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For benzene, toluene, ethylbenzene, the three xylenes, normal and isopropylbenzene,
the three methylethylbenzenes, the three trimethylbenzenes, and the higher normal alkyl-
benzenes, values are presented for the following thermodynamic properties for the gaseous
state to 1,500° K: The heat-content function, (H°—HS3)/T; the free-energy function,
(F°—HY)|T; the entropy, S°; the heat content, H°— Hy the heat capacity, Cg; the heat of
formation from the elements, AHf°; the free energy of formation from the elements, AFf°;
and the logarithm of the equilibrium constant of formation from the elements, logyy Kf.

Equilibrium constants and concentrations are given in tabular and graphical form for
the isomerization of the four CgH,, alkylbenzenes and for the eight CoH;; alkylbenzenes as
a function of the temperature to 1,500° K. Equilibrium constants are also given in tabular
and graphical form for some reactions involving alkylation (addition of olefin to benzene to
form alkylbenzene), cyeclization (conversion of paraffin to alkylbenzene plus hydrogen), and
trimerization (of acetylene to form benzene and of methylacetylere to form 1,3,5-trimethyl-

benzene).
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I. Introduction

As part of the work of the American Petroleum
Institute Research Project 44 and the Thermo-
chemical Laboratory at the National Bureau of
Standards, values have been calculated for the
heat-content function, free-energy function, en-
tropy, heat content, and heat capacity for the 14
alkylbenzene hydrocarbons through C,H;, and
for the higher normal monoalkylbenzenes, in the
gaseous state to 1,500° K. These data have been
combined with values of heats of formation at

25° C to calculate values of the heats, free ener-
ties, and equilibrium constants of formation of
these compounds in the gaseous state to 1,500° K.
Equilibrium constants have been calculated for
some reactions involving alkylation (addition of
olefin to benzene to form alkylbenzene), cycliza-
tion (conversion of paraffin to alkylbenzene plus
hydrogen), and trimerization (of acetylene to
form benzene and of methylacetylene to form
1,3,5-trimethylbenzene).

1I. Units and Constants

The unit of energy, atomic weights, and values
of the fundamental constants used in this report

are the same as those previously described [1].4

4 Tiguresin brackestsindicate theliteraturereferencesat theend of this paper.

ITI. Heat-Content Function, Free-Emergy Function, Entropy,
Heat Content, and Heat Capacity

The thermodynamic functions for benzene,
toluene, o-, m-, and p-xylenes, and mesitylene
were published by Pitzer and Scott [9]. The pres-
ent calculations include minor revisions in these
values to take account of more recent data, but
they primarily concern the remaining alkylben-
zenes through CyH,, and the higher normal
monoalkylbenzenes. The detailed methods, in
which contributions from translation, over-all
and internal rotation, and vibration are considered,
were used for benzene and all its methyl deriva-
tives and for ethylbenzene. The calculations for
ethylbenzene and all methylbenzenes with ortho
methyl groups contain certain additional approxi-
mations. The functions for n-propylbenzene and
the higher normal alkylbenzenes, isoproplybenzene,
and the three methylethylbenzenes, were esti-
mated by a method of increments from the func-
tions for the normal paraffin hydrocarbons and
the lower alkylbenzenes.

1. Translational and Free Rotational
Contributions

For this series of molecules the potential barriers
to internal rotation are relatively low, and the
moments of inertia are always fairly large; con-
sequently, it is convenient to calculate the
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classical free internal rotational contribution and
then to correct it in all cases for the potential
barrier present. The alternate procedure of cal-
culating directly the thermodynamic contribu-
tions for restricted internal rotations would be
equally correct.

All the molecules considered in this section fall
in the class studied by Pitzer and Gwinn [5],
(symmetrical tops attached to a rigid frame)
except ethylbenzene. However, it may be con-
sidered as a methylene group with a symmetrical
methyl group and a balanced, but unsymmetrical
phenyl group attached. By the term ‘“balanced”
it is meant that the center of gravity of the
phenyl group is on the axis of rotation but that
the two moments of inertia of the phenyl group
perpendicular to the axis of rotation are not
equal. An analysis of this type of problem, which
shows that in such cases the various moments of
inertia should be calculated for the equilibrium
configuration of the molecule, is to be published
elsewhere [4]. Although more general formulas
are given there, they reduce to those already pub-
lished [5] for this case.

The formulas of Pitzer and Gwinn [5], with the
new physical constants mentioned above, com-
bined with the equations for translation and over-
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all rotation [1], yield the following equations for
the total contribution of translation, over-all
rotation, and free internal rotation:

(H°—Hy)|T=C°,="7.9787+0.9936m (1)
— (FO_HS)/TZ 01 logm T+ 02 (2)
C,—18.3026+2.2878m 3)

0226.8635 logm ,Z‘/[—,"
2.2878 logi, A+2.2878 logi, B—4.5757 logy o
—2.5342m—10.2960.  (4)

In these equations, m is the number of internal
rotations in the molecule; M is the molecular
weight; A is the product of principal moments
of inertia for over-all rotation, each in units of
107* g em?; B is the product of reduced moments
of inertia for internal rotation, each in units of
10~% g em?; and ¢ is the total symmetry number,
the product of the over-all rotation symmetry
number and all internal rotation symmetry
numbers. The reduced moments of inertia for
internal rotation were calculated from equations
1b and lc of Pitzer and Gwinn, which give a
second approximation to the reduced moments
for molecules with several tops. However, for
the molecules considered here, except perhaps
ethylbenzene, there is no significant difference
between the second approximation and the first
approximation given by equation 1la of these
authors.

The values for the bond lengths used in the cal-
culations were chosen after a consideration of the
published X-ray and electron-diffraction data.
The benzene ring was assumed to be a plane
hexagon, with carbon-carbon bond lengths of 1.39
angstroms. The other bond lengths, in angstroms,
were 1.54 for the carbon-carbon bonds in the
alkyl groups, including the bond joining the group
to the ring [7], 1.09 for the carbon-hydrogen bonds
in the alkyl groups, and 1.08 for the carbon-
hydrogen bonds on the ring. Tetrahedral angles
were assumed in the alkyl groups. These dimen-
sions yield for the moment of inertia of the methyl
group about its axis of rotation 5.30X107%,
However, the moment of inertia of ethane about
its threefold axis [8] should be double that of a
methyl group giving for the latter 5.52X107%.
Although no definite decision can be reached at
this time, the larger value was used in all calcula-
tions for the methyl derivatives of benzene. The
calculations for ethylbenzene had already been
made with the smaller value and have not been
changed.®

The values of the constants in eq 1 to 4 are
summarized in table 1.

5 The use of the higher value of the methyl moment of inertia for ethyl-
benzene would increase the entropy for free rotation by 0.04 cal/deg mole at
all temperatures. As a result the potential barrier for the rotation of the
phenyl (or ethyl) group evaluated later in this report from the experimental
entropy would be increased from 1,080 to 1,130 cal/mole, which is well within
the limit of other errors.

TaBLe 1.—Constants for the calculation of the translational and free rotaiional conlributions to the
thermodynamic functions

Tthyl- 1, 2, 2-Tri-(1, 2, 4-Tri-|1, 3, 5-Tri-

Quantity Symbol | Benzene | Toluene b nzche | 0-Xvlene |m-Xylene| p-Xylene| methyl- | methyl- | methyl-

2 benzene | benzene | benzene
NUMber ot Fotorse. - L Letaaiitir e m 0 1 2 2 2 2 3 3 3
SyigtHetryamber 8.0 o s #8 Sl iien D g0l o 12 6 6 18 18 36 54 27 162
Molesulariwelghts -5t Soalaiioyie ool o tiistlhy M 78.108 92.134 | 106.160 | 106.160 | 106.160 | 106.160 | 120.186 | 120.186 120. 186
T 14. 62 15.15 18. 50 26. 32 23. 47 15. 68 38.08 28.41 48.13
Principal moments of inertia x10%% e_____.__...._.._. I, 14. 62 33.15 56.71 39.07 47.61 58.24 48.13 65. 34 48.13
Iy 29. 24 47.77 68. 51 64. 32 70. 02 72.86 84. 62 92.16 94, 67
Product of principal moments of inertia x1017_______ A 6, 252 24, 000 71,920 66, 140 78, 240 66,550 | 155,100 | 171,000 219, 300
Product of reduced moments of inertia s e_______._. B epn e s JALEL 5.319 { dgg; 29.31 29. 23 28.33 161.7 159. 6 162.5
GonstantiofBgei2’e. Ll i 0 T Ll C3 —0.422 | —2.666 {d:i' ;g; } —8.834 | —8.670 | —10.239 | —15.214 | —13.752 | —17.048

s All moments of inertia for internal rotation are expressed in units of
1040 g cm?.

b For the configuration in which the carbon atoms of the ethyl group lie
in a plane perpendicular to the plane of the benzene ring.

¢ For the moment of inertia 5.52 for the methyl group; unless otherwise
indicated.

d For the moment of inertia 5.30 for the methyl group; this value was used
in the calculation of the thermodynamic functions for ethylbenzene.

Heats and Free Energies of Alkylbenzenes

e The principal z-axis is perpendicular to the plane of the benzene ring,
except for ethylbenzene, for which it makes an angle of 11° with the perpen-
dicular. The orientation of the prinecipal z- and y-axes may be determined
by inspection, except for 1,2,4-trimethylbenzene, for which the projection of
the z-axis on the plane of the benzene ring makes an angle of 13° with a line
passing through the 1 and 4 positions on the ring.
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2. Vibrational Contributions

(a) Benzene, Toluene, the Xylenes, and
Mesitylene

The vibrational assignments of Pitzer and Scott
[9] for benzene,® toluene, the three xylenes, and
mesitylene, were accepted without change. Such
new data as have become available would not
appear to make a complete reconsideration of the
spectra of these compounds at this time worth-
while. However, the harmonic oscillator contri-
butions to the thermodynamic functions were
recomputed at 250° K and at 100-degree intervals
from 300° to 1,500° K, using the tables of Sherman
and Ewell [3] and the new values of the physical
constants [1].

(b) Ethylbenzene

The vibrational frequencies of ethylbenzene
were assigned on a semiempirical basis that in-
volved a detailed consideration of only the lowest
frequencies of vibration of the benzene ring and
also of the frequencies associated with vibration
of the ethyl group. The remaining frequencies
were taken from the assignment for toluene [9].
A complete frequency assignment for ethylbenzene
at this time is impracticable. The details of this
assignment, together with the method of calcula-
tion, will be presented elsewhere [6]. The result-
ing frequencies as used in the thermodynamic cal-
culations are listed in table 2.

(¢) 1,2,3- and 1,2,4-trimethylbenzenes

The total vibrational contributions to the
thermodynamic functions of 1,2,3-and 1,24-
trimethylbenzene were estimated empirically from
the values calculated for 1,3,5-trimethylbenzene
(mesitylene) and the three xylenes. The differ-
ences in the vibrational contributions for the three
xylenes are small, as may be seen from the values
given in table 3 for the heat-content function,
free-energy function, and heat capacity, at sev-
eral temperatures. In view of the small differ-
erences in the functions obtained with the methyl
groups ortho-, meta-, or para- to one another, it
seems reasonable to conclude that these positional
effects are approximately additive. This view
does not take account of the effect of molecular

6 The recent vibrational assignment of Herzfeld, Ingold, and Poole [27]
yields thermodynamic properties for benzene which do not differ signifi-

cantly from those presented here. The largest differences are about 0.1
cal/deg mole in the entropy and heat capacity.
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symmetry on the vibrations. However, sym-
metry affects the over-all distribution of frequen-

TaBLE 2.—Vibration frequencies of the ethylbenzene mole-

cule
Type of vibration » Symmetry b | Frequency
cm-1
Vibrations principally characteristic of the
benzene ring or phenyl radical:

11°(CsHarocking) .. S0 e Ll Bt AL 154
18b (C:H; rocking) - . AT 320
At 405
A’ 452
A’ 485
A" 620
A 695
A’ 730
Al 785
A" 842
A’ 890
A’ 943
AL 985
A’ 1,002
A’ 1,030
A 1,070
AL 1,155
A 1,175
A 1,210
A 1,282
AL 1,310
A 1,483
ALl 1, 586
oyl b To she Bopet e ons B s ciian A’ 1, 603
1 [ ORI e Yol NI e NP Bt S S e Al 1,630
13 A’ 3,046
7b A 3,047
2 O =—TH stretehing: === l#%_ Cl o e ds A’ 3,062
20a Al 3,080
20b ALY 3,080

Vibrations principally characteristic of the

ethyl group:
CeH3;—CH2—CHj3 angle bending .- _.______ N 380
OHgrockings o T ddt s Tk T Al 775
CH,;—CHj stretching. . .\ 965
OHyToCKING =& I s T niies oo TRt A’ 1,035
CHpTockIng S o s o= = SO Teahu . - O i A" 1,070
OHytwislng: = ok 0o walein oo sl s Al 1,270
QEydoaking: Kaste = ol 82 ful s i At ieRy Al 1,310
CHj; symmetrical bending.________________ A’ 1,385
CH_; symmetrical bending_________________ A’ 1,460
i . " 1,460
CHj; unsymmetrical bending._._______.____ { A 1,460
CH; symmetrical stretching_. 5 .4 2, 960
CH: unsymmetrical stretching. 2 g 2,960
CHj symmetrical stretching_______________ A’ 2, 960
. - A’ 2,960
CH; unsymmetrical stretching....________ { A 2, 960
Internal rotations:

GeH;—=CeHsrotation. . ... __.._._..__. CUEREN ] Ty SR
CHgrotatlon scs8-sasize -2 s, oo LR (R B S

s The numbers refer to the normal modes of vibration for the benzene
molecule, as given in figure 6 of reference [9].

b The ethylbenzene molecule, in the equilibrium configuration assumed,
has the symmetry Cia, with the symmetry plane perpendicular to the plane
of the benzene ring. Vibrations of the type A’ and A’ are symmetric and
antisymmetric, respectively, to reflection in the symmetry plane.
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cies, and therefore the vibrational function, to a
much smaller extent than it does the individual
frequencies. It is easily verified that, on the
basis of the assumption that positional effects are
additive, the proper formulas are

(1,2,3-trimethylbenzene) = (1,3,5-trimethylben-
zene) -+ 2[ (o-xylene) — (m-xylene)]

(1,2,4-trimethylbenzene) = (1,3,5-trimethylben-
zene) +[(o-xylene) -+ (p-xylene) — 2 (m-xylene)] (6)

(5)

The vibrational functions for 1,2,3- and 1,2,4-
trimethylbenzene were calculated by means of
these formulas at each temperature. The-result-
ing functions are compared with those for 1,3,5-
trimethylbenzene at several temperatures in
table 4.

3. Restricted Rotational Contributions

The calculation of the translational, total free
(over-all and internal) rotational, and vibrational
contributions to- the thermodynamic functions
have been described in the preceding sections for
benzene, toluene, ethylbenzene, the three xylenes,
and the three trimethylbenzenes. This com-
pletes the calculation for benzene and leaves only
the restricted internal rotational contributions for
the other molecules. The potential barriers

restricting internal rotation of the methyl groups
in toluene and the three xylenes have been de-
termined by comparison with the experimental
entropies and heat capacities. The potential
barrier for the methyl rotation in ethylbenzene
was assigned a reasonable value empirically, and
the barrier for the ethyl rotation was then obtained
from the experimental entropy. The barriers for
the methyl rotations in the trimethylbenzenes
were assigned on the basis of the barriers in the
xylenes. The details of these calculations will be
presented in this section.

