SUMMARY

These thermal data are not entirely comparable in terms of
materials and temperature ranges. However, they all bear
directly on the problem of heat transfer to carbonaceous
briquets containing coal, char, and pitch. The heat capacity
data measured for coal and char may be combined with values
in the literature for pitch to provide composite values appli-
cable to briquets. The thermal conductivity data were obtained
directly on briquet samples. There is no apparent reason why
the heat transfer film coefficient, A, cannot be applied directly
to the heating of carbonaceous shapes of low conductivity.
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Chemical thermodynamic studies of complete groups of iso-
meric sulfur compounds are included in the program of Ameri-
can Petroleum Institute Research Project 48A in this labora-
tory. For four groups of compounds, the CoH¢S, C3H,S, and
C,H,,S alkane thiols and sulfides and the methylthiophenes,
values of free energy of formation for all isomers have been ob-
tained over the temperature range of practical interest. These
values have been calculated by statistical thermodynamic
methods from spectral and molecular structure data and are
based on experimental determinations of the heat capacity,
entropy, and heat of formation.

Values of the standard free energy of isomerization and the
corresponding equilibrium concentrations are reported here.
To illustrate the utility of the results, the isomerization equi-
libria are discussed in relation to the concentration of sulfur
compounds in petroleum. Possible application in future specu-
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Figure 1. Equilibrium concentrations of C,H,S
alkane thiols and sulfides
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lation about the origin of petroleum is suggested. Revisions and
extensions of previously published tables of chemical thermo-
dynamic properties are included when necessary.

The individual isomers under consideration are:

C,H S Compound C,H 48 Compounds
Ethane- i-Butanethiol CH,;CH,CH,CH,SH
thiol CH,CH,SH 2-Butanethiol CH,;CH,CH(SH)CH,
2-Thia- 2-Methyl-1-
propane  CH,SCH, propanethiol  CH;CH(CH,)CH,SH

2-Methyl-2-

C;H ¢S Compounds propanethiol ~ CH,C(CH,),SH
thiol CH,CH,CH,SH . Mapentane R
2-Propane 3-Methyl-2-
thiol CH,CH(SH)CH, thiabutane CH,CH(CH,)SCH,
2-Thia-

butane CH,CH,SCH,

Methylthiophenes

2-Methylthiophene U 3-Methylthiophene | |
CH ]
s } S

CH,

RESULTS

The values of AFi°, the standard change of free energy for the
isomerization reaction,

Reference compound (gas) = isomeric compound (gas)

and ni, the mole fraction of the given isomer when at equi-
librium with all of its other isomers in the gas phase, are listed
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Table 1. Molal Free Energy of Isomerization and Equilibrium Concentration
C,H4S Compounds C3H¢S Compounds Methylthiophenes

Ethanethiol 2-Thiapropane 1-Propanethiol 2-Propanethiol 2-Thiabutane 2-Methylthiophene  3-Methylthiophene

7, AF° Ni AFi° Nt AF7° Ni AF° Ni AFy° NI AF° Nt AFi° Nt

°K. kcal. kcal. kcal. kcal. kcal. keal. keal.

0 0 1.000 1.90 0.000 0 0.000 - 1.78 1.000 2.02  0.000 0 0.00 - 0.13 1.00
273.16 0 0.99 2,71 0.007 0 0.097 - 121 0.90 2.18  0.002 0 0.37 - 0.28 0.63
298.16 0 0.99 2.79  0.009 0 013 - 113 0.87 221 0.003 0 0.39 -0.27 0.61
300 0 0.99 2.78 0.009 0 0.13 - 1.13 0.87 221 0.003 0 0.39 - 0.26 0.61
400 0 0.98 3.02 0.022 0 025 -085 073 2,28 0.014 0 0.41 - 0.29 0.59
500 0 0.96 3.25 0.037 0 0.35 - 0.58 0.62 2.36  0.033 0 0.43 - 0.29 0.57
600 0 0.95 3,50 0.050 0 0.41 - 032 054 2.44  0.053 0 0.43 - 0.35 0.57
700 0 0.94 376 0.063 0 045 - 0.05 0.47 2.54 0.073 0 0.43 - 0.38 0.57
800 0 0.92 398 0.076 0 0.48 +0.20 043 262 0.093 0 0.43 - 0.43 0.57
900 0 0.91 4,22 0.086 0 0.50 0.45 0.39 2,73 0.11 0 0.44 - 0.46 0.56
1000 0 0.91 4.50 0.094 0 0.52 0.74 0.36 2.85 0.12 0 0.44 - 0.50 0.56

