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Abstract
Construction of a top-loading adiabatic calorimeter equipped with a refrigerator and
study of the configurational heat capacity of polymer above the glass transition temperature

Eri Nishiyama

This paper describes the development and performance evaluation of a top-loading adiabatic
calorimeter with a refrigerator, which simplifies measurement preparation and sample setting. I also
described the characteristics of the configurational heat capacity calculated from the heat capacity
above the glass transition temperature. This thesis consists of six chapters.

When we understand the properties of materials from an energetic aspect, heat capacity is a very
important physical quantity from which various thermodynamic quantities can be obtained. An
adiabatic calorimeter is a type of measurement device that measures heat capacity by placing the
area around the sample cell in an adiabatic state. This device has the ability to measure absolute
values of heat capacity with high accuracy and precision. The absolute value of heat capacity has
often been used as the basis for final judgment of the theory of physical properties and the validity of
models. Therefore, its importance is still not lost. Moreover, it directly reflects the vibrational state
of matter, so a detailed analysis of the heat capacity can reveal vital information about vibrational
state of the constituent atoms or molecules in the condensed state.

Polymer solids generally have a mixture of crystalline and amorphous (glassy) parts. The physical
properties of many polymer compounds change around the glass transition temperature (7).
Therefore, it is essential to consider the phenomena that occur near the glass transition and the
properties above the glass transition temperature (7) in order to understand the properties of the
polymer. In other words, if we can analyze the heat capacity above the glass transition temperature
in detail, we can deepen our understanding of polymers.

In this study, I developed a top-loading adiabatic calorimeter with a refrigerator. This adiabatic
calorimeter simplifies sample setup for adiabatic calorimetry because of the top-loading system, and
its refrigeration unit eliminates the need to replenish refrigerants such as liquid nitrogen or liquid
helium. The performance of the developed adiabatic calorimeter was evaluated. I measured the heat
capacity of amorphous polystyrene oligomers with different molecular weights using the top-loading
adiabatic calorimeter with a refrigerator. From the heat capacity obtained from these measurements
and the heat capacity of high molecular weight polystyrene obtained in the literature. The increased
partial heat capacity from the glassy state of the heat capacity observed above T was calculated by

estimating the heat capacity of the vibrational part. The increased partial heat capacity above Ty, is



called the configurational heat capacity (Cconfig). The calculated configurational heat capacity
showed a tendency to decrease with increasing temperature. This property was also shown in 21
amorphous polymers in this thesis and many molecular amorphous solids. This fact suggests that it
is a general property to decrease Ceonfie With increasing temperature. I also found a function that the
temperature dependence of Ceonsig can be expressed by a power function and a logarithmic function.

Chapter 1 is the introduction. This chapter explains the meaning of heat capacity and its feature in
physical property, the importance of accurate measurement, and the method of analyzing heat
capacity. It also describes the background that motivated the research for this thesis and the purpose
of this study.

Chapter 2 describes the principle of adiabatic calorimetry, the measurement method, and the
structure of a top-loading adiabatic calorimeter with refrigerator that I developed. The adiabatic
calorimeter is not a commercially available measuring device, so it must be made by the researcher.
It is also described the manufacturing process of the adiabatic calorimeter developed this time.

Chapter 3 describes the performance evaluation of the developed the top-loading adiabatic
calorimeter with a refrigerator. The heat capacity of an empty cell and that of benzoic acid, a
reference material, were measured with the developed device. Based on the results, the accuracy and
precision of this developed device are evaluated. The heat capacity measurement imprecisions were
+0.8% at 20-50 K, +£0.3% at 50-130 K, and +0.2% at above 130 K. The values were almost
equivalent to those of conventional adiabatic calorimeters. The accuracy of the heat capacity from
the benzoic acid measurement results were about +1.1% at 20-100 K and about +£0.9% at 100-300 K.
The accuracy was somewhat worse than that of the conventional adiabatic calorimeter. However, as
an absolute value of heat capacity, this device can measure the absolute value of heat capacity with
sufficient accuracy.

Chapter 4 describes the analysis and characteristics of the heat capacity of polystyrene and styrene
oligomers above 7;. We measured the heat capacity of three amorphous polystyrene oligomers (PS
A-300, PS A-500, and PS A-1000) with different molecular weights using the adiabatic calorimeter
with a refrigerator. From these measurements and the heat capacities of high molecular weight
polystyrene (h-PS) and ethylbenzene, the monomer of polystyrene, I used molecular vibration
analysis to reproduce the heat capacity below 7,. Based on the vibrational heat capacity below T,
reproduced by molecular vibration analysis, I calculated the configurational heat capacity (Cconfig),
which appears only in liquid state, from the absolute value of the heat capacity for polystyrene and
styrene oligomers. The evaluated configurational heat capacity as a function of temperature showed

the same trend as that of molecular glasses with simple molecular structures known so far. I also



discuss the meaning of the trend of the configurational heat capacity decreasing with increasing
temperature.

