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Data of osmotic pressure, diffusion and sedimentation in semidilute macromolecular solutions 
are systematized with regard to scaling laws. The observed main features are: (a) the concen- 
tration dependence of the osmotic pressure both at good and theta solvent conditions is in excel- 
lent agreement with that predicted by the scaling laws. (b) The concentration dependence of the 
mutual diffusion coefficient D m could not uniquely be described by a simple scaling law. A difference 
in concentration dependence between D m and the cooperative diffusion coefficient was observed for 
polystyrene under good solvent conditions. (c) The concentration dependence of the permeability 
coefficient (related to sedimentation) and the sedimentation coefficient were for most of the system s 
in close agreement with that predicted by the scaling laws. 

INTRODUCTION 

Up to 1972 the mean field picture was the prevailing theory. 
This theory, initiated by Flory ~, was successful in describing 
properties of dilute solutions of flexible polymers but failed 
for semidilute (entangled) solutions 2-4. Furthermore, the 
behaviour in the dilute and semidilute solution regions was 
not logically linked. In order to avoid this inadequate des- 
cription a new approach 2-6, based on an analogy between 
polymer and magnetic systems, describing static and dyna- 
mical properties of both dilute and semidilute solutions was 
proposed recently. In each regime well-deffmed patterns of 
behaviour were found and a rigorous link between the two 
regimes was established. From this picture, scaling laws, 
characterizing polymer solutions, emerged; the existence of 
these characteristic laws was inferred also from experimental 
work 2- s. 

The concentration dependence of the osmotic pressure, 
7r, the diffusion coefficient, D, and the permeability coef- 
ficient, X (related to the sedimentation coefficient) has been 
formulated in terms of scaling laws 2'6'9'~°. However, these 
power laws have to our knowledge not been tested in a com- 
prehensive study of experimental data. The principal aim of 
the present investigation is to determine the concentration 
dependence ofzr, D and X, respectively, in the semidilute 
regime by utilizing scaling concepts, and to compare the ex- 
perimental exponents, determined from a large amount of 
data, with those predicted. Therefore, a systematic study 
of existing experimental data covering both good and poor 
solvent conditions was undertaken. Before the results are 
presented and discussed the theoretical background is 
summarized. 
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THEORY 

Concentration regimes 
In dilute macromolecular solutions the solute molecules 

will be distinct and the dynamical situation is governed 
mainly by the intrinsic properties of the individual mole- 
cules. As the concentration increases, the intermolecular 
interactions will become more and more dominating and 
gradually the molecules will be in a state of more or less 
permanent contact. According to Simha 1~, who considered 
solutions of flexible macromolecules, this incipient overlap 
of polymer coils should occur at c* = 1 / [77] where [r~] is 
the limiting viscosity number (intrinsic viscosity). The sig- 
nificance of this concentration to separate different concen- 
tration regions has been manifested from recent sedimenta- 
tion velocity measurements 12-1s. These investigations also 
demonstrate the difficulty in defining unambiguously a con- 
centration which separates the dilute and semidilute do- 
mains. Upon a further increase in concentration the en- 
tanglement effects must be considered; eventually the statis- 
tical subunit density is homogeneous throughout the solu- 
tion. The concentration c ÷ where a uniform distribution of 
segments prevails can for instance be def'med by 16-~s 

M 
c+ - ~S'--2)3/2 (1) NA 

where M is the molar mass (kg/mol), (S 2) is the mean-square 
radius of gyration and NA is Avogadro's constant. This con- 
centration has been regarded as a critical concentration sepa- 
rating the dilute and semidilute domains. In the semidilute 



domain the entangled polymer solutions have been considered 
to behave like polymer networks with a finite lifetime 9'19'2°. 
The cross-over region (from incipient overlap to uniform 
segment density) has been observed from experiments to be 
smooth and to be centred roughly at c ÷. 

Scaling laws 
Our present understanding of the organization in an en- 

tangled polymer solution is based on scaling hypotheses. 
The fundamental parameter in the scaling law picture is the 
screening length, ~, which is dependent on concentration and 
temperature but independent of molecular weight and is of 
utmost importance in the description of both static and 
dynamical properties of semidilute solutions 2. 

