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Abstract--Sedimentation and flotation coefficients of poly(2,6-dimethyl-l,4-phenylene oxide) (PPO) sol- 
utions have been measured as a function of temperature between 60 and 25 . The solvents were toluene 
and trichloroethene (TCE). Solvent permeabilities have been calculated from the sedimentation or 
flotation coefficients. PPO is less permeable to the solvents used than polystyrene of comparable mol- 
ecular weight is to toluene and cyclohexane. Strong solvation of toluene and TCE by PPO molecules is 
proposed as an explanation for this finding. The measured permeabilities were used to check an earlier 
calculation of the change of radius of gyration with temperature from intrinsic viscosity data. A larger 
decrease in radius of gyration with increasing temperature has been calculated in this way than with the 
earlier assumption of essentially impermeable polymer coils, i.e. with the assumption of the value 
2.5 × 1023 for the universal viscosity parameter ¢'o. 

I. I N T R O D U C T I O N  

The aim of the present study is to check our earlier 
estimation [1] of the change of the radius of gyration 
with temperature for poly(2,6-dimethyl-l,4-phenylene 
oxide) (PPO) dissolved, for example, in toluene. This 
change was calculated from the change of intrinsic 
viscosity with temperature, using the Flory Fox equa- 
tion: 

[r / ]  = 63/2 q~ o (Rgw)3~3__ (for symbols cf. ref. [1]). (1) 
M,~ 

We assumed for q~o its "non-draining limit" value 
2.5 x 1023 (cgs) [2], regardless of temperature. An ob- 
jection to this procedure is that q~o has been found to 
depend on temperature [.3]. Another objection is that 
it has been found that polymers are permeable to 
solvent (and are not "non-draining") even when the 
Flory-Fox equation (with q~0 for the non-draining 
limit) gives radii of gyration in accordance with those, 
determined from light scattering measurements [4]. 

The reason is that q~o, in cases like these, happens 
to have the appropriate value, which results in fact 
from two independent factors, affecting the solvent 
draining. They are not mentioned as such in the 
theory underlying the Flory-Fox formula. They are 
hidden, as it were, in the assumption of (adjustable) 
friction parameters. Usually, one has to assume large, 
and physically unrealistic, friction parameters in order 
to arrive at q~0 values which enable us to calculate 
reasonable radii of gyration when using the Flory- 
Fox equation. 

The first factor that affects solvent draining is the 
radius of gyration: the larger it is, the higher the per- 
meability of the polymer coil to solvent. The second 
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factor is "intramolecular clustering". This concept 
stems from the representation of polymer coils as 
clouds of averaged dimension, shape and compo- 
sition. The clouds are assumed to be composed of 
clusters of fluctuating volume, the clusters consisting 
of segments, or of a segment and one or more solvent 
molecules. 

Thus, Mijnlieff and Jaspers [.5] studied poly-z~- 
methylstyrene in cyclohexane (bad solventl and in 
toluene (good solvent). They calculated solvent per- 
meabilities f rom sedimentation coefficients, measured 
in a "plug-flow", or "semi-dilute", region (i.e. at a con- 
centration where the polymer molecules overlap (see 
below)). A dramatic increase in permeability with de- 
creasing temperature was found for the bad solvent 
system: near 0 the permeability was twice that at 
70-125. No such effect was found for the same poly- 
mer in toluene. 

Mijnlieff and Jaspers attributed the increase in 
permeability with decreasing T to an intramolecular 
rearrangement, consisting of local associations of seg- 
ments, or groups of segments. This should cause a 
coarser distribution of polymer material, and thus a 
higher permeability. They suggested solvent molecule 
binding to polymer segments as an explanation for 
the low permeability of poly-:~-methylstyrene in 
toluene (i.e. low with respect to the coils dissolved in 
cyclohexanel. They found the large difference in per- 
meability for the two solvents to diminish with 
increasing temperature, where specific interactions 
lose their influence and where clustering of segments 
starts again (i.e. near the lower critical solution tem- 
perature). 

The parameter q~o, then, depends in a complicated 
way on solvent quality, and nothing can be said a 
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priori abou t  its t empera tu re  dependence .  Therefore  it 
would  be interest ing to recalculate  the  radii  o f  gyra- 
t ion der ived previously  wi thout  the  a s sumpt ion  of  a 
cons t an t  (non-dra in ing)  value of  2.5 x 1023 for ~0. 

