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Polyethylene-b-poly(methyl methacrylate) (PE-b-PMMA) diblock copolymer has important interfacial applications. Hence,
a PE-b-isotactic PMMA diblock copolymer was synthesized using SiMe,(Ind),ZrMe, and MAO cocatalyst. The
polymerization mechanism and the origin of PMMA isotacticity were duly explained. An appropriate nonisothermal
Avrami-Erofeev crystallization model was developed to compare the crystallization kinetics of the above copolymer with
that of a PE homopolymer. For both polymers, the model well matched the entire differential scanning calorimeter
crystallinity profile, notably for a single Avrami-Erofeev index, and predicted cylindrical crystal growth. This model
particularly overcomes the limitations of the published nonisothermal crystallization models, and provides interesting
insight into PE crystallization. The PMMA block significantly decreased the heats of crystallization and fusion, %
crystallinity, and the relative crystallization function, increased the nonisothermal crystallization rate constant;, and
introduced minimal dilution effect whereas the PE block formed a continuous or percolated phase. This study correlates
catalyst structure, copolymer block tacticity, and PE nonisothermal crystallization and melting behavior. © 2012 American
Institute of Chemical Engineers AIChE J, 59: 200-214, 2013

Keywords: zirconocene catalyst, polyethylene-b-poly(methyl methacraylate) diblock copolymer, polymerization
mechanism, Avrami-Erofeev equation, nonisothermal crystallization kinetics, differential scanning calorimeter

Introduction block copolymer microdomains, which can introduce inter-
esting morphologies on microscale and nanoscale, is particu-
larly significant from the theoretical viewpoint. Such mor-
phologies originate from the capability of the copolymer
blocks to self-organize and separate into microphases. Con-
sequently, block copolymers show attractive properties. Sev-
eral excellent reviews on block copolymer crystallization are
available in the literature.''? The practical importance
arises from the pronounced effect of crystallinity and mor-
phology on the physical and chemical properties of PEs.

Polyethylene (PE) backbone does not have a functional
moiety. This limits applications that require adhesion,
dyability, pronounced surface effects, grafting, and compati-
bility with other materials. Therefore, PEs, with functional
block and graft structures, are synthesized to overcome this
limitation.'™® In particular, the diblock copolymer of ethyl-
ene and methyl methacrylate (a polar ester) (PE-b-poly-
methyl methacrylate [PMMA]) is an important compatibil-
izer,” and it greatly enhances dyability.]’s’9

The crystallization study of PE-b-stereoPMMA diblock [ E-b-stereoPMMA idiblock copolymers have semicrystal-
. . line PE ‘“hard block” and glassy (amorphous) PMMA “soft
copolymers and the PE homopolymers is theoretically as

. . o C block.” The crystallization temperatures of PEs vary from
11 11 . Th 11 hin th
well as practically important ¢ crystaflization within the 118 to 125°C."*'> On the other hand, the glass transition

temperature, for example, of an “isotactic” PMMA ranges

Correspondence concerning this article should be addressed to M. Atiqullah at from 53 to 58°C_16'17 This shows that the PE crysta]]ization
tig@kfupm.edu.sa. .
matiq@kfupm.edu.sa temperatures are much greater than the PMMA glass transi-
© 2012 American Institute of Chemical Engineers tion temperatures. This is an example of soft confinement
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that may result from the glassy PMMA domains or segrega-
tion between domains.!"'® Hence, to study the influence of
the methyl methacrylate (MMA) functional soft block on the
crystallization kinetics (using model and experiment) is par-
ticularly interesting. However, to the best of our knowledge,
this has not yet been reported. In this study, we shall use the
nonisothermal (constant cooling rate) differential scanning
calorimetric (DSC) experiments because they have the fol-
lowing advantages over the isothermal crystallization experi-
ments:'? >

e Nonisothermal DSC experiments are fairly fast and sim-
ple. They have broader temperature ranges (usually
30.0—-35.0°C) (from beginning to completion of crystalliza-
tion). They detect phase transformations that occur too rap-
idly to be observed in isothermal experiments. They better
approximate the industrial fabrication processes (such as
extrusion, injection molding, and film blowing) that are also
dynamic and nonisothermal.

e By contrast, isothermal DSC experiments are slower
and less convenient. Here, the experimental temperature
range (from beginning to completion of crystallization) is
narrow (usually 2.0—3.0°C). The base line is difficult to
accurately determine. The sample needs to be heated to the
desired temperature in a time that is much smaller than the
crystallization time. Isothermal measurements are only possi-
ble when the thermal response time of the measured polymer
is smaller than the rate of the crystallization process.

In the literature, the following nonisothermal crystalliza-
tion models are available. They were developed by Jez-
iomy,23 Ozawa,?! and Liu et al.* However, these models
have several limitations, which we discuss below.

Jeziorny> introduced the effect of constant DSC cooling
rate 5 on crystallization kinetics by converting the Avrami-
Erofeev isothermal crystallization rate constant k to the cor-
responding nonisothermal analogue k/(T), using the expres-
sion Ink’(T) =k This was so done assuming that the rate
of crystallization obeys the following first-order relation®’

do(T)
dt

where a(7) is the temperature-dependent relative crystallinity
(degree of crystallization) and ¢ is the time of crystallization.

The Jeziorny model has the following limitations. First,
Eq. 1, hence the above assumption, contradicts with the phe-
nomenological development of the nonisothermal Avrami-
Erofeev crystallization rate expression. See the development
of our rigorous crystallization model and Appendix A for the
details. Also, note that the division of In k£ by f (a constant
term) does not make it temperature-dependent for a constant
cooling rate experiment. Second, the double logarithmic plot
of In [—In (1 — w(#)] vs. In ¢, used to determine the
Avrami-Erofeev index n, is fairly insensitive to its argu-
ment. >

Ozawa’s treatment uses multiple constant cooling rate
DSC experiments; it cannot model a single cooling rate non-
isothermal crystallization experiment. Here, In [—In (1 —
o(T))] vs. cooling rate f§ is plotted to determine the crystalli-
zation kinetic parameters. The dependent variable In [—In
(1 — «(T))] is generated by selecting «(7)s corresponding to
the same value of 7 in the different constant cooling rate
crystallization profiles. This means that T is used as the para-
metric variable. The problem of double logarithmic insensi-
tivity also exists here.”'

= K(T) x (1 — o(T)) M
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The relative crystallinity depends on f3, ¢, and T. There-
fore, Liu et al.>* combined the treatment of Avrami with that
of Ozawa as follows

Inf=IF(T)—blnt 2)

1
where F(T) = [%T)} " refers to the cooling rate required to

attain a defined relative crystallinity in a given time; m is the
Ozawa index; b is the ratio of Avrami to Ozawa indices. The
plot of In f vs. In ¢, as per Eq. 2, gives a straight line.
The intercept and slope give F(T) and b, respectively. The
independent variable In ¢ is generated by selecting ts
corresponding to the same value of relative crystallinity in
the different constant cooling rate crystallization profiles.
Therefore, relative crystallinity serves as the parametric
variable. The limitations of Avrami-Ozawa hybrid model are
as follows. The index b, being an empirical parameter, does
not indicate the crystal growth dimension 7 even though it may
be used to selectively fit to the acquired DSC crystallization
data. A single cooling rate experiment is as well inapplicable
in this case.

