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The variations in morphology and local structure in a series of tin fluorophosphate glass-
polyethylene (TFPPE) hybrids were investigated using solid-state *H, 3C, and 3!P MAS NMR.
The combination of direct polarization 3C MAS NMR experiments with various delay times
and carbon spin—Ilattice relaxation filtered cross-polarized MAS NMR experiments allowed
guantification of the monoclinic, orthorhombic, amorphous, and intermediate phases in the
low-density polyethylene (LDPE) component of the TFPPE hybrids. These 3C MAS NMR
results showed an increase in the crystallinity with the addition of tin fluorophosphate (TFP)
glass into the hybrids. The 3P MAS NMR spectra reveal major changes in the local structure
of the TFP glass component, with several new phosphorus species being formed during the
production of the hybrid. The results of the 'H-*C and 'H-3'P 2D wide line spectroscopy
experiments demonstrate that all of these new phosphorus species are spatially correlated
with the two new proton species that appear in the *H MAS NMR of the TFPPE hybrids.
There is no evidence of correlation between these new phosphorus species and the methylene
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protons of the LDPE polymer component.

Introduction

Glass-polymer hybrids have the advantage of im-
proved mechanical properties without increasing cost
or the difficulty of processing.!=* Traditionally E-glass
or other types of silicate-based glass systems have been
used to produce polymer-glass hybrids.* These hybrids
have the disadvantages of having to be processed with
the glass in the solid state and are, in general, com-
paratively expensive. Because of these reasons, among
others, there has been a recent increase in the use of
phosphate glasses to produce melt-mixed hybrid mate-
rials.3~8 The two materials studied here were poly-
ethylene and tin fluorophosphate glass. Polyethylene
(PE) isused widely inavariety of differentapplications.9~14
Tin fluorophosphate (TFP) glasses on the other hand,
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have limited applications, but recent reports demon-
strate an increasing range of possibilities. Low-temper-
ature water resistant SnF,—SnO—P,05 glasses have
been proposed for ophthalmic application.'®> Similarly,
Sn—Zn phosphate glasses have also been proposed as a
lead-free alternative for the production of sealing frits.16:
In addition, SnF,—SnO—P,0s glass systems have been
developed as host materials for organic chromophores
for use in optical devices.’819 It is the low glass transi-
tion temperature (Tg) of these TFP glasses (~ 120 °C)
that make them prime candidates in the production of
glass-polymer hybrids.

These hybrid materials have been shown to have both
interesting morphologies and mechanical properties.1—3
Understanding the morphology and local structure of
these glass-polymer hybrids is important in explaining
the observed physical properties. In addition, this
knowledge is required to tailor the microstructure and
properties of the hybrids for specific applications. Solid-
state NMR has become a versatile method for studying
both polymer and glass systems.2® There have been
numerous solid-state NMR investigations of PE and
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other crystalline polymer systems, as well as several
investigations of phosphate glass systems.2%22 Solid-
state 13C NMR has been used to examine and quantify
the crystalline, amorphous, and intermediate compo-
nents in PE.23~28 Recent work by Hu and Schmidt-
Rohr2® have produced a new solid-state MAS NMR
methodology for quantification of the different compo-
nents using a combination of direct polarization (DP),
cross-polarized (CP) MAS, and carbon spin—Ilattice
relaxation time (T1c) filtered CPMAS 13C NMR.?® A wide
variety of experimental techniques have been used to
determine the structure of the tin fluorophosphate glass
systems. These have included IR, Raman, XPS, Moss-
bauer spectroscopy, HPLC, and EXAFS.30-32 Until this
time, there has been very limited NMR work done on
TFP glass systems and no reported NMR work on
phosphate glass/polymer hybrids.

In this investigation we report the 1H, 13C, and 3P
MAS NMR along with the *H-13C, and the *H-31P wide-
line spectroscopy (WISE) results for a series of tin
fluorophosphates-polyethylene (TFPPE) hybrids. Using
these NMR results, changes in both the PE polymer
morphology and the local TFP glass structure can be
addressed. In addition, information about the interface
between these two components is also discussed.

