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1. General Introduction

1-1. Surface modification of single-walled carbon nanotube

Eliminating fossil fuels, which generate abundant greenhouse gas CO> via combustion, is

a shared mission for modern scientists [1]. The use of nanocarbon materials [2] such as

fullerenes [3], carbon nanotubes (CNTs) [4], graphene [5], and nanodiamonds [6] to reduce

CO; emissions has been warranted for a long time. Fullerenes and graphene have become

leading materials, for which researchers were awarded the Nobel Prize in Chemistry and

Physics pertaining to their discovery [7] and research on its physical properties [8] in 1996 and

2010, respectively. Fullerenes are important materials for anti-HIV drugs, active oxygen /

radical-removing beauty essences, semiconductor materials, lubricants, etc. Graphene has

already become an important material for applications of semiconductor device such as field

effect transistors, and / or transparent conductive films. By the way, the price of CNT itself is

high because the growth efficiency of conventional CNT is low and the discharge, heating,

reaction, and gas flow times are long. Therefore, CNTs address the problem of high raw

material costs via the recent development of the super-growth chemical vapor deposition

(CVD) method [9]. In addition, the conventional arc discharge method has also been improved

and developed, and it is becoming easier to obtain CNTs [10]. In particular, single-walled CNTs

(SWCNTs) produced via the super-growth CVD method (sgC-SWCNTs) have a small length

distribution and have reduced impurities [11].



However, concerns about the persistence of CNTs in the human body and health hazards

from cancer [12] cannot be overlooked. CNT, which has high rigidity like asbestos, is highly

toxic to mesothelial cells and may develop mesothelioma. It is necessary to investigate the

danger of CNT dust being introduced into the human body and the concern that CNTs may

stick to the lungs like asbestos [13]. In addition, when using CNTs as a material, there is a

problem that it shows extremely remarkable aggregation characteristics. [14]. Despite their

excellent mechanical properties [15] and electrical conductivity [16], as well as

CNTs/SWCNTs possessing the highest thermal conductivity of solid materials [17], the

remarkable bundle-like aggregation properties of CNTs [18] in organic solvents [19] and

organic (polymer) materials [20] significantly reduces the performance of materials containing

CNTs. At present, cellulose nanofibers (CNFs) [21] with similar shapes to SWCNTs have

attracted attention because of their biodegradable characteristics [22]. Like montmorillonite

[23] and sepiolite [24], CNFs and SWCNTs have a large aspect ratio [25] and their physical

properties are expected to be improved by controlling the orientation of corresponding fillers.

One technique that might be able to overcome various obstacles to the application of

CNTs at once is the chemical modification of organic molecular chains on the outermost surface

[26]. Inorganic nanoparticles covered with organic chains can be dispersed in organic solvents

[27], and uniform nanoparticles can be obtained even in organic polymer materials [28]. The

van der Waals interaction between the organic chains creates a wax-like state in which dusting



is suppressed, and the modification at only 1 to 2 nm of the outermost layer makes handling

much easier. Previously, nanoclay [29], zirconia [30], zinc oxide nanodisks [31], magnetic

nanoparticles [32], and nanodiamonds [33] have been made dispersible in organic solvents and

polymers by surface organo-modification. As a result, research on how the Langmuir

monolayers [34] and Langmuir-Blodgett (LB) films [35-37] of nanoparticles spread from

dispersion media and on polymer-based nanocomposites [38, 39] has been actively conducted.

Since the organo-modified inorganic nanoparticles indicates amphipathic properties, they

become a material for forming Langmuir monolayers on the water surface, and the LB film

technology enables precise layering of nanoparticles. SWCNTs have also been modified using

organic molecular chains via hydrophilization technology that employs mixed acid treatment

[40]. Desorbable long-chain fatty acid modification alone successfully formed a monolayer film

of SWCNTs when they were precipitated as a solid at the air-water interface [41]. The non-

desorbable long-chain phosphonic acid modification method is expected to improve the

function of modified-materials by controlling the particle arrangement in LB films [42],

nanocomposite preparation with crystalline polymers [43], and drawing orientation [44].



1-2. Interaction between single-walled carbon nanotubes and biomolecules

In present times, a novel virus is threatening human life and health [45]. Contemporary

techniques adsorb and immobilize viruses [46], enzymes [47], proteins [48], and so on, on solid

substrates, suppressing their growth and kill them. However, studies are being conducted to

adsorb biomolecules specifically [49]/non-specifically [50] on a template used as a platform

and utilize their functions [51].

CNTs [4,52] are expected to be platforms for biomolecule adsorption [53], although there

are concerns about their persistence to remain in the human body [54] and their cancerous

nature [55]. There are many examples of interaction analysis between biomolecules and

adsorbents using surface plasmon resonance (SPR/Biacore) [56-58], and it is important for the

development of new biosensors and/or bioelements that they can maintain the activity of

biomolecules adsorbed on the substrate [59]. It is known that to maintain activity, adsorbed

biomolecules need to maintain their delicate three-dimensional structures [60], while

biomolecular organization that is too densely integrated cannot maintain activity [61]. In other

words, it is desirable to develop a method that can maintain functionality of biomolecules even

under harsher conditions than in solution by maintaining their three-dimensional structures and

controlling their adsorption density.

The use of a template for a monolayer on the water surface, Langmuir monolayer [34,

35, 37] of a SWCNT [66, 67] with a regular surface is a promising candidate, which has a



single-layer coaxial tubular six-ring carbon network. Organo-modification [68] of the surface

is considered necessary for efficient introduction onto the water surface. So far, studies have

been conducted on SWCNT Langmuir monolayers modified by long-chain fatty acids [41] and

non-desorbable long-chain phosphonic acids [43]. Organo-modified SWCNTs can be dispersed

not only in organic solvents but also in organic polymers [42], and orientation control using this

technique [44] has been studied. Biomolecule adsorption/immobilization technology [69],

which utilizes the air/water interface, has the potential to control adsorption density by adjusting

surface pressure. In addition, studies have been conducted to selectively adsorb A-T base pairs

of DNA molecules derived from salmon testes from the subphase on the water surface of comb

polymers having a diamide-triazine group [70].

Research has also been conducted on adsorbing and immobilizing various biomolecules

from the subphase on Langmuir monolayers of nano-clay with a surface modified by organic

molecular chains [71]. In addition, studies have also been conducted to electrostatically adsorb

biomolecules from the subphase onto a single-particle layer of organo-modified magnetic

nanoparticles [72]. On the other hand, adsorbed biomolecules have the ability to spontaneously

adsorb on the air/water interface; therefore, caution is required in immobilization experiments

[73]. The advantages of adsorption/immobilization of biomolecules using a monolayer on the

water surface of charged organo-inorganic nanoparticles, differences from other methods, and

novelty, are corresponded to the simple and effective attainment of arrangement of



biomolecules at the same plane. For example, there is a means of introducing a reactive
substituent on the surface of a magnetic bead, introducing it into a solution, interacting with
biomolecules, and then recovering it with a magnet [74]. At first glance, this method is full of
ideas, but the introduction of substituents requires many organic chemical steps and labor, and
adsorbed molecules are also recovered in an extremely random state. As with the antigen-
antibody reaction, the introduction of functional groups that induce adsorption interactions is
laborious and costly, and adsorption by mere van der Waals force is not efficient. Adsorption
to the monolayer of charged inorganic nanoparticles utilizes the charge of field molecules,
which are mostly amphoteric electrolytes, the arrangement of biomolecule is homogeneous in
A/sub-nm size, and biomolecules can be immobilized on large-area surfaces. Therefore, this

process is quite simple and the range of utilization as a material is wide.



1-3. Polymer-based nanocomposite in which single-walled carbon nanotubes are

uniformly dispersed

The organo-modification [75] of functional inorganic nanoparticle surfaces [76] allows

the inorganic particles to be dispersed not only in solvents as if they were dissolved [77], but

also in organic polymers (upper column of Fig. 1-1) [78]. Hydrophilic inorganic particle

surfaces enable the formation of single-particle films on water surfaces through expansion to

the air/water interface [79]. This technique is often used in the field of organic synthesis [80]

as the presence of long organic molecular chains enhances the solubility of the molecules in

solvents [81]. The hydrophobic chains of the monolayer on the water surface induce particle

arrangement effects by enhancing the van der Waals interaction between the hydrophobic

chains [82], besides imparting amphiphilicity to the functional molecules [83].

The dispersion of inorganic fillers in organic polymers has been widely studied in the field

of academia [84]. Introducing inorganic particles into organic components tends to cause phase

separation [85], leading to difficulty in obtaining uniformly dispersible composite materials

[86]. Although good dispersion of fillers enhances the physical properties of composite

materials [87-89], it is difficult to achieve the excessive aggregation of these fillers in matrix

polymers.

In the organo-modification of inorganic particle surfaces, the peripheral medium for the

dispersion of particles in a solution is replaced with a solid polymer. Although solid polymers



have high melt viscosities, the use of melt-compounding techniques [90] opens up new

possibilities for the dispersion of organo-modified inorganic nanoparticles. These techniques

require the matrix polymer and organo-modified chain to have the same chemical compositions

[91]. For example, the effective nucleator agent that can act on perfluoroalkoxy alkane (PFA),

a crystalline fluorinated polymer, is polytetrafluoroethylene particles [92], indicating the

importance of the affinity between fluorinated polymers with high phase separation tendency

[93].

Surface modifying organic molecules with hydrocarbons and fluorocarbons of nanoclay

[29], zirconia [94], zinc oxide [95], magnetic nanoparticles [96], and nanodiamonds [97] have

previously been achieved by utilizing the oil/water interface [98]. This method involves

reacting the modified chains in the oil phase with the surface of the inorganic nanoparticles in

the aqueous phase at the oil/water interface, as if they were condensation-polymerized at the

interface to synthesize polyamide/nylon [99].

As SWCNTs [100, 101] have universal water- and oil-repellent surface properties [102],

such surface modification states cannot be achieved without hydrophilization via long-time acid

treatment [103]. Although some polymer composite materials containing organo-modified

SWCNTs have been reported to exhibit innovative functions by orientation control (middle

column of Fig. 1-1) [44], there are still rare cases in which SWCNTs are uniformly dispersed

in resins. When a long-chain carboxylic acid was allowed to act on the abovementioned



hydrophilized SWCNTs, the desorption behavior was confirmed at the time of solid

precipitation [41]. As long-chain phosphonic acid derivatives form bidentate bonds [104],

elimination can be avoided.
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1-4. This Study

In Chapter 3, the utilization of SWCNTs for organo-modification is an excellent way to

examine the characteristics of a single layer as an extreme structure and the dispersion

characteristics in a matrix as a polymer composite material. In this chapter, sgC-SWCNTs and

SWCNTs obtained using the latest improved-arc discharge method (IAD-SWCNTs) (Fig. 1-

2(a)) are compared with respect to Langmuir and LB films and nanocomposite preparation (Fig.

