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Abstract: Polymer microparticles are used in additive manufacturing, separation and purification
devices, biocatalysis, or for the recognition of biomolecules. This study reports on the effect of metal
fillers on the structure and molecular dynamics of polyamide 6 (PA6) microparticles (MPs) containing
up to 19 wt.% of Al, Cu, or Mg. These hybrid MPs are synthesized via reactive microencapsulation by
anionic ring-opening polymerization in solution, in the presence of the metal filler. 3¢ high-resolution
solid-state NMR (ssNMR) spectroscopy is employed as the primary characterization method using
magic angle spinning (MAS) and cross-polarization (CP)/MAS. Depending on the metal filler, the
ssNMR crystallinity index of the MP varies between 39-50%, as determined by deconvolution of
the 13C MAS and CP/MAS spectra. These values correlate very well with the crystallinity derived
from thermal or X-ray diffraction data. The molecular dynamics study on PA6 and Cu-containing
MP shows similar mobility of carbon nuclei in the kHz, but not in the MHz frequency ranges. The
paramagnetic Al and Mg have an observable effect on the relaxation; however, conclusions regarding
the PA6 carbon motions cannot be unequivocally made. These results are useful in the preparation of
hybrid microparticles with customized structures and magneto-electrical properties.

Keywords: polymer microparticles; metal particles; 3C solid-state NMR; crystalline structure;
relaxation times

1. Introduction

Polyamides are semicrystalline polymers, which are widely used as engineering
thermoplastics in numerous applications due to their unique combination of mechanical,
thermal, and chemical resistance [1]. The advent of layer-by-layer additive manufacturing
technologies, such as selective laser sintering (SLS), has provided a powerful impetus for
the in-depth characterization of polyamide micron-sized particles. It is now known beyond
any doubt that the correct choice of powder material containing particles with suitable size,
shape, rheology, melting, and crystallization behavior is fundamental for the successful
SLS to final articles with optimized mechanical properties [2,3].

Most frequently, neat polyamide microparticles (MP) appropriate for SLS are pre-
pared by physical methods, including dissolution-precipitation [4], melt emulsification [5],
or cryogenic milling [6]. Alternatively, a recently developed chemical approach based
on solution-precipitation activated anionic ring-opening polymerization (AAROP) of lac-
tams [7,8] allowed for the preparation of hybrid polyamide MP systems with polyamide
6 (PA6) shells, which can carry elevated amounts of metal, ceramic, or carbon allotropes, as
well as mixed payloads. Among these hybrid particulate systems, the metal-loaded PA6
MP can be especially interesting for the development of novel lightweight materials with
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tailored magnetic susceptibility, electric and thermal conductivity, or electromagnetic inter-
ference (EMI) shielding properties [9,10]. Recent reports on a PA6-based metal-containing
hybrid MP showed that they can be used directly as supports for enzymes in biosensors
and biocatalysts [11,12], or be transformed by melt processing into PA6-based composites
with particulate or textile reinforcement [8,13].

All of these existing and potential applications of metal-containing PA6 microparticles
require rigorous control over their crystalline structure and, especially in the case of EMI
shielding, over the local motions in the solid-state, concerning both crystalline and amor-
phous phases. For this reason, the use of high-resolution solid-state NMR (ssNMR) that
studies finely pulverized samples has become a powerful technique for structure properties
investigation in polyamide-based particulate materials [14]. The first comprehensive struc-
tural studies by ssNMR on neat PA6 were reported in the 1980s and 1990s using carbon-13
(13C) [15-18] or nitrogen-15 (1°N) [19-21] nuclei. Some of us have also used 3C-ssNMR,
along with other analytical methods, to relate the crystalline structure to the mechanical
properties in neat PA6 [22] and PA12 [23]. There exist numerous ssNMR studies on the
structure of PA6-based composites, mostly comprising nanosized clays [24].

To the best of our knowledge, no ssSNMR studies on metal-loaded PA6 hybrids have
been performed so far. Regarding other polymer matrices, only a few communications exist
at this point. Thus, Umek et al. [25] prepared polystyrene nanocomposites using titanate
nanostructures and analyzed their homogeneity and local chain mobility by 'H NMR.
The skin effect in high-density polyethylene loaded with Ag nanoparticles and carbon
nanotubes was studied by Jouni et al., by means of 3C NMR measurements [26]. It should
be noted that the conventional preparation of polymer hybrids by melt processing applied
in these two works requires several blending and grinding steps in order to produce the
fine and homogeneous powders necessary for the ssNMR measurement.

The present work is the first ssNMR study on the structure and molecular dynamics of
PA6-based metal-loaded microparticles (Me-MPs) obtained by one-pot AAROP in solution
containing Al, Cu, or Mg fillers. As shown previously [27], this chemical method provides
excellent distribution of the metal payloads within the PA6 particles. Importantly, the as-
prepared Me-MPs are subjected directly to ssNMR without any processing, which allows
the analysis of their nascent structure. Thus, the '3C resonances of the semicrystalline MP
samples were recorded by conventional magic angle spinning (MAS) or cross-polarization
(CP)/MAS pulse sequences. Then, by deconvolution of these spectral data, the NMR
degree of crystallinity in all MP samples was calculated as a function of the metal filler
type. Comparisons with crystallinity data for the same MP samples obtained by differential
scanning calorimetry (DSC) and synchrotron X-ray diffraction (XRD) were made and
discussed. Molecular dynamics studies were performed using the ssNMR capacity to probe
the molecular mobility in either amorphous or crystalline regions of MPs. The spin-lattice
relaxation time in the rotating frame, Ty, characterized by slower motions, and the spin—
lattice relaxation time, Tj, sensitive to rapid molecular motions, were measured [28,29]. All
ssNMR, DSC, and XRD data were related to the structure of the amorphous and crystalline
phases in the PA6 MP samples, and their morphology was revealed by scanning electron
microscopy (SEM).

