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ABSTRACT: Nanocomposites of poly(methyl acrylate) (PMA) with synthetic fluoromica (Somasif) as the
inorganic component were studied as a function of clay content by the spin-label electron spin resonance (ESR)
technique, X-ray diffraction (XRD), and differential scanning calorimetry (DSC). PMA was modified by attachment

of nitroxide radicals and trimethylammonium chloride (TMC) groups in low concentrations nol %). lon
exchange between the TMC moieties as anchoring groups and the Somasif surface allowed the preparation of
exfoliated nanocomposites even in the absence of surfactants. The presence of nitroxide labels and the absence
of surfactants allowed the detection of the direct effect of the clay on polymer dynamics. The properties of these
materials were compared with those of the nanocomposites prepared with the clay modified by surfactants. Structural
data from XRD were combined with ESR results in order to assess the extent and intensity of palayer
interactions at the interface. ESR spectra indicated that the mobility of PMA chains in the nanocomposites is
constrained due to the interactions in the interface region. The average thickness of the rigid interface in the
nanocomposites prepared without surfactants was estimated to be in the-rdrigers, based on the deconvolution

of ESR spectra measured as a function of temperature into slow (S) and fast (F) components. The average interface
thickness decreased with increasing Somasif content, most likely because of overlap between Somasif platelets.
In nanocomposites prepared in the presence of surfactants, the interaction between PMA and Somasif was reduced,
and the mobility of PMA was enhanced. No significant effect on polymer dynamics was detected in conventional
composites, in which the clay was dispersed on a scale siginificantly larger than the nanoscale.

Introduction conducive to a better understanding of the system. While some

Polymer/clay nanocomposites, formed by dispersing nano- PaPers claimed that n4oié:hange Ty was detected, others
sized clay particles in a polymer matrix, have received much €ported an nerease "~ or even the total disappearance of
attention in both scientific and industrial fields due to their € transmor?l, in other casiess, a decrease of the for
enhanced mechanical properties and thermal stability, even at’@n0composites was report€d: , ,
low inorganic content, 25 wt %22 Two main types of polymer/ Nanocomposngs have significantly larger interfacial area
clay nanocomposites are usually studiéutercalated in which between the matrix polymer and the clay compared to conven-
polymer chains occupy the interlayer spaces between stakingt'onal composites. This increase in interfacial area results in an

silicate platelets, andathminatecbr exfoliated in which discrete  Interfacial region where the polymer matrix is expected to have

clay layers are dispersed in the polymer matrix. As expected, properties that are significantly different compared to the bulk

the type of clay dispersion in the polymer matrix has a major polym(_ers. There_fore_, _the study of molecular_motion of polymers
impact on the polymer properties in the nanocomposites. at the interface is critical for an understanding of the effects of

Exfoliated nanocomposites are usually more desirable becausé!@ys on polymer properties. o
the strong interactions between the polymer and the clay layers If surfactants are added to enhance _the miscibility between
can lead to controllable and often optimized polymer properties. the two components, the nature of the interface as well as the
Transmission electron microscopy and X-ray diffraction (XRD) Polymer dynamics may be affected. This surfactant effect is
are typical methods used to estimate the structure of polymer/considered to be one of the reasons why contradictory conclu-
clay nanocomposités? XRD measures the distance between Sions about thdg of polymers in composites have often been
the platelets in the neat clay and the changes that result fromfepPorted. Th&g measured by DSC of syndiotactic poly(methy!
polymer intercalation between the silicate layers. methacrylate) (s-PMMA,) confined between layers of an orga-
Polymer segmental mobility is one of the most important _noph|I|c montmorlllor_ut(_e (OMMT) |nCI_reased W|th_ an increase
factors affecting thermoplastic flow, gas diffusion, and ion N OMMT content; this increase was interpreted in terms of an
transport in polymer/clay systems. The effect of clays on the increase in intermolecular carbonyl group interactioA.
segmental motion expressed as the glass transifignof decrease ofTq was, however, reported for epoxy/OMMT
polymers in nanocomposites has been evaluated as a pOSSibléyStemS and attributed to the formation c_)f_ an interphase in w_hl_ch
indicator of this effect. However, information from the measure- surfactant molecules attached to the silicate surface plasticize

ment of T, of polymers in nanocomposites is not always the intercalated polymef.? _ _
Electron spin resonance (ESR) spin-label and spin-probe

e . techniques allow us to discern different sites in complex systems
University of Detroit Mercy. . . . : .

