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ABSTRACT: Preparation and characterization of blends
and copolymers of a fluorinated polyimide with network
constituents is reported. 4,4�-Hexafluoroisopropylidene
diphthalic anhydride and 4,4�-diaminodiphenyl ether
(6FDA–DDE) polyimide were used as the linear hosts and
mellitic acid hexamethyl ester - 4,4�-diaminodiphenyl ether
(MAHE–DDE) was employed as the network constituent for
the blend and copolymer. Cast films of the polyimides were
characterized by FTIR, XPS, DMA, and TGA. The multifunc-
tional nature of MAHE facilitated crosslinking among the
constituents. Both blends and copolymers showed signifi-
cant improvement in the storage modulus and glass transi-
tion temperature relative to that observed for the 6FDA

homopolymer. The occurrence of a single glass transition
temperature for the blends suggests that they were at least
partially miscible. Presence of low molecular weight species
in the copolyimides, combined with steric hindrance to
crosslinking, may have resulted in the existence of an opti-
mum in the amount of the network components for improv-
ing the mechanical properties. Inclusion of network compo-
nents is presented as a facile method for improving the
desirable properties of polyimide. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 100: 3000–3008, 2006
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INTRODUCTION

Aromatic polyimides (PI) have been widely used in
industry as structural materials, as dielectric materials
for insulators, etc. since they possess many useful
properties.1 For practical applications, a certain poly-
imide may achieve some of the required properties.
Evidently, all the property requirements cannot easily
be met by a single homopolyimide. Polymer blends
and copolymers are relatively economical to produce
and generally cause a lower technical risk than that
involved in developing a new polymer or polymeric
composition.2 Accordingly, research in the area of
polymeric blends, copolymers, composites, and inter-
penetrating network systems has been very intense.
The value addition of commercial polymers (both
commodity and specialty grades) and avenues for fun-
damental research in these emerging fields have cul-
minated in tailoring of the properties of the polymers
to meet very specific technological requirements. Pro-
cessable aromatic polyimides were synthesized and
the mechanical, melt-flow, and thermal properties

have been studied.3 Random and block copolyim-
ides were synthesized based on pyromellitic dian-
hydride (PMDA), p-phenylene diamine (PDA) and
4,4�-diaminodiphenyl ether (DDE) and their me-
chanical properties were reported.4 Yamamoto et
al.5 synthesized polyimide blends and copolyimides
based on PMDA, PDA, and DDE and discussed the
coefficient of thermal expansion (CTE) difference
between polyimide blends and copolyimides. Sev-
eral research groups6 – 8 have reported the prepara-
tion of high-modulus, high-strength films with ei-
ther homopolyimide or PI/PI blends (molecular
composite) by thermal imidization of cold drawn
poly(amic acid) (PAA) precursor films. Molecular
composites have also been synthesized, such as
3,4,3�,4�-biphenyl tetracarboxylic dianhydride (BP-
DA)–PDA and PMDA–PDA (the rigid, reinforcing
component) together with BPDA–DDE and PMDA–
DDE (the flexible matrix).9 Interpenetrating poly-
mer network (IPN) polyimides were synthesized to
develop tougher polymers that are more resistant to
microcracking.10 Takekoshi and Terry11 studied sev-
eral crosslinked polyimide systems to determine the
reactivity and performance of disubstituted acety-
lenes used as curing end groups in high tempera-
ture composite matrix resins. Polybenzimidazole
(PBI)/PI blends have been studied widely because
of the theoretical and practical importance of these
high performance polymers.12 In summary, modifi-
cation of polyimide properties through copolymer-
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ization and blending has been under extensive in-
vestigation in the last two decades and is still a topic
of great interest.

