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ABSTRACT: Ion-containing polymers are of great importance for its unique structure and
properties. An ion-containing polyamide 6 (PA6) was prepared by grafting an ionic liquid, 1-vinyl-
3-butyl imidazole chloride [VBIM][Cl], onto the main chain of PA6 using radiation-induced
grafting. The grafted ions on the PA6 main chain significantly influenced the structure and
properties of the PA6 matrix. The ions form nanoscale aggregations without inducing further
microphase separation. Acting as a physical “cross-linking point,” each aggregation enhanced inter/
intrachain interactions, which increased the viscosity, storage modulus, and relaxation time and
reduced the ability of PA6 to crystallize. However, the bulky cations of the grafted ionic liquid can
also be seen as “spacers,” which enlarge the distance among chains and reduce the strength of the
hydrogen bonds inherently existing in the PA6 matrix. The “cross-linking points” and “spacers” of
ions as well as the hydrogen bonds of PA6 take effect collectively in the system. Moreover, the ion-
containing PA6 retains good melt processability compared with PA6, despite increased viscosity,
and can be easily melt-spun into fibers. Fibers prepared from ion-containing PA6 showed improved
mechanical properties and antistatic performance and exhibited the expected antibacterial
properties, especially with regard to Escherichia coli. Inspiringly, covalently bonding ions to the PA6 main chain offers a new
strategy for fabricating functional fibers with permanent antistatic and antibacterial properties.
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1. INTRODUCTION

Ion-containing polymers have received extensive attention and
in-depth investigation owing to their unique properties, which
result from strong intra/intermolecular Coulombic interactions
between ions.1−3 These properties usually differ considerably
from the intrinsic properties of the matrix and qualify the ion-
containing materials for a tremendous range of applications.4

The classification of ion-containing polymers is very complex
because there are diverse polymeric materials containing
various ions, which are chemically or physically combined to
the polymer matrix. Ionomers are among the best-studied ion-
containing polymers. The term “ionomer” refers to a polymer
with a relatively small number of ionic groups (<15 mol %) on
the nonionic main chain.5 Till date, polyethylene,6−8

polystyrene,9,10 polyvinyl chloride,11 polyurethane,12−14 and
polyphenylene oxide15 ionomers have been widely prepared
and investigated. Owing to the strong Coulombic interactions
between ionic groups and the considerable differences in

polarity between the ionic groups and the matrix, ions form
aggregates of ion pairs, multiplets, and clusters accord-
ingly.2,4,16−18 Under some circumstances, ion aggregations
can even cause microphase separation of ion-containing
polymers.4,19−22 The aggregation, which is analogous to the
ionic “cross-linking interaction,” is not covalently bonded.
Therefore, they can be destroyed at high temperatures or when
the material is subjected to mechanical forces, although it is
still stronger than van der Waals forces or hydrogen bonds.23

Polyelectrolyte is another ion-containing polymer, which is
highly ionic with the pendent salt group on almost every repeat
unit.24,25

Polyamide 6 (PA6) is an important engineering plastic with
excellent mechanical properties, resistance to mild acids and
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alkalis, and thermal stability.26 The modification of PA6 is
usually conducted physically or chemically, based on whether
new chemical bonds are generated during modification. The
antibacterial,27−29 antistatic,30−32 flame retardant,33,34 and
enhanced mechanical properties35,36 are expected from PA6
modifications. In our previous research, an ionic liquid, 1-vinyl-
3-butyl imidazole chloride [VBIM][Cl] (VBIM for short), was
incorporated into PA6 (PA6/VBIM blends) using a simple
melt-mixing method.32 The results showed that VBIM endows
PA6 with excellent antistatic properties and enhanced
mechanical properties. Moreover, VBIM is also commonly
used as an antibacterial agent, and hence PA6/VBIM blends
also show potential antibacterial properties. Because chemical
bonds are more stable than physical interactions, chemically
modified PA6 is more likely to exhibit durable properties.
Consequently, PA6 that has been chemically grafted with
VBIM has the potential for unique properties.
In the traditional chemical method, only the terminal amino

or carboxyl groups of PA6 are available for reaction with a
modifier, which severely limits the grafting process.37,38 In
contrast, radiation-induced grafting is a more facile and feasible
way of imparting new functionality to the matrix without
altering the inherent properties of either the matrix or the
modifier monomer.39 The mechanism by which radiation-
induced grafting takes place comprises the following two steps:
(1) macromolecular radicals form when exposed to high-
energy or ionizing radiation (γ-radiation, electrons, and so on)
and (2) graft polymerization of the monomer is initiated at the
active sites (radicals).
Inspired by the convenience of radiation-induced grafting

and the unique characteristics of ion-containing polymers, in
the present work, an ion-containing PA6 material was prepared
by grafting an ionic liquid, which served as an ionizable and
functional monomer, onto the main chain of PA6 by radiation-
induced grafting. More specifically, 0.25−15 wt % of the ionic
liquid (VBIM in the present work) was grafted onto the PA6
chains. The mole ratio of the repeat units of PA6 to the VBIM
molecules is reported in Table 1. By controlling the degree of
grafting (DG) of the ionic liquids, it is also possible to prepare
a PA6 ionomer, which will be reported in the future. The
structure and properties of the ion-containing PA6 were
systematically investigated. Furthermore, the fibers of the
prepared ion-containing PA6 were also fabricated by melt
spinning because fabric is one of the most important
applications of PA6.

2. EXPERIMENTAL SECTION
2.1. Materials. PA6 with the commercial name UBE Nylon 1022B

(density 1.14 g/cm3, Mn = 16 000 g/mol) was purchased from UBE
Industries, Ltd. (Japan). [VBIM][Cl] (Mn = 187 g/mol) was
produced by Lanzhou Yulu Fine Chemical Co., Ltd. and used as
received. Acetonitrile was commercially available and used directly
without any further treatment.
2.2. Methods. 2.2.1. Preparation of Ion-Containing PA6. The

PA6/ionic liquid blends were first prepared according to the method
published in our previous work.32 Then, the blends with different
VBIM loadings were sealed in polyethylene bags in the atmosphere.
After that, the blends were irradiated with γ-ray at 50 kGy dosage for

17 h under room temperature. The irradiated samples are reported in
Table 1. Each sample was labeled according to the following example:
0.25%-50K represents a PA6 matrix containing 0.25 wt % of the ionic
liquid that was subjected to a 50 kGy absorption dosage of irradiation;
“50K” refers to “50 kGy.” The irradiated PA6/ionic liquid blends were
then subjected to hot pressing under 230 °C, 10 MPa followed by
cooling down to room temperature to obtain films with a thickness of
500 μm. The films were extracted in a Soxhlet extractor with
acetonitrile for at least 72 h to remove the nongrafted VBIM and its
homopolymers. The obtained samples were labeled as E-X%-50K (X
refers to the ionic liquid content in the irradiated sample) and
subjected to the following characterizations. The irradiation experi-
ment was carried out with the 60Co irradiation facility in the Shanghai
Institute of Applied Physics, Chinese Academy of Sciences.