In Chapter 5, heat capacity values from the literature for 2,2,4-isomethylpentane, isobutylene, and
polyisobutylene were used to calculate the configurational heat capacity from the same analysis as
for polystyrene in the previous chapter. From the calculated configurational heat capacity results,
its characteristics are compared with those of polystyrene and its oligomers. I show that the
temperature dependence of the configurational heat capacity for polyisobutylene and polystyrene
systems is expressed as a function of exponent and logarithm based on Landau theory.

Chapter 6, the configuration heat capacity was calculated by molecular vibration analysis for many
polymers using the same method as in Chapters 4 and 5. It is then stated that the general tendency of
the configurational heat capacity to decrease with increasing temperature is a general property of the
polymers. As in Chapter 5, I show that the temperature dependence of the configurational heat
capacity can be expressed as a function of exponent and logarithm.

Based on the above, I developed and evaluated the performance of an adiabatic calorimeter with a
refrigerator using the top-loading method. The configurational heat capacity, which is the portion of
the heat capacity increase observed above T, was then calculated for various polymers. I have
shown that the trend of the temperature dependence of the configuration heat capacity is a general
property and that this trend can be expressed by a function. These results lead to an understanding of

physical properties and glass transitions above 7.
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C empty cell = € cell ¥ < He cell full (3-6)

He cell full
@

<
P a-—

C

empty cell — C He cell full  (3-6)’

1
sampleDEARE C ke

Ciotai=Cean * C +C

tota cel sample He cell part
e =L

C sample ~ € total — € cell ™ @ He cell part He cell part
rvemmam————

-6 WHERA sample

C C C C -C

emptycell+ He cell full He cell part (3-7)

sample — © total —

¥ 3-3 BT DA~NY 7 AHADEIIHEE
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X 3-4 1L BEFEBROBREDIREERIFIETH 5, 3.1 EHi T LTV A0, HIE TH LN EAE
BTV TN TN AN T AT ASESHERETHD I END ., o TN LISNDEGR
BEAHMICELINT, YT NLOHOBEEZ5T-,

160

140 ’06;59

120 &éy’

100

%%@

80

c/JK " mol

60

40

20

3-5 1% US Calorimetry Conference [3-1123 554 2 % &R O Fig b S L7z BN s #i 2> & 0
Hx DF—ZRA L FORETT Y bE2FLTND, ZRHDOF—ZEhE b L IPTS-68 (23S
WTWER, FAZZ B ORIETXH LWVIRE A 7 — L(ATS-90)Z SN CTiTo72, T bDT—H %
Rl bOT—42 LT 5721, LLRTOSCHERIZ & 2 FNEIZHE > T, ITS-90 (24 % L7-[3-2~
3-4],

TR L STzt b OBE BT — X ORZREEL)IE. 20~100 K THKI*T1.1%. 100~300 K T
#109% Th o7z, MROWEVHEEFH O L ik LT, 24, BORE L eoTz, 7272, fif
FEDIEE D DL DSC 7 EfOBE B AT T DHEEITLASTUHNIEE NS REL 2o THEY

BVRBEOMHEZ B E CHlE T 2B L LCE, to R b oL imTE D,

RAENPRKEWERK L LT, MEHEPRARRIZED DT T VOBKEOEIGITKFL TV
DI ENEZBND, SEIOWHE CTEEOBFEIZED HELVOREREDOEIAIL80%LL ETH D,

Lt BEROBKFEIZED L ELVORREOELZFOLT LI, Vo7 d%BT52
LIZEST, BETELHEBEZTVD
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H AT R AT L& TR E B B (Ceonig) D HL HY

KETIE, RV AFLUBIOEOL ) T~v—0DH T ARBIEE (T EOBEEIZ OV
Tik~R%, £P. by Ta—F 1 v 7 HFRICL DM B REIIREGHE 2 %, H3ET
BEE. PERERHMEA R ZHWT, RU RF L4 I~ —DEERENEEZIT>7-, Z DM
ERRE L LB TEOLNEEGS FERYZAFLUOOAERLY, RUZXAFLUBLOZEOA
U T~ —0 T LA ETEIH S 5 BB BEOIEIE /> F U BlEZE 8 (Ceontig) 72 FLH L 720
1 ETHRARIZL DI, @0 FD Coonig DFHEI L O FEIKFMEIZ OV TOELIL, 2
NETIZEAEITTDR TR, RETIE, AU ZAF L O FEEFMED E DT Coonig
DEFIZ SN TR D,