1-2(b)). It is expected that the presence of impurities centered on Fe and the distribution of tube

length, which have disadvantages in the latter (improved-arc discharge method), will be

eliminated during surface modification, leading to a pure physical property comparison

between the two kinds of materials. This research aims to provide useful information for

researchers who utilize SWCNTs.

In Chapter 4, a protease capable of cleaving the luminescent casein chain [105] is

introduced into the subphase and adsorbed on organic chain-modified SWCNT monolayers.

While introducing the protease, I tried precise control by forming an SWCNT monolayer film

before the adsorption progressed to the air/water interface. The purpose of this chapter was to

determine the consequences of immersing protease adsorbed on SWCNTs in a luminescent

casein solution under harsh conditions, including temperature rise, to retain and enhance the

cleaving/emitting of molecular chains (Fig. 1-3).

In Chapter 5, with low molecular weights, the sublimation/evaporation temperature of

11



long-chain phosphonic acid derivatives is remarkably high [106]. As such, they can be added

as the third component during the melt-compounding of organo-modified SWCNTs in general-

purpose polymers. When a fluorocarbon-chain-modified SWCNT was introduced into phase-

separable crystalline fluorinated polymers, the addition of a fluorinated phosphonic acid

derivative as the third component improved the dispersibility of the SWCNT [107]. In this

chapter, 1 verified the effects of using a general-purpose resin and a hydrocarbon-based

phosphonic acid derivative in the melt-compounding of organo-modified SWCNTs, and

verified its usefulness and universality. The obtained dispersibility-enhancing three-component

nanocomposite was drawn, and the improvement in the physical properties of the uniaxially

oriented SWCNTSs was examined (lower column of Fig. 1-1).

12
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2. Materials and Methods

2-1. Sample preparation and organo-modification of SWCNTSs

The SWCNTs manufactured via the super-growth CVD method used in this study were

provided by ZEON Nanotechnology Co., Ltd. (ZEON NANO® SG101). In addition, the iAD-

SWCNTs were provided by OCSiAl Co., Ltd. through Kusumoto Chemicals, Ltd. in Japan.

Octadecyl phosphonic acid (ODPA) was used as the surface modifier, and polypropylene (PP)

was used as the matrix for preparing the polymer-based nanocomposite. The modifier was

purchased from Wako Pure Chemical Industries, Ltd., and the matrix polymer was a sample

with an average molecular weight of Mn = 270,000 that was purchased from Prime Polymer

Co., Ltd. For the organo-modification of SWCNTs at the outermost surface, according to

previous reports [42—44], a mixed acid solution of sulfuric acid:nitric acid = 3:1 was sonicated

[40] for 24 h and then reacted with the modifier at the oil/water interface (Fig. 2-1(a)). Since it

has been reported in the past that the length of SWCNTSs changes depending on the length of

the period of ultrasonic treatment [41], it is expected that the universal difference derived from

the manufacturing process of the two types of SWCNTs will be minimized by this type

modification reaction. The two types of organo-modified SWCNTs obtained via the surface

modification reaction are abbreviated as ODP-sgC-SWCNT and ODP-iAD-SWCNTs. In both

cases, as shown in the schematic illustration of Fig. 2-1(b), the stearyl chain is bound to the

SWCNT surface by a phosphonate bidentate bond. The proof of this bond formation is

explained in the previous reports [42, 43] and its references [ 106]. The -OH group at the binding
15



site on the OH-terminated SWCNT surface protonates in solution and exists as a positively
charged -OH»" group. Here, electrostatic dehydration condensation occurs, and a [11[]-P-O—
C (SWCNT side) bond is formed. Subsequently, proton transfer occurred from the -OH of the
phosphonic acid group, and from the electrostatic dehydration condensation with positively
charged -OH,", a bidentate chelate coordination state (u-oxo type) formed in a self-organizing
manner. For spherical particles such as nanodiamonds, the organo-modification rate was
calculated based on the values for weight loss determined by thermogravimetric analysis (TG,
SII TG/DTA6200 equipped with EXSTAR6000 controller) and the values for the limiting area
of the organic chain determined using the surface pressure-area (m-A) isotherms [33]. However,
because SWCNTSs have individual tube length distributions, the comparison of modification

rates was estimated by comparing the weight loss during organic chain desorption.

16
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2-2. Monolayer preparation on water surface and LB film fabrication of organo-modified

SWCNTs

The behavior of the two types of organo-SWCNTs on the water surface was evaluated
using the n-A isotherm (USI USI-3-22LB). Ultrapure water (Milli-Q, 18.2 MQ-cm) was used
for the subphase. Toluene was used as the spreading solvent for the organo-modified SWCNTs,
and it was spread on the water surface from a diluted solution of approximately 1.5 mg/25 mL.
It was set a waiting time during 30 minutes for volatilization of the toluene solvent and
stabilization of the film. In this case, the compression rate of the barrier was 0.08 mm-s™. The
measurement temperatures of the m-A isotherms were changed to 10, 15, and 25 °C, and the
expansion characteristics at high temperatures as derived from the mobility of the organic
chains were compared. The transfer onto the solid substrate was performed by the LB method
at an arbitrary surface pressure (subphase temperature 15 °C). The surface morphology was
observed using an atomic force microscope (AFM, SII SPA300 with SPI 3800 probe station,
silicon single-crystal cantilever, and spring constant 1.5 N-m™') on a single-layer film on a mica
substrate. The orientation of the modified chains was evaluated via polarized infrared (IR)
spectroscopy using a wire grid polarizer to multilayers (20 layers) on a CaF, substrate (Bruker
AXS TENSOR II spectrometer). In this case, the orientation angle was calculated using the
dichroic ratio, assuming the uniaxial orientation of the modified chain. For the LB multilayers
on the glass substrate, the layered period corresponding to the thickness of the single layer and

18



the packing mode of the modified chain were evaluated by out-of-plane and in-plane X-ray

diffraction (XRD), respectively. The out-of-plane XRD profiles were obtained using a Rigaku

Rint-Ultima III diffractometer (40 kV and 40 mA, Cu-Ka radiation (A = 0.154 nm)). The in-

plane XRD profiles were obtained using a custom-made device, a Bruker AXS MXP-BX (40

kV and 40 mA, Cu-Ka radiation with a multilayer mirror, incident angle of 0.6°) [108, 109]. In

fact, the optical geometry of out-of-plane XRD for the LB film on the substrate is quite similar

to normal powder X-ray diffraction. X-rays are incident on the sample layered on the glass

substrate, and the goniometer diffracts toward the upper side of the substrate [35, 36]. On the

other hand, the diffraction geometry of in-plane XRD is the oriented to the diffraction direction

surrounds the sample edge. The former shows the spacing in the stacking direction of the

organo-modified SWCNT multilayers, and the latter can analyze the spacing between the

modified chains bonded to the SWCNT surface [29, 33].

2-3. Polymer-based nanocomposite preparation and its physical property evaluation

To evaluate the difference in the dispersion state of the two types of organo-modified

SWCNTs in solid organic material and the difference in the physical properties of the resulting

nanocomposite, nanohybridization with PP was performed. From a previous report [43],

because the heating desorption temperature of modified chains in phosphonate-modified

SWCNTs is extremely high, the nanocomposites were prepared using the melt-compounding

method. Melt compounding was carried out at 185 °C for 5 min using a twin-screw extruder

19



(LABO kneader mill, Toshin Co., Ltd.) with 0.5 wt% organo-modified SWCNT added to the
PP matrix (Fig. 2-1(c)). The particle dispersion state of the obtained nanocomposites was
observed using a transmission electron microscope (TEM, JEOL JEM-1400Plus) at an
accelerating voltage of 120 kV. The mechanical properties of the nanocomposites were
evaluated through a tensile test (Tensilon RTG1310, A & D Co. Ltd., tensile speed of 10
mm[min! and test-piece dumbbell punching at 23 °C), and the strain-stress (S—S) curves were
obtained to examine the Young's modulus and the degree of elongation.
2-4. Synthesis of organo-modified SWCNTSs as a template and biomaterials as adsorbents

used in this study

The template material used in this study was SWCNT (ZEON NANO® SG101) with a
diameter of 5 nm using super growth chemical vapor deposition (CVD), which was kindly
provided by ZEON Nanotechnology Co., Ltd. (Fig. 2-2(a)). The tube length of this SWCNT
was distributed within the range 100—600 nm, and the aspect ratio was large. Octadecyl
phosphonic acid was used as the surface modifier (Fig. 2-2(b)). The surface-modification
procedure was as follows: First, highly water-repellent SWCNTSs were sonicated for 24 h with
an acid mixture of sulfuric acid: nitric acid = 3:1, and hydrophilization was then completed [41].
After this treatment, SWCNTs with hydroxyl-terminated surfaces were dispersed in the
aqueous solution. Subsequently, a toluene solution containing octadecyl phosphonic acid was
poured into thehydrophilized SWCNT dispersion medium to promote the organic modification

20



reaction at the oil/water interface. The details of this method are in a previous report [43]. As a
result, a stearyl chain-modified SWCNT by phosphonate bidentate binding was obtained (Fig.
2-2(c)). This process involves a dehydration condensation reaction between a positively
charged terminal hydroxyl group on the SWCNT surface and a phosphonate anion. In other
words, since the water-repellent SWCNTs are dispersed in water by mixed acid treatment for
24 hours, it is considered that the surface of SWCNTs is terminated with hydrophilic functional
groups. This terminal group is expected to be a hydroxyl group. After that, when forming a
bond with phosphonic acid, protonation occurs from the phosphonic acid group, and then the
bond is formed by dehydration between ---PO™ and ---OH". Therefore, positively charged
hydroxyl groups remain on the surface of the SWCNTSs to which the modified chains are not
bound and are later used for adsorption and immobilization of the protease. The stock solution
of a biomolecule of 10 mg-L™" was prepared in 1 mM phosphate buffer at pH 7.0 (potassium
dihydrogen phosphate and disodium hydrogen phosphate) and stored at 4 °C. By varying the
amount of each salt, a range of buffers can be prepared that buffer well between pH 5.8-8.0.
Phosphates have a very high buffering capacity and are highly soluble in water. Fluorescein-
modified casein and protease were purchased from Takara Bio Inc. Trypsin, which is generally
known to be able to decompose serine, was used as a luminescent casein chain-degrading
protease. Figure 2-2(d) shows a schematic illustration of the fluorescence-enhancing behavior
of fluorescein-modified casein by the protease used in this study.