The theoretical calculations were conducted with regards to the
mole ratio of “PA6 repeat units to VBIM molecules” in each sample,
assuming the incorporated ionic liquids were completely grafted onto
the PA6 main chain. This calculation reflects the possible grafting
chain length on the basis of thermodynamically miscible PA6/VBIM
blends and 100% grafting of VBIM. For example, on average, there
was one VBIM molecule for every nine repeat units of PA6 in the
15%-50K sample. In other words, ideally there are no long grafting
chains of poly (ionic liquids) in this system. However, it should be
noted that the theoretical calculation in Table 1 was carried out in the
molten state when every repeat unit of PA6 had an equal opportunity
to interact with the ionic liquid. In practice, the irradiation experiment
was conducted at room temperature under which the PA6/VBIM
blends were in a glassy state. According to our previous study,32 the
ionic liquid was expelled from the crystal region to the amorphous
region of PA6 when cooling down from the molten state to the glassy
state. Consequently, the grafting reaction only took place in the ionic
liquid-enriched amorphous region. From this aspect, the ratio of PA6
repeat units to VBIM molecules is lower than the computed value
given in Table 1. However, the DG is certainly less than 100%, which
increases the ratio of PA6 repeat units to VBIM molecules in an
inverse manner.

2.2.2. Preparation of Ion-Containing PA6 Fibers. The irradiated
samples were prepared following methods described in Section 2.2.1.
The sample of 4%-50K was chosen as an example for melt spinning.
The 4%-50K sample was not extracted before using but was dried in a
vacuum oven at 120 °C for at least 12 h. The melt-spinning process
was performed on a HAAKE PolyLab QC mixer equipped with a
twin-screw extrusion system and a 557−2376 spinning die, of which
10 holes with a diameter of 0.2 mm were on the spinning plate. The
three heating zones of the twin-screw were set as 190, 220, and 230
°C from the feeding zone to the discharging zone, and the
temperature of the die was set as 230 °C. The solid pellet of the 4-
50K sample was fed into the extrusion apparatus manually with a
rotation speed of 50 rpm, and the die pressure was stabilized around
90 psi. The molten fibers were cooled directly in the air and collected
as formed without any further treatment.

2.3. Characterizations. 2.3.1. Formation of Ion-Containing
PA6. The gravimetric method was used to figure out the DG. The
irradiated films were dried thoroughly in a vacuum oven at 110 °C for
at least 12 h and then weighed at room temperature to get W0; then,
the samples were extracted with acetonitrile for at least 72 h, followed
by drying in a vacuum oven at 110 °C for at least 12 h to get W1. DG
was calculated by eq 1

= −
−
×

×
i
k
jjjjj

y
{
zzzzz

W W
W X

DG 1
%

100%0 1

0 (1)

where X% is the weight percent of VBIM incorporated in the PA6
matrix.

Table 1. Theoretical Calculation of the Mole Ratio of PA6 Repeat Units to VBIM Molecules

sample 0.25%-50K 0.5%-50K 1%-50K 2%-50K 4%-50K 8%-50K 15%-50K
mole ratioa 564:1 282:1 141:1 71:1 35:1 18:1 9:1

aPA6 repeat units to VBIM molecules mole ratio.
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The chemical compositions on the surface of the samples were
detected using X-ray photoelectron spectroscopy (XPS) with a
monochromatic Al Kα X-ray source (Kratos Axis Ultra Instrument,
UK). Curve-fitting of C 1s was performed with XPSPEAK 4.1
software.
The solution 1H quantitative nuclear magnetic resonance (NMR)

spectra and two-dimensional (2D) 1H−1H gradient correlation
spectroscopy (gCOSY) spectra were obtained on an Agilent Direct-
Drive II 600 MHz spectrometer at 25 °C using d-formic acid as the
solvent, following the established method for polymer character-
ization.40,41 In general, during the acquisition periods of both one-
dimensional and 2D NMR experiments, the effect of 13C on proton
was decoupled by WURST-40. The 1H quantitative NMR spectrum
was collected with a 1.50 s acquisition time, 20 s relaxation delay, 9.6
kHz spectral window, 32 transients, and 8.4 μs 90° pulse width. The
1H−1H gCOSY experiments were performed on an Agilent Direct-
Drive II 600 MHz spectrometer with a standard sequence. To be
specific, the experiments were done with a 13 kHz spectral width and
10 μs 90° pulse width; the acquisition time was 0.15 s; the relaxation
delay was 1 s; 8 transients were averaged for each 256 increments
using the states method of phase sensitive detection in f1. The data
was processed using shifted sine bell weighting functions in two
dimensions and zero-filled in a 1024 × 1024 data matrix before
Fourier transformation. Solid-state NMR (SSNMR) spectroscopy
experiments were performed on a Bruker Avance III HD 400
spectrometer operating at a Larmor frequency of 100.64 MHz for 13C.
Pyrolysis−gas chromatograph−mass spectrometry (Py−GC−MS)

analysis was performed on a GCMS-QP2010 Ultra (Japan) system
equipped with a Frontier 3030S (Japan) pyrolyzer at 550 °C. The
samples (80−100 μg) were injected into the pyrolyzer. The pyrolysis
products were identified using the software of the mass spectrometer.
Fourier transform infrared (FTIR, Bruker Vertex 70V) spectros-

copy was applied on film samples in the transmittance mode. Sixty-
four scans were averaged from 4000 to 400 cm−1 at a resolution of 2
cm−1 to obtain the FTIR spectra.
2.3.2. Microstructure of Ion-Containing PA6. The microstructure

of the fractured surface was observed using a scanning electron
microscope (Hitachi S-4800, Japan) with an accelerating voltage of 3
kV, whereas the elemental mapping images were obtained on a
scanning electron microscope (Zeiss-4800, Germany) with an
accelerating voltage of 10 kV. Transmission electron microscopy
(TEM, Hitachi HT-7700, Japan) was used to observe the
nanostructures. The specimens were prepared by an ultramicrotome
at −90 °C with a thickness of 70−100 nm. The observation was
conducted with an accelerating voltage operated of 80 kV after being
stained with ruthenium tetraoxide (RuO4) for 4 h.
2.3.3. Crystal Structure and Lamella Structure of Ion-Containing

