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Absolute values of equilibrium constants were calculated for the dimerization reactions of methyl, 
formyl, and amidogen radicals. Reaction enthalpies were evaluated from the heats of formation 
given by the MIND0/2 method and the entropy changes were obtained by the statistical-thermo
dynamic treatment. 

Predictions of absolute values of equilibrium and rate constants of chemical reactions 
represent one of the most important goals of chemical applications of methods 
based on quantum and statistical mechanics. If enthalpy changes are estimated 
by means of semiempirical methods 1

•
2

, calculations of gas-phase equilibrium con
stants appear to be straightforward. Of course, the properties of all components 
should be near those of an ideal gas, which is a necessary condition for accurate 
predictions of entropy changes by the statistical-thermodynamic treatment3

. 

With SCF ab initio calculations the situation is complicated by the correlation 
energy which makes any general theoretical approach to heats of reaction prohibitive, 
in particular for reactions where a chemical bond is formed or broken. Satisfactory 
results have been obtained only for certain types of reactions having closed shell 
reactant and product molecules4

•
5

. However, the progress in deriving semiempirical 
procedures for estimation of correlation energy in closed shell molecules gives rise 
to hope that the SCF ab initio calculations will provide rather good heats of reaction 
in the near future. Rate processes in the gas phase are more difficult to treat. In the 
first place, the use of the theory of absolute reaction rates may not be always justifiable, 
and, second, the calculation even of several profiles of an energy hypersurface is 
very expensive of computer time. Here the combination of systematic calculations 
with chemical intuition is still desirable. Attempts to calculate interaction energies 
between particles in the condensed phase6

•
7 give rise to hope that reasonable theoreti

cal estimates of enthalpies of equilibrium processes in solution will be soon available. 
Concerning the partition functions, the situation appears to be less favourable. 
A theoretical approach to rate processes in solution is a difficult task, one of the 
problems being the uncertain structure of the solvation shell of activated complexes. 

Part 1 in the series Calculations of Absolute Values of Equilibrium and Rate Constants. 
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TABLE I 

Observed and MIND0/2 Enthalpy Data (in kcaljmol) on the Dimerization Reactions Studied 
(Standard State at 1 atm Pressure) 

Monomer 

Reaction ll.HF,z98 ll.HF,z9s 
(obsd.) (calc.) H~98 - Hg 

2 CH3 ~CzH6 34·0a 23-490 2·432 
33·5b 

2 NH2 ~ N 2 H4 40·1d 35·794 2·373 
2 HCO ~ C2 H 2 0 2 

8·0e 0·518 2·387 

In the last five years, enthalpy changes have been calculated by quantum chemical methods 
for a series of reactions (e.g. refs 8

-
13

) but calculations on entropy changes were rather rare. In 
contrast, in 1940- 1960 entropy changes were calculated for many reactions by statistical
thermodynamic methods (e.g . ref. 14). At that time, however, reaction enthalpies of more complex 
processes were difficult to calculate. Today the standard gas phase entropies, obtained by routine 
calculations, have been tabulated (e.g . ref. 1 5

). 

This paper concerns the calculation of absolute values of equilibrium constants 
for gas phase coupling reactions (A)- (C) 

(A) 

(B) 

(C) 

making use of experimental data only to a minimal extent. Radical dimerizations 
of this type are important in the higher layers of the atmosphere and in various 
combustion processes. 

CALCULATIONS 

Equilibrium constants were calculated by a standard statistical-thermodynamic procedure, a brief 
description of which is given in the Appendix. Here we only specify molecular constants necessary 
for the construction of partition functions. The molecular geometries employed are those listed 
in Appendix B, but without an offset for C- Hand N-H bond lengths required in a MIND0/2 
treatment. With all three dimers under study, hindered internal rotation around the central 
bond is to be expected. Up to now, however, neither experimental evidence nor MO calcula
tions16 provide a satisfactory description of the potential barrier with N 2H4 and C2 H 2 0 2 . 

