Glossary

¢  excess Gibbs energy
np refractive index

P total pressure

p®  vapor pressure

gas constant

T temperature in °C, K
critical temperature
molar volume cm? mol™"

<;1~"IJ

Greek letters

¥ activity coefficient
Aj  energy interaction
w acentric factor

Subscripts

1 1,2-dichloropropane
2 propanal
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Heat Capacities of Liquid Hydrocarbons. Estimation of Heat Capacities
at Constant Pressure as a Temperature Function, Using Additivity Rules

Menachem Luria™ and Sidney W. Benson**
Stanford Research Institute, Menlo Park, California 94025

Additivity rules were applied to develop a scheme for
estimating constant pressure heat capacity of liquid
hydrocarbons as a temperature function. Values for 20
typical hydrocarbon groups and 12 structural features were
derived from experimental data on 117 hydrocarbons. The
various group values and the structural contributions, which
are presented as cubic polynomial expressions, represent
the most common groups in hydrocarbons. These group
values can be used to estimate the heat capacity of aimost
any common liquid hydrocarbon below the bolling point.
During this research, 1209 independent data points were
examined; the standard deviation and the average deviation
between the calculated and the observed values were
found to be +0.8 and +0.64 cal mol~' K~ ', respectively.

The need for data on heat capacities in designing a chemical
plant is very obvious. Although experimental data can be very
accurate, it is very difficult to provide all the data needed for
every single compound. Moreover, in most cases, the accuracy
required by the industry is less than &1 cal mol~" K~'. For these
reasons, several methods have been developed for estimating
thermochemical properties and especially methods for esti-
mating liquid heat capacities. Among these methods, it is worth
mentioning the simple Kopp's rule (4), the Tsien method based
on Lennard-Jones and Devonshire theory on normal liquids (7),
and more recently methods developed by Yuan and Stiel (8), by
Swenson and Chueh (6), and by Amirkhanov et al. ( 7). Although
some of these methods are based on some theoretical consid-
eration, they require much experimental input and relatively
complicated calculations, their accuracy is marginal, and they
are applicable only for a specific property (e.g., liquid heat ca-
pacity). A more detailed discussion of these methods, their range
of applicability, their accuracy, and their relation to the work
presented here is given in a recent manuscript (9).

An empirical approach for estimating thermochemical
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properties was established some 20 years ago by Benson and
Buss (2), who developed a hierarchy of empirical additivity laws
and demonstrated that thermochemicat properties of gases, such
as entropy, enthalpy, and heat capacity, could be estimated al-
most to the extent of the experimental uncertainty. Johnson and
Huang ( 70), Missenard ( 17), and Shaw (5), have applied group
methods to the estimation of liquid heat capacities.

Shaw demonstrated that C,(!) can be estimated to within £1.0
cal mol~1 K~ by group methods. The growing need for reliable
and simple methods for estimating thermochemical data, mainly
for the various energy research programs, has motivated us to
extend this method so that heat capacities of liquids as a tem-
perature function can be estimated easily, quickly, and accu-
rately.

Data Sources

Heat capacity data as a temperature function are usually
presented in the literature in intervals of 10 K. In this study, we
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Figure 1. Schematic presentation of the agreement between observed
calculated C,(I) for the case of 1-cis-3-pentadiene [Cp(l) = a+ f+ g
+ 2j+ «af.




Table 1. Cubic Polynomial Group Values Used to Calculate Constant Pressure Heat Capacity
of Liquid Hydrocarbons [C (1} {(group) =A + BT +CT* —DT?], cal mol~' K~!

Group Group symbol Pol ynomial coefficient Temperature range (°K)
A B [o} D Evaluated Extrapolated
C(C)(H), a 8.459 2.113E-3 ~5.605E~5 1.723E-7 80-380 90-400
c(C) (), b -1,383 7.049E-2 -2,063E-4 2,269E-7 90-380
C(C) 4 (H) c 2.489 -4,617E-2 3.181E~4 ~4.565E-7 120-380
c(cy, d 9.116 ~2,354E-1 1,287E-3 -1,906E-6 150-320
(CRICOM e 8.005 -9.456E-2 4,620E-4 -6,547E~7 200-320 140-320
Cq(C (), £ 8.754 1,776E-2 ~1,526E-4 2,542E-7 110-320
C4(Cy)(C) (H) 3 5.792 -1,228E-2 6.036E~5 ~1.926E-8 140-300 110-320
cey )y, h 3,497 -1,568E-1 1.808E-4 -3.277E~7 140-300 110-320
C(Cy)(C) (1) 1 -2.232 -1,773E-2 2.812E-4 -4,199E-7 140-300
C4(Cy) (€y) (HY 3 8.127 -7,171E-2 3.894E-4 -5.462E~7 140-310 140-330
Ca(Cq)a k 13,756 -1,338E-1 6.553E~4 -9.447E-7 140-310
C(Cq) (), 1 9.733 -1,100E-1 5.522E-4 -6.852E-7 140-300 140-320
Ca{Cy(Cy) (O) m 5,745 ~1,085E~1 5,898E-4 -6,983E-7 140-300
Co(Cq) , (H) n -1,842 5,778E-2 -1,716E-4 1.995E~7 280-350 180-400
Ca(Cy) ,(C) o 28,807 -2.824E-1 9,779E-4 -1,103E-6 180-400
C(Cy(H), P 30,192 -2,812E-1 1.002E-3 -1,115E-6 180-380
Ca(Cu), a ~3.780 2,563E-2 1.190E-5 -9,774E-8 250-400
C4(Cy)(C) r -10.407 1,662E-1 -5.679E~4 6.667E-7 250-290 150~290
€ (Cy) (B 8 30,122 ~2,081E-1 5.945E~4 -3,430E~7 150-280

Table 1l. Cubic Polynomial Corrections Used to Calculate Constant Pressure Liquid Heat Capacity
of Some Liquid Hydrocarbons

Correction Correction Polynomial coefficient Temperature
parameter for: symbol range (°K)
A B [¢] D
Cis around double
bond o3 14,299 ~1 .646E-1 6.069E-4 ~7.716E-7 140-300
Cyclopentane ring B 34,261 ~3,.803E-1 1.161E-3 ~1,118E-6 140-370
Cyclohexane ring Y 13.021 -1.468E-1 2.802E~4 ~3.185E-8 150-380
Cyclopropane ring 8 28,469 -2.,696E-1 6.534E-4 ~1,636E-7 150-240
Cyclobutane ring € 6,060 ~3.114E-2 -2,461E-4 8,349E-7 190-280
Spiropentane ring 1 32.469 -1.991E-1 1,820E~4 4.090E-7 170-310
Cyclopentene ring 8 13.650 ~1.126E-1 7.257E~5 3.400E-7 140-300
Cyclohexene ring K 5.360 -3.456E~2 -2.232E-4 7.324E-7 170-300
Cycloheptane ring A 210.72 -2.344E O 8.235E~3 -9.500E-6 270-300
Cycloheptatriene
ring o -22,158 3.985E-1 -2.059E-3 2.863E-6 200-320
Cyclo-octane ring v 1691.9 -1,.680E+1 5.523E-2 -6.033E-5 290-330
Cyclo-octatetraene
ring p ~-1,060 2,739E-1 -1.972E~3 3.167E-7 270-330
Cis~- and trans-
decahydro-
naphthalene ring c 141 .85 -1.510E © 4.773E-3 -4,872E~6 240~350
1,2,3,4~-Tetra-
hydronaphthalene @ -212.65 2,203E O ~7.571E-3 8.565E-6 240-340
treat every value at the 10 K intervals as one data point even range from 100 to 400 K.
though th|§ value‘ may arise from two or th.ree differe.nt experi- Method of Calculation
mental points. With the aid of the polynomial expressions C(l), The principle of group additivity has been explained in detail

values can be calculated at any temperature at the normal liquid elsewhere (3, 5). The definition of a group is a polyvalent atom
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Table 11l. Comparison of Calculated and Observed Values of Heat Capacity at Constant Pressure
for Straight Chain Liquid Alkanes as a Temperature Function {in cal moi—! K-!)

