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ABSTRACT

The bond energy scheme is extended to nitrogen compounds

by correlating experimental thermochemical data reviewed to
1980, Heats of formation and atomization energy terms are
provided for bonds of nitrogen with other elements: H, C, O,

N, S, and halogens, An overall precision of + 3 keal/mol was
attainable at the best, which is rather low for chemical reaction
kinetics purpose. This is atiributable mainly to the intrinsically
unpredictable bond energies of the nitrogen atom due to the
"lone-pair' electrons participation in the valence bonding,
rendering nitrogen bonds specific and less transferable, The
nearest-neighbor interactions on nitrogen atom are also severe
but predictable if sufficient energy terms are generated., The
concept of ring strain in five-membered rings (about 5 + 2
kcal/mol in the background of thermochemical data) has been
reviewed and amended by providing a special set of energy
terms for the (C, O, N, S)-ring skeleton which is considered
strain-free if the hydrogen atom is the only substituent, Heats
of formation of some common molecular structures are predicted.

*N.C.L. Communication No. 2904,
861
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Heats of formation of nitrogen-containing polymers and heats
of polymer-forming and polymer-modification reactions are
estimated and compared with available calorimetric data.

INTRODUCTION

In continuation of previous work on the bond energy scheme [ 1],
nitrogen compounds are dealt with on the basis of bondwise contribu-
tion of energy. Thermochemical, structural, and spectroscopic data
required for correlation and assignment of bond energies have been
taken mostly from Refs. 1 through 15, supplemented by specific new
references as cited itemwise in Table 2, The previously adopted
criterion of the constancy of kr? /E (the SEM constant [ le, 1f] had to
be abandoned as inapplicable to nitrogen bonds, partly because the
true valence-bond force constants are not easily obtainable from the
spectroscopic, normal coordinate analysis generally performed on the
basis of the Urey-Bradley force fields system by most spectroscop-
ists. On the contrary, the pure valence-bond force constants and bond
order are often derived empirically from the bond (length-energy)
relationship and employed for molecular orbital calculations such as
MINDO 3, MNDO [ 16, 24], and SINDO [ 17], The results emerging
from these computer formats are not yet very impressive, at least
in respect to the total energy of a molecule, perhaps because the ideal
relationship (and equation) to fit bond energy and bond length has not
yet been found., (The "tractrix' equation [ 18], fulfilling a condition
that E is finite at r = 0 and vanishes as r-«, appears rather unrealis-
tic in relation to the nature of chemical bonding, The internuclear
distances seldom fall below, say, 0.9 A due to nuclear repulsion, and
there is no "bond" of any perceivable energy beyond, say, 3 A A
simple mathematical function giving limiting values of E for r vary-
ing between 0,5 and 7 will be reported in a later publication.)

DERIVATION OF ENERGY TERMS

A literature survey of thermochemical data on nitrogen compounds
shows that heats of combustion measurements on a wide variety of
compounds in the condensed state (solid or liquid) are ample, but
heats of sublimation/vaporization have not been determined or only
inaccurately determined [ 3, p. 300]. This renders good combustion
data unsuitable for any correlation purpose, or even for reaction
mechanism-kinetics understanding, unless supplemented by heats of
mixing/dilution, Prediction schemes [ 19, 20] for working out phase-
change enthalpies in order to convert the combustion data to gas-phase
heats of formation are not very successful with nitrogen compounds
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which are highly polar and H-bonded. The present bond-energy scheme
is generated only on the basis of selected gas-phase data of recent
origin coming from established thermochemical laboratories, and a
large amount of work on the condensed phase [ 5] is set aside for the
time being, except where obligatory for the sake of estimating a new
typical bonding,

Groupwise classification of compounds with similar structural
feature is done, followed by determination of weighted-average group
contribution energies in terms of AHf°(g). Major groups are listed in

