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1-1

1-100nm [1]

(clay)

(micro-phase)

[2-4]

Poly(methyl methacrylate) (PMMA

PMMA

�-methyl-styrene maleic anhydride



2

PMMA

[5-6]  

5 wt%

1987

(Nylon-6/Clay) 4 wt%

Nylon-6/Clay 45 %

[7-10]

1-2 

Jeffamine®

PMMA

PMMA

PMMA

PMMA

PMMA/



3

(CEC) PMMA

5 wt% PMMA/

[11-15]  

 

POP-4000 Na+-MMT PMMA

Closite 30B PMMA/

POP-4000

KPS/AIBA

MMA

PMMA/
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2-1 

2-1-1

nanocomposites 1982 1983 

Roy & Komarneni 

Sol-Gel

nanometer

1 100 nm 

nanoscale

; 

aspectratio

inorganic/organicnanocomposites
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(hybrid materials) [16-21

2-1-2

1990 Nylon6/

polymer/clay

[22]

 

2-2
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2-2-1

(montmorillonite)

SiO4 ( 2-1 (a)) Al2O3 (( 2-1 

(c  100nm 100nm 1nm ) 2 1

2-2 [41]

1nm 30nm

 

 

(CEC) meq./100g
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2-1 a b

c d  

 

 

 

 

 

 

 

 

 

 

2-2 (2 1) [70] 
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2-2-2

hydrophilic hydrophibic

compatibility

/

1993 Usuki

Kawasumi [24] �-

 

Al3+ Mg2+

Fe2+

(cations)

NH3
+

Cation Exchange Capacity, CEC

CEC

CEC

( K+ Ca2+ Na+ ) 0.6~ 

1.2meq 60~ 120 meq/100g[25-26]

 

 

[23]  

(hydration)  

[27]  
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-NH2 (functional group)  

H3N+ (ammonium group) H3N+  

Na+

2-3 2-4 Jeffamine® POP-diamines

POP-4000 -NH2 POP-4000

[13, 28-29]  

 

 

 

 

 

 

 

 

 

2-3 POP-4000 a

b  

 

 

 

 

 

 

 

2-4  
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2-2-3

(polyoxyalkylene amine/ polyether amine)

Huntsman (ethylene oxide

EO) (propylene oxide PO) (anionic 

polymerization)

(alcohol) (amine) EO PO

D

ED M T D

[30-31]  

 

A D-amine (POP-diamines) 

PO 

200~4000 POP-4000  

Jeffamine® D-400(x= 5~ 6) Mw~ 400 POP-D400 Hydrophilic 

Jeffamine® D-2000(x= 33) Mw=2000 POP-D2000 Hydrophobic 

Jeffamine® D-2000(x= 68) Mw=4000 POP-D4000 Hydrophobic 

2-5 POP-diamines  

 

B Jeffamine® amines  

Jeffamine® amine

(surfactant) (binder) (water 

repellent) (corrosion inhibitor) (paint adhesion 
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promoter) [32-36]

(polyacrylamide) [37-38]

(microemulsion) [39]

(qauternized acrylic resin) [40]  

[41]  

 

2-2-4 -

2-6

[42]

 

( 2-6) [42]

C6 ( 2-7(a)) C9~C12

( 2-7(b)) C13~C18 ( 2-7(c)(d))

[43]  
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2-6 [42] 

 

 

 

 

 

 

 

2-7  
 

2-3 

 

2-3-1 -

MMA

KPS AIBA

20wt%
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PMMA  

 

A KPS KPS

MMA

PMMA

2-8 PMMA

PNC5  

 

B PMMA/

AIBA MMA

2-9

PNC6  

 

 

 

 

 

 

 

 

 

 

 

 

 

2-8 KPS   
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2-9 (AIBA) 

2-3-2

galleries

In situ Polymerization  

solvent

swelling agent
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/  

 

 

 

 

 

 

 

 

 

2-10 In situ Polymerization  

intercalation

 

2-11 Direct intercalation of molten polymers 
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2-3-3 (suspension polymerization) 

 

O/W(oil/water) (suspension 

medium)

100 1000�m

(20�m)

Xinyu Huang[44] AIBA(2,2’-azobis(isobutylamidine 

hydrochloride)) MMA  

 

2-3-4 (soapless emulsion polymerization) 

 

O/W 

(flocculation)

( -OSO3)

O/W (

hydroxyethyl methacrylate, HEMA;Acrylamide, AAm)[67-69]
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Chia-Hsin[45] Potassium persulfate (KPS)

MMA  

2-4 

[23]  

2-4-1

 

 

 

1. 

a  
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b  

MMT , 

 

 

2.  

