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INTRODUCTION

Combined wide-angle X-ray scattering
(WAXS) and differential thermal analysis
(d.t.a.) on isotactic poly(1-butene),
modification I (Mod. I) gives a new
insight into the melting behaviour of
polymers and leads to a different inter-
pretation from conventional theories.

EXPERIMENTAL

Samples of poly(l-butene) were melted
at 180°C and quenched to room tem-
perature. On quenching the metastable
modification II (Mod. II) crystallizes,
and then slowly transforms into the
stable Mod. I. By this transformation,
the crystallinity remains constant' and
the crystallite sizes change by 10—15%,
because the lattice constant, ¢, and the
density increase by about 15 and 7%,
respectively. The half-life of Mod. II
in a quenched sample is of the order of
103 min at room temperature and
infinitely large at temperatures above
100°C. On subsequent annealing im-
mediately after quenching i.e. on
annealing in Mod. II at different tem-
peratures for different times, samples
with a wide variety of crystallite sizes
were obtained. Special interest was
focussed on two samples near the ex-
tremes of the crystallite size spectrum:
sample A, quenched; and sample B,
quenched and subsequently annealed
(in Mod. II) for 103 min at 110°C and
then quenched again. All WAXS and
d.t.a. measurements were performed
after transformation of Mod. Il into
Mod. L.

CRYSTALLITE SIZE DISTRIBUTIONS
AND D.T.A. CURVES

In Figure 1 peak melting points, Ty,, are
plotted versus the reciprocal of the
mean crystallite size, D2, which is an
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excellent approximation for the size in
chain direction®. The linear relationship
may be explained by the well known
“Thomson equation’:

20,
Tn =T (1 - ———_——) (1)

with a melting point of T;% = 138.6°C
for an infinite crystal and a surface free
energy of 63 = 47 erg/cm? assuming the
heat of fusion per unit volume of an
infinite crystal Ay = 1675 cal/monomer
unit® and its density p, = 0.95 gfcm3.

Equation (1) is derived from the mel-
ting point formula for a chain-folded
crystal, of length / and lateral dimen-
sions a and b having a fold surface free
energy 0. and a lateral surface free
energy 0, as follows:

20, 20 20
Ahd Ahga Dhgb
(2

This formula can be expanded further
by a term describing the meltingspoint
depression by lattice distortions™. If
0. > 0, and or a,b > 1, then equation
(1) is valid with:

T =T (1

de=0, (andDoy2=1)

Otherwise o, is smaller than o, i.c.
the lateral surface free energy contri-
butes to the melting point depression.
From the measured 012 wide-angle
line profiles we obtained the crystallite

size mass distributions in the chain direc-

tion, defined by the polydispersity gp °.

gp = (D¥D? — )12 (3)
Giving each crystallite size a melting
point according to the Thomson equa-
tion, a theoretical d.t.a. curve can be
calculated from the size distribution.
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These theoretical d.t.a. curves for
samples A and B are compared with
the experimental ones (full lines) in
Figure 2. The corresponding widths
ST of the d.t.a. curves, taken at half
peak height, are seen from Table 1.
There isundoubtedly no agreement.
The experimental d.t.a. curve may be
broader (see A in Figure 2) or sharper
(see B in Figure 2) than the theoretical
one. Therefore, the equation (1) with
a constant surface free energy o, for
the different crystallite sizes in the
same sample cannot explain the experi-
mental d.t.a. curves. This will be
strongly supported by the facts dealt
with below. From the excellent linear
relationship between melting point and
mean crystallite size in chain direction
(see Figure 1), it must be concluded
that g, is the same for all these samples.

Table 1 Experimental and calculated
widths 6 T of d.t.a. curves, taken at half peak
height, for different samples of poly(1-
butene}, modification | {see Figures 7 and 2)

Sample 8Texp("C) 8 Tea1cl’C)
A 11.1 6.5
B 2.2 5.4
A} 1.5 4.5
B* (<1.0) 1.8

10550 200150
Doy 1A)
Figure 1 Peak melting points of poly(1-

butene) samples in modification | versus the
reciprocal mean crystailite size in chain
direction; line A—B; samples annealed in
modification I1; A%, A,‘z', B*, samples an-
nealed in modification | {see text and