21



(a) Single Walled Carbon Nanotube (SWCNT)

(©)

(d

100 ~600 nm

.
]

- _ﬁ

Mixed acid ag

-

Water + Methanol

Fluorescein modified
casein solution

Sonication

40 kHz

(b) Octadecyl phosphonic acid (ODPA)

Y

24h

+ Toluene
_—t

Stirring

Fragmentation

+ Toluene

Stirrin
Removing

Water
Methanol
Unreacted agent

ey
A

Toluene

/

e |

Figure 2-2. Materials and experimental methods in this study: (a) Schematic illustration of
SWCNT, (b) Chemical structure of stearyl phosphonic acid as an organic
modifier, (c) Scheme of organo-modification reaction of SWCNT surface, (d)

Schematic 1illustration related to the fluorescence-enhancing behavior of

fluorescein-modified casein by the action of protease.

22



2-5. Adsorption experiment of protease to monolayer on water surface of organo-modified

SWCNTs by post-injection method

The organo-modified SWCNT obtained by the oil/water interfacial modification method
was nano-dispersed in a toluene solvent, and the spreading solution of the monolayer was
spread on ultrapure water (18.2 MQ-cm) to form a monolayer on the water surface/Langmuir
monolayer. The behavior of the monolayer on the water surface was evaluated by measuring
the surface m—A isotherms using an LB trough surface-coated with Teflon (USI-3-22 made by
USI Corp.). A subphase temperature of 15 °C was adopted as the measurement temperature.
After spreading the organo-modified SWCNTs on the water surface, 30 min were for the
evaporation of toluene and the stabilization of the monolayer in each case. The barrier
compression rate of the LB trough was 0.08 mm-sec™!. Previously, the interaction between the
organo-modified SWCNT monolayer and the biomolecules was investigated by changing the
subphase to a saturated buffer solution [43]. However, since water-soluble biomolecules
containing both hydrophilic and hydrophobic residues can spontaneously adsorb on the
air/water interface, a mixed film of organo-modified SWCNTs and biomolecules can possibly
be formed using this method. Therefore, protease was injected into the lower water surface after
detecting the surface pressure during the formation of the organo-modified SWCNT monolayer
on ultrapure water. The resultant concentration of the aqueous solution containing protease
reached 1076 M, which was the same condition as previously reported using an organo-modified
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magnetic nanoparticle [72]. The surface pressure—time (n—t) isotherm of the Gibbs monolayer
of the protease at the air/water interface was measured with an LB trough, similar to the n—A
curve.
2-6. Investigation of protease-adsorbed SWCNTs films transferred onto a solid substrate
The SWCNT monolayer on which protease was adsorbed from the subphase was
transferred to the mica substrate by the horizontal lifting method (HLM) at a predetermined
transferring surface pressure. This was observed by AFM. For the AFM, a SII SPA300 module
equipped with a SPI3800 controller was used, and a silicon cantilever (spring constant 1.4 N-m~
1) was utilized in the dynamic force mode (DFM). IR spectroscopy confirmed the amide bands
of the adsorbed protease to the organo-modified SWCNT template. For IR, a Bruker AXS
Tensor II spectrometer was used. For the IR measurement, a 20-layer multilayer was created
on the CaF; substrate. Fluorescence spectra were measured using an FP-6500 fluorometer
(Jasco Co., Ltd.). The excitation wavelength was 485 nm. Fluorescence measurements were
performed using 4.5 mL quartz cuvettes and a bandwidth of 5 nm at excitation and emission.
Raman spectra were measured using a Renishaw inVia Microscope—Laser Raman

spectrophotometer.
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2-7. Materials in Chapter 5

ZEON NANO® SG101 SWCNTs manufactured by ZEON Corporation (Fig. 2-3(a))
measuring 5 nm in diameter with tube lengths of 100-600 nm was used in this study. For
SWCNT with a diameter larger than 3 nm, its cross-section may be oval or flat instead of round
shape. Actually, in this study, the cross section of the SWCNT used this time is elliptical, with
a thickness at 3 nm and a width at about 5 nm. These SWCNTSs were prepared using the super-
growth chemical vapor deposition method [110]. Octadecyl phosphonic acid (ODPA, melting
point: 99 °C) with a purity of 98% or higher, purchased from Tokyo Chemical Industry Co.,
Ltd. was used as the organic modifier. Despite its low molecular weight, the ODPA had a high
sublimation/evaporation temperature and a TG weight loss onset temperature of 239 °C (Fig.
2-3(b)) that was well above the melting point of polypropylene (PP). The PP, which was used
as the matrix polymer, was manufactured by Prime Polymer Co., Ltd. and had a melting point

of 154 °C (Fig. 2-3(c)) and a molecular weight (Mn) of 220 000-270 000.
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2-8. Organo-modification procedure of Chapter 5 (Fig. 2-1(d)) [104]

Fifty milligrams of SWCNT were added to an acid solution containing 60 mL of sulfuric

acid and 20 mL of nitric acid. The mixture was cooled in a water bath at room temperature for

3 h. Ultrasonic treatment was then performed for 24 h to hydrophilize the SWCNT. The

ultrasonic device used in this experiment was a bus type and was using 40 kHz. The temperature

was set to 25 °C, but a temperature rises at about 10 °C could be seen during 24 h. Here, in

order to evaluate the oxygen content after acid treatment, the cast film was measured by X-ray

photoelectron spectroscopy (Fig. 2-4). When the Cls and Ols spectra were detected, and the

ratios were examined, it was found that carbon and oxygen were present in a ratio of 6:4.

Therefore, it was possible that a maximum of less than 70% of the carbon surface was covered

with hydrophilic functional groups. The obtained hydrophilic SWCNT was repeatedly suction-

filtered for approximately four to five times until a pH of 7 was achieved. The neutralized

hydrophilic SWCNT and 5 mg of the organic modifier ODPA were then added to a mixed

solvent containing 10 mL of water, 20 mL of methanol, and 15 mL of toluene. The mixture was

stirred for 1 week. To remove the aqueous phase, evaporation was performed using an

evaporator until the bumping of water and methanol was completed. As the aqueous phase was

not completely removed and the separation of the aqueous and toluene phases was confirmed

during the first evaporation process, 20 mL of methanol and 15 mL of toluene were added again,

and the mixture was stirred for 24 h. By repeating the "24-h stirring-evaporation-addition of
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methanol and toluene" process for one week, the aqueous phase was completely removed and
a black organo-modified SWCNT dispersion was obtained. The organo-modified SWCNT
dispersion was vacuum-dried, and the solvent was volatilized to obtain organo-modified
SWCNT powder. Characterization of the organic modifier ODP-SWCNT revealed the
following: As a result of TG measurement, 0.323 mg of the modifier was eliminated from the
1.226 mg modified nanotubes. This value corresponds 26.4 wt% modification amount. Since
the molecular weight of the modifier is 334.48, about 9.65 x 1077 mol corresponds to the graft
amount. The attached functional groups were found to be carboxylate anions and oxonium
cations by IR measurement [44]. In addition, it was found from AFM observation that more
than 80% of the tube lengths are aligned to 0.4 pum length due to the influence of ultrasonic

treatment [41].
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2-9. Preparation and drawing of polymer-based composites (Fig. 2-3(e))

As shown in Fig. 2-3(e), the PP matrix, ODPA-modified SWCNT (ODP-SWCNT, 0.5
wt%), and ODPA modifier was added to form binary and ternary composites via melt-
compounding for 2 min at 185 °C. The TDR60-3M melt kneader manufactured by Toshin Co.,
Ltd. was used at a rotation speed of 50 rpm. In this study, the optimum compounding condition
is 50 rpm for 2 min. The reason is that under severe conditions longer than this, the rupture of
the molecular chain becomes induce and the mechanical properties of the polymer decrease.
Prior to taking any measurements, the obtained composites were film-formed using a hot press
(Mini-Test Press-10) manufactured by Toyo Seiki Co., Ltd. at a pressure of 20 MPa, molding
temperature of 185 °C, and pressing time of 1 min. After pressing, the composites were rapidly
cooled in water. For uniaxial drawing of the composite films, an IMC-18EB manual uniaxial
drawing device manufactured by Imoto Seisakusho was used at a preheating time of 5 min,
drawing temperature of 139 °C (15 °C below melting point), and drawing speed of 10 mm-min~
!, After drawing, the films were quenched with water. The drawing temperature was adjusted
using an MO-931G jet oven manufactured by Toyama Sangyo Co., Ltd.

2-10. Characterization in Chapter 5

The mesoscopic morphologies of the obtained composite films were observed using a
polarized optical microscope (POM, OLYMPUS BX-51) manufactured by Olympus
Corporation. The fine structures of the composite films were evaluated using a Bruker AXS D8
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ADVANCE wide-angle X-ray diffractometer (WAXD, 40 kV, 40 mA, Cu Ka radiation).
WAXD was performed by the reflection method, and the scattering slit on the incident side was
set to 0.1 degrees and the light receiving slit width was set to 5.1 mm. Since it is an oblique
incidence measurement, the incident X-rays spread almost over the entire sample, and the
average information could be fair. The melting and crystallization behaviors were evaluated
using a differential scanning calorimeter (DSC, DSC-6200) attached to the EXSTAR6000
controller manufactured by SII. The thermal degradation behavior was measured using the SII
TG/DTA 6200 model thermal analyzer with a similar controller. The thermal analysis using
both instruments adopted a heating and cooling temperature rate of 10 °C-min~!, and was
performed using an Al pan in N gas purge. Nitrogen purity was 99.99% or more. The tensile
test was performed on a dumbbell-shaped die-cut sample using A&D MCT-2150 at a tensile

speed of 10 mm-min~'.
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Chapter 3. Comparison of Characteristics of Single-Walled Carbon Nanotubes Obtained
by Super-Growth CVD and Improved-Arc Discharge Methods Pertaining to

Interfacial Film Formation and Nanohybridization with Polymers

3-1. Abstract

A comparison of SWCNTSs produced by super-growth CVD and improved-arc discharge
methods was performed as it pertains to the formation of their Langmuir-Blodgett films and
polymer-based nanocomposite preparation. Two kinds of SWCNTs indicated amphipathic
properties after surface chemical modification using long-chain phosphonic acids. The
modification rates of the two types of organo-modified SWCNTs were almost the same,
impurities were removed to the same extent, and the influence of the tube length distribution
was considered to be low. However, it was expected that the SWCNTs made via improved-arc
discharge would be superior in regularity in the two-dimensional film. Specifically, the

arrangement regularity of the modified chains was high, and as a result, the layering regularity
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of SWCNTs itself was considered to be high. Owing to organo-modification, SWCNTs
manufactured via the super-growth CVD method tended to be dispersed into finer fibers even
in a monolayer. Compared to other organic polymers, this organo-modified SWCNT formed a
composite material with higher dispersibility. The significant difference in the physical
properties of both SWCNTSs constitutes a trade-off relationship between dispersibility and two-
dimensional regularity. The difference in the physical properties of the two types of SWCNTs
could be related to the strength of the interaction between the exposed SWCNT-specific

surfaces, even after organo-modification.