(a) Symmetry of Potential Barriers

The usual assumption has been made that the
potential barrier for each internal rotation may be
approximated by an n-fold cosine function and that
interaction terms in the potential energy between
different internal rotations may be neglected.
The barrier for the methyl rotation in toluene is
sixfold (n=6), and the barriers for the methyl
groups in p- and m-xylenes must have essentially
the same magnitude and symmetry as the barrier
in toluene. The situation in o-xylene has been
discussed by Pitzer and Scott [9], and their
recommendation that the methyl groups be treated
as independent rotors, with n=3, has been fol-

TaBLE 3.—Vibrational contributions for the xylenes

Vibrational contribution in cal/deg mole
T (H°—HY)|T (F°—H})|T Cy
o-Xylene m-Xylene p-Xylene 0-Xylene m-Xylene p-Xylene o0-Xylene m-Xylene p-Xylene

S
300 7.92 7.88 7.98 —4.62 —4.13 —4.33 19.88 20.30 20.13
500 16. 40 16. 58 16. 52 —10.63 —10.17 —10. 39 37.76 38.30 37.93
1,000 34.54 34.84 34,66 —27.96 —27.69 —27.80 63.93 64. 24 64. 03
1, 500 46. 55 46. 83 46,66 —44.40 —44.25 —44.29 75.76 75.93 75.83

TABLE 4.—Vibrational contributions for the trimethylbenzenes
Vibrational contribution in cal/deg mole
(H°—Hp)|T (F°—HY)|T Cp

¥ i

1,2,3- 1,2,4- 1,3,5- 1,2,3- 1,2,4- 1,3,5- 1,2,3- 1,2,4- 1,3,5-
Trimethyl- | Trimethyl- | Trimethyl- | Trimethyl- | Trimethyl- | Trimethyl- | Trimethyl- | Trimethyl- | Trimethyl-
benzene benzene benzene benzene benzene benzene benzene benzene benzene

g
300 10.27 10. 34 10.19 —6.77 —6.48 —5.79 23.70 23.94 24.52
500 19. 65 19. 76 20.00 —13. 96 —13.72 —13.06 43.62 43.79 44.69
1,000 40. 36 40. 49 40.97 —34.35 —34.20 —33.80 74.44 74. 55 75.06
1, 500 54.38 54. 49 54.93 —53. 55 —53.45 —53.25 88. 61 88. 67 88.94

Heats and Free Energies of Alkylbenzenes
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lowed. The barrier for the ethyl (or phenyl)
group rotation in ethylbenzene is twofold (n=2).
Although the barrier in this case may deviate
considerably from the simple cosine form, suffi-
cient calorimetric data are not available to justify
a more detailed treatment.

(b) Reduced Moments of Inertia

Although only the product of reduced moments
of inertia was needed for the free-rotation cal-
culation, individual values are required for re-
stricted rotation calculations [5], since the parti-
tion function for each individual rotation 1is
needed. In terms of our constants it is

Q,=2.7935 (10%IT)*/n, (7)

where I is the reduced moment of inertia, 7" the
absolute temperature, and » the symmetry num-
ber. The values of I were calculated from eq
1b and 1c of reference [5], and are listed in table 5.

TaBLE 5.—Reduced moments of inertia for internal
rotation * °

[Values in units of 1040 g cm?]

¥ M LT R R - R B LU T K T x A S gt B Y SRR U (Y a1 TS
Ethylbenzene. .o i . o _ i . ©5.18 U T e P
(A T e e e it el e g o T 5. 41 {0 L g pocy e i
/20 80) ) i1 P DN IS §U=otis S0 § 4l 30 S 5.41 03§ 52N PR Y ¢ ST
P-Reylefpert: Sie Lol SalRiee o 5.32 5,82 L T
1,2,3-Trimethylbenzene._......___..___ 5.44 5.46 b.44
1,2,4-Trimethylbenzene. .. _....__.____ 5.42 5.45 5.42
1,3,5-Trimethylbenzene..._._._____._._ 5.46 5.46 5. 46

s The values refer to the groups in the order mentioned in the names for the
trimethylbenzenes. The methyl group is given first for ethylbenzene.
These values are rounded to three significant figures; hence their product
will not agree exactly with that in table 1.

b For the moment of inertia 5.52 for the methyl group, unless otherwise
indicated.

¢ For the moment of inertia 5.30 for the methyl group.

(¢) Calculation of Potential Barriers from
Experimental Entropies

The experimental entropies for these com-
pounds, for the liquids under their saturation
pressures, at 298.16° K, are given in the first row
of table 6. These values have been taken as the
standard entropy of the liquid, at l-atmosphere
pressure and 298.16° K, as the difference is only
0.002 or 0.003 cal/deg mole. The references to
the sources of these values are given in the table.
The second row gives the standard entropy of
vaporization, AS?°, at 298.16° K, as taken from
the work of Osborne and Ginnings [10], and
reduced to the standard state [14]. The third
row (sum of first and second) is the experimental
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value for the standard entropy of the gas, at 1-
atmosphere pressure and 298.16° K. The fourth
row gives the sum of the calculated contributions
to the standard entropy of the gas for translation,
total free (over-all and internal) rotation, and
vibration, at 298.16° K. The fifth row (dif-
ference of third and fourth) is the decrease in the
entropy caused by the restriction of the internal
rotations (except for benzene). Finally, the last
three rows give respectively the maximum po-
tential barrier consistent with the experimental
entropy and its uncertainty, the probable barrier
indicated by the experimental entropy value itself,
and the minimum barrier consistent with the
experimental entropy and its uncertainty.

All contributions of restricted rotation through-
out this paper are taken from tables of Pitzer and
Gwinn [5].

For ethylbenzene there are two separate poten-
tial barriers to be evaluated. The barrier for
methyl rotation has been assumed to have the
value of 3,400 cal/mole found in propane [12].
On this basis, 1.50 cal/deg mole of the entropy dif-
ference, (S;—8S°), is to be assigned to the methyl
rotation, leaving 0.36 cal/deg mole as the contri-
bution of the ethyl rotation, which leads to 1,080
cal/mole as the indicated value of the potential
barrier for the ethyl (phenyl) rotation. In this
case, the uncertainty in the calculated entropy of
vibration and of restricted methyl rotation ex-
ceeds that of the experimental value. Hence, cal-
culated maximum and minimum potential bar-
riers would have no meaning.

The experimental value for the entropy of
benzene gas at 298.16° K differs from the calculated
value by 0.19 +0.30 cal/deg mole. Even this
insignificant difference is in the direction to be
explained by the neglected anharmonicity of
vibrations.

(d) Calculation of Potential Barriers from
Experimental Heat Capacities

The comparison with the gaseous heat-capacity
data of Gwinn, and of Pitzer and Scott [9], is shown
in table 7. The experimental values are given in
the third column, and the values calculated for the
sum of translation, total free rotation (over-all and
internal), and vibration are given in the fourth
column. The difference of these values, given in
the fifth column, is the increase in heat capacity
owing to restriction of rotation (except for ben-
zene). The values of the potential barriers indi-

Journal of Research



Tasre 6.—Potential barriers from entropy values at 298.16° K

[Entropy, cal/degree mole; potential barrier, cal/molel]

Benzene Toluene |Ethylbenzene| o-Xylene m-Xylene p-Xylene
Experimental entropy:
ol GBI T 5 b S R PR SRR S (1 E 0 NS S SR A EAS S AT 41.49 52.39 60. 99 58. 80 60. 42 59.20
Vaporizatlon ;AR . - i ot s S sl s ocbmen L oo 23.04 23. 94 25.16 25.40 25.22 25.11
SRR RS RERT) S0, el e R e [ et Attu ke S o 64,534 0.30 | 76.33 0.25 | 86.15 +0.12 | 84.20 =4-0.25 | 85.64 =0.35 84.31 40.25
Calculated entropy of translation, vibration, and over-all and {ree in-
ternal rotation, S; (i g R ol SR e <, S e S g 64. 34 76. 56 88.01 86.15 85.80 84. 51
$L3 G e A R A S M SR A AR SO RS SU RSy gy ¢ FL SR 0oy TURR A 0 S DRt 0.23 1.86 1.95 0.16 0.20
Potential barrier:
1, 600 (®) 2, 500 1,000 900
1, 000 ¢ 1,080 2, 200 550 600
0 (®) 2, 000 0 0

s References: Benzene [17], toluene [18], ethylbenzene [19, 20], xylenes [9].

b Reference [14].

o For the ethyl (phenyl) rotation in ethylbenzene assuming & barrier of
3,400 cal/mole for the methyl rotation.

cated by the data are shown in the last column.
These values are obviously subject to considerable
uncertainty, in view of the estimated uncertainties
in the experimental heat capacities, and the possi-
ble effects of error in vibrational assignment.
Scott and Mellors [11] have reported the value
38.06 +0.20 cal/deg mole for the gaseous heat
capacity (C,) of ethylbenzene at 373.16° K.
This value was obtained by applying a calibration

TaBLE 7.—Potential barriers from gaseous heat-capacity

data
Heat capacity C°p Ditferet_xce Ohlculated
(experi- potential
Compound T mental bhrrion
Experi- | Calculated | minus ‘( %)
mental & (V=0) calculated)
° K | cal/deg mole| cal/deg mole cal/mole

388 | 26.00.3 25.96
Benzene._....... 417 | 28.1+0.3 27.85

481 31.440.3 31.73

393 | 26.440.3 26. 29 s B S E
Benzene_........ 428 | 28.440.3 28. 55 el bodiere Tk el

463 | 30.340.3 30.70 S T S

393 32.84-0.3 32.57 .23 1, 000
Toluene b.______ 428 | 35.7--0.4 35. 27 .43 1, 500

463 | 38.0240.4 37.87 .13 750

393 | 40.22:0.4 38. 62 1.58 1,900
o0-Xylene b__ ____ 428 | 43.54+0.4 41.72 1.78 2, 200

463 | 46.02-0.5 44.72 1.28 1,800

393 | 39.120.4 39.12 —0.02 0
m-Xylene b______ 428 | 42.44-0.4 42.25 .15 600

463 | 45.4-£0.4 45. 24 .16 600

393 | 39.0-0.4 38.78 .22 650
p-Xylene bo__... 428 | 42.620.4 41.90 .70 1,300

463 | 45.24:0.4 44.89 .31 850

» The first series for benzene is the data of Gwinn [9]; the remaining data are
those of Pitzer and Scott [9].

b Toluene, m-xylene, and p-xylene calculated for a potential, barrier of 6
maxima; o-xylene with a barrier of 3 maxima.
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d Allowed by the experimental uncertainties.
e Uncertain—see text.

correction to the observed value of 37.71. The
calculated value at this temperature for transla-
tion, total free rotation, and vibration is 36.56,
leaving 1.50 cal/deg mole as the contribution of
restricted rotation. Of this, 1.20 is to be assigned
to the methyl rotation, assuming, as before, a
3,400 cal/mole barrier. The contribution of the
ethyl rotation is therefore 0.30 cal/deg mole, which
yields a value of 850 cal/mole for the barrier.

(e) Selected Values of Potential Barriers

The potential barriers selected on the basis of
the entropy and heat-capacity data, and used in
the calculation of the final values of the thermo-
dynamic functions, may now be stated. The
barriers for the methyl groups in toluene, p- and
m-xylenes were assigned a value of 750 cal/mole,
as the best average value indicated by the data
on these compounds,” and a value of 2,100
cal/mole was assigned to the barriers in o-xylene.
The differences between these values and the
values reported previously [9] are attributable
principally to changes in the calculated vibra-
tional contributions resulting from the use of the
new values of the fundamental physical constants
[1]. The barrier for the ethyl group rotation in
ethylbenzene was assigned the value 1,080 cal/-
mole indicated by the entropy. The entropies
calculated with these barriers are compared with
the experimental entropies at 298.16° K in table 8.

7 This value of 750 cal/mole is to be regarded as an empirical parameter for
best reproduction of thermodynamic functions. The low-temperature heat-
capacity curves of toluene and m- and p-xylene make it improbable that
the real value is this large—see Pitzer and Scott [9], page 826. The thermo-

dynamic data are in reasonable accord with the 500 cal/mole value adopted
previously [9].
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TaBLE 8.—Comparison of experimental and calculated
eniropies at 298.16 ° K

Entropy, S° (gas, 1 atm,
298.16° K)

Compound

Experimental | Calculated

cal/deg mole cal/deg mole

Benzene. ... lioiotiiis i el T o ey 64. 532=0. 30 64. 34
DOHONO: oo 2l a0 e e S ovehel S 76. 3320. 25 76. 42
Ethylbenzene. oo - oo T =ilir oees C X ois 86.150.12 86.15
G Xylene. =l e o e E S e 84. 2040. 25 84.31
DG T TR e T S R L e 85. 6440.35 85.49
pEXvlene it a s R s e o 84.3140. 25 84.23

The barriers for the trimethylbenzenes were
assigned empirically on the basis of the barriers
in the xylenes, as follows: (1) 1,2,3-, and 1,2,4-
trimethylbenzenes, one 750, and two 2,100
cal/mole barriers, each; (2) 1,3,5-trimethylben-
zene, three 750 cal/mole barriers. The deriva-
tion of these values is obvious except in the case
of the 750 cal/mole barrier assigned to the central
methyl group in 1,2,3-trimethylbenzene. It is
likely that the interactions of the central methyl
group with the adjacent groups on either side
increase about equally the maximum and mini-
mum of the potential energy for the rotation,
and do not, therefore, alter greatly the potential
barrier (variation of potential energy) for the
rotation,

4. Calculations by the Method of

Increments

The thermodynamic functions for the CgHj,
alkyl benzenes, aside from the three trimethyl-
benzenes, were estimated from the functions for
appropriate lower alkylbenzene and paraffin hy-
drocarbons. The formula used for the three
methylethylbenzenes was

1-methyl-z-ethylbenzene=1,z-dimethylbenzene
+ethylbenzene—toluene+R In 2, (8)

where x=2,3, and 4 For propylbenzenes,

n-propylbenzene=ethylbenzene+n-butane
—propane, (9)
isopropylbenzene=ethylbenzene+isobutane
—propane-+R In (3/2). (10)

The higher normal alkylbenzenes, from n-butyl-
benzene (C,oHy) to n-hexadecylbenzene (CyyHsg),
were calculated from the formula

normal alkylbenzene (C,H,,_s)=ethylbenzene
(CsH 19) +normal paraffin (C,_;H,,_s)
—propane (C3Hg), (r=9). (11)

When n =9 this reduces to the formula for n-
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propylbenzene (CoHi;) eq 9. The thermodyna-
mic functions for isobutane were taken from
reference [23], and for the normal paraffin hydro-
carbons from reference [16]. The logarithmic
terms correct for the discrepancies in total sym-
metry numbers for over-all and internal rotation
in the formulas as written. They are to be
included in the calculation of the entropy and the
negative of the free-energy function, — (F°—
H;) /T, but omitted in the calculation of the heat-
content function and the heat capacity.

Some correction may be desirable for the
changes in the barriers for rotation of the alkyl
groups attached to the benzene ring, especially
in 1-methyl-2-ethylbenzene and isopropylbenzene,
but it was not considered worthwhile to estimate
the corrections in view of the uncertainty of
values calculated by the present method.

An indication of the accuracy of the values for
n-propylbenzene may be obtained by comparing
the directly calculated values for ethylbenzene
with values calculated from the equation

ethylbenzene=toluene-+propane—ethane. (12)

The differences, expressed as the value calculated
from eq 12, less the directly calculated value, in
cal/deg mole, at 300°, 900°, and 1,500° K, are
1.17, 0.10, and —0.17, for the free-energy func-
tion; —1.24, —0.67, and —0.42 for the heat-
content function; and —0.92, —0.13, and —0.02
for the heat capacity. However, in this case the
difference in the contribution of the methyl rota-
tion in toluene and the ethyl rotation in ethylben-
zene is considerable. Correction for the change
in this contribution leads to differences of 0.04,
—0.32, and —0.42, for the free-energy function;
—0.29, —0.28, and —0.18, for the heat-content
function; and —0.59, —0.09, and —0.01, for the
heat capacity. A correction of this type should
be unimportant in eq 9 for n-propylbenzene.

