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A new crystal modification induced by strain was found in uniaxially oriented fibres of poly(tetramethylene 
succinate). This new modification (fl form) had a planar zigzag conformation of 7"1o (all trans) and a fibre 
identity period of 11.90.~, while the conventional ct form had a TTGTI7 conformation and fibre identity 
period of 10.90 A. The solid-state crystal transition between • and fl forms was reversible with respect to 
the successive application and release of strain. 
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Introduction 
Recently, biodegradable polymers have received much 

attention from industry, particularly from the ecological 
viewpoint. It is well known that some synthetic aliphatic 
polyesters, such as poly(tetramethylene succinate) (PTMS), 
poly(ethylene succinate) (PES) and their copolymers 1'2, 
show excellent biodegradability. These are crystalline 
polymers. The mechanical properties of crystalline 
polymers, in general, depend strongly on their crystal 
structures as well as on the crystallinity of the polymers. 
Crystal structures can be controlled by pressure, 
temperature and strain. In poly(butylene terephthalate) 
(PBT), for instance, two kinds of crystal modifications (~t 
and fl form) have been reported3-7; the fl form appeared 
under strain. Despite many investigations on the crystal 
modification in PBT, little work has been done on PTMS. 
Chatani et al. reported the crystal structure (~t form) oL 
PTMS in a uniaxially oriented fibre s. In this paper, we 
show the existence of a new crystal modification of PTMS. 

Experimental 
Commercial grade PTMS (tradename Bionolle) was 

supplied in pellet form from Showa High Polymer Co., 
Ltd. No further purification was performed on the 
polymer. The melting point and the glass transition 
temperature of PTMS are 114°C and -32°C (by d.s.c.), 
respectively. Uniaxially oriented specimens were fabricated 
by melt spinning at 200°C, followed by drawing up to 
10 times at room temperature; specimens were then 
annealed at 80°C in vacuum under a constant length. 
These specimens are hereafter referred to as original 
fibres. Nickel-filtered CuK0t radiation operated at 50 kV 
and 140mA was used throughout this investigation. 
X-ray fibre photographs were taken for both the original 
and strained (by 14%) fibres, by means of a cylindrical 
camera (diameter 100mm) at room temperature. The 
fibre identity periods were calculated from the X-ray 
photographs. 
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Results and discussion 
Figures la and b show the X-ray fibre photographs 

for the original and strained fibre of PTMS. I n  

( a )  

Figure 1 X-ray fibre photographs of poly(tetramethylene succinate): 
(a) original fibre and (b) strained (14%) fibre. Note that new diffraction 
spots, indicated by arrows, appear in the strained fibre 
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( a )  ( b )  
Figure 2 Molecular structure ofpoly(tetramethylene succinate): (a) ~ form 
(TTGTr) and (b)/~ form (7"10) 

Figure lb new diffraction spots, indicated by arrows, can 
be clearly seen together with the same diffractions as seen 
in the photograph from the original fibre (Figure la). 
This observation indicates that the strained fibre contains 
two distinct crystal forms. We term the crystal form 
observed in the original fibre the ~ form and the new 
form that appears in the strained fibre the/3 form. The 
fibre identity period of the ~ form was found to be 10.90 A, 
which is close to the reported value of 10.94 A (ref. 8). 
The fibre identity period of the/3 form was observed to 
be 11.90/~. 

The molecular conformation of the ~ form is TTGTG 
(Figure 2a), where T, G and G denote trans, gauche and 
minus gauche, respectively s. On the other hand, the 

molecular conformation of the/3 form is planar zigzag 
(all trans Tlo) (Figure 2b). Such an all-trans conformation 
under strain has been reported in PBT 3-7 as well as in 

poly(butylene terephthalate}-poly(tetramethylene oxide) 
block copolymer 9. These structures are constructed so 
as to reproduce the fibre identity periods for each crystal 
form. The observed (and calculated) fibre identity periods 
for the ~ and fl form are 10.90A (10.91 A) and l l . 90A 
(11.97A), respectively, both of which are in good 
agreement. The bond lengths and bond angles employed 
in this calculation are taken from those for PES 1° 
and are as follows: C~C = 1.52 A,; C(O)-C = 1.48 A; 
C(O)-O = 1.33 A; C - O  = 1.42 A; C : O  = 1.20 A; 
L_ C - C - C  = / _  C - C - O  = 109.5°; /_ C-C(O) -O  = 
/_ C(O) -O-C  = 113.0°; /_ O - C = O  = 125.0°; the internal 
rotation angles for T, G and G are 180 °, 60 ° and - 6 0  °, 
respectively. 

The solid-state crystal transition from the ~t form to 
the/3 form and vice versa was found to be reversible with 
respect to the repeated application and removal of strain; 
this feature is similar to the crystal transition reported 
in PBT 3-7. Under  the current experimental conditions, 
both the ct and fl form of PTMS were observed, while 
Yokouchi et al. 3 have shown that in PBT a pure/3 form 
is obtained at a large strain regime. Future work will be 
aimed at obtaining a pure /3 form and more detailed 
crystal structure determination. 
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