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Abstract: Polymerclay nanocomposites (PCNCs) containing either a rubber or an acrylate
polymer were prepared by drying or-pcecipitating polymer latex and nanolayeddy
(synthetic and natural) suspensions. The fater between the polymeand the clay
nanoparticles was studied by electron paramagnetic resonance (EPR) techniques by
selectiely addressing spin prodeither to the surfactant layer (labeled stearid)aar the

clay surface (labeled catamine). Continuawre (CW) EPR studies of the surfactant
dynamicsallow to definea transition temperatur& which was tentatively assigned to the
orderdisorder transition of the surfactant lay@W EPRstudies of ENC showedthat
completely exfoliated nanoparticlesexist withagglomeratesHYSCORE spectroscopy in
PCNCs showed couphgs within the probei assigned wh DFT computatioris and
couplings with nuclei of the environmedl and®*Na for the surfactant layer probe, and
295, 'Li, *°F and®**Nafor the clay surface probe. Analysis of these couplindiatesthat

the integrity of the surfactant layer is conserved tvad there are sizeabienic regions
containingsodium ions directly beyw the surfactant layer. Simulations of thery weak
couplingsdemonstratethat the HYSCORE spectra are sensitive to the composition of the
clay and whetheor not clay platelets stack.

Keywords: EPR HYSCORE spin label; polymer; composite; clay; nanogmsite




Materials2014 7 1385

1. Introduction

The improved characteristics of polyrday nanocomposite (PCNC) materials with respect to the
pure polymers are more manifest, the better the dispersion of silicate layers into the matrix polymer
is [1,2]. Due to the different hydrophobicity of these two components, the two phases are hardly mixed
without the participation of surfactanBased on this idea, one way of producing composites is to use
clay that is organically modified by cationic detergetitat will act as an interface between the
negatively charged silicate layers and the normatiglax polymer. Alternatively, ysthetic [3] or
natural[4] rubberclay nanocomposites can be produced by compounding the polymer latex with an
agueous @persion of pristine clay, which is mudbss expensive than ganically modified clays.
Rubber material can be obtained by drying the compounded pobttayerdispersion[4] or by
coagilation[3,5]. In this case, the presence of counterions to compensate for the negative charges of
the silicate platelets and, in the case of synthetic rubber, of detergents in the latex is required. These
counterionswill take part in the interactions connecting the two components, which are, in the end,
intimately associated with the macroscopic properties of the material.

XRD (X-Ray Diffraction) and TEM (Transmission Electron Microscopyjhe most common
techniqueaused to study polymeslay nanocompositésas useful as they are to provide information
about the clay interlayer spacingorphologyand the microstructuéecannot give direct evidence for
the molecular structureor for dynamics of the interface. Alternegly, specific studies on the
surfactant layer have been carried out by paramagnetic labeling of some of its molecules in
combination with Electron Paramagnetic Resonance (EPR), which can characterize the motion of the
label on the picoto nanosecond timeanges and give information about the environment of the
electron spin from first neighbors to a length scdlep to10 nanometer§oi 10].

Due to its staltity, nitroxide molecules are, by far, the most widely used spin probes. Amphoteric
molecules with a polar head and an akyl chain with a nitroxide group at a certain carbon of the chain
are addressed to the surfactant layer and have been widely use stugies of surfactant micelles,
polymerclay nanocomposites and even biological membrfgiest]. The working hypothesis is that
the polar group of the probe will align with the surface of polar heads of the detergent layer or lipid.
CW EPRcan give information about the polarity of the probe environment through tegsgnof
the electron gyromagnetic tensor and the nitrogen hyperfine coupling to polarity. Due to the
anisotropic spectrum of nitroxideSW EPRcan also provide information about dynamics of the probe
in the rancsecondtime scale. Detection of the glasnsition temperature or othdretmally activated
processes, like melting of crystalline domains of polymers or the -dislerder transition of the
surfactant layerhave already beesuccessfully detected with EP&pin probing techniques in
nanocompages[6,7]. Additionally, pulse EPR techniques have broadened the scope of the studies by
providing information about weak interactions of the electipim &0 the paramagnetic probe with
other spins intheir environment. Interactionwith other spin probés studied with the technique
indistinctively called DEER(Double Electron Electron Resonanaa) PELDOR (Pulse Electron
Double Resonancé)have yielded information on orgaiatay particle stack size in metbmpounded
microcomposite$8]. The detection of hyperfine interactions of the electron spin mégnetic nuclei
can provide information ranging from bonding geometry to atomic distance distributions. To date,
ENDOR (Electron Nuclear Double Resonance) experiments have been successfully applied to measur:
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distances in the range @B nm from the spimprobe to*!P-nuclei on TBP surfactan{8]. ESEEM
(Electron Spin Echo Envelope Modulatip@nother other major EPR technique to detect hyperfine
interactionshas feen used in polymer science to provide qualitative local elemental arjélyiseésed

on characteristic nuclear Zeeman frequencies. Quantitative information about the number of coupled
nuclear spins and their distance to the electron spin is edéodhe modulation depth of the ESEEM
traces. However, to date, in PCNC, such quantitative analysis has only been performed to study the
accessibility of deuterated compounds to the spin gi&@e].