together with its ligands. (Of these ligands, at least one is another
polyvalent atom; otherwise, the whole molecule is composed
from one group, e.g., CH,, H20.) The easiest way to demonstrate
this principle is to consider an example. Let us estimate C,(l)
of 1-hexadecene at 280 K. The molecule is composed of five
groups: (1) a double bonded C atom attached to a double bonded
C atom and to two H atoms (C4(Cgy)(H)2, group f), (2) a double
bonded C atom attached to a double bonded C atom, to one H
atom, and one single bonded C atom (C~{C4XCXH), group g), (3)
a single bonded C atom attached to double and single bonded

92 Journal of Chemical and Engineering Data, Vol. 22, No. 1, 1977

Tewp. =t a-do- m-tri- | n-tetra- | n-penta-|n-haxa- |n-hepta- [n-octa-
o sthane | propane ] n-putanel n-ventaned n-hexane |n-heptane | n-octane|n-nonane | n-gecane
X aecane | decane ] aevane decune ] decane | decans | decane |} decane
20 o 16.30 | 20.21
¢ 16,64 | 20.08
4 ~0.34 Nz
100 0 16.38 | 20.30
¢ 16.36 | 20,30
B 018 | 0.9
1nn o 1.7 | 2wz
[ 16,48 | 20.67
1.0z | -.25
1w o 16,55 | w055
¢ [CITS PN
2 0.1 —0.35
130 0 16,61 | 2070
< 1633 | 212
3 0.8 0w
140 0 16.69 | 2086 2716
c 1626 | o132 26.39
2 03| .8 2,77
10 0 16.79 | u1.08 w750 33.83
¢ 169 [ 2180 w82 | 32,13
B 0.80 =, o84 1.70
180 o 16.93 | 21.26 27,711 3386
< 16.11 [ 21.68 w28 | 32.77
B PRIN T EIESY 108
170 0 17,08 | 21,30 27,88 | 33.92
< 16,00 | a8 27.61 1 33.38
& 0.98 | —0.35 .25 G.56
is0 o 17,26 21,75 ¢8.03 34.04 0.6
c 16.06 | 22,00 27,95 { 33.89 39.84
s 10 | 0.8 2,08 n.1s 0.80
10 0 2.0z PEIL IR 10.76 W
< c2.18 28,28 | 340 0.3z .61
& 0.1 0,00 .17 u.zy 1.63
200 0 w231 s | sis0 10,87 1515
c c2.32 NS TR i.Le 7L
B [ —o0z | -8 —0.19 0.71
w0 o 22.79 w90 | si.8z .6 1823
< P 2h.96 | 35,32 1.7 .17
.22 o0 | —.su 0.1 0.06
w0 23.08 29.23 | 5.0 i3 48,49 35,53 | s3.13
c PYCH PERCS R 4e.3e 48.87 s5.43 | o139
A 0.43 0.0z | .38 -a.69 ~0.38 0.10 1,44
230 23.53 29.83 [ 35,64 42,09 8.88 55.78 | e3.1e
c 22.82 20,49 | 36.16 42,83 49,49 56,16 | 62.83
3 0.1 018 sz —0.74 .61 ~0.38 a.36
210 0 30.02 | 36.15 12,66 49,38 56,18 | 63,36
c 2982 | 36.60 13.39 50,18 56,97 | €3.76
o 0,10 | —0.48 .78 ~0.80 .78 | =0,
250 o 30,81 ) 36,71 48,27 19.98 56,74 | s3.81 7ian | reas
< 30,13 | 3702 13,51 30.81 57.69 § 61,56 a7 | o1
N oon | —om .61 ~0.83 .3 ) w7 .7 n.38
w0 0 st | oares 3.9 50,86 BT BTy 1ies | e
< s0.7 | 3t a9 51,43 58,1z | s5.11 72,00 | 7e.38
3 0.63 ] .7 0,58 0.7 .9 | s s | 0
€10 o EINCEN [P 41.39 51.39 58,02 | 85.26 1208 | 79072 57,18 94.93
< 0.2 | 7.9 14,98 52.05 59,13 | 66,20 73.e8 | 80.36 57.13 91.51
2 0.3 0.0z -0.39 ~0.66 —.91 ] 0.9 .90 | —.61 028 0.4z
280 @ 38.51 15.31 82,18 59,07 | es.13 73,21 | w052 87.92 95.37 102,92
< 38,35 43,82 s2.68 3984 | 87,00 7417 { 81.33 84,19 $5.65 102,81
& n.25 -0 .21 -0 .18 -0.7% - 87 .93 —0.81 —.57 —0.28 0,11
20 o 39,34 16,07 53.04 59,98 | e7.11 74,26 | 8185 88.91 96.31 103,91 | 11150
¢ 38.85 i8.09 53.34 50,58 | 67.84 75,07 { 8231 #9.53 8580 10401 | 11128
B .18 .02 -0.30 0,60 | =0.71 < | 08 | 05 -a.18 .13 2.2
00 o 10,10 16,85 53,93 60,90 | se.16 75,37 | 82,58 90.09 87,47 5,01 | 312,33 120007 | 127.87
< 39,37 18.70 54,02 €1.33 | 68.66 75.98 | w33 90.63 8796 105,28 | w60 11993 | 127,28
B vy 018 —0.08 .43 | =050 I .54 .19 .27 —0.07 ERE 0.62
3w o 54,85 69.25 76,52 | 83,90 91.32 98.72 113,62 121,43 | 129.08 | 136,77
< 54.74 69,55 76.95 | wi.33 91.76 $9.15 113,96 | 12137 | 1877 | 136.17
2 .11 .30 .3 | s ~L1 0.4 5,14 .06 0.32 0.60
320 0 55.78 70,40 77.75 92,82 123,05 | 130.67 | 128.30
c 35.51 70,47 77.96 92,93 122,88 | 130.35 | 137,83
2 0.27 -0.07 0. .31 .12 0.32 0.47
130 0 56.75 192,38 | 140,02
4 55.32 131,98 § 13955
2 0.13 .40 0.47
310 0 57,76 13497 | 14187
c 57,21 133.74 | 141,39
2 0.55 9,42 0,18
350 0 38.79 136.0¢ | 143.85
< 5817 135,82 | 143.36
B 0.6z 0,42 0,48
60 0 39,89 13793 | 145.77
c 59,21 137.64 | 145,18
2 .68 0.20 0.29
o o 61.04 133.85 | 147.77
c 80,34 139,82 | 147.76
N a.70 0.03 0.01
w2 0 141,76 | 148.99
c 142.20 | 150.26
E 0,44 0,33
90 o 143.69
¢
s
Saurce 1 2 3 4 4 1 4 ) 4 4 4 4 ] 4 4 4 .
O = abserved R, X, Witt and J, D, Kemp, J. amer. Chem. Soc., 59, 273 (1937),
€ = calculated 5. D. Kemp and C. J. Egan, J, Amer. Chem. Soc., 50, 1521 (1938},
&= Cpudy Tovserved—caloulated) 3. G. Aston and G. H. Messerly, J. Amer, Chem. Soc., B2, 1917 (1940),
“J. F. Messerly, G. B. Guthrie, S. 5. Toad, and . L. Finke, 4. Chem. and Eng. Data. 12, 338 (1967).

