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2 A AHY TEAS FolM 8G9 P27 HE & A 2§59 EZEslEvclES &
bisphen: I-A  polycarbonate (BPA-PC), bischloral polycarbonate (BCPC), hexafluoro—
polycar: onate (HFPC)$} polymethylmethacrylate (PMMA)2] PVT A%L density gradient
column: } Y EVIEIE o] &3led FH3lT 0|5 AFS AFA A 4Q Tait equation}
o2 E FEH LHUNHANES ol &lo] ZAFAT ol & U] kX 2RY nEAE gy
2= 132 v gAe] Ml FAHY DEIA BIHE AP Y -Ru)-2% AFS uy
ok AT A AR ol 24 AEgA Al Fol B =FolA 0|43 Sanchez-Lacombe?] lat-
tice flud theory?l Flory9] cell theory ZF7F IR2} 7122 o] AL wldslx] = &4
FAoll2 of 1A} ¢ -RI-LE AFS vy AV nAEignt. 28R 4 PVT A
TH AT dYclolM dojuhi= AL FeHo g 37 28317 W Atete] nREA EF
E50 VT A5 9 A2l 845 F86A dSshy] sl A 4> ¥ 2)(0-200 MPa) = B8
Hete re b= H 2 (0-50 MPa) oA characteristic propertlesE T3t o] 24 AreubA Al
o] 21 characteristic propertiesi= 4 A3 7+ 2431 QA L1 o] 73k ko] W)
et o H WElE BTk Yre ote B 9ol A characteristic propertiesE T8}ed AR ¢+ W
Aol VT AFE d3&3hs 2ol A 4= WUl PVT AFE HE8A 38190, o
#H AP B ul o 43 w04 73 characteristic properties® Jale] nE2} TFEe
AAEE dFske Aol Boh HEg A9E 4& = Ut

ABSTRACT: Pressure, temperature, and volume behaviors of three polycarbonates having
differer t repeat unit and a polymethylmethacrylate were measured by density gradient col-
umn ar 1 dilatometer and analyzed by empirical and theoretical equations of state. Pressure-
temper: ture-volume(PVT) behaviors of those four different polymers showed typical PVT
behavic rs of amorphous polymers. Among the various theoretical equations of state, the lat-
tice flu d theory of Sanchez-Lacombe and the cell theory of Flory were used for data analy-
sis. The empirical model of Tait and both theoretical equations of state were all found to pro-
vide gcad fits of polymer liquid PVT data. It is known that characteristic properties of poly-
mers s! ghtly depend on the pressure and temperature at which characteristic properties are
determ ned. Since the data and thermodynamic fucntions at low pressure are need for engi-
neering work, the characteristic properties were calculated over a pressure range of 0 to
50 MP:, as well as over the full available range of 0 to 200 MPa. The characteristic proper-
ties cla culated at the different pressure ranges were not constant. The accuracy of the PVT
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data fils was better over a restricted data range.

Keywor Is: equation of state, amorphous polymer, PVT behavior.
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PVT A3 24 4r) 122 2889 47459
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£9 PVT A% & BASHe WA 4] charac
teristic propertis oj#|7}A] ¥ & HE A9
F719HE &AF%Hd Tete U, €A gt 2
To we R ¥ 2 IYF AFLEZFE Tete
Wi, PVT A% AFPRE deigg el ¥ol #]
23 3)7)2A (ronlinear regression analysis) 3}
Py SoZRE T £ Y o5 PuF
% A240] £ WHE PVT AFO2YH char
acteristic prope ‘tiesE A4l= Aoz dEiA
t}.1617 Alefu}A- 9] characteristic properties?} z}
Zre] nEzl 115 AFHAREH o] 2HE HFo)
E7158 99049 PVT AFL 28 124 &%
259 PVT A ;9 4 &) 7h53i. & o] Zas
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£920) A75L A3etsn 82 + U o)
ZHolA & uf o] REAES] AH Aelre
PVT Azl i3 A3} olde uia T2
BAS olefsin olgdon fEH 4HBHA)
B84 Agskenl B4Hol),

