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Abstract

Nucleation mechanism of polymers was studied by means of small angle X-ray scattering (SAXS) by improving our two previous studies.
The first one showed first direct SAXS observation of nucleation of polyethylene (PE). The second one reported how ‘‘size distribution fiV,f)” of
nuclei of nano-meter size (nano-nuclei) evolves with time (), where N is number of “‘repeating unit” in a nucleus. Unfortunately the f{V,f) was
obtained by incorrect analysis of SAXS intensity (/x), i.e., too simple one-dimensional (1D) nucleus was assumed to analyze the /x. In this paper,
we determined simultaneously correct f(NV,f) and “‘two-dimensional (2D) shape” of nano-nucleus. From this it is clarified that nano-nucleus
shows significant fluctuation in size and shape and repeats frequent generation and disappearance, which corresponds to the conclusion that
the end surface free energy of the nano-nucleus (¢.(nano)) is 1/5 times as large as that of macroscopic crystal (g.(macro)). fiV,r) decreased

with increase of N. f{iN,r) increased and saturated with increase of z.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Crystallization from the melt (or gas) is one of the most pop-
ular and well known phenomena in any materials. The early
state of crystallization controls significantly structure and phys-
ical properties of materials. ‘““‘Nucleation” has been assumed
theoretically as the early process of the crystallization by clas-
sical nucleation theory (CNT) proposed by Becker and Déring,
Turnbull and Fisher and Frenkel in 1930 [1—3], but had not
been confirmed experimentally. Amazingly nobody has suc-
ceeded to observe directly the nucleation from the melt,
because number density of nucleus in nano-order (we will
name ‘‘nano-nucleus’) was too small to detect. Recently we
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succeeded in observing nano-nucleation of polyethylene (PE)
directly for the first time by means of small angle X-ray scatter-
ing (SAXS) by overcoming above problem [4,5].

Scientific goal of nucleation study is to obtain ‘“‘experimen-
tal real image” of nano-nucleation and to propose a correct
nucleation theory which can explain the concrete facts. We
have to approach the scientific goal, i.e., to solve nucleation
mechanism from two different sides. One is experimental
side and the other is theoretical side.

The experimental side is to clarify real image of nucleation
how size, shape and number of nucleus evolve with increase of
crystallization time (f), i.e., to make clear size distribution
fIN,t), where N is number of atom, “particle’” or “repeating
unit” in a nucleus (hereafter we will simply name “‘particle’’).
It has been impossible to observe f(V,t) directly for long time.

In our previous paper, we tried to obtain f(N,/) of PE
by analyzing the scattering intensity (Ix) of SAXS [6].
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Unfortunately the f(N,f) was obtained by incorrect analysis of
I, i.e., too simple one-dimensional (1D) (very long and thin)
nucleus was assumed without determining correct shape of
nano-nucleus to have Egs. (10)—(12) in Ref. [6]. As will be
shown in this paper, we have to determine experimentally
correct f{N,f) and ““shape’ of nano-nucleus at the same time
by analyzing Ix. In this paper, the correct shape of nano-
nucleus will be shown to be two-dimensional (2D) one. There-
fore it is important unsolved problem to obtain correct AV,
and shape of nano-nucleus. Purpose of this paper is to deter-
mine correct f{lV,f) and shape of nano-nucleus simultaneously
by analyzing Ix.

The theoretical side is to build up a “‘basic equation” which
can explain the observed f{ilV,f). CNT proposed a “fundamental
kinetic equation” as a basic equation of nucleation by using
fIN,?) [3]. We found a serious problem that the kinetic equation
of CNT does not satisfy fundamental ‘“mass conservation
law”’, which means that the kinetic equation cannot be re-
garded as a basic equation [7,8]. We will show in detail and
solve this important problem in our sequential paper.

Any basic equation includes parameters (so called “kinetic
parameters’’) that give actual information with respect to
nucleus, nucleation and so on as described later. The kinetic pa-
rameters should be determined experimentally by correspond-
ing theory. As correct observed f(/V,f) had not been obtained
experimentally, it is important unsolved problem to obtain
correct kinetic parameters of nano-nucleus.

1.1. Direct observation of nano-nucleation

Akpalu and Amis tried to observe nucleation from the melt
of linear PE by means of SAXS and wide angle X-ray scatter-
ing (WAXS), but they did not detect the nucleation well. They
observed onset of lamellar stacking [9]. Wang et al. investi-
gated the early stages of isothermal melt crystallization of iso-
tactic polypropylene (iPP) by means of SAXS, WAXS and
light scattering [10]. They showed that volume fraction of nu-
clei is too small to be detectable by SAXS or WAXS. They
also addressed that detection limit of the increase of crystallin-
ity by means of WAXS was much lower than that of SAXS.