2. Materials and Methods
2.1. Chemicals and Materials

A special grade of ECL monomer with reduced moisture content was delivered
by Briiggemann Chemical (Germany); C20 commercial activator of AAROP containing
80 wt.% of aliphatic diisocyanate blocked in ECL from Briiggemann Chemical (Germany);
sodium dicaprolactamato-bis-(2-methoxyethoxo)-aluminate (Dilactamate, DL) AAROP
initiator from Katchem (Czech Republic); metal powders from Sigma-Aldrich, Portugal:
Cu (>99.5%, grain size < 40 um); and Al (>93%, grain size < 100 um), Mg (>99%, grain size
< 100 um), toluene, methanol, and other solvents (analytical grade) from Merck/Sigma
Aldrich, Algés, Portugal.
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2.2. Synthesis of Metal-Loaded PA6 MP

Metal-loaded PA6 MPs were produced by AAROP of ECL in solution, performed as
described previously [7,8]. In summary: 0.5 mol of ECL and 10 wt.% of selected metal
powder in relation to ECL were added to 100 mL of 1:1 toluene/xylene mixture. This was
performed while stirring in a three-neck round bottom flask supplied with a Dean—Stark
attachment and an Allihn condenser, under a nitrogen atmosphere, refluxing the reaction
mixture for 10-15 min. Then, 3 mol.% of DL and 1.5 mol.% of C20 were added at once. The
polymerization reaction was carried out for 2 h from the point of catalytic system addition,
in the temperature range of 130-135 °C and at a constant stirring rate of ca. 800 rpm. The
empty and the metal-containing MP samples were separated from the reaction mixture by
vacuum filtration, then washed with methanol and dried for 4 h at 80 °C in a vacuum oven.

2.3. Characterization by SEM

The SEM studies were performed in a NanoSEM-200 apparatus of FEI Nova (USA)
using mixed secondary electron/back-scattered electron in-lens detection. The MP samples
were observed directly after sputter coating with an Au/Pd alloy in a 208 HR equipment of
Cressington Scientific Instruments (UK) with high-resolution thickness control.

2.4. Characterization by ssNMR

A Tecmag Redstone/Bruker 300WB spectrometer was used. Metal-loaded MP sam-
ples (about 200 mg) were packed into 7 mm o.d. zirconia rotors with Kel-F caps. The
experiments were carried out at room temperature (23 + 0.5 °C). 13C spectra were acquired
at 75.49 MHz, with a spinning rate of about 3 kHz and 90° radio-frequency (RF) pulses
of (i) 4 us or (ii) 4.5 ps, using two different RF sequences: (i) one pulse (direct-excitation,
Bloch decay) with 1s relaxation delay, and (ii) cross-polarization/MAS (CP/MAS) spectra
with a relaxation delay of 10 s, a contact time of 2 ms, and a frequency field of 62.5 kHz for
the spin-lock field By. Experiments (i) and (ii) were expected to enhance amorphous and
crystalline polymer components, respectively. The 13C chemical shifts were obtained using
the 13CO glycine signal as an external reference, which was set at 176.03 ppm.

The ssNMR degree of crystallinity, X$*NMR of all samples was determined from the
13C MAS and CP/MAS spectral data. Gaussian functions were chosen to deconvolute
the C signals using the PeakFit© software. For each MP sample, the contributions of
the crystalline and amorphous phases were calculated based on the areas of the peaks
assigned to the respective aliphatic groups, i.e., using the signals of C nuclei with the same
multiplicity, according to Equation (1):

TA.

XSSNMR
€ YA+ XA,

partial = % 1
where A, is the sum of the areas of the crystalline phase signals and A, is the sum of
the areas of the amorphous phase signals for each group of aliphatic carbons. Applying
equation 1 to the empty and Me-MPs, the partial X *NMR was calculated considering the
two groups of nuclei, (C4, C2 + C3) and (C5, C1). Then, the X SSNMR, . was determined
based on the total sum of the area of all aliphatic C peaks from the crystalline phase:

XSNMRyota]l = SLA(C4, C2 4 C3), + ZA(C5, C1),, % @)

The influence of metal payloads on the molecular dynamics of the polymer matrix was
assessed by measuring different relaxation times which enable probing mobility at different
frequencies. The carbon spin-lattice relaxation time, €Ty, and the carbon spin-lattice
relaxation time in the rotating frame, CTlp, were measured using '3C CP/MAS experiments.
€T, was obtained in the MHz range by recording the intensity of the carbon signals as a
function of the variable time delay, 7, using the TORCHIA sequence [30]. Either 14 values
(from 0.5 s up to 40 s) or 10 values (from 0.5 s up to 25 s) were selected, depending on
the sample type (neat PA6 MP or Me-MP, respectively). The number of scans was always
higher than 120. The magnetization recorded from each C species was plotted against 7.
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T, p data were measured in the kHz range by recording the 13C signal as a function of the
13C spin-locking time ¢, immediately after a CP period of 2 ms; t was selected between 0.5 s
and 25 s. The frequency field of the spin-locking field B; was kept at 62.5 kHz, and the
recycle delay was 5 s.

CT; data were obtained using Equation (3) or (4) (mono- or double-exponential decays,
respectively), and the “T; p values were the time constants from mono-exponential decays
(similar to Equation (3)):

T
Y= Ioexp(—(ch)l) 3)
y=I+1 exp(—mﬂ:)l—i-fzexp(—(cTTl)ZO )

Equation (3) or (4) were fitted to the experimental data (signal intensity as a function
of 7), using the least-squares method. In all the experiments, empty PA6 MPs were studied
as a reference.

