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ABSTRACT 

Va lues B.re given for t he heats of combustion (in oxygen to form g2.seous carbon 
dioxide and liquid wat er) a nd t he heats of form2.tion (from t he elements, solid 
carbon (graphi te) a nd gll.seous hydrogen) , a t 25° C, for benzene, t oluene, the 
four CSHIO, t he eight COH12, and t he 22 CWH14 8. lkylbenzenes, in bot h the liquid 
and gaseous states, and for t he higher norma l monoa lkylbenzenes in the gaseous 
state. 
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I. INTRODUCTION 

As paTt of the work of the Bureau's Thermochemical LaboTatory 
and the American Petroleum Institute R esearch Project 44 on the 
"Collection , Analysis, and Calculation of D ata on the Propert ies of 
Hydrocarbons, " this r eport presents values for the heats of combustion 
and of formation at 25° C of the alkylbenzenes through CIOH I1 , in 
both liquid and gaseous states, and of the higher normal mono alkyl
benzenes in the gaseous state. 

II. UNITS, CONSTANTS, AND UNCERTAINTIES 

The unit of energy upon which the values presented in this paper 
are based is the international joule determined by standards of r esist
ance (international ohms), electromotive force (international volts), 
and time (mean solar seconds) maintained at this Bureau. Conver-

I This investigation was performed at the National Bureau of Standards Jointly by the Thermochemical 
Labora tory and the American Petroleum Insti tute Rcsoarch Project 41 on the " Collection , Analysis, and 
Calculation of Data on the Properties of H ydrocarbons." 
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sion to the conventional thermochemical calorie is made by means of 
the relation [1]2. 

4.1833 international joules = 1 calorie. 

The atomic weights of hydrogen, oxygen, and carbon were taken as 
1.0080, 16.0000, and 12.010, respectively, from the 1941 table of Inter
national Atomic Weights [2]. 

The uncertainties assigned to the various quantities dealt with were 
derived, where possible, by a method previously described [3]. In 
other cases, reasonable estimates of the uncertainty were made. 

III. DATA USED IN THE CALCULATIONS 

The data used in the calculations are the following: 
Heat of formation of carbon dioxide at 25° 0 [4]. 
Heat of formation of water at 25° 0 [5]. 
Heats of combustion of benzene, toluene, ethylbenzene, o-xylene, 

m-xylene, p-xylene, and n-propylbenzene, in the liquid state at 25° 
C [6]. 

Heats of combustion of isopropylbenzene, 1-methyl-2-ethylbenzene, 
1-methyl-3-ethylbenzene, 1-methyl-4-ethylbenzene, 1,2,3-trimethyl
benzene, 1,2,4-trimethylbenzene, and 1,3,5-trimethylbenzene, in the 
liquid state at 25° 0 [7]. 

Heats of combustion of n-butylbenzene, isobutylbenzene, sec
butylbenzene, and tert-butylbenzene, in the liquid state at 25° C [8]. 

Standard heats of vaporization at 25° 0 for benzene, toluene, the 
four CsHIO' the eight OoH12 , and the twenty-two CIOH14 alkylbenzenes, 
from a correlation by Wagman, Taylor, Pignocco, and Rossini [9] of 
selected "best" values based largely on the experimental data on the 
heats of vaporization at 25° C of benzene, toluene, ethylbenzene, the 
threc xylenes, the two propylbenzenes, and the three trimethylben
zenes by Osborne and Ginnings [10]. 

IV. METHOD OF CALCULATION 

The selected values for the heats of combustion of the hydrocarbon 
in the liquid state at 25° C were taken as reported in reference [6] 
for benzene, toluene, ethylbenzene, the three xylenes, and n-propyl
benzene, in reference [7] for isopropylbenzene, the three methylethyl
benzenes, and the trimethylbenzenes, and from reference [8J for 
n-bu tylbenzene, iso bu tylbenzene, sec-bu tylbenzene, and tert-bu tyl
benzene. The corresponding values for the heat of combustion of the 
hydrocarbon in the gaseous state at 2.5° C were obtained by appropri
ately adding the values of the heats of vaporization from reference [9]. 