PA6. Wide-angle X-ray diffraction (WAXD, Bruker-D8, USA) was
utilized to characterize the crystalline forms of the samples. The
WAXD spectra were recorded from 5° to 40° at a scanning speed of
1°/min. The samples were also subjected to small-angle X-ray
scattering (SAXS, Xenocs-Xeuss 1.0, France) as a complementary of
WAXD to investigate the lamella structure. Monochromatic X-ray
beam with a wavelength of 1.54 Å and a sample-detector distance of
2552.4 mm was used.
2.3.4. Thermal Behaviors of Ion-Containing PA6. Dynamic

mechanical analysis (DMA, TA-Q800, USA) was carried out under
the multifrequency strain mode from −120 to 150 °C with a heating
rate of 3 °C/min. The dynamic loss (tan δ) and storage modulus (G′)
at 5 Hz were plotted. The crystallization and melting behaviors were
investigated by differential scanning calorimetry (DSC, TA-Q2000,
USA). All samples were thoroughly dried in a vacuum oven at 110 °C
overnight before being tested. At first, 10−15 mg of the sample was
heated to 250 °C, holding isothermally for 5 min to vanish the
thermal history. Then, a cooling process was conducted from 250 to
20 °C to obtain the crystallization curve; the following heating process
was done from 20 to 250 °C to get the melting curve. The heating
and cooling rates were set to be 10 °C/min with a continuous high
purity nitrogen atmosphere. The thermostability of all samples were
estimated by thermogravimetric analysis (TGA, TA-Q500). The

samples were heated from 30 to 650 °C with a heating rate of 10 °C/
min. High purity nitrogen atmosphere was blowing continuously to
remove the oxygen from the furnace.

2.3.5. Rheological Behavior of Ion-Containing PA6. Small
amplitude oscillating shear (SAOS) tests were carried out on a
physica rheometer (MCR301 Anton Paar Instrument, Austria). The
25 mm diameter parallel plates were used with the gap setting to be 1
mm. The dynamic frequency sweep experiments were carried out at
235 °C with the strain amplitude set to be 1%. A high purity nitrogen
purge was applied to prevent thermo-oxidative degradation of the PA6
matrix. The frequencies ranged from 0.1 to 100 rad/s.

2.3.6. Physical Properties of Ion-Containing PA6 and Its Melt-
Spinning Fibers. The electrical conductivity of samples was measured
on an ultrahigh resistivity meter (MCP-HT450, Japan) with an URS
probe electrode. The thickness of the film samples was 500 μm. The
URS electrode probe was placed directly on a bunch of the prepared
fibers with a direct voltage of 100 V. The moisture content was
measured using a moisture meter (Sartorius LMA100P, Germany)
according to ATS D6980. The samples were placed in the machine
and maintained at 150 °C until the moisture content was constant.
Each sample was tested for at least three times in parallel to eliminate
error. The mechanical properties were tested on a universal material
testing system (Instron 5966, USA) at room temperature. The tensile
speed was 1000 mm/min with a clamping length of 250 mm
according to GB/T 14344-2008. The antibacterial activity of the
prepared fibers against Escherichia coli (E. coli) (ATCC 8739) and
Staphylococcus aureus (S. aureus) (ATCC 6538) were tested by TÜV
SÜD Products Testing Co. Ltd. (Shanghai, China). The testing
procedures were according to GB/T 20944.3-2008 using the shake
flask method.

3. RESULTS AND DISCUSSION
3.1. Structure and Properties of Ion-Containing PA6.

3.1.1. Formation and Structure of Ion-Containing PA6. DG
of ionic liquid is a fundamental characterization for all grafting
systems and is described in Figure 1. It was found that the

grafting efficiency was very high because almost all ionic liquids
were covalently grafted onto the PA6 chain even when the
content of the ionic liquid was high. As stated in the
experimental section, in the present work, the DG was
determined gravimetrically according to the weight before
and after extraction. Therefore, it was important to confirm
that the nongrafted ionic liquids can be removed thoroughly by
extraction process before the DG was determined. XPS was
conducted to investigate the chemical composite on the
surface of samples, which were extracted with acetonitrile for at
least 72 h. Comparisons were made among PA6 and the
extracted PA6/VBIM blend before (E-15%) and after

Figure 1. DG as a function of the VBIM content.
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irradiation (E-15%-50K). The XPS spectra are presented in
Figure 2. It is obvious from Figure 2a that the Cl 2p peak of E-
15% has almost disappeared, which indicates the complete
elimination of the ionic liquid from the PA6 matrix. The
negligible peak may have resulted from residue extraction on
the surface. In contrast, the Cl 2p peak remained in E-15%-50K
after extraction, which would have also removed the ionic
liquids that had not covalently bonded onto the PA6 chains.
This strongly implies that the ionic liquid had been grafted
onto the matrix and the resulting ion-containing PA6 remained
stable in the strongly polar acetonitrile solvent.
To determine the grafting site, the XPS C 1s spectra are

displayed in Figure 2b. Before that, it should be noted that
although macromolecular radicals are generated randomly
during γ-ray irradiation, different chemical sites have different
potentials to form radicals. Besides, one of the irradiation
effects of PA6, including cross-linking, degradation, and
branching, will be dominant depending on the radiation
conditions.42−44 Therefore, only the dominant grafting sites
and irradiation effect are discussed in the present work.
According to the literature, the carbon atom immediately
adjacent to the nitrogen atom of the amide group is more
susceptible to radical generation than the other carbon sites on
the main chain of PA6.45−47 The free radical at this site is
represented in Scheme 1a. Generally, several reactions will take
place in PA6 during γ-ray irradiation: free radical formation,
coupling between radicals, and scission of the main chain. With
the 50 kGy adsorption dose we used in the present work, free
radical formation together with little cross-linking are mainly a
concern. Moreover, the existence of the monomer can protect
the matrix from cross-linking or degradation by grafting or
absorbing energy. Therefore, owing to the incorporation of the
monomer (the ionic liquid) and the low absorption dosage
used in the present work, the grafting reaction of the ionic
liquid onto the main chain of PA6 was the dominant reaction

for γ ray-radiated PA6/VBIM blends.39 Thus, the changes in
the position and shape of the peaks in the E-15%-50K spectra
in Figure 2b may relate to the grafting of the ionic liquid
consequently. The details of the C 1s peaks of PA6 and E-15%-
50K are shown in Figure 2c,d, respectively. The assignment of
every subpeak is indicated with an arrow in the figure.48,49

