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Abstract

Molecular weight (M) dependence of the lateral growth rate (V) of a form crystal of isotactic polypropylene (iPP) was studied. Reliable
equilibrium melting temperature determined in our previous study was used for the analysis of supercooling dependence of V. A power law
of M of V, VocM-H was obtained, where H is a small constant (4 = 0.7). The small H, which is similar to that of the hexagonal phase of poly-
ethylene (H = 0.7) in comparison with the value of H = 1.7 for the orthorhombic phase of polyethylene, confirmed our prediction of smaller H
for “rod like” chain polymers because of easier chain sliding within the interface between the crystalline phase and the melt. Thus, the univer-
sality of the important role of topological nature in polymer crystallization was confirmed. Lateral surface free energy (o) of the o form of iPP

was obtained as ¢ = 1.59 x 107 J/em®.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

For improving the properties and productivity of industrial
polymeric materials, it is important to control the crystalliza-
tion rate. One of the authors proposed a “‘chain sliding diffu-
sion theory” and showed that polymer crystallization in
general should be regarded as a topological process [1—6].
In order to confirm the topological nature of polymer crystal-
lization, it will be essential to examine the molecular weight
(M) dependence of linear growth rate (V) of polymer crystals.

The lateral growth of lamellar crystal is regarded as a two-
dimensional nucleation process at the growth front. During the
process, polymer chains are transported from the melt into the
surface region of the crystal. Then, the absorbed chain slides
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along its axis and disentangles for rearranging within the
melt—crystal interface. As a result, a small nucleus grows
and becomes stable. The rate of two-dimensional nucleation
is experimentally observed as the crystal growth rate, which
is expressed by a well-known equation [3,4],

B
VZVOCXp<—m>, (1)

where AT is the degree of supercooling defined as
AT =T} T, (2)

with the equilibrium melting temperature, T2, and the crystal-
lization temperature, T.. Vy and B are related to the self-diffu-
sion constant of molecules (D) and to the free energy barrier of
a critical nucleus (AG¥), respectively, as shown below,

Vo oD (3)
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where k is the Boltzmann constant, m is a constant related to
the growth mechanism, i.e., m = 1 for mono-nucleation of re-
gime I or multi-nucleation of regime III and m =2 for multi-
nucleation of regime II, by is the thickness of one growth layer,
g is the lateral surface free energy, o is the end surface free
energy, and Ahy is the heat of fusion. Here, the temperature
dependence of D is expressed as the Vogel—Fulcher or
Williams—Landel—Ferry (WLF) equation [7—9], and hence
the dependence of Vj, is given as,

Vo= Viewp () ®)

where V], is a coefficient, U* is the effective activation energy
related to chain motion, R is the gas constant and T is the
temperature at which chain motion ceases.

As seen in Eq. (4), AG* depends on AT = T2 — T, where
T1?1 depends on M significantly. Therefore, it is important to
obtain reliable T? as a function of M (T 2(M)) for the determi-
nation of M dependence of V. Hoffman et al. [10] examined
the M dependence of the coefficient B of polyethylene (PE),
based on the T?(M) extrapolated from the melting points of
n-alkane, known as the Flory—Vrij equation [11]. The coeffi-
cient increased with the increase in M for low M, became con-
stant for intermediate M, and became smaller for still higher
M. On the other hand, Hikosaka et al. [3,4] also examined
the dependence of PE with T2(M) obtained from reliable
Gibbs—Thomson plot. They concluded that V, depends on
M, while B does not [3,4]. As has been discussed by Wunder-
lich [12] in detail, it is known that Trg of PE obtained by the
extrapolation method, Trg (FV), and Gibbs—Thomson plot
one T2(GT), are different significantly; e.g.

for M = 10*
for M = 10°.

T°(FV)=T2(GT) +3.7K 6

=T%(GT)+5.5K (6)
it means that, for PE of M = 10° crystallized at T, ~ 130 °C,
AT ~ 16 and 10.5 °C with T2(FV) and T2 (GT), respectively.
Therefore, the difference in the M dependence of V with dif-
ferent sources of Tlg should be caused by the difference in
the M dependence of the TO. Thus, the reliability of T0(M)
significantly affects the accuracy of the analysis. We think
that T9(M) determined by the Gibbs—Thomson method is
more reliable because the method is based on correct thermo-
dynamic consideration.

