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ABSTRACT: Significant enhancement in toughness and elongation at a break in nanocomposites based on
polyamide-6 (PA6) and silicate platelets (MMT, 5 wt %) was achieved by co-adding of a small amount of ethylene
methyl acrylate copolymer (EMA, 5 wt %). To investigate the observed changes in this triple component system
at a molecular level, motional behavior of polymer segments was probed by recently developed 2D techniques
of 'H—13C dipolar solid-state NMR spectroscopy. Owing to measurements performed separately in amorphous
and crystalline domains, a large collection of high-quality site-specific dipolar profiles could be analyzed with
respect to a distribution of motional amplitudes: (i) in both crystal modifications as well as in “constrained”
domains of the amorphous phase of PA6, the amplitudes of rotational-diffusion motion,@r@lps (16-33°)

increase from NH and CO groups toward the central part of the repeat units, (i) comparing both crystal
modifications, less-tight packing of polymer chainsyiform increases fluctuation angle about &nd (iii) the
presence of silicate platelets in amorphous PA6 matrix enhances motional amplitudes of polymer segments in
nanocomposites. The determined order parameters were further used to estimate an upper bound for the change
in the Gibbs free energy resulting from structural restrictions occurring in the investigated systems. As a result
of the increased conformational entropy, the Gibbs free energy in nanocomposites is somewhat reGueed (
0.4—0.5 kcal/mol). This fact, together with temperature-induced enhancements of the motional amplitudes, supports
the explanation that fast and relatively low-amplitude motions occurring in the glassy state of polyamide-6 can
be considered as mechanically active, and as a potential supplementary factor that may help to enable the larger-
amplitude motions (jumps) associated with glass-transition temperature. Finally, the enhancement of ductility
observed in the triple-component system was attributed to the formation of EMA copolymer domains that are
surrounded by clay platelets. The size of these “eafeell” particles is sufficiently large (56200 nm) for the

internal dynamics of polymer chains not to be significantly hindered by rigid components. Polymer chains in
these completely phase-separated domains exhibit large-amplitude motions and undergo the most prominent
temperature-induced changes.

Introduction presence of adsorbed moisture, rather minor elevatiofiyof
New types of polymer systems containing nhanometer-size was observed® The understanding of these phenomena

particles offer exciting prospects for material scieh@®e great is further complicated by the f‘?rm?‘“o{; of the t.hermodynaml-
potential of these materials follows from the fact that uniform Cally unstable crystaly modification:* That is why the

dispersion of nanosized particles leads to an ultralarge interfacialdisclosure of the fine relations between all acting contribu-
area. Consequently, these materials have recently receiveot'of1S and f|n_al prc_)per_'ues of polymer nanocomposne_s re-
significant attention because of improvement in mechanical and 9Uireés deep investigation of the structure and dynamics of
thermal properties, which result from synergistic effects between POlymer chains. For such a task, we need additional tech-

polymers and suitably chosen nanopartiéles. niques complementary to traditional tools such as WAXS and
In these complex materials, however, one cannot expectTEM'

simple relations between material properties and the composi- It has been shown several times that solid-state NMR
tion of polymer systems. A large interfacial area and signifi- Spectroscopy is an excellent method providing information about
cantly enhanced surface-to-volume ratio causes unexpectedhe structure and dynamics of nanocomposites without requiring
changes in molecular dynamics. Confined polymer chains long-range ordet> 2 Among all NMR techniques, relaxation
spatially close to the nanofiller are immobilized, which causes measurements play a dominant role in this regard, as they offer
Tq to shift to a higher temperature. At the same time, it is site-specific information about time scales of the motional
supposed that the enhanced chain mobility existing at the processes. However, spin relaxation does not depend only on
surface causes a reductionfin thin polymer films, porous  the rate of local fluctuation but also on the concentration of

materials, and composites with poor interfacial adhesf®ince paramagnetic centers such as‘Fmns. That is why it is not
these effects oppose each other, it is no surprise that bothsurprising that the interpretation of relaxation data for nano-
decrease® and increase! of glass-transition temperaturéy) composites based on clay minerals is complicated. It is well-

in nanocomposites has been reported. In polymer systems basednown that naturally occurring aluminosilicates contain small

on polyamide-6 (PAG) and layered silicates (montmorillonite, amounts of F& ions substituting A" in octahedral sites. Due

MMT) T4 mostly decreases in “dry” sampl&st3while in the to this fact, the spin relaxation of protons localized near to the
silicate surface is accelerated. Subsequent fest'H spin

*To whom correspondence should be addressed. E-mail: brus@imc.cas.cz.diffUSion pfOPagateS this effect to more distant regions of
Telephone:+420 296 809 380. Fax:420 296 809 410. polymer matrix. Consequently, the measuremenfTpf(*H)
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relaxation times is better suited for the determination of the  Table 1. Composition and Mechanical Behavior of the Prepared
relative exfoliation degree, as has been nicely demonstrated by Materials (&M 'dTle”S"e itre”Tgth’ﬁl" ?"a'” tatStBreakthE' Young's
Van der Hart et at* This phenomenon (without spin-diffusion odulus, and &, Tensile Impact Strength)

propagation) can be expected also when measuring relaxation - oM E a €p
of 13C magnetization sample composition (MPa) (MPa) (kIm™2) (%)
; o : PAG PA6 (Ultramid B5) 73.7 1620 16.5 160
An alternative approach how to obtain information about PAG/CI0B= 95/5 04 2600 18 %