Experimental Procedures

Preparation of Hybrid Material. The glass used
for these experiments was prepared from stoichiomet-
rically calculated amounts of ammonium dihydrogen
phosphate (NH4H,PO,), tin oxide (SnO), and tin fluoride
(SnF,) to form the tin fluorophosphate (TFP) glass
system with the nominal composition 50SnF,-20Sn0O-
30P20s. Ground and mixed batches of 30 g were placed
in vitreous carbon crucibles and heated at 425 + 10 °C
for 25 min. Pouring them onto a cool steel plate
guenched the samples to the vitreous state.31:32 The
glass polymer hybrids were prepared from the 50SnF,:
20Sn0-30P,05 base glass and low-density polyethylene
(LDPE, PE 1035) obtained from Huntsman Chemical
Corporation. All of the materials used were dried for at
least 24 h at 100 °C under vacuum before use. A
Brabender Measuring Head (C. W. Brabender Instru-
ments, Inc.) torque mixer with twin roller-type rotors
was used to prepare the hybrids. The mixer was
preheated to 140 °C with a fixed shear rate of 30 rpm.
The LDPE polymer was first added to the mixing head
of the mixer and maintained at 140 °C for 5 min until
a homogeneous melt was achieved. Subsequently, the
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Figure 1. ¥3C MAS NMR spectra for the 10% TFPPE
composite for a 1 s recycle delay, 10 s recycle delay and a 1000
s recycle delay. The variation of the relative prominence of
the different phases within the polyethylene component of the
polymer is visible.

glass was added as an unsized ball-milled powder and
the mixture was melt-mixed for 20 min until completely
homogeneous. A number of hybrids with TFP glass
loading of 10%, 30%, and 50 vol % were prepared for
this study. Additional details on the hybrid preparation
method are available elsewhere.l3

DSC. The melting characteristics were investigated
using a Perkin-Elmer Model DSC-7 after calibration
with an indium standard. Samples with weights of
approximately 10 mg were sealed in aluminum pans
and analyzed with a scanning rate of 10 °C/min.

NMR Analyses. All solid-state MAS NMR experi-
ments were performed on a Bruker AMX400 instrument
operating at 100.6, 162.0, and 400.2 MHz for 13C, 8P,
and 1H, respectively. A 4-mm broadband MAS probe
was used with sample spinning rates between 10 and
12.5 kHz. The different pulse sequences used in the
analysis of the 13C MAS NMR experiments are shown
in Figure 1S in the supporting material, with the
methodology being detailed elsewhere.?3 All 13C pulse
sequences employed a Hahn-echo to minimize baseline
distortion, and utilized two pulse phase modulation
(TPPM) H decoupling.3® One-dimensional (1D) DP MAS
13C spectra utilized long 1000 s recycle delays. DP
spectra with shorter recycle delays (1 s and 10 s)
required the modified sequence (Figure 1S) to remove
nuclear Overhauser effects (NOE) by allowing the 'H
magnetization to fully relax. Both DP 13C experiments
utilized a 3.8 us 71/2 pulse, with 1-2K scans for the 10
s DP sequence and 24—48 scan averages for the 1000s
DP sequence. The CPMAS experiments with and with-
out a carbon spin—lattice relaxation time (T,c) filter
(Figures 1S) were obtained using a 0.5 ms contact time
and a 5 s recycle delay. The Tic filter experiments
incorporate a delay during which the 13C magnetization
undergoes spin—lattice decay prior to observation. All
13C chemical shifts were referenced to the crystalline
PE peak (6 = +32.8 ppm). The 3P MAS spectra were
obtained with TPPM 'H decoupling and utilized a
single-pulse DP sequence with a 3.5 us 7/2 pulse, a 60
s recycle delay and 512 scans, or a CPMAS sequence
using a 2 ms contact time, a 4 s recycle delay, and 2K
scans. The 3P chemical shifts were referenced exter-
nally to a secondary standard (NH;)H,PO4 (6 = +0.8
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ppm with respect to 85% phosphoric acid 6 = 0.0 ppm).
IH MAS spectra were obtained from single-pulse DP
experiments on samples spinning at 10 kHz to obtain
narrowed amorphous signals. All 'H spectra were
referenced to the main polyethylene resonance at 6 =
+1.3 ppm. The two-dimensional (2D) H-13C WISE
experiments were obtained using a 1 ms CP contact
time, 48 scan averages, 256 increments in the t;
dimension, with a 250 kHz f; spectral width. The 1H-
31p 2D WISE experiments were obtained using a 2 ms
CP contact time, 16 scan averages, 1024 increments in
the t; direction, with a 250 kHz f; spectral width.

