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Introduction

The process of simultaneous two-photon absorption (2PA) was first theoretically
predicted by Maria Goeppert-Mayer in 1931 [1] (Nobel prize in Physics 1963). She
considered the quantum-mechanical transition probability from an atom’s ground
electronic state to an excited electronic state via simultaneous absorption of two
photons, where the combined energy of the photons equals the resonance transition
energy between the states. The first experimental confirmation of this archetypical
nonlinear-optical phenomenon was reported, about 30 years later by W. Kaiser and
C. G. Garret [2], following the invention of the pulsed ruby laser. They used this light
source to excite the crystal of CaF, containing luminescent Eu®* ions to induce emission
from ions excited levels possessing twice the energy that of the near-infrared laser
photons. This pioneering experiment also confirmed the parity selection rule, according
to which 2PA in systems with inversion symmetry is allowed only between states of equal
parity. The latter property, often referred to as the Laporte rule, is now widely used to
investigate symmetry properties of complex systems and their complex environments.

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

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

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

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

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

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

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

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

1PA One-photon absorption

2PA Two-photon absorption

2PIF Two-photon induced fluorescence

2PEFM Two-photon excited fluorescence microscopy

ACN Acetonitrile

AF455 2,4,6-tris[9,9-bis(3,7-dimethyloctyl)-7-(diphenylamino)-fluoren-2-yl]-1,3,5-
triazine

BBO Beta Barium Borate

C151 Coumarin 151

C153 Coumarin 153

DCM Dichloromethane

DMSO Dimethylsulfoxide

EEM Excitation-emission matrix

MCR-ALS Multivariate curve resolution-alternating least squares
MeOH Methanol
NICPB National Institute of Chemical Physics and Biophysics

NLT Nonlinear transmittance

OPA Optical parametric amplifier
PBS Phosphate-Buffered Saline
Qy Quantum yield

Rh6G Rhodamine 6G

SDS Sodium dodecyl sulfate

SHG Second harmonic generator
SOS Sum-over-states

TCSPC Time-correlated single-photon counting
THF Tetrahydrofuran

Tol Toluene

TPM Two-photon microscopy
Triflic Trifluoromethanesulfonic acid
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1 Theoretical considerations

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

Figure 1 shows the ground energy level (E;) and the excited energy level (E,) of a
molecule, separated by the energy gap, AE = E, — E;. When the molecule, initially in
the ground state, is illuminated with monochromatic light of frequency, v;p,4 (in Hz), the
system may undergo a transition to the excited state, provided that the transition
between the energy eigenstates is not prohibited by symmetry, and that the absorbed
photon inducing the excitation has the energy,

Eph = hleA = AE, (1)

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

(a) (b)

E.
hvpa
hvipa
hvzen
Eg

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

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

1
Eph = hUZPA = E(AE) (2)

The dashed horizontal line in Figure 1 shows the so-called virtual intermediate level,
located half-way between the two real energy states. However, since the two photons
are absorbed strictly simultaneously, no distinction can be made between the arrival
times of the photons, even in principle, meaning that no “storage” of energy may occur
in the process. Indeed, as will be made clear from the quantum-mechanical calculations
shown below, no intermediate state experiences a change of population in the 2PA
process. The notion of a virtual intermediate level is more a matter of mathematical
convenience and serves illustrative purposes rather than reflects any physical reality.
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From a simple phenomenological viewpoint, let us consider a monochromatic laser
beam of the photon flux, @, where every photon has the same angular frequency, w.
When the beam passes through a thin cuvette of thickness, Az, containing a solution with
absorbing chromophores at the concentration, Ng, then the photon flux at the output of
the cuvette will be attenuated with respect to that at the input. Neglecting attenuation
potentially caused by scattering and reflections by the cuvette walls etc., we may write
down an approximate expression for the variation (attenuation) of the photon flux:

AP = & — Dy = —0yp, Ny PyAz — 05p, N, Dy * Az, (3)

where @, is the incident photon flux, o;p, is the 1PA cross-section and a,p,4 is the 2PA
cross-section. Any higher-order multi-photon absorption cross-section may be
phenomenologically defined in a similar manner. Typical peak cross-section values for
organic dyes and fluorophores are, o;p, ~107°- 107 cm?, and, g,p, 107°0— 10"*cm?*s
photon™. The small value of o,p, suggests that in order for the 2PA to have an
attenuation effect comparable to that of 1PA, one would need instantaneous photon flux
values on the order of, @y =~ 0;p,/02p4 = 1028—103* photon cm™ s7%. Another notable
feature that follows from the phenomenological expression Equation (3) is that 2PA may
be distinguished from potential concurrent 1PA by its quadratic dependence on @,. This
property will be extensively used in our experiments described below for distinguishing
between 2PA and 1PA.

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

Tw

O1pa(w) = |ﬁfg|2 pu(w), (4)

3ncegh
where ﬁfg is the transition dipole moment between the initial state, g, and the final
state, f, n is the index of refraction of the solvent and g, is the electric constant (vacuum
permittivity), & is the reduced Planck constant, and c is the velocity of light in a vacuum.
The py(w) is the normalized line shape function:

[ p(w)dw = 1. (5)
The transition dipole moment may be evaluated from the known ground- and excited
state wavefunctions, W, (¥) and W;(7), according to the relation:

fira = [ Wi D, OE@, (6

where e is the elementary charge and the integral runs over the coordinates of all
electrons, 7. The magnitude of the transition dipole moment is commonly expressed in
Debye (D) (1 D = 3,33564*1073° C-m), and electric dipole-allowed transitions in organic
dyes have typical values, |u| ~1 — 10 D. In the Sl units, 1PA cross-section is expressed
(m?2); however, most literature uses the units of cm?. The larger the transition dipole, the
stronger the associated per-molecule attenuation or absorption. Another useful metric
of 1PA is the oscillator strength, which is proportional to the square of the magnitude of
|ﬁfg| and is expressed as [13]:
2m,w
fro = Sorm lul® )

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

14



ey (@) = 01p4(W)N,

103In (10)’

where Ny is the Avogadro constant and a; p, is in cm?[14]. Expression for the two-photon

absorption cross-section is obtained by means of extending the time-dependent
perturbation calculation to the second order (Appendix 4):

(8)

(Fimg- )  (irm- )|
Z Fmo 2 2, o
(wmg - “))
where & is the unit polarization vector and the subscript m refers to any intermediate
state and w,g = Wy, — wWg. A commonly used unit for the two-photon cross-section is

GM (1 GM is 107°° cm* s photon™), named after Maria Goeppert-Mayer.

According to Equation (9), the cross-section is proportional to the modulus square of
the sum of terms (generally complex), where each one corresponds to a particular
transition probability amplitude. Figure 2 shows, in an illustrative manner, the different
dipole moments contributing to these amplitudes. We assume, for simplicity,
the lowest-energy excited state to act as the final state. First, we note that the
summation over the index m implies that we need to include contributions from the
transition matrix elements between the ground state and all states, i.e., including the

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

O2pa = £§ CZ hznz

i.e., including the final state itself, (iif;). Permanent dipole moment change (4u)
between the ground and final state is expressed as:
A'ufg = My T By (10)

Secondly, Equation (9) implies that at any given frequency, o,p,, includes values of
transition dipole moments and transition frequencies for all excited electronic states,
so-called sum-over-states (SOS), consisting of a large number of terms. These virtual
states can be represented with the sum of individual stationary states E.. However,
it must be emphasized that the latter representation is purely illustrative in nature as
only the overall transition from Eg4 to Ef can be observed.

When the energy difference between the photon energy and the energy of the
nearest one-photon allowed state is reduced, dramatic enhancement of the 2PA will be
observed [15]. It means that in general, all, except the lowest excited state, 2PA
transitions are enhanced. Additionally, when one would use non-degenerate two-photon
excitation, i.e., hw,; # hw,, the 2PA spectra might differ depending on whether Aw; or
hw, is nearing resonance with a 1PA transition. In our experiments, however, we only
use degenerate excitation.

15



(a) m=gf (b) m=i1 {c) m=i2

+ + +...

Figure 2: Different transition dipole moments contributions to the molecule’s transition from the
initial state E4 to the final state Es. Black horizontal lines represent real energy levels, red vertical
arrows represent photon energy and black vertical arrows show transition dipole moments. (a) the
intermediate energy level is represented by the ground or the final level. (b), (c) the g->f transition
involves a higher-lying energy level acting as an intermediate level but without its population.

1.1.1 Role of molecular inversion symmetry and Laporte rule

For any centrosymmetric molecule, a Cartesian reference frame of coordinates may be
chosen such that for each atom in the position, {x,y,z}, representing the molecule’s
structure, there is an equivalent atom in the position, {-x, —y, —z}. Similarly, electronic
states of an isolated centrosymmetric molecule may be classified as either gerade (g)
(even) or ungerade (u), depending on whether or not the electronic wave function,
Y, (7), changes sign upon inversion of the coordinates. Figure 3, is presenting a simplified
model of u-parity (a) and g-parity (b) wave functions acts and how their sign changes
upon inversion.

Ungerade

(a)

Inversion
D ———

Gerade

Inversion
D ———

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

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

1.1.2 Simplified models of 2PA spectra
As already discussed above, calculating the 2PA cross-section using Equation (9) implies
summation over all contributing probability amplitudes (Figure 2). In practice, such
summation is often difficult or even unattainable, especially because of lacking reliable
information on the matrix elements connecting initial- and final states to higher energy
states. On the other hand, situations exist where the SOS may be approximated by
considerably simplified models accounting only for a few so-called essential states.
Of particular interest for our studies is a situation when a non-centrosymmetric molecule
possesses a strong permanent electric dipole moment difference between the ground
and the first exited state (Appg = Usr — pfgg # 0). In this case, an important
simplification can be made regarding the transition to the lowest-energy excited state;
we may assume that only the initial and final levels contribute to the 2PA, and all higher
energy states contribution is negligible. This is the so-called two-level model of 2PA and
is illustrated in Figure 4 (a), where the E4 and Ef represent the ground and final energy
levels. Expression for the cross-section accounting also for random orientation of
chromophores in a solvent may be written as follows:

4
Emerea@eos @)+ 1) gl |8y gu@w) (11
where f is the angle between vectors, fisg, and, 4fify, and gy (2w) is the normalized
line shape function. The optical local field correction factor, L, is introduced in order to
account for the fact that the electric field acting on the molecule may differ from the one
applied, due to interactions with the solvent. The procedure of isotropic averaging is
explained in Appendix 4.

When a molecule is centrosymmetric, then the static dipole moments are equal to
zero, ﬁgg = ﬁff = 0, and the two-level model may contribute only through vibrational
coupling (which will be discussed in the next paragraph). Purely electronic contribution
to g,p4requires then accounting for an intermediate energy level, (m), which leads to the

Ozpa(w) =
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so-called three-level model (Figure 4 (b) and includes the transition dipole moments ﬁmg
and ﬁfm. At this point, it is appropriate to make some important observations:

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

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

(a) (b)
E, En
ﬁfm
E; E;
hvzen ffg Dligy = Wz - Hgg hvamm Hma
hvzea hvpa
Eg Eg

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

1.1.3 Vibronic structure of 1PA spectra

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

Y(r,Q) =~ ¥i(r, Q) xnw(Q)- (12)
Where x,(;y(Q) is the vibrational-rotational wavefunction and ;(r, Q) is the electronic
wavefunction depending parametrically on the normal coordinates of the nuclei, Q.
As a consequence, the electronic energy is no longer constant, as was assumed above,
but rather varies as a function of (Q). This reliance is schematically shown in Figure 5,
where the vibrational states (belonging to a particular electronic state) are represented
with the numbered oscillating lines. The dashed black line represents the potential
energy surfaces, E;(Q), and, E¢(Q), of the ground- and excited electronic states,
respectively. The horizontal axis represents one (generalized) nuclear or vibrational motion
coordinate, and the vertical axis corresponds to the total energy. In Figure 5, the potential
energy surfaces, and consequently, the vibrational wave functions, are approximated to
be of the same shape (i.e., congruent, and equal scale factors), with minima shifted by
Delta Q indicating a generalized bond length extension in the excited state. In reality,
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the potential surfaces may have different shapes, shifted minima positions and even
different sets of normal vibrational coordinates (Duschinsky effect). Even more, different
electron distributions in an excited state or close-lying electronic levels may couple,
producing multiple energy minima [18].

The transition dipole matrix element between m'th vibronic level of the ground
electronic state, ¥, = ¥4(r, Q) x,»,(Q), and n'th vibronic level of the excited electronic
state, Yr = Yr(1, Q) xim(Q) can be expressed as:

71@7, mn = (Xm(Q) 1xn(Q) )M_fg (13)

Where M—fg is averaged electronic transition dipole moment evaluated over the nuclear
coordinates of the initial and the final vibrational states. Equation (13) expresses the
Condon approximation stating that the overall transition dipole 71@ mn depends on the
overlap integral of the nuclear wave functions, {x,,(Q) |x»(Q) ), multiplied by the
averaged electronic transition dipole moment. The square of the nuclear overlap integral
|{xXm |xn )|?, is called the Franck-Condon factor [19].

Figure 5: One-photon transitions between a set of vibrational levels in the ground (E4) and excited
(Ef) electronic state. The vertical axis corresponds to the total energy, E, and the horizontal axis is
the vibrational coordinate, Q. Dashed lines show corresponding potentials E4(Q) and E{Q). AQ is
the shift between the two potential minima positions. 0-0, 0-1, and 0-2 vibronic transitions are
marked with red arrows.

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

1.1.4 Vibronic contribution to 2PA spectra

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

Eey —5——
hviea | | hVpa
E(m,)
hvpn
Ete

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

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

Tl 1= (11,0 8, 0. QRGO () [z, @) 1)
= <)(f,k(Q) |ﬁfg @) |)(g,i(Q))-
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Where Y, x; are the vibrational wavefunctions in the initial and final electronic states,
respectively, fi(r, Q) is the dipole moment operator, and where in the second line of the
equation, we performed integral over the electron coordinates, r, which gives the
electronic transition moment ﬁfg(Q). The dependence of the electronic transition
moment on the nuclear coordinates can be expressed as a Taylor series in the individual
normal coordinates Q,. about the equilibrium position of the initial electronic state:

1rg(Q) = ufg(0)+2{a‘gf} 0 +5 Z {aqrfgérz} 010r2

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

,ufg(Q) = ,ufg(o) + ,ujsngs + :u?gQaf (16)

Y e R ) 2 R
s 0 a 0

The corresponding approximate expression for the vibronic transition moment in

Equation (14) is:

tgine = (1@ iy, 0 + 15,0, + 15,0, 3, (@) =

1O ) + w5, O lx) + gy (il Q) = (18)

'u'fg(o)(kll) + 'u';g<k|Qs|l> + H?g<k|Qa|i>'
Above we are using the abbreviation, {x;|x;) = (k|i), while remembering that k and

i represent the totality of vibrational quantum numbers in the two states. The first term
is the electronic transition moment at the equilibrium position of the initial state
multiplied by the vibrational overlap, factor called the Condon integral. The second

and third terms, which arise from vibronic interaction, can collectively be called
Herzberg-Teller terms. An electronically forbidden transition is one where Kgipi vanishes

(15)

where

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

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

2 Urm (0) pmg(0) .
O2pA = Zcenin? :;hznz ((k|l>2m—f a;q) <k|Q(i)|l) X
19)
1m0 timg (D + it (D g (O |2 (
S (gt DO ) gy 200,

where i, (0) and gy, (1) are zeroth and first-order approximations of electronic
transition moment Taylor series expansion and where we have used the fact that the
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vibrational terms for the intermediate state are canceled out. Here (k|i) represents the
overlap integral of the vibrational wave functions of the initial and final state with the
nuclei in the equilibrium positions, whereas the term (k|Q(i)|i> accounts for changes in
overlap due to the vibrational displacement of the nuclei. Index (i) on the ensemble
coordinates of the nuclei represents the initial electronic state.
Similarly, the 1PA cross-section can present by combining Equation (18) and Equation
(4):
W

Tncech [ra@li) + 1 QstkIQs10 .

+ 12, 0a(k1Qa1D)|” gu ().

If we neglect Herzberg-Teller terms:
Tw

O1pa(w) =

01p4(@) = 3 |urg*(OKID|* g (@). (21)

ncegh

1.1.5 Two-level model of 2PA and vibronic 2PA transitions

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

G2pa (@) = = ( [a [ (reley (M2kn 4 1108) 1 (1| Qg i)

e3c2n2n?

(22)

dugg Ousg Ousg Ouss
(”fm 20 M99 50 +”ff 20 THfo9 50
—-w w

) é| ) guQw).

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

0204 (©) = sz (2 c0s2(B) + 1) |<k|i)ungu -
() | du ’ (23)
. u Olgg
(K100l (170 22+ 222 0 )| g2
if we neglect Herzberg-Teller terms, then:
7 (2 cos?(B) + 1) ] 2
oapa(W) = |<k|l) Hng/J| IuQw). (24)

15 n2c?gy2h?

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

If the chromophore is strongly dipolar, then both 2PA and 1PA transitions are allowed,

and the main contribution to the 2PA originates from the Frank-Condon term. Such direct

relation between the 2PA, 1if, and Apy, allows quantitative estimation of the absolute

value of the change of the permanent electric dipole moment as follows (for derivation,

see Appendix 14):

5 ncgh Nyw O02pA(max)
P(B) 103In(10) LPeygnar) (25)

|Au| =

Here the terms &y nax) and 02paamax) rePresent respective peak values in the 0-0
band, P(B)is introduced by isotropic averaging [21] and depends on excitation
polarization. For linearly polarized light P(8) = 2 cos?(B) + 1), whereas for circularly
polarized light P(8) = 1/2(cos?(B) + 3) [14].

1.1.7 Quantum-chemical calculations and modeling
When interpreting our experimental findings, we extensively rely on quantum-chemical
calculations that provide respective theoretical values of key molecular parameters, such
as 1PA oscillator strengths, 2PA cross-section, and corresponding peak wavelengths.
The calculations were performed by our NICPB lab group members, Dr. Merle Uudsemaa
and Dr. Aleksander Trummal, and also by our collaborator Dr. Denis Jacquemin at the
University of Nantes, France. Therefore, even though quantum chemistry is outside the
scope of this Thesis, a short description of the calculation methods used is in order.
Gaussian09 [22] or Gaussian16 [23] software was used to obtain relaxed molecular
structures and respective linear spectra, while Dalton2020 [24] was used for estimating
nonlinear-optical properties. As a common prerequisite, the ground-state conformational
search was carried out in the gas phase at B3LYP [25], [26]/6-311G(d,p) [27] DFT level.
The lowest energy conformers were re-optimized in the solvent of interest using PCM
[28], [29]1/B3LYP/6-311G(d,p) method, where the solvent effects were treated in the
framework of polarized continuum approximation. The lack of imaginary frequencies in
harmonic vibrational spectra was established for each optimized structure to confirm the
true minimum conditions on the potential energy hypersurface. The ground-state
vibrational eigenvectors displacement patterns were subsequently used for 2PA profiling
of selected vibrational modes. For some calculations, the discrete-continuum approach
involving one explicit solvent molecule was also implemented to account for the specific
solvation contribution of especially in case of hydrogen-bond donation-capable solvents.
The resulting lowest energy conformers were selected for the calculation of optical
properties. 1PA vertical excited state energies, transition oscillator strengths, and the
change of the permanent electric dipole moment (Au) upon the electronic excitation
were obtained from TD-DFT [30] calculations using tuned Coulomb Attenuated Method
B3LYP [31] (CAM-B3LYP) functional. The fine-tuning was performed to achieve an
optimal match with the experimentally determined counterpart values based on a) the
quality of fitting of the measured 1PA line shape using theoretical vibronic approach (see
below) and b) the calculated energy of the first vertical singlet transition, which is
expected to be close to the energy of experimental absorption maxima. It has been
shown that the representative set of internal CAM-B3LYP parameters (a = 0.03; § =0.97;
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u = 0.125) along with slight variations in the range-separation parameter p used in the
present study led to satisfactory predictions of the spectroscopic properties.

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

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

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

Dalton2018 software suite [33], [24] was used for all single residue quadratic response
calculations of two-photon transition probability, §,p4in implicit solvent.

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

1 —_ - —_
(62p4) = 35 Xab(FSaaSpp + GSapSap + HSpaSpa), (26)
with F, G, and H being equal to 2 in the case of linearly polarized light and S is the complex
conjugate of S.

The corresponding second-order transition moment SZ, between the initial (/) and
final (f) states is expressed as:

i (ilugIn)nlgplf) | (ilupln)(nlgalf)
S;j;(wywz) = Zn#i{ < 2+ L * }; (27)

Wni—wq Wpj—w2

where (i|ug|n) is the transition dipole moment between the corresponding electronic
states, w,; is the excitation energy, w, and w, are the frequencies of photons involved
in transition (w; and w, are equal in the case of 2PA).

The macroscopic 2PA cross-sections (in GM) for the So — Si transition was obtained
from the relation:

_ 4nlaad w

2
Opa =— W(@m) -10°°, (28)
2

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

Theoretical estimation of pKan values in methanol was conducted by our collaborators
in the group of Prof. Ivo Leito from the University of Tartu. It was based on a correlation
established between the computed AGs values (Gibbs free energy differences between
protonated and deprotonated forms) and experimental pKan values [25] of 11 differently
substituted pyridines, covering pKan range from 2.8 to 10.4. using expression:

K 4Gy

aH = €1 N ka7 n (10) t e (29)

Where c¢; and c2 are linear regression constants, Na is Avogadro’s Constant, ks is the
Boltzmann constant, and T is the absolute temperature. Likewise, the respective
correlation was used for the prediction of dication deprotonation (pKan(2)).
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The required AGs values were estimated from COSMO-RS calculations at T = 298K and
assuming infinite dilution by applying solvent-specific deviations from the ideal
conductor state as computed by the statistical thermodynamics approach implemented
in COSMOtherm software. The preceding single-point ideal conductor calculations were
carried out for all stable conformers at COSMOQO/BP86/def2-TZVPD level of theory,
following sampling of conformational space and identification of relevant conformers
using COSMO/BP86/def-TZVP method. TURBOMOLE quantum chemistry suite was used
for all calculations in the ideal conductor.
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2 Experimental methods

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

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

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

. 103 . . . .
concentration, Cy, = N—Ng. Integration of the second term in Equation (3) gives:
A

Dy — d(d) 1
@, 1+ Cy 103Ny 0pps- Py d

After inserting typical experimental values, Cy = 1mM, oypy =1GM, P, =

27 photons
10 R d

Measuring such a small change of the transmittance implies that the experimental
accuracy of determining the photon flux must be much better than 1%, both at the input
as well as at output side of the sample. Achieving such high accuracy which is often not
an easy task, especially due to large pulse-to-pulse energy fluctuations inherent to pulsed
lasers. Another potential disadvantage of direct measurement of 2PA is that, in many
cases, it requires using a relatively high chromophore concentration (21 mM). The latter

may cause difficulties due to aggregation and other inter-chromophore interactions.
027 photons

T = (30)

= 1 cm, we arrive at the transmittance change, AT =~ 0.994 or 0.6%.