CH,,S Compounds
2-Methyl-1- 2-Methyl-2- 3-Methyl-2-
1-Butanethiol 2-Butanethiol propanethiol propanethiol 2-Thiapentane 3-Thiapentane thiabutane

7, AF° Nt AFi° Ni AFi° Ni AFi° Ni AFe Nt AFi° Nt AFie° Ni
°K. kcal. keal. kcal. kcal. kcal. kcal. kcal.

0 0 0.0000 - 1.67 000 - 169 0000 - 45 1.00 +1.64  0.00000 +1.38 0.00000 - 0.22 0.0000
273.16 0 0.0057 - 1.55 0.10 - 139 0074 - 2.69 0382 1.74  0.00023 1.57  0.00032 +0.50 0.0023
298.16 0 0.011 -150 014 -13t 010 - 247 0.73 1.76  0.00059 1.61  0.00075 0.59 0.0042
300 0 0.012 -~ 150 0.15 - 1.31 0.11 - 246 073 1.76  0.00062 1.61  0.00079 0.60 0.0043
400 0 0.057 =~ 130 029 -102 021 - 1.58 042 1.85  0.0056 1.78  0.0060 0.98 0.017
500 0 0.11 - 110 035 -0.74 024 -073 024 1.95 0.016 1.97 0.016 1.35 0.029
600 0 0.16 - 094 036 - 047 024 +0.09 0.15 203 0.029 2.15  0.026 1.68 0.039
700 0 0.20 -076 034 -0.19 023 0.90 0.10 215 0.042 2.34  0.037 2.04 0.046
800 0 0.23 ~0.54 032 4012 021 1.73  0.078 229  0.055 2.56  0.046 2.41 0.051
900 0 0.26 - 030 0.31 0.49 020 2.61  0.061 2.44  0.066 2.82  0.054 2.83 0.053
1000 0 0.28 - 010 029 0.79 0.19 3.43  0.050 2,59  0.075 2,99  0.062 3.18 0.056

in Table I. The equilibrium constant <of isomerization,

Ki = Ni/Nr

(the equilibrium mole fraction of the reference compound is
indicated by Nr), is related to AF:° by the expression,

MOLE FRACTION

AF® = -RT In Ki
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Figure 2. Equilibrium concentrations of C;H,S
alkane thiols and sulfides

Figure 3. Equilibrium concentrations of C H,,S
alkane thiols and sulfides
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Strictly, the values of equilibrium mole fraction are applicable
only in the range from zero pressure up to that pressure at
which the ratio of fugacity to pressure still does not differ
significantly for the several isomers.

The mole fraction of each isomer present when at equilib-
rium with all its other isomers, as given in Table I, is plotted as
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Figure 4. Equilibrium concentrations of methylthiophenes

a function of temperature in Figures 1 to 4. The vertical width
of each band gives the mole fraction, and the mole fractions are
plotted additively, so that their sum is unity at all temperatures.

Inspection of Figures 1 to 3 shows that the alkane thiols as a
class are thermodynamically favored with respect to the iso-
meric alkane sulfides, particularly at lower temperatures. This
behavior reflects the greater strength of a C—C and an S—H
bond relative toa C—S and a C—H bond. Within a class the
most highly branched compound is the most stable at lower
temperatures but decreases in stability with increase in tem-
perature relative to the less highly branched compounds. If the
isomers with the same degree of branching are considered to-
gether, the equilibrium concentrations vary with temperature
in much the same way as do those of the alkanes with the same
number of heavy atoms. The comparison in Figure 5 for the
C,H (S thiols and sulfides and the corresponding pentanes il-
lustrates this behavior.
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Figure 5. Comparison of equilibrium concentrations of
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branched, and doubly branched C,H,,S alkane
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Inspection of Figure 4 shows that the methylthiophenes are
of comparable stability, with the 3-isomer slightly favored at
all temperatures considered.

The values of free energy of formation used for calculating
the isomerization equilibria are discussed below.

