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ABSTRACT: Swelling behavior of a commercial linear
polystyrene, containing a small amount (<5% wt) of min-
eral oil, has been studied in three different classes of
organic solvents (alkanes, alcohols and carboxylic acids)
using both gravimetry and light microscopy. A compari-
son has been made with the results presented in earlier
publications using a different linear polystyrene, without
mineral oil. It is shown that the polystyrene containing
mineral oil absorbs much higher amounts of solvent at
lower temperatures then at higher temperatures. This
anomalous behavior sharply contrasts with the polystyrene
without mineral oil, which at lower temperatures absorbs
much less solvent. Light microscopy of the diffusion layer
reveals that in the polymer with mineral oil precipitation

occurs during diffusion at low temperatures, but not at
high temperatures. These results clearly show that the
presence of small amounts of mineral oil (in quantities
below the detection limit of FTIR) can cause significant
changes in the sorption behavior of polymers. These
results are interpreted by pre-existing nano-inhomogene-
ities, formed by the mineral oil, limited miscibility of oil in
the polymer phase and high miscibility of solvent in the
oil phase. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 115:
2402-2408, 2010
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INTRODUCTION

Diffusion and swelling of polymers in organic sol-
vents has been the subject of research for over 60
years. It is known that when a solvent (either in the
liquid or gaseous state), miscible with a polymer,
diffuses into a matrix of that polymer, swelling (i.e.,
mass uptake) occurs until an equilibrium saturation
plateau is reached." This constant saturated swel-
ling is also attained for noncross-linked polymers'™
and is, for the same polymer-solvent system and
temperature, a highly reproducible measurable
physical quantity. Several different techniques have
been used so far to measure this constant saturation
plateau including 11§ht1 and electron”® microscopy,
gravimetry,>® FTIR”® and neutron and x-ray reflec-
tivity measurements.” Previous studies®” have also
shown that in polymer-solvent systems the amount
of solvent mass uptake always increases with
increasing temperature and therefore the corre-
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sponding solubility diagrams are of the upper criti-
cal solubility temperature type.

Polymer microstructure in the diffusion layer is
rarely investigated and the origin of the opacity of-
ten observed'’ does not get the attention it might
deserve. On the other hand, theoretical consideration
of microvoids (or holes) and their filling up during
diffusion is not new and played a major role in ex-
planation of diffusion rate using the concept of dual
mode sorption.''™"” Filling up voids has been
observed in situ'® and a new approach to diffusion
has been recently suggested.'”' It has been previ-
ously reported”** that a small addition of mineral
oil can change the low temperature mechanical
behavior of polystyrene. The addition of vegetable
oil to PS has also been reported** to change the UV
absorption and photoluminescence properties.

In the present work we report on the anomalous
swelling behavior [apparent lower critical solubility
temperature (LCST)] of a commercial polystyrene
matrix containing <5% of mineral oil (as mentioned
in the product specification) and show that the pres-
ence of mineral oil, even in quantities close to the
detection limit of FTIR, can affect substantially the
swelling behavior of a commercial polymer. This is
of a significant scientific relevance because it is, as
far as we know, the first time in the literature that
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such an anomalous swelling behavior has been
reported and correlated with composition of the
commercial polymer samples as well as with the
occurrence of precipitation during solvent diffusion.
This work highlights the fact that much precaution
is needed when studying the swelling behavior of
commercial polymer samples, especially if these con-
tain additives even in very small quantities, and
emphasizes the fact that swelling studies should be
accompanied by in situ diffusion studies under a
light microscope to detect the occurrence of possible
anomalies during the diffusion and swelling
processes.

