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1 Introduction 1

1 Introduction

Squaraines, sometimes also referred to as squarylium dyes, are compounds of the polymethine
family, because they comprise an odd number of repeating methine (—CH=) units with
alternating single and double bonds, whereas polyenes possess even-numbered methine
groups. The classification within the family of polymethine dyes relies on the respective
electronic structure and properties, which can be manipulated by changing the length of the z-
conjugation chain and by adding various electron acceptor (A) or electron donor (D) terminal
moieties, affording the following molecular structures: cationic D—z—D and anionic A-z—A
(both cyanine-type), and neutral D-z—A (merocyanine-type). Additional electron acceptor or
donor groups may be incorporated in the conjugated z-system, giving rise to neutral
quadrupolar structures, such as D-=—A-—z-D (squaraine-type) or A—=—D-7—A.! The term
squaraine established by Schmidt in 1980 is a portmanteau word which is made up of
“squaric” and “betaine” and reflects the intrinsic structural properties of squaraines, i.e., the
central quadratic cyclobutadiene acceptor unit and their zwitterionic structure.? The betaine
structure can either be expressed as a dipolar cyanine (1) or a cyclobutenediyliumdiolate
structure (I1). For stabilisation of the D—A-D structure, strong electron donating groups (e.g.,
heterocycles) or electron rich aromatic units (e.g., aniline or phenol derivatives) denoted as

nucleophiles (Nu) in Scheme 1 are typically found embedded in the dye scaffold.

o o o
Nu{?:Nu “—> Nu@:Nu “— Nu¢:Nu
(o] (¢] o

(1 (0] (1

Scheme 1: Mesomeric resonance formulas of squaraine dyes.

Squaraine dyes are structurally similar to zwitterionic merocyanines, their absorption and
emission features are, however, more reminiscent of cyanine dyes with their characteristic

narrow bandwidths and small Huang-Rhys factor®>"

rather than of merocyanine dyes which
typically exhibit broad and diffuse charge-transfer bands as a result of their strong dipolar
character.® Consequently, squaraine dyes have attracted much attention because of their
highly advantageous optical properties, i.e., intense (emax> 10°M*cm™) and narrow

absorption in the red to near-infrared (NIR) region, high fluorescence quantum yield and

' The electron-phonon coupling strength is characterised by the Huang-Rhys factor S = d’maw/2h, where d is the
displacement between the potential energy surfaces of the ground and excited states, and m and o are the
reduced mass and harmonic frequency of a vibrational mode, respectively. S yields information about the change
in geometry between ground and excited state.
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considerable photostability, together with their large structural variety.>’*? These superior

optical properties have led to squaraine dyes being used in a large diversity of applications,

13-24 27-33

photoconductors, materials for data storage,”® ion sensors,
34,35

including as biolabels,
NIR emitters in thin-film dye-doped organic light-emitting diodes (OLED), and in non-
linear optics (NLO).%** In the light of their beneficial absorption in the red region of the
visible solar spectrum, squaraine dyes also proved suitable for organic photovoltaic

applications.**%®

1.1 Intramolecular Aggregates of Squaraine Oligo- and Polymers

Because the absorption of squaraine dyes only covers a small portion of the solar spectrum,
the narrow absorption may be considered disadvantageous. In order to address this issue,

various synthetic strategies were developed in particular by Volker, Lambert et al. to achieve

6769 or acceptors,’®

44,71,72

a spectral broadening of their absorption, e.g., by attaching electron donors
or by coupling multiple squaraine chromophores in squaraine polymers or other
copolymers.®®™ In classical conjugated low-band gap polymers such as styrene-derived
MEH-PPV  (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]) or thiophene-
derived P3HT (poly(3-hexylthiophene-2,5-diyl), the polymer properties significantly differ
from those of the comparably small monomers. In contrast to these systems, the isolated
monomers of squaraine homo- and copolymers already provide a low-bandgap and thus a
strong absorption in the red spectral region.”® Even though the monomers are covalently
connected to each other the resulting oligomer/polymer may be rationalised as chains of
individual chromophores as their monomeric character is mostly conserved within the dye
conjugate. The resulting spectral features of these dye conjugates, i.e., red-shifting of the
longest-wavelength absorption band along with a significant broadening of the absorption,
can be adequately explained in terms of exciton theory.”*" As a matter of fact, excitonically
coupled systems take advantage of a more precise prediction and control of the optical
properties which is typically not attainable with classical polymers such as MEH-PPV or
P3HT because of strongly interacting monomer units. Hence, the coupling of transition
moments of squaraine chromophores may be considered as a reliable alternative to other
methodologies for designing and fine-tuning the absorption of low-bandgap conjugates.®"®"’
This approach was also a substantial and integral part of several other reports on
polysquaraines in particular by the groups of Ajayaghosh,’®® Maeda,*® Kuster,®* Hecht,®5

and Zhang et al.®*®
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Furthermore, the synthesis of discrete oligomers with known molecular weight enables the
possibility to compare oligomer properties with those of analogous polymers in order to get
insights on how to manipulate polysquaraines in order to achieve a desired optical property
and to establish valuable structure-property relationships. The fundamental understanding of
the underlying exciton interactions in small model oligomers may lead to a more precise
prediction of the polymer properties.®

Exciton coupling theory is without doubt a key part in this work and is integral to
understanding the spectroscopic properties of squaraine oligomers and polymers. Therefore,

the subsequent chapter is exclusively devoted to its description.

1.2 Exciton Coupling Theory

In a pioneering work, the Russian physicists Frenkel and Davidov and the American
photochemist Kasha developed the fundamental concepts for understanding electronic
excitations in molecular aggregates. Particularly the work of Kasha at the beginning of the
1960s had a great influence on the photochemistry community and manifested the
terminology of H- and J-aggregates which refer to hypsochromically (H) and
bathochromically (J) shifted absorption bands for the aggregated dyes compared to those of
their isolated monomers.®"

The exciton model may be described as the mathematical treatment of the resonance
interaction between excited states of weakly coupled systems. This formal treatment can be
applied to covalently bound intramolecular aggregates as well as to intermolecular
aggregates.” Please note that the mathematical treatment presented in the following makes no
claim to completeness and should therefore be considered rather as a semi-quantitative
description of the formation of the exciton eigenstates in various aggregate arrangements
(e.g., in dimers, trimers, and polymers) which are of fundamental importance in this work. For
a thorough mathematical description the reader is referred to the references quoted in the text
as well as to the original works by Kasha et al.”* ">’

Considering the simplest exciton system, i.e., a dimer, two exciton states are formed resulting
from the coupling between the respective excited states of the monomers due the dipole-

dipole coupling J between them: ">

1 </7Al73 ~ 3(Au7an) (dgFan )

- 3 5

)
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where ¢, h, ¢ are the vacuum permittivity, the Planck constant and the vacuum speed of light,

respectively, 7, and i, represent the transition moments of monomer A and monomer B and

745 IS the corresponding centre-to-centre distance. From equation (1), it can be appreciated
that the coupling strength J crucially depends on the mutual orientation of the monomer
transition moment vectors as well as on the distance of the chromophores and can even
change sign.

In case of a homodimer, exciton coupling of two identical chromophores causes a splitting (=
2J) of the excited states if dispersion interactions between the chromophores in the ground
state are neglected. In contrast, for two different chromophores in a heterodimer, the energies
of the exciton states are further apart and can be calculated according to equation (2) where
E = (Ea+ Eg)/2 and AE = (Ea— Eg)/2 with Ep > Eg:"

E.heterodimer = E = VAE? + (2)
In this equation, 2AE equals the energy difference between the diabatic (non-interacting)
energy levels of the two chromophores in the heterodimer. The midpoint between these
diabatic levels are set to zero energy. The splitting of the exciton levels in homo- and

heterodimers is given by equations (3) and (4), respectively:"*®

5Eheterodimer =2 AEZ +J 2 (3)

5Ehom0dimer =2J (4)
Whether optical transitions into exciton states are allowed depends on the mutual orientation

of the transition moments. The transition moments x, from the ground state to the exciton

states can be approached from the monomer transition moments s, and i, respectively,

according to equations (5) and (6):">9%!
A, =1, cos 6 + iy sind )
ﬁ_:ﬁA sin 6 +ﬁB COS@, (6)

where @ is defined by tan26 = J/(Ea— Eg). In the case of two identical monomers, equations
(5) and (6) transform to:

S
M= ﬁ ('uAi 'uB) (7)

According to (7), the transition moments are oriented perpendicularly to each other and the

transition strength is distributed between them depending on the angle between the monomer

transition moments. In a perfect collinear, head-to-tail arrangement, the transition moment z_

refers to the upper exciton state (termed S;” in the following) and vanishes, so the full
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transition strength is concentrated in the lower exciton state S;, reflecting a J-dimer in analogy
to J-aggregates.®? In contrast, in a perfect parallel, face-to-face arrangement, the full transition
strength is concentrated in the S;” state and may be termed as H-dimer similar to H-
aggregates. Since the transition moments are typically unequal for heterodimers and thus do
not cancel for the upper exciton state in the head-to-tail arrangement and for the lower exciton

state in the face-to-face arrangement, both states are now allowed, respectively.”*®® The

corresponding exciton coupling diagrams are depicted in Figure 1.

l,u=0 Tlp#o o l’,u=sma|l T1p=large
a1 oy
B, Exs— |[2J— N
5 4 R || B
o Ly Il -
o TF*O T1P=0 Iy },u=large T¢p=small
AE = (Ex— Eg)/2
homodimer heterodimer
_ <+——><«— p=small o <+——»<+— p=small
Mor = — w0 gsfh «— —>p=0
- _/ 2+ 2J | -‘"2\1’;.-"_\.524‘2..;'2
E) ? EA_I ..‘._
2 4 |l —Es
) v — —— p:large —:— — —— p=|arge
head-to-tall head-to-tail
homotrimer heterotrimer
‘ T?:k=0
oy K=NI2 i ——
HH E— M 2VAE +4J
. P N AT 2aE
2 L k=nial |}
2 7 s N e
(4] ¥ H B B
4 k=0 L
b k=0
homopolymer copolymer

Figure 1: Exciton eigenstates formed by exciton coupling in case of a homodimer (A,), heterodimer
(AB), (head-to-tail) homotrimer (A;3), (head-to-tail) heterotrimer (ABA), and for an infinitely long
homopolymer ([A].n) and a copolymer (JAB]n) with Ex > Eg. In the dimer and trimer case, blue (A)
and green (B) arrows represent the phase relations of the individual localised transition moments.

Their length is proportional to their magnitude.’**?
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B can be

In case of a heterotrimer (ABA), the corresponding exciton interaction matrix
formulated according to equation (8) applying the nearest-neighbour approximation and

neglecting dispersion between the chromophores in the ground state:®

AE —¢ J 0
J -AE—¢ J =0 (8)
0 J AE —¢

Solving the secular determinant (equation (8)) affords the exciton state diagram in Figure 1

with three exciton eigenstates and the splitting according to equation (9):%

5Eheter0trimer =2 AEZ + 2J2 (9)

In contrast, considering a homotrimer with three equal chromophores (A= B, AE=
(Ea— EA)/2 = 0), equation (9) simplifies to:*

OE nomotrimer = 2V2.J (10)
The formula for the splitting according to equation (9) also holds true for a BAB-
heterotrimer.®
In case of the homopolymers the energies of the N eigenstates can be evaluated by equation
(11) using E = Ea and AE = 0, where () has to be replaced by (-) for 0 < |k/N| < 1/4 and by
(+) for 1/4 < |k/N| < 1/2. The quantum number Kk runs from 0, =1, +2, ..., N/2, where N is the
number of chromophores. Again, the nearest-neighbour approximation was applied, i.e., only

the coupling (J) between neighbouring chromophores was considered.

E (k) potymer = E % \/AEZ + (2Jcos (%))2 (11)
The resulting splitting, also called exciton bandwidth E,, amounts to 0Enomopolymer = 4J and
equals twice the splitting of the homodimer (2J) which can be rationalised by twice the
number of adjacent chromophores in the polymer compared to the dimer with only one
neighbouring chromophore. In terms of the copolymer, equation (11) predicts a gap of energy
states of 2AE in the exciton manifold. The total splitting can be calculated by the following

equation: 2

OE copolymer = 2 AE? + 41 (12)

"' Exciton coupling of localised states generates a set of exciton eigenstates (exciton manifold) whose
eigenvalues & and eigenvectors c;; can be calculated by solving the respective secular determinant. In these
determinants, the nearest-neighbour approximation is considered. Consequently, the transition moments of the
exciton states can be written as linear combinations of the localised transition moment vectors p where the
coefficients are those of the normalised eigenvectors.
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It can be seen from equation (12), that the exciton bandwidth of the copolymer is even larger
than that of the homopolymer which should indeed lead to a comparably broader absorption.
Regarding the k space, the Brillouin zone®*" has halved compared to the homopolymer since
the unit cell has doubled. Hence, in case of the copolymer, the quantum number k runs from
0,£1,+2, ..., N/4."

As mentioned above, the selection rules for allowed and forbidden transitions depend on the
mutual orientation of transition moments, which is shown for selected cases (dimers and
trimers) in Figure 1. In analogy to the homodimer, a head-to-tail (collinear) alignment of
chromophores in the homopolymer yields a single allowed transition into the lowest exciton
state with k/N = 0 whereas all other transitions are forbidden. Considering a face-to-face
arrangement, the transition is only allowed into the highest exciton state. For the copolymer,
both transitions into the lowest and highest exciton states are allowed simultaneously,
depending on the spatial arrangement and magnitude of the localised transition moments of
the individual chromophores A and B in analogy to a heterodimer. On the other hand,

transitions into states with k/N = 1/4 are forbidden in all cases.”

1.3 Intermolecular Aggregates of Squaraine Dyes

Aside from intramolecular aggregates in oligomers and polymers outlined in the first section,
it has widely been reported that squaraines also exhibit a high tendency to form
intermolecular H- and J-type aggregates in solution,'%24%"293L95115 ) angmuir-Blodgett

9798116118 and crystalline solids.*"**122 \While the latter two are of minor relevance

films,
for this work, the aggregation behaviour will exclusively be discussed in solution. But before
literature examples of squaraine aggregates are outlined in detail, three fundamental
mathematical models for the self-assembly process are presented which are ubiquitous
nowadays in supramolecular chemistry and which are frequently used for a thermodynamic

interpretation of the respective underlying aggregation mechanism.

1.3.1 Dimerization Model?*1?

The most fundamental aggregation model is the dimerization model. Accordingly, the
equilibrium between two identical monomers (M) forming one dimer (D) in solution can be

formulated as:

" The Brillouin zone equals a uniquely defined primitive cell in reciprocal space.
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M+M=D (13)
This equilibrium can mathematically be described by the dimerization constant Kgm using the

mass action law:

Do
Kdim [M]2 CM2 (14)

where [M] = ¢y and [D] = ¢p represent the concentration of the monomers and dimers,
respectively. With ¢ as the total concentration of all molecules, the molar fraction of

aggregated species aagg (equation (16)) can be expressed as follows:

™M
oM — = (15)

Ogge = 1 — (16)
where ay denotes the molar fraction of monomers. Taking into account the relation ¢ =

2Cp + Cw, the following equations for ¢y, am, and aagq as a function of Kgim can be derived:

_ \/ 8Kdim c+ 1 —1 (17)

v 4'I<dim
8Kd' c+ 1 — 1
_ V im 18
OMm 4Kdimc ( )
4Kdimc +1- 8Kdimc +1 19
oge = l (19)
4Kdimc

Furthermore, the apparent extinction coefficient OD(1)/(c-d) of the dye in solution can be

expressed as:

OD(2)
od | MM T EaggQlagg

(20)

where ey and eagq are the molar absorptivities of a molecular dissolved monomer and the
aggregated dimer at a fixed wavelength, respectively. Combining equations (19) and (20), one
obtains equation (21):
OD(A J8Kgc+1—1
( ) = (8M*8agg) : (21)
cd 4Kdimc

Non-linear least-squares analysis of the apparent extinction coefficient of the corresponding

dye as a function of concentration according to equation (21) yields the dimerization constant
Kgim and the molar absorptivities of the monomeric and dimeric species ey and ,4q at a fixed

wavelength, respectively.



1 Introduction 9

1.3.2  Isodesmic Model*?>**"*%

The simplest and most commonly used method to describe a supramolecular polymerization
process yielding extended dye aggregates > 2 constitutes the so-called isodesmic or equal K
model. It relies on the assumptions that the aggregates are one-dimensional, acyclic, and that
the reversible formation of noncovalent bonds is equal for every single binding event. Hence,
the equilibrium/binding constant and Gibbs free energy changes are considered identical for
each step of the supramolecular aggregation process. In other words, there should be no
energy difference between adding a monomer to a polymer or to another monomer. The

isodesmic growth of aggregates can be stated as follows:

M+M = Mz Cy = ch% (22)
M2 +M = M3 C3 = K3CzCl = K2K3C% (23)
M, M = M, cn =Kycn 101 =KrK;3.. K 1 Kl (24)

C1, Ca, Cs, ..., Cy are the respective molar concentrations of monomer, dimer, trimer, and n-mer
aggregates, and Kj, Ks, ..., K, are the respective equilibrium/binding constants for the
aggregation of monomer to monomer, to dimer, and to (n—1)-mer with n= 2 to infinity.
Taking into account that all K values are identical, the molar concentration of n-mer species c;,

and the total molar concentration of all molecules in solution c, respectively, are given by
e, =K" ¢t (25)
c=c; +2K3E +3K*c + .. +nK" (26)
Simplifying equation (26) by using the series expansion 1 + 2x +3x% + ...+ nx"* = 1/(1-x)?
(for 0 < x < 1) yields

Cq

¢ = (1—Key) (27)

Solving equation (27) for c; gives

2Kc+1—-+4Kc+1
c1 = 5 .
2K°c
Using equation (15) from above, the mole fraction of aggregated species a.qq Can be expressed

(28)

as a function of K and c:

2Kc+1—-+4Kc+ 1
Qagg =1 — K2 .
C
Combining equations (29) and (20) yields the following expression for the apparent extinction
coefficient OD(4)/(c-d):

(29)




10 1 Introduction

OD(4 2Kc+1—-+vV4Kc+ 1
ﬁ = (&M — Eagg) 5 + Eagg - (30)
cd 2K%C2

Applying non-linear least-squares analysis of the apparent extinction coefficient of the
corresponding dye as a function of concentration according to equation (30) yields the
binding constant K and the molar absorptivities of the monomeric and aggregated species ey
and eagq at a fixed wavelength, respectively.

A graphical comparison between the dimer and isodesmic model can be established by
plotting the molar fraction aagq Vs. the dimensionless expression Kc according to equations
(19) and (29), respectively (Figure 2). From the plots it can be seen that in the isodesmic
model, aagq approaches faster unity than in the dimerization model. In the latter scenario, high

degrees of aggregation (aagg < 0.90) are only accessible with comparably high values for Kc.

1.0 = Dimer Model
= Isodesmic Model

0.0

10° 10* 10° 10% 10" 10° 10" 10* 10° 10' 10°
Kc

Figure 2: Plot of molar fraction of aggregated species a.g Vs. Kc for the dimer and isodesmic
according equations (19) and (29), respectively.

1.3.3 Cooperative Nucleation-Growth Mode|'*1?412%132

In many cases, the supramolecular polymerisation process proceeds via a cooperative
pathway which entails a two-step mechanism, i.e., nucleation and elongation. Such
nucleation-elongation behaviour was first discovered in protein polymerisation many years
ago.™* The nucleation process relies on the initial oligomerisation of monomers which is slow
and energetically disfavoured in contrast to the subsequent fast chain elongation into long
fibres. Evidently, this scenario is not appropriately described by the isodesmic model which
therefore has to be augmented by considering an activation step preceding the chain
elongation or growth.

The simplest version of this model constitutes the cooperative K,/K model which only
considers one dimerization step of nucleation described by the equilibrium constant Ko,

followed by isodesmic elongation steps described by the equilibrium constant K with K, #
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K3 =Ky ... =K, =K. It is assumed that the formation of dimers (nucleation) faces a different

steric and electronic situation than the following growth process (elongation):

M+M = Mz Cr = ch% (31)
M, +M = MM c3 =Kcye = KKyl (32)
M3 +M = M3M Cy =KC3C1 = KZKzC"l‘ (33)

M, 1+M 2 M, M ¢,=Kc, ¢, =K"*K,d} =K '(Ke)' (n>2) (34)
with the cooperativity factor o = K,/K, which is the main physical parameter describing the

cooperative growth. The total molar concentration ¢ can be expressed as follows:

c=c +z noK '(Ke))"=(1-0)c +
n=2
Multiplying equation (35) with K yields equation (36). Hence, Kc can be calculated as a

ocCq

(—Ke? )

function of Kc; for certain ¢ values from 0.001-1000 in steps of one order of magnitude:

Ke=(1-0)Ke, + le (36)
(1 - KCl)
KC]
aagg =1- Ke (37)

The corresponding plot is shown in reverse (Kcy vs. Kc) in Figure 3(a). The values obtained
for Kc can be used to calculate the degree of aggregation a.qq according to equation (37). For
an illustrative comparison between different systems, aaqq is plotted as a function of the total
molar concentration ¢ normalised with the elongation constant K, yielding an expression
which is independent of the aggregation constants (Figure 3(b)). The resulting plot can be
divided into two sections: The first section refers to values for ¢>1 and describes anti-
cooperative self-assembly processes, while the second section with o < 1 reflects cooperative
processes. The curve for ¢ =1 corresponds to the isodesmic model which was introduced
above. From Figure 3(b), it can be seen that, in a highly cooperative system (o << 1), when
Kc < 1, almost all the molecules are in the monomeric state (i.e., ¢; = ¢). With increasing total
concentration ¢, the monomer concentration c; rises concomitantly, but to a certain limit.
When Kc exceeds unity the monomer concentration ¢, stops rising and stays constant at the
value of K (Figure 3(a)). The remaining molecules (c—c,) are transformed into polymers.
Hence, K is definded as the critical concentration (Ceriticar) @bove which notable
polymerisation occurs. Even though the mathematical models for the cooperative self-

assembly processes appear rather intricate, it is yet quite easy to distinguish experimentally



12 1 Introduction

between the cooperative and isodesmic model, as the former is marked by a Citica at Which
monomers self-associate within a narrow regime fairly sharply into extended polymers.
Another interesing finding is that when Kc is around unity, the monomer concentration is
considerably higher than that found in an isodesmic system. This goes hand in hand with
experimental observations in which a substiantial amount of protein monomer was found to
exist along with high polymers at equilibrium.

To design a polymerisation system providing cooperative chain growth, an essential
prerequisite has to be fulfilled. The repeating units must be capable to undergo at least two
supramolecular interactions with other units in the same chain, e.g., z-z stacking and
hydrogen bonding. Well-defined, higher-order structures can thus be achieved which are the

results of interactions between non-adjacent units.

(@) (b)

- o =0.001 —— & =0.001 isodesmic

1.0 =——oc=1
—— o =1000

o=1

1.04

0.8 0.8

anti-cooperative
o>1

cooperative
o<1

0.6 1 0.6 1

agg

&
X 041

0.2 1 0.21

0.0 0.0

10° 10% 10" 10° 10" 10° 10° 10° 10° 10° 107 10° 10* 10° 10% 10* 10° 10' 10* 10°
Kc Kc

Figure 3: Plots of (a) Kc; and (b) aage Vvs. Kc using equation (24) and (37), respectively, with ¢ =
0.001-1 000 in steps of one order of magnitude.