4.1 o7

YU TR Y — RSO T BO R D 3FEOK ) TRBROTELT 7 AR Y AT
L > (PS A-300, PS A-500, PSA-1000)ZfEfH L7z, 7=, oo 7 it ss 2
EDIRNT BT 4y I B LIc, 7 —2MITiE, ZoticEmas rEOTELT 7 A
RYAF LU (h-PS)4-11E. RUAFLUDE)~v—ThHDTT NP U[42]% iz,
B 4-1 1R Y AF Lo b= F AR OMERZ R, PSA-300 & PSA-500 [E=IR Tl
IR THY . N5 18I PS A-300 1% My, = 4.53x10% g mol ™!, PS A-500 /%

My =589x10> gmol! TH D, E£7=, /o FEHAILPS A-300 iX Mo/Ma=1.17, PS A-500 |%
My/My=1.14 T, My 135 FEOEREWLE T M, 1355 FREOEFE Th 5, 1%/ IER ORE
DHDEEITZNEH, PSA-300 1% 4.20698 g, PS A-500 % 4.44025 g Th o7z,

CH;—CH, 4H9~% CH CH%H

n

ethylbenzene PS A-300, PS A-500, PS A-1000

X 4-1 =ZFNRBL ERY ZF L OREER
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PS A-1000 |Z=1E CREAKR THh > 7272, PS A-1000 ZHABIZSERIC AL, AR L ¥
TR MIANTH T vty FEITV, JWE LT, s 3E&REs L7 1ra—n1 T
Peiia LT B L, SRMOE S 442386 g T, K& JEX 42 187,

0.30 mm

33.70 mm

$13.20 mm

4 4-2 $AZEROHEM) L PS A-1000 2 A7 Es

PS A-1000 D HDEF ENIREDBEEN O TN Y T LT A RO
BEI< T EIZE o TRDT,

Csample = Ciotal — Ceett — Ce — Ccu (4-1)

FEBICIIRO L D12 LT, BAMES, P TVOERBEZFEE LTS, ZZELOAR
BIIUTORE-2D) L IZEKT LB TE D,

Cempty cell = Ceell T CHe cell full (4-2)

Fo, SESREERA L CUE LEBOBAREITL TORMADNDO L HIRKRT N TE D,
Ciotal = Ceell +Csample T CHe cell part T Ceu (4-3)

(4-2). @3)XL VT T NVDOHROEEET

Csample = Ciotal — Cempty cell — CHe cell full — CHe cell part — Ccu (4-4)

ERTENTED,

ZOREV YT NDOHOBFEEZFT 572012, KRODBEEL L TT Che cell s
Checellpat CH Do FTo, CouIEM LIEERIROWEEZHF T 52 LICX D FSCTOH
DARBEOHHA[4-312HNTRDD ZENTE D, o, 2 THYTVOEEEIZ
WEELRD D,
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HHM T, FRERDE E(CutAir cu full) & /LD OE F(Cell+Air cell full) & /L1248
Kaw, o7 ~Y T LA THG T2 LT IKE D E & (Cell+Cu+Sample+He cell part) % H| & L
Tk<,

HIRFORE S, HELHOBEEZANT, BEHROFZEOEMERD D, ZORMHROH
ZEDEFER Y NZER T SN TWEBAOEEZHEH L, EROADERE, £ LT,
WRMOMEREZRD D, RKOOLNTWEED L L THHIL TV DHHOBEEOF HA
WIZRALT, CaaRDT,

KIZ, PSA-1000 DE & L HEENOEBMAER M L, ZOMEZ HW T cell part DIEFE A K
Too [EDIRREFFER LV | Checellpa ZR O, WIEE LT,

Chie cett fat (B LTI Y TN AVOWNEREZ Y 7 LT AT T- LI2E OBE &% R
ROREAHRALV ROTWD, ZNHDELY, BHEMIELTEY 7 OHLDOE &)
RDODHZENTED, KM4-3~4-TIZHEO—HZ R,

PS A-1000 D&, V71 IERL OB OB E(IT 3.5528 g Th o7,

PS A-1000 D5y 158 My & ED53AR My | Mo lE, Z3Z40 1.01x10° gmol ™! & 1.16 TH 5,
T — ZFRNTICAEH L7z h-PS D53 18l My, = 3x10°~9x10°g mol! TH -7,

