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Thermochemical Investigations on Organic Sulfur

Compounds
IV. On Thermochemical Sulfur Bond Energy Terms

STIG SUNNER

Department of Organic Chemistry, University of Lund, Lund, Sweden

From modern values of heats of combustion of sulfur compounds
the different sulfur bond energies have been computed. Assuming
the heat of sublimation of graphite and sulfur to be 138 and 66.3
kcal.gatom"!, respectively, the following values have been obtained:
Ec-.s = 61.5 kcal., Ecms = 115 keal., Es—u = 87.5 kecal. and Es—s
= 67 keal. .

The following heats of formation at 20° C have been computed from
combustion experiments: 5-Thianonane AHf° (liq) = —562.7 + 0.45
kecal. mole?; Methyl <sothiocyanate AHf° (s) = 18.7 + 0.30 keal.
mole-! and 1-Pentanethiol AHf° (ligq) = —36.2 + 0.20 kcal.mole-1.

For many problems in organic thermochemistry it is very useful — and some
times necessary — to have reliable bond energy data available. Recently,
Cottrell made a careful compilation of bond dissociation as well as thermo-
chemical bond energy data . The given values for sulfur bond energies origi-
nate partly from old determinations of heats of combustion. It therefore
seemed desirable to check these-values. Besides, it was judged possible to
increase the constancy of obtained data for the same bond by comparing pairs
of compounds with almost the same intramolecular environment and then
relate the energy of the differing bonds to each other*. The application of this
method is often successful — the calculation of the S—S bond energy ma.y
111ustrate this a,pproach

THE C—S8 BOND ENERGY

" Reliable values for heats of formation of dla.lkylsulfldes are available for

-thmpentane and 5-thianonane. A comparison between the thiaalkane and

the corresponding normal alkane gives the heat of substitution of a CH,-group
for a, sulfur atom (Table 1). .

* Cf. the group equivalent method, see Refs.h®. : non . S
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838 - 8TIG SUNNER
Alk,S (g) + C (graphite) + H, (g) - Alk,OH, + S (thombic) + AHr (I)

Table 1. Comparison between heats of formation of thiaalkanes and alkanes.

v AHf keal.mole-?
Al maoilie AHr
. keal.
Alk,S Alk,CH,
Et —19.9 —35.00% —~15.1
Bu —40.3 —54.75% —14.4
Alk, = (CH,); | —15.14* —29.43 —14.3

* The average between the value —14.968 + 0.25 koal. obtained at the US Bur. Mines,
Bartlesville * and our value -—15.32 + 0.20 keal.".

From AHr, the C—S thermochemical bond energy, Ecs, is caloulated in terms
of Ecc, the heat of atomization of sulfur, AHa(S), and the well known incre-
ment in the heat of formation per CH,-group (4.926 koal.) 8.

Ees =} (Boec + AHa(8) + AHr + 4.926) (1)

Using the values Ecc = 66.2 kcal.! and AHa(S) = 66.3 keal.! we get Hes =
61.2 and 61.56 koal. for Et,S and BugS, respectively.

An estimate of Ecs may also be obtained in the same way from the known
heat of formation of thiacyclohexane, assuming the ring to be strainless. The
ocaloulation leads to Hcs = 61.6 kcal. Within the expected errois the three
values are identical. We therefore use the average and put

E¢ = 61.5 kcal.

This value is primarily valid for straight ehain dialkyl and unstrained ring
sulfides but will also be used for the caloulation of the thermochemical sulfur-
hydrogen and sulfur-sulfur bond energies.

THE C=8 BOND ENERGY

. A direct determination of the C=3 bond energy is at present not possible
due to the fact that thiones without electron-interfering neighbors are not
stable as monomers. The few exceptions known have no unambiguous struc-
ture; cyclohexanthione exists in two protomeric forms, viz. cyclohexanthione
and 1-mercapto-cyclohexer ?. In compounds available for an experimental
investigation the heat of formation of a C=S8 bond is made up of two quan-
tities, the (by definition) invariable C=8 bond energy and the energy supplied
by interaction between the C=S group and its environment **. However, it is

#* Asg in the case of the C=0 bond, the C=8 bond energy implicitly includes the stabilizing
energy from the interaction between the C=8 and C—S8 structures.
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possible to give a relation between the bond energy and the interaction energy
(resonance energy) for resonating molecules containing a C=S bond." - -

Pauling estimated the C=S bond energy to be 103 kcal. and the resonance
energy for CS, to be 11 kcal., for COS 20 keal.; for CO, the resonance energy is
33 kcal.l®, Using data for CS, and COS from Selected Values 11, the heats of.
formation of monoatomic gaseous carbon 1 and sulfur ¢ and the estimated
C=S bond energy 103 keal., the resonance energy for CS, becomes 23 kcal. per
mole, and for COS 28 kcal. per mole. Either the C=S bond energy or the re-
sonance. energies for COS and CS, must be in error. If the resonance energies
.given by Pauling are correct, a C=S bond energy of about 112 kcal. should be
expected.

