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On the Mechanisms Leading to Exfoliated
Nanocomposites Prepared by Mixing

Chang Dae Han

Abstract For most industrial applications, exfoliation is much preferred to
intercalation in organoclay nanocomposites. Mechanisms leading to exfoliated
nanocomposites prepared by mixing are presented with specific examples reported
in the literature. It is pointed out that in the preparation, via mixing, of nanocom-
posites based on thermoplastic polymers or thermoplastic elastomers, exfoliation
of the aggregates of layered silicate platelets requires strong attractive interactions
between the clay surface (with or without chemical modification) and polymer
matrix, giving rise to enhanced compatibility between the two and hence a highly
dispersed (nearly exfoliated) nanocomposite. In this chapter, four different specific
interactions (ionic, ion—dipole, hydrogen bonding, and coulombic) are illustrated
to demonstrate the effectiveness of offering strong attractive interactions between
the clay surface (with or without chemical modifications) and the polymer matrix
in the preparation of exfoliated nanocomposites based on thermoplastic polymers
or thermoplastic elastomers by mixing. It is pointed out further that van der Waals
force is not strong enough to exfoliate the aggregates of layered silicate platelets,
giving rise to intercalated nanocomposites at best.

Keywords Coulombic interaction - Exfoliation - Hydrogen bonding - Intercalation -
Ion—dipole interaction - Ionic interaction - Nanocomposites
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Abbreviations and Symbols

6TPy 6-(2,2":6',2"-Terpyridyl-4’-oxy)hexane

CP

Cross polarization

CT Contact time
DMF N,N-Dimethylformamide
EVA Poly(ethylene-ran-vinyl acetate)

EVAOH Poly(ethylene-ran-vinyl acetate-ran-vinyl alcohol)
EVOH Poly(ethylene-ran-vinyl alcohol)

C.D. Han

......... 71

FTIR Fourier transform infrared

GPC Gel permeation chromatography

HMW High molecular weight

IS Polyisoprene-block-polystyrene

ISB Polyisoprene-block-polystyrene-block-polybutadiene
ISBOH Polyisoprene-block-polystyrene-block-hydroxylated polybutadiene
MA Maleic anhydride

MAS Magic-angle spinning

MLCT Metal-to-ligand charge transfer

MMT Montmorillonite

MMW Medium molecular weight

oDT Order—disorder transition

PC Polycarbonate

PEMA Poly(ethylene-co-methacrylate)

PI Polyisoprene

PIOH Hydroxylated polyisoprene

POM Polarized optical microscopy

PS Polystyrene
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PSHMW High molecular-weight polystyrene
PSLMW Low molecular-weight polystyrene

PVAc Poly(vinyl acetate)

PVPh Poly(vinylphenol)

P2VP Poly(2-vinylpyridine)

Ru Ruthenium

RuClj Ruthenium chloride

S2VP Polystyrene-block-poly(2-vinylpyridine)

SB Polystyrene-block-polybutadiene

SBS Polystyrene-block-polybutadiene-block-polystyrene
SEB Polystyrene-block-poly(ethylene-co-1-butene)

SEBS Polystyrene-block-poly(ethylene-co-1-butene)-block-polystyrene
SI Polystyrene-block-polyisoprene

SIOH Polystyrene-block-hydroxylated polyisoprene

SIOHS Polystyrene-block-hydroxylated polyisoprene-block-polystyrene
SIS Polystyrene-block-polyisoprene-block-polystyrene

Tcu Cross polarization time

Tq Clearing temperature

TEM Transmission electron microscopy

T Glass transition temperature

THF Tetrahydrofuran

TLCP Thermotropic liquid-crystalline polymer

Topr Order—disorder transition temperature

Tipc Carbon spin-lattice relaxation time in the rotating frame
TipH Proton spin-lattice relaxation time in the rotating frame
UV-vis Ultraviolet-visual

XRD X-ray diffraction

X Flory—Huggins interaction parameter

1 Introduction

Nanocomposites are composed of a polymer matrix and layered silicate platelets
having approximately 1 nm thickness and large aspect ratio. In the last two decades,
nanocomposites have attracted much attention from both industry and academia,
because they may offer enhanced mechanical and/or physical properties (e.g., high
modulus and high heat-distortion temperature) that are not readily available from
conventional particulate-filled thermoplastic polymers. One of the advantages of
such nanocomposites lies in that the concentration of layered silicates required is
much lower (say, less than 7 wt%) than that (e.g., 40—60 wt%) required for the con-
ventional particulate-filled thermoplastic composites to achieve a similar property
enhancement. The lower specific gravity of nanocomposites as compared to con-
ventional thermoplastic composites can offer potential cost benefits as well.
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Fig.1 Schematic illustrating

intercalated structure and %/ E n

exfoliated structure

Layered silicate Polymer

Intercalated Exfoliated
structure structure

When a thermoplastic polymer is mixed with layered silicate particles, it either
intercalates or exfoliates the layered silicates, as schematically shown in Fig. 1. The
state of dispersion (intercalation vs exfoliation) of the aggregates of layered silicate
in nanocomposites is commonly assessed by X-ray diffraction (XRD) or transmis-
sion electron microscopy (TEM). Generally exfoliation is preferred to intercalation,
although exfoliation may not necessarily be required for certain industrial appli-
cations (e.g., for an enhancement of flame retardant characteristics). It should be
mentioned that the greater the extent of exfoliation of layered silicates, the larger
will be the total surface areas of the dispersed layered silicates, giving rise to en-
hanced mechanical/physical properties of the nanocomposites prepared.

Numerous research groups have reported on the preparation of organoclay
nanocomposites based on various thermoplastic polymers and there are too many
articles to cite them all here. A recent review article [1] has cited 460 articles deal-
ing with nanocomposites. In the past 10 years the number of articles dealing with
nanocomposites has increased dramatically; for instance, there are over 40,000 ar-
ticles listed under the title of “nanocomposites” in SciFinder on the Internet, which
are either published in refereed journals or documented in conference proceedings.

The extent of dispersion of organoclay aggregates depends on (1) the chemical
structure of the surfactant residing at the surface of clay particles, (2) the chemical
structure and architecture of the polymer matrix (e.g., AB-, ABA-, and ABC-type
block copolymers), (3) the molecular weight of the polymer matrix, (4) the extent
of functionality in the polymer matrix, and (5) the location(s) of the functional
groups in the polymer matrix (end-functionalization vs random functionalization).
The extent of attractive interactions between a polymer matrix and an organoclay
also depends on, besides the factors mentioned above, the gallery distance of an
organoclay. The chemistry of the surfactant that is applied to the surface of pristine
layered silicates determines the gallery distance of an organoclay. Note that layered
silicates have large active surface areas (700-800m?/g in the case of montmoril-
lonite, MMT) and a moderately negative surface charge (cation exchange capacity).
By replacing the hydrated metal cations from the interlayers of the pristine layered
silicates with organic cations such as alkyammonium, the layered silicates attain
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a hydrophobic/organophilic character, which typically results in larger interlayer
spacing. Since the negative charge originates in the layered silicate, the cationic
head groups of the alkylammonium chloride molecule preferentially reside at the
surface of the layered silicate (i.e., the quaternary ammonium salt of the surfac-
tants, for example, interacts with the silicate surface), while the oligomeric tallow
species, which sometimes contain polar groups, extend into the galleries. Therefore,
it is very important to match the chemical affinity between the polymer matrix and
an organoclay in order to achieve a very high degree of dispersion (or a high degree
of exfoliation) of organoclay platelets in the polymer matrix.

There are two ways of preparing thermoplastic polymer/organoclay nanocom-
posites. One method is through in situ polymerization, wherein the organoclay
platelets are first preintercalated with monomer. For instance, nylon 6/organoclay
nanocomposites, which were prepared from in situ polymerization of e-caprolactam
in the presence of an organoclay by Toyota researchers [2, 3], gave rise to enhanced
mechanical properties and a considerable increase in the heat distortion tempera-
ture. However, contrary to the impression one might get from the earlier studies
of the Toyota researchers, more recently it has been shown [4] that the crystalline
structure of nylon 6 and the crystallization rate of nylon 6 in the presence of an
organoclay are quite different from those of pristine nylon 6. This would indicate
that the experimentally observed enhancement in the mechanical properties of ny-
lon 6/organoclay nanocomposites is not entirely due to the exfoliated clay platelets
but also comes from the unique nucleation and growth mechanism of nylon 6 on the
silicate layers.

The other method of preparing nanocomposites is through direct intercalation of
layered silicates during melt compounding with a thermoplastic polymer. When a
thermoplastic polymer does not have the necessary functional group(s) to form at-
tractive interactions with a given organoclay, chemical modification of the polymer
is necessary. In this regard, block copolymers have greater flexibility, as compared
to homopolymers, in that one of the blocks in a given block copolymer can be mod-
ified (e.g., hydroxylation) to have functionality that would be compatible with the
surfactant residing at the surface of an organoclay. Also, block copolymers having
a functional group can be synthesized such that the functional block would have
attractive interactions with the surfactant residing at the surface of an organoclay.
Indeed, such approaches have been used successfully to prepare highly dispersed
nanocomposites based on block copolymers [5-7].

When chemical modification of a homopolymer was not feasible, some investiga-
tors employed a third component with functional group(s) to enhance compatibility
between the homopolymer and an organoclay. For example, polypropylene (PP)
grafted with maleic anhydride (MA) yielding PP-g-MA has been used to prepare
organoclay nanocomposites by melt blending with pristine PP and an organoclay
[8—12]. These researchers referred to PP-g-MA as a “compatibilizing agent.” How-
ever, the use of the words “compatibilizing agent” may not be warranted unless the
following fundamental questions are answered satisfactorily. (1) Were the chains of
PP in PP-g-MA mixed homogeneously during melt compounding with the chains
of pristine PP in the ternary mixtures composed of pristine PP, PP-g-MA, and an
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organoclay? (2) What role(s) did the MA in PP-g-MA play in dispersing the aggre-
gates of organoclay in the ternary mixtures composed of pristine PP, PP-g-MA, and
an organoclay? (3) What might be the mechanism that led to an enhanced disper-
sion of the aggregates of organoclay when PP-g-MA was mixed with the pristine
PP and an organoclay? I believe that the PP-g-MA added to a mixture of pristine PP
and an organoclay plays the role of a dispersing (emulsifying) agent, but not as a
compatibilizing agent. It is very important to distinguish dispersing or emulsifying
agent from compatibilizing agent. The distinction between the two is well described
in the literature [13].

This chapter will address the mechanisms that might lead to exfoliation of
organoclay nanocomposites prepared by mixing. Specifically, the types of specific
interactions that can exist between an organoclay and a polymer matrix, which
could lead to exfoliation of the aggregates of organoclay, will be summarized. This
will be followed by a discussion of the mechanisms of the specific interactions
that led to a very high degree of dispersion of the aggregates of organoclay in
the following nanocomposite systems prepared by mixing on the basis of hydrox-
ylated polyisoprene, polycarbonate, poly(ethylene-ran-vinyl acetate-ran-alcohol)
copolymer, end-functionalized polystyrene, polystyrene-block-hydroxylated poly-
isoprene copolymer, end-functionalized polystyrene-block-polyisoprene copolymer,
polystyrene-block-poly(2-vinylpyridine copolymer), and liquid-crystalline poly-
mers having pendent pyridyl groups or side-chain azopyridine with pyridyl groups.
This will also include a review of the literature that reported on intercalated
organoclay nanocomposites prepared by mixing. In this chapter, nanocomposites
prepared by in situ intercalation polymerization will not be reviewed because the
process is relatively straightforward and it is easier to obtain exfoliated organoclay
nanocomposites this way than by mixing, as can be found from the extensive
literature [2, 3, 14—18].

2 Mechanisms Leading to Exfoliated Nanocomposites
Prepared by Mixing

In general, intercalation is observed when a polymer matrix and layered sili-
cates do not have sufficient attractive interactions, while exfoliation is observed
when strong attractive interactions exist. Some effort has been made to under-
stand better the preparation of intercalated nanocomposites from thermodynamic
considerations [19]. It is granted that exfoliation of the aggregates of an organoclay
by a very high molecular-weight thermoplastic polymer via mixing is not an easy
task. This is where the challenge comes in and ingenuity is required. Thus, a funda-
mental issue in the preparation of exfoliated nanocomposites by mixing is to identify
the methods that can provide the strong attractive interactions required between a
polymer matrix and the layered silicates.

Conceptually, the preparation of nanocomposites by mixing is not much dif-
ferent from that of conventional particulate-filled polymer composites, with some
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differences. One important difference between the two is the dimensions of the
fillers; namely, the dimensions of layered silicates employed for nanocomposites are
orders of magnitude smaller than those of particulates employed for conventional
polymer composites. Due to the extremely small sizes of these layered silicates, the
total surface area can become very large even at low loadings (say less than 5 wt%)
when and if all the layered silicates are exfoliated.

As in the preparation of miscible polymer blends, the compatibility between the
surface of layered silicates and the polymer matrix must be considered in the prepa-
ration of exfoliated nanocomposites. This then suggests that attractive interactions
between the surface of layered silicates and the polymer matrix must exist in order
to achieve a high degree of dispersion in organoclay nanocomposites prepared by
mixing. A fundamental question may be raised about the existence of a universally
acceptable criterion (or criteria) for strong or weak attractive interactions. In the lit-
erature dealing with the miscibility of polymer blends, a miscibility criterion based
on polymer solution thermodynamics is invoked and often the magnitude of a neg-
ative segment-segment interaction parameter (e.g., the Flory—Huggins parameter )
has been used to determine whether one pair of polymers is more miscible than
other pairs. For instance, some investigators consider that miscible polymer blends
with y = —0.05 have a very strong attractive interaction, while miscible polymer
blends with y = —0.01 have a weak attractive interaction. However, such a criterion
is somewhat arbitrary in that there is no theoretical guideline for a precise value of
| x|, which can be used effectively to determine whether a miscible polymer blend
has weak or strong attractive interactions. One may be tempted to use a similar cri-
terion to assess whether a surfactant residing at the surface of an organoclay and a
polymer matrix might have sufficiently strong attractive interactions giving rise to
exfoliated nanocomposites.

A theoretical study [20] has been reported which discussed the effectiveness, in
terms of ||, of a surfactant applied to the surface of layered silicates in dispers-
ing the aggregates of organoclay in a polymer matrix. Specifically, using numerical
self-consistent field calculations, Balazs et al. [20] modeled the interactions between
two closely spaced surfaces and the surrounding polymer melt. In doing so, they
assumed that surfactants having short chains are terminally anchored to each of the
surfaces and that the interaction between the polymer and surfactant chains anchored
to each of the surfaces can be characterized by the Flory—Huggins interaction pa-
rameter %. They also considered the effect of employing end-functionalized chains
to promote the dispersion of pristine clay sheets within the polymer matrix. In doing
so, they assumed that some fraction of the polymer contained “stickers” (essentially
equivalent to end-functionalized groups) that were highly attractive to the surface.
However, they did not elaborate on the mechanism(s) that might lead to attractive
interactions between the “stickers” and the surfactant chains anchored to each of
the surfaces. They employed the Flory-Huggins interaction parameter ), between
the stickers and the surface to describe the interactions between them. In their nu-
merical calculations, they employed very large negative values of ), X = —75, to
construct plots of the free energy per unit area as a function of the distance between
the two surfaces. Balazs et al. noted that the value of ), must be divided by 6, the
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coordination number of the cubic lattice, in order to relate 7y to experimentally
relevant values. However, it is very difficult to accept such large, negative values
Of Yexp = Xss/6 = —75/5 = —12.5 with y,, representing an experimentally rele-
vant Flory—Huggins interaction parameter between the stickers and the surface. I
am not aware of the existence of such exceedingly large, negative values of .,
determined experimentally for any pair of compounds having ever been reported in
the literature.

Lee et al. [21] conducted molecular dynamics simulations of the flow of a com-
positionally symmetric diblock copolymer into the galleries between two silicate
sheets whose surfaces were modified by grafted surfactant chains. In these simu-
lations they assumed that block copolymers and surfactants were represented by
chains of soft spheres connected by an finitely extensible nonlinear elastic potential,
non-Hookean dumbbells [22], which had been employed earlier in the simulations
of the dynamics of polymer blends and block copolymers by Grest et al. [23] and
Murat et al. [24]. To describe the interactions among the four components, namely
the surfaces, the surfactant, and two blocks, Lee et al. [21] employed a Lennard—
Jones potential having the energy parameters which are associated with the type of
interactions often employed for lattice systems such as in the Flory—Huggins theory.

It is fair to state that use of the Flory—Huggins theory would not be adequate to
explain the strong attractive interactions present in exfoliated nanocomposites which
were prepared by mixing. This is simply because a Lennard—Jones potential (i.e.,
van der Waals interaction) is very weak as compared to some specific interactions. It
seems more appropriate to use, instead of the Flory—Huggins interaction parameter,
intermolecular forces to determine whether a given organoclay and polymer ma-
trix pair has weak or strong attractive interactions in terms of specific interactions.
Some well-known specific interactions include (1) ionic interactions, (2) ion—dipole
interactions, (3) hydrogen bonding, (4) dipole—dipole interactions, etc. Intermolec-
ular forces have been discussed extensively in the literature [25]. Table 1 gives a
summary of bond energy and relative strength of some intermolecular forces [26].
On the basis of the intermolecular forces summarized in Table 1, it is clear that
among the specific interactions considered ionic interactions provide the strongest
attractive interactions and van der Waals interactions provide the weakest.

A large number of organoclays can be prepared depending on the chemical struc-
tures of surfactants that may be employed to treat pristine layered silicates (e.g.,
MMT). However, there is only a limited number of organoclays that are commer-
cially available. Table 2 gives a list of six commercial organoclays with their mean

Table 1 Bond energy and relative strength of different intermolecular
forces [26]

Type of interactions Bond energy (kJ/mol) Relative strength
Tonic interactions 850-1,700 1,000
Ion—dipole interactions 170-500 500
Hydrogen bonding 50-170 100
Dipole—dipole interactions 2-8 10

van der Waals interactions ~1 1
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Table 2 Chemical structures of surfactants residing at the surface of organoclay and the mean
interlayer d-spacing of commercial organoclays produced by Southern Clay Products

Sample code Chemical structure of surfactant® d-spacing (nm)
CHj
Cloisitt 6A®  H3;C —N*—HT 2M2HT 3.51
(90 meq/100 g)
HT
CH,CH,0OH
Cloisite 30B®  H;C —leﬁ—T MT2EtOH 1.85
90 meq/100
CH,CH,OH ( 4 g
T
Cloisite 10A®  H,C 7N+7HT© OMBHT 1.92
\ (125 meq/100 g)
HT
CHj
Cloisite 15A® H,C—N=—HT 2M2HT 3.15
(125 meq/100 g)
HT
CHj
Cloisite 20A®  {,C —N*—HT 2M2HT 2.42
(95 meq/100 g)
HT
CH;
Cloisite 25A® H3C J— N+_ CH2CHCH2CH2CH2CH2 2MHTLS 1.86
(125 meq/100 g)
HT CH,CH;,

2T in the chemical structure of surfactant denotes tallow consisting of ca. 65% C18, ca. 30% C16,
and ca. 5% C14; HT in the chemical structure of surfactant denotes hydrogenated tallow consisting
of ca. 65% C18%, ca. 30% C16, and ca. 5% C14. 2M2HT is dimethyl dihydrogenated tallow qua-
ternary ammonium ion. MT2EtOH is methyl tallow bis-2-hydroxyethyl quaternary ammonium ion.
2MBHT is dimethyl benzyl hydrogenated tallow quaternary ammonium ion. 2MHTLS is dimethyl
hydrogenated tallow 2-ethylhexyl quaternary ammonium ion
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interlayer spacing of the (001) plane (d-spacing) produced by Southern Clay Prod-
ucts, which I have used in my research and thus I am very familiar with them.
However, this list of commercial organoclays is by no means comprehensive and it
is quite possible that the same or very similar results presented below could have
been obtained if other commercial organoclays had been employed. Of particular
note in Table 2 are the chemical structures of two surfactants, (1) MT2EtOH treated
on Cloisite 30B® and (2) 2M2HT treated on Cloisite 6A® and Cloisite 15A®, re-
spectively. Note that among the six organoclays listed in Table 2, Cloisite 30B® is
the only organoclay that has a surfactant having two hydroxyl groups. Note fur-
ther in Table 2 that all six surfactants have cation N* in the quaternary ammonium
salt with T denoting tallow consisting of approximately 65% C18, 30% C16, and
5% C14, and HT denoting hydrogenated tallow also consisting of approximately
65% C18, 30% C16, and 5% C14. The cation exchange capacity of Cloisite 30B®
and Cloisite 6A® is 90meq/100g, and for Cloisite 15A® it is 125 meq/100g. In
all the organoclays listed in Table 2, 100% of the Na™ ions in natural clay (MMT)
have been exchanged. The chemical structure of pristine clay is well documented in
the literature [27-30].

The Fourier transform infrared (FTIR) spectra for two surfactants, MT2EtOH
and 2M2HT, and two commercial organoclays, Cloisite 30B® and Cloisite 15A®,
are given in Fig.2 [31] in which the absorption band at about 3,360cm™! repre-
sents the hydroxyl (-OH) group. It is clearly seen in Fig.2 that both MT2EtOH
and Cloisite 30B® have an —~OH group, and that the area under the absorption band
at about 3,360cm™! for Cloisite 30B® is much smaller than that for the pure sur-
factant. This is reasonable because the amount of MT2EtOH in Cloisite 30B® is
about 32%. Conversely, in Fig. 2 we observe no evidence of an —OH group present
in the surfactant 2M2HT or Cloisite 15A®. The —OH groups in MT2EtOH residing
at the surface of Cloisite 30B® may form hydrogen bonds with a polar group(s) in
a polymer matrix, as will be shown below.

Fig. 2 FTIR spectra for

(a) surfactant MT2EtOH,

(b) surfactant Cloisite 30B®,
(¢) surfactant 2M2HT, and
(d) Cloisite 15A®. a
(Reprinted from Lee and Han
[31]. Copyright 2003, with
permission from the
American Chemical Society) Wavenumber (cm-1)

Absorbance (arb. unit)
%

T T T T O T
4400 3600 2800 2000
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In the following, I will present examples of (a) hydrogen bonding that
leads to highly dispersed organoclay nanocomposites based on (1) hydroxylated
polyisoprene, (2) poly(ethylene-ran-vinyl acetate-ran-alcohol) copolymer, (3)
polycarbonate, (4) polystyrene-block-hydroxylated polyisoprene copolymer, and
(5) thermotropic liquid-crystalline polymer with pendent functional groups; (b)
ionic interactions that lead to highly dispersed organoclay nanocomposites based on
(1) end-functionalized polystyrene and (2) end-functionalized polystyrene-block-
polyisoprene copolymer; (c) ion—dipole interactions that lead to highly dispersed
organoclay nanocomposites based on polystyrene-block-poly(2-vinylpyridine)
copolymer; (d) Coulombic interactions that lead to highly dispersed montmo-
rillonite nanocomposites based on a ruthenium(Il) complex-induced, segmented
main-chain liquid-crystalline polymer having a side-chain terpyridine group.

3 Hydrogen Bonding in Exfoliated Nanocomposites
Prepared by Mixing

3.1 Nanocomposites Based on Hydroxylated Polyisoprene

Polyisoprene (PI) has a very simple chemical structure having no functional groups.
Thus, organoclay nanocomposites based on PI are not expected to give rise to exfoli-
ation of the aggregates of organoclay. However, one can introduce hydroxyl (-OH)
groups into a PI by hydroboration followed by oxidation [32] of a PI having pre-
dominantly vinyl content (3,4- and 1,2-addition microstructures).

As shown earlier by Chung et al. [33], Lee and Han [34] found that the double
bond in a PI having predominantly 1,4-addition microstructure was very difficult
to introduce hydroxyl groups. They first synthesized, via anionic polymerization,
a nearly monodisperse PI having 34% 1,2-addition, 59% 3,4-addition, and 7% 1,4-
addition in tetrahydrofuran (THF) as solvent. Subsequently, the PI was hydroborated
followed by oxidation according to the procedures detailed in a paper by Lee and
Han [34], yielding

CH;
For o
n

(lez CH—CH;  piog
H, (lez
OH OH

having varying degrees (30%, 50%, 75%, and 100%) of hydroxylation. Figure 3a
gives the FTIR spectra for PI, PIOH-30, PIOH-50, PIOH-75, and PIOH-100, in
which the numbers (30, 50, 75, and 100) refer to the percentage of hydroxylation
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Fig. 3 (a) FTIR spectra for (1) PI, (2) PIOH-30, (3) PIOH-50, (4) PIOH-75, and (5) PIOH-
100. (b) XRD patterns for (1) Cloisite 30B, (2) PI/Cloisite 30B® nanocomposite, (3) (PIOH-
30)/Cloisite 30B® nanocomposite, (4) (PIOH-50)/Cloisite 30B® nanocomposite, (5) (PIOH-
75)/Cloisite 30B® nanocomposite, and (6) (PIOH-100)/Cloisite 30B® nanocomposite (Reprinted
from Lee and Han [31]. Copyright 2003, with permission from the American Chemical Society)

of the vinyl content in the homopolymer PI. It is seen in Fig. 3a that the area under
the adsorption band at ca. 3,360cm™!, representing the —OH group, increases with
increasing degree of hydroxylation.

Subsequently, Lee and Han [31] prepared, via solution blending in THF,
nanocomposites of Cloisite 30B® and PIOH-30, PIOH-50, PIOH-75, or PIOH-100.
Figure 3b gives the XRD patterns for (1) Cloisite 30B®, (2) PI/Cloisite 30B®, (3)
(PIOH-30)/Cloisite 30B®, (4) (PIOH-50)/Cloisite 30B®, (5) (PIOH-75)/Cloisite
30B®, and (6) (PIOH-100)/Cloisite 30B®, in which the concentration of Cloisite
30B® in all of the nanocomposites was 5wt%. The following observations in
Fig. 3b are worth noting. (1) The PI/Cloisite 30B® nanocomposite has a conspicu-
ous reflection peak giving rise to a d-spacing of 1.85 nm, the same as that of Cloisite
30B®, indicating that the PI in the nanocomposite did not change the gallery dis-
tance of Cloisite 30B® and thus no attractive interactions developed between the PI
and Cloisite 30B® during mixing. This observation confirms our expectation that
for PI containing no functional group, there would be no attractive interactions with
the hydroxyl groups in the surfactant MT2EtOH residing at the surface of Cloisite
30B®. (2) The (PIOH-30)/Cloisite 30B® nanocomposite shows a very broad, al-
most indistinguishable intensity peak, i.e., featureless XRD pattern, indicating that
the nanocomposite has good dispersion of the aggregates of Cloisite 30®, which
could only be realized if strong attractive interactions existed between the hydroxyl
groups in PIOH-30 and the hydroxyl groups in the surfactant MT2EtOH residing
at the surface of Cloisite 30B®. The only attractive interaction that could have ex-
isted in the (PIOH-30)/Cloisite 30B® nanocomposite would be hydrogen bonding
between the hydroxyl groups in PIOH-30 and the hydroxyl groups in the surfactant
MT2EtOH residing at the surface of Cloisite 30B®. Based on the experimental
evidence, via FTIR spectroscopy, which will be presented below, this indeed is
the case. (3) The d-spacing of the (PIOH-50)/Cloisite 30B® nanocomposite is
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2.02nm, which is slightly higher than the d-spacing (1.85nm) of Cloisite 30B®,
suggesting that the PIOH-50 intercalated slightly the aggregates of Cloisite 30B®.
(4) Interestingly, the d-spacing of the other two nanocomposites decreases with
increasing degree of hydroxylation from 50 to 75 and to 100%, ultimately reaching
the d-spacing of Cloisite 30B®, indicating that the (PIOH-75)/Cloisite 30B® and
(PIOH-100)/Cloisite 30B® nanocomposites must have had poor dispersion of the
aggregates of Cloisite 30B®. The above observations indicate that there exists an
optimum range of hydroxyl groups in PIOH, which gives rise to a very high degree
of dispersion in the PIOH/Cloisite 30B® nanocomposites. Below I will explain
the reason for the existence of an optimum range of hydroxyl groups in PIOH that
would give rise to a very high degree of dispersion of the aggregates of Cloisite
30B® in the PIOH/Cloisite 30B® nanocomposites.

It is worth mentioning at this juncture that earlier Jeon et al. [35] reported a
very high degree of dispersion, as determined from XRD and TEM, in a 95/5
PI/Cloisite 10A® nanocomposite, in which 95/5 refers to the weight percents of
the constituent components. We were not able to reproduce their results in that
their experimental results were at odd with our findings for the 95/5 PI/Cloisite
30B® nanocomposite prepared in our laboratory. Referring to Table 2, the surfac-
tant 2MBHT residing at the surface of Cloisite I0A® does not have any functional
group. In our study we synthesized, via anionic polymerization in toluene as sol-
vent, a homopolymer PI having a weight-average molecular weight (M,,) of 36,600
and a polydispersity index (My,/M,) of 1.07, as determined by gel permeation
chromatography (GPC) against polystyrene standards. In an effort to find a pos-
sible source(s) for the discrepancy between the two studies, we also purchased from
Aldrich Chemical the same grade of PI which Jeon et al. [35] purchased earlier. Us-
ing GPC against polystyrene standards, we learned that the molecular weight and
its polydispersity index of the Aldrich PI had My, = 58,000 and M,/M, = 4.9,
as can be seen from the GPC trace given in Fig.4. I cannot explain why the 95/5
PI/Cloisite 10A® nanocomposites prepared by Jeon et al. [35] had a very high
degree of dispersion since little or no attractive interactions between the Aldrich PI
and Cloisite 10A® could have taken place during the preparation of the nanocom-
posite by solution blending.

Fig. 4 GPC trace of Aldrich
polyisoprene, showing that it
has M,, = 58,000 and | | | | | | |
M, /M, = 4.9 against 12 14 16 18 20 22 24 26 28

polystyrene standards Rentention Volume (mL)

Rentention Volume (mL)




14 C.D. Han

3.2 Nanocomposites Based on Poly(ethylene-ran-vinyl
acetate-ran-alcohol) Copolymer

Lee and Han [31] prepared organoclay nanocomposites based on poly(ethylene-
ran-vinyl acetate) copolymer (EVA), poly(ethylene-ran-vinyl alcohol) copolymer
(EVOH), and poly(ethylene-ran-vinyl acetate-ran-vinyl alcohol) copolymer
(EVAOH). The rationale behind the choice of these polymers was the follow-
ing. EVA is a nonpolar random polymer, while EVOH is a polar random polymer
that can be obtained by 100% alcoholysis (or hydrolysis) of the vinyl acetate in
EVA. Lee and Han were able to control the degree of polarity by partial hydrolysis
of EVA, which yielded the terpolymer EVAOH. This enabled them to investigate
the dispersion characteristics of nanocomposites composed of an organoclay and
a polymer matrix having a wide range of polarity from nonpolar EVA to highly
polar EVOH. Since it is generally accepted that an increased polarity of the poly-
mer matrix increases its compatibility with the polar surfaces of an organoclay,
the organoclays and thermoplastic polymers chosen in their study enabled them
to conduct a systematic investigation on the effects of polymer matrix/organoclay
compatibility and the gallery distance of organoclay on the dispersion characteris-
tics of the nanocomposites prepared.

Figure 5 gives FTIR spectra for EVA, EVAOH-5, EVAOH-11, and EVOH-53
specimens, in which EVAOH-5 and EVAOH-11 refer to the random terpolymer
EVAOH having 5 and 11mol% vinyl alcohol (VOH), respectively, obtained via
partial hydrolysis of EVA, and EVOH-53 refers to the random copolymer EVOH
having 53 mol% vinyl alcohol. The assignments of various IR absorption bands in
EVAOH can be found in the literature [36]. The broad absorption band centered
at approximately 3,360cm™", representing the hydroxyl (OH) group, is the most
important one. The extent of reduction of the absorption band at approximately
610cm ™! has been used for quantitative determination of vinyl acetate (VA) con-
tent in an EVAOH [36]. It is seen in Fig. 5 that the absorption band at approximately

I AN ™

Fig. 5 FTIR spectra for

(a) EVA, (b) EVAOH-5,

(c) EVAOH-11, and

(d) EVOH-53 taken at room
temperature. (Reprinted from a
Lee and Han [31]. Copyright
2003, with permission from T o
the American Chemical 4000 3200 2800 1600 800 500
Society) Wavenumber (cm’l)

Absorbance (arb. unit)
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3,360cm ™! decreases as the degree of hydrolysis of EVA is decreased from 11 mol%
(EVAOH-11) to 5mol% (EVAOH-5). According to Koopmans et al. [36], the ab-
sorption band at approximately 720cm™~!, which remains unchanged after partial
hydrolysis, may also be used to determine the VA content in an EVAOH.

Figure 6 gives XRD patterns of Cloisite 30B®, Cloisite 15A®, and six nanocom-
posites. Note in Fig.6 that Cloisite 30B® has a gallery distance (d-spacing) of
1.85nm, while Cloisite 15A® has a d-spacing of 3.15nm. The following obser-
vations in Fig.6 are worth noting. (1) The EVA/Cloisite 30B® nanocomposite
has a d-spacing of 2.1 nm, an increase of only 0.25nm (13.5% increase) over the
d-spacing of Cloisite 30B®, while the EVA/Cloisite 15A® nanocomposite has a d-
spacing of 3.84nm, an increase of 0.69nm (21.9% increase) over the d-spacing
of Cloisite 15A®. This observation seems to suggest that the degree of inter-
calation of the Cloisite 15A® aggregates in EVA might be slightly higher than
that of Cloisite 30B® in EVA. (2) The (EVAOH-5)/Cloisite 30B® nanocompos-
ite does not exhibit a discernible intensity peak, while the (EVAOH-5)/Cloisite
15A® nanocomposite has a d-spacing of 3.80 nm, an increase of 0.65 nm (20.6% in-
crease) over the d-spacing of Cloisite 15A®. This observation seems to suggest that
Cloisite 30B® aggregates might have been reasonably well dispersed (exfoliated to
a certain degree) in EVAOH-5, while the Cloisite 15A® aggregates might only have
been intercalated by EVAOH-5. (3) Both (EVOH-53)/Cloisite 30B® and (EVOH-
53)/Cloisite 15A® nanocomposites have the same d-spacing of 3.54 nm, indicating
that the d-spacing of the (EVOH-53)/Cloisite 30B® nanocomposite has increased
by 1.69 nm (91% increase) over the d-spacing of Cloisite 30B®, while the d-spacing
of the (EVOH-53)/Cloisite 15A® nanocomposite has increased by 0.39 nm (12.4%

Intensity (arb. unit)

20 (degree)

Fig. 6 XRD patterns for (a) Cloisite 30B®, (b) Cloisite 15A®, (¢) EVA/Cloisite 30B® nanocom-
posite, (d) EVA/Cloisite 15A® nanocomposite, (e¢) (EVAOH-5)/Cloisite 30B® nanocomposite,
(f) (EVAOH-5)/Cloisite 15A® nanocomposite, (g) (EVOH-53)/Cloisite 30B® nanocomposite, and
(h) (EVOH-53)/Cloisite 15A® nanocomposite. (Reprinted from Lee and Han [31]. Copyright
2003, with permission from the American Chemical Society)
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increase) over the d-spacing of Cloisite 15A®. This observation seems to suggest
that the degree of intercalation of Cloisite 30B® aggregates in EVOH-53 might
be higher than that of Cloisite 15A®aggregates in EVOH-53. (4) The difference
in XRD patterns between the (EVAOH-5)/Cloisite 30B® and (EVOH-53)/Cloisite
30B® nanocomposites seems to indicate that EVOH-53 was not as effective as
EVAOH-5 in dispersing Cloisite 30B® aggregates. Although XRD patterns may
not be regarded as being the most sensitive measure to describe the degree of inter-
calation or exfoliation of organoclay aggregates in a polymer matrix, they certainly
are very useful for making qualitative observations.

Figure 7 gives TEM images of EVA/Cloisite 30B®, EVA/Cloisite 15A®,
(EVAOH-5)/Cloisite 30B®, (EVAOH-5)/Cloisite 15A®, and (EVOH-53)/Cloisite
30B® nanocomposites, in which the dark areas represent the clay and the
gray/bright areas represent the polymer matrix. The following observations in
Fig.7 are worth noting. Within experimental uncertainties, the degree of inter-
calation of Cloisite 15A® in the EVA/Cloisite 15® nanocomposite is higher
than that of Cloisite 30B® in the EVA/Cloisite 30B® nanocomposite. This
observation is consistent with that made from the XRD patterns given in Fig. 6.
It can be seen in Fig.7 that the degree of dispersion of Cloisite 30B® aggre-
gates in the (EVAOH-5)/Cloisite 30B® nanocomposite is considerably higher
than that in the (EVOH-53)/Cloisite 30B® nanocomposite. A reasonably high
degree of dispersion of Cloisite 30B® aggregates in the (EVAOH-5)/Cloisite 30B®
nanocomposite is attributable to the existence of attractive interactions, via hydro-
gen bonding, between the hydroxyl groups in EVAOH-5 and the hydroxyl groups

Fig.7 TEM images of (a) EVA/Cloisite 30B® nanocomposite, (b) EVA/Cloisite 15A® nanocom-
posite, (¢) (EVAOH-5)/Cloisite 30B® nanocomposite, (d) (EVAOH-5)/Cloisite 15A® nanocom-
posite, and (e) (EVOH-53)/Cloisite 30B® nanocomposite. (Reprinted from Lee and Han [31].
Copyright 2003, with permission from the American Chemical Society)
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in the surfactant MT2EtOH residing at the surface of Cloisite 30B®. Note in Fig. 7
that the very large Cloisite 30B® aggregates are not well intercalated in the (EVOH-
53)/Cloisite 30B® nanocomposite, suggesting that Cloisite 30B® and EVOH-53
had very poor compatibility (i.e., strong repulsive interactions) in spite of the fact
that EVOH-53 has a very high concentration of hydroxyl groups (53 mol%). The
reason is that the attractive forces within the EVOH-53 molecules are very strong,
prohibiting attractive interactions between the hydroxyl groups in EVOH-53 and
the hydroxyl groups in the surfactant MT2EtOH residing at the surface of Cloisite
30B®. The above observation is consistent with that made from the XRD patterns
given in Fig. 6. Further, in Fig. 7 we observe that the extent of dispersion of organ-
oclay aggregates in the (EVAOH-5)/Cloisite 30B® nanocomposite is much higher
than that in the (EVAOH-5)/Cloisite 15A® nanocomposite. Again, this observation
is consistent with that made from the XRD patterns given in Fig. 6.

To find the origin(s) of the differences in the extent of dispersion between
(EVAOH-5)/Cloisite 30B® and (EVAOH-5)/Cloisite 15A® nanocomposites, let us
look at the in situ FTIR spectra given in Fig. 8 of the two nanocomposites at temper-
atures ranging from 25 to 180°C. In Fig. 8a, the absorption band for the hydrogen-
bonded hydroxyl groups appears at approximately 3,330cm ™!, and the area under
this absorption band for the (EVAOH-5)/Cloisite 30B® nanocomposite decreases
slightly as the temperature is increased from 25 to 180°C. The absorption band at
approximately 3,330cm ™" still persists at 180°C, the highest experimental temper-
ature employed. On the other hand, it is seen from Fig. 8b that the area under the
absorption band at approximately 3,330cm™! for the (EVAOH-5)/Cloisite 15A®
nanocomposite decreases gradually with increasing temperature and disappears
completely at 180°C. Since there is no polar group in the surfactant 2M2HT residing
at the surface of organoclay Cloisite 15A®, it is very reasonable to conclude that the
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Fig.8 Insitu FTIR spectra for (a) (EVAOH-5)/Cloisite 30B® nanocomposite and (b) (EVAOH-5)/
Cloisite 15A® nanocomposite (Reprinted from Lee and Han [31]. Copyright 2003, with permission
from the American Chemical Society)
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steady decrease in the area under the absorption band at approximately 3,330cm™!
for the (EVAOH-5)/Cloisite 15A® nanocomposite (Fig. 8b) signifies the gradual
weakening of the intramolecular forces (due to the presence of hydroxyl groups)
within the EVAOH-5 molecules themselves. It is well established that the strength
of hydrogen bonds in a polymer decreases with increasing temperature [37]. This
observation then leads us to conclude that the persistence of the absorption band at
approximately 3,330cm ™! up to 180°C (Fig. 8a) is due to the presence of attractive
interactions (hydrogen bonding) between the hydroxyl groups in EVAOH-5 and the
hydroxyl groups in the surfactant MT2EtOH residing at the surface of organoclay
Cloisite 30B®.

Lee and Han [31] noted that their attempt to determine the percentage of hydro-
gen bonding sites on the Cloisite 30B® surface by deconvoluting the overlapping
peaks in the FTIR spectra shown in Fig. 8 was not successful because the concen-
tration of hydroxyl groups associated with the organoclay Cloisite 30B® in the
nanocomposite was very small (estimated to be less than 0.2%). They noted further
that an accurate determination, via 'H nuclear magnetic resonance (NMR) spec-
troscopy, of the amount of the hydroxyl groups in the surfactant MT2EtOH in the
nanocomposite systems investigated was found to be extremely difficult due to the
very complex nature of its chemical structure.

On the basis of Fig. 8 it can be concluded that the very broad, indistinguishable
XRD pattern observed (see Fig.6) for the (EVAOH-5)/Cloisite 30B® nanocom-
posite originated from the presence of strong attractive interactions, via hydrogen
bonding, between the hydroxyl groups in EVAOH-5 and the hydroxyl groups in the
surfactant MT2EtOH residing at the surface of Cloisite 30B®.

There is another factor, the gallery distance of organoclay itself, which can af-
fect the degree of exfoliation of organoclay aggregates. The gallery distance of
an organoclay depends on the chemical structure of a surfactant that is applied to
the surface of the aggregates of pristine clay (MMT). It was shown in Fig.5 that
the d-spacing of Cloisite 30B® is 1.85nm and the d-spacing of Cloisite 15A®
is 3.15nm. On the basis of the difference in the gallery distance between the
two organoclays, it is reasonable to expect that the (EVAOH-5)/Cloisite 15A®
nanocomposite would have a higher degree of dispersion than the (EVAOH-5)/
Cloisite 30B® nanocomposite. However, the experimental results (see Fig. 7) stand
in contrast with this expectation. Note in Fig.8 that the compatibility between
EVAOH-5 and Cloisite 30B® is much greater owing to the presence of hydrogen
bonding than the compatibility between EVAOH-5 and Cloisite 15A®. The above
observation seems to suggest that the compatibility between the polymer matrix and
an organoclay plays a predominant role over the difference in the gallery distance of
two organoclays in determining the degree of dispersion of organoclay aggregates.
This is quite understandable in that when strong repulsive forces exist between the
polymer matrix and organoclay (i.e., when the two are incompatible), the polymer
molecules will not be able to approach the surface of the layered silicates and thus
they will be unable to disperse the organoclay aggregates effectively or peel away
the top and bottom layers as promoted by polymer adsorption and the application of
shear stress.



On the Mechanisms Leading to Exfoliated Nanocomposites Prepared by Mixing 19

Intercalated organoclay nanocomposites based on EVA have also been reported
by some investigators [38—40], who employed XRD and TEM to determine the
morphology of the nanocomposites. Their findings are consistent with the re-
sults presented in Fig. 6. Of particular note is the study of Gelfer et al. [40] who
employed Cloisite 6A® (see Table 2) and Cloisite 20A® to prepare, via melt blend-
ing, nanocomposites based on EVA. Note that Cloisite 20A® is a commercial
organoclay produced by Southern Clay Products, which has the same surfactant
2M2HT as Cloisite 6A® (see Table 2), except that the concentration of 2M2HT
in Cloisite 20A® is 95meq/100 g while the concentration of 2M2HT in Cloisite
6A is 90 meq/100 g (see Table 2). It should be mentioned that, according to South-
ern Clays Products, after washing with methanol, Cloisite 15A® (see Table 2) will
become Cloisite 20A®, i.e., Cloisite 15A® has an excess amount of surfactant
2M2HT (125 meq/100g) as compared to Cloisite 20A®. It is now very clear why
the EVA/Cloisite 20A® nanocomposites prepared by Gelfer et al. [40] had interca-
lation of the aggregates of Cloisite 20A®, very similar to the EVA/Cloisite 15A®
nanocomposite investigated by Lee and Han [31], the results of which are presented
in Figs. 6 and 7. That is, no attractive interactions exist between EVA and the sur-
factant 2M2HT residing at the surface of Cloisite 6A®, Cloisite 15A®, or Cloisite
20A®.

3.3 Nanocomposites Based on Polycarbonate

Lee and Han [41] investigated the dispersion characteristics of polycarbonate (PC)-
based organoclay nanocomposites that were melt-blended in a twin-screw extruder.
They employed Cloisite 30B® (see Table 2) as the organoclay, because they wanted
to determine if hydrogen bonds formed between the carbonyl groups in PC and the
hydroxyl groups in the surfactant MT2EtOH residing at the surface of Cloisite 30B®
during melt blending. For comparison, they also prepared a PC-based nanocompos-
ite using MMT.

Figure 9 gives XRD patterns of MMT, Cloisite 30B®, PC/MMT nanocomposite,
and PC/Cloisite 30B® nanocomposite, in which the amount of MMT and Cloisite
30B® in the respective nanocomposites was 4.3 wt%. The XRD patterns in Fig.9
show that Cloisite 30B® has an intensity peak at 20 = 4.6°, giving rise to a d-spacing
of 1.85nm, while MMT has a d-spacing of 1.17nm. The XRD patterns given in
Fig.9 indicate that the d-spacing of the PC/MMT nanocomposite is approximately
1.31nm, which is slightly higher than that (1.17nm) of MMT. On the other hand,
in Fig.9 we observe no sharp reflections in the XRD pattern of the PC/Cloisite
30B® nanocomposite. The lack of a discernible intensity peak in Fig.9 for the
PC/Cloisite 30B® nanocomposite indicates that very good dispersion of the ag-
gregates of Cloisite 30B occurred during melt blending with PC and its carbonyl
groups.

Figure 10 gives TEM images of (a) PC/Cloisite 30B® nanocomposite and
(b) PC/MMT nanocomposite, where the dark areas represent the clay and the
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Fig. 9 X-ray diffraction
patterns for (a) MMT,

(b) Cloisite 30B®, k_\_“
(¢) PC/MMT nanocomposite,
and (d) PC/Cloisite 30B®
nanocomposite. (Reprinted
from Lee and Han [41].

Copyright 2003, with
permission from Elsevier)

Intensity (arb. unit)
%
wn
j=3
3

! !
5.6 7 8 9 10
20 (degree)

Fig. 10 TEM images of (a) PC/Cloisite 30B® nanocomposite and (b) PC/MMT nanocompos-
ite, where the dark areas represent the clay and the gray/white areas represent the PC matrix.
(Reprinted from Lee and Han [41]. Copyright 2003, with permission from Elsevier)

gray/white areas represent the PC matrix. It is clearly seen from Fig. 10 that PC
in the PC/Cloisite 30B® nanocomposite has dispersed fairly well the aggregates
of Cloisite 30B®, whereas PC in the PC/MMT nanocomposite has not (i.e., large
aggregates of MMT are bundled together).

In an effort to find the mechanism that led to a much higher degree of disper-
sion of the aggregates of Cloisite 30B® as compared to the rather poor dispersion
of MMT aggregates observed in Fig. 10, Lee and Han [41] conducted in situ FTIR
spectroscopy experiments at various temperatures ranging from 30 to 280°C for
neat PC, PC/MMT nanocomposite, and PC/Cloisite 30B® nanocomposite, and the
results are presented in Fig. 11. In Fig. 1 1a an absorption band for neat PC appears
at approximately 1,775cm™!, which represents the free carbonyl stretching vibra-
tion peak [37, 42]. Similar observation can be made in Fig. 11b for the PC/MMT
nanocomposite, indicating that little attractive interaction occurred between PC and
MMT. However, in Fig. 11c we observe two stretching peaks, one peak at about
1,790cm™! that is attributable to the free carbonyl stretching peak and another peak
at about 1,750cm™! that is attributable to the hydrogen bonded carbonyl stretch-
ing peak in the PC/Cloisite 30B® nanocomposite. The hydrogen bonded carbonyl
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Fig. 11 FTIR spectra at various temperatures for (a) PC, (b) PC/MMT nanocomposite, and
(¢) PC/Cloisite 30B® nanocomposite. (Reprinted from Lee and Han [41]. Copyright 2003, with
permission from Elsevier)

stretching peak appearing at about 1,750cm™! is believed to be due to the spe-
cific interactions between the carbonyl groups in PC and the hydroxyl groups
in MT2EtOH residing at the surface of Cloisite 30B® in the PC/Cloisite 30B®
nanocomposite.

The presence of hydrogen bonds between the carbonyl groups in poly
(vinylphenol) (PVPh) and the hydroxyl groups in poly(vinyl acetate) (PVAc) in
a PVPh/PVAc blend has been demonstrated, as depicted below [43]:

| /CHS
CH O—H""O0=
RS o
CH» |

| —CH,—CH—

According to Coleman et al. [37] and Painter and Coleman [42], the stretch-
ing band representing free carbonyl groups in PVAc appears at 1,739cm™! and the
stretching band representing the PVAc acetoxy carbonyl groups hydrogen bonded
to the phenolic hydroxyl group of PVPh appears at 1,714cm™". They noted that the
specific interactions, via hydrogen bonding, between the carbonyl groups in PVAc
and the hydroxyl groups in PVPh was the reason for the PVAc/PVPh blends be-
ing miscible.

Note in Fig. 11c that the band for the hydrogen bonding (at 1,750cm™') ap-
pears as a shoulder and is not well resolved. This is understandable, in that the
number of hydroxyl groups in the PC/Cloisite 30B®nanocomposite is very small
since the level of Cloisite 30B®in the nanocomposite is only 4.3wt% and fur-
ther Cloisite 30B® contains 32 wt% MT2EtOH, which in turn has small amounts
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of hydroxyl groups (see the chemical structure of MT2EtOH given in Table 2). It
is of great interest to observe in Fig. 11c that the area under the absorption band
at approximately 1,750cm~! for the PC/Cloisite 30B® nanocomposite remains
more or less constant over the entire range of temperatures investigated from 30
to 280°C. The above observation seems to indicate that the strength of hydrogen
bonds between the carbonyl groups in PC and the hydroxyl group in MT2EtOH of
Cloisite 30B® persists up to 280°C. It can be concluded from Fig. 11 that specific
interactions, via hydrogen bonding, exist between the carbonyl group in PC and
the hydroxyl group in MT2EtOH residing at the surface of Cloisite 30B® in the
PC/Cloisite 30B® nanocomposite, giving rise to reasonably good dispersion in the
PC/Cloisite 30B®nanocomposite, as observed by XRD pattern (Fig.9) and TEM
image (Fig. 10).

Based on thermogravimetric analysis, Lee and Han [41] noted that, at 280°C, PC
had a weight loss of 0.4%, Cloisite 30B® had a weight loss of 7.8%, and PC/Cloisite
30B® nanocomposite had a weight loss of 0.6%. Since Cloisite 30B® had 32 wt%
of surfactant (MT2EtOH), the net weight loss of MT2EtOH in the Cloisite 30B® at
280°C was 24.4%. On the other hand, the net loss of MT2EtOH in the PC/Cloisite
30B® nanocomposite at 280°C was 14.6 wt%, because the loss of 0.6 wt% in the
nanocomposite includes the loss of 0.4 wt% of PC and thus the net loss of MT2EtOH
alone is 0.2wt%. Note that the amount of MT2EtOH in the PC/Cloisite 30B®
nanocomposite containing 4.3 wt% Cloisite 30B® is 1.37 wt%, because Cloisite
30B® contains 32 wt% of MT2EtOH. What is most interesting from the above ob-
servations is that the net loss (14.6 wt%) of MT2EtOH in the PC/Cloisite 30B®
nanocomposite is about one half the net loss (24.4 wt%) of MT2EtOH in Cloisite
30B®. The lower degree of thermal degradation of MT2EtOH observed in the
PC/Cloisite 30B® nanocomposite, as compared with that in Cloisite 30B® alone,
may be explained by that the PC penetrated (or diffused) into the gallery of Cloisite
30B platelets might have retarded thermal degradation and diffusion of MT2EtOH,
relative to the situation where MT2EtOH is present on the surface of layered silicate
aggregates without any polymers penetrated (or diffused) into the gallery. Further
evidence that the extent of thermal degradation of MT2EtOH in the PC/Cloisite
30B® nanocomposite at temperatures up to 280°C is insignificant is manifested
by the FTIR spectra given in Fig. l1c, in which we observe that the area under
the shoulder at the absorption band in the vicinity of 1,750cm™!, which repre-
sents the hydrogen bonded carbonyl stretching peak, remains virtually constant over
the temperatures ranging from 30 to 280°C. In other words, if the extent of ther-
mal degradation of MT2EtOH had been significant, we should not have observed
the same area under the shoulder at the absorption band at 1,750cm™!. Thus, the
strength of the hydrogen bonding, which persisted even at 280 °C, in the PC/Cloisite
30B® nanocomposite as evidenced by the XRD and FTIR data shown above also
must have contributed to the lower degree of thermal degradation of the surfactant
MT2EtOH.

