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ABSTRACT

Squaraine dyes have been the subject of intensive studies due their unusual electronic
properties that make them good candidates for a wide range of applications in various
technological fields. They are particularly promising in nonlinear optics, bioimaging for labeling
and sensing of biomolecules, as sensitizers for solar energy harvesting in solar cells and organic
photovoltaics, two-photon absorbing materials, near-infrared (NIR) emitting fluorescent probes,
second harmonic generation organic dyes, and sensitizers for photodynamic therapy among others.

In this dissertation, the aggregation behaviors and features of several squaraine dye
derivatives in solid state thin films were studied and reported.

In the first chapter of the dissertation, three squaraine dye derivatives with two and four
hydroxy groups and with different N-alkyl amino donor substituents were synthesized and used as
models to study aggregation behavior. Their UV-vis absorption, thermal properties, and
photoluminescence properties were determined. The models with four hydroxy substituents
exhibited higher thermal stability and melt at higher temperature compared to the dye with only
two hydroxy substituents due to increased hydrogen bonding. The UV-vis absorption and
photoluminescence properties in liquid solution at room temperature were found to be similar.

In the second chapter, the squaraine dyes, 2,4-bis [4-(N,N-di-n-pentylamino)-2-
hydroxyphenyl] squaraine [SQC5(OH)2], 2,4-bis [4-(N,N-di-n-pentylamino)-2,4-hydroxyphenyl]
squaraine [SQC5(OH)4 n], and 2,4-bis [4-(N,N-di-isopentylamino)-2,4-hydroxyphenyl] squaraine
[SQC5(OH)4 b], where “n” and “b” stand for normal or linear and branched alkyl groups, respectively,
were investigated to study their aggregation in solid state thin film form using UV-vis absorption

spectroscopy. The investigation revealed significant differences in aggregation behaviors and features.



The dye SQC5(OH)2 mainly exhibited J-type aggregation with an intense absorption band in the NIR
region. In contrast, the SQC5(OH)4 n and SQC5(OH)4 b compounds mainly exhibited H-type
aggregation, characterized by less intense and blue shifted absorption bands.

The third chapter presents the kinetic study conducted on the squaraine dye derivative 2,4-
bis [4-(N,N-di-n-pentylamino)-2-hydroxyphenyl] squaraine [SQC5(OH)2] in solid state spin-coated
thin films. The study revealed the formation of J-aggregates with bands at 767 nm at room
temperature. This aggregate was temperature dependent. It was transformed into H-aggregates as
the temperature increased. The activation energy of the decay (transformation) process was found
to be 91.2 kJ. The values of AH and AS are 88.4 kJ/mol and 48.2 J/K.mol, respectively, indicating
the J-aggregate of SQC5(OH)2 was a Kinetic product while the H-aggregate was

thermondynamically more stable.



| dedicate this dissertation to my family



ACKNOWLEDGMENTS

I would like to express my sincere gratitude to my major research advisor Dr. Kevin D.
Belfield for his constant encouragement, inspiration, support, patience, and advises throughout
the course of this work.

| am highly grateful to the members of my dissertation committee, Dr. Howard Miles, Dr.
Andreas Campiglia, Dr. Aniket Bhattacharya, and Dr. Matthew Rex for their valuable discussion
and support and for their time to evaluate my dissertation.

| would like to thank the Department of Chemistry at University of Central Florida for
giving me the opportunity to do my graduate study.

| have received many valuable and helpful suggestions and ideas from all the fellow
graduate students and post docs in our group. | would like to thank them all for friendly and

cooperative environment.

Vi



TABLE OF CONTENT

LIST OF FIGURES ..o X
LIST OF TABLES ... xii
LIST OF SCHEMES ... ..o Xiii
LIST OF ACRONYMS AND ABBREVIATIONS .......coiiiiiiiiiec s Xiv

CHAPTER 1: SQUARAINE DERIVATIVES SYNTHESIS AND CHARACTERIZATION.... 1

11 N 0111 - Tod USRS 1
1.2 INEFOTUCTION ...ttt st e eeneenreenne s 1
1.3 EXperimental SECTION .........ooiiiiiiii e 2
1.3.1 Squaraine dyes Preparation ..........ccccceeceeeeieeiesieeseeseseeseesie e sreesre e sraesnens 2
1.3.2 Thermal CharaCterization............ccoceiiiiiieiieiene e 6
1.3.3 Photophysical Characterization.............cccccovveveiiieiecieiee e 6
14 RESUILS aNd DISCUSSION........cciviiiiiiieriieiesieeseeiesee e eee e teesee e seeeseesreesreeneesseeneas 7
1.5 L0700 0d 111 [ o OSSO 11

CHAPTER 2 : INVESTIGATION OF SQUARAINE DERIVATIVES AGGREGATION IN

SOLID STATE SPIN-COATED THIN FILMS.......oiiiiie e 12
2.1 ADSTFACT ... 12
2.2 INEFOAUCTION ... 12
2.3 EXperimental SECHION ........ccoiiei e 17

vii



2.3.1 SpectrosCOPIC MEASUIEMENTS ........ccuviuiereieienie sttt 17

2.3.2 Preparation of the Spin-coated FilmMS...........cocoiiiiiiiiiicc 17
2.3.3 Photoluminescence MeaSUreMENTS .........ccoevrerreieerenieene s 18
2.3.4 Thin Film X-ray Diffraction Measurements ............cccccocveveriverrsrieseesesnenns 18
2.4 RESUILS aNd DISCUSSION.......cuviiiiiieiiiiiieeieiesi e 18
2.5 CONCIUSION......iiieeet bbb 28

