protonated (red) C3 in variable solvents. 
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DMSO protonated form indicates the presence of some neutral C3 visible in both 
absorbance and fluorescence spectra. Methanol and octanol fluorescence may also show 
not fully protonated samples, but this cannot be confirmed by looking absorption 
spectrum.  As the QY of the neutral form is much higher, even a very small amount of the 
neutral form may be contributed significantly to fluorescence spectra. Another 
hypothesis, as presented earlier, may be excited state proton transfer. 
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Appendix 10 

The experimental setup used to measure coumarin samples. The principle and the 
structure of the measuring apparatus (Figure 50) closely resemble the updated 
measurement scheme shown in chapter 3. Exception being the fluorescence collection 
part. Instead of a spectrograph and CCD camera, a photomultiplier tube (PMT) is used.  
A set of lenses is used to collect as much fluorescence signal as possible. A short pass 
filter is used to cut off the scattered laser light. Setup is further discussed in the Master 
thesis of Katrin Petritšenko [91].  

 

 

Figure 50: Schematic of the automated femtosecond 2PA/3PA spectrometer; Pol - polarizer; BS – 
Beam splitter; L - lens; LPF - long-pass filter; SPF - short-pass filter; M-Mirror; λ/2 - half-wave plate. 
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Appendix 11 

Laser system  
A description of the pump laser can be followed with the help of scheme 1. Chiller 
provides water cooling to the oscillator, regenerative amplifier RA, stretcher-compressor 
S-C, and Pockels cell driver modules.  

The oscillator generates the femtosecond pulses with a duration of 70 – 90 fs,  
an average power of 0.6 - 2 W, and a pulse repetition rate of 76 MHz. These generated 
seed pulses are directed through the pulse stretcher. It uses dispersion of diffraction 
gratings to increase the pulse length and decrease their peak intensity to facilitate 
amplification in the regenerative amplifier. One or two continuous wave laser diode 
modules pump the regenerative amplifier. RA has two Pockels cells, first used to inject 
the seed pulses into the regenerative amplifier at the rate of 1 - 6 kHz. The second Pockels 
cell is used as a pulse picker (PP), selecting the output pulses and enabling the laser 
repetition rate in the range of 100 Hz to 6 kHz.  

System operation is automatically controlled by the timing electronics module (TEM). 
The Pharos system can be operated via Pharos control software on a PC, which is 
connected to the power supply through USB.  

 

 

Scheme 1: Pharos laser, oscillator (OSC), stretcher-compressor(S-C), regenerative amplifier (RA), 
Pulse picker (PP), Timing electronics module (TEM) Chiller, Power supply (PS), and Remote-control 
module (RCM). A dashed line surrounds water-cooled components. The green and violet lines mark 
power supply and timing electronics module connections, respectively. 

The output from the Pharos system is directed to the OPA input using a periscope and 
three external mirrors. The optical layout of the OPA can be followed in Figure 51. After 
passing through the input port (A), the beam is split into three components by two beam 
splitters, BS1 and BS2. From BS2 transmitted part is used for white-light continuum (WLC) 
generation, and the reflections from BS1 and BS2 are passed through Beta Barium Borate 
(BBO) crystals (SH1 and SH2), where the second harmonic wavelength of the laser  
(515 nm) is created. 

One of the second harmonics beams is used to pump the non-collinear parametric 
pre-amplifier (first amplification stage) in the BBO Type I nonlinear crystal NC1 “Crystal 
1”. The temporal dispersion medium (TD) element disperses the white light in time to 
allow selective amplification of a specific wavelength by tuning the computer-controlled 
delay translation stage (M1 and M2) “Delay 1”. The pre-amplified wavelength is routed 
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to the second parametric amplification stage, consisting of the colinear Type I, BBO 
crystal, pumped by the second SHG beam using the dichroic mirror DM2. Adjusting the 
timing between the pump and the pre-amplified seed using a second computer-
controlled delay stage (DP1 and DP2), “Delay 2” allows for optimization of the parametric 
amplification power and wavelength. The dichroic mirror DM3 rejects the residual pump 
beam. Due to the conservation of energy, the signal and idler wavelengths are related to 
the second harmonic pump beam wavelength as follows:  

 
1

𝜆𝑆𝐻𝐺 𝑝𝑢𝑚𝑝
=

1

𝜆𝑆𝑖𝑔𝑛𝑎𝑙
+

1

𝜆𝐼𝑑𝑙𝑟
 (83) 

 

 

Figure 51: Simplified schematics of optical parametric amplifier OPA, input A, BS beam splitter, M 
mirror, DM dichroic mirror, DP delay plate, NC nonlinear crystal, SH second harmonic generation 
crystal, TD temporal dispersion medium, WLG white light generation substrate, C output.   