/

/ [46]

PMMA/  
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2-4-2

WAXD 

(TEM) WAXD

/

transmittance electronic 

microscopy TEM

( )

[49] 1

(Conventional composites) 2

(intercalated nanocomposites) 3 (exfoliated 

nanocomposites) 2-12  

2-12 [49] 
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2-5 

1927 

1931 

1936

50 

PMMA  Poly(methyl methacrylate)

PMMA Acrylics Acrylics

(methyl methacrylate)

93% [50]

(PMMA)

2-5-1

PMMA PMMA

PMMA/ nanocomposite

SMA Styrene/maleic  

Anhydride Copolymer SMA049/SMA456/SMA458 maleic 
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35-40% 50% 75% 2-13

SMA SMA MA

PMMA/SMA/clay

[51]  

 

 

 

 

 

 

 

 

 

2-13 SMA/Clay  

 

1951 Kier Jansen [52-53]

Chamley

1. 2. 

3. 

4. setting
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2-5-2

170~240°C (1)

10~15°C

4~6hrs 0.05% 0.02% (2)

PMMA (ceiling temperature), 

(3)

(CM-205) (CM-207 and CM-211)

( )

 

 

1. PMMA 3mm

93%  

2.

 

3.

 

4. 110 100

 

5.
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ESC ESC(

)  

6. 100% 2.1%  

7. 18%  

8. PMMA  

1 PMMA  

 

2 PMMA

 

3  

4  

 

Xinyu Huang[44] AIBA

PMMA AIBA

X-ray

Yan Lin[71] AIBN PMMA

X-ray

(E’)

5wt%( 3.35wt%)

25% 10wt%( 8.0wt%)

50% [72] microemulsion 

polymerization DMA

3 wt% PMMA/

(E’) PMMA 40%

32% [73] SMA 30B
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30B PMMA DMA 30B

5wt% 30B PMMA

PMMA 50%~60%

5  

 

PMMA/

PMMA/  

 

2-1 PMMA  

     

 1.19 930kg/cm2  90°C 

 0.3%  5.0%  102°C

 0.77g/cm3 2.0kg-cm/cm   

 92%     

2-6 (TMA)

TMA

2-14

TMA

Tg

TMA Tg
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Tg

 

2-14  

 

2-7 DMA

 

2-15 (modulus)

(phase angle) (damping)

1Hz

Hz

(bulk propertuies)



 26

2-15  

(secondary transition)

(storage modulus, E’)

(loss modulus, E”)

(damping factor) (loss tangent)

2-15

90o (

0~90o)

 

tsin0 ��� �                   (2-7-1) 

 

� ��tsin0 	� ���                (2-7-2) 

�    
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'
"tan

E
E

�



�
�
sin0

0���E

�

�
cos0

0��E

      �0  

      � (�=2�f) 

      �  

      	    

      	0  

 

 � �sin�tcoscos�tsin0 ���� 	�                    (2-7-3) 

    ��
�



��
�

�
	� tcossintsincos

0

0

0

0
0 �


�
�

�

�
�

�               (2-7-4) 

    tcostsin 00 ���� EE ��	��                      (2-7-5) 

 

      

(time lag)�

(dissipation factor)

                                        (2-7-6) 

tan�

2-7-1
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(rubber 

elasticity)

Tg

(crystalline melting transition)

Tg

(hysteresis effect) (crystal crystal slip)

(1) Tg

(2) Tg

 

2-7-2

 

Configuration

PMMA

Tg
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Tg

Tg

Tg

Tg

Tg

Tg Tm

Tg  

2-7-3

DMA DMTA

DMA

 

 

(a) Semi-crystalline  
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(<40%)

Tm

Tg Tm

 

 

 

 

 

 

 

 

 

 

 

2-16 DMA  
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(b) Amorphous  

 

T<Tg ( )

Tg<T<Tm

T~Tg

tan T>Tm

 

 