The screening length concept for a polymer solution in 
the semidilute range was introduced by Edwards 2~. In an en- 
tangled solution, where the chains are pictured to have con- 
tact (entanglement) points, the average distance between 
adjacent contact points is defined by a characteristic length, 
namely the screening length ~. The parameter ~ may be in- 
terpreted as the distance beyond which there is no excluded 
volume effect between any two segments of the chain and 
can be defined by the following relation 21 

[ 1 2 n i l / 2 ;  

= ~ 12cN A v ] c > c* (2) 

Here c is the concentration (mass/volume) of the solute. 
The other quantities refer to the statistical subunit of the 
equivalent Gaussian chain; l 2 is the mean-square length, n 
the (molar) mass and o the excluded volume. 

Using dynamical scaling, de Gennes has shown that the 
concentration dependence of ~ is given by 2'9 

~ C  - m  (3) 

where 

m = _ _  
V 

vd - 1 (4) 

Here d is the dimensionality of space and v is a characteristic 
exponent. For good solvent conditions v is the Flory expo- 
nent 1 for the excluded volume, and assumes the value 0.60 
for d = 3, leading to m = 0.75. At theta conditions v is a 
'tricritical' exponent 22'2a with the value 0.50 and hence m = 
1. Thus equation (3) can be written 

c 0-75 (good solvent conditions) 

- (5) 

c - l .0  (theta conditions) 

These values of the exponents have been confirmed by re- 
cent small-angle neutron scattering experiments 2'24. 

Osmotic pressure 
The average number of contact (entanglement) points is 

proportional to 1/~ 3, (~ may be regarded as the average dis- 
tance between contact points). Since it can be argued gene- 
rally that 7r/T measures the number of contact points 2, the 
osmotic pressure n can be expressed as2,9 

k B T  
n - - -  ( 6 )  ~3 
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where k8 is Boltzmann's constant and T is the absolute tem- 
perature. By combining equations (5) and (6) the follow- 
ing power laws for the osmotic pressure in the semidulite 
region are obtained 2 

c '25 (good solvent conditions) 

n ~ (7) 

c 3° (theta conditions) 

For good solvent conditions the mean field theory due 
to Flory and Huggins predicts the value 2 for the exponent 
m 1. Although the difference between the value 2.25 and 
the mean field value 2 is not very large it is well visible in 
carefully performed experiments (see Table 1). Further- 
more, this difference has a profound meaning which has 
been discussed previously 2'3. On the other hand, the pre- 
dicted scaling behaviour at theta conditions (n ~ c 3) is es- 
sentially identical with the mean field prophecy for the 
theta point. 

Diffusion 
The principle of quasielastic light scattering has been 

amply described in the literature 2s-27. By using this tech- 
nique different dynamic regions are accessible 9'28. The para- 
meters which define these regions are concentration (dilute 
or semidilute solution), the coil radius of gyration, and 
momentum transfer [Iql= (47r/X)sin 0/2, Iqlis a function of 
the scattenng angle 0 and the incident wavelength X]. It can 
generally be maintained that when the dimensionless quan- 
tity qR "~ 1, where R is a characteristic length 9, the scatter- 
ing is related to 'macroscopic' properties of the system, such 
as the overall translational motion of the chains, whereas 
when qR >> 1 the scattering is governed by the 'local' pro- 
perties (internal motions). In order to discuss the dynamic 
regimes in more detail a schematic sketch, introduced by a 
de Gennes 9, has been displayed in Figure 1, showing the 
ranges of concentration and momentum transfer for the 
predicted existence of the different types of modes. 

In region 1 the diffusion of individual coils is detected and 
the diffusion coefficient is dependent on molecular weight 
but depends only slightly on concentration. 

The diffusion process in region 2 corresponds to a super- 
position of centre of mass (translational) motion and coil 
deformations. 

The diffusion behaviour in regime 3 is characterized by 
the cooperative diffusion coefficient, D o  (independent of 
molecular weight) which is associated with network defor- 
mations and is given by 9 

kBT 
D c - (8) 

67rno~ 

where r~ 0 is the viscosity of the solvent. The scaling hypo- 
thesis for good solvent conditions yields consequently the 
following concentration dependence of D c 

Dc ~ c 0"75 (9) 

Experimental evidence for this dynamical correlation has 
been observed recently 8'2s'29. However, the experimentally 
determined exponent was found to be somewhat smaller 
than the predicted one. 

