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SUMMARY

The importance of research in soft matter, as amn@qss of materials including
liquid crystals, polymers, colloids, emulsions, dodns, is attributed to the behavior
resemblances in each branch of soft matter respgnidi the external perturbations.
Hence, one of the most required inquiries in sadttar physics is understanding how the
structures with characteristic length scales evalveesponse to external perturbations,
and concomitant phase transitions. We have focusedadopting polarized Raman
spectroscopy to probe phase transitions in softemads consisting of anisometric
components and the evolution of molecular orieateti ordering as a complementary
tool to other methodologies, but distinct in somgpects. The primary task is quantifying
the degree of molecular orientation, i.e., obtaynorientational order parameters, in
liquid crystal (LCs) system. Thermal evolution efemtation degree in a hitherto elusive
biaxial nematic l,) phase as well as a commonly known uniaxial nem@li) phase
were interrogated from the measurements of anigptio polarized Raman intensities.
We demonstrated reliable and applicable methoduamiify the orientation degree for
systems possessing anisotropic ordering.

We also addressed a strong potential of Ramanrsgeopy that the changes of
vibrational energy reflect the variations of intelecular interactions and structural
changes on the molecular level induced by phassitians. As a subfield of soft matter,
we characterized phase transitions and anisotmagiering observed in an evaporating
conjugated polymer solution and elucidated the raeismn of the entities undergoing

phase transitions using mainly polarized Raman tspsmopy. In addition, we have

XXiX



shown that tracking Raman spectral changes caniderovaluable information for
understanding structure-property relations when rtfeasurements of the evolution in

physical properties are carried out simultaneously.

XXX



CHAPTER 1

INTRODUCTION

1.1 What is “Soft Matter"?

A simple dichotomy of the physical states of matlerirom mechanical point of
view lets one classifyifard’ matter and $oft” matter. Judging by the degree of freedom
in motion of atoms and its spatial ordering, howeitas not simple to definesoft and
“hard” in materials science. The answer tohat is soft mattefAs not so simple since it
covers a variety of physical states observed frogneat number of material systems. In
materials science, soft matter is a subfield ofdemsed matter comprising a variety of
states that are easily deformable by external stsgslectric or magnetic fields, or by
thermal fluctuations. The research areas of cdloanphiphiles, liquid crystals (LCs),
polymers, and biological tissues which may seetpetalistinct subjects individually, are
indeed classes of soft matter [1-5] as P. G. de€erfounding father of soft mattér
referred in his Nobel lecture in 1991 [6].

What makes soft matter intriguing is that the cdeipg species exhibit structures
with characteristic length scales that are muchelathan atomic or molecular length
scale, but much smaller than a macroscopic, clsdiody; hence there is an
intermediatemesoscopicegime [1, 2, 7, 8]. The relationship between slxe/shape of
components and the physical length scales exhiitesuniversality for a diverse set of
material systems [2, 9]. First universality,ofgess, is associated with the physical
structure at mesoscopic length scale formed bys#wondary bonds, which can be
perturbed by weak external field. For soft mattée energy required to perturb the
physical structure is on the order of thermal endkgT ~ 1/40eV), which implies that

many of interactions in these systems are entiopicigin, whereas the energy scales to



perturb of covalent bond in molecular crystal istehigher at room temperature (>&0)
[1].

Another common feature lies in phase behavior antbegdifferent classes of
materials Mesoscopic units organize into ordered phases witkaternal stimuli, i.e.,
self-assemble into ordered phasesich is the consequence of the effective intevas
being repulsive at short distance and attractiversg distance that balance each oftier
4, 5, 10]. Combined with the capability of beingnable with weak external fields, their
rich structural diversity via self-assembly haveareas of intensive research activity
[11-14]. From great technological interests, numlrresearch groups have focused on
diverse architectures via self-assembly of comptsnehsoft materials for cutting-edge
applications: 3-dimensional periodicity of colloidzarticles for suitable photonic band-
gap material [15-17], self-assembly of block copodys into a variety of ordered phases
as a template for the use in lithography [18-20%, self-assembly of peptide amphiphiles
into cylindrical nano-fibers [21, 22], nano-segreghliquid crystals into a variety of
mesophases for the nanoscale ion-pathways [23a@hg others. Understanding the
way these ordered structures arise leads to masstiqns concerning the microstructure,
phase transitions, structural kinetics of compleatenials in bulk, at interface as well as
in confined geometry. Accordingly, soft matter wittes embrace site-selective
chemistry and tailoring of supramolecular complexgsysical mechanisms governing
the final structure of the condensed system.

One of the most fundamental understandings in s@ftter physics is phase
transitions and structural evolutions under thesedl perturbations. Phase transitions
almost always accompany a change in the molecutier and the system undergoing
phase transitions adopts new structures. In mdstnsatter, the degree of molecular
order lies between the perfect long-range positiama translational order as well as
orientational order, as a single crystal possess®s$,the complete disorder in isotropic

liquids. Among the ordered structures in soft nrattee are focusing on two different



types of the intermediate order: agquilibrium liquid crystalline stateand non-
equilibrium state with partial crystallinity3]. Components in liquid crystalline phases
are arranged with a long-range orientational omtlea, in some specific cases, with a
guasi-long range translational order in one and divoensions [10]. The structures in
liquid crystalline phase are usually formed vid-sefanizations of the components with
high anisotropy in the molecular shape, of polynwnsiposed of rigid-rod like mesogen
attached by the flexible side chains, of anisoroetggregates/colloidal particles, or rod-
like polymers in a concentrated solution. Systernith @& partial crystallinity are, on the
other hand, prevented from reaching their equiibristate due to slow dynamics of
mesoscopic scale components, in which microscopgions with crystalline order
coexist with disordered regions. Semi-crystallindymer is one of the soft matter
systems with a partial crystallinity, which comgsssmall crystals in a matrix of much
less ordered chains.

For the study of phase transitions in soft mattesrefore, the primary tasks are to
addressi) How to define a parameter that characterizes stete of molecular order, so-
called “order parameter”, and how to quantify i&gnhdii) what is the mechanism of the
entities undergoing phase transitions? order to answer these questions, a variety of

methods to characterize the phase behaviors hareused [25, 26].

1.2 Characterization of Soft Matter

Along with the traditional method of differentiadanning calorimetry (DSC) that
helps identifying phase transitions in a thermatrggystem, but gives little information
about systems in which enthalpies of transitions aery small [27, 28], various
characterization techniques have been adopted ptorexthe phase transitions and
distinct phase behaviors of components in soft end25]. Scattering methods with

different radiation sources (light, neutron, andays) provide structural information



based on the concept of interference and its oslatdo the structure. In addition,
properties such as the translational diffusion feaent, hydrodynamic radius and its size
distribution, as well as rotational and internaltimies are measured in dynamic scattering
based on local intensity fluctuations of scatteigt [29]. A primary tool in featuring
the character of many of these phases has beerosmopy. While limited spatial
resolution in optical microscopy (a Rayleigh limaf 2/2) and elaborate sample
preparations for electron microscopy (SEM/TEM) irsporestrictions on the use of
conventional microscopy, they have still succeedtedmaging the ordered structure
according to length scale of interest [30-32]. Tharacterizations of the surface of the
soft matter systems are performed using surfacbeproicroscopy technigues such as
atomic force microscopy (AFM) and scanning tunrglimicroscopy (STM) with nano-
scale resolution [33, 34]. Spectroscopic technicgesh as nuclear magnetic resonance
(NMR) [35, 36], ultraviolet (UV)-visible light [37] fluorescence [38], infrared (IR)
spectroscopy [39] are some of the most powerfuladtarization tools for elucidating the
ambiguity of structure in soft matter based on sggnmetry considerations. Different
regions of the light spectrum provide differentdsnof information as results of many
interactions of the given electromagnetic radiatiath matter, which yield information
about certain characteristic features rather thariging a three-dimensional picture of
structure [40].

Each of these has particular advantages and distdyes for characterizing soft
matter and detailed remarks are not enumerateisritiesis. There are many fine texts
of general descriptions about characterizationoiih materials [41-43]. Suffice it to say
that no single technique will provide all the debie information, and they can be
understood even better by making the full use ohyneharacterization techniques.
Therefore, finding unexplored ways to characterszdt matter physics using the
conventional techniques is as much important asathvance in the characterization by

aid of cutting-edge technologieshe key driver of the researches in this thesithés



contribution of polarized Raman spectroscopy tobgrgphase transitions in soft matter
system consisting of anisometric components ancevioution of molecular ordering
under external perturbations as a complementaryl two other methodologies, but
distinctive in some respects

Among a variety of spectroscopic methods, vibratlospectroscopy (Raman /
infrared spectroscopy) has been widely used noy dat providing basic phase
identification, but also for studying the structuchemistry based on spectral alterations
[44-46]. Many of the studies have been performedetermine the chemical composition
by observing Raman bands at frequencies charaatesisspecific chemical bonds and
symmetry of molecules [47, 48]. Apart from the rofdingerprint for chemical analysis,
a strong potential of Raman spectroscopy lies énfétet that the changes of vibrational
energies reflect the extent of intermolecular imt&pns and structural changes induced
by phase transitions [49, 50]. When the materigtesys are subject to external fields,
therefore, valuable information about the extenimoiecular order and phase behaviors
can be obtainable by Raman spectroscopy. In thedermed state, neighboring
components of the same or different species intevels one another and influence their
vibrational energies by coupling of vibrations idjacent species, resulting in relative
intensity changes of Raman bands, bands shifequiency, or evolution of band shape
In addition to the qualitative information, the ueé polarized Raman spectroscopy
provides us with quantitative information about theermediate orderinghe degree of
orientation which is described in detail in chapter 2.

Finally, several advantages in using Raman spexdpysas a characterization
tool need to be described. It is a nondestructivé r@on-contact method, thus specific
sample and specimen preparations are not requitez two-fold advantages of Raman
over IR spectroscopy should be notéd: samples can be confined or sealed in a
transparent glass since a glass dose not absoflghiheource for conventional Raman

spectroscopy (the visible and near-IR regions300 ~1050nm). Thus, it is proper for



the analysis of reactive or environment sensitisengounds (ii) Since vibrations of
atoms in HO is weakly Raman active and does not generalgrfmte the Raman signal
of other species, it is suitable to examine biatabcompounds in aqueous solution, in
contrast to IR spectroscopy that is restricted byyvstrong absorption of water. In
addition, equipped with a high-magnification miazope objective, known asiicro-
Raman spectroscod®1l], it requires a sample as small as tengmofcross. Thanks to

high photon flux through microscope focus and impr signal-to-noise (S/N) ratio
using high N.A objectives, a short data collectiome (normally a few seconds) is
sufficient, which enables one to monitor the eviolutof chemical/physical phenomena
induced by external perturbations in real-time.

While several advanced techniques applied to Raspantroscopy, a direct 3D
imaging or chemical imaging of complex structuresng confocal [52, 53], and near-
field optical microscopy combined with Raman spatieter [54], an optical trapping of
species of interest [55], or a more effective ardsgive tool for biological imaging
using coherent anti-stoke scattering [56, 57], drawing attention,we focus our
attention on the use of conventional polarized pilRaman spectroscopy to elucidate
phase transitions and associated molecular ordghasystem with complementary data

obtained by x-ray diffraction, optical microscopydeAFM

1.3 Thesis Outline

This thesis focuses on the contribution of pokdiRaman spectroscopy to the
characterization of phase transitions and the mdecorder in soft matter systems
consisting of anisotropic shape species. Chaptprofides necessary background of
Raman spectroscopy that includes the quantificadifotihe orientation degree using the
anisotropy in polarized Raman intensity. The remmgirchapters comprise studies about

specific materials systems: Chapter 3 introduces &pproach of quantifying the



orientational order in liquid crystalline phase swsting of low molecular weight
compounds. Rather than reproducing the conventimetthod [58] to obtain orientational
order parameters using polarized micro-Raman spetpy, we introduce and verify the
modified way to obtain the orientational order witiore accuracy in LC system. In
chapter 4, one of the ambiguous phases in liqustals, biaxial nematid\) phase in a
thermotropic system, is studied and the degree iakid) orientation and thermal
evolution of order parameters, which is criticaltederstanding the physical property of
this intriguing phase, is addressed. In chaptew,predict flow-aligning property of
liquid crystals studied in chapter 3 and 4 usingesinentally obtained orientational
order parameters. Chapter 6 describes the wayamcterize the behaviors of polymer
chain that exhibits a semi-crystalline phase cpoading to mechanical force in detail,
in which chain alignments in stretched pgHdctic acid) (PLLA) samples are elucidated
using polarized Raman spectroscopy.

In the other chapters (chapter 7-9), we make tsffor study phase transitions and
film formation mechanism in an evaporating polynsefution using one of the most
widely used conjugated polymers, poly (3-hexyltniepes) (P3HT). We propose the
existence of a lyotropic liquid crystalline (LC) gde upon solvent evaporation induced
film formation in chapter 7, which has not beenargd before. In chapter 8, we discuss
periodic undulating patterns that appear at théppery of drop-cast P3HT film using
polarized optical microscopy (POM) and atomic fonaeroscopy (AFM). The results in
chapter 8 may support the conclusion of chapténat,is, the existence of a lyotropic LC
phase while solvent evaporates in a P3HT sessle. dtinally, the correlation between
the morphology development of drop-casting P3HT eledtrical property is described
in chapter 9 by simultaneously tracking the Rangatsal changes and drain curremt

situ.



1.4 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

I. W. Hamley,Introduction to Soft Matter (Polymers, Colloids, pmphiles and
Liquid Crystals) Chichester: John Wiley & Sons, Ltd., 2000.

Daoud, M.; Williams, C. E., Williams, EdsSoft Matter PhysicBerlin: Springer,
pp. 289-314, 1999.

R. A. L. JonesSoft Condensed Matte©xford: Oxford University Press, 2004.

T. A. Witten, "Insights from soft condensed teat' Reviews of Modern Physics,
71, S367-S373 (1999).

Witten, T. A.; Pincus, P. A. PincusStructured Fluids (Polymers, Colloids,
Surfactants) Oxford: Oxford University Press, 2004.

P. G. De Gennes, "Soft MatteNbbel Lecture1991.

C. N. Likos, “Effective interactions in soft ndensed matter physic&hysics
Reports-Review Section of Physics Lette48§ 267-439 (2001).

Arora, A. K.; Tata, B. V. R. “Interactions, sttural ordering and phase
transitions in colloidal dispersion&dvances in Colloid and Interface Scient8,
49-97 (1998).

P. G. De GennesScaling Concepts in Polymer Physidthaca, NJ: Cornell
University Press, 1979.

Chaikin, P. M.; Lubensky, T. QRrinciples of Condensed Matter Physitéew
York: Cambridge University Press, pp. 17-25 and5§71, 1995.

Whitesides, G. M.; Mathias, J. P.; Seto, C.“Molecular self-assembly and
nanochemistry - A chemical strategy for the synthegnanostructures3cience,
vol. 254, pp. 1312-1319, (1991).



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.Storhoff, J. J. “A DNA-based
method for rationally assembling nanoparticles imh@croscopic materials”
Nature,382 pp. 607-609 (1996).

Brinker, C. J.; Lu, Y. F.; Sellinger, A.; Fahl. Y. “Evaporation-induced self-
assembly: Nanostructures made easgtanced Materialsl1, 579-585 (1999).

Ikkala, O.; ten Brinke, G. “Hierarchical selssembly in polymeric complexes:
Towards functional materialsChemical Communication2131-2137 (2004).

Vos, W. L.; Sprik, R.; vanBlaaderen, A.; Imhd.; Lagendijk, A.; Wegdam, G.
H. “Strong effects of photonic band structures be tiffraction of colloidal
crystals”’Physical Review B3, 16231-16235 (1996).

Pan, G. S.; Kesavamoorthy, R.; Asher, S. A.pti€lly nonlinear Bragg
diffracting nanosecond optical switcheBhysical Review Letterg8, 3860-3863
(1997).

vanBlaaderen, A.; Ruel, R.; Wiltzius, P. “Telae-directed colloidal
crystallization”Nature,385 321-324 (1997).

Park, M.; Harrison, C.; Chaikin, P. M.; RegistR. A.; Adamson, D. H. “Block
copolymer lithography: Periodic arrays of similar 10(11) holes in 1 square
centimeter"Science276, 1401-1404 (1997).

Park, C.; Yoon, J.; Thomas, E. L. “Enablinghotechnology with self assembled
block copolymer patterng?olymer,44, 6725-6760 (2003).

Cheng, J. Y.; Mayes, A. M.; Ross, C. A. “Natrasture engineering by templated
self-assembly of block copolymerhlature Materials 3, 823-828 (2004).

Hartgerink, J. D.; Beniash, E.; Stupp, S.3elf-assembly and mineralization of
peptide-amphiphile nanofiber§cience294, 1684-1688 (2001).

Hartgerink, J. D.; Beniash, E.; Stupp, S. Peptide-amphiphile nanofibers: A
versatile scaffold for the preparation of self-asbkng materials'Proceedings of
the National Academy of Sciences of the UnitedeStatt America99, 5133-5138
(2002).



[23] Yoshio, M.; Mukai, T.; Ohno, H.; Kato, T. “Orsimensional ion transport in
self-organized columnar ionic liquidSdurnal of the American Chemical Society,
126, 994-995 (2004).

[24] Kerr, R. L.; Miller, S. A.; Shoemaker, R. KElliott, B. J.; Gin, D. L. “New type
of Li ion conductor with 3D interconnected nanopokga polymerization of a
liquid organic electrolyte-filled lyotropic liquidrystal assemblyJournal of the
American Chemical Society31, 15972-5973 (2009).

[25] Borsali, R.; Pecora, R., Ed$pft Matter CharacterizationDordercht: Springer,
pp. 1-38 and references therein, 2007.

[26] M. S. Amer,Raman sepctroscopy for soft matter applicatiddew Jersey: John
Wiley & Sons. Inc., 2009.

[27] Roos, Y. H.; Karel, M. “Differntial scanningatorimetry study of phase-
transitions affecting the quality of dehydrated enalls” Biotechnology Progress,
6, 159-163 (1990).

[28] S. Kumar, Ed., Liquid Crystals in the Nineties and Beyon@hermal
Investigations of Phase Transitions in Thermotrdpguid Crystals. Singapore:
World Scientific Publishing Co. Pte. Ltd, pp. 19;8995.

[29] Borsali, R.; Pecora, R., EdS$pft Matter CharacterizationDordercht: Springer,
pp.637-673, 2007.

[30] Smalyukh, II; Lavrentovich, O. D.; Kuzmin, Al.; Kachynski, A. V.; Prasad, P.
N. “Elasticity-mediated self-organization and cala interactions of solid
spheres with tangential anchoring in a nematicidiqerystal” Physical Review
Letters,95, 157801 (2005).

[31] Friedrich, H.; Frederik, P. M.; de With, G.p@merdijk, N. “Imaging of self-
assembled structures: Interpretation of TEM an@-diigM images’Angewandte
Chemie-International Editior}9, 7850-7858 (2010).

[32] Thiberge, S.; Nechushtan, A.; Sprinzak, D.je@di, O.; Behar, V.; Zik, O;
Chowers, Y.; Michaeli, S.; Schlessinger, J.; MosEs, “Scanning electron
microscopy of cells and tissues under fully hyditatenditions”’Proceedings of
the National Academy of Sciences of the UnitedeStat Americal01, 3346-
3351 (2004).

10



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Samori, P.; Cicoira, FSTM and AFM studies on (bio)molecular systems:
unravelling the nanoworldBerlin: Springer, 2008 and references therein.

Yang, C. W.; Hwang, I. S.; Chen, Y. F.; Cha@g,S.; Tsai, D. P. “Imaging of soft
matter with tapping-mode atomic force microscopgt ann-contact-mode atomic
force microscopyNanotechnologyl8, 084009 (2007).

Toledano, P.; Neto, A. M. F., Ed®hase Transitions in Complex Flui@ldMR
Studies of Lyotropic Liquid Crystals. New JerseyoNd Scientific, pp.81-106,
1998.

Blumich, B.; Blumler, P.; Eidmann, G.; Guthaus A.; Haken, R.; Schmitz, U.;
Saito, K.; Zimmer, G. “The NMR-mouse: Constructioexcitation, and
applicationsMagnetic Resonance Imagints, 479-484 (1998).

Boudouris, B. W.; Ho, V.; Jimison, L. H.; TopeM. F.; Salleo, A.; Segalman, R.
A. "Real-time observation of poly(3-alkylthiophenegrystallization and
correlation with transient optoelectronic propestidlacromolecules44, 6653-
6658 (2011).

Borsali, R.; Pecora, R., EdsSoft Matter Characterization(Fluorescence
Correlation Spectroscopy. New York: Springer, @®/-673, 2008

B. H. Stuart)nfrared Spectroscopy: Fundamentals and Applicaid&hichester:
John Wiley & Sons Ltd, 2004.

Harris, D. C.; Bertolucci, M. D.SYMMETRY AND SPECTROSCOPY: An
Introduction to Vibrational and Electronic Spectoopy New York: Dover
Publications, 1978.

Berne, B. J.; Pecora, RDynamic Light Scattering with Applications to Chsiry,
Biology and Physicsol. Dover Publications. New York, 2000.

Borsali, R.; Pecora, R., EdSpft Matter CharacterizationDordercht: Springer,
2007.

Mendez-Vilas, A.; Diaz, J., EddVlicroscopy Book Series: Modern Research and
Educational Topics of Microscopg2007 http://www.formatex.org/microscopya3.

11



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Igbal, Z.; Owens, F. JVibrational Spectroscoy of Phase Transitiddlrando:
Academic Press, Chapter 1 and 2, 1984.

Lyon, L. A.; Keating, C. D.; Fox, A. P.; BakeB. E.; He, L.; Nicewarner, Sr.;
Mulvaney, S. P.; Natan, M. J. “Raman spectroscofyalytical Chemistry70,
341-361 (1998).

R. J. Meier, “Vibrational spectroscopy: a '\&nng' discipline?” Chemical
Society Review84, 743-752 (2005).

Koenig, J. L.; Angood, A. C. "Raman spectra pdly(ethylene glycols) in
solution” Journal of Polymer Science Part a-2-Polymer Physi;s1787-1796
(1970).

Matsuda, Y.; Ebata, T.; Mikami, N. “Vibratiohapectroscopy of 2-pyridone and
its clusters in supersonic jets: Structures of taesters as revealed by
characteristic shifts of the NH and C=0 bandistirnal of Chemical Physic§10,
8397-8407 (1999).

Li, T. S.; Quillin, M. L.; Phillips, G. N.; Glon, J. S. “Structural determinations of
the stretching frequency of co-bound to myoclondchemistry 33, 1433-1446
(1994).

Poliakoff, M.; Howdle, S. M.; Kazarian, S. GVibrational spectroscopy in
supercritical fluids — From Analysis and hydrogemdling to polymers and
synthesis’Angewandte Chemie-International Edition in Engli8d, 1275-1295
(1995).

Turrell, G.; Corset, JRaman Microscopy: developments and applications
London: Elsevier Academic Press, pp. 175-196, 1996.

Tabaksblat, R.; Meier, R. J.; Kip, B. J. “Con&l Raman microspectroscopy -
Theory and application to thin polymer samplégiplied Spectroscopy, 60-68
(1992).

Caspers, P. J.; Lucassen, G. W.; Carter, EBAlining, H. A.; Puppels, G. J. “In
vivo confocal Raman microspectroscopy of the skloninvasive determination
of molecular concentration profilegournal of Investigative Dermatolog¥.16,
434-442, (2001).

12



[54]

[55]

[56]

[57]

[58]

Jahncke, C. L.; Paesler, M. A.; Hallen, H. Raman imaging with near-field
scanning optical microscopypplied Physics Letter§,7, 2483-2485 (1995).

Chan, J. W.; Esposito, A. P.; Talley, C. Eqglldrs, C. W.; Lane, S. M.; Huser, T.
“Reagentless identification of single bacterial rggoin agueous solution by
confocal laser tweezers Raman spectroscédmélytical Chemistry76, 599-603
(2004).

Zumbusch, A.; Holtom, G. R.; Xie, X. S. “Threémensional vibrational imaging
by coherent anti-Stokes Raman scatteriRifiysical Review Letter§2, 4142-
4145 (1999).

Evans, C. L.; Potma, E. O.; Puoris’haag, MaoteC D.; Lin, C. P.; Xie, X. S.
“Chemical imaging of tissue in vivo with video-rateherent anti-Stokes Raman
scattering microscopyProceedings of the National Academy of Sciencdbheof
United States of Americap2 16807-16812 (2005).

Priestle.Eb; Pershan, P. S. “Investigation ngfmatic ordering using Raman-
scattering’Molecular Crystals and Liquid Crystal23, 369-373 (1973).

13



CHAPTER 2
THEORY AND BACKGROUNDS

2.1 Origin of Raman Spectra

2.1.1 Energy Units and Molecular Spectra

Light is an electromagnetic radiation that haal duave/particle nature. From its
wave nature, electromagnetic radiation consistslettric and magnetic fields that
oscillate at mutually perpendicular direction witmporal and spatial periodicity as
illustrated in Figure 2.1The wave field has no wave component in its propaga
direction &-direction in Figure 2.1). While materials can atsboth the magnetic and
the electric fields, the interaction of the elexfield of light is usually about 2Gtronger
than that of the magnetic field [1]. Thus, the iattion between matter and the electric
field vector of light is of importance to all spexdcopic techniques [1]. The oscillation of
the electric field is described as a function afgagating timet as [1]

E = E,cos 2wt (2-1)
where E, is the amplitude of incident electric field ane this the frequency of radiation

that represents the number of waves passing a gie@n in a unit time (usuallgecond
s™ = Hz). The relation between the wavelength of lightwhich is the distance between

two points of the same phase in successive wawddrequencyy is given by [1]

V= (2-2)

where c is the velocity of light (3x18 cm/9. Due to the inconvenience of large

numerical values of frequency, in spectroscop¥yira quantity calledavenumbery, is

generally introduced and is given by the relatibh [

~ v _1 1 i
V—E—;(Cm) (2-3
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Figure 2.1 Propagation of an electromagnetic wave consistinglectric and magnetic
field vectors.

From the nature of particle (photon), a transfeemérgy from the radiation to the

molecules occur following a condition of
C ~
E:h/:h;:hc/ 2-4)

whereh is Planck’s constant (6.6xthJs or 4.14x108° eV.s). Thus, wavenumber is

directly proportional to the energy of the trargiti For instance, &l corresponds ta ~

1240 nm, v ~ 2.5x1014Hz, and wavenumber of 806&m®. Inversely we can also

approximate the energy from a specific wavelengtight as 1240A (nm) ~ energy ¢V).
Table 2.1 compares the order of energy expresserits ofl (cm), v (cmi’) andv

(H2) in various spectroscopy methods and spectrabmegrom the origin of transition

[2].

e Translational energy by the motion of the mole@adea whole

o Rotational energy due to the rotation of body altrgcenter of gravity of molecule

¢ Vibrational energy due to periodic displacement®atoms from their equilibrium
positions
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o Electronic energy due to the transition of electréblom one energy level to higher

one

e Nuclear energy and energy due to nuclear and elesfins

As shown in Table 2.1, vibrational spectroscopy fi@a & IR) provides

information with respect to vibrational transititivat appears in the 416 1¢ cmi* region

corresponding to energy of $6- 1@ eV. From ‘HeisenbergUncertainty Principlé [3,

4], one can approximate the time domain of an gneegsition take place by [5]

E:h/:hi _52

Time

, which means the time scale associated with thetional transition is on the order of

10%°~10"% seconds.

Table 2.1Energy units for various spectral regions andrt@éeergy transition [1].

NMR

ESR

Micro -
wave

Raman
IR

uv
Visible

X-ray

yray

1044

107

102_

1044

106

1084

101

Wavelength cm)

104+

1024

1 —

[EEY
E

[EY
c

106

105

10"

Wavenumber (cm?)

3x10°—

3x10°—

3x1019.

w
X
[
@
]

w
X

=
QQ
Ib

3x10'

3x 10

3x 102

Transition between nuclear spin levels

Transition between electron sgévles

Transition between rotational level
(change of orientation)

Transition betweeribrationallevles
(change of configuration)

Frequency H2)

Transition between energy levels of valence
Electrons of atoms and molecules

Transition between energy levels of inner
electrons of atoms and molecules

Rearrangement of elementary particles
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2.1.2 Photo-physical Processes

Although both IR absorption and Raman scatteange from the vibrational
energy transitions of molecules interacting witte tincident radiation, the origin of
Raman scattering is quite different from that ofdBsorption, i.e., they have different
selection rule$l, 6]. When a molecule is irradiated by an intelaser beam with electric
field, E, it suffers distortions that produce an inducegbt# moment,u, given by the
molecular polarizabilitya [1]:

U =aE=aE,cos2wt (2-6)
If a molecule vibrates with a certain frequeney, the displacement d€"-atom in the

molecule from its equilibrium positiorg( ) is written by [1]
G = Ok cos 2w/t (2-7)
whereq; is the amplitude of the displacement. As the extérpolarizability oscillates

by the displacement of atom, one can expresa the form of Taylor series as [1]

a=a +(aaj q +1[ O’ J q, ¢ + I (2-8)
= il = q. -
0 a9, @20 2{ 0q.0q. —_

Here a, is the polarizability at the equilibrium positi¢g, =0), and(a%qkj is the

=0
rate of polarizability change with respect to thepthcement of an atom from the
equilibrium position. Due to the small amplitude displacement in the molecular
vibration, the higher order terms are insignificand thus using Eq. (2-8), Eq. (2-6) can
be expressed as [1]

U=aE=aE cos(2w,t)

3 1( da 0
= a,E, cos 2w t +§(alﬁo q B, cos(av,t )cos@@,,t ) (2-9)

:aoEocosmvowg(j?"j CE[{ coszl,-v,, §+{ coszriv, ]
k /q.=0
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In Eq. (2-9), the first term represents an osaitadipole that is related to the scattered

light with the same frequency of incident radiatiop (Rayleigh scattering), while the

second term corresponds to an oscillating dipokt tladiates light of frequencies

different from that of incident beanr, + v, (anti-Stokes) and/, —v,, (Stokes) [1].