HYSCORE(Hyperfine Sublevel Correlation Spectroscoya twadimensional ESEEM technique
that offers increased resolution and is well established in other application[fiBld# is particularly
suited for systems interacting with a large number of different nuclear spins, some of which may have
similar Zeeman frequencies, especially if both large and small couplings can be found.

In this paper we exlore the potential of HYSCORE to study the region of contact between
polymer and clay phases in polyrreay nanocomposites produced byprecipitation of a dispersion
containing polymer micelles enclosed by the anionic surfactant sodium dodecyl $§88¢ and
exfoliated clay mineral nanoparticles. Synthetic nibileadiene rubber (NBR) latex as well as a poly
(methyl methacrylateg¢o-(butyl acrylate) dispersion PMM&o-Bu were used. The contact region can
be large, as the required chaxgempensatig cations will presumably be located also at the interface.
Therefore, we probed the two sides of the interface by using different bifunctional nitroxide spin
probes which would confer specific affinity to either the surfactant micelle or the clay surface.

2. Theory

In the presence of a magnetic fielthe two energy levels of an electron spms = 1/2 and
ms =1 1/2, are split due to the interaction of the Zeeman interaction between the magnetic moment of
the spin and the magnetic field. In EPR spectroscopy, transitions between these two levels are induce
by microwave irradiation. If in the vicinity of the electrdrete is a magnetic nucleus, it will change
the loal magnetic field at the electron site and therefore it will also change the energy levels of the
electron. We say then that the electron and the nuclewapted This interaction between electron
and rnuclear spin is called hyperfine interaction and has several contributions:

1 Isotropic or Fermi contact interactioffhis contribution is related to the presence of spin
density in the nucleus, which can only arise in s orbitals. It is characterized tsotiopic
hyperfine couplingAiso and is useful to map the electron spin density in a molecule because
isotropic couplings are only detectable in atoms directly bearing some spin density

1 Anisotropic or dipoledipole interaction. This contribution comes from the magnetic interaction
between electron and nuclear magnetic dipoles. It can occur between the electron and nucleus
of an atom bearing a nuclear spin if it has some spin densityngpherical orbitals (p, d, f), or
as a result of througbpace coupling between an electron and the nuclear spin of a neighboring
atom. If the distance between electron spin center and nuclés,5 A or more, the unpaired
electron density can be caaesred to be concentrated at one point and the hyperfine tensor can
be approximatetly the pointdipole expression:
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If there isconsiderable spin density located on an atom with a magnetic nucleus, the hyperfine
couplings are resolved in the CBPR spectra as splittings the lines (as in NMR). For example, the
EPR absorption line of the electron spin in a nitroxide radical is split in three lines due to the
interaction with thé*N nucleus ( = 1) in the nitroxide moiety. However, small hyperfine couplings
are usually not resolved in the CVEPR spectrum. In order to measure these small coupjodse
EPR techniques can be applied. From these, ESEEM is particularly well suited to detect small
anisotropic couplings which involve mixing of the states. In particular2ndaSEEM experiment
HYSCORE offers increased resolution particularly needed if the sample is disordered and the electron
spin has couplings with many different nuclei with similar nuclear Zeentaractions. In Figure,la
basic notion on how to read a B€ORE spectrum is given.

Figure 1. Sketch of a HYSCORE spectrum f@) strongcoupling case for a system with
S=1/2 and = 1/2 3, = 3.6 MHz T = 7.5 MHz andAis,= 20 MHz (b) weakcoupling case,

3 =14.6 MHz T = 8 MHz andAiso, = 2 MHz. Additionally, the matrix peak on the diagonal
corresponds to very weak couplings with nuclei whose nuclear Zeeman frequency is

3= 4.8 MHz.
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HYSCORE signals emerge in pairs symmetric with respect to the diagonal of the quadrant. Strong
couplings @so + T| > 2 ||)3appear in the left quadrant,€) on lines parallel to the diagonal whose
separatia depends on the nuclear Zeeman frequency of the nucleus. On the othevdadncouplings
(laso + T| < 2Bi|) appear in the righlguadrant (+,+) on linegerpendicular to the diagonal (antidiagonals)
that cross it very close to the naleZeeman frequency of the particular nuclei. Very weakly coupled
nuclei (remote) show only as peaks on the diagonal of the (+,+) quadrant exactly at their nuclear
Zeeman fequency (matrix peaks). The intensity of these peaks is proportional to the inverse power of



Materials2014 7 1388

six of the distance between electron and nucleu$) @nd to the number of nuclei found at a certain
distance. The matrix peak intensity is therefore sensiivieet spatial distribution of nuclei.

