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ABSTRACT: The structure and dynamics of poly(ethylene oxide) (MW 400, PEO400) intercalated in the
galleries of a layered fluoromica clay were investigated by spin-label electron spin resonance (ESR), XRD,
DSC, and TGA. PEO400 was end-labeled by attachment of a nitroxide radical and intercalated in 0.78 nm
clay galleries. The ESR spectra of intercalated PEO400 showed two motional components, fast and slow,
which were attributed to polymer segments weakly and strongly interacting with the clay interface,
respectively, while a single spectral component was measured for bulk PEO400. The rotational diffusion
coefficient for the polymer chain segment, Rs, was determined by simulating the temperature variation of the
ESR spectra, based on the “macroscopic order with microscopic disorder” (MOMD) model. The effect of the
molecular weight was assessed by comparison with the previous study of PEO4000 (PEO4K [Miwa, Y.; et al.
Macromolecules 2008, 41,4701—4708]. The values of log Rg for bulk PEO400 and PEO4K at 330 K were 8.8
and 7.4, respectively; the higher mobility of bulk PEO400 is considered to be a result of the higher
concentration of chain ends, which leads to their enhanced mobility through cooperative motion. In contrast
to bulk PEO, the mobility of the spin-labeled intercalated PEO was not enhanced, indicating that the
cooperative segmental motion of PEO in the galleries is reduced. The smaller A.. value (the '*N hyperfine
splitting along the z axis of the 2p. orbital of the unpaired electron) for intercalated PEO400 compared to the
bulk polymer was taken as an indication that hydrogen bonding between the nitroxide labels and the hydroxyl
chain ends of PEO400 in the galleries is hindered. From these results, it was concluded that interactions

between PEO segments are negligible and cooperative segmental motions are reduced in the galleries.

Introduction

The structure and dynamics of poly(ethylene oxide) (PEO)
chainsintercalated in layered silicate galleries have attracted great
interest as a model system to study polymer behavior in nanos-
copically confined media.'~'" In this system the PEO chains are
confined in narrow, <1 nm wide, galleries between the inorganic
layers. The unique structure and mobility of intercalated PEO
chains compared to bulk PEO are due to limited available space
and to the interaction with the charged surface of the inorganic
host layers and with interlayer cations.

The intercalated PEO does not show a melting transition in
differential scanning calorimetry (DSC), indicating that polymer
crystallization is inhibited.® The conformation of the intercalated
PEO has been discussed in some important papers. A helical
conformation of the intercalated PEO was first pro;aosed on the
basis of Fourier transform infrared (FTIR) and **Na and "*C
solid-state nuclear magnetic resonance (NMR).! However, Har-
ris et al. suggested that long helical sections in intercalated PEO
are not possible because of the low trans content demonstrated by
double-quantum '*C solid-state NMR.” Wu and Lerner pro-
posed the existence of all-trans PEO conformations due to
adsorption of polymer layers on the inorganic host surfaces.”
However, Bujddk et al. claimed that a highly ordered structure is
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improbable from energetic considerations.® Recently, Giannelis
and co-workers decided on disordered and liquidlike structure of
PEO on the basis of computer simulations, L1 23Na and *H
solid-state NMR, and X-ray diffraction (XRD).>*

