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S u m m a r y 
 

The study of enthalpy relaxation for amorphous styrene oligomers 
 

� This thesis describes the observation of the enthalpy relaxation phenomenon for amorphous 

styrene oligomer by an adiabatic calorimeter and the result of the temperature dependence of 

enthalpy relaxation times for styrene oligomer at around glass transition temperature (Tg) 

observed from various measurement methods. It consists of 4 chapters. 

� Enthalpy relaxation of amorphous samples using the adiabatic calorimeter has been studied 

for simple molecular structures like molecular glasses. However, there is no example directly 

measuring enthalpy relaxation of oligomer and polymer in amorphous state by using the 

adiabatic calorimeter. Therefore, I aim to clarify the universal characteristics of relaxation 

phenomenon of amorphous state and the characteristic feature of amorphous polymer through 

measuring the enthalpy relaxation of amorphous styrene oligomer and polystyrene. It is known 

that molecules and/or clusters constituting the amorphous state cause a relaxation and diffusion 

motion near Tg. In order to understand the relaxed and diffusive motion in the amorphous state, 

it is necessary to know the physical properties of the glass transition across a wide space and a 

wide time scale, because there is little information available in the amorphous state.  

� In this thesis, the outline of the amorphous(glassy) state was explained in chapter 1. In 

chapter 2, it was described for various measurement methods which are effective tool for 

investigating the relaxation phenomenon near the glass transition region. In chapter 3, enthalpy 

relaxation near Tg of amorphous styrene oligomers with different molecular weights was 

directly measured using an adiabatic calorimeter, and the amount of enthalpy relaxation 

depending on the molecular weight at the glass transition temperature (Tg) was evaluated. In 

chapter 4, the relaxation phenomenon near the glass transition of amorphous styrene oligomer 

was measured from various measurements such as adiabatic calorimetry, 

temperature-modulated DSC (TMDSC), dynamic light scattering (DLS), dielectric relaxation 

and viscoelastic measurement. I evaluated the temperature dependence the relaxation time of 

enthalpy relaxation and compared the relaxation time with that of other measurement methods 

and discussed the relevance to enthalpy relaxation. 

� Chapter 1 was an introduction and summarizes the research on the glass transition 

phenomenon, and based on the results, it described the circumstances in the study of the 

relaxation phenomenon of amorphous styrene oligomer and the purpose of this research. 



� In chapter 2, I explained the devices of the adiabatic calorimeter, temperature modulation 

DSC (TMDSC), dynamic light scattering (DLS), dielectric measurement, viscoelastic 

measurement, which were observed the relaxation phenomena at around Tg. I also showed how 

the relaxation time could be evaluated from each measurement method at around Tg. 

� In chapter 3, with respect to amorphous styrene oligomers have different molecular weights, 

the temperature drift rate was measured near Tg using an adiabatic calorimeter. From the results, 

it was found that the enthalpy relaxation rate and the configurational enthalpy relaxation amount 

calculated and evaluated. The enthalpy relaxation amount of amorphous styrene oligomer was 

0.77kJ mol-1, 3.5kJ mol-1 and 1.6kJ mol-1 and it was revealed that it is a large configurational 

enthalpy relaxation amount as compared with molecular glass. From the results obtained this 

time, it was clarified that three amorphous styrene oligomers with different molecular weights 

are not simple molecular weight dependence. 

� In chapter 4, relaxation phenomena around the glass transition temperature (Tg) were 

observed using an adiabatic calorimeter, temperature modulation (DSC), dynamic light 

scattering (DLS), viscoelastic measurement and dielectric relaxation of amorphous styrene 

oligomer. The results of the relaxation phenomena and mechanical measurements above the Tg 

observed using adiabatic calorimeter, TMDSC, and dielectric relaxation measurement were 

revealed to be due to α relaxation process directly related to glass transition. The relaxation 

phenomena studied using DLS corresponded to simple diffusion. The relaxation phenomenon 

observed using an adiabatic calorimeter below Tg is also attributed to the alpha relaxation 

process, but it is measured in thermodynamic nonequilibrium and therefore shows temperature 

dependence different from other α relaxation processes. 

� In summary, I evaluated the molecular weight dependence of the amount of enthalpy 

relaxation for amorphous styrene oligomer using an adiabatic calorimeter at around the glass 

transition temperature and compared the temperature dependence of relaxation time evaluated 

from enthalpy relaxation with that of other various measurement method near the glass 

transition temperature. From such a result, it becomes possible to control amorphous materials, 

and is expected to be applied to measures for physical deterioration over a long period of time. 
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ã-��5-��C0#2ƃīGƛ�&�,�(%	�E3�Ĕǐƃī0�D

ƴŌ,�E4�×ŵė,#E$E2ƁĨ3�9:ȯ)2Ĩǳ0ū;D2,�#

2ÚŤ,5-��C0ǽ8+,D0Ȇ3/,-ĦFED	�E;,0ǽ8+�

%A�0�5-�'0Jx~oI\ŔĿ-,(+>�#2ƃī3�#E;,2

ſĎţ0ĜȢGÒ�+ŝ
/ƃīGÑC�D	�

� ſŶā,3ŀſîſȏǝ,Ŷā�EDN�_~n�ƺâ��.E&�Ĕǐƃ

ī�BȝE+,D��āȏƎ0Ǯǫ�D�-�,�Dä�2łŭ,�C�®o

ILk�2Ŵǒ���]2ÐĒ�ĉȟĨR|\2ĉȟƆ2��/.�ǵ�Dò

Ø�R|\ƃī0��DƺâƇǱ0AC�ƁĨ�ôÃ�+,DÔǂĨ��D	

R|\ǸƟǼ«2N�_~n�ƺâȏGāȏƎ0ǡ¥�D�-�,�E4�Ŕ

Ŀ2ÿāĨ?ȓŊȗƳȆ0��DƁĨ2ôÃ2�ŶGƕD�-�,�DÔǂĨ

��D	�2A�0�N�_~n�ƺâ2Ŷā3R|\ƃī,¡Ɗ�DĐŚǔ

ã2ƁĨ0ć�DĜȢGǡ¥,��ĐþƎ0>ŐÁ/įť,�D	�

�

�

�
 
�
�
�
�
�
�
�
�
�
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�
 
 

 
 
 
 
 
 
  

è 1-2� N�_~n�ƺâ2ŵė¤ýĨ 

(1) 

(2) 
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� è 1-3 3ďăB0A(+Ŷā�E%¸üĨR|\2U}^��~0ć�DȌ

ƽN�_~n�ƺâ2ŵė¤ýĨ,�D 14)	RQGȬ´ÉȀė 5K s-1ȭ3�ű�

U}^��~Għ´�+ġ%ħ´R|\�NQGȬ´ÉȀė 1×10-2K s-1ȭ3�ŀ

ſîſȏǝ-�+3ŋǿ2´ÉȀė,ġ%ǿē´ÉR|\�SQGȬ´ÉȀė

8×10-4K s-1ȭ3�ű�GÔǂ/șC@(�C-´É�D�-0A(+ġ%ğ´R

|\,�D	�

� Țťƃ2ƹ3ſĄȏŶā2ȗ�ǢĿ2%.(%ȌƽN�_~n�2ƳǶGƛ

�	ŨĔ/ȋ¸3ſĄȏŶā2ț0õȋ�B£ƶ�E%[z�~Nj~S�0

ADŵė�ņGƛ�	íƐ/ȋ¸3N�_~n�ƺâGƛ�	ȌƽN�_~n

�2ƳǶ2ǝƩ0�,+3�ŵėôÃ�ǢĿ2Àſőȗ2�Ż,�Ɠ0ǵ�D

-�ā�+,D	;%�ŵėg}ofŶā,ũ=%N�_~n�ƺâȀė�g

}ofŶā2½2ÀſŊȗ2�Ż;,ôÃ�/,-�ā�+N�_~n�ƺâ

ȏGƩ·�+,D	è�2 175K
195K 0��+Ö0��DŎƹ3R|\-ű

�2ſĄȏ2Ē�Bũ=%N�_~n�2ĔǐŎƹ,�D	Țťƃ2ƹ-Ĕǐ

Ŏƹ��FDŻ2ŵė3�#E$E2Y�q~2R|\ǸƟŵė0�ǅ�D	

N�_~n�2 0 3 RQG 2R|\ǸƟŵė0-(+,D	èAC�RQG�NQG

�A6 SQG ,�Tg ��,2N�_~n�ƺâȏ0÷�/ȉ,2�D�-�F�

D	RQG 3 800J mol-1 -÷�/N�_~n�ƺâȏGƛ���SQG 2N�_~

n�ƺâȏ3 0 J mol-1 ,�D	�2A�0�N�_~n�ƺâȀė�ǙŶ�E

E4�#EGŊȗ,Ƣ¸�D�-0ACR|\�Ĕǐű�2N�_~n��B

.E�B,ȝE%ſ¿þƎȠĔǐƃī0�(%2�GāȏƎ0ũ=D�-�,

�D	�

�

�

�

�

�

�

�

�

�

�
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è 1-3� U}^��~2ȌƽN�_~n�ƺâ2ŵė¤ýĨ 14) 
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1.4. ȩ¸ü0��DƺâƇǱ 
 
� ȩ¸üŔĿGR|\ƃī,ȓŊȗ¡Ɗ�D-�N�_~n�ƺâ?�Ƣƺâ

0AC�ŔĿ2ƁĨ�ôÃ�D�-��D	�EB2ƺâ3R|\�ſ¿þƎ

0ȠĔǐƃī0�D�B,�D	ȩ¸üŔĿ3�R|\ǸƟŵė(Tg)�żŠŔĿ

0ŦǺ�+�,%=��EB2ƺâƇǱ�ƁĨ0Î:�ĜȢ3÷�,	ȩ¸ü

ŔĿ�ơ
2ŠǂGĤǕ-�E+,Dŉ��ȓŊȗƳȆĞ0��DŔĿ2ƁĨ

ôÃ2�ŶG.2A�0ǎ��3ȍǕ/ǩȥ,�D	ȩ¸ü2N�_~n�ƺ

â?�Ƣƺâ�.2A�/¸üȄÂ0A(+ǵ�D2�Gĸā��;%ƺâ0

Î:�ĜȢGřǞ�D�-3�ŔĿǠǝ2Ż�B>ȍǕ,�D	 
� ȩ¸üǢĿ2R|\ǸƟŻǼ«2ƺâƇǱ3��;,�ƬĚĨ?Ǧȟƺâƨ

2įŭGƊ,+��B@DơȦ2ȩ¸üR|\2Ƙƣ��E+�% 15-22)	�

è 1-4 3 C.A. Angell �ŝ
/R|\ěĭƁǳ0��DƬĨƆ(η)2ŵė¤ýĨ

Gǡ¥�%¢Gƛ� 16)	Ƽǹ0ƬĨƆ(η)2ćĽ�şǹ0R|\ǸƟŵė(Tg),Ǘ

ŘÃ�%ŵė2ǾĽGƛ�+,D	�

ȩŵ0�Dű��BŵėG���!+,(%-�0��/F'è 1-4 2şǹG

đ�BÖ7ƟÂ�+,�-->0�ƬĨƆ�ƐƹƎ/ôÃGƛ�Ɓǳ-�R|

\ǸƟŵė(Tg)Ǽ«,ħź0ƬĨƆ�÷��/DƁǳ��D	ƐƹƎ/ôÃGƛ

�Ɓǳ3J�iM\Ǝ/ôÃGƛ�20ć�+�ƬĨƆ2÷��ôÃ�DƁǳ

3ȠJ�iM\Ǝ/ŵė¤ýĨGƛ�+,D	ȠJ�iM\/ôÃGƛ�Ɓǳ

3�¸üĨR|\?ȩ¸ü/.2R|\ěĭƁǳ0ö�ǖBED	�

è 1-5 3 Roland B0A(+Ŷā�E%¸üȏ� 559 �A6 3843 2s}\a�

�(PS)2ǦȟĹû ε”2ßŮĽ¤ý,�D 17)	èAC�ßŮĽGôÃ�!D�-

0AC�ǦȟĹû2©3�DßŮĽ©,ś÷©Gƛ�	;% 2 )2 PS 2ǦȟĹ

û2Ŏƹ3ȍ1ØF!D�-�,�D	);C�Ǧȟƺâ2ěƃ3¸üȏ0ć

�+�ô,�D�-�F�D	ǦȟĹû2ŏ÷2ǚßŮĽ�B�ƺâŊȗ τ Gā

ƾ�D�-�,�D	�

�2A�0R|\ǸƟŻǼ«2Ɓǳ2ƂģGĶ�D03��;�;/Ŷāįŭ

��C�ȩ¸üR|\2R|\ǸƟƇǱ2wQi]vGƈǛ�D03�ŝ
/

ªȡ�BřǞGÀ�DĤǕ��D�-Gĩà�+,D	�

� ſŶā,ǙŶ�EDN�_~n�ƺâ0�,+3�ǃƍƎ/ƍſ�A6Ýſ

�ĢĊ/ôÃ2%=�ſŶā,�ǆƎ0Ɗ,BEDDSC,3�R|\ǸƟŵė
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Ǽ«,�āŵė0�āŊȗ§ĳȬJi�}�UȭGǎ(+�B�Ji�}�U

