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Figure 2. Percent helix vs. Celsius temperature for reduced
B-tropomyosin in (NaCl)go(NaP;)5(DTT),(7.4). Filled symbols:
472 mg ml™, x = 1.0 mM. Open symbols: 0.0100 mg mL™, x
= 0.5 mM. Variously shaped symbols designate different runs.
Solid curves are spline curves.
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Figure 3. Percent helix vs. Celsius temperature for reduced
tropomyosins in (NaCl)soo(NaPi)50(DT’I‘)0,5(7.4). Filled symbols:
a-tropomyosin at 0.104 mg mL~. Open symbols: g-tropomyosin
at 0.100 mg m!l™!. Variously shaped symbols designate different
runs. Solid curves are spline curves.

presented to support it.!” The present more detailed study
not only confirms this conclusion but provides a data base
broad enough to support a detailed test of the theory of
the a-helix-to-random-coil transition in these molecules.

In advance of an attempt to fit these data to the extant
theory,!? it is premature to speculate on the results.
However, one conclusion can be stated because it is in-
dependent of the two-chain theory. The observed dif-
ference in stability between - and 8-tropomyosin cannot
result from differences in the short-range (¢ and s(7))
interactions. We have been aware for some time that the
helix content predicted from the helix—coil theory for single
chains of a-tropomyosin and 8-tropomyosin at 30 °C are
almost identical.'® We have extended the same calculation
to cover the entire experimentally accessible temperature
range (0-80 °C) and find that predicted differences never
exceed a fraction of a percentage point in helix content.
It is thus immediately apparent (and dependent only on
the theory for single chains) that observed differences
between the thermal denaturation curves of the a; and 3,

molecules must arise from interactions other than those
of short range. Whether these non-short-range differences
are, in fact, the helix-helix interactions which are the only
such interactions introduced in the two-chain theory,!
whether the two-chain theory in its more complete form!°
treats them correctly, and whether sense can be made of
the observed differences in terms of the 39 out of 284
amino acid sites (11 of which are at the hydrophobic, he-
lix-helix contact surface) at which a- and g-tropomyosin
chains differ remain open questions.
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The incorporation of ions induces drastic modifications
in the physicomechanical properties of organic polymers.:®
The obvious technical importance of the subject has pro-
moted an in-depth investigation of both the supermole-
cular structure and the thermal transitions of ion-con-
taining polymers and, more especially, of ionomers. It is
worth recalling that ionomers usually result from the in-
corporation of relatively few ionic groups into nonpolar
polymers by the random copolymerization of common
organic monomers with ionizable comonomers.

Eisenberg® has reviewed the effect of ions on the glass
transition temperature (T,) of ionomers based mainly on
styrene,* butadiene,’ ethyf acrylate,’ and ethylene.” The
glass transition temperature increases with increasing salt
(metal acrylate or methacrylate) content and, although no
meaningful correlation exists as yet, the effect would seem
more pronounced as the T, of the host material decreases.?
Some experimental results® support that cross-linking by
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Figure 1. Schematic illustration of polymers cross-linked through
covalent bonds (A) and ionic aggregates (B). For convenience,
the ionic aggregates are pictured as spherical multiplets without
presuming their actual nature and geometry. The packing density
of the chain segments is increased at the cross-links of A-type
polymers, whereas it is largely reduced at the surface of the ionic
aggregates (B-type polymers).

anionic species is a mechanism for raising 7',, whereas other
ones’ agree rather well with values precficted by a co-
polymerization equation. It is likely that both cross-linking
and a copolymerization effect play a role in fixing the T,
of ionomers. The effectiveness of various ions in raising
the glass transition temperature depends on the g/a ratio
(electrostatic field), where ¢ is the counterion charge and
a the distance between the centers of the charges in the
contact ion pair.® Finally, the degree of clustering of the
ions, particularly at moderately high ionic concentrations,
can also decrease segmental mobility sufficiently to have
an appreciable effect on T;. The T}’s of styrene and ethyl
acrylate ionomers show meaningful changes in slope when
plotted as a function of the ionic comonomer content.%®
Below a given content, the initial rise in 7', is linear and
attributed to the ion aggregation into smail tight multi-
plets. Above that concentration, the rate of increase ac-
celerates and is supposed to reflect the onset of clustering.
The rather complex behavior of ionomers makes these
compounds evidently unsuitable for an unambigous ap-
proach of the effect of ions attached onto polymeric
backbones. This is why an extensive study of model ion-
containing polymers, i.e., halato-telechelic polymers (HTP),
has been recently undertaken:!®1¢ while the ionic groups
are more or less randomly distributed as pendant groups
in ionomers, they are selectively attached at both ends of
linear chains in HTP.

