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Abstract

Poly(ethylene succinate) [PES] showed a crystal transition between the a (T3GT3GÅ ) and b (T8) form, where T, G and GÅ denoted trans,

gauche and minus gauche, respectively. Here, the b form appeared only under the strain. We have investigated the mechanisms of this crystal

transition by FT-IR and X-ray diffraction. In the FT-IR spectrum, the absorbance peaks at 841 and 873 cm21, corresponding to the a form,

started decreasing at strain of e , 20%, while the absorbance at 805 cm21, corresponding to the b form, appeared at e , 20%, then increased

with strain. In addition, the isosbestic point was observed at 820 cm21, indicating that the crystal transition occurred only between the a and

b form, where no amorphous part contributed. In the X-ray diffraction, streaks appeared in layer lines in the b form, indicating that the b form

had some disorder along the ®ber axis. The equatorial re¯ection of a (at 2u � 20:48� started decreasing at e , 15%. On the other hand, the

re¯ection of b (at 2u � 21:98� appeared at e , 15%, then increased with e , consistent with FT-IR results. The molar fraction of the b form,

xb, was determined as a function of stress, s , by X-ray, where xb showed a drastic increase at a critical value of s p � 190 MPa: The

thermodynamic ®rst-order phase transition was hence the operative mechanism of the transition as similar to poly(butylene terephthalate)

[PBT] and poly(tetramethylene succinate) [PTMS]. The free energy difference between the a and b form, DG, was determined to be

DG , 2.3 (kJ/mol of monomer unit), being larger than the reported value of PBT (DG , 1.4) and PTMS (DG , 1.6). This difference

would arise from the locus of conformational change upon the transition. In the case of PES, the conformational change was observed in

both alcohol and acid units, while in the cases of PTMS and PBT, it was observed in the alcohol unit. q 2001 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Strain induced crystal modi®cations have been reported

in several polyesters, such as in poly(butylene terephthalate)

(PBT) [1±11] and poly(tetramethylene succinate) (PTMS)

[12±14]. In PBT, for instance, two kinds of crystal modi-

®cations (a and b form) have been reported. Here, the b
form appeared only under strain. Yokouchi et al. [4] and

Hall et al. [5] independently determined the crystal struc-

tures of the a and b form of PBT. In the case of PTMS

[12±14], crystal modi®cations (a and b form) have also

been reported, where the b form appeared under strain.

The authors determined the crystal structures of the

both forms [14,15]. The crystal structure of poly(ethylene

succinate) [PES] has been reported (a form) [16].

Recently, the authors have discovered new crystal modi-

®cation (b form) of PES. The transition occurred under

application or removal of strain [17]. Conformations of

these two forms were reported to be (T3GT3GÅ ) [16,17]

and (T8) [17] for the a and b form, respectively. It should

be noted that streaks appeared in the layer lines of the

b form of PES upon the crystal transition [17], while

no streaks were observed in the b form of PBT and

PTMS.

The crystal transition mechanisms were investigated

and well established in PBT [7] and in PTMS [13] as

well as in poly(ethylene oxide) (PEO) [18]. These studies

showed that these crystal transitions belong to the thermo-

dynamic ®rst-order phase transition. The mechanism

accounted well for the observations: (1) The fraction of

the b form showed a discontinuous change at a certain

level of stress; (2) The existence of a plateau in a stress±

strain curve. The authors thus principally focused on the

crystal transition mechanisms in PES with a special

emphasis on the comparison to those reported in PTMS

and PBT.
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2. Experimental section

2.1. Materials

PES, so called Bionolle, was supplied in a commercial

pellet form from Showa Highpolymer Co. Ltd; no further

puri®cation was made on the polymer. The weight average

molecular weight was determined to be 1.6 £ 105 by size

exclusion chromatography with poly(methylmethacrylate)

standards. The melting (Tm) and glass transition tempera-

tures (Tg) were measured to be 99 and 2118C, respectively

(by DSC).

2.2. Sample preparation

Uniaxially oriented ®bers were fabricated [12±15,17]:

these ®ber specimens were utilized in the following X-ray

studies. Film specimens were also prepared under the identi-

cal thermal conditions for FT-IR studies.