Hence the partition function for hindered internal rotation (see Appendix A) was constructed 
solely for C2 H6, where the potential barrier is well known17

. With the other two systems, we pro-
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TABLE I 

(Continued) 

llH?,z9s 
(obsd.) 

-20·2c 

22·79d 
- 50·66! 

Dimer 

llH?,29s 
(calc.) 

-22·547 
- 20·18b 

17·032 
- 57·391 

Reaction enthalpy 

Hg98- Hg 
llH~.298 llH~z98 
(obsd.) (calc.) 

2·867 -88·2 - 69·527 
-87·180b 

2·755 -57·41 - 54·556 
3·254 - 66·6 -58·427 

a Ref.24
. b MIND0/1 value 25 . c Ref. 26 . d Ref .. 15 . e Ref. 27 . f Ref. 28 . 

65 

llH~.o 

-67·530 
- 85·183b 
- 52·565 
-56·907 

ceeded as recommended in ref. 15 for N 2 H4 , viz. the entropy was increased by R In 2 to allow 
for the presence of two rotameric forms. In the construction of vibrational partition functions, 
we used the known vibrational frequencies of NH2 (ref. 15

), N 2 H4 (ref.15
), C2 H 6 (ref.18), 

HCO (ref. 19
), and C2 H 2 0 2 (ref. 20

). Since experimental data for CH3 are missing, we estimated 
the frequencies of planar modes by the Wilson matrix analysis, adopting the force constants 
of methane21 . We arrived at the following values (in em - 1

, degeneracy given in parentheses): 
1605 (2), 2913, 3098 (2). The out-of-plane deformation fundamental (755 em - 1

) was evaluated 
from the force constant provided by the CND0/2 calculations22

. We used this rather than the 
observed value23 since the frequencies of the other modes were also obtained theoretically. 
In electronic partition functions for NH2 and HCO, the first electronic transition energies19 

were taken into account; with other systems the excited states were disregarded. 

RESULTS AND DISCUSSION 

Table I comprises the observed and calculated heats of formation both for mono
mers and dimers, the H~98 - H~ terms, and the reaction enthalpies. Before discus
sing the agreement between calculated and observed enthalpy data, one should con
sider the present situation with regard to heats of formation of radicals, e.g . the formyl 
radical. Here the suggested experimental value, 8 kcaljmol, was obtained27 by ana
lysis of recently reported values: -4 to -9; -3; 0; 8; 11; and 16 kcaljmol. In light 
of these data the calculated value, 0·5 kcaljmol, appears to be very reasonable. 
We think that the entries in Table I represent the limits attainable by the present 

semiempirical methods. 
With CH

3 
the MIND0/1 data are superior to the MIND0/2 data and were 

therefore employed in subsequent calculations on equilibrium constants. The cal
culated temperature dependence of these constants is given in Table II. The observed 
equilibrium constane 9 concerns the dimerization of methyl at 1000 K, its logarithm 
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being -10·92. The agreement with the predicted value, -10·59, is encouraging. 
With hydrazine the observed data only allow qualitative conclusions. The calculated 
equilibrium constants in the 1000 K range explain why it is possible to generate30 

NH2 radicals at 900-1150 K. 
Since no other data are available on these equilibrium constants, we made use 

of the experimental data on the following thoroughly studied radical coupling 
reactions (D)- (G): 

2NO" +t (NOh, (D) 

2N02 +t N204' (E) 

2CN" +t C2N2' (F) 

2 NF; +t N2F4. (G) 

Unfortunately the equilibrium constants could not be estimated because of difficulties 
encountered in calculating enthalpy terms. These difficulties are worth mentioning. 
With the nitric oxide dimer neither the MIND0/2 (ref. 31

) nor the ab initio32
•
33 

calculations reproduce the observed structure34 of a weakly bonded dimer with NN 
bond length as long as 2·4 A. Theory predicts here a strongly bonded dimer with 

