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ABSTRACT: A scheme was developed for producing poly(ethylene terephthalate (PET)
ionomer)/silicate hybrid materials via polymer–in situ sol-gel reactions for tetraethyl-
orthosilicate (TEOS) using different solvents. Scanning electron microscopy/EDAX
studies revealed that silicate structures existed deep within PET ionomer films that
were melt pressed from silicate-incorporated resin pellets. 29Si solid-state NMR spec-
troscopy revealed considerable Si—O—Si bond formation, but also a significant fraction
of SiOH groups. 23Na solid-state NMR spectra suggested the presence of ionic aggre-
gates within the unfilled PET ionomer, and that these aggregates do not suffer major
structural rearrangements by silicate incorporation. For an ionomer treated with TEOS
using MeCl2, Na� ions are less associated with each other than in the unfilled control,
suggesting silicate intrusion between PET–SO3

� Na� ion pair associations. The ionomer
treated with TEOS � tetrachloroethane had more poorly formed ionic aggregates,
which illustrates the influence of solvent type on ionic aggregation. First-scan DSC
thermograms for the ionomers demonstrate an increase in crystallinity after the incor-
poration of silicates, but solvent-induced crystallization also appears to be operative.
Second-scan DSC thermograms also suggest that the addition of silicate particles is not
the only factor implicated in recrystallization, and that solvent type is important even
in second-scan behavior. Silicate incorporation does not profoundly affect the second
scan Tg vs. solvent type, i.e., chain mobility in the amorphous regions is not severely
restricted by silicate incorporation. Recrystallization and melting in these hybrids
appears to be due to an interplay between a solvent-induced crystallization that
strongly depends on solvent type and interactions between PET chains and in situ-
grown, sol-gel-derived silicate particles. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 84:
1749–1761, 2002; DOI 10.1002/app.10586

INTRODUCTION

Mauritz and coworkers have exploited the polar/
nonpolar nanophase separated morphologies of
perfluorosulfonate1–6 and perfluoro(sulfonate/car-

boxylate)7 ionomers such as Nafion�, elastomeric
styrene-containing block copolymer ionomers,
such as poly(styrene-b-isobutylene-b-styrene),8,9

and poly(ethylene-partially neutralized metha-
crylic acid) random ionomers, such as Surlyn®,10,11

as interactive templates that control the in situ
sol-gel polymerizations of monomers consisting of
silicon, titanium, zirconium, or aluminum alkox-
ides, as well as organo-alkoxysilanes, and mix-
tures of these tetra-, tri-, and di-functional mono-
mers. In addition, hybrid materials based on non-
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ionomers such as poly(n-butyl methacrylate),12

polyethersulfones,13,14 and the sulfonyl fluoride
precursor of Nafion�15 have been generated in an
overall effort to create novel inorganically modi-
fied polymers with enhanced properties, via poly-
mer in situ sol gel processes. Regardless of the
polymer/(alkoxide monomer) combination, inor-
ganic oxide or organically modified silicate
phases, having at least one nanoscopic dimension,
resulted after the samples were annealed and
dried of the residual alkoxide � water-compatible
solvents. “Interactive,” within the context of the
phase-separated polymer reaction templates, re-
fers to an energetic affinity between the hydro-
lyzed monomers, such as Si(OH)4, and a particu-
lar domain, while “template” refers to a situation
wherein the filler exclusively resides in a compat-
ible domain.

Poly(ethylene terephthalate) (PET) ionomers
can have ionic aggregates that are stabilized by
strong, long-ranged Coulombic interactions.
These aggregates assemble upon cooling from the
melt state. Ostrowska-Czubenko and Ostrowska-
Gumkowksa studied ionic interactions in the al-
kali metal salts, including Na� ionomers, of sul-
fonated PET using far infrared spectroscopy.16 A
band was identified that was diagnostic of the
vibrations of cations in the electrostatic field of
the sulfonate anions. These authors concluded
that their spectroscopic data indicated that the
ionic groups aggregated to form multiplets, or
low-order clusters. The presence of these ionic
aggregates was also suggested by the melt rheol-
ogy studies of Greener et al.17 In later studies, the
23Na solid-state NMR spectroscopic studies of
Boykin and Moore, of PET Na� form ionomers,
indicate ionic aggregation.18 This semicrystalline
ionomer, shown in the structure below, incorpo-
rates a sulfonated comonomer with composition
in the range of 1–10 mol %.

Typically, the percent crystallinity for the acid
form of the ionomer is approximately 30%,
whereas the sodium form of this system exhibits
up to 10% crystallinity. Ostrowska-Gumkowska
discusses the hindrance of crystallization in these
ionomers posed by ionic aggregation and its effect
on chain mobility.19 Ostrowska-Czubenko and

Ostrowska-Gumkowksa also noted that, as the
degree of sulfonation reaches around 10 mole %,
the glass transition of K� form ionomers becomes
broader,20 which might be taken to reflect micro-
structural heterogeneity.

