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The dynamic mechanical properties of the unclustered cesium neutralized poly(methyl methacrylate-co-metha-
crylic acid) ionomers plasticized with three different plasticizers of low molecular weight were investigated. It
was found that the effectiveness of the plasticization followed the order: glycerol (Gly) =~ 4-decylaniline (4DA)
> dioctyl phthalate (DOP). For the ionomer plasticized with Gly, the only effect was a significant decrease in
the 7. Thus it is concluded that the polar plasticizer not only increases the mobility of the ionomer but also
dissolves the ionic groups. In the case of the 4DA-plasticized ionomer, both a drastic decrease in the T, and
the appearance of a second glass transition were observed. Therefore, it is suggested that the nonpolar 4DA
molecules partition evenly in the poly(methyl methacrylate) matrix and cluster phases via hydrogen bonding
between the aniline group of the plasticizer and the carbonyl groups of the ionomer. As a result, the T, is low-
ered, multiplets can form, and the material behaves like a clustered ionomer.

Introduction

Ionomers are known as polymers containing relatively
small amounts of ionic groups which are attached to the po-
lymer backbone chains.! The ionic groups form aggregates,
called multiplets,’ which have significant effects on the pro-
perties and microstructure of the polymers.'! The presence of
ionic groups changes significantly the physical properties of
ionomers, e.g. melt viscosity, glass transition temperature
(T), water uptake, etc.' In many ionomer systems, a small-
angle x-ray scattering peak was observed.’ In order to cor-
relate and interpret the mechanical data and morphology of
random ionomers, the multiplet-cluster model, so-called
EHM model, was proposed.* According to the model, the
multiplet reduces the mobility of surrounding chains. When
the ion concentration is low, the reduced mobility regions
are not large enough to have their own glass transition tem-
perature. However, as the ion content increases, the regions
of reduction in mobility start to overlap; eventually, the re-
gions become large enough to have their own glass tran-
sition. Therefore, the ionomers show two-phase behavior. A-
bove a certain ion concentration, the cluster phase even be-
comes continuous.*®

In the case of polystyrene (PS) ionomers, two glass tran-
sitions are seen in dynamic mechanical thermograms; the
tan 8 peak at low temperature represents the matrix 7, and
the other, at high temperature, the cluster 7,** With in-
creasing ion content, the tan § peaks for the matrix and
cluster T,s shift to higher temperature>® It was also found
that the tan & peak area for the matrix 7, decreases,
whereas that for the cluster T, increases as the ion content
increases; however, the total area under both tan 8 peaks re-
mains constant.®

For poly(methyl methacrylate) (PMMA) ionomers, two
different behavior patterns are seen, depending on the type
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of cation used for neutratization. In the poly(methyl metha-
crylate-co-sodium methacrylate) jonomer system, two glass
transitions are observed, and both T,s increase with in-
creasing ion content.” However, the total area under the tan
& peaks for the matrix and cluster T;s decreases with in-
creasing ion content. The plasticization effect on the glass
transitions of the PMMA ionomers was also studied.® It was
found that the addition of a nonpolar plasticizer to the
ionomers decreases the matrix and cluster 7,s.

In the case of the cesium neutralized PMMA ionomers,’
only the matrix tan & peak was observed; With increasing
ion content, the peak position shifts to higher temperature,
and the peak area decreases. No small-angle x-ray scati-
ering (SAXS) peak was observed for these PMMA ionom-
ers in bulk, even for the sample containing ca. 7.8 mol% of
ions. It was thus concluded that the difference between the
cesium neutralized ionomer and the sodium sample is ow-
ing to the weaker ionic interaction in the cesium ionomer
than in the sodium sample. It was also suggested that the
differences between the PMMA and the PS ionomers are
owing to the higher dielectric constant of the PMMA po-
lymer matrix than that of the PS matrix. The PMMA matrix,
because of its relatively high polarity, can dissolve the ionic
groups, which therefore cannot form multiplets. The high
glass transition temperature of the PMMA matrix also, in
part, prohibits the multiplet formation because the value of
kT, is high relative to the strength of the electrostatic in-
teractions between ion pairs.

