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ABSTRACT

SYNTHESISAND CHARACTERIZATION OF NOVELPERYLENES,4,9,10
TETRACARBOXYLIC ACID DERIVATIVES

Obaidullah Mohiuddin

M.S., Sustainabl&nvironmentand Energy Systems Program
Supervisor: Asst Prof. Dr.Mustafa ErkuOzser
May 2017, 104 pages

Increasing demand and high consumption of energy lead the researchers to think about the
alternative renewable and sustainable source that could ful&hiétrgyy requiremenkor this
purpose smooth transition to renewable technologies necessary. There are several
alternative technologies available, among them 8gmsitizedSolar Cell (DSSC)can be the
promising one. DSSC has achieved around 12% power conversion efficiency, hence
improvement is possible if new materials are synthesized. Our studycasysthesizeind
characterizationf novel isomerically purperylene3,4,9,106tetracarboxyt acid derivatives

that are promising family of organic dyes as light harvesting material (sensitizer). The study
involves the synthesis of novel antisymmetric compounds and investigation of their structural,
and photephysical propertieS his work demostrates that perylene tetracarboxylic ester unit

is a versatile building block for the synthesis of variety of light harvesting systems. The
resulting compounds are soluble in variety of organic solvents, and show broad absorption

bands extending up to axinfrared region.

Keywords: Perylene, Dye sensitized solar cells, foandgap, Sensitizer.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Fulfilling the energy demand without degrading the environment is one of the top oicern

this century{1]. Till now the demand is continudys$eing met by conventional fossil fuels, such

as oil, coal, and gas but the continuous and massive consumption resulting in depletion of fossil
fuels. One of the main reasofor searching an alternative and clean sources of energy is the
emission of grenhouse gasseshich contributesto global warming[2]. Energy demand must

be fulfilled by the renewable resources to protect the environment. Worldwide investments in
renewable energy resources are continuously increasing for better efficiency. Renewlable a
green energy resources including solar wind and geothermal are abundantly available as
compared to other resources. These resources are not evenly avat@blaost available
resource is the solar energy anid expected to play a significant ratethe future energy supply

[3], [4]. Earth reeives approximately 810?*joules/year whichis@ i mes mor e t han th
current energy consumpti@y, [6]. As solar resources are widely available but we are still unable

to convert solar energy into electrical energy efficiently and cost effectively. Currently,
researchers are focusing on improvihg conversion efficiency and stord8g Converting solar

energy into electrical energy efficiently is still the dbabe. There is a dramatievelopmenin

these technologies batlot of effort is still required to accomplishe challenge which idow

cost, high efficiency,dngterm stability and sage of material that are widely available.
1.2 Generation of SolarCells

Three generatian have been categorized based on the material, cost effectiveness, and
performance. In 1893, Edmond Becquerel discoverephbmmvoltaic effect and the fundamental
working principle of first two generations, relies on the photovoltdiece [4]. The first
generatiorcrystallinesilicon solar cells are the most dominant as compared to others because of

their relatively high efficiency but still required a high capital cost and have a high payback



period.[3]. Regarding the availability, silicon is the second most abundant element in earth's crust
and is available in the fo of silica dioxide, but for photovoltai@pplications pure silicais
required. Theroduction of pure silica requsan enormous amount of energy. Crystalline silicon
cells are of two types, mormystalline, and mulicrystalline. Concerning efficiegc monc
crystalline is much better than muttiystalline. Up till now, 25% efficiency hdseenachieed

with crystalline solar cellsThe second generation solar cells are a thin film which includes CdS,
CdTe, CulnSg(CIS), amorphous Si, and CulnGa$€IGS). The working principle of the thin

film is the same as the crystalline solar cells, but thickness has reduced from millimeter to just a
few microns. The fabrication process is simple and cheaper to producashawer efficiency

as compared to cnadtine solar cells, so far thin film have achieved 20% efficiddtyln 2001,

the cost per watlroppedo $0.73[7].

The major drawbackeported in the literaturs that the first and second generation for single p

n junction solar cells are limited to Shockley Queisser theoretical limit of 48P% he third
generation solar cells are thosdich are uniqueirfvolving differet mechanism) and not
restrained by Shockley Queisser limit. Most of the third generation solar cells have not reached
in the commercial phase, although the research showed dramatic improvement. Efficiencies of all
the olar cells technologiegreindicated in thd-igure 1.11n third generation solar cells the most

dominant ones are polymer aokells,organictandemsolar cells and dysensitized solar cells.
1.3 Polymer Solar Cells

Polymer solar cellareusually made by dissolving polymers in an organic solvent and trengfer

to the substrate via printing or coating methods. The |dganation for solar cells is known as
solar cell stack. Here the light harvesting material is referred to as active mtarserthehole
transport layer (HTL) and electron transport layer (ETlje wo electrodesrenegative ETL

and positive HTL. One of the electrodes must be transparent to allow the sunlight (photons) to

reach to active layer for electron injection process.
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Figurel.1. Efficiency of all the solacell technologie$9].

1.3.1 Transport layer

The transport layer is the material that allows the electron or hole to pass due to an appropriate
position of the energy level. Commonly used electron transport layer (ETL) are calcium (Ca),
Zinc oxide gn0), titaniumdioxide (TiQ,) and Lithiumfluoride (LiF). ForHTL themost common

materials are polystyrene sulfonate (PEDOT:PSS) and molybdenum oxide.
1.3.2 Electrode

The most common electrode used in the polymer solar cell is indium tin oxide (ITO). It has low
resistance to high optical transmission making it suitable for polymer solar cells. Usually, the
resistance is less than 10 Ohm/sq and transmission is greater than 85% on glass. There are two
main criteria for selecting an electrodb It should have auitable energy level, ar{tl) one of

the electrodes should be transparent to allow the light to transmit and reach to active layer for

electron excitation process.



1.3.3 Substrate

For the support of solar cell stock, the substvatech isused in polymer solar cellsan either
be glass or plastics. Floating glass substrates beerused with transparent ITO electrode for
lab productionswhile for large scalePET foil used.

1.3.4 Chemistry of polymer solar cell

The active layer gbolymer ®lar cells is organic semiconductors wharecharacterized by the
bandgap © ). This gap is the energy difference between the valence electron and nearest free
electron state. In other words, it can be defined astieegy differencdoetween the higtse

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).
O © (0] (1.1)

If at room temperature, the band gap energy of any material is greater than the thermal energy
and the thermal activation has no effeots excitation to the conduction state of a valence
electron, the material will be classified as the semiconductor. If absorbed photon energy is greater

than bandgap energy, excitation of the electron will occur from HOMO to LUMO.

0

(0 (1.2)

Hereis the speed of light)i s t he Pl an ck o sis theowaelergth of light.nfd

the absorbd energy is less than the band gap energy, the electron will still excite from HOMO
but will not be able to readb the LUMO and will come back to its original state after losing the
energy. If the absodul energy is greater than the band gap energy, the electron will excite from
HOMO and will go above the LUMO level. This state is unstable and thus, electron needs to
release some energy in the form of heat to reach the LUMO state. In other words, the energy

greater than the bandgap energy will be released as heat.

(o) 0 (o} (1.3)



The electron needs to be removed from the LUMO stagentierate electricity. For this purpose,
secondary semiconductor (acceptsnsed in the active layer. The LUMO level of the secondary
semiconductor is lower lying so that the electron transfer from the LUMO of primary
semiconductor (donor) to the LUMO dlie acceptor. To make the electron transfer more
favorable. The LUMO level alonor must be greater than the LUMO levedateptor as describe

in the equation
O O O (1.4

The Donor in polymer solar g is conjugated polymer while the acceptaoa derivativeof C60
fullerene. Most of the excitation occurs in the donor molecule, and then excited electrons are
transferred to the acceptor. Whereas there is also excitation in the acceptor moleculdbelue t
absorption of photons, and the holes then transferred to the donor. For this transfer and excitation
processedpllowing condition must benet

() (o} (o} (1.5)

ANODE ANODE
DONOR

] &S u oo

CATHODE CATHODE CATHODE

Bi-layer Comb layer Bulk
heterojunction heterojunction heterojunction

Figurel.2: Various structure of donor and acceptor in organic solar cells.

The layer of donor and acceptor molecules have a significant effect on the efficiency of polymer
solar cell. So farthree structures have been proposed feictimbination oflonor and acceptor.
The first one is the Hayer heterojunction. It is not the optimal structure as there is only small

area that can generate electricity while the absorption occurs in the larger area. The second



structure is the combyar; it can be made by imprint lithography. The third on@lvesmost
optimal structure known as a bulk heterojunctiBirJ). It can be obtained by dissolving donor
and acceptor in an organic solvent together and wgmvent evaporationforms a bulk
heterojunction layer as shown in theggurel1.2.

1.4 Tandem Solar Cells

In polymer solar cellsthe organic semiconductor in an active layer have a narrow absorption
band for solar radiation making it less efficientFigure1.3 shows the arrangement of thgdes

of tandem solar cells.

Transparent electrode

High bandgap BHIJ
Recombination layer

Low bandgap BHJ
Back electrode

Figure1.3: Structure of Tendem solar cells

The tandem solar cell idea came after this comparison by combining numerous junctions in one
solar cell that will increase the absaopt window spectrum. The general structureatdndem

solar cell has shown iRigure 1.3, where recombination layer is in between the high band BHJ
and Low band BHJThis combination not only increases the solar absorption spectrum but also
increase the possible achievable efficiency through reducing the thermal relaxation loss

(thermalisation).



