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Abstract

Fractionated samples of D,L-poly(lactic acid) (PLA) were prepared and the dielectric normal mode relaxation was studied for dilute and

semi-dilute solutions of the PLA in a good solvent benzene. Results indicate that in the dilute regime the normal mode relaxation time is

proportional to ½h�Mw in agreement with the Rouse–Zimm theory, where [h ] and Mw denote the intrinsic viscosity and weight average

molecular weight, respectively. The dielectric relaxation strength which is proportional to the mean square end-to-end distance kr2l increases

with increasing Mw with the power of 2n, where n is the excluded volume parameter determined from [h ]. The relaxation time in the semi-

dilute regime increases with increasing concentration C due to increases of the entanglement density and the friction coefficient. The

relaxation time corrected to the iso-friction state agrees approximately with the dynamic scaling theories. The relaxation strength decreases

with increasing concentration indicating that kr2l decreases on account of the screening of the excluded volume effect. The concentration

dependence of kr2l agrees approximately with the scaling theory proposed by Daoud and Jannink.

q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Aliphatic polyesters having the structure of (Rm–COO)n–

is one of type-A polymers [1–3] and exhibit the dielectric

normal mode relaxation due to fluctuation of the end-to-end

vector since the overall dipole moment of the chain is

proportional to the end-to-end distance. Here Rm represents

an aliphatic hydrocarbon composed of m backbone atoms.

Jone et al. [4] first reported the dielectric normal mode

relaxation in dilute solutions of poly(1-caprolactone) ðm ¼

5Þ: Later Urakawa et al. [5] reported the dielectric normal

mode relaxations in solutions of poly(1-caprolactone) and

poly(varelolactone) ðm ¼ 4Þ with a narrow distribution of

molecular weight. Poly(lactic acid) (PLA) is an aliphatic

polyester of m ¼ 1 as shown in Fig. 1(a). Due to the

resonance effect, the C2–O3 bond has a character of double

bond and hence the internal rotation around C2–O3 is

forbidden [6]. Thus the backbone atoms C1, C2, O3, and C4

are on a same plane and the whole repeat unit can be

regarded as a virtual bond (dashed line in Fig. 1(a)). The

virtual bond possesses the parallel (type-A) and perpen-

dicular (type-B) components of the dipole moment pA and

pB (Fig. 1(a)).

There are two kinds of type-A polymers termed as types-

A1 and -A2. In type-A1 polymers, the parallel dipoles are

connected directly but in type-A2 polymers the dipoles are

connected with non-polar groups as shown in Fig. 1(b). In

dynamical processes of a type-A1 chain, its overall dipole

vector MA ( ¼
P

pA) is exactly proportional to the end-to-

end vector r in all instants:

MA ¼ mr ð1Þ

where m is the parallel dipole moment per unit contour

length. In type-A2 polymers m changes with time because

the conformation of the non-polar bonds is irrelevant to the

dipole moment. Thus the mean square average of MA is

proportional to the mean square end-to-end vector kr2l. In

this view the difference in structure between PLA ðm ¼ 1Þ

and poly(1-caprolactone) ðm ¼ 5Þ is significant. As men-

tioned above, the whole monomeric unit of PLA can be

regarded as a virtual bond and hence PLA is a type-A1

polymer. On the other hand poly(1-caprolactone) is a typical

type-A2 polymer since the polar COO group is connected
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with non-polar methylene groups. A few type-A1 polymers

are known, i.e. poly(2,6-dichlorophenylene oxide) [7],

poly(butyl acetylene) [8] and poly(phenoxy phosphazene)

[9]. However, those polymers have not been studied fully

due to difficulties in sample preparation.

Among various type-A polymers polyisoprene was

studied most extensively since narrow distribution

samples can be prepared by anionic polymerization

[10 – 15]. Polyisoprene has a structure – C1H2 –

C2(CH3)yC3H–C4H2– and the line connecting C1 and

C4 atoms can be regarded as the virtual bond having the

parallel dipole moment but the bond connecting C4 and

C1 of the next monomeric unit is non-polar. Therefore,

polyisoprene is a type-A2 polymer. It was found that the

relaxation time in dilute theta solutions of polyisoprene

conforms to the Zimm model [10,16]. In good solvent,

the relaxation times are proportional to M[h ], where [h ]

denotes the intrinsic viscosity as predicted by the Rouse–

Zimm theory [16,17]. We also pointed out that this

relation holds quite well for various polymer–solvent

systems [3,5].