Using SHG in BBO type I (Lyra-SH) Figure 52 enables further wavelength tunability  
λ = 315 – 520 nm (SH Signal) and λ = 515 – 630 nm (SH Idler) along with control of the 
polarization via broad-band half waveplate.  
 

 

Figure 52: LYRA-SH housing polarization rotator (RP) and frequency mixing stage with nonlinear 
crystal (MX). 
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Appendix 12  

Here is presented a reproduction of Herzberg-Teller description for two-photon 
absorption spectra published by W.L. Smith [20]. 

In the harmonic approximation, the vibrational wavefunction 𝜒𝑖  for multi-atom 
molecules can be represented as a product of one-dimensional functions. Neglecting the 
Duschinsky effect, we can write the Condon integral as a product of one-dimensional 
harmonic oscillator overlap integrals: 

   ⟨𝑘|𝑖⟩ = ∏⟨𝑘(𝑙)|𝑖(𝑙)⟩

𝑙

, (84) 

𝑘(𝑙) and 𝑖(𝑙) are presenting a single quantum number in normal mode 𝑙 at the states 𝑘 
and 𝑖. 
For two-photon transitions, we define the following energy values with respective 
quantum numbers: 

𝐸(𝑓, 𝑘) = 𝐸𝑓 + 𝐸𝑘  (final state), 

𝐸(𝑚, 𝑗) = 𝐸𝑚 + 𝐸𝑗  (intermediate state), 

𝐸(𝑔, 𝑖) = 𝐸𝑔 + 𝐸𝑖  (initial state). 

   𝐸𝑚 −
1

2
(𝐸𝑔 + 𝐸𝑓) + 𝐸𝑗 −

1

2
(𝐸𝑖 + 𝐸𝑘) = ∆𝑒(𝑔, 𝑚, 𝑓) + ∆𝑣(𝑖, 𝑗, 𝑘), (85) 

indexes 𝑔, 𝑚, 𝑓 and 𝑖, 𝑗, 𝑘 represent all the electronic and vibronic numbers in respective 
electronic states. 
Two-photon transition dipole moment can be expressed in the following form: 

 𝐶𝑓𝑘,𝑔𝑖 = ∑
μ⃗⃗fk, mjμ⃗⃗mj,gi

[𝐸(𝑚, 𝑗) − 𝐸(𝑔, 𝑖)] − ℎ𝜈
𝑚,𝑗

. (86) 

Here we assume degeneracy, i.e., two absorbing photons have the same frequency 𝜈 and 

vibronic matrix elements μ⃗⃗fk, mj  and μ⃗⃗mj, gi are given with Equation (14) in part 1.1.4. 

Two absorbing photons have a summed energy equal to the energy difference between 
the initial and final state, i.e., 2ℏ𝜔 =  𝐸(𝑓, 𝑘) − 𝐸(𝑔, 𝑖) and we can rewrite Equation 
(86): 

 𝐶𝑓𝑘,𝑔𝑖 = ∑
μ⃗⃗fk, mjμ⃗⃗mj,gi

∆𝑒(𝑛) + ∆𝑣(𝑖, 𝑗, 𝑘)
𝑚,𝑗

. (87) 

As state earlier, intermediate energy levels are assumed to be non-resonant i.e., 
𝐸(𝑚, 𝑗) − 𝐸(𝑔, 𝑖) ≠ ℏ𝜔. If the energy difference between electronic states is much 

larger than between vibronic states, then:  (∆𝑒 + ∆𝑣)−1 ≈ ∆𝑒
−1(1 −

Δ𝑣

Δ𝑒
) and we can again 

rewrite Equation (87) 

 𝐶𝑓𝑘,𝑔𝑖 = ∑
μ⃗⃗fk, mjμ⃗⃗mj,gi(1 − ∆𝑣(𝑖, 𝑗, 𝑘)/∆𝑒(𝑛))

∆𝑒(𝑛)
𝑚,𝑗

. (88) 

Now we can write vibronic transition moment matrix elements in the form presented in 
Equation (18) in section 1.1.4. Where for simplicity we are looking molecules with only 
two atoms and dealing with only single normal coordinate Q: 

 

