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Intramolecular Screening Effects in Polymer Mixtures. 1.
Hydrogen-Bonded Polymer Blends
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ABSTRACT: Spectroscopic evidence is presented to indicate that local screening effects are important
in polymer mixtures. Essentially, a polymer segment has a locally higher concentration of like segments
because of this factor. A simple modification to existing theories is presented to account for this local

screening.

Introduction

Although the limitations of the Flory—Huggins treat-
ment of polymer solutions and blends are well-known,
because of its relative simplicity and ability to reproduce
some of the major features of observed phase behavior
it has remained the starting point for most treatment
of thermodynamic data. Many attempts to obtain an
improved fit between experimental observations and
theoretical prediction have focused on the y interaction
term, which has often been made concentration, tem-
perature, and sometimes molecular weight dependent.
For example, Petri et al.! recently observed significant
effects of both molecular weight and concentration on
carefully measured values of y in various systems. In
this and a following communication we will suggest that
these and many other results in the literature may be
explained, at least in part, as arising from chain
connectivity and correlation effects. We will approach
the subject from a different perspective, however, by
first considering hydrogen-bonded systems. This is
because we have available to us a tool, infrared spec-
troscopy, that allows us to count certain types of
contacts in systems that interact in this manner and
thus explore directly some of the correlation effects that
are involved in all types of contacts in polymer systems.

The mean-field Flory—Huggins treatment of polymer
solutions and blends assumes that segments are ran-
domly mixed. The presence of strong specific interac-
tions such as hydrogen bonds introduces a network of
nonrandom contacts, but these can also be treated in
the context of a higher order mean-field approximation.
In the approach used in our laboratory, the configura-
tions of the equilibrium distribution of hydrogen-bonded
chains are described by a Flory lattice model type of
counting procedure.2=* The statistics include a term
describing the probability that segments are adjacent
and thus capable of hydrogen bonding. In the mean-
field treatment this term is assumed to be proportional
to the volume fraction of the segments involved. A
similar assumption is used in the treatment of hydrogen
bonds developed by Veytsman® and Panayioutou and
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Sanchez.® As we have noted before, these results give
identical results when the same reference state is
used.*’

In recent work we have found that the usual assump-
tion of a mean field on the segments in polymer blend
systems may not be a good approximation. There are
two lines of evidence that have led us to this view. The
first involves the model we have developed that uses
experimentally determined parameters to calculate the
contribution of hydrogen bonds to the free energy of
mixing. By using solubility parameters (carefully con-
structed so as to exclude association effects) to describe
nonspecific interactions, a remarkable agreement be-
tween theoretical and observed phase behavior has been
obtained.348 However, the model includes what can be
thought of as an empirical “correction term”, constructed
originally by an incorrect choice of reference states.
Nevertheless, agreement between theory and experi-
ment has been obtained on such a wide range of systems
that we do not believe our results are simply fortuitous.
Accordingly, our “correction term” must account for
some factor we have neglected.

The second line of evidence is experimental and based
on a detailed infrared spectroscopic study of blends of
poly(4-vinylphenol) (PVPh) and poly(ethyl methacrylate)
(PEMA), random copolymers of these units, mixtures
of low molecular weight analogues, and mixtures of the
polymers with the low molecular weight analogues.® The
number of hydrogen bonds (at the same concentration
of functional groups) formed in mixtures of the low
molecular weight analogues was practically identical to
those formed in mixtures of these analogues with
polymers, but much larger than the number found in
random copolymers of these units. In turn, there were
far more hydrogen bonds formed in random copolymers
than in homopolymer blends of the same units. Inter-
preting these results is not simple, in that factors such
as steric accessibility, chain flexibility, etc., can affect
the number of hydrogen bonds formed (and is accounted
for by a term for the entropy of hydrogen bond forma-
tion). However, by comparing various types of mixtures
we were led to the conclusion that in homopolymer
blends the number of like contacts is much larger than
would be expected (and, conversely, the number of
unlike contacts far less). At first we thought that these
differences, particularly those observed between random
copolymers and blends of identical units, could be
explained on the basis of compositional heterogeneities
in the blends, but we could not detect any significant
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concentration fluctuations in neutron scattering experi-
ments.10

The accumulating evidence, the most recent of which
will be described below, has led us to the view that we
are observing a “screening” or locally nonrandom mixing
driven primarily by intramolecular connectivity effects.
Essentially, the covalent linkages between homopolymer
segments result in a number of same-chain contacts that
enhances the number of like—like neighbors over what
would be calculated on the basis of a random mixing of
segments (in a homogeneous random copolymer, how-
ever, there would be no distinction in the types of
contacts that are intrachain as opposed to interchain,
thus explaining our previous spectroscopic observa-
tions). Our model may be thought of as being motivated
primarily by the recent work of Szleifer'! and Schweizer
and Curro®? who have both explicitly accounted for the
effects of intramolecular connectivity in the calculation
of the local packing around a chosen segment. It must
be emphasized here that such local connectivity effects
are usually introduced in the field theory description
only through a semi-empirical ultraviolet cutoff. This
does not account for the details of local packing effects
which could be critically important in the context of this
paper.

As mentioned above, it is the purpose of this and a
following communication to explore the effect of chain
connectivity on simple theories of mixing. Here we will
focus our attention on hydrogen-bonded blends. A major
advantage of studying this type of system is that we
can “count” the number of contacts using infrared
spectroscopy, providing that we choose our mixtures
with care (the effect of experimental errors is such that
meaningful distinctions can only be made in certain
mixtures over certain composition ranges). In a follow-
ing paper we will then consider non-hydrogen-bonded
polymer solutions and show that a simple approach is
capable of reproducing some of the major features of the
composition and molecular weight dependence of y.