Table 3}



Table 2 Mean crystailite size in chain direction, 501;, the polydispersity of the crystallite
size mass distribution in this direction, gp, the mean crystallite size in a lateral direction,
D 110, @and the paracrystalline g119value during melting of poly {1-butene), modification |,

sample B

T(°C) Mod. | (% molten) Do (A) gp(012) D110(A) g110(%)
125.0 0 426 0.37 640 1.8
131.0 41 420 0.37 780 2.2
132.0 63 422 0.38 660 1.8
132.6 78 429 (0.40) 680 2.1
133.0 88 (410} 710 2.0

Table 3 Melting point 7y, d.t.a. crystallinity a, mean surface free energy 57;
and some WAXS results (see Table 2) for poly{1-butene), maodification 1, sample A annealed

at 113°C for different times tann

Sample tann(h) T, °C) DonalA) gp(012) DyiplA) gipl%)  al%) oylerglem?)

A 0 116.8 146 0.16 378 1.9 36 a7

Al 1 1179 - - 421 1.7 - a4

Al 10 119.8 - - - - - 40

A3 100 122.6 148 0.16 415 1.7 35 34

ANNEALING AND MELTING Annealing

BEHAVIOUR Other striking results are obtained
when sample A is annealed at 113°C for

Crystal characteristics 1 h (sample AE)» 10 h (sample AT)’ and

Mean crystallite sizes D, polydisper-
sities gp and lattice distortions — the
amount of which is characterized by
the paracrystalline g value — have been
measured successively at different tem-
peratures, 7. In Table 2 the results for
sample B are plotted asa function of the
molten percent of Mod. 1, calculated
from the integral reflection intensities.

The results for sample A are similar.
They show that there are no changes in
mean crystallite sizes, the crystallite
size distributions, or the lattice distor-
tions during annealing and melting.

We may, therefore, conclude:

(i) Melting of poly(1-butene), Mod.
1, is not at all selective regarding the
different crystallite sizes only”. Ifit
were so, the mean crystallite size in the
chain direction should increase and its
polydispersity should decrease during
melting.

(ii) Melting of poly(1-butene), Mod
I, is not in agreement with the surface
premelting model®. This model pre-
dicts that either the crystallite size in
the chain direction should decrease (the
lateral size being constant) or the lateral
crystallite size should decrease (the
crystallite size in the chain direction
being constant) during melting.

(iii) Considering the lattice distor-
tions within the crystallites measured
by the paracrystalline g11¢g value, melt-
ing of poly(1-butene), Mod. I, does not
proceed in such a way that the less per-
fect crystals melt first®,

100 h (sample A3) (see Table 3 and
Figures 1 and 2). Although the
crystallites of poly(1-butene), Mod. I,
do not thicken and the crystallite size
distribution in the chain direction does
not change on annealing, the peak
melting point increases and the width
of the d.t.a. curve decreases drastically.

According to equation (1), the in-
crease of 7, with annealing time, which
is a slow process (see Table 3), must be
associated with a decrease of the mean
surface free energy 0, (see last column
in Table 3). By successive annealing of
sample B at different and increasing
temperatures, we could finally shift its
melting point to T}, = 136.2°C, cor-
responding to a mean surface free
energy of only o}, = 15 erg/em? (sample
B* in Figures I and 2). Similar results
have been published recently for iso-
tactic polystyrene®).

Part of the decrease of the d.t.a.
width 6 T on annealing must be attribu-
ted to this decrease of o}, as is shown
by the comparison of the theoretical
curves (broken lines) of samples A and
A¥ in Figure 2, which are calculated
from the same crystallite size mass dis-
tribution and o}, = 47 and 34 erg/cm?,
respectively. In addition, however,
there must be a narrowing of the
(0g/Dg17) distribution on annealing.

The question arises, where does the
melting process in the sample start, i.e.
where are the high (0¢/D) values loca-
ted? As the unprotected surfaces have
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a higher surface free energy, we con-
clude that melting starts preferentially

at locations where lamellae end'®!?, thus
creating unprotected lateral and un-
protected fold surfaces.

SUMMARY

(1) Lamellar crystals of isotactic
poly(1-butene), modification I, with
mean thicknesses between 140 and 460
A do not thicken on annealing at tem-
peratures up to the melting point,
though more and more material is
transferred to the molten state.