CHAPTER 3 : KINETIC INVESTIGATION OF THE J-AGGREGATE OF A SQUARAINE

DY E e EE e e e b et e e e e b e e e b e e e e e anres 30
3.1 ADSTIACT ... s 30
3.2 INEFOTUCTION ... 30
3.3 EXperimental SECHION .........ooiiiiiic e 31

3.3.1 Preparation of the Spin-coated FilmMS...........cocoiiiiiiniiie 31
3.3.2  SPeCtrosCOPIC MEASUIEMENTS ........eeveiuieieeieieite sttt 32
3.4 RESUILS AN DISCUSSION........ovviiiiiiieiiisieeieei ettt bbb 32
3.5 CONCIUSION.....iiee e 38

APPENDIX A: 'H AND *C NMR SPECTRA OF SQUARAINE DERIVATIVES................... 39

APPENDIX B: UV-VIS SPECTRAL DATA .ottt 42

APPENDIX C: PHOTOLUMINESCENCE SPECTRAL DATA .....oi e 60

APPENDIX D: X-RAY DIFFRACTION DATA .. e 62

viii



APPENDIX E: NIR SPECTRAL DATA ..ot

LIST OF REFERENCES



LIST OF FIGURES

Figure 1-1: TGA thermograms of squaraine dyes. (a) SQC5(OH)2 exhibits decomposition
temperature onset at 226 °C, (b) SQC5(OH)4n exhibits decomposition temperature

onset at 283 °C, and (c) SQC5(OH)4b exhibits decomposition temperature onset at

Figure 1-2: DSC theromograms of squaraine dyes. (a) SQC5(0OH)2, (b) SQC5(0OH)4n, and (c)
SQCB(OH)AD. ... eeeeee s es et es e st es e ee et en e ee e 8
Figure 1-3: UV-vis absorption of squaraine dyes. (a) SQC5(0OH)2, (b) SQC5(0OH)4n, and (c)
SQC5(OH)4b in CHCI3 SOIULION. ...t 9
Figure 1-4: Absorption and fluorescence emission of squaraine dye SQC5(OH)4 b in CHCI3
SOTULION. <.ttt 10
Figure 2-1: Schematic representation of H-and J-aggregates stacking as a result of -7 interaction.
(a) H-aggregate (face-to-face), (b) J-aggregate (ladder-type), (c) J-aggregate
(staircase-type), (d)J-aggregate (brickwork-type)®. ........ccccovevvveveeeerereesreeenne 14
Figure 2-2: Schematic representation of H-aggregate and J-aggregate spectral shifts according to
the molecular exciton theory.#23 .........cocooeeeeeeeeeeeeeeeen, 16
Figure 2-3: SQC5(OH)2 absorption spectra: (a) spectrum of SQC5(OH)2 in chlorofrom dilute
solution, (b) spectrum of the SQC5(OH)2 spin-coated thin film, (c) overlay liquid
and solid state abSOrption SPECIIA. ........ccuvieiiieieie e 20
Figure 2-4: Effect of concentration (% w/w) on J-aggregates in spin coated thin film for squaraine

N RS10Gi<T (015 ) V2RO 21



Figure 2-5: Absorption spectra of squaraine dyes series containing phenyl rings with two hydrox
substituents and varying amino alkyl chain length. ...........ccccoooiiiiiiii i 22
Figure 2-6: UV-vis absorption spectra of SQC5(OH)4 n (a) spin-coated thin film, (c) dilute
chloroform solution, and SQC5(OH)4 b (b) spin-coated film, (d) dilute chloroform
10 111 o] o PSR 24
Figure 2-7: UV-vis absorption spectra of spin-coated thin films of SQC6(OH)4 n,
SQC10Ac(OH)4 n, SQC10Ac(OH)4 b, and SQCI2(OH)4. .....cccevvrvrrrereririens 25

Figure 2-8: UV-vis Absorption spectra of spin-coated thin films of SD3-4(OH)4, and XL-SQ-

Figure 2-9: Photoluminescence spectra of SQC5(OH)2 (broad absorbance in black, sharp
emisSioN DAN 1N TEA). ..o 27
Figure 2-10: X-ray diffraction patterns of squaraine dyes, SQC5(OH)2, SQC5(OH)4 n, and
SQC5(OH)4 b spin-coated thin FilMS. ... 28
Figure 3-1: UV-vis absorption of SQC5(OH)2 in chloroform solution. (b) UV-vis absorption of
SQC5(0OH)2 spin-coated thin Film. ... 34
Figure 3-2: (a) The effect of temperature on optical absorption of a SQC5(OH)2 spin-coated film
with increasing temperature. (b) Time dependent optical absorption of a SQC5(OH)2
spin-coated film @t 60 OC.........ooiiiiiiiie s 35
Figure 3-3: Plot of optical absorption of SQC5(OH)2 spin-coated film at 767 nm vs. time in
KT=T000] 0T KU ORRR 36

Figure 3-4: (a) Plot of In k vs. 1/temperature (K x10%). (b) Plot of In k/T vs. 1/temperature. ... 37

Xi



LIST OF TABLES

Table 1-1: Thermal characteristics of squaraine dyes SQC5(OH)2, SQC5(OH)4n, and
Y0 031(0] ) V1o 7
Table 1-2: Photophysical properties of squaraine dyes SQC5(OH)2, SQC5(OH)4n, and
SQCS(OH)AD. ... e s s e 9

Table 3-1: Kinetics data of SQC5(OH)2 transformation .............ccccevvrireninieeieiene s 37

xii



LIST OF SCHEMES

Scheme 1-1: The pathway procedure to synthesize the dihydroxy squaraine dye, 2,4-bis [4-(N,N-
di-n-pentylamino)-2-hydroxyphenyl] squaraine, (SQC50H)2. ........cccccvvvvriirivnnnne 4