1.5 Dye Sensitized Solar Cells

1.5.1 History

The first attemptfor 6 ar t phiotioalynt hesi s has been made
electrical energy from a dye sensitizer semiconductmsisted of ZnO and Chlorophy(ts0],
although the concept hatveloped in the 1960s. The idea of -@gasitized solar cell®SSC)
isintroduced in 1988L1]. After the development of DSSC in 1991 by Gratzel and O'R@@an

it was proved that DSSC could be the efficient alternasrenewable energy technology.
1.5.2 Advantages

In terms of efficiency, the DSSC is still behind as compared to first anddsgeoeration solar

cells although it has several edges over these technologies at some point. In cloudy condition, the
DSSC work much better than thegsiycrystalline solar cell. Efficiency is not highly dependent

on the direct incident of solar radiati®o the cost of tracking mechanism can be saved. The
efficiency of DSSC is nearly independent of temperature and can operate theltémperature

range of 2865 “C unlike Sipolycrystallinesolar cell [13]. DSSC is still in research phase and
commercial production is not started yet, but expected that the cost would have the advantage
over conventional solar cells. The matesi@Vailable for ESC is biocompatible and available
abundantly sanassproduction of DSSC will not be difficult and can be easily extended up to
terawatt scale. One of the key parameters for solar cells is theeiongstability. It hadeen
confirmed by various researaethat the commercial DSSC can have stability up to 20 plus
years. In the fast growing solar energy technologies, DSSC has the advantages over all the

technologies to make it feasible and potential candidate for$aaje production.
1.5.3 Mechanism of DSSC

DSSC inspired by the natural phatbemical process occurs in plants that convert solar energy
into the biological material known as photosyntheBiee efficiency of photosynthesis in plants
are around.020.05%[14]. The core component of DSS€; a dye as a sensitizer, two elede

in which one is anode (Tgpsensitized with dye and the other electrode is known as the counter



electrode. Between two electrodes the electrolyte contains redox mediatwown in th€igure

1.4. The operating steps are discussed below in detail.

1.5.4 Sensitizer

In DSSC the sensitizer is the light harvesting component and slssdab radiation (photons).
Electron excitation take placeom HOMO (S) to LUMO(S*) as shown in théigure 1.5.

Excitation takes place ithe order ohanoseconds.
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Figurel.4: Strucuture of Dye sensitzied solar cell

1.5.5 Semiconductor

The most common semiconductor used in the DSSC isdrn@the sensitizes adsorledon the
surface of the semiconductor. After the excitation, rla@osizedsemiconductor extract the
electron from tk dye (LUMO) and dye becomes oxidized)(She TiQ conduction band must

be belowin energy tharthe LUMO of dye for efficient electron transfer. The electron transfer



from dye to semconductor also known as injection of electrand takes place betwe&f0 fs
to 100 pswvhere feasibility of the procesiependent oseveral factorg15].

1.5.6 Redox Mediator

To regenerate the dye, a redox mediator, usually iodide/triiodide caupted The time scale

of dye regeneran is in ps scalg16].
¢OoO u 0 cQ (1.6)

An electron from conduction band produces the voltage and travel to the FTO electrode and

recombine with the electrolyte.

O cQ u o0 a.7)
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Figurel.5: Mechanism of Dye sensitizedlar cells.



1.5.7 Time Scale

In DSSC every step have a separate timefrasehownn the Figure1.6. Dye regeneration is
faster than the recombination of photoelectriofected into the conduction band of Tifd].

Electron Dyve Electron Ion
Injection regeneration recombination diffusion
| | | | | | | | | | | | | | | |
| | | | | | | | [ | | [ | | | |
1078 ot 10 107 107 1073 10t 10t

Figurel.6: Time scale of each step for dye sensitized solar cells.
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CHAPTER 2

LITERATURE REVIEW

In the past few years, a lot of work has been publishedlymsensitized solar cells and is
increasig exponentially as shown in tikégure2.1. As in DSSG the light harvesting and charge
carrier transport are two separafaactions this offerthe researcher to work on the specific

functionfor systemoptimizations
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Figure2.1: Annualno. of publications of dye sensitized solar cgllg].
2.1 Nanostructured Semiconductor Layer

Thin films of transparent arftighly porous nanoparticles thatbsorb the dye on trsarface are
proven to be essential as semiconducting maf@8l The application of Mesoporous Ti@yer
consisting of 20nrsized nanoparticles the actual source for the uprising the DS3€].
Usually, the thickness of the filmis® e m wi t h t h e70%[18}) Aomgallythe o f
wide bandgap oxide semicondu&coFiO, found out to be promising matgal. It is abundant in
nature chemicdly stable, environmeritiendly and its HOMO and LUM@nergies arsuitable
for dye and electrolyte in DSSQ]. Theelectronic excitation energy rutile and anatasphases

are3 eVand3.2eV, respectivelji9].
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ZnO has also been employed in DSSC as a semiconductor due to similar bandgap and position of
conduction and valence batidt of TiO.. Both nanotub20] and nanopartick[21] structure of

ZnO havebeenusedin DSSC. For flexible substrate such as polymers, ZnO is supportive as it
doesnot require annealing process at high temperd@]teZnO was the part of the founding
research on DSS[22]. ZnO is found to be more supportive with electron transportatiental

its higher electron mobility as compared to 7Dt has an issue with stability Has beemoticed

that the anchoring groups in a dye causes dissolution and fdrnioAs, which can react with

the rutheniurrbased dyesuch as N3 and N719 and fathinsoluble complexes. Due to the
formation of insoluble complexes charge transportatiodisturbed resultinga decrease in
efficiency. [23]. Research has been done with employing alternative semiconductor such as
In20s, Y203, SNQ, N,Os [24]1[27] and found that they are not so efficient but can be a potential

candidate in future.
2.2 Sensitizer(Dye)

In 1971 photosensitization of a Chlorophylls was investigated on ZnO-¢sgmductor) with a

very low efficiency but quantum efficiencies of 0.125 electrons per absorbed photon were
achieved[28]. In 1993 natural porphyrins and numerous derivatives of chlorophylls were
investigated by Kay an®Gr at z e | on 1u Ti&rand meachead ghe rcanversion
efficiency of 2.6%. Chemically improved chlorophgibntaining carboxylicgroup as an
anchomg group with the common iodide based ordnediator achieved 3.1% conversion
efficiency. If bacterial carotenoids are usedicgfhcy can be improved to 4§29]. Chlorophyll
derivatives with anchoring group such as cawtioxcould improve the efficiency to 6.5¢80],

[31].

A natural dye such as anthocyanin that carekiacted from Blackberries have also been
investigated with the efficiency of 13®]. Several other natural dyes habveentested, and

highest efficiencyachievedup todate with a natural dysi.7%][33].
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Figure2.2: Structure of various sensitizers

Many sensitizers have been synthedifor dye-sensitized solar cells. In 1993 ruthenibased

dye known as (N3) has been synthesized by Gratzel and coworkers, showing 10% efficiency and

high stability. The chemical name of N3 is d@ki (t hi o cy aibipyridy}4didbs ( 2, 26
dicarboxylate)ruthenium(ll). Due to its properties, N3 was found to be the most outstanding dye

and has grabbed the attraction of many researchers. The IPCE (incidext @anversion

Efficiency) was found to be 80% between the wavelengths of 480 to 600 nm and near 100%
between 510 to 570 nm . The quantum yield of electron injection from semiconductor found to

be 100%. No significant decomposition was obsebeafdre 10turnoverg19]. Despite several

13



benefits, it also has some weaknesses such as aimplyrlow molar extinction coefficient and
insignificant absorption in red region of spectri84].

Some other ruthinium derivatives as showrFigure 2.2, are were also synthesizdd. 2001
Gratzel group synthesized Black dye baseduthenium, that is consider as the best dye so far
with IPEC 80% within the visible region to near infieed up to 920 nm with the overall efficiency
up to 10.494], [34], [35].

2.2.1 Perylenediimides in DSSC

Perylenederivativeshasbeenintroduced as a setizer in DSSC due to iteutstanding photo
physical, photochemical, electrochemical and thermal characteristics, as afilitgsto form
derivatives with anchoring group such as carboxylic acid that can help the sensitizer to attach

with the semiconduot surfae.
2.2.2 Synthesis of Perylene DimideBerivatives.

For the synthesis of perylene dimide derivatiyeerylene3,4,9,106tetracarboxylic dianhydride
(PTCDA) is standard starting materiaCondensation reaction between peryl8ne9,10
tetracarboxylic éhnhydride andaniline/alkly amins produces PDderivatives with high yield
The synthesis dPTCDA is shownin Reactionscheme2-1. [36].

Derivatives of PDI dye can be obtedtby derivatizations at the imide position. For sysizing
symmetrical PDI derivatives, the common procedure is the condensation reaction of PTTCDA
with primary amines and aromatic anilinén a high boiling point solvent such as
(quinolone/imidazolg using zinc acetate as cataly8¥]. Another approach to synthesize
symmetrical perylene diimide is treating the PTCDA with reactive amine in hot alcohol; like n
butanol, a carboxylic acid, like acetic acid or by using water and alcohol as-saikeatsystem.

