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 �� �� �� ��� Thin Film Diffusion Analyzer� ����, �� �� ��  !

�� "#$ % "# &'
 
�� ()�*�: rigid poly(1,4-phenylene pyromellitimide(PMDA-PDA), semi-rigid poly

(1,4-phenylene biphenyltetracarboximide(BPDA-PDA), semi-flexible poly(4,4'-oxydiphenylene pyromellitimide(PMDA-ODA), flexible

poly(4,4'-oxydiphenylene benzophenonetetracarboximide(BTDA-ODA). +,, X-- ./ ()� 0, ��� 1234 56

(morphology)7 8�9�:�� ���� �;�*�. �� <�� ���� ��= ��� >?@67 	
�� A�
�

>&�B Fickian �� CD
 E FGHI�. 	
��� JK
� >&�B ��L�$ @)�*MN, 	
��" O"P


 �Q ��H$ ��� R= ������ &'S TLU� -14M� O"�*�. +,, VW &'
 �� �� L�

$ BPDA-PDA < PMDA-PDA < BTDA-ODA~PMDA-ODA� X�� Y*MZ, �� <� [�\ ��� R= BPDA-

PDA < BTDA-ODA~PMDA-ODA < PMDA-PDA� X�� O"�*�. �], ��
 
, [� ��= ����� ��

^�  !�S _`6, a�B �b ��c d?��(mean intermolecular distance), K34 eK6� f`� gh�.

Abstract − Water sorption behavior was gravimetrically investigated as a function of relative humidity and chemical struc-

ture for four polyimide thin films with various chain rigidities: rigid poly(1,4-phenylene pyromellitimide(PMDA-PDA), semi-

rigid poly(1,4-phenylene biphenyltetracarboximide(BPDA-PDA), semi-flexible poly(4,4'-oxydiphenylene pyromellitimide(PMDA-

ODA), flexible poly(4,4'-oxydiphenylene benzophenone tetracarboximide(BTDA-ODA). In addition, the morphological struc-

ture of the films was characterized by x-ray diffraction together with glass transition temperature. The water sorption isotherms

for the polyimide films were reasonably well fitted by Fickian diffusion model, regardless of morphological heterogeneities

and relative humidity. The diffusion coefficient varied little but the water uptake increased with increasing humidity. The dif-

fusion coefficient for different type polyimide thin films was in the increasing order: BPDA-PDA < PMDA-PDA < BTDA-

ODA~PMDA-ODA. The water uptake was in the increasing order: BPDA-PDA < BTDA-ODA~PMDA-ODA < PMDA-PDA.

The water sorption behaviors in films were closely related to the chain rigidities, in-plane orientation, and mean intermolecular

distance, in addition to the chemical affinity.
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�N�\", ����� ��@ �d e�	 Dd$@ �� � '� V

�, d$F, d$ ���, )̂  �� *@ ���� ��S �	1. � 7V

�+	 d$ -�@ n�F4 1� � ��@ +" 1� poly(amic acid)

(PAA)K ��`�, 
� �����(thermal imidization)S �.`� �

���� ��S ��`�1[6-10]. Rigid poly(1,4-phenylene pyro-

mellitimide(PMDA-PDA), semi-rigid poly(1,4-phenylene biphenyltetracar-

boximide(BPDA-PDA), semi-flexible poly(4,4'-oxydiphenylene pyromellitimide

(PMDA-ODA), and flexible poly(4,4'-oxydiphenylene benzophenonetetra-

carboximide(BTDA-ODA). X�D, Thin Film Diffusion AnalyzerK �.

`� ��� ��@ �%!�� �d e� ��S '� V�� �[�F

���  ¡ ¢£ ¤¥\s, ��@ �d e� ��S �����@ ��

� V�, �¦�� 2�(morphology) ��� �§�� :¨`�1.

2.����

2-1.����� �� � 	
 ��

��� -.� y©ª� .«	 Aldrich Chemical Co.� Chriskev

Co.�+ V¬`� -.`�1. -. # pyromellitic dianhydride(PMDA),

biphenyltetracarboxylic dianhydride(BPDA), 3,3',4,4'-benzophenonetetracarboxy-

lic dianhydride(BTDA), 4,4'-oxydiphenylene diamine(ODA), X�D 1,4-

phenylene diamine(PDA)	 ­��S �.`� ^�`�\s, .«� N-

methyl-2-pyrrolidinone(NMP)	 ^�®� -.`�1. Poly(amic acid)

(PAA) #V8	 �N�� .¯ °A� N±\" .� ²� 15 wt%4

/F³ ��`�1[1-3]. Poly(1,4-phenylene pyromellitamic acid)(PMDA-

PDA PAA), poly(1,4-phenylene biphenyltetracarboxamic acid)(BPDA-PDA

PAA), poly(4,4'-oxydiphenylene pyromellitamic acid)(PMDA-ODA PAA),

poly(4,4'-oxydiphenylene benzophenonetetracarboxamic acid)(BTDA-

ODA PAA).