2.5. Characterization by DSC

Differential scanning calorimetry (DSC) measurements were carried out in a 200 F3
equipment of Netzsch (Selb, Germany) at a heating rate of 10 °C/min under a nitrogen
purge. The typical sample weights were in the 10-15 mg range. The degree of crystallinity,

,of a s synthesized was calculated according to Equation (5):
XDP5C, of all PA6 MPs synthesized lculated ding to Equation (5)
AH:
XPoC = — e % ®)
w-AHy,

where AH, is the registered melting enthalpy of the current sample, w is the weight fraction
of the polymer present in the sample, and AHY, is the melting enthalpy of a 100% crystalline
PA6 (190]/g) [31].

2.6. Characterization by XRD

Synchrotron wide-angle X-ray scattering measurements were performed in the NCD-
SWEET beamline of the ALBA synchrotron facility in Barcelona, Spain. Two-dimensional
detectors were used, namely LH255-HS (Rayonix, Evanston, IL, USA) and Pilatus 1M
(Dectris, Switzerland), for registering the WAXS and SAXS patterns, respectively. The
sample-to-detector distance was set to 150.3 mm for WAXS and 2696.5 mm for SAXS mea-
surements, the A of the incident beam was 0.1 nm, and the beam size was 0.35 x 0.38 mm
(h-v). The two-dimensional images from the two detectors were reduced to linear patterns
using pyFAI software [32]. The X-ray crystallinity index was calculated using the commer-
cial package Peakfit 4.12 by SeaSolve, as explained in the Supporting Information (SI).

3. Results and Discussion
3.1. Sample Synthesis, Designation and Morphology

The chemical structures of the e-caprolactam (ECL) monomer, AAROP initiator, and
activator, as well as a scheme of the polymerization process, are presented in Figure S1
of the Supplementary Materials (SM). The mechanism of AAROP in the solution of ECL
to neat PA6 MPs was discussed in detail previously, [33] and was more recently adapted
for the case of hybrid PA6 MPs including metals [7,8,27]. The metal payloads in this
study were used without any pretreatment or functionalization, and are unable to react
with the AAROP reaction medium components. Table 1 shows the designations of the
samples produced, the polymerization yield, and the real load (R;) content determined by
thermogravimetric analysis (TGA), according to Equation (6):

Ry = Ry — Rpag, % (6)
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where Rpsg and Ry represent the carbonized residues of the empty MPs and the Me-MPs at
600 °C, respectively. It is important to note that during AAROP all MP samples underwent
solid-state crystallization for 2 h at 130-135 °C, under constant stirring at 800 rpm. The
purification and drying procedures were also the same.

Table 1. Designation, composition, and polymerization yields of MP samples.

Sample Load Composition ®) [vol.%] Yield © Real load @
Designation  [wt.%] @ Metal PA6 [wt.%] [wt.%]
PA6 - 0.0 100.0 56.0 -
All10 10 9.2 90.8 451 194
Cul0 10 2.6 97.4 48.6 17.6
Mg10 10 8.8 91.2 489 16.5

@ Based on the weight of ECL in the starting AAROP mixture; ) based on the volumes of metal and PA6 in
the respective sample; ©) calculated as a relation the MP final weight the sum of ECL plus metal filler weights;
@ determined by TGA according to Equation (6).

As seen from the SEM micrographs in Figure 1a—c, each metal filler is composed of
particles with specific sizes and shapes that determine, to a great extent, the morphology of
the respective hybrid Me-MP.

400 pm

Figure 1. SEM micrographs of neat metal particles and Me-MPs: (a) Al; (b) Cu; (c) Mg; (d) Al10;
(e) Cul0; (f) Mg10; (g) PA6; (h) close view of Mg10. For sample designations see Table 1.

In the case of the Al10 sample (Figure 1d), most of the hybrid microparticles are
single Al platelets with a length of ca.100 um, coated by PA6. The Cul0 MP (Figure le)
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represents aggregates with dy,.y of ca. 30 um, comprising several partially fused spheroids
with typical diameters of >10 um. The Mg10 sample (Figure 1f) displays large irregular
particles, with a broad size distribution between 50-300 um. All MPs seem to contain one
or more metal particles inside a PA6 shell that encapsulates the metal load. Moreover, all
hybrid microparticles in Figure 1 display certain porosity of the PA6 shell, best observed
in Figure 1g,h, showing the neat PA6 MP and magnification of the Mgl0 sample. It
should be noted that the conventional extruder mixing of polymer granulates with metal
powders, and the subsequent grinding for ssNMR sample preparation, cannot produce
such a morphology characterized by dense packing of the metal filler within a shell of the
matrix polymer. All of these structural peculiarities will be taken into consideration in the
ssNMR data interpretation.

3.2. Characterization by ssNMR

For the metal-loaded MP in this work obtained via AAROP in solution, only a small
effect of the magnetic field created within the metal particles can be anticipated upon the
PA6 matrix material, given that the metals are not chemically bonded to PA6. Theoretically,
the influence on the 13C ssNMR resonances is expected to be restricted to the PA6 carbons
in close vicinity of the metal filler particles, resulting in signal broadening, magnetic field
shifts, and relaxation enhancement. Therefore, the ssNMR experiments were designed in
such a way that it would be possible to register and assess these three effects.

