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2 %I AY TEAE FolA HEGe] PV HME i A 2§59 ZEslevc]lES =
bisphen: I-A polycarbonate (BPA-PC), bischloral polycarbonate (BCPC), hexafluoro-
polycar: onate (HFPC)$} polymethylmethacrylate (PMMA)2] PVT A%< density gradient
column. } BHEVIEE o] &3sled FA31T 0|59 AFE AFA AL Tait equation}
oA g FEH YA NES ol &3l EAFAT ol U] 7ix] 23F nEAEe] ¢y
220 32 v A0 wdls FAY pE)A BEHE AP Y -Fa-ex AFS ulg
o} AT A AR AT ol 84 ey 4al Fol E =FolA] 0|43} Sanchez-Lacombe?] lat-
tice flud theory$} Flory9l cell theory 57} 18} 7129 o™ AL uleidlx) @= 64
FGell2 of R} ¢HE-53-2E AEE vlud HBA gAStAT. 12X {Ae) PVT A
TH A 1TE AUt M dojutis RE FRAHoE FZ 2857 wlFd) Atele] uEa R
E50 VT AF 2 Aeel 84S FE6A dSshy] sl A g ¥2)(0-200 MPa) = B2
AgtE 2 98 WY (0-50 MPa)el M characteristic properties& 73T} o] 28 AreubAg 4l
ol 21 characteristic propertiesi= @4 A% 7+ Z2+31 QIR Y31 o] 2 73k gt o] Hejo)
whet oF ) HELE Bt whe Qhed W 9ol A characteristic properties& Tale] AML 9t ¥
el VT AFE o &8t 7 9ol A8 43 Wsiude PVT AFE HAEsA G389, o
b BHH A B wf 2o grel Heo)A] T8 characteristic properties® 3l R} ETFEL
AL A Fehs Aol BU; GEg 205 A& ¢ Uk

ABSTR ACT . Pressure, temperature, and volume behaviors of three polycarbonates having
differer t repeat unit and a polymethylmethacrylate were measured by density gradient col-
umn ar 4 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 gcd 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 tulated 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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Table 1. Polyme: s used in this Study

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

Lexane 131-111
BCPC  bisphenol ¢: 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 1s M,
=13,000 and M,.= 4,200.

Al 238 3} = methylene chloride Afoll =<l
bis(trichlorome yl) carbonate % triphosgene
Aldrich }2 28| FF0ol BAIgle] AHgate

ol Za)7FRU|>E F§ o] F2 AMEE phosgene
o A Aele A HFT APE olpe wh
triphosgene & 11419) ZAAe] AR WHA] B

T #AFel  eldth E o wgAel QoiA
triphosgene2 I moleo] phosgene 3 moledl &%
BhEBE 580 gold AT g W8l Yol

Uz $7180i40m HolAZlE Ade] Fuje
triethylamine-$ AME-3IGITHS Fo] Eub ]
2 Zg7tRdie Ex #7]80¢ methylene chlo-
rideo]] FolQAl Hil o]Z& dighEel] FHAA
T o8 A B A AgE EelFt
HUo|ES9) R zge Ze)~gld standardZ BA
3 GPCE A ste] A8 Ao d 4%
W W)W E ¢is) 3PA-PCe| BAMFE Bt 712
2 F3s9. B Agelx A" PMMAE
Rohm & Haas Co. 9] A&
V-811& A&t

L.
=
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Fig. 3. Specific vi lume of HFPC as a function of tem-
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Fig. 2. Specific volume of BCPC as a function of tem-
perature and pressure.
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Table 2. Values ¢’ @ and b in the Equation of 7 (p) =

a+bxp
Polymers J a b
BPA-PC ! 1478 0422
BCPC 156.0 0.467
HFPC 157.0 . 0.57
PMMA 1051 | 0287

1 k63l Tajt equationd] YdiAle hg-9
(2) Aoz vell 5= gloh

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

o7}l A] A Ci= 0.08942) hg 2r= universal
constanto]i V.0, T)E zero fHAQ] H]-E-A
T UEhlE Alo2 H3dde X FHg
o1} AeRof §-A7L o] HZele 239 polyne-

mial 4& F2 231 it
V{0, T)=ay-a;X TH+a,x T? (3)