Scheme 1-2:The pathway procedure to synthesize the squaraine dyes with hydroxyl groups, 2,4-
bis [4-(N,N-di-n-pentylamino)-2,6-dihydroxyphenyl] squaraine, (SQC50H)4 n[R=
CsHi1] 2,4-bis [4-(N,N-di-isopentylamino)-2,6-dihydroxyphenyl] squaraine and
SQC5(OH)4.b [R=C3H5(CH3)CH]......cceiiiiieieieirisiseeee e 5

Scheme 3-1: Chemical structure of squaraine dye derivative, SQC5(OH)2 used to study the

KINELICS OF J-A0QIEGALES ....c.viiieiiieiiie ettt 33

Xiii



LIST OF ACRONYMS AND ABBREVIATIONS

B¢ Carbon-13 isotope

H Hydrogen-1 isotope
2PA Two-photon absorption
AFM Atomic force microscopy
AU Arbitrary unit

A-t-A Aceptor-rt-acceptor
ACN Acetonitrile

CDCls Deuterated chloroform
CF Chloroform

CPS Count per second

CT Charge transfer

D Doublet

DCE Dichloroethane

dd Doublet of doublets
D-A-D Donor-acceptor-donor

Xiv



DSC Differential scanning calorimetry

EtOH Ethanol

FTIR Fourier transform infrared

g Gram

GM Gopper-Mayer unit for the 2PA cross section

(1x107°° cm®s photon™ molecule™)

h Hour

Hz Hertz

J Coupling constant

J Joule

KHz Kilohertz (10° Hertz)
KJ Kilojoule (106 Joule)

L Liter

LB Langmuir Blodgett film
m Multiplet

M Molar

XV



m.p.

mg

MHz

um

min

mL

mmol

mM

MS

ms

MW

NIR

nm

Melting point

milligram (103 gram)
Megahertz (10° Hertz)
Micrometer 10 meter)
Microliter (107 liter)
Minute

Milliliter (107 Liter)
Millimole (10~ mole)
Millimolar (10 molar)
Micromolar (10 molar)
Molar absorptivity coefficient
Mass spectrum
Millisecond (1072 second)
Molecular weight
Near-infrared

Nanometer (10° meter)

XVi



NMR

PIC

PL

ppm

ppb

PV

r.t

mm

St

Sn

So

TFXRD

TGA

THF

TLC

Nuclear magnetic resonance

Pseudo-isocyanine

Photoluminescence

Parts per million

Part per billion

Photovoltaics

Room temperature

Revolution per minute

Second

First excited state, singlet

Higher excited state

Ground state, singlet

Thin film x-ray diffraction

Gravimetric analysis

Tetrahydrofuran

Thin layer chromatography

XVil



uv

Vis

kmax

XRD

Ultraviolet

Visible

Watt

Wavelength of maximum absorption

X-ray diffraction

XViii



CHAPTER 1: SQUARAINE DERIVATIVES SYNTHESIS AND
CHARACTERIZATION

1.1 Abstract

Three squaraine dyes with different hydroxy groups attached to the dye and different alkyl
chains were prepared and considered as models to investigate the aggregation behavior of each
model. The thermal stability and behavior of the dyes were measured using differential scanning
calorimetry (DSC) and thermogravimetric techniques. The photophysical properties of dilute
solutions of the dyes were recorded using UV-vis and fluorescence spectroscopy to obtain values

as baseline comparison for the investigation of the aggregation behavior in the thin film sold state.

1.2 Introduction

Squaraine compounds are an old class of chemicals. However, over the last few decades
these types of dyes have been the subject of intensive studies due their unusual electronic
properties that make them good candidates for a wide range of applications in various
technological fields. They are particularly promising in nonlinear optics,! bioimaging for labeling
and sensing of biomolecules,? sensitizers in solar cells and organic photovoltaics,® two-photon
absorbing materials, NIR-emitting fluorescent probes, second harmonic generation organic dyes,

sensitizers for photodynamic therapy,* and others.



Squaraine dyes tend to self-assemble or aggregate in useful molecular arrangements. The
aggregates possess unique and useful properties that differ from the properties of the monomers.
The most appealing characteristic is their absorption of light in the visible and infrared regions.
The absorption is red-shifted or blue-shifted with respect to the monomer in solution, depending
on the type of aggregation.

The aggregation of squaraine dyes derivatives in solution have been studied extensively.>
14 Only limited work and papers were published concerning the aggregation of squaraine
derivatives in crystalline solid state thin films. The major part of those studies deals with Langmuir
films.16-20 |_ess work was done on spin-coated thin films produced from squaraine derivatives.?%3

This research work presents the synthesis of series of squaraine derivatives with different
alkyl substituents and numbers of hydroxyl groups. The monomers of these compounds were
characterized and used to prepare spin-coated films. The solid state thin films were investigated

using UV-vis spectroscopy and XRD (X-ray diffraction).

1.3 Experimental Section

1.3.1 Squaraine dyes preparation
The preparation of symmetrical squaraine compounds was first reported by Sprenger et
al.?* This simple nucleophilic substitution reaction was widely used to prepare various versions of
squaraine compounds.??” To synthesize symmetrical squaraine dyes with two hydroxy groups,
two equivalents of an electron-rich aromatic compound were reacted with one equivalent of

squaric acid (3,4-dihydroxycyclobut-3-ene-1,2-dione) in n-butanol/toluene. The mixture was



refluxed to obtain a good yield (higher than 50%) 228 according to Scheme 1.1. Symmetrical
squaraine compounds with four hydroxy groups attached to the phenyl ring are prepared by the
same method using 1,3,5-trihydroxybenzene dihydrate as starting material but with lower yield

252930 gs illustrated in Scheme 1.2.



