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Abstract: In the case of nanoparticles containing polymer nanocomposite or in the form of thin film, they exhibit a
unique crystallization behavior different from the bulk state. In this study, the crystallization behaviors of polymer matrix
in the form of nanocomposite thin film, homogeneous thin film, and bulk polymer were analyzed by X-ray diffraction
and various microscopy techniques. The crystallinity and the crystallization temperature decreased in the presence of
hydrophilic nanoparticles with thinner film thickness. In addition, the formation of the spherurite structure was suppressed
and the transition from the edge-on to the flat-on lamellar structure was strongly inhibited while hydrophobic nanopar-
ticles had little effect on the crystallization behavior of the nanocomposite thin film. We believe that the results help to
understand how the interactions between particles and matrix and confined geometry affect the crystallization of polymers
and how they are utilized to design microstructures.
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FAPAAFA )7 (Field emission-scanning electron microscope
(FE-SEM))(Zeiss, Ultra 60y ©]-&-3le] EAIATH7 Y
:2kV). ZEA i EY A o] F Y YAk BAke B3
A} A7 (TEM)(JEOL, 100CX o2 EAETH100 kV).
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Figure 1. XRD patterns of (a) bulk PEO and PEO thin films with (b) 280; (c) 175; (d) 110 nm thickness.
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Figure 2. High ((a), (b), and (c)) and low magnification ((d), (e),
and (f)) AFM height images of the neat PEO thin film with a thick-
ness of 110 nm; (a) and (d) before heat-treatment; (b) and (e) heated
at 50 °C for 70 h; (c) and (f) heated at 80 °C for 10 min. (g), (h), and
(i) show the 3-dimensional AFM topography images of (a), (b), and
(c), respectively.
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Figure 3. AFM image of neat PEO film with a thickness of 280 nm
heated at 80 °C for 10 min.
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Figure 4. FE-SEM ((a) and (b)) and AFM height images ((c) low
and (d) high resolution) of PEO film heat at 100 °C for 1 h.
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2E& A% PEO 2+2te] 739 flat-on lamellar 47727}
2% thFigure 2(a), 2(b), and 2(c)). THEFA BFEF U o]l A
PEO AlEo] T8 o] 5A4S 7HItHA Alzo] Auj)E =
flat-on lamellar 722 A3} = AS AT = UAT.
Zefu} vheke] AL 3R W FHA HE Alole] A
A1 54 F7(~100 nm)E T FAe- 739, Wk =2 flat-
on lamellar 27727 oPd edge-on lamellar 27 7+Z5 A
HjH o2 AJsict w280 nm FA19] uFEe] - 80 °C
olA 10E7F EA 23k Foll= 22.7°, 23.2° & 23.8°¢] 20 %
oA &3] XRD 54 FZE H 3L edge-on lamellar T+
ZE A (Figure 3). ol Hlal, -2 GAfg] 2704
1759+ 110 nm 7 &) ¥}2ke] 79, Figure 1014 K.%0]
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kS o =2 2504 AAIZH100 °C, 1A17H) EAE1E 3t
Al 5% Figure 4914 B%0] dendritic 727} 33| 23
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Figure 5. OM ((a), (b), and (c¢)) and FE-SEM ((d), (e), and (f)) images of pure PEO thin films: (a) and (d) before heat-treatment; (b) and

(e) heated at 50 °C for 70 h; (c) and (f) heated at 80 °C for 10 min.
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(TEM) Aol & 4 915%o] PEG-NP7} PEO| & #-4ts]
o] LS Bl 4= A th(Figure 6(a)). T=3F o] 3 HAL
Jele EAE] o] Folm Ae] WA &= AS RISt
(Figure 6(b)). Figure 7 PEO t}= -3k utele] XRD of
S Yepdth e xkE kA 942 PEO He] 7S¢
(110 nm 7)) 2] Aellx= 22.9°, 23.2° & 23.8°2] 20 %t
oA XRD 54 937} w2 v (Figure 1(d)), 110 nm +
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Figure 6. TEM images of PEO with 8 wt% PEG-NP thin film (a)
before heat-treatment; (b) heat-treated at 50 °C for 70 h.

