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Abstract 

Group additivity values are presented which can be used to estimate standard heats of 
formation for a variety of gaseous fluorocarbons, chlorofluoroearbons, hydrofluorocarbons and 
hydrochlorofluorocarbons (molecules, radicals, diradicals and carbenes). Wherever these values 
cannot be obtained directly from standard heats of formation, they are estimated by requiring 
bond dissociation enthalpies to follow monotonic trends across homologous series of species. 
For cases where there is insufficient information to establish these trends, an alternative 
empirical procedure that stems from ab initio results is used. An estimate of the uncertainty in 
each group additivity value is provided. 
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1. Introduction 

A wide variety of gaseous, halogenated and partially halogenated hydrocarbons 
have important applications not only as commercial products (e.g., refrigerants, 
blowing agents and solvents [1]) but also as starting materials in the production of 
monomers (e.g., conversion of CF2HC1 to C2F4 [2,3] and ofC2F 4 to n-C3F 6 [4]) which 
are subsequently used to manufacture polymers [5-7]. In recent years, many of the 
chemicals involved (e.g., chlorofluorocarbons (CFCs) and some FCs) have come under 
scrutiny because of environmental and toxicological concerns [8,9], and others (e.g., 
some HCFCs and HFCs) have received considerable attention as potentially less 
hazardous replacement materials [ 10-12]. An important aspect of these developments 
is the need to use new or modified chemical processes that have highyields and, hence, 
generate only small quantities of hazardous waste streams [13], An integral part of 
such changes is a better understanding of the thermochemical behavior of the species 
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involved. Here, it is emphasized that "species" does not just refer to stable compounds 
but includes intermediates such as radicals [14] and carbenes [15] which could have 
a significant effect on the distribution of reaction products in chemical plants [11,16] 
and atmospheric processes [17, 18]. 

At this time, quantitative information on the thermochemical properties of FCs, 
CFCs, HFCs, and HCFCs is quite limited, especially for intermediate species. En- 
tropies and heat capacities can in principle be calculated using statistical mechanics if 
their structures and vibrational frequencies are known [19,20]. However, standard 
heats of formation AfH ° at 298.15 K, which are particularly important because they 
dictate the relative thermodynamic stability of the species, are more difficult to 
determine. Experiments and quantum mechanical calculations are currently being 
performed to obtain AfH ° values [21-25], but it will be a considerable time before 
reliable results are available for the many relevant FCs, CFCs, HFCs and HCFCs. 
Meanwhile, it is necessary to develop empirical procedures that will give approximate 
yet reasonable values for their standard heats of formation. 

The most successful empirical method for estimating standard heats of formation of 
gaseous species is based on the additivity of group properties [19, 26, 27]. With this 
approach, AfH e for a compound AB is obtained by summing the contributions from 
constituent groups (A and B) according to the relationship 

AfH°(AB) = AfHe(-A) + AfH°(-B) (1) 

Additional terms would be needed on the right-hand side of Eq. (1) if the species 
contained more than two groups. Each term of the form AfH°(-A) is referred to as 
a group additivity value (GAV). These GAVs can be established fairly readily if 
accurate AfH O values are available. For example, one could set AfH°(-A)= 
0.5AfH°(A2) and then use Afn°(-A), AfHe(AB) and Eq. (1) to obtain AfH°(-B). 
The values may need to be modified somewhat so that they also apply to other species 
containing group A or B. Overall, one would like to pick GAVs that minimize the 
errors in AfH e incurred when the values are applied to a broad range of compounds 
[28-31]. The accuracy of the method depends on the number and accuracy of known 
AfH ° values available for fitting the GAVs and on the compromise involved in picking 
a GAV suitable for several species. For hydrocarbons, the procedure has yielded results 
for AfH e with uncertainties generally < 8 kJmol-1 [27-31]. For halogenated and 
partially halogenated hydrocarbon species, however, the paucity of reliable AfH e 
information and the nature of the compounds have made it more difficult to assign 
meaningful GAVs [30,31]. Consequently, the uncertainties in calculated values of 
Arn ° are larger (see below) and, in many cases (e.g., radicals, carbenes, and some 
molecules containing halogenated groups), GAVs have not yet been determined. 

When insufficient inl~rmation is available for establishing GAVs, one must usually 
resort to a simpler approach which sums average properties associated with each bond 
in a molecule [19, 27]. Preliminary calculations for some FCs and CFCs using this 
method yielded AfH ° values with errors > 75 kJ mol- ~ for molecules and even larger 
errors for radicals [32]. The large errors associated with the bond additivity approach, 
coupled with its inability to distinguish isomers, indicate that it is unsuitable for CFCs 
and related species. 
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In this paper, GAVs are presented which can be used to estimate standard heats 
of formation for a variety of FCs, CFCs, HFCs and HCFCs (molecules, radicals, 
diradicals and carbenes). Wherever these GAVs cannot be obtained from ACH ° values 
directly, an adaptation of the group additivity method is used in which GAVs are 
estimated from trends in bond dissociation enthalpies. A similar approach has given 
reasonable results for species involved in production of AlxGal -x As from trimethylgal- 
lium or triethylgallium and arsine [331. For cases in which there is insufficient 
information to establish trends in bond strengths, an alternative empirical procedure 
(which stems from ab initio results) is used. 

