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ABSTRACT

Multiphoton absorption (MPA) is an intriguing photophysical process that has
been found useful for diverse areas of science. Low probabilities of MPA processes
in molecular systems require to use intense photon fluxes that can be generated by
femtosecond laser sources. Performing MPA measurements with sufficient precision
requires a detailed characterization of the photon flux values that poses many
technical difficulties. However, if the MPA values are determined accurately, then
a quantitative analysis of the data obtained can be used to derive information about
many important molecular parameters. As an example of MPA spectroscopy we
discuss here two-photon absorption (2PA) methods. 2PA spectroscopy is applied
to elucidate the structure-property relationships in different types of molecular
systems including Pt-based chromophores, pyrrolo-pyrol complexes, organometallic
ferrocene compounds, porphyrin oligomers and DNA base fluorescent analogs. Such
spectroscopic analysis allows to shed some light on questions of inversion symmetry
breaking effects and charge transfer on molecular scales. The measured 2PA spectra
are also used to test several approximations for 2PA cross section expressions by
comparing the values of molecular parameters derived from the measured 2PA
data with other methods and literature data. We employ different experimental
methods including two-photon excited fluorescence and nonlinear transmittance to
measure 2PA spectra in a broad range of excitation wavelengths. The success
achieved with 2PA based methods stimulates interest in three-photon absorption
(3PA) measurements. We report on a progress achieved in 3PA measurements using
three-photon excited fluorescence. This method is used to measure 3PA spectra of
common fluorescent standards including Fluorescein and Rhodamine 6G and other
organic dyes in different solvents. Effects of third harmonic generation and solvents
absorption are discussed concerning the reliability of the 3PA measurements.

1
INTRODUCTION
Degenerate multiphoton absorption (MPA) is a nonlinear optical process in
which a system (atom or molecule) absorbs instantaneously N photons (all of the same
polarization and each of energy Eph ) such that the total absorbed energy (N × Eph )
is equal to the difference between the ground state energy E0 and the excited state
energy E1 , i.e. N × Eph = E1 − E0 . If N = 1, then the process is called one-photon
absorption (1PA) as it is schematically depicted in Fig. 1.1a.

Figure 1.1: Instantaneous absorption of N photons with energy Eph . The total energy of
the absorbed photons is equal to the transition energy Etrans between the ground and the
excited states, E0 and E1 .

Here we focus our discussion on MPA processes, when N =2 (Fig. 1.1b) and
N =3 (Fig. 1.1c). The efficiency of degenerate two-photon absorption (2PA) in any
particular molecule is characterized by the molecular 2PA cross section, σ2P A , and,
correspondingly, degenerate three-photon absorption (3PA) is characterized by the
molecular 3PA cross section, σ3P A . In general, the probability rate (probability per
unit time), GN , of a particular system to undergo a N -th order MPA transition

2
after excitation by photons with wavelength λ may be described by the relation (see
Appendix B)

GN (λ) =

1
σN (λ)φN
N

(1.1)

where σN (λ) is the molecular MPA cross section, φ is the photon flux (number of
photons per unit area per unit time).
The probability GN is notoriously small under ambient illumination conditions.
It increases rapidly with increasing excitation intensity: according to Eq. 1.1, GN
is proportional to the N -th power of the photon flux used.

Thus, to increase

the efficiency of higher order excitations, one needs to employ excitation sources
producing intense photon fluxes. Modern femtosecond lasers deliver a high photon
flux, > 1030 photon cm−2 s−1 . Due to proliferation of such powerful excitation sources,
the emerging applications of 2PA and 3PA are thriving, especially in life sciences,
where many breakthrough achievements in imaging and microscopy of biological
samples have been made with implementations of the MPA methods.
To perform a detailed analysis of measured MPA data, σN values should be
determined with sufficient accuracy that poses questions about the quantitative
characterization of the photon flux. For a pulsed light source the photon flux is
a function of the pulse temporal and spacial profile, as it will be discussed below. In
order to determine MPA spectra in a broad range of the excitation wavelengths, the
photon flux characterization has to be performed in the whole spectral region. Critical
improvements achieved in the experimental determination of MPA cross sections are
facilitating quantitative analysis of underlying molecular parameters derived from
the measured MPA data. A significant step forward was made with developing
fluorescent reference standards. This achievement has showed that 2PA spectra can

3
be determined with high confidence and be used for quantitative analysis. As an
example, a combination of regular 1PA spectroscopy and 2PA spectroscopy makes
possible to estimate static molecular electric dipoles from the measured σ2P A , which
are of high interest in the spectroscopy field.
To show how the quantitative spectroscopic analysis can be applied to experimental 2PA data, let us start with the theoretical basics of 2PA. Possibility of the 2PA
process was theoretically predicted in 1931 by M. Goeppert-Mayer [1]. A common
unit of σ2P A , Goeppert-Mayer (GM), is named after her (1 GM = 10−50 cm4 s).
According to the second order time-dependent perturbation calculation, the 2PA
cross section, σ2P A , for a two-photon transition from electronic ground state g to an
excited electronic state f may be expressed as (see Appendix C for details)

σ2P A

8π 3 h̄2 ω 2 gf X µ
~ gj µ
~ jf
=2
2
2
2
cn
h̄ (ωjg − ω)
j

2

(1.2)

where h̄ is the Planck constant ω is the laser (excitation) frequency , n is the refraction
index, µij is the transition electron dipole moment, ωij is the transition frequency
between the states i and j and gf is the normalized line shape function (of state f ).
The summation index j in Eq.1.2 runs over all (intermediate) states.
The so-called sum over all states (SOS) expression in Eq.1.2 incorporates the
transition dipole moments from the ground state g to some intermediate state j (i.e.
g → j) and as well as from the intermediate state j to the final state f (i.e. j → f ).
Note that the ground and final states enter the sum as well. The importance of
inclusion of the transition g → f into this sum was pointed out in early 1980s [2–4].
The amplitude of this so-called direct transition is proportional to the change of the
permanent electric dipole moment between the two state g and f , ∆~µ = µ
~f − µ
~ g , and

4
gives rise to the so-called two-level (or two-state) term [5]

2level
σ2P
A =

2
 2
2(2π)4 f 4
2
~ gf
1
+
2
cos
α
|~
µ
|
∆µ
15(nch)2

(1.3)

where µ
~ is the transition dipole moment between the ground state g and the final
~ is the corresponding change of the permanent electric dipole moment, α
state f , ∆µ
~ and the local field factor f is defined
is the angle between the two vectors µ
~ and ∆µ
by

f=

n2 + 2
3

(1.4)

Assumption that Eq. 1.3 represents a dominating factor to the 2PA cross section
(compared to the rest of the SOS expression in Eq.1.2) is known as the two-level (or
two-state) approximation [5, 6]. If this assumption is valid, then it makes possible to
obtain an estimate for ∆µ value from measured σ2P A data (see Chapter 3 for details).
Previously, the two-level model has been tested for a variety of different molecular
systems including fluorenyl-based dyes [7], platinum acetylide chromophores [8],
standard fluorescent chromophores like coumarin 153 [6], fluorescent proteins [9] etc,
and has shown a good correlation with ∆µ values obtained with other methods.
If, however, ∆µ vanishes, as, e.g., in strictly centrosymmetric systems, then one
needs to consider other terms in the SOS expression. In this case, the commonly used
approximation is the three-level (or three-state) model, where the main contribution
to the 2PA cross section comes from the intermediate state. According to this model,
the corresponding expression reads as [5]

3level
σ2P
A

(2πf )4
=
5(nch)2

r

Ln2 |~µgj |2 |~µjf |2

2
π
νgj
1
− 2 gf
νgf

(1.5)
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where µ
~ 0i and µ
~ if are, respectively, the transition dipole moment between ground
state, g, and intermediate state, j, and between the intermediate state and the final
excited state, and gf is the transition line shape (FWHM). From Eq.1.5 one can
obtain the value of the excited state transition dipole moment |~µjf |. The three-level
model has been also successfully tested in a number of systems including different
types of conjugated porphyrin oligomers [10, 11].
Even though there are now numerous validation examples, one can still not talk
about a general consensus regarding the limits of applicability of the two models
described above. Therefore, it is required to carry out further experiments to test
both of these models for different types of molecules.

Here we used a number

of diverse molecular systems including Pt-based chromophores, pyrrolo-pyrrole and
organometalic complexes, DNA bases fluorescent analogs and different types of
porphyrins oligomers, aiming to identify whether the named approximations are valid
(see Chapters 3 and 4).
Since the pioneering theoretical treatment by M. Goeppert-Mayer, there has
been some ongoing discussions regarding the proper choice of Hamiltonian (and the
electromagnetic field gauge) describing the field-matter interaction relevant to the
2PA [12–23] (see Appendixes A, B and C); whether to use semi-classical versus
fully quantum mechanics description [24, 25]; when it is necessary to include higher
order multipoles (e.g., quadroples) [26,27]; how to properly account for the coherence
and entanglement properties of the excitation photons [28–36] . Another important
question concerns the molecular symmetry and its quantitative relation to the 2PA
properties [6, 8, 37–42]. Spontaneous symmetry breaking of inversion symmetry plays
an important role in many physical processes [43] and has direct consequences to
the 2PA properties of nominally centrosymmetric chromophores. According to the
LaPorte rules, one-photon transitions are forbidden between the states with the
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same parity and allowed between the states of the opposite parity levels. In case of
two-photon transitions in centrosymmetric systems these rules are reversed meaning
that the 2PA transitions between the opposite parity states are forbidden [44, 45].
If, however, the inversion symmetry is broken, then the 1PA and 2PA transitions
might occur between the same pair of states. Thus, the role and origin of molecular
inversion symmetry breaking mechanisms are often the main conceptual cornerstones
that should be addressed while discussing and interpreting molecular 2PA spectra.
Since, in the two-level approximation, the 2PA cross section σ2P A is directly related
to the change of permanent electric dipole moment, one can use 2PA spectroscopy
as a unique tool to gain insights about the symmetry breaking process [5, 6]. The
value of ∆µ can be considered as a measure of the charge separation associated
with an transition [46] showing (tentatively) ”how much” the symmetry is disturbed.
Here we employ 2PA spectroscopy to study the symmetry properties in molecular
systems encompassing Pt-chromophores, ferrocene-based organometallic and pyrrolopyrole complexes. We use ∆µ as a numerical parameter to elucidate the symmetry
properties. Our results show that some spontaneous inversion symmetry breaking
indeed occurs in these systems, thus lifting the strict parity selection rules for lower
energy excitation wavelengths.
A peculiar value of the results obtained using the quantitative analysis of 2PA
data is that they cannot be achieved with any other methods in many cases. The
experimentally measured 2PA spectra deliver answers to fundamentally important
questions of molecular dipole moments and symmetry defined properties that cannot
be adequately described using quantum-chemical calculations in large and complex
systems.

Such kind of calculations should be advanced to relieve the present

ambiguities that can be done by comparing the calculations with the reliable
quantitative experimental data [47]. It is also important to perform a cross-checking of
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the obtained 2PA data measured with different methods and alternative techniques
(if and where it is possible). Such comparison may be used to establish a more
general picture of excitations on molecular scales in different systems and to determine
the applicability limits for different methods. In our studies we employ different
experimental techniques to measure 2PA spectra (see below). We also perform a
rational and proper comparison of our quantitative analysis results relative to numbers
obtained with other alternative methods available from literature. In most cases our
findings are supported by independent quantum-chemistry calculations as well. All
these conclusions validate our quantitative approach.
To implement 2PA spectroscopic studies we employ two alternative experimental
methods: a so-called indirect method, based on the detection of two-photon excited
fluorescence (2PEF) excited in the sample, and a direct method, based on measuring
the non-linear transmittance (NLT) of the sample. The 2PEF based method requires
additional calibrations of the fluorescence signal, whereas the NLT method can
provide the σ2P A value based on the change of the photon flux at the input and output
of the sample. In reality, it is convenient to calibrate both 2PEF and NLT experiments
relative to well-characterized reference standards. In Chapter 2 we briefly discuss both
these techniques as well as the experimental setups used in our experiments.
Last decades have witnessed a proliferation of 2PA based techniques for
applications in imaging and microscopy [49–52].

The success of the 2PA based

techniques stimulates interest in three-photon absorption (3PA). First reports about
observation of 3PA in some molecular systems received a significant attention in
late 1990 - early 2000 [53–55]. Recently, due to increasing availability of femtosecond
lasers, 3PA gains more attention [56]. However, compared to 2PA, where a substantial
amount of reliable quantitative spectroscopic data has been collected, experimental
techniques for 3PA studies in a broad range of wavelengths have been lacking.
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To advance 3PA measurements, it would be beneficial to have σ3P A (λ) data for
some common fluorescent dyes that could be used as standards in a similar way
how 2PA reference standards are being utilized (that should be also profitable for
multiphoton imaging and microscopy, where fluorescent standards are often of high
interest [57]). Chapter 5 is dedicated to discussion of improving the accuracy of
3PA measurements using three-photon excited fluorescence (3PEF) method, which
includes the investigation and discussion of possible stumbling issues such as third
harmonic generation (THG) and absorption by organic solvents.
The dissertation is organized as follows:
Chapter 2 reviews experimental setups that were used for the 2PA and 3PA
measurements. Main critical points concerning the MPA measurements are discussed
as well.
Chapter 3 discusses the experimental measurements of 2PA and quantitative
interpretation of the results based on the two-level approximation in pyrrolo-pyrrole
complexes (Chem. Asian J. 2017, 12, 1736 1748), platinum complexes (J. Phys.
Chem. A 2017, 121, 5442-5449), ferrocene based organometallic oligomers (submitted
to Angewandte Chemie int. ed.) and fluorescent isomorphic DNA bases (accepted to
Biomedical Optics Express).
Chapter 4 discusses experiments and quantitative analysis of the results based
on the three-level approximation in porphyrin oligomers (J. Phys. Chem. C 2016,
120, 11663-11670).
Chapter 5 reviews our quantitative 3PA measurements measured in 950–1750
nm range with 2 nm resolution for Rhodamine 6G, Fluorescein and several other
organic dyes in different solvents. Effects associated with THG and solvent absorption
and their implications regarding reliability of the 3PA measurements are discussed
(manuscript in preparation).
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Appendix A derives the field-matter coupling Hamiltonian relevant for the MPA
processes.
Appendix B derives the expression for σ2P A in the so-called velocity formalism.
Appendix C derives the expression for σ2P A in the so-called length formalism.
Appendix D reviews the Herzberg-Teller effect due to molecular vibrations in
1PA spectra.
Appendix E extrapolates the Herzberg-Teller formalism from Appendix D to
the vibrational coupling in 2PA spectra. Potential contributions from to the so-called
A2 -term in the interaction potential to the σ2P A value are discussed.
Appendix F performs a dimensionality check of the expressions derived for σ2P A
using different formalism.
Appendix G discusses a numerical estimate of the σ2P A value due to the A2 -term.
Appendix H derives the relation between transition dipole moment and molar
extinction coefficient.
Appendix I derives the relation between σ2P A and third order susceptibility.
Appendix J discusses the two-level model for second order susceptibility (second
hyperpolarizability).
Appendix K presents a model describing the 2PA cross section of a molecule in
an infinite one-dimensional potential well with a varying degree of assymetry.
Appendix L presents some technical details regarding the laser system stabilization procedure developed and used in our experiments.
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EXPERIMENTAL METHODS FOR 2PA AND 3PA
CROSS SECTION MEASUREMENTS
Here we briefly review common methods used for MPA measurements two- and
three-photon excited fluorescence (2PEF and 3PEF) and nonlinear transmittance
(NLT). We present basic theoretical derivations for these techniques and describe
how the experiments are implemented.
Theoretical Foundations
This chapter serves to discuss basic mathematical apparatus that is used in
2PEF, 3PEF and NLT measurements to determine σ2P A and σ3P A values. We show
what approximations are employed. Also, we discuss two different methods, absolute
and relative, where the later is based on the use of the 2PA (and 3PA) standards.
Multiphoton Excited Fluorescence
The number of fluorescence photons collected from a sample following simultaneous absorption of N excitation photons at some emission wavelength, λem , during
the time tN is proportional to the number of excited chromophores NN [58]

FN (λem ) = NN × tN × f × η(λem ) × ξ(λem )

(2.1)

where η(λem ) is quantum yield of the fluorescence emission, f is the repetition rate
of the pulsed excitation source and ξ(λem ) is the fluorescence registration efficiency.
The number of the excited molecules NN depends on the sample length, lN , a MPA
cross section, σM P A , concentration, nN , and can be written as

NN =

1
σM P A lN nN IN
N

(2.2)
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where IN is the integrated instantaneous photon flux defined as
Z
IN =

φN
N dSdt

(2.3)

where the integral is taken over the spatial coordinates (dS = dxdy) transverse to the
beam propagation direction and time.
In case of 2PEF (N = 2) the measured fluorescence signal is,
1
F2 = σ2P A l2 n2 I2 t2 f ηξ
2

(2.4)

and similarly for 3PEF (N = 3),
1
F2 = σ3P A l3 n3 I3 t3 f ηξ
3

(2.5)

where it is assumed that both 2PEF and 3PEF are registered under identical
conditions, i.e. ξ(N = 2) = ξ(N = 3) = ξ(λem ). We must also assume that Kasha’s
rule is valid ( η2 = η3 = η(λem )), i.e. key parameters of fluorescence such as quantum
yield and spectrum (wavelength) are independent of the ”excitation path” (Fig. 2.1).
From here, σ2P A and σ3P A may be expressed as

σ2P A =

2F2
ξηl2 n2 I2 t2 f

(2.6)

σ3P A =

3F3
ξηl3 n3 I3 t3 f

(2.7)

and

Now let us make an assumption that the spacial distribution of the photon flux
is well described by a two-dimensional Gaussian function with the spatial spot size
wx and wy , that the and temporal pule profile is also gaussian with FWHM, τ . Such
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Figure 2.1: Independence of the fluorescence emission on the excitation path (i.e. 1PA,
2PA or 3PA). An example of Kasha’s rule is shown here according to which fluorescence
(green arrows) occurs only from the lowest excited state (E1 ) even if the system is promoted
to a higher state (red arrows). Transition between excited states may occur through nonradiative channels (dashed black arrows).

combined spatial-temporal photon flux function is then:

r

−1
π
φ(x, y, t, λ) = wx wy τ
×
Ln4
(  )
(  )
(
 2 ) 

2
2
x
y
t
Pλ
× exp −2
exp −2
exp −4Ln2
wx
wy
τ
hcf

(2.8)

where P is the average power.
The integrated over space and time photon flux for the two- and three-photon
excitation is
Z Z Z
I2 =

√

φ22 dxdydt


2
Ln4
P (λ2 )λ2
= 3/2
,
2π wx (λ2 )wy (λ2 )τ (λ2 )
hcf

(2.9)
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Z Z Z
I3 =

φ33 dxdydt

q
4 23 Ln2



P (λ3 )λ3
= 3 2
2
2
3π wx (λ3 )wy (λ3 )τ (λ3 )
hcf

3
,

(2.10)

where the laser beam parameters (wx , wy , τ, P) are assumed at the corresponding
wavelengths, λ2 and λ3 , (as indicated in parenthesis).
Thus one can see that to measure the MPA cross section it is required to know
the value of photon flux parameters such as the beam size and pulse duration (at
each excitation wavelength) as well as the fluorescence registration efficiency, ξ. One
way to find ξ is to calibrate the registration apparatus using one-photon excited
fluorescence (1PEF) [59]. The measured 1PEF signal, following the 1PA excitation
(with an average power P1 ), and collected during the time t1 , is proportional to the
number of excited chrmophores, N1 with the quantum yield η, (η1 = η2 = η3 = η),

F1 = N1 t1 ηξ,

(2.11)

N1 = k1 φ1 ,

(2.12)

where N1 can be found from,

where k1 is a fraction of the excitation photons being absorbed by the sample,
R
k1 = 1 −

A(λ)Em(λ)dλ/λ
R
Em(λ)dλ/λ

(2.13)

where A(λ) is the absorption spectrum (in OD units) of a sample and Em(λ)
describes the emission spectrum (in relative units) of the one-photon excitation source.
Typically for the one-photon excitation a continuous source is used, such that the
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excitation photon flux is

φ1 =

P1 λ1
hc

(2.14)

I1 =

P1 λ 1
hc

(2.15)

and

From here the MPA cross section measured with the 1PA (1PEF) calibration,
1P A
σM
P A , is
1P A
σM
PA = N

FN t1 I1 k1
F1 tN IN lN nN f

(2.16)

The value of σ3P A can be measured using either 1PA or 2PA for the cross section
calibration (in case of 2PA as a reference)

2P A
σ3P
A =

3 F3 t2 c2 I2
σ2P A
2 F2 t3 c3 I3

(2.17)

To obtain the MPA spectrum, the photon flux needs to be determined at each
excitation wavelength. Even though such characterization is possible in principle,
from practical point of view it is an extremely tedious, time resources consuming
task. An accurate beam profile characterization for a tunable ultrafast laser sources
poses serious complications also because the spacial shape deviates largely from
Gaussian and often changes considerably depending on the wavelength.

Here a

relative method of carrying out MPA measurements becomes very handy. If the
2PA properties of a reference fluorophore are well known, then unknown samples can
be characterized relative to the 2PA standard. The main assumption that should be
made is that both the reference and the sample of interest are measured under exactly
the same conditions and the excitation beam characteristics remain constant during
the two measurements. By measuring reference fluorescence, FNref , one constructs a
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correction function that accounts for the spacial and temporal laser parameters at
each wavelength, CNcorr [59, 60]

CNcorr (λ)

=

ref
σM
P A (λ)

FNref (λ)/PNref (λ)N

(2.18)

where PNref (λ) is the excitation power. To obtain a corrected MPA spectrum of
the sample one then needs to measure its relative multiphoton excited fluorescence,
FNsample (λ), and normalize it to the excitation power, PNsample (λ),

sample,rel
σM
PA

=

FNsample (λ)
PNsample (λ)N

.

(2.19)

The corrected spectrum is obtained by applying the correction function CNcorr ,

sample
sample,rel
σM
× CNcorr
P A = σM P A

(2.20)

For the 2PEF measurements the correction function C2corr is

C2corr (λ) =

ref
σ2P
A (λ)

F2ref (λ)/PNref (λ)2

(2.21)

and the corrected 2PA spectral shape is obtained from

sample
sample,rel
σ2P
= σ2P
× C2corr
A
A

(2.22)

Here F2ref and F2sample can be registered at different emission wavelengths λem .
In principle, the correction function obtained from a 2PA reference, C2corr , could
be also applied to correct the 3PA spectral shape (i.e. be used as correction function
C3corr ). From Eqs. 2.9 and 2.10 the relation between C2corr and C3corr is

C3corr = (C2corr )2 × λ

(2.23)
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Here both 2PEF and 3PEF should be measured for the same excitation wavelengths
λ2 = λ3 = λ.
sample
Applying the shape correction function given by Eq. 2.18 one obtains σM
PA

for a sample scaled in some arbitrary (or relative) units. It is possible to obtain the
sample
absolute σM
P A (λ) value (e.g. in case of N = 2 in GM units) applying the relative

method as well. Again, assuming that both reference and sample measurements are
sample
conducted under the same conditions, the σM
P A (λ) is [59]

sample
σM
P A (λ)

FNsample /PNsampleN η ref (λreg ) nref ref
σM P A (λ)
=
FNref /PNref N η sample (λreg ) nsample

(2.24)

where η ref and η ref are reference and sample differential quantum yields measured at
the same emission registration wavelength λreg ; nref and nsample are the reference and
sample
the sample concentrations (measured in the same units). Then, the units of σM
PA
ref
above are the same as of the reference MPA cross section σM
P A.