* Ford Research and Innovation Center, Ford Motor Company. and can provide information on the local dynamics on time
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Chart 1 were adsorbed on activated aluminum oxide (150 mesh, Aldrich)
(A) [2-(acryloyloxy)ethyl]trimethylammonium chloride (2ATAC) and removed.
N Synthetic Somasif (ME-100) and Somasif MEE (MEE) were
j\ supplied by CO-OP Chemical Co., Ltd., Japan. The chemical
0™ "o composition and the cationic exchange capacity of Somasif are

Nag 6dVIg2.6d(Sis.08A 0.09) O10.0d1.06and 115 mequiv/g, respectively.
MEE is Somasif modified with the surfactant methyl tallow bis-

ET@T (2-hydroxyethyl)ammonium (Chart 13:20
cl Synthesis of Spin-Labeled PMA.Methyl acrylate (MA) was
(B) Spin-labeled PMA with attached trimethylammonium chloride groups polymerized Via radical p0|ymerization in DMF SO|Ution' The Inltlal

molar composition was MABA:2ATAC:AIBN = 100:1:1:0.3. The

Wﬂ reaction mixture was stirred for 30 min undeg Now, and the
07 ~007"0 07~00 0”0 polymerization was carried out at 343 K for 6 h. The mixture was

NH . . .. .

| H | | then dissolved in acetone and precipitated in a water/methanol
mixture, and the precipitate was dried in a vacuum oven at 353 K

—N6 N for 24 h. As a result, PMA containingrt-butyl and trimethylam-
@ | Oe monium chloride moieties along the chain was prepared. For spin-

labeling, an amideester interchange reaction between tég-

(C) Surfactant in modified MEE, methy] tallow bis-2-hydroxyethylammonium butyl moiety and 4-amino-TEMPO was carried out in acetone

R\®/\/OH solution at 283 K for 4 days, followed by PMA precipitation in a
N water/methanol mixture to remove the large amount of unreacted
/ \/\OH R: Tallow spin probe and drying in a vacuum at 353 K for 24 h. This

precipitation was repeated four times, and the ESR signal from the

nanometerd® In nanocomnosites. these methods have the probe was measured in the solution; after the fourth precipitation
rs: posites, S S hav the signal from the probe was not detected, indicating complete

potential to reveal the effect of surfactants and clay surface on remgyal of unreacted 4-amino-TEMPO. The chemical structure of
the polymer dynamics and to complement studies that focus onspin-labeled PMA containing trimethylammonium chloride moieties
average system properties. An ESR study of polymer/clay is shown in Chart 1. The weight-average molecular weidyht)(
composites was recently reported by Jeschke ét &l.a study and the molecular weight distributioM(,/M,) of this sample were

of surfactants in organoclays and their composites with poly- 11 600 and 1.57, respectively, as determined by gel permeation
styrene (PS), using several ESR techniques: ESR of the spinchromatography (GPC) using PS standards (Tosoh).

probe, electron nuclear double resonance (ENDOR), electron Preparation of PMA/Somasif NanocompositesSomasif was
spin echo envelope modulation (ESEEM), and four-pulse double dispersed in deionized water to a concentration of 1.5 wt %. The
electron-electron resonance (DEER). The spin probe was the dispersion was ultrasonicated and stirred until a homogeneous

- N . : _ system was observed, usually-3 h. Methanol was then added,
Eulrfa:jcta'n:] I(\I.,N,N.;[jrlmethyrl] N hexadegylarrrl]monlqml IOHSf) rl]a and the mixture was stirred for 1 h; the methanol/water ratio (v/v)
eled with nitroxides at the. or w ends. The variation of the ¢ five The spin-labeled PMA was dissolved at 323 K in methanol
ESR spectra with temperature showed that the mobility of the 1o a concentration of 5 wt %. After the PMA was completely

anchor point on the clay surface was much lower than that of dissolved, deionized water was added (to 13 vol %), and the solution
the free tail. This technique allowed the determination of was stirred for 30 min at 323 K. This solution was added to the
surfactant mobility in the nanocomposites: As R& € 10 000) Somasif dispersion, and the mixture was vigorously stirred at 323
was blended with the organoclay, the mobility of the surfactants K for 6 h, followed by solvent evaporation in the hood. The sample
was significantly reduced. DEER and X-ray scattering experi- Was then dried in a vacuum oven at 353 K for 12 h.
ments were interpreted in terms of PS intercalation in the clay. Preparation of PMA/Somasif Conventional CompositesSo-

