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Abstract

Supramolecular assemblies of cyanine dye molecules formed by weak van der Waals forces
have gained immense attention for their distinct optical properties (high extinction coefficient,
narrow absorption and photoluminescence line-width and small Stokes shift) compared
to their monomer counterparts. Strong light-matter interaction in the J-aggregates causes
coherent exciton migration and high color purity emission. This motivates to fabricate J-
aggregate thin films for different optoelectronic devices such as solar cells, where J-aggregates
serve as exciton transport channels, organic light emitting diodes (OLEDs) and polariton
lasers. Exciton migration and photoluminescence quantum yield (PLQY) of the J-aggregates
in thin films dictate the efficiency of energy harvesting and light emitting devices, respectively.
The main focus of this thesis is the development of a new J-aggregate growth route which
favors the formation of large, coherent domains of 2D J-aggregate thin films and to investigate
the exciton dynamics. Furthermore, non-radiative decay channels suppressing the PLQY of
J-aggregates in thin film and in solution were identified.

The coherent crystalline domain size in thin films is typically limited to nanoscale length
because dye molecules spontaneously self-assemble already in solution. This can be overcome
by maintaining equilibrium between monomers and the critical nucleus of a J-aggregate in
solution. This approach is shown here as a successful route to achieve large coherent domains
on a functionalized substrate. The growth model was further confirmed with small-angle x-ray
scattering (SAXS) studies. Using time-resolved photoluminescence (TRPL) spectroscopy, non-
radiative decay channels limiting the exciton migration were identified. The results suggest
that the increase in domain size and order is directly proportional to the increased radiative
decay of the excitons. Furthermore, the PLQY of J-aggregates in water at room temperature
is typically ~5%. Upon addition of alkylamine, the quantum yield was drastically improved
while maintaining line-width and peak position. Using small-angle neutron scattering (SANS),
a two-phase region was identified in the water-dye-alkylamine ternary phase diagram in
which high PLQY J-aggregates form. From TRPL studies, an increase in radiative lifetime is in
agreement with the increase in PLQY.

As an application, ultra-narrowband photodetectors were explored owing to the narrow
line-width of J-aggregate absorption. The concept proved advantageous over other strategies
for narrowing the response width, with competing figure of merits. Realization of an inkjet
printed prototype with higher frequency response compared to spin-coated devices highlights

iii



Abstract

their potential for industrial applications.

Excitonic channels using J-aggregate nanowires were formed by complexing J-aggregates
with dendronized polymers. SAXS studies revealed a core-shell configuration of the DP-J-
aggregate hybrid structure. A correlation between polymer conformation and J-aggregates
allowed to assemble J-aggregate nanowires as thin films.

Centrosymmetric cyanine dimers are known for their non-luminescent nature. Twisted
dimer packing of dye molecules in a polymer matrix are confirmed from circular dichroism
spectroscopy studies. This explains a strongly red-shifted photoluminescence with high
quantum yield in the thin film.

Keywords: J-aggregates, exciton-charge quenching, narrowband organic photodetectors,
J-aggregate nanowires, high PLQY.
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Zusammenfassung

Supra-molekulare Anordnungen von Cyanine Molekiilen die sich durch schwache van der
Waals Wechselwirkungen ausbilden, gewannen wegen Ihrer ausserordentlichen optischen
Eigenschaften (hoher Extinktionskoeffizient, schmale Absorbtions- und Photoluminiszenzli-
nienbreite und geringe Stokes Verschiebung) grosse Aufmerksamkeit. Eine starke Wechselwir-
kung zwischen Licht und Materie in diesen J-aggregaten bewirkt kohdrente Exzitonmigration
und hohe Farbreinheit der Aus-strahlunscharakteristik.

Das ist Motivation genug um J-aggregat Diinnfilme herzustellen, welche in verschiedensten
opto-elektronischen Bauteilen eingesetzt werden kdnnen, sei es als Exzitonentransportkanal
in Solarzellen, in organischen Lichtemittierdioden oder Polaritonlasern. Exzitonmigration
und die Quanten-ausbeute der Photolumineszenz (PLQY) von J-aggregaten in diinnen Filmen
bestimmen die Effizienz von Energiegewinnungs- und Lichtemittierbauteilen.

Der Schwerpunkt dieser Doktorarbeit liegt in der Entwicklung einer neuen Wachstumsroute
fiir J-aggregate, in welcher sich grosse, kohdrente 2-dimensionale Domé&nen ausbilden, und
der Untersuchung der Dynamik der Exzitonen. Nicht-radiative Zerfallsrouten, welche eine
hohe Quantenausbeute in Filmen und der Losung verhindern, wurden ausfindig gemacht.

Die Grosse der kohdrenten Doménen in diinnen Filmen ist typischerweise auf Nanometer-
dimensionen beschrénkt, da die Molekiile schon in Losung spontan aggregieren. Dies kann
tiberwunden werden, wenn man in der Lésung ein Gleichgewicht zwischen Monomeren und
kritischen Keimen von J-aggregaten etabliert. Wir zeigen hier dass mit diesem Ansatz grosse
kohidrente Doménen erfolgreich hergestellt werden kénnen. Dieses Wachstummodel wurde
mit Kleinwinkelstreuungsmessungen (SAXS) bestétigt. Mit zeitaufgeloster Photolumineszenz-
spektroskopie (TRPL) konnten nicht-radiative Zerfallskanile, welche Exzitonenmigration be-
grenzen, bestimmt werden. Diese Ergenbisse legen nahe, dass Dom#nengrésse und Ordnung
direkt mit dem Strahlungszerfall von Exzitonen zusammenhingen. Typische Werte fiir die
PLQY von J-aggregaten in Wasser bei Raumtemperatur sind um die 5%. Durch das Hinzufiigen
von Alkylaminen konnte die Quanteneffizienz erheblich gesteigert werden, wihrend Linien-
breite und Position des Maximums erhalten blieben. Mit Kleinwinkel-Neutronenstreuungen
(SANS) konnte im Wasser-Farbstoff-Alkylamine Phasendiagram eine Region bestimmt werden
in welcher sich J-aggregate mit hoher PLQY ausbilden. TRPL Studien bestétigen, dass ein
Anstieg der radiativen Lebensdauer mit Erh6hung der PLQY zusammenhéngen.



Zusammenfassung

Als Anwendungsbeispiel untersuchten wir Photodetektoren mit ultra-diinner Bandbreite
basierend auf J-aggregaten. Das Konzept erwies sich als vorteilhaft gegentiiber anderen Me-
thoden die Bandbreite zu begrenzen. Die Verwirklichung eines Prototyps welcher mit einem
Tintenstrahldrucker hergestellt wurde zeigt das Potential dieses Bauteiles fiir industrielle
Fertigung.

Exzitonen-Kanéle aus J-aggregate-Nanodréhten wurden durch Bildung eines Komplexes
mit einem dendritischem Polymers gebildet. SAXS enthiillte eine Kern-Schalen Struktur.

Zentrosymmetrische Cyanin Dimere zeichen sich durch ihren nicht-lumineszierenden
Charakter aus. Eine starke rot-verschobene Lumineszenz des Cyanin Farbstoffs konnte durch
gegeneinander verdrillte Farbstoffmolekiile erkldart werden. Der Nachweis wurde mit Cirkular-
dichrosimus Messungen erbracht.

Schliisselworter: J-aggregat, Exziton-Ladungs Quenching, schmall-bandige Photodetektoren,
J-aggregat-Nanodrihte, hohe PLQY.
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|§ Introduction

1.1 Advancing from Electronic Age to Excitonic Age

In the electronic age, with the advent of transistors mankind has realized high speed memory
devices and gadgets. “Transistor density on integrated circuit doubles about every two years”
was predicted by Gordon Moore!!! in 1965. With the rapid advancement of technology to
achieve miniaturization of the devices thereby lowering the cost and enhancing the computing
power of the system has pushed the transistor technology close to Moore’s law. It is unam-
biguous that research and development in silicon semiconductor have played a pivotal role in
achieving such a tremendous growth in the semiconductor device technology, so far. One of
the main prerequisites in the advancement of device technology is to have devices working at
low operating voltage with fast data transmission. Today in optical communications, electrical
signals and optical signals are converted for data transfer. The switching between optical and
electrical signal is irreplaceable. All optical switching would overcome the loss due to electrical
signal conversion. A missing part of merging the photonics and electronics in semiconductor
device technologies or gadgets and overcoming the switching between optical and electrical
signal in communication networks goes unnoticed to enhance the capability of these devices.

Recently, researchers have advanced in this direction to a new mode of data transport using
"excitonic devices" that have evolved into excitonic integrated circuits, excitonic transistors
(EXOT)®?™ to build emergent opto-excitonic devices where the major focus is on tuning and
controlling exciton migration in the device. Different from electronic transport, the prime
carrier is an exciton which can be directly generated using light, store them as light, transport
them as energy and again release as light. An exciton is a neutral quasiparticle with a bound
electron-hole pair generated from strong light-matter interaction or by electrical injection.
Excitons play a vital role in naturally occurring light harvesting antennas. For instance, in the
photosynthesis reaction, the antenna complexes (pigments or chlorophyll) harvest sun light
to create excitons which are transported as excitation energy to the reaction center. These
excitons are called Frenkel excitons. Today artificial 2D systems built from two-dimensional
(2D) organic assemblies and inorganic materials such as transition metal dichalcogenides



Chapter 1. Introduction

(TMDCs) such as MoS,, WS, and its hetero-structures are at the focus of research interest.!367!
Understanding exciton transport in these artificial 2D organic assemblies have attracted
immense interest among researchers to build efficient devices such as organic solar cells
and organic light emitting diodes. Focusing on exciton dynamics in organic assemblies
and its application in optoelectronic devices forms the subject of this thesis. This chapter
introduces organic assemblies of cyanine dye molecules, growth, fabrication of devices and
the characterization techniques which were followed in the subsequent chapters of this thesis.

1.2 Organic Semiconductors

Organic molecules composed of hydrogen, carbon and heteratoms such as sulphur and ni-
trogen form the building block for organic semiconductors (OSCs). These materials can exist
in an amorphous or crystalline form depending on the molecular structure and the bonding
nature. In general, OSC are insulators, however, they can be tuned into semiconductors by
doping, charge injection from electrodes or optical excitation and dissociation of photogen-
erated charge carriers. This makes the OSCs an extrinsic semiconductor. Furthermore, the
charge carriers are localized and the transport occurs through thermally activated hopping.
Carrier mobility in organic materials are ~ 1 cm?/Vs.[®% The high electrical conductivity in
m-conjugated polymers called “polyacetylenes” was shown in 1975. With further explorations,
an eleven-fold improvement was achieved by doping polyacetylenes. The Nobel prize in
chemistry was awarded jointly to Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa
for the “discovery and development of conductive organic polymers” in 2000.!'% Along the
research in the domain of organic electronic materials, researchers paid special attention
to optical properties in OSCs like absorption and emission. Therefore, understanding the
fundamentals from atomic to molecular level will help to appreciate the electron and exciton
migration in OSCs.

1.3 Electronic Properties in Organic Semiconductors

Atomic Orbitals and their Hybridization

As carbon constitutes the backbone in the organic molecules, interaction between carbon
atoms form the basis for understanding charge transport in organic materials. The electronic
configuration of carbon is 1s?2s?2p? with a completely filled 1s orbital (inner electronic level)
and four electrons (two s electron and two p electron) in the outer electronic level. This
forms the ground state configuration of carbon atom (Figure 1.1a). Changing this current
configuration of carbon by promoting an electron from 2s- to 2p- orbital opens up several
combinations of atomic orbitals. Using linear combinations of atomic orbitals (LCAO), “new”
hybrid orbitals can be formed while the total number of the orbitals is conserved. The hybrid
orbitals named molecular orbitals are 2sp3, 2sp? and 2sp depending on the hybridization
between s and p orbitals as shown in Figure 1.1 (b-d). The hybridized and remaining p,
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orbitals are marked only in Figure 1.1d for clarity.
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Figure 1.1 — Atomic orbitals of carbon in ground state (a) along with possible "new" hybrid
orbitals by linear combination of s- and p- orbitals like (b) 25p3 (©) 23p2 and (d) 2sp. The
hybridized and remaining p orbitals are marked only in (d).

Here, different types of hybridization are elaborated with an example:

o sp3 hybridization: For ethane (H3C—CH3), the promotion of an electron in the carbon
atom from the 2s orbital in the ground state to the p, orbitals opens the possibility
to bond with four atoms (Figure 1.1b). The energy required for such excitation of an
electron is much lower than the energy released from bonding with four additional
bonds. In ethane, one of the 2sp® orbital in the carbon atom aligned on the internuclear
axis with the other carbon atom strongly interacts to form a 0 bond and the other three
o bonds are formed between carbon and hydrogen.

. sp2 hybridization: For ethene (H,C=CHy), the first bond between two carbon atoms is
a o-bond by overlapping 2sp? orbitals and other two 2sp? orbitals between carbon and
hydrogen (Figure 1c). The remaining (p;) orbital forms a 7-bond with the carbon atom
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perpendicular to the hybridization plane, which results in C=C.

¢ sp hybridization: For ethyne (HC=CH), the two carbons are bound by a o-bond and
the remaining unhybridized orbitals (p, and p.) form two 7-bonds (Figure 1.1d).

The above mentioned hybridization are the first step of changes that can be observed in optical
band gap due to interactions of atoms (here, carbon and hydrogen) to form molecules with
new "hybrid orbitals". For simplicity, the terminology for interactions observed between two
hydrogen atoms will be introduced. Subsequently, these terminologies will be used to explain
the interaction between two carbon atoms.

Considering the interaction between two hydrogen atoms, the electron configuration of
hydrogen can be represented as wavefunctions such as v, and v¥j in quantum mechanics.
Here, v, and v, represents the 1s hydrogen orbital centered on proton a and b, respectively.
The molecular orbital emerging from the interaction between 11 ; orbitals, can be represented
by using linear combination of atomic orbitals (LCAO) as,

Ve=C1Y¥ax C2Yp

where c; and c; are the mixing coefficients determining the extent of mixing the atomic
orbitals. There are three conditions to be fullfilled by atomic orbitals to interact and form
molecular orbitals as mentioned here. The atomic orbitals must have same symmetry, similar
energy and spatial overlap. The new orbitals are called bonding () and antibonding (w_)
orbitals. The energies of these molecular orbitals can be approximately determined from the
Hiickel molecular orbital theory. Hiickel approximation is limited to conjugated hydrocarbons
which can be extended from simple system like benzene to long conjugated molecules. In this
method, only 7 electrons are included as it influences the optical and chemical properties of
the molecules, while o electrons form the framework of the molecule. This method is based
on applying variational principle to the LCAO with simplified assumptions regarding the over-
lapping atomic orbitals.!!!! Briefly, the terminologies used in Hiickel model is discussed here
considering the interaction between two hydrogen atoms. The bonding between hydrogens
to form Hj, leads to several interactions which can be defined by three terms:

1. Overlap integral (S): A quantitative measure of the extent of overlap between two or-
bitals located on different hydrogen atoms in the same region of space is represented
as,

5= [wayndr

The overlap integral (S) can take values between zero and one, where, (i) zero (when no
overlap), (ii) small (limited overlap) or (iii) one (large overlap).

2. Coulomb integral (a): The Coulomb interaction between an electron of one nucleus
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with the other nucleus is represented as,

a:fwaﬁwadr

The Hamiltonian or energy operator,
a=-12 .9

-~ 2mox?

and V is the potential experienced by the particle.

3. Resonance integral (§): An interaction between a nucleus and the overlap of two atomic
orbitals located on different centers, which is represented as,

B= f yaHy,dt

A cumulative effect of all these three terms on orbital splitting leads to new energy levels as,

Now, extending the molecular orbital formation for ethene, considering only the C=C bond de-
tails the electronic and optical transitions like 0 — ¢* (in red) and 7 — 7* (in blue), respectively
as shown in Figure 1.2. First, considering the innermost 1s? orbitals, which are completely
filled and the electrons are tightly bound close to the nuclei, gives a negligible resonance
interaction () and a very small splitting in molecular orbitals. In the 2sp? orbital, one of the
orbital pointing along the internuclear axis induces a large resonance interaction between the
carbon atoms forming a o bond. This results in strong splitting of the o — o molecular orbital.
Furthermore, the 2p; orbital located very far from the carbon nuclei has small interactions,
which again generates small splitting of 7 — 7* molecular orbital compared to o — ™.

Due to large splitting in o — 0¥, the transitions are probed in the ultra-violet region, while small
splitting in  — * transitions are observed in visible region. Here, the energy level of 7 and 7*
denotes the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), respectively. The energy gap between HOMO and LUMO is called optical band
gap, which is different from the electronic band gap. From the above mentioned hybridization,
two types of bonds- ¢ and 7 bonds contribute to the electronic wavefunction of the molecules.
Furthermore, considering that the nuclei are not stationary in the real molecules, they are
oscillating around an equilibrium position with a certain vibrational frequency (say w).!®9!
Therefore, the total wavefunction of the molecular state () is a product of the electronic
wavefunction (), spin wavefunction (¥ sp;,) and vibrational wavefunction (v ,;5), that is
given as Y=y ¢ V¥ spin¥ vip- Molecular interactions with the electromagnetic radiation can be

5
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Figure 1.2 — Molecular orbital of ethene shown for C=C bond without carbon-hydrogen bonds
for clarity.

observed from the changes in optical transitions from 7 and n*. The optical excitation of
an electron from HOMO to LUMO forms a tightly bound exciton (electron-hole pair) which
is stable at room temperature. Furthermore, when molecules are coupled, the interaction
between excitons leads to interesting effects. As a next step, the changes in optical properties
upon interaction between two molecules will be discussed.

Exciton Model in Optical Spectroscopy

Generally, molecules can interact with each other by weak van der Waals force in the ground
state. Kasha derived a model to explain the intermolecular interaction between weakly coupled
molecules forming resonance interaction.'? The model is explained here to underscore
the importance of interaction parameters influencing the exciton energy levels. Detailed
derivations are available in textbooks for reference.!%13!

Considering two identical molecules (M; and Mj), which have the same ground state energy
levels (E; and E;) with wavefunction ¥; and v, respectively for 2p, orbital. The overall
wavefunction of the two-molecule system in the ground state can be approximated as the

6
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product of the wavefunctions of the individual molecules,

Y=V ¥, (1.1)

(a) \MZ (b) Ml R ”’2‘

Figure 1.3 — Two dipoles with dipole moment - u; and p; arranged randomly (a) and with
head-to-tail arrangement (b) separated by a distance r.

Considering these molecules as two-particle system, the Hamiltonian function can be de-
scribed as,

H=H +Hy+ Vi, 1.2)

where, H; and H, are the operators for individual molecules, V12 is the inter-molecular pertur-
bation potential. Using point-dipole interaction, the transition dipole of the molecules (u1
and p) can be randomly oriented as shown in Figure 1.3a or in a head-to-tail arrangement
(Figure 1.3b).

Using point dipole approximation, the exciton coupling energy for random orientation can be
given as,

| (BB 3@ T

_ 1.3
Sz 4meg | 13 rd (1.3)
Upon dipole alignment (head-to-tail), the exciton coupling energy (J;2) reduces to
1 2414
—— L 1.4
J12 ineg 13 (1.4)

Using equation 1.1 and 1.2, the ground state of the system can be obtained by invoking
Schrodinger equation. Therefore, the ground state energy of two identical molecules is,

Egz<\P1\I’2|H1+H2+V12|\P1\I’2>=E1+E2+D (1.5)
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where, D = (V1W¥, | V12| ¥1¥,). This term reflects the interaction between two molecules, that
depends on orientation and distance between the molecules as explained in eqn 1.3 and 1.4,
and corresponds to the van der Waals interaction energy. Also, the negative component in this
term lowers the ground state energy of the system (two-molecules) compared to the individual
molecule.

So far, we discussed the ground state interaction between two identical molecules. Now, if
we can optically excite one of the molecules, the excited state (¥,) can be ¥, = ¥1*¥, =
Y, W¥,* Here, ¥;* and W, " are the excited state wavefunctions for molecule 1 and molecule 2,
respectively. This describes that exciting either of the molecules will result in the same excited
energy. Therefore, the excited state can oscillate between both the configurations. By linear
combination of both these situations, the overall wave-function for the excited state is,

‘PE=61\PT\P2+CQ\P1\P; (1.6)

where, c; and c, are equal for identical molecules. The normalized symmetric and anti-
symmetric contributions for the eigenfunctions (¥ g.) with respective energies (E+) can be
represented as,

1

Ve NG

(\PT\Pgi\qu’;) (1.7)

Applying eqn. 1.7 and 1.2 into the Schrédinger equation gives

EEiZEf+E2+D’i]12 (1.8)

Here, it is assumed that molecule 1 is excited and molecule 2 is in its ground state, and their
corresponding energies are E; and Ej, respectively. The third term, D is analogous to D in
eqn 1.5 but here, it is an interaction between molecules in excited-state and ground-state. The
fourth term (J;2) is the resonance interaction energy between two configurations which is
analagous to resonance integral as explained in section 1.3.

From the above derivations on electronic (or excitonic) coupling between identical molecules,
the interactions between molecules can be optically probed. Precisely, the above equation
1.8, represents the transition energy (AE;y;4;) between the ground state and excited state as
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shown in Figure 1.4 and represented as,

AEtotar = (Ef + E» +D'+J12)—(E1+E;+D)=AE; +AD+ ], (1.9)
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Figure 1.4 — Electronic coupling between two identical molecules (M; and M) showing energy
splitting for H-Dimer and J-Dimer

The transition energy (AE;y;4;) is dependent on dipole orientation as shown in Figure 1.4.

Considering molecules as point-dipoles and orienting this dipole in different combinations,

two situations with a valid net dipole moment arises as explained below:

1.

H-Dimer: When the molecules are arranged in coplanar fashion with head-to-tail
interaction, the transition dipole moment aligned in anti-parallel direction in the lower
energy state cancels out. As a consequence, the optical transition is not allowed. On
the other hand, when the molecules stack as head-to-head interaction, the transition
dipole moment adds to 2. This is an allowed optical transition, hence an absorption
band blue-shifted to the monomer state can be observed. Upon excitation, however, the
electron relaxes to the lower energy state which has a forbidden transition. This explains
the weak or even vanishing fluorescence from H-aggregates. In some cases, a slight
misorientation or twist in the molecules can still give rise to an emission as explained in
Chapter 6. Also, thermal motion can naturally induce such twisted geometries.

J-Dimer: When the molecules are arranged in co-linear fashion by disloding the center
of the molecule in head-to-tail interaction, the net transition dipole moment for the
lower energy state becomes optically active for absorption and fluorescence. This
optically allowed lower energy state gives a red-shift (bathochromic) in the absorption
band compared to the monomer.
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Huang-Rhys (S) parameter

From the above discussion on electronic coupling between two identical molecules, the
allowed transition energy for H-dimer and J-dimer was explained. However, this two-molecule
or dimer model as explained by Kasha is incomplete for organic molecules. This is due to
the interplay of electron-phonon interactions, which gives rise to intramolecular vibrations
along with the electronic transition. This electron-phonon coupling strength is denoted as
Huang-Rhys (S) parameter. A seminal work of Spano!!*1 extends the two-molecule exciton
model considering the effect of this S parameter. In a strong electron-phonon coupling regime,
the single energy states as described earlier in Figure 1.4 with energy level splitting of 2J;»
turns into a band with 4], (Figure 1.5a and c) due to vibronic excitons. Figure 1.5 shows
monomer energy levels with vibrational levels (as lines on the left) and its corresponding
vibronic exciton band for H-aggregates (Figure 1.5a) and J-aggregates (Figure 1.5c). The
bold arrows indicate the optically allowed transitions. From the absorption spectra, different
transitions can be identified as 0-0 or 0-1, which is helpful to classify the main transition peak
and the vibronic peak. In the case of J-aggregates, the excitons stay in the bottom energy level
(0-0) unlike H-aggregates (0-1). This gives a strong absorption band with increased oscillator
strength for J-aggregates in the 0-0 band, while other 0-1, 0-2 transitions are dictated by weak
vibronic coupling (Figure 1.5b and d). Later, Spano!'® showed that the ratio of intensity
between I°~°/1°7! from a fluorescence spectrum can give an estimate of coherently coupled
neighbouring molecules.

a) H-aggregate 0 J-aggregate
v=2 Tk v=2
hVUI v=1 77 h,l/')I& S ‘
S, =YL= 0 .- ‘ IIWU 5 = 0 g

So

w
o

g
=%

Absorption
Absorption

Energy Energy

Figure 1.5 - Vibronic excitons in H and J-aggregates showing the influence of optically allowed
transitions (bold lines) in the absorption spectrum. Adapted with permission!!”!

[14]

From this theory as explained by Spano,"** it is possible to predict how the absorption or

fluorescence spectra changes depending on the electronic coupling among the interacting

10
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chromophores and disorder in the system. Moreover, this can be used to identify a weak-
coupling and strong-coupling regime in aggregates. For instance, weakly coupled J-aggregates
will show the S;— Sy transition with a shift in the absorption band from monomer while
having resonance in absorption and fluorescence. With strong coupling, the oscillator strength
increases reflecting this effect in fluorescence.

In summary, J-aggregates show a very strong fluorescence with a small Stokes’ shift (difference
between absorption and emission maxima). A narrow absorption width (about 10-20 nm) and
small Stokes’ shift in J-aggregates signifies a strong exciton coupling and resonant behaviour of
excitons. These properties of J-aggregates intrigued several researchers to also explore this ag-
gregation effect in porphyrins,!'®19! chlorin,?%2! perylene bisimide,?>?3! merocyanines, 2425
hydroazaheptacene tetraimides'?®’ and BODIPY'?”! dyes. Despite the effect of aggregation
was observed in a broad range of molecules, cyanine dyes even today attract significant at-
tention due to their unique properties - a high polarizability already present in the ground
state giving rise to strong interaction between molecules over a large distance. For instance,
the polarizability is almost thrice compared to polyenes of similar size.?8! This polarizability
effect leads to giant pesudo-dipole formation in the excited state. Extensive review articles on
J-aggregates in cyanines,?®! perylene bisimide!?® with a special mention on exciton dynamics
in J-aggregates!!”! are available in literature.

1.4 Forster and Dexter Type Energy Transfer

We here introduce the two main mechanisms of how energy can be transported between
molecules. Consider two molecules which act as donor and acceptor with absorption (D,
and A,) and fluorescence (Dy and Ay) spectra as shown in Figure 1.6a. An exciton created
in a donor molecule by an external stimuli can be transferred to the acceptor molecule by
non-radiative energy transport - Forster and Dexter type and/or radiative energy transport.

Forster transport

In the year 1946, Forster developed a model explaining exciton transport in molecules which
are placed apart at a considerably larger distance compared to their molecular size and the
coupling between the molecules is provided by electromagnetic dipole-dipole interaction.
This resulted in coherent transport of exciton from donor to acceptor without any release of
energy in the intermediate step as shown in Figure 1.6b. This mode of exciton transport was
named Forster resonance energy transfer (FRET). The efficiency (Erggr) of a FRET transport
can be defined as,

Errer = __ker (1.10)
k;)c + kET + Z ki

11
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where, kgt - rate of FRET, k;)c - rate of natural radiative relaxation (i.e., fluorescence rate in
the absence of any other deactivation processes), and k; - non-radiative relaxation rate (e.g.,
internal conversion, intersystem crossing, external conversion etc).

Between donor and acceptor, the orientation and distance between them are related to the
Coulomb interaction energy (.) and transfer rate (kgt) as,

. |,UD| |,UA| kpr

73 (1.11)

Be

1 (Ry\®
kpr = —(—0) (1.12)
D

where, up and p4 represent transition dipole moments of donor and acceptor, R- donor-
acceptor distance and k - orientation factor, 7 - fluorescence lifetime of donor in the absence
of acceptor, Rg - Forster radius at which FRET rate is 50%. Donor-acceptor distance is a very
crucial factor to influence exciton transport in FRET mode due to its R® dependence. To
enhance the FRET, a high quantum yield of donor fluorescence and high extinction coefficient
of acceptor gives an overlap integral (J) as shown in Figure 1.6a

J= fo(/l)ea(/l)/14dA (1.13)

Dy - normalized emission spectrum of the donor, €, - molar absorption coefficient of the
acceptor and A - the wavelength.

Dexter transport

Another non-radiative process, which can transfer excitons by electronic coupling ., between
a donor and acceptor is Dexter transport. Besides a large overlap integral (J), an additional
overlap of electron wavefunctions is required to have an exchange of electron between donor
and acceptor, where the efficiency is distance dependence. The rate of Dexter transport (kp)

is,

kp o e~ "D (1.14)

12
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Figure 1.6 — Absorption and fluorescence spectrum of donor and acceptor (a). Non-radiative
energy transport - Forster (b) and Dexter (c) and radiative energy transfer (d).

Radiative energy transport occurs by emission from donor molecule followed by absorption
of the acceptor molecule. The efficiency of exciton transfer is very low in this process as shown
in Figure 1.6d.

1.5 Supramoleular Assemblies in Cyanine Dyes

Cyanine dyes, as the name "cyan" suggests, are blue-green dyes which were synthesized for
the first time by Greville Williams a century ago in 1856.1%032] Cyanines have very strong
molar extinction coefficients (~10° M~'cm™!) and optical absorption tunable for wide range
of wavelength of interest from 400 to 900 nm. Despite researchers possessing very well-
established synthesis route to tune the material, very recently in 2017, Lin et al.®3 have
shown that the absorption edge can be tuned upto 1500 nm. This speaks for continued
efforts of researchers in building new cyanine chromophores due to their strong extinction
coefficient. Structurally, cyanines are organic salts with an anionic (cationic) chromophore
and cationic (anionic) counter-ion (Figure 1.7a). The chromophore of the cyanine dyes belong
to polymethine group, with odd number of methine groups (—CH=) linked with alternate
single and double bonds and nitrogen end groups. The presence of alternate single and double
bonds introduces conjugation in the polymethine chain. This enables the lone pair of electron
in the nitrogen atom to delocalize along the polymethine chain (Figure 1.7b). The presence
of Clin the corner (in magenta) participates in organic assemblies and also it can influence
the HOMO and LUMO of the cyanine dye to a greater extent.’*¥ The hydrophobic side chains
(in red) can be tuned to modify the morphology of the cyanine dyes.'3% The presence of
sulphonate group (in blue) renders water solubility of the cyanine dyes.
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Figure 1.7 — Typical cyanine dye with hydrophobic edges shown in red and hydrophilic edges
shown in blue (a). Illustrating delocalisation of n-electron along the polymethine chain (b).

Tuning the optical and chemical properties of cyanine dyes starts from beginning of the
synthesis.[®8! For instance, the chain length of the cyanine dye can be increased from n
= 0 (monomethine), n = 1 (trimethine), n = 2 (pentamethine) and n = 3 (heptamethine)
(Figure 1.8a-c). Correspondingly, the peak absorption can be bathochromically shifted by ca.
100 nm (Figure 1.8d). Longer chains (for instance, n = 4) are prone to oxidation of double
bonds, thereby disintegration of polymethine chain and deteoriation of optical properties of
cyanines.[37] Using the particle-in-a-box model, the absorption maximum (in energy scale) of
the dye can be corelated to the length between nitrogen atoms.