The dynamics of PEO intercalated in clay gallenes has been stu—
died by solid-state NMR,*~> thermally stimulated current (TSC),°
dielectric spectroscopy,'*'* and computer simulations.”'*'> As the
glass transition is known as a relaxation mode based on cooperative
motions of polymer segments,'® its absence indicates that segmental
cooperative motions are hindered in the galleries. TSC measure-
ments, however, showed a broad relaxation starting at about
the PEO glass transition temperature (7, = 218 K) up to ~333 K,
which was characterized by a very low activation energy, E,.° The
authors tentatively concluded that TSC is detecting an inherently
noncooperative segment motion of the intercalated PEO. Elmahdy
et al. detected by dielectric spectroscopy an accelerated segmental
dynamics of PEO intercalated in clay galleries that followed
an Arrhenius temperature dependence with a single activation
energy, while the segmental relaxation of bulk PEO was better ex-
plained with two activation energies based on the Vogel—Fulcher—
Tammann equation.'>'* The authors proposed that the higher
mobility of intercalated PEO compared to bulk PEO may be due to
smaller cooperative region for the intercalated PEO. The ?H NMR
line shapes of intercalated deuterated PEO (d-PEO) suggested two
differences compared to bulk PEO: evidence for enhanced chain
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mobility from the appearance of the central peak at a lower
temperature (250 K) compared to bulk PEO (270 K), and the
presence of two spectral components, fast and slow, at 340 K only in
the nanocomposite; bulk -PEO showed only the fast relaxing
component.® > This latter result indicated that the mobility of some
segments in intercalated PEO was low even at the high temperature.
Computer simulations showed a coexistence of fast and slow
segmental relaxations and determined a higher segmental density
with a slower segmental relaxation near the inorganic areas.”'*'> At
higher temperatures the number of cations coordinated to the PEO
oxygens decreases, leading to the increase of the relative intensity of
the fast spectral component. Moreover, lower segmental density of
intercalated PEO than the bulk PEO was demonstrated.

Electron spin resonance (ESR) based on spin-label and spin-
probe techniques has been used recently to obtain detailed
information on the local environment and dynamics on time
scales in the range 107''=1077 s in polymer/inorganic nano-
composites:'” " Brik et al. reported the first spin-label study, on
PEO/silica nanocomposites, and reported that the polymer mo-
tion was hindered in the vicinity of the silica “nodes”, a result that
was verified by *C NMR.'7 Jeschke and his group studied the
dynamics of a spin-labeled surfactant in organically modified
silicates and their composites with polystyrene usin% CW and
pulsed ESR techniques as well as *'P MAS NMR."" We have
reported on the direct effect of the clay on the intercalated
polymer in a spin-label study of exfoliated poly(methyl acrylate)
(PMA)/synthetic fluoromica (Somasif) nanocomposites.

Recently, we have applied the ESR spin-label technique
to determine the molecular mobility of PEO with a molecular
weight of 4K (PEO4K) intercalated in clay galleries.”® The
temperature variation of the ESR spectra was simulated based
on the “macroscopic order with microscopic disorder” (MOMD)
model, and the mobility of the intercalated PEO was determined.
As the PEO4K was intercalated in narrow (0.33 nm) clay
galleries, the ESR spectra indicated a very low segmental mobility
even at high temperature, 410 K, which was attributed to the
strong polymer interaction with the charged silicate platelets. In
wider (0.83 nm) galleries, however, the parameters used to
simulate the ESR spectra of the nitroxide labels reflected a
lowering of the PEO segmental density: In this sample, the
ESR spectrum consisted of two distinct contributions from slow
and fast motional components, and the relative intensity of the
fast component increased with an increase in temperature. These
slow and fast motional components for the intercalated PEO
were in good agreement with the results indicated by NMR and
computer simulations.* >!%!> The two spectral components
were attributed to segments located close to, and away from, the
polar solid walls in the gallery, respectively. Interestingly, the
activation energy of the segmental motion in the fast motional
component was lower compared to that of bulk PEO. The low
segmental density and reduced cooperative motion with neigh-
boring segments in the gallery were considered as the main factors
leading to the fast PEO chain motion with a low activation
energy.

