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The dissociation energy of the C--H bonds in hydrocarbons, alcohols, and ethers were 
calculated by semiempirical MNDO, AM1, and PM3 methods. The average error of 
calculations of the D(C--H) values by using various quantum-chemical methods is 
1.3 kcal mol -I. 
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The use of quantum-chemical methods to calculate 
the enthalpy of formation of molecules and radicals 
(Aft  °) and the dissociation energy of bonds (D) in organic 
compounds appears very appealing if one takes into ac- 
count the difficulty (and even the impossibility in some 
cases) of experimental determination of these values. 

In many cases, the accuracy of the Af t  ° calculations 
even for particles with closed electron shells is inad- 
equate. 1,2 Previously we reported 3 that the dissociation 
energies of the bonds in alkanes (and, therefore, the 
zxfH ° in alkyl radicals) can be calculated with satisfactory 
accuracy by using the MNDO method. In this work, the 
results of calculations of D(C--H) in alkanes, aliphatic 
alcohols, and ethers by semiempirical MNDO, 4 AM1, 5 
and PM3 6 methods are reported. 

Calculations of the dissociation energy 

The homolytic cleavage of a chemical bond can be 
considered 7 to occur in two stages: a) proper homolysis, 

after which the radical retains the geometry it had in tile 
molecule, and b) stabilization of the radical, i.e., its 
transformation to its most stable form (for instance, the 
planar form for the "CH 3 radical). Let us imagine the 
process o f  the homolysis of the compound RI--R 2 by 
scheme 1. 8 

Scheme 1 

R1R2 E(R1--R2) ~ (R'l)* + (R'2)* 

R" 1 + I:1" 2 

Here, according to the terminology used, a 
AH°(RI--R2) is the dissociation enthalpy of  the bond, 
E(RI--R2) is the term of the bond enthalpy, and E(RI) 
and E(R 2) are the energies of relaxation (or reorganiza- 
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tion) of  the fragments. There are several approaches to 
determining these values, 9 - t l  which show that E(R) 
can be reasonably high (for instance,  9 E ( P h O ) =  
- 2 4 . 0  kcal mol - l ) .  

The values of  E, ~ H  ° and E(R) are related by a 
simple relationship (1). 

AftO(RI--R?) = E(RI--R2) + E(RI) + E(R 2) (1) 

On the basis of  an analysis of  the energetic characteris- 
tics of  the chemical bond one can conclude 8 that the 
dissociation energy (or the bond strength) D, deter- 
mined experimentally, is better described by the en- 
thalpy term E than by the dissociation enthalpy of  the 
bond AH °, Therefore, one needs to calculate AfH ° of  the 
radicals R I and R 2 using the geometric characteristics of  
the R I - - R  2 molecule (i.e., before relaxation (reorganiza- 
tion)) in the quantum-chemical  calculations of  the dis- 
sociation energy of the bond. 

The strength of  the C - - H  bond is determined from 
Eq. (2). 

D(R--H) = AfH°(R ') + ,~rft°(H ") - AfH°(RH) (2) 

The use of  this equation with ArM ° values calculated by 
the M N D O ,  AM1, and PM3 methods for molecules and 
radicals with flllly optimized geometry 12 leads to consid- 
erable deviations from experimental data. In our opin- 
ion, the reason for those deviations is that, in addition to 
the parametrization errors of  the semiempirical approxi- 
mation, the enthalpy AH ° calculated using this ap- 
proach t2 differs from D (see above) by the relaxation 
energy of  the radical R" ( E ( R ) o f  the H atom is zero). 

Taking this into account,  we calculated the dissocia- 
tion energy of  the C - - H  bond as follows: the AfH ° of  the 
RH molecule was calculated with lull optimization of  its 
geometry, then AIH ° of  the R '  radical with the geomet-  
ric characteristics it has in the starting molecule was 
calculated. The obtained values were substituted into 
Eq. (2), taking 13 AfH°(H ' )  to be 52.1 kcal mol -I .  In 
the case of  a carbon atom with nonequivalent C - - H -  
bonds, the value of  D(C--H)  was calculated as the 
arithmetic mean. For instance, in the case of  cyclohex- 
ane the calculated dissociation energy of  the C - - H  
bonds is equal to half the sum of the D(C--H)  values for 
the axial and equatorial hydrogen atoms. 