As described above for other polymers, these
PET ionomers can be envisioned as heteroge-
neous media that influence the in situ polymer-
izations of sol-gel precursor monomers as well as
the structure and dispersion of the resultant
dried inorganic oxide phase. The hydrolysis and
condensation reactions of a sol-gel process for
alkoxysilane monomers that occur in a PET ma-
trix can be envisioned as depicted in Figure 1.
Although it is not assumed that the affected sili-
cate growths are confined to the small ionic ag-
gregate regions, it is reasonable that these do-
mains would serve as “seed” locations in which
the very polar, hydrolyzed TEOS monomers,
Si(OH)4, are most compatible; therefore, sol-gel
reactions are most likely to initiate in such re-
gions. Growth beyond the ionic regions would rea-
sonably occur in the amorphous regions.

Such an intimate incorporation of nanoscopic,
high surface : volume silicate particles would be
expected to affect the useful properties of PET.

Figure 1 Sol-gel process for TEOS as being “seeded”
within or around ionic aggregates in sulfonated, semi-
crystalline PET. It is not assumed that the silicate
growths will be confined to the ionic regions.
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For example, mechanical tensile and flex moduli
might be increased while thermal stability is en-
hanced. Although there is a disparity between the
indices of refraction of silica and PET, such nano-
particles would be too small to scatter light so
that the materials would exhibit optical clarity,
which is an important consideration for packag-
ing materials. Within the important arena of bar-
rier materials, gas or liquid transport and perm-
selectivity might be tailored not only by tortuosity
considerations, but by specific interactions be-
tween the inserted silicate phase and diffusant
molecules. In a somewhat related study, Turturro
et al. mixed amorphous, 12 nm in size, silica par-
ticles (Cab-O-Sil) into PET.21 It was suggested
that, for appreciable loadings, there are strong
interactions between the amorphous PET chain
segments and the silica “nucleant” particles that
lower the crystallization rate relative to unfilled
PET. Hydrogen bonding between the PET car-
bonyl groups and �SiOH groups on the surfaces
of the silica particles would provide strong inter-
facial interactions. A fundamental difference be-
tween this conventional process of dispersing pre-
formed filler and the sol-gel process reported here
is that, in the latter, the silicate phase is con-
structed molecule by molecule in site-specific
fashion within the polymer microstructure, which
is expected to lead to more intimate incorporation
of nanoscopic silicate particles

Here, we report a scheme for creating such
PET/silicate hybrid materials. The results of our
initial characterization of their structure and
properties using thermogravimetric analysis, 29Si
and 23Na solid-state NMR spectroscopies, envi-
ronmental scanning electron microscopy/energy
dispersive analysis using X-rays, and differential
scanning calorimetry, are described.

EXPERIMENTAL

PET Ionomers

Materials

Dimethyl terephthalate (DMT, KoSa), sodium
5-sulfoisophthalate (SIPE, E.I. DuPont Co.), eth-
ylene glycol (EG, Celanese Co.), manganese ace-
tate (Aldrich Co.), antimony oxide (Riedel de
Haen Co.), and poly(phosphoric acid) (PPA,
Rhodia Co.), of commercial grades, were used as
received for the polyester melt polymerizations.
Tetraethylorthosilicate (TEOS, Aldrich Co.),
methylene chloride (MeCl2, Fisher Co.), tetrachlo-

roethane (TCE, Aldrich Co.), and tetrahydrofuran
(THF, Fisher Co.) were used as solution compo-
nents in the sol-gel polymerizations.

PET Ionomer Synthesis

PET ionomers having an intrinsic viscosity of 0.4
on the PET scale (measured as a 1% solution in
dichloroacetic acid; equivalent to Mn�12,000 g
mol�1) were produced on a 4.0 mol scale. The
sulfonate comonomer composition of the ionomer
used in this work was 5 mol %. For a 5 mol %
copolymer of PET/SIPE, 3.8 mol of DMT and 0.2
mol of SIPE were used. For each batch, the ap-
propriate quantity of DMT was combined with 8.8
mol of EG, 0.285 g of manganese acetate, and
0.291 g of antimony oxide, in a 2-L, 316-ss auto-
clave fitted with mechanical stirrer, distillation
column, and gas adapter. Under ambient pres-
sure, the reaction mixture was heated to 180–
220°C, with the removal of methanol by distilla-
tion. Once the theoretical amount of methanol
was removed, the desired quantity of SIPE, and
5.5 g of a 10% solution of PPA in EG were added,
vacuum was slowly applied over 1 h (ultimate
vacuum � 0.2 Torr), and the temperature was
increased to 285°C with stirring at 10 rpm. Poly-
mer melt viscosity was measured by means of an
ammeter attached to the variable torque/fixed
speed agitator motor. When the desired melt vis-
cosity was reached, the vacuum was broken and
replaced with �2 atm pressure of dry nitrogen,
and the molten polymer was extruded through an
orifice at the bottom of the autoclave. The molten
polymer was rapidly cooled in tap water, then
ground into rough particles averaging 1–4 mm in
diameter.

