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E8: Zgjou=(P]) Y=E3A EF Az AR-H 287138} 4-amino-N-hexadecylbenzamide graphene sheets
(AHB-GSs):= graphene oxide #4F o] 4-amino-N-hexadecylbenzamide(AHB)E #H3-A1# 415131 th. AHB-GS2)
AV 0] 7 (atomic force microscope, AFM) o] |9} RS =34 AHB-GSO| Ha FA7F oF 321 nm¥Y
< 2218t} PIE= 4,4-biphthalic anhydride$} bis(4-aminophenyl)sulfideS AFE-&te] 435It PI B3
0-10 wt%2] T}t g5Fe] AHB-GSE 29 Ak (solution intercalation) 8-S ARE-5le] eI, olm|=sh= 2zt
ZF 250 °C B! 350 °C7HA4] @ AFsisith. AHB-GS= HlF-g A fjEg 2ol 2 EAtE A o7 $31 e 3l
PA T vlo]ARPE o] YA BET R 9t TEMOZ #EsIRS o], 7o 2 YAk F7A= 10 nm
ulgko|dct, Pl B3k & T A% AHB-GSTOZE 7kA EFwel A7] AT AR, 2 §2
Aol £xo} 27] Hall L& AHB-GS2 o] 10 w74 2718l me} 24802 s 43S B
AAA o 2=, 250 °C7HA] ow|=3let Plof| Hls| 350 °C7kA] EAE]gt Pl o] KMk P4 5 Hch

Abstract: 4-Amino-N-hexadecylbenzamide-graphene sheets (AHB-GSs), used in the preparation of the polyimide (PI)
nanocomposite films, were synthesized by mixing a dispersion of graphite oxide with a solution of the ammonium salt
of AHB. The atomic force microscope image of functionalized-GS on mica and a profile plot revealed the average thick-
ness of AHB-GS to be ~3.21 nm. PI films were synthesized by reacting 4,4'-biphthalic anhydride and bis(4-aminophenyl)
sulfide. PI nanocomposite films containing various contents of AHB-GS over the range of 0-10 wt% were synthesized
using the solution intercalation method. The PI nanocomposite films under different thermal imidization temperatures,
250 and 350 °C, were examined. The graphenes, for the most part, were well dispersed in the polymer matrix despite
some agglomeration. However, micrometer-scale particles were not detected. The average thickness of the particles was
<10 nm, as revealed from the transmission electron microscope images. Only a small amount of AHB-GS was required
to improve the gas barrier, and electrical conductivity. In contrast, the glass transition and initial decomposition tem-
peratures of the PI hybrid films continued to decrease with increasing content of AHB-GS up to 10 wt%. In general, the
properties of the PI hybrid films heat treated at 350 °C were better than those of films heat treated at 250 °C.

Keywords: graphene oxide, functionalized graphene sheet, polyimide, nanocomposite, film.
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Scheme 1. Synthetic route to 4-amino-N-hexadecylbenzamide graphene
sheet (AHB-GS).
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Figure 1. NMR spectra of (a) HNA; (b) AHB.
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Figure 2. FTIR spectra of (a) HNA; (b) AHB; (c) AHB-GS.
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Scheme 2. Synthetic route to PI hybrid.

Table 1. Heat Treatment Conditions for PAA and PI Hybrid Films

Heat treatment at 250 °C

Heat treatment at 350 °C

Sample
P Temp.(°C)/Time(hr)/Pressure(Torr) Temp.(°C)/Time(hr)/Pressure(Torr)
PAA 0/1/760—25/18/760 0/1/760—25/18/760
PI hybrid 50/1/760—70/1/1-80/1/1 50/1/760—70/1/1-80/1/1