2. T H E O R Y  

The Mijnlieff-Wiegel theory of intrinsic viscosity [4] 
takes the effect of permeability on the intrinsic viscosity 
directly into account. The permeability K, which appears 
in their final formula, has to be read from an experimental 
curve like that given in Fig. 3, at a concentration c defined 
by: 

c Mw ,27tR2 ,,-3/2 (2) 
------ Na v 13" gwJ • 

(The use of weight-averages in this formula is introduced 
by us; for a justification see below.) 

The concentration dependent permeabilities k (Fig. 3) 
are calculated from sedimentation coefficients s: 

weight PPO samples allow us to determine K values which 
are independent of molecular weight. 

Thirdly, the use of weight-averages in Eqn (2) is doubt- 
ful. Strictly speaking c should be defined with number 
averages. As in a given weight of polymer, most molecules 
have molecular weights in the vicinity of M,,, we considered 
Eqn (2) to be an adequate representation for the desired 
concentrat ion--a  weight concentration of a polydisperse 
polymer. If c is defined with number-averages, its numeri- 
cal value is about 30~o higher than the c of Eqn (2). 

Thus, in view of these objections to a strict application 
of Eqn (2), which would be necessary for an iterative pro- 
cedure, we followed another procedure. We introduced two 
extreme assumptions about the change of R ~  with tem- 
perature. The first assumption was that R~w remained con- 
stant from 60 to 25 °, the second, that Rs,~ for 25 and 35: 
was 10°~, higher than Rg,, for 45 and 60 .  We adopted 
values for Rg,, compatible with experimentally determined 
values (Table 1), and calculated the consequences of the 
two assumptions for the change of [q] with temperature. 

k - qoS (3) 
c(1 - vp0) 

where 

r/0 = viscosity of solvent 
c = concentration 

= partial specific volume of polymer 
Po = density of solvent. 

(For flotation experiments, the s and the 1 - ~P0 are nega- 
tive, and a positive k is calculated, as it should be.) 

Thus, the permeability is taken into account as an exper- 
imentally accessible parameter: 

[r/] = ~/~ __  Nay Gtt~(~)Q-3/2 (4) 
Mw 

where 

ct ~ _ K - I Q  - t  
~(~t) = function of ~t (cf. Fig. 2 of [4]) 

Q = 3/(2 R2w) 

Just as in our preceding paper, we may calculate C® 
from R~w, but RBw is derived now from Eqn (4). The best 
way to calculate Rv, from this equation would be an itera- 
tive procedure: assume a value for Rgw, calculate c [Eqn 
(2)], read K from Fig. 3 at this c, calculate Q and ct~(~t), 
and finally [q]; repeat these calculations until the best [q] 
is calculated back. We will not follow this procedure, as 
there are several objections to Eqn (4). 

Firstly, the weak point of the Mijnlieff-Wiegel theory is 
the choice of K as the permeability, read from the k-c  
curve at the concentration defined by Eqn (2). They discuss 
fully the arbitrariness of this choice in their paper, and 
suggest a theoretically better procedure (not  elaborated as 
yet). The main consequence of this choice is that the It/], 
calculated from a measured R~w and an experimental k-c  
curve, always is somewhat higher than the experimental 
[q]. 

Secondly, the K should be read from a k-c curve in a 
region where at the same concentration the K values do 
not depend on polymer molecular weight. This region (the 
"semi-dilute" region) is characterised by a scaling law be- 
haviour [6] : 

s ~ c - a .  ( 5 )  

In this region, log I sl should plot linearly with log c. Thus, 
we should read K from a k-c  curve at a concentration, 
defined by Eqn (2), in this linear region. As will be  seen in 
Section 4.1, we cannot be sure that our low molecular 

3. EXPERIMENTAL 

3.1 Polymers and solutions 

Table 1 summarizes some properties of the polymers 
studied; characterization methods have been given [1]. 
The polystyrenes were prepared by suspension polymeriz- 
ation (cf. ref. [12] in our preceding paper [l]). Information 
about solvents and solutions, and the method of approach- 
ing the desired temperatures has been given [ l ] .  