_ @n+1R? 1.15)
- 8mlI? '
where, AE - difference in HOMO and LUMO (optical band gap), n - number of electrons, # -
Planck’s constant, m - mass of the electron and L - length of the conjugated system (here, it is
between two nitrogen atoms).

In 1936, Jelley'3®39 and Scheibe!*?*! independently discovered molecular aggregation in the
cyanine dye (1,1’-diethyl-2,2’-cyanine 1,1’-diethyl-2,2’-cyanine chloride (pseudoisocyanine,
PIC)). These newly formed aggregates were named "J-aggregates". The optical absorption
band of these J-aggregates were found to be characterized by a very narrow and red-shifted
from their individual molecules (monomers). For comparison, the J-aggregates formed in
solution for three different cyanine dyes are shown in Figure 1.8d. A higher level ordering
which is dependent on concentration, temperature and reversibility was proposed. Later,
Scheibe and Kandler!*?! showed that the direction of the absorption dipole is parallel to the
aggregate axis using linear dichroism experiments. With these fundamentals, Forster!*3!
again confirmed that the molecules are aligned in J-aggregates as reported by Scheibe and
Kandler.*?) Davydov!*¥ and Kasha!'® proposed a basic model of excitonic (or electronic)
coupling between two molecules as shown in section 1.3. Although, it is a simplified model,
it is robust enough and applicable while scaling up to molecular aggregates to provide more
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Figure 1.8 — Example of three cyanine dyes with increasing chain length for (a) n=1, (b) n
=2, and (c) n = 3. (d) Attenuance of the monomer (in dotted lines) and their corresponding
J-aggregate (filled) solution spectrum are shown in energy scale.

insights in their optical properties.

1.6 Corelation between Structural Packing and Optical Properties
in J-aggregates

Strong dipole-dipole interaction in the J-aggregates along the molecular axis makes it com-
pelling to study its exciton dynamics compared to their monomers. Exciton dynamics in
J-aggregates are studied for different morphologies. The morphology of J-aggregates can be
tuned between 1D - cylindrical objects and 2D - thin films by changing the dye structure.
Formation of different J-aggregate morphologies and growth models and correlation to the
optical properties will be described here.

From the exciton theory as mentioned before in section 1.3, the self-association of dye
molecules to form a J-aggregates in solution depends on several factors like dye structure,
concentration, solvent polarity, pH, ionic strength and temperature.*>’ An extensive work
on cyanine dye aggregation in solution was reported by Herz.*®! The role of 7-n disper-
sive interactions between polarizable groups and electrostatic interaction between opposite
charge facilitates aggregation. Furthermore, the planarity of cyanines renders close packing
of molecules thereby reducing the distance between the molecules. This can substantially
increase the exciton coupling energy as shown in eqn.1.3. In the J-aggregate configuration,
the whole molecular assembly acts as a single entity with strongly coupled transition dipole
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moment.'?®! The strong absorption coefficient (oscillator strength) for J-aggregates compared
to their monomer counterparts comes from the square dependence of transition dipole mo-
ment. As a result of this excitonic coupling, the optical properties of J-aggregates are distinct
from their individual monomers. For strongly coupled chromophores in a J-aggregate, an
exciton possesses coherent properties due to the rapid exchange of excitation energy between
the N molecules constituting the latter. As a result of this dominant exchange interaction,
the excited state of the aggregate is decoupled from its environment, leading to an extremely
narrow absorption band that scales with 1/N and is devoid of vibrational transitions. These
characteristic features are accompanied by a short radiative lifetime scaling with 1/N and
a vanishing Stokes shift of the narrow fluorescence line. In real aggregates, the number of
coherently coupled molecules (coherence size) strongly depends on imperfections, disorder
induced by the environment or thermal motion as well as size distributions of the molecular
assemblies. In rough terms these effects will lead to larger bandwidth, lowered exctinction
coefficient as well as a clear albeit small Stokes shift./“6=48] Furthermore, this square depen-
dence of transition dipole moment to the oscillator strength also reflects in the fluorescence
properties.

In general, the fluorescence quantum yield (®) of a system is defined as

Q@

=— 1.16
KO + Ky (1.16)

where, k(r) and k;,, are radiative and non-radiative decay rate, respectively.
The fluorescence lifetime (7) is,

1

T=—— 1.17
KO + Ky (117

In the case of J-aggregates, an increased radiative rates (k%) with shortening of fluorescence life-
time compared to their monomer counterparts was observed. This increased radiative decay
rate in J-aggregates was called "superradiance".[*?%% Most importantly, the exciton lifetime
for J-aggregates is much shorter than the monomers depending on the coherently coupled
monomers by a factor ~1/N.°! The exciton coherence in J-aggregates leads to collective be-
haviour in fluorescence quenching called "super-quenching". This characteristic feature was

exploited later for several donor-acceptor systems, energy transfer and PL enhancers. 5254

1.6.1 1D J-aggregates

Formation of 1D J-aggregates (tubular aggregates) in solution was studied using a cyanine dye
3,3-bis(2-sulphopropyl)-5,5,6,6-tetrachloro-1,1-dioctylbenzimidacarbocyanine (C8S3).157-59
The chemical structure of C8S3 dye is shown in Figure 1.9a. As the sulphonate groups (marked
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Figure 1.9 — Chemical structure of the C8S3 dye showing hydrophilic and hydrophobic edges (a).
Schematic of double walled tubular J-aggregate showing inner cylinder and outer cylinder with

a cryo-TEM image (below), (b). The absorption spectrum of J-aggregates and its corresponding
[55]

monomer (c). Adapted with permission.
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Figure 1.10 — Schematic of complete double wall nanotube (a), Oxidized outer wall (b), Mutual
arrangement of dye molecules in the inner wall (c) and extension of this model to outer wall

(d). The corresponding absorption and simulated spectra are shown below. Adapted with

permission. 5!
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in red) render water solubility, the hydrophobic interaction (marked in grey) from the alkyl
groups in 1,1’ nitrogen positions leads to double-walled tubular J-aggregates with an inner
wall and outer wall as shown schematically in Figure 1.9b along with the cryo-TEM (below) as
observed by Berlepsch et al.l®® The tubular aggregates showed unique inner wall and outer
wall thickness with distinct absorption behavior. As shown in Figure 1.9¢, the monomers
have a weak and broad absorption band (6) along with a vibronic band (7), while tubular
J-aggregates show two strong absorption peaks from the inner (1) and outer wall (2).759
It can be noted that along with the main absorption peak, there are other small absorption
peaks (3),(4) and (5) present at the high energy side (Figure 1.9¢). This is different from the
monomer absorption peak (6). Further insights into the absorption spectrum and corelating
to the molecular packing in this double-walled tubular J-aggregate was shown by Eisele et
al.>® Addition of silver nitrate (AgNO3) solution to a freshly prepared double-walled tubular
J-aggregate solution leads to selective oxidation of the outer wall that suppressed its optical
response and only the absorption peak of the inner wall (~600 nm) can be observed as shown
in Figure 1.10b. The molecular packing of monomers and orientation of dipoles can explain
this observation in greater detail. In contrast to the typical bricklayer structure, the authors
showed that the molecular packing in the inner wall follows a herringbone structure with
molecules rotated out-of-the-plane instead of being planar in structure. This new model was
named as extended herringbone structure. The presence of molecules in the out-of-plane
direction gives rise to high energy peaks in the absorption spectum along with the inner
wall absorption as shown in Figure 1.10b. This was verified further by using simulations and
compared with the experimental data (Figure 1.10c). Extending this model to the outer wall
was in complete agreement as observed for the inner wall (Figure 1.10d). It was also concluded
that in this double-walled tubular aggregates the excitons between the inner and outer wall
don't interact and therefore, this can be imagined as two uncoupled tubes.

1.6.2 2D J-aggregates

Kirstein et al.!'%! observed 2D growth of J-aggregates on ammonium amphiphile. Kirstein
and Mohwald!®! investigated the optical transitions in 2D J-aggregates and confirmed a
Herringbone packing of molecules. The formation of 2D J-aggregate films propelled the
application of J-aggregates as sensitizers on silver halide crystals for photography.!6263! Steiger
et al.' have shown that the edges and corners of AgBr crystals act as nucleation site to
form J-aggregates from monomer solution. Also, thin films of J-aggregates were formed by
mixing PIC-Br dye with polyvinylalcohol (PVA) in water and highly oriented J-aggregates were
obtained by using "vertical spin-coating route".!%%! Here, two different growth techniques
which are widely used even today to obtain 2D J-aggregate thin films are explained below:

1. Langmuir-Blodgett (LB) growth

A typical set-up for manufacturing Langmuir-Blodgett films consists of a trough filled with
water where cyanine dye molecules with limited solubility are dispersed in water and con-
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Figure 1.11 — Schematic of Langmuir-Blodgett (LB) growth technique showing the set-up (a)
used to form Langmuir films (b) and then transferred on glass substrates (c).

trolled by compressor plates (fixed and moving barrier) as shown in Figure 1.11a. Presence of
hydrophobic and hydrophilic part of the cyanine dyes results in extending the hydrophobic
part at the air-water interface and hydrophilic part in the water. As the dye molecules dis-
perse uniformly a thin film is formed which is called "Langmuir film". Subsequently, using
compressor plates the molecules are compressed slowly by monitoring the compression in
the Wilhelmy balance. Then, a cleaned glass substrate will be immersed in the liquid and
withdrawn at controlled speed, so that the monolayer is transferred to the glass substrate
(Figure 1.11a). The compressor plates are developed to keep very high surface pressure so that
the molecules can be transferred efficiently on the substrates in a continuous process as the
amount of dye molecules decreases with repeated cycles. Several factors like surface tension,
surfactants and substrate nature influences the film formation. Although this technique is
a very slow process, this was the first step to achieve J-aggregate monolayers in 1970s. Hada
et al.!%! were the first research group to show the implementation of the LB technique for
cyanine J-aggregates.

As J-aggregates in PIC dyes form at very high concentration (c = 5 mM), PIC dye was modified
to thiacyanine or thiacarbocyanine like 5,6-dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-
benzimidazol-2-ylidene]- propenyl]-1-ethyl-3-(4-sulfobutyl)-benzimidazolium hydroxide,
inner salt, sodium salt (TDBC) dye which formed J-aggregates at very low concentration (c
=0.1 uM).'57 Further studies on 2D J-aggregate formation using (TDBC) dye will be discussed
as this forms the Chapter 2 of this thesis. The chemical structure of the TDBC dye is shown in
Figure 1.8a.

2. Layer-by-Layer (LBL) deposition

The layer-by-layer (LBL) technique was first implemented by Kirkland'®® and Iler'®®’ in 1966
to deposit alternating layers of oppositely charged particles. Fukumoto and Yonezawa!""!
showed multilayer J-aggregates deposited using LBL with thiacyanine and thiacarbocyanine
dyes, separately as anionic dyes with poly(diallyldimethylammonium chloride) (PDDA) as
cationic surfactant. This process involves depositing a monolayer of polyelectrolyte (PDDA
here) by immersing a cleaned glass (or quartz) substrate into the polyelectrolyte bath at room
temperature for 30 min and rinsing with the same solvent (water) to remove weakly adsorbed
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Figure 1.12 — Schematic of Layer-by-Layer (LBL) deposition technique showing the functional-
ization of glass substrate with electrolyte (cationic or anionic)(a) followed by deposition of
cyanine dyes (anionic or cationic)(b), respectively.

excess material (Figure 1.12a). Subsequently, the PDDA functionalized substrate will be
immersed in the dye solution to form a J-aggregate monolayer (Figure 1.12b). This technique
allows much faster and easier deposition of monolayers to multilayer films compared to the
LB technique. Later, this technique was explored by Bulovi¢!”!! group to deposit J-aggregates
using TDBC dye to study the optical properties of J-aggregates and to build advanced opto-
electronic devices. Furthermore, Bradley et al.["!! showed that the film formation of J-aggregate
in LBL technique follows a "Stranski-Krastanov (S-K)" growth model. This growth model is
followed even recently to deposit J-aggregate thin films using TDBC dye.”?! The influence of
polyelectrolyte on exciton dynamics will be discussed later and an alternate growth model of
J-aggregate thin film will be discussed in Chapter 2 in this thesis which negates the S-K growth
model as explained by Bradley et al.[’!! In the next section, we will discuss different growth
model of thin films to appreciate the routes to form J-aggregate monolayer and coherent
crystals.

1.7 Growth Model of Thin Films

In general, growth of thin films and crystals are very distinct phenomenon. Growth of single
crystals from a supersaturated solution is based on approaching towards an equilibrium
state while thin-film formation is more dynamic favoring non-equilibrium processes. In the
case of vapor phase deposited thin films, the chemical potential between the vapour phase
and the solid phase acts as driving force for film formation (Figure 1.13a). So, the growth of
thin films involves both thermodynamics and growth kinetics which makes it a complicated
growth route. Growth of J-aggregates on solid substrates as mentioned above, occurs from a
solution to substrate. This involves the film-substrate interface free energy (y;) as an important

parameter. Broadly, thin film growth follows three distinct growth models:"3!

1. Volmer-Weber growth model: When small clusters are nucleated on the substrate, the
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Figure 1.13 — Starting with a glass substrate (a) a schematic of three distinct growth models -
Volmer-Weber (b), Stranski-Krastanov (c) and Frank-van der Merwe model (d)

clusters grow together to form large crystals. The interaction between molecules are
much stronger than the molecule-substrate interaction (i.e ¥ ;;,—m >> Y m-s). This leads
to island formation as molecules hold together by weak van-der Waals force (Figure
1.13b).

2. Stranski-Krastanov growth model: Unlike the Volmer-Weber growth model, when the
interaction between molecule is reduced and the molecule-substrate interaction is
enhanced (i.e ¥ ;;—m < Ym-s), this acts as driving force to form a monolayer of molecules
on the substrate (Figure 1.13c). Further deposition of the molecules, limits its interaction
to the first monolayer formed on the substrate, thereby initiating island formation of
molecules on top of the monolayer.

3. Frank-van der Merwe growth model: When there is no energy barrier between the
molecule-molecule and molecule-substrate interaction (i.e y,;,—m = Ym-s), monolayer
formation is highly feasible. Furthermore, in this growth technique, the monolayer
completion tends to be more dominant than the island formation. This is because,
formation of islands before completion of first monolayer will have an energy penalty
making it an energetically unfavorable situation. After formation of the first monolayer,

the next monolayer starts developing (Figure 1.13d)"4!
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1.8 Exciton Dynamics in J-aggregates

Following the growth of J-aggregate thin films, understanding the exciton dynamics is the
prime focus of this thesis. Unlike in molecular crystals, the exciton migration length in J-
aggregates was reported to be orders of magnitude larger. Exciton migration in J-aggregates
are treated as coherent (or band type) or incoherent(or hopping type). In the case of coherent
transport, the exciton moves in a wave-like fashion before getting scattered by defects or
phonons, where it loses coherence.*6:7576] The characteristic time at which coherence is lost
is called dephasing time and tuning this time can be helpful in studying the coherent diffusion
length in J-aggregates.’®”! For instance, as phonons are thermally excited, cooling the system
minimizes exciton-phonon coupling and thereby increasing the dephasing time. This implies
longer diffusion length at low temperatures. On the other hand, structural defects like grain
boundaries or crystal imperfections are independent of temperature. In this situation, the
excitons can hop from one site to another in random fashion, to initiate incoherent exciton
transfer. Nevertheless, it is generally observed that the diffusion length for incoherent hopping
is much smaller than coherent diffusion.!*®! To have coherent exciton migration at room
temperature, the exciton coupling needs to be much larger than kT and energetic disorder
in the system. Although, J-aggregates possess high exciton coupling (~ 500-1000 cm™!), the
static disorder, in particular, 2D J-aggregates influence the exciton migration as elucidated in
Chapter 2.

Exciton migration length in J-aggregates (both 1D and 2D) were studied using several tech-
niques:

1. Quenching experiments

Preliminary experiments by Scheibe*!! showed that the photoexcitation in J-aggregates
(donor) can be quenched by adding small amounts of quenching molecules (acceptor), signify-
ing an extended exciton migration length. Later, exciton migration length in monolayers were
studied to understand the diffusion length over several molecules at room temperature.®17")
Initially, Mobius and co-workers!”” 78 proposed that the rate of energy transfer from donor to
acceptor decreases with temperature. Later, Scheblykin!”® showed that the exciton migration
is strongly T-dependent and observed exciton-exciton annihilation at low temperatures. A
quantitative description on static and dynamic disorder effects on exciton migration was
described.™

2. Exciton-Exciton Annihilation (EEA)

Unlike quenching experiments, the EEA technique requires only pristine J-aggregates films
to calculate the exciton migration length. The photoluminescence (PL) of the J-aggregates
are recorded with increase in laser fluence. From the relation between PL intensity versus
fluence (PL x 1"), two different mechanism can be inferred (Figure 1.14a). When n=1, the
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1.9. Perspective on Exciton Migration in J-aggregates

PL trend remains to be linear, signifying a constant emission as more photons are pumped
in with increase in fluence. On the other hand, with increase in exciton density, the excitons
((1) and (2)) can migrate (coherent or hop) to collide with each other. In this situation, a
bi-exciton is formed, by suppression of one exciton (1) and transferring the other exciton to
form a bi-exciton (3). Quick relaxation of electron from <e2> state to <el> state, results in
reduction of two-exciton to one-exciton with reduced PL intensity (Figure 1.14b). This trend
leads to sub-linearity (n<1) behaviour, which is generally observed during excitation at very
high densities (1 uJ cm~2).[8 This nonradiative recombination of excitons can be represented
as,

51+Sl—>sn+80
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Figure 1.14 — Visualization of photoluminescence versus laser fluence trends showing constant
emission and exciton-exciton annihilation (EEA) (a). Formation of bi-exciton showing exciton
quenching during annihilation (b). Here <g>, <el> and <e2> represents ground state, first
excited state and second excited state, respectively.

In chapter 2, we will introduce a new exciton quenching mechanism - "charge-exciton quench-
ing" in the presence of excess excitation energy (instead of fluence) which is different from
exciton-exciton annihilation.

1.9 Perspective on Exciton Migration in J-aggregates

Using one of the above mentioned techniques, researchers have measured (or estimated)
the exciton migration length in J-aggregates. For 1D J-aggregates, tubular J-aggregate are
already present in solution and preparation of solid-state thin films is very simple. Eisele!®!!
used drop-casting route by dropping the J-aggregate solution on cleaned glass substrate and
characterized them using near-field scanning optical microscopy (NSOM). Later, Caram et
al.® showed that dispersing the tubular J-aggregates in a sucrose-trehalose matrix reduces
the photo-bleaching effect and used EEA studies to characterize the exciton migration length.
Room temperature exciton migration length of ~1.6 + 1 um was reported, which is also the
highest reported value so far.%

For 2D J-aggregates, Akselrod!®”! followed LBL approach to deposit TDBC J-aggregates and
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conducted exciton-exciton annihilation studies. An exciton migration length of ~ 44 nm was
estimated despite having uniform J-aggregate films as claimed by Bradley et al.l”!! Sorokin et
al.’®?! showed exciton self-trapping in the J-aggregate films deposited by LBL route. Consider-
ing a multi-layer J-aggregate film deposited by LBL route, presence of polyelectrolyte between
two J-aggregate layer inhibits exciton coupling. Furthermore, the stacking defects like grain
boundaries acts as fluorescence (or exciton) quencher, thereby limiting the exciton migration
length in 2D J-aggregates. In organic crystals, exciton quenching at the grain boundaries
promotes free-charge carrier formation at the grain boundaries and these charge carriers can
accelerate exciton quenching. 83!

Therefore, growing coherent, large 2D J-aggregates thin films and minimizing the interference
of polyelectrolyte layer forms the motivation of this work. This was achieved by exploiting the
growth route shown by Steiger et al.[®*! as detailed in Chapter 2 of this thesis.

1.10 Recent Applications of J-aggregates in Optoelectronic Devices

J-aggregates were initially used as spectral sensitizers in photographic films, 6284 optical
recording!®! and fluorescent labels for bio-medical applications.!®%87! Here, some recent
applications where J-aggregates are currently explored will be discussed below:

1.10.1 Narrowband photodetectors

Devices which can convert optical to electrical signals are called photodetectors. Cyanine
dyes are mostly used as photodetectors with a focus on extending the light absorption to the
infrared region.!33-36:88-99 Ogedach et al.!%! demonstrated the concept of using J-aggregates
in photodetectors to extend the infrared absorption limit. On the other hand, narrowband
photodetectors are gaining attention for several applications in medicine, aerospace, surveil-
lance and robotic sensors. The main feature of narrowband photodetector material is to have
an absorption spectrum with full-width at half maximum (FWHM) less than 100 nm with high
external quantum efficiency (EQE meaning number of charge carriers collected to the number
of photons incident on the device) ~ 15%.

Several techniques like fabricating micro-cavity to generate charge carriers from the charge-
transfer (CT) state,®!! charge-collection narrowing (CCN)!%?! and from plasmon states'®! are
reported. In general, CCN technique gained more attention among researchers in perovskite
and organic electronics, that was followed up to further development like improving the EQE
beyond 100 % (gain) using photomultiplication effect.%4-%! Therefore, it is worth detailing the
CCN mechanism as a motivation for narrowband photodetectors demonstrated so far.
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Figure 1.15 — Conventional photodiode (a) using bulk-heterojunction (BHJ) photo-active
layer for charge generation using photoexcitation for all three wavelengths (A,B and C) of the
absorption spectrum as shown in (b). Charge-collection narrowing (CCN) with a thick (BHJ)
device where collection is enhanced only for wavelength marked "C" (c) resulting in a narrow
EQE (d). Adapted with permission from Armin et al.[7l

Working principle of charge-collection narrowing (CCN)

Armin et al.®”) have used PCDTBT:PC7oBM [(poly[N-9-heptadecanyl-2,7-carbazole-alt-5,5-
(4,7-di-2-thienyl-2,1,3- benzothiadiazole)]:PC7oBM] as donor:acceptor blend which normally
has a broadband absorption. A conventional photodiode was fabricated by spin-coating
PCDTBT:PC7¢BM blend on an indium tin oxide (ITO) substrate with evaporated aluminum
as top electrode to complete the device (Figure 1.15a). The absorption and EQE are shown
in Figure 1.15b, where EQE almost follows the profile of absorption. It can be noted that the
spectral distribution for all the three wavelengths are similar as shown in Figure 1.15a.

Upon increasing the film thickness of the active layer from 700 nm to ~2 um, the spectral
distribution gets altered. The photons at shorter wavelength are strongly absorbed at the
ITO interface, while long wavelength photons (marked C) penetrate longer distance into the
device (Figure 1.15c). This effect enhanced the collection efficiency (1.0;;) in the EQE for
longer wavelength while suppressing the shorter wavelength due to imbalanced charge carrier
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transport. Collectively, a narrowband photodetector with FWHM of the EQE in sub-100 nm
range was demonstrated (Figure 1.15d).

This requirement of high EQE with FWHM in sub-100 nm range motivates to explore the ultra-
narrow absorption bands with FWHM < 50 nm in J-aggregates for narrowband photodetection.
Moreover, the wavelength of the absorption edge can be tuned from visible to infra-red region
by extending the polymethine bridge length. This will be discussed in detail in Chapter 3 in
this thesis. The figure-of-merit for narrowband photodetectors are EQE, response time and
noise current. These characterization techniques will be elaborated here.

External Quantum Efficiency (EQE)

External quantum efficiency or incident photon to converted electron ratio (IPCE) is defined
as number of electrons extracted per second to the number of photons incident per second
on the device. This relation is given as,

number of extracted electrons/s h-c-1
EQE = =

= 1.18
number of incident photons/s  e-A-P (1.18)

where, h - Planck constant, ¢ - speed of the light in vacuum, I - current generated from the
device, e - elementary charge, A - wavelength and P - power of the incident light.

In an ideal case, if all the absorbed photons are converted into charge carriers and ex-
tracted, then the EQE of the device is unity (or 100 %). Generally, other effects like charge-
recombination, scattering of incident photon affects the IPCE. To determine the number of
incident photons at different wavelengths, standard Silicon photodiode with a known spectral
response is first measured. With this reference sample, the devices are connected and mea-
sured for wavelength of interest under different bias condition. Different from solar cells, the
photodetector functions in reverse bias.

Based on the EQE values, one can calculate IQE and responsivity (R) using the following

equations,
EQE EQE
IQE = = 1.19
Q number of absorbed photons/s Ay (1.19)
R ivity (R) EQEVl(A/W) (1.20)
esponsivi = .
P v 1240
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IQE is the internal quantum efficiency taking absorption into account, whereby EQE is divided
by the true absorbance (A;) of the active layer. Responsivity (R) gives the ratio of photocurrent
generated to the incident radiant energy (W). This can be calculated from the EQE as shown
in eqn.1.20. The unit of R is A/W.

Transient photocurrent response characterizations

One of the main figures-of-merit for a photodetector is response time - the time required
for a photodetector to respond to an incident photon. The photocurrent response upon
illumination with white light will be measured. From the photocurrent, the rise time (7,)
will be calculated from the difference between the time taken to rise from 10% to 90% of the
photocurrent (Figure 1.16).

To understand the dynamic behaviour of the photodetector, the response time measured will
be performed for light pulses with different frequencies. From this data, the cut-off frequency
(f_34p) will be determined. This -3dB point is the frequency at which the input signal power
drops by 50% (in other words, the measured photocurrent decreases to 0.71 of the initial
value) %8/

The above mentioned concept on narrowband photodetectors are studied using J-aggregates
and discussed in Chapter 4 in this thesis. Furthermore, these photodetectors are mostly
pixelated devices and additive manufacturing techniques using solution-processing route to
fabricate these photodetectors for large volumes, will push this concept for industrialization.
The next section will introduce one of the manufacturing technique - inkjet printing which
was followed in this thesis work to demonstrate the capability of printing these narrowband
photodetectors as discussed in Chapter 4.

A light,,
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Figure 1.16 — Illustration of response time calculation from the light pulse
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Chapter 1. Introduction

Inkjet printing

Inkjet printing (IJP) evolves from the patented work of Lord William Kelvin for direction of
droplets using electrostatic forces, which was developed for graphics printing and used for
printing functional materials. Direct deposition of solutions onto a substrate in a non-contact,
mask-less mode with a possiblity to pattern a required structure without lithography technique
and later transforming into solid structures appeals this technology among wide community.
The pattern resolution is limited by the droplet volume and spreading diameter of the droplet
on the substrate, which promoted this technique to build several prototypes of new device
stacks in lab-scale. In organic electronics, IJP has been used to completely print organic
light emitting diodes (OLEDs),%%! organic field-effect transistors (OFETs),!'%’! and organic
photovoltaics (OPVs).[10l

In general, continuous inkjet printing (CIJ) was the primary technique to transfer the material
from the liquid container to the substrate which was developed further to print in a controlled
manner and called as drop-on-demand (DOD) technique. In CIJ technique, a stream of liquid
droplets formed due to Rayleigh instability of the liquid is ejected through a nozzle onto the
substrate. The droplets are accelerated by applying voltage to the deflector plates thereby
charging the liquid droplet and to drive them towards the substrate. It is a continuous process,
where the system continues to dispense the droplet even when there is no requirement for
printing, where the excess material is removed through the gutter. This leads to wastage in
the case of non-reusable or expensive inks. Further development of this technique lead to
drop-on-demand (DOD) technique, where an external stimuli, either thermal or mechanical
force enables the drop formation (Figure 1.17a and b). This was advantageous in printing
the inks under controlled manner. We have used a piezoelectric actuator to control the
droplet formation, by applying a voltage waveform with frequencies in the acoustic range
(1-20 kHz) which resonates between the electrodes thereby forming a droplet and guiding

a b
Thinfilm--g} 11 Vapor bubble Piezoelectric
actuator

I \

Y U

Q Q

o] o]

L o)
o

. Drops positioned on substrate

o — —

Figure 1.17 — Schematic illustration showing drop-on-demand (DOD) inkjet printing system
with a liquid filled container facilitated with a thin film heater (a) or by mechanical actuation
(b) to form droplets. Adapted with permission from Brain Derby!1%?!
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the droplet to the substrate. It is noteworthy to mention that this ink-jet printing technology
has stringent requirements to process inorganic and organic component inks for printing.
Although, inorganics are stable across several solvents to match the criteria for printing,
organic materials suffer from solubility issues which is difficult to process. This limitation
of solubility of the organic component was circumvented by devising an organic vapor jet
printing (OVJP), which is a combination of molecular evaporation and carrier gas controlled
jet printing.!'%%! Briefly, a hot carrier gas (Argon or Neon) with the molecular vapor is passed
through a nozzle which forms a collimated gas beam. Upon getting in contact with the
cold substrate, the molecules condenses to form a thin layer. The advantage of OVJP over
conventional ink-jet printing is reduction of nozzle clogging and much more control over
pattern resolution.

In this thesis work, the photodetector involves both inorganic (TiO», as electron acceptor) and
organic (J-aggregates) components, which are printed using a DOD technique to demonstrate
the manufacturing capability of the narrowband photodetector.

1.10.2 Polariton lasers

Conventional laser are generated by stimulated emission from the electrons which are pumped
to higher energy states undergoing relaxation to the lower state to give an emission. In this case,
an electron in higher energy level, at different time interval, can emit a photon to reach the low-
energy state. This process introduces incoherence in the emitted photon with random phase.
The most favorable condition will be, to have all the electrons populated to one excited state.
This advancement would benefit in building lasers with low power excitation, however, due
to the Pauli exclusion principle, more than two electrons (with different spin) cannot occupy
the same quantum state. This can be obviated when electrons are substituted by excitons.
Creating a Bose-Einstein (BE) condensate will lead to funnel all the occupancy to the lowest
quantum state. Generally, BE condensates are feasible for inorganics at low temperature,

however, BE condensates were observed at room temperature using polymers.!1%4!

The design of polariton laser involves an optical micro-cavity developed with reflecting mirrors
(dielectric Bragg reflectors, DBR) and filled with an organic active layer. This design leads to
the formation of strong coupling between excitons and cavity photons, a state of composite
Bosonic quasi-particle called as exciton-polaritons, which is half-light and half-matter. The
coupling between exciton and photons gives rise to two new states - upper polariton branch
(UPB, higher energy) and lower polariton branch (LPB, lower energy). Lidzey!'%! introduced
tetra-(2,6-t-butyl)phenol-porphyrin zinc (organic material) in a micro-cavity and observed a
strong-coupling regime in exciton-photon interaction.

As J-aggregates show a coherent state when they are excited with a photon and this motivated
the researchers to explore J-aggregates as a lasing material. First studies were conducted to use
J-aggregates as active layer in a microcavity and strong coupling between excitons-polariton
was observed.!'”) When J-aggregates are coupled to a cavity, exciton-exciton annihilation
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Figure 1.18 - Hybrid microcavity structure using J-aggregates in top DBR and GaN quantum
wells in bottom DBR (a). Reflectivity and PL spectra recorded for GaN and J-aggregates at 25 K
(b). Credit: Paschos et al!'%®! Link to license https://creativecommons.org/licenses/by/4.0/

was observed as competing to polariton formation.!®% Recently, a polariton laser (upto 200 K)
was demonstrated using organic-inorganic hybrid structure with J-aggregates as the organic
component and GaN as inorganic component (Figure 1.18a).!1%! The reflectivity of the bottom
cavity and PL spectra for GaN and J-aggregates are shown in Figure 1.18b. Although this
demonstration of J-aggregate for polariton lasers are interesting, the quantum yield of the
J-aggregates are mostly limiting their application in such light emitting devices. Typical,
photoluminescence quantum yield of J-aggregates in solution is ~5%. In Chapter 3, ways to
improve the quantum yield of J-aggregates in solution from 4% to 60% at room temperature
will be discussed.