Thermal imidization 110/0.5/1—140/0.5/1—170/0.5/760—

200/0.5/760—230/0.5/760—250/0.5/760

110/0.5/1—140/0.5/1—170/0.5/760—
200/0.5/760—230/0.5/760—260/0.5/760
300/0.5/760—350/0.5/760
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Figure 3. FTIR spectra of PAA and PL
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Figure 4. FE SEM photographs of (a) graphite; (b) GO; (c) AHB-
GS at different magnifications (i.e., 10000 and x50000).
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Figure 7. FE-SEM micrographs PI hybrid films containing (a) 0
(pure PI); (b) 1; (c) 3; (d) 5; (e) 7; (f) 10 wt% AHB-GS.
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Figure 8. TEM micrographs PI hybrid films containing (a) 1; (b) 5;
(c) 10 wt% AHB-GS.

a2 FolaL oFE A Abele] FZEE U Pl F9] ¥
ot} of7|A e Al mjER S & glREe] 9o
Al 2 JAkEY] QI AR X QAT vlo|AZAY A
719] A= AR ekdth AHB-GS7} 1 wi%e(Figure 8(a))
23 IE2 el vkt & AR, 5910 wie(Figure
8(b)-(c)IA= AHB-GS¢] kel 712 kel 53 &
o] &AL AL} AT, HFH o2 33 YA A71= TEM
ARl 2 mFo] BS uf 10nm ©]&te] FAoIRe B 1}
EEGA S 2AYUS I 5 AT

& ME. PUAHB-GS W=53A 252 250°C7HA &
A2 gk A% 350 °)C7HA DA g Aol DA EAS Table
20 YFERNSATE. WA, 250 °C7IA] A2 S 7% 0 wi¥e(pure
PIPIA 10 wt% AHB-GS7} ¥3Fe Pl B2 2= DSC
2 =43 2l o] &% (glass transition temperature, 7,)E
260914 221 °CE 3 A 743t 350 °C7HA] G4
23l A% 0|9} H|S=E A AHB-GS7} 10 wt%d w74+ 277
o|A 235°CE HA| I ashe FEFE B o=
GOell &2717F ul$- 71 28715 3hsled THE AHB-GS9J
slao| S7IERRE AlEo] AR AL, A S]A (free rotation)
< &) slo] B2 AR 4S8 w37] wwoth

TGA® 213+ & P84 =2 A} 3k JA] Table 20 A2
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Table 2. Thermal Properties of PI Hybrid Films with Various AHB-GS Contents

Heat treatment at 250 °C

Heat treatment at 350 °C

AHB-GS in PI
(Wi%) 7, (C) T (°C) W™ (%) T, (°C) T (°C) wiz™" (%)
0 (pure PI) 260 526 85 277 534 84
1 258 528 85 270 529 85
3 251 524 86 265 521 88
5 239 471 85 255 482 86
7 232 445 84 241 455 85
10 221 443 85 235 446 84

“Initial decomposition temperature at 2% weight loss. “Weight percent of residue at 600 °C.
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Figure 9. TGA thermograms of PI hybrids with various AHB-GS
contents. Heat treatment of AHB-GS at (a) 250 °C; (b) 350 °C.

31932, 2 A3E Figure 9o Bt T4 ¥ AHB-GS=
180 °C F-ollA] 27] & #3ll7F o] Aldtehes Ao] &
ZE AT} 250 °C7FA] EAEl sk 52 739 AHB-GS7} 001
A 10Wt%E S7HETE YgdA o 27] 9 =5
(initial decomposition temperature, 7p,')= 5269 4] 443 °CE
T3] 7rAEE o™, 350 °C7A] EA 2] d A$-ol= 250 °C

Aol vR7IA 2 JA] AHB-GS7F 0914 10 wi%eZ Z7F
S5 534004 446 °CE 728t oln] G213l = GO
= Qoll wi-¢- FHFg oFAI7IH -OH7] 5 EFstaL 9l
47°C9] wig- vk AR =S 7K, old GOl 2+

715 XBA1A AHB-GS9] E3l &5=5 180 °C7HA] A1

al

T Atk ey AHB-GSE 94 W g 2xo] &
2715 ¥3atal 7] wiiell PUAHB-GS E3A 52 v
9 2 JFe Fof 2=7f taieke AEFE BHAATET A
AH O 2=, 250 °CE A2 s AT} 350 °CE A E]sh A
] 7t H =2 2E & F JE, oL ¥ =& 2k
A A s doll e Al ¥ w0l AaE

E g ot o5 AW E & e AoE dAE &5
W2 FE-SEM EDSE 3% 3}o] ®hix(carbon, C), H4&
(nitrogen, N), 2F2~(oxygen, 0)2] $HS vl B350 &
A8+ A3}+= Figure 109 2Ach.