Region 4 may be interpreted as the domain where mutual 
diffusion motion (or centre of mass translational diffusion 
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Table I Compilation of osmotic pressure data for various polymer--solvent systems 
the slope (above c +) in a Ig- lg plot of the osmotic pressure versus concentration 

in the semidilute concentration region. a~r indicates 

Polymer Solvent Molecular weight Temperature °C a n Remarks Ref 

Poly (3,-benzyI-L-glutamate) 

Poly (dimethyl siloxane) 

Chloroform 
N,N-dimethylf ormamide 
Cyclohexane 

n-Heptane 

n-Hexane 

n-Nonane 

n-Octane 

Polyisobutene Benzene 
Cyclohexane 

n-Heptane 

n-Hexane 

n-Pentane 

Poly (methyl methacrylate) Acetone 

Polystyrene 

Benzene 
2-Butanone 
1,2-Dichloroethane 
Dioxane 
Ethyl acetate 
Toluene 
2-Butanone 

Chlorobenzene 
Cyclohexane 

Dioxane 
Ethyl acetate 

Ethyl benzene 

Polystyrene Toluene 

trans-deca l i n 

Poly(vinyl acetate) 2.Butanone 

1,3,5-Trichloropropane 

Dextran Water 
Haemoglobin Water 

(phosphate buffer) 
Polyoxyethyle ne Water 
Poly(vinyl pyrrolidone) Water 

9.80 x 104 29 2.16 
1.60 x 10 s 45 2.11 
1.22 x 10 s 20 2.22 
4.93 x 10 s 20 2.15 
1.40 x 10 s 35 2.26 

50 2.32 
20 2.28 
50 2.21 
20 2.37 
50 2.2 s 
20 2.29 
35 2.28 
50 2.23 

9.00 x 104 24.5 3.2 8 u = 24.5°C 
9.00 x 104 8 2.34 

30 2.24 
9.94 x 104 0 2.13 LCST = 174°C 

20 2.13 
40 2.34 
60 2,36 

9.94 x 104 0 2.14 LCST = 129°C 
20 2.14 
40 2.14 

9.94 x 104 0 2.26 LCST = 73°C 
20 2.2o 

9.56 x 104 25 2.11 
1.61 x 10 s 30 2.19 
4.33 x 10 s 30 2.4 o 
1,01 x 10 s 25 2,09 
8.45 x 104 25 2.4,/ 
8.45 x 104 25 2,32 
1.04 x 105 25 2.13 
8.98 x 104 25 1.9s 
8.50 x 104 10 2.29 8 L = 146°C 

25 2.36 
40 2.44 
55 2 32 

9,72 x 104 10 2.32 
50 2.5o 

5.25 x 10 s 27 2.06 
49 2,3 o 

5.50 x 10 s 25 2.26 
9.84 x 104 25 2.21 
1.17 x 10 s 37 2.7 e u = 35°C 
4.40 x 10 s 34 2.9 
9.73 x 104 25 2.1 s 
1.15 x 10 s 25 2.06 
5.25 x 10 s 27 2.02 

49 2.0 s 
9.72 x 104 10 2.11 

35 2.11 
60 2.11 

1.33 x 104 30 2.27 
2.45 x 104 40 2.13 
1.19 x 10 s 25 2.2 s 
4.21 x 10 s 40 2.18 
5.25 x 10 s 27 2.26 

69 2.26 
3.96 x 10 s 20 2.8 8 u = 20.8°C 

25 2,1 s 
30 2.06 
35 2.08 
40 2.1 s 

3.00 x 10 s 10 2.1 o 
45 2.17 

2.70 x 10 s 15 2.31 
50 2.22 

3.74 x 10 s 25 2.39 
6.70 x 104 -- 2.26 

4.35 x 104 25 2.14 
2.79 x 104 25 2.14 

52 
53 
54 
55 
56 

57 
57 

58 

58 

58 

59 
60 
6O 
59 
61 
61 
59 
59 
62 

63 

64 

59 
65 
59 
65 
66 
59 
64 

67 

68 
69 
59 
68 
64 

70 

54 

54 

71 
72 

71 
71 
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motion) of the polymer chains are observable. The diffusion 
process is described by the relaxation of a concentration gra- 
dient. By choosingsmall enough angles 0 (q values) it is al- 
ways possible to arrange the centre of mass translational 
motion to dominate the Doppler-broadened spectrum. How- 
ever, it should be emphasized that the interpretation of the 
experimental data in terms of diffusion coefficients is based 
upon theoretical models. 

Most of the earlier quasielastic light scattering (QELS) 
measurements dealing with semidilute solutions s°-ss were 
conducted in region 4. It was demonstrated experimen- 
tally 3°'s2 that the mutual (translational) diffusion coefficient, 
Din, obtained by classical techniques, i.e. by establishing 
an artificial concentration gradient and observing the relaxa- 
tion of this gradient with time, was identical with that ob- 
tained by QELS measurements over an extended concentra- 
tion interval*. 

