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Abstract: Polyamide-imide was prepared through copolymerization polyimide derivative and tertiary amine compound
(1,4-diazabicyclo [2.2.2] octane) on modified silica nanoparticles with amide group and thermal and physical char-
acteristics were investigated. Polymer compounds (PAAMP1, PABAMP1) were polymerized with monomer compounds
(MP, AMP, PA, PAB) and DABCO and the imidization of polymer was confirmed through EA, FTIR, TGA, XPS, XRD
and SEM. The Br(3d) of PAB was polymerized at 68.63 eV but one of PABAMP1 was not, which was found in XPS
analysis. Since a tough imide group and siloxane segments of end-group of copolymers had influence on the solubility
of solvents and the contact angle of NMP which is a polar solvent decreased from 85-88° to 63-65° owing to solvation.
Strong hygroscopicity was found in the imide copolymer of para-para position.
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£ 110°CoIA 48117k o Xg712=A1] Fof] Ao ARE-
slRen, GEAE acrylamide(WAKO), silaneS 23542
7} (3-mercaptopropyl) trimethoxysilane(MPTMS)E v]=t2]
AldrichA} A €K(purity>95%)=, 7NAIAIE a,0-azobisisobuty-
roitrite(AIBN) (Junsei), benzoylperoxide(BPO) (Aldrich), =
i = 2,6-lutidine(Junsei), % AAAZ hydroquinone(Kanto),
£ & kg FE 8 MO Z (oluene(Junsei), methanol(SK),
dimethyl formamide(DMF) (Aldrich), triethylamine(TEA)

Table 1. Properties of Silica Nanoparticles

Properties Unit T\}/f;)li;::l
SiO, content (based on ignited material) wt% >99.8
Specific surface area (BET) m?/g 300430
Average primary particle size nm 18
Moisture (2 h at 105 °C) wt% <3
Ignition loss (2 h at 950 °C) wt% <2
pH (5 wt% in water) 3.7~4.7
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(Aldrich), acetone(SK), 22|35 ethanol(SK)& AH&-33 AL,
ol Ak Az % XA 2 pyromellitic dianhydride(PMDA)
(Aldrich), methylene diphenyl diamine(MDA) (Aldrich)2, 71
E} AJ2F0 2 | 4-diazabicyclo[2.2.2] octane(DABCO) (Aldrich),
a-bromo isobutyryl bromide(AldrichyE JA| §lo] A3
}.

g, CIR|X| EH(MP, AMP, PA, PAB): £ 1ollA A}
23+ TGJAQl y-mercaptopropyl modified silica nanoparticles
(MPSN=MP) (yield 93%)S Min 52" $H4 wHiS ARR-&}
A3, AMP A|Z= MPSN 2.0g°| acrylamide monomer
7.0 g} ethanol 100 mLE 71312 53 7HA1A] AIBN &<
(0.03 g/30 mL ethanoly FAF 1= 60 °C7HA] :1%13] 7¥ebd
A1 60°ColA] 200 rpme] =2 1447 A AL S5o)
B ethanol 100 mLE 7FsF - 10000 rpmollA] 30 &<t
Argste] rRkEES AASI e o] HYE 33 W
slo] HF A &< MPSN+acrylamide(AMP) (yield 89%)
FETAIS ALoA 50717 IF AR A

Zg|op ko] A %E PMDA 5.453 g(0.025 mole), MDA
4.9565 g(0.025 mole)S Z+zF DMF 15 mLoll 3521t} o] A&
Sd2ollA] A 7k St 8AIZF Bt A wnbr| = wRks)
HA] Zgjolibs Alzetit). 12]al Eoluikel] acetone
300 mLE ¥ 252 3017 28] F 10000 rpmS=. 30
7 QARG E s AL 33 vhEelal 4 23
Zg]o}2HPA) (yield 91.3%)S AT}

BHE =4 olHAiHPAB)Y Alxe Z2obdiHPA)
2.1512 g(5.4 mmole)S- 15 mL DMF] =¢]|3 TEA 0.544 mL
£ 7IeE & Za 712 715 3ol a-bromo isobutyryl bromide
1.24 g(5.39 mmole)S %3] HoJma|HA] 204 417t
B A wR72 9RAIZITE. o] 2S methanol= 150 mL,
10000 pm .2 30:&4 33] FA 020 60 °ColM 164]7F
AZAZ F 2F3A271004 2407 AZ=AA ggAe] B
2 454 o} HPAB) (vield 89.6%)S AT} .