The results of Hikosaka et al. [3,4] indicate that the M de-
pendence of V is determined by the self-diffusion of chain
molecules, D, while the nucleation barrier, AG*, is not signif-
icantly affected by M. In terms of the M dependence of V), the
following relationship was obtained,

VoD M, (7)

where the power H is dependent on the degree of order of crys-
talline phase, i.e., H=0.7 and H = 1.7 for the hexagonal and
orthorhombic phases of PE, respectively.

PE is regarded as a special polymer because of its “‘planar-
zigzag” chain conformation. Most polymers have helical
conformations, but the effect of chain conformation on sliding
diffusion has not been clarified yet. It is expected that the
power, H, of helical polymers will be small, because the slid-
ing diffusion will be easy for rod-like chains in comparison
with ““planar-zigzag™ chains due to small interchain friction
among them. In the present study, isotactic polypropylene
(iPP) is used as a typical stereoregular polymer. The V of
PP has been studied for many years [13,14], but the M depen-
dence could not been confirmed because of the lack of reliable
T2(M). In our previous study, we applied reliable Gibbs—
Thomson plot and determined the M dependence of T\
[15—17]. Therefore, it is now possible to evaluate reliable M
dependence of V of iPP.

Lateral surface free energy (o) and end surface free
energy (g.) are the important parameters determining the crys-
tallization rate. Clark and Hoffman [13] evaluated ¢ = 1.15 x
107 J/cm? by using the following semi-empirical equation,

g = OlAhf((lob())]/z, (8)

where « is a constant and agby is the cross-sectional area of the
chain under the assumption of a =0.1. They also obtained
00.=7.4—7.9 x 10~ "2 J*/cm* from the slope of log V plotted
against (TAT)™" and ¢.=6.5-7.0 x 107 °J/cm? from the
values of ¢ and go.. Cheng et al. also obtained o, =5.9—
13.5 x 107" I’/cm® by applying similar procedures [14]. In
the previous paper, we obtained o.=5.1 x 107° J/em® of
iPP from the slope of reliable Gibbs—Thomson plot [17]. Re-
liable o can be obtained from the values of ¢, and oo, which
will be obtained from the kinetic data of the present study.
The purpose of this paper is to clarify the M dependence of
V of the o form crystals of iPP. The “power law” of M of V
will be shown later in this paper. The universality of the
“power law’’ suggests the topological nature of polymer crys-
tallization. The side surface free energy o of the o form crys-
tals of iPP will also be determined from the kinetic data by
using the reliable o, and Trg obtained in the previous paper.

2. Experimental
Four iPP fractions with high tacticity were used in this study.

Their characteristics are listed in Table 1. Number-averaged
molecular weights (M,) were 23 X 10°, 64 x 10°, 94 x 10°

Table 1
Sample characteristics

Sample name M, x 1072 M, x 107> My/M, [mmmm] (%) Tﬁ“ [{©)
23K 23 51 2.2 99.6 183.7
64K 64 152 24 99.6 186.1
94K 94 230 24 99.6 186.4
263K 263 605 2.3 99.6 187.7

* Ref. [17].
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and 263 x 10°. They are named 23K, 64K, 94K and 263K,
respectively. They were similar in molecular weight distribu-
tion (My/M,, =2.2—2.4) and tacticity ([mmmm] = 99.6%), as
shown in Table 1. The molecular weight and molecular weight
distribution were measured by using gel permeation chroma-
tography. The tacticity was estimated by means of '*C nuclear
magnetic resonance. Table 1 also shows the 7.0 which was
obtained by using Gibbs—Thomson plot in the previous
paper [17].

Isothermal crystallization was carried out by using a hot
stage, Mettler FP82, under nitrogen flow with 2 L/min. Crys-
tallization behavior was observed by a polarizing optical
microscope (OM), OLYMPUS BX-P, equipped with sensitive
color plate. It was recorded on a videotape by using FLOVEL
HC-3600 3CCD camera. Sample was put between slide glass
and cover glass with a Cu spacer of 100 pm in thickness.
Sample was melted at 220 °C for 5 min, and the isothermal
crystallization was carried out at T, = 126—150 °C. Observa-
tion of growing crystals was carried out in the middle depth
of the melt to eliminate the influence of temperature gradient
within the melt. Lateral size of crystal (@) was measured at the
early stage of the formation of spherulite (@ < 30 um) and was

(a)

(c)

7603

defined as the length of the longest axis. V was defined as
V = (1/2)(da/dt), where t is the crystallization time.