Scheme 1-1: The pathway to synthesize the dihydroxy squaraine dye, 2,4-bis [4-(N,N-di-n-
pentylamino)-2-hydroxyphenyl] squaraine, [SQC5(OH)2].
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Scheme 1-2: The pathway to synthesize the squaraine dyes with four hydroxyl groups, 2,4-bis [4-
(N,N-di-n-pentylamino)-2,6-dihydroxyphenyl] squaraine, (SQC5(OH)4 n[R= CsHii] 2,4-bis [4-
(N,N-di-isopentylamino)-2,6-dihydroxyphenyl] squaraine and SQC5(OH)4.b [R=C3Hs(CH3)CH].
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1.3.2 Thermal Characterization

The decomposition temperatures of the squaraine dyes were recorded using a TGA Q5000
thermogrimetric analyzer (TA Instruments). The rate of heating was programmed at 10 °C/min
from room temperature to 700 °C under a nitrogen atmosphere.

The transition temperatures of the dyes under study were measured using differential
scanning calorimeter DSC Q1000 (TA Instruments). The heating rate was fixed at 10 °C/min for
both the heating and cooling cycles. The sample and the reference were cooled to — 50 °C, heat up
to 300 °C, then cooled back to -50 °C to investigate the thermal behavior of the squaraines during

heating (melting) and cooling (crystalizing).

1.3.3 Photophysical Characterization

The steady-state absorption spectra of the squaraine dye solutions was recorded using an
Agilent 8453 UV-vis spectrophotometer with a 10 mm path length quartz cuvette. The
concentration of the squaraine dye solution was ~1 x 10® M in spectroscopic grade chloroform.

The steady-state photoluminescence (PL) measurements were obtained using a FLS 980
spectrofluorometer (Edinburgh Instruments). The concentration of the squaraine dye solution was

~1 x 10°® M in spectroscopic grade chloroform.

'H and *C NMR analyses were measured in CDCls (referenced to TMS at 0.0 ppm)

and recorded on Varian NMR spectrometers (500 or 300 MHz for *H and 75 MHz for 3C).



1.4 Results and Discussion

The thermal stability study of squaraine dyes SQC5(OH)2, SQC5(OH)4 n, and
SQC5(0OH)4 b shows that the dyes with four hydroxyl groups were significantly thermally more
stable and their decomposition temperatures were higher by more than 50 °C, as depicted in Table

1.1 and Figure 1.1.

Table 1-1: Thermal characteristics of squaraine dyes SQC5(OH)2, SQC5(OH)4n, and
SQC5(0OH)4b

Decomposition Phase Transition Phase Transition  Melting Point Melting Point

Temperature, °C Temperature, °C Enthalpy, kJmol?  Temperature, °C  Enthalpy, kimol?

SQC5(OH)2 226 NA NA 185 475
SQCS5(OHM n 283 2 3.76 226 224
SQCS(OH)M b 281 NA NA NA NA

The thermal behaviors of the squaraines were investigated by differential scanning
calorimetry (DSC). The investigation shows that SQC5(OH)2 with two hydroxyl groups and di-n-
pentyl chains, exhibited a very clear and sharp melting point at 185 °C while the SQC5(OH) with
four hydroxyl groups and di- n-pentyl chains also showed a sharp melting point but at a higher

temperature (226 °C) in addition to a transition at lower temperature (2 °C). The squaraine with



branched alkyl chains, SQC5(OH)4b did not show any melting point nor any other thermal
transition such as recrystallization. It decomposed at 281 °C without any phase transition as
illustrated in Figure 1.2 and Table 1.1. This phenomenon and recrystallization can be ascribed to
the branched chains which make the dye less flexible and hinder the packing and consequently the

recrystallization of the material after heating.
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Figure 1-1: TGA thermograms of squaraine dyes. (a) SQC5(OH)2 exhibits decomposition
temperature onset at 226 °C, (b) SQC5(OH)4n exhibits decomposition temperature onset at 283
°C, and (c) SQC5(0OH)4b exhibits decomposition temperature onset at 281 °C.
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Figure 1-2: DSC theromograms of squaraine dyes. (a) SQC5(OH)2, (b) SQC5(0OH)4n, and (c)
SQC5(OH)4b.



The UV-vis absorption spectra (Figure 1.3) indicate very little difference in Amax for the thee dyes.
However, the shoulder that appears before the maximum absorption band is more obvious for the
squaraine dyes with four hydroxy groups. The dyes are all fluorescent in dilute solution with a
small Stokes shift. (Table 1.2 and Figure 1.4)

Table 1-2: Photophysical properties of squaraine dyes SQC5(OH)2, SQC5(OH)4n, and
SQC5(OH)4b.

Molar Absorptivity, Absorption Emission Stock shift
& Agax Amax
Lmol?! ecm! nm nm nm
SQC5(0OH)2 19 x10° 645 661 16
SQCS5(OH)4 n 22x10° 649 664 15
SQC5(0OH)4 b 20x10% 649 6635 16
™ o 3 U ©
02 -
a 400 500 200 <0 €0 =20 00 * <0 50 0 7% 590
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 1-3: UV-vis absorption of squaraine dyes. (a) SQC5(OH)2, (b) SQC5(OH)4n, and (c)
SQC5(OH)4b in CHCIs solution.
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Figure 1-4: Absorption and fluorescence emission of squaraine dye SQC5(OH)4 b in CHCI3
solution.
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1.5 Conclusion

The number of hydroxy groups attached to the squaraine compounds exerts a significant
effect on the thermal properties of the dye. Squaraine dye derivatives with four hydroxy groups
possess higher thermal stability and higher melting point, which may be ascribed to the fact that
dyes with four hydroxy groups can form more hydrogen bonds compared to those with only two
hydroxy groups, resulting in a more planar, rigid, and stabilized squaraine core. The branched
version of SQC5(OH)4 b did not exhibit a melting point but, like the normal chain analog, it
decomposed at higher temperature. The photophysical properties of these dyes in dilute solution

were similar.
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CHAPTER 2: INVESTIGATION OF SQUARAINE DERIVATIVES
AGGREGATION IN SOLID STATE SPIN-COATED THIN FILMS