3.2 Properties o f  solvents and solutions (Table 3) 
Solvent viscosities were determined in two Ubbelohde 

viscometers, calibrated at the desired temperatures with 
de-aerated, distilled water. Solvent and solution densities 
were determined in a PAAR Digital Density Meter (DMA 
50, Anton Paar K.G., Graz), calibrated with de-aerated, 
distilled water and with dry air. The buoyancy factors 
(1 - Vpo) were determined by plotting solution densities 
against concentration (in g/ml); the slope is (1 - Vpo). 

3.3 Sedimentation 
Sedimentation runs were carried out in a Beckman 

Model E analytical ultracentrifuge equipped with a tem- 
perature-regulating unit and a Schlieren phase plate. 
1.5-mm cells were applied for concentrations higher than 
1.5 g/100 ml, and 12-ram cells for solutions of lower con- 
centration. The solutions had concentrations under and 
above cfun [cf. Eqn (6)], as indicated in Figs 1-3. Measure- 
ments were made at a rotor speed of 64,000 rpm with PPO 
and with the polystyrenes of lower molecular weight (com- 
parable to PPO), and at a speed of 52,000 rpm for the 
higher molecular weight polystyrene. Schlieren boundary 
curves were registered photographically. The peak pos- 
itions were read from the photographic plates with a repro- 
ducibility of 0.01 mm by means of a measuring microscope. 

The first photograph was taken as soon as a Schlieren 
peak was fully visible. The other photographs were taken 
at time intervals of 8 or 16rain. The experiment was 
stopped when the last photograph was taken, just over the 
middle of the cell (mostly after 64 min). 

Sedimentation coefficients (or flotation coefficients for 
the system PPO-TCE)  were derived as the slope of the best 
straight line through the data points In x* (or In x') and 
2m2t, where x* = (r*/rra) 2, x' = (r*/r~) 2, ~ = angular speed 
in radians per second and t = time in sec; r* = distance of 
the top of the Schlieren peak to the centre of rotation R, 
r,, = distance of the meniscus to R, and rb = distance of 
the bottom to R. 

In this way, pressure dependent sedimentation and flota- 
tion coefficients, both denoted by s, were obtained. The rise 
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Table 1. Symbols and characterization data* of polymers, studied in this work. Tem- 
perature 25'. except for cyclohexane 135 I 

Polymer+ M~ x 10 '~ M, x 10 '~ Solvent+ + (ml.g) ( 

PPO-8 6.6 + 0.3 9.2 _+ 0.3 TCE 65.1 160 + 30 
Tol 64.6 140 _ 20 

PPO-9 8.7 _+ 0.3 10.4 + 0.2 TCE 77.9 180 + 30 
Tol 77.5 160 + 20 

PS-I 11.8 + 0.5 14.1 _+ 0.3 CH 28.7 180 ___ 20 
Tol 49.5 - -  

PS-2 185.0 _+ 10.0 - -  Tol 356.0 590 ___ 40 

* Molecular weights (Mw, M J, intrinsic viscosity ([r/]l, root-mean-square radius of 
gyration (z-average, R~,). 

t PPO: poly(2,6-dimethyl-l,4-phenylene oxide); PS: polystyrene. 
+ TCE : trichloroethene; Tol : toluene; CH : cyclohexane. 

in pressure in the ultracentrifuge cell (from 1 atm. at the 
meniscus) causes the sedimentation process to slow down 
when the sedimentation boundary reaches the cell's 
bottom. The reverse is true for flotation (like PPO in 
TCE]: the sedimentation process is accelerated when the 
boundary reaches the meniscus. Hence, corrections are 
needed to obtain "'true" sedimentation coefficients, i.e. cor- 
rected to the pressure at the meniscus. Unfortunately, for 
flotation the pressure correction is not as easy as it is for 
sedimentation (cf. the Appendix}. 

As we were not able to obtain true sedimentation coeffi- 
cients for PPO in TCE, we decided to present all s-values 
in Fig. 1 without pressure correction. Fortunately this en- 
ables us to compare our results with those of others 
[5, 7, 9], who also did not apply pressure corrections. As a 
rough estimation of the consequences of the pressure effect, 
we may add 50° to the sedimentation coefficients of the 
polystyrenes and of PPO in toluene, and 20°0 to those of 
PPO in TCE {cf. the Appendixt. 