More detailed information about these subpeaks is also
provided in Table 2, including the binding energy and the
area under the curve. For clarity, the area under the curve of
each subpeak was normalized by setting the area under the
curve of C−C/C−H to 1, and the numbers are given in

Figure 2. XPS spectra of Cl 2p (a) and C 1s (b) for PA6 and PA6/VBIM blends before and after irradiation. Curve fitting of C 1s spectra of PA6
(c) and irradiated PA6/VBIM blends (d).

Scheme 1. Structure of Free Radical (a) and Ionic Liquid
Grafted PA6 (b) on a Fragment of the PA6 Main Chain

Table 2. Statistics of Peak Position and Peak Area in Figure
1c,da

sample C−C/C−H C−N/C−NH2 N−CO HO−CO

PA6 284.9 (1) 286.0 (0.28) 287.8 (0.19) 288.2 (0.17)
E-15%-50K 284.8 (1) 285.5 (0.75) 287.7 (0.30) 288.0 (0.18)

aThe number in bracket means the relative value of area.
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brackets in Table 2. It is obvious that the binding energy of C−
N/C−NH2 in E-15%-50K differed greatly from that in PA6,
indicating a marked change in the chemical environment,
which may be attributed to the grafting reaction of the ionic

liquids to the carbon adjacent to the nitrogen atom. Scheme 1b
depicts the possible structure of the grafted PA6. This agrees
well with the supposition that the free radical in Scheme 1a is
the predominant species in our system, and that the grafting

Figure 3. 2D 1H−1H COSY full spectrum (a) and enlarged correlated region (b) of the E-8%-50K sample. The dotted squares indicated the
correlations between two neighboring groups.

Figure 4. Py-GC-MS analysis for the pyrolysis components of PA6 (a) and E-8%-50K (b).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b21704
ACS Appl. Mater. Interfaces 2019, 11, 5462−5475

5466

http://dx.doi.org/10.1021/acsami.8b21704


reaction takes priority at this site. The area under the curve of
C−N/C−NH2 in E-15%-50K also increased to 0.75 owing to
the covalent incorporation of the ionic liquid, which is
abundant in C−N moieties. The area under the curve
attributable to N−CO in E-15%-50K may have resulted
from the side reaction of the radicals with oxygen.
The structure of the ion-containing PA6 was characterized

by NMR spectroscopy. The 13C SSNMR spectra of PA6 and
ion-containing PA6 (E-8%-50K) are shown in Figure S1. The
main peaks in the spectrum for ion-containing PA6 can be
assigned to the PA6 main chain, whereas the tiny peaks
(indicated by green arrows) can be assigned to the grafted
ionic liquid segments. However, because of the low resolution
of SSNMR and the small portion of grafted ionic liquid
segments, assignment of these peaks is difficult. Thus, solution
NMR experiments were carried out to further confirm the
structure illustrated in Scheme 1.
The 1H quantitative NMR spectra of PA6 and ion-

containing PA6 (E-8%-50K) in d-formic acid are presented
in Figure S2. The corresponding assignment of peaks for the E-
8%-50K sample is provided at the top of the spectrum by
comparison with that of PA6. The peaks at 3.15 ppm
(CH2(a)NH), 1.42 ppm (CH2(b)CH2NH), 1.22 ppm
(CH2(c)CH2CH2NH), 1.51 ppm (CH2(d)CH2CO), 2.25
ppm (CH2(e)CO), and 7.57 ppm (CH2NH( f)) are assigned
to the PA6 main chain, whereas the small peaks at 2.45 ppm
(CH2CH(e′)CO) and 0.71 ppm (CH3(n)CH2) are assigned to
the graft ionic segments. These assignments are supported by
the 2D 1H−1H gCOSY spectra, as shown in Figure 3.
The full 1H−1H gCOSY spectrum of the E-8%-50K sample

is presented in Figure 3a, with the selected region expanded in
Figure 3b, where the adjacent neighboring groups show cross-
peaks. The intensive cross-peaks observed between a and b
(black square), b and c (white square), c and d (orange
square), and d and e (red square) indicate that the
corresponding methylene units are connected, agreeing well
with the main chain structure of PA6. The cross-peaks between
m and n (green square) are assigned to the grafted ionic
liquid’s segmental ends. Specifically, the correlation between e′
and d (blue square) confirms the structure proposed in
Scheme 1, supporting the proposed grafting mechanism of
ionic liquid on PA6 in Scheme 1b. In addition, the integral
ratio for peak e′ to n is about 1:3, again confirming the
methine group in PA6 connecting with the ionic liquids.
Py−GC−MS analysis and FTIR spectrometry were also

carried out on PA6 and ion-containing PA6 to determine the
structure of the latter. The detailed results of Py−GC−MS
analysis are provided in Figure 4 and Tables 3 and 4. It can be
concluded that the ion-containing PA6 went through a
decomposition process different from that of PA6, with
different degradation components generated. The character-
istic components generated from the ionic liquid ascertained
the successful grafting of ionic liquid on PA6 main chain. The
FTIR spectra are given in Figure S3. The characteristic peaks
of N−H stretch and CO stretch shift to higher wavenumber,
implying weakened hydrogen bond strength. This is due to the
existence of bulky grafting cations of ionic liquid on PA6
chains.
3.1.2. Microstructure of Ion-Containing PA6. The

morphology of the prepared ion-containing PA6 was
investigated using scanning electron microscopy (SEM) and
TEM. The SEM images in Figure 5 show a homogenous phase
with (ionic liquid-grafted PA6) and without (neat PA6) ions

on the given scope. These results are consistent with those
from our previous work on PA6/VBIM blends before
irradiation.32 Furthermore, the elemental mapping of typical
chlorine in the ionic liquid also confirmed the successful
preparation of ionic liquid-grafted PA6, with chlorine dispersed
uniformly over the whole range of the visual field in the matrix.
Besides, the concentration of chlorine increased as the VBIM
content increased, implying higher DG of ionic liquid
correspondingly.
TEM offers in-depth insight into the microstructure of ion-

containing PA6 on a much smaller scale than SEM. The
samples were stained with RuO4 for 4 h before examination.
The TEM images of PA6 in Figure 6 show the same
homogenous structure as those revealed by SEM, whereas in
the E-8%-50K sample, black dots of similar size (several
nanometers) are uniformly dispersed in the matrix. On a larger
scale, there was no obvious microphase separation in the ion-
containing PA6 sample. To the best of our knowledge, the size
of the black dots corresponded well with those of ion clusters
in the ionomers.50 This indicates that the grafting of ionic
liquids onto the main chain of PA6 did not form higher level