Table 1, together with standard deviations indicating the level of inter
alia agreement of combustion data of nitrogen compounds, which is
rather low. All other known bond energy terms of previous work for
(C, H, O, 8, X) bonds [ 1] have been eliminated from the group values
which then pertain only to nitrogen bonds. Every group energy value
has two interlocked bond-energy parameters, With no amount of addi-
tional experimental data, the absolute derivation (algebraic) of a
single, isolated energy parameter seems possible from the set of
equations generated by the group-contribution values, as already
experienced and explained by Dewar and Schmeising [ 18]. The task
of bondwise splitting of group energies into a self-consistent set of
bond energy terms is performed through repeated, laborious, trial-
and-error operations (regression), keeping in view the only constant
criterion of the monotonic inverse length-energy relationship of
similar bonds. This is depicted by the reasonably smooth curves of
Figs. 1 and 2, Occasionally, a few bond energies were fixed by inter-
polation on these curves when no other solution was possible, Table 2
presents the final AH.°(g) terms, with limits of uncertainty, the corre-
sponding atomization energies, bond lengths, vibrational frequencies
(Vstr’ symbolic of force constant), and experimental bond dissociation

energies if available,

Nitrogen-Hydrogen Bonds

The bond N—C?)!"'* in tertiary amines (see Footnote b, Table 2, for
bond symbols) is the first term that could be derived straightway from
the AHf"(g) of these amines distributed over three identical bonds.

The energy of the bond, however, agpears to depend upon the type of
C®, whether methyl (Cs*), ethyl (C2"), isopropyl (C:*), or tertiary
butyl (Co®). Experimental data on all these types of tertiary amines,
including a recent value for triphenyl amine [ 21], are available,
Eliminating respective N~C* bonds from primary and secondary
amines, the energy terms N-H" and N-H' are obtained, The energy

of NH bonds follow the order NHs > NH: > NH, in accord with the
analysis of vibration spectra and force constants in primary and
secondary amines [ 22, 23], The >N-H bond bridging five-membered
heterocyclics (azoles) ought to have less energy than the acyclic —-NH,
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FIG, 1. Bond energy-bond length relationship of nitrogen-nitrogen
and nitrogen-sulfur bonds. Encircled numbers correspond to the bond
serial numbers in Table 2,
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FIG. 2. Bond energy-bond length relationship of nitrogen-oxygen
and nitrogen-carbon bonds. Encircled numbers correspond to the
bond serial numbers in Table 2,
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on account of the coplanar organization of nitrogen sp-orbitals and the
resulting loss of resonance energy of the inversion mode of NHs mole-
cule; about 1.9 kcal/mol per bond [ 24]. The AHf°(g) for cyclic = NH

in resonant heterocyclic structure is then 0,0 kcal/mol (like bonding
in reference-state elements, fortuitously).

The energy term N=N (89, Table 2)* is derived from a recent,
conclusive determination of AHf°(g) of diimide, HN=NH [ 25], as 50.7

+ 2 keal/mol at 25° C, which is contributed by two N°~H and one N=N
bonds, The value of N=N bond energy cannot be judged even approxi-
mately as interpolation between N-N and N=N in a manner analogous
to C—C and C=C bonds, The peculiar nature and unusually high bond
energy of N=N has been explained by Pauling [ 26] who estimated the
bond energy of N=N at about 100 kcal/mol, However, the energy for
the N=N bond in this work has been determined independently through
estimation of the N°~H bond primarily, and its elimination from the
diimide group energy. Since the hydrogen atom has no further elec-
trons other than its valence electron and no electronic repulsion
(antibonding) effects of the valence shell type, the bond energies of
hydrogen show regularity and smooth dependence on the state of
hybridization of the other (bonded) atom, Consequently, —H bonds
follow a clean linear pattern of bond (length-energy) relationship, as
already observed for C—H bonds in Part II of the earlier work | 1b].
The bonds also show reasonable constancy of kr? /E =0, the SFM
constant, The valence bond force constant k for the N2-H bond was
calculated as 5.7 mdyn/A from its observed vibrational frequency
(3120 cm™'), in relation to the corresponding established parameters
of NHs molecule. Assuming for 0 a value of 7.1, obtained from N-H"",
N-H'"* and N—H' bonds, E(N“—H) is found to be 84.4 kcal/mol and the
corresponding AHfo(g) term (85) as +5.4 keal/mol. AH,(g) and Ea25

for N=N bond (89) are then +40.0 and 110.6 kcal/mol, respectively.
This estimate of N=N energy is later found to corroborate well with
other nitrogen bonds in yielding smooth curves of NN—, NC-, and NO—
bonds as shown in Figs, 1 and 2. The N=N energy estimate, which is
higher than Pauling's by 10 kcal/mol, forms the main reference axis
of the whole work, The last NH-bond in Table 2 is derived from
AHf°(g) of the HNO molecule in the ground state as given in the JANAF

tables | 8] , and the weak bond appears reasonable in consideration of
its greater bond length,

Bond energy terms of further nitrogen bonds are derived on the
basis of N=N term through sequential elimination of known bonds from
the group energy aggregates of Table 1, starting from the diazines
for which accurate experimental combustion data has become avail-
able from Rossini and co-workers [ 27].