2 =@dAMe FHE 12xE FoA A TR
Z27IB Y| EE3} & bisphenol-A polycarbonate
(BPA-PC), bischloral polycarbonate (BCPC),

hexafluoropolycarbonate (HFPC)2} polymethyl-
methacrylate (PMMA)2] PVT A%E& density
gradient columni} WZ}EDE] S o] &3le] A&t
olS9] AL AR RAAL o] L5l a/«l;}oﬂr/k
AR Al olx) AMEjO] TRz AT O
A7l W2l nPAE 7}
history of polymer processing) 93] #H$== &
He] 2& olate] uH| 99 PVT AEE Adstn
F Ho] 2% o|AdellAie) HA 48 PVT AFo
ZHE| cell model® HEdt= Florye] AMEfAA)
I lattice fluid model& 71223 Sanchez-
Lacombe?] A eju}A 4l zkzto] characteristic prop-
ertiesg T3l o & o] &3] oo RE fEH
et alo] dgH oz 8t PVT AFS 2 BAL
Ao 3FE nFERCH 22 FAHE
PVT A& BAlete o8 Ay FolA 7P 3
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Table 1. Polyme: s used in this Study

Abbrevi- Molecular
. Pol: mer o Source
ation weight
BPA-PC|bisphenol-/  polycars M, =76,500 General Electric
bonate M,=37,000 Co.

Lexane 131-111
BCPC  bisphenol c: loral M,=118,500 .synthesized
polycarbon. te M,=51,100
HFPC  |hexafluoro risphenol A |M,=107,000  |synthesized
polycarbon. te M,=41,100
PMMA |poly M,=130,000 [Rohm & Haas
(methylme 1acrylate) |[M,=52,900 Co. V-811

@ Determined by 'iPC using polystyrene standards except
where noted otherw se.

® M, =38,000 dete mined by light scattering in this laborato-

ry . Molecular weig 1t information provided by supplier is M,
=13,000 and M, = 4,200.

AW 23S 5l = methylene chloride Afoll =<l
bis(trichlorome: yl) carbonate & triphosgene2
AldrichAl2 58 Fggol FAgle] AH&stdint. &
ol Za)7IRU|>E o] FE AMEE phosgene
e 714 Aule A HFT AFEUE oHE U4
triphosgene 2 11419) AAAe] A HYHe] F
2 FHFol -rlEith. E OREEA UelA
triphosgene ! moleo] phosgene 3 moledl &%
YOpIB 580 gold HAHE 9L ol Yol
e #7800 HolA7lE ARel Euze
triethylamine & AHS-31ATHS Zjto] Bt 5o
2 Zgl7tRvje EE #7]2m¢] methylene chlo-
rided] FolAl Hi oA L wigr&el FHAA I
T o8 Az sty B A AgE ZeElvt
BUlo|ESS) E#gg Fe)2Edl standard2 BA
3 GPCE A stod ZA3In A4 o Bk
3} BlwE ¢jsh 3PA-PCO Bajgkg 34t 7o
g 23sg9d. 2 AP A" PMMAE
Rohm & Haas Co. 9 Ad& gradeql Plexiglass
V-811& AHES At

deterH2 F4she e A 2Ee 99
Hilo) b)) HarkE ZHsy] ol ¥
239 HxlE 73] felMe 54 ¢E =
ol4e) B]R<| Hulgte]l Tastth. olE $5k]
density gradient column® AR&3le] 17]1¢F 30 C
olxe) B8RS ZHaigith. LX) geiel wlol
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22 HIFth. F 3 2ToA gEE 10 MPadjlA
200 MPa7}2) 10 MPa ZHA o2 w3lA)7|wA] H]&
o) H3lE SR 5= 30 ColA oF 290
TR ¢F 10 C HE o2 HEARG. g™Eo] zero
Q1 el A1) B8RS Tl 3] 7o) 250
A} Qofzl v]8H GES Tait equationdl] goi ¢
skl kot

4ot f 0

PVT #E. Fig. 1-40) 4] 59 ZejstglolE
o} PMMA®] tidle] 52 Age Fs 5 (iso-
bars)9] &40 & 30 MPa 7+A o2 Yehiith 2
Foll Uehd 34 Alelole F749) Sd4de] o o
Ak g ERYE ) iAot
g AsiAe ZE 818F &S ol &t 18
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Holaha ol 4 slEAe e (1) AT
o2 (Fig. 1-49) A4 A) YehhAL.