3. Results
3.1. Morphology

Typical polarizing optical micrographs of crystals are
shown in Fig. 1. For lower molecular weight fractions at
high crystallization temperatures, a crystalline aggregate
called, quadrite, was formed in the early stage of growth and
grew into spherulite. The spherulites shown in Fig. 1 are the
type II assigned by Norton and Keller [18] for the o form
spherulites obtained at relatively high crystallization tempera-
tures. The color pattern of retardation of the quadrite was the
same as that of type II spherulite.

It is well known that iPP has a cross-hatched lamellar struc-
ture [19—21]. Olley and Bassett [20] observed the lamellar
morphology of melt-crystallized quadrites by means of trans-
mission electron microscopy. They showed that the origin of
quadrites is the cross-hatched edge-on lamellae. The four
corners of quadrite correspond to the growth fronts of the

()

Fig. 1. Polarizing optical micrographs of crystals of 23K at 134 °C for (a) 84 and (b) 122 s and of 263K at 150 °C for (c) 43 and (d) 72 min. Scale bars represent

10 pm.
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Fig. 2. Typical plots of a/2 against crystallization time, ¢, for different T, of
23K fraction.

dominant lamellae of spherulite. Hence, the length along the
longest axis of the quadrites defined as a in Fig. la corre-
sponds to the diameter of the spherulites.

3.2. Steady lateral growth

Fig. 2 shows typical examples of the plots of a/2 against ¢
for different T.. The length, a/2, increased linearly with ¢, irre-
spective of M, and T.. The slope of the straight line of a/2
against ¢ defines the rate of steady lateral growth, V. The mor-
phological change from quadrite to spherulite did not affect
the slope of the plot. It means that the growth mechanism,
i.e., the growth regime, of quadrite and spherulite must be
the same.

3.3. TAT dependence of V(M)

Fig. 3 shows the plots of Log(V) against T, for different M,,.
Based on Egs. (1) and (5) with the empirical values of

10° T T T

102+

V/nms'

10"+

10° 1 1
120 130 140 150 160

Fig. 3. Plots of V against crystallization temperature, T, for different M.
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Fig. 4. Plots of Log(V) + U* /2.303R(T — T.,) against (TAT)™".

T. =231.2K and U* = 1500 cal/mol for iPP [13], Log(V) +
U*/2303R(T — T,,) are also plotted against (TAT) ' in
Fig. 4. Irrespective of M,, the values decrease linearly with
the increase in (TAT) ', and the plots give almost parallel
straight lines. Breakings of the lines are observed at about
AT = 49K (= ATy) for all samples. The breaking has been ex-
plained as the regime II—III transition by Clark and Hoffman
[13]. Hence, we assume that the multi-nucleation regimes of II
and II occur at AT < ATy, and AT > ATy, respectively. The
slope of the lines in Fig. 4, B, is plotted against M, in
Fig. 5. It is indicated that B does not significantly depend on
M, in both regions below and above AT,. The lines in Fig. 4
are drawn by using averaged B (B),

S T
ATZAT,
4 _
® \—0
N
3L B=3.8x 10°K? J
N
N
=
- AT <ATy
Q

2 O \A ) .
\

B=1.6x 10°K?

0 " " PR S ST ST S | " " IR S S ST
10* 10° 10®

M,

Fig. 5. The slope, B, of the plots in Fig. 4 plotted against M,,.



K. Yamada et al. | Polymer 47 (2006) 7601—76006 7605

log (Vo' /cms™)

L L I T S T S |
10* 10°

M,

Fig. 6. The intercept, V), of the plots in Fig. 4 plotted against M,,.
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m

The ratio of B, 3.8/1.6 = 2.4, is not far from the value of 2
expected for the regime II—III transition [13].

3.4. Power law of M dependence of V

The coefficient, V{, of each M, was obtained by the extrap-
olation of the plots in Fig. 4 to (TAT)™' =0 by using the av-
eraged slope of B. Log(V}) is plotted against Log Log(M,,) for
below and above ATy, in Fig. 6. It is shown that Log(V})) lin-
early decreases with the increase in Log(M,). Thus, we have
confirmed the power law of Eq. (7) with H = 0.7 for the helical
polymer of iPP as the case of PE [3,4].