PET–In Situ Sol-Gel Reactions

The general sol-gel reaction scheme used for the
incorporation of a silicate component in ionomeric
PET is depicted in Figure 2. First, the ionomer
pellets were dried in a vacuum oven at 100°C, for
24 h. The dried pellets were next immersed in a
5 : 1 (v/v) solvent : H2O mixture for 24 h for
various solvents. It was determined that MeCl2,
THF, and TCE caused the greatest ionomer swell-
ing. Therefore, the sol-gel reaction was conducted
using these carrier solvents. The water intended
for alkoxide hydrolysis, as well as the solvent,
also served to swell the ionomer to the extent that
the permeation of hydrolyzed TEOS could take
place. Next, TEOS monomer feed solutions were
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prepared using these three solvents such that
TEOS : solvent � 3 : 1 (v/v). A given TEOS solu-
tion was then added to the (same) solvent/PET
ionomer swelling mixture. These three-compo-
nent mixtures were agitated, and TEOS was al-
lowed to permeate into the pellets for 24 h at room
temperature. After this time, the pellets were re-
moved from solution and annealed at 105°C in a
vacuum oven for a 48 h period. This final step
removes solvent and drives the internal conden-
sation reactions between SiOH groups to a
greater degree with the desired effect that the
degree of intramolecular connectivity within the
silicate structures is high.

Thermogravimetric Analysis (TGA)

Samples were placed into alumina crucibles and
tested using a Mettler Toledo TGA850 instru-
ment with a thermal ramp over the range 25–
800°C at a 10°C/min heating rate. The percent
silicate uptake was determined by subtracting
the percent remaining char of the control PET
ionomer from the percent char of the PET iono-
mer composite according to eq. (1).

% silicate uptake

� % charionomer composite � % charionomer (1)

The above analysis makes the reasonable as-
sumption that the inorganic component will not
degrade under test conditions, save for the re-

lease of an insignificant quantity of water that is
generated by thermally driven condensation reac-
tions between unreacted SiOH groups.

29Si Solid-State (SS) NMR Spectroscopy

29Si SSNMR spectra were acquired using a
Bruker MSL-400 NMR spectrometer operating at
a frequency of 79.5 MHz for 29Si. A standard
double air-bearing cross polarization/magic angle
spinning probe was used. Samples were loaded
into 4-mm fused zirconia rotors and sealed with
Kel-F™ caps. Spectra were obtained using magic
angle spinning with high power decoupling dur-
ing acquisition only and a spinning rate of � 4500
Hz. A modified version of the DEPTH sequence22

was used to suppress 29Si background due to the
probe. The 90° pulse width was �4 �s, the probe
dead time was 13 �s, and the acquisition time was
45 ms. The recycle delay was 180 s. All chemical
shifts were referenced externally to the downfield
peak of tetrakis(trimethylsilyl)silane (�9.8 with
respect to TMS).

23Na Solid-State (SS) NMR Spectroscopy

The 23Na SSNMR measurements were also con-
ducted on the Bruker MSL-400 instrument oper-
ating at 105.8 MHz. The external reference of a
NaCl crystalline solid, which has a chemical shift
of 7.1 ppm relative to the standard NaCl aqueous
solution, was used to set the frequency axis. All
solid samples were run in zirconia rotors using
magic-angle spinning at 5 kHz and high-power
proton decoupling. The samples were run with a
pulse width of 1.5–2.0 �s. A pulse delay of 10 s
was used to obtain fully relaxed spectra.

Scanning Electron Microscopy (SEM)/Energy
Dispersive Analysis Using X-rays (EDAX)

Films for analysis were formed by melt pressing
the sol-gel-modified pellets between plates that
were layered with flexible sheets of polyimide re-
lease film. The films were formed with the tem-
perature held at 260°C under a pressure of 500
psi for 10 min. The X-ray intensity of the charac-
teristic energy for Si was divided by that of sulfur
(S) to yield the relative concentration of Si as
shown in eq. (2). The S intensity provides an
internal concentration reference, being propor-
tional to the number of sulfonate groups.

Figure 2 Sol-gel reaction scheme within a solvent
� water swollen PET ionomer. Hydrolyzed TEOS mol-
ecules permeate the swollen ionomer from an external
source solution.
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In this equation, the summation is over the
entire film thickness, C is proportional to the
X-ray intensity for the given element, and ATA is
the averaged total amount of the given element.

Differential Scanning Calorimetry (DSC)

DSC analysis was performed using a Mettler DSC
30/S ThermoAnalytical device. The experiment
consisted of heating the sample from 25 to 280°C
at a rate of 20°C/min, followed by a rapid �350°C/
min quench to �50°C to ensure that the thermal
history of the sample is destroyed before rescan.
The sample was then reheated to 280°C at the
rate of 20°C/min and the thermal transitions re-
corded. The heat flow on the vertical axis is re-
duced to a per-gram-of-polymer basis, knowing
the weight fraction of the silicate phase as deter-
mined by TGA.