The condensation reaction of PTCDA angteenylenediamine derivatives produces perylene
benzoimidazole derivatives. However, this reaction produce two regioisomers. Purification of
regioisomeric mixture can be achieved by recrystallization andlamn chromatography, as

shown inReactiorscheme?-1.
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Reactionscheme2-1: Imide substituent positions of PDI preparations.
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Reactionscheme?-2: Imide substituent pasons of asymmetric PDI preparations

Reactionscheme2-2 shows thepreparation olasymmetric PDderivativeswith substituent at

imide positions.Mainly two approaches has beeapplied in synthesisof assymetricPDI
derivatives [38]. First step essentially begins from synthesis of respective symmetrical PDI
derivatives. Further hydrolysis produces perylene monoimide monoanhydraepound
Imidization of perylene monoimide monoanhydride derivatives adlicond amine can produce
desired asymmetricdPDI. Notably, t has been found that symmetrical PDI are dominant
products even when only one equivalent or less of the primary amine is added to the reaction
mixture. Another method for synthesis of asymmetrical PDI derivativeslvesthe hydrolysis

of PTCDAwith KOH to lead to mono anhydride mono potassium &algwed by imidizations

as shown in the scher@e?.
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2.2.3 Bay-Substituted Derivatives
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Figure2.3: Perylendgetracarboxyliacid derivatives.
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The substitution at bay region normalbpnsist of two or four substituent, with a prior
halogenation of peryler&4,9,10tetracarboxylic bianhydride to yield 1/dibromorperylene
3,4,910tetracarboxylic  bisanhydride [39] or 1,6,7,12tetrachloroperyleng,4,9,10
tetracarboxylic bisanhydrif0]. 1,7- substitution producgheisomericmixture of 1,6 and 1;7
di-substiuted perylene bisimidezs well as some 1,6trisubstituted isomerslit has beeshown
that 1,6 and 1,i5omers may show distinchiifferentproperties.

The synthesisof isomerically impurel,7-dibromoperylene3,4,9,10tetracarboxylic tetraesters
have been describeal literaturerecently[41].

The synthesis startwith the commercially available peryle3e4,9,10tetracarboxylic
bisanhydride (E1) whicls converted into peryleng,4,9,16tetrabutyleste(E2), followed by
bromination at bay region in dichloromethane at room temperajiuneg isomers of 1,712) and

1,6 (2a) i dibromoperylenes,4,9,106tetracarboxylic tetrabutylesteFrom he regioisomerically
impure mixture pure 1;dibromoperylened,4,9,10tetracarboxy tetrabutylester (2) can be
isolated by crystallization, as showrReactionscheme2-3. By utilizing the solubility difference

of mono and bisanhydride in solutiomono or bisanhydride synthons can be synthesized by
careful adjustment of reaoh conditions and solveriE4 and E5 can be imidized witminesin

NMP and acetic acid to form respective compounds (E6 and E7). E6 can be further treated with

p-TsOH.HO in excess toluene at 100 to produces E8s shown in th&®eactionscheme2-4.
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2.2.4 Perylene Derivatives for DSSC

Some perylene derivatives thare usedassensitizersn DSSC fabricatiorareshown inFigure
2.4. Compoundga) and (bjn Figure 24, having carboxylic as an anchor grougs among the
first perylene derivatives used as DSSC component, achi80#tPCE between 45888 nm
with the overall efficiency of 0.89%42]. After that severalother derivativeshave been
synthesized[43], [44],[45], [46], [47],[48].

Due to good light harvesting ability, PDI derivatives have shown good potential for DSSC.
PMIMA have taken too much attentioh@are anhydrides are acting as an anchoring gibhas
beenfound that the electron withdrawing groups such as imide or anhydride on both sides of
molecule considerably reduce the favorable charge transfer of an excited electron from molecule
towards theonduction band of metal oxide. It could be the reaspemytene diimide derivatives

not to compete with ruthenium complex dye and so far have achieved 3.08%, which is quite less

than ruthenium complex dygt9].
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2.2.5 Sensitizerselection

In DSSC, thaldye act as a sensitizdight harvesting molecule) and is considered as the heart of
DSSC. The choice of dye as a sensitizer is countless but for effectivegameation, some
criteria need to be ftilled.

Absorption: The absorption spectrusmould be broad to harvesin lightefficiently.

Solubility: The dye must be soluble in the suitable solvent so that it can be easily transferred to
TiO, surface (Semiconductof}8].

Anchoring group: The dye must have a functional group that helps the dye molézule
spontaneously assemble to the surface of the semiconductor. The most common ones are
carboxylate, hydroxamate or phosphonate. It leenfound that carboxylate groups perform
better than phosphonate groups. For carboxylate group;F TR measurements show that it

binds on the surface of the semiconductor by bidentate chela@ipn

Band gap: For efficient electron transfer from dye to semiconductor the LUMO level of dye
should be above the LUMO level of semiconductor and for efficient recombinatiad QO

level of dye should lie below the redox potential of redox couple in the electrolyte.

Non-aggregation: For reducing the surface aggregation additives suaheso are added into
the sensitizef51]. Macrocyclic organic dyes have aggregation issuetlisdan be solved by
adding bully molecule (mostlhenodeoxycholic acid) during the synthesis of sensifsjr

Stability: The dye should have the lifetime of around 20 year$ (@dox/oxidation reaction
cycle) to compete with the conventional solar ddl§.

2.3 Electrolyte

During the conversion of lighto electricity electrolyte plays a vital role as it aeis the electron
transfer mediator (transfer electrons to regenerate the dydifemxidized state). There are some

criteria that must be fulfilled by the electrolyte to be selected in the @& are listed below.
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i For preventing the degradation of dye, it should have atkrmgoptical, thermal, chemical
and electrochemicaitability.

1 Electrolyte must also be able to transport the carriers between the working electrode and
the back electde.

1 It is essential fothe liquid electrolyte to prevent the loss of solution by evaporation or
leakage. It shouldlso have a good contact witke counter electrode and the porous nano
crystalline oxide layer.

1 There should not be a substantial apton in the visible region.

Till now three types of electrolyte categgwhavebeen introduced such as liquid, qussiid and

solid, depending upon their viscosity. The most common electrolyte used in DSSC is the liquid
electrolyte. Theyareusually pepared by the redox couple disshin high dielectric constant

organic solvent. It has also been reported that additives can be added to increase the performance.
[23], [53].

The most common and highly employed redoxiple isOj "O iodide/triiodide, principally due
to slow recombination reaction. &betype of electrolyte are simply synthesized by dissolving
iodide salts in thsolvent with cations such &4g?*, Na’, Li*. Due to the corrosive properties of
ioding alternatives redoxouple such as BBr3[54], SCN/(SCN)?[55], and SeCM(SeCN)?
[56] have also been investigatedll of them show encouraging electrochemical and-non
corrosive properties but struggla maintainingchemical stability. Some of the coordination
compounds such as cobalt and copper compleaes lbeen used as a mettia[57], [58].
Presently Co complexes are considered as the most efficientamisipg redoxcouple because
they are nosvolatile, norncorrosive and comparatively transparent in the visible light region.
Furthermore, redox based electrolyte (Q&{lI)tris(bipyridyl) has achieved efficiencyp to
12%][59].

Alternative methods and techniques have been proposeat@rutrently undeinvestigationto
improvethe efficiency. Some of the special consideras@reroom temperature ionic liquids

quasisolid electrolytes and the solid electrolytes.
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The room temperature ionic liquids (RTIRJje characterized by high ionic conductivity, good
chemical and thermal staityl and less volatility. For DSSC the most widely used RTILs are
alkylpyridinium salt, trialkyl methylsufonium salt and alkyl imidazolium salt. The only problem
they have is high viscosityesulting in slow diffusion of charge carrief§0].

Quasi stid electrolyte can be synthesiz&dm organic solvenbased or ionic liquid electrolyte
that can be gelled, polymerized, or dispersed in polymeric matrix or in which nanoparticles are
dispersed23].

Solid state electrolygeare characterized by conductive polymers, hole conductimeoular
solids or organic {type conductors, such &, 2 Ngtrakis(R,Ndimethoxypenylamine)9 ,-9 Nj
spirobifluorene (spirdMeOTAD) [61], polyaniline (PANI) [62], polypyrrole [63], poly(3,4
ethylenedioxythiophene) (PEDO[B4] andpoly-3-hexylthiophene (P3HTB5].

2.4 Counter Electrode

The counter electrode is madp from glass covered with the film of conductive oxide. [yata
coating is essential to enswga&tisfactorily fasteduction kinetics at the TGCoated cathodg3].

The catalystwhich are widely used in DSSC are carlimsed materials and platinyf). The
employment of platinum increasghe magnitude of current and voltage and has been
characterized by low counter electrode resist§®@f There are several agaches of platinum
coating such as electrochemif@r], [68], spin coating69], vapor deposibn [70] and sputtering
[19].

2.5 Sealing

Sealing can enhance the letagm stability of the DSSC if done properly, thathis reason it is
one of theechnological challenges. There are some criteria that the sealing material should fulfil

such as

1 Should be completely chemitainerttowardsall the components of the DSSC including the

electrolyte.
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1 Good adherenc® the glass substrate and the TCO coating.

9 High Resistancéo both ambient oxygen and water vapor.

Till now various sealing materials have been employed such asglader(sodiunsilicate)and
epoxy glue, aluminum foil laminated with polymer f¢n1], vacuum sealent Torr S& an
ionomer resin Surlyn® (grade 1702) from Du Pont or the combination of these. When selecting
the sealing material, the tolerance of sealing material is checked for iodide and tfb&dlide

2.6 Main Parameters of Solar cells

Usingphotovoltaiceffect, photovoltaic device convert incident sunlight to electrical energy. The
production of electrical energy under light is achieved by the capability of photowistaae to

produce current and voltage over external load at the same time.

