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ABSTRACT

Electron donating poly(2,7-carbazoles) are one of the most attractive materials
emerged as p-type semiconductors for applications in photovoltaic devices in
combination with relevant electron accepting systems. On the other hand, perylene
dyes are known as versatile n-type building block materials for organic device

architectures and supramolecular systems.

These polymeric- or small molecule-based organic materials are very important
concerning controlled and improved light emission is therefore a key issue and
blending of fluorescent dye materials with conjugated polymers could enhance

transfer of energy (excitation) from host to guest.

In the present work, the electronic energy transfer between three different
chromophoric materials of 2,7-carbazoles and perylene dyes were investigated. The
carbazole compounds are considered as electron donors and perylene diimide is
considered as electron accepting group. The energy transfer studies of three
carbazole derivatives with perylene dye in three different kinds of varying polarity
(CHCI3, 4.81; CH3CN, 37.5; CH3OH, 32.6) reveal that most efficiency is achieved
for the three of the carbazoles in CHCIs. The critical transfer distances measured are
in excellent agreement and in addition Stern-Volmer plots show efficient diffusion-
controlled energy transfer in chloroform. Although there is no efficient nonradiative
energy transfer in CH3CN and CH3;OH, interesting charge transfer leading to electron

transfer are evidenced from carbazole to perylene chromophore
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Elektron verici poli(2,7-karbazoller), fotovoltaik cihaz uygulamalarinda ilgili elektron
alict sistemlerle kombinasyon halinde kullanilan p-tipi yar1 iletkenler olarak ortaya ¢ikan
en ilgi ¢ekici maddelerdendir. Diger yandan, perilen boyalar, organik cihaz mimarileri ve

supramolekiler sistemler icin ¢ok yonliu bir n-tipi yap1 tasi olarak bilinmektedir.

Bu polimerik veya kii¢iik molekiil tabanli organik maddeler gelismis ve kontrol edilebilir
151k emisyon Ozelliklerinden dolayr biiylik 6nem kazanmaktadir. Bu nedenle, floresan
boya malzemelerinin konjuge polimerlerle olan karisimlari enerji transferinin artiritlmast

agisindan énemli bir konudur.

Bu c¢alismada, perilen boyalari ile ti¢ farkli kromoforik 2,7-karbazol malzemleri
arasindaki elektronik enerji transferi incelenmistir. Karbazol bilesikleri elektron verici,
perilen diimid ise elekron alici grup olarak kabul edilmistir. Ug karbazol tiirevinin
perilen diimid ile degisen polaritedeki ¢6zgenlerde (CHClI3, 4.81; CH3CN, 37.5; CH30H,
32.6) gerceklestirilen enerji transfer ¢alismalarinda, {i¢ karbazol tiirevi i¢in de en etkili

enerji transferi CHClj3 ¢oziiclisiinde saglanmustir.

Olguilen kritik transfer mesafeleri Stern-Volmer iliskisine uygun olup, Stern-Volmer
grafikleri kloroformda etkin diflizyon-kontrollii enerji transferi gostermektedir. CH;CN
ve CH3;OH c¢oOzgenlerinde etkin 1simmimsiz enerji transferi olmamasma ragmen,
karbazolden perilen kromoforuna elektron transferine yol acan yik transferi

gozlemlenmistir.

Anahtar Kelimeler: Enerji Transferi, Stern-Volmer, Karbazol, Perilen
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Chapter 1

INTRODUCTION

1.1 Energy Transfer — An Overview

Energy dwindling is one of the current important issues faced by human and the
consequent global warming and extenuating carbon emission were the cruel terawatt
challenges. The top precedence of most developed countries is securing clean energy.
(Wen D.et al. 2009). It is a known fact that energy conversion and transportation
occur readily in atomic or molecular levels and plenty of hopes are concentrated on
nanoscience and nanotechnology. Nanotechnology is one of the most effective and
efficient path ways that can play a major role in revitalizing the energy-based
industries. Thus, laboratory efficiencies of energy conversion based on nanomaterials

could encourage development of renewable energy industries.

Radiative absorption of the material is the primary aspect after which the electron
and energy transfer mechanisms take place according to the type of material.
Synthetic based nano-sized materials are more active and effective for transporting
and converting the energy. In fact, the transfer of energy from one material to
another and/or energy conversion from one type to another is a mimic of natural
photosynthesis. The natural photosynthesis and related energy transfer mechanism is

shown in (Figure 1.1).



Reaction Center

Figure 1.1. Energy Transfer Mechanism in Photosynthesis

In photosynthesis, there are several antenna pigment molecules such as B-carotene
and chlorophyll-b as shown in Figure 1.1. These pigment molecules transfer the
energy that is radiatively absorbed from sunlight (in terms of photons). The ultimate
purpose is to carry the energy to chlorophyll-a which is the reaction center that drive

the primary object of photosynthesis.



1.2 Energy Transfer and Donor-Acceptor (D/A) Materials

Based on the idea, several synthetic pigment molecules are synthesized that can
transfer the energy. Conjugated aromatic dyes with electron donating and electron
accepting functional groups are the familiar materials which are applied in energy
transfer mechanisms. The structures are well suitable also for photoinduced electron
transfer (PET) mechanisms. These two physical phenomena describe many reactions
that occur between photochemical and biological systems. The electron- and energy-
transfer processes are therefore applicable in constructing renewable energy systems

and biological sensing systems (Jia et al. 2012 and Zhao et al. 2011).