ZetAle] &HM(PAAMP1, PABAMP1): PA(3.3926 g)
(82 mmol)& DMF 15mLol| =03 1 $ AMP(1.2483 g)
(8.2 mmol)g 3591 ¥ BPO(0.25 wt%), DABCO(0.5 wt%)=
T 5 i 7RI ShollA Aol 3AIZE HESAIRI
o2 YZAIZ] & methanolZ 150 mL, 10000 rpmeilA] 3087+
33] Ao AZE 65°ColX AA|sle] Habae] Bt
PAAMP(yield 83.5%)2 4& Aot 22 WHO=E 160°C
o 4] PAB(3.5415 g) (8.2 mmol)S AMP(1.3 g) (8.2 mmol)<}
HH-S-A]A @3 E2ko] PABAMPI(yield 81%)8 LS th
PAB T7H|9] §/d BEFEAY] EYoE 7} o]F 2
thzt ZSHATRP)°] YojL}al DMF 5¢] &ulf oA =}7]
ZHO =2 dendrimers THFETHY SEA] YA B AF oA
+ PABAMPI19] block 58] ©HIZ 85It} Scheme 1
o &1 FFS s o2 g ok
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Scheme 1. Preparation procedure for PABAMP1.
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EM £4: Xray photoelectron spectrometer(XPS)+=
29.35eVeF Mg Ka line excitation source®] TF7]%5 Thermo
VG Scientific Multi Lab 2000 X-ray photoelectron spectro-
meterS AFESEIATE Cls2] binding o14%](285.03 eV)E 7]
22 monochromatorE AH-$+ binding ol A]ol gk &
A19] 342 thEF 0.3 eVolT}. Fourier transform infrared
spectroscopy(FTIR)~= Perkin Elmer spectrum X FTIR
spectrometerS AFEFth REE2 22 #Z-L field emission
scanning electron microscope(FE-SEM)$! Jeol, JEM-2100F
= ARESA] =43 Acrylamide®} imide 52 94 &
232 macro and micro elemental analyzer(EA)$! elementar
vario EL instrument®2 33l om, 94 B4 A74Z 7
ArskAth @A B dF A2 differential scanning
calorimeter(DSC)?] Perkin-Elmer Pyris. 1, Diamond®} thermo
gravimetric analyzer(TGA)S! Perkin-Elmer TGA-7 Pyris 1
system@. 2 ZAFP o AL 7F For] 2L F& 10°C/
minZ A0 A 900 °C7HA] ZAFEFITH 28] 3 XRDE
Philips, X Pert-MPD system 52 AR-31] A5 #4319
1=

Elemental Analysis. ¥ 3-7o|A4] bare SiOx nanoparticles,
MP, AMP, PA, PAB, PAAMP1 Z12]3Z PABAMP12] 94 ¥
A1 A3 Table 200 ERARITE 4 #419] A= Scheme
1904 Hol = 23E PATAMPS} PAB+AMPS] 535291
PAAMP19} PABAMP12] %HS- w7l 55} URskaL 7}F w9
HRgox o] &3 Aejrte] ds o] &gk Al A &
Al PAAMP12} PABAMP19] oA ol =] H3hg-2 7t
7} 38%9F 23%AT.