C atoms and to two H atoms (C(CgXC)XH)2, group h), (4) 12 groups
of single bonded C atoms each attached to another two single
bonded C atoms and to two H atoms (C(C)»(H),, group b), and (5)
a single bonded C atom attached to three H atoms and one single
bonded C atom (C(CXH)s, group a). Using the parameters for the
groups a, b, g, f, and h, which are given in Table I, substituting
280 for T, and summing a + 12b + f + g + h, we obtain the
value of 113.87 cal mol~' K=, which compares well with the
value of 114.03 cal mol~' K~ observed experimentally. Note
that we have represented the central C atom in allene as C, in



Table 1V. Comparison of Calculated and Ohserved Values of Heat Capacity at Constant

Pressure for Tertiary Liquid Alkanes as a Temperature Function {in cal mol™

K™)

. methyl- | methyl- | z-methyl-| d-metayi-§ 2,3- 2-nethyl-| 2,4~ 3-etnyl- | 3-methyl- [-nethyl-] 2-mecthyl- | S-methyl- | 4-methyl-[ s-nethy'~ Z-metnyl-
°x propane | butane pentans | pentane |aimetnyl- | nexane | aimethyl-| pentane | neptane | nheptane | nonane nonane nonane nonane decane
butane pentase
19 0 | 2397 29,55 35.16 34,9
c | 2s.3s 29.85 34,35 34,35
& ~1.38 -0.30 0,81 0.55
130 o 24.28 29,95 35,49 35,25
c 25,36 30.18 34.94 34.94
& “1,08 -0.20 0.55 0.31
10 o 24,68 20,34 35.87 35,62
30,46 38.53 35.52
s -0.12 0.3 0.09
100 30,74 36.24 36.00 34.83
c 2,79 36.10 36.10 34.75
2 -0.05 0.14 -0.10 0.08
160 0 3.4 36,68 36.41 35.36 43,06 10.48 41,59 48.98
c 3113 36.67 16,67 35.04 12,22 40,58 42,28 47,60
e 0.00 0.0z -0.26 .32 0.84 -0.09 -0.66 iae
170 0 26,03 3155 37.18 26,87 35.50 43.53 al.z4 4208 50.69 49,48
c 25.73 31,48 37,23 37.23 35.36 42,99 al.10 42.99 8,74 48,74
& 0.30 0.07 -0.08 -0.36 0.54 0.54 RY) -0.81 1.08 0.71
100 26.50 3z.00 37,66 37,36 36.46 44.04 sz.01 42,60 51,00 49.94 63,17
¢ 25.91 31,85 37.80 37,80 35,76 4374 41,70 43.74 19,58 49,69 61,5
B 0.9 0.15 -0.14 0,44 0.7 0.30 0.31 -0.94 1.3 0.25 1.59
190 0 | 26,84 32,45 38,16 37,87 37,05 44,58 az.81 43,48 51,39 50,72 62.98 63,32 63,29
c| zea3 32,25 38.37 38,37 16.22 44.49 42,34 14,49 50.61 50,81 62,¥5 62.85 62,48
2 0,81 .21 -0.21 -0.50 0.83 0.09 0,47 -1.03 0.76 0,11 013 0.47 0.44
200 0 27.33 33.00 38,74 38.41 37.64 5,18 143,65 440 si.8 si.ig 6650 63.70 84.17 53.90
4 26.3% az.e7 5.94 38,94 36,74 45,22 43.01 45.22 1.50 51.50 64,08 64.06 64.06 64,06
. 0.94 0.33 «0.20 -0.53 0.90 -0.03 0,64 -1.08 0.31 0,31 2.53 0,36 0 -0.16
210 o 27.81 33.50 33.36 38.98 38.24 45,83 44,51 44,88 52.34 5183 66.70 64,95 65.02 64.65
c 2658 33.08 39,47 39.47 37,30 5.95 13.73 45.95 52.37 52.37 65.22 65.22 65.22 65 22
& 113 .45 -1 0,48 0.94 0.1z 07K Ly 003 34 Loar .75 -0.20 -0 87
220 0 28.37 34,04 10,00 30,62 18,88 46.51 as.42 143,59 52,97 52 56 66,95 65.:7 6580 65.44
c 27.01 33.57 .12 0,12 37,93 6,68 444k 16,6k 53,23 53.23 66.35 66 35 66.35 6635
& 1,38 0.47 012 ~0.50 0.93 -0.17 .94 -1.08 -¢.26 0,87 v.A0 ST -0.47 -0 8
230 o 28,99 34.60 10,70 40,26 39.36 47.22 46.38 46.35 53,712 53.32 67 42 65.91 66.73 66.38 74.32
¢ 27.37 34.05 40.72 40.72 38,59 47,30 45.27 47,40 810k 54,08 67.43 67.43 87,33 87.13 740
: 1.62 0.55 -0.02 -0.48 0.97 0.1k L -1.08 -0.36 -v.78 0.0 -1.52 0,70 1w 018
240 0 20.7 35.20 41,01 4u.98 10.28 48.00 47,97 1718 54.54 510 69.04 66.79 87,70 67.43 5.3
c 27,78 34,57 41,36 4l.36 39,28 48,18 46.12 as.15 54,94 54,94 65.52 6252 6¥.52 v.52 5.3
. 1.93 0.63 0.05 -0.41 1,08 -0.15 1,35 -1.00 0,40 -G89 0.8 -1.73 -0.¥2 -1.08 -0.18
20 0 30,38 35,80 az.21 41.68 11,02 4881 48.38 47.99 55.45 51.98 64,99 57,81 65,92 6851 73.98
¢ 28,23 3512 az.01 42,01 40,10 48.90 47.00 48,90 55.79 55.79 69.57 69,57 59.57 69 57 76,46
2 2.18 .68 0.20 -0.33 0.92 -0.09 1,38 0.8 0,34 0,81 0,58 -1.76 -0.65 -1.08 -0.50
260 0 31,00 36,48 43.02 42,44 41.80 19.67 19.43 8,88 56.33 55.92 70.03 69.01 70.26 69.69 6.9
c 28,71 35.70 42.69 42.69 40.93 49,67 47,92 49,67 56.68 56.66 70.63 70.63 70,83 70,63 17.62
s 2.29 0.78 0.33 -0.25 0,87 0.00 151 -0.79 0,33 -0.74 -0.60 .62 -0.37 -0.94 -0.73
270 0 37.10 43.83 43.22 42.64 50.55 50.51 49.7¢ 57.30 56.¢9 71 70,28 7136 .06 18,00
c 36.32 43.39 43.39 41,81 50,47 ay.58 50,47 57,54 57.59 .69 7169 7169 7t .89 7€.71
& 00,78 043 -0.17 0.83 0.08 1.63 -0.69 0,24 -0.65 -0.50 Lt -3 -0.63 -0.17
280 0 487 44.02 13,50 31,48 51.60 50.70 54,31 57,90 72,49 .87 72.94 72.42 79.20
c 44,12 4412 42.72 51,28 49,88 s1.28 58,44 38.44 72.72 72,77 72 71 72 77 79.93
s u.s5 -0.10 o.78 9.21 172 -0.58 -0.13 -0.54 -0.23 120 0.7 -0.35 ~0.73
200 0 15.59 44.84 8,37 52,47 52.70 51.66 59,38 58,93 73.79 74.56 73,80 80.45
¢ 44,89 44.89 43,69 5214 50.93 s2.13 59,38 59.3¢ 73.86 73.86 73.86 [T
& 0.70 -0.08 .68 0.33 1.77 -0.47 -0.02 -0.48 -0.07 0.70 -0 06 -0.86
3000 16,30 45,74 45.28 53.48 53.79 52.66 60.43 60,01 .82
< 25,69 5.6 44.69 53,02 52,01 33,01 60,34 50,34 #2.31
Iy 0.81 0.05 0.59 0.45 1.78 -0.38 0,09 -0.33 -0.49
6oo 47,20 16.64 54,87 61.55 61.14 83.28
c 46.54 46,54 s53.1s 61,38 6138 83.56
a 0,86 0.0 1.712 0.20 -0.21 -0.3
320 © 47.56 62,70 62.26 44,69
c 47.43 62,46 62.40 24.85
2 013 0.24 -0 -0.16
230 0 18,50 63.67 83.43 8614
c 48,36 63,48 63,49 £ 19
4 o4 0.38 -6.08 -0.05
00 85.10 64.63 87.60
< 64.65 64,65 87.61
a 0.45 -0.02 -0.0
350 0 86,35 65.76 3.10
¢ 63.66 65.96 8.10
4 0,49 -0.10 0.00
0 0 67.64 66.94 90.67
c 87,16 67,18 90.69
4 0.48 -0.22 -0.02
Mo 68.92 68.20 92,30
c 68.52 88.52 92.37
2 0.40 -0.32 -0.07
=0 o 89.54 93.98
c 69,96 9379
1y -0.42 0.23
w0 9. 86|
¢
4 .
. 1 3 3 4 1} 3 [ 3 3 ) 7 7 7 7 r
O = otwerved 13, G, Aston, R. ¥. Xennedy, and S, €. Schumann, J. Amer. Chem, Soc., 62, 2089 (1¥70).
€ = calculated N %G, 8. Gutherie, Jr., and H. N, Huffean, J, Amer, Chem. Soc., 3. 1139 (1943),
& = €p(d) Tobserved-caleulated, ), 7. Wesserly snd K. L. Finke, J, Chem. Therwodymamics, 3, 475 (1971).
“H. L. Finke and J, P, Messerly, /. Chem. Thermodynamics, 3, 247 (i973),
*o. Douslin and M. M, Huffman, J. Amer, Chem. Boc., 88, 1704 (194€).
*E. M. Auffman, M. E. Gross, D. ¥, Bcot, and J. P, McCollough, J. Phys, Chea., 83, 495 (1981),
6. Parks, T. J. West, snd G. E, Moors, J, Amer, Chem. Soc., 83, 1133 (1841),
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Table V. Comparison of Calculated and Observed