Using Kasha’s rule, relative quantum yields η sample (λreg ) and η ref (λreg ) can be
measured from the one-photon excitation

η(λreg ) =

F1 (λreg )
A(λexc )

(2.25)

where A(λexc ) is the optical density (OD) measured at one-photon excitation
wavelength, λexc , using a standard spectrophotometer. It should be underlined that
both F1 and FN fluorescence signals must be collected at the same wavelength λreg
in this case.
Nonlinear Transmittance (NLT)
Here we discuss the NLT method for 2PA measurements only. For a laser beam
passed through a sample of thickness L the change of the sample transmittance ∆T
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is measured as [61]
∆T =

I(L)
I(0)

(2.26)

where I(z = 0) and I(L) are the integrated photon flux at the input (z = 0) and
output of the sample (z = L), respectively and z is the propagation distance.
The photon flux of a continuous plane wave decreases upon propagation though a
2PA medium with absorbing molecules concentration n according to the relation [62]

φ(z) =

φ(z = 0)
1 + σ2P A nzφ(z = 0)

(2.27)

Then, Eq.2.26 is
Z
∆T =

Z
dt

φ(z = 0)
dS
1 + σ2P A nLφ(z = 0)


 Z
Z
dt dSφ(z = 0)
/

(2.28)

For a spatially-and-temporally uniform structured pulsed laser beam the transmittance may be expressed as [62]

∆T =

1
1 + σ2P A nLφ(z = 0)

(2.29)

If the product σ2P A nLφ(z = 0) is  1 (i.e. ∆T is close to 1), Eq. 2.29 can be
simplified using the Taylor expansion

∆T ≈ 1 − σ2P A nLφ(z = 0) = 1 − σ2P A nL

λ
P
S0 t0 f hc

(2.30)

or simply
∆T ≈ 1 − αP

(2.31)

σ2P A nLλ
S0 t0 f hc

(2.32)

where
α=
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where P, λ, S, τ and f are the average power, the wavelength, the beam area,the
pulse duration and the repetition rate of the excitation pulse, respectively.
From Eq. 2.31 one can see that ∆T is linearly proportionally to σ2P A (in the
considered here limit of ∆T ∝ 1). The coefficient α can be found if the sample
concentration n and the path length L are known.
In reality the laser beam is not perfectly uniform, and Eqs.2.29-2.38 presents
only very rough approximation. Assuming a Gaussian distribution of the incident
photon flux, [62]


φ(z) = φ0 exp −2r2 /wz2 exp −t2 /τG

(2.33)

where φ0 is the peak flux at the center of the beam (r = 0), wz is the beam spot size
and τG is the pulse duration, wz = w0 (1 + (z/z0 )2 )1/2 , z0 is the Rayleigh range and
w0 is the beam spot size at z = 0; the transmittance becomes [62]
R
∆T =

dtLn (1 + q0 / (1 + (z/z0 )2 ) exp{−t2 /τG })
√
πτG qz

(2.34)

where q0 = σ2P A nLφ0
Unfortunately, the integral in Eq.2.33 cannot be solved analytically and it is,
therefore, cumbersome for quantitative analysis to derive σ2P A values.
Note, however, than in the limit of a small nonlinear absorption (∆T ≈ 1), i.e.
if σ2P A nLφ(0, 0)  1, Eq. 2.34 can be approximated as
R
∆T ≈

dt (qz exp{−t2 /τG } − qz2 exp{−2t2 /τG })
√
πτG qz

(2.35)

that can be easily integrated to obtain
1
∆T ≈ 1 − √ qz
2

(2.36)
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Then, in the limit of a nearly z-independent beam size (r ≈ r0 and z ≈ z0 ) within
the sample, 0 < z < L

∆T ≈ 1 −

1
23/2

σ2P A nLφ(0, 0)

(2.37)

or

∆T ≈ 1 − αP

(2.38)

with
α=

1
23/2

σ2P A nL

λ
St0 f hc

(2.39)

From here, again it follows that ∆T is a linear function of the σ2P A . The coefficient
α can be found if a sample concentration n and path length L are known .
In a similar manner as discussed above for the multiphoton excited fluorescence,
a relative method of 2PA measurements can be applied also for the NLT method [61].
Here the correction function C2corr can be obtained by measuring the change of the
ref
transmittance for a reference sample with known values of σ2P
A and concentration

nref , ∆T ref ,

ref
C2corr = σ2P
A/

αref
Lnref

(2.40)

The correction is then applied find the NLT spectrum of the sample uder study,
αsample vs λ

sample
σ2P
= C2corr ×
A

αsample
Lnsample

(2.41)

where nsample is the sample concentration .
Again both ∆T ref and ∆T sample must be measured under the same conditions.
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sapmle
ref
The units of σ2P
in Eq. 2.41 are the same as for σ2P
A
A.

Description of Experimental Methods and Procedures.
An overview photo of the experimental arrangement is shown in Fig 2.2 and a
detailed schematics is shown in Fig. 2.3 and 2.8.

Figure 2.2: Photo of the experimental setup.

In all experiments a common femtosecond laser source was used. A regenerative
amplified Ti:Sapphire femtosecond laser system (Coherent, Libra) operated at 1 kHz
or 100 Hz repetition rate produces ≈ 100 fs duration pulses with energy 1.5-2.0
mJ at 800 nm for 2,3PEF and NLT, respectively. This source is used to pump an
optical parametric amplifier (OPA, Light Conversion OPerA Solo). The OPA output
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wavelengths can be tuned in 540-1900 nm range using a LabView software (National
Instruments) control. The OPA output wavelength spectral width is measured in
the UV-VIS range with a spectrometer (Ocean Optics USB-4000). Depending on
the wavelength, the spectral widths constituted 15-35 nm. The OPA pulse energy
was 10–300 µJ. The OPA pulse duration was measured using a custom built second
harmonic autocorrelator [63] and was constituted 60–300 fs (see below). The output
beam is collimated and expanded with a pair of spherical lenses (L1=-250 mm and
L2=+1000 mm) forming a Galilean telescope. The beam expansion is needed in order
to prevent possible damage to down-stream optical elements such as filters. Potential
extraneous wavelengths that might be present in the OPA output are cut off using a
polarizer and a stack of color filters. The pulse energy at the sample is controlled by
a neutral density filter (OD=0–2.0) wheel (FW). The FW is stepper motor mounted
and controlled by PC through a DAQ card (PMD 1024 HLS). The absolute laser
power at the sample position is monitored by a power meter (Ophir Vega) with an
attached thermopile detector head (3A Rohs).
Two-Photon Excited Fluorescence (2PEF) Setup
The experimental setup for 2PEF measurements is shown schematically in
Fig.2.3. The excitation beam alignment is made by a pair of reference apertures
(PH1 and PH2). A small portion of the excitation beam is deflected to a reference
pyroelectric detector (Molectron, P4-45). The reference detector signal is amplified
by an amplifier (PART M 113 PRE-AMP, Princeton Applied Research ) and then
digitized by a DAQ card (NI USB 6212). Both the direct and amplified reference
detector signals are monitored by an oscilloscope (TDS 3010, Textroinx). A focusing
lens L3 (+1500 mm) is placed at approximately 135 cm from the sample position.
The florescence signal from the sample is collected by a spherical mirror (M1) and
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then focused on the entrance slit of a grating spectrometer (Jobin-Yvon, Triax 550).
The spectral dispersion of the fluorescence signal occurs on a two-dimensional CCD
detector (Spectrum One) in the horizontal direction, while the signal in the vertical
direction is integrated over the whole slit height. Using the spectrometer allows
an effective elimination or suppression of any spurious signals, such as scattered
laser light, fluorescence from impurities, etc that may interfere with the 2PEF
measurements [58]. The 2PEF signals is typically integrated over a ± 5 nm spectral
region and set using the spectrometer and CCD control software. Typically a gratings
with 600 lines per mm is used. Setting of the laser wavelength, the FW rotation and
the fluorescence collecting are performed using a LabView (National Instruments)
based software.

Figure 2.3: Experimental setup for 2PEF measurements.
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As an example of the relative 2PEF determination of the 2PA spectrum, consider
L-tryptophan measurements using 9-chloroantracene as the reference standard. The
corresponding chemical structure are given in Fig. 2.4a.

Figure 2.4: Chemical structures of L-tryptophan (a) and 2PA reference standard 9Chloroanthracene (b). CAS numbers of both compounds are given as well.

As the first step, the quadratic power dependence of the fluorescence signal on
the excitation pulse energy is checked. This is needed to verify whether the detected
fluorescence is a 2PEF signal. Fig. 2.5a shows the power dependence of L-tryptophan
fluorescence (in a double logarithmic scale) measured at 570 nm. The power exponent
(the slope parameter b) determined from the linear fitting equals to 1.995. The slope
values as a function of the excitation wavelength are plotted in Fig. 2.5b. In the
range 550-600 nm, the slope value is within 1.95–2.05 limits.
As the second step, the shape correction function, C2ref , to account for
variations in the excitation pulse parameters was obtained using 9-chloroanthrocene
in methylene chloride reference with known 2PA spectrum [58]. Fig. 2.6 demonstrates
the correction function in the 550-600 nm wavelength range. This function is applied
in Eq. 2.22 to obtain the relative shape of the 2PA spectrum of L-tryptophan. It is
exemplified in Fig. 2.6.
Finally, the 2PA cross sections of L-tryptophan (in GM units) were measured
at several wavelengths, 560, 570, 580, 590 and 600 nm, relative to the same reference
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Figure 2.5: Example of the 2PEF signal power dependence check for L-tryptophan. The
2PEF signal (in relative units) excited at 570 nm is plotted as function of the excitation
power (in relative units) in double logarithmic scales (a). The data is fitted with a linear
function which yields the slope value (coefficient b) 1.995. The slope values for range of
excitation wavelengths 550-600 nm obtained from the fitting are shown in b

Figure 2.6: Measurements of relative 2PA shape using the 2PEF method. The correction
function (red symbols) obtained by measuring 9-chloroanthrocene in methylene chloride
(reference) is applied to raw σ2P A (black symbols) to obtain the corrected 2PA spectral
shape of the L-tryptophan sample (green symbols).
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standard. The relative 2PA spectrum was scaled using Eq. 2.24 as shown in Fig. 2.7.

Figure 2.7: Example of relative measurements for the 2PEF method. Values of σ2P A in
GM units for L-tryptophan measured relative to 9-chloroanthracene in methylene chloride
at several wavelengths, 560, 570, 580, 590 and 600 nm, (purple symbols) are used to re-scale
the 2PA spectral shape (green symbols).

Our result correlates well with the relative 2PA spectral data reported for Ltryptophan by P. Callis et al. [64]. A more detailed discussion about 2PA properties
of L-tryptophan is given in Chapter 3.
Three-Photon Excited Fluorescence (3PEF)
For 3PEF measurements, which require on average a higher photon flux
compared to 2PEF, an additional shorter focus lens L4 (+300mm plano convex lens)
was positioned at approximately 350 mm from the sample (see Fig. 2.8). The beam
spatial profile at the sample plane is measured at the wavelengths 700 - 850 nm (for
the 2PA calibration procedure) with a digital CCD camera (Allied, Stingray) and at
1000 - 1600 nm with a SWIR camera (Xenics, Bobcat). A variable wavelength LED
illuminator (Thorlabs LED 4D118) is used as the light source for the one-photon
excitation of fluorescence. The LED beam is introduced into the main beam path
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using a flip mirror (M). To make sure that both the laser beam and the LED beam
propagate along the same optical path and focus to the same spot on the sample, a
pair of iris diaphragms (PH1 and PH2) are used. The average power of the LED and of
that of the generated third harmonic (TH) are measured with a silicon detector (ILX
Ligthwave OMH 6703B Si) attached to a powermeter (ILX Ligthwave OMM 6801B).
The rest of optical setup is equivalent to the one used for the 2PA measurements
(Fig. 2.3).

Figure 2.8: Experimental setup for 3PEF measurements.

The OPA pulse durations in the 700-1650 nm range are measured using our
custom-built second harmonic autocorrelator. The measured autocorrelation (ac)
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trace profiles are fitted with the Gaussian function,


−(t − a3 )2
f = a1 + a2 exp
2a4

(2.42)

where the fit parameter a4 corresponds to the FWHM of the ac function, τac =
√
2 2Ln2a4 , which, in turn, is related to the pulse intensity FWHM, τp , as τp /τac =
0.707 (see Fig. 2.9 and Table 2.1). Fig. 2.9 shows an example of the ac function
obtained at λOP A = 1000nm along with the Gaussian fit (a) and the calculated τp
values (in f s) for 700–1650 nm range (b). Note that the pulse duration values, τp ,
are in a broad range, τp = 60-300 fs.

Figure 2.9: Summary of the pulse duration measurements. Example of the measured
autocorrelation (ac) function at 1000 nm (a, solid grey curve) fitted with a Gaussian (a,
dashed red curve) to derive FWHM values (intensity in relative units, vertical axis versus
delay in arbitrary units, horizontal units) and recalculated pulse duration τp , in fs, as
function of OPA wavelengths λOP A , in nm for different spectra ranges (second harmonic of
signal, SHS; second harmonic of idler, SHI; and signal ranges) of OPA (b).

The excitation beam shape and sizes are measured in a VIS range (for the 2PA
relative calibration) and NIR range at several wavelengths (Table 2.1). Examples
of the measured beams profiles and corresponding Gaussian functions measured at
λOP A = 820 and 1490 nm are shown in Fig. 2.10 and 2.11, respectively
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Figure 2.10: The excitation beam spacial profile at 820 nm. Right panel: the beam image
from the CCD camera; left panel: normalized spatial profiles (in x and y directions) shown
by blue curves with used Gaussian fits illustrated by red curves (horizontal axes are scaled
in µm).

Figure 2.11: The excitation beam spacial profile at 1490 nm. Right panel: the beam image
from the SWIR camera; left panel: normalized spatial profiles (in x and y directions) shown
by blue curves with used Gaussian fits illustrated by red curves (horizontal axes are scaled
in µm)

The 3PA shapes (σ3P A in relative units vs wavelength) were measured relative to 2PA spectra.

To account for the beam spatial and temporal parame-

ter variations, the correction function (averaged) C3corr obtained from measured
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Table 2.1: Summary of the beam size measurements. Measured in x and y directions
beam sizes (in µm) for for visible(VIS) and near infrared (NIR) wavelengths.

Figure 2.12: The laser pulse correction function, C3corr , obtained from the measured 2PA
spectral shape of LDS 798 in deuterated acetone and Styryl 9M in deuterated chloroform
(average) correction function C2corr re-calculated according to Eq.2.23.

2PA shapes of LDS 798 ( 4-[4-[4-(dimethylamino)phenyl]-1,3-butadienyl]-1-ethyl
quinolinium perchlorate, CAS number 92479-59-9 ) in deuterated acetone and
Styryl 9M (2-([3-(2-[4-(Dimethylamino)phenyl]ethenyl)-5,5-dimethyl-2-cyclohexen-1ylidene]methyl)-3-methylbenzothiazolium perchlorate, CAS number 82988-08-7 ) in
deuterated chloroform calculated from Eq.2.23 was applied (see Fig. 2.12). For a
further discussion about 3PEF measurements see Chapter 5.
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Nonlinear Transmittance (NLT)
The NLT setup configuration is shown in Fig. 2.13. The collimated OPA
beam is slightly focused with a long focal length lens L3 (+1500 mm) positioned
at approximately 180 cm from the sample. Due to a long focal length, the Rayleigh
range ,z0 , is large (over 50 mm), giving a nearly constant beam with spot sizes ≈
100-1000 µm (depending on the tuned OPA wavelength) propagating through the
sample distance. An iris diaphragm (PH) is placed at 18 mm before the sample for
accurate beam alignment and spacial filtration (if it is required; usually it is set to
have the aperture size 2-2.5 mm).

Figure 2.13: Experimental setup for NLT measurements.

To determine the change of the sample transmittance, ∆T , as a function of
incident photon flux, two glass plates, one (GP1) positioned before and the other
(GP2) positioned after the sample, are used to reflect ≈ 8 % of the light to a pair
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of photodetectors (D1 and D2) combined with integrating spheres (IS, Thorlabs,
IS200). Depending on a chosen wavelength range either silicon detectors (Thorlabs
DET 36A for 540nm < λ < 1120nm) or InGaAs detectors (Thorlabs DET 20C for
1120nm < λ < 1800nm) are used. Signals from the two detectors are digitized using
a DAQ card (National Instruments NI PCI-6110) connected through a BNC port
(National Instruments BNC-2110) and the data are processed and averaged using
a custom LabView (National Instruments) based program. A time delay generator
(Stanford research system, Inc., DG 535) is used to synchronize the registration of
the laser pulses. A Mathematica (Wolfram, Inc.) software based routine is used to
fit the experimental traces a linear function. The maximum change in transmittance,
∆T , is 1 × 10−3 − 5 × 10−2 and the experimental accuracy of the ∆T measurements
is ≈ 5 × 10−4 . To account for (possible) contributions to the NLT signal from
solvent absorption, neat solvent samples are also measured in the same configuration
(maximum ∆T typically ≈ 2 − 5 × 10−3 ) and subtracted as a background. For the
NLT method it is normally required to register change in transmittance with accuracy
within 5 × 10−4 (or better) [61]. It sets limits on the used laser source stability. To
improve the OPA power stabilization, a custom system was developed (see Appendix
L for details).

Figure 2.14: Chemical structures of ferrocene-phenyleneethynylene oligomer (a) and 2PA
reference standard Rhodamine 6G (b). CAS numbers of Rhodamine 6G is given as well.
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Figure 2.15: An example of the NLT measured for neat THF solvent (L=1cm). The change
in transmittance ∆T is measured as function of the excitation power for several wavelengths
(a). The measured ∆T data are shown in red; used for the linear fitting data are shown
in green; the fitting is dashed line. The derived from the fitting α coefficients plotted as a
function of the excitation wavelength are shown in b.

For the NLT measurements the relative method was used. As an example, let
us consider the NLT measurement of a ferrocene oligomer in THF solution using
Rhodamine 6G in methanol as reference standard. The chemical structures of the
two compounds are shown in Fig. 2.14. As the first step, neat THF solvent (L=1cm)
was measured. Fig. 2.15a shows three examples of the NLT traces along with the
linear fitting functions measured at three excitation wavelengths in 1 cm of neat THF.
Fig. 2.15a shows the coefficients αsolvent determined according to Eq. 2.38.
The αsolvent values obtained at different excitation wavelength are plotted in Fig.
2.15b in the 800–1050 nm range. As one can see in Fig. 2.15b at some wavelengths
near 900 nm, α values are negative. It is presumably related to the linear solvent
absorption, which has a feature at this wavelength region (see Fig.2.16).
Fig 2.18a shows the NLT traces and linear fits obtained in the sample at
several excitation wavelengths and the obtained αsample values. Maximum change in
transmittance is about 5 × 10−2 . The αsample values obtained at different excitation
wavelength are plotted in Fig. 2.18b in the 800–1050 nm range. In the following,
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Figure 2.16: VIS and NIR 1PA spectrum of neat THF. Optical density (OD) is measured
in 1 cm glass cuvette. Absorption bands (ODmax ≈ 0.1) appear around 900, 1050, 1200
and 1450 nm.

Figure 2.17: An example of the NLT measured 1 cm of neat THF solvent at the excitation
wavelength 905 nm. The slope value α becomes negative presumably due to solvent linear
absorption.

values αsolvent were subtracted from αsample .
In the same manner, Rhodamine 6G in methanol was measured to obtain the
correction function C2corr (calculated according to Eq. 2.40) which is applied to the
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Figure 2.18: An example of the NLT measured for ferrocene oligomer. The change in
transmittance ∆T is measured as a function of the excitation power for several wavelengths
(a). The measured ∆T data are shown in red; used for the linear fitting data are shown
in green; the fittings are shown by dashed lines. The derived from the fitting coefficients α
plotted as a function of the excitation wavelength are shown in b.

sample data according to Eq. 2.41. The corrected sample 2PA spectrum (in GM
units) is shown in Fig. 2.19.
Sample Preparations
For the 2PEF measurements all samples were prepared in 1 cm glass spectroscopic cuvettes (Fig.

2.20).

Chromophore concentrations were determined

spectrophotometrically by using known molar extinction coefficients values. Linear
absorption spectra were collected using the spectrophotometer (PerkinElmer Lambda
950). In cases where the molar extinction coefficients were unknown, the concentrations were determined by weighting the sample compounds using an analytic
laboratory scale (Citizen CX265). For the relative shape measurements, the molar
concentrations were in the 100 µM – 2 mM range. For the relative σ2P A value
measurements the concentration was kept under 1 mM. For the relative differential
quantum yields measurements (using an luminescent spectrometer PerkinElmer
LS50B) the concentrations were lowered to reduce possible internal filter effects to
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Figure 2.19: An example of NLT measurement for ferrocene oligomer. The measured
raw NLT 2PA data (coefficient α in relative units, black symbols) is multiplied by the
correction function (red symbols) obtained from Rhodamine 6G reference to restore the
sample absolute 2PA spectrum (corrected according to Eq.2.41 and scaled in GM units,
green symbols).

provide small absorption at the registration and emission wavelengths (OD ≤ 0.1,
maximum concentration ≈ 100 µM ). The excitation wavelengths for the quantum
yield determination were chosen such that OD of both the sample and chosen standard
were as close as possible
For the 3PEF measurements all samples were contained in 1 mm glass
spectroscopic cuvettes (to reduce linear solvent absorption). For the relative shape
measurements molar concentrations were in 1-5 mM range, while for the σ3P A
determination we used 10 µM-10 mM .
For the NLT measurements sample were contained in 1 cm or 5 cm glass
spectroscopic cuvettes and concentrations were in range 1-100 mM. For samples
with poor solubility either a hot plate stirrer or an ultrasonic bath were used to
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Figure 2.20: Solution of Rhodamine 6G in Methanol in 1cm glass cuvette. Maximal optical
density (OD) ≈ 0.2 (in 1 cm) corresponds to molar concentration 1.7 µM

obtain solutions with high concentrations. Any residual (non-dissolved) inclusions
were filtered out with a 0.45 µm overmolded PTFE syringe filter (Fisher Scientific
SE4F13X04 13mm)
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APPLICATION OF TWO-LEVEL MODEL OF THE 2PA SPECTRA ANALYSIS
TO EVALUATE THE CHANGE OF THE PERMANENT ELECTRIC DIPOLE
MOMENT CHANGE
In the two-level approximation the 2PA cross section value can be obtained from
the relation (see Appendix B and C)

σ2P A

2

2(2π)4 f 4
2 ~
2
gf
1
+
2
cos
α
|~
µ
|
∆µ
=
01
15(nch)2

(3.1)

where h̄ is the Planck constant (erg s), c is the speed of light (cm s−1 ), gf is the
normalized line shape function (of state f ), n is the solvent refraction index, µ
~ 01 is
the transition dipole moment between the ground state 0 and the excited state 1 (in
~ =µ
stat coulomb · cm), ∆µ
~ 11 − µ
~ 00 is the corresponding change of the permanent
electric dipole moment (in stat coulomb · cm), α is the angle between the two vectors;
the local field factor f is defined by

f=

n2 + 2
3

(3.2)

From Eq. 3.1 one can express the value of ∆µ [6]

|∆~µ| ≈

5
nc2 hNA σ2P A
12 · 103 πLn10 f 2 λ1P A

1/2
(3.3)

where  is the molar extinction coefficient (cm−1 M −1 ), λ1P A is the 1PA transition
wavelength (cm), NA is the Avogadro constant, and it has been assumed that the
vectors µ
~ 01 and ∆~µ are aligned (cos α = 1). Here, the value of the transition dipole
moment, µ, was expressed in terms of the molar extinction coefficient (see details in
Appendix H).
In the following, we present several examples where Eq.