All the above three nonisothermal models use the logarith-
mic linearization approach. This is a common data handling
flaw. Also, they do not thoroughly apply to the entire crys-
tallization profile; limited data points, usually in the linear
region, are used to arbitrarily draw the straight line. More-
over, these models cannot determine the apparent activation
energy of crystallization. Hence, we conclude that a rigorous
appropriate nonisothermal polymer crystallization model that
applies to the entire single cooling rate experiment be devel-
oped.

To study the crystallization kinetics, the route to synthe-
size PE-b-stereoPMMA diblock copolymers should be judi-
ciously selected. In this regard, we would like to remark that
metallocenes generally catalyze the sequential copolymeriza-
tion of MMA with an olefin that produces linear polyolefin
without short-chain branches.”>2® They can, in particular,
separately homopolymerize ethylene and MMA. Also,
because of versatile organometallic structures, they can
immensely vary the stereoregularity of the PMMA block.
Thus, they represent an important industrial and applied ca-
talysis research topic.

In view of the previous discussion, this study was organ-
ized as follows:

1. Synthesize the PE-b-PMMA diblock copolymer, the
ethylene  homopolymer, and PMMA  using
SiMe,(Ind),ZrMe, and the MAO (methylaluminoxane)
cocatalyst; and elucidate the progression in polymer-
ization mechanism.

2. Develop a rigorous and versatile nonisothermal PE
crystallization model that has the following character-
istics:

1. It well matches the entire single cooling rate crys-
tallization profile, and accordingly better illustrates
the crystallization mechanism than do the alterna-
tive models.

2. It calculates the crystallization kinetic parameters
(i.e., the frequency factor, apparent activation
energy, and crystal growth dimension with confine-
ment) and relative crystallization function from a
single cooling rate DSC experiment.

3. It illustrates the role of PE backbone microstructure
in polymer crystallization (including the major
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thermal properties) in a more phenomenological
fashion in order that the crystallization kinetics and
melting behavior of the PE-b>-PMMA diblock copol-
ymer can be compared with those of the reference
ethylene homopolymer.

3. Model the lamellar thickness distributions of the crys-
tallized PEs, using Gibbs-Thomson equationﬁ’30 and
DSC experiments. This enables us to learn about the
topological constraint of the polymer chains and post-
crystallization status of the polymer crystallite matrix
from a nanoscopic view point.

Experimental Section
Materials

Me,Si(Ind),ZrMe, and MAO (10 wt % in toluene) were
purchased from MetCat and Chemtura, Germany, respec-
tively. Analytical grade triisobutylaluminum (TIBA) (2 M in
heptane), toluene, n-hexane (both 99.999% pure), A4 molec-
ular sieve, 2,6-di-fert-butyl-4-methyl phenol (BHT), MMA,
basic alumina, 1,2,4 trichlorobenzene (TCB), toluene-de, and
1,2 dichlorobenzene-d,—all were obtained from Sigma-
Aldrich. Ethylene and argon (99.999% pure) were procured
from Abdullah Hasim, a local vendor.

Synthesis of polymers

PMMA: The synthesis of PMMA requires that the mono-
mer should be extremely pure to prevent the catalyst from
getting poisoned by any impurity. Therefore, we first purified
the methylmethacraylate (MMA) monomer as follows.

The as-received MMA contains hydroquinone inhibitor
and moisture. This inhibitor was removed using the follow-
ing steps. MMA was passed drop by drop through a chro-
matographic column (three-quarter filled with basic alumina).
This was done twice, and each pass took about 40 min.
Then, the alumina-treated MMA was vacuum distilled at
60°C under 90 mm Hg of pressure. The moisture content of
this distilled MMA was determined to be about 450 ppm. A
Mettler DL37 KF Coulometer was used to reduce this high
moisture level to <10 ppm by contacting the MMA with 4A
molecular sieve under bubbling of argon.

Next, we purified toluene as follows. It was first dried
over night using 4A molecular sieve; then it was evacuated
and purged with argon several times. This procedure
reduced the moisture level to <10 ppm. Following the puri-
fication of MMA and drying of toluene, we polymerized
this monomer using Me,Si(Ind),ZrMe, and MAO as sum-
marized below.

A thick-walled 250 mL Imtech glass reactor was baked at
about 150°C to remove the moisture sticking to its inner
wall. It was then cooled to room-temperature and closed
using the top lid. At this stage, the reactor was evacuated
and purged with argon several times. About 15 mL toluene
and 0.1 mL TIBA were introduced into the reactor. The
resulting mixture was stirred for 10 min using a magnetic
stirrer. TIBA was used as the scavenger. A 4 mL solution of
the catalyst [Me,Si(Ind),ZrMe,, 4 umol/(mL of toluene)]
was prepared in the dried toluene and added to the reactor.
Then, the cocatalyst—0.1 mL 10 wt % MAO—was fed to
the reactor. After 10 min, 3 mL purified MMA was added to
start the polymerization under argon, which was continued
for 90 min at room-temperature. The polymerization was
quenched by adding acidic methanol. The resulting PMMA
was precipitated using excess methanol. The product was
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washed thrice using methanol and dried over night. The
yield was 2.650 g.

Ethylene Homopolymer: The baked reactor was fed with
the same volume of dried toluene, TMA scavenger,
Me,Si(Ind),ZrMe,, and MAO as used for MMA polymeriza-
tion. Me,Si(Ind),ZrMe, concentration was also kept the
same. Then ethylene, passing through moisture and oxygen
scavenging columns (one each), fed the reactor at 2 bar(g).
The polymerization was continued for 15 min; then it was
quenched; and the product was separated, washed, and dried
applying the method used during the synthesis of PMMA.
The polymer yield was 0.350 g.

PE-b-MMA Diblock Copolymer: MMA was copolymer-
ized with ethylene following the same procedures and reac-
tion conditions applied to synthesize PMMA and ethylene
homopolymer. However, the following steps varied. MMA
was introduced sequentially after feeding of ethylene for 15
min. The total polymerization run time was 60 min. The
polymer yield was 0.500 g.

Thermal properties

The thermal properties of the synthesized PEs were meas-
ured in terms of peak melting temperature (7},y,), peak crys-
tallization temperature (Tp,c), and % crystallinity, using a
DSC (DSC Q2000, Texas Instruments). The instrument was
calibrated using indium.

About 4.0 mg of the sample was taken in an aluminum
pan, which was tightly closed with a lid. A sealed aluminum
pan (without the sample) was used as a reference. The poly-
mer samples and the reference were placed in the instrument
carrousel. The synthesized polymer samples were heated at
10°C/min from room-temperature to 160°C, using a nitrogen
flow rate of 50 mL/min. This is called Cycle 1. After this,
they were isothermally heated for 5 min to remove the influ-
ence of the thermal history and unmelted crystals that could
cause heterogeneous cystallization. Next, they were cooled
from 160°C to room-temperature using the above thermal
ramp value, and were kept at this temperature for 5 min.
This is Cycle 2. Finally, the samples were reheated at 10°C/
min to 160°C (Cycle 3).

The peak melting temperature (7},,) and the % crystallin-
ity were determined from Cycle 3. The thermogram under
Cycle 3 endotherm was integrated to measure the heat of
fusion (Hy), which is proportional to the crystallinity of the
AHY(T/2)
AHG, (/)
where AHyq = 290.0 J/g is the heat of fusion of a perfectly
crystalline PE.*'*? The peak crystallization temperature (Tpe)
was determined from the Cycle 2 crystallization exotherm.
The data for each cycle were acquired and analyzed using
the TA explorer software.

