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The chemical thermodynamic properties of alkanol(ROH) isomer groups from CH,O
to C,H,,0 in the ideal gas phase have been calculated from 298.15 to 1000 K from tables of
Stull, Westrum, and Sinke. In the absence of literature data on all isomers of higher isomer
groups, the properties of isomers of CsH,;,0 to CgH 3O have been estimated using Benson
group values. Equilibrium mole fractions within isomer groups have been calculated for
the ideal gas state from 298.15 to 1000 K. For isomer group properties increments per
carbon atom have been calculated to show the extent to which thermodynamic properties
of higher isomer groups may be obtained by linear extrapolation. Valuesof C,5°, A;H°,
and A;G° are given for all species of alkanols from CH,O to CgH,;O in SI units for a

standard state pressure of 1 bar.
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1. Introduction

Earlier papers in this series have presented isomer
group thermodynamic properties' for the alkanes,” alkyl-
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14. log K for the formation of an alkanol isomer
group from an alkene isomer group and water
(LEACHION 4) .eeeeerieeerieevrieeeereerenteerneeseneessseesssenes 417

benzenes.? alkenes,? alkylnaphthalenes,’ alkylcyclopentanes
and alkylcyclohexanes,® alkynes,” and alkanethiols.® This
paper presents data on the alkanols. Chemical thermody-
namic properties are given in Stull, Westrum, and Sinke for
all isomers of the alkanols through C,H,,0, except that val-
ues are not given for 2-methyl-1-propanol (isobutylalco-
hol). A wide range of physical and thermodynamic proper-
ties of certain alkanols has been published by Wilhoit and
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Zwolinski.'° It has therefore been of interest to extend these
data to all isomers through C;H,3O by use of the Benson
group method'! in order to see whether the incrementsin the
various chemical thermodynamic properties become inde-
pendent of carbon number beyond the lower members in this
homologous series.

2. Standard Thermodynamic Properties of
Alkanol Isomer Groups

When isomers are in chemical equilibrium it has been
known for some time'>"* that they can be aggregated in cal-
culations of equilibrium mole fractions by use of the stan-
dard Gibbs energy of formation A;G°(I) of the isomer
group defined by

AG (1) = —RTln(z' exp( —AfG;’/RT)), (1
i=1

where A;G{ is the standard Gibbs energy of formation of an
individual isomer and N is the number of isomers in the
group, including stereoisomers. The equilibrium mole frac-
tions 7, of various isomers in a group can be calculated using

r=y/M =eXP{[AfG°(I) - Afo]/RT}, (2)

where y; is the sum of the mole fractions of the individual
isomers. The corresponding equations for the other standard
thermodynamic properties C 5 (1), S °(I), and A;H °(I) can
be derived by differentiating Eq. (1) with respect to tem-
perature.” When standard Gibbs energies of formation of
isomer groups are used to calculate equilibrium constants
for reactions of ideal gases the equilibrium expression is writ-
ten in terms of equilibrium mole fractions of isomer groups.
For the alkanols the standard chemical thermodynamic
properties for an isomer group are interrelated by

AG°(I) = AH (1) — T [S°(1) —nS

graphite

, =+ DSu,e — o | (3)
where n is the number of carbon atoms.

To calculate the chemical thermodynamic properties
for an isomer group, a term must be included for each molec-
ular species, including stereoisomers. Table 1 is an expanded
form of the table of Blair and Henze'* that gives the numbers
of isomers of the alkanols classified according to whether
oxygen is bonded to a primary, secondary, or tertiary car-
bon, and according to the numbers of chiral centers.

) » DS IR, NG, RS P R PN ) T NPy D e Iy P o
natncer than 1aviiig a inc i a thermod yianue tab}w fvx

each stereoisomer, this article follows the standard practice
of giving properties of racemates. When there is one chiral
center R In 2is added to the calculated standard entropy and

— RT In 2 to the standard Gibbs energy of formation of one
of the forms. For the alkanols with more chiral centers the
adjustment of the entropy is R In4 for two centers and
R In 8 for three, since none of the species are internally com-
pensated.