 
𝜇fk, mj(𝑄) = 𝜇

𝑓𝑚
(0)⟨𝑘|𝑗⟩ + [

𝜕𝜇𝑓𝑚

𝜕𝑄
] ⟨𝑘|𝑄|𝑗⟩, 

and 
(89) 
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𝜇𝑚𝑗, gi(𝑄) = 𝜇
𝑚𝑔

(0)⟨𝑗|𝑖⟩ + [
𝜕𝜇𝑚𝑔

𝜕𝑄
] ⟨𝑗|𝑄|𝑖⟩, 

where the indexes i,k,j represents individual quantum numbers. We can further shorten 
Equation (89) by writing, 

 

𝜇fk, mj(𝑄) = 𝜇
𝑓𝑚

(0)⟨𝑘|𝑗⟩ + 𝜇
𝑓𝑚

(1)⟨𝑘|𝑄|𝑗⟩, 

and 

𝜇𝑚𝑗, gi(𝑄) = 𝜇
𝑚𝑔

(0)⟨𝑗|𝑖⟩ + 𝜇
𝑚𝑔

(1)⟨𝑗|𝑄|𝑖⟩, 

(90) 

Now inserting the terms into Equation (88) we get  

 
𝐶𝑓𝑘,𝑔𝑖 =

∑
[𝜇𝑓𝑚(0)⟨𝑘|𝑗⟩+𝜇𝑓𝑚(1)⟨𝑘|𝑄|𝑗⟩][𝜇𝑚𝑔(0)⟨𝑗|𝑖⟩+𝜇𝑚𝑔(1)⟨𝑗|𝑄|𝑖⟩](1−∆𝑣(𝑖,𝑗,𝑘)/∆𝑒(𝑛))

∆𝑒(𝑛)
,𝑚,𝑗   

(91) 

 

 

𝐶𝑓𝑘,𝑔𝑖 = ∑
[𝜇

𝑓𝑚
(0)𝜇

𝑚𝑔
(0)⟨𝑘|𝑗⟩⟨𝑗|𝑖⟩ + 𝜇

𝑚𝑔
(1)⟨𝑗|𝑄|𝑖⟩ + 𝜇

𝑓𝑚
(0)𝜇

𝑓𝑚
(1)⟨𝑘|𝑗⟩⟨𝑘|𝑄|𝑗⟩+

∆𝑒(𝑛)
𝑚,𝑗

 

+𝜇𝑓𝑚(1)𝜇𝑚𝑔(0)⟨𝑘|𝑄|𝑗⟩⟨𝑗|𝑖⟩+𝜇𝑓𝑚(1)𝜇𝑚𝑔(1)⟨𝑗|𝑄|𝑖⟩⟨𝑘|𝑄|𝑗⟩](1 − ∆𝑣(𝑖, 𝑗, 𝑘)/∆𝑒(𝑛))

∆𝑒(𝑛)
. 

(92) 

Discarding the 𝜇𝑓𝑚(1)𝜇𝑚𝑔(1) (Taylor series first-order approximations) and then by first 

summarizing over j and then m. We can apply the quantum mechanical sum rule as a 
sum over j resembles a complete set of orthogonal vibrational wavefunctions, which are 
the eigenfunctions of the vibrational Hamiltonians: 

 
∑⟨𝑘|𝐹1(𝑄)|𝑗⟩⟨𝑗|𝐹2(𝑄)|𝑖⟩ = ⟨𝑘|𝐹1(𝑄)𝐹2(𝑄)|𝑖⟩

𝑗

. (93) 

𝐹1(𝑄)and 𝐹2(𝑄) represent any continuous function or operators.  
Following the same logic, we can write: 

 
∑⟨𝑘|𝑗⟩⟨𝑗|𝑖⟩ = ⟨𝑘|𝑖⟩,

𝑗

 (94) 

and  

 
∑⟨𝑘|𝑗⟩⟨𝑗|(𝑄)|𝑖⟩ = ∑⟨𝑘|(𝑄′′)|𝑗⟩⟨𝑗|𝑖⟩

𝑗

= ⟨𝑘|(𝑄)|𝑖⟩

𝑗

. (95) 

As ∆𝑣was determined in Equation (85) and contains 𝐸𝑗, the summation over j takes the 

form  

 
∑⟨𝑘|𝑗⟩⟨𝑗|𝑖⟩𝐸𝑗 = ∑⟨𝑘|𝑗⟩⟨𝑗|𝐻𝑗|𝑗⟩⟨𝑗|𝑖⟩

𝑗

.