��� #V8 PAAK p�´ µ�¶(Si 100) a� Spinner ASS

301 series(ABLE Co. LTD)K �.`� ·�`� ��S ��`�1. �

�@ ¸¹	 º» uFK �6M\"¼, 10-15µm ½a@ �^� ¸

¹K 4�F³ `�\s, Tencor Surface Profiler(Model P-10)K �

.`� ¸¹K ¾^`�1. ¿Àf ��P 80oC�+ 30d �] �H

da  `�+ prebake� Á, 150, 230, 300oC�+ ÂÂ 30d, 400oC�+

60dB ª5� Á ÃÂ`�1. ­Ä uF	 2.5oC/min, ÃÂuF	

2.0oC/min\" `�1[6-10]. ��� ����� ��@ �� V�	

Fig. 1� ZÅÆÇ1.

2-2.����� 	

 ����

����� �� Æ" �%/	 È d$@ �ÉS Thin Film Diffu-

sion Analyzer(CAHN Microbalance D-200; sensitivity of 0.1 microgram fo

1.5 gram mass capacity)K �.`� hB@ M�" 7u�\" ¾^

`�1[8-9]. �[�F� [� ��S ¾^`  a`� �Y ��@ Ê

� g��K �.`�\s[25], Table 1� ZÅÆÇ1.

1²� -� n�FK 4Ë ����� ��@ �¦�� 2� Ì�K

¾^`  a: X-Ray Diffractometer(RIGAKU, Model XRD:  D/MAX)

QÍ" 2θ Î�  � ?6 ÏÐS �.`�1. Ñ� IÒ� N- I

Ò� [`� ¾^`�\s, ÓÔP CuKα(λ=1.54 Å), �c	 y©Õ

"Ö�cK �.`�\s, X-Ð ×Ø QÍ	 35 kV, 40 mA�+ ��

`�1. hÙ	 1C\" `� ¾^`�\s, 5-60o(2θ) ½aK 0.3-0.5o/

min scanuF, 0.02o(2θ) �Q BÚ\" `� IBM/PC ATK �.`�

$� �Q`�1.

3.	
 � �


1²� -� n�FK 4Ë PMDA-PDA, BPDA-PDA, PMDA-ODA,

X�D BTDA-ODA ����� ��S 
� �����S �.`�

��`�\s, �d�%� [� �[�F@ ��S ¢£¤  a`�

25oC, 22-100% �[�F `�+ �d e� ��S ¾^`�1.

Fig. 2	 BPDA-PDA ����� ��� [� �d e� *ÄÐS

ZÅÛ1. ����� ��� [� �d e� ��P Fick@ �2�Ü

(Fick’s 2nd law)� Ý b�/Ç\s, �� ¤Df G�� �Í`�1

[9, 11, 12]. Þ�, Dd$ �� Æ"@ e� �^P �%� [� Fick

@ �Ü(Fick’s law)S �.`� �h� §R�+ ^É�\" ßà/

�� � W\s, �^� á! âF�+ ��� [� á! ��� [

� G�vP 1ã v (1)� ä� ßàå � W1.

(1)

�<, M(t)	 hB t�+ �� Æ" e�f �% È�@ æÉ�s, M(∞)

	 ç� �¦(t=∞)�+ �� Æ" e�f �%È�@ ²S ZÅÛ1

[11, 12]. � 7V�+ -.� ����� ��P �Ä�+ V��\

" èÜ�� �¦(ordered state)� _èÜ�� �¦(disordered state)

" �é�q W1[13, 15]. XYZ, �Y� �h� _·���F _V

`D, Fickian �%yê� Ý b�/Ç1.  ¡+, ¾^f yë e�

ÏÐP v (1)S �.`� :¨`�D, �K �.`� �%!�K V

`�\s X G�K Fig. 3� Table 2� ZÅÆÇ1.