3. Results and Discussion
3.1. Addressing th&€olymerClay Interfacefrom theSurfactant Layer
3.1.1.Incorporation of thémphiphilic Spin Labeto theSurfactant Layer

The free electron contained in the nitroxgl®up of a DOXYL ring was selected as a spin probe.
Stearic acid labeled with a DOXYL ring in positions 5 or 16 (from newr516DSA) was used to
direct the spin to the surfactant layer. Due to its affinity to SB&Sspin probe was easily dispersed in

the surfactant and incorporated in the polymer micelles received from the producer. Figure 2 shows the

structure formula of HSA. The CW EPRspectrum at room temperatuéthe spin probe-BDSA in

SDS micelles, and two examples for a polymer dispersind a polymerclay dispersion are also
displayed The spectrum in SD8&icelles shows three narrow, derivatstigaped, almost equidistant
lines very characteristic of a moti@veraged nitroxide, which indicates that the label undergoes very

fast tumbling maon. On the other hand, when the label is added to polymer dispersions, it shows a

different CW EPRspectrum with broader lines and shapes that indicate -anobile nitroxide, and
thus a slowtumbling motion of the probe compatible with being incorparatea much bigger object,

the polymer micelle. Addition of exfoliated clay to the dispersion did not produce significant further

changes in the spectra.

Figure 2. (a) Structure formulaand stick model of ®SA. The numbering of the atoms
correspondto Table 2. The ellipsoids represent tteections and principal values of the
nuclear spin coupling tensgi$®) CW EPRspectra at room temperature eDSA in SDS
micelles (black), NBR dispersion (blue) and NBR/Laponite RDS dispefsadin

|
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3.1.2. Dynamics of th8urfactant Layer Studiday Temperature DependencECW EPRSpectra

In order to obtain information about the dynamics in the surfactant layer, PCNCs were prepared
with 5-DSA. The remarkable thermal stability of the spin probe akbthe acquisition oCW EPR
spectra from 1@to 410 K. Below this range, there were no changes in the spectra, and above, there
was decomposin of the spin label. Figure 3#ows as an exampleéhe thermal evolution of labeled
PMMA-co-Bu/LaponiteRD. A single dynamic component is found in all spectra. The ones taken at
lower temperatures are close to the rigid limit. The one taken dtighest temperatuée410 K,
below the melting temperature of the polymer (438 Kk very similar to the one obteed for the spin
probe in dispersion at room temperature. The spectra were fitted with a home written Matlab program
based on the functiochili of EasySpin16] assuming isotropic molecular dynamisee Fgure D).

This is a rough model for the true dynamibsit the difference between experimentally observed
spectra ad spectra simulated by this simple model is not large enough to justify the use of a model
with more adjustable parametersii§ modelalsohas the advantage that the time scale of the motion
can be characterized by a single parameter, the rotationalatimmn time f cor.

Figure %,d shows the rotational correlation times obtained from best fit of the experiment to
simulations, plotted aa function of the inverse temperature for different kinds of PCNXIDs. can
observe two different dynamic regimesne at the high temperature range (low values of inverse
temperaturgregion I), where the rotational correlation time decreases quickly with inverse temperature
(note the logarithmic scale), and the f@mperature range (higher values of inverse terhpeyaegion )
with smaller increments dt,. The correlation times obtained from spectral fits of experiments below
270 K (1T > 0.0037) are not shown in the plot since they very uncertainAt these temperatures,
the spectrum is close tbd rigidlimit and is almost ieensitive to changes ld.;; therefore we will
avoid discussion of the data obtained on this temperature. frdogthe two temperature regions seen
in the plot,the temperature dependencd Qf; can be fitted to an Arrheniuaw:

l0g,, = logA+—= @)

where R is the universal gas constant. The activation eiggregn be obtained from linear fits, which
are also shown. We determine the transition temperaflite 4s the intersection of the linear
regressions for the two temperature ranges since it is situated in the temperature region where the
transition betweetwo dynamic regimes takes place.

Table 1 collects the activation energgsandE,' for the two rgions andT* obtained from CW
EPR measurements. For some of the films, the glass transition tempefgjuveag obtained by
differential scanning calorimetry. The results are also collected in the table.

The temperature evolution of CW EPR spectra ofastant spin labels were shown to be sensitive
to several temperature activated processes occurring in the surfactant layer or polymeric region such a
orderdisorder transition of the surfactant layer, melting of the crystalline polymer domains or glass
transition of the polymefl1]. Since our polymers do not have crystalline domains at any temperature
and their glass transition temperature, as it was measured by DSC (Differential Scanning Calorimetry),
is close to the temperature range where EPR looses sensitivityarweule out that these are the
processes causing the observed dynamic change. Therefore, we tentatively assign the kink in the
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temper at ur e . te theanddisordee transition Of the surfactant layer, as it was already
observed for melintercalated PCNC|F'] and organically modified clay dispersioi®.