Counting Contacts

It is useful to first consider segment—surface contacts
before proceeding to the Flory approximation. Consider
homopolymers of type A and type B, where M and Mg
are the degrees of polymerization and N and Ng are
the numbers of molecules of each type. Following
Guggenheim,3 we can use the quantities ga and gg to
define the number of noncovalent contacts:

20p=Mp(z-2) +2 (1)
zZ0g + Mg(z — 2) + 2 (2)

where z is the lattice coordination number. If naa, Ngg,
and nag are the number of AA, BB, and AB contact
pairs, respectively, then

2Npp = NaGQaZ — Npp (3)
2ngg = NgOgZ — Npp 4)
We can also write
1

Nan = ENAqAZpAA %)
1
Ngg = ENBqBZpBB (6)

where paa is the probability that a site neighboring an
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A segment is occupied by an A segment (equal to the
fraction of sites that are occupied in this manner) and
an equivalent definition applies to pgs. Note that pga
is the probability that a site neighboring an A segment
is a B. These probabilities must satisfy the criteria

Pas =1~ Pea (7)
Pes =1~ Pas (8)

However,
Pag * Pga 9)

although we must have

Nag = Nga (10)
It follows that
QA (DA
Pag = Peag -~ Peag (11)
AB BAQB BAq)B
where
N N
_ aAla 0. — sUB (12)

A Naga + Nggg ®  Npds + Ngdg

and for Ma, Mg > 1, 0a =~ ®a and 0g ~ O, Where ®a
and ®g are the respective volume fractions (see egs 1
and 2). A random mixing of the segments is usually
assumed such that pag = 6a and psa = 0s.

Now consider the effect of a chain bending back on
itself, primarily through local effects but also through
long range connectivity effects, such that there is an
appreciable number of nearest-neighbor intrachain
contacts. Let the fractions of such same chain contacts
be ya and yg, respectively, for the two species in the
blend. These quantities will depend upon chain con-
formation in a presumably complex manner, but in what
follows we will assume that y, and yg are values that
are averaged over the distribution of conformations
characteristic of the unperturbed Gaussian state. In
effect we treat ya and yg as constants characteristic of
a given chain. We can now write for paa

Paa=7a T (1 = ya)0n (13)

the factor (1 — ya) is obviously the fraction of interchain
contacts made by A chains, while the factor 64 is the
fraction of interchain contacts that are AA, i.e.

N 1-
0, = Ada( Va) (14)
Nada(l — ya) + Ngdg(1l — 7g)
For Ma, Mg > 1
D,(1 -
0, ~ Al Va) (15)
Dp(1 —yp) + Pg(l — yp)
and for ypa = yg &= y
Paa =7 T (1 —7)P, (16)
Pege =7 + (1 —)Pg (17)

We can now turn our attention to how interaction
terms are modified by this adjustment to the random
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Figure 1. Plot of the calculated fraction of intramolecular
contacts, y vs M5, where M is the degree of polymerization.

mixing approximation. Before doing this, however, it
is useful to obtain a rough idea of the relative size and
hence importance of the y term that we have introduced.

Lattice Simulations

We have argued in the preceding section that chains
locally fold back on themselves, thus preventing seg-
ments of other chains from fully accessing the monomer
of interest. This picture can be best visualized by
considering a chain on a square lattice where a folded
“U-like” configuration immediately allows only two sites
to be a neighbor which could be accessed by a segment
of another chain. Alternatively, from a local perspective
one can argue that connectivity effects shield or screen
a segment from contacts with segments of other chains.
Since this effect is expected, on intuitive grounds, to be
highly nonuniversal, it is not easily quantified through
standard theoretical approaches. Consequently, we
have utilized the device of Monte Carlo simulations for
chains on a standard cubic lattice model to provide an
estimate of this intramolecular contact effect.

We have considered cubic lattices [z = 6] which are
typically composed of 100 sites on a side. Standard
periodic boundary conditions were employed in all three
spatial directions, and all segments interacted through
pure excluded volume interactions. Polymer melts were
simulated by filling a lattice with chains until an
occupancy of 85% was achieved. We also simulated a
few systems to densities as high as 99% and found
essentially no difference in the computed results. In
parallel, we also conducted simulations on isolated
chains to understand the corresponding quantity for
chains in a good solvent. The Monte Carlo simulations
employed standard reptation moves and also employed
the configurational bias move to achieve rapid equili-
bration of chain configurations. A variety of chain
lengths ranging from 10 to 200 were considered in a
range of simulations.

In the case of the melts we computed the average
number of intramolecular and intermolecular contacts
experienced by a single chain segment. These quanti-
ties then directly permitted the evaluation of y, the
fraction of intramolecular contacts. Values of y are
plotted as a function of M~%5in Figure 1. It can be seen
that for a melt y is surprisingly large, approaching y =
0.38 at infinite chain length. Similar calculations were
performed for an isolated chain, but here there are only
two calculated points and it is probable that in this case
y does not vary as M—9514 However, the plot does
illustrate that for swollen chains y is much smaller, as
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would be expected. In this study we are confining our
discussion to melts.

Interaction Terms

Our focus here is largely on hydrogen-bonding inter-
actions, but for completeness we will also briefly con-
sider the Flory y term, which we use to describe
dispersion and weak polar forces only. Hydrogen bonds
and other specific interactions are described separately.
We will also confine our attention to the mixing of
polymers. For a polymer solution the modification
introduced by connectivity effects has a sufficiently
interesting form that we will consider it separately.

