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ABSTRACT: We report the creation of a new organic/inorganic hybrid material that
results from sol-gel reactions for tetraethylorthosilicate (TEOS) within poly[ethylene-
co-methacrylic acid], as well as within a Zn*? partially neutralized form of this co-
polymer (Surlyn®). FTIR and 2°Si solid-state NMR spectroscopic probes yield informa-
tion regarding molecular connectivity within the in situ grown silicate structures. FTIR
analyses of Surlyn® matrix bands suggest that strong molecular level interactions
between the organic and inorganic phases are not present, although there is other
evidence that these phases are mechanically coupled on a larger dimensional scale. The
29Gj solid-state NMR analyses indicate mainly Q; and Q, coordination states about the
Si0, substructures, regardless of silicate content, which is in general agreement with
the interpretation of the FTIR results that show incomplete condensation. Environ-
mental scanning electron microscopy and energy dispersive X-ray analysis results
reinforce the conclusion that a significant silicate component is incorporated deep
within TEOS-treated films. Differential scanning calorimetry studies of Surlyn®-Zn™*?%/
silicate hybrids suggest that silicate incorporation essentially does not disrupt crystal-
linity. Thermogravimetric analyses show practically no change in the degradation onset
temperature, which is consistent with organic/inorganic phase separation. The general
conclusion is that a silicate phase can indeed be incorporated within this acid copoly-
mer, as well as its Zn*? ionomeric form, via in situ sol—gel processes. © 2000 John Wiley
& Sons, Inc. J Appl Polym Sci 77: 2832-2844, 2000
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INTRODUCTION

Surlyn®, a random, semicrystalline copolymer of
ethylene (E) and methacrylic acid (MAA), typi-
cally is within the range of 2—-7 mol % MAA com-
position and is commercially available in the acid,
or partially neutralized (X* = Na' or Zn*?)
forms:

Correspondence to: K. A. Mauritz (kenneth.mauritz@
usm.edu).

*Present address: Lilly Industries, Inc., 521 W. McCarty
Street, Indianapolis, IN 46225.

Contract grant sponsors: Mississippi NSF-EPSCoR pro-
gram; E. I. DuPont de Nemours & Co.

Journal of Applied Polymer Science, Vol. 77, 2832-2844 (2000)
© 2000 John Wiley & Sons, Inc.

2832

CH;

(CH,CH,),(CH;C),,

|
COO X*

While the quantity of literature regarding the
structure, properties, and processing of this com-
mercial polymer is great, we only call attention to
prior studies that are relevant to the experimen-
tal results reported here. Wilson et al.'*? discov-
ered a small angle X-ray scattering (SAXS) peak
for the ionomer form that persisted well above the
melting temperature (T,,) up to 300°C. This fea-
ture was taken to be the signature of ionic clus-
ters that have sizes of around a few nanometers,
as crudely depicted in Figure 1. Counterion-ex-
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Figure 1 An ionic cluster on the order of a few nano-
meters in size. These clusters are considered preferred
sites in the ionomeric form for inorganic oxide nano-
particle formation via in situ sol-gel reactions for tet-
raethoxysilane. The solvent is also expected to reside
outside the clusters.

changed Surlyn® possesses mechanical properties
superior to those of polyethylene (PE) for a given
molecular weight (MW) that is due to these clus-
ters. Improved tensile strength, toughness,
grease resistance, and puncture and abrasion re-
sistance and good gas barrier properties, optical
clarity, and heat sealability led to important com-
mercial applications of this thermoplastic iono-
mer.3?

On first heating in a differential scanning cal-
orimeter, E-MAA copolymers and their ionic
forms exhibit two endotherms at approximately
60 and 90°C as reported by Tadano et al.® The
high temperature transition corresponds to the
PE crystallite melting at T,,. In the process of
cooling from above T,,, only one peak, due to PE
recrystallization, appears at ~44°C. Upon second
heating, but soon after first cooling, only the tran-
sition at T, is present and the low temperature
transition is absent. However, when the same
samples are stored at room temperature after the
first cooling, the low temperature peak reappears
upon reheating and becomes stronger while shift-
ing to higher temperatures with increased stor-
age time. The “domains” whose disordered struc-
tures are frozen-in during cooling from above the
T,, become ordered again upon annealing.