All of the references used by Stull, Westrum, and
Sinke,” while compiling the data for their tables on the alkan-
ols, are too numerous to mention here. The thermodynamic
properties of 2-methyl-2-propanol (tertiary butyl alcohol)
arc from an Erratum (1 Dccember 1972).
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Table 1. Numbers of primary, secondary, and tertiary
isomers of alkanols
Chiral Primary Secondary Tertiary Total
Centers
CH40 None 1 1
C2H60 None 1 1
c3H8eo0 None 1 1 2
C4H100 None 2 1 3
One 1 1
Total 2 1 1 4
CSH120 None 3 1 1 5
One 2 4 -]
Total 5 5 1 11
C6H140 None 5 3 8
One 6 10 16
Two 4 4
Total 11 14 3 28
C7H160 None 8 2 4 14
One 16 18 6 40
Two 4 16 20
Total 28 36 10 74
C8H180 None 14 9 23
One 40 as 14 92
Two 20 52 4 76
Three 8 8
Total 74 98 27 199

3. Calculations of Standard Thermodynamic
Properties of Alkanols Using the Benson
Method

Since data are available for all of the isomers of the
alkanols only through C,H, 0, except for 2-methyl-1-pro-
panol, this does not provide-an adequate basis for extrapolat-
ing isomer group properties to higher carbon numbers.
Therefore, the Benson group method has been used to calcu-
late the properties for all isomers through CyH 3O in the
ideal gas state.

In order to make these calculations, the structure of
each alkanol species was divided into the following Benson
groups: C(H),;(C), C(H),(C),, C(H)(C);, C(C)y
C(H)3(0), C(C)(H),(0), C(C),(H)(0), C(C);(0),
O(C) (H), and gauche. In addition the total symmetry num-
ber (TSN) and number of optical isomers (OPT), were
identified and were tabulated. In view of some of the uncer-
tainties in some of these group values indicated by Benson,
the 1,5-H repulsions, which affect only several of the most
highly branched species, were omitted. In calculating sym-
metry numbers a report by Davies, Syverud, and Steiner'®
was very helpful. The numbers of isomers of the alkanols are
exactly the same as for the alkanethiols,® and the numbers of
Benson groups in each molecular species are the same except

for ilic subsiitution of oxygen for sulfur.

The assignment of Benson groups was checked by mul-
tiplying the matrix of numbers of groups by a matrix which
had in its first column the numher of carhon atoms in the
group, in the second column the number of hydrogen atoms
in each group, and in the third column the number of oxygen
atoms in each group. Matrix multiplication yields a matrix
with as many rows as lines in the table for that isomer group
and three columns giving the numbers of carbon atoms, hy-
drogen atoms, and oxygen atoms. This check prevents some
possible errors in the group assignments. The computer pro-
grams used in making the Benson calculations are described
in the first paper in this series.? In making these calculations
thcrmodynamic properties for graphite, molecular hydro-
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Yable 2. Root mean square deviations between atkanol thermodynamic properties
from Stull, Westrum, and Sinke and from the Benson method
1/K 298 300 400 500 600 700 800 900 1000
Standard heat capacity at constant pressure in J/K mol
CH40 .69 .56 .38 .06 .29 .40 - .34 .15 .12
C2H60 .93 .93 .94 1.42 1.30 .90 .45 .30 .69
C3H80 .79 .81 .65 1.44 .83 .84 .92 .83 1.13
C4H100 .51 .5t .61 1.59 .58 1.186 1.67 1.45 .49
Standard entropy in J/K mol
CH40 .03 .00 .02 .04 .04 .01 .07 12 .10
C2H60 1.85 1.87 2.15 2.40 2.67 2.83° 2.93 2.96 3.02
C3HBO 3.56 3.55 3.47 3.31 3.17 3.0% 2.94 2.84 2.76
C4H100 2.40 2.41 2.31 2.26 2.22 2.08 1.92 1.75 1.68
Standard enthalpy of formation in kJ/mol
CH40 .42 .43 .44 .45 .44 .42 . .36 .34 .33
C2H60 .33 .36 .40 .51 .66 .16 .81 .87 .9t
C3H80 1.62 1.61 1.62 1.72 1.84 1.90 2.00 2.07 2.16
C4H100 2.0t 2.00 1.93 1.92 1.90 1.85 1.69 1.55 1.50
Standard Gibbs energy of formation in kJ/mol
CH40 .42 .4 .39 .42 .39 .37 .42 .41 .39
C2H60 .22 .25 .43 .64 .93 1.19 1.50 1.73 2.00
C3HB0 2.65 2.66 3.00 3.32 3.65 3.97 4.26 4.53 4.80
C4H100 1.44 1.43 .31 1.19 1.11 1.09 1.08 1.15 1.22