We present a study of the molecular mobility of poly(methyl Masif (89 mg) was dispersed in 30 mL of chloroform and

acrylate) (PMA) in nanocomposites with synthetic fluoromica ultrasonicated for 4 h. PMA (500 mg) was dissolved in 15 mL of

: . : f acetone, and the solution was added to the Somasif dispersion and
(Somasif ME100), based primarily on spin-label ESR. The gjirreq for 6 h. The solvent was then evaporated in the hood, and
polymer was modified by attached trimethylammonium chloride he sample was dried in a vacuum oven at 353 K for 12 h.

and stable nitroxide radical groups at low concentratisnil( Preparation of PMA/MEE Nanocomposites.MEE (120 mg)

mol %), as shown in Chart 1. PMA/Somasif nanocomposites was dissolved in 30 mL of chloroform and ultrasonicated for 4 h.
were prepared via ion exchange between the trimethylammo- PMA (469 mg) was dissolved in 15 mL of acetone, and the solution
nium chloride moieties in the PMA chain and the Somasif was added to the MEE solution and stirred for 6 h. The solvent
surface; this technique allowed the preparation of nanocom- was then evaporated in the hood, and the sample was afterward
posites without surfactants. The focus was on direct observationdried in a vacuum oven at 353 K for 12 h. ,

by ESR of the influence of the Somasif surface on the segmental  AS demonstrated below, the type of composite was determined
dynamics of PMA chains and of the length scale of the Somasif PY ESR and XRD. The term “composites” refers to materials in

.. . . which the dispersion of the clay is on a scale significantly larger
effect. Additional details were obtained by XRD and DSC. that the nanoscale. The notation we use for the various types of

composites is SiPfor nanocomposites based on Somasif, C@GMP

Experimental Section for composites based on Somasif, and MBEST nanocomposites
based on MEE (modified Somasif), whamds the wt % clay.
Materials. Methyl acrylate (MA, 99%)tert-butyl acrylate (BA, ESR MeasurementsSpectra were recorded with Bruker X-band

98%), 2,2-azobis(2-methylpropionitrile) (AIBN, 98%), [2-(acryl-  EMX spectrometers operating at 9.7 GHz with 100 kHz magnetic
oyloxy)ethyl]trimethylammonium chloride solution (2ATAC, 80 wt  field modulation and equipped with the Acquisit 32 Bit WINEPR

% in water), deionized water (CHROMASOLYV), 2,2,6,6-tetra- data system version 3.01 for acquisition and manipulation and the
methyl-4-aminopiperidine-1-oxyl (4-amino-TEMPO, 99%), toluene ER4111VT variable temperature unit. The microwave frequency
(99.5%), methanol (99.8%), and acetone (99.5%) were purchasedwas measured with a Hewlett-Packard 5350B microwave frequency
from Aldrich and used as received,N-Dimethylformamide (DMF, counter. Most spectra were collected with the following param-
99.9%, Fisher Scientific) and chloroform (99%, Fisher Scientific) eters: sweep width 150 G, microwave power 2 mW, time constant
were used without further purification. Inhibitors in MA atBA 20.48 ms, conversion time 40.96 ms;2 scans, and 2048 point&DV
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Figure 1. XRD patterns of Somasif, SP07, SP15, SP50, and COMP15, AT, values for PMA and SiPnanocomposites as a function of Somasif
MEE, and MEEP15. content.

The modulation amplitude was varied in the range31G, Table 1. Characteristics of Samples

depending on the line width. The temperature was controlled within Somasif
+1 K. All samples were allowed to equilibrate for at least 10 min sample (wt %) Ty (K)2 ATy (K)2 structuré
after reaching the desired temperature. PMA 287+ 1 14+ 1

Simulation of ESR Spectra. Rigid-limit ESR spectra were SP03 3 2871 15+ 1
calculated with a simulation software based on the stochastic SP07 7 2871 15+1 exfoliated
Liouville equation?® The simulated spectra were fitted to the  SP15 15 286t 1 15+1 exfoliated
experimental spectra using a PC version of the NLSL program based gPO?\;I)P15 ig ggi i Hi i Paftlally_?XfOHated

ifi imimizati ; p composite

on a modified LevenbergMarquart minimization algorithm, which VIEEP1S s 85t 1 1441 i tercalated

iterates the simulations until a minimum least-squares fit to
experiment is reached.The A andg tensors were determined by aDetermined by DSC? Estimated by XRD.

analyzing rigid-limit spectra of samples. Very slow isotropic

Brownian rotational diffusion of the spin-label was chosen as the (2.05 nm), 5.8 (1.53 nm), and 6 4(1.39 nm). Thedyo: of the
model, and the fitted parameters were tAeand g tensor MEE is larger than that of Somasif because of structure
components and the line widths. Identical principal axes systems modification by surfactants. The MEEP15 sample has only one
for both tensors were assumed. peak at 2 = 2.8 (door = 3.72 NM).