2-7-4

� 


Tg

DEA

2-21 � �

2-17 � � �

� 100
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dashpot

dashpot(�)

dashpot(�)

Koppelman(1961)

2-17 � � �

� �

�-�  

 

 

 

 

 

 

 

2-17 � � [57] 

 

2-7-5 Tg

 

(Glass transition Temperatur  Tg)

Tg

(rigid) Tg

(Glass State) (Rubbery State) Tg



 33

(Specific Heat)

 

 

Tg  

(a)

Tg

Tg  

(b)

( ) Tg

Tg  

(c) Tg  

(d) 

Tg  

2-8 

2-8-1

A
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B

(1)

 

(2)

 

( 2-18a)

( 2-18b)
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2-18  

 

 

 

 

 

 

2-19 Debye  
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2-20  

 

(1)  

 

(2)  

          
��
��

��
i

s

	
�

	� �
�

�

1
              (2-8-4-1) 

Debye

� � � �� 
tan 2-19 Debye

             

                        221 ��
��

��
	

�
	�� �

�
s               (2-8-4-2) 

221
)(

��
����

�
	
�

��� �s                (2-8-4-3) 

   
'
"tan

�
�
 �                    (2-8-4-4) 
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(2-8-4-2) 0�� s�� ��

� � s� ��� ��� ��

(2-8-4-3) 0�� 0����

��� 0����  

2)1(
�

�

	
��� ��

� ��
s                 (2-8-4-5) 

2
��

��� ��
� s

mf                  (2-8-4-6) 

(3)  2-20

� �

� ��

� � � ��

� �

� ��

 

(4)  



 38

 

(5)  

 

(6)  

 

2-8-2 

A

 

� � 
 [56]

2-21 PMMA

� C-C -COOCH3

� 0-100 �

�

Tg [64-66] � � �
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DMA  

 

      

2-21 PMMA  

B  

[58]

/

Rick D.
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Lee [59] Nylon 11/ clay

Nylon 11 �

�

Maxwell-Wagne (MW) MW

/

MW �

	dc ��0

	dc "� 	dc

( "� ) 0/" ���� dc� MW

MW

2-22

( "� )

 

 

 

 

 

 

 

 

 

 

 

2-22 MW
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2-8-3

2-23

 

 

 

 

 

 

 

 

2-23  

 

 

(1) (electron polarization) 

 

(2) (atomic polarization) 



 42

 

(3) (ionic polarization) 

 

(4) (orientational polarization) 

 

(5) (defect polarization) 

[54]  

2-8-4

1000Hz[55]

2-24



 43

 

(in-phase)

(out-phase)

[56]  

 
 
 
 
 
 
 
 
 
 
 
 

2-24 [54] 

 

2-8-5 Electric modulus M*

A

� ��

� ��
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Tg � �� Tg

Tg � ��  

0���� ���     � �
0��

���� dc������  

� ionic conductivity 

         � angular frequency (2 f) 

         f frequency (Hz) 

0� absolute permittivity of free space (8.85 10-12 F/m) 

 

(� )

10,~ �� ss
ac �� s�

� � s
dc A���� 	� 0�� � � dc��� � ���

� � acdc ���� 	�

A s � ��

dc�

� ��� �� [60-62]  

 

B  Electric modulus M*

HN  

�
������� �

0

*

int

*'''* dc
erdip ii 			���

�
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))(1(

*

dd
d

d
dip i ����

�
� 	

�
�     

ii
i

i
er i ����

�� ))(1(
  int

*

	
�

�  

 

  *� dip = dipole polarization 

    *

int� er = interfacial polarization 

     
�

�
�

0

dc  = ionic conductivity 

  ��� �
��� s =field intensity 

 

��
�� M M

Cole-Cole Plot �� Cole-Cole Plot( =1)

Electric modulus *M

 

 

2222*
*

"'
"

"'
'"'1

��
�

��
�

� 	
	

	
�	�� iiMMM  

 

Electric loss modulus[63] ''M ( ''M = ''� / ''' 22 �� 	 )

MWS

''M

''M log fmax vs. 1/T



 46

( REa /� )

C

/ Rick 

D[58]

( 2-25)

 

 

 

2-25  
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3-1 

3-1-1

Na+-MMT 1.276nm

 

 

 

 

 

 

 

 

 