molecular dynamics usually employs the line-shape analysis of Nc/EmA  PAG/C30B/EMA= 90/5/5 82 2540 42 140
deuterium NMR spectr®. The requirement of labeled materials,

however, renders application of this technique impractical for gystems and use solid-state NMR for characterization of
a solution of some academic and industrial problems where segmental dynamics and design of new polymer products.
synthetic effort necessary to selectively label the molecules can

be nearly daunting. Recent advances in NMR spectroscopy Experimental Methods

improved sensitivity and resolution in such a way that a basic
expgrlmental concept intended for Iabele.d mat.erlals can be(:Ioisite 30B (Southern Clay Products, Inc., USA) montmorillonite
partlally used also for syste_ms at na_tural 'Sqt_Op'C abundance'modiﬁed with alkylbis(2-hydroxyethyl) methylammonium chloride,
This possibility can be realized by site-specific measurement gy is derived from tallow (silicate content 74 wt %), Polyamide
of one-bond*H—**C dipolar couplings Dcy) in CH or CH 6 (PAB) Ultramid B5 (BASF, Germanyl, = 42 000, and ethylene-
groups forming the polymer backbone. Assuming constant methyl acrylate (76-30%) copolymer (EMA) Lotryl 28MAOQ7.
length of the C-H chemical bond, any reduction of the dipolar Nanocomposite Preparation.Prior to mixing, PA6 and clay
interaction compared with the theoretical rigid limit value were dried at 85C and 70°C, respectively, for 12 h in a vacuum

(Dcnyig = 22.7 kHz,rcy = 1.09 A) can be attributed to the oven. The blends were prepared by mixing the components (PA6,
released internal motion. Cloisite 30B, and in some cases, EMA) in a Brabender Plasti-Corder

Up t . techni h b developed. A W50ETH mixer at 255°C and 45 rpm for 10 min. The material
p to now, various techniques have been developed. AMONG o yqyed from the chamber was immediately compression molded

others, analysis of a sideband pattern produced by rotor-encodedy; 250°C to form 1-mm-thick plates. Strips cut from these plates
experiments such as recoupled polarization transfer via heteroyere used for preparation of dog-bone specimens (type 1BA
nuclear dipolar order rotor encoding (REPT-HDOR) or rotor- according to 1SO527 standard) in a laboratory microinjection
encoded REDOR (REREDOR) allow for a precise determination molding machine (DSM). The barrel temperature was ZB5that

of dipolar coupling constan®8:2” However, necessity of ultrafast ~ of the mold, 80°C. All the tested samples have the same thermal
magic angle spinning (MAS, ca. 25 kHz) requires utilization history. The reported values of clay content in wt % of Cloisite
of small-diameter rotors in which the amount of the sample is C30B are not corrected for pure silicate content. Composition of
very small, ca. 810 mg. This reduces sensitivity of NMR  teSted polymer systems is summarized in Table 1.

experiments especially for disordered solids. An alternative __lesting. Tensile tests were carried outatZ2 using an Instron
approach is offered by the techniques based or-Gdburg® 5800 apparatus at a crosshead speed of 20 mm/min. The tensile

o ) strengthoy, strain at breakep,, and Young’s moduluE were
-Cpy30 - o
cross polarization (LG-CP)* such as phase-inverted LG evaluated. Reported values are averages of 10 individual measure-

recoupling under MAS (PILGRIM} and/or the sideband  ments. Corresponding variation coefficients do not exceed 5%.
versior¥? of polarization inversion spin exchange at magic angle Tensile impact strengtta, was measured with one-sided notched
(PISEMA) techniqué? which provide high-quality measurement  specimens using a Zwick hammer with an enerfyg d (variation

of Dcy in powdered solids at moderate MAS (05 kHz). coefficient 16-15%). Dynamic mechanical thermal analysis (DMTA)
Unfortunately, polymer nanocomposites are very often semi- was done in single-cantilever mode using DMA DX04T apparatus.
crystalline and motionally heterogeneous systems producing Results of the above-mentioned testing procedures are listed in
complex NMR spectra with a poor resolution 8C NMR Table 1. .
signals of various modifications. An analysis of motional _ NMR Spectroscopy. All NMR spectra were measured using

; ; ; ; ; :atinn Bruker Avance 500 WB/US NMR spectrometer (Karlsruhe, Ger-
amplitudes in semicrystalline polymers then requires application - A
of ![)echniques provri)(/jing segargte measurer%entsD@%pin many, 2003) at a magic angle spinning (MAS) frequency of 12

. . 4 - kHz. In all cases, the dried samples were placed into the &Ors
various domains according to their internal dynandfcs. and stored under silica gel to prevent rehydration. Site-specific
In this contribution, we demonstrate the experimental pro- measurements of one-bofd—23C dipolar couplings in semicrys-
cedures providing high-quality data about polymer chain talline polymers systems were performed by our recently developed
dynamics in complex nanocomposites. We focused our attentionamplitude-modulated PISEMA experimeft#lthough the detailed
on the precise measurements of motional amplitudes of polymeranalysis of these two recoupling techniques and setup of experi-
segments in various polymer/crystal forms of one of the most Mental parameters have been introduced in our previous contribu-
popular groups of nanocomposites based on polyamide-6 matrixtion>* we present here a short description for clarity (see also

nd silicate platelets. At thi rtunity. we investigated th Supporting Information): in both cases one-bond heteronulitear
and stiicate platelets. IS opportunity, we investigate € 1 dipolar couplings are indirectly detected during the amplitude-
influence of clay nanoparticles on the dynamics of polymer