There are conflicting views about the structure
in which this lower temperature transition takes
place. Tadano et al. assigned this history-depen-
dent endotherm to an order—disorder transition
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in ionic clusters at a temperature they termed
T;, and the reader is referred to their publications
in which this theory was rationalized and sup-
portive evidence presented.®~® More recent IR
spectroscopic studies of E-MAA ionomers by these
investigators are also interpreted in a way that
supports their ionic aggregate transition model.’
It should be pointed out that their view does not
appear to be in harmony with the later appearing
model of Eisenberg et al. that redefines clusters to
include contiguous regions of restricted chain mo-
bility about smaller ionic multiplets.'® In the re-
vised view of Eisenberg et al. the idea of an ionic
domain glass transition was replaced by a concept
of the onset of chain segmental mobility in these
restricted mobility regions.'® Also, the DSC and
wide and small angle X-ray scattering (WAXS/
SAXS) investigations of E-MAA ionomers by Coo-
per et al. suggested that the low temperature
endothermic event is due to the melting of thin
lamellar crystallites.'™>!? These secondary crys-
tallites are said to be prevented from thickening
because carboxylic acid and salt groups act as
defects that cannot be incorporated into thick
crystal lamellae. Secondary crystallization is
thought to develop over time as a gradual reor-
dering occurs through annealing within amor-
phous domains. Recently, the time-resolved
SAXS/WAXS studies of Loo and Register demon-
strated the existence of secondary crystals that
form between the primary lamellae on slow cool-
ing or aging and that these secondary crystals
melt in the same range where the low tempera-
ture differential scanning calorimetry (DSC) en-
dotherm occurs.’® These investigators also call
attention to a similar secondary crystal formation
that takes place in nonionic ethylene copolymers
[e.g., poly(ethylene terephthalate)'*] and mention
that this low temperature endotherm is, in fact,
not unique to ionomers. The Cooper et al.!*'% and
Tadano et al.’~® groups both show DSC peaks at
a “T;” for unneutralized E-MAA in which there
are no ionic aggregates, which directly indicates
that ionic domains are not implicated in the lower
temperature transition. Our own DSC studies for
acid form Surlyn® are in harmony with these
results. Otocka et al.'® found that the DSC ther-
mograms of annealed but unquenched unneutral-
ized ethylene acrylic acid copolymers show basi-
cally the same double endotherms as the similar
E-MAA and their ionomeric forms. Clearly, the
results of Otocka et al. cannot implicate ionic
domains in their similar semicrystalline copoly-
mers that contain no ionic aggregates.
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In another realm of material science, Mauritz et
al.’3% created a number of organic—inorganic hy-
brids via polymer in situ sol-gel reactions for inor-
ganic alkoxides, alkyl-alkoxysilanes, and mixtures
thereof. These materials included poly(n-butyl
methacrylate)/TiO,,'® poly(ether sulfone)/SiO,,'"!®
Nafion®/Si0,,'9~2! Nafion®/[SiO,-TiO,],?*?* Nafion®/
[Si0,-Al,05]," Nafion®/ZrO,,2* Nafion®/[organically
modified silicate],?>~27 an alkoxide-functionalized
Nafion® SO,F precursor,?® [perfluoro-carboxy-
late/sulfonate (bilayer)]/SiO,,?° and poly(styrene-
b-isobutylene-b-styrene)/SiO, hybrids.3°

In this article we report on in situ sol-gel re-
action schemes aimed at creating novel Surlyn®/
silicate hybrids. In particular, we discuss direct
and indirect probes of the structures of the incor-
porated silicate phases and the polymer matrix
using FTIR and ?°Si solid-state NMR spectrosco-
pies, environmental scanning electron microsco-
py/energy dispersive analysis using X-rays
(ESEM/EDAX), DSC, and thermogravimetric
analysis (TGA). We regard these semicrystalline
ionomers as matrices that influence the in situ
polymerization of inorganic alkoxide monomers
and the structure of the resultant dry inorganic
oxide phase. It is our working hypothesis that a
limited sol — gel process initiates within the ionic
clusters of ionized Surlyn® or perhaps at the sites
of —COOH groups in the un-ionized acid form
polymer, given the presence of water, according to
the usual hydrolysis and polyfunctional conden-
sation reactions:

=SiOR + H,0 —=SiOH
+ ROH; 2(=SiOH) — =Si—0-Si= + H,0, etc.

The monomer used in these studies was tetra-
ethylorthosilicate (TEOS).

Our initial transmission electron microscopic
(TEM) studies indeed revealed the presence of
nonagglomerated, rather spherical silicate parti-
cles that were dispersed throughout the Surlyn®
matrix upon sample drying.?! Owing to the fact
that these particles have diameters on the order
of 10s of nanometers and a relatively narrow size
distribution, these hybrid materials qualify as
“nanocomposites.” Because nanoparticles can be
grown in both the acid and ionomeric forms, it
was concluded that the presence of ionic aggre-
gates is not a necessary condition for nanocom-
posite formation. Because phase separation exists
on a scale sufficiently smaller than the wave-
lengths of light, no appreciable scattering occurs
within films of these materials, which is a desir-

able property with regard to the use of these
materials in the form of packaging films.

In earlier work we studied the influence of
sol-gel-derived silicate phases on selected prop-
erties of Surlyn®.3? For example, the tensile mod-
ulus increases while elongation at break de-
creases with increasing silicate uptake. The melt
flow index of the filled H form is lower than that
of the unfilled H form but it is higher than that of
the partially Zn"? neutralized unfilled form.
FTIR analysis of hybrids previously subjected to
the melt flow experiment showed that the silicate
phase remained intact but that the high temper-
atures in this device drove condensation reactions
between SiOH groups. In another experiment, af-
ter in situ sol-gel reactions and drying, [Surlyn®-
Hl/silicate flakes were passed through an ex-
truder to assess the effect of melt processing con-
ditions on the silicate structure. All silicate IR
fingerprint bands for the processed hybrid per-
sisted and the spectrum closely resembled that of
a nonextruded hybrid, including the signature of
the Si—OH groups. 2°Si solid-state NMR spec-
troscopy was used to probe the degree of molecu-
lar connectivity within the silicate phase. The
spectrum was consistent with those of nonex-
truded hybrids in that Si atom coordination
around SiO, units was predominantly Q5 and Q,
the bias in the distribution toward Qs being in
harmony with the IR results.

