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free energy of the system. That is, eq A-5 is the boundary 

and q c ( i j , k , m )  were obtained, p ( i j , k )  (=p(r)) was calcu- 
lated bv ea 5’ and 6‘. Then the normalization condition 
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for p(ij,k),-eq 7, was employed, and p ( i j , k )  was adjusted 
by a factor 
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because q K  is proportional to but not identical with the 
probability density. 

The actual process of obtaining a consistent set of q K  
and p was as follows: First, eq A-2 was solved for u = 0 
and the trial functions of q K  and qc were obtained for a 
given y by the procedure described above. Then p was 
calculated from these q B  and qc, and the first trial potential 
term u( i j ,k )  was calculated from this p by eq 2-4. Then 
eq A-2 was solved for this u(i j ,k)  and the same steps were 
repeated until the calculation became convergent. This 
procedure is similar to the perturbation calculation where 
the potential term u acts as an internal disturbance. Thus, 
the calculation was convergent when the disturbance u was 
not very large; i.e., the osmotic compressibility introduced 
in this term was not very small. When the mean change 
of p ( i j , k )  in the cell and the change of Q* (see eq 6’) in 
the subsequent step became smaller than a suitably chosen 
criterion, say 0.2% of the whole value in this study, the 
calculation for that y was terminated, and a new loop for 
another y was initiated. Such a calculation sometimes took 
2 h or more for five values of y. 
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Long-Range Order Parameters of Form I1 of Poly(viny1idene 
fluoride) and Molecular Motion in the cyc Relaxation 
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ABSTRACT Long-range order parameters SA and SC are defined as linear functions of the structure factor 
ratios of superlattice spots 120 and 031 to  the standard reflection 130, respectively. The reflection intensities 
of 120,031, and 130 were measured over the temperature range 55-170 “C by a position-sensitive proportional 
counter system. The  parameter S A  is independent of temperature, while the parameter Sc decreases with 
increasing temperature. This suggests that the reverse motion, which changes the molecular orientation along 
the fiber axis, takes place in a crystallite. The  temperature range corresponds to  the cyc relaxation that is 
observed, and the reverse motion is essentially the same as that proposed by Miyamoto et al.6 for the molecular 
motion in the a, relaxation. 

The CY relaxation is observed a t  the highest temperature 
and the lowest frequency by dielectric measurements of 
form I1 of poly(viny1idene fluoride). I t  was established by 
several that the CY relaxation is caused by mo- 
lecular motion in the crystalline region of form 11. Nak- 
agawa and Ishida4 attributed the CY relaxation to the cou- 
pled motion of chain loops a t  the crystalline surface and 
chain rotation with a small lengthwise translation in the 
interior of the crystal. McBrierty et al.5 interpreted the 
NMR data by two models: rotation of crystalline chains 
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in the vicinity of defects and rotational oscillation of re- 
stricted amplitude of all chains about the chain axis. 
Miyamoto et aL6 proposed a mechanism in which the re- 
verse of the molecular orientation along the fiber axis takes 
place during movement of a defect region, and Clark et 
al.7 characterized the defect region as a solitary wave. 

In a previous paper,8 it was established that in form I1 
crystal, four molecules with different orientation statis- 
tically occupy a crystal site with different existence 
probabilities (Figure 1). The analysis suggests that re- 
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-7 e- 

b =  9.648 
Figure 1. Crystal structure of form I1 of poly(viny1idene fluoride), 
the sample of which was prepared by annealing at 175 "C for 24 
h.' The existence p-rqbabilities of the molecules with orientations 
AC, AC, AC, and AC are 54, 29, 10, and 7 % ,  respectively. 

flections with 0121, h + k = 2n + 1, correspond to the 
so-called "superlattice spots", whose intensities decrease 
to zero since the molecules with different orientation have 
equal probabilities. Accordingly, it is possible to estimate 
the quantities of the molecules with different orientation 
in the crystalline region by measuring the intensities of the 
superlattice spots. 

In the present study, the intensities of the superlattice 
spots 120 and 031 were measured in the temperature range 
55-170 "C, in which the cy, relaxation is observed, and from 
the change in the quantities of the molecules with different 
orientation, the kind of molecular motion that takes place 
is discussed. 

Experimental Section 
Sample KF-1100 (Kureha Chemical Industry Co., Ltd.) was 

used for poly(viny1idene fluoride). The sample was stretched in 
a silicone oil bath at 150 "C and was annealed at 175 "C for 24 
h after the ends were fixed on a metal holder. X-ray measure- 
ments were carried out with Cu K a  radiation. The temperature 
of the sample was controlled within an accuracy of &1 "C by using 
heating equipment. Intensities of the 120, 130, 031, and 121 
reflections were measured by a PSPC (position-sensitive pro- 
portional counter) system through heating from 55 t o  170 "C. 
Figure 2 shows the temperature dependence of the intensities. 

