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ABSTRACT: Primary nucleation behavior of isotactic poly(styrene) was studied in a wide range of crystallization
temperaturesTy), times, and melt temperatureg), Samples were melted at several melt temperatdigsrém

225 to 250°C (or vice versa) and then isothermally crystallized. Time dependence on the nucleation behavior
showed a sigmoidal curve with an induction timg)( The spherulites sporadically appeared (the steady state of
nucleation,l) until they reached a limiting number of nuclei (the saturated nucleation deNgjtyThe number

of nuclei reached saturation much earlier than the induction tigg)(in the overall crystallizationNs was not
associated with impingement of spherulites, since about 90% of the melt region remained. It was found that there
was a critical spherulite size, in which induced nucleation sites began to appear within the outline of the original
spherulite in the subsequent crystallization. When the crystallization was stopped before reaching the critical
spherulite size, there was no melt temperature dependence on the nucleation behavior. On the other hand, when
spherulites were grown beyond the critical spherulite size, a large number of small spherulites (granular structure)
appeared within the outline of the original spherulite in the subsequent crystallization. The number of additional
nucleation sites increased with an increase in the original spherulite size, and the increment of nucleation sites
decreased with an increaseTh These granular structures could be due to insufficient melting of the crystal
structure in the original spherulite, which will induce nucleation sites as a self-seeding effect upon subsequent
crystallization.Ns increased by a factor of several thousand with a decrea3e fiom 250 to 225°C. The
crystallization temperature dependence on the nucleation rate has a bell-shaped curve with a maximum nucleation
rate (max at Timax). BOth Inax and Timax decreased with an increasehup to about 240C and then remained
constant valuedax is a function of nucleation sites and is expressed by a power |aMPSf The nucleation

density was found to be a function of the amount ph8lix composed with 5 monomeric units remaining in the

melt.

Introduction Self-seeding effects are often observed during crystallization

Crystallization behaviors of polymeric materials are charac- ©f polymeric materials. There are two types of self-seeding
terized by primary nucleation and Crysta| growth rates. There effects. One is a CryStaI fragment after insufficient meltlng ofa
are two types of primary nucleation: homogeneous and samplé~10 constructing a molecular cluster or embryo in the
heterogeneous nucleation. Homogeneous nucleation can panelt. The other is related to an effect of flow fields, orienting,
defined by spontaneous aggregation of polymer molecules toand deforming polymer molecules in the molten stété?
form a three-dimensional nucleus, which must be above a certainMemory effects have been studied as a function of many
critical size below the melting point. Above this size, the experimental conditions, such as heating rate, melt temperature,
nucleation occurs sporadically. In heterogeneous nucleation,holding time, and others. Such thermal histories in polymeric
nucleation sites preeexist in a sample and are activatedmaterials dominate the nucleation behavior. For example, the
instantaneously or sporadically with an induction time. These melt temperature plays an important role in determining overall
sites can be related to impurities in a bulk sample, a substratecrystallization rate. The overall crystallization rate increases with
surface, and some crystal fragments in the melt. When a polymerthe rise in the residual nuclei or in the initial degree of
is melted at temperatures below (partial melting) or above crystallinity 16 Various experimental conditions as noted above
(complete melting) the end of DSC melting curve, the number often produce nucleation data that are widely dispersed and not
of nuclei changes drastically and strongly depends on the reproducible. However, reproducible results can be obtained
previous temperature of melting. Even above the melting point, when experimental conditions are controlled in a rigorous
if the melt temperature or its holding time is insufficient, manner?
remnants of the previous structure (residual crystal) can act as
predetermined nucleation sites upon subsequent cobiifg.
Such a phenomenon is referred to as self-nucleation or memory
effect. When a polymer is melted at a sufficiently high

Most previous works have studied overall crystallization
measured by dilatometry, DSC, X-ray, IR, and many other
methods. The overall crystallization rate is a function of

temperature for a long time, all memory of the previous linear crystal growth rate and primary nucleation rate. In

crystalline structure can be removed. Such temperatures are?'der 1o clarify the nucleation mechanism details, direct
usually higher than the equilibrium melting point. observation of nucleation is required. In this present paper,
we independently measured primary nucleation and crystal