EXPERIMENTAL

Film Preparation

In an effort to identify an optimal method for
producing quality Surlyn® films for inorganic
modification, two methods were evaluated: solu-
tion casting and melt pressing. In solution casting
the binary solvent xylene/n-butanol was chosen.
Whereas xylene dissolves the PE phase, the polar
end group on n-butanol molecules disrupts struc-
tures around ionic domains. An 85:15 (v/v) mix-
ture provided rapid, complete dissolution. Base
resin (H" form, 5.8 mol % MAA) and partially
neutralized (23% Zn*? counterion exchanged, 5.8
mol % MAA) forms were both examined. The par-
tially neutralized form was considerably more dif-
ficult to dissolve, presumably because of divalent
Zn*? counterions acting as ionic crosslinks be-
tween —COO~ groups. Films were obtained by
this method, but the reproducibility and quality of
the films were marginal.



Melt pressing yielded reproducible, void free
films. A Carver model C lab press was used, along
with poly(tetrafluoroethylene) coated steel sub-
strates to facilitate ease of sample removal. All
films were processed at 115°C for 5 min, then
immediately quenched using an aluminum heat
sink; the temperature dropped to ~30°C within
30 s. The sole procedural exception was the appli-
cation of a melt temperature of 180°C for a spe-
cific set of Zn"? neutralized Surlyn® films for
FTIR spectroscopic analysis, which was due to
more difficult processing rheology.

Film Swelling and In Situ Sol-Gel Reactions

Experiments were performed to identify a solvent
that maximizes film swelling to enhance the per-
meation and in situ sol-gel reactions of TEOS
molecules. A homologous series of aliphatic alco-
hols, as well as two polar aprotic solvents (THF,
DMAc), were chosen for these studies. Equilib-
rium swelling in the alcohols showed a clear trend
of increasing solvent uptake with increasing alkyl
length, which is reasonable considering the long
PE blocks within Surlyn®. DMAc and THF were
too robust and damaged the film integrity within
hours; 1-propanol was selected as the solvent of
choice. Higher alcohols displayed apparent misci-
bility problems in the presence of the quantity of
H,0 used for TEOS hydrolysis.

In situ sol-gel reactions were preceded by
swelling melt pressed films (1-5 mil thick) for
24 h in 1-propanol, followed by the addition of a
4:1 (mol/mol) H,O:TEOS aliquot. This H,O:TEOS
ratio corresponds to complete TEOS hydrolysis,
although this condition may not be realized in
practice. Acid or base catalyst was neither added
nor needed in these experiments, which pro-
ceeded for prescribed times to achieve a variety of
inorganic uptakes. After given TEOS perme-
ation—reaction times, the samples were removed
from the solution bath and flushed with 1-propa-
nol to remove possible silica precipitates on the
film surfaces. Then the samples were placed in a
vacuum oven at 50°C and 1 Torr for a minimum of
24 h. This step removes volatiles from the film
and further drives the condensation reactions be-
tween SiOH groups within the silicate phase.
Also, the release of solvent might influence the
ease with which chains can pack into secondary
crystallites. After this drying—annealing step, all
the samples were simultaneously placed in a des-
sicator for a few days before each of the experi-
ments was performed. Thus, all of the samples
used for a given characterization experiment ex-
perienced the same thermal-aging history.
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Silicate mass (m) uptake is expressed as (mg,.;
= Minitial)Minitial X 100%. Uptakes as high as
104% were achieved and the films remained opti-
cally transparent, although a whitelike tint was
observed at higher loadings. The composite films
remained flexible with no signs of cracking with
uptakes as high as 90%.

FTIR Spectral Analysis

This technique was used to verify the incorpora-
tion of a silicate phase to the extent that
Si—O—Si bonds were formed. Qualitative conclu-
sions regarding the degree of intramolecular con-
nectivity of this phase can be made by observing
the signature of uncondensed SiOH groups. Spec-
tra were obtained using a Bruker 88 spectropho-
tometer with the resolution fixed at 4 cm !. The
thickness of the films under test were on the order
of 1 mil.

295i Solid-State NMR Analysis

The ?°Si solid-state NMR experiments were con-
ducted to study the degree of molecular connec-
tivity of the silicate phase. We discussed peak
assignments for different degrees of Si atom sub-
stitution about the SiO, tetrahedra in earlier re-
ports of organic/silicate hybrids.!415:19.20.23-25
Peaks are denoted by the symbol Q" for the Si
atom coordination state (RO),_,,Si(OSi),,, where
R = H or an alkyl group. Each peak is located
within a range of chemical shifts relative to
Si(Me), as follows: Q' = —68 to —83 ppm, Q2
= —74 to —93 ppm, Q> = —91 to —101 ppm, and
Q* = —106 to —120 ppm.

Solid-state NMR spectra were acquired using a
Bruker MSL-400 NMR spectrometer operating at
a frequency of 79.5 MHz for 2°Si. 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 sequence®?
was used to suppress 2Si background due to the
probe. The 90° pulse width was ~4 us, the probe
dead time was 13 us, 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).

