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In 1,3:2,4-bis-O-(p-methylbenzylidene)-D-sorbitol (PDTS)/molten i-PP systems, the self-assembling ramified fi-
brils of PDTS are formed at Tt higher than T during the cooling process. They function as the nucleators for the nu-
cleation of molten i-PP. The ramified fibrils have the following characteristics: 1) hexagonal crystal with the lattice cell
a=b=302,c=44 A, and y = 120°, ii) mass fractal structure with large specific surface area, and iii) random ori-
entation. Thus the following properties are induced for the i-PP: i) excellent transparency so that the lamellae build a
sheaf-like crystalline superstructure with a small apex angle, ii) iso-directional and improved mechanical properties,

and iii) shortened molding time.

Stereo-specific polypropylene (i-PP) is known among com-
modity polymers as one with low density and balanced me-
chanical and thermal properties. As i-PP also harmonizes with
the environment, 30 million tons were used in the world and
2.5 million tons were used in Japan in 2001. From industrial
view points, some kinds of nucleating agents (nucleators) have
been used as additives in order to increase the nucleation rate
of molten i-PP in mold-processing. The nucleator plays a role
of decreasing' the free energy, AG, for nucleation of molten
polypropylene, resulting in the increase of nucleation temper-
ature of molten i-PP, T¢, in the mold-processing, that is, de-
crease of super-cooling for nucleation AT = Ty, — T,, where
T is melting temperature of i-PP. The number of spherulites
of i-PP increases, and hence their size decreases.! The mechan-
ical strength and thermal distortion temperature of the i-PP
sheet also enhance.! Some representatives of industrial nucle-
ators are talc, clay, hydroxyaluminium bis(fert-butylbenzoate),
sodium tert-butylbenzoate, and sodium 6,6-methylenebis(2,4-
tert-butylphenyl)phosphate, where the particles have large as-
pect ratio or square-planar form. These nucleators belong to
the classical type, where their particles act as “seeds for nucle-
ation” in the process of heterogeneous nucleation of molten
polypropylene.

Classical nucleators have the following three limitations or
weak points: i) the particles should have the limit of minimum
size depending on the mechanical methods of crushing and
sieving, the problem of auto-aggregation between small parti-
cles in their storage, and the risk of powder-explosion. ii) As
the particles of nucleators tend to align along the flow direction

(MD) of molten i-PP, the i-PP sheet with skin and core double
layers is obtained® by the mold-processing. The degree of crys-
talllite-orientation of i-PP is different in the two layers, and the
i-PP sheet shows different crystallite-orientation in MD, TD,
and ND directions. Therefore the i-PP sheet or film sometimes
causes serious problems such as anisotropic mechanical prop-
erties and anisotropic shrinkage, resulting in the collapse of
their shape during their storage. And iii) transparency of the
i-PP sheet is not clearly increased because of the scattering
due to the disparity of refractive index between nucleators
and i-PP and the anisotropy of crystallite-orientation, in addi-
tion to the inherent scattering based on the differences of the
refractive indices between crystal and amorphous regions of
the i-PP sheet.?

Some kinds of low-molar-mass-molecules (defined hereafter
as small-molecules) self-assemble into a percolation network
from homogeneous solution composed of small-molecules
and organic solvent, resulting in gel formation of the systems.
The percolation network usually has a large specific surface
area. Therefore the three problems of classical nucleators were
expected to be solved by using self-assembling type nucleators
in place of classical ones. A series of sorbitol-acetal chemicals,
which are small-molecule gelators, are expected to have excel-
lent properties as nucleators for i-PP based upon the following
reasons: 1) 1,3:2,4-bis-O-(p-methylbenzylidene)-D-sorbitol
(PDTS) molecule forms self-assembly ramified fibrils* with di-
ameter of 10 nm at higher temperature than 7. during cooling
process of homogeneous PDTS /molten i-PP system, and hence
the ramified fibrils with large specific surface area can be ide-
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ally obtained in situ. ii) As the structure of ramified fibrils is
isotropic, having random orientation, the i-PP sheet containing
PDTS nucleator will show random crystallite-orientation of i-
PP. Thus the i-PP sheet or film was expected to have isotropic
mechanical properties and shrinkage. iii) The transparency of
the i-PP sheet should be excellent so that the scattering from
the ramified fibrils and the scattering based on the anisotropic
crystallite-orientation of the i-PP sheet are minimized. And iv)
since PDTS molecules form in situ self-assembled ramified fi-
brils, the process control of molding of i-PP was expected to be
simplified. Thus we focused on a series of sorbitol-acetal
chemicals, which form transparent gels* in molten polymers
and various kinds of solvents, accompanied by sol-gel phase
transition.

A series of sorbitol derivatives, which we named self-as-
sembling type nucleators, have been developed based on their
self-assembling properties® in molten polymers. Among the
self-assembling type nucleators, we found that 1,3:2,4-bis-O-
(p-methylbenzylidene)-D-sorbitol (PDTS) increases not only
the rate of nucleation of molten polypropylene but also im-
proves dramatically the transparency’ of i-PP sheets.

At a first development stage, we studied sol—gel transition of
PDTS in liquid matrix in order to elucidate the self-assembling
processes and their structures. Let us survey physical sol-gel
phase transitions for small-molecule gelators and solvent or
molten polymer systems.

Flory,6 de Gennes,’ and Staufer® et al. defined gels as mate-
rials having a three dimensional infinite network structure
which includes solvents or molten polymers in it. Gels have
characteristic rheological properties as soft elastic materials.
Gels can be classified in the following two groups: chemical
gels and physical gels. The chemical gels are made of chemi-
cally cross-linking bonds. Chemical polymer gels have the
cross-linking bonds formed by chemical reactions between
polyfunctional monomers, polyfunctional oligomers, and poly-
mer chains. Physical gels include polymer gels and low-molar-
mass-molecule gels (defined hereafter as small-molecule gels).
The physical polymer gels, which are made of physically
cross-linking bonds, are composed of two types, depending
on whether or not phase separation occurs in the gelation proc-
ess. The gels with phase-separated structures in them are
formed by liquid/liquid (L /L) phase separation into a co-con-
tinuous structure composed of domains rich in polymers and
poor in polymers, followed by vitrification’ or solid/liquid
(S/L) phase transition in polymer-rich domains. The other type
of gels has physical network structures formed only by S/L
phase transitions. Small-molecule gels are made of continuous
network structures of gelling molecules in 3D space formed by
their physical associations. Physical gels are usually thermor-
eversible.

The physically cross-linking bonds in small-molecule gels
will be formed by intermolecular associations into fibrils
by hydrogen bondings, Coulombic forces, and hydrophobic
bonds.'?

T, and Py, are respectively defined as critical temperature
and critical concentration of gelators where the systems under-
go sol to gel or gel to sol phase transition. AT and A® respec-
tively means a quench depth from T}, at a given concentration
® and that from @y, at a given temperature 7. We consider the
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time evolution of the physical gelation in the parameter space
of T and ®. The distance of our observation point from the gel
point, &, is defined by

€= 1|p—pecl/pe, (D

where p is the conversion of the monomer to cluster before or
after the gel point and p. is p at the gel point, respectively.