In addition, because of the need to utilize relatively high photon flux (1 g

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

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

Direct techniques Indirect techniques
Advantages: Advantages:

* Direct absolute determination *  Potentially background-free
of g,py signal

e Broadly applicable to various *  Allows use of more diluted
nonlinear solution and/or lower laser

absorbers, including liquids, solids, thin power
films, etc. *  Allows distinguishing between

*  Conceptually straightforward “pure” 2PA process and

* Relatively simple and low-cost potential experimental artifacts
experimental setup. such as 1PA, ESA etc.

Disadvantages: Disadvantages:

*  Requires measurement of very *  Requires samples to be
small changes of the photon sufficiently fluorescent (or
flux typically, <1% luminescent)

*  May require highly *  Requires characterization of
concentrated samples >1 mM emission properties

*  Susceptible to nonlinear side *  Assumes that the emission
effects due to high photon flux follows Kasha'’s rule.

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

2.1.1 Two-photon excited fluorescence

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

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

The absolute 2PIF method implies accurate characterization of the excitation laser
pulse photon flux, i.e., energy (number of photons), and spatial and temporal profiles in
the entire range of excitation wavelengths. To determine the 2PA cross-section value,
one also needs to evaluate the fluorescence emission quantum yield, which, in turn, may
imply knowledge of the efficiency of the fluorescence detection system, thus turning the
2PA measurement, again, into an experimentally rather tedious task. The relative 2PIF
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method, on the other hand, may alleviate some of these complications, provided that
suitable well-characterized 2PA reference standards can be used. Indeed, by comparing
the 2PIF signals obtained for the studied chromophore (sample) to that of the reference
sample at identical excitation conditions, one may eliminate the need for accurate
characterization of the photon flux.

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

2.2 Chemical solvents and reagents

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

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

The protonation experiments used trifluoromethanesulfonic acid (Triflic) (99%) or
hydrochloric acid (HCI, 237%). Both were purchased from Sigma Aldrich.

2.3 Compounds under study

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

c151 c1-ca R' R R
c1 Ph Ph Ph Ph=
CF, Fs

c2 Ph Ph Pyrr

= R1\‘ R’ c3 Ph  Pyr Py Pyrr = /\NQ

o O NH, \R‘ c4 Pyrr Pyrr  Pyrr

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

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

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

1a

8H17

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

2.3.1 Measurement of linear absorbance spectra

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

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

2.3.3 Determination of molar extinction coefficient

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

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

Due to limited solubility, the stock solution of PDP was prepared in 50 ml of methanol
instead of 1.5 ml, as was the case for coumarin derivatives. The extinction coefficient for
compound 1a was provided by Prof. D. Gryko.
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2.3.4 Measurement of fluorescence quantum yield

To determine the fluorescence quantum yield of coumarin samples, five solutions were
prepared with different chromophore concentrations with maximum optical density
ranging from 0.02 to 0.1. Fluorescence emission quantum yields were measured relative
to the standards applying the method described in [41], using the equation:

m n 2
o =0 (2) (=), (31)

where @, is the reference standard fluorescence quantum yield, m; and the m, are
respective fitted slopes for the integrated fluorescence intensity vs. absorbance for the
five samples at different concentrations. n; and n, are the refractive indices of the
reference and sample solutions. The standards used were C153 in ethanol, ¢pem = 0.53
[42],and C151in ACN, ¢pem = 0.57 [43] and were chosen based on similarity to absorption
and fluorescence spectral profiles of the studied samples.

2.3.5 Measurement of pH
Protonation (or hydronation) is adding a proton (or hydron) to an atom, molecule, or ion,
and is extensively utilized in the current Thesis to alter the chromophore’s properties,
including its symmetry. In solution and at room temperature, protonation is usually a
rapidly equilibrating process. The rate of protonation is tied to the acidity of the
protonating species. In this work, trifluoromethanesulfonic acid (CF3SOsH) and hydrochloric
acid (HCl) are used to create an excess of hydrogen ions in the solution.

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

_ TR

K, = Al (32)

where [HA] is the concentration of the acid, and [A~]and [H*] are the concentration of
the conjugate base and the hydrogen ion. A more practical quantity is the negative
logarithm (acidity):
pK, = —logyy K,. (33)

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

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

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

2.3.6 Measurement of 1PA titration spectra

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

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

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

Our experiments aimed to determine the 2PA cross-section and the 2PA spectra, i.e., the
dependence of g,p4 on the excitation wavelength, with the highest possible accuracy
and fidelity. For this purpose, we measured separately the 2PA spectral shapes and the
2PA cross-section, following two related but slightly different procedures, as will be
described next.

2.4.1 Wavelength-tunable femtosecond laser system

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

Figure 11: Tabletop layout of the femtosecond pulse laser system (Light Conversion). A — PHAROS-
SP pump laser, B— ORPHEUS-HE optical parametric amplifier, C— LYRA second harmonic generator.

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

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

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

33



0,5

L | ‘
: ® L SH-IDL
" 11 LNy _SIGNAL L ‘ o
= 2 N, 630-1040 nm x -
= 11 i Hk L I
© ! ' \ il IDLER
=l 1 1 " = .
= - : : oy — o 1025-1400 nm
< ] SHIDLER 5 x
E ” \/htn e “, |
= 0,2 4520-630 nm b 0.: !
O I { [
o ! ! ~
e | -
& 0,1 o d
g 1 e K
12 ! 0
< . . .
0,0 ! T ! . i ; . 1 . , : :

500 600 700 800 9200 1000 1100 1200 1300 1400
Wavelength (nm)

Figure 12: Typical average laser power at the signal (SIG), idler (IDL), and second harmonic of idler
(SH-IDL) wavelength ranges.

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

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

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

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

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

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

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

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

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

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

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

Fluorescence emitted from the sample was collected at 90 degrees with respect to the
excitation beam’s propagation direction. The emission was first reflected using a flat
mirror M6 (2” square mirror) and then focused with a spherical mirror M7 (#75.0 mm,
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f=150.0 mm, protected silver, CM750-150-P01, Thorlabs) on the entrance slit of 328 mm
focal length and F/4.1 aperture spectrograph (Kymera 328i, Andor). A suitable interference
band-pass (BP) filter was used before the spectrograph to cut off scattered laser light.
Figure 15 shows the layout of the spectrograph and the fluorescence collection optics.
The spectrograph has four interchangeable diffraction gratings with different groove
counts (300 lines/mm blazed at 500 nm, 300 lines/mm blazed at 860 nm, 600 lines/mm
blazed at 500 nm, 1200 lines/mm blazed at 500 nm).

Figure 15: Andor spectrograph Kymera 328i (surrounded by a yellow dotted line). An input signal is
reflected with mirror (M9) and (M10) to the Quad-grating turret (GT), allowing for selection

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

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

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

2.4.3 LabView control software

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

2.5 Procedures for evaluating 2PA spectral shape

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

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

I. At each Azpavalue, the laser power incident on the sample was gradually
attenuated by rotating the neutral density filter wheel in ~10 steps over
an interval, 0.D. 0—1.0.
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M. At each Azpa and ND filter position, the fluorescence emission spectrum
integrated over a predetermined wavelength region {Amin, Amax} (see
Figure 43 in Appendix 5) was recorded.

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

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

Ms(Azpa)
A3pa(Azpa) = 71»1;(;:) ASpa(Azpa), (34)
where A8, ,(4,,,) is the known 2PA spectral profile of the reference, and subscripts s and
r refer to the sample and the reference, respectively.

2.6 Procedure for measuring 2PA cross-section

A separate measurement was conducted at select excitation wavelengths, A,p, to obtain
the 2PA cross-section of the sample, o;5p4(A;p4). We assume that Kasha’s rule is valid,
i.e., that the fluorescence spectrum and quantum vyield are the same for 1PEF and 2PEF
in any given sample and that the fluorescence yield is independent of the excitation
wavelength. Then, by comparing the 1PEF and 2PEF signals recorded from the same
sample, one can account for the fluorescence emission’s efficiency and fluorescence
detection's efficiency under current experimental conditions [47], [3]. The two-photon
cross-section of the sample, at the wavelength A:r4, was evaluated using the following
relation:

Ms(Azpa) MR(A1p4) CR 1-1079P(1pa)s

R
o A
MR(A2p4) Ms(A1p4) Cs 2p4(A2pa)

03pa(A2pa) = (35)

1_10_0-D-(/11PA)R’
where a&,,(1,,,) is the two-photo cross-section of the reference chromophore (in GM),
C is the chromophore concentration, 0.D. (1;p,) is the optical density of the solution in
the cuvette determined at the 1-photon excitation wavelength, A;ps. M(A;p,) is the
1PEF signal fitting parameter, and the sub-indices S and R refer to the sample under study
and the 2PA reference standard, respectively.

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

As an example, Figure 16 shows the 2PA spectral profile of 1a scaled with respect to
several gj,,measurements using four different reference standards; C153 in DMSO
(square symbols), C153 in Toluene (upside-down triangles), AF455 in THF (triangles) and
Rh6G in methanol (circles).
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Figure 16: Example of compound 1a 2PA spectra shape (blue symbols), 2PA absolute value against
reference (black symbols), C153 in DMSO (square), C153 in Tol (upside down triangle), AF455 in THF
(triangle), Rh6G in MeOH (circle).

From this data, we calculate the average cross-section o2pa (800 nm) = 37 GM with a
maximum standard deviation of 2.7 GM (~7%). It should be noted that, in general, the
0,p4 Values showed a trend where measurement performed relative to AF455 in toluene
consistently shows lower values than relative to C153 in toluene, which, in turn, is lower
than C153 in DMSOQ, thus indicating that the primary source of experimental error is likely
due to some systematic discrepancy in the absolute values of some of the reference
standards.

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

2.7.1 Decomposition of linear absorption spectra

In order to proceed toward quantitative analysis of some of the titration spectra
described below, it is much preferred to obtain the constituent spectral profiles in their
pure form rather than a superposition of different species. For this purpose, the spectra
were decomposed into constituents using a multivariate curve resolution-alternating
least squares (MCR-ALS) method [48]. The method decomposes a collection of two or
more linearly independent, spectrally overlapping species into their individual spectra,
each of which has an exclusively positive contribution (user-defined constraint). Analysis
works by iteratively optimizing some initial estimates, which in our case is made from
Ka model Equation (32). In order to elucidate the current procedure, we note that,
the pH-dependent absorbance spectra may be represented as a 2-dimensional
(20p1 x 6002) matrix, A. The primary assumption is that A can be decomposed into
three rank-one matrices, as illustrated below. Each rank-one matrix is a dyadic product
of concentration and wavelength vectors of the corresponding form:
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A=|cxa|=|c | x +|€| x +|c| x (36)

which in turn is given by the product,
A=d-C-¢€. (37)

Where d is the constant optical path length of the cuvette (1 cm), C is the (20p1 % 3)
concentration matrix representing the concentrations of three individual components,
at each pH value, and € is the (6002 x 3) corresponding molar extinction coefficient
spectra matrix. C and & can each be solved using the pseudoinverse of the other.

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

el =Cct-— (38)

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

_A. Ty+
C—E (E), (39)

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

2.7.2 Decomposition of two-photon absorption spectra

Because our initial measurement of 2PA titration did not yield absolute o,p4 values, and
because the fluorescence yield of different protonation species varied significantly, to
obtain 2PEF excitation profiles of pure forms the MCR-ALS technique was applied to the
excitation-emission matrix of each sample, consisting of excitation wavelengths and
corresponding emission wavelengths, F;(A.y, A¢rm ). Equation (35) to may be recast as:

os(A,y) = Fg:Cr-pr(Aem)
o Fg-Cs- (pS(Aem)
Where Fis the observed 2PEF signal, Cis the concentration, gis the differential quantum
efficiency over the collected emission wavelength range and oz (4.,) is a known 2PA
cross-section profile of the reference. To determine the relative spectral shape of the
sample, Equation (40) can be modified by combining terms that do not depend on the
excitation wavelength and substituting these collectively with the constant, A [3]. As the

" Or (Aex) (40)
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emission spectra are recorded simultaneously with the two-photon excitation spectrum,
F can be presented as a two-dimensional excitation-emission matrix (EEM), written as:

og(Aex) _ 05(Aex) * Cs . T(/1 ) (41)
FR(Aex) B AR Psifem

The main objective of the reference measurements is to account for variations in the
excitation pulse parameters affecting the two-photon absorption. Here the left side of
the equation consists of the measured or known terms, where Fr are not recorded as a
matrix but are instead integrated over the entire emission wavelength region of the
reference sample to get a more stable signal for comparison. On the right side, Cs is the
diagonal (3 x 3) matrix estimated from the concentration model used in the 1PA titration
measurement. Ay is the scaling factor (initially set to 1) representing the relative
reference quantum yield and the CCD detector efficiency at emission wavelengths used
for each sample-reference pair. The scaling factor is constant across each individually
collected excitation-emission matrix, but varies for different sample-reference pairs, so
after decomposition, Az was used to match excitation profiles resulting from using
different references by scaling to match overlapping excitation wavelength regions for
each sample-reference pair. Submatrices 0% (dex x 3) and @s (dem x 3) are decomposed
using the MCR-ALS technique, assuming both are larger or equal to zero. Figure 17 shows
a contour plot of an example excitation-emission matrix of a PDP sample (pH 7.2) where
the horizontal-axis is the laser excitation wavelength and on the vertical-axis is the
recorded emission wavelength, wherein the total emission intensity is corrected for the
excitation power. For comparison, the decomposed normalized emission spectra are
shown on the right side, and the normalized 2PA spectra of pure forms are shown on the
top.

FS (Aex: Aem)

43



Normalised 2PA

{nm)

s
em

850 900 950 1000

2y (M) Normalised emission
Figure 17: Excitation-emission matrix of a sample with pH 7.2, Zzeacorresponding to laser excitation
wavelengths (Aex), lighter color indicating higher intensity. Decomposed normalized emission of
three forms is shown on the right, and the normalized 2PA of three forms is shown on the top.
The excitation-emission matrix has dimensions of Aex= 260 X Aem=1024.

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

The technique mentioned above applied MCR-ALS decomposition to only a single
sample-reference pair at a time, however, an alternative method was also used to
validate the obtained spectra. Multiple samples with varying pH were compiled into a 3D
array (sample pH x Jdex X Aem), using scaling index X that unfolds dimensions of the
sample S(pH) and Aex into a single dimension. As a result, a larger 2D matrix can be
formed (X (pH, Aex) X Aem) and decomposed with a single MCR-ALS method. In other
words, essentially, multiple excitation-emission matrices were cropped and aligned to
match the emission wavelengths, creating a much larger excitation-emission matrix,
which was decomposed in a single optimization step. In this case, Az was additionally
solved during MCR-ALS optimization, initially set to 1, but allowed to vary for each
sample-reference pair. In total, there were 57 pairs, corresponding to an additional
57 Ar parameters. Finally, as this multi-sample method displayed good agreement with
the single-sample method described earlier, the excitation spectral profiles obtained
with both methods were averaged.
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3 Aim of the study

One of the most widely used applications of the 2PA phenomenon is two-photon excited
fluorescence microscopy (2PEFM). Multiphoton excitation offers several advantages
compared to standard 1-photon excitation, such as superior sample penetration depth
and improved 3D resolution [50]. Because the intrinsic fluorescence of biological tissues
and cells is generally low, one typically introduces probes, such as organic fluorophores,
to facilitate the imaging. Traditionally, efforts in developing new 2PEFM fluorophores have
been focused on obvious attributes, such as increasing the 2PA cross-section, especially at
wavelength matching the so-called tissue transparency window (4,,, = 750 —900 nm) [51],
improving the fluorescence quantum yield, higher photostability, etc.

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

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

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

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

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

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

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

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

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

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

4.1 Spectroscopic characterization of lipophilic coumarins:
Measurement of titration spectra

Figure 18 shows the linear absorption spectrum of the modified coumarin C2 (chemical
structures shown in Figure 7 on page 28) in acetonitrile upon titration with HCI.
The titration experiment was conducted to see protonation effects in 1PA spectra.
The investigation also provided knowledge about the chromophore's reaction
equilibrium and solubility. The absorption spectrum of the neutral form is marked with a
blue line. The lowest-energy transition with the peak at Aipa ~395 nm is identified as the
So ->S: transition, most likely (see below) comprising multiple overlapping vibronic
components. The second prominent future of the neutral form spectra is a shoulder at
A1pa ~ 260 nm, and the steep increase at Aipa <250 nm is due to higher-energy excited
singlet states. Also, it should be noted that, in the neutral form spectrum, there is no
vibronic progression at A1pa~270 nm characteristic of isolated phenyls.
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Figure 18: 1PA titration spectra of C2 with diluted HCl in acetonitrile. Neutral form (blue line) and
fully protonated form (red line), and intermediate curves (black line). Black arrows indicate change
upon dropwise addition of the diluted acid. The green line marks the curve where the neutral and
protonated form are in equal concentrations, and the pH value corresponds to the pK, value of 15.2
[38]. Estimated pH values derived from the amount of added acid and assuming an
organic/aqueous mixture. pH values in ACN could be obtained by applying an offset of 11.4,
assuming linearity.
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Upon gradual addition of diluted HCI, the absorbance of the neutral form decreases
while the absorbance of a new species, which we attribute to the singly protonated form,
increases. The fully protonated form is marked with a red line. The intermediate titration
curves are shown as solid black lines. The green curve marks the level of titration where
the neutral and the protonated forms are at equal concentrations, corresponding to the
pKa value for an organic/aqueous mixture (i.e. intracellular conditions) of 3.79 [38].
The pH values shown on the right are calculated based on added acid concentration,
assuming complete dissociation and an aqueous solution. Previous measurements in
acetonitrile have indicated a pKa of 15.2, indicating a solvent offset of +11.4. This large
difference in estimated pKa corresponds to the stabilization of protons in a hydrogen
bonding environment compared to an aprotic solvent.

In the protonated C2, the So -S1 maximum blue-shift to A1ra~330 nm, while the peak
molar extinction decreases from 24400 M~lcm™ in the neutral form to 15300 M-lcm™.
The pH of the fully protonated solution in ACN is estimated to be ~15.0. We also note the
absence of the shoulder at, Aip4 ~260 nm, and the appearance of a clear phenyl-like
vibronic progression around A1p4 ~270 nm. The existence of clear isosbestic points at 355,
275, and 235 nm indicates stoichiometric conversion between the neutral and singly
protonated species.

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

Quantum chemical calculations offer further useful insight of the 1PA spectra. The top
panel of Figure 19 shows the calculated purely electronic transitions, represented with
the red and blue sticks for protonated and neutral forms, respectively. The stick height
represents the transition's oscillator strength. The calculations place the So = S:
absorption of the neutral form in acetonitrile solution at Aip4 = 400 nm and with the
oscillator strength, f = 0.56. These results correlate very well with the experimental
values of Aipa = 395 nm and f = 0.47, fully validating the above assignment of the
lowest-energy band as So - Si. The calculations also reproduce well the higher-energy
region of the neutral form spectrum, showing several closely spaced energy levels at
A1pa <230 nm.
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Figure 19: Comparison of the calculated and experimentally measured 1PA spectra of C2 in
acetonitrile. Top panel: Neutral (blue) and protonated (red) absorbance spectra (solid lines);
calculated electronic transitions are represented with vertical sticks. Bottom panel: The same
absorption spectra (solid lines) compared to calculated vibronic transitions (vertical sticks) for
So = S1.and vibronic transitions convolution with a Gaussian (black dashed line).

The calculated So = Si1 transition wavelength of the protonated form, A1pa = 329 nm,
matches well the experimental value, A1r4 = 330 nm. The computed oscillator strength
values of the protonated forms are somewhat higher compared to the experimental
data, f = 0.47 and f = 0.34, respectively. The onset of the strong absorption at the blue
edge of the experimental 1PA spectrum of the protonated form coincides with the
calculated Si> excited state located at Aipa ~230 nm, followed by further strongly
absorbing states at even shorter wavelengths.

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

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

The 2PA spectra (colored circles, left vertical axis) were measured in the wavelength
range of A2pa=550—1000 nm. The wavelength of corresponding linear molar absorptivity
spectra (solid line, right vertical axis, upper horizontal axis) is scaled as Aipa = 1/2-A2pa.
Blue and red represent the neutral and fully protonated forms, respectively.
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Figure 20: 1PA (blue and red lines) and 2PA (blue and red symbols) spectra of the four lipophilic
derivatives, C1-C4, and the parent C151, in neutral acetonitrile (blue) and in acetonitrile with
~0.3 M of triflic acid (red) on the left column and in neutral (neat) n-octanol and in n-octanol with
the addition of ~0.3 M triflic acid. Black lines represent the estimated change of the permanent
dipole moment (Au) values for the neutral forms.
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Table 2 collects the measured peak 1PA and 2PA wavelengths, corresponding linear
peak extinction coefficients, and o2ra values for each coumarin sample. The calculated
1PA peak wavelengths and peak o2pa values are shown for comparison. Two important
observations are present: First, all four neutral phosphazene-modified structures display
in ACN a marked 60 — 80 nm red-shift of the So—>S1 band, compared to the parent C151.
The amount of this shift increases with the count of attached pyrrolidine groups. Similar
changes have been observed for azaphosphane modifications in other systems, implying
these groups are proficient electron donors [61]. In non-polar n-octanol, a slightly
smaller (~40 nm) red shift is observed but without noticeable dependence on the specific
phosphazene structure. The solvent polarity-dependent shifts indicate that these
chromophores possess a non-vanishing permanent electric dipole moment in the ground
electronic state. Overall, the redshift and slight increase of the oscillator strength suggest
extended conjugation compared to C151.

In acetonitrile solution, the observed redshift correlates to increasing the number of
attached pyrrolidines, while a slight enhancement of 1PA and 2PA cross-section (17 to
21 GM) is seen for the mixed-phosphazene structures. However , in neutral n-octanol,
the peak o2ra values essentially coincide for all the derivatives C1-C4, o2pa = 16 GM
independent of the substituents. This difference in behavior may be attributed to
different polarity of the solvents but could also indicate some reaction occurring
between ACN and Ph and Pyrr groups, whereas n-octanol has no such effect. A second
important observation that follows from the spectra presented in Figure 20 is that in all
neutral forms the lowest-energy 2PA peak coincides with the So—>S1 band maximum in
the corresponding 1PA spectrum (max Azpa = 2- max Aipa). Furthermore, the measured
2PA excitation profile closely follows the shape of the 1PA spectrum, especially on the
red-wavelength side of the band. From this empirical data and the fact that the
coumarins under study lack inversion symmetry, we conclude that the 2PA band
observed in the 700 — 900 nm region must also be due to the So—>S: transition.
In particular, the neutral forms of C2 in ACN have peak g2pa=19+1.5 GM at A2pa= 790 nm,
and in n-octanol, peak oga = 161+1.3 GM at Azpa = 795 nm, which both match the
corresponding 1PA peak wavelength at 395 nm and 398 nm.

The quantitative correspondence between the So - S12PA and 1PA spectral profiles
indicates that the 2PA spectrum is well described by the same Franck-Condon factors as
in the case of 1PA, as given by the first term in Equation (23). In this case, using a
two-level approximation of 2PA is well justified, and we may apply Equation (25) to
estimate the value of Au = 6 D in ACN and slightly less, Au = 5.5 D in n-octanol. The parent
C151 shows lower o2pa = 7 GM and o2ra = 9.4 GM in ACN and n-octanol, respectively.
Additionally, the permanent dipole change is also lower, Au = 5 D. These values are
shown in Figure 20 by the black line and the average value is also collected in Table 2,
along with quantum chemically calculated values.

