Kristine Marie Halvorsen

Synthesis and Characterization of
Small Molecule Semiconductive
Materials for Applications in Organic
Photovoltaic Devices

Master’s thesis in Organic Chemistry
Supervisor: Solon Economopoulos

May 2023

2
2
=
2

Bo D
S En
ego €
_CCU
=0
(]

|l
- 3 O
Ss ¢t
GJCU
EE
325
C= a
w g o
5 @0
2
(%]
—
o
=
C
=)
c
.©
)
:
o
Z

n
[}
v]
c

v
(w]

2]

©
—
o}

=
©

z

Y
o

=
o
©

[N

@ NTNU

Norwegian University of
Science and Technology






Kristine Marie Halvorsen

Synthesis and Characterization of
Small Molecule Semiconductive
Materials for Applications in Organic
Photovoltaic Devices

Master’s thesis in Organic Chemistry
Supervisor: Solon Economopoulos
May 2023

Norwegian University of Science and Technology
Faculty of Natural Sciences
Department of Chemistry

@ NTNU

Norwegian University of
Science and Technology






Kristine M. Halvorsen Master’s thesis May 2023

Abstract

In pursuit of new materials for applications in bulk heterojunction organic photovoltaic (BHJ
OPV) devices, semiconducting small molecules were synthesized and characterized. A
naphthalene diimide based molecule has been designed according to the current design rule
recommendations. The acceptor-donor-acceptor type structure of a naphthalene diimide-
carbazole—-quinoline arrangement is a novel design which aims to optimize electron mobility
and interfacial electronic properties. The groundwork for the synthesis of this molecule has
been developed, although issues of solubility of the precursor molecules have inhibited the
ability to achieve high yields. Recommendations for future methods of alkylation at the

imide nitrogen of the NDI core are given in order to facilitate future work.

The second part of this thesis is focused on the quinoline-squaraine based molecules, IDQ-
SQ and IDQ-SQ-P, which have been investigated for their application as donor materials.
Modifications to synthesis and improvements in purification have improved the yields of
these molecules. Photophysical characterization of the absorbance, emission, and quenching
behavior was executed in addition to electrochemical characterization. It was found that in
spite of IDQ-SQ-P having strong absorbance within the solar spectrum (757 nm, 211,500 M-
1 cm1), the propensity for aggregation even at low concentrations (107 M) and frontier
orbital energies (HOMO of -3.79 cV and LUMO of -5.05 eV) make it a poor candidate as a

donor material.
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Sammendrag

Nye halvedende sma molykyler har blitt syntesert og karakterisert for potensiell bruk til
«bulk heterojunction» organiske solceller (BHJ OPVs). Nafthalendiimid ble valgt for bruk i et
akseptor-type molekyl, og designet i hendhold til teoretiste designanbefallinger. Den
teoretisk oppbygningsmaten, akseptor-donor-akseptor, har blitt anvendt til 8 designe et
naftalendiimid-karbazol-kinolin-basert molekyl som tar sikte pa & optimalisere
elektronmobilitet og elektroniske egenskaper pa grensesnittene. Grunnlaget for syntesen av
dette molekylet er utviklet, men problemer med Igselighet av forlgpermolekylene har
hindret hgye utbytter. Derfor er anbefalinger for fremtidige metoder for alkylering ved

imidnitrogenet i NDI-kjernen beskrevet.

Fokuset i den andre delen an oppgaven er undersgkelse av donormaterialer, laget av
kinolin-squaraine-baserte molekyler, IDQ-SQ og IDQ-SQ-P. Utvikling av metoder og
opprensing har forbedret utebytte av disse molekylene. Fotofysisk karakterisering av
absorbanse, emisjon, og quenching-atferden ble utfgrt i tillegg til elektrokjemisk
karakterisering. Det ble funnet at IDQ-SQ-P har sterk absorbans innenfor synlig-lys-
spekteret (757 nm, 211,500 M* cm), men tendensen til aggregering ved lave
konsentrasjoner (10”7 M) og de elektroniske nivdene (HOMO p3 - 3,79 cV og LUMO pa -5,05

eV) gjor dette til en darlig kandidat som donormateriale.
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Preface
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Glossary

13C - heavy carbon isotope

1H - proton

A - Absorbance

A - Acceptor

alk - alkyl group

BHJ - Bulk HeteroJunction

CE - Counter Electrode

CV - Cyclic Voltammetry

D - Donor

d - Doublet (in NMR)

DBH - 1,3-DiBromo-5,5-dimethylHydantoin
DEA - Diethyl Amine

DMF - N,N-Dimethyl Formaminde

dqg - Doublet of a Quartet (in NMR)

E - Energy (further descriptors in super-/sub- scripts)
eV - Electron Volt

HOMO - Highest Occupied Molecular Orbital
hv - light radiation

I - Intensity

I0 - Initial intensity

ICT - Intramolecular Charge Transfer
LUMO - Lowest Unoccupied Molecular Orbital
M - molar

m - multiplet (in NMR)

MS - Mass Specrometry

NDI -Naphthalene Diimide

nm -Nanometer
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NMP - N-Methyl-2-Pyrrolidinone

NMR - Nuclear Magnetic Resonance spectroscopy
ns - nanoseconds

opt - Optical

OPV - Organic Photovoltaic

ox - Oxidation

P3HT - Poly 3-Hexyl Thiophene-2,5-diyl

PCE - Power Conversion Efficiency

Pd(OAc)2 - Palladium (II) Acetate

Pd(PPh3)4 - Tetrakis(triphenylphosphine) Palladium (0)
PDI - Perylene Diimide

PL - Photoluminesence

ps - picoseconds

PV - Photovoltaic

RE - Reference Electrode

red - Reduciton

RPM - Revolutions Per Minute

s - Singlet (in NMR)

SO - Ground State

S1 - First Excited State

sept - Septet (in NMR)

Sphos - 2-Dicyclohexylphosphino-2’,6’-dimethoxybiphenyl
SQ - Squaraine

T - Transmittence

t - Triplet (in NMR)

TCSPC - Time Correlated Single Photon Counting
THF - TetrahydroFuran

UV - Ultraviolet Light

UV-Vis - Ultraviolet and Visible Light Absorption Spectroscopy
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V - potential

VO - Ground Vibrational State
V1 - First Vibrational State
Voc - Open Circuit Voltage
WE - Working Electrode

T - Time constant

x2 - "goodness" of fit

Mg - microgram
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1 Introduction

1.1  Organic photovoltaics

Between the climate crisis driven by the use of fossil fuels and the energy crisis driven by
socio-political conflicts, the demand for the development of a variety of new energy
production methods is only increasing. While all the different ways we use energy in our
society will need different solutions, one important area to develop is organic photovoltaics
(OPVs). These solar devices, in contrast to their classical, silicate counterparts, have simpler
fabrication without the need for cleanrooms, reduced use of precious materials, and the
ability to target absorbance of specific parts of the solar spectrum. There is also the
potential to offer several advantageous properties like flexibility or transparency that would

allow for wearability or more aesthetic integration into architecture.

There have been several generations of organic photovoltaics since the initial discovery of
the photovoltaic effect in organic chromophores around the 1960s!. Some of the first PV
devices were based on metal-phthalocyanins, where the chromophore was “sandwiched”
between two conducting electrodes. These earliest devices had Power Conversion
Efficiencies (PCEs) on the order of 103 percent?, but they were the beginning of what would
be a massive field of study for chemistry, materials science, and engineering. Significant
improvements came after 1985 when the concept of using two thin-film layers of different
dyes was introduced. C. W. Tang reported a PCE of 0.95% for his device consisting of
copper phthalocyanine and a perylenebisimide with an extended pi system3. While both of
the materials were technically chromophores, one of the dyes was acting as an electron
transporting material (or electron acceptor) while the other as a hole transporting material
(electron donor). Moving into the 1990s, the impact of semiconducting polymers on
optoelectronics was beginning to grow exponentially and polymers as absorbing materials
were being studied, however their efficiencies remained low . As the physics of the organic
solar cells were better understood, it became obvious that the exciton generation and
dissociation which leads to the generation of current occurs at the interface of two the donor
and acceptor materials, meaning this needed to be maximized. Since its conception, a great
deal of focus has stayed on these Bulk Heterojunction (BHJ]) photovoltaics. BHJ cells are
largely based on the successful intermixing the donor and an acceptor - such that there is
increased surface area where the two meet and favorable generation of photocurrent is

achieved (figure 1 A).
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1.2  Design rules of organic semiconductors for use in for OPVs

In a BHJ device, the energy levels of all the materials in the “sandwich” need to match in a
particular way (figure 1 B). The donor is the primary absorber of light and generates the
initial hole-electron pair called the exciton. A good donor should be strongly absorbing in the
visible light range and have its Highest Occupied Molecular Orbital (HOMO) at an energy
compatible with that of the anode to allow for hole transport. On the other side of the
device, the acceptor’s Lowest Unoccupied Molecular Orbital (LUMO) is what must be higher

than the cathode’s work function to allow for electron collection.

I | Exciton
Dissociation L e

A -
! Energy _v h
! (]
I ©
o
! £
! Vac =
I (]
- .
S —
Dispersed Donor and Acceptor Donor Acceptor

Figure 1: A) illustration of dispersion of donor and acceptor in BH] devices B) Energy level diagram of

each of the components of a BH] device

As introduced in section 1.1, yet another crucial compatibility aspect is at the interface of
the donor and acceptor. The energy of the LUMO of the acceptor must be lower than that of
the LUMO of the donor because the difference in energy is the driving force that allows the
splitting of the loosely bound exciton to separate the charges. The transfer of the electron
from the donor to the acceptor is the dissociation and the difference between the energy

levels is termed the Exciton Dissociation Energy.

The above considerations are important when selecting materials that can be paired into a
functional device, but there are further design rules to consider when seeking to synthesize
new optoelectronic materials. Where there are donor and acceptor materials in the context
of BHIJs, there are also donor and acceptor moieties within a molecule. While the
terminology may seem confusing, the operating principals are consistent between the two
contexts; acceptors are electron deficient and have an increased electron affinity while

donors are electron rich and have a decreased electron affinity. The way in which these
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donor and acceptor moieties are bonded to each other and how their energy levels are
allowed to blend determine the overall character of the molecule. For application in OPV
devices it has been shown that designs based on alternating acceptor and donor groups
yield molecules with desirable optical characteristics, while at the same time allowing for
molecular engineering of the HOMO-LUMO levels of the resulting molecule*. Some of the
reasons for this have to do with electron mobility and exciton dissociation at the phase
interface. The electrostatic potentials across an Acceptor-Donor-Acceptor (A-D-A) arranged
molecule allows for lattice organization in the bulk phase where pi-pi stacking in parallel or
perpendicular orientations minimizes the distance between molecules (figure 2). This
organization allows for bending of the energy levels to reduce the bias at the interface of

donor and acceptor materials in the BH] and favorable charge transfer state dissociation.

electrostatic s
potential %

point charges

point quadrupole

Figure 2: Figure illustrating an A-D-A molecule that behaves as a quadripolar point charge and how
that defines to its self organization in the bulk state and into the interface with a donor material 4.
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With these design rules in mind, informed planning of future materials is more effective.
Even more understanding could be found by looking at specific donor and acceptor moieties
that have been utilized by other researchers in order to identify advantageous behaviors

that could be applied to new molecules for BH] applications.

1.3  Characteristics of previously investigated materials
1.3.1 Fullerenes

Some of the first acceptors that ushered in the
Alkyl chain

Hrylgroup{ Arxﬁﬁ} concept of polymer-based solar cells and later

End grou . .
aroup BHJs were fullerenes®: spherical, conjugated

carbon nanostructures. Fullerene’s high electron
affinity, conductance, and low impedance to light

passing through the device made it an attractive

Fullerene cage

molecule for BH] development. One issue with
n=3 R= ,JL\D,CH;‘ fullerenes, however, is their low solubility. The
ability to mix the acceptor and donor materials is

n=2-45 R= —H
necessary when fabricating BHJ cells, so to

~
~
A _© L combat this a large range of functionalizations

_Q 2 R \ﬁcm have been made in order to improve

—(\37 n=2<4  R= —H dispersibility. One main way that fullerenes can

@ 26 R- ~~oCHs  be substituted is via cyclopropanation reactions,
sacrificing one of the double bonds but
maintaining the conjugation across the rest of the

Figure 3: Examples of cyclopropanated
o P ycloprop sphere’s surface.

fullerene derivatives’

The general substitution pattern of most common
substituted fullerenes involves an aryl group and an alkyl group where the chain ends in an
ester 7. With variations in aryl ring type, chain length, and end group identity, a large library
of fullerene derivatives have been synthesized and assessed in devices (figure 3). When
tested with poly 3-hexyl thiophene-2,5-diyl (P3HT) as a standardized donor polymer, some
of these cyclopropyl substituted fullerenes have achieved PCEs between 5-6%. Other
substitution types have also been explored, such as Diels-Alder type additions, pyrrolidine
addition, and di- or tri- substitutions, where the best candidates have PCEs as high as
almost 7% with P3HT.
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A common characteristic across fullerene derivatives is their LUMO levels, which vary with
substitution but most often lie between -3.5 eV and -4.0 eV. This is why when other
acceptor materials are characterized, LUMO levels in this range are cited a good sign. On
the other hand, the push to design non-fullerene acceptor molecules stems from the need to
access compatibility with other donors and electrode types, improve absorbance in the

visible light region, and reduce the cost of the materials.