Figure 3. (a) Temperature dependence of the Gpéctraof a nanocomposite prepared
with PMMA-co-Bu and Laponite B (b) spectra(black) at selected temperatures and their
corresponding simulations (red line) obtained using the model of isotropic dypamics
(c) Arrhenius plot of pure NBR and nanocomposites prepared with NBR, pure rubber
(black), Laponite B(blue), Laponite RD Ked); (d) Arrhenius plot of polymer films and
nanocomposites prepared with PMMA&-Bu, pure polymer (black), Laponite Blge),
Laponite RD (red), Laponite RDS (green) and SOMASIF-MIP ellow). The straight

lines are linearegressions to the experimental points in the -hagid lowtemperature

regions (labeled | and,lfespectively). For every composite, the intersection of the linear
regressions | and Il defines the transition temperattire
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Table 1. Activation energie€, andE,' and transition temperatur@s obtained fromCW
EPR measurements. The glass transition temperatures obtained from differential scanning
calorimetryTy for the two pdymers are shown for comparison

Material E' kimol't  E'JkIol't  THK  TyK
PMMA-co-Bu 14.1 51.2 372.0 283.3
PMMA-co-Bu/SOMASIF 106ME 13.0 52.8 372.7 i
PMMA-co-Bu/Laponite RD 13.0 56.4 371.0 T
PMMA-co-Bu/Laponite RDS 12.9 48.8 371.6 T
PMMA-co-Bu/Laponite B 14.2 52.1 370.2 T
NBR 21.3 55.5 378.7 259.9
NBR/Laponite RD 186 53.5 393.1 260.6
NBR/Laponite B 197 54.4 389.5 260.0

In Table 1, we can see that for the materials produced from PMMABu dispersions, the
surfactant spin label dynamics is not changed significantly depending on whether or not there are clay
nanoparticles, nor does it depend on the nature or size of the clay. Guthérehand, for the
composites obtained from NBR dispersioaggnificant changes are observed Tr; the transition
temperature is higher than in the corresponding pure rubber Tilme. increase in transition
temperaturavould mean that thaddition of chy favors therder of the surfactant layer.

3.1.3. CationidRegion Studiedy HYSCORESpectra

The HYSCORE spectra of the spin probes reveadreety of nuclear spins coupled to the electron
spin, some of which are in the nitroxide molecule and some in the close environment of the probe. In
order to assign the signals to specific nucldDSA was studied in a micellar agueous SDS dispersion
to obtain information about the probe in the absence of the polymer/clay matrix. Additionally,
theoretical DFT calculations of the-tgnsor as well as hyperfine and quadrupole tensors for
intramolecular couplings were performedg3Jable 2).

Figure 4 shows 8lYSCORE spectrum of-BSA in an SDS micelle dispersion mixed in a 1:1 ratio
with glycerol to form a good glass upon freezing. The spectrum shows signals of strongly and weakly
coupled nuclei that appear in the«) and in the (+,+jjuadrantrespectivelyThe most intense feature
in the spectrum is a ridge perpendicular to the diagonal in the (+,+) quadrant that crosses the diagona
at about 15 MHzlébeled as Il in the spectrumhe nuclear Zeeman frequency of the protons. This
signal was assigned witthe help of the theoretical calculations to the protons of the methyl
substituents of the DOXYL ring.

The intense peak and the |l ong ridge along
experimental imperfections. The modulation depth of the elecponesho is only a few percent of
the echo intensity and the unwanted echoes could not be completely removed from the spectrum by
phase cycling. The signals | abeled as (1) are
along parallel linesbove and below the diagonal that intercept the axes;gd 2 7.74 MHz. They
were assigned to strongly coupt€e, an isotope that is present in the sample with natural abundance
of 1.07%. DFT calculations allowed refining this assignment and attrgoukiase signals to the
carbons of two of the methyl substituents in DOXYL. The signals labeled with (Il) are closer to the
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diagonal and can be assigned to the double quantum transitions of the nitfixiilece they lay on

lines parallel to the diagonadtercepting the coordinate axes at4 = 4.22 MHz. The (+,+) quadrant

also shows signals of weakly coupled carbons with a nuclear Zeeman frequengy=08.68 MHz.

This signal is almost covered by a very close, more intense signal assigned togscwdfida nuclei

at aroundnysna = 3.87 MHz in such a way that the carbon signal is only observed as a broadening of
the sodium ridge below the antidiagonal.