Yoon et al. [44] investigated the effect of the chemical structures residing at
the surface of organoclays on the morphology and properties of nanocompos-
ites based on PC. In the preparation of these nanocomposites using a twin-screw
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extruder, they employed Cloisite 30B®, Cloisite 20A®, and ten additional exper-
imental organoclays having various amine surfactants, and two grades of PC: a
medium molecular-weight polycarbonate (MMW-PC) and a high molecular-weight
polycarbonate (HMW-PC). Based on TEM images, they observed that some
nanocomposites had poor dispersion of organoclay aggregates, while other
nanocomposites had partial exfoliation of organoclay aggregates. However, they
did not elaborate on the mechanism that led to partial exfoliation. They found that
an enhancement in modulus was greater for nanocomposites based on HMW-PC
than MMW-PC, which they attributed to the higher shear stresses generated during
melt processing of HMW-PC.

3.4 Nanocomposites Based on Partially Hydroxylated Isoprene-
or Butadiene-Containing Diblock and Triblock Copolymers

As mentioned in Introduction, block copolymers have a greater flexibility, as
compared to homopolymers, to be modified chemically after polymerization or
in the synthesis of block copolymers having a functional block. Here 1 discuss
the dispersion characteristics in several organoclay nanocomposites based on
(1) a polystyrene-block-hydroxylated polyisoprene (SIOH diblock) copolymer,
(2) a polyisoprene-block-polystyrene-block-hydroxylated polybutadiene (ISBOH
triblock) copolymer, and (3) a polystyrene-block-hydroxylated polyisoprene-block-
polystyrene (SIOHS triblock) copolymer.

Lee and Han [6] hydroxylated the PI block of an SI diblock copolymer yielding
the chemical structure

g
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which is polystyrene-block-hydroxylated polyisoprene (SIOH diblock) copolymer.
Similar to the synthesis of homopolymer PIOH discussed above when presenting the
organoclay nanocomposites based on PIOH, the PI block in an SI diblock copolymer
must have predominantly vinyl microstructures (e.g., 34% 1,2-addition and 59%
3,4-addition), so that hydroboration/oxidation can effectively be facilitated [34].
Figure 12 gives XRD patterns of (a) Cloisite 30B®, (b) (SI-10/9)/Cloisite
30B® nanocomposite, and (c) (SI-14/3-OH)/Cloisite 30® nanocomposite, in
which SI-10/9 is an SI diblock copolymer having lamellar microdomains and



24 C.D. Han

Fig. 12 X-ray diffraction
patterns for (a) Cloisite
30B®, (b) (SI-10/9)/Cloisite
3OB®nanocomposite, and (¢)
(SI-14/3-OH)/Cloisite 30B®
nanocomposite. (Reprinted
from Lee and Han [6].
Copyright 2003, with
permission from the
American Chemical Society)
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Table 3 Molecular characteristics of the SI diblock copolymers investigated
by Lee and Han [6]

Sample code M, (z/mol)® My /M, PS (wtfrac)* Morphology!
SI-10/9 1.94 x 10* 1.02 0.54 Lamellae
SI-14/3 1.70 x 10* 1.08 0.84 Homogeneous
4Determined from membrane osmometry

"Determined from GPC

*Determined from 'H NMR spectroscopy
4Determined from TEM

SI-14/3-OH is a microphase-separated diblock copolymer having hexagonally
packed, cylindrical microdomains of polystyrene (PS), which was obtained by hy-
droxylation of a homogeneous SI diblock copolymer SI-14/3 [6]. The molecular
characteristics of SI-10/9 and SI-14/3 are given in Table 3, and the weight fraction
of Cloisite 30B® in the two nanocomposites is 5 wt%. The following observations
in Fig. 12 are worth noting. Cloisite 30B® has an intensity peak at 26 = 4.6°,
giving rise to a d-spacing of 1.85nm. The XRD pattern of (SI-10/9)/Cloisite 30B®
nanocomposite is little different from that of pristine Cloisite 30B®, suggesting that
the block copolymer SI-10/9 and Cloisite 30B® do not have attractive interactions
and thus the aggregates of Cloisite 30B® might not even have been intercalated by
SI-10/9. This speculation is very reasonable in that neat block copolymer SI-10/9
does not have any functional group that can have attractive interactions with the hy-
droxyl groups in the surfactant MT2EtOH residing at the surface of Cloisite 30B®.
On the other hand, the XRD pattern of (SI-14/3-OH)/Cloisite 30B® nanocomposite
has a barely discernible reflection, suggesting that a significant degree of dispersion
of the aggregates of Cloisite 30B® might have occurred by the functionalized block
copolymer SI-14/3-OH.

Figure 13 gives TEM images of (a) (SI-14/3-OH)/Cloisite 30B® nanocompos-
ite and (b) (SI-10/9)/Cloisite 30B® nanocomposite, where the dark areas represent
the organoclay and the gray/bright areas represent the block copolymer matrix. It
is clearly seen from Fig. 13 that SI-14/3-OH in the (SI-14/3-OH)/Cloisite 30B®
nanocomposite has dispersed the aggregates of Cloisite 30B® fairly well, whereas
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Fig. 13 TEM images of (a) (SI-14/3-OH)/Cloisite 30B® nanocomposite and (b) (SI-10/9)/
Cloisite 30B® nanocomposite, where the dark areas represent the organoclay and the gray/
white areas represent the block copolymer matrix. (Reprinted from Lee and Han [6]. Copyright
2003, with permission from the American Chemical Society)

SI-10/9 in the (SI-10/9)/Cloisite 30B® nanocomposite has not (i.e., large aggregates
of Cloisite 30B® are bundled together). The above observations suggest that the
hydroxyl groups in SI-14/3-OH must have played the major role in dispersing the
aggregates of Cloisite 30B®, leading to a significant degree of dispersion of Cloisite
30B® aggregates. It should be mentioned that the better dispersed the Cloisite 30B®
aggregates are, the larger will be the total surface area of the layered silicates of
Cloisite 30B® that are available for interactions with the hydroxyl groups in SI-
14/3-OH, which will in turn help increase the extent of dispersion of Cloisite 30B®
aggregates.

In an effort to test the hypothesis made above, Lee and Han [6] conducted in
situ FTIR spectroscopy at various temperatures ranging from 30 to 240°C for (a)
neat block copolymer SI-14/3-OH, (b) (SI-14/3-OH)/Cloisite 30B® nanocompos-
ite, and (c) (SI-10/9)/Cloisite 30B® nanocomposite, and the results are presented
in Fig. 14. Referring to Fig. 14, hydrogen-bonded and free hydroxyl groups appear
at 3,330 and 3,630cm™!, respectively. The following observations in Fig. 14 are
worth noting. In Fig. 14a the area under the absorption band at 3,330cm™! for SI-
14/3-OH is largest at 30 °C and then decreases as the temperature is increased. Note
in Fig. 14a that the absorption band at 3,330cm™! virtually disappears at 200°C,
which is very close to the order-disorder transition temperature (Topr) of SI-14/3-
OH [6]. The above observation indicates that the hydroxyl groups in the block
copolymer SI-14/3-OH form hydrogen bonds and that their strength is weakened
with increasing temperature, consistent with the general trend of the temperature
dependence of hydrogen bonding [37]. In Fig. 14b we observe that at 30 °C the area
under the absorption band at about 3,330cm ™! for the (SI-14/3-OH)/Cloisite 30B®
nanocomposite is indeed very large compared with that for the neat block copolymer
SI-14/3-OH (compare with Fig. 14a). Interestingly, the absorption band at approx-
imately 3,330cm ™! for the (SI-14/3-OH)/Cloisite 30B® nanocomposite persists at
temperatures as high as 240°C, the highest experimental temperature employed.
Note that this is not the case for the neat block copolymer SI-14/3-OH (compare
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Fig. 14 FTIR spectra at varying temperatures for (a) SI-14/3-OH, (b) (SI-14/3-OH)/Cloisite
30B® nanocomposite, and (c¢) (SI-10/9)/Cloisite 30B®nanocomposite. (Reprinted from Lee and
Han [6]. Copyright 2003, with permission from the American Chemical Society)

Fig. 14b with Fig. 14a). This observation suggests that very strong hydrogen bonds
are formed between the hydroxyl groups in SI-14/3-OH and the hydroxyl groups
in MT2EtOH of Cloisite 30B®. In contrast, in Fig. 14c we cannot find evidence
that hydrogen bonds are formed between block copolymer SI-10/9 and the hy-
droxyl groups in the surfactant MT2EtOH residing at the surface of Cloisite 30B®
in the (SI-10/9)/Cloisite 30B® nanocomposite. This should not surprise us, be-
cause SI-10/9 does not have any functional groups. Further, small amounts of
hydroxyl groups present in the 5wt% Cloisite 30B® are diluted by the 95wt%
SI-10/9 in the (SI-10/9)/Cloisite 30B® nanocomposite. It can be concluded that a
high degree of dispersion of Cloisite 30B® aggregates in the (SI-14/3-OH)/Cloisite
30B® nanocomposite suggested by the XRD pattern (see Fig. 12) and shown by
the TEM image (see Fig. 13a) has originated from the presence of strong attractive
interactions, via hydrogen bonding, between the hydroxyl groups in SI-14/3-OH
and the hydroxyl groups in the surfactant MT2EtOH residing at the surface of
Cloisite 30B®.

Choi et al. [5] investigated the dispersion characteristics of organoclay nanocom-
posites based on ISB, ISBOH, SIS and SIOHS triblock copolymers. The objective
of their investigation was to find out whether the location(s) of the functional group
(endblock vs midblock) in a given triblock copolymer plays any role in the effec-
tiveness of dispersing organoclay aggregates. To facilitate our discussion here the
chemical structures of ISBOH and SIOHS triblock copolymers are given below.
Note that in the ISBOH triblock copolymer the endblock PB of an ISB triblock
copolymer was hydroxylated, while in the SIOHS triblock copolymer the midblock
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PI of an SIS triblock copolymer was hydroxylated. As will be shown below, this
distinction is very important. The PBOH block in an ISBOH triblock copolymer
was obtained by selective hydroxylation of 1,2-addition of the PB block of an ISB
triblock copolymer. Note further that in the hydroxylation of an SIS triblock copoly-
mer to obtain SIOHS triblock copolymer, the PI block of an SIS triblock copolymer
had predominantly vinyl microstructure (34% 1,2-addition and 59% 3,4-addition)
as mentioned above when an SIOH diblock copolymer was obtained, via hydrox-
ylation, from an SI diblock copolymer. According to Choi et al. [5], all of the
1,2-addition (93%) in the PB block was hydroxylated, leaving only 1,4-addition
(7%) in the remaining PB block of the resultant ISBOH triblock copolymer, and
little or no 1,4-addition in the PI block of the ISB triblock copolymer was hy-
droxylated. It has been reported in the literature [33] that the rate of hydroxylation
of 1,2-PB is much faster than that of 1,4-PB, and that the rate of hydroxylation
of 1,2-PB is much faster than that of 1,2- and 3,4-PI. In the preparation of their
nanocomposites, Choi et al. [5] varied the degree of hydroxylation in each tri-
block copolymer and employed two organoclays, Cloisite 30B® and Cloisite 15A®.
Table 4 gives a summary of the molecular characteristics of ISB, ISBOH, SIS, and
SIOHS triblock copolymers, and Table 5 gives a summary of the nanocomposites
investigated in their study.

Figure 15 gives XRD patterns for Cloisite 15A® and its nanocomposites with
ISB and ISBOH triblock copolymers with three different degrees of hydroxyla-
tion (16, 24, and 39 mol%) and Cloisite 30B® and its nanocomposites with ISB
and ISBOH triblock copolymers with three different degrees of hydroxylation (16,
24, and 39mol%). It is seen in Fig.15 that the d-spacings of Cloisite 15A® in
the ISB/Cloisite 15A® and ISBOH/Cloisite 15A® nanocomposites are very sim-
ilar. This observation can be understood from the point of view that there are little
or no attractive interactions between the surfactant 2M2HT residing at the surface of
Cloisite 15A® and ISB or ISBOH triblock copolymers. Note in Fig. 15 that the
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Table 4 Molecular characteristics of the ISB, ISBOH, SIS, and SIOHS triblock copolymers
investigated by Choi et al. [5]

Degree of
hydroxylation
Sample code M3 M,, /M2 wh wh, why (mol%)°
ISB 9.6 x 10° 1.15 0.34 0.36 0.30 0
ISBOH-16 9.7 x 10° 1.14 16
ISBOH-24 9.6 x 103 1.15 24
ISBOH-39 9.6x10° 115 39
SIS 3.7x 10* 1.10 0.46 0.54 0
SIOHS-16 3.9x10* 1.09 16
SIOHS-32 3.7x10* 111 32

4Determined from GPC against polystyrene standards
PWeight fraction determined from 'H NMR spectroscopy

Table 5 Sample codes of the nanocomposites® based on ISB, ISBOH, SIS or SIOHS triblock
copolymers investigated by Choi et al. [5]

Sample code Degree of hydroxylation

(a) ISB and ISBOH nanocomposites

ISB/Cloisite 15A® Neat ISB triblock copolymer

ISB/Cloisite 30B® Neat ISB triblock copolymer

(ISBOH-16)/Cloisite 15A® 16 mol% hydroxyl group in the ISBOH triblock copolymer
(ISBOH-16)/Cloisite 30B® 16 mol% hydroxyl group in the ISBOH triblock copolymer
(ISBOH-24)/Cloisite 15A® 24 mol% hydroxyl group in the ISBOH triblock copolymer
(ISBOH-24)/Cloisite 30B® 24 mol% hydroxyl group in the ISBOH triblock copolymer
(ISBOH-39)/Cloisite 15A® 39 mol% hydroxyl group in the ISBOH triblock copolymer
(ISBOH-39)/Cloisite 30B® 39 mol% hydroxyl group in the ISBOH triblock copolymer
(b) SIS and SIOHS nanocomposites

SIS/Cloisite 15A® Neat SIS triblock copolymer

SIS/Cloisite 30B® Neat SIS triblock copolymer

(SIOHS-16)/Cloisite 15A® 16 mol% hydroxyl group in the SIOHS triblock copolymer
(SIOHS-32)/Cloisite 15A® 32 mol% hydroxyl group in the SIOHS triblock copolymer
(SIOHS-16)/Cloisite 30B® 16 mol% hydroxyl group in the SIOHS triblock copolymer
(SIOHS-32)/Cloisite 30B® 32 mol% hydroxyl group in the SIOHS triblock copolymer

2All nanocomposites have 5 wt% organoclay

d-spacing of ISB/Cloisite 30B® nanocomposite is virtually the same as that of
Cloisite 30B®. Again, this experimental observation can be explained by the ex-
pectation that the surfactant MT2EtOH residing at the surface of Cloisite 30B® and
ISB triblock copolymers are not compatible.

However, in Fig. 15 we observe quite different and very interesting XRD pat-
terns in some of the ISBOH/Cloisite 30B® nanocomposites. Specifically, we can-
not discern any intensity peaks in the XRD patterns for the (ISBOH-16)/Cloisite
30B® and (ISBOH-24)/Cloisite 30B® nanocomposites, while a very weak inten-
sity peak in the XRD patterns for the (ISBOH-39)/Cloisite 30B® nanocomposite
is discernible giving rise to a d-spacing of approximately 2.0 nm for the Cloisite
30B® in the nanocomposite. The very broad, indistinguishable intensity peak from
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Fig. 15 XRD patterns for (1) Cloisite 15A®, (2) ISB/Cloisite 15A® nanocomposite,
(3) (ISBOH-16)/Cloisite 15A® nanocomposite, (4) (ISBOH-24)/Cloisite 15A® nanocompos-
ite, (5) (ISBOH-39)/Cloisite 15A® nanocomposite, (6) Cloisite 30B®, (7) ISB/Cloisite 30B®
nanocomposite, (8) (ISBOH-16)/Cloisite 30B® nanocomposite, (9) (ISBOH-24)/Cloisite 30B®
nanocomposite, and (10) (ISBOH-39)/Cloisite 30B® nanocomposite. (Reprinted from Choi et al.
[5]. Copyright 2004, with permission from the American Chemical Society)

the XRD patterns for both (ISBOH-16)/Cloisite 30B® and (ISBOH-24)/Cloisite
30B® nanocomposites suggests that the Cloisite 30B® aggregates might have been
very well dispersed in ISBOH-16 and ISBOH-24. Note that (ISBOH-39)/Cloisite
30B® nanocomposite has ISBOH-39 with 39 mol% hydroxyl groups, (ISBOH-
16)/Cloisite 30B® nanocomposite has ISBOH-16 with 16 mol% hydroxyl groups,
and (ISBOH-24)/Cloisite 30B® nanocomposite has ISBOH-24 with 24 mol% hy-
droxyl groups.

Figure 16 gives TEM images of (ISBOH-24)/Cloisite 15A®, (ISBOH-24)/
Cloisite 30B®, and (ISBOH-39)/Cloisite 30B® nanocomposites, showing that
Cloisite 30B® aggregates have a very high degree of dispersion in ISBOH-24, but
a very low degree of dispersion in ISBOH-39, and Cloisite 15A® aggregates also
have a very low degree of dispersion in ISBOH-24. The observations made from the
TEM images given in Fig. 16 are consistent with those made from the XRD patterns
given in Fig. 15.

Figure 17 gives in situ FTIR spectra for ISBOH-16, ISBOH-24, and ISBOH-39
over a wide range of temperatures. In Fig. 17a we observe that the absorption band
at 3,330cm ™! for ISBOH-16 persists up to 50°C and then begins to shift to a higher
wave number as the temperature is increased further. Thus it can be concluded
that the hydroxyl groups within ISBOH-16 molecules form hydrogen bonds, which
disappear at temperatures higher than approximately 50°C. It is well documented
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Fig. 16 TEM images of (a) (ISBOH-24)/Cloisite 15A® nanocomposite, (b) ISBOH-24)/Cloisite
30B® nanocomposite, and (¢) (ISBOH-39)/Cloisite 30B® nanocomposite, in which the dark areas
represent the clay and the gray/white areas represent the polymer matrix. (Reprinted from Choi
et al. [5]. Copyright 2004, with permission from the American Chemical Society)

Absorbance (arb. unit)

100°c
80°c
40°c
Lol il

pradrr il
3800 3200 2600 3800 3200 2600 3800 3200 2600

Wave number (cm ™) Wave number (cm ")  Wave number (cm ')

Fig. 17 In situ FTIR spectra at various temperatures for triblock copolymers: (a) ISBOH-16,
(b) ISBOH-24, and (c) ISBOH-39. (Reprinted from Choi et al. [5]. Copyright 2004, with permis-
sion from the American Chemical Society)

in the literature [37] that the strength of hydrogen bonds decreases with increasing
temperature. In the in situ FTIR spectra for ISBOH-24 given in Fig. 17b we observe
that the absorption band at approximately 3,330cm™" persists up to 100°C, which
is very close to the Topt of ISBOH-24 [5]. Note that the area under the absorption
band at 3,330cm ™! in Fig. 17b for ISBOH-24 is much larger than that in Fig. 17a for
ISBOH-16. This observation is reasonable, because the number of hydroxyl groups
in ISBOH-24 is greater than that in ISBOH-16. It can then be concluded that a
sufficiently high degree of hydroxylation in ISBOH-24 has induced, via hydrogen
bonding, order-disorder transition (ODT) from a homogeneous triblock copoly-
mer ISB. This conclusion is consistent with that made in a previous study of Lee
and Han [34] in which ODT was induced by hydroxylation of a homogeneous SI
diblock copolymer yielding microphase-separated SIOH diblock copolymer. In the
in situ FTIR spectra for ISBOH-39 given in Fig. 17¢c we observe that the absorption
band at 3,330cm ™! persists up to approximately 120°C, and then begins to shift to a



On the Mechanisms Leading to Exfoliated Nanocomposites Prepared by Mixing 31
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slightly higher wave number at a temperature somewhere between 120 and 150°C.
Note in Fig. 17c that the area under the absorption band at 3,330cm~! for ISBOH-
39 is very large, as compared to the area under the absorption band at 3,330cm™!
for ISBOH-24 (see Fig. 17b). Again, this observation is due to the much higher level
of hydroxyl groups present in ISBOH-39 than in ISBOH-24. What is noteworthy in
the FTIR spectra for ISBOH-39, displayed in Fig. 17c, is that the very large area of
absorption band in the vicinity of 3,330cm™! persists even at 220°C.

Figure 18 gives in situ FTIR spectra at various temperatures for (a) (ISBOH-24)/
Cloisite 30B® nanocomposite and (b) (ISBOH-24)/Cloisite 15A® nanocomposite.
Comparison of Fig. 18a with Fig. 17b reveals that the area under the absorption band
at 3,330cm™! is larger in the (ISBOH-24)/Cloisite 30B® nanocomposite than in
neat ISBOH-24 at temperatures ranging from 60 to 150 °C. The much larger area un-
der the absorption band at 3,330cm ™! signifies the presence of the hydrogen bonds
between the hydroxyl group in the surfactant MT2EtOH residing at the surface
of Cloisite 30B® and the hydroxyl group in ISBOH-24. That is, attractive inter-
actions exist between Cloisite 30B® and ISBOH-24 in the (ISBOH-24)/Cloisite
30B® nanocomposite. The in situ FTIR spectra presented above are qualitative in
nature and they are intended to identify the origin of the dispersion characteristics.
According to Choi et al. [5], quantitative analysis (e.g., the determination of the
percentage of hydrogen bonding sites on the Cloisite 30B® surface) of the in situ
FTIR spectra by deconvoluting the overlapping peaks in the FTIR spectra shown
in Fig. 18 was found to be extremely difficult, because the amount of the hydroxyl
groups associated with the organoclay Cloisite 30B® in the nanocomposite was
so small (estimated to be less than 0.2%). In Fig. 18b we observe no evidence of
the presence of hydrogen bonds between the surfactant 2M2HT residing at the sur-
face of Cloisite 15A® and the hydroxyl group in ISBOH-24. This observation is
not surprising, because the surfactant 2M2HT residing at the surface of Cloisite
15A® has no polar group that can have attractive interactions with the hydroxyl
groups in ISBOH-24. Under such circumstances, one cannot expect a high degree
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of dispersion of Cloisite 15A® aggregates in ISBOH-24. This indeed turns out to
be the case as we have already observed from the TEM image given in Fig. 16.
Comparison of Fig. 18a and Fig. 18b reveals a very large difference in FTIR spectra
between the (ISBOH-24)/Cloisite 30B® and (ISBOH-24)/Cloisite 15A® nanocom-
posites. Such a large difference in FTIR spectra between the two nanocomposites
explains why the (ISBOH-24)/Cloisite 30B® nanocomposite has good dispersion
of Cloisite 30B® aggregates in ISBOH-24, while the (ISBOH-24)/Cloisite 15A®
nanocomposite has poor dispersion of Cloisite 15A® aggregates in the same poly-
mer matrix ISBOH-24 (see Fig. 16).

Figure 19 gives XRD patterns for Cloisite 15A® and its nanocomposites with
SIS and SIOHS triblock copolymers having two different degrees of hydroxyla-
tion (16 and 32 mol%) and Cloisite 30B® and its nanocomposites with SIS and
SIOHS triblock copolymers with two different degrees of hydroxylation (16 and
32 mol%). The following observations in Fig. 19 are worth highlighting. Note that
the d-spacing (3.1 nm) of Cloisite 15A® js larger than the d-spacing (1.9 nm) of
Cloisite 30B®. The d-spacing of Cloisite 15A® is increased from 3.1 to 4.0 nm in
the SIS/Cloisite 15A® and SIOHS/Cloisite 15A® nanocomposites regardless of the
difference in chemical structure of the block copolymers (SIS vs SIOHS triblock
copolymers), and also regardless of the difference in the degree of hydroxylation
(16 vs 32mol%) in SIOHS triblock copolymer. It does not seem that a slight in-
crease (0.9 nm) in the d-spacing of Cloisite 15A® after it was mixed with the SIS or
SIOHS triblock copolymers is significant, suggesting that Cloisite 15A® has very

\ 1.9 nm

Fig. 19 XRD patterns for (1)
Cloisite 15A® | (2)
SIS/Cloisite 15A®
nanocomposite, (3)
(SIOHS-16)/Cloisite 15A®
nanocomposite, (4)
(SIOHS-32)/Cloisite 15A®
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weak attractive interactions with the SIS and SIOHS triblock copolymers. Note
further that the d-spacing of Cloisite 30B® remains the same before and after it
was mixed with SIS or SIOHS triblock copolymers, suggesting that Cloisite 30B®
also has little or very weak attractive interactions with the SIS and SIOHS triblock
copolymers. The very small difference in the d-spacing between Cloisite 15A® and
the SIS/Cloisite 15A®, (SIOHS-16)/Cloisite 15A®, or (SIOHS-32)/Cloisite 15A®
nanocomposites, observed in Fig. 19, can be understood from the point of view that
there would be little or no attractive interactions (compatibility) between the sur-
factant 2M2HT residing at the surface of Cloisite 15A® and the matrix of SIS or
SIOHS triblock copolymers. Likewise, we can understand the reason why no differ-
ence in d-spacing between Cloisite 30B® and the SIS/Cloisite 30B® nanocomposite
is observed in Fig. 19, because there is little or no compatibility between the surfac-
tant MT2EtOH residing at the surface of Cloisite 30B® and SIS triblock copolymer.
However, it seems somewhat strange (or it is unexpected at first glance) to learn
from Fig. 19 that we observe no difference in d-spacing between Cloisite 30B®
and the (SIOHS-16)/Cloisite 30B® or (SIOHS-32)/Cloisite 30B® nanocomposites,
although the hydroxyl groups in the surfactant MT2EtOH residing at the surface
of Cloisite 30B® and the hydroxyl groups in the SIOHS triblock copolymer could
potentially have attractive interactions via hydrogen bonding which, however, ap-
parently did not take place.

Figure 20 gives TEM images for (SIOHS-16)/Cloisite 15A® and (SIOHS-
16)/Cloisite 30B® nanocomposites, in which we observe a low degree of dispersion
of both Cloisite 15A® and Cloisite 30B® in the respective nanocomposites. This ob-
servation is consistent with that made above from the XRD patterns given in Fig. 19.
In other words, in the absence of attractive interactions between the organoclay
(Cloisite 30B® or Cloisite 30B®) and polymer matrix (SIS or SIOHS triblock
copolymers) good dispersion of organoclay aggregates will not occur.

>

Fig. 20 TEM images of (a) (SIOHS-16)/Cloisite 15A® nanocomposite and (b) (SIOHS-16)/
Cloisite 30B® nanocomposite, in which the dark areas represent the clay and the gray/white areas
represent the polymer matrix. (Reprinted from Choi et al. [5]. Copyright 2004, with permission
from the American Chemical Society)
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Fig. 21 In situ FTIR spectra at various temperatures for (a) SIOHS-16 and (b) (SIOHS-16)/
Cloisite 30B® nanocomposite. (Reprinted from Choi et al. [5]. Copyright 2004, with permission
from the American Chemical Society)

Figure 21 compares the in situ FTIR spectra of neat triblock copolymer SIOHS-
16 with the FTIR spectra of the (SIOHS-16)/Cloisite 30B® nanocomposite at
temperatures ranging from 25 to 220°C. Note that in FTIR spectroscopy the
hydrogen-bonded and free hydroxyl groups appear at 3,330 and 3,630cm™!,
respectively [37]. In Fig.21 we observe a remarkable similarity in FTIR spec-
tra between the neat block copolymer SIOHS-16 and (SIOHS-16)/Cloisite 30B®
nanocomposite over the entire range of temperatures tested. Namely, the absorption
band at 3,330cm™! persists up to approximately 60°C and then begins to shift
to a higher wave number at a temperature starting at approximately 100°C. This
observation suggests that the hydrogen bonds that existed within the SIOHS-16
molecules disappeared as the temperature was increased above 60°C and that
few, if any, hydrogen bonds existed between the hydroxyl groups in the surfactant
MT2EtOH residing at the surface of Cloisite 30B® and the hydroxyl group in the
midblock of SIOHS-16. This might have been due to less mobility of the hydroxyl
groups in the midblock position of SIOHS-16 resulting in fewer and/or weaker hy-
drogen bonds between the hydroxyl groups in the surfactant MT2EtOH residing at
the surface of Cloisite 30B® and the hydroxyl group in the midblock of SIOHS-16.
This finding explains why the presence of a functional group(s) in the midblock of a
triblock copolymer is not effective at all in dispersing the aggregates of organoclay,
in contrast to the situation where a functional group(s) present at the endblock of a
triblock copolymer (e.g., ISBOH) is very effective in dispersing the aggregates of
organoclay (compare Fig. 20b with Fig. 16b).

Several other studies have been reported on the preparation, via mixing, of
organoclay nanocomposites based on various block copolymers including SI
diblock copolymers [45—48], SIS triblock copolymer [49], polystyrene-block-
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polybutadiene (SB diblock) copolymer [50], polystyrene-block-polybutadiene-
block-polystyrene (SBS triblock) copolymer [51], polystyrene-block-poly
(ethylene-co-1-butene) (SEB diblock) copolymer [51, 52], and polystyrene-block-
poly(ethylene-co-1-butene)-block-polystyrene (SEBS triblock) copolymer [51-53].
All of these studies reported only intercalation of the aggregates of the organoclays
employed. On the basis of the results presented above (Figs. 12-21), we can explain
why the organoclay nanocomposites reported in these studies had only intercalation,
in that none of the block copolymers employed had functional groups that could
possibly have had attractive interactions with the surfactants residing at the surface
of the organoclays employed.

There are only a small number of studies [5-7, 54, 55] that reported on exfoli-
ated nanocomposites which were prepared by mixing an organoclay and a block
copolymer. Besides the nanocomposites based on functional block copolymers
summarized above [5, 6], which had exfoliation due to the presence of hydro-
gen bonding, other types of specific interactions can also lead to the successful
preparation, via mixing, of exfoliated organoclay nanocomposites based on block
copolymers. Below, I will summarize such studies, which have reported on the
successful preparation, via ionic interactions [55] and ion—dipole interactions [7],
of exfoliated nanocomposites based on block copolymers. There are a few studies
[56, 57], which reported on the preparation of exfoliated nanocomposites based on
block copolymers using in situ polymerization in the presence of initiator-anchored
MMT. As stated in Introduction, in this chapter I will not discuss the preparation of
organoclay nanocomposites using in situ polymerization.

3.5 Nanocomposites Based on Functional Thermotropic
Liquid-Crystalline Polymer

Thermotropic liquid-crystalline polymer (TLCP) is a class of polymers of industrial
importance although only a few TLCPs have been commercialized. In general, like
many thermoplastic polymers, commercial TLCPs do not have functionality and
thus it is highly unlikely that exfoliation of organoclay nanocomposites would be
realized, unless the TLCP has functional group(s) that would have attractive in-
teractions with a surfactant residing at the surface of an organoclay. Huang and
Han [58, 59] successfully prepared exfoliated organoclay nanocomposites based on
main-chain TLCPs having a pendent pyridyl group or side-chain azopyridine with
pyridyl group. Below, I will summarize their findings.

Huang and Han [58] synthesized a main-chain TLCP with a pendent pyridyl
group having the chemical structure (referred to as PyHQ12), which has 12 methy-
lene units as flexible spacer. The details of the synthesis of PyHQ12 can be found
from the original paper. According to them, PyHQ12 has a glass transition temper-
ature (Tg) of 96°C, a clearing temperature (T¢,)
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of 162°C during heating, and has Schlieren texture, as evidenced by polarizing op-
tical microscopy (POM), which undergoes a nematic—to—isotropic (N-I) transition
at temperatures between 96 and 162°C. Using PyHQ12 they prepared, via solution
blending in pyridine, organoclay nanocomposites with Cloisite 30B® and Cloisite
20A®, respectively, at 5 wt% loading. For comparison, they also prepared nanocom-
posites based on a main-chain TCLP, PSHQ12 having no functional group, with the
chemical structure
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Figure 22 gives XRD patterns for Cloisite 20A®, Cloisite 30B®, and organoclay
nanocomposites based on PyHQ12 or PSHQ12. Note in Fig. 22 that Cloisite 30B®
has a gallery distance (d-spacing) of 1.9 nm, while Cloisite 20A® has a d-spacing of
3.1 nm. The following observations in Fig. 22 are worth noting. (1) PyHQ12/Cloisite
20A® nanocomposite has a d-spacing of 3.4nm, an increase of 0.3nm (9.7%
increase) over the d-spacing of Cloisite 20A®, suggesting that the PyHQI12

Fig. 22 XRD patterns for (1)
Cloisite 20A® | (2)
PyHQI12/Cloisite 20A®
nanocomposite, (3)
PyHQI12/Cloisite 30B®
nanocomposite, (4)
PSHQ12/Cloisite 30B®
nanocomposite, and (5)
Cloisite 30B®. (Reprinted
from Huang and Han [58]. | | | | | | | |
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might have intercalated the Cloisite 20A® aggregates. (2) PyHQ12/Cloisite 30B®
nanocomposite shows featureless XRD patterns. We hasten to point out that the
disappearance of an XRD peak does not necessarily signify that the organoclay
aggregates are highly dispersed. (3) PSHQ12/Cloisite 30B® nanocomposite has a
d-spacing of 2.1 nm, an increase of 0.2nm (10.5% increase) over the d-spacing of
Cloisite 30B®, suggesting that the PSHQ12 might have intercalated the Cloisite
30B® aggregates. It is very clear from the above observations that PyHQ12/Cloisite
30B® nanocomposite has XRD patterns, which are distinctly different from the
XRD patterns of the two other organoclay nanocomposites, the origin of which will
be elaborated on below.

Figure 23 gives TEM images of (a) PyHQI12/Cloisite 30B® nanocompos-
ite, (b) PyHQ12/Cloisite 20A® nanocomposite, and (c) PSHQ12/Cloisite 30B®
nanocomposite, in which the dark areas represent the organoclay and the gray/bright
areas represent the polymer matrix. It is clearly seen in Fig. 23 that PyHQ12/Cloisite
30B® nanocomposite has a very high degree of dispersion of Cloisite 30B® aggre-
gates in the matrix PyHQ12, whereas PyHQ12/Cloisite 20A® and PSHQ12/Cloisite
30B® nanocomposites have poorly dispersed, large aggregates of organoclay. The
XRD patterns (see Fig.22) and the TEM images (see Fig.23) provide consistent
assessment of the state of dispersion of the functional and non-functional TLCPs
nanocomposites reported by Huang and Han [58].

Figure 24 gives FTIR spectra for (a) PyHQ12, (b) PyHQ12/Cloisite 20A®
nanocomposite, and (c) PSHQ12/Cloisite 30B® nanocomposite at room temper-
ature, showing slight evidence (spectrum b) of attractive interactions between
PyHQ12 and Cloisite 20A®, and no evidence (spectrum c) of attractive interactions
between PSHQI2 and Cloisite 30B®. This observation is not surprising, be-
cause organoclay Cloisite 20A® does not have functional groups that can have
attractive interactions with the pendent pyridyl group in PyHQ12, and PSHQ12
does not have functionality that can have attractive interactions with the hy-
droxyl group in the surfactant MT2EtOH residing at the surface of organoclay
Cloisite 30B®, although the hydroxyl group in MT2EtOH may have attractive
interactions with the carbonyl group in PSHQ12, which might have contributed

Fig. 23 TEM images of (a) PyHQ12/Cloisite 30B® nanocomposite, (b) PyHQ12/Cloisite 20A®
nanocomposite, and (¢) PSHQ12/Cloisite 30B® nanocomposite, in which the dark areas represent
the clay and the gray/white areas represent the polymer matrix. (Reprinted from Huang and Han
[58]. Copyright 2006, with permission from the American Chemical Society)
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Fig. 24 FTIR spectra for
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(¢) PSHQI12/Cloisite 30B®
nanocomposite, and in situ
FTIR spectra for
PyHQI12/Cloisite 30B®
nanocomposite at various
temperatures (°C): (1) 25, (2)
100, (3) 120, (4) 140, (5) 160,
and (6) 180. (Reprinted from
Huang and Han [58].
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to a slight increase in d-spacing of Cloisite 30B® in the PSHQ12/Cloisite 30B®
nanocomposite (Fig.22). Also given in Fig. 24, for comparison, are in situ FTIR
spectra for the PyHQI12/Cloisite 30B® nanocomposite at various temperatures
ranging from 25 to 180°C. Note in Fig. 24 that the size of the absorption peak at a
wavenumber of 2,570cm ! for the PyHQ12/Cloisite 30B® nanocomposite is larger
than that for PyHQ12 although it tends to decrease, while the size of the absorption
peak at a wavenumber of 3,460cm ™~ for the hydroxyl group tends to increase, as the
temperature is increased to 180°C. What is interesting in the FTIR spectra for the
PyHQ12/Cloisite 30B® nanocomposite displayed in Fig. 24 is that the rather strong
absorption peak at a wavenumber of 2,570cm™ persists even at a temperature
as high as 180°C. Thus, it can be concluded that attractive interactions exist (i.e.,
hydrogen bonds are formed) between the pendent pyridyl group in PyHQ12 and the
hydroxyl group in the surfactant MT2EtOH residing at the surface of organoclay
Cloisite 30B®, which contributed to the very high degree of dispersion of Cloisite
30B® aggregates in the matrix PyHQI2 (see the TEM image given in Fig. 23a). We
hasten to point out that we cannot rule out the possibility of ionic interactions be-
tween the pendent pyridyl groups in PyHQ12 and NV ion in the surfactant 2M2HT
residing at the surface of Cloisite 20A®, which could have contributed to the slight
increase in d-spacing of the PyHQ12/Cloisite 20A® nanocomposite (see Fig. 22).
Figure 25 gives POM images of (a) PyHQ12, (b) PyHQ12/Cloisite 30B® nano-
composite, (¢) PyHQI12/Cloisite 20A® nanocomposite, (d) PSHQI2, and (e)
PSHQI12/Cloisite 30B® nanocomposite. Note that a considerable degree of lig-
uid crystallinity in PyHQ12 is lost in the PyHQ12/Closite 30B® nanocomposite
(compare Fig. 25b with Fig. 25a), which is attributable to the formation of hydrogen
bonds between the pendent pyridyl group in PyHQ12 and the hydroxyl group in the
surfactant MT2EtOH residing at the surface of Cloisite 30B®. On the other hand,
the liquid crystallinity in PyHQ12 is little changed in the PyHQ12/Cloisite 20A®
nanocomposite (compare Fig. 25¢ with Fig. 25a), and also the liquid crystallinity in
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Fig. 25 POM images of (a) PyHQ12, (b) PyHQ12/Cloisite 30B® nanocomposite, (¢) PyHQ12/
Cloisite 20A® nanocomposite, (d) PSHQ12, and (e) PSHQI12/Cloisite 30B® nanocomposite at
140°C. (Reprinted from Huang and Han [58]. Copyright 2006, with permission from the American
Chemical Society)

PSHQI2 is little changed in the PSHQ12/Cloisite 30B® nanocomposite (compare
Fig.25e with Fig. 25d).

The above observations support the conclusions drawn above from XRD diffrac-
tion patterns (see Fig.22) and TEM images (see Fig. 23) that attractive interactions
existed between the pendent pyridyl group in PyHQ12 and the hydroxyl group
in the surfactant MT2EtOH residing at the surface of organoclay Cloisite 30B®,
while little attractive interaction existed between PyHQ12 and Cloisite 20A® in the
PyHQ12/Cloisite 20A® nanocomposite, and between PSHQ12 and Cloisite 30B®in
the PSHQ12/Cloisite 30B® nanocomposite.

Figure 26 gives a schematic describing the state of dispersion of Cloisite 30B®
aggregates in the PyHQ12/Cloisite 30B® nanocomposite, where the dark sticks
represent Cloisite 30B® platelets, the thin cylinders (which denote mesogens)
plus waved lines (which denote flexible spacers) represent the segmented PyHQ12
chains, and the short dashed lines represent hydrogen bonds between the pendent
pyridyl group in PyHQ12 and the hydroxyl groups in the surfactant MT2EtOH
residing at the surface of Cloisite 30B®. Referring to Fig.26, the formation of
hydrogen bonds between the pendent pyridyl group in PyHQ12 and the hydroxyl
groups in the surfactant MT2EtOH might have restricted the mobility of PyHQ12
chains in the nanocomposite. As a result, the orientation of PyHQ12 chains in
PyHQ12/Cloisite 30B® nanocomposite is severely restricted and thus the forma-
tion of a nematic mesophase having long-range order of PyHQI12 would have
become very difficult. Consequently, the domain size of PyHQ12 mesophase in
PyHQ12/Cloisite 30B® nanocomposite might have become very small, as shown
in the POM image given in Fig. 25b.
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Fig. 26 Schematic describing the distributions of PyHQ12 chains and organoclay Cloisite 30B®
in the highly dispersed PyHQ12/Cloisite 30B® nanocomposite, where the dark sticks represent
Cloisite 30B® platelets, the thin cylinders (which denote mesogens) plus waved lines (which de-
note flexible spacers) represent PyHQ12 chains, and the short dashed lines represent hydrogen
bonds between the pendent pyridyl group in PyHQ12 and the hydroxyl groups in the surfactant
MT2EtOH residing at the surface of Cloisite 30B®. (Reprinted from Huang and Han [58]. Copy-
right 2006, with permission from the American Chemical Society)

On the other hand, the nematic mesophase of PSHQ12 in the PSHQ12/Cloisite
30B® nanocomposite is virtually identical, except for the size, to that of neat
PSHQI12 (compare Fig.25e with Fig. 25d). This observation is not surprising, be-
cause little or no attractive interactions exist between PSHQ12 and Cloisite 30B®
in the nanocomposite (see FTIR spectrum (c) in Fig. 24). Note that in the presence of
Cloisite 20A®, the nematic mesophase of PyHQ12 in the PyHQ12/Cloisite 20A®
nanocomposite (Fig.25c¢) has been modified only slightly when compared to the
nematic mesophase of neat PyHQ12 (Fig. 25a). This observation is attributable to
very weak interactions between the pendent pyridyl group in PyHQ12 and the posi-
tively charged N ion in the surfactant 2M2HT residing at the surface of organoclay
Cloisite 20A®.

To maintain the liquid crystallinity of PyHQI2 in the PyHQ12/Cloisite 30B®
nanocomposite, Huang and Han [59] synthesized another main-chain TLCP having
side-chain azopyridine with flexible spacer (referred to as PABP), which has the
chemical structure
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The details of the synthesis of PyHQ12 can be found in the original paper. Ac-
cording to Huang and Han [59], PABP is a semicrystalline TLCP having a melting
temperature (Tp,) of 114°C, and a T of 146 °C. They prepared, via solution blend-
ing in pyridine, nanocomposites based on PABP, for which MMT, Cloisite 30B®,
and Cloisite 20A® were used at a 5 wt% loading, respectively.

Figure 27a gives XRD patterns for (1) Cloisite 30B® having a d-spacing of
1.9nm, (2) MMT having a gallery distance (d-spacing) of 1.1 nm, and (3) Cloisite
20A® having a d-spacing of 3.1 nm. It is seen that chemical treatment of MMT
with a surfactant has increased the gallery distance of the respective organoclays.
Figure 27b gives XRD patterns for (1) neat PABP, (2) PABP/MMT nanocomposite,
(3) PABP/Cloisite 20A® nanocomposite, and (4) PABP/Cloisite 30B® nanocom-
posite. Since PABP is a semicrystalline TLCP, the two XRD peaks at 26 of 3.75°
and 7.40° observed in Fig.27b are attributable to the smectic layered mesophase
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Fig. 27 XRD patterns for (a) (1) Cloisite 30B®, (2) MMT, and (3) Cloisite 20A®; (b) (1) PABP,
(2) PABP/MMT nanocomposite, (3) PABP/Cloisite 20A® nanocomposite, and (4) PABP/Cloisite
30B® nanocomposite. (Reprinted from Huang and Han [59]. Copyright 2006, with permission
from Elsevier)
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structure of PABP. Note in Fig.27b that the XRD peak at 20 = 7.40° appears in
all three nanocomposites and the XRD peak at 26 = 3.75° also appears in the
PABP/MMT nanocomposite. This observation suggests that the mesophase struc-
ture of PABP in the PABP/MMT nanocomposite might have been little affected
although the d-spacing of MMT has increased by 0.5nm. As the POM images
shown below indicate, indeed little change in the mesophase structure of PABP in
the PABP/MMT nanocomposite occurred.

However, the XRD peak at 20 = 3.75° due to the mesophase structure of PABP
is not very discernible in Fig.27b for the PABP/Cloisite 20A® and PABP/Cloisite
30B® nanocomposites. This observation suggests that some type of interaction
between the organoclays and PABP might have occurred. Note in Fig.27b that
the d-spacing of Cloisite 20A® in PABP/Cloisite 20A® nanocomposite has in-
creased only slightly from 3.1 nm to 3.5nm, but interestingly the PABP/Cloisite
30B® nanocomposite shows virtually featureless XRD patterns. This observation
suggests the presence of strong attractive interactions between PABP and Cloisite
30B® in the PABP/Cloisite 30B® nanocomposite.

Figure 28 gives TEM images of (a) PABP/MMT nanocomposite, (b) PABP/Cloisite
20A® nanocomposite, and (c) PABP/Cloisite 30B® nanocomposite. In Fig. 28 we
observe (1) very poor dispersion of MMT aggregates in PABP/MMT nanocomposite,
(2) intercalation, at best, of Cloisite 20A® aggregates in PABP/Cloisite 20A®
nanocomposite, and (3) very high degree of dispersion of Cloisite 30B® aggregates
in PABP/Cloisite 30B® nanocomposite. These observations are consistent with those
made above from the XRD patterns given in Fig.27b.

Figure 29 gives FTIR spectra for (a) neat PABP at room temperature, (b)
PABP/MMT nanocomposite at room temperature, (c) PABP/Cloisite 20A®
nanocomposite at room temperature, and (d) in situ FTIR spectra for PABP/Cloisite
30B® nanocomposite at various temperatures ranging from 25 to 160°C. It can be
seen in Fig. 29 that neat PABP has two absorption peaks (spectrum a), a broad peak
at a wavenumber of 2,560cm™! and another at a wavenumber of 1,890cm™!. These
two absorption peaks indicate the presence of attractive interactions, though very
weak, between the pyridyl group in the side-chain azopyridine and hydroxyl groups
at the end of the main chain of PABP (see the chemical structure of PABP given

Fig. 28 TEM images of (a) PABP/MMT nanocomposite, (b) PABP/Cloisite 20A® nanocompos-
ite, and (¢) PABP/Cloisite 30B® nanocomposite, in which the dark areas represent the clay and the
gray/white areas represent the polymer matrix. (Reprinted from Huang and Han [59]. Copyright
2006, with permission from Elsevier)
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Fig. 29 FTIR spectra for

(a) PABP, (b) PABP/MMT
nanocomposite,

(¢) PABP/Cloisite 20A®
nanocomposite, and in situ
FTIR spectra for
PABP/Cloisite 30B®
nanocomposite at various
temperatures (°C): (1) 25, (2)
100, (3) 120, (4) 140, (5) 150,
and (6) 160. (Reprinted from
Huang and Han [59].
Copyright 2006, with
permission from Elsevier)
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above). According to Huang and Han [59], after polymerization was completed,
50% of the terminal groups in PABP macromolecular chains could be hydroxyl
groups. Thus the absorption peak at a wavenumber of 2,560cm™! is believed to
represent hydrogen bonds formed between the terminal hydroxyl groups at the end
of the main chain of PABP and the pyridyl group in the side-chain azopyridine
(i.e., self-association in PABP), while the absorption peak at a wavenumber of
1,890cm™! represents Fermi resonance.

Referring to Fig. 29, little evidence can be seen of the presence of hydrogen
bonds in the PABP/MMT nanocomposite (spectrum b) and a very weak interaction
in PABP/Cloisite 20A® nanocomposite (spectrum c), while the in situ spectra (1-6)
for PABP/Cloisite 30B®nanocomposite indicate the presence of strong attractive in-
teractions. Note in Fig. 29 that the size (or area) of the absorption peak at 2,570cm ™!
for the PABP/Cloisite 30B® nanocomposite is larger than that for neat PABP al-
though it tends to decrease, while the size of the absorption peak at 3,460cm™!
for the hydroxyl group tends to increase, as the temperature is increased to 160°C.
Of particular note in the FTIR spectra for the PABP/Cloisite 30B® nanocomposite
displayed in Fig.29 is that the relatively strong absorption peak at 2,570cm™!
persists even at a temperature as high as 160°C, which is above the clearing tem-
perature of PABP (146°C). Thus, it can be concluded that attractive interactions
exist (i.e., hydrogen bonds are formed) between the pyridyl group in the side-chain
azopyridine and the hydroxyl group in the surfactant MT2EtOH residing at the sur-
face of organoclay Cloisite 30B®. It can be concluded further that the presence
of hydrogen bonding in the PABP/Cloisite 30B® nanocomposite helped achieve a
very high degree of dispersion of Cloisite 30B® aggregates in the PABP matrix (see
the TEM image given in Fig.28c). Earlier, Sato et al. [60] reported on hydrogen
bonding between a polymer containing pyridine group and another polymer with
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hydroxyl group. The above observations can now explain the reasons for the very
poor dispersion of MMT aggregates in PABP/MMT nanocomposite, some interca-
lation of Cloisite 20A® aggregates in PABP/Cloisite 20A® nanocomposite, and a
very high degree of dispersion of Cloisite 30B® aggregates in PABP/Cloisite 30B®
nanocomposite (see Fig. 28).

Figure 30 gives POM images of (a) PABP, (b) PABP/MMT nanocomposite, (c)
PABP/Cloisite 20A® nanocomposite, and (d) PABP/Cloisite 30B® nanocom-
posite. Note in Fig.30 that PABP has a smectic phase, and the mesophase
structure of PABP/MMT nanocomposite is virtually identical to that of PABP,
while the mesophase structure of PABP in the PABP/Cloisite 20A® and
PABP/Cloisite 30B® nanocomposites is only slightly different from that of neat
PABP. From the above observation it can be concluded that the presence of organ-
oclay in both PABP/Cloisite 20A® and PABP/Cloisite 30B® nanocomposites has
affected little the mesophase structure of PABP in the respective nanocompos-
ites. What is significant here is that a very high degree of dispersion of Cloisite
30B® aggregates has affected little the mesophase structure (liquid crystallinity)
of PABP in the PABP/Cloisite 30B® nanocomposite. This was not the case for
the PyHQ12/Cloisite 30B® nanocomposite shown in Fig.25b, in which much of
the liquid crystallinity of a segmented main-chain TLCP, PyHQ12, was lost while
Cloisite 30B® aggregates were dispersed very well in the matrix of PyHQ12.

Fig. 30 POM images of (a) PABP, (b) PABP/MMT nanocomposites, (¢) PABP/Cloisite 20A®
nanocomposites, and (d) PABP/Cloisite 30B® nanocomposites. (Reprinted from Huang and Han
[59]. Copyright 2006, with permission from Elsevier)
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Fig. 31 Schematic describing the distributions of PABP and Cloisite 30B® in the highly dispersed
PABP/Cloisite 30B® nanocomposite, where the dark sticks represent Cloisite 30B® platelets,
the dark ellipsoids represent the main-chain mesogens, waved lines represent flexible spacers,
the empty notched ellipsoids represent the azopyridine in the side chain of PABP, and the empty
notched ellipsoids with “caps” represent hydrogen bonds between the pyridyl group in the side-
chain azopyridine of PABP and the hydroxyl groups in the surfactant MT2EtOH residing at the
surface of Cloisite 30B®. (Reprinted from Huang and Han [59]. Copyright 2006, with permission
from Elsevier)

The origin of the difference between the two situations, PABP/Cloisite 30B®
nanocomposite and PyHQ12/Cloisite 30B® nanocomposite, is explained using the
schematic given in Fig. 31, in which the dark ellipsoidal areas represent the meso-
gens of the main chain interconnected by the flexible spacers (shown by thin waved
lines), and the dark sticks represent Cloisite 30B® platelets that form hydrogen
bonds with the pyridyl group located at the end of the side-chain azopyridyl group.
Note in Fig. 31 that the side-chain azopyridyl group is connected to the main chain
through five methylene units (shown by thin waved lines), i.e., the pyridyl group
in the side-chain azopyridine is sufficiently far from the backbone of the main-chain
of PABP. The situation depicted in Fig.31 is quite different from that depicted
in Fig. 26, in which the pendent pyridyl group was connected to the mesogenic main
chain (PyHQ12, the chemical structure of which was given above) only through
a vinylene unit and thus the hydrogen bonds formed between the pendent pyridyl
group and the hydroxyl groups in the surfactant MT2EtOH residing at the surface of
Cloisite 30B® might have interfered with the orientation of the mesogenic main
chain, consequently disrupting the mesogenic structure of PyHQ12.

