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ABSTRACT: The dependence of the lamellar growth kinetics on the molecular weight (MW) of poly(bisphenol
A octane ether) (BA-C8) in the low crystallization temperature region was investigated using atomic force
microscopy (AFM). We found that LauritzerHoffman’s theory can be used to analyze kinetics data of BA-C8
samples obtained in regimes | and Il but not regime Ill. A new expression of lamellar growth kinetics was
proposed on the basis of a simple kinetic model with a rough surface.

1. Introduction

Molecular weight (MW) plays a vital role in governing the
crystallization kinetics and morphology of polymérin past

decades, the effects of MW on crystal growth kinetics have been

the subject of various investigatio?is> Using optical micros-
copy (OM) to analyze spherulitic growth, Magill reported a
decrease in the growth rate as the MW of poly(tetramephy!-
silphenylenesiloxane) increased.Similar results were obtained
by Hoffman® Hoffman and Miller! and Cheng et & The MW
dependence of the crystal growth rate at relatively high
crystallization temperatures (small supercooling, = T?n -

Te, WhereTOm is the equilibrium melting point andy is the
crystallization temperature) was shown to follow a power law

relationship between the growth rate and the molecular weight,

MW* (where oo is a constant). Different values af were
reported by Magill et al*! Hoffman and Miller! and Hikosaka
et al. 1213 Magill showed thato. = —0.5 for the spherulitic
growth of poly(tetramethyp-silphenylenesiloxane) and poly-
(ethylene terephthalaté). Hoffman and Miller studied the
spherulites or axialites of polyethylene (PE) and found that
ranged from—1.3 to—1.81 Hikosaka et al. measured the growth
rate of single (or single-crystal-like) crystals of PE. They found
thato. = —1.7 and—0.7 for folded chain single crystals and
extended chain single crystals, respectivéiiz

The dependence of polymer crystallization kineticSTeand

Although the preceding works have advanced our understand-
ing of the MW dependence of polymer crystallization kinetics,
these studies focused mainly on the crystallization of polymers
nearT, at the micron-scale level studied by OM. In crystal-
lization nearTy, the motion of polymer chains is carried out
entirely via molecular reptatiol;*°while in crystallization near
Tg, polymer chains complete their conformation rearrangement
via cooperative segmental movements (i.e., segmental diffu-
sion)2° Only a few studies have been performed at temperatures
nearTy at the lamellar level. As a result, many fundamental
guestions have remained unanswered. For example, what is the
relationship between the MW and the growth rate of lamellae
at crystallization temperatures negy? Does the dependence
on MW differ at differentT,s? Does the well-known LH theory
work in regime 111?

In recent years, the study of crystallization kinetics and the
morphology of polymers using atomic force microscopy (AFM)
has become popular due to the ability of AFM to obtain in-situ
and real-time structural information on the nanometer scale. In
particular, tapping-mode AFM (TM-AFM) with the phase
imaging function substantially complements OM with its high
resolution and also complements transmission electron micros-
copy (TEM) because it can be used under ambient conditions
for real-time observations and does not require special sample
treatment. TM-AFM has been increasingly used to study the

MW must be considered simultaneously. In general, a bell- lamellar growth rate and the lamellar structures of various
shaped curve showing the crystallization rate as a function of semicrystalline polymer8:-%> Hobbs et al. studied the growth

Tc with a maximum value existing somewhere betwé&giand

T is obtained. In the low crystallization temperature region
(nearTy), the crystal growth rate strongly dependsTanin the
high crystallization temperature region (n€gy), the growth
rate depends oAT. On the basis of the crystallization of highly
crystallizable, flexible-chain polymers (e.g., PE), two main
theories have been proposed, namely, the Laurittffman
secondary nucleation (LH) thed§/**and Sadler’s rough surface
theory15-18
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of lamellae and spherulites of poly(hydroxybutyratevalerate)

by TM-AFM equipped with a hot stage. They found that the
growth rate of lamellae is different from the spherulitic growth
rate and is not always constant. The former is usually larger
than the latte?? Similar results were also obtained by Li et al.
on poly(bisphenol A octane ether) (BA-C8) at room tempera-
ture30 In addition, Beekmans et &®,Lei et al.3% and Jiang et
al35 have also successfully determined the lamellar growth rates
of polymers at varioug¢s by hot-stage TM-AFM.