EXPERIMENTAL
Polymers and solvents

Two different polystyrenes, which from now on we
shall designate simply as polystyrene 1 (PS1) and
polystyrene 2 (PS2), and a mineral oil have been
obtained from Sigma-Aldrich with the following
specifications:

PS1 - catalog number 43,010-2 (M, = 230,000, M,
= 140 000, MFI 7.5 g/10min, T, = 94°C)

PS2 — catalog number 44,114-7 (M, = 350,000, M,,
= 170,000, MFI 3.4 g/10 min, T, = 95°C), containing
<5% mineral oil.

Light mineral oil—catalog number 33,077-9

As diffusing solvents we have used three different
types, namely: alkanes (octane, decane, dodecane,
tetradecane and hexadecane), alcohols (1-decanol)
and carboxylic acids (myristic acid). Two additional
solvents, namely chloroform and hexane, were used
in the purification of PS2. All these organic solvents
were purchased from Sigma—-Aldrich and were all of
purity >99%.

Calculation of solvent mass uptake

In this work we express solvent mass uptake as a
percentage in mass, X;, of solvent uptake using the
formula:

my,
Xp=—— 100 1
k (mL + mPs> x ( )

where m; is the mass of liquid penetrant (g) and mpg
is the mass of dry polystyrene (g).

Experimental procedure

In the present work we study the swelling behavior
of PS2 using gravimetry and also the in situ diffu-
sion of organic solvents into PS2, using light micros-
copy. The swelling behavior of PS1 has been studied
in our previous work,>™® and in the present work we
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use PS1 only to perform some in situ diffusion
studies with light microscopy to compare the
results with the corresponding results obtained with
PS2.

To characterize polystyrenes 1 and 2 by FTIR spec-
troscopy, the polystyrene granules were compression
molded (on a hot press at temperature of 180°C and
pressure of 3 tons) into very thin films with thick-
nesses of ~ 0.1 mm. These thin films were placed
between potassium bromide (KBr) windows, put in
the sample holder and analyzed by FTIR. Infra-red
spectra were obtained on a Perkin-Elmer FTIR spec-
trometer, at room temperature. Sixty-four scans were
averaged for each sample.

To characterize the different polystyrenes by 'H-
NMR, small samples were dissolved on CDCl; and
analyzed on a Varian VXR 300 MHz NMR
spectrometer.

Before the swelling experiments we have per-
formed some preliminary tests to find out if PS2 was
a linear polymer or if it had some amount of cross-
linking. We have tested the solubility of PS2 samples
in several different organic solvents and they have
dissolved completely in: cyclohexane, benzene,
4-heptanone, cyclohexanone, and tetrahydropyran.
These results clearly show that PS2 is a matrix of a
linear polymer, i.e., there are no chemical cross-links
in our samples.

To perform the swelling studies of PS2, the poly-
mer granules as purchased from Sigma-Aldrich,
were also compression molded at the same tempera-
ture and pressure as above into thin flat samples
with thicknesses of ~ 0.45 mm, 0.85 mm and 1.70
mm (measured with a micrometer). The sample
thicknesses were determined by metallic molds with
appropriate thicknesses. After compression at high
temperature, the samples were allowed to cool
down slowly at normal atmospheric pressure to
avoid possible stresses that could have remained if
the samples had been cooled quickly. The PS2 sam-
ples, with approximate dimensions of 10 mm x 10
mm x thickness, have been placed inside beakers
with solvent in a oven at constant temperature, as
measured with a mercury thermometer with a preci-
sion of 0.5°C. At time intervals, the samples were
removed from the solvent (after quenching with
cold solvent in the case of solvents with melting
points well below room temperature), their surfaces
were carefully cleaned with absorbent paper and the
samples were weighted on an analytical balance.
Finally they were returned back to the solvent and
put inside the oven. The experiments were run until
full saturation has been attained and no more weight
increase observed.

For each system and temperature, at least five
samples have been tested. The scatter of data
between the individual samples has been less than

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 FTIR spectra of: (a) PS1 and (b) PS2.

5% at full saturation, and for average data and
repeated test less than 2%.

