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Absolute values of equilibrium constants were calculated for the dimerization of the difluoro-
amino radical. Both enthalpy and entropy terms were calculated by CNDO/Z. The enthalpy
was determined by means of the bicentricly rescaled energy. The entropy was determined by sta-
tistical thermodynamic calculations within the rigid rotor and harmonic oscillator approximations.
Isomerism of tetrafluorohydrazine was taken into account. The relation of the equilibrium con-
stant of dimerization to the spin density distribution is briefly discussed.

There are several gaseous molecule-radical equilibria1 experimentally accessible at ordinary
temperatures, for example systems involving NO and NO,. The difluoroamino radical-tetrafluo-
rohydrazine equilibrium (A4)

2 NF, (g =—= N2F4 (2, (4)

also belongs to this family. Since the first synthesis of tetrafluorohydrazine in 1958 both equi-
librium and rate processes of the system (4) have been extensively studied?. The absolute values
of the equilibrium constants of reaction (4) have been determined’+* especially from measure-
ments of pressure variation with temperature at constant volume. In these studies the standard
enthalpy change of reaction (4) was determined on the basis of the second law treatment. Herron
and Dibeler® determined the relative values of the equilibrium constant mass spectrometrically.
The equilibrium constant was also determined at room temperature by means of the UV3 and
ESR (ref.6) spectroscopy. Molecular constants of the components of the process (4) were re-
viewed in refs?*?. The principal progress in the interpretation of the equilibrium (4) was made
by Lide and Mann® who also discovered the isomerism of N,F,. The assumption of the trans
and gauche N,F, isomers in the statistical-thermodynamic calculation is described in ref.”.
The energy difference between the two isomers has been estimated several timeslo_“, but the
results of different authors differ by as much as one order. A more recent thermodynamic ana-
lysis13 favours the results of Cardillo and Bauer!!. Kinetic studies were also performed on the
recombination'* of NF, radical and on the dissociation'® of tetrafluorohydrazine. Tetrafluoro-
hydrazine is used synthetically as a source of NF, radicals, in particular for introducing the
difluoroamino groupz’m‘

* Part VII in the series Calculation of Absolute Values of Equilibrium and Rate Constants:

Part VI: J. Fluor. Chem. 6, 465 (1975).
*x Present address: Research Institute for Pharmacy and Biochemistry, Prague 9.
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Difluoroamino Radical Dimerization 1865

Reactivity of radicals represents a problem17 which has been widely studied theoretically. The
important work has involved the calculation of absolute values of equilibrium and rate constants
of reactions involving radicals. The equilibria associated with some radical dimerizations were
interpreted both qualitatively18 and by quantitative quantum chemical semiempirical calcula-
tions*® of the equilibrium constants.

The compounds of nitrogen and fluorine have been examined rather well experimentally
and have been the subject of numerous quantum chemical treatments. Their various molecular
constants given by CNDO/2 and INDO are reviewed in ref.2%. The adaptation of CNDO/Z
to reproduce heats of atomization was reported in refs®!-22_ Estimates of the heats fo formation
by means of MINDO were reported by Ganguli and McGee??, Important results on the force
field of NF; were obtained by an ab initio calculation®# with the gaussian basis set. These
made it possible to exclude alternative sets of force constants which do not possess physical
meaning but are compatible with the experimental data?®, CNDO/2 calculations?® suggested
a possible isomerism of the activated complex in the isomerization of difluorodiazine (N, F,).
Hindered rotation around the N—N bond in N,F, was studied by Wagner27 on both semi-
empirical and nonempirical levels. The standard enthalpy change of the reaction (4) was deter-
mined in ref.?® by ab initio calculations with the gaussian basis set.

The aim of this paper is to calculate the equilibrium constants, standard enthalpy
and standard entropy changes of reaction (‘A) by means of statistical-thermodynamic
methods in the ideal gas phase within the rigid rotor and harmonic oscillator ap-
proximations. All necessary molecular constants adopted originate from semi-
empirical CNDO)2 calculations.