: _ modulated PISEMA recoupling sequeffci;). Torchia’s approach
segments in amorphous phase. We present here a large collectiofising 4-10 s delay ¢,) between flip-back and read-out puldes

of site—specific dipolar profiles, which were analyzed and was applied for the separate measurementsHof13C dipolar
discussed with respect to the distribution of possible motional couplings in crystallites (Scheme 1&;-filtered AM-PISEMA).
modes of polymer segments. Consequently the geometry of Careful optimization of the experimental parameters (e.g., Tang
motion for almost every polymer segment was described without filter) ensures the high-quality separation of crystalline and
the necessity of isotopic enrichment. The obtained experimental@morphous contributions and minimizes contamination of the
data are finally discussed in an attempt to explain changes inS€léctive NMR spectra by unwanted magnetization. Separate

O]ﬂ_|_1 i i i i
T, and other mechanical properties observed in the investigatedeasurements ci- *C dipolar interactions in the amorphous
nanocomposites phase require efficient suppressior#f magnetization originating

_ _ ) from the crystallites. This is achieved by a train of @ilses, which
We believe that the concepts behind these experiments areis followed by a short delayz(). The train of pulses effectively
of interest for all chemists who work with complex polymer saturates transitions fC spins in both crystalline and amorpho&%\/

Materials. All products listed below were used as purchased:
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Scheme 1. Schematic Representation of the Applied Pulse 140l
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Figure 1. Temperature dependence of loss modulus of PA6 and its
(b) f > 4 nanocomposites.
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Saturation 905 900 900 and in some cases at 318 K (precise temperature calibration was
I performed).
Results
Mechanical and Thermomechanical PropertiesBefore the
analysis of internal dynamics, structure and basic mechanical
H t properties of neat polyamide-6 and its nanocomposites were
(© PM described (Table 1). As follows from temperature dependences
T

of loss modulus, the presence of the clay sheets leads to a slight

depression of thely peak and the formation of a high-

'H temperature shoulder. At the same time, the glass transition of

the nanocomposites is shifted to a low temperature (c&4C55

Saturation 90° 90° 00° Figure 1). Th_e S|g_n|f|cantly (_enhanc_ed Young's modu_lus of t_he
nanocomposites in comparison with the neat PAG is the first

T indirect evidence of a high extent of clay exfoliation.

125 VD Composition of Polymer Matrix. Although the obtainedfC
CP/MAS NMR spectra are relatively complex with overlapping
signals of all polymorphs, large differences #C NMR

chemical shifts of C1 carbons (Scheme 2) provide characteristic

h markers distinguishing both crystal formsgndy). In addition,

(a) 2D T-filtered AM-PISEMA experimerit modified by flip-back differences in segmental dynamics permit recordinf@fNMR
and read-out pulses to deté¢y of the crystalline phase only; (b) 2D spectra separately for the mobile amorphous phase and the rigid

direct-polarization AM-PISEMA experiment modified by a train of ; ; ; ; ;
saturation pulses to detect tBey of the amorphous phase or(c) crystallites (Figure 2). Following the literature d&tasignals

T1(C) relaxation experiment modified to detect magnetization of the ©f POth crystal modifications and amorphous phase were easily
amorphous phase only.

PA6 NC NC/EMA

phases, while the short delag) 1—2 s brings!3C magnetization
of the amorphous phase back to theirection. A subsequent 90
(*3C) pulse excites magnetization of the amorphous phase only.
During the following amplitude-modulated recoupling sequence,
the 'H—13C dipolar oscillations originating from the amorphous @
phase are observed (Scheme 1b, direct-polarization AM-PISEMA). Amorphous c1, s

A similar approach was used to measdre(*°C) relaxation
selectively in the amorphous phase. After the train of pOises
followed by the short delayz(), a pair of flip-back and read-out )
pulses was inserted. The variable delay (VD) between them rangesCrystalline
from 0.1 b 2 s (Scheme 1c). Standard Torchiig'3C) relaxation
experiment® with variable delay (460 s) were performed to probe
the internal motions at nanosecond time-scales selectively in :
crystallites. The degree of exfoliation of silicate platelets in a 40 30 ppm 40 30 ppm 40 30 ppm

polymer matrix was probed by the inversion recovéry (*H) Fi ;

i ) . X ' gure 2. Standard*C CP/MAS NMR spectra of pure polyamide PA6
relaxation experiment. The intensity of tBe (*H) field of TPPM and its nanocomposites (NC and NC/EMA) reflecting both amorphous
(two-pulse phase-modulated) decouptfngorresponds tavy/2 and crystalline phases (a), select¥€ MAS NMR spectra reflecting
= 89.3 kHz. Taking into account frictional heating of the samples the amorphous phase only (b), and seleclivdiltered 13C CP/MAS
during fast rotatior¥/ all NMR experiments were performed at 308 NMR spectra of crystallites (c).