½Ğ2ƃīôÃGŶā�D�-��ǆ,�D23-25)	�

ŀſîſȏǝ,3�ǢĿßCGŀſƃī0§(+ſŶāGǎ�-->0�ſ

ôÃ0ć�DĪė�ȩ,2,�ǢĿ2N�_~n�ƺâ-�+R|\ǸƟŻǼ

«2ƺâƇǱGƐķŶā�D�-�,�D	����ŀſîſȏǝ,2Ŷā3�

DSC0Ŧ8ƫ¦,3/����B ǔ�Dț>ĈȔƎƕǭGǕ��Ŷā�Dț

2İǏƎ0>žƻGǕ�D%=�Ŷā03ȓ,ŃĽGĤǕ-�D	����Ƞ

Ĕǐƃī2N�_~n�ƺâGƐķŶā��āȏƎ/ǡ¥�Ôǂ,�Dä�2

ŶāǓƽ,�C�ȕȒƭ0��DȠĔǐſ¿þ2ƕǖGŲ=D�-0AC�ŭ

¼ĨGǖ·!D-ǀ�BED	;%�Ƈë0ǄD;,�ÇƯ/ŜȁGĳ)¸ü

ĨR|\,2Ƙƣ�­ǎ�+,D%=�ȩ¸üR|\,3Ŷā�ǎFE%¢�

/,2�Ƈƃ,�D	�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
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è 1-4 R|\ěĭƁǳ,2ƬĨƆ(η)2ŵė¤ýĨ 16) 
 
 



 - 13 - 

 
�

�

 

 
 
 
 
 
 
 
 
  

è 1-5� ¸üȏ2ƌ/Ds}\a��2#E$E2ŵė0��D 
s}\a��2ǦȟĹû 17) 
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1.5. R|\2ƺâȆƠ 
 
� ȩ¸üé�3�ǆ0Ĥ ȠŌȤïGÜ<�#E3ŔĿ-�+2ſƎ�¿þƎ

#�+®þƎĨǳG÷��ĺȌ�D%=�ȩ¸ü2¸Ȏ0�,+3�ȠŌȤï

2Ƙƣ3Ó��Bůƍ0ǎFE+�%	�

Jx~oI\ȩ¸ü2R|\ƃī-R|\ǸƟŵėǼ«0��DƺâȆƠ0)

,+Ƙƣ¢GƲ��D	�

� R|\ǸƟŵė(Tg)3ǢĿ2Àſ;%3´ÉȀė0A(+ôÃ�D�-�Ň

B�-/(+�C�ƑǸƟ,3/�ÂƎ/ȄÂ�ƺâȆƠ ,�D-�E+,D	�

R|\ěĭȩ¸ü,3TgǼ«,.2A�/ƺâȆƠ�ǙŶ�ED2�G�ȆÌ0

s}p_[N�GŶā�%¢��D2,�è1-60ȐǯB�ơ
2łŭ,Ŷā�

%ƺâȆƠ2ƺâŊȗGŵė2ǾĽ0ć�+q�bf�%èGƛ�20)	ƺâŊȗ

2Ɩ,ł�B�Ȁ,ȆƠ�EȆƠ�Johari-Goldstein(JG)ȆƠ�αȆƠ�ǙŶ�ED	�

� Ȁ,ȆƠ�JGȆƠ�αȆƠ2�)2ȆƠ3�B@DR|\ěĭƁǳ,ǙŶ�E�

R|\ěĭƁǳ0ŋȅƎ/ȆƠ,�D-ǀ�BE+,D	;%#E$EȄÂ2

Ƃģ-�+�αȆƠ3ŎƹƎ/ƺâĵÂȬȠJ�iM\ȭGƛ�	�ł�JGȆƠ

3ƐƹƎ/ƺâĵÂȬJ�iM\ȭGƛ�	;%Ȁ,ȆƠ3ntƝ�r~2Ņ

,ƺâŊȗ,�D%=�Ċ�/Ȥï,2ČĮƎ/ȄÂ-�+ǀ�BE+,D	�

EȆƠ3ȩ¸üƂŐ2t�oOw�Z{�ôÃG��ȄÂ,�D	αȆƠ0),

+>�ċ�ǣƱ0ǨŇ�D-�Ƶ<Ø,2Áŗ�żǘ,�DòØ�Ɓǳ2ƬĨ

�/F'R|\ǸƟGƐķĺȌ�D23αȆƠ,�D-ǀ�BED	R|\ěĭ

ű�,3ƺâŊȗ2ŵė¤ýĨ�J�iM\Ǝ/Ɛƹ,3/��ȠJ�iM\

Ǝ/ŵė¤ýĨGƛ��-�ƕBE+,D	αȆƠ3ŋȅƎ,�)ƂģƎ/ƺâ

ĵÂGƛ��ƺâŊȗ�Őșŵė,ƍļ�D�-�ƕBE+,D	�

α ȆƠ2Ƃģ-�+�ƺâŊȗ τ � Arrhenius î2ŵė¤ýĨGƛ� �

Vogel-Fulcher-Tammann(VFT)ę(1-1)0ACǟǽ�ED�-,�D 26-28)	 
 
τ = τo exp [B/(T-T0)]                                            (1-1) 

 
� ��,τ03T→�,2ƺâŊȗ�T03Vogel-Fulcher-Tanmanŵė�B3āĽ,�

D	è1-42ù,Ăƹ3VFTę0ADoKbf2ƴŗ,�D	T >>Tg,3�

Arrheniusę,Ǽ�,�D��R|\ǸƟŵėTg0Ǽ*�0)E+ħź0#2ƺâ
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Ŋȗ3ó÷��T= T0,ƺâŊȗ3żș÷0/D	�/F'�R|\ǸƟŵė0

Ǽ*�0)E+�ǖ��2ůĨÃNj~S��ó÷�D	�E3Ţ2A�0ǀ

�BE+,D	ȩŵ,3×¸ü�ƄƤ0ȄÂ,�D20ć�+�ŵė���D

0)E+¸üȗƑ� Ɗ2%=�,�)�2¸ü�ÆÙƎ0ȄÂ�/�E4/

B �#2ƴŗ�ǖ��2ůĨÃNj~S��ó÷�D�-0/D	�

� �ǽ2A�0ƺâŊȗ2ŵė¤ýĨ�ȠArrheniusî0/D-,(%�-�B�

αȆƠ2ŋȅƎ�)ƂģƎ/Ĩǳ3��8+R|\ǸƟǼ«,2ƭ2ÂƎ/ȄÂ

-ȘȂ*�+Ǯǫ�D�-�,�D	�
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è 1-6� s}p_[N�2ƺâìè 20) 
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1.6. œƘƣ2ƏƎ 
 
� ŀſîſȏǝGƊ,%Jx~oI\ǢĿ2N�_~n�ƺâ3�Ŷā0Ŋȗ

GǕ�+�;�%=��;Cö�2ǢĿ,Ŷā�ǎFE+,/,	�;,3�

R|\ƃī2`LhuT\GƈǛ�D%=0��0ÇƯ/ŜȁGĳ)¸üĨR

|\�glycerol,1-penten ƨ 2Ŷā�ǎFE+�% 29-49)	#2%=�ȩ¸üR|\

,2N�_~n�ƺâGƐķŶā�%¢�/,	�

� #�,�œƘƣ,3�Jx~oI\\a��P}Xt�2¸üȏôÃ0ƒƏ

�+N�_~n�ƺâGŶā�D�-0A(+�Jx~oI\ȬR|\ȭƃī

2ƺâƇǱ2Ƃģ�A6ȩ¸ü/B,32Ŝȁ?¸üȄÂGŇB�0�D�-

GƏĴ�+,D	�B0�Jx~oI\ȬR|\ȭƃī?Ȇ´Éű�2`Lh

uT\0),+2āȏƎ/ƕǖGġ%,-ǀ�+,D	�

� œǫľ2ƏƎ3�ŀſîſȏǝGƊ,+�Jx~oI\\a��P}Xt�

2N�_~n�ƺâGƐķŶā�D-±0�¸üȏóÀ0ADR|\ƃī2N

�_~n�ƺâ72ĜȢGŇB�0�D	�

��,3�¸üȏ2ƌ/D\a��P}Xt�2R|\ǸƟ�Ǽ2N�_~

n�ôÃGǙŶ�%	ǙŶ0ð*,+�Tg Ǽ«,ǵ�DȌƽN�_~n�ƺâ

2ƸȏGūā��#EG�½ñÞ�E%¸üR|\0),+ġBE%ƴŗ-Ŧ

Ǻ�%	�

;%R|\2ƘƣG�D�,�ſŶā3ŐÁ/c�~0>ȘFB ƺâŊȗ2

ŵė¤ýĨ�Ǯǫ�E+,/,	;%ĕ,ŊȗȤï2ȄÂGĶ�BE�R|\2

Ƙƣ0ŐÁ-ǀ�BEDÂƎ®ļ��DLS 0),+>ǜÎ��E+�B �DLS

,2ȄÂ2ǵŷ�ŇB�0/(+,/,	�

� #�,�Ţ2ƏƎ3�ŀſîſȏǝ�ŵėôǪ DSC Ŷā2ſŶā,ǙŶ�E

DN�_~n�ƺâ�A6 DLS ,ǙŶ�EDƺâƇǱGǦȟƺâ�ƬĚĨ,Ǚ

Ŷ�EDƺâƇǱ-ŦǺ��ƺâȆƠ�.2A�0�ƽ��BED�GƺâŊ

ȗ2ŵė¤ýĨACŇB�0�D	�

#�,�ŀſſȏǝ�TMDSC�DLS�ǦȟƆŶā�ƬĨƆŶāGƊ,+R|

\ǸƟ�Ǽ2\a��P}Xt�2ƺâƇǱGŶā��ƺâŊȗGũ=%	×

Ŷā0ACġBE%R|\ǸƟȤï0��DƺâƇǱGǡ¥��ƺâtbq-

á4E+,DƺâŊȗ2ŵė¤ýĨGƛ��-0A(+ŦǺ�%	�

� œƘƣ0�,+ĂȨ,¡Ɗ�%ǢĿ-�+3��;�;/ƁĨŶā��E+
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,D2,�ĂȨe�_�ǰĆ,�C���>²îƎ/Jx~oI\ȩ¸ü,>

�Ds}\a��GȊā��N�_~n�ƺâ2Ŷā�A6ơ
2ŶāGǎ(

%	Jx~oI\s}\a��3�0¸üȏ�ĽÅ��2>2,�DP}Xt

�Ȥï2ŶāGǎ(%	 
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ƾ 2 Ƽ� ơȁ�NAďȽłƇ 

 

2.1. ]}eƜĽ=ǖïƠȄ=ƎĎłƇ 

 

� ]}e�NAț¿ØƊ¦=Ưƹ>0ű2:ƎĎłƇUƣ�60.=ƜĽ=ǖ

ïƠȄUƎĎ+Q&8;NP6ǨTR6�Q1�Ǡ;]}e�NAț¿ØƊ¦

=ǖïƠȄUƎĎ+Q0J;Ģ"ƣ�OR6�QŗƇ>0ǆĨĺƎĎLǽȱǖ

ïƎĎT�Q1-6)1&RO=łƇ>0]}e�NAț¿ØƊ¦ƜĽ;�$Qǖï

ƠȄU0ƎĎƍģ�NAƎĎǺŕC=¸Íìƈœ;ē+Q0ǆģ=ĂÑLǽȱ

Ɵ=ĂÑ8)68O9Q1�

� ţƼT>0ǆĨĺƎĎLǽȱǖïƎĎ;Î960]}eƜĽ=ǖïƠȄUǿ

DQłƇ8)6ŠÏ:ŖƗûƗȡǶ0ƍģĂǿDSC(TMDSC)�NAÐƧ·Œ�

(DLS)=ƎĎ;4�6ǌ�+Q1d0&ROƷ2=ƎĎ�OİOR0m�h=Ǵ

Ũ8ǖïŜȦ=ǂÂŗƇ;4�6ǾŚ+Q1�

�

�

�

�
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2.2 ŖƗûƗȡǶ�

�
� ŖƗûƗȡǶ>0ǺŕìȎUȾƫƺ;)0�4Ǻŕg�Uè*ƍģ;Èı)

0ŖƗc��oTàPõI&8TŖƗƜĽ;)0Ů¥ƍ(4K(5K)�O400Kƶģ

=Ģ�ƍģǃõTƎĎ�T=QǫǙT�Q1.=ƛĴ8)6>0±0.02%=ȾǇ

ģ0±0.1%=ȾƱģTƗđȡ=ƎĎ�T=0d0104s��=ȴĞ;ȣ�ǖïŜȦ

UŅ4ƠȄU[�h�s�ǖï8)6ǲƎ+Q&8�T=Q8&S;�Q1ĩ

ƯƹĐTȥƦ'R0ŖƗûƗȡǶ=ŖȵUö2-1;ųĤƧ;Ʋ+1&&TȈǢū

>Ǻŕg�T�P0.=dTPUȲǢū=ŖƗc��o�NAǓǢū=ȍĕc

��oTõ�&8TŖƗƜĽU¯P6�Q7)
�

� Ɨđȡ=ƎĎÚơ>ÕǊŚķT0ǺŕUÎƗ+QÊĭ=ƍģƎĎUǨ:�0

.=ƍģĜTÎƗ[q�^�UȪ+&8;NP0ƗđȡUİQ1ö2-2>0ŖƗ

ûƗȡǶ;NQƗđȡƎĎ=łȷUǾŚ+Q0J;0ǗȌ;Ǻŕ=ƍģ0ŴȌ

;ƎĎŜȦU8P0öT�Q1ö2-2;Ʋ+N�;0ćƜĽ>ŖƗƜĽ�T�Ď

=ŜȦȦȭTǺŕđò=ƍģƎĎUǨ�1&RUƍģo~tn=ƎĎ8��1

Ŷ;0ÎƗ>ŖƗƜĽU¯P0ddTǨ�1ǍƜĽȝÃ>0ÎƗ�Ǎ�)0ĭ

=ƍģo~tn=ƎĎT�Q1&=�żȫ=Ő¨U�|pkn8)60�Qƍģ

;�$QƗđȡ��Ɣ;ĎdQ1Ŷ=ƍģ;�$QƗđȡ>¶E9=ǍƜĽȝ

ÃUćƜĽ8)60.=ĭ0ÎƗ8ǍƜĽ=ƍģo~tnƎĎUǨ�&8;N

PƃdQ1&=N�;ƗđȡƎĎ>&=�żȫ=ǘPȐ)TǨ�1�

� Ɨđȡ=»¦Ƨ:Ƕǂ>��=N�;Ǩ�1ćƜĽ=ƍģUT�8)0ǍƜĽ=

ƍģUT�TǪ+1ƍģo~tnƎĎ>0T�8T�UŜȦǏț88K;ǭœƔƎĎ+

QŐ¨T�Q1&=T�8T�UŜȦ=ȧœ8)60�ŶĤTtYklY�`)0

T���� 	T���� UƁJQ1&RO=Ĥ�O0ÎƗ)6�Q�Ɣ=ŜȦt���T=Ti	Tf	
4dP0T��t��� 	T��t��� UǂÂ)0.=ƍģĜU)T8+Q1�

�
(2-1)�

&&T0ΔT 8ÎƗ;ƣ�0ȱſƧ[q�^�ΔE Uƣ�Q80Ɨđȡ> Ti (tmid)

8 Tf (tmid)=Ġúƍģ Tav T=Ɨđȡ8:P0Ĥ(2-3)=N�;ǪT+&8�T=Q1�

 

(2-2) 

 

(2-3) 

ΔT=Tf(tmid)−Ti(tmid) 
 

C(Tav)= ΔE/ΔT 

 

Tav=Ti(tmid)−{Tf(tmid)/2} 
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ǉ 100 � 

ö 2-1� ĩƯƹĐTȥƦ'R0ŖƗûƗȡǶ 
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ö 2-2� ƗđȡƃĎ=łȷ 

T 
/ K

 

t / s 
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2.2.1� [�h�s�ǖïȖģ 
 
� ö2-3>0]}eȋƵƍģȿTgɀȸüTǲƎ'RQ[�h�s�ǖïȖģ=ƍ

ģĂÑUƲ)6�Q1Ĺ¿ǺŕT>0¿ØŜ8řƍŜTǺŕ=09Q[�h�

s�=ǏȊ�ƥ:Q=T0]}eȋƵƍģȿTgɀ×ȏT[�h�s�ǖïȖģ>

ƦƗ�NA.R;ǒ"ëƗ�ǲƎ'RQ1Į¿ǺŕT>0¿ØŜ8řƍŜTè

*ǏȊUȕQ8Ǜ9ORQ=T0Tg��T=ǞƦƧ:ƦƗ>ǲƎ'R,0[�h

�s�ǖïȖģ>]}eȋƵƍģȿTgɀ×ȏTşą=ëƗȖģU�9Q1ö2-3

�OÃ�QN�;0ŖƗûƗȡǶT>Ǻŕ=¿ØȖģ;«Ċ)0�ǞƦƧ [�

h�s�ǖïȖģ=ƍģ«ĊĺUƩŋǲƎ+Q&8�T=Q1ƗÍċ=ĔȤÃ

ȠT>0&=ǲƎ�]}eȋƵ=ĊùUƲ+ǸŃ8)6ƭOR6�Q1�

� ŖƗûƗȡǶUƣ�0ȕĞ=ƗđȡƎĎ;��6>0ö2-2TƲ)0N�;0

Ğ;ŖƗƜĽTÈı'R6�Q�Uƍģo~tnƎĎ0ÎƗUǘPȐ+&8;

NP60ƗđȡUƎĎ+Q1]}eȋƵȏ²T>0Ǻŕ=ǞƦƧ:ƦƗd0>

ëƗ�ȉ&Q0J0ŖƗƜĽ�Tƍģo~tnUƎĎ)6�Q;K��TO,0

ŜȦǏț;¡�ƍģ=�řd0>Ȩ��ǲƎ'RQ14dPƗƥĞ=:�ȕĞ

=ƍģü0Tgȏ²=ƍģü=TgNP¥�ƍģ8TgNPȾ�ƍģ=ƍģo~tn=

³=ȿ

)�
�ɀUd8JQ8��=N�;:Q1�

�

� � � � � � �ȕĞ� � � � � � � � � dT/dtɅ�� � � ȿŖƗƜĽɀ�

� � � � � � �Tgȏ²ȿTɄTgɀ� � � � dT/dtɆ��

� � � � � � �Tgȏ²ȿTɆTgɀ� � � � dT/dtɄ��

�

� Ǻŕ�O=ǞƦƧ:ƦƗd0>ëƗ>0ǺŕđòKêJ0ƍģƎĎU)6�

Qǈ¹¦=ƍģ�řd0>ƍģȨ�8)6ǲƎ'RQ1�

ǈ¹¦=ƗđȡCtotal=(dE/dT)>0ƎĎ�øÍ�Ď=ƜƆTǨTR6�Q=T0[

�h�s�=ƍģĳÃ;ēĶ)0 

(2-4) 

 

8Ǫ'RQ1&=ƗđȡUƍģo~tn=³=(dT/dt);�$�T-Q&8;NP0 

[�h�s�ǖïȖģUƁJQ&8�T=Q1 

 

Ctotal = dE/dT = dH/dT 
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� [�h�s�=ƍģ«ĊU�OT+ö1-2=ǏȊȿ1ɀ;ƅP6ƍģ�ř)0Ā

æ0]}eȋƵƍģȿTgɀ��T>0[�h�s�=Ⱦ�X{�tteƜĽ�O

Ġǩǔ;é��[�h�s�ǖï;NP6Ǻŕ=ǞƦƧ:ƦƗ�Ƣ*Q=T0

[�h�s�ǖïȖģ>ȅ=±U8Q1d00.=±=Ǒē±>ƍģ�ř88

K;ą=":P6�=0TgƩ�TĹƑ;Ė':±8:Q1TgNP+#�=ƍģT

>Ǻŕ=řƍȖģ80Ǻŕ�ț¿ØƊ¦=Ġǩǔ;ÇȜ+Q[�h�s�ǖï

ȖģUžDQ80ǖïȖģ>řƍȖģ8è*"O��0�Q�>ș�"O�:

=T0ǈ=[�h�s�>�ŜƧ;ĠǩǔNPK¥�±8:Q1.=0J;0

&=ƍģüTƍģo~tnUƎĎ+Q80ĠǩǔNPK¥�[�h�s�=±

�O[�h�s�=Ⱦ�Ġǩǔ�=±;ŀQ0J;0[�h�s�ǖïȖģ�

Ÿ=±U8QN�:04dPǺŕ=ǞƦƧ:ëƗ�Ƣ*QN�:[�h�s�

ǖï�ǲƎ'RQ1 

� ö1-2=ǏȊȿ1ɀUȕQƍģĂÑ>X{�tteƜĽ;ÇȜ+Q8==¿ØȖ

ģ�Ȗ"0ƗƎĎUǨ�8==ĠúřƍȖģ�¿ØȖģ=ą=';žD6ș�

ĀæT�Q1&=�Ș=Ɨęź�ö2-3=ȈǔTƲ)0Ĺ¿Ǻŕ=[�h�s�

ǖïȖģ=ƍģĂÑ;ēĶ+Q1¿ØȖģ�Ȗ�0J;Ĺ¿Ǻŕ>ƍģ=Ⱦ�

¤Ǚ04dP0[�h�s�=Ⱦ�¤Ǚȿö1-2=ƔEɀ�Oț¿ØƊ¦=Ġǩ

ǔUăR6�Q14dP0Ⱦ�[�h�s�U¯Ņ)0ddX{�tteƜĽ

;:P6�Q1&=]}e=ƍģUMP"P8�ř'-0Āæ0ö1-2=ǏȊȿ1ɀ

;Ʋ)0N�;0]}eȋƵȏ²T0¿ØŗéTȕP0ǏȊUăR60NPț

¿ØƊ¦=Ġǩǔ;ȏ5"ǏȊU8Q1Ġǩǔ;ȏ5"8��&8>0[�h

�s�ǖïUȉ&)60[�h�s�=±�Ė'":Q&8T�Q=T0Ǻŕ

>ǞƦƧ:ƦƗUƲ)0.R;¡P6ö2-3=Ȉǔ;Ʋ)0N�;Tg��Tȅ=

[�h�s�ǖïȖģ�ǲƎ'RQ1�ŗ0¿ØȖģUƗđȡƎĎTǨTRQ

ƍģ�řȖģȿ�0.03K/minɀ8è*�0.RNPș�ȖģTĮ¿)0Āæ0Ǻ

ŕ>ö1-2=ǏȊȿ1ɀ8Ġǩǔ��TQƔȿö1-2ƔHɀdTț¿ØƊ¦=Ġǩǔ

U09P0ƔHTĠǩǔUăR60ƔHUȕPǔÃEF8ĠǨ:ǔ;ƅP60ƍģ

¥�88K;[�h�s�KĂÑ+Q1&R�Į¿]}e=¿Øŗé;�$Q

Ɨęź=ǏȊȿ3ɀT�Q1&=Į¿]}e=ƍģU�%6�"80]}eƜĽ

;:QȮ=¿ØȖģ8řƍȖģ�ĂTO:�=T0Tg��T>¿ØŜ;09P0

ǏȊ8è*ǏȊUȕP6[�h�s�>ĂÑ+Q1.=0J;0Tg��T>Ĺ¿

ǺŕTǯOR0N�:[�h�s�ǖïȿ=Ǻŕ=ǞƦƧ:ƦƗɀ>ǲƎ'R:
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�1Tg��T>0Ĺ¿Ǻŕ=Āæ8è*"0ĠǩǔNP[�h�s�=¥�ƜĽ

�OĠǩǔC=[�h�s�ǖïȿ=Ǻŕ=ǞƦƧ:ëƗɀ>0[�h�s�ǖ

ïȖģ�Ÿ=±8:P6ǲƎ'RQ=T0Į¿Ǻŕ;�$Q[�h�s�ǖï

Ȗģ=ƍģĂÑ>ö2-3=Ȳ�ǔTƲ)0N�:ĂÑ8:Q1 

�
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ö 2-3� [�h�s�ǖïȖģ=ƍģ«Ċĺ 

[
�

h
�
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�

ǖ
ï
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2.2.2� [�h�s�=ĠǩŞǔ 

 
� [�h�s�=ĠǩŞǔ>0.R/R=X{�tteej��\~ax�

ȿPSA-300, PSA-500��PSA-1000ɀ=ƗđȡUƣ�60��=Ĥ�OǂÂ+Q&

8�T=Q1�

�

(2-5) 

 
� &&T0�Cp >ƗđȡĜT�P0Cp

liq �NA Cp
gl >.R/RX{�ttee

j��\~ax�=Ɗ¦=Ɨđȡ�NA]}e=ƗđȡU�OT)6�Q1�

Ƿ=ĤNP0ƗđȡĜ�Cp >Ɗ¦=Ɨđȡ Cp
liq �O]}e=Ɨđȡ Cp

gl UĜ)

ĥ�0K=T�P0&RUƸÃ+Q&8;NP0�

 
(2-6) 

 
8:P0&=N�;[�h�s�=ĠǩŞǔ ΔHc UƁJQ&8�T=Q1 
� ΔHc =Ƌĉ= c >ȞǙ8��ļí= configurational =ȹŔĉ c �O8P6�

Q1ö 2-4 ;Ʋ+N�;0[�h�s�=ĂÑ;>ŉÐȚÐ=H�ȧ�+Qŉ

Ð[�h�s�(Hv)8ŉÐȚÐ�ă=ǖï�ńŒȚÐ;ȧ�+QȞǙ[�h�s

�(Hc)��Q1Űȗ�Àǐ)0Ɗ¦ȿ]}eƜĽɀ�ǐŝNPKțÌ;K4[�

h�s�>ɁƊ¦�ÃĈ=ƺȦȞǙ;ȧ®+Q=TȞǙ[�h�s�Hc 8î?