ESEM/EDAX

The ESEM/EDAX experiments were conducted as
in our earlier studies to confirm the presence of an
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in situ grown silicate phase from a different per-
spective. EDAX analysis was used to determine
silicon elemental and therefore silicate compound
concentration profiles across composite film thick-
nesses. Only Zn*? exchanged Surlyn® was exam-
ined in these intitial studies because Zn is of
sufficiently detectable atomic weight to serve as
an internal composition reference for the poly-
mer. The X-ray intensity of a particular elemental
line at its characteristic energy was divided by
that observed for Zn to yield the relative concen-
tration of the former. The film was freeze frac-
tured in liquid N, and X-ray analysis was con-
ducted on a cross section.

DSC Analysis

DSC was used to determine whether the incorpo-
rated silicate phases influence the Surlyn® ther-
mal transitions discussed earlier. This analysis
was performed using a Mettler DSC 30/S Ther-
moAnalytical device; the temperature program
consisted of ramping from —100 to 170°C at a rate
of 10°C/min, followed by a —50°C/min quench to
—100°C. This process destroys the thermal his-
tory of the sample. Following quenching, samples
were reheated according to the same temperature
program and thermograms were obtained.

TGA

TGA was used to characterize unfilled control and
silicate-filled Surlyn®-H films to assess whether
organic-inorganic phase interactions influence
thermal degradation. Samples were placed in alu-
mina crucibles and tested using a Mettler Toledo
TGA850 instrument with a thermal ramp over
the range of 25-550°C at the rate of 20°C/min.

RESULTS

FTIR Spectroscopy

IR spectral studies of unfilled E-MAA copolymers
and their ionomers were reported by Earnest and
MacKnight®* and Brozoski et al.3® The former
were mainly concerned with hydrogen bond for-
mation between carboxylic acid dimers while the
latter analyzed coordination structures of carbox-
ylate groups about different cations within ionic
multiplets. The primary and limited goal of the IR
studies presented in this article was to isolate
characteristic bands of the silicate phase by sub-
tracting, from the spectrum of a given Surlyn®/
silicate film, the spectrum of the unfilled Surlyn®
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Figure 2 An FTIR transmission spectrum of unmod-
ified Surlyn®-H.

film that has identical copolymer composition,
cation type, and degree of neutralization for an
ionomer form. Brief comments are offered in re-
gard to bands for the Surlyn®-H matrix, although
a more detailed IR analysis, with a view toward
organic—inorganic phase interactions, will be con-
ducted in the future. Subtraction of the transmis-
sion spectrum of an untreated Surlyn®-H film
from the spectrum of the same, but TEOS-modi-
fied, film uncovers bands that are clear finger-
prints of a silicate phase. The pure Surlyn® spec-
trum in Figure 2 is truncated above ~1450 cm !
because of the strong absorption at higher wave
numbers, regardless of film thickness, as well as
the fact that this region is beyond that in which
the silicate bands of interest reside. The sharp
band at ~720 cm ! seen in Figure 2 is due to
methylene rocking in the backbone of Surlyn®.?%
While this is not a silicate, but is instead a poly-
mer band, attention is called to it here because
the difference spectra of TEOS-modified films re-
veal a vestige of this peak that is due to incom-
plete subtraction, perhaps because of minor
changes in the percentage of crystallinity (PE
crystal field splitting®’) in the Surlyn® tem-
plate.?® While this band appears as a singlet in
Figure 2, a closer inspection reveals twin peaks,
as discussed later in this report. Carboxylic acid
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Figure 3 FTIR difference spectra of Surlyn®H/sili-

cate hybrids with the indicated inorganic weight per-

cent uptakes.

dimerization is mainly studied using the band at
~1700 cm ™!, although Van Alsten showed that
the analysis of this peak is complicated by ion
neutralization that affects a shift to lower wave
numbers.?> COOH dimerization is also character-
ized by a broad out of plane O—H bending peak at
~940 cm ™! that is also seen in Figure 2.

Figure 3 consists of the difference spectra of
Surlyn®-H having the indicated percent silicate
uptakes. The broad band centered at ~1100 cm !
for Surlyn®-H that has silicate uptakes from 1.5
to 9.3% is attributed, as in our previous studies of
Nafion®/silicate nanocomposites,®?5 to the asym-
metric stretching vibration of Si—O—Si groups
because it is in the correct region for this mode, it
becomes more distinct with increasing silicate
content, and it does not exist in the spectrum of
unfilled Surlyn®-H in this region. This band is
important because it provides evidence of success-
ful condensation reactions between Si—OR
and/or Si—OH groups.