T(p) =a+bxp (1)

o7lolA £59 w9l Coly 4EHY W=
MPaolt}, Al7}x] E&]7tEv|o| ES5 PMMAS] o
3o 7tz a9} bS P8kl Table 20 UERIATH
=0 JeolA Bl EHY AFE TABHA 8] Aol
olgoll A && dipEe] UEtET] olg2 tE
SdlA 2AF vlelol AR FA4 ko] v
248 A5t EEd ¥ o Jepe AEE
ol A7 HEEQel 23] o] ¢ (volume relaxa-
tion)oll 711FTHEC Bl EA S ZHste 1A AH
o] NEELS 287} 7HEEHE o|H AYS R
Qo] 2o LAy ¥Y Ao vl&¥E0 F4
arch, & agdjA Ho) 2% o)3l] u|&H gte 3
B Aol Aol v)8A gro] oplrt. 2y & 49
A WG T2 AFPA 1gte] Mol L= T2
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Fig. 1. Specific vilume of BPA-PC as a function of
temperature and | ressure.
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Fig. 3. Specific vi lume of HFPC as a function of tem-
perature and pres sure.
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Fig. 2. Specific volume of BCPC as a function of tem-
perature and pressure.
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Fig. 4. Specific volume of PMMA as a function of
temperature and pressure.

e AeftH A (Tait Equation). L& 2+
PVT A%E Uehlle 3d4F 7M¢ 98 ol &5
= 42 Tait equatione]t}. o]A& oz 3o
Ehd AAY 02z PVT ASE olF 385 B
A w2l Aol BrHsd Aol B3
2 AES P3K] &L ofe} 29 gAY v§
Ag real B 8HY YSERH #5287 Us

o

AlEAE & AR, ENY ATE st=t o) &
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FHE LEAY 4Y-F-2x AFH FHEPA L o] §F €4

Table 2. Values ¢’ @ and b in the Equation of 7 (p) =
a+bxp

Polymers a b

BPA-PC 147.8 0.422
BCPC 156.0 0.467
HFPC 157.0 0.57
PMMA 105.1 0.287

1 k183! Tajt equation?] YHbAle thg-9
(2) Aoz yehl 5= it

Wp, T)=V((, T)x{1-C ln[1+p/B(T)]}
(2)

oj7lol| A A Ci= 0.08949) ZH& ZH:= universal
constante]i1 V.0, T zero {}Eofja]e] w23
AFE YeEE Aoz A ols X3t Heid
ou AEEol $-A7F Aol A= 2 polyno-

mial A& F2 28tz ok
V{0, T)=ay-a;X T+a,x T? (3)

W B(T)e Tai. parameterZ t32] (4) Aog
Fol Xt}

B(T)= By «xp(-B; T) €Y

4719} Talt eq ationd LE}IEQ] A AFe)e} N
A gel PVT S1%& 43408 BAE + 3o
oluf & AeRs- AF FE ML) ATE ap a5 ay
By B; @& th.ith. Table 30 A§el A3 7}
DEAES AF e WA Al tiake] UEehiS]
ok Agow z o] Brhed 4 &mellAe V(o
Ne 4AHT 2E04 ¢HE 10 MPaojA
200 MPa7}#] 1YMPa 7tAo 2 H§3% 6|83 g
& (2)Ao) Ye| uHY BAE st 7E%lan o]
FA stz S-mellA TR V0, DHE (3) Ao
Hol A5 ap if a8 TR £ A R4
B(T) #& (4) Ao 9248 4+ B, BE 7¢ F
Aot

Ol=XN AEfymAlL A¥dos 1Ea 8o
PVT A$E L EhE ST 28 287 g2

Za|o| A2071 M2& 19963 34

Table 3. Tait Equation Parameters of Various Poly-
mers in the Liquid State

Pa;’:e' BPA-PC | BCPC | HFPC | PMMA

afcm/g) | 078877 | 067373 | 0.61107 | 0.82184
a,(cm/g 'C) [3.4318 x 10744.8975 x 10794.8975 x 1074 2.841 x 10°*
afem¥g C?)E5705x 107 2.3698 X 107 117301 X 107 18.1726 X 107