The theory of energy transfer based on the synthetic electron donating and accepting
materials was proposed by Forster. The concept of excitation energy transfer is
therefore described as Forster resonance energy transfer (FRET). FRET is actually
very sensitive to nanoscale range-proximities and hence the distance between donor
molecules (D) and acceptor molecules (A) matters the efficiency of energy transfer.
On the other hand, Dexter mechanism also explains the critical distance between the

D and A molecules and the process of energy transfer.

Depending on the FRET and Dexter theories, proper selection of various
chromophoric materials and fluorophores could give potential optoelectronic and
medicinal applications. Although the rate of energy transfer depends on several key
factors, the prime point is selection of D/A materials. Many theories such as
molecular orbital theory were developed to address the interactions of donor-
acceptor systems. Structure-property relations of these materials are needed to

explore the applicability in relevant fields. Therefore, several materials are



synthesized and applied for efficient energy transfer to explore the utility in a

technological way.

The objective of this work is to study the FRET and possible other energy transfer
mechanisms between electron donating carbazole materials and electron accepting

perylene chromophoric molecules (Figure 1.2).

,\Energy Transfer (ET)
5.

-

Figure 1.2. General Energy Transfer Between Carbazole-Donor and Perylene Dye—
Acceptor Compounds

We have studied the mechanisms in detail via fluorescence measurements as both the
donor and acceptor materials are fluorescent and hence fluorescence resonance
energy transfer could be more efficient. Comparatively, the absorption capacities
were studied for both materials. The critical transfer distances were calculated to

explain the efficiency of energy transfer and Stern-Volmer kinetics are discussed.
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Figure 1.3. The Compounds Studied in Energy Transfer



Chapter 2

THEORETICAL

2.1 The Basics of Excited State From Jablonski Diagram

Singlet excited and triplet excited states are two distinct classes of excited state with
different physical and chemical properties. Excited state characteristics of these
singlet and triplet states are very interesting and are very much influenced by many
variables like temperature, solvent polarity, pH, etc. As it is well known that the
electron spin angular momentum causes the singlet and triplet states distinct. When
photons of right frequency hit the molecules, excited states are generally produced by
absorption of light. It leads to a state of the similar multiplicity, which is triplet to
triplet or singlet to singlet. As all ground states are singlets, mostly singlet to singlet

excitations are formed.

Excited singlet states have a significant higher energy than the excited triplet states.
If the excited state electron has a spin opposite to that of its fellow spin, so the state
IS a singlet excited state; however, if the spin of the excited electron is similar to that
of its fellow spin, the excited state is a triplet excited state. The singlet and triplet
states are extended in the order of rising energy and numbered in the similar order as

SO, S1,S2, ...,Snand T1, T2... ,Tn.

By Jablonski diagram can explain the some processes that occurs in the excited

states, the Jablonski diagram is shown in (figure 2.1 ), and the processes that occurs



can divided in to two types, first radiative processes: like a fluorescence(F) (spin
allowed) and phosphorescence(PH) (spin forbidden), second non-raditive processes,
like an intersystem crossing(ISC) (spin-forbidden) and internal conversion(IC) (spin-

allowed) (Figure2.1).
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Figure 2.1. The Simple Jablonski Diagram



2.2 Electron Donor and Acceptor Systems

In organic photochemistry, electron transfer between electron donor/acceptor (EDA)
systems occur through highly polar (ionic) electronic excited state charge-transfer
(CT) mechanism, although both interacting molecules e.g. an electron acceptor (A)
and an electron donor (D), are neutral species. Electron donor/acceptor systems have
important  attentions in view of their potential applications in sensors, solar cells,
electrochromic devices, field effect transistors, and light emitting diodes (LEDs) (Jia

et al. 2012 and Deperasinska et al. 1998).

Electron donor-acceptor complex is the stable complex that results in the ground
state when the interaction between acceptor and donor is strong, whereas, when the
interaction between D and A is very weak, the excited charge transfer (CT) state can
still be formed as a consequence of an electron transfer between excited type donor—
D* or acceptor-A* and its EDA complement in the ground state (each A or D,

respectively) (Gao et al. 2011).

2.2.1 Energy Transfer in Donor Acceptor Systems

Energy transfer (ET) between molecular entities is ongoing interest in the evolution
of molecular founded photonic systems, including photovoltaics, sensor technologies
and molecular electronics. The efficiency in both energy- and electron- transfers in
photosynthesis mechanisms of bacteria and plant are mainly achieved via optimum
spatial arrangements in supramolecular systems and matching of energy profiles of
D/A systems. In order to achieve such a control in the synthetic/artificial systems is a
challenging task as naturals are held together with tight self-organized molecular

assemblies of membranes and proteins.



In synthetic donor acceptor systems the efficient energy transfer can be achieved by
two different ways: through a bonding-interactions mechanism or through a space
mechanism. Depending on the through-space energy transfer mechanisms (for
example, Forster/Dexter energy transfer mechanisms) between D/A chromphore
units, the efficiency is variable and mainly depends on the factor of overlap of
fluorescence spectrum of donor—D and absorption of acceptor—A and also on their

spatial existence.

Synthetically, the energy overlaps can be achieved and tuned via tailoring of
materials by introducing suitable substituents to the chromophores and fluorophores.
This provides various electronic properties of D/A chromophores. Yet, the
control/tuning of spatial distributions and orientations between the D/A units is
difficult to achieve (Jankowska et al. 2008). Generally, there are two known
approaches for controlling the spatial arrangements: the non-covalent and covalent
arrangements of D/A units. Both approaches have their own advantages and
disadvantages and were successful in achieving efficient energy transfer and in
understanding of physics of the mechanisms such as FRET (Hurenkamp et al. 2008
and Albinsson et al. 2007).