Ale] vhe B3| vhake GAe] Moy Fell= 5Egk XRD
35 Holx] ¥9it) o] XRD Z#+= PEG-NPQ] =4 s}
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A3 B AT Figure 1914 & 4= o] vluke] £A7}
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o} o] o, F7HA¢] thE e UAF FETFARSEATHE B
16 wt%). 8 wt% AlEolA, GAEE kA 2= wf XRD
=e] Fre 4% PEO el Bls] 745 3l th(Figure
7(b)). ZLEY 110nme] FAE e Ui 53A vheta=
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27 AQslithe A & 5 ATk ol #1sH] flEl
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Figure 7. XRD patterns of PEG-NP/PEO thin films with (a) 110 nm in thickness; (b) 280 nm at different PEG-NP loading without heat-treat-
ment; (c) 280 nm at different PEG-NP loading heated at 50 °C; (d) 280 nm with 16 wt% PEG-NP loading with different heat-treatments.

16 wt%°] WedAE $hireh vie S| ukeke] XRD 9=
= @A 27 BAIgle] A A=A % Urh(Figure
7(d)). ©213 243} HFS 3 AFM, OM 2 FE-SEM ©|
u|x]of] o] = Bl ST} Figure 8 8 wt%2] W=U A}
£ FH351L 110 nme] FAIE zh= PEO2] AFM =9]| o]
A& vreRd T 502 80 °CellA o] ] Agof A2
edge-on lamellar 2% 27} &= 2, 43 PEO v}=)
< 80°CollA] EA2]g & #E= = flat-on lamellar 732 2
o]2HH Yelus o & FZA(long ranged structures)
(Figure 2(f))= H2=A] 29 tH(Figure 8(f). o1Hgt Aa=

ZHH edge-on lamellarZF-F flat-on lamellar2 2] # 3o]
dojupr] etth= A SR = Ut o] Ax= FA7}
110 nm<! <=4~%F PEO ¥t=te] 7% flat-on lamellar 7 ©]
dogFo® v MEEE 7291 v PEGNPY} Sle 7
% edge-on lamellar %% ’ﬂi@'ﬂ: g omgict, Bt
PEG-NP7} PEO vt2o] %S 74-¢- <=3 PEO &
oA MP Aoz el o] spherulite H+= dendrite :rL
Z7F WA F*TH(Figure 9).
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Figure 8. High ((a), (b), and (c)) and low magnification ((d), (e),
and (f)) AFM height images of PEO with 8 wt.% of PEG-NP thin
film with 110 nm in thickness; (a) and (d) before heat-treatment; (b)
and (e) heated at 50 °C for 70 h; (c) and (f) heated at 80 °C for 10
min. (g), (h), and (i) show the 3-dimensional AFM topography
images of (a), (b), and (c), respectively.