FTIR Analysis. Infrared spectroscopys= MP2} AMP= A
& Ao Aot & dA A Uthe AL HoFH
PAAMP12} PABAMP19] Z 3}+= Figure 1¢] YERY QAT
Figure 1914 Si-O-Si= 1079 cm’, @& Si-OH W7} § Si-
O 9599} 464 cm™ oA, (CH,); 18, C=C 15 1454,

Table 2. Elemental Analysis

Comp./Code C(%) H(%) N(%)
Bare Silica - 1.80 -
MP 48.37 447 17.91
AMP 30.87 4.11 12.12
PA 58.82 3.04 7.50
PAB 56.54 2.98 7.89
PAAMP1 55.93 2.40 11.25
PABAMP1 53.00 3.64 10.23

Zan, 41404 A63, 2016\
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Figure 1. FTIR spectra of the PAAMP1 and PABAMPI.

1627 cm™ol Al AZF Yk 23 1719 em’ oA C-O
stretching®] 1376 cm™ ol 4] C-N stretching, 724 cm™ e 4]
imide ring deformation®], 1776 cm'o A imide2] symmetric
C=0 stretching, amide groupS 3354 cm™o|4] N-H stretching
o], 23 1662 cm™(C=0 amide), 1725 cm™ oA = imide
symmetric C=0 F°] #&=|Jc}. 223 C=0 253 C-O-
C 59 stretching =7} 242 1710 2 1122 em™ 5ol A
vEbgte ™! C-CH; &9 C-H bond ¥ =7} 14349}
1384 cm'ol|A] FA]o UEFHTE o] 2458 Eeloladotn|=
7F AR a2 ERS SRIT  USUTE Methyl =
methylene 1&9] C-H stretching 3] & 2924 cm™ o] 4],
-N(CH;), Z159] C-H stretching 3 J+= 2855 cm™ SollA] &
AH AT 22 AL 3354 cm?! 24 W2 WLl A4 OH
stretching ¥ =7} LERSTEH 2

XRD Analysis. Figure 2°] PAAMP12} PABAMPI9]
XRD patternS UHERH AT}, dnbz o2 EokA| o] Aot
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Figure 2. X-ray diffraction pattern of PAAMP1 and PABAMPI.
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Thermal Analysis. DSC2} TGAE Al-&35te] AxdE
PAAMP1, PABAMP19] 9% E4& #2413t A& Figure
3, 4, 5, 6] JERAAL Table 39 2.2F314 T} DSC diagram
(Figure 30141 PAAMPIS} PABAMP19] T, 3+ 12} 710
Al 3709] Zhol YRkt 75 °C ol ake] A2 F-EellA] Lk
B 935 el AlQlePd 275, 250 °Cl w372,
375°C9] =& 7S YeRALE 0B B8 IETA N =
gulef] meEl 7R Yehde 402 75°C olgllA Y T,
= A7} YA MPTMS?] RESollA A= E =98k

FAY LA THAA

=277«
oA e 67]e] methyl”]7F SAAL = FFo= A7}

= 250 °C o] L= Yehd Tz opr=e} ojn=
o] £ FFANA Yehde dde® AA g
TRt AR FEE Qlal 22 Akee] FraAdIt A 3
(free rotation)2] A= 2719 T/t EASIAL A

SEF Pk BHE A2 )7 SN 52 Su8

10 °C/
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R
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Figure 3. DSC thermograms of PAAMP1 and PABAMP1 with a
heating rate of 10 °C/min under a nitrogen atmosphere.
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Figure 4. TGA curve of PAAMP1 with a heating rate of 10 °C/min
under a nitrogen atmosphere.
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Figure 5. TGA curve of PAAMP2 with a heating rate of 10 °C/min
under a nitrogen atmosphere.

Table 3. Viscosities and Thermal Properties of PAAMPs and PABAMPs

Code T T} Tds Td,y cVaso cVoos
PAAMP1 0.515 76 154 286 423 399
PAAMP2 1.02 82 312 389 43.5 394

PABAMPI1 0.489 78 327 540 50.5 48
PABAMP2 0.97 91 490 555 54.7 50.2

“Inherent viscosities measured at a concentration of 0.5 g/dL. in NMP at 30 °C. "Observed in DSC under N, with heating rate 10 °C/min. ‘5%
Decomposition temperature in TGA with heating rate 10 °C/min. “10% Decomposition temperature in TGA with heating rate 10 °C/min. “Weight
percent of the material left undecomposed after TGA at 750 °C in N, gas. “Weight percent of the material left undecomposed after TGA at 900 °C

in N, gas.
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Figure 6. TGA curves of PABAMP1 and PABAMP2 with a heating
rate of 10 °C/min under a nitrogen atmosphere.

