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ABSTRACT: Recently we demonstrated that it is possible to obtain single chains forming single crystals, where
chains are adjacently re-entrant. It is feasible to melt these crystals, either by simple consecutive detachment of
chain stems from the crystalline substrate or by cluster melting, where several chain stems are involved. The
consecutive detachment of chain stems occurs at the melting point predicted from the Gibbsson equation,
whereas the cluster melting takes place at much higher temperatures. Melting by consecutive detachment of
chain stems from the crystal substrate and their diffusion in the melt ultimately results in a new melt state having

a heterogeneous distribution of physical entanglements. Because of differences in the transverse relaxation times
of the chains in the entangled and disentangled domains, solid-state NMR is the technique used to follow differences
in the molecular mobility of the two domains. In this paper, with the help of solid-state NMR, we follow the
mechanism involved in the development of the heterogeneous melt state. Observations are that the entangled and
disentangled domains are maintained at higher temperatures resulting into a thermodynamically nonequilibrium
melt state. On cooling, the heterogeneous melt influence of entanglements on the initial stages of crystallization
is followed. It is found that the disentangled chains segments crystallize faster than the entangled chains, which
is suggestive for the homogeneous nucleation to occur faster than the heterogeneous nucleation. Rheological
studies are performed to follow the influence of disentangled domains on crystallization. With the increasing
number of entanglements per unit chain, the time required for the onset of crystallization increases. In the sample
from the same batch having lesser number of entanglements per unit chain, the crystallization time can be reduced
by a decade.

Introduction domains. Synthesis with the highly active heterogeneous Zie-

In semicrystalline polymers crystalline regions are linked by 9l€r—Natta catalyst yields nascent (entangled) UHMRE,
amorphous domains. Depending on the crystallization condi- Which is less drawable in the solid state (7 times), indicating
tions, chain stifiness, and molecular weight, a chain may traverse the influence of the synthesis conditions on the topological chain
between crystals or fold back within the parent crystal. In this Structure in the amorphous region of the semicrystalline
paper, we investigate a well studied flexible polyman polymers.
ultrahigh molecular weight linear polyethylene of molar mass  The experimental observations are that the melting temper-
greater than 10g/mol (UHMW—PE). Entanglements present atures of the solution, nascent (i.e., directly obtained from
in the amorphous phase influence mechanical deformation of synthesis), and melt-crystallized samples of the same polymer
the polymer in the solid state, which show a strong dependenceare distinctly different. For example, on heating at®GJmin,
on the synthesis conditios? nascent UHMW-PE melts around 14%C, close to the reported

Entanglements in the amorphous region can be also controlledequilibrium melting temperature for polyethylene of 141G
by crystallizing the polymer from solution. Below a critical Such high melting temperature has been a subject of debate.
initial concentration, the entanglements within the amorphous Using electron microscopy and DSC, Engélen al. conclu-
phase of the resulting material are reduced to such an extentsively showed that the nascent crystals are folded chain crystals.
that the solution cast films can be drawn for more than 150 Thus, the high melting temperature was attributed to fast
times in the solid statéRecently, we demonstrated that careful reorganization leading to successive thickening prior to melting.
synthesis with a single site catalyst produces PE with a single However, no experimental evidence of successive thickening
chain forming a single crystal. These crystals can be drawn in was provided. On the contrary Kurelec et al. showed that even
the solid state more than 150 tim&Ehe solid-state drawability  on annealing close to the melting point for several hours these
is lost once the materials are molten and crystallized subse-nascent crystals do not exceed a value of 26#fihe melting
quently. This loss in drawability is attributed to the formation temperature predicted from the GibbBhomson equation for
of entanglements in the amorphous region of the semicrystalline polyethylené [T, = 414.2— 259.71] for a lamellae thickness
polymer, influencing the chain topology between the crystalline of 26 nm is 131°C .2 Furthermore, the high melting temperature

of 141 °C is lost on the second heating, where a melting
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maximum of 25 nni? The melting temperature predicted from
the Gibbs-Thomson equation for a lamellae thickness of 25 nm 7 Regionl Region I
is also approximately 13IC, 5°C lower than the experimentally T>135°C T<135°C
observed melting point of 138. Furthermore, the high melting

temperature of 138C is lost on the second heating, where a 3
melting temperature of 131C is measured.