o7 IRA AREEC] St B olEatHA AsA €. o]
GA galol 2la) Auluk=(diffusion limited) 274 4473 A
WX © 2 finger-like, seaweed, 28] dendritic -2 §4
S Fsit o] o, AHe] EXje oJs) EA} AREe] St
o] ZAsHA HH AR 3t A 7F A AT B AFA =
110 nm VR=B5hA) 2hete] 739 8 wi%, 280 nm UH=E3HA]
Hheke] 749 16 wi% F=90 Wieyrte] EAvte 2w i
2+ AAQsks AT 4 IA, AdY 3ol wEH, YAk
FE7t 20 Wi%HTE sotof AAt AR stel dgE 71E
ATk BT 2= ol xfo|7t 7 7HA] olfrell
Al HIZE Aolgtal Azgitt, AR, & At e FEe
AlZ=gld] B8 Mol Ao A Al2Hol oigk 4
o}, Egk MPAF AHer= F& F7e] 25 il A
tFeR o  JAE AREIAINE & AollA ARSE Ui
YAl 2732 7Tnm=E FA 2] wjiEol v YA} FE
7t MER 2 Ao]o] AW W ZA]o] AR STt WA o]
g vt g2 Qg FHA Ak SUHE AW g
HE YA; s E AAsE a&X0E AT F
etk FHH R, E & §39 54 2El-
mercapto-1-undecanol)E ZH= & e YAHMU-NPE =Y
ato] mbet A sl g 35 v HSlth TEM ©|v]A|
oA & A%l 50°ColA 70A17F Rt EA s Foll =
MU-NP7} PEO 82} mjEg|2o) 2 fAbE o] 93-S &<l
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Figure 9. OM ((a), (b), and (c)) and FE-SEM ((d), (e), and (f))
images of PEO with 8 wt% of PEG-NP thin film with 110 nm in
thickness; (a) and (d) before heat-treatment; (b) and (e) heated at
50 °C for 70 h; (c) and (f) heated at 80 °C for 10 min.
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Figure 10. (a) FE-SEM; (b) AFM height; (d) OM; (e) TEM image
of MU-NP incorporated PEO thin film heated at 50 °C for 70 h; (c)
AFM height image of same sample heated at 80 °C for 10 min.
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Figure 11. XRD patterns of 110 nm thick MU-NP/PEO films with
different heat-treatments.

)

& U3 ThFigure 10). =3 MU-NP7} $H€ PEO Hhet
o] A3} EAL edge-on T-Zol|A flat-on T+F&} o] 2F)

o



AR e whete] 243} 7E 231

spherulites & $}=9] 574 Hol7} §l= PEG-NP7} &--¥
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ek ¥ 31ehd T zEY Za p 9dE
71%&3H(monolayer functionalization)).th= 57 &) 9
e e AR AT A Y JA Al sl B Atst
Al YFE whethes 2S JERIth

2N LHeQIXE &Fst PEO et njw s $Js), &5
4J 2]7F=(dodecanethiol)Z |8+ Y=Y AE PEO W EY
2ol FHFAIFATE PEOSF 8 wt%2] DDT-NPE S840 &
gsb7] A8l EHER WiAS ARSI, thE AERAE
I gt vk FAE 348171 918141 (110 nm) PEO &%
£ 2439 tH(1.7 wt%). Figure 123= 50 °ColA 7071 7F &<t
EA2]3 DDT-NP/PEO o] 725 HojE, o] A|2H]
oA AR AR SAlel 28] Zfol7t AT, Figure
12(a)l] VFERE 23t o], 578k PEO ¥l AP o=
A== o2 F spherulites”} o113 A2 FEolA A
A= At} 3 PEG-NP/PEO ¥Huts} wlzk7EA] 2 edge-on
lamellar 77} €312] A (Figure 13(a) and 13(c))3} 50 °Cell
Al 70717} 59F A4 2]E DDT-NP/PEO HFtol| A 23]
Ch(Figure 12(b)). &L} 80 °Coll A 1087+ Exja] Z7olA
i PEG-NP/PEO 92| 73-9- edge-on 1304 flat-on 73
29] 37 Hol7k LolupA] et=H Wlsl, Figure 13914 =
T Axo| &g PEO Bt fAFSHA 80 °CellA] 1027+
AA 23t F edge-on TFOlA flat-on FEREL] F/F Hol7t
AZE AT g 1 e dA L e e 5319
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Figure 12. (a) FE-SEM; (b) high and (c) low magnification AFM
height; (d) OM and (e) TEM image of DDT-NP incorporated PEO
thin film heated at 50 °C for 70 h. The inset of (a) is the high res-
olution FE-SEM image of NP aggregates observed in a same sam-
ple.
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A2vEET F g2t SHA = i Figure 12(c) B
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Figure 13. OM ((a) and (b)) and AFM ((c) and (d)) images of DDT-
NP/PEO thin film with 110 nm in thickness. (a) and (c) before heat-
treatment; (b) and (d) heated at 80 °C for 10 min.
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Figure 14. XRD patterns of 110 nm thick DDT-NP/PEO films with
different heat-treatments.
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Figure 15. FE-SEM images of FDSC chip sensor: (a) pristine; (b) PEO thin film coated; (c) after removal PEO thin film using wet brush;
(d) after FDSC measurement; (¢) AFM image of FDSC chip sensor after partial removal of PEO thin film; (f) AFM height profile obtained