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

Compound A1PA max, NM &, M"lcm™? 0O2pA max, GM (A2pa, NM) Ay, D (So — S1)
Exp Calc Exp Exp Calc Exp Calc
acetonitrile

C151 366 366 16400 7 (735) 8l 4.5 6.6

C1 393 396 22100 17 (785) 160! 5.8 6.5
Cc2 395 400 24400 19 (790) 1501 59 6.4

C3 399 400 23500 21 (805) 18 6.2 7.5

C4 407 406 20000 19 (820) 23 6.5 8.3
SaoL 314,270 | 309,271 | 4800,9800 |— - - 3.4,4.9
C1-PROT 330 328 14500 3 (664) 6t 3 4.8
C2-PROT 330 329 15300 3(663) 6l 3 4.8
C3-PROT 332 330 15600 4 (664) 7t 3 5.2
C4-PROT 333 331 15000 4 (664) 79 4 5.6

n-octanol

C151 383 365 17044 9.4 (775) 8t 4.9 6.3

C1 397 397 22100 16 (795) 160! 5.3 6.1

c2 398 400 22900 16 (795) 150 5.3 6

c3 397 401 21100 16 (795) 201 55 7.2

C4 398 406 20400 16 (795) 250 5.6 8
gésol'r 316, 276 308, 269 4773, 8959 - - - 3.0,4.3
C1-PROT 334 327 15000 3(685) 6 3 4.4
C2-PROT | 335 328 15600 4 (685) 6l 3 4.4
C3-PROT 336 329 15700 4 (685) 6l 4 4.7
C4-PROT | 338 329 16200 5 (695) 7 4 5.2

Next, we consider how the 1PA and 2PA spectra are affected by adding a saturating
amount of triflic acid to the solution. These spectra are shown in Figure 20 as red lines
and red symbols. The protonation causes the So - S1 1PA band of C1-C4 to shift
hypsochromically by as much as ~75 nm. At the same time, the extinction coefficient
decreases by 20 — 30%, whereas the spectrum of C151 splits into two bands at 325 nm
and 270 nm. In the 2PA cross-section spectrum, the protonation has an equally dramatic
effect. Additionally, the peak o2rain C1-C4 is reduced by almost a factor of 4 to 6. For
example, in C2 in ACN solution the peak cross-section is reduced from 19 GM to 3 GM.

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

2PA of C151 has been studied earlier in ethanol solution, however, the reported
peak values seemed to be rather inconsistent, o2p4 = 47.1 GM (754 nm) [62], 2p4 = 14.5
(694 nm) [63], and g2r4 = 88 GM (760 nm) [64], most likely due to different measuring
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techniques. Our measured values for C151 in octanol and ACN are presented in Appendix
6 and could potentially be used as future reference standards.

Another interesting feature observed in Figure 20 is that in the short wavelength
region, A1pa ~¥250 —290 nm, the protonated forms of C1-C4 show a distinct series of peaks
resembling a vibronic progression. Figure 21 expands and compares this particular
section of C2 in ACN (solid line) to the absorption spectrum of phenol in hexane, dashed
line [65]. Based on the close similarity of these two structures, we attribute the observed
features to the vibronic spectrum of individual attached phenyls in C1-C4. However,
as a similar structure is also visible in C4 in n-octanol, this effect could not be just due to

phenyls but must also include pyrrolidines. Further investigation would be needed for a
better understanding of this phenomenon.
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Figure 21: C2 in acidic ACN solvent (solid black line) compared to phenol dissolved in hexane (black
dashed line).

4.1.1 On potential causes of apparent mismatching between the spectral

profiles of 1PA and 2PA of Sp = S: transition in protonated C1-C4

A number of strongly dipolar chromophores, including several coumarins, show a close
match between the lowest electronic transition’s 2PA and 1PA spectral profiles [66].
Above, we discussed that this is indeed the case for the neutral chromophores C1-C4.
To further emphasize this finding, Figure 22 shows these profiles for neutral C2 in
acetonitrile plotted on a logarithmic scale. We see that the profiles match very closely
indeed, such that the ratio of o2ra/€1ra (dash line) remains nearly constant over more
than three orders of magnitude change of gzravalue in the 700 — 950 nm range.
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Figure 22: Comparison of 2PA and 1PA of neutral C2 in ACN, 2PA blue circles, 1PA blue line, G2p4/€1pa
ratio dash line.

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

Upon close inspection of the 2PA spectra in ACN (upper panel Figure 23), we observe
two overlapping bands, with the maxima at A2pa = 605 and 663 nm, accompanied by a
shoulder near Azpa = 705 nm. In n-octanol, the middle band appears red-shifted and
merged with the shoulder. Even though the 1PA spectrum in n-octanol also seems to
display a weak low-energy shoulder at A2pa ~720 nm (A1pa ~ 360 nm), such a feature is
practically absent in acetonitrile.

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

Our theoretical calculations of the 1PA electronic spectra (magenta bars in Figure 23)
indicate no excited state below So = S3, thus excluding the possibility of 2PA due to such
states.

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

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

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

4.1.2 Fluorescence emission quantum yield and two-photon brightness
Figure 24 shows the fluorescence emission spectra and the fluorescence excitation
profiles of the studied chromophore in acetonitrile and n-octanol solution. The emission
spectra were recorded with the excitation tuned to the maximum 1PA wavelength, as listed
in Table 3. The excitation spectra were collected at the corresponding fluorescence
emission peak wavelength. Good overlap (within 10%) between the excitation profiles
and the corresponding one-photon absorption spectra confirmed the validity of Kasha’s
rule.
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Figure 24: Normalized excitation (dashed lines) and emission spectra (solid lines) for C1 (cyan), C2
(magenta), C3 (blue) and C4 (red) in acetonitrile and n-octanol, in neutral (neat) solvent, and with
the addition of triflic acid.
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In our case, the Stokes shift constitutes as much as 80—-120 nm for the neutral forms
and 70 — 80 nm for the protonated versions and in both solvents, which is typical to
strongly dipolar chromophores such as coumarins.

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

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

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

Bopa = 03p% " Do (42)

where g,p, is the peak 2PA cross-section (in GM) and ¢, is the fluorescence quantum
yield. We measured the fluorescence emission quantum yields of C1-C4 in acetonitrile
and octanol solvents, following the procedure described in the experimental methods
section. The results are summarized in Table 3.

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

Neutral Protonated
Compound Aem ¢em | Bapa f,l;;cl;es Aem | em Bopa f;‘;cies
acetonitrile
C151 463 0.57 4 5724 411 0.02 0.06 7516
C1l 487 0.65 11 4911 411 0.02 0.07 5972
Cc2 492 0.65 12 4991 411 0.02 0.06 5972
C3 508 0.62 13 5378 412 0.04 0.16 5849
C4 519 0.54 10 5302 413 0.06 0.24 5817
n-octanol
C1 489 0.74 11.5 4739 403.5 [0.12 0.39 5157
Cc2 495 0.72 11.6 4924 412 0.09 0.32 5579
C3 506 0.71 11.4 5426 415 0.1 0.34 5666
C4 514 0.64 10.3 5670 417 0.13 0.5 5605

57



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

Protonation causes a considerable drop of the quantum yield, ¢pem = 0.09 — 0.13,
and it also reduces the o2pra, value. As a result, the two-photon brightness of the
protonated forms is reduced by a factor of 50 to 100, Bzra = 0.3 — 0.5 GM, for the
n-octanol. In the case of an ACN, this decrease is even more drastic, ¢pem = 0.02 — 0.06,
and Bzpa = 0.06 — 0.24 GM. Furthermore, the emission of the mother compound, C151,
protonated form in both solutions, was nearly completely quenched. The reason for low
fluorescence emission can be related to the very flexible NH2 group, which is attached to
the benzopyrone moiety by a single bond. Thus, it is expected that the excited dye
molecules can dissipate the excess energy very fast to the solvent bath in a non-radiative
way through the flip-flop motion of the NH2 group [43].

Even though higher B2pa values would remain desirable, coumarins relatively low two-
photon brightness is still reasonably sufficient for less demanding imaging applications,
see below.

4.1.3 Preliminary fluorescence microscopy studies

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

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

4.2.1 Photophysical properties of pyrrolopyrroles
The main objective of this Thesis is to demonstrate how protonation affects the 2PA and
2PEF characteristics of organic fluorophores depending on their intrinsic symmetry. The
coumarins described in the preceding section represent inherently non-centrosymmetric
fluorophores, where the presence or absence of attached protons does not affect the
underlying symmetry. In the following, we focus on fluorophores with nominally
inversion-symmetric structures and where the protonation formally changes the
molecular symmetry. As a representative class of such fluorophores, we chose
pyrrolopyrroles, one of the most electron-rich heterocycles among aromatic two-ring
systems [71]. The pyrrolopyrroles have previously shown high peak 2PA cross-section
values, in some cases over 1000 GM units [4]. The latter molecules also possess strong
1PA transitions in the visible wavelength region, high fluorescence yield, good stability,
etc. [72], [73], [71]. As an example of characteristic 1PA and 2PA spectroscopy of these
compounds, we first consider a novel pyrrolopyrrole 1a structure shown in Figure 9.
Figure 26 shows the linear absorption and fluorescence emission spectrum of 1a in
toluene. Compared to the parent 1,2,4,5-Tetraarylpyrrolo[3,2-b]pyrroles (TAPPs) [40],
the absorption maximum of 1a is bathochromically shifted by as much as 155 nm.
At A1pa = 450 — 550 nm, the vibronic progression of 1PA transition to the first excited
state, S1, can be seen. It is composed of a 0-0 peak at A1pa= 502 nm with a corresponding
maximum extinction coefficient value of 42500 M~tcm™, followed by a second peak,
0-1, at Azra=474 nm and a shoulder, 0-2, at A1pa™~ 440 — 455 nm. Higher-energy electronic
transitions So = Ssand So = Sacan be seen at A1pa = 408 nm and Aipa= 380 nm, with the
maximum extinction coefficient values of 20000 M™cm™ and 26800 M™cm,
respectively. The fluorescence emission spectra show a relatively small Stokes
shift, 730 cm™, along with the mirror image of the So = S: absorption with peaks,
Aemo0-0=521 nm, Aemo-1 =552 nm and a shoulder at A1pa™~ 590 — 620 nm.
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Figure 26: Pyrrolopyrrole 1a absorbance (solid line) and normalized fluorescence emission (dash
line) in toluene, along with the assigned vibronic transitions. Twelve chromophores with related
structures were studied [40].

Figure 27 shows the 2PA cross-section spectra of la in toluene (symbols, lower
horizontal scale), superimposed for comparison with the 1PA spectral profile (upper
horizontal scale) reproduced from Figure 26.
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Figure 27: 2PA cross-section spectra (symbols) of 1a in toluene presented on linear (left panel) and
logarithmic (right panel) scale. Blue lines 1PA spectral shape (blue symbols) absolute 2PA cross-
section values (black symbols) in toluene. Absolute o,p 4 values were determined in the Azpa= 780 —

850 nm range (black symbols)relative to selected reference standards [37] and the results were
averaged.

There are two most prominent two-photon transitions, both are at higher energies,
well above the lowest-energy one-photon allowed So to Si transition. A single band
with the peak 2PA cross-section of 104 GM is observable at A2pa= 690 nm, and a feature
consisting of a broad double peak with a maximum 2PA cross-section of 45 GM is
located at A2pa = 820 nm. The right panel of Figure 27 presents the So = S1vibronic 2PA
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band on a logarithmic scale. According to the Laporte rule, inversion symmetry forbids
purely electronic So—>S1 transition. Still, there is a slight shoulder observable at,
Azpa=915—1070 nm with o,p,4 ~ 2.5 GM. Possible origins of this feature will be discussed
in detail in the following section.

Quantum chemical calculations performed by Dr. Jacquemin [40] provide support for
the above spectral assignments and are collected, along with the experimental results,
in Table 4. Even though the calculated electronic So>S1, So=>S2, So—>Ss3, and So—>Ss,
transitions wavelengths are blue-shifted by as much as, ~60 nm, with the corresponding
oscillator strengths relative values are still in good agreement with the experiment.
The calculated fluorescence emission maximum, 493 nm, is also positioned at higher
energy than the experimental findings, 521 nm. A relatively large mismatch between the
computational energies compared to experimental results can be related to the
particular nature of these boron-containing systems [74], [40]. The 2PA band between
800 nm and 900 nm is most likely related to the So—>S: transition that is dark in 1PA and
gives the calculated peak 2PA cross-section of, 0,p4 =94 GM, which is approximately two
times larger than the experimental value, g,p4 = 44 GM. Since current calculations do
not account for vibrational motion of the chromophore, then due to the assumed
inversion symmetry, the theoretical o,p, for the So—>S:transition identically vanishes.

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

Transition | Arramax,nm | e M~ em™ | f | 0yps, GM (Apps,nim) Ao, M.
Exp Calc Exp Calc Exp Calc Exp Calc
So>S1 502 442 42 500 0.86 | 2.5(1004) 0 521 493
So->S, — | 352 _ 0 | 44(820) |94(704)| — —
So—>S3 408 351 20 000 0.42 42 (816) 0 — -
So—>Ss 380 322 26 800 0.26 29 (760) 0 - -

4.3 Multi-stage protonation in a novel inversion symmetric
pyrrolopyrrole

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

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

Figure 29 shows the 1PA and the fluorescence emission spectra of PDP in neutral
methanol solution (is the absorption spectra in toluene, acetone, THF, DMO and Pyridine
solvents are shown in Appendix 1). In an analogy to the la discussed above, and also
supported by quantum chemical calculations discussed below, we may assign the peaks
at A1pa= 508 nm, A1ra= 476 nm and a shoulder at A1pa~430 — 455 nm to the 0-0, 0-1, and
0-2 components of the So - Si vibronic manifold, respectively. The Fluorescence
emission spectra mirrors the 1PA with the maxima at Aem = 550 nm and at Aem= 574 nm.
The Stokes shift between the 1PA and the fluorescence peaks is 817 cm™. Compared to
al, the vibronic progression of PDP shows a slightly different intensity distribution. We
note that the peak extinction coefficient for PDP, € = 23000 M~*cm™}, is only about half
of that in 1a. In addition, PDP is showing only weakly pronounced higher-energy
transitions futures in the A1po~300 — 450 nm region.
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Figure 29: 1PA absorbance (solid line) and normalized fluorescence emission (dashed line) of PDP
in methanol solution.
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The two-photon absorption cross-section spectrum of PDP in methanol is shown in
Figure 30 appears to be nearly matching (0-1) vibronic band at 476nm in the maximum
at A2pa=954 nm, with the peak value g,p, =0.8 GM which is near twice the corresponding
1PA spectrum.

There is less such correspondence between the second feature at A2pa™~ 902 nm in the
2PA spectrum and the 0-2 band in 1PA. However, in the 0-0 transition region, the 2PA
spectrum shows again a weak but distinct shoulder at Aza ~1020 nm with the
corresponding g,p4 = 0.4 GM. At shorter wavelengths, below Azpa <820 nm, the 2PA
cross-section starts to rapidly increase.
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Figure 30: 2PA of the neutral PDP in methanol solution (symbols). 1PA (blue line) spectra shape is
shown for comparison. The same data is presented on linear scale (left panel), and on logarithmic
scale (right panel). The absolute ospa values (bold circles with error bars) were determined by
corresponding measurements performed in the Apa= 780 — 850 nm range.

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

To obtain pure spectral forms of HPDP and HPDPH, we used MCR-ALS decomposition
of the titration spectra as described in the experimental methods section, 2.7.1. Figure
32 shows the results of the decomposition, where the green and red curves correspond
to the molar extinction of the single (HPDP) and double (HPDPH) protonated forms. Two
stages of protonation bring about a progressive redshift of the lowest-energy band as
well as a redshift of the higher-energy portion of the spectrum. The 1PA maximum shifts
form Azpa= 508 nm to A1pa = 546 nm and Aipa = 569 nm for single- and double-protonated
forms, respectively. Protonation also broadens the So—>S: band slightly but without
significant change in the peak emvalue. These experimental parameters are collected in
Table 5. Additionally, PDP and HPDPH show a similar vibronic distribution of the lowest
electronic transition.
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Figure 32: Molar extinction spectra PDP (blue), HPDP (green), and HPDPH (red), all in methanol
solution, obtained by the MCR-ALS decomposition results. Contribution from three main species
was confirmed by singular value decomposition (SVD) of the absorbance matrix A. The first three
singular values form 99.3% of the total signal, with the remaining singular values appearing as a
scree [75] indicative of random noise (not shown).

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

Figure 33 (a) shows some examples of the experimentally measured 2PEF excitation
spectral profiles at different pH, for the excitation wavelength range, A2pa = 800 — 1300 nm,
covering the So — Sitransition of all the three forms. The pH values are color-coded from
2.0 to 8.2, indicated on the figure legend, together with the emission detection
wavelength, which spanned, Aem = 450 — 804 nm. A slight mismatch occurred in the raw
spectra at the degeneracy wavelength, 1030 nm, where the OPA switches between signal
and idler output modes. This technical artifact was corrected by aligning the signal and
idler sections at 1030 nm, as shown in Figure 33 (b). This allowed the general spectral
changes to be compared by rescaling the excitation profiles to match at 995 nm. Showing
that the PDP form is present for pH >7, with the maximum 2PA at, A2pa = 954 nm. Adding
diluted triflic acid causes a redshift of the maxima to A2pa ~1100 nm (pH around ~3.5),
and then a slight hypsochromic shift to A2ra ~1060 nm (pH below 2.5).

Due to the lack of isosbestic points, the same straight forwarded decomposition
technique used for the 1PA could not be applied here. We circumvented this issue by
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using the fact that each protonation form had its unique emission spectrum. For our
mixed samples, we recorded the entire emission spectrum at each excitation
wavelength. This data was composed into an excitation-emission matrix (EEM) for
further analysis, as described in section 2.7.2.
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Figure 33: 2PEF excitation spectra in methanol with decreasing pH marked with different colors.
a) selected unscaled 2PEF. b) All collected 2PEF spectra normalized at 995 nm.

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

Figure 34 shows the resulting 2PA cross-section spectra of HPDP and HPDPH in
methanol. A slight difference is noted in the 2PA profiles depending on the decomposition
method used. The final 2PA spectra were obtained by averaging these two results.
The peak 2PA wavelengths are at A2pa = 954 nm, 1086 nm, and 1066 nm for PDP,
HPDP, and HPDPH, respectively. The corresponding peak cross-section values are
o2pAa=0.81+0.05GM, 7.7 £ 0.5 GM, and 2.0 £ 0.3 GM. To obtain the absolute two-photon
cross-section values of the components contained in a mixed sample, the 1PEF and 2PEF
excitation-emission spectra were collected back-to-back and each decomposed using
MCR-ALS, according to the “single-sample” method. Decomposed 1PEF EEM signals were
used to correct for the differential quantum efficiency of sample and reference,
technique is further discussed under method section (2.7).
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Figure 34: 2PA cross-section spectra of HPDP, and HPDPH, obtained by MCR-ALS decompositions
using the single- (solid line) and multi-sample (dashed line) methods.

As a by-product of the spectral decomposition results, the fluorescence spectral
profiles of HPDP and HPDPH were also obtained and are shown in along with PDP Figure
35.
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Figure 35: Normalized fluorescence emission spectra of PDP, HPDP, and HPDPH in methanol
solution obtained from MCR-ARL decomposition of the titration data and EEM spectra. Spectra are
uncorrected for detector sensitivity.

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

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

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

In order to shed light on the spectral features of the symmetric forms, we performed
calculations (Table 5) indicating that the theoretical So = S1 purely electronic transition
is positioned at Aipa = 485 nm, A1pa = 546 nm, and Aipa = 578 nm for PDP, HPDP, and
HPDPH, respectively. These values exhibit good agreement with the experimental band
maxima, although computed values of € and o2ra are, for all forms, notably higher than
the experimental counterparts. This mismatch may indicate a systematic issue that
appears to be specific to diketopyrrolopyrroles [76]. However, the theoretically
calculated dipole moment change, Au = 4.0 Debye, still compares favorably with the
experimental finding, Au = 3.4 Debye. Table 5. also lists the calculated polarizability, a,
in the ground state and its change, A, upon excitation. These latter two values are
relatively small compared to molecular volume estimated from the sp? carbon bond
length and may originate from the molecule's axial shape. Furthermore, the calculations
associate the dominant 1PA peak band in PDP and HPDPH with the corresponding 0-0
vibronic component of the So = S: transition, while identifying no other electronic
transitions in the low energy region (Ara > 400 nm). This suggests that the multiple
absorption bands observed for PDP and HPDPH in 1PA stem from the vibronic coupling.
In the case for HPDP, significant spectral broadening characteristic of dipolar systems
prevents detailed assignment of accompanying features, even though vibronic nature is
clear already from our above discussion of Au.

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

PDP HPDP HPDPH
Parameter Expt Calct Expt Calct Expt Calct
&max, Mem™ |22900 (508) | 34600™! 23200 32500 23400(569) 31300
(A1pa, nM) 19000 (477)| (485) (546) (546) (578)
fo1 (Osc. Str.) 0.21 0.45 0.32 0.45 0.31 0.42
Ho1, D 4.80 6.81 6.10 7.20 6.09 7.17
o(So), A2 - 70.1 - 73.4 - 72.7
Ao, B - 5.9 - 7.2 - 8.0
1(So0), D - 0.01 - 23.25 - 0.41
4(S1), D - 0.01 - 18.28 - 0.35
Au, D NA 0.0 3.4 5.0 NA 0.1
O2pA - 0.1 - 9837 - 1.1
(O/;‘::;)GM 0.81(954) |0 (969) | 7.7 (1086) | 1619 (1112)| 3.1 (878) | 0% (1157)
o002, GM (Az2pa) 3 (785) 0(748) | >7 (<820) 5 (834) 6 (860) 3 (866)
003, GM (A2pa) - 34 (690) - 1357 (796) - 5522 (832)
Aem, NM 533 - 649 - 639 -

[a] For symmetric PDP the transition energies and oscillator strengths from PCM/mCAM-B3LYP
(¢=0.08, 8=0.92, u=0.15), for HPDP and for HPDPH from PCM/mCAM-B3LYP (a =0.08, 8 =0.92,
u = 0.135) calculations at 6-311G(d,p) level. [b] 1PA FWHM 0.35, 0.37 and 0.36 eV for PDP, HPDP
and HPDPH, respectively (Gaussian line shape) [c] 2PA FWHM 0.25, 0.22 and 0.27 eV for PDP, HPDP
and HPDPH, respectively.

Next, let us turn our attention to HPDP, which displays coinciding 1PA and 2PA profiles
for the So = Si1 transition. Since the 1PA shape is most likely due to Frank-Condon factors,
then we may conclude that the 2PA shape originates from similar factors in the
two-photon transition probability. Indeed, According to Equation (21) and Equation (24)
in the first approximation, the vibronic intensity distribution in both 1PA and 2PA are
determined mainly by the same Condon integral.

On the other hand, for the inversion symmetric PDP and HPDPH, vibronic transition
allowed in the 1PA, should be strictly 2PA forbidden. However, the 2PA spectra displays
a notable shoulder at, A2pa ~¥1025 nm in PDP and at A2pa~1150 nm in HPDPH, i.e., at a
wavelength that is approximately twice the corresponding 1PA 0-0 band, thus potentially
implying a mechanism that circumvents the parity.

