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ion content of CaCl2-ionised
polyamide-66 nucleator on the crystalline
nucleation of poly(ethylene terephthalate) through
ion–dipole interactions

Yuanfu Tian, Jinqiang Tan, Yixin Wu, Zhiyuan Song, Qian Tao, Xuan Zheng, Tao Hu,
Xinghou Gong and Chonggang Wu *

Polyamide (PA)-66 is successfully ionised with various weight fractions of CaCl2 to prepare PA-66 ionenes

bearing different ion contents (ICs). The PA-66 ionenes against PA-66 are incorporated as heterogeneous

nucleators into poly(ethylene terephthalate) (PET) to effectively promote PET crystallisation. Compared to

the PET/PA-66 (95/5 wt/wt), the PET/PA-66 ionenes (95/5) markedly improve the crystallisation rate and

degree of crystallinity. Notably, as the IC of the PA-66 ionene rises from 0 to 11.4 mol%, the nucleation

efficiency first increases and then decreases. This may be attributed to the introduction of strong ion–

dipole interactions between the CaCl2-coordinating amides of the PA-66 ionenes and the esters of the

PET matrices as the IC increases, which gradually boosts the PET/PA-66 ionene interfacial compatibility

to create finer nucleator crystals with a denser distribution, thereby steadily enhancing the nucleation

efficiency. However, once the IC exceeds 6.5 mol%, the dramatically improved interfacial compatibility

causes greatly more and thicker amorphous interphase, which inhibits PET crystallisation. The results

indicate that the PA-66 ionene containing 6.5 mol% of Ca2+ is a promising nucleator to maximise the

crystallisation acceleration of PET due to the moderate interfacial compatibility by medium-

concentration ion–dipole interactions.
Introduction

Poly(ethylene terephthalate) (PET) is a typical semi-crystalline
polymer that has been extensively used in bres, beverage
bottles, lms and engineering components on account of its
superior heat resistance, electrical insulation and mechanical
properties. Nevertheless, there are still many drawbacks in the
PET moulding process, such as a slow crystallisation rate and
long moulding cycle, which result in relatively low mechanical
strength, weak impact resistance and poor surface gloss in PET
products. These shortcomings severely restrict the high-
performance engineering applications of PET. Therefore,
many investigations have focused on improving the crystallinity
of PET by modifying its nucleation via the incorporation of
small amounts (#5.0 wt%) of heterogeneous nucleators (e.g.
ceramic llers,1,2 organic small molecules3,4 and organic poly-
mers5,6) to facilitate the crystalline nucleation rate of PET.
However, the crystallisation rate and degree of crystallinity of
PET matrices nucleated by some ceramic llers and organic
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small molecules are not signicantly increased, and the
mechanical properties are generally reduced. This unsatisfac-
tory result is presumably due to the immiscibility of the ceramic
llers with PET, resulting in the poor dispersion of llers in the
PET matrix, and the high reactivity of the organic small mole-
cules, which leads to the degradation of the PET chains.

Among all the studied PET nucleators, organic polymers are
advanced nucleators that have the potential to maximally
promote PET crystallisation, mainly because of their good
compatibility. Numerous attempts have been made to enhance
PET nucleation using organic polymers such as crystalline
polymers [polyamide (PA)-66,7,8 PA-6 (ref. 9) and polylactic
acid10], amorphous polymers [e.g. poly(bisphenol-A carbonate)
(PC),11,12 poly(m-xylylene adipamide–co–isophthalamide)13 and
hyperbranched aliphatic polyester14], liquid-crystalline poly-
mers [e.g. poly(ethylene terephthalate–ran–hydroxybenzoic
acid)15 and poly(4-hydroxybenzoic acid–ran–6-hydroxy-2-
naphthoic acid)16] and ionomers [e.g. Na-salt poly(ethylene–co–
acrylic acid)5 and Na-salt poly(styrene–co–acrylic acid)17] as
nucleators. Nevertheless, the enhanced crystallinity of the
organic polymer-nucleated PET matrix remains far from its
equilibrium value, probably because of the morphological
restriction of wide phase size and small number density of the
dispersed nucleating agents. Under these circumstances,
RSC Adv., 2020, 10, 34177–34186 | 34177
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researchers have attempted to further boost the compatibility
between PET and polymer-based nucleators by modifying the
PET/nucleator interface with the goal of enhancing the nucle-
ation and thus maximally improving PET crystallinity. For
example, researchers13 investigated the compatibilization of
PET with PA nucleators by introducing a third compatibilizer
directly into the systems. However, the degree of crystallinity of
PET was not conspicuously elevated, likely due to the insuffi-
cient coupling concentration of the compatibilizers. Other
researchers have managed to improve the interfacial compati-
bility of PET/PC nucleator systems by prolonging the blending
time12 and/or adding catalyst18 to accelerate ester amide inter-
change reactions at the interface. However, satisfactory results
were not obtained, possibly because the interchange reactions
reduced the tacticity of the macromolecular chains in either of
the polymers.

Improving the compatibility of binary polymer blends
through ion–dipole interactions (IDIs), as proposed by Eisen-
berg and colleagues,19,20 offers an idea for the compatibilization
of PET and polymer-based nucleators. In this study, to boost the
interfacial compatibility of PET/PA-66 and thus maximise PET
crystallinity, PA-66 was ionised by CaCl2 to obtain PA-66 ionenes
with different ion contents, thereby introducing controllable
strong IDIs between the ionic groups of the PA-66 ionenes and
the ester groups of the PET matrix. The crystalline properties of
the PET matrices nucleated with PA-66 ionenes containing
various ion contents were investigated and compared with
those of the PET matrix nucleated with PA-66. Based on the
results, we determined the optimum ion content of PA-66 ion-
ene for increasing the nucleation rate and crystallinity of the
PET matrix, and we also proposed a corresponding mechanism.
Experimental
Materials