We succeeded in observing directly nano-nucleation of
PE in 2003 by means of SAXS for the first time by adding
“nucleating agent (NA)” to sample, by which the Ix(q,?)
from nano-nuclei increased as high as 10* times [4,5], where
q is scattering vector. But we observed nucleation of a fixed
size of nucleus with R, = 162 A, where R, is radius of gyration
[11], since the ¢ was limited into a narrow range, g =
(9—14) x 1073 A~!. Therefore we could not obtain fIN,2).

1.2. f(N,t) is a key to approach nucleation mechanism

CNT predicted time evolution of f{V,f) numerically using
the kinetic equation [12—14]. It is obvious that the observed
kinetic parameters of nano-nucleus could not be used in the
numerical calculation. Since it was impossible to observe
f(N,p) directly, the predicted fiV,f) could not be verified for

long time. Therefore it is an important unsolved problem to
obtain f{NV,f) from direct observation of nano-nucleation.

1.3. Shape of nucleus is related to kinetic parameters

It is reasonable to assume that the shape of nano-nucleus is
similar to that of ‘‘critical nucleus’, because the critical
nucleus should be typical nano-nuclei. We show how shape
of nucleus is related to kinetic parameters as follows.

For the sake of simplicity, we think about the three-
dimensional (3D) rectangular parallelepiped nucleus with
size of [, m and n, where [, m and n are counted by number
of particles. N is given by

N =Imn for 3D nucleus. (1)

As we assume that shape of a nucleus is similar to that of
critical one,

[:m:n=1[0*:m*:n* for 3D nucleus, (2)

where [*, m* and n* are [, m and n of a critical nuclei,
respectively.

It is well known that most nucleation of any materials from
the bulky melt is heterogeneous nucleation, i.e., nucleus is
formed on heterogeneity or NA [15]. In this case, /*, m* and
n* are given by

I*=40¢./Ag, m* =2Ac/Ag and
n* =4¢/Ag for 3D nucleus, (3)

where ., Ag and ¢ are free energy of end surface of nucleus,
effective interface free energy between NA and crystal and
free energy of side surface of nucleus per one particle, respec-
tively, and Ag is free energy of melt per one particle [15]. Ag
is given by
Ag = AsAT = (Ah/T)AT AT, (4)
where As is entropy of melting, AT is degree of supercooling,
Ah is enthalpy of melting per one particle [15] and T is
equilibrium melting temperature.

As m* is given by Eq. (3), m* becomes less than unity
(m* <1) with increase of Ag o« AT. In this case we have to

change the critical nucleus from 3D to 2D ones. As m* should
be integer, m* of the 2D nucleus is given by

m* =1 for 2D critical nucleus. ®)
Thus it is summarized to

m*>1 for Ag < 2Ac or AT < AT' (3D critical nucleus)
=1 forAg>2Acor AT > AT' (2D critical nucleus),

(6)
where

AT =2T° Ag/Ah (7)

from Egs. (4) and (6).
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When m* =1 (2D critical nucleus), we will assume that m
of nano-nucleus is unity, i.e.,

m=1 forAg >2Acor AT > AT' (2D nucleus). (8)

In this case, Egs. (1) and (2) are changed to

N =In for 2D nucleus 9)
and
[:n=10*:n* for 2D nucleus. (10)

1.4. How to determine kinetic parameters and f(N,t) of
nano-nucleus

It is well known that CNT regarded that nano-nucleus is in
quasi-thermal equilibrium in the steady state and that f(N,f) in
the steady state (fy(N)) satisfies Boltzmann distribution
(Pg(N)) for N < N*, where N* is N of critical nucleus [3,13].
Pg(N) includes kinetic parameters as shown in Section 3.3.
Kinetic parameters of nano-nucleus and f(N,f) are simulta-
neously determined by fitting observed f, (V) with Pg(V) for
the range of nano-nucleus, i.e., for N < N*.

1.5. One-dimensional nucleus assumed in our previous
paper [6]

We assumed too simple long 1D shape of nano-nucleus in
our previous paper [6] by assuming that kinetic parameters,
i.e., surface free energies are the same between nano-nuclei
and macroscopic crystals (we will name macro-crystals), which
is a serious problem in nucleation study as we will show in detail
later. As shown in this work, we obtained that o. of nano-
nucleus (o.(nano)) was 1/5 times as large as that of macro-
crystal (o.(macro)), i.e., g.(nano) = (1/5)g.(macro), which
means that og.(nano) was nearly equal to o of nano-
nucleus g(nano), i.e., g.(nano) = g(nano). Therefore the shape
of the nano-nucleus should be 2D nucleus. Hence obtained
fIN,t) assuming 1D nano-nucleus in our previous paper [6] is
incorrect.