1.10.3 Excitonic channels and PL enhancers

Initially, linear helical J-aggregates are formed by anchoring dimers to the DNA that extends to
J-aggregates. This became a topic of interest to study energy transfer using FRET and in recent
time, programming controlled exciton migration on linear templates are gaining significant
attention and need for 1D J-aggregates. 198109 Researchers have explored 1D J-aggregates as
exciton-bridge and PL enhancers as explained below.

Similar to J-aggregate films deposited using LBL as described in section 1.6.2, inorganic
quantum dots are also deposited using LBL approach to fabricate devices.''” Wang and
Weiss!”! showed that replacing the polyelectrolyte layer by J-aggregates between lead sulfide
quantum dots have shown a 20-fold improvement in energy transfer rate. Thanks to the high
FRET rate in the J-aggregates, which act as exciton-bridge in this case.

Furthermore, with the long exciton migration achieved in tubular J-aggregates, which are
also called as light-harvesting nanotubes (LHNs), they are used for PL enhancers in inorganic
quantum dots. Freyria et al.l’* have coupled LHNs to inorganic quantum dots to explore
the unique properties of LHNS - the strong absorption coefficient and long range exciton
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Figure 1.19 — Absorption spectra for J-aggregate (LHNs) coupled with inorganic quantum
dot (PbSggp) in a sucrose-trehalose (sugar) matrix (shown in purple), in comparison with
individual PbSggy (black line) and LHNs (blue line) (a). PL spectra of LHNs coupled with
PbSggo and PbSggy control sample excited at 532 nm; inset: normalized PL enhancement
of QDs over time. The samples were kept under room light, and the PL enhancement was
measured after 12 days. Reprinted and Adapted with permission from Freyria et al.’* ©2017
American Chemical Society

migration in J-aggregates (LHNs). Here, the extinction coefficient of quantum dots (PbSggg)
are extremely low compared to the LHNs (Figure 1.19a). When excited at 532 nm, the energy
transfer from J-aggregates to PbSgg leads to strong increase in fluorescence (Figure 1.19b).
It can be observed that, in both cases the same cyanine dye molecule forming tubular J-
aggregates are exploited for energy transfer. On the other hand, using DNA templates have
their own limitation due to dimer formation, which can trap exciton transport. In Chapter 5,
linear templates like dendronized polymers (DPs) are explored to form J-aggregate nanowires.
Different generation of DPs show different template length which was helpful to control the
length of the nanotubes and the aggregate length. A unique growth of J-aggregates on DP was
observed unlike the case of DNA templates. From this growth modification, a high quality
(high J-aggregate to monomer absorption) J-aggregate nanowires were obtained. Furthermore,
in Chapter 6, we show that dimers which are non-emissive can be turned into highly emissive
dimers in solid-state.!''!! This modification was used to develop highly emissive organic light
emitting electrochemical cells (OLECs).[112]

1.11 Aim of the Thesis

J-aggregates are a very active field of research due to their both foundational and application-
oriented aspects of their strong light-matter interaction. The wide interest ranges from po-
laritons over photovoltaics to light emitting devices. Despite the fact that optical properties
of J-aggregates have been studied extensively in solution, the growth routes to obtain solid-
state 2D J-aggregate assemblies are very limited. The present growth routes (like LBL or
spin-coating) have their own disadvantage on exciton dynamics, demanding a better growth
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technique. This key challenge is tackled here with a simple growth route to obtain large
coherent domains which can suppress non-radiative decay channels thereby facilitating bet-
ter exciton migration. Furthermore, their low quantum yield, that has been a roadblock for
many emissive applications (e.g., narrowband organic LEDs, polariton condensates) are ad-
dressed in this thesis. 1D J-aggregates are recently receiving immense attraction for excitonic
channels and PL enhancers in the NIR region. With the limitation on the chemical structure
to tune for 1D J-aggregates, researchers have focussed on utilising the DNA templates to
fabricate 1D J-aggregate nanowires. An alternate template, dendronized polymers are used
here to develop high quality J-aggregate nanowires. Apart from growth route and optical
properties, the J-aggregates are implemented in a device stack to explore them as narrowband
photodetectors. The wavelength-selectivity, narrowband absorption and excellent device
performance motivated to demonstrate ink-jet printable device which opens new avenue
for solution processable next-generation photodetectors. Overall, this thesis work focusses
on the understanding the fundamentals of exciton dynamics in 2D J-aggregates by tuning
their growth morphology, fabricating devices for narrowband photodetector application and
demonstrating an additive manufacturing route - inkjet printablity. The structure of the thesis
is detailed below as a guide to the reader.

In Chapter 2, the growth model to obtain 2D J-aggregates in thin films on a dendrimer func-
tionalized glass substrate will be described. The parameters to control the growth of coherent
J-aggregate crystals by overcoming the disorders as reported in the LBL process will be ex-
plained. Furthermore, the effect of disorder (static and energetic) on exciton dynamics in
2D J-aggregate thin films will be studied using optical spectroscopy (at room temperature)
and femtosecond spectroscopy at low temperature (6 K). The outcome of this study will
demonstrate the enhancement in radiative decay of excitons in the large J-aggregate crystals,
which overcomes the non-radiative channel - "charge-exciton quenching" that are strongly
influencing the exciton migration in spin-coated and conventional J-aggregate films will be
discussed.

Beyond absorption, exploring the photoluminescence properties of J-aggregate in solution
will be the focus of Chapter 3. J-aggregates show very narrow photoluminescence (FWHM
< 20 nm), which are interesting for color purity emitters, however, the quantum yield of the
J-aggregates are ~ 5%. As explored in Chapter 2 in this thesis, despite growing coherent large
crystals the quantum yield in thin films improved by 2-fold (absolute quantum yield ~ 4%). A
significant amount of non-radiative decay channel present in the J-aggregate solution will be
addressed by adding alkylamines, where a drastic increase in photoluminescence quantum
yield of J-aggregates from 5% to 60% was achieved. Using small-angle neutron scattering
(SANS), the structural reorganization in the J-aggregates which suppresses non-radiative decay
will be discussed. Guidelines to achieve high quantum yield J-aggregates in a ternary phase
diagram will be shown in Chapter 3.

An application of J-aggregate as narrowband photodetectors to obtain reasonable EQE with
FWHM < 25 nm for three different J-aggregates showing spectral response in visible (580 nm)
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to infra-red region (1000 nm) will be discussed in Chapter 4. To the extent these detectors
are solution processable by spin-coating the electron transport layer and active layer, the
devices are inkjet printed to demonstrate the capability of printing this device. Optimized
inkjet printed devices shows similar performance as spin-coated devices. Figure-of-merits
like EQE, responsivity, response time and noise current will be discussed.

1D J-aggregates which showed efficient energy transfer was limited to only one (C8S3) cyanine
dye. To open the possibilities to have 1D tubular J-aggregates which can mimick the natu-
rally occurring LHA architecture, 1D tubular aggregates were constructed by using a linear
dendronized polymer (DP) scaffold and to adsorb J-aggregates on the DP surface. This forms
the focus of Chapter 5, where a solution complexation route with dendronized polymer and
J-aggregates from a trimethine cyanine dye, leading to high quality supramolecular J-aggregate
nanowires in the solid state is unravelled. By first complexing polymer and dye in solution
instead of adsorbing dye onto a monolayer DP template, restrictions of J-aggregate growth
due to immobilized DPs is minimized. Using a layer-by-layer technique, these high quality
nanowires are selectively deposited on a substrate. This growth mechanism is demonstrated
for the first time in the literature. Small-angle x-ray scattering (SAXS) revealed a core-shell
configuration of the J-aggregate — DP hybrid structure.

While 1D tubular aggregates are deposited on DNA substrates, the presence of dimers in the
edges can strongly localize the exciton. Dimers are present in most of the solution processed
cyanine devices which affects the optical properties of the device, for instance, by quenching
photoluminescence. So, it is important to overcome this dimers in thin films to enhance the
properties of optoelectronic devices. In Chapter 6, a strongly red-shifted photoluminescence
peak observed from dimers will be explained from the aspect of molecular packing. A long
lifetime with high photoluminescence quantum yield from these dimers which are important

parameters for light emitting devices was helpful in another study.[!!?!
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Abstract

Narrow-band photoluminescence (PL) to-
gether with high quantum efficiency from
organic molecules is essential for high color
purity emitters. Supramolecular assemblies A, T ISR E

like J-aggregates are promising materials due T 1 8 el

to their narrow PL signal with full-width at Qlienching Exeiten Chl‘ge
half-maximurn (FWHM) < 20 nm. How-
ever, their micro-crystalline nature and co-
herent exciton migration results in strong
non-radiative exciton recombination at the

grain boundaries that diminish the photo-
luminescence quantum yield (PLQY), and

possibilities for improving the crystallinity by

tuning the growth mechanism were limited.
Here, we demonstrate two distinct routes to
grow different J-aggregate morphologies like platelets and lamellar crystals with improved
crystallinity by surface-guided molecular assembly thereby suppressing non-radiative decay
and improving PLQY. Both platelets and lamellar crystals show similar absorbance at room
temperature. However, temperature-dependent photoluminescence studies show seven-
fold (two-fold) higher PLQY for lamellar films compared to platelets at 6 K (300 K). Using
time-resolved photoluminescence spectroscopy, different non-radiative decay pathways were
identified. The dependence of exciton diffusion on energetic disorder and non-radiative decay
will be discussed. The results suggest that the difference in domain size and order gives rise to
significantly enhanced radiative decay from lamellar films as compared to platelets or films
formed by spin-coating.

2.1 Introduction

Supramolecular assemblies have attracted immense interest for adding new functionali-
ties to materials. They are widely explored as energy harvesters,!!! sensors,# plasmonic
antennas, ! polariton lasers, (6] and to build emergent devices like nano-scale exciton-mechanical
systems (NEXMS),”! optical and excitonic switches.!8! Understanding the supramolecular
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chemistry and the resulting structure—property relation paves the way to bridge the gap from
molecular assemblies at the nano-scale to optoelectronic devices at the micron-scale. In
particular, packing these molecules one-dimensionally (1D) and two-dimensionally (2D)
has revealed unique exciton migration properties, one of the important factors for energy
harvesting.! Exciton migration distances in amorphous systems of individual monomers are
typically on the order of 10 to 20 nm at room temperature, only. Interestingly, self-assembling
organic molecules by non-covalent forces can result in strong coupling of the individual tran-
sition dipole moments, leading to giant excited state dipoles as observed in J-aggregates.!!0-12]
These 1D J-aggregates have shown an unprecedented exciton migration up to 1 ym due to low
static and energetic disorder.['314 Although some 1D aggregates are regarded as the rolled-up
form of 2D aggregates, the exciton dynamics in the latter is still ambiguous. For instance,
exciton transport reported from 2D assemblies is only 60 nm, which is well within the indi-
vidual domain size (~100 nm) of the crystal (~1 um).[!516! Ag self-assembly is known to be a
spontaneous organization process, its 2D control on a solid substrate is highly challenging.!'”!
This spontaneity in self-assembly dictates the crystal size, grain boundaries and energetic
disorder which hamper exciton migration.!'®!9 Reducing the energetic disorder in the J-
aggregates can improve the nature of exciton transport from hopping to band-like transport.
Besides exciton migration, 2D assemblies show narrowband emission enabling applications
in near-monochromatic, high color purity displays.''® However, in large area devices, stacking
defects in fluorescent 2D assemblies lead to self-quenching, rendering the growth of such
structures with high quantum yield very challenging.!?! Finally, growing 2D assemblies on a
solid substrate in an aqueous medium is equally demanding for solution-processed printing
to fabricate large-area devices. Therefore, it is still necessary to develop an aqueous solu-
tion route to grow 2D assemblies on a solid substrate with large crystalline domains thereby
enhancing the fluorescence quantum yield for excitonic devices and organic displays.

The focus of the present study, is to demonstrate the growth of different J-aggregates morpholo-
gies on functionalized glass substrates. The key control parameters and growth mechanism
to obtain high-quality J-aggregate crystals with large coherent domains (3 ym) will be dis-
cussed. Furthermore, the influence of the microscopic environment (like grain boundaries,
disorder) of the different morphologies on exciton dynamics and fluorescence quenching at
low temperature (6 K) will be investigated.

2.2 Results and Discussion

2.2.1 Growth mechanism of J-aggregates with different morphologies in solid-
state films

We used a solution-processing route to deposit the anionic cyanine dye - TDBC (5,6-dichloro-
2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-benzimidazol-2-ylidene]-propenyl]-1-ethyl-3-(4-

sulfobutyl)-benzimidazolium hydroxide, inner salt, sodium salt) on functionalized substrates
to unravel the growth mechanism of 2D J-aggregates and their optical properties. The chemi-
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cal structure of the TDBC dye is shown in Figure 2.1a. In the first system, TDBC was dissolved
in water (c = 0.2 x 1073 M) to form J-aggregates in the solution. The molar extinction coef-
ficient and FWHM of the J-aggregate peak at a wavelength of 587 nm in the solution were
determined to be 2.071 x 10° cm™! and ~16 nm (479 cm™1), respectively, by means of steady-
state absorption spectroscopy. The peak-fitting for J-aggregate attenuance is shown in Figure
S2.1. Figure 2.1b shows a schematic of the growth mechanism of J-aggregates from three
different dye solutions containing J-aggregates (solution 1), monomers (solution 2) as major
phase and mixed monomer and J-aggregate phase (solution 3). The stable phase content
in the solution has been achieved by tuning the dye content and solvent mixture, as con-
firmed from the attenuance in Figure 2.1c. Cleaned glass substrates were treated with oxygen
plasma and immersed in methanolic polyamidoamine (PAMAM) dendrimer solution (c =
1.0 x 107% M) and soaked overnight to functionalize the surface. Subsequently, the PAMAM
substrates were protonated and immersed in the dye solution to transfer the J-aggregates onto
the substrate.??! The J-aggregates deposited on the PAMAM monolayer substrates were rinsed
with Millipore water to remove loosely adsorbed J-aggregate layers. Increasing the PAMAM
concentration leads to self-aggregation instead of monolayer formation (Figure S2.2a and
§2.2b, Supporting Information). Consequently, this resulted in poor J-aggregate formation
(irrespective of the solution phase) on the PAMAM substrates, as confirmed by the decrease in
J-aggregate absorption (Figure S2.2c, Supporting Information).

By increasing the immersion time of PAMAM substrates in dye solution (c = 0.2 x 1073 M,
solution 1) to 12 h, the deposited J-aggregates formed a platelets-like morphology following a
‘Volmer-Weber (V-W)’ growth model (Figure 2.1d). The platelets obtained from this growth
show numerous small domains isolated by grain boundaries. The V-W growth model is a
typical model reported for J-aggregates adsorbed from solution onto AgBr substrates devoid
of any J-aggregate monolayer,'?!! and is distinctly different from the Stranski-Krastanov (S-K)
growth model reported for the same dye, too.??

In the second system, the dye solution (c = 0.2 x 10~3 M, solution 2) with an equi-volume ratio
mixture of methanol:water (50:50) contains monomers as major phase and J-aggregates in a
“critical nucleus state”. This configuration resulted in selective nucleation of J-aggregates on
the PAMAM surface followed by J-aggregate monolayer formation after 12 h. With prolonged
time (48 h), the amphiphilic nature of the dye molecule triggered the growth of quasi-epitaxial
crystals on top of the J-aggregate monolayer, conforming to a ‘S-K’ growth model (Figure
2.1e). The S-K growth process can be explained by the growth of a charged layer on top of
the first monolayer of the molecules, complying with charge neutrality. Our findings suggest
that templated molecular assembly is a highly efficient process to realize different solid-state
J-aggregate morphologies like platelets, monolayers, and quasi-epitaxial crystals. To confirm
the difference in thin film molecular packing between platelets and quasi-epitaxial crystals,
we have investigated their crystalline nature using small-angle x-ray scattering (SAXS) using
a synchrotron source. From the SAXS data (Figure S2.3), we can confirm that molecules are
randomly oriented in platelets, signifying polycrystallinity, whereas they are uni-directionally
oriented for quasi-epitaxial crystals. It should be noted that the x-ray diffraction intensity is
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Figure 2.1 — (a) Chemical structure of the TDBC dye. (b) Schematic showing methodologies to
control J-aggregates growth following Volmer-Weber and Stranski-Krastanov growth models.
(c) Attenuance of dye solution by varying the monomer and J-aggregate phase content leads
to different types of J-aggregate morphologies like (d) platelets, (e) quasi-epitaxial crystals and
(f) lamellar on glass substrates functionalized with PAMAM, as observed with scanning probe
microscopy. Presence of mixed leaf-like and stripe J-aggregates in lamellar films are marked
with white rings in (f).

very significant from a thin film (~10 nm, “platelets”), and the absence of diffraction peaks in
quasi-epitaxial crystals (~150 nm) is not due to a reduced scattering volume.

Based on these observations, we have developed a new strategy to grow J-aggregate crystals of
the TDBC dye with reduced grain boundaries on the PAMAM substrate. This is achieved by
adjusting the ratio of monomers and J-aggregates in an equi-volume ratio solution of methanol
and water (c = 0.8 x 1073 M, solution 3) such that J-aggregates anchor on the substrate, and
monomers are fed from the solution to grow high quality crystals. The morphology obtained
from this new route is subsequently referred to as lamellar films (Figure 2.1f). It is evident
from the scanning force microscopy images that the crystalline domains in the lamellar
film are significantly larger (~3 um) compared to the platelets (~30-50 nm). Histograms of
height and domain size for platelets and lamellar films are shown in Figure S2.4 (Supporting
Information). For comparison with the V-W route, as shown in Figure 2.1d, we have deposited
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J-aggregates from a high dye concentration (0.8 x 1073 M) in water for 12 h, which did not lead
to larger aggregate domains. This confirms that the controlled growth of aggregates from a dye
solution containing J-aggregates supplemented by free monomers is key to form high quality
lamellar crystals in the solid-state. This condition is achieved by employing a methanol-water
co-solvent system with high dye concentration.

Following the discussion above, it turns out that at low dye concentration (0.2 mM, 0.175
mg/ml) with J-aggregates as major phase in the water solution, platelets (leaves-like) are
the only morphology obtained. However, keeping the same dye concentration (0.2 mM,
0.175 mg/ml) with monomers as major phase and J-aggregates in critical nucleus 50:50
methanol:water solution, quasi-epitaxial crystals (stripes) were observed. Upon increas-
ing the dye concentration (0.8 mM, 0.7 mg/ml) in the binary solvent mixture containing both
monomers and J-aggregates leads to a mixed morphology of leaf-like morphology and stripes
in lamellar films. This concours with the morphological arrangements for a similar carbocya-
nine dye molecule reported by Prokhorov et.al.,’*3! where high dye concentration (0.5 mg/ml)
has led to the formation of both leaves and stripe J-aggregate morphology. Note that the dye
concentration used in this work to obtain lamellar films is close to the concentration reported
by Prokhorov et.al.'”®! Here, we demonstrate that tuning the dye concentration to control the
monomer and J-aggregate content in solution allows obtaining distinct morphologies in thin
films.

2.2.2 Optical properties of platelet and lamellar films

Optical properties of monomers in solution and J-aggregate films of platelets and lamellar
structures are compared in Figure 2.2a. The monomer dye solution exhibits an absorption peak
around 518 nm followed by vibronic progression and its corresponding photoluminescence
(PL) peak at 541 nm, with a large spectral shift of about 23 nm (821 cm™!). Upon formation of
J-aggregates, the transition dipole moments of the monomer molecules are strongly coupled,
leading to a red-shifted narrow absorption band peaked at 587 nm with a FWHM of ~13 nm
(393 cm™1). Although lamellar films showed higher attenuance than platelets, the absorbance
of the films measured in an integrating sphere was almost the same. This points towards
stronger light scattering of the lamellar films compared to the platelet’s films, as expected
from the much larger domain size. In addition, the PL signals of the J-aggregate films were
recorded in an integrating sphere at room temperature. Despite the presence of J-aggregate
monolayers in lamellar films that can cause strong reabsorption, lamellar films showed more
intense PL than the platelets when comparing the spectrally integrated PL intensity. The
absolute quantum yield values obtained for platelets and lamellar films following deMello’s'?4!
method and PL spectrum corrected for reabsorption®® are 2.34% and 4.59%, respectively.
The true absorbance for both films at the excitation wavelength (550 nm) was similar (0.04).
Furthermore, as an external reference standard, the absolute PLQY for Rhodamine 101 dye
solution was measured as reported by Wiirth et al.,'?®! showing only little deviation (86%
instead of 91% as reported by Wiirth et al.?®)). The spectral shift for both J-aggregate films
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is only ~5 nm (144 cm™'). Small spectral shift, narrow PL signal and higher PLQY suggest
that the lamellar films could be more promising than platelets regarding energy transport
properties.
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Figure 2.2 — (a) Attenuance, absorbance and steady-state photoluminescence of monomers
in methanolic solution, platelets and lamellar film measured at 300 K. Photoluminescence
signals of the thin films are recorded with an excitation wavelength of 530 nm (450 nm for
monomers) in an integrating sphere. (b) Relative quantum yield for the platelets and lamellar
films from 6 to 100 K, normalized to the quantum yield of platelets films at 6 K, with pulsed
excitation wavelength at 400 nm and 80 MHz repetition rate. The corresponding full-width
at half-maximum (FWHM) of the photoluminescence of the thin films, as shown in Table
§2.1, are plotted as a function of temperature. The error bars from the fit are smaller than the
symbol size.

Deeper insight into the exciton dynamics is gained by investigating the fluence dependence of
the PL at various temperatures ranging from 6 K up to 100 K for both platelets and lamellar
films. A pulsed laser with an excitation wavelength of 400 nm, 80 MHz repetition rate, 100 fs
pulse duration, and incident fluence of up to 100 nJ cm~2 was used for excitation. The exciton
density is very low within this range, safely ruling out singlet-singlet exciton annihilation.!1315!
At 6 K, the relative quantum yield of lamellar films was almost seven-fold higher compared
to platelets (Figure 2.2b). Moreover, the FWHM of the PL signal was much narrower for the
lamellar films, pointing towards a larger coherent domain size and an enhanced PLQY.!'® It
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should be noted that no long-wavelength components were observed unlike in 1D aggregates,
which are reported to be exciton traps.?”! From 6 K to 100 K (Figure 2.2b) and even at room
temperature (Figure 2.2a) the relative quantum yield of the lamellar films remained higher
compared to platelet films, suggesting that less non-radiative decay channels are present.
Furthermore, the PL intensity did not follow a linear decrease with temperature, in good
agreement with a recent report.!9!

2.2.3 Exciton dynamics in platelet and lamellar films at low temperature (6 K)

Figure 2.3a summarizes the PL intensity versus excitation fluence recorded at 6 K. Power-law
fits to the emitted intensity allowed to identify density-dependent quenching mechanisms
for the different morphologies and excess photon energies resulting in a sub-linear behavior
(exponent <1). Upon exciting with a pulsed laser at 550 nm (80 MHz, 100 fs pulse duration) a
linear increase (PL oc ['-00-94%0.05)y ip P, intensity with increasing pump fluence I for lamellar
(platelet) films was observed.However, exciting with high energy photons (400 nm, 80 MHz
repetition rate, 100 fs pulse duration) a pronounced sub-linear behavior in platelets (PL o

10-7720.05) compared to the lamellar (PL o< 1°-94#9-05) films has been observed. Continuous-
wave (CW) excitation at 405 nm shows similar sub-linear behavior (PL oc 1°-86*0-05) for both
films. Due to the very low excitation densities, the observed sub-linear behavior cannot be
attributed to exciton-exciton annihilation (EEA), as observed in experiments with high excita-
tion fluence.!'315 Hence, we consider the sub-linear behavior to be an indirect consequence
of the excess energy of the optical excitation, which will be discussed below.

By means of time-resolved PL spectroscopy, the exciton dynamics was investigated for platelets,
lamellar and spin-coated films with 400 nm pulsed laser excitation at 6 K, as shown in Fig-
ure 2.3b. The temporal PL decay was fitted by a mono-exponential, and alternatively, a
bi-exponential function. The fitting parameters are summarized in Table 2.1. The good-
ness of fit (G.0.F) does not significantly improve by using a bi-exponential fit compared to

a mono-exponential fit, confirming the results reported by Lindrum et al.[?®!

showing that a
mono-exponential fit is the best approximation for the PL decay at low temperature (T < 20
K) and a bi-exponential fit is applicable for room temperature measurements. Therefore, we
used mono-exponential decay fitting in our study, implying that one excited state dictates the
exciton dynamics. However, one has to take into account that disorder like a non-uniform
distribution of domain sizes typically leads to a non-exponential decay behavior. Lamellar
films showed faster decay dynamics compared to platelets and spin-coated films. This obser-
vation in conjunction with the higher PLQY suggests that larger coherent domains are present
in the lamellar film.!?%! By increasing the fluence, the PL intensity increased, concomitant with
a slight decrease in the lifetime (Table S2.2, Supporting Information). In addition, lifetime
measurements for lower excitation fluence of 26 nJ cm~2 are shown in Figure S2.7, Supporting
Information.
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Figure 2.3 — (a) Spectrally- and temporally-integrated photoluminescence acquired with
continuous-wave and ultrafast excitation at 400 nm and 550 nm for platelets and lamel-
lar films at 6 K. For comparison, spin coated films were studied with ultrafast excitation at
400 nm, 80 MHz at 6 K. The exponents from the power-law fits (PL < I"") are added as labels
to the curves (See Figure S2.5, SI for unnormalized raw data). For reversibility, see Figure
§2.6, SI. The top horizontal axis represents the power density range used for the CW excita-
tion. (b) Time-resolved spectrally-integrated dynamics (fluence of 78 nJ cm~2) with the lines
representing the fits of an exponential decay to the data between 0 and 50 ps. From this, the
exciton lifetime for the films was extracted (mono exponential decay times are shown in the
legend). Cross-sections plotted for small time intervals (4 ps bin size) from the streak camera
image recorded with an excitation wavelength of 400 nm for platelets (c) and lamellar films
(d). (e) Transient red-shift in peak center energies from (c) and (d) with error bars for the peak
energies corresponding to the time. Lines are a guide to the eye.
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2.2. Results and Discussion

The polydispersity of the crystalline domains of the platelets or spin-coated films, due to
the presence of intra-granular sub-structures®” (see Figure 2.1b), results in an inhomoge-
neously broadened density of states (DOS), similar to observations in ensembles of perovskite
nanocrystals and colloidal quantum dots.!3!*?! Excitons in the vicinity of inter-grain bound-
aries will be immediately quenched non-radiatively and therefore decrease the PLQY.3334 On
the other hand, monodispersity and less topological disorder in lamellar films are accompa-
nied by comparatively less energetic disorder. Direct evidence of energetic disorder can be
drawn from the streak camera images (Figure 2.3c, d), and spectra taken at different times
(cross-sections from the images), showing a slightly more pronounced red-shift that increased
with time more for platelets compared to lamellar films (Figure 2.3e).

From the experimental results described above, the following conclusion can be drawn: the
sub-linear power-dependence and the dependence on the excess energy of the pump photons
suggest that the observed PL behavior stems from a charge generation mechanism resulting
in non-radiative quenching of excitons. The generation of charges depends on the excitation
photon energy as well as on the excitation laser fluence. An excitation generated in a localized
state subsequently executes a random walk within a manifold of positionally and energetically
disordered sites towards the tail states of the DOS because under non-equilibrium conditions
and at low temperatures (6 K) downward jumps in energy dominate the random walk. This
behavior is schematically shown in Figure 2.4a and b. Exciting the films at 505 nm, 1 kHz
repetition rate (2.45 eV) with an excess energy of only ~200 meV relative to the S; — Sy transition,
and taking into account that the laser fluence in this experiment was significantly higher (Table
§2.2) leading to higher exciton densities and possibly to additional quenching mechanisms,
still a substantially longer exciton lifetime was observed compared to excitation at 400 nm (80
MHz repetition rate) with an excess energy of ~850 meV (see Table S2.2). This signifies that the
excess energy for excitation at 505 nm is insufficient to generate free charges, and therefore
grain boundaries and/or other permanent non-radiative traps like H-type aggregates are the
dominating exciton quenching sites.’*® The observed increase in lifetime with excitation
density could indicate that these traps are gradually filled. Lifetime measurements with
low-fluence pulses at 550 nm and 80 MHz repetition could not be done due to technical
constraints in the setup. However, excitation at 400 nm led to the creation of free charges
as observed also in conjugated polymers®63% and aggregates!*?! (Figure 2.4c and d). Here,
the excess energy created a vibrationally hot excitation (bound electron-hole pair) which can
subsequently dissociate. Once separated, the carriers have a reduced probability to recombine
again, leading to free charge carriers.[*4!! The calculations for the charge recombination time
and the diffusion length are detailed in the Supporting Information. The lifetime of the free
charges (15 us) is much longer than the exciton lifetime (~10 ps) which results in exciton-
charge quenching. Furthermore, as seen in Figure 2.3a, such exciton-charge quenching is
independent of the excitation mode (CW (405 nm) and pulsed laser (400 nm)) which leads to
sub-linear behavior.

Owing to low mobility of the free charge carriers at low temperatures, the charges are trapped
in the immediate vicinity of defects. This residing charge species form a trap state preferentially
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Figure 2.4 — Schematic representation of exciton dynamics in lamellar (a) and platelet (b) films
when excited at 550 nm. In comparison, charge generation in the bulk films for lamellar (c)
and platelets (d) leads to exciton quenching when excited at 400 nm. @ - exciton diffusion
and radiative recombination, @ - non-radiative recombination at disordered sites, @ -
charge-carrier generation and @ - exciton-charge quenching in the bulk along with @

at the grain boundaries, quenching the excitons.’®¥ Such additional non-radiative process
explains both the sub-linearity and the lower QY in platelets compared to lamellar films.
Consequently, lamellar films with a comparably low number of granular boundaries result
in higher PLQY. In addition, spin coated films (topography is shown in Figure S2.8) were
investigated under similar conditions with power-dependent PL measurements, yielding a
power-law exponent of 0.19. Hence, photo-induced charge generation efficiency increased
with disorder in the film, thus confirming this model. It should be noted that by increasing
the defect concentration (grain boundaries) from lamellar films to platelets to spin-coated
films, the lifetime increased and the power-law exponent of the power-dependent PL intensity
was more pronounced sub-linear (0.94 to 0.19). This cannot be consistently explained from
the coherent domain size and exciton lifetime alone and may be due to additional defects
introduced in the film during processing that can lead to further charge generation and
luminescence quenching. For instance, matrix immobilization of J-aggregates has shown
Lévy (non-Gaussian) type of disorder in the films.!*?! Such Lévy-type of defects are reported
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to significantly funnel excitons to trap states present in the film.!*3 On the other hand, such
[44]

disorder can also induce exciton self-trapping.
We note that both the almost linear PL intensity as a function of excitation fluence in lamellar
films as well as the sub-linear behavior in platelets remained constant (in the error range
for the exponent of +£0.05) within the temperature range of the measurements (Figure S2.9,
Supporting Information). This suggests a temperature-independent charge generation and
trapping rate and a minor role of temperature-driven exciton or charge diffusion for this kind of
quenching process. The larger energetic disorder in platelets leads to increased charge genera-
tion, and consequently, to stronger exciton quenching compared to lamellar films, resulting in
stronger sub-linearity in the former. In contrast, the lower energetic disorder in lamellar films
can inhibit photocarrier generation, and therefore circumvent exciton quenching, allowing for
enhanced exciton diffusion. Our observations manifest the interplay of topological and ener-
getic disorder, which can strongly dictate exciton dynamics in the absence of exciton-phonon
interaction.

