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The thermally reversible light scattering behaviors of benzoxazine-urethane copolymer
was investigated in this work. Benzoxazine monomers (BA-a) were synthesized by the solventless
synthesis technique from bisphenol-A, para-formaldehyde, and aniline with the molar ratio of
1:4:2, respectively. Urethane prepolymer was prepared by reacting poly(propylene glycol) (M,, =
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step. Urethane prepolymer and benzoxazine monomers were crosslinked during the thermal
curing by the urethane linkages as confirmed by ATR FT-IR spectroscopy and Raman
microspectroscopy. The network forming reaction of the BA-a/PU binary mixture occurred
simultaneously as a single exothermic peak was observed in the differential scanning calorimetry
(DSC) thermograms. The curing temperature of BA-a/PU binary mixtures increased when PU mass
fraction increased. The BA-a/PU binary mixtures were completely cured when a step-by-step
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CHAPTER |

Introduction

1.1 Light Scattering History

Principle of light scattering was initiated by Lord Rayleigh (1842-1919), who
was both theoretician and an experimentalist to correctly explain the color of the
sky. In order for light to be scattered in a given system, there must be some permute
in the refractive index at the point from which light is scattered. Scattering also takes
place in a continuously homogeneous medium of small particles or molecules
because the particles are continuously undergoing Brownian motion and randomly
moving. Rayleigh’s work was subsequently elaborated by Debye (1915) and Gans
(1925). Later, Einstein and Smoluchowski learned that on a mesoscopic scale,
macroscopic properties such as density, pressure, concentration, and even
temperature undergo fluctuations which, in turn, affected the refractive index and

cause light to scatter [1].



1.2 Thermally Reversible Light Scattering

Thermally reversible light scattering materials (TRLS) are intelligent materials
that can be switched from opaque state (off-state) to transparent state (on-state) by

varying temperature (Figure 1.1).

A

)

Heating/Cooling
(a) (b)

Figure 1.1 Thermo-optical property of TRLS film: (a) off-state and (b) on-state.

From this characteristic, TRLS have potential applications in thermal sensors,
optical devices, recording media, and several other applications [[2],[3],[4],[5],[6]]
(Figure 1.2). TRLS film generally consists of a support polymer matrix with dispersed
domains of relatively low molar mass species e.g. liquid crystal [[71,[8],[9],[10]]
polymer blend [11], hydrogel [[12]-[13]], and phase change materials (PCMs), which
might be fatty acid, inorganic eutectics, and paraffin [[14], [15], [16]]. Changing
between transparent (on-state) and scattering states (off-state) is accomplished by a
change in refractive index of one or both components, a change in the aggregate

state, or by reversible solid-liquid phase formation of PCMs at different temperatures.



(a) (b)

Figure 1.2 Thermally reversible light scattering applications:

(a) Shutter and (b) Thermal sensor

1.3 Benzoxazine —Urethane Alloys for TRLS

Polybenzoxazine is a novel kind of thermosetting phenolic resin. The new
type of phenolic resin has distinctive characteristics such as molecular design
flexibility, low moisture absorption, near zero-volume shrinkage upon polymerization,
low melt viscosities, no by-product during curing, and ability to alloy with various
types of resin. In addition, it can be synthesized using the solventless technology to
yield a clean precursor without the need of monomer purification. Consequently, it
can be applied in various fields of stringent property requirements such as electronic,
automotive, or construction industries. However, polybenzoxazine still has some
intrinsic  shortcomings, including its brittleness as a consequence of the short
molecular weight of the network structure. Alloying of elastomeric materials to this

brittle resin has been reported to effectively improve its flexibility. Urethane



elastomer, flexible epoxy, or anhydride compounds are examples of flexibility
enhancer of the polymer [17].

Urethane elastomer, which is a family of segmented polymers with hard
segment derived from isocynates and soft segment derived from polyols, exhibits
excellent flexibility and high abrasion resistance. However, urethane elastomer has
low moisture resistance and poor thermal stability [[18],[19],[20]]. Urethane
prepolymer can form a network by reacting with moisture in the atmosphere. The
polymer alloy of benzoxazine resin (BA) and urethane prepolymer (PU) is a very
attractive polymer hybrid system because synergism in glass transition temperature
(Tg) was observed at about 30 wt.% of the urethane prepolymer. The presence of PU
renders greater cross-linked density in the polymer alloys. In addition, the BA-a/PU
system also exhibits enhanced thermal stability relating to the thermal sensor
application. The aim of this research is to investigate the TRLS behavior in
benzoxazine resin alloyed with urethane resin i.e. BA-a/PU system. This system is
very appealing for some optical applications besides its prominent mechanical and

thermal characteristics.



1.4 Objectives

1. To study effects of diol molecular weights on thermal and optical properties of
polymer alloys between benzoxazine resin and urethane resin for thermally
reversible light scattering (TRLS) applications.

2. To evaluate effects of urethane resin contents on thermal and optical properties

of the TRLS polymer alloys based on benzoxazine and urethane resins.

1.5 Scope of Research

1. Synthesis of BA-a typed benzoxazine resin by the solventless synthesis
technique.

2. Synthesis of urethane prepolymer using three different molecular weight of
diols  (My, = 1000, 2000, 3000) and toluene diisocyanate (TDI).

3. Investigation of thermally reversible light scattering property of benzoxazine-
urethane alloys with various weight ratios of urethane and benzoxazine resins i.e.
PU:BA-a of 0:100, 10:90, 20:80, 30:70, 40:60, 50:50, and 60:40.

4. Evaluation of the effects of polyol molecular weights on curing and crosslink
behaviors of urethane-benzoxazine alloys.

- Determining functional groups (ATR FT-IR and Raman spectroscopy)

5. Investigation of thermal, mechanical and optical properties of the obtained

TRLS specimens.



5.1 Thermal properties

- Curing behaviors and glass transition temperature (Differential scanning
calorimeter and Dynamic mechanical analyzer)

- Thermal degradation temperature and thermal stability (Thermogravimetric
analyzer)

5.2 Mechanical properties

- Dynamic mechanical properties (Dynamic mechanical analyzer)

5.3 Optical properties

- Optical Image (Digital camera)

- Optical micrographs (Microscope)

- Thermo-optical curve (Light scattering apparatus)

1.6 Procedures of the study

1. Reviewing related literature.

2. Preparation of chemicals and equipment for using in this research.

3. Synthesis of benzoxazine resins (BA-a) and urethane prepolymers.

4. Preparation of poly(benzoxazine-urethane).



5. Determination of thermal, mechanical and optical properties of

poly(benzoxazine-urethane) as follows:

- Glass transition temperature

- Thermal degradation temperature
- Dynamic mechanical properties

- Optical Image

- Optical micrographs

- Thermo-optical curve

- Functional groups

6. Analysis of the experimental results.

7. Preparation of the final report.



CHAPTER Il

Theory

2.1 The Mechanics of Light Scattering

The light scattering is the alteration of the direction and intensity of a light
beam that strikes an object. The alteration is due to the combined effects of
reflection, refraction, and diffraction used as shown in Figures 2.1 [21]. This reduction
in the energy of the incident beam leads to the concept of extinction, which is the
degree of attenuation of the incident light energy.

Total energy of incident beam

Eincident — Etransmitted + Eextinction

Eincident is the total energy of incident beam
Etransmitted is the transmitted energy of incident beam
Eextinction s the loss energy of incident beam
Loss energy of incident beam

Extinction = scattering + absorption

where scattering = reflection + refraction + diffraction



Diffracted ray

Reflected ray—w

.

Transmitted afte.7
internal reflection

Transmitted ray

No interactionundeviated ray

Figure 2.1 The Phenomenon of Light Scattering

Both scattering and absorption cause the incident light beam to be
diminished as it is projected through an assemblage of particles, some decrease due
to redirection of rays by scattering, some decrease due to the loss of the photons by
absorption.

