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ABSTRACT

Various new fluorinated heterocyclic copolyimides have been
synthesized by a polycondensation reaction of a diacid chloride
containing imide, hexafluoroisopropylidene and methylene
groups with aromatic or heteroaromatic diamines containing
preformed phenylquinoxaline or 1,3,4-oxadiazole rings. Other
fluorinated heterocyclic copolyimides have been prepared by a
polycondensation reaction of the same diacid chloride with
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aromatic dihydrazides, bis(o-hydroxy-amine)s or a bis(o-car-
boxy-amine), resulting in intermediate polyhydrazides, poly(o-
hydroxy-amide)s or poly(o-carboxy-amide), respectively,
which were futher cyclodehydrated to the corresponding
polyoxadia zole-imide, polybenzoxazole-imide or polybenzox-
azinone-imide structure. These polymers showed good solu-
bility in polar amidic solvents, such as N-methylpyrrolidinone
(NMP) and dimethylformamide (DMF), and even in less polar
liquids, like tetrahydrofurane or pyridine, except for those
compounds containing benzoxazole rings which were less sol-
uble, only on heating in NMP or DMF. The weight average
molecular weight measured for tetrahydrofurane-fully-soluble
polymers are in the range of 12800-26700 and the polydisper-
sity is in the range of 2-5. All these polymers exhibited good
thermal stability, with decomposition temperature being above
350°C, although somewhat lower than that of related polymers
prepared by using fully aromatic diacid chlorides instead of the
present ones containing methylene units. The glass transition
temperature is in the range of 200-300°C. The dielectric con-
stant measured for polymer films is in the range of 3.3-3.7.
Tensile strength is in the range of 35-70 MPa, elongation to
break between 30-40% and tensile modulus in the range of
170-330 MPa. A study of the relation between conformational
parameters and properties of some of these polymers has been
carried out by using the Monte Carlo method with an
allowance for hindered rotation, and the values were compared
with the experimental data and discussed in relation with the
rigidity of the chains. The present polymers are potential can-
didates for use as high performance materials.

INTRODUCTION

In the field of heterocyclic polymers, it is known that fully aromatic
structures have excellent thermal stability, good chemical resistance, and tough
mechanical properties [1]. However, their applications are restricted because of
their poor solubility in organic solvents and too high glass transition tempera-
tures that make them very difficult to be processed by spin-coating or thermo-
forming techniques. Much effort has been made to create structurally modified
heterocyclic polymers having increased solubility and processability with reten-
tion of their high thermal stability. It is known that the introduction of flexible
groups like ether or methylene linkages improves the solubility and processabil-
ity of the polymers [2]. Considerable attention has been devoted to the prepara-
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tion of fluorine-containing polymers because of their low dielectric constant, low
moisture absorption and high thermal stability [3-5]. The incorporation of hexa-
fluoroisopropylidene (6F) groups into polymer backbones enhances the polymer
solubility without sacrifying thermal stability. The retention of high thermal sta-
bility is attributed to the strong C—F bonds. Other effects of the 6F groups are the
increased glass transition temperature and flame resistance with a concomitant
decreased crystallinity and water absorption. The bulky 6F groups also serve to
increase the free volume of the polymers, thus improving its electrical insulating
characteristics. Various classes of fluorinated thermostable polymers have been
developed including heterocyclic polymers such as polyimides [2, 6-8], poly
(1,3,4-oxadiazole)s [9, 10], polyphenylquinoxalines [11], polybenzazoles [12].
These polymers have been largely studied as potential candidates for practical
use in microelectronics and related industries.

As part of an effort to obtain high performance, high temperature resis-
tant polymers for microelectronics applications we considered it interesting to
synthesize new thermostable copolymers containing different heterocyclic rings
as well as 6F groups and methylene bridges into one macromolecular chain.
Thus, we have synthesized fluorinated poly(amide-imide)s by polycondensation
reaction of a diacid chloride containing 6F, methylene and imide groups with
aromatic diamines containing ether linkages and phenylquinoxaline or oxadia-
zole rings. Also we have prepared new fluorinated poly(1,3,4-oxadiazole-
imide)s, poly(benzoxazole-imide)s and a poly(benzoxazinone-imide) by cyclo-
dehydration of the intermediate compounds resulting from the reaction of the
same diacid chloride with aromatic dihydrazides, bis(o-hydroxy-amine)s and
3,3’-dicarboxy-4,4’-diamino-diphenylmethane, respectively. The properties of
these polymers have been evaluated with respect to their chemical structure and
compared with those of related polymers previously reported.

