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region, having a reported kobsd of 7.0 f 3.0 X 10" s - ' . ~ ~  By way 
of comparison, the kobsd value for hydrolysis of 3 in the plateau 
region is 1.44 X SKI. The acceleration of 100-200-fold is quite 
reasonable for general-base catalysis of imidazole over a similar 
role for carboxylate in such hydrolyses2'" and argues against a 
nucleophilic role for either species. 

If our results can be accurately transposed to the case of the 
deacylation of papain, it is likely that the active site imidazole 
can indeed function as a general base. I t  is somewhat difficult 
to determine the magnitude of the rate enhancement to thiol ester 
hydrolysis which is attributable to the intramolecular general-base 
role for imidazole since the H 2 0  term for thiol esters is unde- 
tectably small. Some estimate for the rate enhancement in 3 
relative to the attack of OH- can be made by extrapolating the 
k3(OH-) term (Table I) for 3 to a given pH. Hence a t  p H  7-8, 
the imidazole unit affords some lo3 acceleration over the pseu- 
do-first-order rate constant for attack of OH- on 3. The overall 
rate of deacylation for 3 is quite slow relative to that for the fastest 
deacylations of various acylpapains (3-46 s-1)3c but compared 
favorably with that reported for trans-cinnamoylpapain (kdeacylation 
= 3.68 X s-').~~" It might be that the slow deacylation of 
3 is a consequence of a nonideal fit of H 2 0  between the imidazole 
N and acyl C=O group, a problem which might be overcome by 
a suitable structural change.30 However, insofar as we are aware, 
the hydrolysis of 3 represents the only well-defined chemical 
precedent for imidazole acting as an intramolecular general base 
in promoting the hydrolysis of a thiol ester. The observed solvent 
isotope effect of 3.75 for 3 is consistent with this interpretation 

(29) (a) Schonbaum, G .  R.; Bender, M .  L. J .  Am. G e m .  SOC. 1960,82, 
1900-1904. (b) The reported k,, given in ref 29a was determined at 25 OC. 
The value extrapolated to 37 O C  would likely be - 1.4 X 

(30) Street, J. P.: Skorey, K.; Brown, R. S. J .  Am. Chem. SOC., in press. 
s-', 

and compares favorably with those observed for the deacylation 
of a-N-benzoyl-L-arginylpapain and trans-cinnamoylpapain (2.75 
and 3.35, respectively). 

Finally is of note that 3 and its free mercaptan hydrolysis 
product 9 were designed as models for the acylated and free forms 

H 

9 

of the active site of papain. Accordingly, 9 does indeed act as 
a true nucleophilic catalyst in promoting the hydrolysis of p- 
nitrophenylacetate. '8b,30 
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Halomethylenes: Effects of Halogen Substitution on Absolute 
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Abstract: New values for the heats of formation of CF2, CCI2, CCIF, CFH, and CClH have been derived from estimations 
of the thermochemistry of the reaction(s) CXYH' + B - CXY + BH' where X and Y are F and/or C1 and B is a molecule 
for which an absolute value of the gas-phase basicity (or proton affinity) is available. The experiments, carried out in an ion 
cyclotron resonance spectrometer, lead to the following values for the heats of formation (in kcal/mol) of the ground-state 
singlet carbenes: CF2, -49 f 3; CCl,, 39 f 3; CFC1, -2 f 7: CFH, 26 f 3; CCIH, 71 f 5. The value for CF, is lower by 
about 5 kcal/mol than the previously accepted value, but in good agreement with values derived from previous "bracketing" 
results and also in agreement with values derived from the observed threshold energies for ionic dissociation processes. The 
value for CCI, is significantly lower than the 1976 value of 47 f 3 kcal/mol recommended by S. W. Benson, but in good agreement 
with an earlier value (40 f 5 kcal/mol) recommended by this author and with more recent experimental results on the onset 
energy for the formation of C12- from CCI,. The values for CFH, CClH, and CFCl are all approximately equal to the averages 
of the heats of formation of the corresponding CX, and CY2 species, in agreement with assumptions made in previous estimates 
of these quantities. Values for the C-X bond energies in the halomethylenes, the heats of formation of the corresponding 
CXY' ions, and the ionization potentials of the CXY species are derived from the results. From the most recent calculations 
of the energy differences between the ground-state singlet halomethylenes and the first triplet state, values for the  heats of 
formation of the triplet halomethylenes are obtained; an analysis of trends in these values indicates that 'CF, is substantially 
destabilized. 

There has been considerable interest in carbene chemistry in 
recent  year^.^^^ Theoretical3 and experimental2 examinations of 

the properties of halogenated carbenes have provided information 
about the nature of the ground and first excited electronic states, 
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*University of Maryland Baltimore County. 
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Israel. 
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Table 1. Heats of Formation of Halomethylenes 

species AHf, kcal/mol method ref 

c F2 <-34.0 photoionization of C2F4 (AP(CF,+') = 15.26 eV) 5, 7 
<-34.7 photoionization of C2F4 (AP(CF,) = 15.2 eV) 6, 7 

25b 

9, 7 

-39.7 
-41.2 f 2 thermal equilibrium: C2F4 CF2 + CF, 8 

analysis of data on CF,HCI - CF, + HCI 

<-41.6 f 2 photoionization of C2F4 (AP(CF,') = 14.63 eV) 
-42 f 4 thermal equilibrium: CHF2CI + CF2 + HCI 10 
-44.1 f 2 thermal decomposition of CF,H, CHClF,, C,F4 11  

photoionization of C,F, (AP(C2F4') = 13.04 eV) 

-44.6 analysis of thermal equilibrium data 20 

<-44.2 f 1 12 
-44.5 f 1 analysis of thermal equilibrium data 13 

-45.4 f 2 thermal equilibrium: C2F4 CF, + CF, 14 

-46.4 analysis of data on: CHF,Br == CF2 + HBr 16 

-48.0 f 1 bracketing: CF2H+ + B - BH+ 19 
-49.0 f 3 bracketing: CF2H' + B - BH' this work 
-50.8 f 2 bracketing: CF2H+ + B - BH' + CF, 17 
-56.0 f 3 18 

<-45.9 f 3 photoionization of CF,CI 15, 7 

<-47.1 f 3 photoionization of CF,CI, 15, 7 

onset for CF2Clz - CF, + C1; 

CCI2 <59 
<57 

55 
(54 
<54 
<53 
<50 

48 
47 f 3 

<46 
<42 

40 f 5 
39 f 3 

<30 
<30 

threshold for CCI3F - CC12+ + C1 + F 
threshold for C2C14 - CCI,' + CC12 (IP(CC12) = 9.76 eV) 
bracketing: CCl2HC + B - BH+ + CCI2 
threshold for CCI4 - CC12 + C12- (2.3 eV) 
threshold for CCI,H - CCI,' + HCI (IP(CC1,) = 9.76 eV) 
threshold for CCI4 - CC12 + CI, (IP(CC1,) = 9.76 eV) 
threshold for CCI,H - CC1,- + HC1 (EA = 41.5) 
bracketing: CCIzH' + B - BH' + CC1, 
recommended value: source of data unspecified 
bracketing: CC1,H' + B - BH+ + CCI, 
threshold for CC1, - CC1, + C1,- (0.5 f 0.1 eV) 
analysis of data (ref 25c) on CCI,H - CCl2 + HC1 
bracketing: CC1,H' + B - BH' + CC1, 
threshold for CCI,H2 - CC1,- + H, (EA = 41.5) 
threshold for CC14 - CCl, + CI2- (0 eV) 