*To whom correspondence should be addressed. E-mail: okui.n.aa@ growth rate over a wide range of temperatures, times, and melt
m.titech.ac.jp. temperatures.
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' Troom Figure 2. Time dependence on the number of nuclei crystallized at
160 °C from the melt at 250C. The arrow indicates where the melt
time region remains about 90%, and the optical micrograph image of small
spherulites was takef.denotes the time at which the number of nuclei

Figure 1. Schematic diagram of the thermal history used during g saturated, and, denotes the induction time.
isothermal crystallization &ft; for a period of timet;. from molten state '

of Ty under optical microscope. Isothermal crystallization was performed . . . . .
by repeatedly changing melt temperatufg from higher to lower (or dependence of the nucleation behavior starts with an induction
from lower to higher). time (o), after which small spherulites appear sporadically. The
number of the spherulites increases with time until it reaches a
limiting number. The limiting number (saturated nucleation
Isotactic poly(styrene) (i-PSMy = 17 800,M, = 10 600,My/ density,Ng) remained yn_changed until the Qnd of crystallization.
M, = 1.68, tacticity: 96%) was supplied by Idemitsu Kosan Co., Crystal nuclei are difficult to observe directly by common
Ltd. The sample was melted between two cover glass plates with €xperimental methods because they are very small. Therefore,
a 20um thick spacer on a hot stage. To erase any previous thermalsmall spherulites are assumed to start at active individual sites,
history, the sample was initially melted at 280, which is higher and they are only observed after a certain induction time,
than the equilibrium melting poinf,® = 242°C). The equilibrium  whereas the aggregation of polymer molecules is reversible up
melting temperature was determined by the Hoffmiveeks  to a critical size. Beyond that time, a nucleus with a size greater
extrapolation. DSC melting curve for i-PS crystallized at 200 nan the critical size grows steadily, and the number of nuclei

Experiments

i 7 . . A X
TgraSISpﬁiﬂi%gﬁ%ﬁf&?ﬁ;ggrﬁgFlesveégzﬁIt(glfgfrtg%(i:ﬁre\"tez'everal increases linearly with time. Therefore, nucleation rate was
different melt (fusion) temperature$;{ between 225 and 25TC. estimated by_ the number of nuclei per gnlt volume vs time.

Here, the unit volume used was the initial volume under the

The thermal history of crystallization from the melt is schematically

shown in Figure 1. For example, the sample was melte@,at  OPtical microscope to determine a nominal nucleation rate. In

(above T,,°) for 5 min, then cooled to a given crystallization ~Practice, the volume of the noncrystalline domain decreases as
temperature &t at a cooling rate of 30C/min, and subsequently ~ crystallization proceeds, and the real nucleation rate must be
crystallized atT, for a certain period of timetf. After the adjusted for actual residual volume. The real nucleation rate,
crystallization time ot., the sample was heated at 30/min to a once corrected, coincided with the nominal nucleation rate
melt temperature ofy, that was below the previous temperature ithin experimental error, since the residual region was large
of melting (decreasingy) and held there for 5 min. The sample  anoygh. However, the real nucleation rate will diverse from the
‘c’)"fa:T'_ tgﬁg %%Cl’(;e?htec;eﬂ}irsgrgzrliogg"t'ﬁes g}y_?_ﬁ!'zc"’:ggtr‘altl‘iez”;ﬁg;at“renominal nucleation rate as the residual melt region becomes
proccess was performed repeatedly, changing the melt temperaturesma”' Thejrefo.re, only the nominal nucleation rat i
from higher to lowerT; (or from lower to higherT;), as shown in employe_d n _th's paper. . . . .
Figure 1. Nucleation rate was measured on a Linkam LK-600FTIR ~ Induction time ¢o) is the period of time to achieve critical
temperature-controlled apparatus of under an Olympus BH-2 optical Nucleus formation and is often employed as the primary
microscope (OM) equipped with a Pixel 600ES-CU CCD camera. nucleation rate, since the nucleation rate is proportional to the
The nucleation rate was estimated by counting the number of inverse of the induction tim&. The total number of nuclei is
spherulites appearing sporadically as a function of time, and their limited to a constant valueNg) before the crystallization is
numbers were normalized by the measured area under OM and thezompleted. Saturated nucleation behavior has been found for
speumt_en’s thlpkness. Linear qrystal grlowth rate was measurgd bymany polymerd:57:172L |t is interesting to note that the saturated
e o AB (o ety o 15 proporional 0 he product o and . I