In the present study, we investigated the effect of plas-
ticization on cluster formation in the unclustered cesium
neutralized PMMA ionomers. The goal of the study was to
determine whether clustered materials could be obtained
from unclustered materials by lowering the T, of the
PMMA ionomer via plasticization, and to find out which
plasticizer is most effective in the cluster formation. To do
so, we chose three plasticizers which have been used most-
ly in the studies of plasticization of ionomers; one polar
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plasticizer, i.e. glycerol (Gly), and two nonpolar plasticizers,
L.e. diocty]l phthalate (DOP} and 4-decylaniline (4DA). The
4DA molecule has an amine group on the benzene ring,
and the amine group can act as a site for hydrogen bonding.

Experimental

Plasticization. The poly(methyl methacrylate-co-cesi-
um methacrylate) ionomer containing 10 mol% of ionic
groups was prepared as described in an earlier paper.” The
plasticized ionomers were obtained by dissolving the ionom-
ers in a mixed solvent of benzene-methanol (9/1 v/v) and
adding plasticizers to the ionomer solution on a 24 wt%
basis. The ionomer-plasticizer blends were freeze-dried and
then further dried under vacuum at 80 °C for one day.

Sample preparation. In order to measure dynamic
mechanical properties of samples, the samples were com-
pression-molded at 200 °C at a pressure of ca. 20 MPa. The
molded samples, with approximate dimensions of 2.5X 6.0X
30.0 mm, were annealed at 80 °C under vacuum for one
day.

Dynamic mechanical thermal analysis {DMTA).
The mechanical properties were determined using a Po-
lymer Laboratories Mark II DMTA was utilized. The meas-
urement was performed in a dual cantilever bending mode,
at frequencies of 0.3, 1, 3, 10, and 30 Hz, and a heating
rate was 0.5 °C/min. All experiments were performed under
a dry nitrogen atmosphere. For each sample, the storage mo-

dulus (£), loss modulus (E"), and loss tangent (tanp 8).

values were obtained as a function of temperature.
Results and Discussion

Figure 1 shows the storage modulus values against the
temperature of the cesium neutralized ionomer and the

0 50 100 150 200 250
Temperature (°C)

Figure 1. Storage nfodulus (£) curves as a function of tem-
perature measured at I Hz for the unplasticized poly(methyl
methacrylate-co-cesium methacrylate) ionomer (10 mol% of ions)
and the ionomers plasticized with 4DA, Gly, and DOP (24 wt%).
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ionomers plasticized with three different materials of low
molecular weight. The modulus curve of the unplasticized
ionomer shows that below ca. 175 °C the modulus value re-
mains relatively constant at ca. 10%% Pa, which is con-
sidered as the glassy modulus. The modulus starts to de-
crease at ca. 175 °C, which corresponds to the glass tran-
sition. In the range of temperature between ca. 225 and 250
°C, the curve shows a gentle decrease in a slope which is
denoted as a rubbery plateau. The modulus curve of the un-
plasticized ionomer is similar to that of a nonionic polymer.

The modulus curves of plasticized ionomers also show
the glassy modulus, the glass transition, and the rubbery pla-
teau with increasing temperature; however, as expected, the
glass transition temperatures shift to lower temperature on
addition of plasticizers. Plasticization introduces additionat
free volume, the mobility of the chains is increased, and the
T,s decrease. The rank of the effectiveness of the plas-
ticization is in this order: Gly = 4DA>DOP. It is also seen
in Figure 1 that the shape of the modulus curve for the un-
plasticized ionomer is similar to that for the Gly-plasticized
sample while the slope of the modulus curve for the DOP-
plasticized ionomer is similar to that for the 4DA-plas-
ticized sample; the temperature ranges for the glass tran-
sition of the two former systems are narrower than those for
the two latter samples.

The loss tangent (tan 8) values of the four systems as a
function of temperature are shown in Figure 2. The tan 8
peak for the unplasticized ionomer is seen at ca. 200 °C,
and no second peak is visible, as was also observed before.’
Upon plasticization, the tan 8 peak shifts to lower tem-
perature.