15, 21Q 
13, 21 
22 
24b 
21 
21 
24 
19a 
25a 
19b 
24 
25b 
this work 
24 
26 

CFCl <32 f 10 threshold for CFClCFCl - CFCI' + CFCl (15.3 eV) 6c 
18 <3 f 6 

-2 f 7 bracketing: CFCIH' + B - BH' + CFCl this work 
threshold for CC13F - CFCl + CI2- (0.6 eV) 

C F H  39 bracketing: CFH,  disproportionation reactions 
39 
30 
26 f 3 
25 

estimate (averaging data for ICH,, 'CF,) 
estimate (averaging data for ICH,, ICF,) 
bracketing: CFH,' + B - BH' + C F H  
estimate (averaging data for 3CH2, 'CF,) 

CClH 80 f 10 estimate 
71 f 5 bracketing: CCIH,' + B - BH' + CClH 

45 
43 
13 
this work 
42 

13 
this work 

"AH~(CCI,F),K, -63.3 kcal/mol. bIon formed with 29.5 kcal/mol kinetic energy. CTakes AHr(CFC1+) = 243 from ref 15. 

as well as the structures and vibrational frequencies of the CX,, 
CXY, and CHX species (where X and Y are F or Cl).4 For 
instance, it has been established3" that the ground states of CF, 
and CCI,, as well as C H F  and CHC1, are singlets, while CH2 has 
a triplet ground state. Even so, the heats of formation of most 
of the halocarbons are  not well established. Experimental de- 
terminations of these heats of formation, primarily those of CF, 
and CCI,, have been carried out with a number of diverse ap- 

(2) (a) Wentrup, C. "Reactive Molecules: The Neutral Reactive Mole- 
cules in Organic Chemistry"; John Wiley & Sons: S e w  York, 1984. (b) 
Davidson, E. R. In  "Biradicals"; Borden, W. T., Ed.; John Wiley & Sons: 
Sew York, 1983. (c) Moss, R. A.; Jones, M., Jr. in "Reactive Intermediates"; 
Jones, M., Jr., Moss, R. A., Eds.; Wiley-Interscience: Sew York, 1981; Vol. 
2, pp 59-133. (d) Jones, M., Jr.; Moss, R. A. "Carbenes"; John Wiley & Sons: 
New York, 1973. (e) Liebman, J.  F.; Simons, J .  In 'Molecular Structure and 
Energetics"; Liebman, J. F., Greenberg. A,, Eds.; VCH: Deerfield Beach, FL, 
in press. 

(3) (a) Sosa, C.; Schlegel, H. B. J .  Am. Chem. SOC. 1984, 106, 5847. (b) 
Mueller, P. H.;  Rondon, N.  G.; Houk, K. S.; Harrison, J .  F.; Hooper, D.; 
Willen, B. H.; Liebman, J .  F. J .  Am.  Chem. SOC. 1981, 103, 5049. (c) 
Bauschlicher, C. W.. Jr. J .  Am.  Chem. SOC. 1980,102, 5492. (d) Dewar, M. 
J.  S.; Rzepa, H. S .  J .  Am. Chem. SOC. 1978, 100, 58. (e) Baird, N. C.; Taylor, 
K. F. J .  Chem. SOC. 1978, 93, 1333. (f) Li, W.-K.; Rothstein, S. M. Chem. 
Phys. Lett. 1978, 57, 21 1 .  (g) Bauschlicher, C. W., Jr.; Schaefer, H. F., 111; 
Bagus, P. S. J .  Am. Chem. SOC. 1977, 99, 7106. (h) Staemmler, V.  Theor. 
Chim. Acta 1974, 35, 309. (i) Harrison, J .  F. J .  Am. Chem. SOC. 1971, 93, 
41 12. 

(4) Jacox, M .  E. J .  Phys. Chem. Ref. Dara 1984, 13. 945. 

pro ache^.^^' Available experimental results, summarized in Table 
I, show that there is appreciable scatter in the reported values for 

(5) Pottie, R. F. J .  Chem. Phys. 1965, 42, 2607. 
(6) Syrvatka, B. G.; Bel'ferman, A. L.; Gil'burd, M. M.; Moin, F. B. Zh. 

Org. Chem. C'SSR 1971, 7, 9; English translation: J .  Org. Chem. USSR 1971, 
7 .  8 .  , -  

(7) Dyke, J .  M.; Golob, L.; Jonathan, N.; Morris, A,; Okuda, M. J .  Chem. 

(8) Zmbov, K. F.; Uy, 0. M.; Margrave, J. L. J .  Am.  Chem. SOC. 1968, 
SOC. Faraday Trans. 2 1974, 70, 1828. 

90, 5090. 
(9) Walter, T. A,; Lifshitz, C.; Chupka, W. A,; Berkowitz, J .  J .  Chem. 

Phys. 1969, 51, 3531. 
(10) Edwards, J .  W.; Small, P. A. Ind. Eng. Chem. 1965, 4, 396. 
(1 1) Schug, K. P.; Wagner, H. G. Ber. Bunsenges. Phys. Chem. 1978,82, 

719 I I,. 

(12) Berman, D. W.; Bomse, D. S.; Beauchamp, J.  L. Inr. J .  Mass Spec- 

(1 3 )  Stull, D. R.; Prophet, H. "JANAF Thermochemical Tables"; National 

(14) Modica, A. P.; LeGraff, J .  E. J .  Chem. Phys. 1966, 44, 3375. 
(15) Ajello, J .  M.; Huntress, W. T., Jr.; Rayermann, P. J .  Chem. Phys. 

(16) Okafo, E. N.; Whittle, E. J .  Chem. SOC., Faraday Trans. 1 1974, 70, 

(17) Vogt, J.; Beauchamp, J.  L. J .  Am. Chem. SOC. 1975, 97, 6682. 
(18) Illenberger, E.; Scheunemann, H. U.; Baumgartel, H. Chem. Phys. 

1979, 37, 21. 
(19) ( a )  Lias, S. G.; Ausloos, P. I n t .  J .  Mass Spectrom. Ion Phys. 1976, 

22, 135. (b) Ausloos, P.; Lias, S. G. J .  Am. Chem. SOC. 1978, 100, 4594. 

from. Ion Phys. 1981, 39, 263. 

Bureau of Standards: Washington, D.C., 1971; NSRDS-NBS 37. 

1976, 64, 4746. 
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Halomethylenes 

heats of formation of halocarbenes. 
In this paper, we report new determinations of the heats of 

formation of CF2, CCI,, CFCI, CFH, and CClH based on ob- 
servations of the gas-phase proton transfer reactions: 

CXYH' + B - BH+ + CXY 
(where X and Y are F and/or CI). Information about the enthalpy 
changes of these reactions is derived in experiments in which the 
CXYH' ions (with known heats of formation) are reacted with 
a series of proton-acceptor molecules for which the proton affinities 
(and gas basicities) are established. The proton affinity is defined 
as the enthalpy change for the hypothetical process 

B + H+ - BH+ 
while the gas basicity is the Gibbs free energy change for the same 
process. In the technique used here, which is known as 
"bracketing", it is generally assumed that if process 1 is observed 
with a particular base, B, then the gas basicity (or approximately, 
the proton affinity) of CXYH+ is below that of B, and if process 
1 does not occur, then the gas basicity is probably above that of 
B. 