fact, the product ofzg is a constant based on the nucleation

rate of 5°C/min. Infrared spectra of the samples were measured h . .
b P theory reported by Frist.However, the details in the saturation

by a transmission method using a Jasco FT-IR 7000 Fourier | . i
transform IR system equipped with Metler HP-80 hot stage in a number have not been discussed yet. The residual melt region

dry nitrogen atmosphere. For in-situ IR measurements, the sampleat the position indicated by the arrow in Figure 2 is still about
was heated immediately after crystallization at 260for 8 h. The 90%, and the time at this position is denotedsa$he limiting

spectra were recorded at°& intervals at a heating rate of °Z/ values are not associated with a reduction in the space available
min from 160 to 260°C. for nucleation, such as impingement among spherulites. In i-PS,
. . the primary nucleation rate is much faster than the crystal growth
Results and Discussion rate, which results in many small spherulitésn contrast, for
Temperature Dependence of Primary Nucleation without poly(ethylene oxide) (PEO) the primary nucleation rate is much
Self-Seeding EffectThe sample was melted at 230 (Tr;) in slower than the crystal growth rate, yielding fewer but larger

order to erase the previous thermal history, and then it was spherulites.? Therefore, i-PS is an ideal polymer to study the
cooled to 160C (T¢) under the crystallization process, as shown primary nucleation mechanism.

in Figure 1. Figure 2 shows the time dependence on the number When the sample was crystallized at 6D(T.) for a certain

of spherulites crystallized under the above conditions. The time period of time {;) from the melt at 250C (Ty), the crystal-
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for curve fitting based on eq 1. It is clear that both expressions
can sulfficiently fit the data. In this report, discussions involving
the molecular transport term use values derived from the
Arrhenius curve fitting.

Temperature Dependence of Nucleation Rate with Self-
Seeding Effect Any memory from previous crystallizations
were effectively removed at 25 (Tr;). The spherulite size
was controlled as a function of crystallization tinte; @t Tc),
and then the crystallization was stopped. Figure 4 shows
spherulites grown at that tim&4). Subsequently, the crystallized
T. (°C) sample was melted at 23C (Tr) for 5 min according to the

Figure 3. Temperature dependence on the nucleation rate for type A: crystallization pro_ces§ shown in F'_gl,”e 1 Herg, the size-
partial crystallization with spherulite growth stopped below the critical controlled spherulite is called the original spherulite, and the
size, from the melt at three different temperatures as indicated in the sample crystallized under these conditions is defined as type

quhre- _50”? all_ﬂc;i) bfoge\;lvme?breﬁfeiem curve fitting baseddo? e‘zhl- B: partial crystallization as a function of spherulite size. When

rrhenius (solid) an roken) expressions are used for the - :

molecular transport term in eq 1. the sample is crystallized at 16C from the melt at 230C
(Tr2), a large number of small spherulites (granular structure)

lization was stopped immediately after the spherulites grew up fappeared within the outline of the original spherulite, as seen

