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ABSTRACT: In this report, polyamides were solution
blended in the formic acid with poly(vinyl pyrrolido-
ne)(PVP), an amorphous polar polyamide. The thermal
behaviors and morphological change in the blends of Ny-
lon 6 (PA6) and PVP were investigated in details via
WAXD, DSC, FT-IR and POM methods. The equilibrium
melting temperatures for PA6 in the blends were esti-
mated based on the linear and nonlinear Hoffman-Weeks
(LHW and NLHW) extrapolative methods. With increas-
ing the mass ratio of PVP to PA6, T, (melting tempera-
ture) and T, (crystallization temperature) of PA6 in blends

both decreased as well as that of the spherulite size of
PA6. The interaction mode between PVP and PA6 was
investigated by FT-IR spectroscopy, and the spectral
changes indicated that the carbonyl groups of PVP had
formed hydrogen bonding with the N—H groups of PA6
molecules in the molten state, which resulted in the varia-
tion of the morphology and thermal behaviors. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 123: 375-381, 2012
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INTRODUCTION

Tremendous interests have been focused on the mis-
cibility between polymers in the blends over the
past 20 years both from scientific and engineering
view points.! Generally, miscible polymer blends
can be obtained via specific interactions such as
dipole-dipole, hydrogen bonding, static interaction,
and chemical reaction which act as driving forces for
miscibility. Poly(N-vinyl-2-pyrrolidone) (PVP) is a
water-soluble tertiary amide polymer, a proton
acceptor polymer, which is always considered to be
a strong Lewis base to compose with other Lewis
acids polymers, such as poly(vinyl alcohol),*™*
poly(p-vinyl phenol),” poly(hydroxyethyl methacry-
late),® etc.

For miscible polymer blends, the research mostly
focused on two aspects: multimelting behavior and
polymeric spherulites studies. The study in the melt-
ing process of the crystalline or semicrystalline poly-
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mers, especially of the semicrystalline polymers
(e.g., nylons), have been attractive for many scien-
tists in the past half century accompanied with a
large number of articles published.”'* However, the
multiple melting behavior is still not be fully under-
stood and there is no general consensus on its ori-
gin. The interpretation varies from different crystal
structures'® or lamellar thickness'* to simultaneous
melting and recrystallization.'” At present, it is usu-
ally recognized that the multiendotherms arisen
from several different factors which are dependent
upon the sample properties and thermal history.
Examples of the causes are different crystalline
phases and recrystallization behavior during the
DSC experiment. Whereas spherulites are produced
for most of the crystalline polymers in an environ-
ment free of stress (mechanical or thermal disturb-
ance). The studies on spherulites for crystalline or
semicrystalline polymers (e.g., nylons) from the mol-
ten state in which an amorphous composition is in-
troduced have been carried out for a long time.'®
Some formation mechanisms of the spherulite were
proposed as well.

In summary, there are a few articles discussing
multiple-melting behavior as well as the spherulite
in the nylons’ blends, but there is no general consen-
sus on its origin. Furthermore, some formation
mechanisms of the spherulite are proposed, but
there is no convincing theory or explanation on
them. In this article, summarizing a throughout
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investigation carried out by our research group
about the influence of PVP with different molecular
weight on the thermal properties and morphology of
PA6 spherulites in detail. And the possible interac-
tion mechanism was proposed as well.

MATERIALS AND METHODS

Poly(vinyl pyrrolidone) (PVP) with molecular
weights M, = 40,000g/mol (PVPK30) and M, =
1,300,000g/mol(PVPK90) were purchased from
Sigma and Acros, respectively. PA6 pellet was pur-
chased from Ba Ling Petrochemical Corp., Yueyang.

Films for wide angle X-ray diffraction (WAXS)
were prepared by solution blending in formic acid
with desired molar ratio followed by the solvent
evaporated and dried at 100°C under vacuum over-
night to eliminate the residual solvent. Then the
samples were sandwiched between Teflon sheets
and melt pressed in a hydraulics hot press under
nitrogen atmosphere.

FT-IR spectra of all blends were recorded using a
Bruker EQUINOX 55 FT-IR Spectrophotometer. All
infrared spectra were obtained in the range 4000-
400 cm ™" with a resolution of 4 cm™' and scanning
once per 5°C from 25 to 175°C under reduced pres-
sure to avoid oxidation of the samples and the influ-
ence of moisture on the spectrum.

Differential Scanning Calorimetry experiments
were performed on a Perkin-Elmer DSC-7. The
measurements were conducted under a dry nitrogen
flow rate of ca. 25 mL/min. PVP/PA6 samples were
heated to 250°C, subsequently hold for 10 min, rap-
idly cooled to 50°C, and then reheated to 250°C at
the rate of 10°C/min. The isothermal crystallization
experiment was carried out as well.

