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The heat capacity of poly-1-butene, poly-1-pentene, poly-1-hexene, polyisobutylene,
poly(4-methyl-1-pentene), polybutadiene, cis-1, 4-poly(2-methylbutadiene), polycyclopen-
tene, poly(viny! fluoride), poly(vinylidene fluoride), polytrifluoroethylene, polytetrafluor-
oethylene, poly(vinyl chloride), poly(vinylidene chloride), polychlorotrifiuoroethylene,
poly(vinyl alcohol), poly(vinyl acetate}, poly(a-methylstyrene), poly(o-methylstyrene), po-
Iy{o-chlorostyrene) and a series of poly(vinyl benzoate)s is reviewed on the hasis of 62
measurements reported in the literature. A set of recommended data has been derived for
each polymer. Entropy and enthalpy functions have been calculated for poly-1-hexene,
polyisobutylene, cis-1, 4-poly(2-methylbutadiene), poly(vinyl chloride), and poly(a-meth-
yistyrene). This paper is seventh in a series which will ultimately cover all heat capacity
measurements on linear macromolecules.
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1. Introduction

This is the seventh paper in a series of discussions on the
heat capacity of linear macromolecules. In the previous pa-
pers,’ ¢ the heat capacity of selenium, polyethylene, poly-

propyl—e,ﬁ—tyrene, anid series of polyoxides and-acrylic

polymers were analyzed. In this paper all the remaining car-
bon backhone polymers on which heat capacity data are
available are analyzed. These are poly-1-butene, poly-1-pen-
tene, poly-1-hexene, palyisobutylene, poly(4-methyl-1-pen-
tene), polybutadiene, cis-1, 4-poly(2 methylbutadiene), poly-
cyclopentene, poly(vinyl fluoride), poly(vinylidene fluoride),
polytrifiuoroethylene, polytetrafluoroethylene, poly(vinyl
chloride), poly{vinylidene chloride), polychlorotrifiuoroeth-
ylene, poly(vinyl alcohol), poly{vinyl acetate), poly(a-meth-
ylstyrene), poly(o-methylstyrene), poly(o-chlorostyrene),
and a series of poly(vinyl benzoate}s. In the subsequent publi-
cations, the analysis of the heat capacity of polyamides, po-
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lyesters, and linear macromolecules with hetero atoms and
aromatic groups in their main and side chains will be report-
ed.

:2:Heat-Capacity-of-Other-Carbon-Backbone

Polymers
2.1. Introduction

Heat capacity analyses of carbon backbone polymers
with large numbers of measurements available in the litera-
ture have been reported earlier. These include polyethylene,?
polypropylene,® polystyrene,” and acrylic polymers.® All
other carbon backbone polymers with fewer data sets avail- .
able are analyzed in this paper. The repeating unit, formula
weight, crystal structure, density, melting temperature, heat
of fusion, and glass transition temperature of these polymers
are listed in Table 1.7%
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(68.12)
CH, - CCHy =CH-CH,-

0.479
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Table 1. Crystal structures and thermal properties of various vinyl polymers —
Vinyl polymer Crystal syst. Unit ceél No. of P, Cryst. T allg Pa Amorph. Tg
{formula wt.) Space group axes an units -3y packing " -1 -3 packing
Structure of Mol. helix angles (Mg m™7) density (x) (kI mol 7} (tgm ) hcnsity )
repeat unit. (nm,deg.)
Poly-1- TRIG 1.77 18 0.951 0.66 411 7.01 0.859 0.60 249
butene 1 R3c 1.77
(56.10) 2%3/1 0.65
CHy - CHC H -
Poly-1- TETR 1.485 44 0.902 0.63 403 0.859 0.60 249
butene 11 P2 1.485
(56.10) 2*11/3
CHZ-CHCZ -
Poly-1- ORTH 1.249 s 379 0.859 0.60 249
butene III 0.896
(56.10)
CHZ-CHCZUS-
CPelyTIE “MONO™ 17135 12 07923 0,65 HO3TTEI3T 0BS5S0 0760 2337
pentene 2%3/1 2.085
(70.13) 0.649
CH,- CHC4 11~ 8=99.6
Poly-1- NONO 2.22 14 0.726 233
hexene 2772 0.889
(84.16) : 1.37
'CIIZ'LHLAHD- Y=94.5
Poly(4- TETR 1.854 28 0.822 0.57 523 9.93 0.838 0.58 302
methyl-1- Pa 1.384
pentene) 2*%7/2
(86.16)
CHy-CHICU, -
CH(-CHI3),]-
Polyiso- ORTH 0.694 16 0.964 0.67 317 1z2.0 0.915 0.63 200
butylene P272;23 1.196
(56.10) 2*3/3 1.863
FHZ-C(Cﬂs)Z-
1,4-Poly-
butadiene,cis MONO 0.460 4 1.011 0.68 2B4.6 9.20 0.902,. 0.61 171
(54.09) - C2/c 0.950
CH,-CH=CH-CH,- 8*1/1 0.860
. 2 69~
1,4-Poly- MONO 0.863 4 1.036 0.69 415 3.61 - - ‘215
butadiene, P23/a 0.911
trans 4*1/1 0.843
(54.09) B=114
CH,-CH=CH-CH,-
2 -2
1.4-Poly(2- IORTH 1.246 8 1.009 0.68 301 4.36 6.910 0.61 200
methyl- Pbac 0.886
butadiene), 8%1/1 0.81
cis .
(88.12)
CH,-CCHy=CH-
CHZ'
1,4-Poly(2- ORTH 0.783 4 1.025 0.69 355.4 10.55 0.905 0.61 215
methyl- P2123121 1.187 .
butadiene), 4%1/1
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Table 1. Crystal structures and thexmal properties of various vinyl polymers--Continued

Vinyl polymer Crystal syst. Unit cell No. of Pe Crystal T AHf » Amorph. Tg
(formula wt.) Space group axes and units M m-S) packing n xJ -1 M a.3 packing ..
structure of Mol. helix angles 2 density ® | mol 7) (Mg m ™) density (X
repeat unit. {nm, decg.)
Polycyclo- ORTH 0.728 4 1.051  0.71 159 (cis)
pentene, Pnam 0.497 —
trans 5%2/1 1.190 183(trans)
(B8 ’ ’
CH=CH- (CH,") 5
Poly(vinyl ORTH 0.857 2 1.430 0.72 503 7.54 314
fluoride) Cm2m 0.495

(46.04) 2%1/1 0.252
CHZ-CHF-
Poly(vinyl~ ORTH 0.847 2 2.002 0.84 483 6.69 1.672 .70 233
idene Cm2m 0.490
-—-fluoride)- 251/ 0.256
(64.04)
CHZ-CFZ‘
Polytri- TRIG 0.559 1 2.013 304 7
fluoro- 0.250

ethylene

(82.02)
CHF-CF,-
Polytetra- TRIC 0.559 13 2,347 0.80 600 3.42

fluoro- Pl 0.559

ethylene 1 1*13/6 1.688

(100.02) 90
CF,-CF - - 90

272 110.3
Polytetra- TRIG 0.566 15 2.302 0.78 2.000 0.68
fluoro- (P33 or 0.566
ethylene II P35) 1.950

(100.02) 1*15/7 .
CFZ-CbZ-

Poly(vinyl ORTI} 1.040 q 1.477. 0.68 546 i1.0 1.41 0.5 354
chloride) Pbem 0.530 :
(62.50) 4*1/1 9.510

CHZ-CI{CI-
Poty(vinyl= -MONO— 07673 -4- 17957 D36 -4035- 106 vb4-  ZEb—-
__idene P21 0.468

chloride)” 4*1/1 1,254

(96.95) 8=123.6

CHZ-CClz- :
Polychlore- TRIG 0.634 14 Z.i22 V.58  4y3 5.02 z.08 0.54 325
trifluoro- 3.5

ethylene-

(116.47)
CFz-CFCl-
Poly{vinyl MONO 0.781 2 1.350 0.77 505 6.87 1.23 0.74 358
alcohol) P231/m §.251

{44.05) 2*%1/1 0.551
Cﬂz'-CIlOH- 8=91.7

Poly(vinyl 305
acctate)

(86.08)
CHZ-CH(OOCCHS) -

441

Poly-a-methyl- TRIG
styrene

(118.17)

Cllz-C(CIIS)-

(C4Hig)-

.1 Dhue Nham Raf Nata Val 12 Na 1 1082
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Table 1. Crystal structurcs and thermal properties of various vinyl polymers--Continued

¥iny1 polymer Crystal syst. Unit cell No. of n Crrstal T Auf fe Amorph. TL
formula wt.} Space grou axes and units -3 ackin . -1 -3 kin: 8
structure of Mgl. helixp angles (g m 73 Konsit§ (K) (kI mol %) (M m™7) E:ﬁsiti (K)
repeat unit. (nm, deg. )

Poly-o-methyl- TETR 1.901 16 1.072 0.65 409
styrene T4ycd AP §]

(118.17) | 2%4/1

Clly~CH{CgH ,Cl15) -

Poly- o- ) 392
chloro-

styrene

(138.60)

CH,~ CH(Cgl1,C1) -

Poly(vinyl 347
benzoate)

(148.15)
g CHO0CHg)-

Poly(vinyl-p- 330
ethylbenzoate)

(176.21) }

CHZ-CH(OOCC6H4CZHS)-

Poly(vinyl-p- 335
isopropyl-

benzoate)

(190.23)

CHZ‘CH(OOCC6H4C3H7)-

Poly(vinyl-p- 600 394
tert-hutyl-

benzoate)

(204.26)

CHZ-CH(OOCC6H4C4H9)

2.2. Recommended Heat Capacity Data and data (discussed in Ref. 1). Details of these investigations are

Thermodynamic Functions givenin Table 2 Heat capacities of four semicrystalline sam-_
2.2.1. Poly-1-butene ples of various crystal forms and a molten sample have been
measured from 22 to 630 K.
Three investigations™'®!! have been reported in the li- The data on these samples are given in Tables A1to A3.

terature on the heat capacity measurements of poly-1-bu- Tables A1 to A3 have been deposited with the Physics Auxil-
tene. All the measurements meet our standards of acceptable  iary Publication Service of the American Institute of Phy-

Table 2. Heat capacity measurements of poly-i-butene

Investigator Sample no., Temperature  Experimental = Source of
characterization range (K) technique data .
(claimed uncertainty)
Dainton et al. 9. Iéotactica 22-310 Adiabatic
(1962) [9] woo= 0.44 (1%) Table
Wileki and 10. Isotacticb
Grewer (1964) p=0.04 Mg m 260-430 Adiabatic Graph
(10] (unreported)
11. Atactic® .y 250-420 Adiabatic Graph
Auf = 0.85 kJ mol (Unreported)
p = 0.8795 Mg m~3
we = 0.13
12. Isotacticd . 250-380 Adiabatic Graph
AHE = 5.33 kJ mol (Unreported)
p o= 0.9204 Mg mS
wS = u.70
Bares and 13. pbltene, isotactic 410-630 DsC Table
Wunderlich . ) (1%)

(1973) [11]

2The powder used was 44% crystalline (X-rays) and contained 37% trigonal and 7% tetragonal
crystals and was probably still converting slowly during the measureiments, although no

evidence for this was found from the heat capacity measurements.

bX-ray analysis shows that the crystalline fraction (w© unknown) consists of approximately

equal parts of trigonal and orthorhombic crystals.

CPredominantly atactic sample containing small crystalline (trigomal) portion.

dExclusively trigonal crystals.
eOriginally tetragonal crystals.

