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ABSTRACT: The factors that determine the miscibility of two polymers, each of which hydrogen bonds
(self-associates) to itself in the pure state, is discussed. Equations describing the contributions of hydrogen
bonding to the free energy of mixing are presented. It is shown that mixtures of this type are much less
likely to be miscible than those where only one of the components self-associates, while the other has
hydrogen-bonding acceptor groups. In addition, for mixtures of two self-associating polymers, the volume
fraction of the hydrogen-bonding functional group relative to the volume of the polymer repeat unit is an
important factor in determining miscibility. If this quantity differs significantly in the two polymers being
mixed, even if they have identical hydrogen-bonding functional groups, the mixture will phase separate.

Introduction

Over the course of the last twenty years or so, work
in this laboratory has focused on the development of an
association model and its application to the study of
hydrogen bonding in polymer blends.!~3 This approach
essentially rests on an analysis of the statistical me-
chanics of reversible association that can be found in
an appendix to a paper by Flory on the mixing of
heterogeneous polymers.* The model is particularly
suited to the description of systems where one compo-
nent self-associates in the form of chains or cyclic dimers
(e.g., systems containing hydroxyl groups, amides, car-
boxylic acids, etc.), while the second component contains
only hydrogen-bonding “acceptor” groups (such as an
ester or ether). It has been shown that the contribution
of hydrogen bonding to the free energy of mixing
depends on the number of hydrogen bonds of each type
present in the mixture at a given composition and
temperature. The enthalpy and entropy changes that
accompany the formation of each type of hydrogen bond
determines this number and can be calculated from
equilibrium constants that can, in turn, be determined
spectroscopically and used to describe the stoichiometry
of hydrogen bonding.13

Miscibility in these types of hydrogen-bonded blends
then depends (for the most part) on two balances. The
first balance is between self-association and interasso-
ciation. (By the latter, we mean hydrogen bonds be-
tween different types of functional groups on different
chains.) If, for example, the amide groups in a particular
polymer, such as a nylon, hydrogen bond to one another
more strongly than to an acceptor group in a different
polymer, say an ether oxygen, then the contribution of
hydrogen bonding to the free energy of mixing would
be expected to be unfavorable. The second balance is
between the often-favorable contribution of specific
interactions such as hydrogen bonds to the free energy
of mixing and the unfavorable contributions of disper-
sion and weak polar forces.
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One type of system that we have been unable to
describe with the use of simple self-association models
involves mixtures of two self-associating polymers. This
can be done,? but the algebra is complicated and does
not lend itself as easily to the type of intuitive under-
standing of the important factors involved in mixing
that can be obtained from applying this approach to
simpler mixtures. We also felt that there would be few
systems of interest because it would be more difficult
to obtain a favorable free-energy balance when both
components self-associate. However, in a systematic
study of polyamide blends, Ellis®~!2 showed that mis-
cible mixtures can indeed be obtained but interpreted
his results in terms of the repulsion model. Brisson et
al.13.14 examined similar systems but found that this
model gave poor results and emphasized the formation
of hydrogen bonds as a driving force for miscibility in
these blends. An interesting correlation between the
fraction of the polymer repeat unit occupied by the
hydrogen-bonded functional group and miscibility was
observed.!® More recently, it has been shown that a
polyamide (nylon 66) can form miscible mixtures with
an oligomeric phenolic resin as a result of the formation
of strong hydrogen bonds between phenolic and amide
groups.!® The interaction strength of this hydrogen bond
was calculated to be significantly larger than that of
self-association of the two components.

The association model that we have used deals with
the equilibrium distribution of hydrogen-bonded species,
which is simply described when only one component self-
associates in the form of chains. There is a different
approach, originally described by Veytsman!® and fur-
ther developed by Panayioutou and Sanchez.!” This
counts how hydrogen bonds are distributed between
“donor” and “acceptor” groups. The two models can be
shown to be equivalent, as one might expect,23 but this
latter model is much more easily applied to the problem
of describing mixtures where both components self-
associate. Accordingly, in this paper, we will apply this
model and show how it can be used to obtain at least a
qualitative understanding of the factors that determine
the phase behavior of these types of blends.
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Figure 1. Illustration of the hydrogen-bonding donor and
acceptor groups present in polyamides.