𝑗

 (96) 

As the elements ⟨𝑠𝑚|𝐻𝑗|𝑗⟩ are only nonzero when 𝑠𝑚 = 𝑗 and zero terms would not affect 

the summation over j, we can write: 

 
∑⟨𝑘|𝑗⟩⟨𝑗|𝑖⟩𝐸𝑗 = ∑⟨𝑘|𝑠𝑚⟩⟨𝑠𝑚|𝐻𝑗|𝑗⟩⟨𝑗|𝑖⟩

𝑗𝑗

= ⟨𝑘|𝐻𝑗|𝑖⟩. (97) 

The vibrational Hamiltonian of the intermediate state can be written through the 
potential vibrational functions of the intermediate and initial state:  

 𝐻𝑗 = 𝐻𝑖 + 𝑉𝑗 + 𝑉𝑖 , (98) 

and  

 ⟨𝑘|𝐻𝑗|𝑖⟩ = ⟨𝑘|𝐻𝑖 + 𝑉𝑗 + 𝑉𝑖|𝑖⟩ = 𝐸𝑖⟨𝑘|𝑖⟩ + ⟨𝑘|𝑉𝑗 − 𝑉𝑖|𝑖⟩. (99) 

Using the same logic, we can write: 

 
∑⟨𝑘|𝐻𝑗|𝑗⟩⟨𝑗|𝑖⟩𝐸𝑗

𝑗

= 𝐸𝑖⟨𝑘|𝑄|𝑖⟩ + 〈𝑘|𝑄|(𝑉𝑗 − 𝑉𝑖)|𝑖〉, (100) 
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 ∑⟨𝑘|𝑗⟩⟨𝑗|𝑄(𝑖)|𝑖⟩𝐸𝑗

𝑗

= ⟨𝑘|𝐻𝑗𝑄(𝑖)|𝑖⟩, (101) 

and  

 ∑⟨𝑘|𝐻(𝑗)|𝑡⟩⟨𝑡|𝑄(𝑖)|𝑖⟩

𝑡

= ∑⟨𝑘|𝐻𝑖 + 𝑉𝑗 + 𝑉𝑖|𝑡⟩⟨𝑡|𝑄(𝑖)|𝑖⟩

𝑡

= 

= ∑⟨𝑘|𝐻(𝑖)|𝑡⟩⟨𝑡|𝑄(𝑖)|𝑖⟩

𝑡

+ ∑⟨𝑘|𝑉𝑗 − 𝑉𝑖|𝑡⟩⟨𝑡|𝑄(𝑖)|𝑖⟩

𝑡

= 

= 𝐸𝑘⟨𝑘|𝑄(𝑖)|𝑖⟩ + ⟨𝑘|𝑄(𝑖)(𝑉𝑗 − 𝑉𝑖)|𝑖⟩. 

 

(102) 

As ⟨𝑘|𝐻(𝑖)|𝑡⟩ = 𝐸𝑘𝛿𝑘𝑡 and assuming potential harmonic functions   

 𝑉 =
4𝜋2𝜔2𝑐2𝑄2

2
=

𝜆𝑄2

2
, 

(103) 

and 𝑄(𝑗) = 𝑄(𝑖) − 𝑑(𝑗) and 𝑄(𝑘) = 𝑄(𝑖) − 𝑑(𝑘)  then 𝑄(𝑖)(𝑉(𝑗) − 𝑉(𝑖)) has  𝑄3, 𝑄2 𝑎𝑛𝑑 𝑄. 

Here we are only looking at matrix elements in Q,  

 ⟨𝑘|𝑄(𝑖)(𝑉𝑗 − 𝑉𝑖)|𝑖⟩ =
⟨𝑡|𝑄(𝑖)|𝑖⟩[𝜆(𝑗)(𝑑(𝑗))2 − 𝜆(𝑘)(𝑑(𝑘))2]

2
. (104) 

Now using predefined terms, we can finally write the two-photon transition moment:   

 

𝐶𝑓𝑘,𝑔𝑖 = ⟨𝑘|𝑖⟩ ∑
𝜇

𝑓𝑚(0)𝜇
𝑚𝑔(0)

∆𝑒(𝑚)
𝑚

[1 +
(𝐸𝑘 − 𝐸𝑖)

2∆𝑒(𝑚)
] + 

+⟨𝑘|𝑄(𝑖)|𝑖⟩ ∑ {
𝜇𝑓𝑚(0)𝜇𝑚𝑔(1)