2.3 Conclusion

In summary, two different routes to form molecular assemblies of cyanine dyes on solid
substrates following two different growth models were introduced. The presence of critical
J-aggregate nuclei is pivotal to switch its growth mode on solid substrates. Using different
excitation schemes (CW, pulsed, varying the excess energy) as well as time-resolved PL spec-
troscopy, different non-radiative decay pathways were identified. The interplay of energetic
disorder and non-radiative decay are dominant factors affecting the exciton transport. The
results show that the difference in domain size and order give rise to significantly enhanced
radiative decay for lamellar films as compared to platelets or films deposited by spin-coating.
This growth methodology can be employed to design crystalline and highly fluorescent 2D
materials which will have potential for future optoelectronic devices.

2.4 Experimental Section

Growth of J-aggregate films: PAMAM dendrimers (10 wt% in methanol, Sigma Aldrich) with
ethylene diamine core, generation 4.0 solution was used for functionalizing the glass substrates.
The anionic cyanine dye 5,6-dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-benzimidazol-
2-ylidene]-propenyl]-1-ethyl-3- (4-sulfobutyl)-benzimidazolium hydroxide, inner salt, sodium
salt (TDBC) was purchased from FEW chemicals, Germany and used without any further
purification. TDBC was dissolved in water (Millipore water, 18.2 MQ-cm resistivity at 25 °C)
and in methanol-water (50:50) mixture, separately with a dye concentration (c) of c = 0.2 x
1073 M (0.175 mg/ml), to study the self-assembly of dyes towards formation of J-aggregates on
functionalized surface. Also, a high dye concentration (c = 0.8 x 10~3 M) solution was prepared
by dissolving 0.7 mg/ml in methanol-water (50:50) mixture. 5 mg of dye was dissolved in 1 ml
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of water and stirred overnight before spin coating on glass substrates at 4000 rpm for 60 s.

Surface functionalization and film formation: Glass substrates were cleaned following a
standard procedure by ultra-sonicating them in 0.2 % Hellmanex solution, water, acetone,
ethanol for 10 min individually. Followed by cleaning, glass substrates were treated with
oxygen plasma with a power setting of 45 W for 5 min. Plasma-treated glass was immediately
immersed in PAMAM (c= 1 x 10”8 M) methanolic solution for 18 h to functionalize the surface.
Such functionalized layer was rinsed with methanol to remove loosely adsorbed PAMAM while
leaving behind a monolayer. Subsequently, the PAMAM-coated substrates were protonated in
acidic (pH < 3) medium to activate the amine groups for anchoring anionic dye molecules. 2"’
Protonated PAMAM-coated substrates were immersed in the dye solution for various time

schedules with mild shaking and rinsed with Millipore water to obtain J-aggregate films.

Scanning probe microscopy (SPM): SPM studies were conducted using a Bruker Dimension
Icon in tapping mode to map the topography and phase contrast of the J-aggregate films.
Antimony-doped Si cantilevers (RTESP-300) procured from Bruker with a tip radius of 12
nm, force constant of 40 Nm™! and operating at resonant frequency of 300 kHz were used.
The SPM images were analyzed using the NanoScope software using particle analysis with a
threshold height to the maximum of the height histogram to deduce height and domain size
histograms.

Grazing incidence small angle x-ray diffraction studies (SAXS): SAXS measurements for
the platelets and quasi-epitaxial crystals were performed at the Elettra synchrotron facil-
ity (Trieste, Italy). A 1D gas detector (Gabriel type) calibrated with silver behanate for the
scattering vector (q) values was used to collect the scattered x-rays from the sample. The
sample-to-detector distance was fixed at 176 cm with a fixed wavelength (1 = 1.54 A). The
scattering vector (g) is defined as (g) = 47sin(8)/ A, where 26 is the scattering angle.

Attenuance and steady-state photoluminescence: Attenuance for monomer solution and
J-aggregate films were characterized using a Varian Cary 50 UV-Vis spectrophotometer. Ab-
sorbance and steady-state photoluminescence spectra of the deposited J-aggregate films and
monomer solution were studied using a Horiba Jobin-Yvon Fluorolog spectrofluorometer
equipped with an integrating sphere. The absolute quantum yield for the platelet and lamellar
films were measured at room temperature using an integrating sphere.?*! Furthermore, as an
external standard to evaluate the deviation of quantum yield values as determined from our
instrument, we have measured a Rhodamine 101 dye solution using a quartz-cuvette (10 x 10
mm) following the protocol mentioned elsewhere.!?®! Due to small Stokes’ shift in J-aggregate
thin films, the reabsorption of the fluorescence spectrum was corrected by following the
approach proposed by Cao and Sletten.?® Briefly, the true fluorescence (I(1)) was obtained
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by correcting for reabsorption from the overlap between absorption and emission spectra as,

—ln(lO_OD(M)

1) = ) | 7055w,

(2.1)

where, Iy (1) is the experimental value, OD(A) is the optical density of the sample.

Laser fluence studies and time-resolved photoluminescence spectroscopy (TRPL):

J-aggregate thin films were mounted in a liquid Helium cryostat maintained in Helium
exchange gas and cooled to 6 K. Excitation fluence series for the films were acquired by
using excitation either at 400 nm by a frequency-doubled mode-locked Ti:Sapphire laser
or alternatively at 550 nm by an optical parametric oscillator (OPO) pumped by the mode-
locked Ti:Sapphire, with a pulse duration of about 100 fs and a repetition rate of 80 MHz,
respectively. For comparison, additional PL experiments by means of a continuous-wave laser
with an excitation wavelength at 405 nm have been carried out. A travelling-wave parametric
amplifier pumped by a Ti:Sapphire regenerative amplifier (800 nm, 1 kHz) seeded by the
Ti:Sapphire laser was used to excite the films at 505 nm with a pulse duration of about 250
fs and 1 kHz repetition rate. Time- and spectrally-resolved PL for excitation at 400 nm (80
MHz) and 505 nm (1 kHz) laser was measured by means of a streak camera (Hamamatsu,
nominal time resolution 2 ps) coupled to a spectrometer. Temperature-dependent PL signals
were recorded at different temperatures ranging from 6 K to 100 K. The integrated area of
the PL signal was normalized to PL from platelet films (as a reference for relative quantum
yield) at 6 K. For plotting the full-width at the half-maximum (FWHM) of the PL signal at
different temperatures, the PL spectrum at 6 K was fitted using Voigt function to determine the
Gaussian (Awg) and Lorentzian (Awy) width. As Gaussian width represents static energetic
disorder (T-independent) and Lorentzian width represents T-dependent perturbations, the
value of Gaussian width calculated at 6 K was fixed as constant while applying Voigt fitting for
other temperatures up to 100 K. From the Gaussian width and Lorentzian width, the FWHM of
the PL signal is calculated as,

FWHM = (0.5346 x Awp) + \/(0.2169 X Aw%) + Awg (2.2)

For plotting the transient energetic shift, the spectral data points are binned in time intervals
of 4 ps. The data points were fitted to a Gaussian profile to determine the peak energy for the
transient energetic shift along with the error in the peak energy value from the fitting.
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2.5 Supporting Information

$1. Charge generation and recombination time for excitation at 400 nm

In the following, the conditions for charge carrier build-up at 400 nm excitation are estimated.
Furthermore, we show that the distance between two charges is much farther (715 nm) than
the film thickness (~5 nm) of the J-aggregates used in this study. This implies the 2D recom-
bination is a more appropriate model than 3D. In the simplest approach, the charge carrier
density is given by the charge generation rate G(A, T, I) and a bimolecular recombination
rate R(N,T), where A is the photon wavelength, T the temperature, I the fluence and N the

two-dimensional carrier density:!S!)
dN
E=G(ﬂ, T,I)-R(N,T) (82.1)
dN
EZGQ(A,T,I)-H—N/T (82.2)

Here, G is the photon flux averaged over time, 7 is the efficiency of the charge generation, and
7 is the carrier recombination time, which is given by

8eo 312
T=—7-N (82.3)
15\/meu

In our experiment (we consider a large number of pulses), G, (= 1.60 - 10> s™! m~2) measured
with a power meter needs to be multiplied by the absorbance (= 0.003 + 0.001) to yield the
effective absorbed photon flux: Gy = 5.248 + 1.89 - 10%° s™! m™2. 5 can be assumed to be
rather large, otherwise charge-exciton quenching would not be able to compete with the
major non-radiative process in the system: we assumed 71=0.5 in the following calculation.
Furthermore, the relative dielectric constant, = 4 is used. For well-ordered lamellar films, the
carrier mobility can reach 103 m2V1ls! (=10 cm? V1s™h). At equilibrium, ‘;—Iy =0, which
enables to calculate the equilibrium charge density

N
T
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Substituting equation (S1.3) in equation (S1.4) gives,

52 8e0eGon

_ (S2.5)
15y/meu
52 B 8.854x 10712CVIm™! x 4 x (5.248 +£1.89) x 102%s 'm™2 x 0.5 (52.6
- 15y/7 x 1.602 x 10719C x 10-3m?2V-1s~1 '
N%2=17+06-10"m™ (S2.7)
N=31+21-10"”m™ (S2.8)

In other words, the average distance between charge carriers would be about 564 nm, which is
much larger than the platelet size and roughly the size of lamellar crystals. As static disorder is
increased in the system, the mobility may be much lower than the highest mobility observed
in 3D molecular crystals.!?! Based on the above estimation, we infer that in such a bulk
carrier quenching model, charge carriers would have to be trapped more severely in order to
account for charge — exciton quenching in platelets or spin coated films (corresponding to
charge carrier mobilities of about 107 to 10~ cm™2 V! s7! at low temperature). Following this
argument to the end, the charge carrier mobility of 1076 cm=? V! s=! would imply a carrier
lifetime of 7 = 15us and a two-dimensional diffusion length (Lp) of,

kTt
Ip=2-vD-1=2-1/*L —18nm
e

conforming to long-lived charges that are closely localized near their generation sites.
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Figure S2.1 — The normalized attenuance of the J-aggregate peak measured from dye dissolved
in water was de-convoluted to determine the full-width at half-maximum (FWHM). The
measured J-aggregate peak is shown as scatter points, which is de-convoluted into two peaks —
main J-aggregate peak as red line and the contribution from uncoupled molecules as blue line.
The fitted J-aggregate curve is represented as black line.
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Figure S2.2 - PAMAM deposited on glass substrates at (a) high concentration (100 uM) and (b)
low concentration (1 uM), forming PAMAM aggregates and a PAMAM monolayer, respectively.
The J-aggregates are deposited on glass substrates functionalised with different PAMAM
concentration. (c) The attenuance shows strong absorption from J-aggregate films deposited
on the PAMAM monolayer. The spectra acquired at multiple spots from the sample are shown
overlayed in same colour.
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Figure S2.3 — Synchrotron SAXS measurement for platelets and quasi-epitaxial crystal thin
films.
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Figure S2.4 — Topographical image of platelets (a) and lamellar films (b) with their correspond-
ing height (c) and domain size (d) distributions. The thickness of the platelets and lamellar
films are ~4nm and 10 nm, respectively as shown in (c).
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Figure S2.5 — Integrated PL intensity versus fluence acquired for continuous-wave and pulsed
ultrafast excitation at 400 nm (a) and 550 nm (b) for platelets and lamellar films at 6 K. For
comparison, spin-coated films were studied with ultrafast excitation at 400 nm, 80 MHz at 6 K.
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Figure S2.6 — Normalised PL versus fluence for platelets excited at 400 nm, 80 MHz at 6 K

from low to high fluence and vice-versa to demonstrate reversibility of the process. From a
power-law fit we obtain an exponent of 0.77 for both curves.

64



2.5. Supporting Information

Time-resolved PL Intensity (a.u)

N
o
o

274, 3
~esa St
R
A e T
u

& Spin-coated, = 15 ps §
O Platelets, t= 12 ps
O Lamellar, T = 10 ps

' ] ' ]
20 40 60
Time (ps)

Figure S2.7 — Time-resolved spectrally-integrated dynamics (fluence of 26 nJ cm™~?) with the
lines representing the fits of an exponential decay to the data between 0 and 60 ps.

Figure S2.8 — Topography of spin-coated film obtained from J-aggregate dye solution (5 wt%

dye) in water.
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Figure S2.9 — PL intensity versus fluence recorded at different temperatures for (a) platelets
and (b) lamellar films, keeping the excitation wavelength at 400 nm. The respective exponents
n from power-law fits to the data are shown in the legend. It should be noted that, at 77 K, an
enormous amount of pump power is required for acquiring PL in platelets (~500 nJ cm™2),
unlike lamellar films (< 50 nJ cm™2).
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Table S2.2 — Lifetime of the singlet exciton in platelets and lamellar films measured at 6 K for
different laser fluence.

Laser fluence 400 nm, 80 MHz Laser fluence 505 nm, 1 kHz

(nJ cm™2) Platelets Lamellar (mJ cm™2) Platelets Lamellar
(ps) (ps) (ps) (ps)
26 11.7 9.8 2.08 43 39.5
50 10.6 8.8 4.15 50 61.4
78 10.1 8 6.24 51.7 71.4
Subbibliography
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Abstract

Narrowband photoluminescence with high quantum yield are of paramount importance for
light emitting devices. Supramolecular assemblies from organic dyes forming J-aggregates
have shown a narrowband photoluminescence with full-width at half maximum < 20 nm.
However, the quantum yield is very low for J-aggregates from cyanine dyes formed in solution.
Here, we propose that spontaneous self-assembly of dye molecules to form J-aggregates intro-
duce crystallographic defects, which lead to non-radiatively quench the excitons. Overcoming
this non-radiative exciton quenching site by restructuring molecular assemblies in solution by
adding alkylamine helps in passivating these defects, thereby leading to an unprecedented
increase in quantum yield. Time-resolved photoluminescence (TRPL) studies showed an in-
crease in the exciton lifetime with one-order of magnitude decrease in non-radiative rate. Com-
bining the optical characterization with structural analysis of the J-aggregate solution using
small-angle neutron scattering, a two-phase region in the ternary system (water-alkylamine-
dye) was identified to achieve high PLQY in the J-aggregates.

3.1 Introduction

Two-dimensional assemblies (J-aggregates) of organic dye molecules have recently attracted
interest among researchers in the field of polariton lasers,!! organic light emitting devices, ?!
hybrid energy transfer systems'>=! and to build emerging opto-excitonic devices. Dye molecules
held together by weak van-der-Waals forces may show different optical properties such as
absorption and photoluminescence. A strong coupling of transition dipole moments leads to a
narrow absorption and photoluminescence (PL) peak with small Stokes’ shift. Such properties
are exploited for narrowband photodetectors and high color purity emitters.?! Furthermore,
exploiting the high extinction coefficient of J-aggregates as donor material in hybrid organ-
ic/inorganic systems (in particular, J-aggregate/quantum dots) has shown to significantly
improve the properties of the hybrid system, 348 thanks to the efficient Forster resonance
energy transfer (FRET) process operating between the donor (J-aggregates) and acceptor
(quantum dots). Although, FRET is a non-radiative energy transfer process, the photolumi-
nescence quantum yield (PLQY) of the donor in the absence of acceptor is of paramount
importance to minimize the non-radiative recombination of excitons and increase the FRET
efficiency.
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J-aggregates from a cyanine dye (5,6-dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-
benzimidazol-2-ylidene]-propenyl]-1-ethyl-3-(4-sulfobutyl)-benzimidazolium hydroxide, in-
ner salt, sodium salt, famously known as TDBC have been used in light emission devices such
as hybrid polariton lasers!""?! and hybrid energy transport systems.®! The J-aggregates formed
from the TDBC dye have a full-width at half maximum (FWHM) of absorption and PL of 13
nm (393 cm™}) and 5 nm (144 cm™), respectively. For device applications, manufacturing
of J-aggregate thin films is important and the quantum yield in thin films was reported to be
~2%.1") Recently, we have shown that the quantum yield in thin films can be improved up to
~5% at room temperature and a seven-fold increase at 6 K was achieved by growing high qual-
ity J-aggregate crystals in the thin film.® It can be noted that the quantum yield is not so high,
and this motivates us to revisit the aggregate formation in solution, as a first step to enhance
its quantum yield at room temperature. To the present date, for comparison, J-aggregates
from perylene bisimide in solution have shown a near 100 % PLQY at room temperature.!*!

In this work, we introduce a new mechanism for J-aggregate formation with high PLQY (~60
%) in a solution of colloidal water droplets in amines at room temperature. This facilitates to
stabilize J-aggregates in the polar environment while monomers are stabilized in the non-polar
environment. The structural transformation in the J-aggregates was studied using small-angle
neutron scattering (SANS). This observation confirms a “mini-emulsion” formation, which is
different from the literature models (micelles).'%!! From time-resolved photoluminescence
studies, an increase in lifetime of J-aggregates was observed with increase in PLQY, which
confirms the suppression of non-radiative decay channels in the J-aggregates.

3.2 Results and Discussion

3.2.1 Optical properties of J-aggregate in the solution

The chemical structure of the cyanine dye (TDBC) used in this work is shown in Figure 3.1a.
Upon dissolving the dye in methanol, only monomers were present. Dispersing the dye (¢
=1 mM) in water, immediately led to the formation of J-aggregates with peak absorption at
587 nm (Figure 3.1b). However, dispersing the dye at the same concentration in ethylamine
solution, forms a reduced amount of J-aggregate (as observed from the decrease in optical
density of the J-aggregate peak), with a concomitant increase in monomer phase content.
The photoluminescence (PL) peak for both the solutions was recorded at an excitation wave-
length (A,,) of 550 nm by placing the samples inside an integrating sphere (Figure 3.1b). It
can be clearly confirmed that the photoluminescence quantum yield from J-aggregates have
significantly improved upon addition of ethylamine, while keeping the narrow full-width at
half-maximum and peak position of the PL. The absolute photoluminescence quantum yield
was initially calculated by following the method introduced by de-Mello.!'?! The photolu-
minescence observed from both the solutions exposed to an UV lamp (1,,=366 nm) and a
laser (A¢x=532 nm) are shown in Figure 3.1c. The photoluminescence excitation (PLE) spectra
recorded for the J-aggregates in ethylamine solution completely overlaps with the attenuance

71



Chapter 3. High PLQY J-aggregates

1.0
(@) K (b) | Attenuance / PL s
a7~ ( ' ~ o 0.8 4 - - -/—— Monomer |
A B J - --/—— J-agg in water Py
m)\/\)\ | G %06_—--/—J-aggin -6 >
“ N N “ 2 EA:water o
o -4
£ 0.4+ =
H\ Na* z ] N |
0=s=0 0=$=0 0'2—_ L -2
° ° 0.0 LR e A
400 450 500 550 600 650 700
Under Under
(c) Ambient light W light (d) Wavelength (nm)
=
1.0 4 ----Abs
LilJ : ——PLE
O 08 —PL
i .
i L 06
Water EA:Water _8 1
- << 04
Under 532 nm laser excitation .
g -
o 0.2
z ]
0.0 . T ! T T
500 600 700 800

Wavelength (nm)

Figure 3.1 - (a) Chemical structure of the TDBC dye. (b) Attenuance of the monomer form of
TDBC dye in methanol, and J-aggregates formed in water and ethylamine-water (1:1 vol%,
EA:Water) with its corresponding photoluminescence (PL). The PL for J-aggregate in water is
scaled 10 times. (c) Dye solution in water and ethylamine-water (EA:Water) mixture under
ambient light (top left). Photoluminescence from the samples when exposed to UV light (top
right) and 532 nm laser (bottom). (d) Normalized attenuance, photoluminescence excitation
spectra (PLE) and PL for J-aggregates in ethylamine-water solution.

measured from UV-Vis spectroscopy, signifying that there is no excited state process present
in the system. Furthermore, no additional peaks were observed at longer wavelengths as
reported elsewhere.!'3!

From the above results, it is clear that the addition of alkylamine has resulted in an increase in
PL intensity. To quantify the absolute quantum yield and to understand the role of solvents,
the dye solution was prepared using different solvents such as 0.1 M NaOH, ethanolamine,
ethanolamine:water (1:1) and ethylamine:water (1:1) and in water as reference, while keeping
the same dye concentration (1 mM). The absolute quantum yield was measured by taking
the solution in 1mm glass capillaries to minimize reabsorption (Figure S3.1, Supporting
Information)." Typically, cyanine J-aggregates are formed in NaOH solution to minimize
protonation of the dye and allow stable J-aggregate formation.'>16! A similar step followed
here shows no increase in PLQY compared to J-aggregates formed in millipore water (Figure
3.2). Addition of ethanolamine to J-aggregate solution in 1:1volume ratio resulted in a small
increase in PLQY (< 5%). Nevertheless, addition of dye solution directly to the ethanolamine
solution improved the PLQY to ~12%. From these observations, it can be clearly said that the
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Figure 3.2 - Absolute photoluminescence quantum yield for J-aggregates measured in different
solvents — water, 0.1 M NaOH, ethanolamine-water (1:1, EEOHAm:Water), ethanolamine
(EtOHAm) and ethylamine-water (EA:Water). Self-absorption corrected PLQY for J-aggregates
in water and ethylamine-water (EA:Water) system are shown as circles.

-OH group had minor influence compared to the amine group, which showed an improvement
in the PLQY. Upon addition of ethylamine to J-aggregate dye solution in 1:1 volume ratio by
maintaining the final dye concentration to 1 mM resulted in unprecedented improvement in
PLQY to ~46.9 % (without reabsorption correction). It can be confirmed that a 3-fold increase
in PLQY by replacing ethanolamine to ethylamine signifies the role of end group (-OH) in
the guest molecules are very important. Wavelength dependent PLQY measured from 500 to
600 nm in 2 nm intervals showed a slightly lower PLQY from 500 to 540 nm, corresponding
to monomer absorption band (Figure S3.2, Supporting Information). Although, a Forster
resonance energy transfer is possible from monomer to J-aggregates, the limited energy trans-
fer efficiency from monomer to J-aggregate can be a possible reason for slightly lower PLQY.
Nevertheless, the PLQY was almost constant above the monomer absorption peak (520 nm)
upto J-aggregate peak absorption (586 nm). Due to small Stokes’ shift between J-aggregate
absorption and photoluminescence, reabsorption was corrected for J-aggregates in water and
ethylamine solution as reported by Ahn et al.!'# It can be noted that the reabsorption corrected
PLQY for J-aggregates in water and ethylamine are 4.5 % and 60.6 %, respectively. Further
increase in alkylchain length from ethyl- to hexyl-, while keeping the same dye concentration
(1 mM) resulted in disintegration of J-aggregates to monomers (Figure S3.3, Supporting Infor-
mation). Nevertheless, it will be shown later, with increase in dye concentration, J-aggregates
with high PLQY can be retained in hexylamine solution.

Deeper insights to understand the increase in the J-aggregate’s PLQY upon addition of ethy-
lamine were pursued by characterizing the exciton lifetime and structural order in the solution.
The time-resolved photoluminescence spectroscopy (TRPL) studies were performed with
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Figure 3.3 — Time-resolved photoluminescence (TRPL) studies for the J-aggregate emission
recorded for the dyes dispersed in water (a) and in ethylamine:water (EA:Water) (b) at different
excitation power as mentioned in the labels. (c) TRPL for J-aggregates formed at different dye
concentration in ethylamine solution (EA:Water) with excitation power ~0.41 yW compared

with the 1 mM dye solution in water (excitation power ~0.82 uW).
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Table 3.1 — Exciton lifetime values obtained from mono- and bi-exponential decay fits.

Solution Dyeconc. Excitation Fittin Amplitude (A) and
(mM) power (UW) 8 decay time (t)
A1 =0.94;t; =114ps
J-aggregates , _ As =0.16; t> = 383ps
in 1 0.82 Bi-exponential .
Average decay time,
water
<Tapg>= 153 ps
0.41 638 ps
J-aggregates
in Mono-exponential
2 0.41 1231
EA:water 31ps
5 0.41 1426 ps

J-aggregate solutions in water and a EA:water system in 1 mm path length cuvettes. A pulsed
laser with excitation wavelength at 400 nm with 80 MHz repetition rate was used in this study
and the TRPL data are shown in Figure 3.3 (a and b). TRPL decay for J-aggregates in water
showed a bi-exponential decay profile at room temperature in agreement with the findings of
Lindrum et al.'"! The fast decay component (t;) is assigned to the natural exciton lifetime and
the slow decay component (t,) denotes the presence of non-radiative decay channels. The
average exciton lifetime for J-aggregates in water was 153 ps (excitation power = 0.82 uW, Table
1). With increase in excitation power from 2.05 yW to 41 yW, a similar average exciton lifetime
(153-178 ps) and bi-exponential exciton decay dynamics was observed (Figure S3.4a and b,
Supporting Information). For the same dye concentration (1 mM) in the ethylamine-water
system, the exciton lifetime increased drastically to 638 ps (0.41 uW) and 641 ps (0.82 uW).
Furthermore, a mono-exponential fitting has a convergence and goodness of fit with the data.
The TRPL fitted data profile for J-aggregates in water and in ethylamine-water for two different
excitation powers are shown in Figure S3.4, Supporting Information. From these observations
it can be concluded that the non-radiative decay channels are obviated upon addition of
ethylamine to the J-aggregates. For reference, the exciton lifetime of monomers (7 ;;0n0mer)
for the same dye calculated from the Strickler-Berg relation was reported to be 2.4 ns."® From
the relation between lifetime of monomers and J-aggregates (T —agg = Tmonomer/N),!'% the
number of molecules coupled in an aggregate domain in the water and EA:water system is
calculated to be ~15 and 4, respectively. Muneter et al.??! have investigated the influence of
the J-aggregate size on photoluminescence lifetime and quantum yield. They reported that
with increase in aggregate size, the funneling of excitons to non-radiative decay channels
becomes a dominant process. Also, small J-aggregates are expected to have a higher efficiency
of electron transfer from J-aggregates to AgBr conduction band. Taking this size effect of
J-aggregates onto PLQY into account, we can say that addition of ethylamine to J-aggregate
solution may reduce the physical size of J-aggregates, thereby minimizing the non-radiative
decay channels (grain boundaries, defects) present in large J-aggregate crystals (for example,
J-aggregates in water). Later, we will confirm that the size of the J-aggregates changes upon
addition of alkylamine using small-angle neutron scattering studies.
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Using the photoluminescence quantum yield, ¢ (4.5 % and 60 % for water and EA:water
system, respectively) and exciton lifetime (153 ps and 638 ps for the water and EA:water system,
respectively) we have calculated the radiative (k,) and non-radiative rate (k,,) from equation
3.1 and equation 3.2.

¢ = K (3.1)
I X+ Ky '
S (3.2)
B kr + knr ’

The radiative rate (k,) for J-aggregates in water and EA:water system are 0.294 x 10% s7!
and 0.94 x 10% s1, respectively. The non-radiative rate (k) for J-aggregates in water and
EA:water system are 6.241 x 10% s™! and 0.627 x 10° s~!, respectively. It can be clearly observed
that a 1-order of magnitude decrease in non-radiative rate is achieved upon addition of
ethylamine to the J-aggregate solution. This is reflected by an increase in PLQY from 4.5% to
60%. Furthermore, at high excitation intensities (41 yW), also the EA:water system showed a bi-
exponential decay with shortening of lifetime (342 ps, Figure S3.4d, Supporting Information).
Decrease in lifetime, high PLQY and an additional exciton decay component can be ascribed
to exciton-exciton annihilation in the EA:water system. However, no change in exciton lifetime,
or change in fitting functions was observed for J-aggregates in water. With limited PLQY in this
system, the non-radiative decay channels (grain boundaries) can be the dominant exciton
quenching site.

To further understand the role of dye content in the EA:water system, we have increased the dye
concentration from 1 mM to 2 mM and 5 mM. Using the same excitation power (0.41 uW), the
lifetime of J-aggregates increased while still having a mono-exponential decay fitting (Figure
3.1c). However, PL peak position shows a pronounced red-shift and broadening (Figure S3.5,
Supporting Information). This can be due to a strong reabsorption of the photons facilitated by
the overlap integral between absorption and photoluminescence at high dye concentrations.
With high PLQY in EA:water system, at high dye concentration the increased overlap integral
area between absorption and photoluminescence, can trap the photons, thereby giving rise to
longer exciton lifetime. A similar observation on increasing the exciton lifetime in the case of
CsPbl; perovskite microwires?! and its influence in performance of perovskite solar cells are
reported.??! Considering the small Stokes shift and high PLQY of J-aggregates in the EA:water
system, and similar to the case of perovskite nanowires, we ascribe the lengthening of exciton
lifetime at high dye concentration to photon recycling.
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3.2.2 Structural properties of J-aggregate in the solution

The structure of J-aggregates from cyanine dyes is well-known to undergo modifications upon
addition of surfactant or salt. In such cases, small-angle neutron scattering (SANS) studies
have provided deeper insights into the structural modification.'?®?4 In our case, we have
shown that the addition of ethylamine to J-aggregates in water leads to high PLQY in the
solution. However, the structural order of ethylamine-water-dye falls below the resolution
limit of SANS set-up. Alternatively, we have chosen hexylamine-water-dye system which also
gives high PLQY similar to the addition of ethylamine to J-aggregate solution.

Different from the EA:Water system, the HA:Water system macro-phase separates into two
phases for HA volume fractions between 5 and 50 % (Figure S3.6, Supporting Information). The
highly luminescent J-aggregate is only formed in the HA-rich phase. Even more interesting,
the dye is completely expelled from the water-rich phase. Similar to the EA:water system, in
the one-phase region at high amine content, the non-fluorescent aggregate forms. Some of
the factors such as interactions of the dye with the amine groups, stabilization of J-aggregates
and monomers depending on the solvent environment play an important role in forming
J-aggregates with high PLQY.

To fully understand the role of HA in the stabilization of a highly emissive J-aggregate, we
probe the phases of the D,O and HA system and investigate the effect of HA addition to a
J-aggregate solution with SANS. To minimize the background scattering, we have used D,O
instead of H,O for the SANS measurement. Details of the phase morphology are obtained from
SANS studies. Generally, scattering techniques and especially SANS have proven extremely
useful to probe colloidal suspensions and fractal aggregates in the range from 2 nm to 300 nm.
An important quantity to consider is the magnitude of the scattering wave vector q, which
acts as probe for structures of size 1/q. The scattering intensity, 1(q) is typically described as
the product of form factor P(q) and the structure factor S(q). At large q the form factor P(q) is
relevant, which describes the scattering function from a single primary particle and is directly
connected to the autocorrelation function of the primary particle. At small q, the variations
in scattering intensity are dominated by the structure factor S(q) which describes the spatial
correlation between particles.

