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Synopsis

The relationship between cohesive energy (c.e.) or cohesive energy density (c.e.d.)
and the glass transition tenperature (7',) of polymers has been re-examined on the basis
of literature data. For polymers with T, above 25°C., there is no correlation between
published or calculated values of c.e. or c.e.d. and T,. However, for the rest of the
polymers there is a linear relationship between c.e.d. and T, and a broad relationship
between c.e. and T,. These results imply that c.e.d. is the regulating, though not the
only, factor in determining 7')’s up to values of approximately 25°C.

INTRODUCTION

For the glass transition T, to oceur, the thermal energy of a polymer must
exceed the barrier opposing long-range molecular motion of the main chain.
Strong cohesive forees therefore, are likely to be an important factor in the
determination of polymer 7,. Several authors have related cohesive energy
(c.e.) or cohesive energy density (c.e.d.) with the 7', of polymers. For ex-
ample, Boyer! stated that T, increases with increase of c.e.d. and “to date,
we are unaware of any evidence to the contrary.” Tobolsky? reported
that polymers of high 8, (square root of c.e.d.) tend to have high values of
T,. Havlik and Smith,? dealing with crosslinked and noncrosslinked di-
isocyanate-linked elastomers containing substituted urea groups, said
that the value for T, is determined by the cohesive energy density of the
polymer and possibly by the stiffness of the chains; increasing the c.e.d. or
chain stiffness raises T, in general agreement with empirical relationships
as proposed by Marei* and Hayes® These relationships indicate that T,
increases with increasing c.e.d. Fujimoto® stated that the glass tempera-
ture was proportional to the molar cohesion energy of the polymer, and
Uematsu’ related c.e.d. to T, for a wide range of polymers, claiming linear
relationships. That intermolecular forces are of prime importance in
governing the magnitude of T, was also reported by Bunn,? though he also
recognized that other factors such as geometry and hindered rotation must
play some role.

In this paper, the validity of published c.e. and c.e.d. data and the rela-
tionships between these parameters and the 7, of polymers are re-examined
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to establish their usefulness in estimating polymer 7',; it is shown that
previous views on these relationships need some qualification.

Methods of Obtaining Cohesive Energy Densities

The cohesive energy (c.e.) of a liquid may be defined as the internal latent
heat of vaporization

V=o
E = U + f . @U/V)AY
V= vap

where E is molar c.e., U is internal energy, and V is volume.
The integral is the correction for the imperfection of the vapor; this
correction becomes small when the vapor pressure is low, and then

E=L—RT

where L is latent heat of vaporization. The c.e. is then equal to the latent
heat of vaporization less the mechanical work done in separating the mole-
cules beyond their sphere of interaction.

The cohesive energy density (c.e.d.) may be defined as the latent heat of
vaporization per cubic centimeter at constant volume and is equal to E/V,
where V is molar volume.

The c.e. or c.e.d. of a liquid may therefore be measured directly by vapor
pressure, electrical, or calorimetric methods, but the c.e. or c.e.d. of a poly-
mer cannot be measured directly. Above its T,, however, a rubber has
many of the characteristies of a lightly crosslinked liquid, and the theory
of mixing has been applied to the swelling of rubbers by various liquids.
For the mixing of liquids, Scatchard® and Hildebrand'® proposed relation-
ship (1):

AH, = 1)1712(51 - 52)2 (1)

where AH,, is the heat of mixing (cal./ce. of mixture), v; and », are volume
fractions of liquids, and & and 8 = (E1/V:1)"/* and (E,/V32)""* for the respec-
tive liquids. As E;/V; and E»/V, are the c.e.d.’s of the liquids, & and &
are the square roots of the c.e.d.’s and are sometimes called solubility
parameters.

AH., is always positive, i.e., endothermie, and tends to oppose the process
of solution. Thus, when AH,, is a minimum, i.e., when & — &, mixing is
most easily facilitated. Therefore, it has been postulated!! that the liquid
which gives rise to the maximum equilibrium swelling at a particular tem-
perature (i.e., tends to dissolve the rubber most easily) has a similar value
of & to that of the rubber. The value of 8 must, of course, be corrected for
the temperature at which swelling takes place.