RESULTS

Thermogravimetric Analysis

TGA was used to determine the percent silicate
uptake of the ionomer that exists after the final
drying step. TGA thermograms can also assess
the thermal degradation of the PET ionomer as
influenced by silicate incorporation. For example,
surface groups on silicate particles might strongly
interact with chemical groups on the ionomer, or
extended silicate structures might envelop poly-
mer chains so as diminish their segmental mobil-
ity.

The TGA thermograms of the PET ionomer and
the TEOS-treated ionomer are shown in Figure 3.
There appears to be little difference between the
scan for the ionomer control sample and that of
the THF-swelled, PET ionomer composite be-
cause the degradation onset temperature and re-
maining percent char is practically same for both.
The greater weight loss for any of the TEOS-
treated ionomers preceding the chemical degra-
dation onset can be reasonably attributed to the

release of trapped solvent or perhaps water that
is released due to secondary condensation reac-
tions between SiOH groups that are driven by the
heat supplied by the instrument. This suggests
that there is little if any silicate uptake using
THF as a swelling solvent, although this must be
proven by more direct means. Degradation onset
temperatures for the use of MeCl2 and TCE sol-
vents are similar to that of the control, which
might suggest that there is little or no interaction
between the silicate component and PET matrix
in the sense that the former can retard the ther-
mal degradation of the latter. The percent char
for the use of these two solvents is much higher
than that of the control, and there is 17% silicate
uptake for both cases, which permits a meaning-
ful comparison between the two samples. Also, for
the use of TCE solvent, there is a considerable
mass loss that initiates at �150°C, which is con-
sistent with the boiling point of TCE, thus sug-
gesting the release of trapped solvent in this par-
ticular case.

The TGA thermograms of samples that were
considered to be controls for each of the solvents
are shown in Figure 4. These graphs depict the
normalized (relative to 100%) solvent mass loss
vs. temperature for samples swollen in each of the
solvents—but without the introduction of TEOS.
These samples were swollen in their respective
solvent for 48 h at room temperature. The sam-
ples were then removed from the solvent and
allowed to air dry before the experiment was car-

Figure 3 TGA thermograms of the unfilled PET iono-
mer and PET ionomers that were treated with TEOS
using the three indicated carrier solvents. “Normalized
mass” on the vertical axis refers to the fraction of the
total mass remaining at a given temperature.
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ried out. These results show that the percent char
is the same for all the solvent treated systems as
it is for the PET ionomer control, providing fur-
ther evidence of actual silicate uptake for the
ionomers using MeCl2 and TCE solvents, as can
be seen in Figure 3.

29Si Solid-State NMR Spectroscopy

This molecular-specific probe was used to gain a
measure of the degree of intramolecular connec-
tivity of the silicate component in the same way
as in other similar studies of polymer/silicate hy-
brid materials.7,4,10,13,23 In amorphous silicate
structures there are discrete 29Si NMR peaks,
each of which corresponds to the number of Si
atoms that directly coordinate about the basic
bonded SiO4 tetrahedral units. The symbol Qn
designates the general coordination state
(RO)4�nSi(OSi)n, where R can be a hydrogen atom
or an alkyl group. A given Q peak is located
within a characteristic range of chemical shifts
relative to Si(Me)4. These peak assignments fall
into the following approximate ranges: Q1 � �85
to �90 ppm, Q2 � �90 to �95 ppm, Q3 � �100 to
�104 ppm, and Q4 � �110 ppm.

A fundamental fact is that it is almost impos-
sible for very small, high surface-to-volume, sol-
gel-derived silicate structures to be entirely Q4
(i.e., totally crosslinked) in character, owing to the
high relative population of atoms that are forced

to reside at the surfaces. The relative populations
of the lower coordinated states provide a measure
of uncondensed SiOH groups as well as reflect the
high surface/volume aspect of the silicate struc-
tures. The relative population of a given Q state is
obtained by calculating the ratio of the area under
the given peak to the sum of the areas under all of
the Q peaks. It is cautioned that, under the con-
ditions of this experiment, long-ranged silicate
structure is unattainable using 29Si SSNMR spec-
troscopy in the sense of determining second and
higher coordination shell structure about SiO4
units.

Spectra for the PET ionomer/silicate (17%)
composites for the cases of MeCl2 and TCE sol-
vent use are shown in Figure 5. Owing to the fact
that the silicate uptakes are practically equal for
these two composites, the NMR spectra can be
compared in meaningful fashion. For both sol-
vents, the chemical shift distribution indicates
almost exclusively Q3 and Q4 coordination states
with the suggestion of a slight amount of Q2 char-
acter in the form of a shoulder on the left of each
distribution. It should be appreciated that noise-
to- signal for solid-state NMR samples, where the
Si nuclei are diluted by a polymer matrix, can be
appreciable and is expected. Nonetheless, the
overall distribution that rises above the noise is in
fact significant in Figure 5. The chemical shift
distributions reflect silicate structures that, in a
general sense, have a considerable degree of Si—

Figure 5 29Si SSNMR spectra for PET ionomer/(both
17% silicate) composites that were produced through
the use of MeCl2 and TCE solvents, as indicated. The
approximate positions at which Q2, Q3, and Q4 peaks
typically occur are indicated.