2.1 Abstract

The squaraine dyes, 2,4-bis [4-(N,N-di-n-pentylamino)-2-hydroxyphenyl] squaraine
[SQC5(0H)2], 2,4-bis [4-(N,N-di-n-pentylamino)-2,4-hydroxyphenyl] squaraine [SQC5(OH)4 n],
and  2,4-bis [4-(N,N-di-isopentylamino)-2,4-hydroxyphenyl] squaraine [SQC5(OH)4 b] were
investigated to study their aggregation in solid state thin film form using UV-vis absorption
spectroscopy technique. The investigation revealed significant difference in aggregation behaviors and
features. The dye SQC5(OH)2 mainly exhibits J-type aggregation with intense absorption band near
infrared region. In contrast, the SQC5(OH)4 n and SQC5(OH)4 b compounds mainly exhibit H-type
aggregation characterized by less intense and blue-shifted absorption bands. The resulting broad

absorption of the squaraine solid state films should be amenable to broad band visible and NIR

light energy harvesting.

2.2 Introduction

Since its first discovery, independently, by Jelly *and Scheibe *? in 1930s, J-aggregates of
chemical dyes have the subject of intense and continuous work by chemists and material scientists
due to the fact that these materials possess unique properties. As a matter of fact they open a large

window for promising applications in a wide spectrum of technological fields.

12



Jelly and Scheibe noticed the formation of a new absorption band in concentrated solution
of pseudo-isocyanine (PIC) dye. 31*2 This band is red shifted (bathochromic shift) in respect to the
monomer in solutions. It is characterized as narrow with a very high absorption coefficient (g) and
strong fluorescence with small Stokes shift. Another type of aggregate is blue shifted
(hypsochromic shifted) and referred to as H-aggregates. Unlike J-aggregates, H-aggregates do not
exhibit any fluorescence. 3334

After the observation of the aggregation phenomenon of dyes, the major focus was on
studying the aggregation of cyanine dyes. A tremendous number of studies were published about
property-structures relationships of those dyes and their potential applications in various technical
fields.

The work was extended to include other types of chemical dyes such as merocyanine and
squaraine dyes. The last dyes are a class of dyes that, in contrast to cyanine dyes, are nonionic and
are excellent candidates for a large number of applications such as imaging, nonlinear optics, and
particularly in photovoltaics.® 42

Both H-and J-aggregates have strong absorption bands in the visible and NIR regions,
respectively. This change in absorption of the H- and J-aggregates with respect to the monomer in
dilute solution indicates that the self-assembled molecules have significantly different electronic
structures than the monomer. This difference can be ascribed to the large transition moment
parallel to the long axis of the chromophore. Huhn and coworkers* proposed a model to represent

the arrangement of molecules (dipoles) in H- and J- aggregates as illustrated in Figure 2.1.

13



(a) (b) () (d)

Figure 2-1: Schematic representation of H-and J-aggregates stacking as a result of n-x interaction.
(a) H-aggregate (face-to-face), (b) J-aggregate (ladder-type), (c) J-aggregate (staircase-type), (d)J-
aggregate (brickwork-type)®.

The H-aggregates have a face-to-face arrangement while in the J-aggregates the molecules
are arranged end-to-end (head-to-tail). In J-aggregates, the molecules can stack in three manners:
ladder, staircase, or brickwork.

The shift in the absorption band for both H-and J-aggregates with respect to the monomer
can be explained using the molecular exciton theory. Based on this theory the dye molecules are
considered as dipole points. When two transition dipoles interact, the excitonic state of the dye
molecules splits into two energy states as shown is Figure 2.2. If the dipoles are arranged in face-
to-face model and parallel (H-aggregate), the dipoles repel each other leading to a high energy (S:
in Figure 2.2) while in the antiparallel case, the dipoles attract each other resulting in a lower

energy state (S1). It has been reported that for parallel transition dipoles, the transition from So
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(ground state) to Si1 (excited state) is forbidden; by contrast, the transition from S, to Sy is
allowed.*® In the H-aggregate arrangement, the angle between the long axis of the dye molecule
and the straight line is significantly larger.*"*°

In J-aggregates the two dipoles are end-to-end (head-to-tail) arranged. The synchronous
dipoles get the lower energy (So to S1) while the reverse dipoles have the highest energy (So to S»).
For this arrangement only the transition from So (ground state) to S is allowed and the angle
between the long axis of the dye molecule and the straight line is smaller with respect to the face-

to-face arrangement (H-aggregate).*9->
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Figure 2-2: Schematic representation of H-aggregate and J-aggregate spectral shifts according to
the molecular exciton theory. -5

In the last few decades, organic photovoltaic (OPV) cells have become the subject of
intense research due to their great potential as renewable energy sources. Despite their low power

conversion efficiency, which have been improved approaching 8% ™, OPV possess a high
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completion edge over conventional solar cells materials because to their unique features such as
low-cost of manufacturing, light weight, facile to synthesis and flexibly.”274

Squaraine dyes have demonstrated high potential to be used as donor materials in solar cell
technology because of their high absorption coefficient and intense and broad absorption in the
visible and NIR spectral regions. The J-aggregate of squaraine derivatives in solid state thin film
IS attracting more researches in the field of solar cells due the spectral match of the absorption of

the film with solar spectrum which is an important factor in the efficient light conversion.”

2.3 Experimental Section

2.3.1 Spectroscopic Measurements
UV-vis measurements of the spin-coated thin films were recorded using an Agilent 8453
spectrophotometer (Agilent Technologies). A solid state holder was constructed to accommodate
the spin-coated thin film samples. The holder is equipped with heating elements and a temperature

control device to allow the measurement of the absorption at different temperatures.