R6�Q 8)1 
 
 
 
 
 
 

 

  

ΔHc = ∫ ΔCp dt 

ΔCp = Cpliq � Cpgl 
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ö 2-4� ȞǙ[�h�s�=ųĤö 
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2.2.3� [�h�s�ǖïȡ=ǂÂŗƇ 

 
� ƍģo~tnȖģ=ƍģĂÑ=ǐŪ�O0.R/R=Ǻŕ;�$QåƍģT

=[�h�s�ǖïȡUƁJQ&8�T=Q1ö2-5;»¦Ƨ:[�h�s�ǖ

ïȡ=ǂÂ;4�6Ʋ+1�

� ö2-5>[�h�s�ǖïȡ;ƣ�QΔt;4�6»¦Ƨ;ǾŚ+Q0J;0Ǘ

Ȍ;ƍģȿTɀŴȌ;ŜȦȿtɀU8P0ųĤöT�Q1ΔT>ö2-5;Ʋ+N�;0

�Qƍģ;şÄ=ÎƗ[q�^�UÎ90ƍģĂÑUΔT18)0Ŷ=ÎƗ[q�

^�UÎ90ƍģĂÑUΔTɃ8�OT+1&=ΔT1TÎƗ)6�Q�Ɣ=ŜȦU

Δt1mid0ΔT2TÎƗ)6�Q�Ɣ=ŜȦUΔt2mid8)0.=ŜȦĜUΔt8)60&

RUåƍģ;�$Q[�h�s�ǖïȡȿ�Hcɀ=ǂÂ;ƣ�01 

 
(2-7) 

 
� &&T0�Ƿ=�t 8o~tnȖģȿdT/dtɀ�NAƗđȡƎĎTİOR0Ǻŕ

8Ǻŕg�UêI¹Ɨđȡ�Cptotal=dE/dT UŊ$æT-Q&8;NP0�Ĥ=N

�:Ǻŕ=åƍģ;�$Q[�h�s�ǖïȡȿ�HcɀUǂÂ+Q&8�T=

Q1�

 
(2-8) 

 
� Ĥ(2-8)NP0[�h�s�ǖïȡ=ǂÂ;��6>0Δt =ŜȦ¼T>ǖïȖ

ģ;ĂÑ�:�&8�NA�T =ƍģǃõ¼TƗđȡ;ĂÑ�:�&8U�Ď

)6�Q1&=�Ď>0ēȄ8+QŜȦ8ƍģ;��60Δt �NA�T �µÃ

;Ė'�ƜƆd0>0dT/dt �NA dE/dT =ĂÑ�ė:�ƜƆT>ÒÃ;N�ȏ

£TĿƻ+Q1ţƯƹ=ƜƆT>0Δt > 3.6,103s0�T > 2K ƶģ8:Q1ŖƗ

ûƗȡǶTǲƎ'RQǖïŜȦ8 Δt (=3.6,103s)>EFè*"O�T�Q1.=

0Jǹ¬)0ǖïȡ;4�6>0Ǉģ> 2 Ŭ�1 Ŭ�v�T>�Q�0Ġǩ�O

9R"O�ȯR0ƗÍċƧȴĠǩƜĽ;�Q=�UĎȡƧ;ǯƸKQ&8�T

=Q1ȴĠǩƜĽ=ĎȡƧǯƸKP>0ƠŜƔ=ƿǜ=ƭQ8&S;NR?E

Fñ�8�P6ǡ�ŗƇT�P0Ǉģ>ǡ":�8>�90.=ƛĴ�OȴĞ

;Šƣ:ƚơȡT�Q8Ǜ96�Q1 

 

�Hc=(dT/dt)×(dE/dT)×Δt 

�t =�t1mid��t2mid 
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ö 2-5� [�h�s�ǖïȡ=ǂÂŗƇ=ųĤö 
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2.3. ƍģĂǿ DSC 

 
� 90ġ�ÄJ;Ǜŭ'R0ƍģĂǿDSCȿThermal Modulated Differential Scanning 

Calorimeter:TMDSCɀ>0ö2-6=N�;ƍģ;ìšƧ:ĂǿUÎ90ƗƉ;ƠR

QìšƧ:Ķǁ�OŠƨ:ĻÿUİN�8+QDSC=�łƇT�Q	 1&=łƇ

>Ǆ­:ƎĎƇ8��DSCƎĎǞ¦=ÆƔ;Î90��=N�:ƛĴUŅP6

�Q1d,0ȕĞ=DSCƎĎT>0ĎȖřƍŜ=ƗƉȡ;žª+Q&8UÆƣ

)6ƗđȡUƃĎ+Q1)�)0řƍ8ȨƍUìšƧ;ǘPȐ+&8;NQì

šƧĂǿUǨ9?0ëƗ8ƦƗ�ǘPȐ'RQ&8;:P0ƍģ8ƗƉȡ=ŉ

ğ=ž�OƗđȡUƃĎ+Q&8�T=Q1ŉğUÆƣ+Q0J0ƗƉȡ=v

�e}Z��ȣŜȦƎĎ;NP6á$QīȶȿȕĞ=DSCƎĎT>ƕǱT=:

�ɀUá$;"�1Ŷ;0ȕĞ=DSCUƣ�0Ɨđȡ=ƃĎT>ĎȖřƍ�Q

�>Ȩƍ�ĵǮ;:Q=;ē)60�ĎƍģdTP=ƍģĂǿUĳĖŉğ8+

R?0ǀƍƎĎTƗđȡUƃĎ+Q&8�T=Q1�

� ǆĨĺƎĎ:9�=ìšƧĂǿƇ;:�TMDSC=ƛĴ8)60ìšƧĶǁ;

ē+QƗƉȡ=Ķǁ=H:O,0ȴìšƧĿÃ8)6ĎȖřƍȿȨƍɀ;ē+

QƗƉȡ=ĶǁKèŜ;İORQƔ��%ORQ1+:T20ƍģĂǿDSC8

>ȕĞ=DSCƇ8ìšĂǿƗȡƎĎ=�ŗ=ǮǋUæT-Ņ4łƇT�Q1�

� ìšƧĂǿƇ;NPƃĎ'RQƗđȡ>�Ǡ;ÐƧƗđȡ8î?RQ1ŉğ

=ĂÑ1$T:"Ǻŕ=Ɨƚĺ=Ķǁ=șR;8K:�¸Í=ƍģĂǿ8Ķǁ

=ƗƉȡĂÑT>¤ƪ=f�KƢ*Q0J0ÐƧƗđȡ>ą='8¤ƪUK4

ǭǋȡ8:P0įŦ=DSCƎĎTKİQ&8=T=QƗđȡ=N�:ȳƧ:ƚ

ơȡ1$T:"0Ɨƚĺ=ǖïŜȦ:9=ÐƧŉQǟ�=ƛĴUÞś+QĻÿ

KŠ+Q1��T>0ŶĤTǪ'RQŸĦƧ:ƍģĂǿ8ƗƉȡUª;8P60

»¦Ƨ:ǴŨŗƇUƲ+1�

� ǀƍť��;�$Q¸Í=ƍģĂǿTĶǁ=ƗƉȡĂÑQ>0ŜȦt=ȧœ8)

6��=ĤTǪ+&8�T=Q1�

�

(2-9)�

�

(2-10)�

�
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� 
 

� 
� 

   ~ � 
&&T0T�r� 0Qȿr�ɀ>0.R/RĠúƍģ8ĠúƗƉȡ0T�j�i� 0�

Qȿoknj�i�ɀ>0.R/Rƍģŉğ8ƗƉȡŉğUǪ)6�P0ω=2π/(

T�PǳìƈœUǪ+ȿ&&T0P>Ăǿìšɀ1d00ε�NAδ>¤ƪUƲ+1�

¤ƪĜȿ¤ƪ=f�ɀα>Ĥ(2-11)Uƣ�6ε�NAδ=ĜÃTƁJQ&8�T=Q1�

�

α = δ – ε                                                      (2-11) 

 

&RO=ĤUK8;0�ǠƧ:ǪĤ8)60ŉğ=ž�OǭǋƗđȡC >ǳì

ƈœω0ƗƉȡ=ŉğ�NAƍģ=ŉğUƣ�6ŶĤ=N�;ƃdQ1�

�

|C| = Q / ωT                                            (2-12) 

 
ÐƧǭǋƗđȡ>|C| e–iα ≡ ΔC�– iΔC�TǪ+&8�T=0\Z}�=ºĤ�

ȿe-iα = cosα-isinαɀUƣ�Q&8;NPŶĤ=N�;ĎǚT=Q1�

�

Ce-iα = C(cosα) − iC(cosα)                 (2-13) 

 

�Ƿ=ĤNPC(cosα)>C��ďȝ =ƗđȡUǪ)0C(sinα)>C��Ǧȝ =ƗđȡU

Ǫ+&8�T=Q1C��ďȝ 8C��Ǧȝ =ƍģ«Ċĺ=ųĤöUö2-7;Ʋ+1

ƍģĂÑ;ē+QC��ďȝ =±>Ɨ���:�Āæ�Ď;�Q�0]}eȋƵ:

9=ÐƧ:ƗƥĞ�Ƣ*QĀæ0ƍģ��ř+Q;4RƗđȡ�ĹƑ;�ř)0

ƗƥĞ�:�8&ST>¾ģ�Ď;:QƛĴ�ǲƎ'RQ1C��Ǧȝ =ƍģ«

Ċĺ>0ƍģ�ř;8K:P6ƗƥĞ�Ƣ*QƍģT0C��Ǧȝ =s�_�ǲ

Ǝ'RQ1s�_¤Ǚ=ƍģ;�$QǖïŜȦ�s�_U�9Qìƈœ=ȓœ

8)6İORQ&8�ƭOR6�Q1�

 

�

�

 

� 

� � ~ 



 - 37 - 

 

 

 

 

 

ö 2-6� ƍģŉğ8ƗƉȡŉğ=ŜȦ«Ċĺ 
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ö 2-7�  C��ďȝ 8 C��Ǧȝ =ƍģ«Ċĺ=ųĤö 
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2.4 ÐƧ·Œ� 

 

� ÐƧ·Œ�ƇT>Ǻŕ�OŒ�'R0·U�Ď=ǳģTƎĎ)0Œ�·ħģ

=ŜȦĂÑUǿDQƎĎƇT�Q 10)1Œ�·ħģ=ŜȦĂÑ=ƎĎ�O>Ǻŕ

�=ĘŁƧ:ƒģ=ÐƧ:ōO!Uǹ¬T=0.&�OǖïŜȦUƎĎ+Q&

8�T=Q1�ǠƧ;ǅĈ�ą=�8ȚÐ�ș�0JŒ�·ħģ=ōO#Ȗ'

>ș"0ǖïŜȦ>ȣ":Q1 
� ÐƧ·Œ�Ƈ=ǴŨŗƇ;4�6ǾŚ+Q1ÐƧ·Œ�Ƈ;NP6İOR0

Œ�·ħģ=�ǰÉ:ŜȦĂÑ I (t)=�ªUö 2-8 ;Ʋ+1&=�ǰÉ:ĂÑ

�OŠƣ:ĻÿUİQ0J;0ŶĤTĎǚ'RQǞĝƪȧȧœUƣ�60�ļ

=ŜȦ t0;�$QŒ�·ħģUýƏ8)0t ƴĭ=Œ�·ħģ;4�6=ƪȧU

àQ1 

g(2)(t) = 
	〈#(%&%')#(%')〉*'

〈#(%')〉*'+
                                            (2-14) 

 
� &&T0I >ħģ[kHz]0t >�ļ=ŜȦ[s]T�Q1 
� Ǟĝƪȧȧœ g(2)(t)>0Ĥ(2-14)=äȎ=ÃœĤ=ÃĈ�Ƀ�=Ġú0ÃŽ�

Ġú=Ƀ�T�Q0J0ĵ,ɂNPKą=:±8:Q1d00t Uƕȩą;ȏ5

$Q80I (t0)8 I (t0+t)8=Ȧ;>ƪȧ�:":P0Ɲƻ;ĠúT=QN�;:

Q(4dP0I (t0)/I (t0+t)8:Q)0J0g(2)(t)=±> 1 ;ȏ5"1ö 2-8 UNP

ǯL+"+Q0J0g(2)(t)-1 =±U©ƣ+Q1ö 2-8 =Œ�·ħģ=ŜȦĂÑ=

m�hUĤ(2-14);įP6Áơ)6İ0Ǟĝƪȧȧœ g(2)(t)-1 =ŜȦ«Ċ=`}

tUö 2-9 ;Ʋ+1ö 2-9 T>ćJ¯Ņ'R6�0ƪȧ�ŜȦǏț88K;ǖï

)6ƌė)6�"űĈ�Ǫ'R6�Q1 
� ǏțŜȦ�Ʈ�ĀŁT>0ǅĈ>ǲƎUćJ0¤Ǚ�OƵÐ+Q&8>E8

V9:"0g(2)(t)-1 TƲ'RQƪȧ>¯0R6�Q1ŜȦǏț88K;ǅĈ�ć

J=¤Ǚ�OƵÐ+Q0Jƪȧ�ǖï)0g(2)(t)-1 =±�ƌė+Q1şǍƧ;>

ƪȧ�:":Q(4dP0ǲƎUćJ0¤Ǚ;Ċù+QǅĈ��:":Q)0J0

g(2)(t)-1 =±> 0 ;:Q1&=ƪȧ�¯Ņ�Oƪȧ�ĆTRQdT;��QŜȦ

UǖïŜȦ8��1 
� Ŷ;0Ǟĝƪȧȧœ=ǖïŞǔ�OǖïŜȦUǂÂ+QŗƇ;4�6ǾŚ+

Q1 
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� Ǟĝƪȧȧœ=ǖïŞǔ;ē)6ņœȧœUƣ�6tYklY�`+Q&8

T0ǖïŜȦ τ UǂÂ+Q&8�T=Q1tYklY�`;ƣ�Qņœȧœ>�

�=ȕPT�Q1 

 

g(2)(t) −1=, × ./0 1− %
34                                      (2-15) 
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ö 2-8�  Œ�·ħģ=ŜȦĂÑ=ª 
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ö 2-9�  Ǟĝƪȧȧœ=ŜȦĂÑ=ª 
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2.5. ǆĨĺƎĎ 

 

� ǆĨĺƎĎ>0Ǻŕ;ŜȦ;NP6ĂÑȿŉÐɀ+QŹHLĶÍU�960

.R;NP6ƦƢ+QĶÍd0>ŹHUƎĎ+Q&8;NP0Ǻŕ=ÍċƧ:

ĺȇUƎĎ+QŗƇT�Q11)1�

� ȾÃĈƚȇ>ÕǊ:÷¦�Q�>Ɗ¦8Ǜ9Q&8�Ȱ)�1÷¦;>ƃd

P0Ī��P60ÍUÎ9Q8Í;Ķ*0Å=Ī;:P0Ƣ*6�0Í�:"