The glass transition temperature 7, of the synthesized
PMMA was determined using Cycle 3. However, here a
heating rate of 20°C/min was used. T, was estimated as the
temperature at the midpoint of the line drawn between (1)
the temperature of intersection of the initial tangent with the
tangent drawn through the point of inflection of the DSC
thermogram and (2) the temperature of intersection of the
tangent drawn through the point of inflection with the final
tangent.

The lamellar thickness distribution was determined using
the constant heating rate DSC experiment. The mathematical
treatment for this is provided in Appendix B.

polymer. The % crystallinity was calculated from
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Table 1. Properties of the Synthesized Polymers

Polymer Characteristics

PE Homopolymer

PEs5(-b-PMMA 5, Diblock Copolymer

Isotactic PMMA

Weight average molecular weight (g/mol)

PDI

Average copolymer composition (mol % MMA)
Average copolymer composition (wt % MMA)

Peak melting (Tpr,) (°C)
Peak crystallization point (7T},) (°C)

Temperature for maximum nonisothermal relative

crystallinity function (°C)
Glass transition temperature (°C)

85,785%* 181,732°
2.50 2.60
None 22.0
None 50.0
132.4 131.2
116.4 115.9
117.0* 114.0%

Semicrystalline polymer

Semicrystalline polymer

294,563°
2.10
MMA homopolymer
MMA homopolymer
*
*

Not applicable

55.10
.

*
*

Heat of crystallization AH, (J/g) 210.60 216.40,% 108.20"
Heat of fusion AH; (J/g) 214.80 107.40,° 213.94°
% Crystallinity 74.08 37.03,% 73.77"
Most probable lamellar thickness (nm) 9.45%* 9.12%*

Not applicable

*Based on polystyrene-PE Mark-Houwink constants.
"Relative to polystyrene standards.
“Determined from Figure 8.

With respect to the total mass of the copolymer.
“With respect to the mass of the PE block.
**Estimated from Figure 9.

*No transformation was noted in the DSC thermogram.

Average molecular weight and polydispersity index

The synthesized ethylene homopolymer, PE-b-PMMA
diblock copolymer, and PMMA were characterized in terms
of molecular properties (weight average molecular weight
and polydispersity index [PDI]) using gel permeation chro-
matography (GPC; Polymer Lab GPC 220, UK). PLgel 10
um mixed-B column was used. The column temperature was
kept constant at 160°C.

The antioxidant, BHT (0.0125 wt %), was added to TCB
(solvent) to prevent the polymer samples from degrading.
Then, 2.8 mg of polymer sample was taken in a 1.5 mL vial,
and the polymer was dissolved in 1.0 mL stabilized TCB as
follows. The polymer-containing sample vials were placed in
the warming compartment of the GPC instrument at 90°C
for about 1 h. During this period, the vials were shaken ev-
ery 15 min to completely dissolve the polymers.

Before injecting the samples, the differential refractive
index detector was purged for 4 h using TCB (1 mL/min) to
get a stable baseline. Also, the inlet pressure portal and the
differential pressure output were purged for 1 h.

The sample injection volume and flow rate were 100 uL
and 1.0 mL/min, respectively. The instrument was calibrated
using nine polystyrene standards whose peak molecular
weights ranged from 2,608,000 to 1530 g/mol. The polysty-
rene calibration curve was converted into the corresponding
PE calibration curve using the Mark-Houwink constants of
both polymers.*® The run time for each sample was 20 min.
The Cirrus single detector software was used to calculate the
average molecular weights and the PDI, which are reported
in Table 1.

Copolymer composition distribution

The comonomer composition distribution (CCD) of the
experimental sample(s) was determined using a Polymer
Char CRYSTAF instrument. This consists of five 50 mL
stainless steel stirred crystallization vessels, which are placed

in a gas chromatographic oven. These vessels are connected,
via a rotary valve, to a dual-channel optoelectronic infrared
(IR) detector having 3.5 um measurement wave length. The
sample solutions were prepared and run as follows.

About 5 mg of sample was placed in a crystallization ves-
sel. This was dissolved at 150°C by adding 40 mL of TCB
and stirring the mixture for 60 min. The solution was equili-
brated at 95°C for 45 min. The temperature of the IR cell
was maintained at 150°C. The solution was crystallized by
cooling at 0.2°C/min from 95 to 30°C to obtain the desired
composition distribution.

Average copolymer composition

The average composition of the PE-b-PMMA diblock co-
polymer, in terms of mol % of MMA, was determined using
'"H NMR (nuclear magnetic resonance) spectroscopy. For
this purpose, a Jeol 500 MHz instrument was used. The ex-
perimental sample solution was prepared by dissolving about
10 mg of the polymer sample in about 0.5 mL of TCB at
130°C, using a 5 mm NMR tube. Finally, 0.5 mL 1,2-
dichlorobenzene-d, was added to the NMR tube. The sample
vial was shaken using a high-temperature sample preparation
instrument (PL-SP 260), and the temperature was increased
from room-temperature using a ramp of 10°C/min.

Deuterated benzene-dg was used as the internal standard
to get the lock. The spectral data were acquired (applying
standard parameters for proton) and processed using the
WIN LAMBDA software. Table 2 lists the NMR experimen-
tal conditions. For the NMR assay of PMMA, deuterated
chloroform was used as the solvent.

Development of rigorous crystallization model

The development of the target rigorous nonisothermal
crystallization model is based on the extension of the iso-
thermal Avrami-Erofeev crystallization rate equation to the
nonisothermal situation. Appendix A details the derivation of
the isothermal crystallization rate equation.

Table 2. Operating Conditions of the NMR Spectrometer

Acquired Data Acquisition Scan Spectral Pulse Flip Pulse Probe

Data Points Time (s) Number Width (HZ) Width (us) Angle (°) Delay (s) Temperature (°C)

32,000 3.28 8 10,000 6 45 6.18 100
AIChE Journal January 2013 Vol. 59, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 203



For the nonisothermal case, we first assume the following:

1. The nucleation and growth rates depend only on tem-
perature. They are proportional to each other, and have the
same temperature dependence—very often an Arrhenius
behavior.'”** Hence, they are ‘‘isokinetic,” which applies
because the polymer crystallization, in this particular case,
can be reversed from solid to the molten state on heating at
the same rate. Note that Avrami’s rigorous treatment was
not restricted to isothermal conditions; it was originally
derived for the isokinetic case.*

2. A nonisothermal crystallization can be expressed as
the superposition of a sequence of small isothermal crystalli-
zation steps.’®

3. The crystallization rate depends only on the state vari-
ables o and 7, and not on the thermal history (heating
rates), 193738

4. The crystallization products and mechanism do not
change with temperature.*”

According to Assumption 1, the crystal growth rate con-
stant kgrow, and the nucleation rate constant k. can be,
respectively, written as follows*0#?