5. Tables of values of the thermody-
namic properties

The resulting values of thermodynamic prop-
erties for the 14 alkylbenzenes through CyH;, and
for the higher normal monoalkylbenzenes are pre-
sented in tables 9 to 18, which give values of the
heat-content function, (H°—Hj3)/T, the free-
energy function, (F°—Hj)/T, the entropy, S°,
the heat content, H°—Hg, and the heat capacity,
Oy, for the gas in the standard state at a pressure
of 1 atmosphere.
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TaBLE 9.—Values * of the heat-content function, (H°—H,)|T, for the 14 alkylbenzenes, Cy to Cy, for the ideal -
gaseous state, to 1,500° K

Temperature ® in ° K
Compound (gas) gg{; 0 /298.16| 300 400 500 600 700 800 900 | 1,000 | 1,100 | 1,200 | 1,300 | 1,400 | 1,500
Heat-content function,b (FH°—Hg)/T, in cal/deg mole
‘Benzenr- L Afntn STt e CeHs | 0 | 11.41 | 11.46 | 14.41 | 17.50 | 20.48 | 23.24 | 25.76 | 28.07 | 30.16 | 32.07 | 33.82 | 35.42 | 36.89 | 38.24
Methylbenzene (toluene)..._____.____. CsHs | 0| 14.44 | 14.51 | 18.17 | 21.94 | 25.56 | 28.92 | 32.03 | 34.86 | 37.45 | 39.82 | 41.99 | 43.98 | 45.81 | 47.50
ULl L S A R S e e CsHyo | 0 (-17.89 | 17.97 | 22.44 | 26.99 | 31.33 | 35.35 | 39.03 | 42.38 | 45.45 | 48.25 | 50.82 | 53.18 | 55.34 | 57.35
1,2-Dimethylbenzene (o-xylene). ... CsHyo | 0| 18.70 | 18.78 | 23.23 | 27.61 | 31.78 | 35.66 | 39.23 | 42.52 | 45.53 | 48.30 | 50.84 | 53.17 | 55.32 | 57.31
1,3-Dimethylbenzene (m-xylene)._ CsHyo | 0| 17.86 | 17.94 | 22.31 | 26.72 | 30.94 | 34.88 | 38.52 | 41.86 | 44.93 | 47.74 | 50.32 | 52.69 | 54.87 | 56.88
1,4-Dimethylbenzene (p-xylene).... CgHyo | 0 | 17.97 | 18.04 | 22.32 | 26.66 | 30.83 | 34.74 | 38.36 | 41.69 | 44.76 | 47.56 | 50.14 | 52.52 | 64.70 | 56.72
H=PYopylbensaness. -aars s il i) CoHy2 | 0] 21.69 | 21.78 | 27.0 | 32.2 | 37.2 | 41.8 |46.0 | 49.8 | 53.4 | 56.6 | 59.5 | 62.3 | 64.8 67.1
Isopropylbenzene (cumene) . _____.__ CoHiyz | 0] 20.45 | 20.54 | 26.0 | 31.4 | 36.6 | 41.3 |45.6 | 49.5 | 53.1 | 56.4 | 59.4 [62.1 | 64.6 67.0
1-Methyl-2-ethylbenzene. ... ...______ CoHyg | 0] 22.15| 22.25 | 27.5 | 32.7 |37.6 |42.1 |46.2 [ 50.0 | 53.5 |56.7 | 59.7 |62.4 | 64.9 67.2
1-Methyl-3-ethylbenzene_ . _._..._._____ CoHyz | 0| 21.31 | 21.40 | 26.6 | 31.8 | 36.7 |41.3 |45.5 |49.4 |52.9 |56.2 |59.2 |6L9 |64.4 66.7
1-Methyl-4-ethylbenzene_ . _.._..._..__. CoHyz | 0] 21.42 | 21.51 | 26.6 | 31.7 | 36.6 | 41.2 |45.4 |49.2 |52.8 | 56.0 | 59.0 | 61.7 | 64.2 66. 6
1,2, 3-Trimethylbenzene (hemimelli-
72 (YIS S R B R e R A B CeHys | 0| 22.10 | 22.19 | 27.0 32.0 | 36.6 | 41.1 45.2 48.9 | 52.4 55. 6 58.6 | 61.3 | 63.9 66.2
1,2, 4-Trimethylbenzene (pseudocu-
HBREY AL b= 3o i S Nk e o CoHiz | 0| 22.17 | 22.26 | 27.1 [ 32.1 [ 36.8 |41.2 | 45.3 | 49.1 | 526 | 55.8 | 58.7 | 61.5 | 64.0 66.3
1,3, 5-Trimethylbenzene (mesitylene).| CoHjys | 0 | 21.22 | 21.31 | 26.21 | 31.23 | 36.04 | 40.55 | 44.74 | 48.59 | 52.13 | 55.39 | 58.39 | 61.15 | 63.70 | 66.05

s Interpolation to other temperatures in the interval 298.16° to 1,500° K may be made by appropriate graphical or analytical methods. For temperatures
between 200° and 298.16° K, values may be estimated by extrapolating the values for 300°, 400°, 500°, and 600° K. The values in this table are given to more
significant figures than are warranted by the absolute accuracy of the individual values in order to retain the internal consistency of the several thermodynamic
functions of a single substance, and also to retain the significance of the increment with temperature of a given thermodynamie function.

b The heat-content function (H°-—H(',)/ T, is the heat content at the given temperature less the heat content at 0°K, divided by the absolute temperature
(°K) of the given hydrocarbon in the thermodynamic standard gaseous state of unit fugacity (1 atmosphere).

TaBre 10.—Values® of the heat-content funciion, (H°— Hg)| T, for the normal alkylbenzenes, Cg to Cy, for the ideal gaseous
state, to 1,5600° K

Temperature ® in ° K
Compound (gas) UII:;‘;; 0 /298.16 | 300 400 500 600 700 800 900 | 1,000 | 1,100 | 1,200 | 1,300 | 1,400 | 1,500
Heat-content function,b (F-1°—H3)/ T, in cal/deg mole

35 0 1 R S U e e T CgsHsp 0| 11.41| 11.46| 14.41) -17.50| 20.48| 23.24| 25.76| 28.07| 30.16| 32.07| 33.82| 35.42) 36.80| 38.24
Methylbenzene (toluene). C7H3g 0| 14.44| 14.51 18.17| 21.94| 25.56| 28.92| 32.03| 34.86| 37.45| 39.82| 41.99| 43.98| 45.81| 47.50
Ethylbengene. .. i lli: 00 .l CsHypo | O 17.89( 17.97| 22.44| 26.99| 31.33| 35.35| 39.03| 42.38| 45.45 48.25| 50.82| 53.18( 55.34| 57.35
n-Propylbenzene.._._____.._... CoHi2 | 0| 21.69| 21.78] 27.0 | 32.2| 37.2 | 41.8 | 46.0 | 49.8 | 53.4| 56.6 | 50.5 | 62.3 | 64.8 | 67.1
n-Butylbenzene CioHis | O] 25.12| 25.22| 31.2| 37.1| 428 | 48.0| 52.8| 57.1 | 61.1 | 64.8| 68.2| 71.3 | -74.1| 76.8
n-Amylbenzene CnuHie| 0] 28.55| 28.67| 35.4 | 42.0 | 483 | 542 | 59.5 | 64.4| 68.9| 73.0| 76.8| 8.3 | 83.5| 86.4
n-Hexylbenzene .| CieHyg| 0| 31.98| 32.11] 39.6 | 46.9 | 53.9 | 60.4 | 66.3 7.7 | 76.7 | 81.2| 85.4| 8.3 | 928 | 96.1
fn-Heptylbenzene. . ... oo ccooeeeoo.. CisHn | 0] 35.41| 35.56] 43.8 | 51.8 | 59.5| 66.6 | 73.1 79.0 | 84.4| 89.4| 94.0 | 98.3 | 102.2 | 105.7
n=0cbylbenzene . 20 . .. i ol CuuHa | 0 38.84| 39.01| 48.0| 56.8| 651 | 72.8 | 79.9 | 86.3 | 92.2| 97.6 | 102.6 | 107.3 | 111.5 | 115.4
n-Nonylbenzene. .. ... ._....... CisHay | O 42.27| 42.46) 52.2 | 61.7 | 70.7 | 79.0 | 86.6 | 93.6 | 100.0 | 105.8 | 111.2 | 116.3 | 120.8 | 125.1
NaldeevIenyone . oo o i e S CicHas | 0| 45.70| 45.90| 56.4 | 66.6 | 76.3 | 85.3 | ©3.4 | 100.9 | 107.8 | 114.1 | 119.9 | 125.3 | 130.2 | 134.7
n-Undecylbenzene_ . ... .___.. CiHas | 0 49.13| 49.35 60.6 71.5 | 819 | 91.5]100.2 | 108.2 | 115.5 | 122.3 | 128.5 | 134.3 | 139.5 | 144.4
n-Dodecylbenzene. .. . . oo .. CigHzo | 0| 52.56] 52.80| 64.8 | 76.4 | 87.4 | 97.7 | 107.0 | 115.4 | 123.3 | 130.5 | 137.1 | 143.3 | 148.9 | 154.0
n-Tridecylbenzene. . _ CiHsz | 0| 55.99| 56.24| 69.1 81.3 | 93.0| 103.9 | 113.8 | 122.8 | 131.1 | 138.7 | 145.7 | 152.3 | 168.2 | 163.7
n-Tetradecylbenzene__. ______.____.._._ CoHszs | 0 59.42| 59.59| 73.3 | 86.2 | 98.6 | 110.1 | 120.5 | 130.0 | 138.8 | 146.9 | 154.4 | 161.3 | 167.6 | 173.4
n-Pentadecylbenzene .| CaH3zs | 0] 62.85 63.14] 77.5 | 91.2 | 104.2 | 116.3 | 127.3 | 137.3 | 146.6 | 155.1 | 163.0 | 170.3 | 176.9 | 183.0
n-Hexadecylbenzene_ _ __________._._._. CzH3s | 0| 66.28) 66.58| 81.7 | 96.1 | 109.8 | 122.5 | 134.1 | 144.6 | 154.4 | 163.3 | 171.6 | 179.3 | 186.3 | 192.7
Increment per CHs Zroup. «.vocooooooofoaccmaes 0| 3.430| 3.447) 4.21| 4.92| 559 6.21| 6.78 7.29 7.77| 8.21] 8.62 9.00 9.35 9.66

a See footnote'‘a” of table 9.
b The heat-content function, (H°— Ho)/ T, is the heat content at the given temperature less the heat content at 0°K, divided by the absolute tempetature
(°K) of the given hydrocarbon in the thermodynamie standard gaseous state of unit fugacity (1 atmosphere).
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TasLe 11.—Values ® of the free energy function, (F°— Hg)|T, for ihe 14 alkylbenzenes, Cs to Cy, for the ideal gaseous state, to

1,600° K
Temperature s in ° K
Compound (gas) Foxl'- 0| 298.16 | 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500
mula

Free-energy function,b (F°—H)/T. in cal/deg mole
Bengzene.:-. - oo s .ot CsHs 0|—52. 93| —53. 00| —56. 69| —60. 24| —63. 70| —67.06| —70.34| —73.50| —76.57| —79. 54| —82.40| —85.18 —87.85 —90.45
Methylbenzene (toluene)._.. .. C7H3s 0|—61. 98/ —62. 07| —66. 74| —71. 20| —75. 52| —79.72| —83.79| —87.72] —91.53| —95.21| —98.77|—102. 21|—105. 53| —108. 75
Ethylbenzene. ... ... CsHyo | 0|—68.26|—68.37|—74.14|—79. 64| —84. 94| —90.08| —95.05| —99. 84|—104.47|—108. 94| —113. 25| —117.42|—121. 44| —125. 32
1,2-Dimethylbenzene (0-xyl-

GREYE = o3 ¥ P chie bl CsHio | 0]—65.61|—65.73|—71.74|—77.40|—82. 81| —88.01| —93.01| —97. 82/—102. 46|—106. 93| —111. 24| —115. 39| —119. 42| —123. 30
1,3-Dimethylberzene (m-xyl-

BIIG) I E St p S Y CsHy | 0|—67.63|—67. 74| —73.50|—78. 95| —84. 20| —89.28| —94.18| —98. 91/—103. 48|—107. 89| —112. 15|—116. 27| —120. 25| —124. 11
1,4-Dimethylbenzene (p-xyl-

Ty R e T e e CgHio | 0|—66.26|—66.37|—72.15(—77. 50| —82. 83| —87.89| —92.76| —97.48|—102. 02|—106. 42| —110. 66| —114. 77| —118. 74| —122. 59
n-Propylbenzene_____________ CoHjz | 0|—74.05|—74.19|—81.2 |—87.8 |—94.1 [—100.1 (—106.0 |—111.6 (—117.1 |—122.3 |—127.4 |—132.2 |—136.9 [—141.5
Isopropylbenzene (cumene)..| CoHye | 0|—72.42|—72.54|—79.2 |—85.6 [—91.8 | —97.8 [—103.6 (—109.2 (—114.6 |—119.8 |—124.8 |—129.6 |—134.4 |—138.9
1-Methyl-2-ethylbenzene_____ CoHuz 0|—73.27|—73.41/—80.5 |[—87.2 [—93.6 | —99.8 |—105.6 [—111.3 |—116.8 [—122.0 |—127.1 |—132.0 |—136.7 |—141.2
1-Methyl-3-ethylbenzene._ CoHyy | 0|—75.29/—75.42|—82.3 |—88.8 |—95.0 |—101.0 (—106.8 |—112.4 (—117.8 |—123.0 |—128.0 [—132.9 [—137.5 |—142.1
1-Methyl-4-ethylbenzene_____ CoHy | 0|—73.92|—74.05—80.9 |—87.4 |—93.6 | —99.6 |—105.4 |—111.0 (—116.3 |—121.5 |—126.5 [—131.4 [—136.0 |—140.5
1,2,3-Trimethylbenzene

(hemimellitene) .. ____._____ CoHiz | 0/—71.40(—71.53/—78.4 (—84.9 [~91.2 | —97.2 |—102.9 [—108.5 |{—113.8 |—119.0 |—123.9 |—128.7 |—133.4 |—137.8
1,2,4-Trimethylbenzene

(pseudocumene) ... CoHy | 0|—72.57|—72.70/—79.6 |—86.2 [—92.4 | —98.4 |—104.2 |—109.8 |—115.1 |—120.3 [—125.3 |—130.1 |—134.7 |—139.2
1,3,5-Trimethylbenzene

(mesitylene) ... ______.__. CeHi1z 0[{—70. 93| —71. 06| —77. 66| —84. 04| —00. 18| —96. 08| —101. 77| —107. 26|—112. 56| —117. 68| —122. 62| —127. 40| —132. 03| —136. 50

- s See footnote “a” of table 9. :
b The free-energy function, (F°— H,)/ T, is the free energy (exclusive of nuclear spin) at the given temperature less the heat content at 0° K, divided by the
absolute temperature (° K), of the given hydrocarbon in the thermodynamic standard gaseous state of unit fugacity (1 atmosphere).

TasLe 12.—Values ® of the free-encrgy function, (F°— Hg)/T, for the normal alkylbenzenes, Cqlo Cy, for the ideal gaseous
: state, to 1,600° K

Temperature & in ° K
Compound (gas) or | 0| 20816 | 300 | 400 | 500 | 600 | 700 | 800 | 900 ‘ 1,000 ‘ 1,100 ! 1,200 | 1,300 | 1,400 | 1,500
Free-energy function b, (F°—H$)/T, in cal/deg mole
Bengene: . 5 e v CeHs 0| —52.93 | —53.00 | —56.69] —60.24] —63.70 —67.06| —70.34] —73.50| —76.57| —79. 54| —82.40, —85. 18] —87.85/ —90.45
Methylbenzene (tolu-

P AL T SRS C7Hs | 0 —61.98 | —62.07 | —66.74| —71. 20| —75.52| —79.72 —83.79| —87. 72| —91.53| —95. 21| —98, 77/—102. 21|—105. 53|—108. 75
Ethylbenzene_ ... .. CsHipo | O] —68.26 | —68.37 | —74. 14| —79. 64| —84. 94| —90.08 —95. 05| —99. 84| —104. 47|—108. 94| —113, 25(—117. 42/—121. 44/ —125. 32
n-Propylbenzene____..._.| CoHi 0| —74.05 | —74.19 | —81.2 | —87.8 | —94.1 |—100.1 |—106.0 |—111.6 |—117.1 [—122.3 |—127.4 |—132.2 |—136.9 |—141.5
n-Butylbenzene._________ CipoHu| O —79.79 | —79.94 | —88.0 |.—95.6 {—102.8 |—109.8 {—116.6 [—123.0 |—120.3 |—135.3 |—141.1 |—146.6 |—152.0 |—157.2
n-Amylbenzene_ . ___.___ CuyHps| O —85.54 | —85.72 | —904.9 |—103.5 |—111.7 |—119.6 |—127.2 |—134.5 |—141.6 |—148.3 |—154.8 |—161.1 |—167.1 [—-173.0
n-Hexylbenzene_________ CpeHig| 0 —91.30 | —91.49 [—101.7 |—111.4 |—120.5 |—129.4 |—137.8 |—146.0 |—153.8 |—161.3 |—168.6 |—175.6 |—182.3 |—188.8
n-Heptylbenzene_.______ CisHgz | O —97.05 | —97.27 |—108.6 |—119.2 |—129.4 |—139.1 |—148.4 |—157.4 |—166.1 |—174.4 |—182.3 |—190.0 |—197.4 |—204.5
n-Octylbenzene_ ________ CusHsz | 0/—102.80 |—103.05 [—115.5 [—127.1 |—138.2 |—148.9 |—159.1 |—168.9 |—178.3 |—187.4 |—196.1 |—204.5 |—212.5 |—220.3
n-Nonylbenzene_________ CyisHas | 0{—108.56 |—108.82 |—122.3 |—135.0 |—147.1 |—158.6 |—169.7 |—180.4 |—190.6 |—200.4 |—209.9 |—218.9 |—227.7 |—236.1
n-Decylbenzene_________ CisHog | 0]—114.31 |—114.60 [—129.2 |—142.9 |—155.9 |—168.4 |—180.3 |—191.8 |—202.8 [—213.4 |—223.6 |—233.4 |—242.8 |—251.8
n-Undecylbenzene______ Cy7Hgs | 0{—120.06 |—120.38 [—136.1 |—150.8 |—164.8 |—178.1 |—191.0 |—203.3 |—215.1 [—226.4 |—237.4 |—247.9 |—257.9 |—267.6
n-Dodecylbenzene.._____ CisHae | 0{—125.81 [—126.16 |—142.9 |—158.7 |—173.6 |—187.9 |—201.6 |—214.7 |—227.4 |—230.5 |—251.1 |—262.3 |—273.1 |—283.4
n-Tridecylbenzene______ CioHas | 0{—131.57 |[—131.93 |—149.8 |—166.6 |—182.4 |—197.6 [—212.2 |—226.2 [—239.6 |—252.5 [—264.9 |—276.8 |—288.2 |—299.1
n-Tetradecylbenzene. .| CaoHas | 0/—137.32 |—137.71 [—156.7 |—174.5 |—191.3 |—207.4 |—222.8 |—237.6 |—251.9 |—265.5 |—278.6 |—291.3 |—303.3 |—314.9
n-Pentadecylbenzene..__| Co1Hse | 0|—143.07 |—143.49 |—163.5 |—182.4 [—200.1 (—217.1 |—233.5 |—249.1 |—264.1 |—278.5 |—292.4 |—305.7 |—318.5 |—330.7
nHexadecylbenzene_ ____ CooHss | 0{—148.83 |—149.26 |—170.4 |—190. 2 |—209.0 |—226.9 |—244.1 |—260.6 |—276.4 |—201.6 |—306.2 | —320.2 |—333.6 |—346.4
Increment per CHo