A great variety of systems have hitherto been examined in which the supramolecular
polymerisation process was shown to comply with the cooperative model. In contrast, there
are only a few studies featuring anti-cooperative behaviour. Recently, Gershberg et al. showed
that equation (36) does not properly describe the aggregation behaviour of a newly

synthesised chiral perlyene bisimide dye in non-polar solvents.***

While the dye exclusively
forms dimeric aggregates in CHCl3, these dimers self-associate further into larger oligomers
in non-polar solvents following an anti-cooperative mechanism in which even numbers of
aggregated species are predominant. The initial model evidently does not account for such an
anti-cooperative elongation mechanism as it does not differentiate between even and odd
numbered aggregates. In the light of this discrepancy, a new K,/K-model was established.*
Accordingly, the formation of dimers is described by equation (38) with the dimerization

constant Kj:

M+M & M2 Cr = ch% (38)
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Under consideration that elongation is less favoured than dimerization (K < K3), dimers can

further assemble with another monomer yielding trimers:

M2 +M = MzM C3 =KC2C1 (39)
In contrast, the dimers can also assemble with another dimer leading to tetramers:

M2 + M2 = M4 Cy :KCZCZ = KC% (40)
In general, further association for odd and even numbered aggregate species can be expressed

by equation (41) and (42), respectively:

n—1 n—1
COdd:K2 2 K 2 Cln (41)

n

coven = Kz g chln (42)
The sum over all odd and even n yields the concentration of all molecules in odd and even
numbered aggregates, respectively:'

odd _ KCICZ(3 —KCZ)

agg (1 B Kcz)z (43)

even — 202

c 2
L (1-Ke»)?
In the end, it can be shown that the maximal fraction of molecules in odd numbered

(44)

aggregates is always smaller than the square root of the aggregation constants according to

equation (45):

odd

Cage _ K (45)
g K

1.3.4 Literature Examples of Intermolecular Squaraine Aggregates

In the early 90s, the aggregation behaviour of squaraine dyes has extensively been studied in
particular by the groups of Buncel, Whitten, and Das. The studies were mostly performed in
aqueous solutions or mixtures where the hydrophobic effect easily outweighs the non-
covalent forces that lead to aggregation.*®

Buncel and co-workers investigated a series of symmetrical anilino-based squaraines (SQ1-

SQ3) with increasing N-alkyl chains (n-butyl, n-octyl, and n-dodceyl) which showed an

"' For a detailed derivation of equations (43)—(44), please see supporting information of reference (124)
Gershberg, J.; Fennel, F.; Rehm, T. H.; Lochbrunner, S.; Wirthner, F. Chem. Sci. 2016, 7, 1729.
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ambivalent aggregation behaviour in dimethyl sulfoxide (DMSO)-water mixtures which is

strongly controlled by the composition of the binary solvent system (Figure 4).%>%

O HO

Rzuﬁaz

OH O

SQ1 r-= n-butyl
SQ2 R = n-octyl
SQ3 Rr= n-dodecyl

Figure 4: Chemical structure of symmetrical anilino-based squaraine dyes SQ1-SQ3.

While J-aggregate formation was observed in water with low DMSO content, solvent
mixtures containing high percentages of DMSO caused H-aggregate behaviour. For the
intermediate range, a dynamic conversion from metastable J- to thermodynamically stable H-
type aggregates was monitored. Dynamic light scattering (DLS) measurements revealed that
the transition between the aggregate forms directly results from an intramolecular
reorganisation, since no change in aggregate size was monitored during this process. The
main driving force for H-type aggregates at high DMSO contents was ascribed to highly
favourable dipole-dipole interactions between solvent and aggregate. In contrast, hydrophobic
and charge-transfer interactions were found to be the main operating forces for the
stabilization of J-aggregates in solvent mixtures with low DMSO contents. In addition, DLS
measurements in 10 % DMSO revealed a strong correlation between the aggregate size and
the length of peripheral alkyl-chains. Thus, on traversing the n-butyl, n-octyl, n-dodecyl
series, the aggregates were found to consist of 210, 290, and 365 molecules, respectively,
clearly demonstrating a relationship between the degree of aggregation and hydrophobicity.

In a further study, Whitten and co-workers reported on a similar squaraine dye (SQ4)

embedded within an amphiphilic structure (Figure 5).”

oo

COOH
SQ4

Figure 5: Chemical structure of unsymmetrical aniline-derived squaraine dye SQ4.

The aggregation behaviour of SQ4 was studied in a variety of media, including organic
solvents and aqueous solutions. The dye was readily soluble in CHCI3;, MeOH, and DMSO,

giving rise to blue solutions with sharp absorption and fluorescence bands, respectively.
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These findings are typical signatures of squaraine dyes in the monomeric state. Furthermore,
the dye provided sufficient solubility and stability in water at a pH of 7.5 for spectroscopic
evaluations. The aqueous absorption spectrum exhibited a maximum at 650 nm with a
shoulder at 594 nm. With increasing concentration of SQ4 the high energy peak at 594 nm
increased relative to that at 650 nm. Diluted aqueous solutions of SQ4 also showed
fluorescence with a peak at 678 nm. The excitation spectrum probed at this wavelength was in
good agreement with the absorption band at lower energies. The spectral changes observed
upon increasing the concentration of SQ4 in aqueous solution were ascribed to a
thermodynamic equilibrium between two explicit species, i.e., the monomer and the dimer.
The blue-shift of the absorption concomitant with dimer formation implies an H-type dimer or
card pack assembly. In addition, the dimerization process was quantitatively assessed yielding
a binding constant Kp = 4.0 x 10° M™.

Thermodynamic studies were also carried out by Das and co-workers on bis(2,4-
dihydroxyphenyl) squaraine (SQ3) and bis(2,4,6-trinydroxyphenyl) squaraine (SQ4) in the

highly polar solvent MeCN (Figure 6).1%

OH O OH O HO

OHHO OH OHHO
SQ5 SQ6

Figure 6: Chemical structures of hydroxyphenyl-squaraine dyes SQ5 and SQ6.

Both dyes possess energetically accessible keto-enol forms which are able to engage intra-
and intermolecular hydrogen bonds. The absorption spectra of both dyes in MeCN show a
broad band centred around 480 nm. With an increasing concentration of SQ5 and SQ6, a
sharp new band at 565 nm arises which was interpreted to be cause by J-type aggregate
formation, respectively. Interestingly, for SQ5, a very weak band was additionally spotted at
400 nm which was assigned to H-type aggregates rationalised by a sandwich-type orientation.
The aggregate size was determined to be 2 for SQ5 and SQ6, indicating a reversible
thermodynamic equilibrium between the monomer and dimer species. The dimerization

constants Kp were estimated to be 3.1 and 2.2 x 10° M

, respectively. These high values
suggest a high driving force for aggregation even in dilute solutions. Involvement of
intermolecular hydrogen bonding in the aggregation process was further confirmed by adding
minor amounts of solvents which are capable of hydrogen bonding which led to a decrease of

the aggregate band in favour of the absorption in the monomer region.
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In a more recent study, Hecht and co-workers reported a L-proline-derived amphiphilic bis(4-
dialkylamino-2,6-dihydroxyphenyl) squaraine dye (SQ7), which was prepared from a chiral
secondary amine with 1,3,5-trihydroxybenzene and subsequent reaction with squaric acid in a
one pot reaction (Figure 7).27 In this study, chirality was used as directing element in an

elegant way to bias the self-assembly process of SQ7.

OH O HO

OH O HO
OR

SQ7
R = n-decyl

Figure 7: L-Proline-derived squaraine dye SQ7.

The dye bearing four hydroxy-functions exhibits much higher fluorescence quantum yields,
increased relative stability, and a more pronounced aggregation propensity than their non-
hydroxylated congeners due to the rigidifying nature of intramolecular hydrogen bonds. The
absorption spectra of the chiral SQ7 display a prominent and sharp band centred around
640 nm indicating the monomeric state. Negligible red-shifts were observed upon changing
the solvent polarity from cyclohexane to CHCI3; and to MeCN. Because of the hydrophobic
character of SQ7 and the property of water to facilitate aggregation as a consequence of the
hydrophobic effect, solvent titration studies were carried out in which the water content in
MeCN solutions was systematically varied. It was demonstrated that at 18 vol.-% water
content aggregate bands start to arise. Upon further increasing the water content the monomer
band is drastically reduced in favour of blue and red-shifted bands at 555 and 761 nm,
respectively. The aggregation behaviour was also studied by circular dichroism (CD) which
yields information about the difference in the absorption of left- and right-handed circularly
polarised light and thus detects the presence of enantiomeric or diastereomieric excess.™

B34V \which corresponds to the low-

The CD spectra showed a strong negative Cotton effect
energy aggregate band. The pronounced effect is highly suggestive of strong exciton coupling
of the monomers within the aggregate. In contrast, a rather weak exciton couplet was
observed for the blue-shifted band at 555 nm. The marked aggregation behaviour was also
studied as a function of temperature in aqueous MeCN solutions with high water content.
Upon raising the temperature from 298 to 333 K, the aggregate bands decrease with a

concomitant rise of the monomer band. Two clear isosbestic points were observed indicating

V The characteristic change in optical rotary dispersion (ORD) and/or CD occurring in the spectral region of an
absorption band is called Cotton effect.
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a dynamic conversion of only one aggregate species to the non-aggregated squaraine SQ7.
This was further evidenced by monitoring the deaggregation process by CD spectroscopy,
which revealed the loss of ellipticity and the presence of an isodichroic point at 700 nm. The
occurrence of two absorptions bands exclusively originating from one aggregate type along
with a large exciton splitting (4 880 cm™) and a strong Cotton effect are indicative of a helical
aggregate architecture.

A similar approach towards supramolecular squaraine assemblies was taken by Ramaiah and
co-workers in 2007 who synthesised a cholesterol-appended chiral squaraine dye (SQ8)
(Figure 8).1%

(b) -

(©)
o
& Poor
\ Solvent Temperature
' A —_—
=D
Dye in P M
Good Solvent Kinetically Controlled Thermodynamically
Assembly Controlled Assembly

Figure 8: (a) Chemical and (b) geometry-optimised structure of cholesterol-appended squaraine dye
SQ8. (c) Schematic representation of kinetically and thermodynamically controlled self-assembly of
SQ8. Reproduced with permission from Chiral Supramolecular Assemblies of a Squaraine Dye in
Solution and Thin Films: Concentration-, Temperature-, and Solvent-Induced Chirality Inversion,
K. Jyothish, M. Hariharan, D. Ramaiah, Copyright © (2007) WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Absorption studies in binary solvent mixtures of CHCI; and MeCN demonstrated that SQ8
self-assembles in two H-type chiral supramolecular architectures with opposite chirality at
different solvent compositions. The aggregation behaviour was studied by CD spectroscopy in
a 1:1 solvent mixture of CHCI3/MeCN and revealed a bisignate CD signal with a negative

Cotton effect indicating the presence of a left-handed helical assembly. Upon increasing the
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fraction of MeCN the CD spectra changed from a negative to a positive Cotton effect which
can be rationalised by a conversion from a left-handed (M) to a right-handed assembly. Joint
temperature- and concentration dependent experiments showed that the supramolecular
assembly formed at lower fractions of MeCN can be ascribed to the thermodynamically stable
form, while the assembly formed at higher fractions of MeCN can be referred to the
kinetically controlled form. In the light of the solvent-driven chirality inversion, it was argued
that solvent effects such as solvation and solvent polarity surrounding the aggregate mainly
direct the handedness of the resulting supramolecular architecture.

In 2012, Wiirthner et al. presented the first example of a cooperative self-assembly process of

a pyrrole-derived squaraine dye (SQ9).'%

SQ9 OR
R = n-dodecyl

Figure 9: Chemical structure of pyrrole-derived squaraine dye SQ9.

The absorption behaviour was studied in solvents of different polarity, including DCM, THF,
toluene, and MCH. In DCM and THF, the dye exhibited typical absorption features of
squaraine chromophores in the monomeric state, i.e., a sharp and intense absorption band in
the low-energy region along with a blue-shifted vibronic progression. In contrast, by
switching to the non-polar solvent toluene, the absorption of SQ9 additionally showed a
hypsochromic band aside the low-energy band, which was assigned to H-type aggregates. In
the least polar solvent MCH, the absence of monomer band and the sole presence of the
aggregate band clearly indicate a high degree of aggregation. The large hypsochromic shift of
3311cm™ in MCH compared to DCM points towards the formation of extended H-
aggregates of tightly stacked z-systems undergoing pronounced exciton coupling.
Interestingly, the spectra in MCH turned out to be time-dependent indicating kinetically
trapped states, whose conversion into thermodynamically stable H-aggregates proved to be
very slow. On the other hand, thermodynamically stable aggregates of SQ9 instantaneously
formed in toluene. The size of aggregates was investigated in toluene by DLS experiments
which revealed an aggregate size distribution in the range of ~ 100 nm to several
micrometres, as anticipated for extended columnar assemblies. Concentration- and

temperature-dependent absorption studies in toluene showed a gradual transition from
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aggregated to monomeric species with a clear isosbestic point, respectively. The
thermodynamic interpretation of the self-assembly process was carried out by using the
cooperative K,/K nucleation-elongation model as the alternative isodesmic model clearly
failed to describe the supramolecular polymerization of SQ9 accurately. The data could be
fitted with good agreement to the cooperative growth process revealing a cooperativity factor
o (= KyK) of 0.1, an equilibrium constant K for the elongation regime of
4.87 +0.13 x 10° M, along with an equilibrium constant K for the nucleation (dimerization)
regime of 4.87 + 0.13x 10* M™. The structural features of the aggregates were further
investigated by AFM studies, revealing the formation of extended fibres with lengths of 3—
10 um. It was argued that concerted dispersion and hydrogen bonding were the main
operating forces for the formation of such extended supramolecular architectures.

A somewhat different approach towards squaraine aggregates is the use of organising media,
such as anionic surfactants. Accordingly, Pang and co-workers reported a series of charged
benzothiazole squaraine dyes (SQ10 — SQ12), whose self-association turned out to be highly

susceptible to the polarity of the surrounding media (Figure 10).1*?

; S [e] ; ; S (o] S ; ; 'S fo) s’ ;
N =N N =N =
— \ +\— — N\ —/ M\ _) N
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Figure 10: Chemical structures of charged squaraine dyes SQ10 — SQ12.

It could be shown that the dyes provided characteristic absorption profiles of molecularly
dissolved species in organic solvents, whereas blue-shifted H-type aggregate bands emerged
in aqueous solutions. The relative absorption intensity of these new bands increased from
SQ12, to SQ10, and finally to SQ11, indicating their relative propensity for self-assembly in
aqueous solutions. The situation significantly changed upon addition of SDS. Using SDS
concentrations below the critical micelle concentration (CMC), the absorption spectra of
SQ11 and SQ12 feature new bands at lower energies indicating J-type aggregates, whereas
the H-aggregate band in SQ11 remains present. In sharp contrast, SQ10 exhibits a strongly
blue-shifted band with a remarkably narrow bandwidth, suggesting a well-defined aggregate
structure. Thus, these spectral findings emphasise the structure-directing nature of SDS
towards aggregate formation, which is interpreted to rely on the intermolecular interactions of

SDS with the positively charged squaraine dyes leading to a disruption of the non-covalent
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forces between the dye. In this regard, it was speculated that the anionic ends of the surfactant
interact with the cationic sites of the dyes, thereby rendering the dyes less polar and thus
enhance aggregation. In addition, regarding the different chemical structures of the dyes, it
was found that the increase in steric bulkiness from SQ10 to SQ12 considerably influences H-
and J-type selectivity. By means of molecular modelling, it could be shown that SQ10 adopts
a parallel H-aggregate form thus allowing for maximum 7—r interactions due to the absence
of steric constraints at the centre of the chromophore. With increasing steric constraint from
SQ11 to SQ12, the chromophores favour a more antiparallel H-type and finally a slipped J-
type arrangement, respectively. In summary, the elaborations by Pang et al. could disclose a
valuable insight into the possibilities of how to control the supramolecular H- and J-type
aggregate formation, which was elegantly achieved by adequately conceived dyes embedded
in an organised media.

In a related study, Yefimova and co-workers also investigated the aggregation behaviour of an
indolenine squaraine dye (SQ13) in the presence of SDS in binary DMSO-water solvent

mixtures (Figure 11).**°

SQ13

Figure 11: Chemical structure of squaraine dye SQ13.

In contrast to the previous study, the absorption experiments were conducted above the CMC
in order to promote the dye ordered self-assembly. In pure DMF and even in binary mixtures
with water contents up 90 %, the dye exhibited typical monomer absorption characteristics. In
contrast, upon increasing the water content up to 95 %, the corresponding spectrum became
very broad and diffuse, which hints towards structurally distorted aggregates. The addition of
anionic SDS to the latter mixture at a fixed dye concentration caused a pronounced spectral
transformation which manifested itself in the gradual recovery of the monomer absorption.
Furthermore, the absorption behaviour of SQ13 was also studied as a function of dye
concentration in the DMSO-water mixture = 5:95 at a fixed SDS concentration. With
increasing concentration of SQ13, the intensity of the monomer band is reduced, and a
concomitantly appearing bathochromically shifted new band revealed the aggregation of the
dye. A well-defined isosbestic point occurs, clearly indicating the presence of thermodynamic

equilibrium between monomeric and aggregated dye. As SDS represents a well-established
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anionic surfactant with known parameters for micelle formation, Yefimova et al. could thus
conclude on the size of the J-type aggregates, which were found to consist of dimers.

Conversely, Bonnet and co-workers have recently shown that in the polarity sensitive
foldamer SQ14, the chromophores represented by the indolenine squaraine moiety form
dimeric H-type aggregate z-stacks in aqueous solution, clearly emphasising the ambivalent

aggregation nature of this chromophore type (Figure 12).**
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Figure 12: Chemical structure of polarity-sensitive foldamer SQ14 and schematic illustration of its
111

working principle.
The squaraine dyes were attached to polyethylene glycol (PEG) chains, which are long
enough to equip the chromophores with some flexibility but also short enough to enable their
proper folding into stacked aggregates.

In summary, the latter, as well as all other aforementioned studies, showcase the high
sensitivity of squaraine dyes towards the polarity of the environment to promote aggregation
or deaggregation. Combined with strongly diverging photophysical profiles of monomeric
and aggregated states, squaraine dyes have attracted not only interest for fundamental
investigations, but have also proven an immense potential in the development of

chemosensors in biological applications.*
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A totally different strategy towards supramolecular squaraine aggregates was taken by
Ajayaghosh and co-workers and involves the use of metal ions and podants to craft
hierarchical self-assemblies in nanoscopic dimensions.?**! It was found that di- and tripodal
squaraine dyes SQ15 — SQ17 express a high affinity towards metal cations leading to various

aggregate structures, such as spherical, micellar and helical architectures (Figure 13).

SQ15 SQ16

Figure 13: Chemical structures of squaraine podants SQ15 — SQ17.

Notably, the response to metal ions afforded highly ordered aggregate structures with
remarkably narrow H-aggregate absorption bands similar to SDS-assisted H-type aggregates
of benzothiazole squaraine dye SQ10.

The brief glance at squaraine aggregates revealed that only a very limited number of studies
were dedicated to the mechanistic and thermodynamic aspects of squaraine
aggregation.” 1% A quantitative understanding of the thermodynamics and structural
features of the aggregates based on functional dyes plays a pivotal role for the precise control
of the self-assembly process and thus for the optimization of the photophysical properties of
self-associated systems.*?® The precise control of the self-organisation process in squaraine
aggregates but also the control of the superstructure formation in covalently linked squaraine
oligo- and polymers represent the main challenging tasks in this work.
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2 Scope of the Work

This work partly follows the fundamental investigations of Volker et al. on a dicyano-
vinylene-substituted polymeric squaraine dye, which showed a quite unusual spectroscopic
behaviour in solution.” It was found that the absorption band manifold is strongly dependent
on the solvent, giving rise to either blue- or red-shifted absorption bands with respect to the
monomer absorption, which were assigned to intramolecular H- and J-type aggregates. Joint
experimental and theoretical studies suggest that both spectral features are caused by zig-zag
and helical conformations of the polymer.”

On account of the latter findings, this polymer is resynthesized in order to examine the
exciton coupling effects in closer detail. Particularly, the influence of temperature on the
absorption and thus on the folding of the polymer in solution will be investigated.
Furthermore, the synthesis of oligomers with known molecular weight (dimer, trimer) will
also be pursued to compare oligomer properties with those of analogous polymers, which
might enable the design of polymers with tailor-made optical properties.

In a next step, the focus is directed on the control of the optical properties of squaraine
polymers which aims at the selective formation of only one superstructure. One basic idea for
controlling the folding behaviour constitutes the adequate design of monomer precursors. In
this respect, it is assumed that the structure and the electronic properties of the donor moiety
have a decisive impact on the conformer structure of the polymer. To this end, a screening of
different donor-substituted squaraine monomers are given at the beginning of this work in
which the optical properties are examined in detail to assess their eligibility for the polymer
synthesis. Thus, these findings shall help to synthesise polymers whose optical properties are
exclusively controlled by their inherent monomer structure.

The second part of this work deals with the synthesis and optical spectroscopy of squaraine
homo- and heterodimers, in which different spacer units shall be implemented. By this, the
influence of the different spacers on the exciton coupling strength will be examined, which
manifests itself in the overall optical properties of the dimers. In addition, this section shall
provide valuable insights into the specific design of squaraine oligomers with optical
properties desired and how to optimise beneficial properties such as red-shifting and spectral
broadening of absorptions bands. These aspects are a matter of particular interest for the
design of optoelectronic devices and may be easily manipulated by the appropriate choice of

spacer and/or monomer unit.
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The following section provides a continuation of the previous chapter and considers exciton
coupling interactions in alternating squaraine heterotrimers. In addition, the synthesis of a
trimer bearing three disparate squaraine monomers covalently connected in a logical order is
envisioned. This will give rise to a chromophore cascade which might be an ideal showcase
for probing dynamic processes, i.e., energy transfer, by using ultra-fast time-resolved
absorption spectroscopy. In particular, one may also be able to investigate the couplings
between the states using two-dimensional (2D) spectroscopy, which, in contrast, are not
accessible via classical transient absorption measurements.

The last chapter of this work follows previous studies by Ceymann et al. on star-like
squaraine trimers and deals with squaraine oligomers arranged in a hexaarylbenzene
framework.®**® This star-shape linkage motif deviates from the linear one established for all
other systems in this thesis and might lead to enhanced electronic communication between the
chromophore tentacles because of their closer distance as compared to analogous trimers.
Two star-shaped hexasquarainyl benzenes are envisioned which differ in length, mutual

distance and orientation of the squaraine tentacles. As exciton theory™™

predicts a high
susceptibility of the coupling strength to alterations in the spatial arrangement of the transition
moments, the two hexasquarainyl benzenes might exhibit completely different optical
properties compared to each other and their monomers, and potentially to their linear

congeners as well.
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3 Results and Discussion

3.1 Reference Squaraine Monomers

3.1.1 Introduction

The synthesis of a broad selection of squaraine oligomers and polymers is generally preceded
by the preparation of adequately functionalised squaraine monomers. Nevertheless, the
preparation of non-functionalised squaraine monomers is considered equally important as
these monomeric dyes were conceived to serve as reference dyes for the comparison of the
spectroscopic properties. Even though the monomers are covalently linked to each other,
these oligomers and polymers can be considered as chains of separate chromophores since the
chemical and physical properties of the monomeric units are largely preserved within the
polymers. Furthermore, non-functionalised chromophores are more suited for reference
compounds than their functionalised analogues since substituents can significantly manipulate
the optical properties of the dyes and the reasons for that are mostly not well understood. In
this context, a striking halogen effect was previously reported about a series of squaraine
dyes, which lead to unexpected superior fluorescence properties against the general belief
about heavy atom quenching effects.’*® For these reasons, the synthesis and spectroscopy in
the following will be discussed only in terms of the non-functionalised squaraine dyes.