—Eqgrow (1 1
kgrow = kgrowﬁ() exXp [% {T - Ti()] :| (3)
—E 1 1
knucl = knucl,O exp |:THUC1 [T - Ti()] :| (4)

where  kgrowo and Egpy, are the frequency factor and
activation energy of crystal growth, respectively. K10
and E,, represent the corresponding terms for nucleation,
respectively. T is the absolute temperature of the crystal-
lizing polymer at any time ¢. T, is the centering
temperature. R is the universal gas constant. Note that
the above type of Arrhenius relation suits the numerical
treatment of a typical sigmoidal relative crystallinity vs. T
curve.” Additionally, the centering procedure facilitates
searching the kinetic parameters by minimizing the
statistical correlation between activation energy and pre-
exponential factor.*>*

Using Egs. 3, 4, and A12, the overall nonisothermal crys-
tallization rate constant k’(T) can be expressed as

k/(T) _ KSNO kgrow,O % ex _ (Egrow - Enucl) [l _ i]
P T T,

VO knucl,O R
&)
Putting ko = {K{/—T‘} II?L”I(;’ (overall crystallization frequency
factor), and (Egrow—FEnw)) = E. (apparent crystallization
activation energy), we can write
E, (1 1
kI(T) = ko % —— | =—= 6
(T) = ko exp[ = (5 TO]] ©)

As per Assumptions 2 to 4, Eq. Al8 will represent the
“isothermal” Avrami-Erofeev relative crystallinity function as
follows

n—1

fo) = n(l —a) [~In(l —a)] = @)

Therefore, the ‘“nonisothermal” Avrami-Erofeev polymer
crystallization rate, according to Eqs. Al7 and 7, can be
written as
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n—1

d E, (1 1 n-t
d—?:koxexp[—F [T—T—O]}Xn(l—o{) [—In(1 —a)] =
®)

For a given volume of polymer, being crystallized in a DSC
using a constant cooling rate % = f, Eq. 8 can be finally
expressed as

do k() E. 1 1 n—1

ﬁzﬁxexp{—ﬁ [T‘TT)” % n(1—a) [~ In(1 — o)] **
©)

The above mathematical treatment shows how Eq. 9 has been
developed under a set of phenomenological assumptions. Note
the following special features of Eq. 9:

e [t is a kinetic equation and abides by the laws of conser-
vation of mass and energy.

® The kinetic parameters ko, E,, and n can be obtained
from a single constant cooling rate DSC trial.

e The interdependence among kg, E,, and n can be deter-
mined using the statistical cross-correlation coefficient.

e New insight concerning the effect of polymer micro-
structure on crystallization can be obtained by plotting f(o)
as a function of « and .

o is related to the corresponding weight fraction relative
crystallinity o, through Eq. 8%

o

Oty
— 10
Tu + (pe/pe) (1 — o) (10

where p. and p, are the densities of the crystalline and
amorphous phases, respectively. For PE, p. = 1.004 and p, =
0.853.

oy can be calculated from a typical constant cooling rate
DSC experiment using Eq. 11

Canry I (%)t
Y AHgw fTTﬂx (%] dT

an

where AH,y, is the maximum enthalpy value reached at the
end of the nonisothermal crystallization process and AH(T) is
the enthalpy evolved as a function of crystallization tempera-
ture 7. Ty and T, represent the start and completion
temperatures of crystallization, respectively. AHy, and
AH(T) both can be acquired using the software of a standard
DSC.

Using Eq. 10, the DSC-generated «,, can be converted to
the corresponding volume fraction «. Therefore, we can now
solve Eq. 9 numerically using the experimental o,.

Numerical solution of model equation and kinetic
parameter estimation

Equation 9, which represents the nonisothermal Avrami-
Erofeev polymer crystallization rate, was evaluated by a
least square fitting of the model parameters, using the ex-
perimental DSC relative crystallinity «,, and the MATLAB
Isqcurvefit optimization routine. For this purpose, the oy, vs.
T data points, generated by the single constant cooling rate
DSC experiments, were taken over the entire crystallization
profile to provide a global solution to the problem. All
the ons were converted to the corresponding os by using
Eq. 10.
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Table 3. Model-Predicted Nonisothermal Crystallization Kinetic Parameters

Avrami-Erofeev Apparent activation Frequency Coefficient of
Synthesized Polymers Index n energy E, (kJ/mol) factor ko (s~ 1) determination R>
PE homopolymer 2.26 £0.20 37.29 £ 3.69 0.624 £ 0.04 0.990
PEs(-b-PMMAs5, 1.91 £+ 0.08 31.28 £ 1.24 0.699 £ 0.01 0.975

diblock copolymer

The above crystallization rate equation was numerically
solved using the fourth-order Runge-Kutta method (MAT-
LAB ODE 45). During this process, the right hand side was
implicitly converted into the temperature integral

Jexp [— g—T] dT, which was subsequently integrated numeri-

cally. This method ensures a very high level of atccuracy.“’47

The centering temperature T, was taken equal to 370°K that
is the arithmetic average of the beginning and final crystalli-
zation temperatures. The right hand side of Eq. 9, containing
—In(1 — o), has a point of discontinuity at oo = 1. This was
overcome by approximating o = 0.98.

The crystallization data, generated by the DSC experi-
ments, were highly reproducible. Repeated experiments were
within standard deviations of 1.5% and 3.5% for the PE
homopolymer and the block copolymer, respectively. The
parameters were determined at 95% confidence limit. In
each case, 48 experimental data points were taken for pa-
rameter estimation. Thus, for a given value of n, the degree
of freedom for the model equals to 45 (number of data
points—number of parameters to be estimated = 48—3). This
reflects that considerable experimental data were considered
to iterate the model parameters. This particular feature
makes the model predictions more accurate. Convergence
was accepted when the model function changed less than the
specified tolerance of 1075,

The performance of the developed crystallization model
(for different values of n) was assessed based on the follow-
ing:

e coefficient of determination (R2);

® Jow sum of the squares of the residuals;

® low cross-correlation coefficient (y); and

e individual confidence intervals for the model parame-
ters.

As per the above criteria, Table 3 lists the kinetic parame-
ters for the synthesized PEs.

fa ¢

a a
iHs H;
WI "—?W an;"wv

F %Y

P
O’Cc\ O’C\qc
CH,  CHj L
_ -
b 3§ >3
_I[

o T U

rr [ rrr 1 rrrr[r1r o 1111 [T T 7T
35 3.0 25 20 15

Figure 1. "H NMR (500 MHz) spectrogram of the isotac-
tic PMMA synthesized by MesSi(ind).Me,/
MAO catalyst.
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Results and Discussion

We present and discuss the results of this study under the
following three subsections:

e Synthesis of polymers: microstructures and mechanisms.

® Developed crystallization model vs. DSC experiments,
and significance of model predictions.

® Postcrystallization PE properties.

Synthesis of polymers: microstructure and
polymerization mechanism

Figure 1 shows the '"H NMR (500 MHz) spectrum of the
synthesized PMMA. This resembles the typical proton spec-
trum of an isotactic PMMA having the following characteris-
tic features:*®

® The presence of the methylene protons following an AB
pattern corresponding to 6 = 1.50—1.53 ppm and 6 =
2.12—2.15 ppm. Here, the methylene protons, unlike those
in syndiotactic PMMA, are not magnetically equivalent.
Hence, they show a duplet resonance.

® The existence of the —OCH; (methoxy)/—COOCH;
(methacrylate) group at 6 = 3.59 ppm; and the —CHj;
(methyl) group at 6 = 1.20 ppm.

Table 1 reports that the glass transition temperature T, of
the synthesized PMMA is 55.1°C, which matches what has
been reported in the literature.'®!”  Therefore, the
Me,Si(Ind),ZrMe,/MAO catalyst successfully synthesized an
isotactic PMMA.

