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Heats of Formation and Bond Dissociation Energies of Some Simple 
Sulfur- and Halogen-Containing Molecules 

Gerald A. Takacs 
Department of Chemistry, Rochester Institute of Technology, Rochester, New York 14623 

The heats of formation and bond dlssoclatlon energies of 
some simple sulfur- and halogen-containing molecules are 
derived from information found In the literature. These 
thermochemical quantities are useful In determining the 
energetically favorable reactions that may occur between 
the sulfur and halogen chemical cycles of the 
stratosphere. 

Chlorine (77), bromine (22), and fluorine ( 17, 18) chemistry 
play an important role in the chemistry of the stratosphere. 

Sulfur compounds are also known to be important constituents 
of the atmosphere, and chemistry involving sulfur species (e.g., 
S, SO, SO2, SO3) is of vital importance in the formation of 
aerosols in photochemical smog and in the Jungle layer of the 
lower stratosphere (4, 7,  9, 12). These sulfur and halogen 
cycles have thus far been considered independent of one 
another; however, chemical reactions between these cycles may 
occur. 

In order to determine which reactions are thermodynamically 
favorable, the change in Gibbs free energy is required. At 0 
K, AG = AHo' and therefore the change in enthalpy was 

Table I. Heats of Formation and Bond Dissociation Energies of Some Gaseous Sulfur- and Halogen-Containing Molecules 
Species AHfao, kcal/mol Ref D; (X-Y), kcal/mol Ref 

0 58.983 21 
0 3  34.74 21 (0,-0) 24.2 t 0.5 1 1  
F 18.36 * 0.4  19 
c1 28.68 21 
c10 24.33 1 1  63.3 

0 21 57.3 f 0.1 5 C1, 
S 66.1 

30.8 * 0.2 19 101.5 i 1.5 5 
so 1.5 21 123.6 * 2 5 
S, 

-70.336 21 (OS-0) 130.8 * 2.0 5 
1 9 t  3b 16 76 f 4 16, This workC 

SO, sc1 
-5.3 3 (ClS-Cl) 53 i 4 16, This workd sc1, 

SZC12 

This work" 

21 

This worke 

This workg 

-7.7 3 ((21.3-SCl) 46 * 7 

s $1 17 i 2 This workf (ClS-S) 68 f 5 
(ClSS-C1) 53 r 1 16 

(SS-Cl) 42 * 3 16, This workh 
osc1, -50 .0  r 0 .2  21 (OClS-Cl) 58 f 2 16 

(C1,S-0) 104 * 2 This work' 
OSCl -21 f 3 This work' (Os-Cl) 51 i 4 This workk 

(0-SCl) 99 6 This work' 

(C1,OS-0) 92 f 2 
1 (0,ClS-Cl) 46 * 4 16, This workm 

2, This work" 
O,SCl, -83.3 * 0.5 

0,SCl -66 t 4 This work' (0,S-Cl) 24 t 4 This workp 
This workQ (ClOS-0) 104 i 7 

OSF, -129 i 25 1 
O P ,  -179.3 f 2 1 (0,FS-F) 81 f 2 23 

This work' 
This workt 
This work' 
This work" 

(OF,S-0) 109 i 27 
0,SF -117 * 5 This works (0,s-F) 65 t 5 
0,SClF -131.2 * 5 1 (0,FS-C1) 43 * 10 

(0,ClS-F) 84 * 10 
OSBr, -29.6 t 0.6w 6 
0,SBrF" 

" Calculated using eq 2 and the heats of formation of C1, 0, and C10. Observation of the sixth vibrational level of HCl in the reaction H + 
Cal- 

SC1, -+ HC1 + SCl requires AHfC(SC1) = 22 kcal/mol; the seventh vibrational level may also be produced which would give AHf,"(SCl) = 19 
kcal/mol. If the difference, D(S-S)  - D(HS-SH), is the same for D(S-S) - D(C1S-SCl), then iWf,"(SCl) = 16 kcal/mol is needed (16). 
culated using eq 2 and the heats of formation of S, C1, and SC1. 
e Calculated using eq 2 and the heats of formation of SC1 and S,Cl,. The bond dissociation energy of RS-SR is 68 i 6 kcal/mol when R =  
Me, Et ,  n-PI, n-Bu, and t-Bu (14,15). f Calculated using eq 2, the bond dissociation energy of ClSS-C1, and the heats of formation C1 and 
S,Cl,. 6' Calculated using eq 2 and the heats of formation of S, SC1, and S,Cl. The bond dissociation energy of RS-SR is 68 i 6 kcal/mol 
when R =Me, Et, n-PI, n-Bu, and t-Bu ( 1 4 , 1 5 ) .  !I Caiculated using eq 2 and the heats of formation of S,, C1, and S,Cl. 
2 and the heats of formation of 0, SCl,, and OSC1,. J Calculated using eq 2, the bond dissociation energy of OClS-Cl, and the heats of for- 
mation of C1 and OSCl,. k Calculated using eq 2 and the heats of formation of SO, C1, and OSCl. Calculated using eq 2 and the heats of 
formation of 0, SC1, and OSC1. Calculated lising eq 2 and the heats of formation of C1, O,SC1, and O,SCl,. " Calculated using eq 2 and 
the heats of formation of 0, OSCl,, and O,SCl,. O Estimated using heats of formation for C1, Cl,, and O,SCl, and heat of reaction AH" = 
-11.5 t 2.5 kcal/mol for C1 + O,SCl, + C1, + 0,SCl at  300 "C (20). p Calculated using eq 2 and the heats of formation of SO,, C1, and 
0,SCl. 
OSF,, and O,SF,. Calcu- 
lated using eq 2 and the heats of formation of SO,, F, and 0,SF. 
0,SClF. " Calculated using eq 2 and the heats of formation of F, O,SC1, and 0,SClF. tu At 25 "C. A- The following thermodynamic pro- 
perties for 0,SBrF have been reported at 25 "C: (H" -Eo)/?'= 12.3764, - ( G o  -E,")/?'= 63.0424, So = 75.4188, Cpo = 17.7014 (all in tal/ 

