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MOTIVATION

Chapter 1
MOTIVATION

“Wenn wir die Natur auf das reduzieren, was wir verstanden haben,
sind wir nicht (iberlebensféhig — If we reduce nature to what we understand, then we are

not capable of survival’
Hans-Peter Diirr (*1929-2014)

The German nuclear physicist Hans-Peter Diirr was laureate of the Right Livelihood Award and
member of the Club of Rome and the Pugwash Group (Nobel Peace Prize in 1995). He was a
vehement and lifelong adversary of nuclear technology for energy production. Diirr was convinced
that this technology is grossly inefficient, extremely hazardous and hardly manageable by the
human being. Nuclear disasters in Tschernobyl (26. April 1986) and Fukushima (11. March 2011)
gave compelling evidence for his continuous and alerting concerns. The occurrences in Japan
demonstrated once again that the development of alternative ways to gain energy from a safe,

clean and renewable source is one of our most pressing challenges in the 21% century.

Diirr argued that in this context the sun is the only source that provides us unlimited energy without
depleting our planet. The amount of energy reaching earth every day is about 120000 TW.!"!
Conversion and storage of at least a few percent of the total amount would meet all of our energetic
needs at a stroke. Furthermore, sun power bears the potential to supply all terrestrials with energy
because of its near omnipresence which would tremendously advance the living standard/living

conditions of indigent people.

Mankind has to learn how to convert light into convenient energy forms which essentially requires a
profound understanding of the fundamental processes during the light harvesting process. Energy
and electron transfer plays a crucial rule in natural photosynthesis. In the natural chlorophyll the
absorbed solar energy is highly efficiently transferred from the light harvesting antenna

chromophores to the “special pair” in the reaction centre, where charge separation is induced.

The presented work is strongly motivated by the aim to achieve a deeper understanding of the
factors that determine the fundamental processes in (artificial) light harvesting and energy

conversion — the energy transfer and charge separation processes. To address this issue novel
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macromolecules and redox cascades are constructed using a straight forward building block
synthesis and their photophysical and electrochemical properties are investigated by a number of
spectroscopic methods e.g. transient absorption spectroscopy and emission anisotropy

measurements.

The introductory chapter will equip the reader with the theoretical framework of energy and electron
transfer and give an overview over recent energy and electron transfer studies on related systems.
Chapter 2 outlines the aim of this work, followed by the presentation of obtained results and a
detailed discussion in chapter 3. This includes the synthesis and photophysical and electrochemical
investigations of dendritic structures and small donor-acceptor systems. The thesis completes with

a summary and the experimental section.

“If chemist succeed to create an artificial photosynthetic process,“...life and civilization will

continue as long as the sun shines”, but ”...nature is not in a hurry and mankind is"?.
(Ciamician, in Science 1912)



2.1.1 ENERGY TRANSFER THEORY

Chapter 2
INTRODUCTION

2.1 Theory

In this section the reader will be equipped with the theoretical framework of energy and electron
transfer theory that is needed for a profound understanding of the issue of photoinduced dynamics
in complex organic materials. Furthermore, the theory of emission anisotropy measurement will be

presented, which is a powerful tool to investigate energy transfer processes.
211 Energy Transfer Theory

When a donor chromophore is excited into its electronically excited state, the excitation energy
might be transferred to an accepting chromophore. Before this transfer, the donor is in the
electronic excited state and the acceptor in the electronic ground state. During the energy transfer
event the donor returns into the electronic ground state and the acceptor is excited to the electronic
excited state. From the excited state, the acceptor chromophore might emit a photon or relaxes by

internal conversion into the electronic ground state.
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(1 )

dipole
., interaction
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Scheme 1: Schematic presentation of possibly energy transfer mechanism. After excitation the excited

donor chromophore (D*, the asterisk indicates electronically excited states) may transfer its
excitation energy to an acceptor chromophore (A) in the electronic ground state. Thereby, the
donor returns to its electronic ground state and the acceptor gets in the excited state. In the
weak coupling regime, the energy transfer might follow a Férster (dipole interaction) or a Dexter
(exchange interaction) mechanism. The given wave functions refer only to the two electrons
that are involved in the energy transfer since the residual electrons remain unaffected during

the energy transfer.
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The energy transfer from the excited donor to the acceptor is promoted by the coupling between
the initial (¥) and the final state (%) and described by the coupling matrix element Vpa. Because
only two electrons are involved in the energy transfer and the residual electrons remain unaffected,
the system can be sufficiently described by two-electron wave functions (the asterisk indicates
electronically excited states). These two-electron asymmetric and orthogonal wave functions of the
appropriated states are given in Scheme 1 (1 and 2 denote the two individual electrons in e.g. the
donor ground (¢p) or excited state (#p+)) and thus Vp, is given by (for clarity the integral are written

in the Dirac notation):®!

Voa =(#| V | ¥

1 11
- <E(¢o*(1)¢A(z) ~ (21| 7 | S ol1)(2) - ¢D(2>¢A*(1)>

= (oM@ | 7| doDw(2)) = (e ()a(2) | V | o)1) (1)
where

V = £ (= interaction operator) is the perturbation part of the total Hamiltonian H=Hp + Aa+ V,

oA

with e as the elementary charge.

In the first integral term (red) of this solution the electrons remain at their original chromophore and
only the excitation energy migrates from the donor to the acceptor promoted by Coulomb
interaction (Coulomb integral). In the second integral term (blue) both, the excitation energy and
the electron exchange between the chromophores and therefore, this integral is called exchange
integral. Reasonably, the exchange integral is only non-vanishing when direct orbital overlap
between the donor and acceptor exists and thus at larger distances between the donor and the
acceptor only the Coulomb term operates.

If energy transfer is promoted by Coulomb interactions the energy transfer can be described by the
Férster theory, while describted by the Dexter theory in cases where the exchange integral is

dominating Vpa (see Scheme 1)
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2111 Férster Theory

At distances larger than the dimension of the involved donor and acceptor system no overlap
interaction is present and assuming that V = V¢, is reasonable.! The Coulomb interaction

operator V coumn between the donor state n and the acceptor state m is given by the multipole
expansion:>?!

— - — — — — —2 — =\~ —
~ 1 Goda  Qotion T Qaiam'F o tiam T — 3(ton T )tiam 1)
V(E)coumn = + 3 - 3 + = + (2)
4reoe\  Ipp 'ba 'ba A
A\—v—/ —~ —
v mono-mono V mono-dipol v dipol-dipol
where

& is the vacuum permittivity, ¢ is the permittivity of the surrounding medium (commonly
approximated by = g,= n? with n as the refractive index) rpa is the distance between the donor
and the acceptor, gp and ga are the charges of the donor and acceptor, respectively, I is an unit
vector along the line connecting the donor and the acceptor, zp, is the transition moment from the

donor ground state to state n and the same for zia m.

The first three terms, the monopole-monopole and the monopole-dipole interactions, vanish since
both, the donor and the acceptor, are uncharged and in addition the expansion is terminated after

the dipole-dipole term, neglecting higher interaction terms (dipole-dipole approximation):**!

7 _ 1 £ ﬁD,n ’ ﬁA,m 3(?‘D,n - )(ﬁA,m - )
Y (E)ecoumn= 4 7zgon° rs roa

1

= ——> 3

3(Z‘D,n “F )(,TJA,m “F ))

<ﬁD,n ’ ﬁA,m - I’z
DA

with@ b =|a]||b| - cosé

\7 (E)Coul,m,n =

3|l - [F|cos b [Fiam| - IFICOSHA)> 3)

(|71D,n|  [£iam|cOS Oap — >
I'ba

Ao’ ry,
where

a is the angle between the transition moments of the donor and the acceptor and &, and 6, are
the angles between the z-axis and the transition moments of the donor and the acceptor,

respectively (see Scheme 2, p: 8).
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Insertion of equation (3) in the Coulomb integral of equation (1), p: 5, and establishing of the
orientation factor x(see Scheme 2)®"! gives the coupling matrix element V(E)ssmn between the

state n of the donor and the state m of the acceptor as

> ltonl * |2aml
V(E mn=< dn |V aamn >=— ‘h
(Eliomn= (¢ord [Voama dot)= 5 | 4)
|,UD n| ' |,UA m|
Vi mn= ————%— iC
(V )ddm, 4hrar 13, | )]
|/le n| ' |/le m|
V(7 Yaamn = 5o
(7 Jaarma Adhcrepn® ri, (6)
with k= coséa — 3coséh - coséy and (7)

o= (¢ [Fion| dosnc)and Luam = (does [Einn| dosn)
where
h is the Planck constant, ¢ is the speed of light, V(E) coupling matrix element in J, V(v) is the

coupling matrix element in s" and V(7¥) is the coupling matrix element in cm™.

Since 1p , is not operating on ¢a and ¢a- and because the wave functions are orthonormalised:

ol = (g [Fioa| dosw) = (o [Fioa| o) (o | d)= (g [Fion] o) ®)
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all angle orthogonal parallel all angle zero random distribution
=0 =1 =4 2=2/3

[

cosGp=0 cosp=0 cosGp=1
cosfh=0 cosda=0 cosfp=1
coSOp=0 cosOpp=1 coSfyp=1
Scheme 2: Geometric constitution of the transition moments of the donor and acceptor chromophores,

indicating the relevant geometric values needed for the estimation of x. Below are given x values
for same exemplary dipole compositions. (rpa is the distance between the donor and the
acceptor, éba is the angle between the transition moments of the donor and the acceptor and 6
and da are the angles between the z-axis and the transition moments of the donor and the

acceptor, respectively.)®

Appling the Born-Oppenheimer approximation allows separation of the wave functions into their

electronic and vibronic parts (and the same for |z m|):

l//el.D> ' Sn

<¢D* |71D,n ¢D>=<'//el,o* |71D,n l//el.D> <Zvib,D* | )(vib,D>=<l//e|,D* ﬁD,n

9)
<¢A |71A,m| ¢A*> = <l//e|,A |71A,m| l//el.A*> <Zvib,A | Zvib,A*>=<l//el,A |7lA,m| l//el,A*> -Snm

where
S» and S,, are the Franck-Condon integrals, w are the electronic wave functions and ., are the

vibronic wave functions.
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The rate constant for excitation energy transfer between the state n of the donor and state m of the
acceptor (kmn) can be estimated according to first order perturbation theory by a classical Fermi’s
Golden Rule expression:®

4r? 2

Kknn = — V(E)

; 5(En~ En) (10)

dd,m,n
where

h is the Planck constant and E, and E, are the energies of the state n of the donor and of state m

of the acceptor.

In this equation the Dirac &function ensures energetic equality between the two states n and m

(resonant transitions, see Scheme 3).

acceptor donor
em. abs. em. abs.
overlap
integral
>
wavenumber
donor acceptor
—
e
Y >
Yo T35 R
SC
ST >
Fao ] ¢
abs. em. abs. em.
¥ > Y >

resonant transitions

Scheme 3: Schematic energy state diagram of the donor and the acceptor. Energy transfer takes place by
resonant transitions between the deactivation of the donor and simultaneous excitation of the
acceptor. Due to energy conservation the acceptor must absorb exactly the energy that the
donor emits. Also shown are the spectroscopic characterisations of absorption and emission
and the spectral overlap between the emission of the donor and the absorption of the acceptor,

which strongly influences Férster energy transfer kinetics.>'”
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Since equation (10) gives the rate constant from the vibrational state n of the donor to the
vibrational state m of the acceptor it seem reasonable to use the frequency expression for knn
(equation (11)).

o = 472V(Wy . 5% — Vi) (11)

Substitution of equation (5), p: 7, into equation (11) gives:
2

<'//e|,D* |ﬁD,n V/el.D><l//e|,A |71A,m| l//el.A*> SmSh &
— 4.2

=4 S(vn — (12)
4 h4zgn®rd, (Vn = Vm)

mn

where
vio and v, are the frequencies of the n state of the donor and the m state of the acceptor,

respectively.

Subsequent, summation over all m and n gives kg, the total rate constant for Férster energy

transfer.['!

kFT=WZ”%S RSt~ ) (13)

Expressed in the integral form of the Dirac &function:

ket = h287r2 — fdvz,uzs S(v yAS S(Vm— V) (14)

EnfDA

Substitution of the normalised fluorescence spectrum of the donor (equation (15)) and the

acceptor’s absorption spectrum (equation (16))!""!

3hctady -
2
1 En Spd(vn—v) = —167Z3I7V32'D.Iﬂ’D(V) (15)
3000hc In10 ng
. 2 F— = O'
7R gm Snd(Vin = V) CEIYRY en(v) (16)

where

7 is the donors excited state lifetime in the absence of the acceptor, ¢ is donors quantum yield in
the absence of the acceptor, h is the Planck constant, c is the speed of light, n is the refractive
index of the solvent, Nx is Avogadro’s constant, /4 is the area normalised fluorescence spectrum

of the donor and &, is the absorption spectrum of the acceptor,
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in equation (14) leads to equation (17) in which the energy consistency is expressed by

spectroscopic values. Finally, changing integration variable from vto ¥ gives the famous equation

for Forster Resonance Energy Transfer (FRET) (equation (18)):1'#"3
9000 1In10 gox?c* [ - dv
Ker = 128 75N o I’gAv4 ) f /ﬂ,D(V)gA(V)7 (17)

9000 In10 gpx?
12877°Nan* o ré,

FT

_ dv
-ﬂmmmm;z

or, (18)
9000 In(10) o2
Ker= 5 A 6
1287 NAn o I'pa
) - _dV
with J = f/ﬂ_D(V)&‘A(V )F (19)

Accordingly, energy transfer is effective in cases of strong overlapping of donor emission and

acceptor absorption.

Frequently, the Férster formula can be found in its Ry form:

1 1Ry1°
m=——ﬂ (20)
o LI'pa

with

9000 In(10) g x2J
0 12825 Nan”

Herein, Ry is the Foérster distance and in cases where the donor-acceptor distance matches the
value of Ry, the energy transfer rate is equal to the fluorescence decay rate of the donor leading to
an energy transfer efficiency of 50 %. As apparent from equation (17) and (20) the energy transfer
rate is strongly distance dependent with 1/r®. Therefore and because Férster transfer occurs
predominantly at donor-acceptor distances of ca. 10 — 100 A, FRET became an useful tool to
determined donor-acceptor distances especially in biological studies. Thus, FRET is often entitled a
“spectroscopic ruler’.'"*'*! Energy transfer following the Férster mechanism is depressed only in
cases where the transition moments are all orthogonal (x¥* = 0, see Scheme 2, p: 8) or where the
overlap integral is zero. Furthermore, Férster energy transfer is only operating when the involved

transitions are allowed by selection rules.
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21.1.2 Dexter Theory

In cases where one of the two (or both) transitions from the excited state to the ground state (or
vice versa) are forbidden energy transfer by Férster mechanism is prohibited since at least one of
the transition moments becomes zero and thus the coupling matrix element in equation (10), p: 9,
vanishes. Therefore, FRET is basically constricted to singlet-singlet transitions.

If the donor-acceptor distance allows direct orbital overlap and the Férster mechanism is not
allowed, energy transfer takes place by direct electron exchange, which theoretical background
was worked out by Dexter” In the Dexter mechanism the excited electron of the donor is
transferred from the donor LUMO to the LUMO of the acceptor while simultaneously an electron
from the acceptor ground state is transferred to the donor ground state. As a result, the excitation
energy is transferred from the donor to the acceptor. Therefore, energy transfer by the Dexter

mechanism is the result of a concerted two electron transfer (see Scheme 4).

=

LUMoO + — singlet-singlet
Dexter
energy transfer
gy -

|
$+/

//"\ 7 A \

LUMO —r— _— + N triplet-triplet _—
Dexter

energy transfer
or qy

+ —+
rowo it A + 4 %
\_ A o ow o o )

Scheme 4: Schematic energy state diagram for the exchange energy transfer mechanism (Dexter transfer).

The excitation energy is transferred by a concerted two-electron transfer. The colours of the
arrows indicate the origin of the electrons and the ovals represent the associated holes. In

contrast to Forster transfer, Dexter transfer also works for triplet-triplet energy transfer.
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Neglecting the Coulomb integral (red) in equation (1), p: 5, leaves only the exchange integral (blue)

and with V =re— (= interaction operator) the coupling matrix element Vpa can be written as

DA

(separating the wave function into an electronic and a vibronic part, analogous to equation (8) and
(9), p: 7):

Vao = ((do(1)a(2) | V | ¢D(2)¢A*(1)>=<(¢D*(1)¢A(2) ‘E %(2)%*(1))

(21)

= <( Wel,0*(1) Wera(2) | %i ¥e10(2) Yera+(1 )) Z SaSm

where
roa is the distance between the donor and the acceptor, e is the elementary charge and S, and S,
are the Franck-Condon integrals.

Similar to Férster theory the rate constant for Dexter energy transfer (kpe) follows Fermi’s Golden
Rule expression with the normalised overlap integral J and an orientation factor K (in the frequency

regime).”!
kpe = 472" 222 SnzSniS(vn — Vm) (22)
n,m

with Z as the electronic exchange integral

&2
We1,0(2) l//e|,A*(2)>

Z= <( Wel,0:(1) Werax(1) ‘a
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With the approximation of Z by hydrogen-like orbitals and the introduction of the exchange

interaction integral J of the spectral overlap between donor fluorescence and acceptor absorption
spectra, Dexter gave the rate constant for exchange interaction mediated energy transfer kp. (in its

wavenumber expression) as:Bo16l

2o

kpe=4r’cKe L -J
with

(23)

j = fl_ﬂD(V)EA(V)dV where fI_fID(V)dV =f a(V)dv =1

where
K is an orientation factor, taking the geometric orbital interactions into account, L is the average
Bohr radius and J is the overlap integral of the normalised absorption of the acceptor and the

emission of the donor.

Apparently, the distance dependence of kpe is exponential, which is reasonable as the electron

densities of orbitals are related to e (

R is the distance between the particular atom centres).

Dexter energy transfer requires a direct orbital overlap between the donor and the acceptor and
thus typically occurs below 10 A. As a concerted two-electron transfer the Dexter energy transfer
mechanism is not restricted to singlet-singlet energy transfer but also triplet-triplet energy transfer is
allowed because the acceptor features two electrons with different spin orientation to balance the

electron receipt from the excited donor (see Scheme 4).
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2113 Exciton Coupling Theory

The energy transfer theories presented in the last two preceding sections are only applicable in
cases of weak electronic coupling between the initial and the final state. In the present section the
situation of strong interaction between the donor and the acceptor as well as the concept of exciton
coupling will be briefly discussed but for a more detailed description the reader is referred to the

literature of Kasha''"" and Eisfeld”**".

A strong coupling between to chromophores is observed at very small distances and if the
chromophores exhibit large transition moments."¥ In such cases the coupling influences the energy
eigenvalues of the system and alters the absorption and emission spectra of the involved
chromophores. Due to excitonic coupling the excitations are no longer localised at individual
chromophore units but have to be seen as a single quasiparticle (electron-hole pair). Thus, the
excited states split with an energy splitting of AE. = 2-V into two states depending on the
direction of the involved transition moments (see Scheme 5). The exciton coupling Ve« strongly
depends on the relative orientation and strength of the coupled transition moments as apparent

from equation (24) (exchange interaction has been disregarded).”*”

1 uopn
hcd ey 'oa 3

V(V)ex = V(V)aa = (24)

where
roa is the distance between the transition moments of the donor and the acceptor, « is the
orientation factor elucidated in Scheme 2, p: 8, and x4 and ua are the transition moments of the

donor and the acceptor, respectively.
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Generally, the coupled chromophores are classified by the orientation of the transition moments.

Excitons with parallel oriented transition moments are called H-type excitons (the H indicates the

hypsochromic shift in the absorption) while those with inline transition moments are termed J-type

excitons (named after Edwin E. Jelley?®?).?*%! The special case of identical donor and acceptor

chromphores is in reality not an exception but common.

>
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e =90° 54.7° 0°
oblique-dimer monomer H-dimer J-dimer

Scheme 5:

Energy state diagram of homo-dimers and orientation dependence of the exciton coupling
between the associated transition moments (red arrows). Transitions into the particular state
are only allowed if the sum of the transition moments is non-vanishing. Solid arrows indicate
allowed transitions and dashed lines indicate forbidden transitions. @ is the angle of between
the transion moment and the vector connecting the two monomers. At an angle of 54.7° (the
“magic angle”) the transition moments sum up to only one allowed transition. For oblique
dimers both transitions become allowed and a band splitting in the absorption is observed. The
stabilisation of two interacting chromophores by Van-der-Waals interaction (4Evqw) might be
larger in the electronic ground state but the shown values may not be real. 19241 Note: For
organic compounds the van-der-Waals interaction in the ground and the excited state is
expected to be very similar because the polarisability in the ground state and the excited state

is also expected to be similar.*
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As apparent from Scheme 5, for J-dimers excitation into the higher lying state is forbidden while it is
allowed in the energetic lower state. The situation is reversed for the excitation of H-dimers. Thus,
J-dimers absorb at lower energy compared to the monomer (J-band) and the absorptions of
H-dimers are hypsochromically shifted compared to the monomer (H-band). This trend continues
over tetramers to larger aggregates and, consequently a red shift for J-aggregates and a blue shift
for H-aggregates in the absorption can be observed (see Scheme 6).

Generally, H-aggregates are not (or at least only weakly) fluorescent because after allowed
excitation the system relaxes into the lowest excited state from which emission normally takes
place (Kasha’s rule). In H-aggregates the oscillator strength at this lowest state vanishes and thus
the system relaxes into the electronic ground state by internal conversion.

On the other hand, in the emission of J-aggregates an effect might be observed, which is called
“superradiant effect”. The total oscillator strength of the coupled chromophores behave additive in a
few states only. Most excitonic states are not accessible by absorption and consequently, the rate
of emission k; from the lowest-lying state is strongly enhanced (k; depends on the square of the

transition moment) compared to the uncoupled chromophores.?®!

L+ J-tetramer . , H-tetramer
===~ J-dimer H-dimer . ﬁ
E R el S o
2 ! ! ..._‘!nonome{__,.‘ ‘ V., A 1\ dark
- 1': = i 1 ey i~ states
H : : _|_ '-—;—— - H :
- ! - e Sl
' : = P
i i ! i [
' ! = Pl
I ! [
| ! i L
J-aggregates H-aggregates
red shift blue shift
< —_—
Scheme 6: Schematic energy diagram going from monomers via J/H-dimers to J/H-aggregates. The

different colours of the solid arrows indicate a red, respectively, blue shift of the allowed
absorption. Dashed arrows mean forbidden transitions into dark states. For clarity, energetic

stabilisation of the aggregates compared to the monomer by Van-der-Waals interaction is

disregarded here.!"”!

The rate constant for energy transfer between the respective chromophores is much faster than the
vibrational relaxation of the system (ca. 1072 s). In such cases the excitation energy is delocalised
between the individual chromophores and the excitation is a coherent process!'’\.

Notably, although the exciton coupling is frequently applied to molecular dimers and larger
aggregates, it is also valid for coupling transition moments in single molecules as polymers or

dendrimers as long as the transition moments are sufficiently strongly coupled.
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2114 Emission Anisotropy

This section will give an introduction into emission anisotropy theory and its benefits for energy
transfer studies. The anisotropy r is defined as the ratio of the polarised light intensity /. to the total
intensity /o (in contrast to the closely related term of polarisation).®!

= Ja (25)

/ total

For understanding the concept of anisotropy it is reasonable to assume a light beam, polarised

along the z-axis of a Cartesian coordinate system as illustrated in Scheme 7.

Zz
'pol= ’z"xly=lll"J-
lx=ly=,J_ X
«
y
Scheme 7: Segmentation of a z-polarised light beam into the three spatial x, y and z-directions. The arrow

lengths indicate the light intensity in the given direction. The polarised light intensity /. is the

difference of the total intensity in z-direction and the average intensity in each direction.

Reasonable, the total intensity corresponds to the intensities in each spatial direction and the
intensity in x-direction correlates with the intensity in y-direction (see equation (26)). Furthermore, I,

and /, are perpendicular to the polarisation direction (= /,) and /, is parallel (= /).

Itota|=/Z+Iy+lx=l||+lj_+lj_=l||+2IJ_ (26)

The polarised light intensity in z-direction is the excess of intensity in this direction compared to the

intensities in the other two directions.

Ipol =, - Ix/y = III i (27)
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Insertion of equation (26) and (27) in equation (25) results in equation (28), the frequently used

equation for light anisotropy.

,e h—1L
I+ 21,

Several reasons may result in depolarisation of the fluorescence light of a given sample:

After excitation with polarised light the molecule is in an electronically excited state. Assuming the
excited state is the lowest excited state, after a certain time the molecule will emit a photon, which
is polarised in the same direction as the excitation light since the transition moment for excitation
and emission of the same electronic states are expected to be nearly collinear. This would lead to
highly polarised emission and therefore to a large anisotropy value.

In another scenario the excitation energy is transferred from the initially excited state to a different
state and emission takes place from there. If the transition moment vector of the second state
exhibits an angle to the excitation polarisation, than the emitted light is to some extent depolarised.
Even in cases, where the excitation and the emission transition moments are parallel,
depolarisation is observed when the measurement is performed in solution. Assuming an excited
state lifetime of several ns, which is reasonable for many organic chromophores, the excited
molecule features enough time to rotate around its molecular axes displacing the emission dipole
moment prior to fluorescence. Thus, the emitted light is at least partially depolarised by the
rotational diffusion. This effect gives the upper limit of anisotropy decays in time resolved
anisotropy measurements in solution while in steady-state measurements rotational diffusion leads
to complete depolarisation of the monitored light, which erases any useful information.

Fortunately, this situation can be prevented by measuring solids or compounds embedded in
transparent matrixes (and in special cases compounds in viscous solvent). However, the problem

of rotational diffusion will be neglected for the following considerations.”!
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Scheme 8: Geometric orientation of the transition moments of absorption (uas) and emission (zem) in a

Cartesian coordinate system with the z-axis coinciding with a,s. Both transition moments were
set in the origin of the coordination system. fis the angle between sem and the z-axis (uans) and

¢ is the angle between gem, and the y-axis.®

For a sound understanding of anisotropy studies it seems reasonable to have a look on its
derivation. Therefore, a molecule is set in a Cartesian coordinate system in such a way that the
projection of the transition moment of absorption is congruent with the z-axis. In addition, the
transition moment of emission shows an angle @ with the z-axis and an angle ¢ to the y-axis.
Assuming excitation of the molecule occurs with light polarised along the z-axis leads to a
preferential orientation of the excitation population along this axis. As indicated in Scheme 8, the
emission intensities parallel and perpendicular are proportional to the projection of the transition

moment on the axes:&?"%

1,(6,4) = cos?6

II( ¢) . , (29)
1.(6,¢) = sin“¢sin“@

For random distributed molecules excited with z-polarised light the excitation probability for

molecules polarised along the z-axis is equal for all molecules with an identical angle ¢ with the

y-axis. Thus, the population of excited molecules is symmetrically distributed around the z-axis with
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¢ values reaching from 0 to 2 (with equal probability). Integration of sin’¢ over all ¢ values divided
by the integral over ¢ gives 1/2 as the average value of sin’¢:
["sin*pdg 1

< sin2¢> = W E (30)

This results in expressions for /; and /. that are not dependent on ¢ anymore:

1/(6) = cos®0
1 (31)

1.(6) = Esinze

The observed intensities /, and /. for an assemble of z-oriented molecules are given as
I, = < cos?6> (32)

k
h=5< sin0> (33)

Utilising that sin?6 = 1 — cos®@ and insertion of the equations (32) and (33) in equation (28), p: 19,

yields equation (34) for the anisotropy, which corresponds to the average value of cos?6.

_ 3<cos?9>—1

5 (34)

However, this equation is only valid for molecules that are z-symmetric and therefore an expression

for molecules with random orientation is needed:

When a molecule is illuminated with polarised light, preferentially transitions with a dipole moment
parallel to the electric vector of the light are excited. However, for an excitation the transition
moment does not to be exactly parallel to the lights electric vector but it needs a significant
projection on the polarisation axis. Hereby, the probability for excitation is proportional to cos?®,
where @ is the angle between the transition moment of absorption and the polarisation direction of
the exciting light (z-axis). Although some excited molecules transition moments might be in the x-y-
plane, most transition moments are oriented along the z-axis and thus the excited state population

is aligned symmetrically around the z-axis.®*!
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excitation

Scheme 9: Symmetric distribution of excited-state population around the direction of polarisation of the
excitation light. Also molecules with transition moments that exhibit an angle to the polarisation
orientation of the excitation light (®) possess an excitation probability (c« cosz@) and thus due to

photoselection the maximum anisotropy value for a single-photon excitation is 0.4.®

This photoselection of excitation gives a probability of excitation of random distributed transition
moments of 3/5 for a single-photon excitation. The observed anisotropy is a linear combination of
the anisotropy as a result of angular displacement of dipole moments (equation (34)) and of the

anisotropy due to photoselection (1 — 3/5 = 2/5).

2 (300320 - 1)

502 9

According to equation (35) the maximum anisotropy value, which is for totally collinear absorption
and emission transition moments, is 0.4. The determined anisotropy values can be assigned to the
angle dbetween the transition moments of absorption and emission. Some crucial values are given
in Table 1.
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Table 1: Selection of same Crucial Anisotropy Values r and the Assigned Angle @ between the Transition
Moments of Absorption and Emission. The Arrows lllustrate the Transition Moment Orientations

for the given Anisotropy.

M o4 0°
@ 0.1 2D depol.
' (energy transfer)
90°

complete depol.

The value r = 0 refers to complete three-dimensional depolarisation, which is assigned to 6= 54.7°,
the magic angle. Measurements with a polariser adjusted in this angle to the polarisation of the

excitation light are completely polarisation independent.

Multiphotonic excitation and coherent excitation of several states lead to different excitation
probabilities than 2/5 and thus the highest anisotropy value may exceed 0.4. And indeed anisotropy

values of up to 0.7 have been predicted and also been found experimentally.*°34

If a sample consists of more than one single species, the average (observed) anisotropy is
determined by the anisotropies (r;) of the individual species weighed by the relative amount (f).

r= Z fir (36)
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One maijor advantage of steady-state emission anisotropy measurements is the ease with which
useful information can be gained about the orientation of the transition moments of absorption and
emission and hence on possible mechanism altering this orientation (e.g. energy transfer,
relaxation, et cetera). For this purpose only a fluorescence spectrometer and two polarisers are
required. A commonly used L-format set-up for fluorescence anisotropy measurements is illustrated
in Scheme 10.55%!

Ly analyser

detector

polariser v
h
unpolarised
light source
Scheme 10: Schematic illustration of an L-format emission anisotropy measurement set-up. The observation

axis is perpendicular to the excitation beam. One polariser in the excitation light beam provides
polarised excitation light even from an unpolarised light source. A second polariser prior to the
detector is used to analyse the polarisation of the emission parallel and perpendicular to the

polarisation of the excitation light. Two additional measurements are required to determine the

hardware factor G (explanation in the text).[35’36]

The light source in commercial fluorometers is usually unpolarised. Thus, a polariser prior to the
sample ensures z-polarised excitation light while an adjustable analyser allows detection of the
emission intensity parallel and perpendicular to the orientation of the excitation beam.*>>¢!

However, for most monochromators the transmission efficiencies differ for the two polarisations and
thus the detected intensities are not /; and /. but /, and /i, respectively (the first subscript denotes
the orientation of the polariser and the second subscript that of the analyser (v = vertical,

h = horizontal)).
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Still, the desired intensities are proportional to the measured intensity, the appropriate transmission
(T, and T,) and a constant k taking the quantum efficiency of the chromophore and other

polarisation independent instrument factors into account.?!

/vv = kTvIII
(37)
In=KThly
Consequently, the ratio of /; and /. leads to the introduction of the hardware factor G.
o _ KTh _ (38)

bn ~ KTole ~ 1L

To ascertain the G factor two additional measurements with horizontally orientated polariser are
required to obtain the intensities k, and k.. Both intensities are supposed to be equal (and
proportional to /) because the population of excited molecules is now turned alongside the
observation axis and are therefore perpendicular to the orientation of the excitation beam. Any
difference between the two measured intensities must be the result of the different transmission

efficiencies of the monochromator:8>°

=——===G (39)

and the anisotropy is given as

r= ’,i (41)
7 +2
L
or in its more comment expression:
/vv - 2GIvh
= 42
" o+ 2Ghy 42)

If a given chromophore is excited into its lowest excited state, from which emission is expected
according to Kasha's rule, then the transition moments of absorption and emission belong to the
same electronic transition and are virtually collinear. Because this situation is usually settled at the

lowest energy region of the absorption spectrum the highest anisotropy values are found here. After
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excitation at higher energies relaxation to the lowest excited state takes place and the transition
moments of absorption and emission are generally displaced leading to somewhat lower anisotropy
values.

For these reasons the anisotropy of a sample is in the majority of cases dependent on the
excitation wavelength and steady-state anisotropy measurements are normally performed as
excitation anisotropy spectra. All processes faster than the fluorescence lifetime that alter the
orientation of the emission and the absorption transition moments result in a loss of observed
anisotropy. The loss by rotational diffusion can be sufficiently suppressed by measuring in e.g.
viscous solvents, and thus the remaining decrease of anisotropy might be the result of

intramolecular energy transfer and molecular relaxation processes.

Unlike to the steady-state anisotropy measurements, which are generally excitation anisotropy
spectra, the time resolved anisotropy measurements supply emission anisotropy decay curves at
specific emission wavelength and by excitation with a distinct energy.
Therefore, a sample is excited by polarised light pulses and the time dependent emission
intensities /(f) and I.(t) are recorded. Thus, the anisotropy at the distinct time t after time zero is
given as:

h(t) — 1.(%)

0= o+ 2800 )

The experimental anisotropy traces show multiexponential decays, which can be fitted assuming

B738 A detailed analysis of the different lifetimes,

independent exponentials (see equation (44)).
amplitudes and anisotropy values may provide information about the different depolarisation
mechanism (relaxation, energy transfer, et cetera). Because such investigations are generally
performed in solution the depolarisation caused by rotational diffusion gives the limiting time

resolution and only processes faster than the rotational diffusion are observable.%42

n(t) = r(0)-(are™""+ ae™% + aze™'? +..)) (44)

where
r(t) is the time-resolved anisotropy, r(0) is the limiting anisotropy in the absence of rotational

diffusion, 7z, are the individual correlation times and a, are the fractional amplitudes of each

correlation time in the anisotropy decay (Xax= 1).
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2.1.2 Electron Transfer Theory

Besides the above discussed scenarios of energy transfer, an excited donor molecule features
another deactivation pathway. The excited electron might be transferred from the donor to the
acceptor. Unlike to the Dexter mechanism of excitation energy transfer, no back electron transfer
from the acceptor ground state to the donor occurs but the system relaxes into the electronic
ground state of the system, where the donor is oxidised and the acceptor is reduced. This section

outlines the most important aspects of electron transfer theory.

21.21 Marcus Theory

The Marcus theory describes thermally induced electron transfer (ET) from a donor towards an
acceptor.**® |t is based on the assumption of two intersecting harmonic diabatic free energy
surfaces representing the reactant and the product state. In the region of the intersection point both

surfaces interact and avoid intersection resulting in an energy gap of 2-Vag, see Figure 1.1

Vas is the electronic coupling between the reactant and the product states, which is mainly
determined by the electronic “communication” between the donor and the acceptor. This allows
migration from one energy surface into the other. The Marcus theory works strictly only in cases
where the interaction between the two states is smaller than the thermal energy (Vag < ksT). Thus,

the Marcus theory remains a completely diabatic electron transfer theory.
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Figure 1: Diabatic free energy surfaces of a non-degenerated donor-acceptor system. AG' is the ground

state energy difference between the two states. AG* is the activation barrier for a thermally
induced electron transfer (red arrow). The sum of the (vertical) green and blue arrows
represents the energy for an optical induced electron transfer. The inset shows the situation at
the intersection between both surfaces. (Vag is the electronic coupling between the two

states).’”

Within this theory, the activation barrier AG” for the thermal electron transfer depends on the energy
difference AG° between the reactant and the product state and the total reorganisation energy A
(equation (45)).°"

. (4 +4G°?
with A= 4, + Ay

The total reorganisation energy A is the energy that is needed to bring the system geometry from
the reactant to the product state and that can be separated in the inner reorganisation energy A,
which characterises the changes in bond length and angles, and the outer reorganisation energy A,
which refers to the reorientation of the surrounding solvent molecules.®® 4, is a solvent
independent molecule specific constant and cannot be calculated in an easy way (cf. by quantum
chemical calculations via neutral in cation geometry (NICG)).*****1 |n contrast, 1, is strongly
solvent dependent and can be estimated by the Born equation (46) taking the solvent as a dielectric

continuum.®>%71
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_e2<1+1 1>(1 1) 46
ﬂvo_ 472'80 2f'D 2f'A dDA n2 & ( )

where
ra, o are the radii of the donor and acceptor chromophores, respectively, dpa is the centre to centre
distance between the donor and the acceptor, n is the refractive index of the solvent and ¢ is the

permittivity of the solvent.

According to Marcus, the rate for electron transfers follows equation (47).14*°"

, 1 he(A + AG°Y
ket=47“hc™ Vg AnhoikeT exp( AikaT (47)

h is the Planck constant, ¢ is the speed of light, ks is the Boltzmann constant, 1 is the

where

reorganisation energy, T is the temperature, Vg is the electronic coupling in cm™ and AG is the

free energy difference of the two states.

The rate for ET becomes higher when the reaction is more exergonic until AG° reaches the value of
A. In this situation the reaction exhibits no activation barrier and the rate constant is maximal
(optimal conditions). From there on, the rate constant start to decline with increasing free energy
difference, as a result of an arising activation barrier because the intersection point between both

states now climes along the left flank of the reactant state (see Scheme 11).
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Scheme 11: Left: Free energy surfaces with decreasing AG" values representing electron transfer reactions

in the Marcus normal region (red), under optimal conditions (green) and in the Marcus inverted

region (blue). Right: Plot of In ket versus the reaction driving force (-4G").1*.

This inverted region prediction is certainly the most famous conclusion of the Marcus theory"**!

(from 1956). Although Marcus predicted its existence in 19607 it took till 1984 when Miller et al.*®
proved his assumption experimentally and in 1992 Marcus was honoured with the Nobel prize in
Chemistry “for his contribution to the theory of electron transfer reactions in chemical

systems”? 454!

Until today, the inverted region has been observed many times but while the classical Marcus
theory rather accurately describes ETs in the normal region, it overestimates the inverted region
effect. According to Marcus, the driving force dependence of the rate constant follows a parabolic

behaviour but the flank in the inverted region has been found complanate.™

The situation in the inverted region is much better described by semi-classical Marcus theories that
introduce nuclear tunnelling effects, which are considerably important in the inverted region. Thus,

thermally activation is no longer required and ET is a non-radiative transition between the two

@ "The Nobel Prize in Chemistry 1992". Nobelprize.org. Nobel Media AB 2013. Web. 29 May 2014.
<http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1992/>



2.1.2 ELECTRON TRANSFER THEORY

states. In the Bixon-Jortner theory the rate constant for ET is again based on Fermi’s Golden Rule

expression (equation (48)).1*¢.60"

ker=47%cViy - FCWD (48)

where
Vg is the electronic coupling in cm™ and FCWD is the Franck-Condon weighted density of states at

the intersection point of the reactant and the product energy surface.

free energy

Reaction coordinate

Scheme 12: Diabatic potentials of the reactants (black) and the products (red) state consisting of several

vibrational modes in the Marcus inverted region (grey and dotted, respectively). Taking higher

vibrational modes into account in the Bixon-Jortner theory gives access to additional transition

channels (0) in contrast to the single transition channel in the classical Marcus theory (.)_[621_
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Taking higher-energetic molecular vibrations (following the Franck-Condon progression) into
account opens additional ET channels (see Scheme 12). Bixon and Jortners merit was to find an
expression that replaces the FCWD by a relatively simple algebraic term.®® They introduced the
Huang-Rhys factor S, which is the ratio of the inner reorganisation energy and the averaged
molecular vibration mode (V,) that replaces the quantity of high-energetic molecular vibrations by a

single value (equation (49)).[5*%!

® Sq i~ 0,2
o 2,2 e°S 1 _hc(/vv+ﬂ,o+AG) 49
ko= 4x"he VAsz_O j1 ‘I47rhc/10kTeXp 2kT (49)
i Ay
with S=~—
Vy

where

h is the Planck constant, c is the speed of light, k is the Boltzmann constant, T is the temperature,
Vg is the electronic coupling in cm™, ¥, is the averaged molecular vibration mode, AG%S is the free
energy between the two states, 1, and A, are the outer and inner reorganization energy,

respectively.

The Bixon-Jortner theory has been applied to determine the important ET parameter Vag, A, and 4,
from experimental data but since the theory is adiabatic in nature, it is strictly only valid for weakly

coupled systems.

For ET in systems with a strong electronic coupling between the two states, the Bixon-Jortner

theory is complemented by the Marcus-Hush theory or rather by the Mulliken-Hush theory.!*”""

For systems, which can reasonably be described by the Marcus-Hush theory, the electronic
coupling is much larger than the thermal energy (Vag >> kgT). The strong diabaticity reduces the

activation barrier for the thermically induced ET given in the Marcus theory by equation (45), p: 28,
[43,71,72]

to equation (50).
_ (A + 46 y Vis

A6 an Vet

where

2
% is the resonance delocalisation energy of the adiabatic electronic ground state.
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Systems with such a strong electronic coupling feature charge transfer (CT) bands in their
absorption spectra as a result of an optically induced CT. An analysis of this band gives excess to

Vg according to equation (51).1*%
— Vmax (51)

where
Au,, is the diabatic dipole moment difference of the ground and excited state, Ay, . is the transition

moment and ¥V max is the maximum of the CT band.

The transition moment (uans) can be calculated with the aid of the integral of the CT band and
[67,68,73,74]

equation (52).

3hcgIn10 9n Eot
- . gy 52
Hlaans \/2000”2NA (7 + 2)? f 7 47 (52)

where
n is the refractive index of the solvent (for the correction term see Chako et al.l"®), & is the vacuum
permittivity, h is the Planck constant, ¢ is the speed of light, Nx is Avogadro’s constant and

fi;ldi/‘ is the integral of the reduced CT band.

The major drawback of the Mulliken-Hush theory is the need of the diabatic dipole moment
difference between the electronic ground and the excited state (442), which cannot be obtained
directly. Thus, the adiabatic dipole moment difference is commonly used instead. This difference
can be estimated geometrically as e'r, where r means the effective electron transfer distance and e
is the elementary charge.**”>"® However, in many cases the mean distance between the redox
centres is used, which is obviously inaccurate, since the effective electron transfer distance is
generally shorter than the mean distance and especially organic redox centres are certainly no
point charges.["”"® Moreover, a Mulliken-Hush analysis allows no distinct determination of 4, and A,

and for compounds exhibiting non-degenerated states (4G° # 0), 4 and AG° are not separable.
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21.2.2 Robin-Day Classes

Mixed valence (MV) compounds or generally donor-acceptor systems can be divided in three
classes according to Robin and Day, depending on the strength of the electronic coupling Vag (see

Scheme 13).[9#%

In the Robin-Day-class |, the coupling is absent or insignificant and thus the two redox centres can
be seen as isolated units. No electron or charge transfer can be observed, neither optically nor

thermally induced. Due to the absent of an electronic interaction, only diabatic potential exist.

Completely different are compounds of the Robin-Day class lll, in which the electron coupling is
that strong, that the two diabatic potentials become two adiabatic ones, with one single minimum.

Here, an electron transfer is also not observed since the charge is completely delocalised over both

redox centres. (AG* is smaller than the zero-point energy).

In between these extreme cases the Robin-Day class |l is located. The two diabatic potentials split
into two adiabatic potentials, where the electronic ground state features a double minimum.
Electron transfer occurs either optically induced by light with the energy of A (+ AG°) or thermally by
with the activation energy 4G*. The observation of an intervalence charge transfer (IV-CT) band in

the absorption spectra of many MV compounds is the result of such an optically induced charge

transfer.
A Classl: Vg =0 A Class Il: 0 < Vg < A/2 A Class lll: Vg > 412
> > =
5 3 3
s s S
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& g * g
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Scheme 13: Classification of donor-acceptor compounds by means of the electron coupling between the

reactant and the product state according to Robin and Day.””’sz]
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21.2.3 Electron Transfer Mechanism

Generally, two different mechanisms may underlie the transfer of an electron from the donor to the
acceptor in which the bridge unit plays a crucial role. The electron is either transferred by
incoherent hopping, where the electron is for a short time located on the bridge, or by a coherent

“superexchange”, where the electron is transferred in one single step (see Scheme 14).83%]

/ hopping mechanism \

bridge-unit 1 bridge-unit 3

bridge-unit 2

donor incoherent hopping S
|

\ acceptor /
/ superexchange mechanism \

|
Il

bridge-unit 1 bridge-unit 3

bridge-unit 2

coherent nuclear tunneling

L] o
donor I AGO ——
------------------------------------------------------------------------------- ]
\ acceptor/
Scheme 14: Energy state diagram for an ET from a donor to an acceptor via several bridging units. If the

bridging units possess energetically accessible states the electron transfer takes place by an
incoherent hopping process but if the states of the bridge are too high (or to low) in energy, the
electron is transferred by one single coherent nuclear tunnelling process from the donor to the

acceptor.ml
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If the bridge possesses energetically suitable states of the bridging unit (and the electronic coupling
is relatively small), the electron is transferred in one step from the donor on the bridge and in a
second step from the bridge to the acceptor (or to another bridging unit). The situation, where the
electron is located on the bridge may be seen as a kind of intermediate, which in principle (if the

lifetime is long enough) can be observed by spectroscopy.

The superexchange mechanism is a nuclear tunnel process, which takes place in systems with
inaccessible, high-lying bridge states (and with a relatively strong electronic coupling). Although the
electron is transferred in one single step and never localised on the bridging unit, the energy of the
bridge state strongly influences the electronic coupling according to the McConnell model®*"]

(equation (53)) and thus, the electron transfer rate.

Voa= g (53)

where
Vioa is the electronic coupling between the acceptor and the donor, Vpg and Vga are the electronic

couplings between the donor and the bridging unit and between the bridging unit and the acceptor,

respectively, and AGBB is the free energy difference between the donor and the bridging unit.

However, in a given system one electron transfer mechanism may dominate but to some extent
both mechanisms operate at the same time and the electron transfer rate is the sum of both

fractions.
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2.2 State of the Art

The previous section introduced the reader to the theoretical background of energy and electron
transfer. This present section will give a basic overview about selected studies concerning energy

and electron transfer properties of dendrimers and small donor-acceptor systems.
2.21 Photophysical Studies on Dendrimers

One major part of this work is based on the concept of dendritic structures. Dendrimers (from the
Greek: dendron — tree and meros — part) are perfectly hyper-branched self-similar macromolecules

with a high density of functional units e.g. chromophores (see Figure 2).188

. terminal
Generation groups
number (close packed surface)

Generation
number

Figure 2: lllustration of a dendrimer and its basic components.

The core in the centre of the dendrimer (or starburst polymer) shapes the system’s three-
dimensional structure. The individual dendrons, which are composed of branched repeating units
(branching units), are connected to the core. Each layer of branching units is called generation and
the number of chromophores increases exponentially from one generation to the next.
Consequently, with increasing generation number of the dendrimer the periphery gets more and
more crowded and thus the global structure turns into a sphere. The outer layer of the dendrimer is
formed by end or terminal groups on which no further growth occurs. Layer-by-layer construction of
dendrimers opens the unique opportunity to fully control the arrangement of a large number of

chromophores in a rather rigid structure. In contrast to polymers, (ideal) dendrimers are further
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characterised by a monodispersive structure and hence they are attractive systems for

photophysical investigations.
In general, dendrimer synthesis can be accomplished by two different strategies:

Convergent approach:®

Following a convergent synthesis, the dendrimer is synthesised from the outer sphere to the inner
core. The individual dendrons are generated stepwise and the lower generation dendron is
attached to one at least bifunctional branching unit leading to the next generation dendron. The

synthesis is completed by connecting the single dendrons to a focal core (see Scheme 15).
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Scheme 15: Schematic presentation of a dendrimer synthesis within the converted approach.
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Divergent approach:!*'4

In contrast to the convergent route, divergent dendrimer synthesis starts from a multifunctional
initiator core and grows to the periphery. The dendrimer is constructed by successively treating the
evolving dendrimer with branching units. In a concluding step the terminal groups are attached to

the dendrimer scaffold to provide the envisioned dendrimer (see Scheme 16).

branching unit '
inlliator core

f \growih , k activation - L

terminal unit|

aﬂachlng KT , \ '/

Scheme 16: Schematic illustration of a dendrimer synthesis following the divergent approach.

Since in the convergent approach the growing component is connected to a single branching unit
per step, resulting dendrimers are generally considered to be more monodispersive than those
yielded by a divergent route, where multiple reactive sites have to react within a single reaction
step. Thus, dendrimer syntheses conducted by a divergent strategy usually demand highly reliable
and quantitative reactions (e.g. “click reactions”, vide infra).

The convergent approach is usually limited to low generation dendrimers as the focal point
becomes considerable congested when attaching sterically demanding dendrons. Moreover,

convergent syntheses generally require considering amounts of starting material.®!



I INTRODUCTION - STATE OF THE ART

So far, several groups have elaborated with dendritic structures to mimic photosynthesis in nature
and to study photoinduced dynamics such as energy transfer and electron transfer. Due to the
large number of chromophores dendrimers have been of special interest in the field of artificial light
harvesting and light emitting devices but there are also widespread biological and medical

applications. Moreover, they are potential candidates for nonlinear optical studies.! %!

To elucidate energy transfer processes in branched macromolecules Hartwig et al. investigated
conjugated triarylamine dendrimers up to the third generation (Chart1) by fs-time resolved

emission anisotropy measurements.®

Me@N @,Me Me@N @,Me @

A-G1 A-G2 A-G3
Chart 1: Molecular structures of the dendrimers A-G1, A-G2 and A-G3.%9

The authors observed very fast initial anisotropy decays during the first 100 fs after excitation
(7(A-G1) =90 £ 50 fs, 7(A-G2) = 60 + 20 fs, «(A-G3) = 30 + 10 fs). However, the dendrimers
possess some residual anisotropy that persists into the ps-time region and becomes smaller with
increasing generation number due to an increasing number of accessible dipole moment
orientations in the nonplanar dendrimers (see Figure 3). The rapid depolarisation in the sub-
picosecond time regime was explained by coherent excitation energy transfer domains in the
dendrimers. This effect is caused by intramolecular chromophore clustering and the remainder of
anisotropy decay is attributed to incoherent intercluster energy hopping. However, such an energy
hopping is not indicated by the anisotropy decays and thus the coherent domains were supposed to
range over wide fractions even of the largest dendrimer. This finding might be a result of strong

interactions between the chromophores over large distances.*
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Figure 3: Emission anisotropy decays of A-G1, A-G2 and A-G3 in THF. The arrows mark the experimental

data and the solid lines are fits to the experimental curves. r, is the residual anisotropy and IRF
means instrument response function. Excitation at 25600 cm™ (390 nm). Emission at 20800 cm™
(480 nm).?

@ Adapted or reproduced (or reproduced in parts) with permission from Time-resolved Spectroscopy of Organic
Dendrimers and Branched Chromophores, Goodson, T., lll Annu. Rev. Phys. Chem. 2005, 56, 581-603. Copyright ©
2004, Annual Reviews.



I INTRODUCTION - STATE OF THE ART

Triarylamine chromophore-based dendrimers that are linked by larger z~systems are rather rare.
Blanchard-Desce et al. investigated the dendrimers B-G1, B-G2 and B-G3 composed of rigid

tolane linear building blocks (Chart 2).1%"1
NHex, NHex,
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Chart 2: Molecular structures of the dendrimers B-G1, B-G2 and B-G3.°"
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The excitation energy transfer in the dendrimers was proposed to occur by incoherent hopping. The
authors adopted the concept of “spectroscopic units” as used for linear polymers, for dendrimers in
which the excitation is delocalised over a larger section than the size of one linear segment of the
branches.®®1% |f the “spectroscopic unit” is not extended over the entire molecule, the dendrimer
might be considered as a congregation of those and energy distribution over the dendrimer takes
place by incoherent hopping between these units. The energy migration in the dendrimers was
monitored by ultrafast emission anisotropy measurements (see Figure 4). The authors classified
the anisotropy decay into three regions: At the beginning ultrafast depolarisation caused by
coherent energy distribution with a time constant of ca. 30 ps leads to a residue anisotropy of ca.
0.125 within the instrument response function. This process was followed by incoherent excitation
energy hopping between the “spectroscopic units”. The slowest decay was assigned by starting

displacement of the emission transition moment by rotation of the molecule.®”!
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Figure 4: Top: Emission anisotropy decays of B-G1 in toluene. The arrows mark the experimental data

and the solid lines are fits to the experimental curve at Aem = 480 nm. Excitation at 25600 cm”’
(390 nm). Emission wavelengths are indicated in the figure. Inset: Emission anisotropy in the
first ps at Acm = 480 nm. IRF means instrument response function. Bottom: Emission anisotropy
decays of B-G2 and B-G3 in toluene. The arrows mark the experimental data and the solid lines
are fits to the experimental curves. Excitation at 24400 cm” (410 nm). Emission at 22700 cm”’
(440 nm).?