The typical currentoltage (FV) characteristic of basic solar cells along with some important
parameters such as open circuit voltage Short circuit currents, andmaximum wer point

Pmax IS shown in thd=igure2.5.
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Figure2.5: CurrentVoltage curve for dye sensitized solarlgel

When the solar device is connected with an infinite resistance (no current flow) the maximum
voltage generated ealled apen d@rcuit voltage (o ) and it is defined as the difference between

thepotential ofthe conduction band of Ti&nd the rdox potential of the electrolyte.
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When the electrodeare short circuited, the maximum current is called short circuit cugent |
Whereas when the product of current and voltage is maximum the power is considered as

maximum power (Ray.

The current w is highly dependent on the area of device irradiated bgalaeenegy, so it is
better to denotenaximum current densit¥o  andshort circuit current densityclinstead of
short circuit current and maximum current, by only dividing these values with the area of the cell

which is illuminated by the sun.

With the IV characteristi an important parameter @btained known as fill factor (FF). It is

defined as the t® of theoretical maximum powetd w ) and the measured powéDd (w ).
00 —— (2.1)

Power conversion efficiency (PCE) is also derived frevhdharacteristics and it is defined as
the ratio of maimum power generated by the cell and the power density of incoming solar

radiation.
060 — —— (2.2)

2.6.1 Light Intensity and temperature

The numbenf photons is directlyelated to the light intensityrigherthe light intensity, higher

will be the umberof photons. Short circuit curreshowslinear increase when light intensity
increase. Open circuit voltage also increases slightly with increase in light intensity. Decrement
has been noticed in fill factolsecause of ohmic losses in the conducting glass electft2les

@ decreases and current rises significantly when the temperature increases. The diffect on
factor is dependent on solvent used for electrolfaid.factor in high viscosity solvents such as
propylene carbonate, increases with temperature. Voltage decreases due to increment of dark
current, which causes an increases in the rate constamiiooide reduction. Within the

temperature range the quantum efficiency values are not affected. It has been found that the
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sensitized charge injection rate is independent of temperature, which implies a quantum
mechanical tunneling process. One of tteamtage of DSSC is that the effect of temperature on
the cell efficiency is trivial because of different compensating factors.
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CHAPTER 3

MATERIALS AND INSTRUMENTS

Solventsand chemicalemployed in this research were purchasaerfrom SigmaAldrich or
Merck Millipore, as reagent grade purity. All the chemicals were used without any further
purificationunlessotherwisereported Air sensitive reactions were carried out undigrnitrogen

(N2) atmosphere. Solvent used fonromatographicseparation wer@urified according to the
standard purification methodg3]. Pore size of 6@, 70-230 mesh, 63-200 um silica gel were
used for column chromagoaphy. Thin layer chromatography (TLC) was doseg silica gel
coated withfluorescent indicator F25dn aluminum plateNuclear magnetic resonance (NMR)
spectra were recorded on a Bruker Avance 400 MHz spectrometer. Fourier transform infrared
spectra FTIR) were recorded with ®arian660 IR spectrometer in the spectral range of 4000
400 cmt in the transmittance mode. Solid samples were recorded as KBr pelletdsioi
measurements were recordatda PGInstruments T80-spectrophotometer. ShimadRi-5301

PC spectrofluorophotometer were used to measurelubee$cence emissiospectraand the
spectral data were processed into graphical representation in Microsoft"Exiceldata were
analyzed throughinear regression analysis in OriginLab® sadte. All the solvents employed

for spectral measurements were spectroscopic grade.
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3.1 Synthetic Procedures

3.1.1 Synthesis of perylendetracarboxylic tetrabutyl ester (Compound 1)

(0] (0]
BuOH, BuBr C4H9—O Q Q 0—C4Hy
9
O
ACN reflux, C,Hy—O O O O0—C4Hy
18 h, 98% 5 o)

PDA (Compound 1)

Reactionschemes-1: Syntheisis operylenetetracarboxylic tetrabutyl est@Compoundl)

A mixture of PDA (MW=392.32 g/mol) (0.98@, 1 equivalent), 1;®iazabicyclo[5.4.0] underc
7-ene (DBU) (4 equivalent),-butanol (1.9 g, 8 equivalent) in 500 ml ddimethylformamide
(DMF) was stired at 60C for 0.5 hour.1-Bromobutane (2.74, 8 equivalent) was added to the
mixture and a sulegjuentaddition of another 9 ml of DMF, and further stirred for 3 hours. After
cooling the redting mixture to room temperature, the solvent was poured into water (100 ml)
and stirred for 15 minutes, after which it was filtered. The crude resalleeted was subjected

to column chromatography on silica gel, eluting with dichloromethane;Gl2H to give

compoundL as golderorange solid (yield 1.54 g).
IR (KBr): 3247, 2964, 2330, 1730, 1587, 1447, 1304, 1034, 810, 737, 686 cm

UV-vis: amaCHCl = 472 nm (= 3000Q R?=0.98) and 443m (U= 2380Q R? = 0.98); &max
DMF = 469 nm [J= 4610Q R?= 1.00) and 441nml= 38600, R2= 1.00).

H NMR (CDCk, 400MHz): 1.04 (t, 12H), 1.55 (m, 8H), 1.83 (m, 8H), 4.37 (t,,8t80 (d, 4H),
7.85ppm(d, 4H).

13C NMR (CDCE,100 MHz): 13.8, 19.3, 30.7, 65.3, 121.1, 128.3, 128.5, 130.1, 132.4, 168.5
ppm
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3.1.2 Synthesis of 1,/dibromoperylene-3,4,9,106tetracarboxyl tetrabutylester (Compound
2)

C,Hy C4H, C4Hy  C4Ho C4Hy  CyHyg C,Hy C4H,

ST
DCM B
—_—

RT, 24 h, 99%

DCM-ACN,
Br 2 times, 62%
Br

by

CHy C,H,

CHy C,H,

1) 2 (2a) )

Reactionscheme3-2: Synthesis of 1;dibromoperylene,4,9,10tetracarboxytetrabutylester
(Compound?)

In a 50 ml rounebottom flask, amixture of perylengetrabutyleste(0.500 g, 0.766 mmol) and
K2CQO; (0.29 g, 1.81mmol) were takemnd mixed inCH,Cl, (10 ml). Drop wise, bromine (0.5

ml, 9.70 mmol) was added to the resultingxture and stirred for 24 hours at room temperature.
Afterwards, an aqueous solution of sodium metabisulphite®g) was added drop wise to the
reaction mixture while stirring. The organic layer of the reaction mixture was washed with several
portion of water and dried over sodium sulphate £8@;). The solvent was then removed by
rotary evaporation giving crude product (0.597 g) consisting of a mixture-aht, Z,6dibromo
isomers. The reaction scheme is shown Reactionscheme3-2. The isolation of the
regioisomerically pure 1;dibromo was accomplished by a double crystallization from

dichloromethane/acetonitrilmixture[76].

IR (KBr): 3577, 33282952 287Q 2511 2331, 2086 1944 1731, 1589,1454 1385, 13031168,
1051, 951, 816, 740, 6@3n™.
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UV-vis: amaCHClL = 468nm (U= 32400, R2= 1.00 and 443 m = 2870Q R?= 1.00); &ma,DMF
=466 nm (U= 31500 R?=1.00) and 44hm (= 28200, R2= 1.00).

IH NMR (CDCk, 400MHz): 1.00(t, 12H), 1.661.46 (m, 8H), 1.841.77 (m, 8H), 4.34 (t, 8H),
8.08 (d, M), 8.28 (s, M), 8.91ppm(d, 2H).

13C NMR (CDCE,100 MHz): 13.8, 19.3, 30.6, 6565.8, 118.7, 126,3.276, 129.0, 130.4, 131.1,
131.7, 136.7, 167.1, 168@pm

3.1.3 Synthesis of 1,7Dibromoperylene-3,4,9,106tetracarboxy monoanhydride
Dibutylester (Compound 3

Br Br
0 0 p-TsOH-H,0 Q 0
C4Ho0 O O OC4Hy  g¢ oc 5 hrs C4HoO . o
b
Cityo-] D=,
5\ >—// o) o 0

” OC,H, Heptane C4Hy0
Br Br

2 3

Reactionscheme3-3: Synthesis of 1:Dibromoperylene3,4,9,106tetracarboxy monoanhydride
Dibutylester (Compouna)

Regioisomerically purecompound2 (100 g, 1.23 mmol) and -oluenesulfonic acid
monohydrate (f'sOH-H20) (305 mg, 160 mmol) were taken in 3 mL oflmeptane. The reaction

was stirredat 90°C for 5 hours, and the produatofnpound3) began to precipitate from the
reaction mixture. The reaction was cooled to room temperature after 5 hours and the product was
filtered off and washed with few portion of methareshdwater. The dried orange precipitate was
subsequently taken into methanol (200 ml) and refluxed for 2 Ressilting mixturevas cooled

to room temperature and filtered to remove theeactedstarting compound. The residueas

monoanhydride compoun8. Finally the dried residue was dissolved in a little amount of
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dichloromethane and filtered to remove the insoluble bisanhydfide. solvent was then
evaporated to produce a crude product (3géld) [76].