Results and Discussion 

Using the procedure described above, the dissociation 
energies of  the C - - H  bonds in hydrocarbons, alcohols, 
and ethers were calculated. The results of  the calculations 
using the three semiempirical methods are listed in 
Table I. The experimental values of  zXr/P(R')14-18 and 
AfH°(RH) 19,2° were used for comparison; a critical selec- 
tion of the values of  ArH°(R ") was made. Nevertheless, 
some of  the calculated enthalpies of  formation of  radicals 
R" appear to be insufficiently accurate. 

For this reason~ the strengths of  the s e c - C - - H  bonds 
in pentane (position 2) and hexane were not used in the 
statistical data processing. The enthalpies of  formation 
of  oxygen-containing C-centered radicals are not readily 
available in the literature; therefore, a statistically justi- 
fied critical selection of  the "best" values of  AfH°(R ' )  is 
impossible. We considered two sets of  experimental 
enthalpies ArH°(R '),17A8 which in some instances con- 
siderably differed from each other. 

As a whole, good agreement between the calculated 
and experimental values of  D(C--H)  is observed. Thus, 
all the calculation methods adequately reflect the ten- 
dency for D(C--H)  to decrease on going from a primary 
to a tertiary bond. However, the AM 1 method system- 
atically overestimates D(C--H)  in alkanes. Thus, al- 
though the calculated values for the primary and tertiary 
C - - H  bonds are in good agreement with the experimen- 
tal values (the average absolute errors of  the calculations 
are 1.3 and 2.0 kcal tool - l ,  respectively), for s e c - C - - H  
bonds the use of  this method is unsuitable as the calcu- 
lation error for acyclic alkanes is 3.4 and that for cyclic 
alkanes is 6.0 kcal tool - I .  On the other hand, the 
M N D O  method tends to somewhat underestimate the 
values of  D(C--H).  The dissociation energies of  the 
primary and secondary C - - H  bonds are calculated with 
high accuracy; however, in the case of  tertiary and cyclic 
hydrocarbons the error is larger (3--4 kcal mol - I ) .  
According to Table I, the average absolute error for all 
the C - - H  bonds is 1.3 kcal tool - l  if the PM3 method 
is used. 

In oxygen-containing compounds,  the strength of  
the cleaved bond increases as the distance between this 
bond and the heteroatom increases (see Table 1 for the 
c~- and [~-C--H bonds in n-propyl alcohol), which ex- 
plains the activation of  the c~-position ira alcohols and 
ethers in the reactions of radical oxidation, zl The calcu- 
lated dissociation energies of  bonds distant from the 
oxygen atom are in much better agreement with the 
published data. 17 It is likely that the experimental is 
values of  D(13-C--H) and D(,f-C--H) are underesti- 
mated. 

The choice of  the calculation procedure plays an 
important role in the reliable determination of  D ( C - - H )  
in oxygen-containing compounds.  The dissociation en- 
ergies of  the C - - H  bonds in alcohols are better repro- 
duced by the AM I method. This is likely due to the fact 
that its parametrization more precisely reflects the struc- 
ture and the distribution of  the electron density in 
alcohols and, as a consequence, allows one to more 
reliably describe systems containing hydrogen bonds, s Ira 
contrast to this, what little data there is on the strengths 
of  the C - - H  bonds in ethers show that the AM1 method 
is tmsuitable in this case, whereas the M N D O  and PM3 
methods allow one to make calculations with an accu- 
racy o f ~ l . 2  kcal tool -I .  