The success and reliability of this procedure of course depend 
on (a) the availability of a well-established and accurate scale of 
gas-phase basicities of molecules as well as (b) accurate values 
for the heats of formation of the CXYH' ions and (c) the validity 
of the criteria used to estimate the point at which reaction 1 turns 
from exothermic to endothermic. Although this technique has 
been applied before to determine the heats of formation of CF2"J9 
and CC12,'9,22.25 variations in the assignments of absolute values 
to the proton affinity scale during the years when these deter- 
minations were made (1975-1978) resulted in large apparent 
discrepancies in reported heats of formation of the carbenes. This 
problem is now obviated by a recent comprehensive evaluation29 
of the data comprising an extensive interlocking scale of relative 
gas-phase basicities and of heats of formation of certain relevant 
BH' ions. As a result, the assignment of absolute values to the 
enthalpy changes associated with process 2 (that is, the proton 
affinities of the molecules, B) are firmly established for that part 
of the proton affinity scale which lies below approximately 190 
kcal/mol (i.e., that part of the scale which applies to the deter- 
minations to be presented here, as will be shown below). 

The most difficult aspect of establishing heats of formation of 
carbenes by this so-called "bracketing" technique lies in pinpointing 
the bases (B) for which the proton transfer reaction 1 turns from 
endothermic to exothermic, since, as pointed out before,2s the 
simple observation that reaction 1 does not occur for a particular 
reactant pair does not in itself constitute evidence that the reaction 
is endothermic. Highly exothermic proton-transfer reactions may 
not occur if other energetically or sterically more favorable reaction 

(1) 

(2) 

J .  Am. Chem. SOC., Vol. 107, No. 21, 1985 6091 

(20) Rodgers, A. S. In "Fluorine-Containing Free Radicals: Kinetics and 
Dynamics of Reactions"; American Chemical Society: Washington, D.C., 
1978; ACS Symp. Ser. 66, 296. 

(21) Shapiro, J .  S.; Lossing, F. P. J .  Phys. Chem. 1968, 72, 1552. 
(22) Levi, B. A.; Taft, R. W.;  Hehre. W. J.  J .  Am.  Chem. Sot. 1977, 99, 

8454. 
(23) (a) DeCorpo, J .  J.; Franklin, J. L. J .  Chem. Phys. 1971, 54, 1885. 

(b) DeCorpo, J. J.; Bafus, D. A.; Franklin, J. L. J .  Chem. Phys. 1971, 54, 
1592. 

(24) Scheunemann, H.-U.; Illenberger, E.; Baumgartel, H. Be?. Bumenges. 
Phys. Chem. 1980, 84, 580. 

(25) (a) Benson, S. W. "Thermochemical Kinetics: Methods for the 
Estimation of Thermochemical Data and Rate Parameters"; John Wiley & 
Sons: New York, 1976. (b) Benson, S. W.; O'Neal, H. E. "Kinetic Data on 
Gas Phase CJnimolecular Reactions"; National Bureau Standards: Wash- 
ington, D.C., 1970; NSRDS-NBS 21. (c) Shilov, A. E.; Sabirova, R. D. J .  
Phys. Chem. 1960, 34, 408. 

(26) Verhaart, G. J.; VanSprang, H.  A,; Brongersma, H.  H.  Chem. Phys. 
1980, 51, 389. 

(27) Schenk, H.; Oertel, H.; Baumgartel, H. Ber. Bunsenges. Phys. Chem. 
1979, 83, 683. 

(28) (a) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; 
Halow, I.; Bailey, S. M.; Churney, K. L.; Nuttall, R. L. J .  Phys. Chem. Ref: 
Data 1982, 11, Suppl. 2. (b) Pedley, J .  B.; Rylance, J. "Sussex-N. P. L. 
Computer Analysed Thermochemical Data: Organic and Organometallic 
Compounds"; University of Sussex, 1977. 

(29) Lias, S. G.; Liebman, J .  F.; Levin, R. D. J .  Phys. Chem. Ref. Data 
1984, 13, 695. 

paths are available to the pair. The cutoff point can only be 
unequivocally established by an  examination of the reactions of 
XCYH' with several chemically different bases having similar 
proton affinities in the vicinity of the cutoff point. One may fail 
to observe an exothermic proton-transfer reaction, but the ob- 
servation in the ion cyclotron resonance spectrometer of a BH+ 
ion unequivocally originating in a single step from a reaction of 
CXYH+ (as evidenced by experiments in which CXYH' and other 
possible precursor ions are ejected from the system with double 
resonance) is indicative that reaction 1 for the particular reactant 
pair is exothermic or near thermoneutral. 

Experimental Section 
The experiments were carried out by using the NBS pulsed ion cy- 

clotron resonance spectrometer, which has been described p r e v i o ~ s l y . ~ ~  
The inlet system of the spectrometer was improved prior to the initiation 
of this work by the installation of two leak valves and one servo-motor 
controlled leak valve, so that better control of the pressures of the reactant 
gases could be achieved. The pressures of the reactant compounds were 
monitored during an experiment by an ionization gauge which was cal- 
ibrated separately for each individual compound against a capacitance 
manometer. 

The appropriate halomethyl ions were generated in halomethanes as 
follows: CF2H' in CF3H, CCl2H+ in CCI,H, CFCIH' in CFCI2H, 
CFH2+ in CFH,. CCIH2+ in CH,C12, and CCID2+ in CCID,. The 
CF2H+, CC12H', CCID2+, and CCIH2' ions do not undergo reactions 
with the corresponding precursor compounds. The CFH2' and CFCIH' 
ions reacted slowly with their respective precursor halomethanes. 

Results and Discussion 
Assignment of Absolute Values to the Proton Affinity Scale. 

The proton affinities of the refert.,ice bases used in this investi- 
gation are based on a proton affinity scale which was mainly 
derived from numerous studies29 which reported equilibrium 
constant determinations for proton-transfer equilibria: 

AH' + B F? BH' + A 

The resulting relative scale has been put on an absolute basis29 
taking as reference standards species imbedded in the scale for 
which heats of formation of BH+ a t  298 K are well established 
from appearance potential measurements. For that portion of the 
scale of interest for the experiments to be described here (i.e., 
proton affinities between 190 and 165 kcal/mol) appropriate 
comparison standards are ethylene and propylene, with proton 
affinities of 162.6 and 179.5 kcal/mol, respectively. The 298 K 
heats of formation of C2H5' (215.6 k ~ a l / m o l ) ~ '  and i-C3H,' 
(191.0 k c a l / m ~ l ) " > ~ ~  on which the assignment of the proton af- 
finities is based are well established. The correctness of the 
assignment of the overall scale in this region has been further 
confirmed by a recent evaluation33 of high-level a b  initio calcu- 
lations of proton affinities, which confirmed the proton affinity 
values cited for PH, (188.6 kcal/mol) and H,S (170.2 kcal/mol), 
and obtained a value for the proton affinity of H,O within 1-2 
kcal/mol of the experimental value. 

CF,. The thermochemistry of difluoromethylene has been 
studied much more extensively than that of any other halo- 
meth~Iene.~-,O The values for the heat of formation of CF, derived 
from a variety of experimental approaches are summarized in 
Table I. Studies of the kinetics of the thermal equilibria lead to 

(4) 
( 5 )  
(6) 

values for AHf(CF,) which vary between -41.2 and -46.4 

(3) 

C2F4 .- CF, + CF, 
CHF2Cl 2 CF, + HCI 
CHF2Br 2 CF2 + HBr 

(30) Lias, S. G.; Buckley. T. J .  Int .  J .  Mass Spectrom. Ion Proc. 1984. 56, 
123. 