Calculated using eq 2 and the heats of formation of C1, SC1, and SC1,. 

Calculated using eq 

9 Calculated using eq 2 and the heats of formation of 0, OSCI, and 0,SCl. Calculated using eq 2 and the heats of formation of 0, 
Calculated using eq 2, the bond dissociation energy of 0,FS-F, and the heats of formation of F and O,SF,. 

Calculated using eq 2 and the heats of formation of O,SF, C1, and 

(deg mol)) (8). 

0021-9568/78/1723-0174$01,00/0 0 1978 American Chemical Society 



Journal of Chemical and Engineering Data, Vol. 23, No. 2, 1978 175 

involving ground-state S atoms. evaluated at 0 K for each reaction. This was accomplished by 
using eq 1 where AHfo' represents the heat of formation of 

reactants, R, and products, P, and up and vR are the stoi- 
chiometric coefficients of the products and reactants, re- 
spectively. An equivalent method is to sum the bond dissociation 
energies, Doo, of the bonds that are broken and subtract from 
this total the bond energies of the bonds formed in the reaction. 
Unfortunately, few values for the heats of formation and bond 
dissociation energies of sulfur- and halogenGontaining molecules 
have been reported in standard reference tables ( 7 ,  5, 70, 7 7 ,  
73). These data (Table I) were therefore derived by making 
use of eq 2 and information found in the literature. As an 

D:(X-Y) = AHf;(X) + AHf,"(Y) - AHf,"(XY) 

example of the use of Table I the exothermicities of four 
chemical reactions involving sulfur- and chlorine-containing 
species are listed below: 

S(g) t Cl(g) + M(g) -, SCl(g) t M(g) AH," = -76 kcal/mol (3) 

M in reaction 3 refers to the third body involved in this ter- 
molecular reaction. 

S(g) t ClO(g) -, SCl(g) + O(g) AH," = - 12 kcal/mol (4) 

SCl(g) t O,(g) + OSCl(g) + O,(g) AH," =-75 kcal/mol (5) 
OSCl(g) t O,(g) +. O,SCl(g) t O,(g) AH," = -80 kcal/mol ( 6 )  

It is also interesting to note that abstraction of a CI atom from 
CFCI, or CF,CI, by an S atom is slightly exothermic since the 
C-CI bond energies in these molecules are approximately 70-75 
kcal/mol (77). 

(7) 

The corresponding reactions of S('D,) and S('So), which are 
formed from photolysis of SCO in the stratosphere ( 4 ) ,  are 26.4 
and 63.4 kcal/mol, respectively, more exothermic than reactions 

S ( g )  + CF,Cl.,-,(g) --t S C W  t CF,Cl,-,(g) 
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Thermodynamic Quantities for the Ionization of Water in Sodium 
Chloride Media to 300 "C 

Richard H. Busey and Robert E. Mesmer" 

Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

The thermodynamic quantities at the saturation pressure 
for the dissociation of water at rounded temperatures from 
0 to 300 OC and ionic strengths to 5 m in NaCl medla are 
presented in tabular form. The thermodynamic 
parameters were derived by computer from analytical 
expresslons representing 0, = [H+][OH-] presented in an 
earlier paper. The small dlfference in the effect of NaCl 
over KCI on the Ionization of water is briefly discussed. 

Data have been previously reported ( 7 ,  3) which precisely 
define the ionization behavior of water, H,O(I) = H+ 4- OH-, in 
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both NaCl and KCI media at the saturation vapor pressure of 
water to 300 O C .  In the study of aqueous equilibria involving 
hydrogen ion or hydroxide ion dissociation it is often desirable 
to examine the thermodynamic quantities for the processes. 
However, the analytical expressions representing Q,  
[H'] [OH-] as a function of temperature, pressure, and ionic 
strength are sufficiently complex to require the use of computers 
for routine derivation of the thermodynamic parameters. These 
calculations have already been reported for the KCI media but 
not for the NaCl media (3). 

In this brief paper we have employed the results from ref 3 
to fix the parameters describing the infinite dilution and the 
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