The proposed method can be used to estimate the 
enthalpy of  formation of  radicals. The dissociation en- 
ergy of  the bond is calculated as described above, and 
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Table 1. The dissociation energies of the C--H bonds in hydrocarbons, alcohols, and ethers (kcal mol -I) 

Compound O*ex p AD = De× p -Dcalc  Compound O*ex p AD = Dex p - Dealt 

MNDO AMI PM3 MNDO AM1 PM3 

Hydrocarbons 
Primary C--H bonds 

CFA4 ,~ 104.8 14 20 1.4 1.7 
CH3--CH_ 3 100.3 14 0.8 -0.6 2.1 
CIt 3--CH2--Ctl 3 99.6 15 0.3 - I . 6  0.8 
CH3--CH2--CH2--CH 3 100.3 14 0.9 -0.9 1.5 
(CH3)3CH 100.3 14 1.3 - I . 3  1.1 
CH3--(CH2)3--CH3 100.1 1,1 0.8 -1.4 1.3 
(CH3)4C 99.8 14 1.3 -2.1 0.3 
CH3--(CH2)4--Ctt 3 100.1 14 0.9 -1.1 1.3 
Average error 1.0 1.3 1.3 

Secondary C--H bonds 

CH 3--CIA2--CI-t 3 96.9 16 1,7 --I.l  2.8 
CH3--CH2--C!q2--CI.t 3 94.8 17 -0.2 -3.4 0.2 
CH3--CH2--C3H7 ** 99.1 14 4.2 0.9 4.5 
C2Hs--CH2--C?H5 94.2 17 -0.5 -4.3 -0.8 
CH3--CH2--iso-C3H 7 943 17 0.3 -4.1 -0.6 
CH3--CH2--C4H9** 99.1 14 4.4 0.8 4.1 
CI43--CH2--tert-C4H9 94.0 17 0.8 -4.1 -1.0 
Average error 0.7 3.4 1.1 

Tertiary C--H bonds 

CH3)3CH 93.8 15 3.7 -1.7 2.1 
(Clt3)2CH--C2H5 95.5 14 5.5 -0.4 3.3 
(CH3)2CH--C3H7 94.6 14 5.0 -1.4 2.6 
(CH3)2CH--iso-C3H7 92.4 17 2.7 -3.5 -0,1 
(CH3)2CH_--tert-C4H 9 92.1 17 4.6 -2.8 0.3 
Average error 4.3 2.0 1.7 

Cyclic hydrocarbons, secondary C--H bonds 

[ ~----_H 104.4 17 -4.1 -3.9 0.8 

~ H 96.7 17 -5.0 -6.8 -2.6 

[~ --- _H 94.9 17 -2.1 -8.6 0.1 

~ H  945 - I . 2  -4.5 -0.9 17 

Average error 3. I 6.0 1.1 
Average error over all 
hydrocarbons 21 2.8 1.3 

Alcohols 

C~3OH 960 17 ZI -1.7 3.6 
CH3CH2OH 100.8 17 0.8 -2.2 10 

94.8 18 -5.2 -8.2 -5.0 
CH3CH2OH 92.5 17 4.1 -0.6 2.0 

93.8 18 54 0.7 3.3 
CH3CH2CH2OH 100.3 17 -0.2 -1.1 1.5 

97.1 Is -3.4 -4.3 -1.7 
CH3CH.2CH2OH 980 17 2.0 -2.0 2.6 

94.3 18 -1.7 --5.7 - /  1 
CH3CH?CH2OH 91.8 17 3.6 -1.6 0.9 
(C_Ist_3)2C H OH 94.3 18 -5.4 -8.7 -5~9 
CH3CH_(OH)CH 3 90,6 17 -2.8 - I . 2  4.9 

917 18 -1.7 -0.1 6.0 
(CH.3)3COH 91.6 18 -7.5 -11.2 - 8 7  
HOCH2CH2OH 95.0 17 5.6 -0.1 6,1 

92.1 18 2.7 -3.0 3.2 
Average error over experimental data 17 2.7 1.3 2.8 
Average error over experimental data 18 4.1 5.2 4.4 

Ethers 

CH3OCH3 93.3 17 -1.1 -5.8 -2.2 
CH__3OCH 2CH 3 93.0 iv - I A  -6.0 -1.3 

932 18 -1.2 -5.8 - l . 1  
CH3OCH2CH3 900 17 0.6 -4.8 1.0 
CH3OCH2CH_ 3 99,8 17 -0.4 12.4 0,0 
Average error over experimental data 17 0.9 7.3 1.1 
Average error over experimental data 18 1.2 5.8 1.1 
Average error over all 
compounds*** 2.2 2.8 1.8 