For a simple diatomic energy level, a schemaiggrdm for the photo-physical
processes related to IR absorption, normal Ramattesinig, resonance Raman scattering,
and fluorescence is shown in Figure 2.2 [1, 7].IR absorption, the transition of
vibrational statesy(= 0 — 1) occurs at the ground electronic state. In nbfReman
spectroscopy, vibrational transition is chosenhs its energy state lies in the vibrational
energy level (Virtual staté) that is far below the lowest excited electrosiate. The
black arrows on the left depict an elastic scattemprocess (Rayleigh scattering), in
which the energy of the irradiation equals thatttté scattered light. Normal Raman
scattering of which energy differ from that of ident light is displayed with red arrows
and corresponding energy differencetiSE , equal to the energy betweer 0 andv = 1

at the ground electronic state. From Eq. (2-4),dhergy difference AE) is indicated

through the difference of wavenumber differendlel? so called Raman Shiftin

wavenumberdmi®), that is constant, independent of wavelengtmaitient beam [1].

A

incident scattered

AE=hAv=hoﬁ|7:hc( t 1 J (2-10)
While the wavenumber is different from frequencysi®wn in Eq. (2-3), vibrational
spectroscopists usually use these two parameteEnsiangeably. Thus, if a vibrational
mode is both Raman and IR active, the Raman ahift) and the infrared absorption
peak frequency are identical. Should Raman scagfesccur, the intensity of Raman

signal depends on the number of moleculs X in the initial vibrational state/, given

by the Boltzmann distribution [7]
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eXp{_E%T}

N, O NT (2)11
where Q, is the vibrational partition function. Therefore,ol@cules in the initial
vibrational state associated to Stoke scatteriegeaen more than that for anti-Stoke
scattering. As a result, Stoke scattering is motenise than anti-Stoke scattering unless
the temperature is very high in that the populatbmolecules at lower energy states

0, is much higher than thatat= 1. This is why Stoke scattering is generallydd in

conventional Raman spectroscopy.

--------------------------------------------------------- V = 3
: = iy =2
4E | : § 4 v=1
1 =
- - \1' V=0
Lowest Electronic Excited State
Vibrational energy level
(virtual State)
Normal Raman
Rayleigh gree ey
Scattering i Stoke Anti-Stokei i
a A i
a A
E=hy,
or
| 8 | v=3
; : - y=2
IR v Y K 1
4E § Y : 4 1 Y v V=0
Ground Electronic State R : H

Resonance Raman Fluorescence

Figure 2.2 Comparison of energy levels for the IR absorptmmrmal Raman, resonance
Raman scattering, and fluorescence.

When the energy of the incoming radiation is adjdso that it excites molecules

to the state corresponding to the energy of elecrdransition of particular
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chromophoric group, the Raman bands originatingnfrthese chromophores are
selectively enhanced by a factor of*1® 1¢. This is called a resonance Raman
scattering. Another critical photo-physical proces$luorescence. Either chromophores
in a molecule or impurities may absorb the energg aemit it as fluorescence.
Fluorescence exhibits broad and strong spectrum¢hwhmasks the Raman signals
resulting in degrading the Raman signal-to-noiseosa(S/N). While both Raman

scattering and fluorescence produce photons wehfrdquencies different from that of

the incident photon, there are major differences:

e Raman effects can take place for any frequencyhef ihcident light, whereas
fluorescence is anchored at a specific excitatir@guency. Actually, Raman shift
(cmi%) is independent of the frequency of the incidégtit| but indicates a separation
of frequencies between incident and scattered tiad&a

e Fluorescence is a process that the incident lightampletely absorbed and the
system is transferred to an excited state (e'.g.2 in Figure 2.2) from which it can
return to various energy levels (ewg=0,1,2,3.. in Figure 2.2). As a result, final
energy states of molecules returning after therflscence radiation are not fixed, but

arbitrary in ground electronic state as shown guFe 2.2.

2.1.3 Raman Tensor
In an actual molecular system, bgthand E are vectors consisting of three

components in the', y, z direction ang: can be written in matrix form as:

/’[X' aX'X a)('y aXZ E)'(
Hy |Z|Gyx Tyy @ya|| By (2-12)
/'IZ' aZ'X aZy aZZ E 4

The first matrix on the right-hand side is callé@ polarizability tensor[1, 8]. Raman

scattering occurs with a change of energy if onéghese components in polarizability
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tensor changes along the small displacement of stom, (a%qj #0, which
k/q.=0

means that oscillating polarizability should betine maximum nor minimum at the
equilibrium position ¢, =0). Figure 2.3 illustates a specific example of Raraativity

from the vibrations of the CQOmolecules. Shaded ellipsoids in Figure &Bresent the
polarizability tensors graphically usingpalarizability ellipsoid[1, 8]. This is a three-
dimensional surface whose distance from the etattrcenter of the molecule is

proportional to%/f, where g, is the polarizability in the-direction from the center of
ai

gravity in all directions. Although the size of ipoid changes during both the

asymmetric (,) and symmetric stretching (), the slope of the curve near the
equilibrium position @, =0) is zero forvs, whereas that fow; is non-zero. Thus,
symmetric stretchingy() mode in CQ is Raman active and asymmetric stretching (

mode is Raman inactive.
Should the polarizability tensor be symmetricjehhis addressed in section 2.2.2,
The Raman tensor can be expressed in terms ofitéetidns,x, y and z, along the

principal axes. In this case, the direction of tepmoment,u is collinear with that of

incident electric vectorkE. In addition, when the principal axes can be ddet with

system axesX, YandZ) as shown in Figure 2.4 and then, the polarizgtiénsor forms

as [8];
a, 0 0
0 ay O 2-13)
0 0 a,

Accordingly, the derivative of polarizability",%q =a'is

a, 0 0
0 ay O 2-14)
0 0 a,
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a) Symmetric stretching(v,)

b) Asymmetric stretching (L,)

+qk qk: 0 -qk
Figure 2.3 Changes in polarizability during (a) symmetricetthing of C=O bonds
showing non-zero value af :(d%q) near the equilibrium positior(,dC%q)q 20,

=0
thus Raman active. (b) Asymmetric stretching motl€0, hasa’ resulting in Raman

inactive [1].
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Figure 2.4 Representation of the polarizability ellipsoidrfraef. [8]: (a) principal axes
not coincident with system axes; (b) principal agemcident with system axe®©{XY2.

2.1.4 Sensitivity of Raman Scattering

The dual sensitivity of Raman scattering is rése@adn the equation of dipole

moment, Eq. (2-9), whera)(the frequency of molecular vibratiomy,, and {i) the
derivative of polarizability,a% , appear. The frequency of the molecular vibratign,
k

is related to mechanical properties such as atonass, bond strength or the system
geometry (inter-atomic distance, atomic substing)oand will set the peaks’ positions
[2]. Advent/disappearance of peaks, thereforehesttasic approach for the identification
in analytical chemistry. In addition, some vibra@b modes are inherently sensitive to
the changes in electronic structure, molecular @onétion, and intermolecular
interaction and thus, analysis of the variatiorpeék position can be used to track the
structural changes in the sub-fields of soft madterth as polymers and semiconductors.
These structure-sensitive vibrations are knownafoumber of compounds;g. Raman
band attributed to the stretching-eC=C- in the backbone moiety significantly shift in
position toward a lower wavenumber when polydiagletie single-crystal fiber were
deformed in tension [9]. The frequency of the vilma from specific chemical bond is

sensitive to its molecular environment (interactiath solvent) [10-12].
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The extent of broadness of Raman peaks also geswjualitative information
about the order of structure. While the naturabdeming of Raman peak arises from the
uncertainty in the lower energy state from whicamsition occurs and the uncertainty in
the time for which the energy state is occupiedrdahare several additional mechanisms
to broaden the Raman peak [2]. Broadenings by ngoaioms, by collisions of atoms, or
by interactions of electrons in neighboring molesulill settle the bandwidth and shape
of Raman peaks, which induce a spread of frequéitowing Lorenzian distribution in
character, but there are some broadening mechatishproduce peaks with Gaussian
character [2]. In a molecular system, it is consddehat the broadness of Raman peak at
a given frequency reflects the regularity of vimas. In a single crystal, the regularity of
vibration is very high due to the very regular stame, so Raman peaks appear quite
narrow. In contrast, for materials with less regudaucture like amorphous polymers,

Raman peaks become broad due to less regulanpm@itions induced.
Parameters related to the vibration-induced @hasggiations f% ) will set the
k

intensity of Raman scattering. In the normal Ramseattering process, the
proportionality of Raman scattering cross sect®meéfined as the intensity of Raman

scattering (,) divided by the intensity of incident radiatioh,} and is expressed by [2]

20 — 120 (70 -on) B E] @19

The first term on the right hand side is relatedthe wavelength of light source for

Raman spectroscopy. For conventional Raman speopgsmost light sources have the
range of wavenumber;, (from c.a33000cmi® for UV source X ~ 300nm) to c.a. 9700

cmi* for IR source X ~ 1050nm)), which is much higher tham, (about 100 to 4006m
1) detectable by Raman spectroscopy. Therefore,canesimply assume that Raman

intensity varies inversely with the fourth power thle excitation wavelength by the

proportionality formula. In the case 6&N stretching mode correspondingite =2250
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cm*[13], for example, the cross-section with 488 laser source (c.a,= 22000cmi?)

would be almost 12 times more than that with A8Haser source (c.az = 12700cm?).

The second term in the right hand of Eq. (Z-Ebr,f‘z reflects the relation

between the direction of and the directions of incidenE() / scattered E, ) electric

vectors. If the incident light is not polarizede. no preferred direction of wave

oscillation, the magnitude (#Ea'ijris proportional to only the magnitude 6?% that
k

is influenced by molecular structures and intecargiwith neighboring molecules. When

the incident electric field is linearly polarizeddascattered light is resolved using another
linear polarizer, the magnitude ﬁa'ﬁrdepends on the orientation of principle axes of

Raman tensor with respect to the direction of lirgaarization of incident beam and the
direction of analyzer. Therefore, polarized Rampecgoscopy is a potential tool to
obtain orientation information for a system thas lam anisotropic ordering, and we will

address the use of polarization in Raman spectpgsoahe following section.

2.2 Polarization of Raman Scattering

2.2.1 Directional Information

The distribution of polarized Raman intensitiesresponds to the distribution of
populations of scattering units interacting with amwident light with a specific
polarization direction. Thus, the measurementsaddinzed Raman intensities enable us
to quantify the orientation distribution of the #eang units. Should the main axis of
scattering unit be collinear with the long axidtué molecules, it can provide information
about the orientation of molecules. It is notewgrthat polarized Raman spectroscopy
can in principle yield more information about theeatation distribution of molecules

than IR dichroism or birefringence measurements Ibecause IR dichroism involves
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only one beam of polarized radiation and the foactof the radiation absorbed by
molecules depends only on the orientation of theleoubes with respect to the
polarization vector of the incident beam. By cositrdhe intensity of polarized Raman
scattering depends on the orientation of the gwadgteunits with respect to two
polarization vectors of incident beam and beamtsiead. Therefore, if polarized light is
incident on the anisotropically oriented molecudgstem and the scattered radiation is
resolved through an analyzer with a specific pe&ion direction, the intensity of
Raman scattering for any combination of polarizati@ctors of incident and scattered

light can be expressed by [14, 15]

2
I, O (Zaa;j E j (2-16)
j
where E; is the directional cosine of the incident elecp@arization vector and, is the

directional cosine of the scattered electric paktion vector. Eq. (2-16) clearly implies
that the intensity of polarized Raman scatteringoheed by analyzer includes
information about the direction cosine of incidentd scattered polarization up to tHe 4
rank tensorial components. A simple scheme is showfigure 2.5, in which the

direction of principal component of polarizability,,, is in plane ofZY and makes an
angleg, about the axiZ of the system. Then, the intensities resolvedhsyanalyzer
with the polarization direction parallell, () and perpendicularl(;) to the polarization
direction of incident light is given by [16, 17];

I, =1,, 0 (a'zz)2 cos' @

(2-17)
l,=1,,0 (a'zz)cosze sirf @
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Polarization direction
of incident light 6

»Y

Figure 2.5 Angle between the laboratory axig;axis, and principal polarizability
componentga,,.

2.2.2 Depolarization Ratio
Depolarization ratioR, provides valuable information about the symmaeify

normal mode vibrations that are indispensable irkinga band assignments for the

analysis of chain conformation [18, 19] as welltlas secondary structure [20, 21] and

molecular orientation [14, 15, 22]. Depolarizatictio is defined afk = lg | » Where
Il

I, (depolarized intensity) ant] (polarized intensity) represents the Raman soagfer
intensities when the polarization direction of #Hrealyzer is perpendicular and parallel to

that of the incident beam, respectively. Figure @&sents these resolved intensities for
backscattering geometry. Information of the symgneif Raman tensor is usually
obtained by the measurements of depolarizatioo atisotropic phaseR,,[1, 22]. In
the isotropic phase, polarization arises only beeathe induced electric dipole has
components that spatially vary with respect to tlherdinates of the molecule, thus
reflects the symmetry of polarizability itself ingendent of the orientation of molecules.

In isotropic phase, depolarized Raman intenslty, from non-totally symmetric
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vibration is 3/4 times as strong as polarized isitgn |, , resulting inR_, =A. On the

other hand, Raman scattering from totally symmatilozations will strongly polarized

parallel to the plane of polarization of incideighit and thusp< R <%.

Apart from the assignments of Raman bands, theigitiqn of the symmetry of
vibration Raman tensor is important in order tolaiy. (2-16) to obtain the orientation
information. In order to apply the principle tengorm to Eq. (2.16), we have to use the
peak intensities from totally symmetric vibratidia$ otherwise a quite complex formula

to express the intensities with diagonal tensanfaray be required [23].

K
0
o
o
o
*
o
0y
X
o

\(\df}i,{\o(\ Depolarized
Qo\aﬂ‘ scattered lights

Figure 2.6 Schematic geometry of backscattering (3&tup; the polarization direction
is kept fixed and depolarized scattered lightsreselved into the analyzel, and| are

resolved intensities ontd, and A, respectively. Plane with yellow color is polatipa
plane of incident light.
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2.3 Quantification of Degree of Orientation

2.3.1 Orientational Distribution Function (ODF)

The orientation of a molecular eleménts the spatial position d¥l relative to a
right-handed macroscopic laboratory ax@sXYZ Let us define a set of three mutually
perpendicular directions, y, z as the principal axes of Raman tensor zadis is the
direction of the main tensor component. Then, tamsformation of the orientation

dependence of physical quantities in the laboragales,O-XYZto that in theD-xyzaxes

are expressed in terms of Euler angie3,y) [24, 25] (Figure 2.7 (a)). If th®-xyzis

coordinated withD-XYZsystem,a is the angle between théaxisand the projection of

z-axisonto theXY plan, g is angle between-axis and Z-axis andy means rotational

degree of M with respect te-axis The orientation with Euler’s angle(sr,,B,y) is
referred to ag(a, B,y)[24, 25].

In a system composed of multi-molecules, howeaetistribution of orientations

will exist. The orientational distribution functig@®DF), denoted by (a,3,y), is used to
quantify the probability of an element having arieotation betweer(a,B,y) and

(a+da,B+dB,y+dy). The simple example of (3+dp) is shown in Figure 2.7 (b))
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=

Figure 2.7 a) Representation of the orientation of elem&htin terms of Euler angle,
Q(a,B,y), and b) a simple example of ODF dependent of ghlgngle.

As it is a probability function, it is stipulatetat ODF must always positive and
normalized [26]:
f(a,B,y)20 forall Q(a,B,y) (2-18)

27T (7T 0 21T 3
IO jo J'O f(a,B,y)sinBdadBdy =1 (2-19)
A set of orthogonal functions of the orientatiortwiEuler’s angleQ(a, 3,y), enable us

to write the ODF as a series expansion as [27, 28]:

f@hn=3 ¥ 52

(D) Prol@.8.) (2-20)
D\ (a.,B.y) are the Wigner functions and its explicit formgisen by [29, 30]
Dy (@, B,y) = exptima Xy, () exptiny | (2-21)

where the small Wigner functiod’, (3)is a function of onlys. The moments of the

expansion coefficientsp. ), known asorder parametersis the statistical averaged

values of D}, and defined as [28]

(Dro(a.8.¥)) = [[[ Dra(@.B.y) T (a.B.y) sinBdadBdy (2-22)

apy
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In the isotropic phase, all of coefficien(@@, are zero and some will be nonzero in the

ordered phase. The values of the remaining coeffisi with nonzerd. depend on the

degree of orientational order. Depending on tHaesof L(L O N), the ODF is made up

of a set of(2L +1)* orthogonal functions [28, 29]. The values of irdicn andn lies

between-L and+L. As described in the previous section, polarizathBn spectroscopy
can provide directional information up t& #ank directional information, thus=4.

Further simplification can be made consideringfyimmetry of the systems and a
number of components are left out of consideraf@®]. Eg. (2-21) enables one to
simplify the expansion coefficients of ODF (Eq.42}) using the symmetries of Raman
tensor with respect t@-xyzand specimen with respect@XYZ Combining Eq. (2-21)
with Eq. (2-22) derives [29]

(Do (a.8.¥)) = [ | [ expima Y, (B) explny X f & By )siBdadBdy  (2-23)

apBy
Herein let us describe 2 symmetrigsSymmetry for which the ODF does not depend on

Euler's angley since the Raman bands are usually assumed to iexdyibndrical
symmetry, ii) Mirror symmetry aboutXY plane for whichQ(a,B)=Q(a,B+n)

resulting inL= even. In this case of cylindrical symmetryMf the rotation about-axis

dose not affect the ODF, then the order paramaterto be described as [29]

(Din(a.8)) = [explny Xy[ [ explma Mi (B)x f & B)siBdads  (2-24)
y ap

Since it is given thafexp@ny)dy: 20,, from ref. [29], order parameters have values
Yy

other than zero when=0. Combination with the mirror symmetry of specimarthe
YZandXZ planes of the sample also make order parametaitglale whemm is even. In
this case, the order parameters are identicaled #gendre polynomialgpy,)=(P,,,) -
More translations of the symmetry properties inbe tshape of the ODF are well

described in ref [29, 30].
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From the specific symmetries of molecule and spenirmentioned above, the

ODF is valid for 4' rank directional informationi.e. L=4) and is expanded with 5

coefficients,(Pyo) s (Pyoo) s (Poso) s (Pazo)» @nd(Py,) as [28, 31]

< Pono) Poro (0. 8.7)

1+ g <P200>(300g,3—) + 15(P, >( t 0025,8) cos?

+§<p400>(3_30 cod B+ 30 co‘éﬂ) (2-25)

e +125<P420>(—1+8co§,8— 7cof<.1,8) cos( )

315<P440>(1 2c0€ f+ coé,B+) cos@ )

Orientational order parameters are averaged valigsh are suitable to determine the
orientation for the system in which molecules astridbuted with an anisotropic manner.

Each parameter is defined as [32]:

(Pao) =5 (3c08 5§

(Prao) = %<(1— co ) cos a>
(Pyo) = ;<3 30co B+ 35co‘é,6’> 2-26)
(Pao) = 214<( ~1+8cof B- 7coé,3) cogz>

(Pyo) = 116<(1 2c0€ 3+ coé,ﬁ’) cosa4>

2.3.2 Quantification of Order Parameters using Raad Raman Spectroscopy

In the study of multi-units that are 3-dimensidyalistributed in a system, it is
necessary to consider the orientation distributddnscattering units on deriving the
equation of statistically averaged polarized Ramaensities so that the measured

qguantity includes information about the distribuatiof orientation. Then, Eq. (2-16)
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should be derived with the consideration of thetridlistion of the scattering units

integrated over all possible orientations as [B]; 3

2 o 2 .
1, (8)=K[ ", ],..f (@.B)(E (@.B.6)) sindpdadp (2-27)
The notationl; denotes the scattering intensity analyzeddinection (in our geometry,

= Z, Y) with incident polarization in direction.k is a proportionality constant taking
account experimental factors such as incident ligtensity, instrumental transmission,

light collection efficiency, etc. Based on the bsakitering geometry (see Figure 2.6)
where the axis of main component,,, of Raman tensor lies in the plane of incident
polarization, expanding Eq. (2-27) gives two reduegpression of Raman intensities,
I, (8)=1,,(8)and1,(6)=1,,(68), accomplished by resolving polarized light intéysi

onto parallel and perpendicular analyzer orienteticchould the orientation of scattering
units be anisotropic, polarized intensity measwédbtperiodically change as a function

of angle, @, between a specific direction in tN& plane with respect to the polarization

direction of incident electric vectors. Details abthe expansion of Eq. (2-27) are in

Appendix I.

Using the full expansions of, (¢) andl,(6) in Appendix A, the simple

expression for the depolarization ratiR(g) = ID(0)| (6)’ can be expressed as:
Il

(2-28)

(caer) {40( Pooo) = 240 P,,,) +( 105c0s@~ K P,q) }

2[ 28+ 90 ¥ 7C0S8)(Py,)+ 210stB(P,,q) ]

40(4r2 -r - 3)[( I+ 3¢0s8)(P,g,) + 123?n9<P220>:|
=3(r -1y (9+ 20cos 2+ 35co0B)(P,y)
—8[7(3+ 4+8%)+ 30 - ) sifd( 6 57cosD)(Py)+ 7Siﬁ9<P440>)}
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Consequently, we are able to obtain 5 differenterddtional order parameters,
(Paoo) + (Pozo) » {Pigo) + {Poo) @and(P,,), and the ratio of Raman tensora, /a,,as

fitting parameters, by fitting the measured depo#dion ratios over the entire range &f

(0°~360) to Eq. (2-28). The advantage of using depoladratatios to deduce the order

parameters is the fact that experimental fackogan be eliminated. Also, it is not

required to know the exact valuesab;ty anda,,, but the ratio of principle Raman tensor

zz?

componentsy =a,,/a,, is needed to obtain order parameters. Specifie sasdies are

described in the following chapters but this metbad be a versatile tool to quantify the
orientational order in any anisotropic system idalg low molecular liquid crystals

(LCs), polymers, or homogeneous or heterogeneaupasites.
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CHAPTER 3
DETERMINATION OF ORIENTATIONAL ORDER PARAMETERS

IN A UNIAXIAL NEMATIC LIQUID CRYSTALLINE PHASE

3. 1 Introduction

3.1.1 Orientation in a Nematic Phase of Liquid Gays

Liquid crystals (LCs) constitute an archetype gatg of soft matter [1-4],
sometimes referred to as structured fluids withrrttuelynamically stable states, or
intermediate phases (mesophases) between thellingssalids and an ordinary isotropic
liquid. The structure arises from the self-orgaties of anisotropically shaped
molecules or of aggregates of amphiphilic molecdessomponents with anisotropic
shape in a solvent. Generally, components in liqugtals consist of a hard mesogenic
group coupled to a flexible chains and the ovestaiicture is thought to be rigid rod-like
or disk-like [5, 6]. Anisotropy in the shape of cpaments causes anisotropic electrostatic
interactions between components, which makes fileatational order in liquid crystals.

Nematic LC is the simplest mesophase in whichtbéecules preferably oriented
in a specific direction, referred to as the directdFigure 3.1). The degree of orientation
in nematic LCs is defined by the thermodynamic tilations of the directom. In a
uniaxial nematicl{,) phase in which the molecules possess a cylindgicametry along
the molecular axis, the ordering is purely origotal and the corresponding distribution
function describes the angular distribution of director about a defined coordinate axis
(Z-axig. Thus, the orientation distribution function (ODé&onsists of order parameters
concerning only polar angle #) dependence (see Figure. 2.7 (b)). Due to the
microscopic orientational order of nematic LCs, moscroscopic tensor properties

show anisotropy, which endows liquid crystals wdtktinct electro-optical and dynamic
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phenomena in response to applied external fielfiskKiowledge and understanding of
the orientational behavior is, therefore, of primmportance for the characterization of

physical properties of nematic LCs.

Figure 3.1 The arrangement of rod-like molecules in the nanatase: the direction of
blue arrow is the statistically averaged prefededction of molecules, the directar,

For nematic LCs, any phenomenological quantitgdieic/magnetic susceptibility,
optical absorption, etc.) can be used to obtaindégree of orientation as long as these
phenomena depend on the pair distribution of dirent [6-8]. Measurements of the
anisotropy in the refractive indices [9, 10], ofsamropy of the spin interactions (nuclear
magnetic resonance, NMR) [11, 12], and of absonpdicisotropy at infra-red wavelength
by specific atomic or molecular units (polarizeftaared (IR) spectroscopy) [13] enable
one to obtain orientational order parameters. Hameuwhese phenomenological
guantities are second rank tensorial propertighaithese experiments usually yield the
order parameters up to=2. The only method to construct ODF with the fulparsion
of coefficients, in principle, is small angle x-rgi, 15] and neutron scattering [16, 17].
With negligible interference effects among molesudee to much shorter wavelength of

incident radiation sources, it is, in principle spible to deduce entire orientational order
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parametersig., L= ©9) to construct the full ODF. However, order paraangtp to only

the fourth rankl(=4) are usually considered in the expansion of OLH. [1

3.1.2 Conventional Raman Approach to Quantify ther@ational Order Parameters

Polarized Raman spectroscopy is one of a few mdsthihat can provide

orientational order parameters uplte4 as described in chapter 2. Notably Jen and co-

workers [19, 20] first pointed out thgtos' B) terms in ODF can be obtained by

measuring polarized Raman intensities from roonpenature nematic liquid crystal, N-

(p’-methoxybenzylidenep-n butylaniline) (MBBA). In their extensive studjes

comprehensive formula to calculate the values (obs’3) and (cos'B) were

established in terms of two depolarization rat®ss [19, 20]:

_15(6=0°) _ _1,(6=90)
(=07 T (0=90) o
<co§,3>= SR,(2R+1)
8R +3R +12R R
4 3R, (3-2)
<C°Sﬁ>_8R1+3R2+12FgFg

where R and R, is equal to the value of depolarization ratio nueed at the
configuration of §=0° and €=90°in our geometry (Figure 2.6), respectively. This
approach was successful in exploring the temperalependence G(iPZOO> values that

was in good agreement with those obtained fromratigdependent measurements [21-
23] as well as the predicted values from widelyepted mean-field theory [24, 25].

The main criticism of utilizing polarized Ramaresproscopy to date, however, is

the discrepancy ofP,,) values with respect to theoretical predictions, [25]. In

general, the magnitude <)P400>, obtained from the conventional Raman approach was

far below the predicted values from the mean ftekebry, and even had negative values
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[19, 26, 27] in the vicinity of nematic-isotropicansition temperaturdy, , which was
not explainable by mean-field theories [28].

Further studies considering the influence of malcbiaxiality [26, 29] and non-
rigidity [30] have been carried out and interacidmetween pairs of molecules were
proposed to be responsible for the discrepancy tlemesults of mean-field theory since
mean-field theory did not consider the interactiol¢hile these possibilities seem
reasonable, there is no independent evidence yeteder, the measurements of

electron paramagnetic resonance (EPR) for varinamatic compounds [31] and small
angle neutron scattering [32] for 4,4’-dimethoxyagmenzene (PAA) yieIc(P400> values
that were found to be in close agreement with thednereas those from the Raman

approach showed unexplainable resuNstwithstanding the necessity of revising the

conventional methodology, many groups have followexiway that Jept al. proposed
to obtain orientational order parameters of nema@s [27, 33-36] sinceR,,) is the
primary expansion coefficient to construct ODF. Hweer, in order to construct ODF
accurately, knowledge c(waO) values is required.

Recently, Jones and coworkers [37, 38] discudsedenefit of the measurements
of polarized Raman intensities over the entire ean§ & angles (0° to 360°). They
described how to derive more reliable valug/Bf,) and(P,,,) using polarized Raman
spectroscopy. Rather than utilizing Raman inteesitbbtained at only three selected
configurations,i.e, 1,(6=0°), I,(6=90°), 1,(6=0°), they considered polarized
Raman intensities at more configurations of po&ran direction of incident beam with

respect to the directon. Jones and coworkers obtaing®,,) and(P,,,) as well as the

Raman tensor ratia, :a% by fitting the measured Raman intensities overethigre

zz

range oft) angles (0° to 360°) as variables. With the new &aapproach, they were able
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to obtain<P400> values much higher than those reported in previbeiature at a given

T/Tn in @ nematic phase. There are two significant tgoin the literature reported by
Joneset al. [38]. One is that the more data points one takés atcount, the more

abundant information about the orientation distiilru one can obtain. The other is that
Raman tensor ratia, = a% is neither zero nor a constant value as previcastyimed

in the literature in whichr was obtained from the depolarization ratio at rigat
stateR,, as [29];

__(@-ry

C3+4r+8? R

RSO

Following the methods by Jonetsal, Southerret al. [39] in 2007 explored the thermal

evolution of orientational order parameteB,,,) and(P,,), of a thermotropic nematic

liquid crystal, 4’-octyl-4-cyanobiphenyl (8CB, st details in Experimental Section).
While this new methodology was proposed severalsy@go, few experiments

have been carried out to obtain orientational opmlameters for soft matter systems.