3.2.1. General Evaluation of the ssNMR Spectra

Figure 2a shows the 13C MAS and Figure 2b shows the '3C CP/MAS spectra of Me-MP
samples. The respective '3C chemical shifts are presented in Table 2. Figure 2b also presents
the PA6 chemical structure with the numbering of the C nuclei. The MAS spectra were
obtained under the Bloch decay conditions with a short time between two consecutive
scans (See the Experimental Section, characterization by ssNMR, experiment (i)). This
procedure mostly displays the signals of the amorphous PA6 fraction, since the spin system
of the crystalline domains does not have sufficient time for relaxation, and their signals are
not registered. The spectra recorded by 3C CP/MAS with long periods of time between
two consecutive scans (experiment (ii)) reveal a weighted superposition of the signals from
both crystalline and amorphous domains, which permits quantification of the two phases.

Table 2. '3C MAS and 3C CP/MAS chemical shifts in C nuclei obtained from MP samples. The
average error of the chemical shift determination is £0.2 ppm.

Sample and Chemical Shift §, ppm
ssNMR Experiment C1 C2+C3 C4 C5 Cé6
MAS -a 27.8 -a 36.2 173.5
PA6
CP/MAS 42.8 29.7 26.0 36.2 172.8
MAS -a 28.1 -a 37.1 174.7
Al10
CP/MAS 42.7b 29.4b -2 36.6P 174.1
MAS A 27.9 - 36.8 174.5
Cul0
CP/MAS 43.4 30.3 26.4 36.6 173.6
MAS A 28.0 - 35.6 173.5
Mg10
CP/MAS 425 29.7 - 36.4 173.0

a Unresolved; P Broad signal.

From Figure 2a,b, the 13C MAS and CP/MAS ssNMR spectra of PA6 consist of four
signals, attributable to (in ascending order of §, ppm) C4, C2 + C3, C5, and C1 nuclei in the
methylene groups region and one peak assigned to the C6 carbonyl nucleus. The chemical
shifts of the six magnetically nonequivalent PA6 carbons are shown in Table 2, and are
identical or close to those reported earlier for PA6 [15,16]. In particular, the signals at about



Crystals 2022, 12, 1579

7 of 17

(@

(@)
o
(@]
ui

42 and 36 ppm are assigned to C1 and C5 in the x-PA6 polymorph, respectively, which
indicates that PA6 MP contains predominantly x-PA6 crystallites [15].
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Figure 2. Full ssNMR spectra comparison of Me-MP samples at room temperature: (a) '*C MAS and
(b) 13C CP/MAS. 1—PA6, 2—Cul0, 3—Al10, 4—Mg10. Asterisks denote spinning sidebands.

Comparing the MAS and CP/MAS spectra of empty and Cu-loaded PA6 MPs (Figure 2a,b,
curves 1 and 2) reveals the similarity of the PA6 resonance lines, as far as peak position and
resolution are concerned. The Cu filer is diamagnetic with negative magnetic susceptibility
X = —1.0 x 10753, which results in an unperturbed system in the presence of a magnetic
field. Thus, the fact that this load does not obstruct the observation of the matrix NMR
peaks was expected. Moreover, Cul0 is the MP system with the smallest volumetric
loading, 2.6%, meaning that most of the polymer matrix is not in close contact with the
metal filler. This makes the effect of Cu on the PA6 NMR signals position and resolution
even less detectable.

Curves 1 and 2 in Figure 2a,b also show a clear decrease in the intensity of the signals
of the Cul0 sample compared to the neat PA6. This effect has to be related to radio
frequency (RF) absorption, due to the skin effect characteristic of conventional conductors.
The skin depth is inversely proportional to the square root of the conductivity and the
pulse frequency. For the neat Cu metal, it ranges from 8.61 mm to 2.11 um for frequencies
from 60 Hz to 109 Hz, respectively [34]. In the case of metal-loaded MP, however, the
conductivities o4, of neat PA6 and all metal-loaded loaded MP samples was found to
be in the range of 10~11-10-° S/m [27,35]. Evidently, the Me-MPs retain the electrical
insulating properties of the neat PA6 matrix, meaning that within the concentration range
studied (2-9 vol.%), percolation between the metal particles was not achieved. On the other
hand, as was demonstrated by SEM in Figure 1, the metal particles in MP are completely
encapsulated within the PA6 shell. At the >C resonance frequencies used in the present
study, the skin depths for Cu as bulk metal are about 8 pum, i.e., less than the Cu filler
particles” average sizes (2040 pum). This leads to RF power loss and the observed drop in
the ssNMR signal intensity of the Cul0 sample.

Regarding the Al10 or Mg 10 samples carrying ca. 9 vol.% of paramagnetic payloads
(Figure 2, curves 3 and 4), line broadening and loss of peak resolution in both MAS and
CP/MAS signals were observed as compared to neat PA6. These effects are in good
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agreement with the basic theory explaining the influence of paramagnetic metals upon the
NMR signals’ intensity and width, both in solution and in solid-state [36].

Figure 3a,b separately display the evolution of the C1-C5 signals’ intensity and shape
in the MAS and CP/MAS spectra of neat and Me-MPs. The evolution of the C6 signal
intensity and the shape of all samples are displayed in Figure 3b,c. The chemical shifts of
all peaks are presented in Table 2.

(b) C3

Intensity, a. u.
Intensity, a. u.

Intensity, a. u.
Intensity, a. u.

180 178 176 174 172 170 168 166 180 178 176 174 172 170 168 166
Chemical shift, ppm Chemical shift, ppm

Figure 3. Evolution of the shape and position of the ssNMR signals as a function of the metal filler in
13C MAS (left) and 13C CP/MAS (right) with neat PA6 and Me-MP samples: (a,b)—C1-C5 signals;
(c,d)—C6 signal. The curves are displaced along the Y-axis, whereby each set of curves has the same

scaling of intensity.