Polyimides containing multifunctional reactants
have not been investigated extensively so far, despite
the potential for creating robust network structures.
The preparation and properties of a mellitic acid-
based polyimide were reported recently.13 The prep-
aration of mellitic acid hexamethyl ester (MAHE)-
based polyimide blends and copolymers have been
studied,14,15 where the focus of the study was the
processing conditions/parameters for imidization. To
continue our efforts to improve the mechanical prop-
erties and stability of polyimide and further reveal the
structure–property relationship, the MAHE-based
polyimide blends and copolymers were studied in this
work. The chemical composition of mellitic acid poly-
mer (MAP) was analyzed and was followed by inves-
tigation of blending and copolyimide formation in
6FDA–DDE/MAP systems. The 6FDA–DDE polyim-
ide system is of particular interest because of its highly
desirable properties such as solubility, hydrophobic-
ity, permeability, etc., and is a prime candidate for
reinforcement because of its relatively weak thermal
and mechanical properties.16

In this work, the mechanical and thermal properties
are discussed in terms of network formation in the
blends and copolymers. The presence of crosslinking
agents (MAP and MAHE) improves the storage mod-
ulus and increases the glass transition temperature
(Tg) of the material. Furthermore, at elevated temper-
atures, the rate of weight loss is lowered and the
weight retention capability is improved because of the
formation of networks.

EXPERIMENTAL

Materials

4,4�-(Hexafluoroisopropylidene)diphthalic anhydride
(6FDA) from Aldrich was purified by sublimation at
240°C under vacuum followed by vacuum drying at
180°C for 4 h. 4,4�-Diaminodiphenyl ether (DDE) from
Fluka was purified by recrystallization from ethanol
followed by vacuum drying at 80°C for 4 h. Mellitic
acid hexamethyl ester (MAHE) from TCI was used
after vacuum drying at 120°C for 4 h.

Sample preparation

The linear polymer was prepared by dissolving DDE
in N,N-dimethylacetamide (DMAc) followed by addi-
tion of 6FDA in stoichiometric amounts. The solution
was stirred for 2 h at 25°C under a stream of nitrogen
to obtain a lemon-yellow, viscous solution.

The mellitic acid polymer (MAP) precursor was pre-
pared by dissolving DDE and MAHE in the molar

ratio (DDE : MAHE) of 3 : 2 in DMAc. The monomer
was added in the same manner as for making 6FDA–
DDE. The solution was stirred for 2 h under a blanket
of nitrogen while the temperature was raised from
room temperature to a final value of approximately
135°C. A dark brown solution was obtained.14

To prepare the copolyimide precursor, DDE and
MAHE were dissolved in DMAc as above and the
solution was cooled in an ice bath to freezing point.
The amount of MAHE in the solution was varied such
that the network content ranged from 2 to 10%. 6FDA
was added subsequently and the solution was stirred
for 2 h in an ice bath to obtain the copolymer precursor
solution.

The precursor solutions were cast as films in petri
dishes. For the blends, the precursor solutions contain-
ing the linear and network constituents were mixed in
different proportions in a flask stirred for 4 h and cast
as films in petri dishes. The films were dried at 80°C in
a vacuum oven for 2 h (prebaked) and stored in a
desiccator. The dried samples were placed in a furnace
and heated to 350°C in air for 90 min, with a ramp rate
of 2°C min�1 (thermally treated). This finally resulted
in the imidized blends (6FBL) and copolymers (6FCO).
The materials are denoted by 6FBL-x and 6FCO-x,
where ‘x ’ refers to the MAP content by weight per-
cent.

Schematic formulae of monomers used in this study
and the poly(amic acid) formation formula are shown
in Figure 1.

Characterization

Fourier transform Infrared (FTIR) spectra obtained for
the samples in this work were recorded using a Bio-
Rad FTS-135 spectrophotometer. The samples were
scanned from 4000 to 500 cm�1 with a resolution of 4
cm�1. One hundred and twenty scans were averaged
for each spectrum.

X-ray photoelectron spectra (XPS) measurements
were performed on a Kratos Axis HSi, employing a
monochromatic excitation radiation of Al K� at 1486.6
eV. The photoelectron take-off angle with respect to
the polymer surface was set at 90°. A passing energy
of 150 eV was used for the survey spectra and 40 eV
for the high resolution scans. All spectra recorded
were referenced to the C1s peak with an assigned
value of 284.6 eV. The cross-sectional surface of the
film was examined. Surface elemental stoichiometries
were determined from XPS peak area ratios, corrected
with the experimentally determined sensitivity fac-
tors, and were reliable to within �10%. The elemental
sensitivity factors were determined using stable bi-
nary compounds of well-established stoichiometries.
In curve fitting, the line width (full width at half
maximum, or FWHM) for the Gaussian peaks was
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maintained constant for all components in the spec-
trum of a particular sample.