EXPERIMENTAL

Starting Materials

Hexafluoroisopropylidene diphthalic anhydride was provided from com-
mercial source (Hechst-Celanese) and used as received. Aminoacetic acid, p-
aminobenzoic acid, m- and p-aminophenol, p-fuorobenzoic acid and antranilic
acid, from Aldrich, were used without further purification. NMP from Merck was
dried and distilled over phosphorous pentoxide.
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Synthesis of the Monomers

N,N’-bis(chloroformylmethyl)-hexafluoroisopropylidene-diphthalic ~ di-
imide, 1, was synthesized in two steps [13]. In the first step, a dicarboxylic acid
was obtained from the reaction of hexafluoroisopropylidene diphthalic anhydride
(1 mol) with aminoacetic acid (2 mol) in glacial acetic acid, at reflux tempera-
ture. In the second step the dicarboxylic acid was refluxed with thionyl chloride
to give the corresponding diacid chloride I with m.p.: 166-168°C (Scheme 1).
Elemental analysis: Calculated for C,;H,N,F;Og: F, 20.43%. Found: F, 20.29%;
20.38%

Aromatic diamines 11, such as bis(p-aminophenoxy)-1,4-benzene, bis(p-
aminophenoxy)-1,3-benzene, bis(p-aminophenoxy)-4,4’-biphenyl, bis(p-amino-
phenoxy)-4,4’-diphenyl-sulphone and bis(p-aminophenoxy-phenyl)-2,2-pro-pane,
from commercial sources, were used without further purifications.

Diaminophenylquinoxalines 11la, IIIb and Illc were prepared by the
reaction of 3,4,4’-triaminodiphenylether with bis(a-diketone)s, such as 4,4-
bis(phenylglyoxalyl)-benzene, 4,4-bis(phenylglyoxalyl)-diphenylether or 4,4-
bis(phenylglyoxalyl-N-phenyl)-1,2,5,6-naphthyl-diimide, [14] (Scheme 2). They
were purified by recrystalization from DMF/water.

CF3

/0 (lj co\
o ’(j( /0 + 2 HOOC—CH,—NH;
Noc | Cco

CF3

glacial acetic acid
reflux

CF;
0C | co,
HOOC— CH,—N D'C'q N—CH;—COOH
Noc | Co
CF;
SOCl,
reflux

™
o co
/ N
C10C—CH,—N, C)@‘C‘Q( N—CH,—COCI
Noc | co”
CF;

I

Scheme 1. Preparation of diacid chloride I.
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Scheme 2. Preparation of diaminophenylquinoxalines II1a, ITIb, IIlc.

M.p. IIla: 343°C-345°C; M.p. IlIb: 158°C-160°C; M.p. Illc: 228°C-
230°C.

2,5-Bis(p-aminophenyl)-1,3,4-oxadiazole, 111d, has been obtained by the
reaction of p-aminobenzoic acid with hydrazine hydrate in polyphosphoric acid
(PPA). It was purified by recrystalization from ethanol [15] (Scheme 3). M.p.
IIId: 260-262°C.

2,5-Bis [p-(4-aminophenoxy)phenyl]-1,3,4-oxadiazole, 1lle, has been
synthesized starting from 4-fluorobenzoic acid (2 mol) and hydrazine hydrate (1
mol) which reacted in PPA to produce 2,5-bis(p-fluorophenyl)-1,3,4-oxadiazole.
Then the reaction of 2,5-bis(p-fluorophenyl)-1,3,4-oxadiazole (1 mol) with 4-
aminophenol (2 mol) and K,CO; in NMP at 150°C gave 2,5-bis[p-(4-aminophe-
noxy)phenyl]-1,3,4-oxadiazole, IIle, according to Scheme 4 [16]. It was recrys-
talized from DMF/water. M.p. Ille: 225-227°C.

N—N
PPA o
2H N——@— OOH + H)N—
) C ,N—NH, ——> H,N —@—c\o/c-O— NH,
I1d

Scheme 3. Preparation of 2,5-bis(p-aminophenyl-1,3,4-oxadiazole), I11d.
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Scheme 4. Preparation of 2,5-bis[p-(4-aminophenoxy)phenyl]-1,3,4-oxadiazole,
Ille.

Aromatic dihydrazides 1V, such as terephthaloyl dihydrazide, oxy-
bis(benzhydrazide) and phenoxyterephthaloyl dihydrazide have been prepared by
using the corresponding aromatic dimethyl esters and excess hydrazine hydrate
in methanol, at reflux [17-19].

