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Quantitative approach to evaluate the
intramolecular interaction of the appointed
and unlinked groups or nonhydrogen atoms
within organic compounds

Chaoyang Zhang®*

Dl This paper reported a new approach to quantitatively evaluate the interaction of the appointed and indirectly linked

groups or nonhydrogen atoms in molecules by designing unique isodesmic reactions, calculating their energy
changes, and getting so-called interaction energy (E;). The consistency of the sign and amount of E; with the common
qualitative descriptions on some intramolecular effects confirmed the validity of the new method. Two applications
of this method to halogenated methane and ethane, and nitro compounds showed: (1) for any group of molecules
with the same skeleton, E; of all substitution groups or nonhydrogen atoms can be used to compare their molecular
stabilities; (2) for the appointed groups in different molecules, E; of them can reveal the nature (attraction or
repulsion) and the strength of their interaction. All these indicated that E; is a useful tool to reflect the
intramolecular interaction of appointed and unlinked groups or nonhydrogen atoms. Copyright © 2008 John Wiley
& Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http.//www.mrw.interscience.wiley.com/
suppmat/0894-3230/suppmat/
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INTRODUCTION AND METHODOLOGY atoms within a molecule and applied it to evaluate molecular

stabilities. This approach can be summarized as two common
Organic compounds are a sort of ones in which the interactions equations 1 and 2, which denote a unique isodesmic reaction and
among substitution groups are stressed.'® The interaction its energy change, respectively, and where E; is the interaction
energy between two substitution groups (SIE) was proposed and energy of unlinked groups Ry, Ry, ..., and R, in molecule P.
defined as the energy change of a unique isodesmic reaction by

R
Guo et al. to well interpret the Pauling electronegativity and P il ¥ " !
Hammett equation.” On the basis of their finding, they + -y ~ (1) N R
hypothesized that the electronic substituent effect in a multi-
H 2 n H Ro
M1 M2 Mn s P

substituted system (SIE) should follow a simple equation
involving a constant dependent on the system and a certain

scale of electronic substituent constant. The equation is )
applicable to many organic systems such as disubstituted \
bicyclo[2.2.2]octanes, benzenes, ethylenes, butadienes, and E,-:E(P)+(nf1)E(S)fZE(M,-) Q)

hexatrienes. Here, we highlight the substitutent effect on the P
molecular stability. When a group of molecules possess a same
molecular skeleton, the difference of their stabilities should be
determined by these effects. For example, in Scheme 1,
nitromethane becomes weaker and weaker with the increasing
repulsion among nitro groups, as well as nitroethane, nitroben-
zene and nitrocubane. Usually, the qualitative descriptions of
these interactions according to the common organic theory can
well explain some intramolecular effects. However, sometimes, M

The similarity of the compounds M1, M2, ..., Mn, S and P in
Egn (1) makes the method applicable to a group of molecules
with the same skeleton under a comprehensive consideration (E;
is of all substitution groups or atoms). As a matter of fact, people
usually evaluate and predict molecular stabilities according to
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Scheme 1. Qualitative theory is enough to describe the repulsion
among nitro groups in compounds

their sorts. These cases may most occur in the field of energetic
materials. Molecular skeletons are kept invariable with changing
substitution groups to satisfy different requirements. For
example, by changing the amount and site of nitro or amino
groups in the derivatives of benzene, people can get the
energetic materials with different performance such as density,
sensitivity, detonation, and so forth. The stabilities of a group of
molecules with same skeleton can be compared by the
interaction of all substitution groups. Experimental evidences
have showed there a big difference of thermal stability related
with molecular stability among the amino-nitro derivatives of
benzene in Scheme 2—the weakest HNB has close 200 °C DSC
decomposition temperature far lower than that of the most
stable TATB, above 370 °C. And other molecules have the thermal
stabilities between them."" This phenomenon can be readily
interpreted by the new method. That is to say, HNB has the largest

NO,

HNB PNB

H,

TETNA

NO
? ON NG,
ON__h_NoO, 7 ‘
N
N Ne,  ON NO,
NG,

E; 354 kJ/mol (in Table 1) implying the most repulsion among all
six nitro groups and the lowest molecular stability; whereas TATB
has the least E; —54 kJ/mol implying the most attraction among
the three nitro groups and three amino groups and the highest
molecular stability. Based on the previous work, this paper first
confirmed the validity of the method by applying it to explore
intramolecular effects and comparing their quantitative results
with common qualitative descriptions, and further used it to
discuss the molecular stabilities of halogenated methane and
ethane. Furthermore, to be more important, by this method, the
interaction of the appointed groups in different compounds was
discussed in this paper. On the basis of these two points, it is time
to establish the new method to employ E; to reflect the nature
and the strength of appointed groups or nonhydrogen atoms.

In all our quantum mechanics calculations, DFT/BLYP method
with DNP (double numeral adding polarization) basis set in
Dmol, 227" similar to 6-31G** in Gaussian, was employed. All
stable optimized structures were confirmed by no imaginary fre-
quency. Much practice confirmed that these methods are enough
to calculate the single gas molecules contained in the paper.

RESULTS AND DISCUSSION

Validity confirmation of the new method

Nitro compounds, especially nitro explosives, are a group of
important organic compounds due to their applications in many
fields such as propellants, explosives, pyrotechnics, and so forth.
We have some researches on their structure—property relation-
ships previously.">™'” Therefore, we selected these familiar nitro
compounds as samples to discuss some effects in organic
chemistry and confirm the validity of the new method. Certainly,
this confirmation is based on the consistency of quantitative
results and qualitative descriptions.