A few other research groups [61, 62] reported on the preparation of organoclay
nanocomposites based on main-chain TLCP by melt blending. In the preparation
of nanocomposites, they employed organoclays very similar to Cloisite 30B® and
Cloisite 20A®. They observed large XRD peaks in 26 scanning, suggestive of poor
dispersion (or intercalation at best) of organoclay aggregates. Indeed, an intercalated
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structure was observed from TEM [62]. On the basis of the experimental results of
Huang and Han [58, 59] summarized above, it is now very clear why the organ-
oclay nanocomposites based on the two TLCPs, prepared by Vaia and Giannelis
[61] and Chang et al. [62], had intercalation of the aggregates of organoclays em-
ployed; no attractive interaction (no compatibility) existed between the TLCPs and
organoclays employed in their studies. The above observation confirms, once again,
the necessity of having specific interaction (strong attractive interaction) between
a nanoclay and the polymer matrix in order to obtain exfoliated nanocomposites
prepared by mixing.

4 Ionic Interactions in Exfoliated Nanocomposites
Prepared by Mixing

Here 1 summarize a recent study of Zha et al. [55] who successfully prepared
exfoliated organoclay nanocomposites based on polystyrene (PS) or SI diblock
copolymer, each end-functionalized with sodium carboxylate —-COONa. In their
study, nanocomposites were prepared using 5 wt% Cloisite 30B® or Cloisite 20A®.
Zha et al. concluded, based on FTIR spectroscopy results, that ionic interactions be-
tween the negatively charged -COO™ present at the chain end of a PS-t-COONa
or at the chain end of the PI block of an SI-t-COONa (or at the chain end of
the PS block of an IS-t-COONa) and the positively charged N7 in the surfactant
(MT2EtOH or 2M2HT) residing at the surface of organoclay (Cloisite 30B® or
Cloisite 20A®) were the driving force to exfoliate the aggregates of the organ-
oclay. Table6 gives the molecular characteristics of two polystyrenes (PSLMW
and PSHMW) and two SI diblock copolymers (SI-1 and SI-2), which were used
to prepare end-functionalized PS-t-COONa or SI-t-COONa (or IS-t-COONa), and
Table 7 gives a summary of the organoclay nanocomposites prepared in the study of
Zha et al. [55].

Table 6 Molecular characteristics of the polystyrenes and SI diblock copoly-
mers synthesized for end-functionalization investigated by Zha et al. [55]

Sample code M,,? M,, /M,?* wps?
PSLMW 2.7 %104 1.06
PSHMW 7.0 x 10* 1.03
SI-1 1.7 x 10* 1.09 0.45
SI-2 1.9 x 10* 1.07 0.47

“Determined from GPC
PWeight fraction of polystyrene block determined by 'H NMR spectroscopy
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Table 7 Sample codes of the nanocomposite® investigated by Zha et al. [55]

Sample code Functionality

(a) End-functionalized PS/organoclay nanocomposites

(PSLMW-t-COOH)/Cloisite 20A® —COOH terminated low molecular weight PS
(PSLMW-t-COOH)/Cloisite 30B® —COOH terminated low molecular weight PS
(PSLMW-t-COONa)/Cloisite 20A® —COONa terminated low molecular weight PS
(PSLMW-t-COONa)/Cloisite 30B® —COONa terminated low molecular weight PS
(PSHMW-t-COOH)/Cloisite 20A® —COOH terminated high molecular weight PS
(PSHMW-t-COOH)/Cloisite 30B® —COOH terminated high molecular weight PS
(PSHMW-t-COONa)/Cloisite 20A® —COONa terminated high molecular weight PS
(PSHMW-t-COONa)/Cloisite 30B® —COONa terminated high molecular weight PS

(b) End-functionalized SI diblock copolymer/organoclay nanocomposites

(SI-t-COOH)/Cloisite 20A® PI block in SI-1 was terminated by -COOH group
(SI-t-COOH)/Cloisite 30B® PI block in SI-1 was terminated by -COOH group
(SI-t-COONa)/Cloisite 20A® PI block in SI-1 was terminated by -COONa group
(SI-t-COONa)/Cloisite 30B® PI block in SI-1 was terminated by -COONa group
(IS-t-COOH)/Cloisite 20A® PS block in SI-2 was terminated by -COOH group
(IS-t-COOH)/Cloisite 30B® PS block in SI-2 was terminated by -COOH group
(IS-t-COONa)/Cloisite 20A® PS block in SI-2 was terminated by -COONa group
(IS-t-COONa)/Cloisite 30B® PS block in SI-2 was terminated by -COONa group

2All nanocomposites have 5 wt% organoclay

4.1 Nanocomposites Based on End-Functionalized Polystyrene

Figure 32 gives XRD patterns of organoclay nanocomposites based on neat PSLMW
and PSLMW terminated by -COOH group or -COONa group. The following obser-
vations in Fig. 32 are worth noting. The XRD patterns indicate that the d-spacing of
PSLMW/Cloisite 30B® nanocomposite is 1.85nm, which is virtually the same
as that of neat Cloisite 30B®, and the d-spacing of PSLMW/Cloisite 20A®
nanocomposite is 1.77 nm, which is slightly smaller than that of neat Cloisite 20A®
(2.42nm). This is not surprising, because no attractive interaction can be ex-
pected between neat PS and the surfactant residing at the surface of Cloisite
30B® or Cloisite 20A®. In Fig.32 we still observe a broad XRD reflection peak
having the d-spacing of 1.85nm in both (PSLMW-t-COOH)/Cloisite 30B® and
(PSLMW-t-COOH)/Cloisite 20A® nanocomposites, although the peak height of
the XRD patterns for the two nanocomposites is much smaller than that for the
PSLMW/Cloisite 30B® and PSLMW/Cloisite 20A® nanocomposites. This obser-
vation suggests that the -COOH group attached to the chain end of PSLMW might
not have sufficiently strong attractive interactions with the surfactant residing at
the surface of Cloisite 30B® and Cloisite 20A®, giving rise to a low degree of
dispersion of organoclay aggregates in the respective nanocomposites. This can be
explained by the following observations. The -COOH group present at the chain
end of PSLMW-t-COOH is not expected to have any significant attractive interac-
tions with the surfactant 2M2HT residing at the surface of Cloisite 20A®, while
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Fig. 32 XRD patterns for (1)
PSLMW/Cloisite 30B
nanocomposite, (2)
PSLMW/Cloisite 20A®
nanocomposite. (3)
(PSLMW-t-COOH)/Cloisite
30B® nanocomposite, (4)
(PSLMW-t-COOH)/Cloisite
20A® nanocomposite, (5)
(PSLMW-t-COONa)/Cloisite
30B® nanocomposite, and (6)
(PSLMW-t-COONa)/Cloisite
20A® nanocomposite. )
(Reprinted from Zha et al.
[55]. Copyright 2005, with
permission from the
American Chemical Society)
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it can potentially form hydrogen bonds with the hydroxyl group in the surfactant
MT2EtOH residing at the surface of Cloisite 30B®. However, only one -COOH
group at the chain end of PSLMW-t-COOH would not be sufficient to form strong
attractive interactions with the hydroxyl groups in the surfactant MT2EtOH resid-
ing at the surface of Cloisite 30B. The situation would be quite different if many
—COOH groups had been present in the entire PSLMW molecule.

In contrast, in Fig. 32 we observe featureless XRD patterns for both (PSLMW-t-
COONa)/Cloisite 20A® and (PSLMW-t-COONa)/Cloisite 30B® nanocomposites.
This observation suggests that sufficiently strong attractive interactions might be
present between the —-COONa group at the chain end of PSLMW and the surfactant
(2M2HT or MT2EtOH) residing at the surface of the nanocomposite.

Figure 33 gives TEM images of the nanocomposites based on neat PSLMW and
PSLMW terminated by —-COOH group or -COONa group. In Fig.33 we observe
that the degree of dispersion of organoclays, Cloisite 30B® and Cloisite 20A®,
is rather poor in the matrix of neat PSLMW and PSLMW-t-COOH, while both
Cloisite 30B® and Cloisite 20A® are very well dispersed in the matrix of PSLMW-
t-COONa. Thus it can be concluded that the TEM images given in Fig. 33 support
the observations in the XRD patterns given in Fig. 32.

Figure 34 gives FTIR spectra for (a) PSLMW-t-COONa nanocomposite, (b)
Cloisite 30B®, (c) (PSLMW-t-COOH)/Cloisite 30B® nanocomposite, and (d)
(PSLMW-t-COONa)/Cloisite 30B® nanocomposite. The following observations in
Fig. 34 are worth noting. As expected, no absorption band appears at the wavenum-
ber of 3,620cm~! for PSLMW-t-COONa. However, two new absorption bands at
the wavenumbers, 3,620 and 1,500 em™ !, appear in Cloisite 30B®, and in the two
nanocomposites. This is attributable to the presence of —OH groups in the surfactant
MT2EtOH residing at the surface of Cloisite 30B®. To facilitate our discussion
here, an inset is given in Fig.34 showing the absorption bands at wavenumbers
ranging from 1,200 to 1,800cm™". It is clearly seen from the inset that an additional
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Fig. 33 TEM images of (a) PSLMW/Cloisite 30B® nanocomposite, (b) PSLMW/Cloisite
20A® nanocomposite, (¢) (PSLMW-t-COOH)/Cloisite 30B® nanocomposite, (d) (PSLMW-t-
COOH)/Cloisite 20A® nanocomposite, (e) (PSLMW-t-COONa)/Cloisite 30B® nanocomposite,
and (f) (PSLMW-t-COONa)/Cloisite 20A® nanocomposite, in which the dark areas represent
organoclay, Cloisite 30B® or Cloisite 20A®, and the gray/white areas represent the polymer ma-
trix. (Reprinted from Zha et al. [55]. Copyright 2005, with permission from the American Chemical
Society)

Fig. 34 FTIR spectra for
(a) PSLMW-t-COONa,

(b) Cloisite 30B®, (c)
(PSLMW-t-COOH)/Cloisite
30B® nanocomposite, and
(d) (PSLMW-t-
COONa)/Cloisite 30B®
nanocomposite. (Reprinted
from Zha et al. [55].
Copyright 2005, with
permission from the
American Chemical Society)
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absorption band appears at 1,570cm™! for the (PSLMW-t-COONa)/Cloisite 30B®
nanocomposite; otherwise the absorption bands are identical for both the (PSLMW-
t-COONa)/Cloisite 30B® and (PSLMW-t-COOH)/Cloisite 30B® nanocomposites.
Tachino et al. [63] and Kutsumizu et al. [64] conducted infrared spectroscopy
studies of the binary blends of sodium and zinc salt ionomers of poly(ethylene-
co-methacrylate) (PEMA) and observed the appearance of a new asymmetric
carboxylate stretching band at 1,569cm™!, which is very close to the wavelength
1,570cm~! observed in Fig. 34. They assigned the appearance of a stretching band
at 1,569cm™! to carboxylate groups bridging sodium and zinc cations. Thus it can
be concluded that the appearance of a new absorption peak at 1,570cm™! in Fig. 34
is attributable to the ionic interactions between the negatively charged -COO™ at
the chain end of PSLMW-t-COONa and the positively charged cation N* in the
surfactant (2M2HT or MT2EtOH) residing at the surface of organoclay (Cloisite
20A® or Cloisite 30B®).

Figure 35 describes (a) XRD patterns and (b) TEM images of organoclay
nanocomposites based on an end-functionalized high molecular-weight PSHMW-
t-COONa. It can be seen in Fig.35a that the XRD patterns of both (PSHMW-t-
COONa)/Cloisite 30B® and (PSHMW-t-COONa)/Cloisite 20A® nanocomposites
show a very weak and broad peak at 20 of 4° to 6°. The TEM images given
in Fig.35b for the same nanocomposites based on high molecular-weight PS
support the XRD patterns given in Fig.35a, in that the degree of exfoliation of
organoclay aggregates is not so high. It should be remembered that the XRD
patterns given in Fig. 32 for the (PSLMW-t-COONa)/Cloisite 30B® and (PSLMW-
t-COONa)/Cloisite 20A® nanocomposites based on low molecular-weight PS
are featureless and the TEM images given in Figs.33e and 33f of the same

M
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Fig. 35 (a) XRD patterns for (1) (PSHMW-t-COONa)/Cloisite 30B® nanocomposite and
(2) (PSHMW-t-COONa)/Cloisite 20A® nanocomposite. (b) TEM image of (PSHMW-t-
COONa)/Cloisite 30B® nanocomposite. (¢) TEM image of (PSHMW-t-COONa)/Cloisite 20A®
nanocomposite, in which the dark areas represent organoclay, Cloisite 30B® or Cloisite 20A®,
and the gray/white areas represent the polymer matrix. (Reprinted from Zha et al. [55]. Copyright
2005, with permission from the American Chemical Society)



On the Mechanisms Leading to Exfoliated Nanocomposites Prepared by Mixing 51

nanocomposites show a very high degree of exfoliation of organoclay aggre-
gates. The above observation indicates that the molecular weight of the polymer
matrix (PSLMW vs PSHMW) has some influence on the dispersion charac-
teristics of organoclay aggregates in nanocomposites. The above experimental
observations can be interpreted as follows. The concentration of -COO™ ions
at the chain end of PSLMW-t-COONa is higher than that at the chain end of
PSHMW-t-COONa. Specifically, for 100g of nanocomposite containing 5 wt%
of organoclay, it is estimated that 4.5 meq cations are present in the (PSLMW-
t-COONa)/Cloisite 30B® nanocomposite, and 4.75meq cations are present in
the (PSLMW-t-COONa)/Cloisite 20A® nanocomposite [55]. On the other hand,
it is estimated that 3.5meq —COO™ ions are present in the PSLMW ionomer,
while 1.35meq —COO™ ions are present in the PSHMW ionomer (see Table 6
for the molecular weights of PSLMW and PSHMW). Therefore, the (PSLMW-t-
COONa)/Cloisite 30B® nanocomposite is expected to have a higher degree of ionic
interactions than the (PSHMW-t-COONa)/Cloisite 30B® nanocomposite, which
would lead to an enhanced degree of organoclay dispersion in the (PSLMW-t-
COONa)/Cloisite 30B® nanocomposite.

A number of research groups [65-70] reported on the preparation, via melt
blending, of organoclay nanocomposites based on unmodified (non-functionalized)
PS. The majority of the investigations cited above melt blended chemically modi-
fied layered silicates or mica-type layered silicates (e.g., layered silicate modified
with alkylammonium, quaternary ammonium end-functionalized PS, or amine-
terminated PS) with non-functionalized PS and observed only intercalation of
the aggregates of organoclay. In their study, Lim and Park [67] melt blended a
non-functionalized PS with Cloisite 6A® and observed only intercalation of the
aggregates of Cloisite 6A®. Note that Cloisite 6A® and Cloisite 20A have the
same surfactant, 2M2HT, as mentioned in a previous section, so it is no wonder
that PS/Cloisite 6A® nanocomposite had intercalation of the aggregates of Cloisite
6A® (see the TEM image given in Fig. 33b). Further, they also melt blended a
PS grafted with maleic anhydride (MA), yielding PS-g-MA, with Cloisite 6A®
and observed only intercalation of the aggregates of Cloisite 6A®. This can be
explained by the fact that Cloisite 6A® does not have any functional group (see
Table 2) that can have attractive interaction with the MA grafted onto PS. On the ba-
sis of the experimental results presented in Figs.32-35, it is very clear why the
studies cited above reported only intercalated, as best, nanocomposites based on
non-functionalized PS.

Nanocomposites based on isotactic polypropylene (i-PP) end-functionalized
with an ammonium group, PP-t-NH3" were reported by Wang et al. [71].
Specifically, they used PP-t-NH3"™ to melt intercalate, under static conditions,
both MMT and dioctadecylammonium-modified MMT (2C18-MMT) to yield
PP-t-NH;3*Cl~ /Na™MMT and PP-t-NH3"Cl~ /2C18-MMT nanocomposites, re-
spectively. Wang et al. observed featureless XRD patterns for both of these
nanocomposites, which led them to speculate that exfoliated clay structures had
formed, possibly by an ion-exchange mechanism. However, proof of the speculated
ion-exchange mechanism was not provided.
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4.2 Nanocomposites Based on End-Functionalized
Polystyrene-block-Polyisoprene (SI Diblock) Copolymer
or Polyisoprene-block-Polystyrene (IS Diblock) Copolymer

Figure 36 gives XRD patterns of organoclay nanocomposites based on an IS di-
block copolymer terminated by carboxylic acid (IS-t-COOH) or an IS diblock
copolymer terminated by sodium carboxylate (IS-t-COONa) nanocomposites, in
which the functional group —COOH or —COONa is attached to the chain end
of the PS block of an SI diblock copolymer, SI-2 (see Table 6 for the molec-
ular weight of SI-2). The following observations in Fig.36 are worth noting.
(1) The XRD pattern of (IS-t-COOH)/Cloisite 30B® nanocomposite shows a re-
flection peak at 20 = 5.8 (d-spacing of 1.47nm) and the XRD pattern of (IS-
t-COOH)/Cloisite 20A® nanocomposite shows a conspicuous reflection peak at
20 = 4.6° (d-spacing of 1.85nm), suggesting that both nanocomposites would
have a low degree of dispersion of organoclay aggregates. (2) The XRD pattern
of (IS-t-COONa)/Cloisite 30B® nanocomposite shows a very mild reflection peak,
while the XRD pattern of (IS-t-COONa)/Cloisite 20A® nanocomposite shows fea-
tureless XRD patterns over the entire range of 20 angles investigated. The above
observation seems to suggest that the (IS-t-COONa)/Cloisite 20A® nanocomposite
might have a slightly higher degree of dispersion of organoclay aggregates than the
(IS-t-COONa)/Cloisite 30B® nanocomposite.

Figure 37 gives TEM images of (a) neat SI diblock copolymer SI-2 (see Table 6
for the molecular characteristics of SI-2) at 90°C, (b) end-functionalized IS-t-
COONa at 90°C, (c¢) (IS-t-COONa)/Cloisite 30B® nanocomposite at 90°C, (d)
(IS-t-COONa)/Cloisite 30B® nanocomposite at 150°C, (e) (IS-t-COONa)/Cloisite
20A® nanocomposite at 90°C, and (f) (IS-t-COONa)/Cloisite 20A® nanocompos-
ite at 150°C, in which SI-2, IS-t-COONa, and the block copolymer in the respective

Fig. 36  XRD patterns for (1)
(IS-t-COOH)/Cloisite 30B®
nanocomposite, (2)
(IS-t-COOH)/Cloisite 20A®
nanocomposite, (3)
(IS-t-COONa)/Cloisite 30B®

nanocomposite, and (4) 2
(IS-t-COONa)/Cloisite 20A®

nanocomposite. (Reprinted \x/\_/ (1
from Zha et al. [55].
Copyright 2005, with NN IS N N S E— —
permission from the 2 4 6 8 10

American Chemical Society) 26 (degree)
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Fig. 37 TEM images of (a) SI-2 at 90°C, (b) IS-t-COONa at 90°C, (c) (IS-t-COONa)/Cloisite
30B nanocomposite at 90°C, (d) (IS-t-COONa)/Cloisite 30B nanocomposite at 150°C, (e) (IS-t-
COONa)/Cloisite 20A nanocomposite at 90 °C, and (f) (IS-t-COONa)/Cloisite 20A nanocomposite
at 150°C, in which specimen was first annealed at 90°C for 24 h or at 150°C for 6h and then
stained with osmium tetroxide, followed by a rapid quench in ice water. (Reprinted from Zha et al.
[55]. Copyright 2005, with permission from the American Chemical Society)

nanocomposites were stained with osmium tetroxide and thus the dark areas rep-
resent the PI phase. In Fig.37 we observe that the TEM image of SI-2 at 90°C
shows a structures, which resembles very much the liquidlike disordered structure
of a nearly symmetric block copolymer reported by Sakamoto and Hashimoto [72].
Therefore, SI-2 having a liquidlike disordered structure can be regarded as being
a disordered (homogeneous) block copolymer, which can easily be demonstrated
from rheological measurements.

Figure 38 describes the temperature dependence of dynamic storage modulus G/
during isochronal dynamic temperature sweep experiments for SI-2, IS-t-COONa,
(IS-t-COONa)/Cloisite 30B® nanocomposite, and (IS-t-COONa)/Cloisite 20A®
nanocomposite. It has been suggested by Gouinlock and Porter [73] that such plots
can be used to determine the Topr of a block copolymer by identifying the temper-
ature at which values of G’ begin to drop precipitously. The following observations
in Fig. 38 are worth noting. (1) Values of G’ for SI-2 decrease steadily with increas-
ing temperature over the entire range of temperatures investigated from 60 to 80°C,
suggesting that SI-2 is a homogeneous block copolymer. (2) At 80°C the value of
G’ for the end-functionalized diblock copolymer IS-t-COONa is about three orders
of magnitude larger than that for SI-2. Note further from Fig. 38 that values of G/
for IS-t-COONa initially decrease slowly with increasing temperature from 70 to
approximately 90°C, and then more rapidly with further increase in temperature.
Choi and Han [74] reported a very large increase in G’ when a homogeneous SIS
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Fig. 38 Variations of dynamic storage modulus G/ with temperature during the isochronal dy-
namic temperature sweep experiments at @ = 0.1rad/s for: (open circle) SI-2, (open triangle)
IS-t-COONa, (open square) (IS-t-COONa)/Cloisite 30B® nanocomposite, and (open inverted tri-
angle) (IS-t-COONa)/Cloisite 20A® nanocomposite. (Reprinted from Zha et al. [55]. Copyright
2005, with permission from the American Chemical Society)

triblock copolymer was end-functionalized with —-COONa group, which then in-
duced microphase separation in the SIS triblock copolymer. On the basis of such
experimental observations it can be concluded that IS-t-COONa might have mi-
crodomains, which indeed is borne out to be the case as can be seen from Fig. 37b.
(3) Values of G’ for both (IS-t-COONa)/Cloisite 30B® and (IS-t-COONa)/Cloisite
20A® nanocomposites initially decrease rapidly with increasing temperature to ap-
proximately 105°C, and then very slowly as the temperature is increased further to
approximately 180°C. It is very interesting to observe in Fig. 38 that values of G’
for the (IS-t-COONa)/Cloisite 30B® and (IS-t-COONa)/Cloisite 20A® nanocom-
posites at 180°C are still very large, suggesting the possibility that the block
copolymer matrix IS-t-COONa in the respective nanocomposites might still have
microdomains. Such a possibility, if it is borne out to be true, may be attributable to
the formation of ionic clusters between the -COO™ at the chain end of PS block of
SI-2 and the positively charged N in the surfactant (MT2EtOH or 2M2HT) resid-
ing at the surface of organoclay (Cloisite 30B® or Cloisite 20A®).

Returning to Fig.37, we make the following observations. From Fig.37b we
observe that IS-t-COONa at 90°C has lamellar microdomains, in which the dark
areas represent the PI phase that was stained by osmium tetroxide and the bright
areas represent the PS phase. What is significant in the TEM image of IS-t-COONa
lies in that microphase separation has been induced by attaching -COONa group
to the chain end of PS block of a homogeneous SI diblock copolymer, SI-2. The
TEM images of (IS-t-COONa)/Cloisite 30B® and (IS-t-COONa)/Cloisite 20A®
nanocomposites at 90°C show the coexistence of the microdomains of the ma-
trix phase IS-t-COONa and the organoclay (Cloisite 30B® or Cloisite 20A®).
Of particular note is that at 150°C the block copolymer matrix IS-t-COONa in
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the (IS-t-COONa)/Cloisite 30B® and (IS-t-COONa)/Cloisite 20A® nanocompos-
ites still retains microdomains (Figs.37d and 37f), although they do not have
perfectly aligned lamellae. In other words, the lamellar microdomain structure of
IS-t-COONa (Fig. 37b) in the nanocomposite has been modified somewhat in the
presence of organoclay, Cloisite 30B® or Cloisite 20A®. The presence of mi-
crodomains of the block copolymer matrix IS-t-COONa at 150°C leads us to
speculate that the ionic interactions between the -COO™ at the chain end of the
PS block of SI-2 and the positively charged N7 in the surfactant (MT2EtOH or
2M2HT) residing at the surface of organoclay (Cloisite 30B® or Cloisite 20A®)
were sufficiently strong, so as to not allow the microdomains of IS-t-COONa to
disappear at a temperature as high as 150°C.

Figure 39 shows XRD patterns of nanocomposites based on neat SI diblock
copolymer SI-1 (see Table 6 for the molecular characteristics of SI-1), SI-t-COOH,
or SI-t-COONa, in which functional group, -COOH or —COONa, is attached to
the chain end of PI block of SI-1. The following observations in Fig. 39 are worth
noting. (1) The XRD pattern of (SI-1)/Cloisite 30B® nanocomposite shows a
broad reflection peak at 20 = 4.6° (d-spacing of 1.85nm) and the XRD pattern
of (SI-1)/Cloisite 20A® nanocomposite shows a broad reflection peak at 26 = 4.8
(d-spacing of 1.77 nm). Note that the shape of the XRD patterns of (SI-1)/Cloisite
30B® and (SI-1)/Cloisite 20A® nanocomposites shown in Fig. 39 is very similar to
that for PSLMW/Cloisite 30B® and PSLMW/Cloisite 20A® nanocomposites (see
Fig. 32). Thus it can be concluded that both (SI-1)/Cloisite 30B® and (SI-1)/Cloisite
20A® nanocomposites would have a low degree of dispersion of organoclay aggre-
gates. This is not surprising, since no attractive interaction is expected between the
SI diblock copolymer and the surfactant (MT2EtOH or 2M2HT) residing at the sur-
face of the organoclays employed. (2) The XRD pattern of (SI-t-COOH)/Cloisite

Fig. 39 XRD patterns for
(1) (SI-1)/Cloisite 30B®
nanocomposite,

(2) (SI-1)/Cloisite 20A®
nanocomposite,

(3) (SI-t-COOH)/Cloisite
30B® nanocomposite,

(4) (SI-t-COOH)/Cloisite
20A® nanocomposite,

(5) (SI-t-COONa)/Cloisite (&)
30B® nanocomposite, and
(6) (SI-t-COONa)/Cloisite @
20A® nanocomposite.
(Reprinted from Zha et al. (1)
[55]. Copyright 2005, with | | | |
permission from the 2 4 6 8 10
American Chemical Society) 26 (degree)
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30B® nanocomposite shows a very mild reflection peak, while the XRD pattern of
(SI-t-COOH)/Cloisite 20A® nanocomposite shows a conspicuous reflection peak at
20 = 5.0° (d-spacing of 1.70nm). This observation leads us to conclude that (SI-
t-COOH)/Cloisite 30B® nanocomposite might have a higher degree of dispersion
of organoclay aggregates than (SI-t-COOH)/Cloisite 20A® nanocomposite. This
observation is reasonable from the point of view that the —-COOH group at the
chain end of the PI block of SI-1 is expected to have very weak interactions, if
any, with the hydroxyl groups in the surfactant MT2EtOH residing at the surface
of Cloisite 30B®, while no attractive interaction is expected between the -COOH
group at the chain end of the PI block of SI-1 and the surfactant 2M2HT resid-
ing at the surface of Cloisite 20A®. (3) Both (SI-t-COONa)/Cloisite 30B® and
(SI-t-COONa)/Cloisite 20A® nanocomposites show featureless XRD patterns over
the entire range of 20 angles investigated, suggesting that a very high degree of
dispersion of organoclay aggregates is expected in the matrix of SI-t-COONa for
the respective nanocomposites. This observation is very similar to that made above
for the (PSLMW-t-COONa)/Cloisite 30B® nanocomposite (see Fig.32) and (IS-t-
COONa)/Cloisite 20A® nanocomposite (see Fig. 36).

Figure 40 gives TEM images of the nanocomposites based on SI-1, SI-t-COOH,
or SI-t-COONa, where the white/gray areas represent the block copolymer matrix
phase and the dark areas represent organoclay. Note that the block copolymer in the

200 nm

*

Fig. 40 TEM images at room temperature of (a) (SI-1)/Cloisite 30B® nanocomposite, (b) (SI-1)/
Cloisite 20A® nanocomposite, (c¢) (SI-t-COOH)/Cloisite 30B® nanocomposite, (d) (SI-t-
COOH)/Cloisite 20A® nanocomposite, (e) (SI-t-COONa)/Cloisite 30B® nanocomposite, and
(f) (SI-t-COONa)/Cloisite 20A® nanocomposite, in which the dark areas represent organoclay,
Cloisite 20A® or Cloisite 30B®, the gray/white areas represent the polymer matrix, and the speci-
mens were not stained by osmium tetroxide. (Reprinted from Zha et al. [55]. Copyright 2005, with
permission from the American Chemical Society)
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respective nanocomposites was not stained with osmium tetroxide. It can be seen
in Fig. 40 that the nanocomposites based on SI-1 and SI-t-COOH have very poor
dispersions of organoclay aggregates, whereas the aggregates of Cloisite 30B® and
Cloisite 20A® are very well dispersed in the matrix of SI-t-COONa. This observa-
tion is consistent with that made above from the XRD patterns given in Fig. 39, and
is attributable to the presence of ionic interactions between the negatively charged
—COO™ present at the chain end of the PI block of an SI-t-COONa and the posi-
tively charged N7 in the surfactant (MT2EtOH or 2M2HT) residing at the surface
of organoclay (Cloisite 30B® or Cloisite 20A®). On the other hand, the rather poor
dispersion of organoclay aggregates in the matrix of SI-1 and SI-t-COOH is due
to the absence (or insufficient) attractive interaction between the polymer matrix
and the surfactant, MT2EtOH or 2M2HT, residing at the surface of the respective
organoclays, Cloisite 30B® and Cloisite 20A®.

Above, I have shown once again that the organoclay nanocomposites prepared
from a non-functionalized SI diblock copolymer only yielded intercalation of the
aggregates of organoclay, whereas the organoclay nanocomposites based on an SI
diblock copolymer end-functionalized with sodium carboxylate yielded exfoliation
of the aggregates of organoclay. The observed exfoliation is attributed to the attrac-
tive interactions, via ionic interactions, between the negatively charged carboxylic
anion —COO™ present at the chain end of an SI diblock copolymer and the posi-
tively charged cation N™ present in the surfactant (MT2EtOH or 2H2MT) residing at
the surface of organoclay (Cloisite 30B® or Cloisite 20A®). What is very interest-
ing here is the observation that as long as the surfactants had cation N*, regardless
of the details of their chemical structures, they underwent ionic interactions with the
carboxylic anion —COO™ present at the chain end of the functionalized SI diblock
copolymer. It should be remembered that an exfoliated nanocomposite was not ob-
tained when an ISBOH triblock copolymer having hydroxylated PBOH block was
mixed with Cloisite 15A®, while an exfoliated nanocomposite was obtained when
the same block copolymer was mixed with Cloisite 30B® (see Fig. 16), the reason
is that the surfactant 2M2HT residing at the surface of Cloisite 15A® does not have
hydroxyl group, while the surfactant MT2EtOH residing at the surface of Cloisite
30B® has hydroxyl groups (see Table 2 for the chemical structures of the two sur-
factants). Thus, it has been demonstrated that attractive interactions, via hydrogen
bonding or ionic interactions, have led to exfoliated organoclay nanocomposites
based on functionalized polystyrene homopolymer or functionalized diblock or tri-
block copolymers.

5 Ton-Dipole Interactions in Exfoliated Nanocomposites
Based on Polystyrene-block-Poly(2-vinylpyridine)
Copolymer Prepared by Mixing

In this section we present the recent study of Zha et al. [7], who prepared organoclay
nanocomposites based on polystyrene-block-poly(2-vinylpyridine) (S2VP diblock)
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copolymer. The uniqueness of S2VP diblock copolymer lies in that the poly(2-
vinylpyridine) (P2VP) block has a very strong polar pyridine ring, which can have
attractive interactions with a surfactant residing at the surface of an organoclay, po-
tentially giving rise to exfoliated nanocomposites. Interestingly, Zha et al. indeed
obtained exfoliated organoclay nanocomposites based on S2VP diblock copolymer.
Using solid-state nuclear magnetic resonance (NMR) spectroscopy they demon-
strated the presence of ion—dipole interactions between the positively charged N
ion present in a surfactant (MT2EtOH, 2MBHT, 2M2HT, or 2MHTLS8) residing
at the surface of an organoclay (Cloisite 30B®, Cloisite 10A®, Cloisite 15A®, or
Cloisite 25A®) and the polar pyridine ring in the P2VP block of S2VP diblock
copolymer.

In their study, Zha et al. [7] synthesized three S2VP diblock copolymers having
different block compositions (5, 25, and 56 wt% P2VP block), the molecular char-
acteristics of which are summarized in Table 8, and they prepared nanocomposites
using four different organoclays (Cloisite 30B®, Cloisite 10A®, Cloisite 15A®, and
Cloisite 25A®) with 5 wt% in each of the nanocomposites by solution blending in
pyridine. The chemical structures of the surfactants residing at the surfaces of the
organoclays are given in Table 2.

Figure 41 gives XRD patterns of nanocomposites based on three different S2VPs,
each having a different organoclay. Also shown in Fig.41 are, for comparison,
XRD patterns of nanocomposites based on MMT. In Fig.41a we observe that the
XRD pattern of (S2VP-5)/MMT nanocomposite exhibits a broad reflection peak at
20 =~ 7.5-8.5°, corresponding to a d-spacing of about 1 nm. That is, the d-spacing
of MMT in the matrix of S2VP-5 is very close to the gallery distance of 1.1 nm for
pristine MMT. This observation suggests that the dispersion characteristics of the
aggregates of MMT in (S2VP-5)/MMT nanocomposite might be very poor. On the
other hand, we do not observe discernible reflection peaks at 26 angles ranging from
1.5 to 10° for the organoclay nanocomposites based on Cloisite 30B® or Cloisite
15A®. However, both organoclay nanocomposites show very similar XRD patterns,
despite the fact that the chemical structure of the surfactant residing at the surface
of each organoclay is different (see Table 2). In general, the absence of a discernible
reflection peak in XRD patterns signifies good dispersion of organoclay in a poly-
mer matrix. Thus, it can be concluded that the dispersion characteristics of both
organoclay nanocomposites based on S2VP-5 would be very good.

We observe from Fig. 41b that the XRD pattern of (S2VP-25)/MMT nanocom-
posite shows a conspicuous reflection peak at 20 = 6° (d-spacing = 1.5nm), sug-
gesting poor dispersion of MMT aggregates in the S2VP-25 matrix, although some

Table 8 Molecular characteristics of three S2VP diblock copolymers synthesized by Zha
etal. [7]

Sample code ~ MW' M wps (Wt%)° wpyp(Wt%)P T, pvp(°C)
S2VP-5 229%x 10  2.14x10* 95 5 -

S2VP-25 1.96 x 10* 1.87x10* 75 25 99.6
S2VP-56 241 x10* 2.13x10* 44 56 100.0

;‘Measured against polystyrene standards using gel permeation chromatography
Determined by 'H NMR spectroscopy
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Fig. 41 XRD patterns for nanocomposites (a) based on S2VP-5: (1) pristine MMT (2) (S2VP-5)/
MMT nanocomposite, (3) (S2VP-5)/Cloisite 30B® nanocomposite, and (4) (S2VP-5)/Cloisite
15A® nanocomposite, (b) based on S2VP-25: (1) (S2VP-25)/MMT nanocomposite, (2) (S2VP-
25)/Cloisite 30B® nanocomposite, (3) (S2VP-25)/Cloisite 15A® nanocomposite, and (c) based
on S2VP-56: (1) (S2VP-56)/MMT nanocomposite, (2) (S2VP-56)/Cloisite 30B® nanocomposite,
and (3) (S2VP-56)/Cloisite 15A® nanocomposite. (Reprinted from Zha et al. [7]. Copyright 2009,
with permission from Elsevier)

MMT aggregates might have been intercalated. Interestingly, in Fig.41b we ob-
serve a very broad reflection peak at 20 =~ 8.4° in the XRD pattern of (S2VP-25)/
Cloisite 30B® nanocomposite. This broad peak was not observed in the (S2VP-
5)/Cloisite 30B® nanocomposite (see Fig. 41a). This observation seems to indicate
that small number of Cloisite 30B® aggregates in the S2VP-25 matrix might
have been poorly dispersed. Thus, the overall dispersion characteristics of Cloisite
30B® in the S2VP-25 matrix would be slightly poorer than those in the S2VP-
5 matrix. From the XRD pattern given in Fig.41b, we observe a reflection peak
at 20 =~ 1.8° (d-spacing = 5.0nm) and a conspicuous reflection peak at 20 =
4.1° (d-spacing = 2.2nm) in the (S2VP-25)/Cloisite 15A® nanocomposite. Since
the gallery distance of pristine Cloisite 15A® is 3.15nm, the overall dispersion char-
acteristics of Cloisite 15A® in the S2VP-25 matrix would be poorer than those in
the S2VP-5 matrix.

From Fig. 41c we observe that the XRD pattern of (S2VP-56)/MMT nanocom-
posite shows a conspicuous reflection peak at 28 ~ 6° (d-spacing = 1.5nm),
very similar to that of (S2VP-25)/MMT nanocomposite (see Fig.41b), again
suggesting poor dispersion of MMT aggregates in the S2VP-56 matrix, al-
though some intercalation might have taken place. Also, we observe that the
(S2VP-56)/Cloisite 30B® nanocomposite has a small distinct reflection peak at
20 ~ 4.3° (d-spacing = 2.1 nm) and two weak reflection peaks indicated by arrows
at 20 ~ 2.15° (d-spacing = 4.2nm) and 7.3° (d-spacing = 1.24nm). Since the
gallery distance of pristine Cloisite 30B® is 1.85nm, it appears that the (S2VP-
56)/Cloisite 30B® nanocomposite has aggregates of Cloisite 30B® with varying
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gallery distances. Thus, it seems reasonable to speculate that some of the Cloisite
30B® aggregates might have been dispersed well, while others might have been
intercalated in the matrix of S2VP-56. However, since two reflection peaks of the
(S2VP-56)/Cloisite 30B® nanocomposite are discernible at 20 =2.15° and 7.3°, the
dispersion characteristics of Cloisite 30B® aggregates in the S2VP-56 matrix would
be poorer compared with those in the S2VP-25 matrix. Further we observe that the
XRD patterns of (S2VP-56)/Cloisite 15A® nanocomposite have conspicuous re-
flection peaks at 28 ~ 1.9° (d-spacing = 4.7nm) and 4.4° (d-spacing = 1.9nm),
suggesting poor dispersion of Cloisite 15A® in the matrix of S2VP-56, although
some intercalations of Cloisite 15A® aggregates might have taken place.

Figure 42 gives TEM images of the nanocomposites based on S2VP diblock
copolymer with MMT and four different organoclays. The following observa-
tions can be made from Fig.42. The dispersion characteristics of the MMT
aggregates in the matrix of S2VP-5 are very poor. This is because no attractive
interaction is expected between the surface of MMT and the pyridine rings in
the P2VP block of the S2VP diblock copolymers. On the other hand, the dis-
persion characteristics of the aggregates of all four organoclays (Cloisite 30B®,
Cloisite 15A®, Cloisite 10A®, and Cloisite 25A®) in the matrix of S2VP-5 are
equally good, despite the fact that the chemical structures of surfactant resid-
ing at the surface of the organoclays are different (see Table 2). Figure 43 gives
TEM images of nanocomposites based on different compositions of S2VP diblock
copolymers. It can be seen from Fig.43 that the dispersion characteristics of the

Fig. 42 TEM images of nanocomposites based on S2VP-5 (a) (S2VP-5)/MMT,
(b) (S2VP-5)/Cloisite 30B®, (¢) (S2VP-5)/Cloisite 15A®, (d) (S2VP-5)/Cloisite 10A®, and
() (S2VP-5)/Cloisite 25A® in which specimens were not stained
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Fig. 43 TEM images of nanocomposites based on S2VP-5: (a) (S2VP-5)/MMT, (b) (S2VP-5)/
Cloisite 30B®, (c) (S2VP-5)/Cloisite 15A®, (d) (S2VP-25)/MMT, (e) (S2VP-25)/Cloisite 30B®,
(f) (S2VP-25)/Cloisite 15A®, (g) (S2VP-56)/MMT, (h) (S2VP-56)/Cloisite 30B®, (i) and (S2VP-
56)/Cloisite 15A® in which specimens were not stained. (Reprinted from Zha et al. [7]. Copyright
2009, with permission from Elsevier)

aggregates of Cloisite 30B® and Cloisite 15A® become progressively poorer as
the weight fraction of P2VP block in an S2VP diblock copolymer increases from
5wt% for (S2VP-5)/Cloisite 30B® and (S2VP-5)/Cloisite 15A® nanocomposites
to 25 wt% for (S2VP-25)/Cloisite 30B® and (S2VP-25)/Cloisite 15A® nanocom-
posites and to 56 wt% for (S2VP-56)/Cloisite 30B® and (S2VP-56)/Cloisite 15A®
nanocomposites.

Figure 44 gives the TEM images of nanocomposites based on neat P2VP with
MMT, Cloisite 15A®, or Cloisite 30B®. It is clearly seen from Fig. 44 that, although
there are numerous pyridine groups in neat P2VP that can have attractive interac-
tions with a surfactant (MT2EtOH or 2M2HT) residing at the surface of Cloisite
30B® or Cloisite 15A®, the dispersion characteristics of P2VP/Cloisite 30B® and
P2VP/Cloisite 15A® nanocomposites are as poor as the dispersion characteristics
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Fig. 44 TEM images of nanocomposites based on P2VP: (a) P2VP/MMT nanocomposite,
(b) P2VP/Cloisite 15A® nanocomposite, and (¢) P2VP/Cloisite 30B® nanocomposite. (Reprinted
from Zha et al. [7]. Copyright 2009, with permission from Elsevier)

of P2VP/MMT nanocomposites, although some intercalations of organoclays might
have taken place. This is because the pyridine rings in P2VP form self-association
and thus little or no intermolecular interactions take place with a surfactant residing
at the surface of an organoclay (Cloisite 30B® or Cloisite 15A®). It can then be
concluded that S2VP diblock copolymers having P2VP block below a certain crit-
ical amount are far more effective than neat P2VP, in producing highly dispersed
organoclay nanocomposites.

In their study, Zha et al. [7] first hypothesized that ion—dipole interactions be-
tween the polar pyridyl ring in the vinylpyridine block of S2VP-5 and the positively
charged N ion in the surfactant (MT2EtOH, 2MBHT, 2M2HT, or 2MHTLS) resid-
ing at the surface of an organoclay (Cloisite 30B®, Cloisite 10A®, Cloisite 15A®,
or Cloisite 25A®) might have led to exfoliation of the aggregates of organoclay in
the nanocomposites (see Fig.42). In an effort to test the hypothesis of ion—dipole
interactions as being the mechanism for exfoliation of organoclay aggregates in a
nanocomposites based on S2VP diblock copolymer, Zha et al. employed solid-state
NMR spectroscopy.

Figure 45 shows the solid state '>C cross polarization/magic-angle spinning
(CP/MAS) spectra of three neat S2VP diblock copolymers: (a) S2VP-5, (b) S2VP-
25, and (c) S2VP-56. While the main chain (aliphatic) carbon resonances and most
of the aromatic carbon resonances of both the PS and P2VP blocks overlap, a unique
non-overlapping carbon resonance from the P2VP block in S2VP-56 appears at
8 =163.1ppm (see Fig. 45c), which comes from the ipso carbon of the pyridine ring
in the P2VP block. Zha et al. used this unique signal to probe the heterogeneity of
the segmental motion and interaction of the P2VP block with an organoclay. Values
of the proton spin-lattice relaxation time in the rotating frame (T pn) measured for
neat PS, neat P2VP, neat S2VP diblock copolymers and their nanocomposites were
analyzed and they are summarized in Table 9. Due to the heterogeneous nature of
the neat S2VP diblock copolymers and their nanocomposites, Zha et al. [7] aver-
aged the values of Typy on the timescale of the spin locking periods and thus only a
single value of Tjpg was measured.

Figure 46 gives stacked '3C CP/MAS spectra at 15 different contact times for
3 nanocomposites: (a) (S2VP-5)/Cloisite 30B®, (b) (S2VP-25)/Cloisite 30B®, and
(¢) (S2VP-56)/Cloisite 30B®. Note in Fig. 46a that carbon resonance, which should
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Fig. 45 '3C CP/MAS spectra 1 2 ' 2

of (a) S2VP-5, (b) S2VP-25, _{_CH_CH%CH_CHZ_))T
and (¢) S2VP-56, in which .

asterisk denotes the chemical 3 . 3 \\

shift of the carbons at 8 4 I N
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6/, and 7’. The intensity of '

carbon resonance at »
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discernible. (Reprinted from 3
Zha et al. [7]. Copyright
2009, with permission from
Elsevier)
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Table 9 Proton Tjpy data for PS, P2VP, S2VP diblock copolymers and their nanocomposites
investigated by Zha et al. [7]

Tipn(Ms)

Peak position & (ppm)
Sample code 163.09 145.78 133.85 125.00 119.81 40.57 Average
Neat PS 4,900 6,000 5,100 5,300
PS/Cloisite 30B 5,800 5,600 5,600 5,700
Neat P2VP 5,900 6,988 7,200 6,000 6,500 6,500
P2VP/Cloisite 30B 640 7,200 6,200 6,400 6,200 6,500
S2VP-5 5,300 5,700 5,300 5,500
(S2VP-5)/Cloisite 30B 5,700 5,900 5,900 5,800
S2VP-25 6,900 5,500 5,600 5,800 6,100
(S2VP-25)/Cloisite 30B 6,600 5,600 5,400 5,300 5,700
S2VP-56 5,700 5,900 6,100 5,900 6,100 5,500 5,600
(S2VP-56)/Cloisite 30B 5,700 5,400 5,900 5,700 5,600 5,800

come from the ipso carbon of the pyridine ring in the P2VP block of S2VP-5,
in the (S2VP-5)/Cloisite 30B® nanocomposite is weak for two reasons: (1) only
S5wt% P2VP block is present in S2VP-5 and (2) the pyridine ring in P2VP has
already interacted, via ion—dipole interactions, with the N * jon in the surfactant
MT2EtOH residing at the surface of Cloisite 30B®. In order to help observe the
carbon resonance peak in Fig. 46a that would arise from the ipso carbon of the pyri-
dine ring in the P2VP block of S2VP-5, Zha et al. [7] analyzed the weak signal to
determine values of 'H-'3C cross polarization time (Tcy) in the (S2VP-5)/Cloisite
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Fig. 46 Stacked 13C CP/MAS spectra at 15 different contact times (ms) (0.02, 0.05, 0.1, 0.2, 0.4,
0.7, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.0, 10, and 15) for (a) (S2VP-5)/Cloisite 30B® nanocomposite,
(b) (S2VP-25)/Cloisite 30B® nanocomposite, and (¢) (S2VP-56)/Cloisite 30B® nanocomposites.
(Reprinted from Zha et al. [7]. Copyright 2009, with permission from Elsevier)

30B® nanocomposite. For this, by enlarging a small section covering the chemi-
cal shifts ranging from 140 to 175 ppm indicated by a dotted line in Fig. 46a, they
prepared Fig. 47 describing the stacked '*C CP/MAS spectra at 12 different contact
times for the (S2VP-5)/Cloisite 30B® nanocomposite. In Fig.47 one can discern
a carbon resonance peak at & = 163.1ppm arising from the ipso carbon of the
pyridine ring in the P2VP block. Note in Fig.47 that the carbon resonance peak
at & = 163.1ppm increases with increasing contact time. The values of Tcy thus
determined are summarized in Table 10. The details of the procedures employed to
determine the values of Tcy given in Table 10 can be found in the original paper [7].

The following observations on Table 10 are worth noting. While there is little or
no change in the value of Tcy of the PS block (at 8 = 145.8 ppm) before and after
mixing with an organoclay, the value of Tcy of the P2VP block (at 8 = 163.1ppm)
has decreased significantly from 150 to 105 & 9 s for the (S2VP-5)/Cloisite 30B®
nanocomposite, indicating that the polar group in the P2VP segments of S2VP-
5 in the nanocomposite must have interacted via ion—dipole interactions, with
the positively charged N™ ion in the surfactant MT2EtOH residing at the sur-
face of Cloisite 30B®. This observation now explains why the (S2VP-5)/Cloisite
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Fig. 47 Enlarged stacked
13C CP/MAS spectra at 145.8 —»
8 = 140-175ppm at 12
different contact times
increasing from 0.02 to 15 ms
for the (S2VP-5)/Cloisite
30B® nanocomposite, in
which. values of contact
times are not shown in the
figure owing to the
crowdedness of the spectra.
(Reprinted from Zha et al.
[7]. Copyright 2009, with
permission from Elsevier)
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Table 10 Values of Tcy determined from curve fitting the variable contact time investigated by
Zha et al. [7]

Tcu (Ms)

Peak position & (ppm)
Sample code 163.1 145.8 133.9 125.0 40.6
S2VP-5 150 400 136 99
(S2VP-5)/Cloisite 30B) 108 +9 316 85.3 70
S2VP-25 520 510 80 57
(S2VP-25)/Cloisite 30B 290420 350+ 10 71+£0 5942
S2VP-56 500 140 53 66 60
(S2VP-56)/Cloisite 30B 520 210 42 59 52

Data were processed using Excel spreadsheet with the two-parameter fit protocol, and reported
errors are calculated standard deviations

30B® nanocomposite has a very high degree of dispersion (near exfoliation) of the
aggregates of Cloisite 30B® (see the TEM image given in Fig.43b), supporting
the hypothesis made of the presence of ion—dipole interactions in the nanocom-
posite. Note, however, in Table 10 that the value of Tcy for the P2VP block in
the (S2VP-25)/Cloisite 30B® nanocomposite has decreased moderately from 520
to 290 £ 20 us. The degree of reduction for S2VP-25 is similar to that of S2VP-5,
indicating somewhat significant interaction with the Cloisite 30B®. Nevertheless,
we have already observed that the (S2VP-25)/Cloisite 30B® nanocomposite has a
lower degree of dispersion of the aggregates of Cloisite 30B® (see the TEM image
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given in Fig.43e). However, there is essentially no change in Tcy for S2VP-56
upon mixing with Cloisite 30B®, indicating that there is little or no attractive inter-
action between the polar pyridyl ring in the vinylpyridine block of S2VP-56 and the
positively charged N ion in the surfactant (MT2EtOH) residing at the surface of
Cloisite 30B® in the (S2VP-56)/Cloisite 30B® nanocomposite (see the TEM image
given in Fig. 43h). This observation suggests that the majority, if not all, of the polar
groups in the P2VP block of S2VP-56 must have self-associated.

6 Coulombic Interactions in Exfoliated Nanocomposites
Prepared by Mixing

So far I have reviewed the literature, reporting the studies where exfoliated organ-
oclay nanocomposites were prepared by mixing an organoclay with a polymer
that had been chemically modified to have a functional group(s) or with a block
copolymer having a functional block. In each study reviewed, I have highlighted the
experimental evidence for the presence of specific interaction (hydrogen bonding,
ionic interaction, or ion—dipole interaction) between the polymer and organoclay se-
lected to prepare nanocomposites. I have emphasized the necessity for providing (or
inducing) attractive interactions (or compatibility) between the polymer and organ-
oclay selected in order to achieve exfoliation of the aggregates of the organoclay.

Here I review a recent study of Huang and Han [75], reporting a situation where
exfoliated nanocomposites were prepared by mixing pristine MMT with a ruthe-
nium(II) complex-induced segmental, main-chain liquid-crystalline polymer having
side-chain terpyridine group (PTBP-Ru-6TPy), the synthesis route for which is
given in Scheme | below. The details of the synthesis procedures for PTBP-Ru-
6TPy are available in the original paper.