Flory y Term. In his original treatment Flory
expressed the enthalpy of mixing as

AH,, = nygAw,g (18)

where Awag is the energy change associated with the
formation of an unlike pair of contacts:

1
Awpg = 0pp — E(WAA + wgg) (19)

Using the surface contact relationships described in the
preceding section, the Guggenheim approach yields

Nag = Ng0OgZPag (20)
but in the Flory approximation this is written
Nag = NgMgzPppg = NgMgz(1 — yg)0,  (21)

On a per mole of lattice site basis the interaction term
then becomes

Vg| A
AHp| | = PaPs cITA(l — )X (22)

and if Ma, Mg > 1 and YAR YyB R Y

VB
AHm(v) = Ppg(L ~ V)1 (23)

Thus for a blend of two flexible polymers the “effec-
tive” y parameter is obtained by multiplying the Flory
x by a constant, 1 — y. However, if one chain is stiff,
such that ya > yg, for example, then a composition
dependent y is obtained. Similarly, if chain expansion
of the minor component is allowed at the composition
extremes, such that y5 and yg become very different, the
effective value of y assumes a parabolic form. We will
explore these possibilities more thoroughly in future
publications.

Hydrogen Bonding. A statistical mechanical ap-
proach to the description of hydrogen bonding (or any
other reversible association) was first described in the
work of Flory,1516 Tobolsky,'” and Tobolsky and Blatz.1®
This approach treats the equilibrium distribution of
hydrogen-bonded species, which may be chains, cyclic
arrangements, etc., and has provided the basis for so-
called association models. This is the approach we have
adopted in our work, but its general validity has often
been questioned (for example, see ref 19). However, if
it is kept in mind that the identification of species is
merely a convenient way of counting the distribution
of hydrogen bonds, most of the difficulties disappear.
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Furthermore, we have shown*’ that a more recently
developed model by Veytsman® and Panayioutou and
Sanchez® (VPS model), which counts how hydrogen
bonds are distributed between donor and acceptor
groups, gives identical results when the same reference
state is used. As might therefore be expected, both
models are modified in identical ways by the introduc-
tion of connectivity or intramolecular screening effects.
Essentially, in the mean field approximation used
previously the probability that a B segment is adjacent
to another B segments is assumed to be proportional to
®p, the volume fraction of such segments. This term
is now replaced by pgg, which has the form given in eq
13. The equation for the free energy is not changed by
this modification, although the equations for the chemi-
cal potentials and spinodal are. Because the treatment
remains identical to that given previously, we will not
reproduce it in the body of this paper, but a description
is presented in the Appendix for the interested reader.
Here we will focus on how the equations describing the
stoichiometry of hydrogen bonding are changed, as this
allows an experimental test of the model we are propos-
ing.

We will consider the specific but very common case
of a system where one component (B) self-associates, i.e.,
has both donor and acceptor groups and can thus
hydrogen bond to itself in the pure state, while the
second component (A) only has acceptor groups. For
association in the form of linear chains the stoichiometry
of hydrogen bonding can be defined in terms of dimen-
sionless equilibrium constants Kg and Ka:

KB

By + B=—Bp1 (24)
KA

B, + A= B,A (25)

Equation 24 assumes that the association is indepen-
dent of chain length, which is not true for phenols and
alcohols, where there are cooperative effects. However,
the spectroscopically measured number of free and
bonded groups can be accurately reproduced using just
two self-association constants, K, describing dimer
formation and Kg describing higher multimer formation,
and this is all that is required for the model (the
contribution of hydrogen bonding to the free energy of
mixing depends only on the number of hydrogen bonds
of each type; see the Appendix). For simplicity in this
part of the development we will assume K, = Kg. Both
constants are modified in an identical manner by
intramolecular screening effects.

The constants Kg and K are usually defined in terms
of volume fractions (see Flory!® and the Appendix for a
discussion of this point) as follows:

Bth1 h
Kg g ®g h+1 (26)
Dg A h
_ h r
KA_ch ®, h+r @7)

where ®g, is the volume fraction of a hydrogen-bonded
h-mer and r is the ratio of molar volumes, Va/Vs. When
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screening effects are introduced, these equations become
(see the Appendix)

g h [|® D
_ h+1 Bl _ 1z B
Ko = @y @3 h+1|| p Kep (28)
P A hr D, | o
K, = " Al =K,—2— (29)
A Qg Py h+r]|(1 - p). A1 -p)

where we have let p = pgg. Using mass balance
considerations, the equations for the stoichiometry of
hydrogen bonding now become

g, [ KACI)Al]

Dy = ~ 1+ 30
1 R 1 r (30)
KA(I)B
O, =0, |1 +——— (31)
17 (@ Reg)

where ®p and ®4 are the volume fraction of B and A
units or segments present in the mixture, while ®g, and
®,, are the volume fractions of non-hydrogen-bonded
species. These two equations are identical in form to
those given previously; the only difference is that the
constants Kg and Ka are replaced by the quantities Kg
and Ka. This remains true for all the other stoichio-
metric equations we have presented in our previous
work, including those describing cooperative effects,
where the quantities Ky, Kg, Ka, etc. are now used to
describe the fractions of bonded and free species.