A0

1%

empty cel DR E
G

= C + C =
empty cell ~ Zcall. wmebigualliul z2) He cell full

Lea=¢

empty cell C He cell full (4-2)'

sample DRA B (AR R E S AEAE)

G

He cell
part

total = € cell +C sample +C He cell part +C Cu
o -

C C cell 8 He cell art_ Ccy (4-3)'

(4-3)

C

sample =L total —

G-3)RIC(G2)RERA

C ¢ He cell full — € He cell art_ Ccu (44

C C

sample — © total ~ & empty cell *

X 4-3 H T NOHROEREDORE T



+ He cell part

+ Air cell full

- Air cell full + He cell part

6.382x103¢g
+He cell part =3.553g
s 53 Gl

1.059g cm3
PS A-1000 @D

X 4-4 T NOHOEEDOFE N ITE?2

WA  wamosm
2

(ﬂ) XT1x3.370 CM=4.612cm3

WARDOER

3.370cm 442386 442386 ¢
Bgbgems st

7 D& (20°C)
8.96 gcm33

>

¢$1.320cm

4.612 cmM3 - 0.4937 cM3 = 4.118 cm3

X 4-5 % T NOHROEREDOF N ITE3

IRAIRD PR DEIR
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i A A + Air cu full = 4.42386 g

ircufull DEE

0.001205 g cM3 x 4.118 cm3 = 4.962 x 103 g

“'bw "
T ERESOBE N

(760 mmHg, 15E, 20°C)
0.001205 g cm3

4.42386 9 - 4.962 x 1039 =4.4189 g
CDELD. BXD

[ HORTE : %@ﬁmﬁ%mmc@&
L 63.54gmol* K3

X 4-6 V> TN DHDOEROEHIE4

cell part = cell full - 728 - PS A-1000

=1.418cm3  He (cell part) DIRIE

» —\TMDJX c‘ﬁ&tl: )
PV=nRT (2)

BRFAFEEIAEEZITLIVNDT

c:%mR 3)

PV
T

@,@&D =3«

3 (1.013 x 205)Pa x (1.418 x 10%) m3

C He cell part = TX T = Zas x 104 J K2

G =[@E@ —(Ean

sample total empty cell *

X 4-7 o T NVDOHEDOEEOEY FIES
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42 BNE
Ny Ta—7 o 7RI KD A VB G A VT, RO 5 3 R
DRI FBEDKR Y AF L (PS A-300, PS A-500, PS A-1000)DEEERIE Z1T->7-,
REZ Y B L%, BT AR AT T 2.2K/min O CHAEIE Lic, HIEIRE
HiPHIZ 28 K~310K TH 7=,

200 : |

o PS A-300

& PS A-1000

150

100

4

¢ /JK 'mol

50

0 50 100 150 200 250 300 350

T/K

4-8 PS A-300. PS A-500. PS A-1000 DEVZS & OIR FE R AFNE

4-8 [T AVRIEV B CIIE 2 L 72 PS A-300, PS A-500, PS A-1000 D EAFE 8Dl L AT
PEaoRd, HEIL PSA-300, FEfIE PSA-500, 251X PSA-1000 2R L CW\W5, 7o,
220K~280K fHiTIZ AT 7 ARG O BAR BO BRI RA R o, WELY T,0x, £
ZHU PS A-300 23 219K, PS A-500 %% 237K, PS A-1000 7% 270K TH -7z, TF L E |
h-PS @ T, 1%, LR CHAE SN TV DETZF LB 0T 115K[4-2]. h-PS 73 373K[4-1]C
b5,

h-PS OEKBEORIEREE L, =F P PS A-300, PS A-500 DEVE & DI EREE
LIFEFRLCTHD, =F B PSA-300, PSA-500, PSA-1000 D Ty iE, # 7 Rk
RELLT T ZLE—EANC X 5 H RN R BEBGNE Z 5IRE) S B RH R WA 4
PDEZDREICYVED D BAGBRAGEZ LRVEEE LTS,
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4.3 oy (- IREY T
Tg DL b CRLII & 2 B O BN 5y O BLIE BV 1 Coonng) Z T2 720D 53 - IRENAE
BT T LT DR AR AEOBUA 4 FEEL L T2,

