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ABSTRACT:

The glass-transition temperatures of a wide range of ionenes have been

studied as a function of the spacing of ions and the dielectric constant of the plasti-
cizer. For solvents of a high dielectric constant the extrapolated glass transition of
most icnenes has a value of ca. 0°C, while for plasticizers of a low dielectric constant

the value centers around —80°C.

It is suggested that a conformational tramsition is

responsible for this drastic change in the extrapolated T, values. A g/a effect was also
found, the slope of the T;vs.q/a plot being 695, i.e., quite similar to that for the

phosphates, silicates, and acrylates.
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While it is known that the incorporation of
ionic species into polymers influences their prop-
erties profoundly,’”” the only systematic study
of the effect of ions on the glass-transition
temperature of polymers has been performed on
an inorganic system, the polymetaphosphates.2
It is true that several studies have been per-
formed on organic systems containing ions at
relatively low concentration,*™ but the incorpo-
ration of a high concentration of ions into
organic polymers yields highly intractable mate-
rials with decomposition temperatures frequently
lying below T,.° The polyphosphates represent
an inorganic system in which, as a result of the
occurrence of bond interchange at high tem-
peratures,”” no decomposition occurs even in
completely ionic systems, and for this reason
that system was selected for the first extensive
study.

The aliphatic ionenes," the structure of
which is given in Figure 1, represent an organic
polymer in which the spacing of the ions is
uniform and can be varied widely. These
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in part, at two ACS symposia dealing with ionic
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Preprints, 9, 617 (1968) and 10, 861 (1969).
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Figure 1. n, m ionene.

materials, therefore, represent an excellent system
in which the effect of ions on the glass-transi-
tion temperature of organic polymers can be
explored extensively. Specifically, one can
inquire into the following factors:

(1) Variation of T, with average spacing of
ions along the chain. Both # and m can be
varied, and thus the average spacing can be
easily changed.

(2) Effect of the uniformity of the spacing
of ions along the chain on T,. An average of
6 methylene units between ions can be achieved,
for instance, by making both m and = equal
to 6 or by making m=4 and n=38.

(3) The plasticizing effect of solvents of a
range of dielectric constants on the glass transi-
tion of the plasticized polymer. Solvents have
to be used because the ionenes are highly
crystalline and the only way to cbtain a 7,
value for the pure material is to measure T,
for samples plasticized to various degrees and
and to extrapolate to zero plasticizer content.
Since the ionenes possess both strongly hydro-
philic and hydrophobic segments, it is reason-
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able to expect that various plasticizers will in-
fluence the polymer differently.

(4) The effect of the structure of the non-
ionic part of the backbone. It is possible to
prepare branched ionenes by using appropriate
materials, and the effect of this structural varia-
tion is also of interest.

(5) Finally, it would be useful to inquire to
what extent the generalizations that have been
found from previous studies of ionic polymers
(mostly salts of copolymers of acids, or homo-
polymeric acids) are applicable to materials
possessing large quaternary ammonium cations
along the backbone and large, highly polariz-
able counterions (bromide ions were used ex-
clusively in this study).

Since ref 8 provides a brief but very recent
review of the effect of ionic forces on the glass
transition of polymers, the subject matter will
not be dwelt on here. It should suffice to say
that for low concentrations of ions in organic
polymers,*™" the glass transition increases practi-
cally linearly with concentration; the linear in-
crease seems to be independent of the mode of
incorporation of the ionms, i.e., they can be
present either in the form of a comonomer or
as a dissolved salt (for instance lithium per-
chlorate in polypropylene glycol). The effective-
ness of the salt in raising the glass-transition
ranges from ca. 3.1 to 9.7 degrees per mol %
of the ionic component.

In the studies of the polyphosphate’ and
silicate'® systems, it was found that the glass-

transition temperature is linearly related to the
ratio of the cation charge (g) to the internuclear
distance between cation and anion at closest
approach (a). For polyphosphosphates, the
equation is

T,=625g/a—12
while for the silicates it is
T,=635g/a+132

where g is expressed in units of one electron
and a in A. A similar relation also seems to
be valid for the acrylates,' i.e.,

T,=730 g/a—67

It is of interest therefore to see whether the
ionenes also yield a similar relation.