@ Adapted or reproduced (or reproduced in parts) from Strongly Interacting Organic Conjugated Dendrimers with
Enhanced Two-Photon Absorption, Varnavski, O.; Yan, X.; Mongin, O.; Blanchard-Desce, M.; Goodson, T., lll J. Phys.
Chem. C 2007, 111, 149-162. Copyright 2007 American Chemical Society.
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In a different study Goodson Il et al. found that the nature of the focal point (N, P and C), to which
the branches are connected, plays a significant role on the energy transfer process due to its

influence on planarity and electronic coupling in dendrimers (Chart 3).1'°"

X = N: C(N)
P: C(P)
C: C(C)

Bu Bu

Chart 3: Molecular structures of the dendrimers C(N), C(P) and C(C).”Oﬂ

The authors measured time resolved emission anisotropy decays by fluorescence up-conversion
from the distyrylbenzene dendrimers C(N), C(P) and C(C). While the linear model system (not
shown) presents no significant anisotropy decay in the monitored time window, the dendrimers
demonstrate a strong anisotropy decrease in the first ps (see Figure 5). Remarkably, the anisotropy
of C(N) decays clearly monoexponentially with a short lifetime of 57 fs. In contrast the C(P) and
C(C) anisotropy decays were reproduced by a biexponential function consisting of a rather short
time constant slightly smaller than that found for C(N) and a longer lifetime of roughly 1 ps
(C(P): »=51fs, =702 fs and C(C): ry = 37 fs, »n = 960 fs). Obviously, the fast depolarisation
observed for C(N) is related to a coherent energy migration process while the longer lifetime in the
decay of C(P) and C(C) was explained by incoherent excitation energy hopping between the
individual branches and serves as a proof for a weaker electronic coupling between the branches in
C(P) and C(C) compared to C(N). In contrast, it is also imaginable that coherent energy migration
may occur, as indicated by the fast time constant similar to the one found for C(N).

Moreover, the progression of the electronic communication between the branches in the order
C(N) > C(P) > C(C) was explained by the different geometries of the dendrimers centre, which is
trigonal planar for C(N), pyramidal for C(P) and tetrahedral for the C(C) derivative. For this reason
the delocalisation of the lone pair is more effective in C(N) than in C(P) and absent in C(C) which is
substantiated by an increasing blue shift in the absorption going from C(P) to C(N). Furthermore, in

the pyramidal geometry of C(P) the branches are allowed to come into closer contact than in the
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tetrahedral conformation of C(C) leading to a faster energy hopping. Additionally, the different

geometries and thus the different orientations of the transition moments are reflected in the residual

anisotropies before rotational diffusion commences.!"*"
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Figure 5: Emission anisotropy decays of C(N), C(P) and C(C) in CHCIs. The arrows mark the experimental

data and the solid lines are the biexponential fits. r,, is the residual anisotropy and IRF means
instrument response function. Excitation at 25600 cm’” (390 nm). Emission at 20800 cm™”
(480 nm).?

During the process of light harvesting the chromophores at the dendrimers periphery are excited by
absorption of solar light and the excitation energy is transported unidirectionally to the centre of the
dendrimer, where the energy is converted into chemical or photon energy.

The dendrimers A-G1-A-G3, B-G1-B-G3, C(N), C(P) and C(C) mainly present energy migration
between individual (more or less identical) chromophore branches (“spectroscopic units”).

In theoretical work Klafter and co-workers demonstrated that vectored energy transfer through a
carefully adjusted energy gradient from the dendrimer surface to the core may be more efficient in
energy funnel dendrimers than “random work” energy transfer by nearest-neighbour jumps.['%%1%4
To achieve such an energy gradient the outmost chromophores have to exhibit a large HOMO-
LUMO gap which decreases from the periphery to the core. Then, the excitation energy would
migrate from the surface via a sequence of chromophores with gradual smaller HOMO-LUMO gaps
to the centre, where an adequate chromophore either stores the energy or converts it into a

convenient form.['%%

@ Adapted or reproduced (or reproduced in parts) with permission from Time-resolved Spectroscopy of Organic
Dendrimers and Branched Chromophores, Goodson, T., lll Annu. Rev. Phys. Chem. 2005, 56, 581-603. Copyright ©
2004, Annual Reviews.
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Moore et al. investigated energy transfer performances in a series of phenylacetylene-based
monodendrons with a terminated perylene-core as an energy “sink” (Chart 4). In the monodendron
D*-5 an inherent energy gradient was realised through decreasing conjugation length of the linear
phenylacetylene segments between the meta-substituted benzene branching points from the centre
to the outersphere. The authors analysed the energy transfer efficiencies of the monodendrons
D-1-6 with varying generation number and further evaluated the influence of the described energy

gradient by comparing monodendron D*-5 with symmetrically grown D-5 of similar magnitude.!"®!
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Chart 4: lllustration of the monodendrons D-1 to D-6 and of the monodendron D*-5 (highlighted by the

green box) characterised by an energy gradient.“oe}

Irradiation of the monodendrons with energy of 32300 cm™ (310 nm) predominantly excites the
phenylacetylene groups and statistically the terminal chromophores. Afterwards, the energy is
transferred from the periphery to the perylene-core by incoherent energy hopping (Forster
mechanism) and fluorescence emission occurs from the locally excited perylene moiety. The
emission maxima of the perylene at ca. 20800 cm™ (480 nm) and 19600 cm™ (510 nm) are well-
separated from the emission maxima of reference monodendrons devoid of a perylene core at ca.
27800 cm™ (360 nm). Thus, the fluorescence quantum yields of the perylene emission from D1-D6
and of the reference systems serve to assess the energy transfer efficiencies in D1-D6. The

authors observed that the energy transport to the perylene-core is significantly less efficient with
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increasing generation number. This finding can be explained in context of the Fdrster theory by the
larger energy transfer distance in extended monodendrons.? However, the monodendrons become
more and more efficient in photon-harvesting with growing size as determined by excitation
spectroscopy (cf. Figure 6).

Most intriguingly, the energy transfer in the monodendron D*-5 is far more efficient than in D-5, a
monodendron of similar size, and the rate constant is two orders of magnitude larger for D*-5 than
for D-5. This result was explained by the directed energy gradient in D*-5. However, the authors
added in this regard that D*-5 exhibits a larger overlap between the absorption of the acceptor and
the emission of the donor. Furthermore, uncertainties of rate determining factors (e.g. energy
transfer distance distributions, non-excluded orbital overlap contributions) in the data of the

monodendrons complicated an accurate energy transfer (mechanism) analysis.®®'%!
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Figure 6: Energy transfer quantum yield and intensities at 32300 cm” (310 nm) of the normalised

excitation spectra of the monodendrons D-1 to D-6 in DCM plotted against the generation

number.["®

? The energy transfer rate according to a Férster mechanism decreases with 1/r s,
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Beside their unique energy transfer properties dendrimers feature some remarkable characteristics
concerning the electron transfer. The accurate control of the redox-chromophore arrangement
gives access to arrays with redox-gradients and allows adjusting electron transfer pathways, which
predestines these systems for charge capturing or controlled charge transport applications.!"?”-'%!

Selby and Blackstock presented a polyarylamine dendrimer in which the arylamino groups on the
periphery are more difficult to oxidise then the phenylenediamino groups in the interior of the
dendrimer leading to a radial surface-to-core redox gradient (see Scheme 17). Furthermore, the
charged core is supposed to be protected from reduction by the dendritic chromophore shell. The
authors envision an application as a three-dimensional charge funnel, directing charges from the

surface to the core, where the charges might be “stored”."""!

Scheme 17: Molecular structure of the dendrimer E with a redox gradient from the periphery to the core. The
arylamino groups on the periphery (blue) are more difficult to oxidise then the

phenylenediamino groups in the interior (green).[”ol

In natural photosynthesis the absorbed solar energy is efficiently transferred within the light
harvesting assembly followed by a sequence of charge/electron transfer processes resulting in a
conversion of the excitation energy into chemical energy. Many efforts have been made in the
synthesis of dendrimers imitating either the energy or the electron transfer processes of natural
light harvesting. However, synthetic approaches that combine both aspects within a single molecule

are rare and still of significant importance to understand the natural process of photosynthesis.
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Dendrimers in which energy transfer from an excited donor to an acceptor is followed by an

electron transfer from the donor to the excited acceptor (Scheme 18) were introduced by Bardeen
et all"""

_ ! _ ® o
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Scheme 18: Schematic illustration of the energy state diagram of a donor-acceptor dendrimer. Upon

photoexcitation energy is transferred from the donor to the acceptor unit followed by an

electron transfer.['""!

The authors investigated non-conjugated dendrimers bearing a benzthiadiazole energy/electron
acceptor core terminated by triarylamine end groups and observed energy transfer processes in the
ps-time regime with efficiencies of 80 — 90 % followed by a charge transfer. The individual layers of

the macromolecule were built up by meta-substituted benzyl ethers.
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Chart 5: Molecular structures of a series of light-harvesting dendrimers investigated by Bardeen et al.l''"

Upon excitation of the dendrimers emission occurs predominantly from the benzthiadiazole core in
an excitation wavelength independent manner suggesting efficient energy transfer from the
periphery of the dendrimer to the core. The lifetimes in the ps-time regime of the benzthiadiazole
fluorescence increase with rising generation number. Similar to Moore et al.!'® the authors
explained this finding by the enhanced energy transfer distance in the larger dendrimers leading to
a decelerated energy transfer. Concomitantly, emission from the excited core is quenched by an
intramolecular electron transfer from the triarylamine donors to the benzthiadiazole acceptor
according to time resolved transient absorption measurements. In agreement with that the charge
transfer quenching was found to be more rapid in polar solvents such as DMF compared to non-
polar toluene while the quenching rate appeared to be independent of the dendrimer size. Although
this observation seems to be rather unexpected at the first glance, the authors argued that the CT

rate (unlike to the energy transfer rate) is mainly dictated by the distance to the nearest electron
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donor, which might be the same for all dendrimers due to backfolding of some chromophore

branches in the larger dendrimers, bringing the outersphere donor groups into close contact with

the excited core."""
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Figure 7: Top: Donor fluorescence decays of F-G1 to F-G4 in DMF. Experimental data are shown in black

and the red lines represent the biexponential fits of the experimental data. Excitation at
25000 cm™ (400 nm). The authors do not comment on the emission energy (probably at
21600 cm™ (465 nm)). Bottom: Acceptor fluorescence decay of F-G4 in DMF. Experimental data
are shown in black and the red line indicates the biexponential fits of the experimental data.
Excitation at 25000 cm™ (400 nm). The authors do not comment on the emission energy
(probably at 16600 cm™ (600 nm)).?

@ Adapted or reproduced (or reproduced in parts) from Energy and Electron Transfer in Bifunctional Non-Conjugated
Dendrimers, Justin Thomas, K. R.; Thompson, A. L.; Sivakumar, A. V.; Bardeen, C. J.; Thayumanavan, S. J. Am. Chem.
Soc. 2004, 127, 373-383. Copyright 2005 American Chemical Society.
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2.2.2 Artificial Systems for Long-Lived Charge Separated
States

Donor-acceptor systems are an alternative concept compared to large macromolecules and
present simple models to mimic and investigate artificial light harvesting. Beside advantages
concerning the production of small molecules such as low-cost synthesis and simple variation of
structural components, their reduced complexity facilitates an accurate analysis of structure-
property relationships of the key processes for the conversion of solar light — charge separation and
charge recombination.

Upon absorption of light an electron is transferred from the donor to the acceptor unit leading to a
charge separated (CS) state in which the donor is oxidised and the acceptor is reduced (see
Scheme 19) — a prerequisite for converting (solar) light into chemical energy as in natural
photosynthesis. A certain lifetime of the resulting CS state is fundamental for using the converted
energy. Several groups have developed concepts to guarantee long-lived CS states in artificial light
harvesting systems and examined the factors that control charge separation and charge
recombination. In the following part the terminal donor chromophores are coloured in blue and the
terminal acceptors in red. Intermediate chromophores are coloured according to their donor or
acceptor strength, respectively.

Light Energy

Bridge
Donor Acceptor

Charge Separated State

Scheme 19: Schematic illustration of a donor-acceptor system. Upon absorption of light energy an electron
is transferred from the donor (blue) to the acceptor (red) leading to a charge separated (CS)
state, in which the donor is oxidised (indicated by the “hole” on the donor) and the acceptor is
reduced (indicated by the “electron” (orange)). The bridge (green) may consist of multiple

chromophores with an adjusted electron transfer gradient.
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The smallest and simplest artificial system for charge separation represents a dyad comprising one
electron donor chromophore and a suitable electron acceptor chromophore that are connected by a
bridging unit. An often encountered drawback of donor-acceptor dyads is a fast charge

recombination, which certainly limits their application for solar energy conversion.

This drawback is exactly what Flamigni et al. found for the TAA electron donor — Ir(lll) electron
acceptor dyad G (see Figure 8). Time resolved transient absorption measurements on G in MeCN
revealed that photoexcitation with light of an energy of 28200 cm™ (355 nm) at which 30 % of the
photons is absorbed by the TAA and 70 % by the Ir(lll), leads to charge separation within the
instrument resolution (~ 20 ps). The end of pulse spectrum presents a strong transient absorption
band at 13100 cm™ (765 nm) with a broad shoulder between 17500 cm™ (570) and 14300 cm™
(700 nm) which the authors attributed to the CS state in which the TAA is oxidised and the Ir(lIl)
reduced. No evidence for either the *Ir or 'Ir component was provided and thus the lowest value for
charge separation processes is supposed to be 5x 10" s”. However, the CS state is by far not

long-lived with a lifetime of only 70 ps.[''?

28200 cm” (355 nm)

charge separation
k >5x1010s"

=1.4x 1o1° A
charge recombination

Figure 8: Molecular structure of the donor-acceptor dyad G and illustration of photoinduced charge
separation followed by a rapid charge recombination taking place in the donor-acceptor dyad G

upon excitation with energy at 28200 cm™” (355 nm) in MeCN.

One approach to prolong the lifetime of CS states is to enhance the distance between the two
charges. The prolonged distance might slow down charge recombination as the electronic coupling,
which determines the charge recombination rates (cf. equation (47), p: 29), strongly decreases with
the distance. However, a reduced electronic coupling would not only decelerate the charge

recombination but also the charge separation process. This issue might be addressed by the use of
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multiple chromophore systems in which a number of subsequent, relatively fast electron transfer
steps between accurately adjusted chromophores leads to large overall charge separation. In the
charge recombination step, the back electron transfer from the terminal acceptor to the donor (or
vice versa) has to occur in one single step since the multiple step pathway would be an

energetically disfavoured uphill process. As a result, the CS state lifetime will increase.

Light Energy
multiple fast electron transfers

Donor Acceptor (1) Acceptor (2) Acceptor (3) Acceptor
® (terminal)

e
slow one-step electron back transfer

Scheme 20: lllustration of donor-(multiple)acceptor system with intermediate acceptor chromophores
possessing a downhill electron transfer gradient (represented by the saturation of the red
colour). After excitation a number of multistep fast electron transfers ensure large spatial
charge separation. One-step electron back transfer from the fully CS state is hampered by the

small electronic coupling.

In another study Flamigni et al. impressively applied this concept on dyad G by attaching an NDI
unit adjacent to the Ir(lll) as an additional stronger electron acceptor chromophore to yield the triad
H. Excitation of H in MeCN with 28200 cm™ (355 nm) resulted in a similar end-of-pulse spectrum as
found for dyad G with a pronounced maximum at 13100 cm™ (765 nm) and comprised two
additional bands at ca. 20800 cm™ (480 nm) and 16400 cm™ (610 nm). Apparently, the spectrum
consists of two different CS state components. As the ratio of the band intensities evolve over time,
the authors extracted a time constant for the electron transfer from the Ir(lll) to the NDI of
k=2.4x10°s" from the rise time of the transient absorption decay at 16400 cm” (610 nm).

Additional transient absorption measurements in the ns to us time regime reveal a CS state lifetime

of ca. 100 us.
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Figure 9: Molecular structure of the donor-acceptor-acceptor triad H. The electron transfer processes

predominant occur upon excitation of H at 28200 cm™ (355 nm) in MeCN.["""?!

Although the lifetime of the CS state in H is significantly enhanced compared to G, the efficiency of
the second electron transfer step from the Ir(lll) to the NDI is dramatically lower compared to the
efficiency of the charge separation step. Furthermore, the fully CS state (TAA'-Ir-NDI") is 0.3 eV
lower in energy than the intermediate CS state (TAA'-Ir-NDI), which indicates a less efficient

energy conversion.!"'13
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Figure 10: Energy state diagram of the donor-acceptor-acceptor triad H. The triplet state energy was

obtained from the maximum of luminescence in butyronitrile at 77 K (excitation at 23300 cm™”
(430 nm)), the singlet state energy was obtained from the maximum of luminescence of a model
compound in butyronitrile at 77 K (excitation at 24400 cm’ (410 nm)), rate constants were
extracted from transient absorption measurements in MeCN, state energies of the CS states

were estimated from the redox potentials obtained by cyclic voltammetry in MeCN without

further correction.!'™

The multistep charge separation approach obviously prolongs CS state lifetimes up to the sub-
second time regime. However, the increasing number of individual steps multiplies the number of
deactivation pathways and this in turn reduces the overall efficiency of the CS state
population.[""*""® Furthermore, the required downbhill electron transfer direction inevitable leads to
CS states of lower energy.

According to the Marcus theory photoinduced electron transfer dynamics are strongly influenced by
relative state energies, reorganisation energies and the electronic coupling between the
corresponding states.® With an increasing energy difference between two states the rate constant
for an electron transfer becomes larger in the Marcus normal region but is retarded in the Marcus
inverted region (cf. 2.1.2.1, p: 27).
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Crossley et al. investigated donor-acceptor dyads that exhibit charge separation in the Marcus
normal region and charge recombination in the Marcus inverted region. Considering that smaller
reorganisation energies will result in faster charge separation (in the normal region) and
decelerated charge recombination (inverted region) the authors designed dyad | constituting of a
zinc imidazoporphyrin as electron donor and a fullerene as electron acceptor. Both moieties feature
minimal small reorganisation energies."'”"'¥ The existence of a CS state was observed by
transient absorption measurements in the ps- and ns-time regime upon excitation of I in PhCN with
an energy of 18800 cm™ (532 nm) and 17900 cm™ (560 nm). The signal of the CS state was found
to decay monoexponentially with a lifetime of 260 us — a remarkable value taking into account the

size of the dyad and experimental conditions (298 K, in solution (310 us at 278 K)).['*®]

hv
18800 cm™ (532 nm)
17900 cm™ (560 nm)
charge separation
k=1.6x101s"

k=3.9x10%s"
charge recombination

Figure 11: Molecular structure of the donor-acceptor dyad I. After excitation of the dyad with 17900 cm”
(560 nm) in PhCN a rapid charge separation in the ps-time regime was observed. The CS state

was monitored in the ns-time regime after excitation with 18800 cm™ (532 nm).[""®

However, the above reported results for dyad | were critically reviewed by Verhoeven et al. and an
alternative explanation was given. The authors supposed that the small rate for charge
recombination is not the result of a strong inverted region effect but of the generation of a long-lived

3CT state."
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The use of spin control is an alternative elegant way towards long-lived CS states in small donor-
acceptor systems as the population of triplet CS states (°CS) can significantly enhance the CS
state lifetime.l'”®'?? Charge recombination from °CS states to the electronic ground state is
forbidden by the spin conversion rule and in the absence of heavy atoms there is usually no
sufficient spin orbital coupling to overcome this rule. However, it is essential that the °CS state is
the energetically lowest triplet state to prevent spin-allowed charge recombination into localised

triplet states.

TTF

Chart 6: Molecular structure of the donor-donor-acceptor triad J.=

By investigation of triad J composes of a fullerene electron acceptor and a tetathiafulvalene
electron donor connected via a free porphyrine, Gust el al. observed the generation of a fully CS
state after excitation with 16600 cm™ (600 nm) in 2-MeTHF by ns-flash-photolysis. This CS state is
energetically lower lying than the localised triplet states and decays within 660 ns into the electronic

ground state.['*®
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Figure 12: Energy state diagram of the triad J. The energies of the charge separated states were estimated

from the cyclic voltammetry data in PhCN and the energies of the singlet states were taken as
the wavelength average of the longest-wavelength absorption and the shortest-wavelength
emission maxima of J and appropriate model compounds in 2-MeTHF (excitation at 16900 cm’”

(590 nm)). The authors do not comment on the derivation of the energies of the triplet

states.['23124]

Carbonera et al. showed by time resolved electron paramagnetic resonance studies (excitation at
18800 cm™ (532 nm)) that refrigerating of J in 2-MeTHF to a cryogenic temperature of 10 K, where
2-MeTHF forms an isotropic glass, significantly prolongs the CS state lifetime (~ 8 us). Moreover,
the authors reported the existence of two CS state components with lifetimes of > 1us and of ~7 us,
which were assigned to the 'CS and the 3CS state, respectively, for J embedded and oriented in
the nematic phase of the liquid crystal E-7 (LC, Merck) at 295 K.['?4



2.2.3 CUAAC: THE CROP OF THE CREAM

2.2.3 CuAAC: The Crop of the Cream

In their landmark report in 2001 Sharpless et al. coined the concept of “click chemistry” — a class of
reactions that are highly selective, wide in scope, occur in quantitative yields and allow product
isolation by standard purification strategies.'?*!

Beyond a number of identified “click reactions”, the copper(l) catalysed 1,3-dipolar alkyne-azide
cycloaddition (CuAAC) leading to 1,2,3-triazoles is most prominent and has evolved to a key
reaction in numerous synthesis strategies.

First described by Michael'®® in the late 19™ century, Huisgen et al. were the first to systematically
study the uncatalysed, thermal reaction in the 1960 — 70s.1'"?""* The reaction product, a 1H-1,2,3-
triazole is a planar aromatic heterocycle that is chemically inert even under harsh reaction
conditions. Furthermore, the triazoles exhibit a dipole moment of ca. 5 D and feature hydrogen
bond accepting abilities, which makes them a hydrolytically-stable replication of the amide bond in
e.g. peptides.!'3-132]

However, the uncatalysed reaction suffers from high reaction temperatures and a lack of

regioselectivity (yielding the 1,5- and the 1,4-regioisomers in nearly equal ratio, see Scheme 21).

1,4-regioisomer 1,5-regioisomer
R ? H AT -No\-R? ) RZNen
_—— - -
N;—R? R1HH R1HH
ca. 1 : 1
Scheme 21: Reaction scheme of the thermal, uncatalysed 1,3-dipolar alkyne-azide cycloaddition and the

observed ratio of the two possible regioisomers.

In pioneering work Sharpless and Meldal independently found in 2002 that catalytic amounts of
copper(l) significantly improve the reaction performance (therefore, the CuUAAC is also known as
Fokin-Sharpless-Meldal reaction). Since its discovery, the CUAAC enjoys great popularity in diverse
research fields not least due to the various approaches for preparation of organic alkynes and
azides, such as Pd-catalysed cross reactions.!'3*"34

In contrast to the thermal reaction, the reaction rate of the CUAAC is enhanced by a factor of 10°
and the 1,4-regioisomer is exclusively formed in excellent yields.!"* The reaction can be performed
at temperatures from below 0°C up to 160°C in media reaching from aqueous to complete non-
polar solvents and is mostly independent of the pH (ca. 4 — 12)."* Furthermore, the reaction
tolerates a wide range of steric and electronic demands at both the azide and the acetylene, is

orthogonal and occurs exclusively upon activation by the copper(l) catalyst.!'*"!
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»[125

For these reasons Sharpless called the CUAAC “as good as a reaction can be’'® and the "cream

»[125] » [137,138]

of the crop of “click reactions”.

The enhanced reaction rates in the presence of copper(l) can be attributed to the course of the
reaction mechanism. In case of the thermal reaction a concerted mechanism is supposed for which
Sharpless et al. calculated an insignificant difference between the activation barrier for the 1,4- and
the 1,5-regioisomer, explaining the observed product ratio."®! For the metal catalysed reaction the
authors suggested a stepwise catalytic cycle with a significant decrease of activation barrier leading
to the observed 10° rate acceleration compared to the thermal reaction. Although the basic steps of
the catalytic cycle are fairly understood, the role and appearance of the active copper acetylene
species is still subject of current research.[**! Supported by their DFT calculations Sharpless et al.
assumed a mononuclear copper-acetylene complex with “end-on” orientation of the copper to the
triple bond.!"* This “end-on” orientation was questioned by Meldal and Tornge, who argued that at
least two copper atoms are participating in the transition state considering kinetic studies and the
comparison of a series of Cu(l)-acetylene complexes from the Cambridge Crystal database. In
addition the azide was proposed to coordinate via its terminal nitrogen towards a copper atom with
a bond angle of ca 180° and coordination of the carbon linked nitrogen seems to demand further
directing coordination affirming the involvement of a second copper atom.!"*!

Hein and Fokin in turn refuted this mechanism by DFT computations, which revealed that the azide
coordination supposed by Meldal et al. might be energetically unfavourable. However, the authors
added that the consideration of a second copper atom in the proposed catalytic mechanism has a
positive effect on the activation barrier.!"®"! Recently, Fokin et al. performed a series of
stoichiometric copper isotope (°Cu : *Cu) crossover studies to elucidate the respective role of two
independent copper species in the crucial cycloaddition steps.''*® Their investigation resulted in the

state of the art catalytic cycle depicted in Scheme 22.
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Scheme 22: Proposed catalytic cycle of the CUAAC reaction including to two independent copper(l) atoms.

[Cu]® denotes Cu(l) with natural isotope distribution (**Cu / ®*Cu = 69:31), [Cu]® denotes
isotopically pure ®*Cu(l). The authors used an isotopically pure **Cu(l) catalyst and a Cu(l)
acetylide with a naturally isotopic distribution (**Cu / ®*Cu = 69:31). After reaction an isotopic

distribution of ®*Cu/®Cu= 85:15 was found (indicated as ). Ligands attached to the

coppers are omitted for clarity."*®

Scheme 22 highlights that the formation of the catalytically active complex (framed in Scheme 22)
restricts the CuAAC to the use of terminal acetylenes with few exceptions such as iodo-
acetylenes.[®""*% For the sake of completeness it is mentioned that the regioselective synthesis of
1,5-disubstituted 1,2,3-triazoles can be accomplished by Ru(ll) catalysis, however, this reaction is

by far less established and will not be discussed in this context.!'"!

Since 2002, the CuAAC has found entrance in various research areas reaching from classical

organic synthesis!"*?'**! over biological and medical applications!"**'**! to advanced materials."**"%2

With regard to biomedical applications Bertozzi et al. presented a fascinating approach for non-
invasive in vivo imaging of developing zebrafish. The authors fed the embryos with artificial azido-
sugars to metabolically engineer glycan structures of cell surfaces. Following application of
cyclooctyne-substituted fluorescence markers led to a strain-promoted in vivo (copper-free) “click
reaction” and permitted to follow glycan formation and degradation during embryonic development

by three-colour fluorescence imaging (see Figure 13).1'>
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Figure 13: Top: Three-colour fluorescence image of developing zebrafish. Bottom: Strategy for three-
colour labelling of zebrafish with different fluorophore markers (represented by the coloured
stars).?

Beside such remarkable biological applications, CuUAAC has been applied for synthesis of

conjugated polymers, dendrimers and donor-acceptor compounds.

In a series of porphyrine-fullerene donor-acceptor systems Guldi et al. implemented triazoles as
bridging unit to mediate photoinduced electron transfer from the porphyrine to the fullerene
acceptor. Transient absorption studies of the compounds depicted in Chart 7 revealed that triazoles

present useful aromatic bridging units for investigations on electron transfer processes.**

# Adapted or reproduced (or reproduced in parts) from In Vivo Imaging of Membrane-Associated Glycans in Developing
Zebrafish, Laughlin, S. T.; Baskin, J. M.; Amacher, S. L.; Bertozzi, C. R. Science 2008, 320, 664-667. Reprinted with
permission from The American Association for Advancement of Science.
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Chart 7: Molecular structures of Zn-porphyrine-ferrocene dyads with 1,4-disubstituted 1H-1,2,3-triazoles

as electron transfer bridges.'>".

Sharpless et al. were one of the first to use CUAAC for the synthesis of dendrimers. In a convergent
approach they constructed dendrons by a repetitive two-step process consisting of a “click reaction”
and a nucleophilic substitution of chloride by azide to regenerate the “clickable” functionality after
each circle. Attaching the azido-dendrons to a multialkynyl provided dendrimers up to the fourth

generation with no chromatography required for purification.!'**

Shortly afterwards Hawker et al. also implemented the CuAAC in a divergent dendrimer synthesis.
Starting from a bisazido core the dendrons were grown by repetitive sequences of “click reactions”
followed by transforming the outer hydroxyl groups into the essential azido-moieties. The efficiency
of the CUAAC led to 3™ generation dendrimers and only required extraction and precipitation as

purification steps.['*®

Due to its generally high yields, the CuAAC is also suited for post-modification of dendrimers as
Astruc et al. impressively demonstrated. An 81-fold “click reaction” with ethynylferrocene produced
the macromolecular structure given in Scheme 23 with remarkable 56 % yield (more than 99 % per

single reaction).!"®"!
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Scheme 23: Molecular structure of the dendrimer by Astruc et al. In a single step 81 ferrocene groups were
introduced by CUAAC. The green structure represents an individual arm, as indicated by the

green line in the macromolecule.?

Unequivocally, the CUAAC is a powerful and reliable tool for the synthesis of dendrimers either by a

convergent or a divergent approach.!"® However, to date the reaction has not been used for the

? Adapted or reproduced (or reproduced in parts) from Click Assembly of 1,2,3-Triazole-Linked Dendrimers, Including
Ferrocenyl Dendrimers, Which Sense Both Oxo Anions and Metal Cations, Ornelas, C.; Ruiz Aranzaes, J.; Cloutet, E.;
Alves, S.; Astruc, D. Angew. Chem., Int. Ed. 2007, 46, 872-877. Copyright © 2007 WILEY-VCH Verlag GmbH &
Co.KGaA, Weinheim.
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synthesising 7-conjugated dendrimers larger than the first generation (e.g. by Parent et al.,"* see
Chart 8) and systematic investigation of the 1,4-disubstituted 1,2,3-triazoles as bridging unit in

electron or charge transfer reactions remain to be performed (vide infra).

HexN N. NHex,
N “N @
\_@ .
N N’

NHex,

Chart 8: Molecular structure of a first generation dendrimer based on a TAA and synthesised using
CuAAC.['™
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2.3 Scope of the Work

This work aims at contributing to a better understanding of the fundamental aspects that dictate
energy and electron transfer processes in organic compounds. A control about the relevant

parameters is essential for an implementation and application in optoelectronic devices.

In this context both complex dendritic structures as well as small redox cascades (dyads and triads)
based on triarylamine (TAA) chromophores (and NDI acceptors), which are linked by triazoles units

are promising structures for the investigation of energy transfer and electron transfer processes.

To prepare the envisioned systems, a building block concept on the basis of the CUAAC will be
implemented, which provides the unique opportunity to interexchange all basic components of the

dendrimers — the core, the terminal units and the branching units (cf. Figure 14).
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Figure 14: lllustration of the modular building block approach to the envisioned dendrimers.
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The investigation of energy transfer processes focuses on dendrimers exclusively composed of
TAAs and linked by triazoles. This architecture implicates that the core, the terminal units and the

branching units are all formed by TAA chromophores (see Scheme 24).

terminal groups

“OMe

Scheme 24: Schematic illustration of the molecular structure of an envisioned dendrimer, in which all basic
components are based on TAA chromophores. Note: the linkage of the TAAs on the triazoles is
not specified yet.

Furthermore, a series of redox cascades will be synthesised and investigated for their electron
transfer dynamics upon photoexcitation. The cascade experiments extend studies about
dendrimers and intend to examine photoinduced electron transfer processes and the factors
determining charge separation and charge recombination rates. Crucial structural components of
the TAA dendrimer units will be integrated in the construction of the cascades. In more detail, the
cascades are a “linear” structure and may be considered as an arm of the dendrimer, in which the
core is exchanged by an NDI acceptor and one substituent of the branching unit is exchanged by a
variable substituent X (see Scheme 25). Therefore, in a modified synthetic approach the
interchange of the branching unit will lead towards the desired series of redox cascades.
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Scheme 25: lllustration of the envisioned redox cascades, which show the structural parallels to a “linear”

segment of an individual chromophore branch in the dendrimers (cf. Scheme 24).

Furthermore, the synthesis of smaller model compounds will be performed, which may facilitate to

understand the photophysical and electrochemical properties of the dendrimers and the cascades.
Structural Considerations about Donor and Acceptor Units

The modular building block concept is mainly based on TAAs because TAAs are excellent donor
units and one of the key players in hole transfer applications, such as organic field effect
transistors (OFETs), organic light-emitting diodes (OLEDs) and organic photovoltaic devices
(OPVs).""81 TAAs are predestined as electron donor units, since they are known for their
relatively small reorganization energies./'®*"% Furthermore, p-substituted TAAs form very stable
radical cations with characteristic strong and sharp absorption bands between ca. 13000 cm™
(770 nm) and 15000 cm™ (670 nm).l"*"-"®*l These absorption bands are generally not overlapped by
other transitions, such as the absorption of neutral TAA, which makes TAAs ideal candidates for
the investigation of photoinduced electron transfer. Moreover, their redox potential can easily be
tuned by different p-substituents, which opens the prospect to generate a downhill-directed redox

gradient in the cascades.['®®170-172
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1,4,5,8-naphthalene diimides (NDI) are strong electron acceptor and possess two reversible
reduction potentials at ca. -1.1 V and ca. -1.5 V.I" N-alkyl substituted NDIs are well-known to
experience fast ISC into the locally excited triplet state (1/k = 10 ps in chloroform).'"" In contrast
N-aryl substituted NDIs rapidly form a CT state where the positive charge is located at the aryl
substituent and the negative charge at the NDI core (1/k = 500 fs in chloroform).l'20174173 wjith
regard to this work, N-aryl substituted NDIs are excellent complementary chromophores to the
TAAs because their radical anions exhibit characteristic strong and intensive absorption bands in
the visible and near-infrared. Moreover, the bands do not overlap significantly with the TAA radical
cation band.['® Additionally, N-aryl substituted NDIs show weak electronic interaction when linked
via the second nitrogen atom to another chromophore for two reasons. First, NDIs exhibit a nodal
plane along the molecular long axis going through the nitrogens in the ~~LUMO as well as in the 7-
HOMO. Second, the aryl substituent is twisted out-of-plane by almost 90°, which reduces orbital

interaction with the NDI core.!'"®178

Energy Transfer Processes in TAA Dendrimers

Homotransfer between the chromophores by incoherent hopping (Férster transfer) is expected to
be fast if the overlap integral between the excited donor emission and the acceptor absorption is
sufficiently large. In case of a homotransfer a relatively small Stokes shift is required for effective
energy transfer as both, the emission and absorption characteristics are equal. Thus, a small
reorganisation energy is required. Therefore, excitation into a distinct charge transfer state
generally prohibits efficient transfer of the excitation energy, especially in more polar solvents.!'!
Consequently, most dendrimers that have been investigated for their energy transfer dynamics
feature chromophores with locally excited non-polar states. In this work, the influence of the
introduced charge transfer states on the energy transfer processes in the dendrimers will be
examined. The energy transfer dynamics are expected to be strongly solvent dependent as the
excited states of the dendrimers are more stabilised by polar solvents. By connecting TAAs via
triazoles in the dendrimers a charge transfer state is expected upon excitation. Due to their electron
deficient character, triazoles act as weak electron acceptors and form a donor-acceptor motif when

combined with a strong TAA electron donor (see Scheme 26).['*°!
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Scheme 26: lllustration of a charge transfer excited state in a donor-acceptor motif consisting of a TAA

donor and a triazole acceptor.

The energy transfer properties of the dendrimers will be investigated by steady-state and time
resolved emission anisotropy measurements, which are powerful tools for monitoring energy
transfer processes (cf. section 2.1.1.4, p: 18). Furthermore, the influence of the solvent will be
examined by measurements in various solvents with different polarity, from non-polar toluene to

polar MeCN, and by measuring the dynamic Stokes shift of the emission.
Influence of the Global Shape

A change of the TAA core to a 2,2’,7,7'-tetrasubstituted-9,9’-spirobi[9H-fluorene] (spirobifluorene)
core affects the overall shape of the dendrimers from a more disc-like to an almost global-like
constitution. The perpendicular orientation of the two fluorene subunits prevents a direct interaction
of the two conjugated 7-systems and thus Dexter-type energy transfer is expected to be suspended
in these systems (see Scheme 27).l"®! The structural aspects may influence the energy transfer

performance of the spiro dendrimers compared to the “pure” TAA dendrimers.
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Scheme 27: lllustration of the geometric arrangement of chromophores in spirobifluorene systems. The top

view (right) illustrates the perpendicular arrangement of the two fluorene subunits.



| SCOPE OF THE WORK

Furthermore, the electron transfer properties of the radical cations of the dendrimers will be
investigated by steady-state absorption spectroscopy. In addition to the photophysical properties,
the morphology of the dendrimers might also be influenced by the overall shape of the dendrimers.
Due to the more global shape of the spiro dendrimers the glass transition temperature of the spiro
dendrimers is probably enhanced compared to the TAA dendrimers.!'®"'82 The glass transition
temperature reflects the stability of amorphous phases, which is an important factor in

optoelectronic devices (vide infra).

Cascades

A series of redox cascades will be obtained according to the synthetic considerations outlined
earlier in this section, in particular dyads and triads of A-D and A-D1-D2 type, respectively,
possessing a downhill-directed redox gradient from TAA1 to TAA2. Such systems are expected to
undergo charge separation by a number of successive relatively fast, electron transfers leading to
large overall charge separation. In contrast charge recombination is slowed down by the very weak
electronic coupling in the CS state (cf. 2.2.2, p: 53).

The photoinduced electron transfer dynamics are strongly influenced by relative state energies,
reorganization energies and the electronic coupling between the corresponding states. Recently
Lambert et al. reported about the investigation of compact cyclophane-bridged TAA-NDI dyads.
The authors showed that the population of triplet CS states (°CS) can significantly enhance the CS
state lifetime.!'® Charge recombination from the °CS state to the electronic ground state is
forbidden by spin conversion rules and, in the absence of heavy atoms, there is no sufficient spin
orbital coupling to overcome this rule. To effectively populate the *CS state, the charge separation
process has to be faster than the charge recombination process by a ~10* factor. Then the 'CS
state can undergo intersystem crossing (ISC) before reaching the electronic ground state.** For
the envisioned cascades the charge separation step is expected to be in the Marcus normal region,

while charge recombination should occur in the inverted region.
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Scheme 28: Schematic representation of the three possible excited states of the triads. The star marks the

locally excited group.

Upon excitation of the NDI or the TAA1 (cases 1 and 2 in Scheme 28), a stepwise electron transfer
(ET) is expected. First leading to the CS state (CS1) where the negative charge is localised on the
NDI and at first the intermediate TAA1 is oxidised (NDI'—Tz—TAA1'—Tz—TAA2). Then, the charge
is transferred to the terminal TAA2 and the fully CS state (CS2) is generated
(NDI'-Tz—TAA1—Tz—TAAZ2"). Consequently, the charges are much more distant in the CS2 state
of the triads than in the CS state of the dyads, which consist of an NDI and a single MeO-TAA.
Furthermore, the CS2 state of the triads is energetically lower than the CS state of the dyads (the
charged chromophores are identical in both fully CS states). Thus, a smaller rate for the
recombination process is expected for the triads compared to the dyads. The required downhill
state progressions will be examined amongst others by fs- and ns-time resolved transient
absorption spectroscopy. A different scenario is presented by case 3 (Scheme 28). The terminal

TAAZ2 is excited and subsequent electron transfer to the TAA1 is prevented.
Donor-Acceptor Dendrimers

Exchange of the terminal groups in the TAA dendrimers by NDI acceptors, combining the concept
of redox-cascades and dendrimers, leads to donor-acceptor dendrimers with an electron transfer
gradient from the core to the periphery. Resulting structures are promising for effective light

harvesting applications.
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Chapter 3
RESULTS AND DISCUSSION

This section starts with the presentation of the accomplished syntheses towards the compounds
envisioned in the preceding section followed by the investigations concerning their photophysical
and electrochemical properties. Sections about synthesis and spectroscopy are subdivided in parts

for dendrimers and cascades.

3.1 Synthesis

This section discusses the applied synthesis to the desired cascades, dendrimers and model
compounds. As mentioned above, the dendrimers as well as the cascades were built up by the
CuAAC “click reaction” leading to systems in which the chromophores are connected via 1,4-

disubstituted 1,2,3-triazoles.

One main requirement for the synthetic realisation was to develop a concept that allows the
modular exchange of all basic components of the dendrimers (core, branching and terminal unit).
As outlined in the scope of this work, a trisubstitiuted TAA and a tetrasubstituted spirobifluorene
served as core units while a TAA and an NDI served as terminal units. The interior and thus the
branching unit was planned to consist of TAAs only and those building blocks gave rise to plain
TAA dendrimers, TAA dendrimers with a 3-dimentional structure caused by the spirobifluorene core
and donor-acceptor dendrimer composed of TAA donors as the core unit and as the interior and of

several NDI acceptors on the surface.

Accordingly, cascade syntheses were achieved by taking a donor-acceptor dendrimer and
replacing the tri-functionalised TAA core by a mono-substituted TAA derivative. Furthermore, the
branching units were substituted by appropriate bivalent building blocks, in which one substituent
for dendritic growth of the former branching unit is exchanged by a variable (redox determining)

substituent. This will lead to a linear TAA connection with an adjustable redox gradient.
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3.1.1 Dendrimers

As already mentioned, dendrimer synthesis can generally be achieved either by a convergent or a
divergent approach (cf. 2.2.137). The decision, for one of the two approaches does not necessarily
depend on the advantages or disadvantages of the convergent or divergent concept, but rather on
practical synthetic considerations such as synthetic effort for the building blocks, purification

methods et cetera.

The terminal as well as the core unit demand for one distinct type of connecting group either the
acetylene or the azide functional group (which one depends on the synthetic strategy), see Chart 9.
The synthesis of the terminal and the core unit allows for both strategies and thus has less

influence on the decision for either the convergent or divergent approach.

cores terminal units
=/N, N/ = Me0\©\ ,©,0Me
: "N’ : N

N3/E N3IE

rgten

Chart 9: Possible substitution pattern of cores and terminal units in a modular building block synthesis

towards the envisioned dendrimers.

In contrast, the branching unit in either a convergent or a divergent synthesis has to be equipped
with both functionalities within a single molecule independent of the dendrimer approach
(see Chart 10). The challenge to prevent uncontrolled growth demands for the use of rational

protecting groups.

branching unit

] @

N,
Chart 10: Possible substitution pattern of branching units in a modular building block synthesis towards
the envisioned dendrimers (“N3” denotes an azido function or a precursor function leading to an

azido function).
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A wide range of protecting groups has been reported for acetylenes of which the alkylsilyl groups
are certainly the most common ones."®*"8"1 Within the scope of this work the tri-i-propylsilyl (TIPS)
group seems to be well-suited for the branching unit because it is stable even under demanding
conditions, the bulky geometry might prevent unwanted thermal cycloadditions and cleavage
succeeds under mild conditions with tetra-n-butylammonium fluoride (TBAF).'8¢]

Yet, there are no protecting groups for azides and thus their precursor functionalities (commonly
halides) had to be used instead. The transformation of halides into azides can be realised by
substitution with sodium azide and therefore the solubility of the aryl halide and alkali azide had to
be taken into account.

This consideration precluded a convergent synthesis in which the azide would have to be activated
after each growing step. Extended halide substituted dendrons are not expected to be soluble
under the same conditions as sodium azide. Furthermore, arylazides are known to be susceptible
to photodegradation, exploited in commercial applications such as lithography, and thus an
introduction of multiple azides involves the risk of losing some reactive functionalities, which in turn
may result in structural defects.!®'8!

For these reasons the dendrimer syntheses were accomplished by a divergent approach with a
branching unit consisting of two protected alkynes and one azide. The branching units were

attached to the lower generation dendrimer precursors via the azide.

First, the synthesis of the building blocks will be discussed followed by the synthesis of the

dendrimers and several model compounds.
31141 Building Block Syntheses

TAA core 2

In Scheme 29, the straight-forward synthesis of the TAA core 2 is shown.®™ Thereby, tris(4-
bromophenyl)amine was transformed by a Pd-catalysed Sonogashira-Hagihara cross coupling with
trimethylsilylacetylene (TMSA) in 1,4-dioxane into the trimethylsilylacetylene derivative 1.1'%"
Subsequently, deprotection with TBAF in DCM provided the free alkyne TAA core 2 in excellent
yields. Noteworthy, although deprotection of alkynes in THF supplemented with TBAF solved in
THF is a standard reaction in literature, these reaction conditions were found to be unreliable in the
deprotection reactions presented in this work. In some cases the reaction did not lead to the
desired product but an insoluble solid was formed instead. This problem was solved by adding solid

TBAF to solutions of the protected alkynes in DCM.
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TMSA
o g, PAPNCN)Cl, Cul VoSN o SMes
@ @’ Bu-P. 'PryNH TBAF \@ ©/
N
1,4-dioxane DCM
RT, 5d RT, 90 min
89 % 95 %
Br
Il 1l
SiMe,
1 2

Scheme 29: Syntheses of TAA core 2.

Spirobifluorene core 4

The synthesis of the spirobifluorene core 4 was accomplished by a reaction sequence according to
Yu et al"% First 3 was synthesised by a Sonogashira-Hagihara reaction of 2,2’,7,7-tetrabromo-
9,9’-spirobi[9H-fluorene] with TMSA in triethylamine with Pd(PhCN).Cl, as catalyst. Final
deprotection with TBAF in THF resulted in 4 in excellent yields (Scheme 30).

TMSA
Pd(PhCN),Cl, Cul
‘BugP, 'ProNH TBAF
Megsi
EtsN Me;Si THF
RT,6d RT,3d
57 % 96 %
Scheme 30: Syntheses of spirobifluorene core 4.

Terminal TAA azide 6°

As outlined in Scheme 31, the synthesis of 6 started with an Cu(l)-catalysed Ullmann reaction of
4-bromo-aniline and 4-iodoanisole in the presence of 1,10-phenanthroline in toluene, leading to the
bromo-substituted TAA 5.1'%! In a next step the bromide was substituted by an azido group. Several
attempts to achieve this substitution via metalation with (n-, sec-, t-) butyl lithium followed by
addition of either sodium azide or tosyl azide left the starting material unaffected.

Finally, 6 was obtained under Ullmann-type reaction conditions with sodium azide and Cul as a
catalyst reported by Liang et al'""! Herein, the usage of N,N’-dimethylethylenediamine (DMEDA)
as co-catalyst and L(+)-sodium ascorbate as mild reducing agent guaranteed high concentration of
Cu(l). As reaction medium a mixture of ethanol and water (7:3) was used to address the issue of

solubility of the precursor as well as of the sodium azide.

® Parts of this section have already been published in Beitrdge zur Synthese und Charakterisierung von

triarylaminhaltigen Dendrimeren (iber die Kupfer(l)-katalysierte 1,3-Huisgen-Cycloaddition, Diploma Thesis of Fabian
Zieschang, Wirzburg 2009.
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4-jodoanisol NaN3
NH, 1,10-phenathroline Cul, DMEDA

MeO OMe ! MeO OMe
Cul, KOH @ @’ L(+)-sodium ascorbate \©\ @’
—_— N ' N

@ toluene EtOH/H,0 7:3
Br 111°C, 26 h reflux, 8 h
53 % 88 %
Br N3

5 6
Scheme 31: Synthesis of the terminal TAA azide 6.

Terminal NDI azide 8

In the first reaction step towards 8, the bromo substituted NDI derivative 7 was obtained by
microwave-assisted condensation of 1,4,5,8-naphthalenetetracarboxylic dianhydride with 2,5-di-
tert-butylaniline and 4-bromo-aniline in dry pyridine in 26 % yield.'"”*"%! Therefore, a mixture of
1,4,5,8-naphthalenetetracarboxylic dianhydride and 2,5-di-tert-butylaniline was heated at 145°C for
90 min to generate the monoimide, that was converted in situ with 4-bromo-aniline at 145 °C for
further 90 min. 2,5-Di-tert-butylaniline was employed to increase the solubility of 7 compared to its
unsubstituted phenyl derivative. However, in the following azidation even 7 showed poor solubility
in the solvent mixture (EtOH/H,O) recommended in literature. Thus, the solvent mixture was
changed to 'PrOH/H,0 9:2, which provided at least moderate solubility. Therefore, the reaction time
had to be extended to 16 h compared to the synthesis of 6 to gain 8 in reasonable yields
(Scheme 32).

NH,
1)9—<:§—é NaN;

°3°¢° o o Cul, DMEDA o o
2) Br—@—NH2 0 L(+)-sodium ascorbate 0
o9 - D angeeatt
pyridine, microwave i :
4 S PrOH/H,0O 9:2 4 S
8

o000 1) 145°C, 90 min reflux, 16 h
2) 145°C, 90 min 7 53 %
26 %
Scheme 32: Synthesis of the terminal azido NDI derivative 8.

Branching unit 11

As mentioned above, the branching unit had to be equipped with two protected acetylene and one
azido moiety to allow controlled dendritic growth. First, the bisarylamine 9 was generated by
introducing the tri-i-propylsilylacetylene (TIPSA) substituents into bis(4-bromophenyl)amine via a
Sonogashira-Hagihara reaction using Pd(CN),Cl, as Pd-catalyst in 1,4-dioxane (see
Scheme 33).1""! The subsequent arylation of 9 to the TAA 10 emerged to be most challenging.
Several attempts to transform the bisarylamine 9 into 10 by a Pd-catalysed Buchwald-Hartwig cross

coupling with different catalyst/ligand/base/solvent combinations failed (see Table 2). This finding
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might be explained by the electron deficient character of amine 9 (TIPSA exhibits an —I-effect) or by
high sterical hindrance."'%! Hence, several Ulimann coupling®®?°" reactions using Cu(l) were
tested and indeed Cul in the presence of 1,10-phenanthroline in toluene with potassium carbonate

as base yielded at least traces of 10.['%%

Table 2: Amination Reactions with Different Bases, Catalysts, Ligands and Reaction Conditions.
catalyst ligand base solvent T t %
Pd,(dba);-CHCI3 ‘Bu,sP KO'Bu toluene 60°C 8d -
Pd,(dba)sCHCl, ‘BusP KO'Bu toluene 110°C 11d -
Pd,(dba);-CHCl; ‘BusP NaO'Bu toluene 110°C 14 d -
Pd,(dba);CHCI3 ‘BusP NaOBu 1,4-dioxane 90°C 10d -
Pd,(dba);-CHCI3 dppf NaO'Bu toluene 110°C 8d -
Pd,(dba);-CHCI; dppf NaOBu 1,4-dioxane 80°C 9d -
Cu,0O!"% - - DMAC 170°C 4d -
Cul 1,10-phenanthroline KOH toluene 105°C 7d traces
Cu 18-crown-6 K.COs3 o-DCB 179°C 3d 49 %

Harsher Ullmann reaction conditions, that is activated Cu in 0-DCB at ca. 180°C, yielded 10 in
49 %.2%4 Particularly in this reaction step, the extreme stability of the TIPS group against strongly
basic and high temperature conditions compared to the standard TMS group were beneficial.
Remarkably, the use of 1,4-dibromobenzene instead of 1-bromo-4-iodobenzene under the same
reaction conditions provided only traces of 10. This result might be explained by polarisation effects
in 1-bromo-4-iodobenzene as iodide is more polarisable than bromide. However, this hypothesis
has not been proven experimentally.

Azidation according to Liang et al. finished the synthesis of the branching unit 11.1'*!! Therein, the
solvent was changed to 'PrOH/H,0 with regard to the solubility of 10 and sodium azide similar to
the azidation leading to 8. The more branched TIPS group were respected to confer higher

solubility than the TMS group — another advantage of TIPS compared to standard TMS.
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Scheme 33: Synthesis of the branching unit 11.

3.1.1.2 Dendrimer Syntheses

All dendrimers were constructed by divergent synthetic routes, in which the dendrons were
subsequently built up by “click reactions“ from the core to the periphery. The experimental
procedure involved repetitive synthetic steps consisting of a “click reaction” and a deprotection step
to activate the alkynes for next the next round. All “click reactions” were performed with N,N-
diisopropylethylamine (DIPEA) as non-nucleophilic base with (PPh3);CuBr as organo-soluble Cu(l)
source.® THF was chosen as solvent and the reactions accomplished in the dark. After each
reaction step, purification using recycling GPC was essential to remove both by-products and
unreacted starting material. Thus, isolation and characterisation by complete assigning of 'H- and
3C-NMR signals of precursors and final products guaranteed monodispersity of the dendrimers.
Furthermore, the precursors were characterised by high resolution mass spectrometry. Few
dendrimers showed an unexpected behaviour in the high resolution mass spectrometry

experiments that will be discussed in more detail later on.
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TAA Dendrimers G1-G3°

Synthesis of the dendrimers G1-G3 was accomplished by the repetitive synthetic approach
described above. This cascading reaction sequence shown in Scheme 34 started from the TAA
core unit 2. Direct attachment of terminal units 6 to 2 by “click reaction” resulted in the 1°

generation dendrimer G1 in a yield of 79 %.

Using 11 instead of 6 in the reaction converted 2 into the 1 generation precursor dendrimer 12 and
following deprotection of the alkynes with TBAF led to the activated dendrimer 13. “Click reaction”
of 13 with 6 provided the 2™ generation dendrimer G2 in 83 % vyield, which is the first dendrimer in
this series that consists of the core, the branch and the terminal units.

Following the progressive synthesis by treating 13 with 11 gave rise to the 2" generation precursor
dendrimer 14. The largest dendrimer, that is the 3 generation dendrimer G3, was obtained from 14
through deprotection of the TIPSA groups with TBAF and following CuAAC with 6. Since G3 proved
to be exclusively soluble in chlorinated hydrocarbons, syntheses of higher generation dendrimers
were not accomplished.

Increased reaction times of the CUAAC dramatically improved the yields and therefore some “click
reactions” were performed longer than 20 d. Remarkable, the yields per reaction centre were at
least 93 % (G1: 93 %; 12: 97 %; G2: 97 %, 14: 95 %, G3: 93 %).

® Parts of this section have already been published in Beitrdge zur Synthese und Charakterisierung von

triarylaminhaltigen Dendrimeren (ber die Kupfer(l)-katalysierte 1,3-Huisgen-Cycloaddition, Dploma Thesis of Fabian
Zieschang, Wirzburg 2009.
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Cascading synthesis sequence yielding the TAA dendrimers G1-G3.