As we previously reporte,28:30.3335 gur real-time TM-AFM
observations of the formation of spherulites of BA-C8 suggested
that a spherulite starts with the birth of an embryo, which
develops into a founding lamella. Through branching and
splaying, the founding lamella grows into a lamellar sheaf and
then finally forms a mature spherulite. Moreover, in the initial

© 2007 American Chemical Society

Published on Web 05/04/2007



Macromolecules, Vol. 40, No. 11, 2007 Lamellar Growth Kinetics of Polymers4003

By e gL W the founding lamella
c [ [e) o
w0f S v]» subsidiary lamellae
o \ g °
O o9op aa T,=99.4°C x
et £ 4}
=" 8ot 2
Y
70+ - K
Tc - Tm © w
£ Of
60 «
60 70 80 90 100 110 0 50 100 150 200 250
T (°C) Time (min)

. : } Figure 3. Plot of lamellar length vs time. The measurements were
Figure 1. Hoffman—Weeks plot to determine thﬁ?“ of a BA-C8 made on one spherulite of a BA-C8 sample (S-5). The slope values of

sample (S-3). the fitting lines of a founding lamella and two subsidiary lamellae are
34.2, 17.5, and 16.9 nm/min, respectively.
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Figure 2. Plot of Ty as a function oM, of BA-C8 samples. Label a ;lx ) B,
indicates thevl, range of the BA-C8 samples used in this study; label % Regime Il R
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Table 1. Molecular Characteristics of BA-C8 Samples 4 6 8 10 12 14 16 18 20 22
sample  Mp[g/mol]  My[g/mol]  Mu/M, T4(°C) TS (°C) 1 OOOOOITC(Tma-Tc )
S-1 27 600 35900 1.30 21.2 102.3 (b)
S-2 19 800 28 200 1.42 19.6 101.5 Py L
S-3 16 400 25000 1.52 18.4 99.4 § L ©
S-4 13800 21200 1.54 155 98.3 + ¢ S-1
S-5 10900 17 000 1.56 11.8 98.1 = 1k $ 4 S-5
S-6 9100 14 400 1.58 10.1 95.4 ‘o < o
~ L = ~
S-7 6 900 12 600 1.83 8.6 94.2 ok %’ Tc 24~85°C
and middle stages of the formation of spherulites (before the Atk o

impingement of spherulites occurs), the average growth rates Regime Il
of all lamellae that grow outward radially on the fringe of a
spherulite are almost uniform.

In this paper, the MW dependence of lamellar growth kinetics
was studied at various temperatures. The lamellar growth rates
of the BA-C8 samples at differefis were measured, and the L
results, showing the presence of regimes | and Il, agreed with 4 6 8 10 12 14 16 18 20 22
that predicted by the LH crystallization theory. However, at 0
different Tcs (regime Ill), the data did not fit well with that 100000/T(T,-T,)f
predicted by the LH crystallization theory. A new expression rigyre 4. Plots of logR, + U*/2.303R(Te — T.) vs 1T(T?, — Tof of
of lamellar growth kinetics is proposed here on the basis of a BA-C8 samples (S-1 and S-5) in the temperature range from 24 to 85

simple kinetic model of the attachment of chain segments to °CZG(%) the Valu'eSIOU;b?nr? T ?fe 401‘50 Cg' motf ando%, =IT90—F
crystal growing surfaces during crystallization. 51.6°C, respectively; (b) the values bf* and T, are 1500 cal m
y 9 9 gcry andT, = Tg — 30 K, respectively. The error bars represent standard

deviations.