Equations

For clarity of presentation, we will consider the
mixing of polyamides, but the equations will describe
hydrogen bonding in any blend where the functional
groups have both donor and acceptor properties (e.g.,
phenols and amides). The donor (d) and acceptor (a)
parts of amide groups are illustrated in Figure 1, as are
the types of hydrogen bonds we will be considering and
the characteristics of the chains. Essentially, the N—H
part of each amide linkage is the donor (d) group, while
the C=O0 part is the acceptor (a) group.

We will describe mixtures where the non-hydrogen-
bonding portion of the chain can be altered systemati-
cally. In the aliphatic nylons, for example, this would
involve changing the number of CHy groups separating
the amide linkages. We will let ¢; and ¢ represent the
volume fraction of components 1 and 2 in a blend. We
will identify the amide groups on polymer chains of type
1 with the letter A, while the amide groups on polymer
chains of type 2 will be designated with the letter B. If
the volume fraction of the amide functional group in the
repeat unit of polymer 1 is f4, the volume fraction of A
amide groups present in the mixture is then

ba = Pifa 1

Similarly, if the hydrogen-bonding functional groups
in chain 2 occupy a volume fraction fz of the repeat unit,
their volume fraction in the mixture is given by

b5 = dof (2)

We will use the terms dsa and dp to designate the
number of donor units per unit volume of type A and
type B, respectively. Both donor groups are the N—H
parts of amide linkages in the polyamide mixtures
considered here, with the A donor groups designating
N—H groups on chains of type 1, while the B donor
groups designate N—H groups on chains of type 2.
Similarly, a4 and ap are the number of acceptor groups
(C=0 groups) of each type per unit volume (see Figure
1). For polyamide mixtures it follows that ag4 = da and
ag = dp. We will use the molar volume of the amide
group as an arbitrary reference volume for both donor
and acceptor groups on each chain.

Proceeding directly from the partition function de-
rived from Veytsman,!® we then obtain the following
expression for the free energy of hydrogen bonding (Fgg)
the components of the mixture
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In this equation, V is the total volume of the mixture,
maa, mpp, map, and mpa are the number of hydrogen
bonds of type AA, AB, etc., per unit volume, as il-
lustrated in Figure 1. The m;; term is simply the total
number of hydrogen bonds per unit volume

i

The number of hydrogen-bonded donor groups (per unit
volume) of type A is equal to maa + map because each
of these hydrogen-bonded N—H groups is either linked
to a carbonyl group in chains of type 1 (maa, H bonds
between donors in chains of type 1 and acceptors in
other chains of type 1) or to a carbonyl group in chains
of type 2 (map, H bonds between donors in chains of type
1 and acceptor group chains of type 2). Similarly, the
number of hydrogen-bonded acceptor groups of type A
is given by maa + mpa, and so on. Note that there are
also a certain number of non-hydrogen-bonded or “free”
groups of each type in the mixture at a given temper-
ature and composition. The logarithmic terms in eq 3
are actually the fractions of free donor and acceptor
groups of each type present in the mixture. (Those
readers familiar with the association model will no
doubt recognize a correspondence in the form of the
results.)

The number of hydrogen bonds of each type can be
calculated from the equations describing the stoichiom-
etry of hydrogen bonding,1=3:16:17 wwhich in this case can
be written

My Zvl_f —(myy + mAB)] [(p‘}_}f — (myy + mpy) K?:‘ZfA
(5)
mBB.@ — (mpy + mBB): [¢V_2};B — (myp + mBB): K;Sg:B
(6)
77’LAB€17_}:;4 ot mAB): :¢V_?]Z3 — (myg + mBB): K?jg:A
(7
mBA{/iBB gy + migy) ﬁ}_f“ — (myy + mBA): K?:ng
(8)

Note that ax = da = ¢1fa/Va, ete. The quantities Kaa,
Kpgp, etc., are the equilibrium constants describing the
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formation of hydrogen bonds of each type. The equilib-
rium constants are given by

9)
Vi

m
Kpp=—— (10)
VB VB

Myp
K= (11)
g

m
Kpy =12 (12)
VB VA

In these equations, ¥} is the number of free (non-
hydrogen-bonded) donor groups of type A per unit
volume, vy is the number of free acceptor groups of
type B per unit volume, etc. These are chemical equi-
librium constants and are not the same as the dimen-
sionless equilibrium constants that we used in our
previous work.173 These quantities are simply related,
however. For Ku4, for example,

where Ka4' is a dimensionless equilibrium constant
describing A—A hydrogen bonds.