J. Phvs. Chem. Ref. Data. Vol. 12. Na. 1. 1883
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Recommended heat capacity data for semicrystalline

Table 3. Table 4. Recommended heat capacity data for -
(wC = 0.44) poly-1l-butene below the glass transition.’ molten ggly—l—butenea
T(K) Heat capacity T{K) Heat capacity
@ mo1 ix (3 mo1 1k 1y
0.0 0.0 249.D(Tg] 107.6
10.0 0.9595 250.0 . 107.8
20.0 5.415 260.0 109.7
30.0 10.20 270.0 111.5
40.0 14.86 273.15 112.1
50.0 19.26 280.0 113.3
60.0 23.27 290.0 115.2
70.0 27.01 298.15 116.7
80.0 30.69 300.0 117.0
90.0 34.30 310.0 118.9
100.0 37.78 320.0 120.7
110.0 41.106 550.0 122.6
120.0 44.35 340.0 124.4
130.0 47.47 350.0 126.2
140.0 50.48 360.0 128.1
150.0 53.38 370.0 129.9
160.0 56.22 380.0 131.8
170.0 59.08 390.0 133.6
180.0 62.06 400.0 135.5
190.0 65.14 410.0 137.3
200.0 68.40 411.0[Tm) 137.5
210.0 71.88 420.0 139.1
220.0 75.05 430.0 141.0
230.0 78.32 440.0 142.8
240.0 ' R1.5Q 450.0 144.7
249.0(T,) 84.54 460.0 146.5
470.0 148.4
7;;;;4t$ble may co;;;in‘more siékifi;ant figures th;n ) 480.0° T2
justified by both source of data and data treatment. The extra 490.0 152.0
significant figures are included only for the purpose of 500.0 153.9
smooth representation. 510.0 155.7
520.0 157.6
530.0 159.4
sics. Since the heat capacity data reported are for various s40-0 1613
crystal types and the data on these semicrystalline samples 550.0 1631
overlap over a very limited temperature range (250 to 330 K), 560-0 ros.9
the calculation of the heat capacity of crystalline and amor- 5700 166.8
phous poly-1-butene from the crystallinity extrapolations izz Z i: :
600.0 172.3
610.0 174.2
200  620.0 176.0
160 630.0 1 77. 9
Cp ‘ a.The table may contain more significant figures than justified
(\)HWOFIKJ) by both source of data and data treatment. The extra significant
. figures are included only for the purpose of smooth representation.
80
a0 using the two phase model was not attempted. Recommend-
: ed data for the heat capacity of semicrystalline poly-1-bu-
0 tene (w® = 0.44) from O K to the glass transition temperature

0 I00 200 300 400 500 600
Temperature (K)

F1c. 1. Reccommended heat capacily data for poly-1-butene (PBE), poly-1-
pentene (PPE), and poly-1-hexene (PHE).

(249 K)) and of molten poly-1-butene from 249 to 630 K only
have been derived.

The heat capacity data on sample 9 are taken as the
recommended data from 0 to 210 K. The heat capacity val-

_:. Phvs: Chem.Ref. Data..Vol. 12. No. 1. 1983
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ues from 220 to 240 K are somewhat higher, because they are
associated with the beginning of the glass transition. The
recommended data from 220 to the glass transition tempera-
ture 249 K were determined by linearly extrapolating the
data below 220 K. The heat capacity values from 180 to 210
K were curve fitted into the equation

C, =0.3272 T+ 3.066 Jmol 'K~ (1)

The rms deviation was 0.1%. The recommended values
for the heat capacities of poly-1-butene below the glass tran-
sition are listed in Table 3 and plotted in Fig. 1.

The recommended data on heat capacity of molten
poly-1-butene were determined by curve fitting the data on
samples 10, 11, and 13 from 390 to 630 K into the equation

C,=0.1843 T+ 61.73 Jmol 'K~ 2)
The rms deviation was 0.7%. Equation (2) was used to

calculate the heat capacity of molten poly-1-butene from 249.

to 630 K. These values are listed in Table 4 and plotted in
Fig. 1. '

2.2.2. Poly-1-pentene

Only one investigation'? has been reported in the litera-
ture which deals with the heat capacity of poly-1-pentene.
The investigation meets our standards of acceptable data
(discussed in Ref. 1). Details of this investigation are given in
Table 5. Heat capacities of an amorphous atactic and two

semicrystalline isotactic samples have been reported from
200 to 460 K. The data on these samples are given in Tables
A4 to A6. These tables have been deposited with the Physics
Auxiliary Publication Service of the American Institute of

~ Physics.

Below the glass transition temperature, the heat capac-
ity of amorphous atactic and semicrystalline isotactic sam-
ples are in fair agreement. Thus the heat capacity just below
the glass transition temperature is largely independent of
crystallinity. To derive the recommended data from 200 K
to the glass transition temperature (233 K), the data on all
the three samples were curve fitted into the equation

C, =0.296 +28.7 Jmol~' K. (3)

The rms deviation was 2.1%: Heat capacity values from 200
to 233 K calculated from Eq. (3) are listed in Table 6 and
plotted in Fig. 1.

The recommended data on heat capacity of molten
poly-1-pentene were determined by curve fitting the data on
the atactic sample above T, and the isotactic samples above
T,, (Table A¢6) into the equation

C,=0294T+5614 7 mol "KL , 4

The rms deviation was 0.7%. Equation (4) was used to calcu-
late the heat capacity of molten poly-1-pentene from 233 to
479 K. These values are listed in Table 7 and plotted in Fig.
1. '

Table 5. llecat capacity measurements of poly-l-pentene
“investigator  Samplie mo.; T —Temperature  CXperimental- —————Source—of—
characterization range (K) technique data
(claimed uncertainty)
Gianotti and 14. Atactic 200-410 DSC Table?
Capizzi (1968) M, = 490,000 (1%}
[z} c
w =0
15. Isotactic (Form I) 200-470 DSC Table?
w€ = 0.42 (1%)
16. Isutactic (Form II) 210-460 DSC Table?
w < 0.54° (%)

?Data were interpolated using spline function technique to give heat capacities

at every tem degree inturval.

b

Crystallinity estimated from ACp at the glass transition.

4. Phys. Chem. Ref. Data, Vol.

Table 6. Recommended -heat _capacity._data fo;

poly-1-pentene below the glass transition

T(K)

Hoat capacity

(J mol~1K:})
200.0 87.90
210.0 90.86
220.0 93.82
230.0 96.78
233.0(T,) 97.67

a. 3 s sps s
The table may contain more significant figures than

justified by both source of data and data treatment. The

extra signiticant figures are included only for the purpose

of smooth representation.
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Table 7. Recommended heat capacity data

for molten poly-l-pentene.

T(K) Heat capacity

3 mol'lK_l)
Z33.0(Tg] 124.7
240.0 126.7
250.0 1720 7
260.0 132.6
270.0 135.5
273.15 136.5
280.0 138.5
290.0 141.4
298.15 143.8
300.0 144.4
310.0 147.3
320.0 150.2
330.0 155.2
340.0 156.1
350.0 159.1
360.0 162.0
370.0 165.0
380.Dv 167.9
390.0 170.8
400.0 173.8
403.0(Tm) 174.7
410.0 176.7
420.0 179.7
430.0 182.6
440.0 185.5
450 0 1825
460.0 191.4
470.0 164.4

Bms s PP, .
The table may contain more significant figures than

justified by both source of data and data treatment. The
extra significant figures are included only for the purpose

of smooth representation.

2.2.3. Poly-1-hexene

Only one investigation'>'* has been reported in the li-
terature which deals with the heat capacity of poly-1-hexene.
The investigation meets our standards of acceptable data
{discussed in Ref. 1). Details of this investigation are given in
Table 8. The heat capacity of a quenched, amorphous sample
has been measured from 20 to 290 K. The sample was then
cooled slowly at 0.15 K h™" and the heat capacity was re-
measured from 35 to 250 K. An anomalous behavior just
outside the error limits was observed at 80 K. The data on
both the samples are given in Table A7. Table A7 has been
deposited with the Physics Auxiliary Publication Service of
the American Institute of Physics. Heat capacity data on the
quenched and slowly cooled samples agree within 0.3%, ex-
cept in the temperature range from 60 to 100 K.

The heat capacity data on sample 1 are taken as the
recommended data from 0 to 190 K. The heat capacity val-
ues at 200 to 210 K are somewhat higher, because they are
associated with the beginning of the glass transition. The
data from 200 to 223 K(7}) were determined by linearly
extrapolating the data below 200 K. The heat capacity val-
ues from 170 to 190 K were curve fitted into the equation

C, = 0.5645 T — 0.8067 J mol ' K. (5)

The rms deviation was 0.1%. The recommended data on the
heat capacity of amorphous poly-1-hexene are listed in Table
9 and plotted in Fig. 1.

The recommended data on the heat capacity of molten
poly-1-hexene were determined by curve fitting the data on
both quenched and slowly cooled samplcs above the glass

.transition into the equation

C,=03701T+67.65 mol 'K~%. (6)

The rms deviation was 0.6%. Equation {6) was used to calcu-
late the heat capacity of molten poly-1-hexene from 223 to

'290 K. These values are listed in Table 9 and plotted in Fig.

1.

Table 8. ileat capacity measurements of poly-l-hexcne

Investigator Sample no. Temperature Experimental Source of
characterization range (K) technique data
(claimed uncertainty)
Bourdariat 1. ﬁn = 350,000 20-290 Adiabatic Table
et al. . i . (0.4%)
(1973) M, = 1,050,000
[13. 141 .
Cooled at 250 K h™*
b= 0.8540 Mg WO
w© = 9 (X-Ray)
2. Sample 1 cooled at  320-250 Adiabatic Table
0.15 K h't (0-4%)

J. Phys. Chem. Ref. Data, Vol. 12, No. 1, 1983
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Table 9. Recommended thermodynamic data for amorphous

GAUR, WUNDERLICH, AND WUNDERLICH

poly-1-hexene?

T(X) Cp H2 - H3 s3 - 52
(J mol 1k ] @mol'y  @mer k-
0.0 0.0 0.0 0.0
20.0 9.091 90.91 4.55
25.0 12.35 144.5 6.92
30.0 16.42 216.4 9.52
20.0 24.00 418.5 15.26
50.0 30.16 689.3 21.27
60.0 36.71 1023 27.35
70.0 42.67 1420 33.46
80.0 48.33 1875 39.52
90.0 53.74 2385 45.53
100.0 's9.08 2950 51.47
110.0 64.30 3566 57.3%
120.0 69.61 4236 63.17
130.0 74.68 4957 68.94
140.0 79.88 5730 74.67
150.0 84.96 6554 80.35
160.0 89.69 7428 85.99
170.0 95.11 8352 91.59
180.0 100.9 9332 97.19
150.0 106.4 10368 102.8
200.0 112.1 11460 108.4
210.0 117.7 12609 114.0
220.0 123.4 13815 119.6
223.0(T,) 125.1 14188 121.3
225.0(1,) 150.2 14188 121.3
230.0 152.8 15248 126.0
240.0 156.5 16794 132.6
250.0 160.2 18378 139.0
260.0 16379 19998" 14574
270.0 167.6 21655 151.6
273.15 168.7 22185 153.6
280.0 171.3 23349 157.8
290.0 175.0 2508‘1‘ 163.9
a,

justificd by both source of data and.data trcatmont.

extra significant figures are included only for the purpose of

smooth representation.

The table may contain more significant figures than

The

Enthalpy and entropy of amorphous poly-1-hexene
were calculated from 0 to 300 K by numerically integrating
the heat capacity data. These thermodynamics functions are
listed in Table 9.

2.2.4. Polyisobutylene

Two investigations'>'¢ have been reported in the litera-
ture on the heat capacity measurements of polyisobutylene.
Both the measurements meet our standards of acceptable
data (discussed in Ref. 1). Details of these investigations are
given in Table 10. The heat capacity data for atactic, amor-
phous samples have been reported from 14 to 380 K. The
data on these samples are given in Table A8. Table A8 has
been deposited with the Physics Auxiliary Publication Ser-
vice of the American Institute of Physics. Heat capacity data
associated with somewhat larger error limits have also been
reported by Egorov and Kilesso'® on an uncharacterized
sample.

More recent heat capacity data on a sample of higher
molecular weight (sample 32) are taken as recommended
data from 15 to 180 K. The heat capacity values from 190 to
200 K are somewhat higher, because they are associated
with the beginning of the glass transition. The recommendéd
data from 190 to 200 K were determined by linearly extrapo-
lating the data below the glass transition. The recommended
data from 160 to 180 K were curve fitted into the equation

C, =0.3125 T+ 1.842J mol~' K. (7

The rms deviation was 0.1%. The recommended values for
the heat capacity of glassy, amorphous polyisobutylene are
listed in Table 11 and plotted in Fig. 2.

The reccommended data on the heat capacity of molten
polyisobutylene were determined by curve fitting the data on

sample 32 from 210 to 380 K into the equation
C, =0.2446 T+ 36.71J mol ™' K™% (8)

The rms deviation is below 0.3%. Equation (8) was used to
evaluate the heat capacity of molten polyisobutylene from
200 to 380 K. These values are listed in Table 11 and plotted
in Fig. 2.