Polydiene-based HTPs have been largely investigated
up to now, and the neutralization of «,w-dicarboxylato-
polybutadiene (M, = 4600) with divalent metal has no
detectable effect on T,.!5 On the other hand, the dynamic
mechanical properties of o,w-alkaline earth di-
carboxylatopolybutadiene!*® and -polyisoprene!® show
unambiguously that the ionic end groups aggregate and
give rise to a relaxation mechanism obeying an Arrheni-
us-type temperature dependence. In the glass transition
region of polybutadiene (193 K), the ionic aggregates may
be represented as stable cross-links. At low temperature,
the relaxation time (r,,) of the ion pair interactions is likely
to be longer than the time required for the glass transition
detection (¢). No modification of the ionic aggregates is
therefore observable in time and they behave as permanent
tie points of the chains. It is well-known that the chemical
(sulfur, peroxide, etc.) cross-linking of polymers restrains
the chain mobility (or reduces the free volume; Figure 1A),
resulting in the effective raising of T,. When attached at
the surface of large and stable ionic aggregates, the chain
ends suffer also a loss of mobility, the effect of which might
however be counterbalanced by a decrease in their packing
density. Indeed, because of the steric hindrance between
metal carboxylate groups, the chain-end overlap is ex-
pected to be markedly reduced and to create extra free
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volume (Figure 1B). Conclusively, it is believed that the
insensitivity of T, of polybutadiene to the presence of
metal carboxylate end groups results from the annihilation
of two opposite effects, i.e., restriction of chain-end mo-
bility and reduced crowding at the branch points.

Recent Observations

A quite different behavior is observed when «,w-di-
carboxylatopolystyrene (M, = 22000) is neutralized with
alkali metal and alkaline earth cations (Table I). The glass
transition temperature of the neutralized polymer is
markedly less than that of the carboxylic acid form (365
K). Also the size of the specific cation employed markedly
affects the T, with the largest cations having the lowest
T, for both the alkali metal and alkaline earth series.
V&;hen neutralization is performed simultaneously with two
different alkaline earth cations, i.e., Ba?* (Wg, = 0.38) and
Mg?* (Wy, = 0.62), the experimental T, (313 K) obeys
Fox’s relationship (312 K)

1 _ WBa WMg

TgBa,Mg TgBa TgMg
where Ty, , T,, , and Tp.n, are the T, of the polymer

neutralized wmﬁ Ba, Mg, and a mixture of Ba and Mg,
respectively, and Wg, and W)y, are the weight percent of
polystyrene neutralized with Ba and Mg, respectively. The
neutralization was achieved as described elsewhere;!® it
proceeded in dry toluene through addition of the due
amount of barium methoxide and magnesium methoxide
to the carboxy-telechelic polybutadiene. Complete reaction
was ensured by distilling off the formed methanol. The
neutralization of o,w-dicarboxylatopoly(«-methylstyrene)
(M, = 10000) is responsible for a relatively less important
depression of T, than that due to polystyrene (Table II).
Again, Ba?* is more efficient than Mg?*. Furthermore, the
T, of the neutralized polymer is always lower when it is
measured simply after neutralization, solvent removal, and
drying up to constant weight (25 °C, 10™ torr), rather than
after compression molding of the bulk HTP (Table II). It
is however noteworthy that after an annealing at 200 °C
for 30 min the nonmolded samples exhibit practically the
same T, as that observed after compression molding.

Discussion and Conclusions

As ion pair interactions are governed by an Arrhenius-
type activation process,'® the ion aggregation is expected
to decrease when temperature increases. In the glass
transition region of polystyrene (T, = 365 K) and poly-
(a-methylstyrene) (T, = 427 K), 7, could be assumed
shorter than ¢, and scrambling of the ionic aggregates
would already occur in the polymeric matrix near T,. In
that temperature range, the polystyrene and poly(a-
methylstyrene) chain ends would not be permanently at-
tached at the surface of stable particles but would exchange
more or less easily. The decrease in T could be a result
of the increased mobility of the chain ends combined with
more free volume around branching points. In order to
account more accurately for the experimental results, the
thermal dependence of the ion aggregation process must
be discussed. At low temperatures, the ionic aggregates
are stable (7, > t) and their size is the largest (Figure 2A).
As temperature increases, 7, decreases to become finally
shorter than ¢, and the ion pairs in the aggregates exchange
faster. The temporarily free ion pairs and/or small-size
multiplets can either move within the aggregate or diffuse
into surrounding ones. As charge separation requires a
prohibitive energy in nonpolar media, the diffusing species
in alkaline earth dicarboxylato polymers are likely triplet
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Figure 2. Thermal dependence of the aggregation of alkaline
earth carboxylates in a viscous nonpolar polymer matrix: (A)
stable ionic aggregates; (B) dynamic equilibrium between
scrambled aggregates and diffusing small-size multiplets (ws—0—w«
is a triplet, and w+—0 O—w is [doublet + free anion)); (C) com-
pletely dissociated ionic aggregates. 7, is the relaxation time of
the ion pair interactions and ¢ the time required for the glass
transition detection.

