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ABSTRACT: Coloring study in organic hybrid of poly-
amide (PA6) and N,N’-ethylene-bis(tetrabromophthali-
mide) (EPT), where the chromophore was self-assembled
by hydrogen bonding formed between PA6 molecular
chains and EPT compound, have been characterized by
several techniques. CS930 double wavelength lamella scan-
ner was employed to measure the change of color. The ex-
istence of hydrogen bonding in PA6/N-N'-ethylene-bis
(tetrabromophthalimide) (PA6EPT) was investigated with
Fourier transform infrared (FTIR), the results of which
were compared with that of PA6 with the same thermal
history. FTIR spectra at room temperature revealed that
there is essentially hydrogen bonding between PA6 and
EPT. The crystallization behavior of PA6EPT affected by
hydrogen bonding was studied by using FTIR. The tem-
perature-dependent behavior of both PA6 and PA6EPT

was studied by temperature-FTIR spectroscopy and differ-
ential scanning calorimetry (DSC). With temperature in-
creasing, changes in sensitive, high-resolution absorbance
spectra are observed as dissolve-volatilizing thin film.
Temperature-FTIR results showed that the hydrogen bond-
ing in PA6EPT attenuated and dissociated considerably at
a smaller rate than PA6, that is to say, hydrogen bonding
in PAGEPT is more stable than that in PA6. DSC showed
that the melting temperature of PA6EPT and PA6 are simi-
lar. However, the crystalline degree and crystalline tem-
perature and melting enthalpy of PA6 and PA6EPT are
different. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 104:
594-600, 2007
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INTRODUCTION

It is well-known that there are some methods in col-
oring technology of polymerlz (1) Coloration with sin-
gle pigment. Many types of colorants (dyes, organic
or inorganic pigments, and some specialty com-
pounds) were used directly in the coloring process
of resins or plastics. In the coloring technology, col-
ors can be matched according to optical principles
for the color that we need. The colorants are dry
blended with the plastic granules at room tempera-
ture in a mixer. But the properties of materials
would be affected when the colorants are added into
plastics or resins; if inadequate dispersion of a pig-
ment appears in polymer systems, it would manifest
many limitations, such as fluctuations in color inten-
sity, deviations in shade, and drop in mechanical
strength. (2) Coloration with pigment concentrates.
This processing technique is the same as that
described when using single pigments, but possesses
the advantages that the pigments are already present
in an optimally dispersed form. In the methods
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DISCOVER SOMETHING GREAT

above-mentioned, proper colorants need to be selected
to make polymer appear the color of colorants. But in
the engineering polymer, there are some problems in
the compatibility between polymer and colorants:
(1) thermal stability, lightfastness, and weather resist-
ance of colored polymer; (2) the property of migration.
Because of long contact between colored products and
solid, solvent, or gas, chemical or physical reaction
will take place. Then, pigment particle will migrate
from the plastics/pigment system to the surface, or
the colorants will migrate to nearby objects. Since the
addition of an adhesion promoter or a dispersing
agent can influence the properties of materials, the
compatibility between polymer and colorants is very
important problem. It is well-known that chromo-
phore in the pigment structure is an important reason
for coloring polymers. Many researchers have taken
some experiments to resolve the above-mentioned
problems, such as chromophores can be introduced
into polymer’s main chain®* or bonded as a side
group™® and can be dissolved in a polymer matrix.””
In this study, noncovalent interactions are being used
in preparation of chromophore. We recently have
found that intermolecular hydrogen bonding, which
will come into being between N-N'-ethylene-bis(tetrab-
romophthalimide) (EPT) with a polar functional group
and PA6 macromolecular material with a polar atom,
can self-assemble into chromophore, and then the PA6
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material is colored. It is a new domain in the coloring
technology.

In this study, Fourier transform infrared (FTIR),
temperature-FTIR, and DSC were used to identify
the existence and effect on crystallization behavior of
hydrogen bonding and temperature-dependent
behavior of hydrogen bonding, respectively. On the
basis of these experimental evidences, these studies
attempted to describe the thermal stability of hydro-
gen bonding and interpret the crystallization prop-
erty of colored PA6 obtained by hydrogen bonding.

EXPERIMENTAL
Materials

PA6 was purchased from Baling Company, China
Petroleum and Chemical, relative viscosity (n,) = 3.33;
The EPT was prepared by bromination of N-N'-eth-
ylene-bis(phthalimide) (EBP), which was synthesized
with o-phthalic anhydride and 1,2-diamincethane as
reactants and water as reaction media."’

