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Abstract

Developing electronic components from small collections of molecules, or even a single molecule,
is the primary goal of molecular electronics. To achieve this, donor-acceptor systems are being
explored as potential molecular switches, which function by using intramolecular charge trans-
fer. Paracyclophanes (PCPs) serve as one of the proposed systems for studying and controlling
through-space charge transfer. Achieving ultrafast control over these molecular states requires a
fundamental understanding of both the interaction between the control field (e.g., terahertz (THz)
electric field) and the molecule, and the excited state dynamics of the target molecules. This thesis
addresses these prerequisites through foundational spectroscopic investigations.

First, time-resolved THz Stark spectroscopy was employed to gain essential insights into the
interaction between intense, sub-picosecond THz electric fields and donor-acceptor molecules.
Studies on a donor-acceptor system in non-polar solvent successfully demonstrated the extraction
of changes in dipole moment and polarizability under ambient conditions, providing crucial data
on the THz-driven response mechanism. The technique’s robustness was further confirmed by
extending measurements to model dyes in water as a highly polar solvent.

Second, the excited state dynamics of novel PCPs were characterized using femtosecond tran-
sient absorption spectroscopy, complemented by theoretical modeling (TD-DFT/CC2). Homo-
PCPs were investigated to validate the theoretical framework, confirming its capability in repro-
ducing the experimental data. Meanwhile, investigations of hetero-PCPs revealed ultrafast charge
transfer dynamics, whose characteristics could be tuned through different linkers.

Together, these results provide essential groundwork for achieving THz field manipulation of
molecular states on surfaces. The time-resolved THz Stark spectroscopy experiments help to un-
derstand the interaction of the THz field and donor-acceptor, while the transient absorption spec-
troscopy provides quantitative insight on charge transfer state lifetimes and relaxation pathways.
Both experimental techniques were validated by theoretical studies. This comprehensive founda-
tion is valuable for future experiments aimed at depositing these PCPs onto surfaces and controlling
their molecular states with THz electric field.



Acknowledgments

Thomas, there are no words strong enough to express my gratitude for everything you have done
for me. Thank you for believing in me even when I doubted myself, for giving me the opportunity
to work in your group, and for seeing potential in me long before I could see it myself. Your trust,
patience, and guidance have shaped not only this thesis but also the person I have become through
it. You have taught me far more than science; you have shown me how to think independently, to
approach every obstacle with curiosity, and to turn challenges into opportunities for growth. You
are, to me, the definition of an extraordinary mentor and an exceptional human being; wise, kind,
and endlessly inspiring. Working with you has been one of the greatest privileges of my life, and I
will always be grateful for the chance you gave me.

Hansi, thank you for always being there for me. From our daily lunches and fun conversations
to the countless times you helped me fix the laser system or solve yet another mysterious problem
in the setup. You were the person I could always rely on, no matter whether the issue was scien-
tific or completely unrelated to work. Beyond all that, your humor and kindness made even long
experimental days enjoyable. I am truly grateful for everything you have done and for all the great
moments we shared, both in and outside the lab.

David and Bong Joo, thank you for everything I learned from you; from the many discussions
in the lab to the practical tricks that made experiments actually work. I’ve learned not only about
science but also from your dedication and thoughtful way of approaching every problem.

Vladislav and Camila, thank you for all the insightful discussions, meetings, and the valuable
perspectives you shared. I truly learned a lot from you, your ideas and way of thinking have
inspired me throughout this work.

A special thanks to the rest of the laser group, Alex, Andrea, Jabbar, Vivek, and Lukas. Thank
you for the many helpful discussions, ideas, and good moments we shared in the group. I enjoyed
learning from each of you and exchanging thoughts.

Thank you, Beatrice and Simone for handling administrative matters. You made everything
run smoothly and with a smile. I appreciate all your support during my studies.

Many thanks to the electronics and mechanical workshops, especially Andres, for their sup-
port and for always finding practical solutions whenever something needed to be fixed, built, or
improved.

I am grateful to Adrian Cavalieri and Robert Stanley for their support as second supervisor and
external reviewer of this thesis, respectively.

Lastly, to my family and all my dear friends, thank you for surrounding me with love, patience,
and encouragement through every step of this journey. You have been my anchor in difficult times
and my greatest joy in moments of success. Your belief in me gave me strength, and your kindness



reminded me to stay grounded. I am grateful for your endless care, for listening, for laughing with
me, and for reminding me that there is life and light beyond the lab. I am deeply grateful to have
you all by my side.
A special part of this belongs to my dad, my true supporter, who is no longer with us but whose
presence [ still feel every day. His strength and quiet faith in me continue to guide and inspire me
in everything I do.






Contents

Abstract

Acknowledgments

1 Introduction

2

1.1

1.2
1.3

Overview of Ultrafast Spectroscopy . . . . . . ..

1.1.1
1.1.2

Terahertz Spectroscopy . . . . . . .. ...
Transient Absorption Spectroscopy . . . .

Molecular Systems . . . . .. ... ... ... ..
Outline of the Thesis . . . . . ... ... .....

Experimental Techniques
Generation and Detection of Terahertz Pulses in Nonlinear Crystals . . . . . . ..

2.1

22

2.1.1

THz Generation via Optical Rectification .

2.1.2 Phase Matching and Tilted Pulse Front Pumping . . . .. ... ... ...
2.1.3  Detection of THz Pulses via Free-Space Electro-Optic Sampling . . . . . .
Transient Absorption Spectroscopy . . . . . . . . .

2.2.1
222
223

Principles of Transient Absorption . . . . .
Relaxation Processes and Dynamics . . . .
Data Analysis . . . . . ... ... ... ..

Time-resolved THz Stark Spectroscopy of Molecules in Solution
Introduction . . . . . ... ... ... ... ...
3.2 Results and Discussion . . . . ... ... .....

3.1

33
34

Synthesis and Preparation of Molecular Systems . . . . . ... ... ...

3.2.1 Dynamics of the Stark Signature . . . . . .

3.2.2 Comparison Between Conventional and THz Stark Spectroscopy . . . . . .
3.2.3 Relevant Molecular Parameters . . . . . .

Methods . . . . . . . . ... ..

Supplemental Information . . .. ... ... ...

34.1

3.4.2 Density Functional Theory Calculations . .

3.4.3 Conventional Stark Spectroscopy . . . . .

3.4.4 THz Stark Spectroscopy . . . . . ... ..

3.4.5 Additional THz Stark Spectroscopy Results

10
10
11
12
14
15
16
17
20

25
26
28
28
31
33
34
35
35
36
38
38
42



Contents

4

II

3.4.6 Characterization of THz Pulses . . . ... ... ... ... ........ 44
347 Liptay Analysis . . . . . . . . .. L 45
3.4.8 Local Field Correction Factor . . . . . . ... ... ... ......... 48
3.49 THz Stark Spectroscopy Results of Anthanthrene in EtOAc . . . . . . .. 48
Time-resolved Terahertz Stark Spectroscopy of Molecules in Water 61
4.1 Introduction . . . . . . . . . . e e e e e 62
4.2 Resultsand Discussion . . . . . . . . .. ... e 63
4.2.1 Dynamics of the Stark Signature . . . . . . . ... ... ... . ...... 63
4.2.2 Relevant Molecular Parameters . . . . ... ... ... ... ....... 66
4.3 Conclusion . . . . . . .. e e e 67
4.4 Supplemental Information . . . . .. ... ... L L 68
4.4.1 THz Stark Spectroscopy Setup . . . . . . . . . . ... . 68
442 Sample Preparation . . . . . . .. .. ... e 68
4.4.3 Data Acquisition and Analysis . . . . . ... ... ... ... 68
4.44 Polarization AniSOtropy . . . . . . . . ot e e e e e 70
4.4.5 Background Measurements . . . . . . . . ... ..o 70
44.6 Local Field Correction Factor . . . . . . ... ... .. .......... 71
447 Computational Methods . . . . . .. ... ... ... ... ... ..., 72
An Accurate Modeling of the Optical and Electronic Properties of the Paracyclo-
phanes 79
5.1 Introduction . . . . . . . . . e 80
5.2 Computational Methods . . . . . . . . ... ... 81
5.3 Experimental Methods . . . . . . . ... ... 83
5.3.1 Femtosecond Transient Absorption Spectroscopy (fTAS) . . . . . . . . .. 83
5.4 Resultsand Discussion . . . . . . . . ... L e 83
5.4.1 Structural Properties . . . . . . . . .. ... 83
5.4.2 Optical Properties of the Monomeric Units . . . . . ... ... ... ... 84
5.4.3 Optical Properties of the Homoparacyclophanes . . . . . . ... ... ... 87
5.4.4 Transient Absorption . . . . . . . . . ... 92
5.4.5 Electrochemical Properties . . . . . ... ... ... ... ... ..... 93
5.5 Conclusions . . . . . . ... e e 94
5.6 Supplementary Information . . . . . . ... ... L L 95

Tuning Charge Transfer in Novel NDI-Pyrene Paracyclophanes: The Role of Inter-

chromophore Distance and Linker Structure 116
6.1 Introduction . . . . . . . . .. L 117
6.2 Resultsand Discussion . . . . . . . . ... L L L 118
6.2.1 Synthesis and Characterization . . . . . . . . ... ... ... ... ... 118
6.2.2  Structure of the Paracyclophanes . . . . . . .. ... ... ......... 119
6.2.3 Optical Properties . . . . . . . . . .. . . 120
6.2.4 Electrochemical Properties . . . . . . . ... ... ... ... .. ..., 121
6.3 Theoretical Study . . . . . . .. L 123



Contents

6.3.1 Absorption Properties of Paracyclophanes . . . . . . . ... ... ..... 124

6.4 Fluorescence . . . . . . . . . . L 128

6.5 Transient Absorption . . . . . . . . . ... e e 129
6.6 Supplementary Information . . . . . . ... .. ... L L 133

7 Conclusion and Outlook 151

I



List of Figures

1.1 Schematic representation of the PCP structures investigated in this work. . . . 4

2.1 Schematic of optical (a) and THz spectra (b) for optical rectification. Fre-
quency pairs within the optical spectrum map to THz outputs at corresponding
difference frequencies 2 = |w; —w;|. . . . .. Lo 11

2.2 The effect of velocity matching on THz field amplification. a Linear amplifica-
tion of the THz field as the optical group and THz phase velocities are matched. b
Destructive interference of THz waves from two nonlinear slices separated by the
walk-off distance [,,. Dotted curves show the individual contributions. . . . . . . . 12

2.3 Schematic of tilted pulse front pumping in LiNbO;. A diffraction grating and
imaging optics generate a tilted optical pulse front that matches the THz phase
velocity. . . . . . e 13

2.4 Schematic of a standard free space EO sampling setup. Probe polarization
states, without a and with b the THz field, are shown before and after the polariza-

HON OPLICS. . .« v v v e o e et e e e e e e e e e e e 14

2.5 Characterization of the THz pulse used in this work. a The temporal wave-
form of the electric field, generated via tilted pulse front pumping in LiNbO3 and
measured at the sample position by electro optic sampling in ZnTe. b The corre-
sponding amplitude spectrum obtained from a Fourier transform, showing a center
frequency of 0.5 THz. . . . . . . . . . . . . . L 15

2.6 Schematic of a basic femtosecond transient absorption spectroscopy setup. . . 16

2.7 Schematic representation of TA signal contributions. Negative bands originate
from ground state bleaching (GSB) and stimulated emission (SE), whereas positive
bands arise from excited state absorption (ESA). The total measured A A spectrum
results from the superposition of these processes. The inset illustrates the corre-
sponding electronic energy-level diagram, indicating the origin of GSB, SE, and
ESA transitions. . . . . . . . . . .o e e 18

2.8 Perrin-Jablonski diagram illustrating the relaxation pathways of an excited
molecule. Solid arrows represent radiative processes (absorption, fluorescence,
phosphorescence), while dashed arrows denote non-radiative processes (internal
conversion, intersystem crossing, vibrational relaxation). . . . . . . .. ... ... 19

2.9 A representative plot of singular values from an SVD analysis. The number of
values clearly above the noise floor (p) is determined to select the basis vectors for
the subsequent global fit. . . . . . .. ... ... L 21

v



List of Figures

3.1

3.2

33

34

3.5

3.6

Electric field induced Stark effect and experimental concept. Electric field in-
duced Stark shift due to a difference in ground- and excited state dipole (a), i.e. lin-
ear Stark effect, and polarizability (b), i.e. quadratic Stark effect. For an isotropic
distribution of molecules the ground state absorption band versus energy A(FE)
broadens in the case of the linear Stark effect with the difference signal AA(FE)
resembling the second order derivative of the absorption band. In the case of the
quadratic Stark effect the ground state absorption band shifts resulting in a differ-
ence signal AA(F) that is proportional to the first order derivative of absorption
band. ¢ Schematic representation of the experimental setup. The femtosecond su-
percontinuum probe pulse is scanned in time across the collinear single-cycle THz
pulses and its spectrum is recorded by a spectrometer. . . . . . . . .. ... .. ..
THz Stark signal of TTF-BTD with parallel orientation. a False-color plot of
the measured change in absorption spectrum as a function of time delay between
THz and probe pulse and wavelength. b Time-averaged (between the two green
dotted lines) change in absorption versus wavelength (green solid curve) compared
to the scaled first (black dashed curve) and second order derivative (black dotted
curve) of the ground state absorption spectrum. ¢ Spectral average of the change
in absorption between the purple dotted (purple curve) and red dotted lines (red
curve) in a. The red curve is compared to the scaled square of the measured THz
electric field E%y, (black dashed curve). d Chemical structure of TTF-BTD. . . . .
THz Stark signal of anthanthrene with parallel orientation. a False-color plot
of the measured change in absorption spectrum as a function of time delay between
THz and probe pulse and wavelength. b Time-averaged (between the two green
dotted lines) change in absorption versus wavelength (green solid curve) compared
to the scaled first (black dashed curve) and second order derivative (black dotted
curve) of the ground state absorption spectrum. ¢ Spectral average of the change
in absorption between the purple dotted (purple curve) and red dotted lines (red
curve) in a. The red curve is compared to the scaled square of the measured THz
electric field E3y, (black dashed curve). d Chemical structure of anthanthrene.
Comparison of conventional and THz Stark spectroscopy. a,b Low tempera-
ture (77 K) and room temperature (295 K) absorption spectra of (a) TTF-BTD and
(b) anthanthrene. ¢,d Conventional Stark spectra measured at 77 K for two values
of the angle x between the polarization of the THz and the probe pulses. e,f THz
Stark spectra recorded at room temperature for parallel and perpendicular orienta-
tion of THz and probe polarization. For direct comparison the y-scale is in units of
Ace scaled to an electric field of 1 MV/cm. The grey dotted vertical lines are guides
to the eye and help to visualize the shift of the spectra at the different temperatures.
Molecular orbitals of anthanthrene. With reference to the main text, we draw
the reader’s attention to the HOMO—LUMO transition in particular. . . . . . . . .
THz Stark spectroscopy. High-field single-cycle THz waveforms were generated
via tilted-pulse-front pumping in LiNbO;3 and the fs-SC probe pulses were gener-
ated in CaF,. The probe pulses passed collinearly with the THz pulses through
the sample and were analyzed by a spectrometer. A chopper running at 500 Hz
alternated between THz waveformonandoff. . . . . . . .. ... ... ... ...

28

30



List of Figures

VI

3.7

3.8

3.9

3.10

3.11

3.12

Measured color-coded Stark map for anthanthrene versus time delay and
wavelength before a and after b GVD correction. The black solid curve in-
dicates the fitted 3rd order polynomial representing the GVD, which turns into a

vertical line after GVD correction. . . . . . . . . . ... ..

Background measurement with pure toluene for a parallel and b perpendic-
ular orientation of THz and probe pulses. Spectral average of the change in
absorption between the purple dotted lines as a function of time delay for ¢ parallel

and d perpendicular orientation. . . . . . .. ... Lo

THz Stark signal of TTF-BTD with perpendicular orientation. a False-color
plot of the measured change in absorption spectrum as a function of time de-
lay between THz and probe pulse and wavelength. b Time-averaged (between
the two green dotted lines) change in absorption versus wavelength (green solid
curve) compared to the scaled first (black dashed curve) and second order deriva-
tive (black dotted curve) of the ground state absorption spectrum. ¢ Spectral aver-
age of the change in absorption between the purple dotted (purple curve) and red
dotted lines (red curve) in a. The red curve is compared to the scaled square of the
measured THz electric field E2y;, (black dashed curve). d Chemical structure of

TTE-BTD. . . . . . . e

THz Stark signal of anthanthrene with perpendicular orientation. a False-
color plot of the measured change in absorption spectrum as a function of time
delay between THz and probe pulse and wavelength. b Time-averaged (between
the two green dotted lines) change in absorption versus wavelength (green solid
curve) compared to the scaled first (black dashed curve) and second order deriva-
tive (black dotted curve) of the ground state absorption spectrum. ¢ Spectral aver-
age of the change in absorption between the purple dotted (purple curve) and red
dotted lines (red curve) in a. The red curve is compared to the scaled square of the
measured THz electric field £2;, (black dashed curve). d Chemical structure of

anthanthrene. . . . . . . . . .. L,

a Measured electro-optic signal at the sample position and b corresponding

Spectrum. . . . . . . . e e e e e

TTF-BTD conventional Stark and THz-Stark spectra fitting a, b Ground state
absorption spectrum € of TTF-BTD sample at 77 K (a) and at 295 K (b). The
dots represent the data points and the black solid curves represents the fits. ¢, d
Measured Stark spectra for two different incidence angles (dots) and corresponding
fits (black solid curves) for the conventional Stark measurement ¢ and THz-Stark
measurement d. For better visualization, the curves for x = 90° are arbitrarily
shifted along the Ae-axis. e, f Contribution of the zeroth (solid curve), first (dashed
curve) and second (dotted curve) order derivative line form for the Stark spectra



List of Figures

3.13

3.14

3.15

3.16

4.1

Anthanthrene conventional Stark and THz-Stark spectra fitting a, b Ground
state absorption spectrum € of anthanthrene sample at 77 K (a) and at 295 K (b).
The dots represent the data points and the black solid curves represents the fits. ¢, d
Measured Stark spectra for two different incidence angles (dots) and corresponding
fits (black solid curves) for the conventional Stark measurement ¢ and THz-Stark
measurement d. For better visualization, the curves for x = 90° are arbitrarily
shifted along the Ae-axis. e, f Contribution of the zeroth (solid curve), first (dashed
curve) and second (dotted curve) order derivative line form for the Stark spectra

THz Stark signal of anthanthrene in EtOAc with parallel orientation. a False-
color plot of the measured change in absorption spectrum as a function of time
delay between THz and probe pulse and wavelength. b Time-averaged (between
the two green dotted lines) change in absorption versus wavelength (green solid
curve) compared to the scaled first (black dashed curve) and second order deriva-
tive (black dotted curve) of the ground state absorption spectrum. ¢ Spectral aver-
age of the change in absorption between the purple dotted (purple curve) and red

dotted lines (red curve) ina. . . . . . . . . . . . ... e

THz Stark signal of anthanthrene in EtOAc with perpendicular orientation.
a False-color plot of the measured change in absorption spectrum as a function of
time delay between THz and probe pulse and wavelength. b Time-averaged (be-
tween the two green dotted lines) change in absorption versus wavelength (green
solid curve) compared to the scaled first (black dashed curve) and second order
derivative (black dotted curve) of the ground state absorption spectrum. ¢ Spectral
average of the change in absorption between the purple dotted (purple curve) and

red dotted lines (red curve)ina. . . . . . . .. . . ... ... ... ... ...

Comparison of THz Stark signal of Anthanthrene in toluene and EtOAc. a
absorption spectra of Anthanthrene in toluene (blue) and EtOAc (red). b,c THz
Stark spectra of Anthanthrene (b) in toluene (c) in EtOAc recorded for parallel and
perpendicular orientation of THz and probe polarization. For direct comparison
the y-scale is in units of Ae scaled to an electric field of 1 MV/cm. The grey dotted
vertical lines are guides to the eye and help to visualize the shift of the spectra at

the different temperatures. . . . . . . . . ... L.

THz Stark response of Malachite Green in parallel orientation. a False-color
map of the measured change in absorption spectrum as a function of wavelength
and of probe delay relative to the THz pulse. b Spectral trace obtained by averag-
ing the signal between the red dashed lines in a (red solid curve), compared to the
total fit (black dash-dotted curve), the first-order derivative (grey dashed curve),
and the second-order derivative (grey dotted curve) of the ground state absorp-
tion spectrum. ¢ Temporal evolution of the spectrally integrated Stark signal (blue
curve), averaged across the spectral range indicated by the blue dashed lines in a,
compared to the squared THz electric field profile £2;;, (purple dashed curve). d

Chemical structure formula of Malachite Green. . . . . . . . .. .. ... ....

VII



List of Figures

4.2

4.3

4.4

4.5

4.6

4.7

4.8

VIII

THz Stark response of Methyl Orange in parallel orientation. a False-color
map of the measured change in absorption spectrum as a function of wavelength
and of probe delay relative to the THz pulse. b Spectral trace obtained by averag-
ing the signal between the red dashed lines in a (red solid curve), compared to the
total fit (black dash-dotted curve), the first-order derivative (grey dashed curve),
and the second-order derivative (grey dotted curve) of the ground state absorp-
tion spectrum. ¢ Temporal evolution of the spectrally integrated Stark signal (blue
curve), averaged across the spectral range indicated by the blue dashed lines in a,
compared to the squared THz electric field profile E2, (purple dashed curve). d

Chemical structure of Methyl Orange. . . . . . . ... ... ... ... ......

Molar absorption coefficient and its modulation. The plots combine the ab-
sorption spectra (blue line, right y-axes) and THz Stark responses (left y-axes) of
Malachite Green (a) and Methyl Orange (b), measured at room temperature. The
Stark spectra are plotted as Ae, recorded for parallel (brown) and perpendicular
(orange) orientations of the THz and probe polarizations, and scaled to an electric

field strengthof 1 MV/em. . . . . . . . . ... o

Experimental setup for THz Stark spectroscopy with a reference-corrected
supercontinuum detection. Single-cycle THz pulses are produced by tilted-pulse-
front excitation in LiNbOs and are spatially overlapped with femtosecond SC
probe pulses generated in CaF;. The probe beam was split before the sample,
with one arm passing through the sample while the other serving as a reference to
improve signal-to-noise ratio. Both probe and reference spectra are recorded by
a spectrometer. A mechanical chopper operating at 500 Hz periodically blocked
the THz beam, enabling alternating acquisition of THz-on and THz-off signals for

differential detection. . . . . . . . . . . . e

a, b Overlay of the parallel TRTSS spectrum (solid blue curve) with the best-
scaled perpendicular spectrum (red dashed curve) of Malachite Green and

Methyl Orange respectively. . . . . . . . .. ... ... ... ... ... ...

aand b AA()\,¢) map. Broad, nearly wavelength-independent response of pure
water at time zero, for parallel and perpendicular geometry, respectively. No
derivative structure or band center zero-crossing, consistent with non-resonant
Kerr/electrostriction rather than Stark signature. ¢ and d wavelength-averaged
AA(t). Temporal evolution of the signal, averaged across the spectral range in-
dicated by the blue dashed lines, for parallel and perpendicular geometry, respec-

tvely. . . e e e e

Band-averaged TRTSS traces with the probe analyzer at 0° and 90° measured
for pure water. An opposite signal sign is observed with the rotation of the polar-

izer (Kerr birefringence). . . . . . . . . . . . ... e

Comparison of the natural transition orbitals and transition densities between
TD-DFT with wB97XD DFT functional with 6-31+G(d,p) basis and CC2 cal-
culation with def2-TZVPPD in vaccum. TD-DFT orbitals and densities results
agree well with the CC2 results except for the Methyl Orange second and third
excited states are exchanged. The natural transition orbitals keep the same shape

also in the water solution modeled as polarizable continuum environment. . . . . .

65

72

73



List of Figures

5.1
5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10
5.11
5.12
5.13

Structures of the studied paracyclophanes. . . . . . ... ... ... .. .... 84
Optical spectra and corresponding electronic excitations of the monomeric
units. (a) Computed and experimental absorption and fluorescence spectra of NDI,
Pyrene and Pyrene with ‘BuPh and Ada linkers. The computed spectra show ex-
cellent agreement with the experimental ones without inclusion of arbitrary shifts.

(b) Transition densities and natural transition orbitals for the lowest excited states

of the monomeric units. . . . . . . .. . L. 86
Optical spectra and corresponding electronic excitations of the homoparacy-
clophanes. (a) Computed and experimental absorption and fluorescence spectra of

NDI, Pyrene and bis(aminomethyl)Pyrene homo-paracyclophanes. (b) Monomeric

and NDI-Ada-NDI transition density for the corresponding lowest excited states.

The green arrows represents the orientation of the transition dipole from the sepa-

rate aromatic units. The lowest excited state of the H-type dimer is optically dark

with unit transition dipoles oriented in opposite directions whereas the second ex-

cited state is bright with unit dipoles aligned. (¢) Natural transition orbitals for the
monomeric NDI and the second excited state for the NDI-Ada-NDI paracyclophane. 89
Frenkel exciton model for the homo-paracyclophanes. (a) Representation of the
Frenkel exciton Hamiltonian and decomposition into LE-LE and CT-LE blocks.

(b) Representation of the paracyclophane as two separate units embedded in a
dielectric environment. The blue area represents the solvent cavity. (¢) Comparison

of the exciton couplings between locally excited states computed from the Poisson-
TrESP method and from diabatization of the supermolecule excited states with
correlation coefficient 0.997. (d) Correlation between calculated LE-CT couplings

and corresponding molecular orbital overlaps between the individual separate units

with correlation coefficient of 0.983 and 0.964 for the NDI and Pyrene based PCPs,
respectively. . . . L. L e 91
a Transient absorption spectra of NDI-'BuPh-NDI and NDI-Ada-NDI recorded

at various time delays excited at 380 nm. b Corresponding decay associated

spectra (DASS). . . . . . . e 92
Absorption and fluorescence spectra for the NDI computed with Duschinsky
rotation. . . . . .. L. 96
Comparison of the ground state and excimer geometry for the Pyrene ho-
moparacyclophane with ethyl and propyl linkers. . . . . . ... ... ... .. 97

Experimental setup for transient absorption spectroscopy (TAS) with a reference-
corrected supercontinuum detection. Pump pulses were generated in a non-
collinear optical parametric amplifier (NOPA) and are spatially overlapped with
femtosecond SC probe pulses generated in CaFs. A mechanical chopper running

at 2 kHz periodically interrupted the pump beam, allowing sequential acquisition

of pump-on and pump-off traces for differential measurements. . . . . ... . .. 98
Synthetic route to homoparacyclophanes and monomeric units with linkers. . 99

Cyclic voltammogram and differential pulse voltammogram of NDI-Ada-NDI. 101
Cyclic voltammogram and differential pulse voltammogram of Pyrene-Ada. . 101
Cyclic voltammogram and differential pulse voltammogram of NDI-‘BuPh. . . 102
HNMR Ada-CN. . . .. 102

IX



List of Figures

5.14
5.15
5.16
5.17
5.18
5.19
5.20
5.21

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13
6.14

CNMR Ada-CN. . . . . . . 103
HNMR Ada-NH,. . . . . . . 104
CNMR Ada-NH,. . . . . . o 105
HNMR Ada-NHBoc. . . . .. .. .. ... 106
CNMR Ada-NHBoc. . . . . . . . .. e 107
HNMR Ada-NHBoc-py semicircle. . . . . .. ... ... ... ... ...... 108
HNMR of NDI-Ada-NDIL. . . . .. ... . ... ... ... ... ... .. ..., 109
HNMR of NDI-‘BuPhmonomer. . . . . .. .................... 110
Schematic representation of the different PCP structures investigated in this

wWork. . ..o 118
Synthetic routes to NDI-Ada-Py, NDI-‘BuPh-Py, and NDI-Ph-Py cyclophanes

and structures of reference compounds. . . . . . ... ... ... ..., 119
Partial 'H NMR spectra of NDI-Ref, NDI-‘BuPh-Py, and ‘BuPh-Py in CDCl;. 120
Optimized geometries for the three D-A paracyclophanes. . . . . . . . ... .. 120
Absorption spectra of PCPs and their reference compounds in CH,Cl, at

room temperature. . . . . . . . . . ... e e e e e 122

Cyclic voltammograms of the different PCPs with their reference compounds
measured in DCM with TBAPF¢ (0.1M) as the supporting electrolyte. Pt work-
ing electrode, glassy carbon as counter electrode, scan rate 0.1 Vmin™'. . . . . . . 123
Comparison of the experimental and computed absorption spectra. Except
of the broadening peak and slightly ddifferent redistribution of intensities among
the vibronic modes the computed spectra quantitatively well agree with the exper-

imental ones and all the observed effects are well captures. . . . . ... ... ... 125
Absorption spectra decomposed to the individual transitions for the three dif-
ferentlinkers. . . . . . . . . ... 128

The proposed exciton relaxation pathways for different excitation wavelengths
of the NDI-Ada-Py based on a comparison of the computed and experimental
fluorescence spectra. Solid arrows indicate system excitation and fluorescence,
while dashed lines show exciton relaxation. The red dashed lines represent ex-
pected relaxation pathways that could not be validated from the comparison of the
experimental and computed spectra due to the small transition dipole moment of
the final CT states. . . . . . . . . . . . . . e 130
Ultrafast excited state dynamics of NDI-Ada-Py upon excitation at 400 nm. a
Transient absorption spectra of NDI-Ada-NDI recorded at various time delays. b
Corresponding decay associated spectra (DASs). . . . . . . . ... ... ... .. 131
Ultrafast excited state dynamics of NDI-Ada-Py upon excitation at 380 nm. a
Transient absorption spectra of NDI-Ada-NDI recorded at various time delays. b
Corresponding decay associated spectra (DASs). . . . . . .. .. ... ... ... 132
Ultrafast excited state dynamics of NDI-Ada-Py upon excitation at 260 nm. a
Transient absorption spectra of NDI-Ada-NDI recorded at various time delays. b

Corresponding decay associated spectra (DASs). . . . .. .. ... ... ... .. 132
Synthetic procedures for NDI-Ada-Pyrene . . . ... ... ... ....... 133
Synthetic procedures for NDI-‘BuPh-Pyrene . . . . ... ... ........ 134



List of Figures

6.15
6.16

6.17
6.18
6.19
6.20
6.21
6.22
6.23

6.24
6.25

6.26

6.27

6.28

6.29

Synthetic procedures for NDI-Ph-Pyrene . . .. ... ... .......... 135
Fluorescence spectra of NDI-Ada-Pyrene and reference compound Pyrene-
Ada (\... =290 nm) and excitation spectra of Pyrene-Ada. . . . ... ... .. 136
Fluorescence spectra of NDI-Ada-Pyrene and reference compound NDI-‘BuPh

(Aeze = 380 nm) and excitation spectra of Pyrene-NDI-'BuPh. . . ... .. .. 136
Fluorescence and excitation spectra of reference compound Pyrene-Ada (...
=450nm). . ... L e e 137
Fluorescence and excitation spectra of NDI-Ada-Pyrene (\... =460 nm). . . . 137
Cyclic voltammogram of NDI-Ada-Pyrene. . . . . . ... ... ......... 138
Differential pulse voltammograms of NDI-Ada-Pyrene. . . . . ... ... ... 138
HNMR NDI-Ada-Pyrene. . . . . .. ... ... ... ... . .......... 139
CNMR NDI-Ada-Pyrene. . . . . . . ... ... ... .. ... ... ....... 140
DEPT135 NDI-Ada-Pyrene. . . . . ... ... ... ... ............ 141

Iso-surface representation of the transition density of the NDI-Ph-Pyrene low-
est charge transfer (CT) state S;. The positive part (red) of the transition density
is localized on the NDI unit, whereas the negative part (blue) is localized on the
pyrene moiety. This spatial separation leads to a transition dipole moment oriented
perpendicular to the planes of the NDI and pyrene units. . . . . . ... ... ... 142
Comparison of the NTO analysis between TD-DFT with w597 X D functional
and the corresponding states from CC2 method for the excited states of the
NDI-Ada-Pyrene paracyclophane. . . . . . . ... ... .. ... ........ 143
Comparison of the NTO analysis between TD-DFT with wB97X D functional
and the corresponding states from CC2 method for the excited states of the
NDI-Ph-Pyrene paracyclophane. . . . . ... ... ... ............ 144
Natural Transition Orbital analysis for the NDI-Ada-Pyrene and NDI-Ph-
Pyrene paracyclophane hetero-structures together with corresponding adia-
batic energies. . . . . . . ... 145
Individual fragments for calculation of the couplings between transition den-
sities and molecular orbital overlaps for the paracyclophane homo- and hetero-
structures. . . . . . .. L. e e 145

XI



List of Tables

XII

3.1

3.2

33
34

4.1

4.2
4.3

4.4

5.1
6.1

6.2

Comparison of relevant molecular parameters as calculated via DFT or measured
by conventional and THz Stark spectroscopy. . . . . . . . ... ... ... ....
Ground state transitions of anthanthrene with wavelength, oscillator strength, and
major contributing molecular orbitals calculated using TD-DFT. . . . . . ... ..
A« computed by TD-DFT with an aug-cc-pVDZ basisset. . . . . ... ... ...
Comparison of relevant molecular parameters as calculated via DFT or measured
by conventional and THz Stark spectroscopy in different solvents. . . . . . . . ..