2.2 Beer-Lambert law

By definition, the transmittance (T) of material sample is

_ Itrasmitted

T =

Iincident

Ltrasmitted is the radiant flux transmitted by that material sample.

lincident is the radiant flux impinged upon that material sample.


https://en.wikipedia.org/wiki/Transmittance
https://en.wikipedia.org/wiki/Radiant_flux
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2.3 Thermotropic Materials base on Light Scattering

Thermotropic materials switch between a highly transparent state and a light
scattering state. In the light scattering state, domains exhibiting a refractive index
different from the refractive index of the matrix material are present. These domains
can appear by a phase separation process. In addition, the domains can be
permanent and change their refractive index at the thermotropic switching
temperature. In the latter case the refractive indexes of matrix and domain are equal

in the transparent state and differ in the light scattering state [22].

switching mechanism clear state opaque state
T ® ®
. °
phase separation pa .
[ ]
o ®
n,#ng
e O O @ @
phase transition in o T )
: O o “—> L ] PY
permanent domains o °
2 o e ®
n, =Ny Ny # Ny,

Figure 2.2 Thermotropic switching by phase separation or phase transition in

permanent domains.
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2.4 Benzoxazine Resin

Benzoxazine resin is a novel kind of phenolic resin that can be synthesized
from phenol, formaldehyde, and amines [23]. Solvent may be used in this synthesis
depending on initiator and heating [24]. The resin is developed to provide optimal
properties in electronics and high thermal stability applications.

Benzoxazine resin can be classified into a monofuctional and a bifunctional

type depending on a type of phenol used as shown in Figures 2.3 and 2.4.

+ H—”—H + » O
_|_
HO
2
Phenol Formaldehyde Aniline Benzoxazine monomer

Figure 2.3 Synthesis of monofunctional benzoxazine monomer.
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CH, NH,
HO—Qfé—QfOH + 4H—C—H + 2
C|:H3 g
Bisphenol-A Formaldehyde Aniline

C

N
CH
<o:©—é 3 o) 4H O
|H3 > 2
N

Benzoxazine monomer

Figure 2.4 Synthesis of bifunctional benzoxazine monomer.

The benzoxazine resin allows development of new applications due to their unique
superior properties such as [23]

- Solventless synthesis provides almost contaminant-free monomer.

- Self-polymerized upon heating.

- No catalyst or curing agent required.

- No by-products during cure.

- Low melt viscosity.

- Near zero-volume shrinkage.

- Low water absorption.

- Excellent electrical properties.
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= High mechanical integrity.

The benzoxazine monofunctional monomers can be polymerized to yield a
linear structure (Figure 2.5). The benzoxazine bifunctional monomer can be
subsequently polymerized to yield a network structure (Figure 2.6). Benzoxazine resin
was reported to be able to alloy with several other polymer or resin. Consequently,
the polymer alloys including polybenzoxazine with bisphenol A-typed epoxy [25],
flexible epoxy (EPO732) [20], isophorone diisocyanate (IPDI)/polyether polyol-typed
urethane resin [20], toluene diisocynates (TDI)/polyethylene adipate polyol-typed
urethane resin[19], with polyimide [26], rendered a broader range of useful

properties.

OH

Figure 2.5 Ring-opening polymerization of monofunctional benzoxazine monomer.



Q} >

H3
Hs—C—CHs
F|’h
N
m
OH

Figure 2.6 Ring-opening polymerization of bifunctional benzoxazine monomer.
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2.5 Polyurethane

Polyurethane is a polymer that contains urethane functional group (-NH-CO-
O-). Polyurethane consisting of soft and hard segments are formed by the addition
polymerization between diols or polyols (i.e. soft segment) and diisocyanate or
polyisocyanate (i.e. hard segment) (Figure 2.8) [27]. The rate of the polymerization
reaction depends upon the structure of both the isocyanate and the polyol. The
functionality of the hydroxyl-containing reactants or the isocyanate can be varied. As
a result, a wide variety of linear branched and crosslinked structures can be formed.
The hydroxyl-containing components cover a wide range of molecular weight and
types, including polyester and polyether polyols. Aliphatic polyols with primary
hydroxyl end-groups are the most reactive. They react with isocyanate faster than
similar polyols with secondary hydroxyl groups. The polyfunctional isocyanate can be
aromatic, aliphatic, cycloaliphatic, or polycyclic in structure and can react with any
compound containing “active” hydrogen atoms. This flexibility in the selection of
reactants of polyurethane also leads to its wide range of properties of polyurethane.
Polyurethane have excellent flexibility, outstanding resistance, high abrasion
resistance. Nevertheless, polyurethane exhibits low resistance to moisture and poor
thermal stability. Polyurethane is employed in many applications such as

automotive, furniture, construction, thermal insulation and footwear [28].
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O
—NH—C—0—
Figure 2.7 Urethane linkage

HO—R—OH + OCN—R—NCO —>» —?—T—R—T—ﬁ—O—R—

H H O

@]

Polyol Diisocyanate Polyurethane

Figure 2.8 Polyurethane addition reaction.

2.6 Polyurethane Prepolymer Technique

Prepolymers of polyurethane are formed by the reaction of a diisocyanate
with an oligo-polyol, at the molar [diisocyanatel/[OH group] of 1/1 [29]. In fact, only
one group of diisocyanate reacts with one hydroxyl group of the polyol. A structure

with free terminal-NCO groups called ‘prepolymer’ is produced.

70-90°C
20CN-R-NCO + HO mwwwsews OH ———= OCN-R-NHCOQ st OCONH-R-NCO
Diisocyanate Oligo-diol A Prepolymer

Figure 2.9 Polyurethane prepolymer preparation.

High molecular weight polyurethanes are formed by the reaction of a
prepolymer with a chain extender e.g. ethylene g¢lycol, diethylene glycol, 1,4-

butanediol, or diamine,.
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OCNH-R-NHCOQ st OCONH-R-NCO  + HO-R;-OH

Prepolymer Oligo-diol

[-O-R;-O-OCONHRNHCOQ  mwwwers GCONHRNCOO-R;-O-1,,

Polyurethane

Figure 2.10 Formation of high molecular weight polyurethane by the reaction of

urethane prepolymer with oligo-diol.

The prepolymer can also be extended to a high molecular weight polymer by
reaction with water present in the atmosphere. In fact, water is a chain extender and
the resulting higsh molecular weight polymer has both bonds: urethane and urea
bonds. If a prepolymer derived from an oligo-triol or an oligo-polyol, having three or
more terminal NCO groups is used, crosslinked polyurethanes will be obtained when

the prepolymer is exposed to the atmospheric humidity (Figure 2.11 and 2.12)

[OCONH-R-HNCOQO s OCONH-R-NCO], + n H-O-H
Prepolymer l Water

[FOCONH-R-HNOCN-R-HNCOOQ st GCONH-R-HNCONH-R-HNCOO-],,
Polyurethane

Figure 2.11 Formation of high molecular weight polyurethane by the reaction of

urethane prepolymer with water.



O H
[ +
T—ﬁ—O—R—O—C—N
H O
PU prepolymer N=Cc=0
CH,
H O
|
N—C—O—
cH H O H
R I
N—C—N CH
3
1]
T_ﬁ_O_R_O_C_N +
H O
H O
|
CH N—C—N
’ ;:) |
H CH
3
T
o) PU

Figure 2.12 Polymerization of PU prepolymer by a reaction with water.

HO
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2.7 Raw material

In this work, raw materials employed for the synthesis of PU prepolymer are
toluene diisocyante (TDI) and polyether diol with molecular weights of 1000, 2000,

and 3000 g/mol

2.7.1 Isocyanate

Toluene Diisocyanate (TDI)

TDI is an aromatic diisocyanate. Most of the TDI used is a mixture of 2,4- and
2,6-diisocyantes. The structure formula of toluene diisocyanate (TDI) are shown in

Figure 2.13 [30].