*The symbol § appearing anywhere in the text refers to the serial
number of the bond in Table 2,
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Nitrogen-Nitrogen Bonds

The energy of the N-N single bond is derived from hydrazines,
eliminating the known N-H", N-H', and other bonds, The aromatic

N¢2N¢ (§10) and N¢-"—C¢ bonds are derived simultaneously through
analysis and correlation of available data on aromatic nitrogen
heterocyclics, Recent combustion measurements on diazophenan-

threne [ 28] is of much help in fixing the NqS:_Nqb bond energy decis-
ively so as to fit mutually with other aromatic bonds and in Fig. 1.

The mutual consistency and harmony of aromatic N¢-bonds with the

C¢-bonds of earlier work [ Part T, ib] show that the nitrogen atom in
6-membered rings forms resonant aromatlc bonds: bond order and
bond length intermediate between sp and sp® acyclic bonds. The
symmetrical s-triazine ring bears an additional resonance energy of
about 6 kcal/mol over pyridine- and pyrimidine-type structures. An

extra N¢—~C¢ term (824) is necessary. The nitrogen atom must adopt
a higher oxidation state (IV} if it is to assume the bridge-head posi-

tion (N*¢) without loss of aromaticity. The energy term §26 for this

type of N¢—C¢ bond is derived from the estimated heat of pyridine N-
oxide formation,

The bond N? 2 N* (§8) in azides was identified as the same as in
the N20 or the diazomethane molecule in respect to electronic struc-
ture, bond length, and bond energy. Oxides of nitrogen (N20: and
N204), when the N=0 and N--O energy components of their structures
were eliminated from the atomization energies, give rational values
for the N—N bonds (816, 17), though considerably higher than their
dissociation energies. Other NN bonds in Table 2 are derived from
respective compounds shown in the last column,

Nitrogen-Carbon Bonds

The C=N bond energy is estimated independently by the method-
ology of Sanderson [ 29], separately calculating the nonpolar, covalent
triple-bond energy and the ionic energy in relation to electronegativi-
ties of carbon and nitrogen atoms, The calculated atomization energy
of this bond, E(C=N) = 196.0 kcal/mol, fitted smoothly with the bond
(length-energy) curve of Fig. 2 drawn on the basis of other NC bonds.
There seems to be no anomalous, large energy gap between the CN
double bond and the triple bond, unlike the nitrogen- mtrogen bonds,
Using this value of C=N, energies of various other (N)YC'+X) bonds
(877 to 90) are determined, and it is noted that these bonds follow the
same energy pattern as the C'—(X) of substituted acetylenes, The
data of amides and ureas fitted better when the carboxyl C=0 bond was
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assigned a AHfO(g) value of -28.0 kcal/mol. The term N—-C?(0), the

amide linkage (§29), then applies uniformly to amides, ureas, the
amido bond in urethanes, and partial amides of polycarboxylic acids.

A revision of the C=0 in previous work [ Part V, 1e] concerning
esters, acid halides, etc. seems necessary so as to provide a singular
C=0 term common to both oxygen and nitrogen compounds. The ester
"short" bond and the anhydride bond are revised accordingly, and these
new values (§93, 94) are given at the end of Table 2, The experimental

AHf°(c) of solid cyanamide (+14.0 kcal/mol) combined with a reason-

able estimate of its heat of sublimation, 12,8 keal/mol, yield the
expected high value for the N-C* bond (= 94.8 kcal /mol) comparable
to C*~C* (= 100.7 keal/mol) in acetylenes, The tautomeric carbodi-
imide structure suspected for this molecule has been ruled out by
microwave spectroscopy [ 30].