Comparison of relevant molecular parameters as calculated via TD-DFT and mea-
sured via THz Stark spectroscopy. . . . . . . . . . . .. .. oL
Polarization anisotropy metrics from derivative-only diagnostics. . . . . . . . . ..
Comparison of the electronic properties for the first excited state between the TD-
DFT and CC2 approach. FE, and p4 correspond to the vertical excitation en-
ergy and transition dipole moment, respectively, between the ground and first ex-
cited state Sy, while Ap and Tr(A«) represent the difference between excited and
ground state dipole moment and isotropic polarizability, respectively. . . . . . . . .
Comparison of the electronic properties for different solvation schemes within the
TD-DFT approach using the wB97XD functional and 6-31+G(d,p) basis set. . . . .

Redox properties for the monomeric units and homoparacyclophanes. . . . . . . .

Electrochemical data of the target compound and references. Redox potentials (V)
vs. Ag/AgClin CH,Cl,. L 0 o 0 00 oo
Transition dipole and excitation energy decomposition into individual contribu-
HONS. . . o v e e e e e e e e

37



Chapter 1

Introduction

The continuous miniaturization of microelectronic components, as outlined by Moore’s Law, is
nearing its inherent physical limits'. Moore’s Law states that the number of transistors on a chip
doubles approximately every two years, resulting in a continuous reduction of transistor size!. As
silicon-based component dimensions shrink to the nanometer scale, quantum mechanical effects
such as electron tunneling through insulating barriers and power dissipation become dominant and
classical physics no longer suffices to describe the relevant physical processes?. Molecular elec-
tronics presents one of the most compelling routes forward, proposing the use of single molecules
or molecular ensembles as the fundamental building blocks of electronic components such as wires,
diodes, switches, and memory elements®*. Molecules offer valuable advantages; their inherent
size approaches the ultimate limit of miniaturization and the most importantly, variety of chemical
synthesis allows for tailoring specific electronic properties>. This approach promises not only to
continue the trend of miniaturization but also to unlock novel functionalities based on the quantum
states inherent to molecular structures>.

A key goal in molecular electronics is the creation of molecular memory elements, that can
be switched between at least two stable or quasi-stable states, known as bi-stability>. Bi-stability
can be achieved by external stimuli such as light, electric fields, or chemical changes. In particu-
lar, light offers ultrafast and contact-free control of bi-stable systems such as photo-isomerization,
different spin configurations, or charge transfer™’. The charge transfer can occur within a single
donor-acceptor structure (intramolecular), or between different molecules (intermolecular), result-
ing in transient charge separated and the formation of radical species’®. However, transforming
a bi-stable molecule into a functional device requires its integration onto a conductive surface®.
A typical molecular device consists of a functional molecule positioned between two conductive
electrodes, forming a single-molecule junction®!?. The performance of such a device, its con-
ductivity, stability, and switching speed, is not solely determined by the intrinsic properties of the
molecule itself. Rather, it is also governed by the dynamics at the molecule-surface interface!!.
The electronic coupling between the molecular orbitals and the band structure of the electrodes
dictates the efficiency of charge transfer®!°. Furthermore, the lifetime of charge transfer is linked
to relaxation pathways influenced by the substrate. These pathways can involve coupling to a
variety of collective excitations within the surface like plasmons 2.

This research is motivated by controlling molecular states with external fields. The achieve-
ment of this requires an external field that is both extremely fast and sufficiently strong to act as
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a transient electrical bias'>!4. The electric field of a terahertz (THz) pulse is an ideal candidate
for this purpose. It can act on a molecule within sub-picosecond timescales faster than most typi-
cal relaxation processes®!*!>. Pioneering experiments combining scanning tunnelling microscopy
with THz pulses (THz-STM) have highlighted the potential of using THz fields for the control of
molecular systems®!6:17,

However, before such advanced control techniques can be applied, a deep understanding of
both the molecule’s response to the controlling field and its excited state behavior is required.
Specifically, one must characterize how the molecule’s electronic structure interacts with the THz
field and learn the pathways and timescales of its relaxation processes, which necessitates founda-
tional spectroscopic investigations.

To this end, this thesis employs two spectroscopic approaches, time-resolved THz Stark spec-
troscopy and transient absorption spectroscopy. The THz frequency range itself offers unique
spectroscopic insights. As THz pulses can act as strong electric field, time-resolved THz Stark
spectroscopy utilizes this capability to directly measure how a molecule’s absorption spectrum is
modified by the THz field in real-time. This reveals electronic properties, such as changes in dipole
moment and polarizability, providing insight into the molecule’s electronic response under the in-
fluence of the fields. Understanding THz-molecule interaction is a vital first step. Second, it is es-
sential to understand how the molecule behaves after excitation. Femtosecond transient absorption
spectroscopy provides this information by tracking population dynamics following photoexcita-
tion and it allows measurement of the lifetimes of excited states, identification of transient species
(like charge transfer states), and determination of the kinetics for various relaxation processes (e.g.,
charge separation, recombination, intersystem crossing). This dynamic information reveals how
the molecule dissipates energy and how long it stays in specific states.

1.1 Overview of Ultrafast Spectroscopy

The study of chemical and physical processes following photoexcitation is fundamental to under-
standing a vast variety of phenomena. The processes in a molecule after absorbing light, such as
electron transfer, charge separation, bond breaking/formation, and structural rearrangements, oc-
cur on incredibly short timescales, typically spanning from femtoseconds (10~1° s) to nanoseconds
(1072s) 1819 Accessing these ultrafast dynamics requires experimental techniques that can resolve
with temporal resolution comparable to the molecular processes.

Ultrafast laser spectroscopy, particularly utilizing femtosecond laser pulses, has revolutionized
our ability to observe these processes in real-time '°. Pump-probe techniques form the fundamental
basis of time-resolved spectroscopy. In this approach, an initial “pump” pulse excites the system,
creating a non-equilibrium state (e.g., an electronic excited state), and a subsequent, time-delayed
“probe” pulse measures the system’s evolution as it relaxes back towards equilibrium. By varying
the time delay between the pump and probe pulses, the dynamics of the system can be studied,
providing a insight into the lifetimes of transient states, their kinetics, and the spectral signatures
of intermediates*?!.
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1.1.1 Terahertz Spectroscopy

Electromagnetic radiation in the terahertz (THz) frequency range plays a crucial role in the thesis
presented here. This spectral region, typically defined as 0.1 to 10 THz (corresponding to wave-
lengths from 3 mm down to 30 um and photon energies from 0.4 meV to 40 meV), lies between
the microwave and infrared domains and is particularly significant due to its ability to interact with
a wide range of low-energy excitations in materials 3.

Historically, this spectral region was referred to as the "THz gap” due to the challenges in
efficiently generating and detecting radiation in this range compared to the well-established neigh-
boring microwave and infrared domains??. However, advances over the past few decades, largely
driven by the development of ultrafast femtosecond laser technology, have led to robust meth-
ods for generating coherent THz pulses, for instance, via optical rectification in nonlinear crystals
or emission from photoconductive antennas?*?*. Equally important has been the development of
phase-sensitive detection techniques, such as free-space electro-optic sampling, allowing for the
measurement of the THz electric field waveform, not just its intensity 2.

The availability of intense, phase-stable, single- or few-cycle THz pulses has revolutionized
the field, moving beyond linear spectroscopy towards nonlinear interactions and the control of
matter 4. With peak electric fields reaching hundreds of kV/cm to several MV/cm, THz pulses can
exert strong forces on charged particles and molecular dipoles?*. The phase-stability ensures that
the electric field waveform is identical from one laser shot to the next, which is a requirement for
coherently controlling molecular dynamics '>. Furthermore, the single- or few-cycle pulses allows
for an impulsive excitation, where the duration of the driving field is shorter than the molecular
rotational periods being probed '“!>. Unlike optical pulses which primarily interact with electronic
transitions, THz pulses can couple to and drive rotational or vibrational degrees of freedom .
Furthermore, the sub-picosecond duration of the electric field allows it to act as an impulsive bias,
driving systems far from equilibrium and potentially accessing transient states of matter'*?>. This
capability of THz pulses to act as transient electric field is utilized in time-resolved THz Stark
spectroscopy, a technique employed in this work where the THz pulse serves as the perturbing
field to make changes in molecular electronic properties.

1.1.2 Transient Absorption Spectroscopy

In addition to technique using THz pulses, femtosecond Transient Absorption Spectroscopy (fTAS)
is a widely established pump-probe method primarily used to track the population dynamics of
electronic states following photoexcitation, typically in the UV-Visible-NIR spectral range?!-.
The pump pulse initiates a photochemical or photophysical process by promoting molecules to an
excited electronic state. The broadband probe pulse then measures the change in absorbance of the
sample as a function of time delay and wavelength?!%",

The resulting signal contains contributions from ground state bleaching (GSB), stimulated
emission (SE), and excited state absorption (ESA). Analyzing the temporal evolution of these
spectral features allows for the measurement of excited state lifetimes, the identification of inter-
mediate species, and the determination of relaxation pathways such as internal conversion, inter-
system crossing, charge transfer, and vibrational cooling?®?’. TAS provides crucial information
about “what states are populated and for how long,” which is essential for understanding the in-

3
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trinsic relaxation behavior of molecules relevant to fields like photovoltaics, photocatalysis, and
molecular electronics 6?7

1.2 Molecular Systems

Having introduced the key spectroscopic methods, we now present the molecular systems explored
in this work. Molecules featuring electron-donating (D) and electron-accepting (A) moieties cova-
lently linked together provide a framework for studying charge transfer processes’. Upon excita-
tion, these D-A systems can undergo intramolecular charge transfer, leading to a state with charge
separation (DT-A~)"!1°, The lifetime of this charge transfer state are critical for potential device
applications. However, controlling and optimizing this state requires a molecular structure that
allows for precise tuning of the D-A interaction.

In this work, paracyclophanes (PCPs), consisting two or more aromatic 7-units arranged in a
cofacial geometry and connected by rigid or semi-rigid linkers, were explored. By incorporating
D (e.g., Pyrene) and A (e.g., Naphthalene diimide) units within the PCP structure, the distance and
relative orientation between the donor and acceptor can be precisely controlled through chemical
synthesis?®. This structural control allows for investigation of through-space electronic coupling
and its influence on charge transfer dynamics. Furthermore, the linker units can be designed to act
as “molecular feet”, providing a built-in strategy to control the distance and electronic coupling
between the functional 7-systems and a conductive substrate upon surface deposition.

)

o
—N N—
i o U o

Linker

Figure 1.1: Schematic representation of the PCP structures investigated in this work.

1.3 Outline of the Thesis

This cumulative thesis summarizes the research I conducted during my PhD studies. The work is
structured as a series of foundational investigations aimed at the long-term goal of investigating
molecule-surface interactions in the presence of THz electric fields. The thesis is focused into
two main parts; first, developing an understanding of THz field interactions with molecules in
solution, and second, performing the essential excited state characterization of donor-acceptor
paracyclophane systems designed for this purpose. The thesis is organized as follows:

4
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* Chapter 2: ”Experimental Techniques”
This chapter provides the necessary technical background for the two primary spectroscopic
methods employed throughout this work; time-resolved THz Stark spectroscopy and fem-
tosecond transient absorption spectroscopy. It covers the principles of THz pulse generation
and detection as well as the fundamentals of pump-probe techniques for studying ultrafast
molecular dynamics.

* Chapter 3: ’Time-resolved THz Stark Spectroscopy of Molecules in Solution”
(Published in Nature Communications)

This chapter describes how THz electric fields interact with donor-acceptor molecule. We
demonstrate time-resolved THz Stark spectroscopy on a D-A system in a non-polar solvent,
successfully extracting key electronic parameters.

This work was a large collaboration between the Institute of Applied Physics and the Depart-
ment of Chemistry, Biochemistry and Pharmaceutical Sciences at the University of Bern, the
University of Oslo, and Temple University in USA. My contribution was performing exper-
iments, analyzing the data, and contributing to the manuscript.

* Chapter 4: ”Time-resolved Terahertz Stark Spectroscopy of Molecules in Water”
(In preparation for submission)

This chapter presents an extension of the time-resolved THz Stark spectroscopy method to
test its limits and robustness in the most challenging of environments.

This work was a collaboration with the Laboratory of Computational Chemistry and Bio-
chemistry at EPFL. I performed the THz Stark spectroscopy measurements, analyzed the
data, and writing of the manuscript.

* Chapter 5: ”An Accurate Modeling of the Optical and Electronic Properties of the
Paracyclophanes”
(In preparation for submission)

This chapter focuses on homo-paracyclophanes (homo-PCPs) and establishes the combined
experimental and computational methodology required to understand their charactristics, and
the theoretical framework for modeling these systems is validated.

This work was a collaboration between the Institute of Applied Physics, the Laboratory of
Computational Chemistry and Biochemistry (EPFL), and the Department of Chemistry, Bio-
chemistry and Pharmaceutical Sciences at the University of Bern. My primary contribution
involved interpreting the excited state dynamics of these homo-PCPs. To achieve this, I
performed the femtosecond TAS measurements and conducted the detailed kinetic analysis,
providing insights into processes.

* Chapter 6: ’Tuning Charge Transfer in Novel NDI-Pyrene Paracyclophanes: The Role
of Interchromophore Distance and Linker Structure”
(In preparation for submission)

This chapter represents the synthesis of the target D-A hetero-paracyclophanes (NDI-Pyrene)
with different linkers and applying the validated theoretical models to them. This work

5
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successfully presents the ultrafast intramolecular charge transfer dynamics, quantifies the
relaxation lifetimes.

This work was a collaboration between the Institute of Applied Physics, the Laboratory of
Computational Chemistry and Biochemistry (EPFL), and the Department of Chemistry, Bio-
chemistry and Pharmaceutical Sciences at the University of Bern. My contribution focused
on understanding the complex excited state dynamics and intramolecular charge transfer
mechanisms in these hetero-PCPs. I performed the TAS measurements across different ex-
citation wavelengths and carried out the kinetic analysis to quantify state lifetimes and learn
about relaxation pathways.

The chapters based on manuscripts that are still in preparation may be subject to minor modifica-
tions or additional analyses prior to their submission for publication.

Additional Work

During my PhD, I also contributed to the following projects and publications which are not in-
cluded as chapters in this thesis:

* D. Rohrbach, L. Beéry, S. J. Mousavi, H.-M. Frey, B. J. Kang, E. Zyaee, Z. Zeng and T.
Feurer, “THz-induced gas alignment in field enhancing waveguides,” Opt. Express 33(2),
3315-3326 (2025). DOI:10.1364/0OE.543482.

This work demonstrated that using a THz waveguide significantly enhances the signal for
THz-induced alignment of gas molecules by increasing the interaction length and locally
enhancing the field strength, enabling detailed studies of alignment dynamics.

* D. Rohrbach, B. J. Kang, E. Zyaee, and T. Feurer, “Wideband dispersion-free THz waveg-
uide platform featuring field-enhancement,” Sci. Rep. 13, 14949 (2023). DOI:
10.1038/s41598-023-41843-6.

This paper presents the design and characterization of a novel metallic double-ridged THz
waveguide platform exhibiting low loss, minimal dispersion, efficient coupling, and field en-
hancement.

* A. S. Morillo-Candas, S. M. Augustin, E. Prat, A. Sarracini, J. Knurr, S. Zerdane, Z. Sun,
N. Yang, M. Rebholz, H. Zhang, Y. Deng, X. Xie, E. Zyaee, D. Rohrbach, A. Cannizzo, A.
Al-Haddad, K. A. Schnorr, C. Ott, T. Feurer, C. Bostedt, T. Pfeifer, G. Knopp, “Coherent
nonlinear X-ray four-photon interaction with core-shell electrons,” Nature (Accepted).

This study demonstrates coherent nonlinear four-wave mixing involving core-shell elec-
trons using broadband X-ray pulses from a Free-Electron Laser, observing background-free
signals including X-ray electronic Raman processes in neon, paving the way for multidimen-
sional X-ray spectroscopy.
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Chapter 2

Experimental Techniques

The investigations presented in this thesis rely on advanced ultrafast spectroscopic methods ca-
pable of probing molecular dynamics and electronic properties on femtosecond to picosecond
timescales. This chapter introduces the technical basics of the two main experimental methods,
time-resolved Terahertz Stark spectroscopy and transient absorption spectroscopy (TAS). Under-
standing the principles behind the generation and detection of intense terahertz (THz) pulses is
crucial for interpreting the experiments presented in Chapters 3 and 4, where the THz pulse acts
as a strong electric field perturbation. Similarly, the TAS principles, including data acquisition and
analysis, is essential for understanding the excited state dynamics of the paracyclophane systems
discussed in Chapters 5 and 6.

Section 2.1 presents the methods used for generating intense, single-cycle THz pulses, focus-
ing on optical rectification via tilted-pulse-front pumping in LiNbO3, and phase-sensitive detection
using free-space electro-optic sampling. Section 2.2 outlines the principles of TAS, describes the
various photophysical processes contributing to the measured signal, discusses common relaxation
pathways observed, and explains the data analysis techniques, including Singular Value Decom-
position (SVD) and Global Fitting, used to extract kinetic information.

2.1 Generation and Detection of Terahertz Pulses in Nonlinear
Crystals

The generation of single-cycle terahertz (THz) pulses has been largely enabled by harnessing
the nonlinear optical responses of certain crystals when they interact with ultrashort laser pulses
from femtosecond lasers. Among the various techniques, Optical Rectification (OR) in non-
centrosymmetric crystals serves as a mechanism for generating THz radiation, while the Pockels
effect, is utilized for its coherent detection via free-space electro-optic sampling (EOS). In this
section, we provide an overview of these concepts with emphasis on tilted pulse front pumping
in Lithium Niobate (LiNbOs3) for generating THz pulses and the principles of phased-resolved
detection by EOS.
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Chapter 2. Experimental Techniques

2.1.1 THz Generation via Optical Rectification

Optical rectification is a second-order nonlinear optical effect, a special case of difference fre-
quency generation (DFG), which can produce a quasi-DC or low-frequency polarization within a
nonlinear medium when illuminated by an intense optical field. When the optical field is from an
ultrashort laser pulse with a broad spectrum, OR generates a time-varying polarization that follows
the pulse’s intensity envelope. This transient polarization acts as a source, radiating an electro-
magnetic pulse with a spectral bandwidth in the THz range 2. Figure 2.1 shows components of
the optical pulse at w; and w; = w; +  undergo difference frequency mixing, generating a THz

component at 0 = |w; — w;| .

a b

;

Optical Intensity
THz Intensity

SN

W1 Wy W3 Wyq
Optical Frequency w THz Frequency ()

Figure 2.1: Schematic of optical (a) and THz spectra (b) for optical rectification. Frequency
pairs within the optical spectrum map to THz outputs at corresponding difference frequencies

Q = |CL)j — wi].

For an optical pulse with a time-varying envelope E;(t), this rectified polarization P®)(t)
tracks the pulse intensity envelope. This time-varying polarization becomes the source of the
emitted THz radiation?. The relationship between the induced second-order polarization and the
driving electric field is described using the second-order nonlinear susceptibility tensor, XS% For
optical rectification, the polarization is given by

PA(Q) = > X (Qw + Q, —w) Ej(w + Q) B (w). 2.1)

(2
Jk

The tensor elements Xz(jz,l depend on the crystal’s symmetry. For many common crystals used in
THz generation, such as Lithium Niobate (LiNbOs), the tensor has only a few non-zero, indepen-
dent elements?. The specific orientation of the crystal relative to the polarization of the incident
optical pulse is therefore critical for maximizing the efficiency of THz generation.
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2.1.2 Phase Matching and Tilted Pulse Front Pumping

As the optical pulse propagates through the nonlinear crystal, it continuously generates a THz
wave. The total emitted THz field at the crystal’s exit face is the coherent sum of the radiation from
all points along the propagation path. For this summation to be constructive and lead to efficient
THz generation, a phase-matching condition must be met'. In a frequency-domain picture, the
general condition for phase matching (momentum conservation) requires equality of the wave

vectors
Fopt(w) — kopt(w — Q) = ki, (€2). 2.2)

In the time-domain picture this corresponds to velocity matching, meaning the group velocity of

ET(Z, t)

A 4

Eo(Z, t)

ET(Z, t)

A 4

z=0

Figure 2.2: The effect of velocity matching on THz field amplification. a Linear amplification of
the THz field as the optical group and THz phase velocities are matched. b Destructive interference
of THz waves from two nonlinear slices separated by the walk-off distance [,,. Dotted curves show
the individual contributions.

the optical pump pulse, vo = ¢/n4 o, must match the phase velocity of the generated THz wave,
vp = ¢/nppr. Here, ny o is the optical group index at the pump frequency and np, 7 is the THz
phase index. This condition, ny 0 ~ nppr, ensures that the newly generated THz pulses remain
in phase with the optical pump pulse as they travel together through the crystal, allowing for con-
structive interference and linear amplification of the THz field 2.
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If there is a velocity mismatch, the optical pulse will “walk-off” from the THz pulse it gener-
ates. After a certain distance, known as the walk-off length [, the faster optical pulse has outrun
the THz wave it generated, by the optical pulse duration, 7, causing the newly created THz wave
to interfere destructively with the wave generated earlier. Figure 2.2a depicts the ideal, phase-
matched case where the optical and THz pulses travel at the same velocity (vo = vr), resulting in
the linear amplification of the THz field. In contrast, Figure 2.2b shows the effect of the velocity
mismatch (vo > vr). After the walk-off distance the newly generated THz is out of phase with
the THz generated at the beginning of the crystal (shown as a dashed line), resulting in destructive
interference (solid line). The walk-off length is given by

cTp

Ly = (2.3)

(nPh,T - ng,o) .

THz
radiation

tilted pulse
at different times

-smmr e lens

A2

optical pulse

4+ N

o grating

Figure 2.3: Schematic of tilted pulse front pumping in LiNbO3. A diffraction grating and
imaging optics generate a tilted optical pulse front that matches the THz phase velocity.

In practice, this condition cannot be satisfied in LiNbOj3 due to the large mismatch between
ngo and np, . The solution is tilted pulse front pumping, first demonstrated by Hebling and
coworkers, where the optical pulse front is tilted with respect to the propagation direction®. The
principle is that the optical pulse front is tilted by an angle 6, so that the group velocity component
along the THz emission direction matches THz phase velocity,

vo,|| = Vo cos O & vr. 2.4
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For 800 nm pumping, the optimum tilt angle is approximately 6. ~ 64°2. The tilt is introduced
using a diffraction grating followed by imaging optics that reimage the angularly dispersed beam
into the LiNbOj crystal. The resulting geometry enables efficient phase matching over millimeter
scale interaction lengths, allowing emission of intense single-cycle THz pulses with peak fields
exceeding 1 MV/cm.

2.1.3 Detection of THz Pulses via Free-Space Electro-Optic Sampling

Free space electro-optic (EO) sampling is a coherent, phase-resolved detection technique that mea-
sures the time-dependent electric field of a THz pulse, Ery,(t). It is based on the Pockels effect,
which is the inverse process of optical rectification. In the Pockels effect, a low-frequency or DC
electric field, in this case the field of the THz pulse, induces birefringence in a noncentrosymmet-
ric crystal®. This birefringence is proportional to the THz field strength. The principle of EOS is

a optical pulse Balanced
EO A/4 plate Wollaston Photo-detector

Hﬁ .
y \,\ crystal prism

<=
R

b At time delay

— <1‘]‘w\ “ m\\‘y\:h o
L THzpulse 4 B _@
[
o

~J o U

Figure 2.4: Schematic of a standard free space EO sampling setup. Probe polarization states,
without a and with b the THz field, are shown before and after the polarization optics.

illustrated in Figure 2.4. The THz pulse and a time-delayed, linearly polarized optical probe pulse
are collinearly focused onto an electro-optic crystal (e.g., ZnTe)*. The electric field of the THz
pulse, Ery,, induces a transient birefringence in the crystal, altering its refractive index, meaning it
creates a temporary difference between the refractive indices along two orthogonal axes (1, # n,).
This birefringence causes a phase retardation, A¢, between the components of the probe pulse po-
larized parallel and perpendicular to the THz field. This phase retardation is linearly proportional
to the instantaneous THz field strength

wlL
A¢ = Tnir4lETHZ7 (2.5)

where w is the probe frequency, L is the crystal thickness, n, is the optical refractive index, and
r41 is the electro-optic coefficient of the crystal®>. Selecting the crystal thickness requires bal-
ancing sensitivity against bandwidth. A thicker crystal increases the interaction length, yielding
a stronger signal. However, it also worsens the “walk-off” caused by the velocity mismatch be-
tween the group velocity of the optical probe and the phase velocity of THz pulse. This temporal
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smearing attenuates high frequency components, thus reducing the detection bandwidth. A thinner
crystal is therefore used to minimize this mismatch and preserve a broad bandwidth.
This THz induced polarization change, from linear to slightly elliptical, is then analyzed. The
probe beam passes through a quarter-wave plate and a Wollaston prism, which separates it into
two orthogonal polarization components. These components are directed onto a pair of balanced
photodiodes. The differential signal measured by the photodiodes, I, = I, — I}, is directly propor-
tional to the instantaneous electric field of the THz pulse at the moment the probe pulse traversed
the crystal,

I, < IyA¢p < Erp,. (2.6)

By varying the time delay, At, between the THz and probe pulses, the entire temporal profile of
the THz electric field can be sampled, providing both its amplitude and phase information.

a b
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Figure 2.5: Characterization of the THz pulse used in this work. a The temporal waveform of
the electric field, generated via tilted pulse front pumping in LiNbO3 and measured at the sample
position by electro optic sampling in ZnTe. b The corresponding amplitude spectrum obtained
from a Fourier transform, showing a center frequency of 0.5 THz.

The output of our tilted pulse front setup in LiNbOg, characterized using free space electro-
optic sampling in a 100 pm thick ZnTe crystal, is shown in Figure 2.5. The measured time domain
waveform of the THz electric field is a nearly single cycle pulse with a duration of approximately
2 picoseconds, as seen in Figure 2.5a. The corresponding amplitude spectrum, calculated via a
Fourier transform of the temporal data, is presented in Figure 2.5b. The spectrum is centered at 0.5
THz and has a broad bandwidth suitable for the spectroscopic experiments described in this work.

2.2 Transient Absorption Spectroscopy
Photochemical reactions originate from an electronically excited state, a high energy configuration

reached when a molecule absorbs a photon. Exploring the chemical and physical processes ini-
tiated by photoexcitation is key to understanding a wide range of fundamental phenomena. The
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journey of a molecule after absorbing a photon is a complex cascade of competing events governed
by the principles of photophysics and photochemistry®. The initial events that dictate the fate of a
molecule after absorbing a photon occur on incredibly short timescales, typically from femtosec-
onds (1015 s) to nanoseconds (1079 s). Accessing these events requires experimental techniques
with temporal resolution®.

Transient Absorption Spectroscopy (TAS), or pump-probe spectroscopy, enables the real-time
observation of ultrafast molecular dynamics. It uses ultrashort laser pulses to excite molecules into
a non-equilibrium state and monitor their evolution over time. The technique reveals excited state
lifetimes, relaxation dynamics, and the formation of transient species®”.

This chapter provides an overview of the principles and applications of femtosecond Transient
Absorption Spectroscopy. We will begin by description of a typical experimental setup. The
core of the section will focus on the variety of relaxation processes that can be studied using
TAS, including vibrational cooling, internal conversion, and intersystem crossing. Finally, we will
discuss the methods used to analyze the complex data of these experiments.

2.2.1 Principles of Transient Absorption

To observe the ultrafast events in photochemical reactions, a UV-vis transient absorption spec-
troscopy which provides femtosecond temporal resolution, is used. In femtosecond transient ab-
sorption spectroscopy, the excitation source is typically an amplified ultrashort pulse laser system.
Such systems are most commonly based on Ti:Sapphire technology and provide pulses with dura-
tions shorter than 100 fs at repetition rates in the range of 1-10 kHz. The general layout is depicted
in Figure 2.6.

ON OFF ON

IMA g 17T

]
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1
1
optical pulse E Pump
1
chopper | LAANANANN
Nonlinearcrystal/] @ x e — rerlt
‘ NOPA

Pump Detector
] ——
Supercontinuum -
| generation I Probe | \. i

At I Sample

Delay stage
Figure 2.6: Schematic of a basic femtosecond transient absorption spectroscopy setup.
Transient absorption spectroscopy measures the time dependent change of the intensity of the
probe beam transmitted by the sample after photoexcitation. The measured signal expressed as the

differential absorbance A A, defined as the absorbance of the photoexcited (pumped) sample minus
the absorbance of the sample in its ground state (unpumped)
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2.7)

Lyumpe )\,t
AA(A’ t) - Apumped(A7 t) - Aunpumped()\, t) = — logm (L()) ’

Iunpumped()\a t)
where ) is the probe wavelength, ¢ is the time delay between the pump and probe pulses, /pumpeq and
Tunpumped are the probe intensity transmitted by the sample with and without the pump respectively®.

The A A signal is a composite of several distinct photophysical contributions, reflecting contri-
butions of the different states created by the pump, which can be positive namely excited state
absorption or negative, ground state bleaching, and stimulated emission. These processes are
schematically depicted in Figure 2.7, which shows their origin in the context of electronic energy
levels.

1. Ground State Bleach (GSB): The pump pulse excites a fraction of the molecules from
the ground state Sy to an excited state S,,. This depletion of the ground state population
reduces the sample’s ability to absorb light at wavelengths corresponding to the ground state
absorption band. This results in a negative A A signal that spectrally mirrors the steady state
absorption spectrum®?,

2. Excited State Absorption (ESA): Once populated, the excited state (e.g., S1) can itself
absorb a probe photon, promoting the molecule to a higher excited state .S,,. This is a new

absorption feature that is absent in the unpumped sample and therefore appears as a positive
AA signal®8.

3. Stimulated Emission (SE): The probe pulse can stimulate the excited molecule to relax
back to the ground state, emitting a photon. This adds intensity to the transmitted probe
beam, effectively appearing as a negative absorbance. The SE spectrum typically resembles
a mirror image of the steady state fluorescence spectrum®8.

By recording the full A A spectrum at a series of pump-probe time delays, a complete two-dimensional
data map is constructed.

2.2.2 Relaxation Processes and Dynamics

The time-resolved data from a TAS experiment provides information about the various relaxation
pathways available to a photoexcited molecule. Upon absorbing a photon of appropriate energy,
a molecule is promoted from its ground electronic state (Sp) to a higher singlet excited state
(Sp). From this highly energetic and unstable state, the molecule seeks to dissipate its excess
energy through several competing pathways®. These processes are summarized schematically in
the Perrin-Jablonski diagram (Figure 2.8) and are described in more detail below.

Vibrational and Solvent Relaxation

Immediately after photoexcitation to a high energy vibronic level of an electronic state S,,, the
molecule has significant excess vibrational energy. The relaxation from this "hot” state is a com-
plex, multi-step process that occurs on a timescale of tens of femtoseconds to a few picoseconds.
In solution, this involves two primary non-radiative pathways:
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-=- GSB
-—-- SE
-=- ESA
—— Total AA
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Figure 2.7: Schematic representation of TA signal contributions. Negative bands originate from
ground state bleaching (GSB) and stimulated emission (SE), whereas positive bands arise from
excited state absorption (ESA). The total measured A A spectrum results from the superposition of
these processes. The inset illustrates the corresponding electronic energy-level diagram, indicating
the origin of GSB, SE, and ESA transitions.

* Vibrational Relaxation (VR): The excess vibrational energy, initially localized in Franck-
Condon active modes, rapidly redistributes among all the vibrational modes of the molecule®®.

* Solvent Reorganization: If the molecule’s dipole moment changes upon excitation (which
is especially true for charge-transfer states), the polar solvent molecules must reorient them-
selves to stabilize the new charge distribution. This reorientation process is also an ultrafast
relaxation pathway®.

In TAS data, these combined effects (vibrational cooling and solvent reorganization) are often
difficult to separate and are observed as a dynamic shift or narrowing of the ESA and SE bands.
As the molecule cools to the bottom of the excited state potential well, the spectral features sharpen
and may shift to the blue or red as the molecule finds its new equilibrium geometry®*.

Electronic State Transitions

After these initial cooling and relaxation processes have brought the molecule to the bottom of the
excited state potential well, the subsequent evolution is governed by electronic transitions between
states of different energy and spin multiplicity. These transitions determine the ultimate fate of
the excitation and can proceed through a variety of radiative and non-radiative channels. The most
relevant electronic processes are outlined below.

* Internal Conversion (IC): This is a non radiative, isoenergetic transition between two elec-
tronic states of the same spin multiplicity (e.g., So — S; or S; — Sy). IC is typically ultrafast
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Figure 2.8: Perrin-Jablonski diagram illustrating the relaxation pathways of an excited
molecule. Solid arrows represent radiative processes (absorption, fluorescence, phosphorescence),
while dashed arrows denote non-radiative processes (internal conversion, intersystem crossing, vi-
brational relaxation).

between upper excited states (S5, — 57 < 10 ps) but much slower from 5; to Sy, governed
by the energy gap law (larger energy gaps lead to slower rates). In TAS, internal conver-
sion is observed as the decay of the ESA from the higher excited state (.5,,). Depending on
the system, this process may be accompanied by the appearance of new ESA or SE signals
associated with the lower state (S;)%%.

* Intersystem Crossing (ISC): This is a non radiative transition between two electronic states
of different spin multiplicity, most commonly from a singlet state to a triplet state (e.g.,
S1 — T1). While spin forbidden, ISC can be efficient, especially in molecules containing
heavy atoms that enhance spin-orbit coupling. ISC rates vary widely, from picoseconds to
microseconds. TAS can track ISC by observing the decay of the S; spectral features (ESA
and SE) and the simultaneous rise of a new, often very long-lived ESA feature corresponding
to the triplet state 8.