3.3 is applied to
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evaluate the molecular electric dipoles based on the 2PA measurements. Each section
summarizes most important points of studies published in the corresponding papers.
Spontaneous Inversion Symmetry Breaking In Pyrrolo-Pyrroles
Among various 2PA organic chromophores, quadrupolar architectures [65] [66]
are often preferred as they exhibit larger 2PA cross sections than dipolar ones [10] and
at the same time they possess smaller size than octupolar chromophores [67]. These
quadrupolar, centrosymmetric molecules often do not display either solvatochromism
nor solvatofluorochromism. Notable exceptions have been pointed out by Terenziani
and co-workers [68] and recently this phenomenon, i.e., symmetry breaking in the
excited state has been intensively studied [69]. In this context, symmetry breaking in
quadrupolar, centrosymmetric pyrrolo[3,2-b]pyrroles became the focus of our interest
[70].

Figure 3.1: Structures of studied pyrrolo-pyrrole complexes

Until recently, strongly coupled dyes linked by double or triple bonds were
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prevailing in the literature [71], however, weakly coupled chromophores containing
biaryl linkages have drawn greater attention in the last decade [72]. The critical
advantage of the pyrrolo[3,2-b]pyrrole core in this regard is that it is the most electronrich heterocycle among aromatic two-ring systems offering, in principle, access to
reasonable values of σ2P A without the need to strongly couple the chromophores.
Consequently, through modulation of the planarization and polarization such dyes
can at the same time respond to changes in the viscosity and possess strong twophoton response.
Five centrosymmetric and one dipolar pyrrolo[3,2-b]pyrroles (Fig. 3.1), possessing, respectively, either two- or one strongly electron-withdrawing nitro groups have
been synthesized in a straightforward manner from simple building blocks. In the
symmetric compounds the nitroaryl groups induced spontaneous breaking of inversion
symmetry in the excited-state, leading to large solvatofluorochromism. To study the
origin of this effect, the series employed peripheral structural motifs that control the
degree of conjugation via altering of dihedral angle between the 4-nitrophenyl moiety
and the electron-rich core. We observed that for compounds with a larger dihedral
angle, fluorescence quantum yield decreased quickly when exposed to even moderately
polar solvents. Reducing the dihedral angle (i.e., placing the nitrobenzene moiety in
the same plane as the rest of the molecule) moderated the dependence on solvent
polarity so that the dye exhibited significant emission, even in THF.
To investigate at what stage the symmetry breaking occurs, we measured 2PA
spectrum and 2PA cross-sections (σ2P A ) for all six compounds. The 2PA transition
profile of the dipolar pyrrolopyrrole, followed the corresponding 1PA spectrum,
which provided an estimate of the change of the permanent electric dipole upon
transition, ∆µ, ≈ 18 D. The nominally symmetric compounds displayed an allowed
2PA transition in the wavelength range, 700-900 nm. The expansion via triple bond
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resulted in the largest peak value, σ2P A = 770 GM, whereas altering dihedral angle
had no effect other than reducing the peak value two- or even three-fold. In the
lowest-energy S0 − S1 transition region, 900–1000 nm, the symmetric systems also
showed a partial overlap between 2PA and 1PA transitions with corresponding dipole
moment change, ∆µ ≈ 2-7 D, thus suggesting some degree of symmetry breaking
taking place possibly even prior to major symmetry breaking in the excited-state.

Figure 3.2: The 2PA spectra of the compounds studied in cyclohexane obtained by using the
2PEF (empty circles) and NLT (filled rectangles) methods. Linear absorption spectra (red
solid lines) are shown for comparison. The left vertical axes represent 2PA cross-sections,
right vertical axes represent extinction coefficients; bottom horizontal axes show laser (twophoton excitation) wavelengths, top horizontal axes show linear (one-photon excitation)
wavelengths.

Femtosecond 2PA spectra were measured in the excitation wavelength range of
λ2P A = 600-1050 nm by using 2PEF and NLT methods. The quadratic dependence
of the 2PEF signal on the energy of the incident laser pulses was confirmed (for the
2PEF method) with an accuracy of 2.00 ± 0.05 within the above-named wavelength
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Table 3.1: Summary of peak σ2P A values measured by 2PEF and NLT and the
corresponding dipole moment change ∆µ estimated from 2PEF spectra 1PA spectra.
0
Estimate of ∆µ in 12 is based on NLT measurements. Values ∆µ and σ2P
A are
calculated for S0 − S1 transition range.

range. At wavelengths λ2P A < 600 nm, there was an increasing contribution of
the accompanying one-photon excitation due to partial overlap between the laser
spectrum and the S0 − S1 absorption band, which resulted in a decline of the power
exponent from the strict quadratic dependence. Figure 3.2 shows the 2PA spectra of
the six compounds studied in cyclohexane solution. In compounds 8, 15, 16, 19 and
20, i.e., in the five systems showing strong fluorescence emission, the 2PEF excitation
method was used, whereas in 12, which lacked any measurable fluorescence signal,
we used the NLT method. For verification purposes, both methods were applied in
8 and 20. Linear absorption spectra in cyclohexane are shown for comparison. Peak
σ2P A values along with corresponding wavelengths are collected in Table 3.1.
In compounds 8, 15, 16, 19, and 20, the maximum 2PA occurs around 790 - 820
nm (i.e., at a transition energy well above the one photon S0 − S1 transition peak.
This result is consistent with the predominant behavior displayed by chromophores
with nominally centrosymmetric or nearly centrosymmetric structures, including a
previously reported series of peripherally substituted pyrrolo[3,2-b]pyrrole derivatives
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[73]. The maximum σ2P A value (determined by the 2PEF method) is 200 GM for
15, 19 and 20, 770 GM for 8, and 370 GM for 16, values, which are in agreement
with the previous observations in the series of similar compounds. The increased
σ2P A in 8 and 16 compared to the other three systems correlated with the molar
extinction, showing a factor of ≈ 2 larger peak value, as well as with a slight red shift
indicative of the extended conjugation in these two systems. At longer wavelength,
λ2P A = 900-1000 nm, corresponding to the peak of the lowest-energy component
of the S0 − S1 transition, σ2P A varies in the range 1–100 GM, dropping off nearly
exponentially towards the very red edge of the S0 − S1 band. The fact that the 2PA
did not completely vanish in the S0 − S1 region allowed us to assume that despite
the structure being nominally centrosymmetric, the chromophores in solution may
become slightly distorted, e.g., due to interaction with the solvent molecules, thus
rendering the two-photon transition partially allowed.
The degree by which the intrinsic symmetry becomes ”broken” may be indirectly
quantified by evaluating the ratio between σ2P A and the linear extinction at the red
side of the spectra (i.e., at the wavelengths where the two spectral profiles coincide),
using the relation given by Eq. 3.3. We note that even though Eq. 3.3 is commonly
applied to dipolar dyes, [6] there is accumulating experimental evidence that this
relation may be also extended to the lowest-energy purely electronic transition of
nominally symmetric systems, where the dipole moment is created by a spontaneous
symmetry breaking mechanism [74]. Figure 3.3 (left panel) shows the dipole moment
change function plotted for 8 along with the Gaussian decomposition components
of the linear absorption spectrum.

In the range 975-1005 nm (between vertical

dotted lines), where the longest-wavelength component dominates (presumably the
0–0 transition), the ratio between the 2PA and 1PA is constant and corresponds to
the value, ∆µ= 7.0 D. Such distinct dipole change suggests that the implied inversion
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symmetry, i.e., one following from the structure formula of the chromophore, is likely
disrupted already prior to the transition to the excited state. Table 3.1 presents ∆µ
values for the five fluorescent chromophores, which vary in the range 3-7 D. Recent
studies have shown [75] that breaking of intrinsic molecular symmetry, which here
apparently has already occurred in the ground state, may evolve and expand in the
excited state, where further interactions, e.g., with the solvent molecules may occur.

Figure 3.3: Calculated ∆µ values as function of the laser wavelength for 8 (left) and 12
(right) represented (symbols, left vertical axis). Linear absorption spectrum (solid line)
and its Gaussian decomposition components (dashed line) are shown for comparison. The
wavelengths between two vertical dotted lines is where 2PA and 1PA spectral shapes
coincide, corresponding to ∆µ=7.0 D (horizontal dashed line)

In the case of compound 12, the peak σ2P A measured by NLT is 320 GM. The
two-photon spectral profile essentially followed the 1PA spectrum in the S0 − S1
transition region. This behavior is characteristic of strongly dipolar chromophores,
where parity selection rules do not apply [75]. Note that in 8 and 20, where the NLT
data is directly compared to the 2PEF measurement, the spectral shapes are closely
matched, but the absolute cross section value obtained by NLT appears as a factor
1.5–2 higher, even though both methods used fluorescein in pH 11 aqueous buffer as
2PA reference standard [63]. This discrepancy may be related to the absorption from
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the excited state, which effectively increases the NLT response but does not affect
directly the 2PEF signal [41]. In both cases, the experimental error is on the order
of 20-30 %.
The right panel in Figure 3.3 shows that the dipole moment change of 12,
evaluated by inserting the experimental NLT spectrum into Eq.3.3 , gives a value
on the order 20 D. Interestingly, the dipole increases towards the longer wavelength
portion of the transition band, which is likely related to a broad distribution of local
electrostatic solvent environments [76]. Another interesting feature observed in the
2PA spectra of the nominally symmetrical structures 8, 15, 16, 19 and 20 was a weakly
pronounced peak or shoulder at the wavelength of λ02P A positioned between the 2PA
maximum and the lowest-energy component of S0 − S1 transition. The peak values
0
were in the range, σ2P
A = 20-320 GM, as summarized in Table 3.1. Similar features

were observed also in the previously studied series[14] and are likely related to a
vibronic component of the S0 − S1 transition that may be amplified in 2PA though
the Herzberg-Teller mechanism [77].
2PA Spectroscopy Of a Series Of Platinum Complexes.
With the goal of elucidating electronic and conformational effects on structurespectroscopic property relationships in platinum acetylides, our colleagues at AFRL
synthesized a model series of nominally centrosymmetric chromophores transPt(PBu3)2(C≡C-Phenyl-X)2, where X = diphenylamino(DPA), NH2, OCH3, t-Bu,
CH3, H, F, benzothiazole(BTH), CF3, CN and NO2 (Fig.

3.4).

We collected

1PA and 2PA spectra and our collaborators also performed DFT and TDDFT
calculations on the ground- and excited state properties of these compounds. TDDFT
calculation of the S1 state energy and transition dipole moment for a nonplanar
conformation showed good agreement with experiment.

The DFT calculations
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revealed facile rotation between the two ligands suggesting that the compounds may
exhibit nonplanar ground state conformations in solution. 2PA spectra obtained
from these compounds allowed estimation of the change of permanent electric dipole
moment upon vertical excitation from ground state to S1 state. The values are small
∆µ < 1.0 D for neutral substituents such as CH3, H and F, but increase sharply
to ∆µ ≈ 11 D for potent electron-accepting NO2. We interpret this dependence
due of spontaneous breaking of inversion symmetry in the ground state of these
chromophores. The corresponding calculated ∆µ values showed good agreement with
the experimental data indicating quantitative reliability of Eq. 3.3 and applicability
of the two-level model for the two-photon spectra analysis.

Figure 3.4: Molecular formula of platinum acetylide Pt-(R)2 series; DPA=diphenyl amino,
BTH=benzothiozole. The angle θ is the angle between the two phenyl ring planes.

Figure 3.5 shows the 2PA cross section spectra of the eleven compounds in THF
solution. The 2PA cross section, σ2P A , is expressed in GM units. Corresponding linear
absorption spectra are also shown for comparison. With notable exception of NO2, the
2PA cross section of all compounds increases with decreasing excitation wavelength
with maximum values reached at the shortest excitation wavelength, λ2P A < 650 nm.
This behavior may be attributed, in part, due to conjugated organic chromophores
often exhibiting the strongest two-photon transitions at energies well above the S0 −S1
band, and also in part due to resonance enhancement effect that is enacted primarily
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via the lowest-energy dipole-allowed transition [78]. From this perspective, the fact
that the highest 2PA in the whole series are observed in BTH (σ2P A ≈ 1000 GM)
and in DPA (σ2P A ≈ 600 GM) at λ2P A = 550 nm, correlates with the circumstance
that both these chromophore exhibits higher than average change of the permanent
dipole moments, ∆µ = 10.9 D and 8.4 D, respectively (Table 3.2). The resonance
contribution to 2PA is likely further augmented because both chromophores exhibit
a substantial red shift of the S0 − S1 band. In the remaining nine compounds, the
maximum 2PA in the short wavelength region is substantially lower, σ2P A < 20–
200 GM, indicating that pronounced two-photon transitions may occur at still higher
energy that lies beyond current lower limit of 550 nm.
Because the symmetry effects manifest most clearly in the lowest-energy
transitions, especially in the 0–0 component of S0 −S1 band, in the following discussion
we would like to focus on this longest-wavelength portion of the 2PA spectrum. The
σ2P A of the 0–0 component of the S0 − S1 transition, along with the corresponding
wavelength, are shown in Table 3.2. This data shows that σ2P A corresponding to the
0–0 component of S0 − S1 varies between 11 GM and 1 GM, whereas the latter value
is most likely determined by upper accuracy limit of our experiment. If the angle θ
between the two phenyl ring planes of Pt-(R)2 is small, then the structure (Fig. 3.4)
is nominally centrosymmetric, and one might expect that alternative parity selection
rule must apply for one-photon and two-photon absorption spectra. Indeed, in case
of H, F and CH3, 0–0 component of S0 − S1 band that is strongly allowed in the
linear absorption, is rather weak or even vanishing in the 2PA spectrum. However, in
compounds decorated with potent electron-donating end groups and, in particular,
those with strong electron- withdrawing substituents, the parity selection rule appears
to be violated. This is especially evident in case of NO2, where the one-photon and
two-photon spectral profiles virtually coincide. Such behavior is common for strongly
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Figure 3.5: The 2PA spectra (left vertical and lower horizontal axes ) of the compounds
studied (red symbols). Extinction coefficients (blue solid lines) are shown for comparison
correspond to right vertical axes and upper bottom horizontal axes. Empty black symbols
show calculated ∆µ values from Eq. 3.3 (show without scale here).
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dipolar chromophores, but cannot be normally expected from systems possessing
inversion symmetry. We are able to further quantify this point by evaluating change
of permanent electric dipole in vertical S0 − S1 transition using the relation Eq. 3.3.
Figure 3.5 shows ∆µ (black square symbols, right inner vertical axis) calculated
according to Eq. 3.3 for 0–0 transition region in all eleven Pt-(R)2 chromophores. In
NH2, OCH3, DPA, t-Bu, CH3 and BTH, ∆µ is nearly constant, which is expected
in case of a static electric dipole. But in some cases such as CF3, CN and NO2,
the value appears to change with the wavelength. Such variation may be result from
experimental inaccuracy, especially if ratio of two small quantities is evaluated, or
may also indicate that 0–0 transition band may have some inhomogeneous structure
e.g. due to different local solvent environments experienced by the chromophores.
The average dipole moment values are summarized in Table 3.2. BTH and NO2
exhibit the largest dipole moment change, 6 D and 11 D, respectively. Also NH2
and DPA show a pronounced dipole moment change, ≈ 3 D. It is significant that
the non-vanishing ∆µ is manifest here in vertical transitions starting from electronic
ground state. Since both 1PA and 2PA are an essentially instantaneous quantum
transition event, leaving no time for any conformational changes, we must conclude
that inversion symmetry must be broken already in the ground state, i.e. before
the chromophore reaches the excited state. It is worth reminding that once in the
excited state manifold, changes of chromophore intrinsic symmetry are quite common,
induced e.g. by vibrational relaxation, intersystem crossing, solvent rearrangement,
etc. In the ground state, where the chromophore and its surrounding solvent are in
equilibrium, spontaneous symmetry breaking is not so well understood, however.
One possibility to explain the observed loss of inversion symmetry is due to
nonplanar conformations in the ground state. If the angle between the two phenyl
ring planes is θ = 0, then, by definition, ∆µ = 0. However, if the rings are mutually
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Table 3.2: Summary of experimental results.λ2P A and σ2P A correspond to 2PA
maximum wavelength (nm) and 2PA cross sections (GM), respectively. ∆µ are
calculated for S0 − S1 transitions.
rotated, then a finite electric dipole may occur. Table 3.3 summarizes the TDDFT
calculations results regarding the transition energy, S0 −S1 transition dipole moment,
and ∆µ in case θ = 90 deg. The S1 state in all the calculations has predominantly
HOMO → LUMO character. The last column in Table 3.3 shows the calculated
ground state energy differences between θ = 0 deg and 90 deg conformations (in kcal
mol−1 units). Because the energy difference is much less than kT(0.6 kcal/mole) at
room temperature, the calculations suggest that there is free rotation between the
ligands, which means that statistically the chromophores are predominantly out-ofplane in solution, justifying our assumed rotation angle value, θ = 90 deg.
The spectroscopy and calculation results suggest these chromophores have very
flexible structure and out-of-plane conformation predominates in solution.

The

ground state and 2PA absorption spectra result from symmetry-broken ground state
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Table 3.3: Summary of TD-DFT calculations for Pt-compounds. ∆E is transition energy (eV), µ01 is transition dipole moment, and µ1 − µ0 is change of permanent dipole
moments for 0–0 transition; ∆e is ground state energy difference for configuration
with θ = 900 and θ = 00 in kcal/mole
out-of-plane conformations.
Metal-to-Ligand Charge Transfer In Ferrocene–Based Oligomers
A prominent feature of the UV-vis absorption spectrum of the ferrocene and its
numerous organometallic complexes consists of a broad red-shifted band (or bands)
associated with metal-to-ligand charge transfer (MLCT) transitions [79, 80], where
a notable fraction of the electron density shifts from the Fe atom(s) in the ground
electronic state towards the organic group(s) in an excited state. MLCT transitions
are associated with large change of the molecular permanent electric dipole moment,
∆µ (up to 30 Debye, D [81]) that in turn is instrumental for achieving high nonlinearoptical (NLO) efficiencies, [82], [80] and also contribute to charge separation- and
charge transport properties. Interestingly, prominent MLCT- and NLO features
are routinely observed not only in non-centrosymmetric organometallic structures,
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but also in nominally centrosymmetric structures [80]. Such obvious spontaneous
symmetry breaking was tentatively associated with steric distortions of the ground
state molecular structure [83], even though quantitate explanation has been so far
lacking.

Here we shed light on the origin of the symmetry breaking effect by

experimentally evaluating the ∆µ value in a series of ferrocene-phenyleneethynylene
oligomers in THF solution comprising both nominally centrosymmetric as well as noncentrosymmteric structures and by comparing the experimental results with TD-DFT
calculations that account for possible facile rotations within the complex.
Fig. 3.6 shows the chemical structures of ten systems studied in this work
including the unmodified ferrocene 1, six non-centrosymmetric compounds 2-7
carrying one ferrocene unit, and three nominally centrosymmetric structures 8-10,
where the two peripheral ferrocene moieties are linked by a conjugated chain of a
varying length. The ferrocene moieties are acting as electron donors (D), whereas
2,5-di(alcoxy) benzeneethynylene(s) is used as a π-conjugated linker (π) and benzyl
benzoate or benzoic acid acting as termini and electron attractor groups (A) thus
creating an intramolecular charge transfer system (D-π-A).
Because solvatochromic techniques commonly used for the determination of
∆µ rely on measuring the fluorescence spectrum, and in view of the fact that the
MLCT chromophores lack appreciable fluorescence emission, accurate experimental
evaluation of the ∆µ posed a certain challenge.

Electroabsorption spectroscopy

(EAS), also called Stark spectroscopy, allows estimation of ∆µ based on how the
linear absorption spectrum changes upon application of external electric field [46].
However, if MLCT band contains multiple overlapping transitions [79], [80], then
quantitative interpretations of such measurements may be less than straightforward.
Furthermore, EAS experiments are typically carried out in a dielectric medium such
as polymers and glasses, where the actual (local) static electric field strength acting

52

Figure 3.6: Chemical structures the studied ferrocene-phenyleneethynylene oligomers.

on the chromophore differs from the externally applied voltage by an inadequately
specified correction factor, thus increasing the uncertainty of the ∆µ value [46]. In
order to alleviate above listed complications, we use an alternative experimental
approach based on quantitative measurement of the instantaneous 2PA cross section,
σ2P A . According to well-known two essential states (2ES) approximation (also called
two-level model) of 2PA, the ∆µ (in stat coulomb cm) may be related to the 2PA
cross section of the same transition as given by Eq. 3.3.
This relation offers an estimate of ∆µ without application of external electric
field, and was recently implemented for the study of organic intramolecular charge
transfer (ICT) chromophores [6] as well as some Pt-organic complexes [84]. Here we
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Figure 3.7: Two-photon absorption (2PA) and one-photon absorption (1PA) spectra of
compounds 1–10 (a–k). Left vertical axes (scaled in GM) represent 2PA cross sections,
σ2P A (black empty symbols), right vertical axes (scaled in M −1 cm−1 units) show the
corresponding extinction coefficients,  (blue solid line). Lower (upper) horizontal scales
correspond to the two-photon, λ2P A (one-photon, λ1P A ), excitation wavelengths. The
horizontal axes are scaled identically on all graphs. Gaussian fits for the lower energy
(LE1 and where it is possible LE2) 1PA bands are shown by dashed green lines. Change
of permanent dipole moments between the ground and first excited states, ∆µ , evaluated
from Eq. 3.3 for each wavelength (a profile) is shown by red dots (not to scale); averaged
over LE band wavelength ranges (the regions showed by red dashed lines) ∆µ values are
indicated in Debye, D, units (red numbers).

use NLT method to experimentally determine the σ2P A in the excitation wavelength
range 620-1050 nm.