2.2.2 Electron Transfer

Electron transfer occurs when an electron (e—) shifts from an atom/a molecule to
another atom/molecule. Electron transfer symbolizes one of the simplest chemical
reactions. Electron transfer is involved everywhere in the systems related to physics,
biology, organic, and inorganic chemistry. Currently, interpretation and control of
electron transfer reactions is one of the broadest and most dynamic subjects of

physical chemistry.


http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Molecule

In the nature, electron transfer happens in relation with the transduction of energy. In
the photosynthesis mechanism, charge imbalance is achieved through the transfer of
electron which finally causes pumping of proton to create adenosine triphosphate

(ATP) (Barbara et al. 1996 and Hoffmann N. 2008).

In chemistry, corrosion is a familiar phenomenon occurs due to the surface electron
transfer between metallic iron and oxygen. On the other hand, in organic chemistry,
some bond making and breaking processes occur through electron transfer

mechanism (shown in Figure 2. 2, formation of a benzyl halide radical).

Br -
CH»o
Na -+ b — Na° + + B

Figure 2.2. Electron Transfer Mechanism — Formation of a Benzyl Halide Radical

Electron transfer can be classified into many types and it is determined by the state of
the two choromophores and their connectivity:

Inner-sphere electron transfer

In inner-sphere electron transfer mechanism (Figure 2.3), the two chromophores (An
electron donor and acceptor) are covalently linked together. This link can be
permanent or temporary, in the former one, the electron transfer occuring is called
intramolecular electron transfer and in the later one, the electron transfer occuring is

termed as intermolecular electron transfer.

10
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Figure 2.3. The General Representation of Inner-sphere Electron Transfer
Mechanism

Outer-sphere electron transfer

In outer-sphere electron transfer reactions (Figure 2.4), the chrmophoric/redox redox
centers that participate in electron transfer mechanism are not linked by any bond.
Though, the electron transfer occurs via ‘hopping’ of electrons through the space
from the reducing center/donor of a chromophore to the acceptor. Reactions
involving outer sphere electron transfer can happen in between the same chemical
species or in between dissimilar chemical species having different oxidation states.

So, most electron transfer reactions occur by outer sphere electron mechanism.

11
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Figure 2.4. Outer-sphere Electron Transfer

2.3 Types of Energy Transfer

An excited state formed can move from one site to another through an organic
semiconductor by the transfer of its energy non-radiatively. Generally, this energy
transfer is related to one-step mechanism where the excited donor molecule (D*) is
deactivated while the acceptor molecule (A) in ground state becomes excited during

a coupling interaction.

coupling interaction
D* + A > D + A

Energy transfer can occur by either Dexter (exchange) or Forster (coulombic)
mechanisms or by direct generation of singlet and triplet excitons on the guest
molecules. In electron exchange, a bordering molecule contributes an electron to the
HOMO level of the donor molecule, whilst the electron in the LUMO gets transport
to the excited state of the accepter. By the emission of fluorescence light the accepter
can return to the lower energetic ground state (Kohler et al. 2009, Hurenkamp et al

2008 and Wrobel et al. 2011).

12



2.3.1 Forster Energy Transfer

The Forster energy transfer is a dipole-dipole coupling process. It occurs when the
energy of the fluorescent donor molecule in the excited state is non-radiatively
transfers its energy to an unexcited acceptor molecule. The scheme of FRET models

IS presented in Fig.2.5.

LUMO ——C>- —_— LUMO—— -o——
lResonance T — T Resonance l
HUMO G———— -G——C HUMO .G—C»- —
Donor Acceptor - Acceptor
(excited donor) (excited acceptor)

Figure 2.5. The Coulombic Energy Transfer Mechanism

In Forster’s theory, the dipole—dipole term is important where the Coulomb
interaction between donor-D and acceptor-A is approximated by the dipole term.
Transfer happens between suitable electron donor and acceptor where the
oscillations-induced electronic coherence on the donor D are in good resonance with
the electronic band gap energies of acceptor A. The transition dipole interaction
decides the strength interaction, which based on the magnitude of the D and A

transition matrix elements, separation of the dipoles and their alignment.

2.3.2 Dexter Energy Transfer (Electron Exchange)

Dexter electron transfer is an excited electron state transport from donor molecule to
an acceptor molecule by quenching mechanism. This process needs a wave
function overlap among the acceptor and donor, which means it can only happen at
short-range distances; usually of the order 15-20 A. The excited state can be
exchanged in two separate charge exchange steps, or in a single step. The scheme of
Dexter models is presented in (Fig.2.6).
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Singlet-Singlet Dexter energy transfer

LUMO — @ ——— LUMO — o+—

e

P S——
HUMO Jg—— {o—@ HUMO -&— —
1D*

1A 1D 1A%

Triplet-Triplet Dexter energy transfer

LUM04@$ """ — LUMO ——— -T@—

"

b i@—@- HUMO -&— — &

1A 1D 3A*

HUMO

3D

Figure 2.6. The Electron-Exchange (Dexter) Energy Transfer Mechanism

In the strong coupling interaction (when energy of interaction between donor and
acceptor is greater than the display of the transitions) according to the exchange
mechanism the process of energy transfer is classified by Dexter, which requires
overlapping of wave functions of donor and acceptor. The excitation is oscillates
back and delocalize over donor and acceptor and forth between them (Wrobel et al.

2011 and Jun Lu et al. 2012).