COMPARISON WITH CONCENTRATIONS FOUND
IN PETROLEUM

The composition studies made by American Petroleum Insti-
tute Research Project 48A have provided data on the concen-
trations of all detectable low-molecular-weight sulfur com-
pounds in Wasson, Tex., crude oil (23). Therefore, for the
compounds discussed here, it is possible to compare the con-
centrations actually found in Wasson crude with those that cor-
respond to thermodynamic equilibrium at reasonable tempera-
tures. Such comparisons are made in Figures 6 to 8, in which
the equilibrium concentrations are shown for 300° and 1000° K.
Because the calculated values are strictly valid only for the ideal
gaseous state and because relatively large uncertainties must
be assigned to the observed concentrations of these trace com-
ponents, the comparisons give only a qualitative, but still
significant, indication of the degree to which thermodynamic
equilibrium is approached in Wasson crude.

The most obvious conclusion to be drawn from Figure 6 is
that the concentration of total sulfides in Wasson crude, rela-
tive to the isomeric thiols, is much higher than the equilibrium
concentration at any reasonable temperature. Evidently, the
more reactive thiols either were not formed in equilibrium
amounts or have been altered by chemical action after
formation.

Figures 7 and 8 show that the members of a particular class
(thiol or sulfide) also are not generally present in equilibrium
concentrations. The observed concentrations of the C3HgS
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Figure 6. Mole fraction of total sulfides in C,H,S, C;H,S,
and C,H,,S alkane thiols and suifides
Observed values in Wasson crude oil compared with
equilibrium values at 360° and 1000° K.
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Figure 7. Mole fraction of individual compounds in
C,H,S and C H,S alkane thiols
Observed values in Wasson crude oil compared with
equilibrium values at 300° and 1000° K.
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thiols do correspond to equilibrium at slightly above room tem-
perature (Figure 7), but this fact probably is not significant, be-
cause the C,H /S thiols definitely are not at equilibrium, as
the same figure shows. The high observed concentration of 2-
butanethiol is particularly at variance with the equilibrium
concentrations. Furthermore, the low observed concentration of
1-butanethiol is consistent with equilibration at low tempera-
tures, but, in contrast, the low concentration of 2-methyl-2-
propanethiol is consistent with equilibration at high tem-
peratures.

Lack of thermodynamic equilibrium also is shown by results
for the methylthiophenes. Thiophene and the methylthiophenes
have not been detected in Wasson crude oil. In Wilmington,
Calif., crude oil, on the other hand, low-boiling alkane thiols
and sulfides are not present in detectable amounts, but thio-
phene and the methylthiophenes are found (22). Again, lack of
thermodynamic equilibrium in Wilimington crude is shown by
the preponderance of 2-methylthiophene over the thermody-
namically favored 3-methylthiophene.

Speculation about the origin of petroleum is always fascinat-
ing to those who work with this valuable natural resource. For
such speculation, the conclusion that sulfur compounds in crude
oils are not in thermodynamic equilibrium is not so idle as it
might seem. If the components of crude oils were at equilib-
rium, composition studies would tell little more about the origin
of petroleum than the elemental composition of the substance
from which it is derived.

Ultimately, data on the composition of petroleum and on the
thermodynamic properties of its constituents should be useful
in developing better theories concerning the source and past
history of crude oil. Information about trace components, of
which sulfur compounds represent a prevalent type, may be

especially valuable. Any theory on the origin of petroleum must
be consistent with the observations made here. These observa-
tions, with others that will become possible with advances in
both the chemical thermodynamics and the analytical chem-
istry of sulfur compounds in petroleum, should provide useful
leads to better theories on the origin of petroleum, as well as
rigorous tests of proposed theories.

VALUES OF FREE ENERGY OF FORMATION

C;H;S Compounds. Ethanethiol and 2-Thiapropane.
Values of free energy of formation for the C,H¢S compounds
are given in a previous publication from this laboratory (70),
which also reported calculated results for the isomerization
equilibrium. The latter are repeated for the sake of com-
pleteness.

C;H;S Compounds. 1-Propanethiol and 2-Propanethiol.
Previous publications (8, 75) reported values of free energy of
formation.