BPDA-PDA ����� ��@ �%!�	 1.1ì10−10�+ 1.7ì10−10

M t( )
M ∞( )
--------------=1− 8

π2
----- 1

2m+1( )2
--------------------- exp −π2

2m+1( )2

L2
---------------------------Dt×

m=0

∞
∑

Fig. 1. Schematic of polyimides prepared from their respective poly
(amic acid) precursors; (a) synthesis and (b) chemical structure.

Table 1. Vapor pressure and relative humidity of aqueous salt solutions
at 25oC

Aqueous salt solution
Equilibrium vapor pressure

(mmHg)
Relative humidity

(% RH)

H2O
Na2CO3 · 6H2O
KNO3

Mg(NO3)2 · 6H2O
CaCl2 · 6H2O
KC2H3O2 · (1.5)H2O

23.76
20.90
16.70
11.90
7.08
5.35

100
87
71
52
31
22
���� �38� �2� 2000� 4�
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cm2/sec -�@ ÎS ZÅÆÇ1. Fig. 3�+ í � Wî� �[�F@ �

��  ¡ BPDA-PDAá
 ïð� g4Z mH@ á�S ZÅÆ� ñ

¥1. �� �-� á�S PMDA-PDA, PMDA-ODA� BTDA-ODA

����� ���+F ��ò � W1. ó PMDA-PDA@ á
 3.6

ì10−10�+ 4.1ì10−10cm2/sec, PMDA-ODA@ á
 9.0ì10−10�+

9.7ì10−10cm2/sec, X�D BTDA-ODA@ á
 8.8ì10−10�+ 9.4ì

10−10cm2/sec\" �@ �`� ñãS ��ò � W1. �[�F@ �

��F _V`D �%!�4 ¾^ ½a Æ�+ �^� ôP yë ��

��� ��@ �%P âF@ M�4 õöS ZÅÛ1. �	 � 7V�

+ �.� Fickian �% yê@ Å÷�S ¤�ø1. Þ� ����� �

�P �[�\" ·�`s(homogeneous), e�f �dP Dd$ ��

Æ�+ �^`� dLùS ZÅÛ1[16, 17]. XYZ, �%!�@ ç·

�� Õ 	 V��  ¡ � Ì�K ¤úS ��ò � W1.

Fig. 4�+� ä� �%!��	 û� ç��¦@ �d e�É� [

� �[�F@ ��P ïð� ôS ��ò � W1. BPDA-PDA@

á
, �[ �F4 22%�+ 100%" g4M�  ¡ ç� �¦@ �

d e�ÉP 0.28�+ 1.46 wt%@ ÎS 4Ë1. üý4�", PMDA-

PDA@ á
 1.09�+ 5.08 wt%, PMDA-ODA@ á
 0.44�+ 3.06

wt%, X�D BTDA-ODA@ á
 0.56�+ 3.25 wt%@ Î\", �

�@ ��� V�� §!®� �[�F4 g4M�  ¡ ç� �¦

@ �d e�ÉP Ð��\" g4MS í � W\s, Fig. 4�+ ��

ò � W1. �	 � 7V�+ -.� ����� ��@ �d e�

Öþÿ�P Henry@ �Ü(Henry's law)S ��MS ZÅÛ1[16, 17].

����� ��@ �d e�� [� ��� '� V�@ ��S

¢£¤  a`� 25oC� 100% �[�F `�+ ¾^� G�K Fig. 5

� ZÅÆÇ\s, '� V�@ Ì��  ¡ ��� �d e� *ÄÐ

Fig. 2. Isotherms of the water sorption for BPDA-PDA films measured
over 22-100% relative humidity at 25oC.

Fig. 3. Effect of humidity on the diffusion coefficient of polyimide thin
films over 22-100% relative humidity at 25oC.

Table 2. Diffusion coefficients and water uptakes for polyimide thin
films

Polyimide
structure

Relative humidity
(% RH)

Diffusion coefficient
Di10−10 (cm2/sec)

Water uptake
(wt %)

PMDA-PDA
12.20µm

22
31
52
71
87

100

3.6
3.8
3.6
3.7
4.1
3.6

1.09
1.46
2.57
3.37
4.51
5.80

BPDA-PDA
15.23µm

22
31
52
71
87

100

1.4
1.1
1.1
1.6
1.3
1.7

0.28
0.47
0.84
1.02
1.37
1.46

PMDA-ODA
11.97µm

22
31
52
71
87

100

9.2
9.5
9.6
9.7
9.0
9.4

0.44
0.69
1.27
1.85
2.69
3.06

BTDA-ODA
10.98µm

22
31
52
71
87

100

8.8
9.4
9.0
8.9
9.3
9.0

0.56
0.80
1.36
2.01
2.69
3.25

Fig. 4. Effect of humidity on the water uptake of polyimide thin films
measured at 25oC.
HWAHAK KONGHAK Vol. 38, No. 2, April, 2000
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S ZÅÆÇ1. �%!�	 1.7ì10−10cm2/sec�+ 9.4ì10−10cm2/sec@