Another noticing point is of donor impact on the excitation of chromophoric acceptor
molecules in the visible light and electron transport from HOMO of donor-D to
HOMO of acceptor-A which occur in the excited state. The electronic process thus
causes quenching of fluorescence emission of donor-D when comparing to the
standard molecule. The efficiency of the processes of photoinduced electron and

energy transfers from donor-D to acceptor-A moieties were usually investigated by
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spectroscopic methods such as UV-vis absorption and photoluminescence and

voltammetric techniques such as cyclic voltammetry (Fatma B. et al 2011).
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2.4 Applications of Electronic Energy Transfer

Many reactions in photochemistry and radiation, physics and biology depend on the
transfer of electronic energy transfer. The applications and observation of resonance
energy transfer (RET) stretch well further than the present day technology of
harvesting light. The energy transfer mechanism has a significant function in
luminescence detectors and in the operation of organic light-emitting diodes
(OLED:s), in transition metal doped-crystalline solid materials and glasses, in laser
frequency conversions. In the fields of computation and optical communications and
in several logic gate devices and optical switching (based on the similar principle)
include mechanism of electronic energy transfer. This recent discovery of electron
spin being able to transfer along with the energy brings many potential applications

in many fields.

PCbz-PDI

PEDOT-P

Figure 2.7. Application of Energy Transfer: (polyCbz-PDI Used as a Active Layer in
Photovoltaic Device Strecture)

The energy transfer process can be noticeably modified via interaction with a
stationary/static electric field. In the field of molecular biology, the characterization
of dynamical processes and the determination of protein structures are strengthened

by studies of the transport of energy between materials or chromophores. Further

16



applications of ultrasensitive molecular photography are again depend on the same
basic principle. In the other applications like photodynamic therapy, the energy
transfer systems are used to act as sensitizers, and as analyte-specific sensors. Also,
the quantum mechanics and electromagnetism are arising from the nanoscale

interaction due to the rich ground that provides by electronic energy transfer.
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Chapter 3

EXPERIMENTAL

3.1 Materials

Spectroscopic grade solvents were used directly for spectroscopic analyzes without
any purification and all other solvents employed in the study were distilled by

common purification techniques.

3.2 Instruments

UV-vis Absorption Spectra

The absorption of electromagnetic radiation data of the compounds were studied via
UV-vis absorption spectra of solutions which were obtained by using a Varian Cary-
100 spectrophotometer.

Emission Spectra

The Emission and fluorescence profiles of the compounds were studied via emission
spectra measurements at excitations wavelengths of 318 (for 2,7-dibromo-
substituted-carbazole and 2,7-dibromo-substituted-N-dodecylcarbazole) and 295.5

(for polycarbazole), respectively by using Varian Cary Eclipse spectrophotometer.
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3.3 Synthesis of 2,7-Dibromo-N-dodecylcarbazole

(Zubair, R. M., MS Thesis 2013, submitted)

/ acetic acid \
Br —_» Br O O Br
nitric acid
NO,

ltriethylphosphite

\ .L

Dodecylcarbazole

. /

Scheme 3.1. Synthesis of 2,7-dibromo-N-dodecylcarbazole, dodecylcbz (Zubair, R.
M., MS Thesis 2013, submitted)

The synthesis of 2,7-dibromo-N-dodecylcarbazole was synthesized and characterized

according to the reported proceudres from the thesis of Zubair, 2013.
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3.4 Synthesis of Poly(N-dodecylcarbazole)-2,7-diyl

(Hassan, P. J., MS Thesis 2013, submitted)
4 )

. . — '/:>—<:>1L
Br Br .

L
N COD, Bipy. DMF N /7 N\ /T

-.___N/

CH,3(CH,),CH, CH,(CH,),,CH,

\ /

Scheme 3.2. Synthesis of Poly(N-dodecylcarbazole)-2,7-Diyl, Polycbz (Hassan, P. J.,
MS Thesis 2013, submitted)

The synthesis of polycarbazole was synthesized and characterized as described in the

thesis of Hassan, 2013.
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3.5 Synthesis of N,N — Di-(-1-Dehydroabietyl) Perylene -3,4,9,10-
Bis(Dicarboximide)

(Icil et al. 1998)

Scheme 3.3. Synthesis of N,N — Di-(-1-Dehydroabietyl) Perylene -3,4,9,10-
Bis(dicarboximide) (Icil et al. 1998)

The synthesis of dehydroabietyl PDI was carried out according to the reported

procedure of Icil and et al.
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3.6 General Representation of Energy Transfer Mechansim Between

Donor and Acceptor Molecules

ﬂ

~
”

Energy

1ssion

Em

energy transfer

Emission T\

Absorption

Do = Ground state of Donor
D* = Excited state of Donor

A 0 = Ground state of Acceptor

A* = Excited state of Acceptor

Figure 3.1. General Schematic Representation of Energy Transfer Mechanism
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Chapter 4

DATA AND CALCULATIONS

4.1 Fluorescent Quantum Yield

The fluorescent quantum yield (@5) of electron donating carbazole derivatives (2,7-
dibromo-9H-carbazole, 2,7-dibromo-N-dodecylcarbazole, and poly(N-
dodecylcarbazole)-2,7-diyl) were considered as 0.5 according to the literature values.
This was the optimum value (in the usual range of 0.2 — 0.7) presented for carbazole

compounds.
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4.2 Maximum Absorption Co-effcients (€5.x )

According to the Beer-Lamberts law, the linear relationship between absorbance and

concentrtion can give the maximum absorption coefficient as shown in the equation

below.
R
Emax = E
Where,
emax . Maximum extinction co-efficient in L mol™® cm™ at
A : Absorbance
c : Concentration (mol L ™)
l : Path length (cm)

Calculation of Maximum Absorption Coefficients of Dehydro — PDI

520

0.06 -

Absorbance
o
o
(8,

0.04

400 500 600 700
Wavelength (nm)

Figure 4.1. Absorption Spectrum of Dehydro-PDI in Methanol at 1 x 10° M
Concentration
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By the absorption spectrum of Dehydro-PDI (Figure 4.1),

The absorption (A) = 0.06328 at the Amax = 520 nm

C=1x10°M

[=1cm

0.06328
g =—
max- 1x10°5x1

Emax = 6328 L. mol™ . cm™

Similarly, the molor absorption of the compound-PDI in other solvents were

calculated by the same method and the values are listed below (Table 4.1).