Values of Heat Capacity at Constant

Pressure for Quaternary Liquid Alkanes as a Temperature Function {in cal mol- K-!)

Temp, . 2,2-dimethyl~ 2,2-dimethyl- 2,2,3-tri- 3,3~dimethyl- 2,2,4-tri- 3,3,4,4-tetra-
°K butane pentane methylbutane pentane methylpentane methylhexane
140 O

o}
A
150 0 39,22 39.52
c 39,34 39.34
A -0.12 0.18
160 0O 39,92 40,02
o} 39,94 39.94
A -0,02 0,08
170 0 40,66 40,56 44,33
c 40,60 40,60 44 .48
A 0,06 -0,04 ~0.16
180 0 36,11 41,42 41.16 45,01
[o} 35,37 41,32 41 .32 45,22
4 0,74 0,10 -0.16 -0.21
190 © 36,72 42,22 41 .82 45,71
c 35.96 42,08 42,08 46.05
A 0.76 0,14 0.26 -0.34
200 0O 37.38 53,05 42,51 46.48
C 36.80 52,88 42,88 46.96
& 0.58 0.17 -0,37 ~-0,48
210 ©O 38,05 43,81 43,23 47.34
C 37.31 43,73 43.73 47,93
A 0,74 0,18 =0.50 -0,59
220 0O 38,74 44,81 44 .00 48.26
C 38,04 44,60 44,60 48,96
A 0,70 0,21 -0.80 -0.70
230 0 39.43 45,74 44,80 49,24 65,08
c 38,83 45,50 45,50 50,04 63,29
& 0,80 0,24 -0.70 -0,80 1,78
240 O 40,17 46,71 45.865 50,13 66,01
c 39,65 46,44 46.44 51.19 64,53
A 0.52 0.27 -0.7¢ ~1,06 1.48
2% o0 40,98 47,70 46,02 46,49 51,11 67,00
c 40,49 47.39 45,48 47,30 52,37 65,82
& 0.48 0,31 0.54 -0,80 -1,26 1,18
260 0O 41,81 48,73 47,085 47.35 52.12 68,05
o} 41,36 48,36 46.59 48,38 53,58 67.19
& 0,45 0,37 0.46 -1,01 -1,46 0,86
270 ©O 42,87 48,77 48.08 48.27 53.15 69.17
o} 42,25 49.33 47,74 49,30 54,81 €8,49
& 0.42 0.44 0,34 ~1,03 ~-1.68 0.68
280 O 43,53 50,85 49,12 49,24 54,20 70,37
o} 43,15 50,31 48,91 50,31 56,07 69,81
A 0,38 0,54 0,21 -1,07 -1.87 0,56
200 O 44 .41 31,94 50.17 50.35 55,28 7,57
o} 44,05 51,29 50,09 51.29 57.33 n.a7
A 0.36 0,65 0,08 -0.94 =-2.,05 0,30
300 O 45,27 53.06 51,22
o} 44,95 52,27 51,27
A 0.32 0,79 -0,05
310 © 54,20 52,26
o} 53.25 52.45
& 0.95 ~-0.18
320 0 53,32
o} 53.62
& -0.30
330 ©O
C
A
Source 1 2 2 3 4 4
0 = observed 1D, R, Douslin and H, M., Huffman, J, Amer, Chem. Soc., 68, 1704 (1946)
C = calculated 94, M, Huffman, M, E. Gross, D, W, Scott, and J, P, McCollough, J. Phys., Chem,, 65, 465 (1961)
&= c [ observed-calculated] 3y, M, Huffman, G. S. Parks, and S, B, Thomas, J, Amer. Chem, Soc,, 52, 3241 (1930)

4G, S, Parks, H, M, Huffman, and

conformity with past practice (3) rather than by C4—(Cq)e.

The group activity method does not take into account next-
to-nearest-neighbor interactions, such as cis effect or molecular
strain caused by the existence of a ring compound. Where such
an effect exists, a structural correction should be made. The

94 Journal of Chemical and Engineering Data, Vol. 22, No. 1, 1977

S. B, Thomas, J, Amer, Chem, Soc,, 52, 622 {1930),

corrections, also presented in a polynomial form, are given in
Table Il. Whenever a correction is needed, simply add the cor-
rection value. For example, Cp(!) at any given temperature of
cyclohexane can be estimated by substituting the temperature
in the cubic expressions for b and v and calculating the sum 6b



Table V1. Comparison of Calculated and Observed Values of Heat Capacity at Constant Pressure
for Liquid Alkenes as a Temperature Function (in cal moi~! K~)
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+ +. Typical agreement between observed and calculated liquid
heat capacity for the case of 1-cis-3-pentadiene is demonstrated
in Figure 1.

Group Value Determination

The simplest case for determining group values is the case
of straight chain alkanes. Here there are only two groups: ter-

PRpr— 1. 0. Asven wad G, 4. Wrars, 3. Amer. Cam. Bo%., 88, NOB (i)
it Frvcaitent Dete Booh, Amrian Peiroleu IabtiTCE, Fesroloun Metising, £, T8 1, 3 (1oea
1550 Lomarves-calcuiatetl A2 P, eaearty, 4. b, Todd, 40d 0. B, Gwthriv, 4. Com. a4 D, W B, 2T (R

minal methy! (group a) and secondary methylene {group b). The
numerical values for these two groups were simultaneously
computed by trial and error to get the best fit between the ex-
perimental and the calculated value using data on 17 different
straight chain alkanes. This type of calculation was made for
every 10 K temperature interval at the normal liquid range. The
group values were then fitted into a cubic polynomial expression
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Table VIII. Comparison of Calculated and Observed Values of Heat Capacity at Constant Pressure
for Liquid Cyclopentane Derivatives as a Temperature Function (in cal mol—* K—!)