Investigation on the spherulic morphology of pol-
yamides was carried out on Leika POM. The sam-
ples for POM experiment were spread onto glass
slides and dried under vacuum over night to com-
pletely remove the residual solvent. The samples of
PAG6 blends for POM were melted at 250°C for 3 min
to eliminate the thermal history, then quenched
to 190°C and annealed for 20 min. After that, the
samples were observed under POM at room
temperature.

RESULTS AND DISCUSSION
Wide angle X-ray diffraction

PA6 samples typically showed the triclinic structure
described by Bunn and Garner.”! Figure 1 showed
the X-ray diffraction patterns of the PVP and polya-
mides blends. In pure PA6, PVPK90/PA6 and
PVPK30/PA6 blends, two major peaks located at 26
angles of 20° and 24° corresponding to the (100) and
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Figure 1 Wide angle X-ray diffraction patterns of solu-
tion-cast blends. a:PA6; b:PVPK90/PA6-20/80; c:PVPK90/
PA6-50/50; d:PVPK30-20/80; e:PVP/K30/PA6-50/50.
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(010) spacings were almost the same. No other peaks
in blends could be observed, and only with the in-
tensity ratio of 1) to 100y increased as shown in
curves a-e.

Differential scanning calorimetry

Multimelting peak behavior and the equilibrium
melting temperature of the PVPK90/PA6 and
PVPK90/PA66 blends

Figure 2 showed DSC thermograms of PVP/PA6
blends which were melted at 250°C for 5 min,
respectively, followed by rapid cooling to desired
crystallization temperature (7.) and holding for
needed time, then reheating to 250°C, at the heating
rate of 10°C/min. Melting behaviors of PA6 were
characterized by the presence of three endothermic
peaks: they were (1) the minor endothermic peak
(located close to the corresponding crystallization
temperature T., namely peak I(left)), (2) the low-
temperature melting endothermic peak [namely
peak II (middle)] and (3) the high-temperature melt-
ing endothermic peak [namely peak III (right)].
Figure 3 gave plots of the minor peak temperature
Ty, the low-melting peak temperature T,,, and the
high-melting peak temperature T3 as a function of
the isothermal crystallization temperature T.. T,n
increased linearly with the crystallization tempera-
ture, which was parallel to the T,, = T, line. This
indicated that melting behavior of peak I always
started at a temperature closed to the crystallization
temperature, which implied that the minor Peak T,
was corresponding to the temperature when the
imperfect crystalline phase (secondary crystalliza-
tion) formed between the primary crystallization
lamella began to melt. And the low-melting peak
T,» was related to the melting of the primary
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Figure 2 DSC thermograms of K90/PA6 films solution-cast at depressed pressure: a: PA6; b: K90/PA6-20/80; c: K90/
PA6-50/50.
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Figure 3 The identity of the equilibrium melting temperature from DSC thermograms of K90/PA6 films solution-cast at
depressed pressure: a: PA6; b: K90/PA6-20/80; c: K90/PA6-50/50
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Figure 4 The equilibrium melting temperature and crystal temperature from DSC thermograms of K90/PA6 films as
function of the weight fraction of PVPK90 (a), and the volume fraction based on the Nishi W. equation (b). The solid
curve is theoretical value, and the dot is experimental results shown in Figure 4b.

crystallization formed at isothermal crystallization
temperature T.. At last, the high-melting peak T,
was attributed to the melting of the recrystallization
crystallites during the heating process.

The equilibrium melting temperatures T9, of the
different samples were determined by so-called
Hoffman’s T,,-T, ex’crapolation.22 As shown in Figure
3, the temperatures of Peak I were always higher
~ 4°C than the crystallization temperature (T,) and
the temperatures of Peak III were almost constant
regardless of T., which indicated that they were not
melting temperatures of the primary crystallization
of PA6 under the given experimental conditions.
Therefore both Peaks I and III were useless in deter-
mination of T of the PVPK90/PA6 blends. And
Peak II were used to determine the TV since it
increased linearly with T..

Figure 4(a) showed how the equilibrium melting
temperature and the crystallization temperature
(T.”) of the PVPK90/PA6 blends depended on the
weight fraction of PVPK90 in the blends. It was
clearly suggested that the melting points depressed
gradually with the amorphous PVPK90 content
increasing. The melting point decreasing phenom-
enon was similar to the one observed in the crystal-
line polymer-diluent systems. Several mechanisms
had been proposed regarding the melting point
depression in the latter systems™?* and it had been
suggested morphological effects such as size and the
perfection of the crystalline regions were responsible
for the lowering of melting point of PA6.