At this point, it should explicitly be mentioned that other groups****® have already reported
about the following chromophores. Despite the fact, that these reference dyes have not all
been studied in toluene and CHClI; so far, this chapter should solely provide a brief overview
about the squaraine diversity and the possibilities to alter the optical properties, and on the
other hand, a comparison of the dyes in order to select the ones with the most promising

optical properties for subsequent functionalization and polymerization.

3.1.2 Synthesis

The synthesis of the basic heteroazole squaraine analogues SQA — SQF is straightforward
and carried out in two steps. The commercial availability of the selected heteroazole building
blocks makes the preparation of the respective heterocycles obsolete and the molecular design
can thus be pursued by starting with the alkylation, respectively. In fact, the alkylation

reaction of the heteroazole nitrogen plays a key role not only in terms of the solubility of
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monomeric dyes, but also of higher oligomers and polymers. As it turned out, branched alkyl
chains proofed to be superior compared to their linear analogues and thus allow the synthesis
and spectroscopy of larger oligomers and polymers, and in a broader variety of solvents.”
Taking advantage of these findings, 1-iodo-3,7-dimethyloctane was chosen as alkylating
agent, which can be readily synthesized from the corresponding commercially available
racemic, terpenoid alcohol.™®” The quaternization reaction of the heteroazole derivatives 1 — 5
is generally performed with an excess of alkylating agent in polar solvents, e.g. MeNO; or
MeCN, at elevated temperatures (Scheme 2).

SQA

115-120 °C 1-butan?llzlatg!’%ene (1:1) °
18 h NC

\ﬁ\\/cn CN |
O ¢N _
1 (X = CMe,) 6 (X = CMe, : 65 %) - RN— ~NR,
3 > X 0 x
2 (X = HC=CH) 7 (X =HC=CH : 32 %)

X R-I X pyridine
Ol O
N MeNO, N+ _ OEt
Ri -

3 (x=0) 8 (X=0:79%) SQB sQc

4 (x=s) 9 (Xx=5:45%) X =CMe; : 93 % X=HC=CH:24%
SQD SQE

5 (x = Se) 10 (x= Se: 64 %) X=0:11% X=8:52%

PN PNPN s

X=Se:54%

Scheme 2: Synthesis of reference squaraine monomers SQA — SQF.

The mechanism for the quaternization proceeds via a nucleophilic substitution of the halogen
function by the nucleophilic nitrogen of the heteroazole moiety. The quaternary iodides were
prepared in rather good yields, typically decreasing as the length and the degree of branching
increases.™® In this context, it is worth noting that the reaction with branched alkyl chains
require higher temperatures than their linear congeners. The quaternary ammonium salts 6 —
10 bearing an activated methyl group in the 2-position, are considered to be the ultimate
precursor for the synthesis of squaraine dyes. In situ deprotonation of the quaternary salts 6 —
10 at the 2-position using pyridine as base in a solvent mixture of toluene and 1-butanol (1:1)
leads to the corresponding highly nucleophilic methylene base which reacts with squaric acid
or dicyanovinylene-functionalised squaric acid (CN) in a double condensation reaction to the

respective heteroazole squaraine dyes SQA — SQF. During the condensation reaction, the
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reaction mixture becomes deeply coloured and the dyes are afterwards isolated and purified
by flash column chromatography and subsequent recrystallization from n-hexane. Due to the
steric demand of the dicyanovinylene-function, the squaraine dyes SQB-SQF exclusively
occur in a cis-configuration, whereas SQA adopts a trans-configuration.

3.1.3 Absorption Spectroscopy

The basic absorption properties are given by the respective spectra of the non-functionalised
reference dyes SQA — SQF in toluene according to Figure 14. The optical properties of all

reference dyes are summarised in Table 1. The squared transition moments /«tig were obtained

by integration of the main low energy absorption band and calculated according to equation
(46):*%

,  3hcgnl0  9n j‘e 5
W = 3 =dv
%

¢ 20007°Nay (12+2) (46)
In this equation, h is Planck’s constant, c is the speed of light, Nay is Avogadro’s constant, &g
is the permittivity, n is the refractive index of the solvent, and ¢ is the extinction coefficient.
Owing to their characteristic donor-acceptor-donor structure, all squaraine dyes share the
common feature of an intense main absorption band in the red region along with a shoulder
from a vibronic progression located at the high energy side (Figure 14).* While the
prominent main absorption band arises from a HOMO—LUMO transition, the vibronic
progression originates from the coupling between electronic and vibrational degrees of
freedom, in particular C-C stretching modes.®

Squaraine SQA has the most blue-shifted absorption maximum (15 500 cm™) and displays a
very high extinction coefficient of 3.64x10° M™*cm™ together with a squared transition
moment of 127 D. By replacing one oxygen atom of the central squaric acid ring by a
dicyanomethylene group, the electron acceptor strength of the central squaric acid moiety is
increased which ultimately leads to an energetic decrease of the LUMO level and finally to a
bathochromic shift of the absorption of ca. 1 200 cm™ for SQB, as a result of the smaller band
gap. The benzoxazole-substituted dye SQD effectively absorbs at same energy as SQA and
thus represents the most blue-shifted reference for the series of cis-configured dyes. Starting
from SQD, a progressive red-shift can be induced by implementing stronger donor moieties
(O < CMe;, < S< Se) into the squaraine framework. Besides, another approach to red-shift the
absorption is an extension of the n-conjugated system, which could be achieved by using 2-

methylquinolin as donor building block. In this context, the corresponding reference dye SQC
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yields the lowest energy absorption maximum and thus represents the most red-shifted dye of
the herein presented dicyanovinylene-functionalised derivatives. To sum up, all squaraine
dyes can be sorted according to the energies of their main absorption band, which is done in
descending order: SQA > SQD > SQB > SQE > SQF > SQC.
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Figure 14: Absorption spectra in toluene of reference dyes SQA — SQF, sorted in descending order
according to the energies of absorption maxima.

The squared transition moments range from 72.1 to 112 D? for SQD and SQC, respectively.
Among the cisoid-analogues, the high energy shoulder at ca. 14 000 cm™ is most prominent
for SQC which should strictly speaking rather be considered as an additional maximum than a
shoulder. The extinction coefficients for SQB — SQF (1.39-2.03x10°) are almost 50 %
smaller than for SQA (3.64x10°). Besides the full widths at half maximum (FWHM) for the
cisoid-derivatives (~ 720 cm™) are on average ~ 30 % larger than for SQA (540 cm™). When
toluene is exchanged by the more polar solvent CHCI; (not shown), the absorption maxima
shift towards higher energies and the extinction coefficients decreases while the squared
transition moments slightly increase, yet are still very similar. These findings are summarised
in Table 1.

Since all relevant features for the herein presented dyes are exclusively observed for the
prominent main low energy absorption band, the spectral window for most of the absorption
spectra shown in this work will be centred around the low energy band (10 000-22 000 cm™)

without the high energy spectral range.
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3.1.4 Fluorescence Spectroscopy

The normalised fluorescence spectra of reference dyes SQA — SQF in toluene are shown in
Figure 15(a). For the convenience of representation, the normalised absorption spectra are
additionally depicted in Figure 15(b). Generally, the fluorescence spectra of the squaraine
dyes behave like mirror images to the corresponding absorption spectra and thus exhibit
Strickler-Berg symmetry.'*® While the Stokes shifts are somewhat larger for the
dicyanovinylene-functionalised squaraine dyes (200-400 cm™), SQA provides the smallest

one of only about 100 cm™.
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Figure 15: Normalised (a) fluorescence and (b) absorption spectra in toluene of reference dyes SQA-
SQF, sorted in descending order according to the energies of absorption and fluorescence maxima,
respectively.

Analogously to the absorption spectra, the emission spectra are slightly blue-shifted when
measured in CHCI3 (not shown). Yet, a significant solvent dependence on the fluorescence
quantum yield & is observed in both solvents. While high quantum yields of 0.62 and 0.75
are obtained for the indolenine squaraine dyes SQA and SQB in nonpolar solvent toluene,
lower quantum yields of 0.51 and 0.55 are measured in the polar solvent CHCI3, respectively.
Interestingly, the opposite trend was found for the heteroazole derivatives SQD — SQF, where
the highest quantum yields of 0.85-0.93 are observed in CHCI;. Nevertheless, the quantum
yields in toluene (0.75-0.89) are still very high. Quite remarkably and for unknown reasons,
the quinoline-substituted squaraine dye SQC turns out to be a poor emitter in toluene and
even more in CHCI3. Thus, no reliable quantum yields could be stated due to the extremely
week emissive character. The absolute determination of quantum vyields in the scientific

149 Wwithout a doubt, the values for the herein reported

community is still a matter of debate.
quantum vyields are susceptible for errors, yet all samples were measured under very similar

conditions which makes a relative comparison of all squaraine dyes reliable.
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A considerably more exact method to characterise the fluorescence lifetime of a dye reflects

time-correlated single photon counting (TCSPC). The acquired fluorescence lifetimes z; show

a monoexponential decay for dicyanovinylene-functionalised derivatives. SQA on the other

hand has a biexponential decay with 1.71 ns (0.91) and 250 ps (0.09). In general, the lifetimes

are twice as large for the cisoid-derivatives compared to transoid-SQA. Furthermore, the

values nicely correlate with the quantum yields, meaning that a high quantum vyield also

induces a longer fluorescence lifetime. In toluene, the shortest and longest lifetimes of 40 ps

and 4.50 ns were found for dyes SQC and SQF, respectively.

Table 1: Absorption maxima, extinction coefficients, transition moments, fluorescence maxima, fluorescence quantum
yields, and fluorescence lifetimes of squaraine monomers SQA-SQF in CHCl; and toluene.

solvent Vabs Aabs €max ﬂig Vem Aem Dy Tﬂa
fem*  /nm  /Mtem®  p? fem®  /nm fl— /ns
CHCI, 15 700 637 3.45x10° 129 15 500 645 0.51 0.26 (0.40)
SOA 1.47 (0.60)
Q toluene 15500 645 3.64x10° 127 15 400 649 0.62 0.25 (0.09)
1.71 (0.91)
SOB CHCI, 14 600 685 1.96x10° 98.6 14 200 704 0.55 2.40
Q toluene 14 300 699 2.02x10°  92.7 14000 714 0.75 3.45
soc CHCl,4 13 100 763 1.95x10° 115 12 700 787 - <0.04
Q toluene 12 700 787 2.03x10° 111 12 500 800 - 0.04
oD CHCI, 16 000 625 1.46x10° 78.5 15500 645 0.90 4.02
Q toluene 15 500 645 1.39x10° 72.1 15100 662 0.89 411
SOE CHCl; 14 200 704 1.77x10° 102 13 900 719 0.93 4.59
Q toluene 13 800 725 1.87x10° 86.1 13 500 741 0.75 450
SOF CHCl; 13 900 719 1.72x10° 88.8 13 500 741 0.85 4.64
toluene 13 600 735 1.84x10° 86.6 13 300 752 0.78 4.34

— not determined due to poor emission properties. #(Multi-)exponential fit of fluorescence decay measured by TSCPC,
excitation at 15 200 cm™ (656 nm) for monomers SQA, SQB, SQD — SQF, and 12 800 cm™ (783 nm) for SQC. Amplitudes

are given in brackets.
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3.1.5 Conclusion

Recapitulating, the reference squaraine dyes were synthesised in a linear and straightforward
synthesis route following literature procedures. The absorption spectra for all squaraine dyes
were measured in nonpolar and polar solvent toluene and CHCls, respectively. A progressive
red-shift of the absorption could be achieved in both solvents by i) the introduction of a
stronger acceptor unit, i.e., the dicyanovinylene-group, ii) stronger donor moieties (X = O <
CMe; < S < Se), and iii) an extension of the z-system in the case of SQC. Thus, the largest
bathochromic shift could be attained for the quinoline-substituted squaraine SQC exhibiting
an absorption maximum in the NIR spectral region at 13 100 cm™ (CHCIs) and 12 700 cm™
(toluene).

The fluorescence was also measured in CHCI3 and toluene for this series of dyes and provided
a minor red-shift and Strickler-Berg symmetry, respectively. Superior fluorescence properties
(high quantum vyields, long fluorescence lifetimes) were found for the indolenine squaraine
derivatives SQA and SQB in toluene compared to CHCI3;. Even more promising fluorescence
properties were found in toluene for the heteroazole derivatives. Yet against all expectations,
the most outstanding properties were noted in polar CHCI3 with quantum yields of 0.85-0.93
and lifetimes of 4.02-4.61 ns. On account of the latter findings, the three heteroazole-
derivatives are considered to be the most promising squaraine dyes, e.g. for the development
of highly demanded NIR emitting fluorescent polymers. Thus, the next chapter is exclusively

dedicated to their functionalization.

3.2 Functionalised Heteroazole Squaraine Monomers

A widely applied synthetic strategy for the derivatisation of organic dyes is the introduction of
functional groups to the existing dye scaffold. In this context, direct halogenation reactions
generally reflect a common method to enable further functionalisation possibilities. However,
reaction conditions, e.g. of a typical direct bromination reaction involving elemental Br; in
glacial acetic acid are not tolerated by squaraine dyes and ultimately lead to the irreversible
dye degradation. The latter aspect might be the essential criterion, that no literature
procedures are reported so far for a selective halogenation reaction on the stage of a squaraine
dye. In order to overcome this issue and to allow further derivatisation, the bromine function

needs to be introduced at an earlier stage. Please note that the functionalisation with respect to
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the herein presented squaraine dyes is always envisaged in the para-position with respect to
the nitrogen.

During the processing of this project, the commercial availability of 6-bromo-2-
methylheteroazole analogues was not yet given and diverse synthetic routes had thus to be
attempted which start from smaller precursor molecules. This was part of the foregoing

master thesis'*

to this work and for the sake of completeness, the synthesis and its associated
problems are briefly described in the following.

In terms of 6-bromo-2-methylbenzo[d]oxazole 13, 3-bromphenol was chosen as starting
material in a linear synthesis route. According to Scheme 3, mild nitration in the para-
position to the bromine function gave the respective nitro-phenol in 22 % yields.!*?
Subsequent reduction with iron powder in HOAc led to the corresponding 2-amino-5-
bromophenol, which was finally converted to 5-bromo-2-methylbenzoxazole 13 in an acid

catalysed condensation reaction using triethyl orthoacetate.*?

Br. OH  HNOj, (65 %) Br. OH Fe Br. OH MeC(OEt), Br o
o™ Ol =™ UL, oo™ —
HOACc (conc.) NO, HOAc NH, HOACc (conc.) N
40 °C, 60 min 120 °C, 60 min 130 °C, 90 min
22% 69 % quant.

11 12 13

Scheme 3: Synthetic pathway to bromine-functionalised 2-methylbenzoxazole 13.

On the other hand, the corresponding bromine-functionalised benzothiazole analogue 14
could be obtained in only one step, starting with the non-functionalised precursor 2-
methylbenzothiazole (Scheme 4). The selective bromination in the para-position gave 6-
bromo-2-methylbenzo[d]thiazole 14 in 21 % yields, using dibromoisocyanuric acid as
bromination reagent, which is typically used for deactivated aromatic compounds.***
Noteworthy, this reaction was also applied for the preparation of compound 13, yet the

desired compound was not isolated due to multiple bromination.

s)_ H Br S,
—»
©:N, H,SO, (conc.) \@N/)_

rt, 18 h
21%
14

Scheme 4: Synthesis of 6-bromo-2-methylbenzothiazole 14.

The synthesis of 6-bromo-2-methylbenzo[d]selenazole has in fact not been further pursued

due to the lack of reliable synthetic protocols at that time. Nevertheless, the preparation of the
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quaternary salts 15 and 16 was carried out as described above and the compounds were
prepared in 15% and 10 % vyields, respectively (Scheme 5). Whereas the synthesis and
purification of the benzothiazole-derived squaraine dye SQE proceeded without
inconveniences (69 % yield), the formation of the symmetric squaraine SQD was
accompanied by an undesired byproduct in form of the monobrominated analogue which was
caused by debromination. According to NMR, the ratio of symmetrical to unsymmetrical
squaraine dye was approximately 3:1. Preparative GPC and several recrystallizations were
applied, but yet failed to enrich one of these two compounds. Due to the substantial amount of
byproduct, the subsequent polymerization would have lead only to an extremely low degree
of polymerization and thus to oligomers with low molecular weight. As the last reaction step
suffers of poor yields and the separation of the byproduct proved to be not feasible, this

project was not further investigated.
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Scheme 5: Synthesis of brominated heteroazole squaraine dyes SQD-Br ) and SQE-BTr».

The successful synthesis of symmetrical SQE-Br, was indeed promising in order to employ
the difunctionalised analogue for the subsequent polymerization reaction (not shown, see

141

reference™"). Unfortunately, the corresponding polymers proved to lack photostability and

thus readily underwent photooxidative processes. This phenomenon has also been observed
for transoid-configured benzothiazole squaraine monomers by other groups.'®4*%
Accordingly, the heterocyclic moiety turned out to be the determining factor for the
photostability. On account of these major drawbacks, polymers on the basis of benzothiazole
derivatives were discarded and the focus was directed on the well-established indolenine

squaraine dyes, which are known to be considerably photostable and chemically robust.'®
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3.3 Functionalised Indolenine Squaraine Monomers

3.3.1 Synthesis

(o]
Br. )l\r Br Br.
\©\ ) Rq-1 )
. E——
u,NHZ HCl N WoNO, > A

HOAc R4
140 °C - rt 120°C, 18 h I

18h
\)\/\)\ " I
Ri= . 97 % 79 %

Scheme 6: Synthesis of bromine-functionalised indolenine precursors 17 and 18.

For indolenine-derived squaraine dyes, the bromine function is typically introduced via the
Fischer indole synthesis by wusing p-bromophenylhydrazine hydrochloride and
isopropylmethyl ketone in glacial acetic acid to yield the bromine-functionalised indolenine
precursor 17 similar to literature procedures in almost quantitative yields (Scheme 6).**® This
elegant method offers the incorporation of all relevant halogen functionalities due to the
commercial availability of the corresponding halogenated hydrazine hydrochloride
derivatives. Subsequent alkylation of the brominated indolenine 17 proceeds in a similar
fashion and in decent yields as for non-functionalised indolenine 1. Twofold condensation of
the quaternary salt 18 with one equivalent of either squaric acid or CN gave the symmetrical
difunctionalised trans- and cis-configured squaraine dyes SQA-Br, and SQB-Br; in good

yields of ca. 80 %, respectively (Scheme 7).

0j iO
HO OH
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Scheme 7: Synthesis of symmetrical dibrominated indolenine squaraines SQA-Br, and SQB-Br.
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In order to obtain asymmetrical squaraine dyes, the synthetic route is somewhat more
extensive and requires two more steps in comparison to the synthesis of their symmetrical
analogues (Scheme 8). In this context, the reaction has to be stopped on the stage of the
semisquaraine, which is generally not possible when using squaric acid or its dicyano
derivative CN according to Scheme 2 and Scheme 7. As a matter of fact, the highly reactive
intermediate semisquaraine readily reacts with a further equivalent of methylene base to a
symmetrical squaraine dye and thus hampers the isolation of the corresponding

semisquaraine.

NaOH (10 M ‘
( ) Y. . OH
EtOH, 70 °C N
R
o o] o o 21
g Y=H:98%
Y. EtO OEt Y. _ OEt 22
/ _— —
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24
Y=Br:93%

Scheme 8: Synthesis of semisquaraine dyes 19-24.

For this purpose, the diethylester of squaric acid (3,4-diethoxy-3-cyclobutene-1,2-dione) is
used to isolate the less reactive semisquaraine dyes 19 and 20, respectively. With regard to the
synthesis of the unsymmetrical trans-analogues, the semisquaraines were hydrolysed under
basic conditions using 10 N NaOH to yield the respective semisquaraine acids 21 and 22 in
high yields. In order to establish the cis-configuration, malononitrile reacted with the
semisquaraine esters 13 and 14 under mild conditions to the corresponding dicyano
semisquaraine salts 23 and 24. Generally, the semisquaraine dyes 19-24 were purified by
flash column chromatography and were directly used for the following condensation reaction.
Accordingly, the bromine-functionalised semisquaraine dyes 22 and 24 were refluxed
together with the non-brominated ammonium salt 6 to yield the corresponding asymmetrical
squaraine dyes SQA-Br and SQB-Br (Scheme 9) in a similar fashion as outlined for
symmetrical squaraine dyes in Scheme 2 and Scheme 7, respectively. As a matter of fact, the

equivalent result can be achieved by the reverse route when using the non-brominated
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semisquaraine dyes 21 or 23 together with the brominated indolenine salt 18. Both ways are

considered to be equally good.

(o) ‘ Ry 1~
6
Br O _ OH
N pyridine
R4 1-butanol/toluene (1:1)
130 °C
22

X=Br:96 %

@@i
- (o] N+
o R, "~
Br. ‘ & _CN 6
O N CN pyridine

R4 + 1-butanol/toluene (1:1)
HNEt; 130 °C

24

SQB-Br

X=Br:93% Ry =\)\/\)\ 7%

Scheme 9: Synthesis of asymmetrical mono-brominated squaraine dyes SQA-Br and SQB-Br.

Furthermore, the bromine-functionalised squaraine dyes SQA-Brp) and SQB-Br( were
effectively converted to their corresponding boronic esters via Pd-catalysed Miyaura
borylation reaction throughout in high yields of 90 %, using bis(pinacolato)diboron,
Pd(PhCN).Cl,, 1,1 -bis(diphenylphosphino)ferrocene (dppf), and KOACc as base (Scheme 10).
The borylated products were straightforwardly purified by flash column chromatography and
subsequent recrystallization from n-hexane at low temperatures. The latter one was mandatory
since the borylation reagent bis(pinacolato)diboron was hardly separable via column
chromatography. Consequently, the successful synthesis of boronic ester derivatives enabled
their use in potential Suzuki cross coupling reactions with brominated squaraine analogues to
form homo- and heterodimers or even higher oligomers. This topic will be discussed in
upcoming chapters.
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Y =H,Z=C(CN), Y =BO,C¢Hy; Z=C(CN),

Scheme 10: Synthesis of symmetrical and asymmetrical borylated squaraine dyes SQA-B(, and
SQB-Byy.

Another possibility to promote further derivatisation was the introduction of alkyne
functionalities, typically performed in the course of Sonogashira coupling reactions. In
principal, twofold alkynylation of dibrominated squaraine dyes are possible but not envisaged
in this work. Solely mono-alkynylation was of particular interest within the scope of this

work.

=—SiMe,
—_—
Pd(PPhy),Cl,, Cul TBAF x 3 H,0
NEt, DCM
110°C,2h rt, 10 min
Ri= \)\/\/k SiMe,

SQA-Br SQA-TMSA SQA-Alkyne
z=0 Z=0:78% Z=0:99%
SQB-Br SQB-TMSA SQB-Alkyne
Z=C(CN), Z=C(CN),:80 % Z=C(CN), : 100 %

Scheme 11: Synthesis of unsymmetrical TMSA- and alkyne-functionalised squaraine monomers
SQA(B)-TMSA and SQA(B)-Alkyne, respectively.

