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Recently, present authors found a power law of nu-
cleation rate (/) of single crystals of polyethylene (PE),
I o« MM, where M is molecular weight and H is a
constant."»? This indicates that the topological nature
of polymer chain plays an important role on nucleation
of polymers. Topological nature is related to the chain
entanglement and chain sliding diffusion.** Polymer
chains should be disentangled within interface between
the melt and a nucleus during nucleation. Therefore, if
number density of entanglement (v.) is small, it is ex-
pected that / becomes large. This expectation was con-
firmed in our preliminary study> that I decreases with
increase of keeping time at a temperature above melting
temperature (A¢). This result was speculated that when
the melt is kept above melting temperature, v, gradually
increases with increase of At and approaches to thermal
equilibrium v, (ve = 1), which can be regarded as “melt
relaxation”. However, any experimental evidence of the
expectation has not been reported yet, therefore it is im-
portant to show the evidence.

Purpose of this work is to show an experimental ev-
idence that [ increases with decrease of v, within the
melt. It is reasonable that a giant extended chain single
crystals (ECSCs) includes little entanglement (ve ~ 0),
while thin lamellae of folded chain crystals (FCCs)
do a lot of entanglements. Therefore, when the giant
ECSC and thin FCCs are melted, the melt should have
small v, and large v, respectively for small A¢, because
the above “melt relaxation” process takes long time,
i.e., we showed that it takes about several hours or a
few days depending on the conditions and molecular
weight.> This suggests that v, should decrease with in-
crease of lamellar thickness (/). In the case of polyethy-
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lene, / can be changed easily from several nm to several
um by changing crystallization conditions, such as de-
gree of supercooling (AT) and pressure.

According to classical nucleation theory by Becker
and Doring and Turnbull and Fisher, / is expressed by
two competing factors as

I = Iyexp(—C/AT?) « Dexp(-AG*/kT) (1)

where £ is the Boltzmann constant and 7" is tempera-
ture, Iy and C are constants. [y is proportional to dif-
fusion constant D and C does to free energy necessary
for forming of a critical nucleus AG™, respectively. In
the previous study, we have shown that D is a function
of M, i.e., D = D(M) and AG”* is independent of M.
This conclusion means that the topological nature for
nucleation of polymers appears in D and not in AG*.

EXPERIMENTAL

Sample Preparation

Fractionated PE (NIST, SRM1483, M, = 3.2 X 104,
My/My = 1.11) was used in this work. In order to pre-
pare ECSCs with different /, PE was isothermally crys-
tallized at AT = 4—6 K under the high pressure, P = 0.4
GPa using high pressure-differential thermal analysis
(DTA) apparatus.® FCCs were isothermally crystallized
thin lamellaec under the atmospheric pressure. / was
measured on transmission electron micrographs.

Measurements of Nucleation Rate (1)

Both ECSCs and FCCs were melted at 160°C for 5
min at atmospheric pressure. After that, the samples
were isothermally crystallized at various crystalliza-

"To whom correspondence should be addressed (E-mail: hikosaka@hiroshima-u.ac.jp).

906



Effect of Entanglement on Nucleation Rate of PE

10 T T T T T T
/=22 pm

} ECSC-melt-FCSC 7|
[=0.7 pm

1~20 nm
FCSC-melt-FCSC

0 1 1 1 1 Il Il
10
0.004 0.005 0.006 0.007 0.008 0.009 0.010 0.011

AT?/K?

Figure 1. Plots of log/ against AT~2 for /=20nm, 0.7 um, and
2.2 um, respectively. The solid lines show the best fit of the plots.

tion temperatures 7.s. Hereafter, we abbreviate these
processes as ECSC-melt-FCSC and FCSC-melt-FCSC,
respectively, where FCSC means folded chain single
crystal. The range of AT = T, " — T, was about 10—
14°C where Ty, is the equilibrium melting tempera-
ture. We used the value of T,° (139.5°C) reported by
Okada et al.”

We counted a number of FCSCs by means of polariz-
ing optical microscope. The number density of nucleus
v corresponds to the number of single crystals per unit
volume of the melt. Therefore, / is defined as 7 = dv/dz,
where ¢ is the crystallization time.

RESULTS

Figure 1 shows the plots of log/ against AT =2 for
different /. It was found that log / showed straight lines
and the slopes of the straight lines were almost similar
(C =992, 970, and 867K? for / = 2.2 um, 0.7 um, and
~20 nm, respectively). The straight line was shifted to
upward with increase of /. For example, / for ECSC
with / = 2.2 um was about 10 times as large as that
for FCC with 20 nm for the same AT. Figure 2 shows
the plot of 7 against / at AT = 11.5K. I gradually in-
creases at first and then rapidly does with increase of /.
Thus, it is concluded that / increases significantly with
increase of /. On the other hand, C does not depend
on /. Therefore, AG* which is proportional to C is also
independent of /.

DISCUSSION

Since the spatial size of entanglement is large, entan-
glements cannot be included within crystalline lattice
as a point defect. As shown in Figure 3, in other words,
the entanglements which is expressed by cross in this
figure exist on the surface of crystal or amorphous lay-
ers between lamellae and are not included within crys-
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Figure 2. Plots of [ against / for AT = 11.5 K. The solid curve
shows best fit of the data. The other solid curve shows the equation
Ve ocl1/1.
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Figure 3. Schematic illustrations of melting and nucleation

processes. ECSC and FCSC were melted. The cross mark denotes
the entanglement.

tal. Therefore, it is considered that v, is expressed by
the ratio of volume of crystal to surface of it as below,

surface area  4al + 2a°

2
Ve & volume a?l @)

where a is the lateral size of ECSC. Here, it is assumed
from our preliminary results® that the v, in the melt
does not change so much from that in the started crys-
tals. In the previous study,® we have shown that / is
proportional to a in the case of ECSC, that is,

[xa 3)

Combining eqs 2 and 3, we obtained

Voo @
Figure 2 also plots the eq 4, i.e, ve o 1/l. It was
found that increasing of / with increasing / correspond
to decreasing of v, with increasing /. Therefore, it is
concluded for the first time that / increases with de-
crease of ve, which is important to solve the topological
mechanism of nucleation of polymers.
The fact that C is almost constant for different /
means that AG™ is almost constant irrespective of ve.
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The reason may be that all nucleus are the same “fold
type” one,” which will be shown in the following paper.

CONCLUSION

1. Nucleation rate (/) increases with increase of

lamellar thickness (/), which is an experimental
evidence that / increases with decrease of number
density of entanglement (v,) within the melt.

. Free energy necessary for forming of a critical nu-

cleus (AG™) is almost constant and does not de-
pend on v,.
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