A ZE VERs=T A 94 ©7l= thermal desolubili-
zation TAlo] L 5 HR= Eodl(thermal deamination) ~Z2]
I wpRE WHl= E 4FsK(thermo-oxidation)&2 ° ot & #
sctA o]t}

A g o]l 7ES 7 Folu SvlF 5o AR
o] Rt} 280~320 °C HEolA ] A EAFES] ojgo] ot
I, F WA SAl= 388~460 °C HE=olA] ol (deamination)
o2 olgl7]e] At dojdth, Al MA| THAl= 547~695 °C
Abolol| A arEAEo] B2 550 °C o| o] P/} Haf sk
A imidestd FEFe FAREC] Edlshs ol
AR dAE o] Fitolv FelE o] & Ak A E
= AEAt gujeke] sdat AAVE o gL o
gt & 2 B e AEA &5 AdEEh 71A e ol
SANSTRAL Hof AW ARAES A AREolY -NH,
& gl AFHoR 2R8gk Ao HRlth F WA F
Frha g2 dorlslol| ot olgl1Fe] 7HAholal o)A
oju|= FA419] 388~400 °C Fol|A] Lot} A3t oA
£ C-H, C-N& 414, 305 kJ/molZ ¥&A St} Zejr ol
H =3l 2 ofp=.on= FA7E L ojv|= FHA|

Table 4. Surface Compositional Data from XPS

10 9«

R -

Ho} o |4 LFERd T} 334547 °C o)) H e
547 °C<T<695 °CollA] d28ll7F ottt o714 = o =-
ojn| o] FAEo] Eaflehs Ao wEt-uEt 919 o]v]|
= B3 500°C g=o|tt.”

Figure 69 PABAMP13} PABAMP22] TGA e
WATh. PABAMP2= PAAMPI©] o] =312 #$lo] Uojit
o] FAHLo® 190°C7HA] & o] A F 365~430°Cet
535~690°Ce] W 9ol A Th3 2 whgo] dojdrh
PABAMP1¢] Eolr|=3} gt 93] PABAMP2E LERT =F
o] 535~690 °C HL]ol|A] Tk el SARE HoJFar 9l
= ot} oA olu|=2] phenyl 1] amide?] aliphatic
IFET G o e AS HAFI U= Aot
PABAMP2¢] o =7 365~430 °C M SJollA] &all7F Loj
L}AL 535~690 °C H9]ollA] o] =7]9] FAES] #all7F Y

e}
ey

ojub 750 °CollM = el F32] 54.7%7H4] HoRlE Zle
2 UEREAL 900 °C7HA] RO 502%E 4.5% A=) 7+

27F YERE oY, PABAMPIS o] &% ®9olA 1.5% Hx
o] T 7oAt 750 °CollA Q] =S Table 301 L}
BRI 10% FA) 722419 Tdee PABAMP27} 555 °CE
gt IS Holal itk

Table 3941 PAAMP12} PABAMPIZ 300 °CollA g3
St PAAMP23 PABAMP2S- H| WS WA TdiS} Td, oA E
olm|=slo] el deFg/do] AT UEES & BT
ATH

XA AL oA Aape] FHEe] o)A A
AL A2t Axpdo| g of Wk &2 apde] At
7] EAPAelet. 77l #139] binding XA XPS spectrum
Hsl= Bolgt slskEe] F/E UERE Ut