IR (KBr): 3454, 3058, 2943, 2871, 2727, 2510, 2364, 1782, 1706, 1602, 1458, 1379, 1271, 1168,
1019, 806, 695 crh

amaCHCl = 505 nm )= 4120, R?= 1.00) and 484m (U= 3410Q R2= 1.00); ama,DMF= 497
nm (U= 3200Q R2= 1.00) and 469m (U= 2680Q R2= 1.00).

Melting point: 205°C (literature 202C).

IH NMR (CDCk, 400MHz): Ui = 9.27 (d, J=8.0 Hz, 1H), 9.24 (8L Hz, 1H), 8.89 (s,1H),
8.68(d, J=8.0 Hz,1H), 8.34 (s,1H), 8.15 (d, J=8.0 Hz, 1H), 4.38 (m, 4H), 1.851.78 (m,4H),
1.541.48 (m,4H), 1.04L.00 ppm(m, 6H).

3.1.4 Synthesis of N-[2-(diethylamino)ethyl]-1,7-dibromoperylene-3,4,9,106tetracarboxy

monoimide dibutylester (Compound 4)

N,N-diethylene diamine

2-propanol/water, 80 °C

Reactionscheme3-4: Synthesis oN-[2-(diethylamino)ethyH1,7-dibromoperylenes,4,9,10

tetracarboxy monoimide dibutylest@ompound).

0.200 g of compound3 (0.294 mmol, 1 equivalentN,N-diethylene diamine (888 mmol, 2
equivalent, 0.0826 ml) and acetic acid (5 equivalent, 1.47 mmol, 0.083 ml) in 6 ml of water and
2-propanol mixtureZ:1) was stirred aB0°C underN. for 4 daysduring which timefollowed by

TLC for the disapearance of starting materiabfnpound3). After cooling down to RT,@vent
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wasremoved under reduced pressure giving 0.31 g of orange Golide product was subjected
to column chromatography on silica gel, eluting with dichloromethane/methk@id), (to give
compound4 in pure fom. Yield, 78% (R=0.39)

IR (KBr): 2962, 2929, 2892, 1699, 1658, 1589, 1504, 1456, 1404, 1381, 1348, 1300 cm

UV-vis: amaCHClL = 504nm (U= 34100 R2= 1.00) and+74nm )= 2750Q R2= 1.00);8maDMF
=499nm (U= 2380Q R2= 1.00) andt70nm (U= 1940Q R2= 1.00).

IH NMR (400 MHz, CDCI3): U = 9.20 (d, J = 8.0
8.63 (d, J = 8.0 Hz, 1H), 8.33 (s, 1H), 8.12 (d, J = 8.0 Hz, 1H), 4.36 (m, 6H), 2.85 (t, J = 7.3 Hz,
2H), 2.72 (g, J=7.0 Hz, 4H), 1.80 (##1), 1.12 (t, J=7.0 Hz, 6H), 1.01 ppm (t, J = 7.3 Hz, 6H)

3C NMR (100 MHz, CDCI 3): a = 167. 7, 166. 9, 16:
131.8, 131.5, 130.8, 130.5, 129.9, 129.0, 128.1, 128.0, 126.9, 126.7, 122.1, 121.9, 120.2, 119.3,
66.0, 6.8, 49.6, 47.4, 38.0, 30.6, 30.5, 19.3, 19.2, 13.8, 11.9 ppm.

HRMS (ESHTOF): Calculatedfor CzgHzoN20eBr2 [M + H]*: 777.1175, found: 777.1146
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3.1.5 Synthesis ofN-[2-(diethylamino)ethyl]-1,7-di(4-tert-butylphenoxy)perylene 3,4,9,10
tetracarboxy monoimide dibutylester. (Compound 5)

o}
Br 0 O /
N
0 O / 4-tert-Butylphenol CaHyO O O I \
C4HyO N —— N
4Hg I \ K,CO;, 18-C-6 CLLO
N Toulene, 90 °C A
C,HyO 0 0o
O [¢]
Br
“) (5)

Reactionscheme3-5: Synthesis of N2-(diethylamino)ethyH1,7-di(4-tert
butylphenoxy)perylen8,4,9,16tetracarboxy monoimigl dibutylester. (Compourt)

A mixture of 4(tertbutyl) phenol (3 equivalent, 44 mg).BO; (6 equivalent, 44 mg) and 418
crown6 in dry toluene (20 ml) was stirred for 45 minutes at room &eaipre undei..
Subsequently76 mg ofcompound4 was added. Resulting reaction mixture was stirred for 4
hoursat 90C under N. After cooling to room temperature, solvent was remayegdiervacuum

The crude product obtained, was introduced to the column chromatography on silica gel, eluting
with 70% ethylacetatén hexaneB80 mg productwvasisolatedwith the yield of 89%Ri=0.30)

IR (KBr): 2962, 2924, 2868, 1718, 1697, 1649, 1591, 1506, 1409, 1349, 1263, 1219, £193 cm

UV-V i $aCHGk=518 nm = 38700, R=1.00) and 485 nntl 30000, R=1.00);amaDMF=
513 nm (= 37200, R= 1.00) and 480 nmJ= 29000, R= 1.00)

IH NMR (400 MHz, -9GD@,2B))8.53 @, J = 8.9Hz,3L8), 8.33 (s, 1H), 8.03
(d, J = 8.3 Hz), 7.75 (s, 1H), 74541 (m, 4H), 7.09.03 (m, 4H), 4.33}.25 (m,6H), 2.812.77
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(m, 2H), 2.762.65 (m, 4H), 1.78..66 (m, 4H), 1.511.44 (m, 4H), 1.36 (s, 18H), 1.09 (t, J = 14.3
Hz, 6H), 0.95 (t, J = 14.8 Hz, 3H), 0.90 ppm (t, J = 14.3 Hz, 3H).

HRMS (ESHTOF): Calculated for GsgHesN20g [M + H]*: 917.4741, found: 914717,

3.1.6 Synthesis of  N-[2-(diethylamino)ethyl]-1,7-di(pyrrolidinyl)perylene -3,4,9,10

tetracarboxy monoimide dibutylester. (Compound 6)

o

0 0 I
P lid 459 \
yrrolidine NI
" O O

o) O

$

(O]

Reaction-scheme3-6: Synthesis\-[2-(diethylamino)ethyH1,7-di(pyrrolidinyl)perylene
3,4,9,10tetracarboxy monoimide dibutylest¢€Compound)

Compound4 (100 mg, 1 eq) was dissolved im¥ of pyrrolidineand stirred for 24 hrs at 7.

After cooling toroom temperaturethe solvent was removednder reduced pressure. The
resulting crude product was bluish greérhe crude product was subjected to column
chromatography with DCM/MeOH=10/0.5 as eluent. 50 mg product was isolated with the yield
of 51.4 % (R= 0.14).

IR (KBr): 2962, 2924, 2850, 1714, 1685, 1647, 1585, 1552, 1508, 1446, 1409, 1375, 1344, 1288,
1257, 1222 cm.

UV-vis: amaCHCl; = 653nm (0= 4150Q R2= 1.00) ands10nm (U= 3200Q R2= 1.00);9maDMF=
650nm (U= 4080Q R2= 1.00) ands05nm (U= 3070Q R?= 1.00)
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H NMR (400 MHz, CDCI3): U = 8.45 (s, 1H),
7.93 (s, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.39 (d, J = 8.3 Hz, 1H);43Y¥(m, 6H), 2.82.84 (m,
2H), 2.772.72 (m, 4H), 1.84..71 (m, 4H), 1.56..42 (m, 4H), 1.17 (t, J = 14.31, Hz, 6H), .03
0.95 ppm (m, 6H)

HRMS (ESHTOF): Calculatedfor CseHssN4Os [M + H]*: 759.4122, found: 759.4100
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3.2 Experimental Findings and Calculations
3.2.1 Maximum extinction coefficient (5 4.

At a particular wavelength, the strength of light absorbegldmjution is known as the maximum
extinction coefficient. The relationshiygetween absorbance and concentratidmésvn asBeer
Lambelaw. 6 s

- — (3.1)

-0+ oIS the maximum extinction coefficient at a certain wavelength (tnoaf?), c is the
concentration (mol. £), A is the absorbance ahds the path length afample(cm).

3.2.2 Absorption and Emission properties.

The molar absorptivity coefficient can be determdinby plotting absorbance against
concentration at theelectedvavelength. For this purpogdifferentconcentrationswere prepared
and absorbansavere measured with UVis spectrophotometém two different solvera CHCl;
and DMF. The wavelengths corresponding to thw thighest peaks were recorded and
absorbance values of each of the concentration pleteed against concentration on separate
graph to determine the molar absorptivity coefficiienin slope as shown itheFigureA.13to
FigureA.60in appendix

3.2.3 Singlet Excitation Energies (ES)

The energy requidkfor an electron to get excited from ground state tdfitlse singletexcited

state is known asingletexcitationenergy. Mathematically, is givenas

0O

(32)

Where_ is the maximum absorption wavelengih A), Esis singlet energyin kcal.mol%).

Calculatedsinglet energies dftle compounds %6 aretabulatedn Table3-1. The results shows
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that the substitution of electron donor group at bay region significdetlyeases the singlet
excitation energiesResults of compoun& and 6 suggests thastronger theelectron donor
attached at bay regipmayresults in alecreasén the singlet excitation energies.