We present a study of the structure and dynamics of PEO
having a molecular weight of 400 (PEO400) intercalated in clay
galleries, based on the sgin-label ESR method that was also used
in our previous work.”’ In the bulk, the spin-labeled PEO400
(SLPEO400) showed much higher mobility and larger 4. value
than PEO4K, a result that is most likely due to the higher
concentration of chain ends (A.. is the '*N hyperfine splitting
along the z axis of the 2p. orbital of the unpaired electron). The
large A.. value is mainly a result of the hydrogen bonding
between hydroxyl groups at the chain ends and the nitroxide
labels. The degree of the hydrogen bonding for the intercalated
PEO400 was estimated from the A4.. value. On the other hand, the
enhanced mobility with an increase in the concentration of chain
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Chart 1. Chemical Structure of Spin-Labeled PEO
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ends indicated that the spin-labeled sites moved cooperatively
with the mobile chain ends: The enhanced mobility of the spin-
labeled sites with a decrease in a molecular weight is evidence for
the cooperative motion with other segments. Therefore, the effect
of the molecular weight on the dynamics of the intercalated PEO
allowed a qualitative estimate of the degree of cooperative
motions for PEO segments in the clay galleries.

Experimental Section

Materials. Poly(ethylene oxide) having the number-average
molecular weight M, = 400 (PEO400) was purchased from
Aldrich Chemical Co., Ltd. Anhydrous pyridine (99.8%), thio-
nyl chloride (=99%), 3-(carboxy)-2,2,5,5-tetramethyl-1-pyrro-
lidinyloxy (3-carboxy-PROXYL), 4-hydroxy-2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPOL), deionized water (CHROMAS-
OLV), toluene (299.5%), and hexanes (99.9%) were also from
Aldrich and used as received. Benzene (=99.5%, Aldrich) was
dried with molecular sieves (8—12 mesh, beads effective pore size
10 A, Fisher Scientific Co.) and calcium hydride (Eastman
Kodak Co.). Synthetic fluoromica (Somasif ME-100) was sup-
plied by CO-OP Chemical Co., Ltd., Japan. The chemical com-
position of Somasif was Nag ssMg2.65(S13.08A10.02)010 02F1.96,
and the cationic exchange capacity was 115 mequiv/g.

Synthesis of Spin-Labeled PEO400. Before spin-labeling,
PEO400 was dialyzed (Bio Design Dialysis tubing #D102) in
water for 1 day with water refreshed every several hours and
dried at 323 K for 48 h in vacuum after excess water was
evaporated. The chain end of PEO was spin-labeled via ester-
ification with 3-carboxy-PROXYL, as described in detail in
ref 20. The benzene solution of the spin-labeled polymer
(SLPEO400) was added to a large amount of hexane containing
3 vol % of pyridine. The precipitated SLPEO400 was collected
and dried at 323 K in vacuum for 24 h; this procedure was
repeated five times. Then SLPEO400 was dialyzed in water, as
above for the original PEO400. After the large amount of water
was evaporated, SLPEO400 was dried at 323 K in vacuum for
48 h and admixed with nonlabeled PEO400 at room temperature
in order to reduce the concentration of the spin-label to ~1 x
10~ mol/g, using a standard solution of TEMPOL in toluene as
an intensity reference. The chemical structure of SLPEO400 is
shown in Chart 1.

Preparation of PEO400/Somasif Nanocomposites. PEO400/
Somasif nanocomposites were prepared via the solution inter-
calation method.' Somasif was dispersed in deionized water to a
concentration of 1.5 wt %. The dispersion was ultrasonicated
and stirred until a homogeneous system was observed, usually
for 1—3 h. SLPEO400 was dissolved in water to a concentration
of 1.5wt %, and the solution was added dropwise to the Somasif
dispersion, stirred vigorously for 6 h, and followed by solvent
evaporation. The sample was then dried in a vacuum oven at
333 K for 6 h. The dried sample was powdered using a mortar
and pestle, dried again at 333 K for 24 h, and washed with
benzene to remove the nonintercalated PEO. Our work on
PEO4K /Somasif has demonstrated that only the noninterca-
lated PEO is removed in this procedure.”” The nanocomposite
was finally dried in a vacuum oven at 353 K for 24 h.

