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however, is smaller than a few percent in all cases, so it 
is not expected to be of any experimental significance. In 
the single-contact approximation, this concentration de- 
pendence disappears because the intramolecular segment 
distributions of the molecules in a pair are not perturbed 
in this approximation. 

The numerical calculations are based on the two-chain 
Monte Carlo results of Olaj and c o - ~ o r k e r s ~ - ~  for G(R) ,  
t , , (R),  and c,(R) obtained by considering a chain with 50 
steps on a cubic lattice, under both 0 and good solvent 
conditions. Therefore, the accuracy of the numerical es- 
timates of the initial slopes of the single-chain properties 
as a function of concentration presented in this paper is 
restricted by the statistical accuracy of the computer re- 
sults, especially at large separation distances. Furthermore, 
it is assumed that the shape of the functions G(R),  q ( R ) ,  
and c,(R) when they are expressed in terms of the nor- 
malized separation distance RIRG is independent of mo- 
lecular weight. I t  is desirable to check the validity of this 
assumption by repeating the two-chain Monte Carlo cal- 
culations with longer chains. As an independent test, we 
have calculated the interpenetration function 

using the computer data for G ( X )  and found # = 0.29, 
which is in fair agreement with e ~ p e r i m e n t a l ’ ~ * ~ ~  as well 
as t h e ~ r e t i c a l ~ ~  values for the limit of the interpenetration 
function as the excluded volume parameter z goes to in- 
finity. The discrepancy is perhaps due to the fact that the 
chain length is not sufficiently long (50-mers) and hence 
one is not quite in the large-z region. Extension of two- 
chain Monte Carlo calculations from 0 and good solvent 
conditions to intermediate solvents and parametrization 
of the pair distribution G(R) at different temperatures are 
also desirable in the study of concentration dependence 
of static and dynamic chain properties in dilute solutions 
in general. 

The concentration dependence of the static structure 
factor has also been studied by using two-chain Monte 
Carlo results without resorting to the single-contact ap- 
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proximation, and it was found that the shape of S’(q;C)  
as a function of q2 changes slightly with concentration, 
whereas it is independent in the conventional Zimm theory. 
The change seems to be large enough in the good solvent 
limit to be observed experimentally. 
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Experimental Determination of the Temperature-Concentration 
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ABSTRACT: Surface pressure (*)-surface concentration (r) isotherms of poly(methy1 acrylate) monolayers 
a t  the air-water interface were measured as functions of molecular weight and temperature in the vicinity 
of the 8 temperature. The crossover r* between the dilute and semidilute regimes and the crossover r** 
between the semidilute and concentrated regimes were determined. The T,  r*, r**, and second virial coefficient 
A2 data were compared with the theoretical predictions of Daoud and Jannink based on scaling concepts in 
two-dimensional space. The temperature dependences of these measured quantities were in good agreement 
with the theory, whereas the molecular weight dependence of these values did not agree with the theoretical 
calculations of Daoud and Jannink. A temperatureconcentration diagram in two-dimensional space was drawn 
with the experimental results. 

The scaling theories proposed by de Gennesl and the 
recently developed techniques of small-angle neutron 
scattering2 and quasi-elastic light scattering3 are making 
clear the thermodynamic, static, and dynamic properties 
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of polymer solutions in the semidilute and concentrated 
(gel) regimes. 

Daoud and Jannink4 presented a temperature-concen- 
tration diagram of polymer solutions based on de Gennes’ 
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suggestion that the 8 temperature is analogous to a tri- 
critical point of a gas-liquid or magnetic ~ y s t e m . ~  They 
defined four different regimes, consisting of dilute, sem- 
idilute, dilute tricritical, and semidilute tricritical (con- 
centrated) regimes. For each of these regimes the mean 
square end-to-end distance, (R2) ,  the screening length, [, 
and the osmotic pressure, R, were defined as functions of 
the degree of polymerization, N ,  polymer concentration, 
C, and reduced temperature, T = T I 8  - 1, where T i s  the 
absolute temperature and 8 is the theta temperature. The 
second virial coefficient, A,, was expressed as a function 
of N and T.  The exponents of N ,  C, and T consist of the 
space dimensionality, d, the critical exponent of the ex- 
cluded volume, v, and the tricritical exponents of the ex- 
cluded volume, ut, and crossover, &. Neutron scattering6 
and light  scattering'^^ studies have been carried out to test 
the predicted functional dependences of temperature and 
concentration of the important quantities ( R 2 ) ,  f ,  and R 
describing polymer solution properties in three-dimen- 
sional space, i.e., d = 3. 