Table3-1: Singletexcitation energies for the compouridé

. Compounds
Anal
nalysis 1 5 3 4 c 5
Solvent: CHCl3
Amax(A) 4720 4680 5050 5040 5180 6530
Es cal.mol) 60.59 61.11 56.63 56.75 55.21 43.80
Solvent: DMF
Amax(A) 4690 4660 4970 4990 5130 6500

Es kcal.mol) ~ 60.98 6137 57.55 57.31 5575  44.00

3.2.4 Oscillator strength (f)

In an atomic or molecular system, the electronic transition strength is measuvsdillajor

strength which igjivenas,
Qg pnY - (3.3

In equation 3.2f is the oscillator strength, is the maximum extinction coefficient tte

maximumabsorption wavelength (L.mbbml). ¥  is the halfwidth of an absorption (ch).
The halfwidth of an absorptionY ; represents the full or halfidth of the maximum

intensity curve, which isalculated as:
Y 4 (34)

Usingequation3.3half-widths of compoundsdl-6 wereestimatedand tabulateth theTable3-2.
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Table3-2: Half-width estimation for the compoundss

Compound _Pnec(M) _ax(nm)  ey(hm) (e yem?) 2 we(cm?)
Solvent: CHCI;
1 472 455 486 21959 20559 1400
2 468 452 485 22133 20634 1499
3 505 486 524 20573 19071 1502
4 504 437 470 22883 21277 1607
3) 518 466 541 21459 18484 2975
6 653 580 685 17241 14599 2643
Solvent: DMF
1 469 453 483 22075 20687 1388
2 466 452 482 22143 20747 1397
3 497 481 520 20807 19242 1565
4 499 482 517 20747 19342 1405
5 513 460 534 21739 18727 3013
6 650 575 685 17391 14599 2793

3.2.5 Theoretical Radiative lifetimes(()

Theoretical lifetimg dJof an excited molecule can be expressed as

5 (3.5
Where- is the maximum extinction coefficient #ite maximum absorptiomwavelength (L.
mol*. cn?), is the mean frequency of the maximum absorption band)(@ndyY 1 is

the half width of an absorptidrmand(cnr?).

Using above equation, ticalculatedheoretical radiative lifetime of the compoundstatsilated
in Table3-3
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Table3-3: Theoreticaradiative lifetime of compounds

1 2 3 4 5 6
Solvent: CHCIs

2nax (€MD) 4410 45K1C 3910 3.9410F 3.7%10° 2.3510°

Compounds

a 12(cnt?) 1400 1499 1502 1607 2975 2643
Chax(Mcn?) 29100 32400 4120 341® 38700 41500
Y (ns) 186 15.8 14.4 16.2 8.17 136
Solvent: DMF
Zmax (Cn?) 45510 4.60x10° 4.05x1CF 4.0%1C° 3.80<1CF° 2.3%1C¢°
a 12(cm?) 1388 1397 1565 1405 3013 2793
Chax(M et 23800 31500 32000 23800 37200 40800
U (ns) 23.3 17.3 17.2 26.1 8.23 12.9

3.2.6 Optical Band Gap Energy

The optical band gapstimationsof compounds 46 usingmaximum absorption wavelength of
the lowest energy band ambulatedn theTable3-4.

Table3-4: Optical band gap at maximum absorbance wavelength

Compounds 1 2 3 4 5 6
Solvent: CHCL3
3 v dnm) 472 468 505 504 518 653
E,eV 2.63 2.65 2.46 2.46 2.39 1.90
Solvent: DMF
3 v dnm) 469 466 497 499 513 650
E eV 2.64 2.66 2.49 2.48 2.42 1.91
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3.2.7 Fluorescence Quantum Yield

Figure 3.1 showsall the typicalprocesghat can occur whea fluorophoreexcited.In general,
after excitation,the processnay involve aredeactivation via emission of photons, internal
conversiorand vibrational relaxatioridss of heat to the surrounding, A@dioactively)and the
intersystem crossing to the triplet manifold and subsequantadiative deactivatiofir4].

Fluorescence quantum yieltho is the ratio of photons emittedh fluorescenceo the photons

absorbed.

S3
excited
S \ higher energy
24A—ﬁ triplet states
5 S
T absorbed
c t
. exc:i;r;g emitted .
fluorescence triplet
light states
S phosphorescence
0

ground state

Figure3.1: Typical Jablonski Diagram

Forquantum yield determinatiohVinfield [75] methodwere employedvhich isone ofthe most
reliable method for determiningquantum yield.The methodnvolves theuseof a standard

sample with known quantum vyield.
%o %o —— — (3.6)

In Eq (3.5)% and%. are the fluorescence quantum yield of unknown and standard sample
respectively. 'Oi @& 'Q " QdanddOi Q" Qdré the slope ointegrated flucescence intensity
versus absorbance of unknown and standard sample respectivelyd— are the reflective
index of the solvent and standard soluti@spectively For compounds &, fluorescence

guantum yields are determined in DMF, and databslated in Table-3.
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3.2.8 Theoretical Fluorescence Lifetime K'l)

Theoreticafluorescence lifetimef a moleculeis the theoretical time that a fluorophore stays at

excited statéefore emitting photons (fluorescence) and can be calcutate as
t o f (3.7

In Eq (3.6) T is the theoretical radiative lifetime anfd is the fluorescence lifetime in ns
respectively and is the quantum yield.

3.2.9 Fluorescence Rate constant gk and Rate constant of radiationless Deactivation {-m)
The reciprocal of theoreticahdiative lifetime in s?) is known as the fluorescence rate constant

Q — (38)

T is the theoretical radiative lifetime in Rate constant of radiati@ssdeactivationky, can be

calculated as
Q —  Q (3.9)

Calculated values fdt (ns), (t (ns), ke (s1), andkq(s?) are tabulated ifable3-5.

Table3-5: Calculated photophysicdatafor compoundsgl-6 in DMF

0 Gms) G(ns) ke (59 Ka(sY)
Compound 4 0.027 26.12 0.704 3.83x10" 1.38x1@°
Compound 5 0.040 8.23 0.331675 1.22x10% 2.89x10°
Compound 6 0.001  12.97 0.012426 7.71x107 8.04x10°
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CHAPTER 4

RESULTS AND DISCUSSION

In this study, we carried out thgynthesis and characterization &gioisomerically pure
antisymetric1,7-disubstituteeperylene3,4,9,10tetracarboxylic acid derivative® understand

and compare their photophysical properties with that of symmetric perylene bisimides bearing
same substituents. To accomplish this task electron donating groups were sugcessfiduted

at bay region of perylene unit as showrrigure4.1.

|C4H9 C|34H9

(0] (0]
I I ? (I)
C4Hg CgqHo C4Hg CyHg C4Hg CyHg
(1):X=H (3): X=Br (4): X = Br, R = N,N-diethylene diamine
(2): X=Br (5): X = 4-tertbutyl phenoxy, R = N,N-diethylene diamine

(6): X = pyrrolidinyl, R = N,N-diethylene diamine
Figure4.1: Targeted Structure
4.1 Chemical Synthesis

The key intermediates for the synthesis of the Noaatisymetric 1,#ferylene3,4,9,10
tetracarboxylic acid derivatives perylene3,4,9,10tetrabarboxylic tetraesters 1)( 1,7

Dibromoperylene3,4,9,10tetracarboxylic tetraester?)( and 1,7Dibromoperylene3,4-9,10
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tetracarboxylic tetraestersonoanhydride(3) were synthesized according to the previously
published procedurgg6], as shownin Reactionscheme4-1 and Reactionscheme4-2. The
dibromination of PDA can be done at room temperature wgibd yield. The resulting
brominationmixture consist of (1,7/1,&Jibromororegioisomerswith (4/1) ratio, as proven by

'H NMR, and is separated via repetitive crystallization from acetonitrile and dichloromethane
solventmixture[76].

(‘34H9 (‘34H9
(o]

0. 0. (o]

OO BuOH, BuBr OO OO

DCM-ACN,
Br 2 times, 62% Br

e EE—
Recrystallization

DBU
[
ACN, reflux,
OO 18 h, 98%

C4Hg C4Hg CsHg  C4Ho C4Hg  C4Hg

PDA ) ) (2a) )

Reactionschemet-1: Synthesiof Pure 1,7 dibromoperyleri&4,9,10tetracarboxy
tetrabutylester

Compound 2 is a very versatilenglon, in a way that, it can be selectively converted into either
1,7-dibromo bisanhydride, or to dibromo monoanhydride dibutylester, where the dianhydride
compound can be further utilized in the synthesis of regioisomerically pwdisiifysituted
pelylene diimides. Reactieacheme 4-2 shows the synthesis of regioisomerically pure
monoanhydridalibutylestercompound3 from compound. In order to suppress the dianhydride
formation, which redces the yield of formation & a solvent that dissolvenpound?2 but

hardly dissolvesompound3 is used at the reaction temperature.
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p-TsOH-H,O
90 °C, 5 hrs -
0C,H, Heptane

0C,H,

Reactionschemed-2: Synthesis of 1 fibromoperylenes,4,9,10tetracarboxylic
monoanhydride

Imidization of isomerica§l pure 1,7-dibromo perylene monoanhydride3) ( with N,N-
diethylenediamine was successfully achieved-prdpanol/water mixture as solvent and using
acetic acid as catalyst, as showrREactionschemet-3. Compound? is a key compound in the
further derivatization of regioisomerically pure perylene monoimide(PMI), that the substitution

of bromines at the 1;@ositions would give bay substitdt®MI derivatives.