Differential Scanning Calorimetry (DSC). Thermal analysis " -
was carried out using a Q10 differential scanning calorimeter DSC traces of the indicated samples are shown in Figure 2A.

manufactured by TA Instruments calibrated with an indium Correspondingly values and widths of the transitionTg, of
standard. Cooling was accomplished by a TA Instruments quenchthe SR nanocomposites are plotted as a function of Somasif
cooler accessory. The DSC cell was purged with dry nitrogen content in parts B and C of Figure 2, respectively. was
flowing at a rate of 50 mL/min. Samples were heated from ambient defined as the temperature at the midpoint of the glass transition
temperature to abouf; + 100 K at a rate of 20 K/min, held for 5 step, i.e, the temperature corresponding to half-height of the
min, and cooled at a rate of 10 K/min. Data collection was carried endothermic shift, and Ty is the separation between onset and
out on cooling. end temperature®. The T, and ATy values are listed in Table
X-ray Diffraction (XRD). Measurements were performed ona 1 T, values did not vary significantly with Somasif content,
f\(/:":r?g 31(02 ﬂfrascg%m?éirvvgggsg:rﬁ;%dggg j?qe{‘heg?fr? 2t;5 but ATy of SP50 was larger than that of PMA. MEE showed
20 = 21 us-ing a gtep size of 0.63The Brégg equatiog was crystallizations peaks for surfactants at 263 and 357 K. MEEP15
' showed a glass transition at 285 K, but no crystallization peaks;

applied to calculate thd spacing of the Somasif platelets. h - t th ks indi h p
Gel Permeation Chromatography (GPC).GPC was carried the disappearance of these peaks indicates that surfactant

out in Nagoya, Japan, under the following conditions: in THF (1 crystallization was prevented, most likely due to intercalation

mL/min) at 313 K on four polystyrene gel columns (Tosoh TSK Of PMA.

gel GMH (bead size is #m) and G4000H, G2000H, and G1000H ESR Measurements ESR spectra measured at 100 K and

(5 um)) that were connected to a Tosoh CCPE (Tosoh) pump and corresponding simulated spectra are shown in Figure 3A. The

an ERC-7522 RI refractive index detector (ERMA Inc.). The values of the parallel and perpendicular line width$d( and

columns were calibrated against standard PS (Tosoh) samples. AH)) and theA andg tensors used for fitting are listed in Table

Results 2. The principal values of thé and g tensors do not vary

significantly with Somasif content, with the exception &.2

XRD plots for Somasif, SP07, SP15, SP50, and COMP15 which is larger in SP50, as seen in Figure 3B. The line widths

measured at ambient temperature are shown in Figure 1. Theof the parallel and perpendicular componemts]; and AHp,

neat clay has two peaks, af 2= 7.2° (dpo1 = 1.23 nm) and increase with increasing Somasif content.

9.3’ (0.95 nm). These peaks are absent in the SP07 and SP15 Selected ESR spectra of spin-labeled PMA, SP15, and

samples. Both SP50 and COMP15 samples exhibit the diffrac- MEEP15 in the temperature range 00 K are shown in

tion peak at 2 = 7.2°; the half-height widths of the peak are parts A, B, and C of Figure 4, respectively. The extreme

0.2, 0.5, and 0.2 for neat Somasif, SP50, and COMP15, separation (ES) given on the left of the spectra was read from

respectively. vertically expanded spectra, with a maximum error margin of
XRD patterns for MEE and MEEP15 are also shown in Figure +0.5 G. The dotted vertical lines indicate the values af§,2

1. The MEE peaks are ath2= 4.0° (dpo1 = 2.15 nm), 4.3 twice the isotropic hyperfine splittings frodN; these value%DV
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Table 2. Parameters Used for the Simulation of ESR Spectra at % Mv—;/_ﬂﬁ
s =
sample G« Gy 9z Ax(G) Ay(G) Az(G) AHL(G) AH(G) 62-3/31-2: % 1 400K
N
PMA  2.0100 2.0063 2.0021 7.0 57 340 19 3.4 f
SP03 2.0099 2.0063 2.0023 7.0 55 34.2 2.2 3.6