A distinct shoulder at ~1200 cm ™! on the left
side of this asymmetric Si—O—Si band is present
on all the spectra in Figure 3 and is in the region
of C—O—C stretching for ester groups.° It might
seem reasonable to assume that the reaction
COOH + PrOH — COOPr + H,0 occurred to
some extent during the preliminary leaching step
because the solvent used was 1-PrOH. Added to
this, the shoulder at 1200 cm ! is present in the
spectrum for unfilled Surlyn®-H in Figure 2 and
there is no silicate peak that could in this region.
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However, as will be seen later, the intrinsically
strong C=0 asymmetric stretching band for
COOPr, which should occur in the 1720-1750
cm ! region, is not present and this fact elimi-
nates the possibility of ester formation, at least at
the IR-detectable level. This peak corresponds to
the polymer matrix rather than to the silicate
phase, but the fact that it is also observed on
difference spectra suggests that it may have been
shifted as the result of the polymer in situ sol-gel
reactions. Kutsumizu et al. mention a band at
~1260 cm !, corresponding to the C—O stretch-
ing vibration of COOH groups in hydrogen
bonded dimers, as coupled with the O—H in-
plane bend, for E-MAA ionomers.® This mode, of
course, also exists for aliphatic carboxylic acid
small molecules. It is conceivable that this mode
might be shifted to lower wave numbers by hy-
drogen bonding interactions between —COOH
and =SiOH groups so that it is not subtracted
from the composite spectrum, although this
would be conjecture.

A peak for Si—OR stretching, which reflects
unhydrolyzed alkoxide groups, would appear at
somewhat less than 1100 cm ™! but there is no
clear evidence of this fingerprint.

The peak at ~950 cm ™ ?, the so-called network
“defect band,” is due to Si—OH stretching and it
is a clear signature of incomplete condensation
reactions.'®*142 It is reasoned that this band is
not associated with carboxylic acid dimers be-
cause it increases in absorbance with increasing
silicate content. Of course, it must be allowed that
a residue of the dimer band could persist due to
imperfect spectral subtraction and the close prox-
imity of these bands could cause a minor distor-
tion of the Si—OH absorbance envelope. In con-
sidering that the integrated absorbance of this
defect band is significant as compared to that of
the asymmetric Si—0O—Si band, a substantial de-
gree of incomplete molecular connection must ex-
ist in the silicate phase. A peak seen at ~800
cm~ ! might be due to symmetric stretching in
Si—O—Si groups. While this vibration is theoret-
ically IR inactive, its presence, which provides
additional evidence of successful condensation re-
actions, might be due to a deformation of tetrahe-
dral bonding symmetry about Si atoms as dis-
cussed in our earlier studies of polymer/silicate
hybrids. Finally, the strong and broad band at
~450 cm ™! that increases in absorbance with in-
creasing silicate content is assigned, as in earlier
studies of Nafion®/silicate nanocomposites, to
Si—O—Si bending vibration. The considerable
widths of these peaks is attributed to a broad
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Figure 4 FTIR difference spectra of Surlyn®Zn"?/
silicate hybrids with the indicated inorganic weight
percent uptakes.

distribution of the molecular environment about
vibrating groups that are bonded in silicate
phases that are known to consist of highly dis-
persed, high surface/volume, amorphous nano-
particles.?! Thus, all of the fingerprint bands of a
silicate phase are present and Figure 3 shows
that they become more distinct with increasing
silicate content. This behavior is also seen in Fig-
ure 4, which contains difference spectra for the
Zn*? neutralized composites. These facts led us to
believe that the subtraction spectrum is truly rep-
resentative of the silicate phase as incorporated
within the Surlyn® polymeric template but with
some interference caused by imperfect spectral
subtraction. Moreover, a silicate phase can be
incorporated in both the acid and ionomeric forms
as shown by IR spectroscopy.

In order to study perturbations of the polymer
matrix caused by the embedded silicate compo-
nent, it is necessary to inspect the composite spec-
tra because the matrix bands cannot be isolated.
This poses a limitation on the quality of informa-
tion that can be obtained because of the overlap-
ping of certain silicate with adjacent polymer
bands. Here we offer comments on selected Sur-
lyn®-H bands and reserve a more detailed analy-
sis for a future report.

The 850—1000 cm ! region, which is expanded
in Figure 5, contains the clear signature of the out
of plane OH bending vibration in COOH dimers
for 0% silica.*® The spectra are vertically dis-
placed for better visualization. It should be
pointed out that the 0% spectrum that is sub-
tracted from each composite is taken from a dif-
ferent corresponding sample in each case (i.e., the
0% curve in Fig. 5 is not a universal control). It is
noted that the spectrum for Surlyn®-H/(0.39% sil-
ica) and its unfilled Surlyn®-H control can be
rather well superimposed, which suggests an in-
ability to detect an incorporated silicate structure
in this part of the spectrum at this low level.
While the peak wave number does not shift when
proceeding to higher uptakes, the distribution
width increases. Furthermore, the difference
spectra in Figure 3 show a distinct band that is
always positive in this region. There are two sit-
uations that might account for this net absor-
bance upon subtraction. The first is the silicate
component might perturb the hydrogen bonding
structure of carboxylic acid dimers, say by inter-
actions with =SiOH groups, so as to affect a
broader distribution of this vibration frequency.
However, this “flattening” of the peak would re-
sult in a negative absorbance upon subtraction,
given that the total number of —COOH groups
(i.e., copolymer composition) is constant, and a
negative peak is in fact not observed. The second
situation is that because of the fact that the
Si—OH stretching vibration occurs exactly in this
region, its absorbance envelope simply adds to the
band for carboxylic acid dimers. The latter expla-
nation seems to be most reasonable.