The amount of Somasif'in the nanocomposite was determined
to be 77 wt % by TGA measurement, as shown in Figure 3. The
notation used for the nanocomposite is NANO(400)77. The
characteristics of the samples used in this work are listed in
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Figure 1. (A) XRD patterns of neat Somasif and NANO(400)77 in the
26 range 3°—10°. (B) Intercalation of PEO chains in the silicate layers.

PEO400

T, = 205K T =279K

m

Endotherm

NANO(400)77

— naNowr|

! L L !
175 200 225 250 275 300
Temperature / K

Figure 2. DSC traces for PEO400 and NANO(400)77. Note the T, and
T,, transitions for PEO400 and the absence of transitions for the
nanocomposite.
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Figure 3. TGA curves of PEO400 and the nanocomposite NANO-
(400)77 measured in air.

Table 1. Data for NANOS2, which is an intercalated PEO4k/
Somasif nanocomposite containing 82 wt % Somasif (ref 20),
are also listed in Table 1.
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Table 1. Characteristics of Samples Used in This Work

sample Somasif/wt % dgaiiery/ nm” T,/K* T/K€
PEO400 205 279
NANO(400)77 77 0.78
NANO82¢ 82 0.83

“Determined by TGA. ” Gallery width in which PEO400 was inter-
calated (determined from XRD data). “ Determined by DSC. “NANOS2
is an intercalated PEO4k/Somasif nanocomposite referred from ref 20.

ESR Measurements. ESR samples were prepared by trans-
ferring the powders to 4 mm o.d. quartz tubes and heating
under vacuum to remove the adsorbed water before sealing;
SLPEO400 was heated to 333 K and NANO(400)77 to 373 K.
Spectra were recorded with Bruker X-band EMX spectrometers
operating at 9.7 GHz and 100 kHz magnetic field modulation
and equipped with the Acquisit 32 Bit WINEPR data system
version 3.01 and the ER4111 VT variable temperature unit. The
microwave frequency was measured with a Hewlett-Packard
5350B microwave frequency counter. Most spectra were col-
lected with the following parameters: sweep width 120 G,
microwave power 2 mW, time constant 20.48 ms, conversion
time 40.96 ms, 2—16 scans, and 2048 points. The modulation
amplitude was varied in the range 0.5—2 G, depending on the
line width. The temperature was controlled within +1 K. All
samples were allowed to equilibrate for at least 15 min after
reaching the desired temperature.

Simulation of ESR Spectra. ESR spectra were calculated with
the software based on the stochastic Liouville equation,?? as
described previously.?® Simulated spectra were fitted to experi-
mental spectra using a PC version of the NLSL program based
on the modified Levenberg—Marquart minimization algorithm,
which iterates the simulations until a minimum least-squares fit
to experiment was reached.”® The g and N hyperfine tensors
were determined by analyzing rigid-limit spectra measured
at 100 K.

The model known as “microscopic order with macroscopic
disorder” (MOMD) was applied for calculating the spin-label
rotational diffusion.”* The model assumes that the spin-labels
undergo microscopic molecular ordering with respect to a local
director; the local directors in the sample are randomly orien-
ted in the laboratory frame. Pilar has summarized recently
the successful application of the MOMD model for analyz-
ing ESR line shapes of spin-labeled polymers.?® The rotational
diffusion of nitroxide spin-labels attached to polymer chain
segments has been approximated by superposition of the
isotropic rotational diffusion of the polymer chain segment
with the rotational diffusion coefficient, Rg, and the internal
rotation of the spin-label with the rotational diffusion coeffi-
cient, R.> When the nitroxide spin-label is attached to a
polymer chain via a short tether, it is assumed that R, = Rg
and R,; = Ry + Rs. Here, Ry and R, are the parallel and
perpendicular rotational diffusion coefficients, respectively.
The use of a cylindrical symmetry for the pyrrolidine label
(a five-membered ring) is justified because ESR spectra at
X-band are not sensitive to fast motions such as the inter-
nal rotation of the label, which are “nearly averaged out”.?*®
It appears that a rotational motional model with cylin-
drical symmetry is appropriate at X-band not only for a six-
membered label but also for a five-membered one, as in
this study. The number of parameters and the symmetry of
the rotational components used in the present simulations
are along the lines described in the literature for pyrrolidine
spin-labels.?**