Keywords: Single-Walled Carbon Nanotube, Organo-Modification, Langmuir-Blodgett

Method, Super Growth Chemical Vapor Deposition Method, Improved-Arc

Discharge Method
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3-2. Characterization of organo-modifications on surface of SWCNTSs

Figure 3-1 shows the TG curves of the two types of organo-modified SWCNTs. Although
the behavior of weight loss is slower in the sgC-SWCNT system, it appears that there is no
significant difference in the amount at the weight loss start temperature starting from
approximately 200 °C and the final residual amount at 500 °C for both organo-modified
SWCNTs. The residue at 500 °C corresponds to the SWCNTs with the modified chains
removed. Therefore, it seems that both organo-SWCNTs have almost the same modification
rate. The slight weight loss before 200 °C is not the desorption of the modifier; it corresponds
to the desorption of adsorbed water on the SWCNT surface [41]. Between the two SWCNTs,
the IAD-SWCNT system seems to have a slightly higher modification rate. The slow desorption
of the modified strands of the sgC-SWCNT system may be due to the high local modification
density and strong interaction between the modified molecular chains. The effect of this
tendency on the later-monolayer/LB film behavior and the dispersion behavior in the matrix
polymer is very interesting.

Figure 3-2 shows the temperature dependence of the n-A isotherms of monolayers on the
water surface of the two organo-modified SWCNTSs and the stearyl phosphonic acid modifier
alone. In this measurement, there is a distribution in the tube diameter of the monolayer
materials, and the modification rate of each nanotube is not constant, so the horizontal axis
notation was devised. Although the "Molecular Area [A*/molecule]" or the "Mean Area per
Repeating Unit [A?]" are used in general-purpose measurements, here, the "Trough Area
Reduction [%]" which means the relative reduction value of film area on the water surface, was
adopted [29-33]. At a subphase temperature of 15 °C, the n-A curve of organo-modified
SWCNTs, which is clearly different from that of the modifier alone, was confirmed. The fact
that both modified SWCNTs can be dispersed in the toluene spreading solution and the n-A

curve is drawn itself will be evidence of the formation of lipophilic organo-modified SWCNTs.
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The isotherms show an expansion tendency peculiar to organic matter, indicating that the
modified molecular chain contributes greatly this tendency. In the low surface pressure region,
the ODP-iAD-SWCNT monolayer has a larger limiting area and indicates higher expansion
characteristics. In the TG measurement, the difference in modification rate was expected to be
small. In other words, the experimental fact that the weight loss rates of TG were approximately
equal meant that the amounts of modified chains bound to the SWCNT surface was
approximately equal. It was predicted that the behavior appearing on the n-A isothermal curve
would be almost the same if the total amount of modified chains and the part of the bond
position of the modified chains were equal. As a result, the behavior of the two modified
SWCNT monolayers on the n-A curve was very different. As shown in Fig. 3-3 of the support
information, there were almost no difference in the surface pressure-time (n-t) isotherm that the
surface pressure was attained at 10 mN-m™' in advance. Therefore, it was predicted that the
distribution of the binding positions of the modified chains would be significantly different
between the two types of modified SWCNTs. Hence, in ODP-iIAD-SWCNTs, the modification
site may be uniformly dispersed on the tube surface, the temperature dependence of the
isotherms supports this hypothesis. In low temperature measurements, both materials condense
equally but expand at high temperatures. This behavior also closely resembles the
characteristics of organic molecules, such as long-chain fatty acids, and mainly identifies the
characteristics of modified molecular chains. In a study in which the behavior single particle
layer on the water surface of organo-modified nanodiamond was investigated [33], linear
isotherms peculiar to inorganic monolayers were drawn. In contrast to this fact, the isotherms
of the organo-modified SWCNTSs monolayer obtained this time indicate a smooth curve, which
is close to the characteristics of the long chain fatty acid monolayer [34]. Under these
circumstances, the expansion behavior at high temperatures was also more prominently

confirmed in the iIAD-SWCNT system. This behavior is considered to indicate the difference
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in the modified state of the organo-SWCNTs between the two systems.
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3-3. Arrangement and aggregation properties of two types of organo-modified SWCNTSs
transferred onto solid substrate

Even in the case of simple long-chain fatty acids, there are some structural changes that
results from the rearrangement of molecules from the monolayers on the water surface to the
transferred films on the solid substrate. On the water surface, there is an interaction between
the hydrophilic groups and the water, and the film materials show high mobility. On a solid
substrate, the mobility is reduced, and the in-plane interaction between the film constituents
works independently. In SWCNTSs, which are generally considered to have strong aggregation
characteristics, rearrangement on a solid substrate is expected. To understand the structure and
morphology of the transferred films, it is necessary to consider the above assumptions.

Figure 3-4 shows AFM images of the monolayers of two types of organo-modified
SWCNTs transferred onto a mica substrate via the upstroke LB method. The transferred surface
pressures were 15 mN-m™!, and the subphase temperatures were adopted at 15 °C. In this 2 um
square mesoscopic region, the morphology of both monolayers is clearly different. In other
words, the ODP-iAD-SWCNT monolayer shows a very developed thick fibrous morphology,
whereas the ODP-sgC-SWCNT monolayer shows an extremely fine and wide-thickness fiber
aggregation morphology. This result means that even two types of SWCNTs that undergo the
same surface modification reaction and indicate almost the same modification rate will show
clearly different aggregation characteristics owing to the difference in the manufacturing
method.

Figure 3-5 shows the estimation and comparison of the orientation angles of the modified
chains via polarized IR spectroscopy of the LB multilayers of the two types of organo-modified
SWCNTs. When the LB multilayers prepared under the same conditions were evaluated via
XPS measurement, no substantial difference was indicated in the content of iron impurities in

either nanotube type (Fig. 3-6). Although it seemed that the Fe signal was subtly larger in the
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ODP-iAD-SWCNT multilayers, this result was a difference in noise level and might not be the
subject of discussion. Regarding to the results for the polarized IR, it was confirmed that the
two types of organo-modified SWCNT multilayers had a clear polarization dependence on the
C-H stretching vibration bands appearing in the range of 2800-3000 cm™'. Although the ratio
of the degree of intensity was different, the band intensity/area at the time of p- and s-
polarization was clearly different between the two kinds of multilayers. When the orientation
angles (angle of tilt from the normal surface) of the long alkyl-modified chains were calculated
based on the values obtained here, the values of the ODP-sgC-SWCNT and ODP-iAD-SWCNT
multilayers were 58.1° and 56.7°, respectively. From the viewpoint of the orientation angle of
the chain modified by the polarized IR, it was found that the structures of both organo-SWCNTs
were significantly different.

The difference in periodicity and regularity of organo-modified SWCNTs in LB
multilayers was further clarified by out-of- and in-plane XRD profiles. The out-of-plane XRD
profiles shown in Fig. 3-7 show that the two types of organo-modified SWCNT multilayers
indicate values of long-period between layers at approximately 5 nm. However, there is a clear
difference in the clarity of the diffraction peaks, and the ODP-sgC-SWCNT LB film only
provides information about the shoulder peaks. This result indicates that ODP-iIAD-SWCNT
multilayers have higher regularity and a larger crystallite size. This may be related to the fact
that the modified chains in the ODP-sgC-SWCNT multilayers obtained from the polarized IR
results are markedly tilted at 58.1°. In addition, the ODP-iAD-SWCNT multilayers showed a
clear diffraction peak at 50.7 A, indicating its high periodicity. Even for the in-plane XRD
profile shown in Fig. 3-8, although the ODP-sgC-SWCNT multilayers showed only a weak
amorphous halo at approximately 7.3 A, the ODP-iAD-SWCNT multilayers showed clear
crystalline peaks, indicating that the modified chains were packed as a two-dimensional

orthorhombic crystalline system. The halo pattern shown in the profile of the ODP-sgC-
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SWCNT multilayers does not correspond to the information related to the modified chains due
to its size and is expected to be SWCNT-specific information. Therefore, the modified chains
of ODP-sgC-SWCNT multilayers are not expected to have an in-plane crystalline order. In
contrast, the modified chains of ODP-IAD-SWCNT multilayers are similar to the two-
dimensional packing mode of stearic acid, and it is presumed that dense packing was realized.

All the measurements discussed in this section show the superiority of the
regularity/ordered aggregation ability of ODP-iAD-SWCNTs. Impurities were removed to the
same extent by the organic modification reaction, and modified chains were introduced into the
two types of SWCNTs; however, there were differences in their periodicity and arrangement
regularity. In other words, it might be said that iAD-SWCNTs are more suitable candidates for
the creation of thin-film materials and crystal-like ordered materials in which only SWCNTs
are integrated. Then, what kind of tendency does the difference in dispersibility in solid-state
organic media will be shown? Composites with polymer materials will be discussed in the next

section.
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iAD-SWCNT (15 mN-m™!, 20 layers, 15 °C), and calculation of orientation angle
by dichroic ratio when uniaxial orientation of modified chain is assumed.

44



Intensity / a. u.

(a) (b)
Fe 2p3n»
Fe 2p3»
708 eV =
<
Fe 2pi2 g Fe 2pin
721 eV s
=
730 720 710 700 730 720 710 700
Binding Energy / eV Binding Energy / eV

Figure 3-6. X-ray photoelectron spectra of LB films of (a) ODP-sgC-SWCNT and (b) ODP-
1AD-SWCNTs.
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the layer structure of corresponding materials in their LB films.