The melting aspects involved in nascent, melt-crystallized,
and solution-crystallized polymers cannot be explained by E
existing thermodynamic concepts alone. In a recent publication,
we correlated the time and temperature required for melting to
the chain topology in the amorphous phéaselo recall, E
depending on the temperature, it is feasible to melt crystals
having disentangled amorphous regions by simple consecutivey
detachment of chain stems from the crystalline substrate (region
Il'in Figure 1a) or by cluster melting where several chain stems
are involved (region | in Figure 1a). The temperature at which
melting occurs via consecutive detachment of chain stems satisfy
the Gibbs-Thomson equation, whereas the cluster melting
involving several chain stems occurs at a much higher temper-
ature for the predicted crystal thickness.

The two different mechanisms involved in the crystal melting
have implications on the melt statézor example, melting by
the consecutive detachment of chain stems from the crystal A v (Region II)
substrate and their diffusion in the melt ultimately result in a B \ slow melting
new melt state, having a heterogeneous distribution of physical
entanglements. (Figure 1b, described by slow melting). With
combined DSC, rheology, and solid-state NMR studies it is
shown that the disentangled domains present next to the
entangled domains possess higher local mobility than the
entangled domains, ultimately causing a lower elastic modulus.
The fraction of the entangled and disentangled domains is
maintained at higher temperatures, leading to a thermodynami-b
cally nonequilibrium melt state. A theoretical explanation for Figure 1. (a) Arrhenius plot of the melting of the nascent disentangled
the long-living character of the melt state is given in ref 12. On  UHMW —PE. The activation energies of the involved processes follow
the contrary, in cluster melting where several chain stems from the different slopes of the data-curves. Reproduced with permission

. ; ; from ref 11. Copyright 2006 American Physical Society. In the region
(initially disentangled) can simultaneously adopt the random I, below 135°C, the crystals can be melted by consecutive detachment

coil, entanglements that are formed get homogeneously distrib- ¢ single (slope a) or a few (slope b) chain stems from the crystal
uted in the melt (Figure 1b, described by fast melting). surface. In the region I, above 138, crystals are melted by random

In this paper we aim to probe the mechanism involved in clusters, where several chain stems are involved (b) Melting process
melting of the single chain forming single crystals by solid- ©f the disentangled nascent crystals during fast or slow heating.

f . . . Reproduced with permission from ref 3. Copyright 2005 Nature
state NMR. On melting via consecutive detachment of chain ppjishing Group. Upon fast heating (region | of Figure 1a) the chains

stems, the resultant heterogeneous melt, having differences ingre likely to get mixed, leading to a gradual increase in the storage
local chain mobility, which arises from differences in the modulus with the formation of entanglements, ultimately resulting into
distribution of chain entanglements within a chain’s contour, @ homogeneous distribution of the entanglements in the melt. On

. : : ; ; ; annealing below 135C, with the consecutive detachment of chain
provides a unique opportunity to investigate the influence of stems from the crystal substrate and their diffusion in the melt, a normal

entanglements on crystallization aspects. From solid-state NMR, gntangled amorphous phase is formed. On heating aboveQ,3%e
it is feasible to make a distinction in the local mobility of the remainder of the crystal melts creating a mobile amorphous phase. The
disentangled and entangled domains. Crystallization, which is two amorphous phases, mobile and normal, do not mix even above

a nucleation and growth process, when probed by solid-stateg?fef melting .ter?]pelratu:’e. Tt?:'s 'e?dﬁ to the Origi”h of a melt having
NMR will provide information on the differences in the ffferences In the local mobiiity of the two amorphous components.

o N . Entanglements are encircled.
crystallization kinetics of the disentangled and entangled
domains. On cluster melting of the single chain forming single molar mass of 4.5< 10° g/mol, polydispersity 8. The nascent
crystals, the elastic modulus probed by the rheometry increasedlisentangled grade is synthesized at temperatures below the
in time with the entanglements formation. This provides samples dissolution temperature using a homogeneous metallocene catalyst,

(from the same synthesis batch) where the number of entanglehaving molar mass of 3.6 10° g/mol, polydispersity 3. The
ments can be varied. By use of these series of samples, thesamples used for the present studies are the same as those used for