Gelation is described as a critical phenomenon at &€ =0
(p =pc) or &€ — 0 (p — pc) and hence by the following scal-
ing laws with respect to &:!!

E~e", 2

My, ~ 77, 3)

M ~ €717, “

o ~ €7, ®)
in the case of p < p., and

Goo ~ &, (6)

P~ &P, (7

in the case of p > p.. Here &, My,, Myux, 1o, Goo, and P are the
maximum radius of clusters, the average molecular weight of
clusters, the mass of the maximum cluster, the zero-shear vis-
cosity, the equilibrium modulus, and the probability that
monomer interconnects with an infinite cluster (gel fraction),
respectively. v, ¥, 1/0, k, z, and B are critical exponents of
the respective quantities. M, and & are interrelated by

My ~ &%, (8)

where d; is a mass fractal dimension. It should be noted that &,
My, My, and 1, diverge when & — 0 from the sol state,
though G, and P converge upon zero'! when & — 0 from
the gel state.

There have not been many reports on the physical small-
molecule gels compared with physical polymer gels, and only
a limited number of small-molecules, such as 12-hydroxyocta-
decanoicacid,'? dibenzylidene sorbitol,'? steroid derivatives,'*
and metal salts of fattyalcid,15 have been known as small-mole-
cule gelators.

Many researchers have attempted to synthesize more useful
and superior small-molecule gelators for organic solvents or
water, resulting in the invention of various kinds of small-
molecule gelators in recent years. Representatives include
3,4-dimethylbenzylidenesorbitol,'® steroid derivatives, D-ga-
lactose derivatives,!” arylcyclohexanol derivatives,'® N-acyl-
amino acids,'? longalkylaldonamides,zo lecithin,?' calixar-
enes,”? longalkylamines and their quarternary ammonium hal-
ide salts,?? acyclic alkanes with one hetero atom such as bis-
alkyl thioethers or dioctadecylamine,?* and aminoaryl ethers
of sugar-based acetals.”® A small amount of gelators, from
0.2 to 6 wt %, associate themselves to form 3D networks in
the solvents, resulting in formation of gels with finite yield
stress. As a consequence the systems lose macroscopic fluidity.
Moreover, every small-molecule gelator has amphiphilic char-
acteristics, having both hydrophilic and hydrophobic parts
within a molecule.

There have been many studies to construct phase diagrams
for various kinds of small-molecule gelator and solvent sys-
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tems in the parameter space of 7" and ® in order to determine
Tt, and ®g,. Many research projects have been devoted to
study enthalpy change,?® AH, and entropy change, AS, accom-
panied by the sol—gel phase transition. The network structures
in gels have also been investigated. In these studies,?”?® it was
found that intermolecular hydrogen bonding interactions take
place between the small-molecule gelators, resulting in the for-
mation of the network structures of fibers or sheets made of
gelators. Several small-molecule gelators, such as 12-hydroxy
octadecanoic acid'? or a cyclic bis-urea,”’ show interesting
characteristics of polymorphism: the crystal form of a gelator
itself and the crystal form of the fibrous network structures
self-assembled by the sol-gel transition are different.

We investigated the following three items: dynamics of self-
assembling process of PDTS molecules in gel formation proc-
ess, gel morphologies which are filled with amorphous liquid,
and phase diagrams of the systems in the parameter space of T
and ®pprs. Subsequently, we developed the self-assembling
nucleator of PDTS for highly transparent i-PP based upon a
new usage of the self-assembling gelators. Results shall be in-
vestigated based on theories such as percolation theory for sol—
gel phase transition, spinodal decomposition (SD) theory for
phase separation, scattering method, nuclear magnetic reso-
nance (NMR) spectroscopy, and computer calculations for
configuration and conformation of a PDTS molecule with
MOPAC2000% based on molecular orbital theory.

In this paper, we selected PDTS among a series of sorbitol-
acetals with function of self-assembling nucleators as the one
which induces the highest transparency of the i-PP sheet. We
will describe the self-assembling process of PDTS in Sec. 1.
In Sec. 1.1, the stereo structure of a PDTS molecule is present-
ed. In Sec. 1.2, the PDTS/n-dibutylphthalate (DBP) system
was used as a typical model system having the interplay of
the two kinds of phase transitions. We investigate the self-as-
sembled structure in the PDTS/DBP system as a function of T
and ®pprs and the dynamics of the self-assembling processes
via liquid-liquid phase separation and sol-gel transition. In
Sec. 1.3, we investigate time-evolution of shear moduli in
the physical gelation process of PDTS in polystyrene melt.
At the gel point, we elucidate that storage and loss shear mod-
uli, G’ and G”, are described by the power law of frequency w,
G ~ G" ~ ", with the critical exponent n equal to 2/3, in
agreement with the value predicted by the percolation theory.
The exponent n and the gel strength S at the gel point were
measured as a function of quench depth A7. We will directly
prove the self-similarity of evolving structures from in-situ and
real time structure analysis during the gelation process. We
will also compare fractal dimensions obtained from structure
factors and the viscoelasticity of gel networks of PDTS at
gel point. In Sec. 2, hierarchical structures of PDTS gel will
be discussed. In Sec. 3, we will describe the self-assembling
nucleator of PDTS for highly transparent i-PP. In Sec. 3.1,
we investigate dynamic viscoelasticity of the PDTS and mol-
ten i-PP systems in a wide temperature range across the sol—
gel transition temperature. In Sec. 3.2, we characterize wide-
angle X-ray diffraction (WAXD) profiles of the i-PP sheet.
In Sec. 3.3, we clarify the morphology of i-PP induced by
the self-assembled structure of PDTS. In Sec. 3.4, the concen-
tration dependencies of the self-assembled structure of PDTS
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Fig. 1. Stereostructure of 1,3:2,4-bis-O-(p-methylbenzyli-
dene)-D-sorbitol molecule.

upon properties of the i-PP sheet are exhibited. In the final
Sec. 4, we will draw some conclusions of these studies.

1. Self-Assembling Process of PDTS

1.1 The Stereostructure of a PDTS Molecule. 1,3:2,4-
Bis-O-(p-methylbenzylidene)-D-sorbitol (PDTS) was synthe-
sized from D-sorbitol and p-methylbenzaldehyde, and the posi-
tions of two acetal-rings carrying each benzylidene substituent
and the conformation of two 1,3-dioxane rings were made
clear.®® Figure 1 shows the stereostructure of a PDTS mole-
cule. The analysis of '"HNMR data included correlated spec-
troscopy (COSY) data and nuclear Oberhauser enhancement
and exchange spectroscopy (NOESY) data for a PDTS mole-
cule. Such analyses showed that two p-methylphenyl substitu-
ents occupy the equatorial position and two 1,3-dioxane rings
are connected in a cis-O-inside way. Figure 2 shows the spec-
trum of NOESY for a PDTS molecule. The number of nuclear
Overhauser effects (NOE) between methine-proton of benzyli-
dene substituents at chemical shift § = 5.60 and protons of di-
oxane rings is four couples, indicating the all coupled protons
occupy cis-positions to each other. The molecular mechanics
of force field calculation supported® this stereostructure and
further revealed that the two aryl rings for 2,4-O-acetal and
1,3-O-acetal have the torsion angle @; and @, of 130 and
71 degrees, respectively, in the most stable conformation of
PDTS. The distances of the apse line between the end of
two p-methyl substituents and the minor axis between the
end of methylene of carbon 1 and the hydroxy substituent
bonded to carbon 6 are 13.4 and 8.1 A, respectively. The po-
sitions of acetals as well as the cis-junction of two dioxane
rings are reasonable, based upon the configuration of D-sorbi-
tol. The mechanism of acetalization reaction of D-sorbitol and
p-methylbenzaldehyde is described in detail elsewhere.’!