Thus, this chapter seeks to validate the quantibicaof orientational order using this

new approach of polarized Raman measurement. Webtdin temperature dependence

of (P,g) and(Py,,) of two different thermotropic LCs (5CB and 8CB) tine nematic

phase and the results will be compared with thos®a bther methods and the predictions
from mean-field theory. Details about instrumemtatand experimental set-up for the

guantification of orientational order parameteis @escribed in this chapter.
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3.2 Experiments

3.2.1 Instrumentation

The micro-Raman spectroscof@AMANRXNZ2 Kaiser Optical Systems) used in
our experiments consists of four major componéhtsexcitation source, the microscope,
the spectrograph, and the detector. A schematibeohpparatus is shown in Figure 3.2.
The excitation source for Raman spectroscopy iallysa laser since it provides intensity
strong enough to generate sufficient Raman sigraadd, a monochromatic light. The
excitation source used in our instrument is A&diode laser. Optical fiber carries the
laser excitation onto the sample through a lightroscope. The laser spot is focused on
the sample by using the high-magnification micrggcobjective, which requires sample

specimen as small as tenspofacross. In addition, more Raman scattered ligithfthe

sample can be collected through the objective. Thugsquires a short measuring time,
normally a few seconds, which enables one to mpeitemical reactions or processing
in essentially real time [40]. Back scattered figh collimated by optical lenses and is
carried into a spectrometer in which the scattgpedtons are separated. Scattered
photons pass through a holographic notch filtet thds off photons with the same
frequency as the incident radiatione( Rayleigh scattering) prior to entering the
spectrometer. As a result, remaining photons haffereht frequencies from incident
radiation and then a monochromator containing fradifion grating (1200 groovesi)
disperses Raman signals by their wavelengths andfars them to the detector.

Since the number of photons from Raman scattésitigw (1 over 10 scattered
photons), a very sensitive detector is requireshéasure the Raman signals. The charge-
coupled device (CCD), which scientific achievemesats chosen for a Nobel Prize in
Physics (2009), has revolutionized the read-ouRafman signals. In our instrument,
CCD detector consisting of a rectangular two-dinmmad array of independent,

integrating pixels on a silicon chip is used. Epotel in the CCD detector is 26 x 26
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wm and there are 1024 pixels x 128 pixels in the Q&btoactive area. The spectral

resolution of the CCD detector is efri’. The amount of photo-generated charge is
linearly proportional to both the intensity of ration and the exposure time. Photo-
generated charge from each pixel is transferrech fpixel to pixel until the charge

reaches an on-chip output amplifier. The qualityR#man spectra is determined by
signal-to-noise ratio (S/N). The most common noegsing from the detection are read-
noise, dark-noise, and shot-noise. Read-noisetecteaa accumulating charge in each
CCD pixel, and dark noise, caused by charge otier photoelectrons, are negligible at

—407C, the typical operating temperature for tRAMANRXN2CCD. The dominant

source of noise from a CCD is usually shot-noisg th a consequence of the statistical
nature of light. Shot noise increases linearly vite square root of accumulation time.
Since photo-generated charge for Raman signatesilly proportional to exposure time,
S/N of Raman spectra will increase linearly witle Sguare root of accumulation time.
More details about the instrument can be found hat website of manufacturer,

www.kosi.com.

IV. Detector
ceb 785 nm
diode laser
Mono- I. Excitation source
1. Spectrograph chromator

Notch filter

v

Rotatable analyzer

mirror

I’y
polarizer
1. Microscope Z
N 4
L. J Objective;

Figure 3.2 A schematic diagram of the major components ireARaman spectrometer.
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3.2.2 Sample Preparation

Two thermotropic nematic LCs, 4’-pentyl-4-cyanoleplgl (5CB, Sigma-
Aldrich®) and 4’-octyl-4-cyanobiphenyl (8CBvierck EMD were chosen to verify the
guantification of orientational order using poladz Raman spectroscopy since their
orientational order parameters have already bedensixely studied by various
experimental methods [26, 29, 31]. Molecular suites, phase sequences, and transition
temperatures for these two compounds are showigurd=-3.3. As mentioned earlier, the
extent of orientational order in a nematic phaselefined as thermal fluctuations of
director in a bulk state. In order to explore tlegmrke of orientation induced by director
fluctuations, we removed topological defects of s influencing the anisotropy of
polarized Raman intensity apart from thermal flations of director. Indeed, polarized
Raman intensity measured from multi-domains withhoimogeneous director
configurations or defects formed by discontinuifydoector configurations in a focused
area can induce incorrect information about theraational order defined by the thermal
fluctuations of director. Thus, we prepared a mdooiain sample using mechanically
rubbed substrates of a cell, in which the long axisolecules, equivalent to director
for 5CB and 8CB, lie on the substrate and oriewatd the rubbing direction.

Homogeneous configuration of directarsvas achieved under sufficiently strong
boundary conditions, calledstrong anchoring [6]. The two bounding glasses were
coated with polyimide and then were mechanicallybrd in one direction using velvet.
Rubbed polymer strands on the surface promotedlitpegments of the molecular axis.
director of 5CB and 8CB, along the plane of thestnatbe [41]. Then, we assembled these
two glasses in a way that the rubbing directionsevparallel to each other and separated

by 25 um spacers. LCs were filled into the cell by the Bapi action close to the
isotropic-nematic transition temperaturBy, and then annealed &, + 5C for 20

minutes to remove the residual flow effects dutimg capillary action. The temperature
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was controlled using Binkam hot stage that provides relative temperature acguat +

0.1TC.
(@) 5CB: 4 -pentyl-4-cyanobiphenyl (b) 8CB: 4 -octyl-4-cyanobiphenyl
21.4°C 34.5°C 33°C 40.8°C )
Crystal N, Isotropic  Smectic A N, Isotropic

Figure 3.3 Molecular structures, phases, and transition teatpees for compounds
(a) 5CB and (b) 8CB.

The achievement of homogeneously aligned mono-domais confirmed by
polarized optical microscopy. Under crossed potaszwhen the rubbing direction was
parallel or perpendicular to the incident polai@atdirection, the LC samples looked
completely dark, while the maximum intensity of nsanitted light appeared when
rotating the rubbing direction to 45° with respexthe polarization direction of incident
light without any defects. This indicates that thaic axis of the molecules, usually
thought to be identical with the molecular longsaaf these compounds, thus direator
is aligned along the rubbing direction. After trehi@vement of a mono-domain sample,
we examined sample purity/quality by checkifig of 5CB and 8CB. Should impurities
be addedTy, of LCs in the sample cells is supposed to dromfthat of pure LCs [42] .
Judging from the absence of any dropT@f, we neglected any contamination in the
sample.

It is noteworthy that widely used glass madsada-lime-silicacause a
significant fluorescence background problem. Fighife(a) shows that the strong
fluorescence background of soda-lime-silica glaasks the Raman signal from 5CB. It
is unknown where this strong fluorescence backgtaames from, but it is likely due to

the many impurities and ions in glasses. In ordeetiuce fluorescence background, we
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used quartz to make the cells. Figure 3.4 (b) shbesemarkable reduction of

fluorescence background when using a quartz ptatgared to the result of Figure 3.4

(a) 8000 5000
6000 | 4000 -
z > 3000
= =
2 4000 @
-— @
= £ 2000 -
2000 .
Void cell 1000 | Cell filled with 5CB
(soda-lime glasses) (soda-lime glasses)
0 ‘ ‘ ‘ 0 ‘ ‘ ‘
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Raman Shift(cm™) Raman Shift(cm™)
(b) 1500
1500 - . .
Void cell Cell filled with 5CB
(quartz glasses) (quartz glasses)
1000 |
5 1000 1 >
7 i
c f=
2 2
£ 00 £ 500
0 - 0
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Raman Shift(cm™) Raman Shift(cm™)

Figure 3.4 Raman spectrum of (a) void cell made of soda-lgtesses (left) and 5CB
filled in the soda-lime glass cell (right), and ¢mid cell made of quartz glasses (left) and
5CB filled in the quart glass cell (right) at a givliaser intensity (5\W).

3.2.3 Measurements of Raman Spectra

By placing homogenously aligned specimens inslde lot stage flat on the
rotatable mount, we were able to make direattie in the polarization plane of incident
light. We then locate the rubbing direction paialetheZ-axisin Figure 2.6 and set this
configuration ag=0°. The polarized], and depolarized component, was resolved
by setting the polarization direction of analyzargilel and perpendicular to that of the

incident beam, respectively. According to the datioh of I; as shown in Eq. (2-27),

and | ;are essentially,, and |, in our geometry, respectively. 50x objective (N=A
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0.55, Working Distance = 8im) was used and focusing area was abaut ih diameter.

Each Raman spectrum was recorded for 30 secondsgdénds exposure time x 3
accumulation times) under the output laser pow&OohW.

Any combination off can be carried out by rotating either the sampleh®
mount or polarizer/analyzer. In our experiments,raf@ted the sample on the rotatable
mount and recorded a series of Raman spectra beetire range of 0° to 360° at 10°

intervals. Figure 3.5 presents the polarized ambldeized components, and|,, of

5CB, measured at the configuration é=0° . The Raman spectrum from the
cyanobiphenyl compound exhibits four strong Rameakp [26, 36, 43]: a peak at 1180
cmi' assigned taC-H deformation in benzene ring, a peak at 1288 attributed to the
stretching of biphenyl link, the most intense pedkl606cmi’ corresponding to the
symmetricC-C stretching in benzene ring along molecular axig] a peak due to the
C=N stretching at 2226mi’. In our present studies, we analyzed the moshsetpeak at
1606 cmi® to calculate orientational order parameters ofemles from the polarized
intensities. It is because the symmetric C-C gtietr along the molecular axis in a
benzene ring is thought to be highly anisotropid d@he symmetry of stretching is
collinear with the molecular axis so that the ai@iion information of this vibrational
band can represent that of molecules [29].

In order to explore the temperature dependenceientational order parameters,
we repeated the measurements described above Imgiehathe temperature in the
nematic range of each LC. We controlled the tentpezaof the sample using a hot stage
that has an accuracy of temperature within 0. After the first measurement of angular
dependence of polarized intensities clos&\ipwe slowly cooled the sample at a rate of

-0.1C/min to the next measurement temperature. On negcthie next measurement

temperature, we held the temperature and waite@@aninutes in order to remove any
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thermal history and for the sample to attain théregpuilibrium. We also checked the
heating effect from the laser power, but depolaidraratios obtained from 2&Wto 100
mW of laser output did not make any difference in thegular dependence of
depolarization ratio. It is likely that fluctuatingomponents of LCs scatter the incident
laser source rather than absorb it, so that thenddeenergy on the focused area is not
strong enough to affect director fluctuation sigrdhtly. Thus, we ruled out the heating
effect from the laser power on the thermal fludtwatof the directorn for these
compounds. However, for the sample that absorbsetieegy of the laser with visible
wavelength such as colored samples, or for the leathpt is easily damaged even by

weak external energy, special care should be talk¢rto make the sample heated or

damaged by the laser.

1200 1606 e’
Symmetric stretching
1283 em? of benzene ring
Stretching of

— 900 biphenyl link
= 1180 enr?
T C-H deformation
= in benizene ring
-
= 600 -
c 2225 em?
2L C =N stretching
<

300 -

A
0 -W}}YZ

1000 1200 1400 1600 1800 2000 2200 2400

Raman Shift (cm™1)

Figure 3.5 Raman spectrum recorded using 5CB, showing 4 setesignal within the
range of frequency 1000 ~ 2400i". The most intense peak at 1686 is attributed to
symmetric stretching d@-C in a benzene ring along the molecular axis.
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3.2.4 Data Analysis

Peak intensities were quantified from the integpladrea of resolved peaks using
commercial software package, GRAMS4lactic Inc). If we are aware of the number of
peaks and band shape, it is possible to obtainntegrated area of peaks through a
numerical fitting of observed spectra. If unknowamber of peaks is mixed or the
intensity of the probe peak is too weak to be re=biclearly, the situation will be more
complicated and will require meticulous care told/ithe intensity of peak of interest.
Accordingly, the criteria of selecting Raman peak the orientation information of

molecules are twofold in addition to the preredaigif totally symmetric vibration,e.,

0< Rsos% as explained in chapter 2. First, vibration symmnehould be collinear

with the molecular main axis so that the orientaloordering obtained from Raman
intensities of the peak can represent that of nubdscin a system. Second, the Raman
peak should be strong enough so that one can easlyze the integrated area. From
this point of view, the peak at 16@61* is appropriate as an indicator to use in order to
guantify the molecular orientation.

In fitting the peak using the software, we adopteslmixedGaussian-Lorentzian
function as a peak shape and reproducible resudiee vobtained with regression
coefficientR? greater than 0.99. While natural line broadeniltpivs Lorentizan-shape
in character [44], there may also be several fadtwat broaden the discrete spectral lines
that are Gaussian in character as described irntethaplt is noteworthy that bandwidths
of the Raman peak for 5CB and 8CB are more ordesstant independent of the angle,
g, and even of the temperature in the nematic ranigerefore, the peak height can be
taken to be linearly proportional to the integrata@a of peaks and we can simply
replace the peak area with the peak height to lzakcthe depolarization ratios.

As 5CB and 8CB are well known to possess a uaiaxematic K,) phase, the

orientational order is considered to be optyangle dependent and on{@,,,) and(P,,)
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are expected to be nonzero terms in expandingghatien of ODF (Eq. 2-28). Therefore,

a series of depolarization ratios (37 points) olgdi from the measured intensities,

I, (6) and1,(8) , were fitted to a simplified formula, Eq. (3-4)esulting in the

extractions of only non-zero expansion coefficieft§P,,), (P,), andr [45].

1,(8) _12(9
R(6) = |:§e§ i Izgé’g
(_1+r)2{56+ 4quoo>+( 9 105 COS@)<PAOO>}
56(&%+ 4 + 3
_40(4,2 —-r - 3)( 1+ 3COSQ)<P200>

+3(r = 1) (9+ 20cos 2+ 35c08)(P,y)

(3-4)

3.3 Results

3.3.1 Angular Dependence of Polarized Raman Intgasid Depolarization Ratio
Polarized (, ) and depolarized intensitie$ () of the Raman peak at 16061" of

5CB measured at-Ty, = -0.7C are plotted as a function of the sample rotatimgjea &,

in Figure 3.6. We obviously observe stroflgangle dependence of both and |,

which indicates there is a strong anisotropic argein 5CB. The most intense peak was

I, at @=0° as expected from Eq. (2-17). While polarized isign |, at #=90° and
depolarized intensity) ; at §=0° and §=90° are expected to be zero in a single

component system (Eq. ( 2-17)), it is a multi-malec system in practice and director

fluctuations produce a non-negligible quantity Ipfat #=90°and of | ; at 8=0° and
6=90°
Peak intensities normalized by the most intenskpe., |, (9=0°) are plotted

as a function of anglé, in Figure 3.7 (ajvhere the plot reaches its maximuméat 0°

52



and smoothly decreases with increasthpefore reaching the peak againfat18C°
reflecting the symmetry of the phaséhe blue open circles fdr, components and the
red triangles forl , components show twofold rotational symmet6s, and fourfold
rotational symmetryC,, respectively as the sample is rotated from 0360°. The
pattern of twofold and fourfold rotational symmetfy |, and | with respect to rotating

angle@ are conformable to trigonometric periodicities Ed. (2-17) similar to those
reported by Jonest al [38]. However, we have to consider a multi-atosystem and
director fluctuations so that the “scrambling” effenduces non zero values of peak

intensities over the entire angie[29]. However the trigonometric periodicity shoudd

valid, thus we fit the intensity profilek, (¢) and I (6)to the analytical formula in

considering the scrambling effect as arbitrary lgaocnd expressed as a parameden
Eq. (3-5) [37];

I, (6)=a+bcos' 8

(3-5)
|,(8)=c+dcos G sirfo

Analyzed peak intensities were fit to Eq. (3-5)aafsinction of rotating angleqd and we

obtained fitting results witR values of 0.995 and 0.950 for all setslp{g) and I, (6)
measurements, respectively. The relatively IBfvvalue from fitting ID(H) will be

addressed in the discussion section.

Depolarization ratiosR(H), corresponding téu(g)l (9) are plotted in Figure
Il

3.7 (b). Using ax® minimization routine, we numerically fitted 37 vaki of
depolarization ratios at a given temperature to(Bgt). This fit allows the extraction of

the parameterg,P,,,) =0.417€ and (P,,) =0.218E, andr =-0.2114, respectively, at a

temperature of -Ty, = -0.7C.
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Figure 3.6 #-angle dependence of Raman peak for benzene reghing (1606cmi’)
measured afl-Ty; =-0.7 C. a) Raman spectra measured with parallgl)(and b)

perpendicular [ ) configuration between polarizer and analyzer.
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Figure 3.7 Angular dependences of Raman intensities and depation ratio. (a)
Dotted marks,€) and (), are measured intensitiel,(8) and 1 ,(8) . Solid lines are the

results from the numerical fitting of measured msiges to Eq. (3-5). (b) The
corresponding depolarization ratio profile to theasured intensities; measured and

numerical fit to Eq. (3-4) (solid line), resultirig(P,,) =0.417€, (P,,,) =0.218E, and

r=-0.2114.
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3.3.2 Temperature Dependence of Polarized Ramangity and Depolarization Ratio

In order to explore the thermal evolution of otagional order in a nematic phase
of thermotropic LCs, we repeated the measuremdrasgular dependence of polarized

Raman spectra at various temperatures in the nemaige. Figure 3.®resents the

variation of I, (6=0°) and I, (6=90°) of the Raman peak at 1606 of 5CB
according to the measured temperatures, in whi¢l=0°) increases as temperature
decreases, whereas (6 =90°) follows the reverse trend. This linear mannerarfation

in 1, (6=0°)and I, (6 =90°) with different temperatures suggests qualitativigl@nce

that more population of scattering unit distribusddngZ-axis (i.e., rubbing direction in
our experiment) as temperature decreases.

1600
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1560 1580 1600 1620 1640 -13°C
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Figure 3.8 Temperature dependencelgffor Raman peak at 16@#i* measured at the

1580 1600 1620 1640

Raman Shift (cm™)

configuration of (a)¢ =0° and (b)8=90°.
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Fitting the results of polarized Raman intensijtigs(8) andi(8), for the
measurements at various temperatures are displayEdjure 3.9 (a) and (b) in which
peak intensities are normalized by(6=0°) at each temperature measured. It is clear
that the curves of botH, (6) and 1,(6) show gradually increasing peak-to-peak

amplitude as temperature decreases (it is easieortppare the peak-to-peak amplitude

from the plot of renormalizedi,(6) by the most intensé, i.e. 1,(6=45°), at each
temperature (Figure 3.9 (c)). However, the manrighe evolution of curve shapes is
different. In the case of, (8), anisotropic distribution of intensities becomesslin the
sections of ca(@=60"~120) and (6 =240 ~300) as temperature decreases. In the
case ofID(H), no flattening of the curve shape was observed, thml width of curve

becomes narrower, which is attributed to the fhett the decreasing rate bf with

temperature decrease differs according to rotaimgle, 8. One comparison was shown
in Figure 3.9 (b)where the gap between solid horizontal lines mehasextent of the

intensity decrease with temperature decredséy( = -1 C — -6.7 C). The intensity

difference (normalized values) is 0.11586at n/7+£45° and that aﬁ9=%r is 0.0961.

Depolarization ratios,R(8) corresponding tol, (6) and I (8) according to various

temperatures are plotted in Figure 3.10. We obsers@nificant variations in
depolarization ratio profiles of different tempenas. Above-mentioned results pertain in

the case of 8CB with more or less the same manner.
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Figure 3.10Numerical fitting results of measured depolarizatiatios, R(6) to Eq. (3-

4) at several temperatures.

3.3.3 Orientational Order ParameteréB, ;) and (P,)

We obtained three unknown coefficients{P,,), and{P,,) for 5CB and 8CB
samples as results of the numerical fitting of meed depolarization ratiofR(6) to Eq.

(3-4). Temperature dependence of orientational romrameters{P,,,) and (P,,) ,

through the measured temperature range upon cofsbng isotropic phase is shown in

Figures 3.11and 3.12 for 5CB and 8CB, respectively. For many lowlenalar weight

nematogens<l3200>, often denoted aS, was considered to be a universal function of

T/Tni (K), which is in good agreement with the experimergallt [46], using the Haller

approximation by [47];

=4,

59



where bothr and s are fitting parameters.
As shown in Figure 3.11 (a) and Figure 3.12 (a8, tthermal evolution ofP,,,) values

for both 5CB and 8CB, marked asare in excellent agreement with the predictiorEy

(3-6). We also calculated the values dP,,) from R =% and
Il -
I,(6=90°) .
R, :W using Eq. (3-2) as Jeat al. proposed [19] and plotted them, marked as
I -

A. For the thermal evolution G(ﬂ3200> values, both results are quite consistent withheac

other for 5CB sample. While there are small deviatifor 8CB,(P,,) values obtained

using Eq. (3.2) are comparable with those obtalmeéitting 37 depolarization ratios to
Eq. (3.4).

The values o(P400> obtained by fitting measured 37 depolarizatiomsato Eqg.
(3-4) are plotted according Ty, (K) in Figure 3.11 (b) and 3.12 (b). These obtained
values are much larger than the results of previbermture [26, 29], marked as and
are positive over the entire temperature range onedseven in the vicinity ofy, . The

values of(Fﬂwo> calculated using Eq. (3-2) with orffy and R, are plotted withv marks
along with above results. On the contrary to tisilts of(P,,), (P,,) values calculated

using Eq. (3-2) with onlyR and R, values, as done in many previous literature [2§, 2
appear far lower than those obtained by fittingp®thts of depolarization ratios to Eq.
(3-4). Interestingly,{Fﬁmo> calculated from onlyR and R, exhibits a negative value at
closeTy;, which had been a criticism of the Raman apprdaabtain orientational order

parameters. Figure 3.1@mpare the relations betweéR,,,) and (P,,) obtained by

fitting 37 depolarization ratios to Eq. (3-4), madkaso and A for 5CB and 8CB sample,

respectively. It is clearly seen that the resuttenfthe fit are closer to the result of mean-
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field theory [24], as marked by the solid line,rih&e results in previous literature [26,

29], which may be due to the consideration of mdaéa of depolarization ratio for

obtaining(P,,,) and(P,,). The relation betwee(P,,,) and(P,,) for 5CB measured at

a specific temperature by NMR in previous literaturas marked as.

Along with (P,,) and(P,y,), the differential polarizability ratioy :a% was

zz

deduced from the data fit and obtainedalues at measured temperatures are shown in

Figure 3.14, in whichr values obtained as a fitting parameter quite diffem the value

calculated from measured depolarization ratio@ttapic phaseR,, using Eq. (3-3). The
r value calculated from measurd?l, was -0.0725 and -0.0685 for 5CB and 8CB,

respectively, whereas values as the result of fitting measured datado (B-4) have

values within the range of ca. -0.15 ~ -0.25. Detalbout the effect of the differenceiin

value on the orientational order parametéRs,,) and(P,,), is not clearly known yet

and it needs to be studied further.
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Figure 3.11 Thermal evolutions of orientational order paramgetef 5CB. (a) ¢):
(Pyo) values obtained by fitting 37 measured valueRdb Eq. (3-4), 4): (Py,) values

calculated using Eq. (3-2) witR and R,, and solid line: fitting thé P,y,) values, ¢), to
Haller approximation, Eq. (3-6), resultimg=0.138. (b) (@): (P,,) values obtained by
fitting 37 measured values & to Eq. (3-4), ¥): (P,,) Values calculated using Eq. (3-

2) with R andR,, and é<):<P400> values for 5CB from Raman approach by Miyano et al
[26].
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3.4 Discussion

3.4.1 Relatively low Rrom the fit ofl , (6)

We found that th& value £0.95) from the fit of the measuret}, (8) to Eg. (3-
5) is relatively lower than that from the fit of (6?) (>0.995). It seems that two factors

are responsible. First, the range between the nmwthensity,ID(9=nﬂi45°) and
the minimum intensityJD( =grr), I.e. peak-to-peak amplitude, is much narrower than

that of I, , such that even the same extent of deviationshemntimerical fitting may

produce relatively loweR value from fitting| ; (6).

Another reason is the twisted director configumnatiUnder strong anchoringat
the surface of substrates, the director arrangemeahstorted due to the elastic character
of LCs when rubbing directions on both substragerat parallel [6]. When the director

on substrate 1 is tilted to the director on substPaby an angley, directors successively
rotate to adjust to the rubbing directions on suabs$ as shown in Figure 3.15 (a). Then,
the twisting angleg should be taken into consideration Rr{#) andl ; (). Jonest al.

[38] discussed the effect of 90° twist of directars. ¢ =90° , on thel, (¢)and I (6)

of a nematic LC and reported that the profileslpf¢) and I, (¢) keepC, and C,

rotational symmetry in the backscattering geomettgwever, it is not the case for a

slightly tilted samplei.e. ¢ # 90°. While we tried to make the rubbing directionsbmth

substrates parallel to each other, there may batahisalign between the two rubbing

directions @ <1~ 3). Should the directors be anchored on the eadacguwith slightly
twisted anglep as drawn in Figure 3.15 (b), Eq. (3-5) should bgexrted to adjust the

effect of the averaged tilt anglg in bulk by replacingcos(6) and sin(6) with
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cos(8+¢) andsin(8F ¢), respectively. It is based on the similar manrfeEq (2-17)

in chapter 2. Thus, corresponding polarized intesssare expressed by [38]:

I, (6) =a+bcos' (6+ ¢)

. (3-7)
I,(6)=c+dcos (6+g) sirf (65 ¢)
From Eq. (3.7) we can recognize tlf rotational symmetry no longer exists in the

equation forl ; (8) because of the different angles in the sine asthederms, whereas
the C, rotational symmetry ofl, (9) is independent of twisting anglg. This was
observed frequently when analyzing measured Rantansities.

Figure 3.16 shows 3 data setlof(8) obtained from 2 different samples, one is

the sample with almost parallel alignment (Figurg63(a)) and the other is the sample

with twist angle,p=2.5° (Figure 3.16 (b) and (c)). Figure 3.16 (a) is theta set
measured using the sample with almost parallelingbbirections so that the profile of

I, showsC, symmetry and fit very well to Eq. (3-5){ =0.993. On the contrary,
Figure 3.16 (b) displays the plot of measuteés a function of rotating anglé, which

does not followC, rotation symmetry and thus & value from the fit to Eq. (3-5) is
quite low (= 0.832). When the data set in Figure 3.16 (b) was fittemlyever, to Eq.
(3-7) withgp=2.5°, it yielded an excellent fitting resulR{ =0.996). While we tried to

use the data set obtained from well-assembled samglight tilt angle could take place

and induce a small deviation @y rotational symmetry, which may be responsibletiier

relatively lowerR? value from fitting measuredl, (9) It is noteworthy that the result by
Joneset al [38], no change o€, symmetry forID(e) from a 90° twisted cell, makes
sense in thatos (6+ 90) and sin*(6F 9C) is converted tosin’(6) and cos'(6),

respectively and thus, Eq. (3-7) equals to Eq.)@51,(6).
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Figure 3.15 (a) twisted director configuration between two sudtes with strong
anchoring force and (b) twist angle effect on dipmloments.
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3.4.2 Determination of the Fourth-rank Order Paraere(P,,)

The increase 0¢on0> values with decreasing temperature obtained frG@ &nd
8CB are due to decreasing thermal fluctuations ofenules resulting in increasing
anisotropic interactions between components. Theemation of differen(PZOO> andn
values at the samBETy, between 5CB and 8CB samples may be acceptablaireven
two different nematogens, yet having the saiemay have differentP,,,) values at a
given T/Ty;. While MBBA has the sam&y, as E2 (5CB-host-LC mixture, BDH, Ltd)

does, for example(,ono> was reported to be 0.55 and 0.64, respective4&C which

results ing =0.218 for MBBA and 7 =0.164 for E2 [48]. While the fitting parameten,,
is different each other/(=0.138 for 5CB and forp =0.177 8CB), the temperature
dependence ofP,,,) values for both 5CB and 8CB (Figure 3.11 (a) aiguife 3.12 (a))

follows the manner of the Haller approximation (Be) through the entire temperature
measured in a nematic phase. It means that theetatope dependent order parameters
for a nematic LC obtained by polarized Raman spsctpy can be predicted using a

universal function based on selective measuredpiatds.