PET resin (commodity-grade base material, CZ-302) was
supplied by Jiangsu Xingye Polytech Co., Ltd. (China). PA-66
resin (injection-grade base material, 101 L) was acquired from
DuPont (USA). Formic acid (analytical reagent, $98.0%) and
acetone (analytical reagent, $99.5%) were obtained from
Sinopharm Chemical Reagents Co., Ltd. (Shanghai, China).
Methanol (analytical reagent, $99.5%) and CaCl2 (analytical
reagent,$99.0%) were offered by Shanghai Titan Scientic Co.,
Ltd. (China). KBr (specpure reagent) was provided by Aladdin
Industrial Corp. (China). Prior to use, the PET and PA-66 resins
were dried at 120 �C under vacuum for at least 12 h.
Ionisation of PA-66 with CaCl2

To obtain 2.0 wt% of CaCl2-ionised PA-66 (2.0 wt% CaCl2–PA-
66), in which 2.0 wt% refers to the amount of CaCl2 in PA-66
per 100 parts by weight, the predetermined weight, well-dried
PA-66 (2.0000 g) and CaCl2 (0.0400 g) were dissolved in 50 mL
and 10 mL of formic acid, respectively. The CaCl2 solution was
then pipetted into the PA-66 solution. Aer vigorous stirring at
room temperature (RT) for 2 h, the reaction solution was drip-
ped into acetone/methanol (1200 mL, 9/1 v/v) to precipitate
34178 | RSC Adv., 2020, 10, 34177–34186
a white product, which was subsequently Büchner ltrated and
repeatedly washed with acetone/methanol (9/1 v/v). Finally, the
product was dried at 60 �C for at least 24 h under vacuum. In the
same way, 0 wt% CaCl2–PA-66 (i.e. non-ionised PA-66), 5.0 wt%
CaCl2–PA-66 and 10.0 wt% CaCl2–PA-66 were prepared to
acquire CaCl2–PA-66 ionenes with different ion contents (ICs).
Fourier transform infrared spectroscopy of PA-66 ionene

To corroborate the successful ionisation of PA-66, the Fourier
transform infrared (FTIR) absorption spectra of the ionised
products were detected and compared to that of PA-66 using an
FTIR spectrometer (Bruker, Tensor II) in transmission mode in
the mid-IR range (4000 to 500 cm�1). To prepare the KBr pellet
samples, either well-dried PA-66 powder or a powder of the
ionised product (2.0 mg) was ground with anhydrous KBr (100
mg) using a pestle and mortar. The ground mixture was then
compression-moulded using a hydraulic press at RT.
Inductively coupled plasma optical emission spectrometry of
PA-66 ionene

To verify the IC of CaCl2 quantitatively and compare the ICs of
CaCl2-ionised PA-66 ionenes to that of PA-66, inductively
coupled plasma optical emission spectrometry (ICP-OES; Agi-
lent, 730 spectrometer) was used to determine the Ca concen-
trations. The sample (0.1–0.15 g) was placed into a 50 mL Teon
digestion tube. Subsequently, a mixture of hydrochloric acid (1
mL)/hydrouoric acid (1 mL)/concentrated nitric acid (5 mL)
was poured into the tube, which was then capped and placed in
a stainless-steel reactor and put into an oven. The solution in
the oven was kept for 5 h at 200 �C and then air-cooled to RT.
The cooled solution was then transferred into a 25 mL volu-
metric ask, to which deionised water was therefore added until
the constant volume. The solution was then allowed to tumble
and le overnight to homogenise the solution. Finally, the Ca
concentration of each sample solution was assessed by ICP-OES
based on the calibration curve constructed using standard Ca2+

aqueous solutions. The IC of CaCl2 was further calculated as
follows:

ICðCaCl2Þ ¼ M1cCa

MCa � ðM3 �M1ÞcCa � 100%; (1)

where MCa, M1 and M3 are the molar masses (g mol�1) of the
Ca2+ ions and the nonionised and ionised structural repeat
units of PA-66, respectively (i.e. 40.08, 226.36 and 337.34,
respectively), and cCa is the Ca content (g g�1) estimated in the
sample.
Differential scanning calorimetry of PA-66 ionene

To further conrm the successful occurrence of the PA-66 ion-
isation, the differential scanning calorimetry (DSC) curves of
the ionised products against that of the PA-66 were examined
using a DSC instrument (PerkinElmer, DSC 8000) upon its
calibration in temperature and heat ow with an indium stan-
dard under a N2 atmosphere of 30 mL min�1. The sample (5.0
mg) was encapsulated in an aluminum pan for the DSC
This journal is © The Royal Society of Chemistry 2020
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measurements, followed by heating to 275 �C, cooling to RT,
and heating again to 275 �C, all at a rate of 10 �C min�1.
Melt-blending of PET and PA-66 ionene

PA-66 ionene-nucleated PETs (i.e. PET/PA-66 ionene (95/5 wt/wt)
blends), were prepared by melt-blending followed by extrusion
using a twin-screw mini-compounder (Haake Minilab). During
melt-blending, the barrel temperature was 265 �C, the recircu-
lation time was 3 min, and the screw speed was 100 rpm. The
PA-66 ionene-nucleated PET products with different ICs were
vacuum-dried at 60 �C for at least 24 h. For comparative
purposes, PET and PET/PA-66 (95/5) were prepared using the
same blending procedure.
Differential scanning calorimetry of PA-66 ionene-nucleated
PET

To analyse the melt crystallisation behaviours of the PA-66
ionene-nucleated PETs as opposed to that of the PA-66-
nucleated PET and neat PET, the DSC thermograms were
recorded using the DSC instrument mentioned above. The
samples (5.0 mg) were encapsulated, heated to 275 �C, cooled to
0 �C, and then heated to 285 �C, all at a rate of 60 �Cmin�1. The
degree of crystallinity (Xc) of the PET matrix was estimated from
its melt crystallisation enthalpy (DHmc) using the following
equation:

Xc ¼ DHmc

wDH0
mc

� 100%; (2)

where DH0
mc is the melt crystallisation enthalpy of the inferred

100% crystalline PET (117.6 J g�1),21 and w is the weight fraction
of the PET matrix in the blend.
Nonisothermal crystallisation kinetics of PA-66 ionene-
modied PET