46



(@)

ODP-sgC-SWCNT
s 73 A (TYAY
= multilayers
2
5
k=
5 10 15 20 25 30
20 / degree
®) ODP-iAD-SWCNT
| "2 Ao s
d=4.14 '|} ALY,
:; “ W2 u / }\.\;;
= | " multilayers
«E;‘ |‘ ‘1
.5 ‘ =
E; I‘ﬂ% o H" ka wd 374
2 Mo
PH' i hplr
¥ Wi frﬁhf "
L "U v ‘J'\"I‘lﬁlﬁ ﬂ,:
15 20 25 30
20 / degree
() . .
Two-dimensional plane
VAV VAVAVAN-1>Vd
Rl
Modified-chains )’
o
Sug-cell

Orthorhombic

atbtc,a=p=y=90°,
d1=3.7A,d2=d3=4.1A

Figure 3-8. In-plane XRD profiles of LB multilayers of (a) ODP-sgC-SWCNT and (b) ODP-
iAD-SWCNT (15 mN-m™, 20 layers, 15 °C). (c) Schematic illustrations of sub-

cell structure of modified chains of ODP-iAD-SWCNT in its LB films.
47



3-4. Comparison of dispersibility and physical properties of polymer-based
nanocomposite preparation containing two types of organo-modified SWCNTSs as
nanofillers
Figure 3-9 shows the results of nanocomposite preparation using the crystalline polymer

shown in the Experimental Section and its application to two types of organo-modified

SWCNTs under exactly the same conditions and addition amount. Figure 3-9(a) shows a digital

camera photograph of the obtained PP-based nanocomposites. Surprisingly, the appearance of

the two types of nanocomposites is quite different. The nanocomposite that was obtained by
adding 0.5 wt% ODP-iAD-SWCNT to PP is a white-based material with many large black
aggregates at a visible level and a heterogeneous appearance. In contrast, the nanocomposite
obtained by adding 0.5 wt% ODP-sgC-SWCNT to PP is a material with a uniform black
appearance that cannot be thought of as having the same amount of addition of organo-SWCNT.

Comparing the two kinds of mesoscopic polarized microscopic images reveals that a fibrous

black substance that seems to be SWCNTs is dispersed in the PP/ODP-sgC-SWCNT

nanocomposite (Fig. 3-9(b)).

Tensile tests were performed on these two polymer/organo-nanofiller nanocomposites,
and the S-S curve was drawn to obtain the result shown in Fig. 3-9(c). The S-S curves of both
were similar; there was almost no difference in the Young's modulus that could be calculated
from the initial gradient (a range of approximately 680—700 MPa), and both had the same extent
of excellent elongation rates. However, the PP/ODP-sgC-SWCNT nanocomposite, which had
excellent dispersibility, was superior in terms of yield point value and maximum stress,
suggesting the superiority of sgC-SWCNTs as a filler in the composite material. Specifically,
in PP/ODP-sgC-SWCNT nanocomposite, the yield point appears at 6.5% and the maximum
stress strain value is 22.1 MPa. On the other hand, the yield point of PP/ODP-iAD-SWCNT

nanocomposite appears at 5.4%, and the maximum stress strain value corresponds at 19.8 MPa.
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Therefore, it shows that the ratio and strength of the composite material showing plastic
deformation shows a higher value in ODP-sgC-SWCNT system.

When observing the SWCNTs themselves using the TEM image shown in Fig. 3-10, it
can be seen that in both cases, there is a structure inside the aggregates in which several
SWCNTs are assembled. Although the PP/ODP-sgC-SWCNT nanocomposite was superior to
the PP/ODP-iAD-SWCNT nanocomposite in filler dispersibility, this might merely be owing
to a difference in the aggregate size of the secondary particles when observed mesoscopically.
If the aggregate size of the filler is smaller than the wavelength of visible light, transparency
will be added to the entire material, and the mechanical properties may be improved. However,
the fact that the coherent length of the aggregate size changes may indicate a difference in the

lipophilicity of SWCNTs in solid organic media.
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Figure 3-9. (a) Digital camera photographs, (b) polarized optical microscopic images, and
(c) S-S curves of PP/ ODP-sgC-SWCNT and PP/ODP-iAD-SWCNT
nanocomposites.
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Figure 3-10. TEM images of PP/ODP-sgC-SWCNT and PP/ODP-iAD-SWCNT
nanocomposites.
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3-5. Conclusion

Finally, the results of this chapter are summarized in Fig. 3-11. For the SWCNTs obtained
by the super-growth CVD and 1AD-SWCNTs, differences in tube length distribution and
impurity content are disappeared by performing phosphonate organo-modification as an
operation to improve the wettability of organic media. When using the Langmuir monolayer or
LB film methods, even when the organic modification rate was approximately the same,
SWCNTs that were homogeneously distributed at the modification site and had an excellent
crystalline arrangement were obtained via the improved-arc discharge method. Specifically, the
modified chains were arranged in a relatively vertical orientation, and the in-plane crystalline
packing also increased the regularity in the layering direction. In contrast, the SWCNTs
obtained via the super-growth CVD method had excellent dispersibility in organic solid
polymers. The mesoscopic aggregation size was reduced, and the yield point and maximum
stress value of the nanocomposites containing SWCNTs were higher. It is predicted that the
origin of this phenomena is the condition of the unmodified SWCNT exposed surface that
prompts the difference between the two systems. The interaction between the exposed surfaces
of SWCNTs is probably strong, and it is expected that iAD-SWCNTs would have excellent
ordered aggregation characteristics. However, the interaction between SWCNT surfaces in the
super-growth CVD method is relatively suppressed, and aggregation between nanotubes is
casily disassembled. Because the organo-modification method used in this chapter underwent
hydrophilic treatment in the initial stage, it is predicted that the hydroxyl group termination
state will be reached. Considering the presence of positively charged hydroxyl groups that could
not react with the phosphonate-modified chain, IAD-SWCNTs may have many negatively

charged functional groups on their surface.
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Figure 3-11. Summarized results of this chapter.
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Chapter 4. Activity Maintenance Characteristics and Protease Adsorption on Langmuir

Monolayer of Organo-Modified Single-Walled Carbon Nanotubes

4-1. Abstract

The activity maintenance characteristics of proteases adsorbed and immobilized on a

monolayer of organo-modified SWCNTs were evaluated in this chapter. After forming a

monolayer on the water surface of the organo-modified SWCNTs, protease was introduced

into the subphase, and monolayer immobilization was attained by post-adsorption. The

protease-adsorbed organo-SWCNT multilayers were immersed in an aqueous solution of

luminescent casein, and fluorescence emission was observed. Proteases had cleaved the

molecular chain of luminescent casein, which causes luminescence. Although the protease in

the aqueous solution could cleave the molecular chain only up to approximately room

temperature, the protease immobilized on the solid substrate could cleave the chain up to 160

°C, indicating sharp emission spectra.

Keywords: Single-Walled Carbon Nanotube, Interaction with Biomolecules, Langmuir

Monolayers, Adsorption Immobilization, Organo-Modification

Organo-modified Carbon nanotube

| 100°C
|..m-d s l

)
#h,;k! ‘.k\: k‘\“k‘ w“L&

Protease b')-ag:nenmnou:,' 160°C

u.

a

Formation of multilayers

Intensity

Casein

- 500 550 600
p— Maintaining of
\ t\ Fluorescemn modified Wavenumber / cint

Heating . . fluorescein intensity
casein solution

54




4-2. Formation behavior of the Gibbs monolayer of proteases from subphase and

interaction with organo-modified SWCNT monolayer

Figure 4-1(a) displays the n—t isotherm of the Gibbs monolayer of the protease (15 °C).
Generally, a monolayer formed by adsorbing a water-soluble surfactant on the air/water
interface is called a Gibbs monolayer [111], wherein the surfactant forms a micelle state. This
designation of terminology is used as a contrast to the insoluble Langmuir monolayer formed
from a spreading solution at the air/water interface [34, 35, 37]. Biomolecules that contain
both hydrophilic and hydrophobic groups, such as the protease used in this chapter, orient
hydrophilic functional groups abundantly outward the aqueous solution. Conversely, when
such biomolecules are adsorbed on an air/water interface to form a monolayer, they behave
like a surfactant molecule in which the hydrophobic and hydrophilic functional groups are
directed to the air and to the bottom of the water surface sides, respectively. Therefore, in this
chapter, the monolayer of protease adsorbed on the air/water interface is called the Gibbs
monolayer, and the behavior common to the surfactant molecule is emphasized. When the
saturated buffer solution containing protease is allowed to stand, the surface pressure
immediately increases to approximately 2 mN-m~', and then gradually increases to
approximately 12 mN-m™ over about 6 h. After that, the increase in surface pressure was
saturated, and a steep transition was observed after 12 h. This phenomenon corresponds to the

behavior in which the protease begins to adsorb on the air/water interface immediately after
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the aqueous solution is allowed to stand, and then gradually increases the film density. A
steep increase in surface pressure is observed after 12 h, which is presumably a phase
transition from the liquid film to the solid condensed film. The names of liquid films and solid
condensed films are often used in the field of insoluble monolayers [34]. In this chapter, it
was used because it is convenient as an expression indicating the state corresponding to the
increase in film density. In the solid condensed phase, the intermolecular distance is narrowed,
and the intermolecular interaction is strong; thus, there is a high possibility that the activity of
the biomolecule will be lost. The aim of this chapter was to maintain the state at low surface
pressure for adsorbing biomolecules on the SWCNT template and maintaining its activity
even under atmospheric conditions.

Figure 4-1(b) shows the n—A isotherms of monolayers of organo-modified SWCNTs on
ultrapure water and a buffer solution containing protease as the subphase (15 °C). This
measurement was performed immediately after the saturated buffer solution containing
protease was allowed to stand, and the starting surface pressure was corrected to zero. The
fact that the behavior of the organo-modified SWCNT monolayer changes on the saturated
buffer solution compared to the m-A curve on ultrapure water indicates the existence of an
interaction between protease and organo-modified SWCNTs. The monolayer of
organo-modified SWCNTs that interacted with proteases showed expanded behavior, and the

phase transition around 40 mN-m™! disappeared. It is predicted that such a series of behaviors

56



may be due to the adsorption of protease on the hydrophilic surface of SWCNTs. However,

there are important concerns in this experiment. In this experiment, a protease-adsorbed

monolayer at the air/water interface formed before the formation of an insoluble spreading

monolayer of organo-modified SWCNTs. In other words, a mixed monolayer of the Langmuir

film of the organo-modified SWCNT and the Gibbs monolayer of the protease will be formed.