4. R E S U L T S  

4.1 Determination of the semi-dilute region 

As already stated, for our purpose sedimentation 
coefficients should be determined in the semi-dilute 
region. It is not easy to define where the semi-dilute 
region begins, because the definitely dilute region 
gradually crosses over to the semi-dilute. 

The scaling law behaviour, characteristic for the 
semi-dilute region, can be established relatively easily 
for high molecular weight polymers (Mw of the order 
106). As already mentioned [1], we were not able to 
obtain samples of such high molecular weights for 
PPO. Hence, we compared the results of sedimenta- 
tion measurements on solutions of P P O  to those on 
solutions of two polystyrenes. The first of the two 
polystyrene samples had a molecular weight distribu- 
tion comparable to that of the PPO;  the other one 
had a high molecular weight, of the order 10  6 (cf.  

Table 1 ). 
From Fig. 1 the conclusion may be drawn that 

PPO concentrations higher than the value given by c* 
are in the semi-dilute region, where a scaling law 
applies with coefficients a = 0.92 (for PPO in TCEI 
and a = 0.84 {for PPO in toluene). For polystyrene in 
cyclohexane we find a = 0.68-0.76; in toluene 
a = 0.72; Pouyet and Dayantis [7] found 
a = 0.82 + 0.03 for polystyrene dissolved in bromo- 

benzene and for poly(methyl methacrylate) dissolved 
in benzene. Destor and Rondelez I -8 ]  found 
a = 0.59 + 0.03 for polystyrene in benzene. The data 
points are too scattered however for an unambiguous 
establishment of the scaling law behaviour with expo- 
nent a belonging to it. 

The concentration c*, where for P P O  the semi- 
dilute region should approximately begin, is within 
experimental error (in Rgwl equal to: 

Mw 1 
c f . . -  N~,. (~)nR**4 3 • [6) 

This concentration cfo, may be considered as the con- 
centration where the polymer coils begin to interpene- 
trate, and where the whole solution volume is occu- 
pied by the polymer coils. Thus, above cfuH (or c*) the 
solvent mainly flows through the polymer coils during 
the sedimentation process, and not mainly around 

0 5  

] 
o .o 

to 

-0.5 

- '  °'5 I ,'5 
log c (g/P) 

Fig. 1. Scaling law plot for the concentration dependence 
of sedimentation or flotation coefficients (Is[) at 2Y. The 
departure from linearity near c* corresponds to the gra- 
dual onset of the semidilute region where log {s[ is a linear 
function of log c. A PPO-9 in TCE; [] PPO-9 in toluene: O 
PS-1 in toluene; V PS-1 in cyclohexane at 35°; • PS-2 in 

toluene; • PS-2 in cyclohexane at 35% 
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Fig. 2. Reciprocal sedimentation coefficient as a function 
of concentration at 25:. Symbols as in Fig. 1. 

them, as it does in the dilute region. Hence. the semi- 
dilute region is sometimes called the (porous) plug- 
flow region. As the concentration, defined in Eqn [2], 
is higher than cfu,, and as cf°, is approximately equal 
to c*, we assume that it justified to calculate [r/] from 
permeabilities K read from k-c curves in the region 
above c*. 

4.2 Concentration dependence in the dilute region 

From Fig. 2 we can calculate the concentration 
dependence parameter ks for the dilute region 
(c < c*). This parameter is defined by: 

1/s(1, c) = (1/So)(1 + ksc) (7) 

where s(1, c) is the concentration dependent sedimen- 
tation (flotation) coefficient corrected for the pressure 
effect. The So in (7) is corrected both for pressure and 

concentration. The s values, plotted in Fig. 2, are 
however not corrected for pressure (cf. Section 3.3). 

The dimensionless friction parameter kJ[rl] should, 
according to the theories of Yamakawa and of Puyn 
and Fixman, vary between about 0.2 for coiled poly- 
mers in a bad solvent to about 1.6 for coiled polymers 
in a good solvent [2], Experimentally, for flexible 
coils values of 1.6 have been found [2]. The kJ[rl] 
values determined by us (corrected for pressure or 
not) are within experimental error in the expected 
range, see Table 2. (The slight differences between the 
ks values corrected for pressure, and the uncorrected 
values, are explained in the Appendix.) 