7001 11t M NP | im0 0| —5.753 —5.777) —06.87| —7.89| —8.84] —9.75 —10.63] —11.46, —12.26| —13.02 —13.76, —14.46] —15.13] —15.77

& See footnote “a’ of table 9.
b The free-energy function (F°— Hg)/T, is the free energy (exclusive of nuclear spin) at the given temperature less the heat content at 0° K, divided by
the absolute temperature (°K), of the given hydrocarbon in the thermodynamic standard gaseous state of unit fugacity (1 atmosphere).
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TaBLe 13.—Values ® of the entropy, S°, for the 14 alkylbenzenes, Cg to Cy, for the ideal gaseous stale, to 1,500° K

Temperature #in ° K
Compound (gas) Iﬁg{; 0/208.16| 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1,000 | 1,100 | 1,200 | 1,300 | 1,400 | 1,500
Entropy,b S°, in cal/deg mole
BENZANOSERG s St St IS AR o CeHs 0| 64.34| 64.46| 71.10| 77.74] 84.17| 90.30| 96.10| 101.57| 106.73| 111.61| 116.22( 120.59| 124, 74| 128. 68
Methylbenzene (toluene) ...._._________ C7Hs 0f 76.42| 76.57) 84.91] 93.13| 101.08| 108.64| 115.81| 122. 58| 128.98| 135.03| 140. 76| 146.19| 151. 34| 156. 25
Eihylbeprene ge v . o osh it oL CsHypo | 0] 86.15 86.34| 96.59| 106. 63| 116.28! 125.43| 134. 08| 142. 23| 149.92| 157.19| 164.07| 170.59| 176.79| 182. 67
1,2-Dimethylbenzene (o-xylene)..___ .. CsHypo | 0] 84.31] 84.51| 94.96] 105.01| 114. 60| 123.67| 132.24| 140. 34| 147. 99| 155. 22| 162.07| 168.56| 174. 73| 180. 61
1,3-Dimethylbenzene (m-xylene). .. _ .. CsHpo | 0] 85.49| 85.68 95.81| 105.67| 115.14| 124.16| 132. 70| 140. 78| 148.41| 155. 63| 162.47| 168.96| 175, 12| 181. 00
1,4-Dimethylbenzene (p-xylene). . _.__. CsHio | 0] 84.23] 84.41| 94.47| 104.25| 113.66| 122.63| 131. 13| 139.17| 146. 78| 153.98| 160.81| 167.29| 173,44| 179. 31
n-Propylbengene.... - . ____.__. ... CoHjz | 0] 95.74] 95.97| 108.1 | 119.9 | 131.2 | 141.9 | 152.0 | 161.5 | 170.5 | 178.9 | 186.9 | 194.5 | 201.7 | 208. 6
Isopropylbenzene (cumene) - - _ - -| CeHna 0] 92.87| 93.08| 105.2 | 117.0 | 128.3 | 139.0 | 149.2 | 158.7 | 167.6 | 176.1 | 184.2 | 191.8 | 199.0 | 205.9
1-Methyl-2-ethylbenzene .. ___________ CoHpa 0] 95.42| 95.66| 108.0 | 119.9 | 131.2 | 141.8 | 151.9 | 161.4 | 170.3 | 178.8 | 186.8 | 194.3 | 201.6 | 208. 4
1-Methyl-3-ethylbenzene . ____________ CgHjz | 0] 96.60, 96.83| 108.9 | 120.5 | 131.7 | 142.3 | 152.3 | 161.8 | 170.7 | 179.2 | 187.2 | 194.7 | 201.9 | 208.8
1-Methyl-4-ethylbenzene_.____________ CoH 2 0| 95.34| 95.56| 107.5 | 119.1 | 130.2 | 140.8 | 150.8 | 160.2 | 169.1 | 177.5 | 185.5 | 193.1 | 200.3 | 207.1
1,2,3-Trimethylbenzene (hemimelli-
feno)asi et o e ol e CoHj2 | 0| 93.50, 93.73| 105.4 | 116.9 | 127.8 | 138.3 | 148.1 | 157.4 | 166.2 | 174.6 | 182.5 | 190.1 | 197.2 | 204.0
1,2,4-Trimethylbenzene (pseudocu-
mene)saiiee s Mgt s LS S CoHpz | 0 94.73] 94.96( 106.7 | 118.2 | 129.2 | 139.6 | 149.5 | 158.8 | 167.7 | 176.0 | 184.0 | 191.5 | 198.7 | 205. 5
1,3,5-Trimethylbenzene (mesitylene)..| CgHj 0| 92.15] 92.37| 103. 87| 115.28| 126.22| 136.64| 146. 51| 155.85| 164. 69| 173.07| 181.01| 188. 56| 195. 73| 202. 55

a See footnote “a’” of table 9.
b S°is the entropy (exclusive of nuclear spin) of the given hydrocarbon in the thermodynamic standard gaseous state of unit fugacity (1 atmosphere) at the

temperature indicated.

TaBLE 14.—Values ® of the entropy, S°, for the normal alkylbenzenes, Cq to Cay, for the ideal gaseous state, to 1,600° K

Temperature s in ° X
|
Compound (gas) If)l(.)lll-s-l 0 ’ 298. 16 ‘ 300 400 ‘ 500 600 700 800 900 } 1,000 | 1,100 i 1,200 ‘ 1,300 | 1,400 | 1,500
Entropy,b S°, in cal/deg mole

130V /2000 (R SO i A R Tt CsHe 0| 64.34 | 64.46 71.10{ 77.74| 84.17| 66.30| 96.10| 101.57| 106.73| 111. 61| 116.22; 120. 59| 124. 74| 128. 68
Methylbenzene (toluene) .. C7Hs 0! 76.42 | 76.57 | 84.91| 93.13| 101.08| 108.64| 115.81| 122. 58| 128.98| 135. 03| 140. 76| 146. 19| 151. 34| 156. 25
Ethylbenzene.__.._._.__.___ CsHyo| 0] 86.15 | 86.34 96. 59| 106. 63| 116. 28| 125.43| 134.08| 142. 23| 149.92| 157. 19| 164. 07| 170. 59| 176. 79| 182. 67
B-PrOPYIDENZONO: . =5 e s s S CyHiz| 0] 95.74 | 95.97 | 108.1 | 119.9 | 131.2 | 141.9 | 152.0 | 161.5 | 170.5 | 178.9 | 186.9 | 194.5 | 201.7 | 208.6
N-BItVIDENIODG. - v S 2R CroHys | 0/104.91 [105.16 | 119.2 | 132.7 | 145.6 | 157.8 | 169.3 | 180.2 | 190.4 | 200.1 | 209.2 | 217.9 | 226.1 | 234.0
p-Amylbenvene. <. 2 - il c CuHie | 0[114.09 |114.38 | 130.2 | 145.5 | 160.0 | 173.8 | 186.7 | 198.9 | 210.4 | 221.3 | 231.6 | 241.4 | 250.6 | 259.4
n-Ilexylbenzene . Ci2Hjs | 0/123.28 |123.61 | 141.3 | 158.3 | 174.5 | 189.8 | 204.1 | 217.7 | 230.5 | 242.5 | 254.0 | 264.8 | 275.1 | 284.8
n-Heptylbenzene CisHzo | 0[132.46 (132.83 | 152.4 | 171.1 | 188.9 | 205.7 | 221.5 | 236.4 | 250.5 | 263.8 | 276.4 | 288.3 | 299.6 | 310.3
=00tYIDERIeNe, "I o i i dies CuHz | 0/141.64 |142.06 | 163.5 | 183.9 | 203.3 | 221.7 | 239.0 | 255.2 | 270.5 | 285.0 | 298.7 | 311.7 | 324.0 | 335.7
n-Nonylbenzene ... _.._.__._..___ CysHazs | 0{150.82 [151.28 | 174.5 | 196.7 | 217.8 | 237.7 | 256.4 | 273.9 | 290.6 | 306.2 | 321.1 | 335.2 | 348.5 | 361.1
p-Decylhenzene:. - .- .. .- ii."s.o CieHas | 0{160.01 {160.50 | 185.6 | 209.5 | 232.2 | 253.6 | 273.8 | 292.7 | 310.6 | 327.5 | 343.5 | 358.6 | 373.0 | 386.5
n-Undecylbenzene Ci7Has | 0]169.19 |169.73 | 196.7 | 222.3 | 246.6 | 269.6 | 291.2 | 311.4 | 330.6 | 348.7 | 365.9 | 382.1 | 397.5 | 412.0
n-Dodecylbenzene.___ CisHgo | 0{178.37 [178.95 | 207.8 | 235.1 | 261.0 | 285.6 | 308.6 | 330.2 | 350.6 | 370.0 | 388.2 | 405.6 | 422.0 | 437.4
n-Tridecylbenzene _ _ CiHsz | 0/187.56 [188.18 | 218.8 | 247.9 | 275.5 | 301.5 | 326.0 | 348.9 | 370.7 | 391.2 | 410.6 | 429.0 | 446.4 | 462.8
n-Tetradecylbenzene CooHss | 0[196.74 |197.40 | 229.9 | 260.7 | 289.9 | 317.5 | 343.4 | 367.7 | 390.7 | 412.4 | 433.0 | 452.5 | 470.9 | 488.2
n-Pentadecylbenzene._________________ CauHas | 0/205.92 [206.62 | 241.0 | 273.5 | 304.3 | 333.5 | 360.8 | 386.4 | 410.7 | 433.7 | 455.4 | 476.0 | 495.4 | 513.7
n-Hexadecylbenzene. CoHag | 0]215.11 |215.85 | 252.1 | 286.3 | 318.8 | 349.4 | 378.2 | 405.2 | 430.8 | 454.9 | 477.8 | 499.4 | 519.9 | 539.1
Increment per CHg group- o -oocvoooofocooooe 0| 9.183] 9.224| 11.08| 12.80| 14.43| 15.97| 17.40, 18.75 20.03| 21.24| 22.38| 23.46| 24.48] 25.43

a See footnote ““a” of table 9.
b S° is the entropy (exclusive of nuclear spin) of the given hydrocarbon in the thermodynamic standard gaseous state of unit fugacity (1 atmosphere) at the

temperature indicated.
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TaBLE 15.—Values ® of the heat content, (H°—Hy), for the 14 alkylbenzenes, Cs to Cy, for the ideal gaseous state, to 1,600° K

Temperature » in ° K

Compound (gas) rﬁg{; 0[298.16| 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1,000 | 1,100 | 1,200 | 1,300 | 1,400 | 1,500
Heat content,b (F°—F5), in cal/mole

BAnZEna et A ) CeHs | 0| 3401 | 3437 | 5762 | 8750 | 12285 | 16267 | 20612 | 25260 | 30163 | 35280 | 40590 | 46040 | 51640 | 57350
Methylbenzene (toluene). ... CiHs | 0| 4306 | 4352 | 7269 | 10969 | 15334 | 20247 | 25621 | 31373 | 37449 | 43800 | 50390 | 57180 | 64130 | 71250
Ethylbenzene. .. ..............__..__ CsHu | 0| 5335 | 5391 | 8976 | 13496 | 18799 | 24746 | 31222 | 38144 | 45448 | 53080 | 60980 | 69130 | 77480 | 86020
1,2-Dimethylbenzene (o-xylene) ... CsHio | 0 | 5576 | 5635 | 9291 | 13806 | 19070 | 24962 | 31386 | 38265 | 45531 | 53130 | 61000 | 69120 | 77450 | 85960
1,3-Dimethylbenzene (m-xylene) .. CsHio | 0 | 5325 | 5382 | 8925 | 13359 | 18563 | 24415 | 30817 | 37678 | 44933 | 52520 | 60390 | 68500 | 76820 | 85330
1,4Dimethylbenzene (p-xylene)_ . ___ CsHio | 0| 5358 | 5414 | 8929 | 13330 | 18499 | 24319 | 30690 | 37525 | 44755 | 52320 | 60170 | 68270 | 76580 | 85080
n-Propylbenzene. __.__._..___.__._____ CeHi | 0| 6467 | 6534 | 10790 | 16090 | 22300 | 29250 | 36810 | 44860 | 53360 | 62200 | 71400 | 81000 | 90700 | 100600
Isopropylbenzene (cumene) ... CeHie | 0| 6097 | 6162 | 10380 | 15700 | 21940 | 28900 | 36470 | 44560 | 53090 | 62000 | 71200 | 80800 | 90500 | 100400
1-Methyl-2-ethylbenzene. ... ____ CeHu | 0| 6604 | 6674 | 11006 | 16330 | 22530 | 29460 | 36990 | 45040 | 53530 | 62400 | 71600 | 81100 | 90800 | 100700
1-Methyl-3-ethylbenzene._____________ CeHy2 | 0| 6354 | 6421 | 10630 | 15800 | 22030 | 28910 | 36420 | 44450 | 52930 | 61800 | 71000 | 80500 | 90200 | 100100
1-Methyl-4-ethylbenzene . _____ CeHiz | 0| 6386 | 6453 | 10640 | 15860 | 21960 | 28820 | 36290 | 44300 | 52750 | 61600 | 70800 | 80200 | 89900 | 99900
1,2,3-Trimethylbenzene (hemimelli~
FenaTE Lo il S e e S 0 CeHu | 0| 6590 | 6658 | 10810 | 15980 | 21990 | 28750 | 36130 | 44050 | 52430 | 61200 | 70300 | 79700 | 89400 | 99300
1,2,4-Trimethylbenzene (pseudocu-
mene)ieet o AN et e MR ) CeHi | 0| 6609 | 6677 | 10860 | 16030 | 22060 | 28830 | 36230 | 44160 | 52550 | 61300 | 70500 | 79900 | 89600 | 99500
1,3,5-Trimethylbenzene (mesitylene) .| CsHia | 0 | 6326 | 6392 | 10486 | 15616 | 21623 | 28386 | 35789 | 43728 | 52131 | 60930 | 70070 | 79500 | 89180 | 99080

s See footnote “‘a” of table 9.

b (H°—H5) is the heat content at the given temperature less the heat content at 0° K of the given hydrocarbon in the thermodynamic standard gaseous

state of unit fugacity (1 atmosphere).