SPO7 2.0100 2.0065 2.0024 7.2 54 343 25 4.1 3300 3350 3400

SP15 2.0098 2.0063 2.0024 7.3 54 343 38 5.2 -

SP50  2.0096 2.0061 2.0025 7.1 54 353 58 71 Magnetic Field / G

COMP15 2.0099 2.0064 2.0023 7.0 55 341 2.1 3.6 Figure 4. Temperature variation of ESR spectra for PMA (A), SP15

MEEP15 2.0099 2.0064 2.0023 7.1 55 341 2.3 3.7 (B), and MEEP15 (C). The extreme separation (ES) is indicated by
arrows and given on the left. TheRvalue is indicated in each set of
spectra by dotted lines and given for= 400 K.

are 31.1, 30.8, and 31.2 G for PMA, SP15, and MEEP15,
respectively. The temperature dependence of the spectra is dueleduced by spectral deconvolution: For example, the ESR
to changes in the rotational rate of the nitroxide radical, spectra of the SP15 measured at 380 and 385 K had almost the
characterized by the correlation time,, The two motional same ES values, but the intensities of the fast and slow
regimes usually detected in ESR experiments correspond tocomponents were different. Therefore, the spectrum of the slow
slow-motional spectra, with correlation times in the range of component was obtained by subtraction of the spectrum
1077—107° s, and fast-motional spectra, with in the range measured at 385 K from that measured at 380 K. In the second
107°-10"1 s. The rigid limit spectrum of PMA at 100 K  step, the slow component was subtracted from the spectrum
changed as the temperature increased, and at 400 K the typicameasured at 400 K in order to isolate the fast component, as
fast-motional spectrum appears. At the same temperature, twothe ES values of the slow component measured above 380 K
components, slow and fast, are detected for SP15. were comparable. Similar procedures were carried out to
A plot of the extreme separation (ES) as a function of calculate the relative intensity of the fast and slow components
temperature is a visual indicator of local dynamics. Plots for for the other samples; the relative intensity of the slow
PMA and the SR nanocomposites are presented in Figure 5A component in percent is shown in Figure 6 Tor= 400 K and
and for SP15, COMP15, and MEEP15 in Figure 5B. The ES in Table 3 for the temperature range 3800 K. For the SR
decreased with increase of temperature, and the smallesthanocomposites, % slow increased with increasing Somasif
decrease was detected for SP50. Ab&850 K, the ES values ~ content. In COMP15 and MEEP15, % slow values were much
of COMP15 were significantly lower than those of SP15, even lower than those in SP15.
though these samples contained the same amount of the Somasif; ESR spectra of SP50 at 340, 370, and 395 K are shown in
ES values of MEEP15 and SP15 are similar. Figure 7. Outermost peaks in the spectra measured at 340 and
ESR spectra at 400 K are shown in Figure 6; all spectra, 370 K exhibit shoulders, which are indicated by arrows; the
with the exception of PMA, consist of fast and slow components. intensity of the shoulders increased with increasing temperature.
The relative intensities of the two spectral components were Such shoulders were observed only for SP50. CDV
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Figure 6. ESR spectra for the indicated systems measured at 400 K.
The relative intensity of the slow component in % is given on the left.
See text.

Table 3. Percentage of Slow Componeft

temp(K) SPO3 SPO7 SP15 SP50 COMP15 MEEP15
380 81 89 52 69
385 75 83 52 63
390 45 73 77 97 44 58
395 43 71 76 96 a4 50
400 45 71 76 96 40 48

aWith a margin error oft2.

Discussion

Structure of Composites. As seen in Figure 1, Somasif
exhibits two diffraction peaks, at2= 7.2° (door = 1.23 nm)
and 9.3 (0.95 nm) (Figure 1). The distance of 1.23 nm is in
good agreement with that reported by MatiChen et al.
reported that thaly; value of MMT was reduced from 1.23
nm to the thickness of platelets’(.98 nm) after heat treatment
at 800 °C because of dehydratiéh.Similarly, the shorter
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67.1/73.6
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Figure 7. ESR spectra of SP50 measured at 340, 370, and 395 K.
Shoulders at the extrema are shown with gray arrows. ES values of
both spectral components are presented on the left.

The SP50 and the COMP15 samples show the diffraction
peak at 2 = 7.2°, indicating the presence of Somasif. On the
basis of the analysis of ESR results discussed below, we
concluded that SP50 consisted of both exfoliated and un-
exfoliated Somasif regions, due to the large amount of the
Somasif loaded, and that COMP15 is a conventional composite,
with Somasif platelets dispersed on a scale larger than nanoscale,
possibly microscale.