Figure 2 is the '"H NMR (500 MHz) spectrum of the syn-
thesized PE-b-PMMA diblock copolymer. The presence of
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Figure 2. 'TH NMR (500 MHz) spectrogram of the PE-b-
isotactic PMMA diblock copolymer synthe-
sized by Me,Si(Ind).Me>/MAO catalyst.
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Figure 3. Crystaf analysis of the experimental polymer
samples—PE-b-isotactic PMMA diblock co-
polymer vs. PE homopolymer.

the AB type methylene protons and —OCH;/—COOCH; and
—CH; groups confirm the formation of the isotactic PMMA
block. On the other hand, the peak at 6 = 1.48 ppm eviden-
ces the formation of the PE homopolymer block. However,
we would like to comment that such findings by the NMR
spectroscopy are only sufficient but not the required proof of
the formation of a typical PEsq-b-isotactic PMMAj5, diblock
copolymer. Note that the subscripts represent the weight per-
cent of each block. See Table 1. This is so because NMR
spectroscopy cannot evaluate segregation effects*! that
occur in typical copolymerization reactions. For example,

A =[MeMAO]

(ZrE")

MMA
insertion

Michael
addition

/ MeO A

oAy

E =COOMe
Isotactic PMMA
Scheme 1. Mechanism of formation of isotactic PMMA
proposed by Hécker et al.,’* and Delgado
and Chen®®,
This is based on the concept of initiation and pro-
pagation of polymerization through the cationic zirco-

nocenium ester enolate [SiMe,(Ind),ZrMe]"+~MMA
(ZrE™).
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Figure 2 would also apply if PMMA and PE homopolymer
were independently formed by Me,Si(Ind),ZrMe, during
copolymerization of MMA and ethylene due to complete
segregation effects. The required proof, therefore, is to dem-
onstrate that each of the synthesized copolymer backbones
comprises PE homopolymer and isotactic PMMA together.
Therefore, we determined the composition distribution
(CCD) of the synthesized PEs using the crystallization frac-
tionation (Crystaf) technique.’>™> This is shown in Figure 3.

In Crystaf analysis, the diblock copolymer backbones with
lower PMMA content crystallized from the solution at a
higher-temperature (during cooling) than the ones with a
higher PMMA content. With the progress of crystallization,
the sample concentration was continuously monitored.
Accordingly, we observe the following in Figure 3. The co-
polymer Crystaf curve significantly differed in height from
that of the PE homopolymer, as well as it drifted toward the
left. Also, the ¢ values, representing the width of the distri-
blltiOl’lS, varied; 0|C0p01ymer Crystaf curve — 757 and alPE homopol-
ymer Crystaf curve = 1.3. Note that the subject block copolymer
Crystaf curve would have coincided with that of the refer-
ence PE curve if the amorphous PMMA block were absent
in the copolymer backbones. However, Figure 3 does not
support this. Therefore, we conclude that the PMMA block
got incorporated into the growing PE backbones.

Now, we discuss the mechanisms of polymerization with
reference to Schemes 1 and 2. We postulated the mecha-
nisms based on the published zirconocene-catalyzed poly-
merizations of MMA and ethylene in the presence of a
Lewis acid cocatalyst. The production of the catalytically
active zirconocenium cation®*®® through the abstraction of
the —CHj; ligand by the MAO cocatalyst from
SiMe,(Ind),ZrMe,, is the common step in the polymerization
of these monomers. First, we summarize the mechanism for

A=[MeMAO]

; é A
*LH» C H2
i /Z Ny —CH, / / ~ k
* Repeated insertion of ethylene / i

Me,Si(Ind),ZrMe,
Cationic ansa-zirconocene i\ir@
ester enolate (ZrE* 7
e / N), (s
\
OMe
OMe

et

** Repeated insertion of MMA

**OMe 5@ i~ OMe
/%\/\/%M T g \‘*/‘ojﬁ(
X yH /Sl /L{,_O\ Y[\fov
/
S

E E E
PE-b-isotactic PMMA

diblock copolymer E =COOMe OMe

Scheme 2. Mechanism of formation of PE-b-isotactic
PMMA diblock copolymer.

The PE block is formed as per the active cationic alkyl
zirconocenium  [SiMe,(Ind),ZrMe]", following the
Cossee-Arlman olefin coordination insertion mecha-
nism®®’, The isotactic PMMA block is formed accord-
ing to Scheme 1.
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Figure 4. (a) Comparison of model-predicted relative
crystallinity with the experimental data as a
function of DSC cooling time for PE homo-
polymer; (b) comparison of model-predicted
relative crystallinity with the experimental
data as a function of DSC cooling tempera-
ture for PE homopolymer.

the isotactic PMMA (Scheme 1); then that for the PE-b-iso-
tactic PMMA diblock copolymer (Scheme 2).

According to Scheme 1, the cationic chiral ansa-zirco-
nocene ester enolate acts itself as a propagating species
for the isospecific polymerization of MMA. The C,-sym-
metry of SiMe,(Ind),ZrMe, introduces isotacticity (with
respect to —CH3; and —COOMe) into the growing PMMA
backbone through an enantiomorphic site control mecha-
nism.®**> The polymerization proceeds through monome-
tallic intramolecular Michael addition (via cyclic ester eno-
late intermediate). This means that ZrET activates an
incoming MMA molecule as an ‘“‘acceptor,” and the grow-
ing chain end as a “donor.”

Next, we address the polymerization mechanism for the
PE-b-isotactic diblock copolymer (Scheme 2). In the sequen-
tial synthesis protocol we used, the first step concerns the
growth of the PE block through the insertion of ethylene
into the C—M bond of the active cationic alkyl zirconoce-
nium [SiMe,(Ind),ZrMe]*, following the well-known Cos-
see-Arlman olefin coordination insertion mechanism.®®®” We
assume that the used MAOl ocatatyst:SiMex(Ind)oZrMescqcaryst
molar ratio (Al:Zr = 1:180) converts all the dimethyl zirco-
nocene to the corresponding cationic methyl zirconocenium
during the polymerization of ethylene. In the next step, with
the addition of MMA, the polymerization activator/initiator
shifts from the simple cationic alkyl zirconocenium to the
coordinated cationic zirconocene ester enolate (ZrE™). How-
ever, MMA, because of having structural unsaturated car-
bonyl and (o, §) conjugated alkene, gets inserted into the PE
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C—M bond through Michael addition. Consequently, the
coordinated MMA becomes an integral part of the growing
polymer chain. During MMA insertion and chain propaga-
tion, the C,-symmetry of SiMe,(Ind),ZrMe, imparts isotac-
ticity to the growing PMMA chain through enantiomorphic
site control mechanism.%*% Therefore, ZtE™ acts both as an
initiator and a propagator for the isotactic PMMA block
through repeated Michael addition. This phenomenon is
common between MMA homopolymerization and its copoly-
merization with the growing PE block. What we propose in
this regard aligns with the mechanism for isotactic polymer-
ization of MMA (by a cationic chiral ansa-zirconocene ester
enolate) suggested by Hocker and coworkers® and Delgado
and Chen et al.%*®> (Scheme 1).

