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Abstract : Phosphorus containing poly(amic acid)s (PMDA-ODA) were simply obained in different
phosphorus content through a phosphorylation reaction using phosphorus pentoxide. The phos-
phorylated poly{amic acid)s were thermally stabilized by treatment with lithium chloride (LiCl). The
structure and properties of the resulting polymers were characterized by IR, H-NMR, elemental analysis,
XRD, DSC, TGA and dynamic mechanical analysis. The polymer films partially imidized at 140°C for 6
hr had Limiting Oxygen Index LOI values in the range of 67-78. TGA results indicated char yields in
the range of 54-63% by weight at 850°C. The phosphorylated polymer films have the potential to be
used as a fire safe material in heterocyclic precursor polymers.

Introduction

Polymers with low combustion heat and high
gasification heat values are relatively good
sources of fuel. Therefore, thermally stable poly-
mers having aromatic or heterocyclic structure
are a fascinating class of fire safe materials both
in terms of fundamental interest and practical ap-
plication. Most of thermoplastic polymers usually
degrade to produce little char and high volatiles.
Some of the newer, high-performance polymers,
such as polysulfones, polybenzoxazoles, poly-
imides and polyetherketones, give high char
vields with low heat release rates.’ The definite
scaling relationships between thermal parameters

and flame retardation of idealized polymeric ma-
terials were established by Lyon.? The similar in-
terconnection, however, between thermal stability
and flammability for polymeric flame retardants
is not universal. It is well known that char for-
mation to give a thermally insulating ,adherent
layer on the surface of the polymeric materials
prevents the heat transfer to the underlying layer
of the material.

Flame retardancy of organic polymers having
phosphorous group is well established.*” The
phosphorus containing flame retardants mainly in-
fluence the reactions taking place in the con-
densed phase, while other flame retardants such
as the halogen containing ones act in the gas
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phase.’ The former is particularly effective in
polymers with high oxygen and/or nitrogen con-
tent. A retardant of this type is converted by ther-
mal decomposition to phosphoric acid which in
the condensed phase extracts water vapor en-
dothermically from the pyrolysing substrate, thus
diluting flammable gases and quenching the
flame, causing it to char.® The nitrogen con-
taining groups can promote the formation of a
frothy layer by forming gaseous decomposition
products which protects the substrate effectively
against the intense radiation heat from the
combustion zone.™®

Polyimides reveal high thermal and chemical
resistance as well as excellent mechanical prop-
erties. Accordingly, they have been used for a
wide variety of applications such as matrix resins,
coatings, adhesives for high temperature/perform-
ance use in the aerospace and electronics indus-
tries. For these reasons, in the present study we
have introduced phosphorus oxide into a poly
(amic acid), poly(4,4-oxydiphenylene pyromellita-
mic acid) (PAA) to produce phosphorylated poly
(amic acid) (PPAA), and then the PPAA was
treated with an ionic salt, lithium chloride, to re-
tard the cyclization reaction, which is easily ther-
mally initiated in this chemical structure. The un-
cyclized or partially cyclized PPAA would sub-
sequently convert to polyimide during a fire
releasing water in the process. This would lead to
a frothy layer and a considerable amount of heat
absorbed.

Experimental

Materials. PAA was supplied from du Pont as
a 15wth stock solution in N,N-dimethylacet-
amide (DMAc). The intrinsic viscosity of PAA
was 2.01dL/g. Phosphorus pentoxide (Fisher
Scientific, 99.4%) lithium chloride {(Aldrich Co.),
dehydrated ethanol (Pharmco Co.) and methanol
(Aldrich Co) were used without further pu-
rification. DMAc was dried over calcium hydride
with following distillation in vacuum.