For good solvents it has been found especially for 
M,~ > 5 x 105 that above c* the plots 1/s(1, c) vs c 
deviate downwards from the linear behaviour below 
c*, while for bad solvents the deviation is upwards 
[5]. This is not what we have found: all plots begin to 
deviate upwards above c*. The reason might be that 
we studied compounds with lower molecular weights 
than those reported in other studies, and/or that we 
plotted in Fig. 2 reciprocal sedimentation coefficients 
uncorrected for pressure. 

4.3 Permeability k as a function of concentration and 
temperature 

From the sedimentation coefficients, not corrected 
for the pressure effect, permeabilities k have been cal- 
culated according to Eqn (3). The values used for the 
constants r/o, ~ and P0 in this formula, are presented 
in Table 3. 

An example of the dependence of k on concen- 
tration c at 25: is given in Fig. 3. The permeability of 
our low molecular weight polystyrene in toluene 
agrees, in the plug-flow region, rather well with those 
determined by Nystr6m and Roots [9]. They are of 
the same order of magnitude as those of the poly(ct- 
methyl styrene) samples studied by Mijnlieff and 
Jaspers [5]. This gives confidence in our determi- 
nations of permeabilities for such low molecular 
weight polymers as our PPO samples. See also the 
points in Fig. 3 for our polystyrene of M~, 1.85 x 10 6. 
The permeabilities of a lower molecular weight PPO 
(PPO-8; see Table 1) were measured in toluene and 
TCE at 25 ~- only. The results coincided over the whole 
range with the curve drawn for PPO-9 in Fig. 3. 

For our low molecular weight polystyrene dis- 
solved in cyclohexane, we found (see Fig. 4) at tem- 
peratures above 0 the same increase in permeability 
with decreasing temperature as found for higher mol- 

Table 2. Concentration dependence coefficient* for sedimentation in the dilute 
region 

Polymer Solvent 
(no pressure (pressure correction 
correction) applied) 

PPO-9 TCE 1.43# 1.50¢ 
Tol 1.29 1.34 

PS-I Tol 1.60 1.60 
CH 0.70 0.70 

* Reproducibility of the presented figures 10-150o. 
t Flotation coefficient. 



Conformational behaviour of PPO in solution--ll 47 

Table 3. Solvent and solute properties, necessary for the calculation of permea- 
bilities according to Eqn (4) 

T ~/o* pot e:~ 
Solute Solvent (C) (cP) (g/ml) (ml/g) 1 - vpo 

PPO-9 TCE 25 0.538 1.4543 0.85 -0.243 
35 0.495 1.4374 0.87 - 0.247 
45 0.452 1.4210 0.88 -0.253 
60 0.406 1.3964 0.90 -0.257 

Tol 25 0.550 0.8628 0.85 0.270 
35 0.493 0.8533 0.84 0.282 
45 0.441 0.8437 0.83 0.300 
60 0.383 0.8389 0.83 0.303 

PS-1 Tol 25 0.550 0.8628 0.91 0.209 
35 0.493 0.8533 0.89 0.240 

CH 35 0.755 0.7629 0.93 0.290 

* Solvent viscosity. 
t Solvent density. 
++ Partial specific volume of polymer. 

ecular weight polymers in 0-solvents by Mijnlieff and 
Jaspers [5], and later by Nystrom and Roots I-9]. 

In toluene as well as in TCE the permeability of the 
PPO molecules practically does not change with tem- 
perature. An example of the variation (or rather the 
constancy) of k with temperature at concentrations in 
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• C ( g / l O 0  m l )  
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I 

Fig. 3. Permeability k [Eqn (3)] as a function of concen- 
tration at 25 ~. Symbols as in Fig. 1. 

the plug-flow region is given in Fig. 4 and in Table 4, 
together (for comparison) with permeabilities of other 
polymer molecules at the same concentration. We 
note that for the PPO concentration of Fig. 4 demix- 
ing (i.e. crystallization) in toluene starts at 15 :. 