Practical details and methods used to calculate c.e.d.’s from swelling of
polymers in various liquids are described by several authors.!1—15

It has also been found®' that the intrinsic viscosity [y] of a polymer
solution is a Gaussian function of V*/*(8; — §,), where V is molar volume of
solvent and the subscripts [ and p refer to the liquid and polymer, respec-
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tively. The solvent having the same c.e.d. (5%;) as the polymer corresponds
to a maximum value of [5] by analogy with swelling coefficients. Thus the
value of 8, may be calculated from viscosity measurements on the polymer
in a variety of solvents.!7—1°

Small?® has devised a set of additive constants, called molar-attraction
constants, which allow molar c.e’s, c.e.d.’s and solubility parameters &
of a wide variety of compounds to be calculated from a knowledge of the
constituent groups in a molecule. The internal pressure of amorphous
polymers has also been related to c.e.d.?’ However, internal pressure
measurements eannot be used as an indireet method of obtaining c.e.d.;
a single relationship has not been established and would be unlikely to
hold for a wide variety of polymers. Other methods used include extrap-
olation of c.e.d. of aliphatic hydrocarbon liquids against the reciprocal
of the number of carbon atoms in the chain to infinite chain length (e.g.,
polymethylene??) and a calculation of c.e.d. from measurements made on
solvent interaetions with a polymer (e.g., polychlorotrifluoroethylene??).

Validity of Cohesive Energy Density Values

Values Obtained by Swelling and Viscosity Techniques. Several au-
thors, including those who have made measurements, have doubted the
accuracy and validity of c.e.d. determinations on polymers. The rela-
tionship from which calculations from swelling measurements (and, by
analogy, viscosity measurements) are made [eq. (1)] and which refers to
the mixing of liquids, is subject to several limitations. Scatchard, the
proposer of the relationship, assumed that the c.e. behaves as the gravita-
tional energy between point masses, or as electrostatic energy between
point charges, and was aware that the accuracy of the assumption needed
to be very great if the behavior of mixtures was to be predicted to a good
approximation; since his assumption implied® homogeneous molecules, it is
only approximate. Gee, who applied the analogy of mixing of liquids to
the swelling of rubber, stated!! that eq. (1) could be true only if there were
no specific interactions between the two components of the mixture. When
both rubber and swelling agents possessed polar groups, such interactions
must, be general and would lead to deviations from the simple theory. As
most synthetic polymers and most solvents contain polar groups, the
validity of many estimations from swelling measurements must be in doubt.
Mangaraj'® draws attention to difficulties encountered with systems of
different polar character and, pending the solution of the problem, says
that no mathematical manipulation is likely to Improve the situation.
Various authors have commented that the choice of solvents is important
in calculating c.e.d.’s from swelling measurements!®2-242% and that strong
dipole effects must be avolded. There are often important contributions
to swelling properties from non-c.e.d. factors of which there is no a prior:
knowledge for any specific case.!

It has been reported®® that the determination of c.e.d. from swelling
measurements is limited to polymers having a 7, below the swelling tem-
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perature, because crosslinked polymers having T, above this temperature
have been found to break up during swelling.”? This may be a factor which
puts a practical limitation on swelling measurements, but careful experi-
mentation to remove stress concentrations arising in the polymer on swell-
ing may overcome this objection.26

The Secatchard-Hildebrand relationship [eq. (1)1 is strictly correct only if
(98,/0T) = (048;/0T), but an examination of (95/07T) for different liquids
shows that this is quite unlikely. The error introduced, however, may be
small.

The analogy between a lightly crosslinked rubber and a liquid, on which
the whole concept is based, is only an approximation. Bristow? points
out differences between the thermodynamic behavior of polymer solu-
tions and solutions of low molecular weight compounds. Swelling phe-
nomena might therefore exhibit differences in thermodynamic behavior from
the mixing of liquids which would invalidate use of eq. (1). Bristow? also
states that the c.e.d. concept is applicable only to some liquid-liquid mix-
tures and its universal applicability to polymer-liquid systems is improb-
able.

Summing up, it appears that the calculation of c.e.d.’s from swelling
measurements and from viscosity readings is very approximate for all but a
few selected polymers.

Calculated Cohesive Energy Density Values. Small’s molar-attraction
constants® give the best values over a wide range of compounds but ean be
improved for a restricted field*? and are thus semiquantitative.

Experimental Conditions for Cohesive Energy Density
Measurements on Rubbers

Despite the many objections to the c.e.d. concept as applied to polymer-
liquid interactions, it is claimed!* that the swelling of a rubber by a given
liquid may be roughly predicted. However, swelling measurements on
rubbers must conform to the following conditions.

(1) The swelling must be allowed to reach as close to equilibrium as
practicable. It has been found'* that some solvents swell rubbers more
slowly than others; however, the solvent which causes rapid swelling may
not cause maximum swelling over a long time.