2.3. X-ray measurements

A rotating-anode X-ray generator (RU-200, Rigaku) was

operated in a normal focus mode to provide a monochroma-

tized X-ray beam. We used beam source, CuKa, l �
0:15418 nm operated at 50 kV £ 140 mA. Diffraction data

were recorded on a disk-shaped imaging plate with the

sample-plate distance of 150 mm. The diffraction pattern

was read by measuring the ¯uorescence intensity stimulated

by a focused He±Ne laser beam that scanned spirally the

surface of the imaging plate. The measurement of X-ray

diffraction data was implemented by the hardware system,

DIP100S (MAC Science). Wide angle X-ray diffractions

were measured at room temperature under various strains

between 0 and 35%, where the stepwise strains were applied

to and removed from the ®ber. The diffraction curve for

each strain was obtained 30 min after the application of

the strain: we have con®rmed the stress to reach an equili-

brium value and remained constant (,85% of the initial

stress) under this condition. The equatorial re¯ections

were used to evaluate the ratio of the b form.

X-ray ®ber photographs were also taken for both the

original and strained (by 35%) ®bers by means of a cylind-

rical camera (diameter of 100 mm) as reported previously

[17].

Small angle X-ray diffraction was measured to determine

the long period, L0. Wide angle diffraction was also

measured for the determination of the crystallite size, Lcr,

along the drawing direction using 004 re¯ection from the a
form based on the Scherrer equation [19]: the correction of

the slit width was made using Si.

2.4. FT-IR measurements

FT-IR spectra of PES were obtained at room temperature

under stepwise strains as described in the above. We mainly

focused on the absorbance peaks at 873 and 841 cm21 (for

the a form) and the peak at 805 cm21 (for the b form): these

peaks disappeared in a molten state.

3. Results and discussion

3.1. FT-IR spectra

The FT-IR spectra of PES under various strains are shown

in Fig. 1. The absorbance peaks at 873 and 841 cm21 start

decreasing at strain of e , 20%, while the peak at 805 cm21

appears at this strain. These observations indicate that the

peaks at 873 and 841 cm21 correspond to the a form crystal,

and the peak at 805 cm21 is assigned to the b form. It is

worthwhile to point out that the spectra have an isosbestic

point at 820 cm21. Similar kind of an isosbestic point was

reported in PBT [7] and PTMS [13]. The existence of the

isosbestic point indicates that the crystal transition occurs

only between the a form and the b form, where no amor-

phous part is transformed into crystal [6,7]. It would thus be

possible to evaluate the molar fraction of the b form, xb, as a

function of e [7,13,18]. As pointed out earlier, the FT-IR

spectra includes some ambiguity in the quantitative inter-

pretation of the data [7,13]. We hence employ X-ray diffrac-

tion method hereafter for more quantitative analyses, where

only the signals from crystal phase can be extracted [13].

3.2. X-ray diffraction

The X-ray ®ber photographs for the a �e � 0%� and b
�e � 35%� forms are shown in Fig. 2. The re¯ection spots

indicated by the arrows are used for the later analyses. X-ray

diffraction pro®les of equator under various strains are

plotted in Fig. 3. Two well-de®ned re¯ection peaks at 2u �
20:48 and 2u � 21:98 are assigned to a, 120, and b forms,

respectively. It should be noted that the intensity of the

re¯ection at 2u � 20:48 starts decreasing at e , 15%,
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Fig. 1. FT-IR spectra under various strains (0±37%) are shown. Note that

the absorbance peaks at 873 and 841 cm21 start decreasing at e � 20%

(broken line), while the peak at 805 cm21 appears at e � 20% then

increases with strain. The existence of the isosbestic point at 820 cm21

should also be noted.



while the re¯ection at 2u � 21:98 appears at e , 15% then

increases with e . In addition, the change is reversible with

respect to the repeated application and removal of stain.

These observations are substantially consistent with the

FT-IR results.

The above two equatorial re¯ections are thus used for the

determination of xb. The details of the procedure are

described in below. First, the integrated intensity of the

120 re¯ection of the a form �2u � 20:48�; Ia, is plotted

with respect to the intensity of the re¯ection of b form

�2u � 21:98�; Ib, for each strain in Fig. 4, where the data

points fall on a single straight line with a slope of 1/a (Note

that the a is negative.). Then xb is calculated via Eq. (1)

[10,20].

xb � Ib=�Ib 2 aIa� �1�
The xb is thereby plotted as a function of e in Fig. 5a. The

xb starts increasing at e , 12% and shows a drastic increase

with increasing e , then, almost saturates at e , 25%. These

observations indicate that the transition occurs between

e , 12% and e , 25%. The transition behaviors observed

by FT-IR and X-ray in this study are thus essentially the

same as those observed in PBT [7] and PTMS [13]. In order

to evaluate the critical stress (s p) of the transition, the xb vs.

strain (e) plot is converted into xb vs. stress (s ) (see Fig.

