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ABSTRACT: Nonisothermal crystallization behaviors of both poly(butylene succinate) (PBS) and poly(ethylene glycol) (PEG) segments

within PBS-PEG (PBSEG) multiblock copolymers were investigated by differential scanning calorimetry (DSC). The nonisothermal crys-

tallization kinetics of both PBS and PEG segments were analyzed by Avrami, Ozawa, and Mo methods. The results showed that both of

Avrami and Mo methods were successful to describe the nonisothermal crystallization kinetics of PBS and PEG segments. The results of

crystallization kinetics indicated that the crystallization rate of PBS segment decreased with PBS segment content and/or LPBS, while

that of PEG segment decreased with Mn,PEG or FPEG. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40940.
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INTRODUCTION

Bio-based and biodegradable polymers have received growing

attention from both industry and academia during the past dec-

ades because of the increasing concerns of sustainable environ-

ment.1–5 Among them, aliphatic polyesters and poly(ether-

ester)s are of high importance as they show widely potential

applications in both biomedical materials and are general envi-

ronmentally friendly.6,7 Of all the biodegradable thermoplastics,

poly(butylene succinate (PBS) is regarded as one of the most

promising materials for its high mechanical strength, complete

biodegradability, and renewability.8–10 In addition, as a com-

mercially available aliphatic polyester, it has good thermal sta-

bility.11 Poly(ethylene glycol (PEG) is nontoxic and can be used

in human body. In the past decades, PEG-based polyester-poly-

ether type block copolymers, which could be used in medical

applications such as implantation and wound treatment, and as

controlled-release drug carriers, have been widely studied.12–16

Based on the above discussions, the biodegradable aliphatic

copolyesters which contain PBS and PEG segments were synthe-

sized by direct polycondensation, and the crystallization and

biodegradable behaviors were studied.17,18 More importantly,

shape memory PBS-PEG (PBSEG) multiblock copolymers have

been prepared.19 The permanent netpoints consisted of the

physical crosslinks of PBS crystals because of PBS segment’s

high tendency to crystallize, while PEG segment was used as

soft segment and its melting point determined the transition

temperature. The PEG segment endowed PBSEG multiblock

copolymers high ductility and improved hydrophilic property.

Besides, mutual effect of PBS and PEG segments on the crystal-

lization behavior and morphology was discussed through crys-

tallization kinetics and morphology investigation.20 What is

more, fractional crystallization behavior and nucleation mecha-

nism of PEG segment within PBSEG with different composi-

tions were systematically studied.21

As for those biodegradable semicrystalline polyesters and poly(-

ether-ester)s applied in practical field, the degradation rate and

mechanical properties are critical. Crystallization kinetics plays

an important role in these properties of semicrystalline poly-

mers. For example, it has been found that the melt-quenched

PBS showed slower hydrolytic degradation rate than the isother-

mally crystallized PBS although they had similar degree of crys-

tallinity.22 The difference of biodegradation rate in the two

samples was attributed to the different crystallization kinetics.

And we can obtain brittle/flexible material with high/low crys-

talline degree through tuning the crystallization kinetics. There-

fore, it is important to study the crystallization kinetics in
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biodegradable semicrystalline polymers. It is well-known that

the crystallization kinetics is separated into isothermal and non-

isothermal crystallization. Indeed, the nonisothermal crystalliza-

tion kinetics is very important toward the processing of

polymers because the industrial processing is always noniso-

thermal, such as extrusion, injection molding and blow mold-

ing.23–35 Although crystallization behaviors of biodegradable

polymer blends and di- or tri- block copolymers have been

extensively investigated before,36–46 less attention has been paid

to the crystallization behaviors of biodegradable double crystal-

line multiblock copolymers that contain different chain segment

length. The crystallization behaviors of double crystalline multi-

block copolymers, where the crystallization of one component

may affect the second component, are even more complicated

than blends and di/tri- block copolymers. Furthermore, the

investigation of nonisothermal crystallization kinetics on biode-

gradable double crystalline multiblock copolymers is seldom

studied.

The present work focuses on nonisothermal crystallization

behavior of double crystalline PBSEG multiblock copolymers.