* Fluorescence and Phosphorescence: These are radiative decay processes from S; — Sy
and 17 — Sy, respectively. While TAS primarily measures changes in absorption, the life-
time of the S; state measured by TAS (via the decay of its ESA and SE signals) should match
the fluorescence lifetime measured by other techniques®?.
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2.2.3 Data Analysis

The raw data from a time-resolved transient absorption experiment forms a two-dimensional ma-
trix, A(A, t), containing the differential absorbance as a function of both probe wavelength () and
pump-probe time delay (¢). One can analyze the data that involve examining kinetic traces at a few
selected wavelengths corresponding to spectral maxima or minima. However, such an approach
is often insufficient and can be misleading. Kinetic traces at single wavelengths can be distorted
by overlapping positive (excited state absorption) and negative (ground state bleaching, stimulated
emission) signals, or by dynamic spectral shifts caused by processes like vibrational relaxation or
solvent reorganization.

To extract a physically meaningful model, a global fitting (GF) is employed®!°. This method
analyzes the entire dataset simultaneously, fitting all wavelengths and time delays to a kinetic
model. The fundamental assumption is that the overall temporal evolution of the system can be
described as a sum of a discrete number of independent, first-order kinetic processes®!?. This
powerful approach ensures that the determined lifetimes are consistent across the entire spectrum
and allows for the deconvolution of spectrally overlapping components.

To improve computational efficiency and suppress noise without losing relevant information,
the global fit is performed on a reduced dataset generated via Singular Value Decomposition
(SVD).

A time-resolved spectrum, represented by the data matrix A(\,t), can be described as the sum
of the true signal matrix, A()\, t), which contains all information about the spectral evolution, and

a matrix Z(), t), which consists of stochastic, normally-distributed noise with a mean of zero®,

AN ) = A\ t) + E( ). (2.8)

Without prior knowledge of the system’s temporal evolution, we can assume that the signal
matrix A can be factorized as a superposition of the contributions of p different components. This
is known as the bilinear model assumption '°:

p

AN =D aNalt) (2.9)

=1

where €;()) is the spectral distribution and ¢;(¢) is the temporal evolution of the {-th component.
This model implies that the temporal evolution of each component’s spectrum involves changes in
amplitude only, not in band shape "', For a data matrix A composed of discrete wavelengths )\;
and time delays #y, this is expressed as:

p

A tk) =Y aNalts) + (N, t). (2.10)

=1

SVD is the procedure used to determine the number of significant components, p, and to sepa-
rate the signal from the noise contribution. SVD decomposes the experimental data matrix A(\, t)
into the product of three matrices:

A=USVT, (2.11)
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where U is an orthogonal matrix whose columns are the basis spectra, .S is a diagonal matrix con-
taining the singular values (s;), and V7 is an orthogonal matrix whose rows contain the correspond-
ing basis kinetic traces. The singular values are ordered in descending magnitude (s; > s > ...)
and represent the weight of each component pair (U;, V;) in the overall decomposition.

A plot of the singular values versus their index (Figure 2.9) is used to determine the number
of components that are significantly different from the noise. Typically, a sharp drop or “elbow”
is observed, separating a small number of large singular values (representing the signal) from a
large number of small, slowly decaying values (representing the noise). The number of significant
singular values, denoted here as p, provides a robust, model-free estimate of the data’s rank and
indicates the number of basis vectors that are sufficient to describe the observed dynamics®!"12,
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Figure 2.9: A representative plot of singular values from an SVD analysis. The number of
values clearly above the noise floor (p) is determined to select the basis vectors for the subsequent
global fit.

The spectral and kinetic basis vectors produced by SVD are mathematical constructs and are
not, in general, directly representative of a physical process. To extract a physically meaningful
interpretation, a kinetic model must be assumed, which is then fitted to the basis vectors®!?. For the
intramolecular relaxation processes studied in this work, a model governed by a sum of exponential
decays is the most reasonable choice. The temporal evolution is thus described by:

k
E ai;e /],
Jj=1

where £ is the number of exponential decays, 7; are the lifetimes, and a;; are the amplitudes.
The Gaussian term describes the convolution with the Instrument Response Function (IRF), where

Vi = ® IRF(t) (2.12)
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Ajgrp is the full width at half-maximum and ¢ is the time-zero. The explicit analytical expression
for this convolution is given by”:

1= 225 g (1 (4 22)) [ (SO

where k = 1/7, and the IRF width 0 = A;gr/(2Vv21n2).

In a Global Fit (GF) analysis, all significant kinetic basis traces (f/i) are fitted simultaneously
to equation 2.12, where the lifetimes (7;) are treated as common (global) parameters for all traces.
This procedure yields the coefficients a; ;, which are then used to calculate the Decay-Associated
Spectra (DAS). The DAS, which correspond to the characteristic lifetimes 7;, are constructed by
summing the properly weighted spectral basis vectors (U;):

p
DAS;—1.5 = Y aij-5i-U; (2.14)

i=1

The resulting DASs contain the spectral contribution corresponding to each characteristic lifetime
7;. As mentioned, this approach assumes no time-dependent changes in the spectral band shapes
within the data. By examining the series of DAS, from the fastest process to the slowest, one
can reconstruct the cascade of events following photoexcitation. A DAS with both positive and
negative features, often represents the transition from one transient species to another; the positive
portion signifies the decay of the precursor species, while the negataive portion signifies the rise
of the successor species. The final component represents the spectrum of any photoproducts or
long-lived states that can persist beyond the temporal window of the measurement.

Summary

This chapter presents the experimental methodologies used for the work presented in this thesis.
The generation of intense, phase-stable, single-cycle THz pulses via optical rectification, partic-
ularly using the tilted-pulse-front pumping scheme in LiNbOj3, was described, along with their
coherent detection through electro-optic sampling. These techniques form the basis for the time-
resolved THz Stark spectroscopy experiments discussed in Chapter 3 and 4. Furthermore, the
principles of femtosecond Transient Absorption Spectroscopy (fTAS) were outlined, covering the
pump-probe scheme, the origins of transient signals (GSB, SE, ESA), typical excited state relax-
ation processes, and the common methods for analyzing the resulting complex datasets, namely
Singular Value Decomposition and Global Fitting to extract Decay-Associated Spectra (DAS)
relevent to Chapetr 5 and 6.
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Abstract

For decades, it was considered all but impossible to perform Stark spectroscopy on molecules in a liquid so-
lution, because their concomitant orientation to the applied electric field results in overwhelming background
signals. A way out was to immobilize the solute molecules by freezing the solvent. While mitigating solute
orientation, freezing removes the possibility to study molecules in liquid environments at ambient condi-
tions. Here we demonstrate time-resolved THz Stark spectroscopy, utilizing intense single-cycle terahertz
pulses as electric field source. At THz frequencies, solute molecules have no time to orient their dipole mo-
ments. Hence, dynamic Stark spectroscopy on the time scales of molecular vibrations or rotations in both
non-polar and polar solvents at arbitrary temperatures is now possible. We verify THz Stark spectroscopy
for two judiciously selected molecular systems and compare the results to conventional Stark spectroscopy
and first principle calculations.
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3.1 Introduction

Stark spectroscopy is an invaluable tool to reveal information about physicochemical properties
of molecules 23436789 " Qufficiently strong electric fields modify absorption spectra of isotropic
ensembles of molecules if ground and excited state energy eigenvalues of the respective optical
transition shift in energy due to the interaction with the applied electric field. In most cases, the
interaction can be treated as a perturbation and expanded in a power series of the electric field.
To first order, Stark spectroscopy reveals information on the electric dipoles, and to second order,
on the induced dipoles, i.e. on the polarizabilities, of the two states. The former is referred to as
the linear Stark effect (Fig. 3.1a), the latter is called the quadratic Stark effect (Fig. 3.1b). It is
important to note that only a nonzero difference between ground and excited state dipole or polar-
izability results in a modified absorption spectrum, and consequently, only those differences can be
extracted from a measurement. While a change in dipole moment, for instance, reflects the degree
of charge separation or charge transfer associated with the transition, a change in polarizability de-
scribes the sensitivity of a transition to an external electric field>. These effects are also known as
electro-chromism® and a corresponding measurement gives insight in, for instance, photo-induced
electron or charge transfer !%!1:1213.14 "nonlinear material properties>*%!>, biological organization
and energy tuning '%17:18:19.2021 "o solvato-chromism. Also, vibrational Stark spectroscopy of CO
or CN ligands has developed into an important tool to measure in situ electric field strength in var-
ious chemical environments?2. In addition, more recent research results revived the interest in the
observation of transient Stark responses in solids, gases, or other media such as polymers, quan-
tum dots, and TMDC 232423:2627 However, transient Stark spectroscopy of molecules in solution at
room temperature has not yet been demonstrated, because a successful measurement of molecules
in solution is subject to some preconditions.

Conventional Stark spectroscopy uses low frequency (kHz) electric fields, which oscillate much
slower than typical rotation times of molecules in solution. Hence, molecules must be immobi-
lized in order to avoid alignment of their dipoles along the applied electric field, otherwise this
poling effect would result in an overwhelming increase of the overall absorption and obscure any
Stark signatures. Typically, this is achieved by freezing the solvent, which limits the range of sol-
vents that can be used since these need to form optical glasses to avoid scattering of probe light.
Moreover, freezing prevents molecules to be characterized in their natural, liquid or physiological
environment. Finally, the sample geometry, with the electrodes on the front- and backside of the
sample cuvette, leads to a non-optimal geometry with the angle between the polarization of the
Stark field and the probe being far from the ideal value of 0 deg (typically 50 to 60 deg)?®.

Here, we demonstrate that increasing the frequency of the oscillating electric field to the tera-
hertz (THz) regime removes all of the above mentioned constraints and disadvantages of conven-
tional Stark spectroscopy. Since a number of years it became possible to generate phase stable
single- or few-cycle THz pulses with sufficiently strong electric fields (up to or even exceeding
1 MV/cm) to induce measurable Stark shifts as well as femtosecond supercontinuum (fs-SC) probe
pulses to time-resolve those transient Stark signatures?®>°. A schematic of the experimental real-
ization is shown in Fig. 3.1c. Scanning the time delay between probe pulse and the THz waveform
allows for the measurement of Stark signatures for positive or negative electric fields and from
zero field up to the peak field strength of the THz pulse (see Supplementary Information 4). At
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Figure 3.1: Electric field induced Stark effect and experimental concept. Electric field induced
Stark shift due to a difference in ground- and excited state dipole (a), i.e. linear Stark effect, and
polarizability (b), i.e. quadratic Stark effect. For an isotropic distribution of molecules the ground
state absorption band versus energy A(F) broadens in the case of the linear Stark effect with the
difference signal AA(FE) resembling the second order derivative of the absorption band. In the
case of the quadratic Stark effect the ground state absorption band shifts resulting in a difference
signal AA(F) that is proportional to the first order derivative of absorption band. ¢ Schematic
representation of the experimental setup. The femtosecond supercontinuum probe pulse is scanned
in time across the collinear single-cycle THz pulses and its spectrum is recorded by a spectrometer.

THz frequencies the electric field oscillates faster than typical molecular rotation times in solution,
hence for the first time, time-resolved Stark spectroscopy of molecules is performed without freez-
ing the sample. Consequently, virtually any solvent can be used and molecules can be studied in
their natural chemical or biological environment. Moreover, a wider temperature range becomes
accessible, especially temperatures above the freezing point of the solvent but also room temper-
ature or higher. The THz frequency of the field source also entails a higher dielectric breakdown
allowing for electric field strengths, which were impossible to attain previously?!22*3, At such
field strengths, for instance, transition polarizability or hyper-polarizability may play a more im-
portant role, particularly for weakly allowed transitions. Such higher-order electric field effects
may require a new theoretical concept, especially when the applied electric field can no longer be
treated as a perturbation to the system’s Hamiltonian or when magnetic effects need to be con-
sidered. THz Stark spectroscopy offers additional minor advantages, i.e., the sample thickness
can be substantially increased and is limited only by absorption or velocity matching between the
THz and the probe pulse. Additionally, arbitrary angles between the electric field vector and the
probe polarization can be used and the absence of electrodes avoids potential redox chemistry in
the pristine sample.

For the present THz Stark spectroscopic study, we selected two molecules to separately study
the dynamics for linear and quadratic Stark effect and for comparison we performed quantum
chemical calculations as well as conventional Stark spectroscopy. One molecule consists of a
strong electron donor tetrathiafulvalene and an electron acceptor benzothiadiazole, showing an
energetically low-lying intramolecular charge transfer state with a substantial change in dipole
moment. The other is an anthanthrene derivative tetrasubstituted with silyl-protected acetylene
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groups to extend its m-conjugation, leading to an intense and sharp absorption band with a large
change in polarizability.

3.2 Results and Discussion

3.2.1 Dynamics of the Stark Signature
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Figure 3.2: THz Stark signal of TTF-BTD with parallel orientation. a False-color plot of
the measured change in absorption spectrum as a function of time delay between THz and probe
pulse and wavelength. b Time-averaged (between the two green dotted lines) change in absorption
versus wavelength (green solid curve) compared to the scaled first (black dashed curve) and second
order derivative (black dotted curve) of the ground state absorption spectrum. ¢ Spectral average of
the change in absorption between the purple dotted (purple curve) and red dotted lines (red curve)
in a. The red curve is compared to the scaled square of the measured THz electric field E2;, (black
dashed curve). d Chemical structure of TTF-BTD.

We first discuss the experimental results of a molecule with a pronounced intramolecular
charge transfer (ICT) character, namely an annulated electron donor-acceptor compound. Thereby,
tetrathiafulvalene (TTF) acts as a strong donor and benzothiadiazole (BTD) equally as an accep-
tor within the compact and planar dyad®**. The bromine functionalization of BTD increases its
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acceptor strength and the propyl chains on TTF act as solubilizing groups (Fig. 3.2d) (see Sup-
plementary Information 1). Figure 3.2a shows the color-coded THz-induced change in absorption
AA(7,\) in TTE-BTD versus time delay 7 and wavelength A for parallel polarization orientation
between probe pulse and THz waveform (corresponding results for a perpendicular orientation are
provided in the Supplementary Information 5). The color scale indicates the difference in absorp-
tion in units of optical density (OD). The two-dimensional distribution reveals both temporal and
spectral characteristics of the THz field-induced Stark shift with a time and wavelength resolution
of approximately 100 fs and 0.5 nm. Time zero is set arbitrarily to the maximum change in ab-
sorption A A, .. The two peaks of the single-cycle THz pulse are well resolved with zero signal
at the zero-crossing of the THz electric field. The measured spectra around the peaks of the THz
field indicate a spectral broadening of the rather broad Sy, — S; absorption band between 390 nm
to 650 nm, which is not unusual for ICT transitions.

Calculating the margin along the delay axis between the two green dotted vertical lines results
in the average Stark signal versus wavelength (green curve in Fig. 3.2b). Note that all measure-
ments had the background signal (from pure toluene in the cuvette) subtracted. Comparing the
measured signal to the scaled first- and second-order derivative of the ground state absorption
curve reveals that the Stark signature is dominated by a first order Stark contribution (black dot-
ted curve) revealing a linear Stark effect caused by a change in dipole moment between ground
and excited state. Additionally, we calculate two margins along the wavelength axis, first between
the purple dotted horizontal lines resulting in the purple curve in (Fig. 3.2¢), and second between
the two red dotted horizontal lines yielding the red curve in (Fig. 3.2c). The margin over the en-
tire transition (purple curve) versus time delay is essentially zero confirming that no alignment
of molecules to the applied THz field occurs. The residual small signal is most likely due to an
imperfect correction of the group velocity dispersion in the fs-SC (see Supplementary Information
4) as well as a sensitivity level of 20 OD due to fs-SC fluctuations. These findings constitute an
important result as they demonstrate that THz Stark spectroscopy can be applied to molecules in
solution without the need to freeze the solvent. The red curve, averaged over one of the peaks in
the Stark spectrum, indicates that the instantaneous Stark signal scales as the square of the THz
field which is in agreement with Liptay’s derivation of the linear and the quadratic Stark effect of
an ensemble of molecules with isotropic orientation.

The second molecule, anthanthrene 3, is a w-conjugated organic molecule of interest due to its
semiconducting properties and potential applications in light emitting diodes or solar cells. The
structure of anthanthrene is shown in Fig. 3.3d. It constitutes an interesting building block for
organic electronics and Stark spectroscopy has the potential to reveal some of its relevant physico-
chemical properties. The transient Stark signal of the Sy — S transition of anthanthrene in toluene
is shown in Fig. 3.3. The polarization between probe pulse and the THz waveform was parallel
and the corresponding results for perpendicular polarization are provided in the Supplementary
Information 5. Additional THz Stark spectroscopy results. The electronic transition shows a well
separated vibrational progression, hence all vibrational bands are treated as one transition within
our detection window. Margins are calculated following the same recipe as outlined above. A com-
parison of the time averaged Stark signature (Fig. 3.3b green curve) with the scaled first- (black
dashed curve) and second-order derivative (black dotted curve) of the ground state absorption re-
veals a mostly quadratic Stark effect related to a difference in polarizability of ground and excited
state. It also suggests that ground and excited state dipoles are, very likely based on symmetry
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Figure 3.3: THz Stark signal of anthanthrene with parallel orientation. a False-color plot of
the measured change in absorption spectrum as a function of time delay between THz and probe
pulse and wavelength. b Time-averaged (between the two green dotted lines) change in absorption
versus wavelength (green solid curve) compared to the scaled first (black dashed curve) and second
order derivative (black dotted curve) of the ground state absorption spectrum. ¢ Spectral average of
the change in absorption between the purple dotted (purple curve) and red dotted lines (red curve)
in a. The red curve is compared to the scaled square of the measured THz electric field E2;, (black
dashed curve). d Chemical structure of anthanthrene.

arguments, negligible or similar in value. The two margins along the wavelength axis shown in
Fig. 3.3c (purple and red curves) confirm that poling effects can be excluded, hence the sample
maintains an isotropic distribution throughout, confirming again that the THz field oscillation is
faster than the rotation time of investigated molecule in solution.

That is, both molecules show a pronounced instantaneous Stark signature, which is well-
matched to either the first- or the second-order derivative of the ground state absorption band,
suggesting a dominant quadratic or linear Stark effect, respectively. In both cases, the Stark signal
is proportional to the square of the THz electric field in agreement with Liptay formalism (see
Supplementary Information 7) tracing the picosecond single-cycle THz waveform and we identify
no measurable hysteresis or memory effect.

30



Chapter 3. Time-resolved THz Stark Spectroscopy of Molecules in Solution

3.2.2 Comparison Between Conventional and THz Stark Spectroscopy

For both molecules the Stark spectra for parallel and perpendicular polarization between probe
pulse and THz waveform are fitted simultaneously and analyzed using the formalism outlined
by Liptay>?’ to extract relevant molecular parameters, such as differences in dipole moment or
polarizability. We compare the results to those obtained from conventional Stark spectroscopy
(see Supplementary Information 3) and those calculated from Density Functional Theory (DFT).
DFT also provides molecular orbitals and associated energies for further discussion of results,
specifically the charge redistribution associated with an excitation (see Supplementary Information
2). Recall that conventional Stark spectroscopy is done at 77 K, that is well below the freezing
temperature of toluene, whereas THz Stark spectroscopy can be performed in principle at any
temperature, but here is done at room temperature. To account for different optical path lengths,
sample concentrations or electric field strength in the two measurement techniques, we compare the
change in molar attenuation coefficient Ae scaled to 1 MV/cm rather than the change in absorption.

The ground state absorption spectra of TTF-BTD and anthanthrene in toluene are shown in
Fig. 3.4a and b for 77 K (blue curves) and room temperature (red curves). The DFT calculations
suggest that TTF-BTD exhibits a broad absorption band due to a substantial ICT in the excited
state. Anthanthrene, on the other hand, exhibits relatively narrow absorption features with an
evident vibronic progression and DFT calculations mainly suggest a change in polarizability. When
decreasing the temperature from 300 K to 77 K toluene is known to increase its effective polarity
due to an increase in density*®. While in TTF-BTD this results in a blue-shift of the absorption
peak from 514 nm to 505 nm due to the solvent’s instantaneous electronic polarizability*, in
anthanthrene this leads to a increased stabilization of the energy levels and an associated red-
shift of the lowest vibronic mode of the Sy, — S HOMO - LUMO transition from 500 nm to
505 nm. Irrespective of molecule, thermal broadening of the absorption features is evident for
increasing temperatures. Both effects illustrate the importance of fitting Stark spectra with ground
state absorption spectra recorded at the same temperature.

Figure 3.4c and d show the change in molar attenuation coefficient Ae scaled to 1 MV/cm
for TTF-BTD and anthanthrene as measured by conventional Stark spectroscopy for a relative
orientation between probe pulse and THz waveform polarization of 56 deg/61 deg (blue solid
curve) and 90 deg (blue dashed curve). Note, that angles smaller than 56 deg are difficult to
realize due to above mentioned geometrical constraints. The corresponding results of the THz
Stark spectroscopy are shown in Fig. 3.4e and f. THz results were averaged over a 467 fs time
window around the larger peak of the THz pulse. Unlike conventional Stark spectroscopy, the THz
variant has no geometrical constraints and allows for angles down to O deg, which helps to improve
the dynamic range of measurement as well as the accuracy of the Liptay analysis. Except for the
temperature related blue- or red-shift and the different minimal angle, the Stark signatures of both
methodologies are in excellent agreement with each other. The peak change in molar attenuation
coefficient for TTF-BTD is slightly lower in the THz measurement due to the thermal broadening
of the absorption spectrum at room temperature.
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Figure 3.4: Comparison of conventional and THz Stark spectroscopy. a,b Low temperature
(77 K) and room temperature (295 K) absorption spectra of (a) TTF-BTD and (b) anthanthrene. c¢,d
Conventional Stark spectra measured at 77 K for two values of the angle x between the polarization
of the THz and the probe pulses. e,f THz Stark spectra recorded at room temperature for parallel
and perpendicular orientation of THz and probe polarization. For direct comparison the y-scale is
in units of Ae scaled to an electric field of 1 MV/cm. The grey dotted vertical lines are guides to
the eye and help to visualize the shift of the spectra at the different temperatures.
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3.2.3 Relevant Molecular Parameters

A more rigorous comparison becomes available after analyzing the spectra in Fig. 3.4 following
the Liptay protocol. It reveals the change in dipole moment, Ay, the angle between the change
in dipole moment and the transition dipole moment m, (, the average change in polarizability,
Tr(Ac«), and the change in polarizability parallel to the transition dipole moment m, m A« m.
The latter consistently showed large fitting errors and is not reported here. Table 3.1 summarizes
these molecular parameters calculated from DFT as well as measured and extracted via the Liptay
analysis of both Stark spectroscopy methodologies.

Table 3.1: Comparison of relevant molecular parameters as calculated via DFT or measured by
conventional and THz Stark spectroscopy.

Parameter DFT Conventional Stark THz-Stark
TTF-BTD: tetrathiafulvalene-benzothiadiazole

Ap (D) 16.2 14.7 £+ 0.1 15.3+ 1.8

() ~ 0 24.8 +0.2 18.7+1.1

Anthanthrene: 4,6,10,12-tetrakis(triisopropylsilylethynyl)anthanthrene
Tr(Aa) (A%) 457 363 £ 20 296 £ 70

The agreement within the error bars in all molecular parameters extracted from the two Stark
spectroscopy modalities is remarkable and confirms that both techniques deliver results which are
in quantitative agreement with each other. The biggest source of error comes from the uncertainty
of the electric field applied to the sample (see Supplementary Information 6). Furthermore, the ex-
perimental results are in reasonable agreement with DFT calculations given the fact that the solvent
environment can only be treated approximately if at all. Including the solvent effect in the DFT
calculations for TTF-BTD leads to marginal modifications to the molecular geometry as compared
to the gas phase and details can be found in reference?’. The mismatch in measured and calculated
angle ¢ most likely is due to these structural modifications, but may be also a result of temperature
affecting electrostatic interactions and molecular geometry>’*°. For the anthanthrene, the DFT cal-
culations were performed at 0 K and without solvent effects, nevertheless, the experimental results
agree very well with the DFT calculations. Hence, neither the low polarity of the solvent nor the
increased temperature seem to drastically affect the dipole moment or the electronic polarizability
of the molecule.

In conclusion, we have demonstrated that THz Stark spectroscopy indeed reveals the same
physicochemical properties of molecules as conventional Stark spectroscopy, but at the same time
opens hitherto inaccessible opportunities, because it is not subjected to the same limitations that
apply to conventional Stark spectroscopy. Geometrical constraints are removed allowing for ar-
bitrary angles between probe pulse and THz waveform polarization, no electrodes are required,
which helps to avoid potential redox chemistry in the pristine sample, and the much higher fre-
quency of THz waveforms allows for higher electric field strengths before the threshold for di-
electric breakdown is reached. Most importantly however, THz Stark spectroscopy removes the
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need to immobilize the molecular ensemble by freezing the solvent. Although this study demon-
strates time-resolved THz spectroscopy for two specific molecules in a non-polar environment, the
method is not limited to that. As also shown in a recent report on transient THz field-induced
broadening of absorption bands, which was published during the reviewing process,*! this opens
up interesting future applications to study samples also in polar natural environments. Hence,
molecules or bio-molecules can now be studied in their natural environment and at relevant tem-
peratures. Our findings are based on measurements of two molecules relevant in the context of
molecular electronics.

In addition, THz Stark spectroscopy allows us to observe transient or non-equilibrium elec-
tronic properties of molecules with sub-100 fs resolution. Consequently, THz Stark spectroscopy
can be used to study molecular ensembles at conditions not accessible to conventional Stark spec-
troscopy, for instance, within a much increased range of temperatures or in different non-polar
or polar solvents, even those that do not form transparent glasses at low temperatures. Today’s
high-field THz sources generate field strengths in excess of 1 MV/cm and even higher fields
when combined with field enhancement structures so that higher-order Stark contributions be-
come observable, such as hysteresis effects originating from electron-phonon couplings. Higher
order Stark contributions are impossible to access via conventional Stark spectroscopy but are rel-
evant to model electron dynamics induced by external or local fields (e.g. charge and electron
transfer) or to refine quantum chemistry codes. Moreover, the intrinsic time resolution of around
100 fs facilitates studies on the time-dependent physicochemical properties of a molecule during
its photo-cycle, specifically it allows for Stark spectroscopy of excited states.

3.3 Methods

THz Stark spectrometer The THz Stark spectrometer was designed to record the change in ab-
sorption AA(T,A) = Atgzon(T, A) — Arnzore(7, A) as a function of time delay between the THz
waveform and the probe pulse 7 and of wavelength A. The recorded Stark maps AA(7, \) were
subsequently corrected for the fs-SC group velocity dispersion and the background resulting from
the pure solvent (see Supplementary Information 4). The analysis of the Stark spectra, here at
maximum electric field, AA()), was outlined in reference’. After having identified the Stark-
active transitions, the Stark spectra were subsequently analyzed with the Liptay formalism, which
links the molar absorption A¢(7) as a function of wavenumber to the ground state absorption spec-
trum €(7). The model assumes a fixed angle between electric field and probe polarization and an
isotropic distribution of transition dipole moments, which is achieved by freezing the sample in
conventional Stark spectroscopy. The ground state absorption spectra and two Stark spectra for
different probe polarizations were fitted simultaneously with a weighted sum of the zeroth, first,
and second order derivative of the ground state absorption spectrum.

Ae(7) = f2E[ {ae(D) + b% <€(:)) + cdd; (6(:)> } 3.1)

From the fit parameters a, b, and ¢ we extracted the trace of the polarizability tensor, its projec-
tion along the transition dipole moment, the angle between the applied electric field and the probe
polarization, the change in dipole moment, and the angle between the change in dipole moment and
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the transition dipole moment. An important ingredient to the fit is the THz electric field strength
|E| in the sample at which the probe pulse interrogates the molecular system. In order to account
for all experimental effects we first measured the THz electric field in air and then performed finite
difference time-domain simulations to determine the time dependence of the THz electric field ex-
perienced by the probe pulse in the complex cuvette/liquid environment. We found that the time
dependence is almost identical, however with the peak electric field strength being reduced by a
factor of 0.7 due to Fresnel reflections and Fabry-Perot effects. Hence, the maximum field in the
sample was reduced to 280(17) kV cm ™. The electric field experienced by the molecules is further
modified by the local field correction factor f;, which is a measure of how the solvent cavity affects
the field inside the cavity containing the molecule*>*** We estimated the local field correction
factors for TTF-BTD and anthanthrene to 1.30 and 1.33 for conventional Stark spectroscopy and
to 1.26 and 1.29 respectively for THz Stark spectroscopy (see Supplementary Information 8).

3.4 Supplemental Information

3.4.1 Synthesis and Preparation of Molecular Systems

The two molecular systems were selected because they show either a pronounced change in dipole
moment, which allows us to unambiguously observe the linear Stark effect, or a pronounced change
in polarizability, which allows us to observe the quadratic Stark effect. In addition, both molecules
are relevant in the field of molecular electronics and the extracted physicochemical properties are
relevant in their own right.

The first molecular system is fused heterocyclic tetrathiafulvalene - benzothiadia-
zole>*3!52 (TTF-BTD) with Br substituted at the 4 and 8 positions of BTD?. This molecule
is known to undergo intramolecular charge transfer>*3 with a correspondingly large change in
dipole moment upon excitation of the HOMO-LUMO transition. The relatively broad absorption
band centered around 500 nm is a typical signature of such intramolecular charge transfer.

The second molecular system is the 4,6,10,12-tetrakis(triisopropylsilylethynyl)-anthanth- rene
compound?®, which bears a graphene-like aromatic skeleton and is well-known for its quantum
interference effect on the single molecule conductance,’®>7-® and for its versatile chromophoric
properties in organic electronics>%:0%-616263 [t exhibits optically allowed transitions with significant
oscillator strengths in the spectral range around 500 nm.

For all experiments, toluene was used as solvent because it has a low polarity and forms a
transparent optical glass at 77 K, which is mandatory for the conventional Stark measurements. The
low polarity limits effects due to varying solvent polarity at different temperatures and the potential
for THz field-induced orientation of the solvent. For conventional Stark measurements, the sample
concentration was 1 mM for TTF-BTD and 0.45 mM for anthanthrene. The sample concentration
for the THz Stark measurements was 1 mM for TTF-BTD and 0.5 mM for anthanthrene. In the
THz Stark experiment, a spectrosil quartz flow cell from Starna Scientific was used with a sample
thickness of 200 pm and a wall thickness of 200 ym. Even though a flow cell is not specifically
needed, it helped to suppress air bubble formation. Furthermore, any potential effects due to
toluene evaporation are reduced.

While the ground state absorption spectra in conventional Stark spectroscopy were measured

45,46,47,48,49
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directly with the Stark spectroscopy apparatus (with no applied electric field at low temperature),
the room temperature ground state absorption spectra were recorded separately with a spectropho-
tometer (Perkin-Elmer Lambda 750 Spectrometer, 1 mm thick cuvette).

3.4.2 Density Functional Theory Calculations

We performed DFT calculations of both systems to gain further insight into the charge redistribu-
tion between the molecular orbitals involved in the observed optical transitions and the associated
energies. While details on our DFT computations on TTF-BTD have already been published else-
where?’, we here present methods and results on the second system anthanthrene. The molecular
geometries of anthanthrene were optimised at the Kohn-Sham DFT level. We used the PBE0%
or the B3LYP® functionals to approximate the exchange-correlation energy in combination with
the 6-31+G(d,p) basis set®®. The excitation energies were computed by time-dependent DFT (TD-
DFT)%. The properties of excited states were obtained as higher-order response properties of the
ground state. Specifically, the polarizability of an excited state was determined by first converging
the electronic energy of the ground state and then by computing the double residue of the cubic re-
sponse function as described in reference ®® and implemented in the DALTON software package®.
Table 3.2 summarizes possible transitions originating from the ground S state with correspond-
ing wavelength, oscillator strength, major molecular orbital contributions, and transition dipole
moment. Molecular orbitals and associated energies involved in the calculated transitions for the
sample are illustrated in Fig. 3.5.

Table 3.2: Ground state transitions of anthanthrene with wavelength, oscillator strength, and major
contributing molecular orbitals calculated using TD-DFT.

Excited State Wavelength (nm) Oscillator Strength Major Contributions (%)

S, 500.2 0.4846 HOMO — LUMO (pure)
HOMO-1—LUMO (36)
52 e GOLLY HOMO—LUMO+1 (13)
HOMO-1—LUMO (13)
HOMO—LUMO+1 (36)
HOMO-2—LUMO (27)
HOMO—LUMO+2 (22)
HOMO-3—LUMO (3)
HOMO-2—LUMO (20)
HOMO-1—LUMO+I1 (2)
HOMO—LUMO+2 (22)
HOMO-3—LUMO (33)
Se 315.4 0.0366 HOMO—LUMO+2 (2)
HOMO—LUMO+3 (12)

Ss 402.8 0.0000

Sy 395.2 0.0087

Ss 333.0 0.6133

The average isotropic change in polarizability over the transitions was calculated using both
PBEO and B3LYP functionals. We checked convergence with the basis set (using aug-cc-PVTZ

36



Chapter 3. Time-resolved THz Stark Spectroscopy of Molecules in Solution

HOMO-3 HOMO-2

Figure 3.5: Molecular orbitals of anthanthrene. With reference to the main text, we draw the
reader’s attention to the HOMO—LUMO transition in particular.

Table 3.3: A« computed by TD-DFT with an aug-cc-pVDZ basis set.