The N—C¢ bond has nearly the same bond energy of 81,5 + 0.5
kcal/mol in aniline, diphenyl amine, or triphenyl amine [ 21]. The
cyclic bond energy term N-C? (§31), derived from pyrrole, is adopted
for open-chain compounds in the absence of any experimental data on
ethylene amines. Using this bond, the AHf°(g) for the hypothetical

monomer vinyl amine works out to +7.5 kcal/mol, Bond energy terms
§36 and 37 show that the C*-NO: single bond slightly varies (within
2-3 kcal) with the type of carbon atom depending upon the number of
hydrogens resident on it, and this may have some bearing with intra-
molecular hydrogen bonding in nitro compounds. A similar trend is
shown by C°*-NH: bonds in amines, §40 and 41. The N*>-C*® bond

(842), derived from data on diazenes [ 27], forms an important gen-
eral link of the type applicable also to isocyanides, isocyanates, iso-
thiocyanates, and nitroso compounds. The energy term $20 for the
isocyanate N=C bond was obtained from the isocyanate group contribu-
tion, assuming for the carboxyl C=0 bond the aforesaid revised value
of -28.0 kcal/mol, For the isothiocyanate N=C, (§21), the AHf"(g)

for the C=S bond = +14.0 kcal/mol is taken from the carbon disulfide
bond of earlier work [ 1f]. In general, the bond energies of the iso-
cyanate group show considerable disagreement, rendering these bonds
specific, as also evidenced by the variety of bond lengths assumed by
the same bond in aliphatic and aromatic categories.

Nitrogen-Oxygen Bonds

The energy of the N°~O bond in oximes and the similar bond in
nitrous acid and esters is assumed to be the same from very close
bond lengths. Applying this term (852) to nitrite esters group energy,
the value of the N=0O bond in trivalent nitrogen compounds is derived
as 137,7 keal/mol (§46). This is apparently lower than the free NO
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molecule where the third valence electron contributes an excess bind-
ing energy through delocalization or partial ionization, to the extent
of about 13 kcal. The bond order of nitric oxide N=0O bond exceeds 2,
and it is the strongest nitrogen-oxygen bond (845). However, with only
partial delocalization of the valence electron, the nitric oxide mole-
cule, like carbon monoxide, is potentially a reactive free radical, The
"short" ester bond N*-O of nitric acid and esters was fixed by inter-
%olation of Fig, 2 as 61,0 kcal/mol for its average bond length of 1.40
. This bond is assumed to be slightly stronger (by about 3 kcal) than
the N2-O with bond length of 1,43 A. The resulting bond energy for
the NO2 group (two identical bonds of the §48 type) is 8.4 kcal less
per bond than the bonds of the NO: molecule, which is also a free
radical structurally, and the N>O, molecule is a result of combination
into a covalent N-N bond (816), The energies of the two coordinate
bonds (§49 and 55 of Table 2) N~O were derived from the heat of re-
action of N~oxide formation of pyridine and aliphatic cyclic amines,
respectively,

Nitrogen-Sulfur Bonds

Glemser [ 96] has characterized SN bonds in respect of their bond
lengths, force constants, and bond orders, A revision of these bonds
is made with a view to keep consistency with other bond energies of
this scheme and also in the light of newer combustion data of the NSF
[ 85] which differ from the earlier value (mass spectrometric) by as
much as 46 kcal/mol, Combustion data of some organic molecules,
NN'-bis (diethyl) amines of S-S, S=0, and O=S=0 2], are also not
covered by Glemser's review of essentially inorganic nitrogen-sulfur
compounds. The bond energy values (§74-76) derived from this data
for the N-S single bond are found to be considerably higher and agree
more closely with the bond (length-energy) curve of Fig. 1. Tetra-
sulfur tetranitride S;N; is an eight-membered ring, a ""cage" struc-
ture formed by two additional, transannular S-S interactions besides
the eight regular NS bonds of bond-order 1.7 assigned to them,

The overall bond energy (ignoring S-S interactions) derived from
experimental AHg%(g) = 128.8 kcal/mol [ 14, 34] for the regular NS
bonds is 73.5 kcal/mol, which falls between a single and a double
bond as also does the bond length, The energy term (§72) has there-
fore been shown as aromatic bonding of S(IV). The bond energies of
all NS bonds of Table 2 are consistent with the bond orders assigned
to them by Glemser,

