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Sedimentation velocity measurements on polystyrene (M = 110 000) in cyclopentane over an extended 
concentration region and from 5°C (close to the upper critical solution temperature) to 40°C are re- 
ported. The concentration dependence parameter (ks)wincreases from 2 to 5°C to 27 at 40°C. For 
all temperatures except 5°C, so/s vs. w [7/] w shows an upward curvature at w[r/] w ~ 1; at 5°C, on the 
other hand, SO/S is independent of concentration over the region considered. Furthermore, measure- 
ments have also been performed at 20°C (O-conditions) over a large concentration interval for the 
molecular weights M = 20400, 390 000 and 950 000. The parameters s O and (ks) w were both found 
to be proportional to/~1w/2. In the 'hydrodynamically normalized' plot so/s vs. w[r/] w the sedimen- 
tation behaviour can approximately be represented by a single curve for all the molecular weights. 

INTRODUCTION 

Transport phenomena in concentrated macromolecular 
solutions have been investigated quite extensively during 
the past few years ~ -~ .  In particular sedimentation velocity 
measurements over a large concentration interval have been 
of great interest 1~-2°. Recently, the sedimentation process 
in a polymer-solvent system (polystyrene/trans-decalin), 
where 0-conditions could be altered to good solvent con- 
ditions by an increase in temperature, was studied both in 
dilute and concentrated solutions ~6. It was observed that in 
dilute solution the empirical concentration dependence 
parameter, ks, was positive at the 0-temperature and in- 
creased with increasing temperature, in agreement with 
measurements on other systems ls'~8'2~-24. Furthermore, 
when the concentration was increased, the sedimentation 
behaviour at 0-conditions changed markedly at c [r/] ~, 1 (c 
is the concentration in mass per unit volume and [7] is the 
limiting viscosity number) and approached that at good sol- 
vent conditions at still higher concentrations. 

The complexity of the sedimentation behaviour in con- 
centrated macromolecular solutions, especially near phase 
separation, was demonstrated from measurements on poly- 
styrene in cyclohexane close to the upper critical solution 
temperature (UCST) where no dependence of the sedimen- 
tation coefficient on concentration was found ~a. In order 
to further elucidate the sedimentation-process at the 0- 
temperature, and also to study the behaviour close to the 
UCST the present investigation on another polymer-solvent 
system with an ambient 0-temperature was undertaken. Sedi- 
mentation velocity measurements at the 0-temperature were 
performed in cyclopentane on polystyrene samples with 

various molecular weights (see Table 1) and at solute mass 
fractions ranging from 0.002 to 0.22. The 0-temperature for 
the present system is reported to be 20°C 2s. For the poly- 
styrene sample with M = 110 000 measurements were also 
carried out at temperatures ranging from 5 ° to 40°C. From 
data in the literaturJ 6, the UCST for this sample was deter- 
mined to be 3.8°C. 

EXPERIMENTAL 

Sample, solvent and preparation o f  solutions 
Polystyrene samples with narrow molecular weight distri- 

bution, from Pressure Chemical Co., Pittsburgh, Pa, were 
used as received. The nominal molecular weights, according 
to the manufacturer's specification, and characteristic data 
for the samples are given in Table 1. 

Spectroscopic grade cyclopentane (Merck) was used with- 
out further purification in all measurements. All solutions 
were prepared by weighing; after addition of solvent the 
polymer was allowed to swell before the solution was homo- 
genized by stirring for several days. The composition of the 
solutions is expressed in weight fraction, w, of the solute. 

Tab/e I Characteristic data for the polystyrene samples 

Lot No. 
Nominal molecular /~w /~w 
weight (M) (kg/mol) /~n 

2b 20400 20.8 <1.06 
4b 110 000 111 <1.06 
3b 390 000 392 <1.10 
61208 950000 900 <1.10 
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Table 2 Sedimentation velocity results for  polystyrene (M = 
110 000) in cyclopentane at various temperatures 

s x 1013/(sec) 