According to Scheme 11, the monobrominated squaraine analogues SQA-Br and SQB-Br
were alkynylated in high yields using Pd(PPhs),Cl, together with Cul as co-catalyst and NEt;
as base and solvent.**® The reaction proceeded without side products and the complete
conversion of the starting material could easily be monitored by TLC. The TMSA
functionalised squaraine dyes were purified in straightforward manner via rapid silica
filtration. The TMS protecting group of SQA and SQB was subsequently removed,
respectively, by using an excess of TBAFx3H,0 in DCM in quantitative yields to give the
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terminal alkyne-functionalised squaraine derivatives SQA-Alkyne and SQB-Alkyne

according to the literature procedure.™

3.3.2 Conclusion

To sum up, the preparation of symmetric and asymmetric squaraine dyes decorated with
bromine, boronic ester-, or alkyne-functionalities are performed in a straightforward synthesis
route throughout in decent yields. The synthesis of asymmetric dyes is marked by a somewhat
more extensive route involving two additional stages. All functionalised (semi)squaraine
derivatives could conveniently be purified via flash column chromatography and optionally
by subsequent crystallisation if required, in analogy to their non-functionalised counterparts.
The functionalised dyes proved to be chemically stable and robust without exception and thus
paved the way for their further derivatisation and direct use in transition metal catalysed C-C
cross couplings, such as Yamamoto, Suzuki and Sonogashira reactions, which will be subject

of discussion in the following chapters.
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3.4 Squaraine Polymers

3.4.1 Introduction

This chapter deals with the synthesis and optical spectroscopic properties of squaraine
polymers. As already mentioned in Chapter 2, the fundamental investigations by Volker at al.
on a cis-indolenine squaraine polymer gave the impetus for further studies regarding this
polymer. It was found that the shape of the absorption band manifold of the polymer was
strongly dependent on the solvent, which manifested itself in either blue- or red-shifted
absorption bands with respect to the monomer absorption. These spectral features were
interpreted to be caused by zig-zag and helical conformations of the polymer leading to
intramolecular H- and J-type aggregate formation.”>"

This polymer is resynthesized following the synthetic procedure established by Volker et al.
in order to engage further examinations but also to make a comparison to the prototype. In
particular, the folding behaviour of the polymer and the operating factors driving the folding
process will be investigated in more detail by subjecting the polymer to temperature
dependent absorption studies. In addition, small molecular weight oligomers (dimer and
trimer) will be synthesised in order to study the excitonic coupling effects involved in these
reference systems and to compare them with the polymer properties. These model compounds
are considered important as they may potentially contribute to a better understanding of the
rather complex polymer.

The subsequent chapters exclusively deal with the control of the optical properties of
polymers which is directly connected to the issue of different conformers in solution causing
different spectral features. In this respect, the selective formation of only one superstructure
irrespective of external influences (e.g. solvent) may be a plausible concept to overcome the
scenario with diverse conformers. In order to approach this issue, it is proposed that the
polymer conformer structure desired is inherently linked to its monomer structure. Therefore,
it was a reasonable strategy to use different donor heteroazole building blocks as the
monomers. Despite their highly promising optical properties, each heterocycle provides
differences in terms of size and electronic structure, which might have led to polymers with
different conformer structures. Unfortunately, lacking adequately functionalised precursors
(6-bromo-2-methylbenzo[d]selenazole and SQD-Br;) and photochemical stability (SQE-
based homopolymer), the corresponding polymers could not be realised or investigated
(Chapter 3.2). Therefore, new synthetic strategies and modification possibilities will be
presented in the following how to chemically encode the essential steric or electronic
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information into the monomer structure to achieve the superstructure and consequently the

optical properties desired.

3.4.2 Indolenine Squaraine Homopolymer"'

3.4.2.1 Synthesis

The Ni-mediated Yamamoto homocoupling reaction is considered to be one of the most
powerful and versatile methods for C-C bond formation, promising a convenient way for a
sophisticated range of oligomers and polymers and was therefore selected for the synthesis of
squaraine homopolymers. This kind of polycondensation reaction typically requires a
dihaloaromatic compound as starting material, which is fulfilled by the dibrominated
precursor monomer SQB-Br,. According to Scheme 12, the reaction was performed by using
stoichiometric amounts of Ni(COD),, 1,5-cyclooctadiene (COD), and 2,2"-bipyridine,
respectively, in a solvent mixture of DMF and toluene (1:1) at 65 °C for 8 d to polymerise
dicyanovinylene-substituted SQB-Br,. After three consecutive Soxhlet extractions using n-
hexane, MeOH, and acetone, the major part of the polymer remained in the latter fraction and
was used for further investigations. In this way, crude pSQB was obtained in 78 % yields
with a number average molecular weight M, of ~ 5 610 and a degree of polymerisation X, of
~ 8. In order to study the influence of molecular weight on the optical properties, the crude
polymer was subsequently split via preparative recycling GPC (CHCI5) into three polymer
batches with varying molecular weight distribution. The polymer characteristics are
summarised in Table 2. The polymer fractions pSQB-1, 2, and 3 possess a humber-average
degree of 15 600, 5 870, and 2 270, respectively, and show comparably small polydispersities
(Mw/M,, = 1.09-1.74) owing to preparative splitting. On the other hand, the crude polymer
provides a larger B of 2.39. For ideal polycondensation reactions, a Flory distribution with
b =2 is expected.

Ni(COD),
COD, 2,2 -bipyridine

DMF/toluene
65°C,8d
78 %

SQB-Br, Ry= .~ I~ pSQB

Scheme 12: Synthesis of homopolymer pSQB.

V! Parts of this chapter have been investigated in a bachelor thesis under the supervision of M. H. Schreck:
A. Stoy, Bachelor Thesis, Julius-Maximilians Universitat (Wirzburg), 2014.
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The largest polymer fraction of the analogous polymer pSQB-V previously synthesised by
Volker possesses a number-average degree of 25600 along with an average degree of
polymerisation of ~ 36.”* Thus the four polymer fractions can be considered as a series of
polymer fractions with an increasing degree of polymerisation. Besides, with an increasing
degree of polymerisation the solubility usually decreases for polymers, yet even the longest
polymer fraction shows considerable solubility in a large range of common organic solvents,
such as CHCI3, DCM, toluene, PhCN and DMF.

Table 2: Polymer characterisation: number-average molecular weight (M,), number average degree of polymerisation (X,),
weight-average molecular weight (M,,), and polydispersity (B =M,,/M,). Analysis was carried out in CHCI; with polystyrene
as standard.

M, X, My P

pSQB (crude) 5610 7.76 13 400 2.39
pSQB-V 25 600 355 46 700 1.82
pSQB-1 15 600 216 27 200 1.74
pSQB-2 5870 8.12 8 150 1.39

pSQB-3 2270 3.14 2470 1.09
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3.4.2.2 Synthesis of Reference Dyes

Squaraine dimer dSQB-1 and trimer tSQB were conveniently prepared via a Suzuki cross
coupling reaction in good yields of 65 % and 59 %, respectively, using Pd(PPhs), as catalyst
and aqueous Na,COs as base in THF according to Scheme 13.

X=H

or
SQB-B,
X = BO,C,H,

1 M Na,CO,
Pd(PPh3), THF
85°C,3d

SQB-Br

n=2:59%
Ri= ’\)\/\/k

Scheme 13: Synthesis of squaraine oligomers dSQB and tSQB.

In terms of dSQB, the monofunctionalised squaraines SQB-Br and SQB-B served as starting
materials, while the diborylated squaraine SQB-B, was chosen together with SQB-Br in
order to synthesise tSQB. Both crude oligomers were purified by a rapid column filtration

and subsequent preparative GPC.

3.4.2.3 Absorption Spectroscopy

Absorption spectra of the complete cisoid dye series were recorded in CHCI3 and toluene. The
spectroscopic data are summarised in Table 4. The optical properties for SQB were already
discussed in Chapter 3.1.3 and 3.1.4 and the focus is now directed on the corresponding
oligomers and polymer.

In both solvents the dimer dSQB-1, the trimer tSQB, and the polymer pSQB-1 exhibit a
progressive red-shift of the lowest energy absorption band in comparison to the monomer
SQB, along with a much larger bandwidth of the absorption (Figure 16). The red-shift is
slightly more pronounced for the oligomers in toluene. The exciton coupling (estimated from
the bandwidth using equations (4), (10), and (12) from Chapter 1.2, respectively) somewhat
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decreases with increasing number of monomer units (toluene: dimer: 780 cm™, trimer:
640 cm™, polymer 620 cm™). The decrease of exciton coupling from dimer to polymer is most

likely originate from the nearest-neighbour approximation in exciton theory.®
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Figure 16: Absorption spectra of SQB and of corresponding oligomers and polymer in (a) CHCI; and
(b) toluene, respectively. (c) Normalized absorption spectra in CHCI; and (d) corresponding chemical
structures.

Moreover, the extinction coefficients gradually rise from the monomer to the trimer and are
slightly larger in toluene, which was also observed earlier in this work for the reference dyes
shown in Chapter 3.1.3. In CHCI;3 (toluene) the dimer and the trimer exhibit an extinction
coefficient of 3.38x10°M“*cm? (3.62x10°M™*cm™) and 4.03x10° M*cm?  (4.11x
10° M™ecm™), respectively.

For dSQB-1 and tSQB, respectively, the shape of the absorption remains almost unchanged
in both solvents. In CHCI; (toluene), the dimer displays a main absorption band at
13 200 cm™ (13 400 cm™) together with two maxima located at higher energies at 14 700 cm™
(14500 cm™) and 15100 cm™ (14900 cm™). In addition, the trimer has an absorption
maximum at 13 100 cm™ (12 900 cm™) and a local maximum at 14 200 cm™ (13 900 cm™)

accompanied by two shoulders at higher energies. The squared transition moments as
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determined from the integration of the main absorption band for dSQB-1 and tSQB are
slightly larger in CHCl; (236 D* and 381 D? than in toluene (226 D* and 339 D?),
respectively. The values almost show additivity from the monomer which is in agreement
with the Thomas-Reiche-Kuhn sum rule.*!

Interestingly, the shape of the absorption dramatically differs for pSQB-1 in both solvents. In
CHClIs, a broad absorption band with only one maximum at 12 700 cm™ can be observed,
whereas two maxima of almost equal intensity at 12 700 and 14 700 cm™ are present in
toluene. Even though the polymer provides distinctively smaller extinction coefficients
(1.08x10°> M cm™*(monomer)™ and 5.18x10* M*cm™(monomer)?) than the monomer in
CHCI; and toluene, the calculated squared transition moments yield rather similar with values
of 98.6 and 92.7 for SQB, and 112 and 88.9 for pSQB-1.

Due to the good solubility of the polymer, these interesting findings could be further pursued
by recording the absorption of pSQB-1 in a series of solvents that differ in polarity, viscosity,
refractive index, etc. The spectra are shown in Figure 17(a). In contrast to CHCl3 and DCM
with an absorption maximum each at the low-energy side at 12 700 cm™ and a shoulder at
higher energies, the polymer shows significantly blue-shifted main absorption bands in the
region from 15500-15800 cm™ together with considerably less intense bands around
13000 cm™ in PhCN, DMF, and acetone, respectively. Interestingly, a small shoulder at
11 800 cm™ might be attributed to the lower edge of the exciton band of the helix form.
However, no correlation with any solvent parameter could be derived from the solvent-
dependent absorption studies.
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Figure 17: Absorption spectra of (a) pSQB-1 and (b) pSQB-2 in various solvents.

The spectral features of similar transoid-indolenine squaraine polymers were explained to be
caused by exciton coupling of localized squaraine transitions rather than by conjugational
effects.®** As a matter of fact, electrochemical investigations provided evidence that only
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weak electronic interactions are present between the squaraine chromophores in absence of
redox centres, such as triarylamines or naphthalene diimides, etc.**®""® Consequently, the
spectral features of the present cisoid polymer were also discussed in terms of exciton
coupling due to Coulomb interactions of transition densities. In order to assess these
interactions, structural models of the polymer were required. For this purpose, two different
hexameric superstructures were conceived to mimic possible polymer conformations: a helix
and an elongated zig-zag structure. Semiempirical AM1/INDO calculations were carried out
to enable assignments to the specific structural motifs.”" Granted the simplicity of this
method, the computed absorption spectra yet nicely correlate with the experimental spectra.
Furthermore, more elaborated computational methods (DFT) additionally substantiated the
former assignments of the spectral features to the structural motifs.”® Accordingly, in
chlorinated solvents, such as DCM and CHCIs, elongated polymer chains prevail which cause
a significant red-shifted absorption compared to the monomer absorption. This effect can be
addressed to J-aggregate behaviour with a collinear (head-to-tail) alignment of transition
moments. On the other hand, the blue-shifted absorption, for instance in PhCN, DMF, or
acetone, can be referred to helix conformations and is caused by H-aggregate behaviour with
a parallel (face-to-face) alignment of transition moments. The most extreme and contradictory
effect was noticed in CHCI; and acetone, where mostly one of the two superstructure is
favoured. Referring to Figure 17(a), it can be concluded that mixtures of both superstructures
obviously exist within on polymer strand and the fractions to which these structures are
formed can be operated via the solvent. However, as can be readily appreciated by Figure
17(b), the shape of the absorption band manifold is additionally dependent on the chain length
of the polymers. The latter aspect was investigated in more detail for the second polymer
fraction pSQB-2, providing a smaller average degree of polymerisation of ca. 8. For this
purpose, the absorption of pSQB-2 was recorded in the same solvents. Noteworthy, the
absorption spectra of the third and shortest polymer fraction pSQB-3 with the lowest average
degree of polymerisation of ~3 mostly provided monomer-type characteristics and are
therefore not shown. According to Figure 17(b), it is immediately evident that the dominance
of the one aggregate band as observed for pSQB-1 is strongly reduced in favour of the
respective other aggregate band. Furthermore, the energy difference of the maxima of the
excitonic bands of zig-zag and helix structures is significantly decreased for pSQB-2. In other
words, pSQB-1 exhibits a maximum at 12 700 cm™ (15 800 cm™) in CHClI; (acetone), while
pSQB-2 provides a maximum at 13 000 cm™ (15200 cm™). In addition, the maxima are

broadened and are not as sharp as for pSQB-1, which is accompanied by lower extinction
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coefficients together with a considerable absorbance in the intermediate range around
14 000 cm™. The most severe differences are found in PhCN and toluene: In PhCN, almost
the same ratios of J- and H-aggregate band are found, while in toluene, the J-aggregate band
is favoured at the cost of the H-aggregate band.

As far as can be ascertained, the significant differences concerning the shape of the absorption
band manifold of the two polymer fraction arise from a more heterogeneous polymer with
more mixed conformations and more balanced fractions of helical and elongated zig-zag
domains in the case of pSQB-2. Conversely, this means that with longer polymer chains,
more homogeneous polymers are formed resulting in an enhanced prevalence of only one

conformer and thus of one aggregate band.

a Alnm (b) Alnm
1000 900 800 700 600 500 1000 900 800 700 600 500
1.24ps@B-1 —CHCl, 1.21ps@B-2 —— CHcl,
——DCM —DCM
1.0 toluene 1.0 toluene
—— PhCN —— PhCN
0.8 ——DMF 0.84 — DMF
. - acetone ) - gcetone
=} =}
< 0.6 3 0.6
~ 0.4 ~ 0.4
0.2 0.2
0.0 T T — 0.0 T T T
10000 12000 14000 16000 18000 20000 10000 12000 14000 16000 18000 20000
viem® viem®
(C Alnm
1000 900 800 700 600 500
1.2 ps@B-v — CHcl,
——DCM
1.0 toluene
—— PhCN
0.8 — DMF
. - acetone
=}
p 0.6+
0.4
0.2
0.0

10000 12000 14000 16000 18000 20000
viem®

Figure 18: Normalised absorption of (a) pSQB-1, (b) pSQB-2, and (c) pSQB-V in various solvents,

respectively.

In order to extend this study, analogous polymer pSQB-V (X,= 36) which provides a
somewhat higher polydispersity of 1.82 than pSQB-1 (1.74), was chosen for further
comparison. Intriguingly, VVolker showed for his four polymer fractions with varying degrees
of polymerisation (X, =7-36), that the influence of the chain length on the optical properties

was rather marginal. However, when comparing the spectra of pSQB-1 and pSQB-2 shown
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in Figure 18(a) and (b), this previous finding does not hold true in the present case. Moreover,
against expectation, the spectra recorded for pSQB-V (X, = 36) closely resemble those of
pSQB-2 (X, = 8) (Figure 18(c)), even though they strongly differ in chain length and
polydispersity. pSQB-1 on the other hand provides mostly one conformer in all considered

solvents (except in toluene) and can thus be considered as more homogenous.
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Figure 19: (a) Normalised absorption spectra of pSQB-1 in CHCI; and acetone, and of SQB in
CHCl;. Comparison of the theoretical normalised absorption spectra for different zig-zag- and helix-
oligomers: (b) 6mer, (c) 12mer, and (d) 22mer. Adapted with permission from Energy Transfer
Between Squaraine Polymer Sections: From Helix to Zigzag and All the Way Back, C. Lambert, F.
Koch, S. F. Volker, A. Schmiedel, M. Holzapfel, A. Humeniuk, M. I. S. Réhr, R. Mitric, T. Brixner, J.
Am. Chem. Soc. 2015, 137, 7851-7861. Copyright © (2015) American Chemical Society.

As already mentioned, more elaborate computational methods were applied to further support
the corresponding assignments. In this regard, the optical spectra of the zig-zag and helix
form for oligomers of different length (6-, 12-, 22mer) were calculated by the Mitric group
using the long-range-corrected tight-binding time-dependent density functional theory (lc-
TDDFTB) (Figure 19). When comparing the computed spectra shown in Figure 19(b)-(d)
with those recorded for pSQB-1 (Figure 19(a)), it can be concluded that the overall shape for
the experimental spectra could reasonably well be reproduced, substantiating the assignments
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of the spectral features to the structural motifs. In particular, on account of the higher
homogeneity without considerable amounts of mixed structures, the computed spectra rather
fit better to pSQB-1 than pSQB-V. Besides, with increasing oligomer length, the energy
difference of the calculated maxima of the excitonic bands in both solvents increases and the
bands become sharper and narrower, which may be caused by so-called exchange narrowing
which is due to a delocalised exciton state. Both features nicely coincide with the experiments
as illustrated above for pSQB-1 and pSQB-2 in Figure 18(a) and (b).

In order to shed more light on the folding behaviour of the polymer, the temperature influence
on the optical properties was examined. Therefore, variable-temperature absorption
measurements were performed in PhCN which provides an appropriately large temperature
range. The temperature-dependent absorption experiments have been conducted in all the
solvents indicated above, however, the most pronounced absorption changes were observed in
PhCN for the polymer and are therefore exclusively shown. The other experiments are
presented elsewhere.’®* Upon raising the temperature from 273-403 K according to Figure
20(a), a significant change of the spectra can be induced. In this context, the predominant H-
aggregate band at 15 400 cm™ decreases in favour of the concomitantly rising J-aggregate
band at 12 600 cm™. At higher temperatures, the polymer thus favours elongated structures at
the cost of helical arrangements in order to minimise the overall free energy of the system.
The occurrence of an almost clean isosbestic point around 14 200 cm™ indicates the presence
of an equilibrium between two species, i.e., helix and zig-zag.

The temperature influence was also investigated for the largest oligomer tSQB. Similarly to
pSQB-1, the measurements were carried out in PhCN and are presented in Figure 20(b).
When increasing the temperature from 283 to 338 K, the main absorption band at 13 000 cm™
and the broad band around 14 400 cm™ slightly decrease. The observed spectral changes
appear rather marginal and can be assigned to the small molecular size leading to limited
conformer possibilities in comparison to the extended polymer chains in pSQB-1.
Particularly, helical arrangements in the trimer might most likely involve too much molecular
strain and would consequently not be energetically favoured. A systematic evaluation of 4 to
10mers would certainly provide more information about the required oligomer length for a
helix formation.

It can be concluded that the features illustrated above are only present in the polymer and are
caused by a reversible equilibrium of different polymer conformers, which can decisively be
manipulated by either temperature or solvent (Figure 20(c)).
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3.4.2.4 Fluorescence Spectroscopy

The fluorescence spectra and lifetimes of SQB, dSQB-1, tSQB, and pSQB-1 were measured
in CHCI3 and toluene. The spectroscopic data is summarised in Table 4.

Similarly to absorption measurements, the dimer and the trimer show a gradual red-shift of
the fluorescence with respect to the monomer (Figure 21). In CHCI; (toluene), the dimer and
the trimer exhibit a maximum at 13 300 cm™ (13 100 cm™) and 12 700 cm™ (12 900 cm™),
respectively. The fluorescence bands are no mirror images to the respective absorptions. They
rather resemble the shape of monomer fluorescence yet shifted to lower energies. The Stokes
shifts are in the range of 200-300 cm™ and are somewhat smaller than for SQB. In both
solvents, the fluorescence exclusively occurs from the lowest excitonic state and is thus in
agreement with Kasha's rule.”*" Besides, the FWHM of the emission bands of the squaraine
dyes are generally smaller in toluene than in CHCI3 and significantly decrease from the
monomer (770 cm™ in toluene) to the polymer (500 cm™ in toluene) which can be assigned to
exchange narrowing (Table 3).
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Figure 21: Normalised fluorescence spectra of squaraine dyes in (a) CHCI3 and (b) toluene. Excitation
of the oligomers and polymer was at 15 150 cm™, respectively.

The polymer on the other hand provides the most red-shifted fluorescence in this series of
dyes. While in CHCI; the polymer exhibits a single monomer-type fluorescence at
12 500 cm™, two emission bands at 11 800 cm™ and 12 400 cm™ can be found in toluene. The
excitation was at 15 150 cm™ for the oligomers and the polymer in both solvents. As a matter
of fact, pSQB-V solely exhibits one fluorescence band in toluene, similarly to pSQB-1 in
CHCls.

The occurrence of such a second emission band was rather surprising at first glance.
However, as could be concluded from absorption studies, predominantly one superstructure is
present in CHCls, i.e. zig-zag, which exhibits a characteristic J-aggregate band at 12 500 cm™
(Figure 22(a)). In toluene, in contrast, pSQB-1 exhibits two main bands, one at ca.
15500 cm™ with a hypochromic shoulder around 15 300 cm™ and one at 12 700 cm™. The
latter is attributed to the zig-zag form, which is in agreement with the spectrum in CHCls,
while the former is assigned to the helix form. Yet, the excitation spectra presented in Figure
22(d) imply that the real absorption maximum of the helix is located around 15 300 cm™ and
thus corresponds to the above mentioned shoulder, and the maximum at 15500 cm™
originates from the spectral overlap of the exciton band of the helix. Furthermore, the relative
strength of the two fluorescence peaks can be changed by the excitation energy (Figure 22(b)
and (d)). Accordingly, the emission peak at 11 800 cm™ reaches its maximum when the
polymer is excited at 15 630 cm™, where absorption of the helix is expected to be dominant.
Consequently, fluorescence can be assigned to the helix form, while the second fluorescence

band at 11 830 cm™ results from the zig-zag form.
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Figure 22: Normalised absorption and fluorescence emission spectra of pSQB-1 in (a) CHCI; and (b)
toluene at two different excitation energies 13 160 cm™ (760 nm) and 15150 cm™ (660 nm).
(c) Excitation dependent fluorescence emission spectra in toluene. (d) Normalised absorption and
fluorescence excitation spectra of pSQB-1 in toluene detected at 12 400 cm™ (812 nm) and
11 820 cm™ (846 nm). Excitation spectra are smoothed (40 points Savitzky-Golay algorithm) and
offset-corrected.

The fluorescence quantum yield in toluene decreases from monomer (0.75) to dimer (0.68),
and further to trimer (0.58). For a representative comparison with the oligomers, the same
excitation energy (15 150 cm™) was chosen for pSQB-1 and a quantum yield of 0.06 was
determined. As shown above, the shape of the fluorescence is significantly depending on the
excitation energy, which indeed affects the quantum yield as well. Accordingly, a quantum
yield of 0.17 was determined upon excitation at lower energies at 13 510 cm™. These findings
in toluene clearly indicate a rather slow energy transfer. Energy transfer is therefore assumed
to occur between different polymer strands rather than between zig-zag und helical segments
within one single polymer strand. The latter scenario would result in a fast energy transfer
which is obviously not the case in toluene.