The Ring Strain Concept

Ring compounds pose the usual problem of unpredictable strain
energy while assigning energies to the bonds. Delocalization of
7 ~electrons or of other nonbonding valence shell electrons such as the
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lone pair of nitrogen or oxygen, popularly termed as ""resonance,"
enhances the total binding energy of the molecule. In cyclic com-
pounds, delocalization is more facile due to continuity of the bonded
structure ("the ring current" concept [31] ), especially when the ring
is reasonably planar, Strangely, however, the ring compounds are
invariably coupled with (encumberance of) the ring strain element in
the total energy computed bondwise. The paradox seems to arise
from first assuming that the usual acyclic bond energies apply to
ring bonds and then ascribing the energy deficit to '"strain energy' of
the ring, The internuclear distances (hence energies) of bonds in the
ring skeleton are generally appreciably different from those in the
open-chain compounds. The bond lengths, usually slightly larger in
ring structure, are indicative of weaker valence bonds (though at
times it may be a mere result of geometric adjustment to accommo-
date bond-angle distortign), For instance, the C—C bond lengths in
cyclopentane are 1.546 2\, in cyclobutane 1,558 A, in cyclopropane
1,512 A, etc. The Bayer-strain component of the total strain energy
can perhaps be eliminated in toto by envisaging and generating a set
of special bonds derived from (and for) the ring skeletons with
hydrogen atoms as the only substituents of negligible steric factor
(i.e., nonbonded interactions or the Pitzer strain [ see Part IM, 1c].
Adopting these energy terms brings the total ring strain to a higher
reference level. The ring strain above this reference line, caused
by nonbonded interactions of physically large substituents such as
chlorine, ~CH; groups, etc., may be considered as the true strain
energy specific to the particular derivative of the ring skeleton.
This idea is similar to the elimination (at least minimization) of the
concept of "resonance energy" in favor of stronger hybrid bonds, as
advocated and exercised by Dewar and co-workers [18] .

A set of special bond energy terms has been provided in Table 3
for five-membered rings which are most often encountered in organic
chemistry. The use of these terms would yield exact heats of forma-
tion as experimentally observed for five-membered ring compounds
with only hydrogens resident on the skeletal atoms, A similar exer-
cise on four- and three-membered rings, with the new energy terms
of Table 3, shows that the excess strain in these skeletons due fo
further bond-angle distortions uniformly amounts to abouf 22 + 2
kcal/mol regardless of the composition of the constituent ring-
skeletal atoms, Six-membered rings are either essentially strain-
free or are "aromatic" | as defined and categorized in Part II, 1b],
for which aromatic energy terms superscripted by the symbol ¢ are
provided. The application of the new energy terms of Table 3 to
polycyclic structures is under study.,

DISCUSSION OF RESULTS

The most prominent feature observed regarding the nitrogen bond
energies is the active interference of the lone-pair s?-electrons with
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sp-covalent bonding. The covalent NN single and double bonds are
appreciably weakened by the mutual electronic repulsion of the lone
pairs and the long nitrogen chain is rarely ever formed, in sharp
contrast to the unexcelled CC bonding capacity of carbon. In hetero-
nuclear bonding the lone-pair reserve of electron energy strengthens
the bond on account of delocalization of the electron cloud toward the
more electronegative atom. Such a polar contribution of varying
degree is always involved in the total energy of the heteronuclear
bond, causing fractional bond orders. The necessity of calculating
separately such polar energy component of the bond energy imposes
severe limitations on the transferability of the bond and ultimately
on the success of additivity schemes in predicting the total chemical
binding energy of a molecule: see Benson's remarks '"Pure empiri-
cism thus has come to an impasse' etc. in Ref. 90. Despite these
facts, the best possible application of the bond-additivity principle to
nitrogen bonds has been attempted here, and prediction capability
within +3 kcal/mol uncertainty seems to have been attained,

