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ABSTRACT

Various inorganic materials have been incorporated in organic multilayers using
electrostatically-driven layer-by-layer (LbL) nanotechnology. However, weak interactions
such as H-bondings, pi-pi stackings, and hydrophobic effects have not been employed as
much as electrostatic forces in organic-inorganic hybrid LbL systems. This thesis introduces
new procedures to prepare pristine carbon nanotube (CNT) containing LbL. nanocomposites
using weak intermolecular interactions and investigates the factors affecting the multilayer
growth and the pH-stability of resulting films. The central idea is to noncovalently stabilize
CNTs in assembly solutions of H-bonded multilayer (4b-multilayer) films in which
polyvinylpyrrolidone (PVPon) is H-bonding acceptor and tannic acid (TA) is H-bonding
donor. Single-wall CNTs (SWCNT) were first dispersed in aqueous TA solutions (resulting in
TA-SWCNT) taking advantage of pi-pi stackings between aromatic moieties of TAs and pi-
conjugated surfaces of CNTs. Buffering agents were not used in assembly
solutions/dispersions because pristine CNTs aggregate in the presence of cations. Also, the
usage of branched polyethyleneimine (BPEI) as an anchoring layer was avoided considering
potential bioapplications. We used spin-assisted LbL (spin-LbL) for assembling #/b-
multilayers because it is faster compared to dip-assisted LbL (dip-LbL) and also requires less
solutions/dispersions. In spin-LbL of BPEI-free multilayers, the multilayer growth profiles
showed exponential-like initial phase followed by linear growth in the presence and absence
of SWCNTs. We further examined this observation by studying dip- and spin-LbL of CNT-
free PVPon/TA multilayers. Control experiments using dip-LbL showed zigzag-like
exponential growth independent of the factors of BPEI, pH, and ionic strength. These
observations differ from previously reported growth profiles of dip-LbL of
(BPEI)(PVPon/TA), which showed zigzag-like linear growth. Both the growth profiles and
pH-stabilities of (PVPon/TA), spin-multilayers showed significant dependence on the
timescale of film deposition and pH-dependent disintegration processes. The differences were
discussed in terms of kinetic trap of molecules in less favorable conformations in spin-
assembled multilayers. Then, we prepared PVPon-functionalized SWCNT dispersions

(resulting in PVPon-SWCNT) which are thought to be governed by a combination of charge-



transfer interactions, hydrophobic effects, and weak H-bondings. As a next step of our
previous efforts, various combinations of SWCNT-doped /#b-multilayers were prepared and
characterized: (PVPon-SWCNT/TA),, (PVPon/TA-SWCNT),, and (PVPon-SWCNT/TA-
SWCNT),. We successfully incorporated SWCNTSs in #b-multilayers without sacrificing film
stability using a combination of two different noncovalent functionalization routes and LbL
technique. When the contact times of assembly fluids and growing films are minimized,
growth profiles of SWCNT-doped ib-multilayers all showed perfectly linear growth. This
suggests that well-defined bilayers having uniform thickness, less surface roughness, and
reduced interdigitation between layers are obtained as a result of spin-LbL. The higher pH-
stability observed for (PVPon-SWCNT/TA-SWCNT), multilayers was mainly attributed to
the hydrophobic stabilization of multilayers by CNT-CNT interactions. PVPon/TA pair is
important for biomedical applications and SWCNTs are promising pharmaceutical excipients.
The SWCNT-doped #b-multilayers introduced in this thesis have great application potential

as novel biomaterials.
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OZET

Bir¢ok inorganik malzeme elektrostatik-temelli katmer nanoteknolojisi kullanilarak organik
cokkatmanlilarin yapisina katilmistir. Ancak, H-baglari, pi-pi istiflenmeleri ve hidrofobik
etkiler gibi zayif etkilesimler katmerli melez (organik-inorganik) yapilarda elektrostatik
baglar kadar yogun kullanilmamistir. Bu tez bozulmamis karbon nanotiipler (KNT) igeren
katmerli nanokompozitlerin hazirlanmasi i¢in yeni yonergeler sunmakta ve ortaya ¢ikan
filmlerin ¢okkatmanli biiylimesine ve pH-kararliligina etkiyen etmenleri arastirmaktadir.
Yararlanilan esas fikir, PVPon’un H-bag1 alicis1 ve TA’nin H-bag1 vericisi oldugu H-bagh
cokkatmanlilarin  (hb-¢okkatmanli) yapilanma c¢ozeltilerinde KNT’lerin  kararli  hale
getirilmesidir. KNT’ler 6ncelikle, TA’larin aromatik kisimlar1 ile tek katmanli KNT’lerin
(TKKNT) pi-eslenik yiizeyleri arasinda kurulan pi-pi istiflenmelerinden yararlanilarak, sulu
TA c¢ozeltilerinde (TA-TKKNT elde edilmek {iizere) dagitilmistir. Katyonlarin varliginda
bozulmamis KNT’lerin topaklagmasi sebebiyle, tamponlama tuzlar1 yapilanma
cozeltilerinde/dispersiyonlarinda  kullanilmamistir.  Ayn1  zamanda, olas1  biyolojik
uygulamalar1 goz Oniine alarak, yapisma katmani olarak dalli polietilenimin (DPEI)
kullanilmasindan kagilmistir. Daldirmali katmer yontemine gore daha hizli olmasi ve daha az
cozelti/dispersiyon gerektirmesi sebebiyle, dondiirmeli katmer yontemi /ib-¢okkatmanlilarin
olusturulmasinda kullanilmistir. Hem TKKNT’lerin mevcut oldugu, hem de olmadigi
durumda; DPEI i¢cermeyen ¢okkatmanlilar iistelimsi baslayan ve dogrusal devam eden bir
bliylime davranisi sergilemistir. Sonraki asamada, KNT’siz PVPon/TA ¢okkatmanlilarinin
daldirmali ve dondiirmeli biiylimesini ¢aligarak bu gozlem incelemeye tabi tutulmustur.
Daldirmali katmer yontemi kullanilan kontrol deneyleri; DPEI, pH ve iyonik kuvvetleri
etkenlerinden bagimsiz bir sekilde zigzag-benzeri {istel bliyiime gostermistir. Bu gozlemler,
daldirma ile biyiitilmis (DPEI)(PVPon/TA), ortilerinin zigzag-benzeri dogrusal
blytdiginii gosteren Onceki kayitlardan farklilasmaktadir. Dondiirme ile biiyiitiilen
(PVPon/TA), cokkatmanlilarinin hem biiylime, hem de pH’ye baghi bozunma siirecleri
kaydadeger bir sekilde siire bagliligi gostermistir. Dondiirme ile kurulan c¢okkatmanl
ortiilerde molekiillerin elverissiz bigimlerde kinetik tuzaga yakalanmasi {izerinden kaydedilen

farklar tartistlmistir. Ardindan, TKKNT’ler PVPon ile (PVPon-TKKNT elde edilmek iizere),

il



yiik-aktarimi etkilesimleri, hidrofobik etkiler ve zayif H-baglarin bir muhtemel bir bilesimi
sayesinde islevlestirilmistir. Onceki ugrasinin bir ileri adimi olarak, TKKNT ile yiiklenmis
(PVPon-TKKNT/TA),, (PVPon/TA-TKKNT), ve (PVPon-TKKNT/TA-TKKNT), #hb-
cokkatmanli bi¢imleri hazirlanmis ve nitelendirilmistir. Bu calismada, iki farkli kovalent
olmayan islevsellestirme tarzi ve katmer yontemi kullanilarak, TKKNT’ler #hb-
cokkatmanlilara film kararliligindan taviz vermeden ve basarili bir sekilde katilmigtir.
Yapilanma sivilar1 ile biliyliyen oOrtiiler arasindaki temas siireleri azaltildiginda, TKKNT
yiiklenmis Ab-¢okkatmanlilar miikemmel derecede dogrusal biiylime gostermistir. Bu durum,
dondiirmeli katmer yoOnteminin bir sonucu olarak birérnek kalinhiga, diisiik yiizey
purtzliligine ve azalmis kenetlenmeye sahip sinirlart iyi belirli ¢iftkatmanlhilarin elde
edildigini distindiirmektedir. (PVPon-TKKNT/TA-TKKNT), ¢okkatmanlisinin yiiksek pH-
kararliligt KNT-KNT etkilesimleri sayesinde gergeklesen hidrofobik kararlilasmaya
baglanmistir. PVPon/TA biyomedikal uygulamalar agisindan 6nemli bir katmer ciftidir ve
TKKNT’ler gelecek vaadeden ilag katkilaridir. Bu tezde ortaya konan TKKNT yiiklenmis 4b-

cokkatmanlilar 6zgiin biyomalzemeler olarak biiyiik bir uygulama potansiyeline sahiptir.
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GENERAL INTRODUCTION and OVERVIEW

Supramolecular chemistry brings molecular units having different functions together
via intermolecular interactions to form/assemble “supramolecule”s which have
multifunctional properties [1-5]. As an interdisciplinary subfield of contemporary physical
science, supramolecular chemistry unifies basic themes such as macromolecules (polymers),
particles, colloids, and surfaces in smaller dimensions [6-10]. Supramolecular approaches
offer novel opportunities to manufacture nanofeatured and/or nano-ordered assemblies which
makes is an emerging tool of nanochemistry [3,8,11-13]. Supramolecular chemistry also
provides valuable insights for wunderstanding cellular processes [11,14-18] and
molecular/genetic evolution of life [19-24]. Molecules (and molecular or multiatomic
clusters) substitute the role of atoms of conventional chemistry [2,7,25]. Differences between
conventional and supramolecular chemistries are not limited to the selection of building
blocks; the nature of interactions differs too. Conventional chemistry is principally established
on covalent linkages, whereas the basic driving force of supramolecular systems is molecular
self-assembly [2,26-27]. Broadly speaking; self-assembly denotes the interplay of
spontaneous, complex and somehow intrinsically directed interactions between molecular
entities through relatively weak intermolecular forces [28-30]. Just as Nature achieved in
biological assemblies through self-assembly [3,31-33], supramolecular approach combines
chemical and/or biological building blocks to generate functional and ordered materials. In
addition, as counterparts of bioassemblies, supramolecular assemblies usually reveal a
dynamic or at least environmentally responsive behavior [13,32,34-35]. Therefore, the

common tendency to place supramolecular chemistry under the boundaries of chemistry,



physics, and biology [34,36] can be justified in the heart of self-assembly phenomena. So it is
not a surprise, “supramolecular science” term has found increasingly popularized usage in the

current literature.

There are two main strategies of fabricating nanomaterials: Top-down and bottom-up.
Philosophical routes of top-down miniaturization were clearly manifested in the renown 1959
talk [37] of Feynman. The core concept of Feynman’s miniaturization notion is controlling
and manipulating matter in atomic scales. Feynman’s foresight of miniaturization has been
practiced through carving materials via nanolithography. However, top-down approach is
virtually limited to hard materials and is not feasible for fabricating complex and dynamic
nanoarchictectures [38-40]. Instead, as one of the fundamental tools of bottom-up
nanofabrication, self-assembly is flexible and practical enough to create complex and
responsive (e.g. pH-responsiveness) materials. In today’s nanotechnology, a wide range of
materials (e.g. organic molecules, inorganic nanoparticles) can be used in many ways to
buildup nanoassemblies based on self-assembly. Probably the first and frequently
unintentional usages of self-assembly in nanotechnology are phase-separation in bulk
polymeric blends as nanoclusters and nanodomain formation in (block)-co-polymers [41-44].
Another self-assembly related and conventional technique is the preparation of filled
composites using nanoparticles [45-46]. One major extension of self- and/or guided-assembly
in nanotechnology is the fabrication of multilayer ultrathin films or capsules using LbL
assembly technology (see Chapter 1.1) [47-50]. This thesis on the other hand, focuses on
assembly of nanotube-doped multilayers as a combination of last two approaches. Indeed, this

is a hot topic of current LbL technology (see Chapter 1 below for further information).

Current nanotechnology is dominated by materials studies [35,51-55]. In the last
couple of decades, scientific and industrial communities have paid increasing attention
[24,52,54-58] to nanotechnology and to nanomaterial research accordingly. Many types of
chemically or biologically synthesized nanoparticles have been introduced, developed and
patented for different applications. As a general rule, remarkable performance of
nanoparticles in those systems are favored by their geometrical (dimensionality, size and
shape) and surface-related properties which are also interconnected. Predictions and
experimental work on quantum confinement phenomena [59-62] explained some of peculiar
optical and electrical properties of nanoparticles. In accordance, for many nanoparticulate
systems, a direct correlation between geometrical and surface properties with thermal,

mechanical, and biological characteristics were revealed [59,61,63-69]. Thus, nanoparticles



are generally acknowledged with their geometrical features' (e.g. nanodots, nanotubes,
nanosheets) [68-70] and surface characteristics (i.e. functionalized/unfunctionalized,
coated/uncoated see Chapter 1). Up to some extent, geometrical and surface properties of
nanoparticles are controlled in the synthesis stage [62,71-72], but post-synthesis routines are
also crucial for applications. For instance, solvent processability of some nanoparticles (e.g.
CNT, boron nitride few-layers) is low to obtain stable colloidal dispersions” and this gives
rise to the need of surface functionalization. Surface functionalization of nanoparticles can be
maintained covalently and/or noncovalently. Added chemical functionalities through covalent
modifications may hinder intrinsic properties of nanoparticles (see Chapter 1.2). On the
contrary, noncovalent routes preserve nanoparticles close to their pristine state (see Chapter
1.2.6 below for details). This golden rule emphasizes the benefits of supramolecular
chemistry and self-assembly in nanotechnology. As a result, especially for nanocomposite

material applications, there is a tendency to put noncovalent chemistry to work.

Following “General Introduction and Overview” which clarifies the main concepts,
this thesis is divided into five chapters starting with the literature background (Chapter 1). We
introduce comprehensive surveys on LbL (self-)assembly (including nanoparticle-doped
multilayer films) and CNT science. LbL and CNT fields have highly active literatures with
hundreds of publications per year (see Appendix-A), where citation errors are so common
indeed. So, in addition to an emphasis on the basics and technical aspects, we tried to provide
historical perspectives on the development of these fields as well. However, experimental
chapters also contain their specific introductory subsections. Hence, given literature
background is not compulsory to follow the thesis, but highly recommended in case of need
and also it helps reader to comprehend our contributions to the field. Starting from Chapter 2,
we introduce our original contributions. Chapter 2 shows the incorporation of SWCNTs in
spin-assisted multilayer films of PVPon and TA using TA as a mediator and additionally
discusses the exponential growth in PVPon/TA multilayers. In the following chapter (Chapter
3), we further investigate the spin-LbL of PVPon/TA multilayers and discuss the nature and
conditions of film stability. Chapter 4 advances our efforts on the incorporation of SWCNTSs
into PVPon/TA multilayer films by using PVPon as an additional mediator. This chapter
provides information on possible hydrophobic stabilization of multilayers by SWCNT-

! For certain applications differently shaped nanoparticles might be preferred.

? Selection of appropriate solvents can make nanoparticles readily dispersible just after the synthesis, but solvent
selection is frequently restricted.



SWCNT interactions. In the last chapter (Chapter 5) we first highlight the conclusive remarks
of this study. Then we introduce our future outlook emphasizing our parallel works (i.e.
incorporation of copper-based fine crystals in PVPon/TA multilayers, employment of PLU-
stabilized SWCNT dispersions in PLU/TA multilayers) about the topic. As future directions
we also specifically point out some aspects which are beyond the scope of our activities,

which deserve to be investigated on their own account.



Chapter 1: LITERATURE BACKGROUND

Molecularly organized multilayer films are promising tools of nanotechnology for
realistic applications [13,47,73-76]. Depending on the application of interest, one can design
the final structure of multilayer film in detail. Main step of multilayer design is the proper
selection of a mutually interacting couple as building blocks of assembly. Then, a suitable
growing method such as L-B/S, SAM, or LbL is employed to fabricate multilayer
nanocoatings. Even though, it is younger than L-B/S, this field is already dominated by LbL
technique. Underlying reasons of the success of LbL are its versatility in selection of building
blocks (e.g. polymers, particles) and its simplicity in operation. Detailed comparison of L-
B/S, SAM, and LbL is beyond the aim of this literature survey, but a small comparison is
available in Appendix-B and further information can be found elsewhere [13,39,77-78].
Instead, historical, theoretical, and technical aspects of LbL field are covered including
nanoparticle-loaded applications. Subsequently, CNTs were introduced in a detailed manner

to justify its selection and to create a basis before introducing our experimental works.

1.1. LAYER-by-LAYER SURFACE DEPOSITION

LbL deposition technology is a bottom-up surface modification technique that can incorporate
a wide range of materials into nanocomposite molecular architectures [13,79]. Attracting
building blocks are assembled (see Figure 1-1 below) on substrates via intermolecular
interactions using different methods. In this technique, molecularly stacked multilayer films
are formed on surfaces via performing the deposition process a couple of times in an
alternating fashion. Conceptual origins of this technique were established in the era of
Langmuir of General Electric Corporation [48,80]. Langmuir and his colleagues Blodgett and
Schaffer studied deposition of monolayer and multilayer films on solid substrates in a
systematic manner [81-87]. L-B/S (a.k.a. L-B-K giving credit to Kuhn for his noteworthy
contributions [88-89]) technology is based on the formation and transfer of Langmuir
monolayers (see [48] for an historical timeline on monolayer films as a pivotal step in the
development of LbL self-assembly). Briefly, surface active molecules (surfactant) migrate to

liquid-gas interface from dilute solutions. Disoriented molecules are condensed as Langmuir



monolayers on the liquid surfaces by mechanical force applied in Langmuir troughs. Then,
monomolecularly packed layers are transferred on substrates and successive depositions lead
to multilayer structures. This technique is still in great use but requires sophisticated devices
(Langmuir troughs) and generally restricted with surfactant molecules. Fortunately, it is
possible to simplify the technique and also to widen the arsenal of building blocks. This was
first simultaneously achieved by Kirkland [90] and Iler [91] of DuPont Company in mid-
1960s. In both reports, a simple way of surface adsorption-induced multilayer film formation
of particles was introduced. Kirkland described the multilayer formation of inorganic particles
concisely, but he clearly explained the advantages and success of applied coating technique.
Iler provided a more detailed description of multilayer formation. His work was established
on his previous effort [92] on the adsorption of charged inorganic particles as monolayers
onto oppositely charged surfaces. Indeed, he extended his own technique to buildup
multilayer films through alternating deposition of charged colloidal particles onto each other
in a sequential manner. He also speculated on the possible adaptation of his technique to
molecularly small building blocks and also studied some polymers in particulate form (i.e.
gelatin, cationic polymers, cationic surfactant, and anionic dye). Then, his efforts remained
fairly untouched before Decher. In early 1990s, Decher and his colleagues extended the
technique to the purely organic molecular materials. Decher team announced LbL surface
deposition of polyelectrolytes on planar surfaces [93-95], and they established the field in a
couple of following years [96-99].

L T e 0
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Figure 1-1. Representative formation of multilayer polymeric films.

Conventionally, LbL deposition is maintained via dipping substrates into dilute
solutions of polyelectrolytes (see Figure 1-3 and Subsection 1.1.1.1). Upon immersion of a
substrate in assembly solutions, material adsorption takes place onto the surface. Then,

loosely bound chains are thoroughly rinsed in the following step. In third step, the charge of
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polyelectrolyte-modified surface is reversed (viz. from “+” to “—” or vice versa) using an
oppositely charged component. Rinsing step is repeated again and a bilayer (smallest unit of
LbL nanoarchitectures) is obtained. When this cycle is performed more than once; a

nanoscale thin, multilayer film is fabricated.

After seminal works of Decher’s Team, LbL technique became popular and a vast of
literature has been evolved. Hence, LbL film deposition is a highly flexible supramolecular
platform (see Figure 1-2) nowadays. Many studies were devoted to improve LbL technique,
to widen its applications, and to elucidate the mechanism behind. Synthetic/natural
polyelectrolytes, nonionic polymers, micelles, nanoparticles, and even drugs can be
assembled as multilayers using LbL. Different intermolecular interactions can be exploited
and fine-tune of deposition conditions (control space) allows tailoring properties of LbL

structures. According to their properties, resulting multilayers can suit for certain applications.

(i MATERIALS ) CONTROL SPACE i

Polymers, proteins, clays, ionic strength, layer

POMSs, nanoparticles, number, pH, charge

dendrimers, quantum density, architecture
\dots, and DNA ) choice J

LAYER-BY-LAYER ASSEMBLY

Electrostatic or hydrogen
bonding interactions

fr APPLICATIONS N rﬂD\mNTAGES N
Biological systems, Conformal coating,
electrochemical energy, interdigitated and
sensors, responsive fuzzy interfaces,
smart materials, etc. patternable, precise

control

N J A J

Figure 1-2. Flexibility and interconnection of layer-by-layer design parameters [100] (also see [101]).



1.1.1. Driving Forces of Layer-by-Layer (Self-)Assembly

There is a great flexibility of driving force selection in LbL self-assembly. Driving force of
assembly may include one or more among electrostatical attractions, H-bondings,
hydrophobic effects, pi-pi interactions, vdW forces, and even covalent linkages. We will
mainly concentrate on es- and Ab-LbL. es-LbL will be introduced first due to historical
reasons. Then, Ab-multilayers will be given briefly (more information on 4b-LbL is available
in experimental chapters). It is now well known, secondary interactions are also very essential
for film stability and film growth. Therefore, hydrophobic stabilization of LbL systems will
be given. We will keep the discussions on pi-pi interactions to the forthcoming sections. Pure
vdW [102-103] and pure charge-transfer [104-106] bound films have secondary importance
for our concern. Also, covalent bonding stabilized LbL films are beyond the scope of our

current interest, but can be found elsewhere [107-109].
1.1.1.1. Layer-by-layer electrostatic assembly

es-LbL simply takes place between negatively and positively charged building blocks through
oppositely charged. Electrostatical interactions are the conventional and also most common
driving forces for LbL film growth. Both in Iler’s and Decher’s works on LbL film formation,
the mechanism of es-LbL has been originally explained via multiple electrostatic interactions
between building blocks of assembly. Simply, oppositely charged species attract each other
and the thickness of the deposited material is controlled with charge repulsions. Key point of
this process is again originally given as the “charge reversal” of bare or film evolving
substrates in Iler’s text [91]. One step forward of this explanation is then appeared as “charge
overcompensation”. After Iler’s interpretations, theoretical and experimental evidences of
other researchers [110-112] approved this mechanism. Today, reversal and overcompensation
of surface charges at each step is accepted to be the fundamental mechanism of es-LbL
process. According to this coupled phenomena, each assembly step is governed by surface
charge reversal and overcompensation accordingly. Indeed, we believe, this basic concept is
also applicable to the non-es-LbL systems in terms of interaction tendencies of building
blocks (i.e. saturation of H-bonding acceptor/donor sites). In common, overcompensated
surfaces become favorable for further deposition of complementary building blocks. So, after
a thorough rinsing process, a “regenerated surface” reveals to keep the film growable (to see

the depiction of the evolution of charge compensation process see Figure 1-3).
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Figure 1-3. Depiction of the basic mechanism of electrostatically-driven layer-by-layer film growth:
Charge reversal, charge overcompensation and desorption of loosely-bound chains (For one bilayer).



1.1.1.2. Layer-by-layer H-bonded assembly

LbL technique uses the advantage of multiple available interaction sites (a.k.a. binding points)
of polymer molecules and/or particles [50]. Therefore, even weak interactions between
binding sites can lead to a strongly-bound film formation. As explained above, LbL technique
is originally based on electrostatic forces but non-electrostatic interactions also contribute to
or directly drive LbL self-assembly. Among non-electrostatical interactions can favor LbL
assembly, H-bonding interactions are the most convenient driving forces for LbL self-
assembly. This advancement was almost simultaneously introduced in 1997 by Rubner’s
[113] and Zhang’s [114] Groups. The role of H-bonding interactions in LbL assembly was
well-studied and 4b-LbL films are now achievable as robust as es-multilayers [115]. Hence,
many H-bonding pairs (viz. H-bonding donors and acceptors) can successfully be used for
LbL deposition. More importantly, #b-LbL made many uncharged materials available for LbL
design and now H-bonded multilayer deposition (2b-LbL) is acknowledged as the next era of
LbL surface engineering [115]. Detailed information is available about the technique in

Chapter 3.
1.1.1.3. Hydrophobic contributions to film stability

Another essential contribution to the LbL self-assembly was proposed by Kotov. At the end
of a thermodynamic analysis, Kotov concluded with the positive effect of hydrophobic
interactions as a driving force of LbL assembly [116]. First experimental evidence on the
contribution of hydrophobic interactions to film assembly has subsequently been reported by
Clark and Hammond [117]. Then, Serizawa and associates have shown multilayer assembly
of polymers in different solvophobicity (a hydrophilic and a hydrophobic) [118]. Finally,
hydrophobic interactions has been satisfactorily approved to stabilize es-LbL films [119].
Even some researchers do not specifically emphasize, hydrophobic contribution to film
stability is widely accepted for many polymer-based multilayer structures. Further insights

about the topic are available in Chapter 4.

1.1.2. Technical Aspects of Layer-by-Layer Assembly

Iler studied most of the technical aspects of current LbL technology in his original text. He
investigated the effect of types of building blocks, concentration of solutions (or dispersions),
and effect of solution chemistry (pH and IS). He also commented on the substrate selection,
and hence covered most of the technical aspects of LbL field. Then, starting from Decher,

especially effect of pH and IS was deeply studied, and optimized conditions were elucidated
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for numerous LbL systems. Below we will introduce major technical aspects of LbL

technology in a concise manner.
1.1.2.1. Component selection for deposition

LbL technology is highly versatile in terms of the selection of building blocks. If a favorable
interacting pair is available, virtually any building block can be assembled in multilayer form
tailoring molecular/particular size and solution chemistry. Up to now, synthetic polymers,
natural peptides, nucleic acids, small molecules, and nanoparticles were assembled in LbL
nanostructures to name a few. Traditionally, polystyrene sulfonate, polyallylamine
hydrochloride, and PEI are among the most used polyelectrolytes for es-LbL formulations. To
name a few popular building blocks for designing #Ab-LbL multilayers; PEG,
polyvinylpyridine, PVPon, polyacrylic acid, and polyvinyl alcohol can be listed.

1.1.2.2. Substrate selection and/or functionalization

Substrate selection criteria for LbL have been discussed elsewhere [48,120-121]. There is a
vast flexibility of substrate selection. Practically any solid substrate (e.g. silicon, quartz, glass,
mica, steel, gold, titanium, polyester, and Teflon) can be engineered with LbL technology
obeying surface chemistry. Depending on the chemical nature of selected LbL system, a
favorable surface is needed. Similar to the intermolecular interactions between LbL couples,
substrates should specifically or nonspecifically interact with first layer of multilayer film.
For es-LbL this may be maintained with surface charging through functionalization.
Similarly, #b-LbL may be favored with H-bonding acceptor or donor surfaces. In any case,
the first layer acts as a foundation of the multilayer architecture. Better adhesion encourages
more robust growth or it may directly be crucial for the fate of assembly. Since, surfaces are

not passive players in LbL self-assembly.

Covalent functionalization of substrates may not suffice or may be undesired due to
practical or technical reasons. In this case, an “anchoring layer” (a.k.a. precursor layer) is used
between substrate and multilayer film. The idea of “anchoring” in LbL field first appears in
Iler as adhesion of a cationic surfactant to facilitate a subsequent adsorption of an anionic
colloid [91]. Then, researchers used different anchoring materials but mostly PEI derivatives
(linear, branched, highly/lowly charged, chemical functionalized etc.) are preferred.
Typically, a monolayer of BPEI [122] or BPEI involved bilayers [123-124] are used.
Recently, the effect of anchoring layer on film properties has also been systematically studied

by different groups [125-130]. Especially, adverse bioeffects of PEI used in LbL films (as
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film component or anchoring layer) is important for design [128-130]. Besides, PEI can be

replaced by some other polymers or simply excluded is possible.

Another aspect of substrate selection flexibility comes from the geometry substrate.
By using a suitable chemistry, even arbitrarily shaped substrates can be coated; LbL is not
limited with flat surfaces. This flexibility also made possible LbL coated colloidal particles

and even hollow LbL capsules (for comprehensive reviews about the topic see [49-50]).
1.1.2.3. Effect of solution chemistry

In LbL self-assembly, solution chemistry is not strictly definitive in the fate of assembly
process in normal circumstances. However, it has a profound influence on the properties of
resulting films. For instance, addition of salts to the assembly solutions generally yields
thicker bilayers and film stability might be higher or lower. Effect of pH might be more
dramatic for both es-LbL and Ab-LbL of weak polyelectrolytes. Since, intermolecular
interaction potency of weak polyelectrolytes is switchable from one regime to another (say H-
bonding to electrostatic) via pH-dependent dissociation of molecules. Importance of pH and
IS for uncharged polymers is also non-negligible, but significantly more complex. Some
comments and discussions will be provided in the experimental parts (see Chapters 4) of this
study (also see Subsection 1.2.6.1). Below, we will limit ourselves with the discussions on
polyelectrolytes with an emphasis on weak polyelectrolytes to create a basis for TA. Curious
readers are suggested to commit further readings [101,131-133] on the effect of salts and

solution pH on neutral polymers.
1.1.2.3.1. Fundamental considerations

Final properties and performance of multilayers are greatly influenced by solution chemistry.
Therefore, a crucial requirement of LbL technology is to tailor effective solution chemistry
(mainly’ pH and IS). Different LbL components can reveal different responses upon
alterations of solution chemistry. Highly complex nature of the problem makes the
generalizations rather unsafe, but fundamental physical chemistry of polymers still works (see
[134-135]). Effect of pH and IS on surface adsorption and polymer conformation can be
found elsewhere [110,136-137] in detail. Below, we will confine the content with linear weak

polyelectrolytes and try to correlate solution behaviors with LbL technology.

For strong polyelectrolytes, pH alterations do not have a dramatic role comparing

? Here we intentionally disregard solvent quality aspects, since we all use water-based systems in this study.
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weak polyelectrolytes. Since, pH alterations directly affect the ionization state of weak
polyelectrolyte chains. So, in case ionized weak polyelectrolyte molecules are needed, pH of
solution is shifted in required side of the acid-base phase equilibria of polyelectrolyte
(negatively or positively charged polyelectrolyte is obtained then). This may be favorable for
assembly or may be used to disintegrate assembled architecture and film components may be
erased and released from the surface (“erasable film” concept) [138-139]. At that point, type
of LbL film matters: es-LbL or Ab-LbL. Charge evolution in weak polyelectrolyte chains
normally favour es-LbL, whereas ionization may break H-bondings and disintegrate hb-
multilayers. Such behaviors are not straightforward; pH perturbations may influence the

system more dramatically.

Salts act as counterions for macroions (a.k.a. polyions and polyelectrolytes). Through
condensation in the vicinity of the oppositely charged polymer chains, charge of
polyelectrolytes can be screened (a.k.a. Manning’s counterion condensation [140-142]). In
dilute regime, non-charged-like polyelectrolyte chains may evolve due to charge screening of
added salts and conformations of polyelectrolyte chains dramatically change accordingly.
Also, there is interplay between effects of salts and pH levels of solutions (recall “activity
factor” concept). Moreover, effect of salts on polymer behavior in not always colligative, type
of salt is also effective (recall Hoffmeister series [143]). In accordance, effects of specific ions
on LbL films have been shown [144-146]. But, NaCl and buffering agents (i.e. phosphate
buffer’) are generally employed as “salts” in LbL designs and their effects are sometimes

ignored.
1.1.2.3.2. pH and ionic strength as variable of assembly conditions

Naturally, properties of molecules in solution reflect to their behavior in deposited state. So,
IS and pH “games” are widely played in LbL studies. An obvious effect of IS [95,112,147-
151] and pH [152-156] variations on polyelectrolyte multilayers (a.k.a. PEM) is known to be
on bilayer (or final) thickness. Effect of pH is generally more system specific. But generally,
higher the IS, higher the film thickness. To formulate this outcome, different researchers came
up with different relationships between the thickness of adsorption and the concentration of
salts. For different LbL pairs, linear [157], linear-like [112], exponential [149], and parabolic
[151] relationships have been reported for the dependence of deposited amount to the

concentration of salt. Conformational change of polymers upon pH shifts and salt

* In the experimental chapters, we will frequently abbreviate the “phosphate buffer” as “buffer”.
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concentration variations is well known fact [158-160] which reflects to LbL films at least as
topographical alterations (roughness change). Another important and also controversial issue
is the presence of counterions in the film structure upon deposition. Counterions are
sometimes assumed to release from the film and oppositely charged polyelectrolyte segments
neutralize each other. But in fact, a portion of salts can remain in the structure (“extrinsic
charge”, see Equation 1-1) which might influence the properties of films drastically [161-
164]. Especially, Schlenoff’s Group has systematically studied the effect of salts in hydration
and dissolution of es-multilayers in series of reports [165-168]. According to these studies,
dissolved ionic species can shield charges (see Equation 1-1) of charged building blocks and
contribute assembly process (a.k.a. intrinsic compensation) which is in accordance with
counterion condensation (recall upper subsection). To us, it is clear whether due to the
presence of salts in film structure or the effect of salts on polymer chains in solution reflects
to the complexation event. But salts are reported to increase [139,161] or decrease [131,169]
film stability. So, each system might require special attention to understand the effect of salts

on assembly and disassembly.

Equation 1-1. Inclusion of salt counterions in polyelectrolyte multilayer complexes [162-163].

(Pol*Pol™),, + nXi, + nY;q — (1 —n)(Pol*Pol™),, + n(Pol*Y™),, + n(Pol"X*),,

1.1.2.4. Selection of method for film deposition

LbL surface deposition is traditionally performed by dipping (immersing) the substrates in
building blocks solutions/dispersions. However, LbL technique is not limited to dipping; there
are other alternative techniques as well. Dip-LbL is still the most widely studied technique,
but there is a growing tendency towards its novel counterparts. Below, we will focus on dip-,
spray-, and spin-LbL giving an emphasis on the latter. Advantages/disadvantages of available
techniques will be briefed. In addition to film composition comes from the selection of
components; characteristics of end-products are also influenced by process parameters in LbL
technology. Thus, we will also briefly emphasize the effect of method selection on film
quality (Chapter 2 is referred for further information). Indeed, possible effects of film
deposition technique on the properties of multilayer films have long been known. For
instance, in late 1930s, Bikerman reported water wettability alterations of L-B/S films of
different structures (X, Y, and Z) assembled using same materials [170]. Today, similar
observations are being done for LbL films and such variations are of importance not only

from technical, but also from scientific point of views (see Chapter 3).
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1.1.2.4.1. Dipping-assisted film deposition

LbL surface deposition is traditionally performed by dipping (immersing) the substrates into
dilute solutions/dispersions of oppositely charged building blocks in a sequential manner
[50,93] (see Figure 1-4). LbL dip-adsorption of polymer chains is considered to be a “self-
diffusion process” where diffusion of weakly-attached chains needs a considerable time
[13,171]. Prolonged solution contact cause/increase rearrangements of adsorbed materials on
the surface and also in the inner structure of film [13,171]. So, adsorbed layer become
interpenetrated and multilayers of “fuzzy” [161] layers form. Also, as a result, surface
roughness of dip-assembled multilayers are usually high [13]. On the other, hand some other
dipping-like methods such as dewetting [172] and electric-field [173] due to their relatively

less usage.
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Repeat (x n)
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RERNRURY

Beaker-#4

Figure 1-4. Dipping-assisted layer-by-layer film assembly: Tweezer and beaker deposition
(A: Component A, B: Component B, R: Rinsing).