5b), from the relationship between e and an equilibrium

value of s at each e [13].

3.3. Streaks in layer lines

Streaks in layer lines appear in the b form as shown in

Fig. 2, which indicates that the b form of PES contains

disorder along the chain axis: the streaks do not disappear

after annealing at 808C for 12 h. Such streaks in layer line

are also reported in poly(b-methyl-b-propiolactone) [21].

Similarity of the size and symmetry of methylene and

carbonyl groups may result in such a disorder in the mole-

cular arrangement [22]. In the case of PTMS, no streaks in

layer lines can be observed [12]. Tsuji et al. however, have

reported that the b form of PTMS showed streaks during

elongation and that the streaks disappeared after anneal at

1078C [23,24]. The specimen that Tsuji et al., used was not
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Fig. 3. The equatorial re¯ection curves are shown. The re¯ection peaks at

2u � 20:48 and 2u � 21:98 correspond to the a and b re¯ections, respec-

tively. Note that the a re¯ection starts decreasing at e , 15%, while the b

re¯ection appears at e , 15% then increases with strain.

Fig. 4. The integrated intensity of the re¯ection at 2u � 20:48; Ia, is plotted

with respect to that at 2u � 21:98; Ib. Note that the data points fall on a

single straight line.

Fig. 2. The X-ray ®ber photographs are shown: (a) for the a form �e � 0%�; (b) for the b form �e � 35%�: Note that streaks in layer lines can be seen in the

latter case.



annealed before the formation of the b form. On the other

hand, the specimens for the present study is a uniaxially

oriented ®ber (the a form of PTMS) that is well annealed.

The former specimens would thus contain more defects.

It seems likely that the initial structure, and hence a form,

would dictate the structure after the transition (b form). The

position of the CyO group along the chain axis is almost

equal to those of surrounding chains in the a form of PTMS

[14,15]. The molecular packing around the CyO group

would thus be a closed packing. In the course of the tran-

sition between the a and b form, the structural change

occurs in the tetramethylene units. The relative position

against the surrounding chains are maintained even upon

the crystal transition to the b form. On the other hand, in

the a form of PES [16] and poly(b-methyl-b-propiolactone)

[21], the position of the CyO group along the chain axis

against those of the surrounding chains has off-set, allowing

to cause the displacement of chains with respect to the

surrounding chains in the crystal upon crystal transition

under stress. In such a circumstance, it is unlikely that the

displacement takes place identically, which introduces

disorder along the ®ber axis in the b form. Hence streaks

in layer lines can be observed in PES [17] and poly(b-

methyl-b-propiolactone) [21] as opposed to PTMS [12±14].

It is important to note that the streaks in layer lines of PES

disappear when the stress is removed as opposed to the case

in poly(b-methyl-b-propiolactone), where the streaks

remain after the removal of stress [21].

3.4. Crystal transition mechanisms

Two different models have been proposed for the crystal

transition mechanisms: one is the kinetic model and the

other is the thermodynamic ®rst-order phase transition

model. In the former model, xa and xb are determined by

the reaction rates (from a to b and vice versa), i.e. the free

energy barrier between a and b. Consequently, the plot

ln(xb /xa) vs. s should fall on a single straight line

[25,26]. In the latter model, xa as a function of s should

show a discontinuous jump at a certain value of s (� s p:

critical stress) [7,13,18]. These two kinds of plots therefore

make it possible to determine the crystal transition mechan-

ism. In the case of PES, the ln(xb/xa) vs. s does not fall on a

single straight line at all, ruling out the kinetic model. On

the other hand, the xb shows a drastic increase at around

s , 190 MPa (see Fig. 5b). These observations indicate

that the crystal transition mechanism in PES is the thermo-

dynamic ®rst-order phase transition rather than the kinetic

one, similar to those of PBT [7] and PTMS [13].