The higher oxidation state N(IV) of the nitrogen atom is caused
by promotion of one of the two long-pair s*-electrons to sp-orbitals
in the tetrahedral orbital structure similar to carbon, while the other
unpaired electron is delocalized into partial ionization induced by the
more electronegative heteroatom, It is noteworthy, however, that
unlike carbon, nitrogen atom rarely forms four independent ligands
in a ground-state un-ionized molecule, Only three atoms are gener-
ally bonded to nitrogen in either pyramidal N* or tetrahedral N*
symmetry. In the latter, three valence electrons form two bonds of
13 bond order, like the aromatic bonds of benzene, and the fourth is
available for covalent single bonding, Thus the two N--O bonds of
the nitro group or nitric acid molecule are aromatic and indistinguish-
able in respect to energy and bond length, to which the energy term
§48 refers. The formation of stable N-oxides from amines provides
an example of another kind of N°~N* promotion where the lone pair
completely migrates to the oxygen atom octet, forming a coordinate
bond according to one view [ 70b, 70c]. This seems to be the case in
aliphatic tertiary amine oxides for which we have assigned the energy
term 855 of atomization energy = 64.3 kcal/mol for the purely dative
bond, which is to be used without making changes in the energies of
other bonds of the aliphatic amine. However, for aromatic amine
oxide formation, e.g., pyridine oxide [ 65], the reaction may be looked
upon as a regular N°~ N* promotion, since the aromaticity of the pyri-
dine moiety remains egsentially the same (perhaps enhanced) accord-
ing to Chiang [ 65}, who confirms for the oxide the identical aromatic
C—C and C-N bond lengths as for pyridine., In pyridine N-oxide the
four valence sp-electrons are distributed energywise as three for the

two aromatic N¢LC¢ bonds of pyridine skeleton and one for o-bonding
with oxygen., The ionic energy of the fifth electron of N* resides on

the N¢=O bond, making its bond order approach 13. The two energy
terms 826 and §49 are provided for pyridine oxide and other such
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aromatic amine oxides, These terms are based on the experimental
calorimetric work of Lebedev and co-workers [ 68, 69].

In some compounds such as isocyanides (RNC), azides (NNN), and
fulminates (CNOR) the central nitrogen and the end-atom appear to
show unconventional valencies, The nitrogen atom in the IV oxidation
state is capable of bonding with a total valence exceeding 4 or approach-
ing 5, These multiple bonds of complexity are shown by superscripts
(*) in Table 2, and the AH °(g) terms for such bond, for mere simplicity

and convenience, have been worked out (in relation to E ) on the

basis of either trivalent (N) or tetravalent (N*) mtrogen, as shown at
the respective places, although it bears 3% or 43 or some such frac-
tional total valence, Caution must be exercised if AH °(g) terms are

used for calculating the heat of formation that no mlx-up of N* and N*
terms is made., As an alternative, atomization energy terms may be
used to compute the total atomization energy of a compound, followed
by derivation of its heat of formation in the usual manner,

Other miscellaneous, secondary features observed in nitrogen com-
pounds are summarized below.

(1) Like diols and dicarboxylic acids, diamines [ 83] and dioximes
show more negative AH °(g), by about 2 kcal/mol, than predicted,

This may be the result of intramolecular hydrogen bonding [ 13], a-
Amino acids [ 78¢, 78d] (especially the acyclic ones) show a lower
total energy by about 2 to 3 kcal/mol due to the N-CZ(O) bond being
weaker in the free acid than in the amide or urethane linkage with the
same kind of bond,

(2) The bond energy of the C-NO2 link (836-39) is considerably
higher (30 kcal/mol) than that of the C-NO bond (§43-44), but the
bonds N-NO: (812) and N-NO (§13) have equal energies.

(3) The ionic energy component of the C=N bond (§18) is about
24 kcal/mol as calculated by the procedure of Sanderson [ 29]. This
energy, deducted from the total energy of the bond, yields 172 kcal/
mol as the energy of the pure covalent triple bond of nitrogen and
carbon, and is identical to C=C in acetylenes [ 1b]. Bonds of nitrogen
and carbon in different states of hybridization ($29, 30, 32, 39, and
77-80) follow a closely similar pattern as for carbon-carbon bonds
in earlier work [ 1b].

(4) The bond N®-N (§11) is unexpectedly stronger than N*-N? (§14)
by about 7 kcal/mol.

(5) The N—C bond in nitrobenzene (838) is about 4 keal/mol stronger
than in nitroethylene (§39), attributable to stronger resonance of
p{?enyl c)onjugation. A similar pattern is followed by the nitroso group
(843, 44).

