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A series of new polyamides was synthesized by direct polycondensation of the 4,9-bis[4-(4-aminophenoxy)-
phenylldiamantand ) with various dicarboxylic acids. The polyamides had high inherent viscosities and number-
average molecular weight¥l() of 0.65—1.65 dl g* and 32 000—140 000, respectively. Although the symmetrical

and rigid 4,9-diphenyldiamantane units were incorporated into polyattidespecially, most polyamided

were extremely tough. Their elongation value at break was up to 60.5%. These films had tensile strength up to
116.1 MPa, and initial modulus reached 2.1 GPa. Two relaxations occurred on the temperature scale between 0
and 400C in these polyamides. Their relaxations arose at high temperatures, ranging from 342 t6C381
Moreover, these polyamides remained quite stable at high temperatures and maintained good mechanical
properties G'~ca. 10°Pa) up to temperatures close to the main transition markedly exceedirf§.330
Furthermore, incorporating bulky diamantane units and the flexible ether linkages into the polyéinjdes
contributes toward the good solubility of most polyamides. In addition, their temperatures at a 5% weight loss
ranged from 384 to 438 in air and from 387 to 43€ in N, atmosphere® 1998 Elsevier Science Ltd. All rights
reserved.

(Keywords: polyamides; diamantane; toughness)

INTRODUCTION retention of storage modulus above 358314 However,

Thermally stable polymers have received extensive interest!l Was necessary for LICI to be added into the polymer
over the past decade due to increasing demands for highsolutlon for casting polyamide films, due to the symmetric

temperature polymers as replacements for metals or@nd rgid 1,6- or 4.9-diamantylene groups. It has been
ceramics in the automotive, aerospace, and microelectronicJ€nerally recognized that aromatic ether linkages inserted in
industries. Polyamides, which are certainly one of the most aromatic main chains provide them with a significanty

successful classes of high-temperature_polymers, havegiel Bieioy o fVRe OBIOh 18 OBt B 8
found extensive use in the aviation, automotive and 9 P

electronic industries. The conventional method for the in solubility and other process characteristics of the polymers,
synthesis of aramids begins with having diamine react with Without greatly sacrificing thermal stability. To improve their
a diacid chloride monomer by low-temperature solution processability, the flexible ether linkages were incorporated into

polycondensation. In another method, Yamazaki and the diamantane-based polyamides in this work.

coworkers reported a drect palycondensation To the PSP Gamariareiased pobmers nas fecehed
synthesis of aromatic polyamides According to their 9 q

investigation, this procedure could obtain a high yield of of stiffness, chemical and solvent resistance, high glass

polymers at a high molecular weight. Recently, aramids of transition temperature, and retention of physical properties
modest molecular weight were synthesized by the at high temperature. Herein, we successfully synthesize new

palladium-catalysed carbonylation and coupling reaction PClyamides involving 4,9-bis[4-(4-aminophenoxy) phenyl]-
of diamines with aromatic dibromides or aromatic iodide  diamantanel] by the direct polycondensation with various
Meanwhile, aN-silylated diamine method was used by dicarboxylic aciddl. The solubility, dynamic mechanical

others to obtain a high molecular weight by focusing on the properties, and thermal properties of polyamides are
diamine with low reactivity. investigated as well.
Diamantane is a cycloaliphatic-cage hydrocarbon con-

taining an ‘extended-cage’ adamantane strucfufed ExpERIMENTAL

Although diamantane has been investigated for many )

years, only a few exambples of the polymers based on Materials

diamantane are knoWn'® Recently, we reported that Terephthalic acid I(,), isophthalic acid I( ), 4,4-

incorporation of 1,6- or 4,9-diamantylene groups into oxybis(benzoic acid) I(.), 5-ert-butylisophthalic acid

polyamides afforded good thermal stability and good (Il g), cis-1,4-cyclohexanedicarboxylic acidll ¢), trans
1,4-cyclohexanedicarboxylic acidl ), and (+)1,3-cyclo-