Infrared Spectroscopy and the Measurement of
the Number of Hydrogen Bonds

In principle, infrared spectroscopy should be able to
give a direct measurement of the number of hydrogen
bonds present in many, if not most, hydrogen-bonded
systems. Accordingly, by comparing the spectra of, e.g.,
ethyl methacrylate-stat-4-vinylphenol (EMAVPhH) co-
polymers with analogous miscible blends of the two
homopolymers that contain identical segment types, i.e.
poly(ethyl methacrylate) (PEMA) and poly(4-vinylphe-
nol) (PVPh), it should be possible to determine if the
type of screening effects we have discussed here are
important. Unfortunately, it is not that easy. Circum-
stantial evidence for a screening effect has been ob-
tained from measurements of the fraction of hydrogen-
bonded carbonyl groups (i.e. interassociation),’ but it
was not possible to quantitatively determine the corre-
sponding fraction of hydrogen-bonded hydroxyl groups,
for reasons that are discussed in detail elsewhere.*

What we really require in order to make meaningful
distinctions between models is a quantitative probe of
intramolecular contacts. To reiterate, the degree of
hydrogen bonding of OH groups cannot be measured
with any degree of precision in PVPh/PEMA blend
systems. However, if we consider the case of miscible
binary blends of random EMAVPh copolymers mixed
with a polymer that has a different type of acceptor
group, e.g., a polyether, then we can use the carbonyl
band as a probe of intramolecular contacts. Now
OH---O=C< contacts are unaffected by screening con-
siderations, which only affect OH---ether contacts. This
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Figure 2. Infrared spectra recorded at 25 °C in the carbonyl
stretching region of pure EMAVPh[55] and blends containing
10, 20 30, 40, 50, 60, and 80 volume % PEO.

leads us to a discussion of the infrared spectroscopic
results that we have obtained from a study of poly-
(ethylene oxide) (PEO) blends with a random EMAVPh
copolymer containing 55 weight % VPh (denoted
EMAVPh[55]).

Figure 2 shows the carbonyl stretching region of
typical infrared spectra obtained from films of pure
EMAVPhH[55] and blends containing 10, 20, 30, 40, 50,
60, and 80 weight % PEO, recorded at 150 °C (above
the T, of PEO and the Ty of the blend compositions).
Note that in the spectrum of pure EMAVPhH[55] two
bands of approximately equal intensity are observed at
~1725 and 1700 cm~1. These bands are respectively
attributed to carbonyl groups that are “free” (nonhy-
drogen bonded) and those that are hydrogen bonded to
phenolic hydroxyl groups. By measuring the areas of
these two bands the fraction of “free” carbonyl groups,
fS7°, may be determined, after due consideration is
given to differences in the absorptivity coefficients.®4
From such data we have previously determined® values
of the three dimensionless equilibrium constants (at 25
°C with a reference volume, Vg = 100 cm3/mol) and
enthalpies of hydrogen bond formation that describe the
self-association of pure EMAVPh, i.e. K; = 21.0 and h;
= —5.6 kcal/mol (OH---OH dimers), Kg = 66.8 and hg
= —5.2 kcal/mol (OH---OH “chainlike” multimers), and
Kc = 67.4 and h¢ = —4.1 kcal/mol (OH:--O=C<).

When PEO is mixed with EMAVPh[55], the ether
oxygen competes for the phenolic hydroxyl and fE=°
inevitably decreases, as one can plainly see in the
spectra shown in Figure 2. The extent of reduction in
fS7° is of course a function of temperature, blend
composition, and the value of the interassociation equi-
librium constant that describes the OH---O< interac-
tion, Ka. Armed with a set of experimentally deter-
mined equilibrium constants and the corresponding
enthalpies of hydrogen bond formation, it is a relatively
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Figure 3. Simulations of the fraction of “free” carbonyl groups
present at 150 °C in blends of EMAVPh[55] and PEO for Ka
values of 5, 10, 15, and 20. The EMAVPh[55] self-association
equilibrium constants K;, Kg, and K¢ were held constant at
the values indicated.

straightforward task to calculate the f<~° that will be
present at a particular temperature in a mixture
containing three different segments having phenolic
hydroxyl, carbonyl, and ether oxygen groups.*2122 At
this stage we do not have experimental values of Ka or
ha, but we can easily calculate fo © for different Ka
values that are in the most probable range in which the
experimental value of Ka might be anticipated to lie.
Such calculations performed at 150 °C using Ka values
of 5, 10, 15, and 20 (with K; = 1.28, Kg = 4.99, and K¢
= 8.30, determined from the appropriate enthalpies of
hydrogen bond formation—see above) are summarized
in Figure 3. The most accurate range for determining
f§=o spectroscopically is from ~0.4 to 0.7, because this
is where both the “free” and hydrogen-bonded carbonyl
bands are well separated and have significant absor-
bances (for further details see ref 20). Accordingly, for
the EMAVPhH[55]/PEO system the optimum blend com-
position for quantitative analysis at 150 °C is between
0.05 and 0.2 volume fraction PEO.