Developed crystallization model vs. DSC experiments,
and significance of model predictions

Figures 4a, b compare the model-predicted relative crys-
tallinity profile of the PE homopolymer with that of the ex-
perimental one as a function of time and temperature,
respectively. Figures 5a, b do the same for the PE-b-isotactic
diblock PMMA copolymer. We observe that for either poly-
mer, the developed rigorous nonisothermal model very well
predicts the entire experimental relative crystallinity profile
with coefficients of determination R* = 0.990 and 0.975 for
PE homopolymer and PE-b-isotactic diblock PMMA copoly-
mer, respectively. Table 3 reports the model-predicted crys-
tallization kinetic parameters (Avrami-Erofeev index n,

(a) 1.0
A
g 08
PE homopolymer

. a Experimental

0.6 1 —Model Predicted

0.4 4
) 0.2 1

0.0 T T r -

0 1 2 3 4 5
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. ——Model Predicted
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Figure 5. (a) Comparison of model-predicted relative
crystallinity with the experimental data as a
function of DSC cooling time for PE-b-PMMA
block copolymer; (b) comparison of model-
predicted relative crystallinity with the experi-
mental data as a function of DSC cooling
temperature for PE-b-PMMA block copoly-
mer.
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Table 4. Cross-Correlation Matrix for the Model-Predicted
Kinetic Parameters

Apparent

Avrami-Erofeev  Activation  Frequency

Synthesized Polymers Index n Energy E,  Factor kg
PE homopolymer 1.0000 0.7619 0.8435
0.7619 1.0000 0.8034
0.8435 0.8034 1.0000
PE5(-b-PMMAs5, 1.0000 0.7457 0.8901
diblock copolymer 0.7457 1.0000 0.8502
0.8901 0.8502 1.0000

apparent activation energy E,, and crystallization frequency
factor ky) for each polymer. The resulting cross-correlation
matrices are reported in Table 4, which indicate a relatively
moderate parametric interaction. The linear relationship
between In k' (T) and %, as shown by Figure 6, ratifies the
validity of the Arrhenius form of crystallization rate constant
(Eq. 6) for both polymers. Consequently, we conclude that
the model-predicted E, and k, are reliable. Also, the isoki-
netic assumption (related to nucleation and crystal growth) is
justified because the polymer crystallization, in this particu-
lar case, can be reversed from solid to the molten state upon
heating at the same rate. Some relevant examples concerning
reversible processes are available in the literature.**®®

The important finding, in Figures 4 and 5, is the follow-
ing. A single value of n represents the whole crystallization
regime—primary as well as secondary. This result has great
physical significance. This means that the same mechanism
of nucleation and crystal growth that we assumed in the de-
velopment of the constitutive model equation holds all
throughout the crystallization process. This evidences how
the present model overcomes the drawbacks and limitations
of the existing nonisothermal crystallization models. Use of
multiple ns, that is, change in crystallization mechanism, as
reported in the literature,**~"* does not appear to be neces-
sary.

Now, we discuss the crystallization behavior of the syn-
thesized PEs categorically with respect to model-predicted #,
E,, and ko See Table 3. The Avrami-Erofeev indices n for
the PE homopolymer and the PEsy-b-isotactic PMMAs5,
diblock copolymer are 2.26 and 1.91, respectively. An index
of n = 1 indicates one-dimensional linear growth (due to
maximum impingement) while n = 3 means the typical
three-dimensional spherical crystal growth (due to reduction
of impingement). In our study, each index value is greater
than one. Therefore, the crystallization derives structure for-
mation and does not occur under absolute impinged condi-
tions.'> However, the degree of impingement is mildly more
in the diblock copolymer than in the PE homopolymer. This
finding may be attributed to adding the polar functional iso-
tactic PMMA soft segment to the growing PE backbone
(hard segment). Based on the values of n, the crystal growth
(with respect to PE) in both polymers may be approximated
to be mostly cylindrical. The postcrystallization morphology
of a PE (semicrystalline),s-b-polystyrene,, (glassy amor-
phous) diblock copolymer, determined by transmission elec-
tron microscopy (TEM) supports our model-predicted mor-
phology.“s’74 However, it should be noted that the variation
in degree of cooling, segregation strength, and volume frac-
tion of PE varies the postcrystallization morphology.

E, of the copolymer crystallization (31.28 KJ/mol) is less
than that of the homopolymer crystallization (37.29 KJ/mol).
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Figure 6. Model-predicted Arrhenius form of crystalli-
zation rate constant (Eq. 6) for PE homopoly-
mer and PE-b-isotactic diblock copolymer.

For either polymer, E, does not depend on relative crystal-
linity o. It remains constant as the crystallization proceeds.
We previously defined E, = (Egrow—Enuc) that includes the
energies needed to activate nucleation as well as crystal
growth. Accordingly, (Egrow—Enuc)IPE-p-PMMA <
(Egrow—Enuc)IPE homopolymer- The difference in E, values can
be attributed to the difference in the structural defect of the
polymer backbones. The PE homopolymer is fairly linear
whereas the copolymer has PMMA block with the pendant
acrylate group (—COOCH3;) that can be considered as a kind
of branch (Figure 2); hence, the copolymer has a constitu-
tional structural defect.”>’® Therefore, it requires less activa-
tion energy to crystallize.

The converse holds for the crystallization frequency factor

ko = [ﬂ} koo The copolymer ko (0.699 s~') is slightly

Vo | knueto”
greater than that of the homopolymer (0.624 s™'). See Table
2. The bulk crystallization rate of the copolymer (2.93 x
1072 s~y differs from that of the homopolymer (2.62 x
1072 s7") in an analogous fashion. These were calculated
from the reciprocal of the half crystallization time #,,. The
mutual variation of kq and tl’/lz, in each case, is about 12%.

Therefore, the effects of the constitutional structural defect,
due to the PMMA block, on &y and tl‘/l2 may be considered

negligible. This also indicates that kolpg.,.pmma 1S compara-
ble with kglpg because of similar bulk

homopolymer
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Figure 7. Variation of nonisothermal relative crystalliza-
tion function f(x(T)) as a function of relative
crystallinity «(T).
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Figure 8. Effect of DSC cooling temperature on noniso-
thermal relative crystallization function f(x(7)).

crystallization rates. In other words, the frequency of the
occurrence of equilibrium chain folding that causes crystalli-
zation is similar in both polymers.'""’

Figure 7 shows how the nonisothermal relative crystalliza-
tion function f(«) varied as a function of relative crystallinity
o. Note that f(o) can be physically interpreted as the noniso-
thermal crystallization rate normalized with respect to the
corresponding crystallization rate constant k (T). See Eq. 8.
The common observation is that for each polymer, the shape
of f(«) is convex upward. This implies that the same crystal-
lization mechanism prevails for both polymers all through
the crystallization process. Also, there exists a relative crys-
tallinity value o,,x, corresponding to which f(o) shows a
maximum. However, the features that differ are as follows:

® The f(x) profile for the block copolymer is skewed to-
ward the right whereas that for the homopolymer, toward the
left. In parallel, the former is significantly lower than the lat-
ter.

hd umaleE homopolymer — 0.41 (n = 226)’ and OcmaleE-b-
pvma = 0.64 (n = 1.91), which shows that the maximum
normalized crystallization rate occurs much earlier for the
PE homopolymer than for the block copolymer. The corre-
sponding o values calculated for an isothermal Avrami-Ero-
feev crystallization process (using Equation B20) are 0.33
and 0.43, respectively.

® The maximum of f(«x) is positioned by o4, and this
depends on crystal growth dimension n; o, increased with
the decrease in n. The literature supports this ﬁnding.78

The above results demonstrate the significant effect of the
constitutional structural defect, introduced by the acrylate
branch (—COOCHj;) of the isotactic polymethacrylate
(PMMA) block (Figure 2) to the linear PE block, during
crystallization. This effect is reflected in the normalized non-
isothermal crystallization rate f{z) and the crystal growth
dimension 7.

