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Sedimentation velocity measurements have been performed on polystyrene-cyclohexane solutions
close to the theta-temperature. Contrary to previous reports, the sedimentation coefficient s is not
dependent on the velocity of the rotor when the data are extrapolated to atmospheric pressure. The
pressure dependence of s has been measured to be =1.7 x 108 Pa~". This is not an anomalous result
for polymer solutions, since similar results have been reported for polyisobutylene chains dissolved in a

good solvent, n-octane.

INTRODUCTION

Sedimentation velocity measurements of dilute polymer
solutions close to the theta temperature have been a
matter of controversy for many years. Conflicting results
have been published on an anomalous dependence of the
sedimentation coefficient on the rotor speed. This de-
pendence was reported to be strong by Jacob et al.!, much
weaker by Kotaka and Donkai?, and non-existent by
Sundeléf and Nystrém?, although all the experiments
were performed on polystyrene—cyclohexane solutions
and over the same range of rotor speed. The necessity of
correcting the data for the large hydrostatic pressures
generated during a centrifugation run has been pointed
out by Kotaka? but refuted by Jacob! in his early
experiments. Thus it seems important to resume careful
sedimentation velocity experiments on the same
polymer-solvent system, ie. dilute solutions of
polystyrene—cyclohexane, close to the theta temperature.

EXPERIMENTAL

Experiments were performed in a Spinco model E ultra-
centrifuge equipped with a schlieren optical system. The
runs were made at five different speeds: 51 500; 47 900;
36 000; 25 800; and 19900 rpm. The error and fluctuations
in rotor speed were ~1-2%,. An RTIC unit permitted the
temperature of the cell to be controlled to within +0.1°C.
Two temperatures were used: 35.4°C, close to the theta
temperature*; and 28.0°C, just above the demixing tem-
perature. The cell was a 12 mm thick, 10 mm long, 4°
single sector. The polymer solution was introduced into
the cell at high temperature (=50°C) and was then
allowed to reach its nominal temperature slowly to ensure
good thermodynamic equilibrium.

The sedimentation coefficient was determined from the
displacement of the boundary peak over the longest
possible distance within the cell in an aitempt to maximize
the pressure effects exerted by the liquid column between
the meniscus and the sedimentation boundary. Up to 60
photographs were taken. They were read with a Zeiss
microcomparator capable of a +2 um resolution.
However, the finite width of the schlieren peak limited the
overall accuracy to +10 ym (+5 um on the actual cell
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dimension when taking into account the optical magnifi-
cation of the ultracentrifuge).

A single polymer concentration of 0.25x 107% gcm ™
was used since at the Flory temperature the polymer
solution becomes thermodynamically ideal. The con-
centration dependence of the sedimentation coefficient is
then expected to be restricted to hydrodynamic in-
teractions, which are weak for moderate polymer mole-
cular weights®. The polystyrene chains used here had a
molecular weight of 230000 and a low polydispersity
index M /M, of 1.1. They were purchased from Pressure
Chemicals (Pittsburg, Pennsylvania) and used as received.
The cyclohexane solvent was spectroscopic grade (Merk—
Uvasol).

3

RESULTS

A typical plot of the peak position ry versus time is
displayed on semilogarithmic axes in Figures 1 and 2 at
35.4°C for two different rotor speeds. At the lowest speed
of 25800 rpm all the data points align on a straight line
while they show a marked downwards curvature at 51 500
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Figure 1 Sedimentation peak position vs. time in semilogarithmic
scales (B}, The solid line is the calculated best fit to a linear func-
tion. The o points (O) represent the relative deviation between the
experimental data points and the calculated values. T = 35.4°C,
polymer concentration = 0.25 10—2 g cm—3, rotor speed =

25800 rpm
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Figure 2 Same as Figure 1 but rotor speed = 51500 rpm. For
sake of clarity the solid line corresponding to the best fit to a linear
function has not been drawn explicitly

rpm. More quantitatively, if we perform a least-squares fit
with a linear function:

Veale = (ln rH)calc =At+B

we obtain an excellent quality factor® of 0.84 in the first
case and a poor one of 0.12 in the second case. This
difference is well reflected by the relative deviation o
between the calculated best fit, v, and the experimental
values y,,:

_ Yexp — Veale

Veale

[

o never exceeds 0.02% for the low speed data of Figure 1
but is of the order of 0.1%, for most of the high speed data
of Figure 2. In this latter case, the fit is much better if we
use a quadratic function in time:

ycalc = (]n rH)calc = Atz + Bt + C

The quality factor rises to 0.96 and o falls by nearly one
order of magnitude from 0.1%; to 0.02%;. This is indicated
in Figure 3 where the calculated curve has been drawn as a
solid line.