to a few microns in size. Subsequently, the sample was melted!” Figure 4b. Such granular structures have been observed before
at 230°C (Ty2) for 5 min and then crystallized again at the same N Many polymers:32526 These small spherulites could be
crystallization temperature (16T) according to the crystal- caused .by insufficient mglt'lng of crystal structure in the quglnal
lization process shown in Figure 1. The sample crystallized after SPherulite. These surviving crystal structures will induce
the above procedure is defined as type A: partial crystallization Nucleation sites as a self-seeding effect upon subsequent
with spherulite growth stopped below a few microns in size. CI’ySFa”IZS.tIOI’]. Th(_e se_lf-seedmg effec_t caused by insufficient
The same number of spherulites appeared at the same placedN€lting of crystals is widely known and is often called a memory
This result indicates that nuclei for the spherulites are influenced ffect. The number of sites induced by self-nucleation is strongly
by the substrate surface. Here, the spherulites were not growndependent on the previous temperature of melting, its duration,
to a large size beforg, as indicated in Figure 2, because of the @nd the size of the original spherulite. It is interesting to point
slow crystal growth rate of i-PS. When the crystallization was ©Ut that the nucleation density seems to be somewhat higher at
stopped before the spherulites grew to a few microns in size the boundary of the original spherulite than in the interior of
from the molten state &, the nucleation rate and the saturated the original spherulite. There are likely several causes for the
nucleation density were not influenced Byabove 225°C. It above phenomenon, such as concentration of impurities and/or
has been reported that the duration time of melting is important Molecular fractionation at the boundary layer during crystal-
for nucleation rate at higher temperature regidri€ However, lization. In addition to those effects, there also might be thermal
the nucleation behaviors in this study were independent of the history that affects at the boundary layer during reheating and
melt time within the investigated range of times and tempera- crystallization. However, when the sample was completely
tures. Figure 3 shows the temperature dependence of thecrystallized, the nucleation density was nearly homogeneously
nucleation rate in the case of type A from the molten state for distributed. About 90% of the melt regions remained until the
three different melt temperatures. There is no melt temperatureNumber of nuclei reached saturation. These results indicate that
dependence, though a single, bell-shaped curve is observed. It is unnecessary to take the migration of impurities into account.
addition, the temperature dependence of the linear crystal growthlt can also be expected that the nucleation rate is higher at the
rate G) of i-PS was not influenced by the melt temperature Ccenter than at the boundary of the original spherulite, since the
(T7). rate increases with an increase in molecular weltjitherefore,
Sporadic nucleation rate is often expressed by the fo”owing the result in Figure 4 is not due to molecular fractionation. When
equation proposed by Turnbull and FisRer. the crystallization temperature is jumped to 1D from 190
°C for i-PS, lots of small spherulites appear at the boundary in
a concentric structuréThese results indicate that the thermal
history at the boundary will affect the nucleation in the
subsequent remelting and crystallization. The thermal history
rcan induce the lamella thickening at the boundary layer, which

—
T

1/100 (mm’s™")

100 150 200

| =1, exp[~AE/RT— AF/RT] 1)

where lp is assumed to be a constant without temperature
dependence but strongly depends on the number of nucleatio

sites and molecular weight.AE is the activation energy for
molecular transport procesAF is the work required to form a
nucleus of critical size. The first terrAE) and the second term

enhances the memory effect in the original spherulite. However,
the reasons for the concentric structure are not clear in detail.

Figure 5 shows the relationship between the original spherulite

(AF) in eq 1 have opposite temperature dependencies, therebysize and the number of small spherulites (additional induced

bringing about a maximum ifdmnax at Timax. Here, AF is
commonly expressed asF = KT ,°4/AT?, andK is expressed
asK = nowol/AHmW2, wheren is a mode of nucleatiom\H,, is
the heat of fusion, and. andos are the end- and lateral-surface
free energies, respectivelAT is the degree of supercooling
(Tm® — T), whereTy?° is the equilibrium melting temperature
andT is crystallization temperatur® is a gas constant. The

nucleation sites) within the original spherulite domain. The
number of additional nucleation sites increases with an increase
in the original spherulite size, and the increment of nucleation
sites (slope) decreases with an increase in the melt temperature
(Ty). A critical original spherulite sizeRy*) in which the new
induced nucleation sites began to appear was found. The critical
size of the original spherulite increases with increasing melt

transport term can be expressed in terms of either an Arrhenius-temperature, as shown in the inset of Figure 5. The critical size

type equation or a WLF-type equatiéf?* Solid (Arrhenius-
type) and broken (WLF-type) lines in Figure 3 are the results

can be estimated from the spherulite growth ra®), (the
induction time ¢o), and the transition timetd) at which the
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Figure 4. Optical micrographs of spherulites crystallized at 260for type B: partial crystallization as a function of spherulite size, from the melt
at 250°C (Ty) for a period of time ;) exceeding the critical spherulite size (a). The sample was subsequently melted°& @34 and then
crystallized at the same crystallization temperature of ABOMany small spherulites appeared within the outline of the original spherulites (b).
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Figure 5. Plots of the number of nuclei (type B) as a function of Figure 6. Relationship between saturated density of nudig) énd
volume of the original spherulite crystallized from the melt at three melt temperatureTf) for type A: partial crystallization below the critical
different temperaturesT() as indicated in the figure. The inset is for  sjze (triangle) and type C: full crystallization (circle) samples. Samples
the early stages of nucleation, adlenotes transition time at which  were crystallized at 160C changing the melt temperatur&)(from

additional nuclei begin to appear in the original spherulites. higher to lower (open circle) and from lower to higher (solid circle).
Table 1. Critical Spherulite Radius (um)?2 o e
T (OC) R*N R*c R*s ~ 6| O:mwc A
- A :236°C 4o\
225 2.6 24 1.9 e aznec 7\
228 4.8 4.8 5.8 g | mo
230 95 9.6 7.1 g Qimee ]
aRxy is estimated from the crossover point in Figuré&sg is calculated =
from the spherulite growth rat&}, induction time ¢g), and transition time T2
(to) from monospherulite to granular spheruli®*¢ = G(to — 70)), and —
R*s is estimated from the slope in Figure 5. .
0 = o