By combining the 2PA data with the corresponding one-
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photon absorption (1PA, or molar extinction) spectrum in the range 310-525 nm,
we determine ∆µ by applying the Eq. 3.3.
Fig. 3.7 shows the measured 2PA spectra by the NLT method (black empty
symbols, lower wavelength scale) in the excitation wavelength range λ2P A = 620-1050
nm, along with the corresponding linear molar extinction spectra (blue solid line,
upper wavelength scale) for compounds 1–10. Estimated experimental error of the
2PA data is about 30%. The 1PA spectrum of unsubstituted ferrocene 1 displays
two lower-energy bands spanning λ2P A = 300- 550 nm range (Fig.3.7 a) with low
peak values, less than, max ≈ 102 M −1 cm−1 . The estimated σ2P A value was on
the level or below of our detection sensitivity, σ2P A < 0.1 GM. Eq. 3.3 provides us
with upper limit estimate for the dipole moment change, ∆µ < 10 D. To our best
knowledge, there are no previous reports on σ2P A or ∆µ values of the unsubstituted
ferrocene. Linking ferrocene with phenyl carboxylic acid (2) or benzyl benzoate (3)
groups significantly intensifies the low-energy part of the 1PA spectrum (max ≈ 1-4
· 103 M −1 cm−1 ) while shifting and structuring the corresponding absorption peaks
slightly to the red (Fig.3.7 b, c). Following [79] we call the longest wavelength band
LE1, the next longest band LE2 and the stronger (max ≈ 1.5 2 ·104 M −1 cm−1 ) band
at λ1P A = 270–320 nm HE band. The 2PA spectra of 2 and 3 both show two distinct
features, centered at 900 - 960 nm and 680 -720 nm, with the corresponding peak
values, σ2P A ≈ 1 - 2 GM and 10 - 13 GM (LE1 and LE2, respectively). According to
the 2ES model, the shape of the 2PA spectrum should match that of the corresponding
1PA transition spectrum [6]. In order to confirm which part of the measured 2PA
spectra correspond to particular MLCT transition in the 1PA spectra, we evaluate
Eq. 3.3 for the whole wavelength range. The results are presented in Fig. 3.7 as red
dot symbols.
The fact that the ∆µ profile is nearly constant for both LE1 and LE2 bands
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(dashed horizontal lines) indicates that the 2ES model may be applicable to both of
these bands. Quantitatively, Eq. 3.3 yields for the LE1 band of 2 and 3, respectively,
∆µ ≈ 6 D and ∆µ ≈ 5 D, whereas the LE2 band values are about twice as large, ∆µ
≈ 11 D and ∆µ ≈ 12 D. In case of the remaining four non-symmetric compounds
4 - 7, the HE transitions in 1PA spectrum continue to gain slightly in intensity and
experience further bathochromic shift (Fig.3.7 d-g), which is in accord with previously
noted behavior of inter-ligand charge transfer (ILCT) excitations upon extension of πconjugation [80]. At the same time, the relatively weak LE1 band shows no noticeable
shift. This leads to a substantial overlap between different spectral components,
rendering the LE1 transition to appear merely as a broad shoulder on the red side
of a much stronger band while HE and LE2 bands practically overlap. In an effort
to retrieve the shape of the LE1 components, we fitted the long-wavelength shoulder
of the 1PA spectrum with a Gaussian (green dashed lines on Fig. 3.7), and used
these fits to determine the corresponding peak wavelengths and the max value for
the LE1 transitions. The corresponding ∆µ values vary in the range 7-10 D (Table
3.4). Among the three nominally centrosymmetric compounds, 9 and 10 show linear
absorption spectra in the long wavelength range (Fig.3.7 i, k) that closely resemble the
non-symmetric chromophores 6 and 7. Using the Eq. 3.1, we arrive at a quantitatively
similar large ∆µ ≈ 7 D for the LE1 band. The ligand of compound 8 has the shortest
conjugation pattern among the nominally symmetric structures. Accordingly, here
the LE1 band is still well separated from the rest of the spectrum (Fig.3.7 h), yielding
∆µ ≈ 3 D. All values are summarized in Table 3.4.
The TD-DFT calculations performed by our colleagues on the ferrocenephenyleneethynylene oligomers reproduced well the main feature of the 1PA spectra
and confirmed the MLCT origin of the LE1 bands being affiliated with S0 − S2 and
S0 − S1 transitions in case of compounds 2, 3, 8 and 4 - 7, 9, 10, respectively; and the
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Table 3.4: Summary of two-photon absorption (2PA) and one-photon absorption
(1PA) properties of the studied compounds. The first column denotes the compound
numbers as it is assigned in Fig. 3.6. Derived from measured σ2P A values ∆µexp ,
as well as derived from the TD-DFT calculations, ∆µcalc , correspond to the MLCT
transitions in LE bands (LE1 and LE2) at λ1P A wavelengths; b calculated for the global
minima energy configuration; c calculated for rotamers representing local minimum
within 0.4 kT above the global energy minima (θ =160 , 950 , 890 rotations from the
centrosymmetric positions for compounds 8, 9 and 10, respectively).

Figure 3.8: Rotational distortions in compound 9 that result to appearance of ∆µ in the
ground state. Upper panel defines the rotational angle θ. Lower panel shows the angular
dependence of the ∆µ (right vertical axis scaled in D) and energy barriers for the conformers
relative to the global minimum (left vertical axis scaled in kJ mol−1 ).

ILCT type transitions associated with the HE bands. At the same time, intermediate
bands LE2 are formed as either MLCT (compounds 2 and 3) or some combination

57
of both MLCT and ILCT transitions (compounds 4 - 10). The simulations also
revealed an excellent correlation with the experimental ∆µ values in case of noncentrosymmetric compounds 2 - 7 (Table 3.4). For oligomers 2 and 3, the calculated
∆µ values for both LE1 and LE2 bands are in quantitative agreement with the
experiment. The same we can say about the LE1 transitions in case of compounds 4
- 7. Similar comparison for the higher energy transitions indicate that ∆µ may reach
even higher values up to 19 D. It is reasonable to assume that the non-vanishing ∆µ in
8 - 10 is most likely due to spontaneous lowering of the symmetry [68]. Because both
1PA and 2PA are instantaneous vertical excitation process, any possible lowering
of symmetry associated with excited state relaxation, may be excluded [41] Thus,
we conclude that the symmetry must be broken in the equilibrium ground state.
Recently, Cooper et al. showed that some nominally nearly-symmetric linear Ptacetylides possess large ∆µ up to 25 D due to twisting of the ligands [8]. Kaur et
al. developed similar model to explain origin of nonzero ∆µ in symmetric ferrocenediketopyrrolepyrrole triads due to distortions of the ferrocene units, but no quantitate
match with the experiment was found [83]. To elucidate the origin of the symmetry
breaking, our collaborators calculated the dependence of ground state energy and
∆µ on some asymmetric conformation changes most likely to occur in THF. Fig.
3.8 presents the calculated ground state energy of 9 for different rotation angles
of one of the two ferrocene moieties relative to the rest of the structure (θ = 00
corresponds to the centrosymmetric conformation shown in Fig.3.6). The different
ground state rotational conformations occur with a low energetic cost less than ≈ 0.4
kT (1 kJ mol−1 ) giving rise to surprising large ∆µ values. The maximum ∆µ =7.4 D
is achieved at θ = 950 that is in an excellent agreement with the experiment (Table
3.4). A comparable behavior was observed for the compounds 8 and 10 comprising,
respectively, a reduced and extended conjugated chain length: appreciable ∆µ is
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induced by the rotation of the ferrocene units with low energetic cost (Table 3.4 ).
The fact that in 10 the calculated ∆µ is about a factor of two lower than the observed
experimental value is likely related to additional degrees of flexibility associated with
benzeneethynylene ring rotations.
Regarding 8, where the quantitative discrepancy is even larger, and where
additional flexibility does not influence the value of ∆µ , a potential source for
enhanced ∆µ may be related to other contributing processes not accounted for in
the current level of theory.
Still another way to verify our finding is to note that experimental literature
already offers a trove of 2nd and 3rd order NLO properties of a variety of
organometallic systems measured by z-scan [85] and hyper Rayleigh scattering (HRS)
[81] methods. It presents interest to re-cast the previous experimental results obtained
by other groups to reveal the underlying ∆µ values in a similar manner as was
presented above regarding our NLT measurements. For example, in case of the HRS
experiments the measured second order hyperpolarizability can be analyzed using a
two-level model (see Appendix J) to derive ∆µ values. In a good agreement with our
current findings, the values reach 20 D for nominally centrosymmetric systems, and
30 D for non-symmetric systems.
In summary, we measured experimentally and calculated theoretically the change
of electric dipole moment in low-energy transitions of a series of new symmetric and
non-symmetric ferrocene-phenyleneethynylene oligomers. Based on good agreement
between the calculated and experimental values, we conclude that rotational distortions can break the ground state symmetry in the formally symmetric compounds,
thus leading to large ∆µ values. To our best knowledge, this is the first time that the
physical origin of non-vanishing dipole moment in MLCT transitions of symmetric
organometallic complexes has been quantitatively characterized. Our results improve
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basic understanding of the MLCT process and can facilitate development of new
organometallic systems with augmented NLO and charge transport properties. Our
results further validate using 2PA as an alternative to the traditional methods of
measuring molecular dipole moments in condensed environments.
2PA Study Of Fluorescent DNA Base Analogues
2PA spectra of extrinsic fluorescent dyes [10] and popular genetically engineered
fluorescent proteins [86] have been reported extensively in the literature. In contrast,
only limited data is available about the 2PA characteristics of DNA bases and
amino acids, which are intrinsic to cells and tissues. This is mainly because the
emission efficiency of natural fluorophores is often too low for practical use as
fluorescent markers (quantum yields ≈ 10−4 [87] ). Highly fluorescent isomorphic
analogs of DNA bases such as 2-aminopurine (2AP) and 6-methylosoxantropterin
(6MI) offer potentially improved conditions for the 2PEF-based applications [87],
provided that their 2PA is comprehensively characterized.

Tryptophan (L-trp),

whose relative 2PA spectral profile was reported already in the 1990s [64], is another
promising intrinsic fluorophore for in vivo 2PEF studies, including imaging of single
protein molecules [88]. In a study of leukocyte trafficking in cells, Li et al. [89]
reported fast 2PEF imaging up to 30 frames per second (FPS) using intrinsic L-trp,
however, significant uncertainty regarding the σ2P A value hindered optimization of
the technique. Here we determine the 2PA spectra and the peak σ2P A values of 2AP,
the ribonucleoside of 6MI (r6MI), 7-methyl guanosine (7MG, a methylated version
of guanosine), isoxanthopterin (IXP, a guanine analog) and L-trp and its derivative
3-methylindole (3MI) in the 2PE wavelength range, 550 – 810 nm in different solvents
including water, using three alternative methods based on the detection of relativeand absolute 2PEF signals and measuring relative NLT.
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Figure 3.9: 1PA and 2PA spectra of 2AP in H2O (a), MeOH (b), DMSO (c), glycerol and
H2O (d); L-trp in H2O (e), 3-MI in H2O (f), 7MG (g) in pH 7 buffer, IXP in NH4OH/H2O
(h), 6MI in pH 7 buffer (i). Left vertical axis represent σ2P A values in GM. Right vertical axis
show extinction coefficient, , in M −1 cm−1 units. The lower horizontal scales correspond
to the excitation wavelength 2PA, while the upper scales represent one-photon wavelength,
λ1P A (both in nm). 1PA are shown by red lines; 2PA spectra measured by the relative
2PEF method and the relative NLT method shown by empty black symbols and solid blue
symbols, respectively. The σ2P A values obtained by the 2PEF technique at select λ2P A are
shown by green symbols

Fig.3.9 shows the 1PA (red lines) and 2PA spectra measured by the relative 2PEF
method (empty black symbols) and the relative NLT method (solid blue symbols).
The σ2P A values obtained by the relative and absolute 2PEF techniques at select 2PA
wavelengths, λ2P A , are shown by green symbols. All three methods give consistent
results, leading to estimated accuracy of the σ2P A values ≈ 30%. We note that some of
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the systems studied exhibit protonation-deprotonation dualism (pKa ≈ 8.4 [90]), two
tautomeric forms of 2AP are present near neutral pH. Here we assume that a single
species is dominant both in the linear and 2PA spectra, while leaving further studies
of this topic to following investigations. The highest peak σ2P A value is obtained
for IXP and 7MG, σ2P A ≈ 2.0 GM, while the lowest peak value is for 2AP in neat
H2O, σ2P A = 0.12 GM (Table 3.5). Lane et al. reported for aqueous solution of
2AP, σ2P A ≈ 0.2 GM at λ2P A = 584 nm using 2PEF method [91], which correlates
well with our findings. Interestingly, the peak σ2P A of 2AP varies substantially
depending on the solvent, from 0.12 GM in neat H2O and in neat MeOH, to 0.2 GM
in DMSO and glycerol-H2O mixture (Table 3.5). This behavior correlates with an
earlier observation of anomalous solvatochromic shifts and changes in the fluorescence
quantum yield in glycerol-H2O mixtures, which was attributed to specific solventsolute interactions such as H-bonding [92]. The 2PA shape of 2AP and 6MI follow
closely the corresponding S0 − S1 transition in the 1PA spectrum, independent of
the solvent used (Fig. 3.9 a-d, i). Consequently, the optimal two-photon excitation
wavelength in case of 2AP and 6MI in the chosen solvents is determined by the
position of the maximum in the 1PA spectrum. This is consistent with an earlier
report by Katilius et al. [93], where the 2PA spectrum of 6MI in H2O (unfortunately
pH value was not provided) was measured in a narrower range, 700–780 nm. It was
also reported that σ2P A ≈ 2.5 GM at λ2P A , 700 nm [93], which is higher than our
value, σ2P A ≈ 1.5 GM (Fig.3.9 i). In case of 7MG in pH 7 buffer, the long wavelength
side of the 2PA and 1PA spectra show similar shape, but the 2PA maximum, σ2P A ≈
4 GM at λ2P A ≈ 560 nm, appears to be slightly shifted towards shorter wavelengths
(Fig. 3.9 g). Interestingly, the 2PA spectrum of IXP (Fig. 3.9 h) is quite distinct
from the structurally closely related 6MI (Fig. 3.9 i): it displays the maximum value,
σ2P A ≈ 2 GM, at λ2P A ≈ 560 nm, whereas at the 1PA maximum position there is only
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a relatively weak peak with σ2P A ≈ 0.35 GM at λ2P A ≈ 670 nm. This observation
may stem from the presence of different forms depending on pH [90]. L-trp (Fig. 3.9
e) and its methylated derivative 3MI (Fig. 3.9 f) show peak σ2P A of 0.7 GM at λ2P A
≈ 550 nm and 0.5 GM at λ2P A ≈ 560 nm, respectively. Previously, Meshalkin et al.
found, σ2P A ≈ 0.16 GM at 530 nm [94] using 2PEF method. Our 2PA spectral profiles
(Fig. 3.9 e and f) are similar to that reported in [64] and showed a long wavelength
part that closely follows the 1PA profile. Also, near the 1PA peak at λ2P A ≈ 550-570
nm, the 2PA shape shows structure consistent with the indole dual excited electronic
states model [64].

Table 3.5: Summary of measured 1PA and 2PA properties of the studied molecules.
Used solvents are shown in the second column. Used molar concentrations (maximum), C, are shown in mM units. Measured and literature data of peak extinction
coefficients are presented as  in M −1 cm−1 units. Measured using the 2PEF and
NLT, σ2P A at the maximum 2PA wavelengths (λ2P A ) are shown 2PEF and NLT
superscripts, respectively (both in GM units). Calculated using Eq. 3.3 ∆µ values
are shown in Debye.
We take advantage of the observation that in the long wavelength part of the
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S0 − S1 transition the 2PA spectra closely follows the corresponding 1PA shape, and
evaluate the change of the permanent electric dipole moment, ∆µ. For typical dipolar
molecules the absolute value of the latter quantity (in statCcm) may be estimated
from Eq. 3.3. The corresponding ∆µ values are collected in Table 3.5. In 2AP, where
the peak σ2P A showed a strong solvent dependence, ∆µ is also varying in a broad
range, 1.0 – 1.2 D for H2O, MeOH and DMSO, and glycerol-H2O mixture. Evans
et al. used Stokes shift measurements to obtain ∆µ ≈ 2–5 D for 2AP in a variety
of solvents including MeOH and DMSO [92], while Smagowicz and Wierzchowski
determined a value 1.8 D [95].
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THREE-LEVEL MODEL FOR THE 2PA DESCRIPTION
In the three-level approximation,the 2PA cross section value can be obtained
from [5]

σ2P A

(2πf )4
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−
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where h̄ is Planck constant (erg s), c is speed of light (cm s−1 ), gf is normalized line
shape function (of state f ), n is media refraction index,µ0i and µif are, respectively,
the transition dipole moment between ground state, 0, and intermediate state, i, (in
esu units), and the transition dipole moment between intermediate state and the final
excited state, f, n is the index of refraction, c is the speed of light (cm s−1 ); ν0f is the
transition frequency between 0 and f, and gf is the spectral width (FWHM) of the
final state (in Hz), and f is the local optical field enhancement factor:

f=

n2 + 2
3

(4.2)

It is also assumed that the transition dipole moment vectors are aligned parallel.
In case when the molecular electric permanent dipole moment is zero, the twolevel model can not be applied to describe the 2PA transition strength. In this case
the next term in the sum over all states expression should be considered. Here we
consider the three-level model of the 2PA and apply it for analysis of the measured
2PA spectra of some porphyrin-based macro molecules.
Cooperative Enhancements In Porphyrin Nanostructures
The last decades have witnessed a broad range of spectroscopic investigations of excitation and relaxation dynamic properties of chromophores involved in
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photosynthesis, including some man-made porphyrin-based assemblies designed to
implement the light-harvesting function [96]. However, to achieve the long-standing
goals of efficient artificial photosynthesis, further studies are warranted to gain more
detailed quantitative understanding of the creation and evolution of delocalized
electronic excitations and their dependence on the mutual spatial arrangement of
the chromophores. Measurements and theoretical calculations of the instantaneous
2PA cross section, σ2P A , and its wavelength dependence was recently used to study
and quantify the extent of conjugation in porphyrin dimers [97] , linear porphyrin
oligomers [11] , in conjugated dendrimers [98], cyclic thiophenes [99] and expanded
porphyrins [100]. A cooperative enhancement effect is observed when the maximum
2PA cross section, calculated per porphyrin or other elementary chromophore building
block, is considerably larger for the complex compared to that of an individual
unit [101]. The idea behind this approach is based on the fact that the peak value
of σ2P A corresponding to a certain 2PA transition to higher-energy states, increases
in proportion to the value of transition dipole moments between the ground and
excited states and between the excited states, which in turn depends on how many
building blocks or chromophore units are coherently interacting (π-conjugated) [97].
Linear porphyrin oligomers containing up to about 13 Zn-porphyrin units showed
a dramatic up to 10-500 times enhancement of the peak 2PA cross-sections (per
porphyrin unit) compared to the monomers [11, 97], from which average conjugation
length encompassing 4-6 units depending on the planarity of the chain was estimated.
Here we apply 2PA spectroscopy to elucidate the conjugation in butadiyne-linked
zinc-porphyrin oligomers arranged in a variety of different geometries comprising
single- and double-strand linear, conjugated nanorings, as well as a ”figure-of-eight”
type 12-mer and a template-bound hexamer nanoring. We measure the femtosecond
2PA cross sections in the excitation wavelength range 900-1600 nm that includes a
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strongly two-photon allowed transition and determine the corresponding maximum
σ2P A values, which allows us to estimate the cooperative enhancement factor.
Fig.4.1 illustrates the molecular structures of the eight compounds studied
in this work. l-P6 and l-P12 (Fig.4.1a) represent 6- and 12-unit linear oligomers
connected at opposing meso-positions via butadiyne linker groups. c-P12 is a cyclic
oligomer comprising 12 units of Zn-porphyrins Fig.4.1b). Adding a small amount of
bidentate Zn-coordinating agent DABCO to the toluene solution of l-P12 or c-P12
causes self-assembly of a double-strand ladder (l-P12)2(DABCO)12 (Fig. 4.1c) or
sandwich (c-P12)2(DABCO)12 (Fig. 4.1d and e), respectively. c-P6T6 is another
cyclic oligomer comprising 6 meso-linked Zn-porphyrins, which are coordinated to
a core template (Fig. 4.1f). c-P12(T6)2 contains a 12-unit cyclic oligomer that is
attached simultaneously to two templates in a figure-of-eight structure (Fig.4.1g).
Spectroscopic samples were prepared in 2 mL of toluene, except for c-P6T6, in
which case CCl4 was used. Samples were contained in 1 cm or 1 mm path length
quartz cuvettes (depending on the 2PA measurements method) both for 1PA and
2PA measurements. To avoid aggregation of c-P12, l-P12 and l-P6, a small amount of
pyridine (≈ 1 % by volume of solvent) was added to the toluene solution. To create
the double-strand sandwich (c-P12)2(DABCO)12 and ladder (l-P12)2(DABCO)12
and (l-P6)2(DABCO)6 complexes, a 1 mM solution of DABCO in toluene was added
to the cuvette to give a DABCO concentration of ca. 10-20 µM (mole ratio: 1020 DABCO molecules per porphyrin oligomer). The sample concentrations used in
two-photon excited fluorescence 2PEF measurements were ≈ µM, while for the NLT
measurement higher concentration ≈ 0.4 mM was required. Optical densities of the
samples were measured before and after the 2PEF and NLT measurements. Even
though most of the samples were stable under exposure to the laser irradiation, some
minor bleaching was observed for (l-P12)2(DABCO)12, which resulted in decrease of
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Figure 4.1: Structures of the supramolecular porphyrin systems under study: (a) linear
oligomers l-P6 and l-P12; (b) cyclic nanoring c-P12; (c) linear double-strand ladder
complexes (l-P6)2(DABCO)6 and (l-P12)2(DABCO)12; (d) and (e) double-strand sandwich
complex (c-P12)2(DABCO)12; (f) cyclic hexamer template complex c-P6T6; (g) figure-ofeight complex c-P12(T6)2. The DABCO and T6 template units are shown in blue. Ar
is a 3,5-bis(n-ocyloxy)phenyl sidechain in all cases except for c-P6T6 in which case the
version with 3,5-bis(trihexylsilyl)phenyl sidechains was used for enhanced solubility during
nonlinear transmission measurements.

the peak optical density by 10-15 %.
The measured 2PA cross section spectra (green symbols) along with the corresponding linear extinction spectra (red curves) are shown in Fig 4.2. The estimated
accuracy of the 2PA cross section values is 35 %. All values are presented per
covalently bonded cyclic or linear porphyrin chain/ring (self-assembled ”sandwich”
and ”ladder” structure contain two equivalent rings or chains respectively). The 1PA
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Figure 4.2: 1PA (red line) and 2PA (green dots) spectra of the porphyrin complexes studied.
The lower horizontal scale corresponds to the 2PA laser wavelength, while the upper
scale represents 1PA wavelength. Values of 2PA cross-section, σ2P A , and the extinction
coefficient, , are given per covalent chain. Black symbols represent effective 2PA with the
resonance enhancement contribution subtracted (see text for details). Vertical blue dashed
line indicates cut-off wavelengths for the quadratic power dependence of the 2PA (see the
text for details).
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spectra show the Soret bands (400-550 nm) and the Q bands (700-850 nm). In the
intermediate region, around 600 ± 15 nm, there is a distinct one-photon transition
that can be assigned to Qy-band . It was shown that in the dimer the weak peak
at around 600 nm is not purely y-polarized [102]. Compared to the single-strand
oligomers, the self-assembled double-strand structures show a distinct red shift (≈
1000 cm−1 ) of the Q band as well as narrowing of the main features of the 1PA
spectra. The narrowest spectral features are observed in the template-bound ring,
c-P6T6.
Every effort was made to minimize potential artifacts in determining σ2P A . For
the 2PEF method, the quadratic dependence of the detected fluorescence signal on
the incident power was verified at selected wavelengths in the range 1000-1600 nm
with accuracy, 2.00 ± 0.05. For the NLT method, the square law characteristic was
measured at each wavelength and was found to be quadratic in the range 1000-1480
nm. At wavelengths shorter than the cut-off wavelength, vertical blue dashed line
in Fig. 4.2 (and at wavelengths longer than marked with the dashed purple vertical
line for c-P6T6 as well), the quadratic power exponent starts to decline, most likely
due to accompanying 1PA that occurs due to increasing overlap between the laser
spectrum and the red wing of the Q-band. 2PA cross sections reach maximum values
of σ2P A ≈ 105 GM (per covalently bonded oligomer) in the Soret region (1000-1100
nm), and are presented in Table 4.1. The 2PA cross section drops rapidly by several
orders of magnitude towards the Q-band (λ > 1400 nm), which is characteristic of
porphyrin systems lacking strong electron-accepting or donating substituents. In the
intermediate region, around 1250-1400 nm, the 2PA cross section has values in the
range ≈ 103 − 105 GM. The 2PA spectra of the unbound oligomers provide a hint of
a transition peak in the range, λlaser = 1250-1350 nm, which is distinctly different
from all features including the 600 nm peak observed in the 1PA spectrum. The
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template-bound oligomers show a slightly different behavior, where a broad peak is
observed at longer wavelengths around 1400 nm, which may in part overlap with the
vibronic progression associated with Q-region.
Even if the quadratic power law is strictly fulfilled, the measured value of σ2P A is
still in many instances affected by resonance enhancement effect. As one can see from
Eq.4.1, when the excitation (laser) frequency is tuned far away from the frequency of
transition between the ground state and intermediate (real) state, the denominator
contribution is small and the resonance enhancement has a relatively small effect on
the 2PA. However, if the transition frequency is only slightly higher (lower) than
the excitation frequency, the denominator contribution in Eq.4.1 can significantly
enhance the 2PA strength [5]. Typically the resonant enhancement modifies the 2PA
spectral shapes at higher energies, depending on the location and strength of the
Q-band [11, 97]. The resonance factor R may be expressed as:

R(νlaser ) =

νi0
νlaser

2
−1

(4.3)

where νi0 is the frequency of Q-band and νlaser is the laser frequency. One can account
for the effect of resonance enhancement on the measured 2PA spectra by introducing
a modified 2PA cross section :

0
σ2P
A = σ2P A R(νlaser )

(4.4)

Black symbols in Fig. 4.2 show the spectra; the corresponding peak values of
0
0
σ2P
A and σ2P A are collected in Table 4.1. Recasting the data in terms of σ2P A increases

the prominence of the strongly two-photon allowed transition at around 1250-1300
nm. This corresponds to transition energy that is about 1.3 times larger than the
energy of the Q-transition (S0 − S1 ), which allows it to be tentatively assigned to the

71
Ag – mAg transition [11, 103, 104].
In the case of the template-bound cyclic oligomer c-P6T6, previous studies
including quantum chemical calculations indicate that both the ground and the first
electronic excited state belong to the Ag symmetry, thus rendering the lowest-energy
pure electronic transition (corresponding to the 0–0 component of Q-band in 1PA
spectrum of regular porphyrins) one-photon forbidden [103, 105]. At the same time,
higher vibronic components in the 1PA spectrum (between 750 and 850 nm, Fig. 4.2)
are allowed due to Herzberg-Teller intensity borrowing mechanism [103, 105]. The
fact that the shape of the 2PA spectra of c-P6T6 and c-P12(T6)2 in the intermediate
region (Fig. 4.2) is different from the template-free oligomers, may be viewed as
an indirect confirmation of these earlier conclusions, and allows us to interpret the
2PA peak near λlaser = 1400 nm as corresponding to another Ag − Ag transition. A
simplified exciton model was employed to explain some main features of π-conjugated
porphyrin ring structures, such as one-photon selection rules [105], however, a more
quantitative description should also address the issue of exciton localization [106].
The cooperative effect has been found earlier for different types of porphyrin
constructs [97, 107]. One way to analyze the cooperative enhancement is to scale the
measured peak with respect to that in the constituent chromophore, which in our
case is the porphyrin dimer [11] . The corresponding parameter may be defined for
an N −porphyrin unit oligomer as:

ξ=

max
2
σ2P
A
·
max
σ2P A (dimer) N

(4.5)

max
max
where σ2P
A and σ2P A (dimer) are, respectively, the maximum 2PA cross-sections

for the oligomer (with N porphyrin units) under study and of the dimer. The
corresponding values are presented in Table 4.1.