To study the nonisothermal crystallisation kinetics of the PA-66
ionene-nucleated PETs against that of the PA-66-nucleated PET
and neat PET, DSC measurements were conducted as described
in the previous section. The kinetic parameters of all samples
were analysed based on the rst cooling curve using the Jeziorny
approach. The relative degree of crystallinity (Xt) at the instan-
taneous temperature T during the crystallisation process can be
calculated as follows:

Xt ¼
Ð T
T0
ðdHmc=dTÞdT

Ð TN

T0
ðdHmc=dTÞdT

¼ A0

AN

; (3)

where T0 is the initial temperature at which crystallisation
begins; TN is the nal temperature when crystallisation is
completed; and A0 and AN are the areas under the DSC cooling
scans (i.e. melt crystallisation enthalpies) from T0 to T and from
T0 to TN, respectively. Subsequently, the relationship between Xt

and crystallisation time (t) can be obtained by transforming T to
t as follows:

t ¼ |T0 � T |

q
; (4)
This journal is © The Royal Society of Chemistry 2020
where q is the cooling rate. In accordance with the Avrami
equation,22 Xt is expressed as a function of t by

1 � Xt ¼ exp(�Ztt
n), (5)

where n is the apparent Avrami index, which describes the
nucleation and crystal growth mechanism, and Zt is the
apparent crystallisation rate constant, which reects the
nucleation and growth rates. Eqn (5) can be transformed into
the following double-logarithmic linear expression:

ln(�ln(1 � Xt)) ¼ n ln t + ln Zt. (6)

Since Avrami's approach is generally used to analyse the
primary crystallisation stage of isothermal crystallisation, Jez-
iorny modied the Avrami equation with a cooling rates q to
make it more suitable for nonisothermal crystallisation behav-
iours.23 The corrected crystallisation rate constant (Zc) is given by

ln Zc ¼ ln Zt

q
: (7)

Hence, the half-time of crystallisation (t1/2) can then be
represented by

t1/2 ¼ (ln 2/Zc)
1/n. (8)
Wide-angle X-ray diffraction of ionised PA-66-nucleated PET

A precalculated amount of PA-66 ionene-nucleated PETs, PA-66-
nucleated PET or PET was placed into a Linkam THMS 600
heating stage equipped with a temperature controller. The sample
was held at 275 �C for 1 min while gradually melt-pressing it into
a disc-shaped sample with a thickness of 40 mm and a diameter of
10 mm. Subsequently, the sample was cooled to RT at
a 60 �C min�1 rate and analysed using a PANalytical Empyrean X-
ray diffractometer at 40mA and 45 kV in reectionmode using Cu
Ka radiation (1.5406 �A wavelength). All samples were scanned in
the 2q scattering range of 10 to 50� at a rate of 4� min�1.
Polarised optical microscopy of ionised PA-66-modied PET

A small particle (2.0 mg) of PA-66 ionene-nucleated PETs, PA-66-
nucleated PET or PET was sandwiched between a glass slide and
a glass cover and then placed onto a heating stage stabilised at
275 �C for 1 min. The fully melted sample was pressed into a lm
with a thickness of approximately 40 mm. Aerwards, the lmwas
cooled to 140 �C at 60 �C min�1, and its crystal morphology was
observed using a Leica DM 2500P polarised optical microscope
equipped with a digital camera. The obtainedmicroscopy images
were taken as the temperature lessened from 200 to 140 �C.
Results and discussion
Evidence of the successful ionisation of PA-66 with CaCl2

Fig. 1 shows the FTIR absorption spectra (spectra 2–4) of PA-66
(presumably PA-66 ionenes) modied with 2.0, 5.0 and 10.0 wt%
RSC Adv., 2020, 10, 34177–34186 | 34179
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Fig. 1 Fourier transform infrared absorption spectra of (1) non-ionised
polyamide (PA)-66, and of PA-66's modified with (2) 2.0, (3) 5.0 and (4)
10.0 wt% of CaCl2 (presumably PA-66 ionenes bearing Ca2+ ions in
their backbone chains) which are prepared from solution reactions of
PA-66 with CaCl2 in formic acid.

Table 1 Ion contents [IC(CaCl2)] calculated from the Ca contents of (1)
non-ionised polyamide (PA)-66, and of PA-66 ionenes ionised with (2)
2.0, (3) 5.0 and (4) 10.0 wt% of CaCl2 which are prepared from solution
reactions of PA-66 with CaCl2 in formic acid

Composition Ca contenta (g g�1) IC(CaCl2)
a (mol%)

(1) PA-66 4.88 � 10�5 0.028
(2) 2.0 wt% CaCl2–PA-66 3.97 � 10�3 2.3
(3) 5.0 wt% CaCl2–PA-66 1.12 � 10�2 6.5
(4) 10.0 wt% CaCl2–PA-66 1.92 � 10�2 11.4

a Measured by inductively coupled plasma optical emission
spectrometry.

Fig. 2 Differential scanning calorimetry curves in the (a) first cooling
and (b) second heating cycles both at a rate of 10 �Cmin�1 for (1) non-
ionised polyamide (PA)-66, and for PA-66 ionenes bearing (2) 2.3, (3)
6.5 and (4) 11.4 mol% of Ca2+ ions in their backbone chains which are
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of CaCl2, respectively. The spectrum of PA-66 (spectrum 1) is
shown for comparison. All spectra were normalised with respect
to the C–H antisymmetric stretching band of the –CH2– groups
at around 2927 cm�1, for which the intensity remained basically
unchanged aer the slight modication of the amide groups. In
spectrum 1 (PA-66), the peaks at 1371, 1538, 1640 and
3312 cm�1 are attributed to the C–N stretching, N–H in-plane
bending, C]O stretching and N–H stretching of the amide
groups [–C(]O)–NH–], respectively. Uponmodifying PA-66 with
various contents of CaCl2, the amide group absorption peaks
were affected by CaCl2 modication-induced structural
changes. Notably, the intensities of the bands corresponding to
N–H in-plane bending and C]O stretching around 1538 and
1639 cm�1, respectively, increased slightly, probably due to the
formation of a coordination structure between Ca2+ ions and
carbonyl O atoms. The wavenumber of the N–H stretching band
decreased from 3312 cm�1 to 3305, 3305 or 3304 cm�1, likely
due to the combined effects of steric hindrance24 and induc-
tion.25 These results conrm the successful ionisation of PA-66
with CaCl2 to obtain CaCl2–PA-66 ionenes.