As can be seen in the MAS spectra in Figure 3a,c, the incorporation of metal particles
into PA6 leads to a notable decrease in the intensity of the ssNMR methylene C-signals
and line broadening. In the Mg10 sample, the C6 signal was split into two, whereby a
second peak appeared in weaker fields at ~177 ppm. Analyzing the differences in the
resonance lines of the aliphatic carbons in the CP/MAS experiment (Figure 3b,d) reveals
that the presence of metal particles in the matrix led to a similar intensity decrease in
well-expressed and line broadening of the methylene PA6 peaks in the Al10 and Mg10
samples. Regarding the carbonyl C-signal (Figure 3b), its intensity drops significantly for all
samples; this can be best observed in the Mg10 sample. While all effects of intensity increase,
and line broadening in MAS or CP/MAS spectra are to be related to the diamagnetic or
paramagnetic properties of the metal fillers, the splitting of the C6 signal in the MAS of
sample Mg10 is difficult to explain, undoubtedly because of the insufficient signal-to-noise
ratio in this spectrum.
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3.2.2. Influence of the Metal Particles on the Crystalline Structure of the PA6 Matrix

The second step in the evaluation of the PA6 crystalline structure in the Me-MP series
by ssNMR was the determination of their degree of crystallinity, X3*MR as a function of
the metal type. The procedure uses only spectral data from aliphatic carbons based on
the assumed comparable C-H CP efficiency for CH, groups located in amorphous and
crystalline regions. Such an assumption is confirmed in the next section by showing that
these domains present similar mobility in the kHz frequency range.

First, the MAS spectra were deconvoluted in order to obtain only the response of
the amorphous PA6 domains. Then, the CP/MAS spectra were deconvoluted, including
the data from MAS in the input parameters and considering them as the response of the
amorphous phase. The deconvolution was performed using Gaussian functions to fit both
MAS and CP/MAS spectral lines. Apart from calculating X$NMR  the data from MAS and
CP/MAS spectra deconvolution were used to quantify the effect of the metal particles on
the width as well as the chemical shift in the signals of the PA6 MP shell. Figure 4 shows
the deconvolution of the experimental MAS spectra (the black dots) fitted by Gaussian
peaks, as well as the resulting reconstructed spectra (the green solid lines). The numeric
data obtained from the fits of all MP spectra are displayed in Table 3.

750,000 250,000
| @)
< 600,000 5 200,000
o o
2 450,000 25 150,000
g g
8 300,000 & 100,000+
£ =

150,000 1 50,000 1

[}- T IV V IV — T - T T T [}_
55 60 45 40 35 30 25 20 15
Chemical shift, ppm
300,000 £0.000
C

) 25[},0[}0-( ) f\; 50,000 4
- -
o EDD,DDD' o 40)0[}[}_
> >
:-é 150,000 1 £ 30,000
m =
E 10’0,0’00" g 20)0[}[}_

50,000 - 10.000 1

L j T 'V' T T - T ™ T T T T T j D- fl--“l-_-‘ T ﬁl_h T T T T
25 50 45 40 35 0 XK AN 15 55 50 45 40 35 30 25 20 15 10
Chemical shift, ppm Chemical shift, ppm

Figure 4. Aliphatic region of the 13C MAS spectra of: (a) neat PA6, (b) Al10, (c) Cul0, and (d) Mg10.
The two dashed curves represent the combination of the resonances (C4, C2 + C3) and (C1 + C5) from
the amorphous regions. The peaks shaded in blue and pink areas represent the C5 and C1 signals,
respectively, located in more ordered domains. The chemical shifts of all resonance lines are tabulated
in Table 3.

Regarding the amorphous regions, the first conclusion from Figure 4 and Table 3
is that the merged resonance peak of (C1 + C5) in all studied samples is centered at ca.
39.3 ppm, i.e,, it is downfield shifted with respect to the (C4, C2 + C3) peak appearing at
ca. 28 ppm. This shift of the (C1 + C5) resonances to lower fields is expected, and it is due
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to the unshielding of these nuclei caused by their closer vicinity to NH and C=0 groups,
respectively. Weak downfield shifts of up to 0.40 ppm are observed with these two peaks in
the presence of metal particles, the larger one being assigned to the (C4, C2 + C3) combined
resonance. This means that the metal particles in the amorphous PA6 phase interact only
slightly with the CH, groups of the PA6 shell, not causing significant redistribution of the
electron density of the respective C-atoms.

Table 3. 13C MAS results of the MP samples obtained by peak fitting of ssNMR data for the aliphatic
region. The bolded values correspond to resonances related to the more ordered phase. All variations
are with respect to the signals of the PA6.

Sample Chemical Variation of FWHM Variation
(Fitting Carbon Shift, Chemical m ! FWHM,
Coef.) ppm Shift, ppm PP ppm

C4,C2+C3 27.9 4+ 0.1 - 8.01 -
PA6 cs@ 35.8 + 0.4 - 3.88 -
(0.9986) C1,C5 39.3 +0.2 - 6.12 -
c1® 41.6 £ 0.2 - 5.36 -
C4,C2+C3 28.2 + 0.1 0.3 9.15 1.14
AI10 Cc5 @ 36.1 £ 0.1 0.3 3.75 —0.13
(0.9986) C1,C5 39.3+0.3 0.0 8.42 2.30
c1® 46.7 + 0.2 5.1 4.01 —1.35
C4,C2+C3 27.9 4+ 0.1 0.0 8.86 0.85
Cul0 c5@ 36.1+ 0.3 0.3 3.40 —0.48
(0.9965) C1,C5 394+ 04 0.1 6.53 0.41
c1® 424+ 0.2 0.8 5.48 0.12
C4,C2+C3 28.3 4+ 0.1 0.4 11.72 3.71
Mg10 cs@ 35.9 + 0.3 0.1 3.29 —0.59
(0.9918) C1,C5 39.3 4+ 0.6 0.0 5.76 —0.36
c1® 43.8 + 0.5 2.2 7.99 2.63

@ C5 nucleus in close vicinity to C=0 in more ordered PA6 domains; ®) C1 nucleus in close vicinity to NH in
more ordered domains.