Perhaps a more quantitative
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comparison could be carried out if we directly employ the three-level model that
was found to provide a reasonable quantitative description of the 2PA properties of a
variety of conjugated chromophores including linear porphyrin oligomers of different
lengths [11, 97, 98]. According to this model, the peak 2PA cross section of a twophoton allowed transition may be described by Eq.4.1. The ground state transition
dipole moment is found by integrating the linear absorption spectrum over the Q-band
(see Appendix H)

µ20i

3 × 103 Ln10 · nhc
=
8π 3 f 2 NA

Z

dλ
λ

(4.6)

where NA is the Avogadro number. Substituting µ20i into Eq. 4.1, we obtained the
excited state transition dipole moment values, µ2if , which are given in Table 4.1.
Assuming full π-conjugation for the linear complexes containing N Zn-porphyrins,
the value of the product should scale as, ≈ N 4 . In the case of cyclic oligomers,
this simple scaling behavior may be strictly speaking not applicable, but in the first
approximation we will use the same approach. To quantify the relative scaling of the
dipole moments, and to monitor the extent of conjugation, we introduce the following
so-called cooperativity factor or conjugation signature [11] defined as:

0
S = σ2P
A Γ/N

(4.7)

Final state line width, Γ, was obtained from Gaussian fitting of the lowest energy
0
2PA peak in the modified σ2P
A spectrum. The S values are collected in Table 4.1. The

S value for the linear hexamer (l-P6)2(DABCO)6 correlates very well with the results
from the previous study of similar linear porphyrin oligomers; although the result for
the (l-P12)2(DABCO)12 slightly deviates from the general trend observed earlier [11].
Forming the double-strand hexamer ”ladder” complex increases the S value by almost
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Table 4.1: 1PA and 2PA parameters for the measured porphyrin complexes. N is
the number of Zn-porphyrins. Final state line width, Γ, was obtained from Gaussian
0
fitting of the lowest energy 2PA peak in the modified σ2P
A spectrum. The values µ0i ,
max
0
max
µif , σ2P A , and σ2P A are shown per covalently bound oligomer chain. The values σ2P
A
are presented at the short wavelength maxima in 2PA spectra (wavelengths are shown
in parentheses); parameter shows the effect of the enhancement of 2PA cross section
of the porphyrin oligomers with respect to the porphyrin dimer that was measured
0
earlier8 (see text for details); the values σ2P
A are shown for the lowest energy peak
in modified 2PA spectra (see Eq. 4.4 and Fig. 4.2).

a factor of 2 compared to the single-strand. At the same time, formation of the
double-strand ”ladder” of the 12-porphyrin linear oligomer decreases the cooperativity
slightly, compared to single-strand, which may indicate some saturation (however,
such saturation was not detected earlier for similar systems [11]). For the 12-porphyrin
ring, the corresponding increase of S is a factor of two. Stronger cooperativity may
arise because axially oriented orbitals provide a better total overlap, although this
effect may also be due to smaller disorder along the ring [101, 105].
The templated 6-unit ring c-P6T6 stands out because of its markedly higher S
value compared to all the other complexes. It was demonstrated previously that in this
system the conjugation embraces the whole ring [105] as would be supported by the
specific features of the 1PA spectra such as narrow line width and disallowed S0 − S1
(0–0) transition. The triplet excited state of c-P6T6 is delocalized over all 6 porphyrin
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rings, which is remarkable because triplet excited states are normally less delocalized
than singlets and the triplet state of the linear oligomers are only delocalized over two
porphyrin centers [108]. It appears that the core template may be providing additional
rigidity to the molecular structure, resulting in more extensive conjugation [109]. In
the case of the ”figure-of-eight” complex c-P12(T6)2, the conjugation appears to be
partially broken, although the X-ray crystal structure of this compound24 shows that
the torsional angles between neighboring porphyrin units are all less than 20 deg,
which should not interrupt the π-overlap.

Figure 4.3: 1PA (red line) and 2PA (green dots) spectra of the porphyrin complexes studied.
The lower horizontal scale corresponds to the 2PA laser wavelength, while the upper
scale represents 1PA wavelength. Values of 2PA cross-section, σ2P A , and the extinction
coefficient, , are given per covalent chain. Black symbols represent effective 2PA with the
resonance enhancement contribution subtracted (see text for details). Vertical blue dashed
line indicates cut-off wavelengths for the quadratic power dependence of the 2PA (see the
text for details). All left and all right axes are scaled identically

To gain some additional insight into the nature of the S0 − S1 (0–0) transition,
we measured the NLT spectrum of c-P6T6 in the idler wavelength range, 1550 - 1950
nm (Fig. 4.3). Unfortunately, due to lack of suitable reference standards, our ability
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to apply laser correction to the relative spectral shape and the 2PA cross section,
were limited. Fig. 4.3 shows the non-corrected spectrum of c-P6T6 in CCl4 solution
measured in the presumed (0–0) transition region (empty symbols), where the cross
section is estimated by matching the values at 1550 with the corrected spectrum
(filled symbols) shown in Fig. 4.2. According to ref. [103], the (0–0) 1PA transition
is located around 946 nm and is 1-photon forbidden due to parity selection rule.
Even though the same transition should be parity-allowed in the 2PA spectrum, the
corresponding cross section is difficult to predict due to complexity of the system.
Our preliminary, non-calibrated spectrum gives σ2P A (1892 nm) ≈ 5 GM, which is
comparable to the minimum limit set by our experimental accuracy. Interestingly,
the shape of the spectrum shows no distinguishable feature at 1892 nm, which could
be again due to limited accuracy of our measurement.
We have studied the femtosecond 2PA cross sections and spectra of a series
of linear and cyclic bytadiyne-linked zinc-porphyrin oligomers, as well as their selfassembled double-strand ”ladder” and ”sandwich” complexes. After backing out
the resonance contribution from the measured 2PA spectra, we find that all these
systems show a strong two-photon allowed transition in the region between the
Q- and Soret bands, which we attribute to Ag type excited state. Based on the
modified peak σ2P A value, we evaluate the conjugation signature that characterizes
the extent of conjugation in each structure. Comparing conjugation signature values
throughout the series, we conclude that the presence of axially orientated π-orbitals,
augmented with the structurally rigid core template and the presence of many
identical porphyrin sites, provides the most efficient π-conjugation, as illustrated by
c-P6T6. Several natural light-harvesting complexes comprise porphyrins that are
arranged in ring-types geometries [110] somewhat resembling that of c-P6T6. Of
course, natural systems have a far more complicated internal morphology, including
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non-covalent binding and resonance energy transfer (predominantly) between the subunits. Atomic force microscopy of purple photosynthetic bacteria revealed a circular
architecture of the light harvesting complexes and reaction centers. It is not clear what
role does the structural rigidity play, or why did nature evolve this particular topology
that seems to maximize the energy conversion. Our study shows that qualitatively
similar nanoring porphyrins with the internal template provide the most efficient
conjugation among the geometries considered here.
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THREE-PHOTON ABSORPTION MEASUREMENTS
OF FLUORESCENT STANDARDS
Degenerate three-photon absorption (3PA) is an instantaneous process where
three photons of the same wavelength and same polarization induce a transition
from molecule’s ground state to its excited state with the transition energy equal
to the total energy of the three photons combined [49]. 3PA has recently gained
attention in femtosecond multiphoton fluorescence excitation microscopy [54, 111],
especially because the longer-wavelength pulses experience reduced scattering in
turbid media, thus augmenting deep penetration in complex tissues such as brain. To
facilitate the selection and design of 3PA fluorophores optimized for this and other
demanding applications, there is a need for accurate spectroscopic characterization
of the molecular femtosecond 3PA cross section, σ3P A , and its dependence on the
excitation wavelength, λ3P A .

Xu et al.

have previously reported experimental

values for the molecular 3PA cross section, σ3P A , for some common fluorophores like
Fluorescein in the range σ3P A = 10−82 − 10−83 cm6 (s/photon)2 [57] but the reported
value was measured only at one wavelength 1300 nm. Xing et al. [112] measured 3PA
for Rhodamine 6G (Rh6G) prepared in MeOH using z-scan method and concluded
that σ3P A is 6 × 10−81 cm6 (s/photon)2 at 1300 nm, but again no information about the
3PA spectrum (cross section and its wavelength dependence) was reported. Drobizhev
et al. made efforts to measure 3PA spectrum for 4,4-Bis-(diphenylamino)-stilbene
(BDPAS) in dichloromethane (DCM) [113, 114]. Authors were able to identify the
3PA maximum wavelength (λ3P A ≈1175 nm) and concluded that maximum σ3P A is
5 ×10−81 cm6 (s/photon)2 . In that report an effort towards measuring the 3PA cross
section wavelength dependence were made, but low accuracy made it impossible to
provide a fully quantitative characterization.

78
Reliable experimental determination of σ3P A requires a detailed characterization
of the excitation photon flux, which in case of femtosecond pulses constitutes a
challenging and tedious task, especially if the measurements are performed in a
broad range of wavelengths. While a similar concern in 2PA spectroscopy is typically
resolved by calibrating the measurements relative to some well-characterized 2PA
spectroscopic standards [49, 58], no equivalent high-accuracy reference standards for
3PA have been reported. Furthermore, in most previous measurements it was not
taken into account that 3PA may be accompanied by third harmonic generation
(THG), either in the optical elements such as mirrors [115] or in the sample itself
[116, 117]. In the latter case, the 3PA and THG (followed by linear absorption
in the same transition) constitute two alternative quantum pathways, which are
fundamentally inseparable from each other [117, 118].
Here we report the absolute 3PA cross section, measured with 2 nm steps in the
range λ3P A = 950-1750 nm of N,N-Dimethyl-6-propionyl-2-naphthylamine (Prodan)
in toluene and dimethyl sulfoxide (DMSO); 7,7’,7-(1,3,5-triazine-2,4,6-triyl)tris[9,9didecyl-N,N-diphenyl 9H-Fluoren-2-amine CAS Registry Number, 517874-02-13 (AF455)
in toluene; BDPAS in deuterated dichloromethane (dDCM), Coumarin 153 (C153)
in toluene and DMSO, Rh6G in deuterated methanol (dMeOH) and Fluorescein in
aqueous pH11 buffer. Power dependence of fluorescence signals from excitation powers
was checked for each compound within all wavelength ranges with 10 nm steps to
confirm that we indeed dealt with the three-photon process. After the cubic power
dependence was conformed, the 3PA spectral profiles were measured with 2 nm steps.
The absolute 3PA cross sections were measured near the maxima using two methods,
the one by calibrating the fluorescence relative to the 1PA and the second relative to
the 2PA (see Chapter2).
The of σ3P A should be determined at each wavelength within a spectral region
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of interest.

Alternatively, the 3PA spectral shapes (relative) can be measured

independently and then scaled knowing the absolute cross section values at particular
wavelengths in similar manner as it was prescribed in the case of 2PA measurements
[59, 63]. The shape correction function, C2corr (obtained by using 2PA standards [59])
can be also used to obtain the correction function C3corr , as it was shown in Chapter
2.
In the following we discuss two main spurious effects that can lead to artifacts
in the 3PEF measurements. It is well known that under high laser intensities [55] the
process of THG can be observed in optical elements like mirrors [115]. The efficiency
of THG was quantified in our setup at different experimental conditions.

Figure 5.1: Generated TH (average) power, PT HG , (vertical axis in nW) after propagation
of the excitation beam at wavelength λexc (horizontal axis in nm) at different maximal
average excitation powers (20–80 mW at 1300 nm) through optical elements of the setup
(including possible THG in air), left panel, and THG in 1mm glass cuvette (empty and filled
with different neat solvents), right panel. The quoted maximal average excitation powers
were measured at the cuvette position. THG in solvents was measured at maximal average
excitation power of 20 mW (maximum power used for the 3PA measurements). Lower limit
of the PT HG registration was at ≈ 10–3 nW (used power meter accuracy).

First, we checked the THG in the optical elements of the setup (lenses, mirrors,
etc) and in air. Fig. 5.1, left panel, shows the results, where the average THG power,
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PT HG , in nW (vertical axis) plotted versus the excitation (laser) wavelengths, λexc (in
nm) at various maximum excitation (average) powers, in 20-80 mW (see the legend
in Fig. 5.1). The THG powers were measured at the sample (cuvette) position. The
average powers 20-80 mW at 1 kHz repetition rate and 110 fs pulse duration at 1300
nm of the excitation beam with spot size 1.6 ×10−4 cm2 (see Chapter 2) correspond
to the peak pulse powers 1.8–7.2 ×108 W and peak photon fluxes 5 × 1039 − 2 × 1040
photon per (sec cm) at the sample (on the mirrors the beam size was at least several
times larger, such that the peak flux should have not exceeded 5 × 1039 photon per
(sec cm)). It was found that at 20 mW of excitation power no detectable THG is
observed (PT HG is or below 1pW) after the excitation beam propagation through
the setup while at higher power THG power was up to 100 nW (Fig.5.1). Then,
under the same conditions and with the maximum excitation power 20 mW, THG
was measured in the empty cuvette (1 mm) and the cuvette filled with solvents. Fig.
5.1, right panel, shows the amount of THG produced in 1 mm glass cuvette, empty
and a cuvette filled with neat solvents. For the empty cuvette as well as filled with
water a minor amount of THG was observed (PT HG =10−3 − 10−1 nW). For other
solvents the THG efficiency was more prominent (Fig. 5.1, right panel): a moderate
THG was present in dMeOH and Toluene (PT HG up to 1 nW) and a larger THG
signal was seen in dDCM and DMSO (PT HG up to 4 nW).
Information about how much TH is generated in neat solvents (PTsolvent
HG ) was
used to estimate a contribution of 1PEF excited by the generated TH, F1T HG , to the
total fluorescence collected while measuring the 3PA, F30 = F3 + F1T HG (Table 5.1).
sample
We used the generated TH in the setup with power P1P
EF (cutting off the main laser

beam with filters) to excite the samples to measure the F1T HG signal. Knowing how
much TH can be generated in the solvents (Fig. 5.1), effective power parameter was
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Table 5.1: 1PEF signals excited by the THG, F1 (in arbitrary units, ar.un.), and total
fluorescence signals (1PEF from THG and direct 3PEF) collected under conditions
while the 3PA spectra were measured, F30 (in ar.un.) measured while exciting samples
at wavelengths λexc . Excitation powers used for the 1PEF and 3PEF were recalculated
in terms of effective power, Pef f . Relative contributions of F1 to F30 are shown as η.
introduced as Pef f =

PTsolvent
HG
sample
P1P
EF

to recalculate the F1T HG contribution:

η=

F1T HG
Pef f
F30

(5.1)

Both F1T HG and F30 were measured while exciting the samples at wavelengths λexc
near to the 3PA maximum. Thus, the smaller η is, the smaller is the solvent caused
THG effect on the measured 3PEF. From Table 5.1 it follows that the highest solvent
THG impact on F30 is in C153 in DMSO and Rh6G in dMeOH (η is 106 × 10−3 and
73×10−3 , respectively) while for the other samples it is much smaller (0.1−2.5×10−3 ).
For Prodan in Toluene and DMSO it was found that THG near the 3PA maxima
wavelengths (λ3P A ≈ 1050 and 1080 nm, respectively) is vanishingly small (about 1
pW), so it is assumed that corresponding F1T HG contributions can be neglected.
We emphasize that THG may occur in a sample itself [116, 118].

In this

case the measured power dependence of the fluorescence is cubic, but it is in
principle impossible to separate it from the fluorescence induced by the direct 3PA.
Furthermore, there may occur interference between the two excitation pathways, thus
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further complicating interpretation of the results [117]. In addition to that, the THG
efficiency depends on spatial non-uniformity of the propagation media [119] and a
possible inhomogeneity inside the sample can add to the detrimental effect of the
THG.
Absorption bands of many organic solvents become quite intense at NIR
wavelengths.

Linear absorption spectra of the solvents used here in 1000–2000

nm range are shown in Fig. 5.2. OD in 1mm reaching ≈ 0.5-1 means that the
transmittance of light through the sample may be as low as 10%. Thus, the solvent
absorption becomes an important factor that can affect measuring of a 3PEF signal.
One way to alleviate this problem is to use a thinner sample (less than 1 mm), but
from experimental point of view it is not very convenient. Another possibility is to
use solvents that absorb weakly at the wavelengths of interest. Toluene and DMSO
have intense absorption bands at long wavelengths, λ > 1600 nm (Fig. 5.2 d), which
seem not to disturb our 3PA measurements. However, most of other organic solvents
absorb already in NIR range. In this case we can try using deuterated solvents, where
the absorption is shifted to longer wavelengths (Fig. 5.2).
In the solutions of Rh6G and BDPAS in dMeOH and dDCM, respectively, no
significant change in 1PA spectral shapes of the chrmophores was observed. We
assumed that the molar extinction coefficients are not changed neither. Our attempts
to obtain a Fluorescein solution in D2O pD11 buffer were not fully successful. Changes
observed in the 1PA spectrum indicated that some different ionic forms were present
in the deuterated solution. It was decided to use the regular water based pH 11
solution in this case for the 3PA experiments and attempt to compensate for the
water absorption afterwards. To compensate for the water absorption the measured
the 3PA shape was divided by the water (linear) transmittance spectrum (Fig. 5.2
h). Such compensation cannot fully account for all possible distortions of the 3PA
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Figure 5.2: Linear spectra of organic solvents. Absorption (OD) in 1mm cuvette, vertical
axis, for water and its deuterated analog (a), Methanol and its deuterated analog (b),
methylene chloride and its deuterated analog (c), Toluene and DMSO (d) are shown for
1000–2000 nm (horizontal axis). Regular solvents are shown by red curves (except Toluene,
in green) and their deuterated analogs are in blue. All vertical and horizontal axis are scaled
identically..

spectrum. However, it can be seen that this procedure helps to clarify that in fact
there is a peak in the Fluorescein 3PA spectrum at wavelength λ ≈ 1450 nm that is
fully hidden in the raw data.
Dependence of the fluorescence signal on the excitation power was measured to
verify the cubic law characteristic of the 3PA process. This procedure was performed
for each sample with 10 nm steps and the derived power exponents (slopes) are
shown in Fig. 5.3. From this data it follows that the cubic law is fulfilled at different
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Figure 5.3: Exponents (vertical axis) obtained from fittings of the power dependence
of fluorescence signal on excitation intensity at different excitation wavelengths, λ3P A ,
(horizontal axis) for Prodan in Toluene (a), Prodan in DMSO (b), AF455 in Toluene (c),
BDPAS in deuterated Methylene Chloride (d), Coumarin 153 in Toluene (e), Coumarin 153
in DMSO (f), Rhodamine 6G in deuterated Methanol (g) and Fluorescein in pH 11 aqueous
buffer (h) measured with 10 nm steps.

wavelengths for different dye solutions. It is satisfied (exponents =3 ± 0.15) within
λ3P A =950–1300 nm for Prodan in Toluene (Fig. 5.3 a), λ3P A =950–1250 nm for
Prodan in DMSO (Fig. 5.3 b), λ3P A =1100–1300nm for AF455 in Toluene (Fig. 5.3
c) and BDPAS in dDCM (Fig. 5.3 d), λ3P A =1100–1450nm for C153 in Toluene (Fig.
5.3 e), λ3P A =1100–1550nm for C153 in DMSO (Fig. 5.3 f), λ3P A =1250–1750 nm
for Rh6G in dMeOH (Fig. 5.3 g) and λ3P A =1150–1600nm for Fluorescein in pH11
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(Fig. 5.3 h).
In case of Rh6G and Fluorescein one can see how the 2PA process (exponent≈2)
dominating at λ < 1200 nm gradually transforms into the 3PA (exponent ≈ 3) with
increasing wavelengths (λ > 1250nm). At wavelengths λ3P A > 1300 nm AF455
and BDPAS show a super-cubic dependence (Fig. 5.3 d) that presumably indicates
presence of higher order excitation process (such as four-photon absorption). Using
the 2PA spectrum as a guideline this process was expected to be prominent only at
λ > 1600 nm. Exact origin of such behavior remains puzzling.
It is commonly assumed that 1PEF and 3PEF occur upon transitions between
the same excited and ground states regardless of the mode of excitation path
(Fig.5.4a). Fig. 5.4 shows the fluorescence emission spectra measured after 1PA and
3PA excitations. The fact that the spectra are very similar indicates that Kasha’s
rule is fulfilled.
The measured 3PA spectral shapes are shown in Fig. 5.5 where the normalized
σ3P A in relative units, rel. un. (left vertical axis) plotted versus 3PA excitation
wavelength, λ3P A , in nm (lower horizontal axis) are indicated by black symbols. For
comparison one-photon (1PA) shapes are illustrated by solid red lines corresponding
to right vertical axis (1PA in rel. un.) and upper horizontal axis (1PA excitation
wavelength, λ1P A , in nm). All 3PA spectral shapes were measured with 2 nm steps
and the final shapes are obtained by the averaging. Estimated (relative) accuracy is
within 20%. The 3PA spectral shape correction function , C3corr , was obtained in 950–
1600 nm range from measuring the 2PA shapes of LDS 798 in deuterated acetone and
Styryl 9M in deuterated chloroform (Fig. 2.12) and calculated as the average of the
two is shown in Fig. 2.12. In case of Rh6G, the 3PA spectral shape was not corrected
in 1600–1750 nm range due to lack of available reference data. For Prodan in Toluene
and DMSO (Fig. 5.5a and b, respectively) the 3PA shapes are shown for λ3P A =
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Figure 5.4: Examples of emission spectra for BDPAS in deuterated Methylene chloride
(b), Coumarin 153 in DMSO (c), Coumarin 153 in Toluene (d), AF455 in Toluene (e) and
Rhodamine 6G in deuterated MeOH (f) that show 1PEF (red symbols) and 3PEF (blue
symbols) spectra coincide proving that emissions occur upon transitions between the same
excited and ground states regardless of the excitation path, i.e. through the 1PA or 3PA as
schematically illustrated in panel a. Fluorescence signals (vertical axis) shown in relative
units (rel. un.) are plotted versus emission wavelengths, λexc (horizontal axis). BDPAS was
excited at 1170nm, C153 DMSO at 1290nm, C153 Toluene at 1230nm, AF455 at 1250nm
and Rh6G at 1580nm to collect the 3PEF signals with the setup configuration used to
measure the 3PA. The same laser beam at 1300nm (with additional tight focusing) was
employed for the THG first (in air and optical elements of the system) that in turn was
used for 1PEF (short wavelength pass filters were used to make sure no IR light excite
samples in this case).