Huang and Han [75] synthesized a segmented main-chain liquid-crystalline poly-
mer having side chain terpyridine group (PTBP) (see Scheme 1) and then prepared
a ruthenium metal complex [Ru(II)(PTBP)(6TPy)](PF¢), (referred to as PTBP-Ru-
6TPy) by mixing PTBP with a monocomplex (6TPy-RuCl3), which was formed be-
tween a terpyridine (6-(2,2" : 6',2"-terpyridyl-4’-oxy)hexane (6TPy) and ruthenium
chloride (RuCls - 3H,0). Subsequently, they prepared a (PTBP-Ru-6TPy)/MMT
nanocomposite by solution blending. The MMT employed (Southern Clay Products)
had Na™ ion, the ion-exchange capacity of 92meq/100g, and the dimensions of
about 1 nm in thickness, and approximately 100 nm in width and length. (PTBP-
Ru-6TPy)/MMT nanocomposite was prepared by mixing a predetermined amount
of PTBP-Ru-6TPy dissolved in a co-solvent of N,N-dimethylformamide (DMF)
and H,O (10:1, v/v) and MMT aggregates suspended in a mixture of DMF and
H,O (10:1, v/v) under vigorous stirring. The solvent in the mixture was evaporated
slowly under constant stirring for 2 days at ambient temperature. When (PTBP-
Ru-6TPy)/MMT nanocomposite was prepared, the exchangeable interlayer cation
Na™ was exchanged by the ruthenium complex in PTBP-Ru-6TPy and formed
sodium hexafluorophosphate salt, which was still present in the final product. For
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Scheme 1 Synthesis route for PTBP-Ru-6TPy

Fig. 48 XRD patterns

for (a) MMT,

(b) (PTBP-Ru-6TPy)/MMT
nanocomposite, and (c)
PTBP/MMT nanocomposite.
(Reprinted from Huang and
Han [75]. Copyright 2006,
with permission from the
American Chemical Society)
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comparison, the PTBP/MMT nanocomposite was also prepared using the same pro-
cedure, except that slight heating was applied to ensure the solubility of PTBP.
Nanocomposites were dried completely in a vacuum oven at 100 °C until no weight
change was detected. The amount of MMT in each nanocomposite (PTBP-Ru-
6TPy)/MMT and PTBP/MMT was 3 wt%.

Figure 48 presents XRD patterns, showing that MMT has a gallery distance
(d-spacing) of 1.1 nm, while the d-spacing of MMT in PTBP/MMT nanocompos-
ite has increased only slightly from 1.1 to 1.3 nm, indicating that there would be little
chance to obtain highly dispersed MMT aggregates in PTBP. Interestingly, it can be
seen in Fig. 48 that (PTBP-Ru-6TPy)/MMT nanocomposite has a featureless XRD
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pattern, the origin of which can be attributed to the incorporation of the ruthenium
complex into PTBP which significantly improved the compatibility between the
MMT and the polymer. Figure 49 gives TEM images of the (PTBP-Ru-6TPy)/MMT
nanocomposite having a very high degree of dispersion of MMT aggregates in the
ruthenium complex matrix, while the PTBP/MMT nanocomposite has large aggre-
gates of MMT, indicating poor dispersion of MMT aggregates.
Tris(2,2'-bipyridine)ruthenium(II) complex has been reported to adsorb very
selectively into the gallery of clay [76, 77]. The evidence of strong attractive
interactions between the positively charged ruthenium center and the negatively
charged clay surface is related to the red-shift of the positions of the metal-to-
ligand charge-transfer (MLCT) band of tris(2,2’-bipyridine)ruthenium(II) complex
and the decrease of the m—n* band. In their study, Huang and Han [75] had an
excellent ion-exchange property of ruthenium(Il) complex employed to exfoliate
MMT aggregates in the polymer matrix. Figure 50 shows the ultraviolet-visible

Fig. 49 TEM images of (a) (PTBP-Ru-6TPy)/MMT nanocomposite and (b) PTBP/MMT
nanocomposite, in which the dark areas represent the clay and the gray/white areas represent
the polymer matrix. (Reprinted from Huang and Han [75]. Copyright 2006, with permission from
the American Chemical Society)

265

520
272

Fig. 50 UV-vis spectra

of thin films for (a)
PTBP-Ru-6TPy and

(b) (PTBP-Ru-6TPy)/MMT
nanocomposite. (Reprinted
from Huang and Han [75].
Copyright 2006, with b e e b bl
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American Chemical Society) Wavenumber (cm ™)

Absorbance (arb. unit)




On the Mechanisms Leading to Exfoliated Nanocomposites Prepared by Mixing 69

(UV-vis) spectra of thin films of PTBP-Ru-6TPy and the (PTBP-Ru-6TPy)/MMT
nanocomposite. It can be seen that the position of the MLCT band at a wavelength
of about 493 nm for PTBP-Ru-6TPy has red-shifted to a wavelength of about 520 nm
for the (PTBP-Ru-6TPy)/MMT nanocomposite. The m—m* band at a wavelength
of 272nm for PTBP-Ru-6TPy has decreased to a wavelength of 265 nm for the
(PTBP-Ru-6TPy)/MMT nanocomposite. The above observations are attributable to
the Coulombic interactions between the positively charged ruthenium center and the
negatively charged MMT surfaces, which are believed to be the driving forces that
exfoliated MMT aggregates in the matrix of PTBP-Ru-6TPy.

Figure 51 gives FTIR spectra of PTBP-Ru-6TPy and the (PTBP-Ru-6TPy)/MMT
nanocomposite, further confirming the presence of specific interaction, as evi-
denced by the increased intensity at a wavenumber of about 1,680cm™! (see the
inset of Fig.51) and the new broad absorption peak appearing at a wavenum-
ber of about 3,420cm~! for the (PTBP-Ru-6TPy)/MMT nanocomposite. Accord-
ing to Huang and Han [75], when MMT was dispersed in the PTBP-Ru-6TPy
complex, the hydroxyl groups on the surface of MMT formed hydrogen bonds
with the terpyridine groups in the PTBP-Ru-6TPy complex. Thus, the absorp-
tion peak at 3,625cm™~! for pristine MMT has been shifted to 3,420cm™! for the
(PTBP-Ru-6TPy)/MMT nanocomposite (see Fig.51). The increased intensity of
the absorption peak at 1,680cm™! (see the inset of Fig.51) is attributed to the
ionization of terpyridine group and its strength is expected to increase in the (PTBP-
Ru-6TPy)/MMT nanocomposite due to the Coulombic interactions between the
positively charged ruthenium center and the negatively charged MMT surface.

Huang and Han [75] also prepared two additional nanocomposites with PTBP-
Ru-6TPy using two organoclays, Cloisite 30B® and Cloisite 15A®, the chemical
structures of which are given in Table 2. The XRD patterns, given in Fig. 52, indicate

NI
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Fig. 51 FTIR spectra for
(a) PTBP-Ru-6TPy and (b)
(PTBP-Ru-6TPy)/MMT
nanocomposite. The inset
shows the expanded
absorption band at
wavenumbers ranging from
1,500 to 1,800cm ™~ b

(Reprinted from Huang and BRI RN
Han [75]. Copyright 2006,

with permission from the 4000 3000 2000 1000
American Chemical Society) Wavenumber (cm ')
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Fig. 52 XRD patterns for (1)
(PTBP-Ru-6TPy)/Cloisite 4.4 nm
30B® nanocomposite and (2)
(PTBP-Ru-6TPy)/Cloisite
15A® nanocomposites.
(Reprinted from Huang and
Han [75]. Copyright 2006,
with permission from the
American Chemical Society)
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Fig. 53 TEM images of (a) (PTBP-Ru-6TPy)/Cloisite 30B® nanocomposite and (b) (PTBP-Ru-
6TPy)/Cloisite 15A®nanocomposites. (Reprinted from Huang and Han [75]. Copyright 2006, with
permission from the American Chemical Society)

that the d-spacing of Cloisite 30B® aggregates in the (PTBP-Ru-6TPy)/Cloisite
30B® nanocomposite has only increased from 1.85 to 4.4nm, and the d-spacing
of Cloisite 15A® aggregates in the (PTBP-Ru-6TPy)/Cloisite 15A® nanocom-
posite has only slightly increased from 3.15 to 3.5nm. Note that Fig.6 shows
d-spacing of Cloisite 30B® and Cloisite 15A®, respectively. Correspondingly, the
(PTBP-Ru-6TPy)/Cloisite 30B® nanocomposite has a flocculated dispersion, while
(PTBP-Ru-6TPy)/Cloisite 15A® nanocomposite exhibits an intercalated structure,
as can be observed from the TEM images given in Fig. 53. This observation suggests
that the chance of direct interactions between the positively charged ruthenium
center and the negatively charged MMT surfaces has been largely diminished, be-
cause of the shielding effect of the positively charged surfactants. It should be
mentioned that the (PTBP-Ru-6TPy)/Cloisite 30B® and (PTBP-Ru-6TPy)/Cloisite
15A® nanocomposites were prepared by a simple mixing process.
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In conclusion, here I have presented an experimental observation, in which the
ruthenium(Il) complex in a functional liquid-crystalline polymer has exfoliated pris-
tine MMT aggregates through the Coulombic interactions between the positively
charged ruthenium center and the negatively charged MMT surfaces. This observa-
tion provides a new concept for molecular design to achieve a very high degree of
dispersion of the aggregates of natural clay in a polymer matrix without the need
to treat the natural clay with surfactant, and may pave a new way for preparing
nanocomposites based on natural clay.

7 Concluding Remarks

In this chapter I have reviewed some experimental results of highly dispersed (nearly
exfoliated) nanocomposites, prepared by mixing, based on thermoplastic polymers,
block copolymers, and liquid-crystalline polymers. In this chapter I have presented
the experimental results mostly from my own publications during the past 5 years,
because I know very well how the experimental results were obtained and I have
confidence in the accuracy of the experimental results. This does not imply that the
experimental results reported in the literature by other investigators are less impor-
tant than mine. However, the readers are reminded that the primary objective of this
chapter is to summarize the importance (or necessity) of having strong attractive
interactions, via specific interaction, between the polymer matrix and the surface of
clay, pristine or chemically modified, in order to obtain exfoliated nanocomposites.

In the majority of situations when thermoplastic nanocomposites are prepared,
chemically modified clays, instead of pristine clay, are used to obtain exfoliated
nanocomposites. This is because many commercial polymers do not have func-
tional groups. In this chapter I have presented an example of a nanocomposite based
on a ruthenium metal complex formed with a liquid-crystalline polymer having a
side-chain terpyridine group, which exhibits exfoliation, via Coulombic interaction,
when pristine clay was employed. In other words, chemical modification of the clay
is not always necessary when the polymer matrix has a certain chemical structure
that would form specific interaction with pristine clay. Along this line of logic, here I
present, at least conceptually, another example of preparing exfoliated nanocompos-
ites, by mixing a thermoplastic polymer and pristine clay. Namely, since the surface
of pristine clay has negatively charged ions, any ionomers having positively charged
ions would have ionic interactions with pristine clay, thus yielding highly dispersed
(nearly exfoliated) nanocomposites. This concept suggests that the introduction of
cations into a thermoplastic polymer would be a very effective method of preparing
highly dispersed (nearly exfoliated) nanocomposites with pristine clay. The readers
are reminded that among the several specific interactions, ionic interactions have the
highest bond energy.

An important issue that must be addressed in future research efforts on the prepa-
ration of exfoliated nanocomposites is mathematical modeling. Within the spirit of
this chapter that deals with how exfoliation of nanocomposites can be achieved,
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there are two aspects of mathematical modeling that are needed. One aspect of
mathematical modeling is to be able to predict the conditions, chemical or physi-
cal, which would lead to exfoliation of the aggregates of layered silicates without or
with chemical modifications. This area of mathematical modeling, when successful,
will be extremely helpful in selecting, without resorting to a trial-end-error ap-
proach, the appropriate chemical structures of surfactant and/or polymer matrix for a
specifically targeted nanocomposite, hence minimizing time and money that would
otherwise be wasted. Another aspect of mathematical modeling is to be able to
predict the rheological and/or mechanical properties of exfoliated nanocomposites
based on layered silicates without or with chemical modifications. Since it has been
amply demonstrated in this chapter that strong attractive interaction is necessary to
achieve, during mixing, exfoliation of the aggregates of layered silicate, the math-
ematical modeling effort must include specific interaction (e.g., ionic interaction;
hydrogen bonding; ion—dipole interaction; Coulombic interaction). In this regard,
a mathematical exercise that does not include specific interaction in modeling the
rheological and/or mechanical properties of exfoliated nanocomposites must be
avoided. Use of simple modification of existing constitutive equations that are based
on continuum approach would not be able to yield meaningful results predicting ac-
curately the rheological and/or mechanical properties of exfoliated nanocomposites.
Further, I hasten to point out that layered silicates commonly used in the prepara-
tion of exfoliated nanocomposites are not spherical or ellipsoidal particles; rather
they are platelets having the thickness of about 1 nm and a very large aspect ratio
(about 100). I think that a simplification of the geometry of layered silicates, strictly
for mathematical convenience, with spherical or ellipsoidal particles is grossly in-
accurate! Granted the problems at hand are not trivial, but these are the challenges
requiring the ingenuity and creativity of future researchers.

Acknowledgments I gratefully acknowledge that the American Chemical Society and Elsevier
gave me permissions to reproduce some of the figures appearing in this chapter.
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highlighted. Numerical predictions, based on these theories, for the design of such
block copolymers are also presented. It is emphasized that the use of a numerical al-
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order—disorder transition temperature (Topr) is critically dependent upon the accu-
racy of the temperature-dependent interaction parameter. Specifically, the available
temperature-dependent interaction parameters are often obtained using the molec-
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blocks, in spite of the fact that the interaction parameters are molecular weight
dependent. Two as yet unresolved issues, finite molecular weight effect and the
phase behavior and phase transitions in highly asymmetric block copolymers, are
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Total number of block copolymer chains
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Narrow interphase approximation
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1 Introduction

It seems quite appropriate to point out at the beginning of this chapter the correct
nomenclature for block copolymers, polyA-block-polyB. This nomenclature was
recommended by the Commission on Macromolecular Nomenclature of the Inter-
national Union of Pure and Applied Chemistry, and subsequently the Commission’s
recommendations entitled Source-Based Nomenclature for Copolymers were pub-
lished in Pure Applied Chemistry 57, 1427-1440 (1985). The above nomenclature
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makes perfect sense, because a block copolymer consists of two long macro-
molecules. During the past two decades, since the publication of the above article,
numerous researchers have used the nomenclature, e.g., poly(A-block-B), which im-
plies that a block copolymer is formed by the two blocks of monomers A and B.
This does not make sense at all, because two monomers do not form a block. On the
other hand, such nomenclature makes perfect sense, as given in the above cited ref-
erence, for random copolymers with poly(A-ran—-B) and for alternating copolymer
with poly(A—alt-B). We strongly urge that the researchers in the block copolymer
community use the correct nomenclature in their future publications.

Since the earliest successful synthesis of block copolymers in seminal investigation
ofliving anionic polymerizationby Szwarc[1, 2], diene-based block copolymers, such
as polystyrene-block-polybutadiene (SB diblock), polystyrene-block-polyisoprene
(SIdiblock), polystyrene-block-polybutadiene-block-polystyrene (SBS triblock), and
polystyrene-block-polyisoprene-block-polystyrene (SIS triblock) copolymers have
been widely used in the thermoplastic elastomer industry due to their unique physical
properties not attainable with the constituent homopolymers alone.

Many different molecular structures of block copolymers can be synthe-
sized by anionic polymerization, as shown in Fig. 1. It is well established today
that at low temperatures most block copolymers have an ordered equilibrium
microdomain structure, which depends on the composition of the block copolymer.
As schematically shown in Fig. 2, with increasing amount of A block in an AB-type
diblock copolymer, the microdomain structure changes from body-centered-cubic
(bee), commonly referred to as spheres, to hexagonally packed cylinders to gyroids
to lamellae. Such equilibrium microdomain structures in block copolymers have
been confirmed using transmission electron microscopy (TEM) in the 1970s and
1980s by Kawai et al. [3], Sadron and Gallot [4], and Hashimoto et al. [5], and
gyroids much later by Hajduk et al. [6]. Theoretical studies by Helfand [7] and
Helfand and Wasserman [8—12], Leibler [13], Matsen and Schick [14] confirmed
the experimentally observed microdomains.

It should be mentioned that the microdomains in block copolymers are on the
order of 10-100nm, which is smaller than the wavelength of light and makes them

ABC miktoarm AB ring ApBm star arm

Fig. 1 Schematic describing various molecular architectures of block copolymers
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A, B
Spheres Cylinders Gyroids Lamellae

Increasing A-Content

Decreasing B-Content

Fig. 2 Schematic describing the composition dependence of the microdomain structures: spheres
(S), cylinders (C), gyroids (G), and lamellae (L), in AB-type diblock copolymers. (Reprinted from
Han [31]. Copyright (©) 2007, with permission from Oxford University Press)

At T< Topt At T> Topt

s

100 nm

Fig. 3 a TEM image of a lamella-forming SIS triblock copolymer at 7 < Toprt. b Schematic
describing the flexible chains of PS and PI blocks connected in the block copolymer when it is
heated to the disordered state at 7 > Topr. (Reprinted from Han [31]. Copyright (©) 2007, with
permission from Oxford University Press)

look transparent to the naked eye. In contrast, the phase separated domain size of
polymer blends is on the order of micrometers, which is larger than the wavelength
of light and makes them appear opaque. As the temperature is raised above a certain
critical value, commonly referred to as the order—disorder transition (ODT) temper-
ature (Topr), the microdomains in a block copolymer disappear completely, giving
rise to the disordered phase, as schematically shown in Fig. 3. During the past three
decades numerous research groups have reported on such experimental observations
and there are too many references to cite them here. Below we will cite some rep-
resentative studies when we summarize experimental methods for determining the
Toprt of block copolymers.

From a rheological point of view, microphase-separated block copolymers (i.e.,
at temperatures below Tpopt) have very high viscosities and they behave very much
like particulate filled molten polymers or vulcanized rubbers. However, as the tem-
perature is increased above Tpopr, block copolymers behave like many ordinary
molten homopolymers. In this regard, Topt can be regarded as being a very im-
portant processing variable. It should be mentioned that, while the majority of
the literature reported on the phase transition in block copolymers exhibiting the
upper critical solution temperature (UCST) behavior with increasing temperature,



82 J.K. Kim and C.D. Han

some investigators [15-22] reported on the phase transition in block copolymers
exhibiting lower critical solution temperature (LCST) behavior with increasing
temperature, giving rise to disorder—order transition (DOT) temperature (Tpor).
Precisely stated, the phase transition in the former-type block copolymers should
be referred to as upper critical order—disorder transition (UCODT) and the phase
transition in the latter-type block copolymers should be referred to as lower critical
disorder—order transition (LCDOT). In this chapter we only discuss the phase be-
havior and phase transition in block copolymers exhibiting UCODT and thus, for
simplicity, we will use the nomenclatures ODT and Topr.

From a theoretical point of view, Tppr is related to the microdomain structure
of a block copolymer and it is a fundamental thermorheological parameter that is
of interest to equilibrium and non-equilibrium statistical physics in the condensed
state. In order to predict the Topt of a block copolymer, theories developed for the
cooperative phenomena in atomic or small molecular systems have to be general-
ized to take into account properly the connectivity between similar and dissimilar
monomer units, i.e., the connectivity of monomers A in block A (or monomers B
in block B) sequences and the connectivity between the sequences A and B at their
ends. The Topt of a block copolymer depends, among many factors, on the extent
of miscibility between the constituent blocks, block molecular weights, and block
composition. In the past, several research groups [8—14, 23-27] developed theo-
ries to investigate ODT and microdomain structures of block copolymers, which
many experimental studies were able to confirm using small-angle X-ray scattering
(SAXS), small-angle neutron scattering (SANS), rheology, and/or TEM. There are
too many papers to cite them all here. The interested readers are referred to earlier
review articles [28, 29] and monographs by Hamley [30] and Han [31].

A theory which can predict the Topt of a block copolymer accurately is of
particular importance to be able to design block copolymers as an effective com-
patibilizing agent for two immiscible homopolymers or random copolymers [32].
This chapter is motivated primarily by the desire to present currently held mean-
field theories of block copolymers from the point of view of molecular design and
then to compare theory with experiment. In so doing, we will critically review the
literature and highlight the area in need of greater attention from experimental-
ists who wish to use currently held mean-field theories of block copolymers. The
organization of this chapter is as follows. We will first summarize currently held
theories of block copolymers in the literature: (1) self-consistent mean-field the-
ory of Helfand and Wasserman [8—12], (2) mean-field theory of Leibler [13] who
used random phase approximation, (3) fluctuation correction of the Leibler theory
by Fredrickson and Helfand [33], (4) self-consistent mean-field theory of Vavasour
and Whitmore [26, 27], and (5) self-consistent mean-field theory of Matsen and
Schick [14]. Next, we will summarize (1) experimental methods for investigating
the phase behavior and phase transitions in microphase-separated block copolymers,
and (2) some as yet unresolved issues on the phase behavior and phase transitions
in microphase-separated block copolymers.
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2 Theory of Microphase-Separation Transition
in AB- and ABA-Type Block Copolymers

The Topr depends on the volume fraction of one block (f), the degree of polymer-
ization (N), the segmental interaction described by the Flory—Huggins interaction
parameter (), and the conformational asymmetry of each block. Based on the seg-
regation power (yN), in the literature two cases are emphasized: strong segregation
limit (SSL) (¥N > 10) and weak segregation limit (WSL) (yN ~ 10). The free
energy difference (AGy,) between the ordered state (microphase-separated state)
and disordered (homogeneous) state in a block copolymer is expressed by enthalpic
(AHy,) and entropic (ASp) terms [34]:

AGm = Guicro — Ghomo = AHm — TASy (1)

where Gpicro and Gpome are the free energies of a block copolymer in the
microphase-separated state and in the homogeneous state, respectively, and T is
the absolute temperature. The Topr is defined by the temperature at which AGp,
in (1) is equal to zero. At a given temperature, a block copolymer is in the homo-
geneous state when AG, > 0, while it is in the microphase-separated state when
AGy < 0.

AHp, and ASy, in (1) are given by

AHy, = int — Hhomo (23)
AS; = ASc+AS, (2b)

Here, Hjy is the unfavorable interaction arising from the presence of two incom-
patible blocks at the interface and it is proportional to the interfacial thickness (;).
Thus, Hjy, decreases with increase in segregation power YN (or the microdomain
spacing D) because of the decrease in A;. On the other hand, Hyomo is the enthalpic
penalty in the homogeneous state where two immiscible blocks coexist. Under such
a situation, because the unfavorable interaction between two blocks is expected to
exist in the entire volume, Hyomo 1S proportional to the size of the microdomains.
Since D > Ay, a positive value of Hpomoe becomes larger than Hiy,. Therefore, AHp, is
always negative. Namely, from the enthalpic point of view, a microphase-separated
state is always preferred to the disordered state.

However, the negative contribution of AHy, to AGy, is counterbalanced by the in-
crease of two negative entropic terms [34]. (1) One is the confinement entropy loss
(AS,) resulting from the chains of each block being located at its own microdomain
with stretched conformation. Since the number of the maximum allowable block
chain conformations in the microdomain should be smaller than that in the ideal
Gaussian chain in the homogeneous state due to the extended coils, we have AS,. < 0.
(2) The other is the placement entropy loss (AS),), due to the block junction being
located at the interfacial region of the two blocks. This term also becomes negative
(i.e., AS, < 0), since in the homogeneous state the junction point should be lo-
cated anywhere within the microdomains. According to (2b), these two terms make
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AS,, < 0 and hence the entropy penalty term, —T'AS,,, appearing on the right-hand
side of (1), becomes dominant over the negative value of the enthalpy terms, AH,,;
thus AG,, becomes positive with increasing temperature. Under such circumstances,
the disordered state is favored. On the other hand, AG,, will become negative with
decreasing temperature due to the smaller positive value of —T'AS,,; thus the ordered
state will be preferred. Below we summarize the currently held mean-field theories,
which describe the phase behavior and phase transitions in microphase-separated
block copolymer.

2.1 Self-Consistent Mean-Field Theory of Helfand
and Wasserman

A self-consistent mean-field theory was developed by Helfand and Wasserman
[8—12], who used a statistical thermodynamic approach by taking into account the
incompressibility constraint. They formulated a modified diffusion equation

8Qk (I',[ |r0)

2
D) 0 (et ro) — (g (NP4 W ()@ (rtles)— B)

in terms of Qg (r,t;r,), which is proportional to the probability of the density of
block k of t repeat units with one end at r, and the other end at r. In (3), by, is the
Kuhn length for component k with X'= B when k = A and ¥’ = A when k= B, @y (r)
denotes the local volume fraction, and W (r) is the mean-field potential given by

o) +gp() - 1

Wg (r) K'kB T

)
in which x is the compressibility of the block copolymer, which approaches zero for
an incompressible polymeric melt. Then, for kK — 0, @4 (r) 4+ @p(r) must be unity to
have a finite value of W (r) which satisfies [ We (r)dr = 0. The boundary and initial
conditions, respectively, for (3) are given by

an (l',l‘|l'0) —0 (5)
or r=D/2
Ok (r,0515) = 6 (r — o) (6)

Once QO (r,t;1,) is calculated from the solution of (3)—(6), the interfacial concen-
tration profiles of components A and B, @4 (r) and @p (r), can be determined from
the following expression [8—12]:

nl‘

N
ox(r) = 7o [ [ drididng O (e, N —116) Qs (. 15) Qe (s, Nelr) (D)
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where 7, is the total number of block copolymer chains, N is the degree of poly-
merization for component k (k = A, B) and V is the volume of the system given by
n.V. (in which V, is the molecular volume of one block copolymer chain), and Q. is
given by

1
Oc = 7 /le'Adl'JdrBQA (ra,Nalr;) Op (r;,Np|rs) ®)

in which ry is the position of the connectivity of block A and block B. Thus, Q.
describes the probability of the density of the AB-type diblock copolymer chain
with N being the degree of polymerization of block A and Np being the degree of
polymerization of block B, which are covalently bonded, in a unit volume. In order
to determine Q. from (8) we need information on Q4 and Qp, which requires the
solution of (3). However, the solution of (3) in turn requires information on @4 (r)
and @g(r) defined by (7). Thus, one must solve (3) and (7) iteratively, with the aid
of (4), for @a(r), @p(r), Qa, and Qp. Note that W (r) defined by (4) also depends
on as yet undetermined @, (r) and @g(r), which must satisfy [We (r)dr = 0. This
type of calculation method is called the “self-consistent method”, and the W (r)
thus determined is referred to as the self-consistent mean-field potential.

According to Helfand and Wasserman [8], the free energy difference (AG,,) can
be expressed as (see Appendix A):

AG,
kB T né n

o (Navoa) (Npvog)
(Navoa) + (Npvop)]

1
—InQ¢ — n_’/drwé (r)— [ 9)

where o = ) /Vier in which Vit is the molar volume of a reference component and
Vo,k 18 the monomeric molar volume of component k. Note that the last term in (9)
describes the Flory—Huggins interaction energy density for the homogeneous state.

In principle, Q. appearing in (9) must be obtained from the solution of (8). Owing
to the practical difficulty Helfand and Wasserman [8] had in calculating Q. rigor-
ously from (9), they applied the ‘Narrow Interphase Approximation’ (NIA) method
to calculate Q.. Note that the NIA method is only valid for the situations where the
interfacial thickness A; between block A and block B is very small compared to the
domain spacing D, i.e., A;/D < 1. Specifically, in place of (9), based on the NIA
method Helfand and Wasserman employed the following expression to calculate Q. :

1 1
O~ —/ dradr;Qq4 (I'A,NA\I'J)X—/dI'BdI'JQB (rg,Ng|ry) x
Vv Vv
1
Xy /le‘Jdl‘Adl‘BQA (ry,Nalra) Qp (r;,Nglrg) = QaQpQr  (10)

Namely, Q. is divided into three parts: 04 and Qp describing the probabilities of the
densities of the chains of block A and block B, in a unit volume, and Q; describing
the probability of the density of the junction point of the block copolymer in a unit
volume. Applying NIA to the lamellar microdomains having the domain spacing
of D, Helfand and Wasserman obtained the following expression for Q;:
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1
0= v /le‘JdI'Adl'BQi (r7,Na|ra) Q% (r7,Np|rp)

1 D/4

~ D)2 7D/4dquf1 (x7,Na) g5 (x7,Na) (11)

Y
- D)2

in which Qf, (rj, Ny |rA) and Q% (rj, NB|rB) appearing in the first term of (11) are
replaced by

(. Ne) = [ dxoQy (. Nefo) (12)

and superscript / denotes that the parameters are obtained using NIA. It should be
mentioned that the representation given by (12) is tantamount to the assumption that
the interphase is composed of a randomly distributed mixture of two homopolymers
A and B. Under such a scenario, qi (x7,Ni) defined by (12) becomes independent of
Ny as the molecular weights of homopolymers A and B become very large and they
are given by [8]

~1)2

gk (N = g () = [1+exp [2(60) P /i) | =gl (=) (13)

For by = bp = b, the substitution of (13) into (11) gives
a; = (n/2)(6)""b (14)

in which )y = a/V;¢. Note that the dependence of a; on b and y given by (14) is the
same as that of the interfacial thickness, 2b (6)()71/ 2, of immiscible blends of two
homopolymers A and B [35] with the only difference between the two in the numer-
ical values of the coefficients. Therefore, hereafter we regard a; as representing the
interfacial thickness between block A and block B.

On the other hand, for B4 # Bg with B = (1/6¥or)"/? by, ay is given by [10]

a; = Bga?E (Bg/Bs) (15)

and E is the elliptic integral of the second kind with Bg and s being taken as the
larger and the smaller values between 34 and fp.

Thus, according to (11), Oy represents the ratio of the interfacial thickness (ay) to
half of the domain spacing (D/2). Note that we used D/2, because there is only one
interface between block A and block B in D/2 (see Fig.4). The physical meaning
of Q7 may be restated as being the ratio of the probability that the junction point
of the block copolymer chains is located only at the interface in the microdomains
and the probability that the junction point is located anywhere within the entire
microdomains. Note that —InQ; corresponds to AS, appearing in (2b), and AS),
becomes negative due to A;/D < 1 (see (11) and (14)). Note that AS), is the entropy
loss due to the confinement of the junction point of block copolymer chains at the
interface.
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Fig. 4 The upper panel describes schematically the chain configuration of an AB-type diblock
copolymer, in which D4 and Dy denote the domain widths of block A and block B, respectively,
with D being the periodicity distance, and the lower panel describes schematically the concentra-
tion profiles, in which ¢4 and @p denote the local concentration profiles for block A and block B,
respectively, and Ay denotes the interphase thickness

Helfand and Wasserman [8] obtained Oy (k = A or B), via curve fitting, from the
following semi-empirical expression:

Q= [(04/2) /)] = e {(Du/2)/ (M) 1VE] Y ai6)

in which R, ; is the radius of gyration of the chain for block k, and the relation-

ship for a Gaussian chain, R, ; = kakl/z/\/E is used. Also, ¢ appearing in (16) is a
positive numerical constant (0.085 for the lamellar microdomain) and m = 2.5 for
a block copolymer with lamellar microdomains in the regions where Dy < Zkakl /2
is valid. Bates and Fredrickson [28] showed that the exponent m in (16) would be
2.0 if the axis of Dy/ kakl /2 is extended to very large values when calculating Q.
According to (16), —InQy, is proportional to the ratio of half of the domain spacing
of block k (Dy/2) to the radius of gyration (Rg,k) of the block k chain in Gaussian
conformation. Following (10), we have —InQ, = —InQ4 —InQp — InQ;. Above,
referring to (11) we have shown that Q; is proportional to the ratio of the interfacial
thickness (a;) of two blocks to half of the domain spacing (D/2). We regard the
term — In Q; appearing in the expression for —In Q. to represent the placement en-
tropy loss (AS,) appearing in (2b). Now, we consider the remaining two terms,
—InQy4 and —InQp, appearing in the expression for —InQ, to represent the con-
finement entropy loss (AS.) also appearing in (2b). Thus we conclude that the term
—InQ. appearing on the right-hand side of (9) represents the conformational con-
tributions consisting of the placement entropy loss and confinement entropy loss to



88 J.K. Kim and C.D. Han

the free energy difference (AG,,) between the microphase-separated and homoge-
neous states of an AB-type diblock copolymer. The same argument also applies to
ABA-type triblock copolymers [10].

The second term on the right-hand side of (9) is the enthalpy gain due to the
presence of the interface, and this term is represented by [8]

Y 77l/ I
kBTngS7 i drWe(r) (17)

in which 7 is the interfacial tension, S is the area of the interface, and w! (r) is the
mean-field potential with NIA. For an AB-type diblock copolymer having by # bp,
v/ksT appearing on the left-hand side of (17) is given by [36]

L:al/z{(ﬁA+ﬁB>+l(ﬁA—ﬁ3)2} (18)

ksT 2 6 (Ba+Ba)

From (9)—(18), one obtains the following expression (see Appendix B):

MGy _ 2y o o1
kBT}’ltC = kT (NAVQA +NBVQB) D +In (D/2aj) +0.141
12 25 12 25
. (NA VOA/bA) + (NB VOB/bB) JRYI. (Navon) (N5op) 19)
(NAﬁQA +NB\7()B)2'5 [(NA&OA) + (NB&OB)}
in which use was made of the following relationships:
S/né = Z(NAV()A +NB\7()B) /D
D/ (Navoa + Npvop) = Da/Navoa = Dp/Npvop (20)

where D4 and Dp are the sizes of lamellar microdomains of block A and block B,
respectively. Note that in reference to the right-hand side of (19) the first term de-
scribes the surface contribution, the second term describes the joint contribution, and
the third term describes the domain contribution to the free energy difference AGyy,.

The equilibrium domain size (Deq) can be obtained by differentiating (19) with
respect to D. Since o (or )) and y in (19) depend on temperature, one could obtain
Topt of a block copolymer by taking the derivative of AG,, with respect to D at
D = Deq, at which [d (AG,,/kgT n.,) /dD] Deg = U+ A block copolymer is in the dis-
ordered state at a given temperature when the value of AG,, at D = Deq is larger
than zero. In reference to (19), the free energy difference corresponding to the first
term (describing the interfacial energy) is inversely proportional to D, the magnitude
of the second term (describing the free energy difference of the system due to the
entropy loss resulting from the chains located at the interface) increases logarithmi-
cally with D, the third term (describing the free energy difference due to the entropy
loss resulting from the chain confinements of each block at its own microdomain)
is proportional to D?, and the free energy corresponding to the homogeneous state
(the last term) is independent of D.
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Fig. 5 Free energy per molecule as a function of periodicity distance D for an AB-type diblock
copolymer having a yN of 37. On the abscissa D denotes the periodicity distance, b denotes the
Kuhn length, and N denotes the degree of polymerization of the block copolymer. The components
of the free energy labeled surface, joint, and domain are, respectively, the first three terms on
the right-hand side of (19). The dotted curve is the prediction without making narrow interphase
approximation. (Reprinted from Helfand and Wassermann [8]. Copyright (©) 1976, with permission
from the American Chemical Society)

For y N = 37, the contribution of each term appearing in (19) is summarized in
Fig.5 [8], and Deq obtained from [d (AG,,/kgTn.) /dD] D¢y = 0 for an AB-type di-

block copolymer having lamellar microdomains is given by Deq = 3bN'/2. It should
be remembered that the NIA method employed in the derivation of (19) is only valid
for large values of y N (e.g., ¥y N > 10). According to Helfand and Wasserman [8],
for an AB-type diblock copolymer at y N ~ 10 the concentration profiles near the
interface predicted without NIA are quite different from those predicted with NIA.
For a symmetric diblock copolymer (N4 = Np = N; by = bp; ¥oa = Vop) with high
molecular weight where D/ (kakl / 2) > 1 is applicable, the third term in (19) be-

comes dominant over the second term. In this situation, it can be shown easily that
Deq is given by
Deq ~ N9/ 1/7 @1

However, when use is made of m = 2 in (16), the following expression is obtained:
Deg ~ N*3 01/ (22)

Equation (22) was first derived by Meier [34] who employed the confined chain
model.

Note that the difference between the exponent 9/14 appearing on N in (21) and
the exponent 2/3 appearing on N in (22) is very small, 1/42. This small difference is
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attributed to the fact that AS is proportional to D? in the Meier theory [34, 37], while
it is proportional to D> in the Helfand—Wasserman (H-W) theory (see (16)). Exper-
imentally, Deq Was observed to be proportional to M?/3/T'/3 [38]. Thus, although
the agreement in the exponent appearing on molecular weight M between theory and
experiment is reasonably good, the temperature dependence between the two is
still unresolved, because it is well established experimentally that y is inversely
proportional to 7'.

Helfand and Wasserman [12] suggested use of the following expression for the
free energy difference, in place of (19), which then enables one to determine the
Topt of AB-type diblock copolymers having lamellar, cylindrical, and spherical
microdomains:

AG,, . 7\ 1 DT, P
v =Sh (NAV()A) <kB_T> D +1In <_Shaj) + |:T'IA1 (C2D2—|— nAZZ)nAs
2
—Na1 (TIAz)n“} + {7131 (CeD* + 71322)%/ — N1 (nBz)nB3}
0 (Navoa) (NpPos) 23)
[(NaVoa) + (Npos)]
where
Cy = 6/Nyby%;Cs = 6/Nphp*E? (24)
with 1/sh
Navoa
1/é= ———+1 —1 2
) 23)

in which Sh is a shape factor (1 for lamellar structure, 2 for cylindrical structure,
and 3 for spherical structure); Ny and Np are the degrees of polymerization for com-
ponents A and B, respectively, while Ng must be replaced by Ng/2 for ABA-type
triblock copolymers; D is the domain size; 77 is related to Sh and, also, to N4 and
Np; (see the computer programs given in the Supplementary Material for the values
of T7 for AB-, ABA-, and BAB-type block copolymers) 14,, N142, 1143, 181, N2, B3
are parameters which depend on the microdomain structure of the block copolymer.
Table | gives a summary of the numerical values of the parameters (141, M42, M43,
N1, N2, Np3) for both AB-type diblock and ABA-type triblock copolymers, which
were obtained by curve fitting, after applying NIA, to the computer simulations.
Thus, (23) was not obtained from a rigorous analysis. One of the drawbacks of the
H-W theory is that the self-consistent field, W (r) given by (4), could not be ob-
tained from the molecular parameters even when the volume fractions of two block
components (@4 (r), @p(r)) are known. As will be summarized below, later more
rigorous self-consistent mean-field theories were developed by other investigators
to overcome this drawback of the H-W theory.

For illustration, the phase behavior predicted by the H-W theory for an SI diblock
copolymer at 150°C is given in Fig. 6. In obtaining Fig. 6 we used the following ex-
pressions for an interaction parameter o having the units of mol/cm? given by [39]:

o =—0.00118+0.839/T (26)
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Table 1 Numerical values for the parameters appearing in the Helfand-Wasserman theory

Parameter Lamellar domain Cylindrical domain Spherical domain
AB-type diblock copolymers

N4l 0.061 0.0166 0.0081

NA2 0.838 1.051 1.07

M43 2.64 2.86 2.87

N1 0.0766 0.0792+0.0412/& 0.0852+0.0744 /¢
B2 0.531 0.539—-0.206/& 0.348+0.220/&
ng3 2.57 2.53—-0.152/¢& 0.248-0.123/&
ABA-type triblock copolymers

NAl 0.0766 0.0274 0.0123

NA2 0.531 0.202 0.348

M43 2.57 2.605 2.680

nB1 0.061 0.0659+0.0357/& 0.0705+0.0578 /¢
B2 0.838 0.757—0.132/& 0.596+0.599/&
nB3 2.64 2.590—0.147/& 2.550—0.132/&

& is defined by (25)

Fig. 6 Phase diagram of an
SI diblock copolymer in
terms of molecular weight vs
weight fraction of PS block at
150°C predicted from the
Helfand—Wasserman theory,
in which § denotes spherical
microdomains, C denotes
hexagonally packed
cylindrical microdomains,

L denotes lamellar
microdomains, and H denotes
the disordered
(homogeneous) phase

C (PS)
-

C (P))

S (PI)
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/
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the specific volume having the units of cm? /g for polystyrene (PS) given by [40]

vps = 0.9199 4+ 5.098 x 10~4(T — 273) +2.354 x 10~ (T —273)?
+[32.4640.1017 (T — 273)] /M,,.ps (27a)
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in which M, ps is the molecular weight of PS, and the specific volume for polyiso-
prene (PI) given by [41]

vpr = 1.07714+7.22 x 10~4(T — 273) +2.46 x 10~ (T —273)? (27b)

Also used in obtaining Fig. 6 were the Kuhn length of PS, bps = 0.68nm, and the
Kuhn length of PI, bp; = 0.63nm. It is seen in Fig. 6 that, with increasing weight
fraction of PS block, the microdomains of PS block change from bcc lattice in
sphere to hexagonally packed cylinders to alternating lamellae.

In the Supplementary Material we have included Fortran computer programs for
predicting the Topt of AB-type diblock copolymers based on the H-W theory. Dur-
ing the past two decades we have used these computer programs very effectively to
determine the molecular weight of a block copolymer based on a predetermined
block composition and target Topr before initiating the synthesis of the block
copolymer. In this way we were able to save considerable time and resources in
the synthesis of target block copolymers. It should be mentioned that the accuracy
of predicted Topt depends very much on the specific expression(s) for the tempera-
ture dependence of & (T') or y (T). That is, different values of predicted Topt may
be obtained for different expressions for o (T) or x (T'). As will be discussed later
in this chapter, there is a great deal of uncertainty in the experimental determination
of a(T) or x (T).

For the sake of comparing the predicted Toprs of the same block copolymer us-
ing two different expressions for y (7'), and later for comparison of the predicted
Toprts of the same block copolymer using different theories, here we present some
representative predictions. For an SI diblock copolymer having block molecular
weights: M, = 8,000 for PS block and M,, = 8,000 for PI block using the expression
for o (T') given by (26), the H-W theory predicts a Topt of 120°C for the SI diblock
copolymer. For the same block copolymer using the following expression for y (7')
given by [42]:

x =—0.0937+66/T (28)

the H-W theory predicts a Topt of 94°C. That is, the predicted Topr of the same SI
diblock copolymer is different depending on which expression for a (T') or y (T)
was employed. This is a serious issue which the block copolymer community must
address in the future.

The H-W theory can also be used to predict the Topt of ABA-type triblock
copolymers. The Fortran computer program for predicting the Topt of ABA-type
triblock copolymers is also included in the Supplementary Material. For an SIS
triblock copolymer having block molecular weights, M,, = 1.3 x 10* for one PS
endblock and M,, = 1.14 x 10° for the PI midblock, using the ¢ (T) given by (26)
the H-W theory predicts a Topt of 248°C.
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2.2 Mean-Field Theory of Leibler Based on Random
Phase Approximation

Leibler [13] developed a statistical thermodynamic theory for the microphase sep-
aration of an AB-type diblock copolymer on the basis of random phase approxi-
mation (RPA) [43]. The Leibler theory predicts the spinodal temperature (7;) and
Topt of microphase-separated AB-type diblock copolymers, as well as the type
of microdomain structure (body-centered cubic, hexagonally packed cylinders or
lamellae). This theory is believed to be valid for WSL, whereas the H-W theory is
only valid for SSL due to its use of NIA.

Leibler obtained the free energy difference between the microphase-separated
and homogenous states using the order parameter (y/(r)):

v(r) = ((1—f) @a(r) — fop(r)) (29)

in which f is the volume fraction of block A, and @4(r) and @p(r) are the local
volume fractions at position r for block A and block B, respectively, and the bracket
<P> denotes the equilibrium ensemble average of the variable P. Since @4 (r) +
@p(r) =1 for all r due to the condition of incompressibility, (29) becomes

y(r) = (Qa(r) - f) (30)

Then, the density—density correlation function S (r —r') is represented in terms of
the order parameter as follows:

~ 1

S(r—r’):kB—Tq/(r)y/(r') (31)

The Fourier transform of S (r —r’) becomes the correlation function S (¢) which is
directly proportional to the scattering intensity, (I (q)):

1(g) ~ (an—ag)*S(q) (32)

with a4 and ap being the scattering power of monomers A and B, respectively.
Leibler [13] obtained the free energy difference between microphase-separated
and homogenous states (AGy, = Gmicro — Ghomo) as a function of the order parameter

=1
AGp=ksT 3, v DT (a@1-an) v (91) - ¥ (qn) (33)
n=2 qn

where V is the volume of the system, I} is the vertex function which is related to
the correlation function, and ¢ = (47 /A )sin 0 is the absolute value of wave vector q
with A being the wavelength of the incident radiation and 6 being equal to half of the
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scattering angle in the medium. According to Leibler, AG,, for most microdomains
(bee spheres, hexagonally packed cylinders, and lamellae) can be expressed by the
fourth-order expansion of the order parameter (that is, n up to 4 in (33)). On the
other hand, the stability limit of the system is simply given by the consideration
of only the second-order expansion of the order parameter I'; (¢1,¢2) = (1/5(q)).
Using RPA, Leibler derived the following expression for the composition correlation
function S (g) for an AB-type diblock copolymer (see Appendix C):

S(q)=W(q)/[S(q) —2xW (9)] (34)

and calculated S (¢) and W (g) from the following expressions:

S(q) = Saa(q)+ Sz (q) +2S48(q) (35)

W(q) = Saa (q) Ses (q) — Sas* (q) (36)

where S;; (q) are the elements of the matrix ||S(¢)||, which is the Fourier transform
of the composition correlation functions for ideal Gaussian copolymer chains, and
they are given by (see Appendix C)

Saa(q) = Ng(f,x) (37)
Spr(q) = Ng(1—f,x) (38)
Sap(q) = (N/2)[g(1,x) — g (f,x) —g (1 — f,x)] (39)

where N is the degree of polymerization of the block copolymer, and g (f,x) is the
Debye function defined as

g(f.x) = (2/x) [fx+exp(—fx) — 1] (40)

and x is defined by
x=q*Nb*/6 = ¢*R,? (41)

with b being the Kuhn length of the chain for blocks A and B (assumed to be identi-
cal), and R, is the radius of gyration of an ideal chain. Use of (35)—(39) in (34) gives

S(q) =N/ [F (f,x) —2xN] (42)

where

F(f>x) = g(17x)/{g(f7x)g(] _f’x) - (1/4) [g(l,x) _g(f’x) —g(l _f7x)]2}
(43)
Leibler also predicted phase transitions between three different microdomains (from
the disordered phase to spherical microdomains, from spherical to cylindrical mi-
crodomains, and from cylindrical to lamellar microdomains) using the fourth-order
expansion of the vertex function in terms of the order parameter. Figure 7 displays
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Fig. 7 Phase diagrams of an AB-type diblock copolymer in terms of y N vs the volume fraction
(f) of block A, predicted from the Leibler theory, in which curve (a) denotes the phase transi-
tion from the disordered state to spherical microdomains, curve (b) denotes the phase transition
from spherical microdomains to cylindrical microdomains, curve (c) denotes the phase transition
from cylindrical microdomains to lamellar microdomains, and curve (d) denotes the spinodal curve
(xN)s. (Reprinted from Han et al. [41]. Copyright (© 1989, with permission from the American
Chemical Society)

relationships between the transition temperatures in terms of N and f for an AB-type
diblock copolymer with different microdomain structures. In reference to Fig. 7, the
differences between curves (b) and (d) in the middle panel are not discernible and
the differences between curves (a) and (b) in the right-side panel are not discernible,
because the size of the original drawing was reduced so much. To see Fig. 7 in more
detail the readers are referred to Fig. 3 of the original paper [41]. According to Fig. 7,
a transition from the disordered phase to lamellar microdomain structure at f = 0.2,
for instance, by decreasing the temperature, passes first through the spherical mi-
crodomain structure and then through the cylindrical microdomain structure.

One can now obtain a relationship between (yN),, at which spinodal decompo-
sition occurs, and £, by finding values of x* (or ¢*) that make §(g) a maximum.
Curve (d) in Fig. 7 represents the thermodynamic stability limit, in which the region
below the curve represents the thermodynamically stable and metastable phases,
while the region above the curve represents the mesophase or microphase-separation
phase [13]. Note in Fig. 7 that (xN), depends on the composition f and y, which
is inversely proportional to temperature, and therefore, at a given value of f, with
information on N, the spinodal decomposition temperature (7;) can be determined
from the value of (yN),.

In the Supplementary Material we have included a Fortran computer program for
predicting the Topt of AB-type diblock copolymers based on the Leibler theory. For
the same SI diblock copolymer considered above when predicting its Top based on
the H-W theory, using (26), the Leibler theory predicts a Topt of 197°C, which is
much higher than the Topt = 120°C predicted from the H-W theory.
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Fig. 8 Plots of yN vs f for 60
AB-type diblock copolymer,

in which curve 1 was

predicted from the Leibler 501
theory and curve 2 was —
predicted from the 40 -
Helfand—Wasserman theory.
(Reprinted from Choi et al.

[126]. Copyright ©) 2003, Z, 301
with permission from the —
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Figure 8 gives phase diagrams, plots of segregation power y N vs volume fraction
f of block A, for AB-type diblock copolymers from the Leibler theory (curve 1)
and from the H-W theory (curve 2). The following observations are worth noting in
Fig. 8. (1) For nearly symmetric AB-type diblock copolymers, the Leibler theory has
lower N than the H-W theory, suggesting that the Leibler theory predicts higher
Topt than the H-W theory. It should be remembered that y is inversely proportional
to temperature as indicted by (26) and (28). (2) As the volume fraction f decreases
from 0.5 (i.e., moving towards the compositionally asymmetric diblock copolymer),
the difference in y N between the two theories decreases steadily, suggesting that
both theories predict virtually the identical Topr for highly asymmetric AB-type
block copolymers.

It should be mentioned that the Leibler theory can easily be extended to the
prediction of (yN), for a multicomponent system and complex structure such as
multi-arm or ring-type block copolymers. Indeed, such efforts were made by sev-
eral research groups [24, 44-51]. For instance, (yN), for an ABA-type triblock
copolymer can easily be obtained when Sy4, Spp, and S4p in (37)—(39) are modified
as follows:

Saa(q) =Nlg(f1,%) +8(f2,x) +g(f3,x) +g(1,x) —g (1 - f3,x)

Sps(q) = Ng(f2,x) (45)
San(a) =5 [g (1= f0)+8 (1= f1,N) =g (1) — g (3,0
—2g(f2,%)] (46)

in which fi, f>, and f3 are the volume fractions of the first endblock A, the midblock
B, and the last endblock A.



Microphase-Separated Block Copolymers 97

A phase diagram for ABA-type triblock copolymers including the transitions
between microdomain structures was obtained by Mayes and Olvera de la Cruz
[24], who evaluated the I5, I3, and I; terms of the vertex function appearing in (33)
for the most general situation of a multi-arm block copolymer ((AB),,) and then for
ABA-type triblock copolymers as a special case which corresponds to m = 2.

In the Supplementary Material we have given a Fortran computer program for
the Mayes—Olvera de la Cruz (M—O) theory. Using this computer program we pre-
dicted the Topt of the same SIS triblock copolymer having f = 0.157, which was
considered above when predicting its Topt based on the H-W theory. The M-O
theory predicts a Toprt of 262°C for the SIS triblock, which is only approximately
14°C higher than the Topr predicted from the H-W theory. The small difference
in the predicted Topt between the M—O theory and H-W theory can be explained
by a comparison of the two phase diagrams given in Fig. 9, in which curve 1 is the
prediction from the M—O theory and curve 2 is the prediction from the H-W theory.
It is seen in Fig. 9 that the difference in y N between the two theories decreases with
decreasing f, suggesting that the predicted difference in the Topt of an ABA-type
triblock copolymer between the two theories is expected to be very small as the
value of f approaches about 0.1. This observation explains the reason why the dif-
ference in the Topt of the SIS triblock copolymer having f = 0.157 predicted from
the two theories is small.

It is appropriate to mention at this juncture that the Leibler theory used the one-
wave-number approximation for the calculation of the order parameter, while the
M-O theory used higher order harmonics by extending the Leibler theory. Barrat
and Fredrickson [52] also extended the Leibler theory within the spirit of a self-
consistent one-loop approximation without making an assumption about the wave
vector dependence of the correlation functions. This allowed them to calculate
the shift in the peak of the fluctuation spectrum observed experimentally in small-
angle neutron scattering experiments.

60
50
40 —
Fig. 9 Plots of yN vs f for -
ABA-type triblock Z 30l
copolymer, in which curve 1 =
was predicted from the B @
Mayes—Olvera de la Cruz 20—
theory and curve 2 was L
predicted from the 1ol
Helfand—Wasserman theory. %)
(Reprinted from Choi et al. ~
[126]. Copyright (© 2003, ob— 1 1 1 1 1 1 11
with permission from the 00 02 04 06 08 10

American Chemical Society) f
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Many research groups [53—-63] have observed experimentally the order—order
transition (OOT) between different microdomains in some block copolymers when
temperature was changed. For instance, using SAXS and TEM Sakurai et al. [63]
observed a thermally-induced OOT from cylindrical to spherical microdomains in
an SI diblock copolymer and Sakamoto et al. [62] observed an OOT from cylindrical
to spherical microdomains in an SIS triblock copolymer. The above experimental
observations are consistent with the prediction made by the Leibler theory.