1.3.2 Naphthalene Diimides

One base molecule that has been investigated for non-fullerene acceptor materials is
Naphthalene Diimides (NDIs). These are naphthalenes with cyclic imides which draw
electron density from the aromatic rings. While naphthalene has a smaller aromatic system
than perylene, previous work had found this to be an advantage of NDIs over Perylene
Diimides, as they maintain planarity and resist twisting which is needed for efficient electron
transport®°. Both small molecule and polymer-based NDI acceptors have shown high air and
heat stability which are important practical considerations for their use in OPVs?, Core
expanded NDIs tested by Gao et.al. (figure 4) showed almost no change in their electron

mobility when tested before and after 5 weeks in ambient conditions?!.

R Ry
(0] N (0] O..__N__O
Y. X NC S OO S CN
OO Ne s s’ o
X Y C /g C
(o] N (o]
(0] N 0 !
| R,
R
NDI-DTYM2

R1=R=CH,CH(C1oH21)C22Has
X=Cl, Y=H, R=CH,C4F

eV 2377 R1=R2=CH,CH(CgH17)C1oHz
X=Cl, Y=H, R=CH,C4Fg R1=R,=CH,CH(OCgH7),

X=Y=Cl, R=CH,CsF; R4=CH,CH(CgH7)C1oH21
¥=¥Y=" R=CH.C.F. D = U AU
Figure 4: Naphthalene diimide derivatives that have demonstrated hight air stability

and electron mobility 1°,

NDI cores are attractive for the above reasons, while relatively under explored compared to
many other electron acceptor moieties and thus were selected as a target in the synthesis

of small molecule acceptors for OPVs.
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1.3.3 Squaraines

A small, electron deficient cyclobutene based moiety, squaraine has been utilized in a
number of dyes intended for optoelectronic applications. They can be substituted both
symmetrically and asymmetrically to imbue different properties and are especially

fascinating due to their often zwitter ionic structures.

The absorbance properties of squaraine based dyes have the potential to vary widely
depending on substitution as evidenced by the set of molecules synthesized by Vuk et. al.?.
The four molecules vary at the phenyl by the identity of the para-position amine and having
an alcohol or methoxy group at the meta-positions, but these differences have significant

consequences with respect to absorbance (figure 5).

\
{ )
> OCH, O HsCO ? B =
\ ()Q\ )= ) (\H OCH3; OH,cO 4‘\‘] —sn::
N— O )N —~ 74 e —sa
{ Yo %\ > SN N { > \@ 4\ /\/ N —Sa 5
2 OH O HO /x Nl —=( A ,‘)_/ \—/ ]
), OH O~ HO
2 4 ) 4 3
b g1
(a) (b) 3
3 |
<
7 OH 0 HO 5 {
Ll ~ ~ A = —~ JJ N
SN N DD )N — <
— = Y, Y )
OH O HO ¢ ) S
= s - 500 600 700
5b ’
(c) (d) »lnm

Figure 5: Structures and normalized absorbance spectra of the squaraine based dyes reported by Vuk

et. al.12,

When looking at the absorbance spectra of this set of dyes, the maxima of 4a, 4b, and 5c all
lie around 640 nm, and absorbances between 600 nm and 700 nm are the target range for
applications in OPVs, however the broadness and location of other local maxima are seen to
be quite different between these molecules. Interestingly, the dye 4b differs only from 5b by
the replacement of one alcohol on each phenyl by a methoxy group, and yet their
absorbance maxima differ by approximately 80 nm. The large differences observed may be
a result of axes symmetry and the consequences they have on aggregation behaviors. The
LUMOs of 4b, 5b, and 5c were reported to be -3.24 eV, -3.52 eV, and -3.68 eV respectively
while the energy gaps were 1.66 £0.01 eV. These LUMO energies are somewhat higher than
the common fullerene acceptors, however this may give them improved charge separation

or compatibility with different types of donors.
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Some other squaraine dyes substituted with benz(cd)indole moieties have been synthesized
that are able to absorb strongly into the short-wave infrared region!3. This low energy
absorbance indicates the capability of squaraine dyes to have very narrow energy gaps.
They also clearly demonstrate the effect of adding donor end groups - here phenyl,
carbazole, and thiophene - on the bandgap, as there is a clear redshift in both absorbance
and emission spectra and an increase in absorbance intensity relative to bis-benz(cd)indole-
squaraine (SQ1) (figure 6).

a) 240000
14
1 —SsQ1
200000 — SQ2
sQ3 084 CHCI, absorption
~ 1600004 SQ4 Vs
| B
- gc 1
T 120000 8
= [
b ] goa
80000 S
]
02
40000
04 0
————————————r ]
300 400 500 600 700 800 900 1000 1100 1200 800 900 1000 1100 1200 1300 1400 1500

Wavelength [nm] Wavelength [nm]

Figure 6: Structures of bis-benz(cd)indole-squariane dyes and their absorbance and emission spectra
13

In addition to their interesting absorbance properties, the versatility of functionalizations
that can be made to squaraine and frequently metal free synthetic routes make them highly

attractive for chromophore design.
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Like the other sub-structures mentioned, quinoline has been shown to have good acceptor

characteristics, as a result of the electron deficient hetero nitrogen, and unusually intense

absorbance and fluorescence for its size.

Quinolines have been used extensively for
electron transporting layers in organic light
emitting diodes and subsequently as a
building block in a number of polymer and
small molecule materials for OPVs 14, In
particular they have been used in dye
sensitized solar cells, where the relative
ease of adding anchoring groups to the 2-
position of quinoline and physical bulk are
attractive for adsorption onto electrodes.
Quinolines with diphenyl amines in the 6-
position (figure 7) which absorb across the
visible range of light have been used to
fabricate devices with have PCEs of
3.07%?1°. These DSSCs were, however,
found to have decreased efficiency as a
result of dye aggregation. A common
problem with DSSC type OPVs, the addition
of additives to reduce aggregation is a
common practice, however this inherently
also reduces the quantity of dye adsorbed
onto the electrode surface, leading to

tradeoffs in performance.
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Figure 7: Structure of BPA-Q and measured Incident

Photon Conversion Efficiency in a DSSC device with

TiO2 and platinum electrodes and iodine/iodide

electrolyte 1>

Another example of quinoline based optoelectronic materials is its addition to perylene

diimides (PDIs) as executed by Aivali et. al. where they functionalized PDI according to the
A-D-A design rules, in which phenyl and phenoxy spacers acted as the donors and
quinolines as acceptors (figure 8). Upon evaluation of their optoelectronic properties, the
group found that their library of mono and disubstituted dyes had LUMO levels between -3.8
and -4.2 eV. These values are comparable to fullerene-based materials such as PCs1BM that

has a LUMO of about -4.0 eV, which as previously described have long been the standard
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for BH] acceptors. These energy levels suggest that these quinoline and PDI molecules have

the potential to be good acceptors in BH] devices.
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Figure 8: HOMO and LUMO values of quinoline substituted PDI dyes?'®
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1.4  Effect of donating and withdrawing groups on energy levels

An important phenomenon to consider in designing and understanding of properties is the
effects of electron donating and withdrawing groups. Even when the effects are not through
conjugation and are purely inductive, they can have significant influence on the distribution
of electron density and HOMO and LUMO levels of a given molecule. Inductively electron
donating groups increase the electron density at the location of the LUMO and will
destabilize it, making it more unfavorable to fill, therefore raising the energy. The other side
of that same coin is that electron withdrawing groups adjacent to the HOMO will stabilize it,
making favorable conditions for the electrons in the orbital, and lowering the energy. The
orbitals not mentioned in each case are affected the same way for the same reasons, but
typically to a lesser degree. The overall effect on the bandgaps is that electron donating
groups increase the bandgap and withdrawing groups decrease it. These trends have been

supported by both computational and experimental studies of chromophores!”:18,

The frontier orbitals of pyrene, for example, are calculated at -5.55 eV for the HOMO and -
1.72 eV for the LUMO®®. One study demonstrated the practical effects of the inductive
influence of functional groups by substituting pyrenes with only electron donating groups

(methoxy-, ketal-), only electron withdrawing groups (cyano-), or a combination of the two.

In comparison to the base molecule pyrene substituted with donor groups had elevated
HOMO levels both experimentally and computationally (figure 9)2°. Pyrene derivative 7 had

the strongest donating group and exhibited the greatest elevation of the HOMO, to -5.13 eV

9
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experimentally and -4.63 eV experimentally. Conversely pyrene derivative 9 exhibits a

computational HOMO of -6.69 eV, supporting a significantly stabilized energy level.
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Figure 9: Structures of substituted pyrenes and the experimentally (?) and computationally

derived (¢) frontier energy levels 29,

When the derivatives with both donor and acceptor groups exhibit less straight forward
effects on the frontier orbitals but reduced bandgaps relative to unsubstituted, EDG only
substituted, and EWG only substituted derivatives. This narrowing of the bandgap is

desirable in pursuit of solar spectrum absorbing molecules.

1.5 Aggregation and its effects on photophysical properties

The excitation behavior of most dye molecules is not, in reality, as simple as direct
intramolecular HOMO to LUMO transitions. There are also intermolecular factors at play.
Kasha’s model for aggregate excitation gives better insight to features in the observed
spectra of photoactive molecules?!. The theory states that aggregation has an effect on the
absorbance of a molecule and that the orientation of the individual molecules relative to
each other has an effect on whether the absorbance maxima are shifted to higher or lower
energies (figure 9). Only excited states where the sum of the dipole vectors is not zero are
allowed and will contribute to absorption, therefore when individual molecules are arranged
in parallel, the energy of the aggregate is increased, leading to a blue shifted spectrum.
Conversely if they are arranged in a “head to tail” manner the overall energy is lowered,
resulting in a red shifted spectrum. In cases where asymmetrical molecules are arranged at
an intermediate angle, or oblique orientation, band splitting may be observed, seen as two

peaks rather than one.

10
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Figure 9: Illustrations of the three possible aggregate orientations, their energy level diagrams, and

dipole orientations of the allowed transition states.

These aggregation effects are crucial to consider when characterizing photoactive
molecules, as determination of energy gaps (to be discussed further in section 1.6), may be
complicated by variation of peaks in spectra. The type of aggregation that occurs in solution
may also have an effect the morphology of thin films, which affects device performance,
performance via charge traps, diminished metal-organic interfacial contact resulting in poor
charge collection, or even short circuits with the deposited electrode materials, so it is

important to understand this phenomenon when working toward BHJ devices.

1.6 Graphene, pi-stacking, and its consequences in optoelectronics

Graphene is a sheet of carbon arranged in tessellated hexagons where every carbon atom
(except those at the edges or imperfections) is sp2 hybridized. This organic semiconductor
therefore possesses nearly metallic properties, as its continuous conjugation across the
surface is able to act as a conduction band as opposed to discrete orbitals, like those seen in
most organic materials. The ability of electrons to flow quickly and freely along the surface
of graphene has made it very attractive for applications in optoelectronics, but in order to

realize these uses there are certain properties that must be tuned. One way to modify

11
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graphene is through taking advantage of Van der Waals interactions that can occur between
pi systems, referred to as pi-pi stacking. In pi-pi stacking the attractive forces between
areas of higher and lower electron density allow a dye to “stick” to graphene and create a
nanoensemble with properties encompassing both materials. The Fermi level of a material is
the mid-point between the filled and unfilled energy levels, meaning it can be between the
HOMO and LUMO (or between the Valence and Conduction bands in conductive materials).
The fermi level of graphene is at -4.57 eV relative to vacuum??, and so when the HOMO
and/or LUMO of the dye overlap with the favorably with the graphene, as defined by being
above or below the fermi level, there can be electron transfer between the two?23. For
example, if the paired molecule absorbs visible light, the graphene will act as an acceptor
and promote exciton dissociation from the dye. The opposite is also true, although despite
graphene’s broad absorption within the visible spectrum, the percentage of incident photons
it will actually absorb is low. Graphene’s transparency is very high (about 97%) so it is

much more likely to act as an acceptor than a donor.

