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ABSTRACT: Dynamics and microstructure of the surfactant layer in organically modified silicates and their
composites with polystyrene were studied as a function of surfactant loading and temperature in the range relevant
for melt intercalation. Site selectivity was achieved by using specifically headgroup- and tail-labeled surfactant
EPR spin probes and by applyif® MAS NMR to phosphonium surfactants. Bimodal dynamics is observed
over a broad range of surfactant loadings and temperatures in both the absence and presence of polymers and
correlates with a bimodal distribution of surfactant headgroup distances from the silicate surface. Excess surfactant
with respect to the cation exchange capacity of the silicate plasticizes the surfactant layer. Electron spin echo
envelope modulation on nanocomposites with ammonium surfactant and deuterated polystyrene demonstrates
close contact between the polymer and surfactant tail ends. Surfactant dynamics changes strongly during
microcomposite formation, i.e., by embedding stacks of organoclay platelets in a polymer matrix, even if no
intercalation takes place.

Introduction loading of the layered silicate on one hand and favorable
interaction of the organoclay with the polymer and improvement
of mechanical properties on the other hand is not yet understood
on a fundamental level, although empirical rules could be

Nanodispersed silica platelets can improve heat resisfance,
storage and loss modulus, tensile strength, gas barrier, and flame
retardant properties of polymers without increasing brittleness ~, " . . . .
or compromising transparency of the matefialFor hydro- derived by varying surfactant structures in melt intercaldfion
phobic polymers, which are more commonly used as construc- of organoclays by polystyrerié.
tion materials than hydrophilic polymers, nanodispersion usually ~ Following a preliminary report of our ow#, and recent
presupposes that the layered silicates are compatibilized byFTIR**NMR,*”and molecular dynamics (MB)work of others
amphiphiles. For instance, cationic surfactants such as alkyl- on surfactants in organoclays, we now introduce a new approach
ammonium and alkylphosphonium salts compatibilize the clay for studying structure and dynamics of the surfactant layer. This
minerals hectorite and montmorillonite or synthetic layered approach is mainly based on EPR experiments on surfactant
silicates of similar composition. The resulting organoclays are spin probes and uses complementary information from solid-
the most commonly studied and applied nanofillers in polyrfers. state NMR on surfactant headgroups. In particular, we address

Structural characterization of organoclays and their nano- heterogeneity of surfactant dynamics as a function of surfactant
composites with polymers is mainly performed with wide-angle loading and temperature, differences in dynamics between the
X-ray scattering (WAXS) and transmission electron microscopy Surfactant headgroups and tails, and changes in surfactant
(TEM), which provide information on morphology. Summary dynamics caused by formation of polymer composites. Using
information on dynamic phenomena is obtained by dynamic an electron spin echo envelope modulation (ESEEM) tech-
mechanical analysis and melt rheology. While these establishednique;® we further characterize contact between the polystyrene
techniques are extremely useful for empirical materials develop- chain and the surfactant. We restrict ourselves to melt intercala-
ment and app]ication’ they are of limited value for an under- tion, which has become the standard method of preparation of
standing of the composites on a molecular level. Solid-state Polymer/layered silicate nanocompositeBesides the com-
nuclear magnetic resonance (NMRs recently emerged asa monly used ammonium surfactants, we also consider a phos-
technique that can provide more detailed information on polymer phonium surfactant because of its higher thermal staBlid
chain orderind,and phase structuras well as information on  better suitability for headgroup-selective NMR.
interaction of the polymer with silicate platelétnd on polymer The paper is organized as follows. First, the morphology of
dynamics? Dynamics in the organieinorganic interface of  the polymer-clay composites is considered on the basis of
related nanocomposite gels have been addressed by a combinaA/AXS data. The temperature dependence of surfactant dynam-
tion of NMR and spin-label electron paramagnetic resonance ics close to the headgroup and tail end is then elucidated on
(EPR) spectroscopiés. the basis of CW EPR data in pure organoclays and polymer

Although the importance of the composite interface is clay composites with different morphology. This section
generally acknowledget?,none of the spectroscopic studies on emphasizes different parameters for characterization of the
nanocomposites have addressed the surfactant layer, which ispectral line shape and their complementary information content.
crucial for nanodispersion of the silica platelétand addition- Furthermore, solid-state NMR data are analyzed to characterize
ally influences mechanical properties by plasticizing the poly- surfactant loading of the clays and to obtain further insight into
mer? The relation between surfactant structure and surfactant temperature-dependent surfactant dynamics and structure of the

surfactant layer. The Results section concludes with an analysis

* Corresponding author: e-mail jeschke@mpip-mainz.mpg.det &9 of ESEEM data of clay composites with deuterated PS that
6131-379 247; Fax-49-6131-379 100. provide information on contacts between surfactant and polymer.
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Chart 1. Structures of HTBP and of Surfactant Spin Probes
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The following section discusses the picture of the surfactant
layer in pure organoclays and polymeailay composites that
is suggested by this combination of different techniques.

Experimental Section

Materials. Synthetic fluoromica Somasif ME-100 was a gift from
Co-Op Chemical Co., Japan. Tributylhexadecylphosphonium bro-
mide (HTBP, Aldrich), hexadecyltrimethylammonium chloride
(HTMA, Aldrich), the headgroup labeled spin probe MN-
dimethylN-hexadecyl)ammonium-2,2,6,6-tetramethylpiperidine-1-
oxyl-iodide (Cat-16, Molecular Probes, Inc.), and 4-oxo-2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPONE, Aldrich) were used as
received. The tail-labeled spin probdswith a phosphonium
headgroup an@ with an ammonium headgroup were synthesized
in our own laboratory as described below. Characterization by NMR
and MS is decsribed in the Supporting Information. Polystyrenes
with a narrow molecular weight distribution (GPC standards, PS10K
(My ~ 9500,M,,/M;, ~ 1.06, Ty = 370 K), PS30K i, ~ 32 000,
Mw/M,, ~1.03, Ty = 374 K), and PS100KN,, ~ 94 900,M,/M,
~ 1.06, Ty = 377 K)) were obtained from Fluka. Anionically
polymerized perdeuterated polystyrene (PSHgKM,, ~ 10 950,
Mw/M, ~ 1.04) was obtained from Polymer Laboratories, Inc.