Figure 4. (a) HYSCORE spectrum of-BSA a water SDS micelle dispersion mixed with
50% glycerol Experimental parameters, T = 5Q &K= 128 nsB = 3480 G. This magnetic
field value corresponds to the center of the spectiuemce no detectable orientation
selection occurred(b) simulationsof the spectrum ina&) using the hyperfine couph
parametes listed inTable2. (c) Cut of the HYSCORE spectrum depicted @ #long the
antidiagonal line at 3.87 MHzZThe center line (1) is due to remot&Na nuclei and the
wings (I) are due to sodium atoms directly coordinating the nitroxide mdiag/red ine
corresponds to the simulation according to the BoltzaRzwieson distribution of N&dons.

(d) Mo d el of the electric potenti al d in thi
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For simulation and assignment of the HYSCORE signals, the values obtained from the DFT
calculations were sufficiently accurate (see Ta)leOnly the isotropic coupling hyperfine 5N had
to be changed from the computed value of 255644 MHz to fit theexperimental result. The good
agreement between calculation and experiment for all the other couplings is remarkahl¢heAlso
deviation of the isotropic coupling of the nitrogen is not surprising since isotropic couplings are
extremely sensitive to effés such as spin polarization of inner atomic shells that are very difficult to
take into account in the theoretical computation.

Besides the hyperfine couplings with magnetic nuclei within #i2SB molecule, which were
calculated with DFT, interactions of the electron spin Wittia nuclei are clearly visible in the 2D
experimental spectrum, where the strong peak on the diagonglnat 3.87 MHz corresponds to
distant, weakly coupled nuclei, and the extended broad wings reveal larger couplings up to about
5 MHz. The intensity of these wings with respect to the diagonal peak can be better perceived in the
cut of the spectrum maadong the antidiagonal line at 3.87 MHz which is shown in Figure 4c.

Table 2. Hyperfine and quadrupole couplings obtained from the DFT calculation of the
molecule 5DSA. The orientation of the hyperfinensors is depicted in Figur@.2Jnless
another pameter is given in brackets, the same values were used to obtain good
simulations of tk experimental HYSCORE spectrum

Nucleus (Ax-ais0)/MHz (Ay-aiso)/ MHZ (Azais0)/MHz aisd MHz

H* 2.3 11.3 3.8 6.2

H? 13.4 11.9 5.3 11.8

ct 1.0 10.4 10.6 10.5

c? 12.0 11.2 3.1 10.1

c? 11.1 10.8 1.8 2.3

c* 12.6 11.6 4.2 14

N 125.5 125. 1 50.6 25.4 (35.4)
Nucleus QJ/MHz Q,/MHz Q./MHz T

N 0.6 1.5 1T2.1 T
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Sodium ions are not part of the probe but are present in its environment. In order to interpret this
signal it seems reasonable to consider that the spin probe is inserted in the micelle with the alkyl chain
residing in its apolar region.

If we assume that Ndons are homogenously distributed in the solvent, outside the micelles, the
spectrum can be calculated. For this computation, which is shown normalized to the maximum
intensity of the matrix peak iRigure4c, the minimum distance of sodium the nitroxde was set to
2.4 A since this is the N@ distance found for nitroxide coordinated by hms[17]. As can be seen
in Figure 4c, the calculation (hle trace) does not reproduce the broad flanks corresponding to
larger couplings.

The model of a homogene®INa distribution is thus rejected, which is not unexpected, since the
sodium cations are probably found in a higher concentration near the micelle due to electrostatic
attraction to its negative surface charge. On the other hand, the cations alsokireetée dhermal
energy which tends to distribute them randomly. This interplay results in a R&sknmann
distribution of cation§18,19]. The model predicts that there is a first layer of cations adsorbed at the
surface of the micelle and a second diffuse layer of mobile cations. The electric potential as a function
of the distace to the surface of the micelle(r), is depicted irFigure4d. According to this model,
the local concentration of Nas a function of the distance to the micelle surface decreases exponentially

8
N_(r)=N_e (©)

Na*

where the bulk concentration of sodium (2.08910* A'®) can be obtained from the total
concentration of the cation. The electric potential can be obtained from thporemdial for SDS
micelles,z =177 mV and the Debye length, which was calculated o b&.4 A.

f(r)=e" (4)

The red curve in Figure &hows the spectrum simulated with this model. It has a broader central
peak and flanks at the sides, but not as strong and broad as the experimental spectrum. Thi:
discrepancy cannot be avoided, even if we used a more elaborate numerical model as the one
suggested if20]. If we consider the point dipole hyperfine interaction forodism nucleus at a
distance of 2.4 A, the hyperfine coupling constant T wouldLi&eMHz, less than the maximum
observed splitting (about 5 MHz). This means that there must be an additional contribution to the
hyperfine coupling, probably isotropic couginwhich is related to electron spin population in s shells
of the sodium. This sort of interaction is then relatedadium ions directly coordinated to thé ®
group of the nitroxide.