Besides the dynamic properties, the dielectric spec-

troscopy provides us an important information of the mean

square end-to-end distance kr2l [2,18]. It was found for

dilute solutions of polyisoprene that the value of kr2l/M is

independent of the molecular weight M in a theta solvent but

kr2l is proportional to M 1.2 in a good solvent [10]. In semi-

dilute solutions of polyisoprene, kr2l decreases with

increasing concentration due to screening of the excluded

volume effect [11,12,14,19].

In this paper we have carried out dielectric measurements

on dilute and semi-dilute solutions of PLA. The objective is

to examine whether the characteristic behaviours mentioned

above are also seen in dilute and semi-dilute solutions of

PLA. We will compare the dielectric behaviour of PLA with

those of poly(1-caprolactone) and polyisoprene.

2. Experimental

2.1. Materials

Samples of poly(D,L-lactic acid) (PLA) were prepared by

co-polymerization of a 1:1 mixture of L- and D,L-dilactides

with a small amount (0.01 wt%) of Sn(C8H15O2)2 as a

catalyst and dodecanol as a co-catalyst as described by

Ajioka and co-workers [20]. The monomers L-dilactide and

D,L-dilactide were purchased from Aldrich (San Francisco,

USA) and used without further purification. The catalysts

were obtained from Wako Chemicals (Tokyo, Japan) and

were used as received. The mixture was dried in vacuum of

0.1 Pa over night and then heated up to 170–200 8C under

atmosphere of dry helium. Above the melting point of the

dilactides, the mixture was stirred. The reaction products

were dissolved in chloroform and then precipitated by

addition of excess amount of methanol. Those samples were

fractionated with dioxane as a good solvent and methanol or

n-hexane as non-solvents. The molecular weights of those

fractions were measured with size exclusion chromatog-

raphy by using an apparatus equipped with a low-angle

laser-light scattering detector (Tosoh, Tokyo, Japan).

Results are summarized in Table 1. The sample code

indicates the weight average molecular weight in kg/mol.

Benzene used as the solvent of sample solutions for

dielectric measurements was 99.9% pure grade and obtained

from Dojin Chemicals (Kumamoto, Japan). The density of

the undiluted D,L-PLA was measured to be 1.246 g/ml

(298 K) by a buoyancy method. We calculated concen-

tration C in g/ml assuming the additivity of the densities of

benzene (0.874 g cm23) and PLA.

2.2. Methods

Dielectric measurements were carried out at 298 K with a

capacitance bridge (General Radio 1615A) and an RLC

digibridge (QuadTech 7600, Maynard, USA) over the

frequency ranges from 10 Hz to 2 MHz. A guarded

capacitance cell for measurements on liquids was reported

previously [21]. Intrinsic viscosity was determined at 298 K

in benzene with a Ubbelohde type viscometer.

Fig. 1. (a) Structure of the monomeric unit of PLA. pA and pB denote the

type-A and -B dipoles, respectively. The dashed line indicates the virtual

bond. (b) Schematic representations of type-A1 (top) and type-A2 (bottom)

polymers.

Table 1

Sample characteristics

Code Mw ( £ 1023) Mw/Mn [h ] C p ( £ 102)

PLA119 119 1.19 145.6 0.69

PLA75 75.3 1.17 101.1 0.99

PLA55 55.4 1.19 79.2 1.26

PLA38 37.9 1.22 58.6 1.71

PLA29 28.5 1.17 46.7 2.14

PLA20 20.7 1.21 36.2 2.76

Mw: weight average molecular weight, Mn: number average molecular

weight, [h ]: intrinsic viscosity in ml/g, C p: overlapping concentration in

g/ml.
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3. Results and discussion

3.1. Intrinsic viscosity

Fig. 2 shows the dependence of the intrinsic viscosities

[h ] on the weight average molecular weight Mw in benzene.