2. Methodology 

The standard heat of formation ACHO(AB) can be written as 

ACHO(AB) = ACHe(A) + ACHe(B) - DO[A-B] (2) 

where DO[A-B] is the dissociation enthalpy of the bond(s) linking group A and group 
B in AB and ACHe(A) and ACHe(B) are the standard heats of formation for species 
A and B, respectively. For organic species, it is convenient for each group X (where X is 
A or B) to contain only one carbon atom, as data are available for these standard heats 
of formation (see Table 1). Here it should be noted that X is a radical or carbene 
(depending on the starting species) and that ACHe(X) is not the same quantity as the 
GAV ACHo(-X). 

The standard heat of formation ACHO(AB) can be calculated from Eq. (2) if bond 
dissociation enthalpies of the type DO[A-B] can be estimated. Conversely, DO[A-B] 
can be determined from Eq. (2) if all three AcH ° values are known. Values of De[A-B] 
obtained in this way appear to vary monotonically across homologous series (see 
Figs. 1 and 2) and, in some cases, the trends are linear. Moreover, each DO[A-B] value 
can be broken down into GAVs, i.e. 

DO[A-B] = DO[-A] + DO[-B] (3) 

In Fig. 2, the trends in DO[A-B] are equivalent to trends in De[-A],  as one group 
remains unchanged across the series. This result suggests that De[-A] can be expected 
to follow monotonic variations across homologous series. Note that, for partially 
fluorinated hydrocarbons, the variations in DO[-A] across a series are much smaller 
than those in ACHe(-A). Consequently, a stipulation that D°[ -A]  should follow 
monotonic trends yields narrower bounds for an unknown value than if one required 
the ACHO(-A) values themselves to vary monotonically. Therefore, we have chosen to 
use trends in DO[A-B] and De[-A]  to help specify the most suitable GAVs for AC H °  in 
Eq. (1) for cases where there are insufficient data on heats of formation to construct 
a complete table of ACHO(-A) values directly. 

The procedure used in this paper is as follows: (i) known ACH e values (see Table 2) 
are used to establish as many GAVs for the heats of formation as possible by 
minimizing the errors in AfH O values obtained by summation of GAVs according to 
Eq. (1); (ii) this incomplete set of ACHO(-A) values is converted into DO[-A] values 
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Table  1 

S tandard  heats  of  fo rmat ion  a t  298.15 K for in te rmedia te  species. The  uncer ta in t ies  in  the average  values  are  
es t imated  from the va r i a t ions  in the values  ob t a ined  from the l i te ra ture  ( inc luding any  uncer ta in t ies  ci ted for 

those  values). Fo r  each species, the o rde r  of the references and  the l i te ra ture  values  co r r e spond  directly. N o t e  

tha t  values  of AHe ° for F, C! and  H a t o m s  are  given elsewhere 1-34, 35] 

Species A f H ° / k J  m o l -  ~ References 

Average  Li te ra ture  values  

:(~F 244.9 + 19 248.5; 254.8; 233.4; 242.7 36-39  
:(~H 595.1 ___ 17 597.9; 594.1; 594.1; 594.1 38, 4 0 - 4 2  

:(~C1 433.9 ___ 21 432.6; 435.1 38, 43 

:CF  2 - 194.2 + 17 - 2 1 3 . 8 ;  - 205 .0 ;  - 190.0; - 194.1; 38, 4 3 - 4 7  
- 172.0; - 190.0 

: C F H  116.7 ___ 17 136.8; 108.8; 104.6 38,43,48 

:CFC1 6.0 + 15 13.8; - 8 . 4 ;  12.6 38,43,49 
:CHCI  307.1 _ 11 317.1;297.1 38,43 

:CCI 2 201.0 ___ 42 163.2; 213.4; 226.4 43, 50, 51 

:CH2 385.4 + 4 385.8, 384.9 52, 53 
• C F  3 - 470.3 ___ 4 - 465.3; - 468.6; - 470.3; - 477.0 54-57  

"CF2H - 242.7 ___ 4 - 247.7; - 238.9; - 241.4 58-60  

"CF2CI - 269.0 + 8 - 269.0 61 

• C F H  2 - 32.5 + 8 - 32.2; - 32.6; - 32.6 5 8 - 6 0  
• C F H C I  - 5 5 . 6  _ 4 - 5 5 . 6  62 

• C F C I  2 - 92.9 + 4 - 87.9; - 97.9 62, 63 
• CH2CI  119.8 _ 8 119.7; 121.3; 118.4 62, 64, 65 

• C H C I  2 103.6 ___ 6 97.5; 109.6; 103.8 62, 65, 66 

"CC13 77.3 ___ 6 74.9; 75.3; 79.5; 79.5 62, 6 7 - 6 9  
"CH 3 147.1 ___ 7 145.6; 146.4; 148.1; 148.1 53, 62, 70, 71 

"CF2CF 3 - 892.0 ___ 11 - 890.4; - 894.5; - 891.2 7 2 - 7 4  

" C F H C F  3 - 674.5 + 13 - 688.3; - 680.7 75, 76 

"CH2CF 3 - 520.7 ___ 8 - 524.3; - 517.1 77, 78 

"CF2CF2H - 663.0 ___ 12 - 660.2; - 665.7 72, 76 

• C F H C F  2H - 4 5 1 . 9  - 4 5 1 . 9  75 
• C H  2CF2 H - 277.4 - 277.4 77 

"CF2CFH 2 - 4 4 6 . 0  + 8 - 4 4 6 . 0  72 

" C F H C F H  2 - 235.6 - 235.6 75 

"CH2CFH 2 - 4 4 . 8  - 4 4 . 8  77 

"CF2CH 3 - 299.2 + 11 - 295.8; - 302.5 79, 80 
" C F H C H  3 - 74.0 __ 11 - 72.4; - 71.5; - 78.2 79, 81, 82 

"CH2CH a - 118.8 + 2 - 118.8 82 

"CF2CF2C! - 6 8 6 . 2  _+ 17 - 6 8 6 . 2  83 

"CH 2 C F 2 C 1  - 310.9 + 7 - 310.9 84 
"CaF 7 -- 1299.1 + 8 -- 1299.1 85 

u s i n g  t h e  A f H ° ( A )  v a l u e s  l i s t e d  i n  T a b l e  1 a n d  t h e  r e l a t i o n s h i p  