Proteases present in the aqueous solution at the initial stage as micelles are thought to be

adsorbed on SWCNTs over time. However, proteases that quickly become Gibbs monolayers

in the early stages may not be adsorbed on SWCNT surfaces. Therefore, in this chapter, a

post-adsorption experiment of protease was performed after the formation of an

organo-modified SWCNT monolayer. After the organo-modified SWCNT monolayer formed

on ultrapure water exhibits a constant surface pressure on the m—A isotherm, protease is

injected into the subphase to promote adsorption (inset illustration of Fig. 4-1). All

subsequent experiments in this chapter used samples in which protease was allowed to act on

organo-modified SWCNTs by post-adsorption experiments.
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Figure 4-1. (a) n—t isotherm of Gibbs monolayer of the protease (15 °C). (b) n—A isotherms
of monolayers of organo-modified SWCNTs on ultrapure water and on buffer
solution containing protease as subphase (15 °C). (Inset illustration) Interaction
induced experiment with SWCNT by post-injection of protease.
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4-3. Confirmation of protease adsorption on organo-modified SWCNT monolayer and

its morphology

Figure 4-2 shows AFM images of the organo-modified SWCNT monolayers. In this
figure, the monolayers when the subphases corresponded to ultrapure water and the aqueous
solution containing protease, respectively, were transferred onto a solid substrate by the HLM.
The aqueous solution containing protease was stabilized for 30 min by post-injecting the
protease solution into the subphase when the organo-modified SWCNT monolayer on
ultrapure water reached a surface pressure of 10 mN-m™'. After that, an organo-modified
SWCNT monolayer on an aqueous solution containing protease was transferred onto the
substrate. As discussed in previous studies, the morphology of the organo-modified SWCNT
monolayer itself shows a fibrous aggregated morphology [41, 43]. On the other hand, it can
be confirmed that finely shaped deposits are present on the overall surface of each inorganic
fiber in the organo-modified SWCNT monolayer in which protease was allowed to act from
the subphase. This morphological feature is distinct from that of the organo-modified
SWCNT monolayer.

Here, the distribution of SWCNT length and the length distribution of fibrous
morphology are described. Although the length distribution of the SWCNTs used was
100-600 nm, it considered that the aggregated fiber length of the SWCNTSs was important at

the air/water interface. In the previous report, it showed a histogram of the tube length in a
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monolayer of organo-modified SWCNT aggregates that were sonicated for 24 and 10 hours

[41]. SWCNTs rupture during sonication in mixed acid, and the aggregated fiber lengths are

fairly uniform at 400 nm, especially after 24-hour treatment. Therefore, it is considered that

the influence of the distribution of SWCNT length on the adsorption of protease in this

chapter is suppressed. On the other hand, if the effect of the aggregated fiber length is to be

positively examined, it seems effective to change the ultrasonic treatment time to give a

distribution to the aggregated fiber length.

Further, this chapter claim that protease is adsorbed in a almost monolayer on the

surface of SWCNTs. However, there may be local multi-layered adsorption. On the other

hand, the evidence that it is monolayer adsorption on average has been shown in resent report

[112]. From the results of out-of-plane and in-plane X-ray diffraction, when multilayers were

formed, the average interlayer distance was much smaller than that of bilayer adsorption, so I

predicted that it would be monolayer adsorption.

By the way, the monolayer obtained by the HLM is an X-type monolayer in which the

surface facing the subphase side was exposed to air. In other words, the surface on which the

protease and SWCNT interacted in the aqueous solution was exposed. Regarding this point, I

will further confirm the IR spectrum of the multilayers and deepen the discussion.

Figure 4-3 depicts the IR spectrum of the organo-modified SWCNT multilayers

transferred onto a solid substrate with 20 layers by the HLM under the conditions of a
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subphase temperature of 15 °C and a surface pressure of 10 mN-m™'. Here, I compared the
spectra when the subphase was ultrapure water and when the protease was injected into the
subphase. Protease-derived amide I and II bands were confirmed in the vicinity of 1550—1640
cm! in the multilayers on which the protease is acted. Furthermore, in this system, bands of
N-H stretching vibration derived from the amide group of the protease with a
hydrogen-bonding shift are clearly confirmed around 3300 cm™. Therefore, there is no doubt
that protease is adsorbed on the organo-modified SWCNT multilayers in which protease is
allowed to act from the subphase. Since the isoelectric point of trypsin (used as the protease to
cleave the fluorescein-modified casein chain) is a pH of 10.5, the protease, which is also an
amphoteric electrolyte, is positively charged in this experiment. At the air/water interface, it
seems that organo-modified SWCNTs have surfaces with abundant organo-modified chains
facing air and the surface with poorly bonded modified chains and abundant hydroxyl group
termination facing the water. Therefore, the electrostatic interaction between the -O~ group on
the negatively charged SWCNT surface and the positive protease is considered to be the
driving force of adsorption. From the above, it can be concluded that the results shown in Figs.
3 and 4 both show the morphology and spectral characteristics of the organo-modified

SWCNT monolayer and multilayers before and after protease adsorption, respectively.
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Figure 4-2. AFM images of monolayer of organo-modified SWCNTs on ultrapure water
and an aqueous solution post-injected protease (15 °C, 10 mN-m™).
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Figure 4-3. IR spectrum of X-type multilayers of organo-modified SWCNTs on
ultrapure water and an aqueous solution post-injected protease (by HLM,
15°C, 10 mN-m™', 20 layers
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4-4. Maintenance of protease activity adsorbed on organo-modified SWCNT monolayer

under high-temperature conditions

Since it was found that the protease can be adsorbed and immobilized on the stearyl

phosphonate-modified SWCNT monolayer, the activity maintenance characteristics are

examined in this section. Figure 4-4 shows the fluorescence spectrum of fluorescein-modified

casein in solution at room temperature (25 °C) with a black line. In addition, this figure shows

the fluorescence spectrum after immersing the protease-adsorbed organo-modified SWCNT

multilayers in a fluorescein-modified casein solution at room temperature for 5 min and

removing, depicted by the red line. It can be seen that the intensity of the emission spectrum

with the peak top at 520 nm clearly increased after the protease-adsorbed organo-modified

SWCNT multilayers were applied. This increase in strength is because the protease adsorbed

on the organo-modified SWCNT multilayers maintains its activity and induces breakage of

the casein chain. The fluorescein-modified casein used in this chapter has the function of

increasing its luminescence intensity by disrupting the molecular chain. Thus, protease

adsorbed on an SWCNT surface maintains a three-dimensional steric structure using the

SWCNT surface as a template and retains its functionality even once exposed to the

atmosphere.

Figure 4-5 shows the most impressive data in this chapter. Figure 4-5(a) shows the

fluorescence spectrum of the protease-adsorbed organo-modified SWCNT multilayers after
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high-temperature annealing for 10 min in advance, followed by immersion in a

fluorescein-modified casein solution. Surprisingly, there was no significant difference in the

increase in fluorescence intensity when exposed to an environment at 100 °C. Moreover, even

if the annealing temperature is further increased to 130 °C and 160 °C, the increase in

fluorescence intensity itself can be confirmed. The increased value itself decreases slightly

with increasing heat-treatment temperature, but the activity of the adsorbed protease is hardly

lost. For comparison, Fig. 4-5(b) shows the fluorescence spectrum when the protease in the

solution was subjected to the same heat treatment and allowed to act on the

fluorescein-modified casein solution. In contrast to the increase in fluorescence intensity at

room temperature, the value decreased significantly at 50 °C, and there was no significant

increase in intensity at 90 °C. This behavior means that the steric structure of the protease in

the solution completely collapses in an environment at 90 °C, and its activity is lost. On the

other hand, it is suggested that the steric structure of the protease adsorbed on SWCNTs is

maintained even at 100 °C, and that there may be no significant disturbances even at 160 °C.

It has similar data on adsorption to aluminosilicate / montmorillonite in past studies

[71]. In this case as well, it was found that the periodic structure and secondary structure of

the biomolecules adsorbed on the surface of the inorganic material were maintained under

high temperature conditions. Therefore, it would be a promising proposal that the SWCNT

surface, whose similar behavior can be confirmed, has the property of maintaining the
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structure. However, the weakness at this point is that the difference between the two is not
clear. By immobilizing biomolecules on both the aluminosilicate surface and the SWCNT
surface, the structure is maintained and the activity in harsh environments is also maintained.
Since SWCNT has a two-dimensionally finer periodic structure than aluminosilicate, the
search for further functionality is interesting. However, at present, it is difficult to discover
the unique characteristics of SWCNTs, even if they can show the superiority of
immobilization on the surface of inorganic particles.

In these regards, the secondary structural changes of the protease-adsorbed
organo-modified SWCNT multilayers before and after annealing at 160 and 200 °C were
evaluated by Raman spectroscopy (Fig. 4-6). In the Raman spectrum, the amide I and II bands
were confirmed between 1550 and 1640 cm™, as in IR. After annealing at 160 °C, the amide
band intensity is slightly reduced, it becomes broad, and the secondary structure change is
sensitively captured. Further, after annealing at 200 °C, the amide band intensity is further
significantly reduced. Monitoring the amide band in laser Raman spectroscopy may be an

indicator of the structural changes that contribute to protease inactivation.
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Figure 4-4. Fluorescence spectrum of fluorescein-modified luminescent casein solution. In
addition, fluorescence spectrum after applying X-type multilayers of
protease-adsorbed organo-modified SWCNT to the fluorescein-modified

luminescent casein solution.
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Figure 4-5. (a) Fluorescence spectrum of a fluorescein-modified luminescent casein
solution in which X-type multilayers of protease-adsorbed organo-modified
SWCNTs after annealing at each temperature was allowed to act. (b)
Fluorescence spectrum of solution of a fluorescein-modified luminescent
casein in which a protease solution exposed to each temperature was allowed

to act.
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Figure 4-6. Raman spectrum of protease-adsorbed organo-modified SWCNT multilayers
before and after annealing at 160 and 200 °C.
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4-5. Conclusion

The above results are summarized in Fig. 4-7. The protease used in this chapter can be

electrostatically adsorbed on an organo-modified SWCNT monolayer. Adsorption is achieved

by post-injecting the organo-modified SWCNT monolayer into the subphase after the

template exhibits a constant surface pressure and is densely packed. At this time, the protease

forms a shape in which it is dispersed and adsorbed on the surface of the fibrous chain of