It is possible to calculate the sedimentation coefficient s
from the data given in Figures 1 and 2. By definition, s is

written as:
s 1 /dinrg
TP\ dt

where o is the angular velocity of the rotor. In simple
cases where ry increases linearly with time, s is inde-
pendent of the peak position. From the slope of the curve
shown in Figure 1, we obtain s=7.440.2 S at 25800 rpm
where S stands for the Svedberg unit=10"1!3s. However,
in more complicated cases, we have to take the local
derivative at each point and s is no longer independent of
peak position within the cell. For the quadratic poly-
nomial fit in Figure 3, s varies from 7.3+0.2 S at the
meniscus to 6.14+0.2 S close to the bottom of the cell, at
51 500 rpm. Additional runs made at 36 000 rpm show the
same effects with s varying from 7.4+40.2 to 6.6 +0.2 S.
Experiments at different rotor speeds, 47 900 and 19 900
rpm have also been performed at 28°C, i.e. 7°C below the
theta temperature and close to the demixing point: similar
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behaviour is again observed. At the highest speed, the
experimental points are best fitted by a quadratic law
versus time. The calculated values for the sedimentation
coefficient yield s values decreasing from 7.1+0.2 to 6.2
+0.2 S between the meniscus and the bottom of the cell.
At 19900 rpm, s is constant and equal to 7.3+0.2 S.

DISCUSSION

During a centrifugal run, high hydrostatic pressures, P,
develop. They are generated in the polymer solution by
the liquid column between the meniscus and the solution
boundary:

P=3pu(rl—r3)

where pj is the solvent density at P=0 and r,, and r,, are
the positions of the solution boundary and solvent
meniscus, respectively. The pressure increases as the
boundary moves towards the bottom of the cell and this
progressively changes the physical parameters of the
polymer solution. In general a decrease in s is apparent,
but the dilution effect due to the sector shape of the cell
tends to increase s.

Experimentally, we observe a decrease in s with boun-
dary position but only at the highest speeds attainable
with the ultracentrifuge (> 36000 rpm). This is strongly
suggestive of a pressure effect since this is the condition for
maximum hydrostatic pressures.

Assuming negligible diffusion, Fujita’ has given a
derivation of the Lamm equation which takes into
account the effect of pressure and concentration on the
sedimentation of polymer solutions. The equation for
Inry versus t is:

e ot (5)-1]) o

with
m l—m kc
K=e——4— —
2 2 1+ke
and
m=4uplr
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Figure 3 Same data points as in Figure 2 (), The experimental
values have been fitted to a quadratic function of time, represented
as a full line. The o points (1) represent the relative deviation be-
tween the experimental data points and the calculated values
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Figure 4 Sedimentation coefficient s versus hydrostatic pressure P
induced during centrifugation runs at 3 different rotor speeds:
®, 25800 rpm; M, 36 000 rpm; and *, 51500 rpm. T = 35.4°C

k is a coefficient describing the concentration dependence
of the sedimentation coefficient s at atmospheric pressure:

s(c, 0)=s(0, 0)1 +kc) ™! 2

and p is the coefficient describing the pressure dependence
of s

s(¢, P)=s(c, 01 —uP) 3)

The Fujita method assumes sedimentation over a large
distance within the cell. By plotting

2
r
In (ry/r,)/@*t versus 7;’ —1

m

we may deduce s(c, 0) and K from a single run. However,
equation (1) requires a precise knowledge of the starting
time of the sedimentation run. This is not easy to
determine experimentally?. We therefore prefer to use a
slightly different method which treats the experimental
data points directly and yields the zero time naturally.
We first remark that the theta conditions minimize the
effects of the concentration dependence of s. Indeed at the
theta temperature the polymer chains become ideal and
their mutual interactions are very weak for dilute so-
lutions. In our case, kc is estimated to be ~ 2% if we use the
data of ref 3. Therefore the Fujita equation reduces to:

In (”2’{ ) ~s(c, 0) (1 —’£> )

10} 2

By developing the pressure variation versus time to first
order

In (ry/r)=s(c, O)w?t+ At? (5)
where
A= —dupfo®si(c, O (6)