TABLE 16.—Values® of the heat content, (H°— Hj), for the normal alkylbenzenes, Cs to Ca, for the ideal gaseous stale, to

1,600° K
Temperature ® in ° K
Compound (gas) Jfﬁ{a 029816 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1,000 | 1,100 | 1,200 | 1,300 | 1,400 | 1, 500
Heat content,b (FH°—Hj3), in cal/mole

Benzanarss Aot B i o ALt S CeHs 0| 3401 3437 5762 8750 12285 16267| 20612| 25260 30163| 35280] 40590 46040, 51640, 57350
Methylbenzene (toluene). .____________ CHs 0| 4306] 4352| 7269| 10969 15334| 20247 25621| 31373 37449 43800/ 50390| 57180 64130 71250
Rihyibenzene st .~ =l oo S iEE I CgHiyo | O] 5335 5391| 8976] 13496 18799| 24746| 31222| 38144| 45448 53080, 60980 69130 77480, 86020
n-Propylbenzene_ | CeHiz | 0| 6467 6534 10790, 16090| 22300 29250/ 36810 44860| 53360/ 62200/ 71400/ 81000{ 90700 100600
G-Bulylbenizene. . .o . . 8e T ol CuoHse | O] 7490| 7566] 12470| 18540 25650| 33590| 42210| 51400| 61120 71300, 81800/ 92600, 103800, 115100
n-Amylbenzene . - . .. .l . .= CuHis | 0] 8512 8600| 14150 21000{ 29000{ 37940| 47630| 57960/ 68900, 80300| 92100/ 104300, 116800 129600
n-Hexylbenzene - CppHis | O 9535 9634| 15840 23460| 32350 42280 53050f 64530| 76670| 89300/ 102500| 116000 129900 144100
n-Heptylbenzene CuHgo | 0| 10558 10668] 17520{ 25920| 35710{ 46630 58470] 71000| 84440{ 98400 112800| 127700 143000| 158600
n=Ockylhenyene - ~= .o .::o ciliil oo CuHgz | 0] 11581 11702| 19200, 28380 39060| 50980| 63890 77650/ 92210/ 107400| 123200| 139400 156100 173100
r-Nonyihenzene. oo C iR oo CisHaze | O] 12603] 12736| 20890, 30840 42410| 55330| 69320| 84220 99980 116400; 133500| 151100 169200| 187600
n-Decylbenzene . _____________________. CisHze | 0| 13626| 13771 22570 33300{ 45760| 59680 74740, 90780| 107760| 125500) 143800| 162800 182300{ 202100
n-Undecylbenzene . _______ . ________ CryHas | 0| 14649 14805 24260 35750| 49120{ 64030| 80160{ 97340| 115530] 134500 154200| 174500 195400| 216600
n-Dodecylbenzene._______.____________ CisH3o | O] 15671| 15839 25040| 38210 52470| 68380| 85580 103910| 123300 143500 164500| 186200 208500| 231100
n-Tridecylbenzene__._________________ CioHsz | O 16694| 16873 27620| 40670 55820| 72730| 91000 110470, 131080 152600, 174900| 197900| 221600| 245600
n-Tetradecyloenzene__________________ CgHay | O 17717) 17907| 29310, 43130 59170, 77080 96420] 117040 138850| 161600 185200 209600, 234700 260000
n-Pentadecylbenzene..________________ CuHae | 0 18740 18941 30990| 45590| 62520/ 81430| 101850 123600 146620| 170600 195600 221300| 247700 274500
n-Hexadecylbenzene____.______________ CpHss | 0 19762| 19975] 32680 48050 65880 85780| 107270 130160| 15440C| 179700] 205900, 233000 260800| 289000
Increment per GHagroup. . 2o oo fdeccies 0| 1022.7| 1034.1] 1684] 2458/ 3352 4349 5422 6564| 7773) 9030, 10340 11700 13090, 14490

s See footnote “a” of table 9.

b (FI°IT,) is the heat content at the given temperature less the heat content at 0°K of the given hydrocarbon in the thermodynamic standard gaseous state of

unit fugacity (1 atmosphere).
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TaBLE 17.—Values o of the heat capacity, C,, for the 14 alkylbenzenes, Cs to Cy, for the ideal gaseous state, to 1,500° K

Temperature »in ° K

Compound (gas) Foxl'- 0 (298.16| 300 400 500 600 700 800 900 | 1,000 | 1,100 ‘ 1,200 | 1,300 ‘ 1,400 1,500
mula
Heat capacity,b Cjp, in cal/deg mole
BT e B S AR e . T CeHs | 0| 19.52 | 19.65 | 26.74 | 32.80 | 37.74 | 41.75 | 45.06 | 47.83 | 50.16 | 52.16 | 53.86 | 55.32 | 56.58 | 57.67
Methylbenzene (toluene).._.......____ CrHg | 0| 24.80 | 24.95 | 33.25 | 40.54 | 46.58 | 51.57 | 55.72 | 59.22 | 62.19 | 64.73 | 66.90 | 68.77 | 70.38 | 71.78
Ethylbengene. bl:02: o ol stk ool CsHio | 0| 30.69 | 30.88 | 40.76 | 49.35 | 56.44 | 62.28 | 67.15 | 71.27 | 74.77 | 77.77 | 80.35 | 82.57 | 84.49 | 86.16
1,2-Dimethylbenzene (o-xylene)._.____ CsHyo | 0| 31.85 | 32.02 | 41.03 | 49.11 | 55.98 | 61.76 | 66.64 | 70.80 | 74.35 | 77.40 | 80.02 | 82.28 | 84.24 | 85.93
1,3-Dimethylbenzene (m-xylene). _| CsHio | 0 | 30.49 | 30.66 | 40.03 | 48.43 | 55.51 | 61.43 | 66.41 | 70.63 | 74.23 | 77.31 | 79.95 | 82.22 | 84.19 | 85.89
1,4-Dimethylbenzene (p-xylene)..___. CsHio | 0| 30.32 | 30.49 | 39.70 | 48.06 | 55.16 | 61.12 | 66.14 | 70.39 | 74.02 | 77.13 | 79.80 | 82.09 | 84.07 | 85.79
n-Propylbenzene.__._......_...._..... CoHj2 | 0| 36.73 | 36.99 | 48.0 | 57.8 | 66.0 | 72.7 | 78.3 | 83.1 | 87.1 90.6 | 93.6 | 96.2 | 98.5 100. 4
Isopropylbenzene (cumene) - _| CoHiz | 0| 36.26 | 36.47 | 48.0 | 57.9 | 66.2 | 72.9 | 78.6 83.3 | 87.3 | 90.8 | 93.8 | 96.4 | 98.6 | 100.6
1-Methyl-2-ethylbenzene. . CoHya | 0| 37.74 | 37.94 | 48.5 | 57.9 | 65.8 | 72.5 | 78.1 82.8 | 86.9 | 90.4 [93.5 | 96.1 | 98.3 100.3
1-Methyl-3-ethylbenzene_ .. ... . CoHy2 | 0| 36.38 | 36.59 | 47.5 | 57.2 | 65.4 | 72.1 [ 77.8 | 827 (8.8 |90.4 |[93.4 | 9.0 | 983 100.3
1-Methyl-4-ethylbenzene. . ... ... ___ CoHi2 | 0] 36.22 | 36.42 | 47.2 | 56.9 | 65.0 | 71.8 | 77.6 | 82.4 | 86.6 | 90.2 [ 93.2 | 95.9 | 98.2 | 100.2
1,2,3-Trimethylbenzene (hemimelli-
tene). =T At g e C¢Hyz | 0| 36.85 | 37.04 | 46.9 | 6.1 | 64.0 | 70.9 | 76.7 | 8.6 | 859 |[89.5 | 927 | 95.4 | 97.8 99.8
1, 2,4-Trimethylbenzene (pseudocu-
mene):. i sl e i e CoHy2 | 0| 37.10 | 37.28 | 47.1 | 56.2 | 64.2 | 71.0 | 76.8 | 81.7 | 86.0 | 89.6 | 928 | 95.5 | 97.8 99.8
1,3,5-Trimethylbenzene (mesitylene)._| CoHjz | 0 | 35.91 | 36.10 | 46.41 | 55.92 | 64.08 | 70.99 | 76.84 | 81.81 | 86.07 | 89.72 | 92.86 | 95.56 | 97.89 | 99.91

s See footnote “a’’ of table 9.

b C,°, is the heat capacity at constant pressure of the given hydrocarbon in the thermodynamic standard gaseous state of unit fugacity (1 atmosphere) at the

temperature indicated.

TABLE 18.—Values® of the heat capacity, Cj, for the normal alkylbenzenes, Cg to Cy, for the ideal gaseous state, io 1,6500° K

Temperature »in ° K

Compound (gas) por- |0 |208.16 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1,000 | 1,100 | 1,200 | 1,300 | 1,400 | 1,500
Heat capacity,b Cj, in cal/deg mole

HEnzeneMiEis i ot A P> 8 CoHs | 0| 19.52 | 19.65 | 26.74| 32.80| 37.74) 41.75| 45.06| 47.83| 50.16| 52.16 53.86| 55.82| 56.58/ b57.67
Methylbenzene (toluene)_..._...___.__ CrHg | 0| 24.80 | 24.95 | 33.25| 40.54| 46.58/ 51.57| 55.72| 59.22| 62.19| 64.73| 66.90, 68.77| 70.38 71.78
Ethylbenzene CsHio | 0] 30.69 | 30.88 | 40.76| 49.35| 56.44| 62.28| 67.15 71.27| 74.77 77.77| 80.35 82.57) 84.49| 85.16
n-Propylbenzene..._._________________| CoHiz | 0] 36.73 [ 36.99 | 48.0 | 57.8 | 66.0 | 72.7 | 78.3 | 8.1 | 8.1 | 90.6 | 93.6| 96.2 | 98.5 | 100.4
n-Butylbenzene. .............._...... CioHy | 0| 4242 | 42.73 | 55.1 | 66.3 | 75.4 | 8.1 80.4| 94.9 | 90.5|103.5 [ 106.9 | 100.9 | 112.5 | 114.7
f-Amylbenzene. - ... .....io.oooce.oc OuHiys| 0| 43.18 | 48.54 | 62.3 | 74.7 | 84.9 | 93.4 (100.6 | 106.7 | 111.9 | 116.3 | 120.2 | 123.6 | 126.5 | 128.9
n-Hexylbenzene CizHis | Of 53.94 | 54.35 | 69.4 | 83.2 | 94.4 | 103.8 | 111.7 | 118.4 | 124.2 | 129.2 | 133.5 | 137.2 | 140.4 | 143.2
n-Heptylbenzene. .. ____..________.__ CisHo | 0] 59.70 | 60.16 | 76.5 | 91.6 | 103.8 | 114.2 | 122.9 | 130.2 | 136.6 | 142.1 | 146.8 | 150.9 | 154.4 | 157.4
n-Octylbenzene ... ..._.o........._ CigHzs | 0] 65.46 | 65.97 | 83.6 | 100.0 | 113.3 | 124.5 | 134.0 | 142.0 | 140.0 | 154.9 | 160.1 | 164.6 | 168.4 | 1707
n-Nonylbenzene..._._._._._________.. CisHy | 0| 7122 | 71.78 | 90.8 | 108.5 | 122.8 | 134.9 | 145.1 | 153.8 | 161.4 | 167.8 | 173.4 | 178.2 | 182.4 | 185.9
n-Decylbenzene. ..._..........__..._. CisHas | 0| 76.98 | 77.59 | 97.9 | 116.9 | 132.2 | 145.3 | 156.3 | 165.6 | 173.7 | 180.6 | 186.7 | 101.9 | 196.4 | 200.2
n-Undecylbenzene. ............._.._._ CirHys | Of 82.74 | 83.40 | 105.1 | 125.3 | 141.7 | 155.6 | 167.4 | 177.4 | 186.1 | 103.5 | 200.0 | 205.6 | 210.4 | 214.4
n-Dodecylbenzene..... ... CisHyo | 0f 83.50 | 89.21 | 112.2 | 133.8 | 151.2 | 166.0 | 178.6 | 180.2 | 198.5 | 205.4 | 213.3 | 210.3 | 224.4 | 228.7
n-Tridecylbenzene. .- _-| CioHzg | 0] 94.26 | 95.02 | 119.3 | 142.2 | 160.6 | 176.4 | 189.7 | 201.0 | 210.8 | 219.2 | 226.6 | 232.9 | 233.4 | 242.9
n-Tetradecylbenzene.._....___.....__ CaoHaq | 0{100.02 [100.83 | 126.5 | 150.6 | 170.1 | 186.7 | 200.8 | 212.8 | 223.2 | 232.1 | 230.8 | 246.6 | 252.3 | 257.2
n-Pentadecylbenzene ... CaHss | 0]105.78 [106.64 | 133.6 | 159.1 | 170.6 | 197.1 | 212.0 | 224.6 | 235.6 | 244.9 | 253.1 | 260.3 | 266.3 | 271.4
n-Hexadecylbenzene. ... _.........__ CagHiss | 0/111.54 [112.45 | 140.7 | 167.5 | 189.0 | 207.5 | 223.1 | 236.4 | 248.0 | 257.8 | 266.4 | 273.9 | 280.3 | 285.7
Increment per CHz roUP. - - oeeeeeefoeeeeeee 0| 5.760] 5.810| 7.13| 8.44| 0.47| 10.37| 11.14{ 1L.79| 12.37| 12.86 13.20| 13.67| 13.09 14.25

s See footnote ‘‘a’ of table 9.

b C’; is the heat capacity at constant pressure of the given hydrocarbon in the thermodynamic standard gaseous state of unit fugacity (1 atmosphere) at

the temperature indicated.
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IV. Heat of Formation, Free Energy of Formation, and
Equilibrium Constant of Formation

1. Method and Data Used in the
Calculations

The same method of calculation was used as
described in Section IV-1 of reference [1].

For the heats of formation at 25° C of the alkyl-
benzenes in the gaseous state from the elements,
solid carbon (graphite) and gaseous hydrogen, the
values given in reference [2] were used.

2. Results

The resulting values of the thermodynamic prop-
erties for the formation of the 14 alkylbenzenes
through CgH;., and of the higher normal mono-
alkylbenzenes, in the gaseous state, from the

TEMPERATURE IN °C

127 327
T

elements, solid carbon (graphite) and gaseous
hydrogen, all at the given temperature, are pre-
sented in tables 19 to 24, which give values of the
heat of formation, AHf°, the free energy of forma-
tion, AFf°, and the logarithm of the equilibrium
constant of formation, log;, Kf, to 1,500° K.
Figure 1 shows the thermodynamic stability of
the normal monoalkylbenzenes in the gaseous
state as a function of temperature, in the form of
a plot of the standard free energy of formation,
per carbon atom, divided by the absolute tempera-
ture. This plot may be compared with corre-
sponding plots for the normal paraffins [13], the
normal 1-alkynes [15], and thenormal 1-alkenes [24].

927
T

527 727
20 T T T T T T
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Ficure 1.—Thermodynamic stability of the normal monoalkylbenzenes in the gaseous state as a function of temperature.

The scale of ordinates gives the value of (1/n) (AFf°/T) in calories per degree mole, where n is the number of carbon atoms per molecule, 7' is the absolute tem-
perature in degrees Kelvin, and AFf° is the standard free energy of formation of the hydrocarbon from the elements, solid carbon (graphite) and gaseous
hydrogen, all at the given temperature, as given in tables 15 and 16. The scale of abscissas gives the temperature in degrees Kelvin.