We have observed that the solubility data cannot
be obtained with the same accuracy and precision as
in the case of PS1, as reported earlier.”” Further-
more the concentration levels attained at saturation
with PS2, are not as stable as in the case of swelling
of PSI.

In this work we have also performed in situ light
microscopy diffusion studies of the diffusion of sol-
vents into PS1 and PS2, using a technique described
previously.'® Thin flat polymer samples were com-
pressed between two glass slides at high tempera-
ture (~ 150°C) on a hot plate and cooled down
slowly to room temperature. The samples were then
placed on a hot stage (Reichert) at selected tempera-
tures (65 and 125°C), under a light microscope.
When a thermal equilibrium was reached, solvent
was introduced and the progress of the diffusion
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front observed and recorded by a digital camera at
selected time intervals. A lens with a long working
distance (and thus low magnification and resolution)
had to be used with the hot stage.

Blending of PS1 with light mineral oil has been
achieved by using a specially constructed laboratory
blender with a temperature controller. Batches of
four grams were blended in a sealed chamber for
15 s to obtain a homogeneous mixture at 150°C.

Removal of mineral oil from PS2 has been
achieved by making use of the different solubility of
polystyrene and mineral oil in chloroform and in
hexane. PS2 has been dissolved in a small amount
(50 mL) of chloroform by stirring vigorously the
mixture until a highly viscous, transparent and col-
orless liquid has been obtained. By adding a large
amount of hexane (250 mL), a white solid precipi-
tates which is polystyrene. Mineral oil is soluble
both in chloroform and in hexane and for that
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Figure 2 'H-NMR spectra of: (a) PS1 and (b) PS2.

reason does not precipitate. Then the solid was fil-
trated in a biichner funnel and washed with hexane.
Finally it was carefully dried under high vacuum at
170°C for 5 h. The resulting solid was then analyzed
by 'H-NMR using the same procedure as before.

RESULTS AND DISCUSSION

The FTIR spectra of both PS1 and PS2 are shown in
Figure 1. There are no detectable differences
between these two polymers. The presence of min-
eral oil in PS2 cannot be detected in the FTIR spec-
trum, because of its small concentration (<5%), and
the overlap of C—H vibrations of oil and PS.

Figure 2 shows the '"H-NMR spectra of PS1 and
PS2. As shown in Figure 2(b), the 'H-NMR of PS2
shows a small group of peaks in the interval 0.85-
0.88 ppm and another peak at 1.26 ppm which
clearly identify the presence of the mineral oil.*>?°
These peaks correspond to aliphatic functional
groups of the mineral 0il.*>?° It is possible that other
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Figure 3 Swelling of polystyrene matrices in linear alka-
nes: (0) octane (Cg); (x) decane (Cyp); ((J) dodecane (Ciy);
(V) tetradecane (Cy4); (five-pointed star) hexadecane (Cje).
Dark solid lines represent the swelling results in PS2 as
obtained in the present work; Thin dashed lines represent
the swelling results in PS1 as obtained in our previous
work.”

peaks from mineral oil might also be present in the
interval 1-2 ppm®>*° but in that case they are over-
lapped by the peaks from the aliphatic protons of
polystyrene.

Figure 3 shows the mass uptake of alkanes by PS2
as a function of temperature. The results reported
previously® for the swelling of PS1 in alkanes are
also shown for comparison. The results clearly dem-
onstrate that PS2 has an anomalous swelling behav-
ior as it absorbs much more solvent at lower temper-
atures than at higher temperatures. The occurrence
of possible dissolution of PS2 at higher tempera-
tures, which could in part explain this anomalous