C4+C3

Y¥-C4+C3
a-C2+C3

CbhVv
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amorphous

1
! (a)
140 135 130 1?5 120 115 110 105 ppm
(b)
140 135 130 125 120 115 110 105 ppm

Figure 3. Decomposition of>N CP/MAS NMR spectra of pure PA6
(a) and its nanocomposite NC (b).

assigned. Subsequent decompositionS@fCP/MAS and'*N
CP/NMR spectra (Figure 3) confirm that the amorphous phase
is the dominant component (ca. 0 2%) and the degree of
overall crystallinity does not depend on the presence of silicate
particles or EMA copolymer.

As expected ther-form is the main crystal modification in

Segmental Dynamics in Nanocomposites: 2D Dipolar NMB03

100 nm .‘

Figure 4. TEM micrograph of PA6/C30B/EMA 95/5/5 nanocomposite.
Light areas represent the EMA-rich phase partially surrounded by clay
platelets.

Table 3.T; (13C) Relaxation Times of Methylene Units (C1-C5) in
Amorphous Phase and C1 Groups in Crystal Modificationsa. and y

T1 (13(:), S
amorphous
sample a-formCl y-formCl C1 C5 C2 C3cC4
PA6 38 26 111 097 0.84 0.64
NC 37 23 0.95 092 0.79 0.60
NC/EMA 33 20 0.88 0.90 0.69 0.58

Although fluctuations at nanosecond time scale rarely occur in
crystallites, as reflected by lorify (3C) relaxation times, the
observed differences (Table 3) indicate slightly enhanced
dynamics of CH in y modification. On the other hand, high-

pure PA6, while the presence of silicate sheets promotes thefrequency motions including wobbling of all methylene groups,

development ofy-form and leads to a corresponding decrease

dominates over reorientation of polymer segments in the

in a-phase content. Consequently, the significant decrease inamorphous phase because corresponding'C) relaxation

thea/y ratio (Table 2) is another evidence of a good dispersion
of silicate platelets. The high degree of exfoliation follows also
from the measurement éH longitudinal relaxation times. As
reported previously+3° an intimate mixing of polymer chains

times are very short (0-61.1 s, Table 3). Slight shortening of

relaxation times in amorphous domains detected in the nano-
composites can indicate enhanced segmental dynamics. How-
ever, the observed differences are so small that they can be

and silicate platelets produces significant shortening of relaxation attributed to the presence of Feions.

times in nanocomposites (Table 2). Finally, a relatively high

degree of exfoliation of silicate platelets in the investigated
nanocomposites was previously confirmed by TEM and WAXS
measurement¥:*1 From the presented TEM micrograph of the

triple-component nanocomposite NC/EMA (Figure 4), itis clear
that EMA copolymer is phase-separated and forms relatively
large domains. While silicate platelets are well dispersed in a
PA6 matrix, they are quite absent in EMA domains and rather

Motion-Averaged Dipolar Couplings and Order Param-
eters. Because of the limited ability of the relaxation experi-
ments, we focused on the characterization of polymer chain
dynamics through the site-specific measurementhbf-13C
dipolar spectra providing an order parametgrthat contains
information about motional amplitude for every structure unit.
For organic solids, the recently developed amplitude-modulated
2D PISEMA experimentd provide dipolar spectra (Figure 5)

produce a clay shell around these particles. Consequently, onin which the splitting Av) reflects the dipolar coupling constant
the resulting interface, intercalated aggregates of silicate mineralsaccording to a simple relationAv = DCH/(\/E) sin O, where
can be expected. The phase separation of the EMA elastomem,, is 54.7. Motionally induced averaging ddcy then can be

within the whole volume of the sample was confirmed by static
IH NMR spectra andH—!H spin diffusion experiments,
providing also additional evidence that the average size of EMA
domains is ca. 56200 nm (Supporting Information).
Dynamics of Polymer SegmentsBearing in mind all the

expressed by an order parame®&nvhich is the scaling factor
between the measured coupling strend®ad) and rigid-limit
value Ochyig).*? Theoretically, for a typical rigid segment-&H,

the dipolar splitting observed in the spectrum is ca. 13.1 kHz.
In practice, however, owing to vibrational averaging of thekC

above-mentioned limitations of relaxation experiments, we bond at room temperature and experimental imperfections, the
performed some measurements in order to roughly probe rigid-limit value of the dipolar splitting is smaller, found to be
changes in the time scales of internal motions of polymer chains 12.0 kHz based on model compounds measurements (crystalline
separately in the amorphous phase and in both crystal forms.alanine and glycine, Figure 5).

Table 2. Morphology of the Investigated Polymer Systems Obtained by Analysis éfN and 13C CP/MAS NMR Spectra and T; (H) Relaxation
Times of Methylene Units

15N CP/MAS NMR

15C CP/MAS NMR

sample aly T (s) o-form (%) amorph (%) y-form (%) o-form (%) amorph (%) y-form (%)
PA6 4.70 1.60 23 72 5 24 71 5
NC 0.22 0.63 6 69 25 5 69 26
NC/EMA 0.23 0.62 5 72 23 5 73 22

Ccbv
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12000 PA6 NC NC/EMA
-~z 10.3 9.0 8
Av @
17.6° 23.4 2420
C1
8.8 82 82
24.1° 26.3°
26.3°
12000 W\\/ cs NJ/ \/\/\\\A \/ 7.0
Hz 75 75
(b) 256 2860 C2CH,
(ethylene) 29.9°
C2
7.6 7.6 74
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C3+C4
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Figure 5. 3C—{H} dipolar spectra of the CH group of alanine (a) kHz kHz kHz
and the CH unit of glycine (b). The splitting of the dipolar spectra

(Av) reflects the dipolar coupling constaridg).