Results

A variety of NMR techniques were used to examine
the TFPPE hybrids at three TFP glass compositions:
10%, 30%, and 50 vol %. Details of the changes in the
PE phase morphology resulting from the addition of TFP
glass and subsequent processing were examined using
13C MAS NMR. Within the hybrid material, the TFP
glass portion was studied using 3P MAS NMR. In
addition, a combination of 13C, 3P, and 'H MAS along
with 1H-31P and 1H-13C 2D WISE experiments were
used to probe the interface between the polymer and
phosphate glass within the hybrid material.

13C MAS NMR. By evaluating the spectra obtained
using a series of different 13C pulse and recycle delays,
the different phases within the polyethylene polymer
can be identified and quantified. For example, at least
four distinct phases are discernible in Figure 1 which
shows the 1, 10, and 1000 s recycle delay DP MAS
spectra for the 10 vol % TFPPE hybrid. In the 1 s DP
spectrum (Figure 1, bottom), the fast relaxing amor-
phous phase is present as a broad peak centered at 6 =
+31.1 ppm (Full Width Half Maximum (fwhm) ~ 150
Hz). A second fast relaxing, nonpolyethylene resonance
is also observed at 6 = +32.3 ppm (fwhm = 43 Hz). This
resonance has been attributed to a bromine-containing
flame retardant present within the starting polyethyl-
ene material. This assignment is consistent with the
additional resonances observed at 6 = + 38.9 and 60.3
ppm in both the solid state 13C MAS NMR and the high-
resolution solution 13C NMR spectra of these materials
(not shown). The intensity of this additive signal is
~16% of the total PE signal, and is constant for all of
the materials investigated. In the 10 s DP spectra
(Figure 1 middle) the broad, highly trans-chain inter-
mediate polyethylene phase can be observed at 6 =
+32.9 ppm (fwhm = 75 Hz). Finally, the crystalline
orthorhombic 6 = +32.8 ppm (fwhm = 25 Hz) and
monoclinic 6 = +34.2 ppm (fwhm = 40 Hz) phases
appear for the 1000 s DP spectrum (Figure 1, top). These
crystalline, intermediate, and amorphous phases clearly
overlap, but differences in the relaxation properties
allow them to be separated and quantified such that
changes in the polyethylene morphology resulting from
TFP glass addition can be determined (see discussion
below).

The 1D 3C CPMAS NMR spectra, using a 10 s Tic
filter, are shown in Figure 2 for LDPE and the TFPPE
hybrids investigated. Because of differences in the
carbon spin—lattice relaxation times, the Tic filter
sequence suppresses the rapidly relaxing amorphous
and intermediate phase resonances, resulting in the
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Figure 2. 3C CPMAS NMR spectra using a 10s Tic filter
(Figure 1S in supporting material) for LDPE and the TFPPE

composites. The Tic filter suppresses the signal from the
amorphous and intermediate PE phases.
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Figure 3. 3C MAS NMR spectra with a 10 s recycle delay
for LDPE and the TFPPE composites. This short recycle delay

suppresses the signal from the carbons in the crystalline
phases.

crystalline phases dominating the spectra in Figure 2.
Both the monoclinic (6 = +34.2 ppm) and orthorhombic
(6 = +32.8 ppm) crystalline phases are clearly visible
within the LDPE and hybrids. The 10s DP MAS spectra
for LDPE and the TFPPE hybrids are shown in Figure
3, with the noncrystalline domains prominent in these
spectra. No large differences in the crystalline or
amorphous spectra are observed with increasing TFP
glass concentration. A more quantitative analysis is
therefore required.