In CHCl3, in contrast, the fluorescence guantum yield decreases from monomer (0.55) to
dimer (0.20). Against expectations, no further decrease is observed for the trimer (0.20), and

most remarkably for the polymer (0.21). Apparently, the quantum vyield is invariant towards
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the chain length in CHCI3, while in toluene, a decrease is observed with increasing number of
monomer units.
The lifetime measurements were fitted with (multi-)exponential decays. In case of the
oligomers and polymer average lifetimes were additionally calculated by equation (47) using
the amplitudes a, and the corresponding lifetimes z,:

aiT tars t agt

7= (47)
aty taxn tagt,

The results of the fits are exclusively shown for toluene in Figure 23. The dimer and trimer
show both biexponential decays with average lifetimes of 2.89 ns and 2.55 ns, respectively. In
this context, the relative amplitude of the shorter component increases with increasing chain
length, consequently the fluorescence lifetime shortens with increasing chromophore
numbers.
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Figure 23: Fits of TCSCP data of (a) SQB, (b) dSQB-1, and (c) tSQB, in toluene with exponential
functions. Insets: Resulting time constants z, and relative contributions of the corresponding

amplitudes (in brackets). 7 represents the average fluorescence lifetime. Excitation was at 15 240 cm™
(656 nm laser diode).
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An alternative decay fit was performed applying the Kohlrausch equation (stretched
exponential, equation (48)) with exponents g close to unity which turned out to be equally
good for the dimer (z; = 2.56, 8 = 0.93) and trimer (z; = 2.05, 8 = 0.88) in toluene.*®

=g @ (48)
As the polymer exhibits excitation energy-dependent dual fluorescence bands at 11 820 cm™
and 12 330 cm™, the fluorescence lifetimes were therefore measured at these two energies,
which is presented in Figure 24. Accordingly, biexponential decays are observed in both
cases, with average lifetimes of 2.92 ns (11 820 cm™) and 2.15 ns (12 330 cm™). In addition, a
significant increase of the longest lifetime (3.18 ns) together with an increase of the
corresponding relative amplitude (0.72) is noted at 11 820 cm™. Consequently, the low energy
fluorescence which was ascribed to the helix form is more long-lived than fluorescence at

higher energies coming from the zig-zag form.
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Figure 24: Fits of TCSCP data of pSQB-1 in toluene with exponential functions. Emission detected at
(a) 11 820 cm™ and (b) 12 330 cm™. Insets: Resulting time constants z, and relative contributions of

the corresponding amplitudes (in brackets). 7 represents the average fluorescence lifetime. Excitation
was at 15 240 cm™.
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Table 3: Full width at half maximum (FWHM) of absorption (abs) and emission (em) bands for different squaraine dyes.

FWHM (abs) FWHM (em)
solvent ) )
/cm’ /cm’
CHCI, 750 770
SQB
toluene 660 730
CHCI, 740 660
dSQB-1
toluene 640 580
CHCI, 700 650
tSQB
toluene 610 570
SOB-1 CHCI, -2 500
P toluene _a _b

— was not determined because of 2overlapping absorption or "emission bands.
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Table 4: Absorption maxima, extinction coefficients, transition moments, fluorescence maxima, fluorescence quantum
yields, and fluorescence lifetimes of squaraine dyes in CHCI; and toluene. Extinction coefficients ¢ and transition moments
Ueg OF the polymers are indicated per monomer unit.

solvent Pabs Emax Fey Vem Py T
/em™ (nm) /Mem? /D? lcm™(nm) /- /ns
CHCl, 14 600 (685) 1.96x10°  98.6 14200 (704) 0.55 2.40
SQB toluene 14 300 (699) 2.02x10° 927 14000 (714) 0.75 3.45
CHCl, 13 600 (735) 3.38x10° 236 13300(751) 0.20  0.31(0.21)
1.00 (0.79)
dsQB-1 ; S
toluene 13 400 (748) 3.62x10 226 13100 (761) 0.68  2.49(0.83)
4.08 (0.17)
CHCl, 13 200 (760) 4.03x10° 381 12900(775) 0.20  0.90 (0.84)
1.30 (0.16)
tSQB  toluene 12 900 (774) 4.11x10° 339 12700(786) 0.58  2.12(0.89)
4.26 (0.11)
PhCN 13 000 (769) 3.11x10° 330 - - -
CHCl, 12 700 (785) 1.08x10° 112 12500 (800) 0.21  0.05 (0.44)
0.47 (0.17)
0.96 (0.39)
DCM 12 700 (785) 9.28x10" 112 - - -
toluene 12 700/14 700 (765/678) 5.18/5.31x10" 88.9 12300(810) 0.06* 1.39 (0.28)°
PSQB-1 017° 3.18(0.72)°
X, =21.6
1.18 (0.38)"
2.44 (0.62)'
PhCN 13 000/15 500 (767/647) 3.44/7.32x10* 90.3 - - -
DMF 15 700 (636) 7.37x10°  90.3 - - -
acetone 15 800 (633) 8.35x10* 92.2 - - -
CHCl, 13 000 (771) 8.79x10* 112 - - -
DCM 13 000 (769) 8.18x10* 114 - - -
pSQB-2  toluene 13 000 (771) 6.96x10* 100 - - -
X,=8.12 PhCN 13 100/14 700 (766/679) 5.59/6.15x10* 100 - - -
DMF 15 100 (661) 6.78x10" 108 - - -
acetone 15 200 (657) 6.85x10* 108 - - -

— not determined. Excitation at 15150 cm™, *13510 cm™. ¢(Multi-)exponential fit of fluorescence decay measured by
TSCPC, excitation at 15 240 cm™ (656 nm). Amplitudes are given in brackets. “Slightly different fluorescence lifetimes were
previously reported in literature,® yet the values for the average fluorescence lifetime are very similar. Fluorescence was
detected at ®11 820 cm'* (846 nm) or 112 330 cm™ (811 nm).
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3.4.2.5 Squaraine Dye Doped OLED""

In collaboration with David J. Harkin and Prof. Henning Sirringhaus from the department of
physics at the University of Cambridge, tSQB (SQ3) was applied as NIR emitter in an
organic light emitting diode (OLED).* Poly(indacenodithiophene-alt-benzothiaidazole)
(IDTBT, Figure 25) was used as host polymer in which tSQB, denoted as SQ3 in the
following, was incorporated as guest molecule. In this respect, a method was demonstrated to
decouple electrical performance and electroluminescence using efficient resonance energy
transfer (RET) from the high mobility polymer to the highly emissive near-infrared squaraine
dye. The underlying mechanism of energy transfer was studied by photoluminescence (PL)

and electroluminescence (EL) experiments.

tSQB (SQ3)
Figure 25: Chemical structures of tSQB (SQ3) and polymer IDTBT.

The IDTBT polymer was chosen as suitable transport medium because of its high mobility in
transistor structures, high solubility (< 120 mg ml™ oDCB) and the lack of long range
structural order which was assumed to facilitate incorporation of the squaraine dye without
impairing the charge transport.**>!** In oDCB, the fluorescence quantum yield (FQY) of neat
IDTBT is 0.18 with a lifetime of 1.3 ns. The FQY drops to 0.02 and the lifetime to around
90 ps when prepared in thin films, which hints towards strong non-radiative quenching
processes in the solid state. The polymer exhibits a NIR fluorescence peak at 718 nm which
can be appreciated in Figure 26 and has a HOMO and LUMO of -5.3eV and -3.6 eV,
respectively.’® Owing to the relatively low bandgap of IDTBT (1.7 eV) the selection of a
suitable acceptor molecule for efficient RET came down to SQ3 due to its highly favourable

optical properties, such as a high maximum molar absorption coefficient of 5.5x10° M cm™

V! Reproduced or adapted in part with permission from Decoupling Charge Transport and Electroluminescence
in a High Mobility Polymer Semiconductor, D. J. Harkin, K. Broch, M. H. Schreck, H. Ceymann, A. Stoy, C.-K.
Yong, M. Nikolka, I. McCulloch, N. Stingelin, C. Lambert, and H. Sirringhaus, Adv. Mater. 2016, 28, 6378-
6385. Copyright © (2016) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim..
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at 780 nm in 0-DCB along with high FQY of 0.58 (0.20) in toluene (CHCI3) and a low band
gap of 1.62 eV (in DCM). This ultimately offers the possibility to use ultralow concentrations
of this dye as the emissive component. In addition, the energy levels of the all components
implemented in the OLED show a good match (Figure 26(b)).

In general, RET describes a long range dipole coupling process in which a donor molecule
transfers its excitation to an energetically suitable acceptor molecule.’®® RET typically acts
over distances from 1-10 nm and its efficiency strongly correlates with the donor-acceptor
spacing, donor FQY and the spectra overlap between the donor fluorescence spectrum and the
acceptor absorption spectrum®***’ In this respect, the Forster radius (Ro) is used to describe
the coupling strength between two chromophores and defines the mean distance between
donor and acceptor at which energy transfer is equally likely as decay of the excited donor
molecule. For a randomly orientated medium equation (49) can be used to determine Ry:

1/6
Ry=0.197 (n*“ @p J(2)) (49)
Ro is given in units of A, n is the refractive index of the medium, @ is the FQY of the donor

in the absence of the acceptor.'*

J(2) is the spectral overlap between the fluorescence of the
donor and the absorption of the acceptor in units of m™“cm™nm?. For stationary donor and
acceptor molecules the exciton transfer efficiency can be calculated by equation (50):
__K

RS + 7

where r is the donor-acceptor spatial separation. Since high mobility polymers suffer from

Y (50)

low FQY the spectral overlap needs to be maximized in order to achieve high values of R.

According to Figure 26(a), SQ3 is ideally suited for efficient resonance energy transfer from
IDTBT due to the strong overlap with the fluorescence spectrum of IDTBT. The integrated
spectral overlap was calculated to be 1.2x10* M cm™ nm*. Making use of equation (49)
with an IDTBT FQY of 0.02 and an average refractive index of 2, the Forster radius was
calculated to be 4.5 nm. Being aware of the very low FQY of neat IDTBT thin films, the

Forster radius obtained is considered large for such a solid state organic system.**
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Figure 26: (a) IDTBT fluorescence spectrum with molar absorption and fluorescence spectra of SQ3
in 0-DCB showing the high spectral overlap between the two molecules of which the cumulative value
is quantified in the inset. Copyright © (2016) The Authors. Published by WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. (b) Energy levels of the components implemented in the OLED.

Spin coated films of IDTBT with small concentrations of SQ3 were prepared and the
photophysics of the system are investigated. Figure 27(a) shows photoluminescence spectra of
SQ3/IDTBT films with varying mass ratios of the dye (0.025, 0.075, 0.3 wt. %) along with
the neat film. Accordingly, the emission peak of SQ3 at 795 nm increases when increasing
the dye loading. In this respect, the absorption spectra show no change even at high dye
loading of 0.3 wt %. The increase of SQ3 fluorescence without change in the absorption
spectrum clearly points towards a strong energy transfer in the film. In order to distinguish
whether it is an energy transfer process or direct excitation of the dye, photoluminescence
excitation spectra were recorded of neat IDTBT, a solution of 0.01 wt % SQ3 in oDCB as
well as of a 0.3 wt. % SQ3 blend film (Figure 27(b)).

Accordingly, the excitation spectra of the blended films nicely match the spectrum of the neat
IDTBT rather than that of pure SQ3 in oDCB. Indeed, this clearly indicates that the initial
energy is absorbed by IDTBT and subsequently transferred to the squaraine dye.
Furthermore, time-resolved fluorescence measurements were performed on neat IDTBT film
as well as of SQ3 doped films. Figure 27(c) shows a plot of the fluorescence decay of the
700 nm IDTBT component versus time. Accordingly, the exciton lifetime decreases with
increasing concentration of SQ3 (energy transfer). The experimental data show
monoexponential decays with a lifetime of 90 ps for neat IDTBT, which further decrease to
25 ps in the films with increasing SQ3 concentration (Inset Figure 27(c)). Figure 27(d) shows
a plot of the energy transfer efficiency versus SQ3 concentration. The calculation of the
energy transfer efficiency can be carried out from the steady-state and time-resolved
fluorescence data.’®® It can be seen that the process is efficient even at low concentrations of

SQ3. From this plot it is apparent that 50 % energy transfer is reached at a SQ3 loading of
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0.3 wt. %. This unambiguously demonstrates a highly efficient energy transfer from a high

mobility polymer to an acceptor chromophore.
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Figure 27: (a) PL spectra of neat IDTBT and films blended with low concentrations of SQ3.
(b) Photoluminescence excitation spectra of neat IDTBT film, a solution of 0.01 wt % SQ3 in oDCB
as well as of a 0.3 wt. % SQ3 blend. The fluorescence was probed either at 720 nm and 795 nm.
(c) Plot of fluorescence decay of the 700 nm component of neat IDTBT and IDTBT blended with
SQ3 versus time as well as monoexponential decays of which the lifetime is plotted versus
concentration in the inset. (d) Exciton transfer efficiency versus SQ3 concentration calculated from the
steady-state and time-resolved fluorescence data. () Measured FQY and relative photoluminescence
intensity of blended films. Copyright © (2016) The Authors. Published by WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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Furthermore, FQY measurements were performed to elucidate, whether this energy transfer
process gave rise to a fluorescence enhancement. Figure 27(e) shows a plot of FQY and
relative integrated photoluminescence intensity of the blend films versus SQ3 concentration.
It can be appreciated that the FQY peaks at 0.077 at a SQ3 loading of 0.3 wt. % reflecting a
threefold enhancement in regard to neat IDTBT (0.02). This is among the highest FQYs
hitherto reported for solid state organic systems with emission in the NIR.

In a next step, the blended films were embedded into organic light emitting diodes and the
device performance was investigated. Electroluminescence spectra were recorded as a
function of SQ3 loading (Figure 28(a)). Accordingly, the emission of IDTBT is almost
completely quenched at a dye loading of 0.3 wt. % indicating a highly efficient energy
transfer process. In addition, the relative change of the external quantum efficiency (EQE) and
hole field mobility was investigated. The spectra are shown in Figure 28(b). The EQE is
increased by a factor of 8 at a dye loading of 0.3 wt. %. Simultaneously, the hole field
mobility is not reduced and had consistently values of around 1.7 cm®V*s? which is in

accordance with values previously reported for this polymer.*
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Figure 28: (a) Electroluminescence spectra of OLEDs with varying SQ3 loadings. (b) Relative change
in EQE and hole field effect mobility versus varying SQ3 loadings. Copyright © (2016) The Authors.
Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In conclusion, it was demonstrated that SQ3 could successfully be employed as NIR
fluorophore in a solution processed film OLED with outstanding characteristics. In this
respect, the fluorescence of the high-mobility polymer semiconductor (IDTBT) could be
enhanced through efficient energy transfer to the highly emissive squaraine dye resulting in a
maximum external quantum efficiency of 0.2 % and radiances up to 5 W str'* m? at 800 nm,

without reducing the charge-carrier mobility.
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3.4.2.6 Conclusion

Taking advantage of the convenient access to homopolymers by means of Ni-mediated
Yamamoto homocoupling reaction, a dicyanovinylene-substituted polymer pSQB was
synthesised according to the literature known squaraine polymer pSQB-V by Volker. The
crude polymer was split via preparative GPC into three batches of polymers with diverging
molecular weight distribution. Only two of the three batches were studied in detail since the
polymer batch pSQB-3 solely provided a very low degree of polymerisation (X,~=3).
Furthermore, two discrete small molecular weight oligomers dSQB-1 and tSQB were
prepared via Pd-catalysed Suzuki cross coupling reaction in good yields of 65 % and 59 %,
respectively. By this, a series of cisoid squaraine dyes with varying number of chromophore
units could be generated, which enabled a comprehensive evaluation of the influence of
molecular weight on the optical properties.

In comparison to the monomer SQB, the dimer dSQB-1, the trimer tSQB, and the polymer
pSQB-1 showed a progressive red-shift of the lowest main absorption band and a much larger
bandwidth of the absorption which can be explained by exciton coupling of localised
transition moments. Furthermore, the polymer pSQB displayed a strong dependency of the
shape of the absorption band manifold on the solvent. The absorption features could best be
explained by formation of an excitonic manifold due to at least two different conformers, i.e.,
a helix and a zig-zag chain. While the latter provided typical J-type behaviour, the former can
be considered as an H-type aggregate. It was shown, that the fractions to which these
conformers are formed dramatically depend on the solvent, chain length and temperature. Yet,
a strong resemblance of the shape of the absorption band manifold was observed for the
second polymer fraction pSQB-2 and pSQB-V, even though they considerably differ in chain
length (X,~ 8 and = 36). In contrast, a strong difference was noted for pSQB-1 with
intermediate chain length, displaying sharper and more intense main absorption bands for the
two extrema, helix and zig-zag, with substantially less absorbance in the spectral region of
mixed structures. These features were referred to the presence of a rather homogenous
polymer with ordered structures. This might be the reason that the computed spectra (TD-
DFT) coincide very nicely with pSQB-1.

The fluorescence of pSQB-1 provided another striking feature. While typical monomer shape
fluorescence and decent quantum yields were observed for the oligomers in CHCI; and
toluene, pSQB-1 displayed in toluene a second fluorescence band located at lower energies
which was assigned to the helix form. The relative intensity of this band can be reduced by

using lower excitation energies, where absorption of the zig-zag form is predominant. Thus,
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no substantial excitation energy transfer proceeds from the zig-zag to the helix form. In
contrast, it was shown that the quantum vyield is also dependent on the excitation energy.
Thus, a higher quantum vyield of 0.17 was obtained when exciting the zig-zag exciton
manifold at lower energies. Therefore, it can be concluded, that a rather inefficient energy

transfer occurs the opposite way, i.e., from helix to zig-zag.
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3.4.3 Diphenylindolenine Squaraine Homopolymer“"

3.4.3.1 Introduction

The previous chapter dealt with the ambivalent folding behaviour of cisoid squaraine
polymers, which manifested itself in the formation of two different conformers in solution.
Here, it became evident that the solvent as extrinsic factor proved to play a superior role. Now
the question arises of how to chemically manipulate the dyes in order to gain intrinsic control
over the folding process and thus to force the polymer exclusively into one superstructure. An
answer to this question could possibly pave the way to polymers with tailor-made optical
properties. Without doubt, the flexible biarlyaxes between two squaraine moieties is the
reason for the emergence of different conformers. Now, the new strategy constitutes the
encoding of the conformer structure already on the stage of the monomer. In this context, it is
assumed that steric congestion might suppress helical domains in favour of elongated zig-zag
structures due to steric repulsion between the dye moieties within the polymer strands. For
this purpose, the steric demand of the dimethyl-groups in the 3-position of the indolenine
donor is drastically increased by substitution with phenyl groups, giving rise to the
corresponding 3,3-diphenyl-3H-indole (Scheme 14). The synthesis of such functionalised
bulky squaraine dyes might enable polymers without collapsing to helical arrangements.

Alkylation
Br Br —_—
N/ |:> O N/ Condensation
—_—

Polymerisation

—_—

Scheme 14: Initially proposed synthetic route to bulky diphenylindolenine squaraine polymers.

VI parts of this chapter have been investigated in a bachelor thesis under the supervision of M. H. Schreck:
L. Breitschwerdt, Bachelor Thesis, Julius-Maximilians Universitat (Wrzburg), 2016.
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3.4.3.2 Synthesis

Several attempts were made to prepare 2-methyl-3,3-diphenyl-3H-indole derivatives via
conventional Fischer indole synthesis in the course of the foregoing master thesis, but failed
owing to extremely low yields and laborious purification.*** Apparently, sterically demanding
ketones, such as 1,1-diphenylpropan-2-one are poorly tolerated in standard Fischer indole
reactions. Hence, new synthetic strategies had to be developed for the introduction of bulky
groups into the indole scaffold. One promising and elegant way comprises the Friedel-Crafts
alkylation reaction of isatin (indoline-2,3-dione) with aromatics in superacidic triflic acid
(TfOH) (Scheme 15).

0 Y <
X PhH, TfOH X R—I X
PLLLIS § @ ST, ¢, g @
N rt, 18 h N KOAc, DMF N
H H R

rt-60°C, 18 h
X=H, Br 25:X=H:98% 27: X0
26 : X=Br:95% B
. X=Br
28: o R, :88%
1

\)\/\/k 29: 2%
Ry= .- R=R,:88%

Rp= o~

NC

O\ #—~CN
.
- HNEt,

o Okt O O 1. MeMgBr, THF

CN X 60°C, 2.5 h

pyridine O A 2. MeOH/3 M HCI
1-butanoli/toluene (1:1) R rt, 5 min

120-130 °C, 4-18 h

DiPhSQB

X=H
X=H,R=R;:44 % 30: R=Ry:90 %
. . X=B
DiPhSQB-1-Br, 31: 2R .06%
X=Br,R=R;:32%
32: X=Br
DiPhSQB-2-Br, R=Ry:>99%

X=Br,R=R;:26 %

Scheme 15: Synthesis of diphenylindolenine squaraine dyes.

Olah and co-workers showed that the reaction proceeds in high to excellent yields and the
condensation reaction exclusively occurs at the 3-carbonyl group of the isatin. Furthermore, it
is highly regioselective in para attack on alkyl- and halogen-substituted aromatics.
Interestingly, the reaction shows a crucial dependence on the acid strength, implying the
formation of diprotonated, superelectrophilic intermediates. In this context, acids of lower

strength only showed incomplete conversion to the product.'®

According to Scheme 15, the
respective 3,3-diphenyloxindoles 25 and 26 were prepared in excellent yields following

literature procedures.'® It is assumed that the mechanism of the reaction involves a protolytic
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activation of the 3-carbonyl group, followed by an electrophilic attack on benzene. The
resulting Friedel-Crafts products are isolated in sufficient purity for further reactions or can
optionally be purified by rapid column filtration.

In prospect of potential solubility issues of the respective polymer, the diphenyloxindoles
were subsequently N-alkylated with standard alkylating agent 3,7-dimethlyoctyliodide under
basic conditions to give compounds 27 and 28 in decent yields. However, the racemic nature
of the stereo centre caused by the alkyl chain will produce squaraine diastereomers and thus
hampers the possibility of structural elucidation by single crystal X-ray structure analysis. In
order to address this issue, brominated oxindole 26 was also equipped with a linear hexyl
chain. It is known that short and linear chains facilitate the crystallisation of organic
compounds. For the same purpose, brominated oxindole 26 was used instead of non-
functionalised indole derivative 25. The iminium cations 30-32 were prepared by addition of
MeMgBr to lactams 27-29 in THF at 60 °C for 2.5 h followed by treatment with 3 M HCI in
MeOH. The quaternary salts were obtained as waxy colourless solids which readily turned
red. These iminium salts proved to be unstable under ambient conditions. This observation
was also reported by Maeda for a similar quaternary indole salt.** Therefore the compounds
were used in the following condensation reaction without purification. The latter step is
considered to be the key reaction step in this synthetic route which has not been applied so far
in comparable synthetic protocols for squaraines. In this context, for the synthesis of novel
benzo[c,d]indolenine squaraine dyes Maeda et al. developed a protocol which involves three
additional stages in order generate the respective iminium salt.®* Here, the reduction of the
lactam function by simply using MeMgBr with aqueous acidic workup proves to be the more
economic and convenient method.

Finally, the corresponding bulky squaraine dyes were synthesised in moderate yields (26-
44 %). It is noteworthy that the bromine-functionalised squaraine dyes DiPhSQB-1-Br; and
DiPhSQB-2-Br, were prone to undergo undesired debromination reactions when applying the
standard protocol for the condensation reaction. To address this issue, the bromine-
functionalised squaraine dyes were prepared under inert atmosphere with deaerated solvents
and shorter reaction times (ca. 4 h). These measures were found to be very effective, thus no
debromination reaction could be detected via NMR and mass spectrometry.