Differential Scanning Calorimetry (DSC). DSC measure-
ments were carried out using the Q10 differential scanning
calorimeter manufactured by TA Instruments, calibrated with
an indium standard. Cooling was accomplished by a TA Instru-
ments quench cooler accessory. The DSC cell was purged with
dry nitrogen flowing at a rate of 50 mL/min. Measurements were
carried out at a heating rate of 10 K/min.



8910 Macromolecules, Vol. 42, No. 22, 2009

X-ray Diffraction (XRD). Diffraction data were acquired on a
Scintag X2 diffractometer using Cu Ko radiation generated at
45 kV and 40 mA and configured in a Bragg—Bretano focusing
geometry. The scattering angle (26) was scanned at 0.03°/s in the
range 3—10° using a step size of 0.03°. The Bragg equation was
applied to calculate the spacing, d, of Somasif platelets.

Thermal Gravimetric Analysis (TGA). Weight loss measure-
ments during controlled heating were carried out with TA
Instruments Hi-Res TGA2950 and used to determine the
amounts of residual water and polymer. Samples weighed
typically ~10 mg, and measurements were conducted during
heating to 823 K at a rate of 10 K min™~' under flowing air.

Results

Figure 1A presents the XRD patterns for neat Somasif and
NANO(400)77 measured in the 260 range 3°—10° at ambient
temperature. Somasif has two peaks, at 260 = 7.2° (dyo; = 1.23 nm)
and 9.3° (0.95 nm), indicating hydrated and dehydrated phases,
respectively.”® NANO(400)77 shows a peak at 20 = 5.1° (d=1.73
nm). The increase of dis attributed to the intercalation of PEO400
into clay galleries: The gallery in which PEO400 is intercalated is
0.78 nm in the NANO(400)77 (1.73—0.95 nm), as shown in
Figure 1B. DSC traces of PEO400 and NANO(400)77 are shown
in Figure 2, where melting and glass transitions for PEO400
appear at 279 and 205 K, respectively. The degree of crystallinity
of PEO400 is estimated to be ~52% using 222.2 J/gas as the
fusion enthalpy of PEO crystallites>” while the crystallinity of
PEO4k is 91%, most likely because of the high concentration of
chain ends. No transitions were detected for NANO(400)77. The
weight loss (TGA) data for PEO400 and NANO(400)77 shown in
Figure 3 clearly show that NANO(400)77 has a decomposition
temperature ~100 K higher than PEO400.

Selected experimental and simulated ESR spectra of SLPE-
0400 and NANO(400)77 in the range 100—410 K are shown in
Figure 4. The temperature dependence of the ESR line shapes is
due to changes in the rotational rate of the nitroxide radical with
correlation time, 7., defined as 1 /(6(Rprp2Rp11)]"’3). The rigid-limit
spectra observed at 100 K were successfully fitted using the NLSL
program with very slow isotropic Brownian rotational diffusion
of the spin-label (Ry = Rprp =1 X 10° s7"). Best fits required a
superposition of Lorentzian line shape with Gaussian inhomo-
geneous broadening. The Gaussian line width is considered to
reflect local interactions sensed by the nitroxide labels. The
Gaussian and Lorentzian line widths (AHg and AHy) and the
A and g tensors used for the best fits are listed in Table 2. The
A.. values were determined from experimental spectra within
+0.1 G. The 4 and g tensors were fixed for the simulations at the
higher temperatures.