Table 4.1. Molar absorptivity data of Dehydro-PDI in Methanol, CHCI3 and
acetonitrile

Solvent Con. (M)  Absorbance Ama(MM)  emax(Lmol™ cm™)
CHCIs* 526 93200

Methanol 1x10° 0.06328 520 6328

CH3;CN 1x10° 0.05 520 50000

*(Icil H. et al. 1998)
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4.3 Full Width-Half Maximum (FW-HM) of the Selected Absorption

(Avy)
The full width-half maximum absorption is generlly described as half of the full

absorption of the compound (bending at half of maximum intensity).

Avy,,= v — vy

Where,

vy, vy Thefrequencies from the absorption spectrum in cm™

The FW-HM of the Selected Absoption of Carbazole :

3
239
A =302,abs = 1.29
~ Half-width abs= 0.65
o 2 —— A, = 287.83, A =309.30
o I 1]
C 215
®©
- E AN
(@)
2 1
<
\/ 7»]1=309.30
A =287.83
I
0 B

T T L
200 250 300 350
Wavelength / nm

Figure 4.2. Absorption Spectrum of 2,7-dibromocarbazole in CH;CN
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From the Figure 4.2

M =287.83 nm
-9
) = 287.83 Nm x—= x L= 28783 x 107 cm
1nm 107“m
_ 1 — -1
v = = 34742.73 cm

I' ™ 28783 x105 cm

1 = 309. 30 nm
A = 309.30 nm XA x L = 30930 x 10° cm
1nm 107“m
_ 1 a 1

by = ——— =32331.07 cm
3.0930x 107> cm

AE1/2= v — vy
AV ,=34742.73 cm™ — 32331.07 cm™
Ay, = 2411.66 cm™

By the similar method of above, the half-widths were calculated and presented in the

tables below.

Table 4.2. FWHM of the Selected Absorption of Carbazole Compound

Solvent ema(LMOl™cm™) A (nm) Ay (m) AT, J2(cm™)
CHCI; 24360 289.14 313.13 2649.71
Acetonitrile 7680 287.83  309.30 2411.66
Methanol 10166 274.45 310.44 4224.16
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Table 4.3. FWHM of the Selected Absorption of Dodecylcbz Compound

Solvent ema(LMol™ cm™) 2 (nm) A (hm) AT, J2(cm™)
CHCI; 2080 291.05 313.65 2475.68
Acetonitrile 9540 287.22 311.22 2684.90
Methanol 2020 287.83 310.97 2585.29

Table 4.4. FWHM of the Selected Absorption of Polycarbazole* Compound

Solvent ema(Lmol cm™) A (nm) A (hm) AT, J2(cm™)
CHCI; 74.42 303.78 313.52 1022.66
Acetonitrile 70.22 299.74  311.88 1298.63
Methanol 75.68 300.67 310.71 1074.70

*The &4, and tyvalues of polymer are calculated per monomer unit mass.

28



4.4 Natural/Theoretical Radiative Lifetimes (tg)

The formula below shows as that the natural radiative lifetime related to an excited

molecule without radiationless transitions.

3.5x 108
Ty = -2 —
Umax X €max X A 771/2
Where,
To . Natural Radiative Lifetime
Umax .  Mean frequency of the maximum absoption band in cm™
Emax .  The maximum absorption coefficient in L mol™ cm™ at maximum

absorption wavelength, Amax

A v, s2 - Half-width of the selected absorption in units of cm™

Natural/Theoretical radiative lifetime of Carbazole in chloroform:

From Figure 4.2 , Amax= 303 nm

-9

Amax = 3030M Xo— ¥ —_ ~ 303 % 10° cm
1nm 10~2m
G = r _ -33003.30 cm
max = 303x10-5cm U

Do 0 = (33003.30 cm™)? = 10.8 x 108 cm™

€max = 24000 L. mol™ .cm™  (Frome Figure 4.2)
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3.5x 108

To = = —
Vmax X €max X AVq/2

B 3.5x 108
To = (33003.30)2 x24000x2649.71

T, =051x10%s

To =5.01ns

By the similar method of calculation, T, of the compounds in the choloroform are

presented in the table below.