2.3 Fluctuation Correction of the Leibler Theory
by Fredrickson and Helfand

By including composition fluctuations which were neglected in the Leibler the-
ory [13], Fredrickson and Helfand [33] developed a theory predicting the effect
of composition fluctuations on the ODT of AB-type diblock copolymers with
finite molecular weight. They found that the Topt of a diblock copolymer with fi-
nite molecular weight is always lower than that of a diblock copolymer with infinite
molecular weight as considered in the Leibler theory. Using the Hartree approxima-
tion for a finite-sized diblock copolymer, the Fredrickson—Helfand (F-H) analysis
took into account composition fluctuations and improved the Landau-type mean-
field prediction. Specifically, the F—H analysis considered fluctuation corrections to
the vertex functions appearing in the Leibler theory. In doing so, the F—H analysis
used the Hartree approximation, employed previously by Brazovskii [64], to obtain
a thermodynamic potential from the Ohta—Kawasaki Hamiltonian functional [25].

The F-H analysis obtained a set of equations from the Hartree approximation for
the thermodynamic potential, which depends on the three variables, f, YN, and N,
whereas the Leibler analysis depends on only two variables, f and y N. The location
of the ODT in the presence of composition fluctuations, (xN),, obtained from the
F-H analysis is given by (see Appendix D)

(XN), = (XN, = (1/2) 7" (dA)*P N1 (47)
where (yN), refers to the microphase transition at spinodal and N is given by

N=N [(5a8 fa?) (b5° 70s?)] (48)

Other constants appearing in (47) are given by

. [F(fx") —2xN YA I*F (f,x)]"?
- - [2]

x=x*
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Note that F' (f,x) is defined by (43) and I3 (0,0) is the parameter of the fourth-order
vertex function (see (33)). In reference to (47), T* is equal to —2.0308 for lamellar
microdomain, but this value depends on f and N for cylindrical or spherical mi-
crodomains. The above analysis gives (see Appendix D)

(XN), = 10.495 +41.022/N'/3 (50)

for f =0.5. It is clear from (50) that the presence of the second term, 41 .022/]V1/3,
will lower the predicted value of Topt below the value based on the first term alone,
which is the prediction from the Leibler theory [13].

The F-H analysis opens up the ‘windows’ of the phase diagram predicted earlier
by Leibler [13], and it predicts that the system can pass directly from the disordered
phase to lamellar or to cylindrical microdomains. It turns out that the F—H analysis
predicts a first-order transition at f = 0.5, which is in contrast to a second-order
transition predicted from the Leibler theory. Thus, the F-H analysis goes beyond
the mean-field approximation of Leibler. However, according to Fredrickson and
Helfand [33] their analysis is only valid for very large values of N, say N > 10%,
because it fails to predict the existence of spherical microdomains for N < 10%.

Although Burger et al. [65] showed that the polydispersity effect can extend the
validity of the F-H analysis to values of N lower than 10%, the fluctuation contribu-
tion to the total y N would be unacceptably very large for most SI and SB diblock
copolymers, for instance, which have N ~ 103 [66, 67].

In the past, some research groups [68—73] used (50) to obtain expressions for a
temperature-dependent interaction parameter, y (T), in the presence of concentra-
tion fluctuations for relatively small values of N, say N < 2000. We wrote our own
computer codes based on the F-H analysis (see Supplementary Material) to deter-
mine the upper limit of N below which the F-H analysis fails to predict the presence
of spherical microdomains. Table 2 gives some calculated results from the computer
program based on the F—H analysis for (a) N = 10*, (b)) N =4 x 10%, (c) N =5 x 10*,
and (d) N = 103. It is clearly seen in Table 2 that the F-H analysis does not predict
the presence of spherical microdomains in the AB-type diblock copolymer having
N = 10%, and begins to predict the presence of spherical microdomains at f = 0.15
for N = 4 x 10*. The above observations lead us to conclude that use of the F-H
analysis to obtain expressions for )y (T') for block copolymers having relatively low
molecular weights (say N < 4 x 10%) is not warranted.

2.4 Self-Consistent Mean-Field Theory of Vavasour
and Whitmore

Hong and Noolandi [74, 75] extended the approach taken by Helfand and
Wasserman [8—11] to formulate a system of equations, via functional integral
formalism, for multicomponent systems containing a solvent, and then solved
the self-consistent system equations with the incompressibility constraint using a
Lagrangian multiplier. Note that earlier Helfand and Wassermann used the incom-
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Table 2 Some representative computational results from the Fredrickson—Helfand fluctua-

tion theory

f (XN), (XN), (XN)13 (XN)36
(a) For N = 10*
0.100 0.74331 x 102 0.11404 x 103 0.17695 x 103 Not predicted

0.125
0.150
0.175
0.200
0.225
0.250
0.275
0.300
0.325
0.350
0.375
0.400
0.425
0.450
0.475
0.500

(b) For N =4 x
0.100
0.125
0.150
0.175
0.200
0.225
0.250
0.275
0.300
0.325
0.350
0.375
0.400
0.425
0.450
0.475
0.500

(¢) For N =5 x
0.100
0.125
0.150
0.175
0.200
0.225
0.250
0.275

0.51069 x 102
0.38038 x 107
0.29968 x 102
0.24613 x 102
0.20876 x 102
0.18172 x 102
0.16160 x 102
0.14635 x 102
0.13464 x 102
0.12562 x 102
0.11868 x 102
0.11344 x 102
0.10960 x 102
0.10698 x 102
0.10545 x 102
0.10498 x 102

10*

0.74331 x 102
0.51069 x 107
0.38038 x 102
0.29968 x 102
0.24613 x 102
0.20876 x 102
0.18172 x 102
0.16160 x 102
0.14635 x 102
0.13464 x 102
0.12562 x 102
0.11868 x 102
0.11344 x 102
0.10960 x 102
0.10698 x 102
0.10545 x 102
0.10498 x 102

10*

0.74331 x 102
0.51069 x 102
0.38038 x 107
0.29968 x 102
0.24613 x 102
0.20876 x 102
0.18172 x 102
0.16160 x 102

0.72978 x 102
0.51571 x 102
0.39019 x 102
0.31044 x 102
0.25677 x 10?
0.21911 x 102
0.19189 x 102
0.17183 x 102
0.15692 x 102
0.14586 x 102
0.13758 x 102
0.13240 x 102
0.12925 x 102
0.12701 x 102
0.12473 x 102
0.12399 x 102

0.95054 x 102
0.62322 x 10?
0.44788 x 102
0.34370 x 102
0.27678 x 102
0.23134 x 102
0.19922 x 102
0.17586 x 102
0.15857 x 102
0.14566 x 102
0.13604 x 102
0.12880 x 102
0.12372 x 102
0.12056 x 102
0.11933 x 102
0.11760 x 102
0.11694 x 102

0.92888 x 102
0.60996 x 102
0.43962 x 102
0.33815 x 102
0.27283 x 102
0.22838 x 102
0.19692 x 102
0.17400 x 102

0.11645 x 103
0.83402 x 102
0.63228 x 102
0.49913 x 102
0.40591 x 102
0.33753 x 102
0.28545 x 102
0.24455 x 102
0.21269 x 102
0.18492 x 102
0.16314 x 102
0.14586 x 102
0.13323 x 102
Not predicted
Not predicted
Not predicted

0.16869 x 103
0.11197 x 10°
0.80662 x 102
0.61407 x 102
0.48624 x 102
0.39631 x 102
0.33005 x 102
0.27939 x 102
0.23943 x 102
0.20719 x 102
0.18077 x 102
0.15909 x 102
0.14162 x 10?
0.12834 x 102
0.11987 x 102
Not predicted
Not predicted

0.16782 x 10
0.11150 x 103
0.80372 x 102
0.61215 x 102
0.48488 x 102
0.39529 x 102
0.32927 x 102
0.27875 x 102

Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted

Not predicted
Not predicted
0.45052 x 102
0.37411 x 102
0.28015 x 102
0.23434 x 102
0.20168 x 102
0.17772 x 10?
0.15979 x 102
0.14623 x 102
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted

Not predicted
0.61283 x 102
0.44422 x 10?
0.34291 x 102
0.27718 x 102
0.23213 x 10?
0.19996 x 102
0.17633 x 10°

(continued)
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Table 2 (continued)

101

f

(xN),

(xN),

(XN 13

(XN)36

0.300
0.325
0.350
0.375
0.400
0.425
0.450
0.475
0.500

(d) For N = 10°

0.100
0.125
0.150
0.175
0.200
0.225
0.250
0.275
0.300
0.325
0.350
0.375
0.400
0.425
0.450
0.475
0.500

0.14635 x 102
0.13464 x 102
0.12562 x 102
0.11868 x 102
0.11344 x 102
0.10960 x 102
0.10689 x 102
0.10545 x 102
0.10498 x 102

0.74331 x 102
0.51069 x 107
0.38038 x 102
0.29968 x 102
0.24613 x 102
0.20876 x 102
0.18172 x 102
0.16160 x 102
0.14635 x 102
0.13464 x 102
0.12562 x 102
0.11868 x 102
0.11344 x 102
0.10960 x 107
0.10689 x 102
0.10545 x 102
0.10498 x 102

0.15700 x 102
0.14299 x 102
0.13484 x 102
0.12777 x 10?
0.22272 x 102
0.11956 x 102
0.11836 x 102
0.11673 x 102
0.11608 x 102

0.86933 x 102
0.57620 x 102
0.41871 x 102
0.32411 x 102
0.26282 x 102
0.22090 x 102
0.19108 x 102
0.16928 x 102
0.15304 x 102
0.14085 x 102
0.13172 x 10?
0.12502 x 102
0.12014 x 102
0.11694 x 102
0.11546 x 102
0.11440 x 102
0.11378 x 10?

0.23889 x 102
0.20671 x 102
0.18033 x 102
0.15866 x 102
0.14117 x 102
0.12782 x 102
0.11917 x 10?
Not predicted
Not predicted

0.16566 x 103
0.11033 x 103
0.79654 x 102
0.60737 x 102
0.48150 x 102
0.39277 x 102
0.32731 x 102
0.27716 x 10?
0.23756 x 102
0.20553 x 102
0.17924 x 10?
0.15760 x 102
0.14006 x 102
0.12654 x 102
0.11745 x 102
Not predicted
Not predicted

0.15861 x 10?
0.14519 x 102
0.13504 x 102
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted

0.87970 x 102
0.58721 x 10?
0.43855 x 102
0.33249 x 102
0.26981 x 102
0.22663 x 102
0.19568 x 102
0.17386 x 102
0.15568 x 102
0.14262 x 102
0.13267 x 10?
0.12522 x 102
Not predicted
Not predicted
Not predicted
Not predicted
Not predicted

f = volume fraction; () N), =the critical value of yN at which spinodal decomposition occurs at
a certain composition; () N), =microphase-separation temperature in the presence of fluctuations;
(xN),3 =the value of yN at which hexagonal cylinder—lamella transition occurs; (yN);s = the
value of YN at which bcce lattice-hexagonal cylinder transition occurs

pressibility constraint on an ad hoc basis. Subsequently, Vavasour and Whitmore
[26, 27] took the formalism of Hong and Noolandi to solve a set of self-consistent
mean-field equations for an AB-type diblock copolymer without a solvent. Here we
summarize the Vavasour—Whitmore (V-W) analysis.

The V=W analysis is based on the following expression for the free energy dif-
ference between the microphase-separated and homogeneous states, AG,,:

AGy, 1 )
PoksTV = V/Vdrl [0 () @5 (r) — a0 PBo] — I:): w4 (r) @4 (r)
0 1. 0.
,pfa)B(r)(pB(r)fr—CanV (51)
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in which ay(r) is the self-consistent mean-field potential given by

2

)= L2 1 (0w (1) = u) + % (Vzw (1)~ Vo + (r))] (52)
Pok Po

(O (1‘

where k' = B for k = A and ¥ = A for k = B, and 1 (r) is an as yet undermined
parameter. Using the following initial guess for 7 (r),

n(r)= % [Poa®a (T) + pop®s (r)] (53)

Vavasour and Whitmore solved (51)—(53) self-consistently. They also obtained an
equilibrium phase diagram which enabled them to predict which of the microdomain
structures is most stable for given values of f and ). Note in (51) that @4 cor-
responds to f and @po corresponds to 1 — f, and Q. depends on the type of
microdomain structure.

A summary of the predictions from the V-W analysis is given in Fig. 10, in which
the predictions from the V=W theory are close to those from the Leibler theory for
xN ~ 10 1in the WSL, while the predictions from the V-W theory are consistent with
the H-W theory for YN > 10 in the SSL.

The difference in the predictions between the V-W theory and the Leibler theory
for large YN is attributable to the fact that the Leibler theory expresses the free
energy difference up to the fourth order of the order parameter, which is certainly
not valid for the SSL because a single sine (or cosine) function is not adequate to
accurately describe the interfacial concentration in the SSL.

Fig. 10 Comparison between the SSL theory and the WSL theory with the self-consistent mean-
field theory (SCMFT) of Whitmore and Vavasour. Solid curves were calculated by SCMFT, dashed
curves at the left side were calculated from the Leibler theory, and the dashed curves at the
right side were calculated from the Helfand—Wasserman theory. (Reprinted from Vavasour and
Whitmore [26]. Copyright (©) 1992, with permission from the American Chemical Society)
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On the other hand, the H-W analysis was developed based on the NIA, i.e.,
the interfacial thickness of a block copolymer is the same as that of an immisci-
ble polymer blend. Thus, the H-W analysis is applicable only to the SSL, but near
xN = 10 the interfacial thickness would be much larger than that for an immiscible
polymer blend. Furthermore, in the H-W analysis the mean-field potential @y (r)
was treated on an ad hoc basis and thus the H-W analysis is applicable to very
large values of yN. The phase boundary between the lamellar and cylindrical mi-
crodomains predicted by the V-W theory is the same as that predicted by the H-W
analysis when yN > ~50. Also, the phase boundary between the cylindrical and
spherical microdomains predicted by both theories is the same when yN > ~70.
However, even when yN is approximately 80, the phase boundary between the
spherical microdomain and homogeneous state predicted by both theories is quite
different. Helfand and Wasserman [12] reported that for y N > 40 the interfacial
concentration profiles for lamellar microdomains obtained with NIA are essentially
the same as those obtained by numerical simulation. However, it is expected that for
cylindrical or spherical microdomains, NIA is valid for values of y N much larger
than about 40. The main result of the V=W analysis is that for y N > 70, the order—
order transitions are almost independent of YN and the transition between lamellar
and cylindrical microdomains occurs at f =~ 0.67 and the transition between cylin-
drical and spherical microdomains occurs at f ~ 0.85.

2.5 Self-Consistent Mean-Field Theory of Matsen and Schick

Matsen and Schick [14] solved a set of self-consistent mean-field equations using
the reciprocal space method. They started with the following form of the partition
function Z for an AB-type diblock copolymer:

2= [ {150a)3 1=ds )~ do ] exp { o, [arénote)} 0

where Bra = DryP [ry; 0, 1] with Dry denoting a functional integral and
P[rg;si,s2] denoting a weighting function, commonly referred to as Wiener mea-
sure with r (s) being functions which specify the space curve occupied by the
a-th copolymer, ¥ is the Flory—Huggins interaction parameter, p, is the density of
pure component, and ¢4 (r) and @3 (r) are the density operators for monomer A and
monomer B, respectively, defined by

A~

. N n f N n 1
ba (1) = 2/ ds8[r—ro (s)]: s (1) = — 3 / dsSr—ra(s)];  (55)
Po a=170 Po o=17/f
Inserting the following identities:

1= /DQDAS(QDAféA); 1= /D(I)Ba(QDB*(ﬁB) (56)
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into (54) one obtains
n
7= / HDraDCDADd)Bé (d)A - (ﬁA) o (CDB - dSB)
o=1

<8 [1-810) - dnir]exp{ ~zp, [arb a0} 57

Replacing the §-functional in (57) by the standard integral representations, (57) can
be rewritten as

z= N/D (@4] D [@5] D [Wa] D (W] D[E] exp [~ F (@4, B, Wa, Wi, Z) /kaT] (58)
where N is a normalization constant and F(®,, ®p,Ws,Wp,Z) /nkgT is defined by

- 1
F(QDA,CDB,WA,WB,E)/nkBT = 71nQ(7iWA,*l.WB)+V/dl’[%NﬁDACDB*l'WA(DA

— WD —iZ (1 — By — Bp)] (59)
with
O (=iWy, —iWp) = /ﬁ(ra)exp{i {/OfdsWA (ra (5)) +./fl ds W (e (s))] }
| (60)

In obtaining Eqgs. (58)—(60), the following standard delta functionals defined by

8 (Pa(r) — da(r /DWAGXp{l—/dl'WA ) [@a(r) — éA(r)]} (61a)
8 (@5(r) — da(r /DWBexp{z—/erB ) [@5(r) — qSB(r)]} (61b)

8 (1—¢a(r) /D =] exp{l—/dr_ [1—a(r)— qSB(r)]} (62)
were introduced. Hence, F(®4,®p, Wy, W, E) defined by Eq. (59) is a ‘complex’
variable. Note that for the definitions of the delta functionals given above the limits

of integration of the functionals must be taken from —ieo to +ico. On the other hand,
the following definition of the delta functional, for instance,

8 (1—da(r) /D ] exp{ /dr_ [1—a(r) — qSB(r)]} (63)
yields the expression,

1
F /nkgT = fan(WA,WB)JrV /dr [YNDsDp — WyDp—WpDp — E (1 Dy —Dp)]
’ (64)
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with
O(Wy, Wp) = / D(ra)exp{ /0 T AsWa(ra(s)) — /f .ldst(rB(s))} (65)

Note that Q (W4, Wp) defined by (65) is a ‘real’ variable, and thus F /nkgT defined
by (64) is regarded as being the free energy.

Since the functional integral in (64) cannot be evaluated exactly, in the
SCMEFT this integral was approximated by taking a saddle point approximation
of F (@4, D, Wy, Wp,Z), defined by (64), resulting in the following expressions for
the two fields, wy4 (r) and wg (r):

wa (r) = xNop (r)+ ¢ (r) (66)
wg (r) = XN@a (r) + & (r) (67)
in which @4 (r), @5 (r),wa (r) ,wg (r), and & (r) are the functions for which F|[@a,

OB, wa,wp,&] attains its extreme. Since (66) and (67) contain five functions, three
additional equations

@a(r) +@p(r)=1 (68)
V0

@a(r) = T 0dws (69)
Vo

@p (r) = 0 ows (70)

were introduced, so that @4(r),@p(r),wa(r),wp(r), and £(r) could be deter-
mined in a self-consistent manner. This approach neglects the functional integrals,
[ D@a, [ Dop, [ DWy, [ DWg, [ DE, appearing in (58). In order to solve (66)—(70) for
@a (r), @ (r), w4 (r), ®p (r), and & (r), one must have information on Q (W4, Ws),
defined by (65), which is related to the solution of the modified diffusion equation

da(rs) [ Va9 —wa () q(rs) fors<f .

o Nszvzq (r,s) —wp(r)q(r,s) for s> f

Matsen and Schick [14] were the first to use the reciprocal phase approach to solve
(71). Briefly stated, the solution of (71) was obtained by first expanding ¢(r, s) as

q(r,s):Zqi(s)fi(r) (i=1,2,3,...) (72)

in terms of orthonormal basis functions {fi(r)} (i. e., (1/V) [ fi(r) fj (r)dr = &;)
that possess the symmetry of the phases being considered, and then choosing { f;(r) }
to be eigenfunctions of the Laplacian operator

V2fi(r)=—-ALD2fi(r) (i=1,2,3,..)) (73)
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in which A; are the eigenvalues corresponding to orthonormal basis functions
{fi(r)} that possess the symmetry of the phases being considered, and D corre-
sponds to a length scale of the phase. Note that {f;(r)} can be arranged in such
a way, that fi(r) = 1 corresponding to A; = 0 and A; is a nondecreasing series.
Substituting (72) into (71) with the aid of (73), we obtain

SAnqr(s) if s<f
N »

ds %BkaIk (s) if s> f

with

A=~ 3 [ Aowan () fu () 00 09)

Bui=—owhnbyi— 3 Y [Aowpa () fu0) ROV ) 76)

where 04 = Nba?/6D? and ag = Nbg? /6D?. The solution of (74) can be written as
[e*]

¥ [eB(Sff)}

k

ml if s<f

Gm (5) (77)

. [eAf],, ifs>f

where suffix m1 refers to the (m,1) element of the corresponding matrix. Since an-
alytical solutions for (66)—(70) cannot be obtained, Matsen and Schick numerically
solved these equations in a self-consistent manner. Note that Q appearing in (69)
and (70) can be calculated from

0= [arq(r.1) (78)

Matsen and Schick [14] found that there exists a gyroid microdomain structure,
which occurs between cylindrical and lamellar microdomains. The region of stabil-
ity for the gyroid (bicontinuous Ia3d cubic) phase increases as the number of arms
in a star block copolymer increases. Matsen and Bates [76] generalized the SCMFT,
and obtained the phase behavior for an AB-type diblock copolymer as given in
Fig. 11. It is seen from Fig. 11 that, with increasing f, the microdomains change
from closed-packed spheres (cps) such as face-centered-cubic (fcc) or hexago-
nally closed-packed-cubic (hpc), passing through body-centered-cubic (bcc) spheres
(Im3m), hexagonally packed cylinders (H) and bicontinuous gyroid (Ia3d), to lamel-
lae (L) at lower values of yN. In reference to Fig. 11, it should be mentioned that
there is an additional curve representing the disordered phase just outside the curve
representing CPS. However, the two curves lie very close to each other and thus they
are not discernible in the scale of the drawing given in Fig. 11. An enlarged drawing
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Fig. 11 Phase diagram for a conformationally symmetric AB-type diblock copolymer predicted
from the self-consistent mean-field theory, in which L denotes a lamellar phase, H denotes a
hexagonally packed cylindrical phase, Q,,3, denotes a bicontinuous Ia3d cubic, Q,,, denotes
bece spheres, CPS denotes close-packed spheres, and DIS denotes a disordered phase. Dashed lines
denotes extrapolated phase boundaries, and the dot denotes the mean-field critical point. (Reprinted
from Matsen and Bates [76]. Copyright (©) 1996, with permission from the American Chemical
Society)

of a small section of Fig. 11, showing the region between CPS and the disordered
phase, is given in Fig. 5 of the original paper [76]. We conducted our own numerical
simulations based on the SCMFT and confirmed the accuracy of the phase diagram
given in Fig. 11. Comparison of Fig. 11 with Fig. 7 reveals that the SCMFT predicts
the presence of an additional mesophase, gyroid, between the hexagonally packed
cylinders and lamellae over a very narrow range of f, while the Leibler theory does
not. Some research groups [6, 77, 78] confirmed experimentally the presence of a
gyroid microphase in some block copolymers. Although the bicontinuous gyroid
phase is unstable compared with hexagonally cylinders or lamellae at higher YN,
a modified version of SCMFT by Cochran et al. [79] shows that the bicontinuous
gyroid microphase is stable even at higher y N. However, they found that the bicon-
tinuous double diamond microphase structure is not stable for all y N.

3 Experimental Methods for Investigating Phase Behavior
and Phase Transitions in Microphase-Separated
Block Copolymers

3.1 Radiation Scattering Methods

One of the most powerful experimental methods to investigate the phase behavior,
microdomain structure, and the Topt of microphase-separated block copolymers is
radiation scattering, namely small-angle X-ray scattering (SAXS) and small-angle
neutron scattering (SANS). During the past three decades numerous research groups
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used SAXS and/or SANS to investigate the phase behavior and phase transitions in
block copolymers. There are too many papers to cite them all here. The readers
are referred to some seminal studies reported in the 1980s [38, 42, 80—89]. The
characteristic length (L) of the microdomains observed by SAXS and SANS is
given by A/(2sin @) in which A4 is the wavelength of the incident radiation and
0 is a half of the scattering angle in the medium. For SAXS, A is about 0.15nm,
and 20 becomes 0.17—2.7° for L being 5-50 nm. Although the microdomain struc-
tures of microphase-separated block copolymers are easily detected by transmission
electron microscopy (TEM), in most cases they can only be observed at room
temperature. Furthermore, selective staining of a specimen is required prior to
being able to observe the microdomains of a block copolymer using TEM. For
polystyrene-block-polydiene copolymers, polydiene blocks are readily stained by
osmium tetroxide (OsOy), while polystyrene blocks are stained effectively by ruthe-
nium tetroxide (RuOy). In using SAXS and/or SANS to investigate the phase
behavior and phase transitions in block copolymers, a contrast between two blocks
must exist. In SAXS the contrast comes from the difference in electron density of
each monomer (the same as a4 and ap in (32)), while in SANS the contrast comes
from the difference in neutron coherence length of each monomer [90].

The specific microdomain structure in a block copolymer is easily determined by
the ratios of the positions (g,,) of the scattering peaks to the maximum scattering
peak position (¢*), in which q is the scattering vector defined by ¢ = (47/1)sin 0, as
summarized in Table 3. Furthermore, from the SAXS measurements of the intensity
1(q), the interfacial thickness (A1) between two block chains can be calculated using

Table 3 Types of microdomains in block copolymers determined by SAXS (or SANS)

Relative peak
Domain size of block A positions of the
(L for the lamellae and the high ordered
radius (R) for cylindrical or  peaks

Type of microdomains spherical micrdomains)® (¢, q2, q3, 4, g5)
Lamellae L=fD 1,2,3,4,5
N\ 1/2
Hexagonally R=D (%) 1, \/g, \/Z, \ﬁ, V9
packed cylinders
173
Spheres Simple cubic R=D (%) 1, \/E7 ﬁ, \/Zl, V5
lattice
-\ 1/3
Body-centered- R=D (%) 1,V2,V3, V4,5
cubic
lattice

Face-centered- R=D ( 162\7/%”) 3 1, \/Wv vV (8/3),
cubic V(1/3), 1/(12/3)

lattice

Gyroids L, \/@ ) \/W g

(16/6), /(20/6)

2D =2x/q" and f is the volume fraction of block A
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Fig. 12 SAXS profiles for SI diblock copolymer/homopolymer polystyrene (hPS) mixtures hav-
ing different blend ratios (w/w). (a) Neat SI diblock copolymer and 80/20 SI/hPS mixture
having lamellar microdomains. (b) 65/35 SI/hPS and 50/50 SI/hPS mixtures having cylindri-
cal microdomains. (¢) 35/65 SI/hPS and 20/80 SI/hPS mixtures having spherical microdomains.
(Reprinted from Tanaka et al. [92]. Copyright (© 1991, with permission from the American Chem-
ical Society)

the relationship I (¢) ~ g2 [sin2 (qM1/2)/ (gM/ 2)2] at higher g regimes for lamellar

microdomains [91], in which it was assumed that the local volume fraction of block
A, @4 (r), could be expressed by a step function across A;. For very small values
of A1, the above expression reduces to I(g) ~ ¢~ [1 — (4?/12)¢*)]. Thus, the
negative slope of a plot of 7(g)¢*> vs ¢*> becomes 4;?/12, from which A; can be
determined.

Figure 12 gives SAXS profiles (I (g) vs g plots) at room temperature for mixtures
of SI diblock copolymer and homopolymer PS (hPS) [92]. The following observa-
tions are worth noting in Fig. 12. (1) When the weight fraction of hPS in the mixture
is below 0.35, higher order SAXS peaks were observed at relative peak positions of
1, 2, 3, and 4, indicating that the mixtures had formed lamellar microdomains (see
Table 3). (2) For values of the weight fraction of hPS between 0.35 and 0.5, the mix-
tures formed hexagonally packed cylindrical microdomains having the relative peak
positions: 1,\/5, \/Z, and \/7 . (3) At higher weight fractions of hPS, the mixture
formed spherical microdomains. According to Table 3, simple cubic lattice and bcc
lattice have the same relative peak positions: 1,v/2,v/3, and v/4. However, the ra-
dius (R) of the spherical microdomains for the simple cubic lattice structure and the
bec lattice structure is distinctly different from each other, as given in Table 3. Thus,
once the value of the volume fraction of block A is known, R can be calculated from
Table 3. On the other hand, R can also be obtained experimentally from the form
factor of spheres in SAXS profiles [90]. It should be pointed out that the spheri-
cal microdomain structure in neat block copolymers reported in the literature is bcc
lattice, and not simple cubic lattice. Thus, above we have demonstrated that SAXS
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Fig. 13 SAXS profiles of a
compositionally symmetric SI -
diblock copolymer

(M, = 8.5% 10 and

M,, /M, = 1.25) in the
disordered state obtained at
various temperatures (°C): (1)
45, (2) 60, (3) 80, (4) 100, (5)
110, (6) 120, and (7) 140.
(Reprinted from Mori et al.
[42]. Copyright (©1985, with
permission from the Society
of Polymer Science, Japan)
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(likewise SANS) is a very powerful tool to investigate the microdomain structures
of block copolymers either in the bulk state or in solution.

Figure 13 gives SAXS profiles of a low molecular weight compositionally sym-
metric SI diblock copolymer (M,, = 8.5 x 103 and M,,/M,, = 1.25) in the disordered
state obtained at various temperatures ranging from 45 to 140°C [42]. The readers
are reminded that, according to (32), the scattering intensity 7 (g) is proportional to
the correlation function S(g), commonly referred to as the structure factor. Thus,
from (32) and (42) we have

1(g") "' ~F(x") /N=2g (79)

in which F (x*) is defined by (43) with x* being given by (41). The solid lines in
Fig. 13 were obtained by curve fitting SAXS profiles to (79) using the adjustable
parameter y. It is seen in Fig. 13 that the Leibler theory describes the experimental
results very well. It should be mentioned that in the use of (32) and (34) or (42),
the absolute scattering intensity, and not the relative scattering intensity, should be
obtained from SAXS or SANS experiments. The measurement of the absolute scat-
tering intensity by SAXS is a rather time-consuming process compared with that for
SANS which gives directly the absolute scattering intensity.
When the following empirical relationship between ) and T':

x=a+b/T (80)
is substituted into (79), we obtain
I(¢")"' ~F(x*)/N—2a—2b/T (81)

where a and b are constants which are characteristic of the chemical structure of the
block copolymer. According to (81), plots of 1/1,, vs 1/T are expected to be linear
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Fig. 14 Plots of 1/L,, vs 1/T T (°C)

for a compositionally 130 110 90 70 50 30
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if the Leibler theory coupled with (80) is valid, in which, for simplicity, the notation
I, was used in place of I (g"). Indeed, this has turned out to be the case, as shown
in Fig. 14. According to Mori et al. [42], the deviation of the data point at 45°C,
appearing in Fig. 14, from linearity is attributable to the fact that this temperature
is very close to the glass transition temperature (Tg) of the polystyrene block of
the SI diblock copolymer. Once information on the values of ) at different temper-
atures is available, determined from curve fitting SAXS (or SANS) profiles to the
Leibler theory, one can prepare a plot of y vs 1/T to determine the coefficients, a
and b, appearing in (80). One such plot is given in Fig. 15 for the SI diblock copoly-
mer, the SAXS profiles of which are given in Fig. 13. The resulting expression for
the temperature dependence of x (T') is given by (28). In the past a number of re-
search groups [38, 42, 72, 80, 83, 84, 88, 89, 93-98] reported on a linear relationship
between 1/1,, vs 1/T from SAXS or SANS experiments and subsequently obtained
x (T) for various block copolymers.

Above we have illustrated how one can determine ) (T') for block copolymers
using the SAXS (or SANS) profiles obtained in the disordered state and how useful
the Leibler theory is. Below we will illustrate how one can determine the Topt of
microphase-separated block copolymers using SAXS or SANS.

Figure 16 gives SAXS profiles for three SI diblock copolymers, SI-Z (f = 0.303),
SI-X (f =0.461), and SI-L (f =0.811) [94]. The molecular characteristics of
the SI diblock copolymers are summarized in Table 4. The following observations
are worth noting in Fig. 16. (1) The SAXS profiles of SI-Z given in Fig. 16a in-
dicate that as the temperature is increased from 30 to 90°C the first-order peak
becomes very sharp, and at 90°C (profile 6) the higher order scattering maximum
appears at the scattering vectors g of 1, v/3, and /7 relative to the position of
the first-order scattering maximum, indicating that this block copolymer forms
hexagonally packed cylindrical microdomains of PS in the PI matrix. (2) The
SAXS profiles of SI-X given in Fig. 16b indicate that this block copolymer forms



112 J.K. Kim and C.D. Han

Fig. 15 Plots of y vs 1/T for T (°C)
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Fig. 16 SAXS profiles of three SI diblock copolymers having different block length ratios. (a)
SI-Z (M,, = 1.93 x 10*; wps = 0.336; fps = 0.30) at various temperatures (°C): (1) 30, (2) 50,
(3) 60, (4) 70, (5) 80, and (6) 90. (b) SI-X (M,, = 1.79 x 10*; wps = 0.50; fps = 0.46) at various
temperatures (°C): (1) 25, (2) 50, (3) 70, (4) 90, (5) 100, and (6) 110. (¢) SI-L (M,, = 4.10 x 10%;
wps = 0.833; fps = 0.81) at various temperatures (°C): (1) 26, (2) 50, (3) 70, (4) 90, (5) 110, and
(6) 130. (Reprinted from Ogawa et al. [94]. Copyright (©) 1996, with permission from the American
Chemical Society)

lamellar microdomains of alternating layers of PS and PI lamellae as judged from
the positions of higher order scattering maxima at the scattering vectors q of in-
teger multiples relative to the position of the first-order scattering maximum. (3)
The SAXS profiles of SI-L given in Fig. 16¢ indicate that this block copolymer
forms either spherical or hexagonally packed cylindrical microdomains of PI in the
PS matrix as judged from the positions of higher order scattering maxima at the
scattering vectors ¢ of 1 and /3 relative to the position of the first-order scatter-
ing peak maximum. Note in Table4 that SI-L has a 0.189 volume fraction of PL
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Table 4 Molecular characteristics of the SI diblock copolymers synthesized by Han et al. [67]

Sample Block molecular PS block

code weight (Mw) M, /M, (wt frac) 12 NP Ty ps®
SI-Z 6500PS-block—12800PI 1.09 0.336 0.30 235 63
SI-X 8950PS—block—8950PI 1.07 0.500 0.46 213 66
SI-L 34200PS-block—6800P1 1.05 0.833 0.81 462 94

2 f is the volume fraction of PS block in the SI diblock copolymer at 25°C

bN is the total number of statistical segments at 25°C, defined by N = (MW.PSVPS + My prvp,] /Vrets
where My ps and My py are the molecular weights of the PS and PI blocks, respectively, in the SI
diblock copolymer, vps and vpy are the specific volumes of PS and PI, respectively, and Vs is the
molar volume of a reference component

¢ After the specimens were aged for 8 months

An independent study with TEM has indicated that SI-L has hexagonally packed
cylindrical microdomains [67]. A broad scattering peak at ¢ = 0.77nm~! appearing
in Fig. 16¢ is attributable to the form factor of isolated particles. Again, we have
demonstrated that SAXS is very powerful to identify the microdomain structures of
the three SI diblock copolymers.

SAXS and SANS have been used to determine the Topt of microphase-separated
block copolymers, by identifying the temperature at which the linearity of a plot of
1/, vs 1/T begins to show a discontinuity as the measurement temperature is in-
creased from an ordered state or decreased from the disordered state [29, 84, 94, 96,
99—101]. Also, Stiihn et al. [102] and Ehlich et al. [103] first introduced the concept
of using the square of half width at the half maximum (0,?) of the first-order scatter-
ing maximum in SAXS experiments to determine the 7opt of microphase-separated
block copolymers. Later, Hashimoto and coworkers [94, 96, 99-101] used plots of
qu vs 1/T to determine the Topr of a microphase-separated block copolymer by
identifying a temperature at which values of qu begin to show discontinuity. Such
plots have a theoretical basis in the mean-field theory [94].

Figure 17 gives plots of 1/1, vs 1/T and plots of 0,? vs 1/T for the three SI
diblock copolymers, the SAXS profiles of which are given in Fig. 16. The follow-
ing observations are worth noting in Fig. 17. (1) It is seen from Fig. 17a that plots
of 1/I,, vs 1/T and plots of 6,2 vs 1/T show a sharp discontinuity over a narrow
range of temperatures between 89 and 91°C, indicating that the Topr of SI-Z is
90 1°C. (2) It is seen from Fig. 17b that plots of 1/I,, vs 1/T and plots of 6, vs
1/T show a sharp discontinuity at temperatures between 111 and 112°C, indicat-
ing that the Topt of SI-X is 111 +0.5°C. (3) Interestingly, however, in Fig. 17¢ no
clear discontinuity is seen in the plots of qu vs 1/T for SI-L. As will be discussed
later, a similar observation has been made from an independent rheological investi-
gation [67]. Based on the qu vs 1/T plot given in Fig. 17¢, we can only conclude
that the Topt of SI-L lies between 130 and 150°C. Such a very broad range for
the phase transition temperature has seldom been observed in microphase-separated
block copolymer. Later we will return to this issue when we discuss the Topt of
SI-L determined from a rheological method.
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Fig. 17 Plots of 1/I, vs 1/T and ¢,% vs 1/T for three SI diblock copolymers having different
block length ratios. (a) SI-Z (M,, = 1.93 x 10*; wps = 0.336; fps = 0.30). (b) SI-X (M,, = 1.79 x
10*; wps = 0.50; fps = 0.46). (¢) SI-L (M,, = 4.10 x 10*; wps = 0.833; fps = 0.81). (Reprinted
from Ogawa et al. [94]. Copyright (© 1996, with permission from the American Chemical Society)

3.2 Rheological Methods

Here we review different rheological methods for determining the Zopr of
microphase-separated block copolymers. For such purposes, we consider the lin-
ear dynamic viscoelasticity of the two SI diblock copolymers, SI-X and SI-L, the
SAXS profiles of which were presented in Fig. 16. In Fig. 18, the left-side panel
gives logarithmic plots of dynamic storage modulus (G’) vs angular frequency (®)
and logarithmic plots of dynamic loss modulus (G”) vs @ at various temperatures
for lamella-forming SI-X, and the right-side panel of Fig. 18 gives logarithmic plots
of G’ vs G" at various temperatures for the same block copolymer. In reference to
Fig. 18, some of the symbols are not so clearly distinguishable, because the size
of the original drawing was reduced very much. To see Fig. 18 in more detail the
readers are referred to the original paper [67].
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Fig. 18 Plots of (a) log G’ vs log m, (b) log G” vs log @, and (¢) plots of log G’ vs log G” for
SI-X (M,, = 1.79 x 10*; wpg = 0.50; frs = 0.464) at various temperatures (°C): (()100, (A)105,
(110, (V)115, (O)117, (@)120, and (A)125. (Reprinted from Han et al. [67]. Copyright (© 1995,
with permission from the American Chemical Society)

In the past, time-temperature superposition (TTS) has successfully been applied
to linear dynamic viscoelastic properties of homopolymers to obtain temperature-
independent reduced plots, sometimes referred to as master plots. In applying TTS,
log G’ vs log @ (or log G” vs log @) plots are often shifted along the w-axis to
a plot at an arbitrarily chosen reference temperature with an expectation that the
plots at various temperatures would overlap with the plot at a reference temperature,
yielding a single temperature-independent master plot. The degree of shift made
along the w-axis would produce, if successful, a temperature-dependent shift factor
ar (T) from which one will be able to prepare master plots, log G’ vs log ar®
plots and log G” vs log ar® plots. However, the expectation for obtaining master
plots can be realized only when log G’ vs log @ plots (or log G” vs log @ plots) at
various temperatures have the same or nearly the same shape along the w-axis.

Upon visual inspection of the log G’ vs log @ and log G” vs log w plots given on
the left-side panel of Fig. 18, it is very obvious that master plots will not be obtained
and hence application of TTS would fail. There is a more compelling, fundamental
reason why TTS would fail for microphase-separated block copolymers which con-
sist of two chemically dissimilar, thermodynamically incompatible blocks. For the
details of this subject, the readers are referred to the recent monograph by Han [31].

In the past three decades numerous research groups [72, 104—122] have er-
roneously applied TTS to microphase-separated block copolymers in attempts to
determine Topr by constructing master plots, log G’ vs log ar® plots, from the
values of ar obtained by shifting log G’ vs log @ plots along the w-axis or by cal-
culating at using the Williams—Landel-Ferry (WLF) equation [123]. On the basis
of the comments made above, such an approach is not warranted.
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An alternative approach to determine the 7ppr of microphase-separated
block copolymers using the experimental data obtained from linear dynamic
viscoelasticity measurements has been used very successfully by preparing log G/
vs log G” plots as given, for instance, on the right-side panel of Fig. 18. Such plots
can be prepared directly from log G’ vs log @ and log G” vs log @ plots without
having to manipulate raw experimental data. According to the rheological criterion
introduced by Han and coworkers [39, 41, 124], the Topr of a microphase-separated
block copolymer can be determined by identifying the lowest temperature, during
heating, at which log G’ vs log G” plot begins to be independent of temperature.
The theoretical basis of this rheological criterion is well documented, the details
of which can be found in the recent monograph by Han [31]. Hence, by applying
the rheological criterion described above to the right-side panel of Fig. 18 we de-
termine the Topr of SI-X to be about 120°C, which is reasonably close, within
experimental uncertainties, to the value of Topt determined from SAXS experiment
(see Fig. 17b).

The left-side panel of Fig. 19 gives log G’ vs log @ and log G” vs log @ plots
at various temperatures, and the right-side panel of Fig. 19 gives log G’ vs log G”
plots at various temperatures for cylinder-forming SI-L, in which PI cylinders are in
the PS matrix. In reference to Fig. 19, some of the symbols are not so clearly dis-
tinguishable, because the size of the original drawing was reduced so much. To see
Fig. 19 in more detail the readers are referred to the original paper [67]. It is clear
from the left-side panel of Fig. 19 that TTS would fail. By applying the rheological
criterion described above to the log G’ vs log G” plots given on the right-side panel
of Fig. 19, we determined the Topt of SI-L to be about 170°C, which is 20-40°C
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Fig. 19 Plots of (a) log G’ vs log @, (b) log G” vs log @, and (c¢) plots of log G’ vs log G” for
SI-L (M,, = 4.10 x 10*; wps = 0.833; fps = 0.81) at various temperatures (°C): (())140, (A)150,
(160, (V)165, (®)170, (A)175, and (W)180. (Reprinted from Han et al. [67]. Copyright (©) 1995,
with permission from the American Chemical Society)
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higher than the value of Topt determined from SAXS experiment (see Fig. 17c). In
the absence of a sharp discontinuity in the plot of O'q2 vs 1/T given in Fig. 17c¢, it
is fair to state that the value of Topr determined from the log G’ vs log G” plots
given on the right-side panel of Fig. 19 is more reliable than that determined from
Fig. 17¢c. However, it is worth pointing out a very unusual feature of the log G’ vs
log G” plots for SI-L given on the right-side panel of Fig. 19 in that the log G’ vs
log G plots at all measurement temperatures employed are parallel to each other
until reaching 170°C, at which point they begin to overlap with each other as the
temperature is increased further to 175 and 180°C. Such a parallel shift of log G/
vs log G” plots with increasing temperature until reaching a certain critical tem-
perature was not seen from Fig. 18c for SI-X. The only difference between SI-L
and SI-X from a morphological point of view is that SI-L is a highly asymmet-
ric SI diblock copolymer having a 0.189 volume fraction of PI block, in which PI
cylindrical microdomains are in the PS matrix, whereas SI-X is a nearly symmet-
ric SI diblock copolymer having microdomains of alternating layers of PS and PI
lamellae. We hasten to point out that a parallel shift of log G’ vs log G” plots with
increasing temperature until reaching a certain critical temperature has also been
observed in highly asymmetric SI diblock and SIS triblock copolymers in which PS
spherical microdomains are in the PI matrix [62, 125-127] and in a highly asym-
metric polystyrene-block-poly(ethylene-co-1-butene)-block-polystyrene copolymer
in which PS spherical microdomains are in the poly(ethylene-co-1-butene) matrix
[128]. The origin of such experimental observations will be elaborated on later in
this chapter.

Another rheological method for determining the Topt of a microphase-separated
block copolymer is to conduct isochronal dynamic temperature sweep experiments.
Figure 20 gives the temperature dependence of G’ for (a) SI-X and (b) SI-L which
was obtained from isochronal dynamic temperature sweep experiments. According
to the rheological criterion advocated by Gouinlock and Porter [113], the Topt of a
microphase-separated block copolymer may be determined by identifying the tem-
perature at which values of G’ begin to drop precipitously.

Using this rheological criterion, from Fig.20a we determine the Topt of SI-X
to be 1154+ 3°C which is reasonably close, within experimental uncertainties, to
that (120°C) determined from log G’ vs log G” plots (see Fig. 18c). However, from
Fig. 20b we cannot find a temperature at which values of G’ begin to drop precipi-
tously for SI-L, although we observe an initial change in slope of the plot of log G/
vs T at about 150°C and a second change in slope at about 170°C, which is very
close to the Topr of SI-L determined from log G’ vs log G” plots (see Fig. 19b).
Thus we conclude that the isochronal dynamic temperature sweep experiment is not
as effective as the method of using log G’ vs log G plot to determine the Topr of
a highly asymmetric SI diblock copolymer having cylinder- (or sphere-) forming PI
microdomains in the PS matrix.

Table 5 compares experimentally determined Toprs of three SI diblock copoly-
mers, SI-Z, SI-X, and SI-L, with predictions from the H-W theory and Leibler
theory, respectively, which were presented in a previous section. It is seen in Table 5
that the predicted Topts from the Leibler theory are much higher than those from
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Fig. 20 Variation of G’ with temperature obtained at @ = 0.5(0) and ® = 0.10 rad s~!(A) for:
(@) SI-X (M,, = 1.79 x 10*; wps = 0.50; fps = 0.46), from which the Topr of this block copolymer
is determined to be about 115°C; (b) SI-L (M,, = 4.10 x 10*; wps = 0.833; fps = 0.81), in which
no sudden drop in G’ is discernible and thus it is not possible to determine the Topr of this block
copolymer from this plot. (Reprinted from Han et al. [67]. Copyright (© 1995, with permission
from the American Chemical Society)

Table 5 Comparison of measured Topt With prediction for the SI diblock copolymers synthesized
by Han et al. [67]

Sample Measured Equations Predicted
code Topr (°C) employed Topr (°C)
H-W theory Leibler theory

SI-Z 90 (26) 113 182

(28) 87 150
SI-X 120 (26) 142 216

(28) 113 181
SI-L 170 (26) 161 195

(28) 131 161

the H-W theory, as compared with the experimentally measured Toprs. We wish to
point out that the prediction of the Topt of SI-L using the mean-field theories may
not be warranted for the reason mentioned above when log G’ vs log G” plots were
presented in Fig. 19¢. Namely, SI-L exhibits a parallel shift in log G’ vs log G” plot
in the ordered state until reaching a certain critical temperature. This rheological
behavior has only been observed for highly asymmetric block copolymers. Below
we will discuss the physical origin(s) of the parallel shift in log G’ vs log G” plots
with temperature for highly asymmetric block copolymers.
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Table 6 Summary of computed (yN), and coefficients associated with (47) for the SI
diblock copolymers synthesized by Han et al. [67]

Sample

code c T* d A N (xN), (xN), Topr(°C)
SI-Z 1.205 —1.695 1.927 2343 854 14.6 22.3 11
SI-X 1.106 —2.031 1.812 110.5 742 10.6 15.3 68
SI-L 1.409 —1.636 2.163 629.0 1505 26.3 434 9

Table 6 summarizes numerical values for the parameters ¢, 7%, A, and N appear-
ing in (47) for three SI diblock copolymers SI-Z, SI-X, and SI-L. It is seen in Table 6
that the calculated values of (}N), are much higher than those of (yN),, which is
the prediction from the Leibler theory. This observation clearly indicates that the
fluctuation correction of the Leibler theory by the F-H fluctuation theory would un-
derpredict the Topr of the three SI diblock copolymers, because the larger the value
of (xN), the smaller the value of predicted Topr. This indeed turns to be the case
as it is shown in Table 6 that the calculated Toprs from (yN), are 11°C for SI-Z,
68°C for SI-X, and 9°C for SI-L. These values are much lower than the experi-
mentally measured Topts of the three SI diblock copolymers, given in Table 5. The
above observation is not surprising in that the values of N for the three SI diblock
copolymers given in Table 6 are an order of magnitude smaller than the values of
N (>10%) at which use of the F-H fluctuation theory is warranted, as discussed in a
previous section.

3.3 Birefringence Method

Besides SAXS (or SANS) and rheological methods, the Topt of a block copolymer
can also be determined from plots of temporal change in birefringence. A distinct
birefringence is observed in the ordered state, due to optical anisotropy within the
ordered microdomains. On the other hand, the disordered state does not exhibit any
birefringence due to its isotropic nature. Thus, with increasing temperature, the bire-
fringence (or depolarizing light scattering intensity) drops precipitously at the 7opr
of a block copolymer. This method is relatively simple compared with scattering or
rheological methods, and the required sample size is relatively small.

Due to the anisotropic nature of birefringence, the microdomain structure should
be lamellar or cylindrical to determine the Topt by this method. Therefore, for block
copolymers having spherical microdomains or double gyroids in the ordered state,
no birefringence is expected. Figure 21 shows the changes in birefringence (B..) and
G’ (at @ = 10 rad s~!) with temperature for a 50.8/49.2 (w/w) SI/bis(2-ethylhexyl)
phthalate solution [129]. It is seen from Fig. 21 that a distinct birefringence is ob-
served at lower temperatures, which drops precipitously at 77 4= 2°C, the Topt of
this polymer solution. The Topt measured by birefringence was found to be consis-
tent with that determined by the isochronal dynamic temperature sweep experiment
of G/, as also shown in Fig. 21.
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Fig. 21 Variation of birefringence (B..) (@) and G’ (A) at ® = 10 rad s~! with temperature
for a 50.8/49.2 (w/w) SI diblock copolymer/bis(2-ethylhexyl)phthalate solution. (Reprinted from
Balsara et al. [129]. Copyright (© 1992, with permission from the American Chemical Society)

It should be pointed out that there is no way of knowing whether the Topt or
Toot measured by the above-mentioned methods (radiation scattering, rtheology, or
birefringence) is a first-order or second-order thermodynamic transition, since none
of the measured properties is a thermodynamic parameter. Thus, when first-order
thermodynamic properties such as volume and entropy of a block copolymer are
measured, one can easily determine whether Topt and Tpor are first-order transi-
tions. When either an exothermic or endothermic peak is observed in a differential
scanning calorimetry thermogram at a certain critical temperature, except at a peak
corresponding to an enthalpy relaxation near the Ty, such a transition is considered
to be a first-order transition. Also, when volume is measured via dilatometry and a
discontinuity in volume changes is observed at a certain critical temperature, that
temperature can be regarded as signifying the onset of a first-order transition. Some
research groups [57, 130—132] observed an endothermic peak occurring at 7Topt for
lamella-forming SI diblock copolymers, although the size of the peak was small.
Kim et al. [57] observed that the Toor between hexagonally-packed cylinders and
bec lattice in an SIS triblock copolymer having a 0.183 weight fraction of PS block
was a first-order transition. Kasten and Stiihn [130] observed a discontinuity in vol-
ume changes occurring at Topt for a lamella-forming SI diblock copolymer, while
Ryu et al. [133] observed a similar behavior for a lamella-forming PS-block-poly
(n-pentyl methacrylate) copolymer.

4 Some Unresolved Issues on Phase Behavior and Phase
Transitions in Microphase-Separated Block Copolymers

There are several unresolved issues in having a better understanding of phase behav-
ior and phase transitions in block copolymers. Owing to the space limitation here,



Microphase-Separated Block Copolymers 121

below we will address only two issues along the lines of the material presented
above.

4.1 Finite Molecular Weight Effect

All of the mean-field theories summarized in the previous sections do not consider
the effect of compositional fluctuations on microphase-separation transitions in
block copolymers. In principle, the compositional fluctuation effect becomes negli-
gible for block copolymers having infinitely high molecular weight. The F-H theory
includes the compositional fluctuation effect on the ODT of an AB-type diblock
copolymers with finite molecular weights. However, as pointed out in a previous
section, the F-H theory cannot predict the Topt of AB-type diblock copolymers
having spherical microdomains unless their molecular weights are very high (i.e.,
for N > 4 x 10%), while the molecular weights of many diblock block copolymers
commonly used in experiments are on the order of up to about N = 10°. This is
because one cannot achieve the disordered state in a block copolymer without en-
countering thermal degradation when its molecular weight is exceedingly high (say,
values of N as high as 10%). Therefore, we have a very compelling need for the devel-
opment of a better theory that can adequately describe the phase behavior and phase
transitions in microphase-separated block copolymers having the lower molecular
weights commonly encountered in experiment.