. R . . i iexll
influence of entanglements on polymer crystallization will be N Previous studies:. .
investigated. Experimental Techniques. Rheometry Oscillatory shear mea-

surements in the linear visco-elastic region are performed using an
Experimental Section Advancn_ad Rheom_etrics Expansion System (ARES). Measurements
are carried out using the parallel plate geometry (8 mm diameter)
Materials. To correlate the melting behavior of UHMWPE to in nitrogen atmosphere. The elastic modulus is followed as a
the chain topology, two different samples are used. The nascentfunction of time at a constant frequency of 10 rad/s, and at a
grades differ in synthesis conditions and catalyst type. The nascentconstant strain of 0.5%. To follow the melting, the samples were
entangled sample is a commercial grade of Montell (1900CM) kept at constant temperature of 132 below the peak melting
synthesized with a heterogeneous Ziegldatta catalyst, having point of 141°C. Before measurements the samples are heated with

logt

1T 10° (K" '

homogeneous melt

(Region I)

heterogeneous melt
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1 °C/min from 120°C to 134°C. The pre-melting of the polymer

is used to achieve a good adhesion between the sample and the
plates. To monitor any slippage between the plates and the polymer,

an oscilloscope is attached to follow any changes in the applied
strain. To follow the crystallization kinetics, the samples were
cooled from the melt with C/min to the desired temperature.
During the measurement the temperature is kept constant

Solid StateH NMR. NMR experiments are carried out without
sample rotation on a Bruker DMX spectrometer operating ‘&t a
NMR frequency of 500 MHz and equipped with a special (7 mm
MAS) probe head that resists temperatures above °T50The
transverse relaxation time,Tis measured using a two pulse
sequence 90-7—18C°—r—aq with a variable time starting from
T = 2 us. The 90 pulse length was s and the repetition time
was 3 s, which proved long enough for quantitative measurements.
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Figure 2. T, relaxation time vs temperature of nascent entangled

The relaxation decay is characterized by 60 data points at properly UHMW —PE. TheT, relaxation time is determined using curve fitting
selected echo times. This pulse sequence is chosen because it offei§e *H NMR Hahn echo decays.

the possibility to both qualitatively as well as quantitatively analyze
relaxation of the amorphous and crystalline components. Temper-
ature calibration is carried out by monitoring peak separation in
theH NMR spectrum of glycol and the melting-inducéd NMR
line-narrowing of a series of compounds also employed as DSC
reference materialstH NMR spin—spin relaxation decays are
obtained from the total integral of the spectra after Fourier

transformation, phase- and baseline correction. The relaxation decay

is analyzed by a nonlinear least-square fitting. The relaxation times
are determined by fitting the relaxation data with a sum of two or
three exponentials. From the determined relaxation times below
the melting point appropriate-delay times are chosen for real-
time monitoring of theT, relaxation by 12 data points. In this way

it is possible to follow the changes in the sample with 5 min
intervals.

Results and Discussions

Melting in UHMW —PE Probed by Solid-State NMR.
Polymer!H NMR line shapes and spirspin (T2) relaxation
are strongly affected by rotational chain motions at time scales
<1073 s. The more restricted the motion, the broader is the
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Figure 3. T, relaxation time vs temperature of the nascent disentangled

UHMW —PE. TheT; relaxation time is determined using curve fitting
the'H NMR Hahn echo decays.

phase is confined by the crystalline domains. The resulting melt
state is described by a singdle relaxation time of~1 ms. This
value of 1 ms is equal to the generally obsernied/alue for

resonance and the faster the relaxation decay of the so-callecholyethylene with molecular masses greater thanx 210P

Hahn-echo produced by a 99r—180°—1 pulse sequence vs
the echo time 2 Spin—spin relaxation is a better measure for

g/mol 1920
Using similar heating protocol a thir®, component seems

polymer chain motion than the line shape, because the latter isto show up in the Hahn-echo decays of the nascent disentangled
also broadened by other mechanisms, which are eliminated Insamp|e (Figure 3) This component appears in addition to the

the Hahn-echo experimeAt! NMR T, relaxometry is therefore

crystalline and amorphous, components also found for the

aregular tool to determine entanglement- and cross-link density nascent entangled UHMWPE. The shorf; attributed to the

in rubberd®~1¢ and polymers melt¥18t T >> T, chain
mobility at time scales<1072 s is controlled by chemical cross-
link's and physical entanglements with lifetime403 s. The
underlying assumption is that polymer motions are divided into
fast and slow polymer motions at the £Gs time scale without
significant intermediate fraction. To distinguish between the

crystalline phase and the lorig attributed to the amorphous
phase of the disentangled nascent sample are similar td;the
relaxation times determined for the crystalline and the amor-
phous phases of the nascent entangled sample. The value of
this third T, component is about-23 times longer than that of

the amorphous phase. Because of its [dpgalue, we attribute

crystalline and amorphous phases of nascent entangled andhe third T, component to a morenobile type of amorphous

nascent disentangled UHMWPE, the relatively robust and
quantitative Hahn-echo method as a tool is applied.