Furthermore, it was possible to grow crystals of both brominated species applying the
layering technique. For this purpose, a highly concentrated solution of squaraine in DCM
(~ 5-10 mg/0.5 ml) was placed in a NMR-tube and was carefully covered by n-hexane (1 ml)

which served as antisolvent. The tube was afterwards sealed with parafilm and the crystal
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growth was observed after 1 d. After several days, both squaraine dyes were obtained as green
crystals while the non-brominated squaraine DiIPhSQB gave a green powder. For the reason
mentioned above, only DiPhSQB-2-Br;, was used for crystallography.

Single crystal X-ray structure analysis of squaraine DiPhSQB-2-Br;, revealed a striking
finding (Figure 29). Against common expectations, the crystal structure of bulky DiPhSQB-
2-Br, proved to be totally different to all standard cisoid squaraine dyes found in literature.™*
While cisoid benzothiazole and quinoline squaraines display perfect planarity, 3,3-
dimethylindolenine squaraine (Figure 30), decorated with a linear n-butyl alkyl chain,
possesses a slight bending of the z-system out of planarity. The sterically demanding C(CHs),
group induces a perceptible torsion of about 6°. In addition, the steric impact which is
expressed by the angle 8 shows a value of 133° and thus reflects a deviation from ideal sp

hybridisation.

Figure 29: Molecular structure and side view of DiPhSQB-2-Br,. H atoms are omitted for clarity;
grey: C, blue: N, red: O, brown: Br.

The squaraine scaffold of DIPhSQB-2-Br is highly bent due to steric congestion and thus
significantly deviates from the ideal planar geometry which is manifested by torsion of the
indolenine donor on average of 149° in respect to the central squaric acid ring. This drastic
change in geometry culminates in a unique distorted structure in which the bulky phenyl
groups now face the dicyanovinylene group instead of the oxygen of the squaric acid ring.
Interestingly, the structure which was anticipated in the first place and in which the electron-
donating heterocycle is oriented away from the dicyanovinylene unit (Figure 30) is not
formed. It is assumed that the steric repulsion potentially arising from the phenyl groups with
the oxygen lead to a twist of the indolenine scaffold. DFT calculations™ (B3LYP/6-31G*)
corroborate these experimental findings. Accordingly, the crystal structure was found to be

227 kI mol™ (2.36 eV) more stable than the expected structure. In a standard cisoid

" DFT calculations were carried out by Dr. Marco Holzapfel.
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conformation with typical C,, symmetry, a considerable large open space is available in the
vicinity of the dicyanovinylene group where usually the alkyl chains of the donor heterocycle
are hosted. Here, this space is now occupied by the sterically demanding phenyl groups. As a
consequence of this torsion, DiIPhSQB-2-Br, displays an average angle £ of 126° (mean
value of A, and £,) which is significantly closer to ideal sp? hybridisation compared to the

value of parent 3,3-dimethylindolenine squaraine.

not formed DiPhSQB-2-Br,

Figure 30: Chemical structures of squaraine dyes.

Moreover, the bond lengths along the polymethine chain between the nitrogen atoms N1 and
N2 (Figure 29) show marginal bond length alteration (BLA), which can be readily appreciated
by the crystallographic data presented in Table 5. The bond length distances are in the range
1.30-1.44 A for DiPhSQB-2-Br,. The BLA quantifies the average of the difference in the
length between neighbouring bonds in the polymethine chain and can directly be determined
from the crystallographic data. For literature squaraine dye a BLA of 0.02 A was calculated,
while a substantially larger value of 0.05 A was obtained for DiPhSQB-2-Br,. Both values
are considerably lower than the values found for polyenes (0.11 A) and stilbenes.*®*

Table 5: Bond lengths for the polymethine chain for squaraines SQB® and DiPhSQB-2-Br, according to single crystal X-ray
analysis.

N1-C1 C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 N2-C7
1A 1A 1A 1A 1A 1A 1A 1A

sSQB*® 1.351 1.389 1.386 1.439 1.433 1.399 1.379 1.360

DiPhSQB-2-Br, 1.303 1.429 1.365 1.435 1.424 1.396 1.395 1.339

aCrystallographic data taken from literature.* "SQB equipped with a n-butyl alkyl chain. “Atoms of polymethine chain are
labelled from left to right as indicated in Figure 29.

Following the standard protocol for Ni-mediated Yamamoto homocoupling reactions
according to Scheme 16, crude pDiIPhSQB was synthesised and subsequently subjected to

consecutive Soxhlet extractions using n-hexane, MeOH, and acetone. The major part
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remained in the acetone fraction. Preparative GPC was used in order to get rid of small
molecular weight oligomers. Finally, pDiPhSQ was synthesised in 48 % yield providing a
number average molecular weight M, of ~ 36 600 and a weight average molecular weight M,
of ~ 86 000 with a number average degree of polymerisation X, of ~ 38. Furthermore,
analytical GPC revealed a B of 2.35, which reflects a slight deviation from the typical Flory-
distribution. The polymer provides high solubility in common organic solvents, such as
CHCI;, DCM, DMF, PhCN, and oDCB, however, it is only partially soluble in toluene and

acetone.

Ni(COD),

COD, 2,2 -bipyridine
DMF/toluene
65°C,8d
48 %

DiPhSQB-1-Br, pDiPhSQB

Scheme 16: Synthesis of diphenylindolenine squaraine homopolymer pDiPhSQB.

3.4.3.3 Absorption Spectroscopy

The absorption spectra of DiPhSQB in various solvents are depicted in Figure 31 and the
corresponding optical data are presented in Table 6. Owing to the remarkable, highly twisted
dye geometry, the monomer was investigated in more detail by measuring the absorption in a

series of solvents that diverge in polarity, aromatic character, and hydrogen bond donor

property.
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Figure 31: Absorption spectra of DIPhSQB in various solvents.

In all considered solvents, the monomer features typical characteristics of squaraine dyes, i.e.,
intense main absorption band along with a vibronic shoulder at higher energies. In addition,

absorption bands at higher energies around 20 000-28 000 cm™ are exhibited which can be
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attributed to transitions into higher states and are commonly observed for dicyanovinylene
substituted squaraine dyes.

Besides, the most red-shifted absorption band is found in toluene at 13 100 cm™, while the
most blue-shifted absorption maximum is observed at 13 500 cm™ in DMF and acetone,
respectively. In comparison to parent squaraine SQB, DiPhSQB decorated with two phenyl
groups per indolenine moiety exhibits a significant red-shift of about 1 200 cm™ in toluene
and CHCI; (Figure 32). On the other hand, considerably lower extinction coefficients are
noticed for DIPhSQB. The highest and lowest extinction coefficient for DiPhSQB is found in
toluene (1.35x10° M cm™) and acetone (1.25x10° M cm™), respectively. Similarly, lower
squared transition moments are observed, that range from 79.2 D? in oDCB to 88.9 D? in
acetone. Furthermore the absorption band of DiIPhSQB appears to be broader which can be
readily appreciated by a larger FWHM, which was estimated to be 830 cm™ for DiPhSQB in
toluene. In contrast, SQB provides a narrower absorption band with a FWHM of ca. 670 cm™.
Consequently, the highly distorted structure of DiPhSQB which deviates from an ideal planar
m-scaffold causes a significant red-shift and broadening of the absorption, accompanied by a
decrease of molar absorptivity. In this context, a parallel may be drawn to ethylene, whose

HOMO-LUMO gap also decreases upon gradually twisting the molecule.*®?
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Figure 32: (a) Absorption spectra of DiPhSQB and SQB in CHCI; and toluene, respectively.

The absorption behaviour of the polymer was studied in the same solvents as shown for the
monomer (Figure 33). However, due to rather low solubility in toluene and acetone, no
extinction coefficients could be determined therein, respectively. The polymer exhibits a
rather unstructured, broad absorption band from 11 000-16 000 cm™. The highest and lowest
extinction coefficient is found in CHCI;3 (7.66x10* M*cm™) and oDCB (6.34x10* M em™),
respectively. The calculation of the square of the transition moments of the whole exciton
manifold yields comparable values (75.6-89.3 D) and thus indicate within experimental error
that the integrated oscillator strength f ~ pegz is independent of the solvent. The squares of the

transition moments also agree with the values obtained for the monomer. Besides, the
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absorption spectra of the polymer show a red-shift of the main absorption peak in the range of
700-1 000cm™ with respect to the monomer for the considered solvents and should be mainly
due to the exciton splitting of the first excited state. In CHClIs, for example, the red-shift of
about 1 000 cm™ coincides with the red-shift observed for dSQB-1 (1 000 cm™) compared to
its monomer. This finding speaks against a long delocalisation length as exciton theory
predicts a larger splitting of the first excited state, when considering an exciton that is
delocalised over several monomers.?*?’

In contrary to pSQB-1, the absorption strength of pDiPhSQB is concentrated in the lower
edge of the exciton band with no considerable contributions arising from the upper edge of
the exciton band. This points towards J-aggregate behaviour with monomers allinged in a
collinear (head-to-tail) fashion. Closer inspection of the band shapes yet reveal a double peak

structure, which can be readily appreciated by Figure 33(b) and (c).
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Figure 33: (a)(b) Complete and (c) normalised absorption spectra of pDiPhSQB in various solvents.
(d) Normalised absorption spectra of pDiPhSQB in CHClj, toluene, and acetone.

While the most intense peak is located at the low energy side with a shoulder at higher
energies in CHCI3 and DCM, the situation is reverse in oDCB, PhCN, acetone, and DMF and
displays a slightly blue-shifted absorption peak along with a shoulder at lower energies.
Besides, an intermediate situtation can be observed for the polymer in toluene. Here, the
absorption band proves to be rather broad and structureless, which might be the result of a
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superposition of both features. Hence, the absorption can be devided in three solvent
categories according to the spectral trends observed, i.e., CHCIs, toluene, and acetone (Figure
33(d)). Recalling the absorption behaviour of pSQB-1 (see Chapter 3.4.2.3) which is marked
by a dramatic solvent dependency and a large exciton splitting, similar trends, albeit in a
considerably weaker form and only present for the designated J-aggregate band are observed
for pDiPhSQB in the same solvents. The existence of two different monomer-monomer
conformations within the polymer strands, most likely enabled by the rotation around the
relatively flexible biarylaxes, could possibly account for these spectral findings. However,
much in contrast to pSQB-1 which forms either elongated structures (CHCI3) or helical arrangements
(acetone), pDIPhSQB does not undergo H-aggregate formation (Figure 34). This could be
successfully suppressed by steric hindrance induced by the phenyl groups. Thus, the polymer

exclusively behaves as a J-aggregate in all considered solvents.
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Figure 34: Normalised absorption spectra of pDiPhSQB and pSQB-1 in CHCI; and acetone,
respectively, and DiPhSQB in acetone for comparison.

3.4.3.4 Fluorescence Spectroscopy

The fluorescence spectra and lifetimes of DiIPhSQB and pDiPhSQB were measured in CHCI;
and toluene, respectively. The optical data are summarised in Table 6.

In both solvents, the monomer shows a typical squaraine-type fluorescence which is the
mirror image to the main absorption band (Figure 35(a) and (b)). The Stokes shift in CHClj3 is
400 cm™ and thus twice as large as in toluene. Considerably low fluorescence quantum yields
and short fluorescence lifetimes with high amplitudes for the sub-ns components are observed
for the monomer, suggesting rapid and efficient non-radiative deactivation pathways. E.g., in
toluene, the monomer exhibits a quantum yield of 0.04 together with a biexponential decay
with lifetimes of 210 ps (0.90) and 2.94 ns (0.10), yielding an average fluorescence lifetime of
about 1.87 ns. In CHCl3, a quantum yield of 0.02 and lifetimes of 200 ps (0.97) and 1.81 ns
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(0.03) with an average fluorescence lifetime of 550 ps were obtained. Thus, in non-polar

solvent toluene, the fluorescence properties turned out to be superior to those in CHCls.
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Figure 35: Normalised absorption and fluorescence emission spectra of DiPhSQB and pDiPhSQB in
(a) CHCI3 and (b) toluene, respectively. Normalised absorption and fluorescence excitation spectra of
pDiPhSQB in CHCI; and toluene, respectively.

The fluorescence spectra of the polymer roughly resembles the shape of the monomer
fluorescence and seems to exclusively stem from the lowest exciton state, providing a Stokes
shift of ca. 600 cm™ (700 cm™) in CHClI; (toluene) and is thus more pronounced than for the
monomer (200-400 cm™). However, this is in contradiction with the findings of other J-
aggregates, where a smaller Stokes shift is observed due to the delocalisation of the exciton
compared to the corresponding monomers. The half width at half maximum (HWHM) of the

monomer fluorescence is smaller than that of the polymer. In this context, the effective

exciton delocalisation length Nes; can be estimated according to equation (51):*%
Avgwam(M)
Vet = ==~ (51)

AVgwiam(P)
The values for AVywum(M) of the monomer and AVywum(P) of the polymer were extracted
from the corresponding fluorescence spectra, that are, 437 cm™ and 713 cm™ in CHCl5, along
with 430 cm™ and 316 cm™ in toluene. In CHClIs, a delocalisation length of ~ 1.50 was
estimated, while in toluene a somewhat larger value of ~ 1.85 was obtained. This means that

the exciton is presumably delocalised in average over less than two monomer units within the
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polymer. Admittedly, these values reflect rather rough estimations, yet the data clearly speak
against a long delocalisation length of the exciton. Furthermore, the polymer exhibits very
low fluorescence quantum yields, which are 0.02 in CHCI3 and 0.04 in toluene, and are thus
exactly same as for the monomer. In addition, biexponential decays are observed in CHCl3
and toluene, with the most dominant amplitude for the shorter lifetime, respectively. Much in
contrast to the monomer, the longer lifetimes are also in the sub-ns region. As a consequence,
the average fluorescence lifetimes of 150 ps in CHCI; and 380 ps in toluene drastically
deviate from the averaged lifetimes calculated for the monomer. Furthermore, fluorescence
excitation spectra were recorded in CHCI3; and toluene. The spectra are presented in Figure
35(c) and (d). For the sake of clarity, the spectra were also normalised to the shoulder of the
absorption spectra. Remarkably, by recording the fluorescence at 11 100 cm™, the excitation
spectra do not exactly match the absorption of the polymer in both solvents. From the spectra,
it can be seen that this discrepancy is more pronounced in CHCIj3 than in toluene. This finding
is highly likely caused by self-absorption effects due to a strong overlap of absorption and
emission (Figure 35(a) and (b)). Besides, the spectra clearly show that the fluorescence in
CHCI3 and toluene exclusively stems from the lowest excitonic state and which is thus in

agreement with Kasha’s rule.
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Table 6: Absorption maxima, extinction coefficients, transition moments, fluorescence maxima, fluorescence quantum
yields, and fluorescence lifetimes of squaraine dyes in CHCI; and toluene. Extinction coefficients ¢ and transition moments
Ueg OF the polymer are indicated per monomer unit.

solvent abs Emax Fey Vem Py T
/em™ (nm) IM*em®*  /p?2 Jemt(nm) /- /ns
CHCl4 13 400 (746) 1.37x10°  85.9 13000 (766) 0.02  0.20 (0.97)
1.81 (0.03)
DCM 13 400 (746) 1.35x10°  87.7 - - -
toluene 13 100 (763) 1.37x10°  81.6 12900 (755) 0.04  0.21(0.90)
DiPhSQB 2.94 (0.10)
oDCB 13 200 (758) 1.35x10°  79.2 - - -
PhCN 13 400 (746) 1.29x10°  79.7 - - -
DMF 13 500 (741) 1.35x10°  81.8 - - -
acetone 13 500 (741) 1.25x10°  88.9 - - -
CHCl,4 14 600 (685) 1.96x10°  98.6 14200 (704) 0.55 2.40
SQ8 toluene 14 300 (699) 2.02x10°  92.7 14000 (714) 0.75 3.45
CHCl,4 12 400 (806) 7.66x10°  89.3 11800(847) 0.02 0.12(0.94)
- 0.33(0.06)
DCM 12 500 (800) 6.82x10*  84.0 - - -
toluene 12 400 (806) - — 11700(855) 0.04 0.28(0.88)
pDiPhSQB
X =377 0.68 (0.12)
oDCB 12 600 (794) 6.34x10°  75.6 - - -
PhCN 12 700 (787) 6.74x10°  80.2 - - -
DMF 12 800 (781) 6.56x10"°  75.6 - - -
acetone — — — — — -
CHCl, 12 700 (785) 1.08x10° 112 12500 (800) 0.21  0.05 (0.44)
0.47 (0.17)
0.96 (0.39)
DCM 12 700 (785) 9.28x10" 112 - - —
toluene 12 700/14 700 (765/678) 5.18/5.31x10* 88.9 12300 (810) 0.06* 1.39 (0.28)"
PSQE-1 0.17° 3.18(0.72)°
X, =21.6
1.18 (0.38)°
2.44 (0.62)°
PhCN 13 000/15 500 (767/647) 3.44/7.32x10* 90.3 - - -
DMF 15 700 (636) 7.37x10°  90.3 - - -
acetone 15 800 (633) 8.35x10°  92.2 - - -

— not determined. Excitation at 15150 cm™, °13510 cm™. °(Multi-)exponential fit of fluorescence decay measured by
TSCPC, excitation was at 15240 cm™ (656 nm) for the monomers and pSQB-1, and at 12770 cm™ (783 nm) for
pDiPhSQB. Amplitudes are given in brackets. Fluorescence detected at ®11 820 cm™ (846 nm) or ©12 330 cm* (811 nm).
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3.4.3.5 Conclusion

A new synthetic protocol was developed in order to prepare diarylindolenine squaraine dyes,
which are considered to be the first of its kind.

By replacing the standard branched alkyl chain by a short and linear one, it was possible to
grow crystals of DiIPhSQB-2-Br for single crystal X-ray analysis. It turned out that the solid
state structure significantly deviates from common cisoid squaraine dyes. The squaraine
displayed a highly bent structure with the donor moieties twisted of almost 150° in respect to
the central squaric acid core plane. This unique structure is a result of steric congestion
evoked by the bulky phenyl groups.

The absorption spectra of DiPhSQB featured the common squaraine characteristics, yet with
a considerable broader and less intense main absorption band which is significantly shifted to
lower energies of about 1 200 cm™ (toluene) in comparison to parent SQB. The fluorescence
spectra provided mirror image relation to the absorption. Extremely low quantum yields and
very short-lived fluorescence decays were observed which may originate from the distorted z-
system geometry giving rise to fast non-radiative relaxation processes.

The corresponding polymer pDiPhSQB was synthesised in a straightforward manner
applying Yamamoto coupling methodology. Analytical GPC revealed a number average
degree of polymerisation X, of ~ 38 along with a D of 2.35. Despite this high degree of
polymerisation, the polymer showed high solubility in common organic solvents.

The absorption spectra of the polymer are shifted to lower energies of about 700-1 000 cm™ in
respect to the monomers in the considered solvents, which is caused by the exciton splitting of
the first excited state. This shift is considered rather small and indicates a small delocalisation
length of the exciton. Besides, the spectra of the polymer showed no dependence of the
solvent a priori with no appreciable contribution from the upper edge of the exciton band.
However, a closer inspection of this band revealed a double peak structure, whose shape was
in fact dependent of the solvent. These findings suggested slightly different conformer
structures, which were caused by the biarylaxes between adjacent monomers. In summary, it
is assumed that the polymer behaves as J-aggregate with collinear arrangement of the
monomer units. To conclude this chapter, the goal of intrinsic control of the optical polymer
properties could thus be achieved, which manifested itself in the exclusive formation of J-type

aggregates and the absence of H-type aggregates due to steric repulsion.
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3.4.4 Benzodipyrrolenine Squaraine Polymers™

3.4.4.1 Introduction

According to the previous chapter, the synthetic approach of provoking solely zig-zag
architectures by steric repulsion via bulky substituents proved to be very effective. Another
synthetic approach represents a partial rigidification of the polymer backbone. Here, thought
has been given to stiffen every second biarlyaxis by fusing two adjacent indolenine moieties

to a single benzodipyrrolenine core unit.

rigidification of every second biarylaxis

Scheme 17: Synthetic approach towards stiffening of the polymer backbone.

In principle, the flexible biaryaxis can be fused in two ways which ultimately yields two
different regioisomeric benzodipyrrolenine analogues in either a cisoid or transoid
configuration (Scheme 17). These two configurations could possibly give rise to different
superstructures due to the strong structure-directing influence of the respective central core
unit. It is assumed that the cisoid configuration will induce rather helical motifs, while the
transoid configuration will most likely provoke zig-zag architectures. The synthesis of such
N-heterocyclic compounds was first reported by the group of Boguslavskaya.*®* Terpetschnig

and Patsenker extended this work and generated a plethora of benzodipyrrolenine-based bis-

X Parts of this chapter have been investigated in a bachelor thesis under the supervision of M. H. Schreck:
L. Wittmann, Bachelor Thesis, Julius-Maximilians Universitat (Wurzburg), 2015.
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cyanine and bis-styryl dyes.*>*®® Now, these protocols were followed in order to prepare

analogous bis-squaraine dyes.

3.4.4.2 Synthesis

The benzodipyrrolenine squaraine dyes pySQB-1 and pySQB-1-Br, were prepared in four
stages via a convergent synthesis route according to Scheme 18.%" Commercially available
benzene-1,4-diamine reacted with 2 equivalents of 3-bromo-3-methylbutan-2-one in a
nucleophilic substitution to provide compound 33 in 31 % yields. It is known that 3-anilo-3-
methyl-2-butanone hydrochloride undergoes cyclisation to 2,3,3-trimethylindolenine upon
heating.'®® Therefore, the bis-hydrochloride of 33 was generated and afterwards heated to
210 °C to give crude heterocycle 34 under release of water in 38 % yields. The compound
turned out to be laborious to purify and was therefore used without further purification.
Subsequent treatment with excess Mel gave the diquaternary salt 35 in 92 % yields. Finally,
the benzodipyrrolenine squaraine dyes were obtained in a double condensation reaction using
either dicyanovinylene-substituted semisquaraine salt 23 or 24 in boiling Ac,O. The transoid
configuration of the dyes was confirmed by *H-NMR which gave a singlet for the aromatic
protons of the central benzene ring.

H,N )H( )J>< @ ><n/ HCI (conc) N
4

NH, pyrldlne CHCI; 210°C,16 h
75°C,3h 38%
31%

33 34

[o) Mel

o. 50°C, 18 h
X A cn 92%

23 24 e |

\s
< XM X=Br ) )
Ac,0 N+

130-160 °C, 18 h \ -

35

pySQB-1
X=H:17%

pySQB-1-Br,
X=H,Br:4%

Scheme 18: Synthesis of benzodipyrrolenine squaraine dyes pySQB-1 and pySQB-1-Br».
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While pySQB-1 was obtained in yields of 17 % and in a straight forward manner, the
synthesis of bromine-functionalised pySQB-1-Br, was carried out in 28 % yields, however, it
was encountered by undesired debromination reaction. According to mass spectrometry
analysis, 63 % of the product proved to be debrominated. In this context, the empirical
correlation was found that higher reaction temperatures and longer reaction times promote the
formation of the undesired byproduct. Yet, elevated temperatures were essential for this
reaction. A compromise had to be made, involving lower temperatures around 130 °C instead
of 160 °C. Thus, the desired compound was synthesised in low yields of 4 % but with less
amount of byproduct (33 % debromination). Purification attempts applying crystallisation and
preparative GPC were without success. However, 33 % byproduct is still considerably high
and in view of subsequent polymerisation reaction, the substantial amount of debrominated
species will ultimately lead to termination of chain elongation and thus to low molecular
weight polymers. Nonetheless, the batch was used without further purification for a first
attempt for the polymerisation reaction. As will be shown later, longer polymer chains would
not have been expedient due to solubility issues. Consequently, no further effort has been
made towards purification or to overcome the problem of debromination.