Table 10. lleat capacity measurements nf polyiscbutylone
Investigator Sample No. Temperature  Experimental Source of
characterization range (K) technique data

{claimed uncertainty)

Ferry and

Park
(1936) {15]

Furukawa and 32,

Reilly
(1956) [16]

31

A
M

M

5,

ta
n
o]

~

t+i

-
4,900

0.9074 mg m” 3

Atactic;
Vistanex B-100
(Ls>0
0il)

="1,350,000
1,560,000

3tandard

1720-2490 Anerni.l Table

(Unreported)

14-380 Adiabatic Table

(Unreported)

J. Phys. Chem. Ref. Data, Vol. 12, No. 1, 1983
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Tahle 11. Reccommended thermodynamic data for polyisohUCylenc“

T(K) Cp H.? - Hg S.?. - Sg
{J mal_IK—I] (} mol_l) J mol>1K_1]
0.0 0.0 0.0 0.0
15.0 3.008 22.56 1.504
20.0 4.663 41.74 2.588
25.0 6.301 69.15 3.801
30.0 7.839 104.5 5.085
40.0 10.76 197.5 7.74
50.0 13.69 319.7 10. 45
60.0 16.78 472.1 13.22
70.0 20.10 ] 656.5 16.05
80.0 23.65 ) 875.2 18.97
90.0 27.34 1130 21.96
100 0 in_a7 1421 25.03
110.0 34.58 1749 28.15
120.0 38.15 2113 A 31.31
130.0 41.72 2518 34.56
140.0 15.20 2053 37.78
150.0 48.50 3422 41.01
160.0 51.82 . 3924 41,25
170.0 55.01 1458 47.49
180.0 58.07 5023 50.72
190.0 01.22 5020 . 55.94
200.0(T,) BCETEL 0247 £7.16
200.0(7) 85.63 6247 57.16
210.0 88.07 1106 61.40
220.0 90.52 3009 65.55
230.0 92.97 8926 69.63
240.0 95.41 9808 75.64
250..0- 9786, 10835 77.58
260.0 100.3 11825 . 81.47
270.0 102.7 12840 85.30
273,15 105.3 13164 86.50
280.0 105.2 13880 89.08
200.0 107.6 14944 92.82
298.15 109.6 15828 95.83
300.0 110.1 16032 96.51
310.0 112.5 - 17145 100. 2
320.0 115.0 182853 103.8
330.0 117.4 19445 107.3
340.0 119.9 20631 110.9
350.0 122.3 21842 114.4
360.0 124.8 23078 117.9
570.0 127.2 24338 121.3
38070 166.7° 25632 12377

3The table may contain more significant figures than
justified by both source of data and data treatment. The
extra significant figures are included only for the purpose

of smooth represcntation.

Enthalpy and entropy of amorphous polyisobutylene
were calculated from O to 380 K by numerically integrating
the heat capacity data. These thermodynamic functions are
listed in Table 11. :

150

120
Co
(mol'K™)

60

30

0 ]
(6] 100 200 300 400
Temperature (K}

F1G. 2. Recommended heat capacity data for polyisobutylene (PIB}, poly(4-
methyl-1-pentene) (PAMI1P), cis-1, 4-poly(2-methylbutadiene}
(P2ZMBD), and polycyclopentenc (PCPE).

2.2.5. Poly(4-methyl-1-pentene)

© Twoinvestigations'>?® have been reported in the litera-
ture on the heat capacity measurements on poly(4-methyl-1-
pentene). Both the investigations meet our standards of ac-
ceptable data (discussed in Ref. 1). Details of these
investigations are given in Table 12. Heat capacities of four
samples of crystallinity from 0.28 to 0.65 have been mea-
sured over a temperature range of 85 to 540 K. The data on
these samples are given in Tables A9 to A11. Tables A9 to
A11 have been deposited with the Physics Auxiliary Publi-
cation Service of the American Institute of Physics.

Below the glass transition temperature, the heat capac-
ity has very limited dependence on the crystallinity. The rec-
ommended data on the heat capacity of poly(4-methyl-1-
pentene) below the glass transition were determined by curve
fitting the data on samples 5, 6, 7, and 8 from 80 t0 290 K into
the equation

C, = exp[0.158247(In T')* — 2.35568(In T')*

+ 12.468(In T) — 18.862] J mol~' K. 9)

The rms deviation was 0.5%. Equation (9) was used to calcu-
late the recommended values from 80 to 303 K. These data
are listed in Table 13 and plotted in Fig. 2.

Above the glass transition the heat capacity data (Table
A10) are available for samples of very similar crystallinity
only. The data are in quite good agreement, but cannot be
extrapolated with respect to crystallinity to determine the
heat capacity of completely crystalline and amorphous
poly(4-methyl-1-pentene)s.

The heat capacity data for molten poly(4-methyl-1-pen-
tene) (Table A11) are available over a very limited tempera-
ture range (520 to 540 K). Since the heat capacity—tempera-
ture slope is not well established, it would not be very
accurate to extrapolate the molten heat capacity values
down to the glass transition temperature.

J. Phys. Chem. Ref, Data, Vol. 12, No.1,1983.
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Table 12. Heat capacity measurements of poly(4-methyl-3}-pentene)

Investigator Sample no., Temperature Experimental Source. of
characterization range (K) technique . data
(claimed uncertainty)
Karasz et al. 5. Powder 80-420 Adiabatic Table?
(1967) [19] (P4MP; Union Carbide) (0.4%)
M= 140,000
P = 0.8325 Mg m™>
6. Sample 5 cooled from 270-540 Adiabatic 270-420 K:Table?
423 K at 10K h-1 (0.4%) 520-540 Ké
Allf = 3.01 kJ mo1-1 Equation
w® = 0.29
7. Samplc § cooled from 100 540 Adiabatic 100-480 K:Tablic?
8 K at 10 K h-1 (0.4%) 520-540:
bl = 2.89 kJ mol-1 Equationb
w = 0.28
Melia and 8. Commercial Research 80-310 Adiabatic Table
Tyson (1967) Sample (Unreported)
[20] (I.C.1.)

w = 0.65 (x rays)

%pata were interpolated using the spline function technique to give heat

capacities at every ten degree intervals.

b

the equation C, = 0.3368 T + 74.51 J mo1” Ix”

1

(RMS dev. = 0.2%). This

Data above the melting transition on samples 6 and 7 were curve fitted into

- equation was used to calculate the heat capacity of molten poly(4-methyl-1l-pentene)

listed in table All.

Table !7. Recommended heat capacity data for
poly(d-methyL~1-pentene]'below the glass transitiona
T(K) Heat capacity
J mol 1k”
80.0 47.21
90.0 52.54
100.0 57.52
110.0 62.22
120.0 66.72
130.0 71.06
140.0 75.29
150.0 79.45
160.0 83.57
170.0 87.66
180.¢ 91.75
190.0 95.87
200.0 100.0
210.0 104.2
220.0 108.4
230.0 112.8
240.0 117.1
250.0 7121.6
260.0 126.2
270.0 130.8
273.15 132.3
280.0 135.6
290.0 140.4
298.15 144.5
300.0 145.4
303.0(T,) 147.0

a - s s .
The table may contain more significant figures than

justified by both source of data and data treatment. The

extra significant figures are included only for the purposc

of smooth rcprescntation.
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Table 14. Heat capacity measurements of 1,4-polybutadiene

Investigator Sample no., Temperature Experimental Source of
characterization range (K) technique data
{claimed uncertainty)

Dainton et al. 45. trans-1,4-polybutadiene 22-340 Adiabatic Table
{1962) (9] 96.2% pure (1%)
3.8% 1,2 addition
46. cis-1,4-polybutadicne 22-310 Adiabatic Table
947 pure (1%)

3% trans isomer
3% 1,2 addition

N d
’ 5 a aci o 1,4-poly d
Table 15. Heat Cap’_l(lilfi of two 1 polybutadicnes 2.2.6. 1,4-Polybutadiene
in J mol °K . .
= 1 . 1,4-polybutadiene has several stereochemical modifica-

b tions. Heat capacity measurements have been made for the

10 (n snns)? (1.179) N ) I N
2 (4.810) (6.523) two geometrical isomers cis-1,4-polybutadiene and trans-1,
% o 708 170 4-polybutadiene by Dainton et al.” The measurements meet
w0 L4 50 6.1 our standards of acceptable data (discussed in Ref. 1}. Details
" X s. e 19,08 of their investigation arc given in Table 14. The data on these
o e - s samples are given in Table 15.
" s 2616 Earlier measurements by Furukawa and McCoskey?!
o ;9 ' o e were made on impure samples and are thus not included
o0 02 . here. Yagfarov®? and Stellman et al.” have also measured
0o 4 ’ 9; e es heat capacity of various 1, 4-polybutadienes, but only over a
116 - ' . . ' 3‘4 very limited temperature range.
' ’ Heat capacity measurements of Dainton et al.® were
120 40.70 40.05 . .
made on slowly cooled, semicrystalline samples of unknown
130 43.53 42.82 . . . .
crystallinity. Below 80 K, the cis-1, 4-polybutadiene has a
140 46.26 45.62 . . N
higher heat capacity (decreasing from 20% at 20 K to zero at
159 . 45.99 48.50 -
Leo G o1 65 03 80 K). From 80 K to the glass transition temperature the
o7 2.92 v ...
glass transition heat capacities are about equal. Above the glass transition
170 54,52 69.72 the cis-1, 4-polybutadiene shows signs of defect rearrange-
180 57.88 73.78 ment and melting.
glass tramsition
190 75.83
200 68.80 79.62
210 74.21
2 78.70 2.2.7. cis-1, 4-Poly(2-methylbutadiene)
30 :3 42 Perhaps the first heat capacity measurement on any
o 56 polymer was made on natural rubber in 1889 by Gee and
250 34-39 _ Terry.?* Later measurements were made by LeBlanc and
260 100.6 melting Kroger in 1928.%2° High precision heat capacity measure-
270 107.2 95.79

ments on natural rubber were made in 1935 by Bekkedahl
80 114.3 97.52 and Matheson®® between 14 and 320 K, who discussed other

290 121.9 99.09 early measurements on rubber. After several decades, a re-
1350 1o-e _view by Gehman®’ on the thermal diffusivity of natural rub--
310 182.3 101.8 ber showed discrepancies in Bekkedahl and Matheson’s
320 124.1 data. Wood and Bekkedahl®® found on reexamination of
330 135.5 heat capacity data on many rubberlike substances that above
340 147.5 the glass transition temperature (200 K), between 213 and
Sicat capacities sbave 22 K were Eitted into the Debye 298 K, slow crystallization changed their original data to
funceton C, = 16.79 DCE2) to obtain data at 10 and 20 K. lov;r;arvalues. anhtatlve(.iata on filled rubber by Hellwege ez
bHeat capacities abuvev 22 X were fitted into the Debye al. supp(.)rt t.hls FOHCIUSIOn. Bascd upon newer knOWIedge
fumction ¢ - 21.55 5CLE) to abeain data at 10 and 20 X of f:rystalhzatlon mrubbe.r, Wood and Bekkedahl proposed
! P T 1 a an . . . .
. 4 adjustments to their original data of 1935 to provide more
Planar zig-zag chain conformation to helical conformational refined data for CiS-l, 4_p01y(2_methy1butadiene)' Chang and
transition. Bestul®® have reported heat capacity values for a synthetic
dsample numbers correspond to the samples described in sample of the polymer. Synthetic cis-1, 4-poly(2-methylbuta-
table 14. diene) crystallizes much more slowly than natural rubber.

J. Phys. Chem. Ref. Data, Vol. 12, No. 1, 1983
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Table lo. Heat capacity measurcments of cis-1,4-poly(2-methylbutadiene)

Investigator Samplc no., Temperature Experimental Source of
characterization range (K) technique data
- (claimed uncertainty)
Chang and 26. Contains 3% cis-3,4-poly- 20-200 Adiabatic 2-9 K:
Bestul isoprene and 1% additives. (0.05% above 15 K) Equation?
(1971) Dried at 253 K under vacuum 10-200 K:
133} for 24 h. Cooled through Table
To at 1 K h=1 and annealed
at 195 K for 48 h.
27. Sample 26 quenched through 2.0-3560 Adiabatic Z-9 K
T, at § K min-l. (0.05% above 15 K) Equationb
& 10-360 K:
Table

Zauthors tabulated data from 2.5 to 10.6 K were curve [itted into the equation

il
(RMS dev. = 0.3%).