∆𝑒(𝑚)
𝑚

[1 +
(𝐸𝑘 − 𝐸𝑖) − 𝜆(𝑗)(𝑑(𝑗))

2

2∆𝑒(𝑚)
] + 

+ [1 +
(𝐸𝑖 − 𝐸𝑘) + 𝜆(𝑘)(𝑑(𝑘))

2
− 𝜆(𝑗)(𝑑(𝑗))

2

2∆𝑒(𝑚)
] + 

+
𝜇𝑓𝑚(0)𝜇𝑚𝑔(0)

∆𝑒(𝑚)
[

𝜆(𝑗)𝑑(𝑗)

∆𝑒(𝑚)
]}  

(105) 

Due to the fact that summation over quantum numbers m includes vibrational energy 
terms 𝐸𝑖 , 𝐸𝑗  and 𝐸𝑘, there is no clear separation between the vibrational and electronic 

factors which determine the intensity distribution. Now if difference in vibrational 
energies i.e.  𝐸𝑖 − 𝐸𝑘  is much less than the difference in electronic energies ∆𝑒(𝑚), then 
two-photon transition moment can be simplified as: 

 

𝐶𝑓𝑘,𝑔𝑖 = ⟨𝑘|𝑖⟩ ∑
𝜇𝑓𝑚(0)𝜇𝑚𝑔(0)

∆𝑒(𝑚)𝑚 + ⟨𝑘|𝑄(𝑖)|𝑖⟩ ×

∑ {
𝜇𝑓𝑚(0)𝜇𝑚𝑔(1)+𝜇𝑓𝑚(1)𝜇𝑚𝑔(0)

∆𝑒(𝑚)
}𝑚 .  

(106) 

Substituting latter equation to Equation (9) in section 1.1 and expressing the energy 
difference ∆𝑒 in terms of 𝜔 we reach for the equation for 2PA cross-section that includes 
Herzberg-Teller description of vibrational modes. 

 

𝜎2𝑃𝐴 =
𝜋𝜔2

𝜀0
2𝑐2ℏ2𝑛2   〈|(⟨𝑘|𝑖⟩ ∑

𝜇𝑓𝑚(0)∙𝜇𝑚𝑔(0)

(𝜔𝑚𝑔−𝜔)𝑚 + ⟨𝑘|𝑄(𝑖)|𝑖⟩ ×

∑ {
𝜇𝑓𝑚(0)𝜇𝑚𝑔(1)+𝜇𝑓𝑚(1)𝜇𝑚𝑔(0)

(𝜔𝑚𝑔−𝜔)
}𝑚 ) �⃗�|

2

〉 𝑔𝑀(2𝜔).  

 

(107) 
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In the case of non-symmetric molecules where a two-level model may be applied, 
Equation 20 in part 1.1.5 can be abbreviated by summing over the initial and final level. 
The first sum in Equation (20) becomes the following: 

 ∑
𝜇𝑓𝑚(0)𝜇𝑚𝑔(0)

∆𝑒(𝑚)
𝑚

=
𝜇𝑓𝑔𝜇𝑔𝑔

∆𝑒(𝑔)
+

𝜇𝑓𝑓𝜇𝑓𝑔

∆𝑒(𝑓)
. 

(108) 

 
Where ∆𝑒(𝑚) is defined as: 

 ∆𝑒(𝑚) = 𝐸𝑚 −
1

2
(𝐸𝑔 + 𝐸𝑓) 

(109) 

In the case of the two-level model intermediate level will be represented by the 
transition from the initial level to the initial level or final level to the final level and by 
denote 𝐸𝑓 − 𝐸𝑔with ∆𝐸 , ∆𝑒(𝑚) become −1/2∆𝐸 and 1/2∆𝐸 and Equation (20) can be 

rewritten: 

 
𝜇𝑓𝑓𝜇𝑓𝑔 − 𝜇𝑓𝑔𝜇𝑔𝑔

−
1
2

∆𝐸
=

𝜇𝑓𝑔(𝜇𝑓𝑓 − 𝜇𝑔𝑔)

1
2

∆𝐸
. 