1.6. Alternative nucleation study on macro-crystals

Alternative nucleation studies, such as studies on heteroge-
neous nucleation from the bulky melt [16] or homogeneous
nucleation in droplets of the melt [17], have been widely
carried out in classical nucleation study by observing macro-
crystals by means of optical microscope, because it was
difficult to observe nano-nucleus directly.

Kinetic parameters such as g., ¢ and Ag have been ob-
tained by observing macro-crystals so far. . was first obtained
from the size dependence of melting temperature (7,)
(Gibbs—Thomson plot) of macro-crystals. Other Kkinetic
parameters ¢ and Ac are obtained by solving the simultaneous
equations of the AT dependences of nucleation rate (/)
and growth rate (V) of macro-crystals [16]. The alternative
studies assumed that kinetic parameters are the same between

macro-crystals and nano-nuclei. It is an interesting problem
whether the assumption is correct or not. In this paper, we
will show that the above assumption in the alternative nucle-
ation study is not correct. Therefore CNT should be verified
by direct observation on nano-nucleus, not by “alternative”
indirect observation on macro-crystals.

1.7. Purpose

Purposes of this work is to obtain correct f{V,f) and shape
(i.e., kinetic parameters) of nano-nucleus simultaneously by
analyzing Ix(q.t), which clarifies ‘“‘real image” of nano-
nucleation.

2. Experimental

The material used in this study was fully fractionated poly-
ethylene (PE, NIST, SRM 1483, M,, =32 x 10°, M/M, = 1.1).
The NA of sodium 2,2’-methylene-bis-(4,6-di--butylphenyl-
ene) phosphate (ADEKA Corp., NA-11SF) was used. Mean
lateral size of NA (ana) observed by scanning electron micro-
scope (SEM) was ana = 0.23 £ 0.12 pm [27]. As small anp in
nm order was missed during sample preparation, ana should
be much smaller than 0.23 pm, i.e., aya < 0.23 um. PE mixed
with NA was prepared [18], which is named as “PE + NA”.
We used samples of PE + NA to observe nano-nucleation.
Concentration of NA in mixture of PE and NA (Cna) was
CN A= 3 wt%.

When ay, by and ¢ are the dimensions of a particle or re-
peating unit, the actual nucleus dimensions are naqy, mb, and
lcg [15]. In the case of PE, we assumed unit cell structure of
nano-nucleus as orthorhombic. Therefore /n plane corresponds
to the (110) plane [19] and aq, by and ¢y are ag=0.46 nm,
by =10.42 nm [20] and ¢y =0.13 nm [21], respectively. Ag of
PE given by Eq. (4) [16,22] is

g=0.38X m ".
A 6.8 x 10°AT Jm™* 11

The sample was melted at 160 °C for 5 min within a thin
evacuated capillary (¢ 1 mm) and then isothermally crystal-
lized at crystallization temperatures (7.s), T.=126.5 and
129.0°C. As T9 = 139.5 °C [23], AT=10.5 and 13.0K,
respectively, where AT is defined by ATETI?l —T..

The SAXS experiment was carried out using synchrotron
radiation at beam line, BL40B2 of SPring-8 at Japan Synchro-
tron Radiation Research Institute (JASRI), Harima and BL10C
of Photon Factory at Kou Energy Kasokuki Kenkyu Kikou,
Tsukuba. The range of g was ¢ =(7—214) x 107> A7! and
wave length (1) was A=1.5 A.

3. Analysis
3.1. Extended Guinier plot method

Excess scattering intensity Ix(q,t) is defined by

[X(q7t)E[X0bs(Qat) _[Xobs(QaO)7 (12)
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where Ixqps(¢,f) is observed scattering intensity [4]. It subtracts
all effects of so called background which do not relate to
nucleation.

As a nucleus is formed on a NA crystal, the observed size
distribution function denoted by f,s(IV,f) can be given by con-
volution of fNa(N)*fIN,1), 1.e., fops(V,1) = fua(N)*f(IN,t) where
Jna(NV) is size distribution function of NA crystals. It is well
known in mathematics that the Fourier transform of the convo-
lution of two functions equals to that of two functions, that is,
S[fobs(Nat)] = S[fNA(N)]\(\S[f(N’t)}

It is to be noted that the Ix(g.f) directly corresponds to the
I fobs(N,2)]. Since it is obvious that the fya(N) does not
depend on N significantly, as compared with fiV,f), we can
simplify it as the first approximation in this study that
I fobs (N, 1)) < J[f (N,7)]. Therefore we can obtain fiNV,r) di-
rectly from the analysis of observed Ix(q.f) by applying the
following method.