It should be noted that not all MAS spectra in Figure 4 can be fitted appropriately
without introducing two additional narrow peaks (i.e., related to the PA6 phase with some
order) at ca. 36 ppm and in the 42-47 ppm interval, attributable to C5 and C1 resonances,
respectively. The appearance of these two peaks can be explained by the formation of
H-bonds involving carbonyl and secondary amine groups, leading to some incipient
ordering in the amorphous phase. As a result, a redistribution of the electron density
around C1, C5, and C6 nuclei occurs, resulting in the downfield shift in the corresponding
resonances. The formation of multiple intra- and intermolecular H-bonds should result
in some densification of the amorphous fraction, forming some quasi-ordered (or rigid
amorphous) PA6 phase [36]. The latter produces the relatively narrow C1 and C5 peaks
that can be revealed in a 3C MAS ssNMR experiment. The introduction of Al and Mg
particles in MPs results in a significant downfield shift of the C1 signal of the PA6 shell by
5.1 and 2.2 ppm, respectively, while in the presence of Cu, the shift is 0.8 ppm, which is
statistically significant (Table 3). The shift of the C5 signal with respect to that of the neat
PAG6 is only 0.1-0.3 ppm, i.e., within the margin of the experimental error. It seems that
the Cl-nucleus, which is close to the N-H group in the PA6 shell, is more sensitive to the
presence of metal loads than the C5 directly bonded to the C=O group.

Regarding the full width at half maximum (FWHM) of all peaks in the MAS experiment
(Table 3), in the presence of metals, most of the PA6 peaks become broader. The exact
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values of FWHM variation, however, should be treated with caution due to the possibility
of signal overlapping unaccounted for in the deconvolution procedure.

The deconvolution of the 13C CP/MAS spectra (Figure 5, Table 4) allows the distinction
between the methylene C-signals related to the amorphous and the crystalline domains of
Me-PA6 MPs. The chemical shifts of all peaks, in both amorphous and crystalline domains,
do not change significantly due to the presence of metal particles. However, once again, all
peaks in neat PA6 and Cul0 samples are similar in shape, while the C-resonances in the
Al10 and Mg10 become broader (see Column 6 of Table 4). The FWHM increase in these
samples is larger for the crystalline phase (between 0.7 ppm and 3.9 ppm), while it remains
around 1 ppm for the methylene C signals from amorphous domains. This means that both
Al and Mg particles more strongly influence the C nuclei in the crystalline phase. More
precisely, the increase in FWHM in Al10 is in the range of 1.2 ppm (C1) to 3.8 ppm (C5),
and between 3.2 ppm (C1) and 2.6 ppm (C5) for Mg10. On the other hand, the FWHM is
either unchanged or slightly decreased in the presence of Cu particles. Therefore, the effect

of paramagnetic Al and Mg and diamagnetic Cu on the FWHM variation is similar in 1>C
CP/MAS and MAS spectra.
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Figure 5. Aliphatic region of the 13C CP/MAS spectra of: (a) neat PA6 and such loaded (b) Al10,
(c) Cul0, and (d) Mg10 PA6 MP: experimental (black dots) and computed (green line) spectra. The
pink-shaded Gaussians represent the peaks of the indicated carbons in the crystalline regions, and
the black dashed lines are the curves used to deconvolute the signal from amorphous domains (see
Figure 4). Table 4 contains the identification and quantification of all resonance lines in this figure.

Table 4 also presents the degree of crystallinity obtained from CP/MAS data. The
X SSNMR, 1 value represents the contribution of the C-aliphatic peaks from the crystalline

domains (Equation (2)), while for the calculation of the XCSSNMRWM, the contribution of
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the peaks from the amorphous regions is also accounted for (see Equation (1), Experimen-
tal Section).

Table 4. 3C CP/MAS results for the aliphatic region. The carbons in boldface are those of the
crystalline PA6 phase.

Sample

Chemical Variation of Variation SNMR SNMR DSC XRD
(Fitting Carbon Shift, Chemical FWHM, FWHM, Atea, X g T Xy X
Coef.) ppm Shift, ppm pp ppm ° ° ° ° °
Cc4 26.0 £+ 0.1 - 2.83 - 9.70
C2,C3,C4 289 +£0.2 - 9.29 - 42.38 35.86
(OI;IESS) C2+C3 29.7 £+ 0.0 - 245 . 14.00 394 394 445
: C5 36.0 £+ 0.0 - 2.19 - 8.39
C1,C5 39.2+0.2 7.87 - 18.22 46.29
C1 429 + 0.0 - 2.63 - 7.31
C4 27.5 £+ 0.9 1.5 5.73 2.90 15.38
C2,C3,C4 283+ 1.6 —-0.6 10.6 1.27 29.99 46.45
(015:)191;)6) C2+C3 30.8 £ 0.3 1.1 4.18 1.72 10.63 49.9 52.2 50.7
. C5 36.3 + 0.8 0.3 6.05 3.85 20.13
C1,C5 423 +27 3.1 941 1.54 20.11 54.29
C1 42.7+ 0.2 —0.2 3.83 1.20 3.76
C4 26.1 £ 0.0 0.1 1.84 —0.99 11.44
C2,C3,C4 28.8 +0.1 —0.1 7.92 —-1.37 35.11 43.90
(0(:911918%) C2+C3 30.1 £+ 0.0 0.4 1.93 —0.52 16.04 167 07 195
’ C5 36.3 £ 0.0 0.3 2.21 0.02 10.29
C1,C5 400+ 04 0.8 8.82 0.95 18.25 51.21
C1 43.2 + 0.0 0.3 2.28 —0.25 8.87
C4 25.8 + 0.3 —0.2 349 0.66 3.92
C2,C3,C4 27.8 +47 —1.1 9.94 0.65 35.96 39.78
Mgl 2 X 1. .. .47 .02 19.84
o 9%9(;) C2+C3 30.0 £ 1.0 0.3 5 3.0 9.8 477 53.2 198
’ C5 36.0 £ 0.4 0.0 4.78 2.59 14.15
C1,C5 40.0 +34 0.8 8.77 0.91 16.36 59.40
C1 42.8 + 3.8 —0.1 5.79 3.16 9.78