The selected values for the heats of formation of the above hydro
carbons in the liquid and gaseous states at 25° C were obtained by 
appropriately combining the values of the heats of formation of water 
and carbon dioxide from references [4, 5] with the corresponding 
selected valu es for the heats of combustion. 

The corresponding values for the higher normal monoalkylbenzenes 
were obtained by adding to the values for n-butylbenzene the appro
priate increments per CH2 group reported for the normal paraffin 
hydrocarbons above n-pentane [11]. 

• Figures in brackets indicate the references at the end of the paper. 
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The values for the heats of formation in the gaseous state at 25° 0 
for all the OloHu alkylbenzenes except the four butylbenzenes were 
calculated by a method involving the summing of contributions from 
component parts of the molecule (phenyl, methyl, ethyl, n-propyl, 
and isopropyl groups), together with contributions associated with 
the positions of the substituent groups on the benzene ring.3 The 
necessary constants were evaluated by the method of least squares 
from the selected values of the heats of formation in the gaseous state 
at 25° C for toluene, ethylbenzene, n-propylbenzene, isopropylbenzene, 
the three xylenes, the three methylethylbenzenes, and the three 
trimethylbenzenes. 

By this method, the heat of formation of an alkylbenzene hydro
carbon, with one phenyl group having methyl, ethyl, n-propyl, or 
isopropyl substituent groups, is taken as 

where 

nC(solid, graphite) + (n-3)H2(gas) =CnH2n _ 6(gas) (1) 

~HJ029S .16= ,8,p+ ZI,8r + zn,8n+ zm,8m + 
ZIll,,8JIIj + zo ,8" + zm ,8m + zp ,8p kcoljmole, (2) 

zr=the number of methyl groups 
zn = the number of ethyl groups 

zm=the number of n-propyl groups 
zru,= the number of isopropyl groups 

zo= the number of ortho pairs of substituents (being, for 
example, one in a-xylene and two in 1,2,3-trimethyl
benzenc) 

Zm= the number of meta pairs of substituents (being, for 
example, one in m-xylene and 1,2,3-trimethylbenzenes 
and three in l ,3,5-trimethylbenzene) 

zp=the number of para pairs of substituents (being, for 
example, one in p -xylene and two in l,2,4,5-tetra
methylbenzene) 

,84>= 19.383 kcal/mole, representing the contribution of the 
one phenyl group 

,81=-7.508 kcal/mole, representing the contribution of one 
methyl group 

,8n=-12.190 kcal/mole, r epresenting the contribution of one 
ethyl group . . 

,8m = -17.513 kcal/mole, representing the contribution of one 
n-propyl group 

,8UIj= -18.443 kcal/mole, representing the contribution of one 
isopropyl group 

,80=0.469 kca.l/mole, representing the contribution arising 
from each pair of substituent groups which are in 
ortho positions with respect to each other 

,8m= -0.225 kcd/mole, representing the contribution arising 
from each pair of substituent groups which are in 
meta positions with respect to each other 

,8p= -0.327 kca.l/mole, representing the contribution arising 
from each pair of substituent groups which are in para 
positions with respect to each other . 

• 'rhis method is similar to that previously used in reference [9) in the evaluation of the heats of vapori
zation of compounds for which no data exist. 
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The foregoing constants yield values of the heats of formation of 
the C7HS to C9H12 alkylbenzenes which differ from the selected best 
values by the following amounts, in kilocalories per mole: Toluene, 
-0.08; ethylbenzene, 0.07; a-xylene, 0.30; m-xylene, 0.02; p-xylene, 
- 0.25; 1-methyl-2-ethylbenzene, - 0.14; I-methyl-3-ethylbenzene, 
-0.08; I-methyl-4-ethylbenzene, 0.14; 1,2,3-tl'imethylbenzene, -0.14; 
1,2,4-trimethylbenzene, 0.11; 1,3,5-trimethylbenzene, 0.02. As 0.12 
kcal/mole is only 0.01 percent of the value of the heat of combus
tion of a C9Hl2 alkylbenzene, the correlation is considered satis
factory. 

The values calculated by the foregoing method for the CIOHa 
alkylbenzenes, except the four butylbenzenes, are believed to be 
uncertain by not more than about ± 0.40 to ± 0.70 kcal/mole, which 
is ±0.03 to ±0.05 percent of their heats of combustion. 