The result can be cast into the Mark–Houwink–Sakurada

equation

½h� ¼ KMa
w ð2Þ

with K ¼ 1.10 £ 1022 ml/g and a ¼ 0.806. Since this a

value is slightly higher than the upper limit of 0.8 for

flexible polymers, one may consider that PLA is a semi-

flexible worm-like chain. However, according to our recent

study, the characteristic ratio C1 ¼ kr2l/Nbv
2 was determined

to be 3.15, indicating PLA is a typical flexible polymer,

where N is the degree of polymerization and bv the length of

the virtual bond [22]. Thus, the present viscosity data

indicate that benzene is a good solvent. The excluded

volume parameter n is determined to be 0.60 from the

relation a ¼ 3n 2 1. We determined the overlapping

concentration C p by using the relation C p < 1/[h ] and

listed in Table 1 together with [h ].

3.2. Overview of dielectric relaxation of PLA solutions

The representative frequency f dependence curves of the

dielectric loss factor 100 for PLA119 and PLA38 solutions

are shown in Fig. 3(a) and (b), respectively. Solutions of the

other PLA samples exhibited similar behaviour but the loss

maximum frequency depended strongly on the molecular

weight indicating that the observed dielectric relaxation is

due to the normal mode process. In Fig. 3(a), we see that in

the range of C , 0.02 the loss maximum frequency of the

normal mode relaxation for PLA119 is almost independent

of concentration and stays at log f ¼ 4.3. This regime is

defined as the dynamically dilute regime and the dynamic

crossover concentration Cp
t is defined as the concentration

above which the relaxation time increases with concen-

tration [12]. We will discuss Cp
t in Section 3.4.

The intensity increases with increasing concentration as

expected. In the semi-dilute regime of C . 0.027, the 100

peak shifts to lower frequency with increasing concentration

and at the same time the peak becomes broader. The origin

of this behaviour must be ascribed to the onset of

entanglement, i.e. the PLA chains begin to overlap each

other and the mobility of the chains slows down. In the

whole concentration region, the slope of low frequency side

of the log 100 vs log f curves is unity. On the other hand, the

slope in the high frequency side of the peak changes from

0.62 in the very dilute regime to 0.25 in the semi-dilute

regime indicating the broadening of the relaxation spectra

with concentration. The behaviour observed for PLA

solutions is very similar to those of solutions of poly-

isoprene [10–15] and poly(1-caprolactone) [5].

In Fig. 3(b) we see that the intensity and the loss

maximum frequency for PLA38 change with concentration

in a similar manner to PLA119 solutions. However, the
Fig. 2. Double logarithmic plots of intrinsic viscosity [h ] against weight

average molecular weight Mw. T ¼ 298 K:

Fig. 3. Double logarithmic plots of the loss factor 100 vs frequency f for (a)

solutions of PLA119 and (b) solutions of PLA38 at 298 K. The values of

100 C in g/ml are listed in the figure (a), but those of C in figure (b).
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width of the loss curve does not increase with concentration

in contrast to PLA119 solutions. Thus the broadening of the

loss curves in semi-dilute solutions is enhanced with

increasing molecular weight and can be attributed to the

entanglement effect.

3.3. Dilute solutions

The 100 curves for dilute solutions of PLA having varying

molecular weights are compared in Fig. 4, where 100 divided

by concentration C has been plotted. We see that the loss

maximum frequency fm shifts to low-frequency side with

increasing molecular weight as observed commonly for

type-A polymers [1–3]. For type-A polymers, the complex

dielectric constant 1 p( ¼ 10 2 i100) is given by the Fourier–

Laplace transform of the autocorrelation function of the

end-to-end vector kr(0)·r(t )l. According to the Zimm model

[16], kr(0)·r(t )l is expressed as

krð0Þ·rðtÞl ¼
8kr2l
p2

X

p:odd

1

p2
expð2t=tpÞ ð3Þ

tp ¼
p3=2hsN

3=2b2

121=2kBTlp

ð4Þ

where tp is the relaxation time for the pth normal mode; hs

the solvent viscosity; b, the average distance between beads;

kBT, the thermal energy; and lp, the pth eigenvalue

tabulated by Zimm et al. [23]. The non-draining Zimm

model predicts t1 / M 1.5.