As seen in Figure 1doos is larger for MEEP15 than for MEE,
most likely because of PMA intercalation; additional proof for
polymer intercalation in MEEP15 is the disappearance of the
surfactant crystallization peaks observed by the DSC (Figure
2A).

Interactions at the PMA—Somasif Interface.The ESR line
shapes measured as a function of temperature reflect both the
local environment and the local dynamics. At 100 K the motion
of the spin-labels is frozen, and the spectra reflect only the local
environment and interactioi.

For the SR nanocomposites, thitH;, AHp, and 2, values
(extreme separation measured in the rigid limit, at 100 K)
increased with increasing Somasif content, as seen in Figure
3B and Table 2. The increase Af; indicates the location of
the nitroxide label in the vicinity of the polar Somasif surface
and an increased polymeclay interaction with increasing
Somasif contert? A similar increase ofA;; was detected in a
recent study of spin-labeled polymer chains grafted or adsorbed
on silica surface$®?2?

The increase oAH, andAHp values with increasing Somasif
content is assigned to a distribution of sites for the spin-labels,
leading to a superposition of signals from multiple domains with
a range of polarities: spin-labels located closer to the Somasif
surface are strongly affected and show a larger extreme
separation (ES) compared to spin-labels located at more distant
sites. This conclusion is supported by the spectra for SP50 in
Figure 7, which show shoulders at outermost peaks. These

distance, 0.95 nm, is taken as an indicator that the clay asshoulders clearly reflect a distributions of nitroxides sites that
received contained some dehydrated regions. The originaldiffer in the local polarity and intensity of local interactions.
Somasif peaks are not detected in SP07 and SP15, suggestinghe temperature variation of the extreme features brought into

complete clay exfoliation and dispersion in the polymer matrix.

evidence sites with limited mobility that interact strongly with

XRD measurements were not carried out for SP03, but on thethe clay and have a larger extreme separation, 71.7 and 73. 6
basis of results for SP07 and SP15, it is reasonable to assumés, compared tez67—68 G for the more mobile sites. Similar

that the exfoliated structure also exists in SP03.

shoulders at the extreme features were observed in gg(v
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heterogeneous systems. In the ESR spectra of spin probes in (A)
poly(ethyleneran-methacrylic acid) (EMAA) ionomers, the
shoulders were assigned to a superposition of ESR spectra of
spin-probes located in the rigid ionic cluster phase and in the
more mobile matrix phas®.

The 24, AH,, and AHgp values of COMP15 and MEEP15
are lower than those of SP15, indicating a weaker polarity effect
of the Somasif surface. In MEEP15 the polymelay interac-
tion is prevented by the presence of the nonpolar alkyl
surfactants chains; the surfactants act as a buffer and the polarity
effect of the Somasif surface is weakened. In COMP15, this
result is considered to reflect dispersion of the clay on a larger
than nanoscale, leading to a smaller interfacial area. This
conclusion provides the rationale for the appearance of the
diffraction peak (Figure 1) for COMP15.

Restricted Molecular Motion in the Interfacial Region.
As seen by comparing the three sets of spectra shown in Figure
4, the mobility of PMA is considerably restrained by the
presence of Somasif: At 400 K the ESR spectrum of PMA is
in the motionally narrowed regime (fast component), but that
of SP15 consists of two components, and the relative intensity
of the slow component is 76% (Table 3). The restricted
molecular motion is caused primarily by attachment of tri-

— Somasif platelet

methylammonium groups on the Somasif surface and addition- m Nonrestricted segment
ally by the polar interaction between the ester groups and the
siloxane oxygen on the basal surfaces of the silicate layers, as R_ﬂ_r Restricted segment

reported for“ the intgra,(':tion between p_c"mameaCt_one) and Figure 8. Schematic representation of PMA/Somasif nanocomposites
clay The “anchoring” effect on a solid surface is expected with low (A) and high (B) Somasif content. PMA chains restricted
not only to constrain the motion but also to increase the thicknessdue to their proximity to the Somasif surface, and nonrestricted chains
of the restricted interfacial layé2.Moreover, the density of the ~ are represented with black and gray lines, respectively.

polymer is expected to increase in the vicinity of the Somasif ) ) )

surface, leading to a lower polymer mobil#We have also Although ESR results point to a region of restricted polymer
observed restricted mobility of spin-labeled PMA in nanocom- Mobility in the interfacial region that is significantly separated
posites prepared with montmorillonite (MMT) as the inorganic Tom the bulk region, no distinct glass transition of the interfacial

component instead of Somasif; this result is reasonable becaus&®9i0n was detected by DSC. This result can be rationalized by
the two clays are structurally similar. A detailed analysis of the difference in the frequency dependence of glass transitions

