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Abstract : We have synthesized two types of diamine monomers containing various chain length to prepare polyimides
with layered structure. By using these diamines, homo-polyimides and co-polyimides having hydrophobic and hydrophilic

segment of flexible side chain were synthesized. The segregated layered structures were formed by repulsive force with main

chain as the side chains reach a critical length because the rigid main chains are packed into layered strudure with the

flexible side chains occupying the space between layers. As a result, the gallery space of each homo-polyimide was increased
at spacing of 32.7~48 A or 7~10.5 A as the increased hydrophobic or hydrophilic side chain length through Xray
diffraction. The gallery space of co-polyimides was also showed similar phenomenon by repulsive force of side chains with
different properties. We have also confirmed that gallery space and molar volume were significantly depended on length of

flexible side chain via molecular modeling.
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A2} WH-S8 2= Junsei Chemicalrle] Ao E-2-3 S| E(NV
methyl-2-pyrrolidinone, NMP)-& CaH,Z FEAA & 2 SH3MH
AgEIEEh 28 G 2A DaicelAloll Al A 23 9% ol =
o) s|2dlRE o] RLE(pyromellitic dianhydride, PMDA)-& 220 C
o) el T sty AAAFY® T AL =% ToE
(palladium on carbon, Pd/C, 5% with palladium metal, Aldrich), 3,5-
tUE= opbd (3 5-dinitroaniline, Tokyo Kasei Kogyo Co., Ltd), 3,5
dUEZuZY Z&z}o] =(3,5-dinitrobenzoyl chloride, 99%, Acros
organics), °F4 EANacetic acid, AA3I8h& M=o AA glo] AL
3ttt 2-2 B S A F-4-E(2-octenylsuccinic anhydride), 2-=6
MYLEAlY FE(2-dodecenylsuccinic anhydride), 7 3|AME A SAIY
F-E{nhexadecylsuccinic anhydride) 52 Tokyo Chemical Industry
(TCHALZRE TYst] AMS3MH T, 2-9 5 Al ol 8H-&(2-methoxy-
ethanol), TJ(NEAZ2Z) x| HollH| E(di(ethylene glycol)mono-
methyl ether), EZ(CIEAFE]F) ¥ v o H E(tri(ethylene glycol)
monomethyl ether)= Aldrich Co. 2878 T3t ARSI 3-0F
Y(3-picoline)?} o}A|EAF FE(acetic anhydride, Ac,0)2 2zt
Aldrich Co.$} J. T Bakerol Al F<d3tsith.

717]. ©EEA| 9] §H4 %= Jasco 610 FTIR spectrometer$} Bruker
AMX-300MHz 'H-NMR spectrometer, ==+ Thermo-Finnigan Flash
EA-1112 Elemental AnalyzerS ]88} RAlSIHTE €4 £42
TA Instruments TGA 295022 Z4 715 3lollA] 10 C/min®] <&
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Scheme 1. Synthesis of the monomers.
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a=Z17|71 £QIEl Clof2l H2HIDA16)2l 2. 413 DAL6-N 10
g% oEhE  NMP(F-3H]=3: 1) 200 mL7} S10E 715F 4
8 ¥kerle] ¥ ¢l £ Pd/C 1 g& ¥ 40~50 psie) 4 ¢t
< 7elt) o]0 Whgvle] LEE 50 TE 48 & UAL F
g3 sk wgo] 48 F 49498 5 um mem-
brane filtersl|] E3}3he] W3- FuQl Pd/CSF AEE&S AASATH
dolglE NMPE A A $I8ld =] SFoll JHAZ +
7t Al $EH HHES ofg2ol AR T Aoz A
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DA8. 'H-NMR(CDCl;) ppm : 5.91(s, 3H), 3.68(s, 4H), 2.95~2.86
(m, 2H), 2.50~2.46 (dd, 1H), 1.94~1.57(m, 2H), 1.38~1.27(m, 12H),
0.87(t, 3H). FTIR(KBr) v (cm™) : 3455, 3367(amine N-H), 1772(male
imide C=0, asym), 1700(male imide C=0, sym). Anal. Calcd for
CisHxN:O0.: C, 68.11; H, 8.57; N, 13.24. Found: C, 68.76; H, 8.81; N,
13.23. (yield : 86%)

DA12. 'H-NMR(CDC}) ppm : 5.97(s, 3H), 3.37(s, 4H), 2.97~2.88
(m, 2H), 2.51~2.47 (dd, 'H), 1.96~1.58 (m, 2H), 1.39~1.26(m, 20H)
0.86(t, 3H). FTIR(KBr) v (cm™) : 3417, 3343(amine N-H), 1773 (male
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imide C=0, asym), 1703(male imide C=0, sym). Anal. Calcd for
C:HssN:02: C, 70.74; H, 9.44; N, 11.25. Found: C, 70.05; H, 9.57; N,
11.14(yield : 85%).