Table I
Effect of Neutralization on T, of
a,w-Dicarboxylatopolystyrene® (M, = 22000)

cation ionic radius, A T, K
365
Li 0.68 313
K 1.33 300
Mg 0.66 321
Ba 1.34 298
Ba (0.38) + Mg (0.62) 313

¢T, was measured with the Du Pont 990 thermal analyzer
(heatmg rate 20 °C:min!). The samples were compression molded
at 150 °C and slowly cooled to 25 °C (=~30 min) before character-
ization. The T, values were quite reproducible when the mea-
surements were repeated after the slow cooling of the sample from
150 °C (=~5 °C'min™!). ®The carboxy-telechelic polystyrene was
anionically prepared in THF at -78 °C, with the tetramer of «a-
methylstyrene sodium as initiator. The living macrodianions were
deactivated by excess anhydrous carbon dioxide.

[w+ -COOMeOOC- ] and/or doublet + anion
[w—COOMe*0O0C-w]. A dynamic equilibrium can take
place between diffusing multiplets and ionic aggregates
(Figure 2B), which depends on the temperature (thermo-
dynamic control) and the viscosity of the polymeric matrix
(kinetic control). At very high temperatures, the occur-
rence of the smallest multiplets is favored (Figure 2C).
The main experimental results reported in Tables I and
II may be now discussed referring to Figure 2. When the
polymer is molded (423 or 473 K), the ions aggregate in
the melt and the process extends as temperature decreases
down to T, as illustrated from Figure 2C to Figure 2B.
Molded hajato telechelic polystyrenes which have a lower
T, contain bigger aggregates than molded halato-telechelic
poly(a- methylstyrenes) From Tables I and II, the T,
depression 0bv10usly increases in the same way. Fur-
thermore, the ion aggregation process must be more im-
portant in samples prepared by solvent removal at 298 K
than in those obtained by compression molding above 7.
Table II shows that T, is once more deeply depressed i 1n
the former. That effect is however not noticeable for
halato-telechelic polystyrene, the T, of which is very close
to 298 K, i.e., the temperature at which the neutralized
polymer is recovered from solution before molding (Table
I, third column). That different behavior of polystyrene
and poly(a-methylstyrene) suggests that the presence of
solvent remaining in the samples after drying is unlikely
and cannot explain the changes in 7, induced by the
molding of halato-telechelic poly(a-methylstyrenes).
Previous investigations have shown that the bigger the
cation is, the larger the mean size of the ionic aggregates
is.1® That behavior agrees well with the higher effective-
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Table I1
Effect of Neutralization on T of
a,w-Dicarboxylatopoly(a- methylstyrene)“ (M, = 10000)

T, K
cation before molding  after molding at 200 °C
427 427
Mg 363 409
Ba 359b 388

¢The experimental conditions are the same as described for Ta-
ble I. ®After an annealing at 200 °C, T, tends to the value ob-
served for the sample molded at 200 °C.

ness of Ba?* and K* compared to Mg?* and Li*, respec-
tively Conclusively, a correlation between the T, de-
pression and the mean size of the ionic aggregates emerges
clearly. That experimental observation may be accounted
for if the free volume of the aggregates is assumed to be
higher than that of the polymer matrix. The free volume
of the polymer would increase proportionately to the ex-
tent of the ion aggregation. This is supported in part by
the increase in both the free volume fractions at 298 K
(f298) and the volume expansion coefficient (o) of a,w-
dicarboxylatopolyisoprenes (M, ranging from 20000 to
70000) upon neutralization by magnesium methoxide.'®
When 7, is shorter than ¢, the excess of free volume in the
ionic aggregates can, at least partly, be yielded to the
polymer segments. Finally, the molding of HTPs, with a
glass transition in the temperature range of Figure 2C, is
expected to have little effect on 7,. No ionic aggregate is
formed in the polymer and the mobility of the chain ends
is weakly depressed by their attachment to largely free ion
pairs (doublet + free anion) and/or triplets which exchange
continuously through an ion-hopping process.

The apparent validity of Fox’s relation when Ba and Mg
are simultaneously used to neutralize a,w-dicarboxylato-
polystyrene (Table I) would mean that the free volume
contribution of each type of metal carboxylate aggregates
adds to each other.