Synthesis of Tail-Labeled Spin Probes2-(11-Bromoundecyl)-
isoindole-1,3-dionell-Bromoundecanol (Fluka, 5.0 g) and potas-
sium phthalimide (Fluka, 2.7 g) were reacted foh in DMF (20
mL) at 80 °C. After cooling down, the reaction mixture was
dissolved in 40 mL of chloroform and extracted two times with 70
mL of water. The water phases were extracted two times with 20
mL of chloroform. The combined organic phases were washed first
with 20 mL of 0.2 M NaOH and then with 20 mL of water. The
solution was dried (N&0Q,). The solvent was removed in vacuo,
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(1,3-dioxo-1,3-dihydroisoindol-2-yl)undecyl]phosphonium bromide
(1a) was obtained as a yellow oil after distillation in vacuo (3.68
g, 90%). For compoun@ to a solution of 2-(11-bromoundecyl)-
isoindole-1,3-dione (1.53 g) in ethanol (55 mL) an aqueous solution
of trimethylamine (Fluka, 4550%, 8.2 mL) was added. After
stirring for 7 days at room temperature and removing the solvent
and excess of trimethylamine at 46 and a pressure of 13120
mbar the yellow, solid residue was dissolved in ethanol (30 mL)
and precipitated using diethyl ether (120 mL) to give trimethyl-
[11-(1,3-dioxo-1,3-dihydroisoindol-2-yl)undecyllammonium bro-
mide @2a) as a pale yellow solid (1.29 g, 75%).

Deprotection and Spin-Labelind\n aqueous solution of hydra-
zine hydrate (Fluka, 25%, 2.5 mL) and methanol (100 mL) &ad
(2.51 mL) or2a (1.29 g) were refluxed for 1 h. After addition of
water and evaporation of methanol, concentrated hydrochloric acid
was added and the mixture was further refluxed for 1 h. After
cooling down, a white precipitate was removed and the clear yellow
solution was extracted two times with 30 mL of ethyl acetate. The
aqueous phase was concentrated to dryness, and (11-aminoundecyl)-
tributylphosphonium bromidelp, yellow oil, 2.28 g, 80%) or (11-
aminoundecyl)trimethylammonium bromideh yellow solid, 0.53
g, 58%) was obtained. For spin-labeling, to a solutiol»{0.39
g) or 2b (0.27 g) in dry THF (15 mL) were added 2,2,5,5-
tetramethyl-3-pyrroline-1-oxyl-3-carboxylic acid (Aldrich, 0.24 g)
and DMAP (Merck, 0.36 g). DCC (Fluka, 0.54 g) was added under
ice cooling, and the mixture was then stirred for 3 days at room
temperature. After separating from the precipitated urea to the clear
yellow solution 2 M HCI (40 mL) was added. The mixture was
extracted two times with 20 mL of diethyl ether, the combined
organic phases were dried (}0), and the solvent was removed
in vacuo. Compound (orange crystalline solid, 1.59 g, 51%) and
compound (yellow solid, 0.38 g, 91%) were obtained. The identity
of the compounds was checked by mass spectrosébp}XMR,
and!*C NMR and for paramagnetic substances by IR spectroscopy.

Preparation of Organoclay. To a dispersion prepared by stirring
2 g of Somasif ME-100 in 200 mL of deionized water for about
30 min was added a solution of the appropriate amount of HTBP
and spin probes (if required) in a mixture of 40 mL of deionized
water and 40 mL of ethanol that was kept at ®D. Surfactant-
excess samples were prepared by using a 3-fold excess of HTBP
with respect to the cation exchange capacity (CEC: 0.85 mequiv/
g) of Somasif ME-100 while for surfactant-deficient samples the
amount of HTBP was 0.8 times the CEC. For NMR experiments,
samples with other ratioBy, of the amount of surfactant to the
CEC were prepared as mentioned in the text, and the actual
surfactant to CEC rati®., was determined by quantitative solid-
state NMR. Surfactant-excess samples with the ammonium sur-
factant HTMA were prepared analogously. The amount of spin
probes used (Cat-16: 2 miy, 5 mg,2: 20 mg) ensured less than
2% of foreign surfactant molecules were introduced, and no spectral
broadening due to dipotedipole interaction between electron spins
was observed. After stirring the combined solutions at®dor 5
h, the precipitate was collected by filtration and washed with an
1:1 hot mixture of deionized water and ethanol until an AgNO
test for chloride ions in the washing liquid was negative. The
obtained material was dried in the vacuum oven atG@or 24 h.
Unless stated otherwise, EPR and NMR samples were prepared by
pressing 100 mg of organoclay at a temperature of 433 K for 30
min at 70 MPa in a Weber-Press (Maschinen Apparatebau GmbH).

Preparation of NanocompositesMixtures of 75 mg of polymer

and 2-(11-hydroxyundecyl)isoindole-1,3-dione was obtained as a and 25 mg of organoclay were pressed at temperatures of 433 K

colorless solid (5.58 g, 88%). Tetrabromomethane (Fluka, 4.7 g),
triphenylphosphine (Aldrich, 3.7 g), and 2-(11-hydroxyundecyl)-
isoindole-1,3-dione (3.0 g) were stirred overnight in diethyl ether
(60 mL) at room temperature. Filtration over silica gel with

for 30 min at 70 MPa in a Weber-Press.

EPR Measurements. Spectra were recorded on a Bruker
ELEXSYS 580 EPR spectrometer at X-band frequencies«(9.8
GHz). Variable-temperature CW EPR was performed with a 4103

petroleum ether/aceton (5:1) as a solvent gave 2-(11-bromoundecyl)-TM resonator using a glass dewar and the Bruker ER 4111 VT

isoindole-1,3-dione (1,72 g, 72%) as a pale yellow solid.
Quaternization.For compoundl, to tributylphosphine (Fluka,
1.73 mL) at 90°C a solution of 2-(11-bromoundecyl)isoindole-

1,3-dione (2.8 g) in dry acetone (20 mL) was added under argon.