Regime |

; 8.
Regime Il o""‘-»...,

Log(R )+1500/(2.303R(
%

2. Experimental Section

BA-C8 was synthesized by condensation polymerization of weight sample. Stiochiometric imbalances of 1.08, 1.085, 1.09, 1.10,
bisphenol A and 1,8-dibromooctafeThe MWs of the BA-C8 1.12,1.14, and 1.16 were used and corresponded to BA-C8 samples
samples were controlled by a stiochiometric imbalance between S-1, S-2, S-3, S-4, S-5, S-6, and S-7, respectively. The MWs of
bisphenol A and 1,8-dibromooctane. A slightly excessive amount the samples were determined by gel permeation chromatography
of 1,8-dibromooctane was used to ensure that the Br was the endat room temperature with tetrahydrofuran as the solvent.
group. With the same amount of catalyst and the same reaction The number-average molecular weightf, the weight-average
time, a larger stiochiometric imbalance resulted in a lower molecular molecular weight i,,), the polydispersity indexMw/M,), the Tg
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Figure 5. Two plots of logR_ + U*/2.303R(T; — Ta) vs 1T(To, — Figure 6. Two plots of logR. + U*/2.303R(T; — Tw) vs 1T(TS, —
To)f of BA-C8 samples, (a) S-1 and (b) S-5, in the temperature range T.)f of BA-C8 samples, corresponding to Figure 5, (a) S-1 and (b) S-5,
from 24 to 85°C. The value olU* is decreased to 1680 cal mdélin respectively, in the temperature range from 24 t¢@2TheR of the
order to make the ratio of the slope valuég(/Kqi) of the fitting fitting lines in (a) S-1 and (b) S-5 are 0.913 and 0.915, respectively.

lines of S-1 and S-5 be about 2. The error bars represent standardThe error bars represent one standard deviation.
deviations.

and theTﬂ1 of the BA-C8 samples are listed in Table 1. TFﬁqs of accessory (Digital Instruments). Both topographic and phase images
the samples were calculated using the Hoffm¥veeks method® were recorded simultaneously using the retrace signal. Si tips
Figure 1 shows the plot of the melting point of sample S-3 as a (TESP) with a resonance frequency ©B00 kHz and a spring
function of theT.. The To, was determined as the intersection constant of about 40 N 1 were used, and the scan rate was in
between the plot foll, vs T, and the plot folT,, = T. It is well- the range of 0.41.2 Hz with the scanning density of 512 lines/
known that the Ty of polymers is a function of molecular  frame. The set-point amplitude ratigy (rsp = Asf/Ao, WhereAgpis
weight37:38 A plot of T, as a function oM, of the BA-C8 samples the set-point amplitude andy is the amplitude of the free

is given in Figure 2. The smallest value bf,, 6900 g/mol, is oscillation, which was always 2.0 V in this study), was adjusted to
believed to be higher than the critical entanglement number-averagebe as large as possible, ranging from 0.7 to 0.9, to maintain a good
molecular weight,M. (labeled by b in Figure 2), which was balance between the quality of the images and the effects on lamellar
estimated to be about 6000 g/mol. This value was estimated usinggrowth and crystal morphology.

the same number of skeletal bonds as the linear PE sample having ) ]

anM, of about 3800 g/mol, which is thiel. for PE. The choice of 3. Results and Discussion

samples with aM, above 6000 g/mol is to ensure that entangle-  pependence of the Lamellar Growth Rate on Tempera-
ments between polymer chains exist and that they increab as ture. The LH theory has been successfully used on many

increases. The maximum growth rate should occur at a temperature . e
. spherulites or axialites.
near Ty + Tom)/2, which was calculated to be between 55 and polymers to analyze growth rateS)(of sp

65 °C Three crystallization regimes have been confirmed in many melt
o . _ . crystallization studies of polymef$®-43 Recently, the applica-
;’gmﬂlmstlor AlFM obs%vszons werle prepared bly Sp'n'c?at'ng tion of the LH theory has been extended to study the cold
a 30 mg mLt polymer—chloroform solution onto silicon wafers o a7 .
(approximately 10 mmx 10 mm) at 3000 rpm. The samples were crystallization of polymeré*47 According to the LH theory,

dried in a vacuum oven at room temperature for 15 min before G IS determined by the following equation:
AFM observations. The thickness of the amorphous polymer films

was estimated to be300 nm using an ellipsometer. Tapping mode u* Kei)
AFM images were obtained using a NanoScope Ill MultiMode G=Gyexg— F eXQ——— =
AFM (Digital Instruments) equipped with a high-temperature heater (Te ) T(To = Tf