Rs, Ry, and the other parameters describing the local dynamics
in the PEO chains were determined by fitting experimental
spectra, and the results are shown in Figure 5. ESR spectra of
SLPEO400 were simulated with a single spectral component, but
two different spectral components, fast and slow, were necessary
to fit the spectra for NANO(400)77. Arrhenius plots of Rgand Ry
are shown in parts A and B of Figure 5, and the corresponding
activation energies Eg and Ej are listed in Table 3. The Rg values
for SLPEO4K and for NANOS?2 (from ref 20) are also plotted in
Figure 5SA; NANOS?2 is an intercalated PEO4K/Somasif nano-
composite containing 82 wt % Somasif. The percentages of the
fast component in NANO(400)77 and NANOS2 are compared in
Figure 6.

The effect of the dynamic parameters on the simulated line
shapes was investigated in detail. The variation of the para-
meters Rprp, Rpis Bp, €20, and cpy is shown in the Support-
ing Information and compared to the best-fitting simulated
spectrum. The line shapes are very sensitive to the dynamic
parameters, indicating the narrow range of the parameters that
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Figure 4. Temperature variation of experimental (—) and simulated
(---) ESR spectra for (A) SLPEO400 and (B) NANO(400)77.

can be deduced and that characterize the dynamics in these
systems.

Discussion

Structure of NANO(400)77. The XRD data shown in
Figure 1 indicate that the polymer is intercalated in clay
galleries of width 0.78 nm (1.73—0.95 nm) in NANO(400)77,
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Table 2. Parameters Used for the Simulation of ESR Spectra

Ax.\‘/ Ayy/ Azz/ AHG/ AHL/

sample . &y g G G G G G
PEO400 2.0087 2.0067 2.0020 5.5 3.7 348 70 1.5
NANO(400)77 2.0088 2.0067 2.0025 59 4.2 336 86 14
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Figure 5. Arrhenius plots of the rotational diffusion coefficients Rg in
(A) and Ry in (B). Data for PEO4K and NANOS?2 are from ref 20.

Table 3. Activation Energies

sample Es/kJ mol™! Ei/kJ mol™!
PEO400 61 45
NANO(400)77 (slow component) 10 14
NANO(400)77 (fast component) 30 14
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Figure 6. Temperature variation of the relative intensity (%) of the fast
spectral component in NANO(400)77. Data for NANOS2 are from ref 20.

as illustrated in Figure 1B. The thickness of a PEO chain
containing only trans bonds was reported to be about 0.37
nm.* The aggregation of PEO chains is disturbed in the
gallery because of limited space. As reported in our previous
paper, the gallery width in NANOS2 is 0.83 nm.*° Therefore,
PEO400 is confined in slightly narrower galleries compared
to PEO4K.

NANO(400)77 did not show any transitions in the DSC
trace in contrast to that the PEO400 showed melting and
glass transitions at 279 and 205 K, respectively (Figure 2).
The absence of the melting transition indicates that the
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crystallization of PEO400 is inhibited in the galleries. More-
over, it also indicates that segmental cooperative motions of
intercalated PEO400 are hindered because a glass transition
is a relaxation mode based on segmental cooperative mo-
tions.'® In the bulk state, the length scale of the cooperativ-
ities near the glass transition was determined to be a few
nanometers.?® These results are in good agreement with the
previousl;/ reported DSC results for the PEO/clay nanocom-
posites.®°

NANO(400)77 showed significantly higher decomposi-
tion temperature than bulk PEO400 (Figure 3). Polymer/
clay nanocomposites usually show higher degradation tem-
perature compared to bulk polymers because the diffusion of
oxygen molecules is disturbed by the clay platelets.*’ Results
in Figure 3 provide additional evidence for the intercalation
of PEO chains in the galleries.