(110) 

As term 𝜇𝑓𝑓 − 𝜇𝑔𝑔 represents the change in permanent dipole moment it is replaced 

with ∆𝜇  

 ∑
𝜇𝑓𝑚(0)𝜇𝑚𝑔(0)

∆𝑒(𝑚)
𝑚

=
2

∆𝐸
𝜇𝑓𝑔∆𝜇. (111) 

Following the same logic, we can modify the second sum in Equation (20): 

 

∑ {
𝜇𝑓𝑚(0)𝜇𝑚𝑔(1) + 𝜇𝑓𝑚(1)𝜇𝑚𝑔(0)

∆𝑒(𝑚)
}

𝑚

= 

=
𝜇𝑓𝑚

𝜕𝜇𝑔𝑔

𝜕𝑄
+ 𝜇𝑔𝑔

𝜕𝜇𝑓𝑔

𝜕𝑄

−
1
2

∆𝐸
+

𝜇𝑓𝑓

𝜕𝜇𝑓𝑔

𝜕𝑄
+ 𝜇𝑓𝑔

𝜕𝜇𝑓𝑓

𝜕𝑄
1
2

∆𝐸
= 

=
𝜇𝑓𝑔

𝜕(𝜇𝑓𝑓 − 𝜇𝑔𝑔)
𝜕𝑄

+
𝜕𝜇𝑓𝑔

𝜕𝑄
(𝜇𝑓𝑓 − 𝜇𝑔𝑔)

1
2

∆𝐸

=
2

∆𝐸
(𝜇𝑓𝑔

𝜕(∆𝜇)

𝜕𝑄
+

𝜕𝜇𝑓𝑔

𝜕𝑄
(∆𝜇)). 

(112) 

Now we can add two sums back to Equation (20) and obtain a two-photon transition 
moment for a two-level model: 

 𝐶𝑓𝑘,𝑔𝑖 = ⟨𝑘|𝑖⟩
2

∆𝐸
𝜇𝑓𝑔∆𝜇 + ⟨𝑘|𝑄(𝑖)|𝑖⟩ ×

2

∆𝐸
(𝜇𝑓𝑔

𝜕(∆𝜇)

𝜕𝑄
+

𝜕𝜇𝑓𝑔

𝜕𝑄
(∆𝜇)). (113) 

To attain expression for a two-photon absorption cross-section that would involve 
vibronic contribution, we insert Equation (113) to Equation (9): 

 

𝜎2𝑃𝐴(𝜔) =
𝜋 

15 𝑛2𝑐2𝜀0
2ℏ2

(2 cos2(𝛽) + 1)   |⟨𝑘|𝑖⟩𝜇𝑓𝑔∆𝜇 +

⟨𝑘|𝑄(𝑖)|𝑖⟩ (𝜇𝑓𝑔
𝜕(∆𝜇)

𝜕𝑄
+

𝜕𝜇𝑓𝑔

𝜕𝑄
(∆𝜇))|

2

𝑔𝑀(2𝜔).  

(114) 
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Appendix 13 

One-photon spectral decompositions of PDP, HPDP and HPDPH 
pH probe response was modeled with the Nernst equation [92], 

 p𝐻 = p𝐻0 −
𝐸

𝑘
. (115) 

Where pH is the actual pH of the solution, E is the reading from the probe, k is the 
practical slope factor, and pH0 is the pH which results in zero potential on the probe. 
Individual component concentrations can be expressed following Ka definition (Equation 
(32) in 2.3.5) for two acid-base reactions: 

 

10−p𝐾𝑎1 =
10−p𝐻[𝐏𝐃𝐏]

[𝐇𝐏𝐃𝐏]
, 

10−p𝐾𝑎2 =
10−p𝐻[𝐇𝐏𝐃𝐏]

[𝐇𝐏𝐃𝐏𝐇]
, 

𝐶𝑡𝑜𝑡 = [𝐏𝐃𝐏] + [𝐇𝐏𝐃𝐏] + [𝐇𝐏𝐃𝐏𝐇]. 

(116) 

 
Combining Equation (115) and Equation (116) concentration model for individual 

components can be established: 

 

𝐶PDP =
𝐶𝑡𝑜𝑡 ∙ 10−p𝐾𝑎1−p𝐾𝑎2

10𝐸/𝑘1+𝐸/𝑘2 + 10𝐸/𝑘1−p𝐾𝑎2 + 10−p𝐾𝑎1−p𝐾𝑎2
, 

𝐶HPDP =
𝐶𝑡𝑜𝑡 ∙ 10𝐸/𝑘1−p𝐾𝑎2

10𝐸/𝑘1+𝐸/𝑘2 + 10𝐸/𝑘1−p𝐾𝑎2 + 10−p𝐾𝑎1−p𝐾𝑎2
, 

𝐶HPDPH =
𝐶𝑡𝑜𝑡 ∙ 10𝐸/𝑘1+𝐸/𝑘2

10𝐸/𝑘1+𝐸/𝑘2 + 10𝐸/𝑘1−p𝐾𝑎2 + 10−p𝐾𝑎1−p𝐾𝑎2
. 