Figure 4 TGA thermograms of the PET ionomer sol-
vent “control” samples. No silicate is present in these
samples, but the pure ionomer was equilibrated in the
three indicated solvents and then air dried. “Normal-
ized mass” on the vertical axis refers to the fraction of
the total mass remaining at a given temperature.
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O—Si bond formation while incorporating a sig-
nificant fraction of uncondensed SiOH groups.
Thus, in situ sol-gel reactions appear to have oc-
curred.

The large population of Q3 units, and implica-
tions with regard to the degree of the molecular
interconnection of the silicate particles, implies a
degree of nanoscopic porosity that is roughly de-
picted in Figure 6. The exact nature of this “po-
rosity” is unknown in terms of pore size and dis-
tribution and would need to be determined by
another technique. This porosity might influence
the mechanical properties of these hybrids in
terms of the roughness of interfacial zones and
the degree to which the polymer is trapped in
these pores. Also, these pores might influence the
permeation of gases through these materials in
the sense of molecular size exclusion, in addition
to the effect of silicate particle–permeant mole-
cule interactions and permeant molecule tortuos-
ity posed by these dispersed inorganic obstacles.

23Na Solid-State NMR Spectroscopy
23Na SSNMR spectroscopy can be a sensitive
probe of the immediate chemical environment
and mobility of Na� ions owing to the interaction
of the Na nuclear quadrupole moment with local
electric field gradients produced by asymmetries
in its electronic environment. These field gradi-
ents can be especially due to the strong electric
fields posed by other Na� ions or to polymer-
affixed anions, such as—SO3

� groups, in the vicin-
ity. It has been established that as peaks shift to
less negative values, the interactions with Na�

ions become weaker.24–32 This concept can be put
to use in determining whether Na� ions are iso-
lated or exist in aggregates, although the absolute
size of these aggregates cannot be derived from
this method. Isolated sodium ions (i.e., in PET–
SO3

� Na� ion pairs) are characterized by a sharp
peak at 7 ppm, while sodium nuclei that exist in
aggregates yield a broad peak centered in the
range �8 to �12 ppm, depending on the degree of
ionic aggregation.

In the dry state, wherein ions do not have hy-
dration shells or other strongly attached polar
molecules, it is a reasonable assumption that the
Na� ions are electrostatically bound to the poly-
mer-affixed anions, which in these studies were
charged sulfonate groups.

The 23Na SSNMR spectra for the unfilled PET
ionomer control and the ionomers treated with
TEOS using the three solvents are shown in Fig-
ure 7. For both the control and TEOS-treated
samples, the chemical shift distributions corre-
spond to sodium nuclei that are in close proximity
with each other. Despite the considerable spacing
of —SO3

� Na� ion pairs along the PET backbone,
it appears that ion aggregates, of undetermined
size, do occur in this system. This conclusion is in
harmony with the evidence for ionic aggregation
presented by other investigators, as discussed in
the Introduction.

The unmodified control and ionomer treated
with TEOS using THF have similar spectra, their
chemical shifts being �8.9 and �8.6 ppm, respec-
tively, which reflects ionic aggregation. Recall,
from the above discussion of the TGA results, that

Figure 6 Rough depiction of a silicate nanoparticle
having uncondensed SiOH groups that are a necessary
condition for surface roughness.

Figure 7 23Na SSNMR spectra for PET ionomer/sil-
icate (17%) composites produced using THF, MeCl2,
and TCE solvents.
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there appears to be little, if any, silicate uptake
using THF as a solvent. The relatively minor per-
turbation on the state of Na� aggregation in the
THF system relative to the unfilled ionomer con-
trol is in harmony with these TGA results.

For the ionomer that was treated with TEOS
using MeCl2, the peak is shifted to �7.9 ppm
which indicates, based on prior similar stud-
ies,28–31 that the Na� ions, on the average, are
less associated with each other than they would
be in the unfilled control. Perhaps this peak shift
might be accounted for by silicate structures that,
in the course of their growth, have intruded be-
tween some of the associations of PET–SO3

� Na�

ion pairs so as to weaken interpair interactions.
This result might constitute indirect evidence of
an incorporation of silicate structures within the
ionic aggregate regions. Of course, the possibility
that silicate structures can additionally be
present in nonionic regions cannot be excluded
and further structural inquiry is required in this
regard. The downfield shift is distinctive—but
not dramatic—and suggests that the ionic aggre-
gates are not greatly perturbed by 17% silicate
uptake.

According to the above reasoning, the ionomer
treated with TEOS using TCE has ionic aggre-
gates that are more poorly formed, as is indicated
by the peak characteristic of Na� aggregation
shifting to �6.5 ppm, and, additionally, the small
peak at �7.6 ppm indicating isolated Na� ions.
The spectrum of the unfilled control shows no
evidence of isolated Na� ions so that aggregation,
at least to the degree of having low-order multi-
plets as described in the original ionomer model of
Eisenberg,33 is a natural condition for this iono-
mer. The percent silicate uptake for the TCE sys-
tem is the same as for the MeCl2 system so that
the spectroscopic differences between the two can
be discussed in terms of the action of solvent
molecules on ionic aggregation. The boiling point
of TCE is 147°C, while that of MeCl2 is much
lower at 40°C. Thus, it is possible that the sample
drying process removed less TCE than MeCl2 in
the respective experiments so that there would be
a greater concentration of TCE that would inter-
fere with ionic association in some manner.