Phosphorylation and Film Preparation.
Phosphorus pentoxide was added into 15% solu-
tion of PAA (in DMAc) in different mole ratios
for 14 h at room temperature under stirring. The
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mole ratio was varied from 0.2~2.0 in POy
PAA. The resulting polymer solutions were coat-
ed onto glass plates, followed by drying at 60°C
for 2h. The dried PPAA films were dipped into
alcoholic LiCl solution {5% in ethanol} for 10 h in
a refrigerator. And then, the films on glass plates
were cleaned with an ultrasonic cleaner 5 times
for 30 min. each time, followed by vacuum dried
at 80°C for 2h, no higher than 0.5mmHg. A
pure PAA film was prepared the same way or by
casting from DMAc for comparison. Thermal im-
idization was carried out at 140°C, 150°C and
180°C isothermally on the films with 4 to 6 um
thickness cast from a spin coater for the partial
imidization kinetics.

Characterization, Chemical structure and mo-
lecular ordering of the polymer films were charac-
terized by IR, H-NMR and X-ray diffractometry.
The thermal stability and flammability behavior
were evaluated by thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC)
and limiting oxygen index data. A dynamic mech-
anical analysis and IR spectroscopy were em-
ployed to monitor the degree of cyclization reac-
tion. IR absorption of n-imide bond at 725 cm™
and a reference band of 925 cm® corresponding
to aromatic ring vibration which is not in solvent
but in both PPAA and polyimide.”® Elemental
analysis was carried out at the Microanalytical
Laboratory of University of Massachusetts.

Limiting Oxygen Index (LOI). LOI values of
the polymer films were determined on thin film
samples (140 mmx 60 mmxca 0.3 mm), which
were heat treated at 140°C for 6 h after initially
heated with heating rate of 5°C/min, using a
Stanton Redcroft flame meter. The conversions to
cyclized imide ring of the PPAAs were in the ran-
ge of 35 to 39%. The O, concentration in the gla-
ss chimney of the flame meter was set initially to
25% and the total flow rate of the mixed gas (N,
+ 0.} was always kept at 18 liter/min. The LOI
was located in each case replacing a partly burn-
ed sample with a flash sample of the same size.

Results and Discussion

The preparation of phosphorus-containing poly-
mers was conducted by reacting PAA with P,Os
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Scheme 1. Phosphorylation of poly(amic acid).

in DMAc (Scheme I). The PPAA was treated with
alcoholic LiCl to retard the imide ring closure ther-
mally induced.

The PPAA films with various phosphorus con-
tents were obtained through varying feed ratios
of P,Os/PAA. Some analytical data of the result-
ing PPAAs were summarized in Table 1. Phos-
phorus elemental analysis of the PPAAs is almost
consistent with the values calculated from the
predicted compositions except for the PPAAs
phosphorylated by a feed ratio of more than 1.0
(P,Os/PAA) in which the phosphorus contents
was quite less than the calculated ones. It is as-
sumed that PAA probably reacts with P:Os ade-
quately in a one to one mole ratio. Sadikov et al."
reported that P,Os quickly reacted with a model
poly(amic acid) in a one to one mole ratio in
NMP under room temperature.

The PPAAs were treated with alcoholic lithium
chloride to retard the cyclization of carboxyamic
fragments in PPAAs. The chloride ion may con-
tribute to reduce the level of electrophilicity of

Table 1. Characterization of Phosphorylated Poly
(amic acid)

Feed Ratio Phosphorus Content
PPAA " p,0,:PAA Calc. Found
PA-1 20:1.0 18.13 12.35
PA-2 15:11 15.17 11.05
PA-3 1.0:1.0 11.44 10.82
PA-4 05:1.0 6.46 6.30
PA-5 02:10 2.80 2.62
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Figure 1. IR spectra of (a) PAA, (b) neat PA-3, and {(c) PA-
3 treated with LiCl.
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tack for imide ring formation.

Although the formation of the PPAA complex
with LiCl was not clearly detected by IR and
NMR spectrometry, elemental analysis showed
around 0.5% in lithium content each sample treat-
ed with the alcoholic LiCl solution which value is
very close to that calculated from a 1:1 complex
of LiCl and PPAA.