The nonisothermal crystallization kinetics of PBSEGs was char-

acterized by DSC and analyzed by the Avrami method and Mo

method. The aim of this article is to provide some fundamental

data for a thorough understanding of the nonisothermal crystal-

lization behavior of double crystalline multiblock copolymers.

EXPERIMENTAL

Synthesis

PBSEG multiblock copolymers were synthesized by a two step

transesterification reaction, and the preparation route is shown

in Scheme 1. These procedures were reported previously.19 First,

calculated amounts of 1,4-butanediol, succinic acid, and PEG

(1 : 1.05 by mole ratio of diacid to diol) were added into a 250

mL three-necked round-bottomed flask equipped with water

separator, mechanical stirrer, and nitrogen inlet pipe. The

monomer mixture was melted and stirred for 4 h at 190�C to

complete the esterification reaction. Then, after a suitable

amount of catalyst Ti(OC4H9)4 was introduced into the flask

under dry nitrogen, the polycondensation was carried out at

230�C with vacuum of 40 Pa for 4–7 h. The products were

purified by dissolving in chloroform and then precipitating in

excessive ether. The white powder products were dried under

vacuum. Table I lists the molecular weight characterization data

obtained by gel permeation chromatography (GPC) and 1H-

NMR.

Nonisothermal Crystallization

The nonisothermal crystallization behaviors of PBSEGs were

investigated by DSC using a TA DSC-Q200 instrument. The

samples were first heated to 140�C, kept at that temperature for

3 min in order to erase thermal history, and then cooled to

220�C at various cooling rates ranging from 2.5�C/min to

20�C/min. The exothermal curves of heat flow as a function of

temperature were recorded and analyzed.

RESULTS AND DISCUSSION

In order to learn the influence of PEG segment fraction and

segment chain length on nonisothermal crystallization behavior

of PBSEG, five samples (PBSEG2K-60, PBSEG6K-61, PBSEG10K-58,

PBSEG10K-50, and PBSEG10K-38) are selected. Among them,

PBSEG2K-60, PBSEG6K-61, and PBSEG10–58 with almost same

PEG content have different segment chain lengths, whereas the

other two samples, i.e. PBSEG10K-50 and PBSEG10K-38, have

same segment chain length with PBSEG10–58 but different PEG

contents. Here, we obtained the segment chain length of PBS

segment from the following equation, and the values are listed

in Table I:

Scheme 1. The preparationroute of PBSEGsand its chemical structure.

Table I. Designation, Composition, and Molecular Weight of PBSEGs

Sample name Mn,PEG (103 g/mol) fPEG
a (wt %) FPEG

b (wt %) Mn,PBSEG
c (104 g/mol) PDIc LPBS

PBSEG2k-60 2 50 60.50 7.36 3.27 7

PBSEG6k-61 6 50 61.42 8.61 3.31 21

PBSEG10k-58 10 50 58.31 7.28 3.85 41

PBSEG10k-50 10 40 50.43 5.02 3.61 57

PBSEG10k-38 10 30 38.00 9.52 3.21 94

a fPEG presents feed ratio of PEG-diol.
b The weight fraction of PEG segment which was calculated by 1H-NMR spectra.
c Mn,PBSEG and PDI were determined by GPC with PS standards in chloroform.
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From previous studies,20 both PBS and PEG segments of these

five samples showed large crystallization exothermic peaks when

cooling from melt. Here, the analysis of nonisothermal

Figure 1. Nonisothermal crystallization curves of PBS segment within (a) PBSEG2K-60, (b) PBSEG6K-61, (c) PBSEG10K-58, (d) PBSEG10K-50, and (e)

PBSEG10K-38 at different cooling rates.
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crystallization kinetics of PBS and PEG segments within PBSEG

is divided into two parts.

Nonisothermal Crystallization Kinetics Study of PBS Segment

Within PBSEG

The investigation of the nonisothermal crystallization behavior

of semi-crystalline polymers is of high technical importance as

most practical processes such as injection, extrusion, and other

molding is performed under nonisothermal conditions.47 In the

present study, the nonisothermal crystallization kinetics of PBS

segment within PBSEG is investigated firstly. Figure 1 shows the

DSC cooling curves of PBSEGs which were cooled from melt

state at various rates (/). Typical exothermic peaks were

observed, and they shifted to lower temperatures and became

wider as increasing the cooling rate for all samples. The crystal-

lization peak temperatures (Tc) are summarized in Figure 2.