However, in contrast with the three-dimensional space 
few experimental studies for Daoud and Jannink's relation 
in two-dimensional space have been reported. The surface 
polymer concentration dependence on the surface pres- 
sures of polymer monolayers under both good and 8 con- 
ditions was reported and the results were in good agree- 
ment with the predictions of the scaling laws for d = 2.9*'0 

According to the diagram of Daoud and Jannink, in 
two-dimensional space (d = 2), we have the tempera- 
ture-concentration dependence of (R2) ,  [, A2, and r, which 
corresponds to the surface pressure of a polymer mono- 
layer. 

In a previous paperlo we found that the 8 temperature 
of poly(methy1 acrylate) monolayer at the air-water in- 
terface is 18.2 O C  from plots of A ,  against the inverse of 
absolute temperature, and above 25 "C the good condition 
is well established. Therefore, the temperature range 
between 18.2 and 25 "C just corresponds to the poor 
condition between 8 and good conditions. The aim of this 
paper is to compare the temperature-concentration de- 
pendence of surface pressure and temperature dependence 
of Az of poly(methy1 acrylate) monolayer at the air-water 
interface in the vicinity of the 8 point with the theoretical 
predictions of Daoud and Jannink. Furthermore, we will 
construct a temperature-concentration diagram in two- 
dimensional space. 

Brief Outline of Daoud and Jannink's Theory 
1. Dilute Regime. At low surface polymer concen- 

tration, r, the surface pressure, R, can be developed in 
powers of r using the virial expansion1'J2 

where R is the gas constant, T is  the absolute temperature, 
M, is the number-average molecular weight of the polymer, 
and AzSz is the second virial coefficient at the two-dimen- 
sional space. The value of M ,  can be determined from the 
intercept of the plot of r / r R T  vs. r, and the slope of the 
plot gives the value. 

Daoud and Jannink defined the second virial coefficient, 
in the general form as - NvdTd(='J/*, (2) 

These exponents u, ut, and +t are calculated by the re- 
normalization-group technique' with an expansion in 6 = 
3 - d. For d = 2 the +expansion renormalization-group 
calculations predicted u = 0.77,13 ut = 0.505,'2 and +t = 
0.60.14 Substitution of these numerical values of the ex- 
ponents into eq 2 gives 
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(3) 

2. Semidilute Regime. The characteristic polymer 
concentration C* where polymer chains begin to overlap 
corresponds to the crossover between the dilute and sem- 
idilute regimes. For concentrations above C* the solution 
is defined to be in the semidilute regime. According to 
Daoud and J h n i n k  the crossover polymer concentration 
C* is defined as a function of molecular weight and tem- 
perature in the general form 

with 

(4) 

(5) 

where Rg,d is the radius of gyration of polymer in the di- 
mensional space of d. For d = 2, we obtain the dependence 
of degree of polymerization and temperature on r* by 
substituting u = 0.77, ut = 0.505, and J/t = 0.60 into eq 4 

(6) 

For the semidilute regime Daoud and Jannink derived 
the temperature-concentration dependence of the osmotic 
pressure (surface pressure for d = 2) by using the relation 
that the free energy of the magnetic analogy is related to 
the osmotic pressure of the polymer solution, which was 
proposed by des Cloi~eaux'~ 

r* - ~ - 0 . 5 4 ~ 4 8 8  

*/T Cud(vd-1)7(Pu,)dl* , (vd-l)  ( 7 )  

Equation 7 can be rewritten by introducing u = 0.77, ut = 
0.505, and $t = 0.60 for d = 2 

(8) 

3. Concentrated Regime. Daoud and Jannink defined 
the crossover C** between the semidilute and concentrated 
regimes as a function of reduced temperature, T 

R/T r2.85T1.64 

c** - T(utd-l) /$t  (9) 

Above C** the chains overlap but the 8 condition holds. 
Therefore, the concentrated regime corresponds to the 
semidilute regime at the 8 point, i.e., the semidilute tri- 
critical regime, and the osmotic pressure r is defined as 

For d = 2, we obtain the crossover line, r**, by substituting 
ut = 0.505 and $t = 0.60 into eq 9 

The surface pressure r is written by putting ut = 0.505 

r / T  - rlo' (12) 