2-Thiabutane. A previous publication (78) reported calcu-
lated values of thermodynamic functions, which, however, did
not include corrections for anharmonicity. Later spectroscopic
studies (2, 27) have shown that one of the C—-S stretching
frequencies should have been taken as 653 cm.™! instead of 679
cm.”! The change is not very important thermodynamically
and, moreover, would be nearly compensated if other fre-
quencies were increased to the reported gas-phase values.
Therefore, the functions of (78) were corrected only by inclu-
sion of empirical anharmonicity contributions (6, 74) selected
to fit the calorimetric values of §° and C,°. Values used for the
parameters of the anharmonicity function were: » = 1100
cm. and 2 = 1.00 cal. deg.”' mole™". The corrected values of
the thermodynamic functions are listed in columns 2 to 6 of

Table I1.
€-§-c-c-c C-C-8~C=C ¢-c-s-c The standard heat of formation of 2-thiabutane in the
¢ gaseous state, relative to rhombic sulfur, was reported in a
0.8 [— KEY — previous publication (5). This datum and the thermodynamic
= m—o-;so. § functions of Table II were used with appropriate thermo-
g 3 300° K \ dynamic data for C{(c, graphite) (24), H,(g) (24), and S,(g) (7)
S s : N to compute values of AHf°, AFf®, and log, K for 2-thiabutane,
3 1000°K. N as given in columns 7 to 9 of Table I1.
§ C,H,,S Compounds. 1-Butanethiol, 2-Butanethiol, 2-
y 4 0 § — Methyl-1-propanethiol, 2-Thiapentane, and 3-Methyl-2-
§ E:E % thiabutane. Previous publications (7, 9, 79, 20) reported values
= % § % of free energy of formation.
2= g ? § / - 2-Methyl-2-propanethiol. A previous publication (77) re-
;::7. . / § f ported calculated values of the thermodynamic functions,
K % / \ f which, however, did not include corrections for anharmonicity.
° KX N V \ Z The functions of (77) were revised to include empirical
anharmonicity contributions (6, 74). Values for the two
Figure 8. Mole fraction of individual compounds in parameters of the anharmonicity function, » and &, and for the
CH:S alkane sulfides height of the potential barrier for rotation about the C—35§
Observed values in Wassen crude oil compared with bond, V, were selected to fit the calorimetric values of §° and
equilibrium values ot 300° and 1000° K. (4°; the values of all other molecular structure parameters
Table ll. Molal Thermodynamic Properties of 2-Thiabutane ¢
(F° - Ho)))T,  (H°-H°)/T, H°-He, se, G AHf*b,  aFfe?,
7, °K. Cal. Deg.”! Cal. Deg.”! Kcal. Cal. Deg.™ Cal. Deg.™ Kcal. Kcal. logIObe
0 0 0 0 0 0 -24.15 -24.15 Infinite
273.16 -62.92 14.75 4.030 77.68 21.49 -29.11 - 8.56 6.85
298.16 -64.25 15.37 4.584 79.62 22.73 -29.49 - 6.66 4.88
300 -64.34 15.42 4.626 79.76 22.82 ~29.52 - 6.52 4.75
400 -69.11 17.89 7.157 87.00 27.81 -30.90 +1.36 - 0.74
500 -73.37 20.35 10.17 93.71 32.40 -32.05 9.57 - 4.18
600 -77.30 22.68 13.61 99.98 36.41 -32.97 17.97 - 60.55
700 -80.96 24.90 17.43 105.86 39.89 -33.66 26.52 - 8.28
800. ~84.42 26.95 21.56 111.38 - 4293 -34.16 35.15 - 9.60
900 ~87.72 28.88 25.99 116.60 45.60 -34.48 43.83 -10.64
1000 -90.85 30.68 30.68 121.53 47.94 -34.61 52.55 -11.48

“To retain internal consistency, some values are given to one more decimal place than is justified by absolute accuracy.
®Standard heat, standard free energy, and common logarithm of the equilibrium constant for formation of 2-thiabutane by the reaction: 3 C(c,

graphite) + 4 H,(g) + 14S,(g) = C;HgS(g).
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Table HI. Molal Thermodynamic Properties of 2-Methyl-2-propanethiol