The values of Tc gradually decreased from PBSEG10K-38 to

PBSEG10K-50, PBSEG10K-58, PBSEG6K-61, and PBSEG2K-60 regard-

less of the cooling rate. When the molecular weight of PEG diol

(Mn,PEG, or the segment chain length of PEG segment) kept at a

constant, the content of PBS segment and the average chain

length of the PBS segment (LPBS) would decrease with the

increase of the content of PEG segment (FPEG).19 Thus, the val-

ues of Tc decreased from PBSEG10K-38 to PBSEG10K-50 and

PBSEG10K-58. Besides, the decrease of Tc from PBSEG10K-58 to

PBSEG6K-61 and PBSEG2K-60 was attributed to the decrease of

LPBS, which was in agreement with previous work.20

The relative crystallinity (Xt) of PBS segment within PBSEG2K-

60, PBSEG6K-61, PBSEG10–58, PBSEG10K-50, and PBSEG10K-38 as a

function of temperature is shown in Figure 3. Xt was calculated

by integration of the exothermic peak during the cooling pro-

cess according to the following equation:

Xt 5

Ð T

T0

dHc

dT

� �
dTÐ T1

T0

dHc

dT

� �
dT

(2)

where T0 and T1 refer the temperatures at the onset and end of

crystallization, respectively, and dHc/dT represents the heat flow

at temperature T.48 It can be seen that the typical sigmoidal

shape curves for all samples were obtained, suggesting that fast

primary crystallization as well as slow secondary crystallization

appeared at the early and later stages, respectively, and the

curves shifted to lower temperature range with the increase of

cooling rate.

Although the well-known Avrami method is often used to

study the isothermal crystallization kinetics of crystalline poly-

mers, it can also be directly used to describe the nonisothermal

crystallization.23,29,49,50 The Avrami equation assumes that the

relative degree of crystallinity develops with crystallization

time as

12Xt 5exp 2Ztnð Þ (3)

where Xt is the relative crystallinity calculated by eq. (2), n is

the Avrami exponent, Z is the crystallization rate constant, and

t is crystallization time.51 Equation (3) can be rewritten as

lg 2ln 12Xtð Þð Þ5lg Z2nlg t (4)

Similarly to the description of isothermal crystallization kinetics,

the values of Z and n were obtained from a straight line by

plotting lg(2ln(12Xt)) versus lg t from Xt 5 0.05 to 0.80 for

different cooling rates, shown in Figure 4. From Figure 4, it can

be seen that a series of parallel lines were obtained for various

cooling rates, suggesting that Avrami method could describe the

nonisothermal crystallization kinetics of PBS segment within

PBSEG. The values of the two parameters n and Z were derived

from the slopes and intercepts of the fitted straight lines, and

the results are summarized in Table II. Here, the exponent n in

nonisothermal crystallization kinetics has the different physical

meaning compared with isothermal crystallization kinetics

because of the different conditions.29 Despite of that, it could

also provide important information in the mechanism of noni-

sothermal crystallization. The average values of Avrami expo-

nent of PBSEG2K-60, PBSEG6K-61, PBSEG10–58, PBSEG10K-50, and

PBSEG10K-38 were 7.05, 6.48, 5.23, 3.61, and 3.26, respectively.