TABLE II 

Calculated Temperature Dependence of Equilibrium Constants, KP = Px )P;, (atm - 1), for 
Reactions (A)-(C) 

T,K 

100 181·173 110·278 118·096 
200 86·951 51·665 54·900 
300 55·304 31·888 33-676 
400 39·389 21·925 23 ·01 9 
500 29·802 15·927 16·61 5 
600 23-398 11·927 12·346 
700 18·819 9·074 9·303 
800 15·386 6·941 7·027 
900 12·719 5·288 5·262 

1 000 10·587 3·971 3-857 
1 500 4·232 0·078 - 0·306 
2 000 1·099 -1·809 -2·328 
2 500 -0·751 -2·904 -3·505 
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a short NN bond. Reaction (E) represents the coupling reaction that has been 
studied most thoroughly. Unfortunately, MIND0/2 fails drastically for the heat 
of formation of N02 ( obsd. 8·1, calc. -10·9 kcalfmol). Disappointing results were 
also obtained with the reaction (F), where MIND0/2 gives the value -110·2 kcalfmol 
for the reaction enthalpy corrected for the zero-point energy. Using the molecular 
constants for CN and C2N 2 from refs 35

•
40 the statistical-thermodynamical treatment 

of the equilibrium constant observed36 at 1515 K leads to the value -139·2 kcaljmol. 
Finally, concerning the reaction (G) the MINDO /2 method does not permit the treat
ment of molecules possessing NF bonds. 

APPENDIX 

A) Statistical-Thermodynamic Treatment 

By statistical-thermodynamic methods changes in all thermodynamical functions of an ideal 
gas may be calculated merely by means of the partition function 

( 
e. - e0 ) 

Q = ~ gi exp - ~ , (I) 

where e
1 

is the energy of a molecule in the i state, gi is the degeneration factor of that state, and e0 

is the zero-point energy of the molecule. The equilibrium constant, KP, of a chemical reaction 
for components A i considered as ideal gases, can also be expressed in terms of partition functions: 

L vjAj = 0; KP = TI pji, 
j j 

(2) 

KP = n (Q?/NA)v; exp (-t:..H8fRT). (3) 

J 

Here vi is a stochiometric factor for a reactant Ai, Pj is its partial pressure in the equilibrium 
mixture, t:..H8 stands for the reaction enthalpy at absolute zero, Q? is a partition function (1) 
for the Ai component at the standard pressure (p = 1 atm), and NA is the Avogadro number. 
The standard enthalpy change on going from any temperature to absolute zero can be evaluated 
from the partition function by use of the following formula

37 

(4) 

On inserting t:..H~98 calculated by the MIND0/2 method (see the following section) into Eq. (4), 

the theoretical t:..H8 values were obtained. 
The partition functions were constructed in the simplest way, considering independent indi

vidual motions of a molecule and making use of the simple quantum mechanical models (rigid 
rotator, harmonic oscillator) for estimations of energy levels. In this treatment the total partition 

function can be expressed as a product 

(5) 
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where for the translational Q?r.• rotational Qrot.• vibrational Qvib.• and electronic Qelec. partition 
functions the following familiar expressions hold 

(2nmkT) 3 12 

Q?r. = h3 RT, (p = 1 atm) (6) 

1 [SnlkT 1 1 11
2 

4 ( hz )
2
] 

Qrot. = ~ -;;z- + 3 + lS 8n2 IkT + 315 8n2 IkT ' linear
38 (7) 

nonlinear (8) 

Q ·b = TI 
1 

vi · ; 1 - exp ( -hwjkT) 
(9) 

Herem is the mass of a particle,/, IA, IB, Ic are principal moments of inertia, u is the symmetry 
number, and W; are (harmonic) normal modes of vibration. The Qelec. partition function is eva
luated through summation (I). If the excited states lie higher (of the order 104 em -l above the 
ground state), it is sufficient to put Qelec. equal to the statistical weight of the ground electronic 
state. For molecules with hindered internal rotation, where the potential energy dependence 
on the angle of rotation a; can be approximated by the formula 