The 23Na NMR spectra of ionomers that were
only swollen in each of the solvents, but without
the addition of TEOS, are shown in Figure 8. The
spectrum of an unfilled control ionomer which
was not treated with solvent displays a peak lo-
cated at �8.25 ppm that indicates Na� ion asso-
ciation. This peak shifts slightly to less associa-

tion when treated with each of the solvents, al-
though the greatest shift is not for TCE but for
THF. Therefore, it would seem that solvents have
the ability to change ionic association, although
caution should be applied in the interpretation
because rearrangements in the ionic regions
might be coupled to solvent-induced rearrange-
ments in the polymer chains.

ESEM/EDAX Analysis

EDAX was used to determine silicon elemental,
and therefore, silicate compound concentration
profiles across the thickness direction of the films.
A general goal of these experiments was to estab-
lish whether silicate structures could be grown
within the ionomer as opposed to simple, unfavor-
able, silicate precipitation on the film surfaces as
can occur under certain conditions.

Figure 9 shows the EDAX Si elemental compo-
sition profiles across the thickness direction of
ionomer/silicate composite films that were formed
by melt pressing the TEOS sol-gel-modified pel-
lets using the three solvents. The end points 0.0
and 1.0 on the horizontal axis refer to the opposite
edges of the film. It is seen in these plots that
there is very little incorporation of Si in the iono-
mer for which THF was the solvent. This is direct
evidence that supports the same conclusion of no
silicate incorporation based on the TGA and 23Na
NMR results for this same system, as discussed
above. The material based on THF solvent is
therefore not a composite, because it possesses
essentially no internal silicate phase. For the
other two composites based on MeCl2 and TCE

Figure 8 23Na SSNMR spectra for a PET ionomer
and the PET ionomer solvent control systems.
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solvents, the plot of Si : S indicates a relatively
constant and considerable concentration of Si
within the film. Although some scatter exists in
these data, this technique should be viewed as
providing semiquantitative information regard-
ing the presence and concentration of silicates
within the interior of the film.

DSC Analysis

DSC was used to determine how silicate incorpo-
ration might influence the thermal transitions,
specifically, the glass transition temperature (Tg)
and melting temperature (Tm) of the PET iono-
mer. DSC was also used to estimate the degree of
crystallinity of the PET ionomer and ionomer/
silicate composites assuming that the enthalpy of
melting per unit mass of the crystalline regions in
the ionomer is the same as that for the crystalline
regions in a PET homopolymer, i.e., �Hm(100%
crystalline) � 135 mJ/mg.

The first scan DSC traces for the ionomer con-
trol, as well as for the three materials that were
treated with TEOS using the three solvents, are
shown in Figure 10. There appear to be broad
crystallization exotherms followed by more dis-
tinctive melting endotherms for all systems, al-
though the endotherm for the system derived us-
ing TCE solvent is barely perceptible. TEOS
treatment increases the degree of crystallinity
relative to the unfilled ionomer. Also, the glass

transition becomes rather weak relative to the
unfilled ionomer. The percent crystallinity of the
unfilled control is estimated at 9%, based on the
enthalpy of melting of unsulfonated, 100% crys-
talline PET, as explained above. Nine percent is a
low number, but is characteristic of these copoly-
mers having this sulfonate comonomer mol frac-
tion.19 In contrast, using the same DSC method,
we measured an initial crystallinity of 27% for a
PET homopolymer having a number average mo-
lecular weight of �24,000 g mol�1, although ther-
mal history can cause variations in this number.
The lower degree of crystallinity for the ionomer
might be accounted for by frustration of chain
packing by sodium sulfonate groups that act as
defects and interfere with chain folding, as in the
case of ion-carboxylate groups in Surlyn® iono-
mers.11 Also, the kinetics of crystallization in the
ionomer might be greatly retarded relative to the
nonionic polymer due to strong interchain ionic
interactions that reduce chain mobility in the
amorphous phase. This idea is supported by the
fact that Ostrowska-Gumkovska found that crys-
tallinity decreases with increasing level of ionic
groups in sulfonated PET.19

The THF-based system in Figure 10 has a
rather high first scan degree of crystallinity
(�36%). This might be explained in terms of sol-
vent-induced crystallization (SINC) that may
have occurred when the polymer was swollen in
THF. SINC is a well-documented phenomenon in
which interactive penetrants produce physical
modifications in PET.34–37 Moreover, SINC has
been found in sulfonated PET.38 Also, recall from
a previous discussion that THF has little affect on
the uptake of silicate compared to MeCl2 and

Figure 9 SEM/EDAX silicon elemental profiles
across the film thickness direction for PET composites
formulated using the three indicated solvents. The end
points 0.0 and 1.0 on the horizontal axis refer to the
edges of the film.