2.3.2 Preparation of the Spin-coated Films
The squaraine compound SQC5(OH)2 was dissolved in spectroscopic grade chloroform
(Aldrich) to obtain 1% w/w solution. This solution was used to fabricate spin-coated thin films.
The solution was spread out on previously precleaned and solvent cleaned quartz substrates. A

spin-coating system (G3P SPINCOAT, from Cookson Electric Equipment) at 3000 rpm was used

17



to obtain the thin films. The spin-coating parameters were optimized in order to produce roughly
homogenous thickness thin films of approximately 100 nm. The squaraine spin-coated substrates
were vacuum dried for several hours to remove residual solvent prior to performing UV-vis

spectroscopic and other measurements.

2.3.3 Photoluminescence Measurements
Photoluminescence (PL) measurements of the spin-coated thin films were obtained using
FLS 980 spectrofluorometer (Edinburgh Instruments) equipped with a special holder for solid state

measurements.

2.3.4 Thin Film X-ray Diffraction Measurements
X-ray diffraction pattern of the thin films of the squaraine dyes were collected from
MiniFlex diffractometer (SamrtLab, Ragu Co.) using continuous scan mode and 4.000 deg/min

scan speed.

2.4 Results and Discussion

Squaraine derivatives are known in literature to absorb light in the visible region between
625 and 665 nm, depending on the substituents at the nitrogen atom and the substituents in the
phenyl groups.52%® As a result of the strong intermolecular charge-transfer interactions, the
absorption spectral band is red shifted (bathochromic shift) or blue shifted (hypsochromic shift) in

thin film solid state forms.

18



To explore and investigate J- and H-aggregate formation in squaraine compounds, several
squaraine dyes were studied. The symmetrical dye, 2,4-bis[4-(N,N)-di-n-pentylamino)-2-
hydroxypenyl] squaraine, SQC5(OH)2 was used as a model for squaraine dyes derivatives with
two hydroxy substituents in the phenyl ring. UV-vis spectroscopic measurements performed on
thin films of approximately 100 nm thick revealed the presence of a sharp and intense band at 767
nm with a shift in wavelength of 117 nm compared to the absorption band of the monomeric form

in dilute solution (650 nm) as seen in Figure 2.3.
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Figure 2-3: SQC5(OH)2 absorption spectra: (a) spectrum of SQC5(OH)2 in chlorofrom dilute
solution, (b) spectrum of the SQC5(OH)2 spin-coated thin film, (c) overlay liquid and solid state
absorption spectra.
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This red shifted band was observed for thin films obtained by spin-coating on quartz
substrates using 1% w/w solution. Its red shift depends to some extend on the solution

concentration, as can be seen in Figure 2.4.
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Figure 2-4: Effect of concentration (% w/w) on J-aggregates in spin coated thin film for squaraine
dye SQC5(OH)2.

Figure 2.5 shows the spectral absorption of other squaraine dye derivatives studied in this
work. All of them showed less red shift relative to SQC5(OH)2 with broader bands. These data
reveal that the N-alkyl substituents have a significant effect on the aggregation of the dyes in the

solid state thin film.
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Figure 2-5: Absorption spectra of squaraine dyes series containing phenyl rings with two hydrox
substituents and varying amino alkyl chain length.

In contrast to the symmetrical squaraine dye, SQC5(OH)2, containing two hydroxyl groups

attached to phenyl rings, spin-coated thin films of symmetrical squaraine dyes with four hydroxyl

groups have blue shift absorption bands with respect to the monomer in liquid solution. Figure 2.6
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The dye 2,4-bis[4-(N,N-dipentylamino)-2,6-dihydroxyphenyl] squaraine, SQC5(OH)4 n,
reveals the formation of a sharp and intense absorption band with Amax at 560 nm, which is blue
shifted by 90 nm with respect to the absorption band of the monomer in liquid solution. It also
exhibited a red shifted smaller absorption band at approximately 660 nm (~10 nm red shift). The
absorption band at 560 nm can be attributed to the formation of face-to-face arrangement to result
in H-aggregation when the squaraine compound was spin-coated from the solution. While the
smaller red shifted absorption band with Amax at 660 nm can be explained by the formation of a
small amount of the J-aggregate or possibly due to the slight red-shift of the monomer absorption
in solid state.

Unlike the n-pentyl version of the symmetrical squaraine dye, SQC5(OH)4 n, 2,4-bis[4-
(N,N-isodipentylamino)-2,6-dihydroxyphenyl] squaraine, SQC5(OH)4 b, showed a broader
absorption band at 620 nm (20 nm blue shift) with a shoulder at approximately the same absorption

as the absorption of the monomer in liquid solution, as depicted in Figure 2.6.
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Figure 2-6: UV-vis absorption spectra of SQC5(OH)4 n (a) spin-coated thin film, (c) dilute
chloroform solution, and SQC5(OH)4 b (b) spin-coated film, (d) dilute chloroform solution.

To confirm the observation that squaraine dye derivatives possessing two hydroxyl
substituents at the phenyl form mainly J-aggregates with head-to-tail molecular arrangement,
while the squaraine derivatives with four hydroxy groups form mainly blue shifted face-to-face H-
aggregates, other squaraine dyes derivatives, SQC6(OH)4n, SQC10Ac(OH)4n, SQC10Ac(OH)4b,
SQC12(OH)4, SD3-4(0OH)4, and XL-SQ-3(OH)4, with different donor N-substituents and the
same number of hydroxy substituents (four) were explored. They all exhibited the formation of H-

aggregates as illustrated in Figures 2.7 and 2.8.
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Figure 2-7: UV-vis absorption spectra of spin-coated thin films of SQC6(OH)4 n,
SQC10Ac(OH)4 n, SQC10Ac(OH)4 b, and SQC12(OH)4.
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Figure 2-8: UV-vis Absorption spectra of spin-coated thin films of SD3-4(OH)4, and XL-SQ-
3(OH)4

The above phenomenon of squaraine dye derivatives containing hydroxy substituents that
form primarily H-aggregates may be explained by the stronger hydrogen bonding which promotes
the face-to-face arrangement of molecules instead of end-to-end arrangement through making the
central squaraine core more rigid and planar, promoting face-to-face intermolecular interactions.

