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ABSTRACT: Isothermal crystallization and subsequent melting behavior of five samples
of syndiotactic polypropylene are presented. Crystallization studies were carried out in
the temperature range of 60°C to 97.5°C using a differential scanning calorimeter
(DSC). Subsequent DSC scans of isothermally crystallized samples exhibited double
melting endotherms. The high melting peak was concluded to be the result of the
melting of crystals formed by recrystallization during the reheating process. Overall
crystallization kinetics was studied based on the traditional Avrami analysis. Analysis
of crystallization times based on the modified growth rate theory suggested that, within
the crystallization temperature range studied, the syndiotactic polypropylenes crystal-
lize in regime III. Kinetic crystallizability parameters also were evaluated, and were
found to be in the range of 0.41°C s~ ! to 2.14°C s~ 1. © 2000 John Wiley & Sons, Inc. J Appl

Polym Sci 75: 44-59, 2000
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INTRODUCTION

Since the mid-1950s, the invention of Ziegler—
Natta catalysis' has opened up a new era in
the synthesis of polyolefins. In 1958, isotactic
polypropylene (i-PP) was successfully synthe-
sized, and later became one of the most widely
used and studied polymers. In the 1960s, the syn-
diotactic form of polypropylene was successfully
synthesized*® based on the AIR,CI/VCI, catalyst
systems. Even though the resulting polymer pos-
sessed a fair level of syndiotactic content, it con-
tained too high a level of regio-irregular defects
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(e.g., head-to-head/tail-to-tail type defects). As a
result, the properties of the obtained polymer
were inferior to those of its isotactic counterpart.

In 1988, Ewen et al.® reported that highly
stereoregular and regioregular s-PP can be poly-
merized using a catalyst system composed of iso-
propylidene(cyclo-pentadienyl)(9-fluorenyl)zirco-
nium or hafnium dichloride and methylaluminox-
ane. The discovery of these new metallocene cat-
alyst systems helped open up a new route for the
production of s-PP with much improved purity
and yields and produced renewed interest in the
properties and possible applications of this “sec-
ond generation” s-PP.

It is well known that molecular characteristics,
such as molecular weight, molecular weight dis-
tribution, stereoregularity, and regioregularity
greatly influence the crystallization behavior and
resulting morphology of polymers. It is therefore



necessary to understand and obtain enough infor-
mation on basic crystallization characteristics of
the polymers of interest before further studies are
carried out. In this paper, we examine the isother-
mal bulk crystallization kinetics as well as melt-
ing behavior of s-PPs, using a differential scan-
ning calorimeter.

THEORETICAL BACKGROUND

Bulk isothermal crystallization kinetics was stud-
ied by following the exotherms recorded in the
DSC7. When used to follow the crystallization of
polymers, what DSC measures is the heat flow
released due to the exothermic nature of the crys-
tallization process. The heat flow @ is directly
proportional to the weight of the sample w, the
enthalpy of crystallization AH,, and the overall
crystallization rate 6(¢). Theoretically, AH, is a
product of the absolute crystallinity x, and the
crystallization enthalpy of an infinitely thick ex-
tended chain crystal of a perfect crystal (i.e. 100%
crystallinity) AH,. Ideally, AH; is also equal to the
enthalpy of fusion of a perfect crystal AH>; thus,
they can be used interchangeably. Consequently,
we may write the equation of heat flow as

Q = w+ x.* AH}- 0(2). (1)

By setting ¢ = Q/(c; - w - x, AH}) (where ¢, is a
proportionality constant), the relative crystallin-
ity as a function of time 6(¢), can be obtained by
integrating the normalized heat flow (¢), over the
course of the crystallization process. One finally
gets

0(¢) = f 0(¢) dt = f q(t) dt. (2)

Analysis of isothermal bulk crystallization ki-
netics is usually performed using the Avrami
equation,’ which is normally written in the form:

0(¢) = 1 — exp(—kt"), (3)

where k& denotes the bulk crystallization rate con-
stant, and n the Avrami exponent. Both 2 and n
are constants typical of a given morphology and
primary nucleation type. It should be noted that ¢
is the time spent during the course of crystalliza-
tion measured from the onset of crystallization
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(the incubation time is excluded). In practice, eq.
(3) is usually written in its logarithmic form:

In[—In(1 = 0(¢))] = In & + n In(z). 4)

According to eq. (4), when plotting In[—1n(1—6(¢))]
against In(¢), the values of n and % can readily be
extracted and taken as the slope and the anti-
logarithmic value of the y-intercept, respectively.

Based on eq. (3), if the time the polymer spends
from the beginning of the crystallization process
to the time at which a certain amount of relative
crystallinity has developed is known (denoted ¢,
e.g.,if 0 = 0.50, ¢, 5 is the half-time of crystalliza-
tion), £ can also be directly calculated. By rear-
ranging eq. (3), one arrives at

~ —In(1-0)
=

(5)

If 6 = 0.5, eq. (5) converts into a more familiar
equation, which reads

_1n2

=—.
t0.5

(6)

Since the crystallization time ¢, can be ob-
tained directly from the experimental data, it can
be adapted to investigate the regime behavior
(based on the growth rate theory by Hoffman et
al.®%) in the isothermal crystallization of poly-
mers, as described below. According to the Lau-
ritzen and Hoffman theory, the spherulite growth
rate G is given as

U K,
“R(T.-T.) TC<AT>f>’ ®

G = Goexp(

where G, is a preexponential term that is not
strongly dependent on temperature. U* is the ac-
tivation energy of the elementary jump process,
which governs the mobility of the polymer with
respect to the temperature and is commonly given
by a universal value of 6,276 J mol 18 T is the
crystallization temperature, T, is the tempera-
ture where the molecular reptation is essentially
zero and is frequently assumed to be T, — 30, R is
the gas constant, AT is the degree of undercooling
(TS, — T.), and f is a factor used to correct for the
temperature dependence of the heat of fusion,
which is denoted 2T /T, + T,). It should be noted
that U* and T., are the WLF (Williams—Landel-
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Table I Characterization Data of As-Received Syndiotactic Polypropylene Samples