104

Figure 7. 13C—{H} dipolar spectra of CHunits in the amorphous
phase of polyamide chains in neat polyamide (PA6) and its nanocom-
posites (NC and NC/EMA) measured at 308 K. The splitting in kHz
(Av) reflecting the motionally averaged dipolar coupling constBat{

is shown between the maxima, and calculated rms amplitude is at the
left side of each spectrum. Experimental error£8.7° was estimated
from two repeated experiments.
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20 -10 0 10 20 10 20 Figure 8. 3C—{H} dipolar spectra of Chlunits in the amorphous
kHz kHz phase of polyamide chains in neat polyamide (PA6) and its nanocom-

Figure 6. 13C—{1H} dipolar spectra of Chlunits in crystallites of posites (NC and NC/EMA) measured at 318 K. The splitting in kHz

polyamide chains in neat PA6 and its nanocomposite (NC). The splitting
in kHz (Av) reflecting motionally averaged dipolar couplind3c() is

shown between the maxima, and the corresponding rms amplitude is

at the left side of each spectrum.

For polymer segments in the crystalline phase,Tihéltered
AM-PISEMA experiment (pulse sequence 1a) provided dipolar
profiles (Figure 6) from which the order parameters ranging

(Av) reflecting the motionally averaged dipolar coupling constBat{

is shown between the maxima and calculated rms amplitude is at the
left side of each spectrum. Experimental error£8.7° was estimated
from two repeated experiments.

is reduced. And third, zero-frequency signals are clearly
apparent.
The first phenomenon results from a superposition of several

from 0.95 to 0.86 were determined. The line shapes of thesedipolar doublets. It means that, in the amorphous phase, motional
dipolar spectra are comparable with the dipolar profile of a amplitudes of polymer segments are not uniform over the whole
glycine CH, unit. Hence, almost uniform order parameter for sample and exhibit larger variation contrary to almost uniform
each type of methylene over the whole crystallite can be dynamics of polymer segments in crystallites. That is why these
expected. On the other hand, the order parameter of thedipolar spectra had to be decomposed by a computer peak fitting,
methylene group is not uniform within the repeat unit and and the dipolar splitting was determined from the best fit as
decreases from NH and CO groups to the central part (C3 anddiscussed later. Similarly, as in the crystallites, the order
C4, Figure 6). Direct comparison of the dipolar profiles produced parameterS, decreases toward the central part of repeat units
by C1 methylene groups in both crystal modifications further (from S = 0.86 to 0.62). Further, it was found out that the
revealed that the notably reduced dipolar coupling constant is motionally averaged dipolar couplings in nanocomposites are

in y-form (ca. 0.5-0.7 kHz).
The second technique selectively exciting magnetiza-
tion originating from mobile components (direct polariza-

notably smaller than that in neat PA6 (Figure 7).
This difference is clearly discernible in the dipolar spectra
of C1 and C5 groups. As the observed differences surely exceed

tion AM-PISEMA, sequence 1b) was then utilized to record the estimated experimental error, this finding indicates enhanced
the site-specific dipolar profiles in amorphous phase. In con- dynamics of polymer chains in nanocomposites. Finally, it must
trast to the previous case, the pattern of the dipolar spectrabe mentioned that the dipolar spectra separated for C2 methylene
(Figure 7) is significantly different and the three main features units in NC/EMA nanocomposite exhibit slightly different
are fairly discernible. At first, the dipolar spectra (the doublets) shapes (Figures7 and 8). With high probability, this follows from
are less resolved. Second, the splitting between the maximathe interference and spectral overlap with signals of ethy‘[gBQ/
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Figure 9. Two-dimensional spectra separating tH€ isotropic
chemical shift v83C—{H} dipolar profiles obtained for nanocomposite
NC: nonselective measurement detecting both the amorphous and
crystalline phase (a), selective experiments recording dipolar profiles
for the crystalline phase (b), and for the amorphous phase only (c). AV AT i
Slices at ca. 39 ppm reflectingC—{'H} dipolar profiles are shown v - v
within the 2D spectra. -20000 -10000 0 10000 Hz 20000
Figure 10. Decomposition of the*C—{H} dipolar spectra of
units of a highly mobile EMA elastomer. Consequently, the methylene units C5 of neat polyamide-6 (PA6) and its nanocomposite
dipolar spectra are narrowed and the observed dipolar splitting (NC). Four dipolar doublets for the Gldpin system with scaled dipolar
is reduced. coupling constants in a fixed frequency range (3+1.0.0 kHz), (10.6-
. . . . . 9.0 kHz), (9.0-8.0 kHz), and (8.6-7.0 kHz) were always used for the

To investigate internal dynamics of polymer segments in an gecomposition. The lines were broadened by a line-broadening factor
amorphous phase close Tg, the same 2D solid-state NMR  of 1 kHz. Calculation of the line shapes was performed using time-
experiments were repeated at a high temperature of 318 Kindependent zero-order Hamiltonian operating in zero-quantum spin

; . ~Space. The whole procedure was described previdadine central
(Figure B). In both cases (at 308 and 318 K), the same tendenCIe§:signal was simulated by the Gaudsorentz function with a line width

were observed. at half height of 4 kHz.