Quantification of the four partially overlapping phases
was obtained through line shape deconvolution, and
difference spectroscopy, using a method recently de-
scribed by Hu and Schmidt-Rohr.22 Briefly, the amor-
phous polyethylene phase has a short 13C spin—lattice
relaxation time (T1c ~ 0.2 s) and is almost completely
relaxed after 1 s, while the interphase carbons have a
slightly longer relaxation time but can be quantified
from the 10 s DP spectra. The approximate line widths
and chemical shifts of each component were determined
from the 1 s DP MAS experiment and the difference
between the 1 and 10 s DP experiments. For analysis
of the crystalline phase, the 10 s 13C DP MAS spectrum
was subtracted from the 1000 s DP spectrum. The
differential spectrum shows only the sharp orthorhom-
bic and crystalline phases resulting from the long Tic
relaxation times. The intensity of the isotropic crystal-
line signal was corrected for spinning sidebands (~3%



344 Chem. Mater., Vol. 14, No. 1, 2002

wn
=
T T

03
=3
T

—@— Orthorhombic
—&— Monoclinic
—— Interphase

Amorphous Bl

O DSC Crystallinity |--—

30 it
\ [0 NMR Crystallinity b

Relative Abundance (%)

P N N RS B
0 10 20 30 40 50
Vol.% Glass

Figure 4. A plot of the relative fraction of the PE phases
versus vol % fraction TFP glass in the TFPPE composites.
Fractions were determined using *3C MAS NMR (Table 1S in
supporting material). The total crystallinity as determined
from DSC analysis is also presented.
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Figure 5. The isotropic chemical shift region of the 3P MAS
NMR spectra for the TFP glass and TFPPE composites using:
a) direct polarization with a 60 s recycle delay, and b) CPMAS
with a 2 ms contact time. Deconvolution results are detailed
in Table 2S in supporting material.

at 10 kHz), and incomplete relaxation after 1000 s as
determined by a 1000 s Tic-filtered CPMAS sequence.
A correction for the crystalline relaxations during the
short 10 s recycle delay was also included in the
calculations. The relative fraction of the crystalline
phases was finally determined from the corrected value
of the crystalline integral compared with the integral
of the 13C DP MAS spectrum obtained with the 10 s
recycle delay. For the TFPPE hybrids investigated, the
variations in the relative fractions of these four phases
with increasing TFP glass concentrations are shown in
Figure 4. Additional details are given in Table 1S of the
supporting material. Despite the complexity of this
process, the NMR calculated crystallinity (the sum of
the relative fraction of the orthorhombic and monoclinic
phases) are in agreement with the DSC data (Figure 4
and Table 1S).

1P MAS NMR. Direct polarization and CPMAS
NMR spectrum for the TFPPE hybrids are shown in
Figure 5. The isotropic spectral region of the hybrids
reveals several overlapping resonances (the spectral
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deconvolutions are summarized in Table 2S). For the
as-prepared TFP glass only a single asymmetric broad
resonance was observed at 6 = — 15.9 ppm (fwhm =
2232 Hz). Inhomogeneously broadened 3P MAS spectra
are commonly observed in phosphate glasses, and reflect
the large distribution in bond lengths and bond angles
encountered in amorphous systems.3* This asymmetric
resonance was deconvoluted using two overlapping
resonances at 6 = —19.7 ppm and 6 = —13.5 ppm. There
have been no systematic NMR investigations of tin
fluorophosphate glasses reported. There have been a few
NMR studies of crystalline fluorophosphates,3® along
with fluorinated sodium phosphate and fluorinated
sodium aluminophosphate glasses.3¢ Brow and co-work-
ers argue that if the fluorine is structurally incorporated
in place of the bridging oxygen in the phosphate, the
81p chemical shifts are very small because of the
similarity of the electron density in the bridging P—0O
oxygen and the nonbridging P—F bonds.3¢ Replacement
of the nonbridging oxygen, however has a significant
effect with the Q! pyrophosphate end group (—OP(0O")s3)
resonating at 6 ~ —2 ppm, while the fluorophosphate
Q! species (—OP(O™),F) is observed at 6 = — 17.9 ppm
(where the Q" notation describes the different phosphate
tetrahedral species, with n = 0,1,2,3 representing the
number of bridging oxygens attached to the phosphate).
The 3P chemical shifts of the Q° orthophosphate show
a similar trend, with (P(O7)4) being observed at 6 =
+11.7 ppm and the monofluorophosphate (P(O7)sF) at
0 =+ 5.7 ppm.38 In the pure TFP glass, the 3P chemical
shifts is consistent with the (—OP(O™),F) fluorophos-
phate Q! species. The 3P CPMAS spectra of the pure
glass sample revealed weak overlapping resonances at
0 = —18.7 ppm and 6 = —6.4 ppm, which are different
chemical shifts than that observed in the 3P DP MAS
spectrum. Based on the 3P DP NMR spectra, these
resonances that can be cross-polarized from 'H comprise
only 2 to 4% of the total 31P signal. This weak CPMAS
signal indicates that there is a low water concentration
in the starting glass material, confirming our expecta-
tion of excellent durability of these particular glass
systems. In addition, this limited CPMAS signal also
demonstrates that the significant CP signal observed
in the processed hybrids (see below) must result from
1H introduced during the mixing with PE, and not from
the original TFP glass.