State Wavelength (PBEO0) Wavelength (B3LYP) Tr(A«a) (B3LYP)

S, 500.2 nm 518.8 nm 457 A®
S 333.0 nm 347.0 nm 333 A°

and daug-cc-PDVZ). We verified that using aug-cc-PVDZ the basis set error affects the quantitative
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result by less than 1%. In addition, note that the lowest energy transition Sy — S; splits in a well-
separated vibronic progression.

3.4.3 Conventional Stark Spectroscopy

To understand the limitations of conventional field Stark spectroscopy we will describe the tech-
nique in general terms here. A more detailed description of the specific Stark spectrometer used,
along with technical details can be found in a previous publication?’. Typically, a high voltage
source is connected to transparent electrodes (indium tin oxide: I'TO) on the inner front and back
surface of the sample cell. The front and the back window are separated by a Kapton spacer with a
thickness of 25 um and the sample cavity is filled by injection with the sample solution. The sam-
ple is then mounted in a cooled Dewar at 77 K to freeze the solvent. Freezing the sample is also a
common work-around to increase the breakdown voltage and prevent unwanted redox chemistry.
During the experiments, a 3.5 kHz sinusoidal signal is applied across a cell. While for TTF-BTD
the applied voltage was Vs = 250V (with a peak field of 141 kV/cm), for anthanthrene the
applied voltage was Vs = 150V (with a peak field of 85 kV/cm). A lamp and monochroma-
tor provide tunable probe light. The electric field-induced transmission changes are monitored at
twice the AC frequency by a lock-in amplifier. The difference between the in- and out-of-phase
components is plotted as a function of monochromator wavelength, resulting in a Stark spectrum.
The cell can be rotated about a vertical axis within the Dewar to facilitate different relative angles
between the applied field and the probe light polarization. The polarization of the probe light is set
with a Glan-Taylor prism.

3.4.4 THz Stark Spectroscopy

This section describes in detail all relevant steps to extract the molecular physicochemical con-
stants. We start with a brief description of the experimental apparatus and the data recorded by
it. Next, we outline how we correct for the group velocity dispersion of the probe pulses and give
a detailed account of the background subtraction protocol. A further important ingredient for the
analysis is the THz electric field strength in the sample and we determine it by a combination
of measurements and finite difference time domain simulations. Finally, the measurements are
analyzed by the Liptay formalism, which is briefly described toward the end.

Experimental setup

Figure 3.6 shows a schematic of the experimental setup. The high-field single-cycle THz wave-
forms were generated via tilted-pulse-front pumping in LiNbOj3 and the time-delayed femtosecond
supercontinuum (fs-SC) probe pulses came from white-light generation in a 5-mm-thick CaF,
crystal, which was mounted in a continuously moving mount in order to avoid photo-darkening. In
detail, a 1 kHz Ti:sapphire regenerative amplifier (Legend Elite Duo Femto, Coherent) delivering
90 fs pulses with an average power of 8 W at 800 nm was used to produce the single-cycle THz
waveforms by optical rectification in a prism-cut LiNbOs crystal’®’!. The THz waveforms were
imaged to the sample position by a combination of two lenses with focal lengths of 100 mm and
50 mm, resulting in a 2:1 demagnification.
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Figure 3.6: THz Stark spectroscopy. High-field single-cycle THz waveforms were generated via
tilted-pulse-front pumping in LiNbO3 and the fs-SC probe pulses were generated in CaF,. The
probe pulses passed collinearly with the THz pulses through the sample and were analyzed by a
spectrometer. A chopper running at 500 Hz alternated between THz waveform on and off.

THz waveform and fs-SC probe pulses were combined collinearly with an indium tin oxide
(ITO) coated glass slide, which acts as a mirror at THz frequencies but is transparent at optical
frequencies. The relative polarization between the THz waveform and the probe pulse was adjusted
by an achromatic half-wave plate in the probe arm and both were subsequently focused to the
sample using a TPX lens. The probe beam waist was set to wgc ~ 17 pum, which is more than
one order of magnitude smaller than the THz beam waist of wry, ~ 1 mm, and thus probes
an area of almost constant THz electric field strength at the center of the THz spot. After the
sample, the probe spectrum was analyzed with a 1024-pixel CMOS array (Glaz-1, Synertronic
Designs) on a pulse-to-pulse basis. A phase-locked chopper blocked every other THz waveform
and from two consecutive probe spectra (with and without THz) the change in absorption, i.e.
AAN) = Atzon(A) — Atz oif(A) = —10810(Triz on(A) / Tz ofe(A) ), was calculated as a function
of wavelength \. In order to realize a sufficiently high signal-to-noise ratio we typically averaged
more than 5000 pulse pairs. From a number of such measurements for different time delays 7
between the THz waveform and the probe pulse, we construct two-dimensional color-coded Stark
maps AA(7, \) as shown in Fig. 3.7a.

Group velocity dispersion correction

The fs-SC probe pulses experience group velocity dispersion (GVD) due to a number of dispersive
optical elements through which they have to propagate. As a result, each spectral component
has a different effective time delay with respect to the THz waveform. Since the total GVD is
independent of sample and polarization, it can be corrected for. As an example, Fig. 3.7a shows
the measured and color-coded Stark signals (anthanthrene) versus time delay between probe pulse
and THz waveform and wavelength of probe pulse. The black solid curve shows the 3rd order
polynomial fitting, which is subsequently used for GVD correction. The GVD correction was
confirmed by measuring the cross-phase modulation in a quartz substrate at the sample position.
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In essence, all rows of data are shifted by a time delay that is given by the 3rd order polynomial
curve and Fig. 3.7b shows the data after GVD correction. All measurements on the solid curve
shown in Fig. 3.7a now have the same corrected time delay.

Without GVD correction With GVD correction 800
650 650 | 1 F
600 | 600 | b 1
B a8
< 550 550 f O:l
e <
o 500 500 | + <
g
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Figure 3.7: Measured color-coded Stark map for anthanthrene versus time delay and wave-
length before a and after b GVD correction. The black solid curve indicates the fitted 3rd order
polynomial representing the GVD, which turns into a vertical line after GVD correction.

Background measurements

To characterize the measurement background, we recorded signals for the pure solvent. Figure 3.8
shows the spectra for parallel and perpendicular orientation of THz and probe polarization. For
all time delays, the measurement is dominated by random noise. Note that the GVD correction
introduces an apparent parabolic structure. Around time delay zero we find a positive signal for all
wavelength, which is attributed to a THz Kerr effect observed in low-polar liquids’?. In Fig. 3.8c,d
the two signals integrated along the wavelength axis are shown as function of time delay. In agree-
ment with theory, the signal for parallel orientation is larger than that for perpendicular orientation.
For all measurements presented in this paper, we subtracted this background signal before plotting
and analysing the data.
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Figure 3.8: Background measurement with pure toluene for a parallel and b perpendicular
orientation of THz and probe pulses. Spectral average of the change in absorption between the
purple dotted lines as a function of time delay for ¢ parallel and d perpendicular orientation.
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3.4.5 Additional THz Stark Spectroscopy Results

In the main text we only show results for parallel polarization between THz waveform and probe
pulse. However, the Liptay analysis requires Stark signals for two different relative polarization
orientations, ideally but not necessarily parallel and perpendicular. Hence, for completeness we
here show the signals for perpendicular orientation. While Fig. 3.9 shows the perpendicular orien-
tation for TTF-BTD, Fig. 3.10 shows the corresponding results for anthanthrene.
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Figure 3.9: THz Stark signal of TTF-BTD with perpendicular orientation. a False-color plot
of the measured change in absorption spectrum as a function of time delay between THz and probe
pulse and wavelength. b Time-averaged (between the two green dotted lines) change in absorption
versus wavelength (green solid curve) compared to the scaled first (black dashed curve) and second
order derivative (black dotted curve) of the ground state absorption spectrum. ¢ Spectral average of
the change in absorption between the purple dotted (purple curve) and red dotted lines (red curve)
in a. The red curve is compared to the scaled square of the measured THz electric field E2;, (black
dashed curve). d Chemical structure of TTF-BTD.
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Figure 3.10: THz Stark signal of anthanthrene with perpendicular orientation. a False-color
plot of the measured change in absorption spectrum as a function of time delay between THz
and probe pulse and wavelength. b Time-averaged (between the two green dotted lines) change
in absorption versus wavelength (green solid curve) compared to the scaled first (black dashed
curve) and second order derivative (black dotted curve) of the ground state absorption spectrum.
¢ Spectral average of the change in absorption between the purple dotted (purple curve) and red
dotted lines (red curve) in a. The red curve is compared to the scaled square of the measured THz
electric field £y, (black dashed curve). d Chemical structure of anthanthrene.
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3.4.6 Characterization of THz Pulses

To determine the THz electric field strength in air we assume that the spatio-temporal electric field
can be expressed in a product E(x,y,t) = Eyg.(z)g,(y) f(t), where Ej is the peak electric field
strength and ¢, (), g,(y), and f(t) are spatially and temporally dependent functions normalized to
a peak value of one. The peak electric field strength E, was determined from three measurements,
i.e. the average power P, at a repetition rate of f,.,, the spatial profiles g2(z) and g;(y), and the
time dependence f(t) and is calculated via

P
Ey = 59 ggg 59 )
’ \/mcfrep [ g (@)de [ gy(y)dy [ f2(t)dt

where ¢ is the vacuum permittivity and c is the speed of light in vacuum. The average power
was recorded by a calibrated THz power meter (with a resolution of 50 uW and a relative error of
+12%), the spatial profiles were extracted from two perpendicular knife-edge measurements, and
the time dependence was measured by electro-optic sampling in a 0.3-mm-thick GaP < 110 >
crystal. Note that all measurements are taken at the sample position. The maximum THz power
was measured to 3.6 mW at 1 kHz repetition rate, the THz spot was nearly Gaussian with a beam
waist of 1 mm in x- as well as in y-direction, and the measured electro-optic signal’*’*7> and
the corresponding spectrum are shown in Fig. 3.11a and b. Inserting the three measurements in
Eq.(3.2) results in a peak electric field of Ey = (400 4 24) kV /cm in air. The corresponding THz
spectral amplitude shows a center frequency of 0.5 THz with a bandwidth of 0.7 THz (FWHM).
The optical system was in ambient atmosphere, hence the absorption feature around 1.1 THz is
due to the water vapor absorption.
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Figure 3.11: a Measured electro-optic signal at the sample position and b corresponding
spectrum.

The effective field strength, at which the probe pulse interrogates the molecular system, is typ-
ically smaller because of a number of effects. The dominating reduction factor comes from the
geometry and material of the cuvette. For instance, Fresnel reflections or Fabry-Perot interfer-
ences at or within the cuvette limit the maximum electric field strength. Some solvents also have a
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no-negligible THz absorption coefficient and consequently reduce the electric field strength expo-
nentially along the probe’s propagation direction. Moreover, several effects lead to a smearing and
averaging of the signal, such as the finite size of the probe interrogating the sample at different THz
electric field strengths or the finite duration of the probe pulse and the group velocity mismatch be-
tween THz waveform and probe pulse. In order to account for all these effects we performed finite
difference time-domain simulations propagating the THz waveform together with a time delayed
probe pulse through the sample cuvette. We found that the time dependence of the THz electric
field experienced by the probe pulse is almost identical to the free space THz waveform, however
the peak electric field strength is reduced by a factor of 0.7 resulting in a maximum electric field
of Ey = (280 £ 17) kV/cm in the sample.

3.4.7 Liptay Analysis

The following analysis closely follows the recipe outlined in reference’. After having identified
the Stark-active transitions, the Stark spectra are subsequently analyzed with the Liptay formalism
(for details also see references?’ and?®). The analytic expression derived by Liptay links the molar
absorption Ae() as a function of wavenumber to the square of the electric field E and ground
state absorption spectrum €(7)

B, d (e(p C, @ (el
Ac(®) = fRI {Axe(”) T ne’ar (E(:)) e’ @ (E(:)) } G

where h is Planck’s constant and c the speed of light. The model assumes an isotropic distribu-
tion of transition dipole moments, which is provided by freezing the sample in conventional Stark
spectroscopy. The measured Stark spectra are fitted with a weighted combination of the zeroth,
first, and second order derivative of the ground state absorption spectrum. The coefficient A, is
determined by the transition polarizability and/or the transition hyperpolarizability of the sample,
which can usually be neglected for immobilized samples. The second and third coefficients are
given by

B, = gTr(M) + (3cos® x — 1) (gmgm - %Tr(&)) (3.4)
Cy = |Au {5+ (3cos? y — 1) (3cos®¢ — 1)}, (3.5)

where Tr(Aq) is the trace of the polarizability tensor, mAam is its projection along the tran-
sition dipole moment, x is the angle between the applied electric field and the probe polarization,
Ay is the change in dipole moment and ( is the angle between the change in dipole moment and
the transition dipole moment.

The molecular parameters are extracted by simultaneously fitting the ground state absorption
spectra and two Stark spectra for different probe polarizations. Figure 3.12 shows the measured
data (dotted curves) and the corresponding fits (black solid curves) for the TTF-BTD sample.
Figure 3.12a and Fig. 3.12c show the results for the conventional Stark measurement at 77 K,
while Fig. 3.12b and Fig. 3.12d show the results for the THz-Stark measurement at 295 K (same
data as shown in Fig. 4 in the main text). For both experiments we find reasonable agreement
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between the fits and the measured data with a slightly better fit quality for the conventional Stark
measurements. Figure 3.12e and Fig. 3.12f separately show the contribution of the zeroth, first and
second order contribution to the fitted Stark signal for x = 90°. The contribution of the zeroth
order A, is multiplied by 10 and we a find negligible contribution to the Stark signal for both the
conventional and the THz experiment, which confirms that the alignment of molecules due to the
electric field is negligible.
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Figure 3.12: TTF-BTD conventional Stark and THz-Stark spectra fitting a, b Ground state
absorption spectrum e of TTF-BTD sample at 77 K (a) and at 295 K (b). The dots represent the
data points and the black solid curves represents the fits. ¢, d Measured Stark spectra for two
different incidence angles (dots) and corresponding fits (black solid curves) for the conventional
Stark measurement ¢ and THz-Stark measurement d. For better visualization, the curves for y =
90° are arbitrarily shifted along the Ae-axis. e, f Contribution of the zeroth (solid curve), first

(dashed curve) and second (dotted curve) order derivative line form for the Stark spectra for y =
90°.

The same fitting results are shown in Fig. 3.13 for the anthanthrene sample. Also here we find
reasonable agreement between the fits and the measured data for both conventional and THz Stark
spectroscopy.
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Figure 3.13: Anthanthrene conventional Stark and THz-Stark spectra fitting a, b Ground state
absorption spectrum € of anthanthrene sample at 77 K (a) and at 295 K (b). The dots represent
the data points and the black solid curves represents the fits. ¢, d Measured Stark spectra for two
different incidence angles (dots) and corresponding fits (black solid curves) for the conventional
Stark measurement ¢ and THz-Stark measurement d. For better visualization, the curves for y =
90° are arbitrarily shifted along the Ae-axis. e, f Contribution of the zeroth (solid curve), first
(dashed curve) and second (dotted curve) order derivative line form for the Stark spectra for y =

90°.
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3.4.8 Local Field Correction Factor

The local field correction factor gives a measure of how the solvent cavity affects the field inside
the cavity when an external electric field is applied. The calculations were done in analogy to
those described in literature *>***, We approximated the molecule as occupying a cavity with an
ellipsoidal shape. For anthanthrene we estimate the ellipsoid axes to 15 A, 15 A, and 3 A, while
for the TTB-BTD we estimate them to 15 A, 7 A, and 3 A. Note that reasonable variation of
these parameters has only minor effects to the local field correction factor. Based on literature,
the dielectric constant of toluene at 77 K and zero frequency is 2.527%, while at room temperature
and 400 GHz it is 2.27"7. The local field correction factors f; for TTF-BTD and anthanthrene are
estimated to be 1.30 and 1.33 respectively for conventional Stark spectroscopy and to be 1.26 and
1.29 respectively for THz Stark spectroscopy. Hence, the fitted values Tr(A«) have to be divided
by f,% and Ay by f; before the numbers can be compared with the DFT calculation.

3.4.9 THz Stark Spectroscopy Results of Anthanthrene in EtOAc

To demonstrate that the transient THz Stark effect can be studied in a different solvent with differ-
ent polarity, we measured the same solute Anthanthrene in the solvent ethyl acetate (EtOAc). The
relative polarity of EtOAc is about 0.228 and the relative polarity of toluene is about 0.099. To
apply Liptay analysis, Stark signals were measured for two different relative polarization orienta-
tions. While Fig. 3.14 shows the parallel orientation for Anthanthrene in EtOAc, Fig. 3.15 shows
the perpendicular orientation for Anthanthrene in EtOAc. Although the relative polarity increased
by a factor of 2.3, the result of EtOAc gives a similar Stark signature to those measured for solutes
in toluene as shown in Fig. 3.16. The blue shift in the ground state absorption is attributed to the
solvent’s instantaneous electronic polarizability. Note that the solute we used is a non-polar solute
and cannot be dissolved in more polar solvents.

Then, we compared quantitatively the extracted molecular parameters as calculated via DFT or
measured by conventional and THz Stark spectroscopy summarized in Table 3.1.

Table 3.4: Comparison of relevant molecular parameters as calculated via DFT or measured by
conventional and THz Stark spectroscopy in different solvents.

Parameter DFT Conventional Stark (Toluene) THz-Stark (Toluene) THz-Stark (EtOAc)
Anthanthrene: 4,6,10,12-tetrakis(triisopropylsilylethynyl)anthanthrene
Tr(Aa) (A%) 457 363 & 20 296 £ 70 229 4+ 53
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Figure 3.14: THz Stark signal of anthanthrene in EtOAc with parallel orientation. a False-
color plot of the measured change in absorption spectrum as a function of time delay between THz
and probe pulse and wavelength. b Time-averaged (between the two green dotted lines) change
in absorption versus wavelength (green solid curve) compared to the scaled first (black dashed
curve) and second order derivative (black dotted curve) of the ground state absorption spectrum.

¢ Spectral average of the change in absorption between the purple dotted (purple curve) and red
dotted lines (red curve) in a.
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Figure 3.15: THz Stark signal of anthanthrene in EtOAc with perpendicular orientation. a
False-color plot of the measured change in absorption spectrum as a function of time delay between
THz and probe pulse and wavelength. b Time-averaged (between the two green dotted lines)
change in absorption versus wavelength (green solid curve) compared to the scaled first (black
dashed curve) and second order derivative (black dotted curve) of the ground state absorption
spectrum. ¢ Spectral average of the change in absorption between the purple dotted (purple curve)
and red dotted lines (red curve) in a.
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Abstract

Stark spectroscopy is a powerful method for probing molecular dipole moment changes, charge transfer
dynamics, and polarizability under applied electric fields. Time-Resolved Terahertz Stark Spectroscopy
(TRTSS), which employs intense single-cycle terahertz (THz) pulses to induce transient Stark shifts, over-
comes key limitations of conventional approaches. Unlike static or low-frequency fields, THz pulses os-
cillate much faster than typical molecular rotation times, effectively preventing dipole reorientation and
enabling measurements in solutions at ambient conditions. Here, we extend TRTSS to the most polar sol-
vent and report the first demonstration of Stark spectroscopy in water at room temperature. Using Mala-
chite Green and Methyl Orange as model systems, we observe THz-induced spectral modulations in water,
demonstrating that TRTSS can successfully reveal field-induced changes even in highly polar, hydrogen-
bonded environments. These results demonstrate that direct field-molecule interactions can be quantified by
TRTSS, even within water’s complex and highly polar hydrogen-bonded network. By demonstrating TRTSS
in water, this work significantly broadens the applicability of this technique, establishing it as a versatile tool
for investigating molecular dynamics in chemically and biologically relevant environments. Furthermore, it
opens new opportunities for studying biomolecular Stark effects in aqueous systems, with implications for
ultrafast spectroscopy, electrochemistry, and bioelectronics.
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4.1 Introduction

Understanding how molecules respond to external electric fields provides fundamental insight
into their electronic structure, charge distribution, and interactions with their environment. Stark
spectroscopy has long been an essential tool for probing these properties by analyzing electric-
field-induced spectral shifts, revealing information about dipole moments, polarizabilities, and
charge transfer processes >**°. However, conventional Stark spectroscopy typically relies on low-
frequency (kHz) electric fields applied through electrodes, necessitating cryogenic immobilization
of samples to avoid rotational and alignment effects®’-8. This limitation restricts the range of sol-
vents that can be used, often excluding biologically and chemically relevant polar environments
such as water, where solvation effects play a crucial role in molecular behavior®”.

Recently, terahertz (THz) Stark spectroscopy has emerged as a powerful alternative, utiliz-
ing ultrafast, phase-stable THz pulses to transiently induce Stark shifts without requiring sample
freezing>*!%111213 n our previous work, we demonstrated that THz Stark spectroscopy enables
precise measurements of dipole moment changes and polarizabilities in non-polar and weakly po-
lar solvents under ambient conditions'!. Around the same time, Singh et al. reported the THz Stark
spectroscopy of a prototypical organic dye, Betaine-30 (B-30), in two aprotic polar solvents: chlo-
roform (CHCls) and dimethylsulfoxide (C;HgSO, DMSO)!2. More recently, they also employed
THz Stark spectroscopy to monitor the electric dipole changes of wild-type bacteriorhodopsin (BR)
and a BR D85T mutant upon electronic excitation'?. However, the applicability of this technique
to water, a highly polar solvent, has not yet been explored.

Extending TRTSS to water presents fundamental challenges. First, its high dielectric constant
(=~ 80 at room temperature) could significantly screen the applied electric field, potentially reduc-
ing the Stark effect experienced by solvated molecules'*!>!°, Second, strong THz absorption by
water, due to intermolecular hydrogen bonding and dipolar relaxation raises concerns about effec-
tive field penetration and whether the induced Stark shifts remain detectable!”-'®. Finally, the dy-
namic solvent reorganization around chromophores in aqueous environments introduces additional
complexities in interpreting molecular Stark responses, as solvent interactions may contribute to
the observed field-induced shifts®!°.

In this study, we demonstrate that THz Stark spectroscopy is not only feasible in water but
also provides valuable molecular insights previously inaccessible with conventional Stark meth-
ods. Using Malachite Green and Methyl Orange as model systems, we show that clear Stark
signals can be detected even in the most polar environment, enabling precise measurements of
dipole moment changes and polarizabilities in water. Liptay analysis of our experimental THz
Stark spectroscopy data provides evidence for mixed Stark behavior, showing close agreement
with the time-dependent density functional theory (TD-DFT) calculations. Our findings suggest
that THz Stark spectroscopy can serve as a powerful tool for investigating electrostatic interactions
in biological and chemical systems under physiological conditions, including protein electrostatics
and ultrafast charge transfer processes.
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4.2 Results and Discussion

4.2.1 Dynamics of the Stark Signature

This study presents the THz-induced Stark response of two dyes dissolved in water, Malachite
Green (Figure 4.1) and Methyl Orange (Figure 4.2). To isolate the response of each dye, and to
remove the nonresonant Kerr/electrostriction background and any cell contributions, a reference
measurement on pure water (See Fig 4.6) was performed under identical conditions (cell, path
length, polarization, THz energy) and subtracted from the sample data. The residual reports the
stark parameters of the dye solution phase in water. Figure 4.1 presents the THz-induced Stark
response of Malachite Green, measured with the probe polarization aligned parallel to the THz
electric field polarization (parallel orientation). Figure 4.1a shows a false-color map of the mea-
sured change in absorption (AA) as a function of probe wavelength and time delay between the
THz and probe pulses. The strongest absorption modulation is observed around 440-550 nm, at
time zero, indicating a field-driven Stark shift. Figure 4.1b illustrates the time-averaged spectral
response (red solid curve), computed over the spectral window highlighted by the red dashed lines
in panel a. The Stark spectrum is well described by a weighted sum of spectral derivatives. The
total fit (black dash-dotted curve) closely follows the first derivative of the steady state absorption
(grey dashed curve), with only a small second-derivative mixture (grey dotted curve). This indi-
cates that the observed Stark signal does not conform strictly to a purely linear or quadratic Stark
effect rather a response dominated by the change in polarizability (quadratic Stark effect) with a
minor contribution from the dipole moment changes (linear Stark effect).

Figure 4.1c¢ depicts the time-domain evolution of the Stark signal, obtained by averaging over

the spectral region marked by the blue dashed lines in panel a. The absorption change (blue
curve) exhibits a strong temporal correlation with the squared THz field envelope, FZ,, (purple
dashed curve). Finally, Figure 4.1d displays the chemical structure of Malachite Green. The
signal’s derivative like lineshape and its temporal evolution tracking the squared THz field F%,,
validates TRTSS as a quantitative method for probing of the change in dipole moment (Ayx) and
polarizability change (A«) in solution. These results demonstrate sufficient sensitivity to resolve
sub-picosecond, field-induced modulations in molecules in solution.
Figure 4.2 presents the THz Stark response of Methyl Orange in water measured with the probe
polarization parallel to the THz electric field polarization, further demonstrating the applicability of
TRTSS in highly polar solvents. The false-color plot in Figure 4.2a illustrates the time-dependent
spectral modulation, showing absorption changes in the 500-580 nm range. These spectral features
appear around time zero, indicating a direct interaction between the THz electric field and the
molecular dipole or polarizability.

Figure 4.2b displays the time-averaged Stark spectrum (red solid line), overlaid with a total fit
(black dash-dotted line), and the first- and second-order derivatives (grey dashed and dotted lines,
respectively) of the ground state absorption spectrum. The presence of both linear (dipole moment-
driven) and quadratic (polarizability-driven) Stark components suggests a mixed Stark behavior.
Figure 4.2¢ depicts the spectrally averaged change in absorption as a function of time (blue curve),
computed over the spectral region between the blue dashed lines in panel a. The temporal profile
closely follows the squared THz field envelope, E%;, (purple dashed curve). Finally, Figure 4.2d
shows the molecular structure of Methyl Orange, highlighting the electronic environment that gives
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Figure 4.1: THz Stark response of Malachite Green in parallel orientation. a False-color
map of the measured change in absorption spectrum as a function of wavelength and of probe
delay relative to the THz pulse. b Spectral trace obtained by averaging the signal between the red
dashed lines in a (red solid curve), compared to the total fit (black dash-dotted curve), the first-
order derivative (grey dashed curve), and the second-order derivative (grey dotted curve) of the
ground state absorption spectrum. ¢ Temporal evolution of the spectrally integrated Stark signal
(blue curve), averaged across the spectral range indicated by the blue dashed lines in a, compared
to the squared THz electric field profile £y, (purple dashed curve). d Chemical structure formula
of Malachite Green.

rise to the observed THz-induced response. Figure 4.3 presents the molar absorption coefficients
and their THz-induced modulations for Malachite Green (a) and Methyl Orange (b) in water at
room temperature (295 K). The plots combine the ground state absorption spectra (blue lines, right
y-axes) with the corresponding THz Stark spectra (left y-axes), recorded for both parallel (red) and
perpendicular (orange) orientations of the THz and probe polarizations. The Stark signals As(\)
are scaled to an effective field strength of 1 MV/cm.

For Malachite Green, the absorption spectrum in our sample has a peak near 550 nm and is
blue-shifted relative to dilute literature values, consistent with some degree of self-aggregation?°.
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Figure 4.2: THz Stark response of Methyl Orange in parallel orientation. a False-color map
of the measured change in absorption spectrum as a function of wavelength and of probe delay
relative to the THz pulse. b Spectral trace obtained by averaging the signal between the red dashed
lines in a (red solid curve), compared to the total fit (black dash-dotted curve), the first-order
derivative (grey dashed curve), and the second-order derivative (grey dotted curve) of the ground
state absorption spectrum. ¢ Temporal evolution of the spectrally integrated Stark signal (blue
curve), averaged across the spectral range indicated by the blue dashed lines in a, compared to
the squared THz electric field profile E2y, (purple dashed curve). d Chemical structure of Methyl
Orange.

Accordingly, we analyze Malachite Green with a monomer plus aggregate derivative basis. Deriva-
tive decomposition identifies a polarizability-dominated mixed Stark response (first-derivative term),
with a smaller contribution from the second derivative (change in dipole moment) term. Using sep-
arate derivatives for monomer and aggregate improves the residuals and indicates that the aggregate
like component mainly contributes to the Tr(A«) term.

Methyl Orange in water exhibits a broad band centered at 465 nm. Unlike Malachite Green,
Methyl Orange behaves monomerically, thus the extracted parameters reflect the monomer in bulk
water. The corresponding TRTSS spectra, with a zero crossing near the absorption maximum,
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Figure 4.3: Molar absorption coefficient and its modulation. The plots combine the absorption
spectra (blue line, right y-axes) and THz Stark responses (left y-axes) of Malachite Green (a) and
Methyl Orange (b), measured at room temperature. The Stark spectra are plotted as Ae, recorded
for parallel (brown) and perpendicular (orange) orientations of the THz and probe polarizations,
and scaled to an electric field strength of 1 MV/cm.

are in an excellent agreement with a mixed Liptay fit. The first derivative term is the leading
contribution, while the second derivative term is smaller yet required to capture the asymmetry of
the modulation.

The characteristic spectral features and the field-dependent response confirm that the THz
Stark effect can be effectively employed to probe molecular charge redistribution and polarizability
changes in organic chromophores in water.

4.2.2 Relevant Molecular Parameters

A detailed comparison is achieved by analyzing the spectra using the established Liptay formal-
ism®. This method enables the extraction of key molecular parameters such as the change in the
dipole moment, Ay, the angle ¢ between Ap and the transition dipole moment m, the average
change in polarizability, Tr(A«), and the component of the polarizability change along m, ex-
pressed as m; Aa; m. Table 4.1 summarizes key molecular parameters for Malachite Green and
Methyl Orange, determined from Time-Dependent Density-Functional Theory (TD-DFT) calcula-
tions and extracted experimentally via Liptay analysis of THz Stark spectroscopy data.

Malachite Green in water displays a blue-shifted, broadened band relative to dilute litera-
ture values, consistent with partial self-aggregation?’. Accordingly, we fit a mixture basis with
monomer and aggregate derivatives. The retrieved parameters are Ay = 5.6 &+ 1.2D and ( =
36.3 £ 1.1°, together with Tr(A«a) = —57.3+ 154 A’ and mAam = —37.7+£894A° reported in
Table 4.1. TD-DFT on an isolated monomer model predicts a positive Tr(Aa). However, the neg-
ative Tr(Ac«) indicates a smaller average polarizability in the excited state relative to the ground
state. In Stark analysis, this corresponds to a dominant first derivative component with the negative
sign. We tentatively attribute the observed negative Tr(A«) to the formation of H-aggregates. In
such structures, strong excitonic coupling between dye molecules produces a blue-shifted absorp-
tion band and creates delocalized exciton states that are shared across several chromophores?’. At
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the same time, the dense packing imposes significant structural and electrostatic constraints on the
individual molecules within the aggregate?!"?2. It is plausible that this rigid and highly structured
environment is the dominant factor affecting the Stark response. While the exciton state is delo-
calized, these strong local constraints could constrain the collective electron cloud, making it less
deformable than that of an isolated monomer. This would effectively lower the polarizability of
the S; excited state, yielding a negative Tr(A«).

In contrast, Methyl Orange behaves monomerically in water, therefore a single-species fit
suffices. We obtain Ay = 6.2 £ 1.8D, ¢ = 24.8 £ 2.1°, Tr(Aa) = 1153 + 17.2 Ag, and

mAam = 79.9 £ 12.5 A>. The TD-DFT calculations reproduce the experimental trends.For
Methyl Orange the S state is strong charge transfer (CT), so TD-DFT already predicts a large
|Ap|?. In water, polar solvation and hydrogen bonding stabilize both Sy and S; in a correlated
way along the same CT axis; this does not strongly change the difference Ay = pi. — p1,. The devi-
ation between experimental and theoretical  values probably arises from structural modifications,
with additional influence from temperature dependent electrostatic and geometric effects?+%.

These results provide further support for the mixed Stark behavior observed in both sam-
ples, where contributions from both linear (dipole-driven) and quadratic (polarizability-driven)
Stark effects were evident. The quantitative extraction of molecular Stark parameters from THz
spectroscopy further validates the applicability of THz Stark spectroscopy in polar environments,
demonstrating its potential for characterizing solvated molecular systems under ambient condi-
tions.

Table 4.1: Comparison of relevant molecular parameters as calculated via TD-DFT and measured
via THz Stark spectroscopy.

Parameter Malachite Green Methyl Orange
TD-DFT THz-Stark TD-DFT THz-Stark
Ap (D) 4.2 5.6+ 1.2 8.7 6.2+ 1.8
¢ () 90 36.3+1.1 9 248+ 2.1
Tr(Aa) (A%) 32 —57.3 £ 154 92 1153 £17.2
mAam/m? (A3) 32 —37.7+8.9 91 79.9 £ 12.5

4.3 Conclusion

In this study, we have demonstrated for the first time that TRTSS can be successfully applied to
highly polar solvents such as water under ambient conditions. Our findings confirm that solvent
polarity and hydrogen bonding do not fundamentally limit the ability to measure Stark shifts in so-
lution, significantly expanding the applicability of TRTSS beyond non-polar solvents like toluene.

By investigating Malachite Green and Methyl Orange, we observed clear Stark signals that
exhibit a combination of linear (dipole-driven) and quadratic (polarizability-driven) effects, sug-
gesting the mixed Stark response of these molecules. The agreement between the experimental
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results and the TD-DFT calculations provides further evidence for the observed mixed Stark be-
havior.