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

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

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

2

. , GIE 0
a2pa(@) 2y |(klDprghu + (k|Q i) (ufg b+ (Au)) ., (43)
where
— 2
V=I5 REPCINET (2cos*(B) + 1). (44)

Since in inversion-symmetric molecules, Ay = 0, the first (Franck-Condon) term as
well as the last term in the Herzberg-Teller expansion are zero. Thus, in the two-level
approximation, the 2PA cross-section may be only due to the derivative term of the
permanent dipole moment change with respect to a displacement, Q. Additionally,
the magnitude of this change is scaled by the square of the overlap integral of the
displaced ground- and the excited-state vibrational wave functions, (k|Q(l-)|i).
Unfortunately, the derivative terms cannot be analytically computed for 2PA at present,
so full quantitative treatment remains outside the scope of this analysis. However,
Equation (43) does offer some approximate investigations.

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

Table 6: The calculated electronic spectral properties of PDP in MeOH and its analogs when
distorted along selected vibrational modes with various scaling factors applied to respective
displacement vectors. For Aitand o; the first value is directly computed by TD-DFT, while the value
within parentheses calculated by applying the two-level model (Equation 25) to the quantum
chemical estimates of o or Ay, respectively. The 1PA-active vibrational modes are highlighted in
gray.

Mode 14 | Mode 24

Mode 12 (by, Mode 21 (b, (ag, 198 (ag, 293

Parameter PDP 171 cm™) 267 cm™) em-) em)
+0.80@1 | +£1.20a1 | +0.8[] | +1.2[] | +0.8L! +0.8l!
30 =51 485 | 485 | 484 | 486 | 487 478 470
transition, nm
illat
f (oscillator 045 | 045 | 045 | 045 | 0.44 0.47 0.48
strength)

0.0 0.4 0.7 0.6 0.9

Ak, D 00) | (02) | 04 | (0.4) | 05 | 2000 | 0.0(00)
0.0 0.06 0.13 0.13 0.28 0.00 0.00
oxpa, GM
(0.0) (0.18) | (0.41) | (0.35) | (0.75) (0.00) (0.00)
Mode 36 (by, 432 a Mode 134 (by,
Parameter cm™) Mode 132 (by, 1624 cm™) 1637cm™)
+0.40! +0.80! +0.10! +0.20! +0.40! +0.10 +0.20!
So —>51
transition, 488 495 486 488 497 492 509
nm
f(oscillator | /) 0.40 0.45 0.44 0.43 0.44 0.43
strength)
Ap, D 0.7(0.2) | 1.3(0.3) | 0.4(0.2) | 0.7(0.4) | 1.4(0.8) | 1.6 (0.9) | 2.6(1.6)
0.02 0.07 0.04 0.15 0.62 0.85 2.39
o2pa, GM
(0.42) (1.45) (0.12) (0.48) (1.81) (2.45) (6.67)

[a] Scaling factor for displacement vectors

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

According to the Can symmetry of PDP, vibrational modes can occur as irreducible
representations ag, bg, au, and bu. Due to the significant computational cost of a full
analysis, we selected only a few representative by modes, which introduce an in-plane
asymmetric distortion, as well as ag modes, which are Franck-Condon active in 1PA.
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Modes with au symmetry were excluded as these occur perpendicular to the plane of the
molecule, and so would have a negligible effect on molecule's in-plane transitions, while
bg modes would behave analogous to ag and not break the inversion symmetry of the
molecule. While ag modes contribute to low-energy 1PA vibronic transitions by affecting
the transition dipole, they show a negligible effect on 2PA, as seen in Table 6. In contrast,
specific 1PA inactive by modes, demonstrated in Figure 39 (the average direction and
magnitude of displacements of the atoms are indicated with arrows), significantly boost
the A value of the So—>S1 transition, up to A4u = 2.6 D. Given that the calculated oscillator
strengths for different normal modes stay relatively constant, f = 0.40 — 0.48, this is
indicating possibility (at least in principle) of non-vanishing 2PA due to this type of H-T
coupling.

Mode 12 (171 cm™): Mode 21 (267 cm™):

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

Figure 40 (a) shows how the calculated change of the permanent dipole upon So = S1
transition, Au, depends on the displacement, AQ, for some selected low- and
high-frequency vibrational modes. The by modes are shown in black, while ag modes are
in red, with labels corresponding to the mode-numbers in Table 6. For all bu modes,
Au terms show a linear dependence. In contrast, for ag modes, Ay remains exactly zero,
independent of the displacement AQ.
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Figure 40: Dependence of the dipole moment change (a) and 2PA cross-section (b) on the ground
state displacement along vibrational modes, Q. Different modes are indicated with numbers, colors
denote the ay (red) or b, (black) vibrational symmetry.

Similar trends observed for og2pa (Figure 40 (b)) were calculated according to standard
tensor formalisms in Dalton, which is not currently able to incorporate full vibronic 2PA
effects, because numerical evaluation of the derivatives of second-order moments over
vibrational coordinate space which is required for calculating H-T expansion terms,
remains prohibitive for the structures with over 150 vibrational degrees of freedom like
PDP. In that respect, more advanced techniques for treating derivative terms are
currently under development [81]. Essentially, du, dAu, and vibrational overlap terms,
(k|Q(i)|L’), as they are in Equation (43), are not able to be separated from Dalton’s
composite result for vibrationally distorted structures. However, the calculated change
in Au can be used as an approximation for the H-T dAu term. From the linear dependence
in Au, one would anticipate a quadratic increase in the cross-section when distorting
along any Q-coordinate, which is observed in Figure 40 (b) for by modes. Likewise, the ag
modes, which do not change the Ay, have vanishing calculated cross-sections. Together,
these trends suggest that it is primarily the dAu/dQ term that dominates the vibronic
enhancement of 2PA through H-T coupling.
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4.3.1 Quantitative relation between 2PA spectra and pH

The results presented above indicate that pH induced symmetry breaking affects 2PA to
a much greater extent than the corresponding 1PA. A strong correlation between the
measured 2PA spectra and pH values creates opportunities to use this effect for
quantitatively optical monitoring of the pH. However, for this purpose, it is important to
determine corresponding pKa as reliably as possible. Our measured 1PA titration spectra
of PDP lead to pKa values for the first- and second protonation step, ~4.6 and ~3.2
respectively. At the same time, our quantum chemical COSMO-RS calculations [82], [83]
indicate corresponding pKa values, 5.9 and 4.2. We point out that the calculations include
regression adjustment due to other pyridines. Which were obtained by calculating the
Gibbs free energy differences (AGs) between the protonated and dissociated forms.
The latter was inserted into Eq. (27) to establish a correlation between the computed
AGs and pKa values [84], [85] of 11 differently substituted pyridines (further discussed in
theoretical section 1.1.7).

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

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

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

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

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

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

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

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

Two-photon spectroscopy as a new quantitative protonation
probe

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

The first set consists of four novel fluorophores, based on a coumarin core structure,
made lipophilic with a covalently attached phosphazene moiety. They could be
potentially used as membrane-specific ratiometric probes, combining the high
brightness of two-photon excited fluorescence with pH sensitivity. Changing the
environmental acidity using trifluoromethanesulfonic (triflic) acid leads to profound
changes in the linear fluorescence and 2PEF characteristics due to chromophores’
switching between neutral- and protonated forms. Coumarin derivatives are
characterized by measuring the two-photon absorption (2PA) spectra over the region
Azpa =550 — 1000 nm, observing 2PA cross-sections of az2pa = 10 — 20 GM, with associated
2PEF brightness of 10 — 13 GM, in neutral solutions of both acetonitrile and n-octanol.
Corresponding acidic forms each show a decrease in 2PA cross-section and brightness.
An interesting mismatch between 1PA and 2PA spectra of protonated forms is observed
and several hypotheses are investigated but a definite explanation of the origin is not
reached. In addition, 2PA high-quality spectra of the coumarin 151 in acetonitrile and
n-octanol solvents are provided.

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

Kahefotoonne neeldumisspektroskoopia kui uus
kvantitatiivne protoneerimise sond

Kahefotoonses neeldumisspektroskoopias on toimunud pidev areng, hdolmates nii
moodtmistehnikaid, aparatuuri kui ka tulemuste tdlgendamise ja m&istmise voimekust.
Niilidseks on joutud tasemele, kus selles, kiiresti arenevas valdkonnas ei tehta ainult
fundamentaalset teadust66d -kahefotoonsel neeldumisel pShinevaid praktilisi rakendusi
kasutatakse igapdevaselt naditeks elusrakkude mikroskoopias, meditsiinilistes
rakendustes, nagu fototeraapia, ning isegi kaubanduslikes 3D-printerites.

Kaesolevas vaitekirjas kasutatakse mootmisteks kauaaegse arendustdd tulemusena
KBFI mittelineaarse optika laboris valminud femtosekund laseril pGhinevat kahefotoonse
neeldumise (2PA) spektromeetrit, mis registreerib kahefotoonse neeldumise poolt
indutseeritud fluorestsentsi. Md&&tmistulemuste kalibreerimisel Iahtutakse laboris
eelnevalt suure tapsusega moddetud 2PA referentsstandarditest. Vaitekirjas kasitletakse
kahte hiljuti siinteesitud molekulide riihma. Seejuures on uurimist6d fookuses
protoneerumisest pdhjustatud muutused kahefotoonsetes neeldumisspektrites.

Esimene aineriihm koosneb neljast uudsest molekulist, mis on siinteesitud kumariin-
151 baasil. Saadud ained on kovalentselt seotud fosfaseenifragmendi t6ttu lipofiilsed ja
seetdttu voib neid potentsiaalselt kasutada raku membraanispetsiifiliste sondidena,
mille omadused véljenduvad nii kahefotoonselt ergastatud fluorestsentsi (2PEF) kdrge
heleduse kui ka tundlikkusena keskkonna happelisuse suhtes. Uuritava varvaine lahusele
trifluorometaansulfoonhappe lisamine p&hjustab markimisvadrseid muutusi Ghefotoonselt
ergastatud fluorestsentsi ja 2PEF-i omadustes kromofoori protoneerumise tottu.
Kumariini derivaatide kahefotoonsed neeldumisspektrid méddeti Azpa = 550 — 1000 nm
vahemikus, ning neutraalse vormi puhul saadud maksimaalsed 2PA ristl6iked olid
o2pa = 10 — 20 GM, nendele vastav 2PEF heledus oli 10 — 13 GM. M&6tmised teostati nii
atsetonitriili kui ka n-oktanooli keskkonnas. Happeliste vormide puhul tdheldati nii 2PA
ristldigete kui ka heleduse olulist vdhenemist. Markimisvaarne oli ka protoneeritud
vormide 1PA ja 2PA spektrikujude omavaheline erinevus. Lisaks mdddeti ja esitati
siinteesi ldhteaineks olnud kumariin-151 2PA ristldike kdrgekvaliteetsed spektrid
atsetonitriilis ja n-oktanoolis.

Too teises osas uuritakse modifitseeritud stimmeetrilisi plrrolopirroole.
Spetsiifilisemalt  keskendutakse (ihele diketopiirroloptirroolile ning uuritakse
mitmeastmelist protoneerimist. Uhekordsel protoneerimisel kaotab molekul oma
esialgse simmeetria, mille tulemusena suureneb varem Laporte valikureegliga keelatud
madalaima energiaga elektroonse lilemineku 2PA ristldige kiimme korda ning eelnevalt
erinevad 2PA ja 1PA spektraalsed kujud kattuvad. Teistkordsel protoneerimisel
siimmeetria taastub, ning mdddetud 2PA spektrid on vadga sarnased neutraalsele
vormile. Mdlema siimmeetrilise vormi puhul on margata ndérka kahefotoonset
neeldumist keelatud Ulemineku piirkonnas. Koos modtmistulemusi toetavate
kvantkeemiliste arvutustega ndidatakse, et vdikesed 2PA signaalid parinevad peamiselt
Herzberg-Telleri seostuse kaudu vibratsioonimoodidest, mis rikuvad molekulaarset
simmeetriat. Lisaks loob avastatud tugev korrelatsioon tiitrimisspektri dekompositsiooni
teel saadud astmelist protoneerimist iseloomustavate pH vaartuste ja moddetud 2PA
spektrite vahel vdimaluse kasutada optilisi mddtmisi keskkonna pH kvantitatiivse
madramise rakendustes.
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Abstract: Lipophilic fluorophores are widely implemented in
nonlinear microscopy; however, few existing membrane-
specific probes combine the high brightness of two-photon
excited fluorescence (2PEF) with pH sensitivity. Herein we
describe four novel two-photon excited fluorophores, based
on a coumarin 151 core structure, where lipophilicity is
induced by a covalently attached phosphazene moiety.
Changing the environmental acidity using trifluoromethane-
sulfonic (triflic) acid leads to profound changes in the linear
fluorescence and 2PEF characteristics, due to chromophores’
switching between neutral- and protonated forms. We

characterize this dependence by measuring the two-photon
absorption (2PA) spectra over the region 4,5, =550-1000 nm,
observing 2PA cross sections of ¢,,,=10-20 GM, with an
associated 2PEF brightness of 10-13 GM, in neutral solutions
of both acetonitrile and n-octanol. Although quantum
chemical modelling and NMR measurements show that, at
high chromophore concentrations, protonation may be
accompanied by a dimerization process, these dimers likely
do not form at the lower concentrations used in optical
spectroscopy.

J

Introduction

Advances in non-linear fluorescence excitation microscopy are
increasingly dependent on developing specialized fluorophores
to perform specific reporting, such as quantifying pH values or
monitoring other ionic species inside- or in the vicinity of cell
membranes, combined with an exemplary multiphoton bright-
ness and -photostability. While a number of pH-sensing lip-
ophilic  probes have been established for linear
photoexcitation,”? there are only a limited number of examples
that display high 2PEF-brightness.”

While 2PEF techniques offer benefits compared to linear
microscopy techniques in terms of tissue penetration depth
and three-dimensional resolution,”” one reason for the relative
scarcity of probes is that nonlinear photophysical properties are
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difficult to quantify. In pH-sensing lipophilic dyes, this pro-
nounced lack of photophysical characterization can lead to
instances where changing local environments may be misinter-
preted as changes in pH.” In order to have a probe that is
robust to such environmental effects such as solvent polarity,
hydrogen bonding, or aggregation behavior, fundamental
research of a probes 2PA cross section, absorption wavelength,
and quantum yield should be accurately determined, as well as
how these photophysical parameters are affected by local
conditions. Ideally, observed spectral changes should be
conspicuously large in accordance with pH, but minimal for all
other measured factors.

We have recently reported on the synthesis of a series of
novel fluorophores, where the high lipophilicity is achieved by
conjugating various phosphazene moieties to a coumarin 151
core, and where the solvent acidity-dependent linear absorp-
tion- and fluorescence spectral characteristics change in a
ratiometric manner upon switching between the fluorophore’s
neutral- and protonated forms.*”’ Based on one-photon photo-
metric titration measurements,® it was estimated (from pkK,
values in ACN as described in Ref.[8]) that the aqueous pK,
values of these compounds are 6.8-9.3 units while biphasic (n-
octanol/water) pK, values (see Ref.[9]) are lower, at 1.8-
5.9 units. However, one should note that biphasic pK, values
strongly depend on the used counterion as discussed in Ref. [9]
and respective values are expected to be somewhat higher in
case of CI™ replacement with SO,”". The fact that the high
lipophilicity of these systems both in protonated/deprotonated
forms is characterized by favorable partition coefficient values
in n-octanol/water and in toluene/water systems, in the range
of 5.9-6.6 and 4.0-7.3 logP units, respectively, renders these
C151-based structures suitable as membrane-specific acidity
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probes for linear fluorescence excitation microscopy.'®"? In

addition, the pH transition range of these compounds is easily
tunable by modifying the structure of the phosphazene moiety.

Here, we extend spectroscopic investigations of the above
chromophoric series into the nonlinear-optical regime of 2PA.
For this, we use broadly wavelength-tunable femtosecond laser
pulses in the range, A,,,=550-1000 nm, to quantify the 2PA
cross sections and 2PA spectra, associated 2PEF brightness as
well as emission quantum yield in acetonitrile and n-octanol
solutions of varying acidity, controlled by addition of trifluor-
omethanesulfonic (triflic) acid. We perform comprehensive
quantum chemical calculations using a time-dependent density
functional theory (TD-DFT) approach to evaluate both the
linear- and nonlinear spectroscopic parameters, such as the 1PA
and 2PA transition wavelengths, along with transition cross
sections of fluorophores in solvents represented by a polarized
continuum. By comparing the calculations with the experimen-
tal results, we are able to reveal how key photophysical
characteristics depend on different solvent/acid environments
as well as different lipophilic moieties, thus establishing, for the
first time, a quantitative structure-property relationship be-
tween the chromophores’ structure, its two-photon activity and
its potential to serve as a membrane-specific acidity probe.
Moreover, we use the fact that, in the neutral form, the 2PEF
transition energy spectral profile of the lowest-energy singlet
electronic-vibrational band follows closely that of the corre-
sponding 1PA spectral profile, which we use to determine the
change of the permanent dipole moment upon the transition
from the ground state (Au)." While the protonation enacts
similar hypsochromic shifts, both in the 1PA and 2PA spectra,
along with lowering of the permanent dipole moment change,
this also leads to a slight mismatch between the spectral
profiles. The latter observation is interpreted as a possible
indication of presence of protonated fluorophore’s dimers, and
is evaluated by measuring the NMR spectra and by quantum
chemical calculations.

Results and Discussion

Chemical structures of coumarin 151 (C151) and its 7-
phosphazene derivatives (C1, C2, C3 and C4) are shown in
Figure 1. Each compound was studied in acetonitrile (ACN) and
n-octanol solutions, under neutral (neat solvent) or acidic
conditions, where the acidity was controlled by addition of
triflic acid. The named pair of solvents are chosen to emulate
both polar as well as biphasic or lipid bilayer
environments.®'5'¢!

Figure 2 presents the 2PA cross section spectra (left vertical
axis, in units of Goeppert-Mayer, 1 GM= 10" cm*sphoton™") of
the four C151-derivatives, C1-C4, along with the parent
chromophore, measured in the wavelength range, A,,,=550-
1000 nm. Using the fluorescence excitation method,”’ 2PA was
measured at each excitation wavelength, with an evaluated
quadratic dependence of the fluorescence on incident photon
flux of 2.0+0.05. The samples were dissolved in neat
acetonitrile (blue symbols) and in acetonitrile with ~0.3 M triflic
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Figure 1. Chemical structures of parent coumarin C151 and its four
phosphazene derivatives, C1, C2, C3 and C4, studied in this work.

acid (red symbols). The corresponding linear molar absorptivity
(right outer vertical axis) in the neutral (blue line) and acidic
(red line) acetonitrile are shown for comparison, such that the
1PA wavelength (upper horizontal axis) has calibration, Apy="/>
Aspa. In the neutral acetonitrile spectra, the main absorption
band is due to the S,—S, dipole-allowed transition, and is
located for 2PA and 1PA at 740-800 nm and 370-400 nm,
respectively.

Compared to the parent C151, the phosphazene-modified
structures display a marked 60-80 nm red-shift of the 2PA peak
(30-40 nm in 1PA). Similar shifts have been observed for
phosphazene modifications in other systems."” Most impor-
tantly, the red shift is accompanied by an increase of the peak
2PA cross section by a factor of 2-3. These observations, along
with the facts that derivatization increases the peak molar
extinction coefficient by ~20-50%, and that larger absorption
red shifts are observed with increasing the number of attached
pyrrolidines, indicate that, in the neutral form, the modified
structures have an extended conjugation compared to C151.

This conclusion is corroborated by our quantum-chemically
calculated transition wavelengths, oscillator strengths and 2PA
peak cross sections, which match quantitatively with the
experimental values, as shown in Table 1. We refer to Ref. [7] for
computational details, and the calibration of the CAM-B3LYP
density functional in Ref. [18]. The spectra in Figure 2 show that,
in addition to the Sy—S; transition, which appears, with closely
matching shapes, both in 2PA and 1PA, there exists a distinct
two-photon allowed transition at 600-630 nm. The fact that this
transition is not readily identifiable with any feature in the
corresponding higher-energy portion of the 1PA spectra, aligns
well with previous observations reported for related
coumarins."”

Addition of triflic acid causes the main 1PA band to shift
hypsochromically by as much as ~75 nm, while, at the same
time, its peak extinction coefficient decreases by ~20-30%.
Note that, as will be discussed in more detail below, exact
determination of photophysical parameters for the protonated
form was complicated by an unusual mismatch of 1PA and 2PA
spectra at long wavelengths. Consequently, only estimated
values are given in Table 1. We also note that the fluorescence

© 2021 Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202103707

Apa(NM)
250 300 350 400 450 500
. — . .
— ?7c151 ol T
(% _9te g
=~ () L L
g 3°7, &
bN ~ +8 o
3+ ha
I @
n . 0
21 ~
1 g
=) @ ot 14 =
Q) 3% s
bé SRS
T W
0
_ 9421 *'g
= o 1 <
0] ¥ 6114 =
~ < 1 ()
< o
& 87 T
b 1 @
0
_ 1
= O 1=
5 T 6114 s
~ ~ - )
< 1 o
o 347 =
Sh 1 <
\_. 0
+21
s = 1.5
o n _+14 °©
~ \{ 6__ S
E < 4 o
bN 3_—7 ‘9
N F
; 0
500 600 700 800 900 1000
/”LZPA(nm)

Figure 2. Dependence of 2PA cross section (symbols) and 1PA molar
extinction (lines) on the wavelength of the parent C151 and C1-C4, in neutral
(neat) acetonitrile (blue) and in acetonitrile with ~0.3 M of triflic acid (red).
Black lines represent the molecular permanent electric dipole moment
estimated for the neutral form.

emission was considerably reduced by the protonation, and in
case of C151 the emission was nearly completely quenched,
thus complicating, in the latter case, the determination of 2PA.
Further details regarding the fluorescence behavior will be
described below. The maximum 2PA wavelength for protonated
C1-C4 also shifts by respective amount, ~150 nm, while the
peak o0,, value decreases, from 17-19 GM in the neutral
solvent, to ~3-4 GM in the acidic environment. Together, these
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trends indicate that, upon protonation, some of the conjugation
pathways are reduced. This conclusion is again confirmed by
our model calculations, which yield the protonated peak
transition wavelengths, oscillator strengths and 2PA cross
sections, in agreement with the estimated experimental values,
as collected in Table 1.