D ° [ - A ]  = A f H e ( A )  - A f H e ( - A )  (4)  

( i i i )  D e [ - A ]  v a l u e s  t h a t  c o u l d  n o t  b e  o b t a i n e d  i n  s t e p  ( i i )  a r e  e s t i m a t e d  b y  i m p o s i n g  t h e  

r e q u i r e m e n t  t h a t  t h e y  f o l l o w  t r e n d s  a c r o s s  a l l  t h e  r e l e v a n t  h o m o l o g o u s  s e r i e s  (e .g . ,  s e e  
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Fig. 1. Dependence of bond dissociation enthalpies Do[CI,F3_,C-F'J and De[CI,H3_.C-H] on the 
composition of saturated one-carbon compounds. The circles denote values determined from AfH e 
information (see Table I and [75, 80, 86-90]) and Eq. (2). The lines are linear least-squares fits for each set of 
circles. Note that the C-H and C-F bonds become weaker as the chlorine content increases. 
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Fig. 2. Dependence of the bond dissociation enthalpy De[Ha_yFyC-CF.H3_..] on the stoichiometry (y and 
n) of saturated two-carbon compounds. The circles denote values determined from AfH e information (see 
Table 2 and [24, 86, 87]) and Eq. (2). The lines are polynomial least-squares fits for each set of circles. Note 
that the C-C bond becomes stronger as the fluorine content increases. 

Fig. 3) and by assuming that these variations are linear if two D e [ - A ]  values in a series 
of three are available; (iv) Eq. (4) is used to convert the estimated D°['-A] values into 
the corresponding AfH°(-A) values; and (v) AfH°(-A) values are substituted into 
Eq. (1) to yield standard heats of formation that were not previously known. 
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T a b l e  2 

S t a n d a r d  hea t s  o f  f o r m a t i o n  a t  298.15 K for  h a l o g e n a t e d  a n d  pa r t i a l l y  h a l o g e n a t e d  h y d r o c a r b o n  molecules .  

T h e  unce r t a in t i e s  in the  a v e r a g e  va lues  a r e  e s t ima ted  f r o m  the  v a r i a t i o n s  in the  va lues  o b t a i n e d  f r o m  the  

l i t e r a tu re  ( inc lud ing  a n y  unce r t a in t i e s  c i ted  for  t hose  values).  F o r  e a c h  species,  the  o r d e r  o f  the  references  a n d  

the  l i t e ra tu re  va lues  c o r r e s p o n d  d i rec t ly  

Species A f H ° / k J  m o l -  1 References  

A v e r a g e  L i t e r a tu r e  va lues  

C F a C F  a - 1359.2 _+ 6 

C F 3 C F 2 H  - 1106.6 + 8 

C F a C F 2 C I  - 1111.7 _+ 15 

C F a C H  3 - 7 5 4 . 3  __ 6 

C F 2 H C F 2 H  - 8 7 8 . 9  _ 6 

C F 2 H C F H  2 - 663.0 _+ 8 

C F 2 C I C F 2 C !  - 896.6 _+ 2 

C F 2 C I C H  a - 529.7 _+ 5 

C F H 2 C F H  2 - 4 4 5 . 6  

C F H 2 C H  a - 2 6 5 . 7  _+ 11 

CCIaCCI  a - 144.3 _+ 11 

C C l a C H C I  2 - 143.8 + 5 

C C I a C H  3 - 144.4 _ 3 

C H C I 2 C H C I  2 - 152.1 4. 6 

C H C 1 2 C H 2 C !  - 147.5 __ 4 

C H C 1 2 C H  a - 123.5 _ 2 

C H 2 C I C H 2 C I  - 130.0 _+ 5 

C H 2 C I C H  3 - 110.4 _+ 4 

C H s C H  a - 8 3 . 7  _+ 5 

C F a C F 2 C F  3 - 1758.8 _+ 25 

C F a ( C F 2 ) s C F  a - 3384.9 _+ 4 

C H 3 C H 2 C H  a - 104.2 _+ 1 

C H 2 F C H 2 C H  a - 2 8 5 . 8  +_ 2 

C H a C H C I C H  a - 184.0 +_ 4 

C H 2 C I C H C I C H  3 - 162.8 4- 3 

CH2(CH2CI )  2 - 159.4 _+ 8 

C H C I ( C H 2 C I )  2 - 182.8 _+ 2 

C H a C C I 2 C H  a - 173.2 _+ 8 

C H a C H F C H  3 - 293.3 _+ 2 

C a H T C H 2 C I  - 154.4 4. 1 

C 4 H g C H 2 C !  - 174.9 4. 2 

C F 2 C F  2 - 656.9 4. 5 

C F 2 C F H  - 4 9 0 . 4  4. 8 

C F 2 C H  2 - 340.6 + 6 

C F 2 C C I  2 - 335.6 + 4 

C F z C H C I  - 331.4 _+ 6 

C F H C F H  - 296.2 

C F H C H  2 - 133.9 

CCI2CCI  2 - 11.8 _+ 9 

C C I 2 C H C I  - 8.0 :i: 10 

C C I 2 C H  2 2.3 + 2 
C H C I C H C I  5.5 4. 8 

- 1392.0; - 1342.6; - 1343.1 

- 1114.6; - 1108.3; - 1105.0; 