Intrinsic Racemic  Racemic  Racemic Ethylene

Viscosity Pentads Triads Dyads Content
Sample dL g™ M, M, M, M, /M, [Yorrrr] [%orr] [%r] (% by wt)
s-PP#1 1.61 76200 165000 290 000 2.15 77.10 87.31 91.42 1.3
s-PP#2 1.80 52300 195000 450 000 3.73 74.55 83.09 87.36 0.6
s-PP#3 1.32 37300 133000 308 000 3.55 74.61 83.73 88.29 0.5
s-PP#4 1.61 81300 171000 294 000 2.10 74.63 84.37 89.24 0.3
s-PP#5 1.52 47000 165000 406 000 3.51 75.28 85.09 90.00 0.2
Ferry) parameters. K, is the nucleation exponent, B *
and is defined as log(t,") +

j bOO-O-efrcr’n
K, = RAHS (8)
where j equals 2 for regime II and 4 for regimes I
and III, b, denotes the crystal layer thickness
along the growth direction, ¢ and o, the lateral
and fold surface free energy, respectively, T, the
equilibrium melting temperature, £ the Boltz-
mann’s constant, and A H; the heat of fusion.

In the case of overall crystallization kinetics,
the growth rate theory can be applied by use of
the following relationship (provided that the nu-
cleation is mainly instantaneous and the growth
is spherulitic in nature):

4
k= 3 wG°N, 9

where N is the number of nucleation sites which
is essentially constant for instantaneous nucle-
ation type. Substitution of eq. (7) into eq. (9) and
equating the product with eq. (5) gives the follow-
ing relationship between ¢, and G:

U* <
“ROT.-T.) TC(AT)f>’ (10)

t;l = AlGoeXp<

where A, is an arbitrary proportionality constant,
and

U*
2.303R(T,— T.)

10g(t;1) =A,—
8
~2.303T.(AT) 1V

where A, = log A; + log G, and

2.303R(T,— T.)

=A, (12)

- s
2.303T.(AT)f

According to eq. (12), construction of log(¢, ')
+ U*/2.303R(T, — T..) versus 1/2.303T,(AT)f plot
serves as the regime test for the case of instanta-
neous nucleation with three-dimensional growth.
The slope of such a plot is equal to —K,.

EXPERIMENTAL

Materials

The s-PPs used in this study were supplied in the
pellet form by Fina Oil and Chemical Company in
La Porte, Texas. Molecular characterization of
these materials was kindly performed by Dr.
Roger A. Phillips and his coworkers at Montell
USA, Inc. in Elkton, Maryland. The results are
listed in Table I. It should be noted that s-PP#2,
s-PP#3, and s-PP#5 exhibit a bimodal molecular
weight distribution, which results in an unusu-
ally high degree of polydispersity.

Technique and Sample Preparation

A Perkin—Elmer Series 7 Differential Scanning
Calorimeter (DSC7) was used to follow the iso-
thermal crystallization as well as related thermal
characteristics in this study. The DSC7 equipped
with internal liquid nitrogen cooling unit depend-
ably provided a cooling rate up to 200°C min .
Temperature calibration was performed using in-
dium as a standard; it has the following thermal
properties: T;, = 156.6°C and AH; = 28.5 J g~ .
The consistency of the temperature calibration
was checked every other run to ensure reliability



of the data obtained. To make certain that ther-
mal lag between the polymeric sample and the
DSC sensors is kept to a minimum, each sample
holder was loaded with a single disc, weighing
around 4.9 = 0.3 mg. A hole-puncher was used to
cut the disc from a film. The film was prepared by
melt-pressing virgin pellets, placed between a
pair of Kapton films, which in turn were sand-
wiched between a pair of stainless steel platens,
in a Wabash compression molding machine at
190°C under a pressure of 67 kpsi. After 10 min
holding time, the film, approximately 280 um
thick, was taken out and immediately submerged
in an ice-water bath, while it was still between
the two steel platens. This treatment assumes
that previous thermal and mechanical histories
were essentially erased and provides a controlled
condition for the film.

Methods

The experiment started with heating the sample
from —40°C at a scanning rate of 80°C min ' to
190°C min !, and was held there for 5 min before
quenching at a cooling rate of 200°C min ! to a
desired isothermal crystallization temperature
T,. The 5-min holding time at 190°C is necessary
to erase the previous crystalline and orientation
memories. At each crystallization temperature,
the crystallization process was closely monitored.
It was assumed that the crystallization finished
when the exothermic trace converged to a hori-
zontal baseline, at which point the DSC was pro-
grammed to quench the sample to 7. — 10°C.
After 1-min holding time, the sample was heated
at a scanning rate of 20°C min ' to observe its
melting behavior. The relationship of the melting
point observed and the crystallization tempera-
ture was also considered by preparing a Hoffman
and Weeks plot.!° It should also be noted that
each experimental run was performed on a fresh
sample.

In this study, the glass transition temperature
of each s-PP sample was also investigated. The
experiment started by melting a sample, which
was encapsulated in a DSC sample holder, in a
Mettler FP 82 hot stage, the temperature of which
was preset at 190°C. After a 5-min holding time,
the sample was immediately quenched and sub-
merged in liquid nitrogen for 3 min. The sample
was then transferred as quickly as possible to the
DSC cell, the temperature of which was preset at
—40°C. As soon as the heat flow became stable,
the sample was heated at a heating rate of 20°C
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Table II Glass Transition Temperatures for
Syndiotactic Polypropylene Samples

T,, T, AC, T,
Sample °0) °0) Jg 'K °C)
s-PP#l 894  —3.42 0.43 ~6.05
s-PP#2  —-834  —3.81 0.41 ~5.98
s-PP#3  —8.84  —4.42 0.42 ~6.52
s-PP#4  —827  —3.03 0.47 ~5.60
s-PP#5  —9.61  —3.73 0.49 ~6.47

min~'. The glass transition temperature was

then taken as the mid-point of the specific heat
jump in the glass transition region.!!