3.5. The critical stress

The critical stress, s p, is determined based on the de®-

nition that s � s p at xb � 0:5; and we thereby obtain s p to

be about 190 MPa. Since the transition mechanism is the

thermodynamic ®rst-order phase transition, s p is given by

Eq. (2) [7,13]:

s p � DG=�Aa�Lb 2 La�� �2�
where DG and Aa denote the difference in the free energy

between the a and b form per monomer unit and the cross

sectional area of the unit cell of the a form perpendicular to

the c-axis, respectively. The values of such parameters for

PTMS and PBT are summarized in Table 1. It should be

noted that the DG of PES (2.3 kJ/mol of monomer unit) is

larger than that of PBT (1.4 kJ/mol of monomer unit) [7] or

PTMS (1.6 kJ/mol of monomer unit) [13]. Conformation

change upon crystal transition takes place in tetramethylene

units in both PBT and PTMS. On the other hand, the

conformational change takes place in two ethylene units,
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Fig. 5. The xb, obtained by X-ray, is plotted as a function of (a) strain and

(b) stress. Note that xb starts increasing at e , 12% then saturates at

e , 25%.



ethylene glycol and succinate units, in PES [16]. This differ-

ence may cause the value of the free energy DG. The exis-

tence of disorder in the b form results in a positive number

of entropy difference, DS, and hence even decreases DG. In

addition, there would be inhomogeneous stress distribution

in the polymer [27,28], introducing error in the evaluation in

DG. For further quantitative interpretation, detail know-

ledge of the energy states in both crystal forms and micro-

scopic stress distribution are therefore necessary, and these

are deserved for the future projects.

3.6. Transition regime

In the transition regime, crystals in the a form turn into

the b form under an approximately constant stress of s p.

The magnitude of the transition regime, De � ee 2 ei; is

given by Eq. (3) based on a series model [13].

Decalc � X{��Lb 2 La�=La�2 �s p
=Ea�} £ 100�%� �3�

where e i and e e denote the strains at the initial and end of the

transition, respectively. The De calc and De obs denote the esti-

mated and observed values for De , respectively. La and Lb

represent the ®ber periods of the a and b form, respectively.

X � Lcr=L0 where Lcr and L0 denote the crystal size and the

long period of the a form along the ®ber axis, respectively:

the authors obtain Lcr and L0 to be 9.5 and 11.9 nm, respect-

ively. Ea denotes the crystal modulus of the a form. The ®rst

term in the right hand side of Eq. (3) represents the strain

arising from the difference in the ®ber identity period of

each crystal form. The second term represents the strain in

crystals (a form) at the initiation of the transition. It has

been reported that the value of De calc calculated from

Eq. (3) account well for the De obs in PBT �Decalc � 9%

and Deobs � 10%� [7] and in PTMS �Decalc � 6:5% and

Deobs � 8%� [13] as summarized in Table 2. In the case

of PES, the strain is obtained to be Decalc � 10%; with X �
0:8; La � 0:84 nm; Lb � 0:95 nm (per monomer unit),

s p � 190 MPa and Ea � 26:5 GPa; which is close to the

observed number of Deobs � 13% (see Fig. 5a).

The b form contains disorder along the ®ber axis, con-

tributing to the strain, resulting in underestimation of De calc.

The contribution by the disorder is given by Eq. (4).

Dedis � Deobs 2 Decalc �4�
Inserting Deobs � 13% and Decalc � 10%; we obtain De dis

to be 3%, indicating that the contribution of the disorder

would be 1/4 of the total strain.

4. Conclusions

We have investigated the crystal transition mechanisms

between the a and b form in poly(ethylene succinate) (PES)

by using FT-IR and X-ray diffraction. In the FT-IR, the

absorbance peaks for the a form (841 and 873 cm21) started

decreasing at strain of e , 20%, while the absorbance of the

b form (805 cm21), appeared at e , 20%, then increased

with strain. In addition, the isosbestic point was observed

at 820 cm21.

In the X-ray diffraction, two well-de®ned re¯ection peaks

at 2u � 20:48 for a 120 and 2u � 21:98 for b form were

observed. In addition, streaks in layer lines appeared in the

b form, indicating that the b form of PES contains disorder

along the chain axis. The intensity of the re¯ection at 2u �
20:48 started decreasing at e , 15%, while the re¯ection at

2u � 21:98 appeared at e , 15% then increases with e : the

change was reversible with respect to the repeated appli-

cation and removal of stain. These observations were

thus consistent with the FT-IR results. The molar fraction

of the b form, xb, was determined as a function of stress, s ,

by X-ray, and the xb showed a drastic increase at around

s p , 190 MPa. These observations indicated that the

thermodynamic ®rst-order phase transition was the opera-

tive mechanism of the transition as similar to those reported

in PBT and in PTMS. The free energy difference between

the a and b form, DG, was estimated to be DG , 2.3 (kJ/

mol of monomer unit), which is somewhat greater than

those observed in PBT (DG , 1.4) and in PTMS

(DG , 1.6) due to the difference of conformational change

during the transition.
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