- 1104.6; - 1100.4 

- 1106.7; - 1116.7 

- 754.0; - 745.6 

- 879.1; - 878.6 

- 6 6 7 . 8 ;  - 6 5 8 . 1  

- 896.6 

- 529.7 

- 445.6 

- 263.2; - 268.2  

- 143.5; - 148.1; - 141.4 

- 145.2; - 142.3 

- 142.3; - 146.4 

- 154.8; - 149.4 

- 146.9; - 148.1 

- 123.8; - 123.4; - 123.4 

- 125.5; - 132.2; - 132.2 

- 112.5; - 106.7; - 112.1 

- 83.7; - 83.7; - 83.7 

- 1783.2; - 1734.3 

- 3 3 8 4 . 9  

- 104.6; - 103.8 

- 2 8 5 . 8  

- 144.8; - 145.2; - 138.5; - 144.8 

- 162.8; - 162.8 

- 159.4 

- 182.8 

- 1 7 3 . 2  

- 2 9 3 . 3  

- 154.4 

- 174.9 

- 6 5 8 . 1 ;  - 6 5 5 . 6  

- 490.4  

- 343.9; - 333.9; - 343.9 

- 3 3 5 . 6  

- 3 3 1 . 4  

- 296.2 

- 133.9 

- 1 2 . 6 ;  - 10.9 

- 8 . 8 ;  - 7 . 1  

2.1;2.5 

1 3 . 8 ;  - 2.9 

24, 56, 91 

24, 72, 9 2 - 9 5  

3 3 , 9 2  

24 ,95  

24, 72 

24, 72 

96 

97 

24 

98, 99 

1 0 0 - 1 0 2  

101 ,102  

103 ,104  

101 ,105  

105 ,106  

1 0 5 , 1 0 7 , 1 0 8  

1 0 8 - 1 1 0  

111 -113  

1 1 4 - 1 1 6  

87 ,117  

118 

116,119 

120 

1 1 1 , 1 1 3 , 1 2 1 , 1 2 2  

108,123  

110 

124 

124 

120 

110 

110 

99 ,125  

126 
9 9 , 1 2 5 , 1 2 6  

127 

127 

99 

99 

102,128 

128 ,129  
102 ,130  

99 ,131  
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Table 2 (continued) 

27 

Species AtH°/kJ mol- x 

Average Literature values 

References 

CHCICH 2 33.7 + 5 28.0; 38.1; 35.1 
CH2CH 2 52.7 _+ 5 52.7; 52.7; 52.7 
CF2CFCF 3 - 1114.2 _+ 1 - 1113.8; - 1114.6 
CH2CHCF 3 -614.2 __ 7 -614.2 
CH2CHCH a 19.4 _+ 1 18.8; 19.7; 19.7 
CF2CFCFCF2 - 938.1 _+ 9 - 938.1 

99,112,132 
11~ 115,133 
134,135 
136 
115,133,137 
138 

200 

180 

~, 160 

140 

I I 

0 1 2 

Fig. 3. Dependence of the group contribution De[CF~CI3_,_] on the stoichiometric factor n. The line 
represents a polynomial least-squares fit through the three full circles, which are obtained from AtH ° values 
and Eq. (2). The open circle shows the value of D°[-CFCI2] estimated using the trend across the homologous 
series. 

Steps (i)-(v) can in principle be applied to any type of  species. However,  in some 
cases, the necessary D e [ - A ]  values cannot  be determined: either there is insufficient 
information available to establish meaningful trends (e.g., for carbenes and some 

I 
radicals) or  a g roup  (e.g., - C F -  o r - C F - )  does not  fall into an appropr ia te  homologous  
series. Under  these circumstances, an alternative approach  is used to estimate the GAV. 
Specifically, ab initio calculations [139] have shown that  the C F  3 substituent affects 
the geometry  and singlet-triplet  splitting energy AEs_ t in a manner  similar to that  of  
hydrogen,  e.g., AEs_t[: C F C F 3 ]  ~ AEs_t[:CFH ]. O n  this basis, it is postulated that  CF3 
and H influence the bond  dissociation enthalpy in the same way, e.g. 

D ° [ C F  3CXnY2_n-Z] ~ DO[HCXnY2 _n-Z]  (5) 
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where 0 < n < 2 and X, Y and Z are F, CI, H or a carbon-containing group. 
Similar relationships can be written for unsaturated compounds or radicals. The 
validity of Eq. (5) is illustrated in Table 3. Note that, as Z is the same on both sides 
of the equation, Eq. (5) also implies that De[CF3CXnY2_~ - ]  ,~ De[HCX~Y2_,-]. 
This relationship can be used to estimate GAVs such as AfHe(-CXY-), i.e., 
AyHO(-CXY-)=AfHO(CF3CXY-)'-De[CFaCXY-]-AfHe(CF3) and De[CFaCXY - ]  
~De[HCXY-] .  The quantity De[HCXY -]  can be determined independently from 
AfH e values and Eq. (4) or, if necessary, from trends in De[HCXY - ]  (see step (iii) 
above). 