ESR spectra was, however, difficult, as the strong ESR signal in the bulk and interfacial regior¥§ According to a recent report,
of paramagnetic Fe(lll), present in the basal structure of the the difference in the glass transitions in the bulk and interfacial
MMT, significantly perturbed the ESR spectra of the spin- regions of poly(dimethylsiloxane) filled with silica nanoparticles
labeled guest Restricted mobility at the polymetinorganic increased with an increase in the frequeffcyhe relaxation

. ; : o -1 time, 7, detected by DSC is2100 s, and the frequency,=
interface was also detected in poly(ethylene oxide)/silica particle NS 3 e
nanocomposites by the ESR technidie. 1/(2r7e), is ~2 x 1073 Hz.3’ On the other hand, the ESR

. o frequency is~9 x 10° Hz (X-band). Therefore, the mobility in
The effect of Somasif content on polymer dynamics is clearly he interfacial region was detected by ESR and not by DSC.

seen in the temperature variation of the ES (Figgre 5A): At a&  The rigid layers of PMA at the clay surface are responsible
given temperature the ES of the slow component increased WlthfOr improved mechanical properties and better thermal and
Somasif content, indicating increased interactions at the interface jiensional stabilities of matrix polymers. Moreover, the lower

polymer-clay. This increase is contrary to the expectation that ,q1ecylar mobility can inhibit the diffusion of oxygen and of
the constraining effect be independent of Somasif content, \\qaple intermediates that can initiate degradation. This effect
provided that the clay platelets are well separated. This increaseg not detected when the dispersion scale of the clay is larger
may be due to overlap of interfacial regions of different platelets {an nanoscale: As seen in Figure 5B, the mobility of PMA in
with an increase in the Somasif content, as shown in Figure 8: gp15 \was significantly reduced compared with that in the
Polymer chains in interfacial regions confined by two or more  comp15, even though both samples contained the same amount
Somasif platelets have lower mobility than those restricted by of somasif. In addition, the intensity of the slow component is
one platelet only. In addition, TMC groups can act as cross- sjgnficantly lower in COMP15 compared to SP15, 40% vs 76%.
linkers between Somasif platelets, leading to more proximity These results emphasize the important effect of the clay
between Somasif platelets. In addition, higher Somasif content gispersjon scale on polymer properties.
may shift the distribution of extreme separations to higher  Thickness of Interfacial Regions.As seen in Figure 6, the
values. relative intensity of the slow component in the ESR spectra of
In contrast to chains at the polymetlay interface, the & S nanocomposites increased with increasing Somasif content
values, of the fast component in the nanocomposites, aredue to the larger rigid interfacial region. Moreover, the intensity
comparable to those in neat PMA (Figure 4), indicating a ratio of the fast and slow components was almost constant above
constant polymer mobility in regions distant from the Somasif 390 K (Table 3). These results imply that the slow component
surface. above 390 K reflects the mobility in the interfacial region a(?BV
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Table 4. Thickness of the Rigid Interfacé interface is sensitive to the specific interaction between the
sample D (nm) tint (NM) polymers and the solid surface.
SPO3 67 15 1.0 Effect of Surfactants. Surfactants are known to enhance the
SPO7 28 1005 miscibility between clays and polymekd.Jeschke et al. used
SP15 12 5+ 0.3 the spin-label ESR method to show the high mobility of free
aD is the average distance between dispersed Somasif platelets, and ta.“ls of surfactants? The present study is an attemp.t.to examine
is the average thickness of the rigid interface. directly the effect of surfactants on polymer mobility.
The comparison of MEEP15 and SP15 provides the op-
<— Somasif Platelet portunity to compare dynamics of the same polymer in the
ti'“i presence and in the absence of surfactant. As seen in Figure

3B, 2A,;measured at 100 K for MEEP15 is slightly lower than
Y e that of the SP15, most likely because the surfactants act as a
Nonrestricted = Rigid Interface buffer and displace the polymer from the Somasif surface.
PMA Region Moreover, the surfactants inhibit direct attachment of TMC
g groups on the Somasif surface, which explains the lower relative

UM timI intensity of the slow component in MEEP15 (48%) compared
v to SP15 (76%).