Above we have shown that the currently held mean-field theories of block
copolymers require information on the segment-segment interaction parameter ) (or
o), which in principle would depend not only on temperature but also on the molec-
ular weight and block length ratio (composition) of a block copolymer. But thus far,
we have only discussed the temperature-dependent expressions for y (or ) (see,
for example, (26) and (28)). The fundamental question that remains to be resolved
is the effect of molecular weight, in particular, on ) (or ), as we have already
demonstrated that the molecular weight of a block copolymer greatly influences its
Topr- Therefore, it is of fundamental importance to understand the accuracy of the
predicted Topt of a block copolymer, based on an expression for y (or ¢) which
has included the effect of molecular weight.

Extending the lattice cluster theory [134, 135] Freed and Dudowicz [136] and
Dudowicz and Freed [137] obtained the following expression for J:

x=(a+b/N)+(c+d/N)/T (82)

in which N denotes the degree of polymerization, and a, b, ¢, and d are constants
characteristic of the polymer. Note that (82) reduces to (80) for very large values
of N (see (26) and (28)). However, it is very difficult to obtain experimentally the
molecular weight dependent ), and thus values of b and d appearing in (82), for
the practical reason that a block copolymer having high molecular weight usually
undergoes thermal degradation before reaching its disordered state (since the Topr
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of a block copolymer increases with molecular weight). Therefore, in practice one is
forced to use expressions for y, which were determined for block copolymers hav-
ing relatively low molecular weights, to predict the phase behavior and the Topt of
block copolymers having molecular weights much higher than those employed for
obtaining the expression for y (or &r). Owing to the practical difficulty in obtaining
x values for reasonably high molecular weight block copolymers, as often encoun-
tered in research, it is highly desirable to develop a molecular approach which will
enable one to estimate values of the constants b and d appearing in (82).

There are two ways of determining experimentally expressions for the segment-
segment interaction parameter  (T') (or ¢ (T')): one method is to obtain a structure
factor for AB-type diblock copolymers using the Leibler theory [13] and another
method is to construct equilibrium phase diagrams for binary pairs of homopoly-
mers A and B using the Flory—Huggins theory. A fundamental question to ask is
whether it is possible to obtain a common ¥ (7') (or ¢t (7T')) from the two different
experimental methods. Earlier, Maurer et al. [ 138] posed the same question and con-
ducted SANS experiments using mixtures of polyethylene (PE) and poly(ethylene
propylene) (PEP) of equal molecular weight, and PE-block-PEP copolymers. They
concluded that a common ) (T) (or o (T)) could not be determined from their
experiments and suggested that a more sophisticated block copolymer theory be de-
veloped that can take into account chain polarization and stretching in the vicinity
of the Topt of a block copolymer.

Interestingly, the H-W theory predicts y N of about 17 for AB-type lamella-
forming (f = 0.5) diblock copolymers (see Fig. 8), which is close to the experimen-
tally determined value. It has been our experience over the years that the predicted
Topt of AB-type diblock copolymers from the H-W theory are often closer to the
experimentally determined values [39, 41, 67, 98] than the values predicted from
the Leibler theory or SCMFT. It should be remembered that all three theories do
not include the effect of composition fluctuations. On the other hand, as pointed out
above, at present the use of the Leibler theory with the fluctuation correction due to
Fredrickson and Helfand [33] is not warranted for relatively low molecular weight
(say N < 2000) diblock copolymers, as is often used in experimental investigations.

Therefore we suggest that a new theory for block copolymers, which takes into
account the fluctuation effect, be developed such that it can help accurately predict
the phase behavior and the Topt of relatively low molecular weight, microphase-
separated block copolymers having values of N in the range from 500 to 2000, as
are often encountered in many experimental investigations. Such theoretical capabil-
ity will greatly help synthetic polymer chemists who wish to design and synthesize
block copolymers having a specific microdomain structure and Topt. We are of the
opinion that future theoretical development for predicting the phase behavior and
phase transitions in microphase-separated block copolymers should go far beyond
the traditional concept of mean-field theory. Namely, although one may argue that
the average force in a given block copolymer chain may be assumed not to change
much from one position to another, the interaction (or repulsion) between the two
blocks of a given diblock copolymer chain might be position-dependent. Due to the
presence of connectivity (i.e., junction point) of a block copolymer chain, the force
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near the junction point of a block copolymer chain can be quite different from the
average over the whole space. In other words, one may have to depart from the con-
cept of traditional mean-field theory in the development of a new block copolymer
theory.

4.2 Phase Transitions in Highly Asymmetric Block Copolymers

It is well established today that during heating, lamella-forming symmetric block
copolymers lose long-range order at a critical temperature Topt and transform into
the disordered phase with thermally-induced composition fluctuations. However,
the readers are reminded of the different temperature dependencies of log G’ vs
log G’ plots between SI-X and SI-L, shown in Fig. 18c and Fig. 19¢c, as each of
the two block copolymers was heated from a low temperature in an ordered state.
It is very clear from Figs. 18c and 19c that the temperature dependence of log G’/
vs log G” plots of the highly asymmetric SI-L is conspicuously different from that
of the symmetric SI-X, suggesting that the mechanism associated with the phase
transition in a highly asymmetric block copolymer might be quite different from
that in a symmetric (or nearly symmetric) block copolymer. The central question one
must answer is whether a highly asymmetric block copolymer undergoes the same
phase transition as a symmetric (or nearly symmetric) block copolymer. This is,
among others, one of the as yet unresolved issues in block copolymer research. Since
we consider that this issue is important enough to warrant serious investigations in
the future, below we will elaborate on this issue in order to set the stage for future
investigation.

To facilitate our discussion, in Fig.22 we have plots of log G’ vs log G” plots
for a highly asymmetric solvent-cast SIS triblock copolymer (SIS-110) having a
0.16 weight fraction of PS block and M, = 1.06 x 10° at various temperatures,
during heating, ranging from 140 to 214°C [126]. It is seen in Fig.22 that the
log G' vs log G” plot begins to exhibit a parallel shift at 164°C, which contin-
ues until reaching about 200°C, above which they virtually overlap each other.
Parallel shift in log G’ vs log G” plots has also been observed in a highly asym-
metric commercial SIS triblock copolymer (Vector 4111, Dexco Polymers Co.)
[62], in a highly asymmetric SI diblock copolymer [127], and in a highly asym-
metric polystyrene-block-poly(ethylene-co-1-butene)-block-polystyrene (SEBS di-
block) copolymer [128]. Since the data points at temperatures above 180°C given in
Fig. 22 are very crowded on the plot, an enlarged section of the log G’ vs log G” plots
given in Fig. 22 for the values of G’ ranging from 10? to 10° Pa and G” ranging from
6 x 10% to 3 x 10° Pa is shown in Fig. 23, in which the dynamic frequency sweep data
were taken a temperature interval of 2°C from 200 to 214°C. The following observa-
tions are worth noting in Figs. 22 and 23. SIS-110 loses long-range order at a critical
temperature corresponding to the lattice disorder—order transition (LDOT) tem-
perature (7L por) at approximately 166°C and transforms into disordered micelles
with short-range order exhibiting liquidlike behavior in the terminal region. Upon
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Fig. 22 Log G’ vs log G” plots for a highly asymmetric solvent-cast SIS triblock copolymer
(SIS-110) (M,, = 1.06 x 10°; wps = 0.16; fps = 0.16) during heating at various temperatures
(°O): (O)140, (A)151, (O)155, (V)160, ($)162, (0)164, (@)166, (A)168, (H)170, (V)172, (¢)174,
(9)180, (©)190, (£)200, M@)202, (V)204, (®)206, (3)208, (A)210, (W)212, and (V)214. Prior to
the rheological measurements, the specimen was annealed at 110°C for 3 days. The inset describes
the temperature dependence of G’ obtained from the isochronal dynamic temperature sweep exper-
iment at @ = 0.01 rad s—! during heating. (Reprinted from Choi et al. [126]. Copyright © 2003,
with permission from the American Chemical Society)

further heating, the log G’ vs log G” plot having a slope of 2 in the terminal region
becomes virtually independent of temperature and the disordered micelles trans-
form into the micelle-free disordered phase with thermally-induced composition
fluctuations at another critical temperature corresponding to the demicellization—
micellization transition (DMT) temperature (Tpyt) at approximately 208°C. That
is, SIS-110 attains a micelle-free disordered phase with thermally-induced fluctua-
tions at 7 > 208°C. According to Sakamoto et al. [62] and Han et al. [127], LDOT
in a highly asymmetric block copolymer is a first-order transition like ODT in a
lamella-forming block copolymer, but the distinction between LDOT and ODT is
necessary because LDOT is followed by another phase transition, DMT, at a higher
temperature at which point the disordered micelles disappear completely.

Also, given in the inset of Fig.22 are plots of isochronal dynamic temperature
sweep experiments for SIS-110. It is seen in the inset of Fig. 22 that values of G’
go through a minimum at about 120°C, which corresponds to Toor from hexago-
nally packed cylindrical microdomains to spherical mircodomains in a bcc lattice,
followed by a very slight maximum, and then start to decrease precipitously at
about 165°C, which corresponds to T; por It should be pointed out that the Tppt
of SIS-110 cannot be determined from the isochronal dynamic temperature sweep
experiments.
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Fig. 23 Enlarged section of log G’ vs log G” plots for the highly asymmetric SIS-110 given in
Fig. 22, for the values of G’ ranging from 107 to 103 Pa and G” ranging from 6 x 10? to 3 x 103 Pa
at various temperatures (°C): (0)164, (@)166, (A)168, (H)170, (¥)172, (4)174, (¢)180, (©)190,
(0)200, (0)202, (V)204, (®)206, (3)208, (A)210, ()212, and (V)214. Prior to the rheological
measurements, the specimen was annealed at 110°C for 3 days. (Reprinted from Choi et al. [126].
Copyright (©) 2003, with permission from the American Chemical Society)

Interestingly, Rosedale and Bates [118] also observed a parallel shift in the
log G’ vs log G” plots of a nearly symmetric poly(ethylene propylene) (PEP)-
block-poly(ethylethylene) (PEE) copolymer. They attributed this observation to the
thermally-induced composition fluctuations near the Topt. However, to date no in-
vestigation has ever reported a parallel shift in log G’ vs log G” plots for nearly
symmetric SI diblock copolymers [67, 127] (see Fig. 18c, for example) and SIS tri-
block copolymers [126]. If indeed the assertion made by Rosedale and Bates [118]
was valid, one is led to conclude that symmetric (or nearly symmetric) SI diblock
and SIS triblock copolymers would not be susceptible to the thermally-induced
composition fluctuations near the Toprt. On the other hand, there is no reason why
one should observe the thermally-induced composition fluctuations near the Topr
for only nearly symmetric PEP-block-PEE copolymer but not for nearly symmetric
SI diblock and SIS triblock copolymers if a parallel shift in log G’ vs log G” plots
for lamella-forming block copolymers was a common attribute for all symmetric (or
nearly symmetric) block copolymers. Thus, we are of the opinion that the assertion
made by Rosedale and Bates on the origin of a parallel shift observed in the log G’
vs log G” plots with increasing temperature of a nearly symmetric PEP-block-PEE
copolymer is not warranted [31].

The existence of the disordered micelles in SIS-110 are easily detected by SAXS
measurements, as shown in Fig. 24 [126]. The following observations are worth not-
ing in Fig.24. SIS-110 has hexagonally packed cylindrical microdomains at lower
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Fig. 24 SAXS profiles for the highly asymmetric SIS-110 during the heating process at various
temperatures as indicated on the plot. Prior to the SAXS experiment, the specimen was annealed
at 110°C for 3 days. (Reprinted from Choi et al. [126]. Copyright (©) 2003, with permission from
the American Chemical Society)

temperature, and spherical microdomains in a bce lattice of PS are formed between
120 and 130°C. The spherical microdomains in a bec lattice with characteristic peak
positions of 1, \/E, \/37, relative to the first order peak (see Table 3), are observed
until reaching about 155°C. However, at 164°C, these peaks are not distinct and be-
come very broadly shouldered. Interestingly, this shoulder disappears at T > 205°C.
Thus, Choi et al. concluded from the SAXS profiles that 7 por lies between 155 and
164°C, and Tpym lies between 200 and 205°C, the observation of which is consis-
tent with that made above from the rheological experiments as shown in Figs. 22 and
23. Sakamoto and Hashimoto [101] also observed, via SAXS, the presence of disor-
dered micelles in a highly asymmetric commercial SIS triblock copolymer (Vector
4111, Dexco Polymers Co.).

The existence of disordered micelles in SIS-110 at temperatures between 7y por
(ca. 165°C) and Tpmt (ca. 205°C) can directly be observed from the TEM images
given in Fig.25. According to Choi et al. [126], the specimens used for the TEM
images were solvent cast followed by annealing in a vacuum oven at 110°C for 3
days to completely remove the solvent. The TEM images given in Fig. 25 had the
following thermal histories: the image (a) was obtained after further annealing at
110°C for 1 h followed by rapid quenching in ice water, the image (b) was obtained
after further annealing at 140°C for 1h followed by rapid quenching in ice water,
and the image (c) was obtained after further annealing at 175°C for 1h followed
by rapid quenching in ice water. The following observations are worth noting in
Fig.25. SIS-110 has hexagonally packed cylindrical microdomains of PS at 110°C.
As the temperature is increased to 140°C, SIS-110 has spherical microdomains in
a bec lattice of PS. As the temperature is increased further to 175°C, the spherical
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Fig. 25 TEM images of the highly asymmetric SIS-110, which had been annealed at 110°C for
3 days and then annealed further at: (a) 110°C for 1h followed by a rapid quench in ice water;
(b) 140°C for 1 h followed by a rapid quench in ice water; (¢) 175°C for 1 h followed by a rapid
quench in ice water. (Reprinted from Choi et al. [126]. Copyright (©) 2003, with permission from
the American Chemical Society)

microdomains of SIS-110 have lost long-range order, giving rise to disordered mi-
celles. Note in Fig.25c that the disordered micelles at 175°C have a very distinct
inferface, which is in the region where log G’ vs log G” plots have a parallel fea-
ture (see Figs.22 and23) exhibiting liquidlike behavior. Note that 175°C is about
10°C higher than the temperature at which values of G’ begin to drop precipi-
tously in the isochronal dynamic temperature sweep experiments (see the inset of
Fig.22). Since the disordered micelles at 175°C, shown in Fig.25c, have a very
sharp interface which cannot be regarded as being part of frozen composition fluctu-
ations [139], the T; pot of SIS-110 must be distinguished from the Topt commonly
observed in symmetric (or nearly symmetric) block copolymers. It should be men-
tioned that disordered micelles have also been observed in highly asymmetric SI
diblock copolymer [127], commercial SIS triblock copolymer (Vector 4111, Dexco
Polymers Co.) [62, 101], SEBS triblock copolymer [128], and polystyrene-block-
poly(2-vinyl pyridine) (PS-block-P2VP) copolymer [ 140]. More recently, Abuzaina
etal. [141] reported that, with increasing temperature, hexagonally packed cylindri-
cal microdomains in an SI diblock copolymer having a 0.18 volume fraction of PS
were first transformed into the disordered micelles before reaching the micelle-free
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disordered state. However, with a higher volume fraction of PS of 0.23, hexagonally
packed cylindrical microdomains were directly transformed into the micelle-free
disordered state.

We are of the opinion that a parallel shift observed in the log G’ vs log G” plots
of highly asymmetric block copolymers at temperatures between 7; port and Tpmr is
closely related to the presence of disordered micelles having a very sharp interface
in the same temperature range. That is, the liquidlike rheological behavior observed
at TLpor < T < Tpmr in the terminal region of the log G’ vs log G” plots, shown in
Figs.22 and 23, has originated from the presence of disordered micelles in the same
temperature range. Thus, the disordered micelles observed, via SAXS (see Fig.24)
and TEM (see Fig. 25), at Ty por < T < Tpmt should not be regarded as being part of
the disordered phase associated with thermally-induced concentration fluctuations,
commonly observed in symmetric (or nearly symmetric) block copolymers near the
Toprt. If disordered micelles were part of the disordered phase like homogeneous
polymers, one would not expect to observe any shift in log G’ vs log G” plots with
increasing temperature at 7y potr < T < Tpmt. There is ample, unambiguous exper-
imental evidence showing that log G’ vs log G” plots for homogenous polymers are
independent of temperature [123, 143], which is supported by theoretical consider-
ation [143, 144]. Further, if a shift in log G’ vs log G” plots observed in Figs. 22 and
23 were caused by the thermally-induced composition fluctuations near the Topr,
such a regularly spaced shift in log G’ vs log G” plots with increasing temperature
at T por < T < Tpmr (see Fig. 23) would not be observed.

The differences in phase transition mechanism between symmetric (or nearly
symmetric) block copolymers and highly asymmetric block copolymers are sum-
marized schematically in Fig. 26 [101, 127], in which LDOT in highly asymmetric
block copolymers is distinguished from ODT in symmetric (or nearly symmetric)
block copolymers. According to the experimental studies of Sakamoto et al. [62],
Choi et al. [126], and Han et al. [127], who recognized that LDOT is a first order
transition, Tpmr is as much as approximately 40°C higher than 7; por. By the def-
inition of ODT, there should not be another phase transition, DMT, above ODT. If
LDOT in a highly asymmetric block copolymer is called ODT, then we are faced
with a dilemma in that ODT is followed by another phase transition, DMT, at a
higher temperature (Tpmr), at which point disordered micelles disappear, transform-
ing into the micelle-free disordered phase with thermally-induced fluctuations.

There are some investigators who regard disordered micelles as being part of the
disordered phase. Using a mean-field approach, Dormindontova and Lodge [145]
predicted the existence of disordered micelles in a highly asymmetric block copoly-
mer at temperatures above Tppt (using their terminology), which corresponds to
Tipor defined above [62, 127]. Interestingly, Dormindontova and Lodge identified
a so-called critical micelle temperature (Tcm), which is equivalent to Tyt defined
above [127]. Their predicted value of Tcpt was found to be much higher than Topt
(using their terminology), very similar to the experimental findings by Choi et al.
[126] and Han et al. [127]. However, Dormindontova and Lodge regarded disordered
micelles as being part of the disordered phase associated with thermally-induced
composition fluctuations. In his review paper on SCMFT presented in a previous
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Fig. 26 (a) Schematic showing the phase disordering and ordering processes in highly asym-
metric sphere-forming block copolymers: namely, the phase transition path, during heating, from
spheres with long-range order to disordered spheres (micelles) without long-range order and to the
micelle-free disordered state, also the phase transition path, during cooling, from the micelle-free
disordered state to disordered micelles without long-range order and to spheres with long-range
order. (b) Schematic showing the phase disordering process in symmetric or nearly symmetric
block copolymers during heating, from lamellae to the disordered state, and upon cooling from
the disordered phase, where the block copolymer exhibits a disorder—order transition since the
phase transition is thermally reversible. (Reprinted from Han et al. [127]. Copyright (© 2000, with
permission from the American Chemical Society)

section, Matsen [146] also regarded disordered micelles as being part of disordered
phase associated with thermally-induced composition fluctuations. Based on SCMF
calculation, Wang et al. [147] also concluded that disordered micelles are part of the
disordered phase associated with thermally-induced composition fluctuations. We
are of the opinion that this is where a limitation of the mean-field approach may lie.
We suggest that in the future a new theory for block copolymers be developed by
departing from the traditional mean-field approach in order to determine whether
DMT may be regarded as being a phase transition. There is no reason why one
should expect that mean-field approach can explain every conceivable phase transi-
tions in microphase-separated block copolymers, although currently held mean-field
theories have been found to be very useful to understand some phase transitions in
microphase-separated block copolymers. This issue is important enough to deserve
greater attention by future theorists.
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5 Concluding Remarks

In this chapter, we first reviewed the currently held mean-field theories predict-
ing the phase behavior and phase transitions in AB- and ABA-type microphase-
separated block copolymers. As a supplement to this discussion, in the Appendix
we have provided detailed derivations of some of the very complicated mathematical
expressions from these theories, which we hope will be helpful in providing a better
understanding the origins of such complicated expressions.

We then compared predictions of Topt with experimental results for both AB-
and ABA-type block copolymers. The ability to predict accurately the Topt of a
block copolymer is very important to the synthesis of block copolymers, with re-
spect to efficient use of time and resources. We believe strongly that this is one of
the areas where a successful block copolymer theory can be put into practice. In the
Supplementary Material we have provided five Fortran computer programs, which
we have used over the past two decades to predict the Topts of AB- and ABA-type
block copolymers (e.g., SI, SB, SIS, and SBS) based on the currently held mean-
field theories summarized in this chapter. Although the predicted values of Topr
were approximate, we have found that the computer programs were very helpful in
saving time and resources for synthesis.

While comparing the predictions of Topt with experimental results, we have
pointed out the importance of having an accurate expression for the interaction pa-
rameter o or ), which is expected to depend not only on temperature but also on
molecular weight, as indicated by (82). Unfortunately, almost all the expressions
for o or y reported to date have not included a dependence on molecular weight.
Moreover, the values of o or ) reported to date have been based on relatively low
molecular weights, which are far below the molecular weights of the block copoly-
mers that have been employed for the investigations of the phase behavior and phase
transitions. In this regard, a meaningful comparison of the predictions of Topt and
experiment is questionable. We are well aware of the practical experimental dif-
ficulty in determining the dependence of o or y on molecular weight due to the
thermal degradation of high molecular weight block copolymers at temperatures
even below their Topr. Thus we have suggested that a molecular approach be de-
veloped, which will enable one to predict the effect of molecular weight on ¢ or y,
i.e., to determine the constants b and d, appearing in (82), in terms of the chemical
structure of a block copolymer.

There are several areas where the ability to predict accurately the Topt of a block
copolymer can be put into use to solve some significant practical problems. Let us
mention here two such areas. One area of need is to be able to determine the desired
molecular weight for a block copolymer that can be used as a compatibilizer for
blends of two immiscible homopolymers. For this, there are two requirements for
a block copolymer to become an effective compatibilizer [32]. One is a thermody-
namic requirement in that miscibility (or compatibility in a qualitative sense) must
exist between the two immiscible homopolymers and the block copolymer. This
requirement is very obvious and thus is easily understood. The other requirement,
which is much less obvious, is that the viscosity of a block copolymer chosen for
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melt blending with two immiscible homopolymers must be sufficiently low. Read-
ers are reminded that the melt viscosity of a microphase-separated block copolymer
is much higher than that in the disordered state [31]. This then suggests that melt
blending of two immiscible homopolymers and a block copolymer must be con-
ducted at a temperature above the Topt of the block copolymer chosen. Since the
Topr of a block copolymer depends on its molecular weight and block length ratio
as discussed in this chapter, one must determine the molecular weight and block
length ratio for a given chemical structure of block copolymer, which is to be em-
ployed as a compatibilizer for two immiscible homopolymers, such that the Topt of
the block copolymer lies below the intended melt processing temperature. This is
where accurate prediction of the Topt of a block copolymer in terms of its molecular
weight and block length ratio is needed. This concept has amply been demonstrated
[32]. We wish to add that most commercial block copolymers have very high molec-
ular weight and thus they are not suitable for use as an effective compatibilizer for
immiscible homopolymers. Another area where block copolymers have long been
used is the formulation of pressure-sensitive adhesives (PSA) and hot melt adhe-
sives. In the preparation of a PSA, asymmetric SIS or SBS triblock copolymers,
in which the PS endblock forms either spherical or cylindrical microdomains, are
typically used. Their unique combination of elasticity and thermoplasticity makes
them suitable for use in PSA and hot melt adhesives. Since the block copolymer
alone is not sufficient to give rise to the desired level of adhesion and tackiness,
one usually adds low molecular weight resin in order to improve its ability to wet
the substrate surfaces sufficiently and to form a bond of measurable strength upon
contact. Such low molecular weight material is referred to as a “tackifying resin.”
Tackifying resins come in a variety of chemical structures (e.g., aliphatic or aromatic
hydrocarbons, and polyterpenes) and physical properties. While a PSA is prepared
in solution, hot melt adhesives are prepared using melt processing where the Topr
of a block copolymer plays a significant role as mentioned above.

In this chapter we have discussed two as yet unresolved issues, finite molecular
weight effect and the phase behavior and phase transitions in highly asymmetric
block copolymers. We believe that these issues are fundamental enough to require
a fresh look, particularly from a theoretical point of view. We do not think that the
currently held mean-field theory can explain every conceivable phase behavior and
phase transitions experimentally observed in block copolymers. Additionally, most
if not all of the physical theories in the literature are based on certain assumptions
which were made, more often than not, for the reason of mathematical simplicity.
We have suggested that a new theory for phase behavior and phase transitions in
block copolymers be developed by relaxing the assumptions made in the formula-
tion of the currently held mean-field theories.

In this chapter we have limited our review to the phase behavior and phase
transitions in AB- and ABA-type block copolymers, although we are well aware
of the fact that other subjects are equally important. While preparing this chapter,
two subjects drew our attention, in particular (1) phase behavior and phase transi-
tions in mixtures of a block copolymer and a homopolymer and (2) phase behavior
and phase transitions in ABC-type triblock copolymers. The first subject is closely
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related to the preparation of compatibilized immiscible polymer blends with the aid
of a block copolymer and the formulation of pressure-sensitive adhesives, briefly
mentioned above. However, we have concluded that a review of this subject is pre-
mature for the reason that at present we do not have a comprehensive theory, which
allows for the construction of binodal curves for blends of a block copolymer and
a homopolymer, which include the variations of microdomain structure in the pres-
ence of the added homopolymer, and there is a lack of systematic experimental
studies reported in the literature. Regarding the second subject mentioned above, at
present we do not have a comprehensive theory which can predict the Topt of an
ABC-type triblock copolymer. We wish to point out that the prediction of spinodal
temperature alone is not sufficient to have a complete understanding of the phase
behavior and phase transitions in ABC-type triblock copolymers. Thus we have
concluded that we will have to wait for a future opportunity to review such subjects.

When we first began to prepare this chapter, we also planned to review some
applications of block copolymers (e.g., pressure-sensitive adhesives; block polymer
micelles; block copolymer thin films and lithography). However, we did not pursue
this for the reason of the space limitation in that we have estimated that the total
number of pages of this chapter would exceed well over 100 pages. Thus we have
concluded that we will have to wait for a future opportunity to review such subjects.
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Supplementary Material There are five Fortran computer programs, which can be run using
Compagq Visual Fortran or any other Fortran compiler. They are Helfanddi.f, Helfandtri.f, Leibler.f,
Mayestri.f, and Fredkim.f. This material is available free of charge via the Internet at http://
springer.org.

Appendix A Derivation of (9)

According to Helfand [7], the free energy difference between the microphase-
separated and homogeneous states is given by

AG, 1 . IAS* IAS
VieT VkBT./dr {Af (9a (), @5 (1)) = @ (1) 5050 — @5(1) 50 (r)}
_n_’cl o o (Navoa) (Ngvog) Al
v " TNton) + (Ns7om)P “y


http://springer.org
http://springer.org

Microphase-Separated Block Copolymers 133

in which Af* appearing inside the bracket of the first term on the right-hand side
is the free energy density of a mixture having the local volume fractions @4 (r)
and @p (r) at position r, which are different from the average volume fractions
of A and B blocks in the homogeneous state. The second term on the right-hand
side of (A1) represents the conformational entropy contribution, § = —kg In (Qc)"tc,
and the last term on the right-hand side represents the Flory—Huggins interaction
energy density in the homogeneous state, G, = of (1 — f) in which o (having
the units of mol/cm?) is the interaction parameter which is related to the Flory—
Huggins interaction parameter y by o = y/Vier With Vit being the molar volume
of a reference component and f is the average volume fractions of block A de-
fined by Navoa/ (Navoa + Nevop) with N, being the degree of polymerization of
component k (k = AorB) and v,; being the monomeric molar volume of component
k(k=AorB).

By defining the first term inside the bracket on the right-hand side of (A1) as
Wg (r),

R IAS* IAS*
—We (r) = kB_TAf (@a(r),05(r)) — @a(r) Jonm)  ? (r) 708 (1) (A2)
we have
c ot (Naoa) (Npvor)
d e lh. -
VkBT / rWe (r y e [(Naoa) + (Npvos)]?
or
AG,, V& (Navoa) (Npvos)
— —— [ drWe (r) —InQ.
kT 1. / W (r Qe = 1 [(Navou) + (Navos)]>
_ 1 B ~0(NaVoa) (NpVop)
= /erg (r)—InQ Naron) + (NsTos)] ©)

in which use was made of V. = Nyvgs + Npvgg and V = n’CVC.

Appendix B Derivation of (19)

NIA assumes that the interfacial thickness () of a block copolymer is much
smaller than its domain sizes, D4 and Dp (i.e., A < D4 +Dp) and thus D = D4 +Dg.
Then we have

D _ Da Dg

Navoa +Npvop  Navoa  Npvog

(BD)
yielding
NavosaD ] . NpvogD

=— 27" . pp=——"72"" (B2)
Navoa + Npvos Navoa + Npvos
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where N4 and Np are the degrees of polymerization of block chain A and block chain
B, respectively, and 7p4 and Vg are the monomeric molar volumes of block chain A
and block chain B, respectively.

Now, the area of the interface, S, is defined by [34]

S=V/(D/2) =2n.V./D = 2. (NsToa + Navo) /D (B3)

in which V is the volume of the system, D denotes the size of the microdomains, .
is the total number of block copolymer chains, and V. is the molecular volume of one
block copolymer chain. In (B3) the following relationships are used: (i) V = n.V;
and (ii) V. = Navga + Npvop. Thus, from (B3) we have

S/n’, =2 (Navoa + Npvog) /D (B4)

Substitution of (B4) into the left-hand side of (17) gives

2 1
kB_};" (Navoa +Npvos) /D = —- /eré (r) (B5)

From (16) with m = 2.5 and ¢ = 0.085, we have

2.5
2.5 D
—1In Q; = 0.085 [Dy /2R, 4] > = 0.085 (6‘/2 /2) (F];ﬁ) (B6)
kg

in which use was made of the definition, R,y = kall /2/61/2. Substitution of (B2)
into (B6) gives

(Nfi/2 VOA/bA) 2.5 N (N;/z \703/b3> 25

D*3 (B7)
(Navoa + NB\7(JB)2'5

—InQ4 —InQp = 0.141

Finally, substitution of (10), with the aid of (11) and (B7), and (B5) into (9)
gives (19).

Appendix C Derivation of (34) and (37)—(39)

C.1 Derivation of (34)
According to the RPA, we have

vi(q) = —BSij(q) U (q) = —BSij (9) U () (CD)
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where i = A and B, j = A and B for a diblock copolymer, 8 = 1/kgT, and U;ﬁ ' (¢q)
is given by y
U (g) = U;(q) + $jm¥in (q) +© (C2)

in which © is the self-consistent potential acting on all monomers of blocks A and
B, and

¢jm = (]/ﬁ)ij (C3)
From (C2) we have

U (q) — Ul (q) = U (q) — Us (q) + (6a — 9a) Wa (q) + (954 — 085) W5 (q)
= Ua(q)—Us(q) — (2/B) xwa(q) (C4)

in which use was made of yap = Xga = X» Xaa = x5 = 0, and W4 (¢) = —y5(q).
Also, from (C1), we have

va () + ws(9) =0 =—B (S1 (D U (9) +Sas (@) U (@)
+ Spa (@) U7 (9)+ Sms (@) U (a)) (€5)
Rearrangement of (C5) with the aid of the relationship Sz (¢) = Spa (¢) gives
U () /U (q) = — (Saa (@) +Sa5 () / (San () + Sp(q)  (C6)
On the other hand, from (C1) and w4 (¢) = — g (q), we have
Saa(q) = S5 (q) = —San(q) = —Sa(q) = 5(q) (C7)
Using (C7) and (C1), we have

$(9) (Us(9) —Us(9) = Saa (@) U (@) +San (@)U (9)  (CB)
Also, from (C1), we have
va (9) = —BS(q) (Ua (q) —Us (9)) (C9)
From (C4) and (C9) we have
U — Ui (@) = (142x3(9)) (Ua (q) — Us (9)) (C10)

and from (C7) and (C10) we have

Uy’ — Ui’ (q) = (1+2x5(q)) (SAA (@)U (q) + San (@) U5 (q)) /3(q)
(C11)
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Finally, from (C6) and (C11) we have

1/8(q) = (Saa (q) + 2845(q) +S85(9)) / (Saa (9) Sz (q) — Sas” (q)) =2 (34)

C.2 Derivation of (37) and (39)

Saa (¢q) can be expressed by

fN rfN
N/ / exp(—yli—j|)djdi= N/ /exp ))djdi

f
- ﬁ/ Nexp(yi)(l/y)(exp(yi)1)dl~)TV/O (1 — exp(—yi)) di

= o (s ST ) <

L) (fNy+exp(—fNy)—1)=zj(fxﬂLexp(—fx)—l):Ng(fﬁ)
(N)? x

2
TN(fNy+exp(—fNY)—1)

(37)

in which y = ¢ /6 and x = yN = ¢’ Nb* /6 are used. Spp (¢) can be obtained from
(37) by changing the integration range from fN to (1 — f)N. Further, S45 (¢) can be
expressed by

sl =y [ [ etri- i | [ exosna] | [ ewtina)

zlv {— exp (—Ny);rexp(—fNy)] {exp (ﬂy\’y) - 1}

= ol exp(— (1= f)Ny) +exp(~Ny) + 1 —exp(~fNy)]
__N [2{Ny+exp(—Ny)—1}—2{fNy+exp(—fNy)—1}}
2(yN)* L =2{(1 = f)Ny+exp(—(1—f)Ny) - 1}

= T lg (1)~ &(fx) (1~ £,0) (39)

<

Appendix D Derivation of (50)

The difference in free energy density (@) (= AG,,/kgT) between the microphase-
separated and disordered states is given by [33]

2 1
<175 (12 = r'/2) = Snb,a, + Snmaat @D
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in which N is defined by (48), A and d are defined in (49), n describes the type of
microdomain structure (i.e., n = 1 for lamellar microdomains, n = 3 for cylindrical
microdomains, and n = 6 for body-centered-cubic (bcc) lattice), and 6, and 1, de-
pend on the type of microdomain structure; namely (i) 6; =0 and n; = —A /2 for
n=1, (i) 63 =y and N3 = —A /2 for n = 3, and (iii) 65 = —2 and g = 31 /2
for n = 6 in which yu = NI3 /¢ with N being the degree of polymerization, I3 being
the third-order vertex function (see (33)), and ¢ being defined in (49). In reference
to (D1), r, and r, are the inverse susceptibilities of the microphase-separated and
disordered states, respectively, and they are given by

ro=1+dA/ (roN)""?

(D2)
and
rn= Ter?L/(VnN)l/ern?Lanz (D3)

and a, is the amplitude of the concentration of block A and is related to the order
parameter y in the Leibler theory [13]. Also, r, can be expressed in term of a, by
[33]

Tn = Bpa, — nnan2 (D4)

T appearing in (D2) and (D3) is defined by

c? c?

. {Z(XN)S—ZxN] _ {F(x*,f)ZxN] (D5)

which is a measure of the distance from the spinodal, where use was made of
(XN), = F (x*, f) /2 with x* (or ¢*) being the value of x (or ¢) at which S (¢) defined
by (42) becomes a maximum.

Let us now calculate 7 for n = 1 (lamellar microdomains). From (D3) and (D4)
we obtain

T=—r [1 Yy (r13/21vl/2)} (D6)
On the other hand, a rearrangement of (D2) gives
v =ro[1-da/ (r¥2N"?)] (D7)

From the point of view of dimensional analysis, the second term inside the bracket
of both (D6) and (D7) should be dimensionless and thus we have

r=ki (dA)PN3rg = ko (dA)?PN1/3 (D8)

in which k; and kg are constants. From (D6)—(D8) we have

ki (14072 =k (1-k072)
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or
(lq'/z—kol/z) = (ki +ko) (kiko) "/ (DY)

Note that at a transition temperature @ = 0 (see (D1) for the definition of @). Sub-
stitution of (D8) into (D1), with the aid of (D4), gives

®[p] = d43 13 N2/ [(]/2) (k12 _koz) n <k11/2 _k01/2) _klz} -0
or
<k11/2—k01/2) = (ki% + ko) /2 (D10)
From (D9) and (D10) we have
(ki + ko) (kiko)'/? = (k1% +ko?) /2

" VR(R+1)= (R*+1)/2 (D11)

with R = k; /ko, yielding R = 5.27451. Also, from (D10) we have
ko2 <R1/271> = ko? (R2+1) /2 (D12)
yielding ko = 0.200801. Then, we obtain k; = 1.059138. Finally, from (D6) we have
T=— (lq +kr1/2) (dAYPN1/3 = —2.0308 (A1) N~ 1/3 (D13)
Rearrangement of (D5) gives
(xN), = (xN),— (1/2) (D14)
Substituting values of ¢, d and A for f = 0.5 into (D14), we obtain
(XN), = 10.495 +41.022/N'/3 (50)

for which use was made of the numerical values: x* =3.7852,9%F (f,x) /0x* |,
=0.9624, and A = 106.18 given in Table 1 of Fredrickson and Helfand [33].
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New Class Materials of Organic-Inorganic
Hybridized Nanocrystals/Nanoparticles,
and Their Assembled Micro-

and Nano-Structure Toward Photonics
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and Hachiro Nakanishi

Abstract A m-conjugated organic and polymer nanocrystal (NC) is an intermediate
state between a single molecule and the corresponding bulk crystals, the size of
which is usually in the range of several tens of nanometers to sub-micrometer.
According to the development of so-called “reprecipitation method,” well-defined
organic and polymer NCs could be fabricated conveniently, and are expected to ex-
hibit peculiar optoelectronic and photonic properties, depending on size and shape.
Actually, linear optical properties such as visible (VIS) absorption (or extinction)
and fluorescence emission spectra were found to be remarkably dependent on crys-
tal size, due to thermal softening of crystal lattice in NCs, being different from
so-called quantum confinement effect in semiconductor nanoparticles (NPs). Poly-
diacetylene (PDA) noted in the present research is well known to be one of the
most promising candidate organic materials for nonlinear optics (NLO). The ap-
parent enhancement of NLO was confirmed in the layered thin film of PDA NCs.
Hybridization of m-conjugated polymer NCs with noble metals on a nanometer
scale, i.e., core/shell type hybridized NCs, would open a novel scientific paradigm
in optoelectronics, photonics, and so on. In the present chapter, the fabrication tech-
niques of core/shell type hybridized NCs, their characterization, and the evaluation
of physical properties are first described, and subsequently ordered array structure
of polymer microspheres and spherically encapsulated PDA NCs on a patterned sub-
strate are introduced toward photonic device application. Finally, the future scope
in the relevant field will be discussed.
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L
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SHE Standard hydrogen electrode
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SPring-8 Super Photon ring-8 GeV in Japan
SR Synchrotron radiation

St Styrene monomer

TEM Transmission electron microscopy
TFT Thin film transistor

THF Tetrahydrofuran
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uv Ultraviolet

VB Valence band

VIS Visible

WF Work function

XANES X-ray absorption near-edge structure
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

ZnS Zinc sulfide

1 Introduction

A m-conjugated organic and polymer nanocrystal (NC) may occupy an intermediate
phase between a single molecule and the corresponding bulk crystals [1-3]. These
polymer NCs could be fabricated successfully by developing the so-called “repre-
cipitation method” [4]. The crystal size is usually in the range of several tens of
nanometers to sub-micrometer, which is controlled conveniently by suitably chang-
ing the used good and poor solvents, the concentration and amount of the injected
solution, temperature and stirring rate for poor solvent, the added surfactant, and so
on [5-15]. Polymer NCs are expected to provide a new physical property, depend-
ing on crystal size, and to exhibit peculiar optoelectronic and photonic functions
[1-3, 13, 14, 16-22]. So far, the following research projects mainly concerned with
polydiacetylene (PDA) NC [23], which is one of the most candidate organic ma-
terials for nonlinear optics (NLO) [24-26], have been performed: (1) improvement
of reprecipitation method [2, 27-35]; (2) analysis of nanocrystallization process to
obtain more well-defined polymer NCs [12, 36, 37]; (3) size-dependence of linear
optical properties [1, 19, 20, 22]; (4) preparation of layered thin films of PDA NCs,
and their enhanced NLO properties [1, 38—40]; (5) “liquid and crystal” system in-
duced by the applied electric- or magnetic-field [21, 41-43]; (6) hybridization of
PDA NCs with a noble metal [44-54]; and (7) arrangement-control of PDA NCs
on a substrate [55-61]. In particular, item (3) concerns specific behavior in organic
and polymer NCs. Namely, the absorption (or extinction) and fluorescence emission
spectra were clearly shifted, depending on crystal size. These facts were considered
to be due to thermal softening of crystal lattice in organic and polymer NCs.
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The recent progress in organic—inorganic hybridized NCs regarding the above-
mentioned items (6) and (7) will be introduced in detail in the present chapter.

Hybridization is one of the most important objectives in current material science
and technology [62—-66]. There are mainly two categories of hybridized polymer
materials: the one is polymer blends or alloys, and polymer nanocomposites [67],
and the other is core/shell type hybridized NCs or nanoparticles (NPs) [68-76]. In
the former, some useful fabrication techniques such as mechanical mixing, sol-gel
reaction in polymer matrix, in situ polymerization in the co-existence of inorganic
fillers, and surface-modification of loaded fillers are usually performed to provide
many kinds of function to polymer “bulk” matrix. The latter case, however, should
obviously be distinguished from the former. Undoubtedly, core/shell type hybridized
NCs and NPs are on a nanometer scale, and their properties are strongly influenced
by size (or total volume), core/shell volume ratio, and components [71-73]. In par-
ticular, the delocalized electronic state and/or exciton resulted from m-conjugation
in polymer component, localized surface plasmon (LSP) originated in a noble metal
[77-79], and a certain mutual interaction such as exciton and LSP coupling through
core/shell hetero interface have attracted great interest on the nanometer scale
[74, 75, 80-85] because of the appearance of novel nanomaterials with excellent
optoelectronic, photonic, redox, conductive, and catalytic properties and functions.
However, polymer (mt-conjugation) and noble metal (LSP) hetero nano-interface
interaction are unexpectedly still not understood [86], although many discussion on
hetero-junction have been reported previously in the semiconductor field.

Well now, the proposed “co-reprecipitation method” [45] and “visible-light-
driven photocatalytic reduction method” [53] have been established for the purpose
of these kinds of core/shell type hybridized NCs composed of PDA NC and noble
metal NP, and both processes have been further improved to extend to another type
hybridized NCs, respectively [50, 54]. Typical core/shell type hybridized NPs were
first reported by Halas and Caruso research groups [70, 71, 73, 84, 87]. A great
number of fine gold (Au) NPs as Au shell were deposited densely on the surface of
silica NPs, which are spherical and uniform size. The LSP spectra were continuously
blue-shifted with increasing the thickness of Au shell, and some optoelectronic ap-
plications have been now presented such as a substrate for surface enhanced Raman
spectrum (SERS) measurement, chemical- and bio-sensors, etc. Silica NPs, how-
ever, are core as a template to fabricate core/shell type hybridized nanostructure,
and there is no something like optoelectronic interaction through core/shell hetero
nano-interface in this case.

In addition, it is very important to arrange, align, orientate, and integrate
these polymer and/or hybridized NCs exactly and selectively on a substrate
[55-59, 61, 87], and one should keep such kinds of NCs in mind in order to
input and output optical- and electric-signals and/or information for device ap-
plication. Here, encapsulation of polymer NCs and their arrangement by the use
of a lithographically patterned substrate have been proposed to solve the above-
mentioned problems [61]. As a typical example, the assembled structure of polymer
microspheres (MSs) having mono-dispersed size is well known in the applica-
tions of some photonic crystal devices [87]. In contrast, the proposed fabrication
procedures seem to be much more extensive and superior to the previous ones.
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In the present chapter, the fabrication techniques of core/shell type hybridized
NCs and their structure and properties are first described. Next, the ordered array
structure of polymer MSs and spherically encapsulated PDA NCs on a patterned
substrate will be introduced. Finally, the future scope will be discussed in the rele-
vant fields.

2 Reprecipitation for Preparation of Polymer Nanocrystals

Techniques such as vacuum evaporation method, melting process in a glass matrix,
and so on [88], basically fundamental fabrication techniques for inorganic NPs and
semiconductor quantum dots, would not be expected to be applied to organic and
polymer compounds and materials because of their thermal instability [89, 90]. In
contrast, the so-called “reprecipitation method” [1-4] is a useful and convenient
procedure to prepare organic and polymer NCs. This method has been further im-
proved as the “supercritical reprecipitation method” [1-3, 28, 29], “reprecipitation-
microwave irradiation method” [1-3, 30-34], and “inverse-reprecipitation method”
[1-3, 27, 42, 43], being closely related to the physicochemical properties of the
target compound and materials.

In the conventional reprecipitation method [1-4], a target compound is first dis-
solved in a water-miscible organic solvent, e.g. alcohol, acetone, tetrahydrofuran
(THF), etc., so that the concentration is on the order of milli-molar (mM). Next, a
few microliters of this diluted solution should be injected into 10 mL of vigorously
stirred water as a poor solvent at a given temperature by using a microsyringe, and
then the target compound is immediately reprecipitated and nanocrystallized in an
aqueous dispersion liquid. As a result, one can obtain organic and polymer NCs
dispersed in water, for example, m-conjugated PDA [6, 8, 9], and low-molecular
weight aromatic compounds like perylene and fullerene [7, 10—12]. The crystal size
is usually in the range of several tens of nanometers to sub-micrometer [1-4]. The
resulting polymer NCs dispersion liquid looks like an ordinary solution, owing to
too low scattering loss caused by the crystal size being less than the wavelength
of visible (VIS) light. Actually, PDA is a special case, because diacetylene (DA)
monomer is first nanocrystallized by the reprecipitation method, and then the formed
DA monomer NCs are further solid-state polymerized in an aqueous dispersion lig-
uid by ultraviolet (UV) irradiation (A = 254nm) to convert to the corresponding
PDA [91-93]. We have already revealed the main nanocrystallization processes in
the reprecipitation method [12, 36, 37], and could control experimentally the crystal
size and shape by changing the reprecipitation conditions: concentration and amount
of the injected solution, temperature of poor medium, injection pressure and speed,
and addition of surfactant [1-4]. The concentration and the added surfactant may
greatly influence the crystal size and shape.

Microwave irradiation (2.45GHz, 500 W, for a given time) after injection in
the reprecipitation-microwave irradiation method could greatly promote rapidly
nanocrystallization [1-3, 30-34] due to quick removal of the used organic solvent
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by heating, so as to fabricate almost mono-dispersed 1,1,4,4-tetraphenylbutadiene
(TPB) NCs within 20s. TPB is a useful organic electroluminescence (EL) material,
being aggregated and not nanocrystallized by the ordinary reprecipitation method
without microwave irradiation. As described in Sect.3, this microwave irradiation
is also a very important process for the preparation of metal-core/polymer-shell
hybridized NCs.

In addition, the supercritical reprecipitation method [1-3, 28, 29] is available
for sparingly soluble compounds in a water-miscible organic solvent, e.g., titanyl-
phthalocyanine and fullerene. After dissolving titanyl-phthalocyanine in supercriti-
cal acetone fluid, this fluid was cooled by a mixture of acetone and water at room
temperature to nanocrystallize titanyl-phthalocyanine. We could control success-
fully the crystal size and forms of titanyl-phthalocyanine NCs by changing the
temperature of supercritical acetone and the volume ratio of the mixed refrigerant of
acetone with water. In particular, the y-form of titanyl-phthalocyanine NCs obtained
is noted in the industrial field of Xerography [94].

On the other hand, water-soluble organic compounds, that is to say, organic
ionic functional dyes such as merocyanine and pseudoisocyanine, are successfully
nanocrystallized by the inverse-reprecipitation method [1-3, 27, 42, 43], in which
the poor solvent is a hydrocarbon such as n-hexane and decalin. As a typical exam-
ple, 4'-dimethylamino-N-methylstilbazolum p-toluenesulfonate (DAST) NCs were
fabricated by injecting ethanol solution of DAST into vigorously stirred decalin
(10mL) containing a surfactant n-dodecyltrimethylammonium chloride (DTMAC)
to avoid aggregation of formed DAST NCs. DAST presently exhibits the highest
performance for organic second-order NLO material [95]. The crystal size was var-
ied from about 200 to 600 nm by adding a small amount (ca. 0.3 wt%) of poly(ester
acrylate) (Acrydic A1381, DIC Inc.). DAST NCs dispersion liquid was evaluated in
detail as a “Liquid and Crystal” system [1, 2].

3 Metal-Core/Polymer-Shell Hybridized Nanocrystals

In our research group, this kind of metal-core/polymer-shell type hybridized NCs
have been first prepared by the “co-reprecipitation method” [45], and it was found
that LSP dramatically damped without changing its resonance frequency. We have
investigated the damping mechanism in detail, and the revealed reasons have pro-
vided a novel material design to avoid the LSP damping [47, 49].

3.1 Co-Reprecipitation Method

Co-reprecipitation method [45] is one of the improved reprecipitation method to
prepare a metal-core/polymer-shell type hybridized NCs, in which silver (Ag) NPs
aqueous dispersion liquid was employed as a poor medium, instead of water in the
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conventional reprecipitation method. Actually, the diluted acetone solution (7.5 mM,
200 L) of 1,6-di(N-carbazolyl)-2,4-hexadiyne (DCHD) [96], which is a kind of DA
monomer, was injected into vigorously stirred Ag NPs aqueous dispersion liquid
[97]. It was desirable that Ag NPs act as a nucleus and a core, which would be
covered with solid-state polymerizable DCHD NCs as a shell, which was subse-
quently converted into poly(DCHD) shell by UV-irradiation [91-93]. The color of
hybridized NCs dispersion liquid changed from pale yellow to bluish purple during
solid-state polymerization of DCHD.

3.2 Ag Core/Poly(DCHD)-Shell Hybridized Nanocrystals

Figure 1 shows the scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images of the resulting Ag core/poly(DCHD)-shell hybridized
NCs [45]. There are two types, “Type I and Type II,” in the SEM image. Type I cor-
responds to most hybridized NCs. The shape is roughly spherical, and the diameter
became clearly larger than bare Ag NPs which was ca. 15 nm in size. That is to say,
Ag core could be successfully covered with poly(DCHD) shell, which is also con-
firmed by the TEM image. The black area, corresponding to Ag NPs, is obviously
surrounded by the gray poly(DCHD) shell. On the other hand, Type II is likely to
be aggregates of hybridized NCs, in which Ag NPs were partially embedded.

Fig. 1 (a) Scanning electron
microscopy (SEM).

(b) Transmission electron
microscopy (TEM) images of
Ag core/poly(DCHD)-shell
hybridized NCs
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3.2.1 Linear Optical Properties During Solid-State Polymerization

Figure 2 exhibits VIS absorption spectral changes during solid-state polymerization
[45]. The excitonic absorption peak (EAP) from m-conjugated main chain of
poly(DCHD) shell appeared and grew at ca. 655nm with UV-irradiation time
[23], while the LSP from Ag core at around 395 nm was reduced continuously and
disappeared at the same time. There are the two characteristic points in the spectral
changes [45]: (1) LSP damped without changing the resonance frequency, and (2)
the disappearance of LSP may be closely connected with the growth of EAP. The
resonance frequency or the peak position of LSP usually changes or shifts when
the intensity of LSP is reduced, for example, in bi-metal alloy and metal NPs in
an inorganic matrix [98, 99]. In addition, no LSP damping was observed in the
case of UV-irradiated mixture of Ag NPs and DCHD NCs dispersion liquids, and
the measured VIS absorption spectrum indicates additives of both spectra from Ag
NPs and poly(DCHD) NCs [45]. In other words, these facts suggest that a specific
electronic and optical interaction may occur at the core/shell hetero nano-interface
in hybridized NCs.

On the other hand, the EAP position in Fig.2 was remarkably red-shifted [23,
45]. As already described in Sect.1, PDA NCs like poly(DCHD) NCs exhibit the
blue-shift of the EAP position with decreasing crystal size [1-3]. The present EAP
position, ca. 655nm, may approximately correspond to poly(DCHD) NCs with
above 200 nm in crystal size, which is considerably different from the actual crystal
size of Type I as shown in Fig. 1.

This characteristic LSP damping without changing resonance frequency was
qualitatively speculated to occur by the following experimental conditions at that
time [45]: (1) the energy level of LSP of metal core is near the exciton level (or be-
tween band gap) of PDA shell, (2) metal core should be in direct contact with PDA
shell at hetero nano-interface in hybridized NCs, and (3) the core/shell volume ratio
should also be optimized experimentally.

—  2min

3 min

5 min

15 min

Absorbance (a.u.)