950–1350 nm. At longer wavelengths λ > 1350 nm the 3PEF signal was too low for
detection, while in a shorter wavelengths λ < 900 nm the fluorescence is attributed
predominantly to the 2PA process (Fig. 5.5 a, b). On general, the 3PA shapes follow
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Figure 5.5: Measured 3PA spectral shapes for Prodan in Toluene (a), Prodan in DMSO
(b), AF455 in Toluene (c), BDPAS in deuterated Methylene chloride (d), Coumarin 153
in Toluene (e), Coumarin 153 in DMSO (f), Rhodamine 6G in deuterated MeOH (g) and
Fluorescein in pH 11 aqueous buffer (h). Corrected by water absorption 3PA spectrum
for Fluorescein is shown by green symbols. 3PA spectral shapes shown by black symbols
correspond to left vertical axis (scaled in relative units, rel.un.) and lower horizontal axis
(scaled in 3PA excitation wavelengths, λ3P A , nm). 1PA spectral shapes shown by red solid
lines correspond to right vertical axis (scaled in rel.un.) and upper horizontal axis (scaled
in 1PA excitation wavelengths, λ1P A , nm).

the corresponding 1PA profiles, though it is clear that the correspondence is not exact
within our current accuracy. The measured 3PA shapes for AF455 in Toluene and
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BDPAS in deuterated MeOH in λ3P A =1100–1300 nm range are shown in Fig. 5.5
b and c, respectively. Here, again at shorter wavelengths the 2PA process dominates
and at λ3P A beyond 1300nm the power dependence deviates from the cubic law (Fig.
5.5 c). Within 1100-1300nm range 3PA and 1PA profiles are very close and almost
match except that peak in the 3PA is slightly smoother than in the 1PA in case of
AF455 (Fig. 5.5 c). For Coumarin 153 in Toluene and DMSO (Fig. 5.5 e and f,
respectively) 3PA shapes were measured in λ3P A =1100-1500 nm range, where 3PA
and 1PA profiles coincide (within the experimental uncertainty). Outside of this
range the 3PA measurements were limited by an increasing contribution from the
2PA at λ3P A < 1100nm and weak 3PEF signals λ3P A > 1500 nm. In case of Rh6G in
dMeOH the measured 3PA profile (Fig. 5.5 g) has a complex structure and the peak
position does not match up the maximum in the 1PA spectrum. Maximum in the
3PA is achieved at λ3P A =1250 nm, where the 3PEF signal increases and gradually
transforms into the 2PEF (Fig. 5.5 g). A broad band covering λ3P A =1300-1500
nm interval transforms into another peak at λ3P A =1590 nm that corresponds to a
shoulder of the main maximum in the 1PA. The 3PA profile then progressively goes
down, and at λ3P A > 1750nm 3PEF becomes vanishingly small. For Fluorescein in
pH 11 aqueous buffer (Fig. 5.5 h) we were able to measure the 3PA shape in λ3P A
=1150–1600 nm range. In a similar manner as in of the Rh6G case the maximum
in the 3PA is seen at a shorter wavelength part, λ3P A ≈ 1150 nm, where the 3PA is
bound with the 2PA (Fig. 5.5 h). At longer wavelengths the 3PA gradually decays
reaching a plateau around λ3P A = 1350 nm and then continues to decrease up to
λ3P A =1600nm. At λ3P A beyond 1400 nm water absorption becomes significant. The
Fluorescein 3PA profile corrected for the water absorption is shown by green symbols
in Fig. 5.5 h. The corrected spectrum has a prominent peak at λ3P A ≈ 1450nm,
which was not present in the non-corrected data. Interestingly, the corrected peak
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positon appears to be blue shifted by ≈ 25 nm relative to the 1PA maximum.
The measured absolute σ3P A values were in the range ≈ 10−81 cm6 (s/photon)2 ,
except AF455 for which σ3P A ≈ 10−79 cm6 (s/photon)2 . Comparison of the 3PA cross
1P A
2P A
section obtained by the two alternative methods, σ3P
A and σ3P A (see Chapter 2),

reveals that there is a quite broad spread. The 3PEF measurements performed
relative to 1PEF trend to give larger σ3P A values almost by a factor of ≈ 2–5.
2P A
However, for Fluorescein an opposite behavior is observed: σ3P
A by nearly order
1P A
of magnitude exceeds σ3P
A . One possible explanation for of such large discrepancy,

could be due to different concentrations used for the 1PA and 2PA calibrations, C1
and C, respectively, that could lead to different THG efficiencies in the two cases.
It is hard to provide an exact origin that would account for the mentioned above
discrepancies. Thus, we can estimate only possible lower and upper limits for σ3P A .
The presented data are summarized in Table 5.2.
There is a very limited amount of literature data about absolute σ3P A available
to cross check our results. In most of such previously published studies σ3P A was
measured only at one wavelength and, with an exception of BDPAS, to the best of
our knowledge no information about the wavelength dependency of σ3P A has been
reported for the compounds considered here . Xing et al. [112] measured 3PA for
Rh6G prepared in regular MeOH using z-scan method and concluded that σ3P A
is 6 ×10−81 cm6 (s/photon)2 at 1300 nm. This is comparable with our upper limit
2P A
−81
estimate σ3P
cm6 (s/photon)2 at 1300 nm. The action 3PA cross section
A ≈ 1.5×10

(the absolute 3PA cross section times the quantum yield) for Fluorescein at 1300nm
was measured by Cheng et al. [57] in a fluorescence microscope configuration, from
where σ3P A ≈ 0.01 ×10−81 cm6 (s/photon)2 was estimated. In that experiment water
absorption was not taken into account, so to compare with our results we need to use
our non-corrected value, which gives σ3P A ≈ 0.03 ×10−81 cm6 (s/photon)2 at 1300 nm,
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Table 5.2: Summary of 3PA cross sections, σ3P A , measured relative to 1PA and 2PA,
1P A
1P A
σ3P
A and σ3P A , respectively. Maximum extinction coefficient, max and available
liter
literature data σ3P
A are shown for comparison. All values are quoted at maximum
of absorption wavelength λ shown in parenthesis (in nm). Used for the one-photon
calibration concentrations are indicated as C1 (in µM ). Used for the absolute 3PA
measurement and two-photon calibration concentrations are indicated as C (in mM ).
i.e. the same order of magnitude as reported in [57]. Drobizhev et al. measured 3PA
spectra (cross section and its wavelength dependence) for BDPAS in regular DCM
using the 3PEF method [113]. Authors reported that maximum σ3P A at ≈ 1175 nm
is 5 ×10−81 cm6 (s/photon)2 . Our results give σ3P A ≈ 8 − 54 × 10−81 cm6 (s/photon)2
depending on the method used. Interestingly that quantum chemistry calculations
by Zhu et al. [120] found maximum σ3P A for BDPAS in DCM at 1000 nm is 8.6
×10−81 cm6 (s/photon)2 , which is also within the range of our results. Fluorescence
based measurements of Prodan in Chloroform performed by Bhawalkar et al. [116]
suggested a very large value of σ3P A ≈ 5.2 ×10−77 cm6 (s/photon)2 .
The reported here 3PA spectra of common fluorophores should progress the
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3PA techniques in imaging and microscopy. We also anticipate that the 3PA spectra
will stimulate more interest in the field of MPA spectroscopy. The accuracy of the
3PA measurements has to be improved to illuminate the current discrepancy in the
absolute 3PA cross sections in order to a full quantitative analysis could be applied
to interpret the data. In attempts to quantify the absolute 3PA cross sections, one
must be aware that the effect of THG can complicate the analysis. In addition to all
that, solvent absorption at NIR wavelengths should be taken into account to obtain
the correct 3PA spectra.
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CONCLUSIONS
This dissertation presents results of our studies on two main topics: (1)
investigation of applicability of fully comprehensive analysis to the measured 2PA
spectra in order to obtain quantitative information about static molecular dipole
moments in diverse molecular systems and (2) improving the accuracy of 3PA
measurements in fluorescence reference standards.
Quantitative Analysis of Experimental 2PA Spectra
In this dissertation we present a systematic study showing how the fewessential-level models describing the 2PA cross section can be applied to analyze
the measured 2PA spectra. Our results demonstrate that the two- and three-level
models, when applied for lower energy (longer wavelength) optical transitions, give
a reliable quantitative information for the molecular static dipole change and/or
excited state transition dipoles in diverse classes of studied systems. Since there
is no general consensus, when these approximations can be used, experimental
evidence plays a crucial part in the investigation of applicability limits of these
models.

Here we showed that the quantitative analysis based on the two-level

model can be extended to new classes of molecular systems.

We report about

2PA study of Pt-based chromophores, pyrrolo-pyrrole complexes and organometalic
compounds, where the symmetry properties can be probed by application of the
quantitative analysis based on the two-level model. For the first time 2PA spectra
of common DNA base fluorescent analogs and related aminoacids were measured
that should be useful and not only for spectroscopy needs, but also for multiphoton
imaging and microscopy applications. The three-level analysis was applied to large
conjugated and templated porphyrins oligomers that shed some light about the
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cooperativity enhancement in these molecules. Our conclusions are supported by
well correlated results obtained by two independent experimental methods, 2PEF and
NLT, employed for the nonlinear spectra measurements. Furthermore, we performed
comparisons with available literature data obtained by other experimental methods
(where it is possible) and advanced quantum chemistry calculations. The crosschecked comparison yields a good correlation with our results, thereby confirming
the quantitative 2PA spectroscopy as a versatile tool in the MPA research.
All these results benefit to better understanding of the origin and role of
intriguing molecular processes such as the inversion symmetry breaking in nominally cetrosymmetric systems, charge transfer and electron conjugation in organic,
organometallic and biological complexes. Comprehensive studies of these processes,
being highly interesting from the fundamental point of view, are also important to
advance quantitative 2PA applications in areas of material science, microscopy and
other fields.
Improved Accuracy of 3PA Measurements
In this dissertation, for the first time, we report measurements of 3PA spectra
of common fluorophores such as Rhodamine 6G and Fluorescein and several other
organic dyes in a broad range (950-1750 nm) of excitation wavelengths. The 3PA
spectral shapes were obtained using 3PEF method and are reported with accuracy
± 20 %. The absolute 3PA cross sections measured with two alternative calibration
techniques show a good correlation with limited literature data available at some
select wavelengths. At the same time there is still substantial discrepancy between
the absolute 3PA cross sections obtained with different methods, which highlights
inherent complexity of such experiments. Our estimates show that THG can play an
important role in a case if the absolute 3PEF signals are determined. The effect of
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solvent absorption can be another detrimental issue affecting the exact 3PA spectral
shapes. We also underline the importance of effects related to THG and solvent
absorption that should be taken into account to avoid misinterpretation of 3PA
spectra. We anticipate that these improved data of 3PA spectra will advance the
MPA spectroscopy field and benefit developing of new 3PA based applications.
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APPENDIX A

HAMILTONIAN DESCRIBING THE FIELD-MATTER INTERACTION FOR
OPTICAL TRANSITION CASES
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In the non-relativistic classical approximation, the Hamiltonian a molecule, H0 ,
includes the kinetic energy of all electrons and nuclei, Te and TN , respectively, as well
as the potential energy of repulsion between the electrons,Ve−e , between the nuclei,
VN −N , and attraction between the electrons nucleus, Ve−N , that can be written as
1 X 2
p+
2me i i
1 X Pα2
1 X q2
1 X q 2 Zα Zβ
1 X q 2 Zα
+
+
+
−
2 α Mα 2 i6=j |ri − rj | 2 α6=β |Rα − Rβ | 2 i,α |Rα − ri |
H0 = Te + TN + Ve−e + VN −N + Ve−N =

(A.1)

where me and q are the electron mass and the electron charge, respectively; pi is the
momentum of ith electron; Mα and Pα is the mass and the momentum of αth nucleus,
respectively; ri and Rα is the position vector of the ith electron and αth nucleus; Zα
is charge of αth nucleus. In Eq.A.1 it is assumed that the energy associated with spin
degrees of freedom of the particles is not significant and can be neglected.
In quantum physics optical properties of a free molecule can be fully described by
a set of eigen wave function ψn0 that is obtained by solving the stationary Schrödinger
equation (index 0 stands to emphasize that there is no external perturbation)
Ĥ0 ψn0 = En ψn0

(A.2)

where E is the energy, the index n stands for n-th state of a system and Ĥ0 is
Hamiltonian operator. The wave function ψ is a function of the electronic and nuclear
coordinates, r and R (r = {ri }, R = {Rα }), respectively, i.e.
ψ 0 = ψn0 (r, R)

(A.3)

After replacing the classical momentum p~ with the the corresponding operator,
~
p~ → p~ˆ = ih̄∇,

(A.4)

the Hamiltonian A.1 becomes
H0 → Ĥ0 =

ˆ
1 X ˆ 2 1 X P~α 2
p~i +
+ V (r, R)
2me i
2 α Mα

(A.5)

where p̂i and P̂α are the momenta of electrons and nuclei momenta, respectively, and
V (r, R) is the Coulomb interaction potential energy given explicitly in Eq. A.1.
Inserting Eq.A.5 in Eq.A.2 leads to the following equation for the wave function
0
ψ
!
ˆ
1 ˆ 2 1 X P~α 2
p~ +
+ V (r, R) ψn0 (r, R) = En ψn0 (r, R)
(A.6)
2me
2 α Mα
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where a total electronic momentum operator was introduced as
X
p~ˆi = p~ˆ

(A.7)

i

Here we consider a semiclassical case and treat an external electromagnetic field
~ and Φ, respectively. If an
by classical functions of scalar and vector potentials,A
external perturbation in a form of electromagnetic field is applied, then Eq.A.6 should
be modified to include the field-matter interaction energy, Ĥf ield . The field static
interaction with a particle with charge Q is described by the −Q · Φ term. The
~ where c is
mechanical momentum p~ should be replaced according to p~ → p~ − qc A,
the speed of light. This substitutions is justified by the fact that that it leads to the
correct form of equations of motion for a charged particle in an external electric and
magnetic field (see below). The field-matter interaction Hamiltonian Ĥf ield is now
X
X
Zα Φ
(A.8)
Ĥf ield = Ĥfeield + ĤfNield −
qΦ −
α

i

where
Ĥfeield
and
ĤfNield =

1  ˆ q ~ 2
=
p~ − A
2m
c

X 1 ˆ
q ~ 2
P~α − A
2Mα
c
α

(A.9)

(A.10)

Next let us proceed using a simplification that the nuclear-field interaction term
given by Eq.A.10 can be neglected (since m  M ), and the field-matter coupling can
be described by the electronic part only, i.e. instead Eq.A.8 one has to use
X
X
Ĥf ield ' Ĥfeield −
qΦ −
Zα Φ =
i

α

X
1  ˆ q ~ 2 X
p~ − A −
qΦ −
Zα Φ
=
2m
c
α
i

(A.11)

Let us recall the classical equation motion of a free electron under the Lorentz
force,F~L , i.e.
m

d~v
= F~L
dt

(A.12)



~v ~
~
~
~ and B
~ are vectors describing
with FL = q E + c B , where ~v is velocity of electron, E
electric and magnetic field amplitudes, respectively. Now show that the Hamilton
equations of motion combined with Hamiltonian
Hf ield =

1 
q ~ 2
p~ − A
2m
c

(A.13)
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produces results analogous to the classical mechanics [122]. For simplicity let us
consider a single electron position of which can be described by a set of Cartesian
coordinates (x, y, z). According to the Hamiltonian formalism of classical mechanics,
time derivatives of canonical coordinates, q̇x and momentum, ṗx , (x-components) are
expressed through Hamiltonian H as
q̇x =

∂H
∂px

and
ṗx = −

∂H
∂qx

Then, according to Eq.A.13 the x-component of the velocity, ẋ, is
1 
q 
ẋ =
px − A x
m
c
And

q
px = mẋ + Ax
c

(A.14)

(A.15)

From Eq.A.13
∂Hf ield
∂φ
=q +
∂qx
∂x







q
q
∂Ax
q
∂Ay
q
∂Az
+
px − Ax
+ py − Ay
+ px − A z
mc
c
∂x
c
∂x
c
∂x
ṗx = −

combining it with Eq.A.15 one obtains


∂Ay
∂Az
∂φ q
∂Ax
+
+ ẏ
+ ż
ṗx = q
ẋ
∂x c
∂x
∂x
∂x

(A.16)

(A.17)

Vector potential A is in general a function of coordinates (x,y,z) and time t. The
total time derivative of Ax is
dAx
∂Ax ∂Ax
∂Ax
∂Ax
=
+
ẋ +
ẏ +
ż
dt
∂t
∂x
∂y
∂z

(A.18)

After inserting Eq.A.18 in Eq.A.17


d 
q 
∂φ 1 ∂Ax
px − Ax = q
−
+
dt
c
∂x c ∂t
 



q
∂Ay ∂Ax
∂Ax ∂Az
+ ẏ
−
− ż
−
c
∂x
∂y
∂z
∂x

(A.19)

and repeating Eqs.A.14–A.19 for y and z components and grouping all together one
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finally arrives to
~
d 
q ~
1 ∂A
p~ − A = q ∇φ −
dt
c
c ∂t

!





1
~
+ q ~v × ∇ × A
c

(A.20)

that can be simplified using the definition of electric and magnetic field amplitudes
[123]
~
~ = − 1 ∂ A + ∇φ
E
c ∂t
~ =∇×A
~
B
Such that



1
d 
q ~
~ + ~v × B
~
p~ − A = q E
dt
c
c

One can see from Eq. A.14 that


(A.21)

q ~
p~ − A = m~r˙ = m~v
c

And finally Eq. A.21 can be written in a familiar form as:


1
d~v
~
~
m = q E + ~v × B
dt
c

(A.22)

that fully reproduces Eq.A.12. Thus, the form of Hamiltonian H chosen in Eq. A.13
is correct.
In the Coulomb gauge (also called the radiation gauge) the scalar and vector
potentials are defined such that [123]
Φ=0

(A.23)

~ ·A
~=0
∇

(A.24)

and
External perturbation Ĥf ield is in general time dependent). This requires us to
use the time-dependent Schrödinger equation instead of Eq.A.6 (index 0 is no longer
assigned as it was for the unperturbed system)
ih̄

∂ψ
= Ĥψ
∂t

(A.25)

where ψ = ψ(r, R, t) and Ĥ = Ĥ0 + Ĥf ield
Taking the square of the first term in the brackets in Eq.A.11 and using Eqs.
A.23 and A.24, one can rewrite Eq.A.25 with the field-matter interaction included as
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ih̄
"

1
=
2m



 X ~ˆ 2
q ~ ˆ q2 2
Pα
2
ˆ
p~ + 2 Ap~ + 2 A +
+ V (r, R) ψ(r, R, t)
c
c
2Mα
α

or
ih̄
where

∂
ψ(r, R, t) =
∂t
#



∂
ψ(r, R, t) = Ĥ0 + Ĥf ield ψ(r, R, t)
∂t
ˆ
1 ˆ 2 X P~ 2α
p~ +
+ V (r, R)
2m
2M
α
α


1
q ~ ˆ q2 2
Ĥf ield =
2 Ap~ + 2 A
2m
c
c

Ĥ0 =

(A.26)

(A.27)

(A.28)

(A.29)
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APPENDIX B

DERIVATION OF THE 2PA CROSS SECTION EXPRESSIONS IN THE
VELOCITY GAUGE FORMALISM
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As it was shown in Appendix A the the semi classical Hamiltonian describing
the field-matter interaction, Ĥf ield , is
q
q2
~
Ĥint = Ĥf ield =
p~ · A +
A2 ≡ Ĥ(pA) + Ĥ(A2 )
(B.1)
2
mc
2mc
In the following we follow the perturbation expansion method, the idea of which
was used by M. G-Mayer [1] evaluate the probability of 2PA. In much greater details
and with additional remarks an equivalent treatment was given lately in [122,124,125],
which we follow closely in this part.
To obtain the probability amplitude (at time t) of a two-photon transition from
the ground state (with energy h̄ωg ), ψg , to some final excited state (with energy h̄ωf ),
ψf , the perturbation expansion of the wave functions should be performed up to the
second order (to obtain the expansion coefficients proportional to the field to the
second power). The quadratic dependence on the filed can be obtained in the first
order expansion due to the Ĥ(A2 ) term or in the second order expansion due to the
Ĥ(pA) term. To the first order for the transition amplitude describing 2PA transition
(1)
g → f , agf (t) (see also Appendix E), is [44, 125]


1 0 2 ei(ωf g −2ω)t − 1
(1)
= Mgf (A2 ) · f (ω, t)
(B.2)
agf (t) = Hgf (A )
h̄
ωf g − 2ω
~ =
where the harmonic and monochromatic perturbation is assumed such that A
−iωt
0
−iωt
2
0
2
−iωt
~ 0e
A
(or, equivalently, H = H e
and H(A ) = H (A )e
). Also we
0
2
0
0
2
0
0
introduced Hgf (A ) = hψf |H (A )|ψg i, where ψn is solutions of the stationary
h i(ω −2ω)t i
fg
(unperturbed) Eq.A.6; ωf g = ωf − ωg and f (ω, t) = e ωf g −2ω −1 .
The interaction matrix element Mgf (A2 ) was defined in Eq.B.2 as
Mgf (A2 ) =