When nano-nuclei are isolated and dispersed uniformly,
Ix(g,t) is given by summation of the scattering intensity
from isolated nucleus [24], i.e.,

Ix(g,t) = lef(q7Nj7t>’ (13)

where j indicates the different nuclei of size N; and Ix{(q.N,t)
does Ix(g,t) from the nuclei of N;. According to Guinier law,
Ix(q.t) is approximated by

Ix(q,t) = Y Iyexp[ —RLq*/3] for RLg*/3 <1, (14)
J

where

Iy; = Ap’Nf (N, 1) (15)

and Ap is difference of mean electron density between the nu-
cleus and the melt. When In/x(g,r) is plotted against ¢°,
In/x(q,t) is decomposed to straight lines. R,; and Ig)(j are
obtained from the slope and intercept of the straight lines,
respectively, i.e.,

Ry = {3dInIx(q,N;, 1) /dg*}'"*. (16)
We will name this as “‘extended Guinier plot method™.

3.2. How to obtain N and f{(N,t)

R, is defined by
2= 2
Rg:—/r s(r)dr, (17)

where v is the volume of a nucleus and s(r) is a shape function
[25]. s(r) equals to 1 within a nucleus and 0 within the melt.
We have

Rél' = %{ (ZICO)Z+(mjb0)2+(njao)2} for 3D nucleus
- %{ (leo)2+(njao)2} for m; K lj,nj or 2D nucleus.
(18)

In this work Eq. (18) is used, which is different from Rg; =
lico/ 24/3 for 1D nucleus in the previous paper [6].
From Egs. (1-3), (9) and (10),

N; = (oAc/202)L} for 3D nucleus

19
= (a/a.)I; for 2D nucleus. (19)
From Egs. (18) and (19), we have
93v300.A Ry \’
N;= V39o.A0 372 (—g’> for 3D nucleus
(402 +402 + Ag?)"" \ 0 (20)

12 Ry \
- & —&)  for 2D nucleus.
o2+ a2\ co

In this work, we used N; of 2D nucleus given by Eq. (20).
Combination of Egs. (15) and (20) gives

10_ 4 2 4 2 A 2 3 , 6
F(N, 1) = sz (40 +4o; + 02) (6—0) for 3D nucleus
Ap (96\/§003Aa) Ry

10 /52 2\2 4
- t 7 il for 2D nucleus.
Ap?\ 1200, Ry

(21)

We assumed ¢ < o, (Table 1) and n </, which means
“rod” like 1D nucleus in our previous paper [6], since we sim-
ply used ¢ and 0. of macro-crystals without reason. As is
shown in Section 1.5, it will be shown later that the assump-
tion is not correct.

3.3. Simultaneous determination of f(N,t) and kinetic
parameters

fst(N') should be in proportion to Pg(N) for N < N*, i.e.,
Pg(N) =exp[— AG(N)/kT] for N < N*, (22)

where AG(N) is a free energy to form a nucleus and & is
a Boltzmann constant. AG(N) is given by

AG(N) = —AgN + (10850.A0)'°N?/*  for 3D nucleus
— —(Ag — Ad)N +4(0a,)"/>N'/2 for 2D nucleus
(23)

[15,26]. Therefore we can evaluate kinetic parameters of nano-
nucleus, o, g, and Ag, by fitting Pg(N ) to observed f(N) by
using the following ‘‘iteration method” which is one of the
technical methods to determine f(/V,f) and shape of nano-
nucleus simultaneously (shown in Section 1.4).

Table 1
Kinetic parameters

0/1073 Jm ™2 Ac/1073 Jm ™2 a/1073 Jm ™2
Nano-nucleus 18.5 1.0 (NA) 7.3%
Macro—crystalb 88 0.3 (impurity) 8.3
4 Ref. [28].

b Ref. [16].
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Step 1 Start from appropriate set of kinetic parameters and
calculate Pg(N ) by using Egs. (22) and (23) and obtain
fs(N) by using Egs. (16) and (21). In this study, we
started from kinetic parameters of macro-crystals as
listed in Table 1.

Step 2 Compare the obtained fy(N) with Pg(N). Boundary
condition is

f4(0) = Py(0). (24)

Step 3 From the comparison, assume an improved set of
kinetic parameters and calculate Pg(N) and fu (V)
again. Return back to Step 2 and trace the loop be-
tween Step 3 and Step 2 until the best fitting between
Jfst((V) and Pg(N) is obtained. Thus we could finally
determine correct f, (N ) and kinetic parameters.

Correct fiN,t) could be obtained by substituting the param-
eters, Ry; and Ig)(j to Eq. (21).