(117) 

 
There are two slope terms k1 and k2, as the pH response is assumed to be linear near 

the buffered regions of pKa1 and pKa2, but may deviate over larger pH range between 
them. The equilibrium parameters pKa1 and pKa2 are technically the difference, pKa - pH0, 
but as the pH of zero potential was not measured, absolute pKa values are not achievable 
with this model. Measured pH-dependent absorption spectra matrix A with dimensions 

(20pH ⨯ 600) is expressed as Beer-Lambert equation as: 

 𝑨 = 𝑑 ∙ 𝑪 ∙ 𝜺𝑻. (118) 

Where d is the optical path length of the cuvette, C is the concentration matrix with 
the concentration of three individual components (PDP, HPDP and HPDPD) at each pH 

value.  is the corresponding molar absorption spectra matrix, again composing of 

individual components (PDP, HPDP and HPDPD)   values at every wavelength,  Using 
the MCR-ALS approach, the concentration model and the corresponding molar 
absorption spectra were alternately solved using the transformations: 

 𝜺𝑻 = (𝑪𝑻 ∙ 𝑪)−1(𝑪𝑻 ∙ 𝑪) ∙ 𝜺𝑻 = (𝑪𝑻 ∙ 𝑪)−1 ∙ 𝑪𝑻 ∙
𝑨

𝑑
, (119) 

 

 𝑪 = 𝑪 ∙ (𝜺𝑇 ∙ 𝜺)(𝜺𝑇 ∙ 𝜺)−1 =
𝑨

𝑑
∙ 𝜺 ∙ (𝜺𝑇 ∙ 𝜺)−1. (120) 

 
 

 



 

151 

Appendix 14 

Approximation of ∆𝝁 in the case of a two-level system 
From Equation (11) in 1.1.2, where we consider isotropic averaging 𝑃(𝛽). For linearly 
polarized light 𝑃(𝛽) = 2 cos2(𝛽) + 1) whereas for circularly polarized light 𝑃(𝛽) =

1/2(cos2(𝛽) + 3). 

 𝜎2𝑃𝐴 =
𝑃(𝛽)

15

𝜋

𝜀0
2𝑐2ℏ2𝑛2

  |𝜇𝑓𝑔|
2
|∆𝜇|2 𝑔𝑀 (

𝜔

2
), (121) 

from which we can extract delta ∆𝜇: 

 |∆𝜇| = √
15 𝜀0

2𝑐2ℏ2𝑛2   𝜎2𝑃𝐴(𝜔/2)

𝑃(𝛽)𝜋 |𝜇𝑓𝑔|
2

  𝑔
𝑀

(𝜔/2)
. (122) 

Combining it with Equation (4) 
 
𝜎1𝑃𝐴(𝜔) =

𝜋𝜔

3𝑛𝑐𝜀0ℏ
  |𝜇𝑓𝑔|

2
𝑔𝑀(𝜔) ⇒ |𝜇𝑓𝑔|

2
=

3𝑛𝑐𝜀0ℏ 𝜎1𝑃𝐴(𝜔)

𝜋𝜔 𝑔𝑀(𝜔)
, 

(123) 

we arrive to  

 |∆𝜇| = √
5 𝑛𝑐𝜀0ℏ   𝜎2𝑃𝐴(𝜔/2) 

𝑃(𝛽)  𝜎1𝑃𝐴(𝜔)  
. (124) 

We can modify the latter with the relation: 

 𝜀𝑀(𝜔) =
𝜎1𝑃𝐴(𝜔)𝑁𝑎

ln (10)
 ⇒  𝜎1𝑃𝐴(𝜔) =

𝜀𝑀(𝜔) ln (10) 

𝑁𝑎

, (125) 

to get: 

 
 

 

|∆𝜇| = √
5 𝑛 𝑐 𝜀0 ℏ  𝑁𝑎 𝜎2𝑃𝐴 (𝜔/2) 𝜔

𝑃(𝛽) 𝜀𝑀(𝜔) ln (10)   
. 

(126) 

Considering that the electric field acting on the molecule in the solution often differs 
from the one applied. The optical local field correction factor 𝐿 is introduced, and we 
arrive to the following equation for ∆𝜇: 

 
|∆𝜇| = √

5

𝑃(𝛽)

 𝑛 𝑐 𝜀0 ℏ  𝑁𝑎 𝜔 𝜎2𝑃𝐴(𝑚𝑎𝑥) 

  ln(10)  𝐿2𝜀𝑀(𝑚𝑎𝑥)   
. 