It has been noted previously [19, 141] that Eq. (1), the basis of the original group 
additivity method, should not be used for (a) two-carbon species (i.e., molecules, 
radicals, carbenes, or diradicals) with only H atoms on one carbon and only F or Cl 
atoms on the other or (b) ring compounds. Therefore, for case (a), Eq. (1) has been 
modified empirically with a correction factor E ..... viz. 

AfH°(AB) = AfH°(-A) + AfHe(-B) - E . . . .  (6) 

which, in accordance with Eq. (4), gives 

De[AB] = o e [ - A ]  + Oe[ -S]  + E .... (7) 

The extra term in Eqs. (6) and (7) is an estimate of polarization effects [30] or 
redistribution energy [127]. Note that estimation of ArH e for CF3CH2CF 3 would 
use Eq. (6) rather than Eq. (1) because, in keeping with Eq. (5), De[CF3 - 
C H 2 C F 3 ]  --- D e [ C H 3 - C F 3 ] .  In contrast, estimation of AfH e for CHaCF2CH 3 would 
not require Ecorr. For case (b), Eq. (1) has been rewritten as 

B / \  
AfHe(A-C) = AfHe(-A -) + AfHO(-B -) + AfHO(-C -) + Estrain (8) 

Table 3 
Comparison of bond dissociation enthalpies D° [A-B]  calculated by two different methods: (a) Eq. (2) and 
averages of published AfH ° values are used to estimate D°[A ' -  B] for a species A'B (with the CF 3 group(s) in 
A replaced by a hydrogen atom(s)) and then Eq. (5) is applied; (b) Eq. (2) is applied directly using averages of 
published AfH ° values 

Groups or atoms DO[A-B]/kJ mol- 1 
A-B 

Method (a) Method (b) 

(CFa)zC=CF 2 525.9 512.1 
CFaCH2-CF 3 426.8 422.6 
CFaCF2-CF 3 395.4 397.1 
CFaCF2-F 527.2 531.4 
CF3CF2-H 419.2 430.1 
CF3CF2CF2-H 438.5 435.6 a 
CF3CF2-CF 2 223.4 213.3 

a Eq. (2) was not required, as a value for the bond dissociation energy was available in the literature [140]. 
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for a three-membered ring, and similar relationships apply for larger rings. The strain 
energy E,t,,i, in Eq. (8) can be obtained from known standard heats of formation for 
cyclic CFCs. If AfH ° for a cyclic species is not known, E,tr, i, is estimated by 
interpolation from known values with different ring sizes or extents of fluorine 
substitution. 

3. Results and discussion 

The GAVs calculated for CFCs and related molecules are presented in Table 4. Most 
of these GAVs are obtained directly from Eq. (1) using the average values of AfH e listed 
in Table 2. For almost all these examples, the results are close to those reported 
previously [19,29-31]. One exception is the value for AfHe(-CF2H). Here, one can 
calculate values of De[-A] for saturated compounds using Eq. (4) (e.g., see Table 5) and 
then check to see whether or not the results follow monotonic trends across 
homologous series. Specifically, the value of - 437.2 kJ mol- 1 for AfHe(-CF2H) yields 
D°[-CF2 H] = 194.5 kJ mo1-1, which meets expectations for the two trends 
[-CF 3_yHy; 0 _< y _< 3] and [ -CHF 2_yCly; 0 _< y _< 2]. In contrast, the value of 
- 488.7 kJ mol- t [30] yields Do[-CF2 H] = 246.0 kJ reel- 1, which would not satisfy 
either trend even when uncertainties are taken into consideration. This result suggests 
that trends in DO[-A] values could be helpful in checking GAVs for AfH ° that are 
obtained from Eq. (1). 

Table 4 also lists AfH°(-A) values that were obtained by imposing trends in 
DO[-A]. In most cases, these values are close to previously reported estimates [29-31]. 
An exception is AfHo(-CFHC1), where our result differs by 34.3 kJ reel- 1 from one of 
the earlier values. Again, if trends in D°[-A] values are considered, a value of 
215.9 kJ mol-1 for Do[-CFHCI] (based on AfH O = - 271.5 kJ mol-1 [30]) seems too 
high in the context of the three series [-CC1F 2_yHy; 0_<y _ 2], [CHF2_yCly; 0 _< y _< 2] 
and [CFC12_yHy;0<y_<2 ] (see Table 5). Similarly, a value of AfHe(-CFC12) = 
-322.6kJmo1-1 [31] seems too high, as it would give a large maximum along 
two series of De[-A] values in Table 5. Another significant difference between our 
values in Table 4 and one of the recently reported estimates [30] is for AfHe(-CF2-). 
Our result is an average obtained using two sets of AfH e values: (i) 
AfHe(C3Fs)- 2AfHO(-CF3) = - 1758.8 + 2 x 672.0 = - 414.8 kJ mol-1, and (ii) 
[Afne(cTF16) - 2AyHe(-CF3)]/5 = [ - 3384.9 + 2 x 672.0]/5 = - 408.2 kJ mol-1. 