1.2 Self-Assembly of the PDTS/n-Dibutylphthalate
(DBP) System.>> We investigated the self-assembled struc-
ture of PDTS/DBP system in the parameter space of 7" and
®pprs. Optical microscopic studies revealed that the phase di-
agrams can be divided into four regions, as shown in Fig. 3.
Region I is in the homogeneous solution and region II is in
the sol state, where the solution still has fluidity and contains
micro-gels composed of a coarse spherulitic texture. Regions
IIT and 1V are in gel state. In region III, PDTS molecules form
the volume-filling spherulites in the system. In region IV, both
the L/L phase separation process and the S/L transition of the
PDTS molecules are involved in the self-assembling processes.
Figure 4 shows typical OM images in each region. The net-
work structures of the gel in regions III and IV were investigat-
ed using combined light scattering (LS), ultra-small-angle X-
ray scattering (USAXS), and small-angle X-ray scattering
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Fig. 2. Two dimensional 'H-'"H NMR spectrum of NOESY for PDTS molecules. Four couples of nuclear Overhauser effect can be
found between two benzylidene acetal methines (chemical schift § = 5.60) and carbon 1-H (6 = 4.12 or 4.17), carbon 2-H

(8§ = 3.91), carbon 3-H (§ = 4.11), and carbon 4-H (6 = 3.82).
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Fig. 3. Phase diagram of PDTS/DBP system in the param-
eter space of temperature, 7 and composition, ®pprs. The
sol-gel transition points obtained from cooling processes
are indicated by filled squares. Open circles indicate the
points where sols with microgels are observed. The thick
solid lines connecting the filled squares are for the visual
guide. Filled circles indicate the points where only spher-
ulites are observed, while filled triangles indicate the
points where periodic bicontinuous patterns are observed.
The parameter space was divided into regions I to IV as
indicated in the figure.

(SAXS) methods. Figure 5 shows the results for region III (4.0
wt % PDTS/DBP measured at 25 °C) and IV (0.5 and 1.0 wt
% PDTS/DBP measured at 25 °C). Ramified structures made
of PDTS fibrils in regions III and IV were characterized by the
values of the mass fractal dimension dr and by both the upper

cut-off length scale and the lower cut-off length scale of the
fractal ramified structures. In the case of 1.0 wt % PDTS/
DBP gel, since the scattering intensity is expressed by a power
law ¢~" with the exponent n = 2.5 between the lower cut-off
wavenumber 5.3 x 107* nm~! (point B) and the upper cut-
off wavenumber 0.4 nm~! (point C), the PDTS crystalline fi-
brils form a self-similar mass fractal structure with df = 2.5,
having both the upper cut-off length scale of A =11.9 um
and the lower cut-off length scale of A = 15.7 nm.’?> Next,
we explored whether the change in /(g, ¢) with ¢ of the time-re-
solved light scattering for the phase-separation of the system,
quenched in region IV, could be approximated with the Cahn’s
linearized theory®® in the early stage SD expressed by Egs. 9
and 10.

(g, 1) = 1(g,0) exp[2R(q)1]. )
Here R(g) is given by
2 7
R(g) = Dappq |:1 - 2q%1(0)i|’ (10)

where D,,, and ¢,,(0) are, respectively, the interdiffusion coef-
ficient and the characteristic wave number for the concentra-
tion fluctuations developed in the early stage SD. Figure 6
shows a change in the scattering intensity profile /(g,t) with
time for 0.38 wt % PDTS/DBP quenched from 150 °C to 23
°C in region IV. Figure 7 shows clearly the change in I(g, 1)
with time at fixed ¢’s; these data were obtained from
Figure 6. The linear relationship between In[/(g, )] vs t can
be seen up to ~40 s, indicating that the time evolution of
the structure factor in the short time limit satisfies Eq. 9. We
estimated R(q) from the slope of the plot to obtain the charac-
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(c) 4% gel at 25°C (11Ib)
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Fig. 4. Typical OM images in (a) region II (0.05 wt % PDTS/DBP sol at 25 °C), (b) region Illa (1.0 wt % PDTS/DBP gel at 64
°C), (c) region I1Ib (4.0 wt % PDTS/DBP gel at 25 °C), and region IV (1.0 wt % PDTS/DBP gel at 25 °C) under crossed nicols.
The directions of analyzer and polarizer are indicated by the arrows A and P, respectively.

teristic parameters of Dy, and ¢n(0). In Fig. 8, we plot
R(q)/q* as a function of ¢*> and evaluate D, as (9.93 +
0.22) x 10° nm?/s and ¢,(0) as (5.34 £ 0.15) x 10~ nm~!
from the intercept and the slope, respectively. The plot shows
the linearity as described by Eq. 10 within the experimental ac-
curacy. The validity of Eq. 9 for the time changes in the scat-
tered intensity and that of Eq. 10 for the linear relationship be-
tween R(g)/q> and ¢* indicate that the self-assembling process
in the PDTS/DBP system at t < 40 s can be approximated by
the linearized theory and that the origin of the periodic struc-
ture is the phase separation between PDTS and DBP via SD.
We found that a bicontinuous phase-separated structure is first
formed by L/L phase separation via SD in this region. The
subsequent S/L transition of the PDTS in the PDTS-rich do-
main forms percolating crystalline fibrils, resulting in the ge-
lation and the pinning of further growth of the bicontinuous
structure via SD. Thus the gel preserves the memory of the pe-
riodical concentration fluctuation of PDTS developed during
SD process, that is, the frozen periodical length, A, in itself.
Subsequently the ®pprs dependence of A, was discussed.