Storage modulus and loss modulus were measured
with a TMA 2940 Thermomechanical Analyzer (TA
Instruments) at a ramp rate of 3°C min�1 and a fre-

quency of 1 Hz. The samples were heated from ambi-
ent to 400°C.

Thermal stability and weight loss behavior were
measured using a Setaram Labsys TG/DTA system.
The samples (�10 mg) were heated from ambient to
900°C with a heating rate of 10°C min�1 in a nitrogen
atmosphere and the thermogravimetry analysis
(TGA)/differential thermogravimetry (DTG) analysis
curves were recorded.

RESULTS AND DISCUSSION

XPS study of MAP

MAP is not made up with a uniform molecular struc-
ture.15 In fact, there may exist different types polymers
and oligomers (Fig. 2). We can obtain the elemental
quantification from XPS which can be correlated to the
structures. The possible molecular structures that may
result when MAHE and DDE react are shown as (a),
(b-1), (b-2), and (c) in Figure 2. The element molar
ratios from calculation and XPS experimental results
are listed in Table I.

From the calculated and experimental molar ratios
of [C]/[O], [C]/[N], and [O]/[N], we can see that it is
reasonable to assume that all four polymers indicated
in Figure 2 coexist in the MAP system. We expect that
structure (a) is the predominant. However, NMR spec-
tra15 indicated the presence of small amounts of amide
and ester, suggesting the presence of (b-1) and (c). The
[C]/[O] molar ratio of (c) confirms that this structure
does exist in MAP (Table I); furthermore, it contributes
significantly to the entire system since this structure is
the only one that has a lower [C]/[O] molar ratio
(2.89/1) than the experimental value (3.15/1). The ex-
istence of structure (c) is also confirmed by the
[O]/[N] molar ratio of 4.5/1, which is the only one
larger than the experimental value of 2.68/1. In addi-
tion, we can also confirm the existence of structure
(b-2) from the [C]/[N] molar ratio. Structure (b-2) also
indicates the low molecular weight constituent of
MAP, which is probably reflected in the experimental
observation that MAP is not able to form a stable film.
The residual ester group in structure (c) and amine
group in structure (b-2) can be explained by the steric
hindrance of MAHE and the relatively low reactivity
of ester group. Therefore, we may conclude that MAP

TABLE I
Element Molar Ratios from Calculation and XPS

Element
molar ratios

Possible molecular structures

XPS(a) (b-1) (b-2) (c)

[C]/[O] 4/1 4.5/1 6/1 2.89/1 3.15/1
[C]/[N] 10/1 9/1 7.5/1 13/1 8.44/1
[O]/[N] 2.5/1 2/1 1.25/1 4.5/1 2.68/1

Figure 1 Schematic formulae of monomers and the poly-
(amic acid) formation formula.

Figure 2 The possible molecular structures in MAP.
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by itself is composite system, which is composed of
different polymers and oligomers.

The C1s core-level spectra of the precursor and ther-
mally treated MAP are shown in Figure 3 and the
intensities of XPS peak components corresponding to
the functional groups are listed in Table II. The peak
labeled 3 is ascribed to the amide carbon, which may
not have been converted to imide because of steric
hindrance. Comparing peaks 3 and 4, the area for peak
4 is larger than that for 3 in the case of the thermally
treated MAP, while the areas are about the same for
the precursor. This is evidence that amide is converted
to imide during imidization. Since the imide carbon
OCOONO and the ester carbon OCOOR appear at

almost the same position, it is not possible to ascertain
the extent to which the alkyl ester group has been
converted to imide and amide. However, we can dif-
ferentiate the amide carbonOCOONHO from imide
and ester carbons. They appear at binding energies of
287.6 and 288.6 eV, corresponding to peaks 3 and 4 in
Figure 3. Since the alkyl ester group in MAHE mono-
mer can only change to amide or subsequently to the
imide group, or remain as ester, we can estimate the
amide content in the polymer from the ratio of area of
peak 3 to the total area of peak 3 and 4. Thus, we
conclude that nearly 30% of the ester carbonyl group
in the starting material remains as amide carbonyl
group in the final polymer. This is in good agreement
with our analysis of the possible structures as shown
in Figure 2, since structures (b-1) and (b-2) contain
amide groups that take up exactly 1/3 of the original
ester carbonyl group.