The increase in permeability with decreasing tem- 
perature, as we seem to have found for polystyrene in 
toluene, is probably not significant: we should take an 
experimental uncertainty in k of about 7°~ into 
account (resulting from errors of 5~o in s, 2~o in 
1 - Vpo, and 1~ in r/0 and c). Moreover, Mijnlieff and 
Jaspers [5] did not find such an increase in per- 
meability with decreasing temperature for the com- 
parable system poly(:t-methylstyrene) in toluene. 

The apparent differences in permeability of the 
PPO molecules in TCE and toluene disappear when 
we take this uncertainty and the pressure correction 
(a systematic error, see Section 3.3) into account. The 
differences in permeability between PPO molecules 
and polystyrene molecules of comparable molecular 
weight are significant, however. 

For other concentrations in the plug-flow region (cf. 
also Table 5) the picture remains the same: for PPO 
no significant increase in permeability with descend- 
ing temperature, but a definite difference in per- 
meability between PPO and polystyrene, not to be 
ascribed to accidental or systematic errors. 

4.4 Change of Row and C~ with temperature, calculated 
from earlier measurements of [r/] 

Starting from the assumptions mentioned above 
(Section 2), we recalculated R~, and C~ as a function 
of temperature from [r/] as a function of temperature. 
The results are represented in Tables 5 and 6: in 
Table 5 the calculation of [q] for a polystyrene 
sample is given for comparison. We see that the Mijn- 
lieff-Wiegel theory [4] describes [r/] rather well in 
terms of measured permeabilities. The agreement may 
be improved by the use of permeabilities roughly cor- 
rected (cf. Section 3.3) for the pressure effect (Table 5). 

Our first assumption, Rgw constant with tempera- 
ture, turned out to be unrealistic: it predicted a con- 
tinuous rise in [q] with temperature (Table 5). The 
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Table 4. Permeabilities at c = 3.0 (g/100 ml) (in the porous plug flow regionl, as a function of 
temperature. (No pressure corrections applied) 

Permeability k × 1013 [cm2) 
Polymer Solvent Experiment T = 25 T = 35 ~ T = 45 T = 60 

PPO-9 TCE This work 0.37 0.37 0.35 0.35 
Tol This work 0.52 0.49 0.48 0.49 

PS-1 Tol This work 1.01 0.89 
PS Tol Ref. [9]* 0.8 
PxMS Tol Ref. [5It 1.22 
PS Dec Ref. [9] 5.0 1.7 
PS-1 CH This work 2.14 
P~MS CH Ref. [5] 3.26 

* Polystyrene, M~ 3.9 x 105: solvents toluene and decaline. Data derived from Nystr~Sm and 
Roots [9], Fig. 3 of their paper. 

+ Poly-x-methylstyrene M,, 6.5 × 10": solvents toluene and cyclohexane. Data derived from Mijn- 
lieff and Jaspers [5]. Tablc I of their paper. 

second assumption, a 10"o change in Rg,, was more 
realistic [Table 6). 

Values for C~, calculated from the second assump- 
tion, are represented in Table 7. They are compatible 
with the K,-values, determined earlier [1], although 
the K,  values calculated from the 5th column of Table 
7 are somewhat too high with respect to those 
measured from our Stockmayer-Fixman plots [1]. 

Their percentage change with temperature, how- 
ever, remains within the experimental errors of the 
earlier determined K,. The slight discrepancy between 
calculated and observed K0-values is not interesting 
(it must be attributed to our rather arbitrary choice of 
some R~,, values compatible with the experimentally 
determined ones, given in Table 1); the agreement 
between a calculated and an observed change in K ,  is 
the point of interest here. The change, calculated by 
applying the Mijnlieff-Wiegel theory, turns out to be 
larger than that by applying the Flory-Fox theory 
[1]; cf. Table 7. 
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I0 2 0  3 0  4 0  50  6 0  

" T ( * C )  

Fig. 4. Permeability k [Eqn (3)] as a function of tempera- 
ture. Concentration constant for each curve. All concen- 
trations between 2 and 3 g/ml, i.e. above c* of the polymer. 

Symbols as in Fig. 1. 

D I S C U S S I O N  

From the course of the permeability k with concen- 
tration c as represented in Figs 3 and 4, we may con- 
clude that in the semi-dilute region the PPO mol- 
ecules in toluene as well as in TCE are less permeable 
to solvent than the polystyrene molecules are in 
toluene or in cyclohexane. We attribute this difference 
to strong solvation of solvent molecules to PPO seg- 
ments. 