SWELLING OF PS1 AND PS2 IN ALCOHOLS AND ACIDS
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Figure 4 Swelling of polystyrene matrices in 1-decanol
(O) and in myristic acid (O). Dark solid lines represent the
swelling results in PS2 as obtained in the present work;
Thin dashed lines represent the swelling results in PS1 as
obtained in our previous work.”>
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Figure 5 Light microscopy pictures of the diffusion of
alkanes into polystyrene matrices: (a) diffusion of dode-
cane into PS1, at 65°C, for 60 minutes, (b) diffusion of do-
decane into PS2, at 65°C, for 60 minutes, (c¢) diffusion of
dodecane into PS2 at 125°C, for 2 minutes. [Color figure

behavior, has been monitored by FTIR of the solvent
after the sample has been fully saturated and also
by residue after solvent has evaporated. In all cases
considered in this work no solubility of PS2 has
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been detected. Figure 4 shows the results of swelling
of PS2 in 1-decanol and in myristic acid as a func-
tion of temperature. The results reported previously
for the swelling of PS1 in 1-decanol® and in myristic
acid* are also shown for comparison. Again, an
anomalous swelling behavior is visible in these cases
at lower temperatures. There are inflexion points in
the swelling curves at about 120°C for myristic acid
and at about 100°C for 1-decanol. We could not find
any relationship with T, of PS (95°C). This has been
expected as the plasticization effect of solvents dom-
inates the diffusion process. The temperature range
selected has been dictated by melting and boiling
points of the solvents as well as by time required for
full saturation. Other alcohols and carboxylic acids
have also been tested with PS2 and the same anoma-
lous swelling behavior has always been observed.

To better understand the differences observed
in the mass uptake of organic solvents by PS1
(Refs. 3-5) and PS2 (present work) we have per-
formed some in situ light microscopy diffusion stud-
ies, as described earlier. Some results from the light
microscopy in situ diffusion experiments are in
Figure 5.

Figure 5 (a) shows the in situ diffusion of dode-
cane into PS1 at 65°C, 60 min after the beginning of
diffusion. It can be clearly seen that the diffusion
layer is transparent and homogeneous, i.e., no pre-
cipitation occurs. We have repeated this experiment
with PS1 using several different solvents and at sev-
eral different temperatures (from room temperature
to 160°C) and the results were always the same: dur-
ing the diffusion of organic liquids into PS1, the dif-
fusion layer is always transparent and homogeneous
at all temperatures investigated.

Figure 5 (b) shows the in situ diffusion of dode-
cane into PS2 at 65°C, 60 min after the beginning of
diffusion. As this picture shows, the advancement of

Figure 6 'H-NMR spectrum of purified PS2.
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Figure 7 Light microscopy pictures of the diffusion of
alkanes into polystyrene matrices: (a) diffusion of dode-
cane into PS1 (4+mineral oil) at 65°C, for 60 minutes,
(b) diffusion of dodecane into PS1(+mineral oil) at 125°C
for 3 minutes, (c) diffusion of dodecane into PS2 purified
at 65°C, for 60 minutes. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

the diffusion front at this temperature is accompa-
nied by the opacity of the diffusion region. These
light microscopy results can only be interpreted as
formation of inhomogeneities, i.e. precipitates. At
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such low temperatures (<90°C), we have always
observed the occurrence of precipitation during dif-
fusion in PS2 for all organic solvents tested.

We have also studied in situ diffusion of organic
solvents into PS2 at a temperature well above T, of
PS2 (95°C). Figure 5(c) shows the result for dodecane
diffusing into PS2 at 125°C, 2 min after the begin-
ning of diffusion. Contrary to what had been
observed before in the diffusion of dodecane at
65°C, in this case at 125°C, the diffusion layer is
transparent, i.e., there is no precipitation. We have
also studied the in situ diffusion of other organic sol-
vents into PS2 at 125°C, and we have never
observed precipitation.