The diffusion data systematized in this paper are mutual 
(translational) diffusion data. The interest has been directed 
toward a quantitative determination of the concentration 
dependence of Din for various polymer-solvent systems in 
the semidilute regime. 

Sedimentation 
At concentrations c > c* the sedimentation process is 

principally governed by the flow of solvent through, instead 
of mainly around, the polymer coils. This behaviour has 
been described by utilizing the permeability concept ~s'37. 
The notion of permeability was first introduced by Darcy in 
connection with the flow of liquids through a porous 
material 3a. 

Mijnlieff and Jaspers a7 considered the analogy between 
the sedimentation of a polymer in a solvent and the permea- 
tion of solvent through a porous plug of material. They de- 
rived, using irreversible thermodynamics, the following rela- 
tion between the sedimentation coefficient and the per- 
meability coefficient k 

r/0s 
k - ( lO) 

c(1 - ~2/~1) 

where r/0 is the solvent viscosity, s is the sedimentation co- 
efficient at solute concentration c and ~1 and ~2 are the par- 
tial specific volumes of solvent and solute, respectively. 

Quite recently, Brochard and de Gennes 1° derived by us- 
ing the two-fluid model 9 and the analogue of Darcy's law a 

* These diffusion coefficients are equal only when the samples are 
monodisperse. 
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permeability coefficient X of the same type as that of 
Mijnlieff and Jaspers 

g 
X -  

6nc~ 
(11) 

where g can be expressed as 

c 1 
g ~3 (12) 

Hence X can be related to ~ as 

X ~  2 (13) 

By introducing equation (5) the scaling laws for the per- 
meability coefficient can be written as 1° 

'c-1-5 (good solvent conditions) 

X~ 

c-2-0 (theta conditions) 

(14) 

In this work the permeability coefficients were calculated 
from sedimentation measurements. Therefore equation (10), 
which only contains experimentally observable quantities, 
was used for the evaluation of the permeability coefficients. 

The concentration dependence of the sedimentation coef- 
ficient can also be predicted from dynamical scaling laws ~° 
stating that 

c~ 2 f c  -0.50 (good solvent conditions) 

s ~ ~ t (15)  
70 c -1.0 (theta conditions) 

RESULTS AND DISCUSSION 

Osmotic pressure 
Typical plots of lg n vs lg c are given in Figure 2. The 

corresponding exponents a~ (above c +) are listed in Table 1, 
together with exponenents for other polymer-solvent sys- 
tems. The curves depicted in Figure 2 may be analysed in 
the following way. The initial part of the curves are prac- 
tically linear up to c*, followed by an upward curvature; at 
still higher concentrations (above c +, indicated by vertical 
broken lines) a change to a new linear region with a different 
slope is observed. The initial slope is approximately 1 for 
theta systems, which is consistent with recent theory 2a'~. 
(This can also be observed from the common virial expres- 
sion). The cross-over between dilute and semidilute regimes 
occurs roughly around c +. The cross-over is smooth for good 
solvents, whereas for theta solvents the transition is more 
marked (see Figure 2). These observed features are in quali- 
tative agreement with the theoretical predictions ~6't7. 

In Table 1, exponents (the slope above c + in a lg-lg plot 
of it vs. c) for a large number of various polymer-solvent 
systems have been compiled. These data can be represented 
by the following power law dependencies 

c2.22 ± 0.12 (good solvent conditions) 

n ~ (16) 

t e2"9 (theta conditions) 
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Figure 2 Typical Ig - lg  plots of  the osmotic pressure versus con- 
centrat ion fo r  the systems indicated: ©, Polyisobutene (M = 90 000) /  
benzene at 24 ° C (theta condi t ions) s 7; e, Polyisobutene (M = 90 000) / 
cyc lohexane at 30°C57; 1:3, Polystyrene (M = 396 O00)/trans-decalin at 
20°C (theta condi t ions)7°;  II, Polystyrene (M = 396 O00)/trans- 
decalin at 35°C (approaching good solvent condit ions) 70 

practically straight from there onwards. A closer inspection 
of the curves shows that the slopes (above c ÷) of curves A 
and B are approximately the same, confirming the conjec- 
ture that Dm is independent of the molecular weight in this 
concentration region. The slope of the linear part of curve 
C is somewhat smaller, probably due to the fact that the 
solvent 2-butanone is a poorer solvent than toluene. 