DA16. 'H-NMR(CDCL,) ppm : 5.99(s, 1H), 5.95(s, 2H), 3.66(s, 4H),
2.96(m, 2H), 2.52(m, 1H), 2.53~1.58(m, 2H), 1.37~1.25(m, 28H),
0.88(t, 3H). FTIR(KBr) v (cm™) : 3369(amine N-H), 1772(male imide
C=0, asym), 1707(male imide C=0, sym). Anal. Calcd for C,sH;sN;0,:
C, 72.68; H, 10.09; N, 9.78. Found: C, 72.44; H, 10.32; N, 9.58(yield :
81%).

osBESAI=Tt =R CILIER SISIE(ME3-N)| &M d& &
ol 2l 500 mLe| ZEgtx=d 35-TUERMEY FETo|E
27.6672 g(0.12 mol)S HESEuQl oA E 189.48 goll 837 ¥ o
2 9.492 g(0.12 mol) & A3 LL olo] ER(NEAETZ) =
o= 19.704 g(0.126 mol)S E A 715 3ol 0 TollA 15
Az Rkl vhe 24 ¥ JEd 9 At AAS, o3
2 R8N rotary evaporators ©]83le] HHS-GuQl o}HE-E A A}
Aok 3HF s dE AAS7] s WEdA FEEke] S(methylene
chloride)?} EH+=2 4= e 23 F, vl2uvlE Ao E(magne-
stum sulfate anhydrous)2 E-& A3 ch ©]°] rotary evaporator
£ o] g3l wigw FRe|=E AAT ¥, dolxl u|HA YAHE
L ojdolAEolE  FARuu|=3: )9 FEUZ FY AZnE
a9 E 53 2eldl, & AHEFMEIN)E Itk

HEHSAOI=T =S Clofml SRIMMER)S| B8, 348 ME3-
N 10 g& olleh& 200 mL7} E01%)e 719 43 whgrlel ¥
=0l B Pd/C 1 g& YT 40~50 psi2] 4 L 7155t oo
W5719 2EE 50 TE 5238 F 2447 5+ #dikg-S 3
3lek o] F2H $ £98 5 um membrane filterel] F3HAA
Hk-S Fo¢l Pd/Co oS AASSTE A F Qoizl vH A
AAEL cHolAEIo|E : ik F-anl=3: )] TEu= HY 2
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ME. 'H-NMR (DMSO-d,) ppm : 6.42(s, 2H), 6.01(s, 1H), 4.99(s, 4H),
4.27(t, 2H), 3.59(t, 2H), 3.28(s, 3H), FTIR (KBr) v (cm”) : 3300~
3450(amine, -NH,, asym), 2900(C-H, stretch), 1735(C=0, stretch),
1375(-CH3), 1000~1300(C-O, stretch). Anal. Caled. for C;oH.N,O;: C,
57.13; H, 6.71; N, 13.33. Found: C, 56.95; H, 6.79; N, 13.91(yield :
83%).

ME2. 'H-NMR (DMSO-ds) ppm : 6.43 (s, 2H), 6.02 (s, 1H), 5.02 (s,
4H), 4.27 (t, 2H), 3.66 (t, 2H), 3.55 (t, 2H), 3.43 (t, 2H), 3.22 (s, 3H),
FTIR (KBr) v (cm?) : 3300~3450 (amine, -NH,, asym), 2900 (C-H,
stretch), 1735 (C=0, stretch), 1375 (-CHs), 1000~ 1300 (C-O, stretch).
Anal. Caled. for C,HsN:O,: C, 56.68; H, 7.13; N, 11.02. Found: C,
56.81; H, 7.17; N, 11.32. (vield : 78%)