Table 4.5. Theoretical Radiative Lifetimes of Carbazole, Dodecylarbazole and
Polycarbazole in Chloroform

Solvent T, Of carbazole t, of dodecylcbz T, of polychz*
chlroform 5.0 10.7 403.2
acetonitrile 5.1 28.8 230.2
methanol 10 48.5 3000

*The &4, and tyvalues of polymer are calculated per monomer unit mass.
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4.5 Natural Fluorescence Life Times(zy)

The theoretical flourescence related to the theoretical rate time of the

molecule remains in the excited state before emitting a photon(fluorescence)

Tr = To X Pf
Where,
Tr Fluorescence lifetime
To - Theoretical radiative lifetime
CDf : Fluorescence quantum yield

Theoretical Fluorescence Life times
Tr = To X Pf

Natural Fluorescence Life times of carbazole:

To =50.9 ns
Tp = ToX Pf

T = 50x0.5 =25

Table 4.6. Natural fluorescence life times data of carbazole derivatives

Compound To 16} n Ty
Chz 5.0 0.5 2.5
R-cbz 10.7 0.5 5.35
Polycbz* 403.2 0.5 201.6

*The ¢ and tyvalues of polymer are calculated per monomer unit mass.
max 0
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4.7 Calculation of Critical Transfer Distances

By the Forster equation can be calculated Critical Transfer Distances ( RS ) :

6 _ 9000(ln10)K2‘1’DJ Fp(W)e 4(V) "
0 128m5n*N v
0

Where,
®p @ is the emission quantum yield of the donor in the absence of the acceptor

K : is the orientation factor(K?=0,67 for randomly distributed olecules)

N :is Avagadros number

n :isthe refactive index of the solvent

Fo(v) : overlap integral for the fluorescence spectrum of the donor normalized to
unity( Fp(v)dv=)

€a(V) : is the molar extinction co-efficion of acceptor at the wavenumber (v)

From the normalized emission spectrum of the donor, polycarbazole (Figure 4.3), the

normalized area in chloroform Fp(L) = 82.31

1.0 -
2 0.8
(/7]
o
E 0.6 -
°
g 04
©
E 0.2
[
2

0.0

350 400 450 500
Wavelength / nm

Figure 4.3. Normalized emission spectrum of the donor, polycarbazole (¢ = 5x10°°
M/monomer unit) in the absence of acceptor, Dehydro-PDI in chloroform
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The absorption spectrum of acceptor, Dehydro-PDI in chloroform is shown below

(Figure 4.4). The reported gyax 0F 93200 is used for the calculation.

526
PDI in CHL

0.6
(<) 489
2
© 0.4
o
[
o
4
<< 0.2 460

434
0.0 r T
500 600
Wavelength / nm

Figure 4.4. Absorption spectrum of Dehydro-PDI at ¢ = 1x10"> M in chloroform

= ] = fOOO FD(}\) éa (7\) }\4 dA
= ] =82.31x93200 x (526)*

= ] =5.87x1017

8.785 x107> k2 dp J
n4

I:(>R8=

= RS =8.785x10-5 x 0.67 X 0.5 X 5.87x1017/(1.4429)*

= R§ =4 x1012

> Ry=126 A
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Table 4.7. Critical Ttransfer Distances Data of Carbazole Derivatives with Dehydro-
PDI in Different Solvents

Solvent R, of carbazole R, of dodecylchz R, of polychz*
chiroform ;45 & 120 A 126 A
acetonitrile ;g A 107 A 118 A
methanol 78 A 75 A 85 A

*The polymer concentrations are calculated per monomer unit mass.
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4.8 Calculation of Rate Constants for Bimolecular Fluorescence

Quenching (k)
The Rate constants for bimolecular fluorecence quenching values were calculated by

Stern-Volmer plots.

Iy

Where,

Iy . : )
T . Relative fluorescence intensity of donor

lo : Fluorescence intensity of donor without acceptor
I : Fluorescence intensities of donor quenched with acceptor
ky : Rate Constant for Bimolecular Fluorescence Quenching

7o . Natural radiative lifetime of donor in the absence of quencher

From the Figure 4.34 the emission intensities of polycarbazole were calculated in the
absence (lp) and presence (1) of Dehydro-PDI quencher (at different concentrations)
and plotted the values of donor vs. quencher concentration.

The plot was shown in Figure 4.35 and the data obtained from the plot was shown in
the diagram.

Slope of the plot from the data of linear regression = k47, = 312600

27.74
= kg =——— (312600/403.2x10°°) = 7.77x10" M s
5.22x107%s

ky=7.77x10" Mtst
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Figure 4.5. UV-vis Absorption Spectrum of 1 x 10° M PDI in CHCl5
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Figure 4.6. UV —vis absorption spectrum of 5 x 10> M PDI in Methanol
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Figure 4.7. UV —vis Absorption Spectrum of 1 x 10° M PDI in CH;CN
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Figure 4.8. UV-vis Absorption Spectrum of Carbazole in Chloroform
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Figure 4.9. UV-vis Absorption Spectrum of 5 x 10° M Carbazole in CH;CN
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Figure 4.10. UV-vis Absorption Spectrum of 5 x 10 > M Carbazole in Methanol
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Figure 4.11. UV —vis Absorption Spectrum of 5 x 10 M Dodecylcbz in Chloroform
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Figure 4.12. UV-vis Absorption Spectrum of 5 x 10° M Dodecylcarbazole in CHsCN
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Figure 4.13. UV -vis Absorption Spectrum of 5 x 10> M Dodecylcarbazole in Methanol
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Figure 4.14. UV -vis Absorption Spectrum of 5 x 10°M Polycbz in Chloroform
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Figure 4.15. UV -vis Absorption Spectrum of 5 x 10° M Polycarbazole in CHsCN
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Figure 4.16. UV -vis Absorption Spectrum of 5 x 10° M Polycarbazole in Methanol
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Figure 4.17. UV —vis Absorption Spectra of 5 x 10°M Cbz with Different Concentrations of PDI in Chloroform
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Figure 4.18. UV —vis Absorption Spectra of 5 x 10°M Chz with Different Concentrations of PDI in CHsCN
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Figure 4.19. UV —vis Absorption Spectra of 5 x 10°M Chz with Different Concentrations of PDI in Methanol
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Figure 4.20. UV —vis Absorption Spectra of 1.425 x 10™*M Dodecylcarbazole with Different Concentrations of PDI in Chloroform
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Figure 4.21. UV —vis Absorption Spectra of 5 x 10"°M Dodecylcarbazole with Different Concentrations of PDI in CHsCN
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Figure 4.22. UV —vis Absorption Spectra of 5 x 10°M Dodecylcarbazole with Different Concentrations of PDI in Methanol
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Figure 4.23. UV —vis Absorption Spectra of 5 x 10°M Polycarbazole with Different Concentrations of PDI in Chloroform
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Figure 4.24. UV —vis Absorption Spectra of 5 x 10°M Polycarbazole with Different Concentrations of PDI in CH3;CN
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Figure 4.25. UV —vis Absorption Spectra of 5x 10M Polycarbazole with Different Concentration PDI in Methanol