With processing of the TFP glass into the hybrid,
several changes are observed. As seen in Figure 5 (and
Table 2S), the 3P MAS spectra are now composed of
several highly overlapping resonances. It is clear that
there is a significant change in the glass structure
during the preparation of the hybrid. There is a broad
resonance (fwhm ~ 2400 Hz) at 6 ~ —12 ppm that
steadily decreases in relative concentration with reduc-
tion of the TFP glass vol % fraction. This species may
be closely related to the bulk glass resonance seen in
the base TFP at 6 = —13.5 ppm since it is most
prevalent at higher TFP glass concentrations, but the
chemical shift is downfield shifted slightly and shows a
1H CP signal. In the original TFP glass sample, the 31P
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Figure 6. The *H MAS NMR spectra of LDPE and the TFPPE
composites. In the composite materials two new resonances
appear with increasing TFP glass concentration.

CPMAS resonances were observed at 6 = —18.7 ppm
and 6 = —6.4 ppm. The resonance at 6 = ~ —4.8 ppm
(fwhm ~ 300 Hz) shows a steady increase in relative
concentration with decreasing TFP glass concentration,
and probably represents unresolved interface species.
The other three 3P resonances observed have relative
concentrations that are very small, or remain rather
constant with variation in the hybrid composition. We
cannot, at present, unambiguously identify all of the
resonance peaks in the spectra. However, past work
mentioned above as well as HPLC data taken for this
study in the TFP glass system has shown that there
are a variety of structures present in the glass other
then the simple Q! dimers that would normally be
expected to be present.303237 This range of structures
may occur as a result of the reactivity of the phosphorus
atoms with the fluorine in the SnF. This phosphorus
reactivity causes POy-xFx anions to be formed in the
glass material. In addition, there are a variety of
phosphate structures that can be found in hydrated
glass species.3840 The previously reported tendency of
the TFP glass system to exhibit shear-induced crystal-
lization under certain conditions is also expected to
contribute to the complexity of the spectra.?3

1H MAS NMR. The isotropic regions of the 1D DP
1H MAS spectra are shown in Figure 6 for the TFPPE
hybrids. Spinning of the hybrid samples at 10 kHz
reduced the 'H line width of the PE amorphous and
crystalline phases (6 = + 1.3 ppm) and allowed the
observation of two new signals at 6 = + 6.6 and 10.8
ppm that appear with addition of the TFP glass (Figure
6). The changes in the relative fraction of these 'H
resonances as a function of hybrid composition are
summarized in Table 3S.

1H-13C and 1H-31P WISE. The 2D 1H-13C WISE NMR
spectrum for the 30% TFPPE hybrid sample is shown
in Figure 7. Similar 2D WISE spectra (not shown) were
observed for both the 10% and 50% TFPPE hybrids.
These spectra reveal a very broad 'H resonance (cen-
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Figure 7. The 2D H-3C WISE NMR spectra for the 10%
TFPPE composite. The crystalline, intermediate and amor-
phous carbons in the PE component all correlate to the CH,
protons at 6 = + 1.3 ppm.