In the experiments, the different ratios of PA6/EPT
have been taken; the color belongs to the same series.
So, the 95/5(by weight) ratio of PA6/EPT was studied
for achieving saturated hydrogen bonding between
PA6 molecular chains and EPT and taking visible ex-
perimental effect. It was prepared using a twin-screw
extruder (SHJ-30A, Nanjing Plastics Machinery Plant,
China), which was operated at a screw revolution of
100 rpm and a temperature profile of 225-240°C.

Measurement
Visible chromatogram

CS930 double wavelength lamella scanner (JN) was
employed to measure reflect spectrum of PA6, EPT,
and PA6EPT for analyzing change of the color. The
testing samples: EPT sample is powder; both PA6
and PA6EPT are strip samples, the dimension (I x w
x h): 120 x 10 x 4 mm?®.

Fourier transform infrared spectroscopy

Infrared spectra were taken with a Spectrum One B
FTIR spectrometer (PE Comp. American), and the
FTIR spectra at different temperature were obtained
by using FTIR spectrometer equipped with a vari-
able-temperature cell. To obtain a thin smooth film
for IR study, the particle samples were dissolved in
formic acid, and thin film samples were obtained by
flow of liquor in the glass plate because solvent is
volatile at room temperature. The films were dried
in a vacuum oven, at 100°C for 8 h, before use. The
thin films were scanned at room temperature to
prove the existence of hydrogen bonding. And the
samples were scanned in the wavenumber range

from 4000 to 450 cm ™ '. The spectra at different tem-
perature are acquired by temperature-FTIR. The
samples were scanned at an increasing interval of
20°C until the temperature nears melting point of
PA6 (230°C); the specific temperatures are: 30, 50, 70,
90, 110, 130, 150, 170, 190, 210, and 230°C. Before
spectra collection, the cell was equilibrated for at
least 2 min at each temperature.

Differential scanning calorimetry

The crystallization experiments were performed in a
TA Instruments Q10 modulated differential scanning
calorimeter (DSC) with a sample weight of 5-8 mg
under a nitrogen atmosphere. The samples were
encapsulated into aluminum pans and were heated to
250°C at 10°C/min rate, and the heat flow during crys-
tallization was recorded as a function of temperature.

RESULTS AND DISCUSSION
Color change analyses

Figure 1 shows reflect spectrum of the samples. The
graphs show that curves are different in the range of
370-600 nm visible lights. Figure 1(ab) shows reflect
curves of both PA6 and EPT are flatness. All light is
absorbed in the region of visible wavelength. So, their
colors are white. However, Figure 1(c) shows PA6EPT
is green-yellow. There is absorption peak in 395 nm
that belongs to purple light (380-450 nm), so its reflect
light is green-yellow, complementarity of purple.'

Analysis of hydrogen bonding

Hydrogen bonding status at room temperature

Figure 2 shows the FTIR spectra of PA6 and PA6EPT at
room temperature in the ranges of 4000-2000 cm
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Figure 1 Visible light spectrogram of (a) pure PAS6,
(b) EPT, and (c) PA6EPT.
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Figure 2 Comparison of FTIR spectra at room temperature
in the range of (a) 4000-2000 cm™ ' and (b) 20001225 cm ™.

and 2000-1225 cm™'. In the spectra, shift of many
bands are tiny, except for the vibration shoulder ab-
sorbance position close by N—H band stretching
absorption ranging from 3100 to 3000 cm ™' in both
spectroscopy. The shoulder peak related to hydrogen
bonding of them, such as hydrogen bonded N—H
stretching, amide I, amide II, and so forth are nearly
the same. Therefore, compounding PA6 with EPT
will considerably influence the status of hydrogen
bonding at room temperature. The 3091 cm™' ab-
sorbance peak is generated in the interaction of am-
ide I and amide II and affected by hydrogen bond-
ing between N—H and C=O in PA6 chains. Figure
2 shows that the shoulder absorbance position shifts
to low wavenumber, from 3091 to 3067 cm ! The
shift change is large. But other absorbance peaks
have no shift phenomenon. Hydrogen bonding in
PAGEPT is formed in condition of destroying the
hydrogen bonding in PA6 chains, and come into
being between N—H band in the PA6 molecular
chains and C=O in EPT compound. And the steri-
cally hindered effect was produced because of
hydrogen bonding formed, both order of molecular
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Figure 3 A possible form of chromophore produced by
hydrogen bonding between pure PA6 and EPT.