1.1.2.4.2. Spraying-assisted film deposition

In dip-LbL, each deposition step approximately takes 10-30 minutes depending on the system.

When considering a moderate multilayer films consist of 10 to 20 layers, a day-long effort is
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required. So, initially for practical reasons, alternative timesaving methods have been
introduced. As first alternative of dipping, spraying (spray-LbL, see Figure 1-5) was reported
[174]. Then, the versatility of technique was examined, deposition parameters were
investigated, and additional advantages of spray-LbL were discussed by Decher Group [175].
Spraying reduces the time required for the deposition of a bilayer to the order of seconds from
minutes (rinsing time is also reduced from 3-5 minutes to tens of seconds, and rinsing can
also be eliminated). Also, substrate size limitations are eliminated; the size of coating area is

not an impediment for spraying and this makes it convenient for scale-up.

Component ®

(solution or
dispersion) Substrate

Repeat (x n) Q

e
-
®

Spray
(mister)

Figure 1-5. Schematic representation of spray-assisted layer-by-layer deposition technique

(Note that the rinsing steps, “R”’s, between depositions of A and B are shown, but can also be skipped).

In addition to practical aspects, spray-LbL also differs in terms of film properties [13].
First, in case all of mist get in touch with substrate during application, two different zones
(see Figure 1-6) appear: Homogeneous inner and inhomogeneous outer zones [175]. On the
other hand, surface roughness control seems better in spray-LbL comparing dip-LbL, but

level of stratification is similar [176].
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Figure 1-6. Formation of different zones in spray-assisted layer-by-layer films [175].

1.1.2.4.3. Spinning-assisted film deposition

Just after spray-LbL, spin-LbL [177-178] has been simultaneously introduced by two groups
as a new alternative of dip-LbL (see Figure 1-7). The technique is nothing but alternating
utilization of conventional [179-180] spin-coating (a.k.a. spin-casting) procedure. Rinsing
step differentiates the spin-LbL technique from conventional spin coating, but fundamental
theory of spin coating [181-186] are still valid for spin-LbL. That means fundamental process
parameters of spin coating such as spin rate (rotation velocity), concentration and volume of
applied liquid, size and shape of application area, ambient temperature, and environmental
humidity affects the spin-LbL process as well. Among those parameters, spinning rate is
probably the most crucial one and can be used to tailor bilayer thickness of LbL films
[178,187]. Indeed, spinning rate adjustment has also commonly been used in regular spin-
casting of polymer films for controlling final film thickness [184,186]. Here it is also
beneficial to say some words on the basic mechanism behind this phenomenon (see Chapter 3
below for further details). Generally a decreasing asymptotic relation between spinning rate

and film thickness (or bilayer thickness) is observed with increasing rates.
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Figure 1-7. Spinning-assisted layer-by-layer assembly (A: Component A, B: Component B, R: Rinsing).



The decrease in the film bilayer thickness with increasing spinning rate is mainly due
to larger centrifugal forces applied. With larger centrifugal forces, the solution applied is
spread into thinner liquid films (see Figure 1-8). Then, solvent evaporation takes place and
leaves a solid film behind (see Figure 1-9). Normally, thinner the liquid film, thinner the
resulting solid film. Hence, film thickness in spin-LbL applications is spinning rate dependent
(in addition to other factors above). Also, one major importance of spin-LbL is its impact on
film thickness comparing other techniques. There are a number of studies [177,188-189]
reporting on larger bilayer thicknesses obtained by spin-LbL comparing dip-grown
multilayers. Fundamental models of spin-coating [180-183] can be employed to explain this
important observation. In this framework; the centrifugal and inertial forces act in the same
way and remove loosely-bound polymer chains, but at the same time fast removal of water
thickens the solution and a thicker film is obtained. At the same time, an exceptional case is
also reported [190] which we will discuss in detail later on (see Chapter 3). In spin-LbL, each
spinning step is followed with rinsing and only well-adhered portion of spin-deposited
material stays on the surface. Similar to spray-LbL, spin-LbL is highly time-efficient.
Furthermore, physical properties (i.e. homogeneity, smoothness) of the spin-LbL films are
generally better than dip- and spray-LbL films. Underlying reason of this quality
improvement is believed to be short-term fluid contact during spin-LbL. In accordance, spin-
LbL films are well-stratified due to decreased water contact duration [191] (for further

information see Chapter 3).
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Figure 1-8. Schematic representation of air and fluid flow in spin-coating [192].
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Figure 1-9. Schematic representation of spin-coating technique [193].

Spin-LbL offers an efficient platform for fundamental research on LbL technology but
limited with smaller and plain substrates. As a recent advancement in LbL method, Merrill
and coworkers introduced an interesting hybrid route for “directed self-assembly” of
multilayer films: spin-spray-LbL [194]. In our sense, this technique is an extension of spin-
LbL and we recognize the technique as “spraying-coupled spin-LbL” which combines the
advantages of both spinning and spraying. So, we believe spin-spray-LbL is highly promising
for large-scale applications as a scalable method. Especially, spin-spray-LbL reduces the
assembly fluid amount needed for deposition and saves high-price materials such as

nanoparticles [194].

1.1.3. Characterization of Multilayer Films

Some excellent reviews previously outlined the basis and current advancements [48,195] on
characterization of LbL multilayers. Therefore, this section is not meant to present a full
picture of the topic. Rather here we will provide an easy outline of the characterization
aspects emphasizing the techniques we employed in our study. We will also try to explain
why and where characterization is crucial for LbL technology. Also, we intentionally will

exclude application-based characterization aspects such as biological characterizations.
1.1.3.1. Growth regime and film thickness

LbL technology is established on film deposition phenomena and material deposition takes

place in step-wise manner. Character of film growth (a.k.a. growth regime/mode) may change
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from system to system and depending on deposition conditions the amount and/or density of
adsorbed components alter on the surface. In following two subtitles, growth models and

analysis will be given.
1.1.3.1.1. Linear versus exponential growth

In terms of growing regimes, multilayer films are divided into two major types: Linear and
exponential growing. Generally, thickness of LbL films linearly increase with increasing
number of deposited layers. Linear growth is easily justified with basic adsorption
knowledge; in each step an equal amount of material is deposited on the surface. However,
exponential growth is rather complicated. It is believed, LbL adsorption occurs in two kinetic
steps: 1) Diffusion-induced adsorption of polyelectrolytes onto the surface (fast), ii)
Rearrangements of the adsorbed species (slow). First step is driven by intermolecular forces
and the diffusion of polymer segments to the adjacent layers takes place due to slow chain
rearrangements [171,196]. In exponential growth, aforementioned mechanism is not so
straightforward. A great effort has been devoted to explain the details of growth mechanism

duality. Proposed models are still disputed and the complexity of problem is widely accepted.

Exponential growth regime was generally attributed to the “in” and “out” diffusion’
(a.k.a. interlayer diffusion) [197-199] of at least one of the assembled building blocks which
is rather free in the material reservoir (viz. LbL film) [199-200]. This explanation is quite
important, but there are still open questions and current roughness® models (see Figure 1-10)
[200] may explain the experimental observations better in some occasions. Recent findings on
exponential growth of polyoxazoline/TA films [123] and block copolymer micelle based /b-
multilayers [124] observed by our group might maximize the reputation of roughness-
mediated nonlinear growth observations [153,201-202] and models [200]. Here, we would
like to stress that, there is no need to choose one of those models. We believe there might be
some systems which are equally explainable with both models or not explainable with any of
those. LbL pairs we see in current literature is negligible comparing the possibilities, hence
composition design in LbL is virtually unlimited. The interplay of various parameters
involved (i.e. solution chemistry [203-204], Mw of polymer [205], number of layers [206])
overcomplicates the picture. On the other hand, those models might be presupposing each

other in a complex manner. Currently, experiment and theory are in action to elucidate the

* From now on, we will call this term as “in&out” diffusion.

% Note that, dendritic and island models also indirectly suggest rougher surface topologies.
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underlying mechanism of LbL growth [207-209]. A holistic understanding towards the
underlying mechanism can be gathered in near future and a unified explanation might be

proposed.

Material
adsorbed

| S

Number of
adsorption
steps

Figure 1-10. Roughness-trigger like explanations of exponential growth
in layer-by-layer film deposition: a) Island, and b) dendritic models [200].

In addition to linear and exponential regimes, there are many studies [122,210-217]
reporting a deviation from linear/exponential growth behavior namely “zigzag” growth.
Actually, “zigzag” growth is an indirect indication of the destabilization of complex and has
been both observed in es- and Ab-multilayers. In case desorption takes place in a significant
ratio whilst adsorption proceeds, surface reversal (i.e. plus to minus or donor to acceptor)
delays and a portion of already adsorbed material migrate to solution. If rinsing step is
successfully performed, zigzag growth also suggests thermodynamic instability of resulting

complex (see Chapter 2 and 3 for further discussions).
1.1.3.1.2. Monitoring film growth and thickness

OAS and EMM are widely employed for film growth monitoring as conventional routes. OAS
provides a useful way to study film growth monitoring of light absorbing materials, but do not
directly give film thickness information. Instead, EMM directly gives film thickness
information whilst film growth is being monitored. EMM [218] is a well-established optical
technique for thin film characterization (see [219-220] for historical aspects). A non-
destructive laser of known polarization hits the surface as a collimated beam. Polarization
state of reflected light becomes different than incoming light and this difference is analyzed
(see Figure 1-11). Normally, linearly (plane) polarized light is sent (photon-in) and elliptically
polarized light is obtained (photon-out) [221]. Raw data is generally produced in terms of two
angle information: Amplitude ratio (y) and phase shift/difference (A) of both p- (parallel) and
s-polarized (perpendicular, from German word “senkrecht”) light waves [222-224]. These
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values appear in complex reflectivity ratio (a consequence of Fresnel equations, see Equation
1-2). For a certain incoming light (angle of incidence and wavelength are set), in case
refractive indice of surrounding environment (typically air) and substrate are known (N, and
N,), thickness or refractive indice of thin films can be extracted (see Figure 1-12).
Mathematical inversion (from y and A to calculated values) is performed through algorithmic
fitting to the models [225]. These operations are quite heavy but currently held by softwares
of commercial ellipsometers. Therefore, EMM is widely used to monitor LbL film growth as

a practical and precise way.

1. linearly polarized light
E p-plane

3. elliptically polarized light
s-plane

5 p-plane
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2. reflect off sample :

Figure 1-11. Geometry of ellipsometric measurement [221].
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Figure 1-12. Basic optical model for ellipsometry measurement consisting three different mediums [225].

Equation 1-2. Basic mathematical representation of the theory of ellipsometry [221,225].

R .
R_p = tan(y) X e™® = p(No, N;, N, d, 6,)
S

There are some other complementary techniques to monitor multilayer growth and

film thickness. QCM and surface plasmon resonance techniques are also preferred to probe
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film growth by some researchers.” However, these techniques cannot be easily used to
estimate film thickness. AFM can also be utilized to measure film thickness via scratching the
film in contact mode [226]. But it is quite painstaking, error-prone, and also invasive. So,
AFM is not suitable to monitor continuous applications such as multilayer growth monitoring.
X-ray reflectometry is also potent to study thin film thickness [227-228], but it is not practical
enough for the monitoring of LbL film growth. SEM is also used as a complementary
technique for high thickness multilayer films [229], which seems as a misleading technique to
us for thickness measurement purposes (not useful for few nanometer samples and not

accurate enough).
1.1.3.2. Film morphology

Film morphology of LbL films are mainly studied by electron or probe microscopies. Surface
topography resolutions of force microscopes are finer than electron microscopies in normal
circumstances and sample preparation is also easier [230]. So, (scanning) probe microscopy is
widely utilized to investigate surface morphology of LbL films. At least 25 different scanning
probe microscopy techniques are available and AFM [231-232] is the one of the most powerful
one surface characterization [233-234]. AFM gives surface topology information about
materials in nanometer resolution. Resolution limit of the technique is highly dependent to the
quality and dimensions of probes [235-237]. A sharp® tip mounted on flexible cantilever
tracks the morphology of surface line-by-line as a probing stick of blind man (see Figure 1-
13). Progress of scanning is sensitively maintained by piezoelectric material equipped process
control elements and four-quadrant photodiode detectors [234,237-238]. In the rest condition,
laser reflecting from cantilever is located to the photo-detector [234-238]. Throughout surface
scanning, probe (tip) and surface atoms/molecules interact (tip-surface interaction) in a
Lennard-Jones potential like manner which cause cantilever deflection [237-238]. According
to mode of study, a mode (and a suitable feedback strategy) is selected and deflections are
compensated with piezo actuator responses [234-238]. Among the modes available, most
widely used one is semi-contact (a.k.a. intermittent and tapping) mode which surface
topography is scanned in a dynamic manner. Semi-contact mode provides additional

information other than surface morphology [233]. Local mechanical properties of surfaces can

" In Appendix-J, we show our preliminary results on the utilization of QCM for monitoring pH-dependent
disintegration of multilayer films.

¥ Normally, radiuses of tips are in the order of tens of nanometers.
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be mapped in phase contrast imaging option of semi-contact mode [237]. Stiffness differences
in different localities within a sample cause different energy dissipations and cause different
phase mismatches. Mapping of phase shift between given (natural resonation) and detected

oscillations of cantilever give phase imaging.
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Figure 1-13. Representative set-up of atomic force microscopes [237].

Surfaces get in touch with surroundings solids/liquids and promote to be interfaces.
Interfacial properties of materials influence biological, mechanical, electrical, and thermal
responses of materials. Especially, interfacial characteristics of materials have a profound
impact on biological properties of materials (see following reviews [239-240]). Biological
properties of interfaces (biointerface) are linked to physical texture and mechanical properties
of material surfaces or coatings [241-242] (also see following reviews [243-244]). So,
nanomechanical properties of surfaces are also important from application point of view.
When LbL films are doped with inorganic materials (see section 1.1.5), nanomechanical
properties of resulting might differ significantly. However, determination of mechanical
properties in nanoscale requires advance equipments and elaborate experimentation [245].
Indeed, AFM can provide information about nanomechanical properties of LbL films by force
spectroscopy [246]. However, production and interpretation of nanomechanical data are not
straightforward [247-250]. Thus, we did not focus on these aspects and curious readers are

suggested to read following studies [241-242,251-253].
1.1.3.3. Internal structure

Internal arrangement and of LbL films is of interest from both fundamental and application

points of view. Spatial arrangement of building blocks in multilayer is a consequence of
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internal arrangements and directly affects material characteristics of films. Internal structure
analysis of LbL films requires sophisticated reflectometry (X-ray or neutron) studies. Most of
early studies on this topic were performed by Decher and associates [94-95,99,161,254-255]
using dip-LbL films. Stacked but still interpenetrated but nature of dip-LbL films has been
demonstrated. Interdigitation of subsequent layers in multilayer structure was explained via
distributions polymer segment along the surface normal. To depict interpenetrating behavior,
this phenomenon has been coined as “fuzzy” structure [161,256]. Then, spray-LbL (recall
Subsection 1.1.2.4.2 above) and spin-LbL were analyzed similarly and (recall Subsection

1.1.2.4.3 above) and the effect of growth method on internal structure is established.

1.1.4. Applications of Layer-by-Layer Surface Deposition

When it is needed to improve the surface characteristics of materials without sacrificing any
bulk property, coating applications can be highly effective. LbL is surely the most versatile
soft coating method and can be designed for almost any bulk substrates. LbL is also highly
successful in functionalization nanosized materials and can also be considered as a
nanoparticle fabrication technique. Therefore, applications of LbL are extremely vast.
Different application areas of LbL technology have been reviewed by top researchers in the
field [48-49,77,100,257-261]. To name a few applications; biomedical, pharmaceutical,
antimicrobial, antireflection, separation, sensing, and electronics can be listed. One reason
behind extreme versatility of LbL technology is its compatibility with nanoparticles.
Nanoparticles serve as useful agents to tailor LbL films for certain applications through using

them as functional additives. Below, we introduce nanoparticle-loaded multilayer films.

1.1.5. Nanoparticle-Loaded Multilayer Films

Mother Nature combines a vast type of organic and inorganic materials which seem
incompatible at first glance. Multilayer assembly offers a useful tool to mimic this life-
sustaining ability of Nature. Nanoparticle-incorporated multilayers have been the subject of
several studies. Particularly LbL platform is highly rich in terms of nanoparticle-doped
systems (for nanoparticle-doped L-B/S systems see following research [262-263] and review
[65,264] papers). Many inorganic nanoparticles have been doped in LbL architectures such as
metal (oxide) nanoparticles, natural clays, and CNTs to name a few groups. The first
appearance of inorganic/organic hybrid LbL films can be taken as boehmite/protein and
silica/polymer films of Iler. In his monumental work, Iler gives one of his future look as

“Another possibility involves building up heterogeneous films of different inorganic
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substances or alternating organic and inorganic components” [91]. Iler’s foresight is a fruitful

research topic of current nanotechnology.

After a series pioneering works [265-274], nanoparticle-filled LbL field has been
dominated by Kotov Group. Kotov Group has systematically studied incorporation of several
nanoparticles in LbL systems and characterized various properties of those. Especially,
nanoclay and CNT based studies of Kotov Group and their collaborators deserve to be
highlighted. They demonstrated high performance LbL nanocomposites using nanoclay [275-
278] and CNTs [279-280] each of which were mostly es-multilayers. They also covered the
field with excellent reviews which are full of their studies [281-283].

es-LbL has been used as a paradigmatic system to study nanoparticle/LbL
nanocomposites. Hundreds of papers appeared dealing incorporation of nanoparticles in es-
multilayers, but a handful of publications report nanoparticle-doped #hb-systems (i.e.
semiconductor quantum dot: [284], gold nanoparticle: [285], polymer nanoparticle: [286],
polymer-linked silica nanoparticles [287], modified SWCNT: [217,288], pristine SWCNT:
[289-291]). In these studies, generally one of the interacting components is doped with dopant
nanoparticle; and then, multilayer assembly is held. Among SWCNT-doped designs,
(poly(allylamine hydrochloride)/poly(vinyl sulphate));(polyguanine-SWCNT/polycytosine-
SWCNT), of Nakashima’s Group [291] is the unique example of double-loading (see Figure
1-14). For further literature details on CNT-doped 4b-LbL designs please refer Chapter 2 and
4.

Figure 1-14. Model of Nakashima for single-wall carbon nanotube doped layer-by-layer films [292].
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1.2. CARBON NANOTUBES

C is one of the most abundant chemical elements in universe [293] and among the six
essential elements of known life [294]. C is considered to be among main constituents of
prebiotic molecules [293,295] and uniquely rich chemistry of C is responsible for molecular
diversity. Today, above 90% of both natural and synthetic chemical substances are C-based
[296]. Not surprisingly, organic chemistry was established around C in the past two centuries.
And in the last couples of decades, C has dominated inorganic chemistry via its novel
nanoforms. Today, we particularly witness an exciting competition between these CNPs.
Indeed, CNTs reached their majority over their progenitors (CNBs). Realization of CNS [297]
is rather new and the field is not well-grounded yet. However, since rediscovered in 1991 by
lijima of NEC Corporation [298], CNTs are the most studied players of current
nanotechnology. So, scientific literature of CNTs is voluminous and a complete historical
survey should either be excessively long or arbitrarily selective. Below, we will try to cover

up the essential aspects of CNTs for our particular study.

1.2.1. Fundamentals of Carbon Chemistry

C owes its critical role in chemistry mainly through catenation and hybridization [295-296].
In a simplest way, catenation can be explained as the property of same elements to form either
linear or ring type chains [296]. This property gives rise to organic polymers and surely
makes life possible. C also serves as structural building blocks of multifarious inorganic
polymers thanks to catenation. But, catenation is not enough to justify immensely diversified
molecular compounds of C. The rest of the problem is solved by another chemical behavior:
Hybridization. Depending on the hybridization state, C can take different coordination
numbers from 2 to 4 to satisfy well known octet requirements.” C has three hybridization
states: sp, sp>, and sp’ which cause a ternary phase behavior [299]. Naturally, geometry of
bonding (atomic arrangement) and hence global geometry of molecules is also hybridization-
dependent. Linear acetylenic forms of C are driven by sp hybridized double or triple bonded
C atoms. Linearly catenized C is restricted with small structures such as carbyne'® molecules

in pure hybridization state [296]. On the contrary, sp’ state is rather compatible with three-

? Here, we do not consider intermediate forms of C.
' In IUPAC Recommendations, “carbyne” term appears as “organic radicals of C”. Indeed, a variety of terms

LEIT3

such as “polyyne”, “poliyne”, and “alkynes” can be seen elsewhere. However, scientific community has widely
been adhered to the usage that we also prefer.
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dimensional networks. Pure sp> networks of C gives two natural forms: Diamond (cubic) and
lonsdaleite (hexagonal). Minor inclusion of sp® in sp” or sp also cause three-dimensional C
networks (i.e. amorphous C, C black, C nanofoam, glassy C, diamond-like C, C fibers)
[296,299-300]. In sp® hybridization state of C, one s orbital (2s) and two p orbitals (2px and
2py) involve hybridization. Newly formed sp® orbitals contribute stable sigma bonds which
mainly maintain the atomic arrangements around C. Also, nonhybridized p orbital (viz. 2p,)
electron(s) forms pi bonds. pi bonds can either be double bond which is localized or
contribute to resonance which is delocalized [295]. Pure sp” is probably the most productive
state of C and is symbolized with graphite of three different lattices (turbostratic,
rhombohedral, and hexagonal) [299]. Next to natural graphite, graphitic (sp®) nanoforms of C
(viz. CNPs) are also available. sp2 hybridized CNPs are mainly CNBs,'" CNTs, and CNSs
which are widely considered as low-dimensional allotropes. Some believes hybridization state
of C should be the basis of allotropy in C [299] and tend to exclude low-dimensional forms.
Whereas, hybridization states of these forms are distorted (sp’-like or quasi-sp’) [296,301]
mainly due to geometrical effects [302]. Curved geometries (of nanoballs and nanotubes) act
as constraints for the realization of pure sp2 and also influence aromaticity level [302]. Also,
inclusion of pentagonal rings in the structures further alters the behavior of sp® state (see

following review [296] for the citation information original studies).

1.2.2. Carbon Nanotubes: A History of Effort

CNTs (see Figure 1-15) are skinny and long cylinders of C atoms. A single CNT tubule'?
practically consists of two compartments: Hemi-spherical CNB caps'> and a tubular side-wall.
This formalism is given for SWCNTs, but also covers MWCNTs since nested (viz. not scroll-
type) MWCNTs are concentric SWCNTs (3 or more'*) of varied diameters (see Figure 1-16).
Similarly, CNBs have MW forms which are known as C-onions [303]. So, both SW and

" There is a plenty of variations for the terminology of CNBs. In the original paper, Kroto and coworkers
reported the discovery of first member of CNBs and provided a simple nomenclature. They coined the structure
with two terms as “C60” because it has 60 atoms and “Buckminsterfullerene” due to the resemblance of the C60
to geodesic domes (see Appendix-B). They also, visualized the structure with football whilst suggesting
truncated icosahedral structure. Then, many researchers preferred to use related terminologies including
buckyball, fullerene, and NB. In case we want to emphasize the number of atoms in the structure we will use
numbered style and otherwise will prefer to use “NB” term.

"2 From this point on, we use the term “tubule” to indicate an individual nanotube.

'3 CNB caps can be absent due to processing induced truncation and premature CNTs may form during
synthesis.

" DWCNTs are also available but unless stated they can also be taken as MWCNTs.

29



MWCNTs can be considered as extended forms of CNBs (see Figure 1-17 and Figure 1-18)
[304-305].

F

Figure 1-17. Truncated
icosahedral carbon

nanoball: C60 [307].

Figure 1-18. C70 as
Figure 1-15. A short single-wall Figure 1-16. An arbitrary type a very short single-wall

carbon nanotube [306]. multiple-wall carbon nanotube [306]. carbon nanotube [307].

CNTs are outcomes of a world-wide effort from different scientific and technologic
interests on C species. Naturally, CNTs seems as a continuation in the history of CNBs. In
reality, CNTs have been synthesized before groundbreaking works of lijima, but did not gain
attention (see Table 1-1). CNTs have first unconsciously been formed centuries ago by
Damascus steel makers [308] and have been serving as in situ reinforcer as a result of high
temperature processing (forging and annealing) of C in the presence of metal impurities (viz.
catalysts) [308-310]. This was as an example of optimized C-steels and appearance of real
CNTs waited a long time. Then, in the early 1950s, CNTs have been synthesized and also C
was studied in fiber form (recall Table 1-1). Age of nanotechnology experienced the
rediscovery of MWCNTs and revelation of SWCNTs by lijima and a systematic research on
CNTs has been triggered accordingly. Today, CNTs are surely the most studied nanoparticles
and offers a flourishing plethora of applications. Indeed, the term “CNT” comprises nearly
limitless types of tubular CNPs. These materials offer a variety of fundamental research and
practical application opportunities. From application point of view, synthesis,
characterization, purification, sorting, and dispersion are prerequisites for successful
applications. Today, every single aspect of CNTs reveal a fruitful literature with hundreds (or

even thousands) of papers and patents.
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Table 1-1. Essential milestones in carbon nanotube science and technology (note that applications are excluded).

Year Summary of breakthroughs and main contributions Reference(s)
1917 Demonstration of puckered layers in preheated graphite samples [311-312]
1930 Estimation of curved layers in natural mineral materials [313]
1952 Discovery of MWCNTs: E.lect'ron micrographs of hollow [314-315]

carbon fibers (about 50 nm in diameter) of decomposed CO
1953 Discovery of MWCNTs: Vermicular growth of C probed by SEM [316-318]
1960 Fabrication of arc technology produced rolled graphite fibers (whiskers) [319-320]
1960 Clear electron micrographs of MWCNTSs [321]
1970 Scientific prediction of the possibility of fullerene (CNB) structures [322-323]
1976 Transmission electron micrographs of chemi.cal vapor deposited [315.324]
carbon fibers that contain SW/DW-like portions
1984 Laser vaporized C clusters of 1-190 atoms [325]
1985 Discovery of CQQ: Artiﬁcial synthesis of first CNB and [326]
proposition of its molecular structure
Isolation, non-ageous dispersion (in benzene), and purification of
1990 C60 solid (fullerite) in macroscopic amounts and experimental [327-328]
confirmation of its icosahedral molecular structure
1991 Observation of coalesced CNBs as elongated CNBs [329]
1991 Rediscovery of MWCNTs: Arc-discharge based synthesis [298]
1992 Evidence of concentric (MW)CNBs (a.k.a. C-onion) [303]
1992 Aqueous dispersion of CNBs: Guest@host stabilization [330]
1993 Simultaneous discovery of SWCNTSs by two groups [331-332]
1996 Demonstration of the roped (bundled) state of SWCNTs [333-334]
1997 | Aqueous dispersion and purification of CNTs via surfactant molecules [335]
1999 Non-aqueous dispersion of CNTs: Polymer wrapping concept [336]

2001 Aqueous dispersion of CNTs via linear polymer wrapping [337]
2001 Separation of SWCNTSs according their electronic properties [338]
2001 Protein-assisted aqueous dispersion of pi-stacking agent modified CNTs [339]
2002 One-step aqueous dispersion of CNTs via pi-pi stacking interactions [340]
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It should also be emphasized that rediscovery of (MW)CNTs [298] initiated a new
field sometimes called as “nanotube science”. The first non-C nanotube [341], tungsten
disulphide in MWNT form, was demonstrated by Tenne and co-workers in 1992. Then, boron
nitride nanotubes [342] were reported as new pi-conjugated nanotubes. Today, literatures of
boron nitride nanotubes and CNTs are particularly intertwined, but due to space concerns we

do not concentrate on boron nitride nanotubes.

1.2.3. Synthesis, Purification, Sorting, and Characterization
1.2.3.1. Synthesis and purification

Synthesis and growth of CNTs is out of interest of this study, but a fundamental
understanding is helpful to understand extreme diversity of CNT molecules and the
importance of noncovalent functionalization. Today, there are three main routes for CNT
synthesis [343-344]: Pioneering works at NEC Corporation on CNTs"® [298-331] were
performed via electric-arc discharge evaporation (in short, arc discharge) using catalysts. This
process yielded with detectable amount of CNTs, but it was not enough for real-life
applications. Since then, one of the most challenging goal of researchers was to obtain CNTs
in high amount [345-346]. Large-scale (gram and above) synthesis of CNTs (MWCNTs:
[347], SWCNTSs: [348]) first achieved by metal catalyzed arc discharge synthesis. In the
meantime, pulsed laser ablation (vaporization) was exploited to achieve large amount
SWCNTs in the presence of transition metals [333-334]. One major advantage of this
technique was to obtain purer products [349]. Then, conventional technique (through
pyrolysis of C-based species) was applied to SWCNT production [350] and became today’s
most common commercial manufacturing routine [343] due to its economic benefits (i.e. low
temperature and moderate pressure synthesis) [331] (particularly see HiPCO [346] and
CoMoCAT [351] processes). Interestingly, the properties of CNTs considerable change
depending on the synthesis route applied. Purity level and homogeneity are the most
prominent factors affecting synthesis-property relationship of CNPs. Purification is a pre-
requisite to prevent interference of impurities before many applications [352-353] and sorting
is especially required to benefit geometry-depended properties of nanoparticles [354-355].
Thus, synthesis, purification and sorting should be considered as a whole for CNT

applications.

' Here, we intentionally exclude the initial —but fairly unnoticed— studies of pre-lijima era of the field (see Table
1-1 for significant breakthroughs of this period).
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Large scale synthesis of CNTs paved the road towards applications. But, industrial
CNTs cannot be safely and successfully used as they are. As-produced (raw) products contain
catalyst residues, amorphous C, and different types of C-based nanoparticles [352,354].
Catalysts and amorphous C may impede applications. So, purification is a necessary step for
CNT processing. Purification of CNTs is a multistep combination of different chemical and
physical treatments (see following original articles [356-357] and reviews [358-359] for
details). Chemical treatments are generally performed in two steps: 1) oxidation and removal
of amorphous C (in gas or liquid phase), i1) catalyst dissolution via acid treatment. Chemical
treatments are normally performed via manufacturers. As a regular stage of production,
filtration [352,357] is also done. Further physically treated CNTs are also available in the
market as ultrafine materials. These physical treatments need well dispersed CNTs. Hence,
covalent modification, organic solvent dispersion or noncovalent functionalization
accompany [360]. Here it should also be noted that, some manufacturers commercialized
extremely pure and extremely unfunctionalized CNTs which is available in the market.
However, the prices of samples are astronomic; also, surfactants are used during the
purification and sorting routines. For a typical example, you are recommended to visit

webpage of Nanolntegris Inc. (www.nanointegris.com).
1.2.3.2. Sorting

CNTs are cylindrical polymers of C [361] having different lengths, diameters, and chirality
(see following subsection) which have unique properties. For some coarse applications, it is
not highly required to reach single-species enriched monodisperse CNT samples [362]. On
the contrary, purification is not enough for some applications and sorting might be
compulsory due to polydispersity. Some electronic and biomedical applications might require
monodisperse materials to achieve high performance (refer following reviews to reach
original studies [363-364]). Although there is a great effort [351,365-368], there is no
perfectly optimized synthesis recipe to manufacture monodisperse SWCNTs. So, length [369-
372], diameter [372-374], and chirality]6 [375-379] based sorting of CNTs are well studied in
the literature. Chromatography [369-370,372], electrophoresis [337,380-381], and
ultracentrifugation [371,379,382] based procedures are applied for such advanced separation

applications (also see following reviews [363-364,383-384]). In addition the effect of

' Note that especially diameter and chirality sorted samples are automatically sorted according to electronic
structure (see the following subsection).
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methods, some noncovalent stabilizers (e.g. deoxyribonucleic acid) per se contribute to sort

CNTs owing to selective intermolecular interactions [378,385-387].

1.2.4. Structure-Property Relationship
1.2.4.1. Structural basis

Current synthesis strategies do not allow producing mono-type CNT samples. Instead, as-
produced samples contain different members containing different numbers of walls, size
(diameters and length), chirality and impurity level (catalyst residues and amorphous
materials). And, there is an evident structure-property relationship for CNPs, particularly for
CNTs. CNT ensembles exhibit different properties which arise from peculiar electronic band

structures of individual members [302].

CNBs —ancestor of (SW)CNTs— exhibit five and six membered faces which favor
curving into ball-like closed geometries [326]. Defect-free C60 is made up of 20 hexagons
and 12 pentagons and exhibits icosahedra symmetry (see Figure 1-17 below and recall Euler
rule of pentagon-mediated closure in hexagonal arrays). CNBs are widely known as fullerene
(see Appendix-C for etymological route of the term) and generally named with their number
of atoms in the structure (e.g. C60, C70 etc.). Considering their chirality, a sophisticated
classification can be done for CNBs using molecular symmetry approaches [388-389]. But in
practice, simple “C#” convention is practically sufficient to distinguish CNBs from each
other. Once it was believed [334] CNTs can be mono-molecularly pure in terms of structure
[390]. Whereas, there are infinitely high possibilities to form CNTs each of which having
distinct physical properties. At a first glance, the reason behind this enormous molecular
diversity seems to be mainly originated from length variations (as it is in organic polymers).
Indeed, CNTs can be short as CNBs, and can even reach to the order of centimeters in length.
However, underlying reason is not limited tube length, rather related to tube diameter and
mostly a result of cylinder chirality. Tube chirality is a geometrical property and explained via
chiral vector (Cj, see Equation 1-3) [391]. As a geometrical origin of variation, chirality
(mirror symmetry) makes it possible to form a bunch of tubes. So, to identify any type of
(SW)CNT, a simple vector formalism based on chirality can be used as an indicator of tube
identity (unless stated the rest of the paragraph is written based on the original works

[304,392-393] which provided the foundation of notation). In this notation, SWCNTs are
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considered as seamless cylinders of rolled graphene sheets (see Figure 1-19)."” An arbitrary
lattice point of graphene sheet (viz. (n,m)) is superimposed to another lattice point which is
denoted as origin (O(0,0)). Imaginary superimposition cause Graphene sheet to roll and the
roll-up direction is determined by the chiral angle (see Equation 1-4) between tube axis and
zigzag direction of hexagons. When “n # m # 07, chiral symmetry occurs and achiral tubes
reveal when “m = 0” or “n =m” (see Figure 1-20). Achiral tubes can be in two different forms
namely “zigzag/sawtooth” (n,0) and “armchair/serpentine” (n,n). Using geometrical
relationships, tube diameters can hence be calculated from chiral indices (see Equation 1-5).
Therefore, chiral indices are fingerprint of SWCNTs as molecular materials. Even isomerism
can be defined using chiral indices [364,394] for three different types of SWCNTs: (n,m) and

[13e2]

(m,n) are isomeric forms (right- and left-handed) where “n” or “m” can also be “0”.