3.4. 2D nano-nucleus in polymer nucleation

As we succeeded in observing nano-nucleation directly by
SAXS by adding nucleating agent (NA) as shown in Section
1.1 [4,5], nuclei are formed on NA crystals. It is a kind of
definition of NA that Ag/c is small enough. We found that
Ad/a of most NAs of polymers satisfies

Ac/o<1/5 (25)

[27]. In this paper, we will show that Ag/o of PE is about 1/7
by analyzing Ix(g,f) by applying the iteration method shown in
Section 3.3. Here we used ¢ of paraffin [28] as g(nano),

o(nano) =7.3 x 10~ Jm™? (26)

and showed in Table 1, since structure of side surface of nano-
nucleus should be similar to that of paraffin (or n-alkane). In
this case, ATT = 7 K is obtained by using Eq. (7). As observed
AT =10.5 and 13.0 K which satisfies

AT > AT', (27)

therefore it will be determined that the shape of nucleus
becomes 2D one.

In the case of other polymers such as iPP and so on, usually
observed AT is much larger than 30 K, AT > 30 K which
satisfies AT > AT' [27]. Therefore the shape of nucleus
becomes 2D one.

4. Results
4.1. Excess scattering intensity Ix(q,t)

We obtained plot of Ix(g,f) against g as a parameter of ¢ by
using Eq. (12) (Fig. 1). Ix(g,?) increased with increase of . We
also obtained AT dependence of Ix(q.t). Ix(g,t) increased
slowly with increase of ¢ at small AT (Fig. 1a). At large AT,

(a)

40x107
Tec=129.0°C
AT =10.5K
® ® 98 min
30 ‘ [J 63 min
V 35 min
S ® A 21 min
@ c
- S O e © 00 min
= 4 s e
o - o
- (5] @
= 3 a
S o
% 5
10 S
0 T31 v i
0 5 10 15 20x10°
q/ A
b)
20x10° [~ Te=126.5°C
o AT =13.0K
[J 03 min
- o V¥ 02 min
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e = o O 00 min
& S vV oo
= 10 3
S 3 VoD
] 2 vV o
=t v o
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= 2 Ve O

30x10°

0 5 10 15 20 25

Fig. 1. Degree of supercooling (AT') dependence of excess scattering intensity
(Ix(g,)) defined by Eq. (12) against scattering vector (g) as a parameter of
crystallization time (7). (a) T. = 129.0 °C and AT =10.5K. (b) T.=126.5°C
and AT = 13.0 K. Ix(g,?) increased with increase of ¢, which is the evidence of
nano-nucleation. Since Ix(q.f) increased slowly with decrease of AT, it
clarified that nano-nucleation becomes difficult with decrease of AT.

Ix(g,t) increased more quickly several tens times than that at
small AT with increase of ¢ (Fig. 1b).

In polymer systems, there are many kinds of fluctuations
which give SAXS intensity, such as density fluctuation by nu-
cleation, that by spinodal decomposition, density fluctuations
in amorphous states, density fluctuations in meso-phase and
so on. As only density fluctuation by nucleation changes sig-
nificantly with decrease of AT and finally diminishes at a limit
of AT =0, which means lim,, , Ix(q,t) = 0, the observed AT
dependence of Ix(q,?) clarified that the increase of Ix(g,t) with
increase of ¢ is the evidence of nano-nucleation. We will con-
firm this much more quantitatively in our sequential paper by
showing that induction time (7;) becomes infinite at a limit of
AT =0, i.e., lim,, ,7; = . Therefore “induction period”
which is named by an early stage of crystallization by CNT
is nucleation process and not phase separation such as spinodal
decomposition [29].
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4.2. Extended Guinier plot method and iteration method

We plotted In/x(q,) against ¢* as a parameter of ¢ in
Fig. 2a. InIx(q,t) increased with increase of z. We applied
extended Guinier plot method for 0.05 x 1073 §q2§15 X
1073A2 Fig. 2b shows a part of the typical result of
extended Guinier plot method for ¢ =77 min. In/x(q,t) was
separated into five straight lines of Ix;s by using Eq. (14) for
each t. Here Ixs which corresponds to the smallest R,s was
mainly fitted to the Ix(g.f) for the range of 10 x 10* < ¢*<
15 x 107> A~2. We obtained R, from the slope of the straight
lines by using Eq. (16). Slope or R; increased with decrease of
¢*. Vertical intercept lnlgf was obtained from the straight lines.