METHODS OF CALCULATIONS AND RESULTS

A. Energy function. Molecular constants have been generated from CNDO/Z
wave functions®®. With NF, and NF the CNDO/2 approximation was combined
with the restricted open shell “half-electron’ method?®:3°,

B. Compounds studied. Besides the components of the process (4) — NF,,
trans-N,F,, gauche-N,F, — all compounds of N and F for which a great deal
of experimental information is available were also studied. The latter were NF, NF;,
trans-N, I, cis-N,F,, N, and F,. These six compounds were used for the determina-
tien of scaling factors for the two-centre components of the total CNDO/2 energy
which were used in the calculations of heats of formation (see Part F).

C. Molecular geometry. The first step of the calculations was the full geometry
optimization of all compounds studied. The optimization was based on the minimiza-
tion of the total CNDO/2 energy. The automatic procedure reported by Mclver
and Komornicki** and Panci®*? was used which links the explicit formulas for the
first derivatives of the total energy with the iterative variable metric method. The
starting points of the calculations were the partly optimized geometries reported
by Pople and collaborators*®. The geometry parameters obtained are compared
with the experimental data'**'7-33 in Table L
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TABLE I

Molecular Geometries Given by CNDO/2°

Molecule Point Bond distances, 10~ 10 0
group N—N N—F F—F

N, D, 1-140 (1-088%)
F, D, 1-119 (1-409%)
NFE (3z7) Cov 1:190 (1-51%)
NF, (°B,) C, 1224 (1-363°)
NF, Cs, 1-249 (1-371%)
trans-N, F, G,y 1:241(1:25%)  1-239 (1-44)
cis-N, F, C,, 1-239(1-214%)  1-238 (1-384%)
trans-N,F, C,, 1362(1-489%) 1251 (1-375%)
gauche-N,F,  C,  1:359(1-489%)  1-251 (1-375%)

D. Vibrational frequencies. The calculation of frequencies of the normal vibra-
tional modes was performed by the Wilson FG matrix technique®* with the set
of cartesian nuclear coordinates. The elements of the force constant matrix were
evaluated numerically from the differences of the first derivatives of the total energy
with respect to nuclear coordinates; successively equidistant shifts alongall coordinates
were assumed. The classification of the vibrational modes was based on the eigen-
vectors of the FG matrix and the matrix of potential energy distribution®®.

TaBLE II
Stationary Points of the Potential Curve of the Hindered Rotation around the N—N Bond
in N,F, Given by Full Optimization of Molecular Geometries by CNDO/2

Type of the stationary point

Dihedral ~ Relative CNDO/2
angle energlef 1 potential potential
° kJ . mol
curve hypersurface
0-0 12:514 maximum saddle point
69-7¢ 0-0 minimum minimum
130-2 6262 maximum saddle point
180-0° 2-046 minimum minimum

® gauche-N,F,. ® trans-N,F,.
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TABLE I
(Continued)
Bond angles, °©
FNF NNF torsion

106:6 (102-5°)

104-5 (102:2%)
1099 (115%) 180
114-6 (114-5%) 0
104-8 (102:9%) 1045 (100-6%) 180

107-8 (104-3%) a
104-8 (105-1¢ { 69-7 (67-1
¢ ) 1043 (100-1%) (67-1%

4 Experimental geometries in parentheses. ” Ref.”. © Ref.33. 9 Ref 11,

E. Hindered rotation in N,F,. Generally, the iterative variable metric method
does not guarantee®! that the energy of a stationary point found on the energy
hypersurface is a minimum. This also makes it possible to optimize the geometries
of saddle points of the energy hypersurface which correspond to activated complexes
in the theory of absolute reaction rates. Distinction between saddle points and minima
can be made by means of eigenvalues of the FG matrix3*. Tablc II presents the order
of energies of all stationary points on the energy hypersurface of the N,F, molecule
that lic on the potential curve for the hindered rotation around the N—N bond for
the range {0; n) of the dihedral angle between the NF, groups.