1)
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growth ratesiR.) instead ofG were measured. The equivalence
of R.and G will be discussed in a forthcoming paper. During
the crystallization study of the BA-C8 samples, an edge-on
founding lamella that developed from a primary nucleus could
be easily visualized by AFM. All other lamellae within the same
spherulite (or crystal aggregate) were its descendants (subsidiary
lamellae). The average growth rates of the founding lamellae
and the subsidiary lamellae were calculated from the slope of
the length of lamellae vs time. It is necessary to point out that
each founding lamella has two growing tips, while a subsidiary
lamella has only one. For convenience, we define the growth
rate at one of the growing tips as the growth rate of the founding
lamella. For each spherulite, one founding lamella and two
subsidiary lamellae were chosen. Figure 3 shows the plots of a
founding lamella and two subsidiary lamellae of sample S-5 as
30 a function of time at 32C. The slope values of the founding
— lamella and two subsidiary lamellae are 34.2, 17.5, and 16.9
~ M, %1000 (g/mol) nm/min, respectively. Clearly, the average growth rates of all
Figure 7. Plot of R vs My, for various MW BA-C8 samples at various  lamellae within a spherulite, including the founding lamella and
Tes. The error bars represent one standard deviation. subsidiary lamellae that grow outward radially on the fringe of
a spherulite, are similar. In this study, 10 spherulites from each
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-4.8 BA-C8 sample were used. Accordingly, the average growth rates
2: -5.1 of the lamellae, including the founding and subsidiary lamellae,
g 5.4 of each BA-C8 sample, at a constditwere calculated using
% 5.7 30 slope values.
%; 6.0 In order to understand the crystallization behavior of the BA-
L 63 C8 system, the lamellar growth rates of samples S-1 and S-5 at
= 66 temperatures ranging betwe@&p andTﬂ1 were measured and
? 6.9 subsequently analyzed using the LH theory. Here, two sets of
- 7ol values ofU* and T., were used to obtain the best fit with the
’ . . . . . . experimental data. One set of the values Wwés= 4120 cal
0.012 0.013 0.014 0.015 0.016 0.017 mol—1 andT. = Tg — 51.6°C. The choice ofl, = Tg — 516
1/(T;Tg+ 51.6) °C was used to describe the bulk viscous flow of the polymer

. betweenTy and Ty + 100 °C according to the Williams
Figure 8. Plot of logR. — log[TAT/(T%)?] vs 1/(T. — T4 + 51.6) for 9 9 .
various MW BA-C8 samples in the temperatucre r(gnge from 27 to Landel-Ferry (WLF) theory?® The other values, which were
42°C. U* = 1500 cal mot! and T, = Ty — 30 K, were obtained

from the experimental measurements of many polymers at low
where Gy is temperature insensitive but related to the MW of temperature$49
the polymer Go [ MW¥), U~ is the activation energy for the Figure 4a,b displays the plots of &g + U*/2.303R(T; —
transport process of a crystallizing unit from the liquid to the T.) VS 1/TC(T% — Tof of samples S-1 and S-5 in the tempera-
crystal surfaceR is the gas constant,. is the temperature at  re range from 24 to 85C. The values olU* = 4120 cal

which all segmental motions ceasgy is the activation energy 1011 andT., = T, — 51.6°C were used in Figure 4a, while
for the formation of a secondary nucleus of critical size in regime j» — 1500 cal m(%l andT., = T, — 30 K were used in Figure

i, andfis a correction factor equal toTg(T. + To)- 4b. It can be clearly seen that, using two different sets of values
The value ofKyg can be determined from the slope of the for U* and T., the shape of the plots is quite similar. There are
plot of log G + U*2.303R(T. — T) Vs 1fI'C(Tﬁ1 — Tof. three and two regions with a constant slope value in the plots