Temp. cyclo= methylcyclo- ethylecyclo- 1,1-dimethyl~ l-cis- 1-trans- n-propyl - n-butyl- n-decyl -
°K pentane pentane pentane cyclopentane 2-dimethyl-2- 3-dimethyl-2 cyclopentane cyclopentane cyclopentane
cyclopentane cyclopentane
140 O 29,89 35,07
c 30.11 35.17
4 -0.22 =0,10
150 © 29.98 35.24 34,77
C 30.11 35.42 34,07
& -0,13 -0.18 0,70
160 © 30,14 35.43 35,17 41.50
C 30,19 35.73 34,08 41.27
) -0.05 -0.30 1.09 0.23
170 0 30.35 35,69 35.62 41 .82 48,38
c 30,32 36,08 34,21 41,83 47.59
4 0,03 -0.39 1.41 -0.01 0.79
180 0 23.88 30.61 36,01 36,08 42,19 48,73
c 26.64 30,54 36.49 34.45 42.44 48,38
4 -2,76 0.07 -0.48 1,64 -0.25 0.35
1906 0O 24.14 30,92 36.40 36,61 42.64 49,15
C 26.86 30.83 36,95 34,80 43,07 49.19
4 -2,72 0.09 -0.55 1.8 ~0,43 -0.04
200 o 24.45 3t.31 36.89 37.18 43.17 49,66
o} 27.10 31.17 37.45 35.24 43.73 50.01
4 -2,65 0,14 -0.56 1,94 -0.56 -0,35
210 © 24.84 31.78 37.41 36.91 37.80 43.76 50,28
c 27.38 31,57 37.989 35.77 35,77 44.41 50,84
Y -2.54 0.21 -0.58 1.14 2.03 -0.65 -0.56
220 © 25.28 32,29 38.02 37,57 38.45 44.44 50.95
C 27.68 32,02 38.58 36,51 36,39 45,14 51.69
4 -2.40 0.27 -0.56 1.06 2,06 -0.70 -0.74
230 0 25,76 32,85 38.66 38,37 39,31 39.08 45.18 51.72
c 28,01 32,55 39.23 37.32 37.09 37.09 45.91 52.58
& -2,25 0.30 -0.57 1,05 2,22 1.99 -0.73 ~0.86
240 © 26.28 33.46 39.25 39.28 40.05 39.84 45.99 52.56
C 28,37 33,12 39.91 38.19 37.87 37.87 46,70 53.49
4 -2.09 0.34 -0.66 1,09 2.18 1,97 -0.71 -0.93
250 O 26,87 34.13 40.13 40.10 40.81 40,58 46.85 53.74
C 28.76 33,74 40,63 39.11 38,72 38,72 47,52 54.41
& -1.89 0.39 -0.50 0.99 2.09 1.86 -0.,67 -0.67
260 0 27.52 34,84 40.96 41.00 41.65 41,52 47.76 54.44 97.16
c 29.18 34,41 41.40 40.07 39.63 38,63 48.39 55.37 97.30
4 -1,66 0.43 -0.44 0.93 2.02 1.89 -0.63 -0,93 -0.14
270 © 28.22 35,60 41.81 41,93 42.54 42,37 48.74 55.47 98.00
o} 29.61 35,09 42,17 41.03 40.59 40,59 49.25 56.32 98,78
4 -1.39 0.51 -0.36 .90 1.95 1.7¢ -0.51 -0,85 -0.78
280 o 28,93 36.40 42,70 42,91 43.45 43,31 49.75 56,55 99,22
C 30.09 35,85 43.01 42,03 41,60 41,60 50,17 57.33 100.30
A ~1.16 0.55 -0.31 0,88 1.85 1.71 -0.42 -0.78 -1,08
290 © 29.68 37,22 43.66 43.83 44.29 44,22 50.80 57.68 100.65
o} 30,59 36.63 43.87 43.03 42,66 42,66 51,11 58.36 101,81
[ -0.91 0.59 -0.21 0.80 1.63 1.56 -0,31 -0.68 -1.16
300 o 30.44 38,09 44.71 44,83 45.12 45,23 51.89 58,86 102.24
c 31.12 37.44 44,76 44,02 43.76 43,76 52,08 59.41 103.34
a -0.68 0.65 -0.05 0.81 1,36 1.47 -0.19 -0.55 -1.10
310 © 53,00 60,07 103.99
C 53.09 60,49 104,91
a -0.09 -0.42 -0.92
320 © 54.14 61,29 105,72
[ 54,13 61,61 106.52
& 0.01 -0.,32 ~0.80
330 © 55.29 62,52
[+ 55.19 62.76
a 0.10 ~0.24
340 0O 56,44 63,79
[ 56.28 63.94
4 0.16 =0.15
350 0O 57.61 65,07
< 57.40 85,15
a 0.21 -0.08
360 © 58.80 66,32
o} 58,55 66,39
4 0.25 =0.07
370 0 59,98 67.58
c 59.73 67.68
a 0.25 =0.10
Source 1 1 2 2 2 2 3 3 3
0 = observed ‘D, R. Douslin and H, M, Huffman, J. Amer, Chem, Soc., €8, 173 (1946).

€ = calculated
= ACP(L) { observed-calculated]

with the aid of a polynomial fit program provided by RAIR
Company of Palo Alto, Calif. The observed and the calculated
values of the liquid heat capacity of straight chain alkanes are
presented in Table Il in temperature increments of 10 K.

For tertiary alkanes, only one additional group is needed (group
c); thus, the average value of this group was taken as the average
value computed from the experimental data on 15 tertiary al-
kanes. The polynomial fit technique was applied in this case as
for the preceding groups. The data on the tertiary alkanes are
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M, E, Gross, G. D, Oliver, and H, M, Huffman, J, Amer. Chem. Soc., 75, 2801 (1953).
3]. P, Messerly, 8, 8, Todd, and H. L, Fink, J, Phys, Chem,, €9, 353 (1965).

presented in Table IV. In a similar way, group d was determined
from the experimental data on six alkanes containing quaternary
carbon as presented in Table V.

In the case of monoolefins, seven more groups should be
determined (2). Of these groups, six are independent of the rest
since certain of them always occur together in compounds; thus,
only six independent data are needed to bring these compounds
within the scheme. Arbitrarily and without reducing any accuracy,
the group that contains C atoms attached to three H atoms and



Table 1X. Comparison of Calculated and Observed Values of Heat Capacity at Constant Pressure
for Liquid Cyclohexane Derivatives as a Temperature Function (in cal mol~! K-!)