tered at approximately 6 = + 1.3 ppm) for both the
monoclinic and orthorhombic carbons in the PE com-
ponent. The 2D WISE spectrum of the monoclinic
carbon resonance (0 = +34.2 ppm) has much lower
intensity relative to the orthorhombic phase and is
therefore not visible at the contour levels chosen in
Figure 7. The observation of a broad H line width for
the orthorhombic and monoclinic phases is consistent
with the rigid protons of highly crystalline systems. The
carbons of the amorphous PE phase (6 = + 31.1 ppm),
along with the carbons of the additive (6 = + 32.3 ppm)
are correlated to protons that have a much narrower
line width. The chemical shift of this narrower H
resonance is still observed at 6 = + 1.3 ppm. This
demonstrates that both the crystalline and amorphous
methylene 'H have the same chemical shift (and are
combined in the relative fractions calculations in Table
3S). It should be noted that there is no correlation
observed between the carbons within the amorphous PE
component (6 = + 31.1 ppm) and the two new H
resonances at 6 = + 6.6 and 10.8 ppm in the TFPPE
hybrids. Additionally, the well resolved 13C resonance
at 0 = +38.9 ppm of the flame retardant additive reveals
a narrow H line width, and shows no spatial correlation
with these two new 'H resonances. Unfortunately, the
broad 'H line width of the crystalline phase obscures
the observation of any correlations between the carbons
of the crystalline and intermediate PE phase and these
new 'H resonances.

The 2D 'H-3P WISE NMR spectrum for the 50%
TFPPE hybrid sample is shown in Figure 8. Similar 2D
WISE spectra were observed for the 10% and 30%
TFPPE hybrids. Spectral slices through the three 'H
resonances of interest are also shown. These slices show
the 81P spectra of the phosphorus species that are
correlated with a given 'H type. In these hybrid materi-
als no phosphorus species are spatially correlated with
the methylene protons of the PE component, since there
is no apparent signal for this *H chemical shift, 6 = +1.3
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Figure 8. The 2D WISE *H-3P WISE NMR spectra for the 50% TFPPE composite. Spectral slices through the *H resonances at
0 = +1.3, +6.6 and +10.8 ppm are presented to the right of the 2D WISE spectra, revealing the 3!P species correlated with the

different *H species.

ppm (Figure 8a). The broad 3P resonance at 6 = +11.8
ppm is correlated exclusively with the H species at ¢
=+ 6.6 ppm (Figure 8b). The small 3!P resonance at ¢
~ =+ 0.7 ppm shows correlation with both of the new 'H
species at 6 = + 6.6 and + 10.8 ppm. The remaining
31p species (0 ~ —14.2, —8.0 and —4.7 ppm) are
correlated with the most downfield 'H species at 6 = +
10.8 ppm (Figure 8c). These results indicate that there
are two types of protons associated with the glass
network. If hydrolysis of the glass network has occurred
because of water present in the polymer during process-
ing, we would expect to see not only the proton reso-
nance resulting from P—OH bonding, but also some
resonance resulting from any molecular water that is
left unassociated in the network. The 'H NMR signal
for unassociated water is observed between 2 and 7
ppm.3° In zinc phosphate glasses, strongly absorbed
surface water was found to produce a *H resonance at
0 = ~ + 8 ppm.*% In the TFPPE hybrids the 'H
resonance at 0 = +6.6 ppm is probably the result of
absorbed water of the TFP glass surface within the
hybrid, or is produced by a very weak hydrogen bonding
environment. This is consistent with the correlation to
the 3P NMR resonances at 6 = +0.7 and —11.8 ppm,
which are assigned to the Q° and Q! phosphate species
near absorbed water, respectively. The resonance oc-
curring at +10.8 ppm is indicative of a stronger hydro-
gen bond between the phosphate tetrahedra and the
protons.?® The H chemical shift is consistent with
intermolecular sharing of an OH or water proton
between adjacent Q! or possibly adjacent Q! and Q°
units within the TFP glass structure. The observed
correlation between this hydrogen bonded proton at ¢
= +10.8 ppm and the 3P MAS NMR resonances at § =
—14.2, —8.0, —4.7 and +0.7 ppm results from intermo-
lecular hydrogen bonding between a variety of different
Q! and QP phosphate species. The lack of evidence for
correlation between the polymer backbone and the 'H
resonances at 6 = +6.6 and 10.8 (see 1H-13C 2D WISE
discussion), the weak H concentration in the original
TFP glass, and no corresponding 'H NMR absorbed
water signal in the original LDPE material (Figure 6)
suggests that the formation of these new 'H and 3P

resonances results from the infiltration of water and
subsequent hydrolysis of the TFP glass component
during hybrid processing despite the care to ensure dry
starting materials and the lack of steps in processing
where water could have been absorbed.