3-1  
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mlHCl
gHCl

HCl
gHCl

gHCl
gHCl

gHCl
84.7

37

1.18
100

37
100

37
��

)( 

1(g)10(g)
100

3-

CEC
POAratioMolarg

meqCEC
����

3-1-2

A POP-amine

 

-NH2

-NH3
+

TGA

PMMA/

Molar ratio=0.2 0.4 0.6 0.8 4000g/mol

115meq/100g  

 

 

 

 

 

-NH2 H+

 

 

  
 

��

��

(ml)(ml)

(g)
84.7

37(ml)
mlHCl
gHCl
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(Na+-MMT) 
HCl 

(POP-4000) 

5Hr 80  

�
    POA=1:1 
    POA=1:2 
�

 

� 50ml

�
 

 �
�

XRD TGA FTIR 
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+ (KPS/AIBA) 

 

70
MMA 

MMA
NaOH

KPS AIBA
 

XRD TGA 

B

POP-amine PMMA

MMA PMMA/

KPS AIBA

MMA
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� 2wt%
PMMA
 

� TGA

1. POP-4000
2. MMA

 

(Na+-MMT)
 PMMA 

160 /100R.P.M
10mins 

PMMA/

 

OM TEMXRD DSC DMA TMA DEA 

3-1-3
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C

O O

CH3

n

CH3

CH2

3-2 

(PMMA)

Polymethylmethacylate

CM211 Mn=32000

170~240°C  

 

 

 

3-2  

(1) (Na+-MMT) 115meq/100g  Southern 

Clay 4-6 d=1.276nm (2�=6.92 )  

(2) (Closite 30B) 90meq/100g Southern 

clay 2 d=1.834nm (2�=4.81 ) 71%

T (~65% C18 ~30% C16 ~5% C4) Cl  

 

 

 

3-3 30B 

Poly(propylene glycol) bis(2-aminopropyl ether) 

SIGMA-ALDRICH POP-2000 0.996g/ml POP-4000

0.997g/ml Fp=124 D- (POP-diamines)
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(propylene oxide) (polypropylene glycol)

(ammination) Jeffamine® D-amine Huntsman

 

Jeffamine® D-2000(x= 33) Mw=2000 POP-D2000 Hydrophobic 

Jeffamine® D-2000(x= 68) Mw=4000 POP-D4000 Hydrophobic 

 

(Hydrochloric acid) 37wt% bp=57

Acros ( )  

0.2wt% (Everspring)

EVERNOX-10 Tetra[methylene(3,5-di-tert-butyl-4- 

hydroxyhydro-cinnamate)]methane 

 

    

            

 

 

                       3-4  
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3-3 

3-3-1

 

Na+-MMT(POA1:1) POA/CEC=0.2  

 

1. Na+-MMT 100 24Hr  

2. Na+-MMT 2g CEC=115meq/100g 0.0023mole

2L at 80 3  

3. POP-4000 1.84g  0.00046mole 50ml

HCL 37wt% 0.039mL 1* 0.00046mole

3  

4. 2. 3. 80 5hr 50g

 

5. 4. ( / =52ml/100ml )2~3 50ml 

80 48Hr 80 

48Hr  

 

3-3-2

 

A KPS

 

1. Na+-MMT 100 24Hr  

2. Na+-MMT 2.375g KPS 0.3852g

300ml 3  

3. 3 70

MMA 10ml 6Hr  
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4. 3. 100ml  

5. MMA-NA(80-20)KPS 70 24Hr

 

 

B AIBA

 

1. Na+-MMT 100 24Hr  

2. Na+-MMT 2.0g 300ml

24Hr AIBA 0.47g 30mins  

3. 2. 80

MMA 20ml 6Hr  

4. 3. 100ml

 

5. MMA-NA(80-20)AIBA 70 24Hr

 

3-3-3 PMMA/

A

 

( Brabender plasti- 

corder Plastograph EC Mixer W50)

) 3-6

40g 0.2wt% 160

100RPM

10min
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                   3-5  
 
B PMMA POP-amine

PMMA-MMT-POP4000(89-5-6)  

1. MMT1 80 24

 

2. (TGA)

MMT1 Na+-MMT 45%  

3. MMT1 3.98 Na+-MMT 1.791  

4. PMMA 31.84 0.2wt% 0.0637  

5. 3 4 160 10

100R.P.M  

MMT1 POA/CEC=0.2 

 

