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Practical Evaluation of the [,]-M Relationship.
III. Estimation of the Exponent a

D. W. VAN KREVELEN and P. J. HOFTYZER,
Algemene Kunstzijde Unie N.V. (AKU),
Arnhem, The Netherlands

Synopsis

A method is proposed for predicting the exponent a of the Mark-Houwink equation,
[m] = KM®. This method makes use of the solubility parameters of polymer and sol-
vent.

Importance of the Value of

In Parts I and II of this investigation'? an attempt was made to cor-
relate the literature data on the Mark-Houwink equation,

] = KM*® )

Although this equation cannot be derived theoretically, it is of great im-
portance for practical purposes.
It was shown that eq. (1) can be replaced® by

[n] = 32Ko(M/1000)* @)

in which Kg is the coefficient of the corresponding equation for © solu-
tions.

[1] = KoM®* ®3)

A method of predicting K¢ values, based on polymer structure has been
presented.2

Equation (2) can be used for predicting the relationship of [] to M
for an arbitrary polymer—solvent combination, if no experimental data are
available. The only unknown factor is the exponent a. The exponent
has a mean value of 0.7, but proves to be dependent on the nature of both
polymer and solvent. A method of predicting the value of a will be given
in this article.

Connection with 6 Temperatures

As was stated before, eq. (1) may only be considered a practical approx-
imation of the [7}-M relationship. Theoretical considerations do not
2189
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Fig. 1. Solubility parameters and © temperatures for poly(methyl methaecrylate).
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Fig. 2. Solubility parameters and © temperatures for polystyrene.
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Fig. 3. Solubility parameters and © temperatures for polyisobutene,
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lead to a simple power function. This appears from eqs. (4) and (5),
representing the theoretical relationship given by Flory?

1] = KoMo5a? @)
a® — o® =c(l — 6/T)M"* (5)

Furthermore, these equations indicate a connection with the temperature
6, at which for the given polymer-solvent combination there is no net
interaction between polymer and solvent molecules.

Fox* used egs. (4) and (5) for the calculation of © temperatures from
[7]-M measurements. He succeeded in correlating the 6 values obtained
with the solubility parameter 8, of the solvent. Plots of 3, as a function
of ©, as given by Fox, are shown in Figures 1, 2, and 3 for the polymers
poly(methyl methacrylate), polystyrene, and polyisobutylene. In the
figures the points can approximately be connected by two straight lines
intersecting at absolute zero at a & value corresponding to the solubility
parameter 8, of the polymer. As was already stated by Fox, this should
be considered a purely empiriecal, approximate correlation.

At a given temperature the & values given by the two lines correspond,
again very approximately, to the solubility limits of the polymer. If
these values are indicated by &min and dmax, the polymer is soluble in
solvents for which

6min < 5: < Bmax

The close connection between O temperatures and solubility limits also
appears from the method for determining © from turbidity measure-
ments.

Estimation of the Exponent g from the Solubility Limits

Equations (4) and (5) and Figures 1-3 suggest that the exponent a
should vary between two limits,

Gmin = 0.5,  if & = dmin OF 0 = dmax, i€, T =0
Gmex = 0.8, if 8 =06, ie, HT/0=

and for large values of a. Approximate values of duiy and duax, derived
from solubility data, are given in Table I for a number of polymers® at a
temperature of about 25°C.

In Figure 4 values of a for some polymer-solvent systems® (mentioned
in Table IT) are plotted against the quotient

A= (8; - 6min)/(6max - 6min)

As was to be expected, the ¢ values show a certain correlation with A,
although the points spread considerably. For A = 0and A = 1 the points
tend to the theoretical value of a = 0.5. At A = 0.33 a maximum value
of a of about 0.75 is found.
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TABLE 1
Polymer Properties
£ £
Polymer Smin Smax caled. lit
Polyisobutene 7.5 9.1 8.0 7.1- 8.3
Polypropylene 7.8 9.3 8.3 9.2- 9.4
Poly(octyl methacrylate) 6.9 11.4 8.3 8.4
Poly(hexyl methacrylate) 7.0 11.5 8.4 8.6
Poly(butyl methaerylate) 7.3 11.5 8.6 8.3~ 8.8
Poly(ethyl methacrylate) 7.8 11.7 9.1 8.95~ 9.1
Poly(methyl methacrylate) 8.2 11.9 9.4 9.1-12.85
Poly(dimethyl siloxane) 8.1 9.4 8.55 7.3-7.6
Polybutadiene 7.6 10.9 8.7 7.15—- 8.6
Polystyrene 8.2 10.4 8.9 8.5-10.3
Polychloroprene 9.0 10.5 9.5 8.1- 9.4
Poly(vinyl chloride) 9.0 11.4 9.8 9.4-10.8
Poly(vinyl acetate) 8.4 13.5 10.1 8.8-11.05
Poly(methacrylonitrile) 9.8 12.5 10.6 10.7
Poly (acrylonitrile) 10.3 15.5 12.0 12.5-15.4

With the aid of the empirical correlations mentioned in Section 2 above
the course of @ as a function of A can be derived by using Flory’s theoretical
relationship. Equations (2), (4), and (5) permit the calculation of a as a
function of 8/7T, the molecular weight M being the only parameter. From
Figures 1, 2, and 3 it appears that approximately

6p = 8min + l/s(amax - 6min) (6)
From the definition of A it follows that
A= (63 - 5min)/3(6p - 6min)
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Fig. 4. Iixperimental values of @ as a function of A.
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Fig. 5. Derivation of eq. (7).