(2) As shown by WAXS, not only
the mean size in chain direction Dy
of the microparacrystallites, but also
the polydispersity of the crystallite size
mass distribution in this direction, the
mean size in a lateral direction, Dy,
and the paracrystalline lattice distor-
tions do not change if measured at
elevated temperatures up to the melt-
ing point. This proves that neither sur-
face premelting nor selective melting of
thinner or more distorted micropara-
crystallites takes place.

(3) The shape of the d.t.a. curve,
therefore, gives no information on the
size distribution of the microparacrys-
tallites. It can be broader or sharper
than that calculated from the Thomson
equation by means of the crystallite
size mass distribution in the chain
direction.

(4) The surface free energy 05, there-
fore, is not a constant for the different
crystallite sizes in one and the same
sample. The Thomson equation ap-
plied to different samples, on the
other hand, links only the average crys-
tallite size and the mean surface free
energy o, with the melting point.

AT(arbitrary units}
N

o

90 no

130
7 (oC)

Figure 2 D.t.a. curves of different sampies
of poly{1-butene), modification | (see Figure
7): , experimental curves; — — — —,
theoretical curves calculated from the crys-
tallite size mass distribution by means of

the Thomson equation. The experimental
curves of samples A3 and B are refolded by
the d.t.a. instrument profile. The refolded
curve of sample B* was omitted, because of
its great error; its width, § 7, should be
smaller than 1°C (see Table 1)

1359



Notes to the Editor

(5) Although crystallite sizes, size
distributions and paracrystalline lattice
distortions remain constant, the
d.t.a. curve shifts to higher tempera-
tures and becomes sharper on anneal-
ing. This can be explained only by as-
suming that the average surface free
energy 0, decreases and that the dis-
tribution of the (0},/Dg ) values nar-
tows on annealing.

(6) The melting process starts pre-
ferentially at locations, where lamellae
end, thus creating unprotected lateral
and fold surfaces with high g} values.
This confirms the published'' mecha-
nism of increasing long period and

lamellae thickness during annealing
and heating.
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We have previously suggested a new
linear graphical method with several
advantages for the determination of
copolymerization constants'. By
this method, the straight line:

(1

with introduction of the new variables

y=ax+b

= and g = A 2)
Yt+x ytx
is transformed into the straight line
g=df+d 3
by the application of which the
parameters
a=d +b and b=b'y 4

can be determined from the data points
with better reliability than by the appli-
cation of the original equation (1).

In the above relations, v is an appro-
priately chosen constant. In copoly-
merization systems, the most feasible
procedure proved to be*~% to choose
the vy value so as to obtain experimen-
tal points in the most extended and at
the same time most symmetrical ar-
rangement; then from the determining
equation:

fm=1—fu
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)

we have

Y=VXmXM

(where the lowest f and x values are de-
noted by f,, and x,,, and the highest by
fur and xpy, respectively).

Our choice of the auxiliary para-
meter, ¥ may be governed, however. by
other principles as well, e.g. by the re
quirement of obtaining a more uniform
error distribution by the transformation,
in order to increase the reliability of
evaluation. This is possible if the stan-
dard deviation of measurement can be
given in a simple form, e.g. as an explicit
function of the independent variable.

In such a case, for the determining
equation we have:

(6)

o(gm) = olgm) @)
i.e. the v value must be chosen so that
the transformation yields identical
standard deviations (o) for data
measured at the lowest and highest in-
depentdent variables.

In this Note we deal with the speci-
fic, though not unique case when the
standard deviation of the data is inver-
sely proportional to the value of the
independent variable. This is the case
for osmometric and viscometric mole-
cular weight determinations when
(m/c) versus (ngp/c) data are extrapola-
ted to zero concentration. The stan-
dard deviations of the osmotic pressure
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Figure 1 Measured y = nsp/c values as a

function of x = ¢ concentration. The stars
denote the average of 30 measurements.
Broken lines are calculated scatter curves

o(m) and of the specific viscosity (nsp)
are nearly constant. Using the symbols
Y =m/c vs. ngp/c and x = ¢ as in equa-
tion (1), we have o(y) = o(m)/x vs.
0(nsp)/x and a(y) is inversely propor-
tional to x: o(y) = 1/x. According to
this treatment:

o(y) l/x
0(g)= — -~ —
rtx rtx

®)

in other words, the determining equa-
tion (7) of y auxilliary parameter is
then:

1/xp,

Y tXm

1/xpr
Yt xy

®