(2) Sufficient liquid must be used to swell any one rubber to prevent
ambiguity or approximation concerning the-maximum of the curve of swell-
ing against 8;. The value of c.e.d. is obtained from (§,)? so that consider-
able error is introduced if 8; is only approximate. Unfortunately an ac-
curate value of §; is often difficult to achieve.

(3) The rubber should be undiluted, subject to the requirements of
additives for crosslinking, as results'! show that a different liquid causes
maximum swelling of natural rubber when loaded with carbon black com-
pared with the unloaded vulcanizate. Neoprene GN shows the same
effect when filled with whiting,.
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The value of §; for the liquid must be accurately obtainable for the tem-
perature of swelling, which involves knowledge of the latent heat of evapo-
ration at this temperature.

Viscosity measurements also require that the value of §; be known at the
temperature of measurement and that sufficient liquids must be used for
measurements.

Results of Cohesive Energy and Cohesive Energy Density Measurements

Results of e.e. and c.e.d. measurements are given in Table I together with
some calculated values.

The c.e. figures are derived from the corresponding c.e.d. values by mul-
tiplying the c.e.d. by the molar volume (molecular weight of repeating unit/
density of polymer). The density of the polymer ean vary with degree of
crystallinity, molecular weight, additives, ete.; the density of the par-
ticular polymer used for determining c.e.d. was usually not stated, so that
it was taken as that most frequently quoted in the literature. Errors in c.e.
arising from errors in density are unlikely to be very large, but they make
c.e. values rather less reliable than c.e.d values. The T, values, carefully
selected from a wide range of published data, are considered to be the most
probable.®

Discussion of Results

Where more than one value for c.e. or c.e.d. is given for a particular
polymer the difference between the highest and lowest values is usually
only a few per cent (see Table I). Natural rubber shows quite a good cor-
relation between several results. In a few cases, the calculated value dif-
fers appreciably from the experimental results, as in the case of polystyrene
and, to a lesser extent, polyethyl acrylate. It has been noted® that the
c.e.d’s of poly(methyl methacrylate), poly(methyl acrylate), poly(ethyl
acrylate), and poly(butyl acrylate) are 15-209, higher than those of the
corresponding model compounds (methyl isobutyrate, methyl propionate,
ethyl propionate, and n-butyl propionate, respectively). This has been
attributed to an increase of density on polymerization, the corresponding
decrease in intermolecular distance causing increased cohesion. However,
it is worth restating that swelling measurements can be very approximate
if polymers have T';’s above the swelling temperature;® thus, for example,
it will be seen from Table I that the data from swelling measurement on
poly(methyl methacrylate) may be unreliable. The swelling result on
poly(butyl acrylate) may also be erroneous; the sample broke up during
measurement making it difficult to estimate the degree of swelling ac-
curately.?®

Although all the measurements were not made at the same temperature,
correction of the results to a single temperature, say, 25°C., would not sig-
nificantly alter the conclusions which are drawn.
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Relationship between Cohesive Energy, Cohesive Energy
Density, and T, of Polymers

It is worth while reexamining the claims of other authors concerning the
relationships between cohesive forces and 7', based on similar published
data, in order to show to what extent trends in 7', can be estimated.

The variation of c.e. with 7', is shown in Figure 1 and the variation of
c.e.d. with 7', in Figure 2 for a wide variety of polymers.

The c.e. value for poly(ethylene terephthalate) is not shown on Figure 1
and the c.e.d. value for polyacrylonitrile is not shown in Figure 2, as their
insertion would involve considerable lengthening of the abscissae.

Both graphs show that T, tends to increase broadly with increase in c.e.
and c.e.d., but it has not been possible to form a direct relationship as the
seatter of points is too great, although the c.e.d. values appear to show a
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Fig. 1. Variation of glass trausition temperature with cohesive eunergy for various
polymers.
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Fig. 2. Variation of glass transition temperature with cohesive energy density for
various polymers.

more definite trend than do the c.e. values. There are, however, several
instances where a particular polymer has a higher 7', yet significantly
lower c.e. or c.e.d. than another polymer, so that only the broadest generali-
zation is possible. The error of trying to compute T, from c.e.d. data in-
creases with increase in 7', assuming a general trend in the points.

It is interesting to note that of the two reported transitions in polytetra-
flucroethylene at 160 and 400°K., the value at 400°K. is so far from the
main bulk of points on Figures 1 and 2 as to make it likely that the most
significant transition is in fact at 160°K.