w x  102 5°C 11°C 15°0 20=C 30°C 40°C 

0 8.07 a 8.40 a 8,84a 8.90 a 9.94 a 11.03 a 
0.278 8.07 . . . . .  
0.280 -- 8.00 8.50 8.34 9.35 10.12 
0.538 7.82 . . . . .  
0.559 -- 7.89 8.08 8.00 8.76 9.49 
0.822 7.98 7.73 7.83 7.88 8.43 9.06 
1.02 - 7.70 7.62 7.69 7.99 8.86 
1.03 7.89 . . . . .  
1.25 8.02 7.58 7.30 7.41 7.82 8.24 
1.91 7.79 6.85 6.77 6.85 6.89 7.1 7 
2.68 7.62 6.49 - 5.99 - 6.40 
4.86 7.75 5.25 - 4.38 - 4.45 
7.46 7.69 3.82 -- 2.97 - 3.04 
9.80 7.68 2.57 - 2.05 - 2.20 

12.2 7.73 1.75 - 1.52 - 1.65 
16.8 7.71 1.02 -- 0.95 - 1.08 

a Obtained by extrapolat ion to w = 0 in a plot of  1/s vs. w (see 
the main text). The s values are calculated according to Method I in 
reference 28 and correspond to a certain average pressure which is 
the same in all measurements 

Table 3 Sedimentation velocity results for polystyrene in cyclo- 
pentane at the 0-temperature (20°C) 

M = 20 400 M = 390 000 M = 950 000 

sx1013  sx1013  s x 1 0 1 3  
w x  10 2 (sec) w x  10 2 (sec) w x 1 0  2 (sec) 

0 3.97 a 0 16.1 2 a 0 26.60 a 
0.6433 3.68 0.2109 14.56 0.2404 23.04 
1.506 3.52 0.4191 14.21 0.5322 20.11 
1.905 3.42 0.6630 13.14 0.8780 16.56 
2.483 3.14 0.8575 12.01 1.392 12.33 
3.658 2.73 1.117 11.79 1.827 10.27 
5.496 2.42 2.404 8.53 2.045 8.97 
7.105 2.09 3.851 5.85 2.767 7.03 
8.230 1.77 5.521 3.71 4.140 5.03 

11.92 1.20 7.489 2.85 5.289 4.00 
1 5.90 0.88 10.90 1.77 6.768 2.99 
21.43 0.58 8.016 2.44 

a Obtained by extrapolation to w = 0 in a plot o f  1/s vs. w (the 
main text). The s values are calculated according to Method I in refe- 
rence 28 and correspond to a certain average pressure which is the 
same in all measurements 

Velodty sedimentation 
Ultracentrifugation was carried out at 60 000 rpm using 

an MSE analytical ultracentrifuge (Centriscan 75) equipped 
with a schlieren optical system of the photoelectric scanning 
type 27, and a temperature controlling unit. The principles 
of the performance of sedimentation measurements and the 
evaluation of sedimentation coefficients have been discussed 
previously 2s. Sedimentation coefficients were for all samples 
determined at 20°C (0-temperature) and for sample 4b (3/= 
110 000) also at 5, 11,15, 30 and 40°C, and at solute mass 
fractions ranging from 0.002 and 0.22. The experimental 
results are collected in Tables 2 and 3. 

Viscometry 
Viscosity measurements on sample 4b (34 = 110 000) were 

performed in a viscometer of the Ubbelohde type. The kine- 
tic energy correction and the shear dependence of solution 

viscosity were both found negligible. Values of [~7]w are 
listed in Table 4. 

RESULTS AND DISCUSSION 

Dilute solutions 
The equation: 

1 1 
- [1 + (ks)wW] (I) 

s s o 

where s and s o denote the sedimentation coefficients at 
solute mass fraction w and at infinite dilution, respectively, 
is appropriate for the analysis of sedimentation data in dilute 
solutions. (ks) w is a characteristic of the solute-solvent pair 
considered, and depends on the temperature of measurement 
and on solute molecular weight [(ks) w = (ks)cPO where 
(ks)c is the corresponding parameter for concentration, c, 
in mass per volume and P0 is the density of the solvent]. 
The values of so and (ks) w listed in Tables 2, 3 and 4, res- 
pectively, were determined according to equation (1). 