For unsaturated CFCs and related compounds containing two carbon atoms, all 
the GAVs except AfH°( = CFC1) can be determined from AfH e values and Eq. (1). 
The value for the =CFC1 group is obtained from D°[=CFCI], which is taken to be 168.6 
kJ mol- 1 by linear interpolation between D°[=CF2] = 134.3 and De[=CCI2] = 202.9 
kJ mol- 1. Note that a value of - 235.1 kJ mol- 1 [31] for Aerie(= CFC1) would not give 
a monotonic trend for Do[=CF,CI2_,] with 0_<n_<2. The GAV for = C C I  2 is 
a compromise obtained using values for AfHO(CXY=CCI2) where X and Y are H, F or 
C1 and, hence, AfHO(CH2 =CClz) obtained from Table 4 is ~ 10 kJ mol- 1 too negative. 
This discrepancy can be attributed, at least in part, to the use era single value for Ecor,. 
Higher-order models [97] that account for variations in charge distributions [142] 
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Table  4 

G r o u p  addi t iv i ty  values  for s t anda rd  heats  of fo rmat ion  (at 298.15K) of  ha logena t ed  and  par t ia l ly  

ha logena t ed  h y d r o c a r b o n  molecules.  Each  g roup  shows the s ingle  a n d / o r  doub le  bonds  tha t  i t  forms wi th  

ca rbon  atom(s)  in ad jacent  group(s). I r a  n u m b e r  is given in c o l u m n  M, i t  indica tes  tha t  the G A V  is chosen to 

min imize  the errors  for the M repor ted  heats  of fo rma t ion  (see Tab le  2) in which  it  can  par t ic ipa te  accord ing  

to Eq. (1). N o t e  that ,  for cer ta in  c o m p o u n d s  (as descr ibed in the text), AfH e shou ld  be ca lcu la ted  us ing Eq. (6) 

ra ther  t h a n  Eq. (1). A value  of 31.4 kJ  t oo l -  1 for Eco,, in Eq. (6) was  found by  f i t t ing results  for C H a - C X a  and  

C H  2 =CX 2 where  X is Cl  and  F. The  uncer ta in t ies  l is ted reflect (i) the impac t  of va r i a t i ons  in AfH e values  

repor ted  for a g iven c o m p o u n d  and  (ii) the ave rag ing  procedure  inheren t  in the g roup  add i t iv i ty  approach .  I f  

a le t ter  is g iven in co lumn  M, i t  ind ica tes  tha t  the G A V  is ca lcu la ted  using Eq. (4) and  the in fo rma t ion  in 

Table  1. The  me thods  used  to  es t imate  D ° [ - A ]  in Eq. (4) are: A, t rends  across  sets of  h o m o l o g o u s  series; B, 

Eq. (5). In  these cases, the uncer ta in t ies  l isted are  overal l  es t imates  based  on  the a p p r o x i m a t i o n s  involved 

Group (-A) ArH°(-A)/kJ tool- i M 

Prev ious  w o r k  This  work  

[19] [292 [302 [31] 

- C F  3 - 673.6 - 672.4 - 662.7 - 673.6 - 672.0 ± 6 8 
- C F ] H  - 428.0 - 457.3 - 488.7 - 454.8 - 437.2 :[: 6 3 

~ C F ] C I  - 444.8 - 449.4 - 461.5 - 462.8 - 445.6 ± 8 3 

- C F H  2 - 2 1 5 . 5  - 2 1 6 . 7  - 2 2 2 . 6  - 2 2 0 . 9  - 2 2 3 . 8  :[: 8 4 

- C F H C I  - - 2 3 8 . 9  - 2 7 1 . 5  - 2 7 1 . 1  - 2 3 7 . 2  ± 13 A 

- C F C i  2 - - 257.7 - 259.4 - 322.6 - 255.6 ± 13 A 

- C C !  3 - 86.6 - 79.9 - 75.3 - 82.0 - 70.7 ± 6 3 

- C H C I  2 - 79.0 - 79.1 - 7 4 . 9  - 79.1 - 76.6 ± 13 4 

- C H ] C I  - 69.0 - 65.3 - 69.9 - 69.5 - 65.7 ± 4 8 

- C H  3 - 42.7 - 42.3 - 41.8 - 42.3 - 42.7 + 2 15 

= C F  2 - 324.3 - 329.3 - 327.2 - 329.7 - 328.4 _ 4 7 
=CFCI  - - 163.2 - - 2 3 5 . 1  - 162.8 ± 21 A 

= C F H  - 157.3 - 157.3 - 146.9 - 165.3 - 156.5 ± 8 3 

=CCI 2 - 7.5 - 6.3 - 7.1 - 11.3 - 2.1 ± 6 4 
= C H C i  - 5 . 0  8.8 2.5 4.2 0.8 + 4 4 

= C H  2 26.4 26.4 26.4 26.4 26.4 ± 4 7 
- C F  2-  - 4 1 4 . 2  - 4 0 6 . 3  - 4 3 9 . 3  - 4 1 1 . 3  - 4 1 1 . 5  ± 6 2 