(6) The ester bond of N-O of nitrite ester (852) has been assumed
to be the same as the one in oximes, purely arbitrarily on the basis
of similar bond lengths, Similarly, the energy of the nitrite ester
bond (851) has been judged empirically from its bond length, These
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assumptions, if found untenable due to some new experimental or
theoretical evidence, may call for a major revision of the scheme,

('7) N-F bonds of all types (856-61) average to a bond energy of
67 £ 4 kcal/mol, the N—C1 bond to 53 = 6 kcal/mol, and the N-Br
bond to about 40 kcal/mol. The high thermochemical bond energy of
48 kcal/mol experimentally determined [ 57] for the N-I bond (867)
is not compatible with the above energy pattern of the halogen-nitrogen
bonds and the doubtful existence of the bond itself. The energy of the
NH:—NIa complexing bond may be higher than the 5 kcal/mol assumed
by these authors,

(8) The scheme is unsuccessful with melamine and cyanuric acid
but may yield good predictions in the cases of other derivatives of
s-triazine, These compounds exist in duel fautomeric structures
with protons shifting from oxygen to nitrogen and vice-versa. The
actual experimental heat of formation lies in between the calculated
values for these two enol-amide structures. To a lesser extent, these
remarks also apply to the unsubstituted oxazoles,

(9) The experimental data on isoxazoles and substituted isoxazoles
and isooxadiazoles [ 68, 69, 75, 76], though of recent origin, grossly
disagree, Therefore, the energy term N°-O (850), which is the mean
value of all experimental sources, has a wide limit of uncertainty,

4 8 kcal/mol, and becomes a trivial estimate, More decisive experi-
mental work is needed to determine this term without which oxazoles
remain unpredicted.

(10) A comparison of bond energy terms 17 to 25 in Table 3, which
relate to bonds in five-membered reasonant azole rings, with the
corresponding acyclic bonds of Table 2, shows that the bonds in
azoles are considerably stronger, contributing all-together an average
excess energy of about 20 + 5 kcal/mol, which may be taken as the
net resonance energy in azoles over and above the ring strain conven-
tionally expected with it as a five-membered ring.

(11) In general, the double bonds C=0, C=N, and N=N seem to
assume various unpredictable thermochemical bond energies in differ-
ent compounds, a fact supported by bond lengths as well as molecular
orbital calculations [ 104]. This gives some justification to the inci-
dence of a large number of redundant energy terms in the additivity
scheme,

As specimen calculations, AHf"(g), Ea25 (atomization energies of

some small molecules experimentally yet undetermined or doubtful),
and some hypothetical structures have been worked out, These are
shown in Table 4, with the fourth column from the left showing the
specific new terms of the nitrogen bonds that constitute the compound
or structure,

The agreement between calculated and experimental values of heats
of formation for a number of compounds in Table 4 (2, 17, 28, 30,
32-35, 45, 46, 53) is quite satisfactory, The experimental data which
are compared are of recent origin and conform to modern combustion
calorimetry norms and standards, and are complete both in respect
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BOND ENERGY SCHEME. VII 899

to AHc° and the calorimetric sublimation energy. In other cases

where reliable combustion data are available but not the heats of sub-
limation, the predicted values of AHV for sublimation are all very

reasonable and in fair conformity with the group-contribution pro-
cedures of computing sublimation energies [ 20]. The two molecules
which grossly defy the additivity scheme are melamine and cyanuric
acid. In the former, the calculated values for both the classical
tautomeric structures, I and II (the aromatic and the amidine), fall
short of the experimental atomization energy by some 45 kcal/mol,
Structure HI is therefore proposed where all the nine C-N bonds in
melamine are assumed to be aromatic and intrinsically stronger. The
atomization energy computed this way (i.e., assuming N*~N* promo-
tion of the NH> nitrogen atom) comes closer to the experimental
value. In the case of cyanuric acid, the experimental atomization
energy is more in favor of the tautomeric, amido structure II (75%
amido II + 25% imidol I)., Intramolecular hydrogen-bonding in the
gas phase may also be a contributing factor in the total energy of the
molecule, but experimental sublimation data are not available in the
literature for verification., Such measurements would determine
whether the strength of the (O)C?-N amide linkage confirms to §29
or §30 as used, respectively, for computing structures II and III of
both amido categories.