ÎS ZÅÆÇ\s, BPDA-PDA < PMDA-PDA < BTDA-ODA~PMDA-

ODA �+" g4`�1. ��, ç��¦@ �d e�ÉP 1.46 wt%�+

5.80 wt%@ ½a@ ÎS ZÅÆÇ\s, BPDA-PDA < BTDA-ODA~

PMDA-ODA < PMDA-PDA@ �+K ¤�1. �Y� �� Æ"@ �

%à�S �:`  a`� �d� [� ����� ��@ '� V

�@ Ì��+ r	 ��� ��� Ì�(chemical affinity)� �¦�

� 2�(morphology)@ Ì�K ¢£¤¥1.

�� Æ"@ �d �% à�P ��� V��  � ��� ���

@ Ì�"+ :¨ò � W1. ����� -� V� Æ�	 È d$

4 ª5K � W	 �Y ��@ G�� �U`s, y©ª� Dd$

V�@ Ì��  ¡ �d� [� ���@ Ì�4 W1. � 7V�+

-.� V� A -� Æ� �U`	 ��¤	 (carbonyl group)�

�
� G�(-O-)P È d$� [� ���� Õ1. ��, È d$�

[� ���S Han� Ree *[8, 11]P ßi���(surface energy)K

�: p
�\" V`�1. X � �Y 7V$�F van Krevelen@

group contribution�S �.� .:F ��(solubility parameter, δ)

K �.M\"¼[18-20] ��� ���S V`�1.

p
� -.� y©ª�@ ��� V�K D�`�S <, �d� [

� dianhydride@ ��� ���P BPDA < PMDA < BTDA �\",

diamine� [� ���P PDA < ODA �\" g4�1[8, 11, 18]. �

Y� ��� ���� ¤Df G�� @`i, �d� [� �����

��@ ��� ���P BPDA-PDA<PMDA-PDA<PMDA-ODA<BTDA-

ODA �\" g4`s, �d e� ��F � á�S  K ô\" �

�f1. XYZ, ����� ��@ �%!�� [� á�P �@ �

Í`��, ç� �¦� Fû`� /	 �� Æ"@ �d e�ÉP �

Í`� ñ	1. 23, PMDA-PDA	 ;P �%!��F _V`D �

ç��¦@ e�ÉS ZÅÆÇ1. �� ä� È d$� [� ���

�� ��@ ��� ���S �.� :¨P ��@ �% à�S �

#3 ��ò � ®Ç1.  ¡+, �Y� �% à�S :¨`  a:

d$ �+F, -�@ ���, X�D I� ^F(packing order) LM

� �¦�� 2�@ Ì�K �.`�1.

����� �� Æ"@ �%à�� e���S �¦�� 2�@ Ì�

K �.`� :¨`  a`� Wide Angle X-ray Diffraction(WAXD)S

¾^`�\s, Ñ� IÒ(transmission pattern)� N- IÒ(reflection

pattern)@ ¸ ��" ¾^`�1[6-10, 21]. � +, Ñ� IÒP ��

çi��(in-plan)@ V�� ^¤K 's, N- IÒP �� ¸¹��

(out-of-plane)@ V�� ^¤K ��ø1. 1²� -� n�FK 4�

	 ����� ��@ Ñ�IÒ� N-IÒ@ WAXD G�	 Fig. 6

� 7� ÂÂ ZÅÆÇ1.