Figure 10 DSC first scans for the PET ionomer con-
trol and composites based on the use of the three dif-
ferent solvents. Percent crystallinities for each sample
modification are indicated to the right.
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TCE. Therefore, the increase in crystallinity due
the action of silicate particles as heterogeneous
nuclei would be limited, at best, in the case of
THF solvent usage. The degree of crystallinity for
both the MeCl2 and TCE—based composites, as
extracted from the first scan, is � 26%, which also
might be rationalized in terms of SINC, but this
crystallization must also be thought of in terms of
possible interactions with silicate particles.

Each of the three TEOS-treated systems shows
a two-component melting endotherm in their first
scans, while the unfilled control does not. It is
significant that the system that used THF in
preparation exhibits dual melting, although there
is no significant silicate present in the bulk re-
gions as seen in the elemental analysis in Figure
9. Moreover, it will be seen that none of the sec-
ond scans for any of the systems show two-com-
ponent melting endotherms. Therefore, it seems
that the presence of silicate does not account for
this phenomenon, and that this is more associ-
ated with residual solvent given that these are
first scans.

Dual, as well as single melting endotherms
have been reported for PET homopolymers, de-
pending on their thermal history. This phenome-
non has been variously attributed to the melting
of two crystal structures (e.g., chain folded struc-
tures and bundle crystals) that resided in the
sample before heating,39–43 or to partial melting
of preexisting crystallites followed by recrystalli-
zation and then melting with increase in temper-
ature.44–46 The temperature scanning rate can
also influence this phenomenon in that a single
peak may appear for a fast rate but two peaks can
appear when the rate is reduced.47 Also, the solid-
state polycondensation process used to prepare
PET has been considered to influence melting
behavior.47 It seems that the dual melting phe-
nomenon is not entirely understood for PET ho-
mopolymers, and less so for ionomeric variants.
In any case, there is insufficient evidence here
regarding the even more complex system in which
sol-gel reactions have occurred to be able to reach
definite mechanistic conclusions.

There appears to be a shallow, lower tempera-
ture endotherm at �130–150°C in Figure 10 for
the TEOS-treated systems using MeCl2 and THF,
but not for that produced using TCE. An alternate
view is that this minimum merely marks the on-
set, or rise, of the broad crystallization exotherm
that follows the prior decreasing endothermic
curve section. The same curve feature is seen for

the non-TEOS-treated systems in Figure 11, as
will be discussed.

Tg quantifies polymer chain mobility in the
amorphous regions. The glass transitions in the
first scan traces in Figure 10 reflect chain mobil-
ity as influenced by the history of the system. The
unfilled PET ionomer shows Tg � 72°C while the
weak glass transitions in the TEOS-treated sys-
tems have Tg � 62°C. Perhaps this Tg depression
for the composites is due to a plasticization of the
amorphous regions by solvent that is a residue of
the in situ sol-gel process, as discussed in the
results of the TGA experiments.

The first DSC scans for the dry ionomer control
and the solvent-treated ionomer “control”—non-
TEOS treated—are shown in Figure 11. The de-
grees of crystallinity of the solvent-treated sys-
tems, which are considerably higher than that of
the control, are similar to those for the composites
as seen in Figure 10, which would tend to support
the concept of solvent-induced crystallization.
Also, the melting endotherms in Figure 11 are not
dual, but consist of a single peak. Figure 11 also
exhibits the lower temperature feature in the
range �130–150°C in the MeCl2 and THF-
treated systems, but not for the system treated
with TCE solvent. As will be seen on inspection of
the second scans, this feature only appears on
first scans. The Tg values for the solvent-treated
systems are also depressed as they are for the
TEOS–sol-gel-derived systems in Figure 10. Per-
haps residual solvents plasticize the amorphous
regions so as to impart greater chain mobility
that, in turn, promotes more efficient, i.e., crys-
talline, chain packing.

The second scans for the unfilled ionomer con-
trol and for ionomers treated with TEOS using

Figure 11 DSC first scans for the PET ionomer con-
trol and three solvent-treated controls. Percent crystal-
linities are indicated to the right.

1758 LAMBERT, MAURITZ, AND SCHIRALDI



the three solvents are shown in Figure 12. These
scans should not be complicated by thermal activ-
ity that arises from the presence of residual sol-
vent or by solvent release. For this reason, the
glass transition appears more distinct and at
higher temperatures. The incorporation of sili-
cates does not show profound differences in the
second scan Tg vs. solvent type, although its value
for the use of MeCl2 and TCE is somewhat higher
than that for the THF case (which material, as
discussed, contains little silicate) and higher than
the unfilled control Tg. Tg for the TCE-based sys-
tem is 7°C higher than that for the THF system,
but only 4°C higher than that for the unfilled
control. Chain segmental mobility in the amor-
phous regions does not appear to be severely is
restricted by silicate incorporation in each sam-
ple.