*To whom correspondence should be addressed hexanedicarboxylic acidl(g, mixture ofcis andtrans) were
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purified by vacuum sublimation. Anhydrous LiCl (Merck)
was dried in a vacuum oven at T&Dfor 6 h and at 18T
for 10 h. N-Methyl-2-pyrrolidone (NMP),N,N-dimethyla-
cetamide (DMACc) and pyridine were purified by distillation

load cell of 10 kg at a drawing speed of 5 cm minNext,
measurements were performed atQ8vith film specimens
(about 0.1 mm thick, 1.0 cm wide and 5 cm long) and an
average of at least five individual determinations was used.

under reduced pressure over calcium hydride, and storedMinimized energy conformations were constructed and

over 4 A molecular sieves. According to our previous
method, 4,9-dibromodiamantane was prep4ted
4,9-Bis[4-(4-aminophenoxy)phenylldiamantanig (vas

synthesized from 4,9-dibromodiamantane in three steps.

analyzed using ‘cvff' force field on the Insight II,
BIOSYM’s 3D molecular modelling program.

Polymerization

4,9-Dibromodiamantane reacted with phenol to generate A typical example of the polycondensation is given

4,9-bis(4-hydroxyphenyl)diamantane. Next, the corre-
sponding bisphenol reacted wittichloronitrobenzene in

below.

the presence of potassium carbonate to generate new Polyamiddll .was synthesized fromnandll .. A mixture

4,9-bis[4-(4-nitrophenoxy)phenyl]diamantane, which was
hydrogenated to generate the new diamin®ur previous

of 1.662 g (3 mmol) ofl, 0.606 g (3 mmol) ofll , 1.0g
of LiCl, 1.845 g (6 mmol) of triphenyl phosphite, 4 ml of

studies provide a detailed procedure for the preparation of pyridine, and 16 ml of NMP was heated and stirred at

I Its properties are as follows: mp 314—-3C6IR (KBr)
3431, 3355, 3076, 2890, 2867, 1622, 1500 ¢nMS (EI)
m/z554 (M*, 100), 277 (47) n.m.r. (400 MHz, DMSO-
de) 6 1.85 (s, 12H, H-3, 5, 8, 10, 13, 14), 1.89 (s, 6H, H-1, 2,
6,7,11,12), 4.94 (s, 4H, N§), 6.55 (d,J = 8.76, 4H, ArH),
6.72 (d,J = 8.81, 4H, ArH), 6.79 (d,J = 8.75, 4H, ArH),
7.29 (d,J = 8.83, 4H, ArH);**C n.m.r. (100 MHz, DMSO-
de) 6 34.65 (C-4,9), 36.71 (C-1, 2, 6, 7, 11, 12), 43.00 (C-3,
5, 8, 10, 13, 14), 114.79 (d, Ar). 116.06 (d, Ar), 120.66 (d,
Ar), 126.04 (d, Ar), 143.56 (s, Ar), 145.20 (s, Ar), 145.66 (s,
Ar), 156.63 (s, Ar); Anal. Calcd for ggH3gN,O,: C, 82.31,

H, 6.86; N, 5.05. Found: C, 82.18; H, 6.79; N, 4.97. Crystal

13C°C for 5 h. The obtained polymer solution was trickled
into 500 ml methanol, giving rise to a fibrous white preci-
pitate that was thoroughly washed with methanol and hot
water, collected by filtration, and dried. The yield was
nearly quantitative. The inherent viscosity of polyamide
Il . was 1.65 dl g*, measured at 0.5 g di concentration

in NMP containing dissolved 5% (w/v) LiCl at 30. The IR
spectrum contained absorption peaks at 3317'ctN—H)

and 1668 cm® (C=0), i.e. characteristic of the amide

group.