Figure 9 shows OM images, 2D Hv-LS patterns, and 2D Vv-
LS patterns for the self-assembled structures for several con-
centration PDTS/DBP systems in region IV at 25 °C. Accord-
ing to the Cahn theory, the quench depth dependence of ¢, (0)
is described by

qm(0) = 3/Ro)(Ts — T)/T:)"?, (11)

where Ry is the averaged-radius of molecules in the system and
T is the spinodal temperature for the liquid-liquid phase sep-
aration. Since ®pprs in region IV is lower than 3.5 wt %,
®pprs seems lower than that of critical point, at which the spi-
nodal line and the binodal line in the parameter space of T and
dpprs agree. As T decreases with decreasing of ®pprg, the
values of ¢n,(0) are expected to decrease with decreasing
®pprs at a given T and hence the Ay, is expected to increase,
being consistent with the experimental observation shown in
Fig. 9. Consequently, the value of A, is effectively controlled
by the size of the concentration fluctuation of ¢n,,(0). Thus, the
®pprs dependence of Ay, at a fixed T can be predicted by the
concentration dependence of ¢n,(0) via the concentration de-
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Fig. 5. Scattered intensity profiles of V,-LS (profile 1) for

0.5 wt % PDTS/DBP (region 1V), those of V,-LS (profile
2), USAXS (profile 3) covering from ¢ = 0.03 to 0.35
nm~!, and SAXS (profile 4) covering from g = 0.15 to
2.8 nm~! for 1.0 wt % PDTS/DBP (region 1V), and those
of V,-LS (profile 5), USAXS (profile 6) covering from
¢ =0.03 to 0.35 nm~', and SAXS (profile 7) covering
from ¢ = 0.15 to 2.8 nm~! for 4.0 wt % PDTS/DBP (re-
gion IIIb). For 1.0 wt % and 4.0 wt % PDTS/DBP sys-
tems, USAXS and SAXS profiles are shifted vertically
so that they can be smoothly interconnected with the
V,-LS profiles. Note that the USAXS and SAXS profiles
are overlapping over a sufficiently large g-range.
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Fig. 6. Change in the V,-LS profiles with time for 0.38 wt
% PDTS/DBP (region IV) after the quench from 130 °C
to 23 °C.

pendence of T, being controlled by the early stage of SD. The
temperature dependence of A, was also discussed. The char-
acteristic time f. is the parameter characterizing the coarsening
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Fig. 7. Ln[/(q,t)] obtained from the data shown in Fig. 6
plotted as a function of ¢ at fixed g’s for 0.38 wt %
PDTS/DBP at 23 °C.
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Fig. 8. R(q)/q* vs ¢* plot for 0.38 wt % PDTS/DBP at 23 °C.

rate of the phase-separated structures, and 7. defined by

te = 1/[qm*(0)Dipp, (12)
where Dy, is given by
Dapp = D(T)[(Ts - T)/Ts] (13)

with D(T) being the average self-diffusion coefficient of the
molecules in the system. Substituting Eqs. 12 and 13 into
Eq. 11, we found

te ~D(T)"'(Ts — T)/T,] 2. (14)

From Eq. 14 the coarsening occurs quickly with the increase of
quench depth at a given ®pprs. This fact is inconsistent with
the experimental observations where A, decreases with the in-
crease of quench depth at a given ®ppys. On the other hand,
the growth rate of the crystallization is a function of super-
saturation of PDTS and hence super-cooling of PDTS,
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(a) 0.3%

(b) 0.5%

(c) 1.0%

@ 1.2%

Fig. 9. OM images (upper row), 2D H,-LS patterns (middle row), and 2D V,-LS patterns (lower row) for the self-assembled struc-
tures for (a) 0.3, (b) 0.5, (c) 1.0, and (d) 1.2 wt % PDTS/DBP systems at 25 °C. The polarization directions of analyzer and polar-
izer for Hv and Vv scattering are indicated by the arrows A and P, respectively. The azimuthal angle | is also defined in the figure.

(Tty — T)/T;,. The deeper the quench depth at a given ®pprs,
the faster the crystallization rate and hence the faster the freez-
ing of phase-separated structures, resulting in smaller A, at an
earlier time of the early stage SD. Thus the temperature de-
pendence of A, at a fixed ®pprs is controlled by the rate of
crystallization of PDTS molecules.

1.3 Time-Evolution of Shear Moduli in the Physical Ge-
lation Process of PDTS in Polystyrene Melt and Structure
Factor at Gel Point.>* We investigated the time-evolution of
shear moduli at 183, 181, and 178 °C in a physical gelation
process of PDTS in polystyrene melt. The weight-averaged
molecular weight M, and heterogeneity index M, /M, of PS
are, respectively, 6.4 x 10* and 1.03, where M, is the num-
ber-average molecular weight. The concentration of PDTS in
PDTS/PS is 2.5 wt %.

Before gelation point, the steady state compliance J.°, and
the terminal relaxation time can be scaled as

J' ~ &7, s)

and
T~ o’ ~ &=+, (16)

In polymer systems where hydrodynamic interactions are
completely screened out (corresponding to Rouse limit) and
the excluded volume effects are dominant, the critical expo-

nents k and z are given by
k= v(d; +2—d, (17
z=vd, (18)

with d; and d (= 3 in our case) being the fractal dimension and
space dimensionality, respectively. On the other hand, if ex-
cluded volume effects as well as hydrodynamic interactions
are completely screened out, k is expressed by

k=vdi+2—d) (19)

with
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CZ _ 2df
T d+2-2d°
while z has the same form as Eq. 18.

At gel point (p = p.), the stress relaxation modulus G(¢), G’,
and G” show the following power law behavior:*’

(20)

G@t) = St Q21
and
Gl ~ GH ~ C()", (22)

where gel strength S characterizes the strength of the gel at gel
point. It should be noted that the power law behavior is limited
to a finite frequency range due to the characteristic time of
building block of the gel. Moreover, the power law behavior
for physical gels should be more limited than that for chemical
gels because of a finite life time of the physical bonds.>” Ac-
cording to the theory of linear viscoelasticity,®

G(w) = a)/oC G(1) sin(wr) dt. (23)
0

Substituting Eq. 21 into Eq. 23 we can obtain

S 2T (n) sin(nr/2)G' (W)

(24)
"

where I'(n) is the Gamma function.

The power law is predicted by Martin et al.,> Rubinstein
et al.,’® Muthukumar,?® and Winter et al.*’ It postulates that
the longest relaxation time of the gel diverges with the same
critical exponent from both side of the gel point. A general
expression for n is given by

z
n=-——.
k+z
When hydrodynamic interactions are completely screened out

and the excluded volume effects are dominant in the cluster,
we obtain

(25)

d
n=
df +2
from Egs. 17, 18, and 25. On the other hand, if excluded vol-
ume effects as well as hydrodynamic interactions can be com-
pletely screened out, n is expressed by
d(d + 2 — 2dy)
n=——m—
2(d+2 —dy)
from Egs. 18 to 20 and 25.%° If the power law of Eq. 22 holds

in sufficiently wide range of w at the gel point, the loss tan-
gent, tan § at the gel point is given by

(26)

e2))

tand = tan(%) (28)

from the Kramers—Kronig relation,®® indicating that tan§ is
independent of  at gel point and that its value depends only
on n.