arrangement and motion of C—C bands are different
by comparing with the molecular structure of PA6
and PAGEPT, and it has influenced the absorbance
position. So, the shifts take place in IR spectra. It can
be illustrated that hydrogen bonding have been
formed between N—H group in PA6 and C=O po-
lar functional group in EPT. There have 1710 cm ™'
absorbance peaks in the Figure 2(b). It is characteris-
tic absorbance of C=0 in EPT. And there are not
new functional groups in the PA6EPT, which has
been proved by 'H-NMR result. These facts illustrate
that hydrogen bonding that is formed between PA6
and EPT is existent and effective in the process of
producing color.

Figure 3 shows a possible form of a chromophore
self-assembled by hydrogen bonding between PA6
and EPT. An intermolecular hydrogen bonding is
formed between C=O group linking with phenyl
and H atom in N—H group of molecule chain. The
PA6 molecular chain and EPT molecule were con-
nected by means of hydrogen bonding. And we can
see that the structure is “bridge” shape, which is the
same as the structure of tetrachloroisoindolinones,
such as yellow pigment 109 and 110 (Fig. 4).

Hydrogen bonding change with temperature

Thermal stability of hydrogen bonding is related to
the thermal mechanical properties of PA6 and aids
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Figure 4 The structure of pigment 109.
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Figure 5 High-resolution FTIR absorbance spectra of
pure PA6, reported over 3600-3000 cm~! wavenumber
ranges at 20°C intervals; significant peaks: 3300, 3085 cm '
at 30°C temperature. a: 30°C; b: 50°C; c: 70°C; d: 90°C; e:
110°C; f: 130°C; g: 150°C; h: 170°C; i: 190°C; j: 210°C; and
k: 230°C.

to understanding the nature of hydrogen bonding.
Temperature FTIR spectroscopy' '® is the usual
methodology for investigating the status of hydrogen
bonding at different temperatures. We will discuss
the temperature FTIR spectrum of PA6 and PA6EPT,
respectively. Since each spectrum contains many
peaks over wavenumber range scanned (from 4000
to 450 Cmfl), the analysis to follow will focus on
those typical peaks exhibiting greatest change with
temperature.

Figures 5 and 6 show infrared spectra in the range
of 3600-3000 cm ™' of PA6 and PAGEPT recorded as
a function of increasing temperature (30-230°C). As
thermal energy is added, intramolecular and inter-
molecular forces will be overcome gradually. Thus,
less energy is required to excite corresponding vibra-
tional dipoles, and spectral peaks will appear at dif-
ferent wavenumbers as thermal energy drives mate-
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Figure 6 High-resolution FTIR absorbance spectra of
PAGEPT, reported over 3600-2800 cm ™! wavenumber
ranges at 20°C intervals; significant peaks: 3300, 3066 cm ™'
at 30°C temperature. a: 30°C; b: 50°C; c: 70°C; d: 90°C; e:
110°C; f: 130°C; g: 150°C; h: 170°C; i: 190°C; j: 210°C; and
k: 230°C.

rials toward increasing disorder. In the Figures 5
and 6, 3400-3200 cm ™' absorbance peaks decrease in
intensity and shift to higher wavenumber position as
temperature increases, and 3150-3000 cm ™! peaks
are dominated by a broad, nearly featureless plateau.
The peak simply decreases in intensity coalescing
into the broad plateau. This behavior is curious,
especially considering hydrogen bonding.

Figure 7 presents the peak position of the PA6
and the PAG6EPT taken as a function of the tempera-
ture. Figure 7(a) shows that the shift has taken place
in the N—H stretching absorption position with
increasing temperature in PA6 and PA6EPT. 3300 cm
is the significant peak about —N—H stretching
absorption. 3300 cm ' shifts to 3314 cm ™' for PA6
and 3300 cm ™" shifts to 3313 cm ™' for PAGEPT. This
peak behaves are very similar. The extent of disorder
was enlarged with increasing temperature, because
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Figure 7 Frequency shifts of (a) the —N—H band
(3398—3316 cm !) and (b) the shoulder peak nearing the
—N—H band (3086-3062 cm ') with increasing tempera-
ture in PA6 (M) and PA6EPT (O).
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arrange of molecular chain was destroyed, that is to
say, the portion of hydrogen bonding was destroyed
with increasing temperature. And the surroundings
around N—H band were changed. It leads to change
of N—H band absorbance position.