The experimental relaxation time tn is determined from

the loss maximum frequency fm as tn ¼ 1/(2pfm). Fig. 5

shows the double logarithmic plot of tn vs weight average

molecular weight Mw. The slope of this plot is determined to

be 1.82 which is larger than 1.5 given by Eq. (4). Strictly

speaking the Zimm theory is applicable only to u solutions

since the bead-spring model assumes a Gaussian chain. On

the other hand, the PLA chains in benzene assume non-

Gaussian conformation since benzene is a good solvent. The

excluded volume effect is approximately accommodated in

the theory by modifying Eq. (4) as

t1 ¼ K
Mhs½h�

RT
ð5Þ

where K is the constant and hs the solvent viscosity [16,17].

The Rouse and Zimm models predict K to be 1.22 and 0.85,

respectively. The exponent a of Eq. (2) has been determined

to be 0.81 and hence Eq. (5) predicts tn / M1:81: Thus Eq.

(5) explains well the Mw dependence of the normal mode

relaxation in dilute PLA solutions.

Fig. 6 shows double logarithmic plots of tn against

Fig. 4. Comparison of the 100/C vs frequency curves of dilute PLA solutions

at 298 K.

Fig. 5. Double logarithmic plot of molecular weight vs relaxation time tn in

dilute solution at 298 K.

Fig. 6. Test of the Rouse–Zimm theory (Eq. (5)) for solutions of various

type-A polymers including benzene solutions of PLA. PI, polyisoprene;

PCL, poly(1-caprolactone); PVA, poly(varelolactone); PDCPO, poly(di-

cholorophenylene oxide); PPPN, poly(phenoxy phosphazene); Hep,

heptane; CH, cyclohexane; Bz, benzene; Diox, dioxane, and ClBz,

chlorobenzene. The dashed line and solid line represent the Rouse and

Zimm theories, respectively.
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Mhs[h ]/RT for dilute solutions of various type-A polymers

including the present benzene solutions of PLA [3]. We see

that all plots conform approximately to a universal straight

line of the slope of unity. The front factor K for the PLA/Bz

system becomes 1.78. This value is slightly larger than the

theoretical value of K for the Rouse theory and also larger

than the average of the experimental K values ( ¼ 1.4) for

the other solutions.

3.4. Longest relaxation time in semi-dilute solutions

As pointed out above for Fig. 3, fm decreases with

increasing concentration in the semi-dilute regime. The

concentration dependence of the normal mode relaxation

time tn is shown in Fig. 7(a). We see that all curves are

similar and there exists a dynamical crossover concentration

Cp
t below which tn is independent of concentration but

above which tn increases with concentration. In Fig. 7(a),

Cp
t is defined as the break point (the cross point of the

extrapolated two straight lines). Previously, we found that

Cp
t < Cp for solutions of polyisoprene in a good solvent and

moderately good solvents [12]. In the present PLA

solutions, we see that C p tends to decrease with increasing

molecular weight as indicated by arrows in Fig. 7(a) but Cp
t

for solutions of low molecular weight PLAs is almost

independent of molecular weight. We conclude that the ratio

of Cp
t /Cp increases with increasing molecular weight.

It is known that molecular weight between entanglement

Me in concentrated solutions of a polymer increases with

decreasing concentration as M0
e =C; where M0

e denotes the Me

of the undiluted polymer [24]. Recently we determined M0
e

of D,L-PLA to be 7700 from the plateau modulus of

undiluted PLAs [25]. In the semi-dilute regime Me is

proportional to ðC=CpÞn=ð123nÞ if the correlation length j is

assumed to be equal to the end-to-end distance of the PLA

chain of M ¼ Me [19]. For good solvent systems of n ¼ 3=5;

Me / C20:75: The crossover concentration C þ between the

semi-dilute and concentrated regimes is estimated to be

0.25 g ml21. Then Me becomes ca. 80,000 at C ¼ 0:1:

Therefore solutions of PLA55, PLA38, PLA29, and PLA20

with concentration less than 0.1 are in a non-entangled state.