C_ = exp{0.0116251 (1nT)3 - 0.603157 (lnT)Z + 4.6949 (1nT) - 6.88471] . J mol "K

1,-1

bAuthors tabulated data from 2.2 to 10.7 K was curve fitted into the equation

P
(RMS dev. = 0.9%)

Heat capacity of natural rubber has also been analyzed
as a function of elongation. Mayor** and Mayor and Bois-
sonnas’' have reported the heat capacity of stretched rubber
up to several hundred percent elongation at 286 and 298 K.
No change in heat capacity was discovered as long as no
crystallization occurred during elongation. Dynamic heat
capacity measurements to study the effects during elonga-

Table 17. Recommended thermodynamic data for amorphous

cis-1, 4-poly(2-methylbutadiene)?

C = exp[-0.053584Y (1nT)3 - 0.255451 [lnT)z + 4.08355 (1nT) - 6.51616) J mol K

1,-1

tion have been made by Dick and Miiller.3?

Heat capacity of quenched and annealed cis-1, 4-poly(2-
methylbutadiene) has been measured by Chang and Bestul.>
The details of the measurements from 2 to 360 K are given in
Table 16. The data on these samples are given in Table A12.
Table A12 has been deposited with the Physics Auxiliary

Publication Service of the American Institute of Physics.

Table 17. Recommended thermodynamic data for amorphous

gis~1,41p01y§2—methy1butadiene)—-Continueda

Cp - H2 - H3 a.s? a _ga a g
T &) mul?lx‘l) (JTmul"?) (&) mIl;lxgl) 1K) w o1 'Y (:Tmmr"g) ¢ i&-li?l)
0.0 0.0 0.0 0.0 190.0 74.85 7681 79.27
20 o8 0.0218 0.0108 0.0t 78.03 sus 8519
3.0 .0899 0.0777 0.0313 200.0(Tg)b 108.9 8446 83.19
4.0 .226 0.236 0.0746 210.0 . 111.0 9545 88.55
5.0 .437 0.567 0.147 220.0 112.8 10664 93.76
6.0 .721 1.14 0.250 230.0 114.7 11802 98.82
7.0 1.07 2.03 0.385 240.0 116.7 12959 103.7
8.0 1.48 3.31 0.554 250.0 118.7 14136 108.6
9.0 1.92 5.01 0.753 260.0 120.9 15334 113.2
10.0 2.41 7.17 0.981 270.0 123.2 16554 1L.Y
15.0 5.23 26.27 2.45 273.15 123.9 16943 119.3
20.0 8.32 60.15 4.37 280.0 125.4 17797 122.4
25.0 11.36 109.3 6.54 290.0 127.8 19063 126.8
30.0 14.24 173.3 8.87 298.15 129.7 20119 130.4
40.0 19.54 342.2 13.68 300.0 130.2 20353 131.2
50.0 24.34 $61.6 18.56 310.0 132.6 21667 135.5
-60=0 28.83 8275 ~23+39 520.0 135.0 23005 159.7
70.0 33.06 1136 28.16 330.0 137.5 24367 143.9
80.0 37.07 1487 32.84 340.0 139.9 25754 148.1
90.0 40.90 1877 37.43 350.0 142.4 L1166 152.2 .
100.0 44.58 2304 .41.93 360.0 144.8 28602 156.2
110.0 48.12 2768 46.34
120.0 51.57 3266 50.68 %The table may contain more significant figures than
130.0 54.93 3799 54.94 justified by both source of data and data treatment. The
140.0 " 58.23 4365 59.13 extra significant figures are included only for the purpose
150.0 61.48 4963 63.26 of smooth representation.
160.0 64.70 5594 67.33 Yhata at the glass transition temperature were obtained
170.0 67.89 6257 71.35 by linearly extrapolating the heat capacity values above and
180.0 71.06 6952 75.32
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The heat capacity of the quenched cis-1, 4-poly(2-methylbu-
tadiene) is higher than that of the annealed sample. The dif-
ference is about 2% below 15 K; it decreases to 0.1%
between 35 to 100 K and then increases to 1% at 190 K. The
lower heat capacity of the annealed sample can be attributed
to a small amount of crystallinity. Data on quenched sam-
ples are recommended for the heat capacity of amorphous
cis-1, 4-poly(2-methylbutadiene). These values are listed in
Table 17 and plotted in Fig. 2. '

Using Chang and Bestul’s data on sample 27, the enth-
alpy and entropy of amorphous cis-1, 4-poly(2-methylbuta-
diene) were calculated from 0 to 360 K. These thermodyna-
mic functions are listed in Table 17.

2.2.8. Polycyclopentene

Only one investigation®® has been reported in the litera-
ture which deals with the heat capacity of polycyclopentene.
Heat capacity of an amorphous sample consisting of 78%
trans and 22% cis bonds (T, = 173 K) has been measured
over the temperature range of 10 to 320 K using an adiabatic
calorimeter (claimed uncertainty 0.3%). The investigation
meets our standards of acceptable data (discussed in Ref. 1).

Recommended data for amorphous polycyclopentene
below the glass transition were determined by interpolating
the authors’ tabulated data using the spline function tech-
nique. These data are listed in Table 18 and plotted in Fig. 2.

Recommended data for molten polycyclopentene were
determined by curve fitting the authors’ tabulated data into
the equation -

C, =02412T+60.38 J mol 'K~

Table 18 . Recommended heat capacity data for amorphous

polycyclopentene below the glass transition®

T(K) Hleat capacity
7 wol 'kl

0.0 0.0
10.0 0.5821
20.0 3.453
30.0 9.132.
40.0 16.38
50.0 23.62
60.0 29.59
70.0 34.33
80.0 38.23
50.0 41.64

100707 14796
110.0 48.47
120.0 52.20
130.0 56.07°
140.0 60.03
150.0 64.00
160.0 67.94
170.0 71.85
173.0(Tg) 73.20

a. . s e :

The table may contain morc significant figurcs than
justified hy both source of data and data treatment. The
‘extra significant {figures are included only for the purpose

of smooth represcntation.

Table 19. Recommended heat capacity data for

molten polycyclopentenea

T(K) ‘Heat capacity
J mol-lK-l)
]73‘0(Tg) 102.1
180.0 103.8
190.0 106.2
200.0 108.6
210.0 i11.0
220.0 113.4
230.0 115.9
240.0 118.3
250.0 120.7
260.0 123.1
270.0 125.5
273.15 126.3
280.0 127.9
290.0 130.3
298.15 132.3
300.0 132.7
310.0 135.2

320.

=

137.

=

®The tablc may contain more significant tigures than
justified by both source of data and data treatment. The
extra significant figures are included only for the purposc

of smaoth representation.

The rms deviation was 0.2%. These data are listed in Table
19 and plotted in Fig. 2.
2:2.9. Poly(vinyl fluoride)

Only one investigation® has been reported in the litera-
ture which deals with the heat capacity of poly(vinyl flu-
oride). The investigation meets our standards of acceptable
data (discussed in Ref. 1). Details of this investigation are
given in Table 20. Heat capacity of a semicrystalline sample
of unknown crystallinity has been measured from 80 to 340
K. T'he heat capacity data are givenin Table A13. Table A13
has been deposited with the Physics Auxiliary Publication
Service of the American Institute of Physics.

Below 80 K, the hcat capacity has been cstablished by
summing the group contribution calculated from vibrational
frequencies and skeletal contributions calculated from the
Tarasov equation™

C,/6R =D1( f;—o) - 0.183[D1(l;—) — D{%)].{ll)

These are taken as preliminary recommended data below 80
K. They are entered in parentheses in Table 21.

The recommended data from 80 K to the glass transi-
tion temperature (314 K) were obtained by curve fitting the
data of sample 23 from 80 to 300 K into the equation

C, = exp[0.181972(In T')* — 2.60825(In T')*
+ 13.1636(In T) — 19.9019] J mol~'K~1. (12)

The rms deviation was 0.3%. Recommended data from 10 to
70 K from Eq. (11) and from 80 to 314 K from Eq. (12) are
listed in Table 21 and plotted in Fig. 3.
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Table 0. leat capacity mcasurements of pely(vinyl fluoridce)
Investigator Sample no., Temperature Experimental Source of
characterization range (K) technique data

(claimed uncertainty)

Lec and 23. Powder 80-340 Adiabatic Table
Choy [35} (Cellomer (0.3%)
Associates, Inc.)

Table 21. Recommended heat capacity data for poly(vinyl

fluoride) below the glass transition?

T(K) Heat capacity

) J mo1 'Y
0.0 (0.0)
10.0 - (0.47)
20.0 . (2.8)
30.0 (s.7)
40.0 (8.5)
50.0 S8
60.0 (14.5}
70.0 (17.1)
80.0 20.27
90.0 22.18.
100.0 23.96
110.0 25.64
120.0 27.25
130.0 28.83
140.0 30.39
150.0 31.95
160.0 33.51
170.0 35.09
36.70

T38.34

200.0 40.02
210.0 41.75
220.0 43.52
230.0 45.34
240.0 47.23
" 250.0 49.17
260 .0 S1.18
270.0 53.25
273.15 53.92
280.0 55.40
290.0 57.62
298.15 59.48
300.0 s9.91
3 62.29
314.0(T,) 63.27

aT_he table may contain more significant figures than
justified by both source of data and data treatment.- The
extra significant figures are included only for the purpose of

smooth. representation.
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FiG. 3. Recommended heat capacity data for poly(vinyl fluoride) (PVF),
poly(vinylidene fluoride) (PVF,), polytrifluoroethylene (PVF,), and
polytetrafluoroethylene (PVF,). The data for polytetrafluoroethy-

lene are for two repeat units.

2.2.10. Poly(vinylidene fluoride)

Only one investigation®>>¢ has been reported in the li-
terature which deals with the heat capacity of poly(vinyli-
dene fluoride). The investigation meets our standards of ac-
ceptable data (discussed in Ref 1). Details of the
investigation are given in Table 22. The heat capacity of a
semicrystalline sample (w° = 0.53) has been measured over
the temperature range of 5 to 340 K. The data on this sample
are given in Table A 14. Table A 14 has been deposited with
the Physics Auxiliary Publication Service of the American
Institute of Physics.

The heat capacity data on sample 22 are taken as rec-

ommended data from 5 to 210 K. The heat capacity values

Table 22.

from 220 to 230 are somewhat higher, because they are asso-
ciated with the beginning of the glass transition. The recom-
mended data from 210 to the glass transition temperature
(233 K) were determined by linearly extrapolating the data
below 220 K. The heat capacity values from 180 to 210 K
were curve fitted into the equation

C,=0221T+628 Fmol'K~%. (13)

The rms deviation was 0.2%. The recommended values for
the heat capacity of poly(vinylidene fluoride) below the glass
transition are listed in Table 23 and plotted in Fig. 3. Above
T, the heat capacity should be strongly crystallinitv denan-
dent.

llcat capacity measurements of poly(vinylidene fluoride)

Investigator Sample no.,

Temperature

Experimental Source of

characterization range (K) technique data
= (claimed uncertainty)
Choy et al. 22, Powder 5-340_ Adiabatic ) S 18 K:
(1975, 1979) (Cellomer Associates, (53 below 15 K ,Cquation
{35, 36 Inc.) 1% above 15 K) y-340¢
_ .3 Tableb
p = 1.770 Mg m
wS = 0.53
Zrabulated data from 5 to 30 K werc curve fitted into the equation

€, = oxp[-0.105192 (1) + 0.280748 (1a1)? + 2.73071 (inT) - 6.29655] J mol k!

(RMS dev. = 1.5%).

b . .
Autnuia  tabulated data weve interpolated using the spline function technique to

determine hcat capacity values at cvery ten degree interval.
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Table 23.

Recommended heat capacity data for

poly(vinylidene fluoride) below the

glass transition.

T(X) Heat capacity
@ mo1 Y
5.0 0.204
6.0 0.340
7.0 0.517
8.0 0.733
9.0 J0.087
10.0 1.28
1z2.0 1.94
14.0 2.70
16.0 3.53
18.0 4.58
20.0 5.25
25.0 7.20
}0.0 9.10
40.0 12.2
50.0 15.0
60.0 17.9
70.0 20.9
80.0 23.8
90.0 26.1
100.0 28.4
110.0 30.9
120.0 33.0
130.0 35.2
140.0 37.5
150.0 39.6
160.0 41.8
170.0 44.0
180.0 6.1
190.0 48.3
200.0 50.3
210.0 52.8
226.0 54.9
230.0 57.1
233.0(Tg) 57.8

2.2.11. Polytrifluoroethylene

Two investigations***” have been reported in the litera-
ture which deal with the heat capacity of polytriffuoroethy-
lene. Details of these investigations, which meet our stan-
dards of acceptable data {discussed in Ref. 1), are given in’

Table 24. Heat capacity of two samples have been measured
over the temperature range of 23 to 340 K. The data on these
samples are given in Table A15. Table A15 has been deposit-
ed with the Physics Auxiliary Publication Service of the

American Institute of Physics.
The heat capacity data from the two measurements

Table 24. Heat capacity measurements of polytrifiuoroethylene
Investigator Sample no., Tomporaturc Experimental Svuite uf
characterization range (K) technique Data
(claimed uncertainty)
Sochava 24, ® 23-120 Adiabatic Table
(1960) {37] (Unreported)
Lee and Choy 25. Mildly crosslinked g0-340 Adiabatic Table
(1975) [35] (0.3%)

2No sample characterization reported.