gen, and molecular oxygen were taken from Stull and Pro-
phet.’®

Table 2 shows how well the chemical thermodynamic
properties calculated using the Benson method agree with

4. Tables of Standard Thermodynamic
Properties of Alkanol Isomer Groups

The conversion of thermodynamic properties from 1

the values from Stull, Westrum, and Sinke® for CH;O
through C,H,,0. The differences between the literature and
estimated values at each temperature were squared, divided
by the number of pairs of values, and the square root was
taken. For CH,O and C,H,O this yields the magnitudes of
the deviations, and for C;H;O and C,H,,O it yields the root-
mean-square deviations at various temperatures. The species
2-methyl-1-propanol has been omitted from these compari-
sons since the properties calculated for it have been calculat-
ed using the Benson method for the tables in this article.

atm to 1 bar is-discussed in earlier papers in this series and in
the NBS Tables."’

The remaining tables in this paper have all been calcu-
lated using values from Stull, Westrum, and Sinke for CH,O
to C,H,,0 and values calculated using the Benson method
for C;H,,0, C,H,,0, C;H,,0, and CgH,;O species using
group values from Ref. 11. Tables 3-8 give isomer group
properties and the increments per carbon atom. Table 7 gives
H°(1,T) — H°(1,298.15K), the standard enthalpy for
an isomer group relative to the isomer group at 298.15 K.