EXPERIMENTAL

Procedures

Materials. The materials used in the poly-
merization were a— @ dibromoalkanes and tetra-
methyldiamino alkanes. In most cases, un-
branched methylene sequences were utilized;
for some studies, however, branched dibro-
mides or diamines were used. The materials
were obtained from Aldrich Chemical Company
and, wherever possible, purified by distillation
under reduced pressure. Dibromodecane, -dode
cane, and -hexadecane were purified by triple
recrystallization from hot ethanol, with sub-
sequent drying under vacuum.

Table 1.2 Tabulation of all jonenes used in the study
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@ Polymers containing less than 3 methylene sequences in any of the starting materials were not
studied, since Rembaum, et al.,'* showed that materials of very low n or m values did not yield

polymers.
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Dimethylformide(DMF) and methano! or water
were used as solvents, and both were distilled
prior to use. Glycerine (Allied Chemical) and
ethylene glycol (Matheson Coleman & Bell) were
used without further purification.

Table I presents in tabular form all the mate-
rials which were prepared and studied in the
course of this work.

Polymerization. The polymerizations were
carried out in DMF—methanol-(50: 50 vol %)
mixtures, except for the 6, 6, 6, 8, and 6, 10 ionenes
which were polymerized in DMF—water mix-
tures containing 10~30% water by volume. No
drastic difference between the polymers obtained
from these two solvent systems were observed,
except that the average intrinsic viscosities of
those polymerized in DMF-water tended to be
somewhat higher than those of the other group.
All the polymerizations were carried out at room
temperature, the polymerization time being
around 30 days. Intrinsic viscosities of the 6
series centered on 0.15dl/gm. (in 0.4-M KBr)
while those of the 4 series centered on 0.05 in
the same solvent.

Sample Preparation. The water plasticized
samples were prepared by adding excess water
(to dissolve the ionene) and evaporating till a
predetermined weight was reached. The evapo-
rations were carried out under atmospheric
pressure between 25 and 40°C. The samples
plasticized with glycerine were prepared in
exactly the same way, except that evapora-
tions were carried out at 50°C, under partial
vacuum. Finally, the samples plasticized with
glycerine—water mixtures were prepared by
dissolving a known amount of the ionene in
a 20-9 glycerine—water solution and evapo-
rating at 25°C. The assumption was made that
no glycerine was lost during the course of the
evaporation. While this is not absolutely
correct, the ratio of water to glycerine over
mixtures of the two is so high that only a
negligible amount of the glycerine could have
evaporated.

T, Determinations. All the glass transitions
were determined on a Perkin-Elmer DSC-I in-
strument, at scanning speeds of 10°C/min.

Experimental Results
Water Plasticized materials. The plot of T,
vs. wt 9% water for the 6, 8 ionene is shown in

Polymer J., Vol. 2, No. 2, 1971

0 T
Q
[e)
&
2 -50- [ -
o \0o
(o)
., 1
1000 20 20
HO(%)

Figure 2. Glass transition temperature for water
plasticized 6, 8 ionene: (O, experimental; —, cal-
culated from Ty=269W1+127TWo— 158 W1 W.

Figure 2. The 6, 8 ionene was chosen for pre-
sentation in this figure because it was the most
thoroughly studied polymer and the largest
number of pcints were obtained for it. The
points are experimental, and the line is calcu-
lated from the relation'®

Ty=w\Ty +wT,,+Kw w,

where w represents the weight fraction, K a
constant and the subscripts 1 and 2 refer to
polymer and solvent respectively. The glass-
transition temperature for pure water was taken
as 127°K, a value obtained by J. Yannas'® by
extrapolation of the T, values of the water—
glycerine system, to zero glycerine content,
and subsequently confirmed in our own work.
Since T,, w,, w, and ng are known, T,,1
and K can be obtained from the equation by
plotting (Ty—Ty,,)/w; vs. w,, from the intercept
and slope, respectively. For the 6, 8 system,
T, =269°K and K=—158deg. The results for
all the systems are presented graphically in
Figure 3, where the glass transition is plotted
against the average spacing of the ions along
the backbone.