0.0 wt.% Silica
0.39 wt.% Silica
1.5 wt.% Silica
2.8 wt.% Silica
3.9 wt.% Silica
4.1 wt.% Silica

0.8

[nlely 28 WY )

Absorbance

T T T T T T T
1000 980 960 940 920 900 880 860

Wavenumbers (cm'])

Figure 5 FTIR spectra (unsubtracted) of Surlyn®-H/
silicate hybrids and an unfilled Surlyn®-H control in
the region of the out of plane OH bending vibration for
carboxylic acid dimers. The spectra are vertically dis-
placed for better visualization.



Earnest and MacKnight pointed out that in
Surlyn®, the absorbance for the C=O0 stretching
vibration in hydrogen bonded carboxylic acid
dimers, where both C=0 groups are in hydrogen
bonds, occurs at ~1700 cm ™! and that this vibra-
tion for free carboxylic acid groups (i.e., neither
the C=0 nor C—O—H group of the same COOH
unit is in a hydrogen bond) absorbs at ~1750
cm 1.3* These authors noted that the free car-
bonyl band for Surlyn® is very weak and only
becomes appreciable at high temperatures.
Coleman et al. report that the band for the case in
which the C=0 group is free, but the OH group is
in a hydrogen bond, occurs at a position between
these two wave numbers.** It should also be men-
tioned that Earnest and MacKnight stated that a
band at 1735 cm ™! is due to carbonyl groups from
oxidation products.?* A shoulder (or shoulders) on
the main carbonyl peak at ~1700 cm ! does in
fact appear in the 17501725 ¢cm ™! region in the
spectra in Figure 6 for both the unfilled control
and the composites. The vertical scale is greatly
expanded to illustrate this feature. The weakness
of this shoulder is in harmony with the conclusion
of Earnest and MacKnight®* that acid dimeriza-
tion is rather complete at room temperature and
it appears that the in situ sol-gel process that
leads to the incorporation of silicate does not alter
this fact.

Also seen in Figure 6 is a somewhat asymmet-
ric band that consists of a peak at ~1470 cm !
and a weak shoulder at ~1440 cm™!. The main
peak is in a region of overlap of peaks for meth-
ylene scissoring and asymmetric methyl bending
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Figure 6 FTIR spectra (unsubtracted) of Surlyn®-H/
silicate hybrids and unfilled Surlyn®-H control in the
region of carbonyl stretching in free and hydrogen
bonded carboxylic acids groups (left) and methylene
scissoring and asymmetric methyl bending (right) vi-
brations. The spectra are vertically displaced for better
visualization.
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Figure 7 FTIR spectra (unsubtracted) of Surlyn®-H/
silicate hybrids and unfilled Surlyn®-H control in the
region of the CH,, rocking vibration.

deformations.*® Neither of these two absorbances
suffers a frequency shift with silicate incorpora-
tion.

Consider again the band for CH, rocking at
~720 cm !, which is expanded for closer inspec-
tion in Figure 7. This absorbance envelope con-
sists of a single peak for the unfilled Surlyn®-H
control, but it acquires a distinct shoulder on the
high wave number side (~730 cm™!) when the
silicate component is added. This shoulder is not
in the vicinity of any band associated with silicate
structures. Painter and Coleman®’ discuss the
phenomenon of crystal field splitting in PE that is
given evidence by the doublets at 733/721 and
1460/1475 cm ™!, Perhaps the doublet seen in Fig-
ure 7 is due to crystal field splitting because our
DSC results show a strong melting endotherm
reflective of crystallinity. This assignment sug-
gests that the 1470/1440 cm ™! pair seen in Figure
6 is the second doublet associated with crystal
field splitting. However, the unfilled control in
this particular case does not exhibit the first dou-
blet, although it is observed for other control sam-
ples and the 1470/1440 cm ™~ ! pair is faintly visible
for the unfilled control. Thus, it is inconclusive as
to whether crystal field splitting actually exists in
the filled polymer. In the difference spectra for
the composites, a negative absorbance is usually
seen at the low wave number peak position and a
positive absorbance at the shoulder position. The
negative difference peak can be mathematically
accounted for by a decreased intensity of the main
peak, and the presence of the positive peak would
arise from an increase in intensity of the shoulder
relative to the respective intensities of the corre-
sponding unfilled controls.

The overall lack of frequency shifting of the
Surlyn®-H associated bands with the incorpora-
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Figure 8 FTIR spectra (unsubtracted) of Surlyn®-H/
silicate hybrids and unfilled Surlyn®-H control in the

vicinity of the peak for Si—O—Si bending deformation
(left).

tion of the silicate component suggests, in general
terms, a lack of strong molecular level interac-
tions between the organic and inorganic phases to
the extent that bond polarization is affected. Of
course, this result does not preclude interactions
on higher dimensional scales. For example, an
entrapment or interlocking of polymer chains
within microscopic pockets at the surface of the
silicate nanoparticles is possible. While the par-
ticles appear spherical under TEM examina-
tion,?! it is possible that their surfaces are
“rough” at a higher level of magnification. In any
case, interfacial interactions of some sort must be
present to account for the observed trend in me-
chanical tensile properties versus silicate con-
tent.32

An interesting feature, not seen in Figure 3,
emerges when the spectrum in the limited 500—
400 cm ™! region is expanded. This feature is seen
in Figure 8 and consists of a peak at ~420 cm ™' to
the right of the peak assigned to Si—0O—Si bend-
ing deformation at ~450 cm ™~ !. This trait appears
in the spectra for composites with no peak fre-
quency variation, but it is absent in the spectrum
for unfilled Surlyn®. Therefore, it is most likely
that this peak is associated with the silicate
phase, although we are presently unable to make
an assignment in terms of a specific molecular
vibration mode.