RESULTS AND DISCUSSION

data: GgHseN4O,4 colorless crystal, 0.40x 0.50 X

0.50 mm, monoclinic P/n with a = 6.6322 (20), b=

39.308 (8), c= 8.0466 (23) AB = 11Q.35 (3), with Dc=

1.231gcm3forZ=2,V=1966.9 (9) & T=298 K\ =

1.5418 A p = 4.210cm*, F(000) = 786, intensity
variation <3%.

Effect of the reaction parameters on the inherent viscosities
of lll ¢

Part | in Table 1reveals that the inherent viscosities of
polyamide Ill . increased with an increasing monomer
concentration up to 0.20 M. However, the inherent viscosity
o of lll . slightly increased when the monomer concentration
Characterization exceeded 0.15 M. Part Il iflable 1also indicates that the

A Bio-Rad FTS-40 FTIR spectrophotometer was used to inherent viscosities of polyamid#l . increased with an
record IR spectra (KBr pellets). In a typical experiment, an increase in reaction time. However, a decreased inherent
average of 20 scans per sample were made. Inherentiscosity of 1.32 dl g* was obtained when the reaction time
viscosities of all polymers were determined at 0.5g'dl  was 7h. Such a decrease is possibly attributed to the
concentration in a NMP containing dissolved 3% (w/v) LiCl increase in side reactions, i.e. quite similar to those derived
at 30C using an Ubbelohde viscometer. in previous literatur®®. According to Part Il inTable 1 the

Gel permeation chromatography (GPC) on soluble inherent viscosities of polyamid#l . increased with an
polyamides was performed on an Applied Biosystem at
70°C with two PL gel 5um mixed-C columns in the NMP/
LiBr (0.06 mol I™") solvent system. The flow rate was Taple1 Effect of reaction conditions on polymerizatibn
0.5 ml min™!, detection was made by UV, calibration was
based on polystyrene standards. Qualitative solubility was

Reaction conditions Polymer

determined using 0.01 g of polymer in 2 ml of solvent. ADu Part  Monome? Reaction Reaction Yield  nfy, Remark
Pont 9900 differential scanning calorimeter and a Du Pont (mol 1Y E?gp' t('r?;e % g
9900 thermogravimetric analyser were then employed to
study the transition data and thermal decomposition ' 8-1‘; ﬁg 2 357; ‘i-g‘; 2
temperature of all the polymers. The differential scanning 020 120 3 9% 108 S
calorimeter (DSC) was run under a nitrogen stream at a flow
rate of 30 cmi min~* and a heating rate of 20 min~™. The I 0.15 120 3 98 105 S
thermogravimetric analysig ) was determined under a nitro- 0.15 1205 97 143 S
gen flow of 50 cmd min~" with a heating rate of 2@ min™. 0.15 120 ! 94 1.32 S
Dynamic mechanical analysis (DMA) was performed on a y 0.15 110 5 95 1.39 S
Du Pont 9900 thermal analyzer system. A sample with 0.15 120 5 97 1.43 S
10 mm in length, 2mm in width and approximately 0.15 130 5 97 1.65 S
0.15 140 5 94 1.02 s

0.05 mm in thickness was used. The dynamic shear modulus
was measured at a resonance mode. The wide-angle X-ray*The reaction conditions are pyridine/NMP ratio at 0.25, P{B&5/| ratio
diffraction measurements were performed on a Philips PW abﬁ an[dllc?”ce“"a“o” of LiCl at 5% (w/v).
- - i i ucKradiati = el
1730 1(.) X-ray dlff.raCtometer usmg_C adiation. . “Measured at 3T at a concentration of 0.5 g dlin NMP containing 5%
Tensile properties were determined from stress—strain

wi/v LiCl.
curves with a Toyo Baldwin Instron UTM-I1I-500 with a  %Appearance of the polymerization system: S, homogeneous solution.
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Polyamides

Table 2 Synthesis of polyamidés
Yield

b
MNinh

Polymer (%) (digh) Remark M,%x 107* M,/M,
" 5 98 0.65 S 3.2 2.1
"y 96 0.96 S 7.7 1.7
1 97 1.65 S 14 3.3
" 4 97 0.77 S 8.7 2.2
" 95 1.19 S 9.6 39
1 ¢ 98 —* P — —

] 94 1.03 S 9.7 3.5

g

1] = [dicarboxylic acid]= 0.15 M; Pyridine/NMP= 0.25; P(OGHs)4/I

= 2.0; LiCl = 5% (w/v); temperature= 13C0°C; time= 5 h.