FTIR study of MAP

The FTIR spectra of the untreated and thermally
treated MAP are shown in Figure 4. The two sharp
bands near 1780 and 1725 cm�1 are characteristic of
cyclic imide,17 and have been ascribed to symmetric
and asymmetric imide carbonyl stretching vibra-
tions.18 The imidization reaction was monitored by
following the appearance of these two bands together
with bands at 1370 cm�1 (CON stretching) and 730
cm�1 (deformation of imide ring).19–22 As seen in Fig-
ure 4, curve (b), peaks at 1780, 1374, 1120, and 730
cm�1 confirm that imidization occurs during thermal
treatment. Additionally, the disappearance of 1400
cm�1 (CONOC) from spectrum (a) and the weakness
of 1650 cm�1 (Amide CAO stretching) in spectrum (b)
also indicate the conversion from amide to imide.

Both curve (a) and curve (b) show a broad peak
assigned to amide NOH stretching near 3400 cm�1

Figure 3 XPS C1s core-level spectra of prebaked and ther-
mally treated MAP.

TABLE II
The Intensity of XPS Peak Components of Thermally

Treated MAP Corresponding to Functional Groups

Assigned functional groups

Binding
energy

(ev)
Peak
label Area

Phenyl carbon, COH or
COC in MAHE and DDE 284.6 1 753.501

COOOC in DDE or CON 285.8 2 388.7556
Amide carbon
OCOONHO 287.6 3 66.71792

Imide carbon OCOONO
or residual OCOOR 288.6 4 159.658

Figure 4 FTIR spectra for MAP: (a) prebaked; (b) thermally
treated.
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and a weak peak assigned23 to methyl COH asym-
metric stretching near 3000 cm�1. The appearance of
these two peaks provides corroborating evidence to
our conclusion that MAP comprises species with
slightly different structures.

Thermally treated MAP shows narrower and
smoother peaks than does untreated MAP from 2800
to 3700 cm�1. Also, both the NOH stretching and
COH asymmetric stretching bands display substantial
displacements to higher frequencies after thermal
treatment, while there is no change in the position of
other bands, for example, the aromatic ring at 830 and
1501 cm�1 and the aromatic ether24 at 1235 cm�1. This
can be attributed to the imidization reaction and the
disappearance or weakness of hydrogen bonding.25,26

Linear-network polymer blends (6FBL)

The FTIR spectra of thermally treated 6FDA–DDE,
MAP, and 6FBL systems are shown in Figure 5. The
6FBL systems present similar spectra for various net-
work contents. The typical sharp bands near 1780 and
1725 cm�1 and absorption at 1374 and 730 cm�1 con-
firm the occurrence of imidization. The NOH stretch-
ing (3400 cm�1) and COH asymmetric stretching
(3000 cm�1) bands which appear in MAP cannot be
found in either 6FDA–DDE or 6FBL. This indicates the
completeness of imidization for 6FDA–DDE and
6FBL. Also, it suggests that the amount of residual
amide and methyl species in 6FBL is negligible.

The Tg as obtained from dynamic mechanical anal-
ysis (DMA) is an indication of the extent of miscibility
in polymer blends. The tan � versus temperature plots
of 6FBL (Fig. 6) show only one relaxation peak for each
curve (viz., the � transition), suggesting that the con-
stituents of the blends may be miscible.27 DMA data of
MAP could not be acquired because of its inability to

form a stable film. The flat � transition at the vicinity
of 150°C results from the secondary relaxations as-
cribed to side-groups or limited local motions of the
chain backbone in the glassy state.28 The Tg increases
with MAP content up to 5% and decreases for higher
MAP content. A similar phenomenon has been re-
ported by Barral et al.29 in diglycidyl ether of bisphe-
nol A epoxy and poly (ether imide) blend systems. The
increase in Tg can be ascribed to crosslinks,30 whereby
the mobility of chain segments is reduced. On the
other hand, the steric hindrance in MAHE which may
result in the formation of low molecular weight com-
ponents in MAP (Fig. 2) may lead to the latter func-
tioning as a plasticizer, which would decrease the Tg