108

Journal of Research



SOUAZUSAN[Y JO S91310Urf] 294, pue s8I

601

TaBLE 19.—Values @ of the heat of formation, AHf°, for the 14 alkylbenzenes, Cs to C,, for the ideal gaseous stale, to 1,600° K

Temperature® in °K

Compound (gas) Formula 0 208. 16 300 400 500 600 700 800 900 1, 000 1,100 1, 200 1, 300 1, 400 1, 500
Heat of formationb, AH{®, in keal/mole

151570 s /s e ety Uy SR Bl SIS e i I CsHs 24. 000 19. 820 19. 796 18. 554 17. 536 16.711 16. 040 15.510 15.100 14. 818 14. 63 14. 52 14. 45 14. 41 14. 39
Methylbenzene (toluene). ... . ________ C7Hs 17. 500 11. 950 11.919 10. 327 9. 005 7.932 7.067 6. 399 5.895 5. 564 5.36 5.27 5.22 5.23 5.27
BETIORTane. 2. oSl L CsHyo | 13.917 7.120 7.083 5.218 3.699 2.488 1. 529 0.798 0.266 | —0.061 | —0.23| —0.28| —0.26| —o0.18 —0.05
1,2-Dimethylbenzene (o-xylene)..._ CsHio 11. 096 4. 540 4.506 2.711 1.189 | —0.062 | —1.076 | —1.858 | —2.434 | —2.799 —3.01 -—3.08 —3.09 —3.04 —2.92
1,3-Dimethylbenzene (m-xylene) ... ______| CsHy | 10.926 | 4.120 | 4.083 | 2.175| 0.571| —.738 | —1.702 | —2.598 | —3.191 | —3.567 | —3.78 | —3.86 | —3.88 | —3.84| —3.73
1,4-Dimethylbenzene (p-xylene).._..._.___.__ CgHyo | 11.064 4.290 4.253 2.317 .680 | —.665 | —1.751 | —2.586 | —3.207 | —3.607 | —3.84 | —3.94| —3.97| —3.94 —3.84
n-Propylbenzenestt o oot e _Til L SR S CoHiz 9.810 1.870 1.827 | —0.31 | —2.06 | —3.44 | —4.52 | —5.3¢ | —5.95 | —6.30 —6.5| —6.5 —6.4 —6.2 —6.0
Isopropylbenzene (cumene) CoHiz 9. 250 0. 940 0.895 | —1.28 —3.01 —4.37 —5.44 —6.24 —6. 80 —-7.13 -7.3 -7.2 -7.2 =70 —6.8
1-Methyl-2-ethylbenzene. ... CoHis 8.002 .200 .250 | —1.82 | —3.54 | —4.93 | —6.03 | —6.88 | —7.48 | —7.84 —80| —8.0 —8.0 -7.9 k]
1-Methyl-3-ethylbenzene. ..........._.. CyHz 7.593 | —.460 | —.503 | —2.68 | —4.49 | —5.93 | —7.08 | —7.95 | —8.57 | —8.94 —-9.1| —9.2 —9.1 —0:0 —8.8
1-Methyl-4-ethylbenzene....._..._______. CoHyg 7.241| -.780| —.823 | —3.03 | —4.87 | —6.36 | —7.53 | —8.43 | —9.08 | —9.47 —9.7| —9.7 —9.7 —9.6 —9.4
1, 2, 3-Trimethylbenzene (hemimellitene) .- CoHiy 5.527 | —2.200 | —2.332 | —4.57 | —6.46 | —8.04 | —90.31 {—10.30 [-11.04 |-11.51 | —11.8| —119 | —119 | —11.8 | —11.7
1, 2, 4-Trimethylbenzene (pseudocumene) . ...| CoHiz 4,468 | —3.330 | —3.372 | —5.69 | —7.46 | —9.02 |—10.28 |—11.26 |—11.98 [—12.45 —12.7 | —12.8 | —12.8 | —12.7 —12.6
1, 3, 5-Trimethylbenzene (Mesitylene)...____. CyHnz 4,241 | —3.840 | —3.883 | —6.183 | —8.107 | —9.691 (—10.960 [—11.930 |—12.643 |—13.094 | —13.34| —13.42 | —13.42 | —13.33 | —13.18

& See footnote a of table 9.

b A FIf° represents the increment in heat content for the reaction of forming the given compound in the gaseous state from the elements carbon (solid graphite) and hydrogen (gaseous), with all

the reactants and products in their appropriate standard reference states at the temperature indicated.
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TaBLE 20.—Values ® of the heat of formation, A Hf°, for the normal alkylbenzenes, Cq to Cy, for the ideal gaseous state, to 1,500° K

Temperature® in °K
Compound (gas) Formula) 0 298. 16 300 400 500 600 700 800 900 1, 000 1, 100 1, 200 1,300 1, 400 1, 500
Heat of formation,b AHS®, in keal/mole
Benzene e el CLte LE T e CgHe 24.000] 19.820| 19.796| 18.554| 17.536| 16.711] 16.040, 15.510 15.100{ 14.818 14. 63| 14. 52 14. 45, 14.41 14.39
Methylbenzene (toluene) CrHs 17.500{ 11.950] 11.919] 10.327, 9. 005 7.932 7. 067 6. 399 5. 895 5. 564 5. 36 5. 27 5.22 5.23 5.27
T T NS 31 g L CsHio 13.917 7.120 7.083 5. 218 3. 699 2. 488 1. 529 0. 798 0.266] —0.061 —0.23 —0. 28, —0.26 —0.18 —0.05
D 7e g o e vA o7 e S AR SR 1l 1 WY CoHi2 9. 810 1. 870, 1.827| —-0.31| —2.06| —3.44| —4.52| —5.34| —595| —6.30 —6.5 —6.5 —6.4 —6.2 —6.0
0 )t A e R ST CioH1s 5.89 —3.30| —3.35| —5.78| —7.78 —9.34 | —10.56 | —11.48 | —12.14 | —12.49 —12.6 | —12.6 | —12.5| —12.3| -—12.0
TR A A N B RS G R CuHis 2.22| —8.23| —8.28 | —11.00 | —13.24 | —14.99 | —16.34 | —17.35 | —18.07 | —18.43 | —18.6 | —18.5| —18.3 | —18.0| —17.7
n-Hexylbenzene. . CieHis —1.46 | —13.15 | —13.21 | —16.23 | —18.71 | —20.64 | —22.12 | —23.22 | —23.99 | —24.37 —24.5 —24.4 —24.1 —23.8 —23.4
n-Heptylbenzene._ Ci3Hao —5.13 | —18.08 | —18.14 | —21.45 | —24.18 | —26.28 | —27.89 | —29.09 | —29.92 | —30.31 —30. 4 -30.3| —30.0| —29.5| —29.0
n-Octylbenzene___ -| CuHaz —8.80 | —23.00 | —23.07 | —26.67 | —29.64 | —31.93 | —33.67 | —34.96 | —35.85 | —36.25 —36.4 —36.2 —35.8 —35.3 —34.7
R=NORVIBERZONe C! fo k0 S Lol nla et Pl CysHgs | —12.48 | —27.93 [.—28.00 | —31.90 | —35.10 | —37.58 | —39.45 | —40.84 | —41.78 | —42.20 | —42.3 | —42.0| —41.6| —41.1 —40.4
T=DDeeyIDerTene. s - 2hi s ol o il A CieHas | —16.15 | —32.86 | —32.94 | —37.12 | —40.57 | —43.23 | —45.23 | —46.71 | —47.70 | —48.14 | —48.2 | —47.9 | —47.5| —46.8| —46.1
n=tindeoyibensene . ;Lo loilio oo soxguioll CpyHys | —19.82 | —37.78 | —37.87 | —42.34 | —46.04 | —48.88 | —51.01 | —52.58 | —53.63 | —54.08 | —54.1 | —53.8| —53.3 | —52.6| —51.8
n=PodecylbenzeneX o TS 1 o B S CisHgzo | —23.49 | —42.71 | —42.80 | —47.56 | —51.50 | —54.52 | —56.78 | —58.45 | —59.56 | —60. 02 —60.1 —59.7 —59.1 —58.3 —57.5
n-Tridecylbenzene. . CpHsg | —27.17 | —47.63 | —47.73 | —52.79 | —56.96 | —60.17 | —62.56 | —64.32 | —65.48 | —65.96 | —66.0 | —65.6 | —65.0 | —64.1| —63.2
n-Tetradecylbenzene Cz0H3z | —30.84 | —52.56 | —52.66 | —58.01 | —62.43 | —65.82 | —68.34 | —70.19 | —71.41 | —71.90 =g —71.5 —70.8 —69.8 —68.9
n-Pentadecylbenzene._.__.__.._.__._____.___..| CuHs | —34.51 | —57.49 | —57.59 | —63.23 | —67.90 | —71.47 | —74.12 | —76.06 | —77.34 | —77.84 | —77.8 | —77.4 —76.6 | -75.6| —74.6
n-Hexadecylbenzene. . ... .:.solucscoin-smsink CgoHag | —38.19 | —62.41 | —62.52 | —68.46 | —73.36 | —77.12 | —79.90 | —81.93 | —83.26 | —83.78 | —83.8 | —83.2| —82.4| —8l.4| —80.3
Incrementper CHgroups--o-di s o Son il ol —3.673| —4.926| —4.931] -—5.223| —5.465| —5.648) —5.778 —5.871] —5.927] —5.941 —5.93] —5.89 -5.83 —5.76) —5.69

a See footnote ‘“a” of table 9.

bA Hf° represents the increment in heat content for the reaction of forming the given compound in the gaseous state from the elements carbon (solid, graphite) and hydrogen (gaseous), with all the
reactants and products in their appropriate standard reference states at the temperature indicated.
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TaBLE 21.—Values * of the free energy of formation, AFf®, for the 14 alkylbenzenes, Cg to Cy, for the ideal gaseous state, to 1,500° K

Temperature= in °K
Compound (gas) Formula 0 298. 16 300 400 500 600 700 - 800 900 1,000 1,100 1,200 1,300 1, 400 1, 500
Free energy of formation,b AF)°, in keal/mole
T R R O, D gt ORI A CeHs 24,000 | 30.989 | 31.058 | 35.008 | 89.242 | 43.663 | 48.211 | 52.838 | 57.537 | 62.270 67.02 7179 76.57 81.34 86.11
Methylbenzene (toluene)...__._______________ CrHjs 17.500 | 29.228 | 20.335 | 35.300 | 41.811 | 48.477 | 55.306 | 62.236 | 60.255 | 76.320 83.40 90. 50 97.61 | 104.71 111.81
h 4305 T ARG R R TS IR CsHyo | 13.917 | 31.208 | 31.357 | 39.741 | 48.554 | 57.646 | 66.921 | 76.302 | 85.779 | 95.303 | 104.84 | 114.39 | 123.95 | 133.48 143.02
1,2-Dimethylbenzene (o-xylene)........_______ CsHyo | 11.006 | 29.177 | 29.329 | 37.883 | 46.852 | 56.103 | 65.548 | 75.110 | 84.777 | 94.494 | 104.23 | 113.99 | 123.76 | 133.50 143.24
1,3-Dimethylbenzene (m-xylene)._. CsHio 10.926 | 28.405 | 28.554 | 37.008 | 45.906 | 55.099 | 64.492 | 74.006 | 83.630 | 93.307 | 103.00 | 112.72 | 122.45 | 132.15 141.85
1,4-Dimethylbenzene (p-xylene)______________ CgHyo | 11.064 | 28.952 | 20.104 | 37.688 | 46.724 | 56.060 | 65.604 | 75.275 | 85.058 | 94.897 | 104.76 | 114.64 | 124.54 | 134.40 144. 27
BRPIODYIDONBOND. .. . onisan o i hrol bbb e as CoHia 9.810 | 32.810 | 33.000 | 43.73 54.94 66.48 78.22 90.09 | 102.07 | 114.08 126.1 138.2 150.3 162.3 174.3
Isopropylbenzene (cumene) ... __.____________ CoHja 9.250 | 32.738 | 32.934 | 43.96 55. 46 67.29 79.33 91.48 | 103.74 | 116.06 128.4 140.7 153.1 165.4 177.6
1-Methyl-2-ethylbenzene._ - - CyHiz 8.092 | 31.323 | 31.514 | 42.26 53.48 65. 02 76.78 88. 65 100.64 | 112.67 124.7 136.8 148.9 160.9 173.0
1-Methyl-3-ethylbenzene_ . ___________________ CoHis 7.593 | 30.217 | 30.406 | 41.05 52.20 63.68 75.38 87.20 99.14 | 111.14 123.2 135.2 147.2 159. 2 17148
1-Methyl-4-ethylbenzene_______._____________ CoHiz 7.241 | 30.281 | 30.472 | 41.25 52.54 64.16 76.02 83.00 | 100.10 | 112.26 124.4 136.6 148.8 161.0 173.2
1,2,3-Trimethylbenzene (hemimellitene) .- CeHis | 5.527 | 20.319 | 20.513 | 40.56 | 52.06 | 63.91 | 76.01 | 88.26 |100.63 | 113.07 | 125.5 | 138.0 | 150.6 | 163.0 175.5
1,2,4-Trimethylbenzene (pseudocumene). ... - CoHpz | 4.468 | 27.912 | 28.104 | 39.02 | 50.39 | 62.11 | 74.07 | 86.17 | 98.41 |110.71 | 123.0 | 135.4 | 147.8 | 160.1 172.4
1,3,5-Trimethylbenzene (mesitylene) ... CoHia 4. 241 28,172 | 28.369 39. 538 51.223 63. 237 75.495 87.903 | 100.443 | 113.045 125. 67 138. 32 150. 98 163. 60 176. 23

» See footnote ‘‘a” of table 9.

b A Ff° represents the increment in free energy for the reaction of forming the given compound in the gaseous state from the elements carbon (solid, graphite) and hydrogen (gaseous), with all the
reactants and products in their appropriate standard reference states at the temperature indicated.
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TABLE 22.—Values ® of the free energy of formation, AFf°, for the normal alkylbenzenes, Cg to Cyy, for the ideal gaseous state, to 1,500° K

Temperature® in °K
Compound (gas) Formula 0 298. 16 300 400 500 600 700 800 900 1,000 1,100 1, 200 1, 300 1, 400 1, 500
Free energy of formation,b AFf°, in keal/mole
15T T T S A R ER A Y A TN CsHs 24.000 | 30.989 | 31.058 | 35.008 | 39.242 | 43.663 | 48.211 52.838 | 57.537 | 62.270 67.02 71.79 76. 57 81.34 86.11
Methylbenzene (toluene).-_ .| CiHs 17. 500 29. 228 29. 335 35.390 41.811 48.477 55.306 | 62.236 69. 255 76.320 83. 40 90. 50 97.61 104. 71 111. 81
HtRylDenZene . . ... oot ilanea il -| CsHio 13.917 31.208 31. 357 39. 741 48. 554 57.646 66. 921 76.302 | 85.779 95. 303 104. 84 114.39 123. 95 133.48 143.02
N-ErODNVIDODYENO -~ o Ll LA L D CoHis 9.810 32. 810 33.000 43.73 54.94 66. 48 78.22 90. 09 102.07 114. 08 126.1 138.2 150.3 162.3 174.3
nEButylbenzene. ... :.io. o0 el iR CioHus 5.89 34.62 34.86 47.98 61.65 75.70 80.97 | 104.38 | 118.90 | 133.48 148.1 162.7 177.3 191.9 206.5
N-ATVIDENZONeT 5. . oo i Lo SRRy CuHis 2.22 36. 67 36. 95 52. 46 68. 58 85.13 101. 92 118. 86 135.93 153.06 170.2 187.4 204.5 221.7 238.8
NHOTVIDONZONE o Lo s . L AR S e Ci2Hys | —1.46 38.72 39.04 56. 94 75. 51 94.56 | 113.87 | 133.35 | 152.96 | 172.64 192.3 212.0 231.8 251.4 271.1
n-Heptylbenzene _ CisHz | —5.13 40.76 41.13 61. 42 82.44 | 103.98 | 125.82 | 147.83 169.99 | 192.22 214.4 236.7 259.0 281.2 303.5
n-Octylbenzenes. - .. . .. 2 s llecsG Bt CusHa | —8.80 42. 81 43.22 65. 60 89.37 113.41 137.77 162. 32 187.02 211. 80 236.5 261.4 286. 2 311.0 335.8
n~-Noayibengene: .. .t . ol IO Lo CisHay |—12.48 44.86 45.31 70.38 96. 30 122.84 149.72 176.80 | 204.04 231.38 258.7 286.0 313.4 340.7 368.1
n~Decylbenzenar o o A8 T RSN Ae L CiHas |—16.15 46.91 47.40 74.85 | 103.24 | 132.27 | 161.68 | 191.28 | 221.07 | 250.95 280.8 310.7 340.6 370.5 400. 5
n-Undecylbenzene .. CiHgs |—19.82 48. 96 49.49 79.33 110.17 | 141.70 | 173.63 | 205.77 | 238.10 | 270.53 302.9 335.4 367.8 400. 2 432.8
n-Dodecylbenzene CisHso 23.49 51.00 51. 58 83.81 | 117.10 | 151.12 | 185.58 | 220.25 | 255.13 | 290.11 325.0 360.0 395.0 430.0 465.1
n-Tridécylbengene. .. S e il o LR CpHa |—27.17 53.05 53.67 88.29 | 124.03 | 160.55 | 197.53 | 234.74 | 272.16 | 309.69 347.1 384.7 422.3 459.8 497. 4
n-Tetradecylbenzenes . o  Fiicdeliia ol CaoHay |—30.84 55.10 55.76 92.77 | 130.96 | 169.98 | 209.48 | 249.22 | 289.19 | 329.27 369. 2 409. 4 449.5 489.5 529.8
n-Pentadecylbenzene. ... _________ _____.____ CaHzp |—34.51 57.15 57.85 97.25 | 137.89 | 179.41 221.43 | 263.70 | 306.22 | 348.85 391.4 434.0 476.7 519.3 562.1
n-Hexadecylhenzene 1L D7 Lo uid 4 (i CazH3s |—38.19 59. 20 59. 94 101.73 144.82 188.84 | 233.38 | 278.19 323.25 | 368.43 413.5 458.7 503.9 549.1 594. 4
Increment perCH 3 8roup- - covcuzoeiomoimearif ool —3.673 2.048 2.090 4.479 6. 931 9.428 | 11.951 14.484 | 17.029 | 19.579 | 22.12 24. 67 27.22 29.76 32.33

s See footnote “a’ of table 9.