IR spectra of PPAA (sample, PA-3) have an ab-
sorbance at 1050 ~ 820 cm™ characteristic of the
P-O-C (aromatic) stretch in aromatic phosphates
{Figure 1,b) which does not appear in the spec-
trum of PAA (Figure 1,a). Also, the strong absor-
bance at 1686 cm™® of PAA, arising C=0 stretch,
is decreased in intensity in the spectrum of PA-3.
The spectrum of PA-3 treated with alcoholic LiCl
showed more or less changes in intensities in the
range of 1620~ 1780 cm™ which corresponds to
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Figure 2. H-NMR spectra of PAA (a) before and (b) after
phosphorylation.
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carboxyl C=0 and amide C-N stretches {Figure 1,
c). All of the PPAAs showed the similar spectra
with PA-3. This reveals the formation of the phos-
phate structure and somewhat protection of car-
bonyl and amide groups in a PPAA. The struc-
ture was also confirmed by H-NMR. The peak at
8=9.8 ppm corresponding to the carboxylic pro-
tons disappeared after phosphorylation (Figure 2).
Chemical shifts of all protons signals under in-
fluence of electron density dislocation in the side
of strong fields were also observed.

Thermogravimetric analysis of PA-3 film cast
from DMAc show weight loss of 30% on the first
step (Figure 3). IR spectra showed about 60%
conversion to cyclized imide ring closure after the
heat treatment on the TGA. Therefore, the
weight losses are attributed to the removal of
both solvent and water of cyclization, which
alone would amount to only 6.5% weight loss.
The theoretical value of DMAc on this basis is 28.
2%, therefore, such a solvate would lose 34.7% .
of its initial weight after 100% conversion. It in-
dicates that in the PPAA film cast from DMAc,
one mole DMAc is associated with each carboxyl
group. Kreuz et al.”* reported that there were
weight losses of 19% to 32% in the temperature
range of 170°C~200°C which agreed with the
one to one complex formation between DMAc
and poly {amic acid) {PMDA-QODA).

TGA traces of the PAAs before and after phos-
phorylation in N; are shown in Figure 4. For
PAA, weight losses at 120°C and a fast de-
gradation was observed at 570°C which de-
pended on the amount of solvent retained and
the heating rate. A large amount of weight loss,
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Figure 3. TGA thermogram PA-3 obtained from DMA.
solution.
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Figure 4. TGA thermograms of (1) PAA, (2) PA-5, (3) PA-
4, {4) PA-3, and (5) PA-2.

22%, of PAA is probably due to a sensitive mois-
ture absorbing characteristic of the amic acid. Af-
ter being phosphorylated, for example, the poly-
mer film, PA-5, began to lose weight at 175°C
with a second step weight loss at 595°C. On the
thermograms (Figure 4) for the PPAAs, the
weight loss of the first stage does not show a de-
pendency of phosphorus content of the PPAAs,
whereas the char yield ratio increase as the phos-
phorus content increases. Char vields, 63% in PA-
1, 60% both in PA-2 and PA-3, 56% in PA-4
and 54% in PA-5 were observed after TGA with
a heating rate of 20°C/min. These high char
vields compared with that of PAA (39%) prob-
ably due to the formation of phosphorus-nitrogen-
carbon bonds, and subsequent cross-linking car-
bonization of the char at the second step de-
gradation.”® The LOI values of PAA, PA-1, PA-2,
PA-3, PA-4 and PA-5 were 62, 78, 75, 70, 68
and 67, respectively (Table II). The higher ratio
of phosphorylation led to the higher char vield
and the higher LOI value, but the PPAAs with
high P,Os feed ratios of one or more than one
make their films brittle. The corresponding DSC
results in Figure 5 also confirm the solvent-re-
moval and the endothermic character of cycl-
ization reaction to produce an imide ring.