The extended Guinier plot method was applied indepen-
dently for Inlx(g,t) vs. ¢* at each observed ts. In order to

(a)
PE+NA 3wt%
= Te=129.0°C
AT=10.5K
% [ 98min
18 8 A 63min
: A 35min
= @® 14min
=
£
14
12
10
(b)
0 20| PE+NA 3%
= 10
Ix1 Iy = Igq + Ixo + Ixz + Ixg + Ixg X;_=1120?52<C
77min

In Ix(q, 1)

5x10°

QZIAVZ

Fig. 2. Plots of In/x(q,t) against qz. T.=129.0°C and AT=10.5K. (a)
In Ix(g.?) against ¢* as a parameter of 7. (b) Typical result of extended Guinier
plot method. Five straight lines (Ix;, Ixa,...Ixs) were separated from In Ix(g,t)
by applying Eq. (14) for 0.05 x 107> < ¢°<15 x 1072 A2 R,; and Ig)(j were
obtained from the slope given by Eq. (16) and vertical intercept of the straight
lines, respectively, where j indicates the different nuclei of size N;.

evaluate the error of obtained R;s, R,s were plotted against
tin Fig. 3a. All Ry;s did not change with increase of ¢, i.e., it
did not depend on . Thus we obtained time average of Rg;s.
The relative error (standard deviation) of the R,;s was as small
as 3%.

It is to be noted that Ix(g,r) with respect to one size of Rg;
saturates for lower ¢ since Ix(g,f) becomes Gaussian. In this
study, Ix(q,t) of lower g continues to increase until complete
solidification because number of larger R,; increases. Al-
though Ix(g,t) at a limit of ¢ = 0 should saturate as well known
by Ref. [24], it is impossible to observe the saturation for
lower ¢, g <7 x 107> A~! because of limit of resolution.

Fig. 3b shows I%f against ¢ as a parameter of the averaged
Ry;j. Ig(j started increasing after some onset time and then
saturated with increase of ¢ for any R,j, that is the evidence
of nano-nucleation. The increase and saturation should
correspond to induction and steady periods, respectively. The
saturated ’90 increased with increase of Ry;.
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I
;
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Fig. 3. (a) Plots of Ry; against ¢. Since all Ry;s did not depend on ¢, we obtained
time average of Ry;s. The relative error of the Ryjs was as small as 3%. (b) I;’(/
against ¢ as a parameter of averaged R,;. Right axis indicates 19(]- of
Ry =330 A and left axis indicates that of the other Rg;. l%/. increased and sat-
urated with increase of  for any Ry;, which is the evidence of nano-nucleation.
The increase and saturation should correspond to induction and steady periods,
respectively.
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4.3. Kinetic parameters and size distribution f(N.t)
of nano-nucleus

We determined f(V,f) and shape of nano-nucleus by using
iteration method shown in Section 3.3. We obtained kinetic
parameters og.(nano) and Ac¢ of nano-nucleus (Ad(nano)).
They are

0.(nano) = 18.5 x 10~} Jm™2 (28)
and
Acg(nano) = 1.0 x 10~ Jm™2, (29)

that are listed in Table 1. In our previous paper [16],
o.(macro) = 88 x 1072 Jm 2 was obtained (Table 1) using AT
dependence of I of macro-crystals (Gibbs—Thomson plot) by
means of OM [16]. Therefore it is concluded that ¢.(nano)
was much smaller than o.(macro),

1
d.(nano) = 30 (macro) < g.(macro). (30)

We plotted obtained log f(ilV,f) against log N as a parameter
of ¢ in Fig. 4. Five plots of f{V,f) in Fig. 4 are ingredients de-
composed by Eq. (14). AAN,t) decreased with increase of N for
any ¢. This means that a little part of nano-nuclei survive and
grow up to macro-crystals. f{V,f) increased with increase of ¢ at
a fixed N and stopped increasing after 10* min for N < N*. The
increase and stop of increase indicate the induction and steady
periods, respectively.

4.4. Time evolution of size distribution f(N,t) and
induction time 7;

Fig. 5a shows time evolution of f{V,f) as a parameter of N.
fIN,0) of smaller N increased faster significantly and saturated

4
PE+NA 3W1%
T =129.0°C
2+ : AT =10.5K
0 —
g 2t
o
ke]
H 98min
-4 - 0 63min
A 35min
5 | A 21min
@ 14min
O 7min
8 ] 1 1 ] 1
0 1 2 + 3 4 5 6
N
logN

Fig. 4. Plots of size distribution log f(V,r) against log N as a parameter of .
Five plots of f(iV,f) are ingredients decomposed by Eq. (14). N of critical nu-
cleus (N*) was N* = 450 repeating unit. f(N ) is f{V,?) in the steady state for
N < N*. fiN,t) decreased with increase of N for any ¢ This means that a little
part of nano-nuclei survive and grow up to macro-crystals.

with increase of . fiN,f) of larger N increased much slower and
saturated with increase of t. We showed 7; after definition of
Andres and Boudart [30]. We made clear real image of
nano-nucleation for the first time in Fig. 5b. At first, smaller
nano-nuclei generated for =7 min. A lot of nano-nuclei gen-
erated and a part of them grew up to larger one for # = 35 min.
Much more nano-nuclei and larger one generated and grew up
for + = 100 min. It clarified that probability of nucleation on
NA (Pna) was Pya < 1, ie., heterogeneous nucleation is
probabilistic phenomenon since f(N,f) saturated as shown
later [18]. Probabilistic phenomenon means that nucleation
mechanism does not be interacted by NA. If nucleation is
not probabilistic, Pya Will be Pya = 1.