To further verify the successful preparation of CaCl2–PA-66
and quantify the IC(CaCl2) values of these ionenes, the Ca
contents of 2.0 wt% CaCl2–PA-66, 5.0 wt% CaCl2–PA-66 and
10.0 wt% CaCl2–PA-66 relative to PA-66 were measured by ICP-
OES. Based on the above FTIR spectra, two assumptions were
made in the quantitative IC calculations: each CaCl2 molecule is
complexed with the two carbonyl O atoms from any two amide
groups of PA-66;26 and both amide groups of any participating
structural repeat unit are ionised to form an ionised structural
repeat unit. Hence, the IC(CaCl2) values of the four samples
were counted by eqn (1), and the resulting data are presented in
Table 1. It is read that, the IC(CaCl2) values of 2.0 wt% CaCl2–
PA-66, 5.0 wt% CaCl2–PA-66 and 10.0 wt% CaCl2–PA-66 were 2.3,
6.5 and 11.4 mol%, respectively. These values are approximately
two orders of magnitude higher than that of PA-66
(0.028 mol%). These results fully conrm the successful ion-
isation reactions of PA-66 with different fractions of CaCl2;
hence, the prepared PA-66 ionenes were labelled as 2.3 mol%
CaCl2–PA-66, 6.5 mol% CaCl2–PA-66 and 11.4 mol% CaCl2–PA-
66.
34180 | RSC Adv., 2020, 10, 34177–34186
Fig. 2 shows the DSC thermograms of 2.3 mol% CaCl2–PA-66
(trace 2), 6.5 mol% CaCl2–PA-66 (trace 3) and 11.4 mol% CaCl2–
PA-66 (trace 4) as opposed to that of PA-66 (trace 1). It is seen
that from Fig. 2a, as the PA-66 IC increased from 0 to 11.4mol%,
the crystallisation temperature (Tmc) reduced progressively
from 233.8 to 181.5 �C, and the crystallisation peak broadened.
This indicates that the rate of crystallisation reduced with PA-66
ionisation, likely due to the decreased chain regularity caused
by random ionic reaction. In addition, DHmc diminished
monotonically from 71.5 until 9.7 J g�1 with increasing IC,
suggesting that the degree of crystallisation was markedly
decreased by the chain randomisation. Moreover, as reected in
Fig. 2b, the melting temperature (Tm) also gradually descended
with increasing IC due to the reduced crystallinity, resulting in
the formation of more imperfect PET spherulites. This evidence
of the gradual decline in crystallinity strongly suggests that the
ionisation was successful.
Optimum ion content of CaCl2-ionised PA-66 nucleator to
maximise PET crystallinity

The DSC thermograms of neat PET, PET/PA-66 (95/5), PET/
2.3 mol% CaCl2–PA-66 (95/5), PET/6.5 mol% CaCl2–PA-66 (95/5)
and PET/11.4 mol% CaCl2–PA-66 (95/5) samples (traces 1–5,
respectively) in the rst cooling and second heating cycles (both
recorded at a rate of 60 �C min�1) are shown in Fig. 3. The
detailed DSC data of the crystallisation properties are sum-
marised in Table 2. The Tm and melting enthalpy (DHm) values
prepared from solution reactions of PA-66 with CaCl2 in formic acid.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Differential scanning calorimetry curves in the (a) first cooling
and (b) second heating cycles both at a rate of 60 �Cmin�1 for (1) neat
poly(ethylene terephthalate) (PET), and for PET matrices nucleated
with 5.0 wt% of polyamide (PA)-66 ionenes bearing increasing
contents of Ca2+ ions in the backbone chains (mol%): (2) 0 (i.e. non-
ionised PA-66); (3) 2.3; (4) 6.5; (5) 11.4. The PA-66 ionenes are
prepared from solution reactions of PA-66 with 0, 2.0, 5.0 and
10.0 wt% of CaCl2 in formic acid, respectively.

Fig. 4 Plots of (a) relative degree of crystallinity (Xt) vs. temperature (T)
and (b) Xt vs. time (t) for the nonisothermal melt crystallisation
(60 �Cmin�1) of (1) neat poly(ethylene terephthalate) (PET), and of PET
matrices nucleatedwith 5.0 wt% of polyamide (PA)-66 ionenes bearing
increasing contents of Ca2+ ions in the backbone chains (mol%): (2)
0 (i.e. non-ionised PA-66); (3) 2.3; (4) 6.5; (5) 11.4. The ionenes are
prepared from solution reactions of PA-66 with 0, 2.0, 5.0 and
10.0 wt% of CaCl2 in formic acid, respectively.

Fig. 5 Plots of ln(�ln(1 � Xt)) vs. ln t and their least-squares linear fits
based on the Jeziornymodel for the nonisothermal melt crystallisation
(60 �Cmin�1) of (1) neat poly(ethylene terephthalate) (PET), and of PET
matrices nucleated with 5.0 wt% of polyamide (PA)-66 ionenes con-
taining increasing contents of Ca2+ ions in the backbone chains
(mol%): (2) 0 (i.e. non-ionised PA-66); (3) 2.3; (4) 6.5; (5) 11.4. The
ionenes are prepared from solution reactions of PA-66 with 0, 2.0, 5.0
and 10.0 wt% of CaCl2 in formic acid, respectively.
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of all the PET matrices were similar, likely because the nucle-
ation modiers had little effect on the ultimate (i.e. post-
recrystallisation) degree of PET crystallinity. Notably, the Tmc

and DHmc values of the PA-66-nucleated PET matrix increased
with temperature from 18.4 J g�1 at 154.2 �C to 25.2 J g�1 at
164.5 �C. Consequently, the PA-66-nucleated PET displayed an
increased Xc and a reduced degree of supercooling (DT)
compared to neat PET. In addition, the recrystallisation peak
was weakened beyond recognition in the second DSC heating
cycle. These indicate that PA-66 acted as a valuable heteroge-
neous nucleator that effectively increased the crystallisation
rate and degree of crystallinity of the PET matrix.