(31) (a) Baer, T. J .  Am.  Chem. Sot. 1980, 102, 2482. (b) Rosenstock, H. 
M.; Buff, R.; Ferreira, M .  A. A,; Lias, S. G.; Parr, A. C.; Stockbauer, R. L.; 
Holmes, J .  L. J .  Am. Chem. SOC. 1982, 104, 2337. 

(32) Traeger, J .  C.; McLoughlin. R. G.  J .  Am.  Chem. SOC. 1981, 103. 
3647. 

(33) Dixon. D. A,: Lias. S. G. I n  "Molecular Structure and Enereetics": 
Liebman, J. F:, Greenberg; A., Eds.; VCH: Deerfield Beach, FL, in' press: 

(34) Ausloos, P.; Lias, S. G.; Eyler, J .  R. In?. J .  Mass Spectrom. Ion Phys. 
1975, 18, 261. 
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Table 11. Thermochemical Data Used in This Studv 

Lias et al. 

Table 111. Rate Constants and Probabilities of Proton Transfer for 
the Reaction CF,H+ + B - BH' + CF, 

species kcal/m& ref species I;cal/mi ref 
CH3F -59.0 45 CF2Hf 143.4O 38 

CHF, -165.7 36 CFClH+ 178" 37 
CH2F2 -108.2 13, 28b CC12Hf 212" 39 

CF4 -223.4 13, 28b, CFH2' 199" 38 

CHjCI -19.3 28b, 36 CClH2' 229.2" 39 
36 

CH,CI, -22.8 28b, 36 CH 141.7 13, 21, 40 
CHCl, -24.7 28b, 36 CF 57.6 40 
CCI,F -64.1 28b CCI 104 see 

CC12F2 -1 14.1 28b CH5+ 216' 29 
CF3CI -166 28b 219a,b 33 
CCI4 -22.9 13, 36 Hf 365.7' 13 
CH4 -17.9 28 
CFzHCl -115.6 f 3 13, 28b 
CFHCI, -67.7 f 3 13 
C,Fa -157.9 28 

discussion 

'All heats of formation of positive ions given with use of the sta- 
tionary electron convention; values as given in ref 13 and 28a are 1.48 
kcal/mol higher due to inclusion of heat capacity of electron, here de- 
fined to be zero. Values for halomethyl ions given here have been de- 
rived from appearance potentials in the cited references, using 0 K 
heats of formation of neutral halomethanes and correcting the resulting 
0 K heats of formation of halomethyl ions to 298 using vibrational 
frequencies reported in ref 4 and/or ref 46. 

kcal/mol. Evaluations of these data have led to recommendations 
for the value for the 298 K heat of formation of CF2 of -43.5 & 
1.5,13 -44.6,*' or -43.8 f 2 kcal/mol,I2 all in essential agreement. 

A value for the adiabatic ionization energy of CF2 of 11.42 f 
0.01 eV has been reported.' Accepting this value, it is also possible 
to derive values for the heat of formation of CF, from mea- 
surements of appearance energies of processes in which CF2+ is 
formed. For example, from the appearance energy,5i6.9 14.63 eV, 
of the process 

Theoretical value. 

C,F, - CF2+ + CF, + e (7) 

an upper limit for AH,(CF,) of -41.6 kcal/mol can be estimated. 
Similarly, the appearance energy1, of 13.04 eV reported for 

CF,CF=CF, - CF2+ + C2F4 + e (8) 

leads to an upper limit of -44.2 kcal/mol for the heat of formation 
of CF, (based on a value of -268.9 kcal/mol for the heat of 
formation of CF3CF=CF,35), while the appearance energies of 
the processesI5 

CF3CI - CF2+ + F + C1 + e 

CF2C1, - CF2+ + C1, + e 

(9) 

(10) 

and 

of 18.84 and 16.98 eV, respectively, lead to values of -45.9 and 
-47.1 kcal/mol, respectively. Since all values derived from ap- 
pearance potential measurements must be considered as upper 
limits (because of the possible existence of kinetic shifts or barriers 
in the dissociation channel), we use the internally consistent (within 
experimental error) latter two results to assign an upper limit of 
approximately -47 kcal/mol to the heat of formation of CF,. 

A measurementIS of the onset energy for the process 

CF2CI2 + e - CF, + C12- (11) 
leads to a much lower value for AHf(CF,), -56.0 & 5 kcal/mol. 

Table I11 summarizes results from earlier studies, as well as 
the experiments performed as part of this study concerning the 
observation of the reaction 

CF2Hf + B - CF2 + BH' (12) 
for a number of bases of varying gas basicity. The results reported 

(35) Bryant, W. M. D. J .  Polym. Sei. 1962, 56, 272. 

~ 

proton k,, X 
affinity," lolo, cm3/ % proton 

B kcal/mol (molecule s) transfer ref 
HCOOCH? 188.9 
PH3 
CH3CN 
CH3CHIOH 
CH,CHO 

C6H5F 
CH,OH 

CH,NO, 
ASH, 

HCOOH 

CCI,CH20H 
CH,=CF2 
C H d C "  

HCN 

C6F6 

H2CO 

H2Se 
HIS 

H,O 

188.6 
188.4 
188.3 
186.6 

182.6 
181.9 

179.2 
179.2 

178.8 
177.7 
177.4 
176 
175.6 
171.7 
171.4 

171.3 
170.2 

166.5 

14.6 

16.6 
14.9 f 0.8 

10.4 
14.1 f 0.7 

2.2 

0.38 f 0.02 

0.73 
<0.01 

0.69 

<0.01 

91 
100 
not observed 
5 
92 
not observed 
observed 
69 
not observed 
observed 
9 
not observed 
30 
observed 
observed 
observed 
observed 
observed 
not observed 
not observed 
not observed 

not observed 

19 
19 
17 
19 
19 
17 
this work 
19 
17 
this work 
19 
17 
19 
this work 
this work 
this work 
this work 
17 
17 
this work 
this work 
19 
this work 
17 

"All proton affinity values from ref 29. 

here on the proton-transfer reactions of CF2H+ are in good 
agreement with results from the earlier studies, specifically con- 
firming the previously reportedI7 bracketing of proton transfer 
from CF2H+ between formaldehyde and hydrogen cyanide, and 
providing additional confirming brackets between hydrogen sel- 
enide and CH2(CN),. Accepting the evaluated heats of formation 
for the halomethyl ions given in Table 11, the proton-transfer 
bracketing experiments previously reported in the l i t e r a t ~ r e ' ~ ~ ' ~ ~  
lead to values for the heat of formation of CF2 of -50.8 or -48.0 
kcal/mol (Table I). 

Vogt and Beauchamp" concluded that the proton transfer from 
CF2H+ to formaldehyde was approximately thermoneutral. Lias 
and A U S ~ O O S ' ~ ~  bracketed the gas basicity of C F 2  between those 
of hydrogen sulfide and formic acid and suggested that the in- 
efficient proton transfer 

(13) 
observed by Vogt and BeauchampI7 was possibly endothermic by 
as much as 2 kcal/mol. If the proton-transfer reaction 13 to 
formaldehyde is considered to be thermoneutral (that is, if the 
gas basicity of CF, is taken as 164.0 kcal/mol), one obtains a value 
of 172.0 for the proton affinity of CF,. However, considering the 
inefficiency of the reaction with formaldehyde, and the total lack 
of proton transfer to hydrogen cyanide and hydrogen selenide 
(which have gas basicities which are lower by only about 0.5 
kcal/mol), it is reasonable to assume that the proton transfer to 
formaldehyde is slightly endothermic (by 0.5 to 1 kcal/mol) and 
assign a value of 173 f 1 kcal/mol to the proton affinity of CF,. 
This leads to a value of -49 kcal/mol for the heat of formation 
(taking the 298 K heat of formation of CF2H+ to be 143.4 f 3 
kcal/mo13'). 