120 356 ——Cbz in CHCI,

400 450

Wavelength (nm)

350

—— Cbz in CH3CN
—— Cbz in Methanol

= |

JE', 80

2

»

c

g

< 40 -

0

500

Figure 4.26. Emission (Aexc = 318nm) Spectrum of 5 x 10®° M Cbz in CHClI3, CH3CN and Methanol
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Figure 4.27. Emission (Aexc = 318nm) Spectrum of 5 x 10> M Dodecylcarbazole in CHCl3, CH3CN and Methanol
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Figure 4.28. Emission (Aexc = 295.5 nm) Spectrum of 5 x 10M Polycarbazole in CHCl;
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Figure 4.29. Emission (Aexc = 295.5 nm) Spectrum of 5 x 10M Polycarbazole in CHsCN
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Figure 4.30. Emission (Aexc = 295.5 nm) Spectrum of 5 x 10M Polycarbazole in Methanol
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Figure 4.31. Emission (Aexc = 318nm) Spectrum of 5x 10-5 M Cbz with Different Concentrations of PDI in CHCl3
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Figure 4.32. Emission (Aexc = 318nm) Spectrum of 5x 10°M Chz with Different Concentrations of PDI in CHsCN
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Figure 4.35. Emission (Aexc = 318nm) Spectrum of 5x 10°M Dodecylchz with Different Concentrations of PDI in CH3CN
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Figure 4.36. Emission (Aexc = 318nm) Spectrum of 5 x 10-5M Dodecylcbz with Different Concentrations of PDI in Methanol
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Figure 4.37. Emission (Aexc = 295.5 nm) Spectrum of 5x 10°M Polycbz with Different Concentrations of PDI in CHCl5
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Figure 4.38.Emission (Aexc = 318nm) Spectrum of 10 M Polycbz with Different Concentrations of PDI in CH;CN
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Figure 4.39. Emission (Aexc = 318nm) Spectrum of 5x 10-3M Polycbz with Different Concentrations of PDI in Methanol
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Chapter 5

RESULTS AND DISCUSSION

The three carbazole compounds and the perylene derivative are synthesized

according to the literature procedures.

The carbazole compounds, 2,7-dibromocarbazole (Cbz), 2,7-dibromo-N-
dodecylcarbazole (doecylcarbazole), and poly(2,7-N-dodecyl)carbazole (polycbz) are
considered as electron donating groups and dehydroabietyl perylene diimide (PDI) is

considered as electron accepting group.

The primary aspect concerning energy transfer is that the emission spectrum of the
donor should overlap with the absorption spectrum of the acceptor. The three
carbazole derivatives are having the excimer emissions up to 450 nm (Figures 4.26 —
4.30) where the absorption of perylene is initializing (Figures 4.5 — 4.7). Although
they are not exactly overlapping, they are potential candidates for efficient energy
transfer concerning their structures. There is a possibility for electron transfer/charge
transfer as the carbazole derivatives are excellent donors and perylene dyes are

excellent electron acceptors.

The absorption spectra of carbazole derivatives are shown in Figures 4.8 — 4.16 (4.8—
4,10 for dibromocarbazole; 4.11-4.13 for dodecylcarbazole; 4.14-4.16 for
polycarbazole). The Figure 4.1 is used to calculate the molar absorptivity of the

acceptor, perylene diimide. The molar absorptivities and FWHMs of the three
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carbazole derivatives are calculated and tabulated in Tables 4.2 — 4.4 (Figure 4.2).
Using this data, theoretical radiative lifetimes are calculated for cbz,
dodecylcarbazole and polycarbazole in three different kinds of solvents of varying

polarity and are listed in Table 4.5.

Figure 4.3 is the normalized emission spectrum of carbazole and the normalized area
Is calculated to measure the critical transfer distance between carbazole and perylene
dye. Figure 4.4 shown is the absorption of PDI in chloroform from which the molar
absorptivity was estimated. All the calculated molar absorptivities, FWHMs, and
natural radiative lifetimes and fluorescence lifetimes of the three carbazole

derivatives and perylene dye are presented in Tables 4.1 — 4.6.

The critical transfer distances calculated for the systems of carbazole moieties with
dehydro-PDI in three different solvents of varying polarity are presented Table 4.7.
In all solvents for all the carbazoles and PDI systems, the distances measured
represent the long-range energy transfer mechanism. It is notable that the
polycarbazole and PDI systems in three different solvents of varying polarity possess
very high critical transfer distances (including the huge theroretical radiative
lifetimes of polycarbazole, Table 4.5) because of the fact that the calculations were

made per molar mass of one unit of monomer.

Importantly, the fluorescence quantum vyield for the three carbazole derivatives is

considered as 0.5 according to the literature (Table 4.6).