Table 3. Standard heat capacity at constant pressure for alkanol
1somer groups I1n J/K moi
T/K . CH40 C2HE60 C3H80 C4H100 CSH120 C6H140 C7H160 C8H180
298. 1% 43.89 65.44 92.83 121.28 152.57 184.9 204.5 225.4
300.00 44 .02 65.73 v3.37 122.20 153.49 185.8 209.% 226.6
400.00 51.42 81.00 121.09 172.93 196.84 230.3 255.6 283.0
500.00 59.50 95.27 143.96 210.78 226.19 262.8 294.9 328.5
600.00 67.03 107 .49 159.05 226. 11 247.78 288.3 326.6 365.5
700.00 73.72 117.95 171.45 233.27 265.93 310.2 353.4 396.8
800.00 79.66 126.90 181.61 240. 10 281.62 329.2 376.1 423.1
900.00 84.89 134.68 190.52 247.83 294.76 344.9 394.8 444.6
1000.00 89.45 141.54 198.48 255.63 305.08 357.2 409.2 461.1
Table 3a. Increments per carbon atom
T/K c2-Ct €3-C2 C4-C3 C5-C4 C6-C5 C7-C6 cs8-c7
298. 15 21.55 27.39 28.45 3t1.3 32.3 19.6 20.9
300.00 21.71 27.64 28.83 31.3 32.3 19.7 21.0
400.00 29.58 40.09 $1.85 23.9 33.5 25.3 27.4
500.00 35.77 48.69 66.82 16.4 36.6 32.1 33.6
600.00 40.46 51.56 67.06 21.7 40.5 38.3 39.0
700.00 44.22 53.50 61.83 32.7 44.3 43.2 43.4
800.00 47.24 54.71 $8.50 41.5 47.5 47.0 46.9
900.00 49.79 55.83 57.31 46.9 50.2 49.9 49.8
1000.00 52.09 56.94 57.15 49.5 62.1 52.0 51.8
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Table 4. Standard entropy for alkanol isomer groups in J/K mol
T/K CH40 C2He0 C3H80 C4H100 C5H120 C6H140 C7H160 C8H180
298.15 239.81 282.70 310.82 327.46 379.01 419.0 464.8 509.6
300.00 240.10 283.12 311.43 328.23 379.95 © 420.1 466.0 511.0
4Q0.00 253.74 304. 16 342.12 370.27 430.39 480.0 532.3 584.2
500.00 266.13 323.78 371.76 413.39 477.68 535.0 593.7 652.4
600.00 277.63 342.28 399.44 453.47 $20.90 585.3 650.4 716.7
700.00 288.47 359.64 424.93 488.94 560.49 63t.4 702.8 7744
800.00 298.72 376.00 448 .47 $20.52 597.05 674.1 751.5 829.2
S00.00 308.43 391.40 470.40 $49.23 631.01 713.8 796.9 880.3
1000.00 317.59 405.96 490.90 575.76 662.63 750.8 839.3 928.1
Table 4a. Increments per carbon atom
T/K c2-C1 Cc3-C2 C4-C3 C5-C4 c6-Cs C7-Cé c8-c7
298. 15 42.89 28.12 16.65 $1.5 40.0 45.8 44.9
300.00 43.01 28.32 16.80 81.7 40.2 45.9 45.0
400.00 50.42 37.95 28. 16 60.1 4%8.6 §2.3 51.9
500.00 57.66 47.98 41.63 64.3 57.4 58.7 8.7
600.00 64.64 57. 16 54.03 67.4 64.4 65.1 65.3
700.00 71.17 65.29 64.01 71.5 ©70.9 71.4 71.7
800.00 77.28 72.47 72.05 76.5 77.0 7.4 77.7
900.00 82.97 79.00 78.84 81.8 82.8 B83.1 83.4
1000.00 88.37 B4.95 84.86 86.9 88.2 88.5 88.8
Table 5. Standard enthalpy of formation for alkanol isomer groups in kJ/mol
T/K CH40 C2H60 ) C3HBO C4H100 CSH120 C6H140 C7H160 C8H180
298.15 -201.17 -234.81 -272.38 -312.34 -330.52 -354.9 -377. 1 -399.0
300.00 -201.25 -234.89 ' -272.50 -312.49 -330.68 -355.1% -377.3 -399.2
400.00 -204.81 -239.83 -277.98 -317.92 -337.05 -362.1 -386.0 -409.5
500.00 -207.94 -243.97 -281.87 -319.98 -341.51 -367.3 -392.6 -417.3
600.00 ~210.62 -247.32 -284.71 -320.54 -344.80 -371.3 -397.5 -423.1
700.00 -212.88 -250.04 -286.84 -320.91 -347.23 =374.2 -401.0 -427.2
800.00 -214.68 -252.17 -288.46 ~-321.38 -348.82 -376.0 ~403.3 -429.7
900.00 -216.15 -253.76 -289.54 -32t.69 -349.72 -377.0 ~404.4 ~43t1.1
1000.00 -217.28 -254.93 -290. 15 -321.74 -3%0.07 -377.4 T -404.8 -431.5
Table S5a. Increments per carbon atom
T/K C2-C1t €3-C2 C4-C3 C5-C4 C6-C5 C7-C6 ‘c8-c7
298. 15 -33.64 -37.58 -39.96 -18.2 ;24.4 -22.2 <21.9
300.00 -33.64 -37.61 -39.99 -18.2 -24.4 -22.2 -22.0
400.00 -35.02 -38.15 -39.94 -19.1 -25.0 -23.9 ~23.5
$00.00 -36.02 -37.90 -38.11% -21.5 -25.8 -25.3 -24.7
€600.00 -36.69 -37.39 -35.83 -24.3 -26.5 -26.2 -25.5
T00.00 -37.15 ~36.81 -34.07 -26.3 -26.9 -26.9 -26.1
800.00 -37.49 ~36.29 ~-32.93 -27.4 -27.2 -27.2 -26.5
900.00 -37.61 -35.78 ~-32.15 -28.0 -27.3 -27.4 -26.7