! Phys. Chem. Ref. Data, Vol. 12, No. 1, 1983
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Table 25. Recommended heat capacity data tor

P |
polytrifluorocthylenc helow the glass transition

T(K)

tieat capacity
@] mol'lKA

)

130.0

170.0
180.

o

190,
200.
210.

0
0
0

220.0

230.0

240.0

250.0

260.0

270.0
273.15
280.0
290.0
298.15

300.0

304.0(T,)

10.02
1Z2.29
15.24
17.61
20.28
23.65
26.43
29.99
33.21
36.15
38.89
41.48
43.97
46.39
48.78
51.16
53.56
55.99
58.46
61.00
65.61
66.31
69.11
72.01
75.02
78.16
79.18
81.43
84.84
87.73
88.40
89.87

2The table may contain more significant figures than

justified by both source of data and data treatment. The

extra significant figures are included only for the purpose

of smooth representation.

. overlap the temperature range from 80 to 120 K. The data.

arein good agreement from 80 to 90 K, however, from 100 to
120 K the data of Sochava on sample 24 are somewhat lower
(3%-5%]. Similar deviations in Sochava’s data above 100 K

have been observed for other polymers.® Thus, data on sam- -

ple 24 above 80 K were discarded. ‘

From 25 to 70 K the data on sample 24 are taken as
recommended data. To determine the recommended heat
capacity data for polytrifiuoroethylene from 80 to the glass
transition temperature (304 K), the data on sample 25 from
80 to 290 K were curve fitted into the equation

C, = exp[0.31096(ln T)* — 4.66766(In T}
+24.1307(In T') — 39.0029] Tmol~1 K1 (14)

" The rms deviation was 0.4%. Recommended data from 25 to

70 K from sample 24 and from 80 to 304 K from Eq. (14) are
listed in Table 25 and plotted in Fig. 3.

2.2.12. Polytetrafluoroethylene

Six investigations®®>*~*? have been reported in the liter-
ature which deal with the heat capacity of polytetrafluor-
oethylene. Details of these investigations, which meet our
standards of acceptable data (discussed in Ref. 1), are given
in Table 26. The heat capacity of nine samples has been mea-
sured from 0.3 to 720 K. The data on these samples are given
in Tables 27 and 28. Somewhat less accurate measurements
have been reported by Steere,®* Karasev,* Luikov ef al.,*
Hager, "% and Martin and Miiller.5

Heat capacity data are reported for presumably highly

J. Phvs. Chem. Ref. Data. Vol. 12. No.1. 1983
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Table 26, Heat capacity measurements of polytetrafluorethylene

Investigator Sample no., Temperature  ELxperimental Source of
characterization range (K) technique data
{claimed uncertainty)
Furukawa et al. 90. Teflon? 5-365 Adiabatic Table
(1952) {38] Powder -1

AHf=I.90 kJ mol

91. Teflon? 5-365 Adiabatic Table
Average data for
molded and quenched

samples
Molded: .1
AUf=1.744 kJ mol
Quenched: -1
AHe=1.82 kJ mol
92. Teflon® 5-365 Adiabatic Table
Annealed
Noer et al. 93. Teflon? 1.4-4.2 Heat pulse Equationb
(1959) [39] (5%)
.Reese and 95. Teflon® .3 1.0-4.5 Transient Equationc
Tucker p = 2.160 Mg m (10%)
(1965) [40] d
94. Tefion? 340-560 Drop Calorimeter Equation
Douglas and Powder (5%)
Harman (1965) ¢
[41) W =0,95
. a
96. Teflon 330-720 Drop Calorimcter 330-560 K:
Quenched | (5%) Equation®
660-720 K:
Equationf
Choy et al. 99. Teflon® 5-100 Adiabati
(1979} [36] < ic Tahlec
w'=0.9 (2%)
Salinger and 98. Teflon? 0.3-4.4 Heat pulse Equation®
Cieloszyk (2%)
(unpublished)
{42]

a .
Teflen is the trade name for polytetrafluorocthylene manufactured by
L.1. DuPont De Nemours Co., Inc.
be, = 107573 a1 g7 i7!

c. =98 1° erg K-lcm~3

0.54268 + 1.345-10°% T + 208/(605.4 - T)% g g ik}

°cp = 0.54921 + 1.45154-107° T + 410.8/(608-1)2 J ¢ %!

£ C;'?~U—. G1I 88 T e by

8 - oan - 3 v L x e 1.
€, = exp[-0.174744(InT)” + 0.128498(InT)" + 3.15958(InT) + 5.85181] erg g 1p-1

Table 27. Heat capacity of various polytetrafliuoroethylenes®

at  low temperatures in mJ mo1 1g1

T(K) 93 95 98
0.5 0.00491
0.4 0.1249
0.5 0.2226
0.6 ' 0.3704
0V “0:5816
0.8 0.8707
0.9 1.252
1.0 2.274 1.740
1.2 . 3.929 3.094
1.4 5.741 6.239 5.041
1.6 . 8.570 9.313 7.687
1.8 12.20 13.26 11.11
2.0 16.73 18.19 15.38
3.0 56.50 61.39 50.71
4.0 133.9 145.5 108.6

aSample numbers correspond to the samples described

in table 41.
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Table 28. Heat capacity of various polytetrafluoroecthylenes
in 7 mo1 Y’

T(K) an 91 92 94 a6 29
5 0.1200 0.1200 0.1200 0,2284
10 0.8950 0.9102 0.9102 1.228
15 2.360 2.386 2.416 2.565
20 3.836 3.821 3.796 3.915
28 5.166 5.081 5.061 5.155
30 6.356 6.236 6.221 6.245
40 8.482 8.2357 8.21¢ $.40U
50 10.27 10.09 10.10 10.35
60 12.29 11.90 11.89 12.125
70 14.18 13.73 13.72 14.16
80 16.03 15.60 15.60 16.00
920 17.81 17.50 17.50 17.68
100 19.49 19.29 19.29 19.25
110 21.20 21.06 21.08

120 22.90 22.84 22.83

130 24.53 24.56 24,56

140 26.13 26.26 26.26

150 27.65 28.00 27.94

160 29.13 29.88 29.86

170 30.62 31.93 31.76

180 32.06 33.87 33.53

190 33.45 35.52 35.10

200 34.76 37.65 36.54

210 36.09 38.51 37.92

220 37.47 39.92 39.28

230 38.86 41.29 40.58

250 41.97 44,10 >43.ZU

260 43.98 45.68 44.60

270 46.80  47.64  46.29

280 51.81 50.61 48.82

290 Transitinnb

300 .

310 49.81 51.06 51.16

320 49.67 51.36 51.16

330 49.91 51.91 51.56 51.69

340 50.31 52.46 52.10 50.12 52.43

350 50.71 53.06 52.61  50.81 $3.18

360 51.11 53.71 53.41 51.49 53.93

370 52.18 54.69

crystalline samples. However, their crystallinities are not
well established due to the lack of equilibrium melting pa-
rameters and. crystallinity-density correlations. Thus, the
crystallinity extrapolations using the two phase to determine
the heat capacity of completely crystalline and amorphous
polytetrafluoroethylene is not possible at present. Moreover,
the analysis of the heat capacity is further complicated by the
controversy in the literature on the glass transition tempera-
ture and the room temperature transition of polytetrafiuor-
oethylene. Investigations are currently underway in our la-
boratory to establish these thermodynamic quantities. At
present, we recommend the data on sample 98 (0.3 to 4.4 K),
sample 92 (5 to 300 K), and sample 99 {600 to 720 K). Heat

Table 28. HMHeat capacity of various polytetrafluorocthylenes

el continued®

in J mol

1K) 90 91 92 91 96 T
380 52.87  §5.45
390 $3.56  56.21
400 54.20 50.98
410 ' 54.95  57.75
420 55.66  58.54
430 56.37  59.33
240 §7.08  60.13
450 57.80  60.96
460 58.54  61.80
470 59.20  62.66
180 60.06  63.56
490 60.86  64.51
500 61.69  65.52
510 62.58  66.63
520 63.56  67.37
530 64.67  69.32
540 66.00 71.11
550 67.73  75.50
560 70,27 77.03
570

580 Melting
590

600 06.58
610 67.17
620 67.77
630 68.37
640 68.97
650 69.56
66¢ 70.16
670 70.76
680 71.35
690 71.95
700 72.55
710 73.15
720 73.7¢

aSample numbers correspond to the samples described

in table 41.

h1*13/6 helix to 1*15/7 transition (endothermic).

capacity data from 320 to 560 K are not recommended sinc
they might be associated with crystallization and premelt
ing. The data on sample 92 are plotted in Fig. 3.

2.2.13. Poly(vinyl chloride)

Poly(vinyl chloride) PVC is an important and widely
used polymer. Of all thermoplastics, its production is second
only to that of polyethylene. Thirty investigations of the heat
capacity of poly(vinyl chioride) have been reported in the
literature. Heat capacity of over 40 samples have been mea-
sured over wide ranges of temperature.

All investigations were critically evaluated in terms of

J. Phys. Chem. Ref. Data, Vol. 12, No. 1, 1983
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Table 29. Heat capacity measurements of poly(vinyl chloride)
Investigator Sample no., Temperature Experimental Source of
characterization range (K} technique data
{claimed uncertainty)
Lebedev et al. 110 Suspension- 60-300 K Adiabatic Table?
(1967) [43] olymerized (0.5%)
M, = 130,000
W = 0.2 (x rays)
Chang 112 Suspenscion- 250-370 Adiabatic Tahle?
(1977) [44] polymerized (0.1%)
Geon 103EP
(B.F. Goodrich Corp.)
M= 64,300
N, = 142,000
Pelletized at 500 MPa
contains 0.03% poly-
{vinyl alcohol)
113 Quenched sample 112 8-370 Adiabatic 8-25 K
(0.1%) Equation
30-370 K:
Table2
114 Annealed sample 112 310-370 Adiabatic Table?
(0.1%)
115 Bulk-polymerized 300-340 Adiabatic Table?
(0.1%)
116 Geon 80XS 310-340 Adiabatic Table?
(B.F. Goodrich Corp.) (0.1%)
117 Pelletized sample 310-360 Adiabatic Tablc?
115 at 140 MPa. (0.1%)
118 Quenched sample 280-370 Adiabatic Table?
117 (0.1%)
119 Annealed sample - 6-380 Adiabatic 6-25 K:
117 (0.1%) Equation
30-380 K:
Table
120 Quenched sample 7-360 Adiabatic 7-25 K:
117 (0.1%) Lquation
30-360 K:
Tablc?

2pata were interpolated using the spline function

heat capacities at every ten degree interval.

technique to give

PThe authors' tabulated data from 8 to 32.1 K were curve fitted into the

equation

c =
P

+ 3.38239(1InT) - 5.6602] J mol 'K

(RMS deviation = 0.1%)

exp[-0.0156374(1nT)> - 0.253526(1aT)%

1.-T

CAuthors' tabulated data from 6.2 to 31.8 K were curve Fitted into the

eqration
C =
P

1.-1

-6.06208] J mol K

d
equation

c =
P

+ 3.50496(1nT) - 5.77448]

(RMS deviation = 0.2%)

sample characterization, experimental technique used, error
limits, and accuracy of representation of the data. Most of
the measurements have been made on chemically impure
samples (commercial samples with additives) and their data
span often a somewhat limited temperature range in the vi-
cinity of the glass transition interval. Moreover, most of the
results have been reported in graphical form only. It was
found that only 2 of the 30 investigations met our standards
of acceptable data (discussed in Ref. 1). These contain heat

:apacity data on 10 largely amorphous bulk and suspension
olymerized samples of various thermal histories. Details of

J. Phys. Chem. Ref. Data, Vol. 12, No. 1, 1983

exp[O.OOSéBII(lnT)3 - 0.415076(lnT)z + 3.82721(1nT)

(RMS deviation = 0.4%)

Authors' tabulated data from 6.9 to 31 K were curve fitted into the

exp[-0.0103775(1aT)> - 0.297456(LnT)>

J mo1” 1!

these investigations are listed in Table 29. Twenty-eight in-
vestigations which did not contain acceptable data were not
included in further analysis. These are listed Table 30, along
with brief comments on the reasons for exclusion from this
study.