Although one can hardly predict the mechanism of nonisother-

mal crystallization directly from the Avrami exponent, the

higher values in PBSEG2K-60 and PBSEG6K-61 may still indicate

the difference of crystallization mechanism. From PBSEG10K-38

to PBSEG10K-50, PBSEG10K-58, PBSEG6K-61, and PBSEG2K-60,

according to our previous work,20,21 LPBS of the copolymers

reduced in this order. This reduction resulted in the decrease of

PBS microdomains and mobility of PBS segment, and the PBS

segment distribution became increasingly disordered. Thus, this

may be the reason that Avrami exponent of PBSEG2K-60 is larger

than PBSEG10K-38. Besides, the morphology formed by PBS seg-

ment within PBSEG2K-60 was 2-dimentional aggregations, while

that of PBSEG10K-38 displayed typical spherulite.20 This can be

also used to explain why the Avrami exponent of PBSEG2K-60 is

larger. In Table II, as expected, the values of crystallization rate

constant (Z) of all samples decreased with the /. A normalized

rate constant, k5Z1/n, which is independent of the Avrami

exponent, was evaluated for comparison.52 We can find that the

k values decreased from PBSEG10K-38 to PBSEG10K-50,

PBSEG10K-58, PBSEG6K-61, and PBSEG2K-60 irrespective of the

cooling rates, as shown in Table II, which was consistent with

the decrease of Tc values or crystallizability.

Figure 2. The crystallization peaktemperature of PBS segmentwithinPB-

SEG at various cooling rates.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4094040940 (4 of 12)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


During the nonisothermal crystallization process, the relation

between t and T is given by53

t5
T02T

u
(5)

To get further insight of the difference of crystallization kinetics

between PBSEGs each other, Xt versus t and Avrami plots of

five samples were put together as u 5 10�C/min to analysis,

illustrated in Figure 5. It can be seen that the typical sigmoidal

shape curves were obtained. The longest crystallization time was

needed for the sample PBSEG2K-60, and the least for PBSEG10K-38,

suggesting that the PBS segment within PBSEG2K-60 and

PBSEG10K-38 had the lowest and fastest crystallization rates,

respectively. It took PBS segment within PBSEG2K-60 around 3.4

min to complete crystallization; whereas, for the PBSEG10K-38

Figure 3. Relative crystallinity versus temperatures of PBS segment within (a) PBSEG2K-60, (b) PBSEG6K-61, (c) PBSEG10K-58, (d) PBSEG10K-50, and (e)

PBSEG10K-38 at different cooling rates.
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sample, the time required to finish crystallization decreased to

about 1.2 min at the same cooling rate. Additionally, about 2.9,

2.4, and 1.9 min were needed to finish crystallization for the

PBS segment within PBSEG6K-61, PBSEG10K-58, and PBSEG10K-50,

respectively. The other cooling rates as u 5 5�C/min showed

similar behavior (Supporting Information Figure S1). From the

results, it can be deduced that the crystallization rate reduced

with the order of PBSEG10K-38, PBSEG10K-50, PBSEG10K-58,

PBSEG6K-61, and PBSEG2K-60, according to the above

discussions.

Because of the various values of n, we cannot directly compare

overall crystallization rate for different samples through the val-

ues of Z. Just like isothermal crystallization kinetics, the half-

time of crystallization (t1/2) defined as the time needed to

achieve 50% of the complete crystallinity, which is inverse with

Figure 4. Avrami plots of PBS segment within (a) PBSEG2K-60, (b) PBSEG6K-61, (c) PBSEG10K-58, (d) PBSEG10K-50, and (e) PBSEG10K-38 during noniso-

thermal crystallization.
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overall crystallization rate; or the reciprocal value of t1/2 (i.e., 1/

t1/2) is usually employed to represent the crystallization rate of

polymer directly. The value of t1/2 can be directly obtained from

the relative crystallinity plots. Thus, here, t1/2 and 1/t1/2 are

introduced to describe the nonisothermal crystallization

kinetics. The value of t1/2 can be achieved by

t1=25
ln 2

Z

� �1=n

(6)

The values of t1/2 and 1/t1/2 calculated by eq. (6) were summar-

ized in Figure 6. t1/2 of PBS segment within PBSEG10K-38 was

3.54 min, which increased to 4.30, 5.29, 6.28, and 6.43 min at a

cooling rate of 2.5�C/min for PBSEG10K-50, PBSEG10K-58,

PBSEG6K-61, and PBSEG2K-60, respectively; and the value of 1/t1/2

decreased from 0.28 min21 to 0.23, 0.19, 0.16, and 0.15 min21

for PBSEG10K-38, PBSEG10K-50, PBSEG10K-58, PBSEG6K-61, and

PBSEG2K-60, respectively. The values of t1/2 and 1/t1/2 also

showed the same alteration trend under other cooling rates. The

results indicated that the crystallization rate of PBS segment

within PBSEG decreased with the content of PBS segment and/

or LPBS.