11-10 kHz (15%)

Discussion destructive interference with the dipolar signal of the amorphous

Quality of the Dipolar Spectra. It has long been recognized component. That is why the application of selective techniques
that polymer chain dynamics exhibiting varying amplitudes and is necessary. Owing to this approach, the dipolar profiles
geometries such as small-amplitude librations, aromatic ring corresponding to the amorphous phase and crystallites are clearly
flips, discrete jumps of aliphatic side chains, and methyl separated (Figure 9b and c).
rotations significantly affects the mechanical properties of  Several repeated independent measurements confirmed that
synthetic polymers. That is why the investigation of the dipolar coupling constants are measured with an accuracy of
dynamics of polymer nanocomposites represents one of theca.£0.2 kHz. To exclude the effect of frequency offset on the
forefronts of material science. quality of the dipolar spectra, we performed additional experi-

It is not surprising, however, that a detailed description of ments with the'*C carrier frequency shifted about ca. 60 ppm.
internal dynamics of complex polymer nanocomposites that are No significant changes in the splitting of the dipolar spectra
usually motionally heterogeneous and semicrystalline requireswere observed, and the resolved differences were in the limit
application of specific procedures. Generally, because of the of the experimental erroe{0.2 kHz, Supporting Information).
limited spectral resolution, standard experimental techniques And finally, to reduce the influence of electronic noise on the
very often provide data averaged over several structure unitsaccuracy of measurements of dipolar splitting, all the dipolar
and in some cases even over the whole sample. In the particulaspectra were decomposed by the peak fitting, as shown in Figure
case of nanocomposites based on polyamides, the obtainedl,O. The dipolar splitting was then determined from the envelope
dipolar data represent a superposition of the contributions of line. Consequently, we suppose that the differences in the
several polymorphic forms (Figure 9a) where the interference splitting of dipolar spectra larger than 0.4 kHz can be interpreted
of the overlapping NMR signals leads to the debasement of theas a change in the segmental dynamics of polymer segments
experimental results. Notice that, although the crystallinity of without any doubt. In some cases, around the central peak, we
the studied systems is relatively low (ca. 30%), the resulting observed large discrepancies between the spectra and the best
dipolar profiles are dominated by dipolar couplings typical for fits (top Figure 10). This follows from the complex origin of
the crystalline phase. The detected splitting between the maximathe central part of the dipolar spectra resulting from a mixture
is, however, slightly reduced (at about 1 kHz) due to the of several contributions, as discussed later. CDV
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Influence of Paramagnetic F&" lons. In this connection, 11.4 kHz . 82095, 6=10.4°
we have to analyze the possible influence of'Fens located . (PAGform o)
in octahedral sites of silicate platelets. Fluctuating local dipolar 10.7 kHz

fields of the unpaired electrons of #dons completely destroy

the coherence dfC and!H spins as close as 0.4 nm from the

clay surface*3°Consequently, at proper recoupling conditions,
the13C magnetization predominantly evolves under the influence

of dipolar coupling withH spins, while the coupling with (a)
dipolar fields of the unpaired electrons is limited to a small
fraction of polymer chains. The former contribution produces
dipolar oscillation of13C magnetization detected during the
recoupling periodt{, Scheme 1), for which the frequency is ‘ ‘ ‘ ‘ ‘ ‘ ‘

$=0.89, 6=15.4°
(PA6 form )

reflected by the splitting in dipolar spectra. The frequency of 12000 -8000  -4000 0 4000 8000 12000

this oscillation is, however, fairly insensitive to the presence of

paramagnetic ions. The residual coupling with dipolar fields of 103 kHz S=0.86, B=17.6° - -~

Fe* rather induces the accelerated loss of spin coherence and 9.0 kHz T (PA6308K)

thus the rapid decay dH and3C magnetization. As proton | e s i S=0.75,6=234°

spin diffusion that could propagate this behavior to a remote 73kHz (NC 308K) —

part of the polymer matrix is quenched by Le®oldburg oS S06L 690
(NC/EMA 318K)

irradiation, the rapid relaxation is localized only to a relatively
small fraction of polymer chains. Nevertheless, this process still
causes homogeneous broadening of the NMR signals, which in (b)
principle can influence the splitting of the asymmetric dipolar
lines (Figure 5). However, as followed from our simulations,
the splitting of the dipolar doublet remains approximately
constant even when applying huge line broadening B
kHz, CH, of glycine, Supporting Information). The observed
changes in the splitting are c&0.2 kHz. This is still in the
range of the expected experimental error, and from this follows
that the presence of Feions in polymer systems cannot Figure 11. Superposition of th&C—{H} dipolar spectra of methylene
substantially change the detected value of dipolar coupling ;Eitse rcgsict)iforﬁ)oohf{?cmic{j?ﬁ? g?%lr‘; isn ggﬁ%ﬁf%ghﬁﬁlgﬂgfﬁ;ﬁs (él)l- o
constan_t:DCH. There_fore, the applleq PISEMA-_type experiments pol?/arrqide-ﬁ chains in the aPnorphopus phase of pl)J/re polyamide-6 and
can be interpreted in terms of motional amplitudes of polymer jis hanocomposites NC and NC/EMA (b).

segments even in polymer systems containing paramagnetic ions.