N=—=C=—=0

Figure 2.13 2,4- and 2,6-toluene diisocyanate (TDI)

Toluene diisocyanate is prepared by direct nitration of toluene to give a 80:20
mixture of the 2,4- and 2,6-dinitro derivatives, followed by hydrogenation to the
corresponding diaminotoluene. Though toluene diisocyanate (TDI) is stable with a

relatively high-flash point, it can be reacted with water, acid, base, organic, and
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inorganic compounds. The 80:20 mixture of 2,4-TDI and 2,6-TDI is the most important

commercial product. The specifications of toluene diisocyanate are shown in Table

2.1 [29] [31].

Table 2.1 The specification of toluene diisocyanate.

Properties Value
Molecular weight 174.16
NCO content (% by weight) 48.3
Purity (% by weight) 99.5
Melting point (CC) 19-22
Boiling point (°C) 251
Density (g/crn’) 1.22 at 20°C
Viscosity (mPa.s) 3.2at20°C
Vapor pressure (Pa) 33 at25C
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2.7.2 Polyol

The polyols employed to make polyurethanes have been developed to have
the required reactivity with commercially available isocyanate and to produce
polyurethanes with specific properties. A wide range of polyols is used in
polyurethane manufacturing. Most of the polyols used fall into two classes: hydroxyl-
terminated polyethers, or hydroxyl-terminated polyesters. The structure, molecular
weights, and functionality of the polyol play are crucial in determining the properties
of the final urethane polymer.

Polyether Polyols

Polyether polyols containing the repeating ether linkage (-R-O-R-) have two or
more hydroxyl eroups as terminal functional groups. They are manufactured
commercially by the catalyzed addition of epoxies (cyclic ethers) to an initiator. The
most important types of the cyclic ethers are propylene oxide and ethylene oxide.
Butylene oxide is also employed. These oxides react with active hydrogen-containing
compounds (called initiators), such as water, glycols, polyols and amines. Thus, a
wide variety of compositions of varying structures, chain lengths and molecular
weight is theoretically possible. By selecting the proper oxide (or oxides), initiators,
reaction conditions, and catalysts, it is possible to synthesize a series of polyether
polyols ranging from low-molecular-weight polyglycols to high-molecular-weight

resins. Most polyether polyols are produced for polyurethane application. In this
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work, the polyol used for the synthesis of our urethane prepolymer is polypropylene
glycol (MW = 1000, 2000, and 3000 ¢/mol). The structural formula of the

polypropylene glycol are shown in Figure 2.14.

I
H--O—CH—CH,|-0—H

Figure 2.14 Structure of Polypropylene glycol

2..7.3 Bisphenol A

Bisphenol A is produced by reacting phenol with acetone in the presence of
an acid catalyst (show in Figure 2.15). Common catalyst are aqueous acids or acid

clays. Promoters such as thioglycolic acid and resorcinol are also used [32].

CH3

0]
S
2 + )k HO OH

CHs

Figure 2.15 Synthesis of bisphenol A.
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2.7.4 Formaldehyde

Formaldehyde is an unstable colorless gas, which is commercially supplied in
37% aqueous solution, as a solid cyclic trimer (trioxan), and as a solid polymer
(paraformaldehyde) which used in this work. Almost all formaldehyde produced is
derived from methanol either by oxidative dehydrogenation using silver or copper
catalyst (see Equation 2.1), or by oxidation in the presence of Fe,O;and MoOs (see
Equation 2.2) [32].

Catalyst (2.1)
CH3OH —> HCHO + HZ

In the oxidative dehydrogenation, the generated hydrogen is oxidized to water upon

addition of air.

Catalyst (2.2)
2CH,0H +0, ———> 4 2HCHO + 2H,0

2.7.5 Aniline

The classical method of synthesis of aniline is the reduction of nitrobenzene

with hydrogen in the vapor phase using a copper/silica catalyst (show in Figure 2.16).
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Nitrobenzene is produced in the nitration of benzene using a mixture of nitric acid

and sulfuric acid [32].

NOZ NHZ

Figure 2.16 Synthesis of aniline by nitrobenzene.

Recently Aristech Chemical completed a 90,000-ton aniline plant using plant
using phenol as the feedstock. This technology was developed by Halcon; it is also
used by Mitsui Toatsu in Japan. The amination of phenol is conducted in the vapor

phase using an alumina catalyst, and yield are very high.

OH NH,

NH

Figure 2.17 Synthesis of aniline by phenol.
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2.8 Crosslinking between Benzoxazine Resin and Urethane Prepolymer

Previously, Takeichi and co-workers [19] studied the synthesis and
characterization of poly(urethane-benzoxazine) film. The poly(urethane-benzoxazine)
film as novel polyurethane (PU)/phenolic resin alloys were prepared by blending a
benzoxazine monomer (BA-a) and TDI-polyethylene adipate polyol (MW = 1000)
based PU prepolymer. The mechanism of benzoxazine-urethane alloys was proposed
by model reaction of monofunctional benzoxazine monomer, 3,4-dihydro-3,6-
dimethyl-2H-1,3-benzoxazine (CM) and phenyl isocyanate. FT-IR spectroscopic
technique was used to investigate the reaction between benzoxazine resin and
urethane prepolymer. The main structures in benzoxazine-urethane alloys were
considered to be a crosslinking between NCO of the PU prepolymer and phenolic
hydroxyl groups from ring-opening polymerization of BA-a. The mechanism of

benzoxazine-urethane alloys was proposed as illustrated in Figure 2.18 [19].
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O/\N—CH3
o—c=N" > >"nco
+
CHj PU prepolymer
Cm

Poly(urethane-benzoxazine)

Figure 2.18 Reaction of Cm-type polybenzoxazine and PU prepolymer.
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CHAPTER 1lI

Literature Reviews

L. Cao, M. Mou, G.Feng and Y.Wang [33] studied UV-cured polyether urethane
diacylate (PEUDA) with dispersed 1-octadecanol (OD) as a thermally reversible light
scattering (TRLS) film. The TRLS film was opaque when temperature was below 45°C.
With the increase of temperature at 5°C min_l, the film became gradually
transparent, and the transmittance at wavelength 660 nm (Te40) increased to over

90.0% when the temperature was above 60°C (Figure 3.1).

100
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Figure 3.1 %T obtained in one thermo-cycle of the TRLS film.



28

Light scattering Transparent

Figure 3.2 Opaque (a) and transparent (b) TRLS films.

The thermo-optical performance of a 1I-mm thick TRLS film containing 10
wt% of 1-octadecanol in response to successive cyclic switching between opaque

and transparent states was shown in Figure 3.3. Optical transmittance of the film at

the two optically different states remained stable, about 1 T% and 92 T9%,

respectively, after 100 repeated heating/cooling cycles.

——
p—
L J

T % at 660nm

T
40
Cycles

Figure 3.3 Plot of %T at 660 nm versus the number of cooling-heating cycles for a 1-

mm thick TRLS film with dispersed 10 wt.% of 1-octadecanol.
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The transparency of the TRLS film can be improved by varying the initial
weight ratio of OD/PEUDA (Figure 3.4). The transmittance of the TRLS films at 25°C
(opaque states) sharply decreased from 91%T to 2 %T when OD content increased
from 0 to 10 wt%. When OD content further increased over 20 wt.%, the
transmittance was level-off. The transmittance of these films at 60°C (transparent
states) with the value of 91 %T was almost invariable with the content of OD.
Therefore, the transmittance in the two optical states increase with the increasing of
OD/PEUDA ratio. The tensile strength of the 1-mm thick TRLS film steadily decreased
with increment of OD/PEUA ratio and reached to 1.8 MPa when the content of OD

exceeded 30 wt.% (Figure 3.5).