I < Somasif Platelet In contrast to the situation in PMA, the ESR spectrum of the
Figure 9. Average thickness of the polymeclay interface fin, and MEEP15 sample showed a fast component even at 340 K
the average distance between exfoliated clay platelet§ee text. (Figure 4C). On the other hand, the ES values of the slow

component in MEEP15 and SP15 are nearly the same. These
results can be explained by assuming that some PMA chains
or chain segments in MEEP15 are in contact with the Somasif

surface, as reflected in the ES of the slow component, and the
mobility of restrictedchains in MEEP15 is comparable to that

in SP15. The percentage of the slow component in MEEP15 is

however much lower than in SP15, 48 vs 76 (Table 3). Analysis

) ) ) of the ESR spectra leads therefore to the conclusion that the
where% slow is the intensity of the slow component (Table 3) syrfactants have reduced, but not eliminated, the interaction

and D is the average distance between exfoliated Somasif petween the polymer and the Somasif surface and have enhanced
platelets in the nanocomposites, as shown in Figure 9. the mobility of intercalated PMA chains.

D was calculated from eq 2

correlates with the size of the interfacial region in the nano-
composites.

The average thickness of the interfatg, listed in Table 4
for SP03, SP07, and SP15 at 400 K was calculated from eq 1

ti: = (% slow)D/200 )

Conclusions
D =2(1 — w)/dpyaSwW @) The structure and polymer dynamics in nanocomposites
_ _ ) - consisting of poly(methyl acrylate) (PMA) and synthetic fluo-
wherew is the weight fraction of Somasif in the 8Bample,  romica (Somasif) as the inorganic component were studied by

drma is the density of the PMA, which was assumed to be equal X-ray diffraction (XRD), ESR spin-label technique, and dif-
to that of pure PMA~1.2 g/cn#,® andSis the specific surface  ferential scanning calorimetry (DSC). The polymer was modified
area of Somasif plateletS was calculated to be-800 n¥/g, by attachment of nitroxide and trimethylammonium chloride
using the density (2.6 g/cthand the average lateral size450 (TMC) groups &1 mol %). The TMC moieties act as anchoring
nm, both reported by the manufacturer) and the thickness (0.95groups and allow the preparation of exfoliated nanocomposites
nm) deduced from XRD (Figure 1). In this calculation, the (Sm samples) even in the absence of surfactants.
Somasif platelets were assumed to be disks with 450 nm  The dynamics of PMA was studied in the nanocomposites
diameter. and in modified PMA/clay nanocomposites prepared in the
The estimated interfacial thicknessi$—15 nm, depending  presence of surfactants (MEBPwheren is the clay content.
on Somasif content. The decrease in the average thickness oGtructural data from XRD were combined with ESR results in
the interface with an increase in the Somasif content shown in grder to assess the extent and intensity of polyroéay
Table 4 is most likely the result of some overlap of interfacial interactions at the interface.
regions of different Somasif platelets, as shown in Figure 8B.  The mobility of PMA chains in the SPnanocomposites was
As described above, the overlap of interfacial regions explained constrained due to the interactions between the PMA and
well the lower mobility in the interfacial region with an increase Somasif in the interface region; the average thickness of the
in the Somasif content. rigid interface was estimated to be in the rangel5 nm by
Determination of the thickness of the rigid interfacial region deconvolution of ESR spectra measured as a function of
is a major topic in composite materials. The interface thickness temperature into slow (S) and fast (F) components. The average
determined by NMR in silica-filled poly(ethyl acrylate) was thickness tended to decrease with increasing Somasif content,
~0.9 nm at 333 K; this value decreased slightly with increasing most likely because of overlap between Somasif platelets.
temperature but increased by a factor of 2 when the polymer  The influence of the surfactant on PMA mobility was also
chain had “anchor” points on the silica surfé€ezragiadakis  studied. In the MEERnanocomposites prepared in the presence
et al. determined the interfacial thickness in silica-filled PDMS  of surfactants, ESR spectra allowed the detection of a small
to be 2.1-2.4 nm by thermal stimulated depolarization currents population of chain segments at the clay interface with dynamics
(TSDC) Zanten et al. studied the thermal behavior of ultrathin  sjmilar to that in the SRnanocomposites and additional chains
films of poly(2-vinylpiridine) on silicon oxide substrates using  with enhanced mobility.
X-ray reflectivity and concluded that the length scale of the
rigid interface was on the order of the macromolecular size, Acknowledgment. This study was supported by the Poly-
~21 nm3° These reports suggest that the thickness of a rigid mers Program of the National Science Foundation. The au@BR?
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