F. Heats of atomization. The total CNDO/2 energy cannot be applied directly
to the determination of the zero point energy®®. Companion3” has suggested the
evaluation of heats of formation by means of two-centre terms of the total molecular
energy. In this procedure the following relationship is assumed to be valid for the
heat of formation at the absolute zero:

AH:?[,O - ZZKABEAB + l"o . (1)

A<B

Here K ,p and k, are empirical scaling factors determined by fitting Eq. (1) to a suitable
set of experimental data. The two-centre terms Eyy, Erp and Exp were chosen from
the total CNDO/2 energies for the optimized geometries of all members of our set
of systems (Table I). The experimental heats of atomization of the compounds used
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in the scaling procedure were taken from ref.3®, The optimized scaling factors
Ky Krps Knr and ko, were obtained from Eq. (1) by the least-squares treatment.
These transformation constants were then used for the calculation of heats of atomiza-
tion of NF,, trans-N,F, and gauche-N,F, from the two-centre energy terms. The
heats of atomization computed in this way are compared with the experimental
values in Table III. Optimization of the scaling factors for trans- and gauche-N,F,
was performed with a six-membered set (N,, F,, NF, NF3, trans-N,F,, cis-N,F,);
in the case of NF,, the N, molecule was disregarded. In the calculation according
to Eq. (1 ) the zero-point energy was not taken into account.

G. Statistical-thermodynamic treatment. Knowledge of the molecular geometries
and frequencies of vibrational modes makes it possible to construct the partition
functions of the components of reaction (A4) within the rigid rotor and harmonic
oscillator approximation; from partition functions it is then possible to derive the
thermodynamic functions. The partition functions were constructed as described
in ref.'®. To allow for the presence of a pair of d, ] conformers of gauche-N,F,,
the R In 2 term was added to the entropy. Hence, it is possible in this way to arrive
directly at the thermodynamic functions of the following two dimerizations

2NF,(g) == trans-N,F,(g) B

2NF,(g) === gauche-N,F,(g). (C)

Nevertheless the experimental determination of equilibrium constants cannot provide
characteristics of the partial dimerizations (B) and (C) but only of the total process
(A). If a rigorous comparison with experiment is to be done, it is necessary to account

TABLE 111
Heats of Atomization at the Absolute Zero

AHY, o, MJ . mol ™!

Molecule

obsd. CNDO/2*
NF, (g) —0-57955" —0-57359¢
trans-N,F, (g) —1-24416° —1-23263¢
gauche-N,F, (g) —1-24178° - 1-23709¢

“ Evaluated from the rescaled two-centre components of the total CNDO/2 energy. b Taken
from ref.”. ¢ Taken from ref.!®. ¢ Used scaling factors in (kJ.mol 1.ev™1): Kyn = 10600,
Kep = 7-160, Kyp = 10:073; ko = 82980 kJ . mol ™!, € Used scaling factors in (kJ.mol ! .
eV Ky = 12031, Kpp = 0-698, Ky = 6°516; kg = —126:296 kJ . mol ™ 1.
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for the weights of partial equilibria (B) and (C) in the observed process (4). Fol-
lowing the results of ref.®, the equilibrium constant, K ,, enthalpy and entropy changes,
AH? and AS?, associated with the equilibrium (4) become:

K, = K + KO, 2)
AHY = KVIK, . AHI® + K@K, AH3® (3)

AS? = KWK, . (ASY® + RIn(K,[K”)) + K@K, . (AST® + RIn(K,[KP)). (4)

where indices (¢) and (g) refer to thermodynamic quantities of reactions (B) and (C),
respectively. Table I'V presents the results of the treatment according to formulas
(2)—(4) and also gives the data for the partial dimerizations (B) and (C) for some
selected temperatures. The main results of the statistical-thermodynamic treatment
are presented in Table V, in which a comparison is made of AH{, ASY and log K,
given by CNDO/2 for the equilibrium (A) with their experimental counterparts.
The entries of Table V cover boundary temperatures at which the experiment was
performed>"*.