Table 3. Main Components of PA6 in Gas Chromatography
Based on Figure 4a

Table 4. The Main Components of E-8%-50k in Gas
Chromatography Based on Figure 4b
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aggregation structures that were capable of inducing micro-
phase separation.

3.1.3. Crystal and Lamella Structure of Ion-Containing
PA6. The crystal structures of PA6 and ion-containing PA6
were detected using WAXD and SAXS. The WAXD and SAXS
patterns are provided in Figure 7. For PA6, the typical α phase
gives rise to two strong peaks at approximately 20.2° and 23.2°,
as shown in Figure 7a.51 When irradiated with γ-rays, the
crystal form did not change because PA6-50K has almost the
same pattern as PA6. For ion-containing PA6, typical α form
crystals with two main diffraction peaks were also observed.
According to our previous research, the ionic liquid was
expelled from the crystal region to the amorphous region
during nonisothermal crystallization.32 Therefore, the grafting
reaction occurred only in the amorphous region with the
crystal form unaffected. The crystallization and melting
behaviors of PA6 and ion-containing PA6 were investigated
by DSC, which will be discussed later. SAXS is a potent
technique for studying ion-containing polymers because it is
sensitive to the electron density that fluctuates among different
phases.52 For semicrystalline polymers such as PA6, the long
period of the crystalline lamella (dac) can be determined by

= πd
qac
2

max
, where qmax is the position of maximum intensity in

the SAXS pattern. Figure 7b presents the SAXS patterns of
PA6 and ion-containing PA6. The obvious peak at 0.86 nm−1

suggests that the long period of crystalline PA6 lamella is 8.3
nm, according to the formula presented above; the long period
of E-1%-50K is almost the same as that of PA6, whereas in the
E-2%-50K, E-4%-50K, and E-15%-50K samples, the peak shifts
from 0.69 to 0.65 nm−1, with the long period changing from
9.1 to 9.7 nm. This indicates that with an increasing amount of
ionic liquid grafted onto the PA6 main chain, the long period
increased from 8.3 nm in PA6 to 9.7 nm in E-15-50K. It is
reasonable to assume that the grafted ionic liquid was expelled
from the crystalline region, specifically from the crystalline
lamellae, to the amorphous regions. This is also consistent with
our previous results.32 With regard to the E-1%-50K sample,
the fact that the long period did not increase may have been
owing to the low level of the grafted ionic liquid.

3.1.4. Thermal Behaviors of Ion-Containing PA6. The
DMA curves of PA6 and ion-containing PA6 are presented in
Figure 8. Figure 8a reveals that the storage modulus at room
temperature of the ion-containing PA6 changed randomly with
different ion contents; this can be attributed to the different
crystallinities and levels of ion aggregation in the amorphous
region. The glass transition temperature (Tg) of the irradiated
PA6 (PA6-50K) was determined and set as the blank control
to eliminate other possible irradiation effects on the matrix.
Figure 8b exhibits two transitions in the DMA curve of PA6-

Figure 5. SEM images of the cross-fracture surface of PA6 and ion-
containing PA6 with different ion contents and the corresponding
chlorine elemental mapping distribution.

Figure 6. TEM images of PA6 and ion-containing PA6.

Figure 7. WAXD (a) and SAXS (b) patterns of PA6 and ion-containing PA6 with different ionic liquid loadings.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b21704
ACS Appl. Mater. Interfaces 2019, 11, 5462−5475

5468

http://dx.doi.org/10.1021/acsami.8b21704


50K: one located at −48 °C and is due to β relaxation, which is
related to the movement of nonhydrogen-bonded polar groups
and PA6-water complex units; the other is the α transition at
the relatively high temperature of approximately 73 °C, which
is referred to Tg of the PA6 matrix.53 Tg varied distinctly with
the ionic liquid grafted on the PA6 main chain. For a better
understanding, Tg of PA6-50K and ion-containing PA6 as a
function of the VBIM content is drawn in Figure 8c; the
comparison was also made on samples, which were not
irradiated at the same time. As reported previously, Tg
decreased gradually with more and more ionic liquid
incorporated to the PA6 matrix.32 The plasticizing effect of
VBIM took responsibility for the decreased Tg in PA6/VBIM
blends (before irradiation). With regard to the ion-containing
PA6 (after irradiation), Tg decreased from 73 °C for PA6-50K
to 68 °C for E-1%-50K and continued to decrease until it
reached 57 °C for E-8%-50K, followed by a dramatic increase
to approximately 74 °C for E-15%-50K, which is even higher
than that for PA6-50K. Generally, in other ion-containing
polymers, Tg increases as the ion content increases.54 The
unusual phenomenon observed in the current study may relate

to weakened or fractured hydrogen bonds, which are
considerably strong inherently and play a key role in
determining the properties of PA6. Although the aggregations
of ions, which serve as “cross-linking points” in the matrix,
increased Tg, the “spacer” effect of the bulky cations reduced
Tg conversely. Thus, in this kind of ion-containing PA6, the
mobility of the PA6 chain segment is determined collectively
by the hydrogen bonds, the aggregation of ions, and the
“spacer” effect of the grafted ionic liquid, one of which will be
decisive according to the ion content. The ion contents are
calculated as the mole ratio of the PA6 repeat units to VBIM
molecules, as shown in Table 1. It is obvious that the grafted
ionic liquids were widely dispersed on the PA6 main chain,
which made it difficult for the ions to aggregate, particularly at
low ion contents. Moreover, the similar polarity between the
PA6 matrix and the grafted PA6 also limited the formation of
ion aggregations. Thus, it can be deduced that it is the “spacer”
effect of the grafted ionic liquid but not the aggregation of ions
that played a key role in the ion-containing PA6 from 1%-50K
to 8%-50K, leading to a reduced Tg. With further increasing
ion content, the aggregation of the grafted ionic liquid was

Figure 8. Storage modulus (a) and loss tangent (b) as a function of temperature for PA6 and ion-containing PA6. Tg comparison (c) between
samples before and after irradiation (without and with ionic liquid grafting on the PA6 main chain).