GOl 7% doll Al E3l=l= ol FA]7], 3|=5A]7](-OH)
o} F Aojol] Ao Z EAsE B A7} 100~400 °C
o] Ax dAFe R BajEa, 160°C F2olH Ferart
A dofdt}. o] F 500°C ©]d2] =& XA 7125
217](-COOH)%} 7F2 R 7](C=0y7} A1A3] &€t wet
A 250 °C7HA] Ex12]3F P/AHB-GS ZEHt} 350 °C7H4] &
#]2]8k P/AHB-GS ZE°] GOdll BolE &7y 3=
FA7] Fol o Bo] EalElo] 25 o o= Hgsixitt
3 & 4 9tk EDS AFof|A] B 2509F 350 °C7HA] €3]
et AL s B uf AbAe] oFS 28.10 wi%ol A
2251 wt%® 7FAaste thal, B0 92 62.76 wi%ol A
68.05 wt%= O S71laS & Utk o= Qs 7] &
3l 29| ¢ AHB-GSOIA oAl ZA]7|y S| =5A]7] 5]
A A= ©A(C)9] o] T7Fst B3/ ¥ ZA YERA]
250 °CZ gx]2]g K} 350°C2 A 2dS v o =4
Uehh=s 2o adet =tk A9 gifte] 237t
dojt F2] %21 600 °ColA PVAHB-GS 252 H&%F
o F 7] gAlg] LA B 84-88% Alolo] w]SE gk
S HTH(Table 2 7=%).
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Figure 10. FE-SEM EDS spectra of AHB-GS and their quantitative
analysis. Heat treatments of AHB-GS at (a) 250 °C; (b) 350 °C.
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b Bl 24718 o83t gAE] &% mE PI/AHB-
GS ZE¢] O,TR % A= Table 30 Bt} WA, 250 °C
2 9dx23 229 4, AHB-GS 0 wt%S<! pure PIojA]
10 wt% AHB-GSE Z<r2 2k F3bes 1680014 55 co/m?
day®] #o2 FESHA AstA ol= &g Ploj Hls|
227t 67% AHE o), oA Ty} 7AsHA |
AL 18} w22 Yo 2 £3 H|E 7K AHB-GS7}
A= ko] it HRE S7MF7] witelth. 350 °C
7HA] E*12] gk PUAHB-GS 25 9] Tdst 43S HLloh
E3], o] A$oll= AHB-GSS 7 wt% EAS ] 2H4he] T3t
T7F 1220014 107 ce/m¥/day ©13H7FA] ZHAE AT 28y
AHB-GSE 10 wt% ¥ 73 FHE7} 33 co/m’/day= 2
3l Z7IE ol AHB-GSE UA % oPdolx] AHB-
GS YA A2 SAHA E3A e & Z(pin hole)o] A
7 o] R E 7HAsk 2o 2 Wk 250 2 350 °C9]
T 7 739ollA, EAEst Ao LA Tk gisk 3t
< Hlwsf BHH 350 °CE EA- g dEo] AAHOE Ata
of gk Aol =52 & T AUth ©1Z22 PVAHB-GS ¥
S U 2 252 AT AT, ofv ShollA] AM<st bt
o} Zro] AHB-GSE /9 of SAISHAE PIHkg-gh of| ZA]
71t} -OH, -COOH Z1FE°] Bt} E& koA A7 5o
o] ozl Az Helt),

M7 MEE. 712 9, &4 YxFE 2 expanded
graphite?} 732 B4 SHAEAY gk GS HA] AA} o]
Fo] golay] Wi & 7] AxLE 7HTh AR,
218718} 22721 AHB-GS®| 73-9-ol= 718t A2d 28
712 Qs BeAS Az o Pl & EAtEE whdo),
ERA-BEAS] 27} o]F ARl sprollA @ ARSI sp’e
T2 W] wol] M| o)Fo] d&stA] X3l AHB-
GS= w7k 2l vls)] A7) dxe dadnh 22y
PIE € ov=slehs 3 T =2 2ol 71he] <& A
7]+ ¥l +1E (thermally reduced graphene sheets, TRGSs)