IH NMR Hahn echo decays are monitored at a constant

phase to be distinguished from tihhermal amorphous phase
observed for the entangled and nascent disentangled UHMW
PE.

temperature (Figure 2 and Figure 3). Between the experiments Quantitative determination of the nascent disentangled sample
at different temperatures, the sample is heated at a rate of 0.1is shown in Figure 4. The crystalline fraction (shortdst

°C/min. Below the onset of melting temperature, the observed
Hahn-echo decays of the nascent entangled UHMRE sample

are well described in terms of two exponential components
(Figure 2). The fastest component has a fairly temperature-
independent shoifi, value~10us and disappears above 14D

This fast relaxation time is assigned to the rigid, crystalline
phase. Above 12CC, the long T, relaxation time of the
amorphous fraction increases strongly with temperature. The
steepest increase occurs around the melting ggint140°C.
Apparently, belowTl, chain motion in the entangled amorphous

component) of approximately 72% determined from the Hahn-
echo decay at 128C is consistent with the crystallinity of the
sample estimated from DSC. As the crystallinity decreases with
increasing temperature from 130 to 13T, the normal
amorphous fraction increases (Figure 4). When the temperature
is increased further above 13T, with the disappearance of
the crystalline phase, a simultaneous increase in the mobde
amorphous phase occurs.

To recall, melting at the low temperatures (with 0Q/min
from 130 to 137°C, region Il in Figure 1a) is associated with
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Figure 4. Quantitative changes in the relative fractions of the b) 10°
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the nascent disentangled UHMYPE sample with temperature as
probed from the hahn echo pulse program.
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the successive detachment and diffusion of a few crystal stems3
from the crystal surface (Figure 1b described for slow melting). >,
The increase of the normal amorphous fraction suggests that 10”3
the polymer chain stems that are molten by the successive
detachment are able to entangle with the surrounding amorphous

Inten:

phase. When the temperature is increased further with the 1077 o 20
melting of the remainder of the disentangled crystalline fraction Relaxation time (ms) T e
(approximately 40%) a highlynobile amorphous component,

. - . Figure 5. NMR line shapes and; relaxation curves of fast (18C/

of the same fractiorevolves. The amount of the highfyobile min, filled squares) and slow (0.1C/min, unfilled square) heated
amorphous fraction as well as thermal amorphous fraction UHMW —PE melts of the initially entangled and disentangled nascent
remains almost constant on increasing temperature. This sugé?&%‘%% Eéfgﬂgnv‘irgﬁyaa‘fegﬁ;fgrrrgédda;pﬁ%“gﬁgz ?r]: %g‘;;gtxa;%ﬁd
gests a barrier for the m,'xmg of the two amorphousl-phases. behavior, whereas significant slow&s relaxation is observed for the
From the NMR studies it can be concluded that since the sjow heated nascent disentangled melt, indicating a higher local
polyethylene chains are chemically uniform. Upon slow melting molecular mobility for fractions of the melt. The dynamic heterogeneity
of the disentangled nascent crystals, the presence of the twoof the slow heated disentangled nascent sample can be monitored as
amorphous fractions with two different mobilities above 240 well via variation of the line width in th@,-filtered spectra. (10 ms is

ill arise f the “het " distributi f ent | the appliedT, relaxation filter time.) It can be seen that the slowly
will-arise Trom the “neterogeneous distribution of entangle-  peated nascent disentangled sample show a sharp peak compared fast

ments. heated sample. The nascent entangled grade does not show a difference
Onfastheating (10C/min, cluster melting depicted in region  between fast and slow heating.