Tep, | cyctonemne | metnyi- ctnie | Lidtmetyle | etet,ge | treneli- | eteed,d- | trewset,3< | cieta- | teaneel - wpropyic | nbutris neheptyl- | neteeyi- | n-aodecyl-
°x Loh cyeloh dimethys aimetnyl - aimetnyl - dimethyl- aumethyl- dinethyl - cyclohexane | cyclokemane | cyciohexane cyclohesane | cyclohemne
cyclohexane | cyclohexane | cyclohexane | cyclohexane cyclohexane | cyclohexane
1% o 33.44
c 33.08
4 0.38
160 © 33,94
c 33,74
4 0.20
17 o 34.46 38.30
< 34.41 40.18
3 6.08 -0.88
160 o 38.00 39.90 .10
c 38,07 4.3 47,29
s .07 144 s
10 o 33.36 40,34 40,00 41,25 46,79 i
¢ .70 a1.68 39.67 30,67 47,80 }
4 -0.14 114 0.33 1.58 gl
200 © 36.1¢ aL.22 10.58 0.76 a9 42.24 47,54 53.73
¢ 36,35 az.1 4041 40.41 40,41 0.0 28,30 54.67
s -0.21 -0.89 0.27 0,35 1.50 1.83 .88 Zaes |
0 o 36.76 41.97 41.40 41,45 42.62 42 84 18.96 e
c 36,99 12,64 s 4119 a9 4119 .07 55,08 |
3 .23 -0.67 0.21 0.27 1.93 1.65 Zom e 1
220 0 37.43 42.77 4z.18 a2 43.37 43.51 49,28 55.48
< a7.84 43.26 42.00 12.00 43.00 42.00 45.84 36.39
2 ~0.21 .51 018 .21 B 151 w061 0,90
23 o 28,17 43.62 43.64 43.00 143.08 aa.1s 44.25 017 56.47
P 38,30 43,99 a3.84 12.84 4z.84 42.84 s2.84 50,87 57.34
N -0.13 -0.37 0.8 0.16 0.21 1.3 4 .80 Zo.87
240 © 38.95 44.52 43.83 14,98 43,87 43.97 45.00 45.00 44.60 59.16 57,84 17.83
¢ 38,98 45.80 44,08 43.73 43,73 43.73 43,73 43.73 43.73 59.50 58,38 78,75
N -0.02 -0.28 ~0.22 .75 0.14 0.24 127} Va7 0.87 2043 o 84 0.9
250 0 9.78 15,48 44,79 45.38 44,82 15.92 4388 45,56 45.44 221 58,66 79,21
c 39.66 45.70 45.03 44.64 44.64 44,84 | 44.64 4464 14.84 52,59 59,48 80.16
2 0.12 -0.22 0,24 0.74 0.18 .28 124 .2z .80 lo.38 ™ .98
260 0 10.62 45.46 45.80 46.32 48,82 45,92 684 46.78 16.33 ey 5982 .62
¢ 40.38 46.68 46,04 15.61 45.61 15.61 45,51 5.6 45,61 53.67 80,68 .62
s 0.24 -0.22 -0.24 0.1 o.n 0.31 1.23 a7 a.n .38 .83 1.00
210 0 a1.50 47.49 46.85 ar.28 6.88 46,96 47,82 a1.75 47.28 54.43 s1.04 82,15
c a1z 47,73 47.06 15,61 46,61 16.61 46.61 6.5 45.61 54,83 51,90 8313
4 0.38 -0.26 -0.21 .67 .27 0.38 1.1 114 0.67 -0.38 -0.86 -0.98
280 © 35,69 42,40 48.36 4794 48,29 47,96 48.02 48.85 18.75 48.28 55.63 62,34 53,88 104.93
¢ 36.15 41,91 18.90 18,16 47.66 47,68 47,66 47.66 47.86 47.66 56.08 63,22 84,71 106,19
s -0.46 0.48 -0.34 .22 .63 0,30 0.36 1.8 09 .63 -0.43 <.88 -0.83 1.26
2% o 36.61 43.33 14968 43,05 19,38 49.08 49.14 49.95 49.79 49.35 56.84 63.66 85.52 106.63
¢ 36.69 42,73 50.15 a8.13 48.76 18.76 48.76 48,78 48,76 18.78 57.39 64.64 86.37 108,00
s -0.08 0.60 -0.47 .08 0.58 .32 0.38 1.9 1.03 0.39 -0.55 -0.98 .85 .46
300 o 37.33 44,28 50.84 50.23 50.44 50.27 50.24 51.09 50.90 50.48 58,08 €5.03 87,18 108.42 123,21
¢ 37.38 1.6 51.80 s0.18 48,92 145.52 13,92 49,92 49.92 49.92 58.82 66.15 88,11 110.08 124,73
a .25 o.68 -0.66 0,08 0,52 0.35 0.32 17 0.98 0.54 -0.74 -1az .95 1.66 1.52
30 o 52.02 59.36 66.42 110.23 125.23
c 52,91 59.32 67.72 1213 126,94
i -0.89 0.0¢ -0 | -1.%0 B
320 o 50.65 67.83 |
< 60.48 67.94
3 .20 -0.11
330 © ! 51.98 69.25
c 61.63 69.21
s l 9,33 0.04
40 © 63.31 0.89
c ' 62.92 70,57
& E | 0,38 012
as0 o i i 64.64 2.14
c ‘ ! 84.26 73,00
s | 0.8 0.14
a0 o { 65.98 73.59
© i 85,69 73.54
s i | 0.29 0.05
370 o . i 67.31 75.08 i
¢ 67.22 73,17 ;
2 ; .09 -1 i
30 0 i 68.64 !
c | 58,85 i
3 -0.21 |
| source ' 2 3 3 3 3 3 3 ‘ 3 a 4 4 s T 4 s
0 = observed
C = calculated
& = 20 (1) [observed-calculated]
IR, A. Ruehrwein and H, K. Huffman, J. Amer. Chem. Soc,, 65, 1620 (1943).
0. R. Douslin and H. M. Huffman, J. Amer. Chem. Soc., 173 (1948).
. M. Huftman, S. S. Todd, and G. D. Oliver, J. Amer, C Soc., 71, 584 (1949),
4. L. Fink, J. F, Kesserly, and S. S, Todd, J FPhys. Chem. §9, 2094 (1963).
g, s, Parks, G. E. Moore, M. L, Renquist, B. F. Naglor, L. A. MacClaine, P. §. Fujii, and J, A. Hatton, J. Amer Chem, Soc., 71, 336 (:849)

to another atom (double bonded C atom or any heteroatom) is
defined as identical with group a (3). Out of the six independent
groups, values have been assigned to only five (groups “e"-""i""),
since no experimental data are available on compounds con-
taining C(Cy)(C)s. The value for group e is based only on 2,3-
dimethylbutene-2, and the small deviation Is the result of the
polynomial fit. The value of group g is based on averaging the
group value calculated from trans-2-butene and 2-methyl-2-
butene. The value of group f was calculated from the average
value of 12 different 1-alkenes; h and i values are based only on
trans-2-pentene and 3-methyl-1-butene, respectively. Since
group additivity schemes are unable to distinguish between cis
and trans isomers, correction for cis interaction around the
double bond is needed. The correction parameter o was cai-
culated from the differences between cis- and trans-2-butene
and between cis- and trans-2-pentene. The experimental and
the observed C,(l) of alkenes are presented in Table VI.

For polyalkenes, four additional groups should be evaluated.
The values of groups j and k are each based on four ditferent
dienes, and the values of m and n were derived from the ex-
perimental C,(l) of 1,4-pentadiene and 2-methyl-1,3-butadiene,
respectively. The comparison between the experimental and
observed data is shown in Table VII.

Relatively many experimental data are available on liquid heat
capacities of cyclopentane and cyclohexane derivatives. Since
in these cases all group values are known, the only need is for

ring corrections. Corrections computed for the cyclopentane
ring are based on data from nine cyclopentane derivatives
(correction 3), and corrections for the cyclohexane ring () are
from experimental data on 15 cyclohexane derivatives. Com-
parisons of experimental and observed data are given in Tables
Vil and IX. For other cyclic compounds, C,(l) was determined
experimentally only for a limited number of compounds. Ring
corrections have been computed for every different ring. Cor-
rection parameters for these rings are given in Table Il, and the
agreement with the observed values is demonstrated in Table
X. It is worth noting that no need was found for cis correction in
the case of cis- and trans-decahydronaphthalene.

For liquid aromatics, four additional groups have been de-
termined. The value of the basic aromatic group (Cg(Cg)2H or
group n) is based on the Cy(l) of benzene. Since other liquid
aromatics have different normal liquid ranges, n values were
extrapolated to wider temperature range, so that they could be
used for determining the other three groups: o, p, and q. For
1,2,3,4-tetrahydronaphthalene, correction was calculated for
the side nonaromatic ring. The data on liquid aromatic heat ca-
pacities are summarized in Table XI.