2 A 718§ =22 PA, AMP, PABo| A
PAAMP1, PABAMP1O.2 TZ#jZE Z8A17) A7E Figure
791 YERHA S PA, AMP, PAB spectraS 2tz QA2
B AMPE 104.10 eVOlA Si(2p)7t, 531.62 eVellA] O(ls)
7t 285.03eVelA C(1s)7h, PAE ZHZF 105.1, 532.37,
285.15eV, PABE 105.61, 532.46, 285.20eVlAl Si(2p),

O(1s), C(1sy'} YERiTh. 28]32 AMPA] N(1s)y7} 399.66 eV

L
EE

Samples

XPS analysis (at%)

Ols Cls Si2p Nls Br3d
Bare Silica 44.70(532.45 eV) 20.77(284.75 eV) 30.91(103.37 V) - -
MP 50.08(534.14) 25.16(284.21) 24.62(105.05) - -
PA 19.65(532.37) 72.81(285.15) 1.01(105.10) 6.46(400.46) -
PAB 19.04(532.46) 72.58(285.20) 1.06(105.61) 6.54(400.54) 0.78(68.63)
PAAMP 18.01(532.05) 69.21(285.05) 1.91(104.69) 10.81(400.37) -
PABAMP 19.13(531.98) 69.69(284.80) 2.85(104.58) 8.23(400.13) -

Zan, 41404 A63, 2016\
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Figure 7. XPS Spectra of the block copolymers compared to PA-
series.

ol M el CoF N9| 3 94 ke 54.419F 16.86%
2 371 AA A 2 ZE FHEES IRINA T
Ak T3 Figure 8 PABQ] ¥ A2 gkl A Br(3d)
7} 68.63 eVolld 0.78% HEH AL HEFEA7F PABIIA
“‘Wﬂoﬂ THE AS IAT 4 AU PABAMPIYIA =
FslA AT o] FRlE AT
BES=A= g0t 25T (atomic transfer radical
polymerization: ATRP)S] 7|AIA| =2 Z&]o}ulit Fite]] vk
slo] Zejopr|=ofe] T ZE F3S XPS HolEdlA gl
skt
PAMP, PAAMP1, PABAMP1:= ZF} PA+MPSN, PA+AMP,
PAB+AMP®] £ T35 A E N(1s)7F PAC A 2] 6.46%,
PABOIA 6.54%7F, MP =0 2% 3%, 1.22%% 2H2F 24
310U AMP =025 10.81, 823%% Z713l] amide
719] s=gol FRI=ENeH o]t vlolEl= 'H NMR, “C-
NMReIA %= SRIF AL IR spectracll A &= &1 AT}, 22
3 o3 FF3AA oA PABAMP®Y Br(3dy7} ol <Fs)
Al VRt A2 arEjst Zull 3xF ofvIA]l $13HE<l DABCO
£ ARS o Br A7t L AEAkslsle] el Ao
2 IR spectradl A= Ao YePA] eFdTh. 718420 AR
Table 4] YERH AT
Solubility. ¥ A& PAA(PA, PAB, PAAMPI,
PABAMP1)9] gulel] tgt S5 AP oW 1 A3}
£ Table 5] YERNITE URbx o2 Fejoln| =}z lolut
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Figure 8. XPS Br3d spectra of PAB and PABAMP1.

Table 5. Solubility of Polymers in Various Organic Solvents

Solvent PA PAB PAAMP1  PABAMPI1
DMF S S I I
DMAc S S I I
DMSo S S I I
THF S S I I

NMP S S PS PS

Toluene I I I I
n-Hexane I I I I

S: Soluble, PS: Partially soluble or swelling, I: Insoluble.

AgHe wheth ey B Aol s 49 PAAMPILE
PABAMPI £ t} o]2]gt &ujjol= U7 5= A4S Bch
ol= ZglolHAate] SPA] A B4E S tolyl & t} Il
el A= PMDASH MDAES AME-slo] Lot ddo= b
e volrl & o et 9ol ¥ Af I8 $3%
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Figure 9. Transient contact angle measurements for the PAAMP1
and PABAMP1.
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Figure 10. SEM images of (a) PA; (b) AMP; (c) PAMP; (d)
PAAMP1; () PABAMPI.
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