Figure 3 shows the corresponding 2PA and 1PA spectra of
C151 and C1-C4 measured in neutral and acidic n-octanol,
which is often used as a suitably approximate representation
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Figure 3. 1PA (blue and red lines) and 2PA (blue and red symbols) spectra of
the four lipophilic derivatives, C1-C4, in neutral (neat) n-octanol (blue) and in
n-octanol with the addition of triflic acid (red). Black lines are the molecular
permanent electric dipole moment estimated for the neutral form.
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Table 1. Summary of the experimental and calculated 1PA and 2PA parameters for the studied compounds in neutral- and acidic acetonitrile and n-octanol.
Compound Aspas NM &w M 'em™! Oppr GM Opn Au, D
Expt. Calc. Expt. Expt. Calc. Calc. Expt. Calc.
acetonitrile
C151 366 366 16400 7 (735) 8 2632 45 6.6
@ 393 396 22100 17 (785) 16" 5459 5.8 6.5
2 395 400 24400 19 (790) 15" 5296 5.9 6.4
a3 399 400 23500 21 (805) 18 6508 6.2 7.5
ca 407 406 20000 19 (820) 239 8403 6.5 83
C151-PROT 314,270 309, 271 4800, 9800 - - 92,131 - 34,49
C1-PROT 330 328 14500 3 (664) 6 2085 3 48
C2-PROT 330 329 15300 3 (663) 6 1901 3 48
C3-PROT 332 330 15600 4 (664) 71 2023 3 52
C4-PROT 333 331 15000 4 (664) 79 2416 4 5.6
n-octanol
C151 383 365 17044 9.4 (775) 8l 2878 49 63
@] 397 397 22100 16 (795) 16" 5557 53 6.1
(@) 398 400 22900 16 (795) 15" 5474 5.3 6.0
a 397 401 21100 16 (795) 20 6959 5.5 7.2
ca 398 406 20400 16 (795) 254 9007 5.6 8.0
C151-PROT 316, 276 308, 269 4773, 8959 - - 84,123 - 3.0,43
C1-PROT 334 327 15000 3 (685) 6 1858 3 44
C2-PROT 335 328 15600 4 (685) 6 1765 3 44
C3-PROT 336 329 15700 4 (685) 6 1914 4 47
C4-PROT 338 329 16200 5 (695) 79 2269 4 52
2PA FWHM [a] 0.282 eV; [b] 0.248 eV; [c] 0.249 eV; [d] 0.250 eV; [e] 0.336 eV; [f] 0.317 eV; and [g] 0.332 eV.

of lipid environments. Upon protonation, the 2PA maximum
blue-shifts by ~110 nm, accompanied by a decrease in the
2PA cross section, similar to that in acidic acetonitrile. Closer
comparison of the spectra in Figures 3 and 2 reveals several
additional interesting trends. Firstly, while solvation in n-
octanol red shifts the peak 2PA wavelength of C151 by
~60 nm compared to acetonitrile, the modified compounds
show much smaller environmental variation, each displaying
shifts in peak positions <25 nm. Secondly, the peak 2PA
wavelength, 4,,4=795nm (397 nm for 1PA) in neutral n-
octanol essentially coincides for C1-C4, and no longer
depends on the substituents, as was the case in acetonitrile.
Thirdly, the 1PA spectrum of the protonated C1-C4 shows, in

both solvents, in the short wavelength region, A,pp=260- Table 2. Summary of the experimental fluorescence emission wavelengths,
280 nm, features that closely resemble the vibronic progres- | €mission quantum yields and two-photon brightness values.
sion of the lowest-energy dipole-allowed transition of Compound Aemy NM Pem OpaPem™
independently-dissolved phenyl rings,*® indicating that, acetonitrile
under certain conditions, the phenyl rings may behave as if C151 463 0.57 4.0
they are excluded from the overall conjugation pattern. While g 22; g-gg 1;
in acetonitrile these features decrease in amplitude with c3 508 062 13
decreasing count of the phenyl rings attached to the c4 519 0.54 10
phosphorus atom, in n-octanol such dependence is not | €151-PROT 41 0.02 0.06
C1-PROT 411 0.02 0.07
observed. C2-PROT an 0.02 0.06
Finally, the peak 2PA cross sections of C1-C4 obtained in C3-PROT 412 0.04 0.16
neutral n-octanol have constant value, o, =16 GM, whereas | ¢4-PROT 413 0.06 024
. itril disti d d h . b n-octanol
in acetonitrile a distinct dependence on the varying sub- cl 489 0.74 115
stituents is observed. From this we surmise that, as already C2 495 0.72 116
evidenced by the pK,, solvent interaction with the phospha- Ei ;?3 gél 1:)-‘3‘
zene moieties appears to have a marked effect on the C1-PROT 4035 012 039
lipophilic fluorophore’s linear- and two-photon properties. In C2-PROT 412 0.09 0.32
addition to the main absorption band, each modified Ei’:;ﬁgl 31; gqg g'zg
compound displays a higher energy 2PA peak, ~600 nm, : ’
which also becomes more pronounced due to reduced |[al Two-photon brightness.
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spectral broadening in n-octanol compared to acetonitrile
and can be observed clearly for C3.

Figure 4 displays the one-photon excitation spectra and
one-photon excited fluorescence spectra, measured in
acetonitrile and n-octanol, for both neutral and protonated
forms. Emission spectra were excited at maximum 1PA
wavelengths listed in Table 1, while excitation spectra were
collected at corresponding fluorescence emission peak wave-
lengths listed in Table 2. Figure 4 highlights that protonation-
induced hypsochromic shift in the absorption and emission
maxima is more pronounced in n-octanol. It is interesting to
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Figure 4. Normalized excitation (solid lines) and emission spectra (dashed
lines) for C1 (cyan), C2 (magenta), C3 (blue) and C4 (red) in acetonitrile and
n-octanol. For each respective solvent, upper plots are observed for
compounds in neutral (neat) solvent, while lower plots include an addition
of triflic acid.

note that the emission spectra of compounds in acidic n-
octanol display what appears as a vibronic second peak at
~480 nm, whose relative amplitude appears to correlate with
the count of attached phenyl groups. The 480 nm emission
bands may also indicate an additional excited state deactiva-
tion pathway involving a proton transfer mechanism, as
previous studies also observed complex photophysical ki-
netics for protonated C2 after excitation in acetonitrile.”
However, if such behavior is present in acetonitrile, it is much
less obvious.

Protonation, as well as the solvent, have a profound effect
not only on the wavelength, but also on efficiency of the
fluorescence emission. The fluorescence quantum yield,
measured against emission standards of C153 in ethanol,
¢Pem=0.53," and C151, ¢,,,=0.57,%* along with correspond-
ing 2PEF brightness values, are collected in Table 2. The
values of quantum yield and 2PEF brightness for C1-C4 in the
neutral solvents are relatively high, ¢.,=0.6-0.7, and,
Oopp'Pem=10-13 GM, making them comparable to yields
observed by Luo et al.”® for similar phosphazene-modified
coumarin compounds, although this emission drops upon

Chem. Eur. J. 2022, 28, 202103707 (5 of 9)

protonation. In acetonitrile, the drop is considerable, down
10, Pom=0.02-0.06, and, 0ypp-pem=0.06-0.24 GM, while in n-
octanol the values still remain relatively high, ¢.,=0.09-
0.13, and, 0,pp'Pem=0.3-0.5 GM. Again, the effect of solvent
on the fluorescence efficiency, displayed most evidently for
C1, appears to trend along with the number of phenyl groups
attached to the phosphazene.

In the neutral environments, all systems studied show a
very close match between the 2PA and 1PA spectral profiles,
which is characteristic of strongly dipolar chromophores.?”
However, in acidic solutions, this correspondence becomes
more involved. As an example, Figure 5 displays the side-by-
side comparison of 1PA and 2PA spectra for C2 in acidic
solutions, along with computed 1PA electronic transition
wavelengths and oscillator strengths. In acetonitrile (upper
plot), two overlapping 2PA bands are observed, with the
maxima at 605 and 663 nm, accompanied by a shoulder near
705 nm. In the case of n-octanol (lower plot), the two distinct
bands are even more separated, while the shoulder is likely
already merging with the longer-wavelength component.
Even though the 1PA spectrum in n-octanol also appears to
display a low-energy shoulder, in acetonitrile such feature is
practically absent, meaning that close correspondence be-
tween the 2PA and 1PA spectral profiles does not apply here.
According to our calculations, with corresponding 1PA
electronic transitions shown as magenta bars in Figure 5,
these low-energy spectral differences cannot be assigned to
a (0,00 component of the vibronic progression of S,—S,
because the entire vibronic envelope must be placed at
notably shorter wavelengths than the red component of the
experimental spectrum.”’ Because of that, we evaluate an
alternative explanation using NMR spectroscopy along with
some further theoretical modelling, as described below.
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Figure 5. Expanded view of the experimental 1PA (line) and 2PA (red
symbols) spectra for C2 with 0.3 M triflic acid, in acetonitrile and n-octanol,
compared to calculated wavelengths and oscillator strengths (f) of electronic
transitions for the monomer (magenta) and dimer (orange) optimized
structures. Vertical bars indicate models using a polarized-continuum, while
orange lines also include an explicit hydrogen bonded n-octanol.
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Figure 6a presents the 'H NMR spectra for C1 in
acetonitrile without and with addition of triflic acid. Proto-
nation causes a substantial downfield chemical shift in the
coumarin aromatic core’s hydrogen atoms, thus directly
confirming our above empirical observations, as well as
previous theoretical analysis,”’ that the large hypsochromic
shift in the S,—S, transition is a result of the loss of
conjugation due to protonation of the nitrogen in the
phosphazene group. The fact that electron density is
significantly reduced in the ring system also suggests that
the nitrogen atom in the structure has becomes protonated
and, as a result, no longer acts as a strong electron donating
group.

A second, albeit smaller, shift was observed upon gradual
lowering of the concentration of the protonated C1, while
keeping the acidity of the solution at a constant high level.
No similar behavior was detected in neutral solutions upon
dilution (Figure 6b).

The facts that the Hg and Hg positions shift upfield at higher
concentrations, while the H; position is slightly shifted down-
field, points at formation of protonated C1 dimer
aggregates.”** Upon dilution, the dimers increasingly disso-
ciate, which results in a change in the chemical shifts, as the
equilibrium is increasingly shifting towards the monomeric
forms. In contrast, changing the concentration had no effect on
the NMR spectra in the low acidity range, where C1 stays in the
neutral form, excluding possibility of aggregate structures. This
behavior correlates with some previous self-associating exam-
ples, where similar chemical shift dynamics were detected in
dilution NMR experiments.?’?

One way to rationalize the dimer formation is to assume
that, due to partially-charged nature of the protonated
compound, the nitrogen site, near Hy and Hg experiences
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increased electron density donated from an adjacent neg-
ative site near H;. This may lead to hydrogen bonding (HB)
between two adjacent fluorophores, for which the structural
features of C1-C4 already serve as an enabling factor. To test
this hypothesis, a series of dimeric structures including
single-charged as well as double-charged C2 species with
either one or two HB contacts were analyzed theoretically,
using full geometry optimizations in both acetonitrile and n-
octanol, followed by normal mode analysis. These calcula-
tions revealed several dimeric minima, appreciably stabilized
in respect to attached monomers. The TDDFT calculations for
these so obtained dimeric structures were carried out at
PCM/B3LYP/6-311(d,p) level of theory and representative
results indicate that spectral profiles of double-charged
single HB dimers (shown for C1 in Figure 6¢, and detailed in
Table S1 in the Supporting Information) are consistent with
the measured 1PA and 2PA spectra of protonated C2.

Vertical orange bars in Figure 5 represent few calculated
lowest-energy electronic transitions of the double-charged
dimer. Both the wavelength and relative intensity of the
second and the third electronic transitions of the dimeric
structure, in acetonitrile at 337 nm and 330 nm, respectively,
would match well with the lower-energy part of the
experimental 1PA and 2PA spectra, which, while slightly red-
shifted in respect to protonated monomer, maintains high
degree of similarity with corresponding monomeric profile.
However, the distinct S,—S,; excitation of the dimer at
354 nm, unseen in 1PA due to the low oscillator strength (f=
0.003) could be a proper match for the previously unresolved
contribution for the red shoulder observed in acetonitrile at
705 nm in 2PA. This low energy transition appears much
more evident in the 2PA spectrum compared to the 1PA case,
and also seems to be enhanced in n-octanol. It is also evident
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Figure 6. Summary of NMR results for C1; (a) "H NMR spectra of a 4 mM solution of C1 in acetonitrile before and after the addition of triflic acid; (b) stacked 'H
NMR spectra of decreasing concentration for C1 before and after the addition of triflic acid, with minor chemical shifts suggesting dimerization for the
protonated molecule; (c) Example of potential structural arrangement of hydrogen-bonded dimers.
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that for the latter case, a discrete-continuum representation
of solvent environment, which includes an explicit n-octanol
molecule, substantially increases the lowest-energy oscillator
strength and provides notably better match for observed
spectral features than pure continuum model (Figure 5, lower
panel), consistent with effects of solvent-specific HB patterns
on spectral line shapes.” The solvent dependence is
consistent with an ion-pairing dimer description, as forma-
tion would be enhanced in nonpolar solvents, while polar
solvents could stabilize individual charged species. The
enhanced appearance of the dimer in 2PA relative to 1PA is
difficult to describe, as 2PA spectral intensities can be
affected by complex vibronic contributions. Our observations
appear similar to spectral shifts and 2PA cross-section
increases resulting from aggregation for other systems.*® In
such cases, dependencies have been treated with
phenomenological®” and computational®3*  models,
although in general calculating 2PA vibronic progressions
remains a challenge.

Although the tentative assignment of the red-shifted
absorption to dimer formation appears appealing at first glance,
such dimers are expected to be minor components for the
much lower concentrations used in our spectroscopic measure-
ments, compared to those used to obtain the NMR spectra. As a
consequence, any effects of dimers on the 1PA and 2PA
absorbance profiles would be expected to be negligible, and
which would then imply that some other phenomena are likely
responsible for the discrepancies we observe. The origin of
these observed spectral features remains under investigation.

As already noted, in the neutral form, the Sy—S, transition
profiles of 1PA and 2PA nearly coincide, which we utilize to
estimate the absolute value of permanent electric dipole
moment change, Au, upon the transition, following the
relation:"¥

5 he’N, N Oypy (2%11’/1)
4(1"'20052 ﬂ) 710°In10 f* 11154'8(’1”’,4)

|Ap|=

Where ¢ is the measured molar extinction coefficient, o,p, is
the peak 2PA cross section, h is the Planck constant, c is the
speed of light in vacuum, N, is the Avogadro constant, n is the
solvent index of refraction, and f is the optical field correction
factor, f=(n’+2)/3. The parameter f represents the angle
between the transition dipole moment vector (u) and Ay, which
for dipolar molecules can be approximated as 0°. This resulting
dipole moment change across the band is plotted as black lines
in Figures 2 and 3 (right inner vertical axis), and amount to ~6
Debye (D) in acetonitrile and ~5 D in n-octanol. Table 1 lists the
over-the-band averages, along with similar estimates obtained
for the protonate forms of the fluorophores. In the latter case, it
was assumed that even though, due to potential dimer
formation, we are unable to spectrally separate monomers from
the dimers, because we are calculating the ratio between the
2PA and 1PA spectra, the result should be Au value that is
representative of average over all species present in the
solution.

Chem. Eur. J. 2022, 28, 202103707 (7 of 9)

Conclusion

Two-photon excited fluorescence microscopy probes can be
used to measure of pH of biological systems with nanoscale
resolution.”) However, many probe molecules used in this
technique lack rigorous nonlinear optical characterization,
which can lead to misinterpretation of their excitation
behavior in varied environments. Here, we report on four
novel lipophilic two-photon active probes that are sensitive
to pH. We characterize their 2PA spectra, cross section and
associated brightness, and show that absorption and emis-
sion behavior for protonated and neutral states remain
distinct in diverse environments. These features make them
potentially suitable for imaging and quantifying cytosolic pH
changes near cell membranes, as well as in membranous
regions of subcellular compartments such as mitochondria,
lysosomes, endoplasmic reticulum or other complex mem-
brane systems. Imaging applications will be addressed in an
upcoming study. To further accommodate potential applica-
tions, these molecular probes may be tailored via modifica-
tions of the phosphazene substituent groups or coumarin
motif, which have been shown to affect the pKa'® or 2PEF
brightness,'?? respectively.

Experimental Section

Synthesis of coumarin derivatives were reported previously by
Selberg etal,” while spectroscopic sample preparation and
techniques are detailed in Rammo etal.” Briefly, for optical
measurements, samples were dissolved in solutions of acetonitrile
(>99.9%, HPLC grade, Rathburn chemicals) or n-octanol (>99.9%,
HPLC grade, Honeywell) were prepared by dissolving a small
amount of C1-C4, such that the absorption through a 1x1cm
cuvette was 0.1 OD for 1PA and fluorescence measurements or a
1 mm cuvette was 0.1 OD for 2PA measurements, using instrumen-
tation described in Ref. [7].

Experimental methods for NMR measurements: All the spectra
were collected in acetonitrile-d; (CD;CN) at 293.15 K, using a QCl
CryoProbe on a Bruker AVANCE Ill 800 MHz spectrometer. The
samples were thoroughly shaken before the measurements using a
Vortex mixer. Measurements were comprised of 8 to 64 duplicate
scans, such that the signal to noise ratio was greater than 250 for
the recorded spectra.A relaxation delay of 5s was used. The
acquisition time was set to 2.4 s. The spectra were processed in
MestreNova and zero filled to 128k points to follow the chemical
shift changes for the diluted samples.

Computational details: The one-photon absorption (1PA) vertical
excited state energies, oscillator strengths, and the change of the
permanent electric dipole moment (Au) upon electronic excitation
for all monomers in acetonitrile and n-octanol were obtained from
Gaussian09®* and Gaussian16°® TDDFT calculations using modified
Coulomb Attenuated Method B3LYP (CAM-B3LYP)®” functional.
Dalton2018 software suite®>** was used for all quadratic response
two-photon absorption (2PA) calculations in both solvents. The
solvent effects were treated in the framework of polarized
continuum approximation. As a prerequisite, all structures were
optimized in respective solvents using PCM/B3LYP“**"/6-
311G(d,p)""" method and the lack of imaginary frequencies in
harmonic vibrational spectra was confirmed in each case. The
resulting lowest energy conformers were selected for the calcu-
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lation of optical properties. For dimeric structures of C2, the 1PA
spectral properties were obtained at TD/B3LYP level of theory and
the spectra for respective monomers were also recalculated using
the same theoretical method to maintain consistency for compar-
isons. For these calculations, the discrete-continuum approach
involving one explicit molecule of n-octanol was implemented as
well to account for the specific solvation contribution of this HBD-
capable solvent. Additional computational details are reported in
Ref. [7].
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On-off-on Control of Molecular Inversion Symmetry via Multi-stage
Protonation: Elucidating Vibronic Laporte Rule

Charles W. Stark, Matt Rammo, Aleksander Trummal, Merle Uudsemaa, Juri Pahapill,
Meelis-Mait Sildoja, Sofja Tshepelevitsh, Ivo Leito, David C. Young, Bartosz Szymanski,
Olena Vakuliuk, Daniel T. Gryko,* and Aleksander Rebane*

Abstract: The Laporte rule dictates that one- and two-
photon absorption spectra of inversion-symmetric mole-
cules should display alternatively forbidden electronic
transitions; however, for organic fluorophores, drawing
clear distinction between the symmetric- and non-
inversion symmetric two-photon spectra is often ob-
scured due to prevalent vibronic interactions. We take
advantage of consecutive single- and double-protonation
to break and then reconstitute inversion symmetry in a
nominally symmetric diketopyrrolopyrrole, causing large
changes in two-photon absorption. By performing de-
tailed one- and two-photon titration experiments, with
supporting quantum-chemical model calculations, we
explain how certain low-frequency vibrational modes
may lead to apparent deviations from the strict Laporte
rule. As a result, the system may be indeed considered
as an on-off-on inversion symmetry switch, opening new
avenues for two-photon sensing applications. )

Inversion-symmetric organic chromophores commonly fea-
ture, in the singlet manifold, alternating-parity electronic
states, where a gerade (g) or ungerade (u) parity S, ground-
state connects via one-photon allowed but two-photon
forbidden electric dipole transition to opposite-parity (u or
g) lowest-energy S, excited state.!"! Bonding of a proton may
disrupt ground-state inversion symmetry, such that the
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above exclusion, commonly called Laporte rule, no longer
applies, and two-photon absorption (2PA) efficiency of the
Sy—S; transition may drastically increase.

Monitoring 2PA variations has been suggested for study-
ing pH,”? ion sensing,*® redox reactions,” and solvent
polarity.'” However, unambiguous spectroscopic evidence
for Laporte rule controlling the 2PA remains scarce. This is,
in part, because presence of spectrally-overlapping species,
e.g. different protonation forms, makes acquiring reliable
2PA cross section spectra an arduous task; and even if such
spectra are obtained, for room temperature and condensed
phases, both linear (1PA) and 2PA transitions are often of
electronic-vibrational (vibronic) origin, making interpreta-
tion of this data debatable. To make matters worse, while
quantum-chemical calculations deliver reliable vibronic
features of 1PA spectra, predicting analogous vibronic
spectra for 2PA, especially for complex chromophores,
remains extremely challenging."!! It is therefore of signifi-
cant fundamental- and practical interest to elucidate how
attaching a proton changes vibronic 2PA of a nominally
inversion-symmetric chromophore. Moreover, if a second
proton binds at a symmetric site, then that should revive the
Laporte rule, thus shedding further light on the origin of
vibronic 2PA transitions.

Here, we synthesize a novel inversion-symmetric 3,6-bis-
(2-tert-butylpyridin-4-yl)-diketopyrrolopyrrole (PDP), which
combines a diketopyrrolopyrrole (DPP) core with two
flanking pyridyl moieties, as shown in Scheme 1. The pyridyl
substituents offer the opportunity for reversible single- and
double-protonation, while their small, <7°, dihedral angle
with the DPP core suggests a single m-conjugated system,
whereas tert-butyl groups secure suitable solubility."” The

o
NH
+Bu P 7
= =
N/ A “Bu .
PDPO ™~ O 7y N
B
u P _N
b | 7
BN g NS +Bu
Og-NH /H HPDP
By p 7
=\ —
AN
\ 7 AN o tBu
HPDPH

Scheme 1. Structure of neutral (PDP), single-protonated (HPDP) and
double-protonated (HPDPH) chromophore.
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inherent rigidity of the dyes’ backbone limits symmetry-
lowering conformations and promotes photostability in
organic solvents, while also leading to pronounced S,—S;
vibronic transitions along with efficient one- and two-photon
excited fluorescence (2PEF)."!

Figure 1 (upper panel) shows changes in the 1PA
spectrum of PDP in methanol (dark blue curve) upon
titration with triflic acid. Initially, at pH >4, one observes an
isosbestic point at A;p, =517 nm, whereas at pH <2.7, there
appear two secondary isosbestic points at A;py =555 and
434 nm. This behavior indicates presence, in addition to the
neutral form, of single-protonated (HPDP) and double-
protonated (HPDPH) forms of PDP. To isolate these
overlapping 1PA spectra, we use a multivariate curve
resolution-alternating least squares (MCR-ALS) decomposi-
tion method,'! detailed in the Supporting Information. The
resulting individual 1PA spectra are shown with solid lines
in Figure2 (1PA wavelength—upper horizontal scale).
Single-protonation red-shifts the 1PA maximum, from the
neutral PDP value at A;p,=508 nm, to 546 nm, while
double-protonation shifts the maximum even further to the
red, to 569 nm. Based on our quantum-chemical calculations
(see below), and similarity to other pyrrolopyrroles,' we
attribute the highest-intensity 1PA band in PDP and
HPDPH to the 0-0 vibronic component of the S,—S;
transition. For HPDP, the calculations show that 1PA
maximum is also due to S,—S, transition, however, signifi-
cant spectral broadening characteristic to dipolar systems

1.5
c
210
g
o
0
-}
< o5
0.0
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Figure 1. pH-dependence of 1PA (top) and 2PEF excitation (bottom)
spectra for PDP in methanol upon addition of triflic acid. The two-
photon profiles are rescaled for convenience at 995 nm (dotted line),
as raw maximum signals varied by a factor of ~40.
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Figure 2. Decomposed 1PA and 2PA spectra for all PDP forms in
methanol. 2PA cross section (circles) are shown as a function of the
excitation wavelength (lower horizontal axis), while corresponding one-
photon molar absorption (colored lines) are shown according to the
1PA wavelength (upper axis). Inset dashed black lines depict the ratio
of 2PA to T1PA spectra, while the solid black line is the change in
permanent dipole moment calculated from Equation (1).

complicates more detailed assignment of accompanying
vibronic features.