100
] . g — —
80
£ |
c
@ 60 v opaque state
f. 1 + transparent state
S 40+
&=
|—
20
0_ T T ‘I ITl T | T | 'I I

0 5 10 15 20 25 30 35
Coctadecanol(Wt%)

Figure 3.4 Optical transmittance at a wavelength of 660 nm as a function of the

contents of 1-octadecanol crystallites.
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Figure 3.5 Tensile strength as a function of the contents of OD crystallites.

lLA. Zucchi, T. Resnik, P.A. Oyanguren, M.J. Galante, RJ.J. Williams [34]
compared the optical properties of polystyrene (PS)/naphthalene (NP) domains or
polystyrene/liquid crystal (EBBA) domains in epoxy matrices. Morphologies generated
in the films synthesized using naphthalene (NP) are shown in Figure 3.6. Dispersed
domains are constituted by an NP/PS solution that is rich in naphthalene. At room
temperature, NP was crystallized inside dispersed domains. Therefore, dispersed
domains scattered light and appeared opaque. Heating above the NP melting point
(81°C) rendered the film transparent as the refractive index of NP was similar to the

refractive index of epoxy.

o
[T S J
| = > S0 um
— —

(b)

Figure 3.6 Transmission optical micrographs of TRLS films synthesized using 55 wt.%

and NP 3 wt.% PS obtained at room temperature (a) and 85 C (b).
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Figure 3.7 shows the variation of the intensity of the transmitted light as a
function of temperature for a 200 pm-thick TRLS film containing 55 wt.% NP and 3
wt.% PS. Successive heating/cooling cycles were performed at 5°C/min. During a
heating cycle, NP crystallization took place in the 50-70°C temperature range,
increasing the fraction of crystals in dispersed domains. Therefore, the transmittance
of the TRLS film decreased. Melting of NP crystals began at about 70°C and was
completed at 81°C, producing a transparent TRLS film. In the subsequent cooling
cycle, NP crystallization took place at about 48 °c leading to a very sharp decrease in
the intensity of transmitted light. This behavior was quite reproducible for the
selected rate of temperature change, as is shown in Figure 3.8 where variations in

intensity during different heating/cooling cycles are plotted as a function of time.

100 -
j

% Transmittance

30 ) 40 ) 50 i 60 ) 70 ’ 80 ) 90
Temperature (°C)
Figure 3.7 Intensity of transmitted light as a function of temperature in successive

heating/cooling cycles at 5 °C/min for a 200 pm-thickness TRLS film containing 55

wt.% NP and 3 wt.% PS.
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Figure 3.8 Intensity of transmitted light as a function of time in successive
heating/cooling cycles at 5 °C/min for a 200 pm-thickness TRLS film containing 55

wt.9% NP and 3 wt.% PS.

Fisure 3.8 shows the intensity of transmitted light as a function of
temperature during heating and cooling cycles at 2°C/min for a 270 pm-thick TRLS
film containing 50 wt. % EBBA and 1 wt.% PS [33]. The thermal gap between
transparent and opaque states is extremely reduced with respect to the case of
using an organic crystal. A low undercooling (2-3°C) is enough to produce nematic
domains inside dispersed particles. Evidently, the change in orientation of EBBA
molecules that leads to a bidimensional array occurs much more rapidly than the

organization of tridimensional organic crystals.
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Figure 3.9 Intensity of transmitted light as a function of temperature during heating
and cooling cycles at 2 °C/min for a 270 pum-thickness TRLS film containing 50 wt.%

EBBA and 1 wt.% PS.

P.Kasemsiri, J.Wakita, S.Ando, and S. Rimdusit [35] investigated the thermally
reversible light scattering characteristics of benzoxazine-urethane alloys (BA-a/PU).
The glass transition temperature (Tg) of BA-a/PU increased when the PU content

increased. In particular, the highest T, of 240°C was obtained from 40 wt.% of PU

(Figure 3.10).
LLH"“"!—-‘_M

Heat Flow (mw/mg)

0 50 100 150 200 250 300
Tenperature (°C)

Figure 3.10 DCS thermograms of BA-a/PU with the weight ratio 100/0 (a), 90/10 (b),

80/20 (c), 70/30 (d), 60/40 (e).
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At 200°C, the film became transparent without microphase separation.

Furthermore, the transmittance at 500-700 nm was significantly higher than the

value at room temperature. When film was cooled down to 150°C, the micro-phase

separation re-appeared, and gradually became opaque at 100°C, 50°C, and room

temperature. Therefore, the micro-phases separation at lower temperatures and

transition to homogenous phase at evaluated temperature lead to TRLS behaviors to

BA-a/PU system.

Transmittance

=200 ()

—— 150 (°C)

=100 )

—* 50 (°C)

—@— Room Temperature
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200°C

Y

il RT-100°C
650 700

Figure 3.11 Temperature dependence of optical transmission spectra and optical

micrographs along with schematic views from 200°C to room temperature.
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J. Puig and cowokers [36] studied poly(dodecyl methacrylate) as a solvent of
paraffin for phase change materials and thermally reversible light scattering films.
The 200- pm thick TRLS film containing 30 wt.% C20 was subjected to a heating and
cooling cycle at 20°C/min. The film became opaque in the range of 23-27°C during
the cooling stage and transparent in the range of 30-35°C during the heating step.
The opaque-transparent switching behavior occurred with a high reproducibility for
successive heating—cooling cycles (Figure 3.13). This was due to the absence of

leakage or agglomeration of the paraffin during the consecutive thermal cycles.

100
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Figure 3.12 Optical transmittance as a function of temperature for a 200-um thick

film containing 30 wt.% C20 by heating/cooling cycle at 20°C/min.
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Figure 3.53 %Transmittance as a function of time during successive heating/cooling

cycles at 20 °C/min for a 200-um thick TRLS film containing 30 wt.% C20.

S.Rimdusit, T.Mongkhonsi, P.Kamonchaivanich, K.Sujirote [37] studied effects
of polyol molecular weight on properties of benzoxazine-urethane polymer alloys.
From their result, the glass transition temperature of benzoxazine-urethane alloys
increased with the increase of mass ratio urethane each polyol molecular weight
(Mp). Furthermore, the observation of the thermal degradation of the BA:PU alloys at
a fixed mass ratio of 80:20 did not increase at various molecular weights of the
polyol. However, the char yields of these alloy systems were observed to increase
with the molecular weights of the polyol. The char yields of the binary mixtures
using PU1LK, PU2K, PU3K, and PU5K were determined to be 18.3 wt.%, 20.6 wt.%, 22.6

wt.%, and 22.9 wt.%, respectively.
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Figure 3.64 Relationship between M, of polyol and glass transition temperature of
BA:PU alloys from differential scanning calorimeter: () M, = 1000, (l) M, = 2000,

(A) M, =3000, and (@) M, = 5000 ¢/mol.
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Figure 3.75 TGA thermograms of the BA:PU (80:20) polymer alloys at various number
average molecular weights of polyol: (W) Pure BA, () M, = 1000, (l) M, = 2000,

(A) Mn = 3000, and (@) M,, = 5000 g/mol.
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CHAPTER IV

EXPERIMENTAL

4.1 Raw Materials

Raw materials used in this research are benzoxazine resin and urethane
prepolymer. Benzoxazine resin is based on bisphenol-A, paraformaldehyde and
aniline. Bisphenol-A (polycarbonate grade) was supplied by PTT Phenol Co., Ltd.
Paraformaldehyde (AR grade) was purchased from Merck. Aniline (AR grade) was
obtained from Panreac Quimica SA Company. Urethane prepolymer was prepared by
reacting polyether polyol with toluene diisocyanate (TDI). Toluene diisocyanate and
poly(propylene glycol) with the number average molecular weights (M) of 1000,

2000, and 3000 g/mol was supported from IRPC Co., Ltd.
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4.2 Specimen Preparation

4.2.1 Benzoxazine Resin Preparation

Benzoxazine monomer (BA) was synthesized by the patented solventless
synthesis technique [38] from bisphenol A, paraformaldehyde, and aniline at the
molar ratio 1:4:2 Briefly, the three reactants were continuously mixed in an
aluminum pan at 110°C for 40 minutes. Subsequently, the reaction mixture was
cooled-down to room temperature and the benzoxazine monomer (BA-a) was
formed as a transparent yellowish solid. The product was then pulverized to fine

powder and kept in a refrigerator for future-use.