We first investigate the plain D, O:HA system. For D,O:HA volume ratios between 95:05 and
50:50, the solution separates into two macroscopic phases separated by a clearly visible phase
boundary, similarly to the ternary system including the dye. A water rich phase remains at
the bottom of the vial, while a HA-rich phase segregates to the top (Figure S3.6, Supporting
Information). These findings are consistent with literature reports of a water-HA phase
diagram.!?® SANS spectra of extracted HA-rich and the blended phase of the D,O:HA system
at different volume fraction are shown in Figure 3.4a. All solution spectra show a characteristic
ring in the high g-region, which translates into a signature peak in the radially integrated
spectra. Such a peak is typical for scattering from amorphous soft materials and polycrystalline
colloids, where the characteristic distance (dg) between scattering heterogeneities is given by
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the d-spacing,

2
do=" 3.3)
qo

where, qq is the peak position. The scattering invariant (Q*) can be calculated by,

Q" =fq21(q)dq 3.4)
0

A best fit to the form factor of the spectra suggests ellipsoidal shaped D,O droplets in the
nanometer range with a small attractive interaction (sticky ball model). For a sample with
D, O:HA volume ratios of 70:30 the structural dimension corresponds to radius r; = 0.4 nm
and r, = 1.5 nm. Figure 3.4b shows the value of the scattering invariant and the characteristic
dimension dy of the structure factor (extracted from the scattering peak position). We identify
do as the average distance between water droplets. For D,O:HA volume fractions 95:5, 90:10,
80:20, 70:30 and 60:40, scattering invariant and peak position remain practically constant,
which indeed should be the case for all starting compositions within a two phase region.
Decreasing the D, 0 volume fraction further, the scattering invariant decreases approximately
linearly, proving that the D,O droplets are indeed the source of scattering. Similarly, at large q
the scattering intensity increases with decreasing D,O volume fraction because of increased
incoherent scattering from HA (Figure 3.4a). The 99:1 sample does not show any contribution
to scattering, which signifies that the composition is within the solubility limit of HA in water
(1-phase region) (Figure 3.5). Surprisingly, the characteristic distance between scattering
centers is decreasing from 4.4 nm to 2.2 nm for the 10:90 sample.

The data require a refinement of the suggested phase structure to explain how less scattering
material still gives rise to a smaller characteristic distance. Starting from a pure HA solution,
addition of water results in the formation of colloidal water droplets in the HA-matrix. With
increasing water content, the droplet size increases. At a 60:40 volume fraction, the water
droplets reached an equilibrium size at most dense packing (Figure 3.4c, left side). By increas-
ing the water content further, excess water separates from the HA-rich phase, forming its own,
water-rich phase. In the two phase region, the morphology of the HA-rich phase stays the
same. On the HA rich side of the diagram, the scattering originates from smaller features,
while the volume fraction of water decreases. Here one needs to assume that the individual
water droplets form clusters within the HA matrix (Figure 3.4c, right side). The scattering ring
stems from the characteristic length-scale of water droplets within the clusters. The emulsion
is stabilized by the charges of the amine head-groups assembling in the water droplets.

One source of photoluminescence quenching in J-aggregates is assigned to local traps present
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Figure 3.4 — (a) SANS spectra of blends of D,O and HA with different volume ratios of D»O to
HA. (b) Scattering invariant (Q*) and characteristic dimension (dy) for blends of D,O and HA.
From the two-phase region, only the HA-rich phase is shown. (c) Schematic of morphology in
the blended phases from the 1-phase region (left) and HA-rich phase from the 2-phase region
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10 © J-agg-1: 0.2 mM Dye in D,O
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11 nm 6.6 nm

Figure 3.5 — SANS spectra of the J-aggregates in different solutions as mentioned in the labels.

at the contact sites between individual aggregates.?! Breaking aggregates into single crys-
talline units without grain boundaries could thus eliminate non-radiative decay pathways.®!
Similarly, dye molecules loosely attached to the J-aggregate interfaces and not integrated into
the J-aggregate crystal lattice act as quenching sites. Removing these molecules by dissolving
them in a solvent that does not attack the J-aggregate, will also improve the fluorescence
quantum yield.

We claim both mechanisms described above can be of relevance in our system. To further
validate the relative changes in the physical size of the J-aggregate upon addition of hexylamine,
we present SANS spectra of a diluted J-aggregate solution (J-agg-1), a J-aggregate solution
where a small amount of HA has been added to but has not changed the emissive properties (J-
agg-2) and a solution where a sufficient amount of HA has been added so that phase separation
occurs, leading to an highly emissive aggregate (J-agg-3), (Figure 3.5). As described before,
adding larger amounts of HA to a J-aggregate solution (1-phase region) will fully disintegrate
the J-aggregate into monomers, and the colloidal water suspension was formed (Figure S3.6,
Supporting Information).

For all samples, at low q (Guinier —-regime), no plateau value was reached, indicating that for
all cases the aggregate is larger than the 300 nm probed with SANS. All spectra show scaling
behavior of the structure factor for 0.015 nm™! < q < 0.10 nm™'. The least-squares fitting for
J-agg-1 and J-agg-2 yielded potential laws of @=2.0, from where different interpretations are
possible. a = 2.0 can be attributed to Gaussian chain behavior or a 2-dimensional platelet
structure. In the latter model dye monomers directly assemble into a large 2-D aggregate
structure, which is consistent with common models of J-aggregate structures. But, also the
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similarity of the fractal structure of J-aggregates and more conventional fractal nanoparticle
composites has been pointed out.?”! Following this formalism, we can interpret a as the mass
fractal dimension of the aggregate.'?®! Adding small amounts of HA (volume fraction 0.01,
J-agg-2) increases the scattering intensity. In J-agg-3 enhanced scattering in the medium to
high g-range was observed, which now allows to extract information on the building block of
the aggregate and proves that the emissive J-aggregate structure differs significantly from the
“original” aggregate.

It can be concluded that the most interesting composition range is the region where the
system separates into two phases. Here the emissive aggregate segregated with HA into the
HA-rich phase — the water rich phase remained free of J-aggregates even though in the HA
free system large J-aggregates form as hydrates in water. For the SANS experiments the top
phase was extracted, the SANS spectra of the solution is also shown in Figure 3.5. The spectra
differ greatly from the spectra of the pure aggregates or the D,O/HA blend. The presence
of nano-colloidal water droplets as seen before can be excluded, meaning the dye inhibits
the formation of a nano-emulsion upon adding HA to the solution. The onset of scaling for
g-values < 0.1 nm™! indicates weakly coupled aggregation. The scaling exponent smaller than
2 suggests a break-up of the 2D-platelet structure into a fractal structure, or a decrease of
dendritic branching. Two “bumps” at g=0.95 nm~! and q=0.55 nm~! indicate that the building
block is characterized by the two length scales, 1 = 6.6 nm and 1 = 11 nm. The scaling factor of
-2.6 for large q deviates from a pure Porod-law. Good fits to the data could be obtained with
different structure factor profiles. All profiles suggest stacking of elongated particles ranging
from 1 nm to 6 nm in size, with different stacking geometries.

In the one-phase region, HA forms the majority phase (Figure 3.4c), and HA being a good
solvent for the cyanine dye quickly destroys the J-aggregate. In the opposite region (water
rich), the “original aggregate” remains but seems to be reduced in size (less branches). In the
two-phase region, the emissive aggregate will segregate with HA into the HA-rich phase. It is
notable that the water rich phase will remain free of J-aggregates (and dye) even though large
J-aggregates form as hydrates in water. It seems energetically more favorable to encapsulate
the aggregate in the water colloids. This confinement of J-aggregates into nano-droplets of
water has been reported before for water emulsions.'?®! Adding HA to a J-aggregate solution
will initiate two processes: HA will encapsulate small volumes of water. This colloidal system
will macroscopically segregate from a plane water phase. At this point, J-aggregate hydrates
are too large to be incorporated in the water droplets. At the same time HA will decompose
the J-aggregate. Especially branching points and defect molecules at the interface are prone to
HA attack because of the good solubility of the dye in HA.

At equilibrium, a J-aggregate of limited size is confined in a water droplet stabilized by the
HA matrix. The water droplets are larger than the droplets in the original water:HA system as
the addition of the cationic dye shields the charges of HA and stabilizes larger colloids. The
J-aggregate morphology is of high quality as high energy defect sites are “removed” by HA. It is
also known that the interfaces of colloidal suspensions show a high degree of molecular order
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which may also improve the quality of the J-aggregate.

Collectively, the increase in PLQY for J-aggregates in hexylamine-water-dye system has a
strong correlation with the structural changes in the system as confirmed from SANS studies.
The optical properties from Figure S3.6 are used to summarize the findings. As guidelines,
the results from both optical and structural properties of J-aggregates in the ternary phase
diagram are summarized in Figure 3.6. The optical property and assembly type are marked as
scatter points and the line represents the two phase region obtained from SANS studies. At
low dye concentration (1 uM), J-aggregates are immediately formed in water, that dissolves
into monomer upon addition of hexylamine. Nevertheless, with increase in dye concentration,
the presence of HA-rich phase in water forms J-aggregates with high PL as explained above.
Further increasing the hexylamine content leads to destabilize this phase and in turn lower
the PLQY in J-aggregates (low PLQY J-agg).

|:| Monomer
0.00 - High PLQY J-agg
1.00 I:I Low PLQY J-agg

0.75 O~L

Y—ry— e a8 0.00
000 025 050 0.75 1.00

Water (%)

Figure 3.6 — Overlapping optical phase content (monomer, high PLQY J-aggregates, pristine
J-aggregates) with phase boundaries (lines) observed from SANS studies in water-hexylamine-
dye ternary phase diagram.

82



3.3. Conclusion

3.3 Conclusion

Spontaneous self-assembly of dye molecules to form large microcrystals in solution introduces
crystallographic defects which are deleterious to high PL quantum yields. Modifying the dye
solution by adding hexylamine (or ethylamine) passivates these defects by reassembling the
molecules at the water/alkylamine interface and suppresses the edge-defects. This leads to
an increase in the quantum yield from 5% to 60%, with an order of magnitude decrease in
non-radiative rate and increase in exciton lifetime as inferred from the time-resolved photo-
luminescence studies. Small-angle neutron scattering studies confirm a two-phase region
— HA-rich and water-rich in the ternary system (water-hexylamine-dye). Confinement of
J-aggregates inside the water droplets formed in HA-rich phase is prerequisite to significantly
minimize the non-radiative decay channels. A correlation between structural transition and
increasing photoluminescence quantum yield in a ternary phase diagram is established in
this study.

3.4 Experimental Section

J-aggregate Preparation: The cyanine dye (5,6-dichloro-2-[[5,6-dichloro-1-ethyl-3-
(4-sulfobutyl)-benzimidazol-2-ylidene]-propenyl]-1-ethyl-3- (4-sulfobutyl)-benzimidazolium
hydroxide, inner salt, sodium salt (TDBC)) procured from FEW chemicals, Germany was used
without further purification. Ethylamine solution (70 wt% in H,O), propylamine, hexylamine
and ethanolamine were purchased from Sigma Aldrich. The TDBC dye was dissolved in Mil-
lipore water to form J-aggregates. After an idle period of 24 h, the J-aggregate solution was
mixed with ethylamine and hexylamine in different ratios.

Characterization

Optical Properties: Absorption of the J-aggregate solution was measured using a Varian
Cary 50 UV-Vis spectrophotometer. Photoluminescence of the dye solution was measured
using glass capillaries with 1 mm path length to minimize reabsorption in an integrating
sphere. The absolute photoluminescence quantum yield was measured using a Quantaurus-
QY C11347 spectrometer from Hamamatsu followed by reabsorption correction as reported by
Ahn et al.['*! Briefly, the dye solution taken in the glass capillary was placed in the integrating
sphere to record the emission (F,;;(A), including reabsorption). The emission for the same
solution was measured without integrating sphere (F'(1)). The reabsorption factor (a) was
calculated using

J Fops(D)dA
[F'(A)dA
0
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The reabsorption factor is used to correct the observed quantum yield (QY,;) as

— QYobs
l1—-a

QY (3.6)

Photoluminescence excitation (PLE) spectra for the J-aggregate emission wavelength were
acquired in the Fluorolog spectrometer.

Time-resolved Photoluminescence (TRPL): A frequency-doubled mode-locked Ti:Sapphire
laser to generate a 400 nm excitation with 80 MHz repetition rate was used to excite the sample.
The room temperature time-resolved photoluminescence for the J-aggregates in water and
ethylamine:water solution were studied with a time-correlated single photon counting setup
equipped with a SPC-130-EM counting module (Becker & Hickl GmbH) and an IDQ-ID-100-
20-ULN avalanche photodiode (Quantique) for recording the decay traces. Average exciton
lifetime (<7 4,¢>) from bi-exponential fit were calculated from

ZAitiz
i
(Tavg) = AL 3.7)

where, A; and t; are the corresponding amplitudes and exponential decay parameters in a
bi-exponential fitting.

Small-angle Neutron Scattering (SANS): For SANS measurement, the dye was dissolved
in D,0O and then the desired amount of hexylamine was added to understand the phase
formation/separation in the solution. For reference, different amount of hexylamine to D,O
ratio was prepared to understand the interaction in the matrix. The dye solution and the
matrix solution was filled in cylindrical quartz cuvettes and sealed with Teflon cap to perform
SANS measurements at PSI, Swiss Spallation Neutron Source (SINQ) facility, Switzerland. To
minimize the background scattering, D, O was used instead of H,O. Empty cuvette, deuterium
oxide (D20, 99.9%, Cambridge Isotope Laboratories, Inc.) was used for baseline correction.
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3.5 Supporting Information

Figure S3.1 — Absolute photoluminescence quantum yield measurement set-up using inte-
grating sphere with J-aggregate solution taken in 1mm glass capillaries (a) and exposed to UV
light (b).
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Figure S3.2 — Wavelength dependent PLQY measurement for J-aggregates in ethylamine:water
in 1:1 volume ratio.
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Figure S3.3 — Increasing the chain length of the alkylamine from ethyl- to hexyl- resulted in
disintegration of J-aggregates to monomers.

10° - 100 —41 uW

R

L 107 107 4

> E

D 10 .

= 10 —

103 4| 107 +
— T T 1 T 7 — 71t r 1 . 1 Tr T
0 2 4 6 8 10 12 0o 2 4 6 8 10 12

Time (ns) Time (ns)

(c) : (d) 100 4

100 ——0.82 uW E 41 pW

= ] E) ]

S 1073 S 1074

= E —

% 10 3

10 <

=] = 102+

103 4
T T T T T T 103 — 7T T T~ T T T T
0 2 4 6 8 10 12 0 > 4 6 g8 10 12

Time (ns) Time (ns)

Figure S3.4 — Time-resolved spectrally integrated dynamics for J-aggregates in water (a,b)
and ethylamine:water (c,d) with excitation power mentioned in the plots. The solid lines
correspond to the fitted lines.
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Figure S3.5 - PLrecorded for J-aggregates in water and ethylamine:water (EA:water) at different
dye concentration.
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Figure S3.6 — Photograph of the dyes dissolved in water at different concentration (1 mM, 2
mM and 5 mM) followed by addition of hexylamine in different ratio as mentioned on the top
of the vials. The final dye concentration in the solution is mentioned on the left column.
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Abstract

Narrowband photodetectors are useful for myriad applications involving color discrimina-
tion. For this purpose, prevalent devices use broadband photodetectors in combination with
electric (charge collection narrowing, photo multiplication) and optical strategies (optical
cavity) to achieve a narrowband photodetector response with concomitant drawbacks in the
figures-of-merits. Organic materials with true narrowband absorption for photodetectors are
not well explored. Here we exploit strong coupling in cyanine dyes to form J-aggregates with
a narrow absorption band (FWHM~13-50 nm) and high extinction coefficients. Thin film
narrowband photodetectors are fabricated for three different dyes with absorption maxima
ranging from the visible to the near-infrared. External quantum efficiency (EQE), respon-
sivity, noise equivalent power, specific detectivity and response speed are determined. The
advantage of using narrowband absorption materials is reflected in competitive values for the
figures of merit. Furthermore, ultra-narrow bandwidth (< 50 nm) photodetectors fabricated by
inkjet printing the active organic (J-aggregate) and inorganic layers showed higher frequency
response (f_3;4p) compared to spin-coated devices, thus underlining their industrial relevance.

4.1 Introduction

The largest class of photodetectors is based on inorganic semiconductors such as GasSb, silicon,
InGaAs or germanium. Conventional photodiodes consist of a p-i-n device architecture and
show broadband absorption from the ultra-violet to the near-infrared (NIR) region. Typical
figures of merit of such devices are external quantum efficiency (EQE), responsivity and re-
sponse time. For a GaSb/GalInSb laboratory device these values can be as high as 10%%, 10°
A/W and 2 ms, respectively, when operated as a near-infrared photodetector at the optical
communication wavelength (1.55 um).!"! Commercially, inorganic photodetectors such as
HgCdTe are available.? While the latter devices benefit from mature manufacturing processes
developed in microelectronic industry, the ever increasing demand in consumer electronics,
mobile devices, automobile, machine vision and security asks for novel device concepts, ma-
terials and fabrication processes. Of great interest are color sensing devices with narrowband
sensitivity. In such photodetectors, the spectral width of the responsivity has a full-width
at half-maximum (FWHM) of less than 100 nm."** This spectral selectivity leads to better
imaging resolution and avoids interference from light with wavelengths not of interest. For
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instance, in biological applications, it is important to have photodetectors with maximum
selectivity in the NIR region (~800 nm) while being transparent in the visible. Such a fea-
ture will be helpful to image blood vessels without interference from ambient light. Besides
their significance in biological applications, narrow-band photodetectors can find promising
applications in optical communications, color imaging and security surveillance.

The industrially established path for narrowband responsivity uses broad band detectors
with band-pass filters. The benefit of this rather expensive approach is a minimum response
width that can be as small as 40 nm (FWHM) in a wide spectral range. Other strategies
not involving external filters have also been devised. They are based on charge collection

5] micro-cavities for harvesting charge-transfer (CT) states'®! and plasmon

narrowing (CCN),
states!”! to limit the broadband detectors’ response to a narrow range. Narrowband absorption
materials with wavelength tunability such as colloidal quantum dots (CQD like PbS, CdSe(S),
lead-halide perovskites) have been reported.’>® Beyond the wavelength of interest, such
quantum dots have a broad S2-excitonic peak which is optically active for photo detection.®!
Using either CQD blends of different sizes or micro-meter thick films and integrating the CCN
technique, the spectral response was controlled to a narrowband.>!%!! Paradoxically, mixing
different sizes of these CQD blends have a narrowband photoresponse, while they are not
transparent to wavelength not of interest due to the absorption of the device stacks (internal
filtering). Moreover, it should be noted that the CCN technique significantly increases the
response time and operating voltage and decreases the external quantum efficiency of the
detector. For instance, Fang et al.!® have shown ultrahigh narrowband single crystal perovskite
films with FWHM < 20 nm. However, the EQE in these devices is less than 3% when biased at
-4 V. Eventually, organic semiconductor materials are extremely interesting for narrowband
photodetector devices due to the intrinsic narrowness of discrete optical 7-7* transitions of its
molecular constituents. Furthermore, due to the low charge carrier mobility in these devices,
such devices are predestined for charge collection narrowing, where collection efficiency
depends on the penetration depth of light into the semiconductor film.!'>!3 Nevertheless,
organic photodetectors (OPD) with a narrow spectral response (FWHM < 100 nm) performing
with high EQE and at low voltage have yet to be realized.

Organic salts like cyanine dyes have recently been used for solar cell and photodetector
applications in a wide spectral domain ranging from the ultra-violet to the near-infrared.!'4-1"!
The synthesis of cyanine dyes has benefited from many decades of research and development
in the field of photography, data storage and biolabeling.['®-20! While these dyes show a unique
narrow absorption band in solution, their solid state thin film absorption shows a broadened
spectrum as a result of intermolecular interactions.?!! Due to the very strong transition dipole
moment of cyanine dyes, exciton coupling is particularly strong and for specific packing
geometries, exciton bands due to H- or J-aggregates may dominate the absorption spectrum.
The formation of H-aggregates is usually not desired, since they give rise to low lying dark
excitonic states with non-radiative decay. On the other hand, J-aggregates give rise to emissive
excitonic states. In tightly packed assemblies, coupling of transition dipole moments leads to
extremely narrowband absorption (FWHM < 20 nm) along with coherent exciton diffusion.
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Such features are highly desirable for narrowband photodetectors and this motivates the
investigation of J-aggregates as the active layer in photodetectors. Osedach et al.?? have
shown that J-aggregates of cyanine dyes can be used in a near-infra red (NIR) photodetector
with peak sensitivity at 756 nm. The device architecture included an optical spacer and a thick
(200 nm) Ag electrode to enhance reflectivity. An EQE of around 15% at 0 V bias was achieved,
however, due to interference effects from the cavity, the EQE spectrum was much broader and
blue-shifted with respect to the J-aggregate peak absorption of the thin film. Furthermore, the
exciton diffusion length in this device was estimated to be around 2.0 + 0.4 nm, which makes
exciton recombination a limit for further enhancement of the external quantum efficiency in
this device.

Organic semiconductors in general benefit from low-cost solution processability, which is an
attractive feature for integration of such photodetectors in read-out integrated circuitry. This
is particularly relevant when the photodetector device architecture can be printed with high
spatial resolution.?®! Advantageously, aqueous J-aggregate inks can be produced which are
suitable for inkjet printing. Patterned thin J-aggregate films using inkjet printing and their
photo-voltaic properties were reported.’?*2% Although these reports show that the concept of
using J-aggregates as active layer in devices has been realized before, the spectral characteris-
tics of the J-aggregate had not been exploited efficiently for a narrowband photodetector.

In this work, we have explored the use of narrowband cyanine J-aggregates for photodetec-
tion at three different wavelengths from the visible to the NIR region. The variation of the
polymethine chain length allows to span a considerable spectral region. A trimethine dye,
pentamethine dye as well as a heptamethine dye are used for the formulation of J-aggregate
inks to produce ultrathin films. The benefit of a robust device architecture with oxide layers for
selective charge transport and its effect on external quantum efficiency is discussed. Eventu-
ally we show that the active materials used for the fabrication are fully compatible with inkjet
printing and demonstrate a printed J580 ultra-narrowband (FWHM of the absorption band
~13 nm) photodetector with higher EQE than the spin-coated (control) device.

4.2 Results and Discussion

4.2.1 Solvent engineering approach for J-aggregate thin films

From the class of cyanine dyes, we explore a trimethine (J580), a pentamethine (J780) and a
heptamethine dye (J980) (Figure 4.1a —) to investigate the formation of J-aggregates with the
most narrow absorption band in thin films (Figure 4.1d). In aqueous solution, all three dyes
form J-aggregates with peak positions at 586 nm (J580), 780 nm (J780) and 980 nm (J980),
respectively. The absorption peaks are redshifted and significantly narrowed when compared
to monomer absorption (Figure S4.1, Supporting Information). Methanol is a good solvent for
all dyes and the dyes will remain in monomer form. Depending on the dye structure and its
counter-ion, the J-aggregate formation in the solution can be influenced by the solvent. For
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Figure 4.1 — Chemical structure of the (a) J580, (b) J780 and (c) J980 dye. (d) Comparison of
attenuance peaks of aggregate thin films when suspended aggregates are directly deposited
from solution (solid line) or obtained in-situ during spin coating from a monomer solution
(dotted line).

instance, the J580 dye is well-known to form J-aggregates in water.'326! On the other hand, the
J780 dye forms H-aggregates (J-aggregates) in water (acetate buffer) at low dye concentration
(data not shown here). This confirms that the J-aggregate formation for the J780 dye is highly
favorable when the dye is dissolved in the acetate buffer medium. A similar observation was
reported for the J780 dye to form J-aggregates in water with narrow peak-width upon addition
of sodium chloride.?”! Therefore, we have chosen water as solvent for J580 and acetate buffer
for J780 and J980.

One recurring challenge in fabricating organic thin film devices is to produce high quality
thin films with low roughness and a minimum number of defects like grain boundaries or
crystal interfaces. In solution, solvation and electrostatic forces are employed to control
aggregation. When transferred to a substrate, the typical optical properties such as high
oscillator strength and narrow absorption can be maintained. Commonly, when an aggregate
containing solution is coated onto the substrate (direct method), the resulting film quality is
poor with large domains and numerous pinholes (Figure 4.2a).%?! Other approaches include
nucleation of aggregates of critical size on the substrate and then adsorbtion of the dye from a
monomer solution, layer-by-layer deposition or Langmuir Blodgett techniques, which are all
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Figure 4.2 — Difference in film morphology of J780 dye aggregates fabricated by the direct
method (a) or in-situ method (b) from TFE solution on ITO/ TiO, substrates.

time consuming.”g’%'zg] Alternatively, here we have explored a solvent (2,2,2, tri-fluoroethanol,
TFE) with low boiling point and a larger dipole moment than water. The high solubility of
the dye in TFE prevents aggregation, however, during spin-coating the dye concentration
increases rapidly upon fast solvent evaporation thereby facilitating J-aggregate formation. This
process (hereafter called in-situ method) rapidly forms J-aggregates in the thin films (Figure
$4.2, Supporting Information). Furthermore, the uniformity of the film improves significantly
in terms of reducing the crystallite sizes and porosity between the stacked sheets as shown
in Figure 4.2b by AFM studies. The influence of this solvent engineering approach on device
performance will be explained later. Concerning the properties of J-aggregates themselves - a
large redshift, small FWHM and no shoulders in the absorption spectra are indicators for a film
containing a monodisperse distribution of high quality aggregates. Attenuance spectra of the
dye aggregates manufactured with the two different (direct and in-situ) methods are shown in
Figure 4.1d. For the J580 dye, the aggregate film deposited by the in-situ route has a smaller
redshift, a much broader FWHM and a pronounced shoulder compared to the J-aggregates
deposited directly from the solution. Convergence can be observed for the J780 dye. While
the aggregate film deposited directly from solution still has a larger red-shift, the FWHM is the
same and only a small high energy shoulder exists in the in-situ film. Only for the J980 dye the
in-situ formed aggregates have superior optical properties over the directly formed aggregates.
These observations suggest that the triethylammonium counterion as well as the additional
cyclohexenyl group in the chromophore structure is beneficial for in-situ dye aggregation in
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the film. The absorption coefficient (k) of the thin films measured by ellipsometry is shown in
Figure S4.3, Supporting Information. The FWHM of the J-aggregate absorption is narrow and
similar to the attenuance spectra.

To summarize the results, the uniformity of films containing J-aggregates formed in-situ upon
spin-coating from TFE is superior to films where J-aggregates are deposited directly from
solution. On the other hand, the optical properties show a different trend for each dye: a
narrower FWHM is observed for J580 when deposited by the direct method, while J780 shows
a convergence between both methods and for J980 the in-situ method is the best.

4.2.2 Narrowband photodetectors

Devices with all three dyes were fabricated following an extremely simple device structure.
The photoactive J-aggregate film is sandwiched between a TiO, electron- and a MoOs3 hole
extraction layer. The entire detector is built on top of a glass-ITO electrode and completed
with an Ag-electrode (Figure 4.3a and top-view for the electrode arrangement is shown in
Figure S4.4a, Supporting Information). J-aggregate layers were fabricated by the in-situ and
direct method. J580 films were only manufactured by the direct method. To minimize the
effect of shunts due to pin-holes in the J-aggregate layer we also report device results where an
additional electron blocking layer (TAPC) is introduced between J-aggregate film and MoOs.
The energy diagram of the devices is shown in Figure 4.3b.

The data for the J580 were taken from this reference work.!?®! The J-V curves for all devices
are shown in Figures 4.3c - f, Figures S4.4b —d and Figure S4.5. The dye J580 showed high
rectification and considerably low dark currents, but breakdown at -1 V. Adding TAPC as
blocking layer deteriorated the diode character of the device. Dark current and photocurrent
decreased drastically and there was only a small difference between the two of them (Figure
4.3d). The reason is low hole extraction efficiency due to energy (HOMO) misalignment of the
TAPC layer compared to MoOs.% Nevertheless, the J;;gn¢/Jaar ratio is higher than for J580
without blocking layer and also it allowed to drive the photodetector at higher reverse bias (-2
V, in this case) without breakdown. The J780 devices spin-coated from TFE solution showed a
good rectification behavior with reduced number of shunts, in comparison to the J-aggregates
spin-coated from acetate buffer solution (Figure 4.3e compared to Figure S4.4b, Supporting
Information). For comparison, six out of eight cells perform similarly when spin-coated from
TFE, while two cells (A1 and A8) which are close to the anode suffer little resistance from ITO
(Figure S4.4c and d, Supporting Information). The J980 devices showed improved rectification,
with high Jsc and J;;gn¢/Jaark ratio for devices fabricated with the in-situ method (see Figure
§4.5, Supporting Information). The integrated current density values from the EQE spectra
(discussed later) measured at different bias voltage are shown in the J-V curves. Collectively,
the results suggest that in devices where J-aggregates are spin-coated directly from solution an
additional blocking layer is required (J580) to suppress the dark current. On the other hand,
promoting in-situ J-aggregate formation on the substrates during spin-coating can overcome
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the trap states like grain boundaries to enhance the short-circuit current.
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Figure 4.3 — (a) Device structure of narrowband photodetectors with J-aggregates as active
layer investigated in this study. The device active area is 3.1 mm?. (b) Energy level diagram
of the device for J580 (optical gap) with TAPC layer. Current density — voltage characteristics
for the J580 (c) J580 with TAPC layer (d), J780 (e) and J980 (f) devices. The device structure is
ITO/TiO, /]J-aggregate layer (J580, or J580+TAPC (50 nm) or J780 or J980)/MoO3 (10 nm)/Ag
(12 nm). The integrated current density (ICD) values calculated from the external quantum
efficiency (shown later) are marked with filled circles over the J-V curves.