The parameter (ks)w increases when the temperature is 
removed from the UCST (see Figure 1). This behaviour is 
predicted by recent theories 29'3°. It should be observed that 
(ks) w seems to be close to zero (or even zero) at the UCST; 
this tendency has also been observed for other polymer- 
solvent systems 1a'21-23. The ratio (ks)w/It/] w, where [rl] w = 
[~/] cPO, has a similar temperature dependence as (ks)w (see 
Figure 1). This is expected since [7] w varies only slightly 
over the temperature interval considered (see Table 4). The 

Table 4 Quantities for polystyrene in cyclopentane determined 
from experimental data 

(ks) w 
M t(°C) (ks) w [r/] w [1"/] w 

20 400 
110000 

20.0 9.7 - - 
5.0 2.0 22 0.09 

11.0 10.9 23 0.47 
1 5.0 16.1 23 0.65 
20.0 17.1 23 0.74 
30.0 22.9 24 0.95 
40.0 27.0 24 1.12 

390 000 20.0 36.5 - - 
9 5 0 0 0 0  2 0 0  6 4 9  - 

3o I -- -- - ,.s 

2 0  ~ I 0  

• , 0 o 

4 

o ,b 2'o 3'o £o 
t (o0  

Figure 1 Temperature dependence of (ks) wand (ks)wl[rl] w for 
polystyrene (M = 110 000) in cyclopentane 
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12.5 M(1 - ~p) 
s - (4) 

IO.Q 

7.5 

5-0 

25 

Figure2 PIotofs0/s~sv~[r/]wforpolystyrene(M =110000) in 
eyclopentane: I ,  5°C;O, 11°C; [3, 20°C; O, 40°C, and in toluene: 
A, 25oc xx 

value of (ks)w~ [r/] w at the 0-temperature has been predicted 
by the following theories: 

I 01"2 (Yamakawa3X) 
(ks)w = (ks)c _ 0.6 -+ 0.1 (Pyun-Fixman 3°, Billick 21) 

[r/] w It/] c (Freed32) 

(Imai 33) 

The value 0.77, at the 0-temperature (20°C), obtained from 
Figure 1, appears to be in the best agreement with the theo- 
retical value of Pyun and Fixman. The same statement has 
been made for the system polystyrene/trans-decalin investi- 
gated previously x6. From a number of investigations it ap- 
pears as if Yamakawa's theory underestimates the (ks)w/ 
[r/] w value at the 0-temperature, whereas Freed's and Imai's 
theories overestimate it. 

The molecular weight dependence of s o and (ks) w at the 
0-temperature were experimentally found to be given by the 
following equations: 

so = 8.7 × 10-14/~)~ 50 (at 20°C) (2) 

(ks) w = 1.9 M~b 50 (at 20°C) (3) 

These equations are consistent with the theoretically predic- 
ted dependencies at the 0-temperature 33. 

The proportionality of k s and so to M 1/2 at the 0- 
temperature has been observed for several polymer-solvent 
systems ~'~'3s. Since both (,k~) w and s o are, at the 0-tem- 
perature, proportional to )~1/2 it follows from equation (1) 
that the slopes in a plot of 1Is vs. w should be independent 
of molecular weight which also was found, within the ex- 
perimental uncertainty, for the present system. This feature 
has also been observed for other systems 24'~'3s. 

Concentrated solutions 
The concentration and temperature dependence of the 

sedimentation coefficient, s, is closely related to that of the 
frictional coefficient, f, through Svedberg's equation36: 

NA: 

where F is the partial specific volume of the solute, M the 
solute molecular weight, and p the solution density. Equa- 
tion (4) combined with the corresponding relation at infinite 
dilution, s o = M(1 - ~OPo)/NAfo, gives: 

so (1 -~0p0) / 
- x ( 5 )  

s (1  - Vp) : 0  

The relative change, with concentration or temperature, 
of the frictional coefficient is, according to equation (5), 
essentially determined by the corresponding change of the 
ratio so/s. A close inspection of Table 2 reveals that close to 
the UCST the relative increase of the ratio so/s is larger the 
higher the solute mass fraction is and at higher tempera- 
tures this increase tends to become almost independent of 
W. 