Nevertheless tn of those solutions increases with increasing

concentration. Thus the increase of tn in those four solutions

is attributed to increase of the friction coefficient z on

account of intermolecular hydrodynamic interactions. On

the other hand, the concentration dependencies of tn in

solutions of PLA119 and PLA75 are due to both friction and

entanglements. Fig. 7(b) shows the plots of log tn/tn0

against log C, where tn0 denotes the relaxation time in the

dilute regime. As is seen in this figure, the plots for PLA20,

PLA29, PLA38, and PLA55 can be superposed indicating

that tn depends only on the segment density. This confirms

the above conclusion that the concentration dependencies of

tn in solutions of PLA20, PLA29, PLA38, and PLA55 are

due to the friction effect.

3.5. Longest relaxation time in crossover regime

In Section 3.4, the phenomenological analysis has been

made and the concentration dependencies of tn has been

attributed to the friction and the entanglement effect.

However, in the molecular view point, both the friction

and entanglement effects result from intermolecular inter-

actions. Both the effects are interrelated. Muthukumar and

Freed [26,27] proposed a theory to describe the concen-

tration dependence of relaxation time in the crossover

region by considering the inter-chain hydrodynamic inter-

actions. They did not use the concepts of friction and

entanglement. We test whether this theory explains the

concentration dependencies of tn in the crossover regime.

In dilute regime kr(0)·r(t )l is expressed by the Zimm

model (Eq. (4)) but around the crossover region the pth

relaxation time tp is written as

tp ¼ tp0½1 þ CAp2k 2 20:5ðCAp2kÞ1:5

þ 2ðCAp2kÞ2:0 þ · · ·� ð6Þ

where tp0 is the pth relaxation time at infinite dilution; A, the

Fig. 7. (a) Double logarithmic plots of tn at 298 K against concentration C.

(b) Double logarithmic plots of tn/tn0 against concentration C, where tn0

denotes the relaxation time in dilute regime.
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constant proportional to [h ] and k is equal to 3n 2 1. Since

Eq. (6) resembles to the expansion of an exponential

equation, the longest relaxation time tl can be rewritten

approximately as [4,28,29]

tl ¼ tl0 expðCA0½h�Þ ð7Þ

where A0 is the constant. This equation indicates that the

logarithm of dielectric relaxation time is proportional to

concentration in semi-dilute solutions. Fig. 8 tests this

prediction. We see that plots are approximately straight line

and conform to Eq. (7). From the slope, A0 is determined to

be 0.24 for PLA119 and 0.32 for PLA29. There is a

tendency that A0 increases with decreasing molecular

weight. Previously we found for semi-dilute PI solutions

that A0 was found to be 0.29, irrespective of Mw and solvent

quality [15]. We also reported that A0 for semi-dilute poly(1-

caprolactone) (PCL) and poly(varelo lactone) solutions in

benzene were 0.26 and 0.21 ^ 0.06 [5]. Jone et al. [4]

reported A0 ¼ 0:21 for dioxane solutions of PCL. Baysal and

Stockmayer [29] reported for ternary solutions of PCL/

polychlorostyrene/dioxane that A0 ¼ 0:35: The value of A0

for PLA solutions agree approximately with those of the

other polymers. We conclude that A0 takes a universal value

of 0.2–0.35 irrespective of the chemical structure of

polymers.

3.6. Reptation theory in semi-dilute regime

In this section, we apply the reptation theory proposed by

De Gennes [30] and examine whether the theory success-

fully explains our results compared with the Muthukumar–

Freed theory. He developed the theory assuming that the

correlation length of the segment density is equal to the

diameter of the tube in which chains are constrained. The

longest relaxation time td (tube disengagement time) is

given by

td / zN3ðC=CpÞð323nÞ=ð3n21Þ ð8Þ

where z is the friction coefficient, N the number of beads,

and n the excluded volume exponent. Eq. (8) has a form in

which the effects of the friction and entanglements are

independent and is similar to the following equation known

well in rheology [31]

t ¼ zðT ;CÞFðNe;CÞ ð9Þ

where z(T,C) is the friction factor depending only on

temperature T and concentration C. FðNeÞ is the structural

factor depending on the architecture of the chains and on the

number of entanglements Neð¼ M=MeÞ: It is assumed that

the friction acting on beads is proportional to the solvent

viscosity hs and does not change with concentration. As

mentioned above this condition is not satisfied in the present

systems. In order to examine the effect of entanglement on

the concentration dependence of tn, we need to correct the

effect of friction.