of the blends at higher content. In addition, compared
to the 6FDA–DDE homopolymer, tan � of the Tg re-
laxation for the blends is broad and exhibits slight
decrease in intensity, where 6FBL-5 and 6FBL-8 show
the largest change. The decrease in intensity of the
relaxation peak may be caused by crosslinking and the
differences in the decrease may be attributed to dif-
ferences in the extent of crosslinking, indicating that a
higher extent of crosslinking may have led to the
decrease in intensity of the relaxation peak. MAP in-
dicating that a higher extent of crosslinking may have
led to the decrease in intensity of the relaxation peak.
The broad tan � transitions suggest inhomogeneities in
the local crosslink density.31,32

The storage moduli of the blends undergo a sharp
and rapid decline at the Tg (Fig. 7). All the blends
possess higher moduli than that observed for 6FDA–
DDE. The modulus increases with MAP content up to
a value of 5% and decreases for samples with higher
MAP content and conforms to the effect of MAP ob-
served previously.14 The storage modulus follows the
same trend as that of Tg and may be explained by the
difference in crosslink density. MAP could function as
a crosslinking agent that induces the formation of a
network such that the Tg and the storage moduli of the

Figure 6 DMA tan � curves for 6FDA-DDE and 6FBL sys-
tems.

Figure 5 FTIR spectra for 6FDA-DDE, MAP, and 6FBL
systems: (a) 6FDA-DDE; (b) 6FBL-5; (c) 6FBL-10; (d) 6FBL-
25; (e) MAP.
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blends are increased for low MAP; MAP could also
function as a plasticizer at high MAP content because
of its low molecular weight so that it decreases the Tg

and storage moduli of the blends.
From the DTG curves for 6FBL (Fig. 8), it can be seen

that MAP exhibits two distinct peaks while 6FDA–
DDE and 6FBL possess only one peak each. This indi-
cates that there is only one maximum rate of decom-
position for the latter materials. Based on our earlier
inferences on the composition of MAP, the peak at the
lower temperature (480°C) may originate from amide
species and the peak at 570°C from the imide. The
DTG peak of amide species is a little higher than that
reported for PA-6 at 440°C.33 The negligible methyl
ester residue does not show a peak. The peaks for
6FDA–DDE and 6FBL appear at 570°C. The intensity
decreases greatly after MAP is introduced into 6FDA–
DDE. That is, the rate of weight change is lowered and
the weight retention capability at elevated tempera-
ture—-which is highly desired for high-temperature

applications34—-is improved. The negligible amount
of amide species in the 6FBL systems may account for
the absence of DTG peak around 480°C.

From the TGA curves (Fig. 9), it is evident that MAP
decomposes over a wide temperature range with the
onset of decomposition occurring at a temperature
much lower than that for 6FDA–DDE and 6FBL. How-
ever, the weight retention capability follows the order:
MAP � 6FBL � 6FDA–DDE and there is little differ-
ence among the 6FBL systems containing different
MAP contents. As observed earlier, the increase of the
residue may be the result of the formation of a car-
bonized structure promoted by the network structure
of MAP.13,14

Linear-network copolymers (6FCO)

The 6FCO copolymers present spectra similar to each
other, as shown in curve (b), (c), and (d) of Figure 10.
For the copolymers, the typical sharp bands near 1780

Figure 7 DMA storage modulus curves for 6FDA-DDE and
6FBL systems: (a) 6FDA-DDE; (b) 6FBL-2; (c) 6FBL-5; (d)
6FBL-8; (e) 6FBL-10.

Figure 8 DTG curves for 6FDA-DDE, MAP, and 6FBL sys-
tems.

Figure 9 TGA curves for 6FDA-DDE, MAP, and 6FBL sys-
tems.

Figure 10 FTIR spectra for 6FDA-DDE, MAP, and 6FCO
systems: (a) 6FDA-DDE; (b) 6FCO-5; (c) 6FCO-10; (d) 6FCO-
25; (e) MAP.
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and 1725 cm�1, plus absorption at 1374 and 730 cm�1

confirm the occurrence of imidization reaction.17–22

NOH stretching (3400 cm�1) and COH asymmetric
stretching (3000 cm�1) bands are not observed in ei-
ther 6FDA–DDE or 6FCO, indicating completeness of
imidization. The residual amide and methyl species
may not be in sufficient quantities to be detected by
FTIR.

