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Summary

Poly(amide-imide)s(PAls) with different microstructures were prepared based on
trimellitimide and 4,4'-diphenjether with varying the reaction onditions. The
microstructures of PAls were examined byOBOHz ‘H-NMR spectroscopy. The head-to
tail (HT-) PAI showed a sharp peak inA¥D curve, a large shift at around 1670 tm
for —C=0 stretching in FAIR spectra, andpoor solulity in organic solvents, high
density, Tg, tensile strength andodulus compared to head-to-head (HH-) PAI and
copolymers of HT and HH. These results might be due to the higher packing tendency
of the HT PAI than HH PAI or copolymers.

Introduction

One of the high performance polymers is PAls which hewede and imidegroups
in the polymer backbone (1). Gea#y, PAI is prepared by low-temperature-solution
polycondenation of trimellitic aahydride chloride (TMAc) with ammatic diamineg?2).
TMAc is an asymmetric snomer containing twdunctional groups in which the
reactivity to the symmetric anomer is different. The polycondati®n of a symmetric
monomer with an asymmetric anomer gives rise to PAls with different
microstructures which can be expressed in termgmade-amide sequence (hereafter
referred to head-to-tail, HT), and imide-imide (headiad) or amide-amide (tail-to-
tail) sequence which is noted as HH. h&ltugh several cases have been studied for the
polycondenation of a symmetric mnomer with an asymmetric anomer to obtain
different microstructures, there are a few reports about how to prepare the PAIs with
controlled microstructures and theorelation between the microstructure and the
propeties such as solubility, thermal and mechanpralpeties, etc(3-4). In this work,
different reaction enditions have been used to obtain some PAls with the same
chemical composition but various microstructures, and we have studied to elucidate the
microstructures byH-NMR and the propdies of PAIs with different regularities.

Experimental
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Materials ; 4,4'-Daminodiphenyl ether @DA,Aldrich), and timellitic acid anhydride
(TMA,Aldrich) were purified by recrysllization from THF and pseudocumene,
respectively. TMAc (TI) was vacuum digled prior to use. N-methy2-pyrrolidone
(NMP,Merck) and N,N'-omethylacetamidd§MAc, Merck) werepurified by digillation
under reduced pressure ovaltciumhydride and stored over 4 A tecular sieve.
Synthesis of monomer

N-[4-(4'-nitrophenoxy)phenyl]timellitimide (NPTI) : A mixture of trimellitic
anhydride (38.42g, 0.2mol) and a4rino-4'-nitro-diphenigther (46g, 0.2mol) were
dissolved in IL of dryDMF at room temperature and stirrefr 1h. About 300mL of
toluene was then added, and the mixture was heated with reffuh urtil about
3.6mL of water was azewipically distilledoff under a Dean-Stark trap. After cooling,
the yellow precipitate of nitro acid was separated by filtration @uodfied by
recrystallizationfrom ethanol. Yeld 85%, mp: 248249°C, 'H-NMR (DMSO-d) &
(ppm) 8.4(d,1H), 8.3(m,2H),8.1(d,1H),7.6(d,1H), 7.3(d,1),7.2(d,1H).

N-[4-(4'-aminophenoxy)phenyljimellitimide (APTI) : APTI was prepared by
catalytic hydrogemtion of NPTI(10g, 0.247mol) in a Parr hydrogenator using 1g of
10 % Pd/C as a catalyst #00mL of DMF. Meld: 85%. mp: : 253.9C (by DSQ. 'H-
NMR (DMSO-d), & (ppm) 8.4(d, 1H), 8.3(s,1H), 7.3(d,1H), 6.9(d,1H), 6.8(d,1H),
6.6(d.1H) Anal. @lcd for C, H, N,O, (374.34): C, 67.38%; H, 3.77%; N, 7.48%.
Found: C, 66.94%; H, 3.78%; N, 7.45%.

Oxy-bis[N-(4-phenylene)-tmellitimide] (OBTI) : OBTI was prepared by
condensing 2 mol of TMA and 1 mol @DA in NMP according toliterature method
(5). Yield: 74 %, mp385.7C (byDSQ)

Synthesis of polymer

HT-PAI : A mixture of APTI (11.23g 0.03mol), triphenylphosgeh (TPP, 9.30g,
0.03mol), NMP(200ml), pyridine (Py, 50ml) and LiCIl(10g) was stirred at°Clfor 3h
under N. After cooling, the redting homogeneous solution was poured intethanol
(300mL) in a Waring blender. The qmipitated polymer was washed with water and
boiling methanol, collected by filtration and dried at AGQnder reduced pressure for
24h.