:Q80´=Ī;ŀQ1Ɗ¦;>ƃdP0Ī�:"0ÍUÎ9Q8Í;Ķ*0

ĂĪȖģTĂĪ)0Í�:":Q8ĂĪ�ŷdP0.=Ŝ=Ī;:Q1�

� ǆĨĺ¦T>0ÍUÎ9Qd0>àPÛP08==Ī=ĂÑ;șR��Q1

Îưay=N�:ǆĨĺ÷¦>0şǍƧ;>Í;ǯæP0�Ď=Ī;:P0Í

UàPÛQ80@,H>+D6óĲ+Q1ȾÃĈƐǧ¦:9=ǆĨĺƊ¦T>0

şǍƧ;Ɗ¦=N�;�ĎȖģ=ĎĞƉ;:Q�0ÍUàPÛQ8@,H=�

ȝ>Ĩĺ¦=N�;óĲ)0ŻP>óĲ):�1&RO=ŇÐ>ǆĺ8Ĩĺ=

ǎHæT-8)6ơǴ+Q&8�T=Q1�

� ǆĨĺƎĎ8)6>0�ĎĶÍ�T=ĂĪ=E�;ÐƧǆĨĺ0ĶÍǖï0

�Ď,PȖģ=ƉÐ;NQƎĎ:90�S�S:ƎĎ�ãǝT�Q1ţȁŔT

>ƍģUĂÑ'-:�O0�ĎĶÍ�TƎĎ+QŗƇUǨP6�Q�ö2-10 1�

� ƎĎłƇ8)60�;Ɗ¦ƣ=óȋ�\z�h�8÷¦ƣ=¢ȣĂĪ+Qŗ

Ƈ��Q1óȋ�\z�h�>�ũ=½ŧ=Ȧ;ǺŕUňH0ƘŗUóȋ)6Ǻ

ŕU<*Q&8;NPŉÐƧ:,P@,HUÎ9Q1½ŧ=ÓĬ�NAǺŕ=

Ù'UĂ9Q&8;NP0ËĺƟ=Ⱦ�Ǻŕ=ƎĎKãǝT�Q1¢ȣûT=

ƎĎT>0÷¦=tY�yU_}�u;ňH0ƘŗUŉÐ'-6¢ȣ@,HU

Î960�ŗ;¨ƣ+QÍUƎĎ+QŗƇT�Q1ţȁŔ=ƎĎT>\~ax

�T�QƊ¦;ȏ�ǺŕU©ƣ)6�Q0Jóȋ�\z�h�T=ƎĎUǨP

01�
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ö 2-10�  Ɗ¦ƣóȋ�\z�h�;�$QǆĨĺƎĎ=ǺŕȞǙ 
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2.6  ǽȱǖï 

 
� ƀ�ȱſÝŮĈ{�z�nUŅ4Ǻŕ;ȱĀU×Î+Q80ƀ�ȱſÝŮĈ

{�z�n�ȱĀ=ŗé;Ō��8+Q0J;ÃĈ=óȋȚÐUǽƦ+Q1Õ

¤¦Ƹ�0P=ȱſÝŮĈ{�z�nUȱſÃŮ8îB1ƚȇ=ǽȱƟ>0ö

2-11 ;Ʋ+N�;0ȱĀ8ȱſĂ¤=ȧ®8)6ƎĎ+Q&8;NPİQ&8

�T=Q 12)1ƀ�ȱſÝŮĈ{�z�nUŅ4Ǻŕ;�ƉȱĀU×Î)0.R

;ē)6Ķǁ+QȱſĂ¤=ŉğ8ȱĀ8ȱſĂ¤=¤ƪĜUƎĎ+Q&8;

NP0ǭǋǽȱƟUİQ&8�T=Q1ǽȱǖï8>0ǽȱƟ�ìƈœ;«Ċ

)0ĂÑ+QƠȄ=&8T�Q1ǭǋǽȱƟ=ìƈœ«Ċĺ=&8UǽȱÃŒ

8îB1ǽȱǖï=ƛĴ;4�60ö 2-12 ;Ʋ)0ǭǋǽȱƟ=ìƈœ«Ċ=

`}t�OǾŚ+Q1ìƈœ f =āÎ;¡P6¼ȝ=ȱſÃŮ�ȱĀ=ĂÑ;Ȓ

ȬT=:":Q0J0ǽȱƟ ε’�¥�)0ǽȱŎĆ ε”�s�_UƲ+1&=Ơ

Ȅ�ǽȱǖïT�Q1ε”=s�_nkuU�9Qìƈœ fm �O τɅ1/(2πfm)=ȧ

®Uƣ�6ȱſÝŮĈ{�z�n=ȞéŜȦ;ƪĩ+QǖïŜȦ τ �ƁJOR

Q1ēȄ8+Qǈ0ƎĎìƈœ;NP60'd(d:ƷȺ=ȱſÝŮĈ{�z

�n=Ȟé;ȉô+Qǽȱǖï�ǲƎ'RQ1ε’L ε”>0ìƈœ f =�TP;0

ǳìƈœ ωȿɅ2πfɀ=ȧœ8)6Ǫ+&8KĄ�1 
� ��;ö 2-12 =ƠȄ;4�60'O;ǻ)"»¦Ƨ;.=ůǮUȑDQ1Ã

Ĉ;Ůĺ��QƊ¦T>0ăȝ�OȱĀ�×Î'R0Ŝ;0.=ăĀ8è*ŗ

é;ȱſÃŮ�ĪĿ'RQ1&=ȱſÃŮ>0ÃĈȿÝŮĈ{�z�nɀ�0

ȱĀŗé;Ȟé+Q&8;ȉô+Q=T0ȱĀ�Î9OR6�O.=ŗé;é

"0J;>�QƶģŠȩ=ŜȦ���Q1 
ö 2-12 TǭǋǽȱƟ=ďȝ>0¥ìƈȸüT>�Ď=±;:P6�Q�0ì

ƈœ�āÎ+Q8Į2;¥�)6�=0.=ĭKìƈœ=�ř88K;ǽȱƟ

=±>ƌė)ǒ$0şǍƧ;>�Q�Ď±;ßŤ)6"1 
&=ǽȱƟ=ďȝ04dPǽȱƟ8��=>ȱĀU×Î)08=;9R"O

�=ÃŮ�ĪĿ'RQ=�8��ņŲT�Q1¥ìƈȸüT>0�ƉȱĀUÎ

908)6K0ȳȱĀUÎ908=8è*ƶģ;ȱſÃŮ�ĪĿ'RQ8��

&8Uļí)6�Q1ȱſÃŮ=ĪĿ;>Šȩ=ŜȦ���Q�0MP"P8

)0ȱĀ=ĂÑT�R?0§ǬUKP6ȒȬ)6�=0ȱſÃŮĪĿ;>șR

�Ƣ*:�1&R�1V1V8ìƈœ���P6�"80ȱſÃŮ=ĪĿ�ă
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�O=ȱĀ=ĂÑ;Ȓ�4�6�$:":Q1&R;NP6ė),4ȱſÃŮ

=ĪĿ��Č¹8:P0ȳȱĀUÎ908=NPKȱſÃŮ=±�Ė'":Q1

Zz�dƧ;>0�äUé$�8ăĀ;ņƲU'R60äUé�08ĸP0O0

K�Ŷ=ƬȦ;>�ě;é$�8ǵTR6ľ660ě;é�:$R?�$:"

:Q1.�)6�Q�2;ȱſÃŮ=ĪĿ�=2V8Č�+QÊ;Ŷ=ņ��

=6)d�0J0ȱſÃŮĪĿ�ė),4�Č¹;:P6�"1ȾìƈȸüT

>0K�E8V9ȱĀ=ĂÑ;ÞĶ+Q&8�T=,;0ÃĈ=Ȟé;NQȱ

ſÃŮ=Ē�>¹":":P6)d�1 
ǽȱƟ=ǦȝȿǽȱŎĆɀ>0�TǾŚ)0�ƉȱĀ���P0Ŝ=ÃĈ=

Ð=�OƢ*QƗƧ:[q�^�=ŎĆ»æUǪ)0K=T�Q1¥ìƈȸü

T>0�Ɖ=ìƈœ;§ǬT×�6�$Q=T0.RE9ŏőƗ>Ƣ*:�1

.R�1V1V8ìƈœ��ř)6�"80¶E9ȑD00�ä;é$�8ăȝ

=ȱĀ�OņƲ��P60äUé=�$08=;>0�ě;é$�8��Å=ņ

Ʋ�=6)d�N�:ƜĽ;:P6"Q1.�:P6"Q8Į2;�ƉȱĀ;

�ȔÓƽ;4�6�"Ī;:P0ƕȼ:Ð=�Ą":P6=60ƗƧ:ŏő�

Â6"Q1s�_=ȝÃ>şKƗ8)6=[q�^�ŎĆ�ą=":Q8&S

T�Q1 
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ö 2-11�  �ƉȱĀ;�$QÝŮĈ{�z�nUŅ4ÃĈ=Ȟé 
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ö 2-12�  ǭǋǽȱƟ=ìƈœ«Ċĺ=ųĤö 
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ē 3 Ē� Öù¤ùŔĹ$ö±�<�AZ]U@JJL^aD\HXc) 
CaK]TcĤ�Ŕ(µ�;�®Ŕ)Àš 

�

3.1. Øð 
 
� àĈď$ö±(ā
�JL^aD\HXc* TOSOH ċİ)W\JL^a

Mw=4.53×102(PSA-300), Mw=5.89×102(PSA-500)��Mw=1.01×103(PSA-1000)$):�

�®Ŕ�¹*��<�< Mw/Mn =1.17, 1.14, 1.16 $)!��ĭ 3-1 	¢ 3-1 (*W

\JL^a)�®åŌ>Ċ��	i�rā�#
;W\JL^a*đpĵ�É

�'
AKFLMF'Ŧ�®>rā�#�:�100%AZ]U@J�E[J üË

(';5)>rā��	İ�%�#*W\JL^a%���"
#
;��ö

±(ā
�ļÕ*�ZRXc�n(�# 3(10 v)ļÕ$)!�	3<Ď»)

�®Ŕ)ļÕ*�Ŧ�®%���#D\HXc%�+<;3%5¬
)$�l

řļÕ)�Č%�#JL^aD\HXc%�-3%(�;	�

� CaK]TcĤ�ŋ»)ö±* Tg�PSA-300 * 219K�PSA-500 * 237K�

PSA-1000 * 270K )�Á 20(60K )Ė¡$ī!�	�ļÕ)}�ŋ»*È}ļ

Õ$Ě 3.0K/min�Â}ļÕ$Ě 0.1 K/min $)!�	 

� ö±*¿Ĉď³)Ĳ¸(8!#qİ�<�OMV_cNBaGØ¼(8;}

~ékÖù¤ùŔĹŧ¢ 2-1Ũ>ā
#�CaK]TcĤ�)ö±>ī!�	C

aK]TcĤ�)ö±$*�Ä¶'Ąù>Ķö�;�4(Ŗ
Ûŗ>��#ö

±�;Æĳ�);	�)�4�1 ")ļÕ)ö±(¨�(8!#* 1 bßle�

�;	����&?'ö±ĮĦ$5Ķö�;3%)$0'
ļÕ)Ä¶'ù)

�{:>Ķö$0;Y\MO�);	�
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ĭ 3-1 àĈď$ö±(ā
�JL^aD\HXc)ûÅ 

� PSA-300 PSA-500 PSA-1000 

Mw� 4.53×102 5.89×102 1.01×103 

Mw/Mn� 1.17 1.14 1.16 

Tg (K)� 219K 237K 270K 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

¢ 3-1� W\JL^a)�®åŌ 
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3.2. Ğá 
 
3.2.1. AZ]U@JJL^aD\HXc)P\UOŋ» 
 
� �®Ŕ)ă'; 3 ")AZ]U@JJL^aD\HXcŧPSA-300, 

PSA-500�PSA-1000Ũ("
#)õ»P\UOö±ŧÖùüËf$d±)Ûŗŗ

Ŝ$ļÕ´�)õ»ö±Ũ(8!#Ķö�<�õ»P\UOŋ»)ļÕ)õ»

ª�(µ�;Ğá>¢ 3-2(¢ 3-7 (Ċ�	�

� PSA-300, PSA-500, PSA-1000 )�<�<)ļÕ("
#�¢ 3-2,3-3,3-4 *Èŋ

(}���ÛŧĚ 3.0K/minŨ)õ»P\UOö±)Ğá>Ċ��¢ 3-5,3-6,3-7

(7!1:}���Ûŧ0.1 K/minŨ)Ğá>Ċ�	¢*ĥņ(P\UOŋ»

ŧdT/dtŨ�èņ(õ»ŧTŨ>%!#
;	 

� ¢ 3-2,3-3,3-4 (Ċ�8�(�È}(8!#qÌ���®Ŕ)ă';AZ]U

@JJL^aD\HXc*��/#õ»eÙ(m
�Tg ňx$õ»P\UOŋ

»��01 0 K/s )w�9Â
(ë)w(©��#
0�Tg ňx$ä­w>%!