V = V0 j2(1 - cos na:) , (10) 

the corresponding torsional mode of vibration wtors. was replaced in the partition function by the 
hindered rotation39 

(2rtkT/red//2 n f2nfn ( Vo(l - COS na;)) 
Qi.r. = · - exp - da; X 

h u 
0 

2kT 

X hwtors. ____ _ 
kT 1- exp (-hwtors./kT) 

(1 /) 

where n is the number of minima on the potential energy curve, /red. is the reduced momentum 
of inertia for the rotating group, and u is its symmetry number. All other contributions to the 
energy of molecule were neglected. In these calculations the set of fundamental physical con
stants40 and atomic masses41 was employed. 

B) Calculations of Heats of Formation 

Heats of formation necessary for estimates of reaction enthalpies were calculated by the MIND0/2 
method2, which in treating radicals was combined with the open shell method ofLonguet-Higgins 
and Pople42. We employed the available experimental geometries, correcting the C- Hand N- H 
bonds for 0·1 A offsets as required by the MIND0/2 method: CH3 (ref. 19), r(CH) = (1·079 + 
+ 0·1) A, -1:: HCH= 120°; C2H 6 (ref.19), r(CH) = (1·091 + O·l)A, r(CC)= 1·536 A, -1:: HCH = 
= 108°; NH2 (ref.19), r(NH) = (1-024 + 0·1) A, -1:: HNH = 103-4°; N 2H4 (ref.43), r(NN) = 
= 1·449 A, r(N-H) = (1-022 + O·l)A, -1:: HNH = 106°, -1:: NNH = 112°, dihedral angle 90°; 
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HC0
46

(ref.19
), r~CH) = (1-11 + 0·1) A, r(CO) = 1·22 A, <9:: HCO* = 131·2°; OHCCHO 

trans , r(CC) = 1·525 A, r(CH) = (1·116 + 0·1) A, r(CO) = 1·207A, <9:: ceo= 121 ·2°, 
<9:: HCO = 126·6°. 

REFERENCES 

1. Chung A. L. H. , Dewar M. J. S.: J. Chern. Phys. 42, 756 (1965). 
2. Bodor N., Dewar M . J. S., Harget A., Haselbach E.: J. Am. Chern. Soc. 92, 3854 (1970) . 
3. Kassel L. S.: Chern. Rev. 18, 277 (1936). 
4. Snyder L. C., Basch H.: J. Am. Chern. Soc. 91, 2189 (1969). 
5. Radom L., Hehre J. , Pople J. A.: J. Chern. Soc. (A) lnorg. Phys. Theor. 1971, 2299. 
6. Huron M. J. , Claverie P. : Chern. Phys. Letters 9, 194 (1971). 
7. Cremaschi P., Gamba A., Simonetta M.: Theoret. Chim. Acta 25, 237 (1972). 
8. Clementi E.: J. Chern . Phys. 46, 3851 (1967). 
9. Ritchie C. D., King H. F.: J. Am. Chern. Soc. 90, 825 (1968). 

10. Basilevsky M. V., Chlenov I. E.: Theoret. Chim. Acta 15, 174 (1969). 
11. Berthier G., David D. J, Veillard A.: Theoret. Chim. Acta 14, 329 (1969). 
12. Hoyland J. R.: Theoret . Chim. Acta 22, 229 (1971). 
13. Dewar M. J . S., Kirschner S.: J. Am. Chern. Soc. 93, 4290, 4291, 4292 (1971). 
14. Wilson D. J .. Johnston H. S.: J. Am. Chern. Soc. 79, 29 (1957). 
15. JANAF Thermochemical Tables (D. R. Stull, Ed.). The Dow Chemical Co., Midland, Michi-

gan 1966. 
16. Gropen 0., Seip H. M.: Chern. Phys. Letters 11, 445 (1971). 
17. Weiss S., Leroi G. E .: J. Chern. Phys. 48, 962 (1968). 
18. Shimanouchi T. : Tables of Molecular Vibrational Frequencies, Part I., NBS 6. U.S. Govern

ment Printing Office, Washington , D.C., 1967. 
19. Herzberg G.: M olecular Spectra and Molecular Structure. III. Electronic Spectra and Electronic 