DSC. The peaks of the melting endotherms for LDPE
and hybrid materials were observed at 131 + 1 °C for
two consecutive runs. All samples have only a single
PE melting peak, typical of LDPE. The melting tem-
perature and calculated crystallinity for LDPE and each
of the hybrids are given in Table 1S in the supporting
material. The crystallinity of the 10% and 30% TFPPE
hybrids are slightly higher than pure LDPE, while the
50% hybrid sample exhibited a slightly lower crystal-
linity. However, the accuracy of these measurements
is limited in the TFPPE hybrids because of several
factors including high uncertainty in the LDPE mass
and low enthalpies of melting. In addition, the correla-
tion between melting enthalpy and crystallinity may not
be possible because of the presence of the intermediate
components and residual strains.

Discussion

By combining these different NMR results, an im-
proved understanding concerning the resulting struc-
ture and morphology in these TFPPE hybrids is pos-
sible. The 13C NMR results show that there are no major
variations in either the structure or relative phase
distribution of the PE component with addition of TFP
glass up to 50 vol %. A small, steady increase in the
overall crystallinity is observed with higher glass load-
ing. Both the monoclinic and orthorhombic phases are
observed to increase in relative concentration with
higher vol % TFP glass (Figure 4). These NMR results
deviate slightly from the DSC trend that shows a
decrease in the crystallinity at the highest (50%) load-
ing. The increased crystallinity is ascribed to glass
nucleation of the LDPE crystallites, thereby increasing
the propensity to crystallize. The amorphous phase is
reduced by ~6% in all three hybrid materials when
compared to the pure LDPE. On the other hand, the
relative fraction of the intermediate phase appears
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unaffected by the addition of the TFP glass. A slight
increase in the intermediate phases for the 10 vol %
TFPPE hybrid is observed, but is close to the experi-
mental uncertainty. Inspection of the 1H-13C 2D WISE
(Figure 7) demonstrates that the new H species ob-
served with increasing TFP glass concentration do not
have a close proximity to the methylene protons of the
amorphous PE component. Besides the increase in the
overall PE crystallinity, there does not appear to be any
other changes in structure that are the result of glass
addition in the hybrid. The 3P MAS NMR results
clearly show major changes to the TFP glass component
of the hybrid, including the formation of several new
phosphate species that may be due to hydrolysis during
the mixing process. The two new H species observed
in the hybrid are spatially correlated with the numerous
new phosphorus species formed with increasing TFP
glass loadings.

The experimental accessibility of the phase structure
and dynamics of the hybrids reported here confirms our
expectation of molecular-scale mixing during processing
of the hybrid components in the liquid state. The low
Ty and flow characteristics of the hybrid components
facilitate the molecular-scale mixing as previously
reported.>2 The ability to combine, in a single material,
inorganic (TFP) and organic (LDPE) components at the
nanometer molecular length scale is thought to repre-
sent an exciting possibility with extraordinary implica-
tions for the rational design of novel multifunctional
materials having a wide range of prescribed structures
and properties. It is hoped that the present study will
provide useful guidelines to future experimental studies
and theory development for the little-studied glass-
polymer hybrids.

Conclusion

These experiments demonstrate that for the TFPPE
hybrids investigated there are very distinct changes in
the local structure of the TFP glass component, while
the PE component shows minor variations of the overall
phase morphology. The 3P MAS results show that there
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are very pronounced differences in the TFP glass
structure as a function of different volume % loadings
in the hybrids. The single broad resonance characteristic
of the pure TFP glass is replaced by five to six distinct
new phosphorus species. There does not appear to be a
31P resonance that is the same as that for the base TFP
glass as Figure 5 shows. This last experimental fact
indicates that there is no bulk TFP glass simply residing
in the PE matrix, but instead all of the TFP glass has
undergone a structural change during the formation of
the hybrid.

In addition to the crystalline orthorhombic and mono-
clinic modifications of the PE, a number of fast relaxing,
non-PE resonance structures were observed in the
hybrids. These non-PE structures are ascribed to addi-
tives such as brominated flame retardant present in the
as-received PE. Differences in the relaxation properties
of the aforementioned structures allowed them to be
reliably deconvoluted and quantified, making it possible
to discern the effects of the TFP glass addition on the
PE morphology in the hybrid. It is noteworthy that the
percent crystallinity of the hybrid as determined by the
solid-state NMR methods was found to be consistent
with that obtained from differential scanning calorim-
etry.
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