C PMMA/

KPS  

1. MMA-NA(80-20) 80

24  

2. MMA-NA(80-20) (TGA)

Na+-MMT 20%  



57

3. MMA-NA(80-20) 12 Na+-MMT 2.4  

4. PMMA 36 0.2wt% 0.0096  

5. 3 4 160 10

100R.P.M  

6. PCN5  

 

AIBA  

1. MMA-NA(80-20) 80

24  

2. MMA-NA(80-20) (TGA)

Na+-MMT 20%  

3. MMA-NA(80-20) 10.3 Na+-MMT 2.163  

4. PMMA 32.96 0.2wt% 0.066  

5. 3 4 160 10

100R.P.M  

6. PCN6  

3-3-4

3-1  

  

 CM211-MMT-POP4000
PMMA 
PCN0 
PCN1 
PCN2 
PCN3 
PCN4 

100-0-0 
95-5-0 
87-6-7 

84-6-10 
80-5-15 
75-5-20 

PCN 30B 95-5

PCN5 
PCN6

94-6 
94-6
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3-4 

3-4-1 XRD

1.5cm 1mm

X ( SHIMADZU XRD-6000)

40kV 40mA (
=0.154nm)

1.5°~10° 2°/min X SAXS

X-Ray (

PHILIPS X’PERT Pro MPD ) 0.3°~10°

2°/min  

 

3-4-2 OM

 

160

0.05mm

(Nikon, E400)

50�m  

 

3-4-3 TEM

 

1.5cm 1mm

(

JEOL JEM-1200CX Jeol Co. Japan)
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120kV 1 12  

3-4-4 TGA

(Thermsl Gravimertric Analysis TA 

Instruments Q50 )

15mg

10 /min

~800  

 

3-4-5 DSC

 

( Perkin Elmer Pyris 1 DSC)

80 24

0-200 0 1

10 0C/min

 

 

3-5 

 

( TA Instruments TMA 2940 )

6x6x3 mm

0.05N

50C/min ~140

(Coefficient of Thermal Expansion CTE)  



60

3-6 

 

( Perkin Elmer 7e)

12×13×3 mm

1 Hz Tension 110% 5�m

 -80 0C~140 0C 5 0C/min

 -80

 -80 15

 

3-7 

 

1.5cm 1mm

(DEA 2970, dielectric analyzer)

250N

20C/min

-50 ~140 0.01Hz~100000Hz

Tan�

�E log 

fmax(Hz) v.s 1/T(K) ( RE /�� )

Arrhenius (

R=1.987cal/mol K)  

                
TR

EAf 1lnln �
��               (3-7-1) 

                RslopeE ���                (3-7-2) 
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4-1

4-1-1  

 

Na+-MMT 30B PMMA

Na+-MMT 30B

PMMA 4-1

Na+-MMT 30B XRD

2�=6.92 1.276nm 30B

2�=4.8 1.839nm  

 

4-2 PMMA 300.08

376.08 4-3

Na+-MMT

4-3 30B

264.71 ( 1%)

400.64

30B 800 71% 4-1
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Temperature(0C)

100 200 300 400 500 600 700 800

W
ei

gh
t(%

)

0

20

40

60

80

100

120

D
er

iv
. W

ei
gh

t(%
0 C

)

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

376.080C
300.080C

98.76%

2�

2 4 6 8 10

In
te

ns
ity

0

5000

10000

15000

20000

25000

NA+-MMT
30B

2������ d�1.276nm

2��!�" d�1.839nm

 

 4-1 30B XRD  

 

 
4-2 PMMA  
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Temperature(0C)

100 200 300 400 500 600 700 800

W
ei

gh
t(%

)

0

20

40

60

80

100

D
er

iv
. W

ei
gh

t(%
0 C

)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

Na+-MMT
30B

264.71 400.64
29.43%

 
 
 

4-3 30B  

 

4-1  

  Closite 30B PMMA 

 - 264.70   300.01

 - 400.61   376.08

 - 71%  1.24%

2� 6.92 4.8 MW(g/mole) 32000 
d001 1.276 1.84 - - 

 <4-9wt% 2wt% - - 



64

4-2  

 

30B PCN30B

KPS AIBA

 

 

4-2-1  

 