Consideration of the structures of polymers 4 (irans), 10, and 16 (see
Table I) suggests that steric hindrance is high for poly(methyl meth-
acrylate), while in Neoprene GN and poly (ethyl acrylate) the side groups
are quite free to rotate about the main chain. Thus, as these polymers
have approximately the same c.e.d., these steric factors may override c.e.d.
considerations. A similar conclusion can be drawn from polymers 11 (ob-
served value), 4 (trans, observed value), 3 (frans), 3 (czs), 1, and 6 (observed
value).
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Fig. 3. Variation of glass transition temperature with cohesive energy density for
rubbers.

Considering only those polymers which are above their 7', at the tem-
perature of c.e.d. measurement, linear relationship between c.e.d. and T, is
shown in Figure 3, provided that the polymer is not too erystalline.

Polymethylene and polyethylene, which always possess a high degree
of crystallinity, are excluded. The values for poly(butadiene monoxide)
and ces-polybutadiene are exceptions to the general conformity, but the
observed and calculated values of c.e.d. for polybutadiene when related to
the T, of the trans isomer only show good correlation.

The relationship is of the form

T, = K(E/V) + C

where K and C are constants and equal the slope and intercept, respec-
tively, of Figure 3.

K = 2° ¢ce./eal. and C = 70°K., and the deviation of measured T', values
from the mean given by this equation is £20°C. (excluding polybutadiene
monoxide and c¢is-polybutadiene).

The presence of the intercept C, suggests that, although c.e.d. is a regu-
lating factor in determining the 7', of these polymers, other independent
factor(s) are also important. The possibility that the barrier opposing
internal rotation is the dominant factor governing the T'’s of these poly-
mers, but that its magnitude is regulated to a great extent by cohesive
forces, is a eoncept which is in accord with the above results.
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Fig. 4. Variation of glass transition temperature with cohesive energy for rubbers.

The fact that a relationship is found only for polymers with 7', below the
temperature of c.e.d. measurement supports the view that the c.e.d. con-
cept is of limited applicability” and that swelling measurements in particu-
lar may be applicable only to rubbers above their 7',.1%** However, as
previously mentioned, careful experimentation may overcome this limita-
tion.2s

There is also a broad correlation between c.e. and T, for polymers with
T, below the temperature of c.e.d. measurement. TIigure 4 shows that in
general the T, of such rubbers increases with increase in c.e., although there
are several exceptions to this rule.

This relationship between c.e. and 7', is much less close than that of c.e.d.
versus T, shown in Figure 3. For purposes of graphical clarity, only calcu-
lated values of c.e. are shown in Figure 4.

The comparatively good correlation between c.e.d. and 7', for polymers
having a T, below 298°K. may mean that the c.e.d. is a more important
parameter in determining 7, than is c.e., or it may just be a reflection of the
inaccuracy of the estimation of c.e.

Conclusions

There are many doubts regarding the validity of the basic assumptions
involved in applying the cohesive energy (c.e.) concept to polymer-liquid
interactions and the extension of the theory of mixing to such interactions.
In addition, there are several conditions which must be observed when
making practical estimations of cohesive energy density (c.e.d.) which are
not always followed. A fairly high scatter of results is found therefore
when data from different measurements on .the same polymer are com-
pared and it is necessary to be very discrimiuating in the selection of data.
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Calculated c.e. and c.e.d. values are derived from molar-attraction constants,
which in turn are estimated from published vapor-pressure and heat of
vaporization values obtained from measurements on liquids. This ap-
proach may not be valid for polymers in the glassy state.

TFor polymers having 7T, above the temperature of estimation of c.e.d.
(ca. 298°K.) there is no good correlation between the published or calcu-
lated c.e. or c.e.d. values and T, although very broadly an increase in c.e.d.
is accompanied by an increase in T';. This lack of good correlation is not
unexpected in view of the possible objections to the validity of measure-
ments in this range. However, for nearly all polymers examined with T,
below the temperature of c.e.d. measurement there is a direct correlation of
T, with c.e.d. which is accurate to =£20°C. Although there is a broad cor-
relation between c.e. and 7', for such polymers, there is a much greater
error in predicting T, from c.e. values than from c.e.d. values. This im-
plies that, for polymers with T, below 298°K., the most important factor
regulating 7', is c.e.d. The broad contention of other workers that 7', of
polymers increase with increase in c.e. or c.e.d. should therefore be qualified
in aceordance with the above observations.

This paper under Crown copyright, is reproduced with the permission of the Controller,
Her Majesty’s Stationery Office.
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