Quenching of emission by fluorescent molecules can be seen when mixed with carbon
nanomaterials such as fullerenes, carbon nanotubes and graphene. Provided that some
conditions are met, such as energy level matching and proximity of the excited
chromophore and the electron acceptor, photoluminescence quenching can occur through
many mechanisms. This can be either by pi-pi stacking where, as described above, the
graphene acts as an acceptor and takes the excited electron via electron transfer, or
through other non-radiative relaxation interactions, such as heat transfer. The types of
quenching which occur between Phthalocyanine and graphene, as well as graphene oxide,
and single walled carbon nano tubes was investigated by Zhang et al ?4. This particular
study looked at the effects of all three, but the focus was on graphene as it had the
strongest effect. The major absorbance of this phthalocyanine dye when on its own was at
675 nm, however after graphene was added to the solution it was found that it pi-pi stacked
onto graphene, and a new, lower energy peak at 711 nm appeared. At the same time the

emission of the dye at 685 nm was quenched completely.

12
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Figure 10: A) structure of phthalocyanine dye and graphene B) absorbance spectra of AIPcS4 with

additions of graphene C) fluorescence quenching of AlPcS4 by graphene?*

Based on the conversion of the absorbance peak to the new red shifted peak, they
attributed these changes largely to Static Quenching, or the formation of a new
complexated species via coupling between graphene and the ground state of the dye (figure
10A). On the other hand, Dynamic Quenching can occur when the already excited species
interacts with the graphene. Dynamic quenching as a class of interactions can result in
emission by the acceptor or other methods of energy transfer, but the key factor is that the
fluorescent species was excited and returns to the ground state without its major
fluorescence. Graphene'’s low reduction potential relative to many other carbon nano
materials makes it efficient at this type of quenching for many systems where it can act as

an acceptor.

1.7  Photophysical characterization methods

As the energy levels of all components in BHJ] device are so crucial to its function, the
photophysical characteristics of a designed molecule must be characterized to understand
its behavior and potential compatibility with a given system. The characterization of these

properties involves determining the HOMO and LUMO values, investigating emission

13
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behavior, and other electronic characteristics which need to be elucidated through a

collection of methods.
1.7.1 UV-Visible spectroscopy

Ultraviolet-Visible Spectroscopy (UV-Vis) allows determination of the range of wavelengths
in the ultraviolet and visible light range able to be absorbed by a molecule. A single beam
instrument, as available for use in this project, utilizes a white light source and a UV light
source, in this case a tungsten lamp and a deuterium lamp, and a monochromator to filter
out a beam containing one wavelength of light at a time?>. The beam is shone through the
sample of interest, and the intensity of light that reaches the detector on the other side is
measured (scheme 1). In the single beam instrument, a baseline must be measured first.
This is done by running a scan on the cuvette containing only the matrix in which the
molecule of interest will be dissolved, in order to establish the intensity that would reach the
detector if none is absorbed by the analyte. When the signal of the baseline is subtracted
from the signal of the analyte containing measurement, the difference in intensity is
attributed to the absorbance of the analyte. For example, if a beam of 450 nm light is sent
through a sample, and the intensity at the detector is half of that of the uninterrupted
beam, it is assumed that half of the 450 nm photons were absorbed by the molecules in the

sample.

The relationship between the intensity at the detector and the absorbance is shown by

equations 1 and 2.
(equation 1) T =1/Ig
(equation 2) A = -logT

Transmittance (T) is the ratio between intensity from the sample measurement (I) divided
by the intensity of the baseline (Io). The negative log of T is then taken to convert to
absorbance (A). With this relationship, if I is equal to Io it indicates that all of the given
wavelength passed through the sample and A is zero, whereas if T is equal 0.1, indicating
that only 10% the given wavelength passed through the sample, A is one. By convention,

absorbances greater than one are not considered valid.

14
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Light source Monochromator Sample Detector

Scheme 1: Basic schematic of a single beam UV-Vis instrument2>

When collecting an absorbance spectrum, the monochromator transitions through a range of
wavelengths in the determined window of interest, and measures the absorbance of the
sample at each. The resulting spectrum is a curve, or collection of curves, that shows what
wavelengths the analyte absorbed. Because of light's constant speed, wavelength is easily
translated into a corresponding energy. When looking at a UV-Vis spectrum, the lowest
energy transition of the molecule will be seen as the onset of the peak at the longest
wavelength. The energy of this absorption corresponds to the HOMO to LUMO transition of

the molecule.

1.7.2 Photoluminescence spectroscopy

Photoluminecense spectroscopy operates on many of the same principles as UV-Vis, but
rather than looking at the excitement of a molecule, it allows investigation of the relaxation
behaviors. With respect to instrumentation, the primary difference is that the detector must
be at 90° relative to the light source to avoid detection of photons that are not those
emitted by the analyte, and that there is no need to acquire a baseline, as the signal is

counts of photons as opposed to a difference in current generated.
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Figure 11: Jablonski diagram illustrating absorption and vibrational relaxation prior to emission

When an electron has been moved from its ground state (So) to an excited state (Si1), it is in
an unstable form. The electron will find routes to release its excess energy so that it can
return to its more stable ground state. One of these routes is through the emission of a
photon, which is referred to as fluorescence. The wavelength of light emitted by a molecule
is normally near to that of the major absorbance, however it will be red shifted. This occurs
as a result of an additional set of energy levels present in a molecule called vibrational
levels. These increments are much smaller than that of the major energy levels, and
transitions between them are non-radiative. When an electron is excited, it can “over-shoot”
and land in a higher vibrational level, from which it will relax before undergoing
fluorescence. Fluorescence may also not return to Vo of the ground state, resulting in the
emission of photons with even lower energy than that of the difference between Vo of So and
Vo of Si. The details of the selection rules for vibrational transitions are not required for this
work, but the overarching concept of the red shift that occurs between absorption and

emission, called the Stokes Shift, will be referenced.

If florescence is not strong in a chromophore, this indicates that its major routes of
relaxation occur by other methods. As touched on in section 1.5, these fluorescence
quenching mechanisms can include heat transfer, collisions, and electron transfer to other

species in a sample.
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1.7.3 Time Corelated Single Photon Counting

Time Correlated Single Photon Counting utilizes an ultra-fast pulsed laser to excite a sample
at a single wavelength and then measure the time it takes after the pulse for the instrument
to receive emission photons. The instrument (scheme 2) fires a pulse from the laser which
is then split so that it is sent to both the sample and a photo diode. When the signal is
received at the photo diode it indicates the “start” time, or zero, to the computer. Once the
sample has been excited and then relaxed, its emission is filtered with a monochromator
and detected by a photomultiplier tube. When this signal is received it indicates a “stop”
time. The computer sorts this signal to a bin based on the length of time between the

“start” and “stop” signal and it is added to a histogram.
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Scheme 2: Schematic illustrating the simplified construction and principles of the instrument for
TCSPC 26
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Analysis of the data is done by the computer fitting an equation to the histogram. The fit

follows the format in equation 3.
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(equation 3) R(t) = Bi*en(-t/T1) + Ba*en(-t/T2) + ... Bn*eN(-t/Tn)

The fitting function (R(t)) can contain as many terms as the number of number of processes
which contribute to the type of emission measured, but most often there are between one
and four. The T-values in the exponential correspond to the lifetime of a given relaxation
process. The software will also provide the relative population of each term as a percentage,
allowing determination of how much each process contributes to the overall observed

emission.

1.7.4 Cyclic Voltammetry for determination of HOMO and LUMO levels

Cyclic Voltammetry (CV) is a method which can be used to measure the redox behavior of a
molecule of interest?’. There are usually three electrodes used in the system: the working
electrode (WE), counter electrode (CE), and reference electrode (RE). The WE applies the
potential to the system and is where the analyte is reduced or oxidized. The CE completes
the circuit of the potentiostat and allows current to flow. The RE contains a known redox
pair that is very sensitive to potential, though internal references can also be used. In
essence the three-electrode system, operates in “pairs” where the WE/CE pair are
responsible for the current measurements (typically the Y-axis in a voltammogram) and the
WE/RE pair is what provides the values for the voltage (typically X-axis). The potential
measured by the potentiostat is not an absolute value and depends on many conditions of
the system, so the reference is a well-defined reaction that the measured result can be
adjusted against. The potential of the system is increased until the energy at the WE is
higher than that of the LUMO of the analyte, an electron transfer will occur to fill the empty
orbital. When most of the reduction is occurring, the current in the system is at a maximum,
corresponding to point B in figure 12. After this point the concentration of reduced analyte
at the WE begins to buildup faster than it can diffuse away, it begins to insulate the
electrode, and current is reduced (point C in figure 12). The potential is then scanned in the
reverse direction, and the inverse current increases as the analyte gives up the excess

electron, allowing determination of the oxidation potential.
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Figure 12: Example of a hypothetical CV scan with energy level diagrams corresponding to key points

A) initial condition B) reduction C) saturation of reduced species D) oxidation

When using CV to characterize organic systems, it is standard to use ferrocene as an
internal reference, as it has a known HOMO at - 5.1 eV relative to vacuum?28, Therefore the

HOMO and LUMO of the analyte can be calculated as follows:
(equation 4) Ewxomo = -e (Eox°™¢' + 5.1)
(equation 5) Eiumo = -€ (Ered®™®t + 5.1)

The difference between Enomo and Ewumo is defined as the energy gap, Egq, and when
converted to wavelength should match with the onset of absorbance seen in the UV-Vis

measurements.

1.8 Aim of the thesis

With the goal of creating new materials for OPV applications, target molecules were
designed based on the design rules and moieties discussed: NDIs, squaraines, and
quinolines. Efforts to synthesize a new NDI based acceptor were begun and will be outlined
in the discussion. Upon encountering roadblocks in the synthetic pathways attempted,
however, a transition was made to work with squaraine based dyes. While the synthetic
pathway of these dyes were originally achieved by previous master’s students, significant
improvements to methodology were made and photophysical characterization was

completed to further understand the behavior of the chromophores.
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2 Results and Discussion

2.1 Naphthalene diimide based acceptor

Based on the A-D-A design strategy described in section 1.2 and the acceptor type moieties
described in section 1.3, a target acceptor for BH] applications was designed with
naphthalene diimide as the central acceptor unit. Adding it to a carbazole introduces the
donor unit, which would be further substituted with quinoline as another acceptor. This
extended alternation of acceptor and donor units hoped to maximize the push-pull effect.
The carbazole moiety (in addition to NDI) can be decorated with alkyl chains, which play an
important role in both solubility and other properties in the active layer. Although alkyl
chains have very little, if any, effect on the solution absorbance properties of chromophores,
comparison of the thin films can exhibit significant variations in the observed absorbance as
a result of the orientations and crystallinity allowed by different varieties of alkyl chains?°.
The relationship between chain length and morphological character of a film, such as
roughness, is also not always linear or easily predictable3?, so the ability to create a library
of varied groups is an advantage. These morphological differences ultimately also affect the
hole and electron mobilities of the semiconductive materials3!, which is as crucial to device
efficiencies as the compatibility of energy levels. The overall structure of the target molecule

is shown in figure 13.