As mentioned above, plots of log tn/tn0 (Fig. 7(b)) for

PLA20, PLA29, PLA38, and PLA55 almost superpose. The

smoothed common line for these four solutions has been

drawn as shown in Fig. 7(b). This smoothed curve is

proportional to zðT ;CÞ of Eq. (9). Then for PLA119 and

PLA75 solutions, we obtain the relaxation time tnz

corrected to the iso-friction state by subtracting the values

of the smoothed curve (logarithmic scale) from log tn/tn0 of

PLA119 and PLA75 solutions. It is noted that z corresponds

to that in the dilute regime. Thus determined log tnz/tn0 is

plotted against C[h ] ð¼ C=CpÞ in Fig. 9.

Eq. (9) indicates that the log tnz vs log C[h ] plot has the

slope of (3 2 3n )/(3n 2 1). For good solvent systems of

n ¼ 3=5; the slope becomes 1.5. In Fig. 9 we see that the plot

is not straight line and does not agree with the theory

quantitatively. However, the theory explains the present

result approximately if a line of slope 1.5 is drawn as shown

in Fig. 9.

Fig. 8. Plots of log tn against C½h� for PLA solutions for the test of Eq. (8).

Fig. 9. Double logarithmic plots of tnz/tn0 against concentration C½h� for

solutions of PLA75 and PLA119. The solid line indicates Eq. (9).
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3.7. Relaxation spectra in semi-dilute regime

Fig. 10 shows the normalized 100 curves for PLA119/

benzene solution with various concentration. For the sake of

comparison, the loss curve predicted by the Zimm model is

plotted by the dashed line. The loss curves in the dilute

regime are slightly broader than that predicted by the Zimm

theory. We consider that this is due to the distribution of

molecular weight since the PLA samples used here have a

little broader molecular weight distribution ðMw=Mn ¼ 1:19Þ

than the samples of polyisoprene and poly(1-caprolactone)

used previously ðMw=Mn , 1:08Þ [5,10–15]. The slope of

the loss curve in the low frequency side is unity in

agreement with the theory.

For semi-dilute solutions, we see that the high-frequency

side of the peak broadens with increasing concentration.

The broadness of the spectra can be assessed from the

negative slope in the high frequency side which changes

from 20.73 in the dilute regime to 20.25 in the semi-dilute

regime. The same behaviour was reported for solutions of

polyisoprene and poly(1-caprolactone) [5,10–12,14,15].

Thus, the broadening of the dielectric spectra is a universal

phenomenon and does not depend on the type of the

configuration of dipoles A1 and A2.

The reptation model [32] proposed by De Gennes

predicts the same spectrum as the Rouse model and does

not explain the effect of entanglement on the broadening of

the dielectric spectra. The Muthukumar–Freed theory (Eq.

(6)) predicts the change in the spectra. In Eq. (6), the

relaxation times for the odd modes are calculated assuming

A ¼ A0½h� for PLA119 solution with C ¼ 0:1: The intensity

for each mode is proportional to 1/p 2 and the sum of the

Debye functions are calculated. As shown in Fig. 10, this

model does not explain the experimental 100 curve

quantitatively.

Ngai [33] also proposed a general theory of the relaxation

spectra. The theory does not explain the broadening of the

dielectric spectra since the theory predicts the broadening in

both the low and high frequency sides of the 100 curves. This

is not the case i.e. the slope of the 100 curve in the low

frequency side is unity irrespective of concentration. Thus at

present no theory satisfactorily explains the broadening of

the spectra in the semi-dilute regime.

3.8. Relaxation strength

For type A polymers, the relation between the dielectric

relaxation strength D1 and the mean square end-to-end

distance kr2l is given by

D1

C
¼

4pNAm
2kr2lF

3kBTM
ðin cgs esu unitÞ ð10Þ

where m is the dipole moment per unit contour length, NA,

Avogadro’s constant, F, the ratio of the internal and external

electric fields. Stockmayer and Baur [18] proposed that F is

given by

F ¼
ð1þ 2Þ2

9
ð11Þ

where 1 is the dielectric constant of the solvent. We expect

that F for the normal mode relaxation is close to unity since

the local inhomogeneity of electric field smeared out in the

scale of the end-to-end distance of the polymers chains. This

was experimentally tested [34]. Recently we calculated m of

PLA to be 1.37 ^ 0.01 £ 10211 esu based on the semi-

empirical molecular orbital theories [24]. From this value

and the assumption of F ¼ 1; the average end-to-end

distance kr2l0.5 of PLA119 in dilute solution becomes

102 nm at 298 K. If Eq. (11) is used, kr2l0.5 of PLA119

becomes 51 nm.