HH-PAI : The polymerization wagroceeded similar to the synthesis of HT-PAI
using the OBTI(8.17g, 0.015mol) a@DA(6.00g, 0.015mol).

Copoly-1: To a solution 0ODA(10.01g, 0.05mole) in dnNMP(200 ml), TMA
(9.61g, 0.05mole) was addedl at onceunder N. Then the solution was stirred for 1h
at roomtemperature. After xylen€L00Oml) was added, the mixture wasaled to 21TC
until water was azeatpically distilled off and about 150ml of mixed xylene and NMP
was removed. After cooling the reaction mixture beloviC30pyridine (50ml), TPP
(31.29¢g, 0.1mol), and LiCl (10g) were added, and the solution eated with stirring
at 110C for 3h. The redting solution was poured intmethanol(500mL) in a Waring
blender. The precipitated polymer was washed with water and boiling methanol,
separated by filtration and dried at $60under reduced pressure.

Copoly-2: To a solution oODA(8.01g, 0.04mole) in dnNMP(143 ml), TMAc
(8.42g, 0.04mole) was addedl at onceunder N, then the reaction mixture was kept at
temperatures in the range of(B0°C for 3h. Propylene oxide (2.32g, 0.04mole) as the
acid acceptor was added and the mixture was kepomb temperaturgor 10h. To the
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resulting polyamic acid solun, acetic ahydride (24ml), and pyridine (24ml) were
added and the solution was kept at rdemperature a4h.

Copoly-2": The synthesis of this polymer was qaeded in the same manner as
copoly-2 but in this case the order of @noth was changed and the ODA was added
slowly to the solution of TMAC.

Film preparation: The 5110 wt % solutions of the prepared PAIs in NMP wdleried
using a Teflon membrane filtdD.45u m) and cast on a clean glass plate. The solvent
was evaporated in a vacuum oven atG@Ge@or 4h, 120C for 4h, and then 13Q for 2h.
The films were removedrom the glass late by soaking it in cold water. Then they
were dried in a vacuum oven at 260for 24h. The thickness of the PAInis were
about 1060 pum.

Measurements 'H-NMR spectra were recded on a BrukeAMX 500 usingDMF-d,
containing 1% LiCl as the solveninfrared sgctra were obtained with a @®&Rad
Digilab Division FTS165 FT-IR spctrometer. Tensilpropeties of PAlI were measured
according to ASTM 638 using an Instron universal tester (model 1125)anign
mechanical measurement wasrfpemed on the ectaagular films in tension /
compression mode at a heating rate W &in' by a Rheometrics Scientific DMTA IV
spectometer. The YAXD measurements were memed on a Rigaku X-ray
diffractometer with Cu K radiaton, wawelength =1.54A. Inherent visdties were
measured with a @mon-Fenske visecoeter (N.75) at a concerdtion of 0.5 g dL in
DMAc at 3C°C.

Results and Discussion

Synthesis

A simple monomer containing amino acgroups (APTI) and itmide-diacid
(OBTI) was prepared according to the known procedure as shown @mech. 1-
Chloro-4-nitrobenzeneeacted with an equimolar @unt of 4aminophenol at 15C in
the presence of potassium caratnto yield 4-anmo-4'-nitro-dipheniether. NPTI was
synthesizedfrom the condersion reaction of 4-ambo-4-nitro-dipheniether with
TMA. The complete cyclization of the intermediate amic acid was achieved by toluene-
water azeabpic distillation. APTI was prepared byatalytic hydrogemtion of the nitro
compound. The structures of the interna¢els and APTI wereonfirmed bymeans of
elementary analysi$R, and'H-NMR spectroscopy.

K2CO3 TMA
Hooc o (NPT
Pd/C
. OO0

5 (APTI)

1 O OO 00010,

COQH
Hooc ° (0BTl e

Scheme 1. Synthetic route to monomers
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PAls containing different microstructures were prepared by two differerhoust
that is, i) direct polyondenation reaction using TPP as ancensing agent in the
presence of pyridine (Py) andhium chloride (6) and ii) lowtemperature solution
polycondenation. Reactions aaarding to sckme 2, a) gave polymers with only HT
unit and b) yielded polymers with only HH or TT unit, and c) yieldegotymers of HT
and HH units.