DISCUSSION AND CONCLUSIONS

Experimentally, the equilibrium has been thoroughly examined. Its interesting feature
is the isomerism of one reaction component. Since the calculations can be compared
with the generous experimental data, one has an excellent opportunity to test the
theoretical approach. Treatment of the process (4) as a result of two partial dimeriza-
tions (B) and (C) gives a new interpretation of the observed thermodynamic data.
At present the evaluation of the entropy term, involving the full geometry optimiza-
tion and the calculation of at least a harmonic force field, is feasible for the (4) type
equilibria only on a semiempirical level. The nonempirical study of Hinchliffe and
Cobb?8 is restricted to the evaluation of the enthalpy term. The calculated value
differed from the experimental enthalpy'® by 37-2 kJ mol™!. Though the result
is very reasonable® in view of the fact that the electron correlation was not taken
into account, it can hardly be used for the calculation of the absolute value of the
equilibrium constant. From the family of semiempirical methods we selected the
CNDO/2 method?® because of its known good applicability?® to the class of N—F
compounds. Usually MINDO is preferred because it gives rather reliable heats
of formation'®. In our case, however, it is not manageable because the parametriza-
tion®* is compatible with the standard molecular geometries, which excludes geo-
metry optimization and construction of the force field. However the use of CNDO/2
requires the evaluation of the enthalpy term by rescalling the total energy. This
problem was studied by Companion?!:22:37 for several classes of compounds. Com-
panion’s idea was adopted in this paper but refinements to the following three points
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were made. Optimization of the scaling factors was based on a set of compounds
instead of a single compound. The experimental heats of atomization used originate
from a single and recent source® and are reduced to absolute zero (in ref.?! to 298 K).
In particular, the use of a correct heat of atomization for N, should be pointed out.
Finally, the calculations on the total energies were performed for the optimized
instead of experimental molecular geometries. Nevertheless the modifications just
noted had no effect on the finding?! that no use may be made of a linear correlation
between observed and calculated heats of atomization, although such a correlation
was established by Isaacs for hydrocarbons®®. Calculation of the frequencies of vibra-
tional modes made it possible to test the augmentation of the expansion (1) for the
zero-point energy term in the form (K,,/2) 3 hw;. Though this correction is compatible

1

with the physical sense of the CNDO/2 energy, the actual optimizations of scalling
factors showed that it can be hardly accounted for. The reason is due to the fact
that the two-centre terms E,5 are several orders higher in value than the vibrational
term. The disregard of the N, molecule in the scaling set for the determination
of the heat of atomization of NF, is justifiable with respect to the absence of the
Eyn term with this radical. In our opinion, the agreement between the experimental
and predicted heats of atomization is rather good (Table III). Rescaling of the two-
-centre terms did not change, however, an incorrect order of stabilities of trans-
and gauche-N,F, isomers given by CNDO/2 (Table II). Table II represents the final
description of the energy curve for the hindered rotation on the CNDO/2 level.
This is sufficient for the evaluation of the rate constant for the N,F, isomerization,
but the incorrect order of the two isomers makes such a calculation meaningless.
It is noteworthy that nonempirical calculations®” give a good account of the hindered
rotation in N,F,. It is interesting that the bond lengths in the stationary points
found (Table II) are almost constant; the largest difference is 3. 107 "% m. This
finding provides support for the assumption about the invariant bond lengths and
bond angles which is made in MO studies of hindered rotation. The other geometry
constants (Table I) are in good agreement with those reported by Pople and colla-
borators?°,

Up to now the rigid rotor and harmonic oscillator approximation represents
a single accessible way for the use of quantum chemical methods. Utility of this
approximation for calculations of equilibrium constants of chemical gas-phase
reactions has been demonstrated previously*®, Use of the CNDO/Z method as a source
of molecular constants for statistical-thermodynamic calculations is discussed
in ref.*!. Since CNDO/2 failed to give a realistic potential curve for N,F,, the
partition function of the hindered rotation was replaced by the vibrational partition
function of the corresponding torsional mode.