These results mark a major advancement for THz Stark spectroscopy, an invaluable tool for
determining the electronic properties of molecules, proving that the technique can be applied to
liquid-phase samples without freezing, even in highly polar solvents. Moreover, our findings es-
tablish TRTSS as a versatile and solvent-compatible spectroscopic tool, paving the way for new
explorations in biophysics, ultrafast electrochemistry, and solution-phase quantum dynamics. Fu-
ture work will explore more complex molecular systems, including biological molecules and elec-
trochemical interfaces, where solvent interactions play a crucial role. Additionally, expanding the
method to higher-field THz pulses Stark spectroscopy could provide deeper insights into nonlinear
Stark effects and transient electronic structures in solution-phase dynamics.

4.4 Supplemental Information

4.4.1 THz Stark Spectroscopy Setup

Time-Resolved THz Stark Spectroscopy (TRTSS) was performed using a single-cycle terahertz
(THz) pulse to induce transient Stark shifts in molecular absorption spectra. Figure 4.4 provides
an overview of the experimental setup. The THz pulses were generated via optical rectification in
a LiNbOs crystal using a tilted-pulse-front scheme. A synchronized femtosecond supercontinuum
probe pulse, generated through white-light continuum generation in a CaF, crystal, was used to
monitor Stark-induced absorption changes. The probe and THz pulses were spatially overlapped
and temporally delayed to scan the Stark response as a function of time delay. The transmitted
probe spectra were detected using a 1024-pixel CMOS array, with a reference line to enable shot-
to-shot normalization and enhance the signal to noise ratio.

4.4.2 Sample Preparation

Methyl Orange and Malachite Green were dissolved in deionized water at concentrations optimized
for strong but non-saturating absorption in the visible spectral range. The solutions were placed in
a quartz cuvette with a 100 pm path length, ensuring minimal absorption from water itself while
maintaining sufficient signal strength. All measurements were performed at room temperature
(295 K) to demonstrate TRTSS applicability in solution systems.

4.4.3 Data Acquisition and Analysis

To extract molecular Stark parameters, we performed a Liptay analysis by decomposing the Stark
spectra into a linear combination of the absorption spectrum and its derivatives. Following estab-
lished methods, the derivatives were obtained by direct numerical differentiation of the experimen-
tal absorption spectrum. To minimize noise, the data were smoothed with a Savitzky-Golay filter
while preserving curvature and peak intensities®. As discussed by Bublitz and Boxer, when multi-
ple absorption bands with different electro-optic parameters contribute, a deconvolution approach,
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Figure 4.4: Experimental setup for THz Stark spectroscopy with a reference-corrected su-
percontinuum detection. Single-cycle THz pulses are produced by tilted-pulse-front excitation
in LiNbOj3 and are spatially overlapped with femtosecond SC probe pulses generated in CaF,.
The probe beam was split before the sample, with one arm passing through the sample while the
other serving as a reference to improve signal-to-noise ratio. Both probe and reference spectra are
recorded by a spectrometer. A mechanical chopper operating at 500 Hz periodically blocked the
THz beam, enabling alternating acquisition of THz-on and THz-off signals for differential detec-
tion.

fitting the absorption as a sum of band components and using their analytical derivatives, pro-
vides an equivalent but species resolved basis®. Consistent with this, we used the direct derivative
method for Methyl Orange (single dominant band), whereas Malachite Green was modeled with
separate monomer/aggregate spicies to account for overlapping bands. The extracted Stark param-
eters, including Ay, ¢, Tr(Aa), and mAam/m?, were determined from best fits of the derivative
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components and compared with TD-DFT values to assess accuracy.

4.4.4 Polarization Anisotropy

For an isotropic solution, Liptay theory predicts that the electroabsorption spectra recorded with
probe polarization parallel and perpendicular to the THz field have the same linear combination of
A(v), A'(v), and A" (v), differing only by geometry factors, thus the ratio R(\) = Ag)(A)/Ac (A)
is wavelength-independent®?®. We evaluate R(\) from the derivative reconstructions within the
absorption band and report the band-median with interquartile range (IQR). We obtain, Ry =
1.75 £ 0.28 (IQR), and Ryp = 1.02 4 0.23 (IQR), both ratios are flat across the band.

Table 4.2: Polarization anisotropy metrics from derivative-only diagnostics.

Sample Riedgian IQR)  Best scale s
Malachite Green 1.75 (1.62-1.90) 1.73
Methyl Orange  1.02 (0.85-1.08) 0.97
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Figure 4.5: a, b Overlay of the parallel TRTSS spectrum (solid blue curve) with the best-
scaled perpendicular spectrum (red dashed curve) of Malachite Green and Methyl Orange
respectively.

To visualize the constraint, we overlay the parallel spectrum (y = 0°) with the best scaled
perpendicular spectrum s - (x = 90°) in Figure 4.5.

4.4.5 Background Measurements

A pure water TRTSS dataset was measured under identical conditions (cell, path length, THz/probe
polarizations, fluences). The response is spectrally featureless across 400-650 nm, as shown in
Figure 4.6. Since liquid water has no electronic absorption in this spectral window, it cannot
yield a Stark electroabsorption lineshape. Intense THz fields can reorient permanent dipoles and
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induce transient birefringence in liquids, i.e., a Kerr response; we observe this in pure water?’. Its
apparent sign and amplitude change with polarization angle (0°/90°), as expected for a birefringent
Kerr signal.

Figure 4.7 demonstrates the polarization control measurements for pure water. The band-
averaged signal changes sign when the polarizer is rotated by 90°, as expected for Kerr birefrin-
gence.

Wavelength (nm)
Wavelength (nm)

(o)
=

g 107 8
2 2 o
3 3
—10 - —10 A
-1 0 1 -1 0 1
Time (ps) Time (ps)

Figure 4.6: aand b AA(\, ¢t) map. Broad, nearly wavelength-independent response of pure water
at time zero, for parallel and perpendicular geometry, respectively. No derivative structure or band
center zero-crossing, consistent with non-resonant Kerr/electrostriction rather than Stark signature.
c and d wavelength-averaged A A(t). Temporal evolution of the signal, averaged across the spec-
tral range indicated by the blue dashed lines, for parallel and perpendicular geometry, respectively.

4.4.6 Local Field Correction Factor

The electric field a molecule experiences inside a solvent is different from the field applied to
the bulk liquid. To correct for this, we used a standard local field factor f; to relate the macro-
scopic field to the actual field at the molecule?®?*3°, Based on the properties of water at our THz
frequency, we calculated a correction factor of f; = 1.36. Dividing measured change in dipole
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Figure 4.7: Band-averaged TRTSS traces with the probe analyzer at 0° and 90° measured
for pure water. An opposite signal sign is observed with the rotation of the polarizer (Kerr bire-
fringence).

moment Ay by this factor (f7) and the change in polarizability Tr(Ac«) by its square f7, allows
for a better comparison with theory by accounting for the solvent’s dielectric screening, but it does
not remove the effects of direct molecule-solvent interactions.

4.4.7 Computational Methods

Electronic structure calculations were performed with Gaussian 16 software. First, the ground
state geometries were optimized using a DFT description with B3LYP functional and 6-31+G(d,p)
basis set. The counterion is expected to be solvated in water, and hence be close to the molecule.
Therefore, the charge of Malachite Green was set to +1 and the charge of Methyl Orange to -1. The
ground and exicited state properties including electronic dipole moment, polarizabilities, transition
dipole moment and energies were computed with the range-separated wB97XD functional and the
same basis set as for the geometry optimization. The solvent effects were included within the
polarizable continuum model (PCM) both for the conformational analysis and for the calculation
of excitation properties. The ability of the selected functional to describe the mixed charge transfer
(CT) and locally excited (LE) states was validated by comparing the vacuum properties with the
CC2 approach with def2-TZVPPD, which was shown to provide similar precision for both the CT
and LE states (Fig. S4.8 and Table S4.3). In the next step, we investigated the solvent effects
on the electronic properties by comparison of the gas phase properties with the nonequilibrium
linear response solvation, indluding only fast response of the electronic degrees of freedom, and
the equilibrium solvation including nuclei relaxation effects (Table S4.4). In order to validate
the computed excited state properties and visualize the effects of the environment, we computed
absorption spectra for the two studied systems and three different solvation schemes and compared
them with the experiment.
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Figure 4.8: Comparison of the natural transition orbitals and transition densities between
TD-DFT with wB97XD DFT functional with 6-31+G(d,p) basis and CC2 calculation with
def2-TZVPPD in vaccum. TD-DFT orbitals and densities results agree well with the CC2 results
except for the Methyl Orange second and third excited states are exchanged. The natural transition

orbitals keep the same shape also in the water solution modeled as polarizable continuum environ-
ment.
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Table 4.3: Comparison of the electronic properties for the first excited state between the TD-DFT
and CC2 approach. F . and 4. correspond to the vertical excitation energy and transition dipole
moment, respectively, between the ground and first excited state S7, while Ayp and Tr(A«) repre-
sent the difference between excited and ground state dipole moment and isotropic polarizability,
respectively.

Property wB97XD (B3LYP geom) CC2 (B3LYP geom) CC2 (CC2 geom)
Malachite Green

Eye (eV) 2.766 2.236 2232

ftge (D) (9.66, 0.0, 0.05) (11.27, 0.0, 0.00) (11.20, 0.0, 0.00)

Ap (D) (0.0, -2.47, 0.0) (0.0, -2.29, 0.0) (0.0, -2.42,0.0)
Methyl Orange

Eye (eV) 3.609 3.423 3.236

fige (D) (9.12, 0.0, 0.0) (9.69, 0.0, 0.00) (9.86, 0.0, 0.00)

Ap (D) (-2.21,-0.10, 0.05) (5.53,-0.20, -0.10)  (-6.24,-0.25, -0.03)

Table 4.4: Comparison of the electronic properties for different solvation schemes within the TD-
DFT approach using the wB97XD functional and 6-31+G(d,p) basis set.

Property Gas phase Non-equilibrium Solv. Equilibrium Solv.
Malachite Green

Eg (eV) 2.766 2.603 2.359

tge (D) (9.66, 0.0, 0.05) (10.65, 0.0, -0.05) (12.35, 0.0, 0.08)

Ap (D) (0.0, -2.47, 0.0) (0.0, -3.72, 0.0) (0.0, -4.17, 0.0)

Tr(Agiag) (A®) (8.9,0.8,0.5) (31.7,-0.7,0.7) (31.8,-0.7,0.7)

Methyl Orange

Ey (eV) 3.609 3.364 3.191

fge (D) (9.12, 0.0, 0.0) (9.68, 0.04, 0.08) (10.58, -0.05, 0.10)

Ap (D) (-2.21,-0.10, 0.05) (-8.16, 0.25, -0.05) (-8.70, 0.23, -0.05)

Tr(Auiag) (A%)  (103.4,0.6, 1.0) (82.4,0.6,0.7) (90.6, 0.4, 0.7)
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Abstract

Aromatic 7-stacking interactions play an important role in both natural and artificial systems, influencing
processes such as charge separation in photosynthesis and charge transport in organic semiconductors. Con-
trolling the geometry and distance between aromatic units is therefore crucial for tuning intermolecular
interactions and charge transfer efficiency. Due to their well-defined stacking geometry, paracyclophanes
(PCPs) composed of two or more aromatic units connected by rigid linkers, provide an ideal platform for
a systematic study of such effects. Despite extensive experimental studies of PCPs, a comprehensive and
quantitatively validated theoretical description linking the structure with the electronic and optical properties
is still missing. Here, we present an extensive computational and experimental investigation of the electronic
and optical properties of homo-PCPs containing naphthalene diimide (NDI) or Pyrene chromophores linked
by bridges of varying length and rigidity. We introduce a robust methodology for an accurate simulation of
the absorption and fluorescence spectra of PCPs based on a combined TD-DFT and CC2 approach, achieving
excellent quantitative agreement with experiment. We also present and validate a fragment based descrip-
tion of PCPs based on the Frenkel exciton model. Such approach is valuable not only for interpretation of
the electronic and optical properties of PCPs, but it can also significantly reduce the cost of the calculation
while maintaining the accuracy of the supermolecular approach. This work establishes a quantitatively reli-
able framework linking structure, excitonic coupling, and charge transfer interactions in PCPs with optical
properties, providing design principles for next-generation optoelectronic materials.
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5.1 Introduction

Aromatic stacking interactions play an important role in many fields ranging from biology to
supramolecular chemistry and materials science. In biological systems 7m-stacking contributes to
protein stability, ligand-receptor binding (e.g. in dopamine receptors)!?,and molecular orbital
overlap of aromatic systems is crucial for charge separation in the photosynthetic reaction cen-
ter’. In artificial systems, such as organic electronic devices or artificial light harvesting systems,
m-stacking enhances molecular orbital overlap, which is critical for charge transport and charge
transfer (CT) state formation*>%’. The efficiency of CT state formation and intermolecular charge
transport in organic semiconductors is governed by electronic coupling®, which depends on the
degree of molecular orbital overlap between neighboring molecules. This overlap, in turn, is de-
termined by the relative distance and orientation of the molecules. Therefore, significant efforts
have been devoted towards the development of molecular systems that exhibit close packing and
well-defined orientations to tailor intermolecular interaction to specific applications.

A promising class of compounds featuring face-to-face aromatic stacking and well-defined mu-
tual geometry are paracyclophanes (PCPs)®!*!!. These molecules consist of two or more aromatic
units connected by linkers (e.g. alkyl chains or phenylene bridges), resulting in a rigid structure.
The electronic and optical properties of PCPs are governed by both the choice of the aromatic
subunits and the linkers, which defines the interunit distance as well as the relative orientation of
the two aromatic systems. Homoparacyclophanes (homo-PCPs), composed of identical aromatic
units, have been explored as building blocks for the construction of conductive polymers, molecu-
lar wires, and light-emitting diodes!®!>!3, In contrast, heteroparacyclophanes formed by aromatic
units with electron donor and acceptor properties exhibit pronounced CT interactions. The abil-
ity to tune CT state properties in these systems is particularly relevant for applications in organic
photovoltaics (OPV) and organic field-effect transistors (OFET) >4,

Despite extensive experimental studies of PCPs, a comprehensive and quantitatively validated
theoretical description linking molecular structure with electronic and optical properties, particu-
larly for larger systems, is still missing. Most of the theoretical investigations to date have focused
on ground state properties and molecular orbital analyses, or time dependent density functional
theory (TD-DFT) calculations of excited states in the gas phase'>'¢!7:18  The lack of quantitative
accuracy is largely due to the challenges in the theoretical description of CT states, which are char-
acterized by spatially separated electrons and holes with small molecular orbital overlap resulting
in low transition dipole moments, and a strong dependence on geometry and environment. Con-
ventional TD-DFT approaches employing generalized gradient approximation (GGA) or hybrid
functionals often fail for CT states because of their incorrect asymptotic behavior, necessitating the
use of higher-level methods with significantly greater computational cost'®?°. Although employ-
ing range-separated hybrid functionals partially mitigate this deficiency of the TDDFT approach,
in many cases they still do not achieve fully quantitative accuracy?'.

In this work, we present a computational methodology for a quantitative description of the
electronic properties of PCPs. The redox properties are calculated using DFT-based approaches
and validated against experimental measurements. Excited state properties are evaluated using a
combination of an approximate coupled cluster method (CC2) and linear-response TD-DFT with
range-separated functionals. The calculated excited states are used to simulate absorption and
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fluorescence spectra and to rationalize the observed excited state dynamics of PCP systems. We
also investigate solvent effects on both redox and excited state properties and demonstrate that
accurate inclusion of solvation is essential for a quantitative agreement with experimental data.
Furthermore, we show that the electronic properties of homo-PCPs can effectively be described
as interacting monomeric units embedded in a polarizable environment, following the Frenkel
exciton model. This approach substantially reduces computational cost, enables the treatment of
larger systems, and facilitates the rational design of novel PCPs with tailored properties.

Finally, we validate the proposed methodology by comparing computed optical spectra with
experimental results for a series of homo-PCPs containing naphthalene diimide (NDI) or Pyrene
units connected by linkers of varying length, thereby covering a range of interunit distances and
orientations. The resulting quantitative agreement confirms the robustness of the computational
approach. Importantly, an accurate theoretical description of the electronic and optical properties
of PCPs is not only essential for understanding their behavior in different environments but it is
also critical for the rational design of new molecules with targeted functionalities.

5.2 Computational Methods

To compare the electronic and optical properties of the monomeric NDI and Pyrene units with
those of the corresponding homo-PCPs, the molecular structures were optimized at the DFT level
using the B3LYP functional and the 6-31+G(p,d) basis set. Solvent effects were included through
the polarizable continuum model (PCM) with equilibrium solvation, employing dichloromethane
(CH,Cl,) as the solvent. Since the lowest excited state of Pyrene with transition dipole moment
oriented along its short molecular axis (*L;) exhibits partial double-excitation character and the
Pyrene with amine-containing linkers show partial charge transfer (CT) character, a two-step pro-
cedure was employed to compute the excited state properties of PCPs containing Pyrene units.

In the first step, excited state properties were calculated in the gas phase at CC2 level with a
def2-TZVPD basis set as implemented in Turbomole 7.1.122, and at the TD-DFT level using the
range-separated wB97XD functional with the same basis set as implemented in Gaussian 1623, both
at the same DFT geometry. The CC2 method provides similar accuracy for the locally excited (LE)
state energies for both the NDI and Pyrene units (including states with partial double excitation
character) as for the CT states in the PCPs. While TD-DFT with range separated hybrid fucntionals
generally fails to reproduce the absolute energies of CT states and the excited states of Pyrene with
partial double excitation character, it correctly describes their molecular orbital (MO) composition
and symmetry. Using a natural transition orbital (NTO) analysis, CC2 excited states were mapped
onto their TD-DFT counterparts. This mapping was used to obtain energy correction factors for
the states computed at the TD-DFT level of theory.

In the second step, excited states are recomputed at the TD-DFT level with the wB97XD func-
tional including solvent effects at the same geometry as in the gas phase calculation, using the
Gaussian 16 software package?®. Solvent effects were incorporated within the PCM approach
where the implicit non-equilibrium solvation was applied for the excited states, the linear response
approach was used for LE states, and a state-specific solvation model was adopted for the states
with significant CT character. Analysis of the MO composition of the excited states and the NTOs
was used to map the solvated excited states to their gas phase counterparts. The final excitation
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energies of the solvated systems were obtained from the TD-DFT calculation with nonequlibrium
solvation, corrected by the corresponding energy difference between TD-DFT and CC2 from the
gas phase. This two-step approach effectively overcomes the inherent limitations of TD-DFT for
CT states and yields quantitatively accurate excitation energies for solvated molecules without the
need for empirical energy shifts. Conceptually, this method can be regarded as a CC2 gas-phase
calculation corrected by solvent-induced energy shifts computed at the TD-DFT level.

This two-step procedure was necessary because the current implementation of the CC2 method
in Turbomole 7.1.122 does not support explicit inclusion of solvent effects in a state-specific man-
ner, a feature that turned out to be essential for an accurate description of solvent effects on CT
states.

Optical spectra were simulated using the vertical gradient (VG) approximation combined with
the cumulant expansion formalism?*. This method is widely applied in the modeling of organic
molecules and super-molecular systems and accounts for vibronic effects in optical spectra without
requiring extensive explicit sampling of the molecular geometries. It also enables combination of
different theoretical methods for describing electronic excitations (CC2) and solvent effects (TD-
DFT). Within this framework, the absorption « (w) and fluorescence / (w) spectra are obtained as
a sum over excited states:

(W) o< w " |pgil® D; (w), (5.1)

I (w) oxw’ Zpi ’,U'gi|2 D; (W), (5.2)

where p; corresponds to the Boltzmann factor p; = exp [— sz] /> ; €xXp [—];—’T} and fu4; 18
the transition dipole moment between the ground and :-th electronic excited state.
The homogeneous lineshape D; (w) and fluorescence lineshape D; (w) are obtained in the cu-

mulant expansion formalism as:

D; (w) = / e (Woimw)i=ailt) gy (5.3)
Di (w) _ /OO e—i(wgi—w)t+2i)\it—g;‘(t)dt7 (54)

where g; (t) is the lineshape function of the excited state 7 and )\; is the corresponding reorga-
nization energy. The lineshape function g; (¢) can be obtained from the spectral density J; (w) of
the excited state ¢ as:

g (t) = /000 dw Ji (@) [coth (@) (cos (wt) — 1) — i (sin (wt) — wt) (5.5)

Tw?

More details regarding the calculation of the spectral densities J; (w) are described in the Sup-
porting Information (SI).
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5.3 Experimental Methods

5.3.1 Femtosecond Transient Absorption Spectroscopy (fTAS)

Femtosecond transient absorption (TAS) measurements were performed using a Ti:sapphire regen-
erative amplifier system (800 nm central wavelength, 87 fs pulse duration, 4 kHz repetition rate,
0.55 mJ per pulse). Pump pulses were generated in a noncollinear optical parametric amplifier
(NOPA) seeded with white light from the fundamental output. The NOPA output at 760 nm was
frequency-doubled in a 0.1 mm BBO crystal to produce excitation pulses centered at 380 nm. The
pump pulse energy at the sample was maintained at 0.5 pJ to avoid multiphoton effects. The probe
pulse was generated as a supercontinuum (420-750 nm) in a 5 mm CaF, plate and collinearly over-
lapped with the pump in the sample. The instrument response function (IRF) was determined to
be 200 fs (FWHM). The temporal delay between pump and probe pulses was controlled with a
motorized delay stage, covering delays up to 1.9 ns. A detailed information about the transient
absorption together with the schematic representation of the setup are provided in SI and Figure
5.8.

5.4 Results and Discussion

5.4.1 Structural Properties

The geometries of the monomeric units and the homo-PCP were optimized using DFT, including
solvent effects of CH,Cl, via the PCM approach. The resulting PCP geometries are strongly
influenced by both the structure of the individual aromatic units and the nature of the linkers.

For the PCPs containing NDI units, three types of linkers were investigated: adamantane (Ada),
tert-butylphenyl (‘BuPh) and cyclohexane (cyc). The ‘BuPh linker provides higher flexibility, al-
lowing for the incorporation of units with slightly different lengths facilitating the parallel stacking
of the NDI units. In contrast, the rigid Ada linker enforces a more constrained geometry, result-
ing in a pronounced inclination of the aromatic unit planes. For the NDI-‘BuPh-NDI homodimer,
two nearly isoenergetic lowest-energy conformers were identified, corresponding to the cis and
trans orientations of the linkers, Figure 5.1. The trans orientation promotes nearly parallel stacking
of the NDI units, while the cis conformation leads to an inclination of approximatelly 18°. The
inclination is even more pronounced for the NDI-Ada-NDI homodimer, reaching a value around
47°.

In the NDI homo-PCP with the shortest cyclohexane linker, the interunit distance near the
linker is 2.9 A, which is smaller than the sum of the van der Waals radii for two carbon atoms
(approximately 3.4 A) This close proximity results in steric repulsion between the NDI units,
which suppresses inclination and induces bending of the overall structure. As a consequence, the
interunit distance increases to approximately 4.0 A at the center of the PCP, Figure 5.1. This value
is slightly larger than the interplanar distance observed in the crystalline state (around 3.3 A), likely
due to the absence of the intermolecular crystal packing constraints in solution. The calculated
mutual rotation of 9° of the NDI units on the other hand agrees well with the previously reported
crystal structure in Ref. 25.
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A similar structural behavior is observed for PCPs containing Pyrene units. The linkers exam-
ined in this case include ethyl, propyl, bis(aminomethyl)adamantane, and
bis(aminomethyl)tert-butylphenyl. The linkers bearing amine groups were selected because of
their influence on the lowest excited state of Pyrene; the amine acts as an electron donor, introduc-
ing partial CT character to this state. PCPs with ‘BuPh and Ada linkers exhibit parallel arrangement
of the Pyrene units, with interplanar separations of 5.1 A and 4.1 A, respectively. As in the case of
the NDI-based PCPs, the ‘BuPh-linked Pyrene dimers also yield cis and trans isomers with similar
energies. The shortest ethyl and propyl linkers lead to bent geometries, with interunit distances of
about 4.1 A at the center of the PCP and slightly shorter distances near the linkers, analogously to
the behavior observed for the NDI-cyc-NDI system.
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Figure 5.1: Structures of the studied paracyclophanes.

5.4.2 Optical Properties of the Monomeric Units

Before analyzing the ”double-decker” PCPs and elucidating the origin and dynamics of their ex-
cited states, it is instructive to first examine the excited state properties of the individual molecular
building blocks themselves. Studying the monomers separately allows for a clear distinction be-
tween inter-unit excitations within the PCP and intra-unit excitations localized on the individual
monomeric units. The optical spectra of the NDI and Pyrene monomers, together with a molecular
orbital (MO) analysis of their lowest excited states, are presented in Figure 5.2.

In the low-energy region (3.0-3.9 eV) of the NDI absorption spectrum, the dominant feature
corresponds to the m-7* type Sy — S7 with the transition dipole moment oriented along the longer
symmetry axis, peaking near 3.25 eV. Natural transition orbital (NTO) analysis indicates that this
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transition is primarily composed (98%) of the HOMO — LUMO single-electron excitation (Fig-
ure 5.2). Both the hole and electron orbitals are localized on the NDI core, consistent with only a
minimal spectral shift between NDI monomers with different linkers e.g. a tiny red shift of approx-
imately 0.012 eV is observed for NDI with the ‘BuPh linker relative to the system with Ada linker.
The fine structure in the optical spectrum arises from vibronic excitations of the C-C stretching
modes of the m-conjugated system, with computed frequencies of 1446 and 1640 cm™! and cor-
responding reorganization energies of 1132 and 674 cm™!, respectively. These values closely
reproduce the experimentally observed vibronic peak separations of 1450 and ~1580 cm™!. The
computed reorganization energies are slightly overestimated, leading to a lower intensity of the
first vibronic peak in the simulated absorption spectrum compared to experiment, a well-known
artifact of the vertical gradient approximation, which neglects small differences in normal modes
between ground and excited states, and the DFT functional. The spectral shape can be further cor-
rected by including Duschinsky rotation effects?®?”?® (Figure 5.6). Despite these minor deviations,
the computed NDI absorption spectra is in very good quantitative agreement with the experimental
spectra without the need for arbitrary shifts or rescaling of the excitation energies. Note that the
deviation between calculated and measured spectra in the high-energy region is due to the fact that
only the lowest excited states were included in the calculations.

Similar properties can be observed for the optical spectrum of Pyrene. It is composed of three
principal electronic transitions: the 'Ly (S; — S;) state, composed of HOMO-1 — LUMO and
HOMO — LUMO+1 excitations; the 'L, state corresponding to (S, — S5) excitation, primarily
a HOMO — LUMO transition; and the higher-lying Sy — S transition, which gives rise to the
intense UV absorption band around 4.5 eV. The first excited state 'L, possesses a weak transition
dipole moment oriented along the short molecular axis, while the 'L, transition near 3.65 eV is
polarized along the longer molecular axis. As in the case of NDI, TD-DFT slightly overestimates
the reorganization energy, but the computed positions and relative intensities of both electronic and
vibronic features are in very good agreement with experiment. Although the TD-DFT (wB97XD)
calculations predict an incorrect ordering of the lowest excited states in solution, the correct order-
ing is restored upon applying the CC2-based energy corrections that account for dynamic electron
correlation. The simulated fluorescence spectra also reproduce the experimental shapes well, albeit
blue-shifted by about 0.2 eV, primarily due to the overestimated excitation energy of the 'L, state,
which experimentally lies near 3.3 eV?°. A more accurate description of this state would require a
higher-level method beyond the CC2 approach.

For Pyrene containing the amine-functionalized linkers (Ada and ‘BuPh), the low-energy re-
gion of the optical spectrum (2.6-3.5 eV) is dominated by a broad and featureless S, — S tran-
sition with a maximum near 2.74 eV. This transition corresponds to the 'L, excitation polarized
along the shorter molecular axis, but with partial contribution from an intramolecular charge trans-
fer (ICT) component?%-31:3233:34.35 " g jllustrated in Figure 5.2b. NTO analysis reveals that the
amine substituent acts as an electron donor: the hole orbital is delocalized over the amine, Pyrene
and partially also linker moieties, whereas the electron orbital remains localized on the Pyrene
core. This results in partial charge transfer from the linker region to the Pyrene unit upon exci-
tation. Consequently, the excitation energy is sensitive to the electronic properties of the linker.
Both theoretical and experimental data confirm this trend. The computed absorption energy of the
Ada-linked Pyrene is lower by 0.103 eV relative to the “BuPh-linked analogue, consistent with the
experimentally observed difference of approximately 0.075 eV.
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Figure 5.2: Optical spectra and corresponding electronic excitations of the monomeric units.
(a) Computed and experimental absorption and fluorescence spectra of NDI, Pyrene and Pyrene
with ‘BuPh and Ada linkers. The computed spectra show excellent agreement with the experimen-
tal ones without inclusion of arbitrary shifts. (b) Transition densities and natural transition orbitals
for the lowest excited states of the monomeric units.
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The higher-energy Sy — 5> transition (3.5-4.0 eV) exhibits clear vibronic structure and cor-
responds to the 'L, excitation polarized along the longer molecular symmetry axis. Transition
density and NTO analyses show that this excitation is localized entirely on the Pyrene unit, with
negligible linker influence, evidenced by only an 8 meV shift in the vibronic 0-0 transition. This is
in agreement with the experimentally observed shift of 3 meV. Similar to the NDI and unsubstituted
Pyrene monomers, the computed reorganization energies for the C-C stretching modes are slightly
overestimated, leading to stronger intensities of the higher vibrational transitions peaks compared
to experiment. Nonetheless, the absolute excitation energies, spectral shapes, and fluorescence
features are reproduced with excellent quantitative agreement. The lowest S; — S, fluorescence
transition, which retains partial ICT character, exhibits a slightly broader band than in experiment
due to the same reorganization energy overestimation, but its energy and overall spectral profile
are accurately reproduced.

The excellent agreement between experimental and computed optical spectra for all monomeric
systems validates the reliability of the employed computational protocol. This level of accuracy is
particularly crucial for the subsequent modeling of heterodimeric PCPs, where differences in the
absolute excitation energies of individual monomers directly determine the extent and character of
electronic state mixing.

5.4.3 Optical Properties of the Homoparacyclophanes

From the perspective of their optical and electronic properties, as well as for interpreting their
spectra, the PCPs can be regarded as two optically active chromophoric units held in defined posi-
tions and orientations by two linkers. Within this framework, their excited state properties can be
investigated using two different approaches.

The first is the supermolecular approach, in which the entire PCP is treated as a single molecule,
for which electronic and optical properties are computed directly. This approach provides the most
accurate description of the system, as it naturally includes all mutual interactions between the two
chromophoric units. However, this accuracy comes at a significant computational cost, particularly
for the CC2 step, for which the scaling increases steeply with system size (roughly as N°). The
computational demand becomes even more severe when simulating transient absorption spectra,
which require calculations of higher-lying singly and doubly excited states.

An alternative approach is the Frenkel exciton model, which treats the PCP as a dimer com-
posed of two interacting monomeric units. Here, the aggregate Hamiltonian is expressed in a basis
of separate non-interacting units. The diagonal elements correspond to the excitation energies of
each unit within its environment, including the solvent and the remainder of the PCP molecule.
The off-diagonal elements describe the Coulomb coupling between the transition densities of the
two units, evaluated within their respective solvent cavities (see Supporting Information for de-
tails). The limitations of this method arise when the inter-unit distance becomes small or when the
excited states exhibit strong delocalization over the linkers. In such cases, a clear partitioning of
the PCP into distinct, non-overlapping units becomes ambiguous, and a specific partitioning may
be required for each electronic state.

In this section, we first demonstrate that the supermolecular approach reliably and quantita-
tively reproduces the experimental optical properties of the homo-PCPs. In fact, as for the case
of the monomeric units, the computed absorption and fluorescence spectra agree very well with
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experimental measurements for both NDI- and Pyrene-based homo-PCPs (Figure 5.3). Even the
vibronic structures are faithfully reproduced, with well-resolved progressions that closely mirror
experimental spectra, where individual electronic and vibronic bands are often difficult to distin-
guish.

The optical spectra of the homo-PCPs can be interpreted in terms of excitonic H-type dimers of
the two chromophoric units. Parallel stacking of the 7-systems leads to a splitting of the lowest -
* excitations in the dimers: a lower-energy, optically dark S; state and a higher-energy, bright Sy
state. Deviations from perfect parallel alignment arising from steric effects or geometric constraints
of the linker lead to redistributions of the transition dipole strength between these two excitonic
states, rendering the lower S state partially allowed. This behavior is particularly evident in the
NDI-based homo-PCPs.

For the NDI-Ada-NDI and NDI-‘BuPh-NDI systems, where the NDI units remain nearly paral-
lel, the transition dipole moment of the S, state approaches the ideal H-type dimer limit, |d5.SF ‘ =
V2|d)P!| = 3.38a.u., while |d}’"| ~ 0 for the S; state (a summary is given in Table XX).
This assignment is also supported by the transition density analysis for NDI-Ada-NDI shown in
Figure 5.3b. The dark S; state exhibits opposite transition dipole orientations on the two NDI
units (antiparallel configuration), whereas the bright S, state shows parallel dipoles (constructive
configuration). Small deviations from the idealized H-dimer behavior arise from weak molecular
orbital (MO) overlap, linker effects, and differences in the local dielectric environment due to the
presence of the other unit.

In NDI-cyc-NDI, the two NDI units are rotated by approximately 9° with respect to each other,
which prevents perfect cancellation of the transition dipoles in the .S; "antiparallel” state, resulting
in a weakly allowed transition. This is manifested in the appearance of the small absorption peak
near 3.1 eV corresponding to the S, — ) transition, in addition to the dominant Sy, — S5
transition around 3.4 eV. Another important factor influencing the optical properties of PCPs is
the inter-unit separation. NDI-Ada-NDI and NDI-‘BuPh-NDI, with similar separations of 5.44 A
and 5.24 A, respectively, show similar splitting energies and spectral shapes, whereas the shorter
2.9-4.0 A separation in NDI-cyc-NDI increases the coupling strength, leading to larger exciton
splitting, i.e. a blue-shift of the S5 state and a red-shift of the .S; state with respect to the Ada and
‘BuPh linkers.