For the sake of argument let us assume that the
intramolecular screening effect discussed above does not
exist. If this is so we can use the quantitative fo °
data derived from infrared spectra of EMAVPh[55]/PEO
blends containing <0.2 volume fraction of PEO recorded
at different temperatures (similar to those illustrated
in Figure 2) to experimentally determine Ka and ha.
Using a curve-fitting methodology described in detail
elsewhere3* the “free” and hydrogen-bonded carbonyl
band areas were determined and an experimental
f7° calculated using the appropriate absorptivity ra-
tio (ar = 1.5). These results are presented in Table 1.
The interassociation equilibrium constant Ka can now
be determined at a particular temperature by a least
squares fit of the f<~° data to the appropriate equa-
tions describing the stoichiometry.?1:22 Table 2 lists the
values of K determined between 140 and 190 °C. The
enthalpy of hydrogen bond formation, ha, may now be
readily obtained from a van't Hoff plot of In Ka versus
inverse temperature. Using the six Ka values listed in
Table 2, the following equation was determined by a
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Table 1. Experimental Data

volume fraction
EO VPh EMA 140°C 150°C 160°C 170°C 180°C 190°C

0.05 051 0.44 0.53 0.53 0.54 0.54 0.55 0.55
0.10 0.48 0.42 0.60 0.60 0.60 0.60 0.61 0.62
0.15 045 040 0.64 0.65 0.65 0.65 0.65 0.65
0.20 0.43 0.37 0.69 0.69 0.69 0.69 0.69 0.70

experimental fraction of “free” carbonyls

0.25 0.40 0.3 0.70
0.30 0.37 0.33 0.71
0.40 0.32 0.28 0.77
0.50 0.27 0.23 0.81
0.60 0.21 0.19 0.84
0.80 0.11 0.09 0.89

Table 2. Equilibrium Constants as a Function of
Temperature

equilibrium constants

self-association interassociation

temp (OC) Kz Kg Kc Ka
140 1.51 5.79 9.35 16.6
150 1.28 4.99 8.30 14.2
160 1.10 4.32 7.38 12.3
170 0.95 3.77 6.61 10.4
180 0.83 331 5.59 9.05
190 0.72 2.92 5.38 8.05

EMAVPQ[55] - PEO Blends at 150°C
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Fraction of "Free" Carbonyl Groups
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Volume Fraction of EMAVPh[55] in Blend

Figure 4. Plot of the calculated and experimental values of
the fraction of free carbonyl groups in blends of EMAVPh[55]
with PEO for the case of no intramolecular screening (y = 0).

linear least squares fit (R2 = 0.998):

In K, = —4.00 + @ (32)

This corresponds to a ha value of —5.6 kcal/mol and a
value of Ka = 231 dimensionless units for the standard
molar volume of 100 cm3/mol at 25 °C.

Figure 4 shows the full theoretical curve of f<~°
versus blend composition calculated at 150 °C, in the
absence of screening effects (i.e. when y = 0), together
with experimental fc—° data covering the range from 0
to 80 volume % PEO. The agreement between the
theoretical curve and the experimental data is excellent
for the compositionally rich EMAVPh[55] blends, but
it becomes progressively poorer with increasing concen-
tration of PEO in the blend. While potential errors in
the measurement of the f<~° also parallel this trend,
the disparity between the theoretical curve and the
experimental values is outside the limits of experimen-
tal error. It should also be mentioned that we have
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Figure 5. Plot of the calculated and experimental values of
the fraction of free carbonyl groups in blends of EMAVPh[55]
with PEO for the case with intramolecular screening (y = 0.25,
0.30, 0.35, and 0.40).

obtained almost identical results from analogous
EMAVPhHh blends with an ethylene oxide-co-propylene
oxide copolymer.

Now let us recalculate the theoretical curves at 150
°C, using the same set of equilibrium constants, but with
intramolecular screening introduced through the pa-
rameter y (see egs 13—17). Figure 5 shows a compari-
son of the experimental data to the theoretical curves
calculated with y values of 0.25, 0.30, 0.35, and 0.40.
There are a number of aspects of these results that need
to be thought about. First, and most important, the
shape of the calculated curves reproduces the trend in
the experimental data very well. The fit between
calculated and experimental results at high concentra-
tions of EMAVPhH[55], i.e. at volume fractions greater
than 0.8, is not quite as good as that shown in Figure
4, but there is a simple reason for this. These data
points were used to calculate K4 in the “unscreened”
system by a least squares fitting procedure, so the
calculated curve was forced to fit these points. We then
used this unmodified value of Ka to calculate the
fraction of free carbonyls in a screened system, so that
some small deviations at high concentrations will occur
because of the inclusion of terms in y. We could, of
course, have used the experimental data to calculate
both Ka and y, but because these are dependent
variables in the calculation of f~°, a wide range of
pairs of values give practically equally good “fits”. This
would have defeated the purpose of the experiment,
which was to demonstrate that at a given value of Ka
calculations where screening is ignored cannot repro-
duce the overall trends in the data, but the inclusion of
a screening effect does reproduce these trends. The
crucial point is that at high concentrations of EMAVPh-
[55] there is only a small difference in the calculated
values of fS7°, but as the concentration of this copoly-
mer in the blend is decreased the difference becomes
sufficient to distinguish by experiment, although one
must keep in mind that the data points for the compo-
sitionally lean EMAVPhH[55] are subject to the largest
experimental error.

The second point that needs to be considered is that
the curves calculated with y values of 0.35 and 0.40,
which are consistent with the predicted values deter-
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mined from the lattice simulations, lie close to the
experimental values. However, the value of y deter-
mined from the simulations is probably too large, as
they were performed on a cubic lattice and the average
number of nearest neighbors in a real mixture is
presumably larger than 6. Nevertheless, the calculated
fraction of hydrogen-bonded carbonyls is not very sensi-
tive to the assumed value of y and values in the range
0.25—-0.40 still result in a good agreement between
calculation and experiment.

We believe that these observations are good evidence
for the intrachain screening effect we have proposed.
Nevertheless, we are presently devising additional, more
precise, experimental checks that will be reported in
future publications.

Calculations of Phase Behavior

In the final section of this paper we will note how the
inclusion of an intramolecular screening effect modifies
the equations for the binodal and spinodal and also
indicate why the empirical correction term we have
employed in previous work accounts for this effect.