The entries of Table IV permit us to determine how the individual isomers contri-
bute to the characteristics of the (4) process. The enthalpy term is predominantly
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due to the enthalpy of the reaction (C), whereas with the entropy term the effect
of the N,F, isomerism is more distinct. Formally, it is possible to replace Eqs (2) —(4)
by an alternative procedure viz. by making use of the partition function in which the
summation extends over all energy of N,F, (i.e. of both isomers). Numerically,
this procedure would provide the same results as a procedure based on Egs (2)—(4),
which respects inherently the individuality of isomers. The thermodynamic data
calculated for the partial processes (B) and (C) are useful for such an experiment
which would permit to measure a single simple equilibrium (B) or (C).

Agreement between experimental and calculated data on the equilibrium process
(4) is satisfactory (Table V). The results presented in Table V refer only to five
selected temperatures, similar agreement between experimental and theoretical data
was found within the whole experimental temperature range, however®*. A fecble
point of the theoretical approach is the predicted incorrect order of the two isomers,
which depreciates the enthalpy term. The entropy is affected by this failure to a lesser
extent. Actually, the experimental entropy* is reproduced rather closely.

Both experimental and theoretical data show that NF, is the predominating
component of the gas phase at temperatures over 500 K. This is in contrast to most
radicals. We present in Table VI the comparison of dimerizations of NH, and NF,
radicals. MINDO/2 calculations'® suggest that hydrazine is dissociated to the same
degree as tetrafluorohydrazine at 500 K at the temperature as high as 1600 K.

The calculated absolute values of AH3, AS? and K, provide the full description
of the equilibrium radical dimerization. Nevertheless it is expedient to look for
a quantum chemical index, which is provided directly by standard MO calculations
and which would account for the radical ability to coupling. Balaban*? treats the
stability of nitrogen free radicals in terms of conjugation in the radical and steric
compression in the dimer. Atkins and Symons'® suggest that differing tendencies
of radicals to dimerization can be explained by the localization of the odd electron

TABLE VI
Comparison of the Thermodynamic Characteristics at 7= 500 K for the Equilibrium Dimeriza-
tions of NH, and NF, Radicals

Process AH(T), kJ mot ™! ASS, Tmol ' K™ log K, [Kpl = atm™ 1
2 NH, (g) = N,H, (g)’ —241-484 —154-674 17-148
2NF; (g) = N,F, (° — 85320 — 172882 — o117

4 Standard state is ideal gas phase at 1 atm pressure. ° According to ref.”. ¢ According to ref. 13,
4 This implies 49-7% dissociation of N,F, at 1 atm pressure.
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on that atom which is the site of coupling. This idea may be demonstrated with NH,
and NF, by means of electron densities in singly occupied MOs given by restricted
CNDO/2 calculations. The odd electron in NH, is fully localized in the 2p, orbital
of the nitrogen atom, whereas in NF, it is delocalized — the spin densities in nitrogen
and fluorine p, orbitals are predicted to be 0-754 and 0-123, respectively. Recent
ab initio unrestricted Hartree-Fock calculations*? suggest even more distinct de-
localization of the spin density in NF,. The idea based on the spin densities gives
a qualitatively correct picture. To give it a quantitative expression would mean
to find a correlation between spin densities and AH3 or K. Limits of such a treat-
ment are conceivable, however, and the superiority of the approach to chemical
reactivity by means of direct calculations of equilibrium constants is obvious.
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