43.1 T LT OREEOH M

TN FOBE R&EZFHRET 572012, 5 FREVENT 2 Ao, B R OfEHE D 5 7HRE)
fRNTIE, HARAED DB LAY, £7-. Yokota HOBFFEIZ L V. fEdIREER L OJEME
WREDO T E D T D% ORREEZ EHICHE TE 5 Z LWL EN TN D [4-4~
4-10], Z DFRITR SN TV D FIREVFNT ICEE SN T, T, L T CTHELAZ LR Y AF L
COBRKEDEE AV,

S FIRBENT OB 2 & FIEA BN T H LU TFOEY 12725,

T L F OEBAER(C)IZIE, RBEHOFEOHLREENTND, 2D DIREIOFE
X RREEED LB L > THEL D FIRBEAFE (Crdeew) & E/ ~—F 71357
FTHNOIMSE LTEIRENC L > TEL D 7V —TIREBEEE (Cr,gronp) (T DHIENTED,

EoT T FOMBEDOEEBER(Cpea)l L. EEBRR(C,) & EHARR(CHDELE
THIEETKRORXD LY IZEZ BN,

Cpeat = Crigrowp + C, sketetal + (Cp = Ch)ecor (4-5)

Cy, skeletal 15, Debye DR[4-111F 7213 Tarasov K[4-12]OWF % AWV CTRE 586 1E
5 ORREEZRLTND,

Cy, group 1%, Einstein HFEX[4-13]% AW CTIRE L7/ N —TIRE T 5 OBKREEZ R T,
(Cp- Cy)eor IF Nernst-Lindemann JT{ELZ & - TR D 7= ETH T H 5 (X(4-6)).

(Cp- Cr)eor =(3RA0 C, T)/Trus  (4-6)

Ao 1TEEL(3.9x10° K mol J') T, RIFEMNESR, Tos I ZRMRIEE CTH S,

EEE— FOBREEHE)IIDFEBLIOE ) ~—HNOFEFOBEMWIZL>T, 3N &£+
EMTE D, BIREEGN OB HE)DOEFIRE) & 7V —TIREIOTFEFRIILLTO LS L
T, BFIREI(Ng) &0 TRIRBI(NIZ T TRD D Z LN TE D,
3N = Ny + N (4-7)
BTWE D N & Ng i, ZHETORFIREFEHTOFREREZ G LT, H O LR TR D
LTV D[4-14], BEIDR Y ZF L o O OS5, #0 I LBLAL(CeH)Z IR F23 16 4,
BENTVWLDOTEIREELIN 1348 & U THRMTE L7, Nea=42 & Nao=6 20N L TRET
AT 7,

Ty LA F OB &7 — 5 (Cyexp)) DHNENE 2 73 FIREVENT THIT HERTIT T A= &

-0}
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LTCNaw O 3 HND, ZD35087 A—=41F, IRBEIFOHIC L > THRE L=,

[ 4-9 1% PS A-300 DJITE D> HAF DAV BN & & 4y TREVIENT L 0 FREL L 7= BV & % bk
L7EbDOTh D, BN T, FRAITEHTIZ AW TZHIEDN S5 5 N7 BVE B (Coexp) T
X FIRBMRNT 2 A DN BREZ R LTV 5, SEOBIIHK HRE H kO E &
(Cv, skeletat)s REDBL T V—TIRE SR DB E(Cr, growp)s FEEADHRT 7V — T IR\ K D
B R LRFIREN DR OBE &4 2 LT EREBVE 5(Cr = Cr, gowp + C7, skeleral)s = L THEEAD
FRULERBAE B (CrCHMIEHZ N Z TR BTz, 3 FIREWAENT 2> & FH U7 8 FEEVE &
(Cpea)ZF L TUVND,

150

100

C/JTK "' mol’

50

T
0 50 100 150 200 250 300

T/K

%] 4-9 PS A-300 DEAR & D 55 - HRENFRAT
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HITE 7 B DBAGIE(Cy(exp)) & ARHT TR 7= BEHR(Cpea) DIEFEZ R LTV D, RGEBAT
D@A-8)A LV HH L7z,
(Cp(exp) —Cp.ea) / Cplexp) (4-8)

[ 4-10 (2(4-8)70 & ¥ B L 72 PS A-300 OffE 4R, TLUAF DT 4 v 7 4 v 7 DT
INETILRTHRE SN TV DY TV ERBEOHIMETH -7,

8 m @ o
& @@)%
O
4 ¢}
° (@] o @@Q}D
& ©
0 ©]
X 5 5
o o %
@) OO
0% o
8]
T T T T I
0 50 100 150 200 250
T/K

[X] 4-10 PS A-300 (Z351) % 3CHk & 20 FIREMEST TR L 7 BVE R ORE
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250 ] 00
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C/JTK " mol