The equations for the contributions of hydrogen
bonding to the chemical potentials of a system that can
be described with just two equilibrium constants are
presented in the Appendix. Compared to the equations
that do not include screening effects, they contain
derivative terms. An equation for the contribution of
hydrogen bonds to the spinodal becomes complex be-
cause of these terms but with the approximation ya ~
ye ~ y simplifies to

1[™e] 1 [®a] [1 | 1

—_— — + [
Dy | 3D rq>A1l dDg Dy rd,
VKB(I)B1 1
pPg
as also shown in the Appendix, together with expres-
sions for the system where self-association is described
with two equilibrium constants.

The first part of eq 33 is the same as that derived
previously,23 with the final term in parentheses arising
from intramolecular screening effects. This brings us
to the final question of why our previous (incorrect)
choice of reference states works so well. Although the
final term in eq 33 plays a role, there is a larger effect
from another source. In our previous work on PVPh
blends we used values of the self-association equilibrium
constants (K;, Kg) derived from 4-ethylphenol, but
obtained interassociation constants directly from ex-
perimental measurements of the fraction of bonded
groups in the blends. This means that the quantity ®a;
and its derivatives were accurately reproduced in our
calculations, at least over the bulk of the composition
range. The quantity ®g, and its derivatives were not
accurately calculated, however. Nevertheless, the frac-
tion of BB hydrogen-bonded species, given simply by
the quantity Kg®g, in a system where self-association
is governed by a single equilibrium constant, is not
greatly affected by large variations in Kg.3* This is
because as Kg increases, the fraction of “free” B groups,
®g,, decreases and to a first approximation we have

1 8CI)B1

Dy IDg

} =0 (33)

KBq)Bl ~ Kg®g, (34)

where it will be recalled that Kg = (p/®g)Ks.
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What this means is that we used the calculated
quantity ®g,in our calculations of phase behavior
instead of the “correct” quantity ®g, and its derivatives.
However, we can write

1 9Py, _ ~|zB [3‘1’51 N Kg |'aq>B1 -
D [0Dg|  KePp | 9P| K@y | 00
and using
o, = K6, _ P P, 36
e~ R, —?[ B,] (36)
hence
00 Py @ [0Dp, .
ad; p p | 00, 37)
we obtain
1 |"Pe| 1 [9P8] 1 (38)
Dy [dDg]|  Dp | 0P| D

This means that by calculating the quantity &g, and
its derivatives, we were introducing an error of the order
of 1/(193.

If eq 33 for the spinodal is examined, it will be seen
that there is an equivalent factor (—1/®g) in parentheses
which cancels with the term that is in error. In other
words, if we eliminate the term 1/®g in our old calcula-
tions, we compensate for connectivity effects. Our
previous choice of reference states actually makes this
term very small (see ref 3), thus compensating for
intrachain screening.

Discussion

In this paper we have described various lines of
evidence that have led us to the conclusion that in-
tramolecular screening effects are important in polymer
blends (and solutions). A significant driving force for
this development was our inability to understand why
our previous choice of reference states worked so well
in allowing the prediction of phase behavior in hydrogen-
bonded mixtures. We now believe our difficulties have
been resolved. This may seem an esoteric and perhaps
marginal point to those not interested in these types of
systems, but the ramifications are actually much broader,
affecting how we use simple models to describe interac-
tions in all mixtures involving polymers. For example,
the y term used to describe nonspecific interactions has
the form ®,Pg(l — y)x (assuming ya ~ yg ~ y) for
blends of polymers consisting of A and B type segments,
thus introducing a molecular weight dependence (through
y) into values of y that are defined in terms of the Flory
approximation (®a®g%, hence %= ~ (1 — y)y). For
polymer solutions the introduction of screening effects
also results in a very interesting composition depen-
dence, but this we will consider in a separate publica-
tion.

Because of this potentially broad significance, we
believe that it will be important to develop experimental
probes of the number of contacts in polymer mixtures.
In this regard hydrogen-bonded systems are presently
unique, in that they can be probed by a spectroscopic
technique that (in principle) allows the number of
hydrogen bonds of each type to be counted. The initial
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work presented in this paper indicates that intramo-
lecular screening effects are indeed important and can
be detected if we choose our systems carefully. We have
also attempted to demonstrate the experimental dif-
ficulties in making these measurement and illustrate
why the correct choice of system is crucial if various
effects are to be distinguished in a reasonable manner.
We will be exploring this topic and these problems in
more depth in future publications.
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Appendix

In both the association model we have developed and
the VPS treatment it is assumed that hydrogen bonds
can be treated separately from other interactions, so
that the partition function can be written

Z=27Z2Z, (A-1)

where we use the Flory—Huggins approach to describe
the mixing of chains and their “physical” (non-hydrogen
bonded) interactions (Zgy term), while the Zy term
imposes the constraints due to hydrogen bonding. This
can be written

Z,= ZQi exp(—F,/kT) (A-2)

where i represents a certain distribution of hydrogen-
bonded species and F; is a free energy term. For
simplicity and ease of illustration we will consider a
system where segments of type B have functional groups
that have both donor and acceptor components (e.g.,
amides, urethanes, hydroxyls, etc.), while the second
component, A, has only an acceptor functional group
(e.g., ester, ether), as described in the body of this paper.
This is typical of most of the blend systems we have
studied. We will also assume that each of the hydrogen
bonds in the chains (or cyclic species) formed by B is
characterized by exactly the same free energy change
or equilibrium constant. For many of the systems of
interest this is not true, but it is easier to modify the
equations later to account for cooperative effects. In
fact, one remarkable aspect of the association model
approach, which, to reiterate, describes the configura-
tions available to the hydrogen bonds in terms of the
equilibrium distribution of species formed, is that it
actually does not require any assumption concerning the
dependence of equilibrium constants on hydrogen bond
chain length (or formation of cyclic species, etc.) in order
to obtain an expression for the free energy. However,
it is easier to follow the development if we use a concrete
illustration.