This result is in good agreement with the values derived from 
the appearance energies for processes 9 and 10 (Table I )  but 
indicates that the heat of formation of CF, is lower by 4-5 
kcal/mol than the value derived from thermal dissociation 
data.8,10.11,13,14,16,20 Vogt and BeacuchampI7 have pointed out that 
there is a discrepancy between the a c ~ e p t e d ' ~ . ~ ~  heat of formation 
of CF, (-44.6 kcal/mol) and the value derived from proton affinity 

CF2Hf + C H 2 0  - CHZOH' + CF, 

(36) Rodgers, A. S.; Chao, J.; Wilhoit, R. C.; Zwolinski, B. J.  J .  Phys. 

(37) Lias, S. G.; Ausloos, P. I n f .  J .  Mass Speefrom. Ion Phys. 1977, 23, 

(38) Lossing, F. P. Bull .  Soe. Chim. Belg. 1972, 81, 125. 

Chem. Ref. Data 1974, 3, 117. 
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bracketing e~pe r imen t s ; ' ~~ ' ' ~  they attributed the problem to a lack 
of accurate thermochemical data on the halomethanes, resulting 
in the assignment of an incorrect value for the heat of formation 
of the CF2H+ ion. However, a re-examination of evaluated data 
on the heats of formation of halo me thane^^^^^^^^^ (Table 11) does 
not indicate the existence of discrepancies or inconsistencies which 
could account for a difference as large as 4-5 kcal/mol in the heat 
of formation of CF2H+.  Indeed, since the reaction 

CHS' + CHF2CI - CF2H' + HCl + CH4 (14) 

occurs with a high effi~iency,~'  the maximum value for the heat 
of formation of CF2H+ must lie in the region 141-144 kcal/mol 
(depending on which value one accepts for the 298 K heat of 
formation of CH5+, Table II), which limits the value for the heat 
of formation of CF2 to be more negative than -48 to -51 kcal/mol. 
The 4-5 kcal/mol discrepancy between the heat of formation of 
CF, emerging from these experiments and the value derived from 
thermal equilibrium results remains unexplained, although a 
careful re-examination of the internal consistencies and the error 
limits associated with the heats of formation of the various relevant 
neutral molecules seems to be warranted. 

Accepting the value for the heat of formation of CF, indicated 
by the results of the present study, -49 kcal/mol, it appears that 
the thermodynamic threshold for process 7 is 14.02 eV, signifi- 
cantly lower than any of the reported values for onset of this 
p r o c e ~ s . ~ ~ ~ . '  Similarly, the thermodynamic threshold for process 
8 would be estimated to be 12.79 eV, lower than the observedI2 
threshold of 13.04 eV. 

CCI,. Literature values1S,21-26 for the heat of formation of CCI,, 
summarized in Table I, range from <30 to <59 kcal/mol, with 
most values falling in the range 46-59 kcal/mol. However, most 
of the reported determinations involve the observation of the onsets 
of such processes as 

C2C14 - CC12+ + CC12 + e 

CC1,F - CC12+ + CI + F + e 

CCI3H - CCI2+ + HC1 + e 

CCI4 - CC12+ + C1, + e 

(15) 

(16) 

(17) 

(18) 

Because of the possibility of energy barriers in the dissociation 
channels of ionic fragmentations, such determinations give upper 
limits for the heat of formation of CC12. One previous evaluationzSb 
of datazSc on the process 

CHC1, - CClz + HC1 (19) 

led to a much lower value for the heat of formation, 40 f 5 
kcal/ mol. 

Results of three previous s t u d i e ~ ' ~ ~ ~ ~  of the proton-transfer 
reaction 

CC1,H' + B - BH' + CC1, (20) 
provide a striking illustration of the difficulties which may be 
associated with the determination of heats of formation of unstable 
species through bracketing experiments. Lias and A U S I O O S ~ ~ ~  
observed proton transfer from CC12H+ to ammonia (proton af- 
finity, 204.0 kcal/mol) but not to dimethyl sulfide (proton affinity, 
200.6 kcal/mol) and concluded that the proton affinity of CC1, 
lay between these two values. Levi et al.,, on the other hand, 
concluded that since they did not observe proton transfer from 
CCI2H+ to diisopropyl sulfide (proton affinity, 209.6 kcal/mol), 
the proton affinity of CCI,, must be higher than this value. 
Ausloos and Liaslgb later noted that CC12H+ preferentially reacts 
with dialkyl sulfides and ethers through hydride transfer or dis- 
placement mechanisms even when proton transfer is exothermic. 
For this reason, both previous  determination^^^^^^ of the proton 
affinity of CC12 through bracketing were in error because of the 
assumption that the nonoccurrence of a proton transfer to a sulfide 
indicated endothermicity. Ausloos and LiasIgb concluded that the 
proton affinity of CC1, was lower than that of diethyl ether (200.2 
kcal/mol) but did not provide a lower bracket for the proton 
affinity of this species. 
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Table IV. Observation of the Reaction CCI2H+ + B - BH' + CCI2 
for Bases (B) of Varying Proton Affinity 

proton 
affinity,k % proton 

B kcal/mol transfer ref 
methylamine 

2-(trifluoromethyl)pyridine 

diisopropyl sulfide 
aniline 

isopropyl ether 

ammonia 

CF3CH2CH2NH2 

C2HSSCH3 
di-n-propyl ether 
dimethyl sulfide 

diethyl ether 
C,H,CN 
i-C,H,CN 
n-C,H,CN 
C2HSCN 
dimethyl ether 
phosphine 
1,2-difluorobenzene 
1,3,5-trifluorobenzene 
arsine 
hexafluorobenzene 

214.1 

211.5 
2 10.6 
209.6 
209.5 

206.0 

204.0 

203.5 
202.3 
200.6 

200.2 
195.9 
194.3 
193.7 
192.6 
192.1 
188.6 
181.8 
181. 
179.2 
177.7 

63 
observed 
observed 
observed 
not observed 
not observed 
1 
not observed 
not observed" 
46 
51 
not observedb 
not observed' 
<1  
not observedd 
22 
observed' 
observed' 
observed' 
not observed' 
not observed' 
not observed 
not observe& 
not observed 
not observed 
not observed 

19a 
22 
22 
22 
22 
22 
19b 
22 
19b 
19a 
19b 
19b 
19b 
19a 
19b 
19b 
this work 
this work 
this work 
this work 
19 
this work 
this work 
this work 
this work 
this work 

Reaction products: C3H7+ + i-C3H7OCCI2H. Reaction products: 
CH3SC2H4+ + CC12H2. Reaction products: C3H7' + C3H,0CC12H. 

Reaction products: CH3SCH2' + CC12H2. Reaction products: 
C H 3 0 C H 2 +  + CCI2H2. /Reactant ion: CCI2D+. g Reaction products: 
C6F2H4+ + CCl2D. *All proton affinities from ref 29. 