After stirring for 20 h and evaporation of the solvent, tributyl-[11-

temperature control unit. A microwave power of 2 mW, modulation
amplitude of 0.1 mT, and a modulation frequency of 100 kHz were
employed. Three-pulse ESEEM experiméhtsere performed at

a temperature of 50 K and at the maximum of the nitroxide spectrum
usirg a a Bruker Flexline split-ring resonator ER 4118X_MS3. Pl&%\/
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Figure 1. WAXS data for Somasif-based organoclays and their composites with polystyrene. (a) Surfactant-excess organoclay prepared with
HTMA and its composites with PS10K, PS30K, and PS100K (from bottom to top). The asterisk denotes a peak from the crystalline domains of PS.
Composite data have been normalized to this peak. Vertical dashed lines are guides for the eyes. (b) Organoclays prepared with HTBP and their
composites. The peak assigneddie; (1) and the peak at twice the correspondsigalue (2) are labeled. Bottom to top: surfactant-deficient
organoclay, its nanocomposite with PS18&-surfactant-excess organoclay, and its nanocomposite with P8L0K-

+PS10k

organoclay

widths were 16 ns, and the interpulse delay between the first two against determination from the absolute high-field maximum and
pulses was 344 ns to obtain a favorable ratio of deuterium to proton low-field minimum for noiseless simulated spectra, and tAg,2
modulations. An increment of 16 ns was used for the second values were found to coincide.
interpulse delay, and 512 data points were acquired. Width of the Central LineThe low-field maximum and high-
NMR Measurements.Spectra were recorded on a Bruker ASX  fie|d minimum for the central line were determined analogously to
500 spectrometer. Samples were placed in 4 mm rotors and spunthe corresponding extrema of the whole spectrum with starting
at an MAS frequency of 12 kHz. Free-induction decay signals were jntervals By — 0.6 mT, By, for the maximum andRo,, Boc +
recorded after a Qpulse of 4.2us duration, and; measurements 0.6 mT) for the minimum. The fitting intervals were consecutively
were performed with an inversion recovery sequence. Ammonium narrowed to 0.3 and 0.15 mT.
gm?ﬁg}gfgngg?ghgtg (Aal;lPé rﬂ‘g?g%%i;ﬁﬁ?jgf:g”{ggl wt Extraction of the Fast ComponerAutomatic detection of the
%) for spin countﬁwg bf spl?rfactant headgroups Variable-temperaturek-)W-ﬁeIOI as_spciated with the fast component was attempted by
MAS experiments were performed with nitrégen bearing gas for finding a minimum and maximum in the Ilne_shape in the range
(Bc — 1.555 mT,B; + 1.495 mT) that were distinct from the range

sar;pl?] spgmlngl toc?]vmd ox!dat_lve t':io\e”corgposmcl)n.x limits. If both the minimum and maximum were found, starting

terinugrt(vevrAxg]Fr)niasuarlreﬁ:eer:gavt\;g?é pe:lfvcl)rri-:c?%rel a-crsgtzﬁitrha devglues for fitting_ of a_Voigt line were taken from th_e amplitude
setup consisting of an X-ray generator and an X-ray mirror to difference and field dlﬁerencg qf the;e extrema. V0|gt lines were
; L9 . used as the shape of the individual lines of a nitroxide three-line
Bar_allellze_thﬁ ll)eam”gnd therefore to m;]nln;)lze thed_beam d“{erggnce'spectrum is a convolution of a Lorentzian (relaxational broadening)
sing a pinhole collimation system, the beam diameter Is about i, 5 Gaussian (hyperfine couplings to protons). Voigt lines

O.thm. A ?Orl]‘btla g_r%pll“;i rr}r;gnochromgto':r f:)(rj Ciu "ad'f%“_?.”n provide good fits for spectra that contain only a fast component.
\tNI ((j':\_wave_e gl d t_ t. B kwa:XuSse :tholoz‘i‘liogaqu!s' IIO 4 The sum of a Voigt line and a second-order polynomial background
wo-dimensionar detector (Bruker ; ) Wi P'Xe S function was then fitted in the above-mentioned range. The Voigt
was utilized. The sample-to-detector distance was 80 rr:m, therefore,line was associated with the low-field line of the fast component,
the accessible scattering angle range .w%13<2_20 = 3.2 : After simulated for the total range of the spectrum, and its double integral
background subtraction the scattered intensity distributions were Dy was computed. The high-field line and its double intedg

integrated over the azimuthal angle and are presented as a function : .
of the scattering vectos = 2 sin 6/1. Basal spacingslo; of the were obtained analogously in the range ¢ 1.495 mT 8 + 1.555

layered silicate are thus given by Bragg's law bgdd wheresoos mT). In cases where only the high-field line could be detected, the

. . . . fraction fs; Of the fast component was computed adpfD;

e e Tt e pesk DSC thenvise, it was computed 82 (- DD, Unike ota

Mettler TG 851usystems were p simulation of the composite spectrum, this technique does not
Automated Data Analysis of CW EPR SpectraThe integrated depend on having a suitable model for the motion of the probes. It

spectrum and the double inteaBabof the spectrum were computed is limited to cases with only two major components that differ in
pectr ; g P . P rotational correlation times by at least 1 order of magnitude. Matlab
after linear baseline correction. The center fiByd of the line shape

was associated with the maximum of the integrated spectrum in glr-gea\'\l/la&illg’gloeﬂ;rs(’)r:? (;h)epgﬂ?r:gr:;solrr]n Pelzzwgsr;tlng these data analysis
the range of:1.22 mT around the center of the field sweep. '

Extrema Separation of the Slow ComponeAt.fifth-order
polynomial was fitted to the range betweBg. — 4.9 mT andBg ¢
— 3.0 mT, and an approximatid®o, of the low-field maximum WAXS. Intercalation of polymer chains into the galleries of
Wals a;zc))uated Wltt)r: the (rjnfaX|murr;_fc:;thls(,jpolynlomlaL_Alnf!{npft%Ved organoclays can be proved by observing the change in lamellar
value By s was obtained form a fifth-order polynomial fit in the ; _
range B — 0.6 mT, B%, + 0.6 m) and the final valugo, ot Y ICRCE PO DRIOE NS BeRene TOT e B

by a fifth-order polynomial fit in the rangeB(Yo s — 0.3 mT,BW)q ¢ ) ! . X
0.3 mT). The high-field minimurio,was obtained analogously this change as a function of molecular weight of monodisperse

with a starting rangeBp ¢ + 3.0 mT,Bo. + 4.6 mT). The extrema PS intercalants (Figure 1a). The peak r_narked with an asten;k
separation &', for the slow component is given Bopr — Bor. stems from the PS. Peaks corresponding to the basal spacing
This procedure corresponds to noise filtering with a filter adapted of silicate sheets are found in the range< 0.5 nntt. For
to the width of the spectral features at the extrema. It was testedunmodified Somasif Me-100, a basal spacingigfy = 1.227