3,3 -Diamino-4,4 -dihydroxybiphenyl (Chriskev Co.), Va, was purified as a
hydrochloride by recrystallization from diluted hydrochloric acid aqueous solution.

Hexafluoroisopropylidene-bis(3-amino-4-hydroxyphenyl)(Chriskev Co.),
Vb, was recrystallized from ethanol.

3,3 ’-Dicarboxy-4,4 ’-diamino-diphenylmethane, VI, was prepared from
anthranilic acid and 40% formaldehyde solution in absolute ethanol [20, 21]. It
was purified by treating it with concentrated hydrochloric acid; the resulting
dihydrochloride was then neutralized with sodium acetate to give the free base
VI. M.p. VI: 249°C-250°C.

Synthesis of the Polymers

Fluorinated poly(imide-amide)s VII were obtained by polycondensation
reaction of equimolar amounts of diacid chloride I and diamine II at low tem-
perature (Scheme 5) [13]. The polycondensation reaction was run under anhy-
drous conditions in a nitrogen atmosphere, in NMP as a solvent and with pyridine
as an acid acceptor. The relative amounts of monomers and NMP were adjusted
to maintain a solid content of 10%.

Fluorinated poly(imide-amide)s containing phenylquinoxaline rings
VIlIa, VIIIb, VIIIc and fluorinated poly(imide-amide)s containing 1,3,4-oxadi-
azole rings VIIId, VIIle were prepared by polycondensation of equimolar
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Scheme 5. Preparation of fluorinated poly(imide-amide)s VII.

amounts of diacid chloride I and heterocyclic diamines IIl, in NMP, at low tem-
perature (Scheme 6) [22].

Fluorinated poly(1,3,4-oxadiazole-imide)s X have been prepared by ther-
mal cyclodehydration of the poly(hydrazide-imide)s IX, which were obtained by
the reaction of aromatic dihydrazides IV with diacid dichloride I, as shown in
scheme 7 [23].

Fluorinated poly(benzoxazole-imide)s XII and fluorinated poly(benzox-azi-
none-imide) XIV were synthesized in two steps. In the first step, soluble precursor
polymers poly(o-hydroxy-amide-imide)s XIa and XIb and a poly(o-carboxyamide-
imide) XIII were obtained by polycondensation reaction of bis(o-hydroxy-amine)s
Va, Vb, or 3,3’-dicarboxy-4,4’-diamino-diphenylmethane VI with the diacid chlo-
ride I. In the second step, the thermal or chemical cyclization of these precursor
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Scheme 6. Synthesie of fluorinated poly(imide-amide)s containing phenylquinox-
aline rings VIIla, VIIIb, VIllec, and fluorinated poly(imide-amide)s containing
1,3,4-oxadiazole rings VIIId, VIlle.

polymers was performed to give poly(benzoxazole-imide)s XII or a poly(benzox-
azinone-imide) XIV, respectively (Scheme 8 and Scheme 9) [24].

Measurements

Melting points of the monomers were measured on a Melt-Temp II
(Laboratory Devices) apparatus without correction.
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Scheme 7. Synthesis of poly(hydrazide-imide)s IX and poly(1,3,4-oxadiazole-
imide)s X.

Infrared spectra were recorded with a Nicolet Magna 550 FTIR spec-
trometer in transmission mode by using KBr pellets.

The 'H-NMR spectra were recorded on a Jeol C-60 Spectrometer for
solution in dimethylsulfoxide-d, using tetramethylsilane as internal standard.

Average molecular weights and intrinsic viscosities were measured at
ambient temperature, using a Waters GPC with five ultra-styragel columns (10’
50 nm pore size), tetrahydrofuran (THF) as eluent, a model 500 pump, and a
model U6K injection module. A Viscotek model 200 dual instrument was used as
detector [25]. This instrument comprises a differential refractometer and a vis-
cometer parallelly conected and it is capable of measuring online the concentra-
tion of eluted species and their relative viscosity. Squalane, benzil, and 17 poly-
styrene samples of average molecular weight ranging from 1.2 x 10” to 5 x10’
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Scheme 8. Synthesis of poly(o-hydroxy-amide-imide)s XI and poly(benzoxazole-
imide)s XII.