Scheme 34:
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Spiro Dendrimers spiro-G1 and spiro-G2

Spiro dendrimers were prepared similar to the plain TAA dendrimers G1-G3 (see Scheme 35). The
reaction sequence started with the spirobifluorene core 4. In a “click reaction” of 4 with 6 the
1% generation spiro dendrimer spiro-G1 was obtained in 23 % vyield, while in a second reaction 4
was converted with 11 to the 1% generation precursor spiro dendrimer 16. Subsequent deprotection
of the alkylsilyl acetylenes with TBAF resulted in the precursor dendrimer 17, which gave rise to the
2" generation spiro dendrimer spiro-G2 via “click reaction” with 6. Spiro-G2 and G3 show a similar
solubility behaviour, which prevented the synthesis of higher generation spiro dendrimers.
Compared to the syntheses of the plain TAA dendrimers the yields of the “click reactions” for the

spiro dendrimers are significantly lower, which might be a result of the different global structure.

X X
$ éi;
1

N
—
=

(PPh3)3CuBr X
iPr,NEt \
4 <
THF X '
60°C, 5d \@NQ/
6 42 %
(PPhs);CuBr
1
FrahlEt | 6 I 16:x=si(Pr);— TBAF
X x DCM
40°C, 18d (Pf’ha)aCuBr RT. 5h
PrNEt ye ’
o Tl 17: X=H 99 %
@ 65°C, 45 d
22 %

$ M,(,@@@h 5 & & @?@Me

I A )

spiro-G2

Scheme 35: Cascading synthesis sequence yielding the spiro dendrimers spiro-G1 and spiro-G2.
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Donor-Acceptor Dendrimer D-A-G1

Besides replacing the core of the dendrimer structure, as realised in the spiro dendrimer synthesis,
the terminal units were substituted with an NDI. The conversion of the TAA core 2 (electron donor)
with the NDI derivatives 8 (electron acceptor) gave access to the 1% generation donor-acceptor

dendrimer D-A-G1 by in moderate yields (see Scheme 36).

2

8
(PPh3);CuBr
Pr,NEt

THF
(o}
65°C, 12 d 07‘@\\4
N
O ° Y oaw N

D-A-G1

Scheme 36: Synthesis of the 1% generation donor-acceptor dendrimer D-A-G1.
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3113 Model Compound Syntheses®

In addition to the different dendritic structures several smaller model compounds were synthesised
in order to achieve a better understanding of the spectroscopic properties of the dendrimers’.
Therefore, the acetylene counterpart 19 of the terminal unit 6 was synthesised by introducing an
acetylene moiety into 5 via Sonogashira-Hagihara reaction in 1,4-dioxane with TMSA followed by
deprotection with TBAF (Scheme 37).[97:203]

TMSA
Pd(PhCN)Cl;, Cul  meo OMe MeO OMe
BugP, 'ProNH ‘@ @ TBAF @ @’
5 > N —_— N
1,4-dioxane DCM
RT,1d RT, 90 min
89 % 95 %
Il I
SiMe;
18 19

Scheme 37: Syntheses of the alkyne TAA derivative 19.

Conversion of 6 and 19 with the phenyl counterparts provided N-M and C-M, respectively, which

differ in the connection mode to the triazole (Scheme 38). Furthermore, the bis-TAA model

compound M was prepared via “click reaction” of 6 and 19.12%¥

MeO N=N phenyl azide phenyl acetylene N=N OMe
\@ <N (PPh3);CuBr (PPhg)sCuBr N @
N’©/K/ @ ProNE 'ProNEt m @N
- 19 6 5
THF THF
65°C, 8d 65°C, 8d
MeO 54 % 23 % OMe
C-M N-M

oy 5
9 W 9

MeO OMe

Scheme 38: Synthesis of the model compounds C-M, N-M and M.

® Parts of this section have already been published in Beitrdge zur Synthese und Charakterisierung von

triarylaminhaltigen Dendrimeren (iber die Kupfer(l)-katalysierte 1,3-Huisgen-Cycloaddition, Diploma Thesis of Fabian
Zieschang, Wirzburg 2009.



3.1.1 DENDRIMERS

Two further mono-TAAs were synthesised to mimic the substitution pattern of the core and the
branch TAA unit. Reaction of 2 with phenyl azide yielded the “core model” core-M in 65 % yield
(Scheme 39).

phenyl azide N.N:N e
(PPhs)3CuBr @’ = N
iPr,NEt .
—_—

2
THF
65°C, 10d

65 %
NIS
N-N

core-M
Scheme 39: Synthesis of the “core model “core-M.

Preparation of the “branch model” branch-M required a more elaborated synthetic route. Branch-M
was prepared in a three step synthesis starting from the branching unit 11. In a first reaction step,
phenyl acetylene was treated with the azide function of 11 leading to compound 20 in moderate
yields. Subsequently, the trialkylsilyl protecting groups in 20 were cleaved with TBAF and provided
compound 21 in nearly quantitative yields. A final “click reaction” with phenyl azide resulted in the
desired product branch-M (Scheme 40).
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Scheme 40: Synthesis of the “branch model” branch-M.
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3114 Mass Spectrometry

In this section the mass spectrometry experiments (ESI/MALDI) of the compounds presented in the
preceding section will be discussed. For nearly all triazole containing compounds the appearance
of additional signals in the mass spectra was observed. Those signals were assigned to species
lacking one N>-molecule per triazole. This phenomenon is well-known from literature and probably
results from a thermal decomposition of the triazole during the mass spectrometry
experiment.?°>2%! Presumably, the elimination of N, generates the singlet iminocarbene A, which
transfoms into the unstable ketenimine B via a hetero-Wolff-rearrangement. B can undergo

(2071 Alternatively, A follows a

subsequent reactions with e.g. H,O (reaction path | in Scheme 41).
ring closing reaction to the 1H-azirines C as reactive intermediate (reaction path Il in Scheme 41)
and further evolves to e.g. indole D.?"?%! Since those species are all isomers a discrimination is

not possible by mass spectrometry.

Scheme 41: Possible thermal decomposition pathways of triazoles.

While ESI masses were obtained for the smallest dendrimers G1 and spiro-G1 as well as for the
model compounds, this technique failed for the larger dendrimers G2, G3 and spiro-G2. However,
ESI mass spectrometry provided data for their protected (12, 14 and 16) and deprotected (13, 15
and 17) precursors even though it had become more and more sophisticated to obtain useful data
for molecules with increasing molecular weight. E.g. 15 shows the M***- 9 x N, peak as basic peak.
Obviously, the introduction of MeO-substituted TAAs in G2, G3 and spiro-G2 is responsible for the
observed performance of the larger dendrimers G2, G3 and spiro-G2. This finding might be
explained by the large influence of the MeO-substituted TAAs as cyclic voltammetry measurements
revealed that these TAAs exhibit the lowest oxidation potential. However, MALDI mass experiments
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were successfully performed for G1-G3, spiro-G1 and spiro-G2. Due to an increased nitrogen
elimination during the MALDI measurements in combination with the isotopic distributions of all
present species, the spectra of G2, G3 and spiro-G2 became more and more complex. Thus, an
assignment to a distinct species was impossible. Furthermore, these structures showed cluster
formation resulting in a series of peaks with constant mass intervals and decreasing intensity.
Further investigations would be necessary to fully understand the properties of G2, G3 and spiro-

G2 in mass spectrometry experiments.
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3.1.2 Cascades®

In this section the syntheses to the envisioned dyads and triads are presented. The dyads can be
generated by an one step reaction with the related building blocks. The preparation of the triads

involved a modified synthetic approach of the modular dendrimer synthesis.

The redox centres of the presented cascades are linked via triazole heterocycles. Such triazoles
are formed by CuAAC between terminal alkynes and azides.”® As an unsymmetric bridge the
triazole can be either connected via the carbon or via the nitrogen to the NDI acceptor. Therefore,
in addition to the azide substituted NDI 8 (synthesis shown in Scheme 32; p: 81) also the alkyne
substituted NDI 22 was synthesised. This was achieved by one-step microwave-assisted
condensation of 1,4,5,8-naphthalenetetracarboxylic dianhydride with the arylamines in dry DMF.
Similar to the synthesis of 7, the monoimide was generated from 1,4,5,8-
naphthalenetetracarboxylic dianhydride and 2,5-di-tert-butylaniline by heating of both components
in DMF at 145°C for 60 min. Subsequent addition of 4-ethynyl-aniline to the mixture and heating at
145°C for further 90 min led directly to 22 in 25 % vyield (see Scheme 43).['?

NH2

1)
05,00

0 2= x&m&

1) 145 C, 60 min
oo 2) 145°C, 90 min
25 %

Scheme 42: Synthesis of the alkyne substituted naphthalene diimide derivative 22.

Hence, “click reaction” of 8 or 22 and its alkyne- (19) or azido -substituted (6) TAA counterpart,
gave access to the two different dyads Da and Db, which differ in the connection mode to the
triazole (see Scheme 43). However, the enhanced reaction times in the synthesis of Db did not

improve the yields as observed for the dendrimer.

@ Parts of this section have already been published in Synthese triarylaminhaltiger Redoxkaskaden, Bachelor Thesis of
Maximilian Schreck, Wirzburg 2011.
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6 + 22 19 + 8
(PPhg)sCuBr (PPhs);CuBr
ProNEt ProNEt
THF THF
60°C,7d 65°C, 38d
75 % 35 %
MeO,
M90© NzN o e @ N=N o
N 2 SN
LI OO LN
o O N ° O N
[o} o
MeO Da MeO Db
Scheme 43: Synthesis of the two dyads Da and Db that differ in the connection mode to the triazole,

indicated by the green and red colour, respectively.

The larger cascades consisted of two different TAA donors featuring a downhill-directed redox
gradient. Accordingly, the redox potentials of the TAAs were tuned via substituents in p-position.
The bivalent TAAs possess only one functionalisable position because the other two are involved in

the construction of the cascades” backbone (Scheme 44).
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Scheme 44: The downhill redox potential of the TAAs is determined by the substitution pattern.
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Starting from either 19 or 22 gave rise to two different series of redox cascades differing in the

junction of the triazoles, see Scheme 45.
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Scheme 45: lllustration of the different cascade backbones defined by the use of the starting compounds. X

denotes different substituents that determine the oxidation potential.

For both series the same bivalent building blocks were required, that include an azido, an
(protected) acetylene and an oxidation potential affecting function X. The straightforward synthesis
of 35, 36 and 37 is outlined in Scheme 46 and is inspired by the synthesis introduced for the
branching unit in the dendrimer section (cf. Scheme 33, p: 83).

The synthesis of the building blocks 35, 36 and 37 started with the generation of the p-substituted
diarylamines 23, 24 and 25 by a Pd-catalysed Buchwald-Hartwig!'**?**'? cross coupling of aniline
with 4-iodotoluene and 4-bromobenzonitrile, respectively, or of iodobenzene with 4-chloroaniline.
Next, the diarylamines were selectively brominated in p-position using tetra-n-butylammonium
tribromide (TBATB)!'"”! in CHCI; as bromination reagent, which had two major advantages over
classical bromide. First, TBATB is a solid, that is easy to handle and much more environmentally
benign. Second, it allows mild bromination conditions and is less oxidizing than bromide.?"!
Sonogashira-Hagiharal™®" cross coupling reactions of 26-28 with TIPSA in 1,4-dioxane with
reaction times of several days provided the bisarylamine derivatives 29-31 in yields over 80 %.

TIPS protecting groups were employed for the benefits outlined in the dendrimer section.
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Similarly to the synthesis of 11 the following Ullmann coupling reactions of 29-31 with 1-bromo-4-
iodobenzene leading to the TAAs 32-34 were performed in 0o-DCB with activated copper and
potassium carbonate as base.?*

Finally, substitution of the bromides in 32-34 with sodium azide and Cul in a mixture of 'PrOH/H,O
7:3 gave rise to the desired bivalent TAA reagents 35-37. Thereby, the low solubility of the
precursors might have accounted for the relatively low yields of 36 and 37. Another reason might
be their electron poor character of 36 and 37.!"% One major drawback of this synthetic route is the
determination of X in the first reaction step but all attempts to find an alternative strategy in which

the substituent is introduced at a later time of the reaction failed.

H,N

Pd;(dba)s CHCI
Bu3P NaO'Bu H TBATB 26:X=Me 82%

@ @’N@ /@"@ 27:X=Cl 90 %
1,4-dioxane x CHCl3 28:X=CN 60 %

80-90°C,20h-3d 23:X=Me 83% 0°c. 1h

PO
SO
o -

RT, 30 min TIPSA
24:X=Cl 8% Pd(PhCN),Cl,, Cul
25:X=CN 81% 'BugP, 'Pr,NH
1,4-dioxane
75°C, 10-21d
Cu, K,CO3,18-crown-6
1-bromo-4-iodobenzene 29: X = Me 88 %
0-DCB /@ @\ 305 X=Cl 82 ZA
179°C, 4d (Pr);Si 31:X=CN 89%

Br

32: X=Me 46 % @
33:xX=Cl 43% N
34:x=CN 68%/@( ‘@
Z X NaN,

. 7
(iPr)sSi Cul, DMEDA
L(+)-sodium ascorbate

* * 'PrOH/H,0 7:3 *
reflux, 8 h

N3 N3 N3

@ ¢ @
Lo oe. oo,

('Pr);Si ('Pr);Si ('Pr);Si

Scheme 46: Synthesis of the bivalent building blocks 35, 36 and 37.
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With precursors 35-37 in hands, the synthesis of both series of cascades A and B was approached.
In pathway A the synthesis started with a “click reaction” of 22 and the three bivalent TAA building
blocks 35-37, respectively, leading to the three TAA-NDI derivatives 38-40. However, subsequent
deprotections with TBAF failed for all derivatives and led to a complete degradation of the starting
material (see Scheme 47).

Fluoride ions show an extraordinary affinity to NDls as reported for several applications in literature
ranging from fluoride detection®*?"® to regioselective brominations®®'®. Although fluoride is
expected to be a much too weak reduction agent to reduce NDIs, several reports in literature
indicate that the fluoride reduces the NDI to its radical anion NDI", which may undergo irreversible
consecutive reactions.?'>?' To address this issue, several fluoride sources and solvent
combinations were tested. However, degradation occurred much faster than the deprotection of the

TIPS group in all cases and prevented the synthesis of this series of cascades.

22 + 35,36 or 37

(PPhs)sCuBr
iPr,NEt
THF

60-65°C, 6-20 d
38:X=Me 49%

o Se
° @ N @N
O 39:X=Cl 34%

o 40:X=CN 70 %

Si('Pr);

ot

0
N gradation
Tt g

X

Scheme 47: Abortive synthesis of the cascades by synthetic pathway A.

Contrarily, the cascade synthesis applying pathway B started from 19 which has proved to be
stable under optimised deprotection conditions. The three triads T-Me, T-Cl and T-CN were
prepared in three-step reactions, shown in Scheme 48, starting with a “click reaction” of 19 with 35,

36 and 37, respectively, which resulted in the compounds 41, 42 and 43 in moderate yields.
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Following deprotections with TBAF in DCM led to the deprotected bis-triarylamines 44-46 in good to
excellent yields.

A complete removal of TBAF trihydrate was essential to avoid degradation of 8 in the subsequent
“click reactions” leading to the desired three triads T-Me, T-Cl and T-CN.?®! Although reaction
times were varied, yields could not be improved any further and experimental data indicated that

reaction times of ca. 13-15 d provide the best results.
19 + 35,36 or 37

(PPh3)3CuBr
Pr,NEt
THF
65°C
Si(iPr);

N=N
Q oa. Q/
N N 41: X =Me 16d, 28 %

@ 42:x=Cl 15d, 51 %
TBAF 43:X=CN 9d, 16 %

44: X = Me 86 %

@ 45:x =Cl >99 %
46:X=CN 98 %
MeO 8 X

(PPha)sCuBr
iProNEt
THF
MeO, 65°C

MeO @ T-Me: X =Me 13d, 39 %
X T-Cl : x=cl 13d, 68 %
T-CN: X=CN 34d,39 %

Scheme 48: Synthesis of the triads T-Me, T-Cl and T-CN by synthetic pathway B.

Although this building block concept would allow the design of more complex cascades, the
synthesis of larger cascades is not promising because absorption spectroscopy of T-Me, T-Cl and

T-CN already showed overlapping absorption bands.

The five obtained cascades are summarised in Chart 11.
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Dyads Triads

MeO@
N Q@—& @@@* @m 13%
N ’ ‘oY Me T-Me

MeO
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Chart 11: Summary of the redox cascades synthesised and investigated in this thesis.
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3.2 Spectroscopy

In the following section the optical and electrochemical properties of the synthesised dendrimers
(and model compounds) and cascades are reported. First the dendrimers will be discussed
followed by the cascades. However, the donor-acceptor dendrimer D-A-G1 will be examined after
the cascades since it features more parallels to the cascades as to the “only donor comprising”

dendrimers.
3.2.1 TAA Dendrimers

3.211 Cyclic Voltammetry?

Cyclic voltammetry (CV) was performed to investigate the electrochemical properties of the
dendrimers G1-G3 as well as of the model compounds C-M, N-M, M, core-M and branch-M
(see Figure 15). All measurements were performed in DCM under argon atmosphere with TBAHFP
(~ 0.2 M) as supporting electrolyte, referenced against the ferrocene/ferrocenium redox couple
(Fc/Fc*) and CVs that exhibit at least two different potentials were digital simulated with DigiSim!?'®!

to obtain reliable E;, values (see Figure 15 and Table 3).

@ Parts of this section have already been published in Beitrdge zur Synthese und Charakterisierung von

triarylaminhaltigen Dendrimeren (iber die Kupfer(l)-katalysierte 1,3-Huisgen-Cycloaddition, Diploma Thesis of Fabian
Zieschang, Wiirzburg 2009.
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Figure 15: Cyclic voltammograms of branch-M, core-M, C-M, N-M, M and G1-G3 measured in DCM with
TBAHFP (~ 0.2 M) as supporting electrolyte and referenced against the Fc/Fc* redox couple.

In the CV experiment C-M and N-M present reversible oxidation waves at 240 mV and 330 mV,
respectively. Both compounds differ in their linkage towards the triazole only and this linkage
strongly influences the redox potentials. Accordingly, triazoles connected via the carbon to the TAA
act as an electron-donating-group (EDG) while nitrogen-linked triazoles act as an electron-
withdrawing-group (EWG).[%°21°2201 This EWG behaviour of N-linked triazoles might be a result of
the incorporation of the nitrogen lone pair into the aromatic 7-system, which precludes a +M-effect
and thus, only the —I-effect due to the nitrogen electronegativity remains.

The CV of M provides Ej; values of 240 mV and of 340 mV and thus appears as a superposition of
the CVs of C-M and N-M since the two TAAs in M possess the same substitution pattern as C-M
and N-M. The assignment of the first oxidation to the carbon-linked and the second to the nitrogen-
linked TAA was also supported by two-dimensional redox NMR-measurements.?" The values
found might indicate less electronic communication of the two TAAs via the triazole and thus the
potentials are defined only by the EWG/EDG behaviour of the triazoles.

This ambivalent potential defining behaviour of the triazoles also extensively influences the CVs of

G1-G3, hence all TAAs, except for the terminal TAAs, are substituted exclusively by triazoles.
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Thus, the first oxidation waves for G1-G3 at ca. 330 mV are assigned to the oxidation of the
terminal TAAs because the donor strength of the MeO-substituents is considerably larger than any
influence of the triazole. The following oxidations at ca. 480 mV refer to the core-TAAs, which
feature three EDGs (carbon linked triazoles) whereas the branch TAAs (only in G2 and G3)
possess the most positive oxidation potentials at ca. 600 mV as a result of two EWGs and one
EDG. Moreover, these assignments of the oxidation waves were also supported by CVs of core-M
(E12 =470 mV) and branch-M (E;, = 550 mV).

Table 3: Half-Wave Potentials (E12) of G1—G3 and of the Model Compounds branch-M, core-M, C-M, N-M
and M. All E;; Values were Estimated by Cyclic Voltammetry in DCM/TBAHFP (~0.2 M) at RT and

Referenced against the Fc/Fc* Redox Couple.

E ESE™ %

/mV /mV /mV

core-M° - - 470
branch-M° - 550 -
N-M° 330 - -
Cc-MP° 240 - -
M2 ° 245, 340 - -

G1¢ 295, 320, 340 - 500

G2*° 300, 305, 330, 580, 615, 620 465

340, 360, 370
G3*° 250, 270, 280, 510, 540, 570, 440

300, 305, 320, 590, 615, 635,
320, 335, 340, 665, 715, 800
360, 370, 390

3 Ey» values obtained by digital simulation of the related CV with DigiSim.?'® ® Measured with a scan
rate of 250 mVs™. © Measured with a scan rate of 500 mV s”. ¢ Measured with a scan rate of
1000 mVs™.
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3.21.2 Steady-State Absorption Spectroscopy?®

In order to obtain information about the electronic ground state of the dendrimers, steady-state
absorption spectra of N-M, C-M, M and G1 were recorded in solvents of different polarity (ranging
from nonpolar cyclohexane to polar MeCN). The obtained data are listed in Table 4. From G2 and
G3 only spectra in DCM could be obtained because of the high insolvability in other then medium
polar solvents. In DCM C-M and N-M show a broad absorption band at 30300 cm™ (330 nm) with a
small shoulder at 33000 (300 nm) that was present in all systems (Figure 16).

For M, the wide and structureless absorption band is shifted ca. 1100 cm™ to about 29200 c¢cm™
(340 nm). The shoulder remains at ca. 33000 cm™ (300 nm) and is slightly decreased compared to
N-M and C-M.

For the dendrimers, the main absorption band is shifted about 1100 cm™ to ca. 28200 cm’
(355 nm) and the shoulder decreases with increasing generation number (see Figure 16). With
assumed Cs-symmetry G1 ends up with a set of E-symmetric excited states with lower energy and
one higher energy state with A-symmetry.['®'9??21 The selection rules forbid optical excitation into
the later, but allow it in into the E-symmetric states. However, such selection rules can be lifted by
symmetry breaking caused by the solvent and leading to somewhat non-degenerated
states.l'®9?22] However, the identical position of the lowest energy transition of the individual
dendrimers is an evidence for poor if at all exciton interaction of M motifs, which are more distant in
the higher generation dendrimers. Similar 00-energies of C-M, N-M, M and the dendrimers are
indicated by the fact that all compounds show very similar onsets of the absorption bands. This is
also proved by the small energy differences in the fluorescence maxima between M and G1 (about
200 cm™, see section 3.2.1.3). The extinction coefficients of the dendrimers approximately reflect

the number of M units in the systems (see Table 4, p: 107).

& Adapted or reproduced (or reproduced in parts) from Solvent Controlled Energy Transfer Processes in Triarylamine-
Triazole Based Dendrimers, Zieschang, F.; Schmiedel, A.; Holzapfel, M.; Ansorg, K.; Engels, B.; Lambert, C. J. Phys.
Chem. C 2013, 117, 19816-19831. Copyright 2013 American Chemical Society.
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Figure 16: Normalised absorption spectra of C-M, N-M, M and G1-G3 in DCM.

3.21.3 Emission Spectroscopy?

In the absorption spectra there is weak solvatochromism for all dendrimers but the emission bands
are strongly solvent dependent (shown for G1 in Figure 17 (right)). All bands are broad and
featureless and the maxima shift bathochromic with increasing solvent polarity (about 5300 cm™
going from cyclohexane to MeCN). This is a typical behaviour for the emission from a charge
transfer state. The apparently symmetric donor-acceptor-donor (TAA-triazole-TAA) structure of M
allows no polar excited state but due to the asymmetric triazole-spacer the two TAAs become
differently strong donors and this asymmetry could result in small changes of dipole moments after
excitation.”?! Additionally, systems analogous to M, composed of e.g. two TAA donors linked via
an aromatic bridge exhibiting acceptor character (e.g. anthracene), have proved to shift electron
density from the two donors towards the bridging acceptor and thus the excited quadrupolar state
will be stabilised in polar solvents comparable to dipolar excited states of pure donor-acceptor
Systems.[167‘224’225]

Remarkably, in the emission C-M shows a clear difference to the other systems. While for N-M, M
and G1-G3 the emission spectra are all similar in related solvents, the emission of C-M is shifted to
higher energy for most solvents (cf. emission in DCM shown in Figure 17 (left)). This finding and
the lower emission energy in MeCN compared to the all other compounds indicates a more polar

excited state in C-M.

@ Adapted or reproduced (or reproduced in parts) from Solvent Controlled Energy Transfer Processes in Triarylamine-
Triazole Based Dendrimers, Zieschang, F.; Schmiedel, A.; Holzapfel, M.; Ansorg, K.; Engels, B.; Lambert, C. J. Phys.
Chem. C 2013, 117, 19816-19831. Copyright 2013 American Chemical Society.
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Figure 17: Normalised emission spectra of C-M, N-M, M and G1-G3 in DCM (left) and normalised

absorption in DCM and emission spectra of G1 in different solvents (right). Excitation at
28200 cm™ (355 nm).

For N-M, M and all dendrimers, the fluorescence quantum yields, determined using quinine sulfate
in H,SO,4 as a quantum yield standard (¢ = 0.55), are in the range of 50 — 60% and of 20 — 40% for
C-M with a maximum in moderately polar solvents. Also similar for all compounds are the excited
state lifetimes # with values around 5 ns in DCM, 6 ns in MeCN and 2 ns in toluene (see Table 4).
With these data and equation, (54) the rate of radiative decay k; was determined and applying the
Strickler-Berg equation (55) the fluorescence transition moments s were estimated to be roughly

4D.
k=2 (54)
4
o= 16-10° 73 n(n*+2)?
T 3hg 9

ST (55)

where

¢ the fluorescence quantum yield, # is the excited state lifetime, n is the refractive index of the

solvent, g is the vacuum permittivity, h is the Planck constant, g4 and g. are the degree of

degeneracy (= 1) in the ground and excited state, respectively, and (v:)., = [kdv /[ 72 kd¥ is

the average cubic fluorescence energy.

No superradiant effect can be observed in the narrow range of the fluorescence transition moments
and thus exciton coupling may be neglected in the vibronically and solvent-relaxed excited emissive

state.
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Table 4: Absorption and Fluorescence Data of N-M, C-M, M and G1-G3
V max Emax Vi ¢f i ks L
fem™  /M'em?  /em™ Ins /10" s /D
N-M MeCN 30950 22900 19600 0.54 6.1 9 4.4
ethyl acetate 30550 23100 22000 0.61 4.8 13 4.3
DCM 30300 21000 20600 0.65 6.2 10 3.9
toluene 30100 21300 23400 0.40 2.7 15 3.7
cyclohexane 30250 - 24800 - - - -
C-M MeCN 30950 25700 19000 0.21 6.6 3 2.6
ethyl acetate 30500 25200 23000 0.39 3.2 12 3.8
DCM 30300 24200 21500 0.34 5.2 7 3.1
toluene 29900 22900 24400 0.27 1.8 15 3.5
cyclohexane 29750 - 25400 - - - -
M MeCN 29900 41300 20000 0.52 6.0 9 4.3
ethyl acetate 29450 41400 22400 0.62 3.6 17 4.8
DCM 29200 38800 21100 0.64 5.1 13 4.4
toluene 29000 38600 24000 0.45 1.6 28 4.9
cyclohexane 29200 - 25300 - - - -
G1 MeCN 28500 - 19800 0.45 5.7 8 4.1
ethyl acetate 28300 112000 22200 0.67 4.2 16 4.7
DCM 28100 103000 20900 0.57 5.0 11 4.1
toluene 27900 112000 23800 0.49 1.8 27 4.9
cyclohexane 27700 - 25100 - - - -
G2 MeCN - - 19800 - - - -
ethyl acetate 28200 - 22000 0.54 4.2 13 4.3
DCM 28100 288000 20500 0.67 4.8 14 4.6
toluene 27900 - 23500 0.38 2.5 15 3.7
G3 ethyl acetate - - 22300 - - - -

DCM 28000 613000 21000 0.48 4.6 10 3.9
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3.21.4 Steady-State Emission Anisotropy Measurements®

Steady-state emission anisotropy measurements were performed for C-M, N-M, M and G1-G3 to
get a closer view on the relative orientation of the transition moments of absorption and emission.
For the investigations the compounds were embedded in a solid glass matrix of sucrose
octaacetate (SOA) to avoid molecular motions. The fluorescence anisotropy r (cf. equation (35), p:
22 and equation (42), p: 25) is defined as the ratio of the polarised component to the total intensity,
see equation (56). The anisotropy values can be assigned to the angle 6, which is the angle
between the transition moments of absorption and emission. If the transition moments are parallel r
gives a value of 0.4, if they are perpendicular the anisotropy value is -0.2. For completely
depolarised transition moments, the value is 0.1%'9722422"l The value 0.1 refers to a 2-dimensional
depolarisation of the transition moments, which is expected if energy transfer takes place between
the chromophore branches in the dendrimers. However, r values up to 0.7 were predicted and also

measured for coherent excitation of two states.?%3#

(56)

e lw—2Ghy 2 (300326 — 1)
"~ ly+2Gh, 5 2

where

I and Iy are the fluorescence intensities with excitation and emission polariser set vertically or

perpendicular, respectively, and G is a hardware correction factor (cf. 2.1.1.4, p: 24).

The excitation anisotropies of C-M, N-M, M and G1-G3 can be found in Figure 18. At the start at
24000 cm™ (415 nm) the anisotropy of all compounds is about 0.33. A reason why this value is a
little lower than the expected value of r = 0.4 for parallel transition moments may be some
remaining flexibility even in the solid glass matrix. Another reason could be very fast relaxation
processes, which result in a rearrangement of the orientation of the transition moments, which
would lead to a lower anisotropy in the beginning. For M, this high anisotropy value stays in the
area of the main absorption band (down to 27000 cm™ (370 nm)) and then decreases with an
increasing overlap with the higher energy absorption band to r = 0.25 at 31000 cm™ (320 nm). The
transition moment of this band is obviously in a different orientation and thus the anisotropy with
r=0 at 35000 cm” (290 nm) converges near the value for complete depolarisation. The lowest
energy transition in M is polarised along the molecular axis as predicted by time-dependent DFT
calculations using B3LYP/6-31G*?* |evel of theory with a COSMO solvation model for DCM. The
anisotropy behaviour of C-M and N-M corresponds to the one of M. This observation reveals that

& Adapted or reproduced (or reproduced in parts) from Solvent Controlled Energy Transfer Processes in Triarylamine-
Triazole Based Dendrimers, Zieschang, F.; Schmiedel, A.; Holzapfel, M.; Ansorg, K.; Engels, B.; Lambert, C. J. Phys.
Chem. C 2013, 117, 19816-19831. Copyright 2013 American Chemical Society.
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either no energy transfer takes place in M or that the energy transfer leads only to a small change

of the anisotropy values due to the small angle between the transition moments.

Figure 18:
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Normalised absorption spectra (—) in DCM and fluorescence excitation polarisation anisotropy

spectra r(v) (-m9 of C-M, N-M and M (top) and M and G1-G3 (bottom) in sucrose octaacetate at

RT.

However, the situation is different for the dendrimers. The high anisotropy at the beginning at
24000 cm™ (415 nm) readily drops to a value about 0.05 — 0.10 between 28200 cm™ (355 nm) and

33000 cm™ (300 nm). The low anisotropy in this region is caused by energy transfer between the

chromophore branches within the excited state lifetime of about 5 ns. Hence, the high anisotropy

values for G1-G3 at the low energy side of the S,-S absorption are remarkable. In this region the

emission is more polarised than in the range of the absorption maxima. This instance has to be

explained by the so called “red edge excitation effect”.??*?*! The chromophores are symmetry

broken by an inhomogeneous environment (when not inherently asymmetric). This includes the

solvent configuration as well as intramolecular geometric interaction and leads to a slightly different
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stabilisation of the branches and the former degenerated states split. On the red side of the spectra
only the lowest energy state can be excited and no energy transfer occurs as the other states are
too high in energy. Thus, the transition moments of absorption and emission are oriented almost
parallel and the anisotropy becomes high. At excitation with higher energies also the higher excited
states can be populated and after photoexcitation the energy is transferred to the lowest energy

state and following Kasha's rule fluorescence occurs from this state with lower anisotropy.

The observation of a red edge excitation effect is a proof for energy transfer. In order to gain
information about the dynamics of the energy transfer occurring in the dendrimers, time resolved

emission spectroscopy using a fluorescence up-conversion technique was performed.

3.21.5 Photophysics and Solvation Dynamics of M?®

As the smallest unit that shows excitation delocalisation, M operates as a “spectroscopic unit” in
G1-G3.”"1 Reasonably, the photophysics of M will be delighted at first (the photophysics of C-M
and N-M are expected to be similar and will not be an issue anymore). This will be the basic for a
further understanding of the more complicated processes in the dendrimers. In the up-conversion
measurement the compounds were excited at the low energy flank of the absorption band by a
26300 cm™ (380 nm) laser pulse to prevent excitation of electronically higher excited states. Details
about the up-conversion experiments as well as the data processing can be found in the
experimental section. Figure 19 shows the fluorescence decay of M at 20800 cm™ (480 nm) under
magic angle conditions. A fit of this decay leads to three lifetimes: a short risetime with 0.4 ps, a
medium long decay of 31 ps and a lifetime related to the depopulation of the excited state with
5.0 ns (see Table 5, p: 116). The depopulation lifetime obtained from the up-conversion setup is in
good agreement with that from the ns setup (discussed above), which seems to be the more
accurate result due to the limited delay stage length (0 — 3.3 ns) in the up-conversion setup.

& Adapted or reproduced (or reproduced in parts) from Solvent Controlled Energy Transfer Processes in Triarylamine-
Triazole Based Dendrimers, Zieschang, F.; Schmiedel, A.; Holzapfel, M.; Ansorg, K.; Engels, B.; Lambert, C. J. Phys.
Chem. C 2013, 117, 19816-19831. Copyright 2013 American Chemical Society.
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Figure 19: Fluorescence decay of M in DCM measured by fluorescence up-conversion under magic angle

conditions. The black line is the multiexponential fit of the experimental data (purple circles)
convoluted by the instrument response. Excitation at 26300 cm™ (380 nm), fluorescence at
20800 cm™ (480 nm).

Additionally, fs-time resolved fluorescence anisotropy r(t) was determined to get a closer view on
the changes of the orientation of the transition moments. Therefore measurements were performed
with the excitation beam polarised perpendicular and parallel to the gate beam. With equation (57)

the experimental anisotropy R(t) can be obtained from the experimental intensities /,(f) and /(f).

The experimental intensities are convoluted with the instrument response and the same is true for

the anisotropy R(t).
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Figure 20: Fluorescence decay at 20800 cm’ (480 nm) of M in DCM with pump pulse oriented parallel

(green circles) and perpendicular (blue circles), global fit (green or blue line, respectively),
experimental anisotropy R(f) (red circles) and fitted anisotropy r(t) (black line). Note: r(t) is

calculated from the global deconvolution fits of /,(f) and /(f) and not a fit of the experimental

anisotropy.
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Unfortunately, it is difficult to deconvolute R(t)?**?*"! and thus the experimental intensities /,(t) and

Ii(f) were deconvoluted with up to five exponentials using the GLOTARAN-software!?.239 Thjs

leads to the deconvoluted intensities /", (f) and i'(f) with time zero being the maximum of the
Gaussian shaped instrument response. Subsequently, i, (f) and i"(f) were tail-matched to allow for

the different intensities of parallel and perpendicular pump measurements. Using the resulting

intensities (i (f) and ii(f)) and equation (58) the deconvolute anisotropy r(t) was obtained. However,
the deconvoluted intensities /,(f) and /i(f) have to be shifted for some 10 fs prior to global fitting to

agree for an initial rise of the curves. Otherwise artificially high anisotropies with fast decays of

several 10 fs were obtained.

_ @O =1t
RO= 10+ 200

_ (@) =i (t)
=50+ 200

(57)

(58)

The anisotropy decay of M shows a high value of r = 0.44 at the beginning. This is close to the
value of r = 0.4, which is the value for parallel orientation of the transition moments of absorption

and emission. Some reasons are responsible that the anisotropy at time zero is hardly to ascertain:

- moderate shifts of the parallel and the perpendicular intensities towards each other yield in large
differences of the initial anisotropy

- initial decays, faster than the time resolution of the setup possibly give an apparently lower initial
anisotropy

- coherent excitation of two states may result in an initial anisotropy up to r = 0.7%34

- simultaneous absorption of multiple photons effects the initial anisotropy (r(0) = 2/5 for one-
photon absorption, r(0) = 4/7 for two-photon absorption and r(0) = 2/3 for three-photon
absorption)®

- at the rise of the fluorescence the signal to noise ratio is bad and therefore the anisotropy is

noisy too

Thus, an interpretation of the anisotropy in the very first two picoseconds is sophisticating and the
following discussion will focus on the processes occurring after 2 ps. After the first 2 ps the
anisotropy of M drops to a value of about 0.36 with 7; = 0.13 ps (a; = 0.067). There it remains some
ten picoseconds (r = 0.34 at t = 10 ps) with 7, = 2.6 ps (a, = 0.023) until it again decreases after
100 ps to r = 0.23 with 3 = 250 ps (a; = 0.35). The last process is related to rotational diffusion of M
in DCM, with a typical lifetime for a system of such size in DCM."®! This assignment is also indicated

by the fact that this component is completely missing in the isotropic decay.
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Figure 21: Experimental anisotropy R(f) (red circles) and fitted anisotropy r(t) (black line) of M in DCM at

22000 cm™ (450 nm) (left) and 19800 cm™” (505 nm) (right). Note: r(t) is calculated from the global

deconvolution fits of /,(f) and /(f) and not a fit of the experimental anisotropy.

Apparently, M loses some anisotropy in the first two picoseconds but most loss is caused by
rotational diffusion. In a fit of the anisotropy decay at 22000 cm™ (455 nm) 7, has a net higher
amplitude and in the fit of anisotropy measurement at 19800 cm™ (505 nm) 7, is entire missing
(excitation still at 26300 cm™ (380 nm)), see Figure 21. At higher emission energies fast relaxation
processes can be followed, while at lower emission energies fast relaxations are already completed
and only slower processes are observed (Table 5, p: 116). Obviously, relaxation processes strongly
influence the anisotropy decay of M. Therefore, a complete map of time resolved emission spectra
(TRES) was measured to use the dynamic Stokes shift (DSS) to obtain insight in the solvent and

relaxation processes of the first picoseconds.?*"!
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Figure 22: TRES of M in DCM at different delay times. Note: the lines are log-normal fits of the data points

(circles) that were obtained from a global fit of the experimental data and therefore already

include a fit model. An emission spectrum in cyclohexane serves as the time-zero spectrum.

This was done by measuring fluorescence decays at different energies from 23300 cm™ (430 nm)
to 18900 cm™ (530 cm™) in 10 nm steps. Deconvolution of the resulting /(4,t) map was achieved by
global fitting with multiple exponentials and correction for the time zero wavelength dependence,
which gives the deconvoluted map i(4,t). The intensity of the steady-state emission spectrum of M
in DCM and the intensity of the longest time delay was matched to allow for correction of the
wavelength dependence. Each time correlated emission spectrum, obtained by slicing the
corrected map at discrete delay times, was fitted by a log-normal function (Figure 22). From the
maxima of this functions v ,5x(f) and using equation (59) the normalised solvent spectra response
function S(f) were calculated, which is a correlation of the Stokes shift vs. time, see
Figure 23241242

S(t) — fmax(t) -V max(oo)

V max(0) = ¥V max(0)

(59)

where

V max(o0) is the wavenumber at infinite time and ¥ ,,5.(0) is the wavenumber at time zero.



3.2.1 TAA DENDRIMERS

0.8
o S(t)
0.6 %, Fit
Q
o)
t:’ 0.4-
0.2-
0.0- “%00000000000000)
o4 1 10 100 1000
tl ps
Figure 23: Normalised solvent spectral response function S(f) of M in DCM calculated from the maxima of

the log-normal functions presented in Figure 22 applying equation (59) and fit of this function

yielding the lifetimes and amplitudes given in Table 5.

The time zero spectrum is hard to measure due to a large overlap with stray light from the second
harmonic of the fundamental of the laser at 12500 cm™ (800 nm). Therefore, the steady-state
fluorescence spectrum of M in cyclohexane seems to be the best alternative since it is accepted to
be almost free of solvent relaxation effects.*! A fit of S(t) leads to three lifetimes, where
n1=0.17psand »»=1.9ps are analogous to the ones Maroncelli et al. already reported for
coumarin in DCM (7; = 0.144 ps and » = 1.02 ps; a1 = a) and are assigned to solvent relaxation of
the chromophores.*! But the lifetime of 27 ps, which can also be found in the isotropic decay of M,

can directly be linked to molecular relaxation processes in the molecule.
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Table 5: Time Constants 7 (ps) and Amplitudes a of Fluorescence Up-conversion Measurements under
Magic Angle Conditions (MA), Anisotropy (r(t)), Solvent Spectral Response Function (S(t)) and
Global Fit of TRES of M in DCM.
T aq (%3 ao 3 as T4 as 75 as
MAa 040 -0.94 31 0.075 5.0x10° 0.93
@455 nm 29 0.032 253 0.31
r(t)a @480 nm 0.13 0.067 26 0.023 250 0.35
@505 nm 227 0.28
S(t)b 0.17 046 1.9 0.44 27 0.10
global fit® 0.38 1.7 22

@ Pump at 26300 cm™ (380 nm), fluorescence at 20800 cm™ (480 nm). ° Pump at 26300 cm™ (380 nm),
emission between 23300 cm”” (430 nm) and 18900 cm’”’ (530 nm) in 10 nm steps.

Furthermore, a global analysis of the TRES leads to evolution associated spectra (EAS) and to

likely more accurate time constants (see Table 5). Obviously, the lifetimes of the TRES global fit

and of S(f) are in good agreement but the EAS and the TRES exhibit considerably different spectral

shapes. This might be a result of the different restrictions in the analyses. While spectral shapes in

the TRES were accepted to follow log-normal functions, in the global analysis no such restrictions

on the spectral shape were incorporated. As a result considerable intensities at about 24000 cm -

1

(415 nm) are obtained for early delay times and it can be assumed that the spectral shapes of the
EAS are distorted. Thus the results from the TRES and S(f) seem more reliable.

Figure 24:
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/\
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Evolution associated spectra (EAS) from a global fit of the TRES of M in DCM.
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A comparison of the results from the S(t) with those from the isotropic and anisotropy decay leads
to the following picture after excitation of M (see Figure 25). A DSS observed by the short rise time
of 0.40 ps and the two short lifetimes in S(t) support the conclusion that the first two picoseconds
after photoexcitation are solvent controlled. But there must also occur a molecular, possibly
vibronic, relaxation process in this time range, because the anisotropy also decreases with
71 = 0.13 ps and a change of the orientation of the transition moments can hardly be caused by
solvent relaxation alone.*! To ascertain if this molecular relaxation is induced by the solvent
relaxation, further detailed solvent dependent investigations would be necessary. The 20 — 30 ps
lifetime can be found in all decay curves except in the anisotropy one. Therfore, it can be supposed
that slow torsional modes lead to a relaxed excited state geometry, while the orientation of the
transition moments is not altered. Glasbeek et al.***?*>2%l has found a comparable behaviour for
auramine®”) and Michler’'s ketone and Ernsting et al.**® for dimethylanilinopyridinium. To confirm
the assumption that aryl twist angles change the molecular geometry of M in the excited state, the
ground and first excited CT state were optimised using time-dependent DFT calculation at
B3LYP/6-31G’ level of theory with a COSMO solvation model (to include solvent dependences).?
The geometries show a planarisation of the angle between the triazole plane and the N-phenyl ring
from 33° to -2° during relaxation of the Franck-Condon state to the CT state. Furthermore the
diansylamino group increases its dihedral angle to the N-phenyl ring (27° — 72°). The calculated
energy of the Franck-Condon state of 26985 cm™ corresponds well with the steady-state absorption
maximum of M in cyclohexane at 29200 cm™. The same is true for the energy of the relaxed CT

state (19743 cm™) and the fluorescence energy of M in cyclohexane (21100 cm™).

@ Although the B3LYP functional is known to underestimate the energy of CT states, the usually better suited long range
corrected functional CAM-B3LYP fails completely for M and overestimates the CT energies.[M. J. G. Peach JCP 2008,
128, 044118] Thus, the B3LYP functional was used anyway as it reproduces the experimental energies quite well in this
case.
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Figure 25: Potential energy diagram indicating the processes after excitation of M and calculated

structures of the Franck-Condon and the completely relaxed S; state at TD-B3LYP/6-31G* level
of theory applying the COSMO model for DCM. The 00-energies were obtained from the
intersection of the normalised absorption and emission bands in DCM and cyclohexane,
respectively. The energy of the solvent relaxed state was estimated from the Stokes shift of S(t).

However, the energy barrier between the solvent and the fully relaxed S1 state is not accurate.
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3.21.6 Photophysics and Solvation Dynamics of G1-G3°

The acquired information about the photophysical and solvent relaxation dynamics of M will lead to
an easier understanding of the dynamics emerging in G1-G3. Up-conversion measurements were
performed using the same setup than for M. Due to the large amount of excitable chromophores in
the dendrimers, multiphoton excitation may cause exciton annihilation, resulting in distorted
kinetics. Thus, to prevent multiphoton excitation, the excitation probability of one isolated
chromophore calculated by equation (60) was ensured to be smaller than 10 %.%**! For G3 this
yields with £=15000 M”" cm™ at 26300 cm™ (380 nm), D = 140 xm and E = 8 nJ an excitation
probability of p = 0.014.

EAn(10)-0.1-¢

p=1—exp|— 5
her Na (g)

where
E is the pump energy, A is the excitation wavelength, D is the pump spot diameter, h is the Planck
constant, c is the speed of light, Na is Avogadro’s constant and ¢ is the molar extinction coefficient

at the pump wavelength.

The probability of multiexcitations P(k) up to the third excitation of G3 (with p = 0.014 (%) was

evaluated by the hypergeometric distribution in equation (61).
14\ (1000 — 14
() o)
(1000)
n

P(k) = (61)

with k = 0 — 3 (the number of simultaneous excitations) and n = 21 (the number of chromophores in

G3) equation (61) gives

P(0) = 0.74
P(1) = 0.22
P(2) = 0.03
P(3) = 0.002

These results indicate that besides 22 % monoexcitation only up to ca. 3 % multiexcitation takes
place in the up-conversion experiments of G3 and even less in G1 and G2. Thus, exciton

annihilation can be neglected.

@ Adapted or reproduced (or reproduced in parts) from Solvent Controlled Energy Transfer Processes in Triarylamine-
Triazole Based Dendrimers, Zieschang, F.; Schmiedel, A.; Holzapfel, M.; Ansorg, K.; Engels, B.; Lambert, C. J. Phys.
Chem. C 2013, 117, 19816-19831. Copyright 2013 American Chemical Society.
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The obtained isotropic fluorescence decays of the dendrimers, presented in Figure 26, were treated
analogous to the one described for M. Fits of the deconvoluted curves lead to four lifetimes for each
dendrimer. The risetimes of about 0.4 ps can be ascribed to solvation processes just as found for
M. This is in good agreement with the characteristics Chou et al.”®® and Fakis et al.”®" found for
different star-shaped chromophores, which they also interpreted as solvation processes. Contrary
to M, G1-G3 each show two medium long lifetimes with about 5 — 7 ps and about 60 — 90 ps.
These lifetimes are assigned to torsional modes analogous to the 20 — 30 ps lifetimes for M. This
assignment is also in agreement with picosecond lifetimes measured in conjugated polymers and
explained by torsional changes in the excited state.?>?**! The excited state depopulation lifetimes

of about 4 — 5 ns are again in good agreement with those obtained in the ns-experiment.

L
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Figure 26: Fluorescence decays of M and G1-G3 in DCM measured by fluorescence up-conversion under

magic angle conditions. Presented are the multiexponential fits (black lines) of the experimental
data (purple circles) convoluted by the instrument response. Excitation at 26300 cm™ (380 nm),
emission at 20800 cm™ (480 nm).
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Fits of the anisotropy curves of G1-G3 lead to lifetimes in the sub-picosecond regime (ca.
0.2 — 0.3 ps), which are similar to the 0.13 ps found for M. The larger dendrimers G2 and G3 show
two medium long anisotropy decays, one of about 4 — 5 ps (with small amplitudes) and another of
ca. 20 — 60 ps, which can also be found for G1 and are in a similar time range as their magic angle
complements. G1 and G2 show reasonable rotational diffusion lifetimes of #, = 440 ps (G1) and
%ot = 760 ps (G2) while this lifetime is remarkably too short for G3 (7t = 650 ps) compared with an
approximation taking the molecular weight (as a parameter equivalent to the hydrodynamic volume)
and 7 = 250 ps for M into account (o = 2 — 3 ns for G3).%°°

Beside the possibility that the 650 ps are inaccurate due to the limited delay stage length in the
up-conversion setup (3.3 ps), another reason might be a different overall globally shape of G2 and
G3, which would complicate comparing rotational diffusion lifetimes of the systems. Individual
subunits of the dendrimers may show rotational diffusion process faster than the rotation of the
entire molecule leading to somewhat shorter averaged rotational diffusion lifetimes. Hence, the
extracted lifetimes represent average lifetimes with contributions from several conformations, which
is especially true for the larger dendrimers G2 and G3. Therefore, several decays with different
lifetimes overlap in the curves of the dendrimers and furthermore amplitudes might compensate
modified lifetimes in multiexponential fits and vis-a-vis.®

Thus, the obtained lifetimes are intrinsically inaccurate and it seems more effective to discuss
anisotropy values of M and G1-G3 after discrete delay times (2 ps, 10 ps and 100 ps) after time
zero and not the specific lifetimes. After t = 2 ps the anisotropy for the dendrimers is much lower
than for M (r = 0.36) while the larger the dendrimer is, the lower is the anisotropy after 2 ps (r=0.25
for G1 and r = 0.22 for G3). This drop-off of anisotropy values between M and G1-G3 can be
explained by energy migration from on excited TAA-triazole-TAA branch to the next in G1 (and a
similar energy transfer process in G2 and G3). But for a complete two-dimensional depolarisation
the expected anisotropy value is 0.1 and this is obviously not the case for G1 (and also not for G2
and G3).

Therefore, it can be supposed that after the energy is transferred from the initially excited
chromophore branch to the next, the excitation is localised within 2 ps and this avoids further fast
energy transfer. As seen in the preceding section, solvent relaxation in M also takes place in 2 ps
and thus the excitation localisation in G1 should also be solvent relaxation correlated. The
anisotropy values after 2 ps of G2 (r = 0.25) and G3 (r = 0.22) are comparable to the one of G1.
Consequently, similar energy transfer and relaxation processes might proceed in the larger

dendrimers, in which the terminal chromophores are excited preferably due to their larger number.
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Figure 27: Left: Experimental anisotropy R(f) (circles) and fitted anisotropy r(f) (black lines) of M and

G1-G3 in DCM. Note: r(t) is calculated from the global deconvolution fits of /,(f) and /(t) and not
a fit of the experimental anisotropy. The beginning of the fits represents time zero since it is not
identical for all measurements. Right: lllustration of the processes altering the decay curve

progression.

After t = 10 ps the anisotropy of G1 decays only insignificantly (r(2 ps) = 0.25 — r(10 ps) = 0.24)
but the anisotropies of G2 and G3 decline by 0.05 and this indicates an additional energy transfer
only possible in the larger dendrimers. Finally, the decrease between t = 10 and t = 100 ps is
caused by the rotational diffusion process for all compounds.

Moreover, the solvent dependence of the anisotropy and thereby of the energy transfer properties
was investigated by recording anisotropy decays of G1 in MeCN, PhCN and toluene. At the first
glance, the curve progression shows only slight differences between the diverse solvents but the
decay in toluene is considerably more shallow (at t = 10 ps less than at t = 100 ps) in contrast to the
other solvents. The obtained lifetimes and amplitudes of the magic angle and fluorescence

anisotropy measurements are listed in Table 6.
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Figure 28: Experimental anisotropy R(t) (circles) and fitted anisotropy r(f) (lines) G1 in different solvents.

Note: r(t) is calculated from the global deconvolution fits of /,(f) and /i(f) and not a fit of the
experimental anisotropy. The beginning of the fits represents time zero since it is not identical

for all measurements.
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Table 6: Time Constants r (in ps) and Amplitudesa a obtained from Deconvolution Fits of the
Fluorescence Up-conversion Measurements under Magic Angle Conditions (MA) and of the

Fluorescence Anisotropies (r(t)) of M and G1-G3 in different Solvents.

M G1 G2 G3
T a T a T a T a
MeCN’
7 (ar) 0.23 (-0.97)
72 (a2) 2.2 (0.41)
MA 73 (as) 34 (0.15)
7 (as) 41x10°  (0.44)
T (61) 0.38 (0.024)
Tz(az) 3.0 (0017)
0 73 (@3)
% (as) 500 (0.25)
DCM’
r(a;)  0.40 (-0.94) 043 (-1.00)  0.39 (-0.98) 047 (-0.61)
MA ACH 49 (0.19) 74 (0.09) 7.0 (0.12)
n(as) 31 (0.075) 65 (0.067) 57 (0.20) 92 (0.24)
u(as)  5.0x10°  (0.93) 52x10°  (0.74) 3.8x10°  (0.71) 3.7x10°  (0.64)
r(t) n(a;) 0.13 (0.067)  0.30 (0.030) 0.23 (0.081)  0.22 (0.063)
(@) 2.6 (0.023) 5.4 (0.085) 3.7 (0.065)
73 (as) 17 (0.025) 61 (0.045) 39 (0.056)
u(as) 250 (0.35) 440 (0.23) 760 (0.15) 650 (0.13)
toluened
r(a;) 0.52 (-0.18)  0.30 (-0.67)
n(a;) 6.8 (-0.15)
MA 73(as) 80 (0.093)
u(as)  1.6x10°  (1.00) 1.8x10° (0.97)
z(a;) 0.63 (0.031) 0.35 (0.13)
nt) (73 (az) 9.0 (0.042)
z(as) 19 (0.010) 56 (0.092)
n(a;) 380 (0.37) 1.7x10°  (0.15)
PhCN®
71 (ar) 0.90 (-0.23)
2 (az) 20 (0.41)
MA 75 (as) 160 (0.24)
= (as) 3.2x10°  (0.35)
7 (ar) 3.0 (0.066)
72 (a2)
) 73 (@) 84 (0.068)
7 (as) 1.1x10°  (0.22)

2 Negative amplitudes denote a rise time. > Pump at 26300 cm™ (380 nm), fluorescence at 20600 cm™
(485 nm). ° Pump at 26300 cm™ (380 nm), fluorescence at 20800 cm” (480 nm). d Pump at 26300 cm”
(380 nm), fluorescence at 23500 cm” (425 nm). ® Pump at 26300 cm™ (380 nm), fluorescence at
20400 cm™" (490 nm).
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3.21.7 Energy Transfer in G1-G3?