- C F H -  - 205.0 - 202.5 - 209.2 - 204.6 - 207.9 ± 4 1 

- C F C l -  - -225.9  - - - 221.8 ± 17 B 

- C H C l -  - 6 1 . 9  - 5 3 . 6  - 6 1 . 1  - 5 5 . 6  - 5 5 . 2  _+ 4 3 

- C C l  2-  - 92.0 - 81.6 - 89.5 - 79.5 - 87.9 ± 4 1 

-CH 2- - 2 0 . 5  - 2 0 . 5  - 2 0 . 9  - 2 0 . 5  - 2 1 . 8  ± 2 5 
I 

- C F -  - 2 0 2 . 9  - 181.6 - 2 0 2 . 9  - 2 0 2 . 9  - 193.3 :[: 20 B 
--CF . . . .  136.0 - - 131.8 ± 8 2 
= C H -  36.0 - 36.0 36.4 36.0 _+ 2 2 
=CCI . . . .  5.0 2.1 ± 20 B 

may give a more accurate value of AfH 0 for this compound. For cyclic CFC 
e compounds, AfH values should be obtained using Eq. (8). Here, one can use the values 

for AfH°(-A -) specified in Table 4 together with strain energies Es,,tn estimated by 
comparison with data for cyclic hydrocarbons (see Table 6). 
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Table 5 
Values of D°[-A] in kJ mol- t for saturated CFCs and related compounds that contain two carbon atoms. 
The uncertainties listed are the sum of those for the corresponding AtH ° values given in Tables I and 4. For 
-CFCI 2 and -CFHCI, the group values are estimated by requiring DO[-A] to follow trends across all the 
homolOgous series' (rows, columns and diagonah) in which that group participates; the corresponding 
uncertainties include an estimate for the additional effect of interpolating based on trends. Note that 
determination of Do[CH3-CCIyF 3_y] (0 _< y _< 3) from the values listed requires use of Eq. (7) rather than 
Eq. (3) 

-CF 3 201.7 + 6 
-CF2C! 176.6 -I- 5 -CF2H 194.5 + 8 
-CFC12 162.7 _+ 8 -CFHCI 181.6 _ 8 -CFH 2 191.3 _+ 8 
-CCI 3 148.0 4- 8 -CHCI 2 180.2 ___ 8 --CH2CI 185.5 _+ 9 -CH 3 189.8 4- 4 

Table 6 
Strain energies E,tr,i, in kJ tool- t for cyclic compounds of the type c-C~2, estimated using Eq. (8), AfH ° 
values at 298.15K (references listed), and GAVs from Table 4. The uncertainties listed represent the 
variations in the corresponding AfH ° values (including any uncertainties cited for those values). However, 
the actual uncertainties in Estr, tn are expected to he larger because the GAVs are not known precisely. The one 
Era,t° value shown without references is estimated by interpolation of E,t,,i, for other c-CHF2, species. As 
a first approximation, values of Estrtin for species of the type c-CnFxH2._ x can be estimated by linear 
interpolation, e.g., for c-C 3 FsH one would obtain 258.2 - (258.2 - 115.5)/6 -- 234.4 kJ tool- ~ 

n c-C,H2, c'CnF2• 

Eurai n References Estrain References 

3 115.5 _ 1 143,144 258.2 148 
4 109.6 + 1 145 105.9 + 4 135,149 
5 26.4 + 2 146 105.0 
6 0.0 + 1 147 103.8 + 8 150 

Some d a t a  for heats  A,H of  reac t ions  were no t  used to  es tabl ish  the  G A V s  in Tab le  
4 because  AfH ° values for m o r e  than  one of  the species in the  reac t ion  were unknown.  
Nevertheless ,  d a t a  of  this type  can be used to  test the val id i ty  of  the  GAVs.  F o r  example ,  
A~-/ for ch lo r ina t ion  of  C F 2 C F C I  ca lcula ted  using ArH = A f H ° ( - C F 2 C I ) +  AfH ° 
( -CFCI2)  - AfH°(  = CF2) - AfH°(  = CFC1) is - 210.0 kJ  m o l -  1, which agrees fairly 
well with the  exper imenta l  value  of  -204.2_+2.1  kJ  r ee l -1  1151]. Also,  Ar H for the 
d i s p r o p o r t i o n a t i o n  step 2 C F 3 C X C F C I  = C F 3 C X C F  2 + CF3CXCC12 is found  to be 
- 4.9 kJ  r e e l -  1, which is r easonab ly  close to the exper imenta l  values of  - 10.5 _+ 1.6 
and  - 11.1 _+ 0.6 kJ  m o l -  1 when X is C1 and  F, respectively 1 152]. The  ca lcu la ted  value 
of  A r / ' / =  - 4.9 kJ  r e e l -  1 also appl ies  to  the  reac t ion  C F 3 C F C F C I  + CF3CC1CFC1 = 
C F 3 C F C F  2 + CF3CC1CC12, which is in g o o d  agreement  wi th  the  measu red  result  of  
- 5 .8  _+ 0 . 6  kJ r e e l -  1 l - 1 5 2 ] .  

Radicals ,  carbenes,  and  d i rad ica ls  are  expected to  be re levant  species in chemical  
processes  involving C F C s  and  re la ted  c o m p o u n d s  because  a wide var ie ty  of  e l ementa ry  
reac t ions  can take  place  [16, 17, 23]. The  the rmochemica l  p roper t i e s  of  these species 
are  i m p o r t a n t  because  they influence species concen t ra t ions  in add i t i on  to  reac t ion  ra te  
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constants [32]. Up until now, traditional group contribution theory has not been used 
to estimate their standard heats of formation, at least in part because of the lack of data 
for such species. However, with Eqs. (3)-(5) and the assumption that D ° [ - A ]  values 
follow monotonic trends across homologous series, many initial estimates ofAfH e can 
be obtained (see Table 7). Here it is emphasized that the values listed are (i) usually not 
as accurate as those for molecules and (ii) subject to improvement as more data become 
available. For a given group, it is necessary to have a separate GAV for radicals (slightly 
more negative than for molecules) in order to avoid systematic errors in AfH ° values. 