Equation 1-3. Representation of the lattice vector and unit cell of graphene sheet
(a; and a, are unit vectors; m and n are chirality indices/integers) [393].

Ch= (ap,a;) =(m X a;) + (n X ay)

Figure 1-19. Representation of the notation to identify nanotubes using graphene lattice
(O: origin, B: chiral angle, AC: armchair, ZZ: zigzag) (Drawn based on [393,395-396]).

' This notation is also valid for MWCNTs, because coaxial arraying of different diameter SWCNTs yield
MWCNTs, but not so pronounced.
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Equation 1-4. Chiral inclination angle [393].

n X3

,3 = arctan l—m
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Figure 1-20. Side views and three dimensional like representations of specific single-wall carbon nanotubes:
(a-b) chiral (7,3), (c-d) armchair (5,5), and (e-f) zigzag (8,0) (created using CoNTub Version 1.0 [397]).

Equation 1-5. Estimation of the diameter of perfectly cylindrical single-wall carbon nanotubes [393].

_ax{ym? +(m x n)+n?
T

{where a = 1.42 x V3 [4]}

1.2.4.2. Property variations: Origin of the phenomena and its consequences

From both scientific and application point of view, property variations in CNTs are of
importance. Geometrical origin of property variations for CNTs has two main dimensions.'®
First, wall number (viz. MW, DW or SW) maintains the properties of CNTs significantly.
Especially for biological applications, it is well-known that, wall number (and also length)
variations influence the performance and we believe these variations linked to the alteration
transport properties in different SWCNTs. Second, as fine geometrical features, helicity
variations profoundly influence the characteristics of CNT samples. Above, we indirectly
emphasized the role of chiral indice on the properties of CNTs, physical insights behind

mostly remained untouched.

'8 Here, we consider purified catalyst and amorphous carbon free CNT samples.
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Property variations of CNTs fundamentally arise from electronic structure variations.
In the first sense, as graphite [398-400], CNTs might be expected to be low carrier density
(viz. semiconducting or semimetallic) materials. Indeed, as-produced SWCNT samples are
normally enriched in terms of semiconducting species and approximately two third of
possible SWCNTs are semiconductor (see Figure 1-21) [376,401-402]. Conductor tubes are
either directly conducting/metallic (armchair tubes) or semimetalic with very small band-gap

2

(so ak.a. small gap semiconducting) where “n — m” values are evenly divisible by “3”
[392,403]. Clearly, electronic type variations are important for electronic applications.
However, electronic properties molecular materials are correlated with intermolecular
interaction potency [404] and semiconducting SWCNTSs are known to be more aromatic than
conducting ones [405]. Here, also note that, MWCNTs are conducting regardless of the

chiralities of concentric tubules [406-407].

~ Zigzag

conductor ) semiconductor

Figure 1-21. Chirality dependent electronic structure variations of single-wall carbon nanotubes:
Conductor (metal and semimetal) or semiconductor (drawn based on [393,402]).
Note that, some exceptions (small diameter tubules etc.) were ignored for the sake of clarity.

Chirality/diameter dependent band-gap energy variations of SWCNTs are the origin of
their peculiar electronic duality [401,408-410]. When band gap energy profiles of different
SWCNTs are plotted as a function of tubule diameter, allowed electronic transitions reveal in
a group fashion (see Figure 1-22). This behavior is widely explained by electronic transitions
between the sharp kinks (spikes) of opposite sides in the density of states of SWCNTSs near the
Fermi level (theoretical: [392-393,399,411-414], experimental: [401,414-419]). These spikes

correspond to VvHSs [420] arising from one-dimensional (see Figure 1-23) quantum-
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confinement of electrons [421-422]. Aforementioned electronic transitions between electrons
(E) and holes (H) (see Figure 1-24) are abbreviated using different notations, but commonly
following information is given: Path of transition (from i to jth for absorption and inverse for
emission), electronic type of CNT." This notation is also widely used in the jargon of
spectroscopy (i.e. optical absorption, photoluminescence, Raman) since optical properties a
direct consequence of their electronic properties. Therefore, successful spectroscopic

characterizations of CNTs also rely on a proper knowledge on electronic properties of them.
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Figure 1-22. Electronic types of single-wall carbon nanotubes as Kataura plot: Tubule diameter dependent
band-gap energies (grey shaded area emphasizes dominant tubule types in a regular tubule ensemble) [409].
Note that conduction behaviours of small gap semiconducting ones might be considerably close to the
conduction behaviour of metallic ones (look to the bottom of the graph).
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Figure 1-23. Dimensionality based variation of density of states profiles of materials (Redrawn from [59]).

19 . . . . .
For instance, “£Y}” can be seen elsewhere as “EY,”, “M,;”; or without denoting electronic type, directly “E;;”

is preferred by some researchers.
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Figure 1-24. Idealized representation of allowed interband transitions for semiconducting and conducting
single-wall carbon nanotubes (Drawn for ~1.5 nm diameter arbitrary tubules based on [403,409,423]).

In concept, CNTs are considered as perfectly rolled tubules of CNSs. In reality,
geometrical variations of CNTs are beyond wall number and chirality/helicity differences.
There are point defects and major geometrical distortions like junctions, helicoids, and rings
[424-425]. Also environmental distortions are highly possible due their elasticity [426]. The
presence of non-NT carbonaceous nanoparticles (i.e. nanoring, nanojunctions) influences the
properties of CNT samples. Wall number and helicity variations readily make the applications

and characterizations tricky and imperfections overcomplicate the picture.

1.2.5. Applications and Challenges

Superior physical properties and interesting biological activities of SWCNTs triggered a
worldwide attention towards applications. Potential and realized applications of CNTs span of
fields including electronics, optics, sensing, imaging, membrane fabrication, filled
composites, energy storage, catalysis, pharmaceuticals and biomedical to name a few (see
following reviews [427-431]). For different applications, acceptable levels of CNT quality
(mainly purity, polydispersity) differ. Some applications such as filled macrocomposites
might require lower quality materials comparing advanced bioapplications such as
bioimaging. Whatever the needed level of quality, good solvent processability is a common
requirement for almost any application of CNTs. Below; applications of filled
nanocomposites will be covered emphasizing biological aspects. Then, main challenges

against CNT applications will be addressed.
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1.2.5.1. Nanocomposite applications

Composite materials are composed of matrix and additive elements. There are three main
classes of composites as macro, micro and nanocomposites. Macro and microcomposite
applications are generally devoted to mechanical improvements. The additives (such as
reinforcer fibers) are responsible for mechanical durability. Mechanical durability of
reinforcers is important for successful applications, but interactions (interfacial bonding)
between matrix and additive elements are more important in terms of performance issues. In
nanocomposite case, interfacial area between matrix and additive is considerably higher due
to high surface-to-volume ratio of nanoparticles [46,432-433]. The importance of 1D
nanoparticles such as CNTs reveals at this point: Higher surface area and fiber-like geometry
of CNTs make them advance counterparts of carbon fibers and graphite whiskers [428,434].
Today, CNT-reinforced polymer nanocomposite products such as tennis/badminton rackets,
ice hockey sticks, and bike frames are available in the consumer market [434-435]. CNT-
doped nanocomposites are useful beyond mechanical considerations. CNTs can also
successfully serve as building blocks of inherently nanoscale (not bulk) materials such as
nanocomposites films (viz. nanofilms) and nanoparticle containing nanocarriers. So, any
interesting properties of these nanoparticles become exploitable. FE displays and touch
screens are already commercialized electronic applications of thin CNT films [428,436-437].
Biological (i.e. biomedical, antimicrobial) applications of CNTs nanocomposites are also
vastly available in the scientific literature, but real commercial applications of CNTs require

more attention due to direct human interface of those applications (see following subsection).
1.2.5.2. Biological applications

Nanoparticles, especially nanotubes, can directly and easily interact with biological systems
mainly due to length scale match and remarkable molecular mobility [17,438]. CNTs are
internalized through cellular membranes probably without the need of biosignal molecules
[439-442]. So, biological importance of CNTs is manifold. pi-networked surface of CNTs
serve a multifunctional delivery vehicle for delivery of some highly toxic and/or poorly
water-soluble drugs [443-448]. Further, CNT-based bioconjugates are possible for specific
targeting [445,449-452]. CNTs are also bioactive surface modifiers in LbL film design.
Stimulation of neural cells for growth [453-454], triggering of stem cell for differentiation
[280,455] have been reported for SWCNT involved LbL formulations. Surely, both the nature
and assessment of interactions between cells and nanoparticles, particularly CNTs, are quite

complex [456-459]. As earlier reported by many groups, physicochemical properties of CNTs
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drastically influence their bioactivity. For properly purified (catalyst-free) CNT samples; size
(diameter [438,460] and length [461-462]) and electronic structure [463] are main
determinants of bioactivity. CNTs might cause structural (and hence functional) changes on
adsorbed proteins [464-465]. Moreover, CNTs, as any other nanoparticles, are potentially
more harmful for human health in aggregated form because aggregates exceed engulfment-
mediated clearance capacity of macrophages [441,466-469]. Properly individualized and
biopassivated CNTs (i.e. PEG-based encapsulation [470-471]) are still promising for
biomedical applications. low water dispersibility of CNTs is the major barrier against
bioapplications [472]. CNTs (especially SWCNTSs) are well known antibacterial agents in
solutions [462,473]. Inhibition of biofilm formation using CNTs of importance especially
against antibiotic resistant bacterial strains [474-475]. SWCNT-doped es-LbL formulations
were already proposed for biofilm inhibition purposes [476] and we believe SWCNT-doped
hb-LbL designs are good candidates for the same purpose.

1.2.5.3. Main challenges against applications

High polydispersity and low purity of as-produced CNT samples is the first barrier against
some advance applications. Current purification and sorting techniques are capable to refine
raw CNT samples. But, insolubility is an inherent property of CNTs and arises as major
current challenge. In order to increase vdW contact and to reduce surface free energy,
individual tubules are well-packed hexagonally. CNTs are also flexible and long aspect ratio
materials, so their crystals (bundles) are highly entangled (see Figure 1-25). As a result,
multipoint bound and entangled CNT crystals (bundles) tend to stay intact solvent media,
especially in polar (i.e. water, ethanol) solvents. Fortunately, dispersant materials (i.e.
surfactants, wrappers, pi-stackers) can provide thermodynamically more favorable surfaces in

solvent environment and kinetically stabilize the particles in dispersions.

Figure 1-25. Different length scales of bundling in carbon nanotube dispersions:
Bundles in liquid environment (left) and individual tubules in swollen bundles (right) [477].
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There are two main approaches to “solubilize” CNTs: Covalent and noncovalent
chemistry. In both covalent and noncovalent chemistry of CNTs, pi-network of CNT surfaces
is the main concern. Covalent modifications might proceed through regions where pi-
networked system is broken (weaker) rather than highly stable sidewalls [478-480].
Topological (i.e. pentagon-heptagon pair) and point (i.e. hole) defects are less stable than
hexagons and susceptible to reactions [479]. Similarly, capless (open end/tip) CNTs and even
caps themselves are prone to chemical derivatization [479,481]. Chemical derivatization can
be done via attachment of small functional groups [482-483] or polymers [484-485]. In any
case, molecular properties of CNTs alter due to the disruption of pi-conjugation [339,486]
which is sometimes avoided to preserve pi-networks. Here we should also emphasize that,
when “pristine” (virtually unfunctionalized and highly pure) CNTs are under question, a
minute level of covalent functionalization present is ignored. Since, there is a tradeoff in
between purity and pristinity. As already mentioned, purification routines functionalize CNTs
depending on the stringency of purification. But still, even researchers (naturally also the
manufacturers) consider those particles as “pristine”. In accordance, those unwanted but
inevitable functionalities are not enough to disperse CNTs in aqueous environments. So,

further covalent and/or noncovalent treatments are performed.

1.2.6. Noncovalent Functionalization

Simplest way to noncovalently disperse CNPs is to exploit suitable organic solvents. Some
common solvents such as 1,2-dichlorobenzene, chloroform, N-methyl-2-pyrrolidone and
dimethylformamide effectively “solubilize” CNTs [487-488]. The yields or stability stay
below expectations and compatibilizer molecules (dispersing agents) are used as surface
modifier agents. Indeed, it is inevitable to make use of those agents to disperse pristine CNTs
in water. In the literature, there are numerous studies reporting noncovalent functionalization
of CNTs in dispersing agents containing organic solvents. Below, we concentrate on water-
based system mainly due to two obvious reasons. First, biological applications normally

enforce water-based systems. Second, water is the most environmentally benign solvent.

The idea behind all noncovalent stabilization routes is to modify and shield tubule
surfaces via creating supramolecular complexes of molecules and CNTs. A plethora of
natural, synthetic, and custom designed molecules are available in the literature for this
purpose. Below, we will concentrate on the literature of specific polymer wrappers (e.g.
PVPon) and sidewall pi-stackers (e.g. TA). We will intentionally do not emphasize non-

polymeric surfactants and will directly exclude inorganic nanoparticle decoration assisted
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solubilization. Lucid accounts of past developments and current interests were reviewed

elsewhere [360,489] and strongly recommended.

The adsorption of dispersing agents onto CNT surfaces is influenced by a series of
parameters (see Chapter 2 and 3). Some major variables are as follows: i) Types of dispersing
agents, solvent media, and CNTs, i1) absolute and relative concentrations of dispersing agents
and CNTs, iii) the charge nature (pH) and the charge level (IS) of dispersion environment,
and last but not least iv) method of dispersion process. Regardless of the dispersing agent
used, surface adsorption on particles is regulated by the intermolecular interactions; so,
favorable interactions are needed. Up to now, electron-donor acceptor, charge-transfer, pi-pi

stacking and CH-pi weak H-bondings interactions were suggested for different systems.
1.2.6.1. Polymer wrapping

Polymer wrapping is an in demand noncovalent functionalization strategy as a nondestructive
route to overcome processability problem of CNTs. Adsorbed polymer chains isolate the
adsorbents (tubule surfaces) from solvent media as a barrier layer. PVPon is an amorphous
vinyl polymer first synthesized by Reppe in 1930s. Its name comes from its pendant lactam
ring of five C atoms which is called as pyrrolidone. PVPon is a traditional stabilization agent
for hydrophobic particles [490-491], is also reported by O’Connell et al. as the first nonionic
homopolymeric wrapper for CNTs [337,419]. They provided a thermodynamic basis to
explain the success of PVPon. Indeed, although PVPon is highly soluble aqueous
environments, water is not considered as a good solvent for PVPon [492-494]. Intermolecular
interactions between PVPon and pi-surfaces of CNPs were commonly explained based on
molecular structure of PVPon in a number of ways. Charge-transfer (electron donor-acceptor)
mechanisms were discussed to explain the formation of PVPon-CNB*’ complexes [495-498].
Based on electron spin resonance or nuclear magnetic resonance investigations, majority of
the papers [495-497] proposed charge-transfer interactions between carbonyl groups of
PVPon chains and CNB surfaces. Charge-transfer interactions between positive tertiary amine
and negative pi-surface of CNBs is also proposed [498]. Negative oxygen and positive
nitrogen of pyrrolidone group cause a strong permanent dipole (3.53 D) [492,499-500].
Induction forces between amide group (pyrrolidone) and negative pi-surface have long been

considered to be important for the interactions of PVPon and aromatic molecules (see [501-

2% Bven it is widely ignored in CNT dispersion literature, requirements for aqueous dispersion of CNBs is almost
the same. Naturally, useful dispersing agents are also common and PVPon is one of those.
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505] for notable discussions about the problem). Backbone of PVPon contains hydrophobic
methylene groups and hydrophobic interactions between hydrophobic aromatic groups and
PVPon is highly likely [505]. Also, as some other synthetic polymers do [506-507], backbone
of PVPon might interact with aromatic tubule surfaces through “CH-p1” type weak H-bonds
[508-510]. So, we believe, charge-transfer mechanisms, hydrophobic interactions, and weak
H-bondings would cooperatively be responsible for PVPon-aided dispersion of CNPs. Indeed,
the solubility of the resulting PVPon-CNT complexes (see Figure 1-26) should be ensured as
well. Amide carbonyl functionalities and unbound parts (loops and tails, see following

pragraph) of PVPon chains can presumably maintain water-dispersability.

Figure 1-26. Some possible arrangements of poly(N-vinyl-2-pyrrolidone) chains wrapping around an individual
single-wall carbon nanotube: Double helix, triple helix, and switchback (top to bottom) [337].
Another ambiguity on PVPon-SWCNT dispersions arise about the arrangement of
polymer chains. Even there are limited cases that conformations of polymers on CNTs are
well-defined (i.e. helical arrangement of polymers on CNTs [386,511-513]), general scenario
fits to Scheutjens-Fleer theory [514-515]. In Scheutjens-Fleer theory (a.k.a. “train-loop-tail”
model, see Figure 1-27), adsorbed polymers are considered to partially sit on particles if the
concentration of polymer chains is enough for high surface coverage [514-516]. PVPon

adsorption of particles is generally considered to arrange on particle surfaces according to
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“train-loop-tail” model [499,517-518]. But, O’Connell et al. originally proposed helical
arrangement of PVPon chains on SWCNTs (recall Figure 1-26). We believe, recent
demonstration of the hollow fiber assembly of PVPon in water [519] also indirectly suggest
the possibility of helical arrangement. But, PVPon is a nonionic homopolymer with varying
helicity according to its tacticity. And commercial PVPon samples possess mixed tacticity
which might break perfect helical arrangement. So, both of the models (train-loop-trail and

helical wrapping) would likely coexist in PVPon-CNT dispersions.

tirst layer

D

Figure 1-27. Depiction of train-loop-tail model of polymer adsorption on surfaces [516].

On the other hand, PVPon is a strong-bonding acceptor [601] and among the most
studied nonionic polymers used in Ahb-LbL architectures [110,201,599,602]. Therefore,

PVPon is a potential agent as a mediator for the incorporation of CNTs in Ab-multilayers.
1.2.6.2. Sidewall functionalization via pi-stacker molecules®'

CNTs are pi-networked aromatic systems and are naturally prone to aromatic-aromatic (a.k.a.
arene-arene, pi-pi) interactions. There are many pi-interacting polymers such as PSS and
deoxyribonucleic acid [386,520] that can effectively disperse CNT in solvent media mainly
through pi-pi interactions. Even weaker interactions between CNT surfaces and polymers
might be enough to achieve stable complexes as multipoint binding of polymers might resist
against thermal barrier [158]. In the opposite, small molecules might suffer if relatively strong
interactions are absent. Aromatic interactions are strong enough and so even small aromatic
molecules can disperse CNTs. First, aromatic macrocyclic molecules belonging porphyrin and
phthalocyanine families were employed to disperse CNTs in organic solvents [521-522].

Then, plant polyphenols (both condensed and hydrolysable forms) are suggested as dispersing

*! The term “sidewall functionalization” is also in use to express functional group attachment to the sidewalls of
CNTs through covalent chemistry. So, we would like to emphasize pi-stacking interactions between small pi-
stacking molecules and pi-networked CNT surfaces (in abbreviated form as “sidewall pi-stacking”).
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agents for CNTs. So far, catechins (green tea extract) [523-524], humic acids [525-526],
fulvic acids [525,527], and TAs [525,528-529]) were confirmed as effective agents for the
stabilization of CNTs in water. In fact, first ultrasonic comminution of graphitic C was
reported by Matuyama in mid-1960s. In his fairly unnoticed but highly splendid study [530],
some surfactants and TA were reported as effective stabilizing agents. Among the pi-stacking
agents available, TA not only stands out as a successful dispersing (stabilizing) agent, but also

draws attention due to its popularity in LbL field [122-123,213,531].

Solvopholic moiety

Polycyclic aromatic moiety

Figure 1-28. Depiction of the functionalization of carbon nanotubes using small aromatic molecules [532].

In addition to relatively high binding energy of pi-pi interactions, geometrical
properties and bendability of TA [533-534] likely contribute to the effectiveness of
interactions. Since, geometrical distortion of adsorbed aromatic molecules might increase
intermolecular interactions and favor surface adsorption. This has previously been shown for
benzene adsorption on platinum surfaces [535] using density functional theory through
computation. Then, this principle was also suggested [536] to be important on the interactions
of aromatic polymers and CNTs. It is logical to expect a similar contribution to interaction
tendency via distortion of aromatic polyphenols on CNTs. So, not only the abundance of
aromatic groups but also the spatial arrangements of those are important for the fate of
intermolecular interactions between CNTs and polyphenols. Natural polyphenols are typical

weak polyelectrolytes and effect of solution chemistry might be drastic on weak
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polyelectrolyte aided CNT dispersions [528,537]. So, ionization degrees, conformational
properties, and solubility of polyelectrolytes are pH-, and IS-dependent. Indeed, researchers
are aware of pH-dependence of small polyelectrolyte adsorption on C surfaces for decades
[538-539] and sorption tendency (coefficients) of polyphenols on CNTs exhibit pH
dependence [528]. In fact, this is probably not only a consequence of the behavior of

polyphenols; also intermolecular tendencies of CNTs are influenced by solution chemistry.
1.2.6.3. Ultrasound-aided Debundling of Carbon Nanotubes

CNT bundles, as many other layered/stacked nanoparticle sources, might be exfoliated in two
ways: 1) Spontaneous dissolution via appropriate solvents, ii) mechanical energy mediated
disruption of particle-particle interactions. Spontaneous dissolution of CNTs is achievable
using superacid [540-541] or organic [542-543] solvents.”” On the contrary, pristine (or
slightly functionalized) CNT bundles require mechanical energy to disperse in solvent media.
There are two main energy source to exfoliate CNT bundles namely shear and cavitation
forces. Pure shear force mediated exfoliation suit to viscous fluids® and can be applied in
many ways including calendering (a.k.a. three roll milling) and high shear mixing [544-546].
Whereas ultrasonic cavitation (see [547-548] for a historical account of the technology)

assisted exfoliation rather suits dilute to semi-dilute systems.

Cavitation phenomenon is originated from the formation of vapor filled bubbles
(cavities, voids) in liquid due to the oscillating pressure changes of surrounding acoustic
waves [547,549-551]. Formation of cavitation bubble (nucleation) proceeds with growth and
collapse stages (see Figure 1-29) in multiple locations of the transfer media [547,549-551].
Collapse of cavitation bubbles near solid surfaces causes formation of “liquid (micro)jets”
(see Figure 1-30 and Figure 1-31) [551-553] which is accompanied by the evolution of violent
energy (see Figure 1-32) in “hot spots” [549,550,554-555]. Liquid jets not only apply
shockwaves to surfaces; but also induce microscopic vortices (a.k.a. microturbulence,
microstreaming and microeddy) [556-560]. Microturbulence cause intense mechanical
agitation and friction (viz. shear forces) between medium and solids [561-563] which is
probably the fundamental mechanism of CNT exfoliation using sonication. In addition,
velocity of microjets are transferred to the particles and particle-particle collisions take place

at a high speed [544,552,554] which might grind CNT bundles and facilitate exfoliation.

*? Superacids not only serve as solvent, but also functionalize CNTs.
3 So, generally preferred for high volume nanocomposite applications (i.e. resin transfer molding).
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Figure 1-29. Scheme of oscillation in transient life of a single acoustic cavitation event [553].

Figure 1-30. Scheme of the stages of a cavity implosion Figure 1-31. Photomicrograph of a liquid
near a surface and the formation of the liquid jet [S51]. jet (size of the bubble is ~150 pm) [551].
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Figure 1-32. Extreme energy and time space of sonochemistry comparing some other chemistries [553].
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CNT dispersion problem is a complex process optimization task [563-565]. Due to
great variety of CNT samples and dispersing agents, each couple requires specific conditions
for better results. In the literature, one can reach hundreds of procedures to debundle CNTs
via ultrasonication. Most researchers arbitrarily select and modify a predefined procedure and
the details of the modifications are vague or completely lacking. Cavitation phenomenon is
sensitive to many coupled variables and reproducibility is only achievable via decreasing
uncertainties. Intensity of acoustic power, ultrasonic frequency and duration of agitation are
the main parameters of sonication experiments [563,566-567] and hence commonly reported.
Other fundamental parameters such as solvent viscosity, surface tension, vapor pressure and
gas solubility [548,563,568] can be estimated using solvent and solute compositions (types
and concentrations). However, cavitation-induced increase of heat perturbs the system and a
strict control is frequently needed on global (bulk) temperature. In addition to a strict control
on the temperature, geometrical parameters should also be reproducible for process
optimization. Flow patterns in ultrasonic baths and vessels are inhomogeneous and
cavitational yield of different zones might vary significantly due to continuous attenuation of
sonication energy by surrounding media and constructive/destructive interference of sonic
waves [569-575]. In accordance, 1) position and number of transducers [576-577], ii) material
[578] and dimensions [572] of vessels, and iii) volume and position of sample [579-580] (and
also transfer media in ultrasonic baths) are also important. Unfortunately, the complexity of
the problem is not limited to the cavitational yield and energy transfer efficacy aspects. Since,
high power and/or prolonged ultrasonication possess adverse chemical/physical effects on
graphitic surfaces of CNT [581-582], and organic molecules (i.e. phenolic materials and
polymers, see Chapter 3). Therefore, dispersion recipe preparation is also a matter of balance
and less harsh conditions are searched. Prior wetting (and swelling) of CNT bundles with
dispersion solvent might increase the efficacy of sonication and decrease required duration.
So, CNT powders are incubated in solution of dispersing agent under low speed shaking to
maintain complete wetting. Prior wetting facilitate debundling of CNT ropes but a portion of
well-packed bundles inevitably don not disperse. Specific gravities of individual CNTs are
normally smaller than bundled CNTs and bundled particles precipitate in time [335,419,583].
To accelerate sedimentation and collect stable dispersions, dispersions are subjected to
centrifugation. As a result, main element of dispersion procedures is ultrasonication but

quality of end product is not only determined by sonication parameters as well.
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1.2.7. Characterization of Carbon Nanotubes

To maintain reproducibility, characterization of used CNT is crucial and is held basically in
different states solid and dispersed state. Solid state characterizations are mainly held to
assess impurity and pristinity levels (the rest of this paragraph is collaged from following
reviews [584-585]). For instance, FT-IR and XPS are used to assess the presence of
(un)wanted functional groups on CNT surfaces; XPS, SEM, and TGA** are employed to
detect presence of residual catalysts. However, dispersed state is much more fruitful in terms
of characterization opportunities and requires a solid knowledge of structure-property
relationship in CNTs. Below; we will discuss the characterization colloidal SWCNT

dispersions briefly.
1.2.7.1. Dynamic light scattering

Thermal energy driven motion of dispersed particles can be exploited for the estimation of
size distribution. In the dispersed form, particles undergo Brownian motion [586-587] and
behave as though they were spinning. In case, dispersions are exposed to light, the intensity of
scattered light is influenced by the motion of particles in the dispersion (see Figure 1-33).
DLS (a.k.a. Quasielastic Light Scattering, and Photon Correlation Spectroscopy) records
particle size dependent scattered light intensity variations in solvent media and intensity of
light fluctuates in time is correlated with the diffusion coefficient using Stokes-Einstein
relation (see Equation 1-6). Correlation data is analyzed using Laplace inversion based fitting
algorithms® and particle size distribution is obtained. Hence, the technique does not give
direct information of individual particles; a particle size distribution is obtained for ensemble
of particles. The theory behind is devoted to spherical particles and so, spherical equivalent of
solvodynamic (a.k.a. hydrodynamic size for water-based systems) diameters are obtained in

case no correction treatment [588-589] is applied.*

Equation 1-6. Stokes-Einstein relation of diffusion constant (D: diffusion constant; ky: Boltzmann
constant, T: the absolute temperature, 1: solvent viscosity, r: hydrodynamic radius of the particle) [590].

_ kyXT
C6XTXNXT

* TGA is also used for thermal stability and dispersion efficiency assessments (see Appendix Q).
* Stringency of applied algorithm might influence resulting data.
%% Hence, actual size of the particles might differ.
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CNTs are evidently cylindrical, but DLS is widely used to characterize CNTs with or
without geometry correction [591-593]. There are several reasons of wide use of DLS in CNT
characterization such as noninvasive measurement, fast data collection, and in situ
measurement capability. However, the technique is vulnerable to large aggregates [587,594].
In fact, DLS can handle large aggregates up to a certain limit (several micrometers) and this

limit is high enough to judge aggregation state of CNT samples.
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Figure 1-33. Dynamic light scattering of two samples have larger and smaller particles
(Obtained from “http://en.wikipedia.org/wiki/Dynamic_light scattering” and slightly modified).

1.2.7.2. Zeta potential analysis

Stability of particles in dispersions is maintained via two fundamental mechanisms called
steric and repulsive stabilizations. Steric stabilization describes the isolation of particles from
each other using molecular barrier which are typically adsorbed polymers [595]. The other
mechanism is repulsive stabilization and explained via surface charges. There is no direct way
to measure surface charge of dispersed particles, but ZPA (a.k.a. Laser Doppler Velocimetry)
provides an elegant way to converge surface charge values [596]. The basic phenomenon of
ZPA can be described using diffuse double layer model. In this model, each charged particle

is considered to be surrounded by a double layer of electrostatic charges in solvent media (see
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Figure 1-34). The first layer is assumed to involve as dense layer of counterions within a
small distance around the surface to neutralize surface charges. Around the first layer, a
second layer forms which is rich in counterions (a.k.a. diffuse layer). Then, the bulk solution
comes which is charges evenly represented. Such a formation of charges causes an
electrokinetic potential between the surface and bulk liquid. When a voltage is applied to the
surface charge carrying particles containing liquid, particles move having a fixed velocity
which is called as electrophoresis. Mobility of particles is correlated to two main factors: 1)
electrical potential in the outer surface of double layer (a.k.a. slip(ping) or shear plane), and i1)
physicochemical properties of suspending liquid such as dielectric constant and viscosity (see

Equation 1-7).
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Figure 1-34. The electrical double layer formed around a spherical particle and zeta potential occurred in
slipping plane (Obtained from “http://en.wikipedia.org/wiki/Zeta potential” and slightly modified).
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Equation 1-7. Henry’s equation of electrophoretic mobility (u: electrophoretic mobility, {: zeta potential,
€: dielectric permittivity constant, n: viscosity, k: Debye length, a: radius of a spherical equivalent particle,
f(kxa): Henry’s function which is taken as “1.5” in Smoluchowski’s approximation for polar media such as

water and is taken as “1.0” for nonpolar media in Hiickel’s approximation) [597].

U = wxl"(K-Xa)

3Xn

Similar to DLS, theory of ZPA is established on the assumption of perfectly spherical
particles and shape irregularities increase deviations. But regular ZPA is still used as a routine
for CNTs [598-601] without complicated correction treatments [602-603] to assess dispersion
efficacy of dispersing agents and applied protocols. Also, there are a number of studies on the
analysis of CNT-salt interactions using the framework of DLVO theory. It is believed that
counterions (here cations) screens surface charges of SWCNTs and aggregation is favored.
According to DLVO theory, stability of colloidal dispersion is a function of attractive (i.e.
vdW interactions) and repulsive (i.e. charge-charge interactions of like-charges) forces [592].
Higher the repulsive forces, higher the stability and increased surface charge (higher absolute
zeta potential) means enhanced stability. But, total repulsive force is also directly influenced
by type and concentration of counterions surrounding charged particles [604]. In fact, role of
counterions in DLVO theory directly explains the observations of Schulze and Hardy on salt-
induced precipitation of particles [605-606]. Salt-induced coagulation of CNTs (see Chapter
2) also follows Schulze-Hardy rule, and hence obey DLVO theory [595,607]. But, DLVO is
incapable to fully explain the stability of noncovalently stabilized CNT dispersions, as steric
effects and solvation forces are non-DLVO in nature. So, CNT dispersion is not explainable

using DLVO framework alone.
1.2.7.3. Optical absorption spectroscopy

OAS is conventionally used to monitor concentration of molecules/clusters®’ in solvent media
or on solid substrates. The technique is generally held in UV (190-380 nm), visible (380-750
nm), and shortwave near-IR (750-1100 nm) regions [608]. In optical experiments, incoming
light basically experience three phenomena: Scattering, transmission, and absorption. Among
these, absorption (absorbed light) provides extra energy input to the molecules. When the
energy of incoming photons matches with the energy difference between an occupied valence

and an empty conduction states, transition of the valence electrons takes place. Excitations

27 From this point on, for the sake of clarity we will just emphasize “molecules”, but atoms of “clusters” can also
be used via OAS.
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promote ground state (minimum energy) electrons to the higher energy levels.® This photonic
absorption is experimentally characterized using Beer-Lambert-Bouguer (or in brief, Beer’s)
principle (see Equation 1-8). For known molecular extinction values at a specific

wavelength,” concentration of dissolved/dispersed molecules can be estimated.

Equation 1-8. Beer-Lambert-Bouguer principle of light absorption

(T: transmittance, c: concentration, 1: path length, A: absorbance) [609].

I
T(1) = = 107EW xexlgpg
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Molecular extinction (a.k.a. and absorption) coefficient (“¢”) acts as an indication of
light absorption-induced electronic transitions and is a direct consequence of molecular
orbitals [609-610]. Conventionally, electronic transitions are explained via real-space
molecular orbitals and multiplicity aspects are widely considered [302,611]. However, for
large clusters, mainly due to high electron correlations, discrete energy levels do not exist
[60,612]. Hopefully, in many-atom systems, atomic energy levels divide into bands and
“electron energy density of states” becomes a useful tool to explain the origin of observed
transitions [612-613]. (SW)CNTs are molecular ensembles in which different members of the
group can be differentiated in optical properties (see Figure 1-35) which is attributed to vHSs
(recall Subsection 1.2.4.2 and see Figure 1-36). Depending on the variation of nanotube
diameter/chirality, required interband transition (band gap) energy also varies [402,414].
Therefore, OAS is traditionally exploited to probe (n,m) structures and hence electronic

properties of SWCNTs [401,614-615].