RESULTS AND DISCUSSION

Glass Transition Temperature

The measured glass transition temperatures are
listed in Table II for each sample. Other relevant
data are also tabulated, such as the extrapolated
glass transition onset Ty, the extrapolated end-
point 7, and the specific heat jump AC,,. Accord-
ing to Table II, AC, lies in the range of 0.41 to 0.49
J g7 K. The value of T, for each sample does
not vary much, and it is likely that all values are
within experimental error of the average value of
—6.1 = 0.4°C (267.0 = 0.4 K). The glass transition
temperatures of s-PP have been reported by a
number of authors. Miller and Seeley'? used two
different methods, DSC and an automated tor-
sional braid, and came up with the values of 0°C
and 3°C, respectively. Haftka and Konnecke'? de-
termined the 7, of an s-PP sample with 92.4%
syndiotacticity (racemic pentads) to be 0°C by
slow-cooling at 20°C min ! in a DSC. Recently,
Eckstein et al.'* has reported the T, values of
s-PP samples with 79.6% and 92.0% syndiotactic-
ity (racemic pentads) to be 0°C and 3.3°C, respec-
tively, using a DSC. They did the experiment by
first quenching the samples at 200°C min ! to
—60°C and then determined the 7, values upon

subsequent heating at 20°C min 1.

Melting Behavior and Equilibrium
Melting Temperature

Figure 1 presents a set of DSC heating thermo-
grams which were collected at a heating rate of
20°C min~! for s-PP#4 samples isothermally
crystallized at specified temperatures. It is appar-
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Figure 1 Melting endotherms of sample s-PP#4, re-
corded at the heating rate of 20°C min !, after isother-
mal crystallization at the specified temperature.

ent that the DSC endotherms exhibit double melt-
ing peaks, which are distinguishable at crystalli-
zation temperature below 90°C. Moreover, with
an increase in crystallization temperature, the
low melting peak seems to increase in its size and
sharpness and moves to a higher temperature. On
the contrary, the high melting peak gets smaller
as the crystallization temperature increases and
disappears when T, = 90°C. This is, in general,
consistent with earlier published results by other
authors.'®'® Another interesting melting charac-
teristic of s-PP, which can be observed directly
from its melting endotherms, is that, upon re-
heating, the melting starts at a temperature close
to its crystallization temperature (ca. =T, + 7°C).
This phenomenon was verified very recently by
Schmidtke et al.'® It is now believed that the
melting starts slightly after 7.'%, and it is fol-
lowed by a recrystallization'®!® in the range of
the first melting endotherm, resulting in the ap-
pearance of the second endotherm. However, the
phenomenon is less pronounced at high 7,.

To account for the effect of heating rate on the
melting behavior of s-PP, we have performed a
separate qualitative experiment on s-PP#4, the
result of which is presented in Figure 2. In this
experiment, each sample was isothermally crys-
tallized at 75°C, then its melting thermogram
was recorded at six different scanning rates,
ranging from 5°C min ' to 40°C min . It is evi-

dent, according to Figure 2, that the areal fraction
of the high-melting endotherm decreases with in-
creasing heating rate, while the area of the lower
melting peak increases. This finding is in a very
good agreement with earlier reports'®~'® and con-
firms the suggestion that the high-melting endo-
therm is in fact a result of a recrystallization
process that occurred during the melting of the
polymer. As was pointed out by Rodriguez—Arnold
and coworkers,'® the heating rate used to obtain a
melting endotherm plays a major role in the melt-
ing point observed. The observed melting points
when the heating rate is either lower or greater
than 20°C min~ ! are greater in value than that
obtained at 20°C min!. They suggested that it is
the annealing effect that contributes to the in-
crease in the melting point at the lower heating
rates, whereas it is the instrumental thermal lag
at the higher heating rates. We also found this
similar trend in our result. This is the justifica-
tion for the experiment to be conducted at the
heating rate of 20°C min*.

Complete experimental data taken from crys-
tallization exotherms and subsequent melting en-
dotherms for all s-PP samples are listed in Table
III. It is clearly seen, according to Table III, that
peak temperature values 7, of the high-melting
endotherms for all s-PP samples are less depen-
dent on the crystallization temperature than
those T',,,; of the low-melting ones. Furthermore, it

| | Il Il ]
— T T T T T T T T T T

s-PP#4, TC=75°C

HR=40°C/min

30°C/min

20°C/min
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J\/ \ 10°C/min

-y 5°C/min

Normalized Heat-flow (W/g)
Endothermic ——»
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Figure 2 Melting endotherms of sample s-PP#4, re-
corded at the specified heating rates, after isothermal
crystallization at 75°C.
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is apparent that both enthalpy of crystallization
AH, and enthalpy of fusion AH, increases with
increasing T, whereas the difference between the
two quantities decreases. For example, for
s-PP#1 the difference between AH,and AH, is as
much as 20.4% at T,. = 60°C, as opposed to 10.2%
at T, = 95°C; and for s-PP#5 it is 20.5% at T,
= 70°C, as opposed to 16.2% at T, = 97.5°C. Along
with the result shown in Figure 2, this suggests
that the low-melting endotherms most likely are
a result of the crystals formed at 7., whereas the
high-melting ones are a result of the recrystalli-
zation of metastable crystals melted in the course
of the first melting peak. It also suggests that the
once-molten crystals are less likely to recrystal-
lize when T, is increased. In addition to the hy-
pothesis of recrystallization effect, the tempera-
ture dependence of AH, may, to some extent, ac-
count for the difference between AH, and AH,.'®