4-4 X-ray

AIBA

1.43nm

XRD XRD

AIBA

KPS
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2�

2 4 6 8 10

In
te

ns
ity

Na+-MMT
30B
KPS
AIBA

4-4  

 

4-2-2  

TGA 4-5

KPS 18.52%

AIBA 20.73%

366.5 365.8

 

4-2  

 
         (%) 

 KPS         366.5        18.52 
 AIBA        365.8        20.73 
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Temperature(0C)

100 200 300 400 500 600 700 800

W
ei

gh
t(%

)

0

20

40

60

80

100

KPS
AIBA

18.52%

20.73%

4-5  

 

4-3 PMMA/  

 

PMMA PMMA/

PMMA

30B

PCN30B

DMA  

 

4-3-1  

 

4-6 X-ray PCN0

PCN0
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2�

2 4 6 8 10

In
te

ns
ity

(a
.u

)

PCN0
PCN30B
PCN5
PCN6

2�=5.840 d=1.51nm

2��#���1.23nm)

2�=2.660 d=3.32nm

PCN30B

PCN30B

3.32nm

PCN5 X-ray

TEM

PCN6 X-ray XRD

AIBA

 

 

 

 

 

 

 

 

 

 

 

4-6  

4-3-2  

 

(optical microscopy) TEM

0.2�

800
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4-7 PMMA 800

PMMA PMMA

4-8 PMMA

4-9

PMMA 30B PMMA

PCN0

 

 

4-10 KPS

PCN0 4-11

AIBA

KPS POP-4000

POP-4000  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4-7 PMMA OM  

magnification=800X  
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4-8 PCN0 OM  

magnification=800X  

 
 
 
 

 
 
 

 

4-9 PCN30B OM  

magnification=800X  
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4-10 PCN5 OM  

magnification=800X  

 

 

 

 

 

 

 

 

 

4-11 PCN6 OM  

magnification=800X
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4-3-3  

 

4-12 PCN0 PCN0

OM 4-13

30B TEM

PCN0

OM PCN0

4-14 PCN5 4-15

PCN6

4-16 PCN6

 

 

 

 

 

 

 

 

 

 

 

4-12 PCN0 TEM

magnification=10KX  
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4-13 PCN30B TEM

magnification=10KX  
 

 

4-14 PCN5 TEM

magnification=10KX  
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4-15 PCN6 TEM

magnification=10KX  

 

 

 

 

 

 

 

 

 

 

 

4-16 PCN6 TEM

magnification=400KX  
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Temperature(0C)

200 400 600 800

W
ei

gh
t(%

)

0

20

40

60

80

100

PMMA
PCN0
PCN30B
PCN5
PCN6

4-3-4  

4-3-4-1  

 

4-17 20wt%

TGA PCN30B

381.14 PCN6 369.52 PCN5

366.99 AIBA

Na+

 

 

 

 

 

 

 

 

 

 

 

 

 

4-17  
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4-3                             

 

 

 

 

 

 

4-3-4-2  

4-18 Tg

30B 106.8

AIAB PCN6 Tg 112.5

KPS PCN5 Tg=109.3

KPS MMA

AIBA

-NH3
+ Na+  

4-4  

    (%) 

PMMA    376.08          -          
PCN0     376.65         4.59    
PCN30B   381.14         4.52 
PCN5     366.99         5.71 
PCN6     369.52         5.72 

       

PMMA         103.73 
PCN0          103.98 
PCN30B        106.8 

 PCN5          109.3 
PCN6          112.5 
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Temperature(0C)

50 60 70 80 90 100 110 120 130 140 150 160

H
ea

t F
lo

w
 E

nd
o 

U
p 

(m
W

)

18

19

20

21

22

23

24

PMMA
PCN0
PCN30B
PCN5
PCN6

103.730C

103.980C

106.80C

109.30C

112.50C

     

4-18 DSC  

 

4-3-5  

 

4-19

100

PCN5 PCN6 PMMA

PCN0 PCN30B PMMA PCN5 PCN6

30B 4-20

T 80 PCN5 T 80

PCN6 4-5

40 80  
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Temperature (0C)

30 40 50 60 70 80 90 100 110 120 130 140

D
im

en
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 C
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ng

e 
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m
)
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40

50
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PMMA
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Temperature (0C)