1 q2
A2 hψf0 |ψg0 i
h̄ 2mc2

(B.3)

In the second order of the perturbation for the amplitude of 2PA transition
(2)
between states ψg and ψf , agf (t), one obtains [44, 125]
(2)
agf (t)



0
(pA) ei(ωf g −2ω)t − 1
1 X Hf0j (pA)Hjg
= 2
≡ Mf g (pA) · f (ω, t)
ωjg − ω
ωf g − 2ω
h̄ j

(B.4)

0
0
with Hnm
(pA) = hψn0 |H 0 (pA)|ψm
i. Summation in Eq.B.4 is taken over all
A
intermediate states j. The total amplitude of 2PA transition g → f , a2P
gf , is
(1)

(2)

A
a2P
gf (t) = agf (t) + agf (t)

(B.5)
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And the total probability of the process:
2
2P A
A
p2P
gf (t) = |agf (t)|

(B.6)

2P A
Then the transition rate (probability per unit time), Ggf

1 A
2P A
Ggf
= p2P
(t)
(B.7)
t gf
2P A
Usually 2PA cross section, σ2P A , is defined through the rate Ggf
and the
excitation intensity, I, as [60]
1
2P A
Ggf
= σ2P A I 2
2

(B.8)

2P A
.
Thus, the task is to derive the expression for the rate Ggf
If there is some spread of the final states that can be described by a density
function gf (so to say a normalized lineshape function), then a summation (or
integration) should be performed over the set, i.e. [44]

2P A
Ggf

1
=
t

1
=
t

Z

(1)

(2)

2

agf (t) + agf (t) gf dω =

Z

2

gf f (t)2 Mgf (A2 ) + Mgf (pA) dω '
2
Z  i(ωjg −2ω)t
1
e
−1
2
2
dω =
' gf Mgf (A ) + Mgf (pA)
t
ωjg − 2ω
= 2πgf Mgf (A2 ) + Mgf (pA)

(B.9)

2

where the integral is taken over the final states and in the last line gf was re-defined
as gf = gf (ωjg − 2ω).
Next let us consider each term in Eq.B.9 separately. To avoid ambiguity in the
following discussion, we introduce at this point the 2PA rates associated with the
each term (analogously to Eq.B.9) as
2P A
Ggf
(pA) = 2πgf |Mgf (pA)|2
2P A
Ggf
(A2 ) = 2πgf Mgf (A2 )

2

(B.10)
(B.11)

and the corresponding 2P A cross sections , σ2P A (pA) and σ2P A (A2 ), as
1
2P A
Ggf
(pA) = σ2P A (pA)I 2
2

(B.12)

1
2P A
Ggf
(A2 ) = σ2P A (A2 )I 2
2

(B.13)
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Studying light driven interaction processes on the molecular scale it is common
to apply the dipole approximation, in which a system characteristic length, r, is
assumed to be much less than the light wavelength, λ. Then the vector potential,
~ t) can be written in a simplified form as (see e.g. [123])
A(r,
~ t) = A~0 exp{iωt}
A(r,

(B.14)

where A~0 is a vector defining the field amplitude. We also can use the definition of
the field intensity, I (erg sec−1 cm−2 ), in a media (refraction index n) through the
amplitude A0 [125]
I=

ω2n 2
A
2πc 0

(B.15)

The matrix elements Mgf (pA) in Eq. B.4 can be written as
1 2πcI  q 2 X hψg |p|ψj ihψj |p|ψf i
Mgf (pA) =
=
h̄ ω 2 n mc
ωjg − ω
j
X
1 2πcI  q 2
hψg |p|ψj ihψj |p|ψf i
2
=
=
(im)
ωjg ωf j
2
h̄ ω n mc
ω
−
ω
jg
j
2πI X  q  hψg |p|ψj ihψj |p|ψf i
=−
nc j h̄
ωjg − ω

(B.16)

In the last step in the Eq. B.16 a relation between r and p,
hν|p|ν 0 i = hν|r|ν 0 i · iωνν 0 m
was used. Also it was assigned that ωjg = ωf j = ω. Then Eq.B.10 can be rewritten
as

2
2πI
2
2P A
Ggf (pA) = 2πgf |Mgf (pA)| = 2πgf
×
n
×−

X hψg |p|ψj ihψj |p|ψf i q 2
j

h̄2 (ωjg − ω)

2

=

c
2

X hψg |p|ψj ihψj |p|ψf i
8π 3 gf
= 2 2 q2
I2
2
cn
h̄ (ωjg − ω)
j

(B.17)

119
such that
8π 3 gf X µgj µjf
σ2P A (pA) = 2 2 2
cn
h̄2 (ωjg − ω)
j

2

(B.18)

where the transition dipole moments, µnm , were introduced in a traditional way,
µnm = hn|qr|mi.
If intensity I is defined in photo ncm−2 sec−1 units (i.e. the 2PA cross section is
defined through the photon flux), instead of Eq. B.15 one has to use
I=

ω2n 2 1
A
2πc 0 h̄ω

(B.19)

then Eqs.B.17 and B.18 modify as
2

2P A
Ggf
(pA)

8π 3 h̄2 ω 2 gf X µgj µjf
=
I2
2
c2 n2
h̄
(ω
−
ω)
jg
j

8π 3 h̄2 ω 2 gf X µgj µjf
σ2P A (pA) = 2
c2 n2
h̄2 (ωjg − ω)
j

(B.20)

2

(B.21)

Note that in the Eq.B.21 σ2P A (pA) is in cm4 s units.
Now applying the same approach let us proceed to consider the matrix element
Mgf (A2 ) (Eq.B.3)
1 A20 q 2 0 0
Mgf (A2 ) =
hψ |ψ i
(B.22)
h̄ 2mc2 f g
2P A
The corresponding 2PA rate, Ggf
(A2 ), is
2P A
Ggf
(A2 )


= 2πgf

2πch̄
ωn

2

q4
0
0 2 2
2 2 4 hψf |ψg i I =
4h̄ m c
2π 3 gf q 4
2
= 2 2 2 2 hψf0 |ψg0 i I 2
nω cm

(B.23)

where intensity I is defined by Eq. B.19.
Then the corresponding σ2P A (A2 ) (in cm4 s) is
σ2P A (A2 ) = 2

2π 3 gf q 4
hψf0 |ψg0 i
n2 ω 2 c2 m2

2

(B.24)
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APPENDIX C

DERIVATION OF 2PA CROSS SECTION IN THE LENGHT GAUGE
FORMALISM

121
Interaction a molecule with an external electromagnetic field with be considered
in terms of the perturbation theory. Let us start with the expression for the interaction
Hamiltonian obtained in Appendix A in Eq. A.27
ih̄



∂
ψ(r, R, t) = Ĥ0 + Ĥf ield ψ(r, R, t).
∂t

(C.1)

~ can be assumed to be a
In the the dipole approximation the vector potential A
function of time only (see e.g. [123]), i.e.
~ R, t) = A
~ 0 eiωt .
A(r,

(C.2)

~ and Φ can be chosen freely without changing of the field strengths
The potentials A
~
~
E and B according to the gauge transformation
~→A
~0 = A
~ + ∇χ,
~
A

(C.3)

and

1
(C.4)
Φ → Φ0 = Φ + χ̇,
c
where χ is an arbitrary scalar function of spacial coordinates and time [123].
To satisfy the Scrhödinger equation Eq.C.1 with the transformed potentials
Eqs.C.3 and C.4, the wave function ψ needs to be changed according to [122]
n q o
(C.5)
ψ → φ = exp i χ ψ
h̄c
We apply a gauge transformation proposed originally by M. Goeppert-Mayer [1]
~
χ = ~r · A

(C.6)

where r is the electron coordinate. This modifies the wave function ψ according to
Eq.C.5 such that
q

~

ψ(r, R, t) = ei h̄c ~rA φ(r, R, t)

(C.7)

Substituting ψ from Eq. C.7 into Eq. C.1 using
q
∂
~
ih̄ ψ(r, R, t) = ei h̄c ~rA
∂t

~
∂
q ∂A
ih̄ − ~r
∂t c ∂t

!
φ(r, R, t)

(C.8)

and
∇2r

+

∇2R



ψ(r, R, t) = e

q
~
i h̄c
~
rA



∇2r

+

∇2R

q ~
q2 ~
+ 2i A∇
−
A
r
h̄c
h̄2 c2

2


φ(r, R, t)

(C.9)
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one obtains [122]
~
∂
q ∂A
ih̄ −
∂t c ∂t
=

!
φ(r, R, t) =

!
qh̄ ~
h̄2 2 h̄2 X ∇2R
q2
∇ −
− i A∇r −
−
A2 φ(r, R, t)+
2m r
2 α Mα
mc
2mc2


qh̄ ~
q2
2
+ i A∇r +
A + V (r, R) φ(r, R, t)
mc
2mc2

(C.10)

where ∇r and ∇R are the differential operators taken with respect to electronic and
nuclear coordinates, respectively (see Appendix A for details).
~ and vector potential, A
~
Using the relation between electric field amplitude,E,
[123]:
~
~ = − 1 ∂A
(C.11)
E
c ∂t
one finally arrives at a new form of the Schrödinger equation
!
∂
h̄2 2 h̄2 X ∇2R
~ + V (r, R) φ(r, R, t)
ih̄ φ(r, R, t) = −
∇ −
− q~rE
(C.12)
∂t
2m r
2 α Mα
or

with



∂
ih̄ φ(r, R, t) = Ĥ0 + Ĥint φ(r, R, t)
∂t

(C.13)

h̄2 2 h̄2 X ∇2R
Ĥ0 = −
∇ −
+ V (r, R)
2m r
2 α Mα

(C.14)

~
Ĥint = −q~rE

(C.15)

and
Eq.C.13 is the Schrödinger equation which is written now for the transformed
wavefunction φ, where the term describing the field–matter interaction Ĥint has a
familiar form that used in many classical text books (e.g. [44]). In many cases
the interaction Hamiltonian written in this representation (gauge) helps to simplify
calculations. It is worth mentioning here that twonwave functions,
the original ψ and
o
q ~
the transformed φ, differ by a phase factor exp i h̄c ~rA only [126]. If one has to
calculate a matrix element of some operator Ô for two the states, φ(to ) and φ(tf ), at
some moments in time, an initial t0 and final tf , i.e.
Z
n q
o
n q
o
~
~
hφ(tf )|Ô|φ(t0 )i = ψ(tf ) exp −i ~rA(tf ) Ôψ(t0 ) exp i ~rA(t0 ) dr
(C.16)
h̄c
h̄c

123
~ is set such that A(t
~ f ) = A(t
~ 0 ), one may say that
and the vector potential A
hφ(tf )|Ô|φ(t0 )i = hψ(tf )|Ô|ψ(t0 )i

(C.17)

and there is no need to transform wave functions φ back to ψ since the two
representations give identical expressions for matrix elements. However, in general
one has to keep in mind that for all calculations the correct wave functions should be
used [126].
Considering the 2PA process with the interaction Hamiltonian (perturbation) in
form of Eq. C.15 it has been show that the 2PA cross section, σ2P A , is [44, 60]
σ2P A

8π 3 h̄2 ω 2 gf X µgj µjf
=2
c2 n 2
h̄2 (ωjg − ω)
j

2

(C.18)

In Eq.C.18 a harmonic and monochromatic excitation with frequency ω is assumed
upon which 2PA transition between states g and f occurs. Function gf describes
a normalized linewidth of the final state. Summation is taken over all intermediate
state j that contribute to the g → f transition through corresponding transition
dipole moments µgj and µjf ; ωjg = ωj − ωg , where h̄ωn is energy of n-th state.
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APPENDIX D

VIBRATIONAL COUPLING IN 1PA

125
Probability of a 1PA transition between two molecular states, ψg and ψf , is
proportional to square of the dipole moment matrix element (see e.g [121])
Z
M = ψf (r, R, t)dψg (r, R, t)f drdR
(D.1)
where d = qr + ZR (here the main notations are the same as it was defined in
Appendix A)
In the Born-Oppenheimer approximation the total molecular wave function ψ
can be factorized into two parts as,
ψ(r, R, t) = φ(R, r, t)χ(R, t),

(D.2)

where φ(r, R, t) is the electronic wave function for a particular nuclear configuration
given by the nuclear coordinates R and χ(R, t) is the vibrational wave function that
is independent of the electronic coordinates r. The electronic wave function φ(r, R, t)
is characterized by one quantum number m (electronic energy level) while for the
vibrational wave function χ(R, t) a set of two quantum numbers m and µ (vibrational
energy level), should be used. For simplicity one often denotes the two function as
φm (R, r) and χmµ (R) (where the explicit time dependence is assumed but omitted),
such that Eq. D.2 reads as (see e.g [121])
ψ(r, R, t) = φm (R, r)χmµ (R).

(D.3)

If the vibrational motion introduces a small distortion to the electronic wave
function, then its effect may be treated in terms of perturbation expansion [121]. The
Herzberg-Teller expansion allows approximates the electronic wave function φm (R, r)
as (see e.g. [127]),
X hφk (0, r)|Ĥv |φm (0, r)i
φk (0, r) =
E
m (0) − Ek (0)
k6=m
X
Hkm φk (0, r) ≡ φm (r) + θm (r)
= φm (0, r) +

φm (R, r) = φm (0, r) +

(D.4)

k6=m

where φm (0, r) = φm (r) is the electronic wave function and En (0) is the energy of
the nth electronic state at some equilibrium position, R = 0; Hv is the perturbation
Hamiltonian (a small correction) describing the dependence of the electronic energy
Ve−e on the vibrational coordinates,
X  ∂Ve−e 
Ĥv = Ve−e (R) − Ve−e (R = 0) = −
Rα
(D.5)
∂Rα
α
Here it is worth mentioning that for the wave functions φ(0, r) = φ(r) the
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orthogonality condition still holds, i.e.
hφm (r)|φn (r)i = 0.

(D.6)

If we express the ground and excited state wavefunctions, ψg and ψf , through
this deviation from the equilibrium as follows
ψg = [φm (r) + θm (r)] χmµ (R),

(D.7)

ψf = [φm0 (r) + θm0 (r)] χm0 µ0 (R),

(D.8)

and
Then the matrix element (Eq.D.1) reads as,
Z
M = q [φm0 (r) + θm0 (r)] χm0 µ0 (R) · (qr + ZR) ×

(D.9)

× [φm (r) + θm (r)] χmµ (R)
Let us denote that the product of the vibrational wavefunctions χm0 µ0 (R)χm0 µ0 (R)
as
χm0 µ0 (R)χmµ (R) = ξmm0 µµ0 (R) = ξ(R)

(D.10)

Consider each term in D.9 separately.
Z
1) q

φm0 (r)χm0 µ0 (R)rφm (r)χmµ (R)drdR =
Z
Z
= ξ(R)dR φm0 (r)rφm (r)dr

(D.11)

φm0 (r)χm0 µ0 (R)rθm (r)χmµ (R)drdR =
Z
Z
X
=q
Hkm ξ(R)dR φm0 (r)rφk (r)dr

(D.12)

Z
2) q

k6=m

Z
3) Z

φm0 (r)χm0 µ0 (R)Rφm (r)χmµ (R)drdR = 0

(D.13)
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which is zero due to orthogonality of φm0 (r) and φm (r).
Z
4) Z

φm0 (r)χm0 µ0 (R)Rθm (r)χmµ (R)drdR =
Z
= ZHmm0 ξ(R)RdR

(D.14)

θm0 (r)χm0 µ0 (R)rφm (r)χmµ (R)drdR =
Z
Z
X
=q
Hkm ξ(R)dR φm0 (r)rφk (r)dr

(D.15)

Z
5) q

k6=m

which is equivalent to the 2nd term (Eq.D.12).
Z
6) q
Z
=q

θm0 (r)χm0 µ0 (R)rθm (r)χmµ (R)drdR =
Z
X X
Hkm0 Hnm φk (r)rφn (r)dr
ξ(R)dR

(D.16)

k6=m0 n6=m

Z
7) Z

θm0 (r)χm0 µ0 (R)Rphim (r)χmµ (R)drdR =
Z
= ZHmm0 ξ(R)RdR

(D.17)

which is equivalent to the 4th term.
Z
8) Z θm0 (r)χm0 µ0 (R)Rθm (r)χmµ (R)drdR =
Z
X XZ
= Z Rξ(R)dR
φk (r)φn (r)dr = 0

(D.18)

k6=m0 n6=m

which is zero due to orthogonality of φm0 (r) and φm (r).
The terms given by Eqs. D.14 and D.17 contain the perturbation matrix element
squared, which makes their contribution much smaller compared to other non-zer
terms, where Ĥv enters linearly (or does not enter at all). Thus, it is common to omit
these terms from further consideration. The integral over the electron coordinates
enters Eqs. D.11, D.12 and D.15 in a similar form, but since the matrix element of
Ĥv is < 1, it is then common to drop these contribution as well.
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Thus,we arrive at the simplified expression of M
Z
Z
M ' ξ(R)dR φm0 (r)rφm (r)dr+
Z
+Hmm0 ξ(R)ZRdR

(D.19)

The first term in Eq.D.19 contains the transition matrix element and the integral
describing the vibrational wavefunctions overlap (the Franck-Condon factor). The
second term in Eq.D.19 is responsible for the vibronic coupling in case of 1PA and
represents the Herberg-Teller effect.

129

APPENDIX E

VIBRATIONAL COUPLING IN 2PA
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In Appendix B it was shown that the term Ĥ(A2 ) in the interaction Hamiltonian
leads to the following 2PA cross section (Eq.B.24)
2π 3 gf q 4
2
σ2P A (A ) = 2 2 2 2 2 hψf0 |ψg0 i
(E.1)
nω cm
where the molecular wave functions overlap, hψf0 |ψg0 i, traditionally set to be equal
zero due to orthogonality of ψf0 and ψg0 (see e.g. [124, 125]). This integral should
be indeed very small and reaching a zero limit (otherwise presented in Appendix B
perturbation expansions of the full wave function ψ, Eq.A.25, would not make any
sense). Let us assume that the overlap integral is ≈ 10−3 (see also Appendix G for
a consecutive discussion). Such small value should not disturb the used perturbation
method such it remains valid. To show it, take a look on the perturbation expansion
used in Appendix B (details can be found in e.g [44]) for the wave function ψ using
the set of the unperturbed wave functions ψ0
X
ψ(r, R, t) =
al (t)ψ 0 (r, R) exp{−iωl t}
(E.2)
2

l

where al (t) the expansion coefficients. Inserting Eq.E.2 in Eq.A.25 gives
X
X
ih̄
ȧl (t)ψl0 (r, R) exp{−iωl t} =
al (t)Ĥf ield ψl0 (r, R) exp{−iωl t}
l

(E.3)

l

If the overlap integral is exactly zero, then using the orthogonality condition one
obtains the following equation

ih̄ȧm (t) exp{−iωm t} =

X

0∗
al (t)ψm
(r, R)Ĥf ield ψl0 (r, R) exp{−iωl t}

(E.4)

l

Or if the overlap integral ≈ 10−3 , then
ih̄ȧm (t) exp{−iωm t} + ih̄

X

ȧl (t) exp{−iωl t} × 10−3 =

l

=

X

0∗
al (t)ψm
(r, R)Ĥf ield ψl0 (r, R) exp{−iωl t}

(E.5)

l

Assuming that if all ȧ(t) and exp{−iωt} terms are of the same order, the sum in
Eq.E.5 should be taken over 103 states ψl0 to start making a significant contribution
compared to the first term. In theory of course the sum should be taken over all
(infinite) number of states. A hypothesis that only a limited number of the stationary
states is enough for an accurate consideration of molecular systems often used in
theoretical molecular simulations, and the sum is truncated below 103 . So, the used
perturbation expansions seem to be held under the made assumption that hψf |ψg i ≈
10−5 .
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Now proceed analogously to how it was done in Appendix.D while discussing
the Herzberg-Teller coupling for 1PA. Remind that according this approximation
0
ψmµ
(r, R) = [φm (r) + θm (r)] χmµ (R)

(E.6)

And the overlap integral is
Z
0
0
hψf |ψg i = [φm0 (r) + θm0 (r)] χm0 µ0 (R) · × [φm (r) + θm (r)] χmµ (R)drdR =
Z
Z
0
0
= hψm0 (r)ψm (r)ξ(R)i + Hm0 m φm0 (r)φm0 (r)dr ξ(R)dR+
Z
Z
Z
Z
X X
+Hmm0 φm (r)φm (r)dR ξ(R)dR +
Hkm0 Hnm φk (r)φn (r)dr ξ(R)dR
k6=m0 n6=m

(E.7)
The first term in Eq.E.7 is
0
0
hψm
0 (r)ψm (r)ξ(R)i

Z
=

φm0 (r)φm (r)dr×
Z
× ξ(R)dR

(E.8)

which due to orthogonality of two electronic wave functions φ(r, 0) belonging to two
different states m and m0 is zero.
The other terms in Eq.E.7 are
Z
Hm0 m

Z
φm0 (r)φm0 (r)dr

ξ(R)dR =
Z
= Hm0 m ξ(R)dR

Z
Hmm0

(E.9)

Z
φm (r)φm (r)dR

ξ(R)dR =
Z
= Hm0 m ξ(R)dR

(E.10)

and
X X
k6=m0

n6=m

Z
Hkm0 Hnm

Z
φk (r)φn (r)dr

ξ(R)dR = 0

(E.11)
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So finally we can say that the matrix element E.7 is
Z
0
hψf |ψg i = 2Hm m ξ(R)dR

(E.12)

and Eq.E.1 is
2π 3 gf q 4
σ2P A (A ) = 8 2 2 2 2 Hm0 m
nω cm
2

2

Z
ξ(R)dR

(E.13)

R
As one can see from Eq.E.13 expression for σ2P A (A2 ) contains term ξ(R)dR
that as it was shown in Appendix D defines the vibronic coupling in 1PA spectra.
Thus, it is possible to conclude that under the considered here approximations the
term σ2P A (A2 ) can be responsible for appearance of the vibronic structure in 2PA
spectra that often appears in experimental 2PA data (for example, Coumarin 153 in
DMSO [63]). However, this question is still open to discussion.
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APPENDIX F

DIMENSIONS CHECK
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Here we check units of expressions σ2P A (pA) (Eq. B.21) and σ2P A (A2 )(Eq. B.24)
derived in Appendix B.
8π 3 h̄2 ω 2 gf X µgj µjf
σ2P A (pA) = 2
c2 n2
h̄2 (ωjg − ω)
j

2

(F.1)

Write down units of all quantities entering the equation (all in the cgs system):
[h̄] = erg · s , [ω] = s−1 , [c] = cm · s−1 , [µ] = statC · cm and [gf ] = s.
Then
2

(ergs)2 (s−1 ) · (statCcm)4 · s
[σ2P A (pA)] =
=
(cms−1 )2
statC 4 · cm2 s
=
erg 2

(F.2)

Transforming all units to the basic ones, we get: [statC] = cm3/2 · g 1/2 · s−1 and
[erg] = g · cm2 · s−2 · s. So
[σ2P A (pA)] =

cm6 g 2 s−2 · cm2 s
= cm4 s
g 2 cm4 s−4

(F.3)

Now consider σ2P A (A2 )
σ2P A (A2 ) = 2




σ2P A (A2 ) =

2π 3 gf q 4
hψg0 |ψf0 i
2
2
2
2
nω cm

2

statC 4 · s
cm6 g 2 s−4 s
=
= cm4 s
s−2 g 2 cm2 s−2
s−2 g 2 (cm · s− 1)2

(F.4)