V. RESULTS 

In table 1 are presented the selected "best" values for the heats of 
combustion and formation at 25° C of the 36 alkylbenzenes through 
CIOHa , in both the liquid and gaseous state, and for some higher 
normal monoalkylbenzenes in the gaseous state. 

For the heats of combustion of the normal monoalkylbenzenes 
above n-propylbenzene, in the gaseous state at 25° C: 

C"H2n _ 6 (normal alkylbenzene. gas) + 
(3/2) (n-1 )Oz(gas)=nCOz(gas) + (n-3)HzO(liq) (3) 

-t:.HCoZ9S.16= -158.990+ 157.443n± (0.4226-
0.06556n+0 .003428n2)l kcal/rnole; n>9 (4) 

Similarly, the heats of formation of the higher normal mono alkyl
benzenes in the gaseous sta,te at 25° Care: 

nC(solid, graphite) + (n-3)H2(gas)= 
C nH 2n_ 5(normal alkylbenzene, gas) (5) 

t:.#rZ9S.16=45.960-4.926n± (0.4234-
0.06611n+0.003637n2)! kcal/mole; n>9 (6) 

The foregoing equations incorporate the increment per CH2 pre
viously reported for the normal paraffin hydrocarbons [11]. 

VI. COMPARISON WITH PREVIOUS DATA 

Comparison of previous experimental data with the selected best 
values from this report is shown in table 2, in which the values from 
earlier investigations have been converted, insofar as significant, to 
the present unit of energy and atomic weights. 
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TABLE I.-Selected "Best" values fo!' the heats of combustion and formation of the 
Alkylbenzenes .• 

Heat of combustion. at 25° C, H ea t of formation ' at 25° C, 
-1:::.I-ieo 1:::.H[" 

Compound Formula 

Liquid Gas Liquid Gas 
--- ------

keal/mole keal/mole keal/mole keal/mole Benzene _____________________ C,RL __ 780. 98 ±O. 10 789.08 ±O. JO 11.72 ±0.12 19.82 ±0.12 

Methylbenzenc (toluone) ____ C,R. ___ 934. 50 ±D. 12 943.58 ±O. 12 2.87 ±0.15 11.95 ±0.15 

Etbylbenzeno _. _____________ C,RIO __ 1091. 03 ±O. 17 1101. 13 ±O. 17 -2.98 ±0.2O 7.12 ±0.20 
1,2-Dimethylbenzene (D·XY-

lene) . 
CIRIO __ 1088. 16 ±O. 24 1098. 54 ±0.24 -5. 84 ±0.26 •. 54 ±0.26 

I, 3·Dimethylbenzene (m·xy-
lene). 

C,RIO __ 1087. 92 ±D. 15 1098. 12 ±O. 15 -6.08 ±0.18 4.12 ±0.18 

I, .-Dimcthylbcnzcnc (p·xy- CsRIO. __ lOSS. 16 ±0.22 1098.29 ±O. 22 -5.84 ±0.24 4. 29 ±0.24 
lene). 

n-Propylbenzcne ____ . _______ CtR,, ___ 1247.19 ±0.16 1258. 24 ±O. 16 -9. 18 ±0.2O 1.87 ±0.20 
lsopropylbenzeno ___ ______ ___ CtR,, ___ 1246. 52 ±O. 23 1257.31 ±0.23 -9.85 ±0.26 0.94 ±0.26 
1-Methyl·2·ethylbenzene ____ Ct R,, ___ 1245. 26 ±O. 23 1256. 66 ±O. 25 -11. 11 ±O. 26 0.29 ±0.28 
I-Methyl·3·cthylbenzeno __ __ C. n,, ___ 1244. 71 ±O. 26 1255. 92 ±O. 27 -11.67 ±0.28 -0.46 ±0.29 
l-Methyl·4-ethylbenzene ____ C,R,, ___ 1244. 45 ±O. 32 1255. 59 ±0. 33 -11.92 ±0.34 -0.78 ±0.35 
1,2,3-Trlmetbylbenzenc __ ___ C,R,, ___ 1242.36 ±O. 28 1254. 08 ±O. 28 -14.01±0.3O -2.29 ±0.30 
1,2, 4-'frimethylbenzene _____ C, R,, ___ 1241. 58 ±0.24 1253.04 ±O. 24 -14. 79 ±O. 27 -3.33 ±0.27 
1,3,5-Trlmetbylbenzene . ____ C,R,, ___ 1241. 19 ±0.32 1252. 53 ±O. 32 -15. 18 ±O. 34 -3.84 ±0. 34 