0]
a) 2
@N@O@Nw NMP/Py/TPP/LICI é ”’@‘@NH
1
(0]
HOOC o O n

HT-PAI (imide-amide)

" 0-0--0-to, ; +-0-0

HOOC

ey TP % m ~O-—~Or— y),:@_—@ —~O %

HH-PAI (imide-imide / amide-amide)

o)

i} NMP/Xylene
O @ HT +HH‘>—
0T HaN © NH ii) TPP/Py/LiCl —6_ +
0

Copolymerof HH/HT (Copoly -1)

O + OO B0 ooy

Copolymer of HH/ HT (Copoly -2/ Copoly-2')

HOOC

CIoC

Scheme 2. Polymerization reaction

The prepared PAIs were characterized b@®8®z ‘H-NMR. As shown Figure 1, peak
areas for the benzene ring protons in diphenyl etheetsnavere taken to calculate the
mol % of HH versus HT unit by the following equation.

(A'TJZ + A'?A{)l')) / 2

HH(mol%) =
W) (Arsot A0 2+ Aris

(A ,, : integration area around 7.32 ppm peak)

The copolymeration reaction wagroceeded readily raund 10 wt% solution.
While HH-PAI and HT-PAI could only be prepared at a lowenmmer concentration,
3.5 wt% and 4.5 wt%, resptively due to the gelatioduring polyconderetion (7). All
of the PAIs were yellow with almost quantitative yield; the results of PAI preparation
are summarized in Table 1.
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Figure 1. '"H-NMR spectra for the benzene ring protons in 4,4'-diphenyl ether of the
PAIs (DMF/d, containing 1wt% LiCl ) a) HT-PAI, b) Copoly-1, ¢) Copoly-2, d) Coply-
2, e) HH-PAL

Table 1. Preparation of PAIs with different microstructures.

Polymer Monomer Microstructure 7 inh
HH: HT (dL/g)®  Mn(x10")? Mw(x10') Mw/Mn
{ mol %) (g/mole) (g/mole)
HT-PAI APTI 0:100 0.98 - - -
Copoly-1 TMA/ODA 31:69 0.60 3.70 6.68 1.81
Copoly-2 TMAc/ODA 4951 0.92 4.04 7.69 1.90
Copoly-2’ TMAc/ODA 86: 14 0.53 3.16 5.18 1.64
HH-PAI OBTI/ODA 100:0 1.07 477 9.89 2.07

¥ Measured at a concentration of 0.5 g/dL at 30°C in DMAc or NMP (for HT-PAI).
®  Measured by GPC at 80°C, correlating to standard polystyrene, in DMF containing 0.5 wt% LiBr.
(flow 1.0 mL min™)

The HT-PAI and HH-PAI were obtained by potywensation from the corresponding
monomers, APTI and OBTI, respectively, and could beficmed readily with NMR
spectra. It Bould be noted that the copolymers with a different content of HH and HT
could be prepared by varying the monomer adding mode and the reamtiditions at

an equimolar ratio of sonomers (8-9). The Copoly-1 was prepared by two steption
from TMA andODA. In the first step, TMA was presacted with an equimolar amnt

of ODA to form the mixture of ATPI, OBTI, and ueactedODA in NMP. Then the
mixture was polymerized by direct potyndenstion without istation of reaction
products. The moleatio of HH and HT inCopoly-1, 31/69 was d¢hined depending on
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the mole ratio of APTI and OBTibrmed in the first step. APTI first formed from the
reaction ofODA with TMA, and then couldeact with TMA to yield OBTI until TMA
was consumed following the competing reaction VDA and APTI, resiting in the
higher mole ratio of HT to HH in th€opoly-1. Whle Copoly-2 and Copoly-2' were
prepared from theasne nonomers, TMAc and ODA, with the different addingethods.
Copoly-2 of 49 mol% HH was prepared by adding TMAc to @ieA solution while
Copoly-2' of 86 mol% HH were prepared by reversing the adding mode, th&ldsngy
higher HH tendency for ihal TMAc excess reaabn. In case of copoly-20DA is
added slowly to TMAc solution,i@mide-containing diahydride forms first, then this
anhydride eacts with residuaDA, finally giving the HH-rich PAI. This illustrates that
the ratio of HT and HH is greatly influenced by the reactivity difference of the
functional groups and adding mode. In this work the PAIls with vamaigsostructures
were prepared successfully with varying the monomer structures and polymerization
conditions.