Based on the hypothesis drawn previously that
the values of the low-melting peaks correspond to
the melting of the crystals formed at a specified
T,, the T, values listed in Table III are now
considered as the melting points 7, of the sam-
ples crystallized at T,. According to a theory de-
rived by Hoffman and Weeks,!° the equilibrium
melting temperature T%,, that is the melting tem-
perature of infinitely extended crystals, can be
obtained by linear extrapolation of 7, versus 7T,
data to the line 7,, = T.. Mathematically, they
arrived at the following equation:

T

Tm:%'k

1
T‘,’n[ 1 5 B} , (13)
where B is the “thickening ratio.” In other words,
B indicates the ratio of the thickness of the ma-
ture crystal L, to that of the initial one L¥; there-
fore, B = LJL¥, which is supposed to always be
greater than or equal to 1. It should be noted that
the factor 2 in eq. (13) suggests that the thickness

160 +——rt+r-rrt-——t+r——t———t——t—r—t——t—ttr
[ o sppat
—_— | | o~ sPP#2 1
) 150+
o r -O--  s-PP#3 P h
£ [ | —a-  sPP#4

Z. 40T | e sPPiS f‘;f T
>
2
o I ; ]
% 130+ 1
o - ’ ]
=
@ I ]
= q201 T
(o] | ]
£
) | ]
= 1104 T

100 i o
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Crystallization Temperature, T, ( °C)

Figure 3 Melting temperatures as a function of crys-
tallization temperatures for the s-PP samples.

of the crystals undergoing melting is approxi-
mately doubled that of the initial critical thick-
ness.

Figure 3 shows the plots of T',, versus T, for all
s-PP samples. It is evident that T, values for all
of the samples exhibit a linear relationship with
T., at least in the temperature range of interest.
The intersection of a least square line, fit to the
data set for each sample, with the line T, = T,
provides the values of T',. The slope of the least
square line, which equals 1/283, can also be used to
calculate the g parameter (i.e., 8 = 0.5 X slope ).
These values, along with the correlation coeffi-
cient, 7%, of the fit, are reported in Table IV. The
results show that the 79, values lie between
146.1°C and 148.3°C (419.3 K and 421.4 K). The
slopes of the least square lines range from 0.41 to
0.47, which agree extremely well with the pub-
lished result by Balbontin et al.'® Derived from

Table IV Thermodynamic Equilibrium Melting Points, g Parameters, and Corresponding Calculated

Equilibrium Melting Points for 100% Syndiotacticity for Syndiotactic Polypropylene Samples

Tpm Tpm (Tpm)IOO% (Tpm)IOO%
Sample [%orrrr] [%orr] [%r] (°C) (K) Slope B r? (°C) (K)
s-PP#1 77.10 87.31 91.42 146.1 419.3 0.41 1.2 0.988 163.2 436.3
s-PP#2 74.55 83.09 37.36 146.6 419.7 0.45 1.1 0.994 172.9 446.0
s-PP#3 74.61 83.73 88.29 148.3 421.4 0.47 1.1 0.995 172.6 445.7
s-PP#4 74.63 84.37 89.24 146.4 419.5 0.45 1.1 0.998 168.3 441.4
s-PP#5 75.28 85.09 90.00 146.4 419.5 0.43 1.2 0.997 166.6 439.7




the slopes of the least square lines, the lamellar
thickening parameter g is found to be roughly 1,
which is in a very good agreement with other
reports.'®!® In addition, the value of B near 1
guarantees that the extrapolation is valid and
gives a reliable T%, value, since the T,, values
observed for different 7, values are not affected
greatly by the annealing process.

There are a number of reported values of T,
available in the literature.!?%15-21 These values
scatter in a wide range, depending on the syndio-
tacticity level of the sample used. By lacking a
common basis of reporting the degree of syndio-
tacticity, it is quite difficult to compare the re-
ported values together. Recently, the level of
NMR racemic pentads [%rrrr] has been used
more frequently to represent the degree of syn-
diotacticity in s-PP samples. Therefore, only those
published T%, values with known [%rrrr] will be
reported with the syndiotacticity level in paren-
theses: they are 168°C (92%),'® 160°C (86%),'¢
155°C t0170°C (87% to 95%),"” 166°C (91%),'®
and 150°C to 186°C (89% to 95%).'° Comparing
with these values, our result (146°C to 148°C)
seems reasonable when considering that the syn-
diotacticity level lies in the range of 75% to 77%.

As can be seen, the observed T", values exhibit
a strong correlation with the syndiotacticity in
the samples. In an attempt to correlate the de-
pendence of observed T, values as a function of
syndiotacticity level, Miller?? modified the origi-
nal Flory theory for the depression of melting
point in copolymers?324 to be used in this fashion,
and it has been applied by several authors.1%17-19
The model assumes that a s-PP chain has a ran-
dom arrangement of syndiotactic dyads, which
are crystallizable, and isotactic ones, which are
not. Mathematically, this model reads

i— L = ( u )1 (14)
TS, (To)won  \AHY TP

where (T5,)1007, and AH; are the equilibrium melt-
ing temperature and the equilibrium enthalpy of
fusion of a s-PP with 100% syndiotacticity level,
respectively. R is the gas constant, and p, is the
fraction of the monomer units that are syndiotac-
tically bonded. In this case, p, is substituted by
the racemic dyads [%r].