Such information then can be related to the mechanical tudes of reorientation of CHinits of PA6 reach about +1.7°
properties of complex semicrystalline nanocomposites. and increase from NH and CO groups to the central part of the
Segmental Dynamics in CrystallitesMeasurement of one-  repeat unit (Figure 6). This finding is in good accord with the

bond?3C—1H dipolar couplings and determination of the order daté® previously reported for polyamide-66. In addition, from
parameter is the simplest way to obtain information about the direct comparison of the dipolar profiles produced by C1
segmental dynamics. In general, the order param&es a methylene groups (Figure 11a), it is clear that segments in
measure of the equilibrium distribution of orientations of the y-form exhibit significantly enhanced motional amplitudes.
bond vectop(t) in a molecular reference frame and ranges from  The observed enhancement (c3. @irobably results from the

1 for fixed vectors to 0 for freely moving vectors. In the simplest altered conformation and packing of polymer chaing-crys-
case, assuming segmental motion to be axially symmetric andtallites#®4” As suggested by Lincoln et &f,the addition of
small in amplitude @in 60~ [@1), the order parameter can be clay layers forces the amide groups of PA6 out of the plane
converted to a root mean square (rms) angular fluctuation of formed by polymer chains. Resulting conformation changes then

the bond vector, /WZD according to the following defini- comphcat_e formation of H-bond sheets. Consequently, in the
tion?2.44 melt, partially ordered polymer chains close to the clay surface

are suitably oriented to crystallize in the thermodynamically
3, unstable but kinetically favoreg-form. This crystallization does
S=1- 5@ O ) not require long crystallization time and large space, which is
necessary for the folding of polymer chains into antiparallel
As the motional amplitudes in crystalline domains of polyamide- orientation in thea-form. The resulting parallel orientation of
66 measured at room temperattirare expected to be about the macromolecules ip-form rather adopts twisted conforma-
10°, this simplest but still physically realistic model of small- tion, which is stabilized by intermolecular hydrogen bonds
amplitude librations can be applied. For the order parameterssimilarly as in the amorphous phase. This is why the resulting
reaching the valuess = 0.95-0.85, the systematic error packing of macromolecules in theform is less tight. Large
following from the Taylor expansion is almost negligible. The free volume then permits not only higher frequency but also
difference between sift and@ is only ~2°, indicating that this larger amplitudes of reorientation of polymer segments. Con-
analysis is adequate to describe motional behavior in crystallitessequently, mechanical stress can be efficiently absorbed, and
of PA6. The acceptable differerféebetween sind and 0 is thermally activated chain translation through therystallites
approximately 4, which limits the application of this model is allowed. This can lead to the larger deformability of the
for the order parameters larger than 8a= 0.6. y-form as recently observed.
In contrast to crystallites of small organic molecules where  Motional Amplitudes in the Amorphous Phase.In contrast
internal dynamics are almost quenched, the determined ampli-to crystallites, the segmental motion in the amorphous pha&%@

-12000 -8000 -4000 0 4000 8000H 12000
z
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rather complex. This follows from the fact that, in semicrys- absorbed, leads to an increaseTgas a result of sterically
talline and/or nanocomposite systems, it is reasonable to expechindered segmental motions. However, in nanocomposites, this
the existence of two subpopulations within the amorphous relation is not so simple, and the presence of layered silicates
domains. Then a bimodal modelis the simplest model in polyamide-6 matrix causes a slight decreasdr(Figure
consistent with the experimental data. It is supposed that 1). This phenomenon can be related to a recent observation
relatively restricted librational motion dominates in “con- indicating that silicate layers weaken hydrogen bonding not only
strained” domains, while fast trangauche two-site tetrahedral  in they-form but also ina-crystallites of the polyamide® This
jumps operate in the “free” domaifi$Both of these motional is explained by steric hindrances, which do not allow suitable
modes are probably reflected by the recorded dipolar spectrareorientation of amide groups for optimal formation of hydrogen
(Figure 7). While low-amplitude librations are reflected by the bonding®3 Then, the crystallization in thermodynamically less
outer doublets, central signals with frequencies close to zero advantageous conformation is favored.

can correspond to high-amplitude jumps. Similarly, as in the  ag clearly reflected by the reduced splitting of the dipolar
previous case, the order parameters determined from the Sp“t“”gspectra (Figure 11b), the dynamics of polymer segments C1
of the outer doublets were converted to amplitudes of the axially gnq c5 in the amorphous phase is notably enhanced in the
symmetric librations (eq 1). The resulting motional amplitudes resence of the silicate platelets. This indicates that, in the
(rms angles 1833 + 0.7°, Figures 7 and 8) are comparable panocomposites, the average motional amplitudes of polymer
with the data recently reportétifor polymer segments in  gsegments close to amide groups are increased probably due to
constrained domains of the amorphous phase of polyamide-66.the weakened intermolecular hydrogen bonds. This behavior can
In general, in the amorphous phase, more complicated motions et from the same process, which reduces hydrogen-bond
can be expected, ar_1d other quels_ providi_ng a more instructivestrength in the crystallites, as mentioned ab&Eurther, we
picture can be applied (e.g., diffusion motion on the ééne can expect the presence of local fluctuations in the density of
Gaussian axial fluctuation mod@|. Utilization of these models, polymer chains in the amorphous phase induced by silicate
however, requires more assumption and adjustable parameters,anoparticles. These silicate sheets with a diametef.38 nm
The current analysis highlights the changes in segmental ycross together with crystallites of PAG can form a framework
mobility without relying on specific motional models. On the  ¢5mewhat bracing the polymer matrix that does not allow
other hand, the cent_ral_ signal_s refle_cting rapid jumps of the bond ¢ontraction and tight packing of polymer chains in the amor-
vector betweerN distinct orientations have to be analyzed phoys phase after the crystallization. Consequently, the presence
according to the following relatiof? of clay nanoparticles leads to the formation of local density
N inhomogeneities. At the low-density regions, relatively far from
the silicate surface ang-crystallites, the strength of the
s= z Pip;P;(cost;) @) intermolecular hydrogen bonds is reduced and the increased free
W=t volume allows enhancement of librational amplitudes of polymer