ClOC— CHs— CI:F ‘(j( N—CH,—COCl + 'N>©_ 4@(
\oG HOOC COOH
CF3
1 VI
CF3
CHZ—N Ij’ ‘@( _N—CH;—COHN NHOC
T e

CF3

HOOC COOH |,
X1
[ 0c,
CH,—N D’ ‘q SN—CH; —C C
? co” CH;
4
Xv

Scheme 9. Synthesis of poly(o-carboxy-amide) XIII and poly(benzoxazinone-
imide) XIV.
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were used as standards for calibration. The average molecular weights of the
standards were reproduced on the basis of the calibration curve within £8% of
their values estimated by an absolute method. The concentration of calibrating
solutions ranged from 0.5 g/L for standards of highest molecular weights to 5 g/L.
for the lowest ones; the concentration of measured samples was adjusted to 5 g/L..
100 pL of each solution was injected into the chromatograph.

Thermogravimetric analyses (TGA) were performed on a MOM derivato-
graph (Hungary) in air, at a heating rate of 12°C/min. The initial decomposition
temperature (IDT) is considered the onset on the TGA curve. The temperature of
10% weight loss (T,,), temperature of first maximum decomposition (T,,,,;) and
temperature of second maximum decomposition (T,,,,,) were also recorded.

The glass transition temperatures (T,) of the precipitated polymers were
determined by differential scanning calorimetry (DSC) with a Perkin-Elmer DSC-
7 apparatus. The samples were heated from ambient temperature to above 300°C
at a heating rate of 20° C/min under nitrogen. Heat flow versus temperature scans
from the second heating run were plotted and used for reporting the glass transi-
tion temperature. The mid-point of the inflection curve resulting from the typical
second heating was assigned as the T, temperature of the respective polymers.

Uniaxial stress-strain curves were recorded at room temperature with a
cross-head speed of 9.0 mm/min by using a tensile testing machine built in our
laboratories [26]. The dumb-bell type specimen was 10 mm wide at the two ends
and 4.5 mm wide and 10 mm long at the neck.

The dielectric constants of the polymer films having a thickness of 20 -
30 pm were determined by using the previously described fluid displacement
method [27]. The capacitance of the films was measured using circular gold elec-
trodes (diameter 2.54 cm) mounted in a brass dielectric cell held at a constant
temperature (25°C) and a Gen Rad Precision LC Digibridge (Model 1688) oper-
ating at 10 kHz.

The Kuhn segment values were calculated by using the Monte Carlo
method as described earlier [28].

Model molecules for a polymer fragment were obtained by molecular
mechanics (MM+) by means of the Hyperchem program, Version 4.0 [29].

RESULTS AND DISCUSSION

The structure of polymers was identified by IR and 'H-NMR spectra. In
the IR spectra of all polymers strong bands at 1780-1770 cm™, 1720-1710 cm’
are commonly attributed to the symmetrical and asymmetrical stretching vibra-
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tions of carbonyl groups of imide. The absorption band at 1390 cm™ is due to C—
N stretching and the absorptions at 1100 cm™ and 720 cm™ are possibly due to
imide ring deformation. Also all the polymers exhibited IR bands at 1170 cm”
and 1210 cm™ due to 6F groups. Absorption bands which appeared at 2925 cm’
and 2853 cm™ were attributed to symmetrical and asymmetrical stretching vibra-
tions of methylene groups.

The polymers containing amide or hydrazide groups in the unit structure
(VIL, VIII, XI, XIII and IX) exhibit wide bands at 3450 cm’ due to N-H stretch-
ing vibration; characteristic absorptions appeared at 1660-1650 cm’ due to car-
bonyl stretching vibration (amide I) and at 1530-1520 cm™ due to N—H deforma-
tional vibration (amide II). The absorptions due to hydrazide or amide groups
disspeared after the samples of polymers IX, XI and XIII were thermaly treated,
and new bands which are characteristic of the 1,3,4-oxadiazole, benzoxazole or
benzoxazinone rings appeared, which was evidence that cyclization took place,
which resulted in polymers X, XII, and XIV. In IR spectra of fluorinated
poly(1,3,4-oxadiazole-imide)s, X new bands appeared at 1020 cm™ and 950 cm”™
that are characteristic of =C—O—C= stretching and at 1560-1600 cm™ that are
characteristic of ~C=N- stretching in 1,3,4-oxadiazole rings. In IR spectra of flu-
orinated poly(benzoxazole-imide)s XII new bands appeared at 1620 cm’ -1605
cm’ which characterise benzoxazole rings, almost overlapping with one of the
absorption band of aromatic C=C structure. In IR spectrum of poly(benzoxazi-
none-imide) XIV a new band appeared at 1060 cm™, which is characteristic for
benzoxazinone rings; in this case, the imide carbonyl and lactone carbonyl of
benzoxazinone ring give a strong overall absorption at 1780 cm’™.