4.2.2 Urethane Prepolymer Preparation

The urethane prepolymer was synthesized by mixing polypropylene glycol
polyol (M,, = 1000, 2000, or 3000) and 2,4-tolulene diisocyanate (TDI) at a 1:2 molar
ratio in a four-necked round-bottomed flask. The mixture was then stirred under a
nitrogen stream at 80°C for 2 hours without any addition of a catalyst. The obtained
transparent and viscous urethane prepolymer was cooled down to room

temperature and kept in refrigerator to prolong its shelf life. The urethane
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prepolymers were labeled as PU1K, PU2K, and PU3K according to the M, of the

poly(propylene glycol) of 1000, 2000, and 3000 g/mol, respectively.

4.2.3 Benzoxazine:Urethane Prepolymer Binary Mixture Preparation

The benzoxazine monomer (BA-a) was mixed with PU1K, PU2K, and PU3K at a
specified mass ratio (BA-a:PU) of 100:0, 90:10, 80:20, 70:30, 60:40, 50:50, and 60:40.
The binary mixtures were sequentially heated at 130°C for 1 hour and at 150°C for 1
hour in an aluminium pan while thoroughly mixed until clear homogeneous resin
mixtures were obtained. The molten resin was thermally cured in an air-circulated
oven . The specimens were cured using a step heating profile at 160°C, 170°C, 180°C
and 200°C for 2 hours at each temperature. The specimens were finally left to cool

down to room temperature and were ready for the chracterizations.

4.3 Characterizations

4.3.1 Attenuated Total Reflection Fourier Transform Infrared

Spectroscopy (ATR FT-IR)

A Nicolet iS5 FT-IR spectrometer (Thermo Scientific) equipped with fast
recovery deuterated triglycine sulfate (DTGS) detector was employed for all infrared

spectral acquisition. An iD5 single-bounce ATR accessories with a laminate-diamond
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crystal was employed as a sampling probe. To acquire an infrared spectrum, the
specimen surface was placed onto a flat diamond crystal IRE with sampling diameter
of 1.5 mm. The specimen was pressed against the flat diamond crystal with a
pressure device until the maximum allowable pressure was obtained. All ATR spectra

were collected at 4 cmf1 with 32 co-addition scans.

4.3.2 Raman Spectroscopy

Raman spectra of all specimens were acquired with a DXR Raman Microscope
(Thermo Scientific) with a 780-nm excitation laser. The specimens were analyzed
under a 10X- objective lens with a laser spot size of 3.1 pm. The laser power was set
to 14.0 mW. A 50- pm slit type aperture was utilized for spectral acquisition. The
exposure time for measuring was 2.0 seconds with 32 accumulated sample
exposures. A 4th—degree polynomials was employed for spectral fluorescence
correction. To obtain a Raman spectra, the tested specimen was mounted onto the
sample stage beneath the objective lens. The spectral acquisition at a specified point
was conducted by focusing the excitation laser on the surface. The surface of

specimens should flat and smooth. The thickness of the specimen was 2 mm.

4.3.3 Optical Images and Optical Microscopy

The photographic images of BA-a/PU alloys were observed by a digital camera

(IXUS 960 IS, CANON) with a resolution of 12.1 mega pixels. Optical micrographs in
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reflection, transmission, and cross-polarized transmission modes of specimens were

obtained with Axio Scope.Al coupled with a AxioCam HRc CCD camera (Carl Zeiss).

4.3.4 Differential Scanning Calorimetry (DSC)

Differential scanning calorimeter model DSC1 Module (Mettler-Toledo) was
used to study the curing behaviors of BA-a/PU mixtures. The samples with a mass in
range of 5-10 mg were sealed in an aluminum pan with lid and were systematically
scanned under nitrogen using a purging rate 50 mL/min. The sample was scanned

from 30°C to 300°C at the heating rate of 10°C/min.

4.3.5 Light Scattering Apparatus

Thermo-optical properties of benzoxazine-urethane alloys were investigated
with @ homemade laser light scattering measurement apparatus. The insulator
chamber had a dimension of 16 x 21 x 23cm’. In order to suppress a reflection of
lisht, the interior wall of the test chamber was coated with black color. The chamber
contains a heater, a multimeter, a temperature controller set, a type K
thermocouple, a BPW21 visible light Si photodiode, and a laser source. The heating
temperature up to 300°C can be precisely controlled. The laser generated from the
laser source had a wavelength within the range from 630 nm to 680 nm. The

dynamic range of the photodiode was 460-750 nm.
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4.3.6 Dynamic Mechanical Analysis (DMA)

The dynamic mechanical analyzer (DMA) model DMA242 from NETZSCH was
employed to investigate the thermomechanical properties of the specimens. The
dimension of each specimen was 50 X 10 X 2 mm. The test was performed under
the three-point bending mode. The temperature was scanned from ~100°C to the
temperature beyond the glass transition temperature (T,) of each specimen with a
heating rate of 2°C/min  under nitrogen atmosphere. The strain was applied
sinusoidally with a frequency of 1 Hz. The storage modulus (G), loss modulus (G"),
and loss tangent (tan 8) were then obtained. The glass transition temperature was

obtained from the local maxima on the loss modulus or the loss tangent curves.

4.3.7 Thermogravimetric Analysis (TGA)

Thermal stability of benzoxazine-urethane samples was performed on a
Mettler Toledo thermogravimetric analyzer model TGA1 STAR System. The testing
temperature program was ramped at a heating rate of 20°C/min from 30°C to 800°C
under nitrogen atmosphere with a constant N, purging at a flow rate of 50 mL/min.
The sample mass was approximately 5-10 mg. The degradation temperature at 5%

weight loss (T4 5) and char yield at 800°C were recorded for each specimen.
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CHAPTER V

RESULTS AND DICUSSION

5.1 Differential scanning calorimetry for curing condition observation

The curing behavior of the BA-a/PU3K binary mixtures at various mass ratio
was investigated by different scanning calorimetry (Figure 5.1). A heating rate was
10°C/min and the temperature was in the range of 30-300°C. Only a single
exothermic peak of the curing reaction in each mass ratio was observed. The results
suggested that the network forming reactions of these binary mixtures took place
simultaneously. Moreover, the curing reaction of these binary system proceeded
without the need of any catalyst or curing agent. The exothermic peak was shifted to
higher temperature when PU3K content increased. When the mass ratio of BA-
a/PU3K resin mixtures was 100/0, 90/10, 80/20, 70/30, 60/40, 50/50, and 40/60, the
exothermic peak was at 233, 238, 243, 247, 253, 256 and 262 °c respectively. The
curing retardation was attributed to the dilution effect of the urethane prepolymer
[20]. Takeichi et al. reported that initially phenolic hydroxyl group from the ring

opening of the benzoxazine monomer was produced after that the reaction between
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phenolic hydroxyl group on the polybenzoxazine and the isocyanate group was
expected to proceed [19]. The DSC thermogram also showed the decrease of curing
peak area of the binary mixtures when the amount of the PU resin increased. The
systematic decrease of the exotherms with the PU revealed that the BA:PU
interaction possessed a lower heat of reaction per mole of the reactant than that of
the BA:BA interaction. Excessive amount of the PU in the binary mixtures might also
lead to the presence of the unreacted PU in the fully cured alloys [37].

Since the BA-a/PU3K alloy at a mass ratio of 40:60 exhibited the highest
curing temperature, the alloy was selected in order to determine the fully-cured
condition for other binary mixture compositions. The DSC thermograms of BA-a/PU3K
alloy at various curing conditions are shown in Figure5.2. The degree of conversion of

the sample was calculated by the following relationship.