The equilibrium distribution of hydrogen bonds can
be described by two equilibrium constants, Kg and Ka,
as also described in the main text:

KB

Bn+ By =B (A-3)
KA

B, + A==B,A (A-4)

In the association model approach the quantity Q;
describes the number of configurations available to the
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Bh, BrA, and A; (non-hydrogen-bonded A units) mers
characteristic of the ith distribution on a lattice whose
cell size is defined by the molar volume of a B unit.
Following the Flory counting procedure we used previ-
ously23 we can obtain

Qi = - l. — X
|_| ng,! |_| N, a! |_| Ny,!

nging!

e

(z — 1)Znenh-L+Enk

[pégish(h*l)+2nEhA(hfl)p§g§3hA] (A-5)

2B+ 2N

where the superscript i refers to the ith distribution.

This differs from our previous result in that we no
longer assume that the probability of a B segment being
adjacent to another B segment is given by ®g, but is
equal to pgg. Similarly, the probability of an A segment
being adjacent to a B segment is given by pag. (In eq
A-5 the quantities ng and na are the numbers of
segments of B and A units, respectively, the segment
being defined in terms of a chemical unit containing a
single hydrogen-bonding functional group. As usual, z
is the coordination number and o is a symmetry
number. The products and sums are over all values of
h, 1—c0).

The partition function is now

Zy= ZQi exp(—NgeAfys — NasARz,)  (A6)
1

where nst is the number of B+--B hydrogen bonds
and n% is the number of AB hydrogen bonds in the ith
distribution:

Nga =y g (h— 1+ Snyah—1) (A7)

NAs = » Mg (A-8)

The quantities Afgg and Afig are the standard free
energy changes for formation of BB and AB hydrogen
bonds. In the usual development the sum in eq A-6 is
replaced by the largest term, characteristic of the
equilibrium distribution, which is found by differentiat-
ing with respect to ng, and ng,a and putting the results
equal to zero. Performing the former operation, we
obtain

Pe, h
In—=+1- n_o(Zth + 3 ngatng) -

(h—1(Inz—1) -1 +Ino—(h— 1)(In q.%) +
B

AR,
(h— )72 =0 (A-9)

where for convenience we have simply replaced pgg with
p and n, is the total number of lattice sites:

n,=ng=+rn, (A-10)
where
VA
r= v, (A-11)
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It can be seen that eq A-9 has the Flory form of a
partial molar free energy, Fp, for mixing h-mers and
other species with one another, together with terms in
p/®g and Afgg. Flory!® demonstrated that for the
equilibrium defined by eq A-3 we have the relationship

— Afgg = '_:h+1 - '_:h - '_:1 (A-12)
which for p = ®g leads to
AfoBB q)Bh+1 h
TkT T @gdp 1| In@ = 1o
(A-13)

Because z and ¢ are constants, they can be included
in an equilibrium constant defined as

P I (A-14)
B™ |@, d, h+1
h 1
For p = ®&p we have
g h [|® D
Kg=|—t T | 2[=kR,— (A-15)
® | PP h+1| p Bp
Similarly
Poa hr D D
K, = " A =K, —2 (A-16)
AP, ®a hFrf|(1—p) "1 -p)

Flory'>16 and Tobolsky and Blatz'8 used the method
of undetermined multipliers to obtain equations for the
stoichiometry of hydrogen bonding. These are much
more easily constructed using mass balance consider-
ations, however (see ref 3), and for systems where p =
Pp

g, ( KACDAI
o= ————|1+ (A-17)
(1 - KBCI)B ) r
P L (A-18)
AT Ealt T TR0,

These equations are of exactly the same form as those
given previously, except now Kg and Ka replace Kg and
Ka. These equations, together with spectroscopic mea-
surements of the equilibrium constants, are used to
define the equilibrium distribution of species. However,
the expression for the free energy that we obtain from
eqs A-5 and A-6, which contains sums over all h,

=y, ] + Sl 2]

N, In[Tl] + nfig + N + (terms in z and o) —

a—ﬂ_
q)A

AF,

h P h
Npg IN=— + Ny IN
( BB (DB AB

q)A h h
ng In &g + ny In S + NggAfgg + NagAf,g (A-19)

is not in a form that lends itself to a calculation of AF#
(note that this is a free energy with respect to Flory’s
reference state; to obtain the contribution of hydrogen
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bonds to free energy of mixing, we must subtract free
energy terms corresponding to the distribution of hy-
drogen bonds in the pure components, which in this
example involves just pure B). To obtain a useful
expression, we use a result due to Prigogine, namely
that the chemical potential of the components B and A
are equal to the chemical potentials of the monomers

UE = Hg HA = Ha (A-20)

1 1

The chemical potentials can be obtained by differentiat-
ing eq A-19 with respect to ng, and na,, but before doing
so, it is convenient to rearrange the expression for the
free energy using egs A-13 (and an equivalent expres-
sion for Af3g), A-15, and A-16, to obtain