o - . , segments.
in which p is the equilibrium population of vector having the ) )
ith orientation, and); is the angle between vectors having the A alternative explanation of the enhanced segmental dynam-

ith andjth orientations. In this case, the order parameter was ICS in nanocomposites published by Yang et'aiperates with
estimated after the deconvolution from the line with of the the factthat, in tightly confined environments, it may be difficult
central signal (ca. 4.0 kHz, Figure 10). Expecting, e.g., two- for_macromolecules to adopt their Iowestenergy conformgtion.
site jumps with equal populations, the order param@ter0.33 'I_'h|s may Ie_ad t(_) f[he (_anhanceme_nt of low-amplitude reorienta-
was converted to the €H vector reorientation anglé; ca. tion due to mefﬂqenmes in packing and lack of access to low
108-11C°. This well corresponds to trargauche transition. energy ponformaﬂons. However, these effects must be palanced
But in this case we must admit that the central signals with Py the interactions of other parts of polymer layer with the
frequencies close to zero can in principle originate from a inorganic surfaqe. From this fo!low_s the existence _of broad_er
mixture of several contributions. In addition to motionally ~distribution of internal dynamics in nanocomposites. This
averaged interactions, also weak long-rafbe-13C dipolar phenomenon has been recently observed for paigiprolac-
couplings, incompletely refocused homonuch4+H dipolar tonef® and polystyren® nanocomposites, and molecular dy-
couplings, and the inhomogeneity of tBe field in the probe namics computer smulaﬂo??ssuggest that the thlcknes_s of the
head may affect the central sigR&B°In addition, in the case layers exhibiting steep chang_es in segmental dynamlcs can be
of such high-amplitude jumps, the asymmetry parameter of a}s.few as 0.5 nm. In our parnculgr case, the existence of both
dipolar tensor no longer remains zero. Consequently, the shapdigid and more mobile fractions in the amorphous phase was
of the dipolar spectra is significantly affectédThat is why ascertained in all of th_e |nv_est|gated polymer systems. In all
these signals must be interpreted very cautiously and their €@Ses, the corresponding dipolar spectra were decomposed to
information content must be considered to be very limited. several contributions (Flgure 10). This fpllows from the fact
Internal Dynamics in Nanocomposites.The last question that' even neat polyamlde-G can bg considered as an hanocom-
that should be opened concerns the dynamics of the amorphou@os'te because t_he_ size of crystallites that are embedded in an
phase in nanocomposites and the directly related glass-transitio@MOrphous matrix is ca.-48 nanometers?
temperature Tg) and other mechanical properties. The glass  An additional slight increase in motional amplitudes observed
transition is one of the most important thermomechanical in the triple-component system NC/EMA can be attributed to
material properties of glassy and semicrystalline polymers the increase in concentration of silicate platelets in a PA6 matrix.
affecting the mechanical behavior of manufactured products. Because of the total immiscibility of silicate particles in EMA
ConsequentlyTg, which is closely connected with the segmental copolymer (Figure 4), the amount of silicate sheets in the
dynamics of polymer chains, in many cases dictates the amorphous phase of PA6 is effectively increased, which
applications of polymer materials. probably increases the extent of local density fluctuation. The
Usually, it is supposed that the presence of solid filler, to presence of EMA copolymer further affects the pattern of the
which a polymer matrix is either chemically attached or strongly dipolar profiles separated at ca. 30 ppm (Figures 8 and g)C‘BQ/
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apparent narrowing of these spectra follows from the superposi-gated. Motional amplitudes were successfully determined for
tion and interference of dipolar contributions originating from all resolved methylene units in the crystallites in the “con-
methylene groups, C2, and ethylene units of EMA elastomer. strained” domains as well as in the “free” domains of the
This indicates that the size of phase-separated domains of EMAamorphous phase of polyamide-6. We demonstrated that the
elastomer (56200 nm) is large enough for the internal applied experimental procedures provided high-quality data, for
dynamics and was not affected by the glassy matrix of PA6 which accuracy was sufficiently high to clarify the observed
and clay particles. Consequently, high segmental dynamics of changes in thermomechanical properties of the polymer systems.
EMA copolymers is retained and almost unchanged. Particular attention was devoted to the discussion of the observed
From the thermodynamic point of view, the determination decrease iffyin both double- and triple-component nanocom-
of the order parameters in the repeat unit makes it possible toposites and to the significant increase in toughness observed in
guantitatively express the increase in motional amplitudes in the triple-component system containing phase-separated domains
nanocomposites as a change in the Gibbs free energy resultingf elastomer. In all cases, we tried to correlate these changes
from the increase in conformational entrogy: with the enhanced motional amplitudes of polymer chains in
the amorphous phase.
1- Snz2
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