According to eq. (14), (T%,)100% can readily be
calculated if all other variables are known. The
only parameter that we have a problem with is
AHS, due to the scattering in the reported values,
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which range from 3.1 kJ mol ! (Ref.12) to 8.3 kJ
mol ! (Ref.13). Most recent studies have reported
AH; values in the range of 7.7 kJ mol ! (Ref. 18)
to 8.0 kJ mol ! (Ref. 16), which is very close to the
value of 8.3 kJ mol ! reported earlier by Haftka
and Konnecke.!? In this study, we prefer to use
the AH value of 8.0 kJ mol ' (190.4 J g™ ') in our
calculation, the result of which is also listed as
the last two columns in Table IV. According to
Table IV, it is evident that (T%,);00s ranges from
163.2°C to 172.9°C (436.3 K to 446.0 K), with the
average value of 168.7 = 4.1°C (441.8 = 4.1 K).
Reported values of (T%,)1904 in the literature are
220°C'2 and 214°C,'® which may be overesti-
mated. Comparison of the (T%,);004 values may
lead to a misleading conclusion, since different
authors often use different values of necessary
parameters, especially those of p, and AH}. Con-
sequently, we have recalculated (T%,)1004 values
using AH = 8.0 kJ mol !, based on data of known
[%r] available in the literature.'®'”!® The aver-
age calculated values of (T%,) 00 are 173.5
+ 1.3°C," 165.0 = 5.1°C,'” and 173.6 = 10.9°C."°
Based on these values, our result seems very rea-
sonable.

We also recalculated the (7%,)1004 values by
using the AH} value of 8.3 kJ mol " (196.6 J g~ ).
The new (T%,)1004 values were found to lie in the
range of 162.6°C to 172.0°C, with the average
value of 168.0 = 4.0°C (441.1 = 4.0 K). We have
also recalculated the (T%,) 000, values, based on
the same data sets considered in the previous
paragraph. The average recalculated values of
(T )100% are 173.1 + 1.0°C,'6 164.8 + 5.2°C,7
and 173.4 = 10.9°C.' On the basis of these cal-
culated values, we are able to conclude that the
lower the value of AH} used in the calculation, the
higher the estimated (T%,),¢0, value.

Overall Crystallization Kinetics
Avrami Analysis.

As described previously, DSC is often used to
follow the overall isothermal crystallization by
measuring the heat flow released during the crys-
tallization process, according to eq. (1). Combined
with eq. (2), the relative crystallinity 6(¢) as a
function of reaction time ¢ can be determined.
Figure 4 illustrates relative crystallinity as a
function of time for s-PP#3 samples isothermally
crystallized at 7. ranging from 80°C to 95°C.
Based on the Avrami model’ expressed as eq. (3),
the data similar to those shown in Figure 4 can be
analyzed according to the Avrami equation in its
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Figure 4 Relative crystallinity as a function of time.
Inset: Typical Avrami plots for sample s-PP#3, isother-
mally crystallized at the specified temperatures: ([J)
s-PP#4; (O) s-PP#2; (O) s-PP#3; (A) s-PP#4; (X) s-PP#5.

logarithmic form (i.e., eq. (4)). By performing a
least square fit in the range of 10% to 80% relative
crystallinity to the Avrami plots such as those
shown as the inset figure in Figure 4, the Avrami
exponent n and the rate constant & can readily be
extracted. In practice, these kinetics parameters,
together with eq. (3), can be used to simulate the
crystallization process at a given T, as shown by
the solid lines in Figure 4. The other important
parameter is the half-time of crystallization ¢, 5
which is the time taken from the onset of the
crystallization until 50% completion, and can be
extracted directly from the plot of 6(¢) versus time
t. Table IV lists all of the kinetics results for all of
the s-PP samples.

Figure 5 shows the plots of the crystallization
half-times and their reciprocal values against the
crystallization temperature. It is evident that the
rate of the crystallization falls in the following
sequence: s-PP#5 > s-PP#3 > s-PP#2 > s-PP#4
> s-PP#1, although s-PP#2 seems to crystallize a
little bit faster than s-PP#3 at T, < 78°C. It is not
possible, at least at this point, to find a reason
why these s-PP samples crystallize in that se-
quence. As is well known, there are a number of
factors affecting the crystallization of polymers,
including stereoregularity, regioregularity, mo-
lecular weight, molecular weight distribution,
kind and quantity of nucleation agent used, and
presence of impurities. The crystallization behav-

ior, in terms of growth rate and nucleation rate
measurement, of these s-PP samples will be in-
vestigated more extensively and will be of future
publication. With those results, we will be able to
conclude with a higher level of confidence what is
controlling the isothermal crystallization behav-
ior of these s-PP samples.

According to Table V, the Avrami exponent n
does not seem to exhibit a definite overall corre-
lation with T, though samples s-PP#3, s-PP#4
and s-PP#5 exhibit a slight gradual increase of n
with an increase in crystallization temperature.
For all of the s-PP samples, n ranges from 2.01 to
3.27. More specifically, n ranges from 2.41 to 3.22
for s-PP#1; from 2.22 to 2.54 for s-PP#2; from 2.15
to 2.87 for s-PP#3; from 2.05 to 2.88 for s-PP#4,
and finally from 2.01 to 3.27 for s-PP#5. Our re-
sult seems to fall in a comparable range of the
values reported in the literature: 1.91 to 3.34 by
Rodriguez-Arnold et al.*® and 1.81 to 3.86 by Bal-
bontin et al.'® Along with the plots of ¢, 5 and ¢, &
versus T, as shown in Figure 5, the plot of the
crystallization rate constant £ shown in Figure 6,
shows that s-PP samples crystallize slower with
an increase in T,., at least in the range of T,
investigated. In our earlier paper,?® we found that
the plot of ¢, (for s-PP#1 sample) against T,
exhibits a double bell-shaped curve, while that of
the linear growth rate against 7, shows the typ-
ical bell-shaped curve. Based on the growth rate
theory,®® the bell-shaped curve can be described
as a result of the nucleation control effect at high
T. (low undercooling, AT = (T%,)100% — T.), and
diffusion control at low 7, (high AT). It is appar-
ent according to our result shown in Figures 5 and
6 that, within the 7, range of interest, all of the
s-PP samples crystallize in the nucleation-con-
trolled range.