The 'H-NMR spectra of fluorinated poly(imide-amide)s VII and fluori-
nated poly(imide-amide)s containing phenylquinoxaline or 1,3,4-oxadiazole
rings VIII in dimethylsulfoxide-d, solution show peaks at 10.45-10.10 ppm
(NHCO), 8.0-6.8 ppm (aromatic), and 4.5-4.4 ppm (methylene). In the case of
polymer Vlle, characteristic peak appeared at 1.6 ppm due to hydrogen atoms of
isopropylidene group.

The polymers VII and VIII dissolve easily in polar amidic solvents such
as N-methylpyrrolidone (NMP) and dimethylformamide (DMF). They are even
soluble in less polar liquids, like pyridine or tetrahydrofuran (THF). The polymer
Vlle containing isopropylidene groups is partially soluble in chloroform. This
good solubility is due to the relatively high flexibility of macromolecular chains
which was obtained by the introduction of methylene groups into the structure of
the polymer. Also, the 6F groups introduced a factor of asymmetry and steric hin-
drance that prevent a dense packing of the chains. The arrangement of 6F groups
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~

Figure 1. Model of a fragment incorporating 2 repeating units of polymer VIIIb.

to create a distance between the macromolecular chains was evidenced by mol-
ecular modelling. In the case of polymers VIIIa-c¢ the voluminous phenylquinox-
aline units contribute even more to create a distance between the macromolecu-
lar chains (Figure 1), as evidenced by molecular modelling. The disturbed
packing of macromolecular chains facilitates the diffusion of small molecules of
solvent which leads to better solubility. However, the polymers VIIIc and VIIId
have lower solubility in THF, probably due to increased rigidity produced by the
presence of naphthylimide or diphenylene-oxadiazole units into the chains. The
fluorinated poly(1,3,4-oxadiazole-imide)s X had better solubility when compared
with the corresponding polyhydrazide precursors IX. These polymers are readly
soluble in polar solvents like NMP, DMF, dimethylacetamide (DMAc) and pyri-
dine. They are also soluble in less polar solvents like THF and dioxan.

The poly(o-hydroxy-amide-imide)s XI and poly(o-carboxy-amide-imide)
XIII easily dissolved in polar amidic solvents such as NMP and DMF. They were
soluble even in pyridine and were partially soluble in THF. The poly(o-hydroxy-
amide-imide) XIb revealed the best solubility: in addition to highly polar sol-
vents it was soluble in THF and acetone, as well. This may be due to higher con-
centration of 6F groups, which are now present in both monomer fragments.

The fluorinated poly(benzoxazole-imide)s XII were insoluble in polar
aprotic solvents like DMF, NMP or NMP+5% LiCl. At higher temperature, they
became partially soluble. Poly(benzoxazinone-imide) XIV which was obtained
by chemical cyclization was soluble in plain NMP; the same polymer which was
obtained by thermal cyclization was only partially soluble in NMP+5% LiCl.
Probably, during thermal cyclization some crosslinking reaction could occur. The
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reduced solubility of these polymers when compared to the corresponding pre-
cursor polymers XI and XIII could be explained by the increased rigidity of the
macromolecules due to the formation of benzoxazole and benzoxazinone rings.

The fluorinated poly(imide-amide)s VII and fluorinated poly(imide-
amide)s containing phenylquinoxaline or 1,3,4-oxadiazole rings VIII gave trans-
parent flexible films by casting from NMP solutions. They were used for dielec-
tric and mechanical measurements. Also the precursor polymers IX, XI and XIII
gave transparent and flexible films by casting their NMP solutions onto glass
plates; however, while heating at 300°C to perform the cyclization, these films
became brittle and no measurements could be done with them.

The molecular weight measurements were performed on an equipment
provided with a dual detector which allows to produce directly the so-called uni-
versal GPC calibration (log{M[n]} versus elution volume) [30], because it deliv-
ers hydrodynamic volume values {M[n]} of standard samples. Based on the uni-
versal calibration, the molecular weight of any flexible polymer may be estimated
without knowledge of the K and o parameters of the Mark-Houwink equation
([r]]=KMa) of this polymer in the solvent used as eluent. For the evaluation of
the calibration curve and molar mass distribution, a software delivered by
Viscotek together with the instrument was used [25].

It was necessary to avoid as much as possible, the error in the concentra-
tion of the polymer solutions subjected to measurements, which could be pro-
duced by the loss of the volatile solvent during filtration of the solution or sim-
ply during opening the glass bottle. The errors commited in adjusting the solute
concentration of the investigated samples were corrected by using a concentra-
tion calibration made for samples of poly(imide-amide)s VII. These polymers
were entirely soluble in THF. Two independent solutions were used for the con-
centration calibration. This way of the correction is suggested by the software.