The spectra for the composites based on Zn*?
neutralized Surlyn®, which are shown in Figure
4, are truncated above 1000 cm ! so that the
silicate signature bands at lower wave numbers
can be seen more distinctly because the Si—O—Si
asymmetric stretching peak for samples having
=16 wt % uptake, which is also present for these

modifications, is very strong. The same conclu-
sions offered above for the Surlyn®-H based hy-
brids are essentially true for the Surlyn®-Zn*?
based hybrids: all the silicate signature bands are
present and become more pronounced with in-
creasing inorganic content, and there are a num-
ber of uncondensed SiOH groups. Again, vestiges
of the methylene rocking band remain on these
spectra.

In some experiments involving short TEOS
permeation times, negative silicate percentage
weight uptakes were observed. This suggested
that the leaching of Surlyn® oligomers occurred
during the solvent swelling step, especially be-
cause slightly turbid solutions were seen after
swelling. To test for this, films were swollen in
1-PrOH for =24 h, removed, and placed in vacuo
and the remaining 1-PrOH solution was evapo-
rated as well. A gummy, tacky residue remained
in the vessel and this was examined via FTIR
transmission spectroscopy. A comparison of the
residue spectra with that of a nonswollen Surlyn®
film supports the concept of the outleaching of a
low molecular weight fraction because all of the
Surlyn® bands were present in the former, as
shown in Figure 9.

Consequently, to minimize this mass loss in
the swelling step prior to the in situ sol-gel reac-
tion for TEOS, pressed films were first subjected
to a leaching step in 1-PrOH for a minimum of
24 h, followed by drying to constant weight in
vacuo. Subsequent swelling, followed by TEOS
permeation and ensuing sol-gel reactions, oc-
curred as described previously. Mass loss was still
present, albeit low (<1%, and even less for Zn*?
neutralized species).

nswollen Fiim Non-volatile leached fragtion

Absorbance

&
\ f/\ /\‘\ oy

1400 1200 1000 800 €00 400
Wavenumber

Figure 9 FTIR spectra of (a) unswollen Surlyn® and
(b) the nonvolatile residue remaining after evaporation
of the swelling solvent.
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Figure 10 2°Si solid-state NMR spectra of Surlyn®—H
hybrids with the indicated silicate weight percentages.

298i Solid-State NMR Spectroscopy

The spectra for 16, 57, and 95 wt % silicate are
displayed in Figure 10. The spectrum of the 95%
hybrid, which is mostly silicate, should have a
spectrum that does not reflect the confining ef-
fects of, and interactions with, the Surlyn®-H ma-
trix. The chemical shift distribution consists al-
most exclusively of Q5 and Q, species, regardless
of silicate content, although some Q, character is
seen above the noise in the top two spectra. It is
reasonable to think that “porous” silicate nano-
particles will have a considerable degree of in-
tramolecular disconnection, although these par-
ticular spectra are not of such a quality as to
resolve, say, the Q unit sequence distributions
that might be correlated with a measured poros-
ity. The considerable degree of Qj, as well as
detectable Q,, coordination is in general agree-
ment with the structural interpretation of the
FTIR results and it might be inferred that some
degree of porosity is present. The relative popu-
lation of SiO, groups that are coordinated to four
Si atoms is comparable to the fraction that has
incomplete coordination.
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ESEM/EDAX

A plot of the Si:Zn X-ray intensity ratio across the
fracture surface of a film having 7 wt % silicate in
Figure 11 shows a relatively constant concentra-
tion of Si with somewhat higher concentrations
near the film edges. While the points are scat-
tered and the data should be viewed on a semi-
quantitative basis, the concentration of Si com-
pared to Zn is somewhat high. Perhaps using
Surlyn® with a greater degree of neutralization
and greater percentage of MAA would minimize
this statistical error because Zn is used as the
internal X-ray standard or reference against
which the Si X-ray absorption is measured. None-
theless, the evidence in Figure 11 reinforces the
conclusion, arrived at by spectroscopic means,
that a significant silicate component is success-
fully incorporated through the depth of the film
whose thickness is ~5 mils.

DSC Analysis

Two endothermic transitions are seen on a first
heating run of an unfilled Surlyn®-H control sam-
ple in Figure 12. It is important to note that these
transitions are inherent to the acid form, as well
as the counterion-exchanged form. The higher
temperature (7,, = ~90°C) endotherm is as-
signed to the melting of primary crystallites,
based on knowledge derived from the earlier stud-

Si:Zn 1 A
8

——7—

0.0 0.2 0.4 0.6 0.8 1.0
Cross-section of film (normalized to 1)

Figure 11 Si:Zn relative concentration profile across

the thickness direction of a Surlyn®—Zn?*/silicate film
with 7 wt % silicate as determined by ESEM/EDAX.
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Figure 12 First-heating, cooling, and second-heating
DSC scans for unmodified Surlyn®-H.