SWCNTs. Proteases adsorbed on the SWCNT surface maintain their steric structure even

when exposed to the atmosphere. Furthermore, even at a high temperature of 160 °C, its steric

structure can be maintained, and its activity can occur. These data that the enzymatic reaction

was confirmed even after being exposed to high temperatures were predicted to correspond

that the "maintenance of steric structure” was maintained enzyme activity at high

temperatures. Protease used in this chapter have the ability to cleave luminescent casein

chains, and the cleaved casein emits light. The reason why the luminescence intensity does

not increase at high temperature is that the activity of protease is lost, but this behavior is

correlated with the disorder of the steric structure. Therefore, it can be asserted that the

maintenance of the steric structure is an essential condition for confirming the enzymatic

reaction. Specifically, Raman spectra are expected to show the maintenance of the steric

structure of SWCNT-adsorbed protease when exposed to high temperatures. In other words,

the adsorption of biomolecules on the surface of SWCNTs may contribute to the development
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of biomaterials that can operate even in harsh environments.
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Figure 4-7. Schematic illustrations summarizing the contents of this chapter.
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Chapter 5. Dispersion Characteristics of Polypropylene/Organo-Modified Single-Walled
Carbon Nanotube Composites with a Long-Chain Phosphonic Acid Added

as the Third Dispersant Component and Their Drawn Orientation

5-1. Abstract

A simple substance was added as the third component to a composite material
comprising PP, a general-purpose resin, and long-chain phosphonate-modified SWCNTs to
improve the filler dispersibility of the composite. Although SWCNTs with high aggregation
characteristics could be introduced into organic polymers by modifying the organic chains on
the outermost surface of the nanoparticles, their dispersibility was not sufficient. As a
compound with a low molecular weight, a stearyl phosphonic acid was used as the modifier in
this chapter. Due to the high sublimation temperature of this modifier, which exceeded the
melting point of PP, a jet-black composite with high dispersibility was obtained when the
modifier was added as the third component during melt-compounding. The jet-black
three-component composite film exhibited better tensile properties than the two-component

composite film. Analyzing the stretch orientation characteristics, the uniaxial stretching
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process induced deagglomeration, eliminating the difference in the initial dispersion states of

the composites.

Keywords: Organo-modification; Single-walled carbon nanotube; Dispersant third

component; Three-component polymer-based composite, Jet black film

74



5-2. Filler dispersibility and physical properties of PP/ODP-SWCNT composites

containing ODPA modifier as the dispersant

Figure 5-1 shows the digital camera photographs and optical microscope images of the
PP/ODP-SWCNT binary and PP/ODP-SWCNT/ODPA ternary composite films with varying
amounts of the third component. In the binary composite shown in Fig. 5-1(a), macroscopic
aggregation was confirmed at 0.5 wt% filler. In contrast, the ternary composite containing 0.5
wt% of dispersant exhibited a characteristic "jet-black film" (Fig. 5-1(b)). The optical
microscope image of the jet-black film indicated that the fine aggregates were well-dispersed.
Even though the same amount of SWCNT were added in the nanocomposites shown in Figs.
3(a) and 3(b), the difference in macroscopic color tone was significant. When the amount of
ODPA added was increased to 1.0 wt% (Fig. 5-1(c)), no jet-black film was produced, and the
size of the aggregates observed in the optical microscope image was not uniform. This
suggested that there could be an optimum dispersant to ODP-SWCNT ratio that could
maximize dispersibility. At this time, it seems extremely important to consider the
intramolecular interaction between the organic modifier ODPA and the organo-modified
chain portion of ODP-SWCNT. That is to say, due to the enhanced van der Waals interaction
between the long-chain alkyl groups, both of chains are considered to be located close to each
other in the composite. Therefore, ODPA seems to have the effect of improving the surface
coverage of SWCNT in a pseudo manner. As a result, it is considered that the wettability
between the hydrocarbon-based organic polymer and the matrix polymer is improved and the
dispersibility is improved more than the modification rate of SWCNT.

Figure 5-2 and Table 5-1 show the crystallinity and thermal properties of the neat PP and
the three composites. Fig. 5-2(a) shows the WAXD profiles of the four samples. At 26 values
of 10° to 30°, the peaks of the (110), (040), and (130) planes, as well as the combined peaks

of the (111) a5-2nd (041) planes were confirmed. The absence of significant changes in any
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of the peak positions indicated no change in the crystal system itself. By mathematically
subtracting the amorphous curve from the intensity curve and evaluating the crystallinity
based on the curve fitting, the degree of crystallinity of the neat PP, binary composite, and
ternary composites with 0.5 and 1.0 wt% ODPA were 34, 39, 49, and 39%, respectively,
proving that the ternary composite with 0.5 wt% ODPA showcased the highest crystallinity
degree. Also, table 5-2 shows the crystallite size calculated from Scherrer formula. Here, too,
a large D119 crystallite size of 0.5 wt% three-component composite was produced.

Figure 5-2(b) compares the thermal properties of the four samples using DSC
thermograms. During the first cooling process, the crystallization peaks of the neat PP and
binary composite hardly showed any difference. In contrast, the crystallization temperatures
of the two ternary composites with different ODPA amounts, which were indicated by the
extrapolation points of the rising curves of the baseline and peak, decreased by approximately
10 °C. As shown in the lower part of Fig. 5-2(b), this result was possibly attributed to the
decrease in lamella thickness. In contrast to the WAXD analysis which suggested that the
crystallinity of the composites either remained the same or was enhanced, the decreasing
lamella thickness of the ternary composites indicated an increase in the crystalline region in
the ab-plane. In the result of this study, the PP crystallization temperature decreases after
adding SWCNTs and drawing. It was expecting a higher crystallization temperature if
SWNTs induce the PP crystallization. However, when SWCNT was added and drawn
composite, the crystallization temperature decreases, but the improvement in crystallinity was
found from XRD. Since the decrease in crystallization temperature reflects the lamella
thickness, the growth of lamella is suppressed. On the other hand, when SWCNT was added,
many crystal nuclei were generated and the crystallinity in the ab-plane is improved.
Therefore, although it does not contribute to the growth of lamella, it is thought that the

degree of nucleation is improved, and the crystallinity is improved.

76



Figure 5-3 shows the S-S curves obtained from the tensile tests conducted on all the four
composites. The changes in the mechanical properties of these samples were in good
agreement with the trends observed in the optical microscope, WAXD, and DSC analysis.
Compared with the neat PP represented by the broken line, the maximum stress value of the
binary composite increased, but its elongation characteristics were lost, making the sample
vulnerable to elongation. The yield point of the binary composite had also disappeared. In
contrast, the ternary composites showcased obvious improvement in physical properties,
reflecting the effect of filler dispersion. When 1.0 wt% ODPA was added, the maximum
stress value was almost doubled, but the elongation characteristics were retained. For the
jet-black ternary composite film in which the optimum amount of ODPA at 0.5 wt% was
added, the maximum stress value was four times higher than that of the neat PP, and the
elongation characteristics were maintained. Therefore, it could be concluded that the
dispersion of SWCNTs on the jet-black film increased the crystallinity of the composite in the
ab-plane, reduced the lamella thickness, and improved its mechanical properties
corresponding to a fourfold increase in hardness.

In this chapter, TG analysis was also performed on all four samples: neat PP,
PP/ODP-SWCNT binary composite, and PP/ODP-SWCNT/ODPA ternary composites
containing 0.5 and 1.0 wt% ODPA. The TG curves shown in Fig. 5-4 accurately depicted the
onset temperature at the start of thermal degradation for all samples. The jet-black
PP/ODP-SWCNT/ODPA ternary composite with 0.5 wt% ODPA exhibited a thermal
degradation onset temperature that was 11 °C lower than that of the PP/ODP-SWCNT/ODPA
ternary composite with 1.0 wt% ODPA. However, no significance difference in behavior
between the two ternary composites was observed at subsequent stages of thermal
decomposition. As the thermal degradation temperature measured using TG analysis was

considered to reflect the properties of the melt above the melting temperature, the two ternary
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composites were expected to showcase little difference in thermal properties. Even though TG
measurements could theoretically indicate the characteristics of the amorphous region of PP,
which did not have a melting point, these characteristics were not reflected in the TG

measurements conducted in this chapter.
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Table 5-1.  Crystallization degree of the neat PP, PP/ODP-SWCNT binary composite, and
PP/ODP-SWCNT/ODPA ternary composites containing 0.5 and 1.0 wt%
ODPA modifiers. calculated from WAXD orofiles.

Samples Crystallization degree

[%]

PP/ODP-SWCNT/ODPA (1.0 wt%) 39
nanocomposite

PP/ODP-SWCNT/ODPA (0.5 wt%) 49
nanocomposite

PP/ODP-SWCNT nanocomposite 39

Neat PP 34
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Table 5-2. Crystalline size of the neat PP, PP/ODP-SWCNT binary composite, and
PP/ODP-SWCNT/ODPA ternary composites containing 0.5 and 1.0 wt% ODPA
modifiers, calculated from WAXD profiles.

Samples Crystalline size
Do [A]

PP/ODP-SWCNT/ODPA (1.0 wt%) 227
nanocomposite

PP/ODP-SWCNT/ODPA (0.5 wt%) 246
nanocomposite

PP/ODP-SWCNT nanocomposite 225

Neat PP 214
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5-3. Drawn orientation characteristics of PP/ODP-SWCNT/ODPA ternary
composites

Figure 5-5 illustrates the states of the binary and jet-black ternary composite films after
uniaxial drawing. Fig. 5-5(a) showcases a digital camera image of the jet-black ternary
composite film before and after uniaxial high-temperature drawing. As the sample was shaped
like a dumbbell after drawing for the convenience of setting it in the uniaxial drawing
apparatus, the effect of stretching on both ends of the sample sandwiched between the
drawing apparatus was not reflected. The central part of the sample, which was elongated to
five times its length by drawing, appeared lighter than the ends and was slightly transparent.
When observed with a POM, as shown in Fig. 5-5(b), the SWCNT aggregates were uniaxially
oriented in the drawing direction. In the binary composite with the same SWCNT content as
the ternary composite (Fig. 5-5(¢)), macroscopic aggregates were sparingly present. Although
the density was low, the presence of uniaxially oriented SWCNT aggregates in the binary
composite could be confirmed using a POM (Fig. 5-5(d)). This could be because the drawing
treatment promoted deaggregation, reducing the size of the aggregates. Although the
distribution was biased, the difference in initial dispersibility was suppressed.