For theta conditions (curve D), on the other hand, the 
diffusion behaviour is totally different. The most significant 
finding for this situation is that Dm decreases with concen- 
tration until a minimum value is attained at c ~ c+; upon 
further increase in concentration the value of Dm increases 
almost linearly (in a lg-lg plot ofD m vs. c) with a slope of 
approximately 1. (If Table 2 is scrutinized one can observe 
that this slope decreases as the temperature is removed from 
the UCST.) In this connection it should be mentioned that 
the minimum of the curve is located roughly at a concentra- 
tion corresponding to the maximum of the phase equili- 
brium curve 39. 

The exponents, a D , compiled in Table 2, were calculated 
from the slope of curves (the linear part above c +) analogous 
to those presented in Figure 3. The data have been obtained 
from both QELS experiments, conducted in region 4 of 
Figure 1, and gradient diffusion measurements (i.e. an arti- 
ficial concentration gradient is formed and the disappearance 
of this gradient with time is followed). 

A scrutiny of the exponents reveals some characteristic 
features, which can be summarized as follows. For the sys- 
tem polystyrene/2-butanone, where 2-butanone (in the in- 
terval 0°-25°C) is a moderately good solvent for polystylene, 
Dm increases with concentration approximately as c 0.3. 
Under good solvent conditions, the exponent is higher, 
namely 0.43 (a calculated average value from Table 2, for 
polystyrene in good solvents), indicating a stronger concen- 
tration dependence. In this connection it is interesting to 
compare this value (0.43) with that obtained from QELS 
measurements, performed in region 3 of Figure I (pseudo- 
gel domain), on the systems polystyrene-benzene s'2s and 

These exponents (the value is the average value of the ex- 
ponents in Table 1, the standard deviation is given) are in 
excellent agreement with those predicted from the scaling 
laws (see equation 7). Furthermore, it can be concluded 
that the exponent related to good solvent conditions is 
definitely larger than 2 (the mean field value) and in fact 
close to 2.25, as expected from the scaling law picture. 

It is interesting to note that the value of the exponent for 
the system polystyrene[trans-decalin decreases considerably 
when the temperature is removed only a few degrees from 
the theta temperature (see Table 1). This probably indicates 
a rapid transition from poor to good solvent conditions. 

It may be concluded from the large amount of data that 
the universality of the scaling hypothesis is confirmed for 
the osmotic pressure. 

Diffusion 
In order to demonstrate the concentration dependence 

of the mutual (translational) diffusion coefficient, Dm, in a 
quantitative way, a lg-lg representation of Din vs. c has 
been illustrated in Figure 3 for some specific systems. The 
,typical features as revealed by Figure 3 can be described as 
follows. The curves representing good or moderately good 
solvent conditions (A, B and C) are smooth lines which are 
curved up to a concentration in the vicinity of c ÷ and then 

B 

% 
o 

~ 0 ' 5  
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2 lO 0 I0 3"0 
Ig C (kg/m 3) 

Figure 3 Lg - l g  representation of  the mutual d i f fus ion coef f ic ient  
versus concentrat ion fo r  tbe fo l lowing systems: (a) Polystyrene (M = 
110 O00)/ toluene at 25° C4S; (b) Polystyrene (M = 200000) /~oluene 
at 21°C3°; (c) Polystyrene (M = 670000) /2 -bu tanone  at 25°C31; (d) 
Polystyrene (M = 180 O00)/cyclohexane at 40°C (close to theta 
condi t ions) 73 
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Table 2 Compilation of mutual diffusion data for various polymer-solvent systems in the semidilute region, a D indicates the slope (above c +) 
in a Ig- lg plot o f  the mutual diffusion coefficient versus concentration 

Polymer Solvent Molecular weight Temperature ° C a D Remarks Ref 

Polystyrene 2-Butanone 2.00 x 105 0 0.23 0 L = 146°C; QELS 31 

Polystyrene 

Dextran 

Hydroxypropyl  cellulose 

Poly (ethylene glycol) 

Poly (vinyt pyrrol idone) 
Serum albumin 

3.92 x 105 0 0.32 
6.70 x 105 0 0.33 
2.00 x 105 25 0.33 31 
3.92 x 10 s 25 0.28 
6.70 x 105 25 0.33 
2.00 x 10 s 50 0.26 31 
3.92 x 105 50 0.38 
6.70 x 105 50 0.35 
1.80 x 105 28 1.9 UCST = 26°C; 'Gradient di f f . '  73 

40 0.92 0 u = 35°C 
50 0.57 

1.80 x 105 20 0.43 'gradient d i f f '  73 
40 0.42 
60 0.45 

4.11 x l 0 5  25 0.50 QELS 35 
2.00 x 105 21 0.46 QELS 30 
1.10 x 10 s 25 0.47 'gradient di f f . '  45 
1.80 x 105 30 0.39 73 