According to the LH theory, the plot should exhibit two abrupt  of the S-5 sample (low MW, = 10900 g/mol) and S-1 sample
breaks as the crystallization temperature is lowered from a high (high MW, M, = 27600 g/mol), respectively. The slope ratios
value near thé?n to a temperature near tfig. The changes in between regimes | and Il of the S-5 sample determined from
the slope value indicate the changes in the kinetic mechanismsFigure 4a,b are about 1.78 and 2.33, respectively. These two
These two breaks suggest that there are three regimes of crystadlope ratio values are close to the theoretical value of 2, and
growth. The first regime (regime ), which is near the melting the regime transition temperatures (between regimes | and II)
point of the polymer, captures a single nucleation per substratedisplayed in Figure 4a,b for the S-5 sample are almost the same,
length. In this regime, the nucleation rate is slower than the indicating that the two sets &* and T, did not significantly
substrate completion rate. As the temperature decreases, thaffect the determination of the regime transition temperature.
second regime (regime 1) is reached when the nucleation rateThe results, showing two crystallization regimes for S-1 and
equals or is greater than the substrate completion rate. A furtherthree regimes for S-5, are in line with the predictions of the
decrease in temperature causes a rapid increase in the nucleatiooH theory, that the crystallization depends on the molecular
rate. In the final regime (regime l1l1), the separation of niches weight (low MW samples have three regimes (I, Il, and IlI)
on the substrate approaches the width of a single stem. Theand high MW samples have two (Il and Ill)). However, the
values ofKy in the three regimes is as followsgq) = 2Kgq) determination of the transition temperature between regimes ||
= Kgany- and Ill is difficult. At low temperatures, the plots of ldg +

In this study, the crystallization of BA-C8 was studied at U*/2.303R(T; — Tw) VS 1fl'c(Tﬂ1 — To)f are not linear, as shown
crystallization temperatures near thgof the polymer. Lamellar  in Figure 4. Large values dfqq;)/Kqqi), which are often higher
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than three and even reach to seven, were obtained in poly-Planck’s constantAE is the activation energy for the chain
(butylene terephthalate) (PBT), poly(trimethylene terephthalate) transport of one segment; aads the decrease in the free energy

(PTT), and PEEK2:45-47 upon attachment of a chain segment. As a result, the net rate of
Modification of the input parameters, especially , can chain accretionr, is expressed as

effectively change the value & )/Kgq) and the locations of

the crystallization regimes. When usiklj = 1680 cal mof? + KT,

— c AE €
andT, = Tg — 51.6°C, the ratios of the slope valued;i)/ r=ror=A h exp{ kTC)[eXF{ZkTC)
Kgany) obtained from the plots for the S-1 and S-5 samples are €
1.95 and 2.01, respectively, as shown in Figure 5a,b. Neverthe- XA~ 2T ] (4)
less, the data points did not follow a straight line in the K
temperature range of 2442 °C. The correlation coefficients |t is reasonable to assume that kT, because only a small
(R) of the fitting lines for the S-1 and S-5 samples are 0.913 single chain segment is attached to the crystal growing surface.
and 0.915, respectively, as shown in Figure 6a,b. This deviationWhene < kT, eq 4 can be rewritten as

between experimental and theoretical results is too large to be
acceptable. - =A _AE
) o ] ] r=r r ex € (5)
Unlike crystallization at temperatures né&, in which the h KT,
motion of polymer chains can be carried out entirely via . .
molecular reptation, polymer chains complete their conformation 1he rate of a single lamellar 9r°§Nth ra,, is related ta, as
rearrangement via cooperative segmental movements at crystalShown in the following equation:
lization temperatures neafy Indeed, the LH secondary
. 9 ) . AE
nucleation theory was developed for highly crystallizable, R OrOBexg— T (6)
C,

flexible-chain polymers such as PE, assuming that chain fol-

ding following adja_lcent reentry occurred. However, the_ whereB = A’h. The free energy difference)(between a chain
random reentry switchboard model seems to be Dbetter in segment in the amorphous phase adjacent to the crystal surface
describing crystallization of polymers at crystallization temper- snd the chain segment adsorbed onto the crystal surface is

atures neafTq, especially polymers like BA-C8, which have  assumed to be related to the free energy difference between the
semirigid chain structures, like PET and PEEK. The presence gmorphous phase and the crystall] AG.