(Fe - Ho)\/T, (He - H°y)/ T, He - He,, Se, Go, aHfe?, aFfet,

T,°K Cal. Deg. ' Cal. Deg. ' Kcal. Cal. Deg. ' Cal. Deg. ' Kcal. Kcal. longfb

0 0 0 0 0 0 -34.40 -34.40 Infinite
273.16 -61.92 16.40 4.480 78.32 27.09 -40.96 -11.89 9.51
298.16 -63.40 17.38 5.182 80.78 28.92 -41.41 - 922 6.76
300 -63.51 17.45 5.235 80.96 29.05 -41.44 - 9.02 6.57
400 -69.06 21.24 8.497 90.30 36.08 ~43.04 +2.04 - 1.1
500 -74.19 24.84 12.42 99.03 42.19 -44.30 13.46 - 5.88
600 -79.01 28.16 16.89 107.17 47.14 -45.26 25.11 - 9.14
700 -83.58 31.18 21.82 114.76 51.12 -45.96 36.89 -11.52
800 -87.92 33.87 27.10 121.79 54.36 -46.49 48.76 -13.32
900 -92.06 36.30 32.67 128.36 57.04 -46.86 60.70 -14.74
1000 -96.00 38.50 38.50 134.49 59.25 -47.08 72.67 -15.88

“See footnote a, Table I1.

Standard heat, standard free energy, and common logarithm of the equilibrium constant for formation of 2-methyl-2-propanethiol by the reaction:

4C(c, graphite) + 5 H,(g) + 15 S,(g) = C,H,,S(g).

given in (77) were retained. The values selected were:
v = 1400 cm. ', & = -3.00 cal. deg. ' mole !, and ¥, = 1380
cal. mole !. The anharmonicity contribution for 2-methyl-2-
propanethiol is negative in sign, as it is for the two other
branched-chain C,H ;S thiols, 2-butanethiol (9 and 2-
methyl-1-propanethiol (20). The revised values of the functions
are listed in columns 2 to 6 of Table 111

A redetermination of the heat of combustion of 2-methyl-2-
propanethiol (3) led to the value -25.99 + 0.21 kecal. mole '
for the standard heat of formation of the vapor at 298.16° K. re-
ferred to rhombic sulfur. The foregoing value supersedes the
one reported previously (4) and used in (77). Values of aHf*,
AFf°, and log,,KY, calculated by use of the corrected values
for the thermodynamic functions and redetermined value of the
heat of formation, are given in columns 7 to 9 of Table I11.

3-Thiapentane. A previous publication (77) reported calcu-

lated values of the thermodvnamic functions uncorrected for
anharmonicity. Application of empirical corrections for an-
harmonicity (6, 74) with » = 1200 cm. ' and = 3.00 cal.
deg. ' mole !, selected to fit the calorimetric values of §° and
C,°, gave the values listed in columns 2 to 6 of Table IV. A re-
determination of the heat of combustion of 3-thiapentane (3)
led to the value -19.77 = 0.19 kcal. mole ' for the standard
heat of formation of the vapor at 298.16° K. referred to rhombic
sulfur, a value that supersedes those reported previously (4, 77).
Values of aHf°, aFf°, and log, K/, calculated by use of the
corrected values for the thermodynamic functions and rede-
termined value of the heat of formation, are given in columns
7to9of Table IV.

Methylthiophenes. 2-Methylthiophene. A previous publi-
cation (73) reported values of free energy of formation.

3-Methylthiophene. A previous publication (72) reported

Table IV. Molal Thermodynamic Properties of 3-Thiapentane

(Fe - H°)/T, (He - H°p)/ T, He - He,, S, ce, N aFfe"

T,°K Cal. Deg. ' Cal. Deg. ' Kcal. Cal. Deg. ' Cal. Deg. ' Kcal. Kcal. log, o Kf*

0 0 0 0 0 0 -28.46 -28.46 Infinite
273.16 - 68.05 17.52 4.787 85.57 26.35 ~34.72 - 7.63 6.11
298.16 - 69.62 18.34 5.467 87.96 27.97 -35.19 - 5.14 3.77
300 - 69.74 18.39 5519 88.13 28.09 -35.22 - 495 3.61
400 - 7548 21.63 8.652 97.11 34.65 -36.95 +5.40 - 295
500 - 80.66 24.85 12.43 105.51 40.75 -38.36 16.16 - 7.06
600 - 85.46 27.97 16.78 113.43 46.11 -39.43 27.17 - 9.90
700 - 90.01 30.89 21.62 120.90 50.81 -40.23 38.33 -11.97
800 - 9431 33.63 26.90 127.94 54.91 -40.75 49.59 -13.55
900 - 98.41 36.22 32.60 134.63 58.56 -41.00 60.91 ~14.79
1000 -102.37 38.60 38.60 140.97 61.79 -41.04 72.23 ~15.79

“See footnote a, Table II.