Figure 7(b) shows that the absorption position at
3085 cm ™! is shifting to 3071 cm™! with temperature
increase in PA6, 3066 cm ™! shifts to 3064 cm ! in the
PAGEPT. 3085-3062 cm ' peaks are the position
about N—H band vibrational shoulder absorption,
which is brought by hydrogen bonding, which is
formed between N—H group and other polar group.
The direction of shift is contrary to 3300 cm '
absorption peak with increasing temperature. This
peak shifts to lower wavenumber. Reason causing
those shifts is related to stability of hydrogen bond-
ing. Hydrogen bonding was destroyed with increas-
ing temperature in the PA6 molecule. And bending
vibration frequency is sensitive to temperature
change because of the broken hydrogen bonding. It
can be illustrated that the intramolecular hydrogen
bonding in PA6 molecule chain is not stable due to
the formation of three membered ring, which shows
a sensitivity towards thermal energy. Therefore, the
three membered ring sterically considered as highly
energetic structure is easily broken with raising less
amount of temperature. The tendency of broken
hydrogen bonding will be enlarged with increasing
temperature. But in the PAG6EPT, the absorption
position at 3066 cm™" is shifting to 3064 cm™" in the
Figure 7(b). The peak position does not change
much with temperature. And bending vibration fre-
quency is low degree of sensitivity to temperature
change, because hydrogen bonding, which was
formed between PA6 and EPT in the high tempera-
ture, is not broke easily. And in the high tempera-
ture, hydrogen bonding has confined the motion of
PA6 molecule chain, and the change of frequency
distortion is small. In the Figure 7(b), comparing the
shift number of shoulder peak, we can conclude that
the stability of hydrogen bonding in the PA6EPT is
higher than that in PAé6.

The stability of hydrogen bonding can be investi-
gated by the change of intensity, too. Figures 5, 6,
and 8 show the change of N—H stretching of PA6
and PA6EPT with increasing temperature has a simi-
lar trend: the band shifting to high frequency, the in-
tensity of band decreases, and the width of the band
becomes broad, detecting attenuation and dissocia-
tion of hydrogen bonding. Nevertheless, the change
rate for PA6EPT is considerably less. Although the
decrease of intensity of hydrogen bonded —N—H
stretching does not reveal a direct change of the
strength of hydrogen bonding because the absorp-
tion coefficient'*'® is not constant with increasing
temperature. The breadth of this band correlate
directly with the degree of order in the samples-the
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Figure 8 Comparison of the temperature dependence of
the width at half-height of the hydrogen-bonded —N—H
stretching band between PA6 (M) and PA6EPT (O).

broader the band is, the more disordered the sam-
ples.” Therefore, we compare the temperature de-
pendence of bandwidth of the —N—H stretching
mode between PA6 and PA6EPT, as shown in Figure 8.
The bandwidth was obtained by curve fitting to
erase the influence of a two-phonon band at ~3200 cm ™"
(the procedure is omitted). The bandwidths of N—H
stretching in both PA6 and PAG6EPT become larger
steadily with increasing temperature, but the rate of
increase of the bandwidth in PA6EPT is less than
that in PA6. It means that the hydrogen bonding in
PAGEPT is more stable than that in PA6.

Effect of hydrogen bonding on
crystallization behavior

Figure 9 shows the IR spectra at range of 3500-
3000 cm ™' and 1500-500 cm . This is characteristic
absorbance peaks of a-phase and y-phase. The peaks
of a-phase are 3065, 1477 cm ! (CH, scissors vibra-
tion),'® 1416 cm ' (CH, scissors vibration),’” 1373 cm ™!
(amide III and CH, wag vibration),?® 1199 cm™!
(CH, twist-wag vibration),?! 959 cm™' (CO—NH in
plane vibration),”! and 928 cm~' (CO—NH in plane
vibration).”> The peaks of y-phase are 1439 cm™'
(CH, scissors vibration),” 1369 cm ™' (CH, twist-wa

vibration)," 1236 cm™' (CH, twist-wag vibration),”
976 cm ' (CO—NH in plane vibration),** 712 cm ™
(amide V).**** Figure 9 shows strong features of the
a-phase associated with peaks at 3065, 1477, 1416,
1373, 1199, 959, and 928 cm '. In contrast, peaks of
pure PA6 show that the y-phase was dominant.
According to the hypothetic formation of hydrogen
bonding (Fig. 3), hydrogen bonding has restricted
the twist-wag motion of PA6 chains. The arrange-
ment of PA6 chains was propitious to form a-phase.
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Figure 9 FTIR spectra of pure PA6 and PA6EPT in the
range (a) 3500-3000 cm ™' and (b) 1500-500 cm .