Table 3. Gas Permeations of PI Hybrid Films with Various AHB-GS Contents

Heat treatment at 250 °C

Heat treatment at 350 °C

AHB-GS in PI - :
(Wi%) Thickness (cc(/)élTZ/Rday) PP, Thickness (CC(/);}/Rday) PP,
0 (pure PI) 63 168 1.00 62 122 1.00
1 73 159 0.95 65 105 0.86
3 60 142 0.85 70 89 0.73
5 70 103 0.61 64 13 0.11
7 73 88 0.52 63 <107 0
10 69 55 0.33 70 33 0.27

“Oxygen transmission rate. "Composite permeability/polymer permeability (i.e., relative permeability rate).

ZaH, 43948 A15, 20153
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Table 4. Electro-conductivities of PI Hybrid Films with Various
AHB-GS Contents

Heat treatment at 250°C  Heat treatment at 350 °C

AHB-GS in

PI (wt%) Thickness Elec. cond.”  Thickness Elec. cond.

(hm) (S/em) (km) (S/em)

0 (pure PI) 62 1.0x10" 62 1.0x10"°
1 63 1.0x10™ 65 1.0x10™"°

3 65 2.7x10° 67 5.4x10*

5 71 4.9x10" 69 1.0x107

7 65 5.2x10° 68 4.6x107

10 70 2.8x10” 67 7.0x10”

“Electro-conductivity.

£ AHB-GSol| 4 EAisk= ZA]17|Y -OH, -COOH” &
2 EEo|a ¢ 719 YTt A AEY YEUE & 2HE
(700~1500 m¥g)y2t =2 ¥ 34 ¥ =& 7] A==E 7}
A7] wzel] o] o]gsttii, H714 5Ado] dE Pl v
SEIAE AT 4 JrE Y TRGSE € &8l Ao o
olue B o Wygow <lg a#d HEI} BFXe A
< Yool ofge] R} ol sk FMAATE AAE A
7] AeEet AHE Aol oshd, T e FES A
o= 6000 S/cmo]AA T, TRGSE ©]-&-3 EghA) HE9]
Zdolli= 1004141 20 S/em Abele] 3he UERATIA. B33
]-;]_'40

Table 494 & o}t ga3ke] AHB-GSOl W PI Ux=&
S Fgo] A7) ALEE HATH WA, 250 °C7H] 38
Sk PI/AHB-GS2] 73-%- AHB-GSE 1914 10 wt%7}A] 57}t
P A7) AEEE 1x107%A 2.8x102S/emE S7F5FAt)
o] Axk= 718} At HA Eall 4 EAsks ol A%
o] EAje} 1A FES] =2 T3] wola 3 5 9
owm, &S o]m] QoA AHEI 0] PI] o] =3} Ao
Al dofik TRGE] AAdel| 71918k}, mE7 A2 350 °C71A]
& *]2] 3 PVAHB-GS %A AHB-GSE 10 wt%2] 7$-ol&
HAEE7F 7.0x10%S/em7HA] S7Fetd o, tiAl = 350 °C=2
gt 5] 250°CE EAEe ARy ¢ =2 A&
Hol= Z1& oln] Mgt ule} o] =& 2ojx9] gz
£ 53l O B2 TRGZ} oA+ 2442 54 + Ut

24 =

= —

o

AE FLEAR A GOE e #7138 AEE
28718} AHB-GSE dsisith. $d 3 AHB-GS| 3
oo} 125 NMR3} FTIR, AFM, FE-SEMC.Z 21519
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Wil 2585 Alxsilt PAACIA & olv| =3} whg
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AR A 2= nE AAE A= H|wsint
dxg] 2o WE Az Bk v AAFHOoZE, P/
AHB-GS 52 350 °CE2 EA2JslA] 7R 471 250 °C=
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