We plotted 7; against log N (Fig. 6). 7; increased with
increase of N. Experimental formula was given by

Ticlog N. (31)

It is interesting to observe nano-nucleation by other methods
like WAXS, differential scanning calorimeter (DSC), infrared
ray (IR) and so on, which is next problem.

4.5. Size distribution in steady state f,(N) and Boltzmann
distribution Pg(N)

The obtained f (N ) in Fig. 4 against N is fitted with Pg(V)
of this work (Pg(nano)) for N < N* using a boundary condi-
tion of Eq. (24), which is shown in Fig. 7a. Pg(nano) fitted
the f(N) very well for N < N*. For comparison, Pg(N) of
macro-crystals (Pg(macro)) is also shown in Fig. 7a using ki-
netic parameters of macro-crystals (Table 1) using the same
boundary condition. Pg(macro) did not fit f(N) at all for
N < N*,

If nano-nucleation is thermal equilibrium phenomenon for
all N, fu(N) should satisfy Boltzmann distribution. Hence
fst(N) should have a minimum at N =N* and increase sig-
nificantly for N > N*. But observed f(N) decreases with
increase of N. Therefore Pg(nano) does not fit for N > N* at
all. This is an important mystery, which means the nucleation
in N > N* should be a kind of nonequilibrium kinetic phenom-
enon. We will explain this mystery by proposing a new nucle-
ation theory which will be shown in our sequential paper.

5. Discussion
5.1. Probability of nucleation on NA (Pna)

It is shown in CNT that when probability of nucleation of
NA (Pna) is large (i.e., Pnya = 1), the f{V,¢) for small N should
show a maximum and then decrease as schematically shown in
Fig. 5c [31]. Therefore the above result that fiN,r) saturates
and does not show any maximum indicates that

Pna < 1. (32)

This means that nuclei generate statistically on numerous
NAs, that is, the present heterogeneous nucleation is a kind
of statistical process similar to the homogeneous nucleation.
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Fig. 5. Time evolution of f{V,f) which clarifies “‘real image” of nano-nucleation. (a) Time evolution of f(N,f) as a parameter of N. Right axis indicates f{V,f) of
Ns =20 repeating unit and left axis indicates that of the other N;. fiV,f) of smaller N increased faster significantly and saturated with increase of ¢. Induction times
(7;8) were shown after definition of Andres and Boudart [30]. (b) Illustration of ‘“‘real image” of nano-nucleation. Smaller nano-nuclei generated for =7 min. A
lot of nano-nuclei generated and a part of them grew up to larger one for =35 min. Much more nano-nuclei and larger one generated and grew up for
t = 100 min. (c¢) Schematic illustration of difference of time evolution of f{V,f) by probability of nucleation on NA (Pna). When Pya = 1, fiV,t) should show
a maximum and then decrease. Since obtained f{lV,) saturated and does not show any maximum, Pys < 1. This means that nuclei generate statistically on
numerous NAs.

5.2. Real image of nano-nucleation
where AGano(NV ) and AG eV ) are AG(N ) calculated using

As 0.(nano) < o.(macro) was shown in Eq. (30), we have = 0e(nano) and o.(macro) in Eq. (23), respectively. Fig. 7b
shows plots of AGpano(N) and AGacro(V). We have in the
AGruno(N) < AGraero(N)  for N < N*, (33) present study by using Eq. (23),
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Fig. 6. Plots of 7; against log N. T. = 129.0 °C and AT = 10.5 K. 7; increased
with increase of N.

AG:MHU (N;lkﬂm)) = IOkT < AG:wcro (N;]acm) = 33kT
for AT =105 K, (34)
where AG:zmo’ AG;acm’ N:ano and N:;acro are AG* and N*

calculated using g.(nano) and o.(macro), respectively. In this
case,

N o K N;

nano macro (35)
is also obtained. From the above considerations, the fluctua-
tion of nano-nucleus with respect to the shape and/or size is
very large (Fig. 8). Hence nano-nucleus can take all possible
shapes and has large entropy. Nano-nucleus should be gener-
ated and disappeared frequently. In particular, attachment
and detachment of particles are very frequent on the interface
of nucleus and there is significant unevenness. Therefore it is
natural that nano-nucleus is in quasi-thermal equilibrium state.
We clarified the real image of nano-nucleus for the first time.