R = alkyl chains

Figure 13: Structure of target acceptor molecule
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2.1.1 Process for bromination and imidation of naphthalene dianhydride

With naphthalene diimide derivatives selected as an acceptor core, it needed to be prepared
for functionalization. Suzuki reactions are common and desirable for aromatic couplings, as
they have relatively mild reaction conditions, tolerant to water and often to air, and require
one brominated and one boronic acid functionalized reagent. As boronic acid derivatives of
many donor moieties are available to purchase, the NDI core needed to be the brominated
component. There were two initial routes explored to achieving the brominated NDI

molecules: imidation followed by bromination, or vice versa (figure 14).
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Figure 14: Possible synthetic routes for achieving brominated NDI

The bromination of naphthalene dianhydride is known from literature to be difficult by some
classical brominating reagents like elemental bromide or N-bromosuccinimide3?. 1,3-
Dibromo-5,5-dimethylhydantoin (DBH) was selected as the brominating agent, as it has
been used by other researchers with success33. The first route pursued was bromination
followed by imidation. While dibromination was successful in the first step, yielding 70% of
2,6-dibromo-1,4,5,8-naphthalenetetracarboxylic acid dianhydride (2Br-An), the subsequent
imidation step executed by reacting with ammonium hydroxide 34, only yielded 30% of 2,6-
dibromonaphthalene-1,4,5,8-tetracarboxydiimide (2Br-NDI). This overall yield of 21%
across two steps was undesirable, so the alternate order was attempted. Reversing the
order of the reactions, so that imidation was done first resulted in 60% yield of NDI, then a
90% yield of 2Br-NDI, for a 55% vyield over the two steps. This is a significant improvement

over the first method described. This molecule has been synthesized before, however the
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method was developed as a combination of several procedures found in the literature. The
identity of the product was confirmed with *H NMR (figure 15) and Even Electron Mass
Spectrometry (SI 2.1). It is noted that the integration of the peak associated with the imide
proton in 2Br-NDI is lower than expected, but the ease of exchange of this proton with the
solvent due to the nitrogen’s participation in conjugation with adjacent carbonyls can
stabilize the cation and cause this effect. Additionally, the use of MS to further support the
formation of the desired product showed a peak at 422.8620, where the theoretical exact

mass is 422.8616, giving strong indication for the presence of the expected product.
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Figure 15: *H NMR (600 MHz, de-DMSO) (zoomed to show peaks of interest) of NDI (upper) and 2Br-
NDI (lower) with shift assignments, full spectra are shown in SI 1.1 and SI 1.2
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While 2Br-NDI was synthesized, it is a molecule which is insoluble in most organic solvents,
as well as water. It has poor to moderate solubility in polar-aprotic, high boiling solvents
such as dimethyl sulfoxide and dimethyl formamide. For these reasons the next step was to
alkylate at the diimide nitrogens in order to promote solubility. The first alkyl chain selected
was 2-ethyl-hexyl, as the longer branched chain would be helpful to combat aggregation in
the final molecules. Initial synthetic attempts were based on literature procedures of other
alkylations of naphthalene diimide derivatives where yields greater than 70% were reported
and DMF was used as the solvent3?, as this was necessary for solubility of the 2Br-NDI. The
main parameters adjusted were time, temperature, and heating method. Increased yields
were found after the reaction was heated to 85°C as opposed to 50°C. The best reaction
time was 6.5 hours which was determined by monitoring the reaction with TLC (30:70
Petroleum Ether:CHCI3) until excessive formation of spots not associated with the product
was observed. Attempts to run the reaction longer resulted in degradation to a dark purple
solution with no product visible in 'H NMR. Despite the variety of conditions that were

attempted (table 1), yields greater than 19% were not achieved.

H VJ\
O~__N__O

O~_N__O
Br 2-(Ethyl)Hexylbromide Br
O™ 5B (o
Br DMF Br
O l}l o O~ N O
H K(\/\
2Br-NDI EH-2BrNDI

Scheme 3: General reaction scheme for the synthesis of EH-2BrNDI
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Table 1: Iterations of alkylation methods attempted for synthesis of EH2Br-NDI

Trial Temperature Time (hr) Heating method | Yield
(°C)

1 50 8 Bath Trace
2 50 16 Bath 11%
3 50 24 Bath None
4 50 0.66 Microwave Trace
5 85 6.5 Bath 19%
6 85 18 Bath None
7 85 0.66 Microwave 6.5%
8 85 3 Microwave 15%
*

all with K,CO3 as the base in dry DMF

This work reports a new method of product isolation of EH-2BrNDI, as the product was
found to be soluble in chloroform but not acetone, which made a simplified purification
process possible relative to literature methods which described the use of column
chromatography. After the standard organic workup, the product was agitated in acetone by
sonication for 30 seconds, then centrifuged with acetone for five minutes at 4,000 rpm, then
the supernatant removed. This process was repeated twice. The supernatant contained the
red/pink biproduct that developed from the reaction and the yellow solid of the pure product
remained. The (N, N")-(B-ethyl-hexyl)-2,6-dibromonaphthalene-1,4,5,8-
tetracarboxydiimide (EH-2BrNDI) product that was isolated was fully characterized with H
NMR, 13C NMR, and two dimensional NMR methods (SI 1.4).
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Table 2: 'H and 13C NMR shifts of EH-2BrNDI

1 13 Position | 'H Shift (multiplicity, 13C Shift
quantity)

10 11 1 161.26

9 15 2 - 125.43

8 3 127.91

4 128.52

5 9.0 (s, 1H) 139.32

6 124.23

7 161.19

8 4.15 (dq, 2H) 4529

9 1.94 (sept, 1H) 3791

10 1.34-1.42 (m, 2H) 30.76

11 1.28-1.32 (m, 2H) 28.67

12 1.28-1.32 (m, 2H) 2321

13 0.88 (t, 3H) 14.22

14 1.34-1.42 (m, 2H) 24.11

15 0.94 (t, 3H) 10.71

Because the previous products, NDI and 2Br-NDI have such low solubility, carbon spectra
were difficult to obtain, and two dimensional spectra were not possible, therefore the two
dimensional spectra obtained of the alkylated EtHex-2BrNDI helped to confirm the identity
of these previous products. Most importantly it confirms the dibromination on the
naphthalene core, as a greater or lesser degree of bromination would have resulted in a
different number of inequivalent quaternary carbons and an incorrect ratio of the aromatic
proton to the alkyl protons. The obtained spectra have the expected seven inequivalent
aromatic carbon environments, with 6 of them quaternary. If products with different
degrees of bromination were included in the 2Br-NDI used in the reaction they were not
visible in NMR, however it is not expected that they would have been separated from EH-

2BrNDI in the applied purification process, and thus were very unlikely to be present.

One attempt was made based on the best method (number 5 in table 1) but with iodo-
propane in place of 2-(ethyl)-hexyl bromide. This regent has less steric bulk and a better
leaving group, however the yield was still only approximately 25% crude product, and
contained a 4:1 ratio of di alkylated to mono alkylated product. The tradeoff for this
moderate increase in alkylation yield was that the product exhibited low solubility in

chloroform, meaning that ultimately the propane would not be as helpful in combating
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aggregation as longer or branched alkyl groups. This led to the need to redesign the

synthetic pathway to be able to incorporate these longer alkyl chains.

Initially the decision to imidate and alkylate in two different steps was based on the hope of
being able to easily vary alkyl groups in a library of final acceptors, however as that had
proved difficult, it was decided to add these functionalities in one reaction step with an
alkylamine. Because it had previously been shown that bromination occurred in the highest
yield after imidation, this order was maintained. Based on a similar methodology for the
synthesis of perylene diimides, 2-(Ethyl)-hexylamine was reacted with naphthalene
dianhydride in toluene at 110°C overnight36, which similarly to literature, resulted in 25%
yield of alkylated NDI (table 3).

Table 3: 'H and 13C NMR shifts of EH-NDI

Position | 'H Shift (multiplicity, 13C Shift
quantity)
1 - 163.37
e 2 - 126,73
1 3 8.75 (s, 2H) 131.16
2 45 4 126.88
5 4.13 (dq, 2H) 44.74
6 1.93 (sept, 1H) 38.08
7 1.35-1.41 (m, 2H) 30.83
0~ >N” o 8 1.26-1.31 (m, 2H) 28.77
9 1.26-1.33 (m, 2H) 23.18
10 0.88 (t, 3H) 14.21
11 1.35-1.41 (m, 2H) 2421
12 0.93 (t, 3H) 10.74

Unfortunately, the subsequent bromination using the previously successful procedure did

not give any product, only returning the starting materials as confirmed with *H NMR.
2.1.2 Suzuki couplings of brominated naphthalene diimide

At this point since all methods attempted for alkylation had proved so poor, it was decided

to couple 2Br-NDI with a donor before alkylation. The target molecule contained carbazole,
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so the first Suzuki coupling was done with carbazole-2-boro-pinacol ester. Because of the
insolubility of 2Br-NDI, the first synthetic procedures were designed to be all-organic Suzuki
couplings. For these rather than the salt of a base in aqueous solution, triethyl amine was
used, as TEA is miscible in organic solvents. The reaction was stirred at ambient
temperature overnight, using distilled DMF, but no product was formed, and starting
materials were the only peaks visible in NMR. Due to the cost of carbazole-2-boro-pinacol
ester, further optimization of the procedure (table 3) was executed with pyrene-1-boronic
acid instead which is another donor group which could be of interest for characterization

later.

Table 4: Suzuki reaction conditions for coupling 2Br-NDI with donor groups

Trial Donor Solvent system Base Catalyst Temp Yield

1 Carbazole | DMF TEA Pd(PPh)4 ambient | None

2 Pyrene DMF TEA Pd(PPh)4 ambient | none

3 Pyrene DMF TEA Pd(PPh)4 80°C none

4 Pyrene EtOH:Toluene:H20 | K2CO3 Pd(PPh)4 70°C none
(0.18 : 1:0.5)

5 Pyrene H20:Dioxane K2CO3 Pd(OAc)2:SPhos | 37°C Possible
(2:1.7) (1:2.1) trace

The all-organic coupling attempts only returned the starting materials after reacting
overnight. The conditions of trial 4 were adapted from published Suzuki couplings used for
brominated perylene diimides (PDIs)3?, where a mixture of ethanol, toluene, and water was
used, however there was still very poor solubility of the 2Br-NDI and the reaction mixture
remained nearly solid and yielded no product. A final attempt was designed with H20,
Dioxane, and SPhos. Dioxane is a common solvent used in Suzuki couplings and is used in
other syntheses executed by the lab group and SPhos is one of the latest generation of
catalysts for Suzuki couplings. It has been used in particular for couplings of boronic acids
of donors and brominated electron deficient heterocycles38. Following this reaction, new
peaks not attributed to the starting materials were found in the *H NMR spectrum, however
TLC revealed that many side products had been generated, and column chromatography

had poor separation, so products were not isolated such that they could be identified.
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2.1.3 Next steps for NDI based small molecule semiconductors

By this point it was determined that the synthesis of the target NDI acceptors was not going
to result in product yields within a reasonable amount of time such that meaningful
photophysical data could be attained in the course of this master’s project. For these
reasons a transition was made to focus on the synthesis, scaling up of reactions, and
characterization of other semiconductor molecules that were originally synthesized by
previous students. While difficult to work with, groundwork has been laid for future work on
the synthesis of NDI based semiconductors. It is the belief of this researcher that they
should continue to be developed, and so here some suggestions for future work will are

described.

Future pursuit of these molecules should still focus on establishing an alkylated NDI prior to
Suzuki coupling. Without these side chains, the solubility issues prevent access of the
catalyst to the reactants and do not favor good yields. Other publications have reported
bromination of the naphthalene dianhydride first then reacting with an alkyl amine to reach
a desired alk-2BrNDI. Although literature procedures with this route also consistently report
low yields across both steps, acid catalyzed imidation using acetic acid and 2-
Ethylhexylamine has been published with up to 55% yield3®. In theory, with the established
method of synthesizing 2Br-An with DBH, which had a 70% yield, and the aforementioned
procedure, an approximately 40% yield of EH-2BrNDI could be achieved over two steps.
Once an alk-2BrNDI has been synthesized, there are many reported Suzuki couplings
without the need for unusual conditions like the water free Suzuki couplings attempted in
this work. EH-2BrNDI has been synthesized with Pd(PPhs)4, THF, aqueous base, and mild
heating*%4!, It has also been shown that bromination of aromatic groups after they have
been coupled to alk-2BrNDI is possible, such as with a thiophene substituted NDI, so the

addition of further functionalization to extend conjugation should be achievable %°,
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2.2 Synthesis and photophysical characterization of squaraine-quinoline based

dyes

A chromophore of interest for BH] applications based on a central squaraine moiety was
explored. These small molecules were coupled with electron deficient quinaldinium salts to
generate A-n-A structures which have been very efficient at absorbing visible light radiation,
exhibiting UV-Vis absorbances over 700 nm. The brominated end positions also allow for
further substitution to further tune their properties. The core molecule, 2,4-(((N)-dodecyl-6-
pyrenyl)-bromo)-methyl-3-oxocyclobutenolate (IDQ-SQ), was synthesized, as well as the
main D-A-n-A-D structured target, 2,4-(((N)-dodecyl-6-pyrenyl)-quinolinium)-methyl-3-
oxocyclobutenolate (IDQ-SQ-P). While these have been synthesized previously#?, attention
was given to optimizing the methods to allow for the synthesis of gram scale quantities.
Following synthesis the main focus was placed on photophysical characterization in order to

elucidate phenomena which take place in such D-A-n-A-D systems.
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2.2.1 Optimization of synthetic procedures and purification methods
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Scheme 4: Total synthetic pathway to IDQ-SQ and IDQ-SQ-P

The alkylation of the quinolinium salts was executed in acetonitrile in a sealed vial at 130°C
for 72 hours. Previous work up necessitated column chromatography with a
methanol:chloroform system for the eluent, however a simplified purification process was
done using ethyl acetate and centrifugation. The starting quinoline is soluble in ethyl acetate
while the alkylated salt product remains precipitated, allowing for easy separation by
removal of the supernatant. Further improvement was made with respect to the atom

economy of the reaction, as the ratio of quinoline to iododecane was reduced from 1:4 to
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1:1.5. Finally the scale of the reaction was increased to give over 3g of product reproducibly
at yields of 40-50%. The increase in yield may largely be owed to the improved purification

method.