- The heat capacity data retrieved from the literature are
given in Table A16. Table A 16 has been deposited with the
Physics Auxiliary Publication Service of the American Insti-
tute of Physics. Chang’s heat capacity data on samples 112~
120 are in very good agreement (better than 0.5%) from 6 to
300 K. The data show somewhat larger deviations above 310
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Table 30. tleat capacity investigations on poly(vinyl

chloride) not included in this study.

Reference

Reason{s) for exclusion

Vieweg and Gottwald
(1940) [45]}

Heuse (1949} {46]

Badoche and Li (1950,
1951) {47,48]

Gast (1953) [49]

Alford and Dolc (1955)
[50]

Hellwege ct al. (1959)

[29]

liellwege ct al. (1962)
{51}

Tautz et al. (1962,
1963, 1964) [52-54]

Martin and Miller
(1963) [55]

llager (1964, 1972)
[56,57]

Dunlap (1966, 1972)
58,59

Mishchenko et al. (1966)

[60}

Steere (196§) [61]

Wilski and Grewer (1966,
1968, 1970) [f2-A21

Gotze and Winkler
(1967) [65]

Chernobyl'skii et al.
(1969) [66]

Knappe et al. (1970,
1977) {68,69]
Kartalov et al. (1971)

[67]

Ceccorulli et al.
(1977) (701

Dushchenko et al. (1977)
[71} ’

Data associated with large error
limits.

Data associated with large error limits.

Data reperted for three samples

My = 23,000; 70,000; 125,000 over a limited

temperature range (350-380 K). Heat
capacity decreases somewhat with in-
creasing molecular weight.

Heat capacity data reported only in
the glass transition temperature region.

Heat capacity data reported for an
annealed sample in the glass transition
temperature rangc.

Sample characterization not reported.

Heat capacity data reported from 300
to 450 K. The data below the glass
transition temperature are in good
agreement with the values reported
here. However, the data above Tg are
higher (~8%).

Sample characterization not reported.
Data could not be read accurately from
too small graphs.

Data could not be read accurately from
too small graphs; large error limits.

Data could not be read accurately from
too small graphs. Measurements made
using thin foil calorimeters are
associated with large error limits.

Heat capacity reported for various
plasticized PVC compositions.

Heat capacity measurements reported
for PVC with 30-35% fillers. Data
could not be read accurately from
too small graphs.

Heat capacities per unit volume have
been reported. These values are not
directly comparable to the data
presented here.

Heat capacity data has been reported

on eight commercial samples (emulsion
amd_suspension polymerized). The
graphical data covers a limited tempéra-
ture range (300-400 K) in the tegion

of the glass transition. Most of the
samples contain 1-4% additives.

Heat capacity data reported for PVC
fibers in humid conditions from
230 to 310 K.

Heat capacity measured at 1-65 bar
pressure.

Data only in the glass transition
region.

Heat capacity measured for blends of
PVC and polyethylene. The heat capacity
decreases with increasing content of PVC.

Data reported in the glass transition
region for various samples of different
degrees of syndiotacticity and
crystallinity.

Heat capacity in the glass transition
region reported as a function of
thermal history.

J. Phys. Chem. Ref. Data, Vol. 12, No. 1, 1983
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Table 31. Recommended thermodynamic data for amorphous

poly(vinyl chloride)a

T(K) . Hr- *_*? st f:l
J mD]; K 7) (J mol ) (J mol K )
9.0 0.0 0.0 0.0
5.0 0.3820 0.5130 0.1370
6.0 0.5969 0.9988 0.2250
7.0 0.8528 1.720 0.3357
8.0 1.144 2.716 0.4683
9.0 1.466 4.019 0.6213
10.0 1.812 5.656 0.7935
12.0 2.564 10.02 1.189
4.0 3.370 15.95 1.645
16.0 4.208 2352 2.149
18.0 5.059 32.79 2.694
20.0 5.913 43.76 3.271
25.0 7.999 78.58 4.816
30.0 9.950 123.5 6.445
40.0 13.38 240.1 9,776
50.0 16.28 388.4 13.08
60.0 18.77 563.7 16.27
70.0 20.99 762.5 19.33
80.0 23.05 982.7 22.27
90.0 24.98 1222 25.10
100.0 26.82 1481 27.83
110.0 28.59 1758 30.47
120.0 30.29 2083 33.03
130.0 31.94 2364 35.52
140.0 33.56 2691 37.95
150.0 35.15 3035 40.32
160.0 36.73 3394 42.04
170.0 38.31 3770 14,91
180.0 59.88 4161 47.15
100.0 41,45 1567 49.35
260.0 43.03 4990 51,51
210.0 44,61 5428 53.65
220.0 46.21 5882, 55.76
230.0 47.79 6352 57.85
240.0 49,37 6538 59.92
250.0 50.99 7339 61.97
260.0 52.63 7858 64.00
270.0 54.29 8392 06.02
273.15 54.81 8564 66.65
280.0 55.95 8943 68.02
290.0 57.64 9511 70.01
298.15 59.03 9987 71.63
500.0 59.35 100906 72.00
310.0- 6111 10699~ 7597
520.0 62.94 11319 75.94
530.0 64.88 11958 77.91
5400 66.96 12617 79.88
550.0 68.85 15296 81.84
354.0(T,) 69.062 13573 82.03
554.0 $8.99 13573 82.63
360.0 91.08 14113 84.14
370.0 94.56 15041 86.0Y9
3R0. 0 QR _0S 16008 0,25

%The table may contain more significant figures than

justified by both source of data and data trecatment.

The extra

significant figures are included only for the purposc of smooth

representation.
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FiG. 4. Recommended heat capacity data for poly(vinyl chloride} (PVC),
poly(vinylidene chioride) (PVC2), and polychlorotrifiuoroethylene
(PVCF3).

K as the glass transition temperature is approached. The
data of Lebedev on sample 110 agree with the data of Chang
within 2%. ,

Based upon our prior experience, we feel that the heat
capacity data of Chang is more accurate than Lebedev’s
data.

Of nine measurements (all in good agreement), reported
by Chang, only three (samples 113, 119, and 120) cover the
entire temperature range. Out of these, two measurements
(113 and 120) are on quenched samples and the third one is
on an annealed sample 119. The data on the annealed sample
were taken as taken as the recommended heat capacity data.
These values are listed in Table 31 and plotted in Fig, 4. The
heat_capacity data for glassy PV.C were extrapolated from.
340 to 354 K to conform to the widely accepted glass transi-
tion temperature of 354 K.

Enthalpy and entropy of amorphous poly(vinyl chlo-
ride) were calculated from 0 to 380 K by numerically inte-
grating the heat capacity data. These thermodynamic func-
tions are listed in Table 31.

2.2.14. Poly(vinylidene chloride)

Two investigations**” have been reported in the litera-
ture which deal with the heat capacity of poly(vinylidene
chloride). Details of these investigations, which meet our
standards of acceptable data (discussed in Ref. 1) are given in
Table 32. Heat capacity of two semicrystalline samples have
been measured over the temperature range of 60 to 300 K.
The data on these samples are given in Table A17. Table A17
has been deposited with the Physics Auxiliary Publication
Service of the American Institute of Physics.

The data of Sochava on sample 28 and the data of Lebe-
dev ez al. on sample 29 are in good agreement from 60 to 110
K. However, the data of Sochava are higher above 120 K by
as much as 20% at 200 K. Similar deviations have been ob-
served for Sochava’s data on other polymers above 100 K.°
Thus the data on sample 28 were discarded over the entire
temperature range. The recommended data on the heat ca-
pacity of poly(vinylidene chloridc) from 60 K to thc glass
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Table 32. Heat capacity measurements of poly(vinylidene chloride)

Investigator Sample no., Temperature Experimental Source of
characterization range (K) technique data
{claimed uncertainty)
Sochava 28. a 50-200 Adiabatic Table
(1964) [72] (unreported)
Lebedev et al. 29. w& = 0.40 60-300 Adiabatic vacuum Table
(1967) [43] (0.5%)

3No characterization reported.

Table 33. Recommended heat capacity data for
) poly(vinylidene chloride) below

LA
the glass transition

Heat capacity

T(K) (7 mo1 Yk 1y
30.0 ( 7.316)
40.0 (12.53
50.0 (17.38 3
60.0 21.49
70.0 26.08
80.0 50.01
90.0 33.38
100.0 36.31
110.0 58.91
120.0 41.26
130.0 43.45
140.0 35.53
150.0 47.53
160.0 49.50
170.0 51.46
180.0 53.44
190.0 55.45
200.0 TN
210.0 59.64
220.0 61.84
230.0 04.12
240.0 66.50
250.0 68.98
255.0(1,) 20,26

o : R
The table may contain morc signifjcant figures than

justificd by both source of data and data treatment. The

cxtra significant fisures are included onlv for the purposc

of smooth representation.

Tahle 31.  Heat ecapacity measurements of polychlorotrifiuoraethylene
Investigator “Sampte-nor;———— -~ Temperature - ~lxperimental - - Source -of
characterization range (K) technique data
(claimed uncertainty)
lioffmann (1952) 34. Powdered Kel-Fb 270-510 Differential adiabatic Table
[73]1 quenched 10.8%)
35. Powdered Kel-Fb 270-510 Diffcrential adiabatic Table
slow cooled (0.8%)
Reese and 36. Kcl-Fb 1.0-4.5 lleat Pulse quuationu
Tucker (1965} (10%)
[40]
Lee et al. 37. Kel-F° 80-340 Adiabatic Table
(1974) [74) Average data of (0.3%)

two samples
slow cooled

€ = 0.65)
and quenched
€ = 0.46)

%, = 1260 T3 erg K ig7!

chl-F is the trade name of polychlorotrifluorocthylenc made by 3M Company.

_.1.Dhwe. fham Raf Nata Vnl 12 _Ma-1-108%
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transition temperature (225 K) was obtained by curve fitting
the data on sample 29 from 60 to 250 K into the equation

C, = exp[0.32494(ln T)® — 4.87152(In T')?
4 24.8528(In T) — 39.4329] T mol~' K1, (15)

The rms deviation was 0.8%. Equation (15) was used to cal-
culate recommended values from 60 to 255 K.

From 30 to 50 K, preliminary recommended data were
calculated from the Tarasov equation as reported by Lebe-
dev et al.**:

402 )_ 161
T /] 402

oo}

The recommended data for the heat capacity of poly{vinyli-
dene chloride) below the glass transition are listed in Table
33 and plotted in Fig. 4. Above the glass transition the heat
capacity is strongly crystallinity dependent.

C,=6R [D,(

2.2.15. Polychlorotrifluoroethylene

Three investigations*>’>"* have been reported in the li-
terature which deal with the heat capacity of polychlorotri-
‘fluoroethylene. All the measurements which meet our stan-
dards of acceptable data (discussed in Ref. 1) have been made
on commercial semicrystalline samples of Kel-F (trade name
of 3 M Co.). Details of these investigations are given in Table
34, Heat capacities have been measured at low temperatures.
(1.0 to 4.5 K) and at high temperatures (80 to 510 K). The
high temperature data on these samples are given in Table
Al18. Table A18 has been deposited with the Physics Auxil-
iary Publication Service of the American Institute of Phy-
sics.

Atlow temperatures, the data of Reese on sample 36 are
taken as the recommended data. At high temperatures, the
data of Hoffmann on samples 34 and 35 are not in agreement
with more reliable data of Lee et al. on sample 37. The data of
Lee et al. on samples of different crystallinities are in agree-
ment with one another, but agree with Hoffmann’s data on
slow cooled sample only (sample 35) over a limited tempera-
ture range (300 to 340 K). Above 350 K Hoffmann’s data are
associated with melting of the sample. Thus Hoffmann’s

‘data on-both the samples were discarded over-the entire tem-

perature range. To determine the recommended data on po-
lychlorotrifluoroethylene from 80 K to the glass transition
temperature (325 K), the data on sample 37 from 80 to 300 K
were curve fitted into the equation

C, = cxp[0.120366(In T — 1.92703(in T')?
+ 11.0523(In T') — 18.0763] Tmol~'K~1, (17)

The rms deviation was 0.2%. Recommended data obtained
from sample 36 from 1.0 to 4.0 K and from 80 to 325K from
Eq. (17) are listed in Table 35 and plotted in Fig. 4. No high
temperature data are recommended since no crystallinity ex-
trapolations are possible.