Both the lattice model we employed in our initial
work!— and the treatment of hydrogen bonds by Veyts-
man!® and Panayioutou and Sanchez!” employ a mean
field approximation to describe the probability that two
segments are adjacent and, thus, capable of hydrogen
bonding. In fairly recent work (see refs 2, 3, 18, 19, and
citations therein), we have shown that chain connectiv-
ity results in a larger number of self-contacts than one
would anticipate on the basis of a random mixing of
segments. We account for this with the factor p in the
above equations. The term pap, for example, is the
probability of an A segment being next to a B segment.
In the mean field approximation, pap = ¢4 and the term
paBlda = paslfa p1 = 1. We use a simple approximation
for these probabilities by introducing a parameter y that
is equal to the fraction of same-chain contacts.!®1° For
simplicity, here we will assume that this quantity is the
same for both polymers in the blend, and we then have

Paa = vfa + (1 = V)fady (14)
Ppa =1 = y)fpdy (15)
Pag = (1 = Vs, (16)
Peg = Vi + (1 = y)fpd, a7

In calculating the free energy of mixing, we assume
that the contributions of hydrogen bonding can be
simply added to the Flory—Huggins equation, where the
x term now describes dispersion and weak polar forces
only and is also modified to account for same-chain
contacts

AG _ 9 by AGy
ﬁ—Eln¢1+Eln¢2+¢1¢2(1 V)X+R_T(v :
18
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Note that the contribution of hydrogen-bond forma-
tion to the change in free energy of mixing is given by
subtracting an expression for the free energy of hydro-
gen bonding of the polymers in the pure state, calculated
by putting mag = mpa = 0 in eq 3 above, from the free
energy of hydrogen bonding in the mixture.

Results and Discussion

In our initial calculations, we assumed that we were
mixing polyamides. In previous experimental work, we
have determined that the self-association of aromatic
nylons (amide/amide hydrogen bonds) are characterized
by a value of a dimensionless equilibrium constant, K',
of about 100.2° Given a molar volume of close to 20 cm?/
mol for the amide group (calculated from group contri-
butions?!), this means that the equilibrium constants for
amide/amide hydrogen bonds (eqs 9—12 above) would
all have a value of about 2000 cm?®mol. Although the
local structure of the chain might affect this equilibrium
constant (through steric hindrance or delocalization of
electrons, for example), much of the work on nylon
blends involved chemically similar polymers, so this
assumption is reasonable and allows us to illustrate the
factors that affect miscibility. In addition, we initially
put ¥ = 0 to determine the effect of hydrogen bonding
alone on the phase behavior of two self-associating
polymers. The degree of polymerization of each of the
chains was assumed to be 100, so there is only a small
contribution from the combinatorial entropy of mixing
to the overall free energy. Finally, both simulations and
experimental work!®1? indicate that in the concentrated
regime y has a value between about 0.25 and 0.35. We
used y = 0.30.