The results of molecular weight estimations are presented in Table 1. The
number-average molecular weight (M,)) of the fluorinated poly(imide-amide)s
VII is in the range of 4000-8200, the weight-average molecular weight (M,,) is
in the range of 12800-26700 and the polydispersity (M, /M,,) is 2-5. The respec-
tive distribution of molecular weights is presented in Figure 2. The molecular
weights of the oligomers present in the samples are of an order of magnitude
lower than that of the chain unit of the polymer; the peaks can obviously be
assigned to the monomers from which the polymer has been prepared.

The thermal stability was evaluated by thermogravimetric analysis
(TGA). The fluorinated poly(imide-amide)s VII do not show significant weight
loss below 360°C. They begin to decompose in the range of 365-380°C; they
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TABLE 1. GPC data of Fluorinated Poly(imide-amide)s VI

CF3
0C | Co
N
oc—ct,—N D*C‘Q( N—CH;—CONH—Ar—NH
Noc I co”
CF3

Polymer Ar My M, Mw/M,

Viia 19400 8180 2.37

Vb O 0—@—0 D 12800 3990 221

Vic <:> Oo O 16800 5320 3.16

Vild O o O S0, D o O 26700 6320 422

Vile o 24300 4720 5.15
o< O

CHj
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Figure 2. GPC curves of fluorinated poly(imide-amide) VII.

show 10% weight loss in the range of 390-411°C (Table 2). The degradation
process exhibits two maxima of decomposition: the first one (T,,,,;) is in the
range of 380- 400°C and it is probably due to the destruction of methylene
groups which are more sensitive to degradation. The second maximum of decom-
position (T,,,,, ) is in the range of 535-545°C. By comparing these polymers it
can be seen that their thermostabilities are very similar, which means that the
thermal resistance is dictated by the presence of methylene groups that are more
sensitive to degradation and the decomposition begins with their destruction.
Comparison of these polymers with related fluorinated poly(imide-amide)s
which do not contain methylene groups [31] shows that the present polymers
exhibit slightly lower thermal stability: they begin to decompose above 360°C
while the corresponding polymers without methylene groups begin to decompose
above 400°C.

The fluorinated poly(imide-amide)s containing phenylquinoxaline or
1,3,4-oxadiazole rings VIII exhibited high thermal stability with insignificant
weight loss up to 350°C. They begin to decompose in the range of 350-380°C
and they show 10% weight loss in the range of 375-410°C (Table 3). By com-
paring the fluorinated poly(imide-amide)s containing phenylquinoxaline or
1,3,4-oxadiazole rings VIII with previously reported poly(phenylquinoxaline-
imide-amide)s [32] or poly(1,3,4-oxadiazole-imide-amide)s [33] synthesized by
using the same diaminophenyl-quinox-alines or the same diamino-1,3,4-oxadia-
zoles but with fully aromatic diacid chlorides incorporating both imide and 6F
groups, it can be seen that the thermal stability of the polymers VIII is lower by
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about 50-60°C. At the same time, comparison of these fluorinated poly(imide-
amide)s containing phenylquinoxaline or 1,3,4-oxadiazole rings VIII with fluo-
rinated poly(imide-amide)s VII shows that their thermal stabilities are very sim-
ilar, which means that the introduction of phenylquinoxaline or oxadiazole rings
into their chain did not significantly influence the thermal resistance. The pre-
dominant influence on the thermal stability of the present polymers is produced
by methylene and amide linkages.

The thermal cyclodehydration of the poly(hydrazide-imide)s IX was per-
formed in bulk form by heating at 300°C under vacuum for 5 hours. The ther-
mogravimetric analysis of polymers IX showed three distinct steps of weight
loss. The first one, at about 100°C, represents the loss of absorbed water; the sec-
ond one, in the range of 250-360°C represents the loss of water due to the
cyclodehydration reaction to the 1,3,4-oxadiazole structure, the third step of
weight loss above 370°C represents the degradation of the polymers. It is diffi-
cult to know exactly where the process of cyclization stops and where the process
of distruction begins, because the end of cyclization and the beginning of degra-
dation take place over the same temperature range (Table 4). The polymers IX
exhibit 13-15% weight loss at 400°C and 21-23% weight loss at 420°C.