150
T. (°O)
shown in the inset of Figure 5. Values 6 7o, andty can be Figure 7. Crystallization temperaturel§) dependence of nucleation

additional nuclei begin to appear in the original spherulites. The 100

transition time increased with increasing melt temperature as
; At rate () for type C crystallized from the melt at various temperatures
obtained from the crystallization process. Thus, the calculated (Ts) as indicated in the figure. Solid lines represent the best curve fitting

Re* (= G(to — 70)) is consistent with the critical spherulite size 3564 on eq 1. The Arrhenius expression was used for the molecular
(Ry*) listed in Table 1. The mean distanc&®sf) between transport term.

nucleation sites within the outline of spherulites can be estimated
from the slope in Figure 5. It is interested to note that the saturation density for type A. The saturation density for type C
distance between the nucleation sites coincides with the diameteiincreases by a factor of several thousand with a decrease in the
of the critical spherulite listed in Table 1. A similar crystallinity —melt temperature from 250 to 22%&, whereas the saturation
effect has been found for nylon-6: the nucleation mechanism density for type A is a constant value. When the melt
changes from sporadic nucleation to instantaneous nucleationtemperature was increased from 225 to 260nearly identical
at about 15% degree of crystallinity. The overall crystallization results were observed, as shown in Figure 6. The change in
rate increases with a rise in the initial degree of crystalliffity.  saturation density from type A to type C strongly depended on
The original spherulites were grown at 180 from the melt the original spherulite size as in the case of type B. A larger
(Ty) until they impinged upon each other in order to completely spherulite size resulted in a larger value for the saturated nucleus
crystallize. The completely crystallized sample was melted at number until the original spherulites were impinged upon each
230 °C (Tt,) and then crystallized again at 18C. Here, the other. The additional sites are caused by insufficient melting
completely crystallized sample prepared under these conditionsof the original spherulite. Details about the nucleation sites in
is defined as type C: full crystallization. The measured saturatedthe melt will be discussed in a later section.
nucleation densityNs) for type C is plotted as a function of Figure 7 shows the temperature dependence on nucleation
melt temperatureTf) as shown in Figure 6 together with the rate as a function of the melt temperature for type C. The
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Figure 8. Plots of the maximum nucleation ratie.4y) (circle) and its Log (N,) (mm?)
temperature of {imax) (triangle) against the melt temperatui®) (for s
type C. Figure 10. Plots of the maximum nucleation ratk.{) (circle) and
the preexponential factoiof (triangle) in eq 1 against the saturated
40 100 nucleation densityNs) for type C.
E AE = of nucleation sites and can be expressed by a power law of the
= - saturation densitiNL. It is not possible at this stage to speculate
9 = s .
2 00 : X g on the nature of the power of 0.5.
2 e 60 The nucleation behavior discussed above gives a sigmoidal
curve with a sporadic appearance of nuclei and a limiting
R . 40 number of nuclei. Such limited nucleation sites originate from
230 235 240 245 250 insufficient melting of the original crystal structure, yielding
T, (O induced nucleation sites as a self-seeding effect upon the

Figure 9. Plots of the activation energy of the molecular transport subsequent crystallization. The self-seeding nucleation must be
(AE) (circle) and the nucleation factoK) (triangle) as a function of related to the distribution of the cluster sizes or embﬁ;?6§,