By{bar) 3489 3489 2366 3000

B(C) 149207x10794.9207x 107%.1559 x 10~ §5.082 X 10~

Tt BXE Aloldl ZEsls Joz Ry 22
7] 1A AH|AE sjAeteHlA s ol 28 A
B Hy2le] ekt BapEtel z43te g
FARsto & Aol FHEEAIRE o] @HoE FEH
A Aol A8S AR NUA g A
UA 7] wfoll Exte] 2 Lennard-Jonesd
6-12 potential &2 square-well potential g+E
Agsiel AgRTh ol 24 AEgBAe st
Lubd "hH e oj]7}4] ensembleE % canoni-
cal ensembleZ5-E| partition functiong T8}
o) ZRE oArx] @9s TS AHI vl F
AAE B3l Fate otk FAE nHAERl
continuum mechanics Ale]9] A= F2 FAY
g SeiAl AZe] 7hEdl €A dRlyes
AEEE &4 75 €983 $4(macroscopic

thermodynamic variables) 52 22}50] 2= o

e e

¥ 4> (microscopic thermodynamic variables) S92}
A HAERZRE d& U FAK9EY &
12 ensemble®] Hyit AZHE HFo| e er
godic 73 A|28l9) 7t stateol] BabEe] ol
% 9= 888 =Usitl: equal prior probability
9} MR RE &gt Al2dle] RE 7HEe en
ergy stateSo]| ExtEol J& FEFE Uehls
Boltzman?] 2¥34¢23E $53 canonical par-
tition function(@)& & (p) ¥ Helmholz A+
Az (A9 the 22 TAE 21 AN

p=(3A/3V)r=KT(3ln Q/3V)r (5)
AAA LR SA] ABE Yrhhs ezt

A ol 22 Aol FEHNUEH ol5E A

A7Hx] B& = cell theory,! 415 lattice-fluid the-
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ory® 1! 2 hole heory£1213 U¥ 4 Qt}. o]& 4
g AoAe nix £d9 PVT AFE 73
Q) reduced proserties® UERACH & A9
A g, R % g o537 2L AY
characteristic f-opertiesg] p*, T*, v* (22
2 ¥ reducec propertiesql p=p/p*, T=T/T*,
v=v/v*2 UEPITH AH) B4 o] 5 M7HA re-
duced propertics®] BAE Uehfs Aoz mE
TR g8 I VT AFE & ZA8H= universal
function®o] = o] corresponding state principle2
dHd oz 7= 3t} Cohesive energy density$}
AB9Ee p*, T 9} hard core volumedl] 3jE3t=
7} ofe] ZiRel dEiR AY PEEERE AR
H IRA BA<| PVT AFS A4 o2 RE
% % stk

122 Ao PVT AFE Yehlle A7IA] 257
% cell theory = partition functionol] 7]o33}=
modeE EA5e UF £&%0] 93t internal mode
9} Bx}7re) Qle | )3t external moded] $7FR|Z
tHe Prigogine¢ cell theoryol!® 7|28 =1 glo
v I 7P deEl AHgElE 22 Flory, Orwell,
Vrij(FOV) z@dog (6) 2log FojAr}.t7 o]
cell theory Z 2ol 94 Dee} Walshof] 1415 2]3)
el AR E AT celld] 7|318HS FYHo=H
Bl 2247 molified cell model (MCM) 2 WA=
A}, o] o]2ej.1= ©A] external modeTto] PVT
Agel dFe v FFHoIYt EHFL cell F
B9 Walel ofs Gk (7) Ao U AL
2 FoJx|= Saichez-Lacombeol] 2j& Aot lat-
tice-fluid theor; = 43} 259] H3lo] W2 F3
9] W3l= uAs o Y& latticed] I7] (T2 cell
a7} )thale]l lat icedl] &3} hole F&
site2 A3t Alz"eA  dojute
combinatorial eitropy®}2] extral entropy®] H3}
E 254 ¢ A3l wE AHEL vacant sited]
ZA2 AYstt Simha-Samcyskyoll 23 etg
hole theory= .82} &4 PVT AL & 33
2 F2 FH93: lattice-fluid theory2] holefjol =
cell theoryollA{e] cell §3 H3E FAIZ 4 gt
A &8st} o] o] 2L AR o o] 2
et als 1t gdeol PVT AS & 7P J&

i

=]
™
&
KR
=2

=

2
fir g do

=

[
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>

B
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3] GARE T 2 A QAT ohE o259 ula) 3}
U] parameterE 1 7R Y FEHOZE o}

 Bstel el AgsIA gt
(1/ 0)"3/( 513-1)-(1) T) p v+1/ 2)=0 (6)