It is noteworthy that the glass transition of
the 6,4 ionenes is very much lower than would
be expected by comparison with materials of
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Figure 3. Glass-transition temperatures of all

ionene samples (determined with water as plasti-
cizer and extrapolated to zero water content). The
average spacing was calculated from (n+m)/2.

similar composition, it is ca. —59°C. The T,
of the 4,4 or 6,6 ionenes could not be de-
termined at all.

The branched ionenes seem to have a much
lower glass-transition temperature; the results
are also shown in Figure 3.

Glycerine Plasticized Materials. The table
below shows the glass transition as a function

MATSUURA, and T. YOKOYAMA

of composition for several glycerine plasticized
ionenes. The 6,4 or 6,6 ionenes seem to exhibit
no abnormality here. However, all the extra-
polated T, values are ca. 80° lower than those
obtained with water as a plasticizer.

Material T,
6-3 —80°C
6-4 —84°C
6-5 —79°C
6-6 —81°C
6-8 —82°C
6-10 —79°C

Other Pure Plasticizers. In addition to water
and glycerine, formamide, ethylene glycol, and
methanol were also used as plasticizers for the
6,8 ionene system. The results were

Formamide —18°C
Methanol —175°C
Ethylene Glycol —91°C

Glycerine—Water Mixtures as Plasticizers. Since

it was evident that different plasticizers gave
remarkably different extrapolated T, values for the
same material, for instance —4 vs. —83 for the 6,8
ionone with water or glycerine, it was of interest
to determine the effect of mixed plasticizers,
for instance water—glycerine mixtures. The
results are shown in Figure 4, indicating a steady
decrease in T, with increasing glycerine content.

To(C)

~100

-150 1] 1 ] 0%H:0
0 20 40 60 80 100
PLASTICIZER(%)
Figure 4. Glass-transition temperatures for 6, 8 ionene plasticized with water—
glycerine mixtures: (), experimental; —, calculated using data. The compo-

sition of the plasticizer is given on the right.
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The extrapolated values of the glass transition
and K values are

Extra- T, (0%

Solvent composition POI,?}ed K sohfent)

(0% solvent) (solvent)
100% glycerine —82 ~1.3 2
80% glycerine—20%; water —176 —15 18
60% glycerine—40%5 water -57 —61 61
409 glycerine—60%; water -31 —122 99
0% glycerine—100%5 water —4  —158 142

The table also lists the difference in the glass-
transition temperatures between the polymer and
solvent. This difference will be discussed later.

The extrapolated values of the glass transitions
of 6,8 ionene with all the plasticizers which
were studied are plotted in Figure 5 against
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Figure 5. Glass transition of 6, 8 ionene (extra-
polated to zero plasticizer content) using various
plasticizers, plotted against the dielectric constant
of the plasticizer at Ty: 1, methanol; 2, ethylene
glycol; 3, glycerine; 4, 809 glycerine—20% water;
5, 60% glycerine—40% water; 6, 40%; glycerine—
609 water; 7, water; 8, formamide.

the dielectric constant of the pure plasticizer at
the extrapolated T, value. The values of the
dielectric constant were taken either from the
Handbook of Chemistry and Physics or from
the papers of Akerlof,*” plotted as a function
of temperature, and extrapolated to T,.

DISCUSSION AND CONCLUSIONS

The Effect of Solvents
The most significant result of this study is
undoubtedly the finding of the large discrepancy
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in extrapolated T, values of the 6,8 ionene,
depending on the dielectric constant of the
plasticizer. The most reasonable explanation of
this phenomenon is based on the assumption of
a conformational change of the ionene caused
by a change in the dielectric constant of the
liquid which is used as a plasticizer. Most
probably, the conformation of the polymer in
a relatively dilute water solution and in the
highly concentrated noncrystalline form (either
pure if it could be achieved that way or in the
presence of a small amount of plasticizer) is
similar and dominated both by the strongly
hydrophobic and by the ionic segments of the
chain. By contrast, in the presence of glycerine
or other plasticizers of a low dielectric constant,
the chain conformation could change; possibly,
the chain expands because as a result of the
presence of both hydrophobic and hydrophilic
segments in glycerine (and the other alcohols),
the hydroxyl groups can interact with the ions,
thus converting the polymer into a hydrophobic
entity.