More importantly, as shown in Fig. 3a and Table 2, as the PA-
66 IC increased monotonically from 0 to 2.3 to 6.5 mol% (traces
2–4, respectively), the Tmc and DHmc values of the PET matrix
increased steadily with temperature from 25.2 J g�1 at 164.5 �C
to 32.2 J g�1 at 173.3 �C, and the DT further decreased by 8.3 �C.
Meanwhile, the melt crystallisation peak narrowed gradually,
and Xc elevated from 22.6% to 28.8%. These suggest that the
ionisation of PA-66 effectively promoted PET crystallisation.
However, when the PA-66 IC increased further to 11.4 mol%
(trace 5), Tmc, DHmc and Xc all decreased, the crystallisation
peak became broader, and while DT rose. These results disclose
Table 2 Melt crystallisation temperature (Tmc) and enthalpy (DHmc),
temperature (Tm) and enthalpy (DHm), super-cooling degree (DT ¼ Tm
phthalate) (PET), and for PET matrices nucleated with 5.0 wt% of polyam
backbone chains (mol%): (2) 0 (i.e. non-ionised PA-66); (3) 2.3; (4) 6.5; (5)
2.0, 5.0 and 10.0 wt% of CaCl2 in formic acid, respectivelya

Composition Tmc (�C) DHmc (J g
�1)

(1) PET 154.2 18.4
(2) PET/PA-66 164.5 25.2
(3) PET/2.3 mol% CaCl2–PA-66 168.1 28.2
(4) PET/6.5 molt% CaCl2–PA-66 173.3 32.2
(5) PET/11.4 mol% CaCl2–PA-66 169.7 28.9

a All data are derived from the differential scanning calorimetry (DSC) cur
the DSC curves.

This journal is © The Royal Society of Chemistry 2020
that a PA-66 ionene with a moderate IC can serve as a more
positive, effective heterogeneous nucleator to reinforce the melt
crystallinity of the PET matrix. Among the studied ionenes, the
PA-66 ionene containing 6.5 mol% Ca2+ was the most promising
option to maximise its nucleation, perhaps by introducing an
“cold” crystallisation (i.e. recrystallisation) temperature (Tcc), melting
� Tmc) and degree of crystallinity (Xc) for (1) neat poly(ethylene tere-
ide (PA)-66 ionenes containing increasing contents of Ca2+ ions in the
11.4. The ionenes are prepared from solution reactions of PA-66 with 0,

Tcc (�C) Tm (�C) DHm (J g�1) DT (�C) Xc (%)

159.1 245.0 29.7 90.8 15.6
—b 246.4 29.4 81.9 22.6
—b 245.5 30.0 77.1 25.2
—b 246.9 32.2 73.6 28.8
—b 247.0 29.3 77.3 25.9

ves measured at a rate of 60 �C min�1. b The data are indiscernible from

RSC Adv., 2020, 10, 34177–34186 | 34181
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Table 3 Kinetic parameters (t1/2, n, Zt and Zc) derived from the Jez-
iorny model for the nonisothermal melt crystallisation (60 �Cmin�1) of
(1) neat poly(ethylene terephthalate) (PET), and of PET matrices
nucleated with 5.0 wt% of polyamide (PA)-66 ionenes containing
increasing contents of Ca2+ ions in the backbone chains (mol%): (2)
0 (i.e. non-ionised PA-66); (3) 2.3; (4) 6.5; (5) 11.4. The ionenes are
prepared from solution reactions of PA-66 with 0, 2.0, 5.0 and
10.0 wt% of CaCl2 in formic acid, respectivelya

Composition t1/2 (min) n Zt Zc

(1) PET 0.53 3.272 5.596 1.029
(2) PET/PA-66 0.37 3.468 22.554 1.053
(3) PET/2.3 mol% CaCl2–PA-66 0.34 3.252 24.048 1.054
(4) PET/6.5 mol% CaCl2–PA-66 0.30 3.394 43.465 1.065
(5) PET/11.4 mol% CaCl2–PA-66 0.33 3.319 26.471 1.056

a All parameters are derived from the curve ttings shown in Fig. 5.

Fig. 6 Wide-angle X-ray diffractograms of (1) neat poly(ethylene
terephthalate) (PET), and of PET matrices nucleated with 5.0 wt% of
polyamide (PA)-66 ionenes containing increasing contents of Ca2+

ions in the backbone chains (mol%): (2) 0 (i.e. non-ionised PA-66); (3)
2.3; (4) 6.5; (5) 11.4. The ionenes are prepared from solution reactions
of PA-66 with 0, 2.0, 5.0 and 10.0 wt% of CaCl2 in formic acid,
respectively.
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appropriate amount of IDIs, as discussed in detail in the
mechanism section.

To analyse the nonisothermal crystallisation kinetics of PA-
66 ionene-nucleated PETs, several important kinetic parame-
ters were extracted from the DSC curves (Fig. 3a). The variations
of the relationships between Xt and T for the ve PETs were
assessed based on eqn (3), and the results are shown in Fig. 4a.
By combining eqn (3) and (4), the plots of Xt vs. t were obtained
for all samples (Fig. 4b). All traces in Fig. 4a and b have the same
shape, indicating the retardation effect of cooling rate on the
melt crystallisation.21 Subsequently, Xt was expressed as a func-
tion of t based on eqn (5), which was further transformed into
the double-logarithmic form shown in eqn (6). The plots of
ln(�ln(1 � Xt)) vs. ln t and their least-squares linear ts
(regression coefficients R2 were typically 0.998) are depicted in
Fig. 5. The slopes and vertical intercepts of the plots in Fig. 5
represent n and ln Zt, respectively; it should be noted that, for
a typical comparison, the range of Xt was set to less than 80%,
whichmainly corresponds to the primary crystallisation process
of the PET matrix.