�	�<�9È÷(ô·>*�4ë)w�9Ł)w.%ª���	3<*ę)

õ»P\UOŋ»�ļÕ)ĨĄą'Ąù(m!#eÙ�;íś�9�ĨĄą'

�ù(m!#řf�;íś(ª��#
;3%>Ê��;	 

� 2�ē 2 Ē 2.2 ĕ$ŉ/�8�(�P\UOŋ»)w�õ»eÙ(m!#ë�

9Ł.ª��;ŝ(w� � %';õ»�E[JŅčõ»(Tg)$);	ö±8:

PSA-300�PSA-500�PSA-1000 ) Tg *�<�< 219K�237K�270K $)!�	

dØ�¢ 3-5,3-6,3-7 )Â}ļÕ$Ķö�<�õ»P\UOŋ»)õ»eÙ$*�

È}��¨�%ă':��/#)ļÕ)P\UOŋ»*õ»ª�(m
�ë)

w>%9� Tg kň$È÷(Ł)w>%!�	3<*ļÕ)ĨĄą'�ù�Ā�

;¨�(Ķö�<;Ğá$);	�

� 3)8�(��®Ŕ)ă'; 3 ")JL^aD\HXc)È}ļÕ%Â}ļ

Õ(��;õ»P\UOŋ»)õ»t¯É)Ğá*�3<2$(Öù¤ùŔĹ

)ö±$§��<#
;�®ÉE[J)P\UOŋ»)õ»ª�)E[JŅč

ňx$Ķö�<;Ąù�8,�ù)Ğá�æ�ŠµČ'ª��Ķö�<�	�

��!#�i�)Öù¤ùŔĹ(8;ö±$Ķö�<�Ğá*�JL^aD\

HXc)E[JŅčþŀ>Ķö�#
;%ħ,9<;	 
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¢ 3-2� PSA-300 )õ»P\UOŋ»)õ»ª�ŧÈ}Ũ 

PSA-300 

(d
T 

/ d
t) 

/ K
s-1
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¢ 3-3� PSA-500 )P\UOŋ»)õ»ª�ŧÈ}Ũ 

PSA-500 

(d
T 

/ d
t) 

/ K
s-1
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¢ 3-4� PSA-1000 )P\UOŋ»)õ»ª�ŧÈ}Ũ 

PSA-1000 

(d
T 

/ d
t) 

/ K
s-1

 



 - 56 - 

 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 

¢ 3-5� PSA-300 )P\UOŋ»)õ»ª�ŧÂ}Ũ 

(d
T 

/ d
t) 

/ K
s-1

 

PSA-300 
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¢ 3-6� PSA-500 )P\UOŋ»)õ»ª�ŧÂ}Ũ 

PSA-500 

(d
T 

/ d
t) 

/ K
s-1
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¢3-7� PSA-1000)P\UOŋ»)õ»ª�ŧÂ}Ũ 

PSA-1000 

(d
T 

/ d
t) 

/ K
s-1
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3.2.2. AZ]U@JJL^aD\HXc)CaK]TcĤ�ŋ» 
 
¢ 3-8,3-9,3-10*,�<�<�®Ŕ)ă';�")AZ]U@JJL^aD\HX

cŧPSA-300,PSA-500,PSA-1000Ũ)E[JŅčõ»�Tg ňx$)P\UOŋ»

ŧdT/dtŨ( 2.2.1.Ţ)¼�2-4 >őā�#ï4�CaK]TcĤ�ŋ»)õ»ª

�$);	ĥņ(CaK]TcĤ�ŋ»ŧdH/dtŨ�èņ(õ»ŧTŨ%!#
;	

CaK]TcĤ�ŋ»)Ğá*�Èŋ(}���ļÕ)3("
#Ċ�	 

� ¢ 3-7,3-8,3-9 �9=�;8�(�õ»)©�(m
��/#)�®Ŕ)ă'

;AZ]U@JJL^aD\HXc)E[JŅčõ»�Tg)ňx$CaK]Tc

Ĥ�ŋ»�dH/dt *�Ł)ŋ»ŧĄùŨ�9ë)ŋ»ŧ�ùŨ.%ª��;	3

)8�'Ð;ĩ
*E[JŅčþŀ$|Ŋ�#Ĵ9<;5)$);	3)8�

(�AZ]U@JD\HXc(��;CaK]TcĤ�ŋ»�dH/dt )õ»ª�

$5�ŏ�(ö±�<#0� glycerol�Butyronitrile�1-penten )8�'�®ÉE[J

$Ã9<�y� 1-3)%��8�'Ğá>Ã;3%�$0�P\UOŋ»)õ»ª

��æ�CaK]TcĤ�ŋ»)õ»ª�)E[JŅčňx$Ķö�<;Ąù

�8,�ù)Ğá*�ùö±$*E[JŅč)ĺÎ%�#ĉđ�#
;	�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
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¢ 3-8� PSA-300 )CaK]TcĤ�ŋ»)õ»ª� 

(-d
H

 / 
dt

) /
 J

s-1
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¢ 3-9� PSA-500 )CaK]TcĤ�ŋ»)õ»ª� 

(-d
H

 / 
dt

) /
 J

s-1
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¢ 3-10� PSA-1000 )CaK]TcĤ�ŋ»)õ»ª� 

(-d
H

 / 
dt

) /
 J

s-1
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3.2.3. AZ]U@JJL^aD\HXc)CaK]TcĤ�Ŕ�

�

� àĿÔ) 2.2.2 Ţ�8, 2.2.3.Ţ$ŉ/�Øð8:ï4�CaK]Tc)ºĬ

Ýģ�8,�®Ŕ)ă'; 3 ")AZ]U@JJL^aD\HXcŧPSA-300, 

PSA-500,PSA-1000Ũ(��;CaK]TcĤ�Ŕ)õ»t¯É>�<�<¢

3-11,3-12,3-13 (Ċ�	�

3<9)¢*�E[JŅčõ»�Tg  Ť¥$)CaK]TcĤ�Ŕ$);	¢

g)şģ*ºĬñp)œĦCaK]Tc)õ»ª�>Ċ�#�:�3<� 2-5

ĕ$ľÚ��œĦCaK]Tc)ºĬÝģ$);	Tg $)œĦCaK]Tc)

w> 0 (%!�	D^aIĪ�ĢĪ�8,ŃĪ$Ċ��śíü)Ýģ*�<�

< PSA-300�PSA-500 % PSA-1000 )œĦCaK]TcĤ�Ŕ$);	èģ�S

cKc(8;Ùõ�ĥģ��õ»(��;œĦCaK]TcĤ�Ŕ(µÇ�#


;	PSA-300�PSA-500 �8, PSA-1000 )Ĥ�Ŕ)�Ĺ*�<�< 0.77kJ 

mol-1�3.5kJ mol-1 �8, 1.6kJ mol-1 )!�	3)Ĥ�Ŕ*�ŏ�(ö±�<#0

��®ÉE[J) glycerol1)�Butyronitrile2)1-penten3))Ĥ�Ŕ 0.8kJ mol-1�0.1kJ 

mol-1�0.2kJ mol-1 (î/#­0'CaK]TcĤ�Ŕ$)!��ĭ 3-2 	�

� ����PSA-300 % glycerol )œĦCaK]TcĤ�Ŕ>î/;%�0.77kJ 

mol-1�0.8kJ mol-1 %Ĥ�Ŕ()2:Ő
�Ĵ9<'�!�	3<*Á$Ľŉ�;

��PSA-300 *j) PSA-500 6 PSA-1000 (î/#�®Ŕ�o1��:�;œĦ

)Ó�Ćµą(·'
�4$);%ħ,9,;	2�Ñö$*);��glycerol

)8�'úł*�®åŌ( 3 ") OH ¦�¯£�ũêzą(QMO`cF>q

!#
;�4(��®ÉE[J)g$*Ćµą(�:�;œĦ)Ó�¬1';

%ħ,9<;	3)8�(�JL^aD\HXc)g$*îŇą�:�;œĦ

)Ó�·'1'; PSA-300 %�®ÉE[J)g$*îŇą�:�;œĦ)Ó�

¬1';ŧglycerol >îŇ�;%��2�2Ĥ�Ŕ(Ő
�Ĵ9<'�!�%ħ

,9<;	 

� 33$��®Ŕ)ă'; 3 ")AZ]U@JJL^aD\HXc)œĦCa

K]TcĤ�Ŕ>îŇ�;�4(¢3-14(¢3-11,3-12,3-13>2%4�Ğá>Ċ

�	3 ">îŇ�;()�:�èņ)õ»*�<�<)E[JŅčõ»�Tg  $ĵ

â���œĦCaK]Tc)�ø*E[JŅčõ»$)œĦCaK]TcĤ�

Ŕ(%!#
;	�
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� ¢ 4-18 8:�ºĬüË();ºĬñp)œĦCaK]Tc�9��ļÕ�&

< �Ş<�ŠºĬüË();)��±Ŕą(Ļu$0�	2��œĦCaK

]Tc)Ĥ�Ŕ*�PSA-300�PSA-1000�PSA-500 )ţ(­01'!�	3)Ğ

á�9��®Ŕ)ă'; 3 ")AZ]U@JJL^aD\HXc)œĦCaK

]TcĤ�Ŕ*�®Ŕ(µ��îs�#©��;=�$*'�!��4��ě

'�®Ŕt¯É*Ĵ9<'�!�	�

i��Öù¤ùŔĹ)ö±$Ķö�<��®ÉE[Jl«)œĦCaK]T

cĤ�Ŕ*�4#)ö±$);�4��ě'�®Ŕt¯É*Ĵ9<'�!��

 ("
#*çĜ�#
;íś$);	2��ù�°ąŠºĬüË$)Ŕ>�

:Í��4�įk��<#
;ÿĿ�'1�×�(ŠºĬüË)ÿķ)�4(

ãĺØð>ħ,;Æĳ�);	�

AZ]U@JJL^aD\HXc)CaK]TcĤ�Ŕ��®Ŕ(8!#ă

';Ğá>ħ,;()�!#�lf)8�' 2 ")ĳ >ħ,#
;	 

ŧĳ  1Ũ�®>åÌ�;�®)Ó�©,;3%(8;œĦÓ)©� 

ŧĳ  2Ũ�®Ŕ�©,;(=hŕ�Ŗ1';)3%(8!#Ā�;hŕŎ�)Đ

ŗ�úÿą(�Ś�<;3%(m�œĦÓ)ô· 

� ĳ  1 *�ě'�®åŌ>5"�®ÉE[J(î/#�PSA-300 6 PSA-500

)œĦCaK]TcĤ�Ŕ�­0
3%(Řō�#
;	2��ė�'ħ,Ø

%�#��®Ŕ�­01';�"2: 1 �®(�2<;�®)Ó�¬1';0

&�®��:�;œĦ)Ó�¬1';%ħ,9<;	���!#��®Ŕ�­

01';0&��:�;�®œĦ�¬1';%
�3%�ĸ,;	�)�4�

PSA-300�PSA-500 %�®Ŕ©�(m
CaK]TcĤ�Ŕ�©��#
1%ħ

,9<;	�

ĳ  2 %ħ,9<;3%*�Mw=1.01×103 )�®Ŕ>5" PSA-1000 19
(

';%�ğ3�
�ń3:�²łą(œĦ)Ó�·';3%�ħ,9<;	 

"2:��®Ŕ� 1.01×103 Ď»(';%�úÉ)Éł(Ŧ�®9����#0

#�ğ3�
(8;Àš�ń3;%ħ,9<;	Tg )�®Ŕt¯�95�®Ŕ

� 1000 Ď»�9È÷( Tg �©��;3%�ć9<#�:�CaK]TcĤ�Ŕ

� PSA-500 (î/�o
w('!�)*ğ3�
(8;Àš�ħ,9<;	2

�Ę¾É)Ğá�95ğ3�
��®Ŕ����Ď»�9ń3;3%�ÏÒ�<#


; 4)	3)8�(ıÓ)ĳ (8!#½0ń3�<;�ť$);%ħ,#


;	�
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le)ľÚ("
#*�2 *!0:%�#įk��%<#�9�ÑĿ)íś

$);	iÁ�œĦCaK]TcĤ�Ŕ)�®Ŕt¯É("
#*���AZ

]U@JW\JL^a$�9(CaK]TcĤ�ö±>ī
��®Ŕt¯É(

"
#ĝŒ(Ĵ#
1Æĳ�);	2�5�·��®Ŕ)­0'AZ]U@J

W\JL^a("
#CaK]TcĤ�ö±>ī
�îŇ�$0<+%ħ,#


;	�<�9�j)AZ]U@JŦ�®)�®Ŕt¯É>ö±��CaK]

TcĤ�)ÿķ>8:ò4;Æĳ�);%ħ,9<;	�

 

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
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����	�� ����	��

PSA-300 PSA-500 PSA-1000 glycerol3) Butyronitrile4) 1-penten11) 

0.77kJ mol-1 

 

3.5kJ mol-1  

1.6kJ mol-1 0.8kJ mol-1 0.1kJ mol-1 0.2kJ mol-1 

ĭ 3-2 Ŧ�®E[J%�®ÉE[J)CaK]TcĤ�Ŕ)îŇ   
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¢ 3-11� PSA-300 )CaK]TcĤ�)õ»t¯É 

ΔH
c /

 k
J 

m
ol

-1
 

T / K 
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¢ 3-12� PSA-500 )CaK]TcĤ�)õ»t¯É 

ΔH
c /

 k
J 

m
ol

-1
 

T / K 
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¢ 3-13� PSA-1000 )CaK]TcĤ�)õ»t¯É 

ΔH
c /

 k
J 

m
ol

-1
 

T / K 
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¢3-14� PSA-300,PSA-500�8,PSA-1000)œĦCaK]Tc 
� � � � Ĥ�)õ»t¯É 