@ Calculated according to Equation (1); ® calculated according to Equation (2); © determined from DSC
data according to Equation (5); for XRD data deconvolution and X_c"XRD calculation, see Figure S3 in the SM
and Ref. [22].

The values of the degree of crystallinity, determined by DSC, XP?5C and by synchrotron

XRD, Xg(RD , are also shown in Table 4 in order to enable comparison with the NMR data.
Figure S2 and Table S1 in the SI present the thermograms and the numeric data, respectively,
as obtained by DSC. Figure S3 exemplifies the deconvolution of the XRD one-dimensional
pattern of Mg10 MP. More information about this procedure has been presented in earlier
structural studies on PA6 [22].

From the results in Table 4 regarding the two XCSSNMRmrtiul values of all samples,
it can be concluded that the one considering the three central methylene carbons (i.e.,
C2 + C3 + C4) is always lower than the one based on the C1 + C5 carbons. This is an
indication that the C1 and C5 carbons, located next to the NH and C=O groups that
participate in the H-bond formation, may be a part of a more ordered PA6 phase, while the
C2-C4 carbons are included in the more disordered domains. The XXRP data are similar
to the XCSSNMRW,M calculated from the (C1 + C5) signals. It is well known that the XRD
method probes all domains with some order, i.e., XS(RD cannot distinguish between the
contributions of the rigid amorphous phase and the crystalline phase. On the other hand,
the X SNMR, . values are more similar to the XPSC, the differences being less than 5%.
In principle, a total coincidence between the crystallinities determined by ssNMR, XRD,
and DSC should not be expected, since the principles behind these analytical methods are
different. However, the presence of some relations between the different data sets is an
indirect indication of the correctness of the ssNMR deconvolution procedure employed.

It is important to note that crystallization of PA6 occurs in the process of AAROP, in
which the polymerization parameters are kept exactly the same for all MP samples (see the
Experimental Section). Hence, the differences in their crystalline structure should only be
related to the presence of different metal fillers.
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3.2.3. Molecular Dynamics Studies by ssNMR

In addition to the information on the Me-MP crystallinity, ssNMR was used to pro-
duce time-dependence data suitable for studying molecular dynamics. As shown by
Schreiber et al. [36], the distinction between mobile (disordered) and rigid (ordered) PA6
fractions appears to be best achieved by using CTlp ; therefore, it was also evaluated in the
present study. In addition, this study reports on CT; evaluation. The CTlp (ms) and €Ty (s)
obtained from the carbon nuclei C1-C6 nuclei are shown in Figure 6a,b, respectively. Table
52 displays the corresponding numeric data.
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Figure 6. (a) CT1p and (b) €T of the carbon nuclei in empty and Me-MP samples.

The CTlp data for neat PA6 MP was best obtained from mono-exponential fitting
functions (Equation (3) in the Experimental Section), showing that, in this polymer, the
amorphous and rigid domains presented similar mobility in the kHz frequency range.

The aliphatic carbons are characterized by CTlp of about 5 ms, and a longer relaxation
time can be observed for carbonyl 13CO (about 42 ms), which is characteristic of an ordered
(rigid) phase [36]. The significant difference between aliphatic and carbonyl data is due
to C-H dipole—dipole interaction, being dominant for 1*C in methylene groups. On the
other hand, carbonyl groups participate directly in H-bonds, and '*C has a large shielding
anisotropy, which also contributes to the nucleus relaxation (easily detected by the presence
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of spinning sidebands at low MAS rate, not completely averaging out that interaction, as
seen in Figure 2b).

NMR investigations of orientational and structural changes in PA6 undrawn samples
reported about 55 ms and 3 ms on CT1P of 3COin rigid and mobile phases [36]. The CTlp
of C6 in PA6 MP and Cul0 MP is in the range of 40.5 & 1.4 ms (Cul0) to 42.1 £ 1.7 ms
(PA6); therefore, these data are very close to those on rigid domains in neat, non-oriented
PA6 [36]. The CTlp for the aliphatic nuclei of PA6 MP and Cul0 MP is close to 5.0 ms; that
is, in both samples, all aliphatic nuclei have similar mobility.

Concerning the Al10 and Mg10 samples, intense mobility is registered, with CTlp
values in the range of 0.58-0.99 ms and 6.50-12.99 ms for the carbonyl group. These
findings suggest that the Al and Mg filler particles interact more strongly with carbon
nuclei. The observed decrease in Ty o should be attributed to the proximity of paramagnetic
particles to carbon nuclei. Additionally, the Al and Mg metal particles may upset the order
in the PA6 domains, thus facilitating the mobility of the C atoms. These results agree
with the line shape of the respective 1*C MAS and 3C CP/MAS spectra (Figure 2), where
broader signals and low resolution were observed [37].