In the case of the Gly-plasticized sample, the T, is seen
at ca. 110 °C. The width and height of the tan & peak are
similar to those of the unplasticized ionomer. It should be
mentioned that the shape of these two tan & peaks are stm-
ilar to that of the homopolymer, ie. a one-phase material.
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Figure 2. Loss tangent curves as a function of temperature
measured at 1 Hz for the unplasticized ionomer and the plas-
ticized ionamers.
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Unexpectedly, the T, of the Gly-plasticized ionomer is low-
er by ca. 25 °C than that of the PMMA homopolymer
which is ca. 135 °C as determined by DMTA.? This resuit
implies that the glycerol molecules reside in the matrix and
thus decrease the matrix T,. The glycerol molecules also dis-
solve the jonic groups, leading to the weakening of in-
teractions between ionic groups. These two effects con-
tribute to the decrease in the T, by 90 °C. Thus, it can be
concluded that while the matrix T, is decreased drastically
by plasticization with glycerol, the cluster T, cannot be ob-
. served as the presence of the polar plasticizer weakens in-
teractions in multiplets. ‘

In the case of the nonpolar DOP-plasticized ionomer, the
temperature of the peak maximum is ca. 180 °C. Evidently
the DOP molecules decrease the T, of the ionomer but only
slightly. The morphology of this system must be very dif-
ferent from that of the Gly-plasticized ionomer. It is also
seen that whereas the width of the peak is broader the
height is lower than those of the unclustered ionomer,
which means that the glass transitions take place over a wid-
er range of temperatures. It needs to be mentioned that nor-
mally the width of the peak is related to the heterogeneity
of the polymer phases. However, at this time we do not
have any clear explanation for the width of the peak.

For the 4DA-plasticized system, the peak maximum is lo-
cated at ca. 120 °C, and the width of the peak is very broad.
It is also seen that there is a shoulder on the curve at ca.
170 °C, which may represent the second 7. To see the ef-
fect of the plasticization on the tan & peak (measured at 0.3
Hz) more clearly, a curve deconvolution was performed us-
ing a Peakfit (Jandel Scientific) computer program. The best
fit was achieved by fitting the curve with two exponentially
modified Gaussian peaks with an exponential background.
The deconvolution result is shown in Figure 3. In the figure,
it is clear that there are two peaks associated with the glass
transitions of the matrix and cluster phases; one peak max-
imum is at ca. 110 °C and the other at 165 °C.

This finding indicates that the 4DA molecules reside in
the PMMA matrix phase and thus decreases the T,. There-
fore, the multiplets form, whose proximity is sufficient to
show typical behavior of a clustered material. Tong and Ba-
zuin studied the clustered poly{ethyi acrylate) ionomers plas-
ticized with a 4DA and found that matrix and cluster T;s
are decreased in parallel with increasing plasticizer content."
Thus they suggested that the 4DA, a nonpolar plasticizer, is
distributed evenly in the cluster and matrix phases via a
strong hydrogen bonding between the aniline group and the
carbonyl group of the poly(ethyl acrylate). The same effect
is operative in the present study. The 4DA molecules par-
tition in the nonionic PMMA phase and plasticize the non-
ionic phase preferentially. Thus the plasticizers lower the T,
of the PMMA, rather than having the aniline group reside
preferentially near the ionic group. It should be mentioned
that the cluster formation in unclustered materials by plas-
ticization was also found by Wollmann et al in the po-
lystyrene ionomers.”? They found that when a unclustered
poly(styrene-co-4-vinylpyridinium methyl iodide) ionomer
was plasticized with diethylbenzene, clustering was induced
by the plasticizers of low polarity, which was observed by
dynamic mechanical techniques.

From Figure 3, we can see that the peak for the cluster T,

Bull. Korean Chem. Soc. 1998, Vol. 19, No. 6 627

Loss Tangent

0.0 : ! | ! “"r--.'.'
50 100 150 200

Temperature (°C)

Figure 3. Deconvoluted loss tangent curves as a function of
temperature for the 4DA-plasticized ionomer sample measured at
0.3 Hz.

is smaller than that for the matrix T,. At this point, it needs
to be recalled that in poly(styrene-co-sodium methacrylate)
jonomer system containing ce. 10 mol% of ions, the area
under the cluster T, peak is bigger than that for the matrix
T,°* This difference may be due to two factors. First, the
persistence length of the poly(methyl methacrylate) is short-
er than that of the polystyrene.” Second, in the PMMA
ionomers, the strength of the ionic interaction between ionic
groups in the multiplet that was induced by plasticization is
still much weaker than that in the cesium neutralized PS
tonomers. Thus clustering is not extensive in the plasticized
PMMA ionomers. At this state, however, it can be con-
cluded that the mixing of 4DA with the unclustered poly
{methyl methacrylate-co-cesium methacrylate) ionomer can
induce clustering. More work needs to be done on the mor-
phology of these plasticized systems.