Now the relationship between A and 6/T can be derived with the aid
of Figure 5 as follows.
If 8, < 6, or A < 1/; (Fig. 5a), then

6/T = (8, — 63)/(57 — Omin) = 1 — (8 — 8min)/(8p — Omin)
so that
A =11 - 6/T) (7a)
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If 8, > 6, or A > /5 (Fig. 5B), then
O/T = (8 — 85)/(Bmex — 85) = (8 — ¥nin)/ (Pmax — 85)
— (8p — Omin)/(Pmsx — 0p) = (8 — Bmin)/2(8p — min) — /2
so that
A = /1 + 20/T) (7b)

The course of a as a function of A can be calculated from egs. (2), (4),
(5), and (7) for 2 given value of M at a given temperature. The curves
plotted in Figure 6 show this course for a number of values of M. For the
majority of the experimental data the M values are between 10° and 108,
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Fig. 6. Theoretical relationéhip between A, M, and a.

There is a reasonable agreement between the experimental points of Figure 4
(temperature, 25°C.) and the calculated curves. So Figure 6 can be used
for an estimation of @ values when direct experimental data are lacking.

In Table II some a-values caleulated according to Figure 6 (fiftth column)
and experimental values? (sixth column) have been compared. Although
for some polymer—solvent systems a good correspondence has been found,
rather large deviations occur in some cases. The mean difference between
calculated and experimental values amounts to 0.05. Part of these devi-
ations must be due to inaccuracy of the experimental values. For a num-
ber of systems the [y]-M relationships have been determined by several
different investigators. These data from different sources lead to a mean
standard deviation in the a values of 0.035, which is the same order of
magnitude as the differences found in Table IT.
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Prediction of Solubility Parameter of Polymer
from Solubility Limits

As was mentioned above, Figures 1, 2, and 3 lead to the conclusion
that

6,, = 8min + 1/3(6max - 6min) (6)

This is also in accordance with the position of the maximum in Figure 4,
namely, at A = 1/;.

Values for §,, calculated with the aid of eq. (6), can be found in Table I.
They have been compared with values from the literature,® which spread con-
siderably. In most cases there is a reasonable correspondence between
calculated and experimental values. Exceptions are polypropylene and
poly(dimethyl siloxane). We expect that in these cases the values ob-
tained from eq. (6) are more reliable.

Prediction of ¢ Values from Solubility Parameters
of Polymer and Solvent

According to eq. (6), the solubility limits 5uin and Suax are closely related
to the solubility parameter of the polymer, §,. Therefore it might be
possible to use only the solubility parameter values 8, and 8, for a first
estimation of the exponent a.

For this purpose a graph of 8, versus §, was made, the exponent a being
a parameter. Experimental a values were plotted on this graph, and equal
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Fig. 7. Relationship between &, 8, and a.
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parameter values were connected by straight lines. The result, after some
smoothing out, is shown in Figure 7.

In Table II the a values predicted with the aid of Figure 7 are listed.
Comparison with experimental values show a mean deviation of 0.05
(equal to that of the method described in the Estimation section).

Discussion

In this article methods have been proposed for predicting the exponent
a in the Mark-Houwink equation, eq. (1). The application of these
methods, however, is liable to a number of restrictions. It is supposed
that:

(1) Flory’s statiatical conformation theory for the coiled polymer mole-
cule does hold. Values for a highér than 0.75 may be expected for very
rigid polymer molecules and in the case of special solvent-polymer inter-
actions.

(2) The mean molecular weight should be about 10°. Deviations are
to be expected for low and very high molecular weights.

(3) The temperature should be about 25°C. Polyethylene was not
included in this investigation, because no solvents for this polymer at 25°C.
are known.

(4) Our investigation was limited to polymers with solubility parameters
not higher than 12. Above this limit no sufficiently reliable experimental
data could be found.

Notation

exponent in the Mark-Houwink equation
constant

coefficient in the Mark-Houwink equation
coefficient for © solutions

molecular weight

absolute temperature

expansion factor

solubility parameter ratio

Smax Solubility parameter at maximum solubility limit
Smin solubility parameter at minimum solubility limit
3,  solubility parameter of polymer

3, solubility parameter of solvent

[n] intrinsic viscosity

(5] temperature at which no net interaction between polymer and solvent results

BRNgRRC S
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Résumé

11 est proposé une méthode pour prédire l'exposant a de I’équation Mark-Houwink,
[n] = KM® Cette méthode utilise les paramétres de solubilité du polymere et du sol-
vent.

Zusammenfassung

Es wird eine Methode vorgeschlagen, die es ermoglicht, den Exponenten a der Mark-
Houwinkschen Gleichung [4] = KM*® vorherzusagen. Bei dieser Methode werden die
Loslichkeitsparameter von Polymerem und Lésungsmittel angewendet.
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