Ni-mediated Yamamoto homocoupling of crude pySQB-1-Br; (33 % debrominated) gave the

corresponding polymer in rather low yield of 18 % (Scheme 19).

N Ni(COD),

CN COD, 2,2"-bipyridine
DMF/toluene
65°C,6d
18 %

pySQB'1 'Brz Ry = _,.\)\/\/k

Scheme 19: Synthesis of transoid squaraine polymer ppySQB.

The solid that remained after Soxhlet extractions (n-hexane, MeOH, acetone) was used for
GPC analysis. Accordingly, ppySQB possesses a number average molecular weight M, of
~ 8 270 and a weight average molecular weight M,, of ~ 14 700 with a number average degree
of polymerisation X, of ~ 7.40 and a B of 1.78. As anticipated, the analytical GPC data
revealed a rather low degree of polymerisation which is certainly due to significant amount of

debromination of the precursor. Consequently, end-group effects are clearly visible in the
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'H-NMR spectrum. However, the polymer proved to be poorly soluble in acetone and toluene.
As a matter of fact, longer polymer chains would have decreased the solubility even further
and thus hampered the characterisation by absorption spectroscopy. On account of these
findings, no further attempts were made to completely suppress the debromination of
precursor compound pySQB-1-Br;, (Scheme 18).

The synthesis of regioisomeric squaraine dye pySQB-2 starts with the preparation of the
hydrochloride salt of m-phenylenedihydrazine via azotization of m-phenylenediamine,
followed by reduction of the resulting bis-diazonium salt yielding the corresponding m-
phenylenedihydrazine hydrochloride according to literature procedures (Scheme 20).2% The
benzodipyrrolenine derivative 36 was prepared via Fischer indole reaction in 40 % vyields
(over 2 steps), using methyl isopropyl ketone in boiling HOAc in analogy to 2,3,3-
trimethylindolenine 17. Subsequent treatment with excess Mel gave the diquaternary salt 37
in 75 % yields. Squaraine dye pySQB-2 was obtained in low yields of 6 % after condensation
reaction of semisquaraine salt 9 and benzodipyrrolenine salt 37 in Ac,O. Here, the reaction
progress was carefully monitored by TLC and revealed no consummation of the starting
materials. Apparently, compound 37 suffers from low reactivity in order to attack the
carbonyl function of the semisquaraine. This might possibly explain the poor yields. Since the
yields could not be increased by applying higher reaction temperatures (160 °C), the synthesis
of the corresponding dibrominated analogue was not attempted. The cisoid configuration of
pySQB-2 was confirmed by *H-NMR which gave two singlets for the aromatic protons of the

central benzene ring.

1. NaNO, HCI/H,0

then Sn/SnCl,
-5°C,1h Mel
/©\ > / —_—
HyN NH, HOAc N 50°C, 18 h -+

\Y Y/
o N N N+ -
2. )J\ 140°C, 18 h 75% 7 A
40% (2 steps
(2sters) 36 37
- 0
o
A oN
O N CN Ac,0
. 160°C, 5 h
HNEt, 6%
9

pySQB-2

Scheme 20: Synthesis of cisoid benzodipyrrolenine squaraine dye pySQB-2.
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3.4.4.3 Absorption Spectroscopy

The absorption behaviour of squaraine dye pySQB-1 was examined in various solvents. The
spectra are depicted in Figure 36 and the corresponding optical data are presented in Table 7.
In all solvents, squaraine dye pySQB-1 exhibits a sharp and intense main absorption band in
the red spectral region (12 100-12 400 cm™) with a subsidiary vibronic shoulder at higher
energies around 13 500 cm™. Interestingly, the squaraine also displays a second, less intense
maximum at even higher energies around 15 600 cm™ accompanied by a vibronic progression
at ca. 17000 cm™. The extinction coefficient ranges from 3.33x10°> M™cm™ in DMF to
4.92x10° M*cm™ in toluene and the calculated squared transition moments in all considered
solvents show comparable values (216-272 D?) within experimental error.

While the most intense low-energy absorption band can be ascribed to the S—S; transition,
the second maximum at higher energies belongs to the So—S; transition. According to the

Laporte selection rules for centrosymmetric dyes,*”

electronic transitions that conserve parity
are dipole-forbidden. Consequently, the latter transition at higher energies clearly represents a
violation of this rule. However, theoretically forbidden transitions can become allowed if the
centre of symmetry is broken. The presence of asymmetric vibrations or vibronic transitions,

which are caused by vibronic coupling, can possibly account for the weak allowed electronic

transition.
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Figure 36: Absorption spectra of pySQB-1 in various solvents.

The absorption spectrum of the polymer ppySQB in CHCI; displays a broad and red-shifted
main absorption band of about 700 cm™ compared to pySQB-1 (Figure 37(a)) which is most
likely caused by exciton coupling. The polymer additionally features two maxima and a weak
shoulder at higher energies at ~ 13 000 cm™, ~ 15 000 cm™, and ~ 17 000 cm™, respectively.
A closer inspection of the main absorption band reveals an additional shoulder at higher

energies at around 12 000 cm™.
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Furthermore, absorption spectra were recorded in various solvents in order to study the
influence of solvent on intramolecular aggregate formation. Due to poor solubility, no
extinction coefficients could be determined for ppySQB in toluene and acetone. The spectra
are presented in Figure 37(b)-(d). The highest extinction coefficients of the polymer are found
in CHCI; and DCM, which are 1.74 and 1.60x10° M cm™. The spectra have practically the
same shape with an intense main absorption peak and a shoulder at somewhat higher energies.
In contrast, the spectra in PACN and DMF show a broadened main absorption band, caused by
a superposition of the main peak and the shoulder around 12 000 cm™, which are of almost
the same intensity (Figure 37(c)). Remarkably, the spectrum recorded in toluene differs from
all the other spectra, providing an extremely sharp and small bandwidth of the main
absorption band (Figure 37(d)). However, the overall shape of the absorption band manifold
and energetic position of the bands do not differ greatly for this series of solvents, indicative
of almost the same polymer conformers and thus intramolecular aggregates in solution. The
squared transition moments of the polymer (188-219 D?) are in the same range as for the

monomer (213-250 D?) within the experimental uncertainty.
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Figure 37: (a) Absorption spectrum of pySQB-1 and ppySQB in CHCI;. (b)(c) Complete and
(d) normalised absorption spectra of ppySQB in various solvents.
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In order to evaluate the nature of the aggregate band, the absorption spectra of ppySQB in
CHCI; and acetone are first compared to the spectrum of the monomer unit pySQB-1 in
acetone (Figure 38). CHCI; and acetone were chosen due its antagonistic effect in terms of
aggregate formation. Accordingly, the polymer spectra are both red-shifted with respect to
pySQB-1 and the absence of a blue-shifted band speaks against H-aggregate formation.
Unlike the situation of parent squaraine polymer pSQB-1 in CHCI; and acetone (Chapter
3.4.2.3), providing either J- or of H-aggregates due to different conformers in solution, the
absorption spectra of ppySQB clearly indicate the formation of only one conformer structure,
irrespective of the solvent. Obviously, the overall aggregate structure is controlled by the
fused benzodipyrrolenine core unit which prevents the collapse to helical structures due to its
rigid nature. Yet, owing to the low average degree of polymerisation of only ~ 7, the
interpretation of the polymer spectra should be made with caution and solely in a qualitative

manner.
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Figure 38: Normalised absorption spectra of ppySQB and pSQB-1 in CHCI; and acetone. The
absorption spectrum of pySQB-1 in acetone is depicted for comparison.

The absorption behaviour of regioisomeric squaraine dye pySQB-2 with C,, symmetry was
examined in the same solvents as pySQB-1. The spectra are depicted in Figure 39 and the
corresponding optical data are presented in Table 7.

In all solvents, squaraine dye pySQB-2 provides a sharp and intense main absorption band in
the red spectral region (13 200-13 500 cm™) accompanied by a vibronic progression at higher
energies around 14 500 cm™. Similarly to pySQB-1, a second less intense maximum at even
higher energies around 15 600 cm™ together with a subsidiary vibronic progression at ca.
16 500 cm™ are observed. This weak band is attributed to the So—S, transition, which was
also noticed for analogous cyanine dyes.*® The extinction coefficients range from
3.09x10° Mtecm™ in DMF to 4.92x10° M™*cm™ in toluene and the calculated squared
transition moments in all considered solvents reflect comparable values (174-236 D?) within

experimental error.
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Figure 39: Absorption spectra of pySQB-2 in various solvents.

Furthermore, the spectra of pySQB-1 and pySQB-2 dyes are compared to each other as well
as to their parent squaraine monomer SQB and dimer dSQB-1 in order to investigate the
impact of the different benzodipyrrolenine core units (transoid versus cisoid) on the optical

properties. The spectra are presented in Figure 40.
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Figure 40: Absorption spectra of SQB, dSQB-1, pySQB-2, and pySQB-1 in toluene.

In toluene, both benzopyrrolenine squaraine dyes display very intense main absorption bands
with the same extinction coefficient of 4.92x10° M™*cm™ yet with substantially different red-
shifts of the main peak in respect to parent SQB. In this context, pySQB-1 provides an
extremely large red-shift of 2 200 cm™ which is twice as large as that of pySQB-2. The great
difference in red-shift originates from a disruption of conjugation due to the meta-substituted
benzodipyrrolenine unit in pySQB-2. As a consequence, almost the same red-shift is obtained
for dSQB-1 in which conjugational effects do not play a role due to the flexible biarylaxis. In
transoid pySQB-1, in contrast, the para-arrangement allows a complete conjugation over the
rigid spacer unit, yielding an extension of the z-electron system. Thus, despite dipole-dipole
interactions, the optical properties must be additionally considered to be influenced by
conjugation. Moreover, both squaraine dyes pySQB-1 and pySQB-2 provide small
bandwidths (FWHM) of ca. 460 cm™ and 400 cm™, respectively, which can be explained by
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the absence of conformers due to the rigid nature of the core unit. On the other hand,
assuming considerable flexibility in dSQB-1, the spectrum displays a superposition of
different conformers which causes a significantly larger bandwidth of 650 cm™. Besides, the
squared transition moments of pySQB-1 (216-272 D?) are slightly larger than those of
pySQB-2 (174-236 D?). Yet they do not differ greatly and show almost additivity to the
monomer within the experimental error, respectively, which is in accordance to the Thomas-
Reiche-Kuhn sum rule. ™

Another interesting finding concerns the energetic position of the Sp—S; transitions for both
benzodipyrrolenine dyes in toluene given in Figure 40. While a large energetic separation
between both main absorption peaks (So—S1) exists, the Sp—S; transitions occur at the same
energy at 15200 cm™. These transitions are energetically very close to the second exciton
state S;” of dSQB-1 at ca. 15000 cm™, which is a result of destructive, out-of-phase
orientation of the monomeric transition moments.®

Furthermore, DFT calculations®' (B3LYP/6-31G*) reveal perfect planarity for both
benzodipyrrolenine squaraine dyes in the gas phase with a different orientation of the

transition moment (Figure 41).

(a) (b)

pySQB-1

Figure 41: Chemical structures of pySQB-1 and pySQB-2. Transition moments were derived by
DFT-calculations (B3LYP/6-31G*) and are given as yellow arrows.

X DFT calculations were carried out by Dr. Marco Holzapfel.
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3.4.4.4 Fluorescence Spectroscopy

Fluorescence emission and excitation spectra as well as fluorescence lifetimes of pySQB-1,
pySQB-2, and ppySQB were recorded in CHCI3; and toluene (Figure 42). However, no
fluorescence lifetimes could be measured for pySQB-2 and ppySQB in CHCI3 due to the

weak emission signal, respectively. The corresponding optical data is presented in Table 7.
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Figure 42: Absorption and fluorescence spectra of pySQB-1 and ppySQB in (a) toluene and (b)
CHCl3, as well as of pySQB-2 in (c) toluene and (d) CHClIs, respectively.

In general, the fluorescence spectra of all three squaraine dyes in both solvents are red-shifted
compared to the low energy edge of the respective absorptions (Figure 42). Applying the
model of exciton coupling, it can be concluded that the fluorescence in toluene (Figure 42(b)
and (d)) exclusively stems from the lower excitonic state, which is in accordance with J-
aggregate behaviour. On the other hand, the fluorescence of pySQB-1 and pySQB-2 in polar
CHCI3; shows each an unusual, high-energy emission peak which originates from a higher
state, which is very prominent in pySQB-1. The emergence of such residual fluorescence
bands speaks against a quantitative internal conversion to the lowest excited state, from which
the fluorescence mainly occurs. Besides, the absorption and fluorescence do not show mirror-
image relationship, respectively, and thus no Strickler-Berg symmetry. The Stokes” shifts are
roughly twice as large in CHCl; (200 cm™) than in toluene (100 cm™). An increase of the

solvent polarity from toluene to CHCI; considerably decreases the quantum yields.
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Accordingly, the quantum vyield of pySQB-1 and pySQB-2 in toluene are 0.26 and 0.80,
while in CHCI3 lower values of 0.06 and 0.07 were obtained, respectively. The extremely
high quantum yield of 0.80 observed for cisoid pySQB-2 even exceeds the quantum yield of
0.68 which was found for dSQB-1. The significant difference in quantum yield in toluene for
both dipyrrolenine dyes can most likely attributed to an increased non-radiative transition
caused by vibrationally induced internal conversion, which is known to considerably increase
in the spectral window beyond 14 290 cm™ (700 nm).*"*

The polymer displays very similar quantum yields of 0.04 in CHCI; and 0.16 in toluene as the
corresponding monomer unit pySQB-1 (0.06 and 0.26), respectively, which is due to the
comparably small size difference of pySQB-1 and ppySQB (B ~7). Distinctively lower
fluorescence quantum yields might be obtained with higher molecular weight polymers.
Monoexponential fluorescence decays were measured for pySQB-1 and pySQB-2 in contrast
to dSQB-1, where the existence of conformers which is caused by the rotation around the
central C-C bond, possibly causes biexponential decays. Following this assumption, a
biexponential decay would have also been anticipated for ppySQB. Yet, this does not hold
true. Apparently, the rigidity of the benzodipyrrolenine core within a single monomer unit
also leads to an overall-stiffening of the polymer backbone which in turn causes very similar
conformers. This is in agreement with previous absorption studies, where no significant
solvent-dependence on the shape of the absorption band manifold was noticed. While the
lifetimes in toluene for transoid pySQB-1 and ppySQB were found to be in the sub-ns
region, i.e., 860 ps and 690 ps, respectively, pySQB-2 exhibits a comparatively long-lived
fluorescence lifetime of 2.30 ns, which nicely correlates with the high quantum yield of 0.80.
The lifetimes were used to calculate the transition moment of the fluorescence us by the

Strickler-Berg equation (52) from the fluorescence quantum yield &2

16%10°% n (n2+2)’
T 3, 9

ey 1 (52)

where (Tzf‘3)av_1= [I:dv/f % >I;dv is the average cubic fluorescence energy and ks is the
radiative rate constant ki = & /z;. The squares of the fluorescence transition moments of
pySQB-1 and pySQB-2 are 204 D? and 177 D® The squares of absorption transition
moments when only considering the respective S;-state are 211 D? and 166 D?, which reflect
very similar values to those of the fluorescence within the limits of accuracy of the
measurements. Furthermore, fluorescence excitation spectra of pySQB-1 and pySQB-2 were

measured in toluene and are presented in Figure 43. As can be seen, the excitation spectra are
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in agreement with the respective absorption spectra, corroborating the initial assumption that

the fluorescence exclusively originates from the lowest excited state.
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Figure 43: Absorption, fluorescence emission and excitation spectra of (a) pySQB-1 and (b)
pySQB-2 in toluene, respectively. The excitation spectra were recorded by detecting the emission
either at 11 630 cm™ (pySQB-1) or 12 660 cm™ (pySQB-2).
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Table 7: Absorption maxima, extinction coefficients, transition moments, fluorescence maxima, fluorescence quantum
yields, and fluorescence lifetimes of squaraine dyes in CHCI; and toluene. Extinction coefficients ¢ and transition moments

Meg OF the polymer are indicated per monomer unit.

solvent Vabs Emax '”Zga Vem Dy Tflb
/em™ (nm) IM*em®*  /p?2 Jemt(nm) /- /ns
CHClI;4 12 300 (813) 4.18x10° 243 12100 (826) 0.06 0.25
DCM 12 300 (813) 3.95x10° 243 - - -
s0B-1 toluene 12 100 (826) 4.92x10° 231 12000 (833) 0.26 0.86
pySQB-
PhCN 12 200 (820) 3.52x10° 216 - - ~
DMF 12 300 (813) 3.33x10° 250 - - -
acetone 12 400 (806) 3.80x10° 272 - - -
CHCl,4 13 400 (758) 4.49x10° 214 13200 (758) 0.07 -
DCM 13 400 (758) 3.93x10° 196 - -
50B-2 toluene 13 200 (758) 4.92x10° 195 13100 (763) 0.80 2.30
pySQB-
PhCN 13 300 (752) 3.52x10° 174 - - -
DMF 13 400 (746) 3.09x10° 180 - - -
acetone 13500 (741) 4.25x10° 236 - - -
s0B CHClIj4 14 600 (685) 1.96x10°  98.6 14200 (704) 0.55 2.40
toluene 14 300 (699) 2.02x10° 927 14000 (714) 0.75 3.45
CHClIj4 13 600 (735) 3.38x10° 236 13300(751) 0.20 0.31(0.21)
45081 1.00 (0.79)
toluene 13 400 (748) 3.62x10° 226 13100 (761) 0.68 2.49 (0.83)°
4,08 (0.17)°
CHClI;4 11 600 (862) 1.74x10° 210 11400 (877) 0.04 -
DCM 11 600 (862) 1.60x10° 204 - - -~
ppySQB  toluene 11 500 (870) - — 11300(885) 0.16 0.69
X, = 7.40
PhCN 11 400 (877) 1.42x10° 188 - - -~
DMF 11 700 (855) 1.38x10° 219 - - -
acetone 11 700 (855) - - - - -

— not determined. ®was calculated by integrating the complete absorption in the low energy range. "(Multi-)exponential fit of
fluorescence decay measured by TSCPC, excitation at 15 240 cm™ (656 nm) or 12 770 cm™ (783 nm). Amplitudes are given
in brackets. “Slightly different fluorescence lifetimes were previously reported in literature,®® yet the values for the average
fluorescence lifetime are very similar.
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3.4.4.1 Conclusion

The successful synthesis of benzodipyrrolenine-based squaraine dyes pySQB-1 and pySQB-2
paved the way to long-wavelength absorbing and emitting bis-chromophores with high
extinction coefficients > 3.0x10° Mecm™ and small bandwidths (FWHM) <460 cm™. In
addition, a dramatic red-shift of ca. 2 000 cm™ in respect to parent SQB was obtained for the
transoid analogue, which proved to be almost twice as large as that of pySQB-2 with cisoid
configuration. The difference in shift was explained to be caused by a disruption of
conjugation due to the meta-substituted benzodipyrrolenine core. Aside from the strong main
absorption band at low energies, a second maximum at higher energies was observed for both
dyes which was assigned to the Sy—S, transition, respectively. The absorption and
fluorescence spectra provided no Strickler-Berg symmetry and the stiff scaffold of both bis-
chromophores presumably accounted for monoexponential fluorescence decays with lifetimes
either in the sub-ns (pySQB-1) or ns (pySQB-2) region due to the lack of different
conformers.

In the light of the low degree of polymerisation, the interpretation of the spectra of ppySQB
should be made with caution. However, the spectral features, such as red-shifting of the
absorption and absence of a hypsochromic aggregate band in polar (poor) solvents (DMF,
acetone) as was seen for pSQB-1, suggested exclusive J-aggregate formation. Hence, the
partial rigidification of the polymer backbone via a stiff benzodipyrrolenine core yields a
similar effect on the intramolecular aggregate formation as the use of bulky substituents.



90 3 Results and Discussion

3.4.5 Quinoline-based Squaraine Polymers

3.4.5.1 Introduction

As became apparent in the last chapters, the control of the optical properties of squaraine
polymers is directly associated with the control of the superstructure formation. The selective
design of exclusively one superstructure was hitherto focused on elongated zig-zag structures
which lead to predominant J-aggregate behaviour. In contrast, the design of squaraine
polymers with a tendency toward H-aggregates involves opposing synthetic concepts. While
steric repulsion between the bulky squaraine units was found to be favourable for elongated
structures (Chapter 3.4.3), it is now suggested that attractive forces within the polymer strands
might enable conformers with helical domains, in which the monomers are aligned in a
parallel, face-to-face orientation. It is assumed, that the latter arrangement may be realised by
strong z-w interactions between the squaraine units. In this regard, quinoline-derived
squaraine dyes proved to show a pronounced propensity to form supramolecular z-stacks in
non-polar solvent toluene, which can be ascribed to its perfectly planar geometry and the
absence of bulky substituents.'” Taking advantage of this property, polymers consisting of
quinoline-derived squaraine dyes could possibly give rise to helical arrangements which

would ultimately pave the way to H-aggregates.

3.4.5.2 Synthesis

The synthesis of unfunctionalised quinoline-substituted squaraine SQC has already been
described in Chapter 3.1.2. and is therefore not part of the discussion. The corresponding
dibrominated analogue was prepared in a similar fashion in two steps according to Scheme
21. Aside from flash chromatography, squaraine SQC-Br, was additionally be purified by
precipitation from n-hexane. Very much in contrast to all other squaraine dyes, where the
crystallisation process requires time and low temperatures, both quinoline-based dyes readily
solidified upon dripping a concentrated solution of dye in DCM into n-hexane. Apparently,
the large and planar z-surface of SQC-analogues significantly facilitates the crystallisation

process. Squaraine SQC-Br, was thus obtained in 63 % vyield.
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Scheme 21: Synthesis of quinoline-based squaraine monomers SQC and SQC-Br.

The subsequent polycondensation reaction was carried out according to the standard protocol
(Scheme 22). After 8 d at 65 °C in a solvent mixture of toluene and DMF (1:1), a dark green
solid was obtained, which was practically insoluble in all standard organic solvents and could
not been analysed by GPC. It was assumed that the average degree of polymerisation and thus
the average molecular weight of the polymers were too high leading to a dramatic
deterioration of the solubility. The problem of solubility was encountered by a modified
synthetic protocol, involving the use of only one solvent (DMF) and shorter reaction times
(18 h) at room temperature, in order to provoke precipitation of the polymers at an earlier
stage of the reaction to yield possibly shorter and thus better soluble polymers. The solubility
could be somewhat increased yet proved to be restricted to chlorinated solvents. GPC analysis
revealed a low average degree of only 7.80. On account of these major drawbacks, this project

was considered to be not expedient and was therefore not pursued further.

Ni(COD),

COD, 2,2"-bipyridine
DMF/toluene
65°C,8d

sQcC-Br, pSQC

Scheme 22: Attempted syntheses of quinoline-based squaraine homopolymer pSQC.

Yet, as the standard indolenine-substituted squaraine polymer pSQB-1 proved to be highly
soluble in various solvents (Chapter 3.4.2), a copolymer comprising both indolenine and
quinoline units might lead to a superior solubility compared to previously attempted pSQC.
The copolymer was synthesised via Pd-catalysed Suzuki coupling reaction by using the
diboronic ester squaraine analogue SQB-B, and the dibrominated squaraine derivative SQC-
Br, according to Scheme 23."
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Pd(PPh;),
NaHCO;

THF/H,0 (4:1)
100°C,8d
55 %

pSQBC

Scheme 23: Synthesis of indolenine-quinoline squaraine-squaraine copolymer pSQBC.