Properties

The physgcal and thermapropeties of the polymers are perted to be affected by
the constitutional regularity of the bdaone chains (10-11). Density, soility, thermal
and mechanicapropeties of PAls with different microstructures were investigated.
Wide angle X-ray diffraction diagrams were obtained on the PAI films. As shown in
Figure 2, HT-PAI reealed a remgnizable peak atraund 26 = 20 degree, while HH-
PAI and copolymer have broad halbganing that HT-PAI has momdered structure
due to a better packing of polymer kbhones than HH-PAI and copolymers. In FT-IR
spectra of the PAI polymers (fire 3), the hydrogen bonding betweed=0 and-NH
group also ensure the above results. F8eO stretching band of HT-PAI shiftefdom
1674cnT to 1663cnt due to a stronger hydrogen bonding than that of HH-PAI and
Copoly-2 (12). HT-PAI has the highest value among the polymers. Theilgpl@and
density of the PAIs are listed in Table 2. Most of the PAIs were readily soluble in amide
type solvents such as DMF, DMAc excdpt HT-PAI. The copolymers realed better
solubility than HT-PAI or HH-PAIL. HT PAI has the highest density value, which might
result from the most ordered structure as seen AXW/ curves in Figure 2. Figures 4
and 5 show the dynamic mechanical and tenpilepeties of the PAI films. The
dynamic mechanicglropeties were measured at a heating rate°@f 8nin and at 1 Hz.

Table 2. Solubilty and density of PAIs with different microstrutures.

Polymer Density” Solvents®
(g/cm’®) NMP DMF DMAc m-Cresol  Pyridine
HT-PAI 1.3802 + - - - - - -
Copoly-1 1.3556 ++ ++ ++ + —-—
Copoly-2 1.3555 ++ ++ ++ - - -
Copoly-2° 1.3555 ++ ++ ++ +- e
HH-PAI 1.3566 ++ + - ++ - — - -

9 The density of PAIs film was measured with a density gradient column in n-hexane and chloroform
mixture at 23°C.
 + +: soluble at RT, + : soluble by heating , + — : partially soluble by heating, — — : insoluble
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Figure 2. X-ray diffractograms of PAls Figure 3. FT-IR spectra of PAIs
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Figure 4. Dynamic mechanical spectra of PAls Figure 5. Tensile properties of PAIs

The glass transition temperatures (Tgs) were deded tard peak temperature on
DMTA curves. Tgs, tenke strength and wdulus, and elorggion of the prepared PAI
polymers were obtaineflom the figures and listed in Table 3. HT-PAI has the highest
Tg, 308C, 20°C higher than HH-PAI or copolymers. The storage moduli of PAIs are in
the order of HT-PAI, HH-PAI, and copolymer between romperature and 230,

i.e., the HT has the highest rigidity, resulting from the ettt chain mobility due to
the most ordered structures for HT-PAI.

Table 3. Properties of PAls with different microstructures.

Polymer Tg? Tensile strength®  Elongation at®  Tensile modulus®
(°C) (MPa) break (%) (GPa)
HT-PAI 308 136.7 313 1.79
Copoly-1 280 128.9 61.2 1.25
Copoly-2 285 123.0 51.1 1.31
Copoly-2’ 276 118.2 342 1.37
HH-PAI 288 114.7 45.8 1.67

»  Tg was measured by DMTA.

®  Tensile properties were measured according to ASTM 638.
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These results correspondelv with the previous explanation regarding to the
molecular packig. Trangions of the storage modulus and daat around 280 are
attributed to the onset of the segmental motion in therpinous regions. As inchted
in Figure 2, the HT-PAI rezaled a sharp peak, implying it has crystalline regions which
would reduce the fraction and the chain mobility of theogahous regions, elaning
the reduction in the peak height and the increase in the peak temperature, i.e., Tg in the
tam curves.

Typical stress-strain wwves of the PAls ilims, which were casfrom the NMP
solutions with the same thermal loist are shown in Figure 5. The tdaspropeties are
summarized in Table 3. HT-PAI showed higher tensiledulus and tenle strength
than HH-PAI and copolymers with lower elaigpn at break due to the ordered
structure as explained foee.

Conclusions

Homo-PAIs of HT and HH were prepared by tailoring the chemical structures of
monomers from TMA andODA. Direct polyondensation of APTI alone and OBTI
with ODA vyielded HT PAIs and HH PAls, respectivel@opolymers of different HH
contents were also synthesized with TMAc, TMA, &@BA by varying the @action
conditions. Copolymer of high HH content wastaibed by addingODA to TMAc
solution, whle the ®polymer coraining low HH content by one pot direct
polycondenation of TMA with ODA. Themicrostructures of PAIs were confirmed by
500 MHz proton NMR spctosopy.

HT-PAI showed a sharp peak in WAXiwe, a large shift at around 1670 ‘thor
—C=0 stretching in FIR spectra, andooor soluldity in organic solvents, high density,
Tg, tensile strength and adulus compared to HH PAI and copolymers. These results
might be due to the higher packing tendency of the HT PAI than HH PAI or copolymers.
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