To put the results discussed above into context, an analysis of possible energy transfer
mechanisms and their related rates seems reasonable.?*#%%° Typically, the energy transfer
mechanism depends on the time scale of local vibrational or solvent relaxation and the time of the
actual energy transfer. Of course, these rates in turn depend on the interaction energy in-between
chromophores and the interaction energy between chromophores and the solvent.?®”
Consequently, the exciton coupling energy V44 between an excited donor branch and an acceptor

branch in G1 can be evaluated by the point-dipole approximation (equation (24); p: 15).

1 poua

V(P)ex = V(Phas= g2

(24)

where
K=C0Sbhp — 3C0sbh - cosb (= 1.75 for an 120° angle, cf. Scheme 2; p: 8), h is the Planck constant,
c is the speed of light, & is the vacuum permittivity, 1 and ua are the transition moments of the

donor and acceptor branch, respectively, and rpa is the distance of the transition moments.

Using up = un = 4.4 D (as determined for M using the Strickler-Berg equation (55), p: 33) and
rap = 11 x 107"® m (estimated from a MM2 modelling of G1)° taking the C(H) atom in the triazoles as
the centre of the transition moment, equation (24) yields an exciton coupling energy of 128 cm™.
This value is comparable to the emission energy difference between G1 and M (200 cm™) and thus
the given approximation seems reasonable.

While the foregoing estimate of electronic coupling corresponds to the excited state after solvent
relaxation, time dependent DFT calculations of the electronic interaction at B3LYP/6-31G* level of
theory with the COSMO solvation model for introducing solvent effects of DCM cover the
Cs-symmetric Franck-Condon state in G1. Such computations lead to the energies of the states
already mentioned in the discussion of the steady-state absorption spectra. These are two
degenerate E-symmetric states at 25960 cm™ and one energetic higher lying state with A-symmetry
(excitation forbidden) at 27187 cm™ with singlet configuration and two degenerate E-symmetric
states at 21875 cm™ and one energetically higher lying state with A-symmetry (excitation forbidden)
at 22387 cm™ with triplet configuration. From these state energies the exciton coupling energies

Vorr 1819222 can be evaluated by equation (62).

@ Adapted or reproduced (or reproduced in parts) from Solvent Controlled Energy Transfer Processes in Triarylamine-
Triazole Based Dendrimers, Zieschang, F.; Schmiedel, A.; Holzapfel, M.; Ansorg, K.; Engels, B.; Lambert, C. J. Phys.
Chem. C 2013, 117, 19816-19831. Copyright 2013 American Chemical Society.

® Calculations was performed by means of MM2 in ChemBio3D Ultra 12.0.2, CambridgeSoft 2010.
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ELUMO+1 - ELUMO (62)
n

Vorr =

where

E umo and E yuo+1 are the energies of the two states and n is the number of coupled states.

Thereby the coupling energy obtained by the singlet state energies (Vper(singlet) = 409 cm™)
comprises Coulomb as well as exchange interactions while the coupling energy obtained from the
triplet state energies (Vper(triplet) = 171 cm™) includes only exchange interactions.?°®%%?l Obviously,
for systems with close proximity between the chromophores as in G1, the delocalisation by direct
orbital overlap must be taken into account. In the point-dipole approximation used above, the
delocalisation is not included and the estimated interaction of 128 cm™ is clearly too low.

The ratio of the interaction energy V4 and the homogenous linewidth 7~ gives the crossover
between coherent and incoherent energy transfer.?°*?%¥ The homogenous linewidth is not available
but the emission spectrum of G1 in cyclohexane gives a total linewidth of 3000 cm™. A fit of this
spectrum according to Bixon-Jortner theory!®0265%7 |eads to ¥, = 1320 cm™ for the averaged
vibrational energy, A, = 1160 cm™ for the inner reorganisation energy and 1, = 940 cm™ for the
solvent reorganisation energy. From the solvent reorganisation energy the homogenous linewidth
of G1 can be calculated by equation (63) leading to 500 cm™ as the upper limit.?*®?**! Because this
linewidth seems to be on the same order of magnitude as the interaction energy, the energy
transfer in the Franck-Condon state of G1 is expected to be in the intermediate coupling regime.

o VarioksT (63)

T
where

kg is the Boltzmann constant and T is the temperature.
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Although the electronic coupling and the homogeneous linewidth are rather similar, coherent
excitation of two electronic states, by name the two E states and the A state of G1, might be the
primary photophysical process. For coherent excitation of two chromophores Knox and Gilent*'3?

reported three requirements:

1: both transition moments should not be oriented parallel
2: to assure an equal population of both states at a particular temperature, they should be
energetically close

3: the excitation pulse should be energetically broad enough to excite the two states

With supposed C; symmetry for G1 the transition moments of the two E states are oriented
perpendicular and thus solvent fluctuations promote the energy transfer between these transition
moments.?”” According to that, G1 might be coherently excited and after excitation fast dephasing,
affected by solvent movement, takes place.?”" Although the anisotropy measurements of G1 show
no anisotropy value higher than 0.4, which would indicate coherent excitation,’®"*! this will be taken
into consideration in the analysis of possible energy transfer mechanisms.

After photoexcitation and rapid dephasing only one individual chromophore is excited and the
starting energy transfer is an incoherent hopping process. This means, before each individual
energy transfer the excited donor branch gets into its molecular vibrational relaxed state (not
necessarily solvent relaxed state). The Fdérster theory of resonance energy transfer serves to
estimate the rate constant ker for such incoherent energy transfer by equation (18) and (19)

(repeated here from the introduction, p: 11) and by the application of readily available spectroscopic

data.”2*13]
9000 In(10)gp x>
Ker = J
T 12872 Nan*1p 18, (18)
_ o _dV
with J = flf,,D(v)gA(v)?; (19)
where

¢p is the fluorescence quantum vyield of the donor chromophore, x is an orientation factor
(cf. Scheme 2, p: 8), J is the overlap integral of donor emission and the acceptors absorption,
I4.0(V) is the area normalised fluorescence spectrum of the donor, x(¥) is the absorption spectrum
of the acceptor (divided by the number of “spectroscopic units”), n is the refractive index of the
solvent, Na is Avogadro’s constant, 7o is the fluorescence lifetime of the donor and rpa is the

distance between donor and acceptor.
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The used interaction Vyq in the Férster theory is based on the coupling of transition moments (see
equation (24), p: 15 and 125) and thus on the point-dipole approximation, which is only true for
small chromophores with large interchromophore distances. In G1 the size of a spectroscopic unit,
given by the N-N amine distance, is 13.3 A, which is obviously smaller than the wavelength of the
absorbed photons. The interchromophore distance in G1 is obviously too small as indicated by
MM3 force field calculations.? These computations yield distances between spectroscopic units, as
the distance between the C(H) atoms of the triazole moieties, of 11 — 12 A in G1 (depending on the
conformer), 10 — 35 A in G2 and between ca. 10 and 57 A in G3.

To obtain more reliable information about the structure of G3, molecular dynamic (MD) simulations
were performed in cooperation with the group of Prof. Engels.[*? In the initial structure of G3, shown
in Figure 29, no close contact between the chromophore branches can be observed but during MD
the energy reaches a local minimum and the related structure of G3 shows intramolecular

interactions.

Figure 29: Initial structure of G3 for MD build up by PyMOLE*? and optimised using PM6DH2?73%74 P

As apparent from Figure 30, the chromophores in the outer sphere in G3 are able to aggregate with
interchromophore distances between the terminal TAA and the triazole of another branch being
actually shorter than in G1 or G2. A Mulliken charge analysis indicates that this clustering is mainly

caused by electrostatic interactions and this alters the supposed globular shape into a highly

@ Calculations was performed by means of MM2 in ChemBio3D Ultra 12.0.2, CambridgeSoft 2010.

b Adapted or reproduced (or reproduced in parts) from Solvent Controlled Energy Transfer Processes in Triarylamine-
Triazole Based Dendrimers, Zieschang, F.; Schmiedel, A.; Holzapfel, M.; Ansorg, K.; Engels, B.; Lambert, C. J. Phys.
Chem. C 2013, 117, 19816-19831. Copyright 2013 American Chemical Society.
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asymmetric structure. For more detailed information see Supporting Information of the related

publication.*?

Figure 30: Left: Optimised structure of G3. Right: Details of the intermolecular interactions. Upper right:
End-centre interaction. Bottom right: End-end interaction. Obtained by MD simulation using the
PM6-DH2 method!?"*274 employing the MOZYMEZ" approximation.?

To calculate the rate constants for an incoherent energy transfer by equation (18) (p: 11 and 127)
the orientation factor x = 1.75 (for a 120° angle as in G1) was also taken for G2 and G3. Although
this is obviously not accurate, it seems sufficient since the impact of « is rather small (x = 2/3 for a
random distribution of orientations) and the obtained rates should only be compared by their
magnitude. Taking n = 14242 (DCM), ¢ = 064 (of M), » = 50 ns and
J=1.24 x 10" dm® mol™* cm®, equation (18) yields

1/ker = 1.7 ns for 11 A (the shortest distance in G1),
1/ker = 1.8 us for 35 A (the widest distance in G2),

1/ker = 1.0 ns for 10 A (the shortest distance in G3) and
1/ker = 33 s for 57 A (the widest distance in G3).

The rates estimated by Férster theory are related to only one energy transfer from one excited
donor branch to one acceptor branch, but in order to compare the calculated with the experimental
data, the time dependent relative population of the different braches has to be taken into account.

In G1, as a system with threefold rotational symmetry, there are three different branches j = 1 — 3,

@ Adapted or reproduced (or reproduced in parts) from Solvent Controlled Energy Transfer Processes in Triarylamine-
Triazole Based Dendrimers, Zieschang, F.; Schmiedel, A.; Holzapfel, M.; Ansorg, K.; Engels, B.; Lambert, C. J. Phys.
Chem. C 2013, 117, 19816-19831. Copyright 2013 American Chemical Society.
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whose time dependent relative population Pi(t) is influenced by the rate of energy transfer between
the branches kgy and the fluorescence lifetime z. In this consideration the rate of energy transfer
between all branches is identical and the energy transfer is much faster than the rotational diffusion
process, as illustrated in Scheme 49. The incoherent energy hopping between the branches can be
described by a set of Pauli master differential equations (64). If branch 1 is primarily excited the

Pauli equations give the solution equations (65).27%?"

kEN
1/1'{ 1/ff
ﬁ"\ ’
I vibrationally relaxed
1/Tf
Scheme 49: Energy transfer pathways in G1. keny denotes the energy transfer rate in the vibrationally relaxed

state, # is the excited state lifetime and P;—P; are the relative populations of a particular

vibrationally relaxed branch.

dP(f) 1
T P, +k P, + kP,
dP(t) 1
;t = — T P, + k. P, + kP, (64)
dP (1) _
ét = - T P, + k. P, + kP,
_iP 0
e T
P1(t) = —f31( )(1 + 273kt
(65)
_t 0
e
st(t)= - 1( )(1 —e_3kENt

where
ken denotes the rate constant for energy transfer, # is the excited state lifetime, t is the time and

P4(t) — Ps(t) are the time dependent relative populations of a particular branch.
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Applying the law of addition, the total time dependent anisotropy r(t) (depolarisation by rotational
diffusion is excluded) is the quotient of the sum of all independent spectroscopic unit contributions
with r; = 0.4 (0°) and rp3 = -0.05 (120°) weighted by their time dependent relative populations P(f)

and the total population of all excited states, see equation (66).

With the help of equation (65) this gives the simple expression equation (67) for the time-dependent

anisotropy r(f) (contributions due to rotational diffusion are neglected).
n(t) = 0.1+0.3e ket (67)

In the reasonable consideration that 1/% << kgy the energy transfer between all three spectroscopic
units leads to a monoexponential anisotropy decay with a time constant k4, = 3 X ken. Hence,
to match the experimental rates for depolarisation, the calculated rates based on Férster theory
(ken = krr) have to be taken three times. The fast anisotropy decay in the very first 2 ps after
excitation is not even explained by a calculated rate of 1/(3ken(G1)) = 0.37 ns. The rotational
diffusion process can be seen as the limiting factor for anisotropy detection. Since all calculated
energy transfer rates are slower than the rotational diffusion process (except of the shortest
distance in G3) all processes should not be observable in the anisotropy measurement setup used

here.

As indicated in section 3.2.1.5, p: 110, solvent relaxation might strongly influence the energy
transfer properties in the dendrimers and the above given discussion based on the Férster theory
refers to solvent relaxed states. The overlap integral between the emission of the donor and the
absorption of the acceptor is an important factor for the energy transfer rate constant according to
Férster. This integral gets smaller with the dynamic Stokes shift (see Figure 22, p: 114) and thus
the Franck-Condon factor of fluorescence and absorption processes at a specific common energy
gets also smaller, leading to a decrease of the energy transfer rate (see Figure 31). In the solvent
relaxed state G1 shows only an insignificant integral overlap of emission and absorption spectra in

DCM as seen in the steady-state spectrum (see Figure 17, p: 106).
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Figure 31: Potential energy diagram indicating the processes after excitation of G1. The 00-energies were

obtained from the intersection of normalised absorption and emission bands in DCM and
cyclohexane, respectively. The energy of the solvent relaxed state was estimated from the
Stokes shift of the S(t) for M. Herein, ken denotes the energy transfer rate in the vibrationally

relaxed state and ks en denotes the energy transfer rate in the solvent relaxed state.



3.2.1 TAA DENDRIMERS

This leads to the assumption that energy localisation caused by solvent relaxation is the limiting
step for rapid energy transfer. If energy transfer takes place before solvent relaxation proceeds, the
overlap integral of absorption and emission at time zero has to be used in equation (19), p: 11 and
127, instead of those of the relaxed system at infinite time. As the time zero spectrum is rather
difficult to measure, the steady-state spectrum in cyclohexane serves as an alternative. The overlap
integral of this, with the absorption spectrum is obviously larger (J = 1.9 x 107"® dm® mol” ¢cm®) than
in DCM (see Figure 17, p: 106). With the help of equation (18), p: 11 and 127, this integral leads to
1/ker = 11 ps for G1 and therefore to a rate of 1/kge, = 3.7 ps, which is certainly in the magnitude of
the solvent relaxation in DCM.

However, the estimate by the Férster theory given above has some undoubted drawbacks. The
interchromophore distance is too short to proper use the point-dipole approximation on which the
Férster theory is based. Furthermore, the two spectroscopic units in G1 are connected by one
shared TAA and therefore the used interchromophore distance might be incorrect. The shared TAA
causes some orbital overlap and this increases the possibility for Dexter type through-bond energy
transfer. In addition to this, for short interchromophore distances solvent screening by 1/n* is
improper.*#" Furthermore, the disordered local environment of the three branches results in an
inhomogeneous broadening of the absorption and emission spectra and thus the analysed overlap
integral corresponds to an average ensemble value quantity and not to the real Férster overlap. In
other words, in the case of G1-G3 the calculated rates based on Férster theory are to some extent

untrustworthy.

Thus, incoherent energy transfer before solvent relaxation has to be included in the model of
Scheme 49, p: 130, by introducing the rate constant for solvent relaxation (ks) and the rate
constants for energy transfer between vibrational relaxed chromophores before (kgn) and after
solvent relaxation (ksen). The new model for G1 together with coherent excitation and

instantaneous dephasing is shown in Scheme 50.
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Scheme 50: Energy transfer pathways in G1 taking solvent relaxation into account. ken denotes the energy
transfer rate in the vibrationally relaxed state, ks the rate constant for solvent relaxation, ks en the
energy transfer rate in the solvent relaxed state and = is the excited state lifetime. P1—P3 are the
relative populations of a particular branch. The colours are connected to the states illustrated in
Figure 31, p: 132.

The kinetic model given in in Scheme 50 was applied to the deconvoluted anisotropy decays
(Figure 28, p: 123) of G1 in all probed solvents for the first 10 ps with the help of the TENUAZ
program. As mentioned above, coherent excitation might lead to initial anisotropies up to 0.7. In the
TENUA-fit the coherent excitation was ignored and thus all decays start with the theoretical value of
r= 0.4 at time zero. The fits (apparently biexponential) yield ke, ks and ks en, whose inverse values,
together with some related data, are given in Table 7. According to these simulations, the initial
rapid energy transfer is roughly described by 3 x kgr, while the slow decay is given by ksen. The

amplitude of this slow decay (r ~ 2.5) appears very sensitive to the ratio of the rate constant of the
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energy transfer before solvent relaxation and the rate of solvent relaxation itself (ken/ks ~ 1/3). In
addition to this, the data proofs that if 1/k; >> 1/key, the two-dimensional depolarisation (theoretical
value of r = 0.1) is reached with kg, = 3 X ken. The fact that solvation can compete with energy
transfer is certainly one of the important conclusions of analysis shown above. This circumstance
results in anisotropy values in an intermediate time interval between the theoretical initial r = 0.4

and the two-dimensional depolarisation anisotropy of 0.1.

Table 7: Inverse Rate Constants Applying the Kinetic Model of Scheme 50 and Solvent Relaxation Times

Reported by Maroncelli et al. in their Form to Describe the Short (»), the Average () and Long

(<) Solvation Components.?*4%"]

1/ken 1/ks 1ksen 1o Tile <> J

Ips Ips Ips Ips Ips Ips /dm® mol™ cm?
MeCN 2.6 0.81 380 012  0.15 0.26
DCM 2.0 0.65 260 0.25  0.38 0.56 1.2x107"
toluene 2.3 0.81 86 037 135 2.72 3.2x107
PhCN 21 5.9 590 085 3.2 5.1

Consequently, a change of the solvent is expected to have a great impact on the energy transfer
dynamics of G1-G2. As mentioned above the overlap integral is an important factor for the rate
constant according to Forster. In different solvents the rate of energy transfer after solvent
relaxation should differ, since the Stokes shift is strongly solvent dependent which directly
influences J. This is proved by comparing the anisotropy decays of G1 in DCM and the nonpolar
solvent toluene. A fit of the anisotropy curve of G1 in toluene yields a lifetime of 56 ps, whose
amplitude is considerably larger than the amplitudes of comparable lifetime values of either M in
toluene or G1 in DCM (see Table 6, p: 124). Hence, this component is provoked by a particular
process of G1 in toluene and not by molecular geometry relaxations as in M and G1-G3 in DCM.
This can in particular be observed for the anisotropy values after discrete delay times after 10 and
100 ps, see Table 8, p: 137. Applying Fdrster theory on G1 in toluene (n = 1.4969, ¢ = 0.49,
=18 ns and J = 3.2x107° dm® mol” cm?®) yields 1/key = 38 ps leading to 1/kge, = 13 ps. Even
though this value is clearly too small (ca. factor four) the 56 ps lifetime is supposed to be due to
Férster transfer between the chromophore branches because, as mentioned above, the pole-dipole

approximation is not working accurately here.
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Additionally, the solvent influences the depolarisation dynamics by the solvent relaxation time 7. In
Table 7 the values reported by Maroncelli et al.****" are listed in their form to describe the short
(70), the average (r1/e) and long (<z>) solvation components. The rate constants ken, ks and ken

were determined for G1 in MeCN, PhCN and toluene identically to the ones in DCM (see Table 7).

Thereby, it becomes clear that ks is qualitatively characterised by (<z>), which is in good agreement
with result reported by Lochbrunner et al. for donor-substituted triphenylboranes.??®? The different
values of 1/k;ey in DCM and toluene again reveal the strong influence of the overlap integral J
(see Table 7). The calculated 1/ksgn = 86 ps for toluene can be observed in the experimental
anisotropy decay of G1 (as 7= 56 ps) while the corresponding calculated components of 260 ps in
DCM, of 380 ps in MeCN and of 590 ps in PhCN are invisible because these values are obviously
in the same time region as the rotational diffusion, which is the limiting factor for the observation of
anisotropy processes.

The above developed model for understanding the anisotropy processes of G1 in several solvents
serves now as a basis for a further understanding of the energy transfer properties of the larger
dendrimers in DCM. Therefore, the anisotropy values after discrete delay times have to be
analysed in more detail (see Table 8). This data show two pronounced drop-offs of anisotropy
between t = 2 and 10 ps and between t = 10 and 100 ps. Especially, the anisotropy differences of
0.06 between 10 and 100 ps are equal for all dendrimers and can be attributed to slow energy

hopping as well as to some extent to rotational diffusion.

However, the earlier drop-off of the anisotropy values of the larger dendrimers between t = 2 ps and
10 ps may be ascribed to processes related with the stronger branching in G2 and G3. The above
mentioned computations reveal that already in G2 but of course more likely in G3 two different
branches of the periphery may cluster, resulting in shorter interchromphore distances than in G1.
Due to these close contacts, energy hopping is supposed to be faster in G2 and G3 than in G1
resulting in faster anisotropy decays. Thereby G2 and G3 show parallels to conjugated polymers,
where interchain hopping is faster than the alternative along a conjugated route (intrachain
hopping).1*°
down to the value for two-dimensional depolarisation of 0.1. In the fluorescence excitation

! In G3 energy hopping causes an altogether faster anisotropy decrease than in G1

anisotropy measurements in a SOA glass G3 (as well as G1 and G2) shows anisotropy values of
0.1 over the almost complete range of absorption, which also reveal a basically two-dimensional
shape of G3.
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Table 8: Fluorescence Anisotropies r(t) of M and G1-G3 at Discrete Delay Times after Time Zero.
t/ps M G1 G2 G3
0+2 0.25
MeCN 0+10 0.24
0+100 0.20
0 0.44 0.29 0.36 0.31
ey 0+2 0.36 0.25 0.25 0.22
0+10 0.34 0.24 0.20 0.17
0+100 0.23 0.18 0.14 0.1
0+2 0.38 0.24
toluene 0+10 0.37 0.21
0+100 0.28 0.12
0+2 0.30
PhCN  0+10 0.26
0+100 0.20
3.2.1.8 Conclusions — Energy Transfer

In DCM the dendrimers G1-G3 exhibit in the first 2 ps upon excitation a prominent and rapid
emission anisotropy decay followed by some residual anisotropy higher than the values for two-
dimensional (r = 0.1) or complete depolarisation (r = 0). Investigation of the photophysical
processes occurring in the “spectroscopic unit” M reveals that solvent relaxation processes also
take place in the first 2 ps. The rate constant for incoherent energy migration in the vibrationally
relaxed molecule before solvent relaxation commences was determined by the mean of the Férster
theory and by utilising the emission spectra in cyclohexane as the time-zero spectrum. The
resulting values are similar to solvent relaxation, which strongly suggests that incoherent energy
hopping takes place shortly after time zero when the system’s vibrational relaxation is mainly
completed and solvent relaxation just begins. With proceeding solvent relaxation, the overlap
integral between the emission of the donor and the absorption of the acceptor becomes
successively smaller (unfavourable Franck-Condon overlap) leading to increasingly decelerated
energy hopping. When solvent relaxation is terminated, the excitation energy is localised on one
individual chromophore branch and energy transfer is remarkably slowed down due to the
unfavourable Franck-Condon overlap. Since solvent relaxation and energy transfer in the

vibrationally relaxed state occur in the same time regime both processes compete and the initial
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fast energy transfer does not lead to complete energy distribution over the entire molecule. In the
solvent relaxed state slow incoherent energy hopping occurs with a rate constant comparable to
rotational diffusion, which is the limiting factor for anisotropy detection. Thus, energy hopping in the
solvent relaxed state remains invisible in DCM but can be observed in toluene, where the energy
transfer is faster than the rotational diffusion.

Although the presented results do not suggest any Dexter-type through-bond energy transfer at
t < 2 ps, this mechanism cannot be excluded. However, the discussed solvent correlated energy
transfer process reasonably explains the rapid energy transfer between the distinct chromophore
branches in G1-G3.

In summary, it is demonstrated that energy transfer can be fast even between identical
chromophores (homotransfer), in which a polar excited state leads to a large Stokes shift and thus
to a small overlap integral between the acceptor absorption and the donor emission, in case where
the time zero emission spectrum overlaps significantly with the absorption spectrum. Thus, a strict
distinction between energy transfer processes in the Franck-Condon state and the solvent relaxed

state is crucial.
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3.21.9 UV/Vis/NIR - Chemical Oxidation?®

After discussing the optical properties of the neutral compounds C-M, N-M, M and G1-G2 in
section 3.2.1.2 to 3.2.1.7, the spectroscopic properties of their cationic species will be elucidated in
the following. Therefore, a samples of these compounds in DCM were stepwise oxidised with SbCls
in DCM and absorption spectra were recorded after each addition of oxidant
(Figure 32 - Figure 34).
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Figure 32: Evolution of the absorption spectra during chemical oxidation of N-M and C-M by stepwise

addition of SbCls in DCM. Early spectra are presented in blue/red, late ones in orange/green
colours. The absorption spectra of the neutral compounds are given in black. Further addition of

oxidant leaves the spectra unaffected.

The processes occurring during chemical oxidation of N-M and C-M are similar. With starting
oxidation of N-M and C-M the absorption bands for the neutral TAA at 30300 cm™ (330 nm)
(denoted A in Figure 32) vanish and simultaneously the characteristic absorption bands of the TAA
radical cation (B and D) at 26500 cm™ (375 nm) and around 13000 cm™ (770 nm) arise.l"®% |n
the absorption spectra of N-M™ and C-M™ band B at 26500 cm™ (375 nm) and 26000 cm’
(385 nm), respectively, might be caused by a SOMO-LUMO transition as illustrated in Scheme 51.
Although no exact assignment can be found in the literature to date, the presented attribution is
supported by reports on isoelectronic triarylboranes®* and perchlorotriphenylmethanes'?**. Hence,
band D is related to a HOMO-SOMO transition in the TAA radical cation.!'®® Remarkably, the
extinction coefficient of this band for C-M™ (&= 36300 M cm™) is significantly higher compared to

N-M"* (£= 23600 M cm™).

@ Parts of this section have already been published in Beitrdge zur Synthese und Charakterisierung von

triarylaminhaltigen Dendrimeren (iber die Kupfer(l)-katalysierte 1,3-Huisgen-Cycloaddition, Diploma Thesis of Fabian
Zieschang, Wiirzburg 2009.
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Scheme 51: Configuration diagram for the electronic ground and excited state of a C3; symmetric (left) and of

a symmetry broken (right) TAA radical cation. Energetic relations are arbitrary. Transitions

denoted with B-D are related to bands in Figure 32 — Figure 34,1168

Moreover, the HOMO-SOMO transition band D at ca. 13000 cm™ (770 nm) shows a shoulder on
the higher energy side, but the origin remains unclear. According to Scheme 51, the degenerated
HOMO levels of a Cs-symmetric TAA radical cation split into a HOMO and a HOMO-1 level by
symmetry breaking. The symmetry breaking can be caused by e.g. exchanging a substituent, and
thus, band C might be related to a HOMO-1-SOMO transition.""®® Band C might also be assigned to
a charge transfer from the triazole bridge to the TAA™ centre, however, an accurate assignment is
not supported by the available data.[?®2%¢2871 Whijle for N-M"* this band is considerably broadened
with a maximum at 15800 cm™ (630 nm), it is red shifted to ca. 15200 cm™ (660 nm) and more

narrow for C-M™.



3.2.1 TAA DENDRIMERS

Al nm
2000 1000 =~ S0Q0

10000 20000 30000

71cm’
Figure 33: Evolution of the absorption spectra during chemical oxidation of M by stepwise addition of

SbCls in DCM. Early spectra are presented in blue/red, late ones in orange/green colours. The
absorption spectra of the neutral compounds are given in black. Further addition of oxidant

leaves the spectra unaffected.

During the oxidation of M, the occurring processes are analogous to those observed for N-M and
C-M. The decrease of the neutral TAA bands (A) at 29200 cm™ (340 nm) and 33000 cm™ (300 nm)
and subsequent rise of the characteristic TAA radical cation bands (B and D) at 13000 cm™
(770 nm) and 26500 cm™ (375 nm) and of band C at 15500 cm™ (650 nm) were observed.!"®2%]
Band D starts to emerge at 13300 cm™ (750 nm), but when the band has reached approximately
half of its final intensity, the maximum starts to shift until it reaches its final position at 13000 cm’”
(770 nm). This finding is explained by the fact, that M™* exhibits its band D maximum at 13300 cm”
(750 nm) and the diradical dication M*™) at 13000 cm™ (770 nm). Thus, with increasing
concentration of M), the maximum of band D shifts towards the maximum of the diradical dication
at 13000 cm™ (770 nm).

More interestingly, the weak and very broad absorption band E emerges at 8600 cm™ (1200 nm),
which is absent in the chemical oxidation experiment of N-M and C-M. This band first increases
with progressing oxidation while mainly M™ is generated and decreases again with continuing
oxidation to M***). The mono radical cation M™* is a mixed valence (MV) compound, which are
known to exhibit intervalence charge transfer (IV-CT) bands caused by an optically induced charge
transfer from the neutral TAA centre to the TAA radical cation (cf. 2.1.2.2, p: 34).1%72%1 Ag long as
the addition of an oxidant leads to higher concentrations of M™* the IV-CT band increases, but with
starting oxidation of M™* to M***) the IV-CT band begins to decrease. In M***) also the second TAA
donor is oxidised and thus optically induced charge transfer is precluded (see Scheme 52, top,
p: 143). However, the low intensity of the IV-CT band indicates a weak electronic coupling between

the TAA moieties.?®%
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Figure 34: Evolution of the absorption spectra during chemical oxidation of G1 and G2 by stepwise

addition of SbCls in DCM. Early spectra are presented in blue/red, late ones in orange/green
colours. The absorption spectra of the neutral compounds are given in black. Further addition of

oxidant leaves the spectra unaffected.

As expected, during the chemical oxidation experiments of G1 and G2 the typical absorptions (A) of
the neutral compound at 27800 cm™ (360 nm) and 33000 cm™ (300 nm) vanish while the bands of
the TAA radical cation (B, D) at ca. 13000 cm™ (770 nm), the band C at ca. 16200 cm™ (620 nm)
and the IV-CT band (E) at ca. 9300 cm™ (1080 nm) rise.!6%:2%!

At the beginning of the oxidation process, band D starts to rise for both compounds with its
maximum at 13000 cm™ (770 nm) and further the small shoulder C on the higher energy side
emerges similarly for G1 and G2 at 16200 cm™ (620 nm). When the IV-CT band reaches
approximately its highest intensity, the observed band maximum of band D starts to shift to ca.
12500 cm™ (800 nm). In contrast the maximum of band C shifts towards higher energies
(16800 cm™ (600 nm)) and becomes considerably broader.

As apparent from Scheme 52 (bottom) the IV-CT band of G1 is a result of three different MV
species and even more processes have to be taken into account for the IV-CT band of G2
(cf. Figure 37, p: 147). Therefore, a detailed analysis of the IV-CT band in the chemical oxidation
experiment of G2 was prevented.

Astonishingly, the radical cations of the model compounds feature a band D with obviously higher
intensities compared to band A of the related neutral compounds. However with increasing number
of TAA moieties in the compounds, the relative intensity of the radical cation band D decreases.
Hence, the intensity of band D of the radical cation of G1 is slightly and of G2 is significantly smaller
than band A of neutral G1 and G2, respectively. This might be explained by the existence of

diverse TAAs in G1 and G2, which all contribute with different absorption characteristics to the
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o+

observed spectra. This assumption is further supported by the fact that even N-M™ and C-M
possess remarkably different intensities for band D although both compounds only differ in the
junction via the triazole.

However, an incomplete oxidation of G1 or G2 may not be responsible for the less intense band D
because the IV-CT band of both G1 and G2 entirely disappears during the chemical oxidation
experiment. This in turn reveals that no IV-CT pathway is present at the end of the chemical

oxidation experiment of G1 and G2 — all TAAs are oxidised.
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Scheme 52: Possible electron transfer pathways during the chemical oxidation process of M (top) and G1

(bottom). & is the relative absorbance of the IV-CT band.
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3.2.1.10 Electron Transfer in M and G1?

Mulliken-Hush analysis of the IV-CT bands of M™, and G1**) gives access to the electronic
coupling (Vag) according to equation (51), p: 33.183%8] Therefore, first the transition moment (t4rans)

has to be estimated using equation (52), p: 33).

M ~
Vg = Atm e (51)
3hcegIn10 9n &t
= . | =dV 52
Hirans \/2000;;2NA (" + 2)° f > v (%2)

where

n is the refractive index of the solvent, f%ﬁldVis the integral of the reduced (IV-)CT band, h is the

Planck constant, N, is Avogadro’s constant, ¢ is the speed of light, & is the vacuum permittivity,
Ay, is the diabatic dipole moment difference of the ground and excited state and V. is the

maximum of the IV-CT band.

For determination of s4ans, the extinction coefficient of the IV-CT band has to be determined but at
no time the concentration of M™ is equal to the starting concentration ¢, of M. Hence, first the
comproportionation constant (K) was estimated from the redox potentials given in Table 3, p: 103,
applying the Nernst equation (68), followed by calculation of the equilibrium concentration c.q using

[290,291]

equation (69).

|AE|F

K=eRT (68)

Ceq™= Co \/7 (69)
2+VK

where
AE is the redox potential difference, F is the Faraday constant, R is the universal gas constant and

T is the temperature.

The equilibrium concentration ceq represents the concentration of M™, at which the IV-CT band

exhibits its highest intensity. With c,q and the spectrum presenting the most intense IV-CT band,

® Parts of this section have already been published in Beitrdge zur Synthese und Charakterisierung von

triarylaminhaltigen Dendrimeren (iber die Kupfer(l)-katalysierte 1,3-Huisgen-Cycloaddition, Diploma Thesis of Fabian
Zieschang, Wirzburg 2009.
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the extinction coefficient of the IV-CT band of M™* was estimated. The spectrum was reduced and

then the bands were fitted by three Gauss functions to obtain the reduced spectral integral

(J = [ 22 d7) of the IV-CT band (see Figure 35).

Alnm

2000 ., 1000

1.5- ] D
experiment

Gauss fit of
1---IVCTband E
104 _ _bandD
band C

1- — - Sum of the
0.5 three Gauss
fits

reduced exctinction coefficient

5000 10000 15000
7/cm”
Figure 35: Reduced absorption spectrum of M™* at maximal absorbance in DCM (black, solid) and Gauss

fits of the IV-CT band (E) (blue, dashed), the HOMO-SOMO transition band (D) (green, dashed)
and the band C (orange, dashed). The reduced spectral integral J was taken from the blue fit

curve.

Using equation (52), p: 33 and p: 144, t4.ns Was calculated to 2.18 D. With z4ans and equation (51),
p: 33 and 144, Vxg was determined to be 300 cm™. Herein, the diabatic dipole moment difference
Az was approximated as e -r, where the effective electron transfer distance (r) was taken as the
mean distance (r = 13.2 A) ? between the two chromophore centres obtained by DFT calculations
using B3LYP/6-31G***! |evel of theory."*!

However, the situation is even more complicated for the Mulliken-Hush treatment of the IV-CT band
of G1. As apparent from Scheme 52, p: 143 (bottom), the observed IV-CT band is the superposition
of the IV-CT bands of up to three MV-species (G1™*, G1%**) and G13"")). Therefore, an accurate
determination of Vg requires a deconvolution of the IV-CT band into the contributions of G1™,
G1%*" and G13*" in respect of their relative concentrations and relative absorptivities & (cf.
Figure 36 and Scheme 52, p: 143). Thus, their relative concentrations were calculated using the
coupled Nernst equation (70) and plotted together with their relative absorbance against the
“applied” potential (the “applied” potential represents the concentration of oxidant in the sample

solution), see Figure 36.12%%

@ This approximation underestimates the electron transfer distance and thus A2, see section 2.1.2.1, p: 33.
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f F(E—-E,
cy(G1)- 1_[ [exp (—( — ”‘))]

Gy G )= ———— = (70)
F(E-E,)
2111 [e"p( RT )]
= (m=1

where
E., is the redox potential for the X™'™"/X™" process, F is the Faraday constant, R is the universal

gas constant, T is the temperature.
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Figure 36: Relative concentrations (solid lines) of G1 (black), G1™* (green), G124 (yellow), G613 (blue) and

G1%"*) (black) and the relative absorbance & (dashed lines) of G1**, G1°*2, G1™)3 and their sum

(red) vs “applied” potential. (The relative absorbance of G1°* equals its relative concentration).

Accordingly, the most intense IV-CT band is predominantly caused by G13***) due to its high molar
fraction and high relative absorbance (5q(G1%™) = 3) compared to the other MV species
(5a(G12™) =2 and £(G1™) = 1). Thus, the IV-CT band is most intense when the equilibrium

concentration ceq(G1('+)3) reaches its maximum and thus further evaluation of the transition moment

(24rans = 2.49) was performed analogously to M utilising ceq(G1*").
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Figure 37: Relative concentrations of the oxidised species of G2 vs “applied” potential.

For the calculation of Vg according to equation (51), p: 33 and p: 144, the centre-to-centre
distance rin G13*" was supposed to differ only insignificantly from the value for M™*. However, for
systems, which are not linear, the introduction of a symmetry factor 1/+/s is required, taking the
dimension of the system into account.”**?%?l Since G1 possesses a superficial trigonal structure, s
for G1 is 3 and thus the electronic coupling was multiplied by 1/+/3 to yield Vag = 220 cm™. An
analysis of the IV-CT band arising during the oxidation of G2 was not carried out due to a multiple
number of possible electron transfer pathways and thus IV-CT species (cf. Figure 37). The data

obtained by Mulliken-Hush analyses are summarised in Table 9.

Table 9: Optical Data for the IV-CT Band of G13"" and M™".
v max Hirans éivet VAB
/ cm’ /D /M'em™  /em™
M 8600 2.18 900 300

G1 9300 2.49 2240 220




I RESULTS AND DISCUSSION - SPECTROSCOPY

3.2.1.11 Conclusions — Electron Transfer

The obtained values for the electronic coupling in M and G1 are in the same order of magnitude.
While in M the electron is transferred from a TAA linked via the triazole nitrogen to a TAA linked via
the triazole carbon, the electron transfer direction in G1 is opposite. This might be the reason for
the somewhat different Vg for M and G1. This assumption is additionally supported by previously
conducted studies that showed that the linkage towards the triazole strongly influences the electron

transfer properties.'>*2%

Although triazoles have been of eminent interest as suitable bridges for electron transfer studies in
recent years, their role as electron transfer mediator remains unclear.'54159219293-2%] Thg regylts
both, experimental and theoretical studies, are diverse and controversial. Thereby, triazoles were
characterised as electron acceptors!*®?*l as well as electron donors®'. This finding might be
reasonably explained by the ambivalent behaviour of the triazoles depending on the connection
mode as found in the CV experiments. Triazoles are further described as having “neither electron-
donating nor electron-withdrawing character’®?l. Furthermore, for some authors triazoles feature
excellent electronic communication between the electron donor and the electron acceptor, which
results in rapid and efficient electron transfer,!'® while other investigations led to the opposite
conclusion.®

However, the statements found in literature are not results of systematic studies. For example, the
asymmetric behaviour of triazoles concerning electron transfer was explained by the distinction
between oxidative and reductive electron transfer,”®® by the diverging influence of the triazole
linkage mode on the HOMO-LUMO gap!"*" and by differences in the dimension of torsional angles
with neighbouring phenyl rings on both sides of the triazole®*°!.

Hence, the reason for this diversity of interpretations might be on one hand the very delicate
response of the triazole properties on e.g. substitution modifications. On the other hand, the
generalisation of findings, obtained by sometimes very specialised studies, may lead to overrated
conclusions. For example: The donor character of triazoles was concluded by changes of the
coumarin emission provoked by a triazole introduction.”” In contrast, transient absorption
spectroscopy studies, where charge separation or recombination processes were monitored,
served as the fundament of several statements concerning the electronic coupling of triazoles!"**.
This reflection out previously conducted studies does not intend to rather question the reported
results, but illustrates the issue of gaining reliable statements. Thus, the properties concerning
triazoles found in this thesis are not to be understood as general but compound specific and no

classification into “good” or “bad” electron transfer mediators will be given.
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In order to assess the electronic couplings obtained by Mulliken-Hush analyses of the IV-CT bands
of M (and G1), couplings will be compared to those of related MV compounds with diverse bridging
units (see Chart 12).

21A
P .— 58A—, ot
MeO P oMe | *+ Br 5 ; Br |
N=N: : :
| Ioe |9 P @
23 - 3
M N N H N Q 2554856 O N
¢ : ¢ | /)7 C
MeO OMe Br Br
dyn=132A dy.n=16.6 A
Vag = 295 cm™! delocalised
OMe| *+
MeO, 12A OMe | *+ ;T 81A—,

o @ e _ o @ | |
£, o Q.

dyn=11.9A MeO dyn=185A
Vag=1120 cm™ Vag =320 cm™
Chart 12: Structure, electronic coupling Vag, N-N distance dn.n and dimension of the bridging unit of M and

of the compounds G HE%®! ang 2%,

Bis(triarylamine) radical cations with different bridging units are one of the most intensive studied
MV compounds to date.”?! In the following a selection of compounds with bridges that show either
structural parallels or a similar electronic coupling compared to M is presented. The N-N distance,
the number of bonds between the TAAs and the size of the bridge were considered as relevant
factors to review the electronic communication between the chromophores.

The data presented in Chart 1 reveal that the triazole bridge in M is significantly larger and the
electrons have to travel over more bonds and over a longer distance compared to the tolane bridge
in compound G. Consequently, the significantly larger electronic coupling in G (Vag = 1120 cm™)
seems reasonable but even the clearly longer 2,2°-bithiophene bridge in H allows a strong
electronic communication between the TAAs.*% In fact, the positive charge in H is completely
delocalised over the entire molecule.® Thus, the electronic coupling over its 7zsystem is
considerably small although, the triazole is a five membered aromatic ring system comparable to
thiophene. The orbital interaction between the TAAs and the triazole is disrupted by the large twist
angle between the triazole and the phenylen group of ca. 30 — 40°.°°! This might be one reason
why M exhibits a relatively small electronic coupling comparable to the value found for I, where the
two TAAs are connected by a [3,3]-paracyclophane moiety. Therein, the electron transfer takes

place through-space and not through-bonds as in M, G and H.[?%83%
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In conclusion, the use of triazole as bridging units leads to a considerably reduced coupling
between the adjacent chromophores, which is remarkable for such a small aromatic heterocycle.
Thus, the redox potentials of the distinct TAAs in C-M, N-M, M and G1-G3 are essentially
determined by the attached substituents. Triazoles connected via the carbon act as an EDG while
nitrogen-linked triazoles act as an EWG.!"*%2'92201 However, the triazole still possesses sufficient

electronic coupling to allow for an effective electron transfer from one chromophore to the other.
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3.2.2 Spiro dendrimers

3.2.21 Cyclic Voltammetry

The redox potentials of spiro-G1 and spiro-G2 were determined by CV (see Figure 38 and
Table 10). Measurements were performed in DCM solution under argon atmosphere with TBAHFP
(~ 0.2 M) as supporting electrolyte and the obtained values were referenced against the Fc/Fc*

redox couple.
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Figure 38: Cyclic voltammograms of spiro-G1 and spiro-G2 measured in DCM with TBAHFP (~ 0.2 M) as

supporting electrolyte and referenced against the Fc/Fc* redox couple.

The CV of spiro-G1 is characterised by one reversible oxidation wave at 320 mV that comprises
the oxidation of all four individual MeO-TAAs. This finding is in good agreement with the obtained
E,j, values for the terminal TAAs in G1-G3 and for N-M, and proves no detectably effect from the
spirobifluorene on the redox potentials.

To date, no analyses of redox properties of 9,9'-spirobifluorenes have been reported.®"! In
publications with the spirobifluorene as a structural motif, including electrochemical considerations,
oxidation or reduction potentials of spirobifluorene have not been mentioned. Presumably,
spirobifluorene is neither oxidised nor reduced at the potential generally applied in electrochemical
measurements.

In the CV experiment spiro-G2 exhibits two reversible oxidation waves that consequently are
assigned to the oxidation of the terminal TAAs (340 mV) and of the branch TAAs (600 mV). These
values are very similar to the values found for G2 and G3 (cf. Table 3, p: 103, and Figure 15, p:
102). An interaction between terminal TAAs and branch TAAs through the triazole might be
negligible and thus the redox potential is determined exclusively by the substitution pattern,

analogously to G1-G3 (cf. section 3.2.1.1, p: 101).
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Table 10: Half Wave Potentials (E2) of spiro-G1° and spiro-GZb. All Ey2 Values were Estimated by Cyclic
Voltammetry in DCM/TBAHFP (~0.2 M) at RT and Referenced Against the Fc/Fc* Redox Couple.

E;e/;minal E:;/rgnch
/mV /mV
spiro-G1 320 -
spiro-G2 340 600

@ Measured with a scan rate of 250 mVs™". ® Measured with a scan rate of 500 mVs™.

3.2.2.2 Steady-State Absorption Spectroscopy

To obtain information about the characteristics of the spiro dendrimers electronic ground state,
steady-state absorption spectra were recorded in solvents with different polarity. However,
spiro-G2 proved to be in soluble only in DCM. The spectra of spiro-G1 and spiro-G2 in DCM are
shown in Figure 39 together with the spectra of the relative TAA dendrimers G1 and G2, which
proved to be rather similar. For spiro-G1 no solvent dependence was observed, indicating a
nonpolar electronic ground state. This is assumed to be similar for spiro-G2, although an
experimental proof cannot be given. Spiro-G1 exhibits a broad and featureless absorption
maximum at 28400 cm™ (350 nm) with a shoulder at about 33300 cm™ (300 nm) and an additional
weak band indicated at about 31000 cm™ (320 nm). For spiro-G2, the main absorption band is red-
shifted by ~ 200 cm™ to ca. 28200 cm™ (355 nm). Exciton coupling between the terminal TAAs in
the individual chromophore branches might be responsible for this shift. However it is also possible
that this shift is caused by introduced branch TAAs with different absorption characteristics.

Remarkably, the spectrum of spiro-G2 is much broader than the one of spiro-G1 (and G1-G2),
which might be explained by conformational disorder in the more expanded dendrimer. The two
dendrimers exhibit very similar 00-energies, as indicated by the comparable onset of absorption.
Similar to G1-G3 the intensity of the higher energy shoulder decreases with increasing generation
number (cf. section 3.2.1.2, p: 104). The absorption characteristics of the spirobifluorene moiety is
not pronounced and not resolved due to the overlap with the strong TAA absorptions. The neat
spirobifluorene exhibits absorption maxima above 31000 cm™ (320 nm) but an introduction of
substituents may shift the absorption maxima below 25000 cm™ (400 nm).*%%3%! |n Jiterature, no
triazole-substituted spirobifluorenes are reported, but it seems obvious that the spirobifluorene
moiety has no significant impact on the absorption spectra of spiro-G1 and in particular of

spiro-G2.
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Figure 39: Normalised absorption spectra of spiro-G1 and spiro-G2 in DCM. Spectra of G1 and G2 are given
for comparison (dashed lines).
3.2.2.3 Emission Spectroscopy

Information about the characteristics of the excited state of spiro-G1 and spiro-G2 were obtained
by steady-state and time resolved emission spectroscopy. The emission of spiro-G1 and spiro-G2
is mainly determined by the TAA chromophore branches and similar to the absorption no influence
of the spirobifluorene was observed.

However, the emission spectra of spiro-G1 in all solvents are broad and structureless and, unlike
to the absorption, the emission of spiro-G1 shows a strong solvatochromism. The emission
maxima shift with increasing solvent polarity towards lower energy, which reveals the emission
occurring from a charge transfer state (see Figure 40). While the TAA-triazole-TAA structure in G1
may lead to excited quadrupolar states that are the reason of polar charge transfer states, the
second donor-TAA is absent in spiro-G1 (cf. 3.2.1.3, p: 105). Herein, electron density might be

shifted upon excitation from the donor to the triazole acceptor and a classical dipolar excited state

results.[1%9219

The quantum yields of spiro-G1 in diverse solvents, determined using quinine sulfate in H,SO, as
a quantum yield standard (¢ = 0.55), are all in the order of ca. 60 % but with a remarkably high
value of 87 % in MeCN. Since spiro-G1 shows only weak solubilty in MeCN, the high quantum
yield might be to some extent inaccurate due to uncertainties in the experiment. For spiro-G2 in
DCM a quantum yield of 33 % was found, which is much lower compared to spiro-G1, G2 (57 %)
and G3 (48 %).

The excited state lifetimes in the diverse solvents are in the range of 2.5 to 5.1 ns with a maximum

in medium polar solvents and a minimum in nonpolar toluene. Applying these data to equation (54),
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p: 106, yields the rates of the radiative decay k: and with the Strickler-Berg equation (55), p: 106,
the fluorescence transition moments s were determined. Values of ca. 4 D were obtained for
spiro-G1 in all solvents except for MeCN. Here an impressive u value of about 8 D was
determined. This high value might be caused by the high fluorescence quntum yield and is
therefore not trustworth (c.f. 3.2.2.3, p: 153). The  value of ca. 3 D for spiro-G2 in DCM is smaller
than for spiro-G1, but similar to the values found for G2 and G3. This narrow range of transition
moments (disregarding the value in MeCN) indicates the absence of a superradiant effect and thus
exciton coupling can be neglected in the excited state. The spectroscopic data of spiro-G1 and

spiro-G2 are listed in Table 11.
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Figure 40: Normalised absorption and emission spectra of spiro-G1 in different solvent. Excitation at
28200 cm™ (355 nm).
Table 11: Absorption and Fluorescence Data of spiro-G1 and spiro-G2.
V max Emax Vi ¢f Tf ks Y2
/em™” M'em™  Jem™ Ins /107 s™ /D
spiro-G1 MeCN 28950 - 19000 0.87 3.5 24 7.8
EE 28200 - 20650 0.58 4.1 14 4.6
DCM 28400 161900 21700 0.65 5.1 13 4.3
toluene 28000 141900 23250 0.56 2.5 22 4.6
spiro-G2 DCM 28400 281000 20500 0.33 4.8 7 3.3
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3.224 Steady-State Emission Anisotropy Measurements

In order to get a closer view on the relative orientation of the transition moments of absorption and
emission in spiro-G1 and spiro-G2, fluorescence excitation polarisation anisotropy measurements
were performed. Both dendrimers were investigated in a rigid glass matrix of SOA at RT to prevent

molecular motions. The excitation anisotropies of spiro-G1 and spiro-G2 are shown in Figure 41.
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Figure 41: Normalised absorption spectra in DCM and fluorescence excitation polarisation anisotropy

spectra r(V) of spiro-G1 and spiro-G2 in SOA at RT.

The anisotropy for spiro-G1 starts with a high value of 0.35 at the beginning at 23700 cm™
(420 nm), which immediately decreases to a value of ca. 0.05 at 30300 cm™ (330 nm). From there,
the anisotropy slightly decreases with an increasing overlap with the higher energy transitions. The
observed value of ca. 0.05 over the area of the main absorption band is between the expected
value for three-dimensional (r = 0) and two-dimensional (r = 0.1) depolarisation. Since the exact
global structure of spiro-G1 is unknown, it is supposed that upon photoexcitation the energy is
equally distributed over the entire molecule.

The high anisotropy at the beginning is a result of a “red-edge excitation effect” similar to the one
observed for G1-G3 (3.2.1.4, p: 108).72%] Thjs is a clear proof for an energy transfer between the
chromophore branches in spiro-G1.

The wavelength dependent anisotropy course of spiro-G2 shows clear parallels to the one of
spiro-G1. The high anisotropy at the start of 0.35 at 25000 cm™ (400 nm) readily decays to a value
of 0.24 at 27000 cm™ (370 nm) from where the anisotropy only moderately decreases in the range
of the main absorption band. An increasing overlap of the high energy transitions results in a clearly
stronger decrease of anisotropy above ca. 32300 cm™ (310 nm). Thus, the overall progression of
the anisotropy spectra of spiro-G1 and spiro-G2 are comparable. On the low energy side of the

main absorption band both anisotropy spectra exhibit a strong anisotropy decline as a result of a
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“red-edge excitation effect” caused by an inhibited energy transfer between chromophores in the
symmetry broken systems (cf. 3.2.1.4, p: 108).%2°%%! |n the area of the main absorption band the
anisotropy decreases only slightly with values of ca. 0.05 and ca. 0.2 for spiro G1 and spiro-G2,
respectively. Remarkably, the anisotropy of spiro-G2 is higher over the complete spectrum than
that of spiro-G1. Further the value of ca. 0.2 in the area of the main absorption band is significantly
larger than the expected value for either three-dimensional (r = 0) or two-dimensional (r = 0.1)
depolarisation.

The question arises, why the emission in spiro-G2 is more polarised than in spiro-G1 and why the
energy is not completely distributed over the entire molecule.

Homoenergy transfer between the chromophore branches certainly takes place by a Férster-like
mechanism since the chromophores in spiro-G1 as well as in spiro-G2 are too distant
(N-N distance of two adjacent terminal TAAs in spiro-G1 is ca. 16 A) to allow Dexter-type energy
transfer, as supported by MM2 force field calculations in ChemBio3D Ultra®*”! (see Figure 42).