Experimental Section 
Materials. Poly(methy1 acrylate) (PMA) was prepared by 

solution polymerization of freshly distilled methyl acrylate in 
benzene at 70 "C for 2 h using AIBN as an initiator. PMA was 
precipitated by methanol, dried under vacuum, dissolved in 
acetone, and separated into 10 fractions, using water as a pre- 
cipitant at 25 "C. The number-average molecular weights of the 
fractionated samples were determined by a Knauer vapor pressure 
osmometer (VPO) in benzene at 37 "C and by a Hewlett-Packard 
502 high-speed membrane osmometer (MO) in toluene at 30 "C. 
The polydispersity indices M,/M, of the samples were determined 
in THF at 38 "C by using a Toyo Soda HLC-802A gel permeation 
chromatography instrument. Five fractions were selected for the 
present investigation. The number-average molecular weights 
and the values of M,/M,, of the samples are given in Table I. 
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Table I 
Number-Average Molecular Weights and M, /Mn of 

Poly( methyl acrylate) 
M, x 10-3 

surface 
sample VPO or MO pressure M,/Mn 
PMA-1 2.7' 2 .4  1.7,  
PMA-2 4.2' 3.8 1.1, 
PMA-3 5.3' 5.9 1.1, 
PMA-4 12.,' 9.5 1.1, 
PMA-5 30, 1 .3 ,  

'VPO. bMO.  

n 
0 0.1 0.2 0.3 0.4 

r ( m 9 . m ' )  

Figure 1. Plots of ?r/I'RT vs. r at different temperatures for 

"C; (0) 19.0 "C; (0) 18.2 "C. 
Surface Balance. The surface pressures of the spread PMA 

monolayers were measured by the Wilhelmy technique using a 
glass plate attached to a sensitive torsion balance. The surface 
pressure was determined with a precision of f 4  X N/m. A 
Teflon trough (0.16 m X 0.90 m X 0.01 m) was used. Double- 
distilled benzene was used as a spreading solvent and double- 
distilled water was used as the substrate. Spreading of the PMA 
on the water surface was carried out by applying 10-pL benzene 
solutions (0.5 mg/mL) of the polymers using a Terumo micro- 
syringe. Compression of monolayers was carried out successively. 
The temperature of the substrate was controlled within 0.05 "C. 
Results and Discussion 

1. Dilute Regime. Examples of plots of n/FRT vs. r 
at  different temperatures for PMA-4 are shown in Figure 
1. At low surface polymer concentration, the straight-line 
behavior clearly confirms eq 1 with intercept l /Mn and 
slope A2,2. From the intercept in Figure 1 we obtained M, 
= 9.5 X lo3, which compares favorably with the value of 
M, determined by vapor pressure osmometry. For other 
PMA samples similar plots were observed, but due to the 
uncertainty for low surface pressure, the value of M, for 
PMA-5 could not be exactly determined. The values of 
M, determined by the surface pressure measurements are 
listed in Table I. Their error was less than 10%. 

As seen from Figure 1 the initial slope of the plot, which 
corresponds to A2,2, increases with increasing temperature. 
Figure 2 shows plots of log vs. log (re) for PMA-1, -2, 
-3, -4, and -5. The error in A2,2 for the low molecular weight 
samples PMA-1, -2, -3, and -4 is less than 10% but that 
for PMA-5 is less than 15%. Data points of A2,2 for each 
polymer sample fall on the least-squares straight line with 

PMA-4: (e) 25 OC; (e) 22.5 T; (0) 21.0 "c; (0)  20.2 "c; (e) 19.5 

cce ( " c )  
0.1 1 10 

i ' O  

-1 0 1 

Figure 2. Double-logarithmic plots of the second virial coefficient 
i O g ( 9 e )  

VS. Te: (0) PMA-1; (e) PMA-2; (a) PMA-3; (e) PMA-4; ((0) 
PMA-5. 

d 1 
2 3 

log N 

Figure 3. Double-logarithmic plots of vs. degree of polym- 
erization N at different temperatures. Symbols are the same as 
in Figure 1. 

slope 0.88 except for the A2,2 obtained in the neighborhood 
of the 8 temperature (0 < re < 1 "C). The limit of error 
on the slope is found to be 0.88 f 0.08. This value is in 
excellent agreement with the value of 0.88 predicted by 
eq 3. 