%8 Usually, transition from “highest occupied” to “lowest unoccupied” molecular orbital (a.k.a. HOMO-LUMO
transition).

% Note that, any environmental parameter (i.e. pH, IS, temperature) may influence the value of “¢”.
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In stabilization procedures of CNTs, a significant portion of starting material is
normally discarded via ultracentrifugation(s) (recall Subsection 1.2.3.1). So, concentration of
CNTs in resulting dispersions is an important parameter to evaluate the efficiency of applied
procedures. Especially for noncovalently stabilized systems, OAS serves as a practical route
to estimate CNT concentration in liquid media. In the literature, there are a number of studies
reporting extinction coefficients of SWCNTs (see Table 1-2) and researchers pick up one of
these coefficients. Here we would also like to emphasize that, OAS is not only technique to
estimate concentrations of CNTs in dispersions. Some researchers prefer TGA and a recent
report showed that RSS also can be employed for semi-quantitative analysis of SWCNT

concentration in dispersions [617].
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Table 1-2. Available molecular extinction coefficients for carbon nanotubes.

SWCNT Dispersion Technique, Solvent, ¢ and Wavelength Reference(s)
Type and Stabilizing Agent (if any) (or Energy)
| o . 2.86 x 10* cm?/g
HiPco | itrasonication, organic solvent | 45 452y jyoliemp® | [488,618)
(dichlorobenzene), no stabilizer
@ 500 nm
. . 2
HiPco Qltrasonlcatlon, organic sol\/.e‘nt 4.20 x 10” L/mol/cm [619]
(dimethylformamide), no stabilizer @ 500 nm
Laser Ultrasonication, organic solvent 30.0 L/g/cm (620]
vaporization | (dimethylacetamide), no stabilizer | @ 1.65 eV =~751.5 nm
Arc Ultrasonication, organic solvent 40.0 L/g/cm (620]
discharge (dimethylacetamide), no stabilizer | @ 1.78 eV =~696.6 nm
Arc Ultrasonication, D,O (pH 10), 30.3 L/g/cm 621]
discharge sodium dodecyl sulfate @ 1035.3 nm
icati 4.40 x 10* L/mol/
CoMoCAT UltraspmcatloI}, HZQ, lgbeled mol/cm [622]
deoxyribonucleic acid oligomer @ 991 nm

1.2.7.4. Vibrational spectroscopy

OAS is the principle spectroscopic method for the characterization of CNT samples. But, in
case detailed structural information is needed for examined sample, photoluminescence and
vibrational spectroscopies might provide deeper insights. In our study, we studied vibrational
spectroscopy of modified SWCNTs and SWCNT-doped multilayer films. Thus, we give brief
information below, for vibrational spectroscopy with an emphasis on RSS of CNTs. Because

RSS provides deeper molecular insights and can serve fingerprint information of CNTs.

Molecular vibration is the second large portion of energy storage mechanism for
molecules after electronic energy [611]. FT-IR and RSS together constitute vibrational
spectroscopy and vibrational modes of molecules generally become either Raman- or IR-
active (either IR- and Raman-active or inactive modes are also possible). As complementary
techniques, vibrational spectroscopy is quite useful for molecular materials and widely used
to characterize CNTs. FT-IR spectroscopy of CNTs is tricky and less informative because
CNTs absorb IR light highly (dark absorbing property). But, it is still used to verify pristinity
of raw CNTs or is used to probe surface functionalities upon covalent/noncovalent

modifications. Unlike IR spectroscopy which is based on the measurement of absorbed light,

3% Concentration is taken as mg/L for transformation.
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RSS measures a specific type of emission called inelastic scattering. When the light (photon)
and matter collides each other, a portion of light is scattered. The large part of scattered light
preserves its energy (in other words wavelength) and this type of scattering is known as
Rayleigh scattering which is also called as “elastic” scattering by a mechanical analogy.
Conversely, “Raman Effect” can take place which is the exchange of energy between light
and matter during light scattering which (a.k.a. “Smekal-Raman Effect” in German and
“combination scattering” in Russian literatures). Raman Effect can be in two ways: Either the
incoming photon loses some of its energy and a lower energy photon is emitted (Stokes
scattering) or the matter transfers a portion of its energy to emitted photon (anti-Stokes
scattering). In light-matter interaction rarely both Stokes and anti-Stokes events occur, but
anti-Stokes scattering is less likely. Thus, Stokes lines are usually measured which are
dowbshifted in wavelength (corresponds to lower wavenumbers). To maintain consistency
among different studies performed using different laser sources (different wavelengths),
Raman spectra is generally recorded as wavenumber shift (or Raman shift) relative to

Rayleigh line. However, CNTs also greatly affected the irradiation wavelength [623].

CNTs exhibit three different important modes, namely radial breathing mode, and
disorder (or defect-induced) and graphitic (or tangential) bands [375,624-625]. The most
specific feature in the Raman spectra of CNTs is the radial breathing and observed between
75 and 300 cm . Radial breathing mode is originated from vHSs, hence can be used probe
electronic properties CNT ensembles [375,624]. On the other hand, isolated SWCNTSs exhibit
an interesting dependence between radial breathing mode and inverse diameter of tubules
[375,624]. However, for unsorted samples and complex environments, information of radial
breathing mode might be complex to decipher. Instead, disorder (D) and graphitic (G) band
are more straightforward. D-band is located around 1330-1360 cm™' and originates from
structural defects in graphitic materials. G-mode corresponds to the tangential movements
(stretching) of C atoms in their graphitic planes and located around 1580 cm™'. G-mode is the
most intense feature of CNTs in their Raman spectra and D/G ratio is conventionally regarded
as the level of defects [626-627]. All of those modes can be studied in (aqueous) dispersed
form and powder form. Here we should also mention that as useful extension of RSS, Raman
microscopy, enables screening of the materials for specific Raman signal and provides spatial
information as maps [628]. Particularly, RSM is widely used to probe CNTs in

nanocomposite and living cells [623,629].
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Chapter 2: TANNIC ACID MEDIATED DEBUNLING
and SPIN-ASSISTED LAYER-by-LAYER DEPOSITION
of SINGLE-WALL CARBON NANOTUBE DISPERSIONS™

LbL assembly is a successful technology for fabricating composite nanomaterials. Here, we
show a simple route for incorporating SWCNTs in Ab-multilayers using TA as a mediator. We
selected PVPon/TA pair considering its potential towards bioapplications. We first studied the
dispersion of SWCNTs in salt-added TA solutions for preparing stable TA-SWCNT colloids to further
follow the study of Erel and Sukhisvhili [122] which reports salt-added multilayer dip-assembly of
PVPon and TA. We ultrasonically debundled SWCNTs in pH-adjusted TA solutions and characterized
resulting colloids using DLS, ZPA, and OAS. In agreement with earlier reports, we observed the
adverse effect of electrolytes on colloidal stability. At low pH values (below pH 6.00), only a trace
amount of SWCNTs were dispersed. Then, we employed electrolyte-free TA solutions for dispersing
SWCNTs and obtained highly stable and more concentrated colloids. We also checked adding
buffering salt in buffer-free stable colloids, but again fast aggregation was observed. So, we preferred
using buffer-free solutions and dispersions for multilayer assembly to work in ion-free conditions. At
this stage, we switched from dipping to spinning as well, since spin-LbL is a faster and material-
efficient process. We observed exponential-like starting and linearly proceeding growth for both
electrolyte-free and pH-adjusted solutions at bilayer thicknesses around 3.0 and 6.5 nm respectively.
In addition to spin-LbL, we also studied dip-assembly of PVPon/TA multilayers and we observed
zigzag-like exponential growth regardless of the conditions applied. Then, we prepared (PVPon/TA-
SWCNT) multilayers using spin-LbL. We characterized resulting films with SEM, RSM, AFM, and
CAM. There are three main outcomes of this study. First, we verified that TA can effectively disperse
SWCNTs (in the absence of buffer salts). Second, we identified exponential character in both spin-
and dip-assembly of PVPon/TA multilayers for the first time. Last, we showed that TA can serve as a
mediator for the incorporation of SWCNTs in Ab-multilayer. This study is the first demonstration of
the incorporation of small pi-stacker molecule functionalized SWCNTs in Ab-multilayers. Prepared

nanocomposites might find use as antimicrobial coatings and drug delivery platforms.

*! Partially presented in “Karahan, H. E., Erel, I., & Demirel, A. L. (2010, September). Incorporation of side-wall
functionalized single-walled carbon nanotubes into H-bonded layer-by-layer nanofilms. Poster in Workshop and
School of Synthesis, Characterization and Applications of Nanomaterials (S.C.A.N 2010), Bilkent University,
Ankara, Turkey.”
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2.1. INTRODUCTION

Fullerene research [326-327] led to the rediscovery of MWCNTs [298], SWCNTs were
discovered subsequently [331-332]. Since then, the nanotechnology race became intense and
both the research on and applications of nanoparticles increased exponentially. Especially,
nanocomposites of CNTs are of interest for fabricating biomaterial [630] and delivering
hydrophobic therapeutic agents which contain aromatic moieties [429,443-444,631]. hb-LbL
films might serve as an appropriate host for the design of CNT-doped nanocomposites for
drug loading applications. But, low water dispersibility of CNTs arose as a big challenge.
Indeed, covalent chemistry is convenient to produce “soluble” CNTs, but the disruption of pi-
conjugated networks is observed [339,486]. On the contrary, noncovalent approaches (i.e.
surfactant stabilization [335], polymer-wrapping [335,337], and sidewall pi-stacking
[339,486,521,532]) successfully unzip bundles in aqueous environment whilst preserving the
intrinsic properties of CNTs. Many studies were devoted to the incorporation of covalently or
noncovalently functionalized SWCNTs in es-multilayers [279,283,454,632-633]. But, only a
few studies [289-291] were reported on CNT-loaded /#b-LbL films.

Here we propose the use of TA as a mediator for the incorporation of pristine
SWCNTs in PVPon/TA multilayer films. PVPon-TA pair is a promising LbL system for
biological applications. Tannic compounds (a.k.a. tannins) [634-635] have a variety of
biologically important properties (antimicrobial [636-638], antitumor [639-641],
antiprionic/amyloidogenic  [642-644], anti-inflammatory [635,640,645], antioxidant
[635,646], antidiabetic [641-647], antitoxin [648] activities). On the other hand, PVPon is
considered to be nontoxic and widely used in cosmetic, pharmaceutical, food applications
[649-652]. In addition, a recent study [653] reported high biocompatibility of (BPEI)(PVPon-

TA), capsules towards yeast cells.

TA-aided dispersion of CNTs was previously reported by different groups. Liu and
coworkers claimed to have stable SWCNT dispersions using TA as a dispersant without
clearly providing the details of solution chemistry and dispersion characteristics [525]. Lin
and Xing systematically studied TA-facilitated dispersions of SWCNTs and MWCNTs [528-
529]. They first studied ultrasound-free solubilization of CNTs [528] and revealed that
solubility of SWCNTs is low compared to MWCNTs. Lin and coworkers also studied the
effects of pH and IS on ultrasonically debundled TA-MWCNT dispersions. They claimed

achieving stable TA-MWCNT dispersions above pH 4.80 when concentration of cations is
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low (i.e. 0.007 M Na").

In this study, we first ultrasonically dispersed SWCNTs in pH adjusted (pH 5.00) or
native (a.k.a. natural) pH (pH-Nat) solutions of TA. Then, we characterized the resulting
colloids and checked the effect of pH on dispersion stability qualitatively. Then, we studied
the effect of pH adjustment on dispersion efficiency. Although TA-SWCNT dispersions were
obtained at pH 6.00, buffer-free (pH-Nat) solutions provided better stability over time. So, we
preferred to use electrolyte-free (or ion-free) solutions for film growth and we employed spin-
assisted assembly as a fast process. We exploited TA-SWCNTs colloids in spin-LbL and
fabricated SWCNT-doped /b-multilayers. Resulting nanofilms were characterized in detail
using different techniques. As opposed to available literature knowledge on dip-assembled
PVPon/TA multilayers [122], we observed a sign of exponential character in spin-assembled
multilayers with or without SWCNTs in the structure. Thus, we also studied dip-assembly of
ion-free solutions for the sake of comparison and verified the exponential behavior of

PVPon/TA system.

2.2. EXPERIMENTAL DETAILS

2.2.1. Chemicals

PVPon of Mw 360 kDa (see Figure 2-1) was obtained from Scientific Polymer Products, Inc.
TA (M,, ~1.7 kDa) (see Figure 2-2), HCI, NaOH, and NaH,PO4-H,O (phosphate buffer) were
purchased from Merck Chemicals (US). Unfunctionalized Elicarb™ SW (high purity,
diameter < 2 nm) SWCNTs was procured from Thomas Swan & Corporation Ltd. (England).
All chemicals were used as received without further purification. Pure ~18.2 MQ water (DI-
H,0) was produced using Milli-Q filtration system (Millipore Corporation, USA). Prime
quality silicon (100) wafers were purchased from Ultrasil Corporation (USA).

& ORs 0 H
R4O,, wOR2 @)
O . \
N OR1 n
RsO OH
[a] OH [b]

n
Figure 2-2. Generic molecular structure of tannic acid(s) in
Figure 2-1. Repeating unit uncharged form ([a] is R-attached core structure in compact
of poly(N-vinyl-2-pyrrolidone). representation, and [b] is side R groups, n: 1-5).
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2.2.2. Instrumentation and Analysis32

All pH adjustments were performed using EcoScan pH 6 (Eutech Instruments Pte. Ltd.,
USA). Samples were weighed using a digital balance with a sensitivity of 0.001 g (SPB31,
Scaltec Instruments GMbH, Germany). Low speed sample shaking was done by an analogue
orbital shaker (3005, GFL, Germany). Sonication experiments were held using two different
setups (see Appendix-D for detailed information and representative images of device): 1)
Bath-sonicator equipped with three resonators (Ultrasons-H Code: 3000838, J.P. SELECTA,
S.A., Spain), ii) Horn-sonicator (SONOPULS HD 3100, Bandelin Electronic, Germany)
equipped with titanium-based tips of the same manufacturer. Centrifugations were performed
using a classical bench top centrifuge (MIKRO 220R, Hettich GmbH & Co.KG, Germany).
OAS experiments were performed using a double-beam spectrophotometer (T80+ UV/VIS
Spectrometer, PG Instruments Limited, UK) operated with manufacturer’s own software
package (UVWin 5.0.5). Particles sizes were studied via DLS using Nano-S Zetasizer
(Malvern Instruments Ltd., UK) equipped with a fixed wavelength (633 nm) monochromatic
coherent He-Ne as laser source (4.0 mW). The intensity of the scattered light was detected by
“non-invasive back scatter” technology at a detection angle (173°) and diffusion coefficients
were calculated by the software (DTS Version 5.00). Collected diffusion coefficients were
transformed to particle size distributions using built-in Non-Negative Least Squares algorithm
of manufacturer’s software in Multiple Narrow Mode. ZPA investigations of the dispersions
were performed using ZetaPALS Zeta Potential Analyzer (Brookhaven Instruments Corp.,
USA) which is equipped with a 675 nm laser source. Transformation of electrophoretic
mobility data to zeta potential values were done by the software of the instrument (palsw32,
Version 3.38) based on Smoluchowski equation. Spin-assisted film depositions were
performed using a manual spin coater (Model P6708D, Speciality Coating Systems, Inc.,
USA). Dip-assembly studies were either performed by hand or using an automatic dipping
machine (KSV-NIMA, Biolin Scientific AB (Sweden) operated with 1000 mm/min. Both film
growth and dissolution profiles were monitored using a single-wavelength (632 nm HeNe
laser) ellipsometer (EL X-01R Rotating Analyzer Ellipsometer, Dr. Riss Ellipsometerbau
GmbH, Germany) operated at 70° angle. Multilayer films were characterized with FE-SEM
(ULTRA PLUS, Carl Zeiss AG, Germany), RSM (inVia™ Raman microscope, Renishaw plc,
England), AFM (Solver P47, NT-MDT, Russia), and CAM (a home-built setup equipped with

32 Unless stated, these instruments and setups are also used for other chapters of this study.
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a Kodak Digital Science MDS 100 camera equipped with a Leica 10x lens). FE-SEM images
were performed at 1 kV and the images provided by device were used as they are. AFM
studies were performed using gold-coated silicon tips of ~10 nm curvature radius (HA NC
Etalon, NT-MDT, Russia) and data is analyzed using NOVA SPM Control Program (NT-
MDT, Russia). CAM images were analyzed using MB-Ruler software. RSM images were
collected using a 633 nm laser at full power and image outputs of the manufacturer’s own
software (WiRE™ 3) were used. Raw data of DLS, ZPA, OAS, EMM, AFM, and CAM
studies were processed in MATLAB (R2010b) using our own custom-made scripts. In

experimental figures, statistical error bars are used show standard deviations.

2.2.3. Methods
2.2.3.1. Noncovalent dispersion of nanotubes

PVPon or TA solutions of 0.50 g/ were prepared in DI-H,O or in 0.01 M (0.01 M) aqueous
phosphate buffer using regular glass containers. Native (natural) pH values of fresh and dilute
(0.50 g/L) TA solutions in DI-H,O measured as pH ~4.30 in room temperature. Similarly, 0.5
g/L TA solution in 0.01 M buffer (pH-Nat ~4.70) has a pH value ~4.35. In order to exceed
reported value (pH 4.80) for stable TA-MWCNT dispersions, we set the pH of buffered
solution to pH 5.0. Conical macrocentrifuge (50 mL) tubes made of polypropylene (ISOLAB
Laborgerdte GmbH, Germany) were used for sample preparations, ultrasonic treatments and
centrifugations. To prevent any interference of impurities, tubes were first thoroughly rinsed
with DI-H,0, were completely filled with DI-H,0, and were subjected to bath sonication (~10
minutes). SWCNT powders were directly weighed to be 0.50 g/L in dried tubes. Fresh
solutions were transferred into SWCNT-added or —free tubes. Ultrasonic dispersion is
performed based early reports on TA-aided CNT dispersion [525,528-529], we combined and
modified reported procedures. Followed multistep strategy can be summarized as follows: 1)
Bath-sonication — 2 hours, ii) shaking — 5 days, 300 rpm; iii) horn-sonication — 50%
amplitude, 10 min, continuous mode, 0 °C; iv) centrifugation — 6000 rpm, 1 hour; v)
decantation — 60% of total volume. Dispersion studies were performed using 25 mL filled 50
mL macrocentrifuge tubes. Prepared dispersions and control groups were kept in regular glass
containers. TA solutions and TA-SWCNTs dispersions were covered with aluminum foils to

avoid decomposition due to light exposure.
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2.2.3.2. Characterization of nanotube colloids

Mean particle size (Z-ave) data was preferred as particle size to probe level of aggregation
practically. Fifty data points were collected for both particle size and particle stability studies
and no data filtration was applied. In order to minimize scattering, dispersions and control
solutions were diluted to 5% of their original concentration. Unlike pH 5.00 and pH-Nat
dispersions; pH 2.00, 6.00, and 10.00 dispersions were inspected qualitatively.

2.2.3.3. Fabrication of undoped and doped multilayers

Silicon (100) substrates were cleaned and oxidized before film deposition by using an acid-
base treatment similar to previous reports [122-124] (see Chapter 4 below for details) and cut
into ~1x1 cm® pieces. PVPon/TA and PVPon/TA-SWCNT composition were assembled
using spin-LbL at 2000 rpm using 70 pL of assembly solution and rinsing liquid was used for
rinsing (rinsing was performed once). Approximately 10-20 s film-fluid contact times were
allowed without a strict control. Dip-LbL studies were performed either by hand or using
automatic dipping machine. In manual dipping intermediate drying is performed using N,
flow, but no drying is applied in automated dipping. 20 mL liquids were used in manual dip-

LbL and 40 mL liquids were used in automated dip-LbL.
2.2.3.4. Characterization of films

Film growth studies were performed by collecting one data point from five different locations
of the films (one point from the center and four points in total from ~1-2 mm inside of each
edge). We operated FE-SEM without coating the samples. Also, due to burning of multilayers
at high energy, low voltage was applied. In RSM studies, an arbitrary point was studied near
the centre of substrate and consistency of collected data checked by shifting focus to different
positions. Based on the information given by manufacturer and our OAS studies, we
employed a polydisperse CNTs sample in our study. So, we did not focus on radial breathing
mode region, rather we studied in the region cover D- and G-bands which are informative on
defect concentration and nanotube metallicity (tangential vibrations of carbon atoms are
geometry dependent). Particularly, G-band is the most intense Raman feature of CNTs, so we
selected D-band for mapping. We studied RSM of this sample by line and are mappings. In
AFM studies, two different roughness analyses were performed. In the first analysis, rms
roughness values of 0.5x0.5 um? particle-free squares in the images provided in the text were
averaged to have an idea about the background roughness. In the second analysis, three

different 2.0x2.0 pm?® images were used for each sample to calculate global roughness of
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samples. In this analysis, the effect of large aggregates and SWCNTs (if any) were not
examined. CAM studies were performed using ~5 pL DI-H,O transferred with a sensitive

syringe under the ambient conditions.

2.3. RESULTS and DISCUSSION

2.3.1. Preparation of and Characterization of Dispersions

In the literature, there are many reports claiming the effective dispersion of CNTs in
electrolyte containing dispersant solutions [520,654-656]. But, there are also others reporting
the adverse effect of cations [321,510-511,578,600,605-606,657]. We studied SWCNT
dispersion efficiency of buffered (0.01 M buffer) and unbuffered (DI-H,O) TA solutions (see
Figure 2-3). We employed a multistep procedure that includes shaking, sonication, and
ultracentrifugation steps. Horn-sonicated fresh dispersions of both buffer-free and pH-
adjusted (0.01 M phosphate buffer and required amount of 0.25 NaOH, pH 5.00) dispersions
were almost indiscernible to the naked eye. But, in a couple of minutes (around 5 minutes),
coagulates became visible in salt-added dispersion. Upon ultracentrifugation, a dramatic
sedimentation was observed for buffer containing sample. To quantify this observation, size

and surface charge of particles within dispersions were studied using DLS and ZPA.

A-2: B B-2:
Supernatant Bottom E Supernatant Bottom

Fraction Frac. Fraction Frac.
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e

Figure 2-3. Effect of pH adjustment on the dispersion efficiency of single-wall carbon nanotubes (Sample A:
TA-SWCNT in 0.01 M buffer at pH 5.00; Sample B: TA-SWCNT in DI-H,O at its native pH ~4.30).

Table 2-1 shows size and zeta potential values of particles present in both supernatant
and bottom phases of TA-SWCNT dispersions. Bottom fractions of each system are normally
enriched by bundles and have bigger aggregate sizes. Although particle concentration of

supernatant of salt-added dispersion (A-1) is considerably low compared to buffer-free case
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(B-1), its particle size is higher. This is a clear indication of adverse influence of added salt
(buffering agent) on dispersion efficiency. Zeta potential results are less straightforward.
Slight increase in the surface charge of salt-added sample comparing buffer-free one is
probably related to the slight pH difference (TA is slightly more charged at pH 5.00). But
interestingly, bottom fraction of buffer-free dispersion also exhibits higher surface charge
which normally suggests higher dispersion stability. This peculiar behavior might be

originated from low concentration of individual particles in the system.

Table 2-1. Effect of buffering agent on the particle size and charge of tannic acid
stabilized single-wall carbon nanotube dispersions.

Sample In buffer (pH 5.00): A-1/A-2 | In DI-H,O (~pH 4.30): B-1/ B-2

Measurement Supernatant Bottom Supernatant Bottom

Particle Size (nm) 297.10+26.62 | 1123.0+0.56 | 128.70 +8.17 317.30 + 6.39

Zeta Potential (mV) | —41.67+1.09 | -1441+4.52 | -39.04+0.88 -3.15+4.21

OAS is widely used to compare or estimate concentration of (SW)CNTs in dispersed
state. Different extinction coefficients are available in the literature for SWCNTs [488,620-
622]. 1t is believed [658-659] that the region below 600 nm gives more reliable data. To stay
above the high absorption cross-section region of TA (below 400 nm) and suggested upper
limit (600 nm), we selected 500 nm for single-wavelength photometric investigations. We
characterized both stable supernatant and bottom phases of dispersions. As expected, buffer-
free dispersion (B-1) contains more than ten times SWCNTSs comparing salt-added dispersion
(A-1). Using the extinction coefficient “2.86 x 10* cm?/g” reported by Bahr et al. [488],
concentration of SWCNTs in buffer-free TA-SWCNT dispersion roughly calculated as
~0.034 g/L. This means SWCNT recovery is below 10% which is quite low. We believe that
defects present on SWCNT surfaces might be causing an underestimation of particle

concentration.
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Table 2-2. A simple photometric evaluation of particle concentration of dispersions (Note that samples were
diluted to their 5% with DI-H,O and aggregates did not considerably sink down during measurements).

Sample OD (500 nm) Interpretation
| g § A-1 (bottom) 0.228 High amount of bundles (scattering).
= é ; A-2 (supernatant) 0.003 Dilute dispersion.
® & | Sonicated TA solution 0.002 Slight absorption.
o o B-1 (bottom) 0.162 High amount of bundles (scattering).
§ E ? B-2 (supernatant) 0.048 Concentrated dispersion.
~ | Sonicated TA solution 0.005 Slight absorption.

Colloidal stability of polyelectrolyte-SWCNT dispersions is mainly IS-dependent, but
pH-sensitivity is also highly important especially for weak polyelectrolytes. To further
understand the role of solution chemistry, we studied the effect of pH using a small set of
samples. TA-SWCNT dispersions of pH 2.00, 6.00, and 10.00 (see Figure 2-4) were
compared. pH 2.00 batch of TA-SWCNT was almost water-clear in the transparency. At low
pH, TA is expected to be virtually uncharged and considered to be less hydrophilic [213]. In
this case, adsorption of TAs on pi-surfaces of SWCNTSs cannot result in dispersion. When pH
is adjusted to 6.00, TA can dissolve SWCNTSs better which suggests an acidic dissociation
between pH 5.00 to pH 6.00. There is a conflict in the literature on pK, value(s) of TA
[122,213,529]. Our findings are in good agreement with recent report of Lin and Xing [529].
They reported a dibasic pK, profile for TA as “4.90 £ 0.50” and “7.40 + 0.60” [529]. A
similar dibasic profile is also known for gallic acid as ionization of carboxyl groups (pK,;
4.20) and phenolic hydroxyls (pK,> 8.78) [660]. Indeed, idealized penta-digalloyl form of TA
does not contain carboxyl functionalities, but TA is a natural mixture of polyphenolic
compounds (thus we sometimes call this molecule family as TAs). Some molecules in TA
samples might be containing carboxyl functionalities [661-663] and these individuals might
be responsible for the dispersion of SWCNTs at pH 6.00. Also, TA can hydrolyze into gallic
acid by heat and/or alkaline treatments [664-665]. Therefore, a portion of ionized molecules at
pH 6.00 are probably dispersing CNTs thanks to charge-charge repulsions. Uncharged
molecules will also inevitably interact with SWCNT surfaces and will sterically limit
reaggregation. In this scenario, incomplete deprotonation of TA seems to be enough for

achieving CNT dispersions.
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Figure 2-4. Effect of pH adjustment on tannic acid aided dispersion of single-wall carbon nanotubes
(Control#1: DI-H,0; Control#2: Sonicated SWCNTSs in DI-H,0O; Control#3: Fresh TA; T1: Sonicated TA,
T2: Aged TA; T3 to TS are pH 2.00, 6.00, and 10.00 dispersions respectively).

Erel and Sukhishvili showed that PVPon/TA multilayers can be assembled at pH 4.00
and 7.50 other than pH 2.00. Thus, at first glance, there is no obstacle in the way of
assembling SWCNT-doped PVPon/TA multilayers at pH 6.00. Indeed, pH-stability issues
may come out as a problem due to possible weaker complexation between PVPon and TA at
pH 6.00. But on the other hand, (TA-chitosan), LbL films were previously assembled at pH
4.00, 6.00, and 9.00 [213]. So, TA-SWCNT dispersion at pH 6.00 can be employed in es-
multilayers. However, a sign of faster aggregation was observed even at pH 10.00 (TA is fully
ionized) comparing with pH-Nat TA-SWCNT dispersion. Thus, pH-Nat solutions/dispersions
were preferred for multilayer assembly in this study. In fact, if a strict control is needed over
pH of assembly solutions/dispersions, zwitterionic buffers can be used. Those agents are more
compatible with SWCNTs (i.e. 3-(N-morpholino) propane sulfonic acid [527]). But, they
potentially bind [666] both tubule surfaces through tertiary amines and interact with
dispersing agents (PVPon and TA) via H-bondings which will normally cause contamination
in resulting films. As a result, the usage of pH-Nat solutions/dispersions seems as a practical

way to prepare pristine CNT-doped®® 2b-LbL assemblies using noncovalent chemistry.

2.3.2. Fabrication and Characterization of Multilayers

LbL (self-)assembly of pH-sensitive components such as weak polyelectrolytes is

conventionally performed using pH controlled solutions/dispersions. In (PVPon/TA), hb-LbL

3 We intentionally generalized our claims here, because these experiments were also repeated using MWCNTs
and considerable more concentrated dispersions were obtained (data not shown).
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system, TA is the pH-sensitive component due to acidic dissociation of phenolic hydroxyl
groups. In previous reports [122,653,667-670] on dip-assembly of PVPon-TA pair, buffer
solutions (typically 0.01 M of phosphate buffer with or without NaCl addition) were used and
pH of assembly solutions was adjusted between acidic to neutral conditions. Nevertheless,
solution chemistry requirements for achieving stable CNT dispersions directed us to employ

electrolyte-free solutions/dispersions for film assembly.*

Dip-LbL is a time consuming (disadvantageous for the stability of CNT dispersions)
process which requires larger amounts of fluids comparing spin-LbL. So, we preferred
spinning as the method of assembly for preparing SWCNT-doped nanocomposites. In Figure
2.5, growth profiles of spin-grown multilayers are seen. Although there are many recent
reports on dip-assembly of PVPon/TA pair, the only study reporting the growth profile of
multilayers is the original paper reported by Erel and Sukhishvili [122]. They observed
zigzag-like linear growth with a bilayer thickness around 4.5 nm for twelve bilayer films. We
rather observed a linear growth with a hardly indistinguishable exponential phase in the first
4-5 bilayers. Indeed, a closer look shows that the growth profile of dip-assembled PVPon/TA
multilayers exhibited an initial exponential-like behavior in the report of Erel and Sukhisvhili
as well. Initial exponential-like behavior was followed by a zigzag-like linear growth again
starting from tenth layer. Thus, they considered overall deposition profile as a linear growth
and zigzag character of this system was attributed to desorption of self-associated TA
molecules from the surface by subsequent PVPon deposition steps in their report. We will try
to show, based on our observation of exponential growth in dip-assemby of PVPon/TA films
(see Appendix-E), that PVPon/TA pair tends to grow exponentially and zigzag character is a
consequence of this tendency. We first observed this growth profile duality with manual
deposition of multilayers. Then, we repeated the experiments using an automatic dipping
machine as performed by Erel and Sukhishvili and exponential was again observed.”” So,
observed growth profiles for spin-assisted multilayers can be taken as “exponentially-starting

linear growth”. On the other hand, as seen in Figure 2-5 below, the presence of buffer

3 Buffering activity of humic substances is well known in the literature and we expect TA to have a similar
behavior due to the structural similarities between humic acids and TAs. Therefore, although no external
buffering agents were added, TA might be working as an internal buffer in the system.

3> Exponential behavior was obvious in dip-LbL of PVPon/TA multilayers regardless of the deposition
conditions (e.g. substrate selection, presence/absence of precursor layer, pH/IS of solution) applied (see
Appendix-D). On the other hand, we tried dip-assembly of BPEI-free PVPon/TA multilayers at pH 5.00 and
erratic growth behavior was observed (see Figure App-3).
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(electrolytes) in assembly solutions slightly favors this exponential character.”® Also, the

addition of electrolytes yields approximately two times more bilayer thickness as expected.’’

70 ‘ ‘ ‘ | |
' — (PVPon/TA) ; pH 5.00 3
60f_ (PVPon/TA) : pH-Nat fv
’E“SO—:_: (PVPon/TA-SWCNT) ; pH-Nat ,f i
v40’ § f"ﬁ 7
S | Exponential-like
‘= 20 initial phases |
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Figure 2-5. Multilayer growth profiles of a) pH-adjusted, b) buffer-free, and c) buffer-free and particle-doped
multilayers (Note that arrows are put for guiding the eye, no scale or fitting was meant).

We simply justify the suppression of zigzag character of PVPon/TA pair in spin-LbL
considering the force applied (we also observed zigzag-like character particularly in the initial
growth phases of dip-assembled multilayers, see Appendix-E). However, the reason why we
observe exponential growth but Erel and Sukhishvili observed linear growth (see Appendix-
F) is not clear. When we ignore the difference in the M,, of BPEI used in some of our studies,
which is not a serious concern, we can claim to have performed almost the same experiment
with Erel and Sukhishvili. Besides, PVPon is a commercial®® synthetic polymer, but TA is a
natural substance and some chemical changes might be the point in question for different
products. On the other hand, it seems external mechanical effects might influence the growth
characteristics in multilayer assembly of PVPon/TA system. In spin-LbL, mechanical force

applied is easily controlled by spinning rate. In dip-assembly, entrance and withdrawal (exit)

%% Selection of pH 5.00 is not on purpose for this manner. This experiment was linked to our TA-SWCNT
dispersion studies at pH 5.00.

37 For exponentially growing multilayers, bilayer thickness considerations is not directly meaningful. But here,
we do not concern initial exponential-like phase, because overall character is much more linear-like.

3% We use the same M,, PVPon with Erel and Sukhishvili which is procured from the same manufacturer.
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speed of substrates possess a similar role, but we believe it is not safe to ascribe observed

difference to such a vague mechanical effect.

Here, we should also mention the report of Schmidt and Hammond [667] which
provides important clues about the exponential nature of PVPon/TA pair. In that report,
Schmidt and Hammond dip-assembled (BPEI)(PVPon/TA), multilayers and dissolved those
electrochemically. In the supplemental information of this study [671], they provided the
details of film growth and reported a bilayer thickness of around 8 nm. Such a large bilayer
thickness can be inferred as an exponential growth. Indeed, they performed the film growth
using an automated dipping machine and only used resulting films for further investigations.
On the other hand, they attributed observed bilayer thickness change to several changes™ they
made in assembly conditions. The mechanism of exponential growth in this system also
deserves discussion. Basically there are two main frameworks explaining exponential growth
which are roughness-trigger [153,200-202] and in&out diffusion [197-199]. It is well-known
that the presence of salts (electrolytes) in assembly solutions usually increases surface
roughness of LbL films. We assembled buffer-added and buffer-free multilayers and
exponential-like character was relatively predominant in salt-added case as already mentioned

(recall Figure 2-5).