For spiro-G2 energy transfer processes resulting in anisotropies lower than 0.2, especially energy
transfer between the individual chromophore branches, seem to play a less important rule
compared to those resulting in higher anisotropies. Thus, energy transfer may occur basically in the
individual chromophore branches where the terminal TAAs are predominantly excited due to their
high relative number. From the terminal TAAs, intrachain energy hopping to the branch TAAs might
be related with higher anisotropy values. A distinction between the energy transfer pathways might
be possible by time resolved emission anisotropy measurements. A comparison of decays for
spiro-G1 and spiro-G2 and an analysis of the related time rates of the diverse pathways might

provide the decisive information.
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Figure 42: Optimised structure of spiro-G1. Optimisation was performed by means of MM2 force field in
ChemBio3D Ultra®"”
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3.2.25 UV/Vis/NIR — Chemical Oxidation

Steady-state absorption spectra of the radical cations of spiro-G1 and spiro-G2 were recorded to
investigate their spectroscopic properties. Therefore, chemical oxidation experiments for spiro-G1
and spiro-G2 in DCM using SbCls in DCM as oxidant were performed analogously to the

measurements in section 3.2.1.9, p: 139.
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Figure 43: Evolution of the absorption spectra during chemical oxidation of spiro-G1 by stepwise addition

of SbCls in DCM. Early spectra are presented in blue/red, late ones in orange/green colours. The
absorption spectra of the neutral compounds are given in black. Further addition of oxidant

leaves the spectra unaffected.

In Figure 43, the evolution of the absorption spectra of spiro-G1 during the chemical oxidation with
SbCls in DCM is shown. The processes that account for rising and vanishing absorption bands are
similar to those characterising the chemical oxidation data of C-M and N-M (cf. 3.2.1.9, p: 139).
With starting oxidation, band A of the neutral spiro-G1 at 28400 cm™ (350 nm) begins to decrease
and congruently, bands B, C and D at 26700 cm™ (375 nm), 16400 cm™ (610 nm) and 12900 cm’
(775 nm), respectively, arise.l'®?3 The assignment of the absorption bands refers to Scheme 51,
p: 140. According to that, band B is caused by a SOMO-LUMO transition, while band D is the result
of an excitation from the HOMO into the LUMO of the TAA.!"®® The origin of band C remains open
and a clear attribution to either a HOMO-1 to SOMO transition or to a charge transfer from the
bridge to the TAA radical cation is not supported by the available data.

In the neutral spiro-G1, the spirobifluorene absorption bands are strongly overlapped by the strong
absorbance of the TAAs. However, with proceeding oxidation the strong absorbance of the TAAs
declines and the absorption of the spirobifluorene core may become observable. This is also
indicated by the fact, that the intensity of the band A of spiro-G1 is remarkably higher than that of

G1, which also comprises four absorbing TAA moieties. Thus, the intensities of band D are roughly
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identical for spiro-G1 and G1. However, the absorption energy of spirobifluorenes is highly
dependent on substituents and therefore the accurate position of the absorption bands cannot be
determined.

Crucially, the absence of an IV-CT band proves no (or only insignificant) electronic coupling
between the individual TAA moieties neither through the sp®-carbon of the spirobifluorene nor

through one fluorene subunit.

Alnm
2000 1000 = 500
300000] SPiro-G2
250000-
§ 200000
= 150000
™ ] [
100000- ; s
50000 AN

1000 20000 30000

7/ cm™
Figure 44: Evolution of the absorption spectra during chemical oxidation of spiro-G2 by stepwise addition

of SbCls in DCM. Early spectra are presented in blue/red, late ones in orange/green colours. The
absorption spectra of the neutral compounds are given in black. Further addition of oxidant

leaves the spectra unaffected.

Spiro-G2 exhibits significant differences in the recorded spectra during oxidation progression
compared to spiro-G1 and shows a rather similar behaviour like G1. As expected, with starting
oxidation band A of neutral spiro-G2 decreases, accompanied by a red-shift of the maximum at
28200 cm™ (355 nm) to 27000 cm™ (370 nm). This red-shift is caused by the overlap of absorption
band A, related to the neutral TAAs in spiro-G2, and band B assigned to TAA radical cations. The
ratio of these two species changes continuously and dictates the position of the observed band
maximum. Due to the high amount of TAA absorption, the absorption of the spirobifluorene core is
not observed.

At lower energies bands C and D emerge at 16200 cm™ (620 nm) and 13000 cm™ (770 nm),
respectively. During the chemical oxidation experiment, also the appearance of the IV-CT band E is
observed. Band E is caused by an optically induced charge transfer from a branch TAA to a
terminal TAA. The most intense IV-CT band is expected to be the result of a large number of
different MV species, which all may feature similar relative absorbances and energies. Therefore a
Mulliken-Hush analysis was expected to be too complex. Analogously to G1, bands D and C start

to shift at approximately the same time when the intensity of the IV-CT band E passes its maximum
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(cf. 3.2.1.9, p: 139). From there on in particular the branch TAAs are oxidised. The radical cations
of the branch TAAs feature different absorption characteristics than the terminal TAA radical

cations, which results in the observed shift.

3.2.2.6 Conclusions

The spiro dendrimers spiro-G1 and spiro-G2 exhibit rather similar spectroscopic properties
compared with the dendrimers G1-G3.

In spiro-G1 the excitation energy is supposed to be equally distributed, as indicated by the almost
completely depolarised steady-state emission. However, the emission of spiro-G2 is more
polarised than for spiro-G1 and thus the energy is probably not transferred beyond the individual
chromophore branch within fluorescence lifetime. Presumably, energy transfer within one distinct
chromophore branch is more rapid than between individual chromophore branches.

Energy transfer in spiro-G1 and spiro-G2 is expected to be mediated by dipole-dipole interaction
according to the Férster theory. In contrast Dexter transfer would require a direct orbital overlap
between the donor and the acceptor branch, which is prevented by the perpendicular arrangement
of the branches caused by the spirobifluorene motif.?

However, time resolved emission anisotropy measurements and solvent dependent analyses may
give a comprehensive understanding of the photophysical dynamics in spiro-G1 and spiro-G2.
These studies may further serve as a basis for a more detailed discussion of possible energy

transfer mechanisms and pathways in spiro-G1 and spiro-G2 in the future.

Concerning electron transfer, the four TAA-triazole moieties of spiro-G1 behave like individual
subunits. The absence of an IV-CT band during the oxidation progression of spiro-G1 indicates no
or a negligible electronic communication between the TAAs. This finding can be reasonably
explained by considering the relative small electronic coupling found for M (cf. Table 9, p: 147) and
by the large N-N distance (~ 23 A)® between two TAAs along one fluorene subunit. Thus, the IV-CT
band detected in the chemical oxidation experiment of spiro-G2 is attributed to electron transfers

between the branch TAAs and the terminal TAAs in the individual chromophore branches.

? Direct orbital interaction between the two fluorene subunits might be possible due to “spiro-conjugation” in symmetry
broken spirobifluorenes.[3°8'311]
b Optimisation was performed by means of MM2 in ChemBio3D Ultra 12.0.2, CambridgeSoft 2010.
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3.2.3 Morphology of the Dendrimers

Compounds that form amorphous films (= glasses) are particularly beneficial for many
optoelectronic applications compared to single and polycrystalline materials. In contrast to single
crystal growth the amorphous state can be easily achieved e.g. by spin coating or vacuum vapour
decomposition. Polycrystalline states exhibit grain boundaries between neighbouring
microcrystallites that result in charge carrier traps or light scattering and thus in corrupted device
performance.?'?%"3l Furthermore, polycrystalline states are anisotropic and seldom reproducible
and therefore their characteristics are laborious to investigate.

Polymers are a class of materials that are commonly found to form amorphous films. However,
polymers typically show wide molecular weight distributions and are loaded with aliphatic (non-

B4 That is why low-molecular substances that form

photoactive) chains to guarantee solubility.
stable amorphous phases are in the focus of intensive research. Such molecules can be diversified
with relative ease and characterisation and purification is accomplished by common techniques
(e.g. NMR and chromatography). The stability of the amorphous state is correlated with the glass
transition temperature T, Beyond T, intermolecular motions rapidly increase and facilitate the
transition into the stable crystalline state. Materials in optoelectronic devices require high Tg4 values
as the surface temperature in e.g. photovoltaics can reach several hundred centigrade.

Some requirements for the synthesis of low-molecular compounds with enhanced T4 were given by
Naito and Miura. They stated that highly symmetric, globular, rigid and dense compounds with large
molecular weights and a weak intermolecular cohesion are expected to form stable amorphous
states.['®""% On this basis, several new organic materials with high T, values were designed.
These are in particular starburst systems investigated by Shirota!'®*3'*3'%l and spiro compounds by
Salbeck,'®*%3 in which the globular structure annihilates intramolecular dipoles and reduces the

intermolecular cohesion.

The dendrimers presented in this thesis, fulfil these requirements and in the case of the spiro
dendrimers, the concepts of starburst and spiro structures are even combined. Therefore, all
dendrimers as well as the model compounds were investigated by differential scanning calorimetry

(DSC) to characterise the glass forming properties and the dependence of size and structure on
T [318,319]
o

In the DSC plots shown in Figure 45, a glass transition is indicated by a deflection of the baseline
and the T, is defined as the inflexion point at the transition between phases.’® Two heating-
cooling cycles were performed for each compound to assure that all transitions are reversible.

Beside the glass transition found for all investigated compounds (disregarding spiro-G2, vide infra),
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the DSC plots of N-M and C-M present two additional signals. The exothermic process (negative
peak) at T,ec = 95°C for N-M and T... = 94°C for C-M might be assigned to recrystallisation of the
sample, while the endothermic process (N-M: T, = 174°C, C-M: T,= 134°C) is caused by melting of
the sample.?**3'® The small positive peak at ca. T = 150°C in the DSC plot of C-M is caused by an
artefact in the measurement.

According to the T, values listed in Table 12, the T significantly increases with molecular weight,
size and branching factor of the systems. However, this effectis more significant at lower molecular
weights. Thus, the T, value increases from 69°C for M (MW: 675.77 g/mol) to 141°C for G1
(MW: 1356.53 g/mol) by a factor of around two just like the MW. However, T, increases from 196°C
for G2 (MW: 3398.80 g/mol) to 231°C for G3 (MW: 7483.33 g/mol) only by a factor of ca. 1.2 (MW
by a factor of ca. 2.2). Therefore, it is assumed that the Ty value reaches an upper limit where

higher MWs and increased branching will not enhance T4 any further.

However, introducing spirobifluorene into the dendrimer structure remarkably increases the Ty of
spiro-G1 by ca. 50°C compared to G1. The DSC curve of spiro-G2 possesses no characteristic
step up to 350°C indicating an amorphous state transition. The absence of a glassy state seems to
be unreasonable, since spiro-G1 and G3 are structurally similar to spiro-G2 but with increasing
generation number the observed step becomes less pronounced. Thus, a supposed amorphous

state in spiro-G2 might be indiscernible under the applied measurement conditions.

The use of triazoles as spacer between the TAA and the spirobifluorene results in a 20°C higher Ty
for spiro-G1 compared to spiro-MeOTAD (T, = 121°C; MW: 1225.42 g/mol)."® The latter is used
in a great diversity of optoelectronic devises. If this enhancement is caused by the angulated nature
of the triazole spacer, leading to a somewhat different global structure, or by the higher molecular

weight cannot be stated.
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Chart 13: Molecular structures of the compounds TTB, p-MTDATA and K.

However, both G1 and G2 feature improved T4 values compared to the structural related
dendrimers p-MTDATA (T, = 80°C; MW: 789.01)*" and K (T, = 169°C; MW: 1834.33)"®**2l which
comprise no triazoles. Contrarily M shows no significant shift of Ty compared to TPD (T = 62°C;
MW: 516.67)'"]. In brief, all presented compounds exhibit slightly higher MWs than their literature-
known counterparts and considerably higher T4 values.

Table 12: Molecular Weight and Glass Transition Temperature Extracted from DSC Measurements.

N-M C-M M G1 G2 G3 spiro-G1 spiro-G2

MW 44852  448.52 675.77 1356.53 3398.80 7483.33 1798.01 4521.03

Ty 46°C 43°C 69°C 141°C 196°C 231°C 181°C -
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Figure 45: Continued
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Figure 45: Differential scanning calorimetry curves of N-M, C-M, M, G1-G3 and spiro-G1. The maximum of

the first derivative of the curve (red) indicates the glass transition temperature (Ty).
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3.2.4 CASCADES

3.24 Cascades
3.241 Results

3.2411 Cyclic Voltammetry

Cyclic voltammetry measurement were performed for all TAA-NDI cascades in order to determine
the redox potentials of the incorporated chromophores in the cascades, and to estimate the
energies of various charge separated states upon photoexcitation. The measurements were
realised in DCM with TBAHFP as supporting electrolyte and the potentials were referenced against
the Fc/Fc' redox couple. In this measurement the NDI acceptor is reduced and up to two TAA
donors are oxidised (see Figure 46 and Table 13). Multiple thin-layer measurements proved the

reduction of the NDI as well as the oxidation of the TAAs to be fully reversible.

=]
L]
<
i
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-1000 -500 0 500 1000
ElmV vs. Fc/ Fc*
Figure 46: Cyclic voltammograms in DCM/TBAHFP (~ 0.2 M) of C-M?, C-M?, 22 the dyads® and the triads”

vs. Fc/Fc*.  Measured with a scan rate of 250 mV s™'. ® Measured with a scan rate of 1000 mV s™.
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Similar to the redox potentials found for the dendrimers, the triazoles show an ambivalent influence
on the oxidation of the adjacent triarylamines, inasmuch as triazoles connected via the carbon to
the TAA act as an electron-donating-group (EDG) while nitrogen-linked triazoles act as an electron-
withdrawing-group (EWG), see section 3.2.1.1, p: 101.

As a result, in Da the oxidation of the MeO-substituted TAA connected via the nitrogen to the
triazole is observed at 320 mV, almost at the same position as in N-M (E;, = 330 mV).
Analogously, in Db the oxidation potential of the MeO-substituted TAA connected via the carbon to
the triazole is found at 250 mV, which is very similar to the value found for C-M (Eq, = 240 mV).

As apparent from Figure 46, p: 170, the reduction potential of the NDI in Da and Db is rather similar
to the value found for 22 (about -1000 mV) and thus, only marginally influenced by the connection
mode to the triazole, which suggests electronic decoupling of the NDI from the N-aryl substituents.
Consequently, in the triads the NDIs are reduced at ca. 1000 mV and the oxidation of the
MeO-substituted TAAs (TAA2) corresponds to the lowest oxidation wave at ca. 250 mV, which is
similar to the values found for Db. All triads exhibit an additional oxidation wave with more positive
potential caused by the oxidation of the intermediate TAA1. These oxidation potentials are
determined by the substituent (Me < Cl < CN) at the TAA1. Thus, the CV experiment proved a
downhill-directed redox gradient between TAA1 and TAAZ2 in all triads.

Table 13: Half-Wave Potentials (Ei2) of the Dyads®, the Triads® and of some Model Compounds®. All Eyj
Values were Estimated by Cyclic Voltammetry in DCM/TBAHFP (~0.2 M) at RT and Referenced
Against the Fc/Fc* Redox Couple.

ed X1 X2
112 1/2 112
/mV /mV /mV
N-M 330
C-M 240
22 -1000
Da -1000 320
Db -980 250
T-Me -1000 240 530
T-Cl -970 250 640
T-CN -980 240 780

@ Measured with a scan rate of 250 mV s™'. ® Measured with a scan rate of 1000 mV s™.
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3.241.2 Steady-State Absorption Spectroscopy

UV/Vis steady-state absorption spectra of all cascades were recorded in polar MeCN and nonpolar
toluene to investigate potential ground state interactions between the TAA donor and the NDI
acceptor. The two dyads Da and Db exhibit very similar absorption characteristics.

In MeCN both compounds exhibit a sharp absorption band at 26500 cm™ (375 nm) with nearly
identical extinction coefficients of ca. 35200 M cm™. The main absorption band is at 27800 cm™
(360 nm) and is more intense for Db (¢ = 40900 M cm™) compared to Da (¢ = 37200 M cm™). At
the higher energy side there are two small bands at 29200 cm™ (340 nm) and ca. 31000 cm™

(320 nm) with decreasing intensity.

In MeCN and toluene the spectra of Da and Db are considerably different. While in MeCN many
bands are sharp and resolved, they become broad and featureless in toluene. As apparent from
Figure 47, D, the absorption spectrum of N-M is sharper in MeCN than in toluene but for 22 the
same trend as for the dyads is observed. This indicates that the broadening is caused by the NDI,

probably due to aromatic solvent-specific effects such as exciplex formation.1*?%3%°!

Remarkably, Da shows an additional very weak and broad absorption band in MeCN and toluene
(see Figure 47, B) between ca. 16900 cm™ (590 nm) and 25000 cm™ (400 nm), which is absent in
the spectra of Db. In toluene excitation into this band results in a weak fluorescence at 15600 cm’
(640 nm) while in MeCN no emission could be observed. This band might be caused be a charge
transfer (CT) from the NDI to the triazole or might be related to an n-7* transition in the triazole. A
distinct assignment as either a CT band or an n-7* band is not possible. However, this transition is

not recognised in any other cascade probably due to the different connection mode via the triazole.

Only weak solvatochromism is indicated by the observed shift of the main absorption band from
MeCN to toluene of ca. 200 cm™, while the onset of the absorption in toluene (24800 cm™)
compared to that MeCN (25800 cm™) indicates smaller 00-energies for both compounds in toluene
estimated by applying a tangent on the flank of the lowest energy transition (disregarding the “CT”
band for Db).

As shown for Da in MeCN, the absorption spectrum of the dyads are roughly the sum of the
absorption spectra of the TAA and the NDI fragments (see Figure 47, C), which indicates little, if at

all, electronic interaction between the NDI and the TAA in the electronic ground state.
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Figure 47: A: Absorption spectra of the dyads Da and Db in MeCN and toluene. B: Magnification of A

showing the n-z* band of Da. C: Normalised absorption spectra of Da, 22, N-M and the sum of 22
and N-M in MeCN. D: Normalised absorption spectra of 22 and N-M in MeCN and toluene.

A complete assignment of the absorption bands to either the NDI or the TAA chromophore seems
complicated, however the sharp bands are certainly caused by the #7* transitions of the NDI
moiety with its typical vibronic features. It is obvious that the strong overlap of the NDI and the TAA
absorption precludes an exclusive excitation of either the NDI or the TAA (in MeCN at 28200 cm"

(355 nm) ca. 50 % and at 26300 cm™ (380 nm) ca. 10 % TAA excitation).
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Figure 48: Absorption spectra of T-Me, T-Cl and T-CN in MeCN (A) and toluene (B).

The absorption spectra of the triads are even much broader compared to the spectra of the dyads
(see Figure 48). This finding can be explained by the present of a second TAA donor in the triads,
TAAs being characterised by relatively broad absorption bands.

In MeCN all triads possess three absorption bands at 26500 cm™ (375 nm), 27800 cm™ (360 nm)
and 29200 cm™ (340 nm) with a tiny shoulder at ca. 30700 cm™ (325 nm). The intensities of the
three bands vary between the triads, which can be explained by the different absorption
characteristics of the intermediate TAA1 in the triads.

The absorption bands of T-Me, T-Cl and T-CN in toluene are very broad and present only a single
maximum. For T-Me this maximum is at 27800 cm™ (360 nm) in agreement with the most intense
absorption band in MeCN. For T-Cl and T-CN the maxima are at 28400 cm™ (350 nm) and thus in-
between the two absorption bands 27800 cm™ (360 nm), and 29200 cm™ (340 nm) found in MeCN.
Similar to the dyads a shift of ca. 210 — 230 cm™ is observed in the spectra changing the solvent
from MeCN to toluene. The onsets of absorption are similar for all compounds in MeCN and
toluene, respectively, and indicate very similar 00-energies to those found for the dyads. Similar to
the dyads, neither the NDI acceptor nor the TAA donors of the triads can be selectively excited and
the TAA/NDI ratio might be reflected in the excitation.

3.2413 Transient Absorption Spectroscopy

All presented cascades do not exhibit any fluorescence due to the quenching of the excited state by
photoinduced electron transfer. In order to elucidate the dynamics of electron transfer processes in
the excited state, and of other nonradiative processes upon photoexcitation, transient absorption
spectroscopy measurements were performed in the ns- as well as in the fs-time regime. Therefore,

two different pump-probe setups were used. While the latter enables examinations of processes
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from ca. 100 fs up to 8 ns, the former enables investigations from 2 ns to several us. The dynamics
following the photoexcitation will be described step by step until relaxation to the electronic ground
state. Thus, the results of the fs-measurements will be discussed first, which should comprise the
charge separation process and an analysis of the ns-measurements will than describe the charge

recombination processes and ISC.

fs-Transient Absorption

To shed light on the possible CT and CS state formation processes in the cascades,
fs-measurements in toluene and MeCN were performed for Db and T-CN and for T-Cl in MeCN
only. All cascades were excited with 140 fs pulses at 26300 cm™ (380 nm) to prevent population of
higher excited states. The optical changes were probed by a white light continuum (140 fs) between
12500 cm™ (800 nm) and 25000 cm™ (400 nm). The transient absorption spectra corrected for
white light dispersion (chirp) given in Figure 49 — Figure 51 consist exclusively of excited state
absorption (ESA) and evolve in time.

For Db in toluene, the rise of a broad band is found first extending from 12500 cm™ (800 nm) up to
25000 cm™ (400 nm) with a pronounced maximum at 21100 cm™ (470 nm). After ca. 1.5 ps, the
spectra sharpens and the characteristic bands of the NDI radical anion!'"**** at ca. 21000 cm™
(475 nm) and ca. 16400 cm™ (610 nm) emerge. A third weak and broad band at ca. 13500 cm
(740 nm) might be partly caused by the NDI radical anion but also by the absorption of a TAA
radical cation.""®"! All these bands rise within the first 10 ps and from then on decrease.

In MeCN Db behaves rather differently. At first an intensive band at ca. 16900 cm™ (590 nm) rises.
This band has its maximum intensity at ~1.3 ps and is caused by the 'NDI state. This band is
replaced by an even stronger one at 16600 cm™ (600 nm) together with a very intense band at
21100 cm™ (470 nm). Similar to the pump-probe measurements in toluene these two bands are
assigned to the NDI radical anion. In parallel a broad band around 14300 — 12500 cm
(700 — 800 nm) rises, which is caused by the TAA radical cation.

Thus, a CS state is formed which decays within ~100 ps and gives rise to weak and broad ESA
around 22200 cm™ (450 nm), which were assigned to a *NDI state.

The spectra of T-CN in toluene develop quite similarly to Db in toluene except that all bands are
marginally broader for T-CN (see Figure 49 and Figure 50). Also in MeCN the evolution of the
spectra of T-CN and T-Cl are nearly identical to the ones of Db in MeCN.
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26300 cm™ (380 nm) pump energy and related transient absorption decay (J) at 21100 cm”
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ns-Transient Absorption

In the ns-measurements the cascades were excited with an 8 ns laser pulse at 28200 cm™
(355 nm) and the excited state dynamics were probed by a Xenon flash lamp white light continuum
between 12500 cm™ (800 nm) and 25000 cm™ (400 nm). For all dyads and triads in MeCN and
toluene the ESA rise with the instrument response (~ 9 ns) and decrease rapidly (see Figure 52).
The spectra are dominated by a sharp and intensive band at about 21000 cm™ (475 nm), together
with a smaller and less pronounced band at ca. 16400 cm™ (610 nm) related to the NDI radical
anion.!"3324 The broad absorption band at ca. 13200 cm™ (760 nm) is assigned to a TAA radical
cation but may also features some of the NDI radical anion absorption."®”!

According to the fs-measurements in MeCN, Db shows 3NDI state characteristics at the end of the
time window (8 ns). Due to signal-to-noise ratio limitations of the ns-measurements this cannot be
fully elucidated but it seems reasonable to consider that the dynamics of Db in the ns-measurement
in MeCN consist of the CS and the *NDI state since the spectra at least at the beginning clearly
show the NDI anion and the TAA cation features. This might be caused by the long instrument
response function of the ns-set-up, which is ca. 9.6 ns. Thus, the lifetimes of the fs-measurements
are considered to be more accurate.

To compare the result from the fs-transient absorption measurement with those from the
ns-transient absorption measurement, the normalised transient absorption spectra at t = 0 and after
longer delay times, where only the long-lived specie persists, are presented in Figure 60 and
Figure 60, p: 194.
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Figure 52: Continued
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Figure 52: Normalised ns-transient absorption spectra in MeCN and toluene of the cascades at 28200 cm™’
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The lifetimes extracted from the biexponential tail and reconvolution fits at 21000 cm™ (475 nm)

(see Figure 53) are listed in Table 14 and Table 15. In toluene the transient absorption bands all

decay biexponentially with almost identical time constants for both dyads, a long one (7ong) in the

us-time regime, which is strongly oxygen sensitive and a short one (7o) in the ns-time regime,

which is only slightly influenced by remaining oxygen in the sample. That might be a hint to the

existence of singlet and triplet species, which will be discussed below. For the triads in toluene both

lifetimes are in the ns-time regime with 7o« around 20 — 50 ns and 7eng around 300 — 600 ns. In

MeCN both lifetimes are quite similar with a slightly shorter lifetime of ca. 100-300 ns and a longer
lifetime of ca. 350 — 800 ns.
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Figure 53: Biexponential tail fits of the ns-transient absorption kinetics of the dyads and triads in MeCN

and toluene pumped at 28200 cm” (355 nm) and probed at 21000 cm™ (475 nm). The arrows mark
the delay times after which the normalised transient absorption spectra in Figure 59 and
Figure 60, p: 194, are taken.
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Table 14: Lifetimes and Ratio of Amplitudes of ns-Transient Absorption Experiments of the Dyads at a
given Concentration and Laser Pulse Energy at 28200 cm” (355 nm), Assuming an Independent

Biexponential Decay at 21000 cm™’ (475 nm).

c E aIong/ashort Tiong Tshort

M /mJ /ns /ns
toluene

Da 25x10° 1.2 0.079 59x10° 18

1.1x10° 1.2 0.025 6.7 x 10° 18

59x10° 1.2 0.035 7.7 x10° 19

2.9x10°%? 1.2 0.032 8.6x10° 19
MeCN

8.9x10° 1.2 0.99 510 12

9.4x10° 1.2 0.99 490 12

7.2x10° 1.2 1.2 490 16

6.6 x 10°® 1.2 0.91 490 12
toluene

Db 1.1x10° 1.2 0.069 7.8x10° 8.7

1.0x10° 1.2 0.078 8.5x10° 6.1

5.3x10° 1.2 0.069 9.8 x 10° 6.1

3.1x10° 1.2 0.063 1.0 x 10* 6.8

2.1x10°%? 1.2 0.057 1.2 x 10* 7.8
MeCN

7.7x10° 1.0 1.0 510 9.3

9.7 x10® 1.0 0.78 500 8.8

4.7 x 10° 1.0 0.79 520 8.9

4.7 x 10 1.0 0.80 510 8.6

3 used for the simulation with the TENUAY program to obtain the rate constants ks and kst
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Table 15: Lifetimes and Ratio of Amplitudes of ns-Transient Absorption Experiments of the Triads at a
given Concentration and Laser Pulse Energy at 28200 cm™ (355 nm), Assuming an Independent

Biexponential Decay at 21000 cm” (475 nm).

c E along/ashort Tiong Tshort
M /mdJ /ns /ns
toluene
T-Me 55x10°%* 0.80 0.84 710 51
54x10%%  0.80 0.92 700 49
40x10%%  0.80 0.82 720 52
3.6x10%%  0.80 0.85 680 48
MeCN
59x10%  0.80 2.1 340 150
59x10%  0.80 2.0 340 130
1.8x10%%  0.80 1.1 390 150
1.7x10%%  0.80 34 300 70
toluene
T-CPF 6.0x10%" 0.80 0.57 540 36
59x10%  0.80 0.57 540 37
3.1x10%%  0.80 0.56 540 36
3.0x10%% 0.80 0.54 540 35
MeCN
6.7 x 10%2  0.80 1.8 420 130
6.6 x 10%2  0.80 2.0 460 220
3.2x10%%  0.80 0.81 380 110
3.0x10%* 0.80 1.5 410 120
toluene
T-CN® 6.4x10%% 0.80 0.60 260 21
6.3x10%2  0.80 0.63 260 22
3.8x10%% 0.80 0.51 300 22
3.7x10%%  0.80 0.56 260 21
MeCN
55x10%%  0.80 0.81 770 290
52x10%  0.80 0.92 740 270
3.0x10%%  0.80 0.99 750 260
29x10%%  0.80 35 670 220

2 used for the simulation with the TENUA®” program to obtain the rate constants ks and kst
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No concentration dependence was found for the dyads in MeCN and triads in MeCN and toluene,
but the sample concentration could not significantly varied due to the signal-to-noise ratio of the ns-
transient absorption setup used here. However, for the dyads in toluene a decrease of zong Up tO
~35 % with increasing concentration (2.1 x 10° M to 1.0 x 10° M) is observed (see Table 14). A
reasonable explanation for this finding is a bimolecular deactivation process. Thus 7.ng cOnsists of
two rate constants kg (rate constant for diluted concentrations) and kg, (rate constant for
bimolecular deactivation). Indeed, a plot of 1/7.,g @s a function of concentration leads to a linear
correlation. The slope of the linear regression gives kg, and the intersection with the 1/7,,4 axis
yields kg ((kg(Da): 1.0 x 107 s, kq(Db): 7.7 x 10® s™). The values of kus (ksa(Da): 4.7 x 10° s™,
kia(Db): 4.3 x 10° s™") are in the typical range for a diffusion controlled bimolecular deactivation

process (see Figure 54).1'%

[dyad] / M

Figure 54: Plot of 1/@ong Vs concentration of Da and Db in toluene from linearisation of

7iong = 1/(kaitkqa[dyad]) for a bimolecular deactivation process.

As suspected from the O, -sensitivity of the excited state lifetimes, the dynamics of the cascades
are strongly influenced by singlet-triplet interactions and therefore magnetic field dependent
transient absorption spectroscopy were performed for Db and T-CN in toluene. Upon stepwise
increase of the magnetic field from 0 to ca. 2000 mT, no significant effect could be observed for Db.
However, the transient absorption decay of T-CN is strongly magnetic field dependent (see
Figure 55). From 0 mT to 2000 mT all transient absorption decays show biexponential kinetics but
the corresponding lifetimes znot and 7iong are change with increasing magnetic field. With an applied
magnetic field of 1 mT 7o« becomes significantly longer and 7o,y becomes only slightly longer
compared to the zero-field lifetimes. From then on 7o Starts to decrease while 7qng sSimultaneously
starts to increase with increasing field until changes of the decay become insignificant at higher
fields (>30 mT).
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Figure 55: Normalised biexponential reconvolution fits of the ns-transient absorption decays of T-CN in
toluene with increasing magnetic field (A) and of related experimental decays with biexponential
reconvolution fits for selected magnetic fields (B).
3.24.2 Discussion

From the results presented in the preceding section, it is obvious that upon photoexcitation of the
cascades an electron is transferred from the TAA to the NDI. This leads to the formation of CS

states with lifetimes of several ns to us.

Before the diverse photophysical processes in the dyads and triads can be discussed, estimating of
the relative state energies is required, as these data will determine the ET dynamics to a large
extent.

The energies of the CS state formed in the dyads are expected to be somewhat different, as the

redox potentials of the TAA in Da and Db differ, which in turn leads to different AG?;S values. These

AGOCS values of the CS states were calculated using the redox potentials derived from the CV

experiment (Table 13, p: 168) and the Weller equation (71)F?!,

2
TR R (Gl Ko I
where
N, is Avogadro’s constant, e is the elementary charge, & is the is vacuum permittivity, & is the
permittivity of the solvent used for spectroscopic measurements, & is the permittivity of the solvent
used in the electrochemical measurements, z is the number of transferred electrons, rp and ra are

the radii of the donor and the acceptor, respectively, and dpa is the electron transfer distance.
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The radii of the donor rp (= 4.81 A) and the acceptor ra (= 3.97 A) were estimated from the Connolly
Molecular Surfaces of the moieties using the ChemBio3D Ultral®*"! software. For the electron
transfer distances dpa the distance between the chromophore centres were used, which were
determined by calculating the geometries of the cascades using at B3LYP/6-31G’ level of theory

(see Figure 56).2

The triads may form two different CS states, in which either the intermediate TAA1 (CS1) or the
terminal TAA2 (CS2) are oxidised and the NDI is reduced. As a result of the very similar E;;; values
for the reduction of the NDI and for the oxidation of the MeO-TAA, the CS2 states of all triads
possesses almost the same free energy (AGOCS). The higher energy CS1 states differ in the free
energies between the triads according to the different substituents (Me, Cl, CN) attached to the
TAA1.

For estimating of the AGOCS values of the CS1 states the distance obtained for the dyads
(dap = 16.7 A) was used. Because the CS2 energies are strongly distance dependent and since the
triads are flexible in solution, the CS2 energies were calculated assuming two different conformers
(see Figure 56). One of these conformers is highly bent and has a chromophore-distance of 22.5 A
and the other is elongated with a distance of 28.0 A. The two structures may serve to estimate the
smallest and the largest possible distance and, thus, the range of possible CS2 energies. The

corresponding free energies of all states are listed in Table 16.

@ Calculations were performed in our group by M. Holzapfel.
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T-CN (elongated)
28.0 A

T-CN (bent)
225A

Figure 56: Optimised structure of Db and T-CN in an elongated and a strongly bent conformation using
DFT at B3LYP/6-31G’ level of theory.
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Table 16: Free Energies AG?;S of the CS States Estimated by Weller Equation and the E;; Values given in
Table 13, p: 168.

AGgs
leV
toluene MeCN

Da 1.97 1.01
Db 1.88 0.93
T-Me CS1 2.18 1.23
CS2 bent 1.99 0.94
elongated 2.04 0.95
T-Cl Cs1 2.26 1.30
CSs2 bent 1.97 0.92
elongated 2.02 0.93
T-CN CS1 2.41 1.46
CS2 bent 1.97 0.92
elongated 2.02 0.93

Next, the photophysical processes monitored by fs-transient absorption will be discussed. For this
reason the number of individual spectral components n were determined from the transient
(wavenumber x time) maps by singular value decomposition. Subsequently the time resolved
spectra were globally fitted with GLOTARANP®! employing the target models presented in
Figure 57, the IRF was treated as a Gaussian shaped function (ca. 150 fs), corrected for the white
light dispersion (chirp) and the coherent artefact (the models used have the time characteristics of
the IRF) at time zero to give species associated difference spectra (SADS) and their related time
constants (Figure 58 and Table 17, p: 191). In this target model the efficiencies were adjusted in

order to obtain equal absorption intensity of the NDI radical anion at 21000 cm™ (475 nm).
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Energy schemes and dynamics of the photophysical processes upon excitation at 26300 cm™

Figure 57:

(380 nm) of Db, T-Cl and T-CN in MeCN and of Db and T-CN in toluene. ? Taken from the rising

edge of the absorption band of 22 in MeCN or toluene. P Taken from the rising edge of the high

energy side of the fluorescence band of NDLI"® ¢ State energies estimated by the Weller

approach (Table 16). 4 Taken as the average of the triplet energy of NDI in in EtOH at 77 K

(2.03 eV)®?! and in 2-methyltetrahydofuran at 77 K (2.05 eV)P*?"), © Lifetimes estimated as 1/ks,

extracted from TENUA™® fits of the ns-measurements.
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Before the photophysics of the triads could be discussed, first the process occurring in Db need to
be elucidated to provide the basis for a better understanding of the processes taking place in the

triads.

In MeCN Db gives five SADS corresponding to five lifetimes. The first SADS with a lifetime of
130 fs exhibits the typical features of the NDI singlet excited state ('NDI), a distinct maximum at
16900 cm™ (590 nm) with a shoulder at 18200 cm™ (550 nm) and a broad band at ca. 21750 cm™
(460 nm)."™ Thus, although both NDI and TAA absorb to some extend at the pump energy, only
the NDI is excited, which probably is a consequence of ultrafast energy transfer from the TAA to the
NDI within the instrument response time. The 'NDI is followed by a SADS presenting an intense
absorption at 21100 cm™ (470 nm) and a weaker is at 16400 cm™ (610 nm), respectively, that
decays within 1.1 ps into a very similar SADS but with obviously sharper absorption. These signals
are characteristic of the NDI radical anion!"**** and those SADS can be assign to a hot charge
transfer ("'CT) state where the negative charge is located on the NDI and the positive charge on
one of the phenyl groups attached to the nitrogens, relaxing in 1.1 ps into the vibrational CT ground
state (<°°'CT).l""™

At this point it has to be stressed that while there is a strong evidence for the NDI radical anion
formation, on the position of the corresponding positive charge in the CT states can only be
speculated. From the phenyl group the positive charge is then transferred with = 13 ps to the TAA
forming a charge separated state, which is indicated by the appearance of a broad TAA radical
cation band at ca. 13300 cm™ (750 nm), well-described in literature.['"®”! From this CS state charge
recombination occurs in 43 ps. The longest lasting SADS with an (in the fs-experiment) infinitely
long lifetime is related to the ftriplet NDI state, with its typical double absorption maxima at
22700 cm™ (440 nm) and 21750 cm™ (460 nm), populated via an additional pathway directly
starting from the "NDI state.['””! According to this target model, the CS state is formed in only 25 %

quantum yield.

In toluene Db possesses three SADS. The first SADS features a broad absorption band which
reaches up to 12500 cm™ (800 nm) but exhibits a pronounced maximum at 21100 cm™ (470 nm).
This SADS can be assigned to the localised excited NDI, which appears to have a different spectral
characteristic in toluene compared to MeCN. Within 1.8 ps the 'NDI is transformed into a CT state,
as indicated by the rise of the typical NDI radical anion band at 21000 cm™ (475 nm) and the
weaker absorption at 16400 cm™ (610 nm). This CT state has a lifetime of only 13 ps, then the
charge is transferred to the TAA and a CS state with a lifetime of 4.6 ns is populated. This is
suggested by the small shift of the weak NDI radical anion band from 16400 cm™ (610 nm) to
16600 cm™ (600 nm) and by the increased intensity of the broad band at ca. 13000 cm™ (770 nm).
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Species associated difference spectra (SADS) of Db, T-CN and T-Cl in MeCN and of Db and T-CN
in toluene at 26300 cm™ (380 nm) pump energy. The grey bars hide stray light of the fundamental
wavenumber of the laser at 12500 cm™ (800 nm) and the second order signal from the pump

pulse at 13200 cm™ (760 nm).
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With this information at hand, now the processes occurring in the triads can be discussed. Similar
to Db, the first SADS for T-CN in MeCN is assigned to the 'NDI that decays with a lifetime of 93 fs
into a ™'CT followed by relaxation (7 = 960 fs) to the vibrational CT ground state. This state has a
lifetime of 12 ps and goes into the CS1 state by transferring the positive charge from the phenyl
group to the intermediate TAA1. This process can be monitored by the rise of the TAA radical
cation absorption at ca. 13300 cm™ (750 nm). Additional hole transfer with z = 170 ps to the
terminal TAA2 yields the SADS of the CS2 that lives up to the ns-time regime.

The development of SADS spectra of T-Cl in MeCN is essentially the same to that of T-CN,
besides the lifetime for the CS1 state, which is with 480 ps, much longer than in T-CN (z = 170 ps).
The redox potentials of the TAA1s are considerably different for T-CN and T-Cl and thus the
differences of the free energies between the CS1 and CS2 states (cf. Table 16, p: 187).
Accordingly, the CS1-CS2 transition in T-CN possesses a higher driving force (ca. 0.14 eV) than in
T-ClI, resulting in a much shorter lifetime of the CS1 state for T-CN compared to T-ClI.

Exciting T-CN in toluene with 26300 cm™ (380 nm) pump energy first populates the 'NDI similar to
the situation in Db. This 'NDI has a lifetime of 1.8 ps and decays into a ™'CT, which then relaxes
with 7= 11 ps into the “°'CT. From there the CS1 state is populated with 7= 120 ps and finally the
CS1 state decays with 7 = 4.0 ns into the CS2 state, which has an infinitely long lifetime in the
fs-experiment.

From the data given in Table 17, it is obvious that the lifetimes of the particular species of T-CN in

toluene are significantly larger (by ca. one order of magnitude) compared to those in MeCN.

Table 17: Lifetimes of the SADS Obtained by Global Analysis of the fs-Transient Absorption Map.
7 2 3 T4 5
('NDI) ("™'CT) (<°'CT) (CS1) (CS2)

Ips Ips Ips Ips Ins

Db MeCN 0.13 1.1 13 43 o0
toluene 1.8 - 13 46x10° -

T-CI MeCN 0.11 0.97 13 480 o0

T-CN MeCN 0.092 0.96 12 170 0
toluene 1.8 11 120 4.0x10° ©

23N\DI state
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A comparison of the results from the fs-transient absorption measurement with the normalised
transient absorption spectra at t = 0 and after longer delay times from the ns-transient absorption
measurement revealed that the first spectra of the triads in MeCN and toluene and of the dyads in
toluene show very similar characteristics than the fs-transient absorption spectra after infinite time
(see Figure 60 and Figure 60). These are a sharp and intense absorption at ca. 20800 cm™
(480 nm) and a weaker band at 16400 cm™ (610 nm), which are related to the NDI radical anion,
and a much broader band at ca. 13200 cm™ (760 nm), related to the TAA radical cation. Thus, the
t = 0 spectra of the ns-measurement are related to the lowest energy CS states in the cascades.

The fs-measurements of Db in MeCN show a lifetime of 43 ps for the CS state while in the
ns-measurement a biexponential decay of the CS state of 9 ns and 500 ns is observed. It is
assumed that the shorter component with 7 = 9 ns is caused by convolution of the 48 ps with the
instrument response (r ~ 9 ns) and the larger component (r = 500 ns) is invisible in the

fs-measurements because of its small amplitude.
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Figure 59: Normalised ns-transient absorption spectra of the dyads in MeCN and toluene at t = 0 and after

longer time, at which the short component only insignificantly contributes to the spectra

(indicated in Figure 53, p: 180). The fs-transient absorption spectra at infinite time are shown for

comparison (for Db).
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Normalised ns-transient absorption spectra of the triads in MeCN and toluene at t = 0 and after
longer time, at which the short component only insignificantly contributes to the spectra
(indicated in Figure 53, p: 180). The fs-transient absorption spectra at infinite time are shown for

comparison (for T-CN in toluene and for T-Cl and T-Me in MeCN).
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The sometimes bad signal-to-noise ratio of the spectra at longer delay times complicates an
analysis. But it seems obvious that even after delay times, when the short component contributes
only insignificantly to the observed spectra, the spectra show similar bands to the spectra at t = 0
and are, therefore, also related to a CS state species.

Accordingly, it can be assumed that primarily only the 'CS state is populated, which than
undergoes ISC into the °CS state. Charge recombination to the S, state from the *CS state is spin
forbidden and, thus, charge recombination should only take place via the 'CS state. This CS
equilibrium is expected to be strongly influenced by a magnetic field since the triplet sublevel start
to split at B > 0 (see Figure 61).

B=0 B>0
3CS.
'CS Kst  3CS CS Kst .
— = 0
ks krs
5CS.
ks ks
So S
Figure 61: lllustration of the singlet-triplet dynamics in a zero magnetic field and a B > 0 situation.

The spectra of the 'CS and *CS are indistinguishable and the two states are practically
degenerated because of the large distance between the two radical centres.

Appling the kinetic scheme of Figure 61, the deconvoluted decays of all dyads and triads were
simulated using the TENUA®® program and the mechanism given in the appendix, p: 315, to
obtain the rate constant for charge recombination ks and ISC (1CS—-3CS) kst. Herein kst = 3kts was
set to account for spin statistics of degenerated states.®*! Furthermore, it was assumed that the
'CS state is initially populated. The resulting data are listed in Table 18.

It becomes obvious that ks is up to one order of magnitude smaller in the triads than in the dyads in
toluene (three orders of magnitude in MeCN) whereas kst in toluene is two orders of magnitude
higher. While for Db the ks rate constant differs strongly between MeCN and toluene, for the triads
the ks rates are very similar in both solvents. This might be fortuitous because charge
recombination in toluene takes place in the Marcus inverted region and in MeCN in the Marcus
normal region (vide infra).

The much slower kst for the dyads compared to the triads is expected to arise from singlet—triplet

splittings (4STs) being larger in the dyads than in the triads (vide infra).
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Table 18: Rate Constants of the Charge Recombination (ks) and the Intersystem Crossing (kst) Obtained

from Simulating the ns-Transient Absorption Decays with TENUAPY,

toluene MeCN
ks kst ks kst
/s’ /s’ /s /s
Da 5.3x 10’ 3.5x10° - -
Db 1.5x 10° 2.5x10° 2.3x 10" -

T-Me® 1.2+0.01x 107 7.2 +0.06 x 10° 1.5+0.23 x 107 6.7 £2.51 x 107
T-CI° 1.7+ 0.01 x 107 8.0 +0.16 x 10° 1.2+ 0.10 x 107 6.2 +0.19 x 107
T-CN® 29+0.05x10° 2.0+0.10x 10" 87+0.18x10° 4.7+0.18x107

3 ks for Db in MeCN is calculated as 1/z, extracted from the fs-measurement. ° average value of the

corresponding fits (given together with the standard deviation (four values)).

The supposed kinetic model of Figure 61 leads to the observed biexponential decay if either 'CS is

")1223.328331 o if 3CS is populated in parallel to

primarily populated (so-called “relaxation mechanism
'CS but not if °CS is primarily populated. In order to support this mechanism, the magnetic field

dependent measurements may help.

incoherent:
anisotropic hyperfine interaction
3
- Cs.,
incoherent
interaction kr.s
(if 2J > ihfc)
3CS - 5CS,
ron [ JasT =27 ks
CS f
- kt s
level-crossing -
coherent: T
ks . . o . CS.
isotropic hyperfine interaction
Ground State (S;)
Magnetic Field
Figure 62: Singlet and triplet energy levels of the triads as a function of the magnetic field B. At applied

magnetic field krs is an average value of the contribution of the rate constants ky s, k1, s and

kt s-
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In general, in the zero magnetic field situation, the three triplet states are degenerated as long as
zero field splitting for organic radicals are neglected. The triplet states are higher in energy by twice
the exchange interaction J compared to the 'CS state (the relative energetic position of the *CT
state with respect to the 'CS state was estimated by TD-DFT computations (vide infra)). With
increasing magnetic fields, the 3CS, state is unaffected while the *CS. and 3CS. states start to split
in energy with AE = gfB, where g is the electronic g-factor,  Bohr's magneton, and B the magnetic

field (see Figure 62).

Although the considerations given below reasonably explain the observed magnetic field effects,
there might be other interpretations as well. A more detailed analysis of the magnetic field

dependent measurements and of the relevant singlet triplet interactions is currently in progress.

At medium field the *CS. comes close to the 'CS in energy and thus ksr. increases caused by
coherent spin-interconversion mediated by the isotropic hyperfine interaction (ihfc) (level-crossing),
simultaneously >CS. rises in energy and ihfc becomes suppressed from this state.

At even higher fields, ihfc is no longer effective and other incoherent processes (mainly anisotropic
hyperfine interaction (ahfc)) are operating for the interconversion of 'CS with *CS. or *CS,.**

As apparent from Figure 55, p: 184, the transient absorption decays of T-CN show a strong
magnetic field dependence at rather low magnetic fields while higher fields result in insignificant
changes of the lifetimes. Thus, in the case of the triad, it can be assumed that the AST splitting is
very small and the level-crossing occurs at very low magnetic field (B < 1 mT) and thus escapes
the measurements. On the other side, Db does not exhibit any change of either the lifetimes or the
amplitudes of the biexponential transient absorption decay during magnetic field dependent
measurements. For Db the AST is probably so large that the necessary field to accomplish the
level-crossing is not reached and therefore no magnetic field effect is observed. This hypothesis
was supported by DFT computations of Db and T-CN at CAM-B3LYP/6-31G* level of theory in the
gas phase.? These computations yielded AST = 7.2 cm™ for Db and AST = 0.026 cm™ for T-CN and
also show that the 3CS state is higher in energy that the 'CS state. Thus, the level crossing is
expected at 27 mT for the triads and at 7700 mT for the dyads. The latter is clearly much higher

than the applied magnetic field in the magnetic field dependent measurements (B< 2000 mT).

Consequently, the smaller rate constants for ISC between the CS states (kst) for the dyads
compared to the triads reflect the larger AST values of the dyads. Furthermore, the ASTs of the
triads” CS states seem to be larger in toluene than in MeCN, as indicated by the smaller kst values
in toluene compared to MeCN, see Table 18, p: 196.

@ Calculation where performed in our group by M. Holzapfel.
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According to the perturbation approximation (equation (72)) given by Anderson et al. and applied by

many others the AST is developed by a sum over states.['20:122:333-333]

AST=E, — Er= (72)

2

Vicsn, |
AGrcs.

— 4Glcs, |

2
Vics,
AGscsi,

n T

where

Es and Er are the energies of the 'CS and 3CS states, respectively, V1’3CS-Nn are the couplings
between the "*CS states and the surrounding states n and AGiacg y, are the energy gaps between

the "3CS states and the states to which they are coupled.

The solvent dependence of the AST might be the result of a solvent dependence of the mixing of
the "°CS states with other states. As apparent from equation (72), those states that are next in
energy to the "*CS states have the strongest influence on the AST. The energetically position
towards the *NDI state (2.04 eV)? seems to be the most important factor in the determination of the
3CS state energy and thus on the AST, because it is next to the *CS state in energy. As apparent
from the values given in Figure 57, p: 188, Table 16, p: 187, the 3CS state closer to the 3NDI state
in MeCN than in toluene resulting in a stronger mixing of these states. This in turn causes a larger

AST in MeCN compared to in toluene.

? Taken as the average of the triplet energy of NDI in EtOH at 77 K (2.03 eV)*?®! and in 2-MeTHF at 77 K (2.05 eV)P?".
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In the triads, the differences of ks values might be explained by different electronic couplings. Thus,
the electronic couplings were estimated by using the semi-classical Bixon-Jortner theory which
describes the dependence of the charge recombination rates from the 'CS, ks, are by equation (73)
(cf. equation (49), p: 32):[63%°

® Sq i~ 0 \2
2 20,2 e S 1 hC(IVV + ﬂo + AGcs)
_ / _ 73
ko= 4x"he VABIZO: j 47rhc/10kTeXp[ AIKT (73)
A

with S=—

v

<l

where

h is the Planck constant, c is the speed of light, k is the Boltzmann constant, T is the temperature,
and v, is the averaged molecular vibration mode (here 1500 cm™” was used as a typical
value),?673383%71 G2, is the free energy of the CS state, A, and A, are the outer and inner

reorganization energy, respectively, and Vag is the electronic coupling.

With the knowledge of ks (Table 18), o, A, and AG2s (Table 16, p: 187), equation (73) can be used
to evaluate the electronic coupling Vas. The inner reorganisation energies A, of the cascades for the
charge separation and charge recombination processes can be estimated by the average A, value
of TAA (= 0.20 eV, as the average value of tri-p-anisylamine (0.27 eV) and tri-tolylamine
(0.13 eV))"*® and of NDI (0.39 eV)!""®, which yields 0.29 eV. The solvent reorganisation energies A,
were estimated by the Born equation (46)®%, which yields 0.06 eV in toluene and 1.29 eV in MeCN
for the dyads.

2

,1—6(1_,_1 1)(1 1) 46
o 47[80 2rD 2rA dDA EZ & ( )

where
ra, o are the radii of the donor and acceptor chromophores, respectively, dpa is the centre to centre
distance between the donor and the acceptor, n is the refractive index of the solvent and ¢ is the

permittivity of the solvent.

Since A, is depending on the distance between the two chromophores, for the triads, the A, values
were estimate for the two given geometries (see Figure 56, p: 186), which are

Ao-bent = Ao-elongated = 0.07 €V in toluene and Agpens = 1.40 €V and Ageiongaed = 1.47 €V in MeCN.

Hence, for all cascades (4, + 4,) is smaller than the |AG?;S| in toluene and larger in MeCN.
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Therefore, it is concluded that charge recombination in toluene takes place in the Marcus inverted

region and in MeCN in the Marcus normal region.!**!

For Db in MeCN (ks = 1/74; was used, obtained from the fs-measurements) this results in an
electronic coupling of 29 cm™. This seems reasonable since the NDI possesses a nodal-plane
through the nitrogen atoms in the LUMO and exhibits a large twist angle between the NDI and the
N-aryl substituent, both reducing the electronic interaction. However, calculations for Db in toluene
yielded an electronic coupling of 172 cm™ which appears to be rather large for two reasons: First,
Db is not expected to possess such a high Vag value for the reasons mentioned before and second,
the electronic coupling does not commonly exhibit such a strong solvent dependence. Similarly, the
values estimated for the triads in MeCN and toluene exhibit a strong discrepancy. In order to obtain
an independently estimate, the electronic couplings of Db and T-CN in the gas phase were also
evaluated by computational methods:* The CS states were optimised by TD-DFT method at
CAM-B3LYP/6-31G* level of theory. At this CS geometry the transition moments between the
ground state (Sp) and the CS state were calculated. Using the Mulliken-Hush equation (74)
(cf. equation (51), section 2.1.2.1, p: 33), then the electronic coupling Vag was evaluated with the
calculated input parameter v (= energy difference between CS and S, state at the CS-state
geometry (AG(Sp — S¢) = 2.25 eV for T-Me, AG(Sy — S1) = 2.26 eV for T-Cl, AG(Sy — S4) =2.28 eV
for T-CN and 2.12 eV for Db)), 4u (= dipole moment difference between CS and Sy (4u=114.9 D
for T-Me, Ax=115.6 D for T-Cl, A = 112.7 D for T-CN and 70.9 D for Db) and u (= the projection
of the transition moments (ueq = 0.00397 D for T-Me, g = 0.00206 D for T-Cl, 14 = 0.00169 D for
T-CN and 0.0166 D for Db) onto Aw).