b A Ff°represents the increment in free energy for the reaction of forming the given compound in the gaseous state from the elements carbon (solid, graphite) and hydrogen (gaseous), with all the reac-
tants and products in their appropriate standard reference states at the temperature indicated.
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TaBLE 23.—Values ® of the logarithm of the equilibrium consiant of formation, log ;0 Kf, for the 14 alkylbenzenes, Csto C,, for the ideal gaseous state, to 1,500° K

Compound (gas)

Temperature @ in °K

Formula 0 298.16 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500
Logarithm of equilibrium constant of formation,® logie Kf
- AN R A e L N S ] Cilly | —o...... —22.7143| —22. 6252 —19. 1271|—17. 1521| —15. 9040| —15. 0519| —14. 4345 —13. 9716 —13. 6088| —13. 3153|—13. 0738| —12. 8717|—12. 6971| —12. 5461
Methylbenzene (toluene)_.________________. CiHs |-..do__.._. —21. 4236/ —21. 3698|—19. 3356|—18. 2752 —17. 6574 —17. 2671|—17. 0018/ —16. 8171| —16. 6794| —16. 5699| —16. 4825/ —16. 4102| —16. 3455 —16. 2900
Ethylbenzene:s del or v art fells Jusi ey CsHio —22. 8750 —22. 8428|—21. 7132|—21. 2223 —20. 9972| —20. 8934|—20. 8442| —20. 8296 —20. 8281| —20. 8294 —20. 8333| —20. 8368| —20. 8362| —20. 8375
1, 2-Dimethylbenzene (o-xylene)_._._ CsHip —21. 3860| —21. 3655 —20. 6980( —20. 4786 —20. 4351 | —20. 4646/ —20. 5188(—20. 5864| —20. 6513 —20. 7081(—20. 7601|—20. 8051 —20. 8399| —20. 8692
1, 3-Dimethylbenzene (m-xylene)___ CsHio —20. 8202{ —20. 8014|—20. 2201 |—20. 0651 | —20. 0693| —20. 1349/ —20. 2172|—20. 3077 —20. 3919| —20. 4646|—20. 5296| —20. 5853| —20. 6290| —20. 6670
1, 4-Dimethylbenzene (p-xylene)____________ CsHio —21. 2214|—21. 2018(—20. 5912| —20. 4227| —20. 4194| —20. 4821| —20. 5638| —20. 6545 —20. 7393| —20. 8128| —20. 8788| —20. 9358|—20. 9808|—21. 0202
n-Bropylbenzened & t-i Srk im TR T RS CoHip |...do....._|—24.049 |—24.040 |—23.804 |—24.012 |—24.215 |—24.422 |—24.610 |—24.785 (—24.932 [—25.056 |—25.168 |—25.262 |—25.336 |—25.395
Isopropylbenzene (cumene). CeHyz |---do. —23.996 |—23.992 |—24.016 (—24.241 |—24.510 |—24.768 |—24.991 |—25.192 (—25.364 |—25.509 |—25.631 |—25.732 [—25. 812 |—25. 880
1-Methyl-2-ethylbenzene_____.______________ CoHip |--.do___._.|—22.960 |—22.958 |—23.090 (—23.377 |—23.684 |—23.970 |—24.218 |—24.437 [—24.624 |—24.780 |—24.914 |—25.027 (—25.119 |—25.199
1-Methyl-3-ethylbenzene CeHyz |...do____.. —22.149 [—22.150 |—22.428 |—22.816 |—23.194 |—23.533 [—23.822 |—24.075 |—24.289 |—24.468 |—24.620 |—24.749 |—24.853 [—24.945
1-Methyl-4-ethylbenzene C9Hpz |--.do. —22.195 |—22.198 |—22. 537 |—22.964 |—23.371 (—23.733 |—24.040 |—24.308 |—24.535 |—24.723 |—24.885 |—25.021 |—25.133 |—25.232
1, 2, 3-Trimethylbenzene (hemimellitene)_..| Cy¢Hyz |...do. —21.490 |—21.500 (—22.159 [—22.754 |—23.279 |—23.731 |—24.110 [—24.436 |—24.712 |—24.942 |—25.140 [—25.310 |—25.450 |—25. 571
1, 2, 4-Trimethylbenzene (pseudocumene)..| CoHiz |.._do. —20.459 |—20.473 |—21.319 |—22.025 |—22.622 |—23.124 |—23.541 (—23.897 |—24.196 |—24.445 |—24.657 |—24.839 |—24.990 |—25.121
1, 3, 5-Trimethylbenzene (mesitylene).._.__ CoHyz |...do.._... —20. 6497 —20. 6666/ —21. 6131|—22. 3891|—23. 0336|—23. 5702| —24. 0136| —24. 3904| —24. 7055| —24. 9678| —25. 1916 —25. 3815| —25. 5390| —25. 6761

s See footnote ““a” in table 9.

b Log 10 Kf represents the logarithm (to the base 10) of the equilibrium constant for the reaction of forming the given compound in the gaseous state from the elements carbon (solid, graphite) and
hydrogen (gaseous), with all the reactants and products in their appropriate standard reference states at the temperature indicated. Log 10 Kf=—AFf°/0.00457566 T; A Ff° in kcal/mole, T in °K.
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TaABLE 24.—Values * of the logarithm of the equilibrium constant of formation, logy Kf, for the normal alkylbenzenes, Cg to Cyy, for & ideal gaseous state, to

1,600° K \
Temperature 8 in °K
Compound (gas) Formula 298.16 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500
Logarithm of equilibrium constant of formation,b log 10 Kf
BenZene-=aCit - Je o na v ink S st e S CeHp —22. 7143| —22. 6252| —19. 1271| —17. 1521| —15. 9040/ — 15. 0519| — 14. 4345| —13. 9716| —13. 6088| —13. 3153| —13. 0738| —12. 8717| —12. 6971| —12. 5461
Methylbenzene (toluene)...________________ CrHs —21. 4236|—21. 3698| —19. 3356| —18. 2752| —17. 6574| —17. 2671|—17. 0018| —16. 8171| —16. 6794| —16. 5699 —16. 4825 —16. 4102| —16. 3455 —16. 2900
EthyIbenyene: " ois o oo sl Tt N Ind B CsHio —22. 8750| —22. 8428| —21. 7132| —21. 2223| —20. 9972| —20. 8934/ —20. 8442| —20. 8206/ — 20. 8281|—20. 8294| — 20, 8333| —20. 8368| —20. 8362| —20. 8375
n=Rropylbenvenn: . ool . 2T TR CoH1z —24.049 | —24.040 |—23.804 | —24.012 |—24.215 | —24. 422 | —24.610 |—24.785 | —24.932 |—25. 056 |—25.168 (—25.262 |—25.336 |—25. 395
B-Batyibenzene oo ol cos S asR iRl i CioH 1 ~25.374 |—25.392 | —26.212 | —26.948 | —27.572 |—28.090 |—28.515 |—28.873 |—29.171 |—20.419 |—20.631 |—29.811 |—29. 957 |—30.082
n-Amylbenvene. .. —ilo_n BRI AR CiHis —26.876 |—26.914 |—28.660 |—29.977 |—31.006 |—31.822 |—32.472 |—33.008 |—33.450 |—33.813 |—34.124 |—34.386 |—34.604 |—34.793
n-Hexybenzene i hez o oo A c WA T Ci2H1s —28.377 |—28.437 |—31.107 | —33.007 |—34.440 |—35.553 | —36.429 |—37.144 |—37.729 |—38.208 |—38.616 |—38.961 |—39. 250 | —39. 504
NEHOPUVIDBNYENe=Y = ... 2o STy CisHao —29.959 | —33.554 |—36.036 |—37.874 |—30. 284 |—40.386 |—41.279 |—42.008 |—42. 602 |—43.100 |—43.536 |—43.896 |—44.214
n-OetylbenzaRes -~ . Lo IEiosco e 0Ll TRy CuHoa —31.482 |—36.001 |—39.066 |—41.309 |—43.015 | —44. 343 | —45. 414 |—46. 287 | —46. 996 |—47.602 |—48. 112 |—48.542 | —48.925
p=Nanylbenzen®.. t . ioli  ioes BTy CuHu -{—32.880 |—33.004 |—38.448 | —42.095 |—44.743 |—46.746 | —48.299 |—49. 549 |—50. 566 |—51.391 |—52.094 |—52. 687 | —53. 189 |—53. 635
R=Decylbensene: s % - _ i IR Snly o Ci6Has —34. 382 | —34. 527 |—40.896 |—45.125 |—48.177 |—50.478 |—52. 256 |—b53. 684 |—54. 845 |—55. 785 |—56. 587 |—57. 262 |—57.835 | —58. 346
pUindecylbenvene:. T _ Tt cle Lk Cy7Hag —35.883 |—36.050 |—43.343 |—48.154 |—51.611 |—54.209 |—56. 213 |—57.820 |—59.124 |—60. 180 |—61.080 |—61.837 |—62.481 |—63.057
n-Dodecylbenzene____.____._________________ CisHso _|—37.384 |—37.572 |—45.790 |—51.184 |—55. 045 |—57.940 |—60.170 [—61.955 |—63.403 |—64.574 (—65.572 |—66.412 | —67.128 |—67. 767
n-Tridecylbenzene. .. CuHss —38.885 |—39.095 |—48.237 |—54.213 |—58.479 |—61.671 |—64.127 |—66.000 |—67.682 |—68. 968 |—70.065 |—70.988 |—71.774 |—72.478
n-Tetradecylbenzene CaoHa —40. 386 |—40. 618 |—50. 684 |—57.243 |—61.913 |—65.402 |—68.083 |—70.225 |—71.961 |—73.363 |—74. 557 |—76.563 |—76.420 |—77.188
n-Pentadecylbenzene. ... .. _..._...___ CaHas _|—41.888 |—42.140 [—53.132 |—60. 272 |—65.347 |—69.134 |—72.040 |—74.360 |—76.240 |—77.757 |—79.050 |—80.138 |—81.066 |—81.899
n-Hexadecylbenzene__.._.._______._______.__. Ca2Hss —43.389 | —43.663 (—55. 579 |—63.302 |—68.781 |—72.865 |—75.997 [—78.496 |—80.519 |—82.152 (—83. 542 |—84.713 |—85. 713 |—86.610
Increment per CHygroup. ... __.___._|.________ —1.5012| —1.5226| —2.4472| —3.0295| —3.4341) —3.7312) —3.9568| —4.1352| —4.2790| —4.3944] —4.4926| —4.5752) —4.6463| —4.7106

» See footnote ““a” of table 9.

b Log 10 Kf represents the logarithm (to the base 10) of the equilibrium constant for the reaction of forming the given compound in the gaseous state from the elements carbon (solid, graphite) and hy-

drogen (gaseous), with all the reactants and products in their appropriate standard reference states at the temperature indicated. Log 10 Kf= —A Ff°/0.00457566 T"; A F/° in kcal/mole, 7' in °K.




V. Free Energies and Equilibria of Isomerization

From the values in table 21 and 23, calculations
were made of the values of the free energies and
equilibrium constants for the isomerization of the
CsH,, and the CyH;, alkylbenzenes, according to
the reactions

CsHyy (ethylbenzene, gas)=CsH,, (isomeric alkyl-

free-energy change divided by the absolute temp-
erature; and K, the equilibrium constant. In
tables 27 and 28 are given values of &V, the mole
fraction of the given isomer present at equilibrium
with its other isomers. For any two isomers, the
ratio of the corresponding values of K (or of N)
in tables 25 and 27 gives the ratio of the amounts

benzene, gas 13
) 895) : ( ,) of those two isomers present at equilibrium with
CoHy,  (n-propylbenzene, gas)=CyHi, (isomeric o another in the gas phase at the given tempera-
allkylbenzene, gas). (14) ture. For the purpose of retaining the significance

The resulting values are given in tables 25 and
26, under the following headings, for the isomeri-
zation reaction as written: A F°/T, the standard

of their change with temperature, the values in
tables 25 to 28 are written with more figures than
are warranted by the absolute uncertainty.

Tasre 25.—Values of the free energies and equilibrium conslants for the tsomerization of ethylbenzene to the isomeric Cg
alkyl benzenes in the ideal gaseous state to 1,500° K

Ethylbenzene=o-xylene Ethylbenzene=m-xylene Ethylbenzene=p-xylene
Temperature
AF°|T K AT K A F°[T K
°K
298. 16 —6. 813 30.83 —9. 402 113.45 —17.566 45. 03
300 —6. 760 30. 02 —9.341 110. 00 —7.509 43.76
400 —4. 645 10.35 —6. 832 31.12 —5. 134 13. 24
500 —3. 403 5. 54 —5. 295 14.36 —3. 659 6.30
600 —2.572 3.65 —4.246 8.47 —2.644 3.78
700 —1.962 2. 68 —3.471 5.74 —1.882 2.58
800 —1.489 2.12 —2.869 4.24 —1.283 1.91
900 —1.113 1.75 —2.388 3.33 —0.801 1. 50
1,000 —0. 809 1.50 ~1.996 2.7 —. 406 1.23
1,100 —. 555 1.32 —1. 669 2.32 —. 076 1. 04
1, 200 —.335 1.18 —1.390 2.01 . 208 0. 90
1, 300 —. 145 1.08 —1.151 1.78 . 453 .80
1, 400 +.017 0.99 —0.948 1.61 . 662 .72
1, 500 . 145 .93 —.780 1.48 .836 . 66

TaBLE 26.—Values of the free energies and equilibrium constants for the isomerization of propylbenzene to the isomeric Cy alkyl
benzenes in the ideal gaseous stale to 1,600° K

n-Propylben- n-Propylbenzene=| n-Propylbenzene=| n-Propylbenzene=| n-Propylbenzene= | n-Propylbenzene= | n-Propylbenzene=
-zene=isopropyl- | 1-methyl-2-ethyl- | 1-methyl-3-ethyl- | 1-methyl-4-ethyl- 1,2,3-trimethyl- 1,2,4-trimethyl- 1,3,5-trimethyl-
Te;nper- benzene benzene benzene benzene benzene benzene benzene
ature
AF°IT K AF°|T K AF°/T K AF°|T K AF°|T K AF°|T K AF°|T K
°K
208.16 | —0.24 1.13 —4.98 12.26 —8.69 79.28 —8.48 71.33 —11.71 362. 4 —16. 43 3897 —15.55 | 2503
300 —.22 113 —4.95 12.07 —8.65 77.70 —8.43 69. 56 —11:62 346.3 —16. 32 3687 —15. 44 2368
400 +. 56 0.75 —3.68 6.37 —6.7C 29.1 —6.21 22.8 —7. 94 54.4 —11.78 375 —10.43 190
500 1.05 .59 2o 4.32 —b:47 156.57. —4.79 Lol ==b: 75 18.1 —9.09 97.0 —7.42 41.8
600 1.35 .51 —2.43 3.40 —4.67 10.5 —3.86 6.98 —4.28 8.62 —7.29 39.2 —5.40 15.1
700 1.58 .45 2407 2.83 —4.07 7.75 —3.16 4.90 =317 4.03 —b5.94 19.9 —3.90 7.12
800 1.74 .42 —1.80 2.47 —3.61 6.15 —2.61 3.72 —2.29 3.17 —4.89 17 —2.73 3.95
900 1.86 .39 —1.59 2.24 —3.25 5.13 —2.19 3.01 ==1-60 2.24 —4.06 7.7 —1.81 2.49
1, 000 1.98 .87 —1.41 2.03 —2.94 4.39 —1.82 2.50 —1.01 1.66 —3.37 5.45 | —1.04 1.69
1,100 2.07 .35 —1.26 1.88 ~—2.69 3.87 —1, 62 2.15 —0. 52 1.30 —2.80 4.09 —0.41 1.23
1,200 2.12 .34 —1.16 1.79 —2.51 3.5 —1.30 1.92 — 13 1.07 —2.34 3.25 +.11 0.95
1, 300 2.15 .34 —1.07 1.7 —2.35 3.26 —1.10 1.74 +.22 0.90 L 2. 64 .65 .76
1,400 2.18 .33 —0. 99 1.65 —2.21 3.04 —0.93 1.60 .52 it —1.58 2,22 .93 .63
1, 500 2.22 .33 —. 90 1.57 —2.06 2.82 —.75 1.46 .80 .67 —1.25 1.88 1.29 .52