In a sufficiently dilute macromolecular solution the 
transport properties are almost entirely governed by the 
intrinsic properties of the solute molecules, since they can 
be considered to behave as individual units. An increase in 
the concentration will eventually lead to a state where the 
molecules are in more or less permanent contact. Simha et 
al. 37,~ considered solutions of flexible macromolecules, and 
estimated for spherical impenetrable coils the concentration 
corresponding to incipient overlap to be c* = [r~] c 1. A general 
conclusion 39 is that c* is proportional to [r/] c I ; the actual 
proportionality constant being dependent upon the model 
chosen. 

The molecules begin to entangle at concentrations above 
c* (or w* - c*/p 0, which will be used in the discussion be- 
tow), and a situation where a uniform local segment density, 
over the available volume prevails, will eventually be 
reached. The sedimentation process at concentrations above 
c* is discussed in terms of the 'porous plug' model t2 where 
the sedimentation of the polymer is closely related to the 
permeability of this 'plug'. This concept has been elaborated 

12 40,41 in detail elsewhere ' . 
In Figure 2 the transport process over the concentration 

and temperature intervals is depicted. At 5°C (close to the 
UCST) so/s is almost independent of solution composition 
over the interval studied; this behaviour has also been ob- 
served for polystyrene in cyclohexane 18. This may have its 
origin in enhanced aggregate formation .2, especially when 
the concentration increases. The strong local fluctuations 
in concentration which occur in the neighbourhood of 
phase separation may be responsible for this feature. 
Another plausible explanation for this phenomenon can be 
that the polymer coils 'collapse' in the vicinity of phase 
separation. This 'collapse' may assume enhanced importance 
at elevated concentrations, i.e. near the maximum of the 
phase separation curve. This decrease in coil dimensions 
may lead to the observed sedimentation behaviour. 

An increase in temperature will lead to a totally different 
behaviour in the sedimentation process (see Figure 2). The 
curves So/S vs. w [r~] w show an upward curvature at w[r/] w ~ 
1 ; this curvature vanishes gradually with increasing tempera- 
ture, i.e. when the solvent power increases. A similar beha- 
viour has previouly been demonstrated for the system 
polystyrene/trans-decalin 16. For the good polymer-solvent 
system [polystyrene (M = 1 10 000) in toluene at 25°C] the 
analogous curve is almost linear over the investigated region 11 
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Figure 3 The dependence of so/s on solute mass fraction for poly- 
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w [~]w 

Figure 4 The dependence of $O/S on w[ff] w for polystyrene in 
cvclopentane at the ~-temperature: O M = 20 400; x, M = 110 000; 
A, M = 390 000; a,  M = 950 000 

These features can be interpreted by the following arguments. 
Not too far from 0-conditions the polymer coils can be ex- 
pected to assume fairly compact  conformations. Therefore, 
the penetration of  the coils may be assumed to occur rather 
abrupt ly leading to a marked transition from dilute to con- 
centrated solution behaviour as is revealed by the curva- 
tures in Figure 2. On the other hand, when good solvent 
conditions are approached, the coils become more expanded 
and the interpenetration of  the different coils should be 
easier and hence the transition is likely to occur smoothly 
over a relatively large concentration region (Figure 2). 

InFigure 3 so/s at 20°C (0-temperature) is plot ted vs. w 
for a number of  molecular weights. The basic feature is 
that the curves become steeper with increasing molecular 
weight. The upward curvature appears to start approximately 
at the mass fraction w* = [r~] w 1 (indicated by vertical 
dashed lines), above which the sedimentation process may 
be described by the permeabili ty concept; values of [r/] w 
were calculated from published data of  limiting viscosity 
numbers 2s. 

The molecular weight dependence of  the sedimentation 
process can be reduced or even eliminated if  the sedimenta- 
tion process can be reduced or even eliminated if  the sedi- 
mentat ion data are plot ted in a 'hydrodynamical ly  norma- 
lized' plot 13 (see Figure 4). The data can, within the experi- 
mental uncertainty,  be represented by a single curve for all 
but the lowest molecular weight. The reason for this dis- 
crepency is at present not clear. However, it should be men- 
t ioned that the very small sedimentation coefficients for a 
low molecular weight sample in highly concentrated solu- 
tions may be marred by  relatively large errors. 
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