Nl

Vg =
=

4 (74)

This calculation results in Vag = 0.62 cm™ for T-Me, Vag = 0.32 cm™ for T-Cl, Vag = 0.28 cm™ for
T-CN and Vag = 4.0 cm™ for Db. The accuracy of the method was checked by the SCS
ADC(2)/cc-pVDZ method, which gave Vas = 4.2 cm™ for Db with AG(S, — S;)=2.45 eV,
Au=73.0D and Auy = 0.0154 D at the DFT computed geometry. Thus, there is a large
discrepance for Vg in the two solvents and compared to the computed values. In the following, the

reasons that may account for this discrepance will be discussed.

& Calculations were performed in our group by M. Holzapfel.
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It is well known that the Born equation (46) strongly underestimates the outer reorganisation energy
Ao in @aromatic solvents because their high quadropole moments are not adequately treated by the
permittivity £23®3*1 The outer reorganisation energy enters the Bixon-Jortner equation (73) and by
this way may influence the evaluation of V,g. Similarly, Vag depends on AGgs. Both, 4, and AG%S
depend on the permittivity of the solvent, & which enters the Born equation (46) and the Weller
equation (71), p: 184, for estimating 4, and 4G2s. Therefore & was varied in both equations to find
an empirical value which gives a similar electronic coupling in toluene and MeCN. Using ¢= 2.8
yielded the reasonable values 4, = 0.22 eV for both dyads, AG%S =1.82 eV and Vg = 25 cm™ for

Da and AGgS =1.73 eV and Vs = 29 cm™ for Db in toluene, which agree well with those in
MeCN.

However, using ¢ = 2.8 for the calculation of Vg by equation (73) for the triads in toluene yielded
much too large values of Vg. Thus, ¢in this case describes not only the permittivity of the solvent
but is dependent on both, the solvent and the solute. For the triads an empirical ¢ value of 4.0 was
adjusted for toluene to obtain similar electronic couplings as in MeCN (see Table 19). This yields
Aobent = 0.52 eV for the bent conformer and Aq-ciongated = 0.55 €V for the elongated conformer for the

triads in toluene.

The Vg values in toluene (& = 2.8) for Da and Db clearly demonstrate that the orientation of the

triazole bridge exhibits only negligible influence on the electronic coupling. Thus, the threefold

faster charge recombination rate of Db compared to Da is a result of the different AGOCS values
(inverted region effect) which are strongly dependent on the triazole-linkage since this directly

affects the redox potentials as proved by cyclic voltammetry.

The situation is far more complicated for the triads. One might expect equal charge recombination
rates for all cascades since A,, A, and the AGgSZ values are in the same range for all cases.
However, different ks were found experimentally for the diverse cascades. Because the redox
potential of TAA1 is much higher than that of TAA2, it can be safely assumed that back electron
transfer from the CS2 to Sy occurs by a single step superexchange mechanism. In this case the
oxidised TAA1 bridge state mixes in only as a virtual state according to the McConnell model®®®
(equation (75), cf. section 2.1.2.3, p: 33).

VCSZHCS‘I ' VCS1<—SO

VAB = 0 0
AGCS'] - AGCS2

(75)
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For the estimation of Vag by of the McConnell model, a value of 300 cm™' obtained by the Mulliken-
Hush analysis of the IV-CT-band of M (cf. Table 9, p: 147) serves as Vcsz.cst1 and for Vesis, the

value estimated by equation (73) from the measurements of ks of Db in MeCN was used, which

seems to be the most reliable of all available values. The values for V,gz obtained from the Bixon-
Jortner and the McConnell equation are compared in Table 19 (together with AGZs values

calculated assuming ¢= 2.8 and 4.0 for toluene, respectively).
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Table 19: Electronic Coupling Vag Estimated by Bixon-Jortner Equation and by McConnell Equation and
AGocs Values of the CS States.

AG(();S Vas
eV / cm’
by Bixon-Jortner by McConnell

toluene (&= 2.8)

Da 1.82 25 -
toluene (&= 2.8)
Db 1.73 29
MeCN
0.93 29 -
toluene (= 4.0)
T-Me CS1 2.03
CS2 bent 1.82 1.0 4.5
elongated 1.86 0.99 5.2
MeCN
CSs1 1.22
CSs2 bent 0.94 0.99 3.8
elongated 0.95 1.2 3.9
toluene (= 4.0)
T-Cl CS1 1.85
CS2 bent 1.51 1.1 3.1
elongated 1.54 1.1 3.5
MeCN
CSs1 1.30
CS2 bent 0.92 0.95 2.8
elongated 0.93 1.2 2.8
toluene (&= 4.0)
T-CN Cs1 2.00
CS2 bent 1.51 1.5 2.2
elongated 1.54 1.4 2.3
MeCN
Cs1 1.46
CS2 bent 0.92 0.79 2.03

elongated 0.93 0.98 2.04
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Because the values determining the charge recombination rate ks (A,, 4, and AGgsz) are expected
to be rather similar for all triads, any difference of the ks rates are assumed to be caused by the
electronic coupling Vag. In case of the triads in MeCN according to the McConnell model the

electronic coupling decreases in the order T-Me > T-Cl > T-CN as a result of the decreasing

(4GLs; — AGLg,) values in the same order. The electronic couplings calculated by TD-DFT
computations follow the same order and furthermore, this trend can be observed in the ks values
and consequently in the electronic coupling estimated by the Bixon-Jortner theory. In toluene the
McConnell model predicts the same (AGOCS1 —AGOCSZ) progression and, thus, of the electronic
coupling Vas. However, the experimental ks values and, therefore, the electronic couplings

estimated by the Bixon-Jortner theory exhibit a reversed trend.

Even though the errors of the estimated ks values seem to be small, the corresponding trends of ks
are also minimal. From Table 19 it is obvious that the electronic couplings calculated by the
McConnell theory show a discrepancy of a factor of 2 — 4 compared to the values obtained by the
Bixon-Jortner theory and of a factor of ~10 compared to the DFT computations. Although the
magnitude of these values are in qualitative agreement with the experimental results, the
suggested trends in the electronic coupling between the distinct triads are rather small in respect to
the made assumptions for the estimation of Vag. Consequently, the inaccuracy in the estimation of
Vas do not allow to clearly conclude that the trends in the ks values are caused by the electronic

coupling.
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3.24.3 Conclusions

The presently investigated dyads and triads exhibit charge separation upon photoexcitation. As
apparent from the fs- and ns-transient absorption measurements, the locally excited triplet NDI
state is only populated in Db in MeCN. These measurements and the CV measurements reveal a
redox gradient and a down-hill oriented progression of CS2 states in the triads. In these triads, first
a CS state is formed in which the intermediate TAA1 is oxidised and the NDI is reduced followed by
an additional electron transfer to form the fully CS2 state. The signals of the CS states of all triads
and dyads feature biexponential decays with a short and a longer component. These biexponential
decays were expected to be the result of an ISC from the predominantly populated 'CS state to the
3CS, from which charge recombination into the S, state is forbidden by the spin conversion rule.
Charge recombination into local triplet states is prevented as the *CS state is the lowest lying triplet
state. This assumption was supported by a strong magnetic field effect found in a magnetic field
dependent ns-transient absorption measurement of T-CN in toluene. Although the exact singlet-
triplet dynamics are not elucidated yet and a detailed analysis of this issue is in progress, it seems

that the population of the 3CS state strongly influences the overall lifetime of the CS states.

The charge recombination rate k for the recombination of the 'CS state is prolonged in the triads
compared to the dyads due to an increased spatial distance between the two charges in the fully
CS states in the triads. In all cascades (4, + 4,) is smaller than the |AG?;S| in toluene and larger in
MeCN. Thus, charge recombination in toluene takes place in the Marcus inverted region and in
MeCN in the Marcus normal region. Indeed, Db exhibits a strong inverted region effect that places
the lifetime of the CS state in MeCN in the ps and in toluene in the ns-time regime. However, for the
triads no inverted region effect can be observed which is probably because both charge
recombination processes are near the vertex of the Marcus parabola.

Although rate constants allow a more detailed analysis of the processes in the cascades, for
practical applications the overall lifetime of the specific CS state is much more important. Thus,
though the charge recombination in the triads is prolonged compared to the dyads, the lifetime of
the ">CS states is clearly longer in the dyads. This is a result of the larger AST in the dyads. A
lifetime of tens of ns is a well value for small donor-acceptor dyads but a lifetime of several us is
remarkable for such a small distance separating the two charges. From the ISC rate constants kst
obtained by TENUA simulation of the transient absorption decays, is can be seen that the AST in
the triads is strongly solvent dependent. In toluene the coupling of the *CS state to the ®NDI state is
more effective than in MeCN which leads to a larger AST. Therefore, concerning the "*CS states’

free energy it should not only be included that local excited triplet state have to be higher in energy
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that the 3CS state to preclude triplet charge recombination but also that higher lying local triplet

states influence the AST and in turn the *CS state dynamics.

Furthermore, the fully CS state is much faster populated in the dyads because in the triads a
second electron transfer must occur from the intermediate CS1 state, which also exhibit a certain
lifetime. The reasons given above prove that the control of spin correlation and of the AST is a

promising key parameter to achieve long-lived CS states in even small donor-acceptor systems.

The small charge recombination rates for the dyads is a result of weak electronic coupling in the
dyads, caused by the large twist angle between the NDI and the N-aryl substituent, the nodal plane
along the N-N axes of the NDI and last, but not least important by the small electronic coupling of
the triazole bridge as has been proved in section 3.2.1.10, p: 144. According to the McConnell
theory the electronic coupling in the triads is strongly influenced by the intermediate CS1 states,
which act via virtual states as bridges in the superexchange charge recombination process.
Although this is reflected in the calculated Vag values using the McConnell approach, this effect is
not be supported by the trends observed in the estimated rate constants as these trends are too
weak pronounced. The analysis is strongly complicated by the influence of the solvent permittivity,
which appear in the Weller and the Born equation. Herein, the polarity of the toluene is
underestimated due to its small dipole but large quadropole moment. Therefore, additional solvent

dependent measurements are envisioned to resolve this issue.
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3.2.5 Donor-Acceptor Dendrimer

3.2.51 Results

Cyclic Voltammetry

In order to estimate the redox potentials of the NDIs and the TAA units in D-A-G1 CV
measurements were performed in DCM with TBAHFP (~ 0.2 M) as supporting electrolyte (see
Figure 63). All reported potentials were referenced against the Fc/Fc™ redox couple. In its cyclic
voltammogram D-A-G1 exhibits an oxidation process at 480 mV, which can be attributed to the
oxidation of the TAA core. This value is in excellent agreement with the potentials found for the
dendrimers G1-G3 and the model compound core-M (cf. Table 3, p: 103). Therefore, it seems
obvious that the adjacent NDI chromophores do not feature any perceivable influence on the
oxidation potential of the TAA, very similar to the findings in the CV experiment of the cascades
(cf. 3.2.4.1.1, p: 167). Consequently, the reduction of the NDI is observed at 1000 mV, which is
almost identical to the values found of the cascades. Besides, the reduction wave in the CV
attributed to the NDlIs is three times as large as the oxidation wave assigned to the oxidation of the

TAA, which reflects the ratio of the donor and acceptor chromophores in the molecules.
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Figure 63: Cyclic voltammogram of D-A-G1 measured with a scan speed of 500 mV s™ in DCM with TBAHFP

(~ 0.2 M) as supporting electrolyte and referenced against the Fc/Fc* redox couple.
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Steady-State Absorption Spectroscopy

For the purpose of examination of possible ground state interactions between the TAA donor and
the NDI acceptors, UV/Vis steady state absorption spectra were recorded in polar MeCN and
nonpolar toluene (see Figure 64). The absorption spectra are mainly dominated by the absorption
characteristics of the NDI moieties in respect to the ratio of NDIs and TAAs in D-A-G1. In MeCN
D-A-G1 exhibits two sharp maxima at 26500 cm™ (375 nm) and 28200 cm™ (355 nm) while the
latter features a small shoulder on the high energy side. Because D-A-G1 was found to be only
weakly soluble in MeCN, estimation of the molecular extinction coefficient was precluded. Similar to
the cascades, also the spectrum of D-A-G1 appears much broader in toluene compared to MeCN.
Thus, the absorption spectrum of D-A-G1 in toluene exhibits a single maximum a 27800 cm
(360 nm) with an extinction coefficient of 113700 M c¢cm™. Since D-A-G1 consists of three NDI
units, the strong broadening found for D-A-G1 supports the assumption that this effect is caused by
the NDI chromophores, probably due to aromatic solvent-specific effects (cf. section 3.2.4.1.2,
p: 169).°223%81 Ag apparent from Figure 64, B, the absorption spectra of D-A-G1 represent a
superposition of the absorption characteristics of the distinct chromophores (the NDIs and the TAA)
and no ground state interactions between them are observed. Beside the band broadening in
toluene, only weak solvents dependence of the absorption is indicated by the small shift of the
absorption maxima of ca. 300 cm™. However, a smaller onset of the absorption in toluene denotes
a smaller 00-energy of D-A-G1 in toluene (24600 cm™') compared to MeCN (25700 cm™), estimated
by applying a tangent on the flank of the lowest energy transition. The difference of ca. 1000 cm™ is

much larger than that found for the cascades (cf. section 3.2.4.1.2, p: 169).
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Figure 64: A: Normalised absorption spectra of D-A-G1 in MeCN and toluene. B: Normalised absorption

spectra of D-A-G1 and of the sum of 22 and core-M in MeCN considering the ratio of the NDIs
and the TAA in D-A-G1.
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ns-Transient Absorption

Upon excitation of D-A-G1 the excited state is supposed to be quenched by a photoinduced
electron transfer from the TAA core to one on the NDIs on the periphery. This assumption is
supported by the fact that D-A-G1 does not exhibit any emission in either MeCN or toluene. Thus, a
CS state might be populated, in which the TAA is oxidised and one of the NDlIs is reduced, likewise
to the cascades presented in the previous section. To elucidate the CS state dynamics transient
absorption spectroscopy in the ns-time regime was performed. However, only processes in toluene
will be discussed since the low solubility of D-A-G1 precludes any transient absorption experiments
in MeCN.

D-A-G1 was excited with an 8 ns laser pulse at 28200 cm™ (355 nm) and the excited state
dynamics were probed by a white light continuum between 12500 cm™ (800 nm) and 25000 cm’™
(400 nm). The transient absorption signal rises within the instrument response and start to decay
instantaneously. The transient absorption spectrum of D-A-G1 is dominated by a strong band at
21000 cm™ (475 nm) along with a smaller one at 16400 cm™ (610 nm), see Figure 65. These bands
appear at identical positions than in the cascades (cf. Figure 52) and are attributed to the NDI
radical anion.'"32*! Furthermore, in the spectrum an intense and broad band at 23700 cm
(420 nm) can be observed. However, the typical absorption band of the TAA radical cation at ca.
13200 cm’” (760 nm) is not observed. Hence, if an NDI radical anion is present in D-A-G1, the
positive charge must be localised on the molecule as well. It is supposed that the band of the TAA
radical cation is located at lower energy as the probed spectrum maybe caused by the different
substituents at the TAA compared to that in the cascades. A small hint for this assumption is the
indication of a rising edge of a band at ca. 12500 cm™ (800 nm) at the lowest energy side of the
spectrum. Moreover the strong band at 23700 cm™ (420 nm) might be attributed to a SOMO-LUMO
transition in the TAA radical cation (cf. Scheme 51, p: 140). The steady-state absorption spectrum
of core-M in DCM (not shown) revealed a hypsochromic shift of the main absorption band of
1500 cm™ compared to N-M (cf. Figure 16, p: 105).

In the transient absorption spectra of the cascades might be the indication of a similar band at the
high energy side of the spectrum (cf. Figure 52, p: 178) and a shift of in the range of 1500 cm’
might push the transition of the TAA radical cation into the probe spectral range. Besides, all three
transient absorption bands present almost identical kinetics. Although there is no evidence for this
assumption, it is likely that a CS state is generated in D-A-G1 upon excitation in a comparable

fashion than in the cascades.
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Figure 65: Normalised ns-transient absorption spectra of D-A-G1 in toluene at 28200 cm™” (355 nm) pump

energy. Early spectra are given in dark blue, later spectra in red.

The transient absorption signals of D-A-G1 in toluene at all three observed band maxima show
biexponential decays consistent of a short component of ca. 40 ns and a much longer one of ca.
7.6 us (Figure 66). As seen from the decays of Da and Db in toluene in the preceding section
(cf. 3.2.4.1.3, p: 183), the longer lifetime was supposed to be strongly concentration dependent as
a result of a diffusion controlled bimolecular deactivation process. Therefore, D-A-G1 was
measured in the lowest concentration that allows a reasonable signal-to-noise ratio
(c=3.5x10" M). In this diluted solution the longer lifetime was proved to prolong up to 14 us

(see Table 20).
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Figure 66: Biexponential tail fit of the ns-transient absorption kinetic of D-A-G1 in toluene pumped at

28200 cm™ (355 nm) and probed at 21000 cm™ (475 nm).
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Table 20: Lifetimes and Ratio of Amplitudes of ns-Transient Absorption Experiments in Toluene at the
given Concentration and Laser Pulse Energy at 28200 cm™’ (355 nm), Assuming Independent

Biexponential Decay.

c E aIong/ashort Tiong Tshort

M /md /ns /ns
3.4x10° 1.2 0.10 5.9x10° 36
3.5x107 1.2 0.060 13.9x 10° 49

2 used for the simulation with the TENUA?®"! program to obtain the rate constants ks and Ksr.

3.2.5.2 Discussion

The presented data of the ns-transient absorption of D-A-G1 exhibit the generation of a CS state,
which decays biexponentially into the ground state. This dynamics are strongly influenced by the
relative state energies and reorganisation energy. The CS state motif in D-A-G1 shows structural
parallels to that in Db, thus in the estimation of 1, and AGcs the electron transfer distance in Db
was taken to be identical to the one in D-A-G1 (dpa = 16.7 A, cf. Figure 56, p: 186). Using the

Weller approach (equation (71)) and the redox potentials given in section 3.2.5.1, p: 207, results in

a AGQgvalue of 2.14 eV .2

Npze Npe? 1 1 1 1 1
0 X ed A
AGre = E° Ey— 27 [(— ) [———)+ 71

cs 1000 ( 112 1/2) 400072'{;‘0 ((2’]3 2"A> (6} 6‘3) gsdDA> ( )

where
N, is Avogadro’s constant, e is the elementary charge, & is the is vacuum permittivity, & is the
permittivity of the spectroscopy solvent, & is the permittivity of the solvent of the electrochemical

measurements, z is the number of transferred electrons, rp and ra are the radii of the donor

(= 4.81 A)? and the acceptor (= 3.97 A)?, respectively, and dpa is the electron transfer distance.

Applying the Born equation (46)°° vyielded the outer reorganisation energy 4, = 0.06 eV and
0.29 eV was taken for 4,, as estimated in the preceding section for a TAA-NDI system (cf. section
3.2.4.2, p: 199). From these values it is obvious that charge recombination in D-A-G1 in toluene

takes place in the Marcus inverted region (A, + Ao < AGggs).[*”!

¥ See section 3.2.4.2, p: 176.
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where
ra, o are the radii of the donor and acceptor chromophores, respectively, dpa is the centre to centre
distance between the donor and the acceptor, n is the refractive index of the solvent and ¢ is the

permittivity of the solvent.

Due to the strong analogy of D-A-G1 with the cascades, the observed biexponential decay is
supposed to be the result of an ISC of the predominantly populated 'CS state into the *CS state,
from which charge recombination is spin forbidden. In order to analyse the dynamics of the CS
state in more detail, the rate constant for singlet charge recombination (ks) and for ISC (kst) were
estimated by simulating the experimental decay in diluted solution with the TENUA®% program by
applying the kinetic mechanism given in Figure 61, p: 195 and using the script given in the
appendix. Therein kst = 3krs was assumed to take spin statistics of degenerated states into
account.?® This yielded ks = 2.0 x 10" s™ and kst =2.2 x 10° s,

The charge recombination rate of D-A-G1 is about one order of magnitude smaller than that of Db
and of the same order of those found for the triads (cf. Table 18, p: 196). To elucidate if this is a
result of a reduced electronic coupling Vag or of the higher AGgs value (inverted region) of D-A-G1

compared to Db, Vs was calculated using the Bixon-Jortner equation (73).16%%!

0o . 0 \2
2 21,2 e S/ 1 hC(jVV+ﬂo+AGcs)
_ / _ 73
ko= 4x"he VAB; j1 47zhciokTeXp[ A2KT (73)
A

Vy

where
h is the Planck constant, c is the speed of light, k is the Boltzmann constant, T is the temperature,

and ¥, is the averaged molecular vibration mode (here 1500 cm™ was used as a typical

value),73%%3%7 4G is the free energy of the CS state, 4, and A, are the outer and inner

reorganization energy, respectively, and Vag is the electronic coupling.

This gives for D-A-G1 an electronic coupling of 178 cm™. Similar to the situation of the dyads
(cf. 3.2.4.2, p: 201) this value is by far too large and could not account for the observed slow charge
recombination rate. Thus, the value of the solvent permittivity of toluene was set to 2.8, which is the

same value empirical found for Da and Db. The empirical solvent permittivity enters the Weller and

the Born equation, which give AGgS= 1.98 eV and 4, = 0.22 eV. Utilising these values in the Bixon-
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Jortner approach yielded an electronic coupling of 33 cm™, which is in reasonable agreement with

the values found for Da and Db.

From those results it is expected that the slower charge recombination rate found for D-A-G1
compared to Db is caused by a higher AGgSvaIue in D-A-G1 and, in turn, by a more pronounced
inverted region effect. Moreover, the slightly smaller value for ISC revealed a minimal larger singlet-
triplet splitting (4ST) in D-A-G1 than in the dyads and triads leading to a prolonged lifetime of the
3CS state.

3.25.3 Conclusions

The presented results revealed that in D-A-G1 the excited state populated upon photoexcitation is
quenched by an electron transfer from the TAA core to the NDls on the periphery. In this CS state
one NDI is reduced and the TAA is oxidised. Although no evidences for the TAA radical cation are
observed, it is supposed that three adjacent triazole units shift the HOMO-SOMO transition in the
TAA radical cation out of the probed spectral region. Thus, the strong transient absorption at
23700 cm™ (420 nm) might be attributed to a SOMO-LUMO transition in the TAA radical cation,
which is pushed into the observed ns-transient absorption spectrum by the three triazoles.

The rate constants for charge recombination and ISC obtained from TENUA simulation of the
experimental decay show a prolonged charge recombination rate for D-A-G1 compared to Db, in
which the two charges are separated by the same spatial distance. Furthermore, the electronic
coupling in D-A-G1 is comparable to that found for the dyads. Thus, the smaller charge
recombination rate is a result of a higher AGcs value in D-A-G1, which slows down charge
recombination in the inverted region. In addition, the rate of ISC in D-A-G1 is in the same order of

magnitude than for the dyads leading to a long lifetime of the CS state of ca. 14 us.

In conclusion, the donor-acceptor dendrimer exhibits very similar CS state characteristics to the
dyads but with a clearly slower charge recombination process. The longer overall CS state lifetime
in the us time regime in combination with the increases CS state free energy value compared to the
dyads leads to a beneficial performance for light energy conversion. Moreover, the enhanced
number of excitable chromophores (3 x NDI + 1 x TAA, £= 113700 M cm™), which all might result
in the generation of a CS state makes D-A-G1 a promising key structure for further studies on light

harvesting applications.
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Chapter 4

SUMMARY AND OUTLOOK

In this work the synthesis of dendritic macromolecules and small redox cascades was reported and

studies of their energy and electron transfer properties discussed.

The chromophores in the dendrimers and the redox cascades are linked via triazoles, which were
built up by CUAAC. Thereby, a synthetic concept based on building blocks was implemented, which
allowed the exchange of all basic components. Resulting structures include dendrimers composed
exclusively of TAAs (G1-G3), dendrimers with an incorporated spirobifluorene core (spiro-G1 and
spiro-G2) and the donor-acceptor dendrimer D-A-G1, in which the terminal groups are exchanged
by NDls.

Furthermore, a series of model compounds was synthesised in order to achieve a better

understanding of the photophysical processes in the dendrimers.

A modification of the synthetic concept for dendrimers enabled the synthesis of a series of donor-
acceptor triads (T-Me, T-Cl and T-CN) consisting of two TAA donors and one NDI acceptor unit.
The intermediate TAA chromophore ensured a downhill redox gradient from the NDI to the terminal
TAA, which was proved by cyclic voltammetry measurements. The redox potential of the
intermediate TAA was adjusted by different redox determining substituents in the “free” p-position
of the TAA. Additionally, two dyads (Da and Db) were synthesised which differ in the junction of the
triazole to the TAA or the NDI, respectively. In these cascades a nodal-plane along the N-N-axes in
the NDI and a large twist angle between the NDI and the N-aryl substituent guaranteed a small

electronic coupling.

The photophysical investigations of the dendrimers focused on the homo-energy transfer properties
in the TAA dendrimers G1-G3. Steady-state emission spectroscopy revealed that the emission
takes place from a charge transfer state. The polar excited state resulted in a strong Stokes shift of
the emission, which in turn led to a small spectral overlap integral between the absorption of the
acceptor and the emission of the donor in the solvent relaxed state. According to the Férster theory,
the overlap integral strongly determines the energy transfer rate. Fluorescence up-conversion
measurements showed a strong and rapid initial fluorescence anisotropy decay and a much slower

decrease on the longer time scale. The experiment revealed a fast energy transfer in the first 2 ps
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followed by a much slower energy hopping. Time resolved emission spectra (TRES) of the model
compound M indicated a solvent relaxation on the same time scale as the fast energy transfer.

The Forster estimation of energy transfer rates in G1 explains fast energy transfer in the
vibrotionally relaxed state before solvent relaxation starts. Thereby, the emission spectrum of G1 in
cyclohexane served as the time zero spectrum. Thus, solvent relaxation and fast energy transfer
compete in the first two ps after excitation and it is crucial to discriminate between energy transfer
in the Franck-Condon and in the solvent relaxed state. Furthermore, this finding demonstrates that
fast energy transfer occurs even in charge transfer systems where a large Stokes shift prevents an

effective spectral overlap integral if there is a sufficient overlap integral in before solvent relaxation.

Energy transfer upon excitation was also observed in the spiro dendrimers spiro-G1 and spiro-G2
and identified by steady-state emission anisotropy measurements. It was assumed that the energy
in spiro-G1 is completely distributed over the entire molecule while the energy in spiro-G2 is
probably distributed over only one individual branch. This finding was based on a more polarised
emission of spiro-G2 compared to spiro-G1. This issue has to be ascertained by e.g. time

resolved emission anisotropy measurements in further energy transfer studies.

Concerning the electron transfer properties of TAA-triazole systems the radical cations of G1-G2,
spiro-G1 and spiro-G2 and of the model compound M were investigated by steady-state
absorption spectroscopy. Experiments showed that the triazole bridge exhibits small electronic
communication between the adjacent chromophores but still possesses sufficient electronic

coupling to allow an effective electron transfer from one chromophore to the other.

Due to the high density of chromophores, their D-A-D structure and their superficial
centrosymmetry, the presented dendrimers are prospective candidates for two-photon absorption

applications.[®7:159:225.293]

The dyads, triads and the donor-acceptor dendrimer D-A-G1 were investigated regarding their
photoinduced electron transfer properties and the effects that dominate charge separation and

charge recombination in these systems.

The steady-state absorption spectra of all cascades elucidated a superposition of the absorption
characteristics of the individual subunits and spectra indicated that the chromophores do not
interact in the electronic ground state.

Time resolved transient absorption spectroscopy of the cascades was performed in the fs- and ns-
time regime in MeCN and toluene as solvent. Measurements revealed that upon with 28200 cm™

(355) nm and 26300 cm™ (380 nm), respectively, an electron is transferred from the TAA towards
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the NDI unit yielding a CS state. In the triads at first a CS1 state is populated, in which the NDI is
reduced and the intermediate TAA1 is oxidised. Subsequently, an additional electron transfer from
the terminal TAA2 to TAA1 led to the fully CS2 state. Fully CS states of the dyads and triads exhibit
lifetimes in the ns-time regime. In contrast for Db in MeCN, a lifetime of 43 ps was observed for the
CS state together with the population of a >NDI state. The signals of the other CS states decay
biexponentially, which is a result of the presence of the 'CS and the 3CS states. While magnetic
field dependent measurements of Db did not show an effect due to the large singlet-triplet splitting,
T-CN exhibited a strong magnetic field dependence which is an evidence for the 'CS/°CS
assignment. Further analysis of the singlet-triplet dynamics are required and are currently in

progress.

Charge recombination occurred in the Marcus inverted region for compounds solved in toluene and
in the Marcus normal region for MeCN as solvent. However, a significant inverted region effect was
observed only for Db. Triads are probably characterised by charge recombination rates in the
inverted and in the normal region near to the vertex of the Marcus parabola. Hence the inverted
region effect is not pronounced and the rate charge recombination rates are all in the same
magnitude. However, compared to the charge recombination rate of Db the enlarged spatial
distance between the terminal TAA and the NDI in the fully CS2 states in the triads resulted in

reduced charge recombination rates by ca. one order of magnitude.

More important than a small charge recombination rate is an overall lifetime of the CS states and
this lifetime can significantly be enhanced by the population of the CS state. The reported results
reveal that a larger singlet-triplet splitting in the dyads led to a CS state lifetime in the us time
regime while a lifetime in the ns-time regime was observed in cases of the triads. Moreover, the
singlet-triplet splitting was found to be solvent dependent in the triads, which is a promising starting

point for further investigations concerning singlet-triplet splitting.

The donor-acceptor dendrimer D-A-G1 showed similar characteristics to the dyads. The generation
of a CS state is assumed due to a clear NDI radical anion band in the transient absorption
spectrum. Noteworthy, the typical transient absorption band of the TAA radical cation is absent for
D-A-G1 in toluene. Bixon-Jortner analysis yielded a similar electronic coupling in D-A-G1 compared
to the dyads. However, the charge recombination rate is smaller than of Db due to a more
energetic CS state, which in the inverted region slows down charge recombination. In combination
a singlet-triplet splitting similar to the dyads prolongs the CS state lifetime up to 14 us in diluted
solution. Both effects result in an even better performance of D-A-G1 concerning energy

conversion. D-A-G1 is therefore a promising key structure for further studies on light harvesting
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applications. In a prospective study a second generation donor-acceptor dendrimer D-A-G2 might
be an attractive structure accessible by “click reaction” of 13 and 8. D-A-G2 is expected to exhibit a

downhill oriented gradient of CS states as assumed from the CV studies on G1-G3.
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Chapter 5
EXPERIMENTAL SECTION

5.1  Analytical Methods®

NMR Spectroscopy

e Bruker Avance 400 FT-Spectrometer ("H: 400.1 MHz, "*C: 100.6 MHz)
e Bruker Avance DMX 600 FT-Spectrometer ("H: 600.1 MHz, *C: 150.9 MHz)

All 'H- and "*C spectra were measured at 300 K unless otherwise indicated. As internal reference
the signal of the respective solvent was used and the chemical shifts are given in ppm (5-scale) vs.
tetramethylsilane. Multiplicities were denoted as s (singulet), d (doublet), dd (doublet of doublets),
t (triplet) and m (multiplet). Coupling constants are given in Hz. NMR spectroscopy data is quoted
as follows: (chemical shift (multiplicity, coupling constant, number of protons, assignment of signal),

Solvents for *C-NMR spectra were degassed with argon for at least 15 min prior to measurements.
Mass Spectrometry

e Bruker Daltonics micoTOF focus (ESI)
e Bruker Daltonics autoflex Il (MALDI)

Mass spectra were recorded at the Institute of Organic Chemistry, University of Wirzburg. For ESI-
spectra 10 uM solutions of the sample in CHCI; or DCM were prepared. The software module
“Bruker Daltonics IsotopePattern” from the software Compass 1.1 from Bruker Daltonics GmbH,

Bremen was used for the calculation of the respective mass values of the isotropic distribution.

@ Adapted or reproduced (or reproduced in parts) from Solvent Controlled Energy Transfer Processes in Triarylamine-
Triazole Based Dendrimers, Zieschang, F.; Schmiedel, A.; Holzapfel, M.; Ansorg, K.; Engels, B.; Lambert, C. J. Phys.
Chem. C 2013, 117, 19816-19831. Copyright 2013 American Chemical Society.
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Infra-red Spectroscopy

e JASCO 410 FT-IR spectrometer with an attenuated total reflectance (ATR) attachement.

Positions of the absorption bands are given in reciprocal centimetres (cm™) and signals are

described by w (weak) and s (strong).
Recycling Gel Permeation Chromatography (GPC)

e Shimadzu Gel Permeation Chromatography System
o photodiode array detector 190 — 800 nm (SPD-M20A)
o high precision solvent delivery unit (LC-20AD)
o card type system controller (CBM-20Alite)
o high pressure flow channel selection valve (FCV-20AH2)
o 3-way online degassing unit (DGU-20A3)
o fraction collector (FRC-10A)
o software LCsolution (v. 1.0.0.1)
e JASCO Gel Permeation Chromatography System
o multi wavelength UV/vis detector 200 — 600 nm (UV-2077)
o intelligent HPLC pump (PU-2080 plus)
o interface box (LC-Netll-ADC)
o solvent selection valve unit (LV-2080-03)
o inline degasser (DG-2080-53)
o fraction collector (CHF122SC) with software FraColl (v. 3.0.2)

o software Chrompass (v. 1.8)

All chromatographies were carried out at RT in recycling mode and two SDV columns (PSS SDV
preparative 50 A and 500 A, dimension 20 x 600 mm, particle size: 10 um) were operated in line.

CHCI; (HPLC grade) was used as eluent with a flow rate of 4 mL/min.
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Differential Scanning Calorimetry (DSC)

e TA Q1000 calorimeter

Differential scanning calorimetry measurements were performed with a heating/cooling rate of

30 K/min unless otherwise indicated. Two heating-cooling cycles were performed consecutively.
Cyclic Voltammetry

e Electrochemical workstation BAS CV-50 W

e Computer controlled GAMRY instruments (Reference 600) potentiostat (Warminister, PA,
USA)

Electrochemical experiments were performed under argon atmosphere in dry oxygen-free DCM
with tetrabutylammonium hexafluorophosphate (TBAHFP) (ca. 0.2 M) as supporting electrolyte. A
three electrode set-up with a platinum disc working electrode (& = 1 mm), a platinum wire counter
electrode and either a platinum pseudoreference or an Ag/AgCl LEAK FREE reference electrode
(Warner Instruments, Hamden, CT, USA) were used in a sealed glass flask purged with argon.
Chemical and electrochemical reversibility of the redox processes were tested by multi thin layer
measurements and all potentials were measured against the ferrocene/ferrocenium (Fc/Fc*) redox

couple as reference.

Steady-State UV/Vis/NIR Spectroscopy

e JASCO V-670 double beam UV/Vis/NIR spectrometer (software SpectraManager v.2.8.4.1)

e Agilent Technologies Cary 5000 double beam UV/Vis/NIR spectrometer (software Agilent
Cary WinUV Analysis and Bio v. 4.2)

The absorption spectra of all compounds were measured in 1 cm quartz cuvettes (Hellma) at RT
with pure solvent as reference. The solvents were Uvasol solvent purchased from Merck or of
comparable grade. All compounds were investigated in a concentration range from ca. 1.0 x 10° M

to ca. 5.0 x 10”° M to exclude aggregation effects.
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Steady-State Emission Spectroscopy /

Time-Dependent Fluorescence-Decay

e Photon Technology International QuantaMasterTM model QM-2000-4
o water-cooled photomultiplier (R928P)
o xenon short-arc lamp (75 W, Ushio UXL-75XE)
o software FeliX32TM (v. 1.2.0.56)

Fluorescence measurements were performed using standard 1 cm quartz cuvettes and spectra
were recorded in Uvasol solvents from Merck or of comparable grade after purging the samples for
15 min with argon gas. As a fluorescence standard, quinine sulfate in 1 M sulfuric acid

(¢ = 0.55)P%% was used and the following equation was applied to determine the quantum yields:

I(?)-ODRef-(nD)Z )

&= rRef </(V)Ref' OD-(1o ret)?

where
@& and ¢ rer are the fluorescence quantum yields, /() and /(V)grer are the integrated emission bands,
OD and ODggs are the optical densities of the absorption bands at the excitation wavelength, and np

and np (s are the refraction indices of the solvent of the sample and reference, respectively.

e Photon Technology International TimeMasterTM TM-200 LED strobe lifetime
spectrofluorometer including a Photon Technology International pulses LED (26500 cm™
(375 nm))

To determine the instrument response a LUDOX AS-30 colloidal silica suspension in de-ionised
water was used as scatter solution. Decays were measured under magic angle conditions using a
Glan-Thompson-polariser from Photon Technology International. Lifetimes were determined by
deconvolution of the experimental decay with the instrument response function and by fitting the
decay curves with an exponential decay function using the corresponding spectrometer software.

Solvents and cuvette were used as in the steady state fluorescence experiments.
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Polarised Steady-State Fluorescence Excitation Spectroscopy

e Photon Technology International QuantaMasterTM model QM-2000-4
o water-cooled photomultiplier (R928P)
o xenon short-arc lamp (75 W, Ushio UXL-75XE)
o software FeliX32TM (v. 1.2.0.56)

For polarised excitation and detection two Glan-Thompson-polarisers from Photon Technology
International were used in an L-format setup (cf. Scheme 10, p: 24). The emission was detected at
22000 cm™ (450 nm). For the measurements at RT sucrose octaacetate (SOA) was used as the
solid matrix. SOA was purchased from Acros and recrystallised from ethanol. SOA and the analyte
were dissolved in DCM (Merck, Uvasol) and filtered through a PTFE-filter (0.2 um pore size,
Whatman). After purging with argon for 10 min, the solution was concentrated in vacuo and a
colourless oil was obtained. This oil was filled in a 1 cm quartz cuvette (Hellma) and kept at 100°C

for 1 h and at 130°C for 4 h in an oven in order to remove excess of solvent.
fs-Fluorescence Up-conversion®'*

A commercial fluorescence up-conversion set-up (Halcyone from Ultrafast Systems) was used for
fluorescence up-conversion measurements. The laser system consists of an ultrafast amplified
Ti:Sapphire laser (Solstice from Newport-Spectra-Physics) with a central wavenumber of
12500 cm™ (800 nm), a pulse length of 100 fs and a repetition rate of 1 kHz. One part of the output
beam was used to pump an optical parametric amplifier (TOPAS from Light Conversion/Newport-
Spectra-Physics) as the source for the pump pulse with an attenuated energy of < 250 nJ, a
wavenumber of 26300 cm™ (380 nm) and a pulse length of 140 fs. This pump pulse was slightly
focussed (spot diameter at 1/e? intensity ca. 100 xm) onto a 2 mm path length quartz cuvette
(Spectrocell Inc.) with the stirred sample solution (Uvasol solvents, purged with argon). After the

quartz cuvette the pump pulse was filtered off by a coloured glass 400 nm longpass filter.

The fluorescence light was collected by a quartz lens (f = 100 mm) and focussed with an identical
quartz lens on a 0.5 mm BBO type | crystal for frequency up-conversion with the gate pulse
(250 - 500 nJ at 12500 cm™" (800 nm)) from the Solstice laser system. The gate pulse was delayed
by a 0 — 3.3 ns delay line in linear 20 fs steps between 0 — 4 ps and in logarithmic steps between
4 — 3200 ps. The up-converted light was focussed onto the entrance slit of a double

monochromator, measured by a PMT and subsequently amplified. For polarisation dependent
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measurements, both the pump and the gate pulse were polarised by wire grids polarisers
(Thorlabs) and the pump pulse polarisation was adjusted by a half-wave-plate either parallel,
perpendicular or in magic angle relative to the gate pulse. The instrument response was estimated
by measuring stray light or the Raman signals of the pure solvents which gave ca. 260 fs fwhm for
DCM, 350 fs for MeCN, 350 fs for toluene and 770 fs for PhCN. However, during the global
analysis, the IRF was treated as a Gaussian shaped function with the fwhm as a free floating

parameter.

Excitation of the chromophore at 26300 cm™ (380 nm) with 140 fs pulses induces fluorescence at
20800 cm™ (480 nm) in the sample (2 mm cuvette with the respective compound in DCM at ca.
OD = 0.3) which was up-converted by a 12500 cm™ (800 nm) gate pulse in a 0.5 mm BBO type |
crystal. The excitation wavelength 26300 cm™ (380 nm) was chosen because this minimises
excitation of electronically higher excited states. The time resolution was measured by
up-converting stray light from the OPA at 20800 cm™ (480 nm) which yields an instrument response
of 260 fs at fwhm in DCM. The measurements under magic angle conditions were deconvoluted by
the instrument response (taken as a Gaussian shaped pulse with fwhm as a free-floating

parameter) and fitted by multiple exponentials.
ns-Transient Absorption Spectroscopy

e Edinburgh LP 920 laser flash spectrometer with a 450 W ozone-free Xe arc lamp including a
photomultiplier (Hamamatsu R955), digital storage oscilloscope (Tektronix TD3012B) and
software (L900 v. 6.5.6.3)

e Continuum Minilite 1l Nd:YAG laser operating at 10 Hz, 3 — 5 ns pulse duration, pulse

energy between 0.2 mJ and 2.0 mJ at 355 nm

For these experiments the substances were dissolved in the same solvent as used for steady-state
experiments filled in 1 cm sealed quartz cuvettes (Starna, Pfungstadt, Germany) and the solutions
were degassed by bubbling argon through the solution for 60 min prior to measurements. As pump
pulse the third harmonic of the fundamental at 28200 cm™ (355 nm) was used and the laser pulse
energy was varied between 0.2 mJ and 2.0 mJ with a pulse length of 5 ns. The instrument
response function (IRF) (~ 8 ns) was determined by measuring the scatter light using a LUDOX AS-
30 colloidal silica suspension in water. The measured transient signal intensity was corrected by
the fluorescence intensity obtained from measurements without probe light. Decay traces with
lifetimes shorter than 100 ns were deconvoluted with the IRF and decay curves with longer lifetimes
were tail-fitted using the corresponding spectrometer software. Residuals and autocorrelation



5.1 ANALYTICAL METHODS

function (without any significant structure) served as the main criteria in the evaluation of the fits.
Decay curves recorded at the three band maxima all present identical biexponential kinetics for a
given compound. Excitation with different laser pulse energies had no effect on the dynamics and
the transient spectra and thus two-photon processes are excluded.**

For the magnetic field dependent measurements the probe beam was redirected by four mirrors
through an electromagnet (Model: 5403FG, GMW-Associates) powered by a Sorensen
(DLM-E 3kW) power supplier and performing between 0 and 2000 mT. The pulse and the probe
beam were oriented perpendicular and met each other in the sample cuvette (see Scheme 53). The
magnetic field was measured by a Hall-sensor (Single-Axis Magnetic Field Transductor
YM12 2 5-5T, SENIS GmbH) and varied in 1 mT steps (till 20 mT), 4 mT steps (till 100 mT), 10 mT
steps (till 500 mT), 50 mT steps (till 1000 mT) and 100 mT steps (till 2000 mT).

electromagnet

(0 -2000 mT) pump: Laser pulse 10 Hz
(28200 cm-! (355 nm))

sample position
for measurements with B> 0

[ ]
0% 7/\ ————— N —

probe: Xe-lamp filo mifrore mono- photo- oscilloscope computer
P chromator multiplier
sample position
for measurements with B=0
Scheme 53: lllustration of the magnetic field dependent ns-transient absorption set-up.

fs-Transient Absorption Spectroscopy

All pump-probe experiments were performed in a 2 mm quartz cuvette (Spectrocell Inc.) at RT. The
sample was dissolved in the same solvent as used in the steady-state experiments (OD = 0.3 at the
excitation energy), degassed with argon for 30 min prior to the measurement and sustained stirred
during the measurement. The setup consists of a commercial Helios transient spectrometer from
Ultrafast Systems and is driven by an Solstice Ti:sapphire amplifier from Newport-Spectra-Physics
(pulse duration of 100 fs) with a central wavenumber of 12500 cm™ (800 nm) and a repetition rate
of 1 kHz.
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The output beam gained from the Solstice amplifier was split into two parts. One part was used to
pump an optical parameter amplifier (TOPAS-C) from Newport-Spectra-Physics as the source for
the pump pulses with a pulse length of 140 fs and a wavenumber of 26300 cm™ (380 nm) with an
attenuated energy of 150 — 210 nJ. The other, quite small part of the Solstice amplifier output beam
was focused into a moving CsF.-plate to generated a white light continuum between 12500 cm™
(800 nm) and 24000 cm™ (415 nm) which was used as the probe pulse. The depolarised excitation
pulse was collimated to a spot, which was at least two times larger than the diameter of the

spatially overlapping linear polarised probe pulse.

Detection of the probe pulses was achieved using a CMOS sensor (Ultrafast Systems, Helios) with
1.5 nm intrinsic resolution and 350 — 800 nm sensitivity range. A part of the probe light was used to
correct for intensity fluctuations of the white light continuum. A mechanical chopper (working at
500 Hz) blocked every second pump pulse, in order to measure / and /y. The photoinduced change
of the optical density can be recorded by comparing the transmitted spectral intensity of

consecutive pulses (/(4, 1), /o(1)) by the following equation:

AOD= —log (l(/l’ T)>

Io(A)

The relative temporal delay between pump and probe pulses was varied over a maximum range of
8 ns with a motorised, computer-controlled linear stage. While the delay interval between two
consecutive data points was 13.3 fs for small delay times, it increased up to 200 ps for very large

delay times.

Steady-state absorption measurements of the sample before and after the pump-probe
measurements were performed to verify the stability of the sample.

The obtained time resolved spectra were corrected for stray light and the white light dispersion
(chirp). The chirp was corrected by fitting a polynomial to the cross phase modulation signal of the
pure solvent under otherwise experimental conditions. Further analyses of the spectra using
GLOTARAN®# js described in the respective section (cf. 3.2.4.2, p: 187).
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5.2 Synthesis

All solvents and reagents were commercially available and were used without further purification
unless otherwise denoted. All reactions were performed in standard glass ware. For inert-gas
conditions using schlenk techniques flame dried glass ware were used. The nitrogen was dried
over Sicapent from Merck and the oxygen was removed by copper catalyst R3-11 from BASF.
Solvents were dried according to known literature.**! Merck silica gel 32-63 um was used for flash

chromatography.
5.2.1 General Procedures

GP1: Azidation of aryl bromides!'®

Under nitrogen atmosphere the aryl bromide (1.0 equiv.), NaN;s (2.0 equiv.) and L(+)-sodium
ascorbate (0.05 equiv.) were dissolved in the specified solvent and Cul (0.1 equiv.) and N,N’-
dimethylethylenediamine (DMAP) (0.15 equiv.) were added while the solution was degassed with
nitrogen. The resulting solution was heated to reflux for 8 h in the dark. Then the solution was
allowed to cool down to RT and stirred for additional 18 h. The reaction mixture was taken-up by a
mixture of brine and EA. The layers were separated and the organic layer was washed twice with
water while the aqueous phase was extracted twice with EA. The organic layers were combined,
dried over MgSO, and the solvent was removed under reduced pressure. The crude product was

purified by flash-chromatography.

GP2: Hagihara-Sonogashira Coupling with Pd(PhCN),Cl,, ‘BusP, Copper(l) iodide and 'Pr,NH

in 1,4-dioxane!™®"

The aryl halide (1 equiv.*) was dissolved in dry 1,4-dioxane and Cul (0.02 equiv.*) and
Pd(PhCN),Cl, (0.03 equiv.*) were added while the solution was degassed with nitrogen. After
addition of ‘BusP (0.06 equiv.*, 1.0 M solution in toluene), Pr,NH (1.10 equiv.*) and an excess of
the acetylene the resulting solution was stirred at the specified temperature under preclusion of
light. The solvent was evaporated in vacuo, the residue resolved in DCM and washed twice with a
saturated aqueous Na,S,0;-solution and three times with water while the aqueous phase was
extracted twice with DCM. The organic layers were combined and the solvent was removed under
reduced pressure. The crude product was purified by flash-chromatography.

* The data are referenced to one halide functionality in the reactant.
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GPa3: Transformation of trialkylsilylacetylenes into terminal acetylenes (deprotection)

The triisopropylsilyl acetylene (1 equiv.*) was dissolved in DCM and solid TBAF trihydrate
(1.1 equiv. — 2.5 equiv.*) was added. The solution was stirred for the given period at RT in the dark.
More DCM was added to the mixture and the organic layer was washed three times with water
while the aqueous phase was extracted twice with DCM. The organic layers were combined and
the solvent was removed. Further purification was performed as mentioned below.

* The data are referenced to one of trialkylsilylacetylene functionality in the reactant.
GP4: Cu catalysed Ullmann Coupling of diarylamines with 1-bromo-4-iodobenzene!?*?

A solution of the diarylamine (1 equiv.), 1-bromo-4-iodobenzene (1.5 equiv.), dried K,COs; (5 equiv.)
and 18-crown-6-ether (0.125 equiv) in 0-DCB was degassed with nitrogen for 15 min before
activated copper®* (2.5 equiv) was added. The solution was degassed for further 7 min and then
heated at 179°C for the given time under preclusion of light. The solid was filtered off and the
solvent was evaporated in vacuo, the residue resolved in DCM and washed once with a saturated
aqueous Na,S,0;-solution and twice with water while the aqueous phase was extracted twice with
DCM. The organic layers were combined, dried over MgSO, and the solvent was removed under

reduced pressure. The crude product was purified by flash-chromatography.
GP5: Buchwald-Hartwig Amination with Pd,(dba)s:CHCls;, NaO'Bu and ‘BusP in toluene!?'%?'"]

The bromo-aryl or iodo-aryl derivative (1 equiv.) was dissolved in dry toluene and NaO'Bu
(1.5 euiv.) and Pdy(dba);-CHCI; (0.04 quiv.) were added while the solution was degassed with
nitrogen. After addition of ‘BusP (0.06 quiv., 1.0 M solution in toluene) and the aniline derivative
(1 equiv.) the solution was stirred for the given time at the specified temperature under preclusion
of light. The solvent was evaporated in vacuo, the residue resolved in DCM and washed once with
a saturated aqueous Na,S,0;-solution and three times with water while the aqueous phase was
extracted twice with DCM. The organic layers were combined and the solvent was removed under

reduced pressure. The crude product was purified by flash-chromatography.
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GPé6: Bromination of diarylamines with TBATB!"?"]

A solution of the diarylamine (1 equiv.) in CHCI; was cooled to 0°C and a solution of TBATB
(1 equiv.) in CHCI; was added over 3.5 h. After addition the mixture was stirred for 1 h at 0°C and
then allowed to warm up to RT. At this temperature the mixture was stirred for additional 30 min
until a saturated aqueous Na,S,0s-solution was added. This mixture was stirred for 12 h at RT and
then washed twice with a saturated aqueous NaHCOs;-solution and three times with water. The
organic layers were combined and the solvent was removed under reduced pressure. The crude

product was purified by flash-chromatography.
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5.2.2 Dendrimers

5.2.21 Building Blocks
Compound 1

Si Me3

Me,Si SiMe,
CA: [189178-08-3]

According to general procedure GP2:

Tris(4-bromophenyl)amine (300 mg, 622 umol), Cul (7.11 mg, 37.0 umol), Pd(PhCN),Cl, (21.0 mg,
56.0 pmol), ‘BusP (112 4L, 112 mmol, 1.0 M solution in toluene), 'Pr,NH (208 mg, 2.05 mmol),
TMSA (excess), 1,4-dioxane (15 mL), 5 d, RT, flash-chromatography (silica gel, PE / DCM =

10:1— 1:1).
Formula: C33H39N8i3 [53393]
Yield: 295 mg (553 umol) 89 % of a yellow solid.

'H-NMR (400 MHz, CDCl,): 5/ ppm = 7.34 (AA", 6 H), 6.95 (BB’, 6 H), 0.23 (s, 27 H).
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Compound 2

CA: [189178-09-4]

According to general procedure GP3:

1 (500 mg, 936 umol), TBAF trihydrate (975 mg, 3.09 mmol), DCM (20 mL), 30 min.
Formula: C33HsN [317.38].

Yield: 283 mg (892 umol) 95 % of an orange to yellow solid.

"H-NMR (400 MHz, CDCls): 5/ ppm = 7.38 (AA", 6 H), 7.00 (BB’, 6 H), 3.05 (s, 3 H).

Compound 3%

CA: [1103763-96-7]

2,2’,7,7-Tetrabromo-9,9’-spirobi[9H-fluorene] (300 mg, 475 umol) was dissolved in Et;N (20 mL)
and Cul (24.0 mg, 127 zmol), Pd(PhCN),Cl, (73.0 mg, 190 zmol), 'Pr,NH (256 mg, 2.53 mmol),
‘BusP (304 4L, 304 pmol, 1.0 M solution in toluene) and TMSA (excess) were added while the
solution was degassed with nitrogen. The resulting solution was stirred at RT for 6 d under
preclusion of light. The solvent was removed in vacuo and the residue was redissolved in DCM
(50 mL). The solution was once washed with water (50 mL) and filtered through silica gel. Next the
solution was concentrated and dropped into ethanol. The solid were filtered off and washed with

ethanol to obtain the product as an off-white solid.

Formula: CysH4sSi, [701.20].

Yield: 190 mg (271 umol) 57 % of an off-white solid.
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'"H-NMR (400 MHz, CDCl5): 6/ ppm = 7.73 (dd, *J = 7.9, °J=0.68, 4 H), 7.49 (dd, >J=7.9, *J = 1.4,
4 H), 6.77 (dd, “J=1.4,°J=0.68, 4 H), 0.16 (s, 36 H).