To better understand the role played by mineral
oil in these anomalous PS2 results and to differenti-
ate between the contribution of the mineral oil and
that of the polymer matrix, some additional experi-
ments have been performed. On the one hand we
have blended PS1 with mineral oil, as described ear-
lier, and we have performed in situ light microscopy
diffusion studies on the resulting sample. On the
other hand we have removed the mineral oil from
PS2, using the procedure described earlier, and we
have performed in situ light microscopy diffusion
studies on the purified sample, whose "H-NMR is
shown in Figure 6. As Figure 6 shows our purifica-
tion method was efficient at removing the mineral
oil.

The in situ light microscopy results of the solvent
diffusion into PS1 (4 mineral oil) and into PS2 puri-
fied are shown in Figure 7. Figure 7(a) shows the
diffusion layer of dodecane into PS1 with mineral oil
at 65°C after 60 min. The precipitation in the diffu-
sion layer is very similar to PS2 [compare Figs. 5(b)
for PS2 and 7(a) for PS1 + oil]. Figure 7(b) shows
the diffusion layer of dodecane into PS1 with min-
eral oil at 125°C after 2 min. Contrary to what has
been observed in the diffusion of dodecane at 65°C
into PS1 with mineral oil and similarly to what has
been observed in the diffusion of dodecane into PS2
at 125°C in this case the diffusion layer is transpar-
ent, i.e., there is no precipitation. Figure 7(c) shows
the diffusion layer of dodecane into purified PS2 at
65°C after 60 min. No precipitation is visible indicat-
ing clearly the role of mineral oil in the formation of
inhomogeneities and associated enhanced solubility.

Some preliminary results have also shown that, at
low temperatures (65°C), purified PS2 swells much
less in alkanes than PS2.

We can therefore conclude that the anomalous
swelling behavior observed at lower temperatures
must be related to the occurrence of precipitation
during diffusion. A possible explanation is the “hole
filling,” as suggested in Refs. 11-17. This would
however explain only the behavior at lower temper-
ature, but not in the whole temperature range, as at

Journal of Applied Polymer Science DOI 10.1002/app
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high temperatures we would expect to obtain more
precipitation, contrary to observation.

We can suggest a simple explanation for this phe-
nomenon as follows. The oil is mixed with the poly-
mer at processing temperature, i.e. at about 180°C.
At this temperature it would be fully dissolved.
When cooled down, the solubility is reduced and
some phase separation will occur. This separation
cannot be detected using light microscopy as the oil
phase is too small (at molecular level) and cannot
scatter light, and/or the refractive indexes are too
close (1.5916 for PS and 1.4680 for oil). When solvent
diffuses in, it will quickly reach equilibrium with the
polymer matrix. The oil phase on the other hand is
separated and can absorb large volume of the sol-
vent, before equilibrium is reached. The precipitates
will therefore grow in size, until the corresponding
solubility limit of the solvent in the oil is reached.
With increasing temperature more and more oil is
dissolved in the polymer matrix and less and less is
separated. There will therefore be smaller or fewer
precipitates. The total volume of solvent is therefore
the sum of the solvent in the polymer and in the oil
phase. This behavior is not related to LCST, as on
cooling more precipitation occurs, not less as would
be expected.

CONCLUSIONS

In this work, the observation of an anomalous swel-
ling behavior during solvent diffusion into a poly-
styrene matrix (containing <5% mineral oil) has
been reported. The observation of such an anoma-
lous swelling behavior has been correlated with the
observed occurrence of precipitation during diffu-
sion at lower temperatures, which is shown to be
caused by the presence of mineral oil in the samples.
The system of polymer-oil-solvent is a ternary sys-
tem, and must be studied in this context, as e.g. for
block copolymers.*”?®

As far as we know, this is the first time in the lit-
erature that the observation of precipitation during
solvent diffusion has been correlated with the occur-
rence of anomalous swelling. These results strongly

Journal of Applied Polymer Science DOI 10.1002/app
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suggest that much precaution is needed when study-
ing the swelling of commercial polymer samples,
especially if these have not been characterized prop-
erly. The use of light microscopy to detect possible
anomalies during diffusion can be recommended.
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