The external quantum efficiency (EQE) for the devices was measured under monochromatic
light chopped at 85 Hz and at different bias voltages. The responsivity calculated from the EQE
is shown on the right axis (Figure 4.4a — d). The EQE closely follows the absorption spectra for
all the devices with similar FWHM values. It can be noted that the presence of the electron
blocking layer (TAPC) in devices incorporating the J580 dye leads to an increase in EQE from
8% (-0.5V) to 16% (-2 V) with suppressed dark current. This is due to better hole extraction
in the presence of a strong electric field at high reverse bias. We exclude the possibility of
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Figure 4.4 — External quantum efficiency (EQE) and responsivity (shown in open circles) of
photodetectors showing wavelength-selectivity at 586 nm (a - without TAPC, b - with TAPC),
780 nm (c) and 980 nm (d) for J580, J780 and J980 respectively, measured at an interval of 2
nm at different bias voltage.

any gain mechanism as reported elsewhere, as our EQE did not exceed 100% at higher bias
voltage.3!! Furthermore, J780 photodetectors shows high EQE (15%) at -1 V reverse bias at
780 nm (Figure 4.4c). The peak maximum and FWHM of the EQE matches the absorption
profile of J780 (see Figure S4.6, Supporting Information), which is very different from the
report by Osedach et al.[??! The difference comes from the thick top electrode (200 nm Ag)
used in the latter work, which acts as optical cavity thereby introducing an interference effect.
J980 based photodetectors extend the peak wavelength to 980 nm showing a nominal EQE of
3.5% at -1V (Figure 4.4d). An increased non-radiative relaxation channel of the exciton in the
low bandgap (J980) competes with charge generation, which explains the nominal EQE.BZ]
The J980 photodetector shows a small EQE response at 450 nm from the S2 state.!3334 The
EQE from the S2 state is much lower than the S1 state unlike the strong response from the
S2 state in quantum dot photodetectors.’®> The difference in the integrated current density
values from the EQE and measured under AM1.5 solar irradiation intensity can arise from
the narrowness of the J-aggregate absorption with respect to the spectral correction of the
solar simulator to account for sharp emission peaks in the Xenon lamp (Figure 4.3f). Another
reason could be the higher light intensity of the AM 1.5 solar irradiation which can induce
photoconductivity.
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4.2.3 Current noise

As suggested by Kim et al.!36!

, the specific detectivity and noise equivalent power (NEP) was
calculated from the current noise values. The noise power spectral densities (S;) for all four
devices are shown in Figure 4.5(a-d). All spectra show a broadband bias independent increase
in noise power spectral density at higher frequencies. This increase can be attributed to the
fact that the impedance of the samples decreases in this frequency domain giving rise to an
increasing thermal current noise which is further amplified by the high-frequency voltage
noise of the current amplifier. The low frequency thermal noise also varies with frequency,
but is expected to be less than 1 pA/v/Hz and in this regime the noise is dominated by the 1/f
noise. Calculating from the DC current values, the expected range of the shot noise is at least

one order of magnitude smaller than the observed noise levels in all cases.
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Figure 4.5 — Noise power spectral density recorded as a function of frequency for J580 (a), J580
with TAPC (b), J780 (c) and J980 (d) devices. The spectra were obtained at the indicated DC
bias levels.

The role of TAPC in suppressing the dark current and allowing the device to be driven at
higher bias voltage can be further verified from the current noise measurement. For instance,
comparing the noise power spectral density at 100 Hz for J580 and J580 with TAPC layer at -1
V (0 V) shows a 4-order (2-order) difference in the 1/f current noise (Figure 4.5a and b). It can
be noticed that the 1/f noise in the J780 and J980 devices is lower compared to the J580 device.
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This can be due to homogeneous J-aggregate film formation (to minimize contacts between
TiO, and MoOs) for J780 and J980 devices benefitting from the solvent engineering approach.
The noise values at the -3dB values (as discussed below) have been taken to calculate the NEP
and specific detectivity as summarized in Table 4.1.

4.2.4 Response time and -3dB values

The response time of the detector was calculated from the rise time of the detector to reach
from 10% to 90% of the maximum photocurrent. A frequency modulated square wave light
pulse was used to determine the -3dB values. An example of such a measurement for the
J780 device measured at different bias voltage is shown in Figure 4.6a. A similar trend in
rise and decay current with bias voltage was observed for J580 and J980. Generally, light can
influence the resistance and capacitance of the device even when measured at 0 V bias. With
increasing light intensity, more excitons are created which leads to more charge generation.
To evaluate this effect, we chose the J580 device to measure the impedance at different light
intensities (see Figure S4.7, Supporting Information). The increase in free charge carriers can
decrease the resistance of the device, with a small increase in capacitance at low frequencies.
A combined effect of resistance and capacitance influences the response time of the detector
(r; =RC). In our case, we concluded that the resistance of the device is the dominant factor
determining response time, which can be strongly influenced by light intensity, considering
the high photoconductive nature reported in the cyanine devices when driven at high reverse
bias.®”! For the -3dB measurement, the light intensity in our system was set to the level where
the same J;.values were obtained as measured with the AM1.5 solar simulator and the bias
voltage was varied from 0 Vto -1V.

To investigate the effects of light and bias voltage on the device, the device was pre-conditioned
for 120 s at -1 V and a light intensity leading to 70% of the integrated current density at 1
sun, followed by -3dB measurement at different bias voltage. The data plots for -3dB values
for the devices measured with and without preconditioning are shown in the Supporting
Information (Figure S4.8) and summarized in Figure 4.6b. The -3dB frequency becomes
slightly higher with increase in bias voltage due to faster charge extraction, irrespective of the
bias condition. It can be noted that the J980 device shows the fastest response time compared
to other photodetectors. With preconditioning the devices, there is a slight improvement in
the response time as clearly evident in the J780 devices. Nevertheless, the devices showed an
upturn in the current attenuation in the low frequency regime at higher bias voltage. This can
be due to counterion migration in the active layer which can form a space-charge layer thereby
influencing the response time of the detector.!3® The -3dB values without pre-conditioning
are summarized in Table 4.1 to calculate NEP and D*.
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without and with preconditioning (b).
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4.2.5 Demonstration of inkjet printed narrowband photodetectors

From the above optimized spin-coated devices, we have chosen one of the J-aggregates (J580)
owing to their ultra-narrow FWHM of the EQE and environment friendly solvent (water) to
demonstrate an inkjet printed device. Our main goal was to inkjet print the active J-aggregate
film, to work towards an all-printed device. Nevertheless, we also inkjet printed the titania
electron transporting layer. The inkjet printed device was completed by vacuum processing
the top layers in the device stack as shown in Figure 4.7a. Generally, a solution available for
spincoating needs to be adapted to also yield homogeneous films with inkjet printing. Good
jetting is determined by the Webber and Reynolds number of the ink and defined in a stability
window.!#46 Droplet formation can be followed by stroboscopy and has been optimized
for the inks used here (Figure S4.9). Secondly, the individual droplets need to merge into
a uniform layer upon solvent evaporation. Devices manufactured with the compact TiO,
(c-TiO,) layer alone showed a very poor performance. A single printed layer was less than
10 nm thick and the film remained porous even after wet-on-wet printing of several layers.
The topography of the printed c-TiO, layer was imaged under AFM after annealing at 460 °C
for 2 h (Figure S4.10a). To overcome this issue, we introduced a second, mesoporous TiO»
layer (m-TiO) on top of the non-homogeneously covered c-TiO, layer. The m-TiO, layer
(~100 nm thick) homogeneously covered the c-TiO; layer and ITO substrate (Figure S4.10b).
Subsequently, the J-aggregates were printed on the m-TiO, layer. The J-V curves of the printed
devices are shown in Figure 4.7b. Upon addition of the meso-TiO, layer, an enhancement
in Js. and V,. and suppression of dark current was observed. This can be due to complete
coverage of meso-TiO; on the c-TiO; layer, which may have led to reduction in shunts between
ITO/J-aggregates and improving the charge extraction between TiO, /J-aggregate interface.
Moreover, the EQE of the J-aggregates printed on m-TiO, shows a 9-fold increase compared to
the reference device (c-TiO;) at -1 V (Figure 4.7c and d). The introduction of a mesoporous
layer is a well-known strategy used in dye sensitized solar cells (DSSC) for enhanced charge
extraction from the device.[*>*®! The broadening of the EQE in the presence of m-TiO, can
be due to the increased adsorption of J-aggregates on mesoporous TiO,, which can itself act
as light scatterer. Secondly, the thick top electrode (60 nm) with buffer layers (TAPC and
MoOs3) can introduce cavity effects where interference dominates the light absorption in the
J-aggregate layer.??! The response time of the inkjet printed device was measured (Figure
4.7e) and compared with the spin-coated J580 device (Figure 4.7f). As shown in Section 4.2.3,
addition of a TAPC layer significantly decreases the current noise. However, a thick electron
blocking (TAPC) layer increases the resistance for hole extraction and is known to reduce the
response time of the photodetector.®”! Here, we have observed a significant improvement
in the response time due to the presence of an increased interface area between the TiO,/]-
aggregate (upon addition of m-TiO, layer) leading to fast electron extraction, which speaks for
overcoming the RC limit. To the author’s knowledge, this may be the first inkjet printed, true
ultra-narrowband photodetector with response speed (f_345) in the kHz regime operating at
low bias voltage (-1 V).
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Figure 4.7 — Schematic of inkjet printed device (cross-section) structure showing printed layers
(c-TiO2, m-TiO, and J-aggregate as active layer) followed by vacuum processed layers (a).
Current density-voltage curves showing an increase in charge extraction upon addition of
m-TiO, layer (b). EQE for inkjet printed device structure with J-aggregate as active layer on
¢-TiO2 (c) and c-TiO2/m-TiO, (d). -3dB value recorded for inkjet printed device (IJP J580)
with ¢-TiO»/m-TiO, at different bias voltage (e) and the values are shown in comparison with
spin-coated device (without m-TiO; layer) (f).
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4.3 Conclusion

We could realize narrowband organic photodetectors with optical response below 50 nm while
keeping the thin films ~20 nm. We followed a not yet fully explored strategy to exploit the
intrinsic narrow absorption width of a J-aggregate with high extinction coefficient. The peak
EQE of the photodetector absorbing close to 1000 nm shows the narrow width of EQE (~38
nm) at low bias (-1 V), a fast response speed (20 kHz) and specific detectivity (~108 Jones)
in good agreement with the current literature values. This strategy allowed for an extremely
simple device structure making it a good candidate for large-area solution processing. We have
demonstrated an inkjet printed device with better performance than the spin-coated devices
from environmentally friendly solvents. We believe these findings will open new avenues to
progress in developing narrowband photodetectors.

4.4 Experimental Section

J-aggregate formation: Three different cyanine dyes were procured from FEW Chemicals,
Germany, namely - 5,6-dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-benzimidazol-2-
ylidene]-propenyl]-1-ethyl-3- (4-sulfobutyl)-benzimidazolium hydroxide, inner salt, sodium
salt (J580); 5-chloro-2-[5-[5-chloro-3-(4-sulfobutyl)-3H-benzothiazol-2-ylidene]-3-phenyl-
penta-1,3-dienyl]-3- (4-sulfobutyl)-benzothiazol-3-ium hydroxide, inner salt, triethylammo-
nium salt (J780); and 5-chloro-2-[2-(3-[2-[5-chloro-3-(4-sulfobutyl)-3H-benzothiazol-2-ylidene]-
ethylidene]-2-phenylcyclohex-1-enyl)-vinyl]-3- (4-sulfobutyl)-benzothiazol-3-ium hydroxide,
inner salt, triethylammonium salt (J980). They were used without further purification. 5 wt%
of the J580 dye was dissolved in water to form J-aggregates in solution. For J780 and J980,
the dye was dissolved in 100 mM acetate buffer to form J-aggregates in solution or in 2,2,2,
tri-fluoroethanol (TFE) to prepare monomer solution. The solutions were stirred at 300 rpm
overnight at room temperature to obtain stable J-aggregates in the solution before deposition.

Fabrication of narrowband-photodetectors: Indium Tin Oxide (ITO) substrates (Geomatec,
resistivity ~11 Ohms/[]) were cleaned by ultrasonication in acetone, ethanol, Hellmanex,
and water for 10 min separately. Titanium iso-proxide (Sigma Aldrich) was spin-coated on
cleaned ITO substrates and subsequently annealed at 460 °C for 2 h to obtain a compact
TiO, layer as reported elsewhere.*”! Annealed TiO, substrates were treated with oxygen
plasma with a power setting of 45 W for 5 min. The J-aggregate solution was spin-coated
on ITO/TiO, substrates for 30 s at 4000 rpm. The device was completed with 50 nm of 4,4-
Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC, Sigma Aldrich) as electron
blocking layer and with 12 nm thick Molybdenum (VI) oxide (M0Os, 99.97%, Sigma Aldrich)
as hole extraction layer. A 12 nm Ag (Kurt J. Lesker) electrode was deposited through a shadow
mask for cell definition with active areas of 3.1 and 7.1 mm?.
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Fabrication of inkjet printed photodetectors

Preparation of inks: Titanium diisopropoxide bis(acetylacetonate) with 75 wt. % in iso-
propanol (Sigma Aldrich) was further diluted in isopropanol to a ratio of 1:20 to use them
as ink for a compact TiO; layer. Ink for a mesoporous TiO, layer was prepared from TiO»
nanoparticle suspension (Ti-Nanoxide,Solaronix) with particle sizes ~15-20 nm dispersed in
18 wt% in terpineol medium and was diluted in terpineol to a 1:10 ratio. J-aggregates were
prepared from the J580 dye (FEW Chemicals, Germany) by dissolving 5 mg of the dye in 1 ml of
Millipore water. The solutions were ultrasonicated for 5 min before printing the J-aggregates.

Inkjet printing: Indium Tin Oxide (ITO) substrates (resistivity ~11 Ohms/[J) purchased
from Geomatec were pre-cleaned as described above. Prior to inkjet printing, the substrates
were cleaned by an oxygen plasma treatment for 5 min. The compact-TiO,, mesoporous-TiO,
and J-aggregates were printed using the PiXDRO LP50 Inkjet system (Meyer Burger) equipped
with a Spectra printhead module (SL-128 AA, 80 picoliter, Fujifilm Dimatix Inc.). Post-printing
the compact-TiO, and mesoporous-TiO; layers, the substrates were annealed at 460 °C for 2 h
followed by inkjet printing J-aggregates and drying at room temperature. Subsequently, the
inkjet printed half-cells were transferred into a thermal evaporator chamber to complete the
device by sequential thermal evaporation of 50 nm of TAPC, 10 nm of MoOs layer and 60 nm
Ag.

Characterization: Attenuance of the film was measured using a Varian Cary 50 UV-vis
spectrophotometer. J-V characteristics of the cell were studied by exposing the cells from the
ITO side to AM 1.5 solar irradiation from a Spectra-Nova solar simulator. External quantum
efficiency (EQE) of the cells was measured by calibrating the system to a Si photodiode. The
responsivity (R) is calculated from the EQE (R = EQE x 1/1240). The morphology of the thin
films was studied using atomic force microscopy (Bruker Dimension Icon) in tapping mode.

The specific detectivity (D*) of a photodetector is given by the following expression:

D* =\/AAfR/i,

with A the area of the detector in cm?, R the responsivity in A/W and i, the current noise in
A integrated over the bandwidth Af. In order to characterize the current noise of the system,
the current was recorded as a function of time using a Stanford SR570 current amplifier while
DC biasing the sample via the input of the amplifier. The noise power spectral density was
calculated from the obtained data. The current noise values were chosen at the response speed
(f_34p) of the photodetector for calculating the noise equivalent power (NEP) and specific
detectivity. The response speed of the photodetector was measured using a Paios (Fluxim,
AG) system by modulating the frequency of the light pulse and recording the photocurrent at
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different bias voltage. For impedance spectroscopy, the device was maintained at zero bias
voltage while sweeping the frequency from 10 Hz to 10 MHz. The impedance was recorded
with different light intensity to study the RC effect.
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4.5 Supporting Information
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Figure S4.1 — Normalized monomer (open, in methanol) and J-aggregate (filled) absorption
spectra of the three dyes in methanol solution. J-aggregate solution for J780 and J980 are
obtained by dispersing the dye in acetate buffer. In the case of J580, J-aggregates were obtained
by dispersing the dye in water.
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Figure S4.2 - Attenuance of J780 dye in TFE solution and in thin film obtained by spin coating
the solution on a glass substrate.
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Figure S4.3 — The absorption coefficient calculated from ellipsometry for J-aggregate thin films
spin-coated on TiO, substrates are shown after subtracting the contribution from TiO,.
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Figure S4.4 — Schematic of the device (top view) with electrodes (A1 to A8) and ITO contact
point (a). Current density-voltage curves for J780 spin coated from acetate buffer - direct
method (b). In comparison, the J-V curves under dark (c) and light (d) are shown for J780
spin-coated from TFE (in-situ method) for all the eight devices.
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Figure S4.5 — Comparison of J-V curves for the J980 devices spin-coated from TFE (in-situ
method) and acetate buffer (AB, direct method) solution. The best device is reported here for
J-aggregate films processed from the acetate buffer solution. The short-circuit current (J.)
shows a 60-fold increase from 0.01 to 0.58 mA cm~2 while using the in-situ method.
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Figure S4.6 — Attenuance and EQE measured from two different batches (represented as open
square and open circle) for J780 devices.
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Figure S4.8 — Frequency response and -3dB values recorded without preconditioning for the
J580 (a), J780(b) and J980 (c) and its corresponding values after preconditioning the devices
for120sat-1V (d-f).
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NERREED
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Figure S4.9 — Stroboscopic images of inkjet drop formation with c-TiO» ink (a), m-TiO, ink
(b) and J-aggregate ink (c) at consecutive intervals (20 us) after the printing trigger pulse. The
elongated tail associated with the ink droplet as observed in (a) and (b) quickly merges with
the drop without forming any satellite drops.
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Figure S4.10 — Topographical images of inkjet printed c-TiO on ITO substrates (a) and m-TiO»
on c-TiO, coated ITO substrates (b).
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Chapter 5. Tubular J-aggregate/DP Nanowires

Author Contributions: J.H and EN proposed the idea. D.M synthesized the dendronized
polymers. S.B.A prepared all the samples and characterized them. A.S conducted the SAXS
measurement and interpreted the data along with S.S. S.B.A discussed the results and wrote
the manuscript with inputs from all co-authors.

Abstract

Supramolecular assemblies with controlled
morphology are of paramount importance J-aggregates
for energy transport in organic semiconduc-
tors. Despite considerable freedom in molec-
ular design, the preparation of dyes that form
one dimensional J-aggregates is challenging.

Here, we demonstrate a simple and effective

-~ Dendron

route to functionalize dendronized polymers
(DPs) with J-aggregates to construct tubular
DP/ J-aggregate nanowires. When J-aggregates are adsorbed onto DPs anchored to glass
substrates, they assemble into microcrystalline domains typical for J-aggregates adsorbed
on functionalized surfaces. Differently, the complexation between the dendronized polymer
and J-aggregates in solution leads to dense packing of J-aggregate strands on the periphery
of the DPs. Using a layer-by-layer (LBL) technique, DPs loaded with J-aggregates can also be
adsorbed onto a DP monolayer. In this case, the thin film absorption spectra are narrower and
indicate higher ratios of J-aggregate to monomer and dimer absorption than bare J-aggregates
deposited similarly. The demonstration of J-aggregate adsorption on filamentous polymeric
templates is a promising step toward artificial 1D light harvesting antennas, with potential
applications in opto-electronic devices.

5.1 Introduction

The realization of artificial assemblies with efficient exciton transport properties is of utmost
relevance to the development of future optoelectronic devices. Naturally occurring photo-
synthetic light-harvesting systems, like chlorophyll molecules in a protein scaffold, act as
antennas for exciton harvesting and transport to the special pair at the reaction center of
the photosystem. This exciton funneling occurs over distances of 20-200 nm with near-unity
efficiency.!? Inspired by these self-assembled antennae systems, synthetic supramolecular
structures with strong transition dipole coupling have been a focus of recent research.® This
coupling results in efficient resonance energy transfer, which can lead to coherent exciton mo-
tion. Two-dimensional, brickstone J-aggregates are one prominent example of such structures,
featuring large coherent excited state domain sizes with exciton delocalization over more than
10000 molecules.!*! Recently, unprecedented exciton coherence in J-aggregates up to 1 um
was realized,® thereby surpassing the exciton coherence length of chlorophyll systems. ?!
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In parallel, several hybrid systems incorporating quantum dots (QDs) and J-aggregates were
developed to study the energy transfer from J-aggregates to QDs and vice versa. Walker et al.[!
have reported 90% energy transfer efficiency from J-aggregates (donor) to QDs (acceptor) in a
blend. Recently, Wang and Weiss!”! demonstrated that J-aggregates can act as “exciton-bridge’
between lead sulfide donor and acceptor QDs. The presence of J-aggregate bridges resulted in
a 20-fold higher energy transfer rate than QDs closely linked by a polyelectrolyte. This function-
ality of the J-aggregate when integrated into energy harvesting systems can play a pivotal role
in exciton transport for building efficient devices. Interestingly, the above mentioned studies
were conducted with J-aggregates from a class of cyanine dyes with tubular morphology, as
exciton transport is superior along the tubular direction.'>8! Despite extensive research into
tubular J-aggregates, 816! they are scarce and tuning the morphology of J-aggregate remains
challenging.'%1718 Given these structural restrictions of tubular Jaggregates it is challenging
to tune optical properties without impacting J-aggregate morphology, limiting applications in
devices relying on exciton transport. Furthermore, they are poorly soluble and cannot be pro-
cessed into thin films. Here tubular aggregates share a general short-coming of J-aggregates.
Spontaneous self-assembly of dye molecules in solution generally does not yield well-defined
structures, but crystals that are rich in defects and show a high degree of disorder. Also here
film formation properties are poor and coherence properties in the thin film are typically
worsening compared to solution. LB techniques improve the quality of these assemblies, but
they are labor intensive and the transfer to a substrate is unpractical.!'"!

A way out of this dilemma is suggested by nature itself: in light harvesting antennas, protein
scaffolds assemble chromophores in a fashion suitable for long-range exciton transport. This
has inspired a number of research groups already. The scaffolding of cyanine dye molecules on
one-dimensional templates including DNA, (20.21] yiryses, 22! or proteins[23] has been widely
studied. However, in these cases, the dye monomers are assembled on the scaffold. Given
the limited spectral overlap of absorption and fluorescence, the Forster resonance energy
transfer (FRET) rate in these systems is low. For instance, cyanine dye monomers coupled
on DNA (with up to ~30 nm in length) have a transfer efficiency of ~2% in solution.?*! The
mechanism of linear helical J-aggregate formation on DNA templates is a sequential process
of inserting a co-facial (H-type) dimer into the minor groove of DNA, followed by dislodging
the dimers into a higher-order aggregate (H- or J-). Consequently, the groove gets perturbed
to facilitate binding to another dimer. In a cooperative fashion, this array of dimers forms
an aggregate.'?>?!! It can be postulated that the coupling between adjacent dimers is very
weak, leading to exciton localization along the DNA. Moreover, the presence of J-dimers will
adversely localize the exciton on the J-aggregate channel due to its lower optical bandgap.

We thus followed a different approach and anchored J-aggregates of a cyanine dye (Figure 5.1)
dispersed in the solvent onto a template. As one-dimensional templates, we used dendronized
polymers (DPs), a class of comb polymers where a linear backbone bears a dendritic (i.e.
regularly and repeatedly branched) side chain on every repeating unit.?>2%! An important
parameter for the description of these polymers is the dendritic generation number g, which
corresponds to the number of branching points between a peripheral group and the focal
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Figure 5.1 — Chemical structures of the DPs featured in this thesis (DP1, DP2, DP3 and DP4) as
shown in (a-d) and the cyanine dye J560 used for J-aggregate formation (e).

point by which the dendritic side groups are attached to their common core. By virtue of
the very compact structure of the dendritic side chains, DPs are more shape resistant than
other branched macromolecules such as bottle-brushes and the chain diameter becomes a
parameter which can be varied in discrete steps by altering g.*” Increasing thickness influ-
ences e.g. the overall stiffness of the polymers*”?8! and creates a separation between “interior”
and “exterior” at sufficiently high g.?%3% Another feature of interest is the large number of
peripheral groups, which permits the facile modification of peripheral functionality. The DPs
used in this thesis feature a methacrylate-based backbone and twofold-branching dendritic
side chains bearing peripheral amines (in the form of their trifluoroacetate salts, see Figure
5.1). The synthesis of the DPs follows a bottom-up protocol as described in the Supporting
Information - Section S1 and S2. In solution, the degree of protonation of primary and tertiary
amines can be controlled via the pH, permitting easy control of the charge density of the DP.
That also implies an easy control of the charge density of the DP. Furthermore, the DPs are
water soluble and are adhering strongly to oxide surfaces.’*!! These properties have previously
been utilized to immobilize DP-enzyme conjugates on a variety of solid supports like mica,
glass and silica./32-3%!

In this chapter, we investigate different aspects of the interaction of cyanine dye aggregates
with DPs. The main goal of our work is to determine the conditions under which the DP tem-
plate guides high quality J-aggregate assembly. The interaction between DPs and J-aggregates
is mainly electrostatic, as the positively charged protonated peripheral amine groups of the
DPs’ dendritic side chains can bond ionically to the negatively charged sulfonate groups of
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the J560 (Figure 5.1e) or its aggregates. We investigate in more detail the effect of line charge
density, which differs greatly in the polymers DP2 and DP4. Adsorbing J-aggregates to DPs
anchored to a surface does not improve J-aggregate crystal quality (morphology, optical prop-
erties) over other adsorption methods. In contrast, adsorbing Jaggregates onto the DPs in
solution first and then anchoring the composite onto the substrate led to spectroscopically
well-defined aggregates. Using small angle X-ray scattering (SAXS) we demonstrated that
the aggregates indeed adsorb on the DPs in solution by forming tubular aggregates, as evi-
dent from the observed conformational changes. The J-aggregate nanowires maintain their
spectroscopic properties when adsorbed onto a substrate.

5.2 Results and Discussion

5.2.1 Dye aggregation in solution

The specific dye (J560, for molecular structure see Figure 5.1e) was chosen for this investigation
as it favors aggregation under acidic conditions, where amine groups in the DPs are fully
protonated. First, J-aggregate formation in solution will be discussed. The process of J-
aggregate self-assembly of the dye J560 is a complex but hierarchical process influenced by
solvent polarity, ionic strength, and the dye content. J560 was dissolved in methanol (¢j560 =
0.2 mM), water (cj560 = 0.2 mM) and 100 mM acetate buffer with pH ~ 3.5-4 (¢j560 = 0.04 mM).
In methanol, only the monomer (M) form of the dye was observed with peak absorption at
504 nm (Figure 5.2). Even though the sulfonate groups (see Figure 1) render J560 somwewhat
water solublility at the indicated concentration the monomers for J-aggregates (marked J
in Figure 5.2) and H-type dimers (D), visible as red- and blue shifted peaks in the UV-vis
spectrum next to remnant monomers. J-aggregates formed in acetate buffer have a higher
quality than J-aggregates formed in water. Suspending J560 in 100 mM acetate buffer led to
complete formation of J-aggregates (peak absorption at 560 nm) with only a small amount
of remnant monomers. Modifying the ionic strength of the buffer solution provides a further
handle to alter the equilibrium between H-type dimers and J-aggregate (data not shown here).
The molar extinction coefficient and full-width at half-maximum (FWHM) of the J-aggregate
in acetate buffer was 2.194 x 10° M~! cm~! and 17.1 nm respectively.

5.2.2 Conformation of different generation DPs on glass substrates and
anchoring J-aggregates

Glass substrates were functionalized with DPs by immersion into a DP solution (~100 mg L™*
in 100 mM acetate buffer) for 30 min, followed by rinsing with acetate buffer and water. The
structure of the adsorbed layers here depends strongly on DP charge density with respect
to the surface charge density.[*®! The maximum line charge densities of fully protonated
DPs are reported to decrease from 60 nm™!, to 30 nm~!, 15 nm™! and 7.5 nm™! for DP4,
DP3, DP2 and DP1, respectively.?”! The glass surface may have a density of I' = 8 nm ™2
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Figure 5.2 — Attenuance (normalized) for J560 dye dissolved in methanol, water and 100
mM acetate buffer. The letters D, M and J stands for dimers, monomers and J-aggregates,
respectively.

chargeable sites.!3® Under our experimental conditions the polymer chains of DP4 are highly
positively charged and form a densely packed monolayer on glass or mica substrates as evident
from AFM height images (Figure 5.3d). The DPs showed worm-like structures, with rather
elongated chains (compared to less dense packed polymers at the same ionic strength) and
almost equidistant spacing between neighbouring polymers.®® For more information on the
optimization conditions, please refer the Supporting Information, Section 5.5, Figures S5.2
to S5.6. We can assume that the majority of the segments of the DP are directly absorbed to
the surface, while a slight overcompensation of the charge maintains the worm-like structure.
This slight charge overcompensation also prevents additional polymer to adsorb on top of the
monolayer.

Under the same deposition conditions, films of DP3 formed a similar monolayer, but on
top of that excess DPs collapsed into toroid shaped condensates (Figure 5.3c). We propose
that the glass surface carries a higher charge density than a DP3 monolayer can compensate
completely. In that case, DP3 adsorption is limited by steric interactions between adsorbed
chains rather than by charge compensation. In that case the overall charge of the surface is
still negative, facilitating the adsorption of further polymers to the DP3 monolayer.

The exact origin of this condensation is not clear, and also not subject of this thesis. Generally,
long-range electrostatic interactions result in strongly correlated surface charge pattern that
can lead to the formation of unexpected structures.*”! The similarity to DNA toroids, especially
the monodispersity of the condensates as visible in the AFM images, speaks for a similar
formation mechanism. DNA was reported to collapse into toroidal structures in solution
upon the addition of covalent cations and other agents that mediate the attractive interaction
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Figure 5.3 — AFM height images (tapping mode) of DPs — (a) DP1, (b) DP2, (c) DP3 and (d) DP4
deposited on glass.

between the chains.*!! Desorption of small cations from the glass surface may play that role.
Ubbink and Odijk!*! calculated the stability conditions for DNA hexagonally packed within a
toroid. It was found that toroids are the stable state for stiff enough chains. Toroidal structures
may form in solution above the charged surface and then attach to the DP monolayer. The
trend for ring structure formation on top of a first adsorbed DP monolayer continued for
DP2 and DP1 (Figure 5.3 a and b). The even lower line charge densities (7.5 and 15 nm™! for
DP1 and DP2, respectively) 3% still allows for electrostatically driven adsorption of DP to the
substrate.®8! But, the reduced polymer charge density leads to less repulsion between the
DP chains such that a dense monolayer can form. The dominating substrate charge density
allowed for denser packing of the toroids. Toroidal DNA condensates have been identified as a
method by nature to pack genomes at high density.*?! Line profiles of defects in the DP1 and
DP2 layers show that indeed a monolayer of the polymers, about 1 nm in thickness is forming
on the glass substrate. We show the film profiles together with cross sections of the toroidal
structures (Figure S5.7, Supporting Information). To summarize, adsorbing DPs of different
generation onto glass surfaces leads to different surface topographies and charge profiles. In
the next section, we will discuss the deposition of J-aggregates on these DP films.