Figure 9. DSC first cooling (a) (after 5 min isothermal to eliminate heat history) and second heating (b) curves of PA6 and ion-containing PA6.
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dominant in E-15%-50K so that Tg increased sharply. The
slightly increased Tg of PA6-50K compared with that of PA6
may be due to the irradiation effects, such as slight cross-
linking or branching. There was no obvious trend in the
comparison between physical modification (before irradiation)
and covalent bonding (after irradiation) of ionic liquid on the
PA6 matrix. This may be ascribed to the rearrangement of the
grafted PA6 chain in the amorphous regions during the
recrystallization process, as stated in the Experimental Section.
DSC was applied to detect nonisothermal crystallization

behavior. The first cooling and second heating curves are
presented in Figure 9. The crystallization (Tc) and melting
(Tm) temperatures, the crystallization (ΔHc) and melting
(ΔHm) enthalpies, and the crystallinity (χc) values are

presented in Table 5. The crystallinity can be calculated
using eq 2

χ
φ

=
Δ
× Δ

×
H

H
100%c

m

m
0

(2)

where ΔHm
0 is the theoretical melting enthalpy of 100%

crystalline PA6 with a value of 190 J/g55 and φ is the weight
percent of PA6 in ion-containing PA6. Here in this work, the
DG’s influence on φ was ignored because of the high grafting
efficiency.
Figure 9a reveals that PA6 was readily crystallizable, with a

high crystallization temperature at approximately 190 °C and a
sharp crystallization peak. After γ-ray irradiation, the
crystallization temperature decreased and the half-peak breadth
broadened markedly, implying restrained crystallization. The
limited chain mobility of PA6-50K explains the decrease in its
ability to crystallize, according to the DMA results. For ion-
containing PA6 from E-0.5%-50K to E-15%-50K, the ability to
crystallize gradually decreased with decreasing crystallization
temperature and broadening half-peak breadth. This was
because the grafted ionic liquids broke the regularity of the
PA6 main chain and increased the hindrance among PA6
chains during migration and arrangement when cooling down
from the melt. This conclusion will be verified by the
rheological data in the next section. The melting curves are
presented in Figure 9b. With ion content increasing from 0.5
to 15%, the melting temperature decreased correspondingly.
The main peaks in the melting curves are attributable to the
melting of the α crystal form, which is in line with the WAXD
results. The small shoulder at a relatively low temperature may
be attributable to crystals with varying regularity or the melting
of crystals that were generated during the melting process. The
thermal stability of PA6 and ion-containing PA6 are also
characterized and explained in Figure S4. The parameters
related to Figure S4 are reported in Table S1. The thermal
stability of VBIM improved obviously in ion-containing PA6
compared to that in samples which were not irradiated,
indicating the successful grafting of ionic liquid on PA6 main
chain.

Table 5. Crystallization and Melting Parameters of PA6 and
Ion-Containing PA6 Based on DSC Curves

sample Tm/°C ΔHm/J·g−1 Tc/°C ΔHc/J·g−1 χc/%

PA6 219.8 48.6 190.4 53.1 25.9
PA6-50K 218.8 54.7 187.1 58.1 29.1
E-0.5%-50K 218.2 48.6 187.1 47.7 26.0
E-1%-50K 216.9 44.5 186.7 46.4 23.9
E-2%-50K 214.9 29.9 183.5 46.5 16.2
E-4%-50K 214.6 50.8 181.9 46.5 28.1
E-8%-50K 211.5 39.5 172.8 49.2 22.7
E-15%-50K 204.8 37.5 158.3 39.5 27.0

Figure 10. Linear viscoelastic properties from SAOS experiments: (a) complex viscosity |η*|, (b) storage modulus G′, (c) damping factor tan δ as
functions of angular frequency, and (d) vGP plots.
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3.1.5. Rheological Behavior of Ion-Containing PA6. The
dynamic rheological responses of PA6 and ion-containing PA6
were characterized by SAOS investigations to determine the
effects of the grafted ions on the rheological behavior of the
PA6 matrix. The complex viscosity |η*|, dynamic storage
modulus G′, damping factor tan δ versus angular frequency
(ω), and phase angle (δ) versus logarithmic complex modulus
(|G*|) are plotted in Figure 10a−d, respectively. Figure 10a
clearly shows that the viscosity of PA6 did not change much
over the whole range of frequencies tested. The slight increase
in the viscosity of PA6-50K compared with that of PA6 was
due to the possible cross-linking of PA6 resulting from the
effects of irradiation. It is worth noting that all ion-containing
PA6 molecules with different ion contents exhibited marked
increases in viscosity that were even higher than the viscosity
of PA6-50K, indicating that the changes in viscosity were not
induced by the simple irradiation of PA6 but by other reactions
that caused stronger matrix entanglements. It is believed that it
was the grafting of ions onto the main chain of PA6 and
possibly ion aggregation in the matrix that enhanced the
interactions among the molecular chains, thereby increasing
the viscosity. The greater the ion content, the more the
entanglements are generated and the higher the viscosity
becomes. Moreover, the viscosity increase was even more
obvious at low frequencies, demonstrating typical shear-
thinning behavior of a non-Newtonian fluid, that is, the ion-
containing PA6 was more sensitive to shear because stronger
and more obvious entanglements were formed than pure PA6.
An investigation of the viscosity of ion-containing PA6 was
important because viscosity is a crucial factor in melt spinning,
as discussed in the next section.
According to the linear viscoelasticity theory, a homoge-