This finding is not easy to interpret in terms of SDS micelle strectlue to the weak order
governing the system SDSIBSA. If the polar head group of[BSA were aligned with the negatively
charged surface of the micelle and the sodium atoms only encountered beyond it, as one would expec
from a simple micelle model, thminimum distance between the nitroxide and sodium nucleus would
be 6 A. This situation is inconsistent witte experiment. Hence, at least some of the probe molecules
do not have their polar head group aligned with the negatively charged surface of the micelle, but are
protruding out of it. Note that the octadecyl chain of the surfactant spin probe is signifioager
than the dodecyl chains of SDS. Alternatively, sodium ions might be coordinated to the nitroxide
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group of the DOXYL moiety in a polar pocket inside the micelle. This appears less likely as it requires
separation of Nafrom counterions at a diste@ of several angstroms across a medium with only
moderate dielectric constant.

Dried Composites

Figure 5 shows the HYSCORE spectra of PCNCs of different composition prepared by slow drying
of the polymer/clay dispersion. Only the (+,+) quadrants are ajisgl since the quadranfs,+)
exclusively show couplings of the electron spin to nuclei within the DSA molecule. The dominating
features of these spectra are matrix peaks lying on the diagonal line of the spectrum at the nuclea
Zeeman frequencies 61C, ?*Na and, for some of the spectadso at lower frequencies. These peaks at
lower frequencies are artifacts due to either imperfect phase cycling or poor background correction.
Hence, we will concentrate on the carbon and sodium region and not dissmsiitther. As it was
already observed in the spectrum of the probe in micelles, couplings attributed to carbon 3 are detecte
as a ridge extending along the carbon antidiagpn&or the two kinds of PCNC prepared with
Laponite RD shown in Figure 5, onlthe one containing NBR displayed signals reflecting
considerable coupling between electron spin &h nuclei as reflected by the extended flanks
foll owi ng t h e lathdcase of éhg manoadmpoaite prepared with PMi#Bu, only
a very weak matrix peak could be found folNa. Experiments with PCNC using different kinds of
clay nanoparticles have revealed that the presenc®lafsignals does not correlate with the nature or
size of the nanopatrticle (the same behavior is observed eveolyimer films without clay), it is
exclusively related to the nature of the polymer. These results indicate that the nitroxide group of the
surfactant spin probe is inserted completely in the surfactant layer in R&MBAI composites
whereas it isn confact with the polar region, and in particular with sodium atombsIBR composites.

This probably indicates a higher affinity of the alkyl chain to the PM&#Au than to the rubbers.

Figure 5. HYSCORE spectra of PCNCs prepared withDSA and Laponite RD
(a) nanocompositgrepared with NBR(b) nanocompositerepared with PMMAco-Bu.
Experimental parameters: T =50 = 1R 83501 . Artifacts are marked with an
asterisk (*).
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CoagulatedComposites

The surfactant interface in PCN@separed by coagulation of the polymer and clay dispersion upon
addition of bt or tri-valent cations was also addressed by introduciBgB in the polymer micelles.
For these samples, and in order to compare the environment in the surfactant lay¢o these
polymeric phase, another spin prakas introduced in the samples. Th&DSA probehas the same
DOXYL paramagnetic group, but in position 16, close to the end of the alkyl carbon Elpire 6
shows two representative HYSCORE spectra of two nanocomposites prepared with NBR, the clay
Somasif ME100 and the two spin probes located at different depth® alutiactant layer.

In industrial processethe coagulation of rubber lattices is oftentindd by C&. However, in this
study, we have used Bé since °Be with nuclear spin | = 3/2 and 100%tural abundance is a
convenient nuclear spin probe. In both spectra, again, the matrix peak with two flanks at
ni3c = 3.7 MHz can be seen and assignedarbon couplings within the probe. The two spin probes
have a very similar spin density distribution and it is therefore not surprising that they have very
similar **C couplings. Above the carbon ridge there is a very \f&d matrix peak in the sample
prepared with 8SA, which is almost undetectable in the one prepared witD3A. On the other
hand, for BDSA an intense matrix peak is found @ze = 2.1 MHz but no flanks indicating
considerable coupling of the spin probe to beryllium nuclei. Feb38, no remarkabléBe signal
was found. This shows that the coagulating'Beside close to the surfactant head group layer, but,
unlike for the Nd ions in dried dispersions, we find no evidence for direct coordination to the
nitroxide groups.