The fluorescence spectra provide further insight into the nature of the lowest excited states.
For NDI-‘BuPh-NDI, the fluorescence intensity is significantly reduced relative to the monomer
due to the weak transition dipole moment of the lowest exciton state, in line with the H-type
dimer picture. The computed fluorescence spectrum within the vertical gradient approximation
reproduces the experimental spectrum almost perfectly (Figure 5.3), indicating minimal structural
relaxation upon excitation. The fluorescence profile is thus essentially the mirror image of the
absorption spectrum, shifted by the solvent reorganization energy.

In contrast, the NDI-cyc-NDI system exhibits a large Stokes shift of approximately 0.65 eV
between absorption and fluorescence maxima, which cannot be explained solely by solvent relax-
ation. The very short inter-unit distance, smaller than the sum of the van der Waals radii, introduces
steric strain and mutual repulsion of the aromatic units in the ground state but favors excimer for-
mation in the excited state manifold. Excitation leads to charge redistribution and perfect paralell
alignment with smaller separation of the NDI units in the optimal excited state geometry compared
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Figure 5.3: Optical spectra and corresponding electronic excitations of the homoparacyclo-
phanes. (a) Computed and experimental absorption and fluorescence spectra of NDI, Pyrene and
bis(aminomethyl)Pyrene homo-paracyclophanes. (b) Monomeric and NDI-Ada-NDI transition
density for the corresponding lowest excited states. The green arrows represents the orientation of
the transition dipole from the separate aromatic units. The lowest excited state of the H-type dimer
is optically dark with unit transition dipoles oriented in opposite directions whereas the second
excited state is bright with unit dipoles aligned. (c¢) Natural transition orbitals for the monomeric
NDI and the second excited state for the NDI-Ada-NDI paracyclophane.

89



Chapter 5. An Accurate Modeling of the Optical and Electronic Properties of the
Paracyclophanes

to the ground state one. Excitation relieves the ground state strain due to the shorter optimal in-
terunit distance, leading to the planarization of the aromatic units and a stabilization of the excimer
configuration (see Figure 5.7). The resulting structural relaxation significantly lowers the excited
state energy, causing the pronounced fluorescence red-shift. Theoretical simulations confirm the
presence of an intra-PCP excimer in NDI-cyc-NDI, with the computed fluorescence spectrum for
the relaxed structure in the excited state matching the experimental data (Figure 5.3).

Excimer formation is not observed in NDI-‘BuPh-NDI or NDI-Ada-NDI due to the bulky link-
ers maintaining interunit separations above 5 A. At such distances, no ground state strain/repulsion
exists, and both ground and excited state geometries remain planar with just weakly interacting
aromatic units. Excimer formation for these systems could occur only under high concentrations,
where the interaction between aromatic units from different PCP molecules (rather than intra-PCP)
become significant, due to short inter-PCP separation compared to the interunit separation within
the single PCP molecule.

Similar behavior is observed for Pyrene-based PCPs. Systems with short ethylene linkers ex-
hibit clear excimer fluorescence, whereas those with longer linkers show primarily monomer-like
emission. In Figure 5.3, the fluorescence spectra computed within the vertical gradient approxi-
mation are compared to those obtained after full excited state relaxation. The relaxed (excimer)
spectra are significantly red-shifted by around 0.5 eV compared to the ones computed within the
vertical gradient approximation and they well reproduce the experimentally observed emission
band. The slight blue-shift of the calculated spectra relative to experiment is consistent with the
systematic overestimation of excitation energies by the employed combined TD-DFT and CC2
levels of theory, as noted above for the Pyrene monomer.

Having validated the supermolecular approach, we next assess the performance of the Frenkel
exciton model in reproducing the same optical and electronic properties from monomer-level data
and their mutual interactions. The key parameters in this model are the site energies (monomeric
unit excitation energies) and the electronic couplings between the units. The electronic couplings
can be divided into two categories: (i) interactions between locally excited states (LE-LE cou-
pling) and (ii) couplings between locally excited and charge transfer states (LE-CT coupling). The
former can be expressed as Coulomb interaction of the corresponding transition densities, whereas
the later one is related to molecular orbital overlap between the two units®*. The different form
of coupling originates from the different physical nature of the processes. The LE-LE coupling
can be understood as an excitation transfer process between the two units (DA* — D*A), where
the deexcitation of the molecule D is accompanied by excitation of the molecule A. Such cou-
pling originates from Coulomb interaction between transition densities and is often approximated
within multipole expansion by dipole-dipole interactions (Forster resonant energy transfer). Here
we adopted a more rigorous approach and computed electronic couplings via the Poisson-TrESP
method?”-8, where transition densities are represented as distributed atomic transition charges in
molecular cavities (Figure 5.4b), and their electrostatic interactions are evaluated in a dielectric
environment using the APBS package>’. More details concerning the calculation of the electronic
couplings can be found in the SI.

The LE-CT coupling, corresponding to the process DT A~ — DA* during which the elec-
tron is transferred between the two units, depends linearly on the HOMO orbital overlap between
donor and acceptor units, reflecting its one-electron transfer character. For the simplest case of the
HOMO“ — LUMO excitation of the A* and HOMO” — LUMO* excitation for the DT A~ CT
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Figure 5.4: Frenkel exciton model for the homo-paracyclophanes. (a) Representation of the
Frenkel exciton Hamiltonian and decomposition into LE-LE and CT-LE blocks. (b) Representa-
tion of the paracyclophane as two separate units embedded in a dielectric environment. The blue
area represents the solvent cavity. (¢) Comparison of the exciton couplings between locally excited
states computed from the Poisson-TrESP method and from diabatization of the supermolecule ex-
cited states with correlation coefficient 0.997. (d) Correlation between calculated LE-CT couplings
and corresponding molecular orbital overlaps between the individual separate units with correla-
tion coefficient of 0.983 and 0.964 for the NDI and Pyrene based PCPs, respectively.

state, the process DT A~ — DA* corresponds to electron transfer from the HOMO?® of the donor
to the HOMO* of the acceptor. This electron transfer is therefore dependent on the overlap of
HOMO orbitals of the donor and acceptor, yielding a linear dependence of the CT-LE coupling on
the corresponding MO overlap. The graphical representation of the processes is shown in Figure
5.4.

To compare the supermolecular approach with the Frenkel exciton model, the supermolecular
excited states were diabatized using the Fragment Charge Difference (FCD) algorithm*’, yielding
distinct LE and CT diabatic states and their mutual couplings. The resulting LE-LE couplings agree
exceptionally well with those obtained from the Poisson-TrESP method across all the investigated
PCPs, both for the NDI and Pyrene systems (Figure 5.4). The CT-LE couplings also follow a nearly
perfect linear dependence on the corresponding MO overlaps for both NDI and Pyrene units with
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only small deviations. Remarkably, this agreement holds even for the shortest inter-unit distances
such as in NDI-cyc-NDI and Pyrene-Et-Pyrene, where substantial orbital overlap is present.

Overall, these results demonstrate the robustness and reliability of the Frenkel exciton model in
describing a wide range of homo-PCPs, from weakly coupled dimers to systems with partial charge
transfer character. This validates its use as an efficient and physically transparent framework for an
understanding of the optical excitations and energy transfer processes in both homo- and hetero-
paracyclophane architectures.

5.4.4 'Transient Absorption

To investigate the effect of the linker on the ultrafast excited state dynamics of the NDI-based
homodimers, femtosecond transient absorption (fTAS) measurements were performed with exci-
tation at 380 nm, corresponding to the NDI S; absorption band. The transient absorption spectra
recorded at different delay times for NDI-‘BuPh-NDI and NDI-Ada-NDI in CHCIl; are shown in
Figure 5.5a. Immediately following photoexcitation, both compounds exhibit similar transient
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Figure 5.5: a Transient absorption spectra of NDI-‘BuPh-NDI and NDI-Ada-NDI recorded
at various time delays excited at 380 nm. b Corresponding decay associated spectra (DASSs).

spectral features. The positive signal in the transient absorption spectra is attributed to excited
state absorption (ESA). At early delay times, the ESA displays a pronounced peak centered around
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600 nm with a side band around 550 nm, whose relative intensity differs between the ‘BuPh- and
Ada-linked PCPs. These features closely resemble the transient absorption spectrum of the NDI
monomer*! and can be assigned to the ESA from the NDI S, state. At longer delay times, the
ESA evolves into a much broader band with three prominent peaks around 550nm, 610nm and
680nm. Such pronounced spectral changes cannot be explained solely by vibrational relaxation,
but indicate substantial electronic relaxation. The broad and structured character of the spectra at
longer delay times suggest the formation of a lower energy excimer state arising from interaction
between the nearby NDI units of two separate PCPs.

To quantify the underlying kinetics, the transient absorption data were analyzed using a global
fitting procedure based on a sequential decay model. The best fit was obtained with three expo-
nential decay components. The extracted lifetimes (7) and their corresponding decay associated
spectra are shown in Figure 5.5b. For NDI-‘BuPh-NDI, the time constants are 7, = 0.17 ps,
T9 = 7.16 ps, and 73 = 65.19 ps, while for the NDI-Ada-NDI corresponding vales are 7 = 0.23
ps, 2 = 4.38 ps, and 73 = 67.66 ps.

The ultrafast component 7, represents the decay of the NDI S} ESA peak with a simultaneous
rise of the broad band extending from 500nm to 750nm, near the edge of the spectral detection
window. This process can be attributed to exciton relaxation from the lowest excited state S; of
the NDI PCP H-type dimer to the excimer state. Such rapid excimer formation is facilitated by
the high concentration of the sample (5 mM), which likely promotes the formation of m-stacked
PCP aggregates already in the electronic ground state, before initial excitation. Ultrafast excimer
formation has also been reported for the NDI-cyc-NDI PCP, further supporting this assignment.
The intermediate component 7, is associated with minor spectral evolution around 500nm and
may be attributed to vibrational relaxation in the excimer state. The longest-lived component 73,
can be interpreted as the decay of the excimer back to the ground state.

Although minor differences in the transient absorption spectra between Ada- and ‘BuPh-linked
PCPs are observed, their overall excited state dynamics is remarkably similar. In contrast, previ-
ously reported transient absorption spectra of NDI-cyc-NDI in Ref. 42, indicate longer excimer
lifetimes and slower relaxation to the ground state. This observation is consistent with the steady
state absorption and fluorescence data, as well as the computational results, which all suggest
that the electronic and optical properties of the ‘BuPh- and Ada-linked PCPs are nearly identi-
cal, whereas the NDI-cyc-NDI system exhibits a substantially different behavior due to the shorter
spatial separation between its chromophoric units.

5.4.5 Electrochemical Properties

The electrochemical properties of NDI-Ada-NDI, along with several monomeric units were inves-
tigated by cyclic voltammetry (CV), and differential pulse voltammetry (DPV) in CH,Cl, (Figures
S5.10-S5.12). As summarized in Table 5.1, the NDI-Ada-NDI homodimer undergoes four re-
versible single-electron reduction processes at -0.62 V, -0.77 V, -1.21V and -1.25 V. It is expected
that each NDI is sequentially reduced to the radical anion and the dianion species. The splitting
of the first and second reductions suggests a strong electronic coupling between the two NDIs,
resulting from the enforced interactions between their m-orbitals as previously reported for double-
decker or multi-decker systems with NDI chromophores >4+,

To gain deeper insight into the electrochemical behavior of the PCPs and the MOs involved in
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the redox processes, DFT calculations were performed. The geometries of the neutral, oxidized,
and reduced species were independently optimized using the B3LYP functional with a 6-31+G(d,p)
basis set including solvent effects from CH,Cl, via the polarizable continuum model (PCM). The
adiabatic ionization potentials (IP) and electron affinities (EA) were then derived from the opti-
mized structures according to IP = E% — Eg" and EA = E" — E% where E{” denotes the
total energy of the optimized structure with charge ¢. The computed IP and EA values show ex-
cellent quantitative agreement with experimental measurements, with deviations below 0.1 eV for
all systems (Table 5.1). Accurate reproduction of the experimental redox properties critically de-
pends on the inclusion of solvent effects, particularly in polar environments. For charged species,
solvent reorientation stabilizes the charge, resulting in molecular orbital energy shifts exceeding 1
eV. Once again, the outstanding agreement between theory and experiment confirms the reliability
of the computational methodology and its capability to accurately describe both geometric and
electronic properties of PCPs.

Table 5.1: Redox properties for the monomeric units and homoparacyclophanes.

Experimental Vertical gas-phase Vertical PCM Adiabatic PCM

Compound —IPep (€V) —EAug V) —1Pemp (€V)  —EAcomp €V)  Eycomp (€V)  —1Peomp (€V)  —EAcomp €V)  Egcomp €V) =1 Peomp (€V)  —EAcomp (€V)  Eycomp (€V)
NDI-Ada - - - 8.00 231 5.68 7.13 3.68 3.44 6.81 3.70 3.11
NDI-'BuPh - - 3.82 7.72 2.45 527 6.81 3.76 3.06 6.66 3.80 2.86
NDI-cyc - - - 8.68 2.26 6.40 7.18 3.56 3.62 - - -
Pyrene-Ada - 4.76 - 6.20 0.31 5.89 5.05 1.75 331 4.82 1.94 2.88
Pyrene-‘BuPh - - - 6.34 0.38 5.96 5.18 1.79 3.39 4.98 1.92 3.06
Pyrene - - - 7.00 0.29 6.70 5.67 1.84 3.38 5.56 1.59 3.62
NDI-Ada-NDI - - 3.79 8.53 272 5.62 7.13 3.68 344 7.07 3.81 3.79
NDI-'BuPh-NDI-trans - - 7.80 2.74 5.06 6.81 3.76 3.06 6.73 3.85 2.88
NDI-cyc-NDI - - - 8.45 2.75 5.70 7.11 3.82 3.28 7.06 3.93 3.13
Pyrene-Ada-Pyrene - - 5.76 0.47 5.30 4.88 1.79 3.10 4.76 1.83 2.93
Pyrene-'BuPh-Pyrene - - 5.86 0.38 5.48 5.01 1.74 3.27 4.86 1.81 3.06
Pyrene-Eth-Pyrene - - 6.39 0.74 5.65 525 2.08 3.17 5.15 2.30 2.85
Pyrene-Pr-Pyrene - - 6.35 0.66 5.69 5.28 2.01 3.26 5.19 2.07 3.11

5.5 Conclusions

The excellent agreement between the simulated and experimental optical spectra demonstrates
the robustness of the proposed computational methodology for a quantitative description of the
optical and electronic properties of paracyclophanes (PCPs). Furthermore, representing PCPs as
assemblies of interacting monomeric units has proven to be a powerful framework for interpreting
both theoretical and experimental data. This fragment-based description also provides an efficient
and accurate alternative for computing electronic and optical properties of a wide range of PCPs
within the Frenkel exciton model.

Nevertheless, the fragment-based Frenkel exciton approach has inherent limitations. It can-
not fully capture phenomena that intrinsically depend on dimer-specific characteristics, such as
structural relaxation in the excited state leading to excimer formation. In such cases, the computa-
tionally more demanding supermolecular approach remains necessary. Additional challenges may
arise when combining CC2 and TDDFT methods for systems where charge transfer (CT) states
are energetically close to and strongly mixed with the locally excited (LE) states. Since CC2 and
TDDFT can yield different relative energies for CT and LE states, their mixing and thus the re-
sulting excited state composition may differ. This issue can be mitigated by working in a diabatic
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basis, where pure CT and LE excitations are separated and the CC2 correction is applied prior to
the back transformation to the adiabatic basis for the optical spectra calculations.

Despite these potential limitations, even for systems exhibiting mixed CT/LE character such as
bis(aminomethyl)Pyrene, the calculated spectra show excellent agreement with the experimental
data. Therefore, we believe that cases where the proposed methodology fails are expected to be
rather rare exceptions than common cases, confirming the broad applicability and reliability of this
approach for the study of paracyclophane-based systems.

5.6 Supplementary Information

Computational Methods

Spectral density

The spectral density of the pigments was modeled by two contributions. The first contribution cor-
responds to the intramolecular vibrations coupled to the electronic excited states and is modeled by
underdamped Brownian oscillator. The intramolecular normal modes were obtained with normal
mode analysis and the corresponding Huang-Rhys factors through vertical gradient method 24346,
The structure of the system was optimized with the B3LYP functional with DCM solvent included
through polarization continuum model (PCM). At the optimal geometry the normal mode analysis
was performed using the same approach as for the geometry optimization. The gradients of the
excited and ground state potential surfaces were computed at the TD-DFT approach with the range
separated wB97XD functional which reasonably well describes both LE and CT states. The ex-
cited state gradients were corrected to the different DFT functional used for geometry optimization
by subtracting non-zero gradient of the ground state. This is within the harmonic approximation
used also for computing the spectral density exact. The second contribution originates from the
nuclear motion of the environment and it is modeled by an overdamped Brownian oscillator. Reor-
ganization energy of the environemnt was estimated to A ~ 200cm ™! from PCM calculation with
equilibrium and non-equilibrium solvation. The computed reorganization energy well represents
the broadening of the vibronic peaks as well as the fluorescence stokes shift of the monomers.

Exciton couplings

The exciton couplings between two LE states were computed within Poisson-TrESP approach.
First the paracyclophane is separated into two aromatic units (A and B) containing also some linker
atoms which contribute to the excitation of interest. Then the transition densities are computed for
each monomeric units separately within TD-DFT approach inlcluding the solvent effects within the
PCM method. The transition densities are than integrated into point transition charges localized on
nuclei coordinates. Assignemnent of the transition density contribution to the atomic center was
performed based on the closest distance. The resulting transition charges are rescaled to obtain the
correct quantum mechanical transition dipole as:

‘doi(QM))
(5.6)

Qojo = Goja *
O ST, qojats]
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where ¢, correspond to transition charge for the excitation from ground to j-the excited
state and located on atom a at possition r;, the doi @) represents the full qunantum chemical
transition dipole and ()y;, represents rescaled transition charges. The interaction energy in the
dielectric environment was computed with APBS software package®’, were the rescaled transition
charges are placed into vacuum cavities within dielectric environment. The cavities are formed by
combined van def Waals surfaces of the two monomeric units. In the next step potential uéf) (rp)
of transition atomic charges from one unit (A) at the atomic positions vecr;, of the other unit (B)
was evaluated with optical dielectric constant of 2.032 for the dichloromethane environment. The
final interaction energy is then computed as:

(A4)
Oz 0] Z QO'L a* I/Oj a) ’ (57)
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Figure 5.6: Absorption and fluorescence spectra for the NDI computed with Duschinsky
rotation.

Experimental Section

Femtosecond Transient Absorption Spectroscopy (fTAS)

Femtosecond pump-probe TAS was carried out with a Ti:sapphire regenerative amplifier with the
central wavelength 800 nm, pulse duration 87 fs, repetition rate 4 kHz, and pulse energy 0.55 mlJ.

Figure 5.8 provides an overview of the experimental setup. Pump pulses were generated in a
non-collinear optical parametric amplifier (NOPA) seeded with white light from the fundamental.
The NOPA output at 760 nm was frequency-doubled in a 0.1 mm BBO crystal to produce excitation
pulses centered at 380 nm. The pump energy at the sample was adjusted to 0.5 pJ per pulse to avoid
multiphoton artifacts.

Probe pulses were obtained by focusing 0.05 pJ of the 800 nm fundamental into a 5 mm CaF,
plate, yielding a stable supercontinuum spanning 420-750 nm. The continuum was collimated
and split into probe and reference arms to improve signal to noise ratio. A mechanical chopper

96



Chapter 5. An Accurate Modeling of the Optical and Electronic Properties of the
Paracyclophanes

Pyrene-Et-Pyrene Pyrene-Pr-Pyrene

N \&.E ‘\o
Ground state structure

Figure 5.7: Comparison of the ground state and excimer geometry for the Pyrene homopara-
cyclophane with ethyl and propyl linkers.

at 2 kHz modulated the pump beam for alternating on/off acquisition. The instrument response
function (IRF) was determined to be 200 fs (FWHM). Temporal delay between pump and probe
was controlled by a motorized delay stage, covering to 1.9 ns. Transient absorption spectra were
recorded and detected on a dual CMOS cameras, achieving a spectral resolution of around 3 nm and
a noise floor of around 100 OD. Prior to analyzing the data, the raw signal must be corrected for
the group velocity dispersion (GVD) of the probe pulse. This procedure is necessary to establish
an accurate and consistent time-zero reference point for all wavelengths across the entire probe
spectrum. Then data were analyzed using global fitting with IRF convolution to extract decay
associated spectra (DAS) and characteristic lifetimes.

Paracyclophane structural analysys and sample preparation

Air- and/or water-sensitive reactions were conducted under nitrogen and dry, freshly distilled sol-
vents were used. Chemicals used to synthesize the compounds were purchased from commercial
suppliers (Sigma-Aldrich, TCI, Alfa Aesar, or Thermo Fischer) and used without further purifica-
tion. UV-Vis absorption spectra were measured on a Jasco V-730 spectrophotometer using quartz
cuvettes with an optical path of 1 cm. Fluorescence spectra were collected on a Jasco spectropho-
tometer FP-8300. Automated flash chromatography (Silica gel) was performed with a Biotage
Isolera Four instrument using a gradient of solvents that were given by the Rf values from the
TLC.

'H and '*C NMR spectra were recorded on a Bruker Avance 300 or 400 spectrometer ('H NMR
=300 MHz or 400 MHz; '*C NMR = 75 MHz or 101 MHz). Chemical shifts are reported in parts
per million (ppm) and are referenced to the residual solvent peak (CDCl;, o1y = 7.26 ppm, and
DMSO-dg, d1g = 2.50 ppm; CDCl;, d13¢ = 77.16 ppm, and DMSO-dg, d13¢ = 39.52 ppm). The
following abbreviations were used: s (singlet), d (doublet), and m (multiplet).

High-resolution mass spectra (HR-MS) were measured by the Analytical Research and Ser-
vices (ARS) of the University of Bern, Switzerland on a Thermo Fisher LTQ Orbitrap XL us-
ing Nano Electrospray lonization. Cyclic voltammetry (CV) was performed in a three-electrode
cell with a Pt working electrode, a glassy carbon counter-electrode, and an Ag/AgCl reference
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Figure 5.8: Experimental setup for transient absorption spectroscopy (TAS) with a reference-
corrected supercontinuum detection. Pump pulses were generated in a noncollinear optical para-
metric amplifier (NOPA) and are spatially overlapped with femtosecond SC probe pulses generated
in CaF,. A mechanical chopper running at 2 kHz periodically interrupted the pump beam, allowing
sequential acquisition of pump-on and pump-off traces for differential measurements.

electrode. The electrochemical experiments were conducted under an oxygen-free atmosphere in
dichloromethane with TBAPFg (0.1 M) as the supporting electrolyte.

Synthetic procedures of paracyclophane

Synthesis of Ada-CN (1)

In a 250 mL two-neck round-bottom flask equipped with a condenser, 1,3-Adamantanedi- car-
boxylic acid (20 mmol, 4.48 g) was suspended in CH3CN (120 mL), followed by dropwise addition
of H,SO4 (22 mL, 98% wt/wt) at room temperature. The reaction mixture was refluxed under con-

98



Chapter 5. An Accurate Modeling of the Optical and Electronic Properties of the

Paracyclophanes
O.__OH o J( NH;
o]
CchN I H 50, LIA|H4 D D D HN‘(
OH
95°C, Ah CN THF 0°C-nt HCI, MeonHgo o
o 15h 0°C-rt, 3h 7<
Ada- CN 3504 Ada-NHj, 855 Ada-NHBoc, 63%
2 3
Br 5 Q Br Q
O HN NH _CGFCOOH HN QQQ NH
Pd Cat | (tBu}PhCPhos HN DCM, nt, 3 h NH3
@ e
NaOtBu J\ CF4C00 CFSCD
1.4-dioxane, reflux, 3h o o
Ada-NHBoc-py, 40% Ada-NH-py, 99%
4 5

Pd Cat = (2-aminobiphenyl)palladium
methanesulfonate

Figure 5.9: Synthetic route to homoparacyclophanes and monomeric units with linkers.

stant stirring for 4 h and then cooled to room temperature. The excess of CH;CN was evaporated
under vacuum, and the crude obtained was diluted with water (150 mL) and extracted with CH,Cl,
(150 mL). The aqueous phase was further extracted with two portions of CH,Cl, (200 mL in total).
The organic layers were combined and washed with saturated NaHCO; followed by brine. The or-
ganic solution was dried over anhydrous Na,SQO,, and the solvent was evaporated to obtain a solid
crude that was purified by automated flash column chromatography (Rf: 0.29, EtOAc: n-heptane
1:4). White powder, 1.35 g, 35% yield. 1H NMR (300 MHz, CDCI3) ¢ 2.30 (s, 2H), 2.28 - 2.13
(m, 2H), 2.04 (d, J = 3.1 Hz, 8H), 1.73 (s, 2H).13C NMR (75 MHz, CDCI3) § 123.17, 41.39,
38.49, 34.03, 29.89, 26.41.

Synthesis of Ada-NH, (2)

In a well-dried two-neck round-bottom flask, a suspension of LiAlH, in THF (1.0 M, 25 mL)
was added under a nitrogen atmosphere. The mixture was cooled to 0°C with an ice bath, followed
by the slow addition of 1 (466 mg, 2.5 mmol) dissolved in dry THF (20 mL). After 30 minutes, the
reaction was slowly warmed up to room temperature and left to react for a further 15 hours under
constant stirring. The white suspension formed was exposed to air and then cooled down to 0°C.
After that, it was carefully quenched with the following in this order: water (1 mL, added drop by
drop), then NaOH (0.6 mL, 15% wt/v), and finally water (3 mL, vapors and gas are released during
this process). The mixture was stirred for another 30 minutes, and the inorganic precipitate was
filtered off using a glass frit (pore size 4) and washed with THF. The organic phase was dried over
anhydrous Na,SO, and then evaporated to obtain the product, which appeared as a colorless oil.
No further purification was necessary. 0.44 g, 91% . Store the product under inert gas at a temper-
ature below 4°C due to its instability under ambient conditions. 1H NMR (300 MHz, CDCI3)
2.36 (s, 4H), 2.15 - 2.02 (m, 2H), 1.61 (m, 2H), 1.50 - 1.31 (m, 8H), 1.16 (m, 6H). 13C NMR (75
MHz, CDCI3) 6 54.84, 42.57, 39.84, 36.96, 34.67, 28.70.

Synthesis of Ada-NHBoc (3)
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In a two-neck round-bottom flask and under a nitrogen atmosphere, 1 equivalent of 2 (1.96
mmol, 0.38 g) was dissolved in MeOH (15 mL). The solution was cooled to 0°C, followed by the
slow addition of HCI solution in diethyl ether (1.0 M, 1.96 mL). After that, the mixture was warmed
to room temperature and stirred for 30 minutes. Subsequently, water (4 mL) was added and stirred
for a further 30 minutes. Following this, a solution of 1.5 equivalents of (Boc)20 (2.94 mmol,
0.64 g) in MeOH (20 mL) was added slowly over the course of 1 h, and the resulting solution was
stirred for an additional hour. The mixture was concentrated under vacuum, then the residue was
diluted with 10 mL of water. Next, the aqueous solution was extracted with two portions of Et20
(15 mL each) to remove unreacted amine and/or double-protected amine. After treating the aque-
ous phase with a solution of NaOH (2 equivalents in 10 mL of water), the monoprotected amine
was extracted with CH,Cl, (3 x 30 mL). The organic phase was washed with brine, dried over
anhydrous Na,SOy, and then evaporated to obtain a colorless oil, requiring no further purification.
Oil, 0.40 g 69% yield. 1H NMR (300 MHz, CDCI13) ¢ 4.57 (s, 1H), 2.84 (d, J = 6.5 Hz, 2H), 2.38
- 2.36 (m, 2H), 2.08 - 2.06 (m, 2H), 1.68 - 1.59 (m, 5H), 1.46 - 1.35 (m, 16H), 1.20 - 1.17 (m,
2H).13C NMR (75 MHz, CDCI3) § 156.48, 54.83, 54.69, 52.25, 42.56, 39.86, 39.83, 39.59, 36.95,
36.68, 34.67, 34.63, 28.69, 28.57, 28.52. HR-MS (ESI, positive): m/z calcd. for [C17H30N,O,"H]*
295.2380; found: 295.2370.

Synthesis of Ada-Pyrene semicircle (4)

Following a literature procedure*’, a mixture of 2,7-dibromopyrene (240 mg, 0.68 mmol, 1.00
equiv), NatBuO (156 mg, 1.63 mmol, 2.40 equiv), 2-aminobiphenylpalladium methanesulfonate
(10.5 mg, 2.0 mol % ), (tBu)PhCPhos (5.5 mg, 2.0 mol % ) and 3 (440 mg, 1.50 mmol, 2.20 equiv)
dissolved in dry 1,4-dioxane (10 mL) was stirred at 100 °C under a positive flow of nitrogen gas.
The mixture was monitored by TLC (EtOAc: n-heptane 3:7) and the reaction was stopped when
the Pyrene precursor was completely consumed. The reaction was cooled to room temperature
and diluted with EtOAc. The solution was filtered through Celite and concentrated in vacuo. The
crude was purified by automated flash column chromatography (Rf: 0.32, EtOAc: n-heptane 3:7).
Yellow powder, 220 mg, 41% yield. 1H NMR (300 MHz, CDCI3) § 7.77 (s, 4H), 7.33 (s, 4H),
4.59 (s, 2H), 3.08 (s, 4H), 2.89 (d, J = 6.5 Hz, 4H), 2.13 (s, 4H), 1.69 - 1.60 (s, 14H), 1.49 - 1.40
(m, 30H). HR-MS (ESI, positive): m/z calcd. for [CsoHgN4O4 H]*" 787.5157; found: 787.513
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Cyclic voltammograms (CV) and differential pulse voltammograms (DPV)
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Figure 5.10: Cyclic voltammogram and differential pulse voltammogram of NDI-Ada-NDI.
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Figure 5.11: Cyclic voltammogram and differential pulse voltammogram of Pyrene-Ada.
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Figure 5.12: Cyclic voltammogram and differential pulse voltammogram of NDI-'‘BuPh.
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Figure 5.13: HNMR Ada-CN.
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Figure 5.14: CNMR Ada-CN.
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Figure 5.18: CNMR Ada-NHBoc.
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Figure 5.19: HNMR Ada-NHBoc-py semicircle.
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Figure 5.20: HNMR of NDI-Ada-NDI.

109



Chapter 5. An Accurate Modeling of the Optical and Electronic Properties of the

Paracyclophanes
] MmN O nunsmm n < NIDMwe < N O
© ninin NI NNNNN m @ NN S <0
[} NNNN NNNNN n < T TS N - o=
| ——— e | N \ \
r ) [ [ “/
VR ,‘I Ve )i
|

1

A A V) l ML
T ™" T T T ba
o < 3 o ] © o«
a e o a ° ] © %
M ] (] L] - M o

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

110

Figure 5.21: HNMR of NDI-‘BuPh monomer.



Bibliography

Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Dennis A. Dougherty. The cation-7 interaction. Accounts of Chemical Research, 46(4):
885-893, 2013. doi: 10.1021/ar300265y.

Beatriz Bueschbell, Carlos A. V. Barreto, Anténio J. Preto, Anke C. Schiedel, and Irina S.
Moreira. A complete assessment of dopamine receptor- ligand interactions through compu-
tational methods. Molecules, 24(7), 2019.

J.P. Allen and J.C. Williams. Photosynthetic reaction centers. FEBS Letters, 438(1):5-9,
1998. ISSN 0014-5793. doi: https://doi.org/10.1016/S0014-5793(98)01245-9.

Michael R. Wasielewski. Self-assembly strategies for integrating light harvesting and charge
separation in artificial photosynthetic systems. Accounts of Chemical Research, 42(12):1910-
1921, 2009. doi: 10.1021/ar9001735.

Itaru Osaka and Kazuo Takimiya. Backbone orientation in semiconducting polymers. Poly-
mer, 59:A1-A15, 2015. ISSN 0032-3861. doi: https://doi.org/10.1016/j.polymer.2014.12.
066.

Antonio Facchetti. m-conjugated polymers for organic electronics and photovoltaic cell ap-
plications. Chemistry of Materials, 23(3):733-758, 2011. doi: 10.1021/cm102419z.

Azzaya Khasbaatar, Zhuang Xu, Jong-Hoon Lee, Gonzalo Campillo-Alvarado, Changhyun
Hwang, Brandon N. Onusaitis, and Ying Diao. From solution to thin film: Molecular assem-
bly of m-conjugated systems and impact on (opto)electronic properties. Chemical Reviews,
123(13):8395-8487, 2023. doi: 10.1021/acs.chemrev.2c00905.

Chengliang Wang, Huanli Dong, Wenping Hu, Yunqi Liu, and Daoben Zhu. Semiconducting
m-conjugated systems in field-effect transistors: A material odyssey of organic electronics.
Chemical Reviews, 112(4):2208-2267, 2012. doi: 10.1021/cr100380z.

Yayu Wu, Guilin Zhuang, Shengsheng Cui, Yu Zhou, Jinyi Wang, Qiang Huang, and Pingwu
Du. Through-space 7-delocalization in a conjugated macrocycle consisting of [2.2]paracy-
clophane. Chem. Commun., 55:14617-14620, 2019. doi: 10.1039/C9CC06492C.