As already stressed, halato-telechelic polymers are at-
tractive materials to study the role of the ions in the ag-
gregation mode and of its consequences on the physico-
mechanical properties. If the decrease of T, (initially
located around 373 K) may really be related to the average
size of the ionic aggregates, it is an easy way to compare
the effectiveness of different ion pairs to aggregate and to
estimate the effect of various preparation techniques and
posttreatments on that process.

Further work is in progress to elucidate this unexpected
“plastification effect” in thermoplastics modified by ionic
end groups able to increase the free volume through dy-
namic interactions.
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Density Profiles of Polymer-Containing Nuclei
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In a recently reported experiment, gas-phase polymer-
ization was successfully demonstrated in supersaturated
monomer vapor.! Due to the sharp threshold behavior of
the nucleation process, once the polymer grows to a certain
critical size it serves as a nucleus for inhomogeneous nu-
cleation of vapor monomers, and the resulting polymer-
containing droplet condenses out of the vapor. The critical
droplet was analyzed in the framework of a surface-mod-
ified, Flory-Huggins-type model,? which gave the polymer
size dependence of the nucleation barrier and the effective
surface tension of the droplet?.

In this note we present a model for density profiles of
polymer-containing droplets, accounting for polymer chain
connectivity and finite droplet size effects. The model
combines a modified version of the lattice-fluid (LF)
theory* with the self-consistent field (SCF) theory of
polymer chains in solvents.5”’

The model is of some general interest, since the problem
does not seem to have been addressed previously, although
studies of the interface between a bulk polymer solution
and its vapor have been performed. The present problem
is not only of interest to the theory of nucleation but also
to the field of air pollution, where very small particles of
polymer solution may be in quasi-equilibrium with am-
bient vapors (although in this case we are concerned with
“stable” rather than “unstable” equilibrium).

Neglecting the polymer entropy of mixing term (a single
polymer inside a droplet) and assuming equilibrium be-
tween monomers in the droplet and in the surrounding
vapor, the square-gradient approximation to the chemical
potential gives*”

2
—("— + za—)p(r) ~2(p(r) ~ p(=)) +

arz  ror
m 1-
T(l I 22 g Lm0 ) =0 (1)

ln p(®) 1 p()

where we assume that the monomer and polymers differ
only in their length parameters (/, and I, > [, respec-
tively®) and that the droplet is spherically symmetric. Also,
p(r) = pr(r) + py(r), pu(r) (py(r)) being the local monomer
(polymer) density. The distance r and temperature T are
scaled in appropriate units.?

Using the SCF theory of polymer chains, in the long-
chain limit® we obtain p,(r) = (N,/47)(*(r)/r?), where N,
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Figure 1. Solvent density profile p,®(r) (- - -) and the corre-
sponding SCF potential Ulp,@(r),r] (—). The resulting polymer
density profile p,©(r) is given by the dashed line.

is the number of statistically independent polymer chain
segments (each of length b)) and Y(r) is the normalized
eigenfunction corresponding to the lowest eigenvalue (E)
of the Schrodinger-like equation

by’ g2
“5 52+ Ulbaip()] o) = E() - @

subject to the boundary conditions

¢y
ar\ r

The SCF potential Ulp,,p,] is given by
Ulpw(r),op(r)] =

# 29 1-p()
r)”(’) = 2(p(r) = p(«@)) = TIn =)

g2 rad

For a given temperature (T) and monomer pressure
(determining p(«)), eq 1-3 can be solved numerically, re-
sulting in the density profile p,(r), pm(r).? Here, we present
a semianalytical solution for the case of a large, poly-
mer-dilute droplet (small polymer volume fraction). We
try an iterative solution, first using eq 1 with p,(r) = 0 to
obtain the density profile p, ?(r) of a homogeneous critical
nucleus with radius R, and then compute the SCF po-
tential Ulp,,@(r),0] and use it to solve eq 2 for the polymer
density profile p,¥(r). The latter is then used in eq 1 to
compute a corrected value for the monomer density profile
(pm™(r)) and the iteration continues until convergence is
obtained.

Taking o, () = 0, 9(0)8(R, — r), where § is the theta
function, the SCF potential has a “square well” form
(Figure 1). Application of the variation method!© gives

2 2
Pp(o)(r) = _;r‘(l -

= 0; “[/(oo) =0

r=0

(3)

@) Ny, sin? [#(1 - &/7)(r/Ro)] <R o

T ) (4 /3)R,; [=(1 - 5/m)(r /RoI? , r<R; (4a
N, —~2x8(r-Ro)/Ro

) = S . rzR, (D)
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