To further investigate the bathochromic and hypsochromic shifts of the squaraine dye

derivatives in thin spin-coated films, photoluminescence properties were evaluated. SQC5(OH)2
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was excited at 660 nm, resulting in a narrow emission band with a maximum at 771 nm and a very
small Stokes shift (4 nm), as can be seen in Figure 2.9. The thin films spin-coated using
SQC5(0OH)4 n and SQC5(0OH)4 b exhibited no photoluminescence emission a feature that is

consistent with H-aggregation3®34,
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Figure 2-9: Photoluminescence spectra of SQC5(OH)2 (broad absorbance in black, sharp
emission band in red).

Thin film X-ray diffraction measurements were carried out for spin-coated films of
SQC5(0H)2, SQC5(0OH)4 n, and SQC5(OH)4 b to further investigate the difference between the
bathochromic shifted J-band and the hypsochromic shifted H-band®*. The XRD scans (28 scans)

of the thin films show that SQC5(OH)2 has very intense peak at 4.9 while in SQC5(OH)4 n and
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SQC5(0OH)4 b, very low intensity signals were observed at 5.3 and 7.5, respectively as shown in

Figure 2.10.
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Figure 2-10: X-ray diffraction patterns of squaraine dyes, SQC5(OH)2, SQC5(OH)4 n, and
SQC5(OH)4 b spin-coated thin films.

2.5 Conclusion

Squaraine dye derivatives containing two hydroxy groups in their phenyl ring aggregate
when spin-coated from a chloroform solution in J-type aggregation. The observed J-absorption
band was significantly red shifted with respect to the absorption band of the monomeric form of
the dye in liquid solution. This band is characterized by an intense absorption, characteristic of J-

aggregation. By contrast, the squaraine dye derivatives with four hydroxy groups form H-type
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aggregates. The H-absorption band was blue shifted and broader than the absorption band of the
monomer in solution.

The photoluminescence study on the solid state thin films of the squaraine dyes reveals that
the squaraine compound with two hydroxy groups was florescent with a small Stokes shift while
the squaraine dyes with four hydroxy substituents on the phenyl rings adjacent to the squaraine
core exhibited no photoluminescence. These observations are consistent with formation of J- and
H-aggregates, respectively. The thin film X-ray diffraction (TFXRD) scans of the three squaraine
derivatives, SQC5(OH)2, SQC5(OH)4 n, and SQC5(OH)4 b, exhibited significantly different
patterns indicating different packing patterns and crystalline structures.

The resulting broad absorption of the squaraine solid state films should be of interest to
those working in the organic dye-sensitized solar cells field for broad band visible and NIR

electromagnetic radiation energy harvesting.
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CHAPTER 3: KINETIC INVESTIGATION OF THE
J-AGGREGATE OF A SQUARAINE DYE

3.1 Abstract

The aggregation behavior of the squaraine dye derivative 2,4-bis [4-(N,N-di-n-
pentylamino)-2-hydroxyphenyl] squaraine [SQC5(OH)2] in solid state spin-coated thin films was
investigated. The study reveals the formation of J-aggregates with bands at 767 nm at room
temperature. This aggregate was temperature dependent; it decayed with increased temperature.
The activation energy of the decay process was found to be 91.2 kJ. The values of AH and AS are

88.4 kJ/mol and 48.2 J/K.mol, respectively.

3.2 Introduction

Squaraine dyes have gained a tremendous attention due to their wide spectrum of
applications such as optical devices,>® solar cells®” and nonlinear optics.*® In liquid solutions;
these dyes form J-aggregates that are characterized by a sharp absorption in the visible or NIR
region.*® The formation of J-aggregate is effected by several factors.5%! The solid state J-aggregate
shows a broader band due to the intermolecular charge-transfer interactions.>® Hydroxy groups on
the phenyl rings adjacent to the squaraine core effect both the formation of H-and J-aggregation
of Langmuir films.5? Squaraine dyes without hydroxyl groups were found the form J-aggregates
in Langmuir films.%% Heat—treatment and treatment with acetic acid vapor red shifts the J-band of

the spin-coated thin films and improves its sharpness J-band.®* A squaraine dye with two hydroxyl
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groups was selected to functionalize carbon nanotubes. The J-aggregates effectively
photosensitizes carbon nanotubes.®® Squaraine dye derivatives possess a high third-order nonlinear
optical coefficient, y . This feature, in addition to their good processability, ability to form large-
area films, and comparatively low cost, provides them with high competitive factors in optical
devices applications . Optically active J-aggregates can be described by a sigmoidal time
dependence.®” The formation of J-aggregates on the surface of Au colloidal dispersion was
reported to occur through two-steps mechanism.®® Understanding the solid state behavior of

squaraine aggregation and factors that may be harnessed to modulate it are of growing interest.