Compound 4!'%%

CA: [1103763-99-0]

A solution of 3 (71.0 mg, 101 umol) and TBAF trihydrat (540 «L, 540 umol, 1.0 M solution in THF)
in THF (20 mL) was stirred for 3 d at RT in the dark. The solvent was evaporated in vacuo, the
residue was resolved in DCM (50 mL) and washed with water (3 x 30 mL). The solvent was
removed under reduced pressure and the crude product was purified by flash-chromatography
(silica gel, PE / DCM = 2:1) to obtain a yellow solid.

Formula: C33Hq6 [412.48].
Yield: 40.0 mg (97.0 umol) 96 % of a yellow solid.

'"H-NMR (400 MHz, CDCl,): 6/ ppm = 7.77 (dd, *J = 7.9, °J = 0.64, 4 H), 7.52 (dd, >J = 7.9, *J = 1.4,
4 H), 6.83 (dd, “J=1.4,5J=0.64, 4 H), 3.00 (s, 4 H).

Compound 5%
Me0© @,OMe
N

¢

Br

CA: [194416-45-0]

To a solution of 4-iodoanisole (7.00 g, 29.9 mmol), 4-bromoaniline (2.44 g, 14.2 mmol) and
1,10-phenanthroline (102 mg, 568 xmol) in toluene (15 mL) Cul (108 mg, 568 umol) and dried
powdered KOH (6.21 g, 111 mmol) were added while the suspension was degassed with nitrogen.
The reaction mixture was heated to 111°C for 26 h. The solvent was evaporated in vacuo, the
residue was dissolved in DCM (125 mL) and washed with a saturated aqueous Na,S,03-solution
(120 mL) and water (120 mL) while the aqueous phase was extracted twice with DCM (50 mL). The

organic layers were combined and the solvent was removed under reduced pressure. The crude
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product was purified by flash-chromatography (silica gel, n-hexane / DCM = 3:1) to obtain an off-

white solid.
Formula: C,yHsBrNO, [384.27].
Yield: 2.89 g (7.52 mmol) 53 % of an off-white solid.

'H-NMR (400 MHz, (CD3),CO): 6/ ppm = 7.29 (AA’, 2 H), 7.06 (AA’, 4 H), 6.91 (BB’, 4 H),
6.74 (BB", 2 H), 3.79 (s, 6 H).

Compound 6"

According to general procedure GP1:

5 (1.00 g, 2.60 mmol), NaN3 (338 mg, 5.20 mmol), L(+)-sodium ascorbate (26.0 mg, 130 zmol), Cul
(50.0 mg, 260 gmol), DMAP (34.0 mg, 390 umol), nitrogen degassed EtOH/H,O 7:3 (80 mL),
flash-chromatography (silica gel, PE / EA = 10:1).

Formula: Con18N402 [34638]
Yield: 791 mg (2.28 mmol) 88 % of a brown solid.

"H-NMR (600 MHz, CDCl3): 6/ ppm = 7.01 (AA", 4 H, H-4), 6.93 (AA", 2 H, H-7), 6.84 (BB’, 2 H,
H-8), 6.81 (BB, 4 H, H-3), 3.79 (s, 6 H, H-1).

3C-NMR (150 MHz, CDCls): 5/ ppm = 155.8 C-2, 146.1 C-6, 141.0 C-5, 132.0 C-9, 126.2 C-4,
122.5 C-7, 119.7 C-8, 114.8 C-3, 55.6 C-1.

IR (ATR): V / cm™: 2930 (w, C-H aryl), 2100 (s, -N).
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ESI-MS pos (high resolution): [M™* -N,, -H]
calc. m/z=317.12845
found. m/z = 317.12846 A=0.03 ppm

Compound 712019

CA: [1163177-10-3]

2,5-Di-tert-butylaniline (766 mg, 3.73 mmol) and 1,4,5,8-naphthalenetetracarboxylic dianhydride
(1.00 g, 3.73 mmol) were suspended in dry pyridine (28 mL). The suspension was irradiated with
microwaves to heat it to 145°C for 90 min. After cooling down, 4-bromo-aniline (641 mg,
3.73 mmol) was added to the mixture and it was again heated to 145°C for 90 min using microwave
irradiation. Afterwards the mixture was cooled to RT, the solid was filtered off and washed with
DCM. After removing the solvents under reduced pressure, the residue was purified by flash-

chromatography (silica gel, DCM) to obtain the product as a yellow solid.

Formula: C34H29BrN,O, [609.51].

Yield: 593 mg (973 umol) 26 % of a yellow solid.

'H-NMR (400 MHz, CDCl3): 5/ ppm = 8.85 (-, 4 H), 7.72 (AA", 2 H), 7.61 (d, J = 8.5, 1 H),
7.49 (dd, 3J = 8.5,%J=2.2, 1 H), 7.22 (BB, 2 H), 7.01 (d, “J = 2.2, 1 H), 1.33 (s, 9 H), 1.27 (s, 9 H).

Compound 8

Compound 7 (528 mg, 866 xmol), NaN3 (113 mg, 1.73 mmol) and L(+)-sodium ascorbate (8.58 mg,
43.0 umol) were dissolved in nitrogen degassed 'PrOH/H,O 9:2 (210 mL) and Cul (269 mg,
1.41 mmol) and DMAP (11.0 mg, 130 umol) were added while the solution was degassed with
nitrogen. The resulting solution was heated to reflux for 16 h under preclusion of light. Then the
solution was cooled to RT. The reaction mixture was taken up by a mixture of brine and EA

(200 mL). The layers were separated and the organic layer was washed twice with water (100 mL)
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while the aqueous phase was extracted twice with EA. The organic layers were combined and the
solvent was removed under reduced pressure. The crude product was purified by flash-

chromatography (silica gel, DCM / PE = 5:1 — 10:1) to obtain a yellow solid.
Formula: C34H29N504 [571 63]
Yield: 263 mg (460 xmol) 53 % of a yellow solid.

'H-NMR (600 MHz, CDCls): 5/ ppm = 8.86 (-, 4 H, H-8 a. H-7), 7.61 (d, ®J = 8.5, 1 H, H-17),
7.49 (dd, °J = 8.5, *J = 2.0, 1 H, H-16), 7.33 (AA", 2 H, H-3), 7.24 (BB, 2 H, H-2), 7.01 (d, %J = 2.0,
1 H, H-14), 1.33 (s, 9 H, H-22) 1.27 (s, 9 H, H-20).

3C-NMR (150 MHz, CDCl;): §/ ppm = 163.9 C-12, 163.1 C-5, 150.5 C-15, 143.8 C-18, 141.2 C-1,
132.0 C-13, 131.7 C-7 0. C-8, 131.6 C-7 o. C-8, 131.2 C-4, 130.1 C-3, 129.1 C-17, 127.6 C-14,
127.5 C-9 a. C-10, 127.4 C-6 o. C-11, 127.0 C-16, 126.8 C-6 o. C-11, 120.3 C-2, 35.7 C-19,
34.4 C-21, 31.8 C-22, 31.3 C-20.

MALDI-TOF pos: [M™ -N,]
calc. m/z=543.215
found. m/z = 543.091

Compound 9

e, R
S

According to general procedure GP2:

Bis(4-bromophenyl)amine (500 mg, 1.52 mmol), Cul (12.0 mg, 61.0 zmol), Pd(PhCN),Cl, (35.0 mg,
92.0 umol), ‘BusP (183 L, 183 mmol, 1.0 M solution in toluene), 'Pr,NH (340 mg, 3.36 mmol),
TIPSA (excess), 1,4-dioxane (10 mL), 3 d, 50°C, flash-chromatography (silica gel, PE / DCM =
10:1).

Formula: C34Hs5/NSi; [529.95].
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Yield: 672 mg (1.27 mmol) 84 % of a yellow solid.

"H-NMR (600 MHz, (CD3),CO): &/ ppm = 7.96 (s, 1 H, H-9), 7.39 (AA", 4 H, H-6), 7.14 (BB’, 4 H,
H-7), 1.14 (-, 42 H, H-1 a. H-2).

3C.NMR (150 MHz, (CD;),CO): 5/ ppm = 144.1 C-8, 144.0 C-8°, 133.9 C-6, 117.9 C-7, 117.8 C 7°,
115.72 C-5, 115.70 C-5% 108.9 C-4, 88.565 C-3, 88.561 C-37, 19.0 C-1, 12.0 C-2.

ESI-MS pos (high resolution): [M™*]
calc. m/z=529.35545

found. m/z = 529.35543 A =0.04 ppm
Compound 10
1
2
/Si"/ N //\‘““)‘?\
N

According to general procedure GP4:

9 (300 mg, 566 wmol), 1-bromo-4-iodobenzene (240 mg, 849 umol), dried K,CO; (391 mg,
2.83 mmol), 18-crown-6-ether (19.0 mg, 71.0 umol), activated copper (90.0 mg, 1.42 mmol), o-DCB
(15 mL), 3 d, flash-chromatography (silica gel, PE).

Formula: C4,Hs4BrNSi, [684.94].
Yield: 189 mg (276 uymol) 49 % of a yellow solid.

"H-NMR (600 MHz, (CD3),CO): 5/ ppm = 7.50 (AA", 2 H, H-11), 7.43 (AA", 4 H, H-6), 7.06 (2 x BB,
4 H+2H, H-7 a. H-10), 1.14 (-, 42 H, H-1 a. H-2).

BC.NMR (150 MHz, (CDs3),CO): & / ppm = 148.0 C-5, 146.9 C-9, 134.0 C-6, 133.5 C-11,
127.6 C-10, 124.5 C-7, 118.7 C-8, 117.1 C-12, 108.1 C-4, 90.2 C-3, 19.0 C-1, 12.0 C-2.

@ The 13C—signal split is probably caused by a hindered rotation in the phenyl rings.
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ESI-MS pos (high resolution): [M™]
calc. m/z=683.29726
found. m/z = 683.29770 A =0.64 ppm

Compound 11

According to general procedure GP1:

10 (643 mg, 938 umol), NaN; (122 mg, 1.87 mmol), L(+)-sodium ascorbate (9.29 mg, 47.0 umol),
Cul (18.0 mg, 94.0 umol), DMAP (12.0 mg, 141 umol), nitrogen degassed 'PrOH/H,O 7:3 (80 mL),
flash-chromatography (silica gel, n-hexane).

Formula: C40H54N4Si2 [64705]
Yield: 340 mg (525 umol) 56 % of an orange solid.

"H-NMR (600 MHz, (CD3),CO): 5/ ppm = 7.42 (AA’, 4 H, H-6), 7.17 (AA", 2 H, H-10), 7.09 (BB,
2 H, H-11), 7.03 (BB", 4 H, H-7), 1.14 (-, 42 H, H-1 a. H-2).

BC.NMR (150 MHz, (CD;),CO): & / ppm = 1482 C-5, 144.5 C-9, 136.8 C-12, 134.0 C-6,
127.9 C-10, 124.0 C-7, 121.2 C-11, 118.2 C-8, 108.2 C-4, 90.0 C-3, 19.0 C-1, 12.0 C-2.

MALDI-TOF pos: [M™ -N,, + 2 x H]
calc. m/z=620.397
found. m/z = 620.461
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5.2.21.1 Dendrimer Syntheses

Compound 12

67 N?@EN{‘;‘Q@ @rﬁ N
3 15 18N
/
A7
) N
Qo he?
N - A
I
A
\(

Compound 2 (77.0 mg, 243 umol) and 11 (843 mg, 1.30 mmol) were dissolved in dry THF (25 mL)
and (PPh3);CuBr (50.0 mg, 54.0 umol) was added while the solution was degassed with nitrogen.
After addition of DIPEA (94.0 mg, 728 umol) the solution was stirred for 20 d at 40°C under

preclusion of light. The solvent was evaporated in vacuo and the raw product was purified by
recycling GPC in CHCIs.

Formula: C144H177N13Si6 [225855]
Yield: 496 mg (220 xmol) 90 % of a brown solid.

'H-NMR (600 MHz, CD.Cl,): 5/ ppm = 8.16 (s, 3 H, H-13), 7.84 (AA", 6 H, H-16), 7.68 (AA", 6 H,
H-11), 7.40 (AA’, 12 H, H-6), 7.26 (BB, 6 H, H-17), 7.23 (BB’, 6 H, H-10), 7.05 (BB, 12 H, H-7),
1.12 (-, 126 H, H-1 a. H-2).

3C-NMR (150 MHz, CD,Cl,): 5/ ppm = 148.1 C-14, 147.6 C-18, 147.5 C-9, 147.1 C-8, 133.6 C-6,
132.7 C-12, 127.1 C-16, 125.6 C-15, 125.3 C-10, 124.9 C-17, 124.3 C-7, 122.0 C-11, 118.7 C-5,
117.6 C-13, 107.1 C-4, 90.6 C-3, 18.8 C-1, 11.7 C-2.
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ESI-MS pos (high resolution): [M™]
calc. m/z =2256.28600
found. m/z = 2256.28566 A =0.15 ppm

Compound 13
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According to general procedure GP3:
12 (137 mg, 61.0 umol), TBAF trihydrate (126 mg, 400 umol), DCM (10 mL), 3 h, recycling GPC
(CHCIy).

Formula: CyoHs,N¢3 [1320.50].
Yield: 66.0 mg (50.0 uzmol) 82 % of a yellow solid.

"H-NMR (600 MHz, CD,Cl,): 6/ ppm = 8.17 (s, 3 H, H-11), 7.84 (AA", 6 H, H-14), 7.70 (AA", 6 H,
H-9), 7.41 (AA’, 12 H, H-4), 7.25 (BB" + BB’, 12 H, H-8 a. H-15), 7.07 (BB’, 12 H, H-5),
3.12 (s, 6 H, H-1).

3C-NMR (150 MHz, CD,Cl,): 5/ ppm = 148.1 C-12, 147.7 C-16, 147.5 C-6, 147.4 C-7, 133.7 C-4,
132.9 C-10, 127.1 C-14, 125.7 C-8, 125.6 C-13, 124.9 C-15, 124.2 C-5, 122.0 C-9, 117.6 C-11,
117.1 C-3,83.6 C-1,77.2 C-2.
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ESI-MS pos (high resolution): [M™]
calc. m/z=1319.48544
found. m/z = 1319.48558 A=0.11 ppm

Compound 14

Compound 12 (34.3 mg, 26.0 zmol) and 11 (210 mg, 325 umol) were dissolved in dry THF (20 mL)
and (PPh3);CuBr (11.0 mg, 12.0 umol) was added while the solution was degassed with nitrogen.
After addition of DIPEA (38.0 mg, 291 umol) the solution was stirred for 36 d at 60°C under
preclusion of light. The solvent was evaporated in vacuo and the residue purified by dropping a
concentrated solution in DCM into methanol. The solid was filtered off and washed with methanol.

The product was further purified by recycling GPC in CHCl;.
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Formula: 0330H381 N37Si12 [520283]

Yield: 101 mg (19.4 umol) 75 % of a brown solid.

'H-NMR (600 MHz, CD,Cl): & / ppm = 819 (s, 3 H, H-23), 818 (s, 6 H, H-13),
7.86-7.83 (AA" + AA", 12 H + 6 H, H-16 a. H-20), 7.71-7.67 (AA" + AA", 6 H + 12 H, H-26 a. H-11),
7.39 (AA", 24 H, H-6 ), 7.30 (BB’, 6 H, H-27), 7.27-7.21 (BB'+ BB" + BB, 12 H + 6 H + 12 H, H-17
a. H-21 a. H-10), 7.04 (BB’, 24 H, H-7), 1.12 (-, 252 H, H-1 a. H-2).

3C-NMR (150 MHz, CD,Cl,): & / ppm = 148.11 C-28, 148.1 C-24, 148.0 C-14, 147.6 C-19,
147.5 C-9, 147.3 C-18, 147.1 C-8, 133.5 C-6, 132.6 C-12, 132.2 C-25, 127.2 C-16, 127.1 C-20,
126.1 C-15, 125.6 C-22, 125.3 C-10, 125.2 C-17, 124.9 C-21, 124.7 C-27, 124.3 C-7, 122.0 C-11 a.
C-26, 118.7 C-5, 117.7 C-13, 117.6 C-23, 107.1 C-4, 90.6 C-3, 18.8 C-1, 11.6 C-2.

ESI-MS pos (high resolution): X+2 [M"*]
calc. m/z=2600.41206
found. m/z = 2600.41948 A =2.85ppm
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According to general procedure GP3:

14 (50.0 mg, 9.61 umol), TBAF trihydrate (37.0 mg, 117 umol), DCM (7 mL) 3 h, recycling GPC
(CHCI5).

Formula: 0222H141N37 [332674]

Yield: 29.2 mg (8.78 umol) 91 % of a beige solid.

'H-NMR (600 MHz, CD,Cl): & / ppm = 8.19 (s, 3 H, H-21), 8.18 (s, 6 H, H-11),
7.87-7.84 (AA"+ AA",12H + 6 H, H-14 a. H-19), 7.71-7.68 (AA" + AA", 6 H + 12 H, H-24 a. H-9),

7.41 (AA", 24 H, H-4 ), 7.32 (BB’, 6 H, H-25), 7.28-7.24 (BB" + BB" + BB", 12 H + 6 H + 12 H, H-15
a. H-18 a. H-8), 7.07 (BB’, 24 H, H-5), 3.12 (s, 12 H, H-1).
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3C-NMR (150 MHz, CD,Cl,): 6/ ppm = 148.0 C-12 a. C-22 a. C-17, (147.5, 147.4, 147.3, C-6 a.
C-7 a. C-16 a. C-26), 133.7 C-4, 132.9 C-10 a. C-20 a. C-23, 127.2 C-14, 127.1 C-19, 126.1 C-13,
125.7 C-8, 125.2 C-15, 124.9 C-18, 124.7 C-25, 124.2 C-5, 122.1 C-9, 122.0 C-24, 117.7 C-11 a.
C-21,117.1 C-3,83.5C-1,77.2 C-2.

ESI-MS pos (high resolution): [M*#*- 9 x N,
calc. m/z=1536.08031

found. m/z = 1536.07953 A=0.51 ppm
Compound 16
1
2
N2 HA
Jff 1\

A solution of 4 (40.0 mg, 97.0 gmol), 11 (753 mg, 1.16 mmol) and (PPh3);CuBr (34.0 mg,
37.0 gmol) in dry THF (30 mL) was degassed with nitrogen for 5 min. After addition of DIPEA
(50.0 mg, 388 umol) the solution was stirred for 5 d at 60°C under preclusion of light. The solvent
was evaporated in vacuo and the residue purified dropping a concentrated DCM solution into

2-propanol. The solid was filtered off and washed with 2-propanol. The product was further purified
by recycling GPC in CHCls.

Formula: C193H232N168i3 [300070]

Yield: 121 mg (40.3 umol) 42 % of a yellowish solid.
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'H-NMR (600 MHz, CD.Cl,): &/ ppm = 8.10 (s, 4 H, H-13), 8.01-7.98 (-, 8 H, H-16 a. H-17),
7.53 (AA", 8 H, H-11), 7.35 (AA", 16 H, H-6), 7.30 (s, 4 H, H-19), 7.12 (BB", 8 H, H-10), 6.99 (BB’,
16 H, H-7), 1.11 (-, 168 H, H-1 a. H-2).

®C-NMR (150 MHz, CD,Cl,): 5/ ppm = 149.6 C-20, 148.0 C-14, 147.3 C-9, 147.0 C-8, 141.9 C-18,
133.4 C-6, 132.4 C-12, 130.6 C-15, 126.1 C-16, 125.1 C-10, 124.2 C-7, 121.7 C-11, 121.4 C-19,
121.2 C-17, 118.6 C-5, 118.0 C-13, 107.1 C-4, 90.6 C-3, 66.2 C-21, 18.7 C-1, 11.6 C-2.

MALDI-TOF neg: X+2 [M™, -4 x Ny, - 2 x H]
calc. m/z=374.217

found. m/z =374.215

Compound 17

According to general procedure GP3:

16 (454 mg, 15.0 wumol), TBAF trihydrate (47.7 mg, 151 umol), DCM (15 mL), 5 h,
flash-chromatography (silica gel, DCM — EA).

Formula: C121H72N16 [1 74997]
Yield: 25.9 mg (14.8 umol) 99 % of an off-white solid.
'H-NMR (400 MHz, CD,Cl,): 6/ ppm = 8.09 (s, 4 H, H-11), 8.022-8.020 (-,4 H + 4 H, H-14 a. H-17),

7.56 (AA", 8 H, H-9), 7.37 (AA’, 16 H, H-4), 7.32 (dd, °J = 1.0, °J = 1.0, 4 H, H-15), 7.15 (BB", 8 H,
H-8), 7.01 (BB", 16 H, H-5), 3.10 (s, 8 H, H-1).
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3C-NMR (100 MHz, CD,Cl,): 5§/ ppm = 149.8 C-18, 148.2 C-12, 147.5 C-6, 147.3 C-7, 142.0 C-16,
133.7 C-4, 132.8 C-10, 130.7 C-13, 126.2 C-14, 125.6 C-8, 124.2 C-5, 121.9 C-9, 121.6 C-15,
121.3 C-17,118.1 C-11,117.2 C-3, 83.6 C-2, 77.2 C-1, 66.4 C-19.

MALDI-TOF pos: [M™ + K]

Compound G1%?%"!

calc. m/z=1787.575
found. m/z=1787.515

MeO

Compound 2 (100 mg, 315 gmol) and 6 (670 mg, 1.93 mmol) were dissolved in dry THF (35 ml)

and (PPh3);CuBr (65.0 mg, 70.0 umol) was added while the solution was degassed with nitrogen.
After addition of DIPEA (122 mg, 945 umol) the solution was stirred for 21 d at 65°C under

preclusion of light. The solvent was evaporated in vacuo and the residue purified by dropping a

concentrated solution in DCM into methanol. The solid was filtered off and washed with methanol.

The product was further purified by recycling GPC in CHCI;.

Formula: Cg4H59N1306 [1 35653]

Yield: 336 mg (248 umol) 79 % of a beige solid.
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"H-NMR (600 MHz, CD.Cl,): 5/ ppm = 8.09 (s, 3 H, H-10), 7.81 (AA", 6 H, H-13), 7.52 (AA", 6 H,
H-8), 7.24 (BB, 6 H, H-14), 7.10 (AA", 12 H, H-4), 6.99 (BB’, 6 H, H-7), 6.88 (BB", 12 H, H-3),
3.79 (s, 18 H, H-1).

3C-NMR (150 MHz, CD,Cl,): 5/ ppm = 157.0 C-2, 149.8 C-6, 148.1 C-11, 147.6 C-15, 140.4 C-5,

129.7 C-9, 127.5 C-4, 127.1 C-13, 125.8 C-12, 124.8 C-14, 121.7 C-8, 120.0 C-7, 117.6 C-10,
115.2 C-3, 55.8 C-1.

ESI-MS (high resolution): [M™*]
calc. m/z=1355.54882
found. m/z = 1355.54885 A=0.02 ppm
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Compound 13 (137 mg, 104 umol) and 6 (425 mg, 122 mmol) were dissolved in dry THF (40 mL)
and (PPh3);CuBr (45.0 mg, 48.0 umol) was added while the solution was degassed with nitrogen.
After addition of DIPEA (148 mg, 1.15 mmol) the solution was stirred for 22 d at 60°C under
preclusion of light. The solvent was evaporated in vacuo and the residue purified by flash-
chromatography (silica gel, PE / EA = 1:1). The product fraction was further purified by recycling
GPC in CHCIs.

Formula: Cz10H165N37O12 [339880]
Yield: 295 mg (86.8 umol) 83 % of a brown solid.

"H-NMR (600 MHz, CD,Cl,): 5/ ppm = 8.18 (s, 3 H, H-20), 8.11 (s, 6 H, H-10), 7.84 (AA" + AA", 6 H
+ 12 H, H-13 a. H-23), 7.68 (AA", 6 H, H-18), 7.52 (AA", 12 H, H-8), 7.30 (BB", 6 H, H-17), 7.25
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(BB + BB’, 12 H + 6 H, H-14 a. H-24), 7.10 (AA", 24 H, H-4), 6.98 (BB’, 12 H, H-7), 6.87 (BB’, 24
H, H-3), 3.79 (s, 36 H, H-1).

®C-NMR (150 MHz, CD,Cl,): 5/ ppm = 156.9 C-2, 149.7 C-6, 148.1 C-16, 148.0 C-21, 147.7 C-12,
147.6 C-11, 147.2 C-15 a. C-25, 1404 C-5, 132.1 C-19, 129.6 C-9, 127.5 C-4, 127.2 C-13,
127.1 C-23, 126.3 C-22, 125.2 C-14 a. C-24, 1246 C-17, 121.9 C-18, 121.7 C-8, 119.9 C-7,
117.7 C-10, 117.6 C-20, 115.2 C-3, 55.8 C-1.

Compound G3
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Compound 8 (34.7 mg, 10.4 umol) and 4 (355 mg, 1.03 mmol) were dissolved in dry THF (15 mL)
and (PPh3);CuBr (26.0 mg, 28.0 umol) was added while the solution was degassed with nitrogen.
After addition of DIPEA (88.0 mg, 678 umol) the solution was stirred for 36 d at 65°C under
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preclusion of light. The solvent was evaporated in vacuo and the residue purified by dropping a
concentrated solution in DCM into methanol. The solid was filtered off and washed with methanol.

The product was further purified by recycling GPC in CHCl;.
Formula: C462H357N85024 [748333]
Yield: 32.3 mg (4.32 umol) 42 % of a beige solid.

"H-NMR (600 MHz, C,D,Cls, 333 K): 5/ ppm = 8.06 (s + s, 6 H + 3 H, H-20 a. H-30), 7.98 (s, 12 H,
H-10), 7.81-7.77 (AA" + AA" + AA", 6 H + 12 H + 24 H, H-33 a. H-23 a. H-13), 7.63-7.60 (AA" +
AA’, 12 H + 6 H, H-18 a. H-28), 7.44 (AA", 24 H, H-8), 7.27-7.20 (BB" + BB" + BB' + BB + BB" +
BB, 24H+12H+12H+ 6 H +6 H, H-14 a. H-17 a. H-24 a. H-27 a. H-34), 7.05 (AA", 48 H, H-4),
6.94 (BB", 24 H, H-7), 6.81 (BB, 48 H, H-3), 3.74 (s, 72 H, H-1).

®C-NMR (150 MHz, C,D,Cls;, 333 K): 5§/ ppm = 156.8 C-2, 149.8 C-6, 148.1 C-16 a. C-26,
148.0 C-21 a. C-31, 147.7 C-11, (147.2, 1471, C-25 a. C-35), 147.1 C-15, 140.3 C-5, 132.0 C-32,
131.9 C-22, 129.5 C-9, 127.4 C-13, 127.4 C-4, 127.3 C-23 a. C-33, 126.3 C-12, 126.1 C-19 a.
C-29, 125.2 C-14, (124.8, 124.5, 124.4, C-17 a. C-24 a. C-27 a. C-34), 122.1 C-18 a. C-28,
121.8 C-8, 120.1 C-7, 117.7 C-10 a. C-20 a. C-30, 115.4 C-3, 55.9 C-1.

Compound spiro-G1

Compound 4 (34.0 mg, 82.0 umol) and 6 (355 mg, 1.03 mmol) were dissolved in dry THF (20 mL)
and (PPh3);CuBr (34.0 mg, 37.0 umol) was added while the solution was degassed with nitrogen.
After addition of DIPEA (43.0 mg, 330 umol) the solution was stirred for 18 d at 40°C under
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preclusion of light. The solvent was evaporated in vacuo and the residue purified by flash-
chromatography (silica gel, PE / EA = 7:1 — EA). Afterwards the product fraction was purified by
dropping a concentrated solution in DCM into methanol. The solid was filtered off and washed with

methanol. The product was further purified by recycling GPC in CHCls.
Formula: C113H88N1508 [179801]
Yield: 33.5 mg (18.6 umol) 23 % of a brown solid.

'"H-NMR (600 MHz, CD,Cl,): 6/ ppm = 8.02 (s, 4 H, H-10), 7.97 (dd, 4 H, *J=8.05 , *J= 1.12, H-13),
7.92 (d, 4 H, *J= 8.05, H-14), 7.36 (AA’, 8 H, H-8), 7.24 (s, 4 H, H-16), 7.02 (AA", 16 H, H-4), 6.86
(BB", 8 H, H-7), 6.82 (BB", 16 H, H-3), 3.75 (s, 24 H, H-1).

®C-NMR (150 MHz, CD,Cl,): 5/ ppm = 156.9 C-2, 149.6 C-17, 149.5 C-6, 147.8 C-11, 141.7 C-15,
140.3 C-5, 130.7 C-12, 129.5 C-9, 127.4 C-4, 126.0 C-13, 121.4 C-8, 121.3 C-16, 121.1 C-14,
119.8 C-7, 118.1 C-10, 115.1 C-3, 66.2 C-18, 55.7 C-1.

ESI-MS (high resolution): [M"*- 4 x N3]
calc. m/z= 1684.67193
found. m/z= 1684.67464 A=1.61ppm
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Compound spiro-G2

OMe MeO,

1
MeO N-N N-N OMe

\
N OMe

MeO

Compound 17 (47.0 mg, 27.0 umol) and 6 (149 mg, 430 umol) were dissolved in dry THF (20 mL)
and (PPh3);CuBr (14.0 mg, 15.0 umol) was added while the solution was degassed with nitrogen.
After addition of DIPEA (28.0 mg, 215 umol) the solution was stirred for 45 d at 65°C under

preclusion of light. The solvent was evaporated in vacuo and the residue purified by recycling GPC
in CHCl;.

Formula: 0281 H216N48016 [4521 03]

Yield: 26.7 mg (5.91 umol) 22 % of a beige solid.

'"H-NMR (600 MHz, C,;D,Cls, 333 K): 5/ ppm = 7.98 (-, 4 H + 4 H, H-23 a. H-24), 7.96 (s + s,
4 H+8H, H-20 a. H-10), 7.74 (AA’, 16 H, H-13), 7.48 (AA’", 8 H, H-18), 7.43 (AA’, 16 H, H-8),

7.28 (m, 4 H, H-26), 7.16 (BB" + BB", 8 H + 16 H, H-17 a. H-14), 7.05 (AA’", 32 H, H-4), 6.93 (BB’
16 H, H-7), 6.81 (BB", 32 H, H-3), 3.74 (s, 48 H, H-1).
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3C-NMR (150 MHz, C,D,Cl,, 333 K): 5/ ppm = 156.8 C-2, 149.8 C-6, 149.7 C-27, 148.2 C-16,
148.1 C-21, 147.7 C-11, 147.1 C-15, 141.9 C-25, 140.3 C-5, 131.8 C-19, 130.6 C-22, 129.5 C-9,
127.39 C-4, 127.36 C-13, 126.2 C-23 a. C-12, 125.1 C-14, 124.3 C-17, 122.2 C-18, 121.8 C-8 a.
C-26, 121.2 C-24, 120.1 C-7, 118.4 C-20, 117.7 C-10, 115.3 C-3, 62.1 C-28, 55.8 C-1.

Compound D-A-G1

Compound 2 (17.0 mg, 54.0 ymol) and 8 (128 mg, 223 xmol) were dissolved in dry THF (20 mL)
and the solution was degassed with nitrogen. After addition of DIPEA (20.7 mg, 161 uzmol) and
(PPh3);CuBr (17.0 mg, 18.0 umol) the solution was stirred for 12 d at 65°C under preclusion of

light. The solvent was evaporated in vacuo and the residue purified by recycling GPC in CHCIs.
Formula: C126H102N16012 [203226]
Yield: 48.6 mg (23.9 umol) 45 % of a beige solid.

"H-NMR (600 MHz, CD,Cl,): &/ ppm = 8.87-8.84 (-, 12 H, H-14 a. H-15), 8.34 (s, 3 H, H-23),
8.06 (AA", 6 H, H-21), 7.91 (AA", 6 H, H-26), 7.64 (d, °J = 8.6, 3 H, H-4), 7.59 (BB’, 6 H, H-20),
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7.53 (dd, °J = 8.6, “J = 2.2, 3 H, H-5), 7.33 (BB’, 6 H, H-27), 7.05 (d, “J = 2.2, 3 H, H-9), 1.33 (s,
27 H, H-8), 1.27 (s, 27 H, H-1).

BC-NMR (150 MHz, CD,ClL): & / ppm = 164.2 C-11, 163.3 C-18, 150.9 C-6, 148.5 C-24.
147.8 C-28, 144.5 C-3, 137.7 C-22, 135.4 C-19, 132.9 C-10, 131.8 C-14 0. C-15, 131.7 C-14 o.
C-15, 130.7 C-20, 129.4 C-4, 128.0 C-9, 127.72 C-16 0. C-13, 127.71 C-12 a. C-17, 127.3 C-26,
127.2 C16 0.C13, 126.8 C-5, 125.4 C-25, 124.9 C-27, 121.6 C-21, 117.7 C-23, 35.8 C-2, 34.5 C-7,
21.8 C-1, 31.3 C-8.

ESI-MS (high resolution): [M™*]
calc. m/z=2030.78576
found. m/z = 2030.78340 A =116 ppm

5.2.2.1.2 Model compounds

Compound 18

SiMe,

CA: [218608-72-1]

According to general procedure GP2:

5 (300 mg, 781 umol), Cul (2.97 mg, 16.0 umol), Pd(PhCN),Cl, (8.98 mg, 23.0 umol), ‘BusP
(47.0 4L, 47.0 umol, 1.0 M solution in toluene), 'Pr,NH (79.0 mg, 781 umol), TMSA (excess),
1,4-dioxane (8 mL), 24 h, RT, flash-chromatography (silica gel, PE / DCM = 1:2).

Formula: C,5H,;NO,Si [401.57].

Yield: 279 mg (695 umol) 89 % of a beige solid.
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'H-NMR (400 MHz, (CD;),CO): &/ ppm = 7.23 (AA’, 2 H), 7.09 (AA", 4 H), 6.93 (BB, 4 H),
6.72 (BB, 2 H), 3.80 (s, 6 H), 0.20 (s, 9 H).

Compound 19

CA: [218608-73-2]
According to general procedure GP3:
18 (1.04 g, 2.60 mmol), TBAF trihydrate (984 mg, 3.12 mmol), DCM (40 mL) 90 min.

Formula: C,,H9NO, [329.39].
Yield: 810 mg (2.46 mmol) 95 % of a beige solid.

'H-NMR (400 MHz, (CDs),CO): & / ppm = 7.26 (AA", 2 H), 7.09 (AA’, 4 H), 6.93 (BB, 4 H),
6.73 (BB", 2 H), 3.80 (s, 6 H), 3.44 (s, 1 H).

Compound 20
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Compound 11 (200 mg, 309 umol) and phenyl acetylene (228 mg, 2.23 mmol) were dissolved in
dry THF (30 mL) and the solution was degassed with nitrogen. After addition of DIPEA (40.0 mg,
309 umol) and (PPh3);CuBr (20.0 mg, 22.0 umol) the solution was stirred for 11 d at 65°C under
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preclusion of light. The solvent was evaporated in vacuo and the residue was purified by flash-
chromatography (silica gel, PE / DCM = 1:1). The product fraction was further purified by recycling
GPC in CHCls.

Formula: C43H60N4Si2 [74919]

Yield: 157 mg (210 gymol) 68 % of an off-white solid.

'H-NMR (600 MHz, CD,Cl,): &/ ppm = 8.22 (s, 1 H, H-6), 7.92-7.91 (m, 2 H, H-3), 7.68 (AA", 2 H,
H-8), 7.48-7.45 (m, 2 H, H-2), 7.41 (AA’, 4 H, H-13), 7.39-7.36 (m, 1 H, H-1), 7.23 (BB’, 2 H, H-9),
7.06 (BB, 4 H, H-12), 1.14 (-, 42 H, H-17 a. H-18).

*C-NMR (150 MHz, CD,Cl,): §/ ppm = 148.4 C-5, 147.5 C-10, 147.1 C-11, 133.6 C-13, 132.7 C-7,
130.8 C-4, 129.3 C-2, 128.7 C-1, 126.0 C-3, 125.3 C-9, 124.3 C-12, 122.0 C-8, 118.7 C-14,
118.1 C-6, 107.1 C-15, 90.6 C-16, 18.8 C-18, 11.7 C-17.

MALDI-TOF pos: [M™]

calc. m/z=748.435
found. m/z = 748.424
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Compound 21
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According to general procedure GP3:
20 (61.0 mg, 81.0 umol), TBAF trihydrate (57.0 mg, 179 umol), DCM (10 mL), 3 h, recycling GPC
(CHCI5).

Formula: C30H20N4 [43651 ]



I EXPERIMENTAL SECTION

Yield: 35.3 mg (80.9 umol) 99 % of a brownish solid.

"H-NMR (600 MHz, CD,Cl,): 5/ ppm = 8.21 (s, 1 H, H-6), 7.92-7.90 (m, 2 H, H-3), 7.70 (AA", 2 H,
H-8), 7.48-7.35 (m + AA+m, 2 H+ 4 H + 1 H, H-2 a. H-13 a. H-1), 7.24 (BB’, 2 H, H-9), 7.07 (BB",
4 H, H-12), 3.12 (s, 2 H, H-16).

®C-NMR (150 MHz, CD,Cl,): 5/ ppm = 148.5 C-5, 147.5 C-11, 147.4 C-10, 133.7 C-13, 133.0 C-7,
130.8 C-4, 129.3 C-2, 128.7 C-1, 126.1 C-3, 125.7 C-9, 124.3 C-12, 122.1 C-8, 118.1 C-6,
117.3 C-14, 83.6 C-16, 77.2 C-15.

MALDI-TOF pos: [M™]
calc. m/z=436.168
found. m/z = 436.148

Compound C-M

14 13
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Compound 19 (122 mg, 370 umol) and phenyl azide (52.9 mg, 444 umol) were dissolved in dry
THF (35 mL) and (PPh3);CuBr (76.0 mg, 82.0 umol) was added while the solution was degassed
with nitrogen. After addition of DIPEA (57.4 mg, 444 umol) the solution was stirred for 8 d at 65°C
under preclusion of light. Then the solvent was evaporated, the residue was redissolved in DCM
and the solution was washed with a saturated aqueous Na,S,0s-solution and three times with
water. The solvent was evaporated and the residue was purified by flash-chromatography (silica
gel, PE / EA = 3:1). The product was further purified by recycling GPC in CHCl;.

Formula: 028H24N402 [44852]
Yield: 37.4 mg (83.4 umol) 23 % of a beige solid.
'"H-NMR (600 MHz, CD,Cl,): §/ ppm = 8.13 (s, 1 H, H-11), 7.79-7.77 (m, 2 H, H-13), 7.68 (AA",

2 H, H-8), 7.57-7.54 (m, 2 H, H-14), 7.47-7.44 (m, 1 H, H-15), 7.08 (AA", 4 H, H-4), 6.96 (BB, 2 H,
H-7), 6.86 (BB", 4 H, H-3), 3.79 (s, 6 H, H-1).



5.2 SYNTHESIS

3C-NMR (150 MHz, CD,Cl,): 5/ ppm = 155.6 C-2, 149.3 C-9, 148.5 C-10, 140.8 C-5, 137.5 C-12,
130.1 C-14, 128.9 C-15, 127.2 C-4, 126.7 C-8, 122.3 C-6, 120.6 C-13, 120.3 C-7, 117.0 C-11,
115.0 C-3, 55.8 C-1.

ESI-MS pos (high resolution): [M™]
calc. m/z=448.18937
found. m/z = 448.18887 A=1.12 ppm

Compound N-M

Compound 6 (170 mg, 493 umol) and phenyl acetylene (42.0 mg, 410 umol) were dissolved in dry
THF (25 mL) and (PPh3);CuBr (85.0 mg, 91.0 ymol) was added while the solution was degassed
with nitrogen. After addition of DIPEA (64.0 mg, 493 umol) the solution was stirred for 8 d at 65°C
under preclusion of light. The solvent was evaporated in vacuo and the residue purified by
flash-chromatography (silica gel, PE / EA = 3:1). The product fraction was dissolved in DCM,
washed with a saturated aqueous Na,S,0s-solution and further purified by recycling GPC in CHCls.

Formula: 028H24N402 [44852]

Yield: 99.7 mg (222 umol) 54 % of a beige solid.

"H-NMR (600 MHz, CD,Cl,): 5/ ppm = 8.14 (s, 1 H, H-10), 7.89-7.87 (m, 2 H, H-13), 7.52 (AA",
2 H, H-8), 7.47-7.44 (m, 2 H, H-14), 7.37-7.34 (m, 1 H, H-15), 7.11 (AA", 4 H, H-4), 6.99 (BB, 2 H,
H-7), 6.88 (BB, 4 H, H-3), 3.79 (s, 6 H, H-1).

®C-NMR (150 MHz, CD,Cl,): 5/ ppm = 156.9 C-2, 149.7 C-6, 148.1 C-11, 140.4 C-5, 130.9 C-12,
129.6 C-9, 129.2 C-14, 128.5 C-15, 127.5 C-4, 1256.9 C-13, 121.7 C-8, 119.9 C-7, 118.1 C-10,
115.2 C-3, 55.8 C-1.



I EXPERIMENTAL SECTION

ESI-MS pos (high resolution): [M™]
calc. m/z=448.18937
found. m/z = 448.18958 A =047 ppm

Compound M??"
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To a solution of 6 (59.0 mg, 170 umol) and 19 (68.5 mg, 208 umol) in dry acetonitrile (15 mL) Cul
(32.0 mg, 168 umol) was added. The suspension was degassed with nitrogen and DIPEA
(22.0 mg, 170 umol) was added. The mixture was stirred at RT for 5 d under preclusion of light.
Then the solvent was evaporated, the residue was redissolved in DCM and the organic solvent was
washed three times with water. The solvent was evaporated and the residue was purified by

flash-chromatography (silica gel, PE / EA = 10:1) to obtain an off-white solid.
Formula: C42H37N504 [67577]
Yield: 78.0 mg (115 umol) 68 % of a beige solid.

"H-NMR (600 MHz, CD,Cl,): 5/ ppm = 8.01 (s, 1 H, H-11), 7.66 (AA", 2 H, H-8), 7.50 (AA", 2 H,
H-13), 7.10 (AA", 4 H, H-17), 7.07 (AA", 4 H, H-4), 6.97 (BB’, 2 H, H-14), 6.94 (BB’, 2 H, H-7),
6.87 (BB", 4 H, H-18), 6.85 (BB", 4 H, H-3), 3.79 (s, 6 H, H-20), 3.78 (s, 6 H, H-1).

®C-NMR (150 MHz, CD,Cl,): 5§/ ppm = 156.9 C-19, 156.3 C-2, 149.6 C-15, 149.1 C-9, 148.1 C-10,
140.9 C-5, 140.4 C-16, 129.7 C-12, 127.4 C-17, 127.1 C-4, 126.6 C-8, 122.6 C-6, 121.6 C-13,
120.4 C-7, 120.0 C-14, 117.0 C-11, 115.1 C-18, 114.9 C-3, 55.78 C-1 0. C-20, 55.76 C-1 o. C-20.

ESI-MS pos (high resolution): [M™*]
calc. m/z=675.28400
found. m/z = 675.28401 A=0.01 ppm



5.2 SYNTHESIS

Compound core-M
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Compound 2 (100 mg, 315 umol) and phenyl azide (227 mg, 1.90 mmol) were dissolved in dry THF
(15 mL) and (PPh3);CuBr (59.0 mg, 63.0 umol) was added while the solution was degassed with
nitrogen. After addition of DIPEA (122 mg, 945 umol) the solution was stirred for 10 d at 65°C
under preclusion of light. The solvent was evaporated in vacuo and the residue purified by recycling
GPC in CHCls.

Formula: C42H30N10 [67475]
Yield: 138 mg (205 umol) 65 % of a beige solid.

"H-NMR (600 MHz, CD,Cl,): 5/ ppm = 8.23 (s, 3 H, H-5), 7.85 (AA", 6 H, H-8), 7.82-7.80 (m, 6 H,
H-3), 7.59-7.56 (m, 6 H, H-2), 7.49-7.46 (m, 3 H, H-1), 7.27 (BB", 6 H, H-9).

3C-NMR (150 MHz, CD,Cl,): 6/ ppm = 148.2 C-6, 147.7 C-10, 137.5 C-4, 130.1 C-8, 129.0 C-1,
127.1 C-2,125.6 C-7,124.9 C-3, 120.7 C-9, 117.7 C-5.

ESI-MS pos (high resolution): [M™]
calc. m/z=674.26494
found. m/z = 674.26489 A =0.07 ppm



I EXPERIMENTAL SECTION

Compound branch-M

21 (30.0 mg, 69.0 umol) and phenyl azide (228 mg, 1.91 mmol) were dissolved in dry THF (20 mL)
and (PPh3);CuBr (26.0 mg, 27.0 umol) was added while the solution was degassed with nitrogen.
After addition of DIPEA (18.0 mg, 137 umol) the solution was stirred for 31 d at 65°C under

preclusion of light. The solvent was evaporated in vacuo and the residue purified by recycling GPC
in CHCl;.

Formula: C42H30N10 [67475]
Yield: 21.8 mg (32.3 umol) 47 % of a beige solid.

"H-NMR (600 MHz, CD,Cl,): 5/ ppm = 8.24 (s, 2 H, H-16), 8.23 (s, 1 H, H-6), 7.92-7.90 (m, 2 H,
H-3), 7.88 (AA", 4 H, H-13), 7.82-7.80 (m, 4 H, H-18), 7.70 (AA", 2 H, H-8), 7.59-7.56 (m, 4 H,
H-19), 7.49-7.45 (m + m, 2 H + 2 H, H-2 a. H-20), 7.39-7.36 (m, 1 H, H-1), 7.32 (BB’, 2 H, H-9),
7.28 (BB, 4 H, H-12).

C-NMR (150 MHz, CD,Cl,): & / ppm = 148.3 C-5, 148.14 C-10, 148.11 C-15, 147.3 C-11,
137.4 C 17, 132.2 C-7, 130.8 C-4, 130.1 C-19, 129.2 C-20, 129.1 C-2, 128.6 C-1, 127.3 C-13,
126.1 C-14, 126.0 C-3, 125.2 C-12, 124.7 C-9, 122.0 C-8, 120.7 C-18, 118.2 C-6, 117.8 C-16.

ESI-MS pos (high resolution): [M™*]
calc. m/z=674.26494
found. m/z = 674.26476 A=0.27 ppm



5.2 SYNTHESIS

5.2.3 Cascades

5.2.3.1 Building Blocks

Compound 22!'*"!

2,5-Di-tert-butylaniline (800 mg, 3.90 mmol) and 1,4,5,8-naphthalenetetracarboxylic dianhydride
(1.04 g, 3.90 mmol) were suspended in dry DMF (30 mL). The suspension was irradiated with
microwaves to heat it to 145°C for 60 min. After cooling down 4-ethynyl-aniline (458 mg,
3.91 mmol) was added to the mixture and it was again heated to 145°C for 90 min using microwave
irradiation. Afterwards the mixture was cooled to RT, the solid was filtered off and washed with
DCM. After removing the solvent under reduced pressure, the residue was purified by flash-

chromatography (silica gel, DCM) to obtain the product as an off-white solid.
Formula: C3sH30N.O, [554.63].
Yield: 545 mg (983 umol) 25 % of an off-white solid.

"H-NMR (400 MHz, CDCl;): 5/ ppm = 8.85 (/, 4 H, H-10 a. H-9), 7.70 (AA", 2 H, H-5), 7.61 (d,
3J=8.6, 1 H, H-21), 7.49 (dd, °J = 8.6, *J = 2.2, 1 H, H-20), 7.13 (BB", 2 H, H-4), 7.01 (d, *J = 2.2,
1H, H-16), 3.17 (s, 1 H, H-1), 1.33 (s, 9 H, H-19), 1.28 (s, 9 H, H-24).

®C.NMR (100.6 MHz, CDCls): § / ppm = 163.8 (quart.), 162.9 (quart.), 150.5 (quart.),
143.8 (quart.), 134.9 (quart.), 133.4 (tert.), 132.1 (quart.), 131.7 (tert.), 131.6 (tert.), 129.1 (tert.),
128.8 (tert.), 127.6 (tert.), 127.5 (quart.), 127.4 (quart.), 126.9 (2 x quart.), 126.8 (tert.),
123.4 (quart.), 82.8 (tert.), 78.6 (quart.), 35.7 (quart.), 34.4 (quart.), 31.8 (prim.), 31.3 (prim.).

MALDI-TOF pos: [M™]
calc. m/z=554.220
found. m/z = 554.217



I EXPERIMENTAL SECTION

Compound 23

0,0

CA: [620-84-8]

According to general procedure GP5:

4-lodotoluene (3.00 g, 13.7 mmol), NaOBu (1.98 g, 20.6 mmol), Pd,(dba);:CHCI; (575 mg,
556 umol), ‘BusP (826 L, 826 umol, 1.0 M solution in toluene), aniline (1.28 mg, 13.7 mmol),
toluene (60 mL), 20 h, 90°C, flash-chromatography (silica gel, PE / EA = 50:1).

Formula: C;3H3N [183.25].
Yield: 2.08 g (11.4 mmol) 83 % of a yellow solid.

"H-NMR (400 MHz, CDCly): 5/ ppm = 7.32-7.28 (m, 2 H), 7.17-7.14 (m, 2 H), 7.09-7.05 (m, 4 H),
6.97-6.93 (m, 1 H), 5.63 (s, 1 H), 2.38 (s, 3 H).

Compound 24

Q"

H

CA: [1205-71-6]

According to general procedure GP5:

lodobenzene (5.00 g, 24.5 mmol), NaOBu (3.53 g, 36.8 mmol), Pdy(dba)s-CHCIl; (1.02 mg,
980 xmol), ‘BusP (1.47 mL, 1.47 mmol, 1.0 M solution in toluene), 4-chloroaniline (3.13 g,
24.5 mmol), toluene (60 mL), 23 h, 80°C, flash-chromatography (silica gel, PE / EA = 70:1 — 70:2).

Formula: C4,H,CIN [203.67].
Yield: 4.08 g (20.0 mmol) 82 % of a brown solid.

'H-NMR (400 MHz, CDCly): 5/ ppm = 7.41-7.37 (m, 2 H), 7.31 (m, 2 H), 7.14-7.03 (m, 5 H),
5.69 (s, 1 H).
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Compound 25

oo

H

CA: [36602-01-4]

According to general procedure GP5:

4-Bromobenzonitrile (3.00 g, 16.4 mmol), NaO'Bu (2.37 g, 24.7 mmol), Pd,(dba)s-CHCI; (682 mg,
659 xmol), ‘BusP (989 4L, 989 umol, 1.0 M solution in toluene), aniline (1.53 mg, 16.4 mmol),
toluene (60 mL), 3 d, 90°C, flash-chromatography (silica gel, PE / EA = 10:1 — 5:1).

Formula: C13H10N2 [1 9423]
Yield: 2.58 g (13.3 mmol) 81 % of a yellow solid.

"H-NMR (400 MHz, CDCls): 6/ ppm = 7.47 (AA", 2 H), 7.38-7.34 (m, 2 H), 7.18-7.10 (m, 3 H),
6.97 (BB, 2 H), 6.06 (s, 1 H).

Compound 26
Br. Me

1s¥s;
CA: [858516-23-1]
According to general procedure GP6:
23 (1.99 g, 10.8 mmol) in CHCI3 (15 mL), TBATB (5.24 g, 10.8 mmol) in CHCI; (45 mL),
flash-chromatography (silica gel, n-hexane / EA = 60:1).
Formula: C3H,BrN [262.15].

Yield: 2.33 g (8.89 mmol) 82 % of a white solid.

"H-NMR (400 MHz, CDCls): 5/ ppm = 7.38 (AA", 2 H), 7.18 (AA", 2 H), 7.04 (BB, 2 H), 6.91 (BB",
2 H), 5.56 (s, 1 H), 2.41 (s, 3 H).
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Compound 27

oLy

H

CA: [13676-98-7]

According to general procedure GP6:

24 (4.08 g, 20.0 mmol) in CHCI3 (25 mL), TBATB (9.66 g, 20.0 mmol) in CHCI; (90 mL), flash-
chromatography (silica gel, PE / EA = 60:1 — 30:1).

Formula: C,HgBrCIN [282.56].
Yield: 5.09 g (18.0 mmol) 90 % of an off-white solid.

"H-NMR (400 MHz, (CD3),CO): 5/ ppm = 7.62 (s, 1 H), 7.38 (AA", 2 H), 7.25 (AA", 2 H), 7.12 (BB,
2 H), 7.06 (BB", 2 H).

Compound 28

H

CA: [1019601-02-5]

According to general procedure GP6:

25 (2.58 g, 13.3 mmol) in CHCI; (20 mL), TBATB (6.42 g, 13.3 mmol) in CHCI3 (60 mL), flash-
chromatography (silica gel, PE/ EA = 10:1 — 5:1).

Formula: C3HgBrN, [273.13].
Yield: 2.19 g (8.02 mmol) 60 % of a brown solid.

"H-NMR (400 MHz, CDCl,): 5/ ppm = 7.49 (AA", 2 H), 7.45 (AA", 2 H), 7.04 (BB, 2 H), 6.95 (BB’,
2 H), 5.97 (s, 1 H).
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Compound 29%*°
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A
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According to general procedure GP2:

26 (1.15 g, 4.42 mmol), Cul (18.0 mg, 93.0 gmol), Pd(PhCN),Cl, (51.0 mg, 133 umol),
‘BusP (265 L, 265 umol, 1.0 M solution in toluene), 'Pro,NH (492 mg, 4.86 mmol), TIPSA (excess),
1,4-dioxane (40 mL), 21 d, 75°C, flash-chromatography (silica gel, PE / EA = 60:1).