Results

Ccbv
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nm has been reportéd.In our own WAXS data (not shown) the shapes of the scattering curves before and after composite
we find a peak that can be assigned to this spacing but alsoformation are somewhat different, so that partial intercalation
additional peaks that indicate superstructure or some heteroge-cannot be completely ruled out. However, for surfactant-excess
neity of the material. The additional peaks vanish for surfactant HTBP organoclay only a small shift itho1 is observed, which
loadings larger than the CEC, and only one well-defined peak is not consistent with significant intercalation. Instead, it is likely
in the range of the basal spacing is observed (bottom trace inthat the HTBP layer in a microcomposite cannot reach its
Figure 1a). thermal equilibrium structure during cooling of the material since

For such surfactant-excess organoclays prepared with HTMA the PS matrix, in which the stacks of clay platelets are
we find a basal spacing @fo; = 2.16 nm, which compares to ~ embedded, solidifies at a temperature that is higher than the
literature values of 1.431.44 nm for monolayers (surfactant- order—disorder transition of the HTBP layer.
deficient samples) and 1.77 nm for bilayers (surfactant-matched The failure of intercalation of PS10K into surfactant-excess
samples) of HTMA in organoclays based on the different clay HTBP organoclay was reproduced with both protonated and
mineral montmorrillonite, which has a similar CEC of 0.82 deuterated PS and with several samples of independently
mequiv/g? In fluorohectorites with a CEC of 1.5 mequiv/g, a prepared organoclay. Likewise, successful intercalation of
basal spacing of2.2 nm was found when using an excess of PS10K into HTMA organoclay was reproduced with both
primary ammonium ions with one hexadecyl chain, which is protonated and deuterated PS and with independently prepared
very similar to our value. organoclay samples. Hence, the same combination of polymer

Composite formation with PS10K in our case causes an (PS10K) and clay (Somasif ME-100) reproducibly forms
increase of the basal spacingde; = 3.38 nm (second trace microcomposites when 'Fhe phosphonium surfa(_:tant HTBP is
from bottom in Figure 1a). For a three time larger molecular Used and nanocomposites when the ammonium surfactant
weight of the polymer (PS30K), we also observe a very similar HTMA is used. This provides a unique opportunity for testing
spacingdoo: = 3.26 nm, but also a spacing of 2.21 nm, which Whether changes in structure and dynamics of the surfactant
is very close to the one in the organoclay before composite layer during composite formation do or do not depend on
formation. With even higher molecular weight of the polymer intercalation.

(PS100K, top trace in Figure 1a), only a spacing of 2.20 nmis CW EPR Spectroscopy.EPR spectroscopy of unmodified
found, which is very close to the spacing before composite Somasif ME-100 at W-band frequencies (9.6 GHz) reveals a
formation. These results indicate complete intercalation (nano- broad and relatively weak spectrum with a maximum rgear
composite formation) with PS10K, partial intercalation with 2 that we ascribe to an Fe(lll) impurity (data not shown). At
PS30K (mixture of nanocomposite and microcomposite), and W-band frequencies (94.2 GHz) this contribution dominates the
no significant intercalation (microcomposite formation) with CW EPR spectrum even for spin-labeled organoclays (see
PS100K. In further tests we have found that intercalation by Supporting Information). For organoclays at X-band frequencies,
PS with higher molecular weight can be improved by increasing transverse relaxation times of the nitroxides at 50 K are
temperature or duration of the thermal treatment (data not unusually low (206-300 ns instead of more than a microsec-
shown), but only at the expense of losing part of the spin probesond). However, the Fe(lll) contribution is almost negligible
by thermal decomposition. We therefore decided to restrict compared to the nitroxide in CW EPR, and it is not directly
further studies to PS10K. observed in pulsed EPR.

For surfactant-deficienR, = 0.8) and surfactant-exced In previous work we have found surfactant fractions with
= 3.0) organoclays prepared from Somasif ME-100 and HTBP, different mobility in organoclays prepared with an excess of
we found basal spacings ofgo; = 2.21 and 2.65 nm, the ammonium surfactant HTM&. For organoclays and mi-
respectively. In both cases, thgy, peaks are clearly observed crocomposites containing Somasif ME-100 as the silicate
(see labels 2 in Figure 1b). Note that the actual surfactant excescomponent and an excess of the phosphonium surfactant HTBP,
in the samples witlRy, = 3.0 is only 70% over the CEQRExp this dynamical heterogeneity is even more pronounced, and the
= 1.7) as found by quantitative NMR (see below). The basal spectra can be described quite nicely in terms of two surfactant
spacings for HTBP compare to literature values of 1.87 nm in fractions, as is demonstrated in Figure 2a,b for the tail-labeled
smectite (CEC 0.87 mequiv/g), 2.13 nm in montmorrillonite spin probesl and2. The fast fraction (circles) corresponds to
(CEC ~ 1.1 mequiv/g), and 2.44 nm in modified mica (CEC rotational correlation times well below 3 ns and the slow fraction
~ 2.5 mequiv/gf* In Somasif ME100 with a larger size of the  (squares) to rotational correlation times above 3 ns. To
platelets and a lower CEC, we thus find a larger basal spacing,understand the origin of this heterogeneity of surfactant dynam-
which supports the hypothesis of Maiti et al. that the basal ics, we studied the dependence of the fraction of fast surfactant
spacing increases with size of the clay platelets but conflicts molecules on temperature and on composition of the material.
with their assumption that the CEC plays a more important This fraction can be quantified by fitting the narrow low-field
role24 The considerable difference in the basal spacings betweenand high-field lines (see dotted lines in bottom trace of Figure
the two samples indicates the importance of controlling the 2a) and relating their intensity (double integral) to the double
actual amount of surfactant used in the preparation of the integral of the whole spectrum (see Materials and Methods).
organoclay. For both head-labeled and tail-labeled spin probes and in both