Differential scanning calorimetry analyses

The degree of crystallization is the most important
characteristic of a polymer in that it determines me-
chanical properties, such as yield stress, elastic mod-
ulus, and impact resistance. So, DSC would be
employed to analyze the effect of hydrogen bonding
on the thermal behavior in this process. And we
would simply compare the difference of data about
DSC, such as crystallizing point, crystallizing en-
thalpy, melting point, and melting enthalpy. Fig-
ure 10 shows the crystallizing curve (a) and melting
curve (b) of PA6 and PA6EPT, which were prepared
under identical condition.

Table I summarizes data from Figure 10. In the Ta-
ble I, the melting temperature (T,,) of PA6EPT
changed little with addition of EPT. But the peak
temperature of crystallization (T.) of PAG6EPT is
higher than that of pure PA6. Since the compound
EPT was added in the PA6, the hydrogen bonding
of PA6EPT was formed in high temperature and
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Figure 10 DSC (a) crystallization and (b) melting curves.

more stability than that of PA6. Hydrogen bonding
in PA6EPT has improved the order of microchains
in the course of decreasing temperature. It was
favorable to the formation of crystal nucleus. So,
crystallization temperature of PA6EPT increases, and
the onset crystallization temperature and the incre-
ment rate of crystal nucleus in PA6EPT are larger
than that in PA6. Although EPT can increase the rate
of crystallization because of the nucleation effect,

TABLE I
Values of T,, T,,, AT, AH,, AH,, at 10°C/min Cooling
Rate for Pure PA6 and PAGEPT

Samples T. (°C) T, (°C) AT.(°C) AH.(/g) AH, (/g)
Pure PA6 1883 2205 322 58.4 58.8
PA6 EPT 1904 2205  30.1 53.3 542

T, the maximum crystallization rate temperature; T,
melting temperature; AT, = T,, — T.,; AH,, crystallization
enthalpy; AH,,, melting enthalpy.

Journal of Applied Polymer Science DOI 10.1002/app



600

pure PA6 is also easily to crystalline with a high
crystallization rate, which causes no difference in
melting point between PA6 and PA6EPT. But it is an
accidental phenomenon. If the temperature rising rate
increases, the sensitive degree of testing increases and
the crystalline temperature is different. However,
hydrogen bonding formed has restrained the action
of chains and affected the ordering rate of chains and
reduced the rate of crystal growing in the course of
crystal growing. So the driving force (AT.) of PA6EPT
is lower than that of PA6. Despite PA6EPT has higher
crystallizing temperature, its crystallizing enthalpy
and melting enthalpy is lower (Table I), and then
crystallinity of PA6EPT is lower than that of PA6. So
it illustrated hydrogen bonding has effect of obstruct
in the course of crystal growing.

CONCLUSIONS

1. The change of color has been analyzed by visible
chromatogram. Both PA6 and EPT are white; the
color in blends of PA6 and EPT is green-yellow.

2. Existence of hydrogen bonding have been
proved by FTIR; there is strong evidence of the
intermolecular hydrogen bonding, which is of a
unionized type between the PA6 molecular chain
and the EPT, can self-assemble a chromophore.

3. The thermal stability of the intermolecular hy-
drogen bonding has been investigated by tem-
perature-dependent FTIR. The results showed
that the intermolecular hydrogen bonding in the
PAG6EPT is more stable than that in the PA6 mo-
lecular chain.

4. Hydrogen bonding formed between PA6 chains
and EPT restricted motion of PA6 chains. Arrange
of chains was fixed by hydrogen bonding. So it
was of advantage to formation of a-phase.

5. DSC has analyzed different of crystallization
temperature and enthalpy. From above discus-
sions, we know that the intermolecular hydro-
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gen bonding in the PA6EPT is importance cause
for the difference of crystallizing temperature.
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