If the volume fraction of the amide group in each of
the polymers being mixed is the same, say fx = [z =
0.2, then, as one might expect, the free energy of mixing
is negative, the second derivative of the free energy with
respect to composition is positive, and the polymers are
miscible over the entire composition range. In effect, the
amide groups on chains of polymer 1 are just as likely
to form hydrogen bonds with amide groups on chains
of type 2 as they are to self-associate (i.e., chain type
1/chain type 1 hydrogen bonds). However, the favorable
contributions of hydrogen bonding to the free energy of
mixing is now much less than what we determined in
previous work when only one of the polymers self-
associated.!™3 In such systems, fairly large values of ¥,
describing dispersion and weak polar forces, could be
accommodated (y ~ 0.5 and sometimes more, depending
on the strength of the hydrogen bonds between the
different types of chains). Here, the overall contribution
of hydrogen bonds to the free energy of mixing is much
less because both components in a binary mixture self-
associate in the pure state. This is illustrated in Figure
2, which shows spinodals calculated for two hypothetical
polyamides, each with f4 = fg = 0.2 as a function of y.
(The spinodals were determined numerically from cal-
culated values of the free energy, so there appears to
be some minor fluctuations in the curves from round-
off errors.) It can be seen that values of y of the order of
0.006 now result in phase separation at room temper-
ature (~25 °C). In other words, the polyamides being
mixed must have very similar chemical structures if
mixing is to occur. Of course, larger values of y can be
accommodated if hydrogen bonding between groups on
different polymers is for some reason larger than the
hydrogen bonds involved in self-association. We will
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Figure 2. Plot of spinodals calculated for two hypothetical
polyamides as a function of y. The volume occupied by the
amide group in the repeat unit of these nylons is the same (fs

= fB = 0.2).
300
- a f,=0.25
A A
A A
. a e fg =03
a a n fg =0.4
A I = fy =05
a =" = a 8
a . - a A t3 =0.6
A L] L] A
200 4 a [ [ a
A L] L] A
a [} [} a
a [} . a
a L] L] a
A L] - A
A L] L] A
A L] L] A
o) a [ . a
- a L] - - a
w 100 a u L] L] L] a
% a - - - - A
- A L] L] L] L A
< A . L] L] L] A
[ A = [} u = a
o A = . u [ a
= A = ] . L] " a
= o ] . . [} " a
A = [ . . » A
A m L] L] . L] - a
0 E a L] - L] L] - - A
A m = e . = = oa
A m - L] L] - " A
A m = o e = m a
A m - e . L] A
A B = o . L] LI %
AR m o L] " N A
AR m o . " E A
Amme e muma
AN me om wa
-100 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

VOLUME FRACTION OF NYLON 1 IN BLEND

Figure 3. Plot of spinodals calculated for two hypothetical
polyamides. The volume fraction occupied by the amide group
in the segments of one component of the blend is held constant,

(fa = 0.25), while the structure of the second component (hence
/) is allowed to vary.

address this point below. First, we wish to illustrate the
effect of a second important factor.

Figure 3 shows the effect of holding the volume
fraction occupied by the amide group in the segments
of one component of the blend constant (polymer 1, fx
= 0.25), while the structure of the second component
(hence fp) is allowed to vary. As in Figure 2, we have
plotted calculated spinodals. It can be seen that as the
volume occupied by the amide group in the segments of
one component of the blend increases with respect to
the volume occupied by the amide group in the segments
of the second component, the polymers become less
likely to mix. This is because the probability of forming
hydrogen bonds with chains of the same type relative
to chains with a different structure changes systemati-
cally with this factor. If the volume occupied by the
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amide group in segments of polymer 1 is much greater
than the volume occupied by equivalent amide groups
in segments of polymer 2, for example, then segments
of type 1 have a much higher probability of finding one
another and forming hydrogen bonds. The balance
between self-association and interassociation (hydrogen
bonds between chains of type 1 and type 2) becomes
unfavorable and phase separation occurs. There is a
complication here, however. We have found that in-
creasing the spacing between hydrogen-bonding func-
tional groups along a chain increases their accessibility
and, hence, ability to form hydrogen bonds. This would
change the equilibrium constants describing both self-
and interassociation and shift the position and width
of the miscible range.
This calculation helps explain some of the results of
Ellis® and Brisson et al.l>14 For example, the latter
authors studied blends of poly(m-phenylene isophthal-
amide) with poly(n-methylene isophthalamides) or nl
nylons, with n = 3—9.13 They found that miscibility
depended on the spacing of amide groups. The nI nylons
with n = 6 and 7 were determined to be miscible over
the entire composition range, while the other blends
phase separated to one degree or another. (Some were
miscible at certain compositions.). The same authors
determined a similar dependence of miscibility on
composition for blends of poly(hexamethylene isophthal-
amide) with a series of nylons 6,m.1* We cannot model
these mixtures precisely because we do not have values
of the equilibrium constants involved (which could be
affected by different degrees of steric accessibility), but
the balance between self-association and interassocia-
tion would change systematically in blends of this type.
Calculations for a model system are shown in Figure 4,
which shows the value of the upper critical solution
temperature (UCST) for the blend systems where,
again, the volume fraction occupied by the amide group
in the segments of one component of the blend is held
constant (polymer 1, f4 = 0.25), while the structure of
the second component (hence f3) is allowed to vary. This
illustrates that there is a range of segment size relative
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Figure 5. Plot of spinodals calculated for a blend of an
oligomeric phenolic material and a polyamide.