The Figures 4.17-4.25 show the affect of variable perylene concentration on

carbazole derivatives’ absorption (Figures 4.17-4.19 for carbazole; 4.20-4.22 for
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dodecylcarbazole; and 4.23-4.25 for polycarbazole, respectively). For the three
carbazole derivatives in chloroform, the absorption intensity is decreased upon
increasing the perylene dye concentration gradually. In contrary, the absorption
intensities for all the three carbazole derivatives in acetonitrile and methanol were

increased upon increasing the concentration of perylene dye.

The forbidden transitions in chloroform are not effective to make ground state
complexes. On the other hand, in acetonitrile and methanol, as can be seen the
forbidden So — S, transitions are higher in intensity causing strong ground state
complexes due to the nitrile electron withdrawing group and hydrogen bonding (and
possible protonation) interactions in methanol. These ground state complexes are
consequencing the probable charge transfer interactions. Clearly, the solvent
molecules and carbazole molecules are under strong intermolecular interactions and

forming ground state complexes.

The emission spectra of carbazole derivatives are presented in Figures 4.26 — 4.30.
The emission spectra (Figures 4.31-4.39) are in excellent support of their absorption
spectra and show the affect of variable perylene concentration on carbazole
derivatives’ emission (Figure 4.31-4.33 for carbazole emission; 4.34-4.36 for
dodecylcarbazole emission; and 4.37—4.39 for polycarbazole emission). For the three
carbazole derivatives in chloroform, the excimer emission intensity is decreased
upon increasing the perylene dye concentration gradually. In contrary, the excimer
emission intensities for all the three carbazole derivatives in acetonitrile and
methanol were increased upon increasing the concentration of perylene dye. This is

attributed to the high polarity and protic nature (methanol) of the solvents.
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It is clear from the emission spectra that in acetonitrile and methanol there were
excimer emissions indicating the charge transfers which were also evident in their
absorption spectra. The ground state complexes that were evidenced in the
absorption spectra and the resultant charge transfer interactions are causing increase
in excimer emission intensities of carbazole groups in proportion to the perylene dye
emissions. The carbazole group and perylene groups are interacting in conjunction
with the solvent molecules giving rise to an interesting charge transfer interactions
and thus resulting in an increase in emission intensities. Although there is no
efficient nonradiative energy transfer (occurring in chloroform solutions) in
acetonitrile and methanol, interesting charge transfer leading to electron transfer are

evidenced from carbazole to perylene chromophore (4.26 — 4.39).

The energy transfer studies from Figures 4.31, 4.34 and 4.37 evidence the efficient
transfer of energy by long range mechanism (Columbic) from the targeted donor
compounds (dibromocarbazole, dodecylcarbazole and polycarbazole) to the acceptor
compound (dehydro-PDI) in chloroform. Therefore, the constant of bimolecular
quenching is measured for the three carbazole derivatives and PDI systems in
chloroform from Stern-Volmer plots (Figures 4.40-4.42). The values are, 1.07x10%,
1.24x10%, and 7.77x10™ for carbazole, dodecylcarbazole and polycarbazole,

respectively in chloroform.

The critical transfer distances measured (112 A for dibromocarbazole, 120 A for

dodecylcarbazole, and 126 A for polycarbazole) are in excellent agreement and in
addition Stern-Volmer plots show efficient diffusion-controlled energy transfer in
chloroform.
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Chapter 6

CONCLUSION

The carbazole compounds, 2,7-dibromocarbazole (Cbz), 2,7-dibromo-N-
dodecylcarbazole (doecylcarbazole), and poly(2,7-N-dodecyl)carbazole (polycbz) are
considered as electron donating groups and dehydroabietyl perylene diimide (PDI) is

considered as electron accepting group.

All the three carbazole derivatives emit excimer light emission and especially for
polycarbazole an extended broad excimer emission is obtained in various solvents of

different polarities.

For the three carbazole derivatives in chloroform, the absorption intensity is
decreased upon increasing the perylene dye concentration gradually. In contrary, the
absorption intensities for all the three carbazole derivatives in acetonitrile and
methanol were increased upon increasing the concentration of perylene dye. This
increase in absorption is due to strong ground state complexes of nitrile electron
withdrawing group and hydrogen bonding (and possible protonation) interactions in
methanol. These ground state complexes are consequencing the probable charge
transfer interactions. It is evidenced that the solvent molecules and carbazole
molecules are under strong intermolecular interactions and forming ground state

complexes.
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For the three carbazole derivatives in chloroform, the excimer emission intensity is
decreased upon increasing the perylene dye concentration gradually. In contrary, the
excimer emission intensities for all the three carbazole derivatives in acetonitrile and

methanol were increased upon increasing the concentration of perylene dye.

The energy transfer studies evidence the efficient transfer of energy by long range
Columbic mechanism from the targeted donor compounds (dibromocarbazole,
dodecylcarbazole and polycarbazole) to the acceptor compound (dehydro-PDI) in
chloroform. The critical transfer distances measured are in good agreement and the
values show the long-range mechanism. The stern-Volmer plots are proving the

efficiency of energy transfer and hence diffusion-controlled energy transfer.

The ground state complexes that were evidenced in the absorption spectra and the
resultant charge transfer interactions are causing increase in excimer emission
intensities of carbazole groups in proportion to the perylene dye emissions. The
carbazole group and perylene groups are interacting in conjunction with the solvent
molecules giving rise to an interesting charge transfer interactions and thus resulting

in an increase in emission intensities.

Although there is no efficient nonradiative energy transfer (occurring in chloroform
solutions) in acetonitrile and methanol, interesting charge transfer leading to electron

transfer are evidenced from carbazole to perylene chromophore.
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