Last but not least, based on our experience, we supposedly decided that duration of
film-fluid contact is important on the dominancy of exponential character as well. In spin-
LbL, assembly fluid and growing film are practically kept in contact for couple of seconds
before spinning. Then, liquid thin film forms and solidifies in time.*" In this study, timescale
of contact was typically around 10 to 20 seconds, but we also observed a dramatic influence
of longer fluid-film contact times in growth profiles of spin-deposited multilayers (see
Appendix-G). Indeed, in&out diffusion is an extremely fast process [206,672] and there is no
certain correlation between fluid-film contact time and in&out diffusion. But, kinetic nature

of observed exponential character suggested us the possible importance of in&out diffusion

** Those changes are as follows: i) Rinsing the multilayers thrice for 1 min instead of 2x5 min, ii) switching from
phosphate buffer (0.01 M) to phosphoric acid (0.01 M) as supporting electrolyte, iii) using higher M,, PVPon
(1300 K instead of 360 K), and iv) employing gold-coated silicon substrates in licu of oxidized silicon wafers.
On the other hand, they grew 20 bilayer multilayers which we believe ensures exponential growth in PVPon/TA
system. Besides, we could not grow dip-assembled multilayers beyond approximately twelve bilayers without
stagnation and destruction of film growth. They might be staying in a possible stagnation phase in their
conditions or stagnation might be delayed mainly due to the usage of high M,, PVPon. In addition, we also grew
dip-assembled PVPon/TA multilayers on gold-coated substrates and observed delayed exponential behavior and
smaller final thicknesses.

0 Solvent evaporation and hence solidification rates are correlated to spinning rate.
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process in this system. We will be focusing on this topic in Chapter 3 below.

Up to this point, we concentrated on the observation of zigzag-free and exponentially-
starting linear growth in spin-LbL of PVPon/TA multilayers. From now on, we will focus on
SWCNT doping in multilayers. We will compare particle-free and -doped compositions. Also
we will try correlating the dispersed and deposited states of TA-SWCNT particles. First, we
observed no significant growth behavior change between particle-free and SWCNT-doped
multilayers. In our measurements, we ignored the possible refractive indice change upon
incorporation of SWCNTs in film structure. Clayton et al. [673] and Nadler et al. [544]
reported refractive indice values around “1.4”; so we assumed a refractive indice of “1.5000”
for both particle-free and -doped multilayers at the beginning. Then, using measured thickness
values to estimate the refractive indice of multilayer films using inbuilt the software of
device. Calculated refractive indice of undoped PVPon/TA film was “1.4872” and final
thickness of film increased by ~0.41 nm after remodeling (from “30.4575 + 1.8653” to
“30.8687 = 1.8559” nm). For SWCNT-doped multilayer, again refractive indice change was
slightly above the refractive indice of undoped multilayer (1.4919) which corresponds to an
increase in thickness as ~0.27 nm (from “28.8690 £ 1.0458” to “29.1370 + 1.1560” nm).
These results either correspond to a low level of SWCNT-doping or refractive indice of
SWCNTs is close to the refractive indice of multilayers. Below, we will evaluate filling and

homogeneity issues based on RSM and SEM investigations.

We studied the surface morphology of particle-free and -doped spin-grown films using
FE-SEM (see Figure 2-6). From the FE-SEM images, it can be seen that, SWCNTs were
incorporated in multilayers and hence TA can serve as a mediator to incorporate SWCNTSs in
hb-multilayers. (SW)CNTs are usually depicted in perfect geometries, however they are
flexible particles which can be distorted by their surroundings [426]. Also, different types of
geometrical defects and features are present in regular (SW)CNT samples as we employed in
this study. So, we observe bended and broken tubules in the image. In the panel, upper right
and lower left images belong to center and edge locations respectively. As it is clearly seen,
SWCNT bundles were accumulated along the edges; center zone of the film is less occupied
by SWCNTs. Centrifugal forces acting on SWCNT bundles might to carrying them towards
the edges. Also, there are particles other than SWCNTs. We studied XPS of employed
SWCNT powder and no catalyst-related signal was observed (see Appendix-H). In this study,
we used commercially available pristine SWCNT samples. When the manufacturers mean

unfunctionalized and highly pure (or in brief “pristine””) CNTs, they generally mean that no
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chemical functionalities were introduced on purpose. No promise is given for complete
removal of non-CNT CNPs in the samples, because this is related to level of sorting.
Approximately 10% non-CNT materials (other CNP, ashes, catalyst residues etc.) are
expected to be in the samples based on the claims of manufacturer. We employed a milder
routine comparing the routines available in the literature, but still CNTs can transform into
non-CNT CNPs during ultrasound irradiation. Erosion of titanium-based ultrasonic horn
during debundling process might also be another source of contamination although
ultracentrifugation potentially removes most of titanium impurities. Dispersions used for LbL
deposition were more than one month old (consider preparation of dispersions and assembly
of films). In this period of time, no apparent coagulation was observed, but reaggregation of
SWCNTs and aging-induced structural changes (SA of polyphenols, and PVPon) of polymers
likely to take place. Therefore, it is reasonable to observe nonfiber-like objects in the films. In
our FE-SEM studies, we could not focus to the samples very well. PVPon/TA multilayers
were undergoing extremely fast burning under electron irradiation (see lower right figure in
the panel) and when we tried to focus, much more severe burning was observed. So, we

worked in low energy (1 kV) and hesitated to focus to monitor individual tubules.
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Figure 2-6. Field-emission electron micrographs of ten bilayer films: a) SWCNT-free multilayer, b) center of
SWCNT-doped films, ¢) edge of SWCNT-doped films, d) fast burning of multilayers (an arbitrary location).

In FE-SEM studies, we obtained information mainly about the outermost layers and
homogeneity of particles in film remained unanswered. RSM offers the possibility to provide
more information about the homogeneity of SWCNTSs within the multilayer matrix because
Raman signal can be collected within the multilayer as well. SWCNTs possess different
Raman features such as radial breathing mode, D-band, and G-band. In this study, we are
interested in fine geometrical properties of SWCNTs, so we did not study on radial breathing
region. Instead, we focused on D- and G-bands which corresponds to disorder level and
metallicity of (SW)CNTs respectively. In Figure 2-7, we show line and area mappings of
SWCNT-doped multilayers. In line mapping (above in the figure), we have investigated the
disorder level, location of G-band, and doping uniformity of SWCNTs. D-band intensity of
SWCNTs were quite low comparing G-band (D/G ratio) which means we did not harm
SWCNTs much during ultrasonication process. Line map suggests a uniform dispersion of
SWCNTs and also shows the location of D-band which will be used for area mapping. Area
mapping (below in the figure) supported the information obtained from line mapping and also

confirmed the polydispersity of sample used.
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Figure 2-7. Raman microscopy mapping of nanotube-doped multilayers: a) Line mapping of the region
covers D- and G-bands, b) area mapping of an arbitrary wavenumber in the G-band region.

FE-SEM investigations showed that SWCNTSs were incorporated in multilayers and
RSM studies confirmed the uniformity of doping. In fact, RSS can also be used to learn about
level of individualization in SWCNTs, but AFM can provide related information more
directly and practically. We have performed tapping mode AFM measurements of undoped
and SWCNT-doped multilayers. We have collected some representative images of AFM
results in Figure 2.8. As expected, no features were observed in undoped multilayers other
than some irregular particles and individualized SWCNTs were captured in SWCNT-doped
sample (two tubules are assigned in the figure). From line profile analysis, ~3-4 and ~2-3 nm

(1944
1

(data not shown) diameters were estimated for and “ii” respectively. Both undoped and
doped multilayers exhibited smooth backgrounds with rms roughness values around 1.5-2.0
nm unlike rougher salt-added multilayers (rms: ~6.2 nm). However, “1.87 + 0.20”, “4.69 +

1.23” and “7.06 + 0.84” nm rms values were calculated in overall analysis. This indicates that
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SWCNTs (and other objects present in doped-multilayers) increase the roughness
significantly, but still their effect is less than salts’ effect (Note that pH-adjusted sample is

prepared using relatively fresh solutions and no aggregate-like particles are present on their

surface).
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Figure 2-8. Atomic force microscopy images of undoped/buffer-free, particle-doped, and undoped/buffer-added
multilayers: a) height, and b) phase images of undoped/buffer-free; c) height and d) phase images, e) height line
profile, and f) 3-D height plot of SWCNT-doped; g) height and h) phase images of undoped/buffer-added films.
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FE-SEM and AFM studies confirmed the presence of SWCNTs on the outer layer (and
RSM verified the embedding of SWCNTs in matrix). As already mentioned, CNTs are
hydrophobic materials and we dispersed them with the help of TA which is amphiphilic by its
nature. For good colloidal stability, we expect virtually full coverage of SWCNTs with TA
molecules. In this case, multilayers should be presenting SWCNT directly in their surface.
CAM can be employed to evaluate the level of uncoated SWCNT fragments presented on the
surface. As can be seen in Figure 2-9, no significant contact angle variation is observed
between undoped and SWCNT-doped multilayers although rms roughness of SWCNT-doped
surface is slightly high. We regarded this observation as high level nanocoating of SWCNTSs

with TA molecules during dispersion process.

Figure 2-9. Representative contact angle images of multilayers: a) Undoped (PVPon/TA), and b) SWCNT-
doped (PVPon/TA-SWCNT) multilayers (note that droplets are manually put by a syringe around ~5 pL).

2.4. CONCLUSIONS and OUTLOOK

Depending on the application of interest, virtually any material can be employed in LbL in
case suitable assembly conditions are satisfied. One major success of LbL strategy is the
usage of water as processing media. But, the usage of water makes the incorporation of
hydrophobic nanoparticles (e.g. carbon nanotubes) in LbL nanocomposites challenging. Here
we showed a simple method for incorporating SWCNTSs in Ab-multilayer nanocomposites.
We noncovalently functionalized pi-conjugated sidewalls of SWCNTs with a natural
polyphenol to compatibilize SWCNTs and water. We confirmed the adverse effect of
buffering media on successful dispersion of (SW)CNTs and modified deposition conditions
accordingly. For the first time, we employed PVPon/TA in spin-LbL. We showed the inherent
exponential behavior of those multilayers as opposed to current literature. We also showed the

exploitation of PVPon/TA pair for the incorporation of nanoparticles in multilayer films. Both
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PVPon/TA pair and SWCNTs are biologically important, thus we anticipate a growing

interest in 4b-LbL for the design of organic-inorganic nanocomposites.

Deposited components might not have chance to assemble in their thermodynamically
favored conformations in spin-LbL due to kinetic hindrance (a.k.a. kinetic trap). However,
dip-assembled multilayers are less kinetically trapped and potentially behave different. Also,
we did not focus on spray-LbL of TA-SWCNT colloids for practical reasons (e.g. high
volume requirements). It might be worthwhile to study dip- and spray-LbL of this system in
subsequent investigations. In addition, here we employed TA as the mediator of SWCNT
incorporation in PVPon/TA multilayer films. Nevertheless, PVPon is likely the best available
homopolymer to disperse pi-conjugated nanoparticles (CNB: [498,674-677], CNT: [337,678-
681], CFS: [682], boron nitride nanotube: [683]). As a continuation of this study, PVPon-
functionalized SWCNTs (see Chapter 4) and other pi-conjugated nanoparticles can be

incorporated in #b-multilayers.
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Chapter 3: FACTORS AFFECTING SPIN-ASSEMBLY of
POLYVINYLPYRROLIDONE and TANNIC ACID*

Dip-assisted layer-by-layer assembly of PVPon and TA pair was intensively studied in the last
couple of years. Here we report on spin-assisted assembly and pH-triggered disintegration of
PVPon/TA multilayers. We first demonstrate the effect of spinning rate on bilayer thickness and pH-
stability in the range of 1000 to 3000 rpm. Bilayer thickness of multilayers declined and leveled by
increasing spinning rates in agreement with theoretical models and experimental findings of other
researchers. pH-stability of grown multilayers showed a significant variation in case pH-disintegration
study was continuously held in a short period of time (fast) or was perfoemed with intermediate time
intervals given between each step (slow). We found that, when the experiment is fast, there is no
dramatic dependence between pH-stability and spinning rate. However, when the experiment is held
slowly, critical dissolution pH values of films vary significantly which we consider as a sort of
“annealing”. Annealed samples (slow pH exposure) exhibited a general trend of pH-stability increase
with increasing spinning rate. We attributed this behavior to the spinning rate dependent variation of
contact time between assembly solutions and growing films. We supported this interpretation by
studying the effect of solution-film contact time on growth of multilayers at 2000 rpm. At low contact
times (from ~4 to 30 s), no significant pH-stability variation was observed. As the contact time
increases exponential character of film dominated the system and even complete destruction of
multilayers was observed. We also observed the importance of time given during assembly process in
parallel to the importance of time given in dissolution experiments. It seems, when more time is given
during assembly, multilayers tend to reach their equilibrium state which is manifested as an
exponential growth. We also studied the effect of contact time on pH-stability. Again, pH-stability of
those multilayers showed a nonmonotonic and complex nature when pH-disintegration study was held
fast. However, when the experiment was performed slowly, films were again likely annealed to their
equilibrium states during the experiment. In this case, we observed that lower the contact time, higher
the stability. We attributed observed anomalies in growth and dissolution of spin-assembled
multilayers to their kinetically trapped nature. This study provides valuable insights on pH-stability of

electrolyte-free PVPon/TA films and shows an evidence of “kinetic trap” in H-bonded multilayers.

*I To be submitted as “Karahan, H. E., Eyiiboglu, L., Kiyilar, D., and Demirel, A. L. Spin-assisted layer-by-layer
assembly of PVPon/T A multilayer films: Growth and pH-triggered dissolution.”
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3.1. INTRODUCTION

LbL assembly is a versatile bottom-up surface modification nanotechnology based on
molecular assembly [13,684]. The technique is originally established on alternated deposition
of electrostatically attracting building blocks using sequential dipping method [91,93-95].
Then, H-bonding interactions were reported to be feasible driving forces for LbL assembly
[113-114]. Ab-LbL introduced many uncharged and stimuli-responsive biomedical materials
into the toolbox of LbL design [115,685]. In time, #b-LbL especially grew in importance as a
novel agent delivery platform [124,138-139,686-688] and now acknowledged for
pharmaceutical applications [689-690].

Subsequent to the expansion of driving forces, spraying [174] appeared as the first
alternative of conventional [91,93-95,113-114] dipping method. Then, just after the utilization
of spinning for film drying [691] and realization of dip-LbL on rotating substrates [112], spin-
LbL was reported as an individual method [177-178,692]. Major advantage of new methods
over dip-LbL first revealed as time efficiency. But, structural influences of method selection
on film properties have also been recognized. Uniformity [174,177-178], bilayer thickness**
[174,177], internal structure (i.e. interpenetration vs. stratification) [177,692], and surface
roughness [177,692] variations were pronounced in the early studies. Then, further
investigations verified the validity of early findings for both spraying [175-176,693] and
spinning [187-188,190-191,694-697] methods. Observed structural variations among the

techniques commonly explained by fluid*-film contact time differences.

LbL deposition is a Kkinetically controlled surface adsorption process
[112,161,211,698-701]. In conventional dip-LbL, solution-film contact time is generally
adjusted between 10 to 60 minutes to assemble a bilayer. Longer solution-film contact
generally favors interpenetration of layers in dip-assembled multilayers [161,163,702]. In
contrast, solution-film contact times of spraying and spinning techniques are considerably
short (typically below 1 min.). Therefore, spray- [176] and spin-LbL [191] multilayers are
better stratified than dip-LbL films. On the other hand, incomplete surface coverage [174] and

liquid drainage [175] problems may cause inhomogeneities in spray-grown LbL films. So,

* For a two-component multilayer architecture, a bilayer can be considered as the simplest unit of film structure.

* Colloidal dispersions can be used as assembly solutions rather than solutions. So we preferred to use “fluid”
term to generalize. On the other hand, spin-LbL is a fluid mechanics problem in a manner and this term fits
better although the “liquid” or “solutions” terms are generally preferred in LbL literature.
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spin-LbL not only offers a better control over timescale of solution-film contact, but also
ensures better uniformity in multilayer formation. Nevertheless, in relation to the spinning
rate selection, solution-film contact time is still considered an effective parameter on bilayer

thickness of spin-grown multilayers [121,189].

Dip-assembled versions of PVPon/TA multilayers were well-studied by other
researchers. (BPEI)(PVPon/TA), films were originally reported by Erel and Sukhishvili
[122]. They studied the effect of pH on film growth and dissolution of those multilayers.
Then, Schmidt and Hammond studied electrochemical disintegration of (BPEI)(PVPon/TA),
[667]. Finally, Tsukruk’s Group modified this system to fabricate flat films, microcapsules,
and living cell encapsulates of (BPEI)(TA/PVPon), and (TA/PVPon), architectures [653,668-
670]. Our group is also studying on precursor-free PVPon/TA multilayers to fabricate
nanoparticle-loaded nanocomposites. We optimized the assembly conditions for carbon
nanotubes based on electrolyte-free solutions/dispersions using spin-LbL (recall Chapter 2).
Also, we are currently focusing on the effect of carbon nanotubes on pH-stability of

PVPon/TA multilayers.

In this study, we report on the effect of spinning parameters on pH-stability of
PVPon/TA multilayers. To our knowledge, there is no report on spin-assisted assembly of
PVPon/TA system. Also, pH-stability of precursor- and -electrolyte-free PVPon/TA
multilayers is not yet studied. Here, we first investigated the effect of spinning rate on pH
stability of PVPon/TA multilayers. We checked the validity of power law relation between
spinning rate and bilayer thickness of multilayers [187] for PVPon/TA system. Then, we
investigated the link between spinning rate, bilayer thickness, and pH-stability of spinning
rate varied multilayers. We observed a sign of the influence of kinetic trap/lock/pin/freeze
(local minimum in free energy) on pH-stability of spin-LbL assembled #b-multilayers.
Finally, we tested our interpretation by increasing solution-film contact time up to typical
solution-film contact times of dip-assembly. This set of experiment supported our

interpretations on the thermodynamic nature of resulting complexes.

3.2. EXPERIMENTAL

3.2.1. Chemicals

PVPon (see Figure 3-1) of M,, ~360 kDa was obtained from Scientific Polymer Products, Inc.
TA (M,, ~1.7 kDa) (see Figure 3-2), HCI, NaOH, and NaH,PO4H,0 (phosphate buffer) were

purchased from Merck Chemicals (US). Silicon wafers were procured from Ultrasil
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Corporation (USA). Pure ~18.2 MQ water (DI-H,O) was produced using Milli-Q filtration
system (Millipore Corporation, USA).

HO i
0]
HO
@]
0]

HO 0
OH HO OH
HO OH
o _O
HO
HO OH
OH

Figure 3-1. Idealized molecular structure of neutral tannic acids: 1,2,3,4,6-penta-O-digalloyl-B-D-glucose.

3.2.2. Substrate preparation

Silicon wafers were used as substrates and acid-base cleaning was performed prior to film
deposition following a procedure derived from previous reports [122-124]. First, silicon
wafers were cut into ~(1x1) in.? pieces and were kept in UV-Ozone Cleaner (Model 42-220,
Jelight Company, Inc., USA) for 3 h. Ozone-treated wafers were rinsed with DI-H,O and
dried under N, flow. Acid-base treatments were performed just after ozone cleaning. Four
liquid bathes of 15 mL liquid were prepared in glass containers as follows: a) concentrated
sulfuric acid, b) acid wash (DI-H;0), c¢) 0.25 M aqueous NaOH, and d) base wash (DI-H,0).
Wafers were dipped into each bath (including rinse bathes) for ten minutes respectively. After
each washing step, excess amount of DI-H,O was used to rinse away any acid or base residue.
Prepared substrates were kept (1 to 3 days) in closed Petri dishes and were thoroughly rinsed

with DI-H,O and dried under N, before usage.
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3.2.3. Solution preparation

PVPon and TA solutions (0.5 g/L) were prepared using DI-H,O and no pH adjustment is
performed (for this concentration native-pH of PVPon and TA are ~4.5 and ~4.2
respectively). Solutions were prepared in glass tubes less than half an hour before film
deposition and were homogenized by shaking at 250 rpm for fifteen min.s (3005, GFL,

Germany).

3.2.4. Spin-assisted multilayer deposition

Spin-LbL was performed at different rpm values (from 1000 to 3000 rpm) for 1 min (2-3 s
acceleration, 54-55 s plateau, 2-3 s deceleration) using a spin coater (Model P6708D,
Speciality Coating Systems, Inc., USA). In each deposition, 100 pL** of solution was used for
assembly. 60 s elapse time was given before the spinning process for self-adsorption of first
layer (this routine was also followed for contact time varied set). 150 uL DI-H,O was used for
rinsing, and static contact of water and film for 30 s was allowed before each rinsing step.
Solution-film contact time (static) was adjusted from least possible (~4 sec) to 5 min. using a
regular chronometer. Contact time of ~4 s is a typical time for a continuous spin coating
process, the time between dropping the solution on the substrate and the start of spinning. For
larger contact times, the solution was dropped on the substrate and waited during which
adsorption of molecules on to the underlying layer took place. The maximum contact time of
300 s was chosen to follow the dipping time used in previous reports [122,667] which is also
typical for dip-assisted LbL films. Multilayer growth was monitored with a single-wavelength
(632 nm HeNe laser) ellipsometer (EL X-01R Rotating Analyzer Ellipsometer, Dr. Riss
Ellipsometerbau GmbH, Germany) which is operated at 70° angle. Data was taken from five
different zones (one point from the center and four points from ~1-2 mm inside of four edges)

of the films and five data points were collected for each point.

3.2.5. pH-triggered film disintegration

pH-triggered disintegration studies were performed in buffer solutions (0.01 M phosphate
buffer) and pH-adjustment is done using dilute NaOH solutions (0.25 and 0.10 M) in 0.01 M
buffer solution (Note: this base-buffer solution always used fresh to prevent precipitation). In

each step, samples were dipped in 20 mL of solution and kept for 20 min. To inhibit

#100 pL is an optimized volume for good surface coverage on 1x1 in.? substrates.
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contaminations all buffer solutions were used freshly and refreshed after every exposure step.
For both spinning rate and contact time varied sets dissolution experiment is repeated twice.
In the first experiment, the onset of dissolution was reached in less than 24 hours and the
experiment was continued after the onset of dissolution (whole experiment is performed
approximately in two days). In the second experiment, after film when the onset of dissolution
was reached in the first day, the experiment was slowed down and finished in approximately
one week. All samples used were at most two weeks aged. Dissolution of films monitored

using ellipsometry after gentle drying the films under N, flow.

3.3. RESULTS and DISCUSSION

Spin-assisted LbL assembly briefly consists of the following steps: (i) Transferring a certain
amount of building block (here PVPon or TA) solution on the bare or film coated solid
substrate, (i1) keeping the solution in static contact with the substrate for a certain time, (iii)
spinning the substrate with liquid on top at a specified rate, (iv) putting a certain amount of
rinsing liquid (here water) to wash away the weakly bound materials, (v) repeating the steps ii
and iii, vi) repeating the steps i1 to v for the other component of LbL pair, (vi) repeating the
steps 1 to v to assemble consecutive bilayers. The spinning rate (step iii) and the contact time
of assembly solution with the substrate (solution-film contact time) before spinning (step ii)
are the two important factors affecting the characteristics of resulting films. First, effect of
spinning rate was investigated in detail both in terms of growth profiles (number of layers vs.
film thickness) and in terms of pH stability (pH of solution vs. remaining film thickness).
Then, effect of solution-film contact time was studied to obtain a further understanding about

the kinetic nature of system.

3.3.1. The Effect of Spinning Rate
3.3.1.1. Multilayer growth

Spin-assisted PVPon/TA LbL films were grown at spinning rates varying between 1000 rpm
to 3000 rpm with 500 rpm increments. Figure 3-2 shows the film thickness as a function of
number of layers at different spinning rates. At all spinning rates, a fairly linear growth profile
was observed. No report is available on spin-LbL of PVPon/TA, but Erel and Sukhishvili
studied dip-LbL of (BPEI)(PVPon/TA), system at pH 2.00, 4.00 and 7.50 (precursor layer
deposited at pH 7.50) [122]. They observed linear growth profiles regardless of deposition
pH. At pH 4.00 and 7.50, they tracked growth profile of this system at each bilayer and the
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details of film growth remained unclear if any. But, a clear zigzag-like growth profile was
shown for pH 2.00. Deviation from linearity was explained by desorption of TA aggregates
from the surface which leaves a strongly-bound monolayer at following deposition step.
Similar explanations were originally done for the zigzag growth behavior of
polyphenol/polyelectrolyte multilayers by Ariga et al. for aromatic dyes [210] and Shutava et
al. for TA [213]. If proposed explanations are true, it is reasonable to assume that a certain
time is needed for desorption of self-associated TA aggregates from the surface. Unlike
referred dip-LbL studies, we grew multilayer films by spin-LbL in which the static contact
time of assembly solutions and underlying film was kept constant at ~4 s. The contact of thin
liquid film and growing multilayer in the dynamic stage of spin-LbL is on the order or
seconds (typically around 10 to 20 s) due to evaporation of water. Under these conditions, the
time given for the interaction of PVPon solution with top layer TA film might not be enough
to dissociate TA aggregates. Electrolyte-free and fresh TA solutions are expected to contain
less phenolic aggregates and desorption of aggregates is not a concern throughout the process.
In our previous studies, we observed exponential growth in dip-assembly and exponentially-
starting linearly-proceeding growth in spin-assembly PVPon/TA system in a variety of
conditions (see Chapter 2 below for related discussions). However, a clear linear character of
spin-LbL films is obvious in Figure 3-2. One major difference of current conditions and the
conditions showed in Chapter 2 is the control over fluid-film contact time. Also, film-fluid
contact time is considerably higher in dip-LbL. Indeed, Lee et al. also observed a similar
growth mode change variation between dip- and spin-deposited weak polyelectrolytes [703].
In their system, although spin-LbL showed a sign of exponential growth, dip-grown films
were apparently exponential. We believe the underlying reason this observation is contact
time variation among the techniques. Indeed, we also checked the film growth of the same
system using spray-LbL and again linear growth was observed (see Appendix-I) which
supports short contact time argument. Further discussions on growth mode variations among
techniques are available in Subsection 3.2. Below, we will concentrate on the evaluation of

spinning rate originated changes in growth and dissolution behavior of multilayers.
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Figure 3-2. The growth profiles of spin-assisted multilayers assembled at different spinning rates.

In Figure 3-2, the slope of the growth profiles decreased with increasing spin rate from
approximately 2.2 nm at 1000 rpm (corresponds to bilayer thickness of 4.4 nm) and leveled at
around 1.3 nm for 2000 rpm (corresponds to bilayer thickness of 2.6 nm). Slopes of film
growth profiles can be used to determine bilayer thickness of linearly growing multilayers.
But, to gain a statistical understanding, we also studied the bilayer thickness of films as a
function of the spinning rate using multiple ten bilayer samples (each data point is an average
of at least three different samples, see Figure 3-3).* This cross check supported the bilayer
thickness obtained from growth profiles.* An asymptotic power law relation was observed as
the general trend similar to the findings of previous works [178,187,692] on spin-LbL of
polyelectrolytes. Common explanation of this observation was the compaction of layers at
higher rates due to increased mechanical forces and lowered adsorption due to shorter film-
fluid contact. Indeed, this explanation is in parallel to fundamental models and experimental
results [180,182,184,704-705] on spin-coating of polymers. Thus, our results are another
example of this inverse power law relation. In addition, by increasing spinning rate, film-fluid

contact time also decreases and this might be causing a decrease in the amount of deposited

* Bilayer thickness 3500 rpm sample is “2.81 + 0.02 nm” for ten bilayers which is an average of a single
sample.

% Bilayer thicknesses of 20 bilayer samples also follow a similar trend for different spinning rates.
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material in each step. Moreover, both in Figure 3-2 and 3-3, we observed slightly higher
bilayer thickness in 2500 rpm compared to 3000 rpm. Errorbar of 3000 rpm is high to safely
compare 2500 and 3000 rpm samples. But, when we compare 2000 and 2500 rpm, it is clear
that 2000 rpm samples are slightly thinner than 2500 rpm. This might be originated from the
slight change in film-fluid contact time change in those samples. Because 2500 rpm films are

expected to be thinner than 2000 rpm samples if there is no other effective parameter.
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Figure 3-3. Bilayer thickness of multilayers as a function of spinning rates
(each data point is averaged from total thickness of at least two different ten bilayer samples).

The scenario explained above is easily understandable for large molecules such as
polymer chains. But, if we consider small molecules as more rigid bodies, the level of
compaction should be different. In fact, a slight zigzag-like but not up/down behavior is
observable in growth behavior of PVPon/TA films assembled at 1000 and 1500 rpm due to
this difference. In Figure 3-4, we plotted the individual contribution of PVPon and TA to
bilayer thickness. It seems spinning-induced thinning of PVPon chains by increasing rpm
values is slightly greater than that of TA layers. This can be justified considering shear-
induced conformational changes of PVPon chains and the structure of TA molecules. LbL
spin-assembly of polyelectrolytes was previously modeled by Dobrynin’s Group [189-697].
In their Flory-(Huggins)-type models, the effect of ionic strength and spinning rate were

formulated and the effect of shear flow on conformational changes of polymer chains (or
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blobs [706-708]) was revealed. In brief, at low spinning rates shear force is less distorting and
hence adsorbed chains are less compact. This behavior is clearly seen for PVPon, but TA
layers also became more compact at higher spinning rate. In solution, galloyl groups of TA
bend molecule fits to a globule-like shape [534]. When TA is adsorbed on surfaces its
globule-like shape can flatten up to the thickness of an individual molecule (theoretical
dimensions of TA in penta-monogalloyl form is 1.85 x 1.65 x 1.01 nm [709]) and we reach
this limit in 3000 rpm. Here, it should also be noted that, at 2500 rpm contribution of TA to
the bilayer thickness increases which drops again at 3000 rpm. This shows that more TA
molecules s adsorp on PVPon layers at 2500 rpm, but the reason behind is unclear to us other

than our interpretations presented in the previous paragraph.

=
3

T PVPON
™ |

w
=

J g
o w
|
|

—
0
|
!
)
—
)
4

—
2
l
|
—
| N

Contribution of Components
to Bilayer Thickness (nm)
o N
o
|
|

o

1000 1500 2000 2500 3000
Spinning Rate (rpm)

Figure 3-4. Bilayer thickness of multilayers as a function of spinning rates
(each data point is averaged from growth profiles of at least two different eight bilayer samples).

In spin-coating, solid film evolves in two main stages as spinning-induced liquid thin
film formation and solidification of liquid thin film via solvent evaporation. The thickness of
evolved liquid film and the time required for solvent evaporation are correlated to spinning
rate. As a result, spinning rate is not only linked to liquid film thickness, but also effective on
the solution-film contact time. Various researchers highlighted the effect of film-fluid contact
time change on thickness of spin-LbL films by changing spinning rates
[121,178,692,694,710]. Those researchers also discussed mechanical aspects which we

extensively discussed. The effect of solution-film contact time on film growth will be
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discussed in the next section.
3.3.1.2. pH-stability

Figure 3-5 shows the normalized dissolution profiles of spin-assisted (PVPon/TA),o films
prepared at different spinning rates whose growth profiles are shown in Figure 3-2 for
discontinuous growth. Independent of the spinning rate, the onset of dissolution was observed
at pH 8.50 for all films. This is similar to the onset of dissolution observed in zigzag-grown
dip-coated PVPon/TA LbL films prepared at pH 2.00 [687]. In our case, better pH-stability
was observed for exponentially-growing dip-coated PVPon/TA LbL films prepared at pH
2.00 (films are stable at pH 9.00, see Appendix-J). In addition to identical pH dissolution
onset values at different spinning rates, critical dissolution pH values (pH at 50% dissolution)
stacked between pH 8.75 and 9.00. This was surprising for us because we were expecting to
see more evident distinctions. We also expected to achieve better pH stabilities comparing
dip-LbL films assuming spin-LbL films are more hierarchic than dip-LbL ones. At first step,
we took into consideration the differences in bilayer thicknesses. The bilayer thickness
changes either with the number of the molecules in each layer or with their conformations. In
either case, we assumed larger bilayer thickness corresponds to less H-bond per molecule
with the underlying layer and decreasing the average number of H-bonds per layer. So, we
expected low pH-stability for 1000 rpm and so on. Indeed, Figure 3-5 does not conflict with
this prediction, but does not support either. To be certain on this observation we repeated the
experiment. In the second trial, we unintentionally performed the experiment slower and
observed a completely different picture which fulfills the missing parts of the puzzle. It
seems, when the dissolution experiment is performed discontinuously (slower*’), pH-stability
of multilayers dramatically increase (see Figure 3-7). We considered this observation as a sort
of “annealing” effect. We could not find any significant difference between two sets other
than the timescale of experiments. So, we see no harm to attribute this peculiar observation to

the kinetically trapped nature of spin-LbL multilayers.

*" Those experiments are extremely laborious and when three people works together ten pH steps takes more
than one day.
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Figure 3-5. The dissolution profiles of spin-assisted films prepared at different spinning rates:
Continuous (fast) experiments (inset shows the dissolution profile from pH 2.00 to 8.00).

Figure 3-6 (below) shows dissolution profiles of spin-assisted films prepared at
different spinning rates when the dissolution experiment was performed discontinuously.
Those results fit our previous predictions better and expected distinctions are observed
clearly. The films prepared at 1000 rpm showed the least stability such that only 30% of the
initial film retained on the substrate at pH 9.00. The films prepared at higher spin rates all
showed better and similar stability. More than 50% of initial film thicknesses retained on the
substrates at pH 9.50. Although no dramatic stability differences were recorded for 1500 rpm
and above, a trend is seen apparent except 3000 rpm: The lower the spinning rate, the lower
the stability. On the other hand, the deviation from this tendency at 3000 rpm can be justified
considering deposition mechanism in spin-LbL. It has long been known that, adsorption
mechanism of spin-deposition and self-adsorption (dipping) is different [711]. Based on
theoretical models and experimental evidences [189,692,694,712], many researchers
concluded that the adsorption of chains in spin-LbL is mechanically-controlled. According to
this view, deposited chains are entangled with underlying film during spinning. When a
certain spinning rate is exceeded entanglements might be also mechanically disrupted which
might induce slightly less pH-stability. On the other hand, the time required for initial
adsorption of polyelectrolyte chains in dip-LbL is known to be on the order of a few seconds

([188] and references therein) and this is likely to be similar in #b-multilayers. So, molecules
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might be adsorbed unspecifically in higher spinning rates due to less contact time (solution-
film contact time in 3000 rpm is presumably around 10 s). This picture also underlines
thermodynamically not equilibrated (kinetically trapped) nature of spin-LbL films and
justifies lower pH stability of spin-LbL films (if no annealing effect occurs). In fact, kinetic
trap of spin-coated molecules in nonequilibrium conformations is well-known for polymeric
thin films [713-717]. More specifically, this phenomenon has also been speculated for spin-
casted multilayers [718-719] and spin-grown LbL films [190-694]. But, to our knowledge, no
report is comparing pH-stability of spin- and dip-assembled multilayers and the role of kinetic
trap on pH-stability is untouched. As a continuation, we would also like to reinterpret the
similarity of pH-stability between dip-assembled (BPEI)(PVPon/TA)n films at pH 2.00 and
spin-grown pH-Nat (PVPon/TA)n films (recall Figure 3-6). We think that similarity might be
due to cancellation of opposite effects. In the first hand, we expect better pH-stability from
pH-Nat multilayers due to elimination of osmotic pressure effect (no salts are present in pH-
Nat films). But, kinetically trapped nature of spin-grown multilayers likely weakened the
films and two opposite factors cancelled out each other. However, time-annealing of those
multilayers (recall Figure 3-6) revealed the potential of spin-grown films and better pH-

stabilities were achieved.
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Figure 3-6. The dissolution profiles of spin-assisted films prepared at different spinning rates:
Discontinuous (slow) experiments (inset shows the dissolution profile from pH 2.00 to 8.00).