Ethylbenzene
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50 ]

B IS LN L L L L L L I I L LB BB |

0 100 200 300 400 500 600
T/K

] 4-11 =F/L_2P o PSA-300. PSA-500. h-PS DX FIRENFENT N H15 517~
R B(Cpeal) & HITED B 1F BN T2 AT B (Cy(exp))

X 4-11 [ Z=F LB PSA-300, PSA-500, 3L U h-PS ODEEFELZF LH-HLDT
%, X411 OBEAIZT=TFANE . HEIZPS A-300, #kEAILPS A-500, 7RI h-PS
DFERZZNZI R LTINS, T2, K 4-11 FORRIT, T, AT TOH FIRENRITIC K D E
REO—FEHBMEO LWFEREZRL TS, MK, EOY 7V TH 0 IREEITC T,
UUF OIREGHFICBW TR &L L<HE LTS,
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4.3.2 BLiE B B (Coonig) D L HY

T A BB RIT, N@-5ITRT L 91T, BEIRDOBGE B (Cpea) | ZBLE EAZ B Ceontig) & M 2.

Tl CH D ERET D,

Cp(exp) = Cp.cat + Ceonie = C, sketetat + C¥, growp + (Cp - C1) cor + Ceonie ~ (4-9)

K@D 5, (Cp- Cr)DFHIEHDEIL, TyUA T THOUETHEHT2ADNEDL L2 E )
BTN EEZLND,

Cr, gowp DHIT, HEIZWZIE, T REBORBEEZZ T D, L. Cr, gop PHITDF
WOIMNE L7 REN 2 KB L T 5728, H 7 AR X IR OB (LI ki~ & < /e
STV B[4-15], EBRIZ, BT AEEBIEE D 70— TIRENS X 5 BT E(Cr, growp) ~DREIT,
I 400em™ DFERTRAR L 720 | T AR OB THRE 10cm™ DR HEKE D,
NoEEBET DL TR TOZN—TIREEDENT 5 2 LI K DBEELD BT,
Einstein 2RO K5 T\ Cr, growp DIIABRZEA L7z & LT HELE A B~ DB
1% RELHZ LN TE D,

ZIDOHEEEIZ, T, LT COBEROBEMEORE L TIEIDETH D7D, T O
FEICITB L2 EHTE D,

7T AR DR e b 52T 2 DIE, B TARBNOBE B(Cr, skeleta) TH Do WEIL T PA L
DOIRETITHILT D, DFD ., T EOTASAREIT T,LUUTORE LY IR 25 52
bD, TAMREZ, BREICBIT D Cr e ZIRTET DD TH DN, T/ 3 REEDME
1L, FCIRETO Crsketeta (TR EL 2D, ERUTEDDPDLT | To LA ED Cpgeteral 12 T
LAF & 1A U Debye i 7213 Tarasov - TEBLTE 5 & {E L TV 5, Debye 2K Tarasov U
OME B, IBEN EFTHI2210T Cp, skeleta [FEEM L TN, 7272 L, miIRMRIRIZITE-S< I
DT, Cy,skeletal DIMEIIIR 2NN S 720 | O, skeletal VERTRMAIR Tl — EAF(E IRARRR
)& 7225, BIZIE. Cr, skeletal 23 ERIBIRAE D 90%DAEIZ 72 > 2856, % 2035 100K DR
E5HT Oy, sketera DEEMIL 2% T 5 [4-14], D F V| Ty LU ED C, seeteta &« BEERIRRED Cr, skctetar
& [F U Debye IR TE IIND Cpaeleat CHELZ LThH, TeLLED Cpea R(4-5)1F. ZHE
TOLTHRBIFNT TR ONTZRRERPIN E 72 D, 2D X I, T ED Cp ca Z FERDEZ
BEFET A7 DICHWZ B HE(Nk) & Debye IR0, 0;3) THEIL THE LTS, Cr, skeletal
3K 2% DR ZAEHIH THETE 5 L E2bND,

UED X DT, TP ED Cr, geletat & Cr, growp PHEEAEIE, Ty LA T TOEE RO FHMEDKE
% FE 2 Th D0, ITOREIIZEE LN TE5E52 T 5,

TF )R PS A-300, PS A-500, h-PS D T \ZEBF D Cr, skeletat DT, T IEMGRRE
(=1mol H7=V OAME R) D I5%LLETHDHZ ENRbhroTz, LTeR->T, ZF
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. PSA-300, PSA-500, h-PS ® Cy, skeletal (T T LA EDIRE TIE, ~S1%0D A4 ] T/
BN TETND LR L THELEZ AN EZEZ TS,