Heats and Free Energies of Alkylbenzenes
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TasLe 27.—Values of the equilibrium concentrations for the isomerization of the Cs alkylbenzenes in the ideal gaseous state

to 1,500° K
Composition, in mole fraction, of equilibrium mixture of isomers
Temperature
Ethylbenzene 0-Xylene m-Xylene p-Xylene

oK

298.16 0.0052 0.162 0. 596 0. 237

300 . 0054 .163 . 595 .237

400 .018 .186 . 558 . 238

500 .037 . 204 .528 . 232

600 .059 .216 . 501 .224

700 .083 224 .478 . 215

800 .108 .228 . 458 . 206

900 .132 .231 . 439 .198
1,000 .155 . 232 .423 . 190
1,100 .176 . 233 .408 .183
1,200 .196 . 232 . 395 S LIT;
1,300 .215 . 231 .383 171
1,400 .232 .230 .372 . 166
1, 500 . 246 .229 . 364 . 161

TaBLE 28.—Values of the equilibrium concentration for the isomerization of the Cy alkylbenzenes in the ideal gaseous state

to 1,500° K
Composition, in mole fraction, of equilibrium mixture of isomers
Temperature
n-Propyl- Isopropyl- 1-Methyl-2- 1-Methyl-3- 1-Methyl-4- 1,2,3-Trimethyl-| 1,2,4-Trimethyl-| 1,3,5-Trimethyl-

benzene benzene ethylbenzene | ethylbenzene ethylbenzene benzene benzene benzene

K
298.16 0. 00014 0.00016 0.0018 0.011 0.010 0.052 0. 564 0.361
300 . 00015 . 00017 .0018 .012 .011 .053 . 561 .361
400 . 0015 .0011 . 009 .043 .033 . 080 . 553 . 280
500 . 005 .003 .023 .083 .059 .095 .511 .221
600 .012 . 006 .040 .123 .082 .101 .459 177
700 .020 .009 .058 .159 . 100 .101 . 407 . 146
800 .031 .013 .076 .189 114 .097 .359 121
900 .041 .016 . 092 .212 .124 . 092 .320 .103
1,000 . 052 .019 . 106 . 230 .131 . 087 . 287 .088
1, 100 .063 .022 .119 . 244 .135 . 082 . 258 .077
1, 200 .072 .025 .129 . 255 .139 077 . 235 .068
1, 300 .081 .027 .139 . 264 .141 .073 .214 .061
1, 400 . 089 .030 . 147 .270 . 142 . 069 .197 . 056
1, 500 .098 .032 . 154 .275 . 142 . 065 .183 .051

In figures 2 and 3 are plotted, as a function of
the temperature, the values of AF°/T given in
tables 25 and 26 for the isomerization of the
CsHyo and the CyH;, alkybenzenes. These plots
may be compared with corresponding plots for
the paraffins [21, 22], the acetylenes [15], and the
monoolefins [24]. From these charts, one may
see at a glance, for any temperature in the given
range, and within the limits of uncertainty of
the calculations, which of the isomers is thermo-
dynamically most stable (lowest value of AF°/T)
and which is the least stable (highest value
of AF°|T).

In figures 4 and 5 are plotted, as a function of
temperature, for the CgH;, and the C,H,, alkyl-
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benzenes, respectively, the amounts, in mole
fraction of each of the isomers present at equi-
librium with its other isomers in the gas phase,
as given in tables 27 and 28. The vertical width
of each band gives the mole fraction for that
isomer at the selected temperature. The mole
fractions of the several isomers are plotted addi-
tively, so that their sum is unity at all tem-
peratures.

In table 29 the directly measured equilibrium
compositions for several reactions [9, 25] are com-
pared with those calculated in this paper. The
values agree within the combined limits of un-
certainty of the experimental and -calculated
values.

Journal of Research
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Ficure 2.—Free emergy of isomerization of the CgHjg
alkylbenzenes.

The scale of ordinates gives the value of AF°/T, in calories per degree mole,
for the isomerization of ethylbenzene into the other isomers, in the gaseous
state, as indicated. The scale of abscissas gives the temperature in degrees
Kelvin.
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Figure 3.—Free energy of isomerization of the CgHjy
alkylbenzenes.

The scale of ordinates gives the value of AF?/T, in calories per degree mole,

for the isomerization of n-propylbenzene into the other isomers, in the

gaseous state, as indicated. The scale of abscissas gives the temperature in
degrees Kelvin.
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4. —Equilibrium  concentralions of the

alkylbenzenes.

The scale of ordinates measures the amount in mole fraction, and the scaie
of abscissas gives the temperature in degrees Kelvin and degrees centigrade.
The vertical width of a band at a given temperature measures the mole
fraction of the given isomer present when at equilibrium with all of its
other isomers, in the gas phase.

TEMPERATURE IN °C
127 327 527 727 927 127

AT AT, Yo A7V 77X,
7 //// '/ < \ \

F1GURE CsHyo

13,5-TRIMETHYLBENZENE

7
0.9 4 N N
% i\\\ 12,4~TRIMETHYLBENZENE
o8 / / \\\\
// \ > 7 |!2.3 TRMETHYLBENZENE
. NNAZN

I-METHYL~4-ETHYLBENZENE

o
o

I-METHYL=-3-ETHYLBENZENE

MOLE FRACTION, N
o
o

o2 FMETHYL-2-ETHYLBENZENE

ot ISOPROPYLBENZENE

\ N-PROPYLBENZENE

00 1 L | L
400 600 800 1000 1200 1400

TEMPERATURE IN °K

Figure b5.—Equilibrium concentrations

alkylbenzenes.

The scale of ordinates measures the amount in mole fraction, and the scale of
abscissas gives the temperature in degrees Kelvin and degrees centigrade.
The vertical width of a band at a given temperature measures the mole
fraction of the given isomer present when at equilibrium with all of its
other isomers, in the gas phase.

of the CgHu
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TaBLE 29.—Comparison of calculated and experimental
equilibria for the alkylbenzenes in the liquid state at

323° K

Equilibrium composition in mole percent

Component

Three xylenes:
o-Xylene (liquid).....ooo___
m-Xylene (liquid)._..
p-Xylene (liquid)....._.._.

Benzene, toluene, and xylenes
(initial composition):
Benzene (liquid)=50--_.
Toluene (liquid)=50....__.
Total xylenes (liquid)=0....

Benzene (liquid)—=585__.__
Toluene (liquid)=36______.
Total xylenes (liquid)=9...

Experimental » Calculated b
12 +3 16 £10 20 6
71 £5 65 =10 58 =10
17 k2 19 +5 22 48
54 57.5
41 35.0
4.7 7.5
[ e | e Sl 54.5
30 Briss B s 05 i 27.0
B0 c|EciageiEr iy 8.5

a The data in the first column are those of Pitzer and Scott [9]; the data in
the second column are those of Norris and Vaala [25], with the uncertainties

estimated by the present authors.

b These values are ealculated from the thermodynamie functions given
in this report and the vapor pressure data given in the tables of the American
Petroleum Institute Research Project 44 [26].

VI. Equilibrium Constants for Some Reactions Involving
Alkylation, Cyclization, and Trimerization

Table 30 presents numerical values of the
equilibrium constant, and of its logarithm, for
some reactions of alkylation (addition of an olefin
to benzene to form an alkylbenzene), cyclization
(conversion of normal paraffin to alkylbenzene plus
hydrogen), and trimerization (of acetylene to
benzene and of methylacetylene to 1,3,5-tri-
methylbenzene). In figures 6, 7, and 8 are
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plotted, as a function of temperature, values of
thelogarithm of the equilibrium constant for these
reactions of alkylation, cyclization, and trimeri-
zation, respectively. The effect of changing
isomers, either reactants or products, can be
determined readily from the free energies and
equilibrium constants of isomerization previously
given.

Journal of Research
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TaBLE 30.—Values of equilibrium constants for reactions of alkylation, cyclization, and trimerization, to 1,500° K

Temperature in °K

Reaction 298.16 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 ' 1,400 ‘ 1,500

Logarithm of the equilibrium constant, logie K

ALKYLATION

CsHs (benzene, gas)4-CaHy (ethylene, gas)=CsHio

(ethmlbenzene; gas) . Ji- il et sl il o il 2 s 11. 7738, 11. 6605, 7.0710 4, 3417 2. 5261 1. 2382 0.2806| —0.4584] —1.0455| —1.5223| —1.9155| —2.2445 —2.5240( —2.7665
CsHp (benzene, gas)-+CsHg (propylene, gas) =CyHjz

(n-propylbenzene, gas). ... oo iicioiiiloeosoeitos 9. 634 9. 531 5.380 2.928 1.295 0.145 —.707 | —1.365| —1.881| —2.302| —2.654| —2.947 | —3.196 | —3.403
CpHj (benzene, gas) =C3Hs (propylene, gas) = CoHjz

(Isopropylbenzene, ga8). o - .olih i adode e i il 9. 686 9. 579 5. 257 2. 698 1. 000 —0. 200 —1.088 -1.771 —2.314 —2.754 —3.117 —3.417 —3.672 —3. 889
Cg¢Hs (benzene, gas)+C,Hsz, (l-alkene, gas)=

CnH2,+1CsHs (n-alkylbenzene, gas); a>8_ ... 9. 960 9. 851 5. 593 3. 068 1. 390 0. 202 —0. 680 —1.357 —1.895 —2.333 —2.698 —3.003 —3.262 —3.483

CYCLIZATION

CgHys (n-hexane, gas)=CgHg (benzene, gas)+4H;
(127 P St R S Pl A R NIRRT ] U —22,677 | —22.406 | —11.418 | —4.712 | —0.176 | +3.097 5. 566 7.494 9. 041 10. 308 11. 365 12. 258 13. 021 13. 686

—19.892 | —19.636 | —9.184 | —2.806 | -1.502 4.613 6. 956 8.785 10. 251 11. 448 12,448 13. 204 14,018 14,654

CsHig (n-octane, gas) = CgHjo (ethylbenzene, gas)+

¢35 Ll ey RO B LI s b O M sl —19.840 | —19. 587 —9.144 —2.724 | +1.597 4.718 7.067 8.905 10.378 11. 584 12. 588 13. 441 14.172 14.817
CyHy (m-nonane, gas)=C¢Hjyz (n-propylbenzene,

Pas)=fATes(2as). i Ul Tl Cone gl 0 T Tt —19.516 | —19.263 —8.849 | —2.487 | +1.813 4.918 7.259 9. 085 10. 553 11. 751 12.746 13. 591 14.318 14. 968
CnHin+z (n-paraffin, gas)=CnHin-s (n-alkylben-

zene, gas)-4Ha (288); >0 o oaooo.... —19.341 | —19.092 | —8.721 | —2.393 | +1.890 4.981 7.310 9.133 10. 593 11.784 12.776 13.618 14.344 14. 992

TRIMERIZATION

3C:H; (acetylene, gas)=CsHs (benzene, gas) . ... 87.2327) 86.5922] 60.4947| 44.7349 34.1816| 26.6256] 20.9589| 16. 5390 13.0126] 10.1321 7. 7369 5. 7151 3. 9862 2.4941
3C3Hy (methylacetylene, gas)=C¢Hj2 (1,3,5-tri-

methylbenzene, gag)e. =i & aurtlarn, St 81,191 80. 916 55. 895 40, 845 30. 789 23. 598 18, 205 14,012 10. 664 7.930 5. 657 3. 740 2.102 0. 688

ALKYLATION Equilibrium constant, °K

CsHs (benzene, gas)-+C2H; (ethylene, gas)=CsHio

(ethvibetizenie,1gasyts . S hLoiath tige o b e i 5.940X1011(4.576<1011{1.178X107 |2.196 X104 |3.358 X102 17.31 1. 908 [0.3480 9.005X10~2(3.004X10~2{1.215X10~2(5.695 X10-32.992 X 10-3/1.712X10-2
CsHjg (benzene, gas)+CsHg (propylene, gas) = CoHig

(Rpropylbenzend: gag)Bedu. L fav o n L Cat i 4.30X10° | 3.40X10° | 2.40X10% | 8.47X10? 19.72 1.397 |1.96X10-1 |4.32X10-? [1.313<10~2 |4.99>X10-3 |2.22)X10-3 |1.13XX10-3 |6.37 X104 |3.95X10—+
C¢Hs (benzene, gas)+-C3Hs (propylene, gas)=

CoHjs (isopropylbenzene, gas) .- ..__...._.__._. 4.85X10° |3.79X10° [1.81X10%5 [4.99X10? 10. 00 0.631 [8.16X10~? |1.69X10-2 |4.85X10~? [1.76X10-3 |7.64 10~ |3.83X10~¢ (2.13X10~4 [1.29X10~+
CsHs (benzene, gas)+CaH:, (l-alkene, gas)=

CnHa2:+1CeHs (n-alkylbenzene, gas); n>3..___.. 9.12X10° [7.10X10° |3.92X108 |1.17X103 24. 55 1. 592 0. 209 |4.40X10-2 |1.27X10~2 |4.64X10~8 [2.00X10-8 [9.93 X104 [5.47 X104 [3.29X 10—+

CYCLIZATION

CsHis (n-hexane, gas)=CsHs (benzene, gas)+4H;

(REEYSl G S R e SRR b (IR el 2.10X10-23.93X10-23|3.82X10-17/1.94 X10~% 0.667 |1.25X108 [3.68X10* [3.12)X107 (1.10XX10° [2.03X1011 [2.32X101 [1.81X10% [1,05)X10'3 (4.85)X1013
C7Hjs (n-heptane, gas)=C;Hs (toluene, gas)-4H;
[ g0) PRSIt AP S ST IR S o SR a3, N 1.28X10-20/2.31 X10-20,6.54X10-10/1,56 X103 3177 [410X10¢ [9.03X10% [6.10X108 {1.78X1010 |2.80)X101 [2,80X1012 [1.97X1013 [1,04X10M [4.51 X101
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TaBLE 30.—Values of equilibrium constants for reactions of alkylytion, cyclization, and trimerization, to 1,500° K—Continued

Temperature in °K

00z!

0ot

126

22h

Reaction 300 400 ] 500 1 600 800 900 1,100 1,200 1,300 1,400 1,500
Logarithm of the equilibrium constant, log 10
CYCLIZATION—continued
CgHis (n-octane, gas)=CgHjo (ethylbenzene, gas)+
ABkg (RN ioes (BRI e L e MR (o 2.59X10-207.18 X10-10 39. 54 1.17X107 |8.03X108 3.84 X101 [3.87X1012 |2.76X1018 [1.49XX10! | 6.56 X101
Cy¢Hy (m-nonane, gas)=CoHjs (n-propylbenzene,
L P R R S (R 5.46X10-20|1.42 10~ 65. 02 1.81X107 [1.22X109 5.64 X101 |5.57X1012 {3.90X1018 |2.08X1014 19.29XX1014
CnHan+2 (n-paraffin, gas) =CnHan-g (n-alkylbenzene,
gASISCA B gEas) om0 . S e S L 8.09X10-20/1.90X10~0 77.70 2.04 X107 [1.36X10° 6.08X 1011 |5.97X1012 |4.15X1018 |2,21 X101 | 9.82X1014
TRIMERIZATION
30,H: (acetylene, gas)=CsHs (benzene, gas)...... 3.910X10%6/3.124 1060 1.519X10% 9.097X10203.460 1016 1.356X1010/5,456 X107 |5.190<105 {9.687X108 | 3.120X10%
3C;Hs (methylacetylene, gas)=CoHj (1,3,5-tri-
MethytbeNzenegas) s il o et ook st o ol 8.24X1080 |7.85X10%8 6.15XX1030 1.60<1018 [1.03X1014 8.51X107 [4.54X105 |5.50X108 |1.26X10? |4.88
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TEMPERATURE IN °C
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Fiaure 7.—Logarithm of the equilibrium constant for some
reactions of cyclization

The scale of ordinates gives the value of the logarithm (to the base 10) of the
equilibrium constant for the reaction of cyclization of a normal paraffin to
ferm a normal alkylbenzene, in the gascous state. The scale of abscissas
gives the temperature in degrees Kelvin and degrees centigrade. The
values calculated for n-heptane and higher paraffins fall within the width
of the heavy line indicated. The corresponding numnerical values are given
in table 30.

Heats and Free Energies of Alkylbenzenes

TEMPERATURE IN °C

127 327 527 727 927 1127
1219 e pme e e e e e v e e e

90

TRIMERIZATION

301
~—ACETYLENE = BENZENE

20

| METHYLACETYLENE =
1,3,5- TRIMETHYLBENZENE

| L8 SR T AR ST R R S TR
400 600 800 1000 200 1400

TEMPERATURE IN °K

Figure 8.—Logarithm of the equilibrium constant for some
reactions of trimerizalion

The scale of ordinates gives the value of the logarithm (to the base 10) of the
equilibritm constant for some reactions of trimerization of alkynes to
alkylbenzenes, in the gaseous state. The scale of abscissas gives the tem-
perature in degrees Kelvin and degrees centigrade. The corresponding
numerical values are given in table 30.
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