4. Discussion
4.1. Relation between H and chain sliding diffusion

It has been reported that the powers of PE are H=0.7
and H = 1.7 for the hexagonal and orthorhombic phases of
PE, respectively [3,4]. Therefore, the following relationship
holds among the powers of Hipp, Hpg(hexagonal), and
Hpg(orthorhombic),

Hipp = Hpg(hexagonal) < Hpg (orthorhombic) (10)

Orthorhombic PE is regarded as a special polymer because
of its “planar-zigzag” chain conformation. On the other hand,
the chain conformation of hexagonal PE, which is regarded as
a rod-like polymer due to chain rotation, is similar to that of
helical polymers. Therefore, the present results confirm that
the chain sliding becomes easier for helical polymers.

4.2. Lateral surface free energy

The Gibbs—Thomson equation is expressed as,
Tm(/) = Trg_?v (11)

_ ZoeTn(:

C
Ah

(12)
where / represents the crystal lamellar thickness. The follow-

ing equations are obtained by the combination of Egs. (4)
and (12),

o=_———. (13)

Therefore, ¢ can be directly obtained by using Eq. (13)
without Ary.

In the previous study, we obtained C =2.40 x 10> cm K
[17]. As a result, o was obtained as,

0=173x10"°(J/cm*)  for AT > AT, =49K (14a)
=144 x10°%(J/cm?)  for AT < AT, = 49K. (14b)

and the averaged (o) is

(o) =1.59 x 107°(J/cm?). (15)

4.3. Effect of M,, dependence of melt viscosity

The mobility term of Eq. (5) depends on the glass transition
temperature (T,) through the empirical relationship between
T, and T, Too =Ty — 30K. The mobility and the glass transi-
tion temperature are determined by the free volume, which is
dependent on molecular weight due to the effect of chain ends.
The dependence is expressed as the Fox—Flory equation [22],

T, =T7 —K/M,, (16)

where Tg°° is the T, of infinite molecular weight and K is a pos-
itive constant. Therefore, we need to estimate the influence on
the M, dependence of V. The M, dependence of T, of polypro-
pylene was studied by Cowie [23]. From the results, the fol-
lowing relationship between T, and M,, of iPP was evaluated,

T, = 267.9 — 32,398 /M, (K). (17)

Accordingly, T, of the present samples are estimated as fol-
lows; To(M) = 266.5, 267.4, 267.5 and 267.7 °C for 23K, 64K,
94K and 263K, respectively.

From the dependence, the following approximate expan-
sion is obtained,

K
= 1— M! 1
T—T. T—T°°( T—T7 ) (18)

where T, is the T, of infinite molecular weight. On the other
hand, in terms of the M,, dependence of the effective activation
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energy, U*, it is believed that the fragility parameter, i.e., the
apparent activation energy of the conformational relaxation
time, 7, i.e., —dlog 7/d(T,/T) = U* /RT,, is determined only
by the molecular species and not influenced by the chain
length [24]. Therefore, the M, dependence of U* is expected
to be similar to that of T,. Due to the M,, dependences of T,
and U*, the exponential term in Eq. (5) is modified as,

UK 1 1
— |M;! 19
R(T-T2) T—T;‘;’+Tg°° " (19)

X exp

the second term in the right hand side of Eq. (19) represents
the M,, dependence. The change in this term for the molecular
weight range of the present samples is at most 5%, which will
be negligible in comparison with the change of 450% expected
from the power law dependence of V{ on M,,.

5. Conclusion

(1) We have examined the molecular weight dependence
of the linear growth rate of isotactic polypropylene,
based on the relationship expressed as V = V| exp[—U*/
R(T; — T )]exp[—B/TAT]. We have confirmed that V|
decreases with the increase in M,,, while the first exponen-
tial term and B does not significantly depend on M,,.

(2) The M, dependence of V|, was expressed as, VjocM
where H=0.7. Thus, the power law for stereoregular
polymer was confirmed. The power H of iPP (0.7) was
close to the value (0.7) of the hexagonal phase of PE
and smaller than that (1.7) of the orthorhombic phase of
PE. The small H of iPP and of the hexagonal phase of
PE must be caused by the loose packing of chains within
the interface between the crystalline phase and the melt
due to easier chain sliding.

(3) Lateral surface free energy o = 1.59 x 10~° J/cm? of the
o form of iPP was obtained from the present kinetic data

by using T?n and o, determined from reliable Gibbs—
Thomson plot.
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