80—
604
o
_E
M 40
) PSA-500
3 00, h-PS
O 1
© 20 e,
<><><><>
(&
O - T T T T T T 1
0 100 200 300 400 500 600
T/K

[ 4-12 =F/L_F . PSA-300, PSA-500, h-PS DFE{EEVA & DR R AENE

X 4-12 |Z=F LB PSA-300, PSA-500, h-PS O T, LI EOECEZE B Ceonig DR
ERGEEZ R LT b O TH D, MPOBAII=T LBy, FMIX PS A-300, X
PS A-500. ZREAIE h-PS DFERZRL TS, Coontig 1E(4-9)2 BRI LT, X 4-12 12737
EOICEH L2 TOWEIZE W T Coonig IZIRED EH- & & I Ui, D FIREfREITC
1T, IREEE) 2 FRAIREE E L Cio T AT, (49 THHE END Ceonig (21F. 43 F DI
FFRE) & AEFD - ILHCEE N E EN TV DH B2 HND, HIEMFEE LT, Coonsiglt. Ty T
BHIZHEMLTWDS Z X0 EIZ, B T - 2 FOFEM - ILBOEEC L > THEL D EEX
TWD, Ceonfig 2T Tl BARRIZRA A= R ODHIZ WO T, = ha E—0OEFEE L
TIZRTZEIZE 5T, Cenfig lZDOWNWTELET 5,

T hr =)k, ~EES T TOEEAREC)EX(A-10)TEIND,

T
ZIT TIHRE, o TATHRROBE, HIZTU XY —ThHD, 20T FrE—(S)
ZBLET Y B B (Seontig (& ETERVE(Cy) & BLIEFVA B (Coontig) | ZTE S HRX D &\ Ceontig
IFIRD K5 72BRIZ 72 5,

ds =CdInT (4-10)

as._ .
CI = config (4_11)
config d ln T
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Coonfig 15 Sconfig Z 1R D H AR TN T D2 L THDZENTED, DFE Y | Sconfig 1T Ceonfig
ZIRE T CTEY, ZTOME%EZ T THOTHZETHELND, BAHEE Tus\ZHBT 5 Sconte (3.
AR BN ArusH) % MR IE Trs THIS TR ON DO = bR E—(ApsS) EF L 725,
Ceonfig 1+ Scontig DIREERIFIEZ R T HIBROBROME AR L T D, Lo T, RE L5
W2 D Ceontig DI, Seonfie D HUFRDEERR DM E D5 Z LIZxfIE LTV 5D, Lo T,
ERMRIR CIX, WEHROG TR ED L) RERERCHMEIZ LD 25D THLN, £ OHIE
HRIE—ENTIEAT & ERAFET L EE2DND, LEER->T, BV 9 HEEDKE -
Y e —0BRE R LIEALY < ORI S=kelnW (kg : RV <7 EE) LD . Scontie
T EDMEIC/ Y . RKRMEIZET D, BEOMETHD Comig (T RIZRD,

INH6DZ &L BENEFTAHCONTRERFNENHD L, —EEIES 2L
ERYTHDEBEZXTND,
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5.2 Gy FHRENET
52.1 3 FIREMENTIC X D T L F OBE E OB

AVTE 2244 AFNNU B BEIOPIB O T, TOBKELZF 4 ORI A
F Lo EAFEOFIA, o FIREENT OFIECTHIBL LT,

AR BEOWEM(Chexp))id. T LA FTIHKRD LD ICERD,
Cp(exp) = Cpeal = Crgroup + C¥, skeletal + (Cp = C¥)eor (5-1)
Criskeletal 1Ty A VT H & 2244 AF LR H 2 AZOWTIE Debye #[5-4]% FV T, 50K
LUF OIRIR T OB ENTE AT & > TRz, PIB IZ DWW T D Crysketerat PEIE. TERD RS>
T D Cyyskeletat & H T DERZH W LT D Tarasov R[5-5]0HR Oz, Z OFFENT TlalF oy
Wrd 2B LB /28T A —H X, Debye Tl 1| D3 RILT /A ILE TH D 05), Tarasov =\
TIE2 21 KT AARETH D 01, 3IRTT AARETHD ;) Th o7z,
(Cp- Cy)eor IF Nernst-Lindemann JTELZ & - TR O 7= EH T H 5 ((5-2)),
(Cp- Cr)eor=(3RA0 Cp T)/ Trus  (5-2)
PIB D56 (C,—Cy)fHIEXA T & % Nernst-Lindemann JTEL 2% 58 H 9~ 2 BRIC B 72 Trs 1ZLLT
DU E AWTHEE L,
Ty=(2/3) * Thus (5-3)
ZOARGS3)IFIFEMEERDOF G EH TIE L MO TV ORBRATH 5[5-6,5-7], 7272 L,
PIB D X 5 RN 220 FARIE Z Fi D 0 F D Ty & Trs 1L
Ty=(1/2) * Ttus (5-4)
DORERICH D Z EBMEHR SN TV DH[5-8], Z DOMIBIED HR D= Ths 2(Cp - CrFHIEDERIC
KA LT, PIB D4 FRENENT 21T > 7=,
(5-3) TR D72 Ths = 401K, (5-4) TR D 7= Tas =300K TH 7=, PIB (T Ths = 401K,
Trs = 300K O T OLHETEH, BAERICHOWTRAFRFEMEZ R LT,