From bond distances (see Pauling) and from infrared measurements 2 it is
implied that the character of the resonance in CO,, COS and CS, is the same,

- + 4+ Z
the three structures X=(C=Y, X—(C=Y, X=C—Y contributing equally
(X, Y = O, S). Under these circumstances the decrease in interaction energy
from CO4 over COS to CS, is in accordance with the weaker C—S bonds com-
pared with the C—O bonds. It thus seems justified to use the values of the
resonance energies given by Pauling as fairly good approximations.

The endothermicity of the reaction

C (g)+28S (g) =CS, (g) may be expressed as
A.Hf (a.tomic) = — 2Ec_s——Rcs. (2)

where Ec.g is the energy of the C=S bond and Rcs, the resonance energy of CS,.
From the heat of formation of gaseous CS,!' and gaseous monoatomic
carbon! and sulfur 1:

Ec..s = 121—0.5 Rcs. kca.l. (3)

Using Rcs, = 11 keal., Ec.g = 116 keal.
Analogously, for COS (using Ec-o = 162 keall): _
Ecos = 134 — Rcos (4)
Rcos = 20 keal. gives Hc.s = 114 keal. '
It should be possible to determine the C=S bond energy more precisely
from the heat of combustion of a compound with a small resonance energy.
The resonance energy of the alkyl ¢socyanates, according to Pauling, is 7 keal.

and for the thiocyanates it should be less than that. We therefore redetermined
the heat of combustion of methylisothiocyanate and found

AHf = 27.1 keal. per mole

in good agreement with Thomsen’s value of 28 kcal. Using Cottrell’s bond
energy values, we found

Ee—s + Ruacs = 118 keal. ' (5)

If we put Ryencs = 3 keal., we get Ec_s = 115 keal.
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The somewhat arbitrary choice of resonance energy values gets support
from equations (3) to (5). These equations combine to give:

Reos = 0.5 Res, + 13 (8)
Rcos = Ryexcs + 16 ©(7)

Ruencs is of course positive but should be less than 7 keal., a probable value is
3—>5 keal. Thus, 23 > Rcos > 186, it is believed that 19—21 kecal. should be a
fair estimate. The limits for the Rcs, value will then be 20> Rcs,> 6, and
prebably 16 > Rcs,>> 12. The apparently proportional decrease in interaction
energy in the series, CO,, COS and CS, favors the low limit value of Reos = 19,
which gives Rcs, = 12, Ruencs = 3 and Ec_s = 115 kcal. We will therefore use
this value as a fairly good estimation of the C=S bond energy.

E¢_s = 115 Kkcal.

Pauling and Sherman deduced the resonance energy of MeNCS to be 10
kcal. From this value, according to equation (3)—(5), Rcos = 26 kcal. and thus
Rcs, = 26 keal. which is not very probable. It is worth noticing that equatlons
(3) to (5) are based only on

1) the assumption that it is possible to express the energy of a resonating
molecule as a sum of constant bond energies plus a resonance energy term
(which in fact only indicates the deviation from the constancy of the bond
energies);

‘2) experimental data of heats of combustion;

3) the values of bond energies given by Cottrell concarnmg the Fe.x-
term value, which differs appreciably from previous values in the literature,
reference is made to the further discussion.

These assumptions being essentially correct, the equations (3) to (5) relate
the resonance energy terms for different compounds to each other. The con-
clusion as to the probable value of the termochemical C=S bond energy is
drawn from the fair assumptien that the interaction energy changes in a regular
manner in the series CO,, COS and CS,.