(127) 

Here the terms 𝜀𝑀(𝑚𝑎𝑥) is the maximum molar extinction coefficient in the 0-0 band and 

the 𝜎2𝑃𝐴(𝑚𝑎𝑥) is peak values for 2PA cross-sections at double the wavelength,  
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Appendix 15  

Table 9: Calculated electronic spectral properties of the C2 and Cs point group representations of 
PDP series in MeOH. 

Parameter PDP HPDP HPDPH 

Symmetry C2 (A) C2 (B) Cs 
C2-core 

(A) 
C2-core 

(B) 
Cs-core C2 (A) C2 (B) Cs 

Relative ZPE-
corrected 
energies, 
kJ/mol 

0.0 +0.9 +0.2 0.0 +0.5 +0.2 0.0 +1.8 +0.5 

Aggregated 
Boltzmann 
probability, % 

64 36 66 34 64 36 

S0 →S1 
transition, nm 

485 486 486 556 556 557 578 577 578 

f (oscillator 
strength) 

0.449 0.542 0.494 0.446 0.537 0.478 0.418 0.509 0.461 

max, M–1cm–1 

(1PA, nm) 

34600[b] 
(485) 

41800[b] 

(486) 

38000[b] 

(486) 

32500[b] 
(556) 

39100[b] 
(556) 

34800[b] 
(557) 

31300[b] 
(578) 

38100[b] 
(577) 

34500[b] 
(578) 

2PA 0 0 8 9837 11000 9732 1 5 53 

2PA, GM 

(2PA) 

0[c] 
(969) 

0[c] (968) 0[c] (968) 
16[c]  

(1112) 
18[c]  

(1111) 
16[c]  

(1112) 
0[c]  

(1157) 
0[c]  

(1153) 
0[c]  

(1156) 

(S0), D 0.0 0.0 0.7 23.2 23.4 23.5 0.4 0.2 5.0 

(S1), D 0.0 0.0 0.6 18.3 18.4 18.7 0.4 0.3 5.2 

, D 0.0 0.0 0.1 5.0 5.0 5.0 0.1 0.1 0.2 

[a] For symmetric PDP the transition energies and oscillator strengths from 

PCM/mCAM-B3LYP ( = 0.08,  = 0.92,  = 0.15), for HPDP and for HPDPH from PCM/mCAM-

B3LYP ( = 0.08,  = 0.92,  = 0.135) calculations at 6-311G(d,p) level. [b] 1PA FWHM 0.35, 
0.37 and 0.36 eV for PDP, HPDP and HPDPH, respectively (Gaussian line shape) [c] 2PA FWHM 
0.25, 0.22 and 0.27 eV for PDP, HPDP and HPDPH, respectively 
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Appendix 16 

Mode 1291 

(1567 cm–1) 

 

Mode 1311 

(1606 cm–1) 

 

Mode 1331 

(1631 cm–1) 

 

Figure 53: Average direction and magnitude of displacements for the selected 1PA-active ground-
state normal modes for PDP from Figure 37. 

 

Mode 1321 

(1595 cm–1) 
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Mode 1361 

(1663 cm–1) 

 

Figure 54: Average direction and magnitude of displacements for the selected 1PA-active ground-
state normal modes for HPDP Figure 37. 

 

Mode 1331 

(1591 cm–1) 

 

Figure 55: Average direction and magnitude of displacements for the selected 1PA-active ground-
state normal mode for HPDPH from Figure 37. 
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Appendix 17 

Figure 56 shows the one photon absorbance and fluorescence emission of PDP in various 
solvents of changing polarity. While polar solvents indicate a redshift of absorption and 
emission maxima by 20 nm, the Stokes shift of emission stays nearly constant.  
An interesting solvation effect can be noted in the DMSO and weakly in the acetone 
solvent. The secondary absorption bands are visible at 580 nm and 620 nm. This effect 
may be caused by an association between sp2-hybridized oxygen and the amide on the 
central diketopyrrolopyrrole, similar to interactions observed with fluoride ions [93]. 
However, a more in-depth study is needed to give a definite explanation. 

 

Figure 56: PDP Solvent dependence, one-photon absorption (solid lines), and fluorescence emission 
(dashed lines) profiles in variety of solvents. 
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