(F.5)
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APPENDIX G

NUMERICAL ESTIMATES OF 2PA CROSS SECTION CONTRIBUTION
ORIGINATED FROM VIBRATIONAL COUPLING
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Let us estimate thr numerical value of σ2P A (A2 )
σ2P A (A2 ) = 2

2π 3 gf q 4
hψg0 |ψf0 i
n2 ω 2 c2 m2

2

(G.1)

To evaluate σ2P A (A2 ) let us approximate (all values are in cgs units): q ≈
4.8 × 10−10 statC, m ≈ 10−27 g, c ≈ 3 × 1010 cm · s−1 and ω ≈ 600T Hz = 6 × 1014 s (i.e.
typical visible light with λ ≈ 500nm). To estimate gf let us make an assumption that
the direct 2PA transition described by σ2P A (A2 ) can be considered in the two-photon
1
, where Γ is the width of the final state
resonance limit (ωgf = 2ω) and then gf ' 2πΓ
13
and can be estimated as Γ ≈ 2π × 10 rad · s−1 , i.e. similar how gf is estimated for
σ2P A (pA) expression [44]. Inserting in all the numbers in Eq. B.24 one obtains
4

σ2P A (A2 ) =

2 · 2π 3 (4.8 × 10−10 ) · 2.6 × 10−15
0 0
2
2
2 hψg |ψf i
12
2
−27
10
(6 × 10 ) · 1.2 · (10 ) · (3 × 10 )

2

≈ 3 × 10−43 hψg0 |ψf0 i

2

(G.2)
Under similar conditions σ2P A (pA) (Eq. B.21) is about 1 GM [44]. From here
one can conclude that in order to σ2P A (A2 ) would be comparable to σ2P A (pA) the
overlap integral hψg0 |ψf0 i should be 10−1 − 10−3 . As it was discussed in Appendix E, it
is not outside of the realm of possibility that hψg0 |ψf0 i can be (at least in some cases)
as high as 10−3 .
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APPENDIX H

RELATION BETWEEN TRANSITION DIPOLE MOMENT AND MOLAR
EXTINCTION COEFFICIENT FOR AN ABSORPTION BAND
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Relations between transition dipole moment and molar extinction coefficient
given in [5] state that
Z
log 10
 × 103
8π 3 2 f 2
dλ =
µ
(H.1)
NA ∆λ
λ
3hc n
where NA is the Avogadro’s constant; λ is the absorption wavelength (in cm);  is
the molar extinction coefficient (in M −1 cm−1 ); µ is the transition dipole moment (in
statCcm); h is the Planck constant (in ergs); c is the speed of light (in cms−1 ); n is
2
the refraction index; f is the local field factor (f = n 3+2 ); the integral is taken over
transition (band) wavelength range ∆λ.
In case if the absorption line shape is not available for analysis and only the
peak value of  is given, one can make the assumption that the transition spectral
shape can be approximated to have a Gaussian profile (for example), i.e.
 2
λ
(H.2)
 = M exp −
2a
where spectral width ∆λ ∼ a1 , then the integral in Eq.H.1 is
Z
M √

dλ '
2π∆λ
λ
λM

(H.3)

with λM corresponding to the maximum of the transition. In this case Eq.H.1 can be
simplified and reads as
log 10 M × 103 √
8π 3 2 f 2
µ
2π∆λ =
NA
λM
3hc n

(H.4)

And finally one obtains for µ
µ2 =

log 10 M × 103 ∆λ √
3hc n
2π∆λ 3 2
NA
λM
8π f

(H.5)

Insert all numerical constants h = 6.63 × 10−27 ,NA = 6.02 × 1023 , c = 3 × 1010
to simplify H.5
s
n M × 103 ∆λ
µ ' 4.8 ×
(H.6)
f2
λM
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APPENDIX I

RELATION BETWEEN 2PA CROSS SECTION AND THE THIRD ORDER
(SECOND ORDER NONLINEAR) SUSCEPTIBILITY
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There is a convenient relations between 2PA cross section σ2P A and third order
(second order nonlinear) susceptibility χ(3) . To derive this relation we closely follow
[128]. The wave number is (by its definition in [123] p.310)
ω2 2
n
(I.1)
c2
where ω is the frequency of light, c is the speed of light and n is the refraction index.
The refraction index n is related to the susceptibility χ as,
K2=

 = n2 = 1 + 4πχ

(I.2)

Since in general n is a complex function, we can (formally) write K as a complex
function as well
K = η + ik

(I.3)

where the imaginary part k is proportional to absorption coefficient [123]. Take a
square of Eq.I.3 to obtain
K 2 = η 2 − k 2 + 2ikη
(I.4)
and using expression for K

2

from Eq.I.1 with substituted n from Eq.I.2

η 2 − k 2 + 2ikη = (1 + 4πχ)

ω2
c2

(I.5)

Eq.I.5 can be written as a system of two equations for the real and imaginary
pats separately, i.e.
(
2
−k 2 + η 2 = (1 + 4π Re χ) ωc2
(I.6)
2kη =
4π Im χ
χ ' χ(1) + χ(2) E + χ(3) E 2 and E is the field amplitude.
To solve Eq.I.6 some approximations should be made: 1. Linear absorption is
small, i.e. Im χ(1) = 0; 2. Media is isotropic, i.e.χ(2) = 0; 3. Reχ(1)  χ(3) E 2 ; 4.
η 2  k 2 . Then from the first Eq. from I.6
η 2 ' (1 + 4π Re χ(1) )

2
ω2
2ω
=
Re
n
c2
c2

(I.7)

In the following Re n ≡ n. From the second Eq. from I.6
k = 2π

Im χ(3) E 2
2pi
ω
=
Im χ(3) E 2
η
n
c

(I.8)
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Using the relation between the intensity and the field amplitude,
I=

cnE 2
2π

(I.9)

we obtain

4pi2
I Im χ(3)
c2 n 2
The nonlinear absorption coefficient β is related to k through
k=

β=

4π 2
k
= 2 2 Im χ(3)
I
cn

(I.10)

(I.11)

and to σ2P A through [128]

σ2P A
2h̄ω
where N is molecular number density; such that
β=N

σ2P A =

h̄ω 2 8π 2
Im χ(3)
N c2 n 2

(I.12)

(I.13)
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APPENDIX J

TWO-LEVEL MODEL FOR SECOND ORDER NONLINEAR
HYPERPOLARIZABILITY
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Second order (sometimes called first nonlinear or hyper) polarizability βijk
is defined as the proportionality coefficient relating the induced molecular dipole
(2)
moment pi and the field amplitudes E(ω) [44]
XX
(2)
pi =
βijk (ωp , ωq , ωp + ωq )Ej (ωq )Ek (ωp )
(J.1)
jk

pq

The expectation value of electric dipole moment is given by,
hpi = hψ|µ|ψi

(J.2)

where the wave function ψ should be calculated up to the second order in the
perturbation expansion:
ψ ' ψ (0) + ψ (1) + ψ (2)

(J.3)

where ψ (0) is unperturbed wave function, ψ (1) and ψ (2) are given by, respectively,
X
(0)
a(1)
(J.4)
ψ (1) =
m ψm
m

ψ (2) =

X

(0)
a(2)
m ψm

(J.5)

m

The perturbation is given in the dipole approximation (and the length gauge)
by the interaction energy of the dipole moment µ with an external field of amplitude
~ [44]. The first and second order coefficients can be calculated as
E given V = −~µ · E
a(1)
m =
a(2)
m =

1 X µmg E(ωp )
exp{i(ωmg − ωp )t}
h̄ p ωmg − ωp

~ q )~µmg · E(ω
~ p)
1 XX µ
~ mn · E(ω
exp{i(ωng − ωp − ωq )t}
2
h̄ pq m (ωmg − ωp )(ωng − ωp − ωq )

(J.6)

(J.7)

Inserting into Eq.J.1 one obtains
(2)
pi


~ q )~µmg · E(ω
~ p) µ
~ q )~µmn µ
~ p)
1 XX µ
~ gn µ
~ mn · E(ω
~ gn · E(ω
~ mg · E(ω
= 2
+
+
h̄ pq m (ωmg − ωp )(ωng − ωp − ωq ) (ωmg − ωp )(ωng − ωp − ωq )
~ q )~µmn · E(ω
~ p )~µmg 
µ
~ gn · E(ω
+
× exp{−i(ωp + ωq )t} (J.8)
(ωmg − ωp )(ωng − ωp − ωq )

Comparing Eq.J.8 and Eq.J.1, one can obtains
X
µign µjnm µkmg
1
βijk (ωσ , ωp , ωq ) = 2 PF
,
(ωng − ωσ )(ωmg − ωp )
h̄
mn

(J.9)
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where ω−σ = ωp + ωq and PF represents the sum over all permutations of ωp , ωq
and ω−σ , following the shorthand notations from [44]. Now assume that the tensor
β has only one major component along the direction given by i = j = k = 1. In the
two-level approximation (p=1 and q=2 in Eqs.J.8 (or Eq.J.9). Then
β2LS =

µ212 ∆µ12
3
h̄ (ω12 − ωσ )(ω12 − ωp )

(J.10)

In case if ωp = ωq = ω (and correspondingly ωσ = 2ω)
β2LS =

3
µ212 ∆µ12
h̄2 (ω12 − 2ω)(ω12 − ω)

(J.11)

For so-called static case (i.e. when ω → 0 ),
stat
β2LS
=

3µ212 ∆µ12
.
(h̄ω12 )2

(J.12)

Or, if one accounts for the local field correction factor f then
stat
β2LS
=

3µ212 ∆µ12 3
f .
(h̄ω12 )2

(J.13)
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APPENDIX K

A PARTICLE-IN-A-BOX MODEL OF 2PA: EFFECT OF ASSYMETRY OF
1D-INFINITE POTENTIAL WELL
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Since there is no general proof available that could justifying the use of the twolevel model for 2PA, one may resort to analysis of simple molecules . For this purpose,
let us consider a one-dimensional infinite potential well with different asymmetric
shapes as shown in Fig. K.1. The main idea is to consider two-photon transitions for
a system comprising N free π-electrons similar to what was used to illustrate 1PA
spectra of symmetrical carbon polymeric chains [129,130]. To simulate a perturbation
we choose potentials, which introduce some degree of asymmetry, leading to the
analytically solvable one-dimensional Schrödinger equation. With these solutions in
hand we then calculate 2PA transition amplitudes for the two-level model and sumover-all (other) states terms in the 2PA probability. The relative contribution of the
two-level term seems to be the dominating factor in the total 2PA strengths for the
considered here cases.
Let us picture a molecule in a form of a chain of carbon atoms. Between carbon
atoms there are double bounds. In their formation valence electrons contribute,
and as result we have σ-bounds. For remaining electrons (π-electrons) molecular
skeleton presents a one- dimensional non-penetrable potential well [129]. Let us
assume for simplicity that our abstract molecule consists of 10 carbon atoms (just as
an example). Between the atoms there are 5 double bounds, that means the electron
gas includes 10 electrons. According to Pauli principle, these electrons occupy first
5 energy levels, and all upper states are vacant. In the process of interaction with
external field we suppose that only one electron could be excited. So, we consider oneparticle transitions from 5th level to upper states and restrict the π-electrons move
only in the one dimension along the chain. In other words, we put the ”electron
gas” in the one dimensional well with a size equals to a molecule length [129].
This chain of atoms could be presented as periodic potential, and in the simplest
approximation the potential may be described by sine function (Fig.K.1, right panel).
Maxima and minima correspond to the longer single and the shorter double bounds,
respectively [129]. The potential energy outside the wall is infinite. Before employing
that approximation we want to check whether even simpler models of linear (Fig.K.1,
left panel) and step (Fig.K.1, central panel) potentials can be used.
The general algorithm of our simulations is following. We use the timeindependent one-dimensional Schrdinger equation to find energy levels and wave
functions


h̄2 2
∇ + V (x) ψ(x) = Eψ(x)
(K.1)
−
2me
2

d
where ∇2 = dx
2 and x is coordinate along the molecule, V (x) is a potential, which has
a particular expression for different cases, h̄ is reduced Planck constant, me is electron
mass, ψ and E are the wave function and energy for particular state. The molecule
is neutral (total charge is zero), but its electrons can move in 0 < x < a. As ascribed
above, we consider single electron transitions between the 5-th energy level and the
higher states. In our calculations we use following numerical parameters: a=15A
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Figure K.1: . Linear (left panel), step or barrier (central panel) and sinusoidal (right panel)
asymmetric potentials chosen to model 2PA with electron gas of free electrons in infinite
potential well. All potentials are one dimensional (characterized by coordinate x). The
maximum amplitude of the potentials is measured by V0 value. The well has length a.
Energy levels (some) indicated as k = 1, 2, 3 and shown by dashed lines; energy of the 1st
level of the unperturbed system (the potential is zero within the well) is shown as E1 (all
shown schematically here).

(1A=10−10 m), m=me =9.11 10−31 kg. When the wave functions are known, we can
calculate corresponding dipole moments, and then use it to find 2PA cross section
2LS
calculated within the two-level model, σ2P
A , and 2PA cross section that involved the
SOS
2LS
SOS
SOS terms,σ2P A , and compare these two values relatively (i.e. as σ2P
A /σ2P A ).
Consider first a case when the asymmetry is caused by a potential changing
linearly along the well. To picture this as a realistic situation, consider a molecule
which position (orientation) can be described by one coordinate axis x and placed
at the origin (x=0). According to the basic electrostatic a molecule placed in a
static electric field with amplitude E experiences the electric potential V ≈ −Ex. If
the electric field is constant, then the potential changes linearly with the coordinate
along the molecule. Assume that the molecule has length a and the potential is
zero at the molecule one end (x=0), then on the other end (x=a) the potential will
be V ≈ aE (Fig.K.1, left panel). In the following to describe the asymmetry, we
introduce a dimensionless parameter Z = V0 /E1 , where V0 is amplitude (maximum)
of the potential measured in E1 units (the energy of the first excited state for the
unperturbed system, i.e. the infinite well with the flat bottom (zero potential within
the 0 < x < a). If Z is too small then it does not affect the system symmetry since
all energy levels lye much higher than the potential (V0 << E5 ); if Z is large than
lower energy levels (n ≥ 5) are all under the potential. Thus parameter Z is used
to identify the limits of the introduced asymmetries. We found that if Z= 3, then
all energy levels are above V0 . If Z=4, then the first state is leveled with V0 . When
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Z reaches value 6, then first 3 states are fully emerged inside V0. It was found that
values Z =6 correspond to the potentials all 5 lowest energy states are under the
potential.
It is necessary to limit the number of states in the SOS, but keep enough terms to
present the sum correctly. To address that question, we first apply the perturbation
expansion method to solve the problem for small Z values. If the system is perturbed
by a small potential V (Z=5), wave functions of nth level in the first order of the
(1)
(0)
expansion, ψn , can be written in terms of the k unperturbed wave functions, ψk
ψn(1)

≈

ψn(0)

+

X hψn(0) |V |ψ (0) i
k

k6=n

En − Ek

(0)

ψk

(K.2)

In our modeling we consider the first order of perturbation and trunk the sum at
k=20 (number of states included in the perturbation expansion Eq. K.2). As it follows
from the modeling results shown in Fig. K.2 it gives a reasonable convergence. The
idea is to check what the effect of additional terms inclusion in the SOS is and how
2LS
SOS
it affects σ2P
A /σ2P A . From the computations it was found that including additional
terms after first N=15-20 states in the SOS are taken does not change its value
significantly (Fig. K.2). Inclusion of the additional terms (N > 15) does not change
SOS
2LS
the σ2P
A /σ2P A ratio more than 0.1 %.
Based on this result we truncated the SOS including transitions between the
first 15 states. The Schrodinger equation with the linear potential can be solved
analytically, and the solution is Airy functions. In the following we use the analytic
solution. We applied boundary conditions for the infinite potential well:
ψ(0) = ψ(a) = 0

(K.3)

Following by [131] we make substitutions

l=

h2
2me a

1/3
(K.4)

z = x/l

(K.5)

z0 = a/l

(K.6)

Ea
lV0

(K.7)

=

y =z−

(K.8)
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Figure K.2: Two-states model contribution (ratio) relative to the SOS in the 2PA for the
2LS /σ SOS (vertical axis), as function of number
linear perturbation potential. The ratio σ2P
A
2P A
of states included in the SOS, N (lower horizontal axis), and states in the perturbation
expansion, k (upper vertical axis). The chosen asymmetry parameter Z=5. The ratio
dependence of N and k shows that including the first k=20 and N=15 levels does not
change the convergence character.

and eventually we obtained



d2
− y ψ(y) = 0
dy 2

(K.9)

With a general solution
ψ(y) = M · Ai(y) + N · Bi(y)

(K.10)

Ai(y) and Bi(y) are Airy functions, M and N are normalization constants [131]. The
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boundary conditions can be rewritten now as
ψ(y = −) = 0 = M · Ai(−) + N · Bi(−)

(K.11)

ψ(y = z0 − ) = 0 = M · Ai(z0 − ) + N · Bi(z0 − )

(K.12)

It gives the transcendental equation
Ai(−)Bi(zo − ) − Bi()Ai(z0 − )

(K.13)

that can be solved graphically to find energy for a given Z value. When the energies
are known we can calculate the wave functions as a combination of Airy functions
with some constants M and N (weight coefficients). The same boundary conditions
allow us calculate the weight coefficients for each state wave functions.
An even more elementary example of asymmetric one dimensional potential can
be presented by a barrier inside the well [132]. For this case we use the potential,
which could be described as a step function (K.1, central panel)
V (x) = 0

(K.14)

V (x) = V0

(K.15)

for 0 < x < a/2, and
for a/2 < x < a
This model can interpreted as two infinite potential wells with different bottoms.
The solution is a combination of sin functions
ψLk (x) = Mk sin(k1k )

(K.16)

for 0 < x < a/2, and
for a/2 < x < a; where k1k
following substitutions [132]

ψRk (x) = Nk sin(k2k )
p
√
= KEk , k2k = K(Ek − V0 ) and K =

θk =

k1k a
2

(K.17)
2me
h̄2

We use

(K.18)

k2k a
(K.19)
2
Using the boundary conditions for the wave function and its first derivatives
φk =

ψLk (x = 0) = ψRk (a/2) = 0

(K.20)
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and
0
0
ψLk
(a/2) = ψRk
(a) = 0

from here
φk =

q

(K.21)

θk2 − a2 KV0 /4

(K.22)

and the transcendental equation for energy states is
tan(φk )/ tan(θk ) + φk /θk = 0

(K.23)

A graphical method of solution can be applied to find the roots for set of Z values.
The last case is the sinusoidal potential. Reasons to choose that potential were
described above. For this case our potential is
V = V0 sin(10πx/a)
V0
E
e
We make following substitutions a = K
,y=
, q = 2K
, K = 2m
h̄2
Schrodinger equation to the form of Mathieu equation [133]

(K.24)
10πx
2a

to transform the

d2 ψ(y)
+ (a − 2q cos(2y)) ψ(y) = 0
dy 2

(K.25)

Now the solution is Mathieu functions Se(a, q, x) and Ce(a, q, x)
ψ(x) = M · Se(a, q, x) + N · Ce(a, q, x)

(K.26)

Applying the boundary conditions, we found the following transcendental
equations that define the quantization of the problem:
Se(a, q, −π/4)Ce(a, q, 19π/4) − Se(a, q, 19π/4)Ce(a, q, −π/4) = 0

(K.27)

Solving this equation graphically for a set Z, we can calculate the energies and wave
functions.
Results of our simulations are summarized in Fig. K.3, where we show that the
2LS
two-level contribution to the 2PA, σ2P
A , dominates over contributions from the sum
SOS
over all (other) states, σ2P A , for all considered here types of the model potentials.
2LS
SOS
One also can see that the ratio σ2P
A /σ2P A is still much more than 1 even when the
system asymmetry (characterized by Z) is approaching zero. It shows that the twolevel model is still appropriate even when a system symmetry is mostly conserved
(not distorted).
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2LS , ratio over the contributions from the
Figure K.3: Two-level contribution to the 2PA, σ2P
A
SOS , as a function of asymmetry parameter Z
sum over all (other) states, σ2P
A
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APPENDIX L

ACTIVE FEEDBACK SYSTEM TO IMPROVE THE STABILITY OF TI:SAPP
FEMTOSECOND REGERATIVE AMPLFIER (LIBRA, COHERENT)
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Stability of the amplifier (pump) laser is crucial for accurate OPA performing.
Small variations in its output (1-5%) can produce a significant instability in the
OPA power (up to 5-30%). According to the Libra specifications, it should provide
stability in the power output within 1%. However, after approximately 1 year of the
operating period it was found that in pump laser of the Libra system (Evolution,
Coherent) some oscillations have appeared. The behavior of these oscillations was
not very consistent: usually its period was anywhere between 2-20 minutes and
amplitudes in a range 1-10% of its average power. The origin of that instability was
not clear neither. An inspection of the Evolution parameters (chiller temperature,
LBO crystal temperature, base plate temperature, diode current, etc.) has not shown
any correlation with the Libra power oscillations. However, it was mentioned that
there is a negative correlation between the pump power (Evolution) and Libra output
power: the pump power oscillates with amplitudes 1-2% causing the opposite change
in the Libra output but with amplitude up to 3-5% (see example shown on Fig. L.1)
that, in turn, led to oscillations OPA output power (up to 30%).

Figure L.1: Oscillatory behavior of the pump (Evolution) (blue curve) and amplifier (Libra)
(red curve) power (normalized) as function of time (no additional compensation). There is
a negative correlation between two set of data: a decrease / increase of the pump causing
the opposite in the amplifier output

To compensate this effect a positive feedback loop was introduced. The
Evolution beam is horizontally polarized, so the easiest way to slightly attenuate
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its power was to introduce a polarizer. For that purpose a wave plate (Thorlabs
WPMQ05M-532 mounted multi order 1/4 wave plate) mounted on an in-house made
rotational stage (see Fig. L.2) attached to a stepper motor (Vexta C7777-9012)
controlled by a driver (Microstep driver 2M656) was used. The driver was connected
to PC through a DAQ card (NI USB-6008). The wave plate was set up inside the
Libra after the expansion telescope (PL1-2, see the Libra manual for detailed optical
layout and abbreviations) before the steering mirror PM2 (before the Evolution beam
enters the Libra cavity, Fig. L.3). Changes in the Evolution power were measured by
a power meter (Ophir Vega), and each time when the power went up / down the wave
plate was rotated to compensate the power change. The whole feedback process was
automated and controlled using a custom LabVIEW (National Instruments) program.
As the result of this compensation, it was possible to reduce the oscillations in Libra
output and make its power stable within less than 1% (typically 0.6-0.8%) at both 1
kHz and 100 Hz repetition rates (see example on Fig. L.4).

Figure L.2: Wave plate controlling pump (Evolution) laser power. The wave plate is
mounted on a in-house made rotational stage attached to stepper motor

Such improvements made the OPA power output (our main source used in NLT
and 2PEF experiments) stable within ∝ 1 % (that was enough to measure changes
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Figure L.3: Wave plate controlling pump (Evolution) laser power. It is set up inside the
Libra after the expansion telescope (PL1-2, see the Libra manual for detailed optical layout
and abbreviations) before the steering mirror PM2 (before the Evolution beam enters in to
the regenarative amplifier cavity)

.
in transmittance with accuracy ≈ 0.05%).
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Figure L.4: Pump (Evolution) (blue curve) and amplifier (Libra) power (red curve) with
the wave plate feedback compensation mechanism at 1 kHz. Changes in the pump are up
to 1-2%, but the amplifier output is stable now within 0.6-0.8%