n-Butylhenzene _____________ rIO H,, __ 1403.46 ±O. 27 14J5.44 ±0.28 -15. 28 ±O. 30 -3. 30 ±0.3J 
lsobutylbenzeno __ ___________ C" R,, __ 1402. 0·1 ±O. 29 1413. 59 ±O. 31 -16.70 ±0.32 - 5.15 ±0.34 
sec-Bntylbenzeno __ ________ __ CIOR,, __ 1402. 85 ±O. 27 1414.57 ±0.3O -IS. 89 ±O. 30 -4.17 ±0.33 
lerl·Butylbenzene _______ ____ _ CIOR,, __ 1401. 82 ±O. 27 1413.32 ±0.31 -16. 92 ±O. 30 -5.42 ±0.34 
l,2-Diethyloonzene __________ CIOR,, __ 1401. 80 ±O. 44 1414.21 ±0.42 -16.94 ±O. 42 -4.53 ±0.40 
1,3·Diethylbenzene ___ _____ __ CIOR,, __ 1401. 30 ±O. 44 1413.52 ±0.42 -17.44 ±0.42 - 5. 22 ±0.40 
I, 4·Diethylbenzeno ___ __ __ __ _ CIOR,, __ 1401. 27 ±O. 44 1413. 42 ±O. 42 -17.47 ±0.42 -5.32 ±0.40 
I-Methyl-2-n-propylbenzene_ CIOR,, __ 1401. 22 ±O. 53 1413.57 ±D. 52 -17.52 ±0. 51 -5.17 ±0.50 
l-Methyl-3-n-propylbenzene_ CIOH,, __ 1400.72 ±O. 53 1412. SS ±O. 52 -18.02 ±0.51 - 5.86 ±0.50 
l-Methyl-4-n-propylbenzene_ CIOR,, __ 1400.68 ±O. 53 1412. 77 ±O. 52 -18.06 ±0. 51 -~. 97 ±0.50 
1-Methyl·2-lsopropylbenzene CIOHu __ 1400.55 ±O. 53 1412.64 ±O. 52 -18. 19 ±0. 51 -6.10 ±0.50 
I-Methyl·3-isopropylbenzene CIOR,, __ 1400.05 ±O. 53 1411.05 ±O. 52 -18.69 ±0.51 - 6.79 ±0. 5O 
I-Methyl-4-isoprogYlbenzene CIOR,, __ 1400.01 ±O.53 1411. 84 ±O. 52 -18. 73 ±0.51 - 6.90 ±O.5O 
1,2-Dimethyl-3-et ylbenzene C"R,, __ 1398. 90 ±0.62 1411.63 ±0.61 -19.84 ±0.61 -7.11 ±0.60 
1,2·Dimethyl-4-etbylbenzene OIOR,, __ 1398. 36 ±O. 62 1410.83 ±O. 61 - 20. 38 ±0.61 -7.91 ±0.60 
1,3·Dimethyl-2-ethylbenzenc 0" Ru __ 1398. 90 ±O. 62 1411. 63 ±0.61 -19. 84 ±0.61 -7. 11 ±0.60 
1,3·Dimethyl-4-ethylbenzene C"R,, __ 1398.36 ±0.62 1410.83 ±0.61 - 20. 38 ±O. 61 -7.91 ±0.60 
1,3-Dimethyl-6-ethylbenzene CIOR,, __ 1397.88 ±0.62 1410.24 ±0. 61 -20. 86 ±0.61 -8. 50 ±0.60 
1, 4-Dimethyl·2·ethylhenzene C" Ru __ 1398. 36 ±O. 62 1410.83 ±0.61 - 20. 38 ±0.61 -7.91 ±0.60 
1, 2, 3, 4-Tetramethylhenzene_ C"Ru __ 1395. 70 ±O. 72 1408.72 ±O. 71 -23.04 ±0.71 -10.02 ±0.70 
1, 2, 3, 5-Tetramethylbenzene_ 0" Ru __ 1395. 20 ±O. 72 1408.03 ±O. 71 -23.54 ±0.71 -10. 71 ±O. 70 
1, 2, 4, 5-TetramethyJbenzene_ C" Ru __ 1395. 16 ±O. 72 1407.92 ±0.71 - 23.58 ±O. 71 -10.82 ±0.70 