Our attempts to interpret the significantly lowlues of<P400> reported in
previous literature were made. As shown in Figufel 3b)and Figure 3.12 (b)(,szO>

values calculated using Eqg. (3-2) with measiReahd R, only are even lower than those

obtained by fitting 37 data set of depolarizatiatias to Eq. (3-4) and have negative
values in the vicinity ofTy; as previous literature reported [19, 26, 27]. Timportant

factors that conventional methods did not conssgem to be mainly responsible for the

low or negative values QF;OO>. First, only 2 data points,e. R andR,, do not provide
sufficient information about the degree of molecwdaentation in a system so that exact

<Fimo> may not be extracted. Indeed, the shape of 37laepation ratios profile as a
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function of angled, appear doublet peaks in the rangefef0 ~18C through entire
temperatures measured as shown in Figure 3.10. vy is likely that conventional

works proposed by Jest al.[19] assume that depolarization ratios have theimmamx at

(2n+1)

6=+ 7T and the minimum af =£nsz, thus depolarization ratio profile abdut

may exhibit the shape with singlet peak in the eam §=0~180C . This seems
reasonable in the case of a single component withl aymmetry of Raman tensor.
When polarized light is scattered by a single scit) unit, the depolarization ratio is

minimized at 8=0,77,27.. because the scattered light is totally polarized a
€=0,77,2r... and thusl, is maximized andl,is minimized. On the contrary, the

o . . T 7T .
depolarization ratio has its largest value &tE,S—ﬂ,S—Z.... because the single

2
component at this configuration scatters most demad light. However, when
considering the system consisting of multi-compasierspecially fairly fluctuating
components, it may not be the case. Distributionsaisystem and fluctuations of
components can make a considerable amount of de&sala light scattering

até=0,m,2r1...
In order to check the influence of the values(@f,) on the shape oR(6)
profile, we simulated the plots (ﬂ(@) by applying various/\a()o) values to Eq. (3-4).
In Figure 3.17 (a), the solid curve with red cakthe fitting results of the 37 measured

depolarization ratios in Eq. (3-4) @ T, =0.9977, which results inP,,) = 0.417¢€,
(Pyo) =0.218E, andr =-0.2114. The others display the simulat&{8) plots from the
assumption of 4 differelip,,;) values with keepingP,,,) andr fixed as 0.4176 and -

0.2114, respectively. We can see that decreaifyg) makesR(6) plots exhibit

singlet peak from doublet peaks in the range betwke 0 ~ 180 . Accordingly, we
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can suppose that low values <®00> from the conventional method using Eq. (3-2)
with only R and R, reflects the distribution of depolarization ratieghibiting a
monotonic increase frord=0°to @ =90° and a monotonic decrease frah= 90° to

6=180° , which may induce significant deviation @P,,

) values from reality.
However, it is also seen th& and R, values simulated from the decreasi{Ry,)

keep increasing far from the measufRdandR,. Apart from the assumption of singlet

distribution, therefore, there seems to be and#dwtor involved.

We hypothesize that the consideration rof?LYy as either zero [19] or of
a

constant value [26] obtained froR,, (Eq. (3.4)) may cause the problem. Indeed,
values obtained as a fitting parametea.(r =-0.15~-0.2%) were not constant and
very different from zero or obtained froR,, (r =—0.068%for 5CB andr = —-0.072%for

8CB) as shown in Figure 3.1%he simulations oR(H) using Eq. (3-4) also explored

the effect ofr values on the plot 6%(6), and the results are plotted in Figure 3.17 (b).

We chose constar{,,,) and(P,,) values corresponding to ti(8) plot to exhibit

the singlet peak with various values (0, -0.05, -0.1, -0.15, -0.2). Figure 3)/shows

that R and R, values are decreasing as thevalue approaches zero. Herein, the

negative sign of is rationalized that is related to the gradient in the polarizability
about the oscillation at the equilibrium positiom the normal coordinate, not the
polarizability itself. As Jonest al. already noted [38], the symmet@zC stretching in
a benzene ring along the molecular axis may deerpatarizability along the axis
perpendicular to molecular axis. Therefore, thavdéres of the polarizability with

respect to normal coordinate can take either igesir a negative sign.
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We simulated thex(6) plot by letting P,,,) =~-0.016C, the value obtained by the

conventional method using only measureg and R,, andr =0 in Eq. (3-4) and

compared the simulated result with experimentatiiamed 37 depolarization ratios and

the fitting result to Eq. (3-4). Figure 3.17 @monstrates that the combination of low
(Pg) With r=0 produces the similar value oR and R, with those of 37
depolarization ratio profile at-Ty; = -0.7 C. Therefore, it implies that taking into

consideration only the measurd?l and R, and zero or lowr values can lead to
erroneous(P,,,) values.

Finally, as shown in Figure 3.13, while the relai betweerP,,,) and(Py,)

obtained from the 37 depolarization ratios devimtenm the prediction of mean-field

theory, the extent of deviation is smaller thansth@btained from the conventional
Raman approach. We speculate that the change ecuolat packing density induced by
thermal fluctuation, which was neglected in the &debaupe theory, may be responsible

for the slight deviation between experimental ressahd the theoretical prediction.
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Figure 3.17 (a) Variations ofR(e) plots according to differen(l3400> values with
(Pyo) =0.417€ andr =-0.2114. (b) Variations ofR(8) plots according to different
values with(P,,,) =0.417€ and low(P,,) =-0.0160n purpose. (c) Comparison of the

R(8) plot by applying(P,y,) =0.417€, (P,,)=-0.016, andr =0to Eq. (3-4) with the

plots from experimentally measured date), &nd fitting results of measured data to Eq.
(3-4) (red solid curve).
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3.5 Conclusions

The measurements over the complete range féba0D~ 360 provide more

reliable information about the orientational distion of scattering units than the

Raman measurements at 3 selected configuratiamsl, (6=0°), I, (6=90°), and

1,(6=0°)=1,(6=9C) as the conventional Raman approach used. We have

demonstrated that the method proposed by Jehed. [37, 38] provides a sensitive

criterion for the determination of tI‘(@m} of which inexplicably small values, or even

negative values in the vicinity @k, have been a criticism about the conventional Raman
approach established by Jest al [19]. Taking into consideration only a few
depolarization ratios seems to be based on a pnalile assumption of depolarization

ratio distribution with respect to anglé, In addition, the assumption of zero or constant

da.
r :a—.yy value also caused erroneous results. Therefagemntthod proposed by Jones
a

zz

et al and we adopted is reliable and applicable to tjfiyathe orientation degree for

systems possessing orientational order.
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CHAPTER 4
RAMAN SCATTERING STUDY OF PHASE BIAXIALITY IN A

THERMOTROPIC BENT-CORE NEMATIC LIQUID CRSYTAL

4.1 Introduction

4.1.1 What is a Biaxial Nematic {\Phase?

The term biaxial’ stems from optics and strictly indicates thatréhare two
principle optic axes, whereasirfiaxial’ crystals have only one direction along which a
plane polarized light beam can travel with theestaichanged [1], defined aptic axis
In liquid crystals, the terms ofuhiaxial and ‘biaxial embrace the symmetry of
anisotropy in various phenomenological quantitiesachs as electric/magnetic
susceptibility, as well as optical anisotropy, whariginate from anisotropic ordering of
components in the liquid crystalline phases.

While the shape of molecules composing conventioamatic phase are usually
not strictly axisymmetric but show slight asymmetitye asymmetry of molecular shape
is averaged out by the rotations of the molecutemutitheir molecular axis in uniaxial

nematic N,) phase, resulting in the rotational symmetfy, () about the directon. In

some nematics, however, the rotational freedomgatba directon is restricted and the
continuous rotational symmetry about direatas broken, which gives rise to additional
orientational order along the second directomutually perpendicular to (Figure 4.1).
This is referred to asbfaxial orientatiori. A nematic phase that exhibits biaxial
orientation of molecules idbfaxial nematic (N) phasé and possesses reduced symmetry

(D,,). In other words, the molecules in tNg phase are rotationally disordered along the

director n whereas in thé\, phase, molecules possess preferred direction ab@ut

rotation.
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Figure 4.1 Left: uniaxial nematic phase in which the molesul@e up along a single
axis (axis of symmetryn). Right: the molecules align along the primary syatry axis
(n) and along another axis of symmetny) (perpendicular to the primary one. [Reprinted
from ref. [2] with permission]

4.1.2 Researches on a Biaxial Nematic Phase ineariibtropic System

The biaxial nematid\,, phase has been one of the most elusive liquistaiyne
phases since its prediction by Freiser [3] in 1®&3ed on his generalization of the
Maier-Saupe model [4] of thH, phase. This prediction was followed by a number of
important microscopic [5-7] and phenomenologicaldels [8-10], and by simulations
[11] which yield interesting phase diagrams witte doiaxial nematicN,, phase and two
(prolate and oblate) uniaxial nematid,/ N,* (or, N,*),, phases. In the microscopic
models, the biaxiality was either due to molecslaape biaxiality [5-7] or a consequence
of mixing rod-like and plate-like objects [6]. Theansitions between the isotropikc)(

and theN,/ N," (or, N,*) phases are predicted to be first order whiletthisitions from
theN,* to theN, phase form lines of second order transitions.

Encouraged by the success of the work of Saupe@ndrkers in discovering the

Np phase in a lyotropic liquid crystalline system [18pveral attempts were made to
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verify its existence in thermotropic systems [13;Mshich were proved unsuccessful
[16]. However, recent discoveries of tNg phase using x-ray diffraction [17] and NMR
[2] have rekindled the scientific interest in nemadiiaxiality. These discoveries have
inspired theorists [18, 19] as well as experimesiml[20-23] to inquire into the physics
of this hitherto elusive but scientifically intetesg) phase. At the transition to th,
phase, the growth of (biaxial) orientational orgtea direction perpendicular to director
occurs, which results in a rich phenomenology. Adjanderstanding of the origin of
such compelling phenomena is, however, still irearly state of development. Therefore,
comprehensive information on the thermodynamic ertgs, the rheological behavior,
and aligning properties need to be accumulatednRfos point of view, exploring the
degrees of orientational order and its evolutioradsnction of temperature in a biaxial
nematic phase is definitely an essential step tdwanderstanding their rich
phenomenology since the distinct behaviors of mdécorientation lies at the root of
unique phenomenology M, phase.

In this chapter, we report the results of Ramaattedng study of thermal
evolution of orientational order of bent-core compad that has been reported to possess
both N, andNy, phases, thereby permitting measurements of thesuwdilition of distinct
orientation modes associated with the uniaxial l@adial orientational order parameters.
The valuable information presented here will hekplain the phase biaxiality and

dynamics of thermotropic biaxial nematic liquid stigls.
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4.2 Experiments

4.2.1 Sample Preparation and Raman Measurements

An achiral bent-core mesogen, 4-((4-dodecylphemytenyl)phenyl 2-methyl-3-
(4-(4-octylbenzoyloxy)benzylideneamino)benzoate IR was synthesized [24] and
provided by our collaborator (Prof. Satyendra Kunadr Kent State University).
Molecular structures, phase sequences, and t@mggimperatures for this compound
(A131) are reprinted from ref. [25] in Figure 4.2.

A homogenously planar-aligned cell with gfbspacer was obtained as described

in the Experiments part of chapter 3. Since thetingelpoint of A131 is much higher

(82.8C) than room temperature, we placed the crystallgedder of A131 in front of
fill-hole of the assembled cell and heated over thEmatic-isotropic transition
temperature,Tyy + 5C. We checkedTy, of A131 filled into the cell using optical
microscope with crossed polarizations by slowly lc@mpdown the temperature (02
/min) until angular dependence of transmitted lightristey appeared,e., the entrance
into a nematic phasély, of A131 in our sample was 176.1+(C3 which is almost
identical to the transition temperature reportedein [25]. A sample of A131 was cooled
down fromTy + 5C through the nematic and into the smectic C phgk&8.5C). In
order to determine the changes in the order pammen the vicinity of the phase
transition temperatureN;, — Np) reported in ref. [26], we especially recorded the

anisotropy in polarized Raman intensities at srt&tperature intervals near the phase

transition temperature.
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Figure 4.2 Molecular structure, phase, and transition tentpeza for compound A131
[Reprinted from ref. [25] with permission].

The procedure for measuring the angular dependeficpolarized Raman

intensities is same as described in chapter 3.r&igu3 shows the polarized Raman

spectrum(l, ) of A131 measured &= Ty +5C. In the spectrum, two strong Raman

signals at 114tnmi*and 1460cmi* are thought to come from the asymmetric stretcbing
COC andN=N stretching, respectively [27]. We used the motrise peak at 114dm*

for calculating the orientational order parameteA31. It is because Raman signal with
strong Raman activity usually corresponds to irdexibrations of the mesogenic units,
of which the symmetry of dipole moment is likely e parallel to the long molecular
axis, thus the assumption of collinearity of then@pal axis of Raman tensor with the

molecular axis is persuasive.
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Figure 4.3 Polarized Raman spectrurt § of A131 measured at TRF-5C with §=0°.

Two strong peaks at 114Mi* and 146Qcmi* are attributed to asymmetric stretching of
COCandN=N stretching mode, respectively [27].

4.2.2 Fitting Process

As described earlier, it is usually assumed tha& Raman probe is axially
symmetric. It should be noted that this does natesgarily mean that the molecular
elements have an axial symmetry, while it does ntleaha rotation about their long axis
does not affect the orientational distribution fiilme (ODF). Thus, one may assume a

random rotation about the Euler angje, There is, however, no reason to ignarangle

dependence of ODF (see Figure 4.4) unless the omlekepossess cylindrical symmetry

along directorn. Thus, we did take ther angle dependence into consideration on

constructing the ODF and 5 orientational order peters,(Pygo) . (Pio)s (Poao) (Pizo) s
and (P,,,) were obtained by fitting measured depolarizatiaiios, R(6) to Eq. (2-28).
Note that the two parameter$,,,) and(P,,), commonly recognized as thmiaxial

orientational order parametersprovide information about the average orientatadn
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molecules distributed along tl&direction with dependence only on the angke, In
contrast,(P,,,), (P,,), and(P,,,) characterize the symmetry breaking with respect to

both a and Bangle; thus nonzero values of thésaxial orientational order parameters
are indicative of the existence of biaxial symme®ge Figure 4.4 for the experimental
configuration).

It is necessary to note that the fitting procedwas carried out with some

constraints. Since there are 6 fitting parameterg&q. (2-28), 5 order parameters and

r=a,/a,, On trying to get these values from fitting measlR(6) to Eq. (2.28) at once,

sometimes outrageous valuesy, <ono> >1 were obtained. Thus, first we assumed that
the biaxial terms are negligible in the estimatafnthe uniaxial order parameters and
Raman tensor ratio, as the same manner of calculating uniaxial or@earpeters for
conventional nematic LC in chapter 3. Based onehmsproximations, biaxial order

terms play a role in a meticulous numerical fittlog maximum y? value.

Scattered

/
/7
// ;
polarization / : y

Analyzer parallel and
perpendicular orientation

Incident .
polarization

Figure 4.4 Euler anglesr, B,y are defined with molecular axes O-xyz in a magrpsc

(laboratory) system of axes O-XYZ. The polarizatimihthe Raman scattered light is
resolved by the different direction of the analyi®eprinted from ref. [26] with
permission].
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4.3 Results

4.3.1 Uniaxial and Biaxial Orientational Order Pareeters
Figure 4.5 is an example of experimental dataaret,f(6), 1,,(6) and R(6) of
A131 samplel, (8) and 1 (6) are normalized to unity at the peaklg6=0°). The

pattern of twofold and fourfold rotational symmettfy!, (6) and 1 (68) conforms to the

trigonometric periodicities resulting from Eq. (3-From the results of numerical fitting
to Eq. (2-28), we obtained 5 orientational ordenapeeters. Figure 4.@isplays a plot of

various order parameters as a function of redueedpérature /Ty (K)), in which
(Py) and(P,,) values increase with decreasing temperature asceegh and(P,q,)

values are positive in the entire range of the rien@Ehase. Two features need to be
pointed out. First, the manner of order parametgmdving as a function of temperature
looks quite different from that of conventional regim LCs (5CB and 8CB) shown in

Figure 3.11 (a) and 3.12 (a) in chapter 3. In otdezompare the temperature dependence
of (P, for A131, we fitted experimentally obtainedP,,,) values to the Haller
approximation [28], Eq. (3-6) (Figure 4.7). The uksclearly shows that the thermal
evolution of (P,,,) follows the manner of conventional nematic LCsleing up to about
T/T\=0.9388 T-Ty= -27.5C), and then starts to deviate from the theoretiithhg
curve of Eg. (3-6). Another interesting observati®that the value oQ‘PZOO) (~0.275) in

A131 at very close tdy, is smaller than the measured values of converitiogaatic

LCs (0.35~0.37).
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Figure 4.5 (a) Polarized €) and depolarizeda) Raman scattering intensity profiles for
A131 at 166.58° and (b) the corresponding depolarization ratidifgomeasured«) and
theoretical fit (solid line) to Eq. (2-28). [Repta&a from ref. [26] with permission]
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Figure 4.6 Temperature dependence of uniaxial order paraméﬂg[)o} (») and<P400>

(o). Red solid line is the fitting 0sz00> values to Haller approximation, Eq. (3-6).

Vertical solid line indicates temperatures of phasasitions Ny« Np and Ny«>SmC)
that is based on the result of ref. [25].

We also obtained 3 biaxial orientational order paeters,(P,,,), (P,,), and

<P440> as a function of reduced temperature in Figure Br@m the plots of these biaxial

terms, we can observe that the magnitude of biasisntational order parameters
increase as temperature decreases. For compansarhtained biaxial order parameters

for the conventional LCs (5CB and 8CB) with the safitting procedure for deducing

biaxial terms using Eq. (2-28) and obtain@,,), (P,,), and(P,,) for 5CB and 8CB

were too small to be meaningful (order of £1@s expected through the entire nematic

range we measured. (see the valueéRpf) for 5CB and 8CB over the entire nematic

ranges we measured in Figure 4.8). Thus, the gradtraase of the magnitude of biaxial

order parameters of A131 indicates that A131 peesea different orientation behavior
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in a nematic phase compared to the conventionalatierhCs, likely to have biaxial
ordering in nematic phase.

SmC <> N,

SENIERE T |

()()-,§ % ¥% 1w : §§:

<Pz20>, <P420>, and <Puo>

086 088 000 092 094 095 098 100
/T, (K)
Figure 4.7 Temperature dependence of biaxial order parameys) (o), (P, (¥),
and(FzMO} (=) obtained by fitting results. [Reprinted from r¢26] with permission]

Vertical solid line indicates temperatures of phasasitions Ny—Np and Np«—>SmC)
that is based on the result of ref. [25].
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Figure 4.8 Temperature dependence of biaxial order parame{t@rzg> for 5CB (@) and
8CB (V) obtained by fitting results.
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4.3.2 Construction of Orientational Distribution fetion (ODF)

A conventional way to interpret these measuredrgrdeameters is to model their
effect on the ODF. In order to construct ODF pdijedowever, it is necessary to be
aware of all expansion coefficients in the equattbr©DF (Eq. 2-20), but we obtained
only 5 coefficients of the truncated function. Oofthe most common methods to
construct ODF with a few expansion coefficientsnirthe truncated ODF is “the most
probable” approximation using maximum entropy tlye@9]. Most probable ODF,
fp(a, B) is described as [30]:

frop(@s B) = AeXP Pygo + W, P00+ W P yost @ P gt @ Puu) (4-1)

where A is normalized constant aagare Lagrange multipliers.

A= (4-2)

/ML |, €XPEAPyy+ W,Prat WPt @ Pt @ P isinG OB

It should be noted that we failed to obtain abB\eagrange multipliers. Lagrange

multipliers associated to"4rank order parameters, i.@,,w,, andw,. Thus, we just

used second rank order parameters, {B,,) and(P,,) to construct most probable

ODF and the results at various temperatures ateegln Figure 4.9.
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Figure 4.9 Distribution functions, fmp(a,,B) constructed with maximum entropy
formalism, Eq. (4-1) from calculated second rankies, (P,,) and (Py,o): (@) (Pyg)=
0.381, (PB,,)= 0.0138 aff-Ty = -10C (T/Ty = 0.9782), (b)(Py,) = 0.421, (PB,,)=
0.068 atT-Ty = -25C (T/Ty= 0.9448), (c) (Pygy) = 0.471, (P,,,)= 0.0934 afl-Ty = -
35C (T/Tni= 0.9926) , and (d)Py) = 0.553, (P,,,)=0.1625 aff-Ty= -55C (T/Ty =
0.8781). The macroscopic axes X, Y, and Z are atdit assingcosr, sing sina , and

normalized magnitude of,(a, ), respectively.
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4.4 Discussion

4.4.1 Physical Meaning of Non-zero Biaxial Orderd&aeters

The absolute limits for the 3 biaxial order parteng can be easily calculated, as

was done by Javest al [31] and can be written as:

(Pyo) :%<(1— cog f3) cos a> 3711: 0.25
(Pyo) :2—14<(—1+ 8cos B - 7co§,6’) coszﬂ> s%: 0.05: (4-3)
(Prao) :%«1— 2c0$ B+ codp) cosa4> s1—16: 0.0625

Among the biaxial orientational order parameters-igure 4.7, especiall{/P220> is the

dominant biaxial term, of which the high value gd®s quantitative evidence that one of
the molecular short axes is preferentially aligqgesipendicular to the ZY plane. The
orientation distributions with non-zer()Pzzo> values at various temperatures were
visualized in Figure 4.9, in which the uniaxial syetry of orientational distribution is

gradually broken into biaxial shape as the mageitoﬂ(Pzzo> continuously increases.

While we just used the second rank order paramegdrancate most probable ODF, it is

sufficient to show the broken symmetry of directarentation.

The fourth rank order paramete($,,) and(P,,), have a more complicated

physical interpretation. The observed negative eglun particular for<P440>, indicate

that the direction of the molecular axis is progectonto the XY plane at

approximately45° to theX or Y axis, rather than collinear with them, since thtug of

(1— 2cos B+ coé,B) is positive for al3. From the result that biaxial order parameters

for conventional nematic LCs (5CB and 8CB) wereadhzero over the entire nematic
range, the gradual increase of magnitude of biaddér parameters indicates that A131

possesses an orientation behavior quite distiroh fthose of conventional LCs in a
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nematic phase. It is worth noting that our residtghe biaxial terms, displayed in Figure
4.7, lie well within the absolute limits of the uak throughout the temperature range

studied, while some previous reports show valu@beyhese limits [32, 33].

4.4.2 Transition betweead, andNyPhases and Fluctuation Behavior of A131

Temperature dependence of orientational order pateas provides both
gualitative and quantitative evidence of phasesiteoms. From the insets of Figure 4.6
and Figure 4.7, it is clear that an abrupt changerder parameters does not occur in the
vicinity of transition N, — Np) temperature based on the result of ref. [26].ukhA131
undergo phase transitiol( — Np) as reported in ref. [25], the continuity of thedm
evolution of order parameters rules out a firsteorttansition. However, there is a
qualitative change in the temperature dependencerddr parameters. Especially, the

manner of(Pm) evolution as a function of temperature shows mitstiorientational

behavior of A131, which follows a universal functiof T/Ty, (Haller approximation
based on mean-field theory, Eq. (3-6)) until Tl = 0.9388 T-Ty=27.5C), and then
starts to deviate from this approximation. This idBen may be because biaxiality
parameter was ignored in the mean-field theory 84 thus the existence of biaxiality
in a phase is likely to exhibit an unexpected bedravith temperatures.

Judging from the changes in the sIope(%} and non-zero values of biaxial

order parameters, we conclude that the orientdtioetfaavior of A131 af/Ty, < 0.9388
may differ from that al/Ty;> 0.9388 in a uniaxial nematic phase of A131. Tl it
may be an evidence of the phase transition betiWgeandN,, phases. It should be noted
that the distinction of temperature rangesTbiy, = 0.9388 is arbitrary in that physical
quantities usually vary continuously foP?2rder transition and thus clear distinction
between two phases is not easy. Interestingly, lexyé¢his temperaturel (Ty, = 0.9388)

is quite similar to the transitiomN(, <> N) temperature reported in ref. [25].
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Recently, one group in the UK has raised issu&} {Bat the biaxial order
parameters af/Ty, < 0.9388 reported in ref. [26] should ideally \&nas it is a uniaxial
nematic phase at/Ty, < 0.9388. However, literature is replete with nepshowing that
molecular fluctuations in a phase affect the mdlcarders in a sequent phase [35-37].
This has been attributed tqreétransitional and ‘field” effects: (a) Pretransitional
increase in the smectic order parameter was repartenany experiments including the
pioneering work of McMillan [35], where the smecticder parameter has a finite value
in the nematic phase and it leads to smectic ofldetuation. (b) Melniket al [36]
reported a phase shift (proportional to biaxiality)the N, phase of a lyotropic system,
whose magnitude depends on the applied magnelit fémilarly, de Gennes [37] has
shown that small values of the order parametehe isotropic phase are observable
under the influence of external fields. In our Raneaperiments, the surfaces impose an
orienting field on the order parameter fluctuatiansl it is quite possible that close to one
such transition point of A131 will yield a finitealue of the order parameter on the other
side of the transition, which may be responsible fonzero values of biaxial order
parameter, though not significantly large.

This additional biaxial ordering fluctuations inetN, phase may be responsible

for smaller value o( ono> of A131 close taly, than the common value of 0.35~0.4 for

conventional uniaxial nematics. Hence, we compdnedthermal fluctuations of A131
with those of conventional nematic LC (E7) closelteir Ty, and observed much more
pronounced fluctuations in the case of A131. Thizonsistent with the results of the
study of the order parameter and director flucaretiby Olivareset al [38], in which

they revealed the evidence of weak biaxial flucaratising polarized light scattering.
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4.5 Conclusions

The quantitative and qualitative analyses of odganal order parameters in the
nematic phase provides the evidence of differemntational behaviors of A131 in a
nematic phase, which may support the existencéetbiaxial nematic phase in A131

from ~27.5 to 5& below Ty (0.87<T/Ty; <0.9388). We have demonstrated the power of

the polarized Raman scattering technique in refiatdasuring nematic order parameters
and revealing their thermal evolution across thewseé order uniaxial to biaxial nematic
phase transition. The technique and the resultsepted here have a significant impact
on our ability to quantitatively understand origi@aal order in nematic fluids and test
theoretical prediction of shear flow aligning beiwavand calculations of viscosities and
elastic constants [39, 40], the thermodynamic pitogse and the rheological behavior of

anisotropic fluids.
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CHAPTER 5
PREDICTION OF FLOW ALIGNING PROPERTY IN LOW
MOLECULAR NEMATIC LIQUID CRYSTALS BASED ON

ORIENTATIONAL ORDER PARAMETERS

5.1 Introduction

5.1.1 Flow Alignment of Nematics

The behavior of nematic liquid crystals (LCs) irstaear flow exhibits complex
flow properties due to the transient response efdinector which strongly depends on
the relative orientation of the director, the direes of the flow and the flow gradient
relative to the nematic director [1-3]. Complexstief LCs in flow result in several
instabilities [4-7] that are not only the uniqueeiresting phenomena from a scientific
viewpoint, but also critical for commercial applicas, e.g., liquid crystal display (LCD)
requiring the absence of instabilities resultirgnirfilling LCs into the cell.

Two classes of behavior of nematic director hasenbclassified to describe the
influence of shear flow on the director responsElow-aligning’ and “Non-flow

aligning’. The former is the ability for nematics to align the shear plane (plane

containing\? and D\7) with a specific angle known a®slie anglg8] in the shear plane.
(see the anglein Figure 5.1 (a)) On the other hand, non-flovgmilng nematics have no
preferred alignment angle, and the director expedae a viscous torque forcing it to
rotate, leading a number of instabilities.

Since discontinuities in the director configuratitypically cause a variety of
instabilities such as irregular defects [9], mudforé has been devoted to determine
whether or not stable alignment exists in a shiear both by experiments [7, 10-13] and

by theoretical studies [3, 14, 15]. Knapp et aQ,[11] and Srinivasarao and Berry [16],
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for instance, obtained information about two of tieslie viscosity coefficients;, andos
[2, 17] (sedrigure 5.1 (b)), from viscosity measurements for low nealar nematic LCs
and from rheo-optical studies for nematic liquigtstalline polymers, respectively. They
interpreted their experimental observations in filaenework of Ericksen-Leslie theory
[18, 19].

Although extensive experimental studies for flovgiaing properties in a shear-
flowing nematic LCs have been carried out [5, 1B22], the flow-aligning properties of
many nematic LCs are still unknown. As mentionedieza flow properties in a flowing
nematic LC depends strongly on the orientationhefdirectorn, the coupling between
molecular orientation and flow behavior is quit¢rative. In the following section, a
simple molecular theory [23, 24] coupling the ot&ion degree of nematic LCs in

equilibrium state with their flow properties wilebntroduced.

(b)

/

Figure 5.1 (a) Diagram showing directions of stable alignmefta flow-aligning
nematic with flow-alignment angkein a steady shearing flow, withthe flow direction
andy the velocity gradient direction. (b) The Lesliescositiesas anda, determine the
direction and rate of rotation of the director (egented by the cylinders) in the
orientations shown. For negative valuesipandoay, the rotation directions are shown by
the arrows.
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5.1.2 A Molecular Theory of Flow Alignment

In 1995, a simple mathematical approximation [28,was derived to express the
shear flow dynamics of low molecular nematic LCsdghon Ericksen-Leslie continuum

theory. It was proposed that the flow behavior dasm more explicit from the

measurement ofP,,,) and (P}, and effective aspect ratio of molecular shapes
[23];

(5< Paoo) + 16( Pyog) + 1‘9

35(Pyoo)

—(pz_l) _(a,+a,) . :
where L(p) = %Ozﬂ) and g§=\"2 %2_%) is the so calledtumbling

parameter When|¢| > 1, the shear flow is stable with a finite Leslie Engvith no stable

¢=L(p)

(5-1)

solution. Wher¢| <1, in contrast, the director rotates in responsartdimposed flow.

The validity of this simple prediction was showorfr the qualitative agreement between

experimentally obtaine@ values for a few low molecular nematic LCs and the
calculated values from the Eq. (5-1) usi(f,,) and (P, values by Maier-Saupe

theory [25] and using estimatgdvalues based on the bond length and bond angte dat
Despite the fact that a qualitative advance has besde, it has not been generalized for
flow behavior of all nematic LCs according to theletular theory from first principles
in that the orientation behavior always dependsotecules building nematic phase, and
the shape of composing molecules and their intexoubdr interactions are different for

each LC.