�#3 n�� V�� PMDA-PDA ����� ��@ Ñ� IÒ

P �Y �@ (00l) ?6 �Õ� amorphous haloK, N- IÒP `Z@

amorphous halo�S ¤�1. � �Õ�"bc, PMDA-PDA����

�	 �� ¸¹ ��¤1	 �� çi ��\" Ý ��/� W\s,

�� ßi� ç�� -� ° ��\" � èÜ�� �+FK 4��

�, -�� _èÜ�\" I�/� W1	 ôS ZÅÛ1[8]. BPDA-

PDA	 �@ PMDA-PDA�	 û� Ñ� WAXD IÒ@ �Y �@

(00l) ?6 �Õ�� õÿ¡ N- IÒ�+ 2{�� (hkl) �ÕK ¤

�1. �	 BPDA-PDA4 �� çi ���� õÿ¡, ¸¹ ���

[:+F ���� �+F4 �ãS ZÅÛ1. PMDA-ODA@ ��

���	, Ñ� IÒ�+ 2θ=5.74o@ ;P Â�+ -� °�  �

-� �+FK ZÅÆ	 sharp diffraction �Õ� � amorphous halo

4 ZÅ�1. XYZ, N- IÒ�+	 �� amorphous halo�� Z

Å�1. � �Õ�"bc, �� ¸¹ ��¤1	 çi ��\" Ý �

�/� W\s, _èÜ�\" I�/� W1	 ôS � � W1. ��,

�7� V�� BTDA-ODA	 1� � 4� á
�	 û� Ñ� I

Ò� N- IÒ y¸�+ amorphous halo �Õ �� � � �ÕF

ZÅZ� ñ¥1. �	 «
 ;P -� �+F� ¸¹ ��\"@ I

� ^FK @��1.

Þ�, d$ -�B@ I� ^FK ZÅÆ	 d$ -�B ç·��

(mean intermolecular distance)	 Â ?6 �Õ"bc Vò � W\s,

Table 3� ZÅÆÇ1. �� çi� [� V�� ^¤K '	 Ñ� I

Fig. 5. Isotherms of the water sorption for polyimide thin films with
various chain rigidities at 25oC and 100% relative humidity.

Fig. 6. WAXD transmission patterns of polyimide thin films with vari-
ous chain rigidities.
���� �38� �2� 2000� 4�
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s;

li-

a-
Ò�+	 ç· ��4 4.78-5.23 Å@ ½a@ ÎS 4!\s, PMDA-

PDA < BPDA-PDA < PMDA-ODA < BTDA-ODA@ g4 �+K ¤

�1. ��, N- IÒ�+	 4.36-4.88 Å@ ÎS 4!\s, V��

 � g4 �+F Ñ� IÒ�+� äP á�S ¤�\Z, X Ì�	

Ñ� IÒ�+¤1 Õ� ñ¥1.

a� ä� ¾^f WAXD G�	 �d �% ��� �ÍMS �

� W1. �N�\" Dd$ -��@ èÜ�� g4ò�³ �d@

�%uF� e�ÉP mH`� f1. �ôP " E>/� I�f V�

4 È d$@ �% )BS '� ñ  <=�1. Þ�, È d$4 ��

# � W	 $�.�b�F mH`� /s, e�/	 ²F �1. 23,

È d$	 �����@ G^� � èÜ�� bd\"	 e�/� ñ

	1. ó, n�� V�K 4Ë PMDA-PDA� BPDA-PDA@ á
 �7

� V�� PMDA-ODA� BTDA-ODA ¤1 �P çi ��\"@ �

��, �P d$ -�B ç·��K 4�s,  ¡+ �[�\" �P �

% !�K 4$S ��ò � W1. Þ�, BPDA-PDA	 
�� çi

��@ ���� �+F�� õÿ¡, ��� d$B I�\" ç��¦

@ �d e�ÉF «
 ;ãS ¤�1[6]. ��	 û� PMDA-PDA	

;P �%!��F _V`D, �P �d e�ÉS ¤�	%, �	 ��

#� ÄF� Ej� §&� WS ô\" ��f1[8, 9]. ó, PMDA-

PDA@ �P ��#� ÄF(Table 3)� -�@ ;P ���� @: -

�@ I�^F� �C '(F4 ;õ, -� Æ� � defect4 Ø�/s

[23, 24], �" �: PMDA-PDA	 )* �%uF�F _V`D ç��

¦�+@ �d e�É� � ô\" ØÂf1[8, 9].

4.	 �

+" 1� -�@ n�FK 4�	 � ��@ ����� ���

[� �[�F� V�� §� M�"+ �d�% ��S ¾^`�\

s, ��@ �¦�� 2�(morphology)@ Ì�K �.`� d¨`�

1. �� Æ"@ �d�% ��P ��@ �h� _·���F _V

`D Fickian �% yê� Ý b�/Ç1. �[�F@ ��� �§®

� �%!�	 �^`�\s, �	 �d�%� �� ßi âF@ M

�4 õöS ZÅÛ1. Ni, �[�F4 g4M�  ¡ ç� �¦@
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