n-Amylbenzene ______________ Cu R ,, __ --- ---- --. ---- -- 1572. SS ±O. 34 --. --- ---------- - 8.23 ±0.37 
n-Eexylbenzcne _____________ Cn RII __ ------ --- --- ---- 1730. 33 ± O. 36 --------- ---- --- -13.15 ±0.39 
n· R eptylbenzene ____________ 0" R,, __ ------- -- -- ----- 1887. 77 ±O. 39 -- ._-------- ---- -18. 08 ±O. 42 
n-Octylbenzenp _____________ Cu R ,, __ ------ --- ------- 2045. 21 ±O. 42 --------------- - -23.00 ±0.46 
noN onylbenzenc _____________ Cli R,, __ -- ------- ------- 2202.66 ±0.46 --. - -- ---------- -27.93 ±0.50 
n-Decylbenzene _____________ CIIR,, __ ----- ---- --- --- - 2360. 10 ±O. 50 --. --- --------. - - 22. 86 ±O. 54 
n-Undecylbenzene ______ _____ Cu R ,, __ --- ------ ------- 2517.54 ±0.55 ---- -- ---. ------ - 37.78 ±0.59 
n-Dodecylbenzene ___________ OIlR,, __ --- -- -- -- ------- 2674.98 ±0.59 - - - -. ----------- -42.71 ±0.64 
n-Trldecylbenzene ___________ Cl, R,,_. --- -----. -- -- --- 2812. 43 ±0.64 .- --.- ------ -- -- -47. 63 ±0.69 
n-Tetradecylbenzene ________ C"R,, __ --. __ .- ----- ---- 2989.87 ±O. 70 --- -.- ---------- -52.56 ±0.75 
n-Pendadecylbenzene ________ C.l R,, __ ----. --- ---- -- -- 3147.31 ±0.75 -- - _.- --- --- -- -- -57.49 ±0.80 
n-Rexadecylbenzene _________ CnR,, __ --. -. ------- ---- 3304. 76 ±0.80 -- ---- --- -- ----- -62.41 ±0.85 

1:::. per CR. __________________ CH. _____ ----- ----- -- ---- 157.443 --- - ------ ------ -4. 926 

0-1:::.I-icO represents tbe heat evolved in the combustion of tbe given hydrocarbon, in gaseous oxygen to 
form gaseous carbon dioxide and liquid water, at 25° 0 and constant pressure, with all reactants and pro
ducts in their appropriate standard reference states. 

b6.Hr represents the Increment in the heat content or enthaJpy of the process of forming'th e given hydro
carbon in tbe state indicated, from its elements, at 25° C, with all reactants and products in their appro
priate standard reference states. 
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TABLE 2.-Comparison of previous experimental data with the selected "best" values 
from this report for the heats of combustion of the alkylbenzenes. 

Heat oC combustion 
-------

ReCer- Differ- Est!-
Compound Investigators Year ence enco from mated 

value of uncer-
this re- tru ntyof 
port· tbe dif-

lerence b 

------------- ---------- ----

Berthelot. _______ _____ ____ ______ ml 
keallmole keallmal. 

1878 -3.8 ±3.9 
Stobmann, Radatz, and Herz- 1886 0.0 ±1.6 

berg. 
Stobmann, Kleber, and Lang- 1889 [16] -0.6 ±1.6 

bein. 
Benzene (liquid) - - -- -------- ---- Ricbards, Henderson and Fre- 1907 [17] -2.5 ±1.6 

vert. 
Richards and J esse ______________ 1910 [18l +1.5 ±1.6 
Roth and von Auwers _____ _____ _ 1915 [19 +2.1 ±1.6 
Ricbards and Barry ________ _____ 1915 [20] -0.2 ±1.6 
Richards and Davis __________ ___ 1920 [21j +1.9 ±1.6 

rerthelot. -_ . -------------- - ---- 1381 
[U 

- 3.2 ±3.9 

Benzene (gas) __ -- -- -- --- --- -----
Thomsen ____ ____ __________ __ ____ 1886 -11.4 ±7.9 
Stohmann, Rodatz, and Herz- 1886 15] -0.4 ±1.6 

berg. 