Much to our surprise, the basal spacings of HTBP organoclay the absence and presence of polymer, we find a gradual increase
change only slightly on formation of the composite with PS10K- Of the fast fraction with temperature (see Figure 3). Heterogene-
ds. For the surfactant-deficient organoclay we find a change ity of surfactant dynamics persists up to the highest temperatures
from 2.21 to 2.28 (two lowermost traces in Figure 1b) and for at which the spin probes are stable (433 K, depending on
the surfactant-excess organoclay a change from 2.65 to 2.72the material as explained below).
nm (two uppermost traces in Figure 1b). Although these changes Because of the large and variable fast fraction and the large
are reproducible, they are very close to the resolution limit to aspect ratio of the Somasif silicate platelets (lateral dimension
the detector and do not allow for firm conclusions about ~1 um, thickness 1 nm), we can exclude an assignment of the
structural changes. In the case of surfactant-deficient organoclayfast component to the edges of the platelets. Some insighEBt\o/
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Figure 2. Representative CW EPR spectra of spin-labeled surfactants in organoclays (HTBP on Somasif ME-100) and their polymer composites.
Narrow lines are guides to the eyes. (a) Tail-labeled phosphonium surfadtaatsurfactant-excess organoclay in the absence of polymer (bottom)

and after microcomposite formation with PS10K (top) at 373 K. The dotted lines in the bottom trace are fits of the fast component. (b) Tail-labeled
ammonium surfactar® in a surfactant-excess organoclay in the absence of polymer (bottom) and after microcomposite formation with PS10K
(top) at 373 K. (c) Cat-16 in a surfactant-deficient (bottom) and surfactant-excess (top) organdctay288 K. (d) Cat-16 in a surfactant-excess
organoclay in the absence of polymer (bottom) and after composite formation with PS10K (fop) 373 K.
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Figure 3. Dependence of the fast fractidigs of spin-labeled surfactant molecules on temperature in organoclays (HTBP on Somasif) and their
composites according to analysis of CW EPR spectra. Solid lines are guides to the eyes. (a) Tail-labeled phosphonium Is(ofiartesytand
ammonium surfactar (triangles) in surfactant-excess organoclay. (b) Tail-labeled phosphonium surfa¢tamies) and ammonium surfactant

2 (triangles) in microcomposites of surfactant-excess organoclay with PS10K. (c) Cat-16 in surfactant-deficient (triangles) and surfastant-exce
(circles) organoclay. (d) Cat-16 in composites of surfactant-deficient organoclay (triangles) and surfactant-excess (circles) with PS10K.

the origin of the heterogeneity is obtained by varying surfactant temperature CW EPR spectrum of the head-labeled probe Cat-
coverage of the platelets, which can be quantified by the ratio 16 in a surfactant-deficient samplR € 0.8) exhibits a larger
R of surfactant loading to the CEC of the clay. The room extrema separation®,, than a surfactant-excess sample pé%-v
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Figure 4. Dependence of extrema separatiod,2and widthsI'c of the central line in CW EPR spectra of surfactant spin probes in organoclays
(HTBP on Somasif) and their composites with PS10K on temperature. (a) Extrema separwtidos Cat-16 in surfactant-deficient (open symbols)
and surfactant-excess (filled symbols) organoclay. Squares and circles correspond to the slow and fast component, respectively. (b) Etioama separ
2A',, for Cat-16 in polymer composites of organoclays. Open symbols correspond to surfactant-deficient and filled black symbols to surfactant-
excess organoclay. Squares and circles correspond to the slow and fast component, respectively. (c) Lifgfaidifganoclays: open squares,
Cat-16 in surfactant-deficient organoclay; filled squares, Cat-16 in surfactant-excess organoclay; open circles, tail-labeled phosghotanm sur
1in surfactant-excess organoclay; open triangles, tail-labeled ammonium suraataotfactant-excess organoclay. (d) Line widfg$or composites.
Symbols as in (c).
pared with a 3-fold excess of HTBP with respect to the CEC  Formation of the polymer microcomposite generally leads
(Figure 2c, the surfactant excess in the final material is only to a decrease of the fast fraction (Figure 2a,b) or at least to an
1.7 as explained below). AsA2, is reduced by rotational increase of the average extrema separatidp, th the spectra
dynamics of the spin probe, this points to an increase of that is to large to be explained by polarity changes. We may
surfactant mobility with increasing surfactant coverage Ajs thus conclude that composite formation with PS immobilizes
also depends on polarity of the environment of the spin pfdbe, the surfactant layer significantly even if no intercalation takes
this difference could also be due to on average higher polarity place. In fact, such an effect can be expected for PS, whose
for the surfactant-deficient sample. However, quantitative glass transition temperatur@y(= 370 K) is higher than the
analysis of the fast fraction (Figure 3c) suggests that, in the order—disorder transition of the surfactant layd@iopr = 343
case at hand, increasing mobility with increasing surfactant K). Below Ty the stacks of clay platelets embedded in the PS
coverage is the main contribution. In the surfactant-excess matrix cannot expand. In agreement with this consideration, the
sample, surfactant molecules with rotational correlation times orderdisorder transition of the surfactant layer is no longer
of their headgroups shorter than 3 ns are found at temperatureobservable in the DSC of the composites. With respect to the
above 350 K, while in the surfactant-deficient sample no such polymer, the DSC of microcomposites of PS10K with surfactant-
surfactant headgroups are observed below 400 K. Note howeverdeficient and surfactant-excess organoclay shows only a very
that above 400 K two fractions can be clearly observed also in slight decrease 6Ty to 369 and 367 K, respectively.
the surfactant-deficient sample, where all surfactant headgroups Somewhat surprisingly, the change in surfactant dynamics
are supposed to be attached to negative charges on the silicdy microcomposite formation cannot only be observed for the
surface. label at the tail end (compare Figure 3a,b) but also for the label
According to DSC, the HTBP surfactant layer has a melting- at the headgroup (compare Figure 3c,d). However, in the latter
like order—disorder transition between330 and~350 K (Topt case the effect is much more pronounced in surfactant-excess
= 343 K), which is~10 K above the melting point of the pure  samples (circles), where at least some headgroups cannot be
surfactant. Such behavior was previously observed for Cloisite electrostatically attached to the clay surface, than in surfactant-
organoclays, wher€pr was found to be lower than the melting  deficient samples (triangles). Indeed, analysis of the central line
point of the pure surfactaff. In our case, tiny differences width T'. indicates that headgroups in surfactant-deficient
between the DSC curves of surfactant-deficient and surfactant-organoclays are slightly mobilized rather than immobilized on
excess samples are observable but are hard to quantify and harthicrocomposite formation with PS (see open squares in Figure
to reproduce. Interestingly, the decomposition temperature of 4c,d).
headgroup-labeled Cat-16 gradually decreases when decreasing In a surfactant layer composed of a large excess of the
Rfrom ~450 K atR > 1 to ~410 K atR = 0.2. This suggests  phosphonium surfactant HTBP and a small fraction of tail-
that catalytic decomposition of the spin probe, and probably labeled ammonium surfactaBt we find higher mobility than
also of surfactant molecules, takes place at the clay surface. in the analogous system with the tail-labeled phosphon&%ﬂv
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surfactantl (Figure 3a). As the majority surfactant is the same the surfactants and allows for a more precise quantification of
in both cases, and only the small amount of probe moleculesthe total amount of surfactant in an organoclay. To selectively
has a different headgroup, dynamics of the layer should be theaddress surfactant headgroups in complex materials, wé&Rise
same. The result thus indicates that, in a mixed layer with an NMR with its comparatively high sensitivity (100% natural
excess of phosphonium surfactant, ammonium surfactant mol-abundance, gyromagnetic ratio larger thanf& or 1°N) and
ecules have a tendency to disengage from the silicate surfaceabsence of signals due to any other component of the system.