| of Figure 1a and shown schematically in Figure 1b) of the

nascent disentangled sample to its melt state, (see Figure 5alisentangled UHMWPE sample is given more time to melt
spin relaxation occurs much faster compared to the same(slow heating, region Il in Figure 1a), the crystals are molten
disentangled sample when heated slowly to the melt. From thefirst from the sides (chain ends, slow melting depicted in Figure
figure it is also evident that in contrast to tisbowly heated 1b) before the complete breakdown of the crystal lattice occurs.
sample in thefast heated sample thenobile amorphous The resulting melt state contains a heterogeneous distribution
component is absent and thus Therelaxation can be described  of chain entanglements. The heterogeneous melt state exhibits

with a single relaxation time. Th&,-relaxation at 150°C interesting rheological phenomena as summarized in ref 3 and
determined for the entangled nascent sample, shown in Figurealso summarized later in this manuscript.
5b, is independent of heating rate. Using the differépt Melt Mechanism. To attribute the structural changes on

relaxation time as a filter, thereby suppressing the less-mobile melting as depicted by the solid-state NMR, here we recall that
fractions of the melt, we observe significant differences in the melting depicted by DS& in region Il of Figure 1a occurs via
peak width of the NMR spectrum of the two melt states arising detachment of single chain stems on the side surface of a crystal.
with different heating rates from the initially nascent disen- When the results from DSC and solid-state NMR are combined,
tangled sample. The narrower peak of the slowly heated meltthe earlier proposed hypothesifor the melt mechanism
indicates a higher local mobility in part of the sample. Whereas involved in melting of the nascent disentangled UHMWRE
the To-filtered peak width of the initially entangled sample is can be further strengthened. Figure 1b depicts the slow melting
independent of the heating rate (Figure 5b). The observed peakof the nascent disentangled crystals. The adjacently re-entrant
width is similar to the fast heated disentangled melt, Figure 5a. chains melt by consecutive detachment of chain segments equal
In fact, an increase iif; filter time leads to suppression of the to the crystal thickness (from the crystal sides) from the crystal
rigid fractions of the sample and decreasing peak width in the lattice (AA" and BB in Figure 1b). The initially disentangled
slow heated disentangled melts, strengthening the idea ofchains will form entanglements by reptation (circles) and will
heterogeneity in the local mobility. result in aT, relaxation time (up to 1 ms) equivalent to a normal
These dynamic NMR results suggest that upon fast melting, entangled melt. When the whole crystal is melted at higher
associated with melting in clusters of 8 polymer chain stems,  temperatures, the section AB in Figure 1b, will transform from
the chains are homogenously distributed in the melt, resulting a disentangled crystal to a disentangled amorphous phase (as
in a homogeneous distribution of entanglements. If the nascentwas shown in the NMR experiments). Because of the absence



1008 Lippits et al. Macromolecules, Vol. 40, No. 4, 2007

10 10°
112

© ~

28 ° —_

g Entangled nascent ° )

© - 102 <

o < z

£10°1 £ E ‘

= 8 :

> e ) b Crystal : Amorphous
Disentangled nascent Phase Angle —- 1 region region
0 10000 20000 30000 40000 1075 20 40 60 80 100
Time (s) (a) Time (us)
Figure 6. Elastic modulus of the entangled and disentangled nascent
UHMW—PE as a function of time at a fixed frequency of 10 rad/s, | Entangled :Disentangled
strain (0.5%), and temperature 133. The phase angle plotted in the ! amorphous: amorphous
figure is from the annealing experiment of the disentangled sample. 10° iregion ' region
of physical entanglements, the disentangled component of the
amorphous fraction can be described by a higlalue (up to
2.5 ms) referring to the higher local mobility. Thus, depending ~10™4
on the melting via consecutive detachment of chain stems 3
(region I, Figure 1a) or cluster melting (region I, Figure 1a), >
chain dynamics in the resultant melt state of the nascent 2
disentangled crystals can be altered. Detailed study on the 210'2—
influence of heating rate on chain dynamics is reported
elsewheré. |
Contrary to the slow melting, a complete collapse of the 10° | ;

crystal lattice occurs upon fast melting. This causes an instant 0 500 1000 1500 2000 2500 3000 3500 4000
free movement of the chain ends in the melt, ultimately forming (b) Time (us)
homogeneous distribution of entanglements (Figure 1b). Figure 7. T, decay curve obtained using a Hahn-echo pulse program

In the nascent entangled samples, physical entanglementsiuring isothermal crystallization at 12C. The sar.npleowas.cooled
present in the amorphous phase of the semicrystalline polymerfrom the heterogeneous melt state at 160 to A2With 1 °C/min. In

. . . the figure, two distinct slopes can be seen, a steep slope from 0 to 32
restrict the consecutive detachment of chains. Therefore, theﬂS (a), related to the crystalline phase, and-8200s related to the

low activation energy component (a) in Figure 1a is absent. amorphous phases. A closer look of tie — relaxation in the
Thus, on melting, independent of the heating rate, entanglementsamorphous phase (b) shows the presence of two slopes in the tegion
present in the amorphous phase get homogeneously distributed™ 0 tot = 6500 s. The two slopes arise from the differences in the
along the main chain. mobility of the disentangled and entangled amorphous phases.