The measured values of A2,2 at  constant temperature 
increase with increasing molecular weight. Equation 3 
predicts that the value of Az,2 increases in proportion with 
N1.54. The measured A,,z at  various temperatures are 
plotted against the degree of polymerization determined 
by VPO and MO in Figure 3. The data points increase 
linearly with molecular weight up to M, < lo4 and there 
is a defmite leveling off in the high molecular weight region 
at respective temperatures. Therefore, in the dilute regime 
the temperature dependence of Az,2 is in excellent agree- 
ment with the theoretical predictions of Daoud and Jan- 
nink, while the molecular weight dependence of A2,z is not 
in agreement with Daoud and Jannink's theory. 

2. Semidilute Regime. By analogy to the definition 
of C* in three-dimensional space, the value of the critical 
surface polymer concentration, r*, in two-dimensional 
space may be estimated from the equation 
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4 8  ( " c )  

- 1  0 

Figure 4. Double-logarithmic plots of r / T  vs. r at different 
temperatures for PMA-2 (top) and PMA-4 (bottom). Symbols 
are the same as in Figure 1. 

mr 

where N A  is Avogadro's number and R,,2 is the radius of 
gyration in two-dimensional space. However, no adequate 
experimental method to  measure Rg,2 is available a t  
present, and we cannot estimate r* from eq 13. In Figure 
4, log (? r /T j  is plotted against log r for PMA-2 and PMA-4 
at  several temperatures. The data points describe a curve 
that first linearly increases with increasing r at lower 
polymer concentration, where eq 1 holds (dashed line), 
then deviates upward, and at still higher I? changes to  a 
new linear region (solid line) with a steeper slope than that 
of the initial part. The initial slope of the plot of log (?r/T) 
vs. log r increases with increasing temperature, whereas 

I 4 

-1 

Figure 5. Double-logarithmic plots of r* vs. 70. Symbols are 
the same as in Figure 2. 

at higher surface polymer concentration the slope decreases 
with increasing temperature. We regard such a surface 
polymer concentration as I'* where the dashed line and 
solid line cross. The values of r* determined by such a 
procedure are plotted against the temperature 70 on a 
double-logarithmic scale in Figure 5 for PMA-1, -2, -3, and 
-4. In the temperature range 1 < 70 C 5 "C, the data 
points fall on the least-squares straight line with slope 
-0.86 for the respective molecular weights. This value of 
the slope is in good agreement with eq 6. However, the 
r* data for 70 < 1 "C and 70 > 5 "C deviate from the 
straight line and become independent of temperature. The 
r* at the same temperature is almost independent of 
molecular weight. 

As seen from Figure 4, above r* the slope of the plot 
log (a /T)  vs. log r decreases with increasing temperature 
and reaches a value of 2.85, which corresponds to the value 
of the slope under good conditions (eq 8). 

In order to test the predicted value of 1.64 for the ex- 
ponent of 7 defined in eq 8, we show in Figure 6 examples 
of plots of log (?r/Tj  vs. log (70) at several different surface 
polymer concentrations above r* for PMA-1, -4, and -5. 
Below the surface polymer concentration of 0.320 mg/m2 
the data points for a finite temperature range fall on the 
least-squares straight line with slope 1.64 f 0.02 irre- 
spective of surface polymer concentration and molecular 
weight. The values of the slopes are in good agreement 
with eq 8. At lower temperature the values of log (?r /T)  
deviate from the straight line, and at higher temperature 
log ( T /  T j  becomes constant for the respective r. At con- 
stant r the temperature range that statisfies eq 8 becomes 
broader with increasing molecular weight. Above r = 0.330 
mg/m2, however, the slope of log (?r /T)  vs. log (70) plot 
decreases with increasing the surface polymer concentra- 
tion, and at  r = 0.360 mg/m2, log ( ? r / r )  becomes almost 
constant and independent of log (70). 

The surface concentration ranging from 0.330 to 0.360 
mg/m2 (Figure 4) may correspond to the crossover I'** 
between the semidilute and concentrated regimes. This 
result is in agreement with the fact that the crossover 
between the semidilute and concentrated regimes does not 
correspond to a sharp transition but to a rather smooth 
transition. Experimental determination of r** will be 
discussed in a subsequent section to construct the tern- 
perature-concentration diagram in two-dimensional space. 