In the dilute solution, flexible polymer chains expand

owing to the excluded volume effect: kr2l / M 2n. Thus, we

obtain:

D1

C
/ N2n21 ð12Þ

The relaxation strength of PLA solutions increases in

proportion to M0:2
w : Because of limited frequency range of

our dielectric measurement, especially for dilute solutions

having a weak dielectric relaxation strength, relatively high

error is accompanied in determination of D1: We deter-

mined D1 from the Cole–Cole plot. We estimate that the

error in the determination of D1 is ^10%.

From Eq. (2), the exponent of (2n 2 1) for PLA/benzene

dilute solution was determined to be 0.19. Fig. 11(a) shows

the Mw dependence of ðD1=CÞ for PLA/benzene dilute

solutions. The solid line indicates the theoretical prediction

from Eq. (12) with the slope of 0.12. We can see that within

the error, our result agrees with the theory.

Fig. 11(b) shows the concentration dependence of D1 for

PLA75/benzene solutions. With increasing concentration,

D1 decreases in the semi-dilute regime, where the chains

Fig. 10. Double logarithmic plots of 100/100m against f/fm for examination of

the concentration dependence of the shape of the loss curve. Here suffix m

indicates the maximum of loss. The dashed line indicate the Zimm theory

and the solid line, the Muthukumar–Freed theory.
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overlap each other, and hence the excluded volume effect is

partially screened. According to Daoud and Jannink [35],

the Mw and concentration dependence of kr2l in semi-dilute

regime is given by

kr2l/ Cð2n21Þ=ð123nÞ ð13Þ

From this equation (kr2l/Mw) is expressed as a function of

only the concentration C. This means that for semi-dilute

solutions of PLA in benzene, we expect that the slope of the

log(D1/C ) vs log C is equal to ð2n2 1Þ=ð1 2 3nÞ ¼

20:185: The slope of the plot shown in Fig. 11(b) is

20.185. We see that in spite of experimental errors, our

data conform to the theory.

4. Conclusions

We have examined the dielectric normal mode relaxation

of benzene solutions of PLA focusing our attention on the

influences of the type-A1 dipole moment. The excluded

volume parameter n is determined to be 0.60 from the

molecular weight dependence of the intrinsic viscosity. In

dilute solutions, the dielectric relaxation time tn is found to

be proportional to M 1.82 ( / [h ]M ) in agreement with the

Rouse–Zimm theory. With increasing concentration the

slope in the high frequency side of the log 100 vs log f curve

changes from 20.62 to 20.25 but that in the low frequency

side does not change keeping the slope of unity. This

behaviour is very similar to solutions of polyisoprene and

poly(1-caprolactone) which are type-A2 polymers. At

present, no theories explain successfully the broadening of

the spectra. The normal mode relaxation time tn increases

with concentration and there exists a dynamical crossover

concentration Cp
t below which tn is independent of

concentration but above which tn increases with concen-

tration. The concentration dependence of tn in solutions of

PLA with high molecular weight is ascribed to both the

intermolecular hydrodynamic interactions and entangle-

ments. It is found that the log tn is linear to concentration C

in agreement with the Muthukumar–Freed theory. The

relaxation time is corrected to the iso-friction state tnz and

the concentration dependence of tnz agrees approximately

with the dynamic scaling theory proposed by De Gennes.

The mean square end-to-end distance kr2l is determined

from the relaxation strength. In dilute solution, kr2l increases

with Mw with the power of 0.2 in agreement with the theory.

The concentration dependence of D1 for PLA75/benzene

solutions. With increasing concentration, D1 decreases in

the semi-dilute solution regime. We conclude that the

behaviour agrees with the scaling theory proposed by Daoud

and Jannink.
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