ies discussed in the Introduction. The lower tem-
perature (which we label as T,,") endotherm oc-
curs between 40 and 70°C. Based on the evidence
presented in the Introduction, we tentatively as-
sign this event to the melting of small secondary
crystallites as possibly modified by the presence
of silicate structures. During quenching, a crys-
tallization exotherm is observed at ~50°C. Upon
subsequent reheating, the lower endotherm dis-
appears. However, when annealed at ambient
temperature for times on the order of days or
weeks, this submelting temperature event reap-
pears. The exact position of T',,’, as discussed by
Kutsumizu et al., is a function of aging time.®
Next, we discuss the DSC thermograms of
TEOS-modified Surlyn® samples. First-scan ther-
mograms for Surlyn®-Zn*?/silicate hybrids are
seen in Figure 13 and reveal two distinct endo-
therms similar to those seen for the unmodified
Surlyn® control in Figure 12. T’ and T,, are
relatively unchanged with silicate incorporation.
It must be kept in mind that the samples in Fig-
ure 13 are not pure Surlyn® but are Surlyn®-Zn*?2
with inserted silicate nanoparticles. Also, the an-
nealing process involves the release of solvent,
which might assist chain packing into secondary
crystallites. It appears that silicate particle inser-
tion does not significantly interfere with second-

ary or primary crystallization in the sense that
both crystalline entities persist. This conclusion
is in harmony with the noninterpenetrating na-
ture of the silicate phase as given evidence by the
well-defined spherical nature of the nanopar-
ticles.?!

TGA

The TGA thermograms of the unfilled and hybrid
samples seen in Figure 14 show essentially no
change in the temperature of the onset of degra-
dation. The mass of the hybrids remains constant
at temperatures > 475°C, which is typical of a
silicate component at these temperatures that are
low and nondegradative relative to inorganic ox-
ide glasses. While the degradation onset temper-
ature is rather invariant, higher temperatures
are required for the organic phase of the hybrids
to totally degrade, which might imply interac-
tions between the organic and inorganic compo-
nents near the phase boundaries. An alternative
view is that this “extra” weight loss is due to
water that is released because of temperature-
driven condensation reactions between uncon-
densed SiOH groups. In any case, these results
imply a considerable degree of organic/inorganic
phase separation in the sense of noninterpenetra-
tion. No mass whatsoever is retained above 475°C

Wt %Si
Uptake

20
w +35.6
15 w +35.0

Exo > (milliwatts)
o =)
JJJ
oz

75 50 25 0 25 50 75 ‘ 100 125 150
Temperature (°C)
Figure 13 First scan DSC thermograms of Surlyn®-—

Zn?"/silicate hybrids with the indicated inorganic per-
centage uptakes.
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Figure 14 TGA thermograms (10°C/min) of Surlyn®—
H/silicate hybrids with the indicated compositions plus
an unfilled Surlyn®-H control sample.

for the unfilled copolymer, and the residual mass
fraction for the hybrid specimens above this tem-
perature is commensurate with the initial silicate
filler content.

CONCLUSIONS

Selected exploratory experiments demonstrated
that Surlyn®/silicate hybrids are achievable via
polymer in situ sol-gel reactions for TEOS. FTIR
spectra provided evidence of and limited informa-
tion in regard to silicate structures that were
incorporated in both the acid and Zn*? forms of
Surlyn®. All of the fingerprint bands of a silicate
phase were present and, given the detection of a
considerable population of SiOH groups, incom-
plete molecular connection existed within this
nanophase. In future studies this structural as-
pect will be manipulated via the pH, water con-
centration, and drying conditions. The —COOH
dimerization in Surlyn®-H was rather complete at
room temperature and the in situ sol—gel process
that led to silicate incorporation did not change
this condition. The absence of frequency shifting
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of Surlyn®-H associated bands with the incorpo-
ration of the silicate component implied that
strong interactions on the molecular level between
the organic and inorganic phases were not
present or weak. However, the phases must be
mechanically coupled on a larger dimensional
scale as indicated by our experiments that
showed a monotonic increase in mechanical ten-
sile modulus with increasing silicate content.

The 2°Si solid-state NMR analyses indicated
mainly Q5 and Q, coordination states, regardless
of silicate content, which was in general agree-
ment with the interpretation of the FTIR results
that showed incomplete condensation. From this
considerable degree of molecular disconnection,
we inferred that an ill-defined porosity was
present. The ESEM/EDAX evidence reinforced
the conclusion arrived at by spectroscopic means:
it is possible to incorporate a significant silicate
component through the depth of the films.

First-scan DSC thermograms for Surlyn®-
Zn*?/silicate hybrids revealed two distinct melt-
ing endotherms similar to those seen for unmod-
ified Surlyn®. It appeared that silicate particle
insertion in this way does not significantly inter-
fere with crystallinity, which was in harmony
with the well-defined spherical geometry ob-
served for the nanoparticles. The TGA of unfilled
Surlyn® and hybrid samples showed essentially
no change in the temperature of the onset of ther-
mal degradation, which implied that a consider-
able degree of organic/inorganic phase separation
existed.

Future experiments will include similar utili-
zation of in situ sol-gel processes to generate
titania and mixed silica-titania nanophases in
Surlyn® matrices.
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