Structure of Polyatomic Molecules. Nostrand Reinhold Co., New York 1966. 
20. Cole A. R. H., Osborne G. A.: Spectrochim. Acta 27 A , 2461 (1971). 
21. Herzberg G.: Molecular Spectra and Molecular Structure. II. Infrared and Raman Spectra 

of Polyatomic Molecules, p. 182. Van Nostrand, New York 1960. 
22. Pople J. A., Segal G. A.: J. Chern. Phys. 44, 3289 (1966). 
23. Milligan D. E., Jacox M. E.: J. Chern . Phys. 47, 5146 (1967). 
24. Kerr J. A.: Chern. Rev. 66, 465 (1966). 
25. Baird N. C., Dewar M. J. S.: J. Chern. Phys. 50, 1262 (1969). 
26. Selected Values of Physical and Thermodynamic Properties of Hydrocarbons and Related 

Compounds. American Petroleum Institute Research Project 44, Carnegie Press, Pittsburgh 

1953. 
27 . Haney M . A., Franklin J. L.: Trans. Faraday Soc. 65, 1794 (1969). 
28. Fletcher R. A., Pilcher G.: Trans. Faraday Soc. 66, 794 (1970). 
29. Davis H. G., Williamson K. D.: World Petrol. Congr., Proc. 5th, 4 (1965) and Davis H . G.: 

Private communication 1972. 
30. Szwarc M.: Proc. Roy. Soc. (London) A 198, 267 (1949). 
31. Carsky P. , Zahradnik R.: Unpublished results 1972. 
32. Willia ms J. E., Murrell J. N .: J . Am. Chern. Soc. 93, 7149 (1971). 
33. Vladimiroff V. : J. Am. Chem. Soc. 94, 8250 (1972). 

* Here we used the value obtained from INDO calculations
44 

because there is evidence
45 

that the value of valence angle is somewhat higher than that observed by Herzberg
19

. 

Co ll ec tion czechosl ov. Ch ern. Co m m un. (Vo l. 39) (1974) 



70 Zahradnik, Slanina, Carsky 

34. Tables of Interatomic Distances and Configuration in Molecules and Ions (L. E. Sutton, Ed.). 
The Chemical Society 1958. 

35. Herzberg G.: Molecular Spectra and Molecular Structure. I. Spectra of Diatomic Molecules, 
p. 520. Van Nostrand, New York 1959. 

36. White J. U.: J. Chern. Phys. 8, 459 (1940). 
37. Glasstone S.: Theoretical Chemistry. Van Nostrand, New York 1946. 
38. Mulholland H. P.: Proc. Cambridge Phil. Soc. 24, 280 (1928). 
39. Pitzer K. S., Gwinn W. D.: J. Chern. Phys. 10, 428 (1942). 
40. Cohen E. R., Du Mond J. W. M.: Rev. Mod. Phys. 37, 537 (1965). 
41. Commission on Atomic Weights of IUPAC, Pure Appl. Chern. 21, 95 (1970). 
42. Longuet-Higgins H. C., Pople J. A.: Proc. Phys. Soc. 68A, 591 (1955). 
43. Wagner E. L.: Theoret. Chim. Acta 23, 115 (1971) and references therein. 
44. Gordon M. S., Pople J. A.: J. Chern. Phys. 49, 4643 (1968). 
45. Pedersen L.: J. Mol. Structure 5, 21 (1970). 
46. Kuchitsu K., Fukuyama T., Morino Y.: J. Mol. Structure 1, 463 (1968). 

Translated by the author (P. C.). 

Collection czechos lov. Chern. commun. (Vol. 39) (1974) 