H
% conversion = (1 - rxn) x 100
Hy
where Hin is @ heat of reaction of a partially cured specimen.

H, is a heat of reaction an uncured resin.

Both H,,, and H, values can be obtained from DSC experiment.
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The fully-cured condition of the polymer corresponded to the complete
disappearance of the exothermic peak in DSC thermograms. Theoretically, the fully -
cured polymer was reported to provide a polymer with high thermal and mechanical
properties. The heat of reaction determined from the area under the exothermic
peak was 105.45 J/g (0% conversion) for the uncured 40:60 of BA-a/PU3K alloys. The
heat of reaction reduced to 82.75 J/g (21% conversion), 79.43 J/g (24% conversion)
and 64.17 J/g (39% conversion) after the thermal curing at 130°C for 1 hour, 150°C for
1 hour, 160°C for 2 hour, respectively. The heat of reaction decreased to 26.32 J/g
(75% conversion) after further thermal curing at 170°C for 2 hour. When the binary
mixture was cured at 180°C for 2 hour, the heat of reaction decreased to 10.05 J/g
(90% conversion). The exothermic heat of reaction disappeared after post-curing at
200°C for another 2 hours. The results suggested that the curing reaction of BA-
a/PU3K alloys could rapidly occur at temperature above 130°C. The curing reaction
was complete after the binary mixture was cured at 200°C for 2 hours. Therefore, the
step-curing conditions starting from 130°C for 1 hour, 150°C for 1 hour, 160°C for 2
hours, 170°C for 2 hours, 180°C for 2 hours, and 200°C for 2 hours was chosen as an

optimum curing condition for all BA-a/PU3K binary mixtures.
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5.2 Optical Images

The inherent transparency of polybenzoxazine and BA-a/PU alloys at room
temperature are shown in Table 5.1. The dimensions of all specimens were 12 x 40 x
2 mm. BA-a/PU2K alloys with PU2K mass fractions of 30% and 40% and BA-a/PU3K
alloys with PU3K mass fractions of 30%, 40%, and 50% exhibited the opaque state at
room temperature. On the other hand, BA-a/PU1K alloys with PU1K mass fractions
from 30-60%, BA-a/PU2K alloys with PU2K mass fractions of 10%, 50%, and 60%, and
BA-a/PU3K alloys with PU3K mass fractions of 10% and 60% displayed the
transparent state. The semi-transparent state was observed in BA-a/PU1K alloys with
PU1K mass fractions of 10% and 20%, BA-a/PU2K alloys with PU2K mass fraction of
20%, and BA-a/PU3K alloys with PU3K mass fraction of 20%. Therefore, the addition
of PU2K and PU3K into polybenzoxazine can induce the opaque state in BA-a/PU
alloys. Moreover, the molecular weights of polyol greatly affected the inherent
transparency of BA-a/PU alloys. BA-a/PU alloys fabricated from PU3K prepolymer
exhibited the broader range of the opaque state compared to BA-a/PU alloys
fabricated from PU2K prepolymer with the same mass fraction from 30-509%.
Interestingly, BA-a/PU2K alloys with PU2K mass fraction of 30%, which was in the
opaque state at room temperature, shifted to the transparent state at 200°C (Figure

5.3).
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5.3 Optical Microscopy

In order to observe the morphology and optical properties of the polymers,
polyurethane, polybenzoxazine, and PU3K/BA-a alloys with PU3K mass fractions of
30% and 60% were fabricated to 100-um thick films. Glass slides were employed as
substrates for all specimens. Polyurethane and polybenzoxazine films transmitted
the visible light (Figure 5.4). However, when the polarized light was employed, both
polyurethane and polybenzoxazine did not exhibit any optical activity. Similarly,
60wt% PU/BA-a alloy films which were transparent, did not distort the plane-
polarized light and optical micrographs exhibiting only dark area were observed.

In contrast, 30wt% PU/BA-a alloy films displayed some optical activity with
the plane-polarized light. Visible light cannot transmit through the films. Moreover,
the films appeared opaque when observed with the naked eyes. When we closely
investigated the optical micrographs in cross-polarized transmission modes of 30wt%
PU3K/BA-a alloys (Figure 5.5), we observed that the dense polymeric matrix were
gradually built up from many micrometer-sized domains. These small polymeric
microdomains were formed by the crosslinking between BA-a resin and urethane
prepolymer during the sequential step curing from 130-200°C. Visible light was
scatterd by the micrometer-sized domains of PU-crosslinked polybenzoxazine since
dark area where these microdomains were located was observed. The magnitude of

the light scattering depended on the local concentration of the microdomains as
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observed from the optical micrographs in the transmission mode. These polymeric
microdomains were capable of distorting the plane-polarized light. In addition, we
can clearly observe the distribution of the polymeric microdomains from the optical
micrographs where the cross-polarized light was employed. The inhomogeneity in
the distribution of these polymeric microdomains was one of the cause of the light
scattering observed in our system. When the PU content in PU3K/BA-a alloys
increased to 60wt%, the size of the polymeric microdomains was smaller than
wavelengths of the visible light. The light scattering in 60wt% PU3K/BA-a alloys was
not observed at room temperature.

The bulk refractive indices of PU3K prepolymer, PU3K polymer, and BA-
a/PU3K alloys with PU3K mass fraction of 60%, and polybenzoxazine were 1.4645,
1.4672, 1.54, and 1.671 respectively. The refractive index of benzoxazine-urethane
alloys at room temperature laid between the values of polybenzoxazine and
polyurethane. There was a refractive index mismatch in the alloys at the opaque
state. In addition, the light scattering state of the alloys were caused by phase-
separated  nonuniform  distribution  of segragated PU in  PU-crosslinked
polybenzoxazine alloy. At the elevated temperature that was higher than the
transition temperature, the bulk refractive indicies of PU and benzoxazine were
reduced and converged to the specific value. The transparent state of the alloy was
obtained when there was a perfect refractive index matching for both PU and

polybenzoxazine.
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5.4 Light scattering apparatus

The thermo-optical curves of BA-a/PU2K alloys with PU2K mass fractions of
30% and 40% are shown in Figure 5.6 and Figure 5.7, respectively. The thermo-
optical curves of BA-a/PU3K alloys with PU3K mass fractions of 30%, 40% and 50%
are shown in Figure 5.8, Figure 5.9, and Figure 5.10, respectively. The transition
temperatures of heating and cooling step were determined from the midpoint of the
optical state transition in thermo-optical curves of each BA-a/PU2K and BA-a/PU3K
alloy specimen. The transition temperature decreased from 84°C to 67°C in the
heating step and 73°C to 63°C in the cooling step when PU2K mass fraction of BA-
a/PU2K alloys increased from 30% to 40%, respectively (Table 5.2). In BA-a/PU3K
alloys, the transition temperatures in the heating step were decreased from 128°C to
104°C when PU3K mass fractions increased from 30% to 50% in Figure 5.8, Figure 5.9
and Figure 5.10. The thermally reversible light scattering behavior is attributed to the
fact that at elevated temperature, the refractive indices of BA-a/PU and PU are
converged to the same value. The optical inhomogeneity in the specimen was
minimized, and in turn, the light scattering process in the specimen was attenuated.
The refractive index of PU might be more sensitive to temperature change than that
of BA-a/PU. When PU mass fraction increased, the switching temperature of the

alloys decreased. In contrast, when PU2K mass fraction in BA-a/PU2K alloy was 50%,
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the alloy were transparent for all temperature range, suggesting the miscible nature

of the alloy.