3.3 Experimental Section

3.3.1 Preparation of the Spin-coated Films

The squaraine compound SQC5(OH)2 was dissolved in spectroscopic grade chloroform
(Aldrich) to obtain 1% w/w solution. This solution was used to fabricate spin-coated thin films.
The solution was spread out on previously precleaned and solvent cleaned quartz substrates. A
spin-coating system (G3P SPINCOAT, from Cookson Electric Equipment) at 3000 rpm was used
to obtain the thin films. The spin-coating parameters were optimized in order to produce roughly
homogenous thickness thin films of approximately 100 nm. The squaraine spin-coated substrates
were vacuum dried for several hours to remove residual solvent prior to performing UV-vis

spectroscopic and other measurements.
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3.3.2 Spectroscopic Measurements

UV-vis absorption measurements of the spin-coated thin films were recorded using an
Agilent 8453 (Agilent Technologies). A solid state holder was constructed to accommodate the
spin-coated thin film samples. The holder was equipped with heating elements and a temperature
control device to allow the measurement of absorption spectra at different temperatures.

Two types of experiments were carried out. The first one involved the heat treatment of the
spin-coated substrates at different temperatures from room temperature to 70 °C (after initial room
temperature spin coating) and recording the UV-vis absorption spectrum at each temperature. The
second experiment was performed at by holding the spin-coated thin film at a constant temperature

(60 °C) and recording the absorption spectrum from 0 to 145 s in 10 s intervals.

3.4 Results and Discussion

To our knowledge, no study has been reported on the effect of temperature on both H- and
J- aggregates of squaraine dye derivatives in solid state thin films.

In this study, the results of the investigation and measurements of kinetic properties of J-
aggregates for spin-coated films on quartz substrates are presented.

Scheme 3.1 depicts the chemical structure of the squaraine dye derivative, SQC5(OH)2,

used to conduct the Kinetic study.
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Scheme 3-1: Molecular structure of squaraine dye derivative, SQC5(OH)2 used to study the
kinetics of J-aggregates.
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Figure 3-1: UV-vis absorption of SQC5(OH)2 in chloroform solution. (b) UV-vis absorption of SQC5(OH)2 spin-coated thin
film.

Figure 3.1 (a) shows the absorption of 1% weight solution in chloroform. The maximum absorption band was observed
at 650 nm. Figure 3.1 (b) shows the absorption spectrum of the spin-coated film of the squaraine dye derivative, SQC5(OH)2,
at room temperature, revealing that two aggregates appear to be formed; one a broad, low intensity blue-shifted (560 nm) H-

aggregate and a sharper high intensity red-shifted (767 nm) J-aggregate.
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The J-aggregate decays with increasing temperature as shown in Figure 3.2 (a) and with time as in Figure 3.2(b). The

decay of the J-aggregate with formation of the H-aggregate are both temperature and time dependent.
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Figure 3-2: (a) The effect of temperature on optical absorption of a SQC5(OH)2 spin-coated film with increasing temperature.
(b) Time dependent optical absorption of a SQC5(OH)2 spin-coated film at 60 °C.
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Figure 3-3: Plot of optical absorption of SQC5(OH)2 spin-coated film at 767 nm vs. time in
seconds.

The rate of transformation was evaluated from the change in absorbance of the J-aggregate
at 767 nm. Figure 3.3 was used to calculate the rate constant. The experimental points of this curve
were best fitted the following equation®®.

Y = Yo+ Y1 exp(-kt)

where Yo, and Y1, are constants, and k is the rate constant of the transformation.
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Table 3-1: Kinetics data of SQC5(OH)2 transformation

/T

3.194888

3.095975

3.003003

2.915452

Ink

2.415914

3.063391

4.374498

5.393173

Ink/T

-3.33029

-2.71426

-1.43364

-0.44456

The activation energy (Ea) of the decay of the J-aggregate was calculated using the

Arrhenius Equation k = Z e E¥RT,
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where Z =pre-exponential factor, E,= activation energy, R= gas constant, 8.314 JK*mol-
1, and T=temperature in kelvin. The value of this activation energy was calculated as 91.2 kJ.
The enthalpy and entropy of the J-aggregate decay process were calculated using Eyrin equation
k = ke/h e2C/RT where k is the rate constant of the process, kg is the Boltzmann’s constant, h is
the Plank’s constant, T is temperature in kelvin. The calculated AH and AS were 88.4 kJ/mol and

48.2 JIK mol, respectively.

3.5 Conclusion

Kinetic investigation and studies of spin-coated films a squaraine derivative J-aggregate
revealed that this type of aggregation is formed upon spin-coating on glass substrates. The studies
have elucidated that the formed J-band (767 nm) decays upon heat treatment. The decay of the J-
aggregate is accompanied with the formation and enhancement of a blue-shifted band that absorbs
in visible region at 560 nm. The J-aggregate decay process is temperature and time dependent. It
increases with increasing temperature and time. The absorption vs. heat treatment approach
described in this work shows that heat treatment may be used to modify the properties of the spin-
coated film and that the initial J-aggregate appears to be the kinetic product while the H-aggregate
is the thermodynamically more favorable aggregate. This study and investigation of the spin-
coated film showed that kinetic features such as the activation energy along with the enthalpy and
entropy of the decay of J-aggregate can obtained from the rate constant of the process. This also
indicates that it is possible to modulate optical properties of squaraine-aggregate thin films via

processing conditions.
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APPENDIX A: 'H AND *C NMR SPECTRA OF SQUARAINE
DERIVATIVES
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'H NMR: 2, 4-Bis [4-(N, N-(di-n-pentylamino)-2-hydroxyphenyl] squaraine, SQC5(OH)2.
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13C NMR OF SQC5(0H)2
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B3C NMR: 2, 4-Bis[4-(N,N-(di-n-pentylamino)-2-hydroxyphenyl] squaraine,SQC5(OH)2.
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APPENDIX B: UV-VIS SPECTRAL DATA
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APPENDIX C: PHOTOLUMINESCENCE SPECTRAL DATA
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APPENDIX D: X-RAY DIFFRACTION DATA
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APPENDIX E: NIR SPECTRAL DATA
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