Since zero time is not accurately known, we can only

connect the real time 1 to the experimental time ¢’ by:
t=t'+At

where At represents the time elapsed between the be-
ginning of the run and the first photograph. If we call r,
the peak position on the first photograph at time ' =0, we
obtain:

In"" = At 4+ (B+ AAt)Y (7)

'y
For the run represented in Figure 3:
A~10"10g72 B~10"3s" ' and t~10°s

so we have B> AAt. The final result is then:

In :ilet'z +Bt' )
1

This derivation shows that it is permissible to analyse the
experimental data for In rj using quadratic functions of
time t'. This also gives support to the assumption that
pressure effects can explain the sedimentation behaviour
at high rotor speeds.

It is then logical to replot our data of In r}, versus time as
Inr, versus pressure, calculating the hydrostatic pressure
for each position on the boundary peak within the cell.
This is done in Figure 4 at 35.4°C and for three different
rotor speeds. At the lowest speed, 25 800 rpm, the induced
pressure is too small to allow for a detectable change in s.
At the two highest speeds of 36 000 and 5t 500 rpm, s is
observed to decrease linearly with pressure. This is in
agreement with equation (3). From the slope of the two
curves, we obtain:

u=23x10"8 Pa~! at 36000 rpm
u=13%x10"% Pa~! at 51 500 rpm

At 28°C the same data analysis gives a similar value for g
u~1.6x10"8 Pa~! at 47900 rpm

while no value can be derived at 19800 rpm since the
pressure variation during the centrifugation run is limited
to 5x 10° Pa.

It is surprising to observe different values of u depend-
ing on rotor speed. Literature data for the same polymer—
solvent system also seem to vary between 1.2 and 2.0
x 1078 Pa ! 28 This may be due to the uncertainty in
rotor speed measurements since even a slight error in
leads to huge variation in . Equation (6) yields:

A 6Aw
L o

Calculations from independent physical data for the
cyclohexane—solvent give u=2.0x 1078 Pa™ .

An important point is to check that the extrapolation to
atmospheric pressure leads in all runs to the same s(c, 0)
value whatever the rotor speed is. By definition, s(c, 0) has
to be independent of the experimental conditions. In
Figure 4 we observe that this is indeed the case. Within
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experimental accuracy one obtains for the three different
speeds:

sc, y=73+02S

This value is in good agreement with the generally
accepted law for polymer chains at the theta temperature.

S(0, 0)= K M1/

Taking K,=(1.5+0.2) x 107" as derived experimentally
by various authors®®:°, we obtain for M, =230000:

5(0,0)=721+09 S

At 28°C, the s data all extrapolate to the same s(c, 0) value,
namely s(c, 0)=7.2+0.2 S.

It is remarkable that the two s(c, 0) values at 28° and
35.4°C are equal within experimental error. This rules out
the possibility of an indirect s dependence on pressure via
a rise of the theta point. Indeed the upper critical
consolute temperature T, increases with pressure. Typical
values AT,/AP~2 x 1078°C Pa~! have been reported in
the literature for polystyrene—cyclohexane solutions with
similar molecular weights'®. Assuming a similar variation
for the theta temperature, we can thus expect a 0.3°C
increase of the theta point at the highest induced pressure
of 1.5x 107 Pa. For a solution kept at fixed temperature,
this effect certainly changes the solvent quality and brings
the system closer to the demixing point. However, it is
clear that this cannot explain our observations since a 7°C
variation from 35.4°C down to 28°C in two separate
experiments shows no difference in the absolute values of
s.

CONCLUSION

Our experiments confirm and extend the earlier results of
Donkai et al.? in the polystyrene—cyclohexane system.
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The pressure dependence of the sedimentation coefficient
is not negligible (~2% for 10® Pa and 230 000 molecular
weight) and has to be accounted for in accurate measure-
ments. However, we do not obtain the huge variations
(~20%) observed by Jacob et al.'. We do not believe that
the vicinity of the theta temperature creates any pecu-
liarity in the sedimentation behaviour. Effects of the same
magnitude have been observed in other polymer—solvent
systems, especially with good solvents'!. Our experiments
at two different temperatures show that the main in-
fluence of the pressure is on the physical parameters of the
solution (friction coefficient, polymer specific volume,
solvent density) and not on the thermodynamic solvent
quality.
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