The MCR-ALS model of 1PA titration data also results
in experimental pK,y (the pK, of the protonated base) for
the first- and second-protonation steps of 4.6 and 3.2,
respectively. Comparative calculations by linear regression
of energies obtained with COSMO-RS method and pK,y
values of other pyridines!'® give pK,; values of 5.9 and 4.2,
respectively. The ~1 pH unit mismatch between the exper-
imental and theoretical values is within typical uncertainties
of computational and experimental calibrations;!'” while
both methods support a ~1.5 pH interval between the two
protonation stages.

Lower panel of Figure 1 shows results from two-photon
pH experiments, normalized to unit value at 995 nm. The

© 2022 Wiley-VCH GmbH
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2PEF excitation profiles were measured in the range, lpp =
820-1300 nm, thus encompassing the whole S,—S; transition
of all three forms, using ~150 fs duration pulses from a
6 kHz pulse rate, wavelength-tuned optical parametric
amplifier. Each spectrum was shape corrected, and absolute
2PA cross section determined, by comparison to suitable
reference standards,!"*?” discussed in the Supporting Infor-
mation. In neutral methanol solution, PDP shows 2PA
maximum at, Z,p, =954 nm. Upon addition of small amounts
of triflic acid (pH=3.5), the maximum red-shifts to
~1100 nm, whereas at lower pH <2.5, the peak undergoes a
slight hypsochromic shift to, ~ 1060 nm.

In contrast to the 1PA titration, the raw 2PEF data
shows no clear isosbestic points, likely a result of largely
varying fluorescence quantum yields and 2PA cross sections
of the simultaneously excited different forms. Nevertheless,
by applying the MCR-ALS technique to the measured
excitation-emission matrix (the latter was obtained by
recording, at each excitation wavelength, the emission
spectrum spanning, A.,=450-804 nm, using a CCD-spec-
trometer, see Supporting Information for details), the
relevant 2PA spectra and 2PA cross sections were reliably
evaluated, as shown by symbols (2PA wavelength—lower
horizontal scale) in the Figure 2. The 2PA peaks of PDP,
HPDP and HPDPH are respectively at, 4,p, =954, 1086 and
1066 nm, with corresponding peak cross section values,
0pa=0.81, 7.7 and 2.0 GM (1 GM=10""cm*s™' photon™").
To highlight where 2PA transitions match or deviate from
the corresponding 1PA transitions, we plotted in Figure 2
the 2PA vs 1PA profile ratios for all three species (black
lines in Figure 2).

In case of HPDP (middle panel), we observe that the
2PA profile follows very closely that of the 1PA, which
results in nearly constant ratio over the entire S;—S,
transition wavelength range (black line). The fact that the
ground- and excited vibronic levels appear to be contribu-
ting, on average, in the same manner to the 2PA as they do
for the 1PA, suggests that the 2PA cross section should be
adequately described by the two essential states model,
meaning that any third-level (intermediate-level) contribu-
tions may be neglected. To estimate the value of permanent
electric dipole moment change (Ay) in the S,—S, transition,
we use the relation,?"

Table 1: Spectroscopic results of PDP forms in methanol.
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where o, is the 2PA cross section (cm’sphoton ™), ¢ is the
molar extinction coefficient (M 'cm™), Ap, is the 1PA
transition wavelength (cm), c is the speed of light in vacuum
(cms™), h is the Planck constant (erg s), f=(n*+2)/3 is the
optical field correction factor, n is the solvent index of
refraction and g is the angle between the Au-vector and
direction of the transition dipole moment u-vector. Equa-
tion (1) gives the value, Au=3.4 Debye, which compares
well with our theoretically calculated value, Au=4.0 Debye,
obtained via linear and quadratic response TD-DFT using
tuned CAM-B3LYP®?! density functional and a polarized
continuum approximation of the methanol environment.
Experimental and theoretical values for 1PA and 2PA
parameters of PDP, HPDP and HPDPH are collected in
Table 1.

For PDP and HPDPH, one may be tempted to interpret
the low o, compared to HPDP, as well as the hypso-
chromically shifted maximum compared to respective 1PA,
as confirmation of Laporte rule. However, as noted already,
such approach may need to be revised, especially as it does
not fully account for the vibronic nature of the underlying
transitions. Indeed, the 2PA maxima of PDP and HPDPH
approximately match the 478 nm and 535 nm features in the
corresponding 1PA spectra, and since our calculations
indicate S; is the only electronic state in the A,p,=900-
1300 nm range, we tentatively assign these peak 2PA bands
to vibronic components of the S,—S; transition. According
to formal C,, molecular symmetry, this B, electronic
transition is 2PA forbidden, but can be allowed via
Herzberg-Teller (HT) coupling with b, or a, vibrational
modes, which match experimental frequency shifts, v=
1200-1500 cm "> However, these potential vibronic cou-
plings should be less effective in the 0-O region, where
experimental 2PA should vanish, especially in the red part
of the spectrum. In contrast, the experimental 2PA versus
1PA ratio (dotted black curves in Figure 2) remain finite for
both PDP and HPDPH in the 0-0 region, accompanied by a
modest increase towards longer wavelengths, which could be
perceived as a relaxed Laporte rule.

PDP HPDP HPDPH
Experiment
£10° M Tem™ (Aipa, nm) 22.9 (508) 22.8 (546) 23.4 (569)
O2par GM (A3p5, NM) 0.81 (954) 7.7 (1086) 2.0 (1066)
Ay, D N.A. 3.4 N.A.
Calculation
£ 10° M em ™ (Aipa, nm) 34.6 (485) 32.5 (546) 31.3 (578)
O2pa0 GM (A3p4, NM) 0 (969) 16 (1112) 0 (1157)
Ay, D 0.0 4.0 (5.0)% 0.06

[a] Permanent electric dipole moment change obtained from calculated linear electronic properties.
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In order to eliminate the possibility that these features
may result from inversion symmetry-breaking
conformations, " we have performed theoretical calcula-
tions showing that although rotation of pyridyl moieties
along the linking single-bond can lead to slightly higher
energy asymmetric conformers, the 2PA 0-0 band from such
conformations remains negligible for both PDP and
HPDPH. As an alternative mechanism, one might consider
symmetry breaking as a result of excited state bistability,?*’!
however, PDP doesn’t show the associated solvent-depend-
ent Stokes-shift (see Supporting Information for a detailed
discussion of the bistability model).

While seeking an explanation of why 2PA for PDP and
HPDPH is far from entirely suppressed in the 0-0 region, we
turn our attention to potential coupling between electronic
levels and low-energy vibrational modes, <500 cm™'. Un-
fortunately, evaluation of HT terms involve calculating
derivatives of the second-order moments over vibrational
coordinate space, for which computational methods are still
under development.”>* One approach applied previously
to dipolar molecules models molecular distortion along
select ground-state vibrational mode eigenvectors and then
calculates corresponding effective 2PA cross section.'! We
extend this non-Condon 2PA calculation to select high- and
low-frequency modes for symmetric PDP, encompassing
several b, modes, which introduce an in-plane asymmetric
distortion, as well as for a, modes, which are also Franck-
Condon active in 1PA. We omitted a, modes as they would
not lead to nonvanishing in-plane dipoles due to their out-
of-plane displacement vectors. While a, modes contribute to
low-energy 1PA vibronic transitions, they show negligible
2PA effect. In contrast, certain 1PA inactive b, modes
significantly boost the Au value, leading to the 2PA cross
sections in the range (Table S2), oypp =0.06-0.75 GM. Even
though our current model lacks desired quantitative accu-
racy, it does qualitatively reproduce our key experimental
observations, including the apparent violation of Laporte
Rule.

In conclusion, we have shown, for the first time, that
multi-stage protonation in a nominally inversion-symmetric
dye not only facilitates large changes in 2PA, but also
provides direct experimental proof of on-off-on control of
the molecular inversion symmetry. While the marked 2PA
effects may be used for molecular sensing, careful analysis
of the experimental 1PA and 2PA titration spectra, reveals
that neutral- and double-protonated forms both retain non-
vanishing 2PA in the 0-0 region, even though such
transitions should be strictly forbidden. Theoretical model
calculations clarify that this is due to non-Condon coupling
of the electronic transition to matching-symmetry low-
energy molecular vibrations, thus restoring the Laporte
rule’s canonical status. Our results also suggest that
symmetry switching of 2PA could be used in novel analytical
applications including quantitative monitoring of pH as well
as establishing reliable pK, values, or extended to elucidate
similar binding effects in more complex molecular symme-
tries, including star-shaped (octupolar) and dendritic struc-
tures.
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Introduction

Going beyond the borders: pyrrolo[3,2-b]pyrroles
with deep red emissionf

Mariusz Tasior,? Pawet Kowalczyk,® Marta Przybyt,® Matgorzata Czichy,?
Patryk Janasik, ©° Manon H. E. Bousquet, © ¢ Mieczystaw tapkowski,*®°
Matt Rammo,® Aleksander Rebane,**" Denis Jacquemin & *< and Daniel T. Gryko ® *?

A two-step route to strongly absorbing and efficiently orange to deep red fluorescent, doubly B/N-doped,
ladder-type pyrrolo[3,2-blpyrroles has been developed. We synthesize and study a series of derivatives of
these four-coordinate boron-containing, nominally quadrupolar materials, which mostly exhibit one-
photon absorption in the 500-600 nm range with the peak molar extinction coefficients reaching
150 000, and emission in the 520-670 nm range with the fluorescence quantum yields reaching 0.90.
Within the family of these ultrastable dyes even small structural changes lead to significant variations of
the photophysical properties, in some cases attributed to reversal of energy ordering of alternate-parity
excited electronic states. Effective preservation of ground-state inversion symmetry was evidenced by
very weak two-photon absorption (2PA) at excitation wavelengths corresponding to the lowest-energy,
strongly one-photon allowed purely electronic transition. w-Expanded derivatives and those possessing
electron-donating groups showed the most red-shifted absorption- and emission spectra, while
displaying remarkably high peak 2PA cross-section (o,pa) values reaching ~2400 GM at around 760 nm,
corresponding to a two-photon allowed higher-energy excited state. At the same time, derivatives
lacking m-expansion were found to have a relatively weak 2PA peak centered at ca. 800-900 nm with
the maximum aopp ~50-250 GM. Our findings are augmented by theoretical calculations performed
using TD-DFT method, which reproduce the main experimental trends, including the 2PA, in a nearly
quantitative manner. Electrochemical studies revealed that the HOMO of the new dyes is located at ca.
—5.35 eV making them relatively electron rich in spite of the presence of two B —N* dative bonds.
These dyes undergo a fully reversible first oxidation, located on the diphenylpyrrolo[3,2-blpyrrole core,
directly to the di(radical cation) stage.

pronounced effect on aromatic systems among main group
elements, due to its low Pauling electronegativity and enhanced

In recent years, boron has found new distinct roles in materials
science, being incorporated in various polycyclic aromatic
hydrocarbons (PAHs)."” It has been discovered that doping with
three-coordinate, sp”>-hybridized boron has the most
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m-conjugation resulting from its vacant p, orbital. As a conse-
quence, in such systems boron atoms can act simultaneously as
m-electron acceptors and o-electron donors. The fascinating
properties of the materials obtained in such a way (so-called B-
PAHs), such as strong fluorescence®** and enhanced charge-
transport characteristics,">"* has resulted in a wide range of
applications in optoelectronics, including materials for organic
light-emitting diodes (OLEDs)"*® circularly polarized lumi-
nescence,” organic photovoltaics (OPVs)' and organic field-
effect transistors (OFETs)">' as well as materials for elec-
trodes in lithium batteries.? Much attention has also been paid
to the B-N/O isosteres of PAHs, i.e. compounds in which two
adjacent carbons in a m-conjugated core have been replaced by
one boron and one N/O atom.**™* Of particular importance are
m-conjugated systems containing a B-N covalent bond, B« N
coordination bond* and N-B«N motif, as evidenced by
growing number of reports dealing with BN-embedded hetero-
acenes®*> and BODIPY analogues,**” mostly due to their

Chem. Sci., 2021, 12, 15935-15946 | 15935
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Fig. 1 Chemical structures of the representative dyes possessing
a B« N coordination motif.

excellent performance in OLEDs** and OPVs.**”< They were also
computed to possess inverted singlet-triplet gap.** In such
systems, the N-B-N motif not only constrains the m-conjugated
skeleton in a coplanar fashion, but also considerably lowers the
LUMO level, making the core of the dye a strong acceptor.
1,2,4,5-Tetraarylpyrrolo[3,2-b]pyrroles (TAPPs)** are aza-
analogues of well-known thieno[3,2-b]thiophenes.”” Recent
synthetic breakthroughs,* prompted their application in
research related to studying symmetry breaking in the excited
state,” solvatofluorochromism,*** direct solvent probing via H-
bonding interactions* photochromic analysis of halocarbons*
organic light emitting diodes*® resistive memory devices,*” bulk
heterojunction organic solar cells,*® dye-sensitized solar cells,*
aggregation-induced emission®® and MOFs.** Furthermore, the
very high reactivity at positions 3 and 6 of the pyrrolo[3,2-5]
pyrrole core makes them very convenient starting materials for
the construction of ladder type heterocycles. Taking advantage
of this feature, many reports have been published on the
synthesis and properties of TAPP-based PAHs,** however, there

15936 | Chem. Sci., 2021, 12, 15935-15946

View Article Online
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has only been one successful synthesis of BN-embedded TAPPs
(Fig. 1).* The resulting dyes, containing boron atoms incorpo-
rated into six-membered cycles, exhibited very high absorption
coefficients and strong fluorescence, both in solution and the
solid state, with very small Stokes shifts.

Although the combination of suitable photophysical prop-
erties have made TAPPs and fused TAPP analogues popular
chromophores for a range of applications, shifting their emis-
sion to the red region of the visible spectrum has proved diffi-
cult. We have sought to address this issue in this work. Here, we
have considered the reaction of pyrrolo[3,2-b]pyrroles bearing 2-
pyridil substituents in positions 2 and 5 (C=N bonds in N-
heteroaromatic rings are effective in coordinating with boron
moieties) with an appropriate boron source (Scheme 1). The
resultant B« N=C five membered chelate ring fuses the pyr-
rolopyrrole and pyridine substituents together and effectively
fixes the 7-conjugated framework in a coplanar fashion result-
ing in the formation of a unique chromophore, which perfectly
fits into the current intense research on BN-embedded
heteroacenes.

Results and discussion
Design and synthesis

Our approach towards new BN-embedded heterocycles capital-
izes on pyrrolo[3,2-b]pyrroles’ intrinsically high reactivity at
positions 3 and 6, and on the straightforward access to deriva-
tives bearing pyridyl substituents at positions 2 and 5
(Scheme 1). The necessary TAPPs 2a-2e were obtained in good
yields from appropriate formylpyridines and 4-octylaniline
using our optimized multicomponent condensation (see ESIt
for details).*> TAPPs 2f-2h were formed in lower, but sufficient
yields from appropriate quinoline- and isoquinoline-derived
aldehydes. We anticipated that the planar structure of BN-
embedded heterocycles would result in extensive m-stacking,
therefore long alkyl chains were installed on the N-linked aryl
substituents in order to secure good solubility of the final
products. In the next step, we planned to apply a well-known
strategy consisting of treatment of the parent pyrrolopyrrole
with BBrj; in the presence of base, however, this led to complete
decomposition of the starting material. An alternative route was
to use diarylchloroboranes, but this seemed difficult due to the
limited availability of such reagents. Fortunately, Song and co-
workers recently developed a straightforward cascade B-Cl/C-
B cross-metathesis and C-H bond borylation procedure,*
which we successfully used in the synthesis of the desired four-
coordinated boron-containing pyrrolo[3,2-b]pyrroles 1a-1h (BN-
TAPPs) (Scheme 1). According to Song's findings, in this
procedure aryltrifluoroborate reacts with SiCl, to form aryldi-
chloroborane in highly selective manner, which then reacts
with another molecule of aryltrifluoroborate to give diphenyl-
chloroborane. Subsequent pyridine directed electrophilic
aromatic borylation leads to four-coordinate triarylborane. The
yields in the last step are greatly improved when sterically
hindered organic base is applied. Importantly, this simple
procedure can be conveniently applied to starting materials
containing both pyridyl and quinolinyl substituents, and it

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthesis of four-coordinate boron-containing pyrrolo[3,2-b]pyrroles. Isolated yields are given. The overall yields (after two

steps) are given in parenthesis.

tolerates the presence of halogens in the starting materials.
Consequently, we prepared a few BN-embedded TAPPs
substituted with various halogens and submitted them to
Sonogashira or Buchwald-Hartwig cross-couplings, in order to
further expand the m-system. Although the outcomes of these
reactions were not obvious due to the presence of reactive boron
and halogen substituents, the desired compounds 1i-1l
(Schemes 2 and 3) were isolated in acceptable yields.

X-ray analysis

The molecular structure of 1a was determined by X-ray crystal-
lography. Single crystals of 1a suitable for analysis were ob-
tained at ambient temperature by slowly diffusing hexanes into
a tetrahydrofuran solution. Dye 1a crystallizes in the monoclinic
space group P2,/c, and the unit cell comprises of two molecules
(Fig. 2). The pyrrolo[3,2-b]pyrrole core adopts a perfectly planar
structure (180° N-C-C-N torsion angle) and the peripheral
pyridine rings are both twisted by 5° from this plane.

Benzene rings attached to nitrogen atoms of the pyrrolo-
pyrrole core are twisted by 59° and 61°, while phenyl substitu-
ents attached to boron atoms are twisted by 83° and 78°. The
lengths of the newly formed B-C bonds are 1.6 A, which is
a slightly shorter value than those reported for related

© 2021 The Author(s). Published by the Royal Society of Chemistry

compounds and suggests a stronger bond,*>** while the lengths
of the B-N bonds are 1.63 A, which is similar to the B-N bond
length found in analogous compounds® and BODIPY-type
molecules.® Van der Waals interactions govern the crystal
packing, with the main structural motif being the interaction of
bent C8 aliphatic chain with two phenyl substituents attached
to the boron atom adjacent to the same molecule and then with
the octylphenyl substituent attached to the nitrogen atom of the
neighboring molecule. No obvious m-stacking interactions are
observed, probably due to the orientation of phenyl substitu-
ents on the boron atom that prevents these heteroacenes with
extended 7 systems from approaching each other.

To characterize the photophysical properties of the novel dyes
we conducted a multipronged campaign. The optical properties
of TAPPs 2a-2h correspond very well to those reported earlier for
this class of dyes (see ESIf for details).*** The incorporation of
boron into the TAPPs backbone, however, brings spectacular
changes in their optical properties (Table 1 and Fig. 3). The
absorption maxima for compounds 1a-1g are bathochromically
shifted by 122-155 nm when compared to parent TAPPs. Only for
compound 1h, a somewhat lower, but still remarkable 68 nm red-
shift of the absorption maxima was observed, accompanied by an
unusual broadening of the band shape and by a low intensity
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CgHq7

4-ethynylbenzonitrile
Pd(OAc),, PPh;, Cs,CO4
DMSO, 80 °C, 95%

CgH17

bis(4-methoxyphenyl)amine
Pd(t-BusP),, NaO-t-Bu
toluene, 100 °C, 70%

CgH17

Scheme 2 Post functionalization of BN-TAPP 1c leading towards dyes
liand 1j.

band between 600 and 700 nm (see ESIt). Theoretical calcula-
tions indicate that the latter is most likely not connected to the
isolated 1h structure (see below), whereas preliminary measure-
ments did not detect formation of aggregates or other related
structures. Similarly, the emission maxima were red-shifted by
over 100 nm, with very small Stokes shifts of less than 1000 cm ™"
and large fluorescence quantum yields for most of the dyes.
These results clearly indicate a rigidifying effect of the boron
component thanks to the character of boron atoms. Noticeably,
in the case of compounds 1k and 11, in which the 7-systems were
further expanded, the barrier of 600 nm for both absorption and
emission maxima was broken, which means that these are the
first examples of pyrrolo[3,2-b]pyrrole derivatives absorbing and

15938 | Chem. Sci,, 2021, 12, 15935-15946
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4-ethynylbenzonitrile
PdCI,(ACN),, XPhos
Cs,CO,, dioxane, 90 °C
56%

CgHiz

benzene, PACIl,(ACN),, XPhos

4-ethynyl-N,N-dimethylamino-
Cs,CO;3, dioxane, 90 °C, 80%

CgHiz

NMe,

CgHiz

Scheme 3 Post functionalization of BN-TAPP 1g leading towards dyes
1k and 1L

emitting in the deep-red region. For dyes 1i, 1k and 1l, excep-
tionally high extinction coefficients were observed, exceeding
100 000 M~ " cm ™, together with large @g. This combination of
properties is particularly rare for deep red-emitting dyes due to
additional deactivation pathways by vibrational relaxation (energy
gap law). A very weak emission was detected at 670 nm for dye 1h.
The excitation spectrum however, is not consistent with the
absorption profile, which points at potential more complex
underlying photophysics to be addressed in subsequent investi-
gations. When compared to recently published, structurally
related B/N-doped p-arylenevinylene chromophores,** BN-TAPPs
absorb and emit at much longer wavelengths, with the differ-
ence being most noticeable for the derivatives bearing similar,
unsubstituted quinoline moieties (63 nm and 80 nm bath-
ochromic shift in the absorption and emission maxima, respec-
tively). p-Arylenevinylene analogues of BN-TAPPs exhibit higher
fluorescence quantum yields which are close to being quantita-
tive, although the latter compounds are characterized by much
higher molar extinction coefficients, which overall results in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Top view, (b) side view and (c) crystal packing of la as
determined from X-ray crystallography (CCDC). Hydrogen atoms were
omitted for were omitted for clarity. Distances are given in angstroms.

a similar emissive brightness for these two classes of organic
chromophores.

Photostability

Photostability tests were carried out for compounds 1a and 2a
as representative examples (Fig. 4). TAPPs, which generally
exhibit very poor stability under irradiation, acquire remarkable
photostability upon incorporation of boron, as demonstrated by
comparing the properties of 1a with common dyes, such as
BODIPY and diketopyrrolopyrroles. Even prolonged exposure to
a strong light source did not cause any noticeable changes in
the absorption spectrum of 1a.