Figure 6. HYSCORE spectra of PCNC prepared with NBR and SOMASIFIN& using
BeCkL for coagulation. §) Spin probe 2DSA; (b) spin probe 16DSA. Experimental
parameters B = 3480;G =50 K t = 128 ns. Asteriskmark artifacts in the spectra.
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The decrease in tfféNa signals for 8SA when going from dried to coagulated PCNCs indicates
that the sodium ions located at the surface of the SDS layer in polymer micelles are replaced by
beryllium ions during coagulation. These results are consistght the model proposing that
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coagul ation is C a u spontiab of thé mivebdes, iwhigh isoirf turn tue to ¢
compensation of electric charge at the surface by highly charged cations. The lack of strong hyperfine
couplings for B&', as oppoge to the case of Nacan be understood taking into account that the
stronger water coordination to Behan to N makes it less likely that Bédirectly coordinate the
nitroxide group which has a lower electric dipole moment than water. For the prdb8AL6the
absence of aniBe signal is interpreted as a consequence of the longer distance of this probe to micelle
surface and to the ionic region. Additionally,smdicates that the surfactant layer keeps polymer and
polar regions separated after coagulation with no considerable penetration of clay or ions into
this layer.

We did notobsere interaction of the SA or 16DSA spin probein any of the PCNCwith %’Si,
"Li or °F nuclei of the clay. We thus conclude that unlike the cationic surfactants in melt intercalated
composite$8], the anionic surfactants in our PCNg aot lying flatly on the clay surface.

3.2. Addressing theolymerClay Interfacefrom theClay Surface
3.2.1. Attachment ofationic Spin Label# theClay Surface

For studying the clay side of the polymer/clay interface, a nitroxide probe with a cationic group was
used to address the negatively charged clay nanoparticle. The structure of this spin probe
4-trimethylammoniur2,2,6,6tetramethytpiperidine1-oxyl (CAT-1) is shown inFigure 7a. The
probe has a simnembered ring with a paramagnetic nitroxide group sterically protected by two methyl
groups on each atom. The spin probe is very well soluble in polar solvents since it has a positively
charged quaternargmino group. To prove the regspecific addressing of the composites by the
probe, the mobility of the spin probe was measured at room temperature in different preparations.
Figure b shows the spectrum of CAT in water (black line), whose lineshape ypital for a
molecule in the fast tumbling regime. The blue line shows the spectrum oflG#in probes in a
Laponite RDS dispersion. The peaks are still equidistant but they are biesdeially the one of the
highestfield. This spectrum corresponds a slow @wn of probe dynamics due &itachment to the
surface of clay nanoparticles. Note that a small fraction of the probe still exhibits the narrow line
spectrum observed for the probe in water solution. This suggqstibrium between attached dn
dissolved CAT1 probe molecules. The spectrum does not significantly change upon addition of a
dispersion of polymer micelles, which can be interpreted as selective attachment of the spin probe to
the clay particles and not to the micellar surface. ¢t the spectrum of CAT in polymer dispersion
is very similar to the one in pure water (not shown).
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Figure 7. (a) Stick model of CATL. Ellipsoids represent the dipole contribution of the
calculated hyperfine tensgréb) CW EPR spectrum at room temperature of GATin
water (black), in Laponite RDS clay dispersion (blue) and PMidAu/Laponite RDS
dispersion (red) (¢) HYSCORE spectrum of CATL in water/glycerol mixture
(d) simulationof the spectrum in ¢ with the parameteoflected inTable3.
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3.2.2.Study of CAT1 Spin Probe Dispersions

Following the same strategy as for the amphiphilic probe,-CAias studied in solution of water
with glycerol. This provides information about the intramolecular couplings. The HYSCORE spectrum
and its simulation are shown kigure 7c,d. The most intenssignals in the spectrum are the proton
signals in the (+, +) gnd.dMHEznThe latesidnalaan ieaassignes to s i ¢
the nitrogen of the quaternary amine of the spin probe sintgperfinecoupling is very small and
nuclearquadrupole couplings negligible as expected for tetrahedral symmetfil couplings to the
nitrogen of the nitroxide group are much stronger and would lbalyisible (if at all) in quadrant
(T,+). Again, the ridge along the diagonal of quadrant)(is due to imperfect phase cyclingpme
signals assigned ttC appear on t hig= a6VtMHzinh qugdrantg+,+) and aloag
symmetric lines parallel to the diagonal of quadrant), Signals were again assigned to particular
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carbons in the mecule with the help of DFT theoretical calculations. The computed
g-tensor and hyperfine and quadrupole parameters for the nuclei detected in the HYSCORE spectrun
are collected in Table 3. The orientations calculated for the hyperfine tensors arentedrbgethe
orientation of the ellipsoids in Figure 7a8he anisotropic part of the hyperfine couplings is mostly
axial for all nuclei and its axis points approximately to the unpaired electron, which indicated that the
anisotropic part of the hyperfinensors is dominated by the poitipole interaction. For assignment

of the signalsthis contribution was crucial. In the simulatiptise anisotropic hyperfine parameters
were taken from the calculations and the isotragatribution was varied untiagreement with
experimental datevas foundvalue in brackets in Table 3).