The effect of rinsing in spin-LbL and its possible adverse effects on observed film
stabilities should be discussed. The major difference between conventional spin-coating and
spin-LbL is the intermediate rinsing step between the depositions of adjacent layers. Rinsing
is a very important step of LbL technology and effective on stability of multilayers [281,720-
721]. We believe, rinsing effect in spin-LbL is considerably more stringent than static rinsing
of dip-LbL and we assume that no loosely-bound molecules stay on the surface in spin-LbL.
On the other hand, according to McShane and Lvov [121], some researchers believe that air
drag (shear force) applied during spin-LbL strengthens the intermolecular interactions
between polyelectrolytes [177,188-189]. But, we preferred bilayer thickness framework as a
simpler and easily understandable explanation. The way we consider the effect of bilayer

thickness on film structure is also related to air drag explanation in a manner.
3.3.2. The Effect of Solution-Film Contact Time

3.3.2.1. Multilayer growth

Hybrid forms of dipping and spinning has been previously used by different researchers
[112,691]. We also combined dipping and spinning methods in a different way. We varied
static contact time of solutions with growing films and then spinning at a fixed rate was

applied. Figure 3-7 shows film growth behavior of multilayers as a function of solution-film
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contact time at 2000 rpm. As the solution gets in touch with the underlying substrate (or film),
the PVPon (or TA) molecules start adsorbing on the surface by making H-bonds. If the
adsorption process is faster than desorption, more molecules are expected to adsorb as contact
time increases as it is for dip-LbL [112]. We observed a somehow different picture. First,
there is no significant thickness change within 15 to 60 s which corresponds to a bilayer
thickness of around 3 nm. If spinning rate dependent film-fluid contact time variation had a
dominant effect on film thickness, bilayer thickness of 1000 rpm would be close to the bilayer
thickness of 60 s (film-fluid contact time of 60 s sample is higher than 60 s).** Thus, spinning
induced shear effect seems to have a more critical impact on film thickness at low contact
times than solution-film contact variation. It is also important to compare contact time varied
samples within themselves. As expected, growth characters of low contact (15 and 30 s) time
samples are almost identical with growth profile given for 2000 rpm in previous part.
Interestingly, an S-shaped buckling is seen for 60 s sample which is indicating the exponential
character of the system when enough time is given for the restructuring of the film. This
exponential tendency is more dominant for 120 s sample up to twelfth layer and film growth
slows down afterwards. At the typical contact time for dip-LbL of PVPon/TA (300 s), a
zigzag-like growth was observed and film was stripped as well. Keeping the solution in
contact with surface for some time before spinning can be considered as a two-step process
that involves dip-LbL like self-adsorption and spin casting. If the first stage is more dominant
in film character, we can expect a slow exponential growth yielding around 10 nm for 8
bilayers as we observed in dip-LbL of electrolyte-free PVPon/TA system (see Appendix-E).
In dip-LbL, stagnation of growth and destruction® of film structure is sometimes observed
after a point. This can be justified by considering adsorption-desorption equilibrium of self-
adsorption and surface reversal problems. In spin-LbL, adsorption is mechanically controlled
[692,694,710], but surface reversal is still required. According to Shukla and Hammond
[693], stagnation of growth is due to the rupture of charge reversal and interpenetration of
layers during assembly is the main trigger. We apply the essence of this idea to our H-bonded
system. If interlayer mixing takes place, outermost layer of growing film might become a
mixture of H-bonding acceptors and donors. When a level is reached, there might be no

available H-bonding sites expressed for the deposition of subsequent layers. In other words,

* Here we accept the difference between quiescent contact (dipping) and dynamic contact (spinning), but we
would like to emphasize the general trend.

* Erel and Sukhishvili use the term “fouling” in their report to explain a similar behavior of another multilayer
system.
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virtually all sites are occupied by neighboring components in the mixture. This scenario
explains the stagnation of film growth, but destruction of films requires further explanation.
We have evidence on PVPon-induced destabilization of PVPon/TA films. We have exposed
PVPon/TA multilayers into PVPon solutions and observed the destruction of film chains in
time (Appendix-K). Electrostatic LbL deposition is known to be a self-limiting process in
relation to charge reversal phenomena [165,174]. But, if diffusion of chains inside the film is
possible, formation of outermost layer might not be limiting the interaction which might cause
destabilization. We believe, this explanation also fits to zigzag-like linear growth profile in

general.
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Figure 3-7. Effect of solution static contact time on growth profiles of multilayers at 2000 rpm.

As we did above for the determination of bilayer thickness of spinning rate varied
samples, multiple films were grown to obtain information about statistical reproducibility
about the system. Unlike film growth monitoring studies, no intermediate time intervals were
given during film growth. The bilayer thicknesses of films were calculated using final
thickness of films. Figure 3-8 shows that bilayer thickness depends logarithmically on contact
time (bilayer thickness vs. log(time) curve is linear, plot is not shown). Similar behaviors
were previously observed by others for dip-adsorption kinetics of polyelectrolyte films
[112,698]. A similar behavior was also reported for spray-LbL by Schlenoft’s Group [174].

They observed that, when a few more seconds spray is applied, bilayer thickness increases
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50%. Here we would like to stress an important point. The trend shown in Figure 3-8 below is
in agreement with the observations provided in literature. But, it looks like there is a conflict
between 300 s samples of Figure 3-7 and Figure 3-8. Indeed, this difference highlights the
influence of timescale on film growth. Data presented in Figure 3-7 and Figure 3-8 produced
by discontinuous (viz. ellipsometry measurement at each step) and continuous (viz. neither
ellipsometry measurement nor waiting until the end of multilayer assembly) growth
respectively. As mentioned above, bilayer thickness of contact time varied films are around
3.1 nm in discontinuous growth except 300 s contact time for which an erratic growth was
observed (recall Figure 3-7 above). When the deposition is performed continuously, films
become thicker and bilayer thicknesses of films vary in power law form rather than stacking
around a fixed value which was ~3.1 nm (recall Figure 3-8 above). Interestingly we did not
observe the destruction of film at 300 s in this set of experiment. We attributed observed time-
induced variation in film growth to the instable and kinetically trapped nature of PVPon/TA
pair. To further support this view, we spin-grew another 300 s contact time sample and
monitored the film thickness intermittently (see Appendix-G). The speed of film production
was kept between two previous cases. In agreement with the rest of the picture we observed,
we recorded exponential growth which reaches to “19.4 + 2.1 nm” at 8 bilayers and “26.3 +
2.0 nm” at ten bilayers. This result shows that the overall duration of film growth influences

film growth profile, but the exact mechanism is not clear.
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Figure 3-8. Bilayer thickness of as a function of static solution-film contact time before spinning
at 2000 rpm (each data point is an average of at least two different ten bilayer samples).

In dip-coating, molecules find enough time to adsorb on surface in thermodynamically
favorable conformations. This process takes place in two main steps which are anchoring of
some segments of molecules to underlying material and relaxation of molecules to pack to the
surface which are fast and slow respectively [196,698]. In dip-LbL the whole process is
quiescent and external forces on molecules during assembly are minimal. In contact time
varied spin-LbL, spin-casting takes place in addition to self-adsorption mechanism which is
explained above. It is not easy to isolate the effect of these two processes on the character of
final film. Moreover, the molecular picture might be more complex for exponentially growing
films due to so-called in&out diffusion of molecules inside the film. For instance, some
chains might be diffusing along the film while their tails sitting at the outermost layer. In this

case, a single chain might experience force pulling it outwards during rotation.

Up to now, we generally emphasized the possible role of in&out diffusion which
seemed to be important in our system. But, the exact mechanism behind exponential growth is
still under debate [200]. There are two main views explaining exponential growth in LbL
films which are 1) roughness-trigger [153,201-202], i) in&out diffusion [197-199]. Our
group’s previous observations [123-124] were in good agreement with the surface roughness
model. Spin-LbL usually ends up with smoother surfaces comparing dip-LbL and spinning

might be suppressing/delaying exponential character of PVPon/TA system. But, although a
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correlation might exist, we believe roughness-trigger model [200] is not enough to explain our
observations alone. Indeed, in&out diffusion model [197-199] is more widely accepted in the
literature [207,672]. This model suggests a “reservoir” of freely movable materials present in
the film structure. During the film growth (and rinsing), those materials migrate inward and
outward which controls the amount of material adsorbed in each step (recall surface reversal
and overcompensation mechanisms). This picture underlines the kinetic nature of LbL growth
and seems match with our case considering its time-dependency. We might be observing a

system which both models are equally relevant.
3.3.2.2. pH-stability

It is widely accepted that short contact times of spin-LbL reduces interpenetration of layers
during assembly [191,691,696]. When contact time is increased, it is reasonable to expect an
increase in the interpenetrations of layers similar to dip-LbL. Also, as mentioned above,
exponential growth is associated with the interpenetrations of layers. We believe
interpenetrated state is more thermodynamically stable than stratified but kinetically trapped
state. pH-stability data on spinning rate varied experiments showed an example of
interpretation towards the nature of the system. We also found that pH-stability of stratified
films can be enhanced by a sort of annealing effect. If our interpretations are true, one would
expect a significant pH-stability difference among stratified but annealed multilayers. It
would also be justifiable to observe a complex pH-stability picture in kinetically trapped state.
The experimental results were consistent with those expectations. Figure 1-9 (below) shows
the dissolution behavior of multilayers subjected to fast dissolution experiment. The onset of
dissolution observed at pH 8.00 for all samples, none of the samples retained its 50% of
thickness at pH 9.00. A rapid dissolution was observed in all samples without expressing an
order between contact time and pH-stability. However, dissolution behaviors of “annealed”

films obey to the explanations above.
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Figure 3-9.The dissolution profiles of spin-assisted multilayer films prepared at 2000 rpm by varying contact
times: Continuous (fast) experiments (inset shows the dissolution profile from pH 2.00 to 8.00).

In Figure 3-10, the pH-stability of contact time varied multilayers subjected to slow
dissolution experiment is seen. The onset of dissolution was at pH 8.50, similar to those
prepared at different spinning rates. The dissolution profiles varied significantly beyond 8.50.
The dissolution was slower as a function of pH change for films prepared at smaller contact
times which are likely to be more hierarchical. The critical dissolution pH of varied nearly by
1 pH unit, from ~8.8 to ~9.7, as the contact time decreased from 300 s to 4 s (compare Figure
3-9 and Figure 3-10), respectively. The only deviation from the overall trends is observed in
120 s which might be due to the swelling of this film (please pay attention to the inset in
Figure 3-10). We believe the swelling of this film before dissolution gave the structure
enough freedom to equilibrate itself against pH as a perturbator. Here it should also be
addressed why such a swelling (>10%) was only seen at 120 s. We believe this is a
consequence of the exponential character of this film (recall Figure 3-7). Moreover,
complexation at 120 s might be more favorable than 60 s, but it might be still hierarchical

enough which seems to be important for pH-stability of annealed spin-grown multilayers.
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Figure 3-10 The dissolution profiles of spin-assisted multilayer films prepared at 2000 rpm by varying contact
times: Discontinuous (slow) experiments (inset shows the dissolution profile from pH 2.00 to 8.00).

Kinetically trapped nature of spin-assembled PVPon/TA multilayers was evident in
pH-depedent dissolution experiments. We also showed the implications of kinetic trap on film
growth. However, we do not claim that spin-LbL films are kinetically trapped, but dip-LbL
films are not. Dip-assembled films are more likely to be in thermodynamic equilibrium, but
kinetic trap is still a concern. As a matter of fact, Hammond’s Group showed [699] the
rearrangement of kinetically trapped components into more ordered arrangements in dip-
assembled electrostatic multilayers [701]. Also, we should admit that the complete
mechanism behind enhanced pH stability is not clear yet. We believe, when the experiment is
performed slowly and we gave pauses to dissolution experiment, molecules find enough time
to realign themselves into more favorable conformations. This might be due to enhanced
orientational mobility of building blocks at pH values that the film is not dissolved by small
movements of building blocks are allowed. We know from the literature and our own
experiments that TA has a pK, below 6. We performed the dissolution experiments starting
from pH 2.00 and we exposed the multilayers to pH 5.00, 7.00 and 8.00 before the onset on
dissolution is observed. Therefore, before film dissolution becomes observable, some H-
bonds inside the film might be broken and corresponding molecules might gain flexibility.
However, acidic dissociation is not a permanent process at pH values close to pK, values

(remember that those multilayers inevitably contain a small amount of water in their

99



structure). Hence, broken H-bonds might reestablish in more favorable conformations. This
process might be time taking so we might be observing the effect a time effect. But, we might
also be observing a new type of annealing effect which we call “pH-annealing”. In nature,
there are a number of pH-dependent biological processes accompanies with conformational
changes of molecules. For instance, it is well-known that, even small pH variations might
induce proteins to switch from one conformation to another one. Starting from pH 5.00,
partially charged TA molecules might be evolving inside the film in opposite to the
mechanism suggested above. Besides, PVPon molecules carry partially positively charged
lactam rings in their side chains [501,503-504]. An electrostatic interaction might be taking
place between dissociated hydroxyls of TAs and tertiary amines of PVPon. Finally, at high
pH, TA molecules become slightly more hydrophobic. Slightly more hydrophobic TA
molecules might be interacting with main chains of PVPon which might be contributing to the

pH stability. In future, we will be investigating the origin of our observations.

3.4. CONCLUSIONS

Self-adsorption of molecules typically requires more time compared to to time given in spin-
LbL applications. Spinning rate controls the thickness of thin liquid film and the time required
for solvent removal and the air shear force applied to the growing film is dictated by spinning
rate. As a result, film growth is mechanically controlled by spinning rate selection and
molecules are kinetically trapped as multilayers instead of reaching a true thermodynamic
equilibrium. In fact, those aspects of spin-LbL were already known, but experimental
evidences were limited and the complications of this picture on growth and pH-stability of Ab-
multilayers was lacking. This study elucidated factors controlling the growth and pH-stability
of spin-grown PVPon/TA multilayers. We observed linear growth profiles for different
spinning rates unlike dip-LbL versions of PVPon/TA pair. The relation between spinning
rates and bilayer thicknesses were found to follow a power law. We checked the effect of
solution-film contact time on film growth observed linear-to-exponential transition by
increasing contact time. We, for the first time, observed the dependence of pH stability on
spinning rate and solution-film contact time. Comparing pH-stability of dip-LbL films, we
observed weaker stability and we attributed this observation to kinetically trapped nature of
spin-LbL multilayers. But at the same time, here we show that time (and presumably pH)
annealing of spin-LbL multilayers reveal their potential towards high stability. When pH

dissolution experiments were performed slower remarkable pH-stabilities were recorded. We
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consider this observation as an evidence of kinetically trapped molecules. To the best of our
knowledge, our results give the first evidence on kinetic trap effect on pH stability of H-
bonded multilayers. The main trigger of annealing (i.e. pH, time) effect is not clear yet. But,
our results might be indicating the first evidence on annealing effect by “pH-annealing”
phenomena. Further studies should be undertaken to fully elucidate the factor affecting pH-

stability of those multilayers.
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Chapter 4: INCORPORATION of NONCOVALENTLY
FUNCTIONALIZED SINGLE-WALL CARBON NANOTUBES
in H-BONDED MULTILAYERS>*™!

In this study, we extend our previous efforts on the preparation of SWCNT-doped PVPon/TA
multilayers which was based on the usage of sidewall pi-stacking. Here we show that polymer-
wrapped SWCNTs can also be employed to fabricate LbL nanocomposites. We exploited PVPon as
polymeric wrapper and TA as sidewall pi-stacker for the stabilization of SWCNTSs in water. Resulting
supramolecular complexes (PVPon-SWCNT and TA-SWCNT) were characterized with DLS, ZPA
and OAS. Dispersed complexes and bare (undoped) solutions were employed as building blocks of
LbL film fabrication. We took advantage of self-assembling nature of dispersing agents to construct
(PVPon/TA),-based multilayer architectures. H-bonding interaction driven (PVPon/TA),, (PVPon-
SWCNT/TA),, (PVPon/TA-SWCNT),, and (PVPon-SWCNT/TA-SWCNT), multilayers were built
via spin coating. Film growth and pH-dependent disintegration profiles were tracked using EMM.
Similar to our previous studies, we observed linear growth profiles via spin-LbL. Increased pH
resistance (~2 unit) is observed for (PVPon-SWCNT/TA-SWCNT), composition. This observation
was attributed to the hydrophobic stabilization by SWVNT-SWNCT interactions and diminished
ultrasonic degradation of stabilizing agents in the presence of SWCNTs. Film wettability was studied
with CAM and no significant variations were observed which is a sign of good coverage dispersing
agents on SWCNTs. FE-SEM studies were performed to monitor the presence of SWCNTs in film
structure and RSM investigations confirmed the uniformity of SWCNTs within the matrix. Surface
roughness variations were probed with AFM and considerable increments were recorded in case
SWCNTs are present in film structure. To our knowledge, PVPon-functionalized CNT dispersions
have not been yet reported for the assembly of Ab-multilayers. Hence, here we advance our previous
design for the incorporation of (SW)CNTs in Ab-multilayer films. Considering pharmaceutical
relevance of used building blocks, we claim to have been developed promising nanomaterials for

biomedical applications.

>0 Partially presented as “Karahan, H. E., Erel, I. & Demirel, A. L. (2011, June). Incorporation of polymer-
wrapped and side-wall functionalized single-wall carbon nanotubes into layer-by-layer self-assembled
nanocoatings. Poster and abstract in ICMAT 2011, Symposium B: Synthesis and Architecture of Nanomaterials,
Singapore.”

*1 To be submitted as “Karahan, H. E., and Demirel, A.L. Incorporation of SWCNTs in H-bonded multilayers of
a surfactant-like polymer and a natural molecule.”
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4.1. INTRODUCTION

In the past three decades, LbL surface deposition has received considerable attention as a
versatile, easy and low-cost multilayer fabrication method. The technique was first utilized by
Kirkland [90] and Iler [91] for alternate deposition of oppositely charged micron-sized
colloidal particles. Then, Decher and his colleagues extended the technique switching from
hard materials to soft molecules [93-95]. Just after the demonstration of SAM-based hb-
multilayer stackings [722], hb-LbL assembled film compositions [113-114] were reported.
Exploitation of H-bonding interactions introduced a great flexibility to LbL field. So, a
variety of nonionic polymers were appended to component spectrum of LbL. In the
meantime, colloidal particles (viz. nanoparticle dispersions) were again popularized as

advanced dopants or structural components [268-274,279].

Nanoparticle-doping in LbL architectures is mostly achieved via electrostatical
interactions and relatively few studies have been devoted to nanoparticle-filled #b-
multilayers. If we further constrain the type of nanoparticles with unfunctionalized CNTs, as
far as we are aware, only two studies are available in the literature: (poly(styrene sulfonate)-
SWCNT/poly(vinyl alcohol)), [289-290] of Kotov’s Group and (poly(allylamine
hydrochloride)/poly(vinyl sulfate));(polyguanine-SWCNT/polycytosine-SWCNT), of
Nakashima’s Group [291]. In both architectures, polymer-wrapped CNTs have been utilized
for dip-assisted LbL self-assembly. In their design, one of the components of LbL pair was
carrying CNTs and main concern was the exploitation of resulting multilayers for a specific
application. Nakashima’s Group provided more fundamental insight about the
physicochemical properties of their system and evidence of H-bonding interactions was
presented using urea as a chaotropic agent. Still, detailed microscopy investigations and pH-
dependent film stability studies were lacking. Several properties of nanoparticle-loaded
multilayers have been investigated by other researchers, but no report is available on the
effect of nanoparticles on pH stability of LbL films. The LbL pair we used is rather different
than the reported systems. Previously, an ionic pyrene derivative coated CNTs have been used
as templates for es-LbL capsule deposition [723]. Similarly, Paloniemi et al. have used ionic
polyaromatic molecules to functionalize SWCNTSs in water [724] and have utilized resulting
dispersions to build up dip-assembled es-multilayer [725]. We believe our effort is the first
demonstration of sidewall pi-stacking functionalized CNTs in 4b-LbL nanofilms. Also to the

best of our knowledge, PVPon, one of the most successful polymeric wrappers and
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biomedical polymers, has not yet been reported in SWCNT-incorporated LbL formulations.

In this study, a linear polymer (PVPon) and a natural macrocyclic polyphenol (TA) are
used as stabilizing agents to disperse SWCNTs in water. Resulting SWCNTs dispersions were
employed as building blocks of LbL nanocomposites (see Figure 4-1 below for the schematic
representation of our strategy). Using spin coating, we assembled SWCNT-doped Ab-LbL
films. Effects of SWCNT incorporation on the properties (i.e. pH-stability, surface roughness
and surface wettability) of multilayer films have been investigated. High pH-resistance of

(PVPon-SWCNT/TA-SWCNT), films have been observed.

Sidewall
pi-stacking

Polymer
wrapping

Substrate

Figure 4-1. Depiction of employed strategy to fabricate carbon nanotube doped H-bonded multilayer films.

4.2. EXPERIMENTAL

4.2.1. Chemicals

See Section 2.4.1 for the origins of PVPon, TA, HCI, NaOH, phosphate buffer, SWCNT, and

silicon wafers.
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4.2.2. Methods
4.2.2.1. Dispersion of single-wall carbon nanotubes

We modified our previous procedure for dispersing SWCNTs. Main aim of new
modifications to our previous routine (recall Chapter 2 above) was to increase dispersion
efficiency by applying more energy to the samples. Considering violent heat evolution by
prolonged sonication, ultrasound medium always kept cold (~0 °C) as earlier did by other
researchers [520,654,726]. Aqueous solutions of dispersing agents (PVPon or TA) were
prepared in fixed concentration (0.50 g/L). Varying amounts of dry SWCNT powders (0.50,
0.25, 0.10 g/L) were directly weighted in 50 mL macrocentrifuge tubes using a 5 digit semi-
micro balance (XR205 SM DR, Precisa Instruments AG, Switzerland). 25 mL of dispersant
solutions were transferred on SWCNT powders. All vessels were covered with aluminum foil
and were shaken at 250 rpm for ten days in room temperature. Swollen SWCNT powders first
sonicated for 30 minutes in ice-cooled sonic bath. At each round, four tubes were located at a
fixed position to maintain equal distance from three resonators (see Appendix-D). Liquid
level of ultrasonic bath was adjusted to be in the same level with liquid level of samples and
bottom of vessels were approximately 1.5 cm apart from basement. Bath-sonication was
followed by horn-sonication using titanium tips of the same manufacturer. High power sonic
irradiations were performed in pulse mode (on: 3 s, off: 3s) for 30 minutes at around 0 °C
(~55-65 kJ were applied). Resulting stable dispersions and control groups (PVPon and TA
solutions) were kept under room temperature (1-2 hours) and subjected to centrifugation at
9000 rpm. 20 mL of supernatants were gently collected from each tube and were transferred
to aluminum foil covered glass containers (note that control solutions may contain titanium
particles out of sonication tips). Samples were first kept in room temperature for
approximately less than one week before solution-based characterizations. Then, samples
were kept in a regular refrigerator (4 °C) [654] expecting a supression in hydrophobic
interactions between CNTs. Before film assembly, samples were exposed to a final bath

sonication (post-sonication) step using previously employed conditions.
4.2.2.2. Characterization of dispersions
4.2.2.2.1. Optical absorption spectroscopy

Initial concentrations of dispersing agents and (SW)CNTs somewhat influence the dispersion
efficacy in a non-linear fashion [598,727-729]. So, in order to maximize both absolute and

relative concentration of SWCNTs, we studied a small set of different stabilizer/SWCNT
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ratios. Dispersed form of unsorted (SW)CNTs are normally blackish due to different
molecular structures that reflects the combination of the colors of “rainbow” [379]. Level of
the darkness of (SW)CNT dispersions still gives a qualitative idea about the concentration of
particles in the dispersion. But, in order to quantify visual observations, we used OAS. Fresh
dispersions (~10 days) were investigated between 200 nm and 1000 nm range using quartz
cuvettes. We diluted samples to 5% of their original concentrations and diminished the
influence light scattering. Then, we also checked the applicability of Beer’s Law studying
linear relationships of absorbance values with respect to different particle concentrations
[609]. Concentrations of the dispersions were roughly estimated using an available extinction
coefficient (2.86 x 10* cm?/g, at 500 nm) [488,618]. Note that absorption backgrounds that

come from PVPon and TA were negligible at used wavelength.
4.2.2.2.2. Particle size measurement

Dispersions were diluted to their 20% with DI-H,O and 0.5 mL of sample was introduced into
low volume polystyrene cuvettes. Fourteen data points were collected for each sample over
fixed time spans. Data was accumulated for 55 s to produce auto-correlation function and 5 s
elapse times were given between each data accumulation. All measurements were conducted
at 25 °C after 6 min. pre-equilibration and General Purpose Mode was used for the calculation
of intensity data. In order to compare aggregation tendencies, mean values of intensity
averaged size distributions were further averaged. Outlier scores (if any) were eliminated
using a MATLAB script operating a two step filtering algorithm as follows: 1) Data points
greater than ten-fold or smaller than one fifth of median were eliminated and mean values
were taken, ii) Data points ten-fold standard deviations away from mean value were
eliminated and mean values were taken. As a control experiment to assess self-assembly (i.e.
self-stacking) of TA, hydrodynamic size of TA molecules in fresh solution was also studied.
10.0 g/L of aqueous TA solution was prepared and approximately one hour waited for
dissolution. Then solution was filtered using 200 nm polymeric membrane and particle size

measurements were performed without dilution.
4.2.2.2.3. Surface charge measurement

All dispersions and solutions were diluted to 20% of initial concentration and no pH
adjustments were applied. Disposable acrylic cells were used as cuvettes. Each datapoints
were averaged out from ten runs and ten data points were collected for each sample. No data

elimination was applied and simple arithmetic means were taken.
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4.2.2.3. Film fabrication and disintegration
4.2.2.3.1. Substrate preparation

Silicon (100) wafer surfaces were used as substrates and prior to film deposition acid-base
cleaning was performed similar to previous reports [122-124]. 4 inch wafers were cut into
~(1x1) em?® pieces and were kept in UV-Ozone Cleaner (Model 42-220, Jelight Company,
Inc., USA) for 3 h. Ozone treated wafers were rinsed with DI-H,O and dried under N, flow.
Acid-base treatments were performed just after ozone cleaning. Four liquid bathes of 15 mL
liquid were prepared in glass containers as follows: a) concentrated sulfuric acid, b) DI-H,O
rinse, ¢) 0.25 M aqueous NaOH, and d) DI-H,O rinse. Wafers were dipped into each bath for
ten minutes respectively. After washing steps, excess amount of DI-H,O was used to rinse
away any acid or base residue. Prepared substrates were kept (1 to 3 days) in Petri dishes and
were thoroughly rinsed with DI-H,O before multilayer deposition. Mixed oxide layer

thicknesses on Si wafer substrates were measured just before film assembly.
4.2.2.3.2. Spin-assisted multilayer assembly

Processed solutions (PVPon and TA) and stable dispersions (PVPon-SWCNT and TA-
SWCNT) were exploited for film deposition. Dip-LbL of (PVPon/TA), system has been
previously shown by Erel-Unal and Sukhishvili using pH adjusted solutions and anchoring
layer deposited silicon substrates. To improve the adhesion of multilayer to the substrate,
BPEI was used as anchoring layer in their report, but we removed this step in our spin-LbL
studies (recall Chapter 2 and 3 above). Also, increased IS of solvent media decreases the
stability of SWCNTs in dispersions, hence buffering agents was kept out. In our previous
studies, we observed that it is possible to spin-assemble (PVPon/TA), and (PVPon/TA-
SWCNT) films using pH-Nat solutions without deposition of anchoring layer. We repeated
this strategy and spin-LbL was performed at 2000 rpm for 1 min (2-3 s acceleration, 54-55 s
constant speed plateau, and 2-3 s deceleration) using manual spin coater. In each deposition,
70 pL of liquid was used for assembly and 105 pL DI-H,O was used for rinsing. 60 s elapse
time was given before the spinning process for self-adsorption of first layer. Then, film-fluid
contact was kept as ~10-20 s (especially before PVPon and PVPon-SWCNT deposition
steps). There different compositions (A: PVPon-SWCNT/TA, B: PVPon/TA-SWCNT, C:
PVPon-SWCNT/TA-SWCNT) and a control group (PVPon/TA) were assembled. Each
composition was assembled as “small” (2.5/3.0 bilayer), “medium” (9.5/10.0 bilayer), and

“large” (24.5/25.0 bilayer) forms in terms of deposited bilayers. Film growth experiments
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were performed by continuous tracking of film thickness and 8 bilayers of multilayers were
grown. Other measurements were performed using small-, medium-, or large-form
multilayers and those multilayers were grown without intermediate wait times to reduce time-
induced aggregations (recall Chapter 2 above) and film behavior alterations (recall Chapter 3
above). pH-dependent disintegration studies were performed using medium-form multilayers
which are prepared from freshly post-sonicated (one to two days) samples. Small- and large-
form multilayers were built posterior to medium-form and final film thicknesses were
checked with ellipsometry (data collected from five different zones of the films and five data
points were taken for each point). Considering earlier reports on refractive indice™ (~1.4) of
SWCNTs [544,673] and practical reasons [224], refractive indice variations upon nanoparticle
doping was first not taken into account and refractive indice was taken as “1.500”. Then,
effective refractive indice of small-, medium-, and large-form films were calculated using a
built-in algorithm in the software of device. We exploited the algorithm in three steps. First,
we iterated the data fitting algorithm between the refractive indice values of “1.2500” to
2.2500” with “0.01” stepping. In this step, we obtained a rough estimate for the real part of
multilayers (particle-free or -doped) refractive indice. In second step, we defined a “0.2” unit
wide (from start to finish) of refractive indice range around the rough estimate and rerun the
algorithm with “0.001” stepping. In the last step, range was kept as “0.02” and stepping were
“0.0001” unit (the rest is the same with second step). In each step, film thickness range was
given from half (lower limit) to one and a half (upper limit) times of the raw thickness data in
which refractive was taken as “1.500”. This analysis was performed for large-form films. We
took the “deviation” number provided by the software as the tolerance of iteration (we
accepted maximum deviation of “0.1” at the third step of our analysis). Refractive indice
obtained for large-form films were also used to remodel the multilayer growth data to check
for possible deviations (data not shown). Based on the minute influence of assumed refractive
indice on calculated film thicknesses, we did not remodel pH-dissolution data sets after
refractive indice correction. Indeed, possible shifting in absolute thickness values becomes

ignorable after normalization.
4.2.2.3.3. pH-dependent film disintegration

pH-dependent disintegration of LbL films is a critical indication of the intercomponent

interactions. Also, growth mechanisms of LbL films somehow reflect to disintegration

52 In ellipsometry, the modeling was performed using real part of the refractive indices.
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profiles. At elevated pH values, polyacids become deprotonated and H-bonding interactions
are broken, so 2b-LbL films disintegrate [122,139]. We investigated the effect of SWCNTSs on
pH dissolution behavior of the films different compositions. Considering possible adverse
effects of harsh processing conditions and aging on H-bonding capacity of dispersing agents;
we prepared a control sample using fresh solutions of PVPon and TA. Immediately after
growth of fresh control sample, disintegration studies were performed similar to the procedure
explained in our previous work (recall Chapter 3 above). Briefly, pH adjusted 0.01 M
solutions of buffer were used as dissolution media. Slightly acidic (pH-Nat 4.70 to 4.75 at
around 25°C) of 0.01 M buffer solutions were adjusted with 5.00 M and 0.25 M of HCI and
NaOH solutions via as small as possible volume addition. Medium-form films were exposed
to 10 mL dissolution media for 20 minutes and film thicknesses were measured upon nitrogen
gas assisted drying. As an addition to previous procedure, we applied a prior hydration step
using DI-H,O (denoted as t;) before exposure to buffer solutions. As we did before, buffer

solutions were refreshed at every exposure step to prevent contaminations.
4.2.2.4. Homogeneity of particles within matrix

In film dissolution studies, we considered SWCNTSs as an active component of assembly. We
assumed SWCNTs are homogeneously embedded inside the films (recall Chapter 2 above).
Using RSM, we checked the reliability of our assumption. We selected medium-form film of
most CNT-rich composition for this measurement, which is (PVPon-SWCNT/TA-SWCNT);.
We first coated this sample with a thin layer (~2.7 nm) gold using Cressington Sputter Coater
108auto equipped with Cressington Thickness Monitor mtm 10 (Elektronen-Optik-Service

GmbH, Germany). Then we performed area and line mappings.
4.2.2.5. Film morphology

We have investigated the surface morphology of different film architectures using FE-SEM
and AFM. FE-SEM was used to verify the presence of SWCNTs in resulting nanocomposites.
Small-form films were used to probe initial stages of SWCNT deposition and large-form
films were studied to probe continuity of SWCNT deposition. FE-SEM investigations were
performed via focusing on center regions of films to globally compare different architectures
(note that abundance of tubules are normally less in center regions due to gravitational force
applied by spin coating). Finer topography details were studied via AFM operated under
tapping mode. The presence of individual SWCNTs was tracked using small-form films to

better differentiate individual SWCNTs and surface roughness. Surface roughness properties
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of different architectures were compared using 5 different arbitrary ~(2 x 2) pm? areas from
the center regions of the films. Height count data of images were extracted from the software
of the device was processed in MATLAB R2010b environment using our own frequency
count script. In this script, contributions of non-SWCNT big particles (>50 nm) were

suppressed to compare basement roughness of the films.
4.2.2.6. Film wettability

We expected a decrease in hydrophilicity of (PVPon/TA), films upon SWCNTs
incorporation. So, water wettability of the films was investigated using a video-based optical
contact angle measurement device (Contact Angle System OCA20, DataPhysics Instruments
GmbH, Germany). In order to compare any possible surface structure, we studied both 2.5
and 3.0 bilayer forms of each film composition. Three measurements were performed for each
surface using 2 pL of DI-H,O. At least 20 frames were collected per second and first sharp
edged frames of each image were taken as zero time of liquid-surface contact. Then, fifth
second of contact was selected to gather contact angles. SCA20 uEye 4.1.11 software of the

manufacturer was used in its elliptic fitting mode.