3. Concentrated Regime. The data points depicted 
in Figure 4 converge in the neighborhood of a point with 
r = 0.36 mg/m2 and ?r = 4.2 X N/m irrespective of 
temperature and molecular weight, and beyond this point 
all the data almost fall on a master line. Since this con- 
vergence of data points satisfies eq 11, we regard the 
crossover r** between the semidilute and concentrated 
regimes as the intercept of the solid lines drawn in Figure 
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Figure 6. Double-logarithmic plots of r / T  vs. 70 at different surface polymer concentrations. (Left) PMA-1: (0) 0.36 mg/m2; (0) 
0.35 mg/m2; (e) 0.34 mg/m2; (0) 0.33 mg/m2; (0) 0.32 mg/m2; (e) 0.30 mg/m2. (Middle) PMA-4 (8) 0.31 mg/m2; (0) 0.28 mg/m2; 
(0) 0.26 mg/m2. Other symbols are the same as for PMA-1. (Right) PMA-5: Symbols are the same as for PMA-1 and PMA-4. 

Table I1 
Experimental r ** Data as a Function of Temperature 70 

Table I11 
Experimental rn * Data 

r**, mg/m2 
7O,'C PMA-1 PMA-2 PMA-3 PMA-4 PMA-5 

0 0.35, 0.36, 0.36, 0.35, 0.36, 
0.7 0.36, 0.35, 
0 .8  0.36, 0 .36,  0.36, 
1 .3  0.36, 0.36, 0.36, 0.35, 0.36, 
2.0 0.36, 0.36, 0.36, 
2.1 0.35, 
2.8 0 .37,  0.36, 0.37, 
2.9 0.36, 
4.3 0.36; 0.36, 0.37, 
6 .8  0.36, 0.36, 0.38, 0.35, 0.37, 

4 and the master line. The observed r** values are listed 
in Table 11. 

Above r** the slope of a straight line drawn in the plot 
of log (r/Z') vs. log r is 2.10 f 0.20. This value is much 
smaller than 101, which corresponds to the power for 
surface polymer concentration of the surface pressure in 
the concentrated regime obtained by Daoud and Jannink 
(see eq 12). This fact may indicate that the concentrated 
regime in two-dimensional space is not present for the 
monolayer of PMA spread at the air-water interface. For 
the structure of the PMA monolayer above r**, several 
explanations are plausible: first, formation of a partial 
multilayer structure; second, a partial submersion of the 
PMA chains; and last, formation of loop and train struc- 
ture with large loop size. To determine the structure of 
PMA above r**, further studies are necessary. 

4. Construction of Temperature-Concentration 
Diagram in Two-Dimensional Space. The tempera- 
ture-concentration diagram in two-dimensional space is 
essentially determined by using the relations for the 
crossover lines l'* and r** and the re* value predicted by 
Daoud and Jannink: The crossover line r* is given by eq 
6. The crossover line r** is given by eq 11. Furthermore, 
the value of re* is given by 

re* - N/R,,ze2 - N/W' t  (14) 

where R,,ze is the radius of gyration in two-dimensional 
space under 8 conditions. Putting ut = 0.505, one finds 
that re* is proportional to N-O.Ol. Therefore, in order to 
construct a temperature-concentration diagram it is nec- 
essary to obtain the three quantities r*, F**, and re*. 
Experimental values of re* determined by the same pro- 
cedure as for the determination of r* are listed in Table 
I11 and slightly decrease with increasing molecular weight. 

sample re*, mg/m2 sample re*, mg/m2 
PMA-1 0.32, PMA-3 0.31, 
PMA-2 

0 

6 

- 
0" 

- 4  a 
P 

2 

0.32; PMA-4 0.31; 

I I I 
I I ;** 

I 
', r* 

0 
0 0.2 0.4 

r ( mg m-2) 

Figure 7. Temperature-concentration diagram of PMA mono- 
layers a t  the air-water interface: Symbols are the same as in 
Figure 2. Dashed lines indicate the calculated r* and r** from 
the relations r* = 2.50 X 10-374.8s and r** = 0 . 3 9 7 ~ ~ , ~ ' ~ ' ,  re- 
spectively. 

Since the important quantities r* and F** are available 
as a function of the reduced temperature, 7, we can easily 
construct a concentration-temperature diagram in two- 
dimensional space. Figure 7 shows a portion of the tem- 
perature-concentration diagram based on experimental 
data of r*, r**, and re* (on the abscissa). Since a t  con- 
stant temperature r* and r** are almost independent of 
molecular weight, the values of r* and r** fall on the 
respective master curves. As seen from Figure 7 the lines 
I'* and r** do not intercept each other. This fact stems 
from the smaller measured exponent of 35 for the surface 
polymer concentration dependence of the surface pressure 
than the theoretical exponent of 101 at the 8 c~nd i t ion '~  
(do not confuse with the exponent 101 above r** in eq 12). 
Below d3 = 1.0 "C the constant r* values (vertical line) 
probably indicate that the dilute tricritical regime exists 
over a range of finite temperature (0 < r e  < 1 "C) as 
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suggested by Daoud and Janninka4 
Assuming that the simple relations I'* = ~ * 7 - " . ~  and r** 