Two-photon absorption

Two-photon absorption studies were performed using a two-
photon excited fluorescence (2PEF) method (Table 1 and
Fig. 5). Similarly to previously studied symmetric TAPPs,*3%¢
the most prominent two-photon transitions are observed at
higher energies, well above the lowest-energy one-photon
allowed S,—S; transition. The latter is only very weakly
present in the two-photon spectra, thus following the Laporte
rule for low-energy bands. At energies above the S,— S, transi-
tion, the 2PA profiles of 1a-e show similar features comprising
a double-band or vibronic progression at 800-950 nm and
a distinct peak at ca. 650-670 nm. At <600 nm there is a steep
increase of the cross section due to the near-resonance
enhancement effect, followed by onset of linear absorption at
even shorter wavelengths (not shown). When pyridine is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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replaced with quinoline (1f, 1g) and further with the addition of
diarylamino groups, these spectral features undergo a gradual
bathochromic shift. Two-photon absorption was not investi-
gated in the case of dye 1h for two main reasons: (1) the fluo-
rescence intensity is too weak for 2PEF method to be used; (2)
the perplexing photophysics of this BN-TAPP has to be delin-
eated before intrinsically more complex non-linear phenomena
will be studied. The substantial change, however, comes only
after adding strong electron-withdrawing groups at the
periphery (dyes 1j and 1k).

In such case the peak o, becomes remarkably large,
exceeding 10° GM. In the case of the dyes 1k and 11, the peak
values at 760-870 nm reach ¢, = 2500 GM and 1800 GM,
respectively, whereas strongly resonance-enhanced values at
higher energy become even larger. These values are significantly
higher than for simpler A-D-A type TAPPs.**”* An important
feature to note is that the values are higher for the case with the
peripheral diaryl-amino groups which would suggest that the
new heterocyclic core is somewhat electron-withdrawing.

First-principle studies

Time-Dependent Density Functional Theory (TD-DFT) has been
used to explore the nature of the excited-states involved in the
BN-TAPPs la-1k. The technical details are given in the ESLf
Table 2 summarizes the main results obtained by the
calculations.

Let us start our analysis by the one-photon absorption. In the
full series (except for 1h), the S, — S, transition is well separated
from the next one, and is strongly dipole allowed with oscillator
strengths ranging from 0.71 to 2.33. The §,—S; transition
undoubtedly corresponds to the observed most red-shifted
absorption band. Experimentally, this absorption band is typi-
cally composed of two peaks and a shoulder, resulting from
vibronic couplings. To ascertain this statement, we have per-
formed vibrationally resolved calculations within the FC-AH
approach® for a simplified version of dye 1f (see Fig. S4t). As
can be seen, the overall topology of both the absorption and
emission bands is reproduced confirming the vibronic nature of
these two peaks. For 1h, the three lowest excited-states are very
close according to theory (Table 1), with differences below the
TD-DFT accuracy, so that it is not possible to have a definitive
information regarding their ordering.

While one cannot compare directly computed vertical
absorption wavelengths to experimental Ajh, it is also obvious
that the trends in the series are reproduced by calculations.
Indeed, taking 1a as reference, one notices that the strongest
red-shift is obtained for 1c (theory: +17 nm, experiment: +26 nm)
in the 1a-1e series. For the six dyes showing the most red-shifted
absorption, the experimental order is 1j ~ 1i < 1f < 1g < 1l ~ 1k,
whereas theory yields: 1j < 1f < 1i ~ 1g < 11 ~ 1k.

For all investigated dyes but 1j, the second and third excited
states are very close on the energy scale, but possess vastly
different oscillator strengths, which is a consequence of the
nearly centro-symmetric nature of the investigated dyes. This
second (or third) state corresponds to the second weaker
absorption band found in the 380-420 nm region
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Table 1 Spectroscopic properties of dyes 1a-1l in toluene
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Stokes shift

Compound A% [nm]  emax M 'em '] 28 [nm]  [em Y] Dq 202 [nm] AR [nm] %R [GM]  o%ER @a [GM]

la 502 42 500 521 730 0.78% 1004 650 104 80
474 40 100 948
380 26 800 760

1b 504 52 500 520 610 0.77% 1008 660 102 80
476 44 100 952
406 18 200 812

1c 528 42 800 553 860 0.28¢ 1056 670 188 50
499 42 700 998
397 34 000 794

1d 513 48 700 533 730 0.42¢ 1026 660 176 70
484 44 600 968
392 29 200 784

1e 520 20 900 557 1280 0.28¢ 1040 640 93 25
494 25 500 988
391 34 500 782

1f 583 80 000 601 510 0.78" 1166 940 200 160
542 57 600 1084
379 27 600 758

1g 598 80 900 616 490 0.75” 1196 920 270 200
555 57 900 1110
388 29 800 776

1ih 469 84 100 —° —° —° —_ —° —_ —_

1i 566 134 000 589 690 0.927 1132 800 1400 1300
431 90 700 862
420 28 200 840

1j 563 62 900 590 810 0.757 1124 790 590 440
533 51 600 1066
424 50 500 848

1k 620 150 000 639 480 0.78° 1240 760 2500 2000
574 93 800 1148
536 37 500 1072

11 618 135 000 639 530 0.88b 1236 870 1800 1600
573 81 300 1146
534 29 600 1068

“ Determined with fluorescein in NaOH (0.01 M) as a standard. ” Determined with cresyl violet perchlorate in MeOH as a standard. ¢ Fluorescence of
dye 1h was not investigated in 2PA due to the inconsistency of the one-photon fluorescence excitation results.
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Fig. 3 Absorption (solid lines) and normalized emission (dashed lines)
of compounds 2f (blue), 1f (green) and 1k (red) measured in toluene.

experimentally (Tables 1 and 2). For dye 1a, we show density
difference plots in Fig. 6. For all three states the central pyrro-
lopyrrole unit acts as a donor group and the side pyridine rings

15940 | Chem. Sci., 2021, 12, 15935-15946

are accepting moieties. The quadrupolar CT character is,
however, not strongly marked for the lowest transition and
becomes significantly stronger in the two higher ones. As can be
seen, the nature of the state is conserved when going to 1f
(derived from quinoline), the contribution of the additional
benzene rings being trifling for the first state and remaining
limited in the two higher states. In dye 1i, the lowest excited
state is partially delocalized on the ethynyl bridges, whereas in
1j, the electron-donating amino groups play their expected role
(Fig. 7) explaining the observed redshifts.

As far as fluorescence is concerned, for only one dye of the
series, namely, 1h, the optimization of the excited-state geom-
etry led to a nearly dark state (f = 0.009), suggesting a very slow
radiative decay rate. This is consistent with the trifling emission
quantum yield measured experimentally (see Table 1). Indeed
the computational studies revealed that the lowest energy
allowed transition is markedly blue-shifted placing is energeti-
cally close to the dark state. The fact that this pair of opposite-
parity electronic states may become almost isoenergetic
corroborates the anomalous photophysical behavior of dye 1h

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photostability of 1la and 2a compared to a BODIPY (BODIPY
493/503), DPP (2,5-dioctyl-3,6-bis(3,4,5-trimethoxyphenyl)pyrrolo
[3,4-clpyrrole-1,4(2H,5H)-dione) and Alexa Fluor 555 measured using
a collimated light source from a 300 W Xe lamp.
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Fig. 5 2PA cross section spectra of la-1l in toluene (red symbols,
lower horizontal and left vertical axis); Normalized to the peak linear
absorption spectra (blue line, upper horizontal and right vertical axis) is
shown for comparison. Absolute a,pa values were measured in the
range Azpa = 780-850 nm (black symbols).

(vide infra). Apart from this specific case, one globally finds
similar substituent effects as for absorption. In Table 2, we also
report the 0-0 wavelengths that offer more physically well-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Computed vertical absorption wavelengths (in nm) for the
lowest singlet states of all compounds with the corresponding oscil-
lator strengths and 2PA cross-sections (in GM). For the lowest state, we
also report the vertical emission wavelength and the computed 0—
0 wavelength. See the experimental section for details

Compound Vert. Aaps f OTapa Vert. Aem Ao-o
la 422 0.86 0 493 463
352 0.00 94
351 0.42 0
322 0.26 0
1b 424 0.88 0 496 465
351 0.38 0
348 0.00 119
314 0.23 0
1c 439 1.03 0 514 472
367 0.00 122
362 0.43 0
336 0.34 0
1d 430 0.86 0 502 460
362 0.42 0
358 0.00 118
330 0.30 0
1e 427 0.71 0 500 472
372 0.00 74
351 0.41 0
335 0.41 0
1f 479 1.14 0 560 n.d.
384 0.00 418
379 0.39 0
317 0.29 3
1g 494 1.17 0 572 534
395 0.00 428
394 0.43 0
326 0.32 4
1h 424 1.04 0 541¢ 484
418 0.00 6
417 0.77 0
1i 489 2.33 0 572 524
386 0.52 0
373 0.01 1790
343 0.353 1
1j 469 1.43 0 552 505
410 0.00 82
378 0.57 0
346 0.50 0
334 0.00 1760
1k 518 2.11 0 599 558
405 0.57 0
400 0.00 1600
340 0.92 5
1l 516 2.26 0 597 560
406 0.01 381
395 0.61 1
358 0.00 10 900
“ Nearly dark state after optimization.
grounded comparisons with experiment,””” and more

precisely, with the crossing point between absorption and
emission. Illustratively, for 1a, 1j and 11, we compute A,_, of 463,
505, and 560 nm, respectively. These values are blue-shifted by
+0.26, 0.31, and 0.24 eV as compared to the measured values of
512, 577, and 629 nm. These errors are on the upper side of the
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S1

Sz

Ss

Fig. 6 Density difference plots for the three lowest transitions of 1a
(left) and 1f (right). From top to bottom excitation to Sy, S,, and Ss. The
crimson and blueberry lobes indicate an increase and decrease of
density upon excitation, respectively. Contour threshold: 0.001 au.

Fig.7 Density difference plots for the lowest transitions of 1i (top) and
1j (bottom). See caption of Fig. 6 for more details.

typical TD-DFT errors, which can be explained by the very
specific nature of these boron-containing systems: TD-DFT is
known to overshoot the transition energies of such states.*
We have also computed two-photon absorption cross
sections. In 1a, the experimental rather broad response around
800-900 nm is due to the S,— S, transition that is dark in one-
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Fig. 8 Cyclic voltammograms in the solution of BN-TAPP-series

compounds (1 mM) in 0.1 M BuyNBF4/DCM. Oxidation (red, black CVs),
reduction (blue, black CVs), second oxidation (green, black CVs).

photon, a typical outcome in quadrupolar dyes. Theory provides
a peak o,ps Of 94 GM, of the same order of magnitude as the
experimental response (45 GM). This response remains of the
same order of magnitude but is slightly increased in 1b, 1c, and
1d, but slightly decreased in 1e, which holds both in the
experiment and in the simulations. In 1f, the o,p, attains the
respectable value of ca. 220 GM experimentally, and it is clear
that it is again the second state that is responsible for this
response (418 GM theoretically). The situation is totally similar
in 1g. In the more extended 1i, the calculations indicate that the
2PA response comes from the S,—S; transition, which is
consistent with the experimental spectra. Again, theory gives
value that closely matches the experiment (1500 GM versus 1400
GM). In 1i, the experimental 2PA spectrum shows two bands,
one moderately active due to the second transition, and one
much more intense due to the fifth state. In 1k, the second and
third states appear at almost the same energy but have different
(pseudo) symmetry, one being active in one-photon, the other in
two-photon absorption, potentially explaining the shape of the
experimental spectra resembling a superposition between the
two phenomena. The computed response is 1600 GM for the
2PA-active transition, again with the same order of magnitude
as the experimental measurement. Eventually, the analysis is
more difficult in 11, but it appears that the second excited state
should be responsible for the shoulder in the 2PA experimental
spectrum at ca. 475 nm, whereas the fourth transition likely
yields the much more intense peaks at ca. 440 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Potential of cathodic peak (cp) and anodic peak (ap) of oxidation (ox) and reduction (red) processes of BN-TAPPs (1 mM) in 0.1 M

Bu4NBF4/DCM; values in volts vs. Fc/Fc* couple; potential sweep rate 0.05V s

-1

B B B Elea Efea
Compound Eap Eep Exy E2p Eep Eap Egp HOMO (eV) LUMO (eV)
1a 0.31 0.24 0.94 0.97 —2.40 — — —5.30 —2.84
1b 0.25 0.19 0.87 0.93 —2.48 — - —~5.26 —2.81
1c 0.42 0.28 — — —2.38 — - —5.31 —2.81
1d 0.45 0.36 1.02 1.08 —2.04 — — —5.43 -3.13
1e 0.34 0.26 0.90 - —2.30 — - —5.34 —2.98
if 0.35 0.28 0.93 0.97 —1.97 —~1.90 —2.32 —-5.35 —3.24
1g 0.41 0.34 0.92 1.01 -1.78 —0.68 —1.11 —5.35 —3.32
1h 0.11 0.05 0.74 0.81 —2.46 — - —5.12 —2.96

Electrochemical properties

BN-TAPPs 1a-1l are characterized by the presence of a reversible
redox pair of the first oxidation process (Fig. 8, red CVs, Table 3)
which according to its potential value can be tentatively attrib-
uted to the oxidation of the N,N'-diphenylpyrrolo[3,2-b]pyrrole
core. An exception is 1c¢ where partial reversibility was found,
the cause of which was further investigated during spec-
troelectrochemical measurements (vide infra). The lowest value
of the first oxidation potential in the entire BN-TAPP series (0.11
V) was recorded for the derivative 1h with isoquinoline scaf-
folds. For the remaining dyes the first oxidation occurs between
0.25 and 0.45 V which corresponds to HOMO values in the range
(—5.26 eV)-(—5.43 eV) (Table 3). Compared to structurally
analogous dyes possessing two thiophene rings BN-TAPPs are
slightly less electron-rich but they are more electron-rich than
dyes m-expanded TAPPs possessing two thiophene-S,S-dioxide
moieties.””
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The second oxidation curve is partially irreversible in all
cases (Fig. 8, green and black CVs) and shows a dual nature
more visible in differential pulse voltammetry (DPV) experi-
ments (Fig. 8, e.g. 1a and 1b - inserts). The double peak of the
second oxidation state may indicate a slight difference in
oxidation potential between both peripheral units, which was
also registered in separate processes as green and black CV
curves with the peak potential marked as FE2: and
E22, respectively. Dyes 1h and 1d possess, respectively, the
(0.74 V) and highest (1.02 V) potential of
EZ22. Trreversibility of the second oxidation does not impact on
the potential and reversibility of the first redox couple in
subsequent CV cycles after polarity reversal.

DPV measurements also show that the peak areas of the first
and second oxidation peaks are comparable, which indicates
the full oxidation of the N,N'-diphenylpyrrolo[3,2-b]pyrrole
scaffold under the potential of the first oxidation peak to
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In situ UV-Vis-NIR spectra of 1a (left) and 1c (right); differential UV-Vis-NIR absorbance (insets) in 1 mM sample solution in 0.1 M BusNBF4/

DCM within the potential of the first (red) (1a, 1c) and second (black) oxidation peaks (1a); at 0 V or the returning to 0 V (green).
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dication or di(radical cation), while the second oxidation peak is
associated with the oxidation of both the peripheral moieties.

One irreversible reduction process was registered for BN-TAPPs
la-1e bearing two pyridine moieties at (—2.40)-(—2.04 V). In the
case of dye 1f (bearing two quinoline moieties), we observed two
reduction processes, and the first was fully reversible. The values
of reduction were shifted towards positive potentials, compared
with the pyridine series.

Spectroelectrochemistry

Changes in the UV-Vis-NIR absorption spectra during polari-
zation within the first oxidation peak revealed a decrease in the
intensity of the bands at 468, 492 nm (1a) and 495 and 522 nm
(1¢)* (Fig. 9), while the shift of the absorption in the infrared
direction of the output bands of 1c indicates a decrease in the
energy of the w—7* transition due to a partial localization of the
HOMO orbital also on the pyridine rings. Polarization within
the first oxidation peak causes an increase in the bands at 530,
734 nm (1a) and 579, 773 nm (1c), characteristic for a di(radical
cationic) state, as was observed in a previous spectroelec-
trochemical study of dyes based on the pyrrolo[3,2-b]pyrrole
scaffold.”® The gradual formation of a radical cation and its
transition to di(radical cation) was not observed.

ESR spectroelectrochemical measurements were performed
for representative dyes 1a and 1c, where the reversible first
redox process is associated with the formation of a di(radical
cation) in both cases. Unpaired electrons of the di(radical
cation) of 1a are located on the N,N'-diphenylpyrrolo[3,2-b]
pyrrole core and are characterized by a low value of the g-factor
(g =2.0023). In turn, the ESR signal recorded under polarization
of the first oxidation state of 1c gives the g-factor equal 2.0050,
which may indicate the coupling of one of the electrons of the
di(radical cation) with nitrogen and/or boron atoms, as
proposed in Scheme S1.f Although the ESR signals are quite
broad in both cases, which may indicate the cleavage of the
energy levels of the unpaired electron by the nuclei coupled to
it, the hyperfine structure was not recorded.

Conclusions

In summary, we have designed, synthesized and fully charac-
terized a new family of BN-embedded heteroacenes. This was
achieved through incorporation of duel cyclopenta[c][1,2]aza-
borole moieties with a pyrrolo[3,2-b]pyrrole core in a straight-
forward two-step synthetic procedure. The B"-N" dative bond
reduces the HOMO-LUMO gap of the parent dye, which results
in a marked red-shift of absorption and emission and almost
quantitative fluorescence quantum yield. Their excellent prop-
erties, such as superb photostability, strong absorption and
intense emission in the orange to deep red region, together with
large two-photon absorption cross sections and rich electro-
chemistry, opens the door for future applications in optoelec-
tronics. Given the recent renaissance of interest in boron-doped
PAHs and their related B-N/O isosteres, this work should
inspire the future design and synthesis of pyrrolopyrrole and
related frameworks with distinctive m-expanded architectures.
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Appendix 4

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

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

H0(pn = Ln@n. (44)
Where H, is the Hamiltonian of the unperturbed molecule, ¢,,is the wavefunction of the

n energy state and the E,,is the energy of that state.
When the atom interacts with an electromagnetic field, Hamiltonian can be written

as:
A=A, +7). (45)
The interaction energy V(t) is small compared to H, and can be expressed as:
V(t) = —éuE(t). (46)

Where [ is the molecule’s electric transition dipole moment, € is the unit polarization
vector and E (t) is the oscillating electric field:

E®) = g(e‘“‘” + e!®?) = E cos wt. (47)
Based on the time-dependence perturbation theory, a molecule interacting with an
electromagnetic field can be described by a linear combination of the unperturbed
molecule eigenfunctions:
Y t) = X, cn(t) @, e~iont, (48)
where |c,, (t)|? is the probability that the electron is in state n at the time t.
The time-dependent Schrodinger equation can now be written as:

L2 9@, 1) = [Ay + YOG 0. (49)

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

1 d - . - s

=Y e ® aPe ot = > [l + VO]n® @uPe . (50)
n n

The time derivative of the first part is taken:

1« 0 . o :
7D e enPeiont = 3 U(O)en(®) pa(Pe o, (51)

Latter can be simplified by multiplying with the complex conjugate of the wavefunction
of the n energy @, (7)* and integrates over space:

ih SO gt = 5 Ve (e (6) g (Pe 0, (52
where:
En - Ek

h
The coefficients c,, (t) can be represented as the following expansion series in powers of

the interaction according to the time-dependent perturbation theory:
() = c,% + ¢, 1 (t) + ¢, 2(t) ..., (54)

Wy = Wy, — Wy, = (53)
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where ¢, is the probability amplitude of an unperturbed system, e.g., ground state g and
¢, 1 (t) the probability amplitude of 1st-order perturbation, i.e., one-photon absorption.
¢, 2(t) the probability amplitude of 2nd-order perturbation, and so on.

The second term in the series of Equation (54) corresponds to the probability
amplitude that, some later time t, after absorbing a photon whose energy is hw, the
molecule reaches the state f:

da];t(t) _Zn n() V el(wnf_w)t (55)

GO _ 1y i)t 56
—=—V,4e . (56)
The solution of this differential equation with the initial condition cfl(—OO) =0 (no

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

deqh()) 1 5 _i ¢ _ 1 ~ ¢

= Upge Mt = o i jeEeTiOma (57)
cn(t) = f —fimg€ = (eIt + elwt)e~Iomg t g, (58)
C,},l(t) — .Umge f(e —iwt + ezwt)e—z(umg t dt (59)

(60)

L) - E _ _}<ei(wmg—w)t ei(a)gm—w)t)
cm(E

57 Hmg€ - .
2h (wmg - “’) (“’gm - “))
In the brackets, the first term corresponds to absorption and the second term to
emission; here, we are interested in the first, and the second term can be disregarded.
The probability of the transition from ground state g to excited state f by absorbing
one photon with energy fiw after a time t is therefore given by:
Wfg—w 2
t
]. (61)

2
2
w—wfg
[ 2
When t — —oo function in brackets is a narrow Dirac delta function. To obtain a better

representative of the solution absorption bands normalized line shape function gy (w)
can be used where:

N sin

Pg—>f(t) |Cf (t)l ‘ufg

4h2

[g(w)dw = 1. (62)
Equation (61) takes form [86]:

wE*t .
Py =7 2| 9. (63)
The corresponding transition rate of one-photon absorption is:
g—>f (t) g—>f (t) hz :ufg | gM((I)) (64)

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

o1pa(w) = " |#fge| Iu (). (65)
As we look at molecules in a solution, the positions of particles are not fixed, and
molecules are randomly and isotropically oriented. Using a body-fixed coordinate system
following averaging can be used:

(0 ) = 22 [ 2 Nyl s do dp . (69
<|(A'“fg'e)| >=§|/‘fy| , (67)
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and the 1PA cross-section in a solution can be expressed as:

Tw

O1pa(w) = |ﬁfg|2 Iu(w). (68)

3ncegh
Probability for 2PA
Once the expression for c,'(t) has been obtained above, we can use the same
derivation to calculate the third term corresponding to the second approximation and
related to the probability that the molecule reaches the final state f after absorbing two
identical photons i.e., € are identical, with energy of Aw. That is to say, the molecule
absorbs one photon that raises it to the virtual level m - with probability |c,,*(¢)|?- and
then absorbs a second photon within time 7, = 0 to reach the final state f,
def?() 1 )
f 1 —
dt = Ezm Cm ® meel(wf w)t, (69)
def2(t)  iE? O (g )y, €)
Y
dt 4h - (a)mg — a))

_ ei(wfg—Zw)t _ eiwfgt].