to the volume occupied by the amide group that allows
an optimum number of interassociation hydrogen bonds
to form. If we neglect spacing and steric effects, such
that all the equilibrium constants have the same values,
then, for a value of fux = 0.25, we calculate that
miscibility would be determined for values of /g between
about 0.20 and 0.32 (with y = 0.0058). (We assumed that
the blends have a T'g of about 50 °C, the lowest value
found in the poly(hexamethylene isophthalamide)/nylon
6,m system,!* so that mixtures with a UCST below this
value would be determined to be miscible.) This range
will naturally be shifted (and broadened or narrowed)
by any dissimilarity in the relative strength of the
hydrogen bonds that can be formed, but the overall
trends would be similar.

Finally, we have examined the situation where in-
terassociation equilibrium constants differ significantly
from self-association equilibrium constants. Hartikainen
et al. have recently found that nylon 66 can form
miscible mixtures with oligomeric phenolic resins.!®
They calculated that the interaction energy for hydrogen-
bond formation between amide and phenol groups is
about 1.5 times the self-association energy of amide
groups and nearly twice that of phenol/phenol hydrogen
bonds. This would not translate directly into values of
equilibrium constants, of course, but we can make some
crude assumptions to show trends. The self-association
equilibrium constant for amide/amide hydrogen bonds
is about 2000 cm?®mol, as noted above, while our
previous work on phenolics indicates an equilibrium
constant of 6000 cm?3/mol is appropriate for a phenolic
segment occupying 100 cm3/mol (fg = 1, K’ about 60).173
If we arbitrarily assume Kap = 9000 while K45 = 2000,
the results shown in Figure 5 are obtained. (We are
essentially assuming that one interassociation hydrogen
bond, the phenolic —OH to carbonyl C=0, for example,
involves a much larger free-energy change than other
donor/acceptor hydrogen bonds in this system). It can
be seen that miscibility at ambient temperatures is
predicted for these mixtures. In addition, because the
phenolic component is oligomeric (we assumed degrees
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of polymerization of N; = 100 (nylon) and Ny = 5
(phenolic oligomer)), a greater dissimilarity in chemical
structure, hence y, can be accommodated. Phase separa-
tion is predicted to occur for values of y larger than
about 0.2 given the equilibrium constants for hydrogen
bonding described above. Using group frequencies, we
calculate values of the solubility parameters of these
two polymers of about 10.5 (nylon 66) and 10.9 (phenolic
resin), respectively. (These are calculated on the basis
of dispersion and weak polar forces only, see ref 1.) This
suggests that materials of this type can form miscible
mixtures with relatively small contributions of hydrogen
bonding to the free energy of mixing.

Conclusions

The contribution of hydrogen bonding to the free
energy of mixing two polymers that self-associate in the
pure state is significantly smaller than that determined
for mixtures where only one polymer self-associates,
while the second has an acceptor group. As a result,
those polymers that hydrogen bond to themselves in the
pure state are much less likely to form miscible mixtures
with one another. In addition, for mixtures of two self-
associating polymers, the volume fraction of the hydro-
gen-bonding functional group relative to the volume of
the polymer repeat unit is an important factor in
determining miscibility. If this quantity differs in the
two polymers being mixed, even if they have identical
hydrogen-bonding functional groups, the mixture will
phase separate.
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