There are several indications for such a strong 
binding of solvent molecules. Firstly, it has been ob- 
served [10] that for solid PPO no crystalline X-ray 
pattern is obtained, unless a certain amount of solvent 
is present. It has been shown experimentally [10] that 
solvent molecules fitted well into the polymer back- 
bone helices from which the crystalline parts are 
composed. Secondly. measurements of adiabatic com- 
pressibility of PPO solutions in toluene could be 
interpreted consistently by assuming binding of sol- 
vent molecules to PPO segments [11]. Thirdly. our 
preliminary measurements of heats of solution of 
PPO in toluene and TCE showed that the PPO 
solutions were highly non-athermal: we found large 
negative/m-values, of the order - 1.0. 

Assuming that the solvent binding over the studied 
temperature range does not vary appreciably, we can 
explain a second finding concerning P P O  molecules 
viz. their temperature independent permeability. 

This phenomenon does not mean that the universal 
viscosity parameter ~o should be independent of tem- 
perature. A change in radius of gyration changes the 
permeability of the PPO molecule [according to Eqn 
(2) and Fig. 3] and hence the ~o value for the system 
in question. This is in our opinion more realistic than 
the assumption of ~o = constant = 2.5 x 1023 (the 
non-draining limit value). Hence, we think that we 
have found more support for the conclusion of our 
preceding paper viz. the conformational transition of 
dissolved PPO molecules between 45 and 35 , i.e. a 
change in unperturbed dimensions [(Rg,,)o. or C ,  ]. 

In our preceding paper, we found such a change in 
unperturbed dimensions to be rather small. More- 
over. this change was calculated assuming a constant 
expansion factor x,, of 1.1. A decrease in x, with 
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Table 5, Calculation of intrinsic viscosity [,7] [according to Eqn (4)] from measured permeabilities, assuming no change 
in radius of gyration (weight-average, Rx~) 

T R~,, c K K' [q]~,,.~ [q]'¢,,~ [q],.,p 
Polymer Solvent (C)  (A) (g/ml) (cm 2) (cm 2) (ml/g) (ml/g) (ml/gl 

PPO-9 TCE 25 150 0.0141 1.39 1.67 138 121 77.9 
35 150 0.0141 1.39 1.67 138 121 76.5 
45 150 0.0141 1.32 1.58 144 126 74.1 
60 150 0.0141 1.22 1.46 154 133 73.5 

PPO-9 Tol 25 133 0.0204 1.00 1.05 104 100 77.5 
35 133 0.0204 0.98 1.03 104 102 76.0 
45 133 0.0204 0.92 0.97 112 107 73.0 
60 133 0.0204 0.91 0.96 112 108 72.0 

PS-1 CH 35 150 0.0188 4.56 4.79 39.0 37.0 28.7 

Column 4: approximated by Rg~ = (M~/M,)R~,. 
Column 5: cf. Eqn (2). 
Column 6: Permeability k x 10 ~3 belonging to c of column 5; taken from curves like Fig. 3. 
Column 7: same K, corrected for pressure effect. 
Column 8: [q] calculated from K. 
Column 9: [q] calculated from K'. 

increasing t empera tu re  might  have resulted i n a  con-  
s tant  (R~,,)o, or  C , ,  i.e. in no con fo rma t iona l  t ran-  
sition. Such a decrease in :% would  no t  be unexpected,  
viz. the negat ive ZH. The  decrease in R~,,, a ssumed in 
Table  6. would  result in a decrease in (R~Oo or  C ,  
with tempera ture ,  even with a decrease  in :% over  the 
same t empera tu re  range, p rov ided  that  :~,~ changes  by 
less than  100i,. We can assume that  this is the case, as 
we found :% to remain  in the range 1.1 1.2 [1]. This. 

and the larger decrease in R~,, with increasing tem- 
pera ture  calculated by the Mijnl ieff-Wiegel  theory,  
suppor t s  our  earlier conclus ion  concern ing  the con-  
format iona l  change  of  P P O .  

Acknowledgement Thanks are due to Professor J. C. 
Schuijer for reading the manuscript and for helpful dis- 
cussions. 