Water 7.00 x 104 25 0.22 74 
Water 1.54 x 105 20 0.3 43 
Water 7.30 x 104 25 0.4 'good solv. cond.' 44 

37 ~0 0 L = 41°C 44 
Water 6.00 x 103 25 0.35 'gradient diff . '  74 

2.00 x 104 25 0.33 74 
2.10 x 105 25 0.5 75 
- 25 ~0 QELS 32 
6.90 x 104 20 t 0  'gradient diff . '  42 
6.90 x 104 25 ~0 QELS 32 

Cyclohexane 

Ethylbenzene 

Tetrahydrofuran 
Toluene 

Water 
Acetate buffer 
Water 
Saline solution 

polystyrene-ethyl acetate z9. Tile cooperative diffusion 
coefficient, Dc, could in these cases be represented by the 
power law D c ~ c 0"67 -+ 0.01. This value is not too far from 
the value (0.75) predicted by the scaling taw concept (see 
equation 9). However, the value 0.67 is significantly larger 
than 0.43, indicating that the concentration dependence of 
the cooperative diffusion coefficient is noticeably higher 
than that for the mutual (translational) diffusion coefficient. 
Incidentally, one should mention that measurements on the 
system polystyrene-benzene also were carried out for qR >> 1 
(region 2 in Figure 1)28; tile corresponding exponent 
was in this case 0.42. This is a further indication of that the 
concentration dependence may be different, depending on 
in which dynamical regime the measurements are executed. 

The concentration dependence of Dm for the polymer in 
aqueous solution (see Table 2) is of the same order of mag- 
nitude as for the polystyrene solutions, except for serum 
albumin and hydroxypropyl cellulose (theta conditions) 
which both show a negligible concentration dependence 
ofDm. The determination of the variation of Din with con- 
centration is somewhat ambiguous in the case of the water 
soluble polymers, principally because of relatively large 
polydispersity effects and aggregate formations. Therefore 
these data are not further examined. However, one may 
mention in passing that the dynamical behaviour of water 
soluble polymers is in general difficult to interpret, mainly 
due to the existence of hydrogen bond interactions between 
polymer and solvent. Furthermore, water is generally a 
relatively poor solvent for these polymers. 

From the results presented here it seems not to be pos- 
sible to describe the mutual (translational) diffusion coef- 
ficient by a general scaling law. 

Another parameter which is important for the physical 
understanding of a diffusion process is the self-diffusion 

coefficient, Ds. This coefficient characterizes the random 
motion of an individual solute molecule; the process has 
qualitatively been described by a theoretical model 4°. Data 
in the literature 41-4s indicate that Ds at concentrations above 
c + decreases with concentration as cU, with ~ ~ -1 .  How- 
ever, from one investigation dealing with proteins *s,/~ was 
found to be considerably smaller (/~ ~ -1.7).  A thorough exa- 
mination of these results is beyond the scope of the present 
paper. 

Sedimentation 
Figure 4 shows lg-lg representations of the permeability 

coefficient, k, vs. c for polystyrene solutions under various 
thermodynamic conditions. The thermodynamic situation 
is for the system polystyrene-cyclopentane changed from 
very poor (5°C) (close to the upper critical solution tempera- 
ture, UCST) to mediocre solvent conditions (40°C). Some 
interesting features should be observed. The permeability 
coefficient is monotonously decreasing as the concentration 
increases. However, for all the curves, except that represen- 
ting the situation close to UCST, a transition domain begin- 
ning at approximately c* (indicated by vertical dashed lines) 
is discernible. Above this concentration (of incipient over- 
lap) the curves can be represented by straight lines with dif- 
ferent slopes depending on the 'goodness' of the solvent (see 
Table 3). On the other hand, for polystyrene in cyclopen- 
tane close to the UCST the curve is linear over the entire 
concentration interval with a much smaller slope. This im- 
plies that the sedimentation coefficient is almost indepen- 
dent of concentration; this behaviour has been discussed 
recently 14,~s. 