The Jeziorny kinetic parameters (n, Zt, Zc and t1/2) for the ve
PETs were calculated and are shown in Table 3. It is observed
that with the addition of the PA-66 and PA-66 ionenes, the value
of n changed only slightly from 3.3 to 3.5. This demonstrates
that, for all ve samples, the nucleation and crystal growth
mechanisms were similar, and the crystal growth process
produced three-dimensional spherulites.27 Compared to neat
PET, PET/PA-66 (95/5) showed a higher Zc and a lower t1/2, again
demonstrating that the presence of PA-66 can effectively
heighten the melt crystallisation rate of the PET matrix, even at
the fast cooling rates of 60 �C min�1. For the PET/CaCl2–PA-66
(95/5) sample, as the CaCl2–PA-66 IC increased from 2.3 to
6.5 mol%, Zc increased, while t1/2 descended, indicating the PA-
66 ionenes more signicantly enhanced the melt crystallisation
rate of the PET matrix than PA-66. However, 11.4 mol% CaCl2–
PA-66-nucleated PET exhibited a lower Zc and larger t1/2 than
6.5 mol% CaCl2–PA-66-nucleated PET, suggesting a decrease in
the crystallisation rate of the PET matrix. Altogether, these
results conclusively indicate that 6.5 mol% CaCl2–PA-66 is
34182 | RSC Adv., 2020, 10, 34177–34186
a promising nucleator to maximise the heterogeneous nucle-
ation and accelerate the melt crystallisation of the PET matrix.
This may be related to two competing effects of the prominent
CaCl2–PA-66/PET interfacial compatibilization resulting from
the introduced IDIs. The enhanced interfacial compatibility
increased the neness and distribution density of ionene
nucleators in the PET matrix (positive dispersed morphological
effect). Meanwhile, the improved compatibility vastly expanded
and thickened the amorphous interlayers (negative interfacial
morphological effect). Clearly, when the IC was 6.5 mol%, the
positive effect greatly predominated over the negative effect. In
contrast, once IC exceeded 6.5 mol%, the negative interfacial
effect gradually became predominant.

The crystallinity and crystal structure of neat PET, PET/PA-66
(95/5), PET/2.3 mol% CaCl2–PA-66 (95/5), PET/6.5 mol% CaCl2–
PA-66 (95/5) and PET/11.4 mol% CaCl2–PA-66 (95/5) (traces 1–5,
respectively) were investigated by wide-angle X-ray diffraction
(WAXD). As shown in Fig. 6, the ve PETs exhibited similar peak
positions. The peaks in the 2q ranges of 16.3–16.4, 17.6–17.7,
22.8–23.1 and 26.1–26.4� can be assigned to the (011), (010),
(110) and (100) crystallographic planes of the PET matrix,
respectively.28,29 The detailed 2q values from the (hkl) planes are
shown in Table 4. These results reect that the ve PETs had
similar crystal structures (i.e. a triclinic crystal system with
a planar chain conformation),30 implying that the crystal form
was little interfered by the introduction of PA-66 or its ionenes
with various ICs.

With the help of Jade soware, the crystal structures and
degrees of crystallinity of the ve PETs were quantitatively
studied using the following equations. The interplanar (i.e.
Bragg) spacing (dhkl) was estimated using Bragg's law,

l ¼ 2dhkl sin q, (9)

where l is the wavelength of the X-ray (1.5406�A), and q is Bragg's
angle. The mean size of crystallites perpendicular to the (hkl)
plane, Lhkl, was calculated using the Scherrer equation:

Lhkl ¼ kl

B cos q
; (10)
This journal is © The Royal Society of Chemistry 2020
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Table 4 Crystallographic parameters, i.e. scattering crystallographic planes (hkl's), scattering angles (2q's), interplanar (i.e. Bragg) spacings (dhkl's),
average crystallite sizes perpendicularly across the planes (Lhkl's) and degrees of crystallinity (Xc's), of (1) neat poly(ethylene terephthalate) (PET),
and of PET matrices nucleated with 5.0 wt% of polyamide (PA)-66 ionenes containing increasing contents of Ca2+ ions in the backbone chains
(mol%): (2) 0 (i.e. non-ionised PA-66); (3) 2.3; (4) 6.5; (5) 11.4. The ionenes are prepared from solution reactions of PA-66 with 0, 2.0, 5.0 and
10.0 wt% of CaCl2 in formic acid, respectivelya

Composition (hkl) 2q (�) dhkl (�A) Lhkl (nm) Xc (%)

(1) PET (011) 16.35 5.42 12.1 17.3
(010) 17.67 5.02 12.5
(110) 22.79 3.90 11.1
(100) 26.08 3.41 10.3

(2) PET/PA-66 (011) 16.33 5.42 11.5 24.5
(010) 17.72 5.00 13.2
(110) 23.06 3.85 11.4
(100) 26.28 3.39 11.1

(3) PET/2.3 mol% CaCl2–PA-66 (011) 16.25 5.45 11.7 26.0
(010) 17.61 5.03 12.6
(110) 23.04 3.86 11.2
(100) 26.37 3.38 9.8

(4) PET/6.5 mol% CaCl2–PA-66 (011) 16.39 5.38 12.3 29.7
(010) 17.60 5.03 13.2
(110) 22.95 3.87 12.8
(100) 26.15 3.41 9.9

(5) PET/11.4 mol% CaCl2–PA-66 (011) 16.33 5.42 11.5 26.8
(010) 17.73 5.00 13.1
(110) 22.81 3.89 13.0
(100) 26.33 3.38 10.6

a All data are obtained from the wide-angle X-ray diffractograms shown in Fig. 6.
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where k is a shape factor (�0.89), and B the full width at half
height (FWHH) of the peak scattered from the (hkl) plane. The
degree of crystallinity Xc can be expressed by

Xc ¼ Ic

Ic þ KIa
; (11)

where K is a relative scattering factor (�0.98), and Ia is the
integrated intensity of the amorphous phase, and Ic is the total
integrated diffraction intensity of the chosen crystalline phase.