C4HO
N,N-diethylene diamine

2 2-propanol/water, 80 °C

Reactionschemet-3: Synthesis oN-[2-(diethylamino)ethyH1,7-dibromoperylenes,4,9,10

tetracarboxy monoimide dibutylester

In order to attach the phenoxy greumucleophilic substituting reactions that involve double
aromatic substitution were applied. The reaction was carried out in dry toluene as solvent at 90

°C with a mild base BCOs; and crowrether(18-crown-6) as phase transfer catalyssaswnin
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Reactionschemet-4. The desired novel perylene imide product was obtained in pure form after

column chromatographic separation with a yield@&fo.

N -
K,CO;3, 18-C-6
I L 0 3 : C4H90 O Q

Toulene, 90 °C
0] ]

O
o 0 ﬁ
C4Ho0 N
/ 4—tcrl—]3u1ylphcnol‘_‘4 9 0.0 NI \
0 O

@ (5)

Reactionschemet-4: Synthesis of regioisomerically puke[2-(diethylamino)ethyH1,7-di(4-
tertbutylphenoxy)perylen8,4,9,106tetracarboxy monoimide dibutylester

Secondary cyclic amines like pylidine are knowrto be good electredonating substituents.
The synthesis afompoundé wasachievedy reactingcompound4 with pyrrolidineat 70°C
asshownin Reactionschemet-5. After the column chromatographic separation, the bluish

green perylene monoimide wabtained with a yield of 55%
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[ I g

e CyHg0 N
Pyrrolidine 47 O O
40". NI L
| S— 70°C

Reactionschemed-5: Synthesis of regioisomerically puke[2-(diethylamino)ethyl}1,7-
di(pyrrolidinyl)perylene3,4,9,16tetracarboxy monoimide dibutylester

The structures of all synthesized compounds were identified by IR, NMR spectral analysis and

with high resolution mass spectrometry (HRMS) analysis.

4.2 Physical Properties

Figure 4.2 to Figure4.5 shows the picture of compountiss in chloroform under daylight and
under UV light (254, 302, and 365) nm respectively. While compoufRiarg fluorescent,-8

are weakly fluorescent.
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Figure4.3. Picture of compound -6, under 254nm
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Figure4.4. Picture of compound - 6, under 302

Figure4.5. Picture of compountl - 6, under 365
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4.3 Solubility Properties

The solubility properties has been analyzed in various solvents, and data is preséatad in
4-1. Solubilities are determined at a concentration of 10 mg imlsolvents at 25C (RT) and
60 C (Hot).The solvents used for solubility test are chloroform (polar), ethanol (polar protic

), dimethylformamide and acetonitrile (polar aprotic).

Table4-1: Solubility test for compound to 6

Compounds
Solvent 1 2 3 4 5 6
RT Hot RT Hot RT Hot RT Hot RT Hot RT Hot
CHCl; + + + + + + + + + + + +
Yellowish
green Dark yellow Dark yellow Dark red Dark pink Dark blue
color color
color
EtOH +- + - + +- + +- + - + - +
Vellowish Dark yellow Dark yellow Pale Reddish
green Dark blue
color color yellow orange
color
DMF + + +- + + + +- + - + - +
Yellowish .
green Dark yellow Dark yellow Palered Pale pink Dark blue
color color color color
color
MeCN - + - + +- + - +- - + - +
Yellowish
green Dark yellow Dark yellow Pale light pink ~ Dark blue
color color color yellow

(+): Soluble,(+ -) partially soluble(3-7 mg mL%), and (- ) insoluble.RT (Room Temperature), and Hot
(60°C)

The best solubility are observed in CH@Ihere all the compounds are soluble at RT anti®0

(hot). The compound and 3 are completely soluble in DMF at RT and at hot conditions.
However, compoun@,4,5,6 are partially soluble at RT and fully soluble under hot conditions.
Compoundl,3,5,6 are partially soluble in EtOH at RT but fully soluble in hot conditions. None

of thecompounds are fully soluble at RT in MeCN but compounds 1, 2, 3, and 6 are fully soluble
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in hot conditionsCoreunsubstituted perylene bisimide compounds usually show poor solubility
and strong aggregate formation tenden@specially in higher polasitsolvents due to the strong

"-" interactions between the aromatic perylene coresiftroduction of bay substituertistorts

the perylene core, leading to twisting of the core ring glarhich reduces the degree of

interactions and aggregate fotinmas, resulting insignificantly increase solubility.

4.4 Optical Properties

4.4.1 SteadyState Absorption

It is shown that substitution at the peri positions do not alter the absorption properi&d for
compounds (owing to the available node on the imide nitrogen HOMO and LUMO), however,
considerably affect aggregation and solubility properties. On the other hand, substitution at bay

region alter the solubility, optical and electronic properties signiflg.
Figure4.6 and

Figure4.7 shows theabsorption spectra of compoundslin CHCE and DMF respectively.

Compound 1
------ Compound 2
ot 08 — — Compound 3
=1
_§ ----- Compound 4
206 — - -Compound 5
¥l
< — -+ Compound 6
=
8
=04
:
Z
02
N )
0 T T T T T T T T T T T T T T T T T
300 400 500 600 700 800 900

Wavelength (nm)

Figure4.6: Absorption Spectra of compoufido 6 in Chloroform (CHCY)
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Figure4.7: Absorption Spectra of compouddo 6 in Dimethylformamide (DMF)

There is evidence that t,&nd 1,7 disubstituted perylene imides may show considerably altered

photophysical and electrochemical propertig§]. Hence, the isomerically pure id¥

substituted compounds (4 to 6) are significant compounds for investigating the structure property

relation of this class of compounds.

Perylene diimide compounds are usuaklaracterized with three wealefined sharp absorption

bands, which are vibronic in nature (& Sransitions). Among the compountis, taking 1,7

dibromo perylene tetracarboxylmonaanhydridedibutylester(3)

as parenfks=compound

505n m, aps =484 nm in CHCL), large hypsochromic shifts were observed with perylene

tetracarboxylic tetraester$)( ak=o~ 4 7 2

Rt 448 mrdn GHCL), and @)

ak=a468 nm

a n dos=#43 nmin CHCL), as 33 nm and 41 nm (in the caseXj,(and 37 nm and 4dm (in

the case of2)) respectively Attachment of two electron donating téxityl-phenoxy groups at

the 1,7positions incompound5 resulted in13 nm red shift of §Y

S ransitimns wi t h

moving from 5 nm to 8.8 nm, in CHC%. Observed shift in absorption maxima is the result of
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electronic coupling between the electrach tertbutyl-phenoxy substituents and electron
deficient perylene core.

The steady state UVisible absorption spectra obmpound shows a broaet absorptiorband

within 350-700 nm band. Absorption maxima of lowest energy transition now sté3am, in

CHCl; and 650 nm inDMF. In addition to the characteristic of  :Sransition band locating
amaxat 653nm, a second peak is located at 41, in CHCE and at 40%m, in DMF. This second

peak is presumably the result @6 Sransitions.

In both compound$ and 6 substitution at the bay positions resulted in bathochromic shifts of
the absorption maxima, and a broadening of the absorption bandgyléadive loss of three
characteristic sharp absorption bands observed in-wwebstituted perylene bisimides.
Observed band broadening would be the result of increased conjugation between-the bay
substituents and perylene ring and/or-bapstituents ingced twisting of the perylene core

45000
Compound 4
40000
----- Compound 5 Y
35000 &
......... Compound 6 '

Molar Absorptivity €., (M emt)

350 400 450 500 550 600 650 700 750

Wavelength (nm)

Figure4.8: The UV-vis absorption spectra, plotted as molar absorptidity €nt) versus
wavelength (nm) of compoundst in CHCls
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Figure4.9: The UVLvis absorption spectra, plotted as molar absorptitty nTt) versus

wavelength (nm) of compounds6 in in DMF

Table4-2. Photophysical data @ompoundgl-6 and4a-6ain CHCl

Compound  8max( N Mpax/ SemgdNM) A Fl e(nm)  Stokes Eskcal f G Eqg
M-1tcm?) shift (hnm)  mol?) (ns) (eV)

4 504(3410Q 541 - 37 56.75 0.24 16.23 2.46
47427500

4a 526(57M0) 552 0.006/460 26 54.37 0.33 1280 2.23
491(4090)

5 518(38700) 562 - 44 55.21 0.50 8.117 2.39
485(30000)

5a 548(53400 586 0.133/460 38 52.19 0.34 13.30 2.13
51235800

6 653(41500) 692 - 39 43.80 0.47 1359 1.90
610(32000)

6a 704(32%0) 727 0.007/460 23 40.63 0.19 39.60 1.64
436(14842)
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Figure4.8 andFigure4.9 shows the UWis absorption spectra, plotted as molar absorptility (

L em™) versus wavelength (nm) of compoundi$ in CHCL and DMF, respectively. Both
compounds 5 and 6 have relatively high molar absorbtivities, indicating the high photon
absorbing abilities of these compounds in visible region. It is clear that compdwasdwider
absorption band and highest molar absorbtivity at the absorption maxima, as compare to that of

compound4 and5. Photophysical data is summarized in Tabl@sahd 43.