(1/ v)+p+ Tl(1-1/ 0)+(1-1/r)(1/ 3)]=0
(7

2 =RodMe o223 HHRAANE FoA] dF
2el R PVT A% u8a E429 4AF
= BARteH 7Pg gy ol&5e  Sanchez-
Lacombe?] lattice-fluid theory®} Flory, Orwell,
Vrij9] cell theory & o] 23lo] PVT A7 0 ZHE]
Zyzro] aEzlol| thl characteristic properties&
T8l AT Al BAR: A AdEle) nExEY
PVT AF3% 48 oz 4% o 712 Zejshay|
°]EET PMMASY PVT A%y vludluz}l 5%
t}. AA9 PVT APRE2HE] A7)e] character-
istic propertiesE FAloll F317] sl v]AE 3)7)
AR (P, - P8 A4 99 &
742 et alel Agog ZXHE PVT A% A
g5 BAL AR5 AR A8 HEF 23 (8)

4g o) §3te] okl

Error = 3(EOS)?/N (8)

o7]o| A lattice-fluid theory2} cell
EOSE (7) 43} (6) Aoz 247}
A A¥@gkel Aol

o] 22 ArefutA Aol 23} characteristic prop-
ertiess 2%, ¢H&o] EYAQ Aoz &eix Qo
U AlAle] 8zt AloM= characteristic proper-
tiesE 7ol 2% E ¢ WL wet ok e
ek vty oz Rl A9 4 W Age B2
o vo ol =Z 35t Y}, 2E}A 0 MPa
27E 200 MPa9] H-2 o U9 JYAZHE
characteristic properties2 #4213t ABRCh= A skd
2o gy B2o] AR TS o] &3te] 18 charac-
teristic propertiesE o]&3le] 1ExIY] PVT A%F
I AATE BES o] HFLT} &} Table 4]

theory 2]
FolxH N& A
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Table 4-a. Chara :teristic Parameters of Sanchez-
Lacombe EOS an! Flory EOS Obtained from the Full
Pressure Range(( -200 MPa) Date and Errors in Pre-
dicting PVT Behs vior of Various Polymers

PC BCPC  HFPC PMMA

Sanchez-Lacombe

P*(MPa) 489 512 461 512
T*(K) 748 752 673 690
*(g/cm®) 1.2990  1.5038  1.6455 1.2795
Error ® 0.000094 0.000082 0.000076 0.000098
Flory

P*(MPa) 574 606 544 594
T™(K) 8302 8294 7309 7699
o*(g/em®) 14208 1.6479 18113 1.3972
Error 0.00004 0.000036 0.000007 0.000026

2 Error=3(E0S)? N where N is number of data. Note that
Sanchez-Lacombe E 30 and Flory EOS are given by equations
(7) and (6) in the t: xt.

Table 4-b. Chara steristic Parameters of Sanchez-
Lacombe EOS an ! Flory EOS Obtained from the Full
Pressure Data(0- 50 MPa) and Errors in Predicting
PVT Behavior of Various Polymers

PC BCPC HFPC PMMA
Sanchez-Lacombe
P*(MPa) 503 527 451 478
T*HK) 792 795 713 668
o (g/em®) 1.2817 14839 16212 1.2545
Error ® 0.000005 0.000004 0.000003 0.000003
Flory
P*(MPa) 607 639 551 580
T*(K) 8582 8586 7609 8052
o*(g/em®) 1.4115 16358 1.7943  1.3813
Error @ 0.0002  0.000002 0.000002 0.000001

) Error=3(EOS) N where N is number of data. Note that
Sanchez-Lacombe E 30 and Flory EOS are given by equations
(7) and (6) In the t xt.

Zy B AEE characteristic propertiesE& W&
g 9 (0MPa-50MPa)9t AA 4= W
(0 MPa- 200 Ml a)ellA 814 3)7] £4yog
dle] vtelyit} . Lattice-fluid theory @} cell the-
ory2 8] 3 characteristic propertiesi= A4+
ol &5 APXY U Wil wet vhE & vEh)
Qlth. Table 42 {2zt YeEbd AAH lattice-
fluid theory$} c:ll theory: vlu® AHES|A 4|
Al TEAe] FVT AS2 BASIL A8 ¢ 4

2 fr

Za| #)20W A2& 199613 3¥Y
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Fig. 5. Reduced density of BPA-PC as a fuction of re-
duced temperature and pressure. Experimental density
data were reduced by the EOS parameters in Table 4-
a. The lines in figure (a) are theoretical isobars calcu-
lated from the Sanchez EOS and those in figure (b)
are theoretical isobars calculated from the Flory EOS.
The numerical values in figure represent reduced pres-
sures.

ok, = e grel Welg BE] 73 characteristic
propertiesE AR5l 7 ¥ Weo] mExte] PVT
A%S BAR A7 AN gY PNZRH T
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