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ABSTRACT: Natural abundance solid-state nuclear mag-
netic resonance spectroscopy (NMR) of nitrogen-15 (15N)
was applied to investigate the films of nylon-6 and their
blends with poly(propylene oxide) (PPO). The NMR 15N
results allowed us to identify the crystalline forms present in
these blends and also confirmed the previous NMR results
obtained by 13C-NMR study. From all NMR data the anti-
plasticization phenomena and plasticization effects caused
by PPO content, in the blends were characterized. The

polyoxide action is a function of its proportion. However,
because the samples were prepared by solution casting, the
residual solvent action cannot be ignored. The 15N chemical
shift changes were influenced by both PPO and residual
solvent. © 2003 Wiley Periodicals, Inc. J Appl Polym Sci 90:
3872–3875, 2003
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INTRODUCTION

Solid-state NMR provides a great deal more informa-
tion on sample properties than does solution NMR
because of the physical interaction; it also has discrim-
inating pulse sequences that provide the components
present in different domains1–5 because they present
distinct mobilities. 13C and 15N solid-state spectra per-
mit us to evaluate the difference in the domains and
the conformation ordination chains attributed to crys-
tallinity formation, respectively.1–10

To improve the mechanical properties of nylon-6,
blends with poly(propylene oxide) (PPO)11,12 and
polycarbonate12 were investigated and characterized
by solid-state NMR by Tavares et al.11,12 Three differ-
ent ranges of blends were investigated using cross-
polarization/magic angle spinning (CP/MAS) 13C-
NMR techniques. In the first NMR studies we discov-
ered that low PPO content (1–5%) in the blends does
not act as a plasticizer for this polymer, as would be
expected, but rather acts as an antiplasticizer. Con-
cerning the structural forms of nylon-6/PPO blends,
these results led us to consider whether the structural
changes originate from a function of PPO amount. To
better understand the behavior of these blends, we
chose to study the 15N nuclei by solid-state NMR. The
solid-state NMR characterization of 15N was previ-

ously reported by Powell and Mathias.7–9 Analysis by
CP/MAS allows us to obtain a solid-state spectrum in
natural abundance of 15N with good sensitivity. In
nylon-6 the CP/MAS 15N peaks were shown to corre-
late with two predominant crystalline forms, that is,
the alpha (�) and gamma (�) structural crystal forms.9

Others resonances were also observed that can be
attributed to the amorphous phase and the noncrys-
talline interphase forms.10,13,14

The main purpose of this work was to obtain new
and better information on the miscibility, compatibil-
ity, and chain conformation of blends, using for the
first time 15N solid-state data.

EXPERIMENTAL

Preparation of blends

Thick films of nylon-6 and nylon-6/PPO blends were
prepared by dissolving mixtures with different PPO con-
tents (up to 20%) in formic acid. The solutions were cast
onto glass plates that were then placed in an oven at
65°C for 90 min. After that, the films were removed from
the support, dried, and stored in a dissector with a
vacuum for 3 days at room temperature. Solvent elimi-
nation were carried out by infrared spectroscopy until
the OH solvent band was completely eliminated.

NMR measurements

All NMR solid-state spectra were obtained on a Varian
Unity Inova 300 spectrometer (Varian Associates, Palo
Alto, CA) operating at 299.9 and 30.3 MHz for 1H and
15N, respectively. All experiments were performed at
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probe ambient temperature by use of gated high-
power decoupling. A zirconium oxide rotor of 7 mm
diameter was used to acquire the NMR spectra at rates
of 4.5 kHz. 15N spectra were referenced to the chemi-
cal shift of glycine (0 ppm). The 15N spectra were
carried out in the cross-polarization mode with magic-
angle spinning (CP/MAS) with 3 s of delay and 1 ms
of contact time.

RESULTS AND DISCUSSION

The nylon-6 film was first investigated by CP/MAS 13C
at solid state and by the proton spin–lattice relaxation
time in the rotating frame (T1

H�). The CP/MAS 13C-
NMR spectrum of nylon-6 film presented all resonance
lines at the chemical shift of the �-crystalline form. The
assignments were already described in a previous
work12 and are in agreement with the literature.

Figure 1 shows the CP/MAS 15N-NMR spectrum of
nylon-6 film. Four resonance lines were detected. The
highest relatively sharp peak at 74.8 ppm with a line

width at half-height of 70 Hz was assigned as the
�-form, which is located in low frequency, most likely
attributed to the solvent action. Three resonance lines
at 77.8, 78.5, and 83.4 ppm with a line width at half-
height of 28, 39, and 36 Hz, respectively, were de-
tected. The peaks at 77.8 and 78.5 ppm were attributed
to the amorphous phase or may have come from the
noncrystalline interphase region with restricted mo-
bility, and the NMR signal at 83.4 ppm was attributed
to the �-structural crystal form.

Figure 2 exhibits the natural abundance CP/MAS
15N-NMR spectrum of nylon-6/PPO blends contain-
ing 5 wt % of PPO. Two NMR signals were detected:
one sharp peak located at 95.0 ppm, which was attrib-
uted to the �-crystalline form. The change of 20 ppm
in the chemical shift, for high frequency, was caused
by the action of PPO resulting from the interaction
process. The low PPO content in the blends showed
that this polymer can act as an antiplasticizing agent12;
in this case PPO can promote a localized crystalliza-
tion process of an amorphous phase, or promote a

Figure 2 Natural abundance CP/MAS 15N-NMR spectrum of nylon-6/PPO blends with 5 wt % of PPO.
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reorganization in a more ordained phase, which
makes the blend more rigid and probably causes
changes in the 15N spectrum resulting from changes in
the chain conformations. These results are supported
by the high values of T1

H� and also by the increase in
the degradation temperature.11 As previously ob-
served the 15N chemical shift was reported to be con-
formationally dependent.8,13

The natural abundance CP/MAS 15N-NMR spec-
trum of the nylon-6/PPO blend that contains 20% of
PPO is shown in Figure 3. An analysis of this spectrum
shows two NMR signals, one highly sharp signal lo-
cated at 84.5 ppm with a line width at half-height of 20
Hz and a wide shoulder located at 90 ppm with a line
width at half-height of 120 Hz. The sharp resonance at
84.5 ppm was attributed to the �-crystalline form,
whereas the shoulder located in the high-frequency
region overlapping the NMR signals is attributed to
the amorphous phase and the �-crystalline form. In-
terestingly, an increase in the PPO content in the blend
caused a plasticization effect, promoting high mobility
to the sample, and the signals of the crystal forms do
not change the chemical shift values in relation to pure
nylon-6, although they are completely different from
those of the sample that contains 5% of PPO.

The 15N spectra of both polymer blends and the
pure nylon-6 are different, revealing that the 15N
chemical environment in each sample can be reflected
in this resonance peak, which can show the changes in
mobility of the sample, as a result of the action of the
second polymer component in the chain conforma-
tions.

The authors thank Varian Associates (Palo Alto, CA) for the
15N-NMR spectra and Conselho Nacional de Desenvolvi-
mento Cientifico e Tecnológico (CNPq) for the financial
support.
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Figure 3 Natural abundance CP/MAS 15N-NMR spectrum of nylon-6/PPO blends with 20 wt % of PPO.
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