Polymerization and Polymer Modification Reactions

The resulis of application of the bond energy scheme to the estima-
tion of heats of reactions leading to polymer formation or modifica-
tion are presented in Table 5. These typical routes of reactions have
been selected from the remarkable compilation of preparative methods
in polymer chemistry by Sorenson and Campbell [ 105}, The esti-
mates of heats of reaction in kcal/mol in the gas phase at 25°C, and
pagewise reference to the reaction (underlined numbers) are given.
Polymerizations are seldom conducted withgaseous monomer, andgas-
eous phase for the polymer is hypothetical. However, since the inter-
actions of a common solvent medium with monomer and polymer are
essentially the same, and since they cancel out, the calculated energy
change for gas-to-gas transformation may be taken as a fair estimate
of the heats of reactions in solution, with overall uncertainty of about
2-3 keal/mol. The real difficulty is nevertheless with polycondensa-
tions carried out at higher temperatures in the 250-300°C range such
as for heat-resistant polymers (No. 24 or 25 and the oxidative charring
of Orlon; No, 19 where the heat of reaction at 25°C has a positive sign),
Unless further work on calculating temperature coefficients of all
bond enerogies of this and previous parts of the scheme (i.e., the bond-
wise ACp assignments) is completed, AHR° at the desired tempera-

ture cannot be calculated. From a practical viewpoint, merely knowing
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the exothermicity of a reaction conducted at such elevated tempera-
tures has little value, especially under the nonequilibrium conditions
where one of the products of reaction (HC1, H20, CO:, etc.) is ex-
pelled from the reaction site to achieve forward reaction. The free
energy must be considered to judge the feasibility of polymerization
or condensation reactions, The entropy change ASR° for vinyl polym-

erization of most of the monomers is known to be about 25+ 5 cal/
degrmol [ 104], which gives an entropy factor (TAS) of about 6-9 kecal/
mol at 25°C, unfavorable to the chain-forming process of polymeri-
zation, All reactions in Table 5 in which the heat of reaction exceeds
about 6 kcal/mol must proceed spontaneously (readily) at room tem-
perature. In a condensation reaction a small molecule is set free
and its translational and rotational fraction of the total entropy (Hz0,
45 e.u.; HCl, 44.6 e.u.; CO2, 51,0 e.u.; Ha, 31.2 e,u.; etc,) may

reduce ASR° to zero when AHR° becomes the sole guiding factor for

polymerization reaction. Further, if ASR° becomes positive, as is

generally the case for condensation reactions | 102], higher tempera-
ture favors the condensation and esterification or trans-esterification
reaction., Besides these thermodynamic considerations (including

the usual concentration strategy of removal of the reaction product),
the catalysts providing lower (ideally zero) activation energy paths
and the pressure are two of the incentives for attempting a new
"blackboard" reaction even if it is thermodynamically unfavorable

to the extent of 10 kcal/mol in free energy | 4). Such attempts are
continuously resulting in novel polymers and breakthroughs in indus-
trial monomer synthesis.

CONCLUDING REMARKS

Large number of parameters (about 90 new energy terms) are
necessary to make the bond-additivity concept moderately workable
with nitrogen compounds. The bonds of nitrogen are semipolar rather
than covalent, and they assume widely differing energies as evidenced
by the wide range of bond lengths and vibrational frequencies for
similar kind of bonds. In the purely empirical correlation of this
level, the only criterion that is preserved is the bond (length-energy)
inverse relationship for which an exact mathematical equation must
be found. The total chemical energy of a compound may then be pre-
dicted, and with acceptable accuracy, merely from the observed bond
lengths and a set of these equations, one for each bond between a
pair of atoms, The present work and all previous parts (with some
revision and integration) hopefully provide a basis for future work in
that direction. A noteworthy approach to the prediction of chemical
energy is that of Sanderson | 29] of calculating separately the covalent
and the ionic bonding energies on the basis of electronegativities
assigned to the atomic nuclei. Finally, the sophisticated quantum-
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mechanical approach: this has recently been analyzed and discussed
critically and exhaustively by Dewar [ 103]. As highlighted by Sander-
son [ 29], the "state-of-the-art'" here is still far from satisfactory

in spite of computer time and the high costs involved in molecular
orbital calculations, even with parameters borrowed from experi-
mental thermochemistry [ 104].

[1]
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