The results of the present study (Table IV) indicate that the 
gas basicity of CC1, lies between that of C2H5CN and that of 
n-C3H7CN, Le., that the proton affinity of CC1, is 193 * 1 
kcal/mol. Accepting a value of 212 kcal /m01~~ for the 298 K heat 
of formation of CC12Hf, this leads to a value of 39 kcal/mol for 
the heat of formation of CCI2, in good agreement with the earlier 
estimate of 40 f 5 k c a l / m ~ l . ~ ~  

CFCI. An upper limit to the value for the heat of formation 
of CFCl can, in principle, be derived from the reported6 appearance 
energy (15.3 eV) of the process 

CFCl=CFCl - CFC1' + CFCl (21) 

However, the result cannot be interpreted without a reliable value 
for the heat of formation of CFC1' (or a value for the ionization 
potential of CFCI). The literature provides conflicting evidence 
about the value of this heat of formation; however, consistent 
results have been for the appearance potential of the 
CFC1' ion from CFC1, 

CFC13 - CFCl' + C12 + e 

CFC13 - CFCl+ + C1- + CI 

(22a) 

or 

(22b) 

(15.94 and 16.04 eV). The assumption of the formation of a C12 
product gives a value of 243 kcal/mol for AHf(CFC1+), while a 
value of 331 is obtained assuming (Cl- + C1) products. These 
would correspond respectively to values for the heat of formation 
of CFCl of 32 or -57 kcal/mol if the measured onset for process 
21 (15.3 eV) is the thermodynamic threshold. On the other hand, 
the reported onset of 0.6 eV for the process 

CFC1, + e - CFCl + Clz- (23) 

(39) Werner, A. S.; Tsai, B. P.; Baer, T. J .  Chem. Phys. 1974, 60, 3650. 
(40) Huber, K. P.; Herzberg, G. "Molecular Spectra and Molecular 

Structure. IV. Constants of Diatomic Molecules"; Van Nostrand Reinhold 
Co.: New York, 1979. 
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Table V. Observation of the Reaction CFCIH' + B - BH' + CFCl 
for Bases (B) of Varying Proton Affinity 

B proton affinity," kcal/mol proton transfer 
CD3CN 188.4 observed 
O - F C ~ H ~ C H ~  186.6 observed 
p-FCsH,CH, 185.8 not observed 
C6HSF 182.6 not observed 
HCN 171.4 not observed 
H2Se 171.3 not observed 
HS 170.2 not observed 

"All proton affinities from ref 29 

would correspond to an approximate value for AH,(CFCl) of 3 
kcal/mol. 

The process 
CFClH+ + B -+ BH+ + CFCl 

was examined for several bases of varying gas-phase basicity. The 
results (Table V) indicate that the proton affinity of CFCl is 
bracketed between that of p-fluorotoluene (185.8 kcal/mol) and 
o-fluorotoluene (186.6 kcal/mol). A proton affinity of 186 
kcal/mol corresponds to a value for the heat of formation of CFCl 
of -2 kcal/mol, accepting a value of 178 & 3 kcal/mol for the 
heat of formation of CFClH'. The latter heat of formation is 
itself based on results of bracketing experiments, namely the 
observation of the reactions3' 

CF2CI+ + CHFCI, -+ CHFCI+ + CF2Cl, (25) 

CHS+ + CHCIF, -+ CHFCI+ + H F  + C H 4  (26) 

which indicate a value for the heat of formation of <I80 kcal/mol, 
and the nonoccurrence of the reaction 

C,H5+ + CHFCl, + CHFCl+ + C,H,CI (27) 

which would indicate a value for the heat of formation of >175 
kcal/mol. 

CFH. A recent paper4' reported a value for the heat of for- 
mation of C F H  of 39 kcal/mol, based on the observations that 
the reaction: 

(24) 

CFH, + C2H5 - C H F  + C2H6 

CFH2 + CFHI + C H F  + CFH3 

(28) 

(29) 

occurs and must therefore be exothermic, while the reaction 

does not occur and was therefore assumed to be endothermic. 
Taking the heat of formation of CFH, to be -7.6 & 2.0 kcal/mol, 
these results lead to assigned limits on the heat of formation of 
C F H  of <38.8 f 2.0 and >41.6 & 6.0 kcal/mol. The only other 
published values for the heat of formation of C F H  are a MINDO 
c a l ~ u l a t i o n ~ ~  and e s t i m a t e ~ l ~ , ~ ~  based on (a) averaging the heats 
of formation of CF, and CH, and (b) modifying that average by 
a consideration of the bond energies HC-F and FC-H, assuming 
that these would fall within normal bounds (C-F < 135 kcal/mol 
and C-H > 80 kcal/mol). The estimates led to values of 30 
7j3 and 25 kcal/moI4, for AHf(CFH). Hsu et al.43 pointed out 
that such an averaging procedure should use the heat of formation 
of ICH2 rather than that of 3CH, and on that basis recommended 
a value of 39 kcal/mol for the heat of formation of CFH.  The 
MINDO calculation gave a value of 14.5 kcal/mol for a triplet 
ground state, 21.5 kcal/mol for the IA, state (incorrectly pre- 
dicting, as the authors pointed that the triplet state is lower 
than the singlet). Staemmler3h has calculated the bond-dissociation 
energies, D(HC-F) and D(FC-H), to be 120 and 83 kcal/mol, 
respectively, which would correspond to heats of formation of CFH 
of 40 or 30 kcal/mol, respectively, taking r e c ~ m m e n d e d ' ~ ~ ~ ~ ~ ~ ~  
values for the heats of formation of C H  and C F  (Table 11). 

(41) Pritchard, G .  0.; Nilsson, W. B.; Kirtman, B. Int .  J .  Chem. Kiner. 
1984, 16, 1637. 

(42) Tang, Y.-N.; Smail, T.; Rowland, F. S. J .  Am. Chem. SOC. 1969, 91, 
2 130. 

(43) Hsu, D. S. Y.; Umstead, M. E.; Lin, M .  C. In "Fluorine-Containing 
Free Radicals: Kinetics and Dynamics of Reactions"; American Chemical 
Society: Washington, D.C. 1978; ACS Symp. Ser. 66, p 128. 

Table VI. Observation of the Reaction CFH2+ + B - BH+ + CFH 
for Bases (B) of Varying Proton Affinity 

B proton affinity,' kcal/mol proton transfer 

(CH,),C=CH, 195.9 observed 
C6H5CN 195.9 observed 
n-C,H,CN 193.7 observed 
HCOOC2H5 193.1 observed 
C2HsCN 192.6 observed 
CH3SCN 192.6 not observed 

not observed (CH3)20 192.1 
C2H5N02 184.8 not observed 
C6H5F 182.6 not observed 
1,3,5-C,F,H, 181. not observed 
C6F6 177.7 not observed 
CF3COCH3 174.2 not observed 
HCN 171.4 not observed 
H2Se 171.3 not observed 

"Proton affinities from ref 29 except the value for CH3SCN from 
the following: Karpas, Z.; Stevens, W. J.; Buckley, T. J.; Metz, R. J .  
Phys. Chem., in press. 

Table VII. Observation of the Reaction CCIH2+ + B - BH' + 
CClH for Bases (B) of Varying Proton Affinity 

B proton affinity," kcal/mol proton transfer 
C6H5NH2 209.5 observed 
CH~COC~HS 205.4 not observed 

204.0 not observedb 
not observed' 

NH3 
t-C4H90CH3 202.2 
CH3COC2Hs 199.8 not observed 
C H 3 COC H 3 196.7 not observed 
C2HSCN 192.6 not observed 
HCN 171.4 not observed 
H2Se 171.3 not observed 

"All proton affinities from ref 29. bNH,+ formed through two-step 
mechanism: CC1H2+ + NH3 - CH2NH2' + HCI, CH2NH2+ + NH3 - NH,' + CH2NH. CMH+ formed by proton transfer from t-C4H9+. 