*

AR @ N (I)BhA
RT 2., '”[T 2 ey '”[h o T

A
Na, In[Tl] + nfig 4+ nhg + (terms in z and o) —

nhg IN K,
(A-21)

ngIn®; —n,In®, — iz In Ky —

The chemical potentials, with respect to Flory's refer-
ence state (where the species are initially separate and
oriented) are then given by

A,uhB (I)Bl 1 Ky
KT =1In (I)B +MBB+MAB q)AMBB KB@ —
oM 1 8r< A-22
AB K 8(1) ( )
Au® D,
If_I_Azln <I>A1 + 1 Mgg + Mpg +
1 8P~(B 1 aF(
q)BMBB K_Baq)B + B'ViAB K 8(D (A 23)

where for compactness we have defined a volume
fraction of BB and AB hydrogen bonds as

nh
BB
Mgg = @g n_] (A-24)
B
D, Mg
Mas = N (A-25)

and in the differentiation we used dng/ong, = 1 and d®g/
dng = <I>ACI)B/nB.

A simple form of the free energy can now be recon-
structed using

AFE = ngAug + NpAup (A-26)
to give
AR D Q4 n n
ﬁ=nBln¢T; +”A|”¢TA1 + NS + Nhg

(A-27)

This is exactly the same form as given previously,
except now_the equilibrium distribution of species is
defined by Kg and K, instead of Kg and Ka.
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The remarkable aspect of eq A-27 is that it only
contains terms that describe the free energy of mixing
the hydrogen-bonded species with one another. Terms
in the free energy of forming individual types of
hydrogen bonds (Afgg and Afag) only enter implicitly,
in that they define the equilibrium distribution. Fur-
thermore, the free energy only depends upon the volume
fraction of the non-hydrogen-bonded species, ®g, and
®,4,, and the number of hydrogen bonds of each type,
nhg and nh;. The form of the species is unimportant,
and we could have started by considering cyclic or other
species as well as linear ones.

The VPS model gives identical results when also
modified to account for connectivity or correlation
effects. For the example we are considering the parti-
tion function can be written

n BBAfBB nhABAfAB
ZH exp|— — T (A-28)
where
= = Z,PRkPis (A-29)

and E, counts the number of ways of distributing BB
and AB hydrogen bonds between the donor and acceptor
groups, no matter where they are located. A mean-field
assumption is then introduced to impose the restriction
that groups must be adjacent in order to bond, thus
accounting for the p factors in eq A-29 (the definition
of pee is slightly different from pgg, being equivalent to
Ve/V). The usual development leads to eq A-27 and also
equations for the stoichiometry of hydrogen bonding.

A criticism that is often leveled at association models
is that they require assumptions concerning the form
of the transient species present. In the development of
the equation for the free energy it does, but one always
obtains eq A-27, which is essentially independent of the
form of the species and only depends on the number of
hydrogen bonds of each type that are present. Itis thus
perfectly valid to start from eq A-27, as most association
models do, for any problem. The trick, however, is in
the calculation of the distribution of the number of
hydrogen bonds of each type and this often requires an
assumption concerning the way groups hydrogen bond
to one another (e.g., are there cooperative effects, etc.).
This is also true of the VPS or any other model, however.

Finally, if we now include cooperative effects and use
two equilibrium constants to describe self-association,
we have

r
Mgg @Bll -~ r—l] (A-30)
2
where
& Kz l22 1
I,=1-=+=2 = (A-31)
? Ke| = Ke|(1 - Rg®g )
N K
ry = ’1 -2 (A-32)

KB] K_B[(l - Kschl)]
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The equation for the spinodal for both the simple self-
association case (K, = Kg) and (K, = Kg) is

82(AF,’_‘|/RT)=0= 1 [0e] g [0,
a0’ Dy | IDg r<1> [a@
1 1 1 |9Kg|[Mgs BB[aK

Dy 1®,|  Rgladg|| 0 | T R 2|0Pg
Mge| °Kg| 1 [0KA|[Mag|  Mag| oK A|?
Kg |adg2| Ka|dPs|| 90g R,2|9Pg
M | 37K 5
= 5| (A-33)
A | 0Dy
where
8MBB Mgg MBB[8KB MBB[aq)Bl (A-34)
WDy Dy Kg|0Dg|  Dg | 0Dg
Mg 1 9P 1
o, |t e, (A-35)

In terms of p, the derivatives of the terms K and Kg
are

BKB 8p
ﬁ p [3(1)8 (I)B (A-30)
"Kg _2Keg[1 1 ap ] Kel o (A-37)
by Pg|Pg PPy P |adg?
al~<A ~A A
— = (A-38)
Py Py (1-p)
IKa Z_KA 1 1 p Ka r *p
10s7  Pa|Pa (L P)0Pe| (1-p)ady
(A-39)
where
P _ -
el VB)[ ] (A-40)
o
=@1- VB) (A-41)
B q)B
and
g 0,0g
9D, DD, (A-42)
0y On05
= ZL(GA — 0g) + (Pg — @] (A-43)

305> (PpDg)



942 Painter et al.

However, in the approximation y ~ ya = yg

P g -
=17 (A-44)
2
op -=0 (A-45)
a0,

and the derivatives of Ka with respect to composition

are all zero, resulting in eq 33 given in the body of the

paper for the simple self-association case (Kz = Kg).
When (K; = Kg) we have

PAFERT) q [00g) g [0,
D2 Dy, ach. rcpAll Dy
1-— T r
1.1 _V(_ZV) ST B PR | I
Qg rd, p Il p I,
1 8(1)51 y _ 2(f1/fz) (A-46)
Oy D, pdg (1 — Kg®g)
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