4.3. RESULTS and DISCUSSION

4.3.1. Characterization of Dispersions
4.3.1.1. Particle concentration

Solution chemistry (pH and IS) [337,730] and relative concentrations of dispersing agents and
(SW)CNTs [728-729] influence the success of dispersion procedures. In our previous studies
(recall Chapter 2), we studied SWCNT dispersion in pH adjusted (also means higher IS) and
in native pH (also means lower IS) solutions of PVPon and TA. We observed a remarkable
improvement on dispersion efficiency using pH-Nat solutions (recall Chapter 2 above), but
the effect of relative concentrations was lacking. Here, we studied the effect of
SWCNT/dispersant ratio fixing PVPon-SWCNT and TA-SWCNT dispersions. The influence
of initial nanotube powder concentration on final dispersion concentration found apparent to

the naked eye (see Figure 4-2).
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Control Control Control Control
#1 #2 #3 #4

Figure 4-2. Visual observation of noncovalently functionalized single-wall carbon nanotube dispersions
(Control #1: DI-H,0, Control #2: Sonicated SWCNTs in DI-H,O without dispersing agent,
Control #3: Fresh PVPon solution, Control #4: Fresh TA solution, P1 to P3 and T1 to T3:
PVPon-SWCNT and TA-SWCNT dispersions of 0.50, 0.25, 0.10 g/L initial SWCNT concentration,
P4: Processed PVPon solution, T4: Processed TA solution).

Visual observations were quantified with OAS studies because such a comparison of
the particle concentrations of dispersions would be crucial to maximize the abundance of
nanotubes in resulting LbL films. We obtained featureless spectra (viz. no specific peaks) of
SWCNT dispersions (see Figure 4-3 and 4-4) as previously obtained by numerous groups
[482,487-488,731-732]. Featureless optical spectra of as-grown chemical vapor deposition
produced SWCNTs are explained in different ways. First, coexistence of various types of
SWCNTs (polydispersity) [732] decreases the abundance of specific nanotubes and
superposition of individual spectra clear up expected characteristic peaks. Optical features of
(SW)CNTs also become broadened, shifted and depleted (theoretical: [733-734],
experimental: [419,735-736]) in bundled (or aggregated) form. PVPon-SWCNT dispersion
might be slightly suffering from bundling (see following subsection). pi-pi stacking
interactions are considered to make the optical spectra broader [616,737] and this would also
be valid TA-SWCNT dispersions. Another physical reason behind broader spectra can be low
tubule length [738] due to ultrasonic shortening of tubules. Extreme chemical
functionalization, and high amorphous C content might be other typical causes [620,656].
Based on RSM investigations (see Subsection 4.3.4), increase of non-SWCNT species (other

CNPs) in the system seems the main reason behind featureless spectra.
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Figure 4-3. Optical absorption spectra of poly(N-vinyl-2-pyrrolidone) aided dispersions of single-wall carbon
nanotubes at different initial concentrations (inset shows absorbance values at 500 nm for each samples).
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Figure 4-4. Optical absorption spectra of tannic acid aided dispersions of single-wall carbon nanotubes at
different initial concentrations (inset shows absorbance values at 500 nm for each samples).

Using a widely preferred [525,618,739-740] extinction coefficient (2.86 x 10* cm?/g)
[488], concentration of SWCNTs in PVPon-SWCNT and TA-SWCNT dispersions are
roughly estimated as ~0.056 g/L and ~0.064 g/L respectively (at least 10% of SWCNTs are

recovered). Utilization of featureless spectra to estimate concentration of SWCNTs is
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considered to be erroneous [659]. But, it is surely safe to compare different batches within
themselves (see insets of Figure 4-3 and 4-4 above). In addition, it is desirable to select less
dispersing agent containing dispersions to decrease free dispersant level in dispersion. Based
on these considerations, P1 of PVPon-SWCNT and T1 of TA-SWCNT are selected for further
LbL studies. P1 contains particles approximately twice that of P2. SWCNT concentration of
T2 is more than T1, but TA concentration of T2 is also higher (see the characteristic peaks of
TA below 300 nm). We also checked the applicability of Beer’s Law, performing a
concentration-dependent study (see Figure 4-5). Before this study, samples were
approximately three weeks more aged in comparison to the age of the samples used in
previous measurements. Hopefully, linear trends were observed, but optical absorption values
of SWCNTs were suppressed due to aging. So, prolonged aging would cause underestimation
of the particle concentration. In time, optical absorption of PVPon-SWCNT seems reduced
from 0.080 to 0.062 (22.5% reduction). Similarly, concentration of TA-SWCNT dispersion
was 0.091 and 0.074 (~18.7% reduction) which means the optical density of TA-SWCNT was
less affected by aging in correlation its higher stability.
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Figure 4-5. Verification of linear optical absorption behavior of single-wall carbon nanotube dispersions.

Oxidation of TAs to quinonic forms (see Appendix-L) can be tracked via color
formation [122,213,741] and can be accelerated via ultrasonic irradiation [742]. pi-pi
interactions between SWCNTs and TA might suppress or shift optical features. But, our TA-

SWCNT dispersions exhibited almost no significant suppression or shift of absorption bands
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in accordance with the claims of Liu et al. [525].> Chemical effects of ultrasonic irradiation
on aromatic molecules are known to be time dependent and relatively minute in short time
intervals [568,743-744]. So, our optimized procedure might be gentle enough to protect
chemical nature of TA molecules. Sonochemical degradation of polycyclic aromatic
hydrocarbons was previously reported to be reduced via addition of fulvic acid [745] and
humic acid [746] to the systems. Similarly, SWCNTs and TA might be somehow protecting
each other against ultrasonic degradation to a certain extent. We also checked the stability of
TA (and PVPon) upon ultrasonication via FT-IR. FT-IR spectra of processed and raw TA

were almost identical (see Appendix-M) which supports aforementioned scenario.
4.3.1.3. Particle size and stability of dispersions

DLS measurements provided valuable insights not only to compare PVPon- and TA-SWCNT
dispersions, but also to interpret the effect of SWCNT concentrations on resulting complexes.
First, hydrodynamic size of PVPon-SWCNT complexes is two or three times greater than that
of TA-SWCNT complexes (see Figure 4-6). This result is probably a combination of the
success of TA on dispersion efficacy and the state of PVPon chains on SWCNTs. Based on
our previous results (recall Chapter 2 above), we believe TA-SWCNT dispersions are more
stable than PVPon-SWCNT dispersions and the ratio of individualized SWCNTSs are expected
to be higher. Size distributions of PVPon- and TA-SWCNT dispersions (see Figure 4-7)
support our previous interpretations. Approximately twenty times wider distributions were
observed for PVPon-SWCNT comparing TA-SWCNT cases (ignoring P3 and T3). We would
like to speculate on possible reasons. Conformation of PVPon chains on SWCNTSs would be
expected to obey train-loop-tail model [499,514-515,517-518]. Loops and trains of a chain
would normally be revolving around the particle surfaces semi-freely while the rest of the
chains (trains) would reside on the surfaces. Non-train parts (especially trains) are expected to
contribute hydrodynamic radius of the particle as an additional factor. Also, exchange of
PVPon chains might cause transient long-tail conformations and might increase measured
particle size. So, swollen PVPon chains on SWCNT surface will normally increase actual and
measured hydrodynamic diameter of the complexes. This effect was reported to be in the
order to tens of nanometers [516,747]. Another interesting point of DLS results is the non-

Gaussian size distribution observed in third samples of both systems (P3 and T3). This might

33 We also recorded no apparent change in the optical spectra of T4-control comparing fresh TA solution (data
not shown).

114



be attributed to the decreased cavitation efficiency by decreasing particle density in the
system. It is well known that increasing amount of particles provide additional nuclei for

cavitation and the number of cavitation events increases [568,748].
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Figure 4-6. Intensity-weighted average particle size profile of poly(N-vinyl-2-pyrrolidone)
and tannic acid aided dispersions of single-wall carbon nanotubes.
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Figure 4-7. Intensity-weighted hydrodynamic size distributions of poly(N-vinyl-2-pyrrolidone)
and tannic acid aided dispersions of single-wall carbon nanotubes.
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Similar to DLS, ZPA results of dispersions were grouped according to the type of
dispersing agents (see Figure 4-8). There is a direct relation between particle size and zeta
potential values (compare the trends observed in Figure 4-6 above and Figure 4-8). Generally,
absolute zeta potential values above 30 mV are considered to be stable. TA-SWCNT samples
are above the limit and probably, steric stabilization effects contributed to the stability of

PVPon-SWCNT complexes. As a result, both systems were stable to eye for several months

(indeed PVPon-SWCNT complexes are less stable).
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Figure 4-8. Average zeta potential profiles of poly(N-vinyl-2-pyrrolidone)
and tannic acid aided dispersions of single-wall carbon nanotubes.

4.3.2. Film Growth

hb-LbL growth and pH-dependent stability of (PVPon/TA), films have already been reported
by Erel and Sukhishvili [122]. In this report, phosphate buffered (0.01 M, pH 2.0-4.0-7.5)
dilute (0.5 g/L) solutions grew in a zigzag-like linear fashion by dip-LbL. Zigzag growth is an
erratic growth profile compared to straight linear growth and also suggests disruption of
hierarchical character. We observed straight linear growth profiles (see Figure 4-9) by spin-
LbL. The first study on dip-LbL of PVPon/TA pair reported that assembly at pH 2.00 is better
compared to higher pH values (4.00 and 7.50). We applied no pH adjustment and pH-Nat
solutions and dispersions were applied in Chapter 2. This might be indicating that spin-LbL

favors film deposition by forcing components to stack in multilayers.
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Monogalloyl form of TA is reported to have approximately 1 nm height in the planar
form [709] but freely (not forced by spinning) dip-adsorbed TA layer which gives ~3-4 nm
thickness [122,213]. This suggests self-association of TA into multimeric assemblies in
solution. Micelle-like self-complexation of polyphenols and the effect of solution chemistry
on those have been validated by many groups [749-755]. It seems, low pH and high ionic
strength trigger self-association of natural polyphenols. Effect of low pH is explained via the
domination of hydrophobic interactions due to low degree of ionization. In addition, it is well-
known that, multivalent cations clearly complex with polyphenols. We believe, monovalent
cations at least serve interact with TAs through metal-pi interactions which favor self-
complexation. In fact, long-term (months) aged TA solutions in DLS do not exhibit any signal
in agreement with molecular dimensions of TA [661,709]. However, fresh solution of 10.0
g/L TA gives “3.21 £ 0.20 nm” hydrodynamic size which is in agreement with literature
values (theoretical: [661,709], DLS: [756]). So, in dip-LbL of salt added solutions, PVPon (a
surfactant-like polymer) might be breaking TA-TA interactions and hence a portion of TA
might be desorbing from the surface as suggested earlier [122]. Then, the surface regenerates
with a monolayer-like layer of TA which is mostly interacting with the underlying layer
(PVPon). If this explanation is correct, adsorption of the PVPon chains take place after these
initial steps. Indeed, this scenario is an extended version of previous explanations on TA-
involved LbL films [122,213]. In parallel, spin-LbL might be enriching individual TAs on the
surface rather than multimeric forms.>* Or, applied shear forces [193,757] might be
dissociating loosely-formed TA complexes on the surface upon anchoring to the PVPon layer.
Multimeric forms of TA might also be more mobile upon centrifugal force due to higher size.
Second, two major differences of our (PVPon/TA), films from previous design are the
exclusion of buffering agent and applied film growing method. Both the exclusion of salt ions
from solutions [163] and switching from dip- to spin-LbL [191] are expected to reduce
surface roughness and interlayer mixing (interdiffusion). In our previous studies (see Chapter
2 above), we checked the effect of salts on surface roughness of (PVPon/TA), architecture
and phosphate buffer [112,148] increased surface roughness of films. Reduced interlayer
mixing normally enhance the ordering of layers and desorption problem of TA from the
surface is restricted. Moreover, BPEI-free growth profiles of spin-LbL films are linear and

robust, but on the contrary, dip-LbL films are relatively erratic. Kinetic nature of films is

> Note that, when the multilayer assembly is performed, TA molecules are aged in solution at least more than
one month including the time required for the preparation phase of dispersions and film deposition.
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directly effective on growth behaviors.
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Figure 4-9. Multilayer growth profiles of single-wall carbon nanotube doped films of different compositions
(with growth profile of control sample assembled using ultrasound-applied and aged solutions).

The bilayer thicknesses of control sample and different compositions significantly
differed. Fresh (no aging and ultrasound exposure) solutions give final thickness slightly
below 21 nm at eight bilayers (which corresponds to ~2.62 nm and bilayer thickness around
2.85 nm for ten bilayer films (recall Chapter 3). But, final thickness of control sample is
~26.23 nm (equals to bilayer thickness of ~3.28 nm). We attribute this difference to aging of
TA particularly. Indeed, final thickness of control sample and composition-A are far apart
TA-SWCNT dispersion involved compositions (B and C). In the presence of SWCNTs, TA
molecules are naturally anchored on SWCNT surfaces and they are not as free as SWCNT-
free case. So, as an added benefit, SWCNTs seem preventing the complexation
(supramolecular aggregation) of TAs (i.e. dimers, trimers). On the other hand, ultrasound
energy might potentially cause covalent oligomerization of TA molecules. Thus, TA solutions
might be more susceptible to chemical reaction in the absence of SWCNTs (also the
ultrasound energy is dissipated between SWCNTs and TA when SWCNTs are present). We
have more quantitative aids to compare the bilayer thicknesses of different compositions
within themselves. However, before discussing those issues, we should underline one of our
important assumptions. In Figure 4-9 above, while modeling the ellipsometric data (which is

the ellipsometric angles, see Literature Background for details), we assumed that refractive
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indice of all compositions are the same as “1.500”. However, refractive indice of SWCNTs is
not necessarily “1.500” and literature values of refractive indice for SWCNTs might be
misleading. By its very nature, unsorted SWCNT samples are complex materials containing
virtually infinite types of individuals exhibiting different physicochemical properties (recall
Literature Background for details). We calculated the contribution of SWCNTs on the overall
optical properties of films in terms of effective refractive indice considerations. Using large-
form®®> multilayers, we calculated the effective refractive indices of control sample and
different compositions of SWCNT-doped film. Indeed, we employed ellipsometry as an
ensemble-average technique. Results of this analysis are tabulated below as Table 4-1. When
we compare the refractive indices of SWCNT-doped multilayers relative to the refractive
indice of control sample, the increases of different compositions are 0.0037, 0.105, and 0.277
units respectively. In theory, effective refractive indices of multi-component mediums can be
calculated starting from the refractive indices of individual components using different
appropriate models (i.e. Lorentz-Lorenz, Maxwell-Garnett, and Bruggemann). Backward
operation is also presumably possible, but we are not certain about the particle filling ratio of
multilayers. Still, there are two clear results of the analysis we performed. First, refractive
indice of SWCNTs are probably higher than “1.5000”. Second, composition-C certainly
contains more SWCNTs comparing other compositions. Here we should also admit that, in
this part we totally ignore surface roughness which would be a significant factor if variations
were considerable. Further investigations on this system might be valuable from a

physicochemical point of view.

Table 4-1. Remodeling of ellipsometric thickness values of particle-doped multilayers considering
refractive index variations due to the addition of single-wall carbon nanotubes in film structure.

Composition Real Part of Refractive Index Calculated Thickness (nm)
and Type Before Analysis | After Analysis | Before Analysis | After Analysis
Control / high 1.5000 1.5598 87.80 £ 2.66 81.90 +2.90
A /high 1.5000 1.5635 66.85 +3.60 61.00 =3.22
B/ high 1.5000 1.5703 58.33+1.95 53.26 = 1.60
C / high 1.5000 1.5875 60.78 = 1.80 53.94 +1.50

>3 Presumably, large-form multilayers provide better information for the estimation of refractive indice.
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4.3.3. pH-Dependent Film Disintegration

Figure 4-10 shows pH-dependent film dissolution profiles of SWCNT-doped and undoped
PVPon/TA multilayers. There are three main outcomes of observed dissolution behaviors.
First, there is a clear improvement on pH stability of spin-LbL films over dip-LbL films. This
is probably a combination of growth method selection and exclusion of salts. Spin-LbL films
are more hierarchical and presumably their ordering provides better stability. Also, self-
adsorbed polymer chains might be more compact comparing spin-adsorbed chains which
might decrease H-bonding interactions per polymer chains. Effect of the exclusion of salts is
also expected to be profound. The presence of salt ions in multilayer films restrict the ratio of
physically crosslinked polymers (polymer-A/polymer-B) in film structure [167]. In
accordance, LbL films are semipermeable membranes and entrapped salt (“extrinsic charge”)
in film structure increases osmotic pressure [131,169,758] and increase water pairing which
weaken the film. Another reason behind better pH stability of no pH adjusted (PVPon/TA),
system might originate from TA-salt interactions. We observed the effect of buffering salt on
coloring of TA qualitatively. Divalent and trivalent cations are known to form colored
precipitates with tannate forms of TA [759-760]. Effects of monovalent cations are generally
ignored. But in a couple of months, native pH (buffer-free) solutions of TA become slightly
yellowish, even at low pH (i.e. pH 2). This suggests the formation of phenolates in solution
which decrease H-bonding capacity of TA to an extent. The mechanism behind is not clear,
but metal-pi interactions might be involved. Ultrasonication might also be triggering the
dissociation of TA, but OH band was clearly observed in FT-IR spectra (see, Appendix-M).
Comparison of the LbL films of sonicated (processed) and fresh solutions is also interesting.
It is well known that ultrasonication breaks the linear polymer chains mostly from center
points. To minimize ultrasonic scission of PVPon chains [761-765] we did not prolong horn-
sonication. When, degree of polymerization decrease, critical disintegration pH of hb-
multilayers are normally expected to downshift due to diminished branching points were
chain. Disintegration profiles of processed (control-1) and fresh (control-2) films are
considerably different from each other. This suggests the adverse effect of ultrasound on
assembly solutions. The third, and probably the most essential, finding of this investigation is
clarified at this point. This can be attributed to the effect of pi-pi stabilization on pH stability.
Especially, two component (PVPon and TA) aided doping of SWCNTs results with robust
(PVPon-SWCNT/TA-SWCNT), composition without a significant loss on pH stability. This
might be the first evidence of SWCNT percolation against pH perturbation (see [102,766-
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768] for the properties percolated CNTs networks). If a percolated network of SWCNTs is
responsible for observed stability, TA-SWCNT/SWCNT and SWCNT/SWCNT pairs might
be interacting each other through pi-pi interactions in this network which causes hydrophobic
stabilization. On the other hand, we also checked the pH-stability samples shown in Figure 4-
10 after a couple of months beyond pH 10.00. Those results show that composition-C is
significantly than control-2 (see Appendix-N). This shows that, SWCNT not only stabilize
those multilayers against pH-perturbtion, it also stabilizes those multilayers against the
adverse effects time. We believe, SWCNT protects TA from oxidation in TA-SWCNT

complexes and preserve the pH-stability of those multilayers.
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Figure 4-10. pH-dependent disintegration of undoped and nanotube-doped multilayer films.

Nature and classification of pi-stacking interactions were debated for a long time [769-
771], but vital role of pi-pi interactions was well documented in supramolecular field and in
LbL literature as well. Contribution of pi-pi interaction to stability of LbL films has been
reported [772]. In a recent study, Kotov Group also observed [217] possible contribution of
SWCNTs to LbL growth as an active component. Using dip-LbL, they grew (HOCS/SPEEK-
SWCNT), architecture and (HOCS/SPEEK-SWCNT), as control group. For no-CNT case,

they observed an “erratic” growth pattern which was a clear zigzag profile in our

% HOCS: Hydroxyethyl cellulose; SPEEK: Sulfonated poly(etheretherketone).
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consideration. They interpreted their observation to the contribution of possible hydrophobic
and vdW interactions between HOCS and SWCNTs. But, restriction of the mobility of
SPEEK chains might also decrease desorption of already grown film. In any case, both ours
and Kotov’s evidences suggest the contribution of SWCNTs to film buildup process. Indeed,
disintegration profile of composition-C (PVPon-SWCNT/TA-SWCNT) suggests hydrophobic
stabilization by tube-tube interactions. We have also checked long-term stability of the films
exactly the same employed in Figure 4-10 (above). We observed that, only SWCNT-doped
films are stable beyond pH 10.0 when aged more than three months after the exposure of pH
10.0. Particularly, composition-C remained intact above pH 11.00 which is remarkable of H-
bonded complexes and suggests hydrophobic stabilization. On the other hand, we presume
that SWCNT-SWCNT interactions are stronger when structural defects are minimized. But,
ratio of D-band/G-band, which is indicative on structural disorders, shows a high number of
defects (see Subsection 4.3.4 for details). If defect ratio is minimized more dramatic pH-

stability can be obtained.

Here we should also stress other issues which might be effective on observed pH-
stabilities. Burke and Barrett have been reported [773-774] dissociation constant shifting of
polyelectrolytes upon adsorption of weak polyelectrolytes to the surfaces. For polyacrylic acid
shifting is upwards about 4 unit and added salts are also effective. In addition, according to
theoretical estimations, H-bonding capacities of pi-pi stacked molecules vary significantly
comparing their individual states [775-776]. Thus, H-bonding capacity of TA (and
presumably PVPon) would differ in complexed form with SWCNTs. We believe that here we
observed a combination of aforementioned influences at the same time which might
cooperatively explain observed extreme pH-stabilities in addition to hydrophobic
stabilization. On the other hand, local and bulk pH solution might differ [160,667]. Thus,
probed pH of solutions does not exactly represent the level of pH that every single molecule
experience. Lastly, we would like to mention our parallel work (recall Chapter 3) on the
stability of undoped PVPon/TA multilayers which investigates the effect of timescale in
growth and dissolution of spin-assembled PVPon/TA multilayers. In that study, we showed
that, when the experiment is performed after a time period where spin-assembled could find
enough time to reequilibriate themselves; better pH-stabilities are observed. In current study,
we also performed the experiments in a discontinuous manner, time- (and/or pH-, refer
Chapter 3 above for discussions) dependent “untrap” of multilayers might be favoring our

observations.
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4.3.4. Particle Homogeneity Analysis

RSS is in common use for probing structural characteristics of CNTs. On the other hand,
RSM of CNTs is at the centre of current attention as CNTs require no label other than their
own Raman-activity which is dependent on their geometrical/structural properties. In
accordance, many researchers track the localization of CNTs in living cells and on surfaces
using RSM. In a similar manner, we studied RSM of SWCNT-doped multilayers. In Figure 4-
11 (below), area and line mapping graphs are seen for a medium-form composition-C
multilayer ((PVPon-SWCNT/TA-SWCNT);9) which contains more SWCNTs than other
compositions. It is clearly seen that, D-band is considerably intense and G-band is broader
than expected (see Chapter 2 above). In Chapter 2, we observed less disorder signature (D-
band) in SWCNTs which is probably due to shorter ultrasound exposure and higher

temperature of dispersion medium which decreases cavitation energy.

RSM observation also justifies observed featureless spectra in OAS studies (also see
Appendix-M for FT-IR of raw SWCNT powder). One minor objective of this study was to
preserve CNTs in their “perfect” form in addition to chemical pristinity. In this study we
modified our CNT dispersion procedure to increase the particle concentration in the
dispersions. Indeed, our modified procedure is more successful in terms of dispersion
efficiency, but suffers from imperfections in pi-conjugated CNT surfaces likely due to longer
ultrasonic irradiation durations and low temperature as mentioned above. Here we should also
note that, D/G ratio might be misleading in the presence of high level of carbonaceous
impurities [777]. Indeed, FE-SEM investigations suggest the presence of non-SWCNT
particles in the films which are potentially other types of CNPs. In accordance, D-band signal
might be enhanced primarily due to the increase of non-SWCNT CNPs in the system rather
than high level imperfections of SWCNT. We are not clear about whether covalently
functionalized or ultrasonically-harmed SWCNTs are potentially more successful in drug
loading applications or non-SWCNT CNPs hinder the applications. If this level of disorder or
non-SWCNT CNPs is an obstacle for possible applications, more optimization should be
performed in SWCNT dispersion procedure. On the other hand, we anticipate that, disorders
in SWCNTs might be helpful for their biological removal (for enzymatic degradation of
CNTs see [778-780]).
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Figure 4-11. Raman microscopy mapping of nanotube-doped multilayers: a) line mapping of the region
covers D- and G-bands, b) area mapping of an arbitrary wavelength in the G-band region.

4.3.5. Surface Morphology

DLS provided solvent swollen diameter of dispersed complexes but SEM provides direct
information on actual size of particles. Figure 4-12 shows the morphology of medium-form
films at SOK magnification. Although energy of incoming beam kept as low as possible, films
were rapidly etched in higher magnifications (recall Chapter 2 above). So, we probably
missed small bundles (~7 tubules per bundle). But, FE-SEM studies are still informative to
compare the relative abundance of SWCNTs in resulting films. First, free polymers/molecules
inevitably exist in dispersions and non-CNT regions exist in multilayer films. As a result,

surface coverage of SWCNTs differs in different compositions. We previously claimed on the
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success of TA over PVPon as a stabilizing agent based on OAS results. FE-SEM images
(compare “b” and “c” in Figure 4-12) also provide further evidence on the success of TA. It
seems, TA not only disperse higher concentration of particles, also help to enrich SWCNT in
film structure (note that optical absorption of PVPon-SWCNT and TA-SWCNT comparable
but approximately three time more particles are observed in composition-c (PVPon/TA-
SWCNT) comparing composition-b (PVPon-SWCNT/TA) case. This might be due to higher
aggregate sizes of PVPon-SWCNT colloids comparing TA-SWCNT colloids. Also, the image
of (PVPon-SWCNT/TA-SWCNT), seems as the superimposed version of (PVPon-
SWCNT/TA),, and (PVPon/TA-SWCNT),. It is also important to emphasize that, tubules
seems to overlap each other in composition-C. This might be a visualization of percolative
network formation in this structure. On the other hand, composition-C seems contain more

than the superimposition of composition-A and -B which might be showing SWCNT-

SWCNT interactions and enrichment of SWCNT on the surface during spin-assembly.

Figure 4-12. Field-emission electron micrographs of different medium-form films showing relative
success of mediators used: (a) Control (PVPon/TA) of 10.0, b) composition-A (PVPon-SWCNT/TA)
0f 9.5, ¢) composition-B (PVPon/TA-SWCNT) of 10.0, and composition-C,

d) composition-D (PVPon-SWCNT/TA-SWCNT) of 10.0 bilayers.
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In the first part of FE-SEM observations of medium-form films demonstrated the
relative success of TA comparing PVPon. Below, we show the FE-SEM images of small- and
large-form images (see Figure 4-13). Other than SWCNT complexes, a variety of bead-like
particles are seen in electron micrographs. Those particles could be some residual catalysts,
airborne fine particles, titanium probe residues and non-CNT CNPs stabilized in the system
via dispersing agents (ultracentrifugation might not be enough to remove all). PVPon is
reported to assembly in water [519,781-782]. Also, its association with anions (i.e. PVPon-I)
and its usage in nanoparticle formation of metal cations are very-well-known. We
characterized the raw SWCNTs and fabricated large-form LbL films using XPS. XPS results
of SWCNTs (see Appendix-H) showed no catalyst and XPS results of SWCNT-doped
multilayers showed only C, O, and N (data not shown). Thus, observed non-SWCNT particles
are less likely to be contaminants, but are likely to be CNPs present in the powder and formed
during ultrasonication. On the other hand, there is a trade-off between increasing SWCNT
concentration and eliminating non-CNT particles in resulting dispersion. In fact, more
extreme process conditions (viz. prolonged sonication) would be applied to increase the
amount of individualized tubules and more efficient centrifugation (viz. higher speed, longer
application) would be performed up to a point. In addition to this, non-CNT particles comes
from the powder form of SWCNTs would be eliminated by applying specific purification

routines.
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Figure 4-13. Field-emission electron micrographs of particle-free and single-wall carbon nanotube doped
layer-by-layer films — Small- and large-form films: Control (PVPon/TA) of a) 3.0, and ¢) 25.0;
composition-A (PVPon-SWCNT/TA) of b) 2.5, and f) 24.5; composition-B (PVPon/TA-SWCNT) of
¢) 3.0, and g) 25.0; composition-C (PVPon-SWCNT/TA-SWCNT) of d) 3.0, and h) 25.0 bilayers.




4.3.6. Surface Morphology and Roughness Analysis

FE-SEM provided valuable insights on global properties such as abundance and homogeneity
of tubules. To monitor finer details such as individual tubules and surface roughness we
performed AFM studies. AFM provided direct evidence on the presence of highly
individualized SWCNTs and surface roughness of films.”” Diameters of complexes (PVPon-
SWCNT and TA-SWCNT) are expected to be slightly above 2-3 nanometers for individual
tubules due to adsorption of dispersing agents. As expected, approximately 2-3 nanometer
wide tubules are seen in Figure 4-14 (below). SWCNTs embedded on top layer are well
recognizable, but underneath layers also contain SWCNTs and in some regions those tubules

are hardly seen.

37 For the sake of clarity, here we only provide the images of undoped and (PVPon-SWCNT/TA-SWCNT),
composition.
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Figure 4-14. The presence of individual single-wall carbon nanotubes on the top layer of multilayer films:
a) Height image and b) line profile, and c) phase image of control sample (PVPon/TA);
d) Height image and e) line profile, and f) phase image of composition-C (PVPon-SWCNT/TA-SWCNT).

Surface roughness is an essential parameter for many applications and it seems
possible to tailor surface roughness of resulting films. We observed the influence of
nanoparticle inclusion on surface roughness (Table 4-2). Higher the amount of tubules, higher
the surface roughness (recall FE-SEM results). To further visualize roughness effect, we
plotted frequencies of height counts (see Figure 4-15). We observed bimodal character for

each film (a third shoulder is also apparent in double-loaded architecture). By increasing
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tubule content; peaks upshift, broaden and hence total frequencies are suppressed (follow the

arrow).

Table 4-2 Influence of nanotube-doping on root mean square surface roughness levels of multilayer films.

Film Compositions RMS Roughness (nm)
Control Sample: (PVPon/TA);s 1.24 +£0.31
Composition-A: (PVPon-SWCNT/TA), s 3.09+0.28
Composition-B: (PVPon/TA-SWCNT); 5.52+0.28
Composition-C: (PVPon-SWCNT/TA-SWCNT)s3 o 7.03 £1.51
1 2 T k i y T I S I . I L I 4y
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~ 10- A: (PVF’on-SWCNT/TA)Z'5 |

o~ B: (PVPon/TA-SWCNT)

~~ 3.0

'E 8 @) & C: (PVPon-SWCNT/TA-SWCNT)S_0 i

8 @)

O 6’ @) Q) ,

>

O

| ==

o 4

=

o

|

L 2

O ' | | 1 | |" I [

0 5 10 15 20 25 30 35 40 45 50
Height (nm)

Figure 4-15. Frequency count analysis of filtered roughness data of single-wall carbon nanotube doped films
(Arrow demarcates both the shift in first peaks and the decrease in relative frequencies of maxima points).

FE-SEM and AFM studies together showed that, SWCNT-doped multilayers
considerably rough comparing undoped surfaces. In our previous study we showed the
importance of film-fluid contact time on growth and dissolution characteristics of spin-
assembled Ab-multilayers. It has been theoretically and experimentally shown that, liquid thin
films retain longer on rough surfaces in during spin-coating [783]. In this study, we focused
on the fabrication of SWCNT-doped multilayers. However, the influence of film-fluid contact
time is of worthy to investigate and the results of such a study might explain observed

extreme stabilities one step further.
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4.3.7. Water Wettability

In the first sense, water wettabilities of bare films are quite high considering the affinity’® of
PVPon and TA towards water. Probably, H-bonding sites of both PVPon and TA are occupied
by the complexation of PVPon and TA in Ab-multilayers. So, when the complex is formed,
water molecules experience hydrophobic backbones of PVPon chains and aromatic surfaces
of TAs more. Considering the inclusion of hydrophobic of SWCNTs in film structure, it
would be reasonable to observe decreased water wettability [784]. However, the general
tendency is an increase probably mainly due to high surface coverage of SWCNTSs with
hydrophilic dispersants (see Figure 4-16). Also, when we consider wettabilities of doped
architectures, two interesting details can be emphasized. Top layer TA films (b cases, i.e. C-
A?2) are less wettable comparing top layer PVPon films (a case, i.e. C-A1). In addition, higher
the tubule content (recall FE-SEM results above), higher the difference of contact angle
values between “a” and “b” cases. Roughness effect,” saturation of H-bonding sites, and

surface coverage of tubules® likely coexist and this interplay overcomplicates the picture.

>¥ Water contact angle of the spin coated PVPon and TA films are around 17.7 £ 0.3° and 13.5 £ 1.6°
respectively (PVPon and TA dissolved in ethanol as 1.0 g/L, films were spun at 2000 rpm and nitrogen gas flow
is used for drying).

> Below 90°C, increased surface roughness generally decreases contact angle values.
59 A portion of SWCNT surfaces might still be unfunctionalized (unoccupied) with dispersing agents.
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Figure 4-16. Water wettability analysis of single-wall carbon nanotube doped films.

Water wettability behavior of our films might be important for possible (bio)electronic
applications. Chemical functionalization (i.e. oxidation) or ionic dispersant assisted
stabilization of CNTs limit the electronic device applications because counter ions cause
unwanted shortcuts [785]. Also, exclusion of salt from film structure reduce water pairing
affinity of resulting films which is desirable for electronic applications [166]. Our films are
salt- and polyelectrolyte-free (note that TA is in its unionized form), and hence are promising

candidates for SWCNT-doped electronic films.