of bisphenol groups in the backbone of BA-C8 may make the  according to Hoffmarf! for large degrees of supercooling,
adjacent reentry energetically unfavorable during crystallization the AG at T, is
at low temperatures.
Polymer crystallization is the transference of chains from the _ TAhAT
entangled disordered state to the ordered crystal state. At AG = (TO)? @)
crystallization temperatures ne@g and with polymer chains
attaching on a rough surface, secondary nucleation is assumegynereAh is the heat of fusion. Combining egs 6 and 7 yields
to be absent, and the crystallization process can be described
as the continuous attachment and detachment of small chain AE\TADAT
segments on the crystal surface. The growth rate is determined RUB ex;{— ﬁ) T°)2
by the balance between the rates of attachment and detach- o (Tr)
ment®0 In this model, all steps on the crystal surface are From the WLF expression for viscous flow, the term exp(
energetically identical and are accessible to all adjacent AE/KT,) can be rewritten &8
molecules. The attaching of a chain segment lowers the enthalpy.
Half of the free energy of crystallization is assumed to be given AE C,
to the activation energy of the attachment step, and the other exp— k_Tc = o m
c g

half is given to the activation energy of the detachment step.
The rates of attachment; , and detachment; , are determined  \where C; = 4120 cal/mol,C, = 51.6 °C, andR is the gas

(8)

9

from constant. Substituting eq 9 into eq 8 gives
KT, AE — ¢/2 C \TAT
+ c € 1
r=A—exg——=—1|= OBexg— 10
h p( KT, ) R R(T,— T, + 51.6)/(T2)? (10)

KT,
Af ex;{— %E) exr(%) 2 It should be noted that the prefactd, in eq 10 should be
G ¢ similar to that in eq 2 and is related to the molecular weight of
the polymer (i.e.B O DM,%, whereD is a constant and. is
the power parameter). Thus, taking the logarithm on both sides

- KT, AE . of eq 10 gives
r= A? ex;{— k_Tc) exr(— 2kT) 3) c,

. _
lo =logD + aM, — +

_ _ N 9R =log " 230R(T,— T, +51.6)
respectively, wheréA is a temperature-insensitive prefactor, g TAT
related to the chain-length-dependent kinetic process fi.is., Iog( A ) (11)

and

regarded as a function of MV [0 MW®), such as entanglement 2

or disentanglement of crystallizing chains and diffusion of ~

crystallization units via cooperative segmental movements before Figure 7 displays the plots ¢ vs M, for BA-C8 samples
and after chain depositing on the crystal surfdcg/h is the at variousTcs, namely, 27, 29.5, 32, 34.5, 37, 39.5, and*@2
rate of thermal vibrationk is Boltzmann’s constanth is It can be clearly seen th& decreases sharply with increasing

0
m.
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Figure 9. Plot of the calculated values @ vs M, for various MW
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Figure 10. Plot of logR. + C1/2.30X(T. — Tg + 51.6) — log[TAT/(
792 vs log (My) of various MW BA-C8 samples used in the

temmperature range from 27 to 4€.

MW at anyT.. This result is in agreement with the theoretical
predictiod and the published experimental dat&igure 8
displays the plot of lodrR. — Iog[TcAT/(T%)Z] vs 1T — Ty +
51.6) of BA-C8 samples with varied MW in the temperature
range from 27 to 42C. The experimental data points follow
straight lines withR larger than 0.995, confirming that eq 10,
developed on the basis of the rough surface, is valid.
In addition, the values of; that were determined from the

Lamellar Growth Kinetics of Polymers4007

(or even the same) values affor the power lawR. 0 M2,
for crystallization of BA-C8 samples at temperatures ngar

4. Conclusion

At low crystallization temperatures, the effect of MW on the
lamellar growth kinetics was investigated by AFM. The results
of our analysis of the lamellar growth rates indicate that the
LH theory cannot be used to describe the crystallization of BA-
C8 polymers in regime lll. A new expression of lamellar growth
kinetics was proposed on the basis of a simple kinetic model
of rough growth surfaces. This expression has been successfully
used in analyzing the kinetic data obtained in regime III.
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