Ic ¼ I(011) + I(010) + I(110) + I(100), (12)

where I(011), I(010), I(110) and I(100) represent the integrated
intensities from the (011), (010), (110) and (100) planes,
respectively.31

As shown in the calculation results listed in Table 4, the dhkl
values associated with the (hkl) planes of the ve PETs were
similar, reecting that the unit-cell parameters of the PET
triclinic crystal lattice remained mostly unchanged upon the
inclusion of PA-66 or its ionenes with various ICs to induce
heterogeneous nucleation. In addition, the Lhkl of the PET
matrix, as a larger length scale of crystal structure, varied little
between the (hkl) planes upon the introduction of heteroge-
neous nucleators. These results suggest that the crystal growth
mechanism of the PET matrix was hardly changed by the
introduction of heterogeneous nucleators, although it did affect
the crystallinity and hence the crystalline morphology of PET by
changing the nucleation mechanism. The Xc values of the PET
matrices were calculated from the data in Fig. 6 using eqn (11)
and (12). Xc improved monotonically from 17.3% to 29.7% in
This journal is © The Royal Society of Chemistry 2020
the order of neat PET, PET/PA-66 (95/5), PET/2.3 mol% CaCl2–
PA-66 (95/5) and PET/6.5 mol% CaCl2–PA-66 (95/5). This
corroborates that the PET crystallinity was obviously improved
by the PA-66 nucleation, and further heightened by the PA-66
ionenes nucleation. However, when the IC of the PA-66 ionene
reached 11.4 mol%, Xc began to descend. This veries that the
appropriate ionisation of PA-66 can more effectively enhance its
heterogeneous nucleation and thus maximise the crystallinity
of the PET matrix, in accordance with the Xc data derived from
the DSC curves.

To study the effects of PA-66 ionenes with different IC values
on the crystalline morphology of PA-66-modied PET and further
demonstrate the maximum reinforcement of melt crystallinity
under the optimal PA-66 IC, polarised optimal microscopy (POM)
analyses were carried out for neat PET, PET/PA-66 (95/5), PET/
2.3 mol% CaCl2–PA-66 (95/5), PET/6.5 mol% CaCl2–PA-66 (95/5)
and PET/11.4 mol% CaCl2–PA-66 (95/5) during cooling from
200 to 140 �C at a rate of 60 �C min�1 (images 1–5, Fig. 7
respectively). In all the images shown in Fig. 7, the bright spots
represent anisotropic crystallised regions (e.g. spherulites),
whereas the dark background indicates the isotropic amorphous
domains of the PET matrices. For each of the ve PETs, as non-
isothermal melt crystallisation proceeded (i.e. as temperature
decreased), the mutually impinged spherulites became steadily
enriched (i.e. the instantaneous degree of crystallinity gradually
improved). Specically, all the ve PETs exhibited fully darkelds
at 200 �C, apparently due to the molten and amorphous state of
the PETmatrix. When cooled further to 190 �C, some PET crystals
emerged in both the ionene-nucleated PETs (images 3, 4 and 5)
RSC Adv., 2020, 10, 34177–34186 | 34183
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Fig. 7 Polarised optical microscopy images obtained with temperature decreased from 200 until 140 �C at a cooling rate of 60 �Cmin�1 during
the nonisothermal melt crystallisation of (1) neat poly(ethylene terephthalate) (PET), and of PET matrices nucleated with 5.0 wt% of polyamide
(PA)-66 ionenes containing increasing contents of Ca2+ ions in the backbone chains (mol%): (2) 0 (i.e. non-ionised PA-66); (3) 2.3; (4) 6.5; (5) 11.4.
The ionenes are prepared from solution reactions of PA-66 with 0, 2.0, 5.0 and 10.0 wt% of CaCl2 in formic acid, respectively. The temperature
and scale bar are shown in the upper-left and lower-right corners of the images, respectively.
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and the PA-66-nucleated PET (image 2), whereas neat PET (image
1) remained in a fully amorphous state. This difference conrms
that the incorporation of PA-66 or its ionenes with various ICs
effectively promoted the nucleation of crystalline PET and thus
remarkably accelerated its crystallisation rate.

When the temperature decreased further to 180 �C or lower,
a few crystals appeared in neat PET (image 1) as a result of
homogeneous nucleation; these crystals were obviously sparser
and coarser than those nucleated heterogeneously by PA-66
(image 2). More importantly, compared to the PA-66 nucleator
(image 2) in the same temperature range (180–140 �C), the ion-
ised PA-66 nucleators with ICs of 2.3 and 6.5mol% (images 3 and
4, respectively) resulted in considerably thicker and smaller PET
crystals because of the ner andmore densely distributed ionene
nucleators. This can be attributed to the IDI-based improvement
in compatibility between the nucleators and the PET matrix,
which increased the Xc value of PET, as shown in Tables 2 and 4.
However, when the IC was further increased to 11.4 mol%, the
ionene nucleator visibly thinned out the grown PET crystals (cf.
images 5 and 4), in agreement with the reduced Xc of PET (Tables
2 and 4). This is presumably attributed to the strikingly enhanced
interfacial effect resulting from the highly concentrated IDIs, as
discussed earlier. Overall, the 6.5 mol% CaCl2–PA-66 was the
most promising nucleator to maximise the melt crystallisation
rate of the PET matrix. The POM results are all consistent with
the DSC and WAXD analyses presented above.
34184 | RSC Adv., 2020, 10, 34177–34186
Mechanism of the effect of PA-66 nucleator ionisation on the
crystalline nucleation of PET via ion–dipole interactions

Based on the above analyses, the mechanism of the effect of PA-
66 nucleator ionisation on the crystalline nucleation of PET was
preliminarily established. Scheme 1 shows the mechanisms by
which PET/PA-66 (Scheme 1a and e), PET/2.3 mol% CaCl2–PA-66
(Scheme 1b and f), PET/6.5 mol% CaCl2–PA-66 (Scheme 1c and
f) and PET/11.4 mol% CaCl2–PA-66 (Scheme 1d and f) affect
nucleation. Scheme 1a–d and Scheme 1e and f represent the
crystalline nucleation morphologies and interfacial chain-
segmental interactions, respectively. In the PET matrix nucle-
ated by PA-66 (Scheme 1a), PA-66 crystallisation obviously
occurred earlier than the crystallisation of the PET matrix (cf.
Fig. 2a and 3a) and then the PA-66 crystals acted as a heteroge-
neous nucleator to facilitate the crystallisation of the PET
matrix. In the PA-66/PET amorphous interlayers, hydrogen
bonds may form between the amide H atoms of PA-66 and the
carbonyl O atoms of PET, as shown in Scheme 1e. Each
hydrogen bond is basically composed of ionic and covalent
components (amide–ester dipole–dipole attraction and O–H
bonding, respectively). The hydrogen bonds improve the PA-66/
PET interfacial compatibility, which explains the enhanced
crystallinity of PET nucleated by the PA-66 particles.