Regime Analysis.

As discussed previously in the theoretical section,
the growth rate theory®® can also be tested by
using ¢, values taken directly from the experi-
mental data, obtained from the DSC experiments.
At this moment, we focus only on the relationship
between the half-time of crystallization ¢, 5 and
crystallization temperature T,. Since a prelimi-
nary observation under a polarized light micro-
scope suggested that all of the s-PP samples crys-
tallize mainly in a three-dimensional, instanta-
neous fashion, within the T, range of interest,
construction of log(ty ) + U*/2.303R(T, — T.)
versus 1/2.303T . (AT)f, as shown in Figure 7 for all
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Figure 5 Relative crystallinity as a function of crys-
tallization temperatures. Inset: Reciprocal half-time as
a function of crystallization temperature. ((I) s-PP#4;
() s-PP#2; (O) s-PP#3; () s-PP#4; (X) s-PP#5.

of the s-PP samples, serves as the regime test.
The parameters used are as follows: 7', = 237 K
(T, = 267 K), (T},)1000, = 441.8 K, and U* = 6,276
8) mol ! It is apparent that the bulk of the data
for all of the s-PP samples fit a straight line, with
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0.5

0.0 p v - L S L
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Figure 6 Avrami crystallization rate constant as a
function of crystallization temperatures for the s-PP
sample: (O) s-PP#4; (O) s-PP#2; (O) s-PP#3; (A) s-PP#4;
(X) s-PP#5.

4.0+
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Figure 7 Analysis of the half-times of crystallization
based on the modified growth rate theory for the s-PP
samples: () s-PP#4; (&) s-PP#2; (O) s-PP#3; (A) s-
PP#4; (X) s-PP#5.

the correlation coefficients r* of 0.998 or better.
Since earlier reports!®2°27 have suggested that
the regime II — regime III transition should occur
at T, =~ 110°C (i.e., AT =~ 50°C), we can conclude
with a high level of confidence that our data, in
the T, range of interest, represent crystallization
in regime III. From the slopes of the plots, the
nucleation exponents K, are found to range from
5.69 X 10° K* to 7.03 x 10° K2

Once K, values have been determined, other
parameters characteristic of crystal growth can
be estimated. First, oo, can be calculated from eq.
(8), provided that other parameters are known.
By referring to eq. (8), the only unknown param-
eter is the layer thickness b, which can be esti-
mated from the unit cell parameters. It is there-
fore imperative to know the crystallographic form
and lattice dimensions of the s-PP samples, crys-
tallized in the temperature range of interest.
Based on our WAXD results,?® it is obvious that
all of the s-PP samples crystallize in the high
temperature orthorhombic form IT (Cell II) as de-
termined by Lotz and coworkers,? especially
when 7', < 110°C. The unit cell of this orthorhom-
bic modification occupies the space group Pca2,,
with the axis dimensions: a = 14.50 A,b=5.60 A
and ¢ = 7.40 A. This structure is particularly
characterized by the existence of helices of oppo-
site hands with chain axes in (0, 0, z) and (%, 0, 2).
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Table VI Input Parameters for Calculation of Parameters Characteristic of Crystal Growth

Parameter

Value Remarks

Heat of fusion, AH;
Glass transition temperature, T',
Equilibrium melting temperature, (7%,)100%
Boltzmann’s constant, %
For (010) growth plane
Molecular width, a
Layer thickness, b,
Cross-sectional area of chain, ayb,
Lateral surface free energy, o
For (200) growth plane
Molecular width, a,
Layer thickness, b,
Cross-sectional area of chain, ayb,
Lateral surface free energy, o

1.77 X 10° erg cm 3

—6.1°C or 267.0 K

168.7°C or 441.8 K

1.380 X 10~ !¢ erg molecule ' K !

7.25 X 1078 cm
5.60 X 1078 cm
4.06 X 107° ¢cm?
11.3 erg cm ™ ? From o = 0.1AHXayby)°?

5.60 X 107® cm
7.25 X 1078 cm
4.06 X 10~ 1% cm?
11.3 erg cm ™2 From o = 0.1AH(ab,)*®

Ref. 16 and Ref. 29
This work
This work

Estimated from Ref. 29
Estimated from Ref. 29
Estimated from Ref. 29

Estimated from Ref. 29
Estimated from Ref. 29
Estimated from Ref. 29

By assuming that (010) or (200) is the growth
plane, we are thus able to estimate the molecular
width e, and the layer thickness b,,. At this point,
we are able to calculate the lateral and fold sur-
face free energy, o and o, separately, but we have
first to estimate the o value based on the modified
Thomas—Staveley equation®’:

g = aAH?\/aobo, (15)

where ayb, is a cross-sectional area of one chain
molecule, and « is a universal parameter related
to the chemical nature of the polymer, and often
taken to be 0.1. Now, the fold surface free energy
o, can be calculated from oo, /o (cf. o0, is evalu-
ated from K, according to eq. (8)). Once the o,
parameter has been calculated, the average work
of chain folding g, which is defined as

q = Zaoboa'e, (16)

can also be calculated. All of the input parameters
necessary for the calculation based on the growth
rate theory and the results of the calculation for
all of the s-PP samples are listed separately in
Tables VI and VII.

According to Table VI, the lateral surface free
energy o is estimated to be 11.3 erg cm 2 (mJ
m ™ 2) for both (010) and (200) growth planes. This
value is in a good agreement with the reported
value of 11 erg cm ™ 2 by Rodriguez—Arnold et al.,?”
and this value is also close to those estimated for
isotactic polypropylene (i-PP) and polyethylene
(HDPE),%® which are 11.5 erg cm 2 and 11.1 to

14.1 erg cm ™ 2, respectively. According to the last
four columns in Table VII where the half-time of
crystallization ¢, 5 was used in the analysis of the
regime crystallization, the fold surface free en-
ergy o, lies in the range of 124.5 to 153.9 erg
cm 2, when assuming that (010) is the growth
plane, and 96.2 to 118.9 erg cm ™2, when assuming
that (200) is the growth plane. The work of chain
folding was also calculated and was found to be in
the range of 14.6 to 18.0 kcal mol ! when assum-
ing that (010) is the growth plane, and 11.2 to
13.9 kcal mol ! when assuming that (200) is the
growth plane.