In this chapter, using measured values(Rf,) and (P,,,), we compute the

tumbling parameters, of two different low molecular weight nematic LGtudied in
chapter 3, 4’-pentyl-4-cyanobiphenyl (5CB) and 4tyb-4-cyanobiphenyl (8CB). Based

on the calculated values, we predict the flow behavior of these labsl compare it
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with the experimental results for 5CB and 8CB [B)-26-29]. In addition, an achiral
bent-core azo compound, A131 [30], was also usetiidy the effect of molecular shape

deviating from rod-type on the prediction resultsfovalues.

5.2. Approach for Molecular Shape

The molecular shape was determined by calculdtiagorincipal axes of inertia
through diagonalizing the moment of inertia ten@df by Dr. S. S. Jang and Dr. S. G.

Lee at School of Materials Science and Enginearir@@eorgia Tech.

I, 0 O
=0 I, O (5-2)
0 0 I,

wherely, 1, 13 are the components of the principal moment oftiag@ensor, representing
the three principal axes. Semi axes lengths ofehisvalent ellipsoid are calculated in
terms of principal moment of inertia tensor andttital mass of the objeat). Rotational
center of the ellipsoid is the center of mass efdhject.

Optimized structures of 5CB and 8CB are determitiedugh the geometry
optimization using Generalized Gradient ApproximatiGGA) in the DMol3 [32], a
modeling program using density functional theory{) to simulate chemical processes
and predict properties of materials, with the Per@eirke-Ernzerhof (PBE) function
[33]. We used all electron Kohn-Sham wave functiand TNP (Triple Numerical plus
Polarization) numerical basis sets with a polamrafunction on all atoms in DMol3
code for the spin-unrestricted DFT computationf-8ehsistent field (SCF) convergence,

10° Ha (Hartree, F= 27.2e\) was used.
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5.3 Results and Discussion

(Pyyo) and (P,y,) values obtained for 5CB, 8CB and A131 in chaptend 4 are

tabulated (Table 5.1). Optimized structures ancegard ellipsoids of 5CB and 8CB are
shown in Figure 5.2. The conformation of the aligh&hain is given by an atrans
Conformation. In our results, the inter-ring bomhdth between the phenyl rings and
torsional angle between phenyl rings was 1.48A 2@7° obtained from the geometry
optimization using DFT, respectively. These resulese in agreement with the results
for 5CB obtained by NMR [34]. Considering the raiatl freedom in the nematic phase,
we approximate thai value of 5CB and 8CB is 4.8 and 5.13, respectividlywever, an
aspect ratiop of A131 was chosen as a variable rather thandikimo be a constant due
to the ambiguity in the shape and we applied varioumbers op (>4) to Eg. (5-1) to

calculate¢ values. Estimates of the molecular aspect ratfo8131 result from bond

length and bond angle data from DFT.

We predicted the flow behaviors of 3 different agics: 5CB and 8CB in mostly
ellipsoidal shape without/with a phase transitiositnectic phase, respectively, and A131
in bent-core shape with a phase transition to smebiase. Hence, we aim at exploring
the effect of a phase transition to smectic phask raolecular shape on the predicted

results of flow-alignment based on a molecular th€gq. 5-1).
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Table 5.1(P,y,) and(P,y,) values for 3 LCs (5CB, 8CB and A131) obtained friva
measurement of polarized Raman intensities.

5CB 8CB Al31

Tr(K) <Paoo> <P o> Tr(K) <Paoo> <Poo> Th(K) <Pao> <Poo>
0.9997 0.3448 0.1844 0.9997 0.3514 0.1877 0.9978 0.2570 0.1681
0.9977 0.4176 0.2185 0.9984 0.3972 0.2183 0.9933 0.3250 0.1718
0.9958 0.4506 0.2257 0.9968 0.4590 0.2375 0.9889 0.3406 0.1864
0.9935 0.4806 0.2382 0.9952 0.5025 0.2449 0.9778 0.3810 0.2068
0.9909 0.4974 0.2483 0.9936 0.5425 0.2475 0.9666 0.4009 0.2092
0.9886 0.5188 0.2595 0.9918 0.5568 0.2483 0.9555 0.4089 0.2161
0.9863 0.5246 0.2779 0.9904 0.5695 0.2533 0.9422 0.4215 0.2096
0.9831 0.5382 0.2797 0.9888 0.5842 0.2588 0.9399 0.4250 0.2104
0.9805 0.5533 0.2940 0.9872 0.6088 0.2669 0.9377 0.4351 0.2135
0.9782 0.5582 0.2946 0.9853 0.6256 0.2813 0.9355 0.4397 0.2157
0.9750 0.5658 0.2959 0.9834 0.6415 0.2936 0.9333 0.4422 0.2135
0.9721 0.5698 0.2977 0.9815 0.6585 0.2938 0.9221 0.4717 0.2339
0.9691 0.5752 0.3002 0.9796 0.6685 0.2942 0.9110 0.4712 0.2407

0.9773 0.7037 0.3049 0.8999 0.4998 0.2778
0.9754 0.7085 0.3069 0.8888 0.5465 0.2967

0.8776 0.5532 0.2708
0.8665 0.6340 0.3538
0.8554 0.6852 0.3567

& @

Figure 5.2 Optimized structures and generated ellipsoidsooiventional nematic LCs:
(a) 5CB with a/b/c=0.663/1.32/1.00 and (b) 8CB veith/c=7.38/1.44/1.
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5.3.1 Effect of the Transition to Smectic Phase

From the measurements 0P, and (P,,) values using polarized Raman

spectroscopy ang values, we quantified the tumbling paramefensing Eq. (5-1) as a
function of T/Ty (K) and made plots for 5CB and 8CB in Figure 5.3. Vakies of{ is
&>1for 5CB over the entire temperature measured, winiditates the director of 5CB

tends to be stable at a flow-aligning angle inghear plane under shear flow. This result
is consistent with the experimental observatioas$ BCB has negative;, thus exhibiting

flow-aligning tendency in the entire nematic raft@-12, 27].

1.5
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Figure 5.3 Evolution of tumbling parametdi) of 5CB (0) (p=4.8), and 8CB {) *

(p=5.13) obtained from the measurementsRyf,) and(P,,) at various temperatures.

Calculated¢ values of 8CB are compared to experimental restlts determined by the
rheological method [29]), by obtaining Leslie viscosities by Gu and Jamimef27]
(V), and by Kneppe et. al. [11}k()
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On the other handf for 8CB is tending towards values less than 1hwiécreasing

temperature, which implies that the director isdpted to undergo a transition from
flow-aligning to non-flow aligning. Such a transii from flow-aligning to non-flow
aligning was interpreted to imply thag changes sign, becoming positive at a critical
point and the director experiences a viscous totqoding to rotate it [10, 11, 27, 29].
This non-flow aligning behavior of 8CB subjectedtdosional shearing flow was shown
in rheological studies by Gu et al. [26, 27] andmitroscopic visualization studies by
Mather et al. [13, 20].

Unlike the case of 5CB, the plot éffor 8CB obtained from our calculation in
Figure 5.3 clearly illustrates thdt value of 8CB exhibits more than unity implyingvle

aligning behavior aTy, > T >38.5C° (i.e., 0.9933 /Ty, < 1), while it exhibit less than
unity meaning a non-flow aligning nematic at tengperes below 38.5 C°. The
observation ofé being less than unity at temperatures far from mate-smectic A
phase transition poinfT{.sma= 33 C°) can be interpreted by pretransitionat¢af{35].
Gahwiller [35] identified that not all nematics éih a stable shear flows, but the flow of
nematics can turn abruptly from a uniform configima to many irregular rotating
domains even at temperatures far from a nematictsnghase transition. This drastic
change of flow-aligning properties in 8CB has besported and such behavior has been
attributed to pretransitional smectic fluctuatig86] [29]. Another factor that we should
consider is the possibility of form factqr, being temperature dependent. We applied the
form factor,p, for 8CB as a constant value so th§b) was adopted as constant value
through entire temperature of measurements. Igdmmetry of structure varies, however,
L(p) should be temperature-dependent. Thus, one mi@ynomore realistic results with
consideration of both pretransition effect and temapure-dependenp value on

calculating tumbling parameter.
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In an attempt to verify our result for 8CB, wepletted temperature dependences

of {value obtained by the rheological method [29], arsthg the values of Leslie

viscosities measured by Gu and Jamieson [27], areppe et al. [11] (Figure 5.3). The
critical point at which the transition between flakgning and non-flow aligning is
predicted to take place in our resule( ca.T/Ty =0.9933) is quite similar with those

experimentally observed in previous literature [2Z, 29]. Especially, the curve df

values in the range /Ty, > 0.9933 is in a good agreement with experimergsililts
both qualitatively and quantitatively. At tempenatsi of T/Ty, < 0.9933, however, the

temperature dependence éffrom our results is quite different from the resuin
previous literature although all of them ha§eralues less than unity indicating non-flow

alignment in a shear flow. Based on the comparisaremple analytical expression of

&appears valid for predicting flow-aligning propedyrod-type nematics (5CB) or in a

nematic region far fromTn.sma Where pretransitional effect does not influence

significantly (T/Ty, > 0.9933).

5.3.2 Effect of the Molecular Shape
Since it is not easy to define the form factorbeint-core molecules, we just
applied possiblg values from 4 I{(p) = 0.88) to 10 I(p) = 0.9802) based on the

geometry optimization to calculate values from measure@,,,) and (P,,,) of A131.

Temperature dependence ffor A131 in a nematic phase is plotted consideviagous
aspect ratios in Figure 5.4. It is interesting tiate values are larger than unity whpn

> 4 over the entire temperature range in a neni@se. While A131 possesses a
nematic phase followed by a smectic phase withedsing temperature as 8CB does, the
temperature dependence $fof A131 is different from that of 8CB. Froh>1 in the
entire nematic range (Figure 5.4), A131 is suppdseede a flow-aligning nematic LC.

Should pretransition effect be universal phenomena nematic phase followed by
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smectic phases, there may be two plausible inteffiwas: (1) Pretransitional fluctuation

of A131 in a nematic phase is not likely to affdo¢ director rotation significantly. (2)

Orientational order parametergP,,) and (P,,) , that are obtained from the

measurements of polarized Raman intensities atfloamrg state, may not reflect
pretransitional fluctuations of orientation degrde.so, Eq. (5-1) may not be an

appropriate method to represent flow-aligning bébravof directors suffering from

pretransitional fluctuation occurred in a sheawflasing measuredP,,,) and (P,q)

values. A study of whether the orientation degresulting from polarized Raman
approach reflects the pretransition effect is nexgli prior to conclude above
interpretations, which will be future works to bene.

Nevertheless, we guess the possibility of the m@&cscenario from the

consideration of why temperature dependence& @alues obtained from our Raman

approach in Figure 5.3 quantitatively differ frohose obtained by other experiments in

literature [11, 27, 29] undér/Ty, = 0.9933. Since temperature dependencé vélues in

literature [11, 27, 29] is analogous to our regulalitatively and quantitatively unfil/Ty,
=0.9933, it is likely that the orientation degm#ained from Raman approach is valid in
predicting flow behavior at least in the nematicga far fromTy.sma However, it should
be pointed out that discrepancy betwe&emalues from our results and those from other
experimental observations becomes larger as temperdecreases undéfTy, = 0.9933

at which pretransitional fluctuations were thoughinfluence dynamics of the director.

Since pretransitional fluctuation is thought toremse as temperature decreaseBiéna
[27, 29, 35, 36], it is rational to think thdtvalues calculated usindP,q,) and(P,q)
obtained from Raman approach do not reflect prsitian effect sufficiently.

Due to the absence of experimental observationfowof behavior of A131, it
remains to carry out the determination of whetlher predicted flow behavior of A131

corresponds to real flow behavior under shear focéuture efforts.
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Figure 5.4 Temperature evolution of tumbling parameter of Aldth various possible
aspect ratiogo=4 (&), p=5 (0), p=7 (#), andp=10(V).

5.4 Conclusions

We predicted flow behaviors of low molecular thetropic LCs in a nematic

phase by means of thermal evolutions of tumblingupeteré, calculated fron'(P200>

and (P,,,) values at equilibrium state and molecular aspetib,rp. A number of

anisotropic data from polarized intensities faatht accurate and reliable information
about the degree of orientation in a nematic phiasan the result of >1 in the entire
nematic range we measured, we predict the diredtgnment of 5CB in its nematic
phase under shear flow, which is in an excellenteegent with experimental
observations [10-13, 27]. In the case of 8CB pagsgsboth a nematic and a smectic

phase, judging from the evolution éf a transition from flow-alignment to non-flow
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alignment of the director is predicted to occur3&t5C, and overall extend of flow-
aligning behaviors qualitatively follow the way experimental results in literature [11,

27, 29] . Thermal evolution of betweerily, and 38.5C follows the experimental results

both qualitatively and quantitatively, and thenrtst®do quantitatively deviate from

experimental results as temperature decreasesictecedesults for A131 show a flow-

alignment of the director in entire nematic phaseé apen questions about validity of a
molecular theory to nematogens with a shape del/faden rod-type.

Although molecular theories valid for flow behagon nematic mixtures [37] or
polymeric LCs [38] are not identical with that farsingle component low molecular
nematics, it is very possible in that dynamics oémtations in nematic phase is a key
factor to explain hydrodynamics of LCs from a thetimal point of view. Thus, we expect
a better representation of orientation change mate phase improves the accuracy of a
molecular theory and provides a guide into howaitot flow dynamics to suit shear

processing for various nematic liquid crystallinaterials.
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CHAPTER 6
MOLECULAR ORIENTATION IN POLYMERS WITH COMPLEX
STRUCTURES: STUDY OF STRUCTURAL UNITS IN

POLY(LACTIC ACID)

6.1 Introduction

6.1.1 Molecular Orientation of Semi-crystalline Pwlers

Molecular orientation plays a significant role idetermining mechanical
performance of processed polymer and fiber prod&itee there is broad distribution of
chain conformations, most ordered polymers exisdmi-crystalline phases consisting of
alternating crystalline and amorphous regions thapond differently at the structural
level to macroscopic deformation. This differenoeorientation behaviors of polymer
chains between in crystalline and amorphous phaggitical in determining the final
performance of products [1-3]. Therefore, charaation of orientation of polymer
chains in crystalline and especially amorphousomregs necessary so that physical
properties of the products may be more fully unided and usefully modified.

While diffraction methods such as X-ray diffractiare capable of elucidating the
crystalline structure [4, 5], few deterministic imetls allow us to describe the
transformation of an isotropic to anisotropic antps polymer chains in semi-
crystalline polymer due to the complex conformatiand absence of long-range
coherence. Raman spectroscopy, however, is inforenain providing valuable
orientation properties of amorphous polymer chamnthat they enable the detection of
localized structures at the molecular scale andsgparation of vibration of polymer
chains in amorphous region from those of the chys¢aregion [6-9]. Since Bower [10]

first developed the quantification of the molecutarentation in a polymeric system
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using polarized Raman spectroscopy, there have heembers of studies analyzing
molecular orientation of several semi-crystallimdymers [11-13].

In this chapter, we explore the orientational etra of poly (-lactic acid)
(PLLA), which exhibit a semi-crystalline phase. Outerest in orientation effects in this
polymer stems from a rich variety of applicatiordgl,[ 15] as a biomaterial. Recently,
Tanakaet al have introduced a good way to use polarized Raspattroscopy for
obtaining the degree of molecular orientation betwéhe amorphous and crystalline
regions in semi-crystalline polymers [16, 17] irdihg PLLA [18]. In their publications,
they reported a methodology for separating theetegf orientation of polymer chains in

the amorphous and crystalline regions by combirifg,) and(P,,,) for the cylindrical

symmetry axis of Raman tensor with orientation infation from XRD and

birefringence techniques. We will expand the way wfing polarized Raman

spectroscopy to quantify the degree of orientabbstructural units in semi-crystalline
polymer, PLLA as well as to obtain qualitative infation about responsive behaviors of
both amorphous and crystalline chains with quitdedBnt approaches. Rather than
simply reproducing the orientation degrees in bw¥stalline and amorphous chains, the
present work aims at shedding light on the couplbegween the analysis of the
anisotropy of polarization intensities of variougrational modes and deformation

histories of molecules.

6.1.2 Mutual Consistency ¢f,,,) and (P,,)

In the case of polymer chains, the orientationriistion does not necessarily
occur with a monotonic pattern, but can have morplicated patterns. Nomusd al.

[19] and Bowetet al.[20] reported the graphical representation ofdfate of orientation

in polymer system using plots ¢P,,) against(P,,,) for several types of distribution

under uniaxial deformation. They simulated the ralielations betweeiR,,,) and
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(P,y) determined from the boundary equations of trigoewmim functions. Using the
relationship betwee(wcos2 ,8> and<cos4 ,8> by the Schwarz inequality, the variation of

(Pyyo) should be in the limited area of the followingrfora if the value of B, is

known as [19, 21]:

1

1_8(35< P200>2 - 10< P200> - 7) < < P40(> < %2( 3 on& + j (6-1)

where (P, ) =%(3<co§ £-1) and(p,,) =%(3—3o< cod B)+ 3% cdsB)).

In their graphical representations, there are tgpes of orientation distribution
functions: monotonically increasing or decreasingction that has a single maximum at

B=0° and B=90° respectively, bimodal shape that has two maximueakg
ats =0° and 90, and one minimum at specific angle. Each of thentation models is
illustrated in Figure 6.1, and the domain of theation of (P,,,) against(P,,,) for each

model is depicted in Figure 6.2. Model | represeatsnonotonic decrease of the

orientation distribution functior (3) with increasing3, while model Il represents a
monotonic increase of the population with increggin For model 1ll, the function of
f (B) has at least one maximum Atwhere0° < 8 < 90", and the functionf (3) has at
least one minimum g8 where0° < 3 < 9(° for model IV. By comparing the obtained
values of(PR,,) and(P,,,) with four domains in Figure 6.2, we can predictype of

orientation distribution of polymer chains exhibdi in a system under the uniaxial

deformation.
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Figure 6.1 Different types of orientation distribution funatis of polymer chain
corresponding to the equation of Nometaal.[21]: Model I: monotonic decrease with a
single maximum aj3 =0°, Model Il: monotonic increase with a single maximuat

£ =90°, Model Ill: bimodal function with a single minimuat specific angle, Model IV:

unimodal function with a single maximum at specé#igle.
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Figure 6.2 Possible four planes for the relation(#%,,) and(P,,,) according to the type

of ODF; solid line is bounds on the Eq. (5-1); inselid lines are plotted to divide the
(Py) @and(P,,,) planes according to types of ODF [20]. [Reprinfein ref. [22] with

permission]
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6.2 Experiments

6.2.1 Sample Preparation

Poly (-lactic acid) (PLLA) (M, = 1.9x10) was purchased frofurac Biochem
and was used as received. A collaborator (Prof.b&ub. Venkatraman at Nanyang
University, Singapore) prepared film specimen bstiog them from an isotropic solution
of PLLA in dichloromethane. Solutions were castoogtass plates using an automatic
film applicator. The solvent are evaporated, almdgiwith a uniform thickness of Orfim
were obtained. Drawing the solution cast film afC8%ielded some degree of uniaxial
orientation of chains in the film and then quenchedoom temperature. (Stretch ratios,
e=1/L=2, 3, 4wherel: the final length and.: the initial length) The crosshead
speed of the machine was mdimin. Figure 6.3 shows molecular structure of PLad

transition temperatures (glass transition/meltofgPLLA with a-helix structure.

@) (b)

CH; o) CH, @H
; OH X
HO o Y =
O CH, ™n o) .
M, =190,000, Tg =67°C/ T,= 176°C

Figure 6.3 (a) Molecular structure of PLLA and its transitidemperature (glass
transition {Ty) and meting T)) and (b) simple scheme @fhelix structure.

Uniaxial orientation in stretched films on a mamaopic scale was observed by
polarized optical microscope (POM). Under crossethnzation, optical microscopic
images of stretched the films appeared with 2-f@thtional symmetry of sample in
birefringence. When drawing direction was parabel perpendicular to polarization
direction of incident light, it became dark, whilee maximum intensity of transmitted

light was obtained when rotating the drawing dimttis 45 with respect to the
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polarization direction of incident light. This irwites that polymer chains in stretched

films are aligned uniaxially on a macroscopic s¢ai 24].

6.2.2 Measurements of Raman Spectra

The procedure to obtain the anisotropy of polariZzgaman intensity from
stretched samples was the same with experimentaipsdescribed in chapter 3. Right
after drawing the samples, we placed the sampté@®rotating stage at the configuration
that drawing direction is collinear with ZY plansegé Figure 2.6). Since amorphous
regions in semi-crystalline polymer coexist witlystalline regions [25], the difficulty in
analyzing the orientation of both amorphous andtatiine chain using polarized Raman
spectra is the separation of morphology effectstlom scattering intensity. If the
crystallinity of a sample can be varied substalytias temperature changes, it should be
possible to assign some peaks to the crystallianshoy heat treatments. Thus, in order
to evaluate the contribution of the crystalline amlorphous regions to peak intensities,
polarized Raman spectra of isotropic crystallinedLRLfilm was measured at various

temperature from 2B to 200 C at which the crystalline phase effect can be elatgd
since the melting temperature of PLLA widkhelix form is known to be 176 [26].

Differentiation of band assignments between criig@land amorphous regions was
carried out by measuring the polarized Raman spettundrawn PLLA over the melting
temperatureT,). Temperature of the film was controlled usingoa $tage I{inkam) that

provides a relative accuracy in temperaturec6f1°C.
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6.3 Results

6.3.1 Temperature Dependence of Raman Spectraldf PL

Figure 6.4 (a) are optical images of undrawn fikith 30% crystallinity with
different temperaturesI(< Ty, Tg < T < T, T > Ty), in which we observed that the
optical image of the sample became out of focusmwieenperature reached its glass
transition temperaturél§) and that grains disappear when the sample wagdnéligure
6.4 (b) presents the peak changes in detail over thquéncy regions studied as
temperature changes. It is clearly seen that takspat 52@&m*, 708cm, and 91%m*

disappear after the temperature rises adgyve

) |

!
520 emt 708 cml f 919 em'?

l ‘ l 200°C

| 180C (>T,,=176C)
i 150C
110C
70°C T,=67C)
50C
25T

Raman Intensity (a.u)

400 600 800 1000 1200 1400 1600 1800

Raman Shift (cm™)

Figure 6.4 (a) Optical microscopic images at various tempeeatleft (25C), middle
(Tgt5C) and right T+5C). (b) Polarized Raman spectrg,, of undrawn PLLA at

various temperatures. [Reprinted from ref. [22]nwpermission]

123



Other peaks are present in the melt state, bué ther some changes of the full
width at half-maximum (FWHM) of peaks as temperatehanges. Figure 6.5 shows
temperature evolution of the bandwidth of variowsfan peaks normalized to the width

of each peak at 26. There are two features of interest in Figure @ifst, there is

relatively slow increase of FWHM ratio with tempeena up toT,, followed by a sharp
increase to a constant value. The extent of broageof other peaks is different for
different peaks. For example, FWHM of the peak #2 &ri' slowly increases OVEFy

and then abruptly jump at aboVg, whereas that of peak at 14&di* looks independent

of temperatures.

2.6 -
o  873cm”
24 - 1042cm™ . e .
*  1092cm’
22 v 1181cm’
¢ 1297cm’
204 =~ 1388%m™
@ 1454cm™
=18 + 1751cm’
L @ 1764cm™
E 1.6 x 1774cm’
P g @
14 § é %
1.2 - -
< g !
ofe ¥ B ¥ B BB ES000
0.8 T T T.IH T T T Tm T
5

25 50 75 100 125 150 17
Temperature (°C)

200

Figure 6.5 Temperature evolution of full width at half-maximwFWHM) of various
Raman bands normalized to the width of each barb@t. [Reprinted from ref. [22]
with permission]
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6.3.2 Raman Tensor Form and Symmetry of Vibration
As discussed in chapter 2, it is necessary tormdte the form of the Raman

tensor prior to the study of orientation using Rarpaaks by measuring depolarization

ratio in the isotropic stateR,, = I% . Figure 6.6 shows the measured polarized Raman
I

spectra of an undrawn PLLA film and deconvolutidmuoxed peaks. The value d&®_,

for each peak is annotated in Figure 6.6. The nurabpeaks used to fit the overlapped
peak was determined based on the literature [227]3,

According toR_, values of each band, the tensor form is classifeetde totally
symmetric if R, is smaller than 0.75. In this case, the off-disjaomponents of the
Raman tensor are zero. If thit, value equals 0.75, on the other hand, the Ranmsorte

is non-totally symmetric, in which case the diadot@mponents of Raman tensor are
zero. It is noteworthy that peaks with symmetrigriaa tensor are appropriate to quantify

the uniaxial ordering with simplified expressiontbé ODF as described in chapter 2.

6.3.3 Angular Dependence of Polarized Raman Intgnsi
All peaks attributed to each band were analyzest twe whole range of rotating

angle, @ in detail, and its intensity profiles, for the four peaks of drawn filr(r:4)

are shown in Figure 6.7. Interesting observatioth& there are four types of angular

dependence of polarized intensity, () which are very similar to four types of

orientation distribution functions as plotted iyéie 6.1.

The pattern of intensity profile of peak at 1388* has a single maximum at
6=0° and monotonically decreases urdliE 90°. The intensity of peak at 10@2i* and
1454 cmi' monotonically increases as the rotating angleemses and has a single
maximum a# = 90°. The intensity profile of the peak at 9¢8i" follows the manner of

unimodal variation. Angular dependence of Ramaanisities of the other peaks such as
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that at 873m’ appear to be bimodal shape having two maximd=a6° and 90, and

one minimum at specific angle. Herein it is impattto differentiate polar anglg form

the rotating angled. The intensity profiles are constructed as a foncof the rotating

angle, @ and the plots of orientation distribution are madea function of polar angf®.

Since the pattern of the intensity profile followdifferent ODF types,
experimentally obtained intensity profiles at diffiet stretch ratios are fit to the ODF
models of Nomuraet al [19], and fitting results as a function of stretratios are
presented in Figure 6.8. From Figure 6.8, we cansggificant changes of the shape of

intensity profiles under the deformation of films.

6.3.4(P,,) and (P, of the Scattering Units
Uniaxial orientational order parameteréP,,,) and (P,) , by fitting
experimentally obtained depolarization rati6®{6), to Eq. (3-4). ObtainedP,,) are

plotted against stretch ratios in Figure 6.9. bhserved that théono> values for Raman

peaks at 919, 1042, 1297, and 1888" increase positively as the stretch ratio becomes

high; this implies the measured axis of symmetrg hatendency to align toward the

drawing direction. In contrast, decreaskﬁgm} values for bands at 1751-1764-1%mM

! with increasing stretch ratio imply that the mailec chains align toward the drawing
direction since theC=0 stretching vibration is thought to occur in a diren
perpendicular to the polymer backbone.

Interesting information on the shape of the ODRes from the relation between

(Pyo) @and(P,,) of the principal axis of Raman tensor of each pé®ig,) and(P,q,)

values obtained for each Raman peak are plottettar{P,,) (P,,,) plane which is

theoretically limited by Nomurat al [19] and Bower [20] in Figure 6.10. We can clgarl
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see that théP,,) and(P,y)

values of each band are divided to be well ingdeh

domain; values for 1388m* in domain I, those for 109@m* in domain Il, values from

the peak at 916ni* in domain

[ll, and those for peaks at other fretues in domain IV.
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Figure 6.6 Polarized Raman
room temperature: (d), and |

1800cmi™. [Reprinted from re

spectra of undrawn PLLA (30% etlmsity) measured at
- (b) decomposition of spectra over the range froM ©

f. [22] with permission]
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Figure 6.7 Angular dependence of polarized Raman intensdfegrawn film (5:4):
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129



04

o  873cm™ N
03] * 919¢cm’’ ‘ ‘
. 1042cm™
% 1092cm’ A R
021 v 1181cm’ . ,
< 1297cm’
A 01 * 1388cm’ |
S @ 1454cm™ | %
N « A751em’ | 4 v .
%— 001 = 1784cm™ |.. ¢ s
x  1774cm’ ®
L 4 a @®
-0.1 - x e e
x %
0.2 s ’
a9 . b o
=
'0.3 T T T
1 2 3 4

Stretch ratio (A)
Figure 6.9 Plots of calculated values <§on0> of vibration bands as a function of stretch

ratio. [Reprinted from ref. [22] with permission]

<P 40>

873cm
919¢cm
1042cm
1092¢m”
1181cm”
1297e¢m”

1388¢cm
1454¢m”
1751¢m
1764cm”
1774cm’

1
1

1

1

1

1 I+ + |2 1
1

. <P, o>
1

1

1

X O + O % % < 3 ¢ » O

Figure 6.10 Plots of (P,,,) against(P,,) for various vibration bands; each mark

corresponds to each Raman band, and differentsc@lih the same mark indicate the
values obtained at different stretch ratios (blacks ats =2, blue ones at =3, and red
onese¢ =4). [Reprinted from ref. [22] with permission]
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6.4 Discussion

6.4.1 Morphology Effect on Polarized Raman Speatré Peak Assignments

From Figure 6.4 (b), peaks disappearing at afgvépeaks at 520/708/919r%)
were assigned to the vibration modes attributeohty crystalline nature since they were
absent from the spectrum of the molten PLLA. Thaseas with the result of previous
studies reporting that bands at there frequenaiesatiributed only or mostly to the
vibrations of chains in a crystalline region [2,, Z&]. Thus, it is possible to identify
orientation of scattering units in crystalline pbssby analyzing Raman scattered
intensity of these bands. Other peaks detectecb@teal,, may be the result of the
overlap of peaks belonging to both phases. We caghly estimate the contribution of
the crystalline and amorphous phases to peak ityeénem the changes of bandwidth of
peaks. Increase of FWHM occurs when the chain cordbons change from well-
ordered states to random states. It is becausestiiueture of disordered chains
encompasses a broad distribution of chain confoomatand thus their vibrational
transitions have broad bandwidth. The sharp inereals FWHM at overT, was
interpreted as occurring at the order-disorder @teansition. The slow broadening of
peak width undeT,, corresponds that a broad distribution of chainf@onation without
order-disorder phase transition occurring as teatpes increases.