Coupling the quinoline (IDQ) with squaric acid had previously resulted in high yields (from
60-95%), however purification of the product remained difficult. Despite the use of flash
chromatography, the separation of the base used in the reaction, be it pyridine or quinoline,
was not consistently achievable. This work reports nearly gram scale isolation of pure IDQ-
SQ by precipitation, where solvents were removed from the crude reaction mixture before
the addition of MeOH and stirring overnight. Following filtration and drying under reduced
pressure, 0.9 g (70% yield) of pure product was collected, and confirmed with NMR (SI
1.7).

The Suzuki coupling of IDQ-SQ with Pyrene was executed without further optimization.

2.2.2 Absorbance data and aggregation behavior of IDQ

The characteristics of IDQ, IDQ-SQ, and IDQ-SQ-P have had some brief study, and
preliminary BHJ device fabrication was done with IDQ-SQ-P as a donor and PCs1BM, a
fullerene adduct, as the acceptor. Poor device characteristics were recorded, with a Fill
Factor of only 28%, which was attributed to aggregation and morphological incompatibilities
between donor and acceptor. This study focuses on more in depth photophysical

characterization in order to understand the results and potentially identify better systems.

To understand the influences on the aggregation behavior of the larger molecules, focus
was first placed on the quinoline moiety. As mentioned in section 1.3.4, quinoline containing
dyes characterized by other researchers have also been prone to aggregation, so the
behavior of Iodo Dodecyl Quinoline (IDQ) itself was characterized. The emission spectrum of
IDQ when excited at its absorbance maximum (300 nm) shows a marked complexity
relative to its structure (figure 16). To further understand where each of the peaks
originate, a series of spectra were taken while the concentration was incrementally

increased to see how the formation of aggregates influenced the emission of IDQ.
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Figure 16: Structure and emission spectra (excited at 300 nm) of IDQ

As seen in the absorbance spectra (figure 17A), as the concentration of IDQ increases, a
shoulder begins to appear around 360 nm. When this shoulder is probed by excitation at

350 nm in order to avoid excitation at the major absorbance, the emission spectrum

changes to appear as shown in figure 17B. It is worth nothing that the that the intensity of

emission at 505 nm increases at a greater rate relative to concentration than the main

emission at 394 nm. In the highest concentration solutions there is also a second emission

component which can be seen at 545 nm.
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Figure 17: A) Absorption and B) emission (ex 350 nm) spectra of IDQ at a range of

concentrations C) Plot of emission intensities at 394 nm and 505 nm versus concentration of

IDQ

When plotted as concentration versus a ratio of intensity over the initial intensity (figure
17C), it becomes even clearer that the peak at 505 mn grows at a faster rate than that at
394 nm, indicating that this is not simply an additive consequence of monomer
concentration but an increasing proportion of aggregates. The red shifted absorbance
maximum indicates that “head-to-tail” type aggregates are the preferred orientation. The

emission of these aggregates is important because in the practical application in devices
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such as BHJ cells or other thin films, the dyes are not in dilute solution, so these higher

order species are the actual active components.
2.2.3 Absorbance and emission of IDQ-SQ and IDQ-SQ-P

After IDQ is coupled with squaraine, IDQ-SQ exhibits an absorbance maximum that has
moved from 300 nm all the way to 749 nm, with another local maximum at 689 nm. This is
expected as the molecule is planar and the expanded conjugation allows a long pi-cloud
across the total molecule. The presence of the two peaks has been previously attributed to
the formation of aggregates, where the peak at 689 nm is attributed to parallel type and the

peak at 749 nm is attributed to head-to-tail type. This behavior is maintained from the IDQ

moiety, as shown above. At the absorbance maximum, the molar extinction coefficient is
279,300 Mt cm™,
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Figure 18: IDQ-SQ structure and spectra showing absorbance and emission (670 nm excitation) at
5.05*107 M

To look at its emissive properties, the sample was excited with 670 nm light, which should
have been able to excite both transitions at 685 nm and 749 nm (figure 18). Only one
emission maximum was observed at 774 nm, however, and there was no secondary
emission which may have been expected to appear behind the 689 nm absorbance. This
indicated that only one aggregate form contributed to this emission. As such the Stokes
shift is 25 nm.
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After pyrene is added to make IDQ-SQ-P, the changes in absorbance are less significant

than they were in the previous step.
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Figure 19: IDQ-SQ-P structure and spectra showing absorbance and emission (670 nm excitation) at
5.01*107 M

There are two absorbance maxima in the 600 nm to 800 nm range, at 689 nm and 757 nm,
which aside from being slightly red shifted are very similar to that of IDQ-SQ (figure 19). At
the absorbance maximum, the molar extinction coefficient is 211,500 M* cm. The only
other major difference in the spectrum is the pyrene absorbance which appears with its
characteristic shape at 345 nm. If the pyrene moiety added had contributed to extension of
the pi system, it would be expected that the spectra of IDQ-SQ-P would be significantly
altered (red-shifted) relative to that of IDQ-SQ. Because this is not seen it suggests that the
pyrene moiety is not in conjugation, likely twisted out of plane, and therefore can instead
can only act as a donor inductively. It may also be that the quinoline-squaraine-quinoline
triad has a pi system that operates independently owing to its zwitterionic character, and
that the introduction of the pyrene moiety’s pi-system was not enough to disrupt it. To
confirm which is the reason, crystal structures would need to be attained, which would able
to determine the dihedral angle between the pyrene and quinoline moieties. This factor is

also important to electron mobility and BHJ device efficiency.

The emission of IDQ-SQ-P is at 771 nm, which is hypsochromically shifted relative to IDQ-

SQ by 3 nm. Slight increase in energy is consistent with inductive donor effects.
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2.2.4 Solvent effect on emission

The effects of solvent on the aggregation behavior of IDQ-SQ-P with respect to UV-Vis
absorbance data has been previously shown by work in our lab, however even more
significant differences in the emission spectra were found in the current investigations. Two
emission spectra are shown in figure 20, where both have the same concentration (5*%107
M) and are excited at the pyrene excitation of 345 nm. While the inlay shows that the
absorbance spectra do not differ beyond the anticipated solvatochromic shift, the shape of
their emission spectra differ significantly. The peak between 400 nm and 500 nm dominates
the spectrum when in NMP, and the only other maximum is at 783 nm with just 14% of the
intensity of the major emission. In contrast the spectrum taken in chloroform has a more
even distribution of emission across the visible spectrum. There is an additional peak

present at 710 nm which is entirely absent when in NMP.

Absorbance

400 660 BBU
Wavelength (nm)

Intensity

—— CHCl,
—— NMP
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Figure 20: Emission spectra (345 nm excitation) of IDQ-SQ-P in NMP and CHCI; with inlay of the

respective absorbance spectra

There are a number of factors that may contribute to this observed phenomenon. NMP is
known to be an aggregate inducing solvent, and it has previously been shown to facilitate
pyrene excimer formation in higher concentrations solutions, which lead emission between
500 nm and 650 nm*3. It could be that the excitation of these excimers inhibits the
transition that leads to emission 710 nm. It was also hypothesized that it could instead be

the basicity of NMP, leading it to coordinate with the positively charged nitrogen on either of
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the quinoline moieties, which could disrupt the flow of electrons which normally allows
delocalization of charges and as such changes the possible emissive transitions. To test
whether this really was a factor, drops of glacial acetic acid were added to IDQ-SQ-P in
NMP, as this may disrupt NMPs basicity and hoped to return the original shape of the

emission spectra.
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Figure 21: Emission spectra (345 nm excitation) of IDQ-SQ-P in NMP with additions of glacial Acetic
Acid

Following a series of additions of acetic acid to the IDQ-SQ-P and NMP solution, absorbance
and emission spectra were collected. There was an observable blue shift of the peak which
began at 783 nm, as highlighted by the inlay in figure 21, as well as a reduction in
emission. This blue shift may indicate instead that the acid protonated the negative oxygen
of the squaraine moiety. Blue shifts like this have been observed previously when IDQ-SQ-P
was dissolved in protic solvents such as methanol which could participate in hydrogen
bonding with said oxygens. The narrowing of the broadness in the major emission peak is
likely due to a disruption of pi-pi stacking between pyrene moieties. There was no affect in
the region of 710 nm, though. This indicates that the emissive species responsible for this
peak was not regenerated through changing pH of the solution, and as such was likely not a
consequence of NMP’s basicity. Rather it is more likely a consequence of aforementioned

pyrene excimer formation.
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2.2.5 Energy level determination with cyclic voltammetry

To run cyclic voltammetry measurements across a broad range of voltages, acetonitrile is
often a strong choice of solvent, as it has one of the largest windows, covering -3.1 eV to
+3.2 eV, and relatively high boiling point**. An issue with this is that IDQ-SQ and IDQ-SQ-P
have very low solubility in acetonitrile. They have much higher solubility in
dichloromethane, but the window of this solvent only spans about -1.7 eV to +1.8 eV and
has a very low boiling point. If the solvent used is prone to evaporation it can quickly
change the environment in solution, making good measurements difficult to attain. For
these reasons CV measurements were attained by using DCM to deposit a film of the dye
onto the WE, evaporating the solvent, and then using acetonitrile for the electrolyte

solution.

The redox couple of ferrocene/ferrocenium was used as an internal standard for the
voltammograms, and all values were calibrated based on this. The E1/2 for the IDQ-SQ dye
was found to be 0.41 V and for IDQ-SQ-P the E 2> was found to be 0.43 V. The
ferrocene/ferrocenium couple is often used as a reference reaction because it has a known
reversible reaction within the range of measurement of many organic molecules. While the
exact energy of the HOMO of ferrocene is not universally agreed upon, and many simplified
equations exist that aim to account for the observed reduction potential in a given cell set

up, for this thesis the value of -5.1 eV was used?®.
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Figure 22: Cyclic voltammograms for IDQ-SQ (blue) and IDQ-SQ-P (green) in solid state, Inset shows
DPV of IDQ-SQ-P in the solid state. Electrolyte: 0.1 M TBAPFs in CAN. Scan rate: 50 mV/s
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Table 5: Energy level data from CV measurements of IDQ-SQ and IDQ-SQ-P

Molecule Ered, Ereq®"s¢t Eox , Eoxnset LUMO? (eV) | HOMO? Eg P EgoPtc
(V) (V) (eV) (eV) (eV)
IDQ-SQ -1.90, -1.75 -0.19, -0.26 | 3.35 4.84 1.49 1.51
-0.07
0.18
IDQ-SQ-P -1.44, -1.31 0.21, -0.05 3.79 5.05 1.26 1.48
1.09

ameasured value from CV ® calculated from LUMO-HOMO ¢ calculated from the onset of the

major absorbance

The CV trace for IDQ-SQ shows several reversible redox events. Based on the ferrocene
HOMO and adjustments described above and the first reduction potential, the EtYMO was
found to be -3.35 eV. There are also two reversible oxidation processes near zero, one
oxidation peak at -0.19 V, with a second process at -0.07 V and one at 0.18 V. The HOMO
level can be estimated by the first oxidation process at -0.19 V(onset at -0.26 V) which
yields a HOMO level 4.84 eV. The difference between the electrochemically determined E-UMO
and EHOMO gives an energy bandgap of 1.49 eV, which is in excellent agreement with the
optically determined bandgap of 1.51 eV. The optical bandgap is determined from the onset

of the absorbance peak in the UV-Vis spectra.