Results and Discussion 

der parameters SA and Sc are defined as 
Long-Range Order Parameters. Two long-range or- 

S A  = 2wA - 1 

s c  = 2wC - 1 
( W A  = WAC + WAC) 

(WC = WAC + WAC) 

where wAc, wAc, W A ~ ,  and WAC are the existence probabilities 
of the molecules with orientation AC, AC, AC, and AC at  
the site of the molecule with orientation AC in the regular 
structure, respectively (Figure 3). A long-range order 
parameter is a measure for the regularity of the structure: 
the long-range order parameter becomes unity when the 
structure is regular and zero when the structure is com- 
pletely disordered. The parameter SA denotes the measure 
for the regularity on the c projection, which becomes zero 
when the molecules with the orientation A and A statis- 
tically coexist with equal probabilities, and the parameter 
Sc is the measure for the regularity on the a proiection, 
which becomes zero when the up (C) and down (C) mol- 
ecules coexist with equal probabilities. The long-range 
order parameters SA and Sc can be linearly related to the 
structure factors of 120 and 031, respectively. In Figure 

1.4L 
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Figure 2. Temperature dependence of the structure factors of 
the reflections 120, 130, 121, and 031. 

C C 

d b  - 
A A 

Figure 3. Molecular orientation. The symbols A and A denote 
the molecular orientation on the c projection and the symbols 
C and C denote the up and down molecyles, resp5ctively. The 
combinations of the symbols, AC, AC, AC, and AC define the 
orientation of the molecule. 

4, the structure factors of 120 and 031, which are divided 
by the structure factor of the standard reflection 130 in- 
dependent of the disorder in order to cancel out the tem- 
perature parameter, are plotted vs. the long-range order 
parameters S A  and Sc. 

The 
temperature dependence of the ratios of the structure 
factors IF1201/IF1301 and IFo311/)F1301 is shown in Figure 5. 
The ratio IF1201/IF1301 or SA is independent of temperature, 
while IF0311/(F1301 or Sc decreases with increasing tem- 
perature. In other words, the disorder between molecules 
with orientation A and A is not affected by temperatur? 
and the quantities of molecules with orientation A and A 
do not change in the crystalline region, while the disorder 
between up and down molecules becomes larger and the 
fraction of the up molecule at the up-molecular site in the 
crystal lattice wc decreases with increasing temperature. 
This suggests that molecules in the crystalline region 

Structure Change and Molecular Motion. 
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sa = 2 w a -  I 

Figure 4. Long-range order parameters SA and Sc and the ratios 

F12' was calculated on the ajsumption that only two molecules 
with orientation AC and AC coexist at a crystal site. 

of structure factm-s I~l2olIl~l301,l~o3ll/yl30l~ and I F l 2 l l / l ~ l 3 0 l .  Here, 

50 100 I50 
Temperature 1°C 

Figure 5. Temperature dependence of the ratios of the structure 
factors, IFld IF1301, lF0311/ IF130L and lF121l/ lF130l. 

change the orientation up (C) to down (c) without a 
change of orientation on the c projection; that is to say, 
the molecular motion between up and down, reverse 
motion, takes place in the temperature range. The reverse 
motion is caused by the conformational change around the 
single bond, TGTG to GTGT (Figure 6). This reverse 
motion is essentially the same as the motion proposed by 
Miyamoto et al. for the CY, relaxation although it cannot 
be distinguished whether or not the defect region plays any 
role, and the temperature range 55-170 "C corresponds to 
the a, relaxation that is observed. Furthermore, plots of 
In (1 - wc)/wc vs. 1/T gave AH = 2.6 kJ mol-' and A S  = 
3.0 J K-' mol-', which correspond well to AG = 0-1.05 kcal 
mol-' estimated by dielectric measurement.6 The value 
of AH is consistent with the generally accepted packing 
energy differen~e.~ Therefore, it is concluded that the CY, 

relaxation is attributed to the reverse motion of the 
molecule in the crystalline region. On the other hand, the 
relation in half-width among a series of reflections, 011, 
021, and 031, was interpreted by the antiphase domain 
structure (Figure 7)." From the viewpoint of the packing 
energy, the molecules in the vicinity of the domain 
boundary are considered to be less stable than the mole- 
cules located in the domain. Accordingly, the reverse 
motion is reasonably considered to occur among the 

T T  

Figure 6. Three possible modes of molecular motion in form 11: 
(a) reverse motion, which changes the orientation along the fiber 
direction; (b) motion that changes the orientation on the c pro- 
jection; (c) inversion motion, which changes the orientation si- 
multaneously along the fiber direction and on the c projection 
and which is very similar to that found in phase transformation 
I1 to 111.10 
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Figure 7. Antiphase domain structure for up and down mole- 
cu l e~ .~  

molecules in the vicinity of the boundary as if the domain 
boundary moves. 