Formula: C,4H33NSi [363.61].
Yield: 1.41 g (3.88 mmol) 88 % of a yellow solid.
'"H-NMR (400 MHz, (CD3),CO): &/ ppm = 7.52 (s, 1 H, H-9), 7.32 (AA’, 2 H, H-6), 7.14-7.06
(AA"+BB’, 4 H, H-12 a. H-7), 7.00 (BB’, 2 H, H-11), 2.27 (s, 3 H, H-14), 1.14-1.13 (-, 21 H, H-1 a.
H-2).
*C-NMR (100 MHz, (CD3),CO): 5/ ppm = 146.3 (quart.), 140.6 (quart.), 133.9 (tert.), 131.9 (quart.),
130.6 (tert.), 120.4 (tert.), 115.9 (tert.), 113.9 (quart.), 109.4 (quart.), 87.7 (quart.), 20.7 (prim.),
19.0 (prim.), 12.1 (tert.).
ESI-MS pos (high resolution): [M™]

calc. m/z=363.23767

found. m/z = 363.23768 A=0.03 ppm

Compound 308
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A
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According to general procedure GP2:

27 (2.57 g, 9.10 mmol), Cul (36.0 mg, 191 zmol), Pd(PhCN),Cl, (105 mg, 273 zmol), BusP (546 4L,
546 pmol, 1.0 M solution in toluene), 'Pr,NH (1.01 g, 10.0 mmol), TIPSA (excess), 1,4-dioxane
(80 mL), 10 d, 75°C, flash-chromatography (silica gel, PE / EA = 80:1).



I EXPERIMENTAL SECTION

Formula: C,;3H;,CINSI [384.03].
Yield: 2.85 g (7.42 mmol) 82 % of a colourless solid.

"H-NMR (400 MHz, (CD3),CO): 8/ ppm = 7.77 (s, 1 H, H-9), 7.36 (AA", 2 H, H-6), 7.27 (AA", 2 H,
H-12), 7.17 (BB’, 2 H, H-7), 7.07 (BB’, 2 H, H-11), 1.14-1.13 (-, 21 H, H-1 a. H-2).

3C-NMR (100 MHz, (CD;),CO): 5/ ppm = 144.9 (quart.), 142.4 (quart.), 134.0 (tert.), 129.9 (tert.),
126.0 (quart.), 120.4 (tert.), 117.0 (tert.), 115.2 (quart.), 109.0 (quart.), 88.3 (quart.), 19.0 (prim.),
12.1 (tert).
ESI-MS pos (high resolution): [M™*]

calc. m/z=383.18305

found. m/z = 383.18252 A=1.38 ppm

Compound 31134
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According to general procedure GP2:

28 (2.19 g, 8.04 mmol), Cul (31.0 mg, 161 umol), Pd(PhCN),Cl, (93.0 mg, 241 umol),
‘BusP (483 4L, 483 umol, 1.0 M solution in toluene), 'Pr,NH (895 mg, 8.85 mmol), TIPSA (excess),
1,4-dioxane (40 mL), 14 d, 75°C, flash-chromatography (silica gel, PE / EA = 10:1).

Formula: C24H30N28i [37459]
Yield: 2.69 g (7.18 mmol) 89 % of a yellow solid.

'H-NMR (400 MHz, (CD3),CO): 5/ ppm = 8.28 (s, 1 H, H-9), 7.58 (AA", 2 H, H-12 o. H-6),
7.45 (AA", 2 H, H-12 0. H-6), 7.24-7.02 (BB” + BB, 4 H, H-11 a. H-7), 1.14 (-, 21 H, H-1 a. H-2).

*C-NMR (100 MHz, (CDs),CO): &/ ppm = 148.2 (quart.), 142.5 (quart.), 134.4 (tert), 133.9 (tert.),
120.0 (quart.), 119.7 (tert.), 117.5 (quart.), 116.7 (tert.), 108.4 (quart.), 102.7 (quart.), 89.4 (quart.),
19.0 (prim.), 12.0 (tert.).
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MALDI-TOF pos: [M™]
calc. m/z=374.217
found. m/z = 374.215

Compound 321!

"
12

Br
According to general procedure GP4:
29 (1.19 g, 3.28 mmol), 1-bromo-4-iodobenzene (1.39 g, 4.92 mmol), dried K,CO; (2.26 g,
16.4 mmol), 18-crown-6-ether (108 mg, 410 umol), activated copper (552 mg, 8.21 mmol), o-DCB
(60 mL), 4 d, flash-chromatography (silica gel, PE).

Formula: C;3,H3BrNSi [518.60].
Yield: 788 mg (1.52 mmol) 46 % of a yellow solid.

"H-NMR (400 MHz, (CD5),CO): 5/ ppm = 7.42 (AA", 2 H, H-11), 7.36 (AA", 2 H, H-6), 7.17 (AA",
2 H, H-15), 7.00 (BB", 2 H, H-14), 6.98 (BB, 2 H, H-10), 6.94 (BB, 2 H, H-7), 2.31 (s, 3 H, H-17),
1.14 (-, 21 H, H-1 a. H-2).

®C.NMR (100 MHz, (CD3),CO): & / ppm = 148.7 (quart), 147.5 (quart.), 144.9 (quart.),
135.1 (quart.), 133.8 (tert.), 133.1 (tert.), 131.2 (tert.), 126.6 (tert.), 126.4 (tert.), 122.9 (tert.),
117.3 (quart.), 115.8 (quart.), 108.4 (quart.), 89.5 (quart.), 20.9 (prim.), 19.0 (prim.), 12.0 (tert.).

MALDI-TOF pos: [M™]
calc. m/z=517.179
found. m/z =517.126



I EXPERIMENTAL SECTION

Compound 331

According to general procedure GP4:

30 (5.96 g, 14.8 mmol), 1-bromo-4-iodobenzene (6.29 g, 22.2 mmol), dried K,CO; (10.2 g,
74.1 mmol), 18-crown-6-ether (490 mg, 1.85 mmol), activated copper (2.35 mg, 37.0 mmol), o-DCB
(80 mL), 4 d, flash-chromatography (silica gel, PE).

Formula: CyH33BrCINSI [539.02].

Yield: 3.45 g (6.40 mmol) 43 % of a yellow solid.

"H-NMR (400 MHz, (CD3),CO): &/ ppm = 7.46 (AA’, 2 H, H-11), 7.40 (AA", 2 H, H-6), 7.33 (AA’,
2 H, H-15), 7.09 (BB, 2 H, H-14), 7.04-6.98 (BB" + BB, 4 H, H-7 a. H-10), 1.14 (-, 21 H, H-1 a.
H-2).

3C-NMR (100 MHz, (CD5),CO): 5/ ppm = 148.2 (quart.), 147.1 (quart.), 146.5 (quart.), 134.0 (tert.),
133.4 (tert.), 130.5 (tert.), 129.3 (quart.), 127.1 (tert.), 127.0 (tert.), 123.9 (tert.), 118.3 (quart.),
116.7 (quart.), 108.2 (quart.), 90.0 (quart.), 19.0 (prim.), 12.0 (tert.).

Compound 341

According to general procedure GP4:

31 (5.02 g, 13.4 mmol), 1-bromo-4-iodobenzene (5.69 g, 20.1 mmol), dried K,CO; (9.27 g,
67.1 mmol), 18-crown-6-ether (443 mg, 1.67 mmol), activated copper (2.13 mg, 33.5 mmol), o-DCB
(80 mL), 4 d, flash-chromatography (silica gel, PE / EA = 30:1).



5.2 SYNTHESIS

Formula: C;,H33BrN,Si [529.58].
Yield: 4.81 g (9.08 mmol) 68 % of a yellow solid.

"H-NMR (400 MHz, (CD3),CO): 5/ ppm = 7.62 (AA’, 2 H, H-11), 7.56 (AA’, 2 H, H-6), 7.49 (AA’,
2 H, H-15), 7.15 (BB" + BB’, 2 H + 2 H, H-7 a. H-14), 7.11 (BB’, 2 H, H-10), 1.14 (-, 21 H, H-1 a.
H-2).

3C-NMR (100 MHz, (CD3),CO): 5/ ppm = 151.7 (quart,), 147.1 (quart.), 146.1 (quart.), 139.9 (tert.),
134.34 (tert.), 134.33 (tert.), 133.8 (quart.), 128.8 (tert.), 126.1 (tert.), 122.3 (tert.), 120.3 (quart.),
119.6 (quart.), 118.6 (quart.), 107.8 (quart.), 90.6 (quart.), 19.0 (prim.), 12.0 (tert.).

MALDI-TOF pos: [M™]
calc. m/z=528.159
found. m/z = 528.141

Compound 352

According to general procedure GP1:
32 (1.84 g, 3.56 mmol), NaN; (463 mg, 7.13 mmol), L(+)-sodium ascorbate (35.0 mg, 178 umol),
Cul (68.0 mg, 356 xmol), DMAP (47.0 mg, 535 xmol), nitrogen degassed 'PrOH/H,0 7:3 (70 mL),

flash-chromatography (silica gel, n-hexane — PE).

Formula: C;oH36N,Si [480.72].

Yield: 1.56 mg (3.25 mmol) 91 % of a brown solid.

'H-NMR (400 MHz, (CD3),CO): 5/ ppm = 7.34 (AA’, 2 H, H-6), 7.16 (AA", 2 H, H-15), 7.12 (AA",

2 H, H-11), 7.04 (BB’, 2 H, H-10), 7.00 (BB’, 2 H, H-14), 6.90 (BB", 2 H, H-7), 2.31 (s, 3 H, H-17),
1.13 (-, 21 H, H-2 a. H-1).



I EXPERIMENTAL SECTION

BC.NMR (100 MHz, (CDs),CO): & / ppm = 149.1 (quart.), 145.3 (quart), 145.2 (quart.),
135.8 (quart.), 134.8 (quart.), 133.7 (tert.), 131.1 (tert.), 127.0 (tert.), 126.3 (tert.), 122.1 (tert.),
121.0 (tert.), 116.6 (quart.), 108.6 (quart.), 89.3 (quart.), 20.8 (prim.), 19.0 (prim.), 12.1 (tert.).

MALDI-TOF pos: [M™ - N,, -Me, + 2 H]
calc. m/z=439.356
found. m/z =439.215

Compound 361
1
A

— NP 16.Cl
AL
sN9 e 15

10

11

12

N;
According to general procedure GP1:
33 (299 mg, 554 umol), NaN; (72.0 mg, 1.10 mmol), L(+)-sodium ascorbate (5.49 mg, 280 umol),
Cul (10.5 mg, 550 umol), DMAP (7.32 mg, 83.0 umol), nitrogen degassed 'PrOH/H,O 7:3 (70 mL),
flash-chromatography (silica gel, PE — PE / EA = 30:1).

Formula: C,9H33CIN,Si [501.14].
Yield: 140 mg (279 umol) 50 % of a brown solid.

'H-NMR (400 MHz, (CD5),CO): 5/ ppm = 7.38 (AA", 2 H, H-6), 7.32 (AA’", 2 H, H-15), 7.15 (AA",
2 H, H-11), 7.09-7.05 (BB" + BB", 2 H + 2 H, H-14 a. H-10), 6.97 (BB", 2 H, H-7), 1.14 (-, 21 H, H-1
a. H-2).

BC-NMR (100 MHz, (CDs),CO): & / ppm = 148.5 (quart), 146.7 (quart.), 144.7 (quart.),
136.5 (quart.), 133.9 (tert.), 130.4 (tert), 128.9 (quart), 127.5 (tert), 126.6 (tert.), 123.2 (tert.),
121.2 (tert.), 117.8 (quart.), 108.3 (quart.), 89.8 (quart.), 19.0 (prim.), 12.0 (tert.).

MALDI-TOF pos: [M™ + K]
calc. m/z=539.179
found. m/z = 539.024



5.2 SYNTHESIS

Compound 378

According to general procedure GP1:
34 (1.28 g, 2.43 mmol), NaN; (316 mg, 4.87 mmol), L(+)-sodium ascorbate (24.0 mg, 122 umol),
Cul (46.0 mg, 243 xmol), DMAP (32.0 mg, 365 umol), nitrogen degassed 'PrOH/H,0 7:3 (70 mL),
flash-chromatography (silica gel, PE).

Formula: C3yH33N5sSi [491.70].
Yield: 940 mg (1.91 mmol) 79 % of a brown solid.

"H-NMR (400 MHz, (CD5),CO): 5/ ppm = 7.59 (AA", 2 H, H-6), 7.48 (AA", 2 H, H-15), 7.25 (AA’,
2 H, H-11), 7.16-7.12 (BB" + BB’, 2 H+ 2H, H-14 a. H-10), 7.07 (BB, 2 H, H-7), 1.15 (-, 21 H, H-1
a. H-2).

C-NMR (100 MHz, (CDs3),CO): & / ppm = 151.8 (quart.), 147.2 (quart), 143.6 (quart.),
138.0 (quart.), 134.3 (tert.), 134.2 (tert.), 129.0 (tert.), 125.8 (tert.), 121.7 (tert.), 121.5 (tert.), 120.0
(quart.), 119.6 (quart.), 107.9 (quart.), 104.7 (quart.), 90.8 (quart.), 19.0 (prim.), 12.0 (tert.).

MALDI-TOF pos: [M" - N3]
calc. m/z=463.243
found. m/z =463.311



I EXPERIMENTAL SECTION

5.2.3.1.1 Cascades

Compound 41
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Compound 19 (75.0 mg, 228 umol) and 35 (55.0 mg, 114 umol) were dissolved in dry THF (30 mL)
and the solution was degassed with nitrogen. After addition of DIPEA (15.0 mg, 114 umol) and
(PPh3)3CuBr (21.0 mg, 23.0 umol) the solution was stirred for 16 d at 65°C under preclusion of
light. The solvent was evaporated in vacuo and the residue was purified by flash-chromatography
(silica gel, PE / EA = 10:1 — 1:1). The product was further purified by recycling GPC in CHCI; and
the product was obtained as a brownish solid.

Formula: Cs5;Hs5N50,Si [810.11].
Yield: 26.1 mg (32.2 umol) 28 % of a brownish solid.

"H-NMR (400 MHz, CD,Cl,): 5/ ppm = 8.06 (s, 1 H, H-11), 7.67 (AA", 2 H, H-8), 7.61 (AA", 2 H,
H-13), 7.35 (AA", 2 H, H-23), 7.18-7.14 (AA" + BB’, 2 H + 2 H, H-18 a. H-14), 7.08 (AA", 4 H, H-4),
7.04 (BB, 2 H, H-17), 7.00 (BB, 2 H, H-22), 6.95 (BB’, 2 H, H-7), 6.86 (BB", 4 H, H-3), 3.79 (s,
6 H, H-1), 2.34 (s, 3 H, H-20), 1.13 (-, 21 H, H-27 a. H-28).

3C-NMR (100 MHz, CD,Cl,): 6/ ppm = 156.7 (quart.), 149.4 (quart.), 148.5 (quart.), 148.2 (quart.),
147.9 (quart.), 144.4 (quart.), 141.0 (quart.), 135.0 (quart.), 133.4 (tert.), 132.0 (quart.), 130.7 (tert.),
127.2 (tert.), 126.7 (tert.), 126.2 (tert.), 124.2 (tert.), 123.1 (tert.), 122.6 (quart.), 121.8 (tert.),
120.5 (tert.), 117.5 (quart.), 117.0 (tert.), 115.1 (tert.), 107.5 (quart.), 90.1 (quart.), 55.8 (prim.),
21.0 (prim.), 18.8 (prim.), 11.8 (tert.).

MALDI-TOF pos: [M™]
calc. m/z=2809.411
found. m/z = 809.404
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Compound 42
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Compound 19 (154 mg, 467 pmol) and 36 (100 mg, 200 umol) were dissolved in dry THF (20 mL)
and the solution was degassed with nitrogen. After addition of DIPEA (26.0 mg, 200 xmol) and
(PPh3);CuBr (37.0 mg, 40.0 umol) the solution was stirred for 15 d at 65°C under preclusion of
light. The solvent was evaporated in vacuo and the residue was purified by flash-chromatography

(silica gel, PE / EA = 1:2). The product fraction was further purified by recycling GPC in CHCl;.
Formula: C51H520|N5028i [83053]
Yield: 85.0 mg (102 zmol) 51 % of a brown solid.

"H-NMR (400 MHz, CD,Cl,): 5/ ppm = 8.06 (s, 1 H, H-11), 7.69-7.63 (AA™+ AA", 2 H + 2 H, H-8 a.
H-13), 7.39 (AA", 2 H, H-22), 7.28 (AA, 2 H, H-17), 7.20 (BB, 2 H, H-14), 7.10-7.06 (AA+ BB", 4 H
+2 H, H-4 a. H-18), 7.03 (BB, 2 H, H-21), 6.95 (BB", 2 H, H-7), 6.86 (BB, 4 H, H-3), 3.79 (s, 6 H,
H-1), 1.13 (-, 21 H, H-26 a. H-27).

®C-NMR (100 MHz, CD,Cl,): 6/ ppm = 156.7 (quart.), 149.4 (quart.), 148.5 (quart.), 147.6 (quart.),
147 .4 (quart.), 145.8 (quart.), 140.9 (quart.), 133.6 (tert.), 132.7 (quart.), 130.0 (tert.), 129.4 (quart.),
127.3 (tert.), 126.7 (tert.), 126.6 (tert.), 124.9 (tert.), 123.8 (tert.), 122.5 (quart.), 122.0 (tert.),
120.4 (tert.), 118.5 (quart.), 117.0 (tert.), 115.1 (tert.), 107.2 (quart.), 90.6 (quart.), 55.8 (prim.),
18.8 (prim.), 11.7 (tert.).

MALDI-TOF pos: [M™]
calc. m/z=829.357
found. m/z = 829.142
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Compound 43

28

P

25 //26
24
15 21

MeO 2 1°\N
@ M 3w 1@

MeO

Compound 19 (101 mg, 307 umol) and 37 (70.0 mg, 142 umol) were dissolved in dry THF (20 mL)
and the solution was degassed with nitrogen. After addition of DIPEA (6.67 mg, 52.0 umol) and
(PPh3)3;CuBr (48.0 mg, 52.0 umol) the solution was stirred for 9 d at 65°C under preclusion of light.

The solvent was evaporated in vacuo and the residue was purified by recycling GPC in CHCl;.
Formula: Cs5;Hs,NgO,Si [821.09].
Yield: 18.7 mg (23.0 umol) 16 % of a brown solid.

"H-NMR (400 MHz, CD,Cl,): 5/ ppm = 8.09 (s, 1 H, H-11), 7.73 (AA", 2 H, H-13), 7.68 (AA", 2 H,
H-8), 7.51 (AA", 2 H, H-18), 7.45 (AA", 2 H, H-23), 7.27 (BB, 2 H, H-14), 7.12-7.07 (AA" + BB+
BB, 4H+2H +2H, H4 a. H-22 a. H-17), 6.96 (BB", 2 H, H-7), 6.86 (BB, 4 H, H-3), 3.79 (s, 6 H,
H-1), 1.13 (-, 21 H, H-27 a. H-28).

*C-NMR (100 MHz, CD,Cl,): 5/ ppm = 156.7 (quart.), 151.0 (quart.), 149.5 (quart.), 148.7 (quart.),
146.5 (quart.), 146.2 (quart.), 140.9 (quart.), 134.1 (quart.), 133.9 (tert.), 133.8 (tert.), 127.3 (tert.),
126.9 (tert.), 126.8 (quart.), 125.6 (tert.), 122.3 (quart.), 122.2 (tert.), 122.1 (tert.), 120.4 (tert.),
120.3 (tert.), 119.5 (quart.), 117.0 (tert.), 115.1 (tert.), 106.8 (quart.), 105.0 (quart.), 91.5 (quart.),
55.8 (prim.), 18.8 (prim.), 11.7 (tert.).

MALDI-TOF pos: [M™]
calc. m/z=2820.391
found. m/z = 820.397
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Compound 44
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According to general procedure GP3:
41 (404 mg, 50.0 wmol), TBAF trihydrate (17.3 mg, 55.0 umol), DCM (12 mL), 3 h,
flash-chromatography (silica gel, DCM — EA). Furthermore the pure product was solved in DCM,

washed once with a saturated aqueous Na,S,03-solution and the solvent was evaporated.
Formula: C43H35N502 [65377]
Yield: 28.0 mg (42.8 umol) 86 % of a beige solid.

"H-NMR (600 MHz, CD,Cl,): 8/ ppm = 8.06 (s, 1 H, H-11), 7.67 (AA", 2 H, H-8), 7.62 (AA", 2 H,
H-13), 7.36 (AA", 2 H, H-23), 7.18 (BB’, 2 H, H-14), 7.16 (AA", 2 H, H-18), 7.08 (AA", 4 H, H-4),
7.05 (BB’, 2 H, H-17), 7.01 (BB, 2 H, H-22), 6.95 (BB, 2 H, H-7), 6.85 (BB", 4 H, H-3), 3.78 (s,
6 H, H-1), 3.09 (s, 1 H, H-26), 2.34 (s, 3 H, H-20).

*C-NMR (150 MHz, CD,Cl,): 6/ ppm = 156.5 (quart.), 149.3 (quart.), 148.4 (quart.), 148.2 (quart.),
148.0 (quart.), 144.2 (quart.), 140.8 (quart.), 135.1 (quart.), 133.4 (tert.), 132.1 (quart.), 130.7 (tert.),
127.2 (tert.), 126.6 (tert.), 126.3 (tert.), 124.4 (tert.), 122.7 (tert.), 122.4 (quart.), 121.8 (tert.),
120.3 (tert.), 117.0 (tert.), 115.7 (quart.), 115.0 (tert.), 83.9 (tert.), 76.7 (quart.), 55.8 (prim.),
21.0 (prim.).

MALDI-TOF pos: [M™]
calc. m/z=653.278
found. m/z = 653.229
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Compound 45
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According to general procedure GP3:
42 (52.0 mg, 63.0 wmol), TBAF trihydrate (21.7 mg, 69.0 wumol), DCM (10 mL), 3 h,
flash-chromatography (silica gel, DCM — EA). Furthermore the pure product was solved in DCM,

washed once with a saturated aqueous Na,S,03-solution and the solvent was evaporated.

Formula: C42H320|N502 [67419]
Yield: 42.1 mg (62.4 umol) >99 % of a beige solid.

"H-NMR (400 MHz, CD.Cl,): 5/ ppm = 8.07 (s, 1 H, H-11), 7.69-7.64 (AA+ AA", 2 H + 2 H, H-8 a.
H-13), 7.40 (AA’, 2 H, H-22), 7.29 (AA, 2 H, H-17), 7.21 (BB’, 2 H, H-14), 7.10-7.06 (AA"+ BB’, 4 H
+ 2 H, H-4 a. H-18), 7.03 (BB, 2 H, H-21), 6.95 (BB, 2 H, H-7), 6.86 (BB", 4 H, H-3), 3.79 (s, 6 H,
H-1), 3.11 (s, 1 H, H-25).

3C-NMR (100 MHz, CD,Cl,): 5§/ ppm = 156.7 (quart.), 149.4 (quart.), 148.5 (quart.), 147.8 (quart.),
1475 (quart.), 145.7 (quart.), 140.9 (quart.), 133.7 (tert.), 132.8 (quart.), 130.1 (tert.), 129.5 (tert.),
127.2 (tert.), 126.79 (tert.), 126.77 (tert.), 125.1 (tert.), 123.5 (tert.), 122.5 (quart.), 122.0 (quart.),
120.4 (tert.), 117.0 (tert.), 116.7 (quart.), 115.1 (tert.), 83.7 (tert.), 77.1 (quart.), 55.8 (prim).

MALDI-TOF pos: [M™]
calc. m/z=673.223
found. m/z =673.252
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Compound 46
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According to general procedure GP3:
43 (18.7 mg, 23.0 wmol), TBAF trihydrate (7.90 mg, 25.0 gmol), DCM (10 mL), 2 h,
flash-chromatography (silica gel, DCM — EA).

Formula: C43H32N502 [66475]
Yield: 15.0 mg (22.6 umol) 98 % of a yellow solid.

"H-NMR (400 MHz, CD,Cl,): 5/ ppm = 8.09 (s, 1 H, H-11), 7.74 (AA", 2 H, H-13), 7.68 (AA", 2 H,
H-8), 7.52 (AA, 2 H, H-18), 7.47 (AA, 2 H, H-=23), 728 (BB, 2 H, H-14),
7.13-7.06 (BB'+BB+AA", 2 H + 2 H + 4 H, H-17 a. H-22 a. H-4), 6.96 (BB’, 2 H, H-7),
6.86 (BB', 4 H, H-3), 3.79 (s, 6 H, H-1), 3.15 (s, 1 H, H-26).

3C-NMR (100 MHz, CD,Cl,): 5/ ppm = 156.7 (quart.), 151.0 (quart.), 149.5 (quart.), 148.7 (quart.),
146.6 (quart.), 146.4 (quart.), 140.9 (quart.), 134.1 (quart.), 134.0 (tert.), 133.8 (tert.), 127.3 (tert.),
127.0 (tert.), 126.8 (tert.), 125.5 (tert.), 122.27 (2 x tert.), 122.25 (tert.), 120.4 (tert.), 119.4 (quart.),
118.7 (quart.), 117.0 (tert.), 115.1 (quart.), 105.2 (quart.), 83.3 (tert.), 77.8 (quart.), 55.8 (prim.).

MALDI-TOF pos: [M™]
calc. m/z=664.258
found. m/z = 664.224
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Compound Da**?!
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Compound 19 (70.0 mg, 126 gmol) and 8 (131 mg, 379 umol) were dissolved in dry THF (40 mL)
and the solution was degassed with nitrogen. After addition of DIPEA (16.0 mg, 122 xmol) and
(PPh3)3CuBr (23.0 mg, 24.0 umol) the solution was stirred for 7 d at 60°C under preclusion of light.
The solvent was evaporated in vacuum and the residue was purified by flash-chromatography
(silica gel, PE / DCM = 1:1 — DCM). The product fraction was further purified by recycling GPC in
CHCIs.

Formula: C56H48N606 [901 02]

Yield: 85.6 mg (95.0 umol) 75 % of a brownish solid.

'H-NMR (600 MHz, CDCls): 6/ ppm = 8.86 (-, 4 H, H-19 a. H-20), 8.16 (s, 1 H, H-10), 8.11 (AA",
2 H, H-13), 7.61 (d, ®J = 8.6, 1 H, H-30), 7.54 (AA", 2 H, H-8), 7.49 (dd, °J = 8.6, *J = 2.3, 1 H,
H-29), 7.43 (BB', 2 H, H-14), 7.11 (AA", 4 H, H-4), 7.03-7.02 (BB" a. m, 2 H + 1 H, H-7 a. H-25),
6.88 (BB, 4 H, H-3), 3.82 (s, 6 H, H-1), 1.33 (s, 9 H, H-26), 1.28 (s, 9 H, H-33).

¥C-NMR (150 MHz, CD,Cl,): 5/ ppm = 163.9 (quart.), 163.1 (quart.), 156.6 (quart.), 150.5 (quart.),
149.6 (quart.), 147.2 (quart.), 143.8 (quart.), 140.2 (quart.), 134.4 (quart.), 132.1 (quart.),
131.7 (tert.), 131.6 (tert.), 129.3 (quart.), 129.2 (tert. a. quart.), 129.1 (tert.), 127.6 (tert.),
127.5 (quart.), 127.4 (quart.), 127.3 (quart.), 127.2 (tert.), 127.1 (quart.), 127.0 (tert.), 126.8 (tert.),
121.7 (tert.), 120.0 (tert.), 118.2 (tert.), 115.0 (tert.), 55.6 (prim.), 35.7 (quart.), 34.4 (quart.),
31.8 (prim.), 31.3 (prim.).

ESI-MS pos (high resolution): [M™*]
calc. m/z=900.36298
found. m/z = 900.36241 A=0.63 ppm
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Compound 22 (70.0 mg, 122 gmol) and 6 (40.0 mg, 122 umol) were dissolved in dry THF (20 mL)
and the solution was degassed with nitrogen. After addition of DIPEA (16.0 mg, 122 xmol) and
(PPh3);CuBr (23.0 mg, 24.0 umol) the solution was stirred for 38 d at 65°C under preclusion of
light. The solvent was evaporated in vacuo and the residue was purified by flash-chromatography
(silica gel, PE / EA = 6:1 — 5:1). The product fraction was further purified by recycling GPC in
CHCIs.

Formula: CSBH48N606 [901 02]

Yield: 38.5 mg (43.0 umol) 35 % of a yellow solid.

'"H-NMR (600 MHz, CD,Cl,): 5/ ppm = 8.87-8.84 (-, 4 H, H-19 a. H-20), 8.23 (s, 1 H, H-11),
8.03 (AA", 2 H, H-13), 7.72 (AA’", 2 H, H-8), 7.63 (d, °J = 8.6, 1 H, H-30), 7.56 (BB’, 2 H, H-14),
7.53 (dd, *J = 8.6, *J=2.3, 1 H, H-29), 7.10 (AA", 4 H, H-4), 7.05 (d, *J = 2.3, 1 H, H-25), 6.98 (BB’
2 H, H-7), 6.87 (BB", 4 H, H-3), 3.79 (s, 6 H, H-1), 1.33 (s, 9 H, H-26), 1.27 (s, 9 H, H-33).

®C-NMR (150 MHz, CD,Cl,): 6/ ppm = 164.2 (quart.), 163.3 (quart.), 156.6 (quart.), 150.9 (quart.),
149.5 (quart.), 148.9 (quart.), 144.5 (quart.), 140.8 (quart.), 137.7 (quart.), 135.2 (quart.),
132.9 (quart.), 131.8 (tert.), 131.7 (tert.), 130.6 (tert.), 129.4 (tert.), 127.9 (tert.), 127.72 (quart.),
127.70 (2 x quart.), 127.3 (tert.), 127.2 (quart.), 126.9 (tert.), 126.8 (tert.), 122.1 (quart.),
121.5 (tert.), 120.3 (tert.), 117.0 (tert.), 115.0 (tert.), 55.8 (prim.), 35.8 (quart.), 34.5 (quart.),
31.8 (prim.), 31.2 (prim.).

ESI-MS pos (high resolution): [M™]
calc. m/z=900.36298
found. m/z = 900.36265 A =0.36 ppm
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Compound 8 (17.1 mg, 30.0 umol) and 44 (16.3 mg, 25.0 umol) were dissolved in dry THF (15 mL)
and the solution was degassed with nitrogen. After addition of DIPEA (3.22 mg, 25.0 umol) and
(PPh3);CuBr (4.64 mg, 4.99 umol) the solution was stirred for 13 d at 65°C under preclusion of
light. The solvent was evaporated in vacuo and the residue was purified by recycling GPC in
CHCl,.

Formula: C77H64N1006 [122540]
Yield: 11.9 mg (9.71 umol) 39 % of a brownish solid.

'H-NMR (600 MHz, CD,Cl,): &/ ppm = 8.87-8.84 (-, 4 H, H-33 a. H-34), 8.31 (s, 1 H, H-26),
8.07 (s, 1 H, H-11), 8.04 (AA, 2 H, H-28), 7.85 (AA’, 2 H, H-23), 7.68 (AA", 2 H, H-8),
7.64-7.62 (AA"+m, 2 H + 1 H, H-13 a. H-45), 7.57 (BB’, 2 H, H-29), 7.53 (dd, °J = 8.6, *J = 2.3,
1H, H-44), 7.24-7.20 (BB + BB’, 2 H + 2 H, H-14 a. H-22), 7.18 (AA", 2 H, H-18), 7.11 (BB", 2 H,
H-17), 7.08 (AA’, 4 H, H-4), 7.05 (d, “J = 2.3, 1 H, H-40), 6.95 (BB’, 2 H, H-7), 6.85 (BB’, 4 H, H-3),
3.78 (s, 6 H, H-1), 2.36 (s, 3 H, H-20), 1.33 (s, 9 H, H-41), 1.27 (s, 9 H, H-48).

¥C-NMR (150 MHz, CD,Cl,): 5§/ ppm = 164.2 (quart.), 163.3 (quart.), 156.5 (quart.), 150.9 (quart.),
149.3 (quart.), 148.5 (quart.), 148.4 (quart.), 148.3 (quart.), 148.0 (quart.), 144.6 (quart.),
144 .5 (quart.), 140.9 (quart.), 137.7 (quart.), 135.3 (quart.), 134.7 (quart.), 132.9 (quart.),
131.8 (tert.), 131.7 (tert.), 131.6 (quart.), 130.7 (tert.), 130.6 (tert.), 129.4 (tert.), 127.9 (tert.),
127.72 (2 x quart.), 127.71 (quart.), 127.23 (tert.), 127.20 (quart. + tert.), 126.8 (tert.), 126.6 (tert.),
126.1 (tert.), 125.0 (quart.), 124.2 (tert.), 123.7 (tert.), 122.5 (quart.), 121.8 (tert.), 121.5 (tert.),
120.4 (tert.), 117.6 (tert.), 117.0 (tert.), 115.0 (tert.), 55.8 (prim.), 35.8 (quart.), 34.5 (quart.),
31.8 (prim.), 31.2 (prim.), 21.0 (prim.).
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ESI-MS pos (high resolution): [M™* + H]
calc. m/z=1224.50048
found. m/z = 1224.50063 A=0.12 ppm
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Compound 8 (58.0 mg, 101 uzmol) and 45 (42.1 mg, 62.0 zmol) were dissolved in dry THF (15 mL)
and the solution was degassed with nitrogen. After addition of DIPEA (8.26 mg, 64.0 zmol) and
(PPh3);CuBr (12.0 mg, 13.0 umol) the solution was stirred for 13 d at 65°C under preclusion of
light. The solvent was evaporated in vacuo and the residue was purified by recycling GPC in
CHCI;. The product fraction was further purified by dropping a concentrated solution in DCM into

n-hexane. The solid was filtered off and washed with n-hexane.
Formula: C76H61C|N1006 [124581]
Yield: 52.6 mg (42.2 umol) 68 % of a brownish solid.

"H-NMR (600 MHz, CD,Cl,): 5/ ppm = 8.87-8.84 (-, 4 H, H-33 + H-34), 8.32 (s, 1 H, H-25), 8.09 (s,
1 H, H-11), 8.04 (AA", 2 H, H-27), 7.88 (AA", 2 H, H-22), 7.69-7.66 (AA" + AA", 2 H + 2 H, H-8 a.
H-13), 7.63 (d, °J = 8.6, 1 H, H-44), 7.58 (BB’, 2 H, H-28), 7.53 (dd, *J = 8.6, “*J = 2.3, 1 H, H-43),
7.30 (AA’, 2 H, H-18), 7.26 (BB", 2 H, H-14), 7.23 (BB’, 2 H, H-21), 7.14 (BB’, 2 H, H-17), 7.08
(AA’, 4 H, H-4), 7.05 (d, “J = 2.3, 1 H, H-39), 6.95 (BB’, 2 H, H-7), 6.85 (BB", 4 H, H-3), 3.78 (s, 6
H, H-1), 1.33 (s, 9 H, H-40), 1.27 (s, 9 H, H-47).

3C-NMR (150 MHz, CD,Cl,): 6/ ppm = 164.2 (quart.), 163.3 (quart.), 156.6 (quart.), 150.9 (quart.),
149.3 (quart), 148.4 (quart.), 148.3 (quart), 147.8 (quart), 147.4 (quart.), 146.0 (quart.),
144 .5 (quart.), 140.8 (quart.), 137.6 (quart.), 1354 (quart.), 132.9 (quart.), 132.4 (quart.),
131.8 (tert.), 131.7 (tert.), 130.7 (tert.), 129.9 (tert.), 129.4 (tert.), 129.0 (quart.), 127.9 (tert.),
127.72 (2 x quart.), 127.70 (quart.), 127.3 (tert.), 127.2 (tert), 127.1 (quart), 126.8 (tert.),
126.6 (tert.), 126.4 (tert.), 125.8 (quart.), 124.9 (tert.), 124.6 (tert.), 122.4 (quart.), 121.9 (tert.),



I EXPERIMENTAL SECTION

121.6 (tert.), 120.3 (tert.), 117.7 (tert.), 117.0 (tert.), 115.0 (tert.), 55.8 (prim.), 35.8 (quart.),
34.5 (quart.), 31.8 (prim.), 31.2 (prim.).

ESI-MS pos (high resolution): [M™* + H]
calc. m/z=1245.45368
found. m/z = 1245.45604 A =1.89 ppm

Compound T-CN

34 35
MeO N 33 36
N= 27 32 37
10 NS 23 25~ N s N
1
@ 14 16
[’ >1s
MeO »

CN
20

Compound 8 (15.0 mg, 27.0 umol) and 46 (15.0 mg, 23.0 umol) were dissolved in dry THF (20 mL)
and the solution was degassed with nitrogen. After addition of DIPEA (2.92 mg, 23.0 umol) and
(PPh3)3CuBr (4.20 mg, 4.51 umol) the solution was stirred for 34 d at 65°C under preclusion of
light. The solvent was evaporated in vacuo and the residue was purified by flash-chromatography
(silica gel, DCM / EA = 1:1). The product fraction was further purified by recycling GPC in CHCl;.

Formula: C77H61N1106 [123638]

Yield: 11.1 mg (8.98 umol) 39 % beige solid.

'H-NMR (600 MHz, CD,Cl,): &/ ppm = 8.87-8.84 (-, 4 H, H-34 a. H-35), 8.35 (s, 1 H, H-26),
8.12 (s, 1 H, H-11), 8.05 (AA", 2 H, H-28), 7.96 (AA", 2 H, H-23), 7.76 (AA", 2 H, H-13), 7.68 (AA’,
2 H, H-8), 7.63 (d, 3J = 8.6, 1 H, H-45), 7.59 (BB’, 2 H, H-29), 7.55-7.52 (AA"+ m, 2 H + 1 H, H-18
a. H-44), 7.25 (BB, 2 H, H-14), 7.30 (BB’, 2 H, H-22), 7.15 (BB", 2 H, H-17), 7.08 (AA", 4 H, H-4),
7.05 (d, “J= 2.3, 1 H, H-40), 6.96 (BB’, 2 H, H-7), 6.86 (BB’, 4 H, H-3), 3.79 (s, 6 H, H-1),
1.33 (s, 9 H, H-41), 1.27 (s, 9 H, H-48).

*C-NMR (150 MHz, CD,Cl,): 6/ ppm = 164.2 (quart.), 163.3 (quart.), 156.6 (quart.), 151.2 (quart.),
150.9 (quart.), 149.4 (quart.), 148.6 (quart.), 148.1 (quart.), 146.5 (quart.), 146.2 (quart.),
144 .5 (quart.), 140.8 (quart.), 137.6 (quart.), 135.5 (quart.), 133.9 (quart.), 133.8 (tert.),



5.2 SYNTHESIS I

132.9 (quart.), 131.8 (tert.), 131.7 (tert.), 130.7 (tert.), 129.4 (tert.), 127.9 (tert.), 127.74 (quart.),
127.72 (quart.), 127.71 (quart. a. tert.), 127.5 (quart.), 127.2 (tert.), 127.1 (quart.), 126.8 (tert.),
126.78 (tert.), 126.73 (tert.), 126.6 (tert.), 122.2 (quart.), 122.1 (tert.), 121.7 (tert.), 121.6 (tert.),
120.3 (tert.), 119.6 (quart.), 118.1 (tert.), 116.9 (tert.), 115.0 (tert.), 104.6 (quart.), 55.8 (prim.), 35.8
(quart.), 34.5 (quart.), 31.8 (prim.), 31.2 (prim.).

ESI-MS pos (high resolution): [M™]
calc. m/z=1235.48008
found. m/z = 1235.48040 A=0.26 ppm
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ZUSAMMENFASSUNG

Chapter 9
ZUSAMMENFASSUNG

Im Rahmen dieser Arbeit wurde die Synthese sowohl von dendritischen Makromolekilen als auch
von kleineren Donor-Akzeptor-Systemen realisiert. Des Weiteren wurden diese Verbindungen

bezglich ihrer Energie- und Elektron-Transfer-Eigenschaften untersucht.

In allen untersuchten Systemen wurden die eingebauten Chromophore durch Triazole miteinander
verknipft. Dabei sind die Triazole das Ergebnis einer Kupfer(l)-katalysierten 1,3-dipolaren
Cycloaddition zwischen einem terminalen Alkin und einem Azid. FiUr die Darstellung der
vorgestellten Verbindungen wurde ein synthetisches Konzept auf der Basis von molekularen
Bausteinen entwickelt, das den Austausch aller elementaren Komponenten erméglicht. Die so
erhaltenen Systeme bestehen aus Dendrimeren, die auschlieBlich aus Triarylaminen (TAA)
aufgebaut sind (G1-G3), Dendrimeren mit einem Spirobifluoren-Gerist als Kern (spiro-G1 und
spiro-G2) und dem Donor-Akzeptor Dendrimer (D-A-G1), in dem Naphthalindiimid-Akzeptoren
(NDI) als Endgruppen fungieren.

Zusatzlich wurde eine Reihe von Modellverbindung verwirklicht, um mit ihrer Hilfe ein besseres

Verstandnis der photophysikalischen Prozesse in den Dendrimeren zu erlangen.

Durch eine Modifikation des synthetischen Baukastensystems, welches den Zugang zu den
Dendrimeren ermdglichte, wurde auflerdem die Darstellung einer Reihe von Donor-Akzeptor-
Triaden (T-Me, T-Cl und T-CN) verwirklicht. Diese Triaden bestehen dabei aus zwei TAA-Donoren
und einem NDI-Akzeptor. Mit Hilfe der Cyclovoltammetrie konnte ein abwartsgerichteter
Redoxgradient vom NDI zum endstandigen TAA in den Triaden bestatigt werden. Realisiert wurde
dieser Redoxgradient, indem das Redoxpotential des mittleren TAAs durch geeignete
Substitutenten in der ,freien” p-Position des TAAs gezielt beeinflusst wurde. Des Weiteren wurden
zwei Dyaden (Da und Db) synthetisiert, die sich nur in der Verkniipfung des TAAs bzw. des NDlIs
an das Triazol unterscheiden. In all diesen Kaskaden sorgen sowohl eine Knotenebene entlang der
N-N-Achse des NDIs als auch ein grofRer Verdrillungswinkel zwischen dem NDI-Kerngerist und

dem N-Arylsubstituenten fiir eine kleine elektronische Kopplung.

Bei den Untersuchungen der photophysikalischen Eigenschaften der Dendrimere lag der
Schwerpunkt auf der Untersuchung der TAA-Dendrimere G1-G3 bezlglich ihrer Homo-Energie-
Transfer-Eigenschaften. Die Beobachtung eines starken Stokes Shifts in der Fluoreszenz dieser
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Makromolekiile ist das Ergbnis einer Emission aus einem polaren Ladungs-Transfer-Zustand und
einer groRen Reorganisationsenergie 1. Dadurch gibt es im Losungsmittel-relaxierten Zustand nur
ein kleines Uberlapp-Integral zwischen der Absorption des Akzeptors und der Emission des
Donors. Gerade dieses Uberlapp-Integral bestimmt gemaR der Férster-Theorie mafRgeblich die
Geschwindigkeitskontante des Energie-Transfers. In Untersuchungen auf der Basis der
Fluoreszenz-Aufkonversion wurde eine starke und schnelle Abnahme der
Anfangsfluoreszenzanisotropie beobachtet, gefolgt von einem deutlich langsameren Abfall auf der
ldngeren Zeitskala. Demnach kommt es zunachst zu einem schnellen Energie-Transfer in den
ersten 2 ps nach der Anregung und anschlieBend zu einem langsameren Energie-Hupfen.
Zeitaufgeldster Emissionsspektren (TRES) der Modellverbindung M haben gezwigt, dass die
Lésungsmittel-Relaxation auf derselben Zeitskala wie der schnelle Energie-Transfer stattfindet.
Nach einer Abschatzung der Geschwindigkeitskonstanten flir den Energie-Transfer in G1 auf
Grundlage der Férster-Theorie findet der schnelle Energie-Transfer im Schwingungs-relaxierten
Zustand statt, noch bevor die Loésungsmittel-Relaxation beginnt. Fur diese Abschatzung wurde ein
Fluorezenzspektrum von G1 in Cyclohexan als Spektrum zum Zeitnullpunkt verwendet. Der
Analyse zur Folge konkurrieren in den ersten 2 ps nach der Anregung sowohl die Lésungsmittel-
Relaxation als auch der schnelle Energie-Transfer-Prozess miteinander. Daher ist es unerlasslich
zwischen dem Energie-Transfer im Franck-Condon- und im Lésungsmittel-relaxierten Zustand zu
unterscheiden. AuRerdem konnte gezeigt werden, dass ein schneller Energie-Transfer auch in
Ladungs-Transfer-Systemen mdglich ist, in denen ein grolRer Stokes Shift einen effektiven
spektralen Uberlapp verhindert, wenn ein ausreichend groRer spektraler Uberlapp vor der

Lésungsmittel-Relaxation vorliegt.

Auch in den Spiro-Dendrimeren spiro-G1 und spiro-G2 konnte ein Energie-Transfer nach der
Anregung mit Hilfe von stationaren Emissions-Anisotropie-Experimenten beobachtet werden. Dabei
wurde angenommen, dass die Anregungsenergie in spiro-G1 Gber das gesammte Molekdl verteilt
ist. Eine starker polarisierte Fluoreszenz in spiro-G2 im Vergleich zu spiro-G1 legt den Schluss
nahe, dass die Energie in spiro-G2 wahrscheinlich nur tber einen einzelnen Ast verteilt ist. Um
dieser Fragestellung nachzugehen sind allerdings weiter Untersuchungen der Energie-Transfer-

Prozesse durch z.B. zeitaufgeldste Emissions-Anisotropie-Messungen notwendig.

Zudem wurden stationdre Absorptionsspektroskopie-Messungen an den Radikal-Kationen von G1-
G2, spiro-G1 und spiro-G2 und M durchgefiihrt, um die Elektron-Transfer-Eigenschaften von TAA-
Triazol-Systemen zu untersuchen. Laut dieser Messungen erlaubt die Verwendung von Triazolen
als Brickeneinheit in den Verbindungen in denen Elektron-Transfer-Prozesse untersucht wurden

nur eine geringe elektronische Kommunikation zwischen den verknipften Redox-Zentren.
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Allerdings ist die elektronische Kopplung geniigend grof3, um einen effektiven Elektronen-Transfer

zwischen den Zentren zu erméglichen.

Sowohl die Dyaden (Da und Db) und Triaden (T-Me, T-Cl und T-CN) als auch das Donor-Akzeptor
Dendrimer D-A-G1 wurden in Bezug auf ihre Eigenschaften in photoinduzierten Elektron-Transfer-
Prozessen untersucht, insbesondere die Faktoren, die die Prozesse von Ladungsseparation und

Ladungsrekombination beeinflussen.

Der stationaren Absorptionspektroskopie zur Foelge stellen die Absorptionsspekten der Kaskaden
eine Superposition der Absorptionsspektren der einzelnen Chromophore dar. Demnach
wechselwirken die einzelnen Chromophore in den Kaskaden im elektronischen Grundzustand nicht

miteinander.

Des Weiteren wurden fir die Kaskaden =zeitaufgeléste ns- und fs-transiente
Absorptionsspektroskopie-Messungen in Toluol und MeCN als Lésungsmittel durchgefiihrt. Diese
Messungen zeigten, dass der Anregung bei einer Energie von 28200 cm™ (355 nm)
beziehungsweise 26300 cm™ (380 nm) ein Elektron-Transfer vom TAA zum NDI folgt und ein
ladungsgetrennter (CS) Zustand gebildet wird. Dabei wird in den Triaden zunachst ein
ladungsgetrennter (CS1) Zustand populiert, in dem das NDI reduziert und das mittlere TAA oxidiert
vorliegt. Nachfolgend wird duch einen zusatzlichen Elektronen-Transfer vom endstéandigen TAA
zum mittleren TAA der CS2-Zustand generiert. Die energetisch niedrigsten CS-Zustande sowohl
der Triaden als auch der Dyaden weisen Lebenzeiten auf der ns-Zeitskala auf. Im Gegensatz dazu
besitzt der CS-Zustand von Db in MeCN nur eine Lebenszeit von etwa 43 ps auf. Zudem konnte
hier die Bildung eines *NDI-Zustands beobachtet werden. Alle anderen CS-Zusténde zeigen einen
biexpontiellen Abfall, als Folge der Ausbildung sowohl eines 'CS- als auch eines *CS-Zustands. In
magnetfeld-abhdngigen Messungen wurde fiir Db kein nennenswerter Effekt beobacht, was auf
eine grolRe Singulett-Triplett-Aufspaltung in den Dyaden zurlickzufiihren ist. Die Triaden besitzen
eine deutlich kleinere Singulett-Triplett-Aufspaltung. Daher zeigte T-CN eine starke Abhangigkeit
vom angelegten Magnetfeld, was zudem ein Beleg fiir die 'CS/°CS-Zuordung darstellt. An dieser
Stelle sind weitere Analysen der Singlet-Triplett-Dynamiken notwendig, die gegenwartig

durchgefihrt werden.

Die Ladungsrekombination findet flir alle Systeme in Toluol in der Marcus invertierten Region und
in MeCN in der Marcus normalen Region statt. Allerdings konnte nur flr Db ein ausgepragter
invertierte Region-Effekt beobachtet werden. In den Triaden sind die Geschwindigkeitskonstanten
fur die Ladungsrekombination in der normalen und in der invertierten Region wahrscheinlich nah

am Scheitelpunkt der Marcus Parabel. Somit ist der invertierte Region-Effekt bei ihnen nur sehr
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gering ausgepragt und die Geschwindigkeitskonstanten fir die Ladungsrekombination befinden
sich in derselben GréRenordnung. Im Vergleich mit den Geschwindigkeitskonstanten fiir die
Ladungsrekombination von Db flihrt die gréRere raumliche Distanz der beiden Ladungen im CS2-
Zustand in den Triaden zu verringerten Geschwindigkeitskonstanten flir die Ladungsrekombination

von ca. einer GroéRRenordnung.

Allerdings ist die Gesamtlebensdauer der CS-Zustidnde wichtiger als eine kleine
Geschwindigkeitskonstante fir die Ladungsrekombination. Gerade diese Lebensdauer kann
maRgeblich durch die Population des *CS-Zustandes verlangert werden. Die vorgestellten
Ergebnisse zeigen, dass die groRere Singulett-Triplett-Aufspaltung in den Dyaden zu einer
Lebensdauer des CS-Zustands von mehreren us flhrt, wahrend sich die Lebensdauern der CS-
Zustande in den Triaden im ns-Zeitbereich befinden. Des Weiteren konnte eine
Lésungsmittelabhangigkeit der Singulett-Triplett-Aufspaltung in den Triaden beobachtet werden.
Dies stellt einen vielversprechenden Ansatzpunkt fur weitere Studien bezlglich der Singulett-
Triplett-Aufspaltung dar.

Das Donor-Akzeptor-Dendrimer D-A-G1 zeigt ahnliche Eigenschaften wie die beiden Dyaden (Da
und Db). Durch das deutliche Auftreten einer NDI-Radikal-Anion-Bande im transienten
Absorptionsspektrum kann auch nach der Anregung von D-A-G1 die Bildung eines CS-Zustandes
angenommen werden. Bemerkenswerterweise wurde die transiente Absorptionsbande des TAA-
Radikal-Kation flir D-A-G1 in Toluol nicht beobachtet. Eine Bixon-Jortner-Analyse lieferte eine
elektronische Kopplung flir D-A-G1, die der fir die Dyaden (Da und Db) vergleichbar ist. Durch
einen energetisch hoherliegenden CS-Zustand in D-A-G1, der die Ladungsrekombination in der
invertierten Region verlangsamt, ist die Geschwindigkeitskonstante fur die Ladungsrekombination
bei D-A-G1 kleiner als bei Db. In Kombination mit einer Singulett-Triplett-Aufspaltung vergleichbar
mit der, der Dyaden, fUhrt dies zu einer verlangerten Lebensdauer des CS-Zustands bis zu 14 us in
verdinnter Losung. Beide Charakteristiken fihren zu verbesserten Eigenschaften von D-A-G1
hinsichtlich einer mdéglichen Verwendung als System fiir die Energieumwandlung von Sonnenlicht.
Daher stellt D-A-G1 eine vielversprechende Leitstruktur fir weitere Untersuchungen beziglich
Lichtsammelsysteme dar. In einer zukiinftigen Studie kénnte das Donor-Akzteptor-Dendrimer
zweiter Generation D-A-G2 von Interesse sein. Synthetisch ware es Uber eine “Click-Reaktion”
zwischen 13 und 8 realisierbar. Den cyclovoltammetrischen Untersuchungen von G1-G3 zur Folge,

sollte in D-A-G2 ein abwahrtsgerichteter Gradient an CS-Zustanden vorliegen.
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Simulation of the Decay Curves with TENUA

The decays of the ns-transient absorption measurements were simulated with the TENUA?”

program by adapting the following script (given for Db) for each compound.

For the simulation:

The 'CS state (SCS) is in equilibrium with *CS state (TCS) with the related rate constants krs (k(-1))
and kst (k(+1)) and SCS is in equilibrium with SO with the related rate constants ks (k(+2)) and ks
(k(-2)). SCS is the concentration of the singlet CS state and TCS is the concentration of the triplet
CS state.

For the experimental data:
The state A is in equilibrium with state B with the related rate constants k(+3) as the 1/ and
k(-3) = 0. State C is in equilibrium with state D with the related rate constants k(+4) as the 1/ and

k(-4) = 0. A is the concentration of the state A (1/a,) and C is the concentration of the state C (1/a,).

SCS <-> TCS; SCS <-> S0;
A <->B; C<->D;
k(-1)=(1/3)"k(+1);

k(+1) : 3.516E5;

k(+2) : 1.8ES;

k(-2) : 0.0;

k(+3) : 118049;

k(-3) : 0.0;

k(+4) : 18422991;

k(-4) : 0.0;

SCS : 0.9323;

TCS :(1)-SCS;

A :0.070;

C:0.929;

*output
sum=1/(1)*(SCS+TCS);
sum2=1/(1)*(A+C);