The cyclization rate and extent of cure of the
PPAAs revealed to be dependent on both tem-
perature and thickness in our preliminary ex-
periment of their cyclization reactions. Therefore,
the film thickness of the samples in this kinetic ex-
periment was set to almost constant at 4 to 6 um.
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Table Il. Thermogravimetric and Lol of PAA

and PPAA
Onset Temp. o

Loss (°C) Char %
Sample of wt. o LOI

Step 1 Step 2 at 850°C
PAA 142 440 39 62
PA-1 165 540 63 78
PA-2 164 520 60 75
PA-3 167 505 60 70
PA-4 160 510 56 68
PA-5 162 506 54 67

Figure 6 shows the imide conversion rates of PA-3
obtained at isothermal temperatures, 140°C, 159
°C, and 180°C. The slope of the graphs in Figure
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Figure 5. DSC thermograms of (1) PAA, (2) PA-5, (3) PA-
4, {4) PA-3, and (5) PA-2.
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Figure 6. Kinetic plots of PA-3 cyclization under dif-
ferent isothermal temperatures: 140°C (Q), 150°C (M),
and 180°C ((J).
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6 indicates an initial rapid rate followed by a
more gradual conversion. The conversion rates of
the PPAAs including PA-3, however, are much
lower than that of PAA (PMDA-ODA). Ginsburg
and Susko® reported that the PAA (PMDA-ODA)
film with 4.6 um in thickness showed more than
70% conversion at 150 °C for 40 min. On the oth-
er hand, PA-3 showed about 18% conversion
even for 60 min at the same temperature.

X-ray diffraction of PPAAs were measured by
using a Siemens (D500) diffractometer with
CuKo radiation. Figure 7 shows that a sharp
peak occurs at 26=59 (134A in a repeat
period). Since this is smaller than the projected
length of the monomer unit, 18 A we associate
this peak with the interchain repeat distance prob-
ably due to a polar interaction between the in-
troduced phosphate group and amide/acid group.
A broad peak occurs centered at 20=19.2° cor-
responding to a repeat period, 4.95 A, which can
be associated with the mean width of PPAA, and
therefore with the interchain spacing between
neighboring parallel polymer chain. These repeat
periods are slightly different with those of the
PAA (d=13.9 A and 4.8 A)® due to stronger in-
trachain interaction and more bulky side groups.

Figure 8 shows tan 8, storage modulus (E')
and displacement traces of the PAA, PA-3 treat-
ed with LiCl and PA-3 without LiCl treatment
versus temperature at a heating rate of 0.2°C/
min at different frequencies, 0.1, 1.0, 20, 90 Hz.
All of the mechanical spectra clearly show the
drop of E' and increase of tan & probably owing
to a remaining portion of solvent and water re-
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Figure 7. X-ray diffractogram of PA-3.
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Figure 8. Dynamic mechanical thermograms of {a) PAA, (b)
PA-3, and (c) PA-3 treated with LiCL

moved from the polymers which can act as plas-
ticizers. Further heating leads to a maximum in
tan 8 and a minimum in E' reflecting the highest
plasticizing action. The modulus is increased both
by the evaporation of solvent and water and by
the imidization. The displacements increased ra-
pidly during plasticizing, and then contracted dur-
ing cyclization in all of the samples. The tem-
perature of a maximum in tan ¢ and minimum in
E' were increased PA-3 treated with LiCl, PAA,
and PA-3 without LiCl treatment in order re-
flecting the thermal stability of the amic acids.
There is no strong frequency dependency of the
observed transition which means the activation
energy of these transitions would be high.
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Conclusion

The incorporation of phosphorus into poly(4.4-
oxydiphenylene-pyromellitamic acid) was achiev-
ed through a simple chemical modification of the
PAA by means of P,Os. The phosphorus content
of the PPAAs could be tailored within 1/1 mole
ratio of PsOs/PAA or less. These polymers exhibit
high char yields and LOI values. PPAAs show a
synergistic effect upon improving the flame re-
tardancy of a heterocyclic polymer composed of
phosphorus, nitrogen and carbon. The phos-
phorylated poly(amic acid)s were thermally sta-
* bilized by means of LiCl treatment. The resulting
polymer films could be utilized as a fire safe ma-
terial in heterocyclic precursor polymers.
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