1000.00 -37.66 -35.22 -31.59 -28.3 -27.3 -27.4 -26.7
Table 6. Standard Gibbs. energy of formation for alkanol isomer groups
in kd/mol
T/K CH40 C2H60 C3H80 C4H100 C5H120 C6H140 C7H160 CBH180
298. s -162.46 -168.20 -173.51 -177.79 -170.61 -166.2 -16t.4 -156.0
30000 -162 .21t -187 A2 -172.80 -176_06 -169.62 -185_1 -160.0 -164.5
400.00 -148.63 -144.66 -138.84 -130.84 -114.89 -100.6 -86.2 -71.3
500.00 -134.27 -120.36 -103.58 -83.80 -58.82 -34.6 -10.5 14.2
600.00 -119.23 -95.36 -67.65 -36.50 -1.93 32.4 66.4 101.0
700.00 -103.82 -69.81 -31.27 10.87 55.40 99.8 144.0 188.7
800.00 -B8. 15 -43.92 5.33 58.27 113.05 167.7 22214 276.9
900.00 -72.24 ~17.75 42.13 105.79 170.81 235.7 300.3 365.3
1000.00 -56. 15 8.56 79.06 153.31 228.66 303.8 378.6 453.8
Table 6a. Increments per carbon atom
T/K Cc2-Ct c3-Cc2 €4a-C3 C5-C4 Cc6-C5 C7-Cé c8-Cc7
298. 15 -5.74 -5.32 ~4.28 7.2 4.4 4.9 5.4
300.00 -5.62 -5.07 -4.07 7.3 4.6 5.0 5.5
400.00 3.98 5.82 8.00 16.0 14.3 14.4 14.9
500.00 13.90 16.79 19.77 25.0 24.2 24.1 24.7
€00.00 23.87 27.71 31.15 34.6 34.3 34.1 34.6
700.00 34.01 38.54 4214 44.5 44.4 44.2 44.7
800.00 44 .23 49.25 52.94 54.8 54.7 S4.4 54.9
900.00 54.49 59.88 63.65 65.0 64.9 64.6 65.0
1000.00 64.71 70.50 74.25 75.3 75. 1 74.8 75.2
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Table 7. Standard enthalpy for alkanol! isomer groups relative to isomer
groups at.298.15 K in kdJ/mo}
T/K CH40 C2H60 C3H80 C4H100 C5H120 ~ C6H140 C7H160 C8H180
298.15 .00 .00 .00 .00 -00 .0 .0 .0
300.00 .07 .14 .18 .22 .28 .3 -4 .4
400.00 4.83 7.44 10.86 14.88 17.92 21.3 23.5 26.0
500.00 10.39 16.26 24.18 34.27 39.17 46.0 5t.1 56.6
600.00 16.72 26.42 39.36 56.24 62.91 73.6 82.3 91.4
700.00 23.75 37.70 55.93 79.28 88.61 103.5 116.3 129.6
800.00 31.05 49.54 73.17 102.53 115.61 135.1 152.4 170.2
900.00 39.67 63.04 82.19 127.3% 144.85 169.3 191.4 214.0
1000.00 48.40 76.86 111.70 152.55 174.87 204.4 23t.6 259.3
Table 7a. Increments per carbon atom
T/K c2-¢c1 C3-C2 c4-C3 C5-C4 C6-C5 C7-C6 c8-C7
298. 15 .00 -00 .00 .0 .0 .0 .0
300.00 .07 .04 .04 A -1 .0 -0
400.00 2.62 3.42 4.02 3.0 3.3 2.3 2.5
500.00 5.86 7.93 10.09 4.9 6.8 5.1 5.5
600.00 9.70 12.94 16.88 6.7 10.7 8.7 9.1
700.00 13.95 18.24 23.35 9.3 14.9 i2.8 13.3
800.00 18.49 23.63 29.37 13.1 18.5 17.3 17.8
200.00 23.38 29.15 35. 16 17.5 24.4 22.1 22.6
1000.00 28.46 34.84 40.85 22.3 29.5 27.2 27.7
Table 8. Standard enthalpy for alkanol isomer groups relative to
the elements at 298.15 K in kJ/mol
T/K CH40 C2H60 C3H80 C4H100 C5H120 C6H140 C7H160 C8Hi80
298.15 -201.17 -234.81 -272.38 -312.34 -330.52 -354.9 -377.1 -398.9
300.00 -201.10 -234.67 -~272.21 -312.13 -330.24 -354.6 -376.7 -398.5
400.00 -196.34 -227.36 -261.52 -297.46 -312.60 -333.6 ~353.5 -372.9
500.00 -180.77 ~218.55 -248.20 -278.07 -291.35 -308.9 -325.9 ~342.2
600.00 -184.45 -208.39 -233.03 -256.11 ~267.62 -281.3 -294.8 -307.5
700.00 -177.42 -197. 114 -216.45 -233.06 ~241.91 -251.4 -260.8 -269.4
800.00 -170.12 -185.27 -199.22 -209.81 -214.91 -219.8 -224.7 -228.8.
900.00 -161.50 -171.76 -180.19 -184.99 -185.67 -185.6 ~185.7 ~-185.0
1000. 00 -152.77 -157.94 -160.69 -159.80 -155.65 -150.5 -145.4 -139.7
Table 8a. Increments per carbon atom
T/K c2-ct ca-cz c4a-c3 c5-c4 ce-cy c7-c6 c8-c7
298. 15 -33.64 -37.58 ~-39.96 -18.2 -24.4 -22.2 -21.8
300.00 -33.57 -37.54 -39.92 -18.1 -24.3 -22.1 -21.8
400.00 -31.02 -34.16 -35.94 -15.14 -21.0 -19.9 ~19.3
$00.00 -27.78 -29.65 -29.87 -13.3 -17.6 -17.0 -16.3
600.00 -23.94 -24.64 -23.08 -11.5 -13.7 -13.6 -12.7
700.00 -19.69 -19.34 -16.61 -8.9 -9.5 -9.4 -8.6
B00O.0O -15.1% -13.95 -10.59 ~5.1 -4.9 -4.9 -4.1
900.00 -10.26 -8.43 -4.80 -.7 .0 -0 7
1000.00 -5.18 -2.74 .89 4.1 5.1 5.1 5.8