Hindered Hydrogen Bonding in the Galleries. ESR spectra
at 100 K reflect the local environment around the labeled
chains because their motion is frozen. It is well-known that
the A.. value is sensitive to, and increases with, the local
polarity.***! For SLPEO400 A4..=34.8 G, remarkably larger
than that of the SLPEO4K, 33.6 G, due to the high
concentration of hydroxyl groups at the chain ends in
PEO400. The increase in the hydroxyl group concentration
increases the polarity of PEO; a hydroxyl group forms a
hydrogen bond with a nitroxide, and the result is a significant
A.. increase.>? In other words, the nitroxide labels are good
indicators for local polarity and hydrogen bonding.

For NANO(400)77 A.. = 33.6 G, significantly smaller
than that of bulk SLPEO400 (34.8 ), suggesting a decrease
in the hydroxyl group concentration around the nitroxide
labels. Therefore, the hindered hydrogen bonding between
the hydroxyl groups and the nitroxide labels in the galleries is
considered to be the main factor of the small A4.. value for
NANO(400)77. Moreover, the A.. value of NANO(400)77,
33.6 G, is almost the same as that of NANOS2, 33.4 G.%
Namely, the hydroxyl group concentration around the nitr-
oxide labels did not increase even though the number of
hydroxyl groups increased in the galleries. This result in-
dicates that the PEO segments in the galleries are isolated,
and the interactions between PEO segments are negligible.

Segmental Mobility of PEO in Clay Galleries. NANO-
(400)77 showed two motional components, fast and slow, in
contrast to the single motional component in SLPEO400. As
discussed in our previous work, the fast and slow motional
components can be attributed to PEO segments weakly and
strongly interacting with the solid surface.?’ This conclusion
is in accord with computer simulations, which showed the
coexistence of fast and slow segmental relaxations and
determined a higher segmental density with a slower seg-
mental relaxation near the platelet surface.”'>!> Moreover,
as shown in Figure 6, our experimental results also showed
an increase in the intensity of the fast motional component
with an increase in temperature, in accord with the prediction
of the computer simulations. NANO(400)77 showed a lower
percentage of the fast motional component than NANO(4k)82
(Figure 6), indicating that more PEO segments are strongly
interacting with the platelet surface in NANO(400)77 com-
pared to NANOS2. As described above, the gallery in
the NANO(400)77 (0.78 nm) is narrower than in NANO-
(4k)82 (0.83 nm). It is expected that PEO segments interact
more strongly with the platelet surface in narrower galleries. In
fact, when PEO4K was intercalated in 0.33 nm galleries, no fast
motional component was observed.”’ These results indicate that
the mobility of confined PEO chains increases with an increase
in the gallery width because more PEO segments are released
from the attractive interactions between PEO segments and the
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platelet surface. We can therefore expect that the hydroxyl
terminals form hydrogen bonding with the silicate surface;
therefore, the mobility in NANO(400)77 is lower than in
NANOS2 because the chain ends act as immobilized anchoring
points. However, FT-IR spectra measured at ambient tempera-
ture showed that the O—H stretching vibration at 3333 cm ™' in
PEO400 is shifted to higher frequency in NANO(400)77 (Figure
S-4). This surprising result indicates that the interactions with
the hydroxyl groups are weakened in the galleries; therefore, the
chain ends are not acting as immobilized chain ends.

The log Rs value of the fast motional component in
NANO(400)77 is lower than that of SLPEO400, as shown
in Figure SA. For example, log Rs for NANO(400)77 and for
SLPEO400 at 330 K are 7.6 and 8.8, respectively. This result
indicates that the motional rate of the PEO segments is
slower in the galleries because of the attractive interactions
between PEO segments and the platelet surface. This logic
can also rationalize the recent reduced segmental mobility of
PEO chains confined in nanometer thick laponite galleries,
as reported recently by Lorthioir et al. in their '*C and 'H
solid-state NMR study."'