The reaction was carried out under aqueous conditions (THF/H,O = 4:1) with NaHCO3 as
base and Pd(PPhs), at 110 °C for 8 d to give the copolymer pSQBC in 55 % yields (M, ~
30500, My, ~ 159 000, X, ~ 21.8). Indeed, due to the incorporation of the indolenine moiety,
the copolymer proved to be completely soluble now in CHCI3, DCM, toluene, and PhCN.

Despite the copolymer, the corresponding monomer unit masked as a dimer is also of
fundamental importance in order to get a whole picture of the excitonic coupling effects
involved in these dyes. Hence, mono-functionalised species were required bearing either a
boronic ester function or a bromine function. The general procedure of such dyes was already
outlined in Chapter 3.3.1 for indolenine squaraine dyes. The synthesis of the quinoline-
substituted squaraine dye SQC-Br proceeds similarly and is therefore not discussed explicitly
(Scheme 24). The desired compound was obtained in poor yields of 6 %, most likely due to

the low reactivity of compound 7.

o o]

Br. ﬁ Br. 0 Br. o
m Buo” “OBu O B , o NC”CN O BN 'y o
P - —
NY N N

Ry _ NEt;, 1-butanol R oBuU NEt; EtOH R oN
I 135°C,2h 1 60°C,2h 1 NG
47 % 93 % HﬁEt
38 39 5 40

Rim b

pyridine
1-butanol/toluene (1:1)
130°C,18 h
6 %

SQC-Br

Scheme 24: Synthesis of unsymmetrical squaraine dye SQC-Br.
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Finally, Suzuki coupling reaction of SQB-B and SQC-Br gave the corresponding dimer
dSQBC in 52 % vyields according to Scheme 25. The reaction was performed under aqueous
conditions using Pd(PPhs)4 as Pd(0) source and Na,COs as base in THF. After flash column
chromatography, the dSQBC was purified via preparative GPC followed by precipitation

from n-hexane.

1 M Na,CO;

Pd(PPhy),, THF
85°C,4d
529%

Ri= \)\/\/k

SQB-B SQC-Br

Scheme 25: Synthesis of squaraine dimer dSQBC.

3.4.5.3 Absorption Spectroscopy

Absorption spectra of SQB, SQC, dSQBC, as well as of pSQBC were measured in toluene
and are depicted in Figure 44. The respective optical data are presented in Table 8. The
optical properties of the monomers have already been discussed in Chapter 3.1.3 and 3.1.4.

Hence, the focus will be directed at the dimer and subsequently at the polymer.
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Figure 44: Absorption spectra of SQB, SQC, dSQBC, and pSQBC in toluene.

The heterodimer dSQBC exhibits a main absorption band at 12 250 cm™ (3.22 x10° M*cm™)
which is red-shifted of ca. 400 cm™ compared to SQC. Besides, two additional maxima yet of

lower intensity are located at higher energies at 13590 cm™ (1.05x10° M*cm™) and
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14 290 cm™(1.46x10° M™*em™). Exciton coupling of the two unequal monomers leads to the
formation of two excitonic absorption bands which mostly correspond to the individual
monomers, i.e., a S;-state at 12 250 cm™ that is mostly localised on the SQC unit and the S; -
state at 14 290 cm™ that is localised on the SQB unit, bearing less than half the intensity than
the S;-state. In this context, the S;-state is slightly shifted to lower energies, while the S;"-
state turns out to be at the same energy as the maximum of SQB without any energetic shift
upon exciton coupling. The coupling energy J between both monomers in the dimer can be
approximated to 645cm™ from the dimer absorption (= 2040 cm™) and the difference
between the monomer absorption peaks of SQB (14 300 cm™) and SQC (12 720 cm™) by

rearranging equation (12) to:

OEq4s0B\
JasoB \/( 2Q ) — AE? (53)

Furthermore, the squared transition moments of the heterodimer in toluene, CHCl3, and DCM
yields comparable values (237-268 D?) and the sum of the squared transition moments of the
two isolated monomers SQB (92.7 D?) and SQC (111 D?) in toluene was found to be ca.
204 D? and is thus close to the value of 237 D? which was obtained for the dSQBC.

In contrast to dSQBC, the copolymer pSQBC has its main absorption band on the high
energy side of the spectrum at 14 750 cm™ (1.18x10° M*cm™) with a shoulder around
14 000 cm™ (9.27 x10® M cm™). Besides, a much weaker peak is noticed around 11 910 cm™
(5.00x10* M cm™), which is assigned to the low energy edge of the exciton band. These
findings point towards predominant H-type exciton coupling, where monomers are aligned in
a parallel fashion which could be rationalised by helical-type arrangements. The splitting of
2 840 cm™ between these peaks is larger than that of the heterodimer (2 040 cm™) and very
close to the theoretically expected value under consideration of perfectly delocalised excitons,

which would be ca. 2700 cm™ in accordance to equation (12):

OEysonc = VAE> +16.7, (12)
where J corresponds to the heterodimer coupling (645 cm™).
The absorption of pSQBC was measured in CHCI3, DCM, toluene, and PhCN in order to
study the influence of the solvent on the shape of the absorption band manifold.
Unfortunately, the copolymer was completely insoluble in acetone and DMF. The spectra are
shown in Figure 45. A priori, the spectra show no great difference in shape, however, a closer
inspection reveals a distinct difference between the spectra in PhCN and CHCls;. In PhCN, the

H-aggregate band is most pronounced and most blue-shifted within this series. In contrast, in
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CHCI3, the H-aggregate turns out to be more red-shifted, and more importantly, the J-
aggregate band is more prominent than in the other solvents. Yet, as a matter of fact, the
dependence of the solvent on the shape of the absorption band manifold is considered to be
rather marginal, indicative of a very similar alignment of monomer units within the polymer
strands. This leads to the conclusion, that the copolymer consisting of indolenine as well as of

quinoline moieties predominantly shows H-aggregate behaviour.
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Figure 45: Absorption spectra of pSQBC in various solvents.

In order to further substantiate the formation of helical motifs, the spectral features of the
copolymer are compared with those of the parent indolenine polymer pSQB-1 in CHCI3; and
PhCN, respectively. As can be readily appreciated in Figure 46, the shape of both spectra of
the copolymer in CHCI3 and PhCN closely resembles that of pSQB-1 in PhCN, where helical
structures are found to be predominant.
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Figure 46: Absorption spectra of pSQB-1 and pSQBC in CHCI; and PhCN, respectively.

Apparently, the incorporation of quinoline moieties ultimately favour the formation of
intramolecular H-type aggregates, which can be explained by a face-to-face alignment of the
monomer units possibly enabled by helical arrangements.

The absorption behaviour of pSQBC was further studied as a function of temperature. PACN

was chosen as solvent due to its high boiling point and for reasons of comparability with
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parent indolenine polymer pSQB-1 (Chapter 3.4.2.3). The spectra are shown in Figure 47.
Starting at 273 K, the temperature was successively raised up to 433 K. Comparing the initial
and the final spectrum at lowest and highest temperature, the H-aggregate band at ca.
15 000 cm™ undergoes a energetic shift to lower energies of about 300 cm™ and marginal
increase in intensity, while the J-aggregate band at 12 200 cm™ shows a significant increase in
intensity and a marginal shift to lower energies. Similar trends were observed for the parent
indolenine homopolymer in Chapter 3.4.2.3, where a change of the spectra from more H-type
aggregate towards a mixture with more J-aggregate character is observed upon heating.
However, here it was not possible to manipulate the ratio of the aggregate species in favour of
the J-aggregates. This may be explained by the high driving force for z-z-interactions
between the quinoline-moieties within the helical polymer strands. This assumption is
corroborated by previous aggregation studies of 4-methylquinoline squaraine monomers,
which showed a high propensity for self-assembly in toluene.'”
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Figure 47: Absorption spectra of pSQBC in PhCN at different temperatures (density corrected).

3.4.5.4 Fluorescence Spectroscopy

Fluorescence emission spectra and lifetimes of dSQBC and pSQBC were recorded in DCM
and toluene. The fluorescence properties of the monomers SQB and SQC have already been
discussed in Chapter 3.1.4. Yet, it is worth mentioning that the determination of the quantum
yield for the monomer SQC as well as for all quinoline-containing analogues was hampered
by their weak emissive character, respectively. The optical data are presented in Table 8.

In DCM, the heterodimer dSQBC shows a red-shifted monomer-type fluorescence band at
12 300 cm™ without Strickler-Berg symmetry (Figure 48(a)). Quite surprisingly, an additional
fluorescence band of half the intensity is observed at higher energies at 13 900 cm™. While
the former is assumed to arise from the lowest exciton state, the latter seems to stem from a

higher state. A similar fluorescence spectrum was obtained in toluene, yet with rather two
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peaks than one peak at higher energies at 13 200 cm™ and 13 810 cm™ which are considerably
less intense than the main peak at 12 000 cm™ (Figure 48(b)). In addition, the fluorescence
excitation spectrum in toluene indicates no efficient energy relaxation from the S;"- to the S;-
state. These findings in both solvents are in contradiction with Kasha’s rule where

fluorescence is expected to occur exclusively from the lowest excitonic state.
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Figure 48: Normalised absorption and fluorescence spectra of dSQBC in (a) DCM and (b) toluene,
respectively. (b) Fluorescence excitation spectrum of dSQBC in toluene.

The dimer exhibits very short-lived, monoexponential fluorescence decays with lifetimes of
30 ps in DCM and 80 ps in toluene, which are very similar to the lifetime of 40 ps of the
monomer SQC in toluene. The extremely short lifetimes for the quinoline compounds go
hand in hand with their weak emissive character.

According to Figure 49(a), the copolymer pSQBC exhibits a monomer-type fluorescence in
DCM which provides a considerable red-shift of about 1100 cm™ with a maximum at
13800 cm™. In this context, a monoexponential fluorescence decay with a lifetime of 1.92 ns
was found, which is significant larger than those for the dimer and the monomer SQC.

In toluene, in conntrast, two further fluorescence peaks at lower energies at 10 400 cm™ and
11 700 cm™ are observed despite the main peak at 13 700 cm™. A biexponential fluorescence
decay was found with lifetimes of 110 ps (0.37) and 3.12 ns (0.63) which is in line with the
observation of more than one emission band.

Against expectations, the main contribution to the fluorescence in both solvents apparently
originates from a state belonging to the H-aggregate band (shoulder at 14 000 cm™),
respectively. This is in contradiction with exciton theory, which predicts no fluorescence in
ideal H-aggregates.”*” Disorder caused by an inhomogeneous alignment of the monomer
units probably leads to deviations from ideal H-aggregate behaviour. It must be kept in mind,
that the polymer is conceived of two different monomers which inherently differ in shape and
aggregation propensity. Thus, the polymer might be prone to adopt different conformers in
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solution, which deviate from ideal H-aggregate behaviour to varying degrees, respectively.

The emergence of at least three distinct transitions corroborates this assumption.
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Figure 49: Normalised absorption and fluorescence spectra of SQB and pSQBC in (a) DCM and (b)
toluene, respectively. Fluorescence excitation spectra of pSQBC in (c) DCM and (d) toluene at
different emission energies.

In order to shed more light on the origin of theses emission bands, fluorescence excitation
spectra were recorded in both solvents. According to Figure 49(c), the excitation spectrum in
DCM resembles prima facie the absorption of a SQB monomer. A closer inspection yet
reveals that the excitation spectrum of pSQBC is more red-shifted than the absorption of
SQB in DCM which in turn excludes the presence of SQB monomers. In addition, smaller
oligomers can also not be responsible for the spectral features as the shape of the spectrum
and the red-shift of the absorption would be different and larger, respectively, as it was seen
for dSQBC.

In toluene, due to the multiple fluorescence bands at lower energies, it was possible to
measure excitation spectra as a function of different emission energies. The spectra are
presented in Figure 49(d). While the excitation spectrum with higher emission energy (fl @
12 990 cm™) closely resembles that in DCM and seems to originate from the shoulder at
14 000 cm™, the spectrum with lower emission energy (fl @ 10 530 cm™) covers more of the
polymer absorption but does not fully reproduce the shape. Besides, the maximum of the

excitation spectrum is more shifted towards the high energy edge of the H-band compared to
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the former excitation spectrum. Now, with a more complete picture at hand, the Stokes shifts,
which were initially considered to be unusually large, turned out to be rather common, since
the emission peak at higher energies originates from the shoulder at around 14 000 cm™
which is assigned to a second sort of H-aggregate. Ideal H-aggregates with perfectly aligned
monomers in a face-to-face situation are believed to be the case for the main peak at around
15 000 cm™. Thus, the joint findings from the fluorescence emission and excitation spectra

clearly indicate the presence of more than two types of H-aggregates.
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Table 8: Absorption maxima, extinction coefficients, transition moments, fluorescence maxima, fluorescence quantum
yields, and fluorescence lifetimes of squaraine dyes in CHCI; and toluene. Extinction coefficients ¢ and transition moments
Meg OF the polymer are indicated per monomer unit.

Vabs Emax ”zg Vem Dy Tﬂc
solvent 4 44 1
/cm™ (nm) /[ M~cm /D? /cm™ (nm) /- / ns
CHCl; 14 600 (685) 1.96x10° 98.6 14200 (704) 0.55 2.40
SQB DCM 14 600 (685) 1.96x10° 103 - - -
toluene 14 300 (699) 2.02x10°  92.7 14000 (714) 0.75 3.45
CHCl; 13100 (763) 1.95x10° 115 12 700 - <0.04
sQC DCM 13 100 (763) 1.88x10° 121 - - <0.04
toluene 12 700 (787) 2.03x10° 111 12 500 - 0.04
CHCI, 12 600 (794) 3.12x10° 253 - - —
dSQBC DCM 12 600 (794) 3.08x10° 268 12300 (813) - 0.03
toluene 12 300 (813) 3.22x10° 237 12100 (826)  — 0.08
CHCl,4 12 700 (785) 1.08x10° 112 12500 (800) 0.21  0.05 (0.44)
0.47 (0.17)
0.96 (0.39)
DCM 12 700 (785) 9.28x10" 112 - - -

toluene 12 700/14 700 (765/678) 5.18/5.31x10* 88.9 12300 (810) 0.06° 1.39 (0.28)°

pSQE-1 0.17° 3.18(0.72)°
X, =21.6
1.18 (0.38)°
2.44 (0.62)°
PhCN 13 000/15 500 (767/647) 3.44/7.32x10* 90.3 - -
DMF 15 700 (636) 7.37x10°  90.3 - -
acetone 15 800 (633) 8.35x10* 92.2 - -
CHCl, 14. 500 (690) 1.24x10° 237 - - -
pSQBC  DCM 14 900 (671) 1.18x10° 213 13800 (725) - 1.92
X,=21.8 toluene 14 700 (680) 1.18x10° 204 13700(730) -  0.11(0.37)
- - 312(0.63)
PhCN 15 100 (662) 1.42x10° 225 - - -

— not determined. Excitation at 215150 cm™, °13510 cm™. (Multi-)exponential fit of fluorescence decay measured by
TSCPC, excitation at 15 240 cm™ (656 nm) or 12 770 cm™ (783 nm). Amplitudes are given in brackets. Fluorescence was
detected at “11 820 cm™ (846 nm) or ®12 330 cm™ (811 nm).
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3.4.5.5 Conclusion

On account of the poor solubility and the low degree of polymerisation of quinoline-
substituted squaraine homopolymers, the synthetic approach towards H-aggregate polymers
had to be somewhat changed by substituting every second quinoline squaraine unit by the
parent 3,3-dimethylindolenine squaraine. Indeed, the resulting copolymer pSQBC showed
improved solubility properties which allowed a comprehensive study in more solvents.
Besides, the corresponding monomer unit masked as a heterodimer was synthesised to serve
as reference compound.

The absorption of reference dimer dSQBC showed a red-shifted main absorption peak
compared to the respective monomers, which was a result of exciton coupling of two unequal
monomers giving rise to a S;-state which is largely localised on the SQC moiety, while the
S1"-state is localised on the SQB subunit. Besides, multiple fluorescence emission bands were
noticed which indicated a rather inefficient non-radiative energy relaxation from the S;"- to
the Sp-state, which was further corroborated by fluorescence excitation spectra. The extremely
short fluorescence lifetimes of 80 ps (toluene) and 30 ps (DCM) are similar to that of SQC in
toluene of 40 ps and underline once more the weak emissive character of quinoline analogues.
In contrast, the absorption spectra of the copolymer consistently showed a hypsochromic
main peak in all solvents clearly indicating H-aggregate behaviour. It was assumed to be
caused by a parallel alignment of transition moments enabled by helical domains. In analogy
to dSQBC, multiple fluorescence bands were observed in toluene which were assigned to
different sorts of H-aggregates that differ from ideal behaviour. Comparably long-lived
fluorescence decays were found for the copolymer in both solvents which were in fact two
orders of magnitude longer than all quinoline-containing compounds presented so far in this
work.

In summary, the implementation of quinoline squaraine moieties into the polymeric scaffold
proved to be highly structure-directing, which lead to predominant H-type aggregates. No
solvent-dependency on the absorption was found which is indicative of very similar polymer
conformers. The selective design of H-aggregates via a squaraine-squaraine copolymer
together with that of J-aggregates described earlier in this work completed the picture of
intramolecular aggregates. Indeed, it could be shown that the optical properties of squaraine

polymers can be controlled intrinsically by adequately designed monomer units.
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3.5 Squaraine Homo- and Heterodimers with VVarying Spacer Units

3.5.1 Introduction

In this work, only oligomeric systems have hitherto been examined that bear a single C-C
bond between the squaraine units, with the exception of the dipyrrolenine-containing
squaraine dyes pySQB-1 and pySQB-2 which were presented in Chapter 3.4.4. Taking
advantage of transition metal catalysed cross coupling reactions, a great variety of spacer
units differing amongst others in length, structure, and electronic coupling can be introduced
into the chromophore systems. In the light of the simpler synthetic access, only dimeric
systems will be considered in this chapter. According to exciton theory, the variation of the
spacer units should significantly affect the exciton coupling strength which will ultimately
lead to an alteration of the overall optical properties. In theory, this examination should
provide valuable information about how to chemically design a dimer in order to achieve an
optical property desired. To this end, a systematic variation of the spacer part is envisaged
spanning the range from singly-, over triply-, to phenyl-bound SQA and SQB homodimers as
well as SQA-SQB heterodimers. In addition, an expansion of the SQA dimer pool should be
realised in order to give a more exemplary picture of the exciton coupling effects involved in
these dimeric chromophore systems.

3.5.2 Synthesis

The straightforward synthetic access to mono-brominated and -borylated squaraine monomers
(Chapter 3.3.1) enables their use in Pd-catalysed Suzuki cross coupling reactions in order to
generate systems of two coupled chromophores bridged via a C-C single bond. Following the
synthetic procedure which was already described for the dimers dSQB-1% (3.4.2.2) and
dSQBC (3.4.5.2), the homodimer dSQA-1%* and the heterodimer dSQAB-1%® were
synthesised in similar yields of around 60 % (Scheme 26). A slight excess of the respective

brominated analogue was typically used for these reactions to obtain better yields.
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SQA-B
or
SQA-Br SQB-B
or
SQB-Br 1MNa,CO;,
Pd(PPhj), THF
85°C,2-3d

dSQAB-1
62%

Scheme 26: Synthesis of squaraine dimers dSQA-1, dSQB-1 and dSQAB-1.

In order to further expand the intrachromophore distance in comparison to the former dimers,
the implementation of an ethynyl-spacer was envisaged. For this purpose, a terminal alkyne
squaraine (Chapter 3.3.1) was coupled with a brominated squaraine analogue in a modified
copper-free Sonogashira coupling reaction using Pd(PPh3)Cl, and PtBus to supress the
undesired Glaser homocoupling product as outlined in Scheme 27."* In addition the alkyne-
derivative was added dropwise to the reaction mixture over a long period of time (~ 45 min)
in a highly diluted manner to promote the formation of the desired dimer. The Glaser coupling
byproduct occurred in all three reactions, yet it was only isolated in the case of the
homodimer dSQA-2. The separation of the dimer from the corresponding byproduct was not
feasible by flash column chromatography. Yet, it could effectively be realised by preparative
GPC which is in fact the only way for these chromophore systems to be separated. The
alkyne-bridged squaraine dimers dSQA-2, dSQB-2, and dSQAB-2 were thus obtained in
modest yields of 20-27 %.
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dSQA-2 dSQA-3
n=1:20% n=2:5%

SQA-Alkyne
or

SQA-Br SQB-Alkyne

or
SQB-Br Pd(PPh3),Cl,
PtBuj, NEt,
110°C, 2 h

dSQAB-2
26%

Scheme 27: Synthesis of squaraine dimers dSQA-2, dSQA-3, dSQB-2, and dSQAB-2.

The bridging unit was further varied via a phenyl spacer according to Scheme 28. Therefore,
commercial 1,4-dibromobenzene was coupled with the boronic ester derivatives of SQA and
SQB, respectively, to give the corresponding homodimers dSQA-4 and dSQB-3 in
comparably lower yields than analogous biaryl-dimers mentioned above. Besides, the
respective heterodimer was also of interest but required a stepwise synthesis over two stages
according to Scheme 28 and Scheme 29. For this purpose, an excess of spacer was used in the
Suzuki reaction in contrast to the synthesis of dSQA-4 to obtain first the functionalised
squaraine monomer SQB-CgH4-Br as main product (36 %) and the symmetrical dimer as
side-product (15 %).
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Br

Br
SQA-B 1 MNa,cO,

or -
Pd(PPh;), THF
SQB-B "g5-c,2.34

SQB'CGH4'BI'
ne—(/ R, 36 %

Scheme 28: Synthesis of squaraine homodimers dSQA-4 and dSQB-3, as well as functionalised
squaraine monomer SQB-C¢H,-Br.

Finally, the functionalised squaraine monomer SQB-CsH4-Br reacted with SQA-B in a
standard Suzuki coupling reaction and gave the corresponding heterodimer dSQAB-3 in 34 %

yields according to Scheme 29.

SQB-CgH,-Br

dSQAB-3

1 M Na,CO,4 34%

SQA-B ——
Pd(PPhy), THF

85°C,2-3d

Scheme 29: Synthesis of squaraine heterodimer dSQAB-3 and homodimer dSQA-5.
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The pool of SQA-based homodimers was further expanded by employing commercially
available 1,2-bis(4-bromophenyl)ethyne as spacer substrate. The Suzuki coupling reaction
was performed under aqueous conditions in THF using a slight excess of borylated squaraine
SQA-B (Scheme 29). By this means, the homodimer dSQA-5 was obtained in good yields of

almost 60 % providing the longest interchromophore distance within this series of dyes.

3.5.3 Absorption Spectroscopy

3.5.3.1 SQA-based Homodimers

Absorption spectra of SQA-based homodimers dSQA-1 — dSQA-5 were recorded in toluene
and CHCls3, and are presented in Figure 51. The chemical structures of the dimers are depicted

in Figure 50. The optical data are summarised in Table 12.

dSQA-1
dSQA-2
dSQA-3

dSQA-4

dSQA-5

Figure 50: Chemical structures of SQA-based homodimers with varying spacers.

The absorption spectra of the dimers share the common feature of an intense main absorption
band from 14 500-15 200 cm™ in toluene and from 14 600-15 100 cm™ in CHCls, which is
red-shifted compared to that of the monomer SQA. Additional bands are observed at higher
energies from 15 000-17 000 cm™, which can either be attributed to the subsidiary vibronic
progression or to the S;"-state. An exact assessment of these bands will be done below. The
spectra in toluene show somewhat higher molar extinction coefficients compared to those in
CHCl; and range from 4.65-6.25x10°> M*cm™. In general, all SQA-based squaraine dimers
show higher extinction coefficients than the parent monomer. The highest extinction
coefficients are fo