Measurement of IDQ-SQ-P resulted in less intense peaks which were at noticeably lower
potentials. In this case there is an oxidation process at 0.21 V and a reduction process at -
1.44 V. Despite numerous attempts the characteristic oxidation of pyrene could not be
observed via cyclic voltammetry but only through differential pulse voltammetry (inset in
figure 22). This is centered around 1.09 V in good agreement with other pyrene molecules
in the literature. From the onset of the first oxidation (-0.05 V) and reduction (-1.31 V) the
HOMO and LUMO are estimated at 5.05 eV and 3.79 eV respectively. The electrochemical
bandgap is calculated at 1.26 eV and has a bigger difference from the optical gap than
observed in IDQ-SQ, however it is still considered in good agreement with the optically
determined bandgap from optical spectroscopy (1.48 eV). Some disagreement between the
optical energy gaps and energy gaps determined with CV is, in fact, seen most of the time
and caused by differences in the allowed transitions which can be observed with optical
methods like UV-Vis and PL and the absolute energies*>. The decrease in energy of both the
EHOMO and E'UMO |evels of IDQ-SQ-P relative to IDQ-SQ is surprisingly not consistent with the
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inductive electron donor effect of pyrene. It is expected that it should destabilize these

energy levels, yet this does not appear to be the case.

The phenomena of one reduction and two oxidation events has been observed in D-A-D
type dyes before such as with a dithinenopyrrole-pyrolopyrrole dye investigated by
Rybakiewicz-Sekita et.al.*®. Here they discussed that the formation of two stable cation
species, a mono and di cation, would explain the CV results and the ability of the dye to be
twice oxidized is a positive sign for exciton dissociation. Additionally, the reversibility of
redox events indicates that the ionizations do not result in the formation of new species,
such as intramolecular reactions, dimersization, or protonated/deprotonated species*’. The
peaks in the forward and reverse direction are more intense and so easiest seen in the CV
trace of IQD-SQ, where the pairs are all offset by about 0.2 eV. In IDQ-SQ-P the peaks are
more shallow so the offset of their maxima are more difficult to determine, but the

reversibility is likewise seen.

2.2.6 Emission quenching behavior

Although IDQ-SQ and IDQ-SQ-P are very intense chromophores that strongly absorb light
within the solar spectrum, there are questions raised by their electrochemical
characterizations. One issue is that their HOMO levels are much too high for the typical
arrangements of BHJ cells with the fluorine tin oxide (FTO) transparent electrode. The other
significant problem is the solubility, as they dye exhibits aggregation even at very low
concentrations. In order to establish whether these dyes are able to act as efficient electron
donors, some experiments were conducted using exfoliated graphene. The selection of
graphene was based on its excellent electron accepting ability and 2D aromatic structure

which may be able to stabilize the pyrene moiety of IDQ-SQ-P via pi-pi stacking.

In order to better understand the behavior of such complex systems both the emission
quenching of both IDQ-SQ and IDQ-SQ-P by graphene were measured over the course of
several the additions of exfoliated graphene. The preparation and quantification of exfoliated
graphene suspension was done as described in section 3.3. While the dye was dissolved in
CHCIs and NMP was used for exfoliation, the graphene was added in microliter quantities
with a micropipette, and even at the maximum quantity added NMP never exceeded 1% of
the total volume of solvent in the cuvette, and thus determined not to have a meaningful
effect on the overall solution. Following each addition of graphene to the dyes in solution,

the cuvette was shaken vigorously, then absorption and emission spectra measured.
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Upon addition of graphene to the parent molecule IDQ-SQ, the dye exhibited some
quenching of its emission peak at 774 nm, though only up to 17% before subsequent
additions of graphene made no change to the emission maximum (figure 23). The
appearance of an emission at 824 nm at first may have suggested pi stacking with graphene
leading to a new emission at a reduced energy, however upon testing a solution of only
120.4 pg graphene in chloroform with no dye, it was confirmed that this emission was
independent of IDQ-SQ. This peak does, however, act like an internal standard and aids to
support that the plateau in quenching beyond 86 ug graphene was due to a bottle neck in
the interaction between IDQ-SQ and graphene, as opposed to an issue of dilution,

instrument response, or other, as the increase at 824 nm continues linearly in the same

period.
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Figure 23: Emission (670 nm excitation) and absorbance spectra of IDQ-SQ in CHCI3 with additions of

graphene

UV-Vis data can aid in the determination of the mechanism of quenching. Because graphene
itself absorbs across the visible range, it can make the comparison of mixtures difficult. In
order to better compare peaks, three concentrations were selected and absorbance spectra
of each of those concentrations of graphene were recorded then subtracted from the spectra

of the mixtures. These corrected spectra are shown in figure 23.

As discussed in section 1.6, if pi-pi stacking were occurring between the ground state of
IDQ-SQ and graphene, changes to the absorbance would be seen in the UV-Vis spectra, but
none were observed. There is no appearance of new peaks or changes to the distribution of
the two major absorbances. This suggests that graphene does not engage in static

quenching with IDQ-SQ, and any interactions are occurring in the excited state.
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The changes in emission that occur when graphene is added to IDQ-SQ-P are significantly

more interesting.
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Figure 24: Emission (670 nm excitation) and absorbance spectra of IDQ-SQ-P in CHCI3 with additions
of graphene

Like IDQ-SQ, the UV-Vis spectra do not show any shifts or changes indicative of Static
Quenching (figure 24). The emission spectra show a number of changes, however. The
major peak at 771 nm can be significantly quenched by graphene. At the same time, the
peak at 710 nm which is normally only visible when the dye is excited at higher energy
wavelengths is induced. This same recovery of the 710 nm peak was seen when
experiments of a similar nature were executed with additions of C60 fullerene to IDQ-SQ-P.
Fullerene was chosen as it is a small molecule with well defined optical characteristics that
do not interfere with spectral range of interest. It also does not possess any of the
structural “uncertainties” that exfoliated graphene can, where the exfoliation process can
introduce planar defects that may interfere with conjugation. Fullerenes possess the same
affinity for pi-pi stacking that graphene does, and so should be able to interact similarly with

the pyrene moiety.
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Figure 25: Emission of IDQ-SQ-P (670 excitation) in CHCI3 with additions of fullerene

Owed to the fact that fullerene is a small molecule with a defined molar mass, more detailed
quantities for addition could be calculated based on molar ratio of C60 to IDQ-SQ-P.
Nanomolar equivalents were added such that the ratio of pyrene moieties to fullerene in the
sample would be 1:1, 1:2, and 1:3. As seen by the dotted line near the baseline in figure
25, fullerene has no emission in the region measured, so all changes can be attributed to
intermolecular interactions. Beyond a 1:2 ratio, little change is seen in the emission, which
in addition to the generation of the 710 nm emission peak, supports that this is not simply a
matter of the carbon nanomaterials absorbing incident photons before they can escape the
sample. The blue shifted emission must therefore result as a consequence of pi stacking

with the carbon nanomaterials.
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2.2.7 TCSPC for determination of time constants and quenching mechanisms

Time resolved photoluminescence was employed in order to better understand the emissive
components of this system and which are affected by interactions with the carbon
nanomaterial. Time Correlated Single Photon Counting was executed using a 670 nm
picosecond laser to excite IDQ-SQ and IDQ-SQ-P and measure the lifetimes of their

relaxation processes.

—IDQ-SQ
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Figure 26: A) Normalized absorbance spectra of IDQ-SQ and IDQ-SQ-P where the red line indicates
the excitation of the laser at 670 nm B) Normalized emission spectra where the red box indicates the

10 nm window around 770 nm measured during TCSPC measurements

All TCSPC measurements were taken on solutions of dye at 5*10~7 M in CHCls, with a 100 ns
pulse period, and 10 nm slit width on the detector (shown in figure 26), until the most
populated bin reached 10,000 counts. Decays were also recorded for a mixture of the dyes
with graphene. For both dyes, analysis was done with additions of 86 pg graphene, as this
would allow an observation of quenching behavior without inhibiting emission so much that
measurements would take unreasonable amounts of time. In IDQ-SQ this quantity
corresponded to the plateau where no further reduction in emission was observed and in
IDQ-SQ-P this corresponded to a 55% reduction in emission. These reductions in emission

intensity were directly reflected in the acquisition times.

44



Kristine M. Halvorsen Master’s thesis May 2023

IRF

A —— IDQ-SQ
' IDQ-SQ + 86 microgram graph

ki vl MWW M«W MN W\m J‘WH y M

10 20 30
Time (ns)
Figure 27: Decay curve of IDQ-SQ with and without graphene, with the instrument response function

Table 6: Time constant parameters determined from fitting functions to the decays of IDQ-SQ with and

without graphene

IDQ-SQ IDQ-SQ + 86 pg graphene
Parameter Time (ns) Population Parameter Time (ns) Population
T 0.0674 91.62 G 0.0674 88.93
T, 3.1922 8.38 O 3.1922 7.01
X2 2.498 T 9.4475 4.07
X 2.644

The decay of IDQ-SQ shows little visual variation from the instrument response (IRF),

indicating that the majority of processes are very fast and near the detection limit of the
instrument. A two-term fitting was used as the number of time constants must align with

the number of possible transition events that can contribute. There are two emissive

components. The slowest emission has a lifetime of ~3.1 ns. This can safely be attributed to
the direct LUMO to HOMO relaxation of individual IDQ-SQ molecules and accounts for ~8.3
% of the counts. The major contribution, however, comes from a 67 picosecond process

accounting for about 91.6 % of emission counts. Because there is only IDQ-SQ in the
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sample, the logical explanation is to attribute this to excimer pairs where the only emission
which can be observed is that which occurs faster than the intermolecular electron/energy
transfer that occurs between two neighboring dye molecules. Electron transfer between
excimers is expected to take place on the order of tens of picoseconds, so the observed 67
picosecond emission is consistent 48. It is worth nothing that in spite of the low
concentration of the solution (on the order of 107 M) and choice of solvent selected for
measurements, the sample is still dominated by excimers and the single molecule emission
characteristics are in the minority. Their relatively low contribution is also consistent with

the lack of a clear monomer absorbance in absorbance spectra of the same solution.

When graphene is introduced, a third component is added as a 3-exponential solution
exhibits better fitting with the observed decay curve. The third process that takes place on
the order of 9.5 ns and makes up 4% of total events. The third component of the system
appears to have the longest lifetime. As evidenced by the modest emission quenching
results between the IDQ-SQ and graphene nanoparticles (figure 23) there should be little
interaction between the two components. Additional experiments are required to understand

the nature of a third component emissive at 770 nm with a lifetime of ~9 ns in this system.

While the x? values for the fits reported are not as close to one as is preferred, if only one
type of emission event is assumed, the fitting becomes significantly worse, having a x? of
8.8. It should be noted that the addition of extra terms did not improve x? values to a

degree that supported them having any physical meaning, so the reported values are the

best possible fits with a number of time constants which have meaning in the system.
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Figure 28: Decay curve of IDQ-SQ-P with and without graphene, with the instrument response

function

Table 7: Time constant parameters determined from fitting functions to the decays of IDQ-SQ-P with

and without graphene

IDQ-SQ-P IDQ-SQ-P + 86 pg graphene
Parameter Time (ns) Population Parameter Time (ns) Population
T 0.0634 84.71 T 0.0634 84.95
T2 2.5761 11.69 TZ 2.5761 8.14
{3 3.6976 3.61 T 3.6976 2.33
2
X 2.986 100 Ty 16.6343 4,57
2
X 2.594 100

In IDQ-SQ-P, an extra potential electron transfer event which would inhibit emission has

been introduced by the addition of pyrene. This is why an extra term has been added to the

fitting equation. The fastest term, 71 for IDQ-SQ-P is nearly the same as in IDQ-SQ, at 63
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picoseconds, though slightly reduced. This is still attributed to the intramolecular quinoline-
squaraine core’s excimer interaction. The reduction in time may be because pairs are more
tightly held to each other by pi-pi stacking between pyrene moieties, allowing for faster
electron transfer. On the other hand the decrease in population from ~92% in IDQ-SQ to
~85% in IDQ-SQ-P may be a result of the more complex geometry of IDQ-SQ-P which
requires a more specific orientation of the molecules to be able to come together and form
the exciton pair. The second time constant, 12, is 2.6 nanoseconds, and has been attributed
to an electron transfer directly related to the pyrene moieties. It was considered whether an
intramolecular electron transfer could occur as electron transfers from the donor to the
excited acceptor moiety of molecules have been shown to occur on the order of 1-10 ns in
other molecules where the donor and acceptor are perpendicular to each other*®4°, The
electronic structure of IDQ-SQ-P, however, does not exhibit characteristics that would allow
this to happen at the excitation wavelength used. The excitation of pyrene is much higher in
energy, with its absorbance maximum at 345 nm. Even considering the ground state of the
pyrene moiety, cyclic voltammetry determined that the HOMO of pyrene lies at -6.19 eV,
which is far below the energy levels of the core of the molecule and the uphill transition
would not occur. With this in mind, the 2.6 nanosecond time constant has been attributed to
an interaction between pi-pi stacked ground state pyrenes which would lead to the inhibition
of the 770 nm emission. At 3.7 nanoseconds, T3 is the direct HOMO-LUMO relaxation of the

IDQ-SQ core in the individual molecule.