Alternatively, CW EPR spectra of spin-labeled surfactants T0 quantify spectral components, we employ experiments based
can be quantified by determination of the extrema separationsOn thermal polarization rather than cross-polarization from
2A',, for the fast and slow component (Figure 4). In particular, Protons, despite the somewhat lower sensitivity associated with
the values for the slow Component may provide information this approach. The total amount of surfactant is determined by
that |S Complementary to the information Obta”-]ed from admixture Of a deﬁned amount Of ADHP and integration Of the
quantifying the fast fraction. For instance, we find tha{,2 HTBP and ADHP peaks in the spectrum.
for the slow component in surfactant-excess samples (filled Using this technique, we have determined the composition
squares in Figure 4a) significantly decreases well before the of organoclays prepared with ratid, of the amount of
fast component can be observed, while this is clearly not the surfactant to the CEC between 0.2 and 3.0 in increments of 0.2
case in the surfactant-deficient sample. The surfactant layer in(Figure 5a). Up to surfactant loadings Bf, = 1.4, we find
the surfactant-deficient sample does not melt homogeneously,agreement between the relative amoWR of surfactant
but much less heterogeneously than in the surfactant-excesemployed in the preparation and the amoBg4, found in the
sample. With a surfactant excess the layer melts more hetero-organoclay. In this range, the NMR spectra vary strongly with
geneously in the pure organoclay than in the microcomposite Ry, For higherRy, the change irRex, levels off and reaches a
with PS10K (filled black squares in Figure 4a,b). limiting value of ~1.7. In agreement with this observation,

The average mobility of the whole surfactant population is SPectral line shapes do not change significantly betwer
most easily characterized by the widkly of the central line 1.8 and 3.0.
(for definition, see Figure 2c), which is a parameter that can be  Interestingly, the room temperature MAS NMR spectra
determined with good precision by polynomial fitting even in contain a single broad peak &3'P) ~ 31 ppm forRy < 1,
spectra with rather poor signal-to-noise ratio. Furthermore, the while a second, narrower peak @€'P) = 32.6 ppm appears
parameter is highly sensitive to changes in dynamics over afor Ry > 1 and increases in relative intensity with increasing
broader range of rotational correlation times thaki,2and Ry, up to 1.8. It is natural to associate the former component
combines information on the fast fraction and the mobility of with more immobile surfactant molecules, whose headgroups
the slow fraction. A4 depends oig anisotropy andj depends are directly attached to the silicate surface, and the latter
on polarity of the spin probe environmeftthis parameter is ~ component with more mobile molecules, whose headgroups are
affected by changes in polarity and mobility, as is also the case remote from the surface. The shift difference would then stem
for 2A',, For Cat-16 in surfactant-deficient organocldy, either from susceptibility differences, or from a contact shift
detects a gradual increase in mobility already in the range due to a small amount of paramagnetic impurities®{lFén
between room temperature and 373 K, whe#e,2does not Somasif, or from slight changes in the electronic structure of
change significantly and no fast fraction is observable (open the headgroup caused by electrostatic attachment. The assign-
squares in Figure 4c). Up to temperatures of 433 K, headgroupment is supported by the temperature dependence of'the
mobility is higher in surfactant-excess (filled squares) compared MAS NMR spectra of a surfactant-deficient organoclBy, &
to surfactant-deficient (open squares) organoclay. Rotational 0.8, Figure 5¢) and a surfactant-excess organodtay=t 3.0,
correlation times of surfactant tails (open triangles and circles) Figure 5d). The spectra show a gradual increase of the relative
in surfactant-excess organoclays match the EPR time scaleintensity and of the chemical shift of the narrow peak. Similar
(nanoseconds) at temperatures thata6® K lower than for observations have been made Ry = 0.6 (data not shown).
the headgroups. Up to 413 K surfactant tails of ammonium We have also checked by an inversion recovery measurement
surfactants (open circles) move significantly faster than those whether such a simple two-state model of attached and detached
of phosphonium surfacants (open triangles) when immersed insurfactant molecules is consistent. Somewhat to our surprise
a layer that contains a large excess of phosphonium surfactantsboth NMR peaks exhibit monoexponential longitudinal relax-