Cottrell prefers to incorporate the resonance energy term into the value
of the thermochemical bond energy and gets Ec.s = 121 keal. both for COS
and CS,. This agreement is reached by using the value Ec.o = 175 keal. which
is calculated for CO, and which also includes the resonance energy term. How-
ever, from Cottrell’s data, the calculated atomic heat of formation of MeNCS
exceeds the expenmenta.lly determined value by 3 keal.; for MeNCO the calcu-
lated value exceeds the experimental by as much as 22 keal. if Eco = 175keal.
is used. Excluding the resonance energy from the bond energy term and using
Ec_o =162 kecal. (Ketones; Cottrell) and FEc.s= 115 kcal. (this paper) the
resonance energy of MeNCS becomes 3 kcal. (assumed value) and the calculated

" atomic heat of formation of MeNCO still exceeds the experimental value by
9 keal. The heat of combustion of methyl isocyanate was determined by
Lemoult in 1898 13 and might be seriously in error. This suspicion is strengthe-
ned by the fact that Pauling 10, Glockler 4, Syrkin and Dyatkina % and others
have used the heat of formation of MeNCO to calculate the C=N. bond energy
and give values between 90 and 94 kcal. while Cottrell, who has used a deter-
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mination of the heat of formation of n-butyl isobutylidine amine from Coates
and Sutton !¢ obtains the much higher value of 112 kcal. (Recalculated from
Pauling’s values for heats of atomization of carbon and nitrogen it becomes
105 keal.).

A comparison between the heats of formation of the following pairs of com-
pounds also indicates an abnormal situation for the pair methylsothiocyanate
and methyl isocyanate (Table 2).

R=S (g) + O (g) > R=0 (g) + S (g) + 4Hr (II)
Table 2.

R = AHr

keal.

OC = —54.1

SC= —53.3

MeNC = —34.7

(NH,),C = —50.5

THE S—H BOND ENERGY

The S—H bond energy was calculated from the known heats of formation
of 1-pentanethiol, 2-propanethiol and hydrogen sulfide. From the heat of
formation of H,S Cottrell calculates Egy = 87.7 kecal.l. In order to obtain an
Esq value for a normal mercaptane we determined the heat of combustion of
1-pentanethiol and found the heat of formation of the gaseous substance

to be AH f= —26.7 keal.*. A comparison between l-pentanethiol a,nd
n-pentane gives the desired value of Es_u
CsH,;—H + S (g) » C;H,;—S—H 4H = —58.9 keal. © o (IIL)
Ecﬁ——Ecs—-—EsH = —58.0 (7)

Ecuy = 90.5 keall and Ecs = 61.5 gives Hsu = 87.0 kcal. Recently, the
Bartlesville group has determined the heat of formation of 2-propanethiol 8.
From their result one gets' Esy = 87.5 kcal. Thus a value of 87.5 keal. for
Es_xu ean be adopted with fair confidence. : :

Es_yw =875 kcal;

THE S—S BOND ENERGY

. High precision determinations of heats of combustion of disulfides are
lacking in the literature. However, Franklin and Lumpkin !* burned the
dimethyl- and diethyl disulfides in a static bomb system. Their result for 2-
methyl-2-propanethiol shows a fairly good agreement with the value from the
US Bureau of Mines group *” and the results obtained seem to be accurate
within 4 1 keal. :

.+ *-~The average has been used between the values obtained at the US Bureau orf Mines, Ba.rtles
ville, 4H{° (liq) = —-36.12 keal.l” and in this laboratory, 4AH{° (liq) = -—36.23 keal. ST
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The S—S bond energy may be obtained from a comparison between the
ie&;.s of formation of 3-thiapentane and diethyldisulfide, AHf (g) = —21.4

cal.*. ‘

Et —S —Et (g) + S (g) » Et — S—S — Et (g); 4H = —67.8 keal. (IV)
which gives Egg = 67.8 keal. ‘ .

In the ‘same manner one gets from dimethyldisulfide, AHf = —17.2 keal.,
and dimethylsulfide, AHf = —6.9 kcal.l, Egg = 66.6 kcal. **,

From the heats of formation of liquid H,S, 1* and H,S 1! and an estimation
of the heat of vaporization of H,S, using Klages equation ¢ (4Hp = 8.0
keal.), Bss = 59 kcal.. However, the calculated value of the heat of for-
mation of H,S, can be appreciably in error and therefore no particular em-
phasis can be put on this Ess-value.

Pauling has used the heat of atomization of rhombic sulfur to calculate
Egs 1. AHa (S) = 66.3 koal. is combined with the heat of vaporization for
S(rh) -+ S (g), 24.35 kecal.®!, which gives Egs = 63.3 kcal. However, this
result is believed to be only of limited value for disulfides, considering the in-
creased opportunity for intramolecular interaction in the Sg-ring as compared
with that in a normal disulfide. Therefore, for organic disulfides the value

Egg — 67 kcal,
will be adopted.