The cyclodehydration of poly(o-hydroxy-amide-imide)s XI was per-
formed by heating the precipitated product at 300°C for 4 hours. The cyclization
of poly(o-carboxy-amide-imide) XIII to the benzoxazinone structure XIV was
carried out by chemical or thermal cyclization.The cyclodehydration process has
been studied by DSC analysis. The DSC curves of polymers IX showed a broad
endotherm at about 100°C due to the evolution of absorbed water. All samples
showed a strong endotherm just above 300 °C due to the cyclization process.
According to diferential thermal analyses (DTG), these polymers underwent
thermal cyclization in the same range of the DSC endotherm. The maximum
temperature of cyclization process T, and the temperature range of cycliza-
tion process T,,q. are listed in Table 4.

The thermal behavior of the fluorinated poly(1,3,4-oxadiazole-imide)s X,
fluorinated poly(benzoxazole-imide)s XII and poly(benzoxazinone-imide) XIV
were very similar to each other (Table 5). The initial decomposition temperature
is above 375°C and the temperatures of 10% weight loss is in the range of 405-
430°C. The degradation process exhibits two maxima of decomposition. The first
one is in the range of 410- 450°C and the second one is in the range of 530-
540°C. When comparing the thermostability of fluorinated poly(1,3,4-oxadia-
zole-imide)s X with that of fluorinated poly(1,3,4-oxadiazole-imide)s which do
not contain methylene rings [34] it can be seen that thermal stability of the for-
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mer is lower than that of the latter by more than 100°C, which is due to the pres-
ence of methylene groups more sensitive to thermal distruction.

The glass transition temperatures (T,) of the fluorinated poly(imide-
amide)s VII, fluorinated poly(imide-amide)s containing phenylquinoxaline or
1,3,4-oxadiazole rings VIII and fluorinated poly(1,3,4-oxadiazole-imide)s X
were in the range of 221-245°C, 260-306°C and 208-214°C, respectively (Tables
2, 3, and 5). The fluorinated poly(benzoxazole-imide)s XII and poly(benzoxazi-
none-imide) XIV have T, in the range of 218-231°C (Table 5). It can be noticed
that there is a large interval between T, and decomposition temperature which
could be advantageous in the processing of these polymers by thermoforming
technique.

The electrical insulating properties of fluorinated poly(imide-amide)s VII
and fluorinated poly(imide-amide)s containing phenylquinoxaline or 1,3,4-oxadia-
zole rings VIII were evaluated on the basis of dielectric constants that are in the
range of 3.52-3.74 and 3.30-3.62, respectively (Tables 2 and 3). These values are
comparable to those of related fluorinated polyimides and to that (3.5) of a poly-
imide film (Film H) obtained from pyromellitic dianhydride and diamin-
odiphenylether which is one of the most prefered high performance dielectrics
[35].

Some mechanical properties of polymer films of fluorinated poly(imide-
amide)s VII and poly(imide-amide)s containing phenylquinoxaline or 1,3,4-oxa-
diazole rings VIII are summarized in Table 6. The films VII have tensile strength
in the range of 50-60 MPa, elongation to break between 30-40% and initial mod-
ulus in the range of 170-250 MPa. The films VIII have tensile strength in the
range of 45-73 MPa, elongation to break between 29-39% and initial modulus in
the range of 199-329 MPa. These values are very close to those of related poly-
mers which were prepared by using the same diamines but with other diacid chlo-
rides [36-38].

For some of these polymers, namely fluorinated poly(imide-amide)s
VII, the physical properties have been studied with regard to conformational
rigidity of polymer chains and were compared with the properties of related flu-
orinated poly(imide-amide)s prepared previously [39] by using the same
diamines but with a fully aromatic fluorinated diacid chloride. As it is known,
the adequate measure of conformational rigidity is the value of Kuhn statistical
segment A:

A = lim (<R*>/nl,)

n — oo
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where: <R’> is the root-mean-square distance between the ends of a polymer
chain, averaged over all the possible conformations; /, is the contour length
over repeating structural unit; » is the number of the repeating units; nl/, is the
contour chain length that is a parameter independent of the chain conforma-
tion.

For polyheteroarylenes where a macromolecule unit contains virtual
bonds of various lengths arranged at various angles, the contour length is taken
to be the length of a broken line connecting the centers of these bonds. In this
case /, does not depend on the chain conformation and can serve as a measure of
the length of the macromolecule. The term “virtual bond” is taken to mean a rigid
section of a chain, approximated by a straight line about which a rotation is pos-
sible. In a particular case it may be an ordinary valence bond; more generally, it
may contain rings, as well [28].