The data from €T; measurements (Figure 6b, Table S2) show that the presence of metal
particles decreases the Ty of the aliphatic nuclei as compared to neat PA6. In the PA6
sample, the €Ty values of the aliphatic C (from mono-exponential fitting functions) are from
about 18.5 £ 0.7 s (C4) to 23.1 £ 1.0 s (C1), while in Me-MPs, such values are notably lower,
from about 2.6 £ 0.4 s (C5 of Al10) to 9.6 & 2.8 s (C2,3 of Al10). Therefore, the presence of
metal particles affects the segmental motion of the PA6 chains, intensifying the spin-lattice
relaxation of the aliphatic C, independently of the metal load. The similarity between the
aliphatic Ty values in Me-MPs may be due to the influence of spin-diffusion [38], which
can hide other properties of the materials under study:.

Table S2 (rows 2 and 3) also includes PA6 and Cul0 “T; data obtained from double-
exponential fitting functions (Equation (4)), as should be expected for a semicrystalline
polymer such as PA6. Contribution percentages of fast and slow components, assigned to
amorphous and crystalline regions, respectively, are also indicated. Although some values
need to be considered as rough estimates, due to large associated fitting errors, it is worth
mentioning the similar behavior of PA6 and Cul0 samples. As for Al10 and Mg10, the low
spectral signal-to-noise ratios did not allow an identical procedure to be followed.

Concerning the C6 nucleus (Figure 6, Table S2), contrary to the analysis of CT1P,
the effect of the carbonyl group on the spin-lattice relaxation is less visible. However,
differences can be observed between the analyzed samples. Long T time is related to
the crystalline phase [38], and it agrees well with the line narrowing of the 1*C CP/MAS
spectra of the empty and Cu-loaded MP (Figure 2b). On the other hand, broader signals
indicate the predominance of the amorphous phase and the consequently lower T; values,
which match with the €T; values obtained for C6 in Al- and Mg-loaded MP (Table S2) and
the respective '3C CP/MAS spectra (Figure 2b). Thus, apparently, the hydrogen bonding
characteristic for the formation of PA6 crystallinity is somehow absent at short-range order,
probed by ssNMR in the Al10 and Mg10 samples, with the consequent increase in carbonyl
mobility, resulting in the lower T values of the C6. However, because Al10 and Mg10
present a higher degree of crystallinity than neat PA6 and Cul0 samples (Table 4), such a
T decrease can only be attributed to the proximity of paramagnetic metals to C6 nuclei, as
pointed out for the observed CTlp decrease.

4. Conclusions

In summary, this work presents a 3C ssNMR study on the crystalline structure and
molecular dynamics in empty and metal-loaded PA6-based MPs obtained by AAROP
in solution. The '3C MAS and '*C CP/MAS experiments revealed a spectral similarity
between neat PA6 and Cul0 samples, on one hand, and between Al10 and Mg10, on the
other. The spectra of the Al- and Mg-loaded MP display lines broadened and had low
peak resolution due to the paramagnetic properties of the metals. These effects were not
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observed in the Cul0 sample, in which the dispersion of Cu particles and their diamagnetic
properties did not significantly affect the C resonances of the PA6 matrix.

13C CP/MAS spectra are not commonly used to quantify crystalline and amorphous
components due to the C-H CP efficiency dependence; instead, although requiring long
acquisition times, direct-excitation measurements with long enough recycle time delays
are preferred. As seen from the similar values of the crystallinity indices obtained by three
independent methods (ssNMR, DSC, and XRD), the ssNMR spectral data from aliphatic
carbons (using CP/MAS and direct-excitation under MAS measurements) allowed for the
correct determination of the MP samples” crystallinity. The latter seems to be dependent on
the size and morphology of the dispersed metal fillers, which also act as nucleating agents
during solid-state crystallization by the end of AAROP.

The molecular dynamics study showed that the local mobility of each C nucleus is
influenced by the presence of the metal particles. The paramagnetic properties of the large
Al and Mg particles lower the CTlp and ©T; spin-lattice relaxation times of both aliphatic
and carbonyl carbon nuclei. On the other hand, as the dendritic-shaped, relatively small,
and diamagnetic Cu particles do not change CTlp, it may be concluded that in the kHz
frequency range selected, the local motion in Cul0 and PA6 MP samples is similar.

All of these results may be useful in the development of polyamide-based microparti-
cles, with customized properties carrying metal or mixed metal/carbon allotrope payloads
applicable for the preparation of flexible EMI materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12111579/s1, Figure S1: Chemical reactions occurring dur-
ing AAROP of e-caprolactam (R! = (CH,)5) to neat PA6 MP. The active substance of the AAROP
activator is designated as C20; the chemical structure of the AAROP initiator dicaprolactamato-
bis-(2-methoxyethoxo)-aluminate (DL) is presented wherein R = OCH,CH,OCHj3; Figure S2: DSC
thermograms of empty and Me-MPs in N, atmosphere: (a) first heating scan, (b) recrystallization
from the melt, (c) second heating scan. For sample designation, please see Table 1 of the main
manuscript; Figure S3: Example showing the result of deconvolution of WAXS pattern of sample
Mg10. All WAXS patterns are obtained at 30 °C with the pulverulent MP samples as explained in the
Experimental Section; Table S1: DSC data of empty and Me-MP samples; Table S2: CTlp (ms) and
€T (s) of the empty and Me-MPs; the relaxation times were obtained by fitting the experimental data
with mono-exponential functions (Equation (3)), unless specified otherwise.
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