Conclusion

The unclustered cesium neutralized PMMA-based ionom-
ers were plasticized with three different plasticizers of low
molecular weight. The effectiveness of plasticization is rank-
ed in the following order: Gly =~ 4DA>DOP. When the
ionomer is plasticized with the 4DA, the nonpolar 4DA
molecules are believed to reside evenly in the PMMA ma-
trix region because of strong hydrogen bonding between the
aniline group of the plasticizer and the carbonyl group of
the PMMA. This results in a lowering of the T, of the
ionomer. Once the plasticization lowers the 7, and ad-
ditional free volume is introduced, muitiplets can form; as a
result, the material shows two glass transitions, charac-
teristic of a clustered ionomer. In the system plasticized
with the Gly, the polar plasticizer not only decreases the T,
of the ionomer, but also acts as a solvent for the ionic
groups. Therefore, only a significant decrease in the T, was
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observed, without cluster formation.
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The properties of the n-type impurities nitrogen and phosphorus in diamond have been investigated by means
of electronic band structure calculations within the framework of the semiempirical extended Hiickel tight-bind-
ing method. For diamond with the nitrogen and phosphorus substitutional impurities, calculated density of
states shows the impurity level deep in the band gap. This property can be derived from the substantial <111>
relaxation of the impurity and nearest-neighbor carbon atoms, which is associated with the population of an an-
tibonding orbital between them. The passivated donor property of the P-vacancy complex which lies deep in

the gap is also discussed.

introduction

Recent advances in diamond-film growth techniques have
stimulated an interest in the use of diamond as a sem-
iconductor in ¢lectronic devices.! Diamond films produced
by low-pressure methods have a wide array of potential ap-
plications due to their unique mechanical, thermal, optical,
and semiconducting properties. Despite the significant pro-
cess in the field of diamond growth, the problem of repro-
ducible doping by donor and acceptor impurities to obtain p-
n junction remains unresolved. It is well known that p-type
conductivity can be obtained by boron doping. The results
reported so far on n-type doping are controversial.? There is
continuing interest in making shallow n-type diamond to de-
velop the p-n technologies of the semiconductor industry ap-
plicable to future diamond-based devices. Nearly all of the
n-type diamond which has been reported to result from eith-
er doping during film growth or ion implantation is highly
resistive. An understanding of the behavior of impurities in
diamond is important as a tool in the search for a possible
n-type dopant.

Substitutional nitrogen and phosphorus with five valence

electrons are prototype n-type impurities in diamond. While
the isolated nitrogen impurity is well characterized ex-
perimentally,>® the phosphorus doping has not been widely
reproduced.*'® The problem of nitrogen and phosphorus im-
purities in diamond has also been addressed using a number
of theoretical techniques.!'~® Nonetheless, a complete quan-
titative description of the impurity energetics and structure
is still lacking. Self-consistent molecular orbital calculations
by Astier et al. predicted a deep donor level occurring at 1.3
eV below the diamond conduction band edge for the sub-
stitutional nitrogen impurity."" This level was degenerate
and therefore assumed to be Jahn-Teller unstable with
respect to a distortion. However, self-consistent Green's
function calculations on this impurity in diamond find a
non-degenerate shallow level (0.15 eV below the conduc-
tion band edge) and therefore no Jahn-Teller instability.'
The authors suggest that the off-center distortion of nitrogen
is driven by local bonding effects. Theoretical calculations®
based on the local-density approximation show that phos-
phorus is a deep donor at 1.09 eV below the bottom of the
conduction band; however, calculations'*"* using the plane-
wave pseudopotential method predict that phosphorus would