from (e).
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Figure 16. FDSC scans of (a) neat PEO; (b) PEG-NP/PEO; (¢) DDT-NP/PEO thin films with a thickness of 110 nm performed at a heating
rate of 100 K/s and various cooling rates of 100, 80, 60, 40, 20, and 5 K/s.
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Table 1. Crystallinity and Crystallization Temperature Obtained
from the Curves in Figure 16

Neat PEO PEG-NP/PEO

coolve 7 x IO x o7
Wy @ O ) 1w ad k) (O
100 14.6 27.9 5.6 249 -182 142 269
80 17.9 289 6.0 267 -172 17,5 28.1
60 23.0 31.2 6.3 27.0 -153 219 303
40 32.8 333 7.3 31,5 -12.8 325 329
20 52.0 35.8 9.0 346 -104 51.1 34.8

DDT-NP/PEO

7} Z7¥ghl wpet aehe 2o AU, AR EE
FAFIAIRE, A PEOOA Yt o2 AEE = 70%K.
ST 244 g} PEG-NP/PEO Hldbol| M A4 AJo] &
A FA A v Fgolxe] AFsl= F e ¥
a7 #EE) o] ¥3EL E t} 478 PEOX L} &
25ojlA] WAEIATE. o] HlolEl = T /e FYollA A s}
dAdo] WSS YERL o] o] B wa9 &
A F2 A BAE, I3, 52 3= A&H, olF
lamellar 7% FollA BAShs B A XA AJolst
A3} Wizl Aolgtar defA Yk Y9 airt skt
W ER 2 =9EA HH 2 F 7K a3t 243t A
ol GEFS 7H = Fo] BEEY A gAhE AlE
=58 2 AR A SE=A, ole AASE AAlst 4
A3l ex ¢ AYsles G e shes Eadd v
=QYRte] EAE ) B § Aol Aoy Tt Skt
T Zlo|th 855 2 A Ashe HAke] 7o) sdsle= A
o2 uhh gajel e ixke] EXR Qg gyt AA sl
A o2 Jake Friar AzhEn. wEbA PEG-NP7F -
¥ PEO Hfte] 739 vk 243} w9} AR EE HolEr)

4 =

2 AFelMe et 9 ket g3 A vie 53
A whete] AA st Asol AA IS 7xte A BA
th. PEO ¥k W= PEO9} H|aLste] 553 A4 st 54
< Ho] FRU} 73 PEO ¥te] 7499l edge-on lamellar
F-Zo|A flat-on lamellar 27 FZ=2 o] dito] doju=
o] whsll, W=dA 7t ALaAl wheke] W ihel] A AkE o] Q)
S | edge-on lamellar 32014 flat-on lamellar 23722
Aol Aol A=A E3F AP F=x, 53] oz
spherulites®] ¥/do] A =Jrt. T3 AGE 2 A3t =
Tt @A A=A oleldt A7 A= A} uhet
of T2 ¥ =A EYEE AR 2540l Hast
AL JAeE Eejm mEY S Atole] AHo] EAfstr] wiE

Feln) wjute] A7t Feb AL olgl @A o
ste] FrAv} GABSE O F/TE 22 ¢ 5 At
B AgeM RolE Avke e A% S AF uA
sgel A9 WA B S§ b5 B b Be
AoPe ke FARGAZHS Y niAEe] 24
F% BHE AT F 9e Zeole slnjEt,
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