Therefore, the degree of change of FWHM gives itatale information about
how the morphology contributes to the peak intgndior instance, the increase of
FWHM of the peak at 175dm* becomes even greaterTatthan that of the peak at 1454
cm'. With these comparisons, it is plausible to codelthat the assigned band at 1751
cmit is significantly related to the chain vibrationamorphous regions. Little change of
bandwidth at 1454ni" even at the temperatures abdyemay indicate that the shape of
the peak is not dominated by the vibrations of taflise chains and does not change

much overT,, due to disappearance of crystalline phase. Foerdiands, each has
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different degree of FWHM changes as a functioneofigerature, which indicates each
band may have different contribution from both @sas

Since it has been known that PLLA hashelix structure [25, 28], and the
structure is also likely to be preserved in the grhous regions, the tensor forms were
classified into two symmetry types, A- and E-moil, [29]. In addition, we assume that
any deformation in our study does not affect thiechlestructure of PLLA since the peak
at 919cm®, which reflects 18helix structure [27], does not shift under thecdefation.

Based on the temperature dependence of Raman aedkzevious literature [2,
18, 27], band assignments and morphology effectthermajor bands are tabulated in

Table 6.1.

Table 6.1Raman Band Assignments and Morphology EffectsherPeak

Raman shift (cm®) Morphology Effect Riso Bands Assignments
- 398M-411M Cr/Am 0.721-0.152| - 6CCO
- 520w Cr / - 6C-CH3+6CCO
- 708M Cr>>Am 0.089 -yC=0
- 736M Cr/Am 0.062 -0C=0
- 873VS Cr/Am 0.095 - vC-COO
- 919M Cr 0.841 -rCH3 +vCC
-1042S Am > Cr 0.267 -v C-CH3
-1092S Cr/Am 0.501 -v (COC)s
-1128S Cr/Am 0.109 -r (CH3)as
- 1181M Cr/Am 0.086 -v (COCQC)as +r (CH3)as
-1297M Cr/Am 0.577 -0 CH
- 1388M Cr>Am 0.673 - 0(CH3)s
- 1454S / 0.741 - (CH3)as
-1751M Am >> Cr 0.463 -vC=0
- 1765M-1774M Cr/Am 0.182-0.146

4VS = very strong; S = strong; M = medium; w = weak; symmetric; as = asymmetric,
Cr; crystalline nature, Am; amorphous nature, Axrenattribution to A rather than B,
A>> B; even more attribution to A rather than B,/&n; mixed attribution to both
phases but portion of effect from morphology is detr, /; difficult to decide.
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6.4.2 Evolution of Intensity Profilei, (), corresponding to Deformation

In previous works about uniaxially drawn PLLA [180], the pseudo-affine
deformation model [31] was proposed for the defaiomaof polymer chains in the
amorphous regions while the degree of chain oriemtan crystalline region increases
slowly at low stretch ratios followed by a rapideibecause of crystal rotation and slip
along the stretching direction at high drawing aatiThis proposed deformation
mechanism accounts for the variation of intensityfie with various stretch ratios in
Figure 6.8 based on the knowledge about morphotogyribution to the peak intensity
qualitatively concluded in Table 6.1. For the peak$092cni*, 1297cmi’, and 145&mi
! for instance, Raman peaks are assigned to thatizcib of chains both in the crystalline
region and in the amorphous region. This mixed rdoution of morphology to peak
intensity can explain the difference in intensitpfiles according to stretch ratios. For
the above three Raman peaks, Figure 6.8 shows kabiarchanges of profile shape
when stretch ratio changes frasm= 2 into £ =3, but profile shape is more or less the
same betweew =3 and £ =4. This suggests that scattering units in both therphous

part and the crystalline part are involved in themation process while the sample is

being deformed to low stretch rat{e = 2). However, at high stretch ratig,> 3, the

crystal orientation increases dramatically and thevrels off due to the essentially
complete micro-fibrillar transformation, and anyrther increase in orientation is
confined to the amorphous regions. Thus, it resaltee change of profile shape.

This approach is interpreted as evidence for ardegregation of the crystalline
and amorphous phases. Additional evidence is shiomthe intensity profile of the
crystalline peak at 91@m’, where angular dependence of peak intensity isesea
abruptly frome=2 toe =3, but it almost level off at higher stretch raticEhese
behaviors are in accord with previous results B, With the profile changes at other

peaks, however, it is difficult to explain the def@ation mechanism of PLLA because
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angular dependence of the peak intensity is depematenot only the mixed contribution
of morphology but also the arbitrary angle of tlilat the symmetry axis of Raman tensor
makes against molecular chain axis.

The result in Figure 6.10 is consistent with theteches between the profile shapes

of 1, (8) and those of ODF as shown in Figure 6.8 and Fi§ute respectively. It is
clearly seen in the case of 128M" for which (P,,) and(P,,,) ranges from domain III

to domain IV as stretch ratio increases. As shawhigure 6.8, the pattern af (&) of

this varies from unimodal to bimodal function, wihiis thought for the type of ODF to

change in the same way. Thus, values(Bf,) and (P,,) at £=3 and =4 are

supposed to be in domain IV, whereas thosdRy,) and(P,,,) at £ =2remain in

domain lll. The same explanation can be appliethéocase of the Raman peak at 1454
cmi'. The Raman peak at 1454 ¢ris assigned t€H; asymmetric deformation modes,
and CHs; groups in PLLA are perpendicular to the molecwdaain. Assuming that the
Raman tensor is oriented along the direction ofGhkig bond, our results show that the
molecular chains are aligned along the deformatioection with a Gaussian distribution
at high stretch ratio (refer to Figure 6.8). Theref we are able to predict the
approximate pattern of ODF of polymer chains by sneiag the intensity profile as a

function of sample rotating angle.

However, it does not necessarily mean that thesweatl values o(Pm} and

<P4OO> reflect accurately the ODFs of polymer chainsha amorphous and crystalline

region, respectively. This is because the analyadterings have contributions from
both phases, of which polymer chains respond diffidy to macroscopic deformation.
Consequently, ODFs of the principal axis of Ramamsors averaged over both phases
have a unimodal or bimodal function although theFO® chains in each phase in fact

may change monotonically. Furthermore, the tiltlej{y between the symmetry axis of
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Raman tensor and the helix axis should be conslderecalculate ODF of molecular

chains unles¢ =+nm, Nn=0, £1, + 2....
From the above discussion, we propose that pipttie intensity profiles|, (6)

of Raman scattering of properly selected bondspramide valuable information about
the response of amorphous and crystalline chajparaeely under the deformation if the
band is attributed to only one phase and the symnaeis of Raman tensor is collinear

with chain backbone axis.

6.4.3 Orientation of Amorphous Polymer Chains

Since the orientation information on crystallifeims in PLLA can be obtained
using X-ray diffraction as shown in the result pave would focus on discussing the

orientation of amorphous chains in PLLA under defation.

As discussed above, experimentally obtailBg,) and(P,,) values represent

the orientation distribution of the principal axsthe Raman tensor in a given coordinate
system. In order to quantify the orientation degyeehains in the amorphous region, not
only the contribution of vibration in both amorplsoand crystalline chains to Raman
peak should be separated but also the tilting antBleshould be considered. Although

we could qualitatively approximate the morpholodfee on Raman intensity based on

the variations of Raman bandwidth according totdmperature, exact quantification is

still unclear. Moreover, an accurate knowledgeYéfis quite complicated, perhaps

impossible, only with analysis of experimentally asered Raman spectra unless
guantum mechanical calculations of polarizabilitvaege during vibration are carried out
in parallel.

Recently, Tanakat al reported an approach to obtain the tilt antleby

combining (P,,,) and (P,,,) for the cylindrical symmetry axis of Raman tensdth

those from wide-angle X-ray diffraction (WAXRD) ahdrefringence measurements [17,
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18]. Once the tilt angley has been determined, the orientational order patens of

amorphous chains<P200a> were obtained fromP,,) for the Raman peak that is

contributed from both crystalline and amorphoussph{ap200 ,a> was calculated from Eq.
(5-4) with the knowledge of the degree of crystathi, xy. and sample birefringencén
[18, 32, 33]

AN = X, (Paoe) AN+ (L= X )( Proo) A1, (6-2)
where subscripg andc indicates amorphous and crystalline phase, respéct
Herein lies the difficulty of decoding the individlucontributions from the amorphous
and crystalline regions. This equation can be apdior separating the orientation degree
of amorphous and crystalline chains from the awedlagalues if the contribution of
vibration of chains in amorphous and crystallingioes to Raman intensity is equal.
Although qualitative separation of the contributioihmorphology to Raman intensity is
possible as shown in the discussion dealing withRiWHM in Figure 6.5, quantifying
those exactly is quite difficult and not obvious.wlould be quite useful to be able to
figure out how to separate these contributions loptalitatively and, more importantly,
guantitatively and merits further attention.

Free from the degree of contribution, the band74&1cri® may be used for the
orientation of amorphous chains. It can be assutnatthe contribution of crystalline
chains to the peak intensity of band at 1€51* is so small that it can be ignored. In
addition, the depolarization ratio, 0.463 obtaif@dthis peak of the undrawn sample is
again an indication that the Raman tensor of thisdbis symmetric, and hence a good
approximation to simple ODF will be valid to apdg. (3-4). However, we were not
able to obtain the orientational order parametémnmrphous chains due to the lack of
tilting angle for the Raman band at 176ai*. Although the direction of transition

moment ofC=0 stretching was reported to be tilted aboutt33 from the molecular
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chain axis ina-helix system [34], using this information may alpooduct another
assumption. Thus, rather than obtaining exact gatdi®@rientation degree for amorphous
chains, what we propose is a new way to analyzarigeld Raman spectra to characterize

anisotropic behavior of semi-crystalline polymedandeformation.

6.5 Conclusions

The complex behavior of chain orientation in thenserystalline PLLA system
was studied by means of polarized Raman spectrgsddye present paper employed a
simple approach to the use of polarized Raman, lwlsieeks to provide additional
information on the orientation distribution from awining the complete range of
orientation of the symmetry axis of Raman tensoreiation to the polarizations. The
measurements of the angular dependence of theszhthtensity of assignable vibration

bands were performed to determine the orientatiorgdr parameters of scattering units.

Comparison of calculated value§R,,,) and(P,,), with predicted ones was made

according to types of ODF, and the results sugtiegtmeasurement of polarization of
scattered intensity as a function of rotating arega allow the orientation distribution
function to be determined with a good accuracy euttthe use of information of entropy
theory.

In order to characterize the orientation degreerygdtalline chains and amorphous
chains separately, we assigned Raman bands acgdalihe effect of morphology on
Raman intensity of the bands. The peak at X561 was mostly attributed to amorphous
chain and could be directly used to obtain thentaigon degree of amorphous chains.
The molecular orientation distribution in the amups regions can be determined if the
tilt angle, W, is known. Using this approach, we found that nodshe development of
molecular orientation in the crystalline regions wfiaxially oriented PLLA film was

complete aftei.=3. The molecular orientation in the amorphousaegiis much lower
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than that in the crystalline regions but seemeldetancreased continually even after the
molecular orientation in the crystalline regionssweompleted. These findings have
implications for optimizing the recovery of semistalline polymers, as crystalline
orientation generally is less recoverable compéoemimorphous orientation. In turn, this
finding has implications for optimization of theogesses used to incorporate shape

memory effects in such polymers.
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CHAPTER 7
SOLVENT EVAPORATION INDUCED LIQUID CRYSTALLINE

PHASE IN POLY(3-HEXYLTHIOPHENE)

7.1 Introduction

Polymeric semiconductors are particularly attrectcandidates for electronic
devices because of their compatibility with highmotigh-put and low cost processing
techniques [1, 2]. When precisely functionalizedotigh the techniques of organic
synthesis, they afford desired performance atedufi3-5]. Their use, however, is
restricted to opto-electronic devices because aif tielatively low charge mobility [6-8].
The limitation of charge mobility in polymeric eteanics is mostly due to both imperfect
local order and macroscopic barriers such as dgraimdaries, which behave as defect
sites for charge hopping [9]. Therefore, understandhe morphology development of
conducting films is of great importance for the amtement of performance in device
applications. As charge mobility strongly depends the packing of chains and the
degree of chain ordering, extensive research has barried out to understand the
structure-morphology-property relationships. Theage focused on parameters dealing
with molecular weight [10], regio-regularity [112]l and processing using various
solvents [13], all of which affect the final morgbgy of the conjugated film, resulting in
increased charge mobility.

Along with the study of structure-property rela$o solution-processing
techniques that facilitate a higher degree of msmpic order in conjugated polymer
films have been studied to improve the viabilitycohjugated polymers [14, 15]. Various
groups have been trying to achieve the highly @dedignment of conjugated polymers
using various techniques such as using rubbed rsitdsst[16, 17], Langmuir-Blodgett

technique [18], friction transfer [19, 20], andetitional solidifications [21].
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In a separate study, we made a drop-casted filngusgio-regular poly(3-heyxI
thiophene) (P3HT), one of the most widely used egajed polymers due to the self-
organizing characteristic into highly ordered mstracture [15]. Interestingly, we
observed clear birefringence at the periphery atexh P3HT film on a glass under
crossed polarizers using an optical microscope Fsgere 7.1). It makes us recall the
optical anisotropy that is the direct result of tirging process produced in the plane
orientation of the dominating polarizable groupatige to the chain backbone in the
solvent plasticized melt [22, 23]. This orientatiflects the molecular conformations
that are frozen into the film during the drying pess, and the magnitude of birefringence
reflects both the optical anisotropy of the groum dhe steric constrains to its free
rotation.

We are interested in elucidating the mechanisnhefchain alignments at the
border of the film formed by the evaporation ofsskesdrop. It has been reported that the
conformation of polymer chains keep evolving inesaporating solution droplet and the
behavior of polymer chains in the solvents playracial role in determining the final
morphology [24-26]. Despite the importance, a cehepicture of the morphology and
the role of polymer relaxation in the solution pss is incomplete. Thus, in the present
work, in an effort to characterize how P3HT chéiebave from an evaporating solution,
we monitored the change in the orientation of tlwymper chains as the solvent
evaporated using polarized Raman spectroscopy.ddiitian, we report on the time
dependence of vibration frequency and bandwidtepafcific peak that is known to be
very sensitive to structural changes at the mosdelel, which provides the extent of
intermolecular interactions and structural ordeP8HT chains. (The works described in
chapter 7, 8, and 9 have been done in collaboratiinProf. Elsa Reichmanis’ group at

Georgia Institute of Technology.)
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(a)

Contact line

glass

Figure 7.1 (a) Optical microscopic image of P3HT film dropstad from P3HT in
chloroform on a glass without polarizer and analyfb) Optical microscopic images
under crossed polarizers; angles, (05°, 30°, 45) mean the tilt angle between the
polarization direction (denoted &} and the direction of contact line of the film.age
bar is 20um. The sample stage was rotated with respect ttxbe crossed polarizers.

7.2 Experiments

7.2.1 Sample Preparation

The P3HT used for this study was purchased fi®igma-Aldrichand used
without further purification. This material hasMy, of 24kD andM,, of 47.7 kD (from
GPC in tetrahydrofuran calibrated with polystyrestandards using a Waters 15115
Isotropic HPLC system with a Water 2489 UV/Vis d#te, using a Styragel HR 5E
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column) and a head to tail regio-regularity of 92%9(as estimated from thel NMR
spectrum obtained from a solution of the polymerdauterated chloroform at 293K
recorded using aBruker DSX 300NMR spectrometer). P3HT solution with a
concentration of 3mg/mL were prepared using 1.@¢hbrobenzene (1,2,4-TCB)
(boiling point =218-219°C) as a solvent in ordentonitor the changes of Raman spectra
accurately with long enough evaporation time. Tinecsures of P3HT and 1,2,4-TCB are
depicted in Figure 7.2.

Cl
\ / S
Cl
Regio-regular 1,2,4-trichlorobenzene
Polv(3-hexvl thiophene) {TCB) (b.p: 218°C)

Figure 7.2 Structures of head-to-tail regio-regular poly(3¢lethiophene) (P3HT) and
1,2,4-trichlorobenzene (TCB)

7.2.2 In-Situ Polarized Raman Measurements

In order to monitor the change of Raman spectraa dsinction of solvent
evaporation time, we carried ourt-situ polarized Raman measurements. As shown in
Figure 7.3, right after we deposited P3HT solut{@ruL, 3mgmL) on a 200nm thick
SiO, coated silicon wafer, we continuously measuredpiblarized Raman spectra near
the periphery of the solution drop by accumulaBnBaman signal for 5 seconds with 6
time repetitions (that is, it took 30 seconds tdéaoba Raman spectrum) using a 10x
objective until the solvent evaporation was congaletn order to avoid local degradation

of the sample, the laser power was limited tmB0of laser output.
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The development of anisotropy of P3HT chains wasitaced by recording a
series of polarized Raman spectig,as a function of the anglé, between the arbitrary
direction in theYZplane and the polarization direction of the inaidkght (see Figure
2.5). Angular dependence was detected by measpotagized Raman spectra in °15
intervals from 0 to 90 one after another by rotating sample stage whaasuringin-
situ Raman spectra. We arbitrarily definéd=90° as the angle at which polarized
Raman peak is strongest. While each polarized Rapeaatrum was obtained from the
accumulation of Raman signal for 30 seconds, not simultaneously, this time interval

(30 seconds) was so short in comparison to the thacede for complete solvent

evaporation (> 12 hrs) that we ignored the inflieen€ the time difference on polarized

4nalyzer

polarizer

Raman spectra measured in a sequence.

10
Objective

Quartz glass

Figure 7.3 Experimental setup foin-situ polarized Raman measurement in the back
scattering geometry. Deposited solution on thetsateswas covered with quartz glass in

order to protect the objective lens from the evafeut solvent and was placed on a
rotatable stage. [Reprinted from ref. [27] withpession]
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7.3 Results

7.3.1 Raman Spectrum of regio-regular P3HT

Polarized Raman spectrum measured for pure regidaeP3HT powder, which
is known to be semi-crystalline, are plotted witBB0~1800cmi* range in Figure 7.4 (a)
and the Raman spectrum of pure 1,2,4-TCB is platedg with that of P3HT solution
(P3HT+TCB) in Figure 7.4 (b). From the comparisohthe Raman spectra in Figure 7.4,
Raman peaks from 1,2,4-TCB, distinct from thoseuife P3HT, are highlighted with

star marks ). Especially, the most intense peak at &#f" attributed toC-Cl

stretching vibration [28] can be used as an indicaf the existence of solvent in an
evaporating P3HT solution.

It is always complicated and not definite to assigration bands for poly-atomic
species based on the experimentally obtained spectmless quantum mechanical
calculations are carried out in parallel. Neverhs| we assigned the most intense peak
for P3HT at c.a. 1446m* to symmetricC=C stretching in thiophene rings [29-33], a
characteristic band that is sensitive to the stinattchange of molecules and to the
intermolecular interactions based on the resultgre¥ious literature. (1) Raman spectra
of both polythiophene without alkyl substitutiondapoly(3-alkylthiophene) exhibit very
strong peak at near 1456, implying that this peak comes from the vibratioband
independent of alkyl substitution [29]. (2) Theduency of this peak varies significantly
according to the number of thiophene rinigs, the extent of conjugation length, which
was determined by experimental observations as w@aellquantum calculations of
vibration frequencies of oligothiophenes [30-33). Oxidative doping of polythiophenes
[33] and a poly(3-alkylthiophene) [32] shows obwsothanges in both the position and
shape of this peak, which means this peak is atgibto the vibration in the bonding
system. (4) The positions of strong Raman peaksirgprirom C-H stretching and

skeletal stretching of-C are usually known to be in the regions of 28008366 and
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under 1200cni*, respectively [34-36]. (5) The literature is replevith results showing
that this peak for P3HT is sensitive to structuoatler [32, 37-40]. Dispersions of
vibration frequencies of this peak under differeesonant excitation conditions.e,
under different laser source) indicate peak pasitibthis peak is strongly affected by the
degree of molecular order [32, 38, 39]. The positd this peak of polythiophenes shift
with high temperature at which structural ordermdes [37, 40].

(a)

Raman Intensity (a.u.)
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—_—
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Raman Shift (cm™1)

(b)

Solution (P3HT+TCB)
Pure TCB

| \AJ\\ULJL

Raman Intensity (a.u.)
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I Y B &

1800 1600 1400 1200 1000 800 600

Raman Shift (cm™)

Figure 7.4 (a) Polarized Raman spectra of pure P3HT powaher,(B) polarized Raman
spectra of P3HT solution (P3HT+TCB) along with pti@B, under parallel polarization

mode(I,) at 30C. Peaks highlighted with star mark{ are characteristic Raman peaks

coming from pure solvent, 1,2,4-TCB and peaks eegrsquare are contributed to the
vibrations of P3HT. [Reprinted from ref. [27] wilermission]
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7.3.2 Angular Dependence of Polarized Raman Spectra

Figure 7.5 shows anisotropic angular dependencRarshan spectra of P3HT
solution for specific time duration (approximateB45~700 minutes after solution
deposition). While the extent of anisotropy is eiffnt according to measured time, it is
clear that polarized Raman spectra show anisoti@pgular dependence. Especially, the
intensity of peak at 144&m* varies significantly with the rotation angle. Ahet notable
observation is that the fluorescence backgroundhefpolarized Raman spectra also
displays a strong angular dependence. Intensiigtiam of the peak at 144&n* at this
time duration is plotted with numerical values eBg intensity in Figure 7.6.

It was only for the period of approximately 645 %20 minutes after solution
deposition that we were able to detect the angiggendence in the polarized Raman
spectra relative to the entire elapsed time duwhgh measurements were obtained (O-
1200 minutes). It is noteworthy that in the Rampactra measured up to 675 minutes
after the deposition, we were able to detect chariatic peaks of pure solvent that were
distinct from the peaks coming from P3HT. In parée, the peak at 663" was clearly
seen in those spectra. (see Figure 7.7). It redjuareneticulous peak fitting to detect
Raman signal at 663mi* after 675 minutes due to the continuous loss viesh amount
and strong fluorescence background of which noisgy the Raman signal. However,
meticulous spectra analysis enabled us to differenthe peak at 667 c¢hirom the noise
of fluorescence background even up to 720 minutes.

No angular dependence was discernible before ithe period noted above
(645~720 minutes after the deposition) for both B@man peak at 144&m* and
fluorescence background. Figure 7.8 shows no angl@ipendence of polarized Raman
spectra measured at 630 minutes and 800 minutsthé deposition. (We intentionally
shifted Raman spectra in consecutive order foretmy view. Otherwise, all spectra are
almost identical one another.) It should be noteat Raman spectrum shown in Figure

7.8 (a) and 7.8 (blooks very different. Raman spectrum in Figure (@8 consists of
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weak and broad peak at ca. 1448", whereas that in Figure 7.8 (show very strong
and sharp peak at ca. 1446i' that looks similar to the Raman spectrum for regio
regular P3HT powder, which consists of polycrystall domains embedded in

amorphous matrix (Figure 7.4 (a)).
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Figure 7.5 Angular dependence of polarized Raman spectra urehsat various
evaporation times at room temperature; (a) 645 tasb) 660 minutes, (c) 675 minutes,
and (d) 690 minutes after the deposition. Anglehlggnt with each color corresponds
with Raman spectrum with the same color.
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Figure 7.6 Time evolution of angular dependence of the pedknsity fromC=C
stretching between 630 minutes and 720 minutes dffposition. Outside of these time
scale,i.e, for ca. 0~630 minutes and ca. 720~1200 minutesret is no angular
dependence. [Reprinted from ref. [27] with pernus$i
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Figure 7.7 Polarized Raman spectra measured at 630~675 mjndiging which
polarized Raman spectra exhibit angular dependénedl. spectra, a distinct peak at 667
cmi' is clearly detected as shown within red squarBepfinted from ref. [27] with
permission]
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Figure 7.8 Plots of polarized Raman spectra consecutivelysored by rotating sample
stage at (a) 600 minutes, and (b) 800 minutes di#position, respectively. Spectra in
each figure are intentionally shifted for a lucwhgparison. Otherwise, all spectra in each

state are almost identical. [Reprint from ref. [@ifh permission]

7.3.2 Time Evolution of Peak Position and Peak kVidt

We fitted the peak at ca 14451 using GRAMS Galactic Inc) for all spectra
measured for the entire time duration (0 ~ 1200uteis), which resulted in obtaining
numerical values of the peak position (Raman shiit) the peak width (FWHM). Figure
7.9 presents the time evolution of the vibratidinatjuency of the&C=C stretching mode,
showing that the peak frequency of this band dags/ary significantly until about 600
minutes followed by significant decrease with tlethuous manner by 1&m* until
about 800 minutes. Then, the frequency keeps sldetyeasing to its saturation.

The time evolution of the full width at half-maxiin (FWHM) of this peak
during the same time frame is depicted in Figug Bimilarly, FWHM does not vary
significantly until about 600 minutes, and then rpha decrease in a discontinuous

fashion. After about 800 minutes, FWHM is incregsimtil it saturates to about 2&1™.
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Figure 7.9 Time evolution of the frequency of the peak fromCCstretching in the
thiophene rings. [Reprinted from ref. [27] with pession]
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Figure 7.10Time evolution of the FWHM of the Raman peak asstjto C=C stretching
in the thiophene ring. [Reprinted from ref. [27]thvpermission]
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7.4 Discussion

7.4.1 Phase Transitions in an Evaporating P3HT satuDroplet

From the definite difference of peaks shape iufgg7.8 (axompared with those
in Figure 7.8 (b), we can assume that phase trandikes place as solvent evaporates
between 600 minutes and 800 minutes after the depuodn principle, vibration motion
in a crystal lattice (so calledphonori) is not random, but superimposed by collective
vibrations of atoms [41]. A superposition of thedementary vibrations enables us to
distinguish Raman peaks from the vibration mode®3H T in a crystalline state from
those in an amorphous state. This is supportedhbycomparison of Raman spectra
obtained from P3HT solutes that exhibit differemtieved phases. Figure 7.11 shows

polarized Raman spectra, () for two different pure-P3HT solutes; one has 9&¥io-

regularity that is known to have crystalline donsaémbedded in amorphous matrix (red
solid line) and the other has regio-regularity 6% (regio-random) forming amorphous
state (black solid line). While the amount of twBHT solutes measured was similar,
relative intensity and sharpness is completelyedifit, which results from the existence
of crystalline domains. Therefore, it is rationatizthat the Raman spectrum consisting of
relatively quite strong and sharp peaks resultmftioe collective vibrations in crystalline
domains of P3HT, whereas spectrum consisting okveea broad peaks arises from the
vibration modes in a phase without crystalline dimsa

No angular dependence in Figure 7.8 provides oitiermation about chain
orderings in different phases. As described aboeegngular dependence was discernible
before 630 minutes and after 720 minutes from thetisn deposition. It is likely that
considerable mobility of the polymer chains is mspble for the former case. As shown
in Figure 7.7 (a), we could detect quite strong Rampeak at 66€ni* assigned ta-Cl

stretching of 1,2,4-TCB at 630 minutes, which implia non-negligible amount of
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solvent remaining. Consequently, P3HT chains maae htao much conformational and
configurational freedom to be ordered, thus eximgiho ordering in macroscopic scale.
At longer times, it is thought that continued solivevaporation produced semi-
crystalline state consisting of polycrystalline dons embedded in amorphous matrix.
However, the size of crystalline domains of case@T films is reported to be tens of
nm scale [13, 15, 26] and the orientation of crystas randomly distributed [42]. In
order to check the morphology of the area for Ram&asurements, we visualized the
microstructure of the film surface at the periphefyP3HT film using atomic force
microscopy (AFM) micrographs. As seen from Figur#27 the P3HT polymer chains
organize into nano-size (<~ 10@m in width) fibrils that constitute crystalline-like
domains, orientation of which exhibit no preferdécection. Accordingly, the anisotropic
nature of the nano-scale domains was statisti@alBraged out because the polarized
intensities were recorded from a micrometer-sizead éhe diameter of the focused laser
spot was about 1/n). Above observations provide an evidence that P3iHa@ins
undergoes phase transition from isotropic phasesoiation (before 630 minutes) to

crystalline phase in dried film (after 720 minutesbh solvent evaporation.

P3HT (94% regio-regularity)
oy
@
=
2
£
<4
2
R
s
%]
x
P3HT (<50% regio-regularity)
800 1000 1200 1400 1600 1800

Raman Shift (cm™1)

Figure 7.11 Polarized Raman spectra measured from P3HTs wiftereht regio-
regularity; high regio-regularity (94%) form a seanystalline phase and regio-random
(50% head-to-tail content of side chains) form amogphous phase.
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Figure 7.12 Tapping mode AFM phase images of P3HT films olediby drop-casting
from 1,2,4-TCB solution. The measured area wabdtinder of drop-cast film.