Ty LA F OB 8T — % OREM(Cplexp)) & 47 THRENENT THELT HBRICIX, /N7 A—X
Na. 01, 35D, ZD3DD/RT A—2 1%, IFERBOEIRSITIC K > TRE LTz,
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72 5-1 12, 3 DOWE O TIRBFNTIZ K 2 [EUR AT T/ H 7237 A —% (Ng. 61, 63)
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5.2.3 Ceonfig & FFELY 2 BA%K

AEITIL Ceonig DIREMRATIEZ KT BIEE BT D0 Ceontig DIREARAFMEA BIF TR T Z
EMTENRL, T, oA DIRE CTCOMRELTET LT LN AMREICAR Y | FERICIE Ty &
W2 HIRETOREREL THTHZ LN TE, BEOEWMERIR~ESRIFHZ ENT
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S, IR BT LT, RIS UT 2 ST 5 EE TR T 5, fm e LT, Ceonne
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EINTE 2RI T,
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FRIHT L VGO T A —2 %, 6 EOEHIRE S IOV TIEE 6412, R
T AT IVEO 8 FEFAIZ OV TIEER 6-5 12, & VB EFED 7 FFEIZHOWTIEFK 6-6 IZF Lo

77
£ 64 EEHREDFDOT 4 T L ITNTRA—H
ae %4 b PBE PMA PHE PIP PVF PP
Tx 4.876 3.888 12.22 2.265 1.861 3.919
a 386.6 735.6 409.7 411.8 418.8 453.7
a 0.1546 0.1348 0.3274 0.1367 0.1094 0.1369
b -182.4 -372.8 -131.1 -189.6 -226.4 -236.6
Aloge 1 +B PBE PMA PHE PIP PVF PP
Tx 6.202 12.41 16.05 1.665 7.255 10.36
71.50 121.6 115.1 67.76 58.98 76.79
142.5 203.4 158.0 174.5 108.6 125.4
#65 RUTATIVEDOT 4 T TIRTRA—H
ac %+p  PGL PPL PBL PVL PCL PUDL  PTDL PPDL
T 6.014 6.099 4.929 3.944 3.967 3.769 2.159 9.254
a 563.7 353.0 691.6 727.4 573.3 1976 3192 2661
a 0.1499  0.1771  0.1668  0.1485  0.1488  0.1399  0.1117  0.2131
b -266.1 -131.3  -306.8  -3358  -253.0  -989.8 -1735 -1148
Aloge 1+B  PGL PPL PBL PVL PCL PUDL PTDL  PPDL
Tx 19.20 9.363 11.26 22.50 22.62 22.12 26.94 17.78
99.86 71.10 133.0 123.8 97.71 324.0 434.0 604.7
164.6 152.5 230.1 182.5 155.2 439.8 542.2 854.7
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£ 6-6 RUBBEMIED 7 4 T T INTF A—X

ag %+ b

PO3M

PO4AM

POP

POMOM POMOE POE  PODIMP
Ti 2.246 2.598 2.456 2.266 2.680 5.403 47.54
a 515.0 558.5 404.6 1049 705.3 305.5 460.8
a 0.1231 0.1289 0.1224 0.1201 0.1234 0.1741 0.4303
b -251.1 2745 2043 -541.9 -357.1 -116.1 -147.2
Alogs ' +B  PO3M  PO4M POP POMOM POMOE POE  PODIMP
Ti 20.51 15.35 4.750 13.68 6.794 10.64 58.11
75.23 87.37 63.82 157.2 111.4 60.36 165.8
119.0 139.6 135.1 249.9 219.5 122.8 173.6
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