Since these values seem rather high when com-
paring to the values estimated (o, = 49.9 erg
cm 2 and g = 5.8 keal mol 1) by Clark and Hoff-
man,? and the reported values (o, = 42—47 erg
cm 2 and g = 4.8-5.7 kecal mol 1) by Rodriguez—
Arnold et al.,?” we now have to question whether
or not our calculation was correct. We therefore
tried to confirm our calculation by reevaluating
our previous growth rate data (for s-PP#1)%° and
those by Miller and Seeley,'? using the same in-
put parameters as used in this paper, and found
that, evaluated from growth data, o, lies in the
range of 75.8 to 85.8 erg cm 2, when assuming
that (010) is the growth plane, and 54.6 to 61.7
erg cm ™ 2, when assuming that (200) is the growth
plane. Likewise, was found to be in the range of
8.9 to 10.0 kcal mol ! when assuming that (110)
is the growth plane, and 6.4 to 7.2 kcal mol !
when assuming that (200) is the growth plane.
According to these values, we think that there is
nothing wrong with our calculation procedure in
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Table VII Analysis of the Crystallization Times ¢, Based on the Modified Growth Rate Theory
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t0,5

t0.2

tO,l

g,
(erg? em™*) (erg em 2) (kcal mol™')

K
(K%

oo, o,
(erg? em™*) (ergem 2) (kcal mol ')

g

o, q K
(erg? em™*) (erg cm 2) (kcal mol ') (K?)

e

e

oQ0,

g

K
(K%

ly
(Sample)

14.6

124.5
153.9
142.1

1405.3

5.69 X 10°
7.03 X 10°
6.49 x 10°
6.57 X 10°
6.40 X 10°

14.9

127.5
155.9
150.1
150.8
149.1

1438.2

5.82 X 10°
7.13 X 10°
6.86 X 10°
6.89 X 10°
6.81 x 10°

14.8

127.0
155.5
153.2
153.0
153.4

1433.6

5.80 X 10°
7.11 X 10°
7.00 X 10°
6.99 X 10°
7.01 X 10°

For (200) growth plane

s-PP#1
s-PP#2
s-PP#3
s-PP#4

For (010) growth
s-PP#5

18.0

1737.1

18.2

1759.7

18.2

1755.0

16.6

1603.5

17.5

1694.1

17.9

1728.4

16.8

143.8
140.1

1623.0

17.6

1701.7

17.9

1726.1

16.4

1580.8

17.4

1682.1

17.9

1731.1

11.2

96.2
118.9
109.8
111.1

1085.5

5.69 X 10°
7.03 X 10°
6.49 x 10°
6.57 X 10°
6.40 X 10°

115

98.4
120.4
116.0
116.5
115.1

1110.9

5.82 X 10°
7.13 X 10°
6.86 x 10°
6.89 X 10°
6.81 x 10°

11.5

8.1

1107.3 9

5.80 X 10°
7.11 X 10°
7.00 X 10°
6.99 X 10°
7.01 X 10°

s-PP#1
s-PP#2
s-PP#3
s-PP#4
s-PP#5

13.9

1341.8

14.1

1359.2

14.0

120.1
118.3
118.1
118.5

1355.6

12.8

1238.6

13.6

1308.5

13.8

1335.0

13.0

1253.6

13.6

1314.4

13.8

1333.2

12.6

108.2

1221.0

13.5

1299.3

13.9

1337.1

the present paper. The discrepancy between the
growth parameters analyzed from the bulk kinet-
ics and those from the growth kinetics may result
from the fact that the bulk kinetics also includes
the nucleation kinetics, which is totally ignored
when growth kinetics was analyzed.

In Table VII, we have also listed growth pa-
rameters analyzed from crystallization times at
10% and 20% relative crystallinity, ¢,; and ¢,
respectively. The results seem to decrease in
value corresponding to the crystallization times,
ty, in the following order: £y > £y 4 > o 5.

Construction of Crystallization Rate Function

Measurement of the crystallization times ¢, is not
always possible especially in the lower crystalli-
zation temperature range. According to the
growth theory, crystallization of polymers at low
temperatures or high degrees of undercooling
usually occurs in regime III. If the crystallization
time data in this temperature range are avail-
able, they can be used to estimate the crystalliza-
tion time values at other temperatures. This can
done by the use of eq. (10), which states the rela-
tionship of the reciprocal value of the crystalliza-
tion time and the temperature. Provided that 7%,
and T, are known, the only unknown parameters
are A;G, and K,, which can readily be obtained
from the regime plot where A;G, is the antiloga-
rithmic value of the y-intercept (A;G,
= 1V~ intercept value)) gnd K, is the negative value
of the slope (K, = —slope). This can be demon-
strated by taking the case of s-PP#1 as an exam-
ple.

According to the regime plot (analyzed for the
half-time data) of the s-PP#1 sample, the values
of A,G, and K, are 2.06 X 10'" and 5.69 X 10°,
respectively. Substitution of these values into eq.
(10) leads to the expression of the half-time of
crystallization as a function of temperature:

(to2)m (min~!) = 2.06 X 10!