It should be pointed out that explanations of
the phenomenon which are based on specific
site-bonding models, i.e., those which involve
very specific interactions between the polymer
and the diluent, are not sufficient to explain
the phenomenon, although these interactions
may be present. If the interactions were domi-
nant then then plasticized polymer could be
treated as a copolymer system, and with a
decreasing diluent concentration one would have
to get back to the T, of ‘‘pure’”’ ionene, what-
ever it might be. The fact that a range of T,
values is obtained must indicate that the polymer
itself has changed, and a conformational change
is the simplest possibility.

Several experimental facts seem to be able to
be interpreted in the light of the above ex-
planation. It should be pointed out that they
neither support nor contradict the hypothesis of
a conformational change, but merely that they
can be explained, albeit speculatively, within
that framework.

Branches on the main chain lower the glass
transition appreciably. Since branching repre-
sents a barrier to internal rotation, the T, lower-
ing seems to imply that that polymer is frozen
into a low ¢ conformation even in the presence
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of water, otherwise T, would be expected to
increase with the introduction of methyl groups
along the main chain.

The glass transitions of the 4,4 and 6,6 ionenes
with water cannot be determined because these
materials crystallize readily; a DSC run reveals
melting or freezing over very wide concentra-
tion ranges. However the T, of the 6,4 ionene
can be determined, and yields a value of ca.
—59°C using water as a plasticizer. Apparently
the high regularity of the chain again forces the
polymer into a low ¢ conformation.

The q/a Effect

It is of interest to inquire whether a g/a effect
exists in ionenes. First one has to calculate
the g/a value for each of the materials, and
then plot the observed T, value against this g/a.
To avoid errors due to possible slight differences
in material characteristics (molecular weight,
etc.) only one series of polymers was chosen
for this study, the 6-ionenes, because more
samples of that series were studied than of any
other.

To determine the g/a effect, we need to know
first the size of the ions involved. The inter-
nuclear distance between bromine and nitrogen
in crystalline tetramethylammonium bromide is
5 A" which would make g/a for the equivalent
completely ionic polymer 0.2 if the N-Br inter-
nuclear distance in the polymer and the crystal
is the same. At this point, the assumption is
made that, at least conceptually, every repeat
unit of the chain can consist of -N(CH,)7-; this
means that the g/a value for a », m ionene
would be 0.2x2/(n+m+2) since there are
n+m+2 backbone atoms per repeat unit, two
of which are ionic. Using the above approach
and the T, values for the 6 series one obtains
(by least squares) a line given by

T,=695 g/la—23

If one were to assume, arbitrarily, that only
every second atom along the backbone is ioniz-
able, then the slope would decrease by a factor
of two. It is, however, very significant that
using the simplest assumption, one gets a slope
which is close to that obtained for the phos-
phates, silicates, and acrylates, implying that
for the ionene (at least in its high ¢ conforma-
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tion), a g/a effect does exist which in its magni-
tude is similar to that in the other organics
and inorganics. It should be remembered, how-
ever, that the assumption that every ion is
theoretically at least, ionizable, is arbitrary, so
the absolute magnitude of the slope of T, vs.
g/a is not as important as the fact that an ap-
proximately linear relation exists between T,
and g/a. It is also significant that the extra-
polated T, value for the completely nonionic
material, i.e., pure polyethylene, is ca. —25°C,
again for this particular conformation.

Arguments along the above lines cannot be
made for glycerine plasticized polymer, due to
the scatter of the data.

The Equivalence of K and (T,—T,)

Jenckel and Heusch® pointed out that for
many polymer—diluent systems the value of K
is very close to the glass-transition temperature
difference between polymer and diluent. We
have found this to be the case quite precisely
for the 6,8 series (see the table) independent of
solvent, but not for any of the other series
studied. No explanation for the inapplicability
of the above correlation, for instance in the 6-
ionene—water series, can be given at this time.
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