HEATS OF COMBUSTION ***

-+ Materials. The samples of 5-thianonane and methyl isothiocyanate were ?irl;?amd
and purified at this laboratory. The thianonane was repeatedly distilled at different
greesums, all fractions during the last distillation boiled at the same constant temperature,

Pess 95.10 + 0.05°, b.p.,, 112.20 + 0.05°, np 1.4572. The methyl ¢sothiocyanate was
purified after distillation by repeated sublimations to constant m. p.

. The pentanethiol was obtained from the U.S. Bureau of Mines, Thermodynamiocs
Laboratory, Bartlesville, U.S.A., as "’Samples of API—BM certified sulfur compounds
gnrified at the Laramie Station of the Bureau of Mines and made available by American

etroleum Institute Research Project 48 A on the Production, Isolation and Purification
of Sulfur Compounds and the Measurement of their Properties”****,

- Apparatus and method. The calorimeter and accessory apparatus, experimental pro-
eedure and method of calculation have been described in detail &reviously 1,

Units of measurement and auxiliary quantities. The results of the combustion experi-
ments are expressed in terms of the defined calorie equal to 4.1840 abs. joules and refer
to’the isothermal process at 20° and to the true mass. The molecular weights were com-

uted from the 1951 table of international atomic weights. The observed values for the
at of the bomb process were corrected to obtain values for the energy of the idealized
combustion reaction in which all the reactants and products are in their standard states at
20° and no external work is performed. The corrections, which include those from the
formation- of nitric and nitrous acids and for the dilution of sulfuric acid were
a8 deacribed by Sunner 7s*. The heats of formation of water and carbon dioxide at 20°
were taken to be 68.355 and 94.050 cal.g-!, respectively. '

* Franklin and Lumpkin give the value —20.0. From Scott e al. * the heat of vaporization
is deduced to be 11.1 keal. which gives AH{ (g) = —21.4 keal,
** Cottrell deduces Ess = 70 and 67 keal. for diethyl- and dimethyldisulfide, respectively.
#4¢ Together with B. Lundin. '
#22% Woe are indebted to Dr. Guy Waddington and Mr. Ward Hubbard of the Thermodynamics
Laboratory, U. 8. Bureau of Mines, Bartlesville, for furnishing this sample.
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Energy equivalent of the calorimeter. The energy equivalent of the calorimeter has been
given elsewhere * as Sp = 5251.3 -+ 0.4 cal. per I.U. (= interval unit, equals 1.35° C).
A minor change in the system gave S = 5255.1 cal. per I.U.

Heat of combustion of paraffin oil. Paraffin oil has been used as an auxiliary substance.
Table 3 gives the results of two series of determinations of the heat of combustion of the oil.

Table 3. Heat of combustion of paraffin oil. The head lists Su the energy equivalent of
the calorimeter excluding the charge of substance (8), which 18 included in Sy. qco, the heat of
solution of carbon dioxide and qwe the Washburn corrections. The columns list the amount
of oil burned, the corrected increase in temperature in interval units, the heat of combustion
of the fuse, the correction for the formation of nitrogen acids and the heat of combustion of the
paraffin o0il under standard conditions.

oil AT core Gtuse o~ —AB%M
mg mass 1.U. cal. cal. cal.per g mass.
SB = 5251.3 cal. per 1.U., S¥;= 0.8 cal. per I.U., gco, = 5.1 cal., gwc = 0.8 cal.
474.52 1.00216 - 14.7 9.4 11027.1
471.55 0.99616 17.3 9.6 11025.6
471.61 0.99600 15.2 9.6 11026.9
471.05 0.99450 14.0 9.6 11025.8
470.98 0.99483 15.8 9.4 11025.9

' Average 11026.2
Sp = 5255.1 cal. per 1.U.

471.08 0.99441 15.3 9.4 11027.8
469.27 0.99010 14.2 9.7 11025.6
472.70 0.99754 14.9 9.6 11027.1
471.75 0.99507 14.3 9.6 11024.3
473.03 1.01869 12.6 9.7 11025.8
473.22 0.99847 13.7 9.4 11026.56

Average 11026.2
Average for both series —AE%({M = 11026.2 cal. per g mass.

Correction for the heat of formation of sulfuric acid. The application of the Washburn
corrections to the combustion of a compound containing suﬁur means that the heat of
combustion has been calculated for an idealized process, the final state of which is made
up of CO, (g, 1 atm) and a diluted sulfuric acid, H,SO,, n H,0; n usually being about 115.