It appears that ionic interactions retard recrys-
tallization in the ionomer control during the time
scale of the second scan experiment because a
crystallization exotherm is barely visible, and the
melting endotherm is weak. These features were
stronger in the first scan for the control. Accord-
ing to Ostrowska-Gumkowska,19 TC is a direct
measure of the crystallization rate for partially
sulfonated PET ionomers, and a higher TC is as-
sociated with slower crystallization. TC for the
unfilled control is, in fact, larger than that for the
MeCl2-based composite that contains a consider-
able silicate fraction and exhibits a distinctive
crystallization exotherm as well as melting endo-
therm. Based on this example, it might be
thought that silicate particles act as heteroge-
neous nucleation sites that reduce the tempera-
ture of crystallization in PET. However, the com-
posite based on TCE, which incorporates approx-

imately the same silicate fraction as the
composite based on MeCl2, shows very weak evi-
dence of recrystallization and melting. This sug-
gests that the addition of silicate particles is not
the only factor implicated in recrystallization and
that solvent type is somehow important even in
second scan behavior. Furthermore, the system
based on THF, which incorporates essentially no
silicate in its interior, shows distinctive crystalli-
zation followed by melting, in contrast with the
behavior of the unfilled control. Again, it might be
concluded that the solvent is more strongly impli-
cated in recrystallization, but that the particular
behavior depends on solvent type.

The second scans for the ionomer control and
solvent-treated controls (not TEOS-treated) are
shown in Figure 13. The situation with regard to
transition magnitude is reversed compared with
that in Figure 12. The MeCl2 and THF-treated
systems do not display the strong recrystalliza-
tion exhibited by their counterparts in Figure 12.
The scan in Figure 13 for MeCl2 lends support to
the concept of incorporated silicate particles act-
ing as nucleation sites but the scan for TCE does
not. It is noted that Tg for all the solvent-treated
systems is slightly lower than that for the control.
Plasticization of the amorphous regions by resid-
ual solvent cannot be invoked owing to the fact
that these are second scans.

Given the sum of this evidence, the general
conclusion is that recrystallization and melting in
these organic/inorganic hybrid materials is due to
an interplay between solvent-induced crystalliza-
tion that strongly depends on solvent type, and
interactions between PET chains and in situ-
grown, sol-gel-derived silicate particles.

Figure 13 DSC second scans for the PET ionomer
control and solvent system controls—no TEOS treat-
ment—based on the use of the three different solvents.

Figure 12 DSC second scan for the unfilled ionomer
control and ionomers treated with TEOS for the three
solvents.
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CONCLUSIONS

Organic–inorganic hybrid materials were formed
via PET ionomer–in situ sol-gel reactions for
TEOS using water and different swelling sol-
vents. ESEM/EDAX studies revealed that, after
the sol-gel process and drying, silicate structures
existed within melt pressed PET ionomer films,
except for the case where THF is the solvent. 29Si
solid-state NMR spectroscopy revealed a consid-
erable degree of Si—O—Si bond formation, al-
though there is a significant fraction of uncon-
densed SiOH groups. Therefore, in situ sol-gel
reactions successfully occurred.

23Na solid-state NMR spectra suggest that
ionic aggregates exist within the unfilled PET
ionomer, and that these aggregates do not suffer
major structural rearrangements by the incorpo-
ration of silicates into the ionomer. For the iono-
mer that was treated with TEOS using MeCl2, it
appears that Na� ions, on the average, are less
associated with each other than they would be in
the unfilled control. This suggests that evolving
silicate structures have intruded between some of
the PET–SO3

� Na� ion pair associations. By com-
parison, the ionomer treated with TEOS using
TCE has ionic aggregates that are more poorly
formed and the spectroscopic differences, between
this and the MeCl2-based composite, are thought
to be due to differences between the influence of
different solvent molecules on ionic aggregation.

First-scan DSC thermograms for the ionomers
exhibit increases in crystallinity after the incor-
poration of silicates. But, while silicate structures
might act as heterogeneous crystallization nuclei
to some degree, it appears that solvent-induced
crystallization is operative, as well. Second-scan
thermograms also suggest that the addition of
silicate particles is not the only factor implicated
in recrystallization and that solvent type is im-
portant even in second scan behavior. The incor-
poration of silicates does not have a profound
effect on the second scan Tg vs. solvent type, sug-
gesting that chain mobility in the amorphous re-
gions is not severely restricted by silicate incor-
poration. It is concluded in a general sense that
recrystallization and melting in these organic/in-
organic hybrid materials is due to an interplay
between solvent-induced crystallization that
strongly depends on solvent type, and interac-
tions between PET chains and in situ-grown, sol-
gel-derived silicate particles.

The sum of the characterization evidence indi-
cates that there is little, if any, silicate uptake

using THF as a solvent, so that the resultant
materials are not true organic/inorganic hybrids.

Future studies will include structural analyses
of the sizes and shapes of incorporated silicate
structures using transmission electron micros-
copy. Transient and dynamic viscoelastic proper-
ties, as influenced by PET–silicate interactions,
will be investigated. Finally, gas permeation
properties will be evaluated within the context of
barrier materials.
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