Figures 10 and 11 show changes in G’ and G” with time at
fixed w’s after the quench to 183 °C. Figure 12 shows changes
in tan § with time at fixed @’s after the quench to 183 °C. From
the time change in tand, the gelation process can be divided
into the following 3 stages with respect to a characteristic time,
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Fig. 10. Changes in G’ at fixed w’s with ¢ during the gelat-
ion process of the PDTS/PS system at 183 °C. ¢, is gel
point assessed from Fig. 12.
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Fig. 11. Changes in G” at fixed w’s with 7 during the gelat-
ion process of the PDTS/PS system at 183 °C. 1. is gel
point assessed from Fig. 12.

t., for formation of the critical gel (7. being 46.8 min at 183 °C,
as will be given below):

(i) Atr < t., G’ increases more rapidly than G”, and thus
tan § decreases rapidly with ¢. The tan § value is larger
at lower w’s. In this region, PDTS forms the networks
which are not macroscopically percolated yet. The clus-
ters of the networks have the upper cut-off size &.
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Fig. 12. Change in tand at fixed @’s during the gelation
process of the PDTS/PS system at 183 °C. Inset displays
the changes in G’ and G” at w = 31.6 s~! with ¢, where
the vertical dashed lines indicate the gelation point
(t. = 46.8 min) at 183 °C.
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Fig. 13. Scattered intensity profiles of USAXS and SAXS
for PDTS/PS system at 178, 181, and 183 °C. USAXS
and SAXS profiles are shifted vertically so that they can
be smoothly interconnected. Note that the USAXS and
SAXS profiles are overlapping over a sufficiently large
g-range. Allows indicate the crossover point g, of the scat-
tered intensity or the inverse of the lower limit of fractality
in length scale.

Table 1. Characteristic Time for Formation of the Critical Gel or Gel Point 7., Loss Tangent at
fe, tan 8, the Exponent n, ny,, Obtained from tand at Gel Point, or Nslope, Obtained from
log,, G’ and log;, G” vs logw Plot, and Gel Strength, S, at Each Temperature

Temp. T, tand Nean Rglope 10728
/°C /min /Pas”
183 46.8 1.84 0.68 +0.02 0.68 +0.02 9.93
181 29.0 1.84 0.68 +0.02 0.68 +0.02 19.8
178 16.7 1.63 0.65 4+ 0.02 0.65 +0.02 23.0

(ii) At t=t., tan$ becomes independent of w. This indi-
cates that the system has reached the gel point and that

Table 2. Fractal Dimension df, drs, Obtained from the
Scattered Intensity, and Crossover Wave Number g,

(i)

the cluster of the networks with macroscopically perco-
lated or with infinitely large molecular weight is
formed.

At t > t., the clusters are linked into three-dimensional-

Temp./°C dr st ge/nm™"'
183 2.40 0.11
181 2.49 0.13
178 2.58 0.22

ly interconnected networks. G’ still increases faster than
G” but its growth rate becomes moderate. As a result,
tan & decreases gradually with ¢.

We estimated the values n, ngope from the plots of log,;, G’
and log,, G” vs log,, @ at gel point at each temperature and we
list them in Table 1. The values of ngqp. agree with those of
Nian, indicating that the experimental results confirm theoreti-
cal consistency. The estimated values of n are almost inde-
pendent of temperature and agree with the value of 2/3 pre-
dicted by the percolation theory of Eq. 26 with d; = 2.5.%
Figure 13 shows scattering intensity profiles of USAXS and
SAXS at gel point for 2.5 wt % PDTS/PS at 178, 181, and
183 °C. Fractal dimensions, df = 2.5+ 0.1, obtained from
the structure factors and crossover wave numbers, ¢., are listed
in Table 2. As the value of d; obtained from structure factor

coincides with that calculated by Eq. 26 for n = 2/3, the rami-
fied structure made of PDTS fibrils in the gel for PS-60/2.5 has
the following characteristic points: i) hydrodynamic interac-
tions are completely screened out and ii) the excluded volume
effects are significant.

While n is independent of the quench depth, S increases
with decreasing temperature. This fact indicates that the fractal
nature of the network structure of PDTS does not change with
temperature, but that the mechanical strength of the fractal net-
work increases with the decrease of the lower limit length
scale of fractality with decreasing temperature.

We proved directly the self-similarity of evolving structures
from in-situ and real time structure analysis during the gelation
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process. Self-similarity in the cluster growth at a given € is ex-
pected to give the mechanical self-similarity*!*3 as well. This
self-similarity makes it possible to superpose angular frequen-
cy dependence of G’ and G” obtained at different p’s (p < pc)
to give universal curves G’a, vs way and G”a, vs way, where
ay and ay are, respectively, vertical and horizontal shift factors
at each p. The shift factors a, and ay, are defined by

0 -z
4= Je(p) _ [8(11)] ’ 29)
Jopo) — Le(p)
and
—(k+z)
‘%:t@):[ﬂm] , 30)
(pr) E(pr)

where E(p;) is the value € at a given reference reaction extent
pr. From Egs. 29 and 30, we can obtain

logav_ z
loga, k+z’

€2V}

indicating that log,, G’(w) and log,, G"(w) at different p’s
(p < pc) can be superposed each other by shifting along a
straight line with the slope of z/(k + z). Figure 14 shows the
results of the superposition of log;, G’'(w) and log;, G"(w)
vs @ at 183 °C obtained at various € values before reaching
the gel point. In order to obtain the master curves we shifted
G’ and G” at each € by the shift factors a, and ay, with the con-
straints given by Egs. 31 and 25. Namely, we shifted G’ and
G” along the straight line with a slope n = z/(k 4+ z) = 0.68.
Here p is assumed to be proportional to ¢ and hence € is cal-
culated from € = |t — t.|/t. with f, = 46.8 min. We can obtain
the master curves for G’ and G” measured at various € values
before reaching the gel point and we observe a w*3 power law
at a high frequency region. When the system is close to the ge-
lation point, very large clusters appear and smaller clusters
may be considered as the matrix. This situation is very similar
to the mechanical behavior of a dilute solution of polymers.
The deviation of the mechanical behavior from the 2/3 power
law of w at the low frequency limit is due to the break of the
self-similarity at the length scale greater than & and is attribut-
ed to the terminal flow behavior of the clusters as a whole.
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Fig. 14. Superposition of frequency dependence of G’ and
G” obtained at various values of € before gelation point
along a straight line with a slope n at 183 °C.
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The logarithmic shift factors log,, a, and log,, an were plot-
ted as functions of £(p)/€(p;). Each plot gives a straight line
and the slope is —z for log,, a, and —(k + z) for log,, an. The
values of k and z are 1.4 £ 0.1 and 3.1 £ 0.1, respectively. The
crystallization of PDTS gives a larger value of z than the
chemical gelation system such as end-linking polymers,** indi-
cating that the PDST/PS system forms more dense networks
than the chemical gels in which the gelation occurs by the
chemical cross-linking reaction between the ends points of pre-
polymers. On the other hand, the gelation in our system occurs
by crystallization of PDTS, so that the networks of PDTS sys-
tems consist of the fibrils of the crystalline structures of PDTS.
The cross-linking reaction in chemical gels is restricted to the
end points of prepolymers, while the physical “cross-linking”
via crystallization of PDTS can occur at any points of fibrils.
Thus, the PDTS system is expected to form more dense net-
works than the chemical gels.