®Measured at 3 at a concentration of 0.5 g dlin NMP containing 3%
(w/v) LiCl.

‘Appearance of the polymerization system: S, homogeneous solution; P,
polymer precipitation.

9By GPC (relative to polystyrene).

“Could not be measured.

Table 3 Solubility of polyamide$

Polymer
Sovent T, e e M. W, i
NMP + - ++ + + 4+ + - - 4+
DMAc + - + + - + - + + - +
DMF - - - + - - + - 4 -
Pyridine - + - + - + + + - +
DMACLICI® + + + + ++ ++ ++ + - + +
NMPLICI® + + + 4+ ++ ++ ++ + - + +

®Solubility: + + , soluble at room temperature; , soluble on heating at
60°C; + —, partially soluble on heating at 8D; — , insoluble on heating
at 60C. Abbreviations: NMP, N-methyl-2-pyrrolidone; DMAc,

N,N-dimethylacetamide; DMA\,N-dimethylformamide.

®Concentration of LiCl is 3% (w/v).

Table 4 Mechanical properties of polyamide films

Strength to Elongation to  Initial modulus

break break

Polyamide (MPa) (%) (GPa)
110 40.0 7.3 2.1

110 63.3 (76.6§ 46.1 (9.3) 1.8(2.1)
I ¢ 65.6 (66.0) 60.5 (27.7) 1.8(1.8)
I g 116.1 7.3 2.0

I e 51.0 35.2 1.9

g 74.3 (77.7) 27.7 (10.0) 1.9(1.9)

*The values in parentheses are those of the polyamides derived from
1,6-bis[4-(4-aminophenoxy)phenyl]diamantane.

0201300 + e — (O AL yG00m L,
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increasing in reaction temperature. However, a decreased
inherent viscosity of 1.02 dl'g was obtained when the
reaction was performed at 140 This might cause an
adverse effect on the complex form derived from LiCl and
phenol at an excessively high temperature, thereby leading
to an increase in side reactidfisTherefore, in this work the
inherent viscosity of polyamiddll . decreased. From the
above results, we can infer that the most favourable
conditions for this system are the monomer concentration
at 0.15 M, reaction temperature at ¥@0and reaction time
at5h.

Synthesis of polyamidd

Various new polyamides were prepared frorwith the
corresponding dicarboxylic acids by using the most
favourable conditions for the reaction with 4@xybis-
(benzoic acid)l{ o), as shown irBcheme ITable 2presents
the polycondensation results. All polyamides were obtained
with nearly quantitative yield. The polyamidé$ had high
inherent viscosities, ranging from 0.65 to 1.65dfg
However, the reaction solution dfl ; was quite viscous
but turbid during the polycondensation. Unfortunately, the
inherent viscosity ofll ; could not be measured due to its
poor solubility. According to GPC dat#),, of polyamides
Il also had high molecular weights, ranging from 32 000 to
140000. IR spectroscopy confirmed the formation of
polyamidedll . FTIR spectra of the polyamidéi$ detected
characteristic amide bands appearing at 3292-3318 cm
(N=H str), and 1654—1665 cm (C=O str).

Characterization of polyamides

The solubility of the polymers was tested in various
solventsTable 3summarizes those results. Incorporating of
bulky diamantane units and flexible ether linkages into
polyamideslll allowed most of the polyamiddfl , except
Il g andlll 4, to be soluble in NMP, DMAc and pyridine.
Notably the polyamideslll , and Il ; had the worst
solubility among the polyamidedil . This inferiority is
attributed to the fact that the polyamidéi$ . and lll ¢
contained relatively rigid and symmetrical structures in the
diacid moiety of polyamidedll , and Il ;, respectively.
When NMP and DMAc were added with 3% (w/v) LiCl, the
solubility of polyamidelll , was markedly enhanced. The
polyamide filmslll were structurally characterized by
X-ray methods. Due to the largely bulky of diamantane
structure, the polyamidedll had nearly the same
amorphous patterns with broad peaks appearir}) &
around 18,