Table VI shows the results of experiments in which the oc- 

(30) 

was examined for a series of bases of varying gas-phase basicity. 
These results indicate that CFH2+ transfers a proton to C,H,CN 
(proton affinity, 192.6 kcal/mol) and HCOOC2H, (proton affinity, 
193.1 kcal/mol) but not to CH3SCN (proton affinity, 192.6 
kcal/mol) or (CH3)20 (proton affinity, 192.1 kcal/mol). Thus, 
the proton affinity of C F H  must be 193. kcal/mol. A value of 
199 kcal/mol is derived for the 298 K heat of formation of CFH2+ 
from the appearance potential of this ion from CH2Fz (14.06 eV),38 
in good agreement with limits which can be assigned to the heat 
of formation from observed ion-molecule  reaction^.^' On this 
basis, a value of 26 & 3 kcal/mol can be assigned to the heat of 
formation of CHF. This value is in good agreement with previous 
 estimate^'^,^, based on averaging the heats of formation of C H 2  
and CF,, and indeed it agrees well with such an average taking 
the heats of formation of these species reported in this paper, as 
will be discussed below. The estimate of 39 kcal/mol recently 
reported4' for AH,(CFH) assumed that a lower limit could be 
assigned on the basis of the nonoccurrence of reaction 29; the 
results obtained here do not conflict with the upper limit of <39 
kcal/mol assumed in that study from the observation of reaction 
26 but indicate that reaction 29 is exothermic, even though it does 
not occur a t  a measurable rate. 

CCM. A published estimate of the heat of formation of CClH 
gave a value of 80 f 10 k ~ a l / m o l , ' ~  based on an average of the 
heats of formation of CH, and CCl,, modified by assigning 
"reasonable" values to the HC-Cl and C1C-H bond strengths. 

Table VI1 shows the results of experiments in which the OC- 
currence or nonoccurrence of the reaction 

(31) 

currence or nonoccurrence of the reaction 

CFH2+ + B + BH+ + C F H  

CCIHz+ + B - BH+ + CClH 

was examined for a series of bases of varying gas-phase basicity. 
These results indicate that the gas basicity of CClH lies between 
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Table VIII. Proton Affinities and Heats of Formation (kcal/mol) of 
Substituted Methylenes 

AHf(CXY) proton 
CXY affinity AH,(CXYH+) (exptl) av (CXz, CYZ) 
'CH2 (207) 262 (103) 
CHF 193 199 26 27 

173 143 -49 
CHCl 207 229 71 71 
C F2 

CCI, 193 212 39 
CFCl 186 178 -2 -5 

Table IX. Hydrogen Affinities of CXY' Ions and Derived Ionization 
Enereies of CXY SDecies 

hydrogen ionization 
affinity," energy,* eV 

CXY kcal/mol' ref kcal/mol 'CXYb -'CXYC 
'CH, 334 47 124 10.02 10.45 
CHF 268 this work 121d 10.49 10.10 
CF, 214 7 123 11.42d 9.24 
CHCl 322 47 145 

298 this work 121e 9.84 9.76 
CCI, 278 15 118 10.36 9.84 
CFCl 243 15 117 10.62 
4Hydrogen affinity = -AHf(CXYH') + AHf(H) + AHf(CXY+). 

* Except where otherwise indicated, cited ionization energy derived 
from AHf(CXY') - AHfl!CXY). cAHf(CXY+) - AH:(CXY), see 
Table XI. dExperimental ionization potential from ref 7. PAssumed; 
see Discussion. 

that of CH,COC,H5 (proton affinity, 205.4 kcal/mol) and 
C,H5NH2 (proton affinity, 209.5 kcal/mol). The appearance 
potential of CC1H2+ from CH2CI2 (12.14 eV)39 leads to an upper 
limit value for the 0 K heat of formation of the ion of 229.95 
kcal/mol, which corresponds to a 298 K value of 229.2 kcal/mol. 
A value for the 298 K heat of formation of CCIH,' from ion- 
molecule reaction bracketing experiments3' is in good agreement, 
leading to an estimate for the maximum value for this quantity 
of 233 f 3 kcal/mol. The proton transfer bracketing results 
summarized in Table VI1 then correspond to a 298 K heat of 
formation of CClH of 71 & 5 kcal/mol. 

Heats of Formation of Halomethylenes: C-X and C-H Bond 
Strengths. The results obtained from the proton transfer brack- 
eting experiments described above are summarized in Table VIII. 
The experimentally derived values for the heats of formation of 
methylene and the halogenated methylenes vary in a completely 
regular way, with the heat of formation for CClH falling half-way 
between those of 'CH, and CC12 and the heat of formation of CFH 
falling within 1 kcal/mol of the value one would obtain by av- 
eraging the values for 'CH2 and CF,. Similarly, the heat of 
formation of CFCl is within 3 kcal/mol of the value one would 
obtain by averaging the heats of formation of CF2 and CCI2. 

Accepting these heats of formation for the carbenes, one can 
derive information about heats of formation of related ionic species. 
For example, one can examine (Table IX) the hydrogen affinities 
of the CXY+ ions, Le., the enthalpy changes associated with the 
reactions 

CXY' + H - CXYH' 

Where reliable information about the heats of formation of the 
relevant CXY' ions is available, the hydrogen affinities of the 
ions are seen to be (Table IX), as expected,44 fairly constant. The 
values of all the relevant hydrogen affinities (except that of C H C P  
for which AHf(CHC1') is not well established) are  121 f 4 
kcal/mol. In fact, the compatible value for the hydrogen affinity 
of CFCI' serves as a confirmation of the value used here for the 
heat of  formation of CFCIH+, which was estimated from ion- 
molecule bracketing experiments3' (reactions 25, 26, and 27). 

(32) 

(44) See ,  for example: (a) Beauchamp, J .  L. Annu. Reo. Phys. G e m .  
1971, 22, 527. (b) Lias. S. G.; Ausloos, P. In "Ion-Molecule Reactions: Their 
Role in Radiation Chemistry"; American Chemical Society, Washington, 
D.C.. 1975; pp 91-95. 

Table X. C-X and C-H Bond Strengths (kcal/mol) in Singlet 
Halometh ylenes 

H c1 F 
HC- 90 100 5 135 f 3 
CIC- 84 f 5 94 f 3 124 f 7 
FC- 85 f 3 89 f 7 126 f 5 

Assuming, therefore, that the values for the hydrogen affinities 
of CHF+ and CHCI' will be -121 kcal/mol, it is possible to 
estimate the heats of formation of these ions from the known heats 
of formation of CFH2+ and CCIH2+ (Table IX). 

Table IX summarizes heats of formation of the CXY+ ions and 
ionization potentials for the CXY species derived from the results 
of the present study. The ionization potentials reported here are 
simply taken as the differences between the heats of formation 
of CXY' and the values reported here for AHf(CXY), i.e., the 
"ionization potentials" correspond to differences between 298 K 
heats of formation and therefore represent 298 K "enthalpies of 
ionization". The ordering of the derived ionization energies (CF, 
> CFCl > C F H  - CC12 > CHCl - CH,) is reasonable. The 
experimentally determined value of the ionization potential of CC12 
(9.76 eV),' appears to be too low. Acceptance of that value and 
AH,(CCl,) from this study would lead to an unreasonably low 
value for the hydrogen affinity of CCI2+. On the other hand, use 
of the derived ionization potential for CCI, (10.36 eV) with the 
appearance potential dataL3,'5s2L for CCI2+ summarized in Table 
I leads to derived upper limits on the heat of formation of CCl, 
in rather good agreement with the value reported here. 