2. Hierarchical Structures of PDTS Gel

The most stable stereo structure of a PDTS molecule and the
network structure made of PDTS molecules formed accompa-
nying sol-gel transition are already characterized as described
in Sec. 1. In Sec. 2, we will investigate the PDTS fibril struc-
ture and then describe the hierarchical structure of PDTS gel.
Figure 15 shows transmission electron micrographs (TEM) ob-
tained for the freeze-dried 1.0 wt % concentration of PDTS/
1,4-dioxane gel. From the TEM observation, the cross-section-
al diameter of the proto-fibril is estimated to be 12 nm. Fibrils
with a distribution of the cross-sectional diameter are com-
posed of the proto-fibrils. Since the crystal structure of PDTS
fibrils in gels was found to be independent of matrix materials
from SAXS and WAXD profiles of their gels, we subsequently

Fig. 15. TEM photographs (a, b) of freeze-dry-PDTS net-
works for the 1.0 wt % PDTS/1,4-dioxane gel.
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Fig. 16. SAXS and WAXD profiles of equator and meridi-
an directions for the oriented 10 wt % PDTS/cross-linked
SBR gel with draw ratio 1.7.

elucidated the crystal structure of the fibrils using a typical
elongated PDTS gel. Figure 16 shows equator and meridian
profiles of SAXS and WAXD for the elongated gel formed
in 10 wt % concentration of PDTS/crosslinked SBR.** The
oriented gel gives higher order scattering maxima, from which
the crystal structure of PDTS fibrils was determined. The sys-
tem of the crystal structure of PDTS in fibrils is hexagonal
with symmetry of 6/m 2/m 2/m and the lattice cell constants
a=b=302 A, c=44 A, and y =120°. As the crystal
structure of the PDTS powder that was synthesized from D-
sorbitol and p-methylbenzaldehyde is orthorhombic with a =
204 A, b=17.6 A, and ¢ = 5.5 A, the crystal structure of
PDTS fibrils in gels is different from that of PDTS powder.
Thus PDTS has characteristics of polymorphism.

Two types of hierarchical structures of PDTS gel*® (gel
morphology) are formed, depending upon the gelation mecha-
nism. Gel morphology (i) formed by S/L phase transition: This
morphology is generally formed when quench depth A®pprg
or AT is shallow. PDTS crystalline clusters with a distribution
of finite size are first formed by physical association of PDTS
molecules, followed by the evolution into the infinite crystal-
line clusters, resulting in a gel where the amorphous liquids fill
the space of the crystalline network structures. Gel morpholo-
gy (ii) formed by competition with S/L phase transition and
L/L phase transition: This morphology is generally formed
when the quench depth A®pprg or AT is deep. In this case,
L/L phase separation into PDTS-rich domains and PDTS-poor
domains evolves into bi-continuous network structures. The
clusters evolve into the infinite cluster size in the PDTS-rich
domain, maintaining the amorphous liquid in the space of
the crystalline network structures in the gel. Morphology (ii)
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is dual,*>*® one having a periodical concentration fluctuation
based upon L/L phase separation with a characteristic length,
An, the size of which depends on AT and A®pprs, and the
other having the percolated crystalline network within the
phase-separated domains. The crystalline network structures
in gel morphology (i) and gel morphology (ii) are character-
ized with mass fractal dimensions having the upper cut-off
length scale of around 12 um and the lower cut-off length scale
around 15 nm, where both scales depend on AT and A®pprs.

3. Self-Assembling Nucleators of PDTS
for Highly Transparent i-PP

Figure 17 shows the dynamic storage modulus G’ over all
temperatures covered during cooling process from molten ho-
mogeneous state at 220 °C to crystallized state as well as dur-
ing heating process from the crystallized state to the molten
homogeneous state, both for 2.5 mol% polyethylene-r-isotac-
tic-polypropylene (r-PP) neat polymer and 0.4 wt % PDTS/
r-PP. The curves are quite different. The G’ of molten neat
r-PP at 220 °C increases smoothly with decreasing temperature
and suddenly increases at Tcpear = 121 °C, onset temperature
of nucleation and growth of r-PP. The G’ hardly changes at
100-135 °C and abruptly decreases at around 140 °C (line a)
and then decreases smoothly at 160-210 °C (line b) with in-
crease of temperature. Thus Ty neae = 151 °C, the temperature
of intersecting point between lines a and b, is the melting tem-
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Fig. 17. Dynamic storage modulus G’ over all temperatures
covered during cooling process from molten homogeneous
state to crystallized state as well as during heating process
from the crystallized state to the molten homogeneous
state for 2.5 mol% polyethylene-r-isotactic-polypropylene
(r-PP) neat polymer and 0.4 wt % PDTS/r-PP.
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perature of r-PP. On the contrary, G’ of 0.4 wt % PDTS/r-PP
jumps up two times, at 172 and 131 °C, during the cooling
process. The network structure of PDTS will be formed at
Tty = 172 °C, the temperature of crossover point between
lines ¢ and d. T of r-PP will be increased from T peye = 121
°Cinto T¢ g = 131 °C, the temperature of the crossover point
between lines e and f, by the nucleator effect of PDTS network
structure. G’ of 0.4 wt % PDTS/r-PP jumps down two times, at
151 and 201 °C, during the heating process. T, g1 = 151 °Cis
the melting temperature of r-PP, which is equal to T pear
Tien = 201 °C, the temperature of crossover point between
lines g and h, corresponds to the dissolution temperature of
the PDTS network structure, as described in Sec. 3.1.

3.1 Dynamic Viscoelasticity of the PDTS and Molten
i-PP Systems.*”*® Dynamic viscoelastic responses were ex-
plored on i-PP melt (M, = 1.61 x 10°, My, /M, =4.4) and
0.3, 0.5, and 1.0 wt % PDTS/i-PP systems (P10, P13, P14,
and P15, respectively) in order to clarify sol-gel transitions
of PDTS in i-PP melt. Figures 18 and 19 show temperature de-
pendencies of the storage modulus G’ and the dynamic viscos-
ity " at w =0.1, 1, 10, and 10% rads™!, during the cooling
process, at the rate of 1 °C/min, from 250 to 140 °C for 1.0
wt % PDTS/i-PP (P15, curves a to d) and from 250 to 130
°C for bulk i-PP (P10, curves a’ to d’), respectively. At temper-
atures lower than about 201 °C, the lower the value of w, the
bigger the difference of G’ between 1.0 wt % PDTS/i-PP and
bulk i-PP, AG’. The result for AG’ indicates the formation of

log G (dyne/cm’ )

'®: _1
“10r/s

1 | 1 I

150 200 250
T(°C)
Fig. 18. Temperature dependencies of storage modulus G’
which were measured during cooling process from 250

to 150 °C for 1.0 wt % PDTS/i-PP (P15, curves a to d)
and from 250 to 130 for bulk i-PP (P10, curves a’ to d’).
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Fig. 19. Temperature dependencies of dynamic viscosity 1’
which were measured during cooling process from 250 to
150 °C for 1.0 wt % PDTS/i-PP (P15, curves a to d) and
from 250 to 130 for bulk i-PP (P10, curves a’ to d’).