The C1s core-level spectra of thermally treated
6FCO-5 and 6FCO-25 are shown in Figure 11. Four
peak components are observed for 6FCO-5, having
BEs at 284.6 eV for the COH and COC, 285.8 eV for
the COO and CON, 288.6 eV for theOCOOCH3 and
N(CAO2), and 292.9 eV for the OCF3. The spectrum
for 6FCO-25 contains an additional peak at 287.6 eV
for the OACONH species, which has also been found
in the XPS study of MAP. Occurrence of this peak for
6FCO-25 indicates the presence of residual amide for
this composition.

The tan � versus temperature plots of the 6FCO
systems measured by DMA show a maximum for the
Tg of 6FCO near 8% MAP content (Fig. 12). The trend
of Tg variation is similar to that of 6FBL. Again, the
increase of Tg is ascribed to crosslinking,30 as in the
blend systems. Upon comparing the Tg values for
6FBL and 6FCO, it can be seen that copolymers pos-
sess higher Tg value for the same MAP content. The
copolymers may possess comparatively better
crosslinking structures and more crosslinks.

As observed for the blends, copolymers possess
higher storage moduli than does the 6FDA–DDE ho-
mopolymer (Fig. 13). The modulus has a maximum
value at 8% MAP content and follows the same trend
as that of the Tg. In addition, the increase in strength of
copolymers over the linear polyimide is even greater
than the increase observed for blend systems. The
similar difference noted in PMDA–DDE systems was
ascribed to the difference in the nature of the rein-
forcement between blends and copolymers. The rein-
forcement is more likely to be physical than chemical
in the blends, while the reverse is more likely in co-
polymers.15 Correlating the dynamic mechanical
properties of blend and copolyimide systems, it is
found that both MAP and MAHE improve the storage
modulus of the film.

The DTG peaks of the 6FCO copolymers are in the
vicinity of 560°C and the single peak indicates that
there is only one decomposition (Fig. 14). Compared
to 6FDA–DDE homopolyimide, the peak intensities of

Figure 11 XPS C1s core-level spectra of thermally treated
6FCO-5 and 6FCO-25.

Figure 12 DMA tan � curves for 6FDA-DDE and 6FCO
systems.

Figure 13 DMA storage modulus curves for 6FDA-DDE
and 6FCO systems.
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6FCO copolymers are lower. The TGA curves are
shown in Figure 15. Similar to blend systems, the
onset decomposition of MAP is at a lower temperature
than for the copolymers, but the weight retention ca-
pability of MAP is superior. The weight retention
capability follows the order: MAP � 6FCO-8
� 6FCO-5 � 6FCO-2 � 6FCO-10 � 6FDA–DDE. The
differences among the copolymers suggest the higher
degree of crosslinking and greater effectiveness of the
crosslinked structures in forming a carbonized struc-
ture upon decomposition.

CONCLUSIONS

It is confirmed that MAP is composed of different
polymers and oligomers, with amide and ester species
coexisting with imide species even in the imidized
form of MAP. Nearly 30% of the ester carbonyl group
in the starting material remains as amide carbonyl
group in the final polymer. After the imidization re-
action, the hydrogen bonding becomes weakened or
disappears.

The presence of crosslinking agents (MAP and
MAHE) improves the storage modulus and increases
the Tg of the material. The decreases in intensity of the
Tg relaxation in the blend and copolymer systems are
attributed to crosslinking while the broad tan � tran-
sitions suggest local inhomogeneities in crosslink den-
sity. Compared to the blends, copolymers possess
higher Tg values for the same content of the network
component. The occurrence of an optimum in the
amount of the multifunctional constituent for improv-
ing thermal and mechanical properties suggests that
there is a trade-off between its crosslinking ability if
present in low amounts and its plasticizing effect at
higher content. Because of the formation of networks,
the rate of weight loss is lowered and the weight
retention capability at elevated temperature is im-
proved. The technique of incorporating multifunc-

tional species to form networks is shown to be a good
method for improving the desirable properties of
polyimide.

The authors thank Professor Neal Chung and Dr. Pal-
lathadka Pramoda Kumari (IMRE) for the thermomechani-
cal measurements.
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