Figure 5-6 and Table 5-3 show the WAXD curves of the binary and ternary composites
with the same ODP-SWCNT content, as well as the changes in crystallinity. Almost all the
crystalline peaks in the WAXD profiles of the jet-black ternary and binary composites
increased in intensity at increasing draw ratios, as shown in Figs. 5-6(a) and (b), respectively.
Only the combined diffraction peaks of the (111) and (041) planes in both composites were
obscured by the influence of orientation. The changes in diffraction peaks of the other planes
suggested the effect of orientation on crystallinity. However, quantitative calculations
indicated that the crystallization degree was saturated at approximately 65% for draw ratios

beyond 2 (Table 5-3). The Diio crystallite size shown in Table 5-4 also saturates at a draw
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ratio of 2 to 3 times. This proved that the intensity of a specific diffraction peak could
increase at different orientations, but its crystallinity would be saturated at draw ratios higher
than 2. In addition, the difference in crystallinity between the two composites when undrawn
was eliminated when the drawing process was performed, enabling the binary and ternary
composites to possess similar crystallinity. In addition, in order to complement the results of
WAXD analysis, representative POM images of the drawn composites are shown in (Fig. 5-7).
It was found that the filler orientation was completed at between the 2 times drawing and the
3 times drawing in both the binary and the ternary system.

However, the composites exhibited different thermal behaviors (Fig. 5-8). The
crystallization temperature of the jet-black ternary composite (119.9 °C) was lower than that
of the neat PP. At a draw ratio of 3, the crystallization start/on set temperature (118.1 °C)
decreased slightly, the crystallization peak was sharp and the distribution of lamella thickness
was uniform. At a draw ratio of 5, the crystallization peak was observed at a high temperature,
and the lamella thickening was considered to be due to high-magnification drawing. In
contrast, the binary copolymer exhibited almost no difference in crystallization temperature
from that of the neat PP when unstretched. The change in crystallization temperature was also
not noticeable even after drawing and tended to shift toward the lower temperatures. Poor
filler dispersibility may prevent uniaxial drawing from thickening the lamella and increasing
its uniformity. However, it should be noted that the crystallization temperature of the binary
copolymer was always higher than that of the ternary copolymers, and this analysis was only
a relative comparison with the undrawn samples of the same composite.

Figure 5-9 compares the S-S curves obtained from the tensile tests conducted on the
jet-black ternary and binary composites after uniaxial drawing. The corresponding numerical
data is presented in Table 5-5. No significant difference was observed between the two types

of drawn samples, possibly due to the deagglomeration of the SWCNT filler caused by the
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above-mentioned drawing. At draw ratios of 3 and 5, the Young's modulus, maximum stress
value, and elongation of the binary and ternary composites were almost similar. Although the
physical characteristics of the ternary composite were slightly superior, there was no
significant difference between the two composites, and these materials were similarly
transformed into hard and brittle samples, indicating a significant increase in hardness and
decrease in elongation. In other words, drawing minimized the influence of the initial
dispersibility on the mechanical properties and crystallinity of the composites containing
SWCNTs. Drawing also increased the Young's modulus and maximum stress at the expense
of elongation.

Considering the dramatic differences on their SWNT dispersibility, the modulus and strength
are close for SWNT 0.5 and SWNTO0.5 ODPA 0.5. Generally, the dispersibility of nano-filler
does affect the reinforcement efficiency of the nanocomposites. In this study, the
improvement of mechanical characteristics is limited comparing the improvement of
dispersibility. (Fig. 5-10) provides the fracture surface of ternary composite. As these reasons,
it was supposed that there are two factors. One is that, judging from the cut surface, the
improvement of the dispersibility inside the material is limited to the improvement of the
dispersibility of the surface. The other is that the dispersibility is relatively improved, but it
looks black, so the aggregate size itself is larger than the wavelength of visible light. It was
supposed that the above two were the reasons why the improvement of mechanical properties
is suppressed.

From the results of POM images in (Fig. 5-7), it seems about the effects of dispersity
and orientation on mechanical characteristics as follows. Drawn orientation promotes
de-aggregation. The difference in the initial dispersion state is noticeable in the mechanical
characteristics at that time. However, after drawing, the dispersibility is improved and the

difference becomes unclear. In other words, the drawing operation is a means to partially
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eliminate the poor dispersibility.
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Table 5-3. Crystallization degree of the PP/ODP-SWCNT/ODPA (0.5 wt%) ternary
composite and PP/ODP-SWCNT binary composite before and after uniaxial
drawing, calculated from WAXD profiles.

Crystallization degree [%]
Draw Ratio PP/ODP-SWCNT/ODPA PP/ODP-SWCNT
(0.5 wt%) nanocomposite nanocomposite
Undrawn 49 39
2 65 66
3 66 67
4 66 67
5 66 65
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Table 5-4. Crystalline size of the PP/ODP-SWCNT/ODPA (0.5 wt%) ternary composite and
PP/ODP-SWCNT binary composite before and after uniaxial drawing,
calculated from WAXD profiles.

Crystalline size D110 [A]

Draw Ratio [ pp/ODP-SWCNT/ODPA PP/ODP-SWCNT
(0.5 wt%) nanocomposite nanocomposite
Undrawn 246 225
2 271 266
3 273 272
4 276 273
5 274 270
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Figure 5-7. Optical microscope images of (a) the PP/ODP-SWCNT/ODPA (0.5 wt%) ternary

composite film after uniaxial drawing (draw ratio = 2,3). and (b) the
PP/ODP-SWCNT binary composite film after uniaxial drawing (draw ratio =
2,3).
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5-4. Conclusion

The results of this chapter are summarized in Fig. 5-11. By introducing 0.5 wt% of
ODPA into the PP/ODP-SWCNT composite, a characteristic jet-black composite with
excellent filler dispersibility was obtained. Compared to the neat PP, the mechanical
properties of this composite were significantly enhanced when not processed. However, when
high-temperature uniaxial drawing was applied to the binary and ternary composites before
and after introducing the ODPA dispersant, the effect of initial dispersibility was reduced.
Uniaxial drawing induced deaggregation, causing the Young's modulus and maximum stress
values in the ternary system to be slightly higher, but the difference was suppressed to a
minimum. In this chapter, I presented a method to improve the dispersibility and minimize the
difference in physical properties caused by the dispersibility effect in composite materials
containing SWCNTs and general-purpose polymers. Although the ternary composite
containing 0.5 wt% of dispersant exhibited a jet-black appearance, the difference in physical
properties was not significant. This was because the jet-black appearance indicated the
presence of SWCNT aggregates with sizes of visible light wavelengths. By reducing the sizes
of these aggregate to below the wavelengths of visible light and preparing a composite that
reflects the color tone of the matrix resin, further innovative improvements in physical

properties of the materials could be expected.
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6. Concluding Remarks

The doctoral thesis has been reported the following three contents.

Chapter 3 provides information on the unique properties of materials for researchers who
focus on defossilizing resources and promoting the utilization of nanocarbon materials. The
physical properties of SWCNTs obtained using two different manufacturing methods were
compared as it pertains to the monolayer on the water surface and the LB film after undergoing
the steps of surface organo-modification. Surface organo-modification made SWCNTs
lipophilic and realized nanodispersion in a toluene solvent. The organo-modified SWCNTSs that
were obtained by surface-modifying the SWCNTs from the improved-arc discharge method
with long-chain phosphonic acid were excellent in the arrangement regularity in the in-plane
and layered directions. However, the SWCNTs obtained via the super-growth CVD method
with the same surface modification exhibited excellent dispersion performance in the organic
polymer matrix. The difference in these properties could be derived from the original surface
properties of the SWCNTs from each manufacturing method, even after surface modification.
In other words, it is predicted that this difference could be nullified by making the surface
organic modification rate as close to 100 % as possible. The organic modification of SWCNTs
could present an effective means for promoting dispersion in solution, dispersion in organic
solids, and two-dimensional integration of this material having too strong aggregation

characteristics.
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In Chapter 4, the activity maintenance characteristics of biomolecules using nanomaterial

surfaces were investigated. SWCNTs, which are nanocarbon materials with an elaborate

geometrical shape, are suitable as templates that contribute to maintaining the structure of

organic molecules and biomolecules. A method was introduced that involved a monolayer on

the water surface that can expose the surface of SWCNTSs over a wide area. A long-alkyl chain

was introduced onto the surface of SWCNTs hydrophilized by ultrasonic treatment with a

mixed acid via a phosphonate bidentate bond. The Langmuir monolayer method, in which the

alkyl group becomes a hydrophobic group and the surface rich in its bonds is exposed to air,

while the unmodified SWCNT surface can be exposed below the water surface, was utilized. It

was successful in adsorbing protease from the subphase on the hydrophilic surface of organo-

modified SWCNTs. The morphology and presence of functional groups were confirmed by

AFM and IR, respectively. The adsorption-immobilized protease retained the ability to cleave

the luminescent casein chain. Its cutting function was maintained even in an environment of

100 °C and was only slightly reduced at 160 °C. Protease function in solution was significantly

reduced at 50 °C and almost lost at 90 °C. From the viewpoint of the Raman band, it was

confirmed that the secondary structure of the adsorbed protease was maintained after high-

temperature treatment. Adsorption and immobilization on the surface of nanocarbon have been

considered to be effective in maintaining the properties exhibited by biomolecules in an

aqueous solution in a high-temperature environment exceeding 100 or 150 °C. In the future, the
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denaturation behavior of adsorption—immobilized biomolecules due to structural transition will

also arouse basic academic interest.

Further, in Chapter 5, In the sample in which ODP-SWCNT was added to PP, a general-

purpose resin, the nanocomposite prepared via melt-compounding showcased excellent filler

aggregation. The aggregation tendency of this composite was greater than that of the

fluorocarbon-modified SWCNT in a fluorinated polymer reported in a previous study [107].

Therefore, this study presented greater improvement in the dispersibility of nanoparticles at

small amounts of modifier.

When uniaxial drawing was performed, the PP/ODP-SWCNT binary composite and

PP/ODP-SWCNT/ODPA ternary composite showcased equal improvement in crystallinity and

hardness, even at a low magnification where the drawing ratio was 2. At a drawing ratio of 3,

the maximum stress of the PP/ODP-SWCNT/ODPA ternary composite was comparable to that

of the PP/ODP-SWCNT binary composite in quintuple stretching. These results were caused

by the improved filler dispersibility in the undrawn state. The deaggregation behavior during

drawing became more remarkable due to the homogenization of the initial dispersed state.

Both the maximum stress and maximum strain values of the PP/ODP-SWCNT/ODPA

ternary composite increased. In the PP/ODP-SWCNT binary composite, the aggregation of

ODP-SWCNT was remarkable; therefore, cracks were often observed around the aggregates,

even in the tensile test. In other words, the improvement in SWCNT dispersibility could
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suppress the occurrence of cracks during deformation. This could be proven by the strain value

of the PP/ODP-SWCNT/ODPA ternary composite which were maintained even after high-

magnification drawing.

By improving the dispersibility of ODP-SWCNTs through the formation of jet-black

composites, the suppression of defect formation and fracture origin occurrence based on the

presence of SWCNT aggregates could be expected.
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