A possible explanation for the observed melting
point decreasing phenomenon was to consider the
thermodynamic effects of mixing by extending the
work on the crystalline polymer-diluent systems™
to the crystalline polymer-amorphous polymers
systems. As argued by Scott” using the Flory-
Huggins approximation,® the thermodynamic
mixing of two polymers was treated. For the given
system the chemical potential j1,,' per mole of crys-
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tallizable polymer units in the mixing relative to its
chemical potential 1), in the pure liquid could be
expressed as

TRV,

In V2
Hoy! Moo = Vlu

1 1
+ <———> X (1 —Vz)
my mp M

(1)

+x12(1 = V2)2

where, the subscript 1 identified with amorphous
polymers and 2 with the crystalline polymer, V was
the volume fraction, V,, was the molar fraction of the
repeating units, m was essentially the polymerization
degree.® And the y;, was the polymer-polymer
interaction parameter, R was the gas constant, and
the T was the absolute temperature.

Considering the correlation of the chemical poten-
tial, the enthalpy and the entropy of the fusion of
the crystal polymer, and by means of a series of
thermodynamic approximation and mathematic
treatment, the following equation was finally gained:

1 1 1 BVZu Vi
| = — 2
Vi |:Tm T?n] AHa, . Ton ( )

where  was the interaction energy density charac-
teristic of the polymer pair and AH,, was the
enthalpy of fusion per mole of repeating unit of crys-
talline polymer. Scott’s equation provided a direct
determination of the interaction parameter between a
crystallizable polymer and an amorphous polymer.

It was shown that the relationship between
(1/V)x[(1/T,)—(1/T°)] and V;/T,, was linear. And
the data obtained in Table I was plotted with (1/
V)x[(1/T)—1/T9)] versus V,/T,, as shown in
Figure 4(b). Calculation showed a value, A, of 7.3 x
10 °K™! for the ordinate of the intersection point
and 6.331 x 1072 for the slop B. Connected the val-
ues of the density, volume and the molar enthalpy
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Figure 5 IR spectra of the PVPK90/PA6 blends under
reduced pressure at 175°C in the range of 1200~
3450cm " The component of the PVPK90/PA 6 blends
are, a: 100/0, b: 90/10, c: 50/50, d: 10/90, e: 0/100.

of the PVP and PAS6, the following parameters could
be obtained:

B = —13.52] /em®(of PVPK90), %3, = —0.302 at 220°C

x12 of PVPK90/PA6 system was less than zero,
which indicated that the polymer pair could formed
a thermodynamically stable compatible mixture at
temperature above the melting point of PA6.

FT-IR spectroscopy

Fourier Transform Infrared (FT-IR) spectroscopy was
extensively used to the characterize polymer blends.
Information about the nature, strength, and number
of intermolecular interactions among the components
as a function of temperature had been obtained.
Extensive research on hydrogen bonding in polya-
mides and polyurethanes had been performed by
several authors.” " Figure 5 showed the infrared
spectra of the PVPK90/PA6 blends casting onto a

a 1

1740 1710 1680 1650 1620 1590
wave nun‘ber(cm'1)
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KBr window recorded at 175°C under reduced pres-
sure in the range 1200 -3450 cm . For expository
convenience, we would separately describe the
results obtained in two major spectral regions.

N-H stretching band

Generally, the N—H stretching band of polyamides
covered a range of 3100-3450 cm '. The N—H
stretching band vy—g located at 3312 cm ™" for pure
PA6, and shifted to lower wave number upon the
addition of PVPK90, until to 3302 cm™ ' for the
PVPK90/PA6(90/10) blend film, and the half-peak
width of vy was broadened obviously, which indi-
cated that several N—H bonding states existed in the
blends. The above variations suggested that the
hydrogen bonding between PA6 molecules had been
partially destroyed by the PVPK90 molecules due to
formation of new hydrogen bonding between the car-
bonyl groups of PVP molecules and the N—H groups
of PA6 molecules, and the strength of new hydrogen
bonding might be stronger, which accounted for the
red shift of va—gg of PA6 molecules.

Amide I band

Unlike the isolated N—H stretching vibrations, the am-
ide I band exhibited more complex vibrations. The am-
ide I band could be ascribed to the C=O stretching,
the C—N stretching, and the C—C—N deformation
vibrations.* The stretching vibration ve_o of PVP
locates at 1682 cm ™' was overlapped with the amide I
band of PA6. As shown in Figure 5, the stretching
vibration of C=0 of the PVPK90/PA6 blends clearly
exhibited two peaks, and the vc_o band of PVP shifted
to lower wave number and the one of PA6 changes
inversely and accompanied the peak broadening.
Figure 6 showed the curve fitting results of
PVPK90/PA6 with molar ratio 50/50 (a), 80/20 (b).
Three peaks were obtained in both Figure 6(ab),
exhibiting differences in the peak area and the peak

b 1

1740 1710 1680 1650 1620 1590
wave number(cm’')