W B(T)e Tai. parameterZ th59] (4) Aog
Fol Xt

B(T)= B, «xp(-B, T) €

4719} Tait eq ationd TEAEQ] A Ae]e} N
A A PVT J1%5& 4348 BARE + 3o
oluf 1A Jels- A HefNMY FTE ap a; ap
By B; 32 thith. Table 3oz A7l AHEE 74
DEAES AT #E AR Al distey JERNS
ok Aoz 23| Brbed 74 2:olA9 V(G
Dy 93T L=zd4 4EHE& 10 MPadlA
200 MPa71#] 1) MPa 7tA o2 A3 v 83 g
& (2)Ao) Y| uHY BME st 7Elen o]
A sl Z} { oA FF V0, DHE (3) Ao
Qo] A ap «p a5 TOIRTH E ZF 2E4Y
B(T) & (4) Hol Yoi 4+ B, B 78 +
ATt

OIER Aef#HAL A@AoR P S
PVT A%< v EhiE W3 el 18 g2

Ea|| 42051 A2& 199613 34

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

Pa::r’:e' BPA-PC | BCPC | HFPC | PMMA
alcm¥/g) | 078877 | 067373 | 061107 | 082184
a,(cm’/g 'C) [34318 x 10744.8975 x 10794.8975 x 1079 2.841 x 107
afem¥/g CE5705% 107 2.3698 X 107117301 X 107 81726 X 1077
Bybar) 3489 3489 2366 3000
B(C") 14.9207x 107349207 x 10" %.1559 x 10~ 5.082 x 10~°

T BAE Aol A8l JozRE 22t
7] 9| A E sjMstetlA]l 83 ol 2 4
g WA ale] gkt BalEte Z4ste e
FARso & Alide] FHEEAIRE o] EHo0E FEH
A Aol A AEd AANAR g dE A
UA 7] ol Exte] L2 Lennard-Jonese)
6-12 potential &2 square-well potential g%
7hgste] ApgEith. o] 24 AL {3k
YutA w2 oj#)7}A] ensembleE % canoni-
cal ensemble2 HE| partition function® JF3}a
o) 2RE AR 9% TS AW vl W
AL Bl Fete Aotk YAgE nHAl
continuum mechanics Alol9] #AE F2 FAY
g SaiAl AZe] 7hEdl A dRtyger
AEHE &4 75 4983 $4(macroscopic

thermodynamic variables) 52 2x}50] 2= o

e e

W 4> (microscopic thermodynamic variables) &9}
BAA HAgo 2R d& 7 Utk BALEY &
Bro ensembled] W[} A17A Pgel BTHE er
godic 7Hd3} Al2El9] 7+ stateo] ExMEC] Eolg
F Q= BAF S TYUsIthE equal prior probability
9 7MEERE FUdch Al2HY 2E JHEE en
ergy stateBol Ex}go] Q& FEL Uspl:e
Boltzman®| B¥3t-2HE F X8 canonical par-
tition function(@)& ¢& (p) © Helmholz A+
Auz] (A)9 tha 22 TAE #u Ao