Glass substrates uniformly covered with DP films were immersed in J560 (cjs60 = 0.6 mM in
100 mM acetate buffer, pH =3.5-4) and shaken overnight. Under these conditions the dye
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Figure 5.4 — AFM topographies (tapping mode) of J-aggregates deposited on DP2-
functionalized glass substrates from (a) 0.2 mM, (b) 0.6 mM and (c) 2 mM solutions of J560 in
100 mM acetate buffer (pH =~4).

is initially present in the form of dispersed J-aggregates (see section 5.2.1). The substrates
were rinsed first with acetate buffer, then deionized water. At pH = ~3.5 - 4, the protonated
peripheral amines of the DPs should interact with the sulphonate groups of the dye to anchor
the J-aggregates. The attenuance spectra of the J-aggregate films are shown in Figure S5.8,
Supporting Information. Compared to the solution spectra, the absorption peaks showed
significant broadening and increased contributions from monomers and dimers. AFM images
of the aggregates adsorbed from solution are shown in Figures 5.4 and S5.9. The aggregates
adsorbed from solution crystallized into larger objects following a Volmer-Weber growth
model and did not form conformal coatings on the DPs.!!"®! A crystal morphology of this
type is characteristic for J-aggregates deposited onto functionalized substrates, and a direct
advantage of using DPs over e.g. dendrimers cannot be recognized.'®43! Also, this process
was independent of DP generation and dye solution concentration. The attenuance spectra
of J-aggregates on DPs of different generation reveal further information. The contributions
of total attenuance attributed to monomer or J-aggregates as well as the ratio between these
contributions are shown in Figure 5.5. No adsorption of J-aggregates on glass substrates was
observed in the absence of DP layer. The J-aggregate peak intensity was largest for DP2, as
was the ratio between monomer and J-aggregate contribution. This observation suggests a
correlation between the conformation of the DP and the aggregation behavior. The dye formed
better (i.e high J-/ M- ratio) J-aggregates on the toroidal structures DPs (DP1 and DP2) than
on the rod-like DPs (DP3 and DP4). It can also be seen that the dimer (D) absorption started
to increase with DP3 and DP4. Effectively, the J-aggregate films on DP3 and DP4 showed
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Figure 5.5 — Attenuance of monomers and J-aggregates deposited on DP functionalized glass
substrates from c 560 = 0.6 mM dye solution in 100 mM acetate buffer.

a higher dimer and monomer fraction than the starting solution. The adsorption onto DP
monolayers is therefore different from the cooperative mechanism cyanine dye complexation
with DNA, 2021] where initally formed dimers act as nucleation sites for J-aggregate growth.

Small-angle x-ray scattering studies (see section 5.2.3) indicate, that the density of dendrons
packed in a DP increases with DP generation. The shape of the DP2 surface seems to be most
compatible with the conformation of the aggregates and fewer monomers or dimers find room
to also adsorb to the DP. Indeed, when using a solution with higher dye concentration (cjsgo
=2 mM dye in 100 mM acetate buffer), resulting in larger aggregates, a further decrease in
J-aggregate absorption was observed (Figure S5.8b and d). As the DPs were strongly adsorbed
on the glass surface which limits their conformational J-aggregate growth does not seem to be
directed by the molecular nature of polymers, but J-aggregate growth follows a Volmer-Weber
growth mode. J-aggregation is even more prominent on low generation DPs than higher
generation DPs.

5.2.3 Complexation of J-aggregate and dendronized polymers in solution
studied by SAXS

To avoid the conformational constraints in the deposited DP films and to allow the polymers to
act as true templates, we moved on to complexing DPs and J-aggregates in solution. DP2 and
DP4 in 100 mM acetate buffer solutions were prepared and different amounts of J-aggregate
in acetate buffer solutions were added to obtain 0.2 mM, 0.6 mM and 2 mM dye concentration
(See Supporting Information, Figure S5.10) . The solutions were stirred overnight and filled
into quartz capillaries for the SAXS measurements.

The solution containing dendronized polymers of second generation (DP2) was characterized

127



Chapter 5. Tubular J-aggregate/DP Nanowires

(@) 400
102 4
10" +
—_— 100 ] :
5 10 :
102 4
10° 4 DP2+0.2mM dye
4 ] DP2 + 0.6 mM dye
10" 9 DP2+20mMdye
10_5—| 2.0n:1MDlyel‘ —_— R
10" 10°
q [nm]
(@) ]
10° -
S ]
.9.10_1—:
o 3
x ]
102 3
DP2
DP2 + 0.2 mM dye
A DP2 + 0.6 mM dye
102 4 e
10" 10°

g [nm]

p(r) [a.u]

6 X 103
DP2
DP2 + 0.2 mM dye
5 4 DP2 + 0.6 mM dye
DP2 + 2 mM dye
4 —= 2 mM dye
3 4
2
14
0 T I T T
0 10 20 30 40 50
r [nm]
DP2
1.0 1 DP2 + 0.2 mM dye
DP2 + 0.6 mM dye
0.8
0.6
0.4 -
0.2 H
0.0 T ! T v T T
0 2 4 6 8 10

r [nm]

Figure 5.6 — (a) The experimental I(q) profiles of DP2 and its mixture with J560 dye shown
in dots, and their corresponding theoretical curves shown as solid lines calculated from the
IFT analysis. For better representation, the curves are shifted vertically. (b) p(r) functions
corresponding to the theoretical curves shown (a). (c) Ixq versus q curves for DP2 and polymer-
dye mixtures representing cross-section scattering intensities. These curves analyzed by IFT to
obtain detailed cross sectional information. For better representation, the curves are shifted
vertically. (d) p(r) functions, obtained by IFT assuming cylindrical symmetry for the I x q
shown in (c).
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with increasing amounts of dye molecules added to the sample. The SAXS scattered intensities
as a function of the scattering vector magnitude, q, for those samples and the pure dye
sample at 2 mM concentration are presented in Figure 5.6a together with their corresponding
simulated curves. Fits of the corresponding pair-distance distribution functions, p(r), are
shown in Figure 5.6b, as obtained from indirect Fourier transformation (IFT) analysis of
scattering data; these plots aids in the interpretation of the system’s structural behavior in real
space. The p(r) from the pure polymer shows asymmetric behavior. A maximum appears at
around 2.9 nm while a (semi-)linear decay shows up at higher dimensions, reaching zero at
around 22 nm. Such p(r) behavior is typically for elongated particles (cylindrical structures)
with maximum dimension (D;) of about 22 nm. To obtain further information about the
cross section of the cylindrical structures, before and after loading with dye molecules, the
scattering from the cylinder cross-section, I.5(q) was separated from the cylinder length
(proportional to q~!) via I.5(q) = I(q) x q. The resulting I.5(q) curves are shown in Figure
5.6¢. These corresponding p(r) functions correspond to the spatially averaged convolution
square of electron density fluctuations within the cross section of polymer chains. The cross-
sectional p(r) for the pure polymer shows a bimodal distribution with a maximum cross-
section dimension (D.,) of 5.3 nm.

A similar behavior has been observed for polymer samples loaded with 0.2 and 0.6 mM of
dye; the p(r) presented in Figure 5.6d shows an increase in Dy up to 33 nm. Consistent with
the increase in overall particle dimension, p(r) of the cross-section also demonstrates a slight
increase after adsorption of dye molecules on the polymer chains (from D, =5.3 nm for pure
polymer to 6.6 nm in presence of 0.6 mM of dye). Interestingly, the bimodal feature present in
pure DP2 in p(r) disappears with increasing dye concentration and a uniform electron density
distribution across the polymer was observed eventually (Figure 5.6d). The coverage of the DP
surface with J-aggregates through charge-charge interactions and hydrophobic effects may
result in expulsion of water to form a homogeneous scattering volume thus suppressing the
bimodal feature upon addition of dyes in DP2.

At very high concentrations of dye (2 mM), the scattering patterns resemble the ones obtained
for pure dye aggregates, only with extension to higher D, (see a broad distribution peak
at around 12 nm in Figure 5.6b, blue and gray curves). This indicates that at such high
concentrations of dye, the polymer is saturated and cannot adsorb additional dye molecules,
and hence considerable numbers of standard J-aggregates form in the medium. It can be noted
that the trend observed in attenuance for the J-aggregates deposited on DP2 pre-functionalized
substrates shown in Figure S5.8b matches the SAXS measurement in solution: at the optimized
dye concentration of 0.6 mM, the J-aggregate size is such that DP and aggregate can adapt
their conformation without too high penalty in energy. Increasing the dye concentration to 2
mM, drastically increased the J-aggregates size in solution, which inhibited its adsorption to
the amine groups of the DP, leading to a decrease of J-aggregate adsorption (Figure S5.8b).

SAXS measurements on the DP4 samples (Figure 5.7) revealed similar trends. Dy for DP4
showed similar values as DP2, an increase in Dy, for pure polymer from around 23.5 nm to 33.5
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Table 5.1 - Maximum elongated dimension (D) and maximum cross-section dimension (D)
for DP2 and DP4 at different dye loadings. Note that these dimensions are underestimates,
due to the inherently limited access to low q values in the Guinier regime.

Maximum elongated Maximum cross-section
Sample details dimension (D), [nm] dimension (D), [nm]

DPp2 DP4 DPp2 DP4

Pure DP 22 23.5 5.3 8.8
DP+0.2mMdye 23 25 5.7 9.7
DP+0.6 mMdye 33 29 6.6 9.7
DP + 2 mM dye 35 53 NA NA

nm for polymer subjected to 0.6 mM dye (Figure 5.7a and b). As expected the cross-sectional
dimensions were significantly larger: D.s = 8.8 nm for pure polymer increasing to D, = 9.7
for polymer in the presence of 0.6 mM dye. Such increased cross-sectional dimensions are
in good agreement with our estimations from the molecular structure of the polymer. In
further similarity to the observations made for DP2, the initially present bimodal feature
in cross sectional p(r) of DP4 diminished after adsorption of dye (Figure 5.7d), indicating a
transformation of the cross-section from a core-shell structure to a homogeneous electron
density, indicative of the replacement of initially present water with tightly interacting dye
molecules. The outcome of SAXS studies for both DP2 and DP4 are summarized in Table 5.1.

5.2.4 Layer-by-layer deposition of DP/J-aggregate nanowires

SAXS experiments proved that for a dye concentration of c¢js69 dye aggregates are homoge-
neously covering the DP’s exterior surfaces. Also, the SAXS measurements showed an overall
increase in elongated dimension for both the DP2 and DP4 generation upon addition of dye.
We next tested a layer-by-layer (LBL) approach to adsorb the nanowires onto a substrate. The
J-aggregate/DP nanowires did not adsorb onto neat glass substrates, but they adhered well
on substrates functionalized with DPs. From here we can conclude that the J-aggregate/DP
nanowires bear overall negative charge, i.e. that the nanowires bear > 0.5 equiv. of J560 per
amine of the central DPs. To deposit the nanowires, glass substrates were functionalized with
monolayers of DP (as shown in Figure 5.3), exposed to the J-aggregate/DP nanowire solution
for 24 h and then rinsed with water. AFM images revealed a low density of thick, individual.
J-aggregate/DP nanowires adsorbed on the DP2 functionalized surface (Figure 5.8a). They
showed a more elongated rod-like shape than the underlying DPs. The structure is also very
different from the J-aggregates adsorbed onto a DP functionalized surface (Figure 5.5) .

Corroborating the SAXS results, this suggests the formation of a DP/J-aggregate nanowire
whereby the DP chains stretch upon dye loading. A direct comparison between the DP/J-
aggregate nanowires in solution and the ones adsorbed to the substrate is difficult because
the substrate has a major influence on the conformation. But, the AFM images clearly show
that the DP/J-aggregate nanowires as whole adsorb to the substrate. It can be noted that
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Figure 5.7 — (a) The experimental I(q) profiles of DP4 and its mixture with J560 dye shown
in dots, and their corresponding theoretical curves shown as solid lines calculated from the
IFT analysis. For better representation, the curves are shifted vertically. (b) p(r) functions
corresponding to the theoretical curves shown (a). (c) Ixq versus q curves for DP2 and polymer-
dye mixtures representing cross-section scattering intensities. These curves analyzed by IFT to
obtain detailed cross sectional information. For better representation, the curves are shifted

vertically. (d) p(r) functions, obtained by IFT assuming cylindrical symmetry for the I x q
shown in (c).
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Figure 5.8 — Elongated DP2 (a) and DP4 (b) deposited from complexed DP and J-aggregate
solution (cj560 = 0.6 mM dye in acetate buffer) on their corresponding DP pre-functionalized
glass substrates. For DP4, super-structures were observed with local ordering when they are
covered with dye molecules as shown in (c).

the nanowires preferentially adsorb on top of the “isolated” rings, in-line with our earlier
interpretation that the potential at the monolayer level is negative, while the top surface of
the toroids is positive. We can also note that the surface is free of J-aggregate crystals as
observed in the experiments described in section 5.2.2. This also means that all J-aggregates
are complexed with the DPs to form DP/J-aggregate nanowires

The morphology of DP4/]J-aggregate nanowires analogously prepared was markedly different:
DP4/]J-aggregate nanowires were not found to adhere individually, but assembled into bundle-
like structures when deposited on the substrate (Figure 5.8b and c). This can be explained
by a reduction of electrostatic repulsion between J-aggregate/DP nanowires, the positive
charge of the DPs is compensated by the negative charge of the dye aggregates anchoring
on the DP surface. This type of nanotubular bundles are also famously present for tubular
J-aggregates.**! Another type of structure - supercoiling, is influenced by the DPs interaction
with substrates.!*®! Also, a block co-polymer coupled to DP is known to generate nanoscale
building block materials.*% In a similar fashion, complexing the cyanine dye J-aggregates
with DP4, showed a supercoiling effect, which is reflected in the topography (Figure 5.8c).

Also here, and differently from the aggregates directly assembled onto a substrate (Figures
5.5 and S5.9), no platelet-shaped crystals were observed. Larger J-aggregate crystallites are
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Figure 5.9 — Attenuance for DP4-premixed with dye solution (c¢j56p = 0.6 mM) and deposited
on DP4 functionalized glass substrates.

prone to self-quenching at defects like grain boundaries resulting from the spontaneous
self-assembly process. Moreover, static disorder is one of the limiting factors for extended
diffusion length in large aggregate crystals. Next to the absence of polycrystalline domains, a
J-aggregate of “high quality” shows characteristic features in UV-Vis spectroscopy. The FWHM
of the absorbance peak is narrow and the fraction of monomer and dimer absorbance is low.
Absorbance spectra of the J-aggregate/DP nanowires in thin films are shown in Figure 5.9. It
can be noticed that the J- to M- intensity is much higher in J-aggregate/DP nanowires com-
pared to J-aggregates deposited on DPs (Figure S5.8d) for the same dye concentration (cjs60 =
0.6 mM). Also, the dimer absorption is negligible when using the solution complexation route
(Figure 5.9) compared to depositing the aggregates on DP functionalized substrates (Figure
§5.8d). This underscores the significance of inital conformational flexibility of the polymer,
which is required for templated J-aggregation (Figure 5.8) as opposed to mere adsorption
(Figure 5.4). In fact, the DPs acted as a much better linear template for J-aggregates than
conventional DNA assemblies, which are difficult to functionalise with J-aggregates already
present in the solution.

5.3 Conclusion

We here demonstrated the potential of complexing DPs and J-aggregates in solution as a new
method to form coherent tubular aggregates with improved properties in thin film. Critical
for the ability of the J-aggregate to anchor to the dendrons of the DP is the dye concentration
(size of aggregates) and generation of the DPs. The net negatively charged J-aggregate/DP
nanowires can be easily deposited onto a positively charged substrate, maintaining a high
fraction of J-aggregates in the film. Adsorbing J-aggregates from solution onto substrates
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functionalised with DPs is not a promising route to fabricate high quality J-aggregate films.

The complexation route allows to disperse J-aggregates into other matrix materials, where
they could act as energy transport channels in FRET mode. Moreover, due to the versatility
of this technique, J-aggregates could be grown on defined pathways which provides exciting
opportunities for building optoelectronic devices. The next steps will be to study the properties
of these tubular aggregates as excitonic channels in excitonic transistors. Specifically, we
believe that this method can be extended to study donor-acceptor systems for energy transfer
studies and in photovoltaics.

5.4 Experimental Section

Dendronized polymers of generation 1-4 were synthesized by following solid state peptide
synthesis as described elsewhere.'3!! Glass substrates were cleaned in acetone, ethanol, Hell-
manex soap solution and water (3 times) with 5 min ultrasonication for each step separately.
The substrates were dried using a N, gas stream and treated with oxygen plasma for 5 min to
remove any organic residues. To deposit the DP on glass, the substrates were immersed in a so-
lution of DP (1 mg mL 1) dissolved in 100 mM acetate buffer for 30 min and rinsed with acetate
buffer followed by rinsing in water and N, drying. Cyanine dye (5-Phenyl-2-[2-[[5-phenyl-3-(4-
sulfobutyl)-3H-benzoxazol-2-ylidene]-methyl]-but-1-enyl]-3- (4-sulfobutyl)-benzoxazolium hy-
droxide, inner salt, sodium salt) abbreviated as J560, was dissolved in methanol, water and
acetate buffer at different concentrations to study the monomer to J-aggregate formation
in solution. To achieve DPs covered with J-aggregate assemblies, the dye solution and DP
solution were mixed together. The surface topography of the adsorbed layers was studied
using atomic force microscopy (Bruker Dimension Icon) with an Antimony-doped Si cantilever
(RTESP 300, tip radius of 12 nm, force constant of 40 Nm™!, resonant frequency 300 kHz)
procured from Bruker and images were analyzed using the Nanoscope software. UV-Visible
spectra for J-aggregate were acquired using a Varian Cary 50 UV-Vis spectrophotometer.

The SAXS experiments were performed using a Nanostar SAXS system (Bruker AXS GMBH, Karl-
sruhe, Germany) equipped with microfocuses X-ray source (Cu K, radiation) and MONTEL
optics providing a point-focused X-ray beam with 0.154 nm wavelength. A VANTEC-2000, Xe-
based gaseous avalanche detector capable of photon counting with 0.5 s temporal resolution,
positioned at sample to detector distances of about 67 cm was used to acquire the scattering
patterns. The acquisition time was 2 h. The setup is optimized and aligned to achieve the
minimum scattering vector modulus of 0.1 nm~!. All the experiments were performed at room
temperature.

The DP samples and its mixtures with dye solution were transferred into disposable quartz
capillaries of 1.5 mm in outer diameter (Hilgenberg GmbH, Malsfeld, Germany). The capillar-
ies were sealed prior mounting in the sample chamber. The scattering patterns from empty
capillary and acetate buffer filled ones were also recorded for background subtraction.
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Chapter 5. Tubular J-aggregate/DP Nanowires

5.5 Supporting Information

S$1. Details concerning dendronized polymer synthesis and characterization

The dendronized polymers (DPs) employed in this work were prepared in a bottom-up ap-
proach, building the side chains by adding exactly one layer of dendritic monomers, i.e.
DP1 served as the precursor to DP2, DP2 as the precursor for DP3, etc.[5152] This mode of
synthesis guarantees 1) that main-chain length within such a homologous series of DPs is
essentially conserved, facilitating comparisons between DPs of differing g, and 2) that the
dendritic side-chains are virtually defect-free, as quantified using a colorimetric defect label-
ing approach.35% The N-protected precursor polymers of samples used in this thesis have
been characterized elsewhere; DP1 has a molar mass of 259 kDa (P,, = 500) as determined by
GPC (Figure. S5.1), and chain length is conserved through-out the homologous DP series as
evidenced by AFM imaging.!%®! GPC data does not provide a reliable measure of chain lengths
particularly for high g DPs, as they feature very large molar masses per repeat unit (several
kDa) and appropriate molar mass standards are not available; the results in Figure S5.1 rely on
universal calibration using PMMA standards.

| —— oPlies
—— DP2hHiBec
DP3Lee

DPgiBee

0.8

0.6

0.4 4

0.2+

Normalized DRI signal (AU)

0.0 =

12 14 16 18 20
RV (mL)

Figure S5.1 — Normalized GPC curves (DMF with 0.1 % LiBr, 45 °C, DRI detector) of the N-
protected precursors DP1-DP4 to the polyelectrolytes DP1-DP4 used in this thesis, constituting
a homologous series of DPs and corresponding numerical data (based on universal calibration
using PMMA standards).

Table S5.1 — Outcome from Figure S5.1

DP  Mn [kDa] D
DP1 259 1.72
Dp2 665 1.57
DP3 1686 1.51
DP4 3805 1.26
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$2. Optimization conditions for obtaining monolayer DP on solid substrates

In preliminary explorations, the adsorption of DP4 was investigated in order to arrive at
suitable conditions for the coating of other silicate surfaces. Mica was chosen as a substrate
for these studies as it is atomically flat, permitting facile observation of adsorbed features by
AFM, and as qualitatively it behaves quite similar to e.g. glass in that the surfaces exposes
net negative charges, providing good adsorption of the polycationic dendronized polymers.
The g = 4 representative of the series was selected as due to its high diameter (ca. 5 nm) it
can without any difficulty be observed in AFM. A number of parameters pertaining to the
adsorption process was investigated, with the aim of developing a procedure which reliably
provides densely coated substrates, as the goal was initially to prepare substrates suitable for
the deposition and controlled growth of J-aggregates rather than to prepare self-assembled
structures in solution.

Generally, AFM samples described below were prepared by submerging a freshly cleaved
platelet of mica (ca. 5 mm x 5 mm, Plano GmbH) into the solution in question, then gently
agitating the vessel for the indicated duration. Thereafter, the platelet was removed from
solution, rinsed with copious amounts of pure solvent or buffer, affixed to a magnetic specimen
disk (12 mm, Ted Pella Inc.) by means of a small piece of double-sided tape, and dried in a
stream of dry N, for at least 1 h. AFM was performed on a NanoScope Multimode IIla (Digital
Instruments) usinga 10 yum x 10 um “E” scanner (Digital Instruments) using silicon cantilevers
with a typical resonance frequency of 300 MHz and a typical spring constant of 26 Nm™!
(OMCL-160TS-R3, Olympus). Images were processed using NanoScope Analysis (Bruker) and
Fiji. 56!

1. Solvent

The polyelectrolytic DPs are soluble in MeOH and water, as well as in a number of polar aprotic
solvents such as DMSO or DME which due to their very high boiling points are however difficult
to remove, particularly from strongly interacting surfaces such as mica or glass. A suitable
solvent was evaluated first by immersing mica specimen into fairly concentrated solutions
of DP4 (ca. 100 mg L™! in MeOH or deionized water) and then rinsing with the respective
solvent. As is evident from Figure S5.2, this resulted in a fairly well-behaved monolayer of
the dendronized polymer in the case of the aqueous solution, however for the methanolic
solution no dense coverage was observed, and only individual polymers or small aggregates
remained behind after washing.

2. pH

For the purpose of synthesizing covalent DP-enzyme conjugates, as well as for the immobiliza-
tion of theses conjugates, slightly basic aqueous buffers are usually employed as solvents. In
order to provide quantitatively improved solubility of the DPs discussed here and in order to
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Figure S5.2 - AFM height images of DP4 deposited from 100 mg L™! solutions in a) deionized
water and b) methanol. The samples were removed from the solution and rinsed after 100 min.
This observation agrees with the generally better solubility of DP4 and its lower g analogues
in methanol than in water: Likely, a significant portion of initially deposited DP molecules
is washed off by rinsing with methanol, whereas the dense layer deposited from aqueous
solution remains in place.

Figure S$5.3 — AFM height images of DP4 deposited from 100 mg L™! solutions in 100 mM
acetate buffer at pH = 4 during 1 h. a) overview image, b) zoom revealing structural details.

fully protonate the peripheral amines, more acidic solutions in 100 mM acetate buffers of pH
=4 and pH = 5 were prepared. Using solutions containing 100 mg L™! of DP4, both buffers
were found to result in the deposition of dense layers of DPs. However, the layers in the case of
pH = 4 were much more regular, appearing as essentially densely packed monolayers of DP
chains with the occasional protruding coil or chain-crossover (Figure S5.3).

3. Immersion time

Initially, fairly long immersion of the mica platelets in DP4 solutions was used. It was found
that exposure times as short as 5 min (Figure S5.43a and b) are entirely sufficient in order to
produce complete adlayers of DP at 100 mg L™}, and that prolonged exposure is not necessary.
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Figure S5.4 — AFM height images of DP4 deposited from 100 mg L™! solutions in 100 mM
acetate buffer at pH = 4 with a) 5 min, b) 10 min and c) 20 min immersion time
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Figure S5.5 - AFM height images of mica substrates immersed for 15 min into solutions (100
mM acetate buffer, pH = 4) containing a) 10 mg L1, b)20 mg L1 050 mg L Yandd) 100 mg
L1 DP4.

4. Concentration

At 100 mg L™, a fair amount of polymer is employed; considering the quite strong adhesion in
the case of aqueous solutions and the fact that in drop-casting of solutions fairly dense surface
coverage may be achieved already at concentrations of around 10 mg L™! for DPs comparable
to DP4, the polymer concentration was varied. While very low concentrations employed for
drop-casting were insufficient (1 mg L™! - 20 mg L™! Figure S5.5a and b) - likely in part due to
loss of material by adsorption to the walls of the vessel in which the solution was prepared —
concentrations starting at 50 mg L™! (Figure S5.5¢ and d) produced complete adlayers.

5. Ionic Strength

The buffer solutions employed up to this point were not adjusted for ionic strength; Figure S5.6
displays the result of such adjustments to ionic strengths of 20 mM, 50 mM, 100 mM, and 200
mM by addition of NaCl to the acetate buffer. Rather than leading to a further improvement of
the homogeneity of the adlayers, increasing ionic strength appears to be counterproductive,
likely due to shielding of the peripheral ammonium cations of the DPs which reduce adhesion
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Figure S5.6 — AFM height images of mica substrates immersed into solutions of DP4 (50 mg
L~! in acetate buffer, pH = 4), adjusted with NaCl to ionic strengths of (a) 20 mM, (b) 50 mM,
(c) 100 mM, (d) 200 mM.

and DP interactions: Instead of homogenous adlayers, large aggregates appear and coverage
becomes much looser than in the standard buffer. Additionally, large aggregate structures —
possibly salt deposits — can be found in all samples where NaCl was added. No adjustment of
ionic strength therefore appears necessary or helpful.
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Figure S5.7 - AFM images and profiles of different sections of DP1 deposited on glass substrates.
(a) and (b): Scans through defects in the DP1 monolayer show that the DP1 monolayer is
about 1 nm thick. (c) Profile through the larger ring features. The height of these ring features
is up to 4 nm on top of the base monolayer. (d) Profile through a small toroidal ring. The ring
features are about 2 nm high.
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Figure S5.8 — Attenuance of monomers and J-aggregates deposited on glass substrates pre-
functionalized with (a) DP1, (b) DP2, (c) DP3 and (d) DP4.
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Figure S5.9 - AFM height images of DP2 (a) and DP4 (b) functionalized glass with J-aggregates
deposited from dye solution
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Figure S5.10 — SAXS measurement set-up for quartz capillaries filled with DP2 (1 wt% and 5
wt%) with 0.2 mM, 0.6 mM and 2 mM dye solution (a) loaded in the measurement set-up (b).
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Chapter 6. Photoluminescence from Twisted Dimers
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Abstract

Cyanine dye molecules, used as monomers

or in aggregate form, find interesting appli- 1.0- ::J i%'::ti:rnmlms) N o 4’
cations in optoelectronic devices. Among ’E 05 £\ C- = 1 st
the various aggregate species incorporating g g “ 2 v
organic dyes, centrosymmetric dimers are ‘E’ 0.6- Eﬂ ! 1
known as nonluminescent. They can act as -% 0.4- E Oblique Dimer
exciton quenchers due to a low-energy op- E |

tically forbidden excited state. In this study, U 0-27

however, we show that a dimer species in 0.0-

thin films exhibits efficient and strongly red- 600 650 700 750 800
shifted photoluminescence. When the films Wavelength (nm)

were excited, a monomer emission at 590 nm

along with a second emission peak at 680 nm was observed. A close relation between the dye
concentration and the emission showed that a new emission at 680 nm corresponds to the
dimer emission. Circular dichroism (CD) spectroscopy reveals that a fraction of the dimers
exist in a twisted dimer configuration. Stable, long-lived, and quenchable fluorescence with
high quantum yield is attributed to this dimer emission.

6.1 Introduction

Organic dyes such as oxazines, rhodamines, cyanines, and merocyanines are used as energy
transport medium in various applications including optoelectronic devices, light harvesting
antennas, photography, and dye lasers.!? Monomer emission is strongly diminished when
surrounded by aggregate trap states (aggregation-caused quenching, ACQ)."®! Absorption
and fluorescence of these dye molecules in different molecular configurations (dimers, H- or
J-type) are dictated by the net transition dipole moments of the optical transitions between
ground state Sy and excited state S, and largely follow Kasha’s rule.*) In homodimers and
H-aggregates, the net transition dipole moment is zero, which renders them nonfluorescent.
However, transitions to/from the excited (Sll) state are fully forbidden only for a perfect parallel
or antiparallel alighment of dye molecules. !’

It is highly desirable in this context to learn more about H-aggregate dimer trap states and
their role in excited-state deactivation in organic amorphous films. Highly luminescent
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6.2. Results and Discussion

H-aggregates and dimers have been reported in solution!®®! and thin films.®!% This phe-
nomenon was ascribed to the small distortion between two dye molecules along the chro-
mophore axis resulting in the rotational twist (a) by 10°. Rigidification of these twisted dye
molecules in the solid state can result in an enhancement of fluorescence, ' obviating the
effect of ACQ and forbidden transitions.

Cyanines, rhodamine, and rubrene have shown anomalous photoluminescence (PL) bands in
the solid state.['>"'4 For example, PL was studied for pseudoisocyanine dyes adsorbed into
microcrystalline cellulose.?! Upon excitation at 532 nm, a new emission peak at 680 nm was
observed in these films along with a monomer emission (620 nm). The emission intensity
scaled well with the dye concentration and excitation intensity. The authors hypothesized that
the emission at 680 nm could be due to dimer formation at high laser fluences. In contrast to
this, there are also reports indicating triplet formation in cyanine dimers, which can lead to

[15-

this second emission.!'>17! Similarly, the formation of excimers has been observed.'® It is

still unclear what the underlying mechanisms are for additional emission bands in the films.

In the present study, a detailed investigation is carried out using different spectroscopic
techniques such as electron spin resonance (ESR), CD, and fluorescence to identify the origin
of an unexpected emission in the Cy3 dye l,lr—diethyl—3,3,3',3’-tetramethylcarbocyanine. In
the thin film, an emission band at 680 nm (red-shifted by 100 nm from the monomer band) is
significantly more intense than the monomer emission. However, this emission is not observed
in solution. Our investigations support the hypothesis that the second emission originates
from dimers in the sample that are present in a twisted dimer configuration. The fraction of
dimers in that configuration is low. Guidelines for achieving high quantum efficiency of dimers
compared to the normal monomer emission and the possibility to harvest this emission is
presented. The development of efficient solid state emitters is a prospering research field as a
result of the numerous technological applications employing luminescent materials in thin
films. 19!

6.2 Results and Discussion

Cy3 dyes with different counterions like A-TRISPHAT (Cy3-T), iodide (Cy3-I), hexafluorophos-
phate (Cy3-P), and tetraphenyl borate (Cy3-B) were coated from suitable solvents to prepare
thin films. Cy3-T in chlorobenzene (CB) gives a monomer absorption peak at 559 nm and a
vibronic peak at 526 nm (Figure 6.1a). Upon excitation at 550 nm, an emission was observed at
572 nm, which is assigned to monomer fluorescence in solution. Spin-coated films prepared
from the same dye solution show monomer and dimer absorptions at 577 and 529 nm, respec-
tively. In the PL spectra, the peak at 588 nm is assigned to monomer emission. In solution
and in films, a vibrational shoulder to the monomer peak was observed at higher wavelength.
However, the dye films show a strong dimer emission at 680 nm, which is red-shifted from the
monomer peak.
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The dimer emission peak (680 nm) was present in all the cases, irrespective of the counterion
(Figure 6.1b). However, the intensity of the dimer emission peak differs with counterion
although any determinant role of counterion toward the dimer emission peak can be excluded.
In addition to the counterion, the nature of the heteroaromatic moiety may also influence the
dimer emission (see Figure S1).