30 40 50 60 70 80 90

C
TE

 ($
m

/m
0 C

)

40

60

80

100

120

140

160

PMMA
PCN0
PCN30B
PCN5
PCN6

4-19  

 

 

 

 

 

 

 

 

 

                                  

 

4-20 CTE  
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4-5  

CTE(�m/m ) �40 �80 

PMMA 71.9±9.5 106.4±10.3 

PCN0 72.4±9.4 110.3±8.5 

 PCN30B 71.3±10.2 109.5±11.7 

PCN5 67.3±8.9 95.51±10.2 

PCN6 67.8±7.5 95.062±9.9 

4-3-6  

 

5wt% 4-21

30B PCN30B

PCN5 PCN6 PCN5 PCN6

PCN5 PCN6

4-22

100~120

4-6 PCN30B

30 50 70 PCN0 PCN6

AIBA
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Temperature(0C)

-80 -60 -40 -20 0 20 40 60 80 100 120 140

E'

1e+6

1e+7

1e+8

1e+9

PMMA
PCN0
PCN30B
PCN5
PCN6

Temperature(0C)

-80 -60 -40 -20 0 20 40 60 80 100 120 140

E
"

1e+5

1e+6

1e+7

1e+8

PMMA
PCN0
PCN30B
PCN5
PCN6

4-21 E’ 

 

4-22 E” 
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4-6 DMA  

      E'30 MPa   E'50     
       E'70        Tg( ) 

PMMA   138.3±28.5   126.6±25.2   118.4±21.9   104.7     

PCN0    129.9±28.5   119.2±25.7   112.2±22.4   103.42    

PCN30B  217.1±20.4   210.1±21.6   203.9±23.9   109.96 

PCN5    186.5±18.7   173.8 ±16.2  166.3±16.3    109.9 

PCN6    175.5±28.9   161.5±26.6   151.8±22.4   115.03 

 

4-3-7  

 

f=1

10 100 1000 10KHz 2 /min 140

PMMA -COOCH3

f=0.01Hz f=10KHz

 

 

4-3-7-1  

 

4-23 4-24

T Tg

� � � ��
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Temperature(0C)

-40 -20 0 20 40 60 80 100 120 140

� '

2

3

4

5

6

7

8

PMMA-10Hz
PCN0
PCN30B
PCN5
PCN6

� � � ��

0-100

�

4-25 4-26

� � T Tg

�

 

 

 

             

 

 

 

 

 

 

        

 

 

4-23 10Hz � �  
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Temperature(0C)

-40 -20 0 20 40 60 80 100 120 140

� "

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

PMMA-10Hz
PCN0
PCN30B
PCN5
PCN6

Temperature(0C)

-40 -20 0 20 40 60 80 100 120 140

� '

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

PMMA-10KHz
PCN0
PCN30B
PCN5
PCN6

4-24 10Hz "�  

 

 

 

 

 

 

 

 

 

 

 

 

4-25 10KHz � �  
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Temperature(0C)

-40 -20 0 20 40 60 80 100 120 140

� "

0.0

0.1

0.2

0.3

0.4

0.5

0.6

PMMA-10KHz
PCN0
PCN30B
PCN5
PCN6

 

 

 

 

 

 

 

 

 

 

 

4-26 10KHz "�  

 

4-3-7-2 � �  

 

4-27 4-28 PMMA � � "�

� � "�

4-28 � �

�-� 4-29

4-30 PCN 30B

� � "� PMMA

� �

4-31 4-32

T<Tg � T>Tg ��
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4-27 PMMA  

 

 

 

 

 

 

 

 

 

 

 

4-28 PMMA � �  
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4-29 PCN30B  

 

 

 

 

 

 

 

 

 

 

 

4-30 PCN30B � �  



86

1000/T(K)

2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8

ln
f(H

z)

0
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6
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Temp-sweep �
Freq-sweep �

1000/T(K)
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Temp-sweep �
Temp-sweep �
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4-31 PMMA � �  

 

 

 

 

 

 

 

 

 

 

 

 

4-32 PCN30B � �  

�� 

� 

�� 

� 
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4-3-7-3  

 

4-23 4-26 DEA

0 ~140 10

4-33 4-34 ''�

-COOCH3 �

PMMA

�

��  

 