the melt temperatureTy) for type C. which are built up with crystal fragments from the insufficient
nucleation rate has a bell-shaped curve for each melt temperaturenelting of crystals. The cluster distribution could be associated
and increases with decreasing melt temperature. Solid lines inwith the saturated nucleation densitysl. On the basis of the
Figure 7 are the results for curve fitting based on eq 1. The 90% noncrystallized area, the cluster distribution might be
maximum nucleation ratel sy and temperatureT(nay) are related to a density fluctuation based on a nucleation exclusion
plotted against the melt temperatuiig){ as shown in Figure 8.  zone?® When exclusion zones overlap on the whole substrate
Both Imax and Timax decrease with increasingy up to about surface, the nucleation will stop and reach saturation density.
240 °C and then become constafimax is a function of the The zone might be associated with a density (or energy)
ratio of AE and K.?7 Figure 9 shows the melt temperature fluctuation at the active nucleation sites or a density fluctuation
dependence oAE andK estimated by curve fitting based on  of polymer molecules caused by diffusion and conformational
eq 1. Activation energy/AE) required for molecular transporta-  changes in the molten state. The active sites could be stable at
tion is nearly independent of the melt temperature. On the other eachT;, but the number of the active sites is strongly dependent
hand, the factor for primary nucleation enerd$) (ncreases on T;. In other words, thel; dependence olls indicates the
with increasing melt temperature. These results indicate thatsize/energy distribution of the actives sites in the melt. These
the nucleation sites are induced by traces of the crystal structureactive sites require an induction timep) to form the critical

in the melt as a self-seeding effect. Here, it can be assumednucleus size followed by sporadic appearance of the nuclei.
that the crystalline structures are not completely destroyed after Temperature Dependence of Helix Contentln order to
melting the spherulites, and they still retain some order from investigate the cluster structure in the molten state caused by
the crystalline states (clusters/embryos in an amorphous statansufficient melting of spherulite structures, temperature-de-
but not in a solid state) in the melt. On the basis of this type of pendent infrared spectroscopy was used to investigate type C
remnant from the crystal structure, the nucleation energy was crystallization at 16CC. In the infrared absorption spectrum
estimated from eq 1. When a primary nucleation is carried out for i-PS, there are several characteristic absorption 8fats
coherently on traces of crystal structure, it can be assumed that3;-helix conformations in the polymer chain, such a$8lices

the free surface energy on the lateral surfacg ill be composed of 5 monomeric units (5-helix) at 1083 ¢rand 10
changed, whereas the surface free energy for the chain-foldingmonomeric units (10-helix) at 1052 cth In addition to these
plane ¢¢) will not be changed. Thus, the estimated ratio for helix bands, a characteristic absorption band at 981'dm

the lateral surface free energy between the nucleation from theproportional to the degree of crystallinitid).2* The absorption
melt at 230°C and that at 250C (0s(230°cy/Ts(250°c)) is 0.84. In band at 1026 crt is used as an internal standard intensity band
other words, the estimated lateral surface free enargyfdr and is the characteristic band for a benzene ring in the polymer
the nucleation from the melt at 23@ decreased about 16% chain. Each absorption band was normalized by the peak height
from that at 250°C. Increasing the surface free energy of the characteristic absorption band at 1026 trithese spectra
(increasing irK) reduces the maximum crystallization temper- were measured in situ at temperature intervals 6fCsat a
ature imax). The small value ofis indicates that the order within  heating rate of 2°C/min. Figure 11 shows the IR spectra
the clusters and the amount of ordered clusters increased withmeasured at the indicated temperatures. Figure 12 shows the
decreasing melt temperature. Figure 10 shows the maximumtemperature dependence of the 5-helix, 10-helix, afQd
nucleation ratel{sy and the preeexponential factorlgfin eq normalized bands. In each of the characteristic bands, a small
1 as a function of the saturation densitys), Imax andlo show peak is observed at about 19C, and the band intensity

a similar dependence ds. In fact, there is close relationship  decreases at temperatures above°Z04lhe characteristic bands
betweenlmax andl.2” The ratio oflo/lmax Shows no molecular  for the 10-helix and the degree of crystallinity are constant at
weight dependenc®.ly andlyax are a function of the number  about 228°C. However, the characteristic band of the 5-helix



Macromolecules, Vol. 40, No. 17, 2007 Primary Nucleation of Isotactic Polystyrené301

1026cm’ 0.12
H i e 0.10 | .
o ///’f 230°C = °
S/ N = 0.08|
= //\/\/ 220°C °I
£ ) N = .
2 ) Aoz 006 |
2 ]
< \ e 0.04 :
-/ \_ e 0.04 008 012 016
| L L
5-Helix
950 1000 1050 1100 1150 . . . . .
1 Figure 14. Plot of the peak intensity at 1052 cfn(10-helix) against
Wavenumber (cm™) the peak intensity at 1083 crh(5-helix).