There lifetime of the excited state of a molecule can be affected by many factors, and
solvent plays many different roles. Previous research in our lab performed TCSPC of IDQ-
SQ-P in NMP and found time constants of 40 ps (90%), 1.85 ns (6%), and 5.92 ns (5%)%3.
Comparing the two, the lifetime T1 is 24 picoseconds longer in chloroform than in NMP. The
difference in lifetime associated with the excimer pair relaxation may be owed to the
increased aggregation induced by NMP. Likewise the promotion of aggregation would affect
T2in the same way, however the tighter proximity may make the excimer relaxation
pathway even more favorable than the pyrene-pyrene pathway, leading to the decreased
population of T2 and increase in T1. In addition to proximity, there is a positive correlation
between the polarity of the solvent and the rate of ICT, and therefore a negative correlation
with observed lifetime >°, NMP is significantly more polar than chloroform, where the former
has a dielectric constant of 32 and the latter 4.8, giving it a greater ability to stabilize
intermolecular electron transfers as it can reorganize in a way that allows charges to survive
in solution. These effects help support the assignment of T2 to an intermolecular

phenomenon. With respect to the fluorescence of the LUMO to HOMO relaxation, there is a
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correlation between excited state lifetime and solvent viscosity. An increased viscosity
inhibits intramolecular motions like rotation which lead to non-radiative relaxations,
therefore allowing for longer excited state lifetimes. This follows with the increase in 13 from
3.7 ns in chloroform to 5.92 ns in NMP, because the viscosity of NMP is significantly higher
than that of chloroform (cp of 1.67 versus 0.58) >2. With only two solvents these trends
cannot be attributed for certain, but they follow with theory and observations of other

chromophores.

Upon addition of graphene to IDQ-SQ-P, lifetimes are essentially maintained but a
significant difference in the population distribution is observed. Most clearly, the addition of
graphene reduces the electron/energy transfer contribution from 11.7% to 2.1%. This can
be explained by pi-pi stacking of graphene with the pyrene moiety inhibiting the ability of
pyrene’s electrons to participate in intermolecular interactions with other IDQ-SQ-P
molecules. The redistribution of the lost contribution from T2 leads to an ~3 % increase in
observed emissions faster than exciton pair electron transfer and the remainder is from the
lifetime of the LUMO-HOMO relaxation. The lifetime increase of ~270 picoseconds could be
the result of decreased motion allowed in pi-pi stacked IDQ-SQ-P, similarly to the effect
described with NMP. Although the addition of another component to the system may
sometimes necessitate the addition of another time constant, it is important to remember
that the time constants represent relaxation pathways that inhibit a given fluorescence
pathway, and not necessarily physical components. With the addition of graphene to IDQ-
SQ-P, the three component fit remained the most logical with respect to the x2 values. As a
result of the fast component being so close to the instrument response time, it is possible
that the interaction between graphene and IDQ-SQ-P that is responsible for the 55%
quenching of the 770 nm emission peak is too fast for quantification with the instrument
available for this study. In this case 11 would be an average of two processes. If the
graphene is instead not able to directly interact with the IDQ-SQ core such that it introduces
a new relaxation pathway, only inhibiting the role of pyrene, then this also means that the

three component fit is correct.

While not immediately obvious, the fact that there is very little difference between the
decays of IDQ-SQ and IDQ-SQ-P makes sense. As previously discussed the addition of
pyrene did not expand pi conjugation in the molecule, either as a result of geometric

constraints or the zwitterionic core maintaining an independent pi system, and thus its

orbitals did not mix with the quinoline-squaraine core. The excitement local to pyrene lies at
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much higher energies, with its major absorbance is at 345 nm, so the 670 nm laser is not
anticipated to excite the pyrene, and so the emission being measured is still only attributed

to the IDQ-SQ moiety emission.

2.2.8 Applying photophysical and electrochemical data to possible device

function

When looking at the practical application of an organic semiconductor in BHJ devices, one
very important aspect of the donor is its compatibility with the electrode to allow hole
transport. Upon dissociation of the exciton, holes travel through the donor bulk to the
electrode in order to facilitate the positively charged side of current generation. Two
commonly used electrodes are fluorene doped tin oxide (FTO) and indium doped tin oxide

(ITO), as they are transparent and allow light to reach the solar absorbing materials >34,
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Figure 29: Energy levels of IDQ-SQ-P and the work functions of FTO and ITO electrodes

The issue regarding IDQ-SQ-P is that the HOMO level is high relative to most commonly
applied donors (figure 29). The HOMO of a donor that is too close in energy to the work
function of the electrode may allow hole transfer but it does this, in fact, too easily. The
similarity in the energy levels means that back transfer is almost just as likely to occur
causing recombination and inhibiting current generation. In the case of IDQ-SQ-P with its
HOMO of -5.05 eV, it is essentially identical to the work function of FTO and thus is not
expected to result in a well-functioning device. Comparing with ITO, there is about 0.3 eV
difference between the HOMO and work function of the electrode. This has the potential to

allow for hole transport without back recombination, however there is a certain degree of
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bending of energy levels which occurs at the interface which may result in a reduction of the
hole transport barrier as well>>. In materials with a similar difference between HOMO and
work function it has been shown that is possible to employ the use of hole transport
materials such as MoOs to improve several parameters of the device including current
generation, open circuit voltage, and fill factor °¢. These materials are able to promote
efficient hole extraction through the creation of a built-in electric field near the interface of

the donor and electrode®’.

The compatibility of IDQ-SQ-P with common acceptor materials such as PCBM is a different
issue. Attention needs to be given to the difference between the LUMOs of the two
materials. The dissociation of the exciton into the charge transfer state must be favorable,
with no positive barrier, as well as a greater decrease than the binding energy of the
exciton. It has been shown that the average binding energy of the exciton at the interface is
0.4 eV, so the energy offset between LUMOs should be greater than 0.5 eV4. PCBM has a
LUMO level of -3.7 eV7, and so in a theoretical system of IDQ-SQ-P and PCBM, there is
virtually no difference in the energy levels, with the donor potentially even having the lower
LUMO. In this system there would be no driving force for charge transfer, and thus charge

separation to generate current.

While IDQ-SQ-P exhibits intense absorbance of red light and an affinity for charge
separation as evidenced by the high population of ICT between molecules in the aggregated
dye seen from the TCSPC experiments, it is not a good candidate as a donor for BHJ cells as
they are constructed today. Modifications to the dye should focus on combating aggregation
and lowering the HOMO level. The use of branched alkyl groups on the quinoline moiety
nitrogen is one way to do this. The installation of bulky groups on the donor moieties would
also help inhibit this tendency. On the other hand, lowering the HOMO would likely require
the addition of electron withdrawing groups, as shown in section 1.4. IDQ-SQ based
molecules with other donor moieties, such as carbazole or phenothiazine, installed on the
quinolines may help facilitate these adjustments and lead to improvement in the electronic

characteristics.

3 Methods

All reagents used in synthesis were purchased from Sigma Aldrich.

Reactions with microwave irradiation were executed with a Biotage Initiator+ and the built

in software. Power level: 70 Watts, FHT: off, Cooling: on, Pressure: 5 bar
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3.1 Synthetic methods for molecules based on naphthalinediimide core

3.1.1 Immidation of 1,4,5,8-naphthalenetetracarboxylic dianhydride

)
0._0._0 O_N__O
(I wonm (30
65deg C, 5 hr
o~ O "0 ) l}l 0]
H

1,4,5,8-naphthalenetetracarboxylic dianhydride (4.26 mmol) was stirred in ammonium
hydroxide solution (57.0 mL, 30 w/w%) at 65°C for 5 hours under inert atmosphere. The
reaction solution was then poured into ice (200 mL), followed by vacuum filtration to collect
the beige/pink solid product, X (0.59 g), in 52 % yield. *H NMR (d6-DMSO, 600 MHz, ppm)

0 11.93 (s, 2H), 8.62 (s, 4H)

3.1.2 Dibromination of 1,4,5,8-naphthalenetetracarboxylic diimide

!3r
o)
H N H
|
ONo\\/]\:N>:O 0 _N__O
Br

Br
SO IS

B
H,S0, (conc) r
0 18 hr o

(0] 0]

) \
H H
1,4,5,8-naphthalenetetracarboxylic diimide (1.5 mmol) was dissolved in concentrated H2SO4
(96%, 6.8 mL). The reaction mixture was cooled to 0°C and protected from light. 1,3-
Dibromo -5,5-dimethylhydantoin (1.1 eq, 1.65 mmol) was added in parts over 30 minutes.
The reaction was stirred for 18 hours before it was quenched by pouring into ice (200 g)
and allowed to stand for one hour. The the bright yellow solid was then collected via
vacuum filtration, where it was washed with water (100 mL) then methanol (25 mL). The
solid was dried under reduced pressure, leaving 0.57g of X (90 % vyield). *H NMR (d6-DMSO,
600 MHz, ppm) 8 12.10 (s, 2H), 8.61 (s, 2H) MS calcd for M+ Ci4HsBr2N2O4: 422.8616,

found 422.8620
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3.1.3 Alkylation of 2Br-NDI with 2-(Ethyl)-Hexyl bromide

a A

(@) N (0]
Br 2-(Ethyl)Hexylbromide Br
OO K,COj (2.2 eq) OO
— >
Br DMF
10) N o) 85deg C, 6.5 hr

H K(\/\
2Br-NDI (94.5 mg, 0.22 mmol) and K>COs (0.075, 0.52 mmol) were combined and dried
under vacuum, then refilled and kept under inert atmosphere. The solids were dissolved in
dry Dimethyl Formamide (4.5 mL). 2-(Ethyl)-hexyl bromide (0.15 mL, 0.80 mmol) was
added, then the reaction mixture was stirred at 85°C for 6.5 hr. The reaction was removed
from heat and solvent removed under vacuum. The crude product was reconstituted in
CHCIs (20 mL), the organic layer was washed with H20 (3 x 10 mL), then the aqueous layer
was extracted with CHCIs (2 x 10 mL). The organic layers were combined, dried with
Na2S04, and filtered. The volume was reduced under vacuum before the mixture transferred
to a centrifugation vial, then dried under high vacuum. Acetone (10 mL) was added to the
crude solid and it was sonicated for 30 seconds. The mixture was centrifuged at 4k rpm for
5 minutes, then the supernatant removed. This was repeated twice more. The remaining
yellow solid product was collected and dried under vacuum, resulting in a 19% vyield (26.6
mg, 0.041 mmol) *H NMR (600 MHz, CDCl3) d: 9.00 (s, 2H), 4.15 (dq, 4H), 1.94 (sept, 2H),
1.34-1.42 (m, 8H), 1.28-1.32 (m, 8H), 0.94 (t, 6H), 0.88 (t, 6H), 3C NMR (600 MHz,
CDCI3) 6: 161.26, 161.19, 139.32, 128.52, 127.91, 125.43, 124.23, 45.29, 37.91, 30.76,
28.67, 24.11, 23.21, 14.22, 10.71
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3.1.4 Alkylation of 2Br-NDI with Iodo-propane

v )

O N O (6] O
Br lodopropane Br
Oy B8y
Br DMF Br

0 NS0 85 deg C, 6.5 hr 0 N0
H )

2Br-NDI (104.0 mg, 0.25 mmol) and K2COs (0.0765, 0.52 mmol) were combined and dried
under vacuum, then refilled with and kept under inert atmosphere. The solids were then
dissolved in dry Dimethyl Formamide (4.5 mL). Iodo-propane (0.09 mL, 0.88 mmol) was
added, then the reaction mixture was stirred at 85°C for 6.5 hr. The reaction was removed
from heat and solvent removed under vacuum. The crude product was reconstituted in
CHCIs (20 mL), the organic layer was washed with H20 (3 x 10 mL), then the aqueous layer
was extracted with CHCIs (2 x 10 mL). The organic layers were combined, dried with
Na2S04, and filtered. The volume was reduced under vacuum before the mixture transferred
to a centrifugation vial, then dried under high vacuum. Acetone (10 mL) was added to the
crude solid and it was sonicated for 30 seconds. The mixture was centrifuged at 4k rpm for
5 minutes, then the supernatant removed. This was repeated twice more. The remaining
beige solid product was collected and dried under vacuum, resulting in a 25% yield of 80%
pure product (30.1 mg, 0.061 mmol) *H NMR (400 MHz, CDCI3) &: 9.00 (s, 2H), 4.17 (t,
4H), 1.78 (q, 4H), 1.03 (t, 6H)
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3.1.5 Imidation of naphthalene dianhydride with ethyl hexyl amine