Figure 8 illustrates how the DSC cooling temperature
affected the nonisothermal relative crystallization function
f(2). Each polymer shows similar variation pattern—a sharp
rise in f{o) following a gradual decline—as the crystalliza-
tion temperature continued to drop. This finding reaffirms
the earlier statement that the same crystallization mechanism
holds for both polymers all through the crystallization pro-
cess. The temperature at which each curve shows a maxi-
mum is comparable. The maximum f{o) temperatures 7Tp,..S
for the homopolymer and the copolymer are 117.0°C
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(ame\leE homopolymer = 041, ﬁzllso) and 114.0°C

E
(%maxlpE-p-pMma = 0.64, RT

Tmax values are very near to the corresponding peak crystal-
lization temperatures Tp,cs (116.4 and 115.9°C). See Table 1.
The closeness of these peak crystallization temperatures
reflects minimal dilution effect by the PMMA block, which
is associated with the poor miscibility of the amorphous

block with the crystalline one.*>""*

= 10.54), respectively. These

Postcrystallization polymer properties

Here, we discuss the postcrystallization polymer properties
in terms of the following:

® lamellar thickness distribution (a nanoscopic property);
and

® heat of fusion AH; and peak melting temperature Ty,
(bulk properties).

Figure 9 compares the lamellar thickness distribution in
the PE homopolymer with that in the PEsy-b-PMMA5
diblock copolymer. We calculated this property by applying
Eqgs. B2 and B3; and considering 721 = 1455 C, AH? =290
Jjem?®, and Ossfe = 90 mJ m~2, which have been reported to
be the best values to be used in the literature.?® Further, for
both polymers, these parameters, including oy (crystallite
specific surface free energy), were assumed to be the same.
They fairly resemble each other; however, the distribution
for the diblock copolymer is shifted toward the left. This
means that the topological constraint imparted by the
PMMA block mildly decreased the fraction of thicker lamel-
lae. Also, the most probable lamellar thickness reduced from
9.45 to 9.12 nm. See Table 1.

The heat of fusion AH; of the PEsy-b-PMMAS5, diblock
copolymer (213.94 J/g, calculated on the basis of crystalliz-
able PE block) is comparable with that of the PE homopoly-
mer (214.8 J/g). However, AH; of the PEso-b-PMMAs,
diblock copolymer (108.20 J/g, calculated on the basis of the
total mass of the copolymer) is significantly less than that of
the PE homopolymer. This difference in AH; also reflects
the effect of the constitutional structural defect, introduced
by the acrylate branch (—COOCH;) of the (glassy/amor-
phous) isotactic polymethacrylate (PMMA) block (Figure 2)
to the linear PE block, during crystallization.”>’® This struc-
tural defect, on the contrary, did not practically affect the
peak melting temperatures (TiplpE homopolymer = 132.4°C,
131.2°C). The latter finding

and TmplPE—h-PMMA =

0.14 =&—PE Homopolymer

~B-PE-b-PMMA Copolymer

Mass fraction

2 4 3 8 10 12
L fetamerts (nM)

Figure 9. Comparison of postcrystallization lamellar
thickness distribution in the PE homopolymer
vs. PE-b-PMMA diblock copolymer.
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inappreciable depression in melting point (~1°C)—indicates
the formation of a continuous or percolated phase by the PE
block.*>"*

Conclusions

The crystallization behavior of PE-PMMA block copoly-
mer significantly influences its morphology, thermal proper-
ties, and interfacial applications. Hence, we synthesized PE-
b-isotactic PMMA diblock copolymer (through a sequential
protocol), PE homopolymer, and isotactic PMMA using
SiMe,(Ind),ZrMe, and the MAO cocatalyst. We schemati-
cally explained the concerned polymerization mechanisms
and the isotacticity of PMMA considering the relevant cati-
onic catalytic species.

We used the above PE homopolymer and block copolymer
to broaden the fundamental understanding of PE crystalliza-
tion. For this purpose, we developed the appropriate noniso-
thermal Avrami-Erofeev crystallization model using a set of
phenomenological assumptions. For each case, the model-
predicted relative crystallinity profile matched well the entire
DSC crystallinity profile, notably for a single value of the
Avrami-Erofeev index n. Therefore, the developed noniso-
thermal crystallization model particularly overcomes the lim-
itations of the existing nonisothermal crystallization models.
This is a major contribution of this study. We compared the
model-predicted crystallization parameters—n, apparent acti-
vation energy E,, and crystallization frequency factor ko—
for both PE polymers. Based on the values of n (2.26 and
1.91), the crystal growth (with respect to PE) in both poly-
mers may be approximated to be mostly cylindrical, which
is supported by literature-reported TEM microgram.*>’* The
n values, being greater than one, indicate that the crystalliza-
tion derives structure formation and does not occur under
absolute impinged conditions.

The addition of the isotactic PMMA block to the linear PE
block did not appreciably affect n, kj, and bulk crystallization
rate tl’/lz; and moderately influenced E,. However, the consti-
tutional structural defect, introduced by the acrylate branch
(—COOCHj3;) of the PMMA block, significantly influenced the
heats of crystallization and fusion (AH. and AHy), %crystal-
linity, the nonisothermal crystallization rate constant kK 1),
and the relative crystallization function f{o). AH.., AHy, Jocrys-
tallinity, and f{o) were much less for the copolymer than for
the PE homopolymer. However, the following thermal proper-
ties—peak crystallization point T}, peak melting point Ty,p,
the temperature for maximum nonisothermal relative crystal-
linity function T,,,,—were not greatly affected. We explained
the physical significance of n, E,, ko, tl‘/lz, and f(x) that pro-
vides interesting insight into PE crystallization. The closeness
of crystallization temperatures reflects minimal dilution effect
by the PMMA block whereas the inappreciable depression in
melting point indicates the formation of a continuous or per-
colated phase by the PE block. The leftward shift of the la-
mellar thickness distribution of the diblock copolymer means
that the topological constraint imparted by the PMMA block
mildly decreased the fraction of thicker lamellae. The present
study demonstrates how to correlate catalyst structure, func-
tional block tacticity, and nonisothermal polyolefin crystalli-
zation and melting behavior.
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Appendix A: Derivation of Relative Crystallinity
Function f(») and Isothermal Avrami-Erofeev
Crystallization Rate Equation

The relative crystallinity function f{o) can be derived in
the form of Avrami-Erofeev model by considering the fol-
lowing:”%7#

e formation of crystal nuclei at time t (that occupies a
volume V(¢, 1) at time ?);

e rate of crystal nuclei growth represented by (‘2—1;’] ;
and =

e the occurrence of randomly distributed nuclei (crystal
morphology).

As per the above constitutive framework, the total volume
of material Vi (f), that crystallizes from a given molten

polymer mass, can be expressed by the following equa-
tion 3-42:82

! dN
Vtotal(t) :/0 V(tﬂ?) [E] _ dt (Al)

Equation Al is fundamentally a general convolution integral

that comprises a rate law of nucleation [‘2—’;’) , and a for-
=1

malism for nuclei growth V(¢, 7). In this regard, N denotes
the number of active (growing) nuclei and V(¢, 1) gives the
volume at time ¢ for a nucleus that became activated at time
7. In principle, Eq. Al describes a class of models with dif-
ferent nucleation and growth processes.