Comparison Offc p|ots for Organoc|ays and PS nanocom- ation at room temperature (Figure 5b) with relaxation times
posites (Figure 4c,d) clearly reveals that microcomposite forma- T1.mobie = 0.82 s for the more mobile antl mobiie = 2.15 s for
tion decreases the differences in surfactant dynamics, boththe more immobile fraction.
between surfactant-deficient and surfactant-excess samples and Closer analysis reveals, however, that the amount of im-
between headgroup- and tailgroup-labeled surfactants. Dynamicamobilized surfactant molecules is not simply determined by the
of the whole surfactant layer appears to be dominated by CEC, but rather depends on surfactant loading and temperature.
dynamics of the matrix in which the stacks of clay platelets are For instance, for the highest loadigx, = 1.7, the immobile
embedded. On the other hand, all trends observed in thefraction might be expected to amount to almost 60%, while only
organoclays are still significant in the composites: surfactants 30% of the intensity corresponds to the broad peak at 31 ppm.
are less mobile in surfactant-deficient organoclays than in Furthermore, even in samples with surfactant coverages below
surfactant-excess ones, tail ends are more mobile than headthe CEC, the narrow peak associated with mobile headgroups
groups, and ammonium surfactant headgroups are more mobileés observed at temperatures of 340 K and above (Figure 5c).
than phosphonium surfactant headgroups. Note that the CEC quantifies the number of negative surface

Solid-State NMR SpectroscopyNitroxide EPR spectra are ~ charges that binds cations in solution at ambient temperature.
more sensitive to small differences in dynamics than solid-state It @ppears feasible that in a molten surfactant layer at higher
MAS NMR spectra and line shape analysis in terms of dynamics temperature the number of contact ion pairs is lower than that.
is more straightforward. However, MAS NMR can nicely Finally, the3P chemical shift at room temperature for the
complement the EPR results, as it does not require labeling ofimmobile fraction also slightly depends on surfactant covereﬂgv
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Figure 5. 3P solid-state NMR on organoclays (HTBP on Somasif). (a) Dependence of the NMR spectrum on surfactant coverage. The circle and
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It increases from 30.8 ppm &, = 0.2 to 31.2 ppm aRy, =

1.2 (see dotted line in Figure 5). These observations of gradual
changes in mobility or in the interaction with the surface charges
over large intervals of surfactant loading and temperature are
similar to the observations made by EPR. Likewise, the

occurrence of a fast fraction and a slow fraction of surfactant

molecules with relative amounts depending on temperature is
seen in both NMR and EPR spectra.

ESEEM Spectroscopy of NanocompositesAs surfactant
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dynamics is strongly influenced by microcomposite formation, \ v ' d

it cannot be used for detecting and characterizing the formation v e

of nanocomposites by polymer intercalation. Intercalation is

associated with spatial proximity of the polymer chains to the f

surfactant molecules and can thus be proved and characterized

by measuring an interaction between the electron spin of a spin- 0 1 2 3 4

labeled surfactant and a nuclear spin in the polymer chain. To t (us)

introduce unambiguous contrast between polymer and surfactantgigyre 6. Three-pulse ESEEM on composites of organoclays (based
we use perdeuterated PS (B$}-and observe deuterium  on Somasif) with deuterated polystyrene PSId@The arrows mark

ESEEM. At sufficiently long distances > 0.25 nm the maxima of the deuterium modulation. (a) Surfactant-excess HTBP
modulation depth in deuterium ESEEM scales withand with organoclay-PS microcomposite with head-labeled spin probe Cat-16.

. (b) Surfactant-deficient HTBP organoctal?S composite with head-
the average number of nuclethat are at the distance of closest labeled spin probe Cat-16. (c) Surfactant-excess HTMA organeclay

approach to the electron sgifiThe decay rate of the modulation  ps nanocomposite with head-labeled spin probe Cat-16. (d) Surfactant-
depends only om~%, but not on the number of nuclei, so that excess HTBP organocleyPS microcomposite with tail-labeled spin
both parameters can be separated by data fitting (see below)pProbel. (e) Surfactant-excess HTMA organocta§S nanocomposite
. . with tail-labeled spin prob@. (f) TEMPON in pure PS10kds.

In agreement with expectations from the WAXS results,
strong deuterium modulations are observed with organoclayssurfactantsl and 2 whose headgroups match the headgroups
based on the ammonium surfactant HTMA (Figure 6c,e), while of the majority surfactant (Figure 6d,e). FBrand Cat-16 in
only weak (Figure 6a,b) or no modulations (Figure 6d) are HTMA, the modulation depth is comparable to the one observed
observed with organoclays based on the phosphonium surfactanfor TEMPONE in pure PSJ. This suggests intimate contact
HTBP. The situation is most clear-cut for the tail-labeled of the intercalated polymer and the surfactant. If the headgr&tB\-/
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labeled ammonium surfactant probe Cat-16 is incorporated into particle was suggested by recent MD simulations of quaternary
HTBP organoclay microcomposites with PS, weak deuterium alkylammonium surfactants on idealized montmorilloniteg (
modulation is observed. This is unexpected at least for the = 1).30 The effect was particularly strong for HTMA, which is
surfactant-excess sample (Figure 6a), which definitely does notof the same type as HTBP (one hexadecyl chain). In these
exhibit significant intercalation. As already remarked for simulations, the majority fraction of surfactant molecules
characterization of surfactant dynamics by CW EPR, this corresponds to the closer distance, as we find experimentally
suggests that matching the headgroup of the surfactant spinat ambient temperature. In the framework of earlier MD
probe to the headgroup of the majority surfactant is important simulations for alkylammonium surfactattand in the frame-
for obtaining data that are representative for the whole layer. work of the structural model of organoclays predicted on the
Otherwise, the distribution of the spin probe in the material may basis of lamellar spacing3,the fraction of remote surfactant
be different from the distribution of the majority surfactant. The molecules would correspond to a partially occupied third layer.
somewhat stronger modulation for Cat-16 in the surfactant- Such a picture is also consistent with the observed dependence
deficient HTBP clay composite would be consistent with partial of the EPR and NMR spectra on surfactant loading and
intercalation. temperature. For energetic reasons, sites closer to the surface
More quantitative information can be obtained by ratio are preferentially populated at small loadings and lower tem-
analysis of the ESEEM dat&?”We consistently find a distance  peratures. The more remote sites have to be populated at
of closest approach of deuterium nuclei to the spin-label of 1, but for entropic reasons they may also be populated at higher
0.35-0.37 nm. This distance matches the expectation for van temperatures aRy < 1. Because of weaker electrostatic
der Waals contact between the polymer chain and the nitroxide attachment, molecules at remote sites are more mobile.