(@)
OO 2-(Ethyl)Hexylamine OO
Toluene
110 deg C, 18 hr

N.__O
o0~ O 0O 0~ N O

1,4,5,8-naphthalenetetracarboxylic dianhydride (1.003 g, 3.74 mmol) and 2-(ethyl)-hexyl

amine (1.3 mL, 7.9 mmol) were dissolved in toluene (dry, 15 mL). The reaction mixture was
stirred at 110°C for 18 hours under inert atmosphere. The reaction was allowed to cool,
then the solvent was removed under vacuum. The crude product was reconstituted in CHCIs
(20 mL), the organic layer was washed with H20 (3 x 10 mL), then the aqueous layer was
extracted with CHCIs (2 x 10 mL). The organic layers were combined, dried with Na2S04, and
filtered. The volume was reduced under vacuum before the mixture transferred to a
centrifugation vial, then dried under high vacuum. Acetone (10 mL) was added to the crude
solid and it was sonicated for 30 seconds. The mixture was centrifuged at 4k rpm for 5
minutes, then the supernatant removed. This was repeated twice more. The product, N,N'-
bis(2-ethylhexyl)-1,4,5,8-naphthalenetetracarboxydiimide, was a white solid, collected at
25% vyield (0.46 g, 0.94 mmol). 'H NMR (600 MHz, CDCls) &: 8.75 (s, 4H), 4.13 (dq, 4H),
1.93 (sept, 2H), 1.26-1.42 (m, 16H), 0.93 (t, 6H), 0.88 (t, 6H), 3C NMR (600 MHz, CDCI3)
0: 163.37, 131.16, 126.88, 126.73, 44.74, 38.08, 30.83, 28.77, 24.17, 23.18, 14.21, 10.74
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3.2 Synthesis of dye based on squaraine core

3.2.1 Alkylation of quinoline with iodododoecane

Br Br
CqoH
_ lN + |~ 12725 ACN N CioHas
[ 1
\ 130°C, 72 hr DS

IDQ

6-bromo-2-methylquinoline (1.00 g, 4,50 mmol) and iodododecane (1.788 g, 6,0 mmol)
were dissolved in acetonitrile (3 mL) in a microwave vial then sealed with a septum cap. The
reaction solution was stirred at 130°C for 72 hours. After the reaction mixture was cooled,
the solvent was removed under reduced pressure. The crude solid was added to Ethyl
Acetate and centrifuged at 4000 rmp for 5 minutes, then the supernatant removed. This
was repeated until pure product remained. The recovered 6-Bromo- N-dodecyl-2-methyl-
quinolinium iodine salt was a yellow/orange solid, and a final yield of 47% (1.10 g, 1,36
mmol) was obtained. 'H NMR (400 MHz, CDCI3) &: 0.90 (t, 3H), 1,27 (s, 14H), 1.41 (p,
2H), 1.65 (p, 2H), 2,00 (p, 2H), 3.35 (s, 3H), 5.09 (t, 2H), 8.06 (d, 1H), 8.21 (d, 1H), 8.28
(d, 1H), 8.37 (m, 1H), 8.78 (d, 1H).

3.2.2 Di-substitution of squaric acid with 6-bromo- N-dodecyl-2-methyl-

quinolinium
Br @ C12H25
Pyrldlne Br
=4 sel:ae
X | 1:1 Toluene/1 BuOH l}l Br
135° C 24 hr C12H25
IDQ sQ IDQ-SQ

6-Bromo- N-dodecyl-2-methyl-quinolinium iodine salt (0.411 g, 0.79 mmol) and squaric
acid (0.041 g, 0.36 mmol) were combined with pyridine (1.0 mL) and dissolved in a mixture
of toluene and 1-BuOH (1:1) in a dean-stark apparatus under an inert atmosphere. The
reaction was heated to reflux (135°C) and stirred for 24 hours. The solvent was removed
under reduced pressure. The crude product was reconstituted in methanol and then allowed
to precipitate while the solution stirred overnight, then vacuum filtered. The insoluble
orange/red powder was the product, (Z)-4-((6-bromo-1-dodecylquinolinium-2-
yl)methylene)-2-(((E)-6-bromo-1-dodecylquinolin-2(1H)-ylidene)methyl)-3-
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oxocyclobutenolate, recovered at 70% yield. Rf: 0.92 (dichloromethane/MeOH, 90:10) 'H
NMR (400 MHz, CDCl3) &: 9.35 (d, 1H, J = 10.18 Hz), 7.58 (m, 2H, J = 8.9 Hz), 7.31 (d,
1H, J = 7.6 Hz), 7.16 (d, 1H, J = 8.9 Hz), 5.77 (s, 1H), 4.11 (t, 2H, J = 8.4 Hz), 1.84 (m,
2H, J = unresolved), 1.52 (m, 2H, J = 8.3 Hz), 1.42 (m, 2H, J = unresolved), 1.26 (m,
14H, J = 8.3 Hz), 0.88 (m, 3H, J= 6.5 Hz)

3.2.3 Suzuki coupling of Pyrene and IDQ-SQ

o@ C12Has B(OH), Pd(OAc),

Br.
AN N SPhos C1oHos
O / “® ‘ . ‘ - 12725
N X x Br ‘ 0DCB, K3P0g4aq (0.23 mM)
Ci2Hazs © O 70°C, 72 hr
IDQ-SQ

IDQ-SQ-P

IDQ-SQ (0.100 g, 0.101 mmol) and pyrene-1-boronic acid (0.86 g, 0,35 mmol) were
dissolved in 1,2 dichlorobenzene and degassed with nitrogen gas for 30 minutes. In another
flask, Pd(OAc)2 (0,003 g, 0,013 mmol) and SPhos (0,016 g, 0,039 mmol) were combined,
before the IDQ-SQ/Pyrene-1-boronic acid solution was added. The reaction mixture was
then heated to 70°C and reacted for 72 hr. An aqueous solution of K3PO4 (degassed, 3 ml,
0,23 mM) was added in portions throughout the reaction. The reaction mixture extracted
with chloroform (2 x 50 mL), organic phases were combined and dried with MgS0O4. Solvents
were removed under reduced pressure. The crude product was purified via Soxhlet, with
MeOH as the washing solvent overnight, then the product was collected with CHCIs. A final
yield of 56% (0,07g, 0,56 mmol) was obtained, Rf : 0,53 (CHCI3:MeOH 90:10) , *H NMR
(400 MHz, CDCls) &: 0.87 (t, 6H), 1.27 (s, 26H), 1.92 (m, 4H), 4.18 (t, 4H), 5.82 (s, 2H),
7.44 (d, 2H), 7.52 (d, 2H), 7.74 (s, 2H), 7.77 (d, 2H), 7.97 - 8.25 (m, 18H), 9.42 (d, 2H).
13C NMR (400 MHz, CDCI3) &: 14.15, 22.72, 26.77, 26.98, 29.38, 29.44, 29.62, 29.67,
29.70, 29.98, 31.94, 48.20, 93.01, 114.33, 124.51, 124.85, 125.03, 125.40, 126.20,
127.28, 127.38, 127.56, 128.50, 130.09, 130.20, 131.49, 131.67, 132.64, 133.48, 135.71,
136.72, 138.88, 150.05, 150.09
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3.3 Preparation of graphene

3.3.1 Exfoliation by sonification

Graphene flakes (12 mg) were added to NMP (20 mL) then the mixture was sonicated with
a Bandelin SONOPULS HD 2000.2 homogenizer using a MS 72 probe tip at 90% power for
three 30 min sessions, with 30 min intervals between each. Following sonication, the
solution was centrifuged for 5 min at 4k rpm, and the supernatant collected for use in the

experiments.
3.3.2 Quantification with Thermogravimetric Analysis

The procedure described above was repeated to make three batches of exfoliated graphene,
which were then combined. To quantify how much exfoliated graphene was suspended, 1.5
mL of the combined graphene suspension was added to a platinum pan and the solvent
evaporated off to deposit the graphene on the TGA pan. Once loaded into the instrument,
the pan was heated to 250°C for 40 minutes to ensure the removal of residual solvents,
after which the mass stabilized at 647 pg. It was therefore determined that the exfoliated
graphene solution had a concentration of 0.43 mg/mL. All thermogravimetric analysis was

performed on a TA instruments TGA Q55 under N2 atmosphere.

3.3.3 Photophysical characterization

3.3.4 Ultraviolet Visible spectroscopy

UV-Vis spectroscopy was completed using a HitachiU-1900 spectrometer and 10 mm quartz

cuvettes
3.3.5 Photoluminescence spectroscopy

PL spectroscopy was completed using an Edinburgh Instruments Spectrofluorometer FS3

and Fluoracle software
3.3.6 Time Correlated Single Photon Counting

TCSPC was completed with the Edinburgh Instruments Spectrofluorometer FS3 and an
Edinburgh Instruments 670 nm laser with 64.6 ps pulse width. Analysis was assisted with

Fluoracle software.
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3.3.7 Cyclic Voltammetry

CV experiments were completed using platinum electrodes, tetrabutyllammonium
hexafluorophosphate electrolyte, the Ametek Scientific Instruments VersaSTAT 3, and

VersaStudio software

Ferrocene was purified by sublimation at 110°C

59



Kristine M. Halvorsen Master’s thesis May 2023

4 Conclusion

Synthesis of newly designed NDI based semiconducting molecules was undertaken and the
procedures for the first steps developed. The poor solubility of the core NDI structure
complicated the synthetic process, and the addition of alkyl groups was determined to be
necessary as soon in the synthetic process as possible, at the expense of ease of later
modulation. Recommendations for future synthesis include the use of acid catalyzed

imidation, as opposed to the base mediated methods used in this work.

Focus was then placed on the development of donor type semiconductors. Improvements in
purification and scaling up of reactions for gram scale synthesis of IDQ-SQ-P were achieved
prior to the photophysical and electrochemical characterization of the chromophore. The
aggregation behavior of the molecule and its precursors were characterized with UV-Vis and
PL spectroscopy, where it was found that even at concentrations on the order of 107 M,
aggregates dominate the solution. Investigation of the emission quenching of IDQ-SQ and
IDQ-SQ-P with graphene showed a strong difference between the two molecules, indicating
that the pyrene moieties and pi-pi stacking play an important role in the mechanism of
relaxation in IDQ-SQ-P. Electrochemical characterization found that while the absorbance
profiles of IDQ-SQ and ISQ-SQ-P are nearly identical at their major absorbances, the
addition of pyrene had a marked effect on the frontier energy levels. The HOMO and LUMO
levels of IDQ-SQ-P were found to be -5.05 eV and -3.79 eV respectively (IDQ-SQ has -4.84
eV and -3.35 eV). These energy levels are incompatible with materials currently used in BHJ
devices, so modification to IDQ-SQ-P will need to be made, with specific focus on combating

aggregation and lowering its HOMO energy level.
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6 Supplemental Information

SI1 NMR spectra

Taken on a Bruker Avance III HD systems, with a 5 mm Smart-Probe Z-gradient probe.
Spectra are indicated with tfor 400 MHz and # for 600 MHz
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Figure 30: 'H NMR of NDI in de-DMSO #

68



Kristine M. Halvorsen Master’s thesis May 2023

SI 1.2 2Br-NDI

3.67 H20
2.50 DMSO

12.10
8.61

T T T T T T T T T T T T
2.0 115 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

f1 (ppm)

J i J .
:

Figure 31: 'H NMR of 2Br-NDI in de-DMSO #
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Figure 32: 'H NMR of EtHex-NDI in CDCl3#
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Figure 33: 13C NMR of EtHex-NDI in CDCl3#
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Figure 34: COSY NMR of EtHex-NDI in CDClz#
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Figure 35: HSQC NMR of EtHex-NDI in CDCls#
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Figure 36: 'H NMR of EtHex-2BrNDI in CDCl3#
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Figure 37: 13C NMR of EtHex-NDI in CDCl3#
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Figure 38: COSY NMR of EtHex-NDI in CDClz#
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Figure 39: HSQC NMR (full) of EtHex-NDI in CDClz#
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Figure 40: HSQC NMR (upper: alkyl region, lower: aromatic region) of EtHex-NDI in CDCls#
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Figure 41: 'H NMR of Isopropyl-2BrNDI in CDCls#
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Figure 42: 'H NMR of IDQ in CDCls t
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