giant clusters of a large spatial scale. 1.0 wt % PDTS/i-PP has
sol—gel transition temperature Tt,. = 201 °C, which corre-
sponds to the critical temperature for formation of PDTS per-
colation network via physical association of PDTS molecules.
During the heating process from 150 to 214 °C, 1.0 wt %
PDTS/i-PP has gel-sol transition temperature Tpop = 212
°C, which corresponds to the critical temperature for dissolu-
tion of PDTS percolation network formed by physical associ-
ation of PDTS molecules and Ttop > Tigpc-

The master curves of G’ and i’ are obtained for the sol and
the gel temperature regions for P13, P14, and P15, assuming
the themorheological simplicity in each region. Figure 20
shows master curves of G’ and 1’ for P15 at reduced temper-
ature 7, = 175 °C. Figure 21 indicates master curves of sol and
gel of G’ for P10, P13, P14, and P15 (left half) and the temper-
ature dependencies of their shift factors (right half). The mas-
ter curves for the sol regions of these systems are found to be
identical with the ones of the bulk i-PP melt, implying that mo-
lecularly dispersed PDTS does not affect the dynamic response
of molten matrix of i-PP. However, they were found to be
quite different from those for the gel regions, especially at
low reduced frequencies corresponding to the terminal flow re-
gion of the sol; the gel exhibits a plateau in the G’ curve and a
significant increase of 17, namely, G”. These results imply that
PDTS molecules form a macroscopic three dimensional net-
work in the gel state. The loss tangent for the gel was found
to be nearly equal to unity over all reduced frequencies cov-
ered in these experiments, implying that association and disso-
ciation of PDTS molecules are in dynamic equilibrium, contri-
buting to the large loss tangent. Figure 22 shows phase dia-
grams of PDTS/i-PP (a) and 1,3:2,4-dibenzylidenesorbitol
(DBS)/i-PP (b) systems in parameter space 7 and PDTS con-
centration C.
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Fig. 20. Master curves of storage moduli G’ and dynamic
viscosities 17" for both sol (curve B) and gel states (curve
A) for 1.0 wt % PDTS/i-PP (P15) and for sol state for
i-PP bulk (P10) (curve B). The reference temperature
T, = 175 °C. The symbols (@), (O), (A), and (O) repre-
sent G’ and 1’ for 1.0 wt % PDTS/i-PP and (A) for i-PP
bulk.

3.2 Random Crystallite Orientation of the o Form i-PP
Sheet. In the molding processing of i-PP sheet, either mono-
clinic crystal (@ form) or hexagonal crystal (8 form) of i-PP
can be predominantly induced by selection of nucleator.*’
Figure 23 shows WAXD patterns for Through, Edge, and
End of the i-PP sheet, where the sheet of an upper half of
the figure was prepared by injection molding of the 0.5 wt
% PDTS /i-PP pellet at 180 °C. Since the gel state of the PP
pellet was maintained without dissolution of the PDTS net-
work at the molding temperature, we named this molding
method “orientation-gel molding”. The sheet of the lower half
of the figure was prepared by injection molding of the same
pellet at 250 °C. Scattering maxima of the WAXD patterns im-
ply a form.>® The Through, Edge, and End WAXD patterns in
the upper half of the figure indicate that the crystallites are
strongly oriented. It is estimated that both c-axis orientation
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and a-axis orientation’! of the lamella of i-PP crystallites are
induced on the PDTS fibrils, which are aligned along MD di-
rection in i-PP melt. As the crystal form of the self-assembling
PDTS fibrils is hexagonal, it is presumed that (100) of the hex-
agonal crystal of PDTS fibrils is the active surface for the nu-
cleation of molten i-PP. On the contrary, the Through, Edge,
and End WAXD patterns in the lower half of the figure are
not only weak in intensity in comparison with those in the up-
per half of the figure but are also independent of azimuthal an-
gle. Thus the lamellae of i-PP are randomly oriented in the i-
PP sheet, whose diffraction is shown in the half of the figure.
The random orientation of the crystallites is induced because
the self-assembling structure of PDTS is randomly formed at
Tty higher than crystallization temperature of i-PP, during
the cooling process from homogeneous state at 250 °C, and
the random orientated self-assembling structure of PDTS acts
as nucleator for the nucleation of molten i-PP. These results
imply that i) self-assembled PDTS structure induces selective-
ly nucleation of & form in i-PP melt, that ii) the lamellae of i-
PP formed for PDTS/i-PP systems have generally a random
orientation, and that iii) orientation-gel injection molding for
PDTS/i-PP systems induces c-axis crystallite orientation and
a-axis crystallite orientation.

3.3 Morphology of the i-PP Induced by the Self-Assem-
bled PDTS Structure. Kinetics of nucleation of i-PP induced
by the self-assembled PDTS structure and optical microscope
(OM) images and the two-dimensional light scattering Hv and
Vv patterns of the i-PP sheet were measured in order to clarify
the mechanism of heterogeneous nucleation of i-PP and the
morphology of the i-PP induced by the self-assembled PDTS
structure.

Kinetics of isothermal nucleation for 0-0.5 wt % PDTS/
i-PP systems was investigated by differential scanning calo-
rimetry (DSC).> Figures 24 and 25 show the Avrami plots,
In(—1n6) vs Int, for virgin i-PP and 0.5 wt % PDTS/i-PP,
respectively, where 1 — 0 is relative crystallinity. Equation
32 designates the Avrami equation

0 = exp(—kt"), (32)

where k and n are a constant and the Avrami exponent, respec-
tively. Stein and Misra’>>? derived the following Eq. 33 based
upon the famous sector model with respect to nucleation and
growth of spherulites:

X(t) = 1 — exp(Ar), (33)

where X(7) and A are the relative crystallinity at # and a con-
stant, respectively. In this model, rodlike precursers evolve in-
to sheaflike structures and then eventually into spherulites. The
values of Avrami exponent 3.0 and 5.0 are obtained from the
slope in Figs. 24 and 25, respectively. Thus homogeneous nu-
cleation and three-dimensional growth of spherulite are satis-
fied for virgin i-PP, while heterogeneous nucleation and rod
or sheaf in sector model growth are supported for 0.5 wt %
PDTS/i-PP. Subsequently, the OM images and Hv and Vv pat-
terns were obtained in order to compare them with the results
from dynamics of nucleation. Figures 26 and 27 show the OM
images and the Hv and Vv patterns quenched at 25 °C from
245 °C for virgin i-PP and 0.5 wt % PDTS/i-PP, respectively.
The formation of spherulites is indicated by the OM image
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The right half figures show temperature dependencies of the shift factors obtained for the gel state of P15 (filled circles), P14
(filled triangles), and P13 (filled squares) and for the sol states of P15 (open circles), P14 (open triangles), and P13 (open squares)
and P10 (open inverted triangles) at 7, = 158 °C.
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Fig. 22. Concentration dependence of the sol-gel transition
temperatures Ty, for (a) PDTS/i-PP and (b) DBS/i-PP sys-
tems. The Tf,’s were obtained for both heating and cooling

with the Maltese cross and the clover pattern of Hv for virgin
i-PP in Fig. 26. The diameter of the spherulites is calculated to
be 7.6 wm from the scattering maximum, 6,,,x on Hv, applying
Eq. 33>