Figure 11. IR spectra for i-PS measured at the indicated temperatures
during the heating process. Prior to measuring the sample wasthe IR band at 1083 cm for 5-helix becomes constant at about
crystallized at 160C for 8 h. 240°C, which is higher than the end of the DSC melting curve.
02 Figure 14 shows plots of the 10-helix as a function of the
5-helix, fit with two straight lines. The intersection of these two
lines is consistent with the end of the melting peak. That is, the
3:1-helix composed of 5 monomeric units still remains even
above the melting point and can give rise to cluster formation
in the melt.

There are several publications about the temperature depen-
dence of these helices measured by34R’ For example,
0.0 ‘ Kimura et al. have reported that the peak heights efieix
150 200 250 bands increase sigmoidally as a function of crystallization time

Temp. (°C) for i-PS crystallized at 200C from the mel£* They have found

Figure 12. Change in i-PS peak intensities at 981 8niX.), 1052 that the induction timetgyey) in overall crystallization is about
cm*_l (10-he|ix),_ and 1083 cmt (5-helix) as a function temperature 50 min. Howeverzqver is much longer than that af, at which
during the heating process. nucleation is observed to be saturated in this present study as
shown in Figure 2. The crystallized region associated with the
total amount of nuclei at the saturated state is about 10% in the
| whole specimen. Such small crystallinity in the early stage of

L the nucleation will be difficult to detect by usual methods such
/ [_/ as dilatometry, DSC, X-ray, and other methods. However, the

||

|

5 Helix

0.1}

Absorbance (a.u.)

number of nuclei are much easier to observe using OM. The
early stage of the crystallization process in i-PS has been also
reported by Matsuba et &.Their data show annealing time
dependence of the-delix bands on the crystallization process
at 135°C from the glassy state. They have reported that
intensities for the helix bands increase sharply in the early stage

<—— Endotherm

Il
175 200 225 250

Temp. (°C) of crystallization (within 180 s) and then increase gradually.
Figure 13. DSC thermogram of i-PS crystallized at 160 for 8 h They have assumed that the gradual increase in the IR intensities
from the melt at 250C. continuing up to 70 min is associated with the induction period

of the crystallization and that after 70 min the crystal growth is
decreases in intensity as temperature increases, becominghe majority contributor in IR intensities. A similar result for
constant at about 24C. Figure 13 shows the DSC thermogram the induction time (about 60 min) has been found in i-PS
for the sample crystallized at 16@. An exothermic peak is  crystallized at 130C from the glassy stafé.The main increase
observed at about 194C, and this peak is caused by recrys- in IR intensity beyond 180 s is related to the crystallization
tallization of the sample during heating process. Two melting governed by the crystal growth rate. In fact, while the helix
endotherms are observed in the temperature range of 204 bands at 1052 and 1083 cfnare clearly distinguishable, the
228 °C. The lower melting point increased linearly with the crystallinity band at 981 cmi is less evident during the
crystallization temperature, and its slope (the Hoffmveeks induction time of the overall crystallizatioi:3” These discus-
plot3d was almost 0.5, yielding an equilibrium melting tem- sions give rise to a misunderstating in the time dependence of
perature of 242C, whereas the higher melting point was nearly the IR intensity, since the primary nucleation is finished before
independent of the crystallization temperature. The higher the large increase in helix bands in the overall crystallization.
melting peak can be explained by melting of lamellae rearranged Here, it was noticed that for i-PS the time tgfas indicated in
(thickening) during the DSC heating procé$€omparing the Figure 2 is much shorter than induction timeg,{,) in the overall
results of Figures 12 and 13, the peak at 2@0in Figure 12 crystallization, which are generally measured by dilatometry,
can be attributed to recrystallization during heating process. TheDSC, X-ray, and other methods. The induction timeg,d)
decreasing IR intensity above 20€ can be associated with  depends strongly on the amount of crystallized moiety, which
the melting of both the original and rearranged lamellae. Tails is a function of primary nucleation rate and linear crystal growth
at 228°C in the IR intensities at 1052 and 981 chtoincide rate. In other words, the induction timegf) in overall
with the end of the DSC melting curve. The plot of 10-helix crystallization is different from the induction timeg) in primary
againstX; showed a good linear relationship. On the other hand, nucleation.
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of the absorption intensity of 5-helix seems to be similar the
saturated nucleation densit\dj, as seen in Figure 6. Therefore,

log of Ns is plotted against the 5-helix, yielding a good
relationship as shown in Figure 16. This relationship indicates
that the saturated nucleation density is a function of the amount
of 5-helix remaining in the melt. The structure of the 5-helix
might be described as irregular helices without regular packing.
However, the helices are distributed randomly in length and
distance among their segments. The nearest-neighbor segments