The Ozawa equation is derived from Avrami theory and can be

used to describe the kinetics of nonisothermal crystallization

process. In this approach, the nonisothermal crystallization pro-

cess is the result of infinite number of small isothermal crystalli-

zation steps, on the assumption that, the nonisothermal process

consists of innumerable isothermal crystallization processes. The

Ozawa equation can be expressed as

lg 2ln 12Xtð Þð Þ5lg KðTÞ2mlg u (7)

where K(T) is called the cooling or heating function of the pro-

cess, which is related to the overall crystallization rate and indi-

cates how fast crystallization occurs, and m is the Ozawa

component that depends on the crystal growth and nucleation

mechanism.54 Figure 7 shows the plots of lg(2ln(1 2 Xt)) versus

lg u for PBS segment within PBSEG6K-61 and PBSEG10K-58. It

can be seen that no straight lines could be obtained from

lg(2ln(1 2 Xt)) as a function of lg u at given temperatures. The

results suggest that the Ozawa equation is not suitable to for-

mulate the nonisothermal crystallization kinetics of the PBS seg-

ment within PBSEG, which is similar with other reports.55–59

In general, it is difficult to describe nonisothermal crystalliza-

tion using a single equation, as there are a lot of parameters

which have to be taken into account simultaneously. The Mo

method, combining the Ozawa and Avrami equations, is almost

a universal method and widely used to study nonisothermal

crystallization kinetics of polymer.58–62 It is expressed as

lg u5lg FðTÞ2alg t (8)

where the parameter F(T) is equal to [K(T)/Z]1/m. Here, K(T)

is the Ozawa cooling function at temperature T, Z is Avrami

crystallization rate constant, and a equals to n/m, where n and

m are Avrami and Ozawa exponents, respectively. The physical

meaning of F(T) is that the value of cooling rate has to be cho-

sen in a unit crystallization time when the measured system

reaches a certain degree of crystallinity.63 A high value of F(T)

corresponds to low crystallization rate. According to eq. (8), the

plots of lg u versus lg t gave a straight line at a given degree of

crystallinity, as displayed in Figure 8. F(T) and a were obtained

from the intercept and slope, respectively. From Figure 8, we

can conclude that there is a good linear relationship between lg

u and lg t, as the adjusted R2 values of almost all the straight

lines were> 0.99. The results indicated that Mo method can be

successfully applied to describe the nonisothermal crystallization

process of PBS segment within PBSEG. The values of F(T) and

a obtained from these straight lines were listed in Table III. It

can be seen that F(T) increased with the relative degree of crys-

tallinity for all samples. In addition, the large value of F(T)

means that polymer crystallizes more slowly at a certain crystal-

linity. From the values of F(T) in Table III, the order of crystal-

lization rate was PBSEG10K-38 < PBSEG10K-50 < PBSEG10K-58 <

PBSEG6K-61 < PBSEG2K-60, which was consistent with that of t1/2.

The values of a were almost constant for a given sample. The

average a of PBS segment within PBSEG10K-38, PBSEG10K-50,

PBSEG10K-58, PBSEG6K-61, and PBSEG2K-60 were 1.14, 1.03, 0.99,

1.07, and 0.99, respectively. The average values of a having a

narrow range (from 0.99 to 1.14) suggested that the crystalliza-

tion behavior of PBS segment within PBSEG was almost not

changed.

Nonisothermal Crystallization Kinetics Study of PEG

Segment Within PBSEG

The methods of studying nonisothermal crystallization kinetics

of PEG segment within PBSEG bear an analogy to PBS segment.