4.09 = (477/ )R sin(Omax /2), (33)

where A and R are the wave length of laser light and the radius
of spherulites, respectively. On the other hand, the OM image
and the Hv and Vv patterns for 0.5 wt % PDTS/i-PP are quite
different from those of spherulites of virgin i-PP. The growth
of spherulite from a nucleus of i-PP is stopped when its grow-
ing front impinges with the fronts of spherulites grown from
neighbouring nuclei, resulting in the formation of grain boun-
daries. When the nucleation density is sufficiently large, the
average size of the impinged spherulites becomes smaller than
1 um. From the Hv pattern with monotonic decrease of the
scattering intensity with 6, without scattering maximum, the
lamellae build a sheaf-like superstructure with small apex an-
gles.>® Transparency of the sheet for 0.5 wt % PDTS/i-PP is
higher than that of virgin i-PP, because scattering for 0.5 wt
9% PDTS/i-PP is remarkably weaker than that of virgin i-PP.

3.4 Effects of Concentration of PDTS Molecules on Prop-
erties of the i-PP Sheet. Figure 28 shows effects of the con-
centration of the self-assembling nucleators upon the transpar-
ency of the random i-PP (containing 2.5 mol% polyethylene)
sheet with 1.0 mm thickness. The haze value of the i-PP sheet
decreases dramatically from 56% for neat i-PP into 10% for
the 0.2 wt % PDTS/i-PP, and decreases slowly with increase
of PDTS concentration. Since the scattering from the self-as-
sembled structure of PDTS molecules and from the crystallites
is so weak, that transparency of the sheet is excellent. Optical
properties of the sheet in terms of the transparency but also the
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gloss of the surface of the sheet are remarkably improved by
adding PDTS molecules. As the size of spherulites of i-PP de-
creases with increasing of the self-assembled PDTS molecules,
the surface of the sheet becomes increasingly smooth; Conse-
quently the gloss of the sheet should be improved. Since the
remarkable improvement of optical properties of i-PP sheet
was not possible so far, the new application fields of the trans-
parent i-PP sheet will be wide, including fields such as dispos-
able syringes, storage boxes, cases, and cups. The transparent
grade of i-PP, which is by prepared mixing i-PP with the self-
assembling nucleators in plant line of i-PP manufactures, has
been developed not only in Japan but also in the world as
the original excellent transparent i-PP. The volume of transpar-
ent grade of i-PP has been developed to about 10% of the total
amount of i-PP in Japan and to about 6% of the total amount in
the world. Mechanical properties of the sheet, such as flexural
strength and modulus, and anisotropic shrinkage, are also im-
proved.’ Data of thermograms of differential scanning calo-
rimeter (DSC) at the cooling rate of 20 °C/min show that
the crystallization temperature 7. increases from 111 °C of
neat i-PP to 128 °C for 0.3 wt % PDTS/i-PP, corresponding
with the dynamic shear behavior in Fig. 17. T, increases with
increasing amount of PDTS or DBS up to 0.3 wt % concentra-

MD
Gam 5w
ND TD

Fig. 23. Through, Edge, and End WAXD patterns for 0.5 wt % PDTS/i-PP sheet. The i-PP sheets of upper half of the figure and
lower half of the figure were obtained by injection molding of the 0.5 wt % PDTS/i-PP pellet at 180 °C and 250 °C, respectively.

™D

5w
MD

tion and saturates beyond 0.3 wt % concentration. The higher
T., the shorter the mold processing time; therefore the cycle
time of injection molding was shortened by 15-20%.

4. Conclusion

1,3:2,4-Bis-O-(p-methylbenzylidene)-D-sorbitol (PDTS)
has been developed as a self-assembling nucleator, addition
of which creates highly transparent semi-crystalline polypro-
pylene. We clarified the self-assembling processes of PDTS
and the formation of hierartical structures of PDTS in molten
polymers and organic solvents. Two types of gel morphology
are formed, depending upon the gelation mechanism. Gel mor-
phology (i) formed by S/L phase transition; this morphology is
generally formed when quench depth A®pprs or AT is shal-
low. PDTS crystalline clusters with a distribution of finite size
are first formed by physical association of PDTS molecules,
followed by the evolution into the infinite crystalline clusters,
resulting in a gel where the amorphous liquids fill the space of
the crystalline network structures. Gel morphology (ii) forma-
tion involved a competition of two kinds of phase transition in
the systems: S/L phase transition and L/L phase transition.
This morphology is generally formed when quench depth
A®pprs or AT is deep. In this case, L/L phase separation into
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Fig. 24. Avrami plots, In(—In6) vs Inz, of the isothermal
crystallization at 126.5, 129, and 130 °C for virgin i-PP,
where 1 — 6 is relative crystallinity of i-PP.
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Fig. 25. Avrami plots, In(—In6) vs Inz, of the isothermal
crystallization at 141.0, 141.5, 142.5, and 144.0 °C for
0.5 wt % PDTS/i-PP, where 1 — @ is relative crystallinity
of i-PP.

PDTS-rich domains and PDTS-poor domains first evolves into
bi-continuous network structures via the early stage of spino-
dal decomposition, followed by formation of gel networks of
PDTS in the PDTS-rich domains. Morphology (ii) is therefore
dual, one having a periodical concentration fluctuation origi-
nating from L/L phase separation with a characteristic length,
An, the size of which depends on AT and A®pprs, and the

Bull. Chem. Soc. Jpn., 78, No. 2 (2005) 233

Hv

Vv

Fig. 26. OM images and the two-dimensional light scatter-
ing Hv and Vv patterns quenched at 25 °C from 245 °C for
virgin i-PP.

other having the percolated crystalline network within the
phase-separated domains. The crystalline network structures
in gel morphology (i) and gel morphology (ii) are character-
ized with mass fractal dimensions having the upper cut-off
length scale of around 12 pm and the lower cut-off length scale
around 15 nm, where both scales depend on AT and A ®pprs.
The system of the crystal structure of PDTS fibrils is hexago-
nal with symmetry of 6/m 2/m 2/m and the lattice cell with
a=b=302 A, c=44 A, and y =120°. In the case of
0.2-0.5 wt % PDTS/i-PP, the self-assembling structure of
PDTS is formed at Tt, . higher than T in molten polypropyl-
ene during the cooling process. The self-assembling structure
of PDTS has the following characteristics: i) large specific sur-
face area, ii) random orientation, and iii) active nucleator for
the nucleation of molten i-PP. Thus the i-PP has the following
properties: i) excellent transparency, so that the lamellae can
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Fig. 27. OM images and the two-dimensional light scatter-
ing Hv and Vv patterns quenched at 25 °C from 245 °C for
0.5 wt % PDTS/i-PP.

build a sheaf-like crystalline superstructure with a small apex
angle; ii) iso-directional and improved mechanical properties;
and iii) shortened molding time.
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