Differences in the melting process of the entangled and

disentangled nascent polymers can be also be probed byFigure 6, the increase in platea_lu modulus o_f the di_sentangled
rheometry. The melting process can be followed by keeping nascent polymer after 15000 s is due to the increasing number

the entangled and disentangled samples at a constant annealing €ntanglements.

temperature of 134C. The elastic modulus is followed as a Role of Chain Entanglements in Crystallization: Homo-
function of time at a constant strain of 0.5% (inside the visco- geneous vs Heterogeneous Nucleatiofhe heterogeneous melt
elastic linear regime) and frequency of 10 rad/s (inside the state obtained on slow melting, constitutes entangled and
rubbery plateau modulus time frame). When the disentangled disentangled domains, providing an opportunity to investigate
and entangled nascent samples are annealed, the phase angilee influence of entanglements on polymer crystallization
decreases with time, Figure 6. This decrease in phase angle andarticular, the nucleation process, which has been a subject of
the modulus is attributed to melting of the crystals. Distinction dispute. It has been often debated that nucleation occurs via
between the modulus of the entangled and disentangled poly-chain disentanglement from the entangled melt or via clustering
mers is evident. When the nascent entangled sample melts, th@f the disentangled domains pushing the entanglements within
elastic modulus decreases to 2 MPa, corresponding to the plateathe amorphous regiott. As stated earlier solid-state NMR is
modulus of the fully entangled melt state, whereas the disen- an experimental tool capable of making a distinction in the local
tangled sample shows an initial drop in the modulus to 0.6 MPa mobilities of the disentangled and entangled domains. Differ-
followed by an increase with time. These rheological differences ences in the local mobility are apparent from the two different
originating from the melting behavior of the nascent entangled relaxation times for the two amorphous domains, as shown in
and nascent disentangled UHMVPE are in agreement with ~ Figure 3. Thus, by following the crystallization aspects of the
the differences observed on crystal melting by solid-state NMR. two domains at a fixed temperature, it can be feasible to probe
We recall that as the entangled nascent sample metts;raal the nucleation process at the molecular length scale.

melt state arises, which is entangled. Whereas on slow melting Figure 7 shows th&, relaxation of the heterogeneous melt
of the disentangled nascent samplej@bilemelt state together  during crystallization at 127C, recorded at an interval of 5
with a normal melt state is realized. The presence of this mobile min. Compared to the amorphous phases having The
melt state causes a lower plateau modulus than that anticipatedelaxation times in the order of 1 ms, tfigrelaxation time for
from the normal melt state. Hence we can designate the originthe crystal phase is 2 decades faster, in the order of microsec-
of the mobile component in the melt to be disentangled. In onds. Consequence to the two very different relaxation times,
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Figure 8. Quantitative determination of the three components (crystal- Figure 9. Buildup of complex modulus with time during isothermal
line, entangled and disentangled amorphous), during isothermal crystal-Crystallization is recorded at 12& and 10 rad/s. Samples of the nascent

lization at 127°C. The quantitative determination is obtained by curve disentangled UHMW-PE were fast molten and left in the melt for (a)
fitting the T,-relaxtion curve presented in Figure 7. 1, (b) 10, (c) 45, and (d) 100 min. The onset in modulus refers to the

onset in crystallization. The inset shows the buildup of plateau modulus

: P ; : of the fast molten sample at 18C with time. Points a, b, ¢, and d in
the T relaxation curve shows two distinct slopes as is evident the inset refer to different plateau modulus obtained on leaving the

from Figure 7a. The slope in the region of echo times 682 samples for different times.