p=(0A/0V)=kT(dln Q/aV)T (5)
AM7kx) mRa geho] AEL YEE ofH}

A ol 22 Aol FEHAEH o5 I

72 B& = cell theory,!""1*15 lattice-fluid the-
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function®] o] corresponding state principle
diFH oz 7= 5t} Cohesive energy density$}
AB9E p*, T 9} hard core volumeo)| B3 =
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EA Ao PVT AFE vehlie AVIA] 27
% cell theory = partition functiono] 7)esl=
modeE& ExlEe UE &%l 2l3l internal mode
g} Bx1719) 9l# 4| 2J3) external moded) FrA|E
tHe Prigogineé cell theoryol! 7|28 =1
o FHI2o 7FF 28] ALEE AL Flory, Orwell,
Vrij(FOV) 2d 4oz (6) 2oZ FojA}47 o]
cell theory+ 2 2ol 244 Deeg} Walshol 1415 ]3]
el AR E AT celld] 7318ty YHozH
B 28471 molified cell model (MCM) 2 ¥HAE]
Qth. o] o]&9). = ©X] external modewte] PVT
Agel dFE XL GFAoIY WFL cell ¥
o) M3l oz gyEct. (7) A9 Ao
2 ZFo]X|= Sarchez-Lacombeo] 2} A¢tE lat-
tice-fluid theor: = ¢33} 2 9] Ho ul2 7
9] Higle TAS o] Q&= latticed] 327] (FL cell
7))t lat icedl] £A3l= hole &L vacant
site® APt Az el doju=
combinatorial etropy®]9] extral entropy$] ¥H3l
g 259 ¢ H3el mtE MEL vacant sited]
272 A93r}l Simha-Samcyskyol] 93 A|etH
hole theory:= 382} &9 PVT A & 33}
2 F2 93 lattice-fluid theory@] holefjo =
cell theoryollA¢] cell 3] Walx FA1E 4 giot
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Z & o} F
5] HARIED g YA G2 o|2Ed uls 3}
o] parameterE U 71X 1 ¢ FIXOZTL o}
T Byste gl ARER get

(1/ )3/ 513-1)-(1) TH p v+1/ 2)=0 (6)

(1/ v)+p+ Tl(1-1/ 0)+(1-1/r)(1/ 9)]=0

(7N

B =Bolie ol2d AHEAAs Fol4 A%
Ae wRae) PVT ASS wid 820 4A%
& A b3 dY ol8¥: Sancher

Lacombe?] lattice-fluid theory®} Flory, Orwell,
Vrij9] cell theory & o] 23to] PVT AP0 ZHE
Zyzro] 11Ez}e| thgl characteristic propertiesZ
T8 AR Al BARE AH Ao nExEY
PVT AFd 4oz 43 o8 71x] 28718
=3 PMMAS® PVT AZx vlmstnz} 6+
o}, AAe] PVT AP ESZEE 719 character-
istic propertiesE FAlol]l F3}7] Y&l v|4E 3F)7)
Mo Z (P, - P8 R4slelgdnt. 919 ¥
742 et alel Agog & PVT AE A

olE

g HAL RE AR 8 HE 2AE (8)
42 o g3tel Toha

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

7)o A lattice-fluid theory2} cell
EOS= (7) A3 (6) 4oz 27
A ggake) Aol

o) 227 Al 2o 2)3}d characteristic prop-
ertiese 2%, ¢ A Aoz deid o
U 2Ae] &z} AloA= characteristic proper-
tiesE Tohe £E U e Wslol We) obka wey
Achlo gdaty oz nRx} Ao 4 W3l AFe] B2
o o ot FZ 5t k. 2E}A 0 MPa
258 200 MPad] e o8 999 AR ZFE
characteristic properties2 #4213} ABC= A 3kE
wo ke 2o AYARE ol g3fo] 73 charac
teristic propertiesE o]&3te] mEzIY] PVT A%
3 4ASE PR 2ol FHETL =0h. Table 40

theory 2]
Tz N2 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 Beha 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®) 1.4208  1.6479 1.8113 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*(K) 792 795 713 668
o*(g/cm®) 1.2817 14839 1.6212 1.2545
Error ® 0.000005 0.000004 0.000003 0.000003
Flory
P*(MPa) 607 639 551 580
T*(K) 8582 8586 7609 8052
e*(g/em®) 1.4115 16358 1.7943  1.3813
Error @ 0.0002  0.000002 0.000002 0.000001

2 Error=3(E0S)2 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 1B A5 characteristic propertiesE W&
g 9 (0MPa-50MPa)et A gt W9
(0 MPa- 200 M a)oll A u14g 3)7] #4yog
sle] vtelugdtl. Lattice-fluid theory £} cell the-
ory2 8| & haracteristic propertiesi= A4k
olg® AN Y Wil W vhe @ vehl
9t} Table 49 7o xtol} JebG AXT lattice-
fluid theory$} c:ll theory= BlaE HEslA A
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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.
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