[ei(wfm—w)t + ei((ufm+(u)t
(70)

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

des? iE? ho e .
cr(® — lE_zZm (,umg )(”fm )el(wfg—Zw)t‘ (71)
dt 4h (wmg—w

Integrating over time:

(72)

2 EE o Ulg©Gipnd) (org=20)c_y
Cf (t) T an? Zm (wmg—w) Wfg—20
Square of Equation (72) gives the probability, Pf(z)(t), of finding the molecule at the final
level fis:

wmg—w

Pf(z)(t) = |Cf2(t)|2 =
51 gy 2 [ oo, 2] (73)
" (“’mg_‘“) w_(;—mg
Again, to account for the broad line shape of the absorption band, we switch over to

using the normalized line shape function g,,(2w) and take the time derivative to obtain
the corresponding two-photon transition rate:

E4 sin

16h*

2

() _ 7T_E4 (Hmg-€)(Hfm-€)
Rgef(t) - 8h4 Zm (wmg_w) gM(zw) (74)
From Equation (3):
AP = 0,p4 Ny P2 Az. (75)
As there are two photons needed to excite one molecule
AD
== N,AzR?) (0). (76)

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

. ~12
o _ T w? Z (ﬁmg-e)x(ﬁfm-e)
PAT Zezpzpz [AM (0 —w)

IuCw). (77)
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Simplifications of 2PA models
When looking at centrosymmetric molecules, in most cases, the ground and final state
can be considered as gerade, and to allow 2PA transition intermediate state must be
ungerade. Using the three-level model for the centrosymmetric molecule, Equation (77)
can be simplified for the lowest energy transition, where w = 1/2wy, as:
2.4 (AL r. & AT 3|2

O2pA (a)) = n:c;)sol;hZ < (ﬁfHIE)i)AufgIE) + (ﬁzi)f;YLO{SE) >gM(2w), (78)
where L is the optical local field correction factor, this correction is used to correct
solvent effects on the external field as often the electric field acting on the molecule may
be different from the one applied. For correction, Lorentz field factor L = (n? +2)/3 is
often used [87].

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

™ w?L* (Arg-€)(Diisy-€)
n?c?ey,2h?
As molecules are randomly and isotropically oriented in the solvent, using a body-fixed
coordinate system following averaging can be used [21]:

- 3 - 5\ 12
Uiy (o A1) = 0
T (2T 270 > 512 N 512 .
fo fo fo |,ufg.e| |A,ufg.e| sin6 dé do dy,

- - - -\ |2 2(B) = 21, - 2
(g 8)(Biigg- &) = =21 i 00| (&1)

where the parameter 8 represents the angle between the transition dipole moment
vector ﬁfg and Aﬂfg. Therefore, the two-level model can be written as:

4
s (20052(B) + 1) |iigg || Mgy | gu(2).  (82)

15 n2c2g92h2

2
ozpa(w) = Y gu Qw). (79)

1
8m?

oz2pa(w) =
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Appendix 5

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

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

a) determine the number of samples (< 8) and sample names;

b) wavelength region and step size in nm;

c) amount of power attenuation points per wavelength (number of NDFW1
positions, usually 6 — 10);

d) anumber of scans per power (1 - 6).

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

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

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

g) center emission wavelength;
h) selected grating;
i) spectrometer input and output slit and slit widths.
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If sample rotator is excluded, use first sample position (0) as active position

RH6G-MeOH
DG14-MeOH
DG14-MeOH-Triflic
C€153-DMSO
DG14-THF
DG14-THF-Triflic
RuTBP-H20
RuTEP-H20

£
g1

[ Wavelengtt| FiterWhed Sampld Sequence |
1
o Weoo J2s00 Joo Jio |
6300 43000 oo 10

Figure 41: LabView control program measurement configuration window. The user can specify the
wavelength range and step to be scanned, enter the names of the samples, and specify the filter
wheel steps (power points at one wavelength).
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Figure 42: LabView Symphony CCD control window, integrated fluorescence is collected between
red, Amin, and yellow, Amex, vertical markers at the bottom graph. The user can also set the
integration time (1120 ms at the current acquisition) and amplification factor (1.0).
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Figure 43: LabView Kymera spectrograph control window. The user defines the grating to be used,
the central wavelength and the width of the input slit.

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

File Control Setup Display Trigger Measure/Mark Math Analyze Utilities Demos Help y'g/zz i Hrrd

Hz [f12 |@Tesov [

=
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=
o
o
»
5
=
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=
1]
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Figure 44: Oscilloscope display screenshot of PED detector signal waveform. The waveform is
collected from —50 us to 50 us from the laser trigger signal.

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

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

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

In some cases, the fitted slope rises well above two, as seen in Figure 45b, at
wavelengths above 900 nm. This deviation could indicate the three-photon absorption
process. Other nonlinear processes may affect the results as well. For example, a too
tightly focused laser beam can cause white light to be generated in a sample cuvette or
nearby optical elements. Another source of error might come from the long detector
response curve. The reference detector (PED or photodiode) background is collected and
subtracted right before the signal. If the previous pulse has not fully relaxed, this may
lead to an underestimation of the corrected fluorescence emission signal and effectively
gives a slope value over two. Scattered laser light might also affect results if it reaches
the fluorescence detector. The latter is more problematic in a system that uses PMT

detector, as there is no direct indication of what wavelengths contribute to the

fluorescence signal intensity.
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Figure 45: AF455 in toluene, a) slop of the linear fit over the excitation wavelength region, rise
above Azpa >900 nm is caused by three-photon absorption b) example of excitation laser power-

fluorescence intensity dependence on a log-log scale linear fit at 800 nm.
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Appendix 6
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Figure 46: C151 2PA spectra in n-octanol (dash line) and acetonitrile (solid line).
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Table 7: C151 2PA values in the 550 — 925 nm in n-octanol and acetonitrile solution.

Acetonitrile n-octanol Acetonitrile n-octanol
Wavelength, Gaon, GM Oaon, GM Wavelength, Oaon, GM Oaon, GM
nm nm
550 0.67 1.32 740 7.05 8.32
555 0.55 0.95 745 7.15 8.75
560 0.50 0.71 750 6.96 8.79
565 0.47 0.58 755 6.77 9.05
570 0.50 0.53 760 6.48 9.25
575 0.59 0.57 765 6.19 9.30
580 0.70 0.66 770 5.83 9.32
585 0.79 0.75 775 5.52 9.41
590 0.91 0.87 780 5.08 9.27
595 1.07 1.04 785 4.55 9.16
600 1.23 1.21 790 3.98 8.80
605 1.38 1.38 795 3.44 8.38
610 1.50 1.55 800 2.90 8.02
615 1.57 1.63 805 2.42 7.39
620 1.67 1.73 810 1.98 6.94
625 1.70 1.81 815 1.57 6.34
630 1.65 1.80 820 1.23 5.73
635 1.62 1.72 825 0.94 5.20
640 1.63 1.66 830 0.70 4.49
645 1.64 1.61 835 0.51 3.90
650 1.79 1.62 840 0.36 3.39
655 1.94 1.66 845 0.26 2.91
660 2.16 1.76 850 0.18 2.42
665 2.42 1.90 855 0.13 1.95
670 2.68 2.10 860 0.09 1.56
675 2.98 2.32 865 0.06 1.24
680 3.35 2.62 870 0.04 0.94
685 3.72 2.93 875 0.03 0.68
690 4.09 3.32 880 0.02 0.48
695 4.64 3.77 885 0.01 0.35
700 5.13 4.32 890 0.01 0.25
705 5.60 4.89 895 0.01 0.18
710 6.11 5.52 900 0.01 0.12
715 6.55 6.08 905 0.00 0.09
720 6.71 6.59 910 0.00 0.06
725 7.09 7.20 915 0.00 0.04
730 7.14 7.66 920 0.00 0.02
735 7.20 8.02 925 0.00 0.02
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Appendix 7

Fluorescence decay measurements

To further gain insight into the fluorescence behavior of coumarin derivative neutral and
protonated forms, TCSPC measurements were performed of nanosecond time-resolved
emission kinetics. Neutral forms of C1-C4 shoved single-exponential decay with the fitted
lifetime value, 7= 4.8 — 5.0 ns, seen in Table 8.

Table 8: Fluorescence lifetime measurement results.

Compound Aem, NM T, Ns?

C151 463 54+0.1

C1 487 48+0.1

Cc2 492 48+0.1

Cc3 508 50+0.1

ca 519 5.0+0.1
C2-PROT (triflic) 411 0.25 +0.02°

C2-PROT (HCl) 411 0-34+0.02(58)

3.7+0.3(2)

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

The decay time for the parent compound C151 in ACN, 7=5.4+ 0.1, is comparable to
the previously reported value of 5.13 ns by Nad et al. [43]. In the acidic form,
measurements only for C2 in acetonitrile were carried out, seen side-by-side with the
neutral form in Figure 47. As might be expected, the quantum yield's decrease upon
protonation also correlates to substantially faster emission decay. Compared to the
neutral form, protonated species shows non-exponential decay comprising multiple
decay constants. To achieve a satisfactory fitting of the data, continuous Lorentzian
distribution of the lifetimes, with a maximum of 0.25 ns and an FWHM duration of
0.069 ns, was used. Compared to triflic, early-time kinetics are slower with HCI, while the
latter components are shorter-lived. Decay could be modeled by using two components
provided in Table 8.
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Figure 47: Time-resolved log-emission of neutral C2 (blue line, Aexr — 260 nm, Aern — 495 nm) in
acetonitrile, fit with a black dashed line, compared to the same sample protonated with triflic acid
(red line, Aex—270 nm, Aem— 425 nm) fit with dot-dash-dot components, described by a Lorentzian
distribution for the protonated form and single decay component in the case of the neutral form.

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

Fluorometer correction function

Renewed instrumental correction function was obtained using a set of well-trusted
fluorescent reference samples: C153 in methanol, alfaNPO-MeOH, DCM-MeOH,
Perylene Cyclohexane, TPB-Cyclohexane, and Tryptophan H20 [89] and [90]. Samples
were measured and compared to the literature value to obtain the correction function
and stitched together while scaled according to the old correction function.

——OLD EmCorr
- = =NEW EmCorr

0,0 —
200 300 400 500 600 700 800

Wavelength(nm)

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

Figure 48 shows a comparison between old and new correction functions. As seen,
the most significant discrepancy occurs in the range of 450 — 550 nm. This also coincides
with the maximum fluorescence spectra of coumarins studied in this work.
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Appendix 9

Solvent dependence of C3

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

fluorescence are normalized to the maximum.

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

largest stoke shift ~130 nm.
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Figure 49: 1PA (solid lines) and fluorescence emission (dashed lines) of neutral (blue) and

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

The experimental setup used to measure coumarin samples. The principle and the
structure of the measuring apparatus (Figure 50) closely resemble the updated
measurement scheme shown in chapter 3. Exception being the fluorescence collection
part. Instead of a spectrograph and CCD camera, a photomultiplier tube (PMT) is used.
A set of lenses is used to collect as much fluorescence signal as possible. A short pass
filter is used to cut off the scattered laser light. Setup is further discussed in the Master
thesis of Katrin PetritSenko [91].
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N ! ORPHEUS-HE 1
correlator \r LYRA SHG H
INRAD 5-14A = | :I OPA 630 2600 nm :
Spectrometer : & — z E
Ocean Optics . '
H PHAROS-SP i
USE 4000 : l— 6 W, 6 kHz 190 fs H
1 1031 nm :
‘ :
H 1
pulse sync wavelength set
Oscilloscope
Keysight
~, -
3 DSO-S 404-A
Molectron q Q o
Detector ‘
Inc. P4-45

HV
Bertan, Series 225
samples SPF2
NDFW2 (v%[ o B
= ‘:‘{ ~—{ PMT
& l\ ET Enterprises
“E o124 P

Beam profiler
Thorlabs
BC 106-vis

L4

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

Laser system

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

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

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

| |

i 0SsC > RA : TEM

i 5-C . Chiller RCM
Qutput =

| PP : PS

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

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

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

1 1 1
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Figure 51: Simplified schematics of optical parametric amplifier OPA, input A, BS beam splitter, M
mirror, DM dichroic mirror, DP delay plate, NC nonlinear crystal, SH second harmonic generation
crystal, TD temporal dispersion medium, WLG white light generation substrate, C output.

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

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

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

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

kliy = | [k, (54)
l

k(l) and i(l) are presenting a single quantum number in normal mode [ at the states k
and i.
For two-photon transitions, we define the following energy values with respective
quantum numbers:
E(f,k) = Ef + E (final state),
E(m,j) =E, + E; (intermediate state),
E(g,i) = E; + E; (initial state).

1 1 o
Em - E(Eg + Ef) + E] - E(El + Ek) = Ae(glmlf) + AU("J]! k); (85)
indexes g, m, f and i, j, k represent all the electronic and vibronic numbers in respective

electronic states.
Two-photon transition dipole moment can be expressed in the following form:

C o z ﬁfk, mjﬁmj,gi (86)
Tlgt [E(m.j) — E(g,D)] — v’

Here we assume degeneracy, i.e., two absorbing photons have the same frequency v and
vibronic matrix elements ﬁfk, mj and ﬁmj, gi are given with Equation (14) in part 1.1.4.

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

(86):
ﬁfk, mjﬁmj,gi
Cep i = E :
TROTT Lan, () + 8,65 ) &

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

m,j

larger than between vibronic states, then: (A, + A,)"1 =~ AJ1(1 — i—:) and we can again
rewrite Equation (87)
C z Hfk, mj I'J’mj,gi(1 - Av(irjr k)/Ae (Tl))
kgi = .
Tleat = L 8. (n)
m,j
Now we can write vibronic transition moment matrix elements in the form presented in

Equation (18) in section 1.1.4. Where for simplicity we are looking molecules with only
two atoms and dealing with only single normal coordinate Q:

(88)

b (@) = 1, OOGKL) + [22] kI, (89)

and
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b, (@) = 1, OG0 + [22] 1),
where the indexes i k,j represents individual quantum numbers. We can further shorten
Equation (89) by writing,
g g (@) =t (ORI + py, (D(KIQL,
and (90)
o, (@) = 1, (OVG1) + w1, (DL,

Now inserting the terms into Equation (88) we get

Crregi = (91)
51 U O (OUAQUN bty O 1IN =801/
" Be(n) ’
5 (O @G + 1y, (DI + 1, @ DKL)+
ka'gi - Z Ae(n) (92)
1t Dt I QU+t (Dtg (DGIQINEIQUNI L = By (i, )/ ()

A,(n)
Discarding the figy, (1) g (1) (Taylor series first-order approximations) and then by first
summarizing over j and then m. We can apply the quantum mechanical sum rule as a
sum over j resembles a complete set of orthogonal vibrational wavefunctions, which are
the eigenfunctions of the vibrational Hamiltonians:

D KIE@UIF(@)10) = (KIF (QF,(@)10). (93)
Jj

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

D k110 = Gk, (04)
and ]

D CKINGI@ID = Y (el @)H10) = (I(@10). (95)
j j

As A,was determined in Equation (85) and contains Ej, the summation over j takes the
form

D kIGI0E = > Gl 1G1D. (96)
j J

As the elements (sm|Hj |j) are only nonzero when s,, = j and zero terms would not affect
the summation over j, we can write:

D INGIDE; = ) el sl Hyl1)G10) = (k[ ]i). (57)
J J

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

Hi=H;+V;+V, (98)
and
(k|H;|i) = (k|H; + V; + V|i) = E(kli) + (k|V; — Vii). (99)
Using the same logic, we can write:
D (el )18, = EdklQli) + (kllv; - v, (100)

J
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Z(k|j>(i|Q(i)|i)Ej = (k[H;Q|2), (1o
and ]

D (klHgleelowli) = D (klH +v; +Vle)elowly = (102

t

= D {klHole)elawli) + ) (klv; — Vileelowli) =
= Ex(k|Qqw |2} + (k|Qw (v; = VDIi)-

As (k|H(i)|t) = E;.8;; and assuming potential harmonic functions
Am?w?c?Q?  1Q? (103)
—z z
and Qjy = Qw — d(j and Quy = Qwy — day then Qe (Vi) — Vip) has @*,Q% and Q.
Here we are only looking at matrix elements in Q,

(k[0 (V; = Vi) = (t|Q(t)|i>[/1(j)(d(g)2 ~ Ao @)’ (104)
Now using predefined terms, we can finally write the two-photon transition moment:

N\ (o) Hmg (0) (E, —E)
ka,gi=<k|l)z fA (m)“" 1+—~ o +

2
E Ey —E)) — A¢p(dg;
+(k|Q(i)|i) {#fm(o)llmg(l) Il +( k i) (1)( (J))

A,(m) 2A,(m) (105)
2
N (E E) + Ago(dao)” = 2(dep) 4
2A,(m)
Km0 img (0) [A(Hd()
e S e, }

Due to the fact that summation over quantum numbers m includes vibrational energy
terms E;, E; and Ey, there is no clear separation between the vibrational and electronic
factors which determine the intensity distribution. Now if difference in vibrational
energiesi.e. E; — E} is much less than the difference in electronic energies A,(m), then
two-photon transition moment can be simplified as:
0 0
Cregi = (k) Zm#fm(Ae)(!:Sg( ) + <k|Q(l.)|i> X
) {ufm(O)umg(1)+ufm(1)umg(0)}
m A (m)

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

((eli) B L0900 - (ki)

(106)

O2pA = &8 czhzn2 (

1m (O g D+ (Dtimg O |
Zm{ f g f g De

(Wmg-w)

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

Z .ufm(o),umg(o) _ .u-fg.ugg + .u-ff.ufg (108)
A(m) A9 AN

Where A, (m) is defined as:
A,(m) =E,, — % (Ey + Ef) (109)
In the case of the two-level model intermediate level will be represented by the
transition from the initial level to the initial level or final level to the final level and by
denote E; — Egwith AE', A,(m) become —1/2AE and 1/2AE and Equation (20) can be
rewritten:

Hrrbrg — Hratgg _ “fg(“ff - “gg) (110)
1 1 ’
- jAE 7AE

As term usr — pg4 represents the change in permanent dipole moment it is replaced
with Au
Z ,ufm(o).umg (O) 2
A,(m)  AEM
Following the same logic, we can modify the second sum in Equation (20):
Z ,ufm(o).umg(l) +,ufm(1).umg(0) _
A, (m)
"a ou ou ou
IHgg 19 fg ff
Km0 t Heg 30 “ff a0 THrg Q0 _

1
—jAE

Ap. (111)

1

( ) ZAE
opsr—u u

Hrg ffaQ 24 fg (:“ff '“gg)

(112)

1
?AE

2 a(Aw) a.ufg
_E<Hfg aQ 6Q (A ))

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

| 2 N 2 a(AM)
Crrgi = (kD) ipgAut + (k| Qe |) x (

”fg
AR\ WMo 30 aQ (Au )) (113)

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

(2cos*(B) + 1) [(kliuygdus +
2 (114)

Iuw).

UZPA((U) 15 n2c2gy2h?

a
(ko) (ufg%ug—ggmm)
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Appendix 13

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

E
pH = pH, — = (115)

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

10-PKas — 107*"[PDP]
[HPDP] '

Lo-pkeas 10~PH[HPDP] (116)
[HPDPH] '

Ctor = [PDP] + [HPDP] + [HPDPH].

Combining Equation (115) and Equation (116) concentration model for individual
components can be established:
Ctot . 10—pKa1—pKa2

Cppp = 10E/k1+E/kz 4 10QE/k1—PKaz 4 1(-PKai—pKay’
Cror* 10E/k1-pKa;

= 117
Chppp 10E/k1+E/k2 4 10QE/k1—PKaz 4 1(-PKai—pKay’ ( )

Crot * 10E/k1+E/kz

Cupppn = 10E/k1+E/kz 4 1QE/k1—PKaz 4 1(-PKai—pKaz'

There are two slope terms k1 and k2, as the pH response is assumed to be linear near
the buffered regions of pKs1 and pKa2, but may deviate over larger pH range between
them. The equilibrium parameters pKs1 and pKa2 are technically the difference, pKs - pHo,
but as the pH of zero potential was not measured, absolute pKy values are not achievable
with this model. Measured pH-dependent absorption spectra matrix A with dimensions
(20p1 x 60034) is expressed as Beer-Lambert equation as:

A=d-C-&. (118)

Where d is the optical path length of the cuvette, C is the concentration matrix with
the concentration of three individual components (PDP, HPDP and HPDPD) at each pH
value. g is the corresponding molar absorption spectra matrix, again composing of
individual components (PDP, HPDP and HPDPD) ¢ values at every wavelength, A. Using

the MCR-ALS approach, the concentration model and the corresponding molar
absorption spectra were alternately solved using the transformations:

er=("-0(C"-C) £ = (CT-C)‘l-CT-g, (119)
C=C-(e"-&)(e"- ) =g-£-(£T-s)'1. (120)
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Appendix 14

Approximation of Ay in the case of a two-level system
From Equation (11) in 1.1.2, where we consider isotropic averaging P(B). For linearly
polarized light P(B) = 2 cos?(B) + 1) whereas for circularly polarized light P(B) =
1/2(cos?(B) + 3).
P s 2 w
Oapa = %m |#fg| |Aul? g (5) (121)
from which we can extract delta Au:

15 e2c2h2n? oypu(w/2)

|Ap| = 5 - (122)
PBIT || gy (@/2)
Combining it with Equation (4)
o1p (@) = Tw |9 |2 (@) = |q |2 _ 3ncegh o1py(w) (123)
1PA —3ncsoh Hrgl Im Hrg e (@) (@)
we arrive to
5ncegh oypa(w/2)
Au| = _ (124)
1Al \/ P(B) o1pa(w)
We can modify the latter with the relation:
01pa(w)N ey(w) In (10)
en(@) = =gy = Gra@) = ——p——, (125)
to get:
Ayl = 5ncegh Nyoyps(w/2) w (126)
M= 7 P® en@ In(10)

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

\Aul 5 nceyh Ny 0rpaimar) (127)

Ul = :
PB)  In(10) L*eppman)

Here the terms &y (may) is the maximum molar extinction coefficient in the 0-0 band and

the o2pamax) is Peak values for 2PA cross-sections at double the wavelength,

151



Appendix 15

Table 9: Calculated electronic spectral properties of the C, and C; point group representations of
PDP series in MeOH.

Parameter PDP HPDP HPDPH

Symmetry C2 (A) C2(B) Cs Czi;f;re CZ-((;re Cs-core C2(A) C2(B) Cs

Relative ZPE-
corrected
energies,
kJ/mol

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

Aggregated
Boltzmann 64 36 66 34 64 36
probability, %

So —>S51

L 485 486 486 556 556 557 578 577 578
transition, nm
floscillator 1 hg | 0542 | 0494 | 0446 | 0537 | 0478 | 0418 | 0509 | 0461
strength)

&max, Mlecm™ | 3460007 | 418001 | 38000 | 32500 | 39100 | 348001 | 31300 | 38100 | 34500!

(Ao, nM) (485) | (486) | (486) | (556) | (556) | (557) | (578) | (577) | (578)
Sorn 0 0 8 9837 | 11000 | 9732 1 5 53
$f§;>GM (:e[‘:.f]a) 0(968) | 0 (968) (1116;2) (1lﬂl1) (1116;]2) (12:]7) (12[;]3) (1(;[;]6)
(So), D 0.0 0.0 0.7 232 234 235 04 0.2 5.0
4(51), D 0.0 0.0 0.6 183 184 18.7 04 03 5.2
Ay, D 0.0 0.0 0.1 50 5.0 5.0 0.1 0.1 0.2

[a] For symmetric PDP the transition energies and oscillator strengths from
PCM/mCAM-B3LYP (= 0.08, f=0.92, 1= 0.15), for HPDP and for HPDPH from PCM/mCAM-

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

Mode 129?
(1567 cm™)

Mode 131%
(1606 cm™)

Mode 133!
(1631 cm™)

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

Mode 1321

(1595 cm™)
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Mode 1361

(1663 cm™)

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

Mode 133!
(1591 cm™)

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

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

Toluene

[ Acetone

Normalized Absorption and Emission

350 400 450 500 550 800 650 700
A (nm)

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