The question arises of whether .he values recommended here 
for halomethylene heats of formation lead to "reasonable" car- 
bon-halogen and carbon-hydrogen bond strengths. Table X 
summarizes the bond strengths derived from the results reported 
here. The values for the heats of formation of C H  and CF  used 
in calculating the bond strengths are taken from the literature.l3<@ 
It  is seen that a straightforward use of the recommendedL3 value 
for the heat of formation of CCI leads to values for bond strengths 
which are obviously much too high (107, 98, and 140 kcal/mol 
respectively for CIC-H, -Cl, and -F bonds, respectively). In fact, 
the heat of formation of CCl is poorly e ~ t a b l i s h e d . ~ ~  Therefore, 
it appears to be necessary to estimate a value for this quantity 
in order to obtain bond strengths for CIC-X species. Since, for 
'CH2 and 'CF,, the "average" bond strengths associated with C-X 
bonds estimated from the reaction 

(33) cx2 + c + x + x 
are similar ( f 5  kcal/mol) to the C-H and C-F bond strengths 
estimated from 

CX, - cx + x (34) 

we make the assumption that the same will be true for CCI,. This 
leads to an estimate that the heat of formation of CC1 is - 104 
kcal/mol (rather than 120 k ~ a l / m o l ) . ' ~  This is the value used 
in the calculations of bond strengths given in Table X. 

As with the thermochemical properties listed in Table VIII, 
the bond energies given in Table X conform to reasonable ex- 
pectations for C-H, C-CI, and C-F bond energies, i.e., C-H bonds 
have strengths of about 85-90 kcal/mol, C-CI bonds lie between 
89 and 100 kcal/mol, and C-F bonds are about 125-134 kcal/mol. 

(45) The onset energy for the process CH,F - CH2F+ + €I + e has been 
determined by photoionization mass spectrometry (Krauss, M.; Walker, J .  A,; 
Dibeler, V. H. J .  Res. Natl. Bur. Stand. 1968, 72A, 281) to be 13.37 eV.  
Accepting the value for the heat of formation of CH2F+ given in Table 2, this 
leads to an estimate that the heat of formation of CH,F is -57 kcal/mol at  
0 K and -59 kcal/mol at 298 K. This value is preferable to that cited in  ref 
13, which was based on the same reasoning, but used less accurate appearance 
potential data. 

(46) Shimanouchi, T. "Tables of Molecular Vibrational Frequencies: 
Consolidated Volume I"; National Bureau of Standards: Washington, D.C., 

(47) (a) Rosenstock, H. M.;  Draxl, K.;  Steiner, B. W.; Herron, J .  T. J .  
Phys. Chem. ReJ Data 1977, Suppl. 1. (b) Levin, R .  D.; Lias. S. G. Natl. 
Stand. Ref, Data Ser., Natl. Bur. Stand. ( U S . )  1982, 71 

1972; NSRDS-NBS 39. 
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the "gem-difluoro effect"50 and is interpreted in terms of resonance 
structures available to a species with two fluorine atoms on a single 
carbon atom. In the singlet carbenes the same substitution leads 
to a lowering of the heat of formation by 77 and 76 kcal/mol in 
the series CH,, CHF,  CF,, Le., fluorine substitution in a methylene 
effects a much greater stabilization than in an alkane, but in the 
singlet species, no gem-difluoro effect is operative. In the cor- 
responding triplet fluoromethylenes, the respective lowering of 
the heat of formation upon substitution is 58 and 34 kcal/mol. 
The anomously small stabilization effected upon substitution of 
F for H in CHF suggests that the lack of additivity in the heats 
of formation of the triplet fluoromethylenes may be due to a 
relative destabilization of 3CF2 species. 

Additional evidence in favor of this interpretation comes from 
an examination of the ionization potentials derived in Table IX 
for the triplet halogenated methylenes. These ionization energies, 
which correspond to the difference between the heat of formation 
of the CXYf ion and the 3CXY methylene, can be equated to the 
energy required for the removal of a x electron. Thus, it would 
be expected5' that these ionization energies should remain un- 
changed or increase slightly with increasing fluorine substitution. 
Instead, these a-ionization energies decrease from 10.10 to 9.24 
eV in going from 3CHF to 3CF2. This result again indicates a 
relative destabilization of the 3CF2 species, indicating that the 
unusually large singlet-triplet gap associated with CF2 reflects 
both the stabilization of 'CF2 and the destabilization of 3CF, by 
the fluorine substituents. 

Note Added in Proof. A new determination of the heat of 
formation of CC12+ (265 kcal/mol) and the adiabatic ionization 
potential of CC12 (9.10 eV) have been reported.52 These values 
cannot be reconciled with the data reported here, and would lead 
to unreasonable values for both the CIC-CI bond-dissociation 
energy (Table X) and the hydrogen affinity of CCI2+ (Table IX). 
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Table XI. Heats of Formation of Singlet and Triplet Methylenes 

singlet' tripletb AE(S-TY 
CH,  103 93 10 

CHCI 71 f 5 [71]" 73 [72]" -2 
CCI, 39 f 3 51 -12 

C H F  26 f 3 [27]" 35 [47]" -9 
CF2 -49 f 3 1 -50 

CFCl -2 f 7 [-5Id 
a Except for CH,, from this study. From the theoretical singlet- 

triplet separation energies given in the third column and the experi- 
mental heats of formation of the singlet methylenes in the first column. 
'Singlet-triplet splits for halomethylenes from ref 2b and for C H 2  from 
ref 2b, 48, and 49. "Values in brackets are values for the heat of for- 
mation of CXY species which would be obtained by averaging heats of 
formation of the relevant CX, and CY2 species. 

Considerable attention has been given to calculations of sin- 
glet-triplet energy separations in halogenated methylenes3 and 
to experimental4* and t h e ~ r e t i c a l ~ ~  determinations of this energy 
difference in CH2.  Heats of formation which can be assigned to 
the triplet halocarbenes based on the most recent calculations of 
the singlet-triplet split energies and the results presented here for 
the singlet carbenes are summarized in Table XI. Here, it is seen 
that the derived heat of formation of 3CHC1 lies exactly between 
the heats of formation of 3CH, and 3CC12, but the heat of for- 
mation of 3CHF is lower by 12 kcal/mol than the value predicted 
by averaging the heats of formation of 3CH2 and 3CF2. 

T o  examine in more detail the relative stabilization energies 
effected in a methylene species by fluorine substitution, it is 
instructive to further compare the heats of formation of the singlet 
and triplet fluorinated methylene species with trends in the heats 
of formation of corresponding fluoromethanes. In the methanes 
the substitution of one F for one H lowers the heat of formation 
by respectively 41, 49, 58, and 57 kcal/mol in the series CH4, 
CH3F, CH2F2, CF4; the significantly larger degree of stabilization 
effected by the substitution of the second F atom has been termed 

(48) (a) Hayden, C. C.; Neumark, D. M.; Shobatake, K.; Sparks, R. K.; 
Lee, Y. T. J .  Chem. Phys. 1982,76, 3607. (b) McKellar, A. R. W. J .  Chem. 
Phys. 1983, 5251. (c) Harding, L. B.; Goddard, W. A., 111 Chem. Phys. Lett. 
1978, 55, 217. 

(49) (a) Harding, L. B.; Goddard, W. A., 111 J .  Chem. Phys. 1977, 67, 
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