Table4-3. Photophysical data @ompounds 4 and 4a6ain DMF

Compound  8max( N Mpax/ SemdNM) A Fl @(nm)  Stokes Es(kcal f G Eqg
(M-1cm?) shift (nm)  mol?) (ns) (eV)

4 499(23800) 535 0.027 36 57.31 0.14 26.1 248
470(19400)

4a 523(38%0) 546 - 23 54.68 0.22 19.10 2.24
488(27D0)

5 513(37200) 559 0.040 46 55.75 0.48 823 242
480(29000)

5a 541(35.00 573 - 32 52.87 0.18 2410 2.15
508(24700)

6 650(40800) 692 0.001 42 44.00 049 129 191
605(30700)

6a 704(27.00 732 - 28 40.63 0.17 450 1.61
433(13800

Antisymmetric PMI compounds-@, where the synthesis and characterizations are presented
here, are also compared with their symmetric bisimide compounds that was prepared recently in
our laboratory, as a part of a related project. Structuregisfyyanmetric and symmetric

perylene compounds that are relevant to this work, are shown in the

Figure4.10. Bisimide and monamide compounds shows almost the sansogliion pattern but

bisimide peaks are further rathifted than monoimides as shownFigure4.11 to Figure4.16.
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It is noteworthy that among the perylene tetracarboxylic derivatives, tetraesters are the weakest
in terms of electron withdrawing ability, because of their weak perydere estecarbonyls

orbital interactions. Oiital interaction that enhances delocalizatairelectrons are stronger in
bisimide derivatives and strongest in bisanhydride derivatives which are in accordance with the
electron withdrawing ability of ester < imide < anhydride groups. Accordingly, same inh the
absorption (and emission) wavelength maxima of the compoun@isas well as 48a) were
observed, where perylene tetraesters have shortest absorption (and emission) wavelength, and

bisimides have the longest.
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C4H,0 O O e I O O I
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(@]
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) ) 5 b
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N
cmo 4 L (L
-0 )89 999,
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Figure4.10: Symmetric and Asymmetric Perylene compounds
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Figure4.11: Comparison of Antisymmetric mono imide perylededompound with symmetric
bisimide @a) in CHCk
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Figure4.12: Comparison of Antisymmetric mono imide peryled® ¢ompound with symmetric
bisimide @a) in DMF
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Figure4.13: Comparison of Antissgnmetric mono imide perylen&) compound with symmetric
bisimide 6a) in CHCk
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Figure4.14: Comparison of Antisymmetric mono imide peryle®® ¢ompound with symmetric

bisimide 6a) in DMF
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Figure4.15. Comparison of Antisymmetric mono imide perylegg ¢ompound with symmetric
bisimide 6a) in CHCk
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Figure4.16: Comparison of Antisymmetric mono imidenylene ) compound with symmetric
bisimide @a) in DMF
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4.5 SteadyState Fluorescence

The Fluorescence spectra of all the compounds are recorded in &ddMF as shown in

Figure4.17 andFigure4.18. It is evident that fluorescenoeaximaof compounds and6 are red

shifted significantly as compared to that of compoédnd

Compoundl

------ Compound 2
— — Compound 3
----- Compound 4
— - =Compound 5

. —-- Compound 6

Normalized Absorbance/Intensity [au]

470 570 670 770
Wavelength (nm)

Figure4.17: Normalized fluorescence spectra of compofinal6 in CHCL

The emission spectrum obmpounds is recorded with excitation &60nm in both CHCIl; and
inDMF. The e mi sws=602mn Bhawstbl nmaed shift in CHGla N dems £ 541
nm), and shows157 nm red shift in DMF, compared to that4€fOn the other hand, excitation
of compound ®mt460nm both in CHE ( @s=562n m) and dnsh 57Brvh)-lead ta27

nm and38 nm red shifts in these solvents, respectively (compared to tbahgfound).
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Figure4.18: Normalized fluorescence spectra of compofinal6 in DMF

Compounds 4 are weakly fluorescent. The quantum yields in DMF were determined relative to
N, Mi8(1,6diisopropylphenybperylene3,4,9,10tetracarboxdiimide, which has quantum yield
equal to unity ( P8t t To avoid seHguenching, dilute solution eve employeed. The
calculated quantum yields foompound4, 5, 6 are 0.027, 0.040 and 0.001 respectivdlye
attached amino containing substituents at the imide positions, as well as electron donating groups
at the bay region may be responsible of theeobed low quantum yield®hotophysical data is

summarized in Tables2 and 43.

63



CHAPTER 5

CONCLUSION AND FUTUR E WORK

In this researciNovel 1,7%perylene3,4,9,10tetracarboxylic acid derivativesere successfully
synthesized founderstanthg and compason d their photophysical properties with that of
symmetric perylene bisimides of the same family. To accomplish this task different electron
donating groupsd.e. tertbutylyphenoxy and pyrrolidinyl groupsiere successfully substituted at
bay region of perylee unit These compounds were sensitized, isolated, purified and
characterized by NMR, HRMS, and FFHRectroscopy, as well as optical, and photophysical
properties were studied by steady state-ViBible electronic absorption and fluorescence
spectroscopy

The molar absorptivity of NR2-(diethylamino)ethyH1,7-dibromoperylene3,4,9,106tetracarboxy
monoimide dibutylester (compound 4) are 33350 504 nm in CHGland 2800at 499 nm in
DMF. The molar absorptivity of N2-(diethylamino)ethyH1,7-di(4-tert-butylphenoxy)perylene
3,4,9,10tetracarboxy monoimide dibutylest@ompounds) are 3g00at 518 nm in CHGland

37200 at 513 nm in DMF. The molar absorptivity of-[R-(diethylamino)ethyl1,7-

di(pyrrolidinyl)perylene3,4,9,16tetracarboxy monoimide dibutylestecofnpoundd) are 4180

at 653 nm in CHGland 4080 at 650nmn DMF.

The measured molar absoprtivies are high and reflect the desired high photon absoitying abil
The UV-visible absorption spectrum of-[2-(diethylamino)ethyH1,7-di(pyrrolidinyl)perylene
3,4,9,10tetracarboxy monoimide dibutylester shows a broad absorption band extending to the
red region of the spectrum. Absorption maxima of the lowest grieagsition shifts to 650 in

DMF andto 653 in CHC4.

The singlet excited energies dfl-[2-(diethylamino)ethyHl,7-dibromoperylene3,4,9,10

tetracarboxy monoimide dibutylester (compouiydare estimates as 56.75 kcal rhiol CHCl
and 57.31 kcal mdlin DMF with the optical band gap of 2.46 and 2.49 eV respectively. The
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substitution of 4(tert-butyl) phenol at bay region decreases the singlet excitation energies to
55.21 kcal mot*in CHCk and 55.75 in DMF with optical band gap of 2.39 eV and 242
respectively  for N-[2-(diethylamino)ethyH1,7-di(4-tertbutylphenoxy)perylen8,4,9,10
tetra@rboxy monoimide dibutylester dmpound5). Substitution of pyrrolidine at bay region
significantly decreases singlet excitation energy to 43.80 kcalim@HCl; and 44 kcal molin

DMF, with the estimated optical band gap of 1.90 and 1.91 eV respectively.

The N-[2-(diethylamino)ethyH1,7-di(4-tert-butylphenoxy)perylen8,4,9,10tetracarboxy

monoimide dibutylesterand N-[2-(diethylamino)ethyH1,7-di(pyrrolidinyl)perylene3,4,9,10

tetracarboxy monoimide dibutylester display characteristics that are desired for a sensitizer
component to be used in photovoltaic devices. The former results in a higher quantum yield while

the later results in a broader absorption range-f@&0nm), which allows more photons to be
captured. The substitution at bay region incr

the processability of synthesized compounds.

Absorption and emg@on wavelength of perylene tetraester compounds have shorter wavelength
compared to that of perylene monoimide diester compounds, where perylene tetracarboxylic
bisimide compounds have the longest absorption and emission wavelengths. This trend is in the
same line with the electron accepting properties of perylene tetraester (weakest electron acceptor),

perylene monoimide diester and perylene bisimide compounds (strongest electron acceptor).

This work demonstrates that perylene tetracarboxylic esteisuaiversatile building block for

the synthesis of variety of light harvesting systems. The resulting compounds are soluble in
variety of organic solvents, and show broad absorption bands extending up to near infrared
region.As a future work, it would heteresting to prepare monoimide monoanhydride analogues
from perylene monoimide diester compounds synthesized and presented here. Research in this

line is currently in progress at our laboratories.
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APPENDIX

'H NMR, BC NMR, HRMS, UV-vis and fluorescence emissiospectra for synthesized

compounds 16.
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FigureA.42: Absorbance versusncentration plot ofompound at 470 nm in DMF

94



—--1.03E-05
----- 1.37E-05
0871 — _171E05
------ 2.06E-05
806 { —240E-05
(5]
2 —--5.14E-06
2
Z 04 -
02 - '\-._'-.. T
-------------- ~‘_\-u
0 - - : - T - - T T T
300 350 400 450 500 550

Wavelength (nm)
FigureA.43: Absorbance ofompoundb in Dimethylformamide (DMF)
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FigureA.44: Absorbance versusncentration plot ofompounds at513nm in DMF
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FigureA.45: Absorbance versusncentration plot ofompounds at480nm in DMF
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FigureA.46. Absorbancef compound6 in Dimethylformamide (DMF)

96



e
“

Slope 40825
||R-Square (COD) 0.9936 *

Absorbance
I = = o =
(3] (9% i W (=)
*

e
.

(=

0 0.5x10° 1x10° 1.5x10° 2x107
Concentration (M)

FigureA.47: Absorbance versusncentration plot ofompoundé at650nm in DMF
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FigureA.48: Absorbance versusncentration plot ofompoundé at605nm in DMF
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FigureA.49: Normalized absorption and emission ahepoundl in CHCL

FigureA.50: Normalized absorption and &sion of ompound? in CHCl
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