]
o |

i}
c NH—’—

-n

I

: e _ A — |
e Do GO0 o D ulyo Gy Crpe
' ’ " CH-C-CHo ' I ';
CHs

Scheme 1
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Table 5 Thermal properties of polyamides

DMA? Decomposition temperaturéQ)®
Polymer T.(°C) in air in N
I 5 381 433 435
I 347 432 436
I ¢ 368 415 424
I g 345 401 416
I e 342 384 390
I —°¢ 385 387
I 4 347 388 387
LY *The « transition measured by DMA using shear mode at a heating rate of
FianY 5°C min~".
(A) _— Temperature at which 5% weight loss recorded by TG at a heating rate of
ey 20°C min ™%,

‘Could not be measured.

,,w&“w.,s. (ﬂ Minimized energy conformations of polyamidé$ were
*aﬁ*w‘ ’;}"’ constructed by using 1500 steps. The values of root mean
_‘1)"35‘\ square (RMS) derivative for each conformation is less than
L 0.1. AsFigure 1reveals, minimized energy conformations

_ - . of models for the polyamiddl , (i.e. four repeat units of
Figure 1 Minimized energy conformations of models for polyamlte, h chai f | i . indi h
with 4,9-diamantylene moieties in the main chain. (A) Before calculation; €ach chain to account for nonlocal interaction) indicates that

(B) after calculation. the minimized energy conformation of polyamides is
helical. This finding suggests that mechanical properties
of the polyamidelll , are extremely tough in nature,

Colorless films of most polyamiddH , exceptlll g4, Il ¢ whereadrigure 2depicts that minimized energy conforma-
and Il 4, were obtained by casting from their DMAc tion of the polyamide with 1,6-diamantylene groups are
solution containing 3% (w/v) LiCl. Polyamide filmil 4 nearly linear conformation. These findings suggest that the
andlll ; were also obtained by casting from their DMAc mechanical properties of the polyamides with 4,9-diaman-
solutions without LiCl. However, the polyamide filhil tylene groups are tougher than those of the polyamides with

could not be obtained owing to its poor solubility. The 1,6-diamantylene groups. In addition, the polyamide with
mechanical properties were determined via an instron 1,6-diamantylene groups (1166.6 kcal) is larger in the total
machine.Table 4summarizes the tensile properties of the energy of conformation than the polyamidd , with
polyamides. The mechanical properties of these films were, 4,9-diamantylene groups (1088.5 kcal). The finding
in general, satisfactory. Although the symmetrical and rigid indicates that the thermodynamic conformation of poly-
4,9-diphenyldiamantane units were incorporated into poly- amidelll , with 4,9-diamantylene groups is more stable than
amidelll , especially, most polyamidél (exceptlll ,and that of polyamide with 1,6-diamantylene groups.

[l 4) were extremely tough. The elongation values at break  Thermal analysis was performed by DSC, DMA and
of the polyamidedIl (exceptlll , andlll §) ranged from TGA. Table 5summarizes those results. The temperatures
27.7 to 60.5%. A comparison of tensile properties of the of polyamideslll at a 5% weight loss ranged from 384 to
systems studied herein with the corresponding polyamides433’C in air and from 387 to 43& in N, atmosphere. When
derived from 1,6-bis[4-(4-aminophenoxy)phenyl]diaman- the polyamides were derived from the alicyclic dicarboxylic
tane shows that the polyamides derived from 4,9-bis[4-(4- acidsll , Il { andll 4, their temperatures at a 5% weight loss
aminophenoxy)phenyl]diamantane are markedly tough, aswere lower than those of the polyamides derived from the
shown inTable 4 The difference on mechanical properties aromatic dicarboxylic acids. With respect to the DSC
may be due to the different internal structures derived from experiment, initial heating of the samples was curtailed at
the various monomers. In general, the properties of 300°C. In addition, Ty and other thermal properties were
materials depend on their internal structures. Those evaluated according to the DSC charts of the second
structures can be easily visualized by molecular models. heating. All polyamidesll did not display a typical glass