T<Tg

4-33 PMMA

� PCN30B PCN5 PCN6

� 4-34

T>Tg

"� ��
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logf(Hz)

10-2 10-1 100 101 102 103 104 105

� "

0.0
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logf(Hz)
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� "
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4-33 60 T<Tg  

 

 

 

 

 

 

 

 

 

 

 

 

4-34 130 T>Tg  
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4-3-7-4  

 

''�

Maxwell-Wagner-Sillars(MWS) �

 

 

4-35 4-36 60 130

4-35 60 T<Tg

PCN5 PCN6 � PCN30B �

130 T>Tg 4-36

PCN30B

PCN6 PCN5 4-37

PCN30B

4-7

PMMA PCN0
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logf(Hz)

10-2 10-1 100 101 102 103 104 105

M
"

0.000

0.005

0.010

0.015

0.020

0.025

PMMA
PCN0
PCN30B
PCN5
PCN6

logf(Hz)

10-2 10-1 100 101 102 103 104 105

M
"

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

PMMA
PCN0
PCN30B
PCN5
PCN6

 

 

 

 

 

 

 

 

 

 

 

4-35 60  

 

 

 

 

 

 

 

 

 

 

 

 

4-36 130  
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1000/T(K)
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4-37  

 

4-3-7-5 Cole-Cole Plot  

 

Cole-Cole Plot

�� ��

Cole-Cole Plot M” v.s M’

4-38 4-39 Cole-Cole Plot 60

130 4-38

4-39

PCN30B PCN5 PCN6 PCN0
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4-3-7-6  

 

4-40 60 T<Tg

PCN30B PCN6 PCN5

	dc 4-41 130 T>Tg

PMMA

"�  

 

�E PMMA

Amorphous DEA

4-42 4-43 � �

T<Tg � T>Tg �� PMMA

�E� �E� 4-7

� �E�

4-44

�EMW

PCN0
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4-42 PMMA PCN0 � �  
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1000/T(K)
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4-44 Arrhenius dc�  

 

4-7  

  Kcal/mol �E� �E� �EMW �Edc  

 PMMA 

PCN0 

PCN30B 

PCN5 

PCN6 

172.3 

234.82

    - 

    - 

  - 

16.57 

16.77 

16.58 

16.52 

16.4 

- 

49.89

63.12

53.18

60.72

- 

46.48 

60.53 

46.03 

51.51 

4-4 POP-amine  

Na+-MMT 1.276nm

POP-4000



97

POP-4000 XRD OM

 

 

4-4-1 XRD  

 

POP

2-3

Na+-MMT

-NH3
+

 

 

Molar ratio POA/CEC =0.2 0.4 0.6 0.8

MMT Molar 

ratio=0.2 MMT1 Molar ratio=0.8 MMT4

Molar ratio=0.4-0.6 Na+-MMT d spacing

4-8 

a 4-8 b TGA c

4-45 Molar 

ratio=0.2~0.4 Molar 

ratio=0.6~0.8 4-46



98

Molar ratio(POA/CEC)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

d 
sp

ac
in

g(
an

gs
tro

m
)

1

2

3

4

5

6

7

8

9

10

POP-4000

XRD 1.276 

nm 9.19nm  

 

4-8  

             (a)    (b)        (c) 

         nm     %                 nm   /   /

PCN0     1.298      5.60      MMT         1.276        -         - 

PCN1     1.71       5.65      MMT1       1.70       55/45      52/48 

PCN2     1.77       5.73      MMT2      1.88       65/35      65/35 

PCN3      7.68       5.39      MMT3      9.09       74/26      73/27 

PCN4     8.78       5.22      MMT4      9.19       79/21      79/21 
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       E'30 MPa     E'50     
        E'70       Tg( ) 

PMMA   138.3±28.5   126.6±25.2   118.4±21.9   104.7      - 
PCN0    129.9±20.5   119.2±25.7   112.2±22.4   103.42     - 
PCN1    149.9±21.5   139.8±17.6   128.9±18.9   105.74     - 
PCN2    126.9±21.0   111.8±15.6    96.9±23.3    96.89     - 
PCN3     84.9±14.3    76.9±12.6    67.7±17.4    95.95   -56.51 
PCN4     72.6±12.2    64.9±14.2    58.3±16.6    94.70   -60.26 
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4-12  

  Kcal/mol EMW �Edc 
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