First, we shall consider ‘iT[;/ . In the literature, several
nucleation rate laws, such as ﬁrstl-?)rrder, instantaneous, linear,
random (with unimolar decay), etc. are available.**®? In this
particular situation, we apply the first-order nucleation. This
means that the rate of nucleation is linearly related to the
difference between the number of germ nuclei N, (the poten-
tial nucleus formation sites/defects) and the number of grow-

ing (active) nuclei N as follows
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[%] = Knuet (No — N)) (A2)

where k. is the first-order nucleation rate constant. Integra-
tion of Eq. A2 with N = 0 for r = 0 gives

N = N[l — e(—knuc]r)] (A3)

Differentiation of Eq. A3 with respect to ¢ leads to the fol-
lowing exponential law of nucleation

[d_N] - knuclNoe(ikMdT) (A4)
dt ) =

We may note the following from Eq. A4. When k,,q is
large, nucleation is virtually instantaneous, N = Ny; and no
further nuclei are generated during subsequent cooling of the
molten polymer. On the other hand, when £k, is small, the
rate of nucleation is approximately constant because
the number of sites (Np—N) changes little. This is known as
the linear law of nucleation

N = nucl NO t (AS)

Now, we shall derive a formalism for V(¢, 7). In this connec-
tion, we assume that the radius of nucleus r(z, T) increases
with a rate kgpow(t*) as follows™>

r(t, 1) :/ kgrow (% )dt* (A6)

For n-dimensional isotropic nuclei growth, V(z, 7) can be
expressed as>

V(1) = KJr(t,0)] " = K { / lkgmw(r*)dt*} (A7)

where K is the shape factor for the growing nuclei.
Substitution of Eqs. A7 and A4 into Eq. Al yields

t t
Vil (1) = / K { / kgmw(t*)dz*} "knuetNoe ™% dr  (A8)
0 T

Equation A8 applies to any type of thermal history. Let us
*. * . .

assume that kg (#) # f(t), and consider an isothermal

case; then, kg, represents a time-invariant nucleation growth

constant. Under these two conditions, Eq. A8 becomes

t
Vlotal(t) = / K, [kgmw X (f — T)} ”knuclN(]e_k""drd’C (A9)
0

The analytical solution of Eq. A9, following successive inte-
gration by parts, can be written as

Kl‘N()k"r Wn! _ n (k / i
Vtolal(t) - %(—1) ntl e Knuel? Z (_1) 1%
nucl pary |

(A10)

Division of both sides of Eq. A10 by the initial volume of
the molten polymer V), yields the extended relative crystal-
linity o(#) as follows
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(A1)

So far, the nuclei have been allowed to grow in an unlimited
fashion (ignoring the constraints of overlap and site ingestion)
as per the exponential law of nucleation, that is, Eq. A4. How-
ever, the growing nuclei will eventually reach the boundaries
of the crystallizing polymer; the nuclei boundaries will over-
lap; and they may also ingest the germ nuclei. To account for
these phenomena, o.4(f) is to be converted to the true relative
crystallinity o(f) (fractional extent of crystallization), using the
following relation proposed by Avrami for locally random dis-
tribution of germ nuclei’”**

do(t) = [1 — a(t)] doex (1) < oex(f) = —In[1 — ()] (A12)
Substitution of Eq. A12 into Eq. A1l gives
KgNOkn n!
—In[l —a(f)] = ——2 (—1) !
(0] = =™ (1)
i z I(k 1I) i
et =N (1) = (A

i=0

We have two time scales. One is the macroscopic time scale
for the overall crystallization process, and the other is the
microscopic time scale for nucleation. In practice, t >> 1,
that is, all nucleation is completed before crystal growth.®’
This represents a situation of site saturation.”*%3 Then, the
right hand side of Eq. Al3, for the limiting case of large
kouer (high nucleation rate), can be approximated with the
highest order term of the summation series, and using e Kot
~ 0. This reduces Eq. A13 to

K Nok? "
—In(1 — a(f)) = B (k) s () = 1 — e )
Voknucl
(A14)
KeNo| g o
where k = [‘;0“} 7 = overall crystallization rate con-
stant.

Erofeev derived analogous material transformation expres-
sion from completely different considerations. Despite the
conceptual difference, Erofeev’s probabilistic approach
inherently includes the same assumptions as Avrami’s treat-
ment.®* Therefore, Eq. Al14 is the well-known Avrami-Ero-
feev equation for isothermal crystallization, which yields the
following relation

kt = [—1In(1 — a(t))] * (A15)
Differentiation of Eq. 14 gives the following rate of crystal-
lization

@ _ nkntnflef(kt)”

r (Al6)

The isothermal crystallization rate can also be expressed in
terms of the relative crystallization function f(a(f)) as fol-
lows
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do.

7 = K®)

Equations A14-A16 can be combined to give the final iso-
thermal Avrami-Erofeev relative crystallinity function

(A17)

ne

Fa(0) = n(1 = a(r)) [~ In(1 — a(r))] +

Therefore, the isothermal Avrami-Erofeev polymer crystalli-
zation rate can be written as

(A18)

da(t)

n—1

=kxn(l—a(t)) [-In(l — )] =

(A19)

Equation A19 shows that for a given value of n, the isothermal
polymer crystallization rate is a simple function of tempera-
ture (through k), and the volume fraction transformed.

Differentiating both sides of Eq. A18 with respect to o(f)
and equating the same to zero, o,,,x can be obtained in the
form of the following expression

Sy = 1 — €7 (A20)

where o,,.x, a function of only n, is the value of relative
crystallinity corresponding to which the isothermal relative
crystallinity function f{«(#)) has a maximum.

Appendix B: Calculation of Lamellar Thickness
Distribution using Constant Heating Rate DSC
Experiment

PEs, including other members of polyolefins, are semicrys-
talline materials. Considering an orthogonal frame work, and
chain-folding mechanism of crystallization, the melting point
Ty and the corresponding dimensions of a crystal lamella
(crystallite) can be thermodynamically related as follows
through the traditional Gibbs-Thomson equation®’-**

(] () g3 2

T, =T° [17 [—+—+—] —] Bl
m L Ly, L) AHD (B)

where 79 is the equilibrium melting temperature of a crystal
of infinite thickness; ¢4, ¢,, and g3 are the basal specific sur-
face free energies of the crystallite, and they are associated
with the energy of chain folding during the crystallization
process; Ly, L,, and L3 are the corresponding dimensions
along the three orthogonal directions. AHY is the heat of
fusion per unit volume for the crystalline phase (perfect
crystallite). Now, let us assume the following:

® The lateral and transverse dimensions of the folded-
chain crystallite in bulk are much larger than the lamellar
thickness. This means that L, and L;z >> L;, which leads to
L1 = Lgclamena (folded crystal lamellar thickness), and o, =
Oste (crystallite specific surface free energy).

e Over the temperature range under consideration, the
crystallite parameters do not depend on temperature 7 and
lamellar thickness Lcjamelia-

Then Eq. B1 reduces to the following expression

2Ussfe :|
|- sl (B2)
|: AI—I?Lfclamella

28-30

T, =T°

m
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Equation B2 shows that T},, decreases as Lgamera decreases; the
converse is also true; and 7,,, — 731 as Lcjamelta — 00. Therefore,
an asymptotic relation holds between T}, and Lgcjameiia-

Now we shall show how to calculate the distributions of
lamellar thickness and chain fold length, using a typical
DSC endotherm. For this purpose, we assume that the rate
of heat flow, at a given temperature, is proportional to the
mass of a crystallite (having a lamellar thickness between
Lfclamella and Lfclamella + declamellas that has melted during
dT.*2° Accordingly, the melted crystallite mass fraction ¥;
at time #; and temperature 7; is given by

t+dt ( aH t dH

f (T] dl‘|,'+1 — ffo (T] dl‘|,‘
lo | dH
() ar

Note that all the integrals in Eq. B3 is automatically gener-
ated as a function of time and temperature by the software
of a standard computer-assisted DSC instrument.

%(1) = (B3)
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