Here, two other possible factors should be examined, 
which may bring about the different temperature depen- 
dence among the reflections. The first is the anisotropic 
temperature factor, which is mainly attributed to  the 
different temperature dependence between the vibrational 
amplitudes perpendicular to and parallel to the fiber axis. 
However, the ratio IF1211/IF1301 is almost independent of 
the temperature in the same way as lF1201/lF1301 (Figure 5). 
This suggests that the temperature dependence of the 
vibrational amplitude along the fiber axis is at least as large 
as the one perpendicular to the fiber axis. On the other 
hand, the ratio IF1211/IF1301 slightly decreases with de- 
creasing SC (Figure 4). In spite of the fact that the disorder 
decreases JF1211/(F1301, IF1211/(F1301 is independent of tem- 
perature. This suggests that the vibrational amplitude 
along the fiber axis is less temperature dependent than the 
one perpendicular to the fiber axis. Accordingly, it is likely 
that the anisotropy in the vibrational amplitudes rather 
increases the intensity of the reflection 031. The second 
possible factor is the partial or surface melting. Generally 
speaking, it is difficult to consider that the ordered 
structure melts at a lower temperature than the disordered 
structure. The antiphase domain structure" suggests that 
the ordered and disordered structures correspond to the 
major and minor components of the domains in a crys- 
tallite, respectively (Figure 7). It is also difficult to consider 
that the major component of the domains melts at  a lower 
temperature than the minor component. 
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Living Polymerization of ,&Lactone Catalyzed by 
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Living End 
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ABSTRACT: (cu,P,y,G-Tetrapheny1porphinato)aluminum chloride, obtained by equimolar reaction between 
diethylaluminum chloride and a,P,y,d-tetraphenylporphine, is a good catalyst for the living polymerization 
of P-propiolactone and P-butyrolactone, to give the corresponding polyesters with narrow molecular weight 
distribution. By 13C- and 'H-NMR spectrometry, the structure of the living end of the polymer of &lactone 
is concluded to be a (porphinato)aluminum carboxylate. The equimolar reaction product between (tetra- 
pheny1porphinato)aluminum ethyl and carboxylic acid exhibits a high catalytic activity for the polymerization 
of @-lactone to  form polyester with narrow molecular weight distribution. 

Introduction 
Although the synthesis of polymers of well-controlled 

molecular weight is of primary importance from both 
fundamental and practical standpoints, examples up to 
now have been rather limited. In the polymerization of 
@-lactone, the proton abstraction reaction from the 
methylene or methine group adjacent to the carbonyl 
group of the monomer by propagating species often occurs, 
resulting in chain transfer, e.g., as shown in Scheme I. The 
polymerization of &,a-disubstituted-P-lactone has been 
claimed to be of a living nature on the basis of, e.g., the 
linear relationship between the molecular weight of the 
polymer and the conversion of polymerization.' More 
recently, simlar behavior has been observed in the polym- 
erization of unsubstituted P-propiolactone catalyzed by 
alkaline metal acetates coupled with crown ether.2 How- 
ever, no direct information as to the molecular weight 
distribution of the polymers has been described. 

We have already reported that (cu,P,y,G-tetraphenyl- 
porphinato)aluminum chloride (TPPAlCl), an equimolar 
reaction product of a,P,y,b-tetraphenylporphine (TPPH2) 
with diethylaluminum chloride (Et2AlC1), is an excellent 
catalyst for the living polymerization of epoxides to give 
polyethers3 and their block copolymers4 with narrow mo- 
lecular weight distribution. In this polymerization, the 
propagating end of the living polymer was confirmed to 
be a (porphinato)aluminum alkoxide (Scheme II).5 More 
recently, TPPAlCl was found to show a high catalytic 
activity for the polymerization of /%lactones such as 6- 
propiolactone and P-butyrolactone. The polymerization 
exhibits a living nature, giving the corresponding polyester 
having a well-controlled molecular weight with narrow 
distribution.6 
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Scheme I 
CHZ-CH, 

&-+&COO- + I I - NVV%COOH + CH,=CH-COO 
- 

Scheme I1 

R 

CH-CHz I 
TPPAICI + n\ / TPPAI+O-CH-CH~I;;-CI 

In this paper, we report the investigation of the structure 
of the propagating end of @-lactone in the polymerization 
catalyzed by TPPAlCl in detail, taking advantage of the 
fact that the propagating end group attached to aluminum 
may be conveniently observed by NMR analysis because 
of the signals at  high magnetic field due to the large 
magnetic effect of the porphyrin ring. 

Experimental Section 
Materials. ol,@,y,b-Tetraphenylporphine (TPPH,) was pre- 

pared by reaction between pyrrole and benzaldehyde in propionic 
acid a t  about 140 "C and was purified by recrystallization from 
chloroform-methanol.7 jY-Propiolactone and P-butyrolactone were 
dried over calcium hydride and then distilled under reduced 
pressure in a nitrogen atmosphere. Dichloromethane (CHzClJ 
was washed successively with sulfuric acid, water, and aqueous 
sodium bicarbonate, dried over calcium chloride, and distilled 
over calcium hydride in a nitrogen atmosphere. Diethylaluminum 
chloride (Et2A1Cl) and triethylaluminum (Et3Al) were purified 
by distillation under reduced pressure in a nitrogen atmosphere. 

Measurement. Gel permeation chromatogrpahy (GPC) was 
performed on a Toyo Soda Model HLC-820UR gel permeation 
chromatograph equipped with a differential refractometer detector 
using tetrahydrofuran as the eluent: flow rate, 1.2 mL.min-'; 
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