754.83 5.69 x 10°
X ex"( T(T.-T) T(ATY ) 17

The expressions of crystallization times as a func-
tion of temperature for all of the samples can also
be obtained in the similar fashion as shown
above. Figure 8 shows both the experimental and
predicted values of the reciprocal half-times as a
function of temperature for all of the s-PP sam-
ples. Apparently, the maxima in all of the plots
occur near 60°C.
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Crystallization Temperature, T, (°C)

Figure 8 Reciprocal half-time as a function of crys-
tallization temperature for the s-PP samples showing
the comparison to the calculated curves based on eq.
(10) (lines): (O) s-PP#4; () s-PP#2; (O) s-PP#3; (»)
s-PP#4; (X) s-PP#5.

Kinetic Crystallizability.

The temperature dependence of the crystalliza-
tion half-times was introduced as early as in 1967
by Ziabicki®'~33 and can be described by a Gauss-
ian function of the form:

max)z

(T,— T

D2 (18)

tos = (tos)minexp| —4 In 2

b

where T',, .. is the temperature where the crystal-

lization is the maximum, (¢, 5),;, the crystalliza-

min
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tion half-time at 7', and D the half-width of the
crystallization rate (the reciprocal value of the
crystallization half-time) curve. With use of the
isokinetic approximation, integration of eq. (18)
over the whole range of temperatures in which
crystallization may occur (T, < T < T5,) leads to
an important characteristic value describing the
crystallization ability of the polymer, namely the
kinetic crystallizability G:

1.064D

— = Q.
(t0.5)min

Tn
f tos(T) dT = (19)
Te

In practice, T\, ., (to 5)min, and D may be mea-
sured from a curve such as that shown in Figure
8. Table VIII lists the Tp..«, ¢o5)min, P, and G
values for all of the s-PP samples. The character-
istic values of some other polymers®® are also
listed for comparison. The practical meaning of
the G parameter is to characterize the ability of
the polymer in crystallizing when it is cooled from
the melting temperature to the glass transition
temperature at a constant cooling rate.>® The
higher the G values, the more readily the polymer
crystallizes. Based on the G values listed in Table
VIII, the crystallization ability of the s-PP sam-
ples falls in the following order: s-PP#5 > s-PP#2
> s-PP#3 > s-PP#4 > s-PP#1. When comparing
with some other polymers listed in Table VIII, the
crystallization ability of these polymers fall in the
following sequence: Nylon 66 > i-PP > Nylon 6
> s-PP > i-PS.

CONCLUSIONS

The average glass transition temperature for all
of the s-PP samples used was determined to be

Table VIII Kinetic Characteristics of Syndiotactic Polypropylene Samples and Some Other Polymers

T, T, T, (to ) mmin D G

°C) 0 °C) (sec) 0 (°C sec™ )
s-PP#1 146.1 -6.1 60.0 95.2 36.9 0.41
s-PP#2 146.6 -6.0 55.0 23.7 34.7 1.56
s-PP#3 148.3 ~6.5 57.0 28.3 35.6 1.34
s-PP#4 146.4 ~5.6 56.5 45.0 355 0.84
s-PP#5 146.4 —6.5 57.0 17.7 35.6 2.14
i-pg® 240 100 170 185 40 0.16
Nylon 62 228 45 146 5 46 6.8
Nylon 662 264 45 150 0.42 80 139
i-Pp® 180 -20 65 1.25 60 35

2 Data taken from Table 2.5 in Ref. 33.
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—-6.1 = 0.4°C (267.0 = 0.4 K). Observation of
subsequent melting of the s-PP samples after iso-
thermal crystallization at specified crystallization
temperatures showed the existence of two endo-
therms whose position on the temperature axis
and heat absorbed depended significantly on the
crystallization temperature and the heating rate
used. The result suggested that, at least in the
crystallization range of interest (from 60°C to
97.5°C), the low-melting endotherms correspond
to the melting of crystalline aggregates formed at
specified crystallization temperature, whereas
the high-melting ones are the result of the melt-
ing of crystalline aggregates that formed by re-
crystallization during heating. The typical Hoff-
man—Weeks extrapolation suggested that the
equilibrium melting temperature 7%, lies in the
range of 146.1°C to 148.3°C (419.3 K to 421.4 K).
Finally, the equilibrium melting temperature of
100% syndiotacticity (T%,)1004, Was estimated to
be 168.7 = 4.1°C (441.8 = 4.1 K), which is the
average value determined from the s-PP samples
studied.

The half-times of crystallization ¢, 5 revealed
that the rate of the crystallization for all of the
s-PP samples is in the following order: s-PP#5
> s-PP#3 > s-PP#2 > s-PP#4 > s-PP#1. The
Avrami index n does not seem to have a signifi-
cant relationship with the crystallization temper-
ature, at least in the temperature range of inter-
est, and ranges from 2.01 to 3.27. The crystalliza-
tion rate constant £ agrees extremely well with
what was observed by the half-time of crystalli-
zation. The plot of log(¢, ') + U*/2.303R(T, — T..)
against 1/2.303T.(AT)f, serving as a regime test
based on the growth rate theory, for ¢, at (= 0.10,
0.20, and 0.50 clearly showed straight lines for all
of the s-PP samples. It was assumed that s-PP
samples crystallize in regime III within the stud-
ied temperature range (60°C to 97.5°C).

The ability of the s-PP samples to crystallize
was determined by the kinetic crystallizability
parameters G, which ranges from 0.41°C s~ to
2.14°C s . Based on this parameter, the crystal-
lizability of all of the s-PP samples is in the fol-
lowing sequence: s-PP#5 > s-PP#2 > s-PP#3 > s-
PP#4 > s-PP#1. Comparison with some other
polymers reveals that syndiotactic polypropylene
crystallizes much slower than Nylon 6, isotactic
polypropylene, and Nylon 66, while it crystallizes
faster than isotactic polystyrene.

We thank Dr. Joseph Schardl of Fina Oil and Chemical
Company in Dallas, Texas, for supplying the s-PP sam-

ples, and Dr. Roger A. Phillips and his co-workers of
Montell SA, Inc. in Elkton, Maryland, for performing
sample characterizations.
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