The results in Figure 7.5, however, imply differemtiered state different from
both that of isotropic solution and that in morgdgyt of dried P3HT film. It is not sure to
correlate the angl®, with the tilting angle between the P3HT backbanés and
polarization direction of incident beam becauseane not aware of chain configuration
in an evaporating droplet. Nevertheless, clear anglependence of polarized Raman
spectra stands for the anisotropy in macroscogentation of P3HT chains. Another
evidence of the anisotropic ordering of P3HT chamses from the observations that the
fluorescence background of the Raman spectra,rthm @f which may be related to the
structure of P3HT, also displays a strong angud@eddence.

It can be questioned that the differences of podariRaman spectra as a function
of sample rotating angle may result from the ddférconcentrations of P3HT because
solvent was continuously evaporating while we mea$in consecutive order. However,
we ruled out the possibility that the continuousmeantration changes may cause the
angular dependence of polarized Raman spectra. alievé the concentration does not
vary significantly during the time interval (15 secs) for consecutively measured

spectra so that concentration effect on the Rampectsa is rare. Should the
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concentration variation be responsible for, pedknsity should linearly increase with
evaporation time regardless of rotating angle. H@ngthis is not the case. For instance,
although the concentration must become higher &jitehdue to the solvent evaporation,
the peak intensity af = 90° measured in the data set of 660 minutes is straigerthat

at € =0° in the data set of 690 minutes.

We suppose that the volume of the coating decseasd the film becomes
thinner as the solvent evaporates. Consequentty pttymer chains were contracting
from their solvated dimensions resulting in the egeace of long-range interchain
interactions. While some amount of solvent in thime period (645~720 minutes)
remains as shown by the solvent peak in Figureit&rchain interactions may dominate
the arrangements of P3HT chains in an ordered matme to the self-organization
nature of regio-regular P3HT [15]. However, it sedikely that remaining solvent may
plasticize the P3HT chains so that the orderingndstabetween disordered isotropic
solution and the strongly organized solid statejilar to nematic ordering in liquid

crystalline phase.

7.4.2 Evidence of Liquid Crystalline Phase

The existence of a liquid-crystalline phase dusotyent evaporation is supported
by P3HT backbone peak analysis: the vibrationaufes observed for structural units in
molecules are significantly affected by the present interchain interactions in-
conjugated systems such as a change in the extent @verlap [43-45]. It has been
reported that the vibrational frequency of @eC stretching mode of the thiophene ring
is the principal feature supporting extended coafiog in thiophene-based conducting
materials [30-32]. In this respect, the variatiarpeak frequency of th€=C stretching
mode is an effective indicator of the presence3HPinterchain interactions. Significant
red shift (by ca. 1&m") of this peak shown in Figure 7.10 can be intéguteas the

extension of conjugation upon solvent evaporatmm,.the basis of literature reporting
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that the position of the Raman peak associated @46 stretching is very sensitive to
the extent of conjugation and that its wave numtbecreases as the conjugation is
extended [30, 31]. A distinct characteristic of thequency shifts, therefore, may show
the change in the magnitude of intermolecular adgons between different phases. It
should be noted that the time duration for a sigaift change in frequencies to occur is
comparable with the time scale during which we @afale to detect the anisotropy in the
polarization intensity of Raman scattering.

The time evolution of the full width at half-maxin (FWHM) also provides
additional indirect evidence of a phase transit®significant increase in peak width for
a polymeric system is observed when the chain cordton changes from a well-
defined ordered state to a random state. Thisdause the structure of disordered chains
encompasses a broad distribution of chain confoomst and thus, their vibrational
transitions have broad bandwidths. Therefore, flgeifecant decrease in FWHM as
evaporation proceeds can support the conjectuteghtbanterchain interactions force the
P3HT backbone thiophene rings to be planar asdhbkipg density increases via solvent
evaporation. In contrast, in the dilute-solutioatst internal twisting about ring-to-ring
bonds may induce a deviation from planarity; thgrielesrease conformational entropy of
P3HT chains. This torsional mode may break up omg f-= overlap [46] and broaden
the bandwidth because of the large distributionarfjugations. Therefore, the decreasing
slopes observed upon solvent evaporation (Figudeand Figure 7.10) represent a
different state associated with the evolution dfrational behavior with time, which
characterizes a phase behavior distinct from tbatefther an isotropic solution or the
crystalline state, namely, that of a liquid crystal

These peak analyses, combined with the anisotrmgiiere of the peak intensity,
provide firm evidence of a plausible model involyiphase transitions from an isotropic
solution to a liquid liquid-crystalline phase amen to a polycrystalline phase via solvent

evaporation. It is quite rationalized bygdffee ring effetproposed by Deegan [47].
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When a drop of solution deposited on a solid serfacd dries with the pinned three-
phase contact line (see Figure 7.13), solvent eaépdaster at the edge and outward
solution flux to replenish the loss of solvent @rsolutes to the edge, which increases the
solute concentration. Since regio-regular P3HT tgisl backbone, it is thought to be
rigid-rod polymer with anisotropic shape in higldgnse state. Thus, it is highly possible
to form a lyotropic liquid crystalline phase at atical concentration as Onsager
predicted [48] and experimentally demonstratedréak-like particle [49, 50], stiff virus
[51, 52] and polymers [53-55].

Substrate

Figure 7.13 Mechanism of outward flow in an evaporating santdeposited on solid
substrateJ is the evaporative fluxh is the height and/ is the flow velocity [47].
Outward solution flux increases the concentratibRHT at the 3-phase contact line.

Despite the fact that we successfully detectedséimee trend of time evolution of
peak shape and anisotropic nature in polarized Rapectra from five separate trials, it
should be noted that experimental factors suchhasevaporation rate and the initial
amount of solute in a given droplet of differenturae may result in different time scales
for the phase transition from one sample to thed.réx instance, in the case of a higher

evaporation rate under stronger air circulatior, igotropic solution may undergo the
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phase transition to the liquid crystalline phasdiera and the time duration when the
sample exhibits the liquid crystalline phase maysherter. In an effort to understand
these dynamic phenomena, systematic studies ofiltheformation mechanism and

control of relevant experimental factors needsaa@drried out.

7.5 Conclusions

We have used polarized Raman spectroscopy to dératmthat P3HT can form
a lyotropic liquid-crystalline phase beyond a cati concentration via solvent-
evaporation induced self-assembly. These phassiticars can be clearly understood by
analyzing the vibrational frequency and bandwidtWHM) as the material changes
from an isotropic solution to a solidified film. €hgradually decreasing region in the
evolution of the vibrational frequency and FWHM tbe C=C stretching mode in the
thiophene ring is attributed to the liquid crystal phase intermediate between the
isotropic solution and the solidified crystallinegse.

We are unaware of any study that has reportedteolyic liquid crystalline phase
in the P3HT system at room temperature. Hencetresuit will open a new paradigm for
creating a long-range ordered structure with fedlefects in a simple, controllable, and
cost-effective manner via solvent-evaporation-iretlself-assembly under external field

to maintain the well ordered polymer chains evea fually dried state.
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CHAPTER 8
UNDULATION INSTABILITY IN DROP-CAST POLY(3-

HEXYLTHIOPHENE) FILM

8.1 Introduction

It is widely recognized that self-organizationliguid crystalline (LC) phase is a
potential strategy to control the order and packihgrganic semiconductors [1-3 key
advantage of the self-organizing nature in LC phasie ability to reduce defects caused
by grain barriers between neighboring liquid criysta domains through self-healing
process. These materials possessing LC phase naynkaled in the mesophase, so that
the high degree of uniform molecular alignment ldamed via self-healing, and then
locked in by subsequent crystallization [4, 5].

There is much literature reporting that some @®blkyl thiophenes) (P3ATSs)
such as poly (3-dodecylthiopene) undergo thermatropnsitions to a LC phase [6-8].
For P3ATs with alkyl side-chain lengths long enoughinterdigitate with side chains of
adjacent polymer backbones, the secondary strlicitalaring at alkyl-chain ends have
been known to induce an LC phase in thermotropstesy [7, 8]. However, there are no
reports of poly(3-hexylthiophene) (P3HT), one oé thest performing semi-conducting
polymers [9-11], forming a thermotropic LC phasé&eTabsence of a thermotropic LC
phase in P3HT was interpreted as a result of thet@end structure of PSHT where the
short side chains do not interpenetrate [12]. Ribyemowever, Segalman and coworkers
[13, 14] reported a thermotropic LC phase in polf&3ethyl)hexylthiophene) (P3EHT).
While P3EHT has a functionalized side chain, itsgta is analogous to that of P3HT.
Thus, it is likely that a steric hindrance as wadl the length of side chain play an
important role in forming a thermotropic LC pha¥ghile there have been numerous

studies of phase transition into LC phases in anib&opic system, the study of a
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lyotropic system of P3HT is rare. In practice, mpslymeric conducting layers are
fabricated via solution process and most solutimtgssible semiconducting polymers
are thought to be more rigid than coil-like polysi@uch as polystyrene (PS) [15, 16]
because of ita-conjugated structure and stiff units in backbddi@ce solutions of rod-
like macromolecules often exhibit liquid crystadliphases at high concentrations [17-23],
therefore, we cannot rule out the possibility afttppic LC phases in rr-P3HT solution
as proposed in chapter 7.

In this chapter, we propose further evidences tloacentrated P3HT solutions
can exhibit a lyotropic LC phase, supporting theuhes described in chapter 7. We
prepared rr-P3HT films via drop-casting and obsgrweresting patterns formed in the
periphery of casted film, which originate from utating instabilities. We focus our
effort on interpreting the formation of undulatingstability in a casted film, showing a
periodic optical oscillation based on the undulatpattern attributed to layered structure
in LC phase of DNA. In addition, the optical chdeization of highly concentrated rr-
P3HT solution will also provide an evidence to supphe existence of LC phase of rr-

P3HT in a lyotropic system.

8.2 Experiments

8.2.1 Optical and Topographic Characterization

We used regio-regular P3HT (rr-P3HT)NR of 24kD andM,, of 47.7 kD with
94% head-to-tail, Sigma-Aldrich), and the solutiansre prepared in air, by dissolving
the rr-P3HT in 3 different solvents, chloroform (CH), thiophene, and toluene. The
initial concentration of solutions was ca. 0.3 wdms of rr-P3HT were made by drop-
casting on a glass at room temperature.

Modulation of birefringence in cast films was obsel with rotating crossed

polarizers against the sample stage that was kegut, finstead of rotating samples, using
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an optical microscope (Leica RDX). The AFM measwsta were performed to
characterize the topography of the film surfacehi@ solid state with a Veeco Digital

Instruments Dimension 3100 scanning probe micrasaeogapping mode with a silicon

tip.

8.3 Results and Discussion

8.3.1 Periodic Modulation of Birefringence and Maléar Orientations

As shown in Figure 8.1, from the drop-cast P3Hmf(tircular shape with 15mm
diameter) from 10z solution ((rr-P3HT + CHG), 4.5 mgmL (0.3wt%)) on a glass

substrate, periodic stripe patterns are observetieaedge of the film. Under crossed
polarizers, these patterns exhibit alternating damki bright striated patterns with a
periodicity of 40 ~ 45m as shown in Figure 8.1 (b)-(d).

It is interesting that the birefringence periodigathanges upon rotating the
crossed polarizers with respect to the directioralpe to the contact line of cast film.
The area behind the contact line, which is follovegdhe emergence of striated patterns,
shows a gradual change in brightness accordiniget@olarization direction of light with
respect to the direction of contact line. It iskdst when the polarization direction is
parallel or perpendicular to the direction of camtane (Figure 8.2 (b) and (h)) and
gradually becomes brighter as we rotate crossedripetes. When the angle between
contact line direction and the polarization direati becomes 45° the brightest
birefringence occurs (Figure 8.2 (e)) under crospethrizers. This modulation of
birefringence shows 4-fold symmetry through therentotation of crossed polarizers
(360°). This indicates that the distribution of iopxis coming from P3HT chains has
anisotropic nature and that the preferred direatibchain alignmenty, is either parallel

or perpendicular to the contact line direction.
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Contact line (a)
of cast film

Cast film

Figure 8.1 Optical images of drop-cast film with rr-P3HT ditged in CHCY; (a) optical
image without polarizers, (b)-(d) Optical imagestlod area with striated patterns under
crossed polarizers (the direction of polarizensressented with white crosséy, polarizer,
A: analyzer). The diameter of deposited film (ciesushape) from 1@/ solution drop
was ca. 13nm
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Contact line

Emergence of striated patterns

Figure 8.2 Optical images at the area of striated pattermswithout polarizers, (b)-(j)
under crossed polarizers, of which direction tedilin consecutive order from 0° to 100 °.
Optical images under crossed polarizers, (b)-% the same magnification with (a).

Birefringence of striated patterns appears as tightoregions interrupted by thin
dark parallel lines (Figure 8.2 (b) and (h)) whia tirection of polarizers is parallel or
perpendicular to the direction of contact line. Yt@nsform into an alternation of bright
and dark bands (Figure 8.2 (d)) with the rotatibrerossed polarizers. This modulation
of birefringence also exhibit 4-fold symmetry upbe rotation of 360° and is reminiscent
of the modulation of birefringence coming from tivedulating pattern in the columnar
hexagonal phase of DNA solution [24, 25]. Livolamd coworkers illustrated multiple
textures depending on the orientation of undulateolecules with respect to the
projection plane under crossed polarizers. Diffemtuations of the undulation textures
in the columnar hexagonal phase of DNA are illusttan Figure 8.3. They represented a
modulation of molecular orientation as solid lirfes the simplicity. They supposed the

presence of disclination line®)(due to the undulation of layers and reported that
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molecular orientations follow sinusoidal paths e tprojection onto the observation
plane when these disclination lines are normalh® plane (Figure 8.3 (a)). In this
situation, birefringence texture from top view velthe modulation leading to thin dark
lines (left in Figure 8.3 (a’)) which extend and wveowhen the crossed polarizers is
slightly rotated (middle in Figure 8.3 (@’)). Fuethrotation makes the thin dark lines
transform into broad dark bands whose number isicedl by a factor of 2, which
alternate with light bands (right in Figure 8.3Ja’When the concentration of DNA
increases, the regular curvature of the layersiguré 8.3 (a) disappears and there are
discontinuity walls as shown Figure 8.3 (b). Irstkituation, alternating dark and bright
bands are still observed, but the extinguishedslohe not move the position continuously
anymore upon rotating crossed polarizers. Insteaky, extinguished bands occur when
the molecular orientation directions are paratebhe of the polar directions (Figure 8.3
(b))

The former (Figure 8.3 (a)) is the case of theiataan observed in our
birefringence texture upon rotating crossed podasizFigure 8.4 shows the modulation
of birefringence (left) and their schematic repr¢éggon of birefringence patterns
resulting from molecular orientations with respéxtthe polar directions (right). The
observations are exactly the same with the casendfilation textures of the columnar
hexagonal phase with sinusoidal patterns, thataterns with thin dark lines (Figure 8.4
(a)) is moving and widening when polar directiohghgly changes (Figure 8.4 (b)) and
then transform into alternating dark and light amdgth further rotation (Figure 8.4 (c)).
It is in agreement with that the number of extistpaid lines reduce by a factor of 2 (4 in
(b) — 2 in (c)) as previously reported [24]. The changéirefringence in striated bands

is easily understood from the relation of molecw@aentation and the polar directions.
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Figure 8.3 Undulation textures of the columnar hexagonal piasd the corresponding
representations of birefringence texture from tagw (a) Undulations of the planes of
molecules, represented with solid lines, aroundlidiation lines §). (a’) Birefringence
textures from top view illustrate that the domagapears bright except the thin lines along
where molecules are aligned parallel to one ofpihl@r directions (left) and these lines
extend and move with slight rotation of crossedapnérs (middle), which transform into
alternate dark and light bands upon rotating furtfrght). (b) The increase of
concentration of DNA straighten the sinusoidal grattof molecular orientation and (b’)
the corresponding birefringence textures exhibitmovement of extinguished lines.
[Reprinted from ref. [25] with permission]

174



Edge of droplet

t

Figure 8.4 Optical images under crossed polarizers (left) ahdir schematic
representations with respect to the molecular tateon for the area highlighted with
light-blue box (right). (a) Thin dark lines appeenen one of the polar directions parallel
to stripe direction, (b) dark lines extend and mavigh slight rotation of crossed
polarizers, and (c) when one of polar directionsltied with ca. 20°, the number of dark
lines reduce by factor of 2 (4 2) and broad alternating (dark and bright) barmsvsup.
In order to compare our schematic representatioight(column) corresponding to
optical observations (left column) with the reprgséion by Livolant and Leforestier,
insets in right column were reprinted from ref. ][28th permission.
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Figure 8.5 presents thin darkest (Figure 8.5 (aj) larightest stripe lines (Figure
8.5 (b)) that appears when polar directions arallghrand are 45° with respect to the
stripe lines direction, respectively. It also shaWws 4-fold symmetry through the entire
rotation of 360 °. Accordingly, it seems that th&tribution of optic axes, projected on
the plane in these stripe lines, is preferred eplagallel or perpendicular to the direction
of stripe. From the birefringence pattern in Fig8ré that the darkest and brightest broad
bands appear when the angle between polar dirsctiod contact line direction becomes
17.5° and 62.5°, respectively, we can approxinteesinusoidal pattern of projectecn

the plane, in which the projected directionrofs tilted with 17.5° with respect to the

direction of contact line.

Darkest stripe bands

Brightest stripe bands

Figure 8.5 (a) The darkest stripe lines appear when one lair mrections is parallel to
the stripe direction. (b) Stripe lines show brigitbirefringence when polar directions
are tilted at + 45° with respect to the stripe clien.
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Figure 8.6 (a) The darkest broad bands appear when one af dokctions is tilted at
62.5° with respect to stripe direction (or 17.5ithwespect to the contact line direction).
(b) Stripe bands show the brightest birefringenbemone of polar directions is tilted at
17.5° with respect to the stripe direction (or 17.%ith respect to the contact line
direction).

Another interesting observation is the existencepaftern similar to defects
occurring in undulating patterns of columnar hexsjophases of biopolymer [24].
Livolant and Bouligand illustrated three possib&fetts (see Figure 8.7 (a)); two stripe
pattern are added simultaneously either at a pafimhaximum curvature (I and Il in
Figure 8.7 (a)) or at an inflexion point (lll indtire 8.7 (b)), yielding branched patterns (I
and Il in Figure 8.7 (a)) or flame patterns (lll Faigure 8.7 (a)), respectively under
crossed polarizers [24]. In their literature, otte first (I) and the third (lll) ones were
reported to be observed from the texture of laysyetiems of biopolymer. We compared

optical images of striated patterns in P3HT filnd aheir schematic representation of
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defects. Defect-like stripe patterns, which comploskS stripe patterns are added into 3
stripe patterns, observed in rr-P3HT film (Figut@ @)) resembles the third one (lll) in
Figure 8.7 (a).

P P
’ % %
I IT

Figure 8.7 (a) Defects occurring in columnar hexagonal pludd2NA solution reprinted
from ref. [16] with permission. (b) Optical imagé defect in the striated patterns under
crossed polarizers and (c) optical image undemptiarization of incident beam without
analyzer within the area highlighted with light-blbox in (b).

P

,

III

8.3.2 Undulation Instability

As described above, the birefringent patterndatetdge of rr-P3HT film closely
resembles that of undulating structure seen forceotmated DNA solutions in their

columnar hexagonal phase [24, 25]. Hence, we ctaraed the topography of the
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patterned region using AFM. Figure 8.8 presentsAR®l images (2D: Figure 8.8 (b)
and 3D: Figure 8.8 (c)) and depth profile (Figur@ &)) that show the undulating
topography with the amplitude of 500 ~ 60 and 40 ~ 45%m periodicity. Figure 8.9
visualizes the topographies of the area wherens$talbility appears (Figure 8.9 (b) and of
the area where the instability decays (Figure &). (The propagating length of
undulation is 200~240m (Figure 8.9 (a)). We also measured the thicknéfiseoedge of
the film including undulating regions using a plafineter (Figure 8.10). As shown in

Figure 8.10, the thickness of the patterned arekh(sl1.6um, and the thickness inside
film is decreased into 0.4n. Hence, it is likely that the amplitude of undubeti(500 ~

600nm) conforms to about 1/3 of the film thickness ofresponding area.

& ulalelol

0 65/m

473 nm 0

3.2 nm
-450 nm

ca. 40m

0 10 20 30 40 50 60 ()

Figure 8.8 (a) Optical image of drop-cast film shows p (b) & (c) 3D AFM image of
the striated patterned area highlighted with lighte box in (a), and corresponding depth
profile for the undulation with ca. 600 nm ampliéuand 4Qum periodicity.
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edge of
droplet

60m 3D image

2D image

2D image center of

Figure 8.9 Optical images of drop-cast film: (a) the lengfruadulation is 200~24@n.
(b) the emergence of the ripple of undulation, Whigropagates inward the radial
direction and (c) decay at the length of 200~240 AFM (2D and 3D) images clearly
show the emergence and decay of undulation.
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Figure 8.10 Profile of film thickness using a profilometeA-D corresponds to the
measurement areas shown in the inset of opticajema

This wavy undulation shown in AFM images is algoysimilar to the undulation
formed in drying droplet of DNA through liquid citedline phase [26]. (see Figure 8.11)
Smalyukh et al. showed the periodic undulatingegpatformed in the edge of drying
DNA solution drop on glass and explained it basedh® model of liquid crystal (LC)
nature appearing at high concentration. The meshani the undulation formation they
proposed was explained by the hydrodynamics infoheation of coffee ring, as in
colloidal suspensions [27]. Faster solvent evapmrat the contact line induces outward
solution flux in order to replenish the lost solyemhich transports DNA and increases
DNA concentration at the edge of drop. DNA at higtncentration forms a liquid
crystalline phase and the drop at this stage Hmasefiingent wedge-shaped LC ring with
optic axis,n, parallel to the contact line, which is still pethat the initial location. The

orientation of DNA is reported to be parallel toetltontact line directionj.e.,
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perpendicular to radial direction, and Rey ratigrea this counterintuitive alignment in

terms of minimum elastic deformation energy of igharystal nature [28].

Figure 8.11(a) Undulating pattern image of drying DNA solutidroplet under crossed
polarizers. The crossed polarizer and analyzeratt@0° to the vertical and horizontal
directions of the image [Reprinted from ref. [2Gtwpermission].

It has been well known that highly concentratedADban form layered LC
phases such as columnar hexagonal and cholestagep [25, 29, 30], and in many
layered systems (smectic [31, 32], columnar hexalgh@s [25, 26], lamellar phase of
diblock copolymers [33, 34]), curvature deformatappears as the undulation instability
responding to the field-induced stress. In the exatng sessile drop, contact-line
pinning and the receding contact line may be thenamy physical processes
corresponding to the relaxation of the field-indiicgtress. During the evaporating
process, outward solution flux transports solutethé edge of drop and the concomitant
increase in concentration results in pinning of sb&ution edge and forms a LC phase
[35]. Should this LC phase have a layered structilre imposed stress on pinned area
may be relaxed by the contact line retraction amy mduce a dilatation of layers [26].
Thus, the undulation instability observed in dryiDiA-solution drop was attributed to
the layered structure in an LC phase at high canggon and radial dilatation via

pinning/retraction of contact line.
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Returning to the appearance of wavy undulatiorr-6f3HT film, let us consider
the possibility of liquid crystalline phase of rBIRT solution at its high concentration.
According to the report by Heffner and Pearson ,[36]persistence length of regio-
random P3HT (40K <Mw< 220K in THF and in CHEIs 2.4+0.3 nm, which may not
reach the inherent chain stiffness to form anigmtréquid crystal phases in solution [18,
22]. Despite the fact that we are not able to fard/ report that characterizes the
persistence length of rr-P3HT as a function ofcdsicentration upon the formation of
film, we can presume the persistence length ofliighP3HT (HT, >94%) longer than
that of regio-random P3HT.e. 2.4+0.3 nm. It is because ordering of the sidgrchcan
increase the stiffness of the polymer backboneaddition, upon solvent evaporating,
concomitant concentration increase may induce thger backbone to be more planar
by chain crowding effect, thus makes it signifi¢prgtiffer. Thus, it is presumed that
rigidity of rr-P3HT backbone increases with thergasing concentration via solvent
evaporation. Should the rigidity of rr-P3HT becoimgh enough to form anisotropic
liquid crystal orderings, at its high concentratidhe undulating instability and the
periodic oscillation of director orientation obged from the birefringence texture may
support the existence of a liquid crystalline phastre solidification.

Another noticeable observation is that undulapagferns occur several times at
different location by pinning process in the dr@gstfilm from P3HT+CHG] solution. In
Figure 8.12 (a), we observed several pinning otadHrines pointed with arrows, which
leave more deposited P3HT at these lines and nhake ook darker red in optical image.
While the intensity modulation is weak, the modialatof birefringence for these striated
patterns (Figure 8.12 (b)) upon rotating crossethrers follows the same manner
explained in section 8.3.1. AFM analysis in Fig8r&2 (c) shows that there is still weak
undulation (amplitude of 200~250n, wavelength of about 22n, and length of ~ 4Bm)
in these secondary patterns. It is noteworthy pgeatodicity of undulating pattern and

propagating distance becomes narrower and shon@n those of primary ones
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(periodicity of 40~45%um and length of 200~24/n). This is consistent with the fact that a
periodicity of undulation from the smectic/lamelle€s is proportional to the sample
thickness [26, 37, 38]. Thus, it may be thought ticuid crystalline nature and the
contact line pinning process are responsible ferftimation of these undulations with

periodic variation in the intensity under crossethpzers.

° ~22im f\\

100 J\M\{v/ W/JM\/WWM/L MWV/W \M V!

20 30 40 50 60 70 @

Figure 8.120Optical image of the area where several pinningg@sses occur in the drop-
cast film (rr-P3HT+CHGJ) (a) without polarizer and (b) under crossed poéss. Lines
pointed with arrows in (a) are the pinned contastd. The modulation of birefringence
of patterns in each contact line follows the sanammer of the modulation described in
Figure 8.4 and 8.5. (c) and (d) presents 2D anddgiography of the area highlighted
with light-blue box in (a), respectively. Amplitudeeriodicity, and the length of the
undulation is 200~248mand ~22un, 40~50um respectively.
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8.3.3 Solvent Evaporation Rate Effect on the Foionatf Undulation

Although we proposed the relevance of LC phases thi# formation of periodic
undulating instability, the results of optical aogpographic analysis are limited to a dried
film, not a liquid crystal itself. Should an eqbilium LC phase, however, exist before the
evaporation-induced solidification, it is highly gsible that liquid crystalline ordering
would be frozen into the solid state by fast evapon. The optical images in Figure 8.13
show the effect of solvent evaporation rate onghgern formation. Using 3 different
solvents, of which evaporating rates at room teedpee are different one another,
(CHCI3 (b.p: 61.2C), thiophene (b.p: 8¢) and toluene (b.p: 110%®)), we prepared rr-
P3HT film via drop-casting. Except the kinds ofvamit, we kept other factors, such as

the initial concentration of solution (0.3 wt%), lvme of drop (10x£) and substrate,

fixed. Figure 8.13 shows the definite differenceahe formation of undulating patterns:
(a) drop-cast film using CHgl of which evaporation rate is fastest, exhibitslear
formation of undulating pattern as described invjges section, (b) the evaporation rate
of thiophene is in the middle between those of iditom and toluene, and undulating
pattern is observed from the cast film. Howevee, patterns show a narrow periodicity
and the sharpness is a little bit blurry comparét #hose obtained using chloroform. (c)
For toluene, no patterns are observable througitadphicroscope, but circumferential
birefringent bands are remained. (see the bandg dhe contact line pointed with white
arrow in Figure 8.13 (c))

In an evaporating droplet deposited on the sulesttiaé faster solvent evaporation
at the edge with a pinned contact line leads tdakter solution radial flow [27]. Hu and
Larson studied that the stretching behavior of pay chains, which is coiled DNA
chains in dilute solution, is strongly affectedthg evaporation rate of droplet in the flow
field [39]. Experiment and simulation of DNA soloti drop, for example, show that

DNA molecules deposited at the edge of the dragketmore highly stretched under fast
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evaporation conditions than under slow ones [39, Be strong Stokes drag may extend
the DNA chains [41, 42], which may reinforce theaichordering at the rim. Hu and
Larson [39] developed a finite element method (FEM®del to solve the vapor
concentration distribution and the evaporation finove a sessile DNA droplet. In their
literature, the evaporation flux along the dropdetface is not uniform and becomes
singular at the edge of the droplet as suggesteDdmgan et al.[27]. Hence, different
evaporation rate of solvent may drive different pvation flux on the surface, which
affects the amount of solute deposited, concomitas@l viscosity, and receding rate of
contact line. As a result, the stress imposed enpihning and its relaxation from the
retraction of contact line must be affected by @rapon rate. In order to elucidate the
mechanism of pattern formation, systematic studiethe effect of hydrodynamics in

evaporating droplet on the pattern formation nedoket performed for the future study.

(b)

Figure 8.13 Optical images under crossed polarizers of dragp-fin using (a) CHG,
(b) thiophene, and (c) toluene as a solvent. Wénitews in (c) point the circumferential
birefringent bands along contact line of the film.