us is attributed to the crystal phase and the slope in the region

greater than 3%s to the two amorphous phases. The large intramolecular nucleation have been performed by Hu ét al.
differences inTy-relaxation times of the crystalline and the From their studies, the authors concluded that the intramolecular
amorphous phases facilitate quantitative determination of the nucleation in a single homopolymer chain is independent of
crystalline fraction. This is obtained by curve fitting the- chain length and crystallization proceeds via homogeneous
relaxation data in the region oFL00us. From the Figure 7b,  nucleation.

it is to be noted that the slope of the amorphous region, from To investigate the influence of entanglements on crystalliza-
= 0 s tot = 6500 s, does not change, while the crystalline tion, we follow the onset of crystallization with the increasing
component increases. Thus, on curve fitting the amorphousamount of entanglements using rheometry. On fast melting
fraction in the region of 32s to 4 ms echo times, it is observed (region I, Figure 1) of the nascent disentangled crystals, with
that the qualitatively determin€l} relaxation times of the both  the formation of entanglements, as the molar mass between the
amorphous phases remain nearly unchanged up to a crystallinityentanglements decreases, the elastic modulus increases. The inset
of approximately 45% (at = 6500 s). Since th&,-relaxation in Figure 9 depicts an increase in the storage modulus for linear
times of the two amorphous phases are almost constant, thepolyethylene having a molar mass of 3610 g/mol with a
relative fraction of the two amorphous phases can be determinedpolydispersity of 3.0. The time required for the modulus to reach
by curve fitting theT,-relaxation data in the region of 3% to the thermodynamically equilibrium state at 18C is ap-

4 ms echo times. proximately 10 s.

Figure 8 shows changes in the fraction of the crystalline and  Experimentally, the onset of isothermal crystallization can
the amorphous (entangled and disentangled) components durindpe monitored by measuring the dynamic modulus as a function
isothermal crystallization at 127C. Arrows in Figure 8 of time at a constant strain and fixed frequency, where a strong
correspond to the onset of the decrease in the fraction of theincrease in modulus indicates the onset of crystallization. Figure
two amorphous phases and the increase in the crystalline9 shows that nascent disentangled crystals, heated fast £€180
fraction. It is to be noted that the decrease in the fraction of the and left for 1 min before being cooled to an isothermal
mobile disentangled amorphous component occurs much earliercrystallization temperature of 128, show an onset in the
than the entangled amorphous component. With the decreaséuildup of modulus after approximately 250 s (cuai@ Figure
in the fraction of the disentangled amorphous component, a9). When a sample of the same grade is heated to°C8&nd
simultaneous increase in the fraction of the crystalline compo- left in melt at 180°C for 10 (curveb), 45 (curvec), and 100
nent occurs. This is suggestive for the earlier onset of the (curved) min, respectively, the onset of the modulus increase
crystallization of the disentangled amorphous component com- shifts to longer times. Differences in the onset of crystallization
pared to the entangled amorphous component. The role oftime can be as large as an order of magnitude. The shift in
entanglements in the nucleation process becomes more evidenplateau modulus to higher values on going from cuave d
by the rate at which the disentangled mobile fraction decreasesshow an increase in the number of entanglements per chain with
relative to the entangled fractietio quote for the given time  increasing residence time of the sample in melt. From here it is
while the entangled amorphous component decreases by apeoncluded that with the increasing number of entanglements
proximately 10%, the disentangled fraction of approximately per chain the time required for the onset of crystallization
40% crystallizes completely. These studies clearly demonstrateincreases.
the overriding influence of the homogeneous nucleation over As the disentangled nascent crystals in the region Il of Figure
the heterogeneous nucleation, provided that the chains are inla melt, a heterogeneous melt is evolved having disentangled
the disentangled state. Homogeneous nucleation in the disenand entangled domains. To recall, NMR studies performed on
tangled region followed by the crystal growth provides the the heterogeneous melt show crystallization of the disentangled
possibility of crystalline disentangled domains in the solid state, domains much earlier than the entangled domains. To further
likely to arise from intramolecular crystallization. The presence investigate the influence of disentangled regions in crystalliza-
of disentangled crystalline domains is realized by the easy tion of the polymer a rheological study on the heterogeneous
deformation of the semicrystalline polymer in the solid state, melt is performed. Figure 10 shows the influence on crystal-
as described in Figure 6 of ref 3. Theoretical studies on lization of the heterogeneous and homogeneous entangled melt
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that with the increasing number of entanglements the onset of
crystallization shifts to longer times for a crystallization
temperature.
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