4.4. CONCLUSIONS

We have developed a noncovalent strategy to fabricate SWCNT-doped nanocomposites.
SWCNTs were ultrasonically debundled in the presence of dispersant solutions and SWCNT-
SWCNT interactions were shielded through different noncovalent interactions. Prepared
dispersions were simultaneously and separately exploited to fabricate SWCNT incorporated
nanocomposites. We demonstrated that PVPon- and TA-functionalized SWCNTs can
simultaneously be incorporated in #b-LbL multilayers. Our results show that SWCNTs acts as
an active component of film structure and contribute to film stability. Fabricated
nanoarchitectures are not only interesting due to fundamental science point of view. Due to

the easily spreading nature of bacterial infectious diseases, a bulk of research is devoted to
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introduce new antibacterial surfaces. Combination of a protein-repellent (anti-fouling)
polymer (PVPon [786-787]) with natural (TA) and synthetic (SWCNT) antimicrobial agents
is highly promising as an antimicrobial system. Similarly, SWCNTs are promising
nanocarriers for novel pharmaceutical applications. Further effort is needed to evaluate the
advantages and limitations of proposed multilayer films as biomedical nanomaterials. We
have no doubt that, hydrophobic agents can be loaded on pi-surfaces of CNTs and those
particles can be employed in film assembly (we have preliminary results on eosin loading,
data not shown). But, efficient drug loading on SWCNTSs does not ensure effective delivery
when SWCNTs are coagulated. As far as we see, this problem is the only handicap of
proposed strategy. In a parallel study, we overcame this problem by switching from PVPon to
PLU (see Appendix-O) and further stabilizing the noncovalently functionalized nanoparticles
with crosslinked encapsulates. Both the idea introduced and the experimental routines shown
might potentially be used for the design of other nanoparticle-doped hb-multilayers. We
believe our approach can be adapted to other pi-conjugated nanoparticles such as CFSs, and

boron nitride nanomaterials by small modifications.
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Chapter 5S: GENERAL CONCLUSIONS and FUTURE PERSPECTIVE

There is a growing scientific awareness and simultaneously commercial attention upon
the importance of nanocomposite materials. Especially, nanocomposites of organic polymers
and inorganic nanoparticles are of interest, where nanoparticles serve as functional nanofillers
in polymeric matrices. Among inorganic nanoparticles used, carbonaceous nanoparticles and
their counterparts are highly promising for advanced material applications. Unmatched
physical, chemical, and biological properties of these nanoparticles provide multifunctionality
to their polymeric hosts. Therefore, elegant processing conditions are required to tailor
nanoparticles for greater applications. From this perspective, we focused on the incorporation
of inorganic nanomaterials in LbL assembled Ab-multilayers. We designed a versatile hb-
multilayer platform which can be adjusted to LbL films with a wide span of nanoparticles.

Below, general conclusions of this study and our future perspectives are available.

5.1. GENERAL CONCLUSIONS

A variety of CNT-embedded thin films and multilayers are available in the literature.
However, exploitation of CNTs and related pi-conjugated nanoparticles in zZb-multilayers was
rather untouched. Here, we showed a fully supramolecular approach to incorporate pi-
conjugated nanoparticles in #b-multilayer nanocomposites. First of all, our findings underline
how promising hb-LbL platform is to fabricate NP-doped nanocomposites. In addition,
PVPon and TA are conventionally employed drug excipients and SWCNTs are raising stars
of nanoformulation trend in pharmaceutical research. Our contribution is not only
scientifically interesting, but also potentially applicable in real life. Proposed nanocomposites
are also promising for a variety of different applications from antimicrobial surfaces and

tissue engineering applications to electronics, optics and solar cells.

Incorporation of nanoparticles in bulk matrices can be inevitable to improve material
performance, but it requires the usage of nanoparticles in high amounts reach a percolated
network [361,766]. Our results suggested that, when both components of LbL pairs are loaded
with (SW)CNTs a percolative network might be obtained using noncovalent functionalization

and LbL techniques which increases the stability of resulting materials. Indeed, from a very
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fundamental point of view, (PVPon-SWCNT/TA-SWCNT), system might be considered as a
new and simple example of currently speculated [788] highly robust supramolecular
assemblies. In addition, this strategy may serve as the pathway to design new hybrid LbL
architectures using different pi-conjugated nanoparticles together (e.g. (PVPon-BNFL/TA-
MWCNT)).

5.2. FUTURE PERSPECTIVE

Optimization in processing conditions of supramolecular strategies is a complex task. Since, it
directly determines final performance of end-products. Virtually any process we demonstrated
can be improved. Especially, noncovalent preparation of nanocolloids requires attention.
Actual and relative concentrations of dispersants and nanoparticles can be changed.
Parameters (e.g. exposure time, applied power etc.) of ultrasonication steps can be further
optimized. LbL side of our supramolecular approach can also be modified. We have showed
spin-LbL is useful for our chemical systems whereas dip-LbL is not convenient. However, we
did not check spray-LbL. We expect spray-LbL can also successfully build up nanoparticle-
doped systems. We currently plan to design a spin-spray setup similar to an early report [194]

and study this topic.

Engineers are always pushed to develop applicable, reproducible, modifiable, and if
possible, scalable processes. It seems the only soft spot of spin process is its vulnerability in
scale-up. Spray-LbL. may solve the scale-up problem of our system in the future. In this case,
large volumes of dispersions will be needed. In bath sonication studies, we empirically
optimized the position of sample tubes in bath, and the volume of energy transfer media (viz.
water). In parallel, we optimized the level of liquid volume in tube for horn sonication.
Accordingly we modified a commercial ultrasonic cleaner through attaching a fixed position
cell for samples and a set of cooling helices. However, a complete picture of optimization was
both beyond the objective of this study and out of our expertise. The locations, numbers, and
power of transducers should be well studied for efficient mass production of SWCNT
dispersions. Geometry of both bath- and horn-type sonicators should also be tailored to
achieve highly efficient largescale “debundler reactor”s to reach affordable industrial
applications. Also, we believe that hydrodynamic cavitation obtained by fluid flow in venturi
tubes or in orifice plates have a potential to reduce energy cost of the ultrasonic debundling of

CNTs [789-791].

Molecular interactions between dispersants and CNTs are highly complex and require
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a deep understanding. According to our results, presence of salt ions triggers the coagulation
of dispersed CNTs. We are also in agreements with previous reports which show the positive
effect of elevated pH on TA-CNT systems. This is evidently due to polyelectrolyte nature of
TAs and the dilemma arises at this point. We understand the destabilization of PVPon-
SWCNT colloids upon salt addition (also see Appendix-P). But, pi-pi interactions known to
be compete with cation-pi interactions in aqueous phase [792]. Binding energy of pi-pi
interactions vary significantly from system to system, and Na'-SWCNT would be stronger
than pi-pi interactions between TA and SWCNT. Also, the presence of water in CNT
dispersions overcomplicates the picture. So, further experimental and theoretical
investigations are needed to fully understand the complex nature of those systems. At this
point, computational chemistry approaches may provide useful insights. Monogalloyl form of
the TA (pentagalloylglucopyranose) can be exploited as a model of TAs since it is relatively
simple.

Proposed LbL system is also highly promising for another critical application. We
applied the core idea of this thesis to a fine crystal namely brochantite.®’ Brochantite was
earlier shown to be most abundant and active ingredient of Bordeaux mixture which is one of
most widely used antifungal agent in agricultural. Current formulations of Bordeaux mixture
and related products greatly suffer from rain wash-off. We embedded brochantite crystals in
water-resistant multilayer films on surfaces based on the strategies developed here. We
believe this approach may prevent excessive usage of antifungal particles trough increasing

their tenacity on plant surfaces.

Fundamentals of our approach are mainly appeared in industry. It is surely more but to
name a few in historical order; TAs from tanning industry, L-B/S from General Electric
Company (1920s to 1930s), PVPon from BASF (in late 1930s by Reppe), LbL self-assembly
from DuPont Company (1960s), C clusters from Exxon Research and Engineering
Corporation (1984)I and SWCNTs from NEC Corporation and IBM (1993). We believe this
is not a coincidence and supports the industrial importance of our strategy. In industry,
engineers are frequently forced/directed to develop formulations using well known

ingredients if available. Our way that exploits commercially available materials to fabricate

o' Presented as “Karahan, H. E., Kas, R., Birer, O., & Demirel, A. L. (2011, June). Fabrication of H-bonded
multilayers containing polymer-stabilized basic copper(ll) sulphate fine crystals and a natural organic matter.
Poster and abstract in ICMAT 2011, Symposium B: Synthesis and Architecture of Nanomaterials, Singapore.
Best Poster Award winning study.”
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advance nanocoatings is one move ahead of fancy formulations which are common in the
literature. Thus, we believe our design will be improved and tailored to specific applications

by other researchers in near future.

Self-assembly occurs in nature in a dynamic manner to sustain life at a cellular level
[793-794]. The interplay of intermolecular interactions is critical in self-assembly, and
inspires today’s nanotechnology [795-797]. In current nanotechnology, it is hard to make use
of self-assembly as Nature did. But, nanotechnology surely emulates the Nature. We hope that
our findings can be combined with synthetic biology approaches in a close future to create

advanced multilayer architectures.
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APPENDICES

Appendix-A: Citation Report of Layer-by-Layer and Carbon Nanotube Fields

For the last ten years, citation statistics of major related fields were given in Figure App-1
below. Data is collected from citation reports of Web of Science (data is gathered from the
official page of Thomson Reuters, please visit www.webofknowledge.com). From the
tendancies, logarithmic expansion of CNT field is clear. Also, #b-LbL field keeps growing
whereas LbL field seems rather steady in overall. These statistics underline the importance of

our contributions.
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Figure App-1. Citation dynamics of last ten years of major related fields
(Used keywords are seen in the legend).

Appendix-B: Concise Comparison of Multilayer Film Growth Techniques

Generally, different groups select one of the three major multilayer film growing techniques
depending on many factors. But, the reasons behind the selection are not always emphasized.

Here, we provide a brief comparison of multilayer film fabrication techniques to provide an
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idea on the comparison of multilayer fabrication techniques (see Table App-1). Driving force

of multilayer assembly,

equipment requirements,

realized applications,

and major

advantages/disadvantages of three major techniques were summarized.

Table App-1. “Compare at-a-glance” chart for major techniques for the fabrication of multilayer nanofilms.

L-B/S SAM LbL

I;zlm {loln?atz?:: First layer: Surface Olrllgl'nally,‘surfacde
§ > Hy rop‘ obic e. e(‘:ts chemisorptions; physisorption an
S -g (reduction of liquid Fil 4 Originall es-assembly.
= 9 surface tension) and o grlowt ' rlgulla y Then, extended to
E E mechanical enforcement; ct())vadént éssemb y any type of chemical
a ° Film growth: (H-bon 11ng 11}11teract1ons and physical bonding

Originally vdW. are also shown). (primarily H-bondings).
o Dip: Beaker-tweezer
]
'E % Langmuir trough Beaker-tweezer Spin: Spin coater
a

Spray: Mister (spray)

Real (in market) applications

To our knowledge, not
available

Different specialized
coatings (please visit
www.aculon.com and
www.asemblon.com)

Elastic conductors
(MetalRubber®) by
NanoSonic Inc. [798],
Contact lens coating by
CIBA-Vision® [799],
food packaging
Yasa-sheet by Shiratori
NanoTechnology [800],
synthetic vaccines by
Artificial Cell Technologies,
Inc. (please visit
www.artificialcelltech.com),
LbL-functionalized custom
beads by Surflay Nanotec
GmbH (please visit
www.surflay.com)

Advantages (A) and

disadvantages (D)

A: Precise control of the
monolayer thickness,
homogeneous deposition;
D: Cost is high,
building block are
limited, substrate
selection is restricted
deposition is slow

A: Ideal model systems,
functional substrates
can be produced;

D: Cost is high,
not practical for
multilayer production,
building blocks are
limited

Please refer to Chapter 1
for information.
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Appendix-C: Geodesic Dome of Fuller

Considering the geometric resemblance of CNB structures and geodesic domes, CNBs were
named as “(buckminster)fullerene” after Buckminster Fuller who is the architect of a famous
geodesic dome (refer [323,326]). Geodesic domes are interesting pieces of architecture in the
intersection of art, mathematics, and science. Even Wikipedia provides a satisfactory survey
on properties and historical development of geodesic domes. Curios readers are directed to

following the related Wikipedia entry (http://en.wikipedia.org/wiki/Geodesic_dome).

Figure App-2. A famous geodesic dome of architect Richard Buckminster Fuller
(The Pavilion, Montreal Biosphere, established in 1967, Canada).*

Appendix-D: Bath- and Horn-Type Ultrasonication Setups

In this study, we have employed two different sonication devices which are bath-, and horn-
type sonicators. Essential specifications of the ultrasonic bath device (Ultrasons-H Code:
3000838, see Figure App-3 and App-4) was as follows: 1) Volume (maximum) — 6 L, ii) size
— H-15/W-30/D-14, iii) frequency — 50/60 Hz, and iv) power — 720 W. Main specifications of
ultrasonic horn (SONOPULS HD 3100, see Figure App-5) was also as follows: 1) Processing
frequency — 20 Hz, and i1) amplitude: 10-100% (controllable).

62 Retrieved September 04, 2010, from the
http://blogs.nationalgeographic.com/blogs/intelligenttravel/17553fuller pavilion.jpg
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Figure App-3. Positioning dispersion vessels Figure App-4. Positioning dispersion vessels
in ultrasonic-bath — top view. in ultrasonic-bath — side view.

Figure App-5. Immersion of ultrasonic horn in dispersion vessel (Note that the vessel is located inside
a cooling jacket and sample is dark which denotes dispersion of carbon nanotubes).
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Appendix-E: Layer-by-Layer Dip-Assembly of Polyvinylpyrrolidone and Tannic Acid

In the early stages of our investigations, we were planning to dip-assemble PVPon/TA-
SWCNT multilayers at pH 5.00. We studied BPEI-free dip-LbL of PVPon/TA pair and
observed an erratic growth at pH 5.00 (see Figure App-6). At that time, we did not check the
effect of BPEI and switched from dip-assembly to spin-assembly. However, we subsequently
studied film growth at pH 4.50 using BPEI and observed clear exponential growth (see Figure
App-7). This difference might be originated from the first dissociation of TA around pH 5.00

or BPEI might be favoring multilayer deposition considerably.
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Figure App-6. Erratic growth of dip-assembled multilayer at pH 5.00 without the usage of anchoring layer.
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Figure App-7. Exponential growth of dip-assembled multilayers assembled at pH 4.50.

Similar to pH 4.50, PVPon/TA multilayers enters exponential growth regime around
fifth to seventh bilayer when dip-assembly is performed at pH 2.00 (see Figure App-8).
However, spin-LbL of salt-added and pH-adjusted solutions exhibited straight linear growth
as we observed in spin-LbL of BPEI- and buffer-free multilayers. Several different points are
worth emphasizing in these results. First, it is interesting to note the difference that, the effect
of rinsing media on final film thickness is higher in spin-LbL comparing dip-LbL. Second,
both in spin- and dip-LbL BPEI layer is desorbed by PVPon adsorption which probably cause
a mixed BPEI/PVPon anchoring layer. Lastly, zigzag character is still obvious in dip-LbL

(1Pl

although overall behavior found to be exponential (please concentrate on “a” curve in the

figure).
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Figure App-8. Comparison of the growth profiles of dip- and spin-assembled multilayers (An: anchoring).

Zigzag-like exponential character of dip-LbL and suppression of this character by
spin-LbL were shown above. This behavioral difference seemed to be controlled by liquid-
film contact time which is a couple of seconds in spin-LbL, but in the order of minutes for
dip-LbL. To check this hypothesis, we deposited dip-LbL films by reducing the deposition
time from 5 min to 1 min (see Figure App-9). We observed exponential growth with a slight
increase in thickness in initial steps comparing the growth profiles in Figure App-8. This
might be indicating the suppression of material desorption which is observed zigzag growth

but thickness measurements were not performed continuously.
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Figure App-9. Dip-assisted multilayer growth at low film-solution contact time.

Above, we provided the data on exponential growth of dip-assisted
(BPED)(PVPon/TA), films. But, the effect of pH-adjustment (which is coupled with ionic
strength variations) and the usage of anchoring layer were missing. To rule out the possible
arguments against the comparison of electrolyte- and BPEI-free spin-multilayers with dip-
LbL, we also studied dip-assembly of electrolyte- or/and BPEI-free multilayers. Regardless of
pH-adjustment, ionic strength of rinsing liquid, and the usage of anchoring layer; again
exponential growth was observed (see Figure App-10). As expected, a slight difference in
thickness was recorded in buffer rinsing. Also, we observed film stripping in BPEI-added pH-
Nat (see curve “d”) whereas no sign of film destabilization was observed in BPEI-free case
(“c”). This shows that BPEI layer has a profound effect on the chacater of multilayer

assembly. Also, BPEI seems decreasing stability of resulting multilayer films.
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Figure App-10. The effects of anchoring layer, rinsing media, and pH-adjustment
on dip-assisted assembly of multilayer.

Appendix-F: Summary of Literature Data Available on Multilayer Growth and pH-
Dependent Dissolution of Polyvinylpyrrolidone and Tannic Acid Layer-by-Layer Pair

The LbL pair employed in this study was originally reported by Erel and Sukhishvili [122]. In
their detailed report, growth and pH-dependent dissolution of this system is elaborately
shown. Below, essential data provided in aforementioned article is seen (Figure App-11 and

App-12) which we frequently referred in our discussions.
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Figure App-11. Literature data on multilayer assembly profile of polyvinylpyrrolidone and tannic acid
reported by Erel and Sukhishvili: a) pH 2.00 (thickness measurement performed in each layer),
and b) higher pH values (thickness measurement performed in each bilayer).
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Figure App-12. Literature data on pH-dependent dissolution profile of multilayers of polyvinylpyrrolidone
and tannic acid reported by Erel and Sukhishvili: a) Effect of time study (six bilayer films exposed
to different pH values in a time-dependent manner), critical dissolution pH study (six bilayer film
for different pH values in a sequential manner) experiments.

Appendix-G: Effect of Electrolytes in Exponential Growth of Spin-Assisted Multilayers
Deposited at a Contact Time Typical to Dip-Assembly

In Chapter 2, we observed the possible importance of film-fluid contact time on multilayer
growth. Then, we applied this concept to our further investigations and we grounded the
importance of this parameter in growth and dissolution behaviors of PVPon/TA multilayers in
Chapter 3. On the way we design the experiments in Chapter 3, we performed long film-fluid
contact time experiments in spin-LbL to test our hypothesis. Besides, we were curious about
the effect of rinsing media.® Thus, to get an idea on possible complications of rinsing media
and we also tested the effect of rinsing media. In this set of experiment, we increased fluid-
film contact time from 10-20 seconds to 300 seconds which is typical [122,653,667-670] for
dip-assembly of PVPon/TA. We first grew multilayer films up to ten bilayers at pH 2.00 and
tested the effect of rinsing media (see from “a” to “c” in Figure App-13). As a result of pre-
incubation (dipping-like prior step before spinning), we observed thicker films. However,
observed increases in thickness values were below our expectations. Thus, we assembled
another multilayer at pH 2.00 with buffer rinsing and monitored the film growth at each step
(not a continuous assembly process was performed, film growth was interrupted with

(1Pl

ellipsometric measurements at each step, see curve “a” in the figure). We observed a clear

5 When we switched from pH-adjusted assembly to pH-Nat case, we also switched from buffer solution (0.01 M
phosphate buffer) to water.
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exponential growth which presumably started to stagnate at thirteenth layer. In fact, during
the assembly of sample “a” and “b”, we observed dramatic color changes between the centre
and edges of samples starting around seven bilayer deposition (color is a simple indicator of
film thickness). It is not surprising that, error bars of “a” and “b” are high. On the other hand,
sample “a” seemed to be far from growth stagnation and film destruction at tenth bilayer. As a
result, those results clearly show that in spin-LbL, film deposition is not only controlled by
spinning rate; fluid-film contact time is also important. This conclusion opened up the way for
us to investigate the effect of spinning rate and fluid-film contact time on multilayer growth

and pH-triggered dissolution in detail (see Chapter 3).
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Figure App-13. Effect of film-fluid contact time on growth behavior spin-assisted multilayers.

We have also observed exponential growth in spin-assembly when high contact time
was applied and thickness measurement were done discontinuously (see Figure App-14). No
film stagnation was observed which is genrally followed by film “stripping”. Also, final film

thickness remained below continuous growth which is a sign of kinetic nature of growth.
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Figure App-14. Exponential growth of spin-grown multilayers at high film-fluid contact time.

Appendix-H: X-Ray Photoelectron Spectra of Used Single-Wall Carbon Nanotube Sample

SWCNTs in this study were used procured from Thomas Swan & Corporation Ltd. (England)
under the brand name of Elicarb™ SW. According to the information provided by
manufacturer, this sample is unfunctionalized and purified. Indeed, an XPS (Thermo
Scientific K-Alpha, Thermo Fisher Scientific, Inc., USA) survey spectrum of this sample
shows no signature of elements other than C and O (see Figure App-15 below and refer [801]
for peak assignments). During purification process, hydroxyl and carboxyl functionalities can
be attached to CNT surfaces. However, this level of O impurity is not considered as surface
functionalization, because this level surface modification is virtually ineffective on the
dispersion of SWCNTs. On the other hand, chemical functionalities may alter optical

properties of SWCNTs significantly (recall Chapter 1 above).
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Figure App-15. X-ray photoelectron spectra of unfunctionalized single-wall carbon nanotube sample
used in this study (Elicarb™ Thomas Swan, England).

Appendix-1: Spray-Multilayers of Polyvinylpyrrolidone and Tannic Acid

We have already compared dip- and spin-LbL multilayers of PVPon/TA pair. The most
essential outcome of these studies was the observation of multilayer growth profile changes
depending on the film deposition method. We mainly attributed observed variation to film-
fluid contact time changes of different methods. Spin-LbL of low contact time ended up with
linear-like growth whereas spin-LbL of high liquid contact showed and dip-LbL (normally
high contact time) exhibited obvious exponential growth. So, we decided to check the
behavior of spray-LbL. Before spray-LbL, we dip-modified Si substrates with pH 7.50 BPEI
(0.5 g/L) to form anchoring layer. Then, we applied mists of assembly solutions and rinsing
media (once in each step) in a sequential manner and multilayers were dried using N flow at
each step just after (~10-15 s) the mist application. First, we optimized distance of nozzles
(regular cosmetic spray nozzles of 50 mL under the brand name of Watsons) and substrates
for good surface coverage (data not shown). At 15 cm distance (note that this value may
change from system to system, see [175]), we observed perfectly linear growth (other
distances — 5, 10, 20 cm — were also linear but some irregularities observed). Then, we studied
the effect of pH adjustment (from pH-Nat to pH 2.00) and rinsing media (water vs. buffer) as
we already did for spin- and dip-assembly. As can be seen from Figure App-16 below, bilayer
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thickness of spray-multilayers remained even below spin-LbL for both pH-Nat and pH 2.00
cases. We believe this observation supports film-fluid®* contact time on growth behavior. A
more detailed investigation will be performed and pH-triggered dissolution profile will be

studied as well.
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Dip-deposited (5 min) BPEI (pH 7.5,
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Figure App-16. Spray-assisted multilayer growth of pH 2.00 and native pH solutions (note that

nozzle-substrate distance is fixed to 15 cm which is the optimized distance in our system, data not shown).

Appendix-J: pH-Stability Comparison of Dip- and Spin-Assembled Multilayers

Observed variations in growth of spin- and dip-LbL films suggested us a possible difference
in pH stability. So, we tested pH-dependent stability of dip- and spin-assisted bare (no carbon
nanotube addition) films and observed pH-stability variations between dip- and spin-
assembled multilayers (see Figure App-17). In accordance with the mechanisms explained in
Chapter 3, dip-LbL films are more stable than spin-LbL. The reason is probably originated
from the timescale of pH-dissolution experiment which is considerably fast in this case. As
we explained above in Chapter 3, fast dissolution hinders the equilibration of spin-multilayers
and although dip-LbL films less hierarchical (Note that dip-LbL films have more time to

reach a more favorable equilibrium during deposition).

% Here it would be better to name as mist, but for consistency we preferred to keep our nomenclature the same.
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Figure App-17. Comparison of the pH-stability of- spin and dip-assembled multilayers.

However, we have also compared the dissolution of dip- and spin-assembled
multilayer with QCM. QCM utilize Sauerbrey equation which correlates the mass change on a
resonating plate with the changes of resonance frequency of oscillation (“Af = —-C¢ x Am”
where “Cy¢” is known to system-specific sensitivity factor). In Figure App-18, we first observe
the swelling of spin-LbL film before dissolution. At pH-Nat of phosphate buffer (~4.80), a
rapid water uptake takes place in the first couple seconds. Then, the rate of water uptake
decreases. Water uptake rate increase at pH ~7.00 (we skip pH 6.00) showed a dramatic mass
reduction at the very beginning of pH 9.00 which corresponds to rapid dissolution of film
(critical dissolution pH is in between pH 8.00 and 9.00). Then, a slow dissolution takes place
until pH 12.00. Finally, probably the first couple of layers (1 to 3 we guess) attracted by the
substrate [802] are dissolved at pH 12. It is very clear that dip-LbL exhibits a different
behavior than spin-LbL (see Figure App-19). First, the major difference is the deep well
observed at pH ~9.00 which is an indication of film disintegration (Note that spin-LbL film
dissolved at pH ~8.00). We attribute this behavior to the dramatic change in viscoelastic
behavior of dip-assembled film just before the disintegration. In addition, it seems that dip-
LbL films are dissolved in two different pH values. We consider this behavior as a
consequence of exponential growth: The first part corresponds to exponential region and the
second one belongs to initial zigzag-like part. In this case, exponential part is less stable than

spin-LbL films, but zigzag-part of dip-LbL films are more stable than spin-LbL films.
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Figure App-18. pH-triggered dissolution of spin-assembled multilayer studied with quartz crystal microbalance.
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Figure App-19. pH-triggered dissolution of dip-assembled multilayer studied with quartz crystal microbalance.
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Appendix-K: Component-Induced Disintegration of Layer-by-Layer Films

Kovacevic et al. correlated the instability of dip-LbL multilayers with the mobility of
molecules [211]. In our previous study (Chapter 3), we showed evidence on high mobility of
molecules in PVPon/TA multilayers. We believe kinetically trapped spin-LbL. PVPon/TA
multilayers are likely to be mobile enough to restructure themselves in more favorable states.
Indeed, according to Kovacevic et al., there are three practical way to dissolve polymer
complexes at constant temperature: i) pH perturbation (for pH responsive systems), ii)
incubation in high ionic strength salt solution (mainly for polyelectrolyte systems), and iii)
incubation in low ionic strength polymer solutions. In LbL complexes, complexation usually
takes place in such a way that decomplexation remains minor. However, we observed a clear
decomplexation of PVPon/TA when exposed to PVPon solutions. We consider PVPon-
induced dissolution in relation to exponential growth tendency of PVPon/TA pair. We
imagine PVPon chains try to diffuse inside the film and restructure it. During this process, the
branching points TA molecules with PVPon chains dynamically exchanged between PVPon
chains. Hence, loosely-anchored PVPon chains evolve in film structure. As a result, during
desorption of loosely-bound PVPon chains, some TA molecules dissolve too and film
disintegrates. We first serendipitously observed PVPon-induced dissolution and then a simple
experiment is devised. We first assembled 4.5 bilayer films using dipping (5 min deposition +
2x5 min rinsing) and spinning (2000 rpm) on BPEI-modified (pH 7.50) substrates using pH
2.00 buffered solutions (0.01 M phosphate buffer). For rinsing, we used buffer solutions or
water. Finally, PVPon-induced disintegration studies were performed employing the PVPon
solutions used for assembly. Regardless of the rinsing routine and film deposition method,
films disintegrated with an exponentially decreasing rate (see Figure App-20). In overall, dip-
multilayers seemed to be more resistant against PVPon exposure. On the other hand, we
regard kinetic reversibility and zigzag growth as related phenomena. Schlenoff’s Group has
investigated the effect of chain M,, on kinetic irreversibility of es-multilayers and has showed
that “stripping” of chains can be favored using higher M,, polymers [803]. Thus, we anticipate
that PVPon-induced destabilization of PVPon/TA multilayers can be suppressed by using
higher M, PVPon. Indeed, Schmidt and Hammond have been assembled PVPon/TA
multilayers using higher M,, PVPon [667] and we believed that their results exhibit the

suppression of component-induced destabilization (recall Chapter 2 for further discussions).
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Figure App-20. Time-dependent dissolution of multilayer films triggered by polyvinylpyrrolidone exposure.

Appendix-L: The Effect of Solution pH on the Formation of Quinones in Tannic Acid

TA undergoes auto-oxidation in time which can be tracked by eye due to color formation.
Oxidation of TA molecules is also a pH-dependent process. At high pH values, deprotonated
hydroxyl groups became quinonic and TA solutions turn into yellow (see Figure App-21).

Figure App-21. Effect of solution pH on coloring of tannic acid which denotes oxidation and quinone

formation: From left to right; pH 2.00, 6.00 and 10.00 (note that pH 6.00 sample is slightly yellowish).
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Appendix-M: Infrared Spectra of Dispersing Agents and Nanotube Colloids in Solid Their

Form

We have checked® the chemical functionalities present on SWCNT powders and possible
chemical effects of ultrasound on SWCNTSs and dispersing agents using FT-IR (see Figure
App-22 and App-23). We observed no significant change in before- and after-ultrasound
spectra of both PVPon and TA. Modified SWCNT powders (PVPon-SWCNT and TA-
SWCNT) also exhibited other significant characters other than the sum up of dispersing
agents and SWCNTs. On the other hand, it should be noted that, the presence of carboxyl
groups (-COOH) on SWCNTs was verified with this analysis (note the peak at ~1720 cm™’
which is attributed to the C=O stretching of carboxyl groups [804]). On the other hand, we
should emphasize that, observed carboxyl functionalities might be suppressing the features
expected in OAS studies and it might also be contributing to water dispersibility. But, it is
clear that this level of carboxyl groups is not enough for dispersant-free dispersion. Thus, we

can still consider utilized SWCNTs as “pristine” (recall Subsection 1.2.5.3).

5 The parameters chosen for FT-IR studies were: i. Scan range [cm ']: 4000-600, ii. Spectral resolution [cm ']:
4, and iii. Number of scan: 128.
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Figure App-22. Evaluation of ultrasonic irritation of poly(N-vinyl-2-pyrrolidone): a) Fresh PVPon powder,
b) ultrasound-applied and aged PVPon, ¢) lyophilized powder of PVPon-SWCNT dispersion,
and d) pristine SWCNT powder (Thomas Swan).
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Figure App-23. Evaluation of ultrasonic irritation of tannic acid: a) Fresh TA powder, b) ultrasound-applied and
aged TA, c) lyophilized powder of TA-SWCNT dispersion, and d) pristine SWCNT powder (Thomas Swan).
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Appendix-N: pH-Stability of Long Term Aged Spin-Assembled Multilayers

In Chapter 4, Figure 4-10 shows pH-dependent disintegration of undoped and nanotube-doped
multilayer films up to pH 10.0. That graph clearly showed that undoped/fresh control sample
(control-2) and composition-C are highly pH-resistant. After a couple of months we continued
to pH-disintegration experiment beyond pH 10.0 using the sampe samples. We were
expecting to observe better pH-stability of composition-C and we were planning to determine
the critical dissolution pH of Control-2. We did observe enhanced pH-stability in
composition-C, but complete dissolution of control-2 was totally unexpected (see Figure App-
24). It seems that, the CNT-CNT interactions are enough to hold the multilayer intact at high
pH values. In addition, composition-B also exhibited a slightly better stability compared to
samples other than composition-C. This might be due to retardation of oxidation in TA

molecules in the presence of SWCNTs.
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Figure App-24. pH-Stability of long-term aged multilayers shows enhanced stability of nanotube-doped films.
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Appendix-O: Layer-by-Layer Spin-Assembly of Pluronic F-127 and Tannic Acid

We studied dip- and spin-LbL of PLU/TA pair and observed that spin-LbL does not ensure
perfectly linear growth in TA-based hb-multilayers. Indeed, dip-LbL (data not shown) and
BPEI-free spin-LbL of PLU/TA multilayers grew erratic. However, we could achieve

multilayer complexation between pH-Nat solutions of PLU and TA when BPEI is used as
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precursor layer (see Figure App-25). We also checked the effect of quiescent rinsing time
before spinning which are denoted as long (60 s) and short (3-5 s) in the figure below.
Independent from the rinsing time, we observed zigzag-like growing multilayers. This
observation rules out the possibility that spin-LbL gives linear growth irrespective to the LbL
pair. In addition, PLU is also a successful dispersing agent for SWCNTs and we have then
exploited this system for the incorporation of SWCNTs in #b-multilayers (data now shown).
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Figure App-25. Zigzag growth in spin-assisted deposition of layer-by-layer films.

Appendix-P: Effect of pH on Polyvinylpyrrolidone-aided Dispersion of Carbon Nanotubes

Smalley’s Group reported PVPon-SWCNT dispersion (total concentration < 1.4 g/L) to salt
out at 135 + 20 mM NacCl [337]. But, no previous report provides information on pH response
of PVPon-CNP systems. So, we checked SWCNT dispersion efficiency of PVPon as a
function solution pH (see Figure App-26). Compared to buffer-free PVPon-SWCNT systems
(see Chapter 3), all of pH adjusted (0.01 M phosphate buffer and required amount of NaOH)
batches (P3-P4-P5) apparently dispersed low quantities of SWCNTs. In these experiments,
adverse effect of buffering system appeared better than TA-SWCNT system. We did not aim
to fully understand pH-dependent behavior of this system, but it is interesting to observe
better dispersion at pH 10.00 comparing pH 2.00. The reason behind might be highly
complex. We believe screening of particle charges of PVPon might be increasing

hydrophobic interactions and possible conformational changes might also be contributing.
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But, in any case, added salts hinder PVPon-stabilization of SWCNTs.
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Figure App-26. Effect of pH adjustment on poly(N-vinyl-2-pyrrolidone) aided dispersion of
single-wall carbon nanotubes (Control#1: DI-H,O; Control#2: Sonicated SWCNTs in DI-H,0; Control#3: Fresh
PVPon; P1: Sonicated PVPon, P2: Aged PVPon; P3 to P5 are pH 2.00, 6.00, and 10.00 dispersions respectively).

Appendix-Q: Thermogravimetric Analysis of Nanotube Dispersions

From the image below it is seen that approximately 40% of TA-SWCNT powder is SWCNTs
(see Figure App-27).°® That observation shows that, our OAS studies underestimate the
concentration of SWCNTs in dispersions. Similarly, approximately %20 of PVPon-SWCNT

dispersions seems to be SWCNT (data not shown).

5 Experiment was performed under Ar environment. In the studied temperature range, mass reduction of raw
SWCNT powder was ~ 5% (data not shown).
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Figure App-27. Thermogravimetric analysis of tannic acid stabilized single-wall carbon nanotubes.
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L’arte non € mai finita, solo abbandonato.

[Art is never finished, only abandoned. ]

Leonardo di ser Piero da VINCI (1452 — 1519)
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