Table 6. Calculation of the temperature dependence of ['7] from Eqn (4), based on an 
assumed 10% change in R~.  (Column headings of Table 5: polymer: PPO-9) 

T R.,, c K'  ['7]'..,,. ['7] ..... 
Sob, ent CI (A) (g,,'ml) (cm 2) (ml,'g) (ml,,g) 

TCE 25 150 0.0141 1.67 121 77.9 
35 150 0.0141 1.67 121 76.5 
45 135 0.0195 0.92 119 74.1 
60 135 0.0195 0.85 127 73.5 

Tol 25 133 0.0204 1.05 100 77.5 
35 133 0.0204 1.03 102 76.0 
45 120 0.0276 0.58 100 73.0 
60 120 0.0276 0.60 97 72.0 

Table 7. Estimation of change in C~ of PPO with temperature. Estimations derived 
from the dependence of intrinsic viscosity on temperature, interpreted according to the 

Mijnlieff~Wiegel theory [Eqn (6)] and the Flory-Fox theory [1] 

[q] Mijnlieff-Wiegel Flory-Fox 
T exp Re,, R,.,, 

Solvent ( CI (ml gl (3~) C,  (A-) C,  

TCE 

Tol 

25 77.9 150 5.4 129 4.0 
35 76.5 150 5.4 128 3.9 
45 74.1 135 4.4 127 3.9 
60 73.5 135 4.4 126 3.8 

25 77.5 133 4.2 129 4.0 
35 76.0 133 4.2 128 3.9 
45 73.0 120 3.5 126 3.8 
60 72.0 120 3.5 125 3.7 
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APPENDIX 

For sedimentation, a sedimentation coefficient corrected 
to p = 1 (atmosphere) (i.e. the pressure at the meniscusl is 
most easily achieved by calculation of the coefficients of a 
cubic polynomial through the data points lnx* and 2to2t 
[12]: 

Inx* = So 2to2t-(So) 2 
l + ~  

(2~t + 1)m - ~t 
X (2tO2t) 2 + 0 '~(2tO2t)3~j (A.I) 

2(~ + 1) a 

where :~ _=/,-,c and m = pressure effect parameter. 

{We have omitted the third power term because it is rather 
clumsy: it is however not negligible.) 

The calculation of the first coefficient of the above 
expansion can be simulated graphically, by drawing the 
initial tangent to the curve through the data points In x* 
plotted vs 2m2t. The slope of this tangent is 
sO, c) = So/(l + k,c). 

The application of this procedure to the data points of a 
flotation run (with In x' instead of In x*; for the notation 
see Section 3.3) would lead to an entirely wrong result. We 
have shown elsewhere [13] that for the flotation case the 
first coefficient of an expression analogous to (A.I) should 
read: 

So h 
• - ( A . 2 )  

(1 + ~/h) q 
where 

q = (rdr,3 2 
h = q / ( I  - m + m q )  
m = pressure effect parameter [12]. 

A correction of the uncorrected flotation coefficients 
(denoted in the text by s, and obtained in the way de- 
scribed in Section 3.3) was estimated as follows. For the 
lowest concentration we assumed a to be zero, and from 
the first and the second coefficient of a cubic expansion 
[like {A.I}] for Inx '  vs 2vJ2t. we then calculated m to be in 
the range 0.5-1.1. Now q and h being known, we calculated 
So values for the other concentrations from the first coeffi- 
cients of the expansions for In x' against 2~o2t. The uncor- 
rected flotation coefficients s all turned out to be about 
20% lower than the corresponding values of .So obtained as 
just described. (The flotation analogue to the expansion 
(A.I} has been given 1-13].) 

Calculation of k, from the plot of the reciprocal initial 
slopes (A.2) was not successful [13]. The large experimental 
uncertainty in m. and the poor reproducibility of the initial 
tangent slopes, prevented a satisfactory determination of k~ 
for the flotating system PPO-TCE.  For some tempera- 
tt, res. the values of k, thus obtained were higher than the 
values of k, obtained from the uncorrected s. for other 
temperatures they were lower. 

From the values of the initial tangent slopes s(l, c) for 
the sedimenting systems, compared to the values for s 
(obtained as described in Section 3.3L we concluded the 
s(1, c) to be about 5"0 higher than the uncorrected s. The 
ks, obtained from s(l.c) or from s. practically did not 
differ. 