5.5 ATR FT-IR and Raman Spectra

ATR FT-IR spectra and Raman spectra of BA-a resin, polybenzoxazine, PU3K
prepolymer, and BA-a/PU3K alloys at various PU3K mass fractions are shown in Figure
5.11. The infrared absorption peaks of BA-a resin at 942 e and 1229 cm were
attributed to the benzene mode of the benzene ring that is adjacent to the oxazine
ring and the trisubstituted benzene of the oxazine ring, respectively [20]. The infrared
absorption peaks at 1599 cm ' and the Raman shift at 1600 cm  of BA-a resin were
assigned to the benzene ring C=C stretching vibrations [39], [40] . The Raman shift at
3063 cm  and the infrared band in the region from 2990-3110 cm ' came from the
aromatic =C-H stretching vibrations of BA-a resin. The Raman shift at 2969 e and
the infrared absorption peak at 2964 cm ' of BA-a resin were attributed to the
methyl C-H stretching vibrations. Alkane C-H deformations from the -C(CHs),
functional group of BA-a were exhibited in the infrared absorption peak at 1382 e’
and 1362 cm_ and the Raman band centered at 1372 cm . The infrared absorption
peak and the Raman shift of BA-a at 1156 e were assigned to C-C skeletal
vibrations of -C(CHs),. Tertiary aromatic amines from oxazine ring of BA-a resin

showed C-N stretching vibrations at 1302 cm” in the Raman spectrum and at 1325
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cm ' in the infrared spectra. The Raman shift of BA-a at 1031 cm ' and the infrared
absorption peak at 1029 cm ' of BA-a resin were attributed to the symmetric C-O-C
stretching from the benzoxazine ring. Polybenzoxazine was formed from BA-a resin
by thermal-triggered ring-opening polymerization [41]. Benzoxazine monomers were
transformed from a ring structure to a nearly infinite three-dimensional network. The
C-O-C stretching peak was disappeared in the Raman spectra of polybenzoxazine
because the oxazine ring in BA-a resin was opened by the breakage of a C-O bonds.
In addition, broad infrared absorption band situated around 3367 cm_1 was observed
in the polybenzoxazine spectra due to the in situ generated phenolic hydroxyl
groups from the polymerization process. The combination of deformation vibrations
of hydroxyl groups and C-O stretching vibrations was observed at 1176 e in the
infrared spectra of polybenzoxazine. This intense peak was not observed in the
infrared spectra of BA-a resin. Trisubstituted benzene ring in BA-a resin was
transformed into 1,2,3,5-tetrasubstituted benzene ring in polybenzoxazine after the
polymerization. This transformation was confirmed by the disappearance of the
infrared absorption peaks at 942 and 1229 cm i polybenzoxazine spectra.

In Situ generated hydroxyl groups during the thermal curing of BA-a
resin can be employed for the crosslinking with urethane prepolymer to generate BA-
a/PU alloys. Urethane prepolymer was prepared from by reacting poly(propylene
glycol) and tolulene diisocyanate at the molar ratio of 1:2 under a nitrogen

atmosphere. The intense infrared absoption peaks at 2970 and 2867 cm” and the
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Raman shifts at 2974 and 2871 cm  in the PU3K spectra were attributed to the
asymmetric C-H stretching and symmetric C-H stretching of aliphatic methyl groups,
respectively. Acyclic symmetric -CH,— stretching vibrations were observed at 2930
cm ' in the infrared spectra and at 2932 cm ' in the Raman shift of PU3K spectra. An
ether C-O stretching vibration of —CH,~O-CH,— was observed at 1092 cm ' as the
intense peak in the infrared spectra of PU3K. PU3K was terminated with free
isocyanate groups because the intense infrared absorption peak attributed to the
asymmetric aryl isocyante (-N=C=0) stretching vibrations was observed at 2272 cm
BA-a resin and urethane prepolymer can be alloyed through the formation of
urethane linkage (-NH-CO-O-). The terminal isocyanate groups in urethane
prepolymer were reacted with in situ generated hydroxyl groups of BA-a during
thermal ring-opening polymerization. The complete disappearance of the peak at
2272 cm ' of the infrared spectra of BA-a/PU3K alloys with PU3K mass fraction of
30% and 60% indicated that isocyanate groups in PU3K were completely consumed
during the alloy formation process. Urethane C=O stretching vibrations (Amide |
band) of solid phase N-aryl urethanes of BA-a/PU3K with PU3K mass fraction of 30%
and 60% were observed at 1705 cmfland 1709 cmf1 in the infrared spectra,
respectively. ATR FT-IR spectra and Raman spectra of BA-a/PU3K alloys were greatly
resembled the vibrational characteristics of both polybenzoxazine and urethane

prepolymer. These results indicated that BA-a and PU3k prepolymer were alloyed
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through the formation of the urethane linkage under the step curing employed in our

fabrication.

5.6 Dynamics Mechanical Analysis (DMA)

The mechanical properties of BA-a/PU3K alloys were investigated by a
dynamic mechanical analyzer (DMA). The experiment was performed under a flexural
mode from -100°C to 350°C. The dynamic mechanical properties of the BA-a/PU3K
alloys at the PU3K mass fractions of 0%, 30%, 40%, and 50% are shown in Figure
5.12. The storage modulus of alloys at their glassy state tended to decrease with
increasing PU mass fractions. The storage modulus at room temperature of the neat
polybenzoxazine and the polyurethane were determined to be 6,627 MPa and 44
MPa, respectively. BA-a/PU3K alloys exhibited the storage modulus at room
temperature of 1,857 MPa, 1,546 MPa, and 1,066 MPa at the BA-a/PU3K mass ratio of
70/30, 60/40, and 50/50, respectively. This result inducated that the addition PU in
the polymer alloys made the materials more flexible. When benzoxazine was a
major component, rubbery plateau modulus of polymer alloys was increased with
urethane prepolymer mass fraction. Crosslink density of a polymer network can be

calculated from rubbery plateau modulus as suggested by Nielsen [42].

log (E?,) =7.0+293p, 1)
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E" is a storage modulus in a rubbery plateau region (dyn/cmz), Px is a
crosslinked density defined as the mole of network chains per unit volume of the
polymers (mchmB). The crosslinked densities of all polymer alloys that detrmined
from the equation 5.1 were found to increase with the mass fraction of the urethane
prepolymer.

The glass transition temperature (T,) of BA-a/PU3K alloy was determined from
the peak maximum of the loss modulus (E") curves (Figure 5.13). T, depends largely
on molecular structure (stering effect), chain flexibility, branching and crosslinking,
and molar mass [43]. The T, of the neat polybenzoxazine was determined to be
160°C. The BA-a/PU3K alloys showed two peak maxima or two T, in loss modulus
curve. The peak at ~68°C was attributed to the polyurethane domain in the alloys.
Another peak at higher temperature was a T, of BA-a/PU3K alloys. The T, of the
polymer alloys were about 258°C, 268°C, and 284°C when the mass ratio of BA-
a/PU3K were 70/30, 60/40, and 50/50, respectively. This suggested that BA-a/PU3K
alloys were a heterogeneous network that composed of polyurethane domain and
urethane-benzoxazine domain. Increasing urethane elastomer into polybenzoxazine
can substantially increase the T, of the polymer alloys. Moreover, the synergistic
behavior of the T, of the alloys was observed since the T, of all investigated alloys
were greater than the T, of both the polybenzoxazine and polyurethane. The glass
transition temperature and network of BA-a/PU3K alloys were also examined in loss

tangent (tan ®) curves (Figure 5.14). The tan ® or loss tangent curves were obtained
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from the ratio of energy loss or viscous part (E”) to storage energy or elastic part (E)
of dynamic modulus of material. The T, of the polymer alloys can also be
determined from the local maxima on the tan O curve of each specimen. The T,’s of
the alloys were shifted to higher temperature when the urethane prepolymer mass
fraction in the alloys increased. Moreover, the magnitude of the tan & peak reflects
the large scale mobility associated with alpha relaxation. The peak height of the
local maxima in tan & curves tended to decrease when the mass fraction of the
urethane prepolymer increased. This suggested the reduction in the chain’s
segmental mobility due to the increasing crosslinked density. Furthermore, the width
at half height of the local maxima in tan ® curves were corresponded to the network
heterogeneity of the system. Specifically, the width at half heights of the tan 6
curves for BA-a/PU3K alloys were broader when urethane prepolymer mass fraction
in the polymer alloys increased. Therefore, urethane propolymer induced the

formation of nonhomogeneous network in the polymer alloys.