* Calculated from the experimental values of AfH°(R') 9-13 and AfH°(RH). 14-15 ** The experimental value of D(C--H) for this 
compound was excluded from the calculations of the average absolute error. *** The literature data 17 were used for the oxygen 

containing compounds. 

the value of  AfH°(RH) is taken from a handbook or is 
calculated by using one of  the approximate methods (for 
instance, the Benson additive schemeZZ). The error of 
the estimate of  AfH°(R ' ) is equal to the calculation error 
of D ( C - - H ) ,  which is comparable with the experimental  
errors of  determining the enthalpy of  formation of  radi- 

cals. 
Example of the calculation of Af/~((CH3)2CHCHzCH).). 

To determine the dissociation energy of the bond, let us 
use, for instance, the M N D O  method. According to this 

method, D( (CH3)2CHCHeCH2- -H)  = 99.0 kcal mol - l ,  
the en tha lpy  o f  format ion  of  2 -methy lbu tane  15 is 
-36.7  kcal tool - I ,  and hence, Af/-P((CH3)2CHCH2CH9 = 
10.2 kcal tool -1. The experimental value of  & H  ° is not 
available, Ar/P = 12.2 kcal mol - t  according to the Benson 

method of  group additivity, 14,22 the Orlov and Lebedev 
approach in the framework of  the compact scheme 23'24 

leads to 7.6 kcal tool - t ,  while the second approxima- 
tion zs gives 7.7 kcal mol -I .  

As can be seen from a comparison of  the exper imen-  
tal and the calculated data, the proposed procedure 
allows one to calculate the dissociation energy of  the 
bonds with a high degree of  accuracy, despite the fact 
that the error of  determination of  Aflt ° of  the starting 
RH and R" can be considerable. The reason for this 
apparent contradiction is likely as follows. 

As is known, 26 a considerable amount  of  the error in 
nonempirical  quantum-chemica l  calculations of  AfH ~ is 
due to the neglect of  the electron correlation. In the 
case of  semiempirical methods,  the at tempt to fit ad- 
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equate parameters  usually leads to systematic calcula-  
t ion errors ira the geometr ic  characterist ics  and in zXf//~. 
For  example ,  the  M N D O  method  reproduces the geom-  
etry and Afn  ° of  peroxides,  four -membered  cycles, and 
structures conta in ing  ten-butyl  fragments worse than it 
reproduces those of  o ther  organic compounds.  27 If one 
est imates the dissociat ion energy of  the bond instead of  
All1 °, and one of  the radicals is an atom with zero 
energy of  re laxat ion (reorganizat ion) ,  then a nearly 
isostructural molecule  and a "large" radical will have 
similar  sys temat ic  errors. The latter cancel each other  
out in calculat ions  of  D (Eq. (2)). 

For  example ,  the  ter t -butylhydroperoxide molecule,  
(CH3)3COOH,  contains  two "bad" fragments s imulta-  
neously: the tert-butyl group and the peroxide group, 
which causes unsatisfactory' reproduct ion of  zXfH °. The 
calculated (AM 1 method)  enthalpies of  formation of  the 
(CH3)3COOH molecule  and the (CH3)3COO" radical 
are - 4 4 . 4  and - 1 0 . 3  kcal tool - I ,  respectively, while the 
e x p e r i m e n t a l  e n t h a l p i e s  are - 5 8 . 8  + 1.2 20 and 
- 2 5 . 2  ± 3.0 18 kcal tool -1, i.e., in both cases 2xzXfH ° 
exceeds 14 kcal tool - l .  Nevertheless,  the dissociation 
energy calcula ted from Eq. (2) (D( (CH3)3COO--H)  = 
86.2 kcal tool - I )  is in good agreement  with the experi-  
mental  value (D = 85.8 kcal too l - l ) .  28 
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