Henning Hopf. [2.2]paracyclophanes in polymer chemistry and materials science. Ange-
wandte Chemie International Edition, 47(51):9808-9812, 2008. doi: https://doi.org/10.1002/
anie.200800969.

Konstantin A. Lyssenko, Mikhail Yu. Antipin, and Dmitry Yu. Antonov. The transannular
interaction in [2.2]paracyclophane: Repulsive or attractive? ChemPhysChem, 4(8):817-823,
2003. doi: https://doi.org/10.1002/cphc.200200597.

111



Bibliography

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

112

Ksenia Reznikova, Chunwei Hsu, Werner M. Schosser, Almudena Gallego, Katawoura
Beltako, Fabian Pauly, Herre S. J. van der Zant, and Marcel Mayor. Substitution pat-
tern controlled quantum interference in [2.2]paracyclophane-based single-molecule junc-
tions. Journal of the American Chemical Society, 143(34):13944-13951, 2021. doi:
10.1021/jacs.1c06966.

Remigiusz Grykien, Beata Luszczynska, Ireneusz Glowacki, Lada Puntus, Irina Pekareva,
Konstantin Lyssenko, Francois Kajzar, Ileana Rau, and Cosmina A. Lazar. Electric field
tunable light emitting diodes containing europium [-diketonates with [2.2]paracyclophane
moiety. Optical Materials, 57:114-119, 2016. ISSN 0925-3467. doi: https://doi.org/10.
1016/j.0optmat.2016.04.034. URL https://www.sciencedirect.com/science/
article/pii/S0925346716302142.

YunHui L. Lin, Michael A. Fusella, and Barry P. Rand. The impact of local morphology on
organic donor/acceptor charge transfer states. Advanced Energy Materials, 8(28):1702816,
2018. doi: https://doi.org/10.1002/aenm.201702816.

Giovanni F. Caramori and Sérgio E. Galembeck. Computational study about through-bond
and through-space interactions in [2.2]cyclophanes. The Journal of Physical Chemistry A,
111(9):1705-1712, 2007. doi: 10.1021/jp066863h.

Zhengyan Wang, Yiping Liu, Xiuni Quan, Wenxuan Zhang, Renjun Tan, Hao Gu, Chunqi
Sheng, Chunbo Duan, Pengyao Xing, and Jun-Hua Wan. Planar chiral charge-transfer cy-
clophanes: Convenient synthesis, circularly polarized light-responsive photothermal conver-
sion and supramolecular chiral assembly. Angewandte Chemie International Edition, 64(1):
€202413295, 2025. doi: https://doi.org/10.1002/anie.202413295.

Lin-Tao Bao, Rui-Hua Zhang, Xiaoyue Yuan, Xueli Wang, Peicong Wu, Xu-Qing Wang,
Jinquan Chen, Anwei Zhu, Hai-Bo Yang, and Wei Wang. Rigidly locked pyrene excimers in
planar chiral pyrenophanes for intense and stable circularly polarized photoluminescence and
electrochemiluminescence. Angewandte Chemie International Edition, 64(15):6202500472,
2025. doi: https://doi.org/10.1002/anie.202500472.

Hsin-Chieh Lin and Bih-Yaw Jin. Three-dimensional through-space/through-bond delocal-
ization in cyclophane systems: A molecule-in-molecule approach. The Journal of Physical
Chemistry A, 112(13):2948-2954, 2008. doi: 10.1021/jp0763127.

Andreas Dreuw and Martin Head-Gordon. Failure of time-dependent density functional the-
ory for long-range charge-transfer excited states: The zincbacteriochlorin-bacteriochlorin and
bacteriochlorophyll-spheroidene complexes. Journal of the American Chemical Society, 126
(12):4007-4016, 2004. doi: 10.1021/ja039556n.

Mark E. Casida, Christine Jamorski, Kim C. Casida, and Dennis R. Salahub. Molecular ex-
citation energies to high-lying bound states from time-dependent density-functional response
theory: Characterization and correction of the time-dependent local density approximation
ionization threshold. The Journal of Chemical Physics, 108(11):4439-4449, 03 1998. doi:
10.1063/1.475855.


https://www.sciencedirect.com/science/article/pii/S0925346716302142
https://www.sciencedirect.com/science/article/pii/S0925346716302142

Bibliography

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

Vladislav Sldma, Lorenzo Cupellini, Vincenzo Mascoli, Nicoletta Liguori, Roberta Croce,
and Benedetta Mennucci. Origin of low-lying red states in the lhca4 light-harvesting complex
of photosystem i. The Journal of Physical Chemistry Letters, 14(37):8345-8352, 2023. doi:
10.1021/acs.jpclett.3c02091.

R. Ahlrichs, M. Bir, M. Hiser, H. Horn, and C. Kdlmel. Electronic structure cal- culations on
workstation computers: The program system turbomole. Chem. Phys. Lett., 163(3):165-169,
1989.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich,
J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F.
Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings,
B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega,
G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery,
Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N.
Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell, J. C.
Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi,
J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox.
Gaussian™16 Revision A.03, 2016. Gaussian Inc. Wallingford CT.

Edoardo Cignoni, Vladislav Slama, Lorenzo Cupellini, and Benedetta Mennucci. The atom-
istic modeling of light-harvesting complexes from the physical models to the computational
protocol. The Journal of Chemical Physics, 156(12):120901, 03 2022. ISSN 0021-9606. doi:
10.1063/5.0086275.

Yilei Wu, Marco Frasconi, Daniel M. Gardner, Paul R. McGonigal, Severin T. Schneebeli,
Michael R. Wasielewski, and J. Fraser Stoddart. Electron delocalization in a rigid cofacial
naphthalene-1,8:4,5-bis(dicarboximide) dimer. Angewandte Chemie International Edition,
53(36):9476-9481, 2014. doi: https://doi.org/10.1002/anie.201403816.

Fritz Duschinsky. Zur deutung der elektronenspektren mehratomiger molekiile. Acta physic-
ochimica URSS, 7:551-566, 1937.

Fabrizio Santoro, Alessandro Lami, Roberto Improta, Julien Bloino, and Vincenzo Barone.
Effective method for the computation of optical spectra of large molecules at finite tempera-
ture including the duschinsky and herzberg—teller effect: The gx band of porphyrin as a case
study. The Journal of Chemical Physics, 128(22):224311, 06 2008. ISSN 0021-9606. doi:
10.1063/1.2929846.

G. Olbrich and H. Kupka. The duschinsky effect and optical spectra. Zeitschrift fiir
Naturforschung A, 38(8):937-946, 1983. doi: doi:10.1515/zna-1983-0819. URL https:
//doi.org/10.1515/zna-1983-0810.

113


https://doi.org/10.1515/zna-1983-0819
https://doi.org/10.1515/zna-1983-0819

Bibliography

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

114

Takahito Nakanishi, Ken ichi Mizuno, Atsuo Matsui, and Hitoshi Nishimura. Reabsorption of
excitonic luminescence in pyrene crystals. Journal of Luminescence, 47(6):303-308, 1991.
ISSN 0022-2313. doi: https://doi.org/10.1016/0022-2313(91)90054-Y.

Andrew G. Crawford, Austin D. Dwyer, Zhiqgiang Liu, Andreas Steffen, Andrew Beeby, Lars-
Olof Palsson, David J. Tozer, and Todd B. Marder. Experimental and theoretical studies of
the photophysical properties of 2- and 2,7-functionalized pyrene derivatives. Journal of the
American Chemical Society, 133(34):13349-13362, 2011. doi: 10.1021/ja2006862.

Julia Merz, Julian Fink, Alexandra Friedrich, Ivo Krummenacher, Hamad H. Al Mamari,
Sabine Lorenzen, Martin Haehnel, Antonius Eichhorn, Michael Moos, Marco Holzapfel,
Holger Braunschweig, Christoph Lambert, Andreas Steffen, Lei Ji, and Todd B. Marder.
Pyrene molecular orbital shuffle—controlling excited state and redox properties by changing
the nature of the frontier orbitals. Chemistry — A European Journal, 23(53):13164—13180,
2017. doi: https://doi.org/10.1002/chem.201702594.

Ryohei Kurata, Kazuyoshi Tanaka, and Akihiro Ito. Isolation and characterization of per-
sistent radical cation and dication of 2,7-bis(dianisylamino)pyrene. The Journal of Organic
Chemistry, 81(1):137-145, 2016. doi: 10.1021/acs.joc.5b02425.

Dipanwita Jana and Sankar Jana. Donor—pyrene—acceptor distance-dependent intramolecular
charge-transfer process: A state-specific solvation preferred to the linear-response approach.
ACS Omega, 5(17):9944-9956, 2020. doi: 10.1021/acsomega.0c00265.

Sun-Sun Li, Ke-Jian Jiang, Chun-Chun Yu, Jin-Hua Huang, Lian-Min Yang, and Yan-Lin
Song. A 2,7-pyrene-based dye for solar cell application. New J. Chem., 38:4404—4408, 2014.
doi: 10.1039/C4NJ00421C.

Ryohei Kurata, Akihiro Ito, Masayuki Gon, Kazuo Tanaka, and Yoshiki Chujo. Diarylamino-
and diarylboryl-substituted donor—acceptor pyrene derivatives: Influence of substitution pat-
tern on their photophysical properties. The Journal of Organic Chemistry, 82(10):5111-5121,
2017. doi: 10.1021/acs.joc.7b00315.

Souloke Sen and Lucas Visscher. Towards the description of charge transfer states in
solubilised lhcii using subsystem dft. Photosynthesis Research, 156:39-57, 2023. doi:
10.1007/s11120-022-00950-7.

Julia Adolphs and Thomas Renger. How proteins trigger excitation energy transfer in
the fmo complex of green sulfur bacteria. Biophysical Journal, 91(8):2778-2797, 2006.
ISSN 0006-3495. doi: https://doi.org/10.1529/biophysj.105.079483. URL https://www.
sciencedirect.com/science/article/pii/S0006349506719932.

Julia Adolphs, Frank Miih, Mohamed El-Amine Madjet, and Thomas Renger. Calculation
of pigment transition energies in the fmo protein. Photosynthesis Research, 95(8):197-209,
2008. ISSN 1573-5079. doi: 10.1007/s11120-007-9248-z.


https://www.sciencedirect.com/science/article/pii/S0006349506719932
https://www.sciencedirect.com/science/article/pii/S0006349506719932

Bibliography

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Elizabeth Jurrus, Dave Engel, Keith Star, Kyle Monson, Juan Brandi, Lisa E. Felberg,
David H. Brookes, Leighton Wilson, Jiahui Chen, Karina Liles, Minju Chun, Peter Li,
David W. Gohara, Todd Dolinsky, Robert Konecny, David R. Koes, Jens Erik Nielsen, Teresa
Head-Gordon, Weihua Geng, Robert Krasny, Guo-Wei Wei, Michael J. Holst, J. Andrew Mc-
Cammon, and Nathan A. Baker. Improvements to the apbs biomolecular solvation software
suite. Protein Science, 27(1):112-128, 2018. doi: https://doi.org/10.1002/pro.3280.

M. Nottoli, S. Jurinovich, L. Cupellini, T. A. Gardiner, R. Cogdell, and B. Mennucci. The
role of charge-transfer states in the spectral tuning of antenna complexes of purple bacteria.
Photosynthesis Research, 137(2):215-226, 2018. doi: 10.1007/s11120-018-0492-1.

Oleksandr Yushchenko, Giuseppe Licari, Sandra Mosquera-Vazquez, Naomi Sakai, Stefan
Matile, and Eric Vauthey. Ultrafast intersystem-crossing dynamics and breakdown of the
kasha—vavilov’s rule of naphthalenediimides. The Journal of Physical Chemistry Letters, 6
(11):2096-2100, 2015. doi: 10.1021/acs.jpclett.5b00882.

Yilei Wu, Siva Krishna Mohan Nalluri, Ryan M. Young, Matthew D. Krzyaniak, Eric A.
Margulies, J. Fraser Stoddart, and Michael R. Wasielewski. Charge and spin transport in an

organic molecular square. Angewandte Chemie International Edition, 54(41):11971-11977,
2015. doi: https://doi.org/10.1002/anie.201504576.

Sudhir Kumar Keshri, Atsuro Takai, Tomoya Ishizuka, Takahiko Kojima, and Masayuki
Takeuchi.  Conformational dynamics of monomer- versus dimer-like features in a
naphthalenediimide-based conjugated cyclophane. Angewandte Chemie International Edi-
tion, 59(13):5254-5258, 2020. doi: https://doi.org/10.1002/anie.201914414.

Sudhir Kumar Keshri, Tomoya Ishizuka, Takahiko Kojima, Yoshitaka Matsushita, and
Masayuki Takeuchi. Long-range order in supramolecular m assemblies in discrete multi-
decker naphthalenediimides. Journal of the American Chemical Society, 143(8):3238-3244,
2021. doi: 10.1021/jacs.0c13389.

Francisco José Avila Ferrer and Fabrizio Santoro. Comparison of vertical and adiabatic har-
monic approaches for the calculation of the vibrational structure of electronic spectra. Phys.

Chem. Chem. Phys., 14:13549-13563, 2012. doi: 10.1039/C2CP41169E.

Mi Kyung Lee, Pengfei Huo, and David F. Coker. Semiclassical path integral dynamics:
Photosynthetic energy transfer with realistic environment interactions. Annual Review of
Physical Chemistry, 67(Volume 67, 2016):639-668, 2016. doi: https://doi.org/10.1146/
annurev-physchem-040215-112252.

Paula Ruiz-Castillo, Donna G. Blackmond, and Stephen L. Buchwald. Rational ligand
design for the arylation of hindered primary amines guided by reaction progress kinetic
analysis. Journal of the American Chemical Society, 137(8):3085-3092, 2015. doi:
10.1021/ja512903¢.

115



Chapter 6

Tuning Charge Transfer in Novel
NDI-Pyrene Paracyclophanes: The Role of
Interchromophore Distance and Linker
Structure

Camila Negrete-Vergara', Elnaz Zyaee?, Vladislav Slama®, Hans-Martin Frey?, Ursula
Rothlisberger?, Thomas Feurer?, Shi-Xia Liu!
! Department of chemistry, biochemistry and pharmaceutical sciences, University of Bern

2 Institute of Applied Physics, University of Bern, 3012 Bern, Switzerland
3 Laboratory of Computational Chemistry and Biochemistry, Ecole Polytechnique Fédérale de Lausanne (EPFL)

This work is in preparation for submission.

Abstract

Paracyclophanes (PCPs) offer a unique platform for studying through-space interactions in donor-acceptor
(D-A) systems, crucial for molecular electronics. Here, we report the synthesis, structural characterization,
and comprehensive photophysical investigation of novel PCPs comprising Pyrene (Py) donors and naph-
thalene diimide (NDI) acceptors, covalently linked by phenyl (Ph), tert-butylphenyl (‘BuPh), or adamantyl
(Ada) bridges. Steady state absorption spectroscopy reveals characteristic bands of the NDI and Py units,
along with new, broad absorption features attributed to through-space charge transfer transitions, whose
intensity correlates strongly with linker rigidity and interchromophore distance. A robust theoretical proto-
col combining time-dependent density functional theory (TD-DFT) and approximate coupled-cluster (CC2)
methods with solvent corrections quantitatively reproduces the optical spectra and elucidates the nature of
the low-lying charge transfer states. Femtosecond transient absorption spectroscopy across multiple exci-
tation wavelengths reveals complex, multi-step excited state dynamics, characterized by ultrafast formation
of an intramolecular charge transfer state. This work demonstrates the effective tuning of charge transfer
properties via linker design in NDI-Py PCPs and provides detailed insight into their dynamics, crucial for
the development of PCP-based molecular electronic components and informing future strategies for ultrafast
state control.
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6.1 Introduction

Understanding charge transfer (CT) and charge delocalization phenomena is indispensable for
manufacturing molecular devices. Much effort has been devoted to preparing a variety of donor-
acceptor (D-A) molecules as well as to intensively investigating their electronic properties !234367,
A strategy to enhance electronic interaction between D and A chromophores is to covalently con-
nect them through m-conjugated bridges, resulting in large m-extended skeletons that often cause
solubility and aggregation issues. Recently, single cocrystals featuring organic donor-acceptor
pairs have become valuable tools for investigating the complexities of CT exciton dynamics within
solid materials®. However, regulating the spatial arrangement of D and A moieties is challenging,
and the inherent brittleness of crystals complicates the fabrication of optoelectronic devices. One
effective method for precisely controlling the spatial arrangement of D and A fragments is to co-
valently link them with flexible spacers. This allows the D and A moieties to be in close proximity
and interact through non-covalent bonds. This interaction can be demonstrated by through-space
CT dynamics, which are primarily influenced by the intermolecular delocalization of neighboring
m-electrons in stacked aromatic D and A units®!°. This approach also offers advantages over the
through-bond interactions since it can provide a conformational locking effect, without compro-
mising the solubility of the system.

The discovery of paracyclophane (PCP) and its derivatives marked the onset of the non-covalent
interaction strategy for designing organic electronic materials'''>!?, Naphthalene diimide (NDI)
derivatives have been chosen as building blocks to construct different self-assembled CT systems
due to their electron-deficient properties, tendency to stack through 7-interactions, and their n-type
semiconducting behavior !413:16:17:18.19.20.21.22 © Congequently, NDI cyclophanes have been success-
fully synthesized and studied as representative models for supramolecular host and complexation
structures??, sublimable compounds for Ultra High Vacuum STM investigations>*?>2°, and ex-
cimer fluorescence research?’. Incorporation of D and A moieties into a PCP skeleton can facilitate
directional CT, leading to polar electronic displacement across the barrier, producing long-lived
charge separated states upon photoexcitation '°. However, investigating through-space CT dynam-
ics remains a significant challenge due to the limited availability of asymmetric PCP systems,
which is a result of the inherent complexity of tedious asymmetric synthesis, including multiple-
step reactions, sophisticated purification, and poor yields. To the best of our knowledge, only one
paper published very recently provides insight into the electronic couplings between NDI and a
series of electron donors such as carbazole, benzodithiophene, and dihydroindole®. This study
demonstrated that the CT interactions in the enforced D/A m-stacks lead to efficient photothermal
conversion because of the active non-radiative decay processes, as confirmed by femtosecond tran-
sient absorption measurements. It is also well known that NDI and Pyrene have been used to create
a range of CT functional materials, including supramolecular polymers?%?*3°, single co-crystals
and complexes®3132 and PCPs™*. It is worth noting that only one example of PCPs consisting of
these two chromophores fixed by methylene chains has been published so far, showing a broad ab-
sorption with a maximum of 520 nm (e = 1010 cm ™! in CHCl5) due to a through-space CT caused
by their face-to-face orientations with a separation of 3.5 A33. However, a comprehensive study of
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the CT dynamics has not yet been conducted.

To tackle these challenges, we report herein the synthesis of new PCPs consisting of Pyrene
(Py) and NDI chromophores, linked by different bridges such as phenyl and adamantane molecules,
as shown in Figure 6.1. The optical and electrochemical properties of these PCPs, along with
their reference compounds, were investigated in detail. Interestingly, the effect of the linker and
the interchromophore distance plays a crucial role in modulating the CT absorption band. All
PCPs exhibit a broad absorption band that peaks between 500 and 600 nm, which is attributed to a
through-space charge transfer (TSCT) from the Py donor to the NDI acceptor. Cyclic voltammetry
measurements indicate that the NDI moiety of all systems undergoes two reversible reduction
processes. In contrast, the electrochemical behavior of the Py moiety varies depending on its
chemical substituents.The observed photophysical and redox properties were further supported by
extensive theoretical calculations, which provided deeper insight and quantitative description of its
electronic structure, origin of the observed changes in the optical spectra and exciton relaxation.
Furthermore, time-resolved transient absorption spectroscopy at different excitation wavelengths

revealed complex dynamics.

Phenyl Tert -butyl-phenyl Adamantane
(Ph) (*BuPh) (Ada)

Figure 6.1: Schematic representation of the different PCP structures investigated in this work.

6.2 Results and Discussion

6.2.1 Synthesis and Characterization

The cyclization of asymmetric paracyclophanes was achieved via the condensation of naphthalenete-
tracarboxylic dianhydride (NTDA) with the corresponding 2,7-substituted phenyl or adamantyl
amine monomers in the presence of triethylamine (Et;N) under dilute conditions (~1 mM), as
illustrated in Figure 6.2. The inherently low yields (10-17%) of these reactions are primarily at-
tributed to the unavoidable formation of oligomeric by-products. The 2,7-substituted Pyrene build-
ing blocks were synthesized through palladium-catalyzed cross-coupling reactions: C-N Buchwald
coupling for Ada-Py and ‘BuPh-Py, and Suzuki-Miyaura coupling for the Ph-Py moiety. All
PCPs underwent extensive purification, including column chromatography, gel permeation chro-
matography, and, in some cases, high-temperature vacuum treatment to eliminate trace impurities.
The structures of the resulting cyclophanes and reference compounds were unambiguously con-
firmed by 'H and '*C NMR spectroscopy, as well as high-resolution mass spectrometry. Notably,
as shown in Figure 6.3, 'H NMR measurements revealed that the aromatic protons of the NDI and
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Py units in the D-A PCPs are significantly upfield shifted compared to their relative monomers,
as shown in Figure 6.3. For example, the 'H NMR signals of the NDI moiety in NDI-‘BuPh-Py
PCP (8.06 ppm) were significantly upfield shifted compared to those of the NDI-Ref (8.68 ppm).
Similarly, the protons of the Py monomer (7.79 and 7.38 ppm) were also significantly shifted com-
pared to the D-A PCP (7.29 and 7.02 ppm). These findings indicate strong -7 interactions, even
in solution. Additionally, NDI and Py protons in all D-A PCPs appear as single peaks, revealing
the symmetric nature of these systems.
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Figure 6.2: Synthetic routes to NDI-Ada-Py, NDI-‘BuPh-Py, and NDI-Ph-Py cyclophanes and
structures of reference compounds.

6.2.2 Structure of the Paracyclophanes

The geometries of paracyclophanes were optimized using DFT with solvent effects modeled via
the polarizable continuum model (PCM) approach in CH,Cl,. Structural features depend on the
linker type and on the lengths of the chromophore units. The ‘BuPh linker introduces greater flex-
ibility, allowing parallel stacking of slightly mismatched units, whereas the more rigid adamantyl
(Ada) linker causes a pronounced inclination between monomers. PCPs with amine groups can
adopt cis or trans conformations, where amine hydrogens face the same or opposite directions, re-
spectively. These conformers are nearly isoenergetic: for Ada-linked PCPs, the cis form is favored
by 29.6 meV, while for “BuPh-linked PCPs, the trans is slightly more stable by 38.3 meV (though
cis is favored at 0 K by 13.6 meV). These small differences, comparable to thermal energy at room
temperature (~25.9 meV), suggest both forms coexist. A length mismatch of ~1.8 A between the
Py and NDI units leads to mutual rotation, allowing for accommodation of the geometry without
excessive bending. Structures with cis amine groups show a greater inclination between the NDI
and Py planes compared to the trans ones. In the NDI-Ph-Py system with the shortest phenyl
linker, the inter-unit distance near the linker is 3.0 A, shorter than the ~3.4 A van der Waals sum
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Figure 6.3: Partial 'H NMR spectra of NDI-Ref, NDI-‘BuPh-Py, and ‘BuPh-Py in CDCl;.

for two carbon atoms, causing repulsion that bends the structure and increases the NDI-Py spacing
to ~3.7 A at the center (see Figure 6.4).
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Figure 6.4: Optimized geometries for the three D-A paracyclophanes.

6.2.3 Optical Properties

The absorption spectra of the different PCPs in CH,Cl, are shown in Figure 6.5, along with those
of their isolated constituent units (NDI and Py monomers) for comparison. In the blue and UV
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region of the optical spectra (230-400 nm), all D-A PCPs present intense absorption bands that
correspond to the 7 — 7* transitions of the NDI and Py units. Remarkably, the characteristic
Sp — 5 transition of the NDI chromophore at around 380 nm for NDI-Ph-Py PCP exhibited a
pronounced red shift (~6nm) and a loss of its vibronic progression compared to NDI-Ref (see
Figure 6.5). For the Py unit, a notable loss of the vibronic progression of the S, — S> band was
also observed (ca. 340 nm). This behavior is likely due to the 7-7 stacking enforced by the shorter,
more rigid bridges, with NDI-Ph-Py having the shortest interchromophore distance. In contrast,
the NDI-Ada-Py and NDI-‘BuPh-Py PCPs, having a larger separation between chromophores,
displayed subtler effects, with only minor broadening and negligible shifts in the main transition
bands. Additionally, in the 400-500 nm region, the Ada-Py and ‘BuPh-Py reference compounds
exhibit a broad, relatively weak absorption band, attributed to the short-axis polarized 'Lj, transi-
tion, which includes a significant contribution from intramolecular charge transfer (ICT) from the
amine group to the Py [Apux(€) ~ 453nm (¢ = 3850 M~'cm™')]. Similar behavior has been
observed in other 2,7-diamino-substituted Py derivatives3+3>3637-3839 = NDI-Ada-Py and NDI-
‘BuPh-Py display the same band, albeit it is slightly broadened and red-shifted compared to their
reference compounds, as depicted in Figure 6.5. As expected for Ph-Py reference and NDI-Ph-Py
PCP, no ICT is observed. Very interestingly, in all D-A PCPs, new broad and structureless bands
at around 500-600 nm emerged, which are not observed in the spectra of the reference compounds.
This feature cannot be attributed to the individual donor (Py) or acceptor (NDI) chromophores,
but rather to a charge transfer (CT) transition from the Py to the NDI moiety. Furthermore, the
intensity of these CT bands is directly correlated to the rigidity and interchromophore distance,
in which NDI-Ph-Py with the shortest linker, exhibits the strongest band [Apux(€) ~ 520nm,
(e = 1300 M~tcm™1)], while NDI-Ada-Py [\ (€) ~ 600nm, (¢ = 512 M~tem™!)], and NDI-
"‘BuPh-Py [Apax(€) ~ 550nm, (¢ = 450 M~'em™1)] display a week and very broad CT transi-
tion that extend to the near infrared region (NIR). The experimental results we observed closely
matched the theoretical simulations, supporting our findings, which we will introduce in the section
below.

The emission spectra of the three D-A PCPs and their corresponding reference compounds
were recorded in CH,Cl, as shown in Figure 6.16-6.19. The reference compounds Ada-Py and
‘BuPh-Py exhibit strong, broad, and featureless emission bands centered around 480 nm. These
compounds show clear solvatochromism, with a bathochromic shift observed when the solvent
polarity increases from toluene to acetonitrile. This shift is characteristic of emission from a state
with significant charge transfer character in polar solvents, whereas in nonpolar environments, the
emission originates from a m — 7* excited state. In contrast, the Ph-Py-Ref compound displays an
emission band centered at approximately 400 nim, attributed to a pure m — 7* transition. Notably,
the fluorescence originating from both donor and acceptor chromophores in all three PCPs is dra-
matically reduced, suggesting that upon cyclization, a predominant photoinduced electron transfer
1s present to cause charge separation.

6.2.4 Electrochemical Properties

The electrochemical behavior of the D-A PCPs and their corresponding reference compounds was
investigated using cyclic voltammetry (CV, shown in Figure 6.6) and differential pulse voltamme-
try (DPV) in CH,Cl, (Figures 5.10-5.12, 6.20, 6.21). As summarized in Table 6.1, the NDI-‘BuPh
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Figure 6.5: Absorption spectra of PCPs and their reference compounds in CH,Cl, at room
temperature.

reference exhibits two reversible single-electron reduction processes at -0.63 V and -1.05 V, cor-
responding to the sequential reduction of the NDI unit to its radical anion and dianion forms. All
three PCPs display similar reduction profiles; however, the first reduction potential is cathodi-
cally shifted by approximately 100 mV compared to the NDI-‘BuPh reference. This shift suggests
that the Py moiety influences the electronic properties of the adjacent NDI unit, likely through non-
covalent interactions such as through-space charge transfer (CT), destabilizing the LUMO level. In
the positive potential window, the Pyrene-based reference compounds exhibit distinct electrochem-
ical behavior. Ada-Py shows two reversible single-electron oxidation processes at 0.50 V and 0.92
V, corresponding to the sequential formation of Pyrene radical cation and dication species 3>364041
In contrast, "BuPh-Py undergoes one irreversible oxidation at 0.59 V and a quasi-reversible ox-
idation at 1.02 V. The relatively low oxidation potentials observed for both compounds indicate
their propensity to form radical cationic species. Notably, NDI-Ada-Py and NDI-‘BuPh-Py PCPs
exhibit two reversible oxidation processes, slightly shifted relative to their corresponding reference
compounds. This shift suggests a modest electronic interaction between the donor and acceptor
units, reflecting a small contribution to the HOMO energy level upon formation of the 7-stacked
D-A structure. In stark contrast, for the Ph-Py reference compound, a single irreversible oxidation
process was observed at 1.34 V. Upon cyclization to form NDI-Ph-Py, this oxidation step shifted
anodically by 70 mV. This stronger interaction is attributed to the shorter, more rigid linker in
NDI-Ph-Py, which enforces closer spatial proximity between the donor and acceptor moieties. As
a result, the HOMO level is stabilized. It is well established that in fused D-A systems that present
ICT, it often results in HOMO stabilization and LUMO destabilization. For the NDI-Ph-Py struc-
ture, this effect is reflected in the anodic shift of the first oxidation potential and the cathodic shift
of the first reduction potential, relative to the redox potentials of the individual D and A compo-
nents. In contrast, NDI-Ada-Py and NDI-‘BuPh-Py exhibit different behavior. In these cases, the
HOMO level is influenced not only by the Py core but also by the ICT character introduced by the
electron-donating amino groups at the 2,7-positions. This additional ICT contribution accounts for
the opposite trend observed in the redox behavior of these two derivatives.
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The experimental measurements were further supported by theoretical calculations based on
DFT theory. The solvent effects of the CH,Cl, were included within implicit continuum polariz-
able model (PCM). The adiabatic electron affinities (EA) and ionization potentials (IP), obtained
from the optimized structures as I P = E — B¢ and EA = EgP — E% where E{™ corresponds
to the total energy of the optimized structure with the charge ¢, were in exceptional agreement with
the experimental values with errors as low as 0.1 eV (Table 6.1). It should be noted that including
the solvent effects is crucial for obtaining the quantitative description of the redox properties, be-
cause it can accounts for around 1eV changes of the energies of the charged systems compared to
the gas phase results.Moreover the structural relaxation during the redox reactions leads to the shift
of the HOMO orbitals to the higher energies meanwhile the LUMO energy is lowered reducing the
band gap by around 0.2-0.4 eV.
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Figure 6.6: Cyclic voltammograms of the different PCPs with their reference compounds
measured in DCM with TBAPF, (0.1M) as the supporting electrolyte. Pt working electrode,

glassy carbon as counter electrode, scan rate 0.1 V min ™.

6.3 Theoretical Study

The combination of the electron-donating Py unit, specially conferred by the amino group at the
2,7 positions, and the electron-accepting NDI unit leads to the formation of several low-lying
inter-unit (through-space) CT states. The inherently low transition dipole moments, molecular
orbital (MO) overlap, and charge separation of the CT states make them challenging for both
theoretical and experimental investigation. To overcome these challenges, we employed a two-step
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Table 6.1: Electrochemical data of the target compound and references. Redox potentials (V) vs.
Ag/AgCl in CH,Cl,.

Compound EYy (V) EPS (V) EfSH(V) EfY (V) HOMO (eV) LUMO (V) Ef (eV) Eg° (eV) TPeow, (€V) EAcom, (€V)  Eg' (eV)

Ada-Py Ref 0.50 0.92 - - -4.76 - - - -4.82 -1.94 2.88
‘BuPh-Py Ref 0.58 0.99 - - -4.86 - - - -4.98 -1.92 3.06
Ph-Py Ref 1.34 - - - -5.56 - - - -5.65 -2.04 3.61
NDI-‘BuPh Ref - - -0.63 -1.05 - -3.82 - - -6.66 -3.80 2.86
NDI-Ada-Py 0.46 0.94 -0.73 -1.18 -4.71 -3.71 -1.00 - -4.81 -3.68 1.13
NDI-‘BuPh-Py 0.59 1.02 -0.76 -1.12 -4.87 -3.76 -1.10 - -4.97 -3.72 1.25
NDI-Ph-Py 1.41 - -0.73 -1.02 -5.72 -3.77 -1.95 2.02 -5.76 -3.71 2.05

The HOMO level was calculated from the onset of the first oxidation potential according to Fyomo =
[—e(Eonset. ox — (Fc™ /Fc) 4 4.8)] eV. The LUMO level was calculated from the onset of the first reduction poten-
tial according to Eyumo = [—e(Eonset. red — (FcT/Fc) + 4.8)] eV. 4.8 eV is the energy level of ferrocene below
the vacuum level. The oxidation potential of Fc*/Fc against Ag/AgCl was recorded to be 0.45 V or 0.43 V.

computational procedure to obtain the excited state electronic properties with comparable accuracy
for both CT and localized excited (LE) states. In the first step, linear-response time-dependent
density functional theory (TD-DFT) using the range-separated wB97XD functional was applied.
This method provides a reliable description of electron density redistribution upon excitation for
both LE and CT transitions, while also allowing the inclusion of solvent effects via the polarizable
continuum model (PCM) with state-specific solvation for CT states.