5.7 Thermal Degradation and Thermal Stability Investigation

The TGA thermograms of the polybenzoxazine and BA-a/PU3K alloys at
various PU3K mass fractions are shown in Figure 5.15 The degradation temperature of
the neat polybenzoxazine at 5% weight loss (T4s) was determined to be 334°C. The

Ty of BA-a/PU3K at PU3K mass fractions of 30%, 40%, and 50% were determined to
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be 355°C, 365°C and 374°C, respectively. Incorporation of the urethane resin into the
benzoxazine resin raised the thermal degradation temperature of the obtained
alloys. Therefore, the thermal stability of the polybenzoxazine was improved. The
enhanced thermal stability are, in part, due to the relatively more stable chemical
bonds in the polyether polyol in contrast to a polybenzoxazine network containing
less stable Mannich bridge. The char yield, which is residual weight at 800°C, of the
neat polybenzoxazine was determined to be 27wt%. When the PU3K mass fractions
in the alloys were 30%, 40%, and 50%, the char yield were found to be 23.5wt%,
229wt% and 21wt%, respectively. The residual weight of the BA-a/PU3K alloys
decreased when PU3K mass fraction increased. This result comes from the fact that
the chemical structure of the polyurethane composes of a less char forming aliphatic
structure of the polypropylene glycol compared to the prevalent aromatic benzene

rings in the network structure of the polybenzoxazine [18],[19],[20].
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CHAPTER VI

CONCLUSIONS

Benzoxazine-urethane polymer alloys exhibiting thermally reversible light
scattering properties were successfully fabricated. When BA-a/PU2K 30-40wt% alloys
and BA-a/PU3K 30-50wt% alloys were exposed to heat from room temperature to
140°C, these alloys exhibited the light scattering state to transparent state transition
with the transition temperatures of 84-67°C and 128-104°C, respectively, depending
on the PU mass fractions. When the alloy specimens were cooled down to room
temperature, they were reversibly transformed to the opaque state again with the
transition temperatures of 73-63°C for BA-a/PU2K alloys at the PU2K contents of 30—
40wt% and 114-82°C for BA-a/PU3K alloys at the PU3K contents 30-50wt%. Urethane
prepolymer and benzoxazine monomers were covalently crosslinked through the
urethane linkage. Some fractions of PU were phase-separated from PU-crosslinked
polybenzoxazine as observed in the loss tangent curves of BA-a/PU alloys. The two
phase observed as the peak maxima in the loss tangent curve were PU and BA-a/PU
copolymer.  PU-crosslinked  polybenzoxazine exhibited the morphologies of
micrometer-sized polymeric domains. The size of microdomains depended on the
PU mass fractions and the PU molecular weights. The micrometer-sized domains

caused by the microphase separation were observed in the 100-um thick specimen
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of the BA-a/PU alloy at the PU content of 30wt% by the polarization microscope.
The microphase separation, the refractive index matching, and the micrometer-sized
domains of PU-crosslinked polybenzoxazine played important roles as the
determining factor for the optical state of the BA-a/PU alloys. Benzoxazine-urethane
polymer alloys showed synergistic behaviors in glass transition temperatures and
thermal stability when the PU mass fractions in the alloys increased. Our developed

materials were suitable for employing in opto-thermal sensing applications.
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Figure 5.1 DSC thermograms of benzoxazine-urethane resin mixtures at various BA-
a:PU3K mass ratios: (@)100:0, (H)90:10, (4)80:20, (A)70:30, (¥)60:40, (N)50:50, and

(4)40:60.
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Figure 5.2 DSC thermograms of benzoxazine-urethane resin mixtures at 40:60 mass
ratio at various curing conditions: (¥ )Uncured, (@)130°C 1hr, (M)150°C 1hr, (#)160°C

2hr, (A)170°C 2hr, (4)180°C 2hr, and (M)200°C 2hr.
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Table 5.1 Visual appearance of BA-a/PU alloys at room temperature.

PU content (%)

Molecular weight of polyol

MW 1000

MW 2000

MW 3000

Transparency Semi - transparency Opacity

Heating

—
|

Cooling

Room temperature High temperature

25 °C 200 °C

Figure 5.3 Thermally reversible light scattering behaviors of BA-a/PU2K.
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PU3K Film Polybenzoxazine Film 60%PU3K/BA-a Film  30%PU3K/BA-a Film

A: Reflection (20X) D: Reflection (20X) G: Reflection (20X) J: Reflection (20X)

200 pm 200 pm
— —

B: Transmission (20X) E: Transmission (20X) L: Transmission (20X)

I: Cross Polarization (20X) L: Cross Polarization (20X)

C: Cross Polarization (20X) F: Croés Polarization (20X)

200 pm

200 pm . 200 pm

Figure 5.4 Optical micrographs of 100-um thick PU3K (A-C), polybenzoxazine (D-F),
60%PU3K/BA-a (G-1), and 30%PU3K/BA-a films in reflection, transmission, and cross-
polarized transmission modes. The magnifications of all micrographs are 20X. The

scale bars in all micrographs are 200 um.
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A: Reflection (20X) B: Transmission (20X) C: Cross Polarization (20X)

200 pm 200 pm

D: Reflection (50X) E: Transmission (50X) F: Cross Polarization (50X)

100 pm

Figure 5.5 Optical micrographs of 100-um thick 309%PU3K/BA-a films in reflection (A
and D), transmission (B and E), and cross-polarized transmission (C and F) modes. The
magnifications of the micrographs are 20X (A-C) and 50X (D-F). The scale bars in A-C

and D-F are 200 pm and 500 pm, respectively.



Transmittance (%)

100

65

80 -

60 -

40

20

0 | | | |

40 60 80 100 120

Temperature ‘o)

Figure 5.6 Thermo-optical curve of BA-a/PU2K alloys at 30wt%:
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Figure 5.7 Thermo-optical curve of BA-a/PU2K alloys at 40wt%:
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Figure 5.8 Thermo-optical curve of BA-a/PU3K alloys at 30wt%:

(@) Heating and (M) Cooling
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Figure 5.9 Thermo-optical curve of BA-a/PU3K alloys at 40wt%:
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Figure 5.10 Thermo-optical curve of BA-a/PU3K alloys at 50wt%:
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Table 5.2 Transition temperature of BA-a/PU2K and BA-a/PU3K at various alloy mass

ratios.
Molecular Transition Transition
PU content
weight of temperature of temperature of
(Wt%) o o
polyol heating step ("C) cooling step ("C)
30 128 114
MW 3000 a0 119 104
50 104 82
30 84 73
MW 2000 a0 67 63
50 Transparent for all temperature range
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Figure 5.11 ATR FT-IR spectra (A) and Raman spectra (B) of BA-a resin,
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polybenzoxazine, PU3K prepolymer, and BA-a/PU3K alloys at various PU3K mass

fractions.
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Figure 5.12 Storage modulus of BA-a:PU3K copolymers at various mass ratios:

(@)100:0, (H)70:30, (#)60:40, (A)50:50 and (¥)0:100
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Figure 5.13 Loss modulus of BA-a:PU3K copolymers at various mass ratios:

(@)100:0, (H)70:30, (#)60:40, (A)50:50 and (¥)0:100
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Figure 5.14 Loss tangent of BA-a:PU3K copolymers at various mass ratios:

(@)100:0, (H)70:30, (#)60:40, (A)50:50 and (¥)0:100
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