In order to minimize the influence from possible systematic errors due to the presence
of sulfur, the heat of combustion of rhombic sulfur has been determined under strictly
comparable conditions and the final reaction has been calculated for the formation of
rhombic sulfur:

. b 3d
CaHpS3 (s or lig) + (a. + vy + 7) 0, (g8) +aq =
aCo, (g) + dH,80,, nH,0—AE°’ V)
S (rhomb) + %o. (g) + aq = H,S80,, nH,0—4E°" (VD)

Substracting d times VI from V gives:

CaHySa (s or lig) + (o + 2) 0y (@) =

aCO, (g) + % H,0 (liq) + d S (rhomb) ——AE%' + d4B°" (VII)
The value of 4E°” for n = 115 is given in Table 4 for four different series of experiments.
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Table 4.
—AEc” (115)
: Amount of sulfur 81 ‘
Sample Investigator s cal. per milliatom
milliatoms of sulfur
1 A b 143.05 + 0.05
1 B 5 143.05 + 0.05
1 B 8 143.10 + 0.10
2 B 5 143.20 + 0.10

Average for all determina.tions 143.10 4+ 0.05 cal. per millimole of H,SO,, 115 H,O *.
Deviations from a final dilution of H,80,, 115 H,0 are accounted for by using SVCTP
values of heats of formation of sulfuric acid at different dilutions 1,

RESULTS

The results of the individual combustion experiments are presented in
Table 5. '

Table 5. Results of combustion experiments. S = 52561.3 cal. per 1.U., 5265.1 cal. (x)

Sample 0Oil AT core Qtuse gN —AE°c|M
mg mass mg mass 1.U. cal. cal. cal. per g mass.

5-Thianonane.
M = 146.290, D, = 0.840, Sr = 0.6 cal., gco, = 4.7 cal. gwec = —0.4 cal.

354.17 151.81 0.99528 15.4 '10.2 8967.4
334.24 171.60 0.99947 16.1 10.7 8969.9
343.71 161.02 0.99498 15.4 10.7 8968.9
350.36 157.44 1.00053 - 16.2 10.8 8973.8
371.50 x 137.21 0.99722 15.6 10.7 8972.8

Average 8970.6
Methyl isothiocyanate.

- M = 173.118, D2 = (1.1), Sp = 0.5 cal., qco, = 4.9, 5.0, 4.6 cal., gwc = 0.0 cal.

188.36 355.52 0.974528 14.9 12.56 4223.2
341.23 247.71 0.985021 14.0 13.6 4229.8
237.57 315.75 ©  0.949528 16.7 14.0 4227.6

Average 4227
1-Pentanethiol.

M = 104.212, D = 0.85, S¢ = 0.6 cal,, gco, = 4.7 cal., gwe = —0.4 cal.

388.86 138.53 0.99671 13.8 10.9 8084.8
403.96 129.46 1.00509 15.1 11.0 8084.3
413.60 x 120.61 1.00282 15.0 10.0 8082.8
364.54 1567.83 0.99365 16.5 10.4 8084.6

Average 8084.1
* This value is 0.3 keal. higher than that obtained at the US Bureau of Mines, Bartlesville.
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From the results the following values of AHf (liq) and 4Hf (g) have been
computed at 20°C.: ’

8C (graphite) + 9H, (g) + S (rhombic) —
CgH,eS (liq); 4Hf° (liq) = —52.7 4- 0.45 * keal. mole? (VILI)

The heat of vaporization was estimated from boiling point versus pressure
data. Stull’s compilation 22 of vapor pressures gives 12.8 kcal. mole™; our
own data 12.0 kecal. molel. The average value, 12.4 kecal. mole, has been
used. For -

2C (graphite) + 14H, (g) + 4N, (g) + S (th) -
CH,NCS (s); 4Hf° (8) = + 18.7 4- 0.30 * kcal. mole™. (IX)

The heat of vaporization was calculated from vapor pressure data  to + 8.4
kecal. mole!. Thus, AHf (g) = + 27.1 keal. For :

5C (graphite) + 6H, (g) + S (rthombic) -
C,H,,SH (liq); 4Hf° (liq) = —36.2 4-0.20 * koal. mole™? (X)

AH,.p, was estimated from vapor pressure data to 9.5 kcal. mole-t. Thus
AHf (g) = —26.7 kecal. mole™.
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