The Kuhn segments were calculated by the Monte Carlo method as
shown in the literature [28]. Previously the conformational parameters of aro-
matic heterochain and heterocyclic polymers have been determined assuming
that rotation around virtual bonds is free [40, 41]. In such case the experimental
values of the Kuhn segment (4,,,) for polyheteroarylenes are nearly equal with
those calculated under assumption of free rotation (4;). The correlation between
a physical property of the polymer and the conformational rigidity of its chains
shows that the contribution of the conformation rigidity to this polymer property
can be significant. Estimates of the influence of conformational rigidity on the
properties can be used in designed synthesis of polymers with desirable physical
characteristics. Table 7 compares the calculated conformational rigidity parame-
ters with the physical properties, such as solubility, glass transition temperature
(T,) and decomposition temperature (T,), of fluorinated poly(imide-amide)s VII
and of related poly(imide-amide)s prepared previously by using the same aro-
matic diamines but with a fluorinated diacid chloride containing phenylene rings
instead of methylene groups (A and B).

The solubility of the polymers VII correlates well with their conforma-
tional rigidity. Their remarkable solubility in amidic solvents and even in tetrahy-
drofuran and chloroform is due to the relatively high flexibility of the macromol-
ecular chains having lower values of Kuhn segment, in the range of 18.04 - 23.54
A, compared with related polymers A and B whose Kuhn segment values are in
the range of 34.78 - 41.88.

Previously it has been shown that there is a relationship between the glass
transition temperature (T,) and the decomposition temperature (T,) for certain
polyheteroarylenes [42]:
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Iy,=a T,

The value of a for polyamides lies in the range of 1.15-1.25 depending on
the structure of the polymer repeating unit. Since a dependence exists between
the T, and the conformational rigidity it would be reasonable to asume the exis-
tence of a dependence between the initial decomposition temperature and the
conformational rigidity. The glass transition temperature and the decomposition
temperature are known to be significantly dependent on the presence of the aro-
matic rings in the polymer chains. Therefore one can try to find a correlation
between these parameters and the number of aromatic rings in the fragment of
polymeric chain equivalent to the Kuhn segment. This correlation is described by
the equation:

p= (Aﬁ/lo)n

where: p is the parameter of the conformational rigidity; » is the number of aro-

matic rings and A4;//,is the number of repeating units per Kuhn segment. The
glass transition temperature increases with increasing chain rigidity. Thus, the
polymer VIIc¢ has the highest T, value, 245°C, due to the highest conformational
rigidity parameter p (3.67) compared with the polymer VIIb whose T, value is
the lowest, 221°C, while its conformational rigidity parameter p is also the low-
est, 2.67. At the same time related flurinated poly(imide-amide)s A and B made
from diamines I¢ and Ie but with a fluorinated diacid chloride containing phenyl-
ene rings instead of methylene groups have significantly higher T, values, 275°C
and 251°C, due to the higher conformational rigidity parameter which is 7.58 and
6.19, respectively, compared with the corresponding polymers VIIc and VIle
whose T, are 245°C and 224°C, while their conformational rigidity parameter is
3.67 and 2.75, respectively. Therefore the present fluorinated poly(imide-amide)s
VII containing methylene instead of phenylene rings are easier processable due
to their lower T,.

The initial decomposition temperature of the polymers VII (determined
from TGA curves) does not show a significant dependence on their chain rigid-
ity, because of the methylene units which are more sensitive to thermal degrada-
tion and they dictate the beginning of decomposition. The polymers A and B con-
taining aromatic rings instead of methylene groups have higher decomposition
temperature, 444°C and 406°C, respectively than related polymers VIIc and VIle
whose decomposition temperature is 364°C and 380°C while the conformational
rigidity parameter p of the former is also higher than that of the latter.
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CONCLUSION

The incorporation of hexafluoroisopropylidene together with methylene
linkages into the main chain of aromatic heterocyclic poly(imide)s gave products
with substantially improved solubility in polar amidic solvents and even in less
polar liquids such as pyridine and tetrahydrofuran. These polymers maintain high
thermal stability, with decomposition temperature being above 350° C and a
large interval between glass transition and decomposition temperature which is
advantageous for thermoforming processing. The polymers can also be processed
from solutions into thin transparent films having tough mecahanical properties
and low dielectric constant. The calculated conformational rigidity parameters of
some of these polymers correlate very well with their physical properties, such as
solubility, glass transition and decomposition temperature. The easy processabil-
ity associated with all these properties make the present polymers potential can-
didates for practical applications in microelectronics or related fields.
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