Optical images of the center area of cast film urmessed polarizers supports
the effect of evaporation rate on chain alignmertd the freezing of aligned chains.
Figure 8.14 show the optical images of the centea &f cast films that show maltese
cross-like texture. A maltese cross rotates partadléhe polar directions upon rotating
crossed polarizers (see Figure 8.15 for the caskeo$ample using chloroform), which

means that alignments of P3HT chains were induceithgl the film formation. Since, in
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an evaporating sessile drop, a radial flow of sotuts expected, the P3HT chains might
be stretched along the same direction, which cpomds to the rotation of dark brush. It
is noticed that the extent of birefringence and sharpness of brush depends on the
evaporation rate. As the evaporation rate incregdderoform > thiophene > toluene),
the feature of maltese cross-like texture becontemr.cThe difference of the extent of
birefringence and the sharpness of maltese crkasstéixture may support that flow
induced stretched P3HT chains can be frozen intalication due to the fast
evaporation.

Chain alignments and freezing effect of evaporatiesponsible for the formation
of dark brush, is demonstrated also by changing@adion rate with the same solvent.
Figure 8.16 shows POM images of center area of-dagp rr-P3HT film using the same
solvent, 1,2,4-trichlorobenzne (1,2,4-TCB, b.p. .21%C), when the evaporation rate was
changed by circulating air with heat. Figure 8.4pi§ POM image of drop-cast film at
room temperature, thus it took over 12 hours fonglete evaporation. So, at very slow
flux, weak or no stretching effect is expectedatidition, there may be enough time for
polymer to relax to disorder, even though weakratignt of P3HT occurs via weak
radial flow. Whereas the drop-cast film under tivecaculation with heating (it took 5
minutes for complete evaporation) exhibited a danksh parallel to polarizer/analyzer

directions.

(a) (b) (c)

Figure 8.14 Optical images under crossed polarizers of théecarea in drop-cast film
using (a) CHG, (b) thiophene, and (c) toluene. White arrow icheanage points the
area where the solution evaporated last.
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Figure 8.15 Optical images of the center area in drop-cash fising CHC, (a)
featureless texture using only polarizer, and (§))ROM texture under crossed polarizers
with different rotating angles of crossed polarszer

Figure 8.16 POM images of drop-cast film using 1,2,4-TCB dfedent evaporation
environment; (a) room temperature without air-dation and (b) under strong air
circulation with heating. Time for the complete pgeation was over 12 hours (a) and 5
minutes (b).
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As seen from these results, the formation of urtthggpatterns strongly depends
on the solvent evaporation rate. Should fast ewapgy solvent extend polymer chains
and their stacking occur at the edge of dropletmaty be possible to think of forming
liquid crystalline order. While it is too early tmnclude, it is plausible scenario that the
formation of undulating instability with periodigptic oscillation is originated from the
liquid crystalline order and radial dilatation ihet evaporation-induced flow field, of

which structure is frozen by fast solvent evaporati

8.3.4 Observation of POM Textures of Highly Coneeat rr-P3HT Solution

The results from Raman measurement in chapter 7tlamadbservation of the
undulating patterns with oscillating director algent support the existence of a
lyotropic liquid crystalline phase of rr-P3HT. Thuse attempted to prepare rr-P3HT
solution using 1,2,4-TCB with different concentoas in order to observe the critical
concentration for LC phases. When we increasertiialiconcentration of rr-P3HTM,
of 24kD andM,, of 47.7 kD) dissolved in 1,2,4-TCB at temperatwesmall fraction of
the polymer precipitated out. So, we prepared 3 wt#3HT solution dissolved in 1,2,4-
TCB and constantly stirred the solution using amegig bar at high temperature (130°C).
We allowed the solvent to evaporate by openingbibitle of solution while constantly
stirring it at high temperature. By doing this pees, we could obtain the solution with
higher concentration without precipitation observédit we failed to calculate the
concentration variation. We filled the solutiondra flat capillary (inner dimension is

100xm (depth)x 1000xm (width)) as a function of time. Since it was quiscous, the

solution was not filled into the entire space bpiltary action, but into a part of the
capillary. After filling the viscous solution, thends of the capillary were sealed with

epoxy in order to prevent further solvent evaporati
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Figure 8.17presents a series of optical images of the capilfdled with
concentrated rr-P3HT solution. (Again, we do nabwrthe concentration) Optical image
without polarizers in Figure 8.17 (a) is featurslexcept the absorption color. Under
crossed polarizers, however, we could detect tmmgie change of birefringence over
large areas, and observe 4-fold symmetry for matinder crossed polarizers (360°)

(Figure 8.17 (b) ~ (hyvith 15° intervals).

R 45°) %4 (30°)

Figure 8.17 Optical images of a capillary filled with conceatted rr-P3HT solution in
1,2,4-TCB; (a) without polarizers and (b)-(i) POk&ages with the rotation of crossed
polarizers with 15° intervals.

While POM images do not show a perfect mono-domathin the entire area of
the sample, there exists macroscopic orientatiam-BBHT in several parts of areas with
hundreds ofim %, which is much larger than the molecular scalee ®ray doubt that this
periodic birefringence has nothing to do with ldjarystalline ordering, but is originated

from the shear induced chain alignments when thdiso was filled by capillary action.
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Should it result from only the chain alignment bhyear effect, however, the aligned
structure is not an equilibrium state, thus it metax into disordered state with time.
However, we could observe the same birefringertutexat even 5 months after the first
observation. In addition, there remained the flyidif sample inside the capillary when
we poked the sealed capillary using tweezers. Hnaghe periodic birefringence results
from an equilibrium ordered state of rr-P3HT withnmaining solvent,.e., liquid
crystalline phase.

Although these optical observations point to aitiqerystalline phase, we do not
know the critical concentration for the formatiohliquid crystalline phase of rr-P3HT.
Therefore, the elucidation of the critical concatiom for LC phases and a phase diagram

needs to be mapped out.

8.4 Conclusions

In this chapter, we summarized the undulating epattwith periodic optic
oscillation at the edge of drop-casted rr-P3HT fil®ptical and topographic
characterizations were compared with the undulapatjern originated from columnar
hexagonal phase of DNA, which is closely reminisad@our sample. We proposed that
the undulating pattern can be attributed to theterice of liquid crystalline phase of rr-
P3HT and a radial dilatation by pinning/retractipnocess of contact line in an
evaporating drop may play a role in forming the wlating pattern. The formation of the
undulating patterns strongly depends on the ratesabfent evaporation; using fast
evaporating solvent (CHg)I its formation is much clearer and the periodicay
undulation is wider than that using slow evaporatsolvent (thiophene and toluene).
Finally, we observed characteristic features of P@kures in capillary tubes filled with
highly condensed solution, which looks similar techlieren texture of nematic liquid

crystal. These features were observable even laftgrtime (5 months) and the sample
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still show its fluidity. Direct observations of éhcharacteristic features of LC phase
combined with the formation of undulating pattesupport the result of chapter 7, the
existence of lyotropic liquid crystalline phasereP3HT.

While we associate the formation of undulatinggratwith a layered LC phase
of rr-P3HT, we also need to open the possibiligt tihe undulating pattern observed in
this chapter is a thermal gradient driven instgbj#3-46]. Although it must be
complicated and difficult to carry out experimeimts controlled fashion to prove the
temperature gradient instability formation in amgerating solution, an meticulous and
systematic approach to test the temperature graidisability is strongly demanded and

it will be very helpful to elucidate the mechanisirthe formation of undulating pattern.
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CHAPTER 9
IN-SITU ANALYSIS AND CORRELATION OF STRUCUTRAL
CHANGES AND DRAIN CURRENT OF POLY(3-
HEXYLTHIOPHENE) DURING FILM FORMATION VIA

SOLUTION PROCESS

9.1 Introduction

The design and development of viable plastic devieguires understanding of
how molecular structure affects critical devicegmaeters such as charge carrier mobility.
A great dear of effort has been devoted to chatastg the morphology (or
microstructure) of semiconducting polymer layersviayying a number of experimental
parameters such as regio-regularity [1-3], molecwieight [4-7], solvents [8-11],
deposition techniques [7, 12-14], and nature ofstake [15-18]. Despite the vast
literature, the correlation of the morphology (oicrostructure) of polymer layers has
been limited to how the post-processing of the diepd film affects device performance.

In general, except for completely glassy polymeasjugated polymer layers via
solution processing form semi-crystalline phase3],[in which some fraction of the
polymer remains un-crystallized (or amorphous)pgegbbetween the crystalline domains.
Given the fact that the semi-crystalline state oériched thin polymer films is a non-
equilibrium structure [20, 21], the history of fildformation via solvent evaporation,
through which the “memory” of chain conformation solution state may be retained,
may be a primary factor in determining the finalrptwmlogy of the polymer layers [5, 10,
22]. In addition, a coherent description of thectleal properties associated with the
evolving structure of conducting channel upon sotuprocess is also not complete, in

contrast to that from vacuum-deposited organic senductors where the onset of
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current between source and drain electrodes is\@alito occur by geometric percolation
between organic semiconductor islands grown on ghetectric substrates [23].
Therefore, interrogating the structural changesoofjugated polymer in the solidification
process through which the conducting channel iswéar in concert with the evolution of
charge transport is essential not only to estaldistomprehensive structure-electrical
property relationship, but also to manipulate trerphology of the active polymer layer
for different device applications.

To address this issue, we devoted our effortsltvesss the history of conjugated
polymer solidifying to final morphology and the edt of this sequence on observable
device parameter using the standardype material in polymer-based field-effect
transistors [24, 25] and the standard electron-tloganaterial in bulk hetero-junction
organic photovoltaic devices [3, 26]. We condudtesl real-time observations of Raman
spectral changes while simultaneously measuringn dzarrent during drop-cast film
formation. The drain current reflects the resuftstouctural changes occurring during the
formation of the conducting channel, while the Rarspectra provide information on the
structural changes. Precise comparisons of the Raspactra with measured drain
currents with elapsed time should enable us toiddte the solidification mechanism of
P3HT chains in solution process, and allow us twoetate the structural changes on the
electrical properties. The consequence will helgmomew ways for tailoring final
morphology of conjugated polymer films for variowectro-optic devices, which

demand distinct morphologies for their high perfances.
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9.2 Experiments

9.2.1 In-situ Drain Current and Raman Measurements

We fabricated two-contact devices for thesitu current measurements. A highly
doped silicon wafer served as a gate electrodesancte and drain electrodes (Au (50
nm)/Cr (2nm)) were patterned using photolithography with tharmel length of 5@m
and the width of 2mm Two-contact measurements were performed using a
semiconductor parameter analyz&gient4155C). The same solution studied in chapter
7 (P3HT with 94% regio-regularity, Wof 47.7kD dissolved in 1,2,4-trichlorobenzene
(TCB), 3ngmL) was prepared and a;2 droplet of the P3HT solution was deposited
onto the channel of device far-situ current measurements during solvent evaporation.
The volume of a droplet of solution was controllesing a micropipette. Upon deposition
of the solution, measurements of the drain wereemadl5 sec time intervals until the
solidification of the film.

In order to correlate Raman spectral changesimsdu measured currents, we
focused the excitation laser (L& diameter) on the conducting channel at which drain
current is measured. (see Figure 9.1). Excitataing85nm of a diode laser were used
and the irradiation power was kept below fMWyun?. No sample degradation induced
by the irradiation was observed during the acqoisibf Raman spectra. In order to
monitor spectral changes as a function of solvesafperation time, series of Raman
spectra were recorded for 15 seconds (5 secondsexfmysure time x 3 accumulation
times) consecutively after the solution depositduring the same period ah-situ
current measurements. All the electrical and Rameasurements were carried out in air.

Band components analysis was done using BeaK Fitting function in the
spectracalcGrams On fitting peaks, we used the mixed Gaussian4itaran function as
a peak shape and reproducible results were obtaritedsquare regression coefficient of

R? greater than 0.995.
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(a) Side-view (b) Top-view

Deposited P3HT solution (24L)

Trace of
v focused laser
D

l 501m

B

L

Figure 9.1 Experimental setup fom-situ current and Raman measurements: (a) A
schematic side view of the two-contact device vethution deposition. Solution was
deposited between two conducting channel. (b) iseft schematic top view of the two-
contact device. Right is an optical microscopic gmafter depositing solution. Trace
between the channels with 20 length is a reflected image of focused laser far t
Raman measurement. Red color in right image comes the deposited P3HT solution.

9.3 Results

9.3.1 Comparisons of Drain Current and Raman Spé&hanges

Time evolution of the measured drain current igtptbin Figure 9.2 (a), which
illustrates some interesting features; the drametu increases sharply at a specific time
after the solution deposition on a device and resach maximum value followed by a
gradual decrease before leveling off. Simultanenaasurements of the Raman spectral
changes and the drain current changes were madegdine entire time of the film
formation (0-1200 minutes after deposition), and tlesults of the time duration of
particular interest, from the onset of abrupt iase up to its maximum, are plotted in
Figure 9.2 (b) and 9.2 (c). In Figure 9.2 (b), wavé labeled four different periods of
measurements, A-D. Region A represents the timenwhe drain current begins to
increase rapidly and D is labeled as the time wherdrain current reaches a maximum.
Raman spectra obtained at the times denoted bydAaare shown in Figure 9.2 (c), in
which Raman spectra at moment A and D resembl¢otmeat solute of P3HT with low

regio-regularity (<50% head-tail regularity, amoopk phase) and that of neat powder of
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highly regio-regular P3HT (94% head-tail regularggmi-crystalline phase) (see Figure

9.2 (d)), respectively.
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Figure 9.2 Time evolution of the drain current (a) over tmtire elapsed time during the
measurements and (b) during the period when sogmifichanges of drain current occur.
A is the moment at which the drain current beginat¢oease sharplyp is the moment of
maximum current. The momersandC were arbitrarily partitioned based on significant
changes of Raman spectra obtained between thesemrfsee Figure 9.3). Raman
spectrum at the momemX consists of weak and blurry peaks whereas Rameactrsion
recorded at the momeft shows very strong peaks, of which shapes areasinalthose
obtained at the momemt. (c) Raman spectra obtained at the monde(ieft) and at the
momentD (right). Peaks with the red squares are charatiefRaman bands of P3HT
and the strong peak at 526i'arises from a silicon wafer. (d) Raman spectrahigh
(94%, red spectrum) and low (<50%, black spectmegjo-regular neat powder of P3HT.
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We have partitioned the times of B and C basedigmificant changes in Raman
spectra obtained between these time intervalsn{Frow on, we designate the regions
A-D by justA, B, C, D). Figure 9.3 presents Raman spectra obtained batd/@andC,
in which spectral changes are abrupt (within cai2utes). Raman spectrum obtained at
B consists of weak, blurry peaks, whereas that dszbatC shows very strong and sharp
peaks, which looks similar to the spectral shaptiobd atD and afterwards. We
repeated the same experiments 15 times, and oBttiaeesults with the same trend that
time intervals when Raman spectra change abruplilyafion of 2~3 minutes), i.e.,
regions between B and C in Figure 9.2(b), was plasemewhere halfway of rapid

increase in drain current.

B B+30 seconds B+60 seconds
o \_,_m \“‘\-\1 ——
B+90 seconds B+120 seconds C
!J\ L JJ\ _JWMMMJ

Figure 9.3 The variation of Raman spectra obtained betwgamdC. Peaks within red
squares are characteristic Raman bands of P3HT.

We also monitored the intensity change of Ramak pe&67cm* assigned t€-
Cl stretching of 1,2,4-TCB [27], so that the evolatiof drain current can be related to
the residual solvent in the measured area. Thesittevariation of the 67¢m* peak is
plotted along with the time evolution of the draurrent in Figure 9.4, in which the peak

intensity is normalized to the peak intensityt=@ minute. We were able to detect the
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signal of Raman band at 62" for a while even after the onset of sharp incréase
drain current.i(e. pointA). The implication of the solvent peak detectioteaf will be
discussed in the following section. Again, the hlestidetecting Raman signal at 6€i

! with non-negligible intensity at the moment drairrrent starts to increase sharply was

reproducible for all cases of 15 trials.
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Figure 9.4 Time evolution of the drain current and the intgnef Raman peak at 667
cmit, which is normalized to the intensitytat O.

9.3.2 Peak Shape Analysis

We performed the peak shape analysis includingnsity, position, and
bandwidth for the Raman spectra measured Bfté&lost intense peak attributed @=C
stretching (ca. at 144&m*) was analyzed as this vibration band is sensiiiseonly to
the conformational changes of P3HT chains, but tsoteractions between neighboring
chains [28-31]. Figure 9.5 presents the intensayiation of Raman peak fo€=C

stretching model¢-c) measured aftéB (the peak intensities are normalized with respect
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to the intensity of peak measuredDgt The intensity increases very rapidly ur@iland

then slowly increases up B beyond which it eventually saturates.
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Figure 9.5 Correlation between the intensity variation of Ranpeak assigned ©=C
stretching and drain current with time after poit Intensity was normalized by the

intensity atD.

Careful observations of the spectra measured batBeand C show different
symmetries in spectral shape. For the spectrum unedstB+30 seconds, the spectral
shape forC=C stretching (see the spectral shape highlightedh witange colored
rectangular in Figure 9.6) is apparently asymmettereas the spectral shape measured
at C exhibits mostly symmetric form. We decomposed fg@ak into two Raman bands,
one at ca. 1460m* and the other at ca. 14461, both of which are attributed ©=C
stretching, but result from the vibration of molksuin the phase with different order.
According to prior results [30, 32, 33], the C=C drohas been considered to be a
superposition of the modes characteristic of the diiferent phases, where Raman peak

from C=C stretching of amorphous P3HT chains (ca. 1d60) is distinguished from
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that of crystalline P3HT chains (ca. 1446i') by selectively enhancing peaks using

resonance effects

1300 1350 1400 1450 1500 1550 1600
Raman Shift (cm_l)

(b) A

1300 1350 1400 1450 1500 1550 1600
Raman Shift (cm"I )

Figure 9.6 Fitting results for peaks around 1300 ~ 1650' in Raman spectra measured
(see the inside of the orange rectangles) (a)eatibment 08+30 seconds and (b) at the
moment ofC. Raw peaks are plotted with symbe)) @nd red solid line- is the fitting
result. Plots with red) and blue ) dots are attributed t€=C stretching mode of
P3HT in less ordered and highly ordered state extsgely.
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Herein, we focused on the variation of the positeord the bandwidth of the
Raman peak at ca. 14461" in order to explore how P3HT chains form a highiglered
microstructure during the solidification of P3HThE time evolutions of the peak
position (Raman shift) and the bandwidth (FWHM) gietted for Raman spectra
obtained afterC. While the magnitude of change is relatively sm#ik position and
FWHM of the peak obviously evolves with time evdteaC as shown in Figure 9.7.
Peak position continuously shifts to lower wave bemfrom ca. 1446.6m* with time
and settles around about 144%@i' after 1050 minutes from the deposition time.
FWHM also continuously changes with time, but idifferent manner: the peak width at
C is almost consistent tilD, then continuously increase with time up to thersdion (ca.

27cmit) around 900 minutes.

C D 1447.0
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Figure 9.7 Time evolution of the position and FWHM of the Rampeak attributed to
C=C stretching of P3HT after the momeait
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9.4. Discussion

In the Raman spectra, we observe two very distielgt different sets of peaks;
one consisting of weak and blurry peaks (as shawaft spectrum in Figure 9.2(c)) and
the other showing strong and sharp peaks (see smgtdtrum in Figure 9.2 (c)). Several
studies have shown that increasing the regio-reitylaf poly(alkyl thiophenes) (PATS)
enhances the conformational order of chains as wa®lldenser packing of chains,
resulting inz-rt stacking leading to crystallization [1, 34]. Thtise obvious difference of
the spectral shape between high regio-regular R®4%) and low regio-regular (<50%)
P3HT in Figure 9.2 (d) is thought to arise from tdistinct structuresi.e., disordered
(amorphous) and ordered (crystalline) states. Wecidpte that the difference of
vibrational motion in different ordered phases hssin significantly different spectral
shape. In principle, vibration motion in a crystaltice (so called “phonon”) is
superimposed by collective vibrations of atoms [3@fich leads to distinguish Raman
peak of P3HT in a crystalline state from that in amorphous state. The excitation
resonance effect, i.e., adjustment of the inconengrgy source with the electronic
transition of P3HT, is not likely to be responsilibe this difference in spectral shape. It
is because the energy of the excitation (~288785nm) is far smaller than the energy
of electronic transitions of P3HT (>1.9V, <650 nm), determined by the UV-visible
absorption, in both solution and dried regio-reguR8BHT films (see Figure 9.8).
Accordingly, we tentatively conclude the substdntizange of Raman spectra obtained
betweerB andC, which looks similar to the spectral differencevileen amorphous (less
regio-regular P3HT) and ordered (high regio-regil@HT) state, is associated with the

existence of crystalline regions.
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Figure 9.8 Optical absorption spectrum of dilute solutiona@ solid line) and dried
regio-regular P3HT film (red solid line), respeetiy.

9.4.1 Correlation of Initial Increase of Drain Cuant with P3HT Structure

As obviously seen in Figure 9.2 (c), it is clehatt that the Raman spectrum
measured af resembles spectral feature of disordered stat36fT chains. From the
observation that there remains solvent to be dedday Raman even aftér (Figure 9.4),
the residual solvent is assumed to act as a pilestiof PSHT chains and restrain P3HT
chains from crystallizing. Although solvent peakswabt clearly distinguishable from the
noise and background in the Raman spectrum measti@dthere may remain some
solvent [36, 37], which prevent the P3HT chaingrfrorganizing to crystalline order yet.

It is interesting that the considerable increasediain current (up td) is
associated with the P3HT chains that do not formals crystalline order. Given the
fact that charge transport requires the chargesleeto move from molecule to molecule

via molecular conjugation without being trappedsoattered [38, 39], it is likely that
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intimate contacts among neighboring polymer chatreng enough to conduct charges,
take place af and the extent of conjugation keeps increasinge#fter in the disordered
region. One plausible model for above interpretat®planarization of P3HT backbone
chains induced by solvent loss in a evaporatingtsos and corresponding increasenef
n interaction. It is generally thought that the pagkof poly(alkylthiophenes) (PATS)
chains induced by solvent loss in a solution pregesa planarization process, in which
the torsion and bending of adjacent thiophene rargsrestricted, so that the conjugation
of P3HT chains are extended [40, 41]. Therefore, imterpret that the continuous
increase of drain current until B is attributed ttee extension of planarity of P3HT
backbone along with high proximity of thienyls witiolvent loss induced thinning of
P3HT layer. The interconnections of P3HTs with cgation is likely adequate to form a
conductive pathway, but at the same time, the ¢ht@n distances andn interactions
may not have reached the threshold for P3HT chinself-organize into crystalline
structure up tds.

In summary, even in the absence of crystallineeioad P3HT chains, significant
electrical conductivity was observed, which is dsmt to the increased conformational
order and interconnectivity of P3HT chains forcgdhiigh density P3HT layer, but the

degree of structural order is not high enoughHterrolecules to crystallize.

9.4.2 Crystallization of P3HT Chains

As seen in Figure 9.3, Raman spectrum measured ks similar to the
spectrum obtained from the dried regio-regular P31 possessing crystalline regions.
Significant changes in spectral shapes (Figure @3) rapid increase in Raman
intensities (Figure 9.5) fronB to C are probably due to that P3HT chains began to
crystallize. Peak shape analysis for the spectiairsda betweerB and C provide
gualitative information about the growth of crystation. In Figure 9.6, we observed the

transformation of spectral shape (attributed@eC stretching) from asymmetric to
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mostly symmetric form. We interpret this observatias a result of the growth of
crystallization. As P3HT chains initially crystaié at aroundB, the intensity of the peak
coming from the crystallites (at ca. 1446i") is comparable to that from P3HT in the
disordered state (at ca. 14601%), such that none of two peaks dominates, resuiting
apparently asymmetric spectral shape overlappedh hese two peaks. As the
crystallization proceeds rapidly, however, the motense peak coming from crystalline
P3HT chains (at ca. 1448n") dominates the spectral shape and the asymmetonizs
attenuated. Finally, aft&€2, spectral shape is ruled by the peak coming fr@mTPchains
with a crystalline order and appears to be almgsinsetric. Judging from the evolution
of asymmetric shape of Raman band @C stretching mode combined with the rapid
increase in the peak intensity fraBnto C, we propose that initiation of crystallization
and its rapid growth take place betwdgrand C. (We tentatively define the moment
initiating the crystallization as the moment B, kadcurate time for P3HT chains to
initiate crystallization may be a little different.

Another observation that may support the existeoic¢he transition between
different ordered states in the period betwBeandC is the manner of the drain current
evolution. Should the drain current be stronglhated to the morphology of P3HT layer,
the drain current in different structural stategimishow different manner of evolution.
This is the case of our result. In Figure 9.2 {vg can see that the drain current
continuously increases frof, but its time dependences among three regiansA~B,
B~C, and C~D, look qualitatively different. Especially, the eabf increase in drain

current is most drastic from B to C.

9.4.3 Correlation of Drain Current with Subtle Sttural Changes after Crystallization

In Figure 9.5, we noticed that both drain curremtsl Raman peak intensities
change for a considerable amount of time atewhich indicates that the morphology of

P3HT layer may still change. The variations in gusition and width of Raman peak
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characteristic to P3HT in crystalline phase (Figlré) provide us with the evidence of
subtle structural changes that is critical to d@imrent. In Figure 9.7, the continuous red
shift implies that the conjugation become extendét time until ca. 1050 minutes after
the deposition. Based on theoretical calculatiorthef shift of Raman band associated
with the extent of conjugation [42-44], it is thdugthat further increase of
conformational order (backbone planarity) and thieamcement of-n interaction forced
by the increase in the P3HT concentration.

Broadness of Raman band reflects a distribution naflecular transition
frequencies. Thus, one can anticipate the existente imperfect molecular
ordering/packing in a system based on the changaradwidth. From this point of view,
more or less constant FWHM betwe€nandD indicates that the distribution of chain
ordering does not noticeably change. Thus, contiaulecrease of drain current urililis
attributed to continuous increase in conjugatiomoa@ening of bandwidth afteb,
however is important in understanding of the origin of gesing drain current after its
maximum atD. Semi-crystalline P3HT films consist of many smalystal grains that
may aggregate with time. As Kliret al [45] reported the aggregations of crystal grains
in film may lead adjacent crystal grains to beatigd with each other, which produces
grain boundaries and other defects. In polymerrigygrain boundaries composed of
polymer chains may bridge adjacent crystalline rgaj46, 47], thereby imparting
electrical connectivity. However, if the grain balamies become spatially sharp or abrupt
they may restrict the charge transport among adfageins in the macroscopic scale
[48].

We can estimate the effects associated with tistegzice of the inhomogeneities
and defects in the conducting layer from the ineeeaf FWHM afteD in Figure 9.7.
Knapp et al. [49] and Knoester et al. [50] propogeeimodel of line broadening coming
from a distribution of molecular transition frequéss due to static disorder such as

lattice defects, impurities and so on. It was abguorted that the soft mode phonon band
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exhibits the broadening of peak shape due to phaaonping and inhomogeneities in
crystalline structure [51, 52]. Thus, we associdte broadening of FWHM with the

aggregations induced structural disorder at maomesccale. Since the drain current is a
macroscopic quantity, these aggregations may lponsgble for the decrease in the drain
current. While the extent of conjugation keepseasing, judged from a continuous red

shift of peak position, the advent of such aggregatmay deplete the drain current.

9.5. Conclusion

We have conducted real time investigation of sidiation of the P3HT chains
and correlated the structural changes of P3HT with evolution of the drain current
using Raman spectroscopy. From simultaneous cosguexriof Raman spectra with the
evolution of the drain current, it is thought tHaBHT layer conducts drain current
significantly before P3HT chains form a crystallingate. In addition, subtle
morphological changes in P3HT layer take placer &®@HT chains crystallized, which
significantly influence conducting drain currentof the above results, we can expect to
select specific moments and quench the polymer ky¢hat we can manipulate the final
morphology of conducting layer for various applioas requiring different electronic
process. We believe the clarification of the medrarof conducting channel formation
and correlation between the morphology and thendrarrent will help open new ways

for tailoring final morphology of conjugated polymi@ms for various applications.
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APPENDIX A
EXPANSION OF THE EQUATION OF POLARIZED RAMAN
INTENSITY CONSIDERING ORIENTATION DISTRIBUTION

FUNCTION

v' ELECTRIC FIELD EQUATIONS FOR SAMPLE GEOMETRY [1]

E,, = a,[cos(3)cosf ) sing )sid )cos(])
+a [sin@)cosq ¥ coft )sit )cas(]’)
+a, [ sing )sing J°

E,, =a,[cos(8)cosg ) sing )sil )cos(])f co8( )stht+) sthcos@)cosd )
+a,[sing3)cosf ¥ cog® )sit )cas(|() sifi( )sthEcos(B)cosg )cos( |
-a,,[ sin@ )sin@ ) sing )coK])

v" ORIENTATION DISTRIBUTION FUNCTION (ODF) [2, 3]

(@.0)= 3 3 2R ) oo (0.6.9)

L=0m=0

1+ g <P200>(3c03,8—? + 15(R, )( ¥ co%,B) cosg2
L +§(P4OO>(3—30003,8+ 3000%,8)
+1_25( 420>( ~1+8co€ - 7coé,8) cos )

315<P440>(1 2c0€ 3+ co§ﬂ+) cos@ )
v" RAMAN INTENSITY [4, 5]

1(6)=12(6)=k] [ T (@.B)sinB)E,, @ B) dadp
1,(8) =1z (6) =k, [ T (@ B)sinB)Ey; @ B) dadp
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Since Raman tensor is thought to be uniaxial symnaong primary axis (z)a, = ayy

andr :a%
a,

Then
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[2]

[3]

[4]
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