Fig. 2 VIS absorption
spectral changes during
solid-state polymerization for
Ag core/DCHD-shell 300 400 500 600 700 800 900

hybridized NCs Wavelength/nm
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3.2.2 Synchrotron Radiation X-Ray Photoelectron Spectroscopy,
and the Speculated Mechanism of LSP Damping

To discuss further the specific interaction at hetero nano-interface in hybridized
NCs such as LSP damping, synchrotron radiation X-ray photoelectron spectroscopy
(SR-XPS), and X-ray absorption near-edge structure (XANES) were performed in
SPring-8 (BL15XU) [47, 49], which is a constant beam line of National Institute
for Materials Science (NIMS), Japan. BL15XU has a revolver-type (planar or
helical) undulator X-ray source and Si double crystal monochromator, and the en-
ergy resolution is about 8E/E = 10~*. XPS analyzer is the modified type based
on ULVAC-PHI 10-360 model hemispherical analyzer. SR energy was set to be
4.75keV, and high energy XPS is necessary to measure an electronic state over the
long observation depth in core/shell type hybridized NCs. The binding energy was
calibrated not with Fermi edge but the corresponding C (1s) =284.8¢eV, since there
might not be good metallic contact between PDA shell and specimen holder. The
intensity of L3My 5My 5 Auger process from Ag core was monitored as a function
of X-ray energy with XANES measurement by using a sensitively special mode for
thin PDA shell.

Figure 3 indicates the XANES of Ag core in Ag core/poly(DCHD)-shell hy-
bridized NCs [49]. The L3M4s5My s Auger intensity in L3-absorption edge grew
sharply above 3.35keV, which corresponds to Fermi edge. There was scarcely any
difference in XANES before and after solid-state polymerization for PDA shell,
these spectra being in fair agreement with that of Ag in the bulk state [100], and
clearly different from that of silver oxide. Specifically, no physicochemical changes
such as oxidation were brought out in Ag core during solid-state polymerization to
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Fig.4 X-ray photoelectron spectroscopy (XPS) spectra of Ag core in hybridized NCs and bulk Ag

form poly(DCHD) shell. That is to say, Ag core still remains metallic in hybridized
NCs. The XPS spectra of Ag core, Ag(5s) and Ag(4d) bands, in hybridized NCs, and
bulk Ag are shown in Fig. 4 [47, 49]. Ag(4d) and Ag(5s) bands often form the hybrid
valence band (VB) in bulk Ag [101]. The slope at Fermi edge was relatively more
gentle than bulk Ag [102], and the intensity of Ag(5s), corresponding to the density
of state (DOS), also became higher than that of bulk Ag. In addition, Ag(4d) band
at around 4-6 eV was obviously shifted by ca. 0.4 eV to the high binding energy re-
gion, and Ag(4d) band width became narrow, compared with bulk Ag. Probably, the
hybrid band of Ag(4d) and Ag(5s) in hybridized NCs is different from that of bulk
Ag [47]. In particular, the narrowing of Ag(4d) band suggests that the “electronic
conductive domain” inside Ag core is less than ca. 5nm [49], which is obviously
smaller than the overall size of the hybridized NCs as shown in Fig. 1. This domain
might be a kind of resistive boundary in Ag core, and becomes difficult to keep the
intensity of LSP, since LSP originates in a collective oscillation of the conduction
electrons in VB and is closely related to mean-free-path of conduction free electrons
[47, 103].

On the other hand, the main peak of C(1s) band (284.8eV) from poly(DCHD)-
shell was accompanied by the satellite peak (ca. 292eV), due to m—r* transition
along m-conjugated poly(DCHD) shell [104]. The spectra of C(1s) were independent
of observation depth, using SR energy = 4.5 and 3.0keV, which may lead to the
almost uniformity in depth of poly(DCHD) shell. Under a certain circumstance,
the main peak of C(1s) band was broadened and tailed asymmetrically to the high
binding energy region [47]. This type of tailing was not observed in poly(DCHD)
NCs without Ag core.
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In addition, the MVV Auger peak (kinetic energy = 351.6eV) from Ag core,
corresponding to short observation depth, appeared in the hybridized NCs, which
suggests the existence of interspace between poly(DCHD)-shell and some part of
Ag core [49]. The present interspace is due to difficulty in stacking poly(DCHD)
shell closely on a steeply curved surface of Ag core, because poly(DCHD) is one-
dimensional conjugated and rigid chain in the crystal state of PDA shell [91-93].

One can imagine from these experimental results that PDA chains inside
poly(DCHD)shell may contact with some points on the surface of Ag core [47, 49].
These contact points at hetero nano-interface might be anchors to disturb and
depress the plasma oscillation, and then diminish the mean-free-path of conduc-
tion free electrons in VB of Ag core. In other words, the LSP of Ag core would
damp simply without changing the resonance frequency, owing to the reduction
of electronic conductive domain induced by locally and strongly physicochemical
interaction at the core/shell interface in the hybridized NCs [103, 105].

3.3 Ag Core/Poly(ADA)-Shell Hybridized Nanocrystals

LSP damping as discussed in Sect.3.2.2 is basically an interesting behavior in
core/shell type hybridized NCs. However, this kind of LSP damping describes an
undesirable result for potential application as plasmonic nanomaterials. We have
to and would like to control LSP behavior by optimizing the hetero nano-interface
structure. There exists the two factors to avoid LSP damping: (1) enlargement of Ag
core, relating to the size of electronic conductive domain and (2) indirect contact at
hetero nano-interface to reduce specific physicochemical interaction between core
and shell [50]. Instead of DCHD monomer, 10,12-heptacosadiynoic acid (ADA)
monomer was used in the present section. ADA is a kind of amphiphilic DA having
R = —(CHZ) 13CH3 and Ry = — (CH2)6 COOH.

3.3.1 Co-Reprecipitation and Microwave-Irradiation Method

The improved co-reprecipitation and microwave-irradiation method is an effective
process to fabricate Ag core/poly(ADA)-shell hybridized NCs [30, 45, 50]. Ag NPs
in an aqueous dispersion liquid were prepared by reducing silver nitrate (AgNO;)
with trisodium citrate [106]. The size of the resulting Ag NPs was ca. 45-50 nm,
which is larger than that in Sect. 3.2.

The acetone solution (5mM, 200uL) of ADA was injected into vigorously
stirred Ag NPs dispersion liquid at room temperature. Afterwards, the mixed dis-
persion liquid was poured into a Teflon vessel, sealed-up, irradiated by microwave
(2.45 GHz, 500 W, 40s), and then was cooled down again to room temperature. Af-
ter UV-irradiation for solid-state polymerization to convert ADA into poly(ADA)
[91-93], the resulting dispersion liquid was centrifuged for 15 min at 8,000 rpm to
remove residual poly(ADA) NCs having no Ag core.
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_ Poly(ADA) shell

Fig. 5 SEM (a) and TEM (b) images of Ag core/poly(ADA)-shell hybridized NCs

Figure 5 displays the SEM and TEM images of Ag core/poly(ADA)-shell
hybridized NCs [50]. Actually, Ag core was clearly covered with almost uniform
poly(ADA) shell. The thickness of the shell was about 5 nm, and the morphology of
the core/shell nanostructure in the present hybridized NCs was dependent remark-
ably on microwave irradiation conditions [50]. For example, the above-mentioned
microwave irradiation condition is the most desirable, and the core/shell nanostruc-
ture could not be formed successfully when the irradiation condition was 500 W,
20s or 200 W, 40s. After co-reprecipitation, the dispersion liquid is considered
to be a mixture of Ag NPs and ADA NCs. The heated ADA NCs were probably
partially melted by microwave irradiation, and may easily collide and fuse with Ag
NPs at the elevated temperature. As a result, molten ADA monomer could adsorb
effectively on the surface of Ag core, and was then recrystallized to form solid-state
polymerizable ADA shell during the cooling process after microwave irradiation
[50]. The present co-reprecipitation and microwave-irradiation method is avail-
able for the fabrication of another type of metal-core/n-conjugated polymer-shell
hybridized NCs [107].

3.3.2 Extinction Spectrum of Hybridized Nanocrystals

The extinction spectrum of Ag core/poly(ADA)-shell hybridized NCs dispersion
liquid is shown in Fig. 6 [50]. The main peak at ca. 450 nm is assigned to LSP of Ag
core [108], and was red-shifted and broadened because of the large size and its dis-
tribution of Ag core [109—111]. The small shoulder peak at 540 nm may come from
the EAP of poly(ADA) shell [112], and the inset in Fig. 6 also displays the differ-
ential spectrum before and after solid-state polymerization. The obtained extinction
spectrum could be reproduced by spectrum simulation on the basis of Mie scattering
theory [113], assuming spherical Ag core (radius = 45 nm)/poly(ADA) shell (thick-
ness = 5nm) type hybridized NC. In Fig. 7, both main peaks around 450-500 nm
is attribute to LSP (Frohlich mode) of Ag core, and the two sharp peaks at 380 and
400 nm are the quadrupole mode of LSP [108].
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Fig. 6 Extinction spectra of T T T — T
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One can see the EAP at 540nm [112], which is due to the red-phase of
poly(ADA) [114, 115]. In comparison with the previous poly(DCHD), the polymer
backbone of poly(ADA) is relatively not rigid but flexible, and then there exist
the two kinds of excitonic states from red-phase (A = 540nm) and blue-phase
(A = 630nm), relating to the effective n-conjugation length. An average molecular
weight, temperature, strain of crystal lattice, and so on may greatly affect the ef-
fective m-conjugation length in a solid state of PDA. Namely, poly(ADA) shell in
the present hybridized NCs was reasonably assigned to red-phase, corresponding to
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shorter mt-conjugation length. As shown in TEM image of Fig. 5b, the surface of Ag
core consists of some facets, which are not completely plane but curved surface. On
the other hand, ADA monomers are solid-state polymerizably arranged inside the
shell, but one end of ADA monomer is adsorbed and fixed on the curved surface of
Ag core. These factors presumably lead to the difficulty in releasing lattice strain
during solid-state polymerization of ADA shell [91-93]. In the end, the backbone
of the resulting poly(ADA) is disordered and perturbed in the shell, and then the
effective m-conjugation length becomes shorter [50].

Anyway, the LSP still appears in Ag core/poly(ADA)-shell hybridized NCs,
which will be one of the promising nanomaterials for photonic device application in
the near future.

4 Polymer-Core/Metal-Shell Hybridized Nanocrystals

This polymer-core/metal-shell type of the hybridized NCs has an inverse nanostruc-
ture of Sect. 3. Our research group has recently established the unique fabrication
process, “visible-light-driven photocatalytic reduction method” [53], to PDA-
core/metal-shell hybridized NCs.

4.1 Ag-Coated Poly(DCHD) Nanocrystals Prepared
by Using Surfactant as a Binder

The following fabrication process was first proposed. By the reprecipitation method
[1-4], poly(DCHD) NCs as a core were commonly prepared by injecting acetone
solution of DCHD monomer containing a certain surfactant into vigorously stirred
water [51, 52], and then UV-irradiation was performed for solid-state polymeriza-
tion [91-93]. Subsequently, aqueous solutions of AgNO; and the reducing agents
like sodium borohydride (NaBH4) and hydroxylamine (NH,OH) were added into
poly(DCHD) NCs dispersion liquid for the purpose of in-site reducing Ag™ in the
presence of poly(DCHD) NCs [51, 52]. We found that Ag NPs deposited on the
surface of poly(DCHD) NCs by the SEM observation [51, 52]. As previously dis-
cussed in [14], poly(DCHD) NCs are coated with the surfactant, this ionic moiety
being exposed to the water phase in the present case. It was found that sodium
dodecylsulfate (SDS) was the most effective in ordinary anionic or cationic sur-
factant [52]. It was speculated that Ag™ was first caught by the anionic moiety
of SDS adsorbed on the surface of poly(DCHD) core, and then Ag NPs were de-
posited subsequently by reducing the trapped Ag™ in situ [51, 52]. The coverage
of the deposited Ag NPs as Ag shell would be necessarily high (roughly 50%),
and strongly dependent on concentration of added SDS. For example, the cover-
age becomes low when SDS concentration is too low. On the other hand, Ag NPs
were produced in an aqueous medium as well as on the surface of poly(DCHD)
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core, due to non-adsorbed SDS, when SDS concentration is too high. Namely, it is
necessary and difficult to appropriately optimize the concentration of added SDS,
which is also in connection with to the surface area and dispersion concentration
of poly(DCHD) core. Moreover, if a surfactant would give an unexpected influence
to hetero nano-interface interaction and function, the existence of surfactant is not
desirable in the present case.

4.2 Visible-Light-Driven Photocatalytic Reduction Method
to Fabricate Poly(DCHD)-Core/Ag-Shell Hybridized
Nanocrystals

To overcome the above-mentioned subject matter in Sect. 4.1, “visible-light-driven
photocatalytic reduction method” [53] (hereinafter, called “photocatalytic reduction
method”) has been newly established by utilizing that poly(DCHD) core may absorb
VIS light because of excitonic absorption along m-conjugation polymer backbone
[23]. In this method, aqueous solutions of AgNO; and ammonia are first added into
poly(DCHD) NCs dispersion liquid, and then VIS light should be irradiated for a
given time, commonly 30 min, using a xenon lamp (USHIO, 500 W) equipped with
an attenuator and UV-cut filter (A > 420 nm). The reaction temperature was fixed at
40°C in the present case. Namely, poly(DCHD) NCs may act as a photocatalysis and
substrate as later discussed in detail [53].

Figure 8 indicates the SEM and TEM images of the obtained poly(DCHD)-
core/Ag-shell hybridized NCs [53]. Actually, Ag shell is composed of a great
number of Ag NPs of size 5-15nm, densely deposited “only” on the surface of

Fig. 8 SEM (a) and TEM (b) images of poly(DCHD)-core/Ag-shell hybridized NCs. The inset is
electron diffraction (ED) patterns of Ag nanoparticles on poly(DCHD) NCs
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poly(DCHD) core. No isolated Ag NPs were observed in both SEM and TEM
images. All the data measured with electron diffraction (ED) pattern, displayed
in the inset of TEM image [Debye-Scherrer rings, i.e., ED from (111), (200),
(210), and (311) planes in the face-centered cubic (fcc) crystal lattice of bulk Ag
(JCPDS: 4-783)], powder X-ray diffraction (XRD) pattern (Fig.9), and electron
probe microanalysis (EPMA) (Fig. 10) evidently supported that the deposited ma-
terial on the surface of poly(DCHD) core is not anything like silver oxide but truly
Ag at the hetero nano-interface.

4.2.1 Extinction Spectrum of Hybridized Nanocrystals

Figure 11 exhibits the extinction spectra of poly(DCHD)-core/Ag-shell hybridized
NCs [53]. The LSP in the hybridized NCs was red-shifted (A = 448 nm) and broad-
ened, compared with the LSP (A = 395nm) of bare Ag NPs [108] of the same size
as the deposited ones on the surface of poly(DCHD) core. The red-shift of LSP
is mainly caused by the increase in the dipole-dipole interaction [109], owing to



164 H. Oikawa et al.

Fig. 11 Extinction spectra
of (a) bare poly(DCHD) NCs, LSP

(b) isolated Ag nanoparticles ¢ p] EAP
(ave. diameter = 10 nm), 653 nm — 665 nm
and (c¢) poly(DCHD)-
core/Ag-shell hybridized NCs
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the shortening of average distance among the deposited Ag NPs, as the reduction
and deposition proceeded during photocatalytic reduction process. The broadening
is not understood so clearly. Probably, this is due to imhomogeneous size distribu-
tion of the deposited Ag NPs and the dephasing effect of LSP in grown Ag NPs
deposited on the surface of poly(DCHD) core [109-111].

On the other hand, the EAP (A = 653 nm) [23] was also red-shifted a little, be-
cause of changes in surrounding dielectric properties around the poly(DCHD) core.
These spectral changes also support the formation of poly(DCHD)-core/Ag-shell
hybridized NCs. The tailing of LSP spectrum is overlapped enough on excitonic
absorption [74, 75, 80-85], which would be expected to be a interaction between
plasmon and exciton for a novel optoelectronic application.

4.2.2 Mechanism of Photocatalytic Reduction Method (1)

Interestingly, the reduction did not proceed when only one factor was lacking in
the above-mentioned experimental conditions [53]. For example, Ag™ from AgNO;
was not reduced entirely by VIS light in the absence of poly(DCHD) NCs as a
core. In addition, this reduction also did not take place completely, when unpoly-
merized DA NCs were used [53], these not undergoing absorption in the VIS light
region. In fact, the photocatalytic reduction seems to be specific on the surface of
poly(DCHD) core. To our knowledge, Ag* cannot be directly reduced to Ag® by
irradiating VIS light.

Figure 12 demonstrates the typical band structure of PDA [116]: normally, con-
duction band (CB) = —3.44eV and VB = —5.77¢V, and the band gap, which is
not an excitonic absorption band, is 2.33 eV, corresponding to A = 530nm in the
VIS light region. On the other hand, the redox potential of [Ag (NH3),] " is 0.373 V
vs standard hydrogen electrode (SHE) [53], which is located in the band gap be-
tween CB and VB for PDA. Therefore, the electrons excited to CB of PDA by
absorbing VIS light are capable of specifically reducing [Ag (NH;3),]" on the sur-
face PDA core. In the present case, an aqueous solution of ammonia was added
to form silver-amine complex, and the pH in the dispersion liquid was ca. 9 at the
initial stage. After finishing the reduction and the subsequent deposition of Ag NPs,
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Fig. 12 Energy diagram of photocatalytic reduction process. The conduction band (CB) and va-
lence band (VB) for poly(DCHD) are, respectively, —3.44 and —5.77¢eV vs the vacuum level,
corresponding to —1.06 and 1.27 V vs SHE. The redox potentials of [Ag (NH3),]™ as a major com-
ponent of the Ag cations in the present system and H,O are 0.373 and 1.23 V vs SHE, respectively

the pH became low at ca. 6 [53]. These facts suggest the possibility of oxidation of
water molecules in the surrounding aqueous dispersion liquid by the holes gener-
ated in VB of VIS light-irradiated PDA NCs as shown in Fig. 12. In other words,
the following oxidation process of water molecules may quench the holes:

2H,0 +4h™ — O, +4H™ (D

In general, the pH-dependence of redox potential for the water molecule is given by
[117]
Eredox (H20) = 1.23 —0.059 x pH(V vs. SHE) 2)

Actually, the present reduction did not occur under acidic conditions. In a word, it
becomes difficult to oxidize water molecules at low pH for hole scavenging [53].

In addition, there are some advantageous factors in surface-specific reduction of
Ag* on PDA core. The first is the electrostatic adsorption between [Ag (NH3),]"
and PDA-core having negative {-potential (ca. —40mV) [14], the second is the self-
catalytic property [118] of already-deposited Ag NPs to reduce [Ag (NH3)2}+, and
the final is the suppression of electron-hole recombination, because of rapid carrier
separation at hetero nano-interface.

4.3 Extension of Photocatalytic Reduction Method,
and the Post Chemical Reduction Treatment
to Form Metal Nanoshell Structure

The most important point in the present photocatalytic reduction method is that
the redox potential of metal ion should be located between CB and VB for m-
conjugated polymer core, and that the generated holes in the VB should be quenched
at once through an oxidation of scavenger [53]. In other words, the photocatalytic
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reduction method could proceed, regardless of the size, shape, and morphology of
the polymer core [53]. Thus, by using the post chemical reduction treatment together
[54], one can expectedly apply and expand this method to various combinations of
m-conjugated polymer core and noble metal shell for highly potential applications
[119], e.g., novel electronic and photonic devices, polymer/metal hetero-junction
for integrated circuits in organic transistors, and a new type of hybridized system
such as meta-materials [120].

4.3.1 Poly(DCHD)-Core/Pt-Shell Hybridized Nanocrystals

Figure 13 shows the SEM and TEM images of the resulting poly(DCHD)-
core/platinum (Pt)-shell hybridized NCs prepared by using potassium tetrachloro-
platinate (K,PtCly) [54]. The redox potential of [PtCly]™ is 0.73mV vs SHE, and
is also located fairly in the band gap of poly(DCHD) core [53]. The fabrication
conditions are basically similar to those in Sect. 4.2. A large number of Pt NPs were
homogeneously and very densely deposited on the surface of poly(DCHD) core,
and the average size of deposited Pt NPs were very fine and estimated to be below
5 nm from the TEM image. As a result, the SEM image of hybridized NCs provided
clearer contrast, compared with that of bare poly(DCHD) NCs.

4.3.2 Mechanism of Photocatalytic Reduction Method (2)

As shown in Figs. 8 and 13, the difference in size of the deposited Ag NPs and Pt
NPs seems to be attributable to work function (WF) of Ag and Pt. We now summa-
rize the values of redox potential and WF [54]. The redox potential of Ag [(NH3),]"
is 0.373mV vs SHE = —4.873¢eV, and WF(Ag) is —4.26 eV. On the other hand, the
same quantity of [PtCl4] ™ is 0.73mV vs SHE = —5.23¢V, and WF(Pt) is —5.64 eV,
respectively.

According to these numerical data, we could perform the following discussion.
The WF(Ag) is higher than the redox potential of [Ag (NH3),]". The reduction of
[Ag(NH3),]" by electrons excited to CB of PDA-core may preferentially take place

2(:m j ’13

Fig. 13 SEM (a) and TEM (b-1, b-2) images of poly(DCHD)-core/Pt-shell hybridized NCs
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on the surface of Ag NPs already-deposited on PDA core, and then the preformed
Ag NPs principally grow up. In contrast, the reduction of Pt-complex may proceed
mainly on the surface of PDA core, since the WF(Pt) is lower than the redox poten-
tial of [PtCly] ™. In other words, electrons excited to CB of PDA core by VIS light
irradiation may move rapidly to WF level of Ag or to the redox potential level of
Pt in each case. Therefore, the size of the deposited Ag NPs is relatively large, and
the coverage becomes low, compared with the case of deposition of Pt NPs. The
relative correlation between WF and redox potential may also considerably affect
the morphology of metal/shell nanostructure [54].

Actually, the following experimental conditions should be optimized to fabricate
the present type well-defined hybridized NCs, except for selected combination of
m-conjugated polymer and a noble metal, concentration of metal-salt solution, ini-
tial pH control by adding base like ammonia, reaction temperature and time, stirring
method, and VIS light intensity [53,54]. Recently, it has become apparent that ul-
trasonic wave irradiation is much more effective than mechanical stirring [121].

4.3.3 Post-Chemical Reduction Treatment to Form Metal
Nanoshell Structure

Perhaps, it becomes difficult to deposit gold (Au) NPs directly, as Au shell, on the
surface of poly(DCHD) core by means of the photocatalytic reduction method [60],
since the redox potential of [AuCls] ™, precusor of Au, is 1.002mV vs SHE. This
value is close to the redox potential of water given by (2) as well as VB for PDA
as shown in Fig. 12. In addition, [AuCly]~ may absorb some VIS light, which is
also undesirable in the present preparation procedure. However, already-deposited
Ag NPs on poly(DCHD) core can be regarded as both a catalyst and a substrate
for electroless plating with other kinds of metals. Thus, we could prepare metal
nanoshell structure by means of post-chemical reduction treatment.

So, a certain amount of tetrachloroauric acid (HAuCly) aqueous solution and
ascorbic acid (reducing agent) were added into the aqueous dispersion liquid of
poly(DCHD)-core/Ag-shell hybridized NCs, and then the mixture was stirred at
room temperature for a given time. Figure 14 demonstrates the SEM images before
and after the post-chemical reduction treatment. A large number of metal NPs were
deposited selectively only on the surface of the poly(DCHD) core, i.e., Au(-Ag)-
deposited poly(DCHD) NCs. As shown in Fig. 15, the composition of metal-shell
could be confirmed to be Au by the measurement with EPMA. The powder XRD
method was not measured, because the fcc lattice constant of Auis a = 0.408 nm, al-
most the same as that of Ag (fcc: a = 0.409nm) [54]. Figure 16 shows the extinction
spectral changes with post-chemical reduction treatment [54]. The LSP peak of Ag
NPs was reduced gradually, while the LSP from Au NPs appeared around 560 nm.
Since both deposited Ag NP and Au NP domains formed inside the metal shell are
much smaller than the wavelength in VIS region, the effective dielectric constant of
the metal shell may correspond to an alloy of Ag and Au [122, 123]. Namely, the
extinction spectra in Fig. 16 may reflect the effective dielectric constant of Ag-Au
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Fig. 14 SEM images (a) before and (b) after the post-chemical reduction treatment: (a) Ag- and
(b) Au(—Ag)-deposited poly(DCHD) NCs
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alloy and poly(DCHD) core, not being simply the additive extinction spectra from
individual Ag NPs and Au NPs [54].

In addition, Fig. 17a, b indicates the SEM images in the cases of Pt and palladium
(Pd) [54]: Pt(—Ag)-deposited, and Pd(—Ag)-deposited poly(DCHD) NCs, which
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Fig. 17 SEM images of (a) Pt(—Ag)- and (b) Pd(—Ag)-deposited poly(DCHD) NCs
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Fig. 18 Powder-XRD patterns of (a) Pt(—-Ag)- and (b) Pd(-Ag)-deposited poly(DCHD) NCs:
Added amount of Pt or Pd salt aqueous solution; (1) 0, (2) 20, (3) 50, and (4) 100uL

were, respectively, fabricated by the reduction of aqueous solutions of K,PtCl, and
sodium tetrachloropalladate (NayPdCly) using ascorbic acid. Figure 18 displays the
powder XRD patterns of these hybridized NCs prepared with different amounts of
K, PtCly or NayPdCly aqueous solution. Interestingly, the XRD peaks were shifted
from the original peak position of Ag to that of Pt or that of Pd with increasing the
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amount of added Pt or Pd salt. Perhaps the present shells of Pt(—Ag) and Pd(-Ag)
were a metal-alloy (nano)structure [124—126].

On the other hand, Pt NPs preformed on poly(DCHD) core (see Sect.4.3.1)
were also used as both self-catalyst and substrate. That is to say, when K,PtCly
aqueous solution and ascorbic acid is further added into the dispersion liquid of
poly(DCHD)-core/Pt-shell hybridized NCs, one could successfully fabricate the
thicker and self-grown Pt shell [54], i.e., Pt(-Pt)-deposited poly(DCHD) NCs, as
shown in the TEM images of Fig. 19. Figure 20 exhibits the powder XRD pattern
of poly(DCHD)-core/Pt-shell hybridized NCs and Pt(-Pt)-deposited poly(DCHD)
NCs. The average size of deposited Pt NPs was evaluated to be 3.1 nm by apply-
ing the Scherrer equation [127] to the (111) diffraction peak, which was almost the
same as the average size from the TEM images as described in Sect. 4.3.1. In Fig. 20
there are no diffraction peaks from deposited Pt NPs before post-chemical reduction
treatment, owing to too small a size. On the contrary, the broad (111) diffraction

Fig. 19 TEM image
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Fig. 20 Powder-XRD patterns of poly(DCHD)-core/Pt-shell hybridized NCs and Pt(-Pt)-
deposited poly(DCHD) NCs
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peak of Pt NPs appeared after post chemical reduction treatment. The XRD from
poly(DCHD) core apparently disappeared at the same time. This fact also supported
the formation of a thicker Pt shell [54].

4.4 Poly(alkylthiophene)-Core/Pt-Shell Hybridized Nanocrystals
Fabricated by Visible-Light-Driven Photocatalytic
Reduction Method

Poly(3-alkylthiophene) (PAT) is also a kind of t-conjugated polymer, which is solu-
ble in common organic solvents, and one of the most remarkable polymer materials
for polymer devices such as the organic thin film transistor (TFT) and EL, photo-
voltaic cell, etc. [128].

PAT used in the present study was regioregular, and the alkyl chain lengths were
butyl (PAT-4), hexyl (PAT-6), and octyl (PAT-8), respectively. Figure 21 indicates
the SEM images of PAT NPs, which were fabricated conveniently by the repre-
cipitation method, using THF and water as good and poor solvents [121, 129].
The size of the formed PAT NPs increased in general with the concentration of
THF solutions of PAT, and the shape was also turned from spherical to rectangular-
like. The VIS absorption (or extinction) spectra for THF solutions of PAT showed
the maximum absorption peaks at around 430 nm, interestingly being independent
of alkyl chain lengths, and these peaks were distinctly red-shifted to the range of
about 480-510nm in PAT NPs. This behavior indicates the extension of effective
m-conjugation along PAT backbone [130], compared with the random coiled con-
figuration of PAT chain in the solution state. In particular, PAT-6 and PAT-8 NPs
provided the small absorption shoulder at ca. 630 nm, due to ordered m—m stacking
structure induced by long alkyl chains.

As shown in the TEM images of Fig. 22, PAT-core/Pt-shell hybridized NPs were
similarly prepared by adding K,PtCls, ammonia, and a small amount of formalde-
hyde (HCHO) as a hole scavenger into an aqueous dispersion liquid of PAT NPs, and

Fig. 21 SEM images of (a) PAT-4, (b) PAT-6, and (c) PAT-8 NPs
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then VIS light was irradiated for a given time [121, 129]. The thickness of Pt shell
is about 5-10 nm. Figure 23 represented the typical EPMA data. The band structure
of PAT is shallow: CB = —2.85eV and VB = —5.25eV [131] by comparison with
PDA. Namely, the oxidation of water to quench the hole, as discussed in Sects. 4.2.2
and 4.3.2, is ineffective, and then HCHO (Eegox = 0.197vs SHE) was employed as
follows [117]:

HCHO,q +2H,0 +4h" — CO3~ +6H" 3)

In addition, Pt shell, i.e., Pt(-Pt)-deposited PAT NPs, could be fabricated success-
fully through the post-chemical reduction treatment by adding K,PtCly, a small
amount of poly(vinylpyrrolidone) (PVP) as a dispersion stabilizer, and formic acid
(reducing agent) [121, 129]. Figure 24 indicates the SEM image of Pt shell formed
on the surface of PAT NPs.
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i

Fig. 24 SEM image of PAT-8-core/Pt-shell hybridized NPs after the post-chemical reduction
treatment

5 Ordered Array Structure of Polymer Microspheres
on Patterned Substrate, and Arrangement
of Encapsulated Polymer Nanocrystals

For optoelectronic or photonic device application using polymer NCs (or NPs)
including hybridized ones, it should be necessary to integrate and assemble high or-
dered nanostructure on a substrate [87], and should be possible to control input and
output information signals by accessing polymer NCs electronically (or electrically)
and/or optically [132—134]. In other words, the dispersion liquids of the present
polymer NCs and hybridized ones are not directly available for device application,
except for a so-called “Liquid and Crystal” system like DAST NCs dispersion liquid
as described in Sect. 2 [21, 41-43]. Specifically, one has to array, align, and orien-
tate polymer NCs selectively on a substrate. However, ordinary polymer NCs are not
spherical but cubic or rectangular, and unfortunately have a size distribution [61].

To overcome these problems, our attention is now intently focused on encapsu-
lation of polymer NCs and the use of lithographically patterned substrate [59-61].
Encapsulation could provide some advantages [61]: pseudo-monodisperse in size
of polymer NCs, spherical shape, and passivation effect for stable dispersion. In
addition, a patterned substrate seems to be very useful in order to control the se-
lectivity of position and location on a substrate and to construct ordered array and
integrated nanostructure [59, 135, 136].

Actually, self-assembly micro-structure and nano-structure of colloidal particles
have generated much interest for developing photonic device application [59, 87].
The large area and regular micro-structure and nano-structure made of polymer
or silica colloidal crystal on a substrate could be realized by means of some
preparation techniques, for example, sedimentation at the gravitational field [137],
crystallization induced by capillary force [138], and dewetting processes [139]. On
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the other hand, a patterned substrate is often employed as a template to control pre-
cisely the position of colloidal particles or as a field to induce nucleation of organic
NCs [55, 56, 135, 136].

First, some ordered structure of mono-dispersed polystyrene microspheres
(PSMSs) is demonstrated on a lithographically patterned substrate by means of
the tapered cell method [59]. Next, we encapsulate poly(DCHD) NCs, that is
poly(DCHD) core, with polystyrene (PS) shell by seed-emulsion polymerization
method, and encapsulated poly(DCHD) core will also be arrayed on a patterned
substrate [61].

5.1 Ordered Array Structure of Polymer Colloidal Particles
on a Patterned Substrate

5.1.1 Lithographically Patterned Substrate and Tapered Cell Method

As shown in Fig. 25, a patterned silicon (Si) (100) substrate was fabricated by elec-
tron beam (EB) lithography and the subsequent anisotropic wet etching [59]. The
dimple formed has a square-pyramidal shape, and are equally spaced with hexag-
onal or tetragonal symmetry, being defined as the size of dimple (L) and the pitch
between dimples (P). Si substrate used has the advantage of allowing colloidal crys-
tal to integrate with the present Si-based optoelectronic devices.

Figure 26 illustrates the set-up and schematic procedures of the tapered cell
method [140, 141], where a cover glass was slightly tilted (angle = 1-2°) on the
patterned Si substrate. An aqueous dispersion liquid of polymer colloidal particles

Fig. 25 SEM images of

(a) hexagonally and

(b) tetragonally patterned
silicon (Si) (100) substrates.
The dimple has a
square-pyramidal shape, and
its size and pitch are defined
as L and P, respectively. The
scale bars are 5pm long
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Fig. 26 Schematic Cover g|ass
illustration of the tapered cell
method

!
Patterned
Si substrate

Fig. 27 Fluorescence microscopy image of the fluorescent polystyrene microspheres (PSMSs) on
hexagonally patterned substrate during the deposition process. The arrow indicates the movement
direction of the meniscus front inside the tapared cell. L = 1.0um,P = 2.0um, and D = 1.9um

(PCPs) should be injected inside the tapered cell, and then slowly evaporated under
controlled conditions: surface treatment, e.g., the immersion in piranha solution,
temperature (ca. 20°C), and humidity (about 40%) [59]. The concentration of the
dispersion liquid is also an important factor. Consequently, PCPs would be trapped
within the dimples with stepping back of the meniscus. In addition, the above pro-
cess could be repeated to deposit further PCPs by utilizing the first ordered array
structure as a template [59]. Figure 27 displays the fluorescence microscopy image
of green fluorescent PSMSs trapped within the dimples on hexagonally patterned
substrate [59]. The arrow corresponds to the direction of step back of the meniscus.
That is, the image at the right area is still a wet region, while the left area has already
been dried up, and the middle area at the border of the meniscus is bright, due to
condensed fluorescent PSMSs. One can obviously see the ordered array structure of
fluorescent PSMSs trapped “only” within the dimples at the left area. As described
again in Sect. 5.1.2, the residual PSMSs, not trapped by the dimples, were com-
pletely dragged and swept with moving the meniscus. In other words, no PSMSs
are on the terrace [59].
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5.1.2 Array Structure Ordered on Patterned Substrate

PSMS was used as a PCP in the present case [59]. Ordered array structure could be
designed by optimizing the parameters of L and P, the diameter of PSMS (D), and
pattern symmetry.

Figure 28a exhibits the SEM image of ordered array structure where each PSMS
was trapped within the individual dimple on the hexagonal patterned substrate
(L=2.1um and P = 4.0um) in a large-scale area [59]. Namely, all the dimples
were perfectly filled with PSMS (D = 2.0um). Since L = 2.1 um, the trapped PSMS
partly protruded from the substrate terrace as shown in Fig. 28b, and the height of
the protrusion was calculated to be about 1.2 um from the schematic cross-section
view illustrated in Fig. 28c. In addition, Fig. 28d displays the ordered array structure
of PSMSs (D = 2.0um) on the tetragonally patterned substrate (L = 1.0um and
P =2.0um).

When D = 300 or 350 nm, all the PSMSs were also trapped within the dimple
on the patterned substrate as shown in Fig.28e [L = 2.1um and P = 4.0pum] and
f[L = 1.0um and P = 2.0um]. No PSMSs were left on the terrace within the ob-
served SEM images. PSMS colloidal crystal formed in the dimple is defined as the
dimension of the dimple, which took cubic-closest packed (ccp) structure. The facet,
(100) plane, is evidently parallel to the substrate surface. In other words, the present
dimple may act as a template to produce PSMS colloidal crystals, the nucleation and
growth of which would be confined and controlled by the four sidewalls inside the
dimples [132, 133]. Namely, the deposition process of PSMSs on patterned substrate

Fig. 28 SEM images and the schematic cross-sectional view of two-dimensional ordered arrays
of PSMSs on patterned Si (100) substrates. Hexagonal pattern [(a), (b) and (e)]: L = 2.1um and
P = 4.0pm; tetragonal pattern [(d) and (f)]: L = 1.0um and P = 2.0um. The tilt angle is 45° in
(b). The cross-sectional view (c) corresponds to (a) and (b). The diameter of the PSMS (D) used
is 2.0um in (a), (b), and (d), 350 nm in (e), and 300 nm in (f). The scale bars are 5um long
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seems to be a kind of colloidal epitaxy process in this case [132]. Moreover, Fig. 28e,
f may provide the two types of hierarchical micro-structure and nano-structures by
the combination of the pattern symmetry with the dimple geometry.

5.1.3 Repeated Procedures in Tapered Cell Method

The same procedure was further repeated, and PSMSs were subsequently deposited
on the PSMS-filled hexagonally patterned substrate, which means the first layer of
ordered array structure of PSMSs can be employed as a new template [59], because
PSMSs protruded by 60% from the substrate surface as shown in Fig. 28c.

Figure 29a illustrates schematically the cross section view, when D = 2.0 um,
L =2.0um, and P = 4.0um in the hexagonal patterned substrate. As expected,
the second layer of ordered array structure was obtained successfully on the first
layer as shown in Fig. 29b, which can be regarded as so-called “Kagome structure”
[142]. The Kagome structure composed of dielectric rods or wire network has been
theoretically investigated and expected to have a large flat band rather than Hon-
eycomb structure [143—145]. In contrast, the same structure based upon polymer
microspheres has scarcely been reported until now. The present fabrication method

P=4.0 um
‘idm A A
by IV %

Fig. 29 Cross-sectional view 3 ' x

(a) and SEM image (b) of . : F t"tv ‘
Kagome sturucture on ‘ ‘ 3 “
hexagonally patterned C i ‘
substrate: L = 2.0um, b

P=4.0um, and D =2.0um
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Fig. 30 Topography (a) and the corresponding fluorescence images (b) by the measurement with
far-field optical microscopy

will open new research fields associated with photonic bands and magnetic prop-
erties in the present Kagome structure, and moreover would present the possibility
that microspheres having different physical properties could in turn be incorporated
or integrated repeatedly [146].

For example, the Kagome structure is said to exhibit the confinement effect
of light propagation. In order to reveal this phenomenon, the Kagome structure,
containing a small amount of fluorescent PSMSs with the same size (D = 2.0um),
was fabricated by the same procedure. Figure 30 represents the topography and
the corresponding fluorescence images from measurements with far-field optical
microscopy. It seems that light propagation would be confined clearly, in com-
parison with the ordinary hexagonal-close-packed structure of PSMS on a flat
substrate [147].

5.2 Encapsulation of Polymer Nanocrystals and Their
Arrangement on Patterned Substrate

5.2.1 Encapsulation of Semiconductor Nanoparticles
and Their Ordered Array Structure

Before performing the encapsulation of PDA NCs, we have attempted to fabricate
encapsulated semiconductor microparticles (MPs) like cadmium sulfide (CdS) and
zinc sulfide (ZnS), which were previously produced by the gel-sol method [148].
A gelatin aqueous solution (1%, 20 mL), which contains cadmium hydroxide,
EDTA-2Na, ammonium acetate, and ammonia, was mixed with a gelatin aqueous
solution (1%, 5 mL) of thioacetamide as a source of S~ at 60°C for about 10 h. Af-
ter removing gelatin and by-products, the resulting CdS NPs were re-dispersed
in an aqueous dispersion medium. In contrast, ZnS NPs aqueous dispersion
liquid was also prepared through the same procedure by using zinc hydroxide.
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Fig. 32 SEM (a) and TEM (b) images of ZnS NPs. The inset is ED patterns

Figures31 and 32 indicate the SEM and TEM images of CdS and ZnS NPs,
respectively [149]. The shape is spherical, and the diameter is about 450 nm and
almost mono-dispersed in both cases. From SEM images, the surface of CdS NPs
is a little rough, while ZnS NPs have a smooth surface. In addition, the ED patterns
suggest polycrystalline state in any case of CdS and ZnS NPs.

These CdS or ZnS NPs were encapsulated by a seed-emulsion polymerization
process [149]. After adding styrene monomer (St), divinylbenzene (DVB: crosslink
agent), potassium peroxodisulfide, initiator (KPS), and a small amount of SDS, CdS
NPs, or ZnS NPs, the dispersion liquid was refluxed at 80°C in a nitrogen atmo-
sphere. The obtained dispersion liquids were purified by the centrifugation method,
re-dispersed in an aqueous dispersion medium. The encapsulated CdS or ZnS NPs
having transparent and weakly crosslinked PS shell was obtained successfully as
shown in Fig. 33 [149]. Actually, the bright area in the SEM images and the black
region in the TEM images correspond to CdS or ZnS NPs, and the thickness of
PS shell (or the total diameter of the encapsulated MPs) could be suitably con-
trolled by repeating a series of seed-emulsion polymerization processes. However,
CdS NP was not located at the center of the encapsulated MPs, but ZnS NP was
roughly centered. In addition, SDS was not necessarily effective for encapsulation
in the case of ZnS NPs. From these experimental results, the present seed-emulsion
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200 nm
—

Fig. 33 SEM (a,c) and TEM (b,d) images of PS-encapsulated CdS (a,b) and ZnS (c,d) MPs

Fig. 34 SEM images of hexagonally ordered array structure in PS-encapsulated CdS (a) and ZnS
(b) MPs

polymerization seems to be a very complicated phenomenon, and the resulting
encapsulated semiconductors MPs may be considerably influenced by the differ-
ences in affinity among St, the formed PS, SDS, and semiconductor NPs.

Anyway, the encapsulated CdS or ZnS MPs are clearly spherical, and the size is
almost uniform. So it was also possible to arrange these MPs easily on the patterned
substrate by means of the tapered cell method. Figure 34 exhibits the SEM images
of hexagonally ordered array structure in PS-encapsulated CdS and/or ZnS MPs,
which occupied only pits on the patterned substrate within the SEM observation
[149]. However, the total area of ordered array structure was unfortunately not so
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large in any case, compared with PSMS case. Probably, the rate of stepping back of
the meniscus should be optimized, because CdS or ZnS NPs have a greater specific
gravity than PSMS.

5.2.2 Encapsulation of Polydiacetylene Nanocrystals with Polystyrene

In principle, PDA NCs were successfully encapsulated by PS shell in the fol-
lowing manner [61]. Poly(DCHD) NCs dispersion liquid previously fabricated by
the reprecipitation method was condensed and used without dialysis treatment for
the subsequent encapsulation process [150, 151]. The concentrated poly(DCHD)
NCs dispersion liquid is 0.63mgmL~! and 10mL. The conductivity was over
1,000uS. Poly(DCHD) NCs were encapsulated by seed-soap-free emulsion
co-polymerization of St and hydrophilic styrene derivative 1-(4-vinylphenyl)ethane-
1,2-diol, hydrophilic styrene derivative (HSt) (see Fig. 35) using KPS as an initiator.
That is to say, SDS was not added in the present case [61]. After nitrogen bubbling,
the co-polymerization for encapsulation was performed at 80°C and 1,000 rpm,
when the added weight ratio was St:HSt = 99:1. The thickness of PS shell could
be controlled by repeatedly adding St and HSt. Co-polymerization was confirmed
from "H-NMR and IR spectra [61].

Figure 36a, b displays the SEM images of poly(DCHD) NCs encapsulated with
only PS or with poly(St-co-HSt), respectively [61]. When encapsulated with PS, the
shape was not spherical but irregular. A number of isolated PS NPs, not contain-
ing poly(DCHD) NCs, were observed in the SEM image. The dialysis treatment of
PDA NCs dispersion liquid for several days is usually said to be an essential pro-
cess to produce mono-dispersed encapsulation [150, 151], since high ion strength
would induce undesirable aggregation and/or segregation during seed-emulsion
polymerization. As shown in Fig. 36b, however, the encapsulation of poly(DCHD)
NCs proceeded promptly without the dialysis treatment in the co-polymerization
of St and HSt [61]. The apparent shape evidently changed from rectangular-like
to spherical, and the size increased to about 200 nm, when poly(DCHD) NCs
were approximately 95nm in size. In addition, the {-potential increased from
—23 to —66mV after encapsulation [61]. The dispersion stability of encapsu-
lated poly(DCHD) NCs was clearly raised, because sulfo-residual fragments from

a N b

Fig. 35 Chemical structures HO
of (a) St and (b) HSt,
(1-4-vinylphenyl)ethane-1,2-diol OH
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Fig. 36 SEM images of encapsulated poly(DCHD) NCs (a) with only PS and (b) with
poly(St-co-HSt)

Fig. 37 TEM image of
encapsulated poly(DCHD)
NCs with poly(St-co-HSt)

decomposed KPS and the hydroxyl moiety from HSt may be located on the surface
of the encapsulated poly(DCHD) NCs and exposed to a water phase [61]. This is
very important to construct an ordered array structure on a patterned substrate by
means of the tapered cell method. Figure 37 shows the TEM image of encapsulated
poly(DCHD) NCs, corresponding to Fig.36b [61]. Rectangular poly(DCHD) NCs
was completely covered with spherical poly(St-co-HSt) shell.

As discussed in Sect. 5.2.1, encapsulation would be strongly dependent on affin-
ity between PDA core and poly(St-co-HSt) shell. Probably there are the two main
schemes of encapsulation mechanism as shown in Fig.38 [61]. (1) At the initial
stage St oligomers co-polymerized with HSt are first produced, which may have a
higher affinity to poly(DCHD) NCs than only St oligomers. As the polymerization
proceeds, poly(St-co-HSt) formed may adsorb on the surface of poly(DCHD) NCs,
because of the lowering of solubility in a water phase, and then nucleation, and en-
capsulation may take place on the surface of poly(DCHD) NCs. (2) On the other
hand, it is assumed that there exist initially St fine droplets, which contain HSt to
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Fig. 38 Schematic illustrations of proposed mechanisms for encapsulation by soap-free emulsion
polymerization with poly(St-co-HSt). In both cases, HSt serves as a kind of surfactant

some extent, at the surrounding poly(DCHD) NCs. The fine droplets may be ther-
modynamically stabilized by the surface activity of HSt, and then co-polymerization
starts in or on the surface of St fine droplets in the presence of poly(DCHD)
NC. Anyway, HSt is considered to be a kind of surfactant, and may enhance the
affinity and stability between formed PS and poly(DCHD) NC [61]. As a result, PS-
encapsulation PDA NCs may proceed smoothly. Actual encapsulation is probably
intermediate between the above-mentioned (1) and (2) processes.

In contrast, ionic St derivatives, e.g., cationic p-styrene ammonium chloride
and anionic sodium p-styrenesulfonate, were completely inappropriate for encap-
sulation rather than HSt. The resulting encapsulated NCs were aggregated and
irregularly shaped in these cases [61].

5.2.3 Ordered Array Structure of Polystyrene-Encapsulated
Polydiacetylene Nanocrystals

We have similarly attempted to arrange PS-encapsulated poly(DCHD) NCs on a
patterned substrate by means of the tapered cell method [61]. As shown in Fig. 39,
it has become apparent that the concentration of PS-encapsulated poly(DCHD) NCs
dispersion liquid should be optimized. In the present case, all the dimples were occu-
pied at 0.61 wt% [61]. The proper concentration is influenced by the number density
of the dimples as well as preparation conditions such as temperature, humidity, and
the affinity between encapsulated NC and substrate.

Moreover, the repeated tapered cell method was performed successfully to
construct a heterogeneously ordered array structure as shown in Fig.40a [61].
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Fig. 39 SEM images of poly(St-co-HSt)-encapsulated poly(DCHD) NCs on a hexagonally pat-
terned substrate using the tapered cell method: (a) 0.15, (b) 0.31, (¢) 0.61, and (d) 0.90 wt%

PSMSs
or
PS-encapsulated
ZnS MPs

Encapsulated
Poly(DCHD) NCs

Fig. 40 Schematic illustration (a) of step-by-step deposition and SEM images (b,c) of step-by-
step arrangement; (b) PSMSs in the dimple and poly(St-co-HSt)-encapsulated poly(DCHD) NCs
on the terrace and (c) PS-encapsulated ZnS MPs in the dimple and poly(St-co-HSt)-encapsulated
poly(DCHD) NCs on the terrace
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Figure 40b, ¢ demonstrates, respectively, the heterogeneous hexagonally ordered
array structures: (a) PSMS in the dimple and the PS-encapsulated PDA NCs on
the terrace; (b) PS-encapsulated ZnS MPs in the dimple (see Sect.5.2.1) and PS-
encapsulated PDA NCs on the terrace [61].

It became possible to array and arrange selectively non-spherical and irregular-
shaped polymer NCs by encapsulation on a patterned substrate using the tapered
cell method. In addition, this repeated procedures may produce a heterogeneously
ordered array structure composed of encapsulated NCs and/or MPs having different
optoelectronic, photonic, and magnetic properties, which may lead to integrated de-
vice application such as functional photonic crystals and super-lattice structure [61].

6 Conclusions and Future Scope

We have also already prepared successfully the different types of hybridized NCs
and microcrystals (MCs) by further developing the fabrication techniques, e.g.,
Pt-coated phthalocyanine NCs [152], Au NPs deposited fullerene MCs [153],
J-aggregated chromospheres-adsorbed noble metal NPs core [154], and so on. On
the other hand, our attention is now focused on the present visible-light-driven pho-
tocatalytic reduction process for novel applications to the two-dimensional surface
of m-conjugated polymer substrate and film [121].

Considering the above-mentioned research potential and background, these hy-
bridized NCs and the corresponding encapsulated NPs (or MPs) can be regarded as
new and promising building blocks in bottom-up fabrication processes. In addition,
the improved fabrication technique and process superior to the tapered cell method
and the use of a patterned substrate are freely available to produce ordered and reg-
ularly integrated array structure. Considering nano-plating, highly integrated nano-
or micro-structure [155] for NLO and photonics devices, and meta-material [120],
these next-generation organic and polymer devices should be further developed in
the near future, and will probably be extremely useful to solve resource, energy, and
environmental problems on a global scale.
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from One Carbon Unit
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Abstract This review describes recent progress in the preparation of C—C main
chain polymers, where the main chain is constructed from one carbon unit. The first
example for this strategy is polymerization of diazoalkanes and aryldiazomethanes,
which were extensively explored in the period 1950-1970, despite the high ex-
plosiveness of the monomers. The metal surface-catalyzed polymerization of
diazoalkanes has recently attracted much attention, as an efficient method for
coating the surface with nanometer-scale polymethylene thin films, which can be re-
garded as a useful substitute for polyethylene films. Diazocarbonyl compounds such
as diazoacetates, diazoketones, and diazoacetamides with a variety of substituents
have been polymerized by Pd-complexes to give poly(substituted methylene)s with
polar functional groups. Rh(diene) complexes polymerize ethyl diazoacetate in a
stereospecific manner, giving high molecular weight polymers (M, up to 270,000).
Organoborane-initiated living polymerization of sulfoxonium methylides is remark-
ably effective as a method for preparing polymethylenes with a controlled chain
length and a well-defined polymer architecture. Some polymerizations related to
the above examples are also described.
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1 Introduction

Needless to say, vinyl polymerization is one of the most important methods for poly-
mer synthesis. A variety of carbon—carbon (C—C) main chain polymers have been
prepared by the vinyl polymerization of monomers with diverse substituents, via
radical, cationic, anionic, or coordination mechanism. Furthermore, with the tech-
nological achievement such as living and stereoselective (or stereospecific) poly-
merizations, fine-tuning of the polymer structure with respect to molecular weight
and tacticity has been realized in a number of examples. In particular, polymers ob-
tained with vinyl polymerization (vinyl polymer) as represented by polyethylene,
polypropylene, polystyrene, and poly(methyl methacrylate) have contributed to the
progress of modern society in various aspects as useful synthetic materials.
However, even with technological development, there still exist some significant
limitations in vinyl polymerization as a method for polymer synthesis. For exam-
ple, because of the significant difference of reactivity between non-polar olefins
(ethylene, propylene, etc.) and polar monomers (e.g., alkyl [meth]acrylate), random
copolymerization of such a monomer combination as ethylene and alkyl acrylate
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is very difficult, even though some palladium complexes have been discovered
recently, which can conduct the copolymerization to some extent [1-6]. From the
viewpoint of modifying physical properties of polyolefins, an efficient method for
preparing such copolymers has been strongly desired for a long time. Thus, there
still remain many technological objectives in vinyl polymerization that have yet to
be attained. Or, instead, there could exist some alternative synthetic methods for
C—C main chain polymers, which are totally different from vinyl polymerization.