Liquid heat capacity data on alkynes are available only for 1-
and 2-butynes. The data on 2-butyne were used to calculate the
values of group r, and data on 1-butyne were used to calculate
the values of group g. In the case of 1-butyne, we must assume
that the value of C(C{C)H): is similar to the value of group k.
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Table X. Comparison of Calculated and Observed Values of Heat Capacity at Constant Pressure

for Liquid Hydrocarbon Rings as a Temperature Function (in cal mol~! K-!)
Temp. cyclo- cyclo- spiro- cyclo= cyclo= cyclo- cyelo- cyelo- eyclo- trans- cis-
propans butane pantane pentene hexene heptane heptatriene octane octatetraene decahydro-~ decahydro-
napbthalene | naphtbelene
140 o0 23,75
c 23.60
1y {0.18]
150 © 18.14 23.62
[ 18.13 23,55
I {o0.01] (0.07]
180 © 18.01 23.57
c 18.03 23.56
Iy [ -0.02] {0.01]
170 o 17.97 25.81 23.60 27.78
c 17.98 25.82 33.62 21.74
& [-0.01] (=0.01] [-0.02) [0.04]
180 © 18.01 26,02 23.72 26,13
c 18.00 36.01 23.75 28,18
4 [0.01] {o.01] {-0,03) [-0.01]
1% o 18.08 21,47 26.28 23.88 28.58
c 18.07 21.48 26.26 23.92 28,80
I (o0.01]) [o.01] [0.00] [-0,04] {-0,02]
200 © 18.23 2,77 26.57 24,12 29.03 33.60
c 16.22 21,78 26.57 24,18 29,07 33.60
4 {0.01] [-0.01] [0.00] [-0.04] [ -0.04] (0.00]
210 © 18.42 22,08 26.94 24.42 29.54 34.02
c 18.43 23,10 26.94 24.45 29.57 34,02
& [-0.01]) [~0.01] {0,00) [-0.03]) {~0.03] {0.00]
220 0 18.71 33,41 27.36 24.80 30.09 34.48
c 18.72 22,41 27,36 24.79 30.10 34.47
A [-0.01] (0.00] {0.00] [o0,01] {-o0.01] [-0.00]
230 © 19.07 23.78 27,83 25.24 30.66 34,94
c 18.07 22.75 27.63 25.18 30,660 34.94
A {0.00] [0.01] {0.00] {0,06] [0.02] {0.00])
240 © 19.52 23.12 28,35 25,72 a1.32 35,44 48.36
c 19,81 23.11 28.36 25.63 31.26 35.44 48.15
& {0.01] [o0,01] {-0.01] {0.08] (o.06] [0,00] {o.11]
%0 o 23,50 26,91 26.25 21.99 35,96 48.30 49.23
c 23.51 28.92 26.13 31.80 35.95 48.99 48,99
& (-0.01] [=0.01] [o.12) T0.00) {o0.01] -0.69 0.34
260 © 23,93 29,53 26,81 32,70 26.52 49,51 50.47
c 23,05 29.53 26.68 32,51 36.53 50.03 50.04
2 (-0.02] T0.00] {o.13] (o0.10] {-0,01] -0,52 0,43
210 © 24,46 30.18 27.40 33.44 40.68 37.12 42.83 50.79 51,71
c 24,458 30.17 27,90 33.94 40.65 37,12 42.63 51.20 51.20
& [o0.017 T0.017 [-0.50] [ -0.507 {0.007 70.00] To.00% -0.41 0.51
280 O 28.02 30.85 28.03 34.20 41.54 37.74 43,10 52.12 52.99
c 25.02 30.84 27,92 34.08 41.54 27.73 43,19 52.48 52.48
& (0.00]) [o.01] (o.11] [o.11] (o0.00] {0,011 {0.00] -0,36 0.51
290 o 31.58 26.70 34,99 43.46 3e.37 50.68 43.77 53.48 53.33
c 31,35 28.62 34.92 42.46 38.37 59,69 43.77 53,85 53.85
A {0,00] [0.08]) f0.07) {0.00] [0.00} T-0,01] {0.00] -0.37 -0.52
300 0 32.28 29,38 35.80 43.36 39,03 51,68 44.37 54.87 55.70
c 32,28 29.37 35,80 423.38 39.03 51.64 43,57 55,37 85,27
a 10,00] {0.01] [0.00] [0.00] {0.00]) (o0.04] (0.803 -0.40 0.43
310 © 33.03 29.72 52,71 45.00 56.31 57.11
c 33,03 39.72 52.77 44.99 56.94 56.74
& [0.00] [ 0.00] [ -0.08) [o.01]) -0.63 0.37
320 © 40.45 53.78 45.61 57.76 58.54
c 40.48 53.74 45.63 58.22 58.22
Iy [0.00] {0.04] {-0.02] -0.46 0.32
330 o© 54.86 46.23 59.23 59.98
c 54.87 46.23 59.68 59.66
A [-0.01) (0.00] -0.45 0.30
40 o 60.71 61.43
c 61.11 61.11
4 -0.40 0.32
350 0 62.19 62.87
¢ 61.49 62.49
N -0.30 0.38
Source 1 1 2 3 3 4 4 4 5 6 6

O = observed
C = calculateg
& = ACP(L) { observed-calculated]

iTechnical Data Book, American Petroleum Inatitute Petroleum Refining, p, 7El.l (1866).

p,
3y,
‘",
*p,
.

. Scott, H. L. Finke, ¥. H. Hubbard, J, P, McCullough, M. E. Gross, K. D, Willismson, G. Huddington, mnd H, M, Huffman, J. Amer, Chem, Soc., 73, 4664 (1930).
M, Huffman, M. Eaton, and G. D. Oliver, J, Amer, Chem, Soc., 70, 2811 (1848).

L. Pinke, D. W, Scott, M, E, Gross, J, F, Messerly, and G. Waddington, J, Amer. Chem, Soc., 78, 5468 (1956),

¥, 8cott, M, E, Groaa, G, D, Oliver, and H. M. Huffman, J. Amer, Chem. Soc., 7%, 1634 (1948).

P. McCullough, H. L, Finke, J, F, Messerly, 5. §, Todd, T. C. Kinchaloe, and G. Waddington, J, Phys. Chem., 61, 1105 (1857).

Table XI. Comparison of Calculated and Observed Values of Heat Capacity at Constant Pressure
for Liquid Aromatic Hydrocarbons as a Temperature Function (in cal mol~! K!)

Temp. benzene toluene ethyl- n-propyl - n-butyl- pexylens 1,2,3- 1,2,4- 1,3,5- - naphtbalens Lasthyl- 2-methyl~ 1,3,3,4-
°K benzene benzene benene trimathyl- trimethyl~ trimethyl~ metnyl- naphtialene | naphthalens | tetranydro-
benzene benzene benzene benzens naphthalene
180 0 32,39 a7.63 43.67
< 33.08 a7.60 43,58
4 0.1 0.03 0.1z
1% o 32.83 ar.91 43,95 49.60
c 32.48 37.73 43.83 49.97
2 0.07 0.18 0,10 -0.37
200 32.78 28,36 44,33 50.08
¢ 32.88 37,87 4,28 50.53
s -0.13 0.29 0,08 0.4
210 o 33,02 18,67 4.79 50.89
< 33.02 38,30 44.73 5118
s -0.30 0.97 0,06 -0.56
220 © 33.36 39.15 45.32 51.23
¢ 33.78 as.n as.27 31,82
a -0.42 0.44 .08 -0.89
230 o 33.73 9.7 45.91 si.e3 46.28 44.3¢
¢ 34.24 30,17 45.85 52.52 4518 4s.1s
4 -0.48 0.54 0.08 0,59 110 -0.79
240 © 34,18 10.29 46,56 52,69 16,89 45.04 .78
c 34.74 39,72 46,51 33.30 45.43 45.43 4.1
) —0.56 0.57 0.08 =0.61 1.47 -0.38 [o0.03)
250 0 34.68 40.% 4136 53.52 a7.98 47.36 4s.82 .08 48.7¢
c 35,26 40.33 46.32 34,11 45.83 45.83 45,83 40,96 4.0
a -0.58 0.57 1.04 -0.89 2.8 1.73 -0.01 0,10 [ -0.08)
Source 1 3 3 4 . s ] 4 [ » 10 10 10 1
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Table X! Continued