(B) = Bwr
‘ . M
TNl R e Wﬁﬁﬁm

Figure 2 Minimized energy conformations of models for polyamide derived from 1,6-bis[4-(4-aminophenoxy)phenyl]diamantdhg. #A)l Before
calculation; (B) after calculation.
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tan 6. Moreover, the relaxation is associated with a step
decrease in G The reason for this relaxation resembles that
i : of lll 4. The main relaxation at around 342is probably due

to thermal decomposition. The mechanical relaxation

8 " i
' 1'03 spectra of the other polyamiddd resembles those of
7"‘{" 'D\-o--n\ﬂ_ A i © Il 4. Table 5summarizes ther relaxation temperatures of
gt 05 polyamideslll . This table indicates that the relaxation
! : ° temperatures of polyamidéd are generally high, ranging

- i\ from 342 to 381C. The higha relaxation is attributed to
S oo that the rotation of these bonds were hindered by the bulky
and rigid 4,9-diphenyldiamantylene units, resulting in an
increasing chain stiffness. This same table also reveals that
the « relaxation temperatures of the polyamidés,, Il

and lll 4 derived from the alicyclic dicarboxylic acids
resemble those of the polyamides derived from the aromatic
dicarboxylic acids.

3 e . P
0 50 100 150 200 250 300 350 400 450
Temperature (°C)

Log [G'(Pa)] (a),Log [G'(Pa)] (o)

Figure 3 . Dynamic mechanical analysis curves ftir4 at a heating rate
5°C min™".

9 CONCLUSION

18 According to the results presented herein, introducing a
diamantane unit into the polyamide backbone yielded

= polyamides Ill  with good thermal stability, higha

- relaxation temperature, and good retention of storage

Log [G'(Pa)] (a), Log [G'(Pa)] (o)

10 : modulus approaching thermal decomposition temperature.
Jos © The polyamides had high inherent viscosities, ranging from
] 0.65 to 1.65 dl g*. Their M,, values ranged from 32 000 to
102 140000. In addition, incorporating bulky diamantane units
4 . . . . . and flexible ether linkages into the polyamiddés allowed
0 100 200 300 400 500 most of the polyamidedll , exceptlll 5 andIll ;, to have

Temperature (°C) good solubility, and most of the polyamidkts were soluble

in NMP, DMAc and pyridine. Colorless polyamide films
were obtained. Polyamides had a tensile strength up to
116.1 MPa, elongation value at break up to 60.5%, and
initial modulus up to 2.1 GPa. DMA reveals two relaxations
transition on the temperature scale between 30 an8Gt00 arose on the temperature scale between 0 antCAmOthe
This is attributed to the fact thai, values of the polyamides  polyamides Ill . Their « relaxations occurred at high
Il exceed their thermal decomposition temperatures, astemperatures, ranging from 342 to 381 Their tempera-
discussed below in the DMA results. tures at a 5% weight loss ranged from 384 to 43 air
More detailed information can be obtained from the and from 387 to 43®& in N, atmosphere. Further,
dynamic mechanical behaviour measurements taken of theintroducing alcyclic dicarboxylic acid into the polyamide
films as a function of temperature. Films of about /50 backbone allowed polyamidéi$ ¢, Il ; andlll §to maintain
thickness were studied between 0 and “@O0Figure 3 high « relaxations but lower thermal stabilities.
depicts the mechanical relaxation spectrdliof. Based on
tan 6 and G peaks, two profound relaxations appeared at
ca. 100 and 34%C. The relaxation process can be
approached by verifying results obtained with other REFERENCES
related polymerS—2' The low temperature transition, 1.
i.e. around 10TC, arose in G and tané. The relaxation
in polyamides was probably related to the rotation of rigid 2
segments of thep-phenylene and amide %roups around
‘hinges’ such as —O— and —GH in diamine$°~?* Such a 2

Figure 4 ) Dynamic mechanical analysis curves ftr. at a heating rate
5°C min™".
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