*Standard heat, standard free energy, and common logarithm of the equilibrium constant for the formation of 3-thiapentane by the reaction:

4C(c, graphite) + 5H,(g) + 1% S,(g) = C,H,,S (2).

Table V. Molal Thermodynamic Properties of 3-Methylthiophene ¢

(F° - H°)/T, (H® - H°))/T, He - H°,
T,°K. Cal. Deg. ! Cal. Deg. ' Kcal.
0 0 0 0
273.16 -61.75 13.18 3.599
298.16 -62.94 13.90 4.145
300 -63.02 13.96 4.187
400 ~67.47 17.06 6.823
500 -71.60 20.16 10.08
600 -75.53 23.06 13.83
700 -79.29 25.70 17.99
800 -82.88 28.12 22.50
900 -86.33 30.30 27.27
1000 -89.62 32.30 32.30

se, G, aHf!, aFfb,
Cal. Deg. ! Cal. Deg. ' Kcal. Kcal. loglObe

0 0 8.80 8.80 -
74.93 21.00 4.85 18.45 -14.76
76.84 22.81 4.54 19.70 -14.44
76.98 22.94 4.52 19.80 -14.42
84.53 29.61 3.44 25.06 -13.69
91.76 35.20 2.59 30.57 -13.36
98.59 39.73 1.94 36.23 -13.20
104,99 43.41 1.44 41.99 -13.11
111.00 46.49 1.09 47.80 -13.06
116.63 49.08 0.86 53.65 -13.03
121.92 51.27 0.77 59.53 -13.01

“See footnote a, Table I1I.

*Standard heat, standard free energy, and common logarithm of equilibrium constant for the formation of 3-methylthiophene by the reaction:

5C(c, graphite) + 3H,(g) + 248,(g) = C,H,S (g).
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values of thermodynamic properties uncorrected for anharmo-
nicity. The functions of (72) were corrected by inclusion of
empirical anharmonicity contributions (6, 74) selected to fit the
calorimetric values of §° and C,’. Values used for the param-
eters of the anharmonicity function were: » = 400 cm. ! and
< = 0.198 cal. deg.! mole”!. The corrected values of the
thermodynamic properties are listed in Table V.

PHYSICAL CONSTANTS

The reported values are based on the 1951 values of funda-
mental constants for physical chemistry, the 1951 international
atomic weights, and the relation 0°C. = 273.16°K.
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Heat of Solution of Ammonia in Ethyl Alcohol at 25°C.

JOHN R. MORTON, I

U.S. Army Chemical Warfare Laboratories, Army Chemical Center, Md.!

Certain thermochemical studies at these laboratories recently
required some knowledge of the heat of solution of anhydrous
ammonia in ethyl alcohol. An exhaustive search of the litera-
ture revealed that a rise in temperature had been observed dur-
ing measurement of the solubility of ammonia in ethyl alcohol
(7); unfortunately, the energy equivalent of that system had not
been measured to permit a molar heat of solution to be com-
puted. This work was done to supply that information.

The reagents used were absolute ethyl alcohol and anhydrous
ammonia. No additional purification was attempted with either
compound.

Temperatures within the calorimeter were measured and
graphed by an automatic temperature recorder using a
thermistor for a sensing element (2).

For each run, approximately 300 ml. of ethyl alcohol were
placed in the calorimeter. After thermal equilibrium was at-
tained, 1800 ml. of ammonia were introduced by mercury dis-

' Present address, University of California Radiation Laboratory,
Berkeley 4, Calif.
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placement from a gas buret (760 mm., 25° C.). When thermal
equilibrium was again attained, the energy equivalent was de-
termined by electrical heating. The temperature rises were de-
termined graphically from the time-temperature plot on the
recorder chart.

The quantity of ammonia in solution was determined by cold
titration with hydrochloric acid. The final solution contained
ammonia in a mole ratio of 0.014, approximately one sixth the
quantity needed for saturation (7).

The average integral heat of solution for ammonia in ethyl
alcohol at 25° C. was 6.27 = 0.03 kcal. per mole exothermic.
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