��

��

�

�

�

�

�

��	� ��
 ��
� � ���� ��� ����

�
H

c 
/ 

kJ
 m

ol
-1

T / T
g

PSA-500 

PSA-1000 

PSA-300 

ΔH
c /

 k
J 

m
ol

-1
 

T / Tg 
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3.3 2%4 
 
� àĒ$*�®Ŕ)ă';AZ]U@JJL^aD\HXcŧPSA-300, 

PSA-500�PSA-1000Ũ("
#�Öù¤ùŔĹ>ā
#E[JŅčõ»ŧTgŨň

x)õ»P\UOŋ»)ö±>ī!�	�)Ğá�9�CaK]TcĤ�ŋ»

�8,CaK]TcĤ�Ŕ)Ĕ�>ī
�E[JŅčøňx$Ķö�<;Ca

K]TcĤ�)�®Ŕª�(8;Àš>Ļu��	 
� CaK]TcĤ�ŋ»)õ»t¯É("
#�E[JŅčõ»ŧTgŨňx$È

}�8,Â}ļÕ$ö±>ī!�	È}ļÕ$)CaK]TcĤ�ŋ»*�Tg

lf�9õ»>eÙ��#
1(���!#��<�<)ļÕ$Ąù�8,�

<(Ġ1�ù>Ķö��	2�Â}ļÕ$*ũ")ļÕ%5 Tg lf�9õ»>

eÙ��#
1(���!#�Tg ňx$Þ­)�ù>Ķö��	3<9*ŏ�

(ö±�<#0��®ÉE[J$Ã9<�y�%��$):��®ÉE[J$

Ã9<�)%�æ)CaK]TcĤ�ŋ»)õ»ª�> 3 ")ă';�®Ŕ>

5"JL^aD\HXc$5�<�<Ã;3%�$0�	2��AZ]U@J

JL^aD\HXc)CaK]TcĤ�Ŕ*�PSA-300�PSA-500�PSA-1000 (

"
#�<�< 0.77kJ mol-1�3.5kJ mol-1 �8, 1.6kJ mol-1 )!�	�®ÉE[J

) glycerol�Butyronitrile 1-penten )Ĥ�Ŕ 0.8kJ mol-1�0.1kJ mol-1�0.2kJ mol-1(î

/#�­0'œĦCaK]TcĤ�Ŕ$)!�	i�Ã9<�Ğá�9��®

Ŕ)ă'; 3 ")JL^aD\HXc("
#�ě'�®Ŕt¯É*Ĵ9<'

�!�	�®Ŕ(µ�#�CaK]TcĤ�Ŕ*îs�#©��;=�$*'

1�� %�#�®Ŕ©�(8;ğ3�
)Àš�ħ,9<;	�
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œ 4 Œ� Ő�3Ŵŧ.İÔ�D(Jp±jIZZ^tvN°Umx3 
ţ¼ďơ3įå�Ñõ 

 
4.1. ċĩ 
�

� ¦Œ.4�¢ÐƟ3Ł1Cƴ,3Jp±jIZZ^tvN°UmxGĊĵÇ

ĵƟſ.İÔ#C�/2@B�OqZƍŎįå(Tg)Ƒ�.Mv\±ixţ¼�Ż

İ�DC�/Gŋ!(�œ 1 Œ3 1.5 Ŗ.Ɠ7(@�2�Tg Ƒ�.4�: :1

İÔŴŧ.ţ¼ĻƉ�Żİ�D�yƜ3İÔŴŧ.4&3ƢƖõ�ýĄ�D-

1C 1-7)�!�!1�A�ĊĵÇĵƟſ.Żİ�D(Mv\±ixţ¼��&3

8�3İÔŴŧ.Żİ�D( Tg Ƒ�3ţ¼ĻƉ/03@�2ƢƖ!-1C�3

ýĄ4:)1�D-111��

� ĕŒ2�1-�Jp±jIZZ^tvN°UmxƱPSA-500Ʋ3OqZƍŎį

åƱTgƲƑ�2��Cţ¼ĻƉ2,1-�&3ţ¼ďơ/įå3Ƣ�GĊĵÇĵ

Ɵſ�įåÌƆ DSC(TMDSC)�©Ń�ą�(DLS):(§Òţ¼�@6ƅƨţ¼

3Ő�3İÔ@BðADCţ¼ďơ�A�ĊĵÇĵƟſ.Żİ�D(Mv\±

ixţ¼��8�3İÔ.ðADCţ¼/03@�1Ƣ�20C3�/1��

//�03@�1ţ¼Ƙ©GƋĲ/!-1C3�GĎA�2#C��

� ĕŒ3ńŃ4�ĊĵÇĵƟſ�@6įåÌƆ DSC .ŻØ�D(OqZƍŎ�

Ƒ3Mv\±ixţ¼�,:BĵİÔ.Żİ�DCţ¼ĻƉ��OqZƍŎ�

Ƒ3�3ċĩ.İÔ�D(Šě/03@�2ƢƖ#C�GĎA�2#C�/.

0C��3(<2�ĊĵÇĵƟſ�įåÌƆ DSC�©Ń�ą�(DLS)�ƅƨţ

¼İÔ�řèõİÔGľ1-�OqZƍŎĴ�Ƒ3Z^tvN°Umx

(PSA-500)3ţ¼ĻƉGİÔ!�Ùó#Cţ¼ďơGðC�/.�OqZƍŎƭ

È2��Cţ¼ĻƉ2,1-�³İÔ�AðAD(ţ¼ďơ3įå�Ñõ(1F

?Cţ¼m_k)G�÷!ĥƏ/ĞƀGŰ+(��

�

�

�

�

� �
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� 4.1.1. ĊĵÇĵƟſ 
 
� Ã 4-1 4�OqZƍŎįåƑ�.3 PSA-500 3ƝŧMv\±ix3įå�Ñ

.0C�Ã}3Ý{�A²z2ŋ#Ʃ1ĐŢ4ãűĭ�3ƝŧMv\±ix3

įåÌªGŋ!-�B��D�ƙ ¬ĭ�3ãűĐŢ.0C�OqZƍŎįå

�Tg).3Mv\±ixGƝŧMv\±ixţ¼Ɵ� 0 21C�2/+-1C�ƥ

Ĥĸ3ĐŢ4�ĢŢ�gx\x2@Cčį�ŤŢ�³įå2��CƝŧMv\

±ixţ¼Ɵ2Ùó!-1C�ãűŢ@BÝ�4ƃĉ3ūłŃ1łĵ2�²�

4ƃĉ3ūłŃ1¸ĵ2&D'DÙó!-1C�œ 3 Œ.ŋ!(Jp±jIZ

Z^tvN°UmxƱPSA-500Ʋ3ƝŧMv\±ixţ¼ƕå3įåÌª�Ã 3-9 

�@6Ã 4-1 3 PSA-500 3ƝŧMv\±ixţ¼Ɵ3įå�ÑõGľ1-�{

3æ@Bţ¼ďơGĦ<(��

�

        

 

��. dH 4Mv\±ixţ¼Ɵ�T 4įå�(4ţ¼ďơG&D'DŲF!-

1C�æ(4-1)4�Mv\±ix4ďơşƙ2�+-ýĆƢĆŃ2ţ¼!-1C

�/G�Ô!-1C��3�Ô4�c°jb3İÔďơ(30 ¢)ŏå3Żİďơ

.4Ïé.0C�/GŊƄ!(�æ(4-1)3Ý�4Żİ2@+-ðADCįåc

°jbƕå dT/dt /ģ3æ2@+-ƢƖ!-1C� 

 

             

 

��. C(=dE/dT)4[±G·H)ƃĉ3ĵÖƟ.0C� 

æ(4-1)/(4-2)GŞ;´F%C/�Mv\±ixţ¼3ţ¼ďơ(4{Ɓ3@�

2Ƴ,3æ2đ�ă�C�/�.�C� 

 

(4-1) 

(4-2) 



 - 75 - 

 

 

æ(4-3)Gľ1-ĊĵÇĵƟſ@BðAD(ô �@6î ƃĉ3ţ¼ďơGŕ

¡!(��  

(4-3) 
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Ã 4-1 PSA-500 3ƝŧMv\±ix3įå

�Ñõ 
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4.1.2. įåÌƆ DSC 
 

� įåÌƆ DSC(TMDSC)3İÔ4�NETZSCH Ŷ3Ŵŧ DSC 3500-CK 25 Sirius

Gľ1-Ű+(�ƃĉ(PSA-500)3ƊƟ4 4.63�0.01mg .0+(�TMDSC 3İ

Ô.4�İÔįå3ãÅ�GyÔ2�*�193-293K 3įåŗÂ. 10K �/2İ

Ô!(�OqZƍŎ�Ƒ.ƃĉGƠďơ�ü#C�/2@+-Ľ"CĶļŃM

xYvR�İÔŠě2°9#ëƬGƛ�C(<2�įåÌƆİÔ3¦2�Vv

k±GĶļŃMxYvR3ëƬ�Ó�211/¤Ċ.�C 323K :.čį!�&

3í�µ"ƕå.İÔįå:. ¬!(�İÔGŰ�¦2�&3įå. 10 ¢ơ

ƃĉG�ü!(�³įå.İÔGŰ�¦2��3ku[ZGŦBƒ!(� 

� TMDSC İÔ.4�ãÅįå(T)GyÔ2!-�įåÌƆ3ºē(P)/įåþâ

(T)G¥ñ!1�A�ĵĬƟ3þâ(Q ^±]x)�@6�ďơşƙ2��įåÌƆ

ĐŢ/ĵĬƟĐŢ3�ņÞ(α)GİÔ!(�İÔ2@+-ðAD(��A�ÌƆ 

ºē P G�żºĪĆ)=2
/P 2Ìă!(í2�ŷŝĵÖƟ C G C = Q /ωT 3Ƣ

�æ�AżºĪĆ)�ĵĬƟ3þâ(Q ^±]x)�@6įåþâ(T)Gľ1-ŕ¡

!(�ŷŝĵÖƟG ΔCe-iα=ΔC'-iΔC"3Ƣ�G�+-��ņÞ(α)GĵÖƟ3ÕƜ

(ΔC')/ůƜ(ΔC")GÌƆºē(P)Ìª�@6įå(T)Ìª2Ù!-ħÔ!(�P = 

30,100,200,300 ōÊ´2�1-=� ĵÖƟ3ÕƜ4�OqZƍŎ3Ƒ�.ƥĤ

ĸ3ÌªGŋ!�ůƜ2ixQ�ÑÄ!(�ůƜ3ixQįå(ΔC")2Ùó#C

ÌƆºē(P)Gţ¼ďơ(/!(� 
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Ã 4-2 PSA-500 3ºē P = 30s,100s,200s,300s 2��C 
� � � ŷŝĵÖƟ3įå�Ñõ 
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4.1.3. ©Ń�ą� 
 

� ©Ń�ą� (DLS)3İÔ4�ALV ŌŶ3 ALV-5000 Gľ1-Ű+(�

JPSUniphase ŌŶpa± 1145P 3 He-Ne txWx(λ= 632.8nm)�A3�Úhxn

4�ą�ƫ2Ù!-ÆŅ2��!(�.0C�2	= 90�3ą�ż.ą��3Æ

ŅƱ��Ʋ÷¢GİÔ!((1F?C vv İÔ.0C)�Ùó#Cą�lQb±3

Î�� q =(4πn/λ)sin	4�0.022nm−1 .0+(��ÐſĆXZ`nGľ1-ą�

�3çåGİÔ!�aY\±ņƢ¿(T°tx\x)(ALV-5000�Langen�FRG)

Gľ1-ą��3ÆŅƱ��Ʋ÷¢3ņƢƢĆGð(�DLS İÔ4�(278K�283K�

293K�298K�308K�318K)3 6 ,3įå.Ű+(� 

� ą�ż 90°.İÔ�D( PSA-500 3³įå3ūßņƢƢĆ g(2)(t)3 PSA-500 G

Ã 4-3 2ŋ#�³įå.Ł1CďơƭÈ.0C��0.1ms�106ms 3ŗÂ. g(2)(t)

3«y3ĮųGŻİ!(�Įųďơ4�įå�zč#C2,D-ň1ďơ/1

+(�Įų4«y3ýĆƢĆ(4-4).@�ƁƓ.�(��

�������(4-4) 

�

��.�Ac 4Įų÷¢3þâ�τcl 4Įųpxc3ņƢďơ�g(1)(t)4ą�ƨÊ3

yģūßņƢƢĆ.0B�ƢĆ g(1)(t)4 g(2)(t)/(4-5)æ3@�1Ƣ��0C��

�

(4-5) 

�

��.�c 4TgxtvZ�Ć.0C�ÕƯ.ðAD(ūßņƢƢĆ(g(2)(t)-1)G

æ(4-4)�@6(4-5).Àá¢Ě#C�/2@Bţ¼ďơ τcl GðC�/�.�(��

�

�

�

�

�

�

�

�

�

g (2) (t) = 1+ c g (1) (t)
2

g (1) (t) = Ac exp(−t / τ cl )
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Ã 4-3 PSA-500 3ūßņƢƢĆ3įå�Ñõ 
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4.1.4. řèõİÔ�

�

� ƃĉ(PSA-500)3©ŃřèõİÔ4�Ę�ÎÒĶõŉőø3tNox\x

(Bohlin Gemini II Rheometer; Malvern Co.)G�ľ!-Ű+(�İÔ24ãŰęƱŅ

ì=20 mmƲG�ľ!-�ƃĉGãŰę3ơ24�;�ę3z�/{�G���1

2Ɣċ¶2ãŰG�+(::Àƍ�%-�ãŰęGĀC@�1Ƙ©G�%C�

/2@+-Ľ"Cřõúù§GĞŇ!�&D�AİÔ�/!-řõĺGð(�

Ŵŧ3þ©ºĪĆ4 �Hz 2�(D�244�303K 3ơ3 3K 3įåơƦ.İÔGŰ

+(��

� Ã 4-4 4�244�303K 3įå2��C PSA-500 3řõĺ3įåÌª.0C�

ŤƎ3řõĺ4ÙĆG/B�ĢƎ4įå3ƔĆ.0C�ĢƎG²�2(0C8

0��Î��1B�įå��{!-1C�/Gŋ!-1C�Ã@Bįå3�{

//=2řõĺ η �ôĳ2Ë¨!-1��OqZƍŎįå(237K,1000/T = 4.2K-1)

@Bś 10K ư1įå.Ŵŧ3İÔŗÂGƌ�Cřõĺ/1+(��

� Angell 2@+-ýĄ�D-1C@�2řõĺ3Šě4�3İÔ.Żİ�DC

ţ¼ďơ/ĥƏ#C�/�.�C 8,9)�OqZê÷ĭ�2,1-ïė�AŰFD

-1C@�2ZSx±GƆć! 4-2 Ŗ.ƈƇGŰ���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
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Ã 4-4 PSA-500 3řõĺ3įå�Ñõ 
 

lo
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•s)

 



 - 83 - 

4.1.5. ƅƨţ¼�

�

� ƅƨţ¼İÔ4�Alpha A-Analyzer(Novocontrol�Montabaur�Germany)Gľ1

-�10mHz�10MHz 3ºĪĆŗÂ.Ű+(���DA3İÔ3(<2��ì 24mm

3ÍÛ�/�ì 19mm3�ƜÛ�/GĒ#CµƎ�Ŕê[±ÇƨğG�ľ!(�

įå¥ñ4�Quatro Cryosystem (Novocontrol)Gľ1-5K±0.01K3Z`_k.223

�298K 3ŗÂ.0C��

� Ã 4-5 4�223�298K 3įå2��C PSA-500 3ŷŝƅƨĺ3ÕƜ/ůƜ3

ºĪĆ�ÑõGŋ!-1C�293K .4�ţ¼ixQ�ůƜ3 300kHz .ŹAD

C�243K :.��3ixQ4įå��{#C2,D-@B�1ºĪĆ2Xjb

#C��3ţ¼4OqZê÷ĶƊ2ķĒ3ţ¼/!-ŇAD-1C α ƙŏ.0

C�ixQ�Żİ�D(įå2��CůƜ3ixQºĪĆ3ƔĆG&3įå2

��Cţ¼ďơ τ /!(��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
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Ã 4-5 PSA-500 3ŷŝƅƨĺ3ºĪĆ�Ñõ 
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4.2. Šě�

�

� Ã 4-6 4�Ċĵĩ2@C�TMDSC�DLS İÔ��@6ƅƨţ¼İÔGľ1-

ðAD(ţ¼ďơ3JtdLZku_b.0C�PSA-500 3řåax\=ĥƏ

3(<2ku_b!(�ţ¼ďơ�@6řå3ZSx±4�OqZê÷ĭ�2

,1-Ʈť2ƈƇ�DC Angell ku_b3Ê´2�+-Ɔć!(��

� ƅƨţ¼�AðADC PSA-50� 3Ƙ©2Ù#Cţ¼ďơ τ 3įå�Ñõ4ř

èõİÔ3ax\/yŬ!(�ïė@BřèõİÔ3Šě4OqZƍŎ2Ņā

ƢƖ#C α ƙŏG0AF!-1C/žFD-1C�OqZƍŎ2ŅāƢƖ#C

/1FD-1C 8,9)�yċ�OqZƍŎƑ�3ƅƨţ¼ĻƉ= α ƙŏGŲ!-�

B��D:.�ƅƨţ¼ĻƉ�İÔ�D(#7-3OqZê÷ĭ�.�Tg @B

ś 20
:(4ś 10%z3įå. 10-4�10-8s 3ƅƨţ¼3ţ¼ďơ�Żİ�D

-�(�PSA-500 3řõĺ3įå�Ñõ/ƅƨţ¼İÔ�AðAD(ţ¼ďơ

3įå�Ñõ3yŬ4 PSA-500 2,1-=��3OqZê÷ĭ�/µ"@�1

Ƙ©��řèõİÔ/ƅƨţ¼.Żİ�D-1C�/Gŋ½!-1C�:(

PSA-500 ��:.İÔ�D-�(OqZê÷ĭ�/µġ2ţ¼ďơ3įå3Ɣ

Ć2Ù#C�Ñõ�JtdLZŃ1(ŅŢŃ1)�Ñ.41��ƪJtdLZŃ1

įå�ÑGŋ#�/=ŊƄ!( 10-13)� 
:(ĎA�2ţ¼ďơ τ 3įå�Ñõ4�JtdLZku_b2��CŢêƢ

�Gı(!-1113.JtdLZ3æ.41��ư¢Ð3¢ƞ.4yŭŃ1

Vogel-Fulcher-TanmannƱVFTƲÇ3æ(4-6)Gľ1-��ţ¼3įå�ÑõGÀá

¢Ě!(� 
 

�

����(4-6) 

�

��. T0 4 Vogel įå/»5D�ţ¼ďơ�łą#Cįå.0C�B 4ÔĆ.

0C�Àá¢Ě3Šě�ƅƨţ¼�@6řèõİÔ3 VFT æ2Ùó#C�/!

-�τ∞ = 1×10-15s�T0 = 150K �@6 B = -79.71K Gð(�� τ∞4ţ¼ďơ3ưįğ

ƣ.0B�10-13�10-16s 3ŗÂ21C�/�F�+-1C�/�2)T0 4yŭ2O

qZƍŎįå(Tg)3)1(1 50
�100
�1įå21C/žFD-�B��À

3Šě4&3ŗÂ�2�+-1C�/�B 4īõªMe±Px2ņé#CƟ/

logτ = logτ∞ +
B

T −T0
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1��ŧ��)��®×24īõªMe±Px.4113.ƈƇ�D11�/

�yŭŃ.0C��z3�/@B��DA3jK_`KvRfqox\3�4

Ïé1�.0C/¤Ċ!-1C 1-7)� 
� ĊĵÇĵƟſGľ1-ŻØ�D( Tg @Bz3¸ĵ3Mv\±ixţ¼3ţ¼

ďơ τ �@6 TMDSC �AðAD(ţ¼ďơ τ 4�µġ3įå�ÑõGŋ!(�

�D4�ĊĵÇĵƟſ3¸ĵ3Mv\±ixţ¼ďơ�@6įåÌƆ DSC 3ţ

¼ďơ�µ"ţ¼ĻƉGƋĲ/!-1C�/Gŋ!-1C�ĊĵÇĵƟſ3¸

ĵ3Mv\±ixţ¼�@6įåÌƆ DSC 3�,3ĵİÔ2@+-ðAD(ţ

¼ďơ3įå�Ñõ4�ƅƨţ¼3įåÌª/řèõİÔ3 VFT æ2ƚ´!(

ĐŢ2ï+(��3Šě4�α ƙŏ��Tg @Bz3ĊĵÇĵƟſ.Żİ�DC¸

ĵ3Mv\±ixţ¼�@6įåÌƆ DSC .Żİ�DCMv\±ixţ¼3­

Á.0C�/Gŋ!-1C��

� DLS İÔ�AðAD(ţ¼ďơ τ 4�µ"įåŗÂ2F(Cƅƨţ¼�Að

AD(ţ¼ďơ τ @B= 6�7 ĝƠ�+(�,:B�3ţ¼ku[Z4�α ƙŏ

3įå�Ñõ/yŬ!1�+(��3ţ¼3­ÁGŨ�Cz.�ţ¼İÔGŰ

+(³įå2��CņƢG 30��A 90�:.3ą�ż3ƢĆ/!-İÔ!(�

Ã 4-74�DLSİÔ�AðAD(ţ¼ďơ τ3ą�lQb±�Ñõ3Šě.0C�

ĢƎ3ą�lQb±4�2 ~!-ƔĆG/+(�Ã 4-7 �AF�C@�2 τ 4�

q2 3ƔĆ2ĥ�!-�B�æ(4-7)Gı(#��D4�DLS İÔ.�Żİ�DC

ţ¼ĻƉ�«Ŝûą.Ų�DC�/Gŋ!-1C�Ã 4-7 2��CŅŢ4æ(4-7)

GÀá¢Ě!(Šě.0C�DLS .4×åÌª2��ţ¼ĻƉG 10 ĝƑ�2

F(Cä1ďơƭÈ.İÔ#C�/�.�C3.�«Ŝûą�Í3ĻƉ=İÔ

±ũ.0B�α ţ¼=İÔ.�C±ũõ=0+(��ÕƯŠě/!-�İÔċĩ

2@+-Ł1Cţ¼ƙŏGÿ�(/Ũ�-1C� 
 

������������������������������������������������������(4-7) 

�

� #.2Ɠ7(@�2�ĊĵÇĵƟſGľ1-ðAD(�Tg @Bz3įå3¸

ĵMv\±ixţ¼�AħÔ�D(ţ¼ďơ τ 3įå�Ñõ4�Ã 4-6 3 VFT

æ.Ų�D( α ƙŏGŲ#ĐŢ2Ĩ+(įåÌªGŋ!(�&3yċ.�Ċĵ

ÇĵƟſGľ1-ŻØ�DC Tg �{3łĵ3Mv\±ixţ¼�AƂ�!(ţ

τ cl
−1 ∝ q2
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¼ďơ τ 3įå�Ñõ4�VFT æ�AŲ�D(Ã 4-6 3ĐŢ�AƗŪ#C�Tg

�{3łĵ.Żİ�D(Mv\±ixţ¼4�&3ţ¼ďơ� Tg �{3 VFT æ

.Ų�D(ĐŢ�AƗŪ!-1C2=��FA$�α ƙŏ2@C=3.0C/Ũ

�-1C�&3ļĿ4�ĻďĴ.4 α ƙŏ�Í2�Tg �{3 20K�30K 2F(

CįåŗÂ. 104s ŏå3ţ¼ďơGĒ#Cţ¼ku[Z4É¹�D-111(

<.0C�OqZƍŎįå�{3 α ƙŏ2ƋÁ#Cţ¼ďơ4�VFT æ�A3

�İ2@C/ 106s �A 1010s ŏå/ôĳ2Ìª#C��ĊĵÇĵƟſGľ1-Ż

Ø.�Cţ¼ďơ4 104s ŏå:..0C�,:B�ĵ§ÒŃãűĖ�{. Tg �

{3 α ƙŏGŻØ#C(<24�106s �A 1010s @BƠ1ďơZSx±.İÔG

ÕČ!1�D51A11�ž1ă�D5��D4ţ¼ďơ3İÔƣŀ� 104s ŏ

å.0CĊĵÇĵƟſGľ1- Tg �{Mv\±ixţ¼GİÔ!(Ê´�ĵ§

ÒŃƪãűĖ�{.Mv\±ixţ¼GŻİ!-1C�/Gŋ#��D��Tg

�{3Mv\±ixţ¼Gţ¼ďơ τ .Ƃ�!(/�2�τ 3įå�Ñ� α ƙŏ

3ĐŢ�AƗŪ#CļĿ.0C/Ũ�ADC�:(�ĊĵÇĵƟſ.�ţ¼ď

ơ�ś 104s 3Mv\±ixţ¼��Tg �{.Żİ�D(�3ÕƯŠě4�α ƙ

ŏ�ä1ţ¼ďơ¢àGĒ#C�/Gŋ!-1C��

α ţ¼3ţ¼ďơ3¢àGƂ�#C24�ĊĵÇĵƟſ.3įåc°jbİÔ

G Tg�{.ƠďơİÔ#C�/2@+-±ũ.0C/Ũ�-1C�įåc°j

bGƠďơİÔ#C�/2@+-Żİ�DCMv\±ixţ¼4�¢ÐõOq

Z2�1-4�ýĆƢĆŃ1ţ¼.41��ƪýĆƢĆŃ1ţ¼�Żİ�D-

1C��3@�1ƪýĆƢĆŃţ¼4 KWW ƢĆ(τ = τ0exp(-t/τ)β).Ƃ�.�C�

/�ŇAD-�B�ŽĚ.ðAD( β 3��Aţ¼ďơ3¢àGƂ�#C�/

�.�C�!(�+-�PSA-500 3Mv\±ixţ¼ďơ3¢ÐƟ¢à2Ù#

CëƬ3Ƃ�=µ"@�2Ơďơc°jbİÔG#C�/2@+-�łĵ3ţ

¼ďơ3¢àGŻİ.�C±ũõ�0C/Ũ�-1C��

� �À�Tg�{.Żİ�DCMv\±ixţ¼3ţ¼ďơ3įå�ÑõG|ŀ.

£<-Ƃ�!(�Tg�{.Mv\±ixţ¼@BƂ��D(ţ¼ďơ.3įå�

Ñ��řõĺ>ƅƨţ¼3ţ¼ďơ3įå�ÑõG0AF#VFTæ/4Ł1C�

ÑGŋ#34�ƪãű{.3Żİ.0C�A/Ũ�-1C�ƪãűƭÈ3ŉő

/!-�À3Šě4Żİ�Õ.0B��í�ġ�1Ś�@6ĶƊGľ1-�&

3ŠěGġ�1pa±.Ğƀ!�ļƇ3ĠŘGŨ�-1C�:(ĕŉő4�í

3ƪãűĵ§Ò3łÜ2,1�C/Ũ�-1C� 
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