ME3. 'H-NMR (DMSO-ds) ppm : 6.42(s, 2H), 6.01(s, 1H), 4.99(s,
4H), 4.27(¢, 2H), 3.67(t, 2H), 3.55~3.48(m, 6H), 3.41~3.35(m, 2H),
3.21 (s, 3H), FTIR(KBr) v (cm™) : 3300~3450(amine, -NH,, asym),
2900 (C-H, stretch), 1735(C=0, stretch), 1375 (-CH3;), 1000~1300(C-O,
stretch). Anal. Calcd. for CH,NOs: C, 56.36; H, 7.43; N, 9.39.
Found: C, 55.57; H, 7.52; N, 9.09(yield : 71%).
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Scheme 2. Synthesis of polyimides containing flexible side chain.
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Figure 1. "H-NMR spectra of diamine.
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Figure 2. IR spectra of PI-DA16 & PI-ME3.
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30 =A3FSIT PLDA seriese 8381 344 7328 ZHe 1824k
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Bragg equation®.& Q& F/43bAL ke ¢ 279 dolr) 7}
7 28 PLDASY 7-9oll= 327 A, PLDA12%] Z9ll= 394 A, PI-
DA16%] 7Z$-oll= 48.0A02 Z7l8h= AL & 4 AT

3% DA series®] F6 HE3 F2E4S 215t Hyper Chem®
& o]83l] BA mdHES AABIATE 8 AlzEleMe ARg 5
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Table 1. Thermal Properties of Polyimides

Polyimide Thermal stability
T(CY T(TY T CY Residue at 800 T
PI-DA16 450.1 398.4 4243 24.7
PI-ME2 391.5 368.2 411.9 40.8
PI-ME3 4152 347.5 378.8 385
PI-DAME2 470.1 384.9 413.6 36.0
PI-DAME3 421.2 346.4 387.6 40.6

“Maximum decomposition temperatures measured by TGA at a heating rate of
20 °C/min under N,.*"5% and 10% weight loss temperatures measured by TGA
at a heating rate of 20 C /min under N,.

Table 2. Solution Properties of Polyimides

Code Solubility
CHCL THF DMSO  DMAc NMP
PI-DA16 + + ++ ++ ++
PI-ME2 + ++ ++ ++
PI- ME3 - + ++ ++ ++
PI-DAME2 - + ++ ++ ++
PI-DAME3 - + ++ ++ ++

Keys: - insoluble, + swelling, ++ soluble at heating, +++ soluble at r.t.

Intensity(Arb. unit)

Figure 3. X-ray diffractograms of PI-DA series.
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Figure 4. Calculation of chain length of layered structure.

Exp.? Th.b Exp. Exp.
27.98A 26.98 A 34.68 A 33.01A
PI-DAS PI- DA12 PI-DA16

fully extended fully extended

Figure 5. Models of flexible side chain in layered structure(“Experi-
mental calculation; “Theoretical calculation).
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d-spacing(A)

Figure 6. Linear dependancy of d-spacing on the number of carbon.
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Table 3. Calculated Molar Volume From the Density of DA
Series

Code Density(d) Mm) Wm)
PI-DAS 1.168 535.12 458.15
PI-DA12 1.153 591.24 512.78
PI-DA16 1.115 647.36 580.59
g 600 Linear Fit
= sl P|-DA19,["/
E 5401 -
'E 5101 /"//PI-DA12 Y=A+B*X
©
g 4801 ////’ Parameter Value Error
] " A 33351333  11.82941
& 4504 A PiDAS B 15.305 095118

8 10 12 14 16
number of carbon

Figure 7. Linear dependancy of molar volume on the number of
carbon.
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Figure 8. Proposed structure of double stacking of backbone.
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Figure 10. Molecular modeling through Material Studio.
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Figure 11. Calculation of chain length of layered structure.
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Figure 12. Models of flexible side chain in layered structure.
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Figure 13. Linear dependancy of d-spacing on the number of ethylene

oxide unit.

M, : molar mass of ester unit(44.01 g/mol)
M; : molar mass of ethylene oxide unit(44.052 g/mol)
M, : molar mass of methyl unit(15.034 g/mol)

m : number of ethylene oxide unit
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V; . molar volume of backbone

V. : molar volume of ester unit
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V, : molar volume of methyl unit
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Table 4. Calculated Molar Volume From the Density of Hydrophilic
Series

Code Density(d) M m) Wm)
PI-ME 1.382 412.87 298.75
PI-ME2 1.376 456.92 332.06
PI-ME3 1.368 500.97 366.21
~ 375
[=} —— Lingar Fit PI-ME3 8~
g 360
-~ S
g 345 7
§ 3304 PHE2 = Y=A+BX
'§ 3154 /’/ Parameter ~ Value Error
= 7
% 3001 = pLuE A 26533333 0.62361
g 285 - B 335 0.28868
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Figure 14. Linear dependancy of molar volume on the number of
carbon
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Figure 15. Proposed structure of PI-ME series(Layered structure of
single backbone).
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Figure 16. X-ray diffractograms of segregated layered structure.
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