J. Phys. Chem. Ref. Data. Vol. 12_Na_1. 1083

Table 33, Recommended heat capacity data for

polychlorotriflluoroethyiene below the glass transition

T(K) lleat capacity
@ mor 1Y
.0 0.006942
1.2 0.01200
1.4 0.01905
1.6 0.02843
1.8 9.03049
2.0 0.05554
5.0 0.1874
1.0 0.1343
S, 32,16
R 56.77
100.0 40.01
10,0 44,03
12,0 48.24
130.0 51.09
1400 55.00
150.0 58.18
160,40 61.26
1T 64.26
180.0 67.18
1900 70,05
200.n 72.87
210.0 75.66
22000 78.41
2350.0 81.15
240.0 83.87
250.0 86.57
2600 89.27
270.0 91.98
273.15 92.84
280.0 94.68
290.0 97.39
298.15 99.64
300.0 100.1
310.0 102.9
'320 0 105.6
SZS.D(Tg) 107.0

2The table may contain more significant figures than
justified by both source of data and data treatment. The
extra significént figures are included only for the purpose

of smooth roprosentatian.

2.2.16. Poly(vinyl alcohol)

Two investigations”’® have been reported in the litera-
ture which deal with the heat capacity of poly(vinyl alcohol).
Details of these investigations, which meet our standards of
acceptable data (discussed in Ref. 1), are given in Table 36.
Heat capacity of two samples of unknown characterization
have been measured over the temperature range of 60 to 300
K. The data on these samples are given in Table A19. Table
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A19 has been deposited with the Physics Auxiliary Publica-
tion Service of the American Institute of Physics.

The data of Sochava and Trapeznikova on sample 41
are somewhat lower than the data of Lebedev and Rabino-
vich on sample 42, especially above 100 K. Similar devia-

tions have been observed for the data of Sochava and Trapez-
nikova above 100 K for othet polymers.® Thus the data on
sample 41 were discarded over the entire temperature range.
The recommended data on the heat capacity of poly(vinyl
alcohol) from 60 to 300 K were obtained by curve fitting the

Table 36. Heat capacity measurements of poly{(vinyl alcohol)

Investigator Sample no., Temperature Experimental Source of
characterization range (K) technique data
(claimed uncertainty)
Sochava and a1, ? 60-240 Adiabatic Table
Trapeznikova (Unreported)
(1957) [75] ’
Lebedev and 42, 2 60-300 Adiabatic Vacuum Table
Rabinovich : (0.5%)

(1967) [76]

2No characterization reported

Table 37. Recommended heat capacity data for

poly(vinyl alcohol)?

T(K) Heat capacity
( mo1 k1)

60.0 11.78
70.0 15.05
80.0 17.94
90.0 20.46
100.0. 22.69 ..
110.0 24.69
120.0 26.54
130.0 28.29
140.0 20.08
150.0 31.66
160.0 33.34
170.0 35.06
180.0 36.84
190.0 38.69
200.0 40.64
210.0 42.69
220.0 44.85
230.0 47.16
240 49.60
250.0 52.21
260.0 54,99
270.0 57.95
273.15 . 58.92
280.0 61.12
290.0 64.50
298.15 67.42
300.0 68.11

2The table may contain more significant figures than

justified by both source of data and data treatment.

The

extra significant figures are included only for the purpose

of smooth representation.

J. Phys. Chem. Ref. Data. Val 12 Na_1. 1083
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FIG. 5. Recommended heat capacity data for poly(vinyl alcohol) and poly-

(vinyl acetate).

data on sample 42 into the equation

C, = exp[0.47262(In T)> — 6.98249(In T )2
+35.1696(In T') — 56.9169] Jmol~! K. (18)

The rms deviation was 1.1%. These recommended data
from Eq. (18) are given in Table 37 and plotted in Fig. 5.

2.2.17. Poly(vinyl acetate)

Two investigations’”"® have been reported in the litera-
ture which deal with the heat capacity of poly(vinyl acetate).
Shieman et al.”” have covered a wide temperature range of 80
to 370 K. Sharanov and Vol’kenshtein’® have restricted their

-measurements to the glass transition region (290 to 330 K).

Details of the investigation by Shieman et al. which meets
our standards of acceptable data (discussed in Ref. 1), are
given in Table 38. Graphical data from the publication were
retrieved and could be curve fitted in linear equations below
and above the glass transition temperature (304 K).

Below T,:
C, =0.3366 T+ 0.88 Jmol~' K™! (rms dev. 1.0%). (19)
Above T,:
C, =0.09786 T+ 127.16 Jmol~'K~! (rms dev. 0.3%). (20)

Data obtained from these equations are recommended and
listed in Table 39 and plotted in Fie. 5.

Table 38. licat capacity measurements of poly{vinyl acetate)
Investigator Sample no., Temperature Experimental Source of
characterization range (K) technique data
(claimed uncertainty)
Shieman et al. 102. Amorphous 90-370 Adiabatic Graph

(1972) 1771 p = 0.9325 Mg m>

J. Phvs. Chem. Ref. Data. Val. 12. Na_ 1. 1823

(0.7%)
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Table 39. Recommended heat' capacity data for

amorphous poly(vinyl acetate)d

T{K) Heat capacity
@ mo1 kY

80.0

90.0
100.0
110.0
120.0
130.0
140.0
156.0
160.0
170.0
180.0
190.0
200.0
210.0

220.0

250.0
260.0
270.0
273.15
280.0
290.0
298.15
300.0
©304.0(Ty)

4.
30 DFTg)

27.81
31.17
34.54
37.%0
41.27
44.63
48.00
51.37
54.73
58.10
61.46
64.83
68.19
71.56
74.93
78.29
81.66
85.02
88.39

a R D e R
The table may contain more significant figures than

justified by both source of data and data treatment.

The

extra significant ficures are included only for the purpase

of smooth representation.

Table 40, Heat capacity measurements of poly(a-methylstyrene)

Investigator Sample'né.. Temperature  Experimental Source of
T CharacteriZation range” (K) technique data
{claimed uncertainty)

Lebedev and 81. Amorphous 60-300 Adiabatic Table
Rabinovich (0.5%)
(1971) [80]
Zoller et al. 82. Amorphous 1.6-4.0 Heat pulse Equation?
(1973) (81] (2%)
Gaur and 83. Amorphous 300-490 pSC Table
Wunderlich hh = 670,000 (1%)
(1981) {79] M, = 590,000
Gaur and 84. Sample 83 230-290 sc Table®
Wunderlich (1%)
(unpublished)
[83)

a 3

c = 0.420 T° + 1.73(17/T)% exp(17/T)/[exp(17/T)-1]° mJ g k7!

P .

bTahle of curve fitted data 300-440 K: C

P

450-490 K: C
P

= 29.42 + 0.4498 T - 1.2798 x 10

6 1

25 mor 1k
1.-1

= 0.5758 T - 6.43 J mol "K

J-Phvs. Chem: Ref. Data. Vol. 12. Na. 1. 1983
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Table 41. Recommended thermodynamic data for amorphous Table 41. Recommended the}modyna.mic data for amorphous
poly(a-methyl styrene)? poly(a-methylstyrene) --Continued®
T(K) N Hp - Wy St S5 (O , HE - M2 s2- 52
(I mo1” "} (3 mo1” 1l (3 mo1” 1k @ mo1 XY ( mor™y @ mo1 k'l
0.0 9.0 0.0 0-0 470.0 264.2 56537 224.9
1.6 .02133 0.01706 0.01067 180.0 270.0 9208 230.5
1.8 0.03101 0.02230 0.01372 190.0 . 275.7 61936 236.1
2.0 0.04356 0.02976 0.01762 "
3.0 0.1597 0.1314 0.05513 The table may contain more significant figures than
4.0 0.3787 0.4006 0.1291 justified by both source of data and data treatment. The
10.0 (0.1841) 2.089 0.4683 extra significant figures are included only for the purpose of
Z’O.AO (1.473 ) 10.37 0.9286 smooth representation.
30.0 (4.605 ) 40.76 2.064 300 | I
40.0 (11.10) 110.3 4.219 250 Poly-a-methylstyrene /
50.0 (19.50) 272.3 7.557
60.0 28.97 514.6 11.92 200
70.0 38,52 852.1 17.09 Cp
80.0 45.22 1270 22.66 (Jmol"K")
90.0 51.84 1756 28.37
100.0 55.09 2295 34.04 100 /
110.0 61.13 2877 39.60 50
120.0 66.16 3514 45.13
1%0.0 7089 4202 30.64 o /
140.0 75.09 4932 56.05 0 100 200 300 400 500
150.0 79.38 5704 61.37 Temper(l’fur? (K)
160.0 83.77 6520 66.64 FIG. 6. Recommended heat capacity data for poly(a-methylstyrene).
170.0 88.23 7380 71.85 2.2.18. Poly(a-methyistyrene)
180.0 92.76 8285 AL Four investigations’> %2 have been reported in the li-
1900 97-36 9235 82.16 terature which deal with the heat capacity of poly(a-methyl-
2000 10201 10232 87.27 styrene). All the investigations meet our standards of accep-
210.0 106.71 11276 92.36 table data (discussed in Ref. 1). Details of these
220.0. LS 12367 Raana -investigations-are given-in-Table-40-The heatcapacity data
230.0 116.3 13505 102.5 for three amorphous samples have been reported from 1.6 to
0.0 1211 14692 1075 490 K. The high temperature data on these samples are given
250.0 126.0 15927 112.6 in Table A20. Table A20 has been deposited with the Physics
260.0 130.9 17211 117.6 Auxiliary Publication Service of the American Institute of
270.0 135.8 18544 122.7 Physics.
273.15 157.3 18974 124.2 In preliminary analysis, the data on sample 81 and 83
280.0 140.7 19927 127.7 were plotted on a graph. The data on sample 81 and 83 are in
290.0 145.7 21359 132.7 good agreement at 300 K, however the data on sample 81
298.15 149.8 22563 136.8 showed an exothermic curvature from 220 to 300 K. These
300.0 150.7 22841 137.7 data were then compared with unpublished data from our
30070 2857 24373 14z.0 laboratory on poly{a-methylstyrene) from 230 to 290 K.
320.0160.7 25955 1478 These data fell on a smooth curve joining the data on sample
3300 165.8 27588 152.8 81 from 60 to 200 K and the data on sample 83 from 300 to
340.0 170.8 2927 157.8 440 K. Thus for further analysis the data on sample 81 above
3500 17579 31005 162.87 TTTT200 K were discarded
360.0 . 181.0 52789 167.9 The data on sample 82 from 1.6 t0 4.0 K and on sample
570.0 186.1 34624 172.9 81 from 60 to 120 K are taken as recommended data. Rec-
3800 111 36510 7. ommended data from 130 K to the glass transition tempera-
3900 196.2 38447 183.0 ture (441 K) were determined by curve fitting the data on
400.0 201.3 40435 188.0 sample 81 from 120 to 200 K, the data on sample 83 from 300
#10-0 206.4 reare 1930 t0 400 K and the data on sample 84 from 230 to 290 K into
420.0 211.5 44563 198.1 the equation
430.0 216.6 46704 203.1
440.0 2217 48896 208.1 C, = exp[ — 0.068046(In T')> + 1.22053(In T')*
a41.0(1))  222.2 49118 208.6 — 6.28566(In T) 4 13.7864] Jmol ™! K1, (21)
441.0(Ty)  247.5 49118 208.6 The rms deviation was 0.6%. Equation (21) was used to de-
450.0 252.7 51368 213.7 termine recommended data from 130 to 441 K. These data
460.0 258.4 53924 219.3 are listed in Table 41.

J. Phys. Chem. Ref. Data, Vol. 12, No. 1, 1983
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From 10 to 50 K, the preliminary data were obtained
from the Tarasov equation reported by Lebedev and Rabino-
vich®®:

476 ) 333

=5R|D( 2 )22
G [ ‘( T 476

() (2w

These preliminary data are also listed in Table 41 in paren-
theses.

The heat capacity data on sample 83 above 441 K are
recommended for the heat capacity of molten poly(a-meth-
ylstyrene). The data are listed in Table 41 and plotted in Fig.
6.

Enthalpy and entropy of amorphous poly(a-methyl-
styrene) were calculated by numerically integrating the heat
capacity data. These thermodynamic functions are listed in
Table 41.