neous polymer will exhibit terminal behavior above the melting
temperature at low frequencies (the terminal region) with the
relation G′−ω2,56 that is, the slope of a plot of G′ versus ω will
be 2 for pure PA6. Figure 10b reveals a deviation in PA6 from
linearity, with a terminal zone slope much smaller than the
expected value of 2 at very low frequencies. The atypical
behavior of PA6 may be attributed to instrumental error, which
sometimes occurs when the storage modulus is low. G′ of PA6-
50K increased owing to slight cross-linking in the matrix,
resulting in a smaller terminal zone slope that was nevertheless
much closer to 2. With regard to the ion-containing PA6, G′
increased over the whole range of frequencies tested,
particularly in the terminal regions. The ion-containing PA6
with higher ion contents exhibited higher G′ values. This may
be attributed to the ionic liquids grafted to the chain, which
increased the intra/interchain interactions and entanglements
in the matrix. A slight deviation from linearity was observed in
the E-4%-50K and E-15%-50K samples, which may have
resulted from the physical “cross-linking network” formed by
ion aggregations that can be destroyed by mechanical force.
This also explains the sharp increase in viscosity and obvious
shear-thinning behavior in ion-containing PA6.
As shown in Figure 10c, the tan δ curve of PA6 culminates at

approximately 1 rad/s. Generally, tan δ of non-Newtonian
polymer melts increases with decreasing frequency over the
whole testing range, that is, no peak would be observed. As
discussed previously, the deviation of G′ at low frequencies
explains the unexpected tan δ peak of PA6. It should be noted
that the tan δ values of PA6-50K and those of all other ion-
containing PA6 decreased dramatically compared with the tan
δ value of PA6. The tan δ values also decreased from E-0.5%-

50K to E-15%-50K, and all tan δ values of the ion-containing
PA6 were dependent on the frequency, indicating an increased
terminal relaxation time because of stronger entanglements
and interactions in the matrix induced by grafted ions.
Figure 10d shows the van Gurp−Palmen (vGP) curves in

which the phase angle (δ) is taken as a characteristic response
to liquid-like or solid-like behavior.57 δ of PA6 is close to 90°,
which implies an ideal Newtonian liquid. The decrease of δ in
PA6-50K was deemed to be due to the increase in elasticity
caused by possible cross-linking in the matrix following
irradiation. With increasing ion content, δ continued to
decrease gradually from 88° in PA6 to 37° in E-15%-50K at
a low frequency. This demonstrated a transition from liquidlike
to solidlike behavior, with δ closing at 0° (i.e., an ideal
Hookean solid). The strong inter/intrachain interactions in the
ion-containing PA6 were taken as the reason for the increasing
viscosity, storage modulus, and elastic response with decreasing
δ. The possible physical cross-linking network, in which
aggregates of grafted ions are seen as physical cross-linking
points, may explain the solidlike behavior.

3.1.6. Antistatic Property of Ion-Containing PA6. The
electrical conductivities of PA6 and ion-containing PA6 were
determined. All samples were dried in a vacuum oven at 120
°C for at least 12 h to remove moisture before the first
measurement, and then they were stored in the open at room
temperature for 4 weeks prior to the second measurement. The
results are presented in Table 6. It is well-known that PA6 is an

insulating polymer, and it is reasonable to assume that
irradiation does not change the antistatic performance of
PA6 because no significant changes were observed that could
influence the dissipation of static electricity on the surface of
the PA6-50K sample. The ionic liquid showed excellent ionic
conductivity when physically blended with the PA6 matrix.
After grafting onto the main chain of PA6, the cations of the
ionic liquid were fixed so that the proportion of conducting
ions was halved, leading to reduced electrical conductivity.
Furthermore, the fixation of cations may limit the mobility of
movable anions, which reduces the antistatic performance of
the grafted PA6. Thus, the antistatic property was not detected
until the E-8%-50K sample was examined because a certain ion
concentration was required for conduction under a given
electric voltage. E-15%-50K shows improved surface resistance
compared with E-8%-50K, and the greater number of available
conducting ions in the E-15%-50K sample would account for
the improved surface resistance. After 4 weeks of storage, all
samples except for PA6-50K exhibited good antistatic perform-
ance, owing to the improved hydrophilicity of the ion-
containing PA6. Nevertheless, antistatic behavior is still
positively correlated with the ion content.

3.2. Application of Ion-Containing PA6 for Functional
Fibers. One of the most important applications of PA6 is the

Table 6. Surface Resistivity of PA6 and Ion-Containing PA6

sample surface resistance/Ω surface resistance after weeks/Ω
PA6-50K over over
E-0.5%-50K over 4.10 × 1010

E-1%-50K over 4.42 × 1010

E-2%-50K over 3.40 × 1010

E-4%-50K over 1.44 × 1010

E-8%-50K 3.25 × 1011 1.96 × 109

E-15%-50K 9.67 × 108 3.14 × 106
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fibers.58 The functionality of PA6 fibers has attracted
significant attention in the past decades.59,60 According to
the rheological behavior, the ionic liquid-grafted PA6 polymers
are thermoplastic and exhibit good melt processability, despite
having elevated viscosities. One of the ionic liquid-grafted PA6
polymers (4%-50K) was selected as an example to investigate
the properties of melt-spun fibers made from such materials.
The results indicated that melt spinning was practicable for the
given ion-containing PA6 (4%-50K), based on the method
described above. The PA6 fibers were also fabricated as a
comparison using the same parameters. The macroscopic
images of PA6 and 4%-50K fibers are presented in Figure 11.

Fibers made from both PA6 and 4%-50K had good physical
properties, fiberizability, and luster. The noteworthy color
variance can be attributed to the color of the ionic liquid,
whereas the yellowing of PA6 is due to irradiation.61 The
structures of the materials were examined and photographed
using an optical microscope, as shown in Figure 11. The
diameters of the two fibers are included at the top of the two
images. The larger diameter of the 4%-50K fiber may be
attributed to the higher viscosity of the material compared with
that of the neat PA6 polymer.