Table 3.Hyperfine and quadrupole parameters obtained from DFT calculatidDA&T-1.

The orientation of the hyperfintensors is depicted in Figura.mhese values were used to
simulate the HYSCORE spectrum of the probe in water:glycerol with small adjustments in
the isotropic contributionals,), which are shown in parenthesis.

Nucleus (Ax-ais0)/MHz (Ay-aisg)/MHz (Az-ais0)/MHz aisd/ MHz
H! 12.4 11.2 3.6 5.3 (5.3)
H? 12.9 11.8 4.7 11.7 (1.7)
ct 11.9 115 3.4 110.2 {13.7)
c? 10.8 10.6 1.4 1.7 (2.1)
c? 10.6 10.5 1.0 10.5 ( 0.5)
ct 11.7 10.8 2.6 7.2(9.2)
N* 123.1 122.4 455 32.7 (42.7)
N? 0.06 0.06 0.12 0.20 (0.20)

Nucleus QJ/MHz Q,/MHz Q,/MHz |
N* 0.7 1.4 12.1 i
N? 0.05 0.07 10.12 i

A HYSCORE spectrunof the probe CATL in a clay nanopatrticle dispersion is showifrigure 8a.

All the features of the probe seen in water solution are also visible in this spectrum. Additionally, two
sharp matri x peaks on xthe?2d9 ablblpadadbbeviHa wHiclz c at
obviously arise from the interaction with nuclei iretilicate. These results demonstrate conclusively
that the probes are very close to the surface of the particle, in agreeme@VwiElPRmeasurements.
Remarkably, a single positive charge is sufficient to obtain this attachment of the probe to the clay
particle. On the other hand, only a very weak signal was attributableapalthough compensation of
nearby clay surface charges by sodium ions would have been expected.

In order to analyze the intensity of the matrix signals, atthe spectrum alonthe diagonalvas
extractedo obtain thelD spectrum shown in Figure 8b. This spectudiaplays the matrix peaks. The
matrix peaks arise fronvery weakly coupled nuclei (remotaucle) and their intensitiesscale
proportionally with the number of nuclend with thesixth power of the inverse distan¢Es]. Taken
this dependency and assuming that the number of nuclei increases roughly proportionally with the
distance (since the nuclei are arranged in a pldine)intensity would decrease with the fifth inverse
power of the distance. Hence, thecstled remte nuclei must not be further away thhmr 2 nm in
order tosignificanty contributeto the intensity of the matrix peak. To simulate the intensities of the
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lines in the spectrum, the crystal structure of Laponite clay report¢2iljrwas used taking into
account that L can substitute for Mg in the structure. To obtain the probability for a certain position

to be occupiedby magnetic nuclei’Li or %°Si, the elementary analysis providedthe producer of the

clay was used together with the natural abundance of the different nuclear isotopes. The hyperfine
coupling constants were then obtained using the joljple approximation and the spectrum
simulated using the calculated coupling®o Tomparesimulated with experimental spectrehe
simulatedspectra were scaled to fit the intensity of the catartiNe aify = 3.1 MHz. This strong
intramolecular signal is conveniently used as a reference since only one nucleus per nitroxide group,
with known hyperfine coupling, contributes it$ intensity The intensities of the extramolecular
matrix peaks depend on the distance of the electron spin to the surface of the clay. At thigepoint
made calculations considering two possible modelsh&. TAT-1 moleculestandson the surface of

the clay with the amino group being the only contact with the surface (blue simulafiguiie8b) or 2.

CAT-1 liesflat on the surface of the clay, with the nitroxide group also being in contactheittiay
surface (red simulation Between these two modelbe distance of the electron spin to the surface
differs by about 5 A, which leads to a big difference in the peak intensities, from practically no
intensity in the firstaseto displaying peaks almost as strong as the intramoletiNan the second

case. The experimental intensities approximately halfway irbetween thge two limiting cases
According to this, and taking into account that the amount of unbound1GOATery small according

to theCW EPR the binding geometry of the probe to the clay can be interpreted as a statistical mixture
(about 50:50) of the twextremesproposed above. Note that the existence of a preferred binding
geometry where the nitroxide raelicis located at an intermediate distance, about 0.6 A from the
surface, would also be compatible with the experimental evidence.

Figure 8.(a) HYSCORE spectrum dLAT-1 ina Laponite RD/watedispersionT = 50 K

B=3480 GU = 1 (d)8Diagosalcut of the spectrum irfa) and its simulation with

different CAT-1 probe configurations. The dashed red line correspondssimulation

with CAT-1 attached dAflato so the nitroxide |ie
corresponds ta simulation withonly the cataminegroupbeing in contact with the surface

and therefore thatgest nitroxideclay distance.

(@) (b)