Standard heats of formation for CFC carbenes are available for only a few species 
(see Table 1). Average values of AfH ° for other carbenes are estimated using Eqs. (2) 
and (5), as illustrated in Table 8. Subsequently, GAVs for carbenes are obtained 
assuming that the GAV for the radical CFa is applicable. 

Values of AfH e for diradicals can be obtained by addition of two GAVs for radicals 
from Table 7, e.g. 

A f H O ( ' C F 2 ) 3  ") = 2 A f H ° ( - C F 2 )  + A f H ° ( - C F 2  - )  = - 847.1 k J  m o l - 1  

However,  the results should be regarded as preliminary because a thermochemical  data 
base for carbenes in the H C F C  f a m i l y  has not  yet been established. It is interesting to 
note that the relationship 

O°[ ' (CZ2)n-X  -] ~ O ° [ - Y ( C Z 2 ) n - X ]  (9) 

which has been proposed for n > 3 and X--Y=Z = H [1531, yields AfH e values for 
diradicals that are in fairly good agreement with those obtained using the GAVs, i.e., for 

Table 7 
Group additivity values for standard heats of formation (at 298.15 K) of radicals, carbenes, and diradicals. 
The meanings of the symbols and the uncertainties are as specified in Table 4. Note that, for species which 
require Eq. (6) rather than Eq. (1), a value of 31.4 kJ mol-  ~ for Ec.r, was found by fitting the AfH ° values for 
CF3-CH 2 and CH3-CF  2. Methods used for the calculations (see column M): A, Eq. (4) and trends in 
D°[-CF3_~_yHxCIy] for 0 < x < 2 and 0 < y < 2; B/n, average value obtained using Eqs. (4) and (5) for 
n species; C/n, average'value obtained using Eq. (4), Eq. (5), and trends in D ° [ - C F 3  -x-yHxCly] (0 < x < 2; 
0 < y < 2) for n species 

(-A) AfHO(-A)/kJ tool-  1 M ( - A) AtHO(-A)/kJ tool-  1 M 

- C F  3 - 672.0 + 4 3 -t~F 2 - 220.0 + 8 5 
-CF2H -440.2 + 4 3 -(~FCI -40 .2  + 18 B/3 
-CF2CI -466.1 + 8 2 - (~FH - 12.6 + 8 4 
- C F H  2 -225.9 _+ 4 3 -CCI 2 103.8 _ 20 13/1 
- CFH Ci  -250.2 + 13, A -(~HCI 127.6 _+ 11 B/l 
-CFCI  2 -286.6 4- 13 A ~ H 2  177.0 _ 8 5 
- C H  3 -51 .5  _+ 4 3 - C F  146.9 + 20 B/3 
- C F  2- -407.1 ___ 8 1 - C H  397.5 _+ 15 B/2 
- C F H -  -207.9 + 15 B/6 -(~CI 318.8 ___ 20 B/2 
- C F C I -  - 234.7 _ 20 C/6 
- C H  2-  - 17.2 + 20 C/6 
- C H C I -  - 68.6 + 20 C/6 
-CCI 2- - 93.3 + 20 C/6 
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Table 8 
Routes used to obtain the average value of - 525.0 _+ 25 kJ mol- t for AtH°(:CFCF3). Species X in Eq. (5) is 
F for all three routes. The uncertainties listed are estimates based on: (i) the validity of Eq. (5); (ii) uncertainties 
in AfH e of starting species; (iii) uncertainties in D°[A-B] values (from Table 1, Table 4, and Eq. (4)). An 
analogous procedure is used to find AfHe(:CHCF3) and AfH°(:CCICF3). These values are then used to 
estimate AfH°(:CX -) (X is H, F, and C1, see Table 7) 

Species AB in Eq. (2) Species Y in Eq. (5) AHf°29a(:CFCF3)/kJ mol-l  

CF2CFCF 3 =CF 2 -507.1 _ 15 
CF2CF 3 - F  -532.6 _+ 15 
CFHCF 3 -H -535.1 __ 15 

a group of nine diradicals of the type "CF2CFXCYZ (where X, Y and Z are F, CI or H), 
AfH ° values obtained using Eqs. (2) and (9) were only 1-7% more negative than those 
calculated from Table 7 [32]. 

4. Conclmiom 

Group contribution theory can be applied to FCs, CFCs, HFCs, and HCFCs, 
although it usually leads to larger uncertainties in standard heats of formation than 
those reported for hydrocarbons. In cases where standard heats of formation have not 
been reported, group additivity values can be estimated by requiring bond dissociation 
enthalpies to follow monotonic trends across homologous series of species. The 
concept of trends in bond strengths can also be used to check the appropriateness of 
group additivity values estimated from standard heats of formation alone. If there is 
insufficient information to establish the trends in bond strengths directly, one can 
estimate bond dissociation enthalpies by assuming that a CF 3 group is equivalent to 
a hydrogen atom. These methods can be used for radicals, diradicals and carbenes even 
though the group additivity values for these species are slightly different from those 
required for molecules. The accuracy of the group additivity values, especially for 
reactive intermediates, can be improved as more extensive and reliable standard heats 
of formation become available. 
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