Meanwhile, as a method for the synthesis of C—C main chain polymers, if we can
construct the main chains from one carbon unit, a variety of new C—C main chain
polymers can be prepared, including polymers which cannot be prepared by vinyl
polymerization [7, 8]. Scheme 1 illustrates the general concept of such strategy, by
which we can prepare polymers having substituents on all the main chain carbons or
having the same composition as those of vinyl polymers with totally different distri-
bution patterns of the substituents along the main chain. To realize such a method for
polymer synthesis, we need to find a class of monomers which have an appropriate
reactivity for the transformation (initiation and propagation) and hopefully to which
introduction of various substituents is feasible. In comparison to vinyl polymeriza-
tion, which can be called “poly(substituted ethylene) synthesis”, we can call the
method “poly(substituted methylene) synthesis (PSMS).” Furthermore, compared
to vinyl polymerization, where the substituent is located at every other carbon atom,
the structural flexibility of PSMS is larger than that of vinyl polymerization with
respect to the distribution pattern of the substituent along the main chain.

| vinyl polymerization
X B -
=~ —— TR K K KK KK
Y XYXYXYXYXVYXVYXY

| poly (substituted methylene) synthesis (PSMS)

X XYXYXYXYXyYXyYX)Y
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Scheme 1 Vinyl polymerization and poly(substituted methylene) synthesis (PSMS)
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As a reported example for PSMS, polymerization of diazoalkanes and
aryldiazomethanes was extensively investigated until 1970 [9—11], although the
well known explosiveness of the monomers hampered its utilization as a general
method for polymer synthesis. Whereas not much progress had been attained there-
after for almost three decades, there have been some new attempts for PSMS using
rather more stable compounds such as sulfoxonium ylides and diazocarbonyl com-
pounds since 1997. Thus, the main objective of this review is introducing these new
investigations of PSMS. Although polymerization of isocyanides [12] and related
compounds can also be regarded as a method for preparing C—C main chain poly-
mers from one carbon unit, they are not included here because they do not afford
sp> carbon main chains, which should be dealt with in this review, but sp>-carbon
main chains, instead.

2 Polymerization of Diazoalkanes and Aryldiazomethanes

Obviously, the first example of poly(substituted methylene) synthesis (PSMS) is
polymerization of diazoalkanes and aryldiazomethanes, which was extensively stud-
ied in 1950-1970 [9-11] and whose importance as an alternative method for
polyolefin synthesis was well recognized. In that period, in spite of the high
explosiveness of the diazo compounds, many researchers were engaged in the poly-
merization and some unique and important characteristics for the process were
revealed. Although some reviews of the polymerization were published [9-11], it is
worthwhile to mention briefly some of the representative results, which are closely
related to the contents of the later sections of this review. In addition, the unique
character of surface-catalyzed polymerization of diazomethane has been utilized for
surface modification recently, which is also described in this section. The efficient
synthesis of nanometer-scale polymethylene thin films from diazomethane is quite
remarkable, compared to the difficulty of polyethylene thin film formation because
of the low solubility of the polymer.

2.1 Lewis Acid-Mediated and Transition Metal-Mediated
Polymerization of Diazoalkanes and Aryldiazomethanes

Basically, boron-based Lewis acids and some transition metal complexes have
been recognized to polymerize diazoalkanes and aryldiazomethanes to give poly-
methylenes and poly(substituted methylene)s. In particular, boron trifluoride (BF3)
has been most frequently employed as an initiator. One of the most striking features
of the BF3-initiated polymerization of the monomers is that polymers with very
high molecular weights (M, > 1,000,000) could be obtained in high yields in some
cases, in spite of the poor solubility of the polymers. For example, in 1953, Kantor
and Osthoff reported that a crystalline polymethylene (mp = 132°C) quantitatively
obtained with BF3/Et;O at 0°C in ether had a viscosity-based molecular weight
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Scheme 2 BF;-mediated polymerization of diazoalkanes

of 3.3 x 10 [13] (Scheme 2a). Furthermore, according to a report by Feltzin and
coworkers in 1955, rubber-like copolymers obtained in high yields (>90%) by the
initiator from a 4:1 mixture of diazomethane and diazoethane in ether at 0 °C had a
viscosity-based molecular weight of ca. 2 x 10° [14] (Scheme 2b). Considering the
high reactivity and volatility of the monomers and heterogeneity of the reaction due
to the low product solubility, the high yields and molecular weights of the products
were somewhat surprising.

As for the mechanism for the Lewis acid-initiated polymerization, while radical
mechanism was ruled out by the progress of the polymerization in the presence
of radical inhibitors such as hydroquinone, tert-butylcatechol, and o, a-diphenyl-
B-picrylhydrazyl (DPPH) [14], two types of mechanism had been proposed. In
one of the mechanism types proposed by the authors reporting the examples in
Scheme 2, cationic propagating species, which should be either carbonium ion
(Scheme 3a) or diazonium ion (Scheme 3b) depending on the structure of an actual
initiating species, are proposed. In the former scenario, the propagating chain has
a zwitter-ion type structure, in which cationic and anionic species are located at
propagating and initiating chain ends, respectively (Scheme 3a). On the other hand,
in the latter case described in Scheme 3b, the initiating borate should be generated
by the reaction of BF3 with acidic compound HX, such as H,O, as often assumed
in the initiation for cationic polymerization. Although such cationic propagating
species seem to be too unstable to give high molecular weight polymers, Davies
and coworkers argued that the ionic propagating species can be stabilized by being
surrounded by the large amount of highly polar diazomethane molecules under the
polymerization condition [15].

On the other hand, another proposed mechanism is so-called “insertion
mechanism,” where coordination (nucleophilic addition) of diazo-bearing car-
bon to the boron atom followed by 1,2-migration of fluoride or propagating alkyl
chain constitutes the propagation steps [16, 17] (Scheme 4). On the assump-
tion that the coordination of the monomer to the B-center is rate-limiting, the
mechanism reasonably explains the experimental observation of the first-order de-
pendence of the polymerization rate on diazomethane and BF3 concentration and
the increase of the molecular weight with the decrease of the initiator concentration.
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Scheme 4 Insertion mechanism for BFs-mediated polymerization of diazomethane

The mechanism was also supported by the observation of quantitative formation
of an insertion (initiation) product F,B—CH,-F as a result of the reaction of BF3
with diazomethane at —40° C to around —60° C [18]. As described later in this
review for the Pd-mediated polymerization of diazocarbonyl compounds and the
B-mediated polymerization of dimethylsulfoxonium ylides, this type of mecha-
nism is significant as a general one for PSMS with a combination of coordination
(nucleophilic addition) and 1,2-migration for the metal-mediated reactions.
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In contrast to diazomethane, homopolymerization of higher diazoalkanes and
aryldiazomethanes have not been so successful, giving lower molecular weight
polymers in lower yields in general. Recently, Wada, Morisaki, and Chujo applied
the BF;3-initiated polymerization to paracyclophane-substituted diazomethanes,
aiming at the synthesis of C—C main chain polymers, whose main chain is densely
surrounded by cyclophane units [19]. The poly(cyclophane-substituted methy-
lene)s with M, = 800 ~ 1,300 were obtained in 5 ~ 20% yields. As expected,
absorption and emission spectra of the polymers exhibited characteristics derived
from m-1 stacking of the cyclophane units around the polymer main chain. Fur-
thermore, when optically active monomers were employed, CD spectra of the
resulting poly(cyclophane-substituted methylene)s suggested the presence of a
higher-ordered structure supposedly induced by the expected tight packing of the
chiral cyclophane units (Scheme 5).

In addition to boron-based Lewis acids, some transition metal complexes have
been shown to be able to polymerize diazomethane [20, 21]. For example, Werner
and Richards reported that nickelocene was highly active for polymerization of di-
azomethane, and proposed a polymerization mechanism where a propagating chain
end contained a Ni—-C bond as an active species [21]. On the other hand, when
they examined a reaction of nickelocene with ethyl diazoacetate (EDA) in cyclo-
hexene, no polymer was formed but diethyl fumarate, diethyl maleate, and ethyl
norcaranecarboxylate were obtained in a 1.4:2.6:1.0 ratio (Scheme 6).

Looking back at the above-mentioned early investigations on PSMS from
diazo compounds, we realize that the fundamental and significant part of the

144
/L\ BF, J ! \n
CH,Cl, or toluene,
~78 ~—15°C
racemic or optically active yield = 5 ~ 20%, M, = 800-1300

Scheme 5 BF3;-mediated polymerization of paracyclophane-substituted diazomethane
e H
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=N i
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Scheme 6 Reactions of nickelocene with diazomethane and ethyl diazoacetate
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polymerization has been already established in these periods. Actually, it was very
unfortunate that the explosive nature of the monomers might have prevented their
further application, in particular a large scale production of the polymers, even
though the efficient synthesis of the high molecular weight polymers comparable
to polyolefins should have seemed very promising from the viewpoint of producing
useful polymeric materials.

2.2 Surface-Catalyzed Polymerization of Diazoalkanes

Along with the Lewis acid and transition metal-initiated polymerization described
above, it has been reported that diazoalkanes can be polymerized to give polyalkyli-
denes by contact with the surface of various transition and main group metals. The
metal surface-catalyzed polymerization was originally found when polymerization
of diazoalkane was examined by using AuX3 (X=Cl or Br) as a Lewis acid catalyst
[22-24]. At the beginning of the reaction, diazoalkane reduced the Au complex to
colloidal Au, which catalyzed the polymerization to give polyalkylidene. The re-
sults led the researchers to investigate catalytic activity of surfaces of evaporated
metals toward polymerization of diazoalkanes, where the activity of various tran-
sition metal surfaces was revealed [25]. In particular, polymerization initiated by
an Au-surface afforded crystalline polyethylidenes, which suggested stereoselective
propagation at the metal surface.

The Au surface-catalyzed polymerization of diazoalkanes has recently been ap-
plied to the coating of Au-surfaces with nanometer-scale polymethylene thin films.
Because of its high inertness and stability, polyethylene has been considered a desir-
able material for metal surface coating. However, the low solubility of the polymer
has prevented the use of common film-forming methods such as spin coating and
solution casting. Moreover, conditions required for ethylene polymerization is ba-
sically not suitable for applying to surface-initiated polymerization to prepare thin
films. Thus, in 1997, instead of using polyethylene or ethylene monomer, Tao, Al-
lara, and coworkers demonstrated that nanometer-scale polymethylene thin films
can be efficiently coated onto Au surfaces by using the surface-catalyzed poly-
merization of diazomethane [26]. By exposing evaporated Au surfaces to an ether
solution of diazomethane, crystalline polymethylene films in the thickness range
of 1-100nm were formed on the metal surface via the polymerization initiated at
Au defect sites. As a mechanism for surface-catalyzed polymerization, the authors
proposed a radical mechanism (Scheme 7), where Au on the surface decomposed
diazomethane with release of N, to leave transient active CH; species absorbed on
the surface by the interaction with the metal in a form of metal carbene, Au = CH,.
Then, the active CH; species collide with each other forming a biradical species,
oCH,—CHjye, still absorbed on the metal surface. The propagation can proceed via
reaction of an activated CH, with one of the radical chain ends, giving polymethy-
lene on the surface.

By combining this technique with formation of a self assembled monolayer
(SAM) of organothiol compounds, Tao and coworkers succeeded in making
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microscale patterns on Au-surfaces [27]. Jennings and coworkers have found that
underpotentially deposited Cu (upd-Cu) and Ag (upd-Ag) layers on Au-surfaces
accelerate and prevent the polymerization of diazomethane, respectively [28], and
then, by combining the upd-Cu activation and upd-Ag deactivation, they also real-
ized microscale patterning on Au-surfaces [29].

A particularly important breakthrough was achieved by Bai and Jennings in
2005 in the surface-catalyzed polymerization of diazomethane by using ethyl di-
azoacetate (EDA) as a comonomer [30] (Scheme 8). Although surface-catalyzed
homopolymerization of EDA did not proceed, EDA can be incorporated into the
resulting polymer chain when an ether solution of a mixture of diazomethane and
EDA was contacted with an Au-surface. The resulting surface bound copolymer,
poly(methylene-co-ethoxycarbonylmethylene), has the same structure as that of ran-
dom copolymer of ethylene and ethyl acrylate. Whereas the incorporation efficiency
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of EDA was not so high, the EDA composition can be controlled in a range of
0 ~ 4% by changing the relative monomer concentration of diazomethane and EDA.

Most strikingly, they revealed that the propagation occurred not at the outer
film-solvent interface, but at the film-metal interface, by designing sophisticated
experiments, where the relative monomer concentration of diazomethane and EDA
was changed in the middle of the polymerization to an extent that significantly af-
fected the contact angle of the resulting polymer surface. As a result, the resulting
surface exhibited the contact angle expected from the composition of the first stage
polymerization, which meant that the polymer chain derived from the second stage
polymerization inserted into the interface between the metal surface and the poly-
mer chain derived from the first stage polymerization. Thickness of the copolymer
film can be controlled by the polymerization period and increased at a constant
rate during the polymerization, which suggests that the propagating species at the
film-metal interface is rather stable. Another interesting point is that the rate of the
polymerization increased with the increase of relative concentration of EDA, even
after the incorporation efficiency of EDA reached a constant level and no longer
increased.

From these experimental results, a polymerization mechanism has been pro-
posed (Scheme 9). As was proposed by Tao, Allara, and coworkers in Scheme 7,
the first step of the reaction is decomposition of diazo compounds releasing N, by
the contact with an Au-surface, resulting in the formation of transient carbene-type
species with interaction with Au on the surface. Because the propagation occurs at
the metal-polymer interface, pushing the polymer chain outwardly, the presence of
Au—C bond is postulated as an active chain end. Thus, the propagation should be an
insertion of the activated CH, and CHCO,Et species into the Au—C bond, where the
reactivity of the former is much higher than the latter. Then, the transient CHCO,Et
species existing on the metal surface but not participating in the propagation should
activate the Au atom in the propagating chain end by withdrawing electrons from
the metal because of the electron withdrawing effect of the ester group.

"""CHCO,EL
"""'CH, propagation at polymer film-metal interface

H
Au !
surface R [CHal, _/_ﬁ\-}:

CHCO,Et
activation of Au-polymer chain end by EWD-effect

0" OEt

transient spieces that does not participate in propagation but only
activates the Au-C propagating chain end by electron-withdrawing effect

CHCO,E

Scheme 9 Mechanism for Au surface-catalyzed copolymerization of diazomethane with ethyl
diazoacetate
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The use of EDA as a comonomer in the surface-catalyzed polymerization not
only contributed to the efficient formation of polymer films, but can also be utilized
for the modification of surface properties by using the incorporated ester groups.
In particular, pH-responsive membranes have been achieved by hydrolysis of the
ester group [30-33] or introduction of amino group via substitution at the ester
group [34].

3 Polymerization of Diazocarbonyl Compounds

In contrast to the aforementioned diazoalkanes and aryldiazomethanes, whose in-
stability and high explosiveness have diminished their general utility as a monomer
for polymer synthesis, diazocarbonyl compounds have been known to be rather
stable and frequently used as a reagent for organic synthesis [35, 36]. In particu-
lar, transition metal catalyzed cyclopropanation of diazocarbonyl compounds with
C=C double bonds has been extensively investigated and established as a very use-
ful method for the formation of cyclopropane frameworks, where application for
asymmetric synthesis using various optically active ligands has been successfully
achieved.

On the other hand, polymerization of diazocarbonyl compounds had not been
reported until 2002, which seems somewhat strange considering the extensive
studies of polymerization of diazoalkanes and the prevalence of diazocarbonyl
compounds in synthetic organic chemistry. If the polymerization of diazocarbonyl
compounds releasing N proceeds in a similar manner as diazoalkanes, synthesis of
poly(substituted methylene)s bearing carbonyl containing polar functional groups
such as ester and ketone could be realized, extending the generality of PSMS con-
siderably. For example, the combination with a monomer providing an unsubstituted
CH; unit (one candidate = diazomethane) will result in the formation of a new poly-
mer, whose composition is equal to poly(alkyl acrylate) or poly(vinyl ketone), but
whose distribution pattern of the polar substituents along the main chain is random,
being quite different from that derived from vinyl polymerization where the sub-
stituent is located on every other carbon atom (Scheme 10).

¥>7 vinyl polymerization -
R OO0 0= O0=<X0=<X0=<X0=<0

0 R R R R R R R R

Scheme 10 Syntheses of polymers with a same composition by PSMS and vinyl polymerization
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Scheme 11 Cu-mediated polymerization of allyl diazoacetate

3.1 Cu-Mediated Polymerization of Allyl Diazoacetate

In 2002, in an attempt to prepare poly(2-hydroxymethylcyclopropanecarboxylic
acid) via intermolecular cyclopropanation of allyl diazoacetate catalyzed by Cu
powder, Liu and co-workers found that the product was not the desired polymer
with the cyclopropane-framework in the main chain, but poly(allyloxycarbonyl-
methylene) as shown in Scheme 11 [37]. Although the polymer yield was not
mentioned in the paper, the polymer structure was confirmed by 'H and '3C NMR
and IR spectroscopy, and M, of the product was reported to be over 3,000 by the
estimation with GPC based on polystyrene standards. This is the first report for the
polymerization of diazocarbonyl compounds.

3.2 Pd-Mediated Polymerization of Diazocarbonyl Compounds

3.2.1 Polymerization of Alkyl and Aryl Diazoacetates

Independent from Liu and coworkers, we have found and reported that alkyl and
aryl diazoacetates can be polymerized by the initiation with palladium dichlo-
ride (PdCl,) in the presence of amine such as pyridine and triethylamine [38].
Poly(ethoxycarbonylmethylene) and poly(methoxycarbonylmethylene) were ob-
tained in 50 ~ 100% yields by the polymerization of ethyl diazoacetate (EDA) and
methyl diazoacetate, respectively (Scheme 12), and the '"H NMR spectra of the
former products are almost identical with those of polymers obtained by radical
polymerization of diethyl fumarate and maleate [39]. Although GPC-estimated M,s
based on PMMA standards were rather low (<500), MALDI-TOF-MS spectra for
the products exhibited signals in a range of m/z = 1,000 ~ 10,000, indicating that
they were not mere mixtures of oligomers with degree of polymerization (DP)
below 10, but actually polymers with higher DP (up to 100) were included even in
small quantities.
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Scheme 12 PdCl,;-mediated polymerization of alkyl diazoacetates
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Scheme 13 PdCl,-mediated polymerization of aryl diazoacetate
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Scheme 14 Mechanism for PdCl,-mediated polymerization of alkyl diazoacetate

When an aryl diazoacetate with bulky substituents on its phenyl ring was em-
ployed as a monomer and the product obtained by initiation with PdCl,/Etz;N was
analyzed by MALDI-TOF-MS in reflector mode, the result suggested the presence
of diethylamino groups at both polymer chain ends [38] (Scheme 13).

On the assumption that the diethylamino group was derived from triethylamine
used as an additive, a mechanism for the polymerization can be proposed as shown
in Scheme 14. The initiation would be a nucleophilic attack of the amine coordinated
on the Pd center to the diazo-bearing carbon atom of the monomer accompanied by
the release of Ny, resulting in the formation of a Pd—C bond. Then, the propaga-
tion would be an analogous attack of the chain end carbon on the Pd center to the
diazo-bearing carbon of another monomer with the release of N», resulting in the
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insertion of an alkoxycarbonylmethylene repeating unit into the propagating Pd—C
bond. The reductive elimination of two propagating chains from a divalent Pd center
explains the formation of the attachment of amino groups at the both polymer chain
ends. The observation of neutral diethylamino groups in the MALDI-TOF-MS spec-
trum indicates that the Hofmann type elimination of HCI from the ammonium ion
occurred during work-up or the MS analysis.

In accord with the mechanism proposed above, elemental analysis of the thus
obtained polymers indicated the presence of a small amount of nitrogen, which can
be ascribed to the presence of N-containing groups at the chain ends. Calculation on
the basis of the N-content shows that Mys of the polymers are about 2,000, for the
samples whose GPC-estimated M;,, were below 500.

Because Pd complexes would catalyze dimerization of EDA to give diethyl fu-
marate and maleate, it might be possible that the polymers were obtained by radical
polymerization of the diesters generated by the Pd-catalyzed dimerization. How-
ever, whereas the polymer obtained by AIBN-initiated radical polymerization of
diethyl fumarate exhibited signals in MALDI-TOF-MS spectra with peak intervals
of m/z =172 (CHCO,Et x 2), the intervals of the spectra of polymers from EDA
were m/z = 86, suggesting that the polymers were not obtained by the radical poly-
merization of the diesters [38] (Scheme 15).

Recently, we have found that a combination of Pd(0) complexes having an
N-heterocyclic carbene (NHC) ligand and tetraarylborate [(NHC)Pd/borate system]
is effective for affording relatively high molecular weight polymers from EDA [40]
(Scheme 16). Poly(ethoxycarbonylmethylene)s with M, = 10,000 ~ 25,000 were
obtained in good yields. MALDI-TOF-MS analyses of the product suggested that
a part of the polymer had H and C=C at its chain ends. Accordingly, one of the
possible mechanisms for the polymerization is that initiation with Pd—H species and
termination with 3-H elimination as shown in Scheme 17. The initiating cationic
divalent Pd species would be generated by the reaction of the zerovalent (NHC)Pd

H CO,Et
EtO,C H radical polymerization CI)OQEt
n Rt
H H H Gln
Et0,c°  CO,Et _ ~ COokt
peak interval in mass spectrum: m/z =172
FW =172
N, H
Il PdCl, !
/C\ E——
" WY Co,Et —l_?h

CO,Et
peak interval in mass spectrum: m/z = 86

Scheme 15 Radical polymerization of diethyl fumarate and maleate vs. PdCl,-mediated polymer-
ization of ethyl diazoacetate
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Scheme 17 Mechanism for (NHC)Pd/borate-initiated polymerization of ethyl diazoacetate

complex with THF in the presence of the borate, and the cationic (NHC)Pd(II)
having tetraarylborate as a counter anion should remain as the propagating chain
end during the polymerization.

Interesting to note with the (NHC)Pd/borate initiating system is that the tacticity
of the resulting polymers estimated by the appearance of the main chain CH and
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Scheme 19 (NHC)Pd/borate-initiated polymerization of aryl diazoacetates

carbonyl C=0 signals in their 'H and '3C NMR spectra, respectively, is dependent
on the substituent on the NHC ligand. The results suggest that the stereocontrol of
the polymerization would be possible by proper choice of the ligand structure.

The (NHC)Pd/borate system can be used for other alkyl diazoacetates than
EDA. For example, n-hexyl and cyclohexyl diazoacetates can be transformed by
the initiating system into the corresponding poly(alkoxycarbonylmethylene)s with
M, > 10,000 in moderate yields (Scheme 18). On the other hand, polymers with
much lower yields and M,s were obtained by the polymerization of adamantyl
diazoacetate, which suggests that the bulkiness of the tertiary ester group prevents
the efficient progress of the polymerization [41].

Although radical polymerization of diaryl fumarate and maleate does not pro-
ceed, Pd-mediated polymerization of aryl diazoacetates can afford polymers, whose
main chain is densely surrounded by aromatic rings. As shown in Scheme 19,
the (NHC)Pd/borate initiating system polymerized aryl diazoacetates to give
poly(aryloxycarbonylmethylene)s with M, = 5,000-10,000 in moderate yields
[42]. Similar to the aforementioned poly(cyclophane-substituted methylene)s [19],
the close packing of aromatic groups in the polymer is quite unique, especially in
comparison with vinyl polymers such as polystyrene or poly(vinylnaphthalene),
whose arrangement of the aromatic groups cannot be so dense because of the
presence of an unsubstituted CH; unit at every other carbon atom in the main chain.
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3.2.2 Polymerization of Diazoketones

When diazoketones instead of diazoacetates were used as monomers for the Pd-
mediated polymerization, poly(acylmethylene)s having an acyl group on every main
chain carbon atom can be prepared. ¢,3-Unsaturated diazoketones 1 and 2 can
be polymerized to give polymers with M, = 1,500 ~ 2,500 in good yields [43]
(Scheme 20a). The presence of C=C in a,3-position of the carbonyl group is essen-
tial for the polymerization to proceed, because the diazoketones without the C=C
such as 3, 4, and 5 gave polymers with lower Mys in lower yields (Scheme 20b).

Even when the polymerization was conducted in the absence of amine, the results
of elemental analysis of the obtained polymers indicated the presence of a small
amount of nitrogen (ca. 1%), which could be ascribed to the incorporation of azo
group (-N=N-) in the main chain. As shown in Scheme 21, the incorporation of azo
group would occur, when the propagating chain end attacks the terminal nitrogen of
the diazoketones instead of its diazo-bearing carbon. The presence of the azo group
was confirmed by the observation of absorption at 1,560 cm™! in a Raman spectrum
for a polymer obtained by Pd-mediated polymerization of phenyldiazomethane [44].
The composition of the azo group in the polymers from 1 and 2 is 3-5mol%, for
example.

H
I PdCl, .
n  .C._UR — . et /—l'N=N‘l—
H \HA ~(nx) Ny n x
R= "7 1 R
yield = 40 ~ 65%
@ 2 M, = 1600 ~ 2500
b N

A i —FF'H- / +n=nt
HT 0N, ] 0 .
R

)
3 yield = 13 ~ 25%

(0]
P NN
M, =400 ~ 900
Q.
: 5

Scheme 20 PdCl,-mediated polymerization of diazoketones
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Scheme 22 PdCl,-mediated copolymerization of various diazocarbonyl compounds

Despite the low polymerization efficiency of the diazoketones 3, 4, and S without
C=C at a,-position, they can be used as a comonomer for copolymerization with
other polymerizable diazocarbonyl compounds including EDA (Scheme 22). Thus,
copolymerization with a variety of monomer combinations are possible, affording
poly(substituted methylene)s with various structures, and physical properties of the
copolymers can be controlled by the proper choice of the monomers and their rela-
tive concentrations. For example, polymers derived from 1 with an alkyl chain are
highly viscous oils, whereas those from 2 with a phenyl group are solid. By chang-
ing the initial relative concentrations of the monomers for the copolymerization, we
can control the compositions of repeating units in the resulting copolymers, which
significantly affect the physical properties of the copolymers.

As diazocarbonyl compounds bearing a substituent other than H on the diazo-
bearing carbon, some cyclic diazoketones were applied to the Pd-mediated poly-
merization. The o, -unsaturated cyclic diazoketone 6 derived from cyclohexenone
can be transformed into polymers with a unique structure, where the main chain
carbon is one of carbon atoms of a six-membered ring [45] (Scheme 23). In addi-
tion, the C=C bond conjugated with C=0O would be directed outward from the main
chain, which may render an attack of nucleophiles (1,4-conjugate addition) feasible.
As expected, the addition of nucleophiles such as organolithium and sodium salt of
diethyl malonate occurred by the reaction with the polymer.

Although homopolymerization of o, 3-unsaturated cyclic diazoketones with sub-
stituents on the six-membered ring or o,f-saturated cyclic diazoketones do not
proceed efficiently, they can be used as a comonomer for copolymerization with
polymerizable diazoketones 1 and 2, providing poly(substituted methylene)s with
a variety of structures [45] (Scheme 24). These results indicate that diazocarbonyl
compounds bearing substituents other than H on the diazo-bearing carbon can be
used as monomers for the Pd-mediated polymerization.
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Scheme 24 PdCl,-mediated copolymerization of cyclic diazoketones with acyclic diazoketones

3.2.3 Polymerization of Diazoacetamides

Diazoacetamide is another important class of diazocarbonyl compounds. We
investigated Pd-mediated polymerization of N-substituted diazoacetamides, which
could afford poly(N-substituted carbamoylmethylene)s after polymerization [46].
The structure of the polymer can be regarded as a poly(substituted methylene)
analogue of poly(N-substituted acrylamide)s, whose interesting physical proper-
ties such as thermo-responsiveness are well known. In addition, preparation of
poly(N, N-dimethylcarbamoylmethylene) by transformation of poly(di-ters-butyl
fumarate) and its unique miscibility with commodity polymers have been reported
[47]. Among the monomers we examined, only 7 and 8 can be homopolymerized
by the initiation with PdCl,, affording polymers in low yields (Scheme 25a). On the
other hand, all the diazoacetamides can be used as a comonomer with diazoketone
2, and copolymers containing acyl and carbamoyl groups on the main chain were
obtained (Scheme 25b).



210 E. Ihara

a Ne PdCl H
N OO 2 ot /%NN%X
\ ~(n-x)N, A H
HUR o” N
R
R = -n-CeHys 7, yield = ~10%, M, = 1000 ~ 2000
~CgHy-n-CqHyr 8
b N N,

. H/C\io S0 %’ c%/%c% /+N v

RN R
2

yield = 30 ~ 55%, M, = 700 ~ 1500
\

\
UNo_ o= NS N
R~ R, H nCeHy H \©\ H NS N
7
8

n-CgHy7

Scheme 25 PdCl,;-mediated (co)polymerization of N-substituted diazoacetamides

N

I N, = O PdCl,
H/C 0] + X‘<¥ —>  cross-linked polymer
0O —N,

R

R = -CH=CH-n-CsHy; 1, Cy— o
_CH=CH-Ph2,

-OEt (EDA)

Scheme 26 Synthesis of cross-linked polymers by PSMS

3.2.4 Polymerization of Bis(diazocarbonyl) Compounds

In vinyl polymerization, the use of bifunctional monomers such as divinylbenzene
and N,N’-methylene-bis(acrylamide) with monofunctional vinyl monomers is a
very common and useful method for the synthesis of cross-linked polymers. The
same strategy was examined with the use of some bis(diazocarbonyl) compounds as
shown in Scheme 26 [48]. The copolymerization of bis(diazocarbonyl) compounds
9 and 10 with monofunctional monomers 1, 2, and EDA with feed ratios of [9 or
10]/[1, 2, or EDA] = 0.2 ~ 0.33 afforded soluble products with M; = 10,000 ~
50,000, which would have hyperbranch structures. Further increasing the feed ratio
of [9 or 10]/[1, 2, or EDA] to >0.5 in the copolymerization resulted in the forma-
tion of insoluble products, which should be cross-linked polymers. These products
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should have higher densities of substituents (functional groups) in each lattice of
their cross-linked structure than those obtained by analogous vinyl copolymeriza-
tion, and the characteristic can be utilized for preparing useful polymeric materials.

3.3 Rh-Initiated Polymerization of Ethyl Diazoacetate

In 2006, de Bruin and coworkers reported that some Rh(diene) complexes with
N,O-ligands initiated the polymerization of EDA, giving high molecular weight
polymers with M, up to 270,000 [49-51] (Scheme 27). Although the initiation
efficiency of the Rh complexes is low (<5%), the polymerization proceeds through
a rather stable propagating chain end as demonstrated by the linear relationship be-
tween molecular weight and polymer yield. Because the kind of the N, O-ligand
does not affect the polymerization behavior with respect to M, and M,/M, of the
products, the propagating chain end is assumed to have Rh(diene) moiety as an
active species. In contrast to poly(ethoxycarbonylmethylene)s obtained by the Pd-
mediated polymerization, very sharp signals were observed in the 'H and 13C NMR
spectra of polymers obtained by the Rh complexes, indicating that the polymeriza-
tion proceeded in a highly stereoselective manner. Comparison of the '*C NMR
with that of poly(diethyl fumarate) obtained by radical polymerization suggested
that the polymers have a predominantly syndiotactic structure. In accord with the
highly stereoregulated main chain structure, the polymers show higher 7, than atac-
tic poly(diethyl fumarate).
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Scheme 27 Rh-initiated polymerization of ethyl diazoacetate
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Scheme 29 Homologation of trialkylborane with ethyl diazoacetate

The polymerization is assumed to proceed via (1) nucleophilic attack of diazo-
bearing carbon of EDA to the Rh(I)-center of propagating chain end, (2) formation
of Rh(III)-carbene complex after elimination of N», and (3) insertion of the carbene
into Rh—C bond regenerating the Rh(I) propagating species (Scheme 28). DFT cal-
culation following this mechanism indicated the preference for the syndioselective
insertion step in chain end control.

3.4 B-Mediated Polymerization of Ethyl Diazoacetate

It was reported that the reaction of trialkylborane with EDA proceeded via nucle-
ophilic attack of the diazo-bearing carbon of EDA to the boron center followed by
1,2-migration of an alkyl group from boron to carbon with elimination of Nj, re-
sulting in the homologation of trialkylborane [52-54] (Scheme 29).

Although the reaction can be extended to polymerization of EDA if it occurs con-
secutively, it does not proceed further than single insertion as long as trialkylborane
was used. On the other hand, in 2007 Shea and coworkers reported that reaction of
borane (BH3) instead of trialkylborane with EDA afforded oligomers, as a result of
multiple insertions of the diazo-bearing carbon of EDA into B—C bond accompanied
by elimination of Ny [55]. The reaction of EDA with BH3 in 3:1 ratio furnished
oligomers (M, < 480) in a 34% yield along with products resulting from single
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Scheme 30 Mechanism for BH3-mediated polymerization of ethyl diazoacetate

(11%), double (38%), and triple (8%) insertions. Interestingly, in the reaction of
EDA with BH3 in a 1:1.2 feed ratio, 22 mol% of EDA was transformed into a five-
membered cyclic C-boron enolate, which was characterized by 'H, '3C, and !'B
NMR and whose relative stability compared to the corresponding O-enolate was
supported by theoretical calculation. Accordingly, the BH3 initiated polymerization
should proceed with the C-boron enolate as a resting state, as shown in Scheme 30.

As demonstrated by the observation that only single insertion of EDA occurs
from trialkylborane, the polymerization would stop once three propagating chains
exist on the B center. Accordingly, as the theoretical calculation suggested that there
is not much difference between activation energies for the 1,2-migration of H and
alkyl group, the use of a large excess of EDA to BH3 did not afford high molecular
weight polymers, but only oligomers in low conversion along with unreacted EDA.

3.5 Al-Mediated Polymerization of Diazoketones

When organoaluminum compounds were used as initiators for polymerization of di-
azoketone 1, polymers with M,=2,000 ~ 3,000 were obtained in a similar manner
as the Pd-mediated polymerization [56] (Scheme 31). However, elemental analysis
of the polymers obtained by organoaluminums exhibited a higher N content than
those of polymers obtained by the Pd-mediated polymerization, corresponding to
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Scheme 32 Al-mediated polymerization of diazoketone 2

an azo group content of about 33 mol%. On the assumption that the propagating
chain end has an Al-C bond, these results suggest that the Al-C bond has a higher
tendency for the attack on the terminal nitrogen of the monomer than the corre-
sponding Pd—C bond.

Similarly, the organoaluminum initiated polymerization of Ph-substituted diazo-
ketone 2 also proceeded to give rather low molecular weight polymers, which have
ethylidene repeating units as a result of reductive transformation of a part of the acyl
group to methyl group [56] (Scheme 32). The presence of ethylidene repeating unit
was confirmed by the appearance of a broad methyl signal at 0.3 ~ 1.2 ppm in the
'H HNR spectrum. The reduction also proceeded when a polymer of 2 obtained by
the Pd-mediated polymerization was reacted with the organoaluminum reagent.

3.6 Copolymerization of Diazocarbonyl Compounds
with Other Monomers

3.6.1 Copolymerization with Phenyldiazomethane

Pd-mediated copolymerization of diazocarbonyl compounds with phenyldiazo-
methane proceeded, affording poly(substituted methylene)s with phenyl group
directly attached on the main chain carbons [44] (Scheme 33).
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Scheme 34 PdCl,-mediated copolymerization of diazocarbonyl compounds with alkynes

3.6.2 Copolymerization with Alkynes

Because C=C triple bond can insert into Pd—C bond, which is assumed to be a
propagating chain end of the Pd-mediated polymerization of diazocarbonyl com-
pounds, copolymerization of diazocarbonyl compounds with alkynes would be
expected to proceed. Actually, copolymerization of diazocarbonyl compounds 1, 2,
and EDA with phenylacetylene and 1-heptyne proceeded to give copolymers with
unique structures as shown in Scheme 34 [57].

3.6.3 Copolymerization with Styrene

It was found that diazoketones 1 and 2 can be polymerized by heating alone
without addition of any initiator [58] (Scheme 35). Although 'H NMR spectra
of the products of the thermally-induced polymerization were identical with those
of the products of the Pd-mediated polymerization, elemental analyses revealed that
the azo contents in the former products were much higher than those in the lat-
ter, being about 33 mol%. In addition, interesting to note for the thermally-induced
polymerization was that the molecular weights of the polymers increased signif-
icantly up to M, = 8,400, when benzoquinone was used as an additive. Thus, a
proposed propagation mechanism for the polymerization includes radical coupling
of biradical species generated from the monomer with a propagating radical chain
end. The benzoquinone might stabilize the propagating radical by forming a C-O
bond, which can be reversibly cleaved by heating, enabling the synthesis of poly-
mers with relatively high molecular weights.

On the basis of the mechanism proposed above, radical copolymerization of
diazoketone 1 with styrene was examined to give copolymers [58]. As a result,
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Scheme 36 Thermally-induced copolymerization of diazoketone with styrene

thermally-induced copolymerization proceeded in the presence of benzoquinone,
giving copolymers with relatively high molecular weight (Scheme 36).

4 Polymerization of Sulfoxonium Ylides

In 1997, Shea and coworkers reported polyhomologation, which applies homologa-
tion of organoborane with dimethylsulfoxonium ylide to polymer synthesis [7, 59].
This new polymerization is a highly effective method for polymethylene synthesis,
which proceeds in a living fashion and can afford high molecular weight poly-
methylenes with a very narrow molecular weight distribution (MWD) in a high
yield. Furthermore, by utilizing the living nature of the polymerization, quantitative
functionalization of the chain ends is possible, thus enabling preparation of a variety
of molecular architecture based on the polymethylene chain with a controlled chain
length.

4.1 Living Polymerization of Dimethylsulfoxonium Methylide

Homologation of organoborane with dimethylsulfoxonium methylide 11 was devel-
oped by Tufariello and co-workers, where nucleophilic addition of the ylide-carbon
to boron center followed by 1,2-migration of one of the alkyl groups of organo-
borane with elimination of dimethylsulfoxide (DMSO) resulted in the elongation of
the alkyl group by a CH; unit on the boron center [60-62] (Scheme 37). Because the
product has a similar structure with CH,—B bonds as that of the starting alkylborane,



Construction of C—C Main Chain from One Carbon Unit 217

R

N R
B—CH, /
. . B .\ [fHR
o CH, -DMSO B—CH,
o @ A /
HZC_S\"'Me Me““ls®\o
Me 1" Me

Scheme 37 Mechanism for homologation of alkylborane with dimethylsulfoxonium methylide 11
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Scheme 38 Homologation of tri-n-hexylborane with dimethylsulfoxonium methylide 11

employing a large excess of 11 would result in polymerization (polyhomologation),
as suggested by the observation of a product resulting from double insertions in the
reaction of tri-n-hexylborane with 11 (Scheme 38).

When a large excess of 11 was reacted with trialkylborane, the expected propa-
gation occurred from all three C—B bonds, giving a three-arm star polymer, which
was oxidized with HOOH/NaOH or trimethylamine-N-oxide (TMA-O) to give
hydroxyl-terminated polymethylenes. As the polymerization proceeds in a living
manner, polymethylenes with a very narrow MWD were obtained in high yields
and the M, of the products corresponds to the feed ratio of monomer to initiator
([11]/[alkylborane]/3) [59, 63]. In spite of the low solubility of polymethylenes, the
polymerization in a mixture of 1,2,4,5-tetrachlorobenzene and toluene at 120°C af-
forded high molecular weight polymers with M, > 100,000 and My, /M, < 1.10.
The propagation is very fast with turnover frequency of 6 x 10%g polymethylene
(mol boron)~! h~! at 120°C in the mixed solvent (Scheme 39).

Kinetic study shows that the propagation is first-order in organoborane and zero-
order in the monomer 11 under the condition of a large excess of the monomer, and
thus indicates that fast formation of borate from organoborane and 11 is followed
by a rate-limiting 1,2-migration of one of the three alkyl groups on B to the CH; de-
rived from 11 with the elimination of a DMSO molecule as described in Scheme 37.
Furthermore, 1:1 complexes of BF3 and B(CgFs)3 with the ylide 11 corresponding
to the intermediate in the propagation was isolated and characterized by X-ray crys-
tallographic analyses [64]. Although F and CgF5 groups do not migrate easily in
these complexes, the crystal structures revealed that one of the F and CgF5 groups is
located in the anti-periplanar position to the carbon-sulfur bond, demonstrating the
presence of orbital interaction favorable for the 1,2-migration (Scheme 40).
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Scheme 41 Synthesis of linear a-olefin oligomer by polymerization of dimethylsulfoxonium
methylide 11

In addition to the quantitative introduction of a hydroxyl group at the terminat-
ing chain end by the oxidation, methyl-terminated polymethylene can be obtained
by protolysis with propionic acid [65]. The termination combined with the initia-
tion by triallylborane successfully afforded an oligomeric (Co ~ C3¢) -vinyl-m-
methylpolymethylene with a narrow MWD in a high yield (Scheme 41). This trans-
formation can be a useful method for preparing well-defined linear o-olefin (LAO)
oligomers, which would be valuable as a starting material for olefin polymerization.

Similarly, quantitative introduction of a variety of functional groups into the ini-
tiating chain end was achieved by using trialkylboranes bearing the corresponding
functional groups as initiators [66] (Scheme 42). The initiators can be prepared by
hydroboration of compounds having the functional group (X) and C=C with BH3.
Polymerization of 11 with the initiators can provide telechelic polymethylenes with
anarrow MWD bearing the functional group and a hydroxyl group at o and @ chain
ends, respectively.
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Scheme 43 Et;B-initiated polymerization of (dimethylamino)phenyloxosulfonium methylide 12

4.2 Synthesis of Substituted Carbon Backbone Polymers
Based on Polymerization of Sulfoxonium Ylides

In a similar manner as that of 11, (dimethylamino)phenyloxosulfonium methylide
12 can be polymerized in a living manner to give polymethylene with a narrow
MWD [67] (Scheme 43).

In contrast to dimethylsulfoxonium ylide, for which introduction of substituents
into the ylide carbon is difficult, the ylide carbon in (dimethylamino)phenyloxo-
sulfonium ylide can be modified to have a substituent. For example, methyl-
substituted (ethylide) analogue, (dimethylamino)phenyloxosulfonium ethylide 13,
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Scheme 45 R3B-initiated copolymerization of 11 with cyclopropyl-substituted ylide 14

was prepared and its organoborane-initiated polymerization was examined
(Scheme 44). Whereas homopolymerization of 13 did not proceed because of
steric congestion around the boron center during propagation, copolymerization of
13 with 11 proceeded to give random copolymers, whose composition is the same
as those of copolymers of ethylene and propylene. As the polymerization proceeds
in a living manner, the molecular weight and composition of the copolymer can
be controlled by the feed ratio of [organoborane]/[11]/[13] and the products have a
narrow MWD.

Similarly, cyclopropyl-substituted ylide 14 was prepared and subjected to
organoborane-initiated polymerization [68]. Although 14 again cannot be ho-
mopolymerized for steric reasons in a similar manner as 13, copolymerization of
14 with 11 proceeds in a living fashion to give polymers with a unique main chain
structure, where some of the main chain carbon atoms constitute a cyclopropyl ring
as shown in Scheme 45. Compared to the case with 13, the copolymerization of
bulkier and less stable 14 is less efficient, giving lower incorporation of 13 than that
expected from the comonomer feed ratio.
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Scheme 47 R3B-initiated copolymerization of 11 with trimethylsilyldiazomethane

When borane BH3; was reacted with 2 equiv. of trimethylsilyldiazomethane
(TDM), insertion of TDM into B-H with release of N, occurred to give
tris(trimethylsilylmethyl)borane in a high yield [69] (Scheme 46). However, ad-
dition of an excess of TDM to borane did not lead to polymerization of TDM.

On the other hand, because TDM and dimethylsulfoxonium methylide 11
react with organoborane in a similar mechanism (formation of borate followed
by 1,2-migration), organoborane-initiated copolymerization of TMD with 11
proceeded to give poly(TMSmethylidene-co-methylene), which is a partially
TMS-substituted polymethylene [69]. Although the composition of TMSCH in
the products was lower than that expected from the feed ratio of [TDM]/[11],
oligomers with a relatively narrow MWD were obtained as shown in Scheme 47.
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4.3 Synthesis of Polymethylene Architecture Based on
Polymerization of Dimethylsulfoxonium Methylide

By utilizing transformations of C—B bonds in tris(polymethylene)boranes, synthesis
of unique molecular architecture is realized based on the well-defined polymethy-
lene backbones prepared by the organoborane-initiated polymerization of 11.
Telechelic polymethylenes with hydroxyl groups at both chain ends and cyclic
ketones were obtained from the products of polyhomologation of B-thexylborocane
15 with 11 as shown in Scheme 48 [70]. These transformations take advantage of
inertness of thexyl group on 15 towards 1,2-migration due to the steric bulkiness of
the thexyl group, which brings about the propagation only from two CH,-B bonds
in 15.

Similarly, synthesis of a linear ketone was achieved by combining two poly-
methylene chains on a thexyl-bearing organoborane [70] (Scheme 49). Analogous
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NaOH / H,0,

B
Q I / yield > 90%, M, = 660 ~ 2020,
15 B M, /M, < 1.05 ~ 1.63

o
H "Me Hal,
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\ 1) NaCN / THF
Me 2) BzCl/ reflux
1 3) NaOH / H,0, c
H2

n

yield = 30%, M, = 290,
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Scheme 48 Syntheses of o, w-dihydroxypolymethylene and cyclic ketone by polymerization of
11 initiated with B-thexylborocane 15
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Scheme 49 Synthesis of linear ketone by polymerization of 11 initiated with thexyl-bearing
organoborane
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Scheme 51 Synthesis of polymethylene-substituted cyclooctane by polymerization of 11

transformation was applied for the synthesis of three armed star polymethylene
having hydroxyl group at the center carbon atom [71] (Scheme 50).

When 9-BBN-based cyclic organoborane 16 was employed as an initiator, two
hydroxyl-terminated polymethylene chains can be attached to 1,5-positions in a cy-
clooctane framework [71] (Scheme 51). On the other hand, three polymethylene
chains can be attached to 1,3,5-positions in a cyclohexane framework by using
1-boraadamantane 17 as an initiator [72, 73] (Scheme 52).

4.4 Synthesis of Block Copolymers Based on Polymerization
of Dimethylsulfoxonium Methylide

Since it is generally difficult to prepare block copolymers containing a polyethy-
lene block with a controlled molecular weight, it is quite significant to demon-
strate that a well-defined polymethylene block generated by polymerization of
11 can be incorporated into block copolymers. This strategy can be very useful
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as a synthetic route for providing substitutes of polyethylene-containing block
copolymers. The first example for such block copolymer synthesis was prepara-
tion of poly(methylene-b-ethyleneglycol) and poly(methylene-b-dimethylsiloxane-
b-methylene) [74]. The former block copolymer was prepared by polyhomologation
of a boron-terminated poly(ethyleneglycol), which was prepared by the hydrob-
oration of an allyl-terminated poly(ethyleneglycol) (Scheme 53). On the other
hand, the latter ABA-type triblock copolymer was prepared by polyhomologation
of a poly(dimethylsiloxane) precursor, which was prepared by hydroboration of a
poly(dimethylsiloxane) bearing vinyl groups at both chain ends with thexylborane.
Homologation of the precursor polymer with 11 followed by oxidation afforded the
ABA-type triblock copolymer with controlled polymethylene blocks (Scheme 54).

Another example for block copolymer synthesis is the preparation of poly
(methylene-b-styrene), which was achieved by using a hydroxyl-terminated liv-
ing polystyrene obtained by TEMPO-mediated living radical polymerization [75]
(Scheme 55). The chain end hydroxyl group was transformed into an allyl ether
moiety, which was subjected to hydroboration with BH3; to afford polystyrene
macroinitiator for the polymerization of 11. After chain elongation with 11, oxi-
dation of the C—B chain ends furnished poly(methylene-b-styrene) bearing TEMPO
and hydroxyl group at chain ends.
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4.5 Organoborane-Initiated Polymerization of Allylic
Arsonium Ylides

In 2005, Gall, Mioskowski, and coworkers reported the organoborane-initiated poly-
merization of allylic arsonium ylides, which proceeds in a mechanism closely
related to that of 11 [76]. However, in this process the polymer main chain is not con-
structed from one carbon unit but three carbon unit, which results in the formation
of a series of poly(2-substituted-1-propenylene)s. When 2-substituted allylic arso-
nium ylide generated by the reaction of the corresponding arsonium salt with base
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(t-BuLi or lithium hexamethyldisilazide) was reacted with triethylborane, addition
of the ylide carbon to the boron center gave a borate, where 1,2-migration of one of
ethyl groups followed by elimination of triphenylarsine results in the formation of
insertion product (Scheme 56), in a similar manner as observed in the polymeriza-
tion of 11. However, in contrast to the case of 11, [1,3] sigmatropic rearrangement
occurs after the 1,2-migration, giving 2-substituted-1-propenylene framework as a
repeating unit. After monomer consumption, oxidation of the C-B chain ends with
hydrogen peroxide under an alkaline condition introduced a hydroxyl group at the
chain end.

5 Polymerization of Sulfonium Ylide

Related to the aforementioned polymerization of sulfoxonium ylides, a unique
polymerization of sulfonium ylide was reported by Bai and Shea in 2006 [77]. The
monomer generated in situ by the reaction of trimethylsilylmethyldimethylsulfonium
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iodide 18 with n-BuLi or -BuLi was a mixture of three ylides, dimethylsulfonium
trimethylsilylmethylide 19, trimethylsilylmethylmethylsulfonium methylide 20, and
dimethylsulfonium methylide 21. Polymerization of the mixture was initiated with
BF;3 - OEt,, affording a copolymer consisting of trimethylsilylmethylene (CHTMS)
and methylene repeating units, whose composition ((CHTMS]/[CH;]) was depen-
dent on the reaction condition, ranging from 0.45 to 1.75 (Scheme 57). Thus, the
relatively high incorporation of TMS group exceeded the value for a homopolymer
of vinyltrimethylsilane ([CHTMS]/[CH;] = 1.0).

Cationic polymerization is assumed to proceed, where propagation is a nucle-
ophilic attack of a negatively charged ylide-carbon to a carbon bearing the sulfonium
cation at the propagating chain end (Scheme 58).

Even when the isolated 19 was used as a monomer, the resulting polymer had
predominantly unsubstituted methylene units (M, = 31,540, [CHTMS]/[CH;] =
0.12), which suggested that the interconversion between 19 and 20 occurred during
polymerization. This polymerization is unique in a sense that a copolymer is formed
from a single monomer precursor.
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6 Polymerization of Arylaziridine Hydrazones of Aldehydes

In 1996, Yamamoto and coworkers reported that organolithium (z-BuLi, n-BuLi,
PhLi)-initiated oligomerization of hydrocinnamaldehyde trans-1-amino-2,3-
diphenylaziridine hydrazone 22 afforded oligo(phenylpropylidene) with M, =
1,500 ~ 2,500 in 43~67% yield [78]. The polymerization proceeded as shown
in Scheme 59, where the nucleophilic attack of a carbanion to C = N bond in 22
followed by elimination of N and stilbene generated a secondary carbanion as a
propagating chain end.

Interesting to note is that when benzaldehyde 1-amino-2-phenylaziridine hydra-
zone 23 was used as a monomer in place of 22, eliminated styrene participated as
a comonomer in the anionic polymerization in THF, to give a copolymer with a
structure illustrated in Scheme 60.

On the other hand, when the oligomerization of 23 was conducted in toluene, azo-
containing oligomer was obtained via generation of an azo-containing propagating
carbanion as shown in Scheme 61.
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Scheme 59 Anionic polymerization of hydrocinnamaldehyde trans-1-amino-2,3-diphenyl-
aziridine hydrazone 22
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Scheme 60 Anionic polymerization of benzaldehyde 1-amino-2-phenylaziridine hydrazone 23
in THF
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7 Concluding Remarks

Polymerization of diazoalkanes and aryldiazomethanes, which was once expected
to be a method for preparing substitutes for polyolefins, has again attracted much
attention recently, as a highly efficient method for metal surface coating with
hydrocarbon-based polymer thin films. For this purpose, the remarkable utility com-
pared to the alternative method using corresponding vinyl monomers or polymers
would overwhelm the drawback of necessity of handling the explosive monomers.
In addition, surface coating with nanometer-scale thin films may not generally need
the monomers in large scale. In particular, introduction of polar functional groups
into the thin film attained by employing EDA as a comonomer is highly promising
for future applications in this field.

On the other hand, recent progress of organoborane-initiated polymerization of
sulfoxonium ylides and transition metal mediated polymerization of diazocarbonyl
compounds have opened up new possibilities for PSMS as a general method for
polymer synthesis. In particular, it is worthwhile to note that important general ob-
jectives in polymer synthesis such as living polymerization, high molecular weight
(M, > 100,000) polymer synthesis, and stereospecific polymerization have been re-
alized in some cases as described in this review. The relative safety and ease in
handling these monomers are also important advantages of these polymerizations.

With further development of the polymerizations described in this review and the
finding of totally new classes of monomer for this strategy, PSMS would become an
important synthetic method for C—C main chain polymers, comparable or supple-
mentary to vinyl polymerization, in the future.
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