group of the spin-label. The average number of nuclei at that  gpR experiments on the tail-labeled surfactants demonstrate
distance isn ~ 0.25 for the tail-labeled surfacta@ n ~ 0.5 that the differences in mobility propagate to the surfactant tail
for head-labeled Cat-16 in HTMA nanocomposite, arrd 0.6 ends. On the other hand, the fast fraction of tail ends does not
for TEMPONE in pure PSk. For Cat-16 in the HTBP  gyacily correspond to the fast fraction of headgroups. The fast
microcomposites we find ~ 0.1 with surfactant-excess and  fraction is generally larger for tail ends and exhibits an even
~ 0.18 with surfactant-deficient organoclay. An average number msre gradual increase with temperature. This suggests that the
n < 1 means that only for a fraction of the spin probes a polymer g4ynamics of a surfactant tail end is determined more strongly
chain is in van der Waals contact. by collective behavior of neighboring surfactant molecules than
by the degree of electrostatic attachment of the headgroup of
the given molecule. Such collective effects would also explain
the plasticizing effect on the surfactant layer that is observed
‘with increasing surfactant coverage. In particular, excess sur-
factant may form patches of trilayer structures that are more
mobile than the bilayer structures correspondindRip= 1.
Alternatively, bilayers and trilayers might alternate in the stacks
of clay platelets. Foreign surfactants, as the tail-labeled am-
monium surfactant2 in a HTBP layer, appear to insert
preferentially into such more mobile patches or layers. In

;neogégrgtgtllﬁsg;:tin%a;g dr%%mprg(rj:li?)nrl;%thwyi;eerr]z tg?guzzsilgnaed ggneral, the spectrogcopip results guggest a mu'c.h more complex
8 ) o picture than the melting-like ordedisorder transition inferred
more immobile ordered (all-trans) and a more mobile disordered from DSC

(gauche and all-trans) microphaseThe shift difference was . .

explained with ay-gauche effect As in our experiments a Influence of Composite Formation on the Surfactant
gradual orderdisorder transition was found. If we assume for Layer. The dynamics of the surfactant layer is strongly changed
the moment that thé!P chemical shift dispersion is also &lready by embedding of stacks of organoclay platelets into the
dominated by a-gauche effect and that this effect is diamag- polymer, i.e., by microcomposite formation. Intercalation thus
netic for31P as it is fori3C, the different sign of the chemical cannot simply be inferred from changes in surfactant mobility.
shift difference in our cased(3}P) ~ 33 ppm for the mobile ~ Microcomposite formation generally moderates heterogeneity
fraction and~31 ppm for the immobile fraction) would imply of surfactant dynamics (Figure 4c,d). In particular, the plasticiz-
a trans conformation between P and f6r the mobile phase 1N €ffect of excess surfactant on the surfactant layer is much
and a gauche conformation for the immobile phase. However, diminished. In stacks of surfactant-deficient organoclay platelets
the marked temperature dependence of the chemical shift ofPolymer embedding plasticizes the surfactant layer. This effect

both peaks (Figure 5c) rather suggests that paramagnetic shiftd"ay be related to partial intercalation, which is suggested but
due to F&" impurities in Somasif play a role. For high-spin Not fully proved by our WAXS and ESEEM data. In surfactant-

Discussion

Surfactant Layer in Organoclays. Both EPR and NMR
spectroscopy demonstrate dynamical heterogeneity of the sur
factant layer for surfactant loadings below and above the CEC.
The fractions of the fast and slow components with surfactant
loading and temperature make it rather unlikely that the bimodal
behavior is solely due to heterogeneity of the silicate particle
surface (patches). Wang et al. have observed similar bimodal
behavior by'3C NMR on an organoclay consisting of alkylam-

F& (S= 5/,) the pseudo-contact shift is proportional +®/ excess samples, the onset of formation of a fast fraction of
(r3T?), whereD is the (positive) zero-field splitting parameter surfactant headgroups on the EPR time scale (Figure 4c,d) shifts
andr is the distance of thé!P nucleus to the Be& ion2° The from the temperature of the melting-like oreetfisorder transi-

peak at~31 ppm would then correspond to headgroups that ion (343 K) to the glass transition temperature of PS (373 K).
are closer to the surface of the silicate particle and the peak at For HTMA organoclay, the WAXS results imply intercalation
~33 ppm to headgroups that are more remote. This interpreta-of PS chains into the clay galleries and ESEEM data prove close
tion is consistent with the larger width of the former peak which contact between the chains and surfactant headgroups as well
is then explained by expected variations inD, and the as tail ends. Note that modeling studies based on self-consistent-
orientation of the P-Fe vector with respect to the zero-field field techniques predict negligible interdigitation of surfactants
tensor of the F& ion. with relatively short alkyl chains and long polymer chaths.
Interestingly, such a bimodal distribution of distances of This is somewhat at odds with our observation of van der Waals
surfactant headgroups normal to the surface of the silicate contact between the polymer and a label attached toCrB%
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surfactant headgroup. Our experimental results may thus indicateapplying the ESEEM experiment to a broader range of spin-
that such a description with a single Flefrliuggins interaction labeled surfactants and polymers. Work along these lines is now
parametey that considers only polymeisurfactant interactions  in progress.

may be oversimplified. The actual microstructure is expected

to be a result of a simultaneous optimization of surfactant/silicate ~ Acknowledgment. We thank Mikhail Gelfer for helpful
and surfactant/polymer contacts as well as the entropy of discussions, Dariush Hinderberger for writing the program for
surfactant and polymer chains. Together with the observation ratio analysis of the ESEEM data, Verona Maus for performing
that too closely matched structures of surfactant and polymerthe DSC measurements, and Christian Bauer for technical
may actually prevent intercalatiéh,this indicates that the  support.

surfactant supports intercalation by moderating surface polarity

rather than minimizing it. In other words, polar interactions of ~ Supporting Information Available: EPR spectrum of pure
the polymer with the organically modified silica platelets may Somasif ME-100 and comparison of analysis of nitroxide spectra
be crucial for optimizing the interaction energy, as was Y& 2N, andl“c.. This material is available free of charge via the
suggested in a recent review on the basis of empirical data. 'M€"net at hitp://pubs.acs.org.
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