The exponents (.ap and as) collected in Table 3 have been 
evaluated from the linear part (above c*) of curves analogous 
to those presented in Figure 4 (i.e. lg-lg plots of k and s, 
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Figure 4 Lg--lg plots of the permeabil i ty coefficient as a function 
of concentration for polystyrene (M = 11 1 000) 15,45 in the solvents 
indicated: O, cyclopentane at 5°C (~UCST); [3, cyclopentane at 11 °C; 
A, cyclopentane at 20°C (theta conditions); x, cyclopentane at 40°C; 
O, toluene at 25°C (good solvent conditions) 

respectively, vs. c). For most of the polymer-solvent sys- 
tems the concentration dependence of the permeability co- 
efficient and the sedimentation coefficient may be des- 
cribed by the following power laws 

c 1.0 (good solvent conditions) 

k ~ (17) 

c -2-0 (theta conditions) 

'c -0"7 (good solvent conditions) 

S ~  

• c-l.O (theta conditions) 

(18) 

These exponents are in very good agreement with those pre- 
dicted (see equations 14 and 15). However, some of the 
systems diverge from this pattern of behaviour and will 
therefore be scrutinized below. 

(a) The most significant finding is that k and s are pro- 
portional to c -1 and c O, respectively, at UCST. This remark- 
able observation can neither be confirmed nor contradic- 
ted, since no scaling laws or small-angle neutron scattering 
experiments have yet been reported for this crucial tempera- 
ture. Furthermore, the exponents representing conditions 
not too far from UCST show also anomalous behaviour (see 
Table 3). 

(b) For the system poly [2-(triphenylmethoxy)ethyl 
methacrylate]/toluene (good solvent conditions) the corres- 

ponding exponent is larger (-2.0)  than the predicted one 
(-1.5),  in fact identical with that predicted for theta condi- 
tions (see equation 14). This result may be explained by the 
following qualitative arguments. The polymer PTEMA has 
been found to be branched 4q'48. A branched polymer is 
generally characterized by the fact that the molecular dimen- 
sions (e.g. radius of gyration) are smaller than those for the cor- 
responding linear polymer and that the average segment den- 
sity within the polymer coils is far higher than that for its 
linear analogue. Thus, the PTEMA molecules can be expec- 
ted to display a relatively compact conformation in solution, 
which also has been observed 13'49. Therefore, it is not un- 
likely that PTEMA in toluene shows similar sedimentation 
and permeability behaviour as a linear polymer at theta con- 
ditions, since one of the crucial differences between a good 
and a theta system is that the polymer coils in a theta sol- 
vent are more compact than in a good solvent. 

(c) The exponents (ap and as) for the system poly(T- 
benzyl L-glutamate)/dimethyl formamide (PBLG/DMF) 
are significantly larger than those predicted. However, 
the PBLG molecules display a rigid rod-like structure. 
Furthermore, these molecules may be apt to show align- 
ment effects during the sedimentation process, which 
complicates the sedimentation behaviour (see reference 
50). From these facts and the fact that the scaling laws 
have been deduced under the assumption that the polymer 
chains are completely flexible, the observed divergence is 
not unexpected. 

(d) For the polymers in aqueous solution and for cellulose 
nitrate in acetone the exponent ap is consistently some- 
what larger than that for the synthetic polymers in good 
solvents (e.g. polystyrene in toluene). The former systems 
are characterized by certain common properties. The poly- 
mers are in general more polydisperse and less flexible than 
the synthetic polymers. Moreover, the solvents (water and 
acetone) are polar which may imply that dipole-dipole in- 
teractions can exist between polymer and solvent. These 
differences may to some extent explain the differences bet- 
ween the values of the exponents. Furthermore, in a recent 
investigation on poly(ethylene oxide) in water sl the exponent 
a s was found to be somewhat larger than predicted which is 
consistent with the above finding. 

(e) The reason for the anomalous small value of the expo- 
nents (ap and as) for the system ficoll/water has not been 
established. However, a possible cause of these small expo- 
nents may be that molecules of ficoll display a very com- 
pact spherical structure in water. 

From the results presented above one can observe that 
there are some systems whose exponents are not entirely 
consistent with those predicted from equation (14). How- 
ever, this does not obstruct the scaling laws from being a 
powerful tool in the analysis of the concentration dependence 
of the permeability and sedimentation coefficients. 

CONCLUSIONS 

The results presented in this paper are based on literature 
data of osmotic pressure, diffusion and sedimentation 
measurements performed in the semidulute region. The 
concentration dependence of the parameters 7r, Din, k and 
s was systematised and analysed in terms of scaling laws. 
The most significant findings were the following: 

(1) The exponent which expresses the concentration 
dependence of lr was in excellent agreement with that pre- 
dicted from the scaling laws, both for good and theta sol- 
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Table 3 Compilation of sedimentation data for various polymer-solvent systems, ap and a s indicate the slopes (above c*) in Ig--lg plots of 
the permeability coefficient and the sedimentation coefficient, respectively, versus concentration 

Molecular Temperature 
Polymer Solvent weight °C a s ap Remarks Ref. 