Temp. benzene toluene ethyi- n-propyl- n-butyl- p-aylene 1,2,3- 1,2,4- 1,3,8- pente- naphthalene 1-matayl~ 2-methyl- 1,8,3,4-
°x benzens benzens benzens trimethyl- trimethyl - trimathyl - wathyl- naphtbalene naphtialene tetrahpdro-
benszene naphthalene
260 O 35,31 41,59 .94 47,79
< 38,81 41,00 49,98
Iy 0,60 0.89 -0.01
270 © 28,78 42,27 50,
c 26.38 a7 80,
iy -0.80 0.6 .
280 0 31.39 38.239 43.03 .
c 31,58 38.87 42.47 .
a [0.00] 0,58 0,36 -0,
280 © a2.10 37,04 43.7% s,
[ .11 a7.58 43.26 82,08
s [=.01] -0.54 0.83 .08
100 0 2.2 nn “.8 83,8
c 22,62 30,22 44.09 53.00
& [0.00] -0.82 0,54 0.03
o o 23,18 38,40 54,86 54,08
c 33,15 38,88 84,18 8478
& (0,01, 0,48 0.11 0.
220 o 23.69 30,12 85.%0
¢ 33,70 39,87 5,70
) (-0.01] -0.48 0.
3% © .26 19,80
c .37 40,29
8 {=.0) 0,43 .
40 © 34,87 40,58 .
c 34,87 41.03 o
a [0.00]) 0,48 K
350 Q| 35,50 41.28 »
¢ 25,50 a.7s .
& [0.00] -0.%0 B
20 © 4a.07 .
c 42,39 .
8 -0.82 0.02
30 o 00,58
[ .51
4 0.04
0 0 0,88,
¢ et
8 0.0¢
20 © .58
¢ 0.4
Al 0,08
400 0] 03,88
¢ .50
4l 0,08
aroups
Composition en Sneava Snsorasp Sneorbeasp Sneoedbensp Anedaezo n+3a4s0 Inedarde Snedaedo inederBo LY Taedgrom Thedqeora [ 42+20vsneages|
e ) ot
tzil coa=
pound
used to
deternine
group: n ° [ 3 ] ° ® ° ° ° q Q [} .
Source 1 3 1 4 4 ] 1 1 1 ] 10 10 10 »

@ = observed
€ = oaloulated
4 = 605 (L) (observed-calculated]

10, D. Oliver, K. Baton, and H. N, Muffmsn, J, Amer. Chem. #oc., 10, 1083 (184

N
B
r.
eh
.
L
a0
*. 0,
»a, 0

Beott, O Qushrie, J. T, Messerly, B, 4, Todd, W, T, Berg, 1, A, Bossenlopp, and J, P, MCullough, J, PMays. Chen., 84, 011 (18483),
Terniaty, J, Matir, and F, D, Rossiny, J. Res, Kat, M tan, 13 (1948),
Messerly, 8, A, Toad, snd B, L, Finke, J, Phys, Chem 4304 (ites),

Corrucoini sad D. €, Otnnings, J, Amer, Chea, Boo., 83, 8881 (1MT),

Taylor, K,
Mise sed
Tayler amd
Porry and
Metullough

Johnson, sad J, B, Kilpatrion, J, Q-_ﬁrl., 23, 138 UmT),
Kidpatrien, 7. Chem, Muys.

s 1078 Q0AY),
X, J. Chen. Mys., §], 1808 (108),
7o, Gom, Z1, 46 (109D

L, Pinke, 4. 7, Besaurly, 8. 5, Tedd, T, C. Huebelen, sed 0. Snddingtes, J. Miys. Chen., §, 1108 QMT).

Table X11. Comparison of Calculated and Observed Values of Heat Capacity at Constant Pressure for Liquid Alkynes
as a Temperature Function (in cal mol—! K1)

Temp.
°K

l-butyne

2-butyne

180 0

160

170

180

190

> 0 0O P O O > O O B O O > O

200

210

220

r 0O O b O O > O O

27,30
27,32
[ -0.02]
27,36
27,36
{0.00)]
27,48
27,44
[0.01]
27,61
27.57
{o0.04]
27.77
27,75
lo.02]
28,00
27,99
[o0.01]
28.26
28,26
{0.00]
28.51
28.58
[-0.07]

SBource

Temp . l-butyne d-butyne
°K
230 0 28.87
[ 28,96
& [~0.08)
240 0 29,40
[o} 29.40
& [0.00)
250 0 29,97 28.51
c 29.90 28,51
a [0.07] {0.00]
260 O 30.52 28,78
[ 30.45 28.78
8 {0.07] {0.00)
270 0 31.07 29.08
[ 31,05 29,08
a [0.02] [o0.00]
280 0 31.65 29.38
c 31.71 29,38
Iy [ -0.06] {0.00]
280 O 28,73
[} 29,73
a [0.00]
Source 1 2
0 = observed 1J, G, Aston, S, V. R, Mastrangelo, and
C = calculated G, W, Noessen, J. Amer, Chem, Soc., 72,

A= ACP(L) [ observed-calculated] 5287 (1950),
D, M, Yost, D, ¥, Osborne, and C. 8, Garmer,
J, Amer. Chem, Soc,, 83, 3492 (1941).
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Table X111, Statistical Summary of Accuracy in Estimating Liquid Heat Capacities of Hydrocarbons at Constant Pressure
as a Temperature Function

Hydrocarbons No, of No. of Estimation accuracy, cal mole~! %K™1
family compounds data points®
Within Within Better than Higher than Maximum
£ 0.5 91,0 92,0 £ 2,0 deviation
Straight chain
alkanes 17 159 100(62.9%) 154(96, 8%) 159(100%) 0 1,70
Ter-alkanes 15 215 128(59.5%) 173(80.5%) 212(98.6%) 3(1.4%) 2,53
Quat-alkanes 6 72 38(52.8%) 60(83.3%) 71(98.6%) 1(1.4%) 2.05
1-Alkenes 10 128 52(40.6%) 98(76.6%) 128(100%) 0 1.41
Other
monoalkenes 9 86 57(66.3%) 63(73.3%) 76(88.4%) 10(11.6%) 3.61
Dienes 9 107 79(73.8%) 94(87.9%) 105(¢98.1%) 2(1.9%) 2.09
Cyclopentane
derviatives 9 131 48(36.6%) 90(68,7%) 118(90.1%) 13(9.9%) 2,76
Cyclohexane
derivatives 15 154 73(47.4%) 119¢77.3%) 154(100%) 0 1.90
Rings 11 22 17(77.35) 22(100%) 22(100%) 0 0.69
Aromatics 14 135 84(62.2%) 115(85.2%) 119(88.1%) 16(11.9%) 2,96
Alkynes 2 - - - - -
Total 117 1209 . 676(55.9%) 988(81.7%) 1164(96.3%) 45(3.7%) 3.61

8This value includes only data points for which the calculated value is based on using more than one compound to determine the group(s) value(s).

The experimental and the calculated data for alkynes are given
in Table XII.

Conclusions

Once again the method of group additivity has been demon-
strated as a simple and accurate tool for estimating thermo-
chemical properties. In this research, we have compiled and
examined liquid heat capacity data on 117 different hydrocar-
bons, for which approximately 1500 data points have been taken.
In addition to data points of molecules that were used to deter-
mine group values, 1209 C,(l) independent data points were
reproduced by using the group additivity scheme.

The agreement between the experimental and the calculated
heat capacities is excellent. Statistical analyses of the deviations
show that the average deviation is £0.64 cal mol~' K~ and that
the standard deviation is £0.8 cal mol~1 K=", which is in most
cases almost as little as the experimental uncertainty. The sta-
tistical summary of this research is given in Table XIll.

An even better agreement could be obtained if we did not
consider values near the melting and the boiling points or some
data sources that seemed to us inaccurate. Even with these
limitations, however, the outcome is very encouraging. We plan
to continue this research to evaluate C,(l) of nonhydrocarbon
liquids as well as for other themochemical properties of lig-
uids.
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