On the other hand, the Eg value of the fast motional
component in NANO(400)77 (30 kJ/mol) is lower than that
of bulk PEO400 (61 kJ/mol) (Table 3). In the bulk, polymer
segments move cooperatively with neighboring segments.
It is expected that the activation energy of the segmental
motion increase with increases in the size and strength of the
cooperativity. However, segmental cooperative motions of
SLPEO400 are hindered in the galleries, as suggested by the
absence of the glass transition in NANO(400)77 by DSC.
Therefore, we suggest that the lower value of Eg for the fast
motional componentin NANO(400)77 is due to the hindered
segmental cooperative motion in the galleries. A lower
activation energy for the intercalated PEO was also detected
by TSC® and dielectric relaxation'*'* measurements.

Effect of the Molecular Weight on PEO Dynamics in Clay
Galleries. The glass transition temperature of a polymer
generally decreases with an increase in the concentration of
chain ends in chains with lower molecular weights.>* Because
the spin-labeled sites move cooperatively with neighboring
segments in the bulk, the mobility of the spin-labeled sites
increases with an increase in the chain end concentration
even when the chain ends are spin-labeled.**** In contrast, if
the cooperative motion with neighboring segments is hin-
dered, the mobility of the spin-labeled sites is not enhanced
with a decrease in the molecular weight.

PEO400 has a higher mobility than PEO4K (Figure 5A)
because of the higher chain end concentration. This result
indicates that the molecular mobility of the spin-labeled sites
was enhanced by the chain ends through the cooperative
motions. On the other hand, NANO(400)77 showed some-
what lower mobility than NANO(4k)82: For example, the
log Rs values of the fast motional component in the NANO-
(400)77 and NANOS2 at 410 K were 8.3 and 8.8, respectively
(Figure 5A). Taking into account the narrower galleries
in the NANO(400)77, stronger attractive interactions
between the PEO segments and the platelet surface are
expected for the NANO(400)77; this is considered as the
cause of the lower mobility in NANO(400)77. Furthermore,
this result indicates that the mobility of the spin-labeled sites
of the intercalated PEO was not enhanced by the increased
chain ends. This is new evidence for the idea that the
cooperative segmental motion of PEO is reduced in the
galleries.

Ordering Potentials. Best fits of ESR spectra were
achieved with ordering potential parameters c¢,g and c¢;p,
which describe the shape of the ordering potential at a given
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temperature.24d The combination of positive ¢yq and ¢,
values results in a maximum in the director orientation
distribution in the xg—zgr plane.24d For PEO400, ¢, is
sensitive to the temperature and much larger than cpg
(Figure S-1); above ca. 280 K, both ¢,o and ¢», values become
close to zero, indicating a random rotational diffusion of the
labels. In this temperature regime the label motion is acti-
vated by the segmental motion of PEO.?* We note that in this
study the chain end of the PEO was labeled. The motion of
the chain end is expected to be more isotropic than the inner
segments. Therefore, the motional ordering of the labels
becomes almost isotropic as the label motion is activated
by the segmental motion of the PEO main chain. The
ordering potential parameters for the NANO(400)77 show
a similar tendency with that of the PEO400: the behavior of
the local motion around the label for the fast motional
components in NANO(400)77 is similar to that in bulk PEO.

Conclusions

The effect of chain ends on the dynamics of PEO intercalated
in Somasif galleries was investigated by comparing PEO400 and
PEO4K. For the bulk polymers, PEO400 showed much higher
mobility than PEO4K because of the higher chain end concen-
tration. The molecular mobility of the spin-labeled sites is
enhanced by mobile chain ends through the cooperative motion
with neighboring segments. On the other hand, the mobility of
the spin-labeled sites of the intercalated PEO was not enhanced
by the increased number of chain ends. This result indicates that
the cooperative segmental motions are reduced in the galleries.
Moreover, the lower A.. value of the NANO(400)77 compared to
that of PEO400 indicates hindered hydrogen bonding between
hydroxyl groups at the chain ends and nitroxide labels in the
galleries. From these results, we conclude that interactions
between PEO segments are negligible.
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