The ratio of the intensities of the two emissions did not change when the excitation wavelength
was varied from 450 to 580 nm. Also, the excitation spectra acquired at 587 and 679 nm are
similar (Figure 6.1c). The latter double peak corresponds to the absorption spectra of monomer
and dimer. From this observation, it can be concluded that we are dealing with an excited
state process.

The absorption spectrum and excitation spectra obtained for both monomer and dimer
emissions resemble each other, but the ratio of the intensities of the two bands differs. While
in absorption the main band is more intense than the dimer band, in excitation the bands
have similar intensities. The disparity between the absorption and excitation spectra arises
because UV—-vis measurements (Figure 6.1a) record a ground state absorption process while
the excitation spectra (Figure 6.1c) are acquired in the excited state. The latter case also probes
energy exchange between both monomer and dimer. This will show different amounts of
monomer and dimer species, on comparing the excitation and absorption spectra. As the
population of the emissive dimer species is not the only deactivation pathway, the fraction
of emissive dimers cannot be quantified. But direct excitation of the dimer emission cannot
be observed, indicating a low fraction of the latter. Although dimer emission (in parallel
arrangement) is generally optically forbidden, it can be hypothesized that the distortion of
the molecule can break the selection rule that forbids transition, giving rise to an emission.
Emission from the trans-triplet state of a structurally very similar dye has been measured
in methanol at 77 K and found to be around 722 nm.?"! This emission is significantly more
red-shifted than the dimer emission in this work and represents one of many arguments
against triplet emission as an explanation.

For all dyes, at temperatures between 77 and 300 K, no paramagnetic species were identified
by ESR or LESR either in g close to 2 (singlet) or 4 (triplet). However, the measurement of
dye Cy3-T at 6.5 K under illumination showed the presence of two ESR signals attributed to
cationic and anionic dyes. Again, no triplet signals could be observed (g close to 4). The signals
were weak with g = 2.0026 and line width of 0.6 mT from the anion and g =2.0023 with line
width of 2.3 mT from the cation. The origin of the signals is attributed to charge transfer of
the photoexcited electron or hole between dye molecules generating paramagnetic species,
cations, and anions. This observation was possible due to the effects of low temperature. At
6.5 K the photogenerated charges have relatively long recombination times and thus are more
stable. This result also indicates that no triplet state is generated.

Determining the effect of temperature on emission signals can assist in analyzing the spectra.
For example, triplet population is generally a temperature-dependent phenomenon.?!! In
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addition, cis—trans isomerization of the molecules is hindered at lower temperatures. Spectra
were measured while the samples were cooled by adiabatic compression from room temper-
ature (RT) to 92 K. Spectra were also taken during the warm-up phase back to RT and then
during heating to 340 K. The samples were excited at 480 nm, and the two emission peaks at
600 and 680 nm were observed (Figure 6.2a). Upon cooling, in the range from 300 to 180 K
both peaks increase in intensity. Between 180 and 92 K, the monomer peak intensity increases
while the second emission decreases (Figure 6.2a,b). The cooling—heating cycle shows some
hysteresis. Upon heating, between 92 and 120 K (Figure 6.2c), both peaks initially decrease in
intensity. The intermediate heating regime where the monomer emission decreases and the
second peak emission increases are evident between 130 and 240 K (Figure 6.2d). Between
290 and 340 K again both peak intensities decrease in intensity (Figure 6.2e). Outside of the
intermediate cooling and heating regime, the sample shows a regular temperature response:
fluorescence increases with decreasing temperature because nonradiative processes become
less effective. The unusual temperature response of the second emission in the intermediate
temperature range is consistent with a model where thermal motion of the molecule annuls
the geometrical restrictions that makes the S’I—So transition impossible. Alternatively, the
energy transfer to the emissive species can also be temperature dependent. The regular
monomer emission undergoes an irreversible red-shift during the cooling cycle. It was also
observed that the monomer emission is composed of two peaks that we identified as 0—0 and
0—1 (vibrational) transitions. Upon cooling to 92 K (Figure 2c), the vibronic shoulder becomes
stronger in intensity causing the red-shift. This effect requires further attention and could be
related to an isomeric phase transition that the molecules undergo during thermal excursion
favoring the 0—1 transition. The second emission remains unaffected.

Dimerization in thin films cannot be avoided by spin-coating the dye from more dilute solu-
tions. Dimer formation could be reduced by dispersing the Cy3-P dye at different concentra-
tion of 2, 1, 0.5, 0.05, 0.02, and 0.01 wt % in a PVME polymer matrix. Absorbance measured on
the spin-coated films is shown in Figure S6.2. Reduced dimerization is observed in samples
with lower dye content (0.01 and 0.02 wt %). The samples were placed into an integrating
sphere and excited within the monomer absorption band.

The intensity of the dimer emission (680 nm) increases with increasing dye concentration
as shown in Figure 6.3a. At the lowest dye concentrations (0.01 wt %), significant monomer
emission was detected, which decreases when increasing the dye concentration. Above 0.5 wt
%, monomer emission is fully quenched. The remaining small peak at 590 nm could originate
from the vibronic peak or is due to energy exchange between dimer to monomer. At low
dye concentrations, monomer emission is high because the monomers are not surrounded
by dimers that would quench the emission. Increasing the dye concentration increases the
probability for energy transfer from an excited monomer to a dimer, resulting in a strong dimer
emission. When the emission intensity is normalized by the dye concentration, emission
from both monomer and dimer is strongly concentration dependent in the low concentration
regime, signifying the importance of dilution (Figure 6.3b). In the high concentration regime,
the dimer emission is nearly constant. The fraction of dimers that are emissive remains
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constant with dye concentration. The deviation from proportionality with dye concentration
above 1 wt % is due to H-aggregate formation that quenches the emission further.

As hypothesized above, the reason for dimer emission could be the twisting of molecules
against each other in the film. In that case, the excited states can obtain rotatory strength. In
the CD spectrum, exciton coupling can be displayed as classic Cotton effect, with positive and
negative contributions at different energies.?>?3 The films described here show signatures
from H-aggregate and dimer configurations and are thus not easy to interpret (Figure 6.3c).
At low dye concentrations, the signal is positive in the H-aggregate and dimer absorption
region. Increasing the dye concentration to 1 wt %, the dimer signal turns negative, while
the H-aggregate has a bisignate signal with a positive contribution at lower wavelength and a
negative contribution at higher wavelength (merging with the dimer signal). The samples with
high dye concentration (2 wt %) in the PVME matrix showed a strong negative signal (510 nm)
at the dimer peak position (Figure 6.3c) but no positive contribution from the H-aggregate.
This negative signal in the dimer position was observed irrespective of the matrix, i.e., when
the dye was dispersed in a PMMA matrix (see Figure S3) during preparation of the thin films.
Buss!?* reported a similar observation when dispersing cyanines in y-cyclodextrin in solution.
With decreasing dimer concentration, the CD signal showed a transition from negative to
positive apex. This behavior was explained by proposing that the dimers were trapped with
a twisted sandwich configuration in the matrix. A similar observation here validates our
hypothesis that dimers are twisted in oblique configuration in the films.

We can only speculate on the different molecular configurations of the dyes at different
degrees of packing. However, the signals observed in the negative or positive apex of the dimer
peak position indicate that some dimers are packed such that they become optically active,
which results in different absorption of light in right-circular and left-circular directions. This
difference in absorption also indicates that the net transition dipole moments are not parallel
unlike the normal transition in the classical dimers. Therefore, a small resultant transition
dipole moment results in absorption of light along with fluorescence.

An equally viable reason for the role of excimer is the twisting of molecules in the excited state.
The difference between a twisted dimer and an excimer can be resolved with the following
argument: If indeed a stable excimer (excited dimer) configuration existed, it would give rise
to much broader and unstructured band.?>’ However, this is not observed in our study, as
shown in Figure 6.3a where the dimer emission is narrow with a vibronic band in the film.
This supports the role of molecular twisting which is preserved in films and not in solution.
The lifetime of the dimer emission peak was always longer than the monomer emission peak.
For instance, in the case of Cy3-T films, the monomer shows a lifetime of 0.085 ns, whereas
the dimer shows a lifetime of 1.069 ns. The lifetime of the dimer emission peak in Cy3-P was
0.668 ns (Figure 6.4). Because of the limited resolution of the instrument (100 ps), the direct
Cy3-P fluorescence could not be measured (lifetime around 50 ps).?%! Thus, the lifetime of the
dimer emission is approximately 1 order of magnitude longer than the monomer emission.
The dimers are more stable in the presence of oxygen as detailed in the Figure S6.4, SI.
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Figure 6.4 — Lifetime measurement for the monomer and dimer emission from Cy3-T and
Cy3-P spin-coated films.

Fluorescence quenching is a powerful tool to measure exciton diffusion lengths and also
to assess whether the excitons are diffusive or localized species.'?”! Two experiments were
performed on a model system for a doped dye film and a bilayer device. In the first experi-
ment, the dye layer was blended with NOPFg at different concentrations.?8! In the second
experiment, a Cgp fluorescence quenching layer was deposited on top of dye layers of different
thickness. The sample was illuminated from the dye side. Both materials have been shown to
quench both emissions, but the dimer emission is expected to be quenched more efficiently,
as during its longer lifetime it has a higher probability to react with the quenching site.

The results of the first experiments show that when the dye film is p-doped at the lowest
doping (NOPFg/Cy3-P = 0.05), the dimer emission is already fully quenched, whereas the
monomer emission is only fully quenched at NOPFg/Cy3-P =1 (Figure 6.5a). In addition, the
film morphology changes upon heavy doping. In the second experiment, the fraction of the
unquenched emission of monomer to dimer increased as the dye film became thinner (Figure
6.5b).

This observation supports the proposal that the dimer emission is quenched more efficiently
than the monomer emission. The second experiment suggests that the excited emitting dimer
state is localized near the Cgg interface while the monomer exciton is allowed to diffuse. As
the dye film thickness increases (30 and 55 nm), the fraction of quenched emitting dimers
decreases. For very thick films (100 nm, not shown here), the light absorption region moved
away from the dye/Cg interface, and the emission behavior of pure Cy3 films was recovered.
On the other hand, thinner films (20 nm) show a stronger decrease in dimer emission than
monomer. The ratio of monomer to dimer unquenched emission (as shown in the inset, Figure
6.5b) first decreases exponentially as a function of dye film thickness but then approaches a
maximum value. The data are consistent with a model where the second emission is quenched

158



6.2. Results and Discussion

NOPF/
Cy3-P (mol/mol)
—0

650 700 750
Wavelength (nm)
(b) 30 m

—20 nm
254 —55nmm

20 1

Monomer/Dimer Intensity

154 0.4

20 30 40 50 60 70 80 90 100
Film Thickness (nm)

10 1

Emission Intensity (cps)

600 650 700 750
Wavelength (nm)

Figure 6.5 — Blends of NOPFg/Cy3-P show that the dimer is quenched more efficiently than
the monomer emission (a). Nonquenchable emission intensity from Cy3-P films spin-coated
on Cgo decreases with increase in the film thickness. The ratio of monomer to dimer intensity
with film thickness is shown in the inset (b).

159



Chapter 6. Photoluminescence from Twisted Dimers

very efficiently only from localized sites next to the Cgp interface, while the monomer emission
is more efficiently quenched over a large distance through the film (exciton diffusion). At 100
nm (not shown here) dye film thickness, the sample shows the pure dye layer behavior as no
light is absorbed near the quenching sites. The typical quantum efficiency in a thin cyanine
film with only monomer emission is around 1.5%, while the dimer emission alone contributes
8.5%.12% Also, the dimer emission decreases exponentially with the dye concentration in solid
matrices (Figure 6.3b). Given the assumption that there is a low fraction of emitting dimer
species, concentration quenching can be overcome leading to higher quantum yield. We
propose that this sets a lower limit to the concentration of emitting dimer species. Assuming
half of the dye molecules are assembled into a dimer, and the transfer rate from monomer to
dimers as well as fluorescence quantum efficiency is near 100%, a high estimate of the fraction
of emissive dimers could be 10%.

6.3 Conclusion

A red-shifted PL band in thin film samples of a cyanine dye was observed and arises from
a low fraction of dimers that are present in a twisted configuration. Without this twisted
configuration the net transition dipole moment would be zero. The existence of these states
is confirmed by CD measurements. Dispersing either monomer or dimer in a matrix at low
concentration can be a means to overcome selfquenching resulting in strong fluorescence,
as observed in this study. Temperature-dependent emission shows that dimer-to-monomer
emission is dominant at room temperature and weak at low temperatures. Also, the lifetime of
the dimer in the excited state is longer than for the monomer, more stable in the presence of
oxygen and quenchable at room temperature, which satisfies the most important prerequisites
for application in devices. We propose that engineering the molecular stacking in the film and
harvesting this strong fluorescence as demonstrated in this study can overcome the limitation
of ACQ to improve the performance of the devices built with cyanine dyes.

6.4 Experimental Section

Materials: Trimethine cyanine dyes (Cy3) 1-ethyl-2-[3-(1- ethyl-1,3-dihydro-3,3-dimethyl-
2H-indol-2-ylidene)-1-propen- 1-yl]-3,3-dimethyl-3H-indolium with the counterions hexaflu-
orophosphate (Cy3-P), iodide (Cy3-I), and tetraphenylborate (Cy3-B) were procured from FEW
Chemicals, Germany. Two counterions, perchlorate (Cy3-C) and A-TRISPHAT (Cy3-T), accom-
panying the same chromophore were synthesized in our laboratory as reported elsewhere.?!
Trimethine dyes 3-ethyl-2-[3-(3-ethyl-3H-benzothiazol-2-ylidene)propenyl]benzoazol-3- ium
perchlorate and 3-ethyl-2-[3-(3-ethyl-3H-benzooxazol-2- ylidene) propenyl]benzothiazol-3-
ium perchlorate were purchased from FEW Chemicals, Germany.

The purity of the synthesized dye were verified by NMR spectroscopy (not shown here). The
highest purity dyes procured from FEW chemicals showed similar results. Suitable solvents
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were chosen to dissolve the dyes along with two different polymers, either poly(methyl vinyl
ether) (PVME) or poly(methyl methacrylate) (PMMA), separately.

Film Formation: Glass substrates were cleaned in acetone, ethanol, and Hellmanex solu-
tions before spin-coating with the dye solution. The dye solution was spin-coated at 2000
rpm for 2 min on glass substrate to obtain a homogeneous film. For fluorescence quench-
ing studies, the dye was blended with NOPFjg in the solution and spin-coated on the glass
substrates.

Characterizations: The absorption spectra for the films were acquired using a Varian Cary 50
UV-vis spectrometer. Fluorescence spectroscopy (Horiba Jobin Yvon Fluorolog equipped with
integrating sphere) was used to obtain the excitation and emission scans from the dye films.
Fluorescence quantum efficiencies were measured following the procedure of deMello.3"
Fluorescence quenching was studied for the films deposited from the blend of dye/NOPFg
to determine the characteristics of energy transfer. Subsequently, temperaturedependent
fluorescence studies were conducted for the dye films to determine the role of a thermally
activated process in the emission. Spin-coated films were mounted into a self-built cooling
station facilitated with an adiabatic compression cooling to reach the desired temperature.
Fluorescence signals were collected at different intervals while monitoring the substrate
temperature when cooling and heating the sample between room temperature and 92 K. The
lifetime of the emission signal was monitored at room temperature using the Quantaurus—Tau
fluorescence lifetime spectrometer from Hamamatsu Photonics, K.K. Japan. A xenon lamp
source with lamp intensity of 4 mW was used to excite the film at different wavelengths, and
fluorescence signals were collected with a time resolution of 0.1 ns. The lifetime and emission
wavelength can be used to classify the role of different species present in the film. To further
understand the stability of the signals to light and oxygen, the processed films were kept in a
nitrogen environment and stored in the dark and in daylight separately for 30 days. At different
time intervals, the emission from these samples was monitored to determine the stability of
the emitting species. Circular dichroism spectroscopy (JASCO J-815 CD spectrometer) was
used to characterize the spin-coated films at room temperature from 400 to 650 nm with a
scan rate of 100 nm/min and pitch for 0.2 nm.

Cyanine dyes Cy3-1, Cy3-C, Cy3-P, and Cy3-T were studied by electron spin resonance (ESR)
and by light-induced electron spin resonance (LESR) at temperatures from 77 to 298 K. In
addition, Cy3-T was studied at a temperature of 6.5 K. For the LESR measurements with
temperature between 77 and 298 K, a Miniscope MS300 spectrometer from Magnettech
(X-band and 9.3—-9.55 GHz) was used. For measurements at 6.5 K, a Bruker Elexsys E580
spectrometer (X-band) was used, and the temperature was controlled by a continuous flow of
liquid Helium using an Oxford cryogenic system, model ITC503. The microwave power used
was between 0.100 and 31.62 mW. Samples were illuminated by a 140 W xenon lamp from a
Newport solar simulator using an AM 1.5 filter. The samples were illuminated inside the ESR
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cavity. Diphenylpicrylhydrazyl (DPPH) with g = 2.0036 was used as g-factor reference. The ESR
spectra were simulated using the software EasySpin implemented in MATLAB (MathWorks,
Inc.).

Acknowledgements We gratefully thank Prof. Dr. Raffaele Mezzenga and Ms. Wenjie Sun
from ETH Ziirich, for extending their support to access the CD spectroscopy in their lab. We
acknowledge the financial support received from the Swiss National Science Foundation (SNF)
Grants 200021-157135 and 200021-144120 for conducting this work. C.EO.G. acknowledges
the financial support from FAPESP (2013/07296-2) and CNPq.

162



Bibliography

(1]
(2]

(3]
(4]

(5]

(6]

(7]
8]
(9]

(10]
[11]

(12]

(13]
(14]

[15]
[16]

(17]

T. Kietzke, Advances in OptoElectronics 2007, 1-15.

T. Tani, Photographic Science Advances in Nanoparticles, J-Aggregates, Dye Sensitization,
and Organic Devices, Oxford University Press, 2011.

S. Varghese, S. Das, The Journal of Physical Chemistry Letters 2011, 2, 863-873.

M. Kasha, H. R. Rawls, M. Ashraf El-Bayoumi, Pure and Applied Chemistry 1965, 11,
371-392.

R. W. Chambers, T. Kajiwara, D. R. Kearns, The Journal of Physical Chemistry 1974, 78,
380-387.

U. Rosch, S. Yao, R. Wortmann, E Wiirthner, Angewandte Chemie International Edition
2006, 45, 7026-7030.

E Wiirthner, S. Yao, Angewandte Chemie International Edition 2000, 39, 1978-1981.
S. Zeena, K. G. Thomas, Journal of the American Chemical Society 2001, 123, 7859-7865.

M. Matsui, S. Ando, M. Fukushima, T. Shibata, Y. Kubota, K. Funabiki, Tetrahedron
2015, 71, 3528-3534.

Y. Chen, B. Lee, D. Fu, V. Podzorov, Advanced Materials 2011, 23, 5370-5375.

E Wiirthner, T. E. Kaiser, C. R. Saha-Moller, Angewandte Chemie International Edition
2011, 50, 3376-3410.

L. E V. Ferreira, A. S. Oliveira, E Wilkinson, D. Worrall, J. Chem. Soc. Faraday Trans.
1996, 92, 1217-1225.

M. L. Ferrer, E del Monte, D. Levy, Langmuir 2003, 19, 2782-2786.

Z. Chen, A. Lohr, C. R. Saha-Moller, E Wurthner, Chemical Society Reviews 2009, 38,
564-584.

A. K. Chibisov, High Energy Chemistry 2007, 41, 200-209.

A. Ferencz, D. Neher, M. Schulze, G. Wegner, L. Viaene, E C. De Schryver, Chemical
Physics Letters 1995, 245, 23-29.

M. Asano-Someda, T. Ichino, Y. Kaizu, The Journal of Physical Chemistry A1997, 101,
4484-4490.

163



Bibliography

(18]

(19]

(20]

(21]
(22]
(23]
(24]
(25]

(26]

(27]

(28]

(29]

(30]

164

A. V. Sorokin, B. A. Gnap, 1. I. Bespalova, S. L. Yefimova, Y. V. Malyukin, Journal of
Luminescence 2016, 179, 171-177.

J. Mei, Y. Hong, J]. W. Y. Lam, A. Qin, Y. Tang, B. Z. Tang, Advanced Materials 2014, 26,
5429-5479.

K.Jia, Y. Wan, A. Xia, S. Li, E Gong, G. Yang, The Journal of Physical Chemistry A 2007,
111,1593-1597.

A. Kohler, H. Bassler, Materials Science and Engineering: R: Reports 2009, 66, 71-109.
S. E Mason, Journal of the Chemical Society Chemical Communications 1973, 239-241.
N. Berova, L. D. Bari, G. Pescitelli, Chemical Society Reviews 2007, 36, 914-931.

V. Buss, Angewandte Chemie International Edition in English 1991, 30, 869-870.

M. Sims, D. D. C. Bradley, M. Ariu, M. Koeberg, A. Asimakis, M. Grell, D. G. Lidzey,
Advanced Functional Materials 2004, 14, 765-781.

J. De Jonghe-Risse, ]J. Heier, E Nuesch, J.-. E. Moser, Journal of Materials Chemistry A
2015, 3, 10935-10941.

R. R. Lunt, N. C. Giebink, A. A. Belak, J. B. Benziger, S. R. Forrest, Journal of Applied
Physics 2009, 105, 053711-7.

B. Fan, E A. de Castro, J. Heier, R. Hany, E Niiesch, Organic Electronics 2010, 11, 583—
588.

S. Jenatsch, L. Wang, M. Bulloni, A. C. Véron, B. Ruhstaller, S. Altazin, E Niiesch, R.
Hany, ACS Applied Materials & Interfaces 2016, 8, 6554—-6562.

J. C. de Mello, H. E Wittmann, R. H. Friend, Advanced Materials 1997, 9, 230-232.



6.5. Supporting Information

6.5 Supporting Information

S1. Non-emissive dimers

Structural motifs dictate the molecular packing thereby influencing the dimer emission. This
is because of the well-known reasoning that modifying the quinoline ring in a cyanine dye can
affect the aggregation nature.S5?! To verify this, we studied a Cy3 benzooxazol dye, where
the dimethyl group is replaced by oxygen in the quinoline ring. The film forming properties of
this dye are very poor, for that we dispersed the dye in a PVME polymer. In that matrix the dye
shows even stronger dimer absorption (Figure S6.1a) compared to the other Cy3 dyes shown
earlier in this study. When excited at the dimer wavelength (520 nm), the film shows a small
monomer emission but no second emission was observed (Figure S6.1b). Introducing oxygen
in the motif will decrease the steric hindrance for parallel alignment of the dye molecules,
thereby reducing the torsional angle between dimers, prohibiting potential emission from
the dimer. Conversely, we can say that the presence of hydrocarbon chains induces strong
dimer emission. This goes in hand with the observation by Sorokin et al.,!3' where a long
hydrocarbon tail in the Dil dye has shown a strong dimer emission. This observation looks still
valid, on comparing the LB films studied by Debnath et al.,[>* where excimers are observed
even in a monolayer film. From this observation, we argue that long hydrocarbon chains
can have strong interaction with the neighboring dye molecules, leading to more unique
way of packing the molecules. To see whether changing the polymer matrix can help in
dispersing this dye, we chose PMMA, which has better dispersion properties than PVME.
It can be seen from FigureS6.1b, the dispersing matrix has no effect in tuning the second
emission. Furthermore, this point was verified by choosing another dye by replacing oxygen
with sulphur (benzothiazol), which confirms that the non-emissivity is not due to internal
quenching. Therefore, we can conclusively say that structural motifs can influence the dimer
emission.

$2. Stability of monomer and dimer emission in the influence of light and oxygen

Having said that the second emission peak obtained in the film can have longer lifetime than
a monomer emission, the atmosphere in the film storage can also influence the lifetime. If
this is due to a triplet emission, atmospheric oxygen can also quench the fluorescence. To
investigate this, the films were stored in dark and in daylight in the presence of oxygen. The
monomer and dimer emission were monitored periodically for 30 days. It was observed that
when samples were preserved in dark and in the presence of oxygen, the emission measured
for 30 days is almost within the standard deviation of the light signal of the instrument (Figure
S6.4a). We can say that the second emission signal is stable in the presence of oxygen, which
again disowns the role of triplet state. However, when exposed to daylight and in the presence
of oxygen, the intensity of both monomer and dimer decreases (Figure S6.4b). This can be due
to accelerated photobleaching of cyanine dyes in the presence of oxygen and light. Finally,
this shows that samples preserved in dark has a stable dimer emission.
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Figure S6.1 — Attenuance (a) and emission (b) of non-emissive dimers.
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The next generation optoelectronic devices using organic semiconductors demand coherent
exciton migration in thin films and high photoluminescence quantum yield (PLQY) for light
harvesting and light emitting devices, respectively. Although J-aggregates are well-known for
coherent coupling of dye molecules favoring exciton migration and narrow emission linewidth,
growing 2D J-aggregates with high PLQY has been a missing link in realizing efficient opto-
electronic devices. Addressing the fundamental challenges from the viewpoint of growing
high quality J-aggregate thin films to overcome exciton quenching sites can be one approach.
This thesis work follows this approach in a systematic way, by growing 2D J-aggregate thin
films to suppress non-radiative decay channels, improving the J-aggregate PLQY in solution
and realization of narrowband photodetector with a prototype demonstrating additive man-
ufacturing capability. In chapter 2, a new growth route with controlled phases (monomers
and J-aggregates) in solution is shown to result in large coherent J-aggregate domains in thin
films. The large coherent domains suppressing non-radiative recombination of excitons at
the grain boundaries and increasing the PLQY were evident from the photoluminescence
studies. A direct correlation established here between the crystalline order and PLQY at room
temperature is in agreement with temperature dependence studies. An increase in relative
quantum yield from twofold (300 K) to sevenfold (6 K) due to reduced exciton-phonon cou-
pling was observed. Using time-resolved photoluminescence spectroscopy, the charge-exciton
quenching was identified to be an additional non-radiative decay channel impeding exciton
migration in thin films. As the results from this chapter explain growth mechanism and the
exciton dynamics in J-aggregate thin films, it opens new ideas for further studies. Benefitting
from the large micron-scale dimension of the 3D J-aggregate crystals with high PLQY, a next
step could be to selectively functionalize the substrate to grow J-aggregates for organic light-
emitting transistors (OLETs). Furthermore, the exciton migration length can be estimated
from exciton-exciton annihilation studies or using super resolution fluorescence microscopy.

Although the PLQY of J-aggregate thin films was improved to ~5% at room temperature by
overcoming the grain boundary quenching, further improvements focused on studying the
PLQY of J-aggregate solutions as described in Chapter 3. Upon addition of alkylamines to
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pristine J-aggregate solutions, a drastic improvement in PLQY from ~5% to ~60% was achieved.
Addition of dye to alkylamines showed a clear affinity between dye molecules and amine
groups. Small-angle neutron scattering studies to probe the internal arrangement in a ternary
system (dye-hexylamine-water) was achieved. Without dye molecules, the binary system
(hexylamine-water) showed a local arrangement of water droplets confined in a hexylamine
matrix with polar amine groups towards the water/hexylamine interface. Upon addition
of dye molecules, the J-aggregates adhered mostly to the water/ hexylamine interface with
monomers stabilized at the alkylchain ends. It can be concluded that monomers or dimers
present at the edges of J-aggregate crystals can quench or inhibit exciton migration. Increasing
the monomer stability at the alkyl chain edges compared to J-aggregate crystal edges can
reasonably explain the enhancement in PLQY. With a careful assessment of dye structure
and counter-ion influence, this approach to significantly enhance the PLQY of J-aggregate is
believed to be extendable to other class of cyanine molecules demanding high PLQY. Moreover,
it can be envisaged that by tuning the electrostatic stabilization between dye and alkylgroups
to integrate with metal atoms can open new areas for applying high PLQY J-aggregates in the
field of hybrid plasmonic devices.

In chapter 4, a true ultra-narrowband (FWHM <100 nm) absorbing material for narrowband
photodetection with selective response from visible to near-infrared region was realized. A
new approach was shown to alter the aggregation rapidly during spin-coating. By choosing
suitable solvents like 2,2,2-trifluoroethanol, facilitates in-situ J-aggregate formation during
solvent evaporation while dispersing them as monomers in solution. This approach to achieve
a continuous J-aggregate film is important for good device performance, different from the
previous approach followed in Chapter 2, to grow large coherent domains for exciton diffu-
sion. From J-V, EQE and current noise results, this solvent engineering approach obviates
the shunts in the device, improves J;. complementing EQE and decreasing current noise,
respectively. As this work recognized a route to achieve true ultra-narrowband photodetectors
with an environmentally friendly solvent (water) process, the synergistic combination led to
successfully demonstrate an inkjet printed device with even better figure of merits, signifying
a substantial technological advancement. This demonstration can be appealing to a wide
research community or industry seeking true narrowband photodetectors which are printable
for large-scale without compromising the figure of merits. The remaining challenge in achiev-
ing a fully-printable photodetector lies in printing the buffer layer and top electrode. This
challenge can be addressed in future work with a combination of aerosol and inkjet printing.

Exploring dendronized polymers (DP) for its wide range of process tunability in modifying
the surface functional groups, its density on the poly-methacrylate backbone, and controlled
chain length from DP generation, had added advantage to investigate DPs as 1D template for
self-assembly of dye molecules and is described in Chapter 5. A common solvent (acetate
buffer) identified to form cyanine J-aggregates in acidic pH (~4-4.5) while protonating the
peripheral amines of DPs proved suitable to anchor J-aggregates on the DPs by a simple
complexation route. This route is different from J-aggregates grown on well-known DNA
templates, where a systematic anchoring of dimers forms a J-aggregate. The anchoring of
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J-aggregates on dendronized polymer leading to stiffening of the polymer was clearly observed
with small-angle x-ray scattering (SAXS) studies. Furthermore, the J-aggregate nanowires
deposited on functionalized substrate showed a high quality of J-aggregates (high J-/M- ratio).
With the advantage of depositing monolayers on substrates, studying exciton migration length
will form the foundation to build excitonic transistors using J-aggregate nanowires. Moreover,
dispersing these J-aggregate nanowires as highway excitonic channels in solar cells with
monomers as matrix can benefit in efficiently transporting the excitons to a charge-transfer
interface while broadening the absorption window from the monomers.

In chapter 6, the cyanine dye molecules dispersed in a polymer matrix helps overcome the
forbidden dimer emission. A strongly red-shifted photoluminescence from the monomer peak
emerges from cyanine thin films. Circular dichroism spectroscopy studies confirmed a twisted
packing of dye molecules, which guarantees an optical allowed transition state. A longer
exciton lifetime confirmed from TRPL studies, stability towards oxygen atmosphere and good
energy transfer as a donor molecule (Cy-3P) to guest (NOPFg) even in small amount (0.05%)
satisfies important pre-requisite for devices. An application of this result was followed in
another work to achieve a good electroluminescence in organic light emitting electrochemical
cells.
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