= u**7°.0167 hold for the respective crossover lines, where 
a* and u** are numerical constants, we display the cal- 
culated values of I'* and r** by the dashed lines in Figure 
7 .  The values of a* and u** are selected to be 2.50 X lo-, 
and 0.397, fitting the measured values in the experimental 
range of 7, respectively. Above 78 = 5 " C  the measured 
values of l'* deviate from the calculated line l'* and have 
almost a constant value. This fact may reveal that the 
temperature range is not in the vicinity of the 8 temper- 
ature. In the range 0 < ~8 < 1 O C  the measured value of 
r* deviates downward from the calculated curve and falls 
on the vertical line separating a dilute tricritical regime 
and a concentrated regime. 

Conclusions 
By choosing relatively low molecular weight poly(methy1 

acrylate) samples, we determined definitely the crossover 
between the dilute and semidilute regimes and the 
crossover between the semidilute and concentrated regimes 
in two-dimensional space in the vicinity of the 8 tem- 
perature from surface pressure measurements. For each 
regime we have tested the theoretical predictions of Daoud 
and Jannink and obtained good agreement between ex- 
perimental data and theoretical predictions for the tem- 
perature dependency. However, the molecular weight 

dependency is not in agreement with the theoretical pre- 
dictions. Finally, we have constructed a temperature- 
concentration diagram of PMA monolayer using the ex- 
perimental results. However, we could not confirm the 
existence of the concentrated regime. 
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ABSTRACT: Limiting values of the macroscopic piezoelectric constants of poly(viny1idene fluoride) form 
I have been estimated: dM31 = 144.9 pC/N, dM3, = 16.7 pC/N, dM33 = -186.3 pC/N, e'31 = 161.1 mC/m2, 
eM32 = 17.8 mC/m2, and eM3 = -202.5 mC/m2. The calculated values of dM31 = 145 pC/N and electromechanical 
coupling constant kM31 = 63% are comparable to  those of piezoelectric inorganic materials such as Rochelle 
salt, PZT (PbTi03/PbZr03), and BaTiO, ceramics. An essential point in approaching the limiting values 
in the actual experiment is found to be how the degree of orientation of crystalline dipole along the electric 
field is increased during the poling process. 

In a previous paper,' we discussed the origin of the 
piezoelectric effect in poly(viny1idene fluoride) (PVDF) 
form I from the molecular-theoretical point of view and 
estimated the role that the intrinsic piezoelectric effect of 
the crystalline region plays in the macroscopic piezoelectric 
effect. We proposed in that paper' that it is not an in- 
herent piezoelectricity of the crystal but an electric and 
mechanical coupling between the polar crystal and non- 
polar amorphous matrix that governs the essential features 
of the macroscopic piezoelectric phenomena. Such an idea 
of piezoelectric mechanism lead us to a good reproduction 
of the experimental values of the macroscopic piezoelectric 
constants as well as to an overall interpretation of the 
piezoelectric phenomena commonly observed for PVDF 
form I samples (e.g., the piezoelectric constant dM,, is 
proportional to such factors as the content of polar form 
I crystal, the degree of dipole orientation along the electric 
field, the electrostriction constant, etc., and it also shows 
a large temperature dependence).' 

The second important problem concerning the piezoe- 
lectricity of this polymer involves estimating the limiting 
values of the macroscopic piezoelectric constants. In the 
mechanical cases of ultrahigh-modulus polyethylene2 and 
aromatic polyamides (Kevlar etc.)? the crystallite modulus 
or the Young's modulus of the crystalline region along the 
chain axis has supplied an important guiding measure as 
a limiting case for the production of polymer materials with 
much higher modulus. Similarly, an evaluation of limiting 
piezoelectric constants will give us a significant measure 
for the industrial production of effective piezoelectric 
polymer films. It may be also important in clarifying the 
situation of PVDF sample among a large number of pie- 
zoelectric materials. It should be noted here that, different 
from the case of Young's modulus, we need to estimate the 
limiting piezoelectric constants by taking into account the 
coupling effect of both the amorphous and crystalline 
phases and not simply the piezoelectric effect originating 
from the crystalline phase. 
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