1.0

0.5

F (5)

0.0 .
100 200 300

Temp. (°C) trgetl?e cluster will give rise to primary nucleation sites in the
Figure 15. Temperature dependence of the peak intensity at 1083 cm '
(5-helix) normalized to the intensity at 16C. Solid line represents Conclusions

curve fitting based on eq 2.
Primary nucleation behavior of isotactic poly(styrene) was

7 studied in a wide range of crystallization temperaturgg, (
o ( times, and melt temperature3;), Samples were melted at
E 61 ° several melt temperatureg)from 225 to 25C°C (or vice versa)
~ and then isothermally crystallized. The time dependence on the
2 51 nucleation behavior showed a sigmoidal curve with an induction
s 4 time (zg). The spherulites sporadically appeared (the steady state
S 4T of nucleation|) until they reached a limiting number of nuclei

(the saturated nucleation densitiy). The rate ofl was
3.04 0_;)6 0.08 proportional to inverse of the induction time {3y, and the

product ofl andzo was proportional tdNs. The number of nuclei
reached saturation much earlier than the induction tirgg

in the overall crystallization.Ns was not associated with
impingement of spherulites, since about 90% of the melt region

The temperature dependence of thehdlix was analyzed remained. It was found that there was a critical spherulite size,
theoretically by Kobayashi et &.The total fraction of helices i which induced nucleation sites began to appear within the
F(m) composed withm monomeric units can be represented on outline of the original spherulite in the subsequent crystallization.

the basis of the following simple statistical mechanical model When the crystallization was stopped before reaching the critical
given by eq 2. spherulite size, there was no melt temperature dependence on

the nucleation behavior. On the other hand, when spherulites

F(m) = pmfl[m — (m-1)p] 2) were grown beyond the critical spherulite size, a large number

of small spherulites (granular structure) appeared within the

where outline of the original spherulite in the subsequent crystallization.
The number of the additional nucleation sites increased with

p=1/(1+ exp[-(AH — TAS/RT)) (3) increasing original spherulite size, and the increment of

nucleation sites decreased with an increask.ifhese granular
structures could be due to insufficient melting of the crystal

5-Helix

Figure 16. Relationship between the saturated nucleation dersiy (
and the amount of3nhelix composed of 5 monomeric units.

Here,AH andAS are the enthalpy and the entropy differences
per mole of monomeric units, respectively, between the random gictyre in the original spherulite, which will induce nucleation

and the helical states. According to their method, the amount gjieq a5 a self-seeding effect upon subsequent crystallization.

of the 3-helix composed of 5 monomeric units is plotted as @ _increased by a factor of several thousand with a decrease in
function of temperature as shown in Figure 15 (data are T; from 250 to 225°C. The crystallization temperature

normalized to 160C). The solid curve is estimated by the best - yependence on the nucleation rate has a bell-shaped curve with
fitting procedure based on eq 2, y|f3|d||zrg-| = 18_kca|/mo| a maximum nucleation ratéyay at Tima). Both Imax and Timax
andAS = 34 eu/mol. These two estimated energies are larger yecreased with an increaseTnup to about 240C and then

than those reported by Kobayashi et al. Their reported values .o mained constant, is a function of the nucleation sites

for these two energies ateH = 3.1 kcal/mol andAS = 9.9 and is expressed by a power law BECS The estimated

eu/mol based on the 10-helix measured in a &8ution from lateral surface free energyd of the nucleation from the melt
—100 °C to room temperature. The difference between the o1 230°c was about 16% lower than that at 28G. The

present results and those by Kobayashi et al. could result fromp ,qjeation density was found to be a function of the amount of
the different states of the samples, ie., the solution state at |°W31-helix composed with 5 monomeric units remaining in the
temperatures vs the molten state at high temperatures. However, ¢

the activation energy for the molten state can be compared with

the activation energy for the destruction of a predetermined References and Notes
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