The antibacterial activity of the PA6 and ion-containing PA6
fibers were determined by counting the colony-forming units
(CFUs) after contact with S. aureus (Gram-positive) and E. coli
(Gram-negative) bacteria for 18 h. The durability of the
antibacterial property was verified using the fibers, which were
extracted with acetonitrile for at least 72 h. Figure 12a,b shows
the antibacterial effect against S. aureus and E. coli, respectively,
for PA6 and ion-containing PA6 fibers. As can be seen from
Figure 12, the PA6 fibers had no antibacterial effect either on S.
aureus or on E. coli, with a marked increase in the number of
CFUs for both bacteria after 18 h. For ion-containing PA6, as
shown in Figure 12a, the 4−50K fibers had a greatly improved
antibacterial effect on S. aureus because the number of CFUs
decreased from 2.5 × 105 to 2.9 × 102 after 18 h. However, for
E-4%-50K fibers, the number of S. aureus CFUs after 18 h
remained almost the same as the initial number, implying a
limited antibacterial property. This may have been due to the
removal of nongrafted ionic liquids on the surface of the fibers,
taking into consideration the fact that the 4%-50K sample was
not extracted before melt spinning (Section 2.2.2). From the
XPS chlorine element spectrum of the E-4%-50K fibers in
Figure 13 it can be seen that the grafted ionic liquids still

existed on the surface of the fibers. Thus, it is reasonable to
conclude that a certain concentration of grafted ionic liquid on
the surface of the fiber may be required to show the
antibacterial property against S. aureus. The antibacterial

Figure 11. Appearance of fibers made from PA6 and 4%-50K ion-
containing PA6 and their detailed images taken using optical
microscopy.

Figure 12. Antibacterial activity of PA6 and ion-containing PA6 (4-50K) fibers before and after extracting for S. aureus (a) and E. coli (b) after
contacting the bacterium solution for 18 h.

Figure 13. Cl 2p pattern on the surface of E-4%-50K fibers after being
extracted for at least 72 h.
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effects of the 4%-50K and E-4%-50K fibers on E. coli are shown
in Figure 12b. Obviously, the antibacterial effects of both 4%-
50K and E-4%-50K fibers were excellent with the number of E.
coli CFUs decreased from 2.4 × 105 to 20 and 67 after 18 h,
respectively. The antibacterial effect of E-4%-50K fibers was
almost the same as that of 4%-50K fibers, indicating the
successful covalent grafting of the ionic liquid onto the PA6
chain and the durable antibacterial properties of the ion-
containing PA6. The excellent antibacterial properties may be
attributed to the electrostatic interactions between the grafted
ions and the microbial cell membranes; such interactions
destroy the microbial membrane structure, causing leakage of
the cell electrolytes.62 Furthermore, the better antibacterial
effect against E. coli than against S. aureus implies that Gram-
negative E. coli are more sensitive and vulnerable to the ion-
containing PA6.63 In conclusion, the ionic liquids were
successfully grafted onto the PA6 chains. The prepared ion-
containing PA6 was suitable for melt spinning despite
increased viscosity. Extraction with acetonitrile can remove
the nongrafted ionic liquid or its homopolymers from the
matrix, but the grafted ionic liquids are stable enough to
provide durable antibacterial activity, especially against the
Gram-negative bacterium E. coli.
Except for the antibacterial properties, the physical proper-

ties of the prepared fibers, such as surface resistance, moisture
content, and mechanical properties, were also measured and
are exhibited in Figure 14 separately. As shown in Figure 14a,
the ion-containing 4%-50K sample had improved hydro-
philicity compared with PA6, and the moisture content
increased from 4.4 for PA6 fibers to 6.3 wt % for 4%-50K
fibers. This may be ascribed to the grafted hydrophilic ionic
liquids. Simultaneously, the surface resistance of 4%-50K fibers
decreased by an order of magnitude and reached 1011 Ω/sq,
which means that it exhibited good antielectrostatic effects.
The fixation of the cations in the ionic liquid lowers the quality
of the conductive ions, which limited the antielectrostatic
effect. However, the increased moisture content helped to
dissipate the accumulated electrostatic charges. The stress−
strain curves of the PA6 and 4%-50K fibers are shown in Figure
14b. It should be noted that the fibers, which were not oriented
during preparation, were as-formed fibers. Although the
strength of the as-formed fibers was much lower than that of
commercial fibers, the yield strength and strength at various
strains were higher in 4%-50K fibers than that in PA6, which
may be due to ion aggregations in 4%-50K fibers.

4. CONCLUSIONS

A functionalized PA6 material was obtained by preparing the
ion-containing PA6 with an ionic liquid grafted on the main

chain of PA6. The prepared ion-containing PA6 exhibited
interesting structure and properties because of the covalently
bonded ionic liquid. The enhanced surface resistance, potential
antibacterial properties, and good processability of ion-
containing PA6 were observed, which were highly expected
for further applications. As one of the most useful forms of
PA6, the fibers of ion-containing PA6 were prepared to
investigate their functionalities. Interestingly, the ion-contain-
ing PA6 fibers showed improved hydrophilicity, surface
resistance, tensile strength, and antibacterial properties. The
covalently grafted ionic liquids on the ion-containing PA6
fibers are responsible for these excellent properties. This work
offered a new strategy to prepare a permanent functionalized
material with designable functional monomer grafting on the
polymer matrix.
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Slepicǩa, P.; Švorcí̌k, V. of Polyamide Nanofibers Treated by UV-A
Radiation. Mater. Lett. 2018, 214, 264−267.
(31) Zheng, Y.; Wang, R.; Dong, X.; Wu, L.; Zhang, X. High
Strength Conductive Polyamide 6 Nanocomposites Reinforced by
Prebuilt Three-Dimensional Carbon Nanotube Networks. ACS Appl.
Mater. Interfaces 2018, 10, 28103.
(32) Zheng, X.; Lin, Q.; Jiang, P.; Li, Y.; Li, J. Ionic Liquids
Incorporating Polyamide 6: Miscibility and Physical Properties.
Polymers 2018, 10, 562.
(33) Majka, T. M.; Cokot, M.; Pielichowski, K. Studies on the
Thermal Properties and Flammability of Polyamide 6 Nano-
composites Surface-Modified via Layer-by-Layer Deposition of
Chitosan and Montmorillonite. J. Therm. Anal. Calorim. 2017, 131,
405−416.
(34) He, W.; Zhu, H.; Xiang, Y.; Long, L.; Qin, S.; Yu, J.
Enhancement of Flame Retardancy and Mechanical Properties of
Polyamide 6 by Incorporating an Aluminum Salt of Diisobutylphos-
phinic Combined with Organoclay. Polym. Degrad. Stab. 2017, 144,
442−453.
(35) Kelnar, I.; Kratochvíl, J.; Kapraĺkova,́ L.; Špitaĺsky, Z.; Ujcǐc,̌ M.;
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(61) Porubska,́ M.; Szöllös, O.; Janigova,́ I.; Jomova,́ K.; Chodaḱ, I.
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