Polyisobutene n-Octane 1.90 x 106 25 --0.6 --1.6 76, 77 
Poly(methyt methacrylate) Toluene 1.40 x 106 25 --0.8 --1.7 13 

(PMMA) 
Poly [(2-triphenyl- Toluene 1.00 x 106 25 --1.0 -2 .0  Branched polymer 

met hoxyethyl)  methacrylatel 
(PTEMA) 

Polystyrene Cyclohexane 

Cyclopentane 

Toluene 
Polystyrene Toluene 

Poly (~-methylstyrene) (PAMS) 

Poly ('y-ben zyl- L-gl uta mate) 
Dextran 

trans-decali n 

Cyclohexane 

Toluene 

Dimethylformamide 
Water 

DNA Water 
F icoll Water 
Hydroxyethyl  cellulose Water 
Hydroxypropy l  cellulose Water 

Cellulose nitrate Acetone 

Serum albumin Water 

1.35 x 106 25 --1.0 --2.0 Branched polymer 
3.90 x 105 27 ~0 --1.0 UCST 14 

31 -1 .2  --2.2 
35 -1.1 --2.0 0 u = 35°C 

1.10 x 105 5 ~0 -1 .0  UCST 15 
11 -1 .5  -2 .4  

2.04 x 104 20 -1 .0  -2 .0  0 u = 20°C 
1.10 x 10 4 20 --1.2 --2.0 0 u = 20°C 
3.90 x 105 20 --1.0 --2.0 0 u = 20°C 
9.50 x 105 20 --0.9 -1 .9  e u = 20°C 
1.10 x 105 40 -1.1 -1 .9  close to theta cond. 
1.10 x 105 25 - 0 . 8  --1.7 45 
3.90 x 105 25 --0.7 --1.6 78 
1.80 x 106 25 --0.7 - 1 . 6  
3.90 x 105 20 -0 .8  --1.9 0 u = 20.8° C 12 
1.80 x 106 25 -1 .0  -2 .0  near to theta cond. 78 
3.90 x 105 30 -0 .9  -1 .9  12 

40 -0 .8  -1 .7  approach, good solv. cond. 
1.00 x 106 35 -1 .0  -2 .0  0 u = 35°C 37 
6.50 x 106 35 -1 .0  -1 .9  O u = 35°C 
1.00 x 106 25 -0 .7  -1 .6  37 
6.50 x 106 25 -0 .7  -1 .6  
3.20 x 105 25 -0 .3  -1 .3  a rod-like structure 50 
4.00 x 104 25 --0.4 --1.4 79 
5.00 x 105 25 - -0.5 --1.5 75 
(5--6) x 106 25 --0.5 --1.5 a rod-like structure 80 
4.00 x 105 25 --1.3 -2 .2  compact structure 50 
1.50 x 105 25 --0.5 --1.5 50 
7.30 x 10 4 25 --0.5 --1.5 81 

34 --0.6 --1.6 
40 --0.7 --1.7 0 L = 4 1 ° C  

3.50 x 10 s 20 -0 .5  --1.5 82 
5.00 x 105 20 --0.4 --1.4 83 
6.90 x 104 20 --0.4 --1.3 42 

vent conditions. The mean field theory, on the other hand, 
was inadequate to describe the behaviour at good solvent 
conditions. It may be concluded that the collected data 
support the universality of the scaling hypothesis. 

(2) The mutual diffusion data could not unambiguously 
be characterized by simple scaling laws. However, D m for 
polystyrene in good solvents, for instance, showed a well- 
defined pattern of behaviour. The observed concentration 
dependence of Dm in this case was much smaller than that 
of the cooperative diffusion coefficient under similar sol- 
vent conditions. This indicates that the concentration de- 
pendence is phenomenologically related to the dynamical 
regime in which the actual experiments are conducted. 

(3) The exponents which express the concentration de- 
pendence of k and s, respectively, were in close agreement 
with those predicted from the scaling laws for all but a few 
polymer-solvent systems. Most of these divergences could 
be explained, e.g. by the fact that the systems did not satisfy 
the conditions on which the theoretical model is based. 
However, the anomalous observations at the UCST empha- 
size the necessity of thorough experimental and theoretical 
investigations at this critical temperature. 

Finally it can be concluded from the present study that 
the scaling law concept is a unique aid to describe and inter- 
pret the concentration dependence of different static and 
dynamical parameters in the semidilute regime. 
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