395

Table 8 gives values for H°(L,T) — H°(1,298.15K)
-+ A H°(1,298.15 K), the standard enthalpy of formation
for the isomer group relative to the elements at 298.15 K.
This quantity allows the direct calculation of heat effects
when the reactants and products are at different tempera-
tures.

The increments per carbon atom are of interest because
they indicate the extent to which we can estimate thermody-
namic properties of isomer groups of higher carbon
numbers.

5. Equilibrium Mole Fractions Within Alkanol
Isomer Groups

The equilibrium mole fractions within isomer groups
calculated from standard Gibbs energies of formation are
given in Table 9 for the alkanols in the ideal gas state. Since
the uncertainties in A;G°(I) and AG{ are about the same,
the uncertainty in the difference is nearly independent of the
relative values of the two parameters, but the absolute uncer-
tainty does increase with temperature. The usual cquation
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for the propagation of variance indicates that the equilibri-
um mole fractions are uncertain by about 15% at the lower
temperature and 10% at the higher temperatures. This
makes it difficult to indicate the uncertainties in the table. It
could be done by using exponential notation, but this makes
it difficult to compare the mole fractions of various isomers.
Compounds are named in tables according to the
IUPAC Revised and Collected Recommendations for the
Nomenclature of Organic Chemistry, 197918

J. Phys. Chem. Ref. Data, Vol. 16, No. 3, 1987

6. Standard Thermodynamic Properties of
Individual Alkanol Species

The values of C7, S°, A;{H°, and A;G” for all the al-
kanol species through CgH 3O are given in Tables 10-13 in
SI units for a standard state pressure of 1 bar. The values for
CH,O through C,H,,O have been converted from the tables
of Stull, Westrum, and Sinke® and the values for C;H,,0
through CgH,;O have been calculated using the Benson
method.' The values for chiral forms are for the racemates.
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