Nonisothermal crystallization curves of PEG segment within

PBSEG6K-61 and PBSEG10K-58 (as two studied examples), as

Table II. Nonisothermal Crystallization Parameter for PBS Segment of

PBSEGs Obtained by the Avrami Method

Sample
Cooling rate
(�C/min) n Z (min2n) k (min21)

PBSEG2K-60 2.5 7.28 9.04 3 1027 0.14

5 7.66 2.18 3 1025 0.25

10 7.67 4.06 3 1023 0.49

20 5.59 5.52 3 1021 0.90

PBSEG6K-61 2.5 8.04 2.66 3 1027 0.15

5 6.71 4.15 3 1024 0.31

10 5.83 5.76 3 1022 0.61

20 5.29 1.71 1.11

PBSEG10K-58 2.5 5.68 5.37 3 1025 0.18

5 5.37 3.00 3 1023 0.34

10 5.33 1.48 3 1021 0.70

20 4.54 5.01 1.43

PBSEG10K-50 2.5 3.87 2.44 3 1023 0.21

5 3.51 4.82 3 1022 0.42

10 3.43 4.58 3 1021 0.80

20 3.63 4.12 1.48

PBSEG10K-38 2.5 2.94 1.68 3 1022 0.25

5 3.15 1.17 3 1021 0.51

10 3.79 1.66 1.14

20 3.15 7.90 1.93
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typical examples, moved to lower temperature range compared

with PBS segment (Supporting Information Figure S2). As the

cooling rate increasing, the crystallization curves became

broader and shifted to lower temperature. Tc of the five samples

at various cooling rates was summarized in Figure 9. The order

of PEG segment Tc within PBSEG was PBSEG10K-38<PBSEG10K-50<

PBSEG10K-58, and PBSEG2K-60<PBSEG6K-61<PBSEG10K-58 at a

given cooling rate for the two series, respectively. On the one

hand, Tc of PEG segment decreased from PBSEG10K-58 to

PBSEG10K-50 and PBSEG10K-38 because of the decrease of FPEG.

Figure 5. (a) Plots of relative crystallinity versus crystallization time and (b) Avrami plots of PBS segment within PBSEG during nonisothermal crystalli-

zation at 10�C/min.

Figure 6. The values of (a) t1/2 and (b) 1/t1/2 of PBS segment within PBSEG at various cooling rates.

Figure 7. Plots of lg(2ln(12Xt)) versus log / at the indicated temperatures of PBS segment within (a) PBSEG6K-61 and (b) PBSEG10K-58.
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On the other hand, shorter PEG chain segment length resulted

in the decrease of Tc of PEG segment from PBSEG10K-58 to

PBSEG6K-61 and PBSEG2K-60. The results are accorded with pre-

vious work.19

Similar to the treatment of PBS segment within PBSEG, the

Avrami equation was also used to analyze PEG segment.

Sigmoidal shape curves (Supporting Information Figure S3)

were obtained from Xt versus temperature and plots of

lg(2ln(1 2 Xt)) versus lg t (Supporting Information Figure S4)

gave a series of parallel lines. The results suggested that Avrami

method could also be used to understand the nonisothermal

crystallization kinetics of PEG segment. The values of Z, n, and

k were derived from these parallel lines (Supporting

Figure 8. Plots of lg / versus lg t of PBS segment within (a) PBSEG2K-60, (b) PBSEG6K-61, (c) PBSEG10K-58, (d) PBSEG10K-50, and (e) PBSEG10K-38 dur-

ing nonisothermal crystallization.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4094040940 (9 of 12)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Information Table S1). Z increased with cooling rate for all the

samples. The average values of n were 4.04, 3.59, 3.22, 3.33, and

3.44 for PEG segment within PBSEG2K-60, PBSEG6K-61,

PBSEG10K-58, PBSEG10K-50, and PBSEG10K-38, respectively. The

narrow range of n value indicated the crystallization mechanism

of PEG segment within all samples was similar. For these five

samples, the crystallization behavior shows similar after the PBS

segment crystallizing. The fact that the morphology of PEG seg-

ment showed 2-dimentional growth on previous PBS crystals

also proves the similar crystallization behavior. The order of val-

ues k was PBSEG10K-38<PBSEG10K-50<PBSEG10K-58, and

PBSEG2K-60<PBSEG6K-61<PBSEG10K-58 for the two series,

respectively. It was consistent with the order of Tc values. Under

the same cooling rate, more time was needed to complete crys-

tallization for PBSEG with small value of Mn,PEG or FPEG (Sup-

porting Information Figure S5).