Figure 6 The curve fitting results of PVPK90/PA6-50/50(a) and PVPK90/PA6-80/20(b) blends.
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position in the two blends. With addition of PVP,
the peak area of 1615 cm ' band increased obvi-
ously. The appearance of new peak(l) at 1615 cm ™"
indicated that there was new state of carbonyl group
in the blend, which was consistent with the variation
of vy—p that partial hydrogen bonding between the
PA6 molecules were destroyed due to the interaction
between carbonyl groups of PVP with the N—H
group of PA6. Combined with the variation of vy_g;
band, vc_o of PA6 should shift to higher wavenum-
ber and overlap with the vc_o band of the PVP,
which accounted for the larger peak intensity for the
peak located at ca. 1680 cm ' and the smaller peak
intensity corresponding to the carbonyl group

0]
H- H, ”
H2 H H; H; I \ N N C—c—CN
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Figure 9 The spherulitic crystal morphologies of PA6 in PVPK90/PA6 blends reflected by the POM: a: 0/100; b: 50/50 c:
80/20; PVPK30/PA6 blends reflected by the POM: d: 0/100; e: 50/50; f: 80/20. The ratio is calculated by mass fraction.
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absorption in the hydrogen sheet of the PA6 mole-
cules. Accompanied the formation of the new hydro-
gen bond between the N—H group in PA6 molecules
and the C=O0O group in PVP molecules, the vc_o of
the PVP molecules clearly shifted to lower frequency
and the peak intensity became stronger in Figure
6(b) compared with that of the vc_o in Figure 6(a).

According to Ref. 31 the hydrogen bonding in
PA6 had two forms: perfect and imperfect arrange-
ments. Combined with the above IR spectral results,
and the interaction mode between PA6 and PVP
molecule in the molten state was speculated show-
ing in Figures 7 and 8, respectively.

POM experiment

Optical studies were carried out on pure PA6 and their
blending with PVP using polarized microscopy. After
the thermal treatment with hot stage under nitrogen
atmosphere, the spherulites with different morphology
were obtained. When PVP molecules were introduced
into PA6 matrix, the morphology and the size of the
spherulites changed correspondingly, which was the
most notable effect of PVP as a diluent in suppressing
the primary nucleation of spherulites.

Figure 9 gave the spherulitic morphology of the
PVPK90/PA6 (a—) and PVPK30/PA6 (d—f) blends.
The addition of 10% PVPK90 led to the decrease of
the spherulitic size of PA6. Imperfect spherulites
were obtained when the PVPK90 content reached
50%, and the spherulite disappeared with 80% PVP
addition to. Whereas compared with that of
PVPK90/PA6 systems, small difference existed in
PVPK30/PA6 blends. When lower content (10%) of
PVPK30 was added to PA6, there were little influ-
ence on the spherulites of PA6. And when PVPK30
content reached 50%, the spherulites became irregu-
lar and the spherulitic size decreased, which indi-
cated that there were obvious interactions between
PA6 and PVP. A clear difference existed between the
PVPK90/PA6 and PVPK30/PA6 systems with the
PVP content being 80%, as shown in Figure 9, no
spherulites could be observed for PVPK90/PA6,
while imperfect spherulites still could be observed in
PVPK30/PA6 system. The reason for this difference
might be related to the difference of the viscosity or
the molecular mobility of these two PVP molecules.
For PVPK30, the smaller molecular weight mean less
entanglement and better molecular mobility, com-
pared with that of PVPK90, which was inclined to
induce the formation of microphase-separation more
easily. The better mobility for PA6 molecules, the
easier being repelled out of the crystal lattice for PVP
chains during the crystallizing process for PA6.
Therefore, spherulites still clearly existed when the
PVPK30 content reached 80% in PVPK30/PA6 sys-
tem and disappeared for PVPK90/PA6 blend.
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CONCLUSIONS

The blends of PA6 with PVPK30 and PVPK90 pre-
pared by solution casting were characterized via X-
ray, DSC, FI-IR and POM techniques in details. It
was showed that the PVP molecular weight had little
influence on the crystalline phase of PA6. But the ther-
mal behaviors of the blends, such as the melting point
depression, multiple melting behaviors, etc. were
much influenced by introducing the PVP component
into PA6 matrix. FT-IR results showed that the hydro-
gen bonding between PA6 molecules had been par-
tially destroyed by PVP molecules due to formation of
new stronger hydrogen bonding between the carbonyl
groups of PVP molecules and the N—H groups of
PA6 molecules, which accounted for the obviously
thermal behavior change in the blends. Furthermore,
the spherulitic morphology of PA6 was tightly de-
pendent on the molecular weight of PVP as well.
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