In comparison, in the interlayers of the PET matrices
nucleated by PA-66 ionenes with different IC values (Scheme
1b–d), stronger Ca+–PET IDIs replace some of the weak
hydrogen bonds, and the concentration of IDIs steadily rises
with increasing IC. As shown in Scheme 1f, each IDI consists of
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic illustrations of: (a)–(d) the crystalline nucleation morphologies of (a) poly(ethylene terephthalate) (PET)/non-ionised
polyamide (PA)-66 (95/5), (b) PET/2.3 mol% of CaCl2-ionised PA-66 (95/5), (c) PET/6.5 mol% of CaCl2-ionised PA-66 (95/5) and (d) PET/
11.4 mol% of CaCl2-ionised PA-66 (95/5); (e) and (f) the interfacial chain-segmental interactions in (a) and (b)–(d), respectively. The CaCl2-ionised
PA-66 ionenes containing increasing contents (2.3, 6.5 and 11.4mol%) of Ca2+ ions in their backbone chains are prepared from solution reactions
of PA-66 with 2.0, 5.0 and 10.0 wt% of CaCl2 in formic acid, respectively.
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ionic and covalent components; that is, ion–dipole attraction
between a CaCl2–PA-66 amide-connected (1/2)Ca2

+–Cl� ion pair
and a PET ester, and O–H and O–Ca bonds, respectively, both of
which are dramatically strengthened relative to the hydrogen
bond shown in Scheme 1e. This suggests that the IDIs obviously
thicken the interlayers and boost the interfacial compatibility of
CaCl2–PA-66/PET, thereby reducing the size of dispersed CaCl2–
PA-66 crystals while increasing their number density. This effect
greatly accelerates the heterogeneous nucleation rate of the PET
matrix, resulting in denser and ner PET crystals relative to PA-
66/PET (cf. Scheme 1b–d with Scheme 1a).

Notably, as IC increases monotonically from 2.3 to
11.4 mol%, the nucleation efficiency of CaCl2–PA-66 rst
increases and then reduces, revealing an optimum IC of
approximately 6.5 mol%. This may be explained by the increase
in amorphous PET domains with increasing IC, which is
attributed to the remarkably thickened interlayers and enlarged
interfacial area. Compared to the PET/2.3 mol% CaCl2–PA-66
and PET/6.5 mol% CaCl2–PA-66, the interlayers in PET/
11.4 mol% CaCl2–PA-66 are drastically thickened and interfacial
compatibility is strikingly boosted, resulting in a much larger
amorphous component (cf. Scheme 1d with Scheme 1b and c).
This journal is © The Royal Society of Chemistry 2020
The amorphous domains are close to each other and even
overlay, limiting the nucleation and crystal growth of the
remainder of the PET matrix on the CaCl2–PA-66 crystals. In
other words, the dispersed morphological effect (i.e. the facili-
tation of nucleation by thick, ne dispersed PA-66 crystals)
prevails over the interfacial morphological effect (i.e. the inhi-
bition of nucleation by amorphous interlayers) at ICs of 2.3 and
6.5 mol%, as described above (Scheme 1b and c), and the
nucleation efficiency of PA-66 ionenes steadily increases with
IC. When IC reaches 11.4 mol% (Scheme 1d), the uptrend of the
interfacial effect is immensely greater than that of the dispersed
effect, causing the nucleation efficiency of 11.4 mol% CaCl2–PA-
66 to be lower than that of 6.5 mol% CaCl2–PA-66.

Conclusions

PA-66 ionenes containing different contents (2.3, 6.5 and
11.4 mol%) of Ca2+ ions in their backbone chains were
successfully prepared via the solution reaction of PA-66 with 2.0,
5.0 and 10.0 wt% of CaCl2 in formic acid, respectively, as
conrmed by FTIR spectroscopy, ICP-OES and DSC analyses.
Each of the PA-66 ionenes against PA-66 (both at 5.0 wt%) was
incorporated into PET by melt blending. Based on DSC
RSC Adv., 2020, 10, 34177–34186 | 34185
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analyses, the determination of nonisothermal crystallisation
kinetic parameters, WAXD measurements and POM observa-
tions, PA-66 and its ionenes acted as heterogeneous nucleators
of PET to accelerate melt crystallisation, although their nucle-
ation efficiencies were different. As IC increased from 0 to 2.3 to
6.5 mol%, the nucleation efficiency of CaCl2–PA-66/PET
increased steadily, as conrmed by the gradual increases in
Tmc, DHmc, Xc and Zc, decreases in DT and t1/2, and remarkably
thicker and smaller PET crystals. This may be explained by the
replacement of weak hydrogen bonds with strong IDIs in the
interlayers, which enhances the interfacial compatibility to
create ner CaCl2–PA-66 nucleators with a denser distribution,
thereby resulting in much thicker and probably smaller PET
crystals. When IC further rose from 6.5 to 11.4 mol%, the IDIs
were reinforced, leading to stronger interfacial compatibility
and hence better nucleator dispersion of CaCl2–PA-66/PET;
however, the PET crystallinity was not further improved, likely
because the stronger IDIs markedly thickened the interlayers
and enlarged the interfacial area, resulting in more amorphous
PET domains. These amorphous portions overlapped each
other, restricting the nucleation and growth of the remaining
PET matrix on the CaCl2–PA-66 crystals. Consequently, the
optimum IC of CaCl2–PA-66 nucleator to maximally raise the
crystallisation rate and degree of crystallinity of the PET matrix
was 6.5 mol%. These results provide a valuable reference for
selecting the ion type and content of ionised nucleator to
maximise the heterogeneous nucleation efficiency of commer-
cial PET resin/nucleator.
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