!:s:~: .R',," "'H'". 
1887 [22J +0.8 ±1.9 

1906 [23] H.6 ±4.7 
Toluene (liquid) ______________ ___ Roth and von Auwers ___ _______ _ 1915 ~19 + 1.6 ±1.9 

Richards and Barry _____________ 1915 2°l +2.7 ±1.9 
Richards and Davis ___________ __ 1917 ,21 +2.5 ±1.9 
Richards and Davis _____________ 1920 

[211 +2.0 ±1.9 

{~~~ieii-alidAlidrtC :::::::: :::: 1912 [25 -10.8 ±2.2 
Etbylbenzene (liquid) __ ______ __ _ 1914 [26 H.8 ±3.3 

Richards and Barry ________ ____ _ 1915 
[201 +0.2 ±2.2 

von Auwers and Kolligs ________ 1922 [27 +4.3 ±2.2 
{Stohmann, Rodatz, and Herz- 1887 [22 -2. 1 ±2. 2 

a-Xylene (liquid) ___ _______ ______ berg. 
Richards and Barry __ __ _______ __ 1910 [2Ol H.5 ±2.2 

rtohmann, Rodatz, and Herz- 1887 [22 -2. 0 ±2.2 
m-Xylene (Iiquid) ___ ____ ______ __ berg. 

Richards and Jesse ___ ______ _____ 1910 [181 H.7 ±2.2 
Roth and von Auwers __________ 1915 [19j +2.5 ±2.2 

{St.ohmann, Rodatz, and Herz- 1887 [22 -2.1 ±2.2 
p-Xylene (liquid) - -- -- ----- ----- berg. 

Richards and Jesso __________ ____ 1910 
f1 8 

-2.1 ±2.2 
{oenvrrsse ___ _____ _______________ 1893 ~ H.9 ±3.7 

n-Propylbonzene ____ __ -- - -- --- - - Richards and Batry ____________ _ 1915 -0.7 ±2.5 
Huffman and Knowlton ___ _____ 1944 [29 -1.0 ±0.6 

{oenvresse ______________ . ________ 1893 [28 +6.2 ±~.7 
Isopropylbenzone (liquld) _____ __ Richards and Barry _____ ________ 1915 [20 +0.9 ±2.5 

Huffman and Knowlton ________ 1944 [29 -1.2 ±0.6 
l,2,4-Trimethylbenzene (liquld) _ Richards and Barry __ ____ ___ ____ 1915 f20 -0.9 ±2.5 

ttohmann, Rodatz, and Herz- 1887 122 +11.8 ±2.5 
l,3,5-Trimethylbenzene (liquld) _ berg. 

f201 
Richards and Barry _______ ____ __ 1915 +2.4 ±2.5 

t.,/-Buthylbenzene _______ ___ ____ {RiChards and BjU'ry _____ ________ 1915 [~l -1.4 ±2.8 
Richards and Davls ___ __ __ ______ 1920 +0.1 ±2.8 

I-Methyl-3-n-propyl benzene Oenvrosse ______ ___ ______________ 
1893 [28J +7.5 ±4.2 

(liquid). 
I-Methyl-3-isopro pyl ben zene 

____ do ______ __ __ _____________ ___ 
1893 [28J +12.4 ±4.2 

(liquid). 
rtohmann, Rodatz, and Herz· 1887 [22J +4.0 ±2.8 

I-Methyl-4-l sopro pyl benzene berg. 
(liquid). Stohmann, Kleber, and Lang- 1890 [30J +15.0 ±2.8 

bein. 
1,2,4,5-Tetramethylbenzene (liq- Stohmunn, Kleber, and Lang- 1889 [16J +1.2 ±2.8 

uid) • beln. 

• Insolar as significant, the previous value was converted to the present unit 01 energy and atomic weights. 
A negative sign In this column Indicates that the earlier vaiue is less than tbat 01 tbe present report; a positive 
sign, higher. 

b The uncertainties have been assigned by the present authors . 
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