As we cannot compare the crystallization rate with Z because of

the different n, t1/2, and 1/t1/2 obtained from the values of Z

and n, which were summarized in Figure 10. t1/2 of PEG seg-

ment within PBSEG10K-58 was 1.68 min, which increased to 2.00

and 2.83 min at cooling rate of 2.5�C/min for PBSEG6K-61 and

PBSEG2K-60, respectively; and it decreased to 2.47 and 4.38 min

for PBSEG10K-50 and PBSEG10K-38 at the same cooling rate,

respectively. Besides, 1/t1/2 of PEG segment within PBSEG10K-58

to PBSEG6K-61, PBSEG2K-60, PBSEG10K-50, and PBSEG10K-38

decreased from 0.60 min21 to 0.50, 0.35, 0.40, and 0.23 min21

from, respectively. The values of t1/2 and 1/t1/2 also showed the

same alteration trend under other cooling rates. The results

indicate that the crystallization rate of PEG segment within

PBSEGs decreased with Mn,PEG or FPEG.

We have also tried to use Ozawa method to describe the noni-

sothermal crystallization kinetics of PEG segment within

PBSEG. Yet no straight lines could be obtained when plotting

lg(2ln(1 2 Xt)) versus lg /, suggesting that the Ozawa equation

is also unable to study nonisothermal crystallization kinetics of

PEG segment within PBSEG. Mo method was applied to

describe the nonisothermal crystallization process of PEG

Table III. Nonisothermal Crystallization Kinetics Parameters for PBS Segment of PBSEGs at Different Degrees of Crystallinity by the Mo Method

Xt

PBSEG2K-60 PBSEG6K-61 PBSEG10K-58 PBSEG10K-50 PBSEG10K-38

F(T) a F(T) a F(T) a F(T) A F(T) a

0.2 17.38 1.12 13.18 1.00 10.72 0.98 8.52 1.07 6.31 1.03

0.4 19.95 1.14 15.14 1.02 12.30 0.99 10.72 1.07 8.13 1.00

0.5 20.89 1.14 16.22 1.03 13.18 0.99 11.75 1.07 8.71 0.99

0.6 22.39 1.15 16.98 1.04 13.80 0.99 12.59 1.07 9.55 0.99

0.8 25.70 1.17 19.05 1.06 15.49 0.99 14.45 1.07 10.71 0.98

Figure 9. The crystallization peak temperature of PEG segment within

PBSEGs at various cooling rates.

Figure 10. The values of (a) t1/2 and (b) 1/t1/2 of PEG segment within PBSEG at various cooling rates.
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segment within PBSEG (Supporting Information Figure S6).

Obviously, there was a good linear relationship between lg /
and lg t because of the high adjusted R2 values of straight lines,

indicating that the Mo method could be successfully applied to

describe the nonisothermal crystallization process of PEG seg-

ment within PBSEG. The slope and intercept of the plots

yielded a and lg F(T), respectively (Supporting Information

Table S2). F(T) increased with the relative degree of crystallinity

for all samples. According to Supporting Information Table S2,

the order of crystallization rate was PBSEG10K-38<PBSEG10K-50<

PBSEG10K-58, and PBSEG2K-60<PBSEG6K-61<PBSEG10K-58 for

the two series, respectively, according with result of t1/2. The val-

ues of a were almost constant for a given sample.

CONCLUSIONS

In conclusion, nonisothermal crystallization kinetics of both

PBS and PEG segments within PBSEG were investigated by

DSC, and were studied by Avrami, Ozawa, and Mo methods.

The results showed that Avrami can successfully analyze the

nonisothermal crystallization kinetics of both PBS and PEG seg-

ments within PBSEG. The values Avrami exponent n of PBS

segment were higher than that of PEG segment, especially for

samples PBSEG2K-60 and PBSEG6K-61. The crystallization rate of

PBS segment within PBSEG decreased with content of PBS seg-

ment and/or LPBS, while the decrease of Mn,PEG or FPEG would

result in small the crystallization rate value of PEG segment.

Besides, the Ozawa method could not be used to describe both

PBS and PEG segments within PBSEG. Furthermore, the Mo

method was a good method to analyze the nonisothermal crys-

tallization kinetics of both PBS and PEG segments, and the

alternate trend of the crystallization rate in the five samples

were consistent with Avrami method. Based on these data, we

can get some basic guidance to process the double crystalline

blocks copolymers.
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