2.2.19. Poly(o-methylstyrene) and Poly(o-chlorostyrene)

Only low temperature heat capacity data (1.6 to 4.0} K
have been reported by Zoller ef al.®! for amorphous poly(o-
methylstyrene) and poly(o-chlorostyrene). Heat capacity
measurements which meet our standards of acceptable data
(discussed in Ref. 1), were made on commercial samples
(Dow Chemicals) by the heat pulse method (claimed uncer-
tainty 2%). Heat capacity of both the samples could be fitted
into an equation consisting of Debye and Einstein terms of

type
C, =AT>+ B (05 /T Vexp(0z/T)/[exp(6 /T) — 11°.
(23)

Heat capacity data from their curve fitted equations are rec-
ommended and are listed in Table 42.

Table 42. Recommended heat capacity data for poly(o-methylstyrene)

3@
and " poly(o-chlorostyrene) in mJ mol'IK B

T(X) Poly(o-methylstyrene]b Poly(o-chlorostjrene)c
1.6 24.81 29.06

1.8 37.40 43.50

2.0 54.07 62.55

3.0 203.3 234.0

4.0 460.8 534.5

3The table may contain more

significant figures than

justified by both source of data and data treatment. The

extra significant figures are included only for the purpose

of smooth representation.

nd g ikt

mJ g_lK_l

C_ = 0.0458 T° + 2.72(14.8/T) 2exp(14.8/T)/ [exp(14.8/T)-1}2

C_ = 0.0466 T° + 2.52(15/T)° exp(15/T)/[exp(15/T)-1]%

Table 43, Heat capacity measurements of poly(vinyl benzoate)

Investigator

Sample no., Temperature Experimental Source of
characterization range technique - data
(claimed uuncertainty)
Pasquini 18. Amorphous (X-ray) 190-500 DSC 190-340:
et al. M, = 133,000 Equation
(1974) [82} o = 1.198 Mg w3 350-500
. Equation
Tg = 347 K

3puthors' tabulated data below the.glass transition (190 to 300 K) were curve

fitted into the equation

C, = 0.5178 T + 8.01 J mo1™1

K1 (RMS dev. = 0.23).

This equation was used to calculate the heat capacity of amorphous,glassy poly(vinyl benzoate)

from 190-340 K.
b

into the equation

€, = 0.2878 T + 157.35 J mo1” 1k~

Authors' tabulated data above the glass transition {370 to 500 XK) were curve fitted

(RMS dev. = 0.1%).

This equation was used to calculate the heat capacity of molten poly(vinyl benzoate)

from 350-500 K.

J. Phus: Chem. Ref. Data. Vol. 12. No: 1. 1983



60 GAUR, WUNDERLICH, AND WUNDERLICH

2.2.20. Poly(vinyl benzoate)s and poly(vinyl-p-tert-butylbenzoate) have been measured

over the temperature range of 190 to 500 K. The investiga-

Only one investigation®” has been reported in the litera- tion meets our standards of acceptable data (discussed in

ture which deals with the heat capacity of poly(vinyl benzo- Ref. 1). Details of these investigations are given in Table 43
ate)s. Heat capacities of amorphous poly(vinyl benzoate), po- to 46.

ly(vinyl-p-ethylbenzoate), poly(vinyl-p-isopropylbenzoate), To determine the recommended values of the heat ca-

Table 44. Heat capacity measurements of poly(vinyl-p-ethylbenzoate)

Investigator Sample no., Temperature Experimental Source of
characterization range (K) technique data
| (claimed uncertainty)

Pasquini 19. Amorphous {X-ray) 190-500 DSC 190-330:
et al. = 43,600 (Unreported) Equation
(1974) [82) SV -3 330-500:
p=1.145 Mg m Equation
Tq = 330 K

3puthors' tabulated data below the glass transition (190 to 300 K) weré curve
fitted into the equation

1.-1

cp = 0.6592 T + 21.02 J mol "K'~ (RMS dev. = 0.2%).

This equation was used to calculate the heat capacity of amorphous, glassy
poly(vinyl-p-ethylbenzoate) from 190 to 330 K.
bAuthors' tabulated data above the glass transition (360 to 500 K) were curve
fitted into the equatian
C, = 0.4461 T + 148.22 J mol 1kl (rMS dev. = 0.13).
This equation was used to calculate the heat capacity of molten poly(vinyl-p-ethylbenzoate)
from 330 to 500 K.

Tahle 45. Heat capacity measurements of poly(vinyl-p-isopropylbenzoate)
Investigator Sample no., Temperature Experimental Source of
characterization range (K) technique data
(claimed uncertainty)
Pasquini 20. Amorphous (X-ray) 190-500 DSC 190-330:
ct al. MV = 43,600 Lquation
(1974) [82]. HETTT8 M o 340.50.0-——
P TT98 My Equation
T, = 335 K

g

2Authors’ tabulated data below the glass transition (190-300 K) were curve fitted
into the equation

€, = 0.6851 T + 31.7 J mor k7!

(RMS dev = 0.3%).
This equation was used to calculate the heat capacity of amorphous, glassy, poly(vinyl-p-

isopropylbenzoate) from 190-330 K.

hAuthors' tabulated data above the glass transition (350-500 K) were rurve fitted inta
the equation :
C, = 0.4775 T + 167.15 J mol 'kl (RMS dev = 0.1%).
This equation was used to calculate the heat capacity of molten poly(vinyl-p-isopropylbenzoate)
from 340-500 K.

Table 46. Heat capacity measurements of poly(vinyl-p-tert-butylbenzoate)

Investigator Sample no., Temperature Experimental Source of
characteri i range (K) technique dat
——— S S ~~(claimeduncertainty) "

Pasquini 21. Amorphous (X-ray) 190-500 DsSC 190-390:
et al. M, = 91,500 (unreported) Equationa
(1979) "[82] = 1.1 -3 400-500
p =1.112 Mg .
Equation
Tg =394 X

2puthors' tabulated data below the glass transition (190 to 370 K) were curve fitted
into the equation

C, = 0.8218 T + 26.51 J mol”

This equation was used to calculate the heat capacity of amorphous, glassy, poly(vinyl-p-

gl (RMS dev = 0.3%).

tert-butylbenzoate).

bAuthors‘ tabulated data above the glass transition (410 to 500 K) were curve fitted

into the equation

C, = 0.6569 T + 151.88 J mo1™}

k1 (RMS dev = 0.1%).
This equation was used to calculate the heat capacity of molten poly(vinY1—p-tert-butylbenzoate)
from 400 to 500 K.
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Table 47. Recommended heat capacity data for

Egllﬁyinyl benzoate)sa below the glass transition in J mnl'll(-lf
_ T(K) 18° 19° 204 21°
190.0 106. 4 146.3 161.5 182.7
200.0 111.6 152.9 168.3 190.9
210.0 116.8 159.4 175.2 199.1
220.0 121.9 11660 182.0 207.3
230.0 127.1 172.6 188.8 215.5
240.0 132.3 179.2 195.7 223.8
250.0 137.5 185.8 202.5 232.0
260.0 142.7 192.4 209.3 240.2
270.0 147.8 199.0 216.2 248.4
280.0 153.0 205.6 223.0 256.6
296.0 158.2 212.2 229.8 264.8
300.0 163.4 218.8 236.7 273.1
310.0  168.6 225.4 243.5 281.3
320.0 173.7 232.0 250.3 289.5
330.0  178.9 238.5 257.1 297.7
340.0 184.1 305.9
350.0 314.2
360.0 322.4
376.0 330.6
380.0 338.8
390.0 347.0

aSample numbers correspond to the samples described in

tables 43 to 46,
bPoly(vinyl benzoate)

cPoly(vinyl‘-p-ethylbenzoate)

dPoly(vinyl-p-isopylbenzoate)

ePoly(vinyl—p-tert-butylbenzoate)

FThe "table may contain more significant figures than

justified by both source of data and data treatment. The
extra significant figures are included only for the purpose of

smooth representation.

pacity of amorphous, glassy and molten poly(vinyl benzo-
ate)s, the data below the start of the glass transition and
beyond the end of the glass transition were separately curve
fitted into linear functions and extrapolated to the glass tran-
sition temperatures. These recommended values are listed in
Tables 47 and 48 and plotted in Fig. 7.

3. Conclusions

The heat capacities of poly-1-butene, poly-1-pentene,
poly-1-hexene, polyisobutylene, poly(4-methyl-1-pentene),

Table 48. Recommended heat capacity data for molten

poly(vinyl benzoate)s in J mol-ll(‘l.f

T(K) 18 19¢ 209 21°
330.0 295.4

340.0 299.9 329.5

350.0 258.1 304.3 334.3

300.0 261.0 308.8 339.1

370.0 263.9 313.3 343.8

380.0 266.7 317.7 348.6

390.0 269.6 322.2 353.4

400.0 272.5 326.6 358.2 414.6

410.0 275.4 331.1 362.9 421.2

420.0 278.2 335.6 367.7 427.8

430.0 281.1 340.0 372.5 434.3

440.0 284.0 344.5 377.3 440.9
‘450.0 286.9 348.9 382.0 447.5

460.0 289.8 353.4 386.8 454.1

470.0 292.6 357.9 391.6 460.6

480.0 . 295.5 362.3 396.4 467.2

490.0 298.4 366.8 401.1 173.2

500.0 301.3 371.3 405.9 480.3

Sample numbers correspond to the samples described in
tables 45 to 4o.

Puly(vinyl benzoate)

CPnly(vinyl-p—ethylbenzoate)
dPoly(vinyl-p-isopropylbenzoate]
ePoly(vinyl p-tert-butylbenzoate)

1hc table may contain more significant figures thun justitied

by both source of data and data treatment. ‘The extra significant
figures are included only for the purpose of smooth representation.

500 ] 1
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FIG. 7. Recommended heat capacity data for poly(vinyl benzoate) (PVBZ),
poly(vinyl-p-ethylbenzoate (PVEBZ), poly(vinyl-p-isopropylben-

zoatc) IDUDDZY oo o fofso 3 o o Loa Il PRy .
zoate) (FYI'BI), and yv.,‘uuyx-y-t\.ﬁ-uul,_yluulwalc) ‘P"’EBZ)

polybutadiene, cis-1, 4-poly(2-methylbutadiene), polycyclo-
pentene, poly(vinyl fluoride), poly(vinylidene fluoride), poly-
trifluoroethylene, polytetrafluoroethylene, poly(vmyl chlo-
ride), poly(vinylidene chloride), polychlorotnﬁuoroethylene,
poly(vinyl alcohol), poly(vinyl acetate), poly(a-methylstyr-
ene), poly(o-methylstyrene), poly(o-chlorostyrene), poly-
(vinyl benzoate), poly(vinyl-p-ethylbenzoate), poly(vinyl-p-
isopropylbenzoate), and poly(vinyl-p-tert-butylbenzoate)
are reviewed on the basis of 62 measurements reported in the
literature. A set of recommended data is derived for each
polymer. Entropy and enthalpy functions have b_eeq derived

J. Phys. Chem. Ref. Data, Vol. 12, No. 1, 1983
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Table 49. Heat capacity change at the glass transition
Polymer T, (K) ac, 0 mo1 1k ™1y
Poly-1-butene 249 23.1
Poly-1-pentene 233 27.0
Poly-1-hexene 233 25.1
Polyisobutylene 200 21.3
cis-1,4-Poly(Z-methylbutadiene) 200 30.0
Polycyclopentene 173 28.9
Poly(vinyl chloride) 354 19.4
Poly(vinyl acetate) 304 53.7
Poly{a-methylstyrene) 441 25.3
Poly{vinyl henzoate) 347 69.5
Poly(vinyl-n-cthylbenzoate) 330 56.9
Poly{vinyl-p-isopropylbenzoate) 335 66.6
Poly(vinyl-p-tert-butylbenzoate) 394 60.4

for poly-1-hexene, polyisobutylene, cis-1, 4-poly(2-methyl-
butadiene), poly(vinyl chloride), and poly(a-methyl styrene).

Recommended heat capacity data on these polymers
are being analyzed in terms of their chemical structure to
derive heat capacities of various structural units towards an
updated heat capacity addition scheme.®*#® The results of
this analysis will be reported at a later date.

Heat capacity changes at the glass transition, for poly-
mers discussed in this paper, for which recommended heat
capacity data are available in their glassy and molten states
are listed in Table 49. These AC,(T,) data are being ana-
lyzed, along with AC »(T,) data for other linear macromole-
cules in terms of the hole theory of the glass transition.'™®’
The results of this analysis will also be discussed at a later
date.
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