On the other hand, macro-crystal has less fluctuation with
respect to its shape and size in Fig. 8. Actually we can neglect
the disappearance of crystal and f(/V,f) cannot decrease with in-
crease of N for N >> N*, as optical observation usually shows.
Therefore Pg(macro) cannot fit. In the case of macro-crystals,
it is well known that surface particles are thermodynamically
reconstructed into smooth and flat surface by surface diffusion,
which is a kind of “Ostwald ripening” and results in large
o.(macro).

5.3. End surface of polymer crystals

It is interesting to clarify what kind of molecular structure
of end surface of polymer crystals corresponds to small and
large g.s of nano-nucleus and macro-crystal of polymers,
respectively. Fig. 9 shows that nano-nucleus will form loose
fold or bundle nucleus as Price predicted [15]. In the case of
loose fold or bundle type nano-nucleus (small N), chain den-
sity on the end surface is small and not overcrowded. In the

a
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© “
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Fig. 7. (a) Fitting of obtained logf(N ) with Pg(nano) and Pg(macro). The
Boltzmann distribution Pg(nano) and Pg(macro) were calculated by using
kinetic parameters of nano-nucleus and macro-crystal, respectively (Table 1).
The Pg(nano) fitted the f (N ) very well for N < N*, but the Pg(macro) did not
fit at all. (b) Free energy to form a nucleus AG(N ) against N of nano-nucleus
and macro-crystal which correspond to Pg(nano) and Pg(macro) of (a), respec-
tively. AGpanoV), AGuacro™V), N, and N are AG(N) and N of critical

nano macro
nucleus calculated using o.(nano) and o.(macro) in Eq. (23), respectively.

AGuno(N) was  much smaller than AGa0(N),  AGpnoN) <K
AG ero(N) for N < N*,

case of fold type nano-nucleus, on the other hand, energy to
form sharp folds is very large because one fold has to have
three Gauche in the case of PE [19]. Therefore o.(loose fold
or bundle) is much smaller than o.(fold), i.e.,

. (loose fold or bundle) < o.(fold) for small N. (36)

Macro-crystals tend to form sharp fold [32]. If nucleus keeps
bundle all the way, chain density of end surface increases with
increase of N. So macro-crystal forms fold to protect over-
crowded state of chains. We think that it is advantageous for
macro-crystals. Energy to form fold will become smaller than
that to form bundle or loose fold. Therefore it is expected that

. (loose fold or bundle) >> g, (fold) for large N. (37)
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Fig. 8. Illustration of AG(N ), nano-nucleus and macro-crystal. The fluctuation
of nano-nucleus with respect to the shape and/or size is very large, which clar-
ified the “real image” of nano-nucleation for the first time. Macro-crystal has
less fluctuation with respect to its shape and size. It is well known that surface
particles are reconstructed into rather smooth and flat surface by surface
diffusion which is a kind of “Ostwald ripening”.
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Fig. 9. Schematic illustration of g, against N. Nano-nucleus should form loose
fold or bundle nucleus as Price predicted [15] because energy to form sharp
folds is very large. Macro-crystal tends to form sharp fold [32]. Therefore
g.(expected) shows the size dependence of expected o..

We show the size dependence of expected o, as g.(expected)
in Fig. 9. It is concluded that molecular structure of end
surface, i.e., g, changes with increase of N.

6. Conclusion

We observed small angle X-ray scattering (SAXS) intensity
Ix(g,t) of nano-nucleation directly for wide range of scattering
vector (q), g=(7—214)x 107> A~'. Correct size distribu-
tion f(N,f) and two-dimensional (2D) shape (i.e., kinetic
parameters) of nano-nucleus were obtained simultaneously
for the first time by analyzing Ix(q,f) using extended Guinier
plot method. Here N is number of “particle” and ¢ is
crystallization time. f(iV,f) decreased with increase of N for

each t. f(N,r) increased with increase of ¢ and saturated for
each N.

We found that the free energy of end surface (o) of nano-
nucleus (o.(nano)) is much smaller than that of macro-crystal
(ge(macro)), i.e., g.(nano) = 1/5d.(macro). Therefore it is
concluded that nano-nucleus shows significant fluctuation
with respect to size and shape and repeats frequent genera-
tion and disappearance, by which ‘“‘real image” of nano-nucle-
ation was clarified. In the case of macro-crystals, it is well
known that surface particles are thermodynamically recon-
structed into smooth and flat surface by surface diffusion,
which is a kind of “Ostwald ripening” and results in large
o.(macro).
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