Although TD-DFT describes LE state energies with good accuracy often in quantitative agree-
ment with experimental observations, it tends to underestimate or overestimate CT state energies,
with typical absolute errors ranging from 0.1 to 1.0 eV. To correct this discrepancy, we calculated
the gas-phase excitation energies using the approximate coupled-cluster method (CC2), which of-
fers consistent accuracy for both LE and CT states. In our two-step approach, gas-phase excited
state energies were obtained at the CC2 level, while solvent effects were subsequently incorporated
from the TD-DFT calculations.

Validity of this approach was verified for the lowest intramolecular CT state of amino-substituted
Py, where the two-step approach within the linear-response framework for solvent effects repro-
duced the same solvent shift of of -64 meV from the gas-phase excitation energy as obtained
ADC(2) with a COSMO solvent description. Further methodological details regarding the two
step approach for computing the electronic and optical properties are provided in Chapter5.

The vibronic absorption and fluorescence spectra were simulated from the excited state proper-
ties within the vertical gradient approximation and cumulant expansion approach“?. This method is
widely applied in modelling of organic molecules and super-molecular systems and efficiently ac-
counts for vibronic effects in optical spectra without requiring extensive sampling of the molecular
geometries.

6.3.1 Absorption Properties of Paracyclophanes

The optical and excited state properties of the three paracyclophane systems, NDI-Ada-Py, NDI-
‘BuPh-Py, and NDI-Ph-Py, were analyzed using the two-step computational approach mentioned
above to simulate absorption and fluorescence spectra in dichloromethane (CH,Cl,) solvent. These
spectra were compared to experimental data for validation (Figure 6.7), and their features were in-
terpreted by decomposing the spectra into individual excited state contributions (Figure 6.8), sup-
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ported by natural transition orbital (NTO) analysis. No arbitrary shifts or rescaling of the spectra
was used for the calculation of the optical spectra. Exceptional quantitative agreement between the
computed and experimental spectra demonstrates, strength of the applied two step methodology
to quantitatively well describe properties of the heteroparacyclophanes with the same accuracy for
both CT and LE states leading to reliable interpretation of the observed spectral effects.
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Figure 6.7: Comparison of the experimental and computed absorption spectra. Except of the
broadening peak and slightly ddifferent redistribution of intensities among the vibronic modes the
computed spectra quantitatively well agree with the experimental ones and all the observed effects
are well captures.

NDI-Ada-Py andNDI-‘BuPh-Py Systems

The heteroparacyclophanes with Ada and ‘BuPh linkers between the NDI and Py aromatic units
exhibit strong similarities in their optical and electronic properties and are therefore analysed to-
gether. The similarity of the electronic properties primarily arises from their similar chemical
composition and spatial separation of the constituent units. The computed absorption spectra,
alongside the experimental ones, are presented in Figure 6.7, while the decomposition of the full
spectra into contributions from individual electronic transitions is shown in Figure 6.8. The optical
spectra were simulated by including the lowest seven excited states, covering the infrared (IR), vis-
ible, and edge of the ultraviolet (UV) regions with an energy range below 4 eV. The lowest-energy
region of the spectrum primarily arises from three low lying inter-unit CT states, corresponding
to the electron transfer transfer from the Py highest occupied molecular orbitals (MO) to the NDI
lowest unoccupied MO (LUMO).

The first excited state (S7), a CT state characterized by a large reorganization energy, resulting
in a broad absorption band from 1.15 to 2.0 eV for both Ada and ‘BuPh linkers. The slightly
lower energy by 12meV of the CT state for Ada linker can be attributed to differences in the
delocalization of the Py highest occupied MO (HOMO) over the linker, which is consistent with
observations in the spectra of the monomeric Py with Ada and "BuPh linker (Chapter 5). Although
the S; transition corresponds to the low-energy tail of the experimental absorption spectra, the
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calculated intensity is underestimated by approximately two orders of magnitude. This discrepancy
arises from the use of the vertical gradient approach, in which excitation properties are computed
at the optimized ground state geometry. Under these conditions, the S, — S transition dipole
moment is nearly zero due to molecular symmetry. In solution, however, thermal motion breaks
this symmetry, enabling coupling between dark CT and bright locally excited (LE) states, thereby
enhancing the transition dipole of the CT state, as seen in the experimental spectra.

The second CT state (S2) exhibits vibronic structure and corresponds to minor peaks at 2.08
and 2.35 eV in the experimental absorption spectra. The excitation energy for the ‘BuPh linker is
red-shifted by 154 meV relative the Ada-linked one, while in gas phase the excitation energies are
nearly identical (Table 6.2). This shift can thus be attributed to different state-specific solvation
effects. The same trend is obtained also for the other through-space CT states, suggesting that
solvent cavity shape, influenced by the molecular geometry and unit separation, affect the solvation
shifts of the Ada- and ‘BuPh-linked PCPs. Like S;, the calculated intensity of the S, state is
underestimated due to the neglect of thermal fluctuations.

The third CT state (S3), appearing between 2.4 and 3.3 eV in the absorption spectra, also ex-
hibits low intensity and clear vibronic features including the pronounced double-peak structure
arising from vibrational transitions. At the higher energies, the absorption bands mainly originate
from excitations localized on the individual aromatic units. The S, state, which shows weak ab-
sorption between 2.5-3.1 eV, is assigned to the Py 'L, transition with partial intra-unit CT charac-
ter. In agreement wit experimental observations, S band is blue shifted for the Ada linker relative
to the "“BuPh analogue. A similar blue shift was also observed for the monomeric units with Ada
and ‘BuPh linkers, (shown in Chapter5), and it is attributed to the differences in delocalization
of the Py HOMO across the linkers. For the heterodimers, the computed shift between the two
linkers of 216 meV is slightly overestimated relative to the experimental value of ~100 meV. This
deviation arises mainly from differences in the linear-response solvent shift of 97 meV between
the two linkers, suggesting that TD-DFT with linear response solvation tends to overestimate the
solvent-shift differences between the NDI-Ada-Py and NDI-'BuPh-Py.

The strong absorption band corresponding to S5 excited state between 3.1-3.5 originates from
the lowest excited state of the NDI moiety, while the intense absorption band between 3.5-4.0 eV
(Se) corresponds to the Py 'L, transition. Theoretical calculation also predicts higher intensity of
the absorption spectra in Sy state region (Pyrene unit excitation) for the ‘BuPh-linked PCPs com-
pared to the Ada-linked one, consistent with the experimental findings. This enhancement arises
from the shorter inter-unit separation in the ‘BuPh-linked PCP, which increases the interaction en-
ergy between the Py 'L, state and NDI lowest exited state from 255cm~" for the Ada linker to
the 293cm ™! for the ‘BuPh linker, resulting in the transition dipole moment redistribution between
these transitions. Furthermore, due to the spectral overlap with the S; state corresponding to the
second excited state of the NDI moiety, the increased transition dipole in the ‘BuPh-linked PCP
leads to enhanced absorption in the 3.5-4.0 eV spectral region.

Across all CT states, PCP with ‘BuPh linkers exhibit larger reorganization energies than those
with Ada linkers. This difference can be attributed to the greater structural flexibility of the “BuPh-
linked systems, which allows for larger geometric relaxation and conformational freedom in the
excited state. A Similar effect was reported for the NDI homo-paracyclophanes (shown in Chap-
ter 5) and is supported by transient absorption measurement, which show faster relaxation to the
ground state for the ‘BuPh-linked PCP compared to the Ada-linked ones. This behavior arises from
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the higher structural flexibility and, consequently, the lower energy barrier for geometric relaxation
from the initial excited state and more efficient dissipation of excess energy into vibrational motion.

NDI-Ph-Py System

A similar analysis was performed for the NDI-Ph-Py system, in which the NDI and Py units
are connected by a phenyl (Ph) linker. Although this system exhibits overall spectral similarities
to the NDI-Ada-Py and NDI-‘BuPh-Py systems, several key differences arise from the distinct
structural and electronic characteristics of the Ph linker. Notably, the Ph linker lacks the electron-
donating amine groups present in the Ada- and ‘BuPh-linked systems, resulting in the absence
of the HOMO delocalization over the amine-substituted Py and the linker. In the NDI-Ada-Py
system, this delocalized HOMO contributes to both the lowest inter-unit CT state .S; and the intra-
unit CT/LE state S;. In contrast, in NDI-Ph-Py the corresponding MO is localized exclusively on
the Py, lowering its energy and causing it to become HOMO-1. Consequently, also the ordering
of the CT states is altered: the S; and S5 CT states are interchanged relative to those from PCPs
with Ada and ‘BuPh linkers, and the intra-unit CT/LE state S, is eliminated, thereby modifying
the spectral profile below 3 eV.

The low-energy region of the NDI-Ph-Py absorption spectrum arises from two inter-unit CT
states involving electron transfer from Py to NDI. The lowest CT excited state, S;, exhibits a
broad absorption band spanning from 1.9 to 2.8 eV, in excellent agreement with the experimen-
tal spectrum, which displays a corresponding broad band in this range. This state corresponds to
the electron transfer from the Py HOMO to NDI LUMO and is analogous in character to the S,
CT state in the Ada- and ‘BuPh-linked systems. However, it possesses a transition dipole mo-
ment approximately an order of magnitude larger. This enhancement arises not to the mixing with
other LE state, but rather from the substantially shorter donor-acceptor spatial separation, which
increases orbital overlap. Diabatization analysis using Fragment Charge Difference (FCD) algo-
rithm* reveals that the couplings between the CT state and the two lowest excited states of the
NDI are 0.34 cm™! and 0.84 cm ™!, while the couplings to the two lowest excited states of Pyrene
are 0.29 cm~! and 0.44 cm~!. These small coupling values, together with the large energy gap
between CT and LE states, indicate the absence of delocalization and transition dipole moment
redistribution. Nevertheless, the shorter spatial separation in NDI-Ph-Py (3.7 A) results in a sig-
nificantly larger HOMO-LUMO overlap of 0.039, compared to only 0.008 in NDI-Ada-Py, where
the chromophores are separated by 5.44 A. The increased orbital overlap in the Ph-linked sys-
tem leads to partial delocalization of the Py HOMO and NDI LUMO orbitals and enhances the
CT transition. In this case of strong molecular overlap, the transition density of the lowest CT
state S; for NDI-Ph-Py can be approximated as ple' () & cac1 (9N (r) — phso (7)), where
pNPL o () and priyeo () represent the electron densities of the NDI LUMO and Pyrene HOMO
orbitals, respectively, and ¢; are the expansion coefficients of the NDI-Ph-Py HOMO orbitals into
the Pyrene HOMO and NDI LUMO basis functions, quantifying the extent of the electron delo-
calization between the two units. This transition density gives rise to a transition dipole moment
oriented perpendicular to the m-conjugated planes of the NDI and Pyrene moieties.

Exciton formation and transition dipole redistribution also significant contribute to the spectral
differences between the two systems. In NDI-Ada-Py, the transition dipole moments are 2.08
a.u. and 2.07 a.u. for the NDI and Py lowest LE states, respectively, consistent with values for
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isolated monomers of 2.39 and 2.06 a.u., respectively. In NDI-Ph-Py, however, short separation
of the NDI and Pyrene units and resulting strong interaction between the corresponding transition
densities leads to substantial state mixing and exciton formation, resulting in transition dipole
strength redistribution: the NDI LE state dipole decreases to 1.32 a.u., while that of the Py LE
state increases to 2.67 a.u. The coupling between the lowest LE states of the NDI and Pyrene
obtained from diabatization of the dimer states into the monomeric basis, is 668 cm™! closely
matching the 660 cm™! coupling derived from localized fragments using Poisson-TrEsp method.
This coupling is more than 2.6 times larger than coupling for the NDI-Ada-Py, 255 cm~! and
259 cm~! from the diabatization and Poisson-TrEsp approach, respectively. The sum of the squares
of the transition dipole moments remains nearly constant for both Ada and Ph linkers, confirming
that the observed changes results from exciton formation and redistribution of the transition dipoles
strength between NDI and Pyrene units. Finally, a small redshift of about 75 meV is observed for
the first vibronic peak of the NDI absorption around 3.2 eV in NDI-Ph-Py. This shift originates
from partial delocalization between the NDI LUMO and the Py HOMO orbitals, further supporting
the enhanced interaction enabled by the Ph linker’s reduced spatial separation.
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Figure 6.8: Absorption spectra decomposed to the individual transitions for the three differ-

ent linkers.

6.4 Fluorescence

In addition to the absorption spectra, fluorescence measurements of NDI-Ada-Py were performed
using three excitation wavelengths, 290 nm, 380 nm, and 460 nm, to selectively excite different
electronic states within the molecule and investigate the resulting relaxation pathways. Excitation
at 290 nm targets the S5 state of the Py unit (4.28 eV). The resulting very weak fluorescence spec-
trum closely matches the calculated emission from the S, state of NDI-Ada-Py, which corresponds
to the S; state of isolated Py. This match indicates that, upon excitation, energy relaxes within the
Py moiety itself (S5 — S7) without significant inter-unit transfer, leading to localized fluorescence.
Excitation at 460 nm (2.7 eV) directly excites the S; state of Py. The emission spectrum in this
case aligns well with the calculated spectrum of the S5 charge transfer state, suggesting that after
initial excitation on the Py unit, relaxation occurs to a CT state involving electron transfer to the
NDI unit. This pathway represents an inter-unit charge transfer process.
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Table 6.2: Transition dipole and excitation energy decomposition into individual contributions.

NDI-Ada-Py
State Gas-phase Energy CC2 (eV) Solvent Shift (eV) Reorganization Energy (eV) Adiabatic Energy F,_, (eV) Transition Dipole Moment |1,| (a.u.)
S 1.879 -0.315 -0.439 1.250 0.020
Sa 2.613 -0.282 -0.311 2.020 0.260
Ss 2.991 -0.386 -0.304 2.301 0.124
Sy 2.822 -0.057 -0.170 2.595 1.017
Ss 3.589 -0.067 -0.268 3.245 2.076
Se 3.830 -0.053 -0.209 3.568 2.069
Sz 3.832 -0.069 -0.138 3.625 0.836
NDI-‘BuPh-Py
State Gas-phase Energy CC2 (eV) Solvent Shift (eV) Reorganization Energy (eV) Adiabatic Energy F,_, (V) Transition Dipole Moment |1,| (a.u.)
S 2.093 -0.424 -0.532 1.137 0.055
Sa 2.642 -0.456 -0.320 1.866 0.057
Ss 3.257 -0.385 -0.265 2.607 0.085
Sy 2.981 0.040 -0.210 2.811 0.959
Ss 3.461 0.073 -0.265 3.269 2.064
Se 3.695 0.094 -0.185 3.604 2.173
Sz 3.717 0.041 -0.120 3.638 0.930
NDI-Ph-Py
State Gas-phase Energy CC2 (eV) Solvent Shift (eV) Reorganization Energy (eV) Adiabatic Energy F,_, (eV) Transition Dipole Moment || (a.u.)
S 2.504 -0.235 -0.311 1.958 0.671
S 2.999 -0.189 -0.345 2.465 0.137
Ss 3.454 -0.017 -0.239 3.198 1.321
Sy 3.543 -0.069 -0.132 3.342 0.739
Ss 3.805 -0.067 -0.180 3.558 2.672
Se 3.822 -0.010 -0.122 3.690 1.076

Excitation at 380 nm (3.26 eV), targeting the S; state of the NDI unit, produces a broad fluores-
cence band spanning more than 1 eV. This broad emission cannot originate from a single excited
state, otherwise the same feature would be present also in the absorption spectra, which is not the
case. Instead, it suggests that multiple excited states are populated during the relaxation. Based on
spectral position, shape, and comparison with the computed fluorescence spectra, the most likely
contributors are the S5 CT state, S, (Py S7) with partial intra-unit CT/LE character, and S5 (NDI
S1). Thus, a multiple state population appears more plausible.

Because the lowest CT states possess very small transition dipole moments, their exact con-
tributions to the excited state relaxation are difficult to extract from the fluorescence data alone.
Nonetheless, the significantly reduced emission observed in NDI-Ada-Py, compared to isolated
monomers, strongly indicates that these CT states are populated during relaxation. These states
may decay non-radiatively or emit weakly in the infrared region, beyond the spectrometer’s detec-
tion range. A schematic representation of the proposed excited state relaxation pathways is shown
in Figure 6.9.

6.5 Transient Absorption
To determine the exciton relaxation pathways of different excited states, investigate the effect of

charge transfer (CT) states, and identify the final relaxed excited state, femtosecond transient ab-
sorption (TAS) measurements were performed. The TAS spectroscopy provides access to tran-

129



Chapter 6. Tuning Charge Transfer in Novel NDI-Pyrene Paracyclophanes: The Role of
Interchromophore Distance and Linker Structure

290 nm excit. 380 nm excit. 460 nm excit.
5:7(P y) — N
. \
. \
S<(NDI) ——:"}—\\— AN
\ S \
Se(Py) —f1i— = 0
S3(CT) ':“ - = E"u‘ | __E"—"_
SZ(CT) :Jt ° :l __:j_'_
Sl (CT) V V _J__
N
SO D A . - " )

Figure 6.9: The proposed exciton relaxation pathways for different excitation wavelengths
of the NDI-Ada-Py based on a comparison of the computed and experimental fluorescence
spectra. Solid arrows indicate system excitation and fluorescence, while dashed lines show exciton
relaxation. The red dashed lines represent expected relaxation pathways that could not be validated
from the comparison of the experimental and computed spectra due to the small transition dipole
moment of the final CT states.

sitions that are otherwise inaccessible in linear spectroscopies. Although CT states are optically
dark in ground state excitations, they can exhibit significant excited state absorption (ESA) signals
arising from transitions from the excited CT state to higher-lying electronic states with substantial
CT character**. This makes TAS a powerful tool for probing not only relaxation dynamics but also
the population and evolution of CT states.

Femtosecond TAS measurements were carried out using a Ti:sapphire regenerative amplifier
system (800 nm central wavelength, 87 fs pulse duration, 4 kHz repetition rate, 0.55 mJ pulse™1).
Three different pump wavelengths, 380 nm, 400 nm, and 266 nm, were employed to explore the
influence of the excitation energy on exciton relaxation. These excitation wavelengths were se-
lected to closely replicate the conditions used in the fluorescence experiments, although an exact
match of the excitation frequencies was not possible with the current setup. The 380 nm pulses
were generated by frequency-doubling the 760 nm output of a noncollinear optical parametric am-
plifier (NOPA) seeded with white light from the fundamental. The 400 nm pulses were generated
as the second harmonic of the 800 nm fundamental in a BBO crystal, while the 266 nm pulses
were produced via third-harmonic generation by sum-frequency mixing of the 800 nm and 400 nm
beams. The pump energy at the sample was maintained at 0.5 uJ to suppress multiphoton effects.
Probe pulses spanning 420-750 nm were produced as a supercontinuum in a 5 mm CaF, plate and
collinearly overlapped with the pump within the sample. The instrument response function (IRF)
was 200 fs (FWHM), and temporal delays up to 1.9 ns were introduced using a motorized delay
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stage. Additional experimental details and a schematic of the setup are provided in the Supporting
Information (Figure S5.8).
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Figure 6.10: Ultrafast excited state dynamics of NDI-Ada-Py upon excitation at 400 nm.
a Transient absorption spectra of NDI-Ada-NDI recorded at various time delays. b Corresponding
decay associated spectra (DASs).

As in the fluorescence measurements, TAS measurements were performed on the NDI-Ada-
Pyrene system using pump wavelengths of 400, 380, and 266 nm to selectively excite distinct
electronic transitions within the donor-acceptor framework. Excitation at 400 nm primarily ad-
dresses the Pyrene S; absorption band, while excitation at 380 nm corresponds mainly to the NDI
S; transition with a minor contribution from Pyrene. Excitation at 266 nm accesses higher-lying
electronic states of both chromophores, enabling observation of relaxation pathways from the up-
per excited states.

The transient absorption spectra recorded at 380 nm and 400 nm excitation wavelengths exhibit
remarkable similarities, despite the differing initial population of the NDI and Pyrene S; states
after the pump excitation. Immediately after photoexcitation, a broad positive transient signal
attributed to ESA is observed, extending from approximately 520 to 700 nm, accompanied by a
distinct sharp feature around 470 nm. At longer delay times, the transient spectra evolve slightly,
with the 470 nm band becoming more pronounced while the broad ESA between 550 and 700
nm decreases in intensity. The broad ESA feature may correspond either to the formation of
a CT state or relaxation to an excimer state, as reported for NDI homo-paracyclophanes with
‘BuPh- and Ada-linkers in Chapter 5. The sharp band at 470 nm could originate from several
possible species. One possible assignment is the NDI triplet state, which exhibits ESA near this
wavelength®>, however, the reported lifetime of this state (=82 us) is inconsistent with our transient
absorption results. Another possible origin is the Pyrene S; state*S, though the transient absorption
spectrum of amine-substituted Pyrene (which is present in NDI-Ada-Py) is red-shifted relative to
the observed TAS signal for the NDI-Ada-Py paracyclophane, making this assignment unlikely.
Alternatively, the emerging peak may indicate the formation of an NDI radical species’, consistent
with photoinduced charge separation within the donor-acceptor framework.

Global fitting analysis using a sequential kinetic model was applied to the transient absorp-
tion data, revealing similar excited state dynamics for the 380 nm and 400 nm excitations. Three
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Figure 6.11: Ultrafast excited state dynamics of NDI-Ada-Py upon excitation at 380 nm.
a Transient absorption spectra of NDI-Ada-NDI recorded at various time delays. b Corresponding
decay associated spectra (DASSs).

exponential decay components were required to reproduce the experimental kinetics. The corre-
sponding decay-associated spectra (DAS) and normalized population kinetics are shown in Figures
6.10 and 6.11. The extracted lifetimes for the 400 nm excitation, 7; = 0.50 ps, 7 = 11 ps, and
73 = 105 ps, are closely matching the 380 nm excitation results (73 = 0.20 ps, 72 = 8 ps, and
73 = 90 ps). Minor differences were observed in the earliest component, particularly a slight
decrease of the 500 nm band that appeared only for 380 nm excitation.
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Figure 6.12: Ultrafast excited state dynamics of NDI-Ada-Py upon excitation at 260 nm.
a Transient absorption spectra of NDI-Ada-NDI recorded at various time delays. b Corresponding
decay associated spectra (DASs).

In contrast, excitation at 266 nm yielded markedly different dynamics. Although a similarly
broad ESA band was observed, the overall excited state lifetime was approximately an order of
magnitude longer. DAS analysis of the 266 nm transient spectra revealed four kinetic components
with lifetimes of 0.17 ps, 8.32 ps, 106.39 ps, and 1187.23 ps. The first three components display
dynamics comparable to those at 380 nm and 400 nm, while the longest component suggests
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population of a distinct excited state. This long-lived state likely arises from excitation into higher-
energy electronic levels, providing excess energy that facilitates greater geometric reorganization
during excited state relaxation.

No clear spectral signatures corresponding to the initially excited NDI or Pyrene 5, states were
detected, indicating ultrafast exciton relaxation occurring within the temporal resolution of our
TAS setup. The absence of these features at longer delay times suggests that only a small fraction
of the population remains in the locally excited states, with most of the excitation residing in CT or
excimer-like states. This observation is consistent with fluorescence measurements, which show
significantly reduced emission intensity compared to the monomeric units. Furthermore, the TAS
spectra reveal excitation-wavelength-dependent relaxation dynamics, particularly between the low-
energy excitations (380 nm and 400 nm) and the high-energy excitation (266 nm), in agreement
with the trends observed in the fluorescence spectra.

A more detailed assignment of the observed spectral features would require further investi-
gation, which lies beyond the scope of the present work and will be addressed in a subsequent
publication.

6.6 Supplementary Information

Experimental Section
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Figure 6.13: Synthetic procedures for NDI-Ada-Pyrene

Synthesis of NDI-Ada-Pyrene

A solution of naphthalenetetracarboxylic dianhydride (NDI, 32 mg, 0.123 mmol) in anhydrous
DMF (50 mL) was slowly added (over one hour) to a solution of § (120 mg, 0.147 mmol) in a
mixture of Et3N (1 mL) in warm anhydrous DMF at 90 °C (70 mL) under a nitrogen atmosphere.
The mixture was then heated at 130 °C with constant stirring for 15 h. After that, the solvent
was evaporated under reduced pressure. The remaining solid was dissolved with CHCl; (50 mL)
and filtered with a frit (pore size 4). The resulting brown solution was evaporated under a high
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vacuum to eliminate any residual DMF. The dark residue was initially purified by silica gel column
chromatography (eluent: DCM/isopropanol = 100:3, v/v). This was followed by gel permeation
chromatography (THF, Bio-Beads S-X1 Support). Finally, the purified compound was heated at
180 °C under a high vacuum (1 x 107 bar) to give the title compound as a dark solid (17 mg, 17%
yield).

'"H NMR (400 MHz, CDCls) § 8.48 (s, 4H), 7.45 (s, 4H), 7.07 (s, 4H), 3.90 (s, 4H), 3.17 (s,
4H), 2.10 (s, 4H), 1.67-1.58 (m, 17H), 1.49—-1.43 (m, 9H).

3C NMR (101 MHz, CDCls) § 163.85, 146.06, 130.85, 130.38, 126.67, 126.17, 125.87,
118.10, 109.25, 77.36, 54.67, 51.64, 43.35, 41.98, 41.50, 37.02, 36.45, 36.22, 29.22.

HR-MS (ES], positive): m/z caled. for [Cs4HsoN4O4+H]* 819.3905; found: 819.3927.

e

N Pd Cat/ BrettPhos / NaOtBu
1,4-dioxane, 105 °C, 3h

0 tBuPh-NHBoc
BuPh-| Py 29%

?%*w«? 5 Siaated
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Figure 6.14: Synthetic procedures for NDI-‘BuPh-Pyrene

Synthesis of NDI-‘BuPh-Py

A solution of naphthalenetetracarboxylic dianhydride (NDTA, 45 mg, 0.167 mmol) in anhydrous
DMF (70 mL) was slowly added (over one hour) to a solution of fBuPh-NH-Py (160 mg, 0.200 mmol)
with EtzN (1 mL) in warm anhydrous DMF at 90 °C (80 mL) under a nitrogen atmosphere. The
mixture was then heated at 130 °C with constant stirring for 15 h. After that, the solvent was
evaporated under reduced pressure. The resulting brown residue was purified by silica gel col-
umn chromatography (eluent: DCM/EtOAc = 95:5, v/v), and the obtained solid was washed with
diethyl ether to give the title compound as a brown solid (15 mg, 11%).

'H NMR (400 MHz, CD-Cl,) § 8.08 (s, 4H), 7.43-7.40 (m, 4H), 7.30-7.28 (m, 6H), 7.03 (s,
4H), 5.16 (s, 4H), 4.59 (s, 4H), 1.41 (s, 18H).

BCNMR (101 MHz, CD,Cl,) § 31.66. (Solubility was not sufficient to record a full spectrum.)

HR-MS (ES], positive): m/z calcd. for [Cs4Hy7N4O4]" = 815.3592; found: 815.3586.
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Figure 6.15: Synthetic procedures for NDI-Ph-Pyrene

Synthesis of NDI-Ph-Py

A solution of naphthalenetetracarboxylic dianhydride (NDTA, 70 mg, 0.260 mmol) in anhydrous
DMF (70 mL) was slowly added (over one hour) to a solution of Ph-Py (200 mg, 0.312 mmol) with
Et;N (1 mL) in warm anhydrous DMF at 90 °C (80 mL) under a nitrogen atmosphere. The mixture
was then heated at 130 °C with constant stirring for 15 h. After that, the solvent was evaporated
under reduced pressure.

The pink residue was purified by silica gel column chromatography (eluent: DCM/EtOAc =
95:5, v/v) to give the title compound as a pink solid (38 mg, 23%).

'"H NMR (300 MHz, CDCl3) 6§ 8.11 (s, 4H), 7.75 (s, 4H), 7.61 (s, 4H), 7.52-7.51 (m, 4H),
7.39-7.38 (m, 4H), 5.67 (s, 4H).

Solubility was not sufficient to record a '>*C NMR spectrum.

HR-MS (ESI, positive): m/z calcd. for [C44HpyN,O4+Na]* = 667.1635; found: 667.1629.

Emission spectra
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Figure 6.16: Fluorescence spectra of NDI-Ada-Pyrene and reference compound Pyrene-Ada
(Aeze = 290 nm) and excitation spectra of Pyrene-Ada.
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Figure 6.17: Fluorescence spectra of NDI-Ada-Pyrene and reference compound NDI-‘BuPh
(Aezc = 380 nm) and excitation spectra of Pyrene-NDI-‘BuPh.
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Figure 6.18: Fluorescence and excitation spectra of reference compound Pyrene-Ada ()., =
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Figure 6.19: Fluorescence and excitation spectra of NDI-Ada-Pyrene (... = 460 nm).
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Figure 6.20: Cyclic voltammogram of NDI-Ada-Pyrene.
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Figure 6.21: Differential pulse voltammograms of NDI-Ada-Pyrene.
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Figure 6.22: HNMR NDI-Ada-Pyrene.
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Figure 6.23: CNMR NDI-Ada-Pyrene.
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Figure 6.24: DEPT135 NDI-Ada-Pyrene.
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Theoretical Section

Figure 6.25: Iso-surface representation of the transition density of the NDI-Ph-Pyrene lowest
charge transfer (CT) state S;. The positive part (red) of the transition density is localized on
the NDI unit, whereas the negative part (blue) is localized on the pyrene moiety. This spatial
separation leads to a transition dipole moment oriented perpendicular to the planes of the NDI and
pyrene units.
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Figure 6.26: Comparison of the NTO analysis between TD-DFT with w 397X D functional
and the corresponding states from CC2 method for the excited states of the NDI-Ada-Pyrene

paracyclophane.
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Figure 6.27: Comparison of the NTO analysis between TD-DFT with wB97X D functional
and the corresponding states from CC2 method for the excited states of the NDI-Ph-Pyrene
paracyclophane.
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Chapter 7

Conclusion and Outlook

Conclusion

This thesis presents a contribution towards the goal of realizing molecular electronic devices,
specifically focusing on the potential of donor-acceptor (D-A) paracyclophanes (PCPs) as molec-
ular switches and manipulated by terahertz (THz) electric fields. Achieving this objective requires
a detailed understanding of both the interaction between THz fields and molecular systems and the
intrinsic properties of the PCPs. This work addressed these prerequisites through complementary
spectroscopic investigations.

Firstly, time-resolved THz Stark spectroscopy was employed to understand the fundamental
interactions between THz electric fields and molecules in solution. The studies described in Chap-
ter 3 demonstrated the capability of it to extract the electronic properties of donor-acceptor (D-A)
type molecule, such as TTF-BTD, in nonpolar solvents. This work successfully provided quanti-
tative measurements of key parameters like the change in dipole moment (Ay) and polarizability
(Tr(A«)), demonstrating the applicability of the technique for this type of molecules. Subse-
quently, Chapter 4 extended the application of time-resolved THz Stark spectroscopy, demonstrat-
ing its feasibility and robustness even in the challenging environment of a highly polar solvent like
water.

Secondly, the optical characterization of newly synthesized PCP systems, designed as poten-
tial molecular building blocks, was performed using Transient Absorption Spectroscopy (TAS)
combined with theoretical modeling. Chapter 5 focused on homo-PCPs (NDI-NDI and Pyrene-
Pyrene), providing insights into fundamental processes like excimer formation dynamics in stacked
m-systems, while also validating the theoretical framework used. Building on this, Chapter 6 inves-
tigated the D-A hetero-PCPs (NDI-Pyrene). TAS measurements revealed the ultrafast dynamics of
intramolecular charge transfer (ICT). These studies demonstrated that the kinetics and pathways
of ICT are systematically tunable by modifying the molecular linker structure, which dictates the
D-A separation and orientation.

In summary, this thesis provides two critical sets of foundational insight. The time-resolved
THz Stark Spectroscopy investigations (Chapters 3 and 4) contributed to essential experience and
understand that how THz fields interact with molecules, particularly D-A systems, in solution.
Complementarily, the TAS and theoretical studies (Chapters 5 and 6) delivered a detailed charac-
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terization of the excited state and ICT dynamics of the D-A PCPs, quantifying key parameters such
as state lifetimes and relaxation pathways.

Outlook

The immediate next step is the deposition of the characterized PCP systems onto conductive sur-
faces under ultra-high vacuum conditions. The detailed solution-phase dynamics, including charge
transfer state lifetimes and relaxation pathways determined through TAS and theoretical modeling,
serve as a baseline. Understanding how the molecule-surface interaction modifies these proper-
ties is essential. Techniques, such as Scanning Tunneling Microscopy (STM) and Atomic Force
Microscopy (AFM), will be valuable for determining adsorption geometries, probing the local
electronic structure, and assessing the influence of substrate coupling on the excited state dynamics
previously studied in solution. Following successful surface characterization, the goal is to achieve
coherent control over the intramolecular charge transfer states of individual PCP molecules using
THz pulses. The envisioned experimental framework integrates these elements into a THz-STM
setup. In this advanced configuration, THz pulses could deliver a localized, ultrafast voltage bias
to a single adsorbed molecule. Synchronizing THz excitation with STM probing capabilities could
enable the direct triggering and observation of switching between molecular states (e.g., neutral
and ICT states).

Extending these investigations to molecules on surfaces will be a key step toward exploring
THz-induced phenomena in molecular assemblies on surfaces relevant to molecular electronics.
Furthermore, achieving precise quantum control over molecular states on surfaces could open op-
portunities in quantum information science, where the bi-stable states of these D-A molecules
might serve as novel platforms for qubits. This thesis establishes a first step, providing the fun-
damental spectroscopic insight into molecular dynamics required as a prerequisite for any future
attempt at coherent control on surfaces.
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