Before confirming the validity of the new method, we listed the
interaction energy of two groups of isomers, dinitrobenzene and
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Scheme 2. Qualitative theory is inefficient to describe the interaction among amino and nitro groups in compounds and a quantitative method is

necessary

Table 1. Calculated interaction energy of amino and nitro groups in the benzene derivatives cited from Reference "
Compound HNB PNB PNA TETNB TETNA TNB TNA DATB TATB
E;, kJ/mol 354 254 221 151 112 48 5 —-33 —54
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Table 2. Two groups of isomers I1 and 12, and interaction energy E; (unit in kJ/mol) among nitro groups in molecules
I 12
NO , No, .
NO, NO, NG, :
o O
s NO, NO, NO , Yo, 05N NO;
17 114 48
17 86

NO,

M1 43 M2 42 M3 41

M4 27

CHy NO2

NO2  HC NO
NOp  HsC NO2 NO2 8 2
’/ Y H3C+CH3 HaC CHy
NO, NO, O,N O,N CHy

NO, CHy

M5 24 M6 21

Scheme 3. E; (unit in kJ/mol) between two nitro groups influenced by the spatial steric effect of methyls

trinitrobenzene in Table 2. For any group of isomers, because the
isodesmic reactions are same, the isomer with lower total energy
corresponding to the better molecular stability gives lower E;. It
verifies that E; is consistent with the molecular stability, and the
method presented in the paper is reliable. Organic chemistry
theory has already qualitatively explained the interactions among
the substitution groups on different positions, which are usually
attributed to induction effects, conjugation effects and hydrogen
bonds. The quantitative data of E; can also show the difference of
these interactions.

Steric effect

Interaction energy between nitro groups in simple dinitro alkanes
is taken as the investigation objects here. By means of above
method and Eqns 1 and 2, E; between two nitro groups in
different compounds were obtained in Scheme 3. As illustrated in
the scheme, the increasing steric effect of methyls results in the
decreasing interaction (repulsion) between two nitro groups.
According to the data of E; in the scheme, the appointed steric
effect can be quantitatively described as: 1(43-42) kJ/mol of one
methylin M2; 2 (43-41) kJ/mol of two methyls in M3, 3 (27-24) kJ/
mol of two methyls in M5, and 6 (27-21) kJ/mol of four methyls
in M6. These quantitative descriptions agree well with the
common sense of the steric effects in organic compounds.

Induction effect

E; between two nitro groups in dinitro pentane can well reflect
the obvious induction effect as showed in Scheme 4. The
quantitative result is in good agreement with the common
qualitative description of induction effect: by increasing the

M7 71 M9 13 M11 6

C1 C3 Cs
o2N/ \cz/ \04/
M8 42 M10 9

Scheme 4. £; (unit in kJ/mol) between two nitro groups reflects the
induction effect. The number denotes the site linked with the second
nitro group (invisible) in dinitro pentane. For example, in M7, two nitro
groups are linked with No 1 carbon atom

distance between two nitro groups, the induction effect, that is
the repulsion, between them decreases apparently from 71 to 42,
13,9, and 6 kJ/mol. When two nitro groups part from a distance of
three carbon atoms, their repulsion is rather weak; and when they
part from five carbon atom, their repulsion is very weak.

Conjugation effect

E; in Scheme 5 reflects the comprehensive effects between nitro
and amino groups in different molecules including induction
effects, conjugation effects and intramolecular hydrogen bonds.
In M12 of a trans-molecule, E; mainly shows the sum of induction
effect and intramolecular hydrogen bond between nitro and
amino groups. The total effect 2kJ/mol comprehensively
reflects a slight repulsion between nitro and amino groups. This
result agrees with the previous discussion about the interaction
between nitro and amino groups.'” In M13 with a nitro group
and a cis-amino group, E; indicates an integration of intramo-
lecular hydrogen bond, conjugation effect and induction energy.
Owing to the obvious intramolecular hydrogen bond and
conjugation effect, there is the strongest attraction between
nitro and amino groups, which leads to the most stable molecule.
From the data in Scheme 5, we can find that there are more
negative E; when amino groups linked with the carbon atoms at
even sites relative to the site of nitro group. This can be explained
by resonant theory and is in agreement with a fact—introducing
amino groups on even positions, particularly on 2-position relate
to nitro group’s site can apparently increase the molecular
stability, due to the combination of the hydrogen bond, the
induction effect and the conjugation effect."”? Additionally, we
can deduce that the resonant energy, that is the energy of

M122 M140 M16 -2 M17 -2 M19 -2

P e G e N W N

M13 -34 M15 -16 M17 -11 M18 -9

O,N 10

M20 -11

Scheme 5. £ (unit in kJ/mol) between appointed nitro and amino
groups reflects the comprehensive effect between them. The number
denotes the site of the invisible amino group in the nitro-amino com-
pound. The molecular configurations of M12-M20 have been illustrated in
the scheme
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Scheme 6. Eypong = E(MR1)-E(MR2)

Table 3. Calculated energies of intramolecular hydrogen
bonds (unit in kJ/mol)

Gl Gll Erbond
NH, NO, 18
NH, cl 15
OH a 21
NH, F 14
OH NO, 36
NH, OH 7
OH OH 20

conjugation effect, between amino and nitro groups in bigger
conjugated alkenes (the number of carbon atoms is above 4) is
about 10 kJ/mol.

Intramolecular hydrogen bond

Seven groups of cis-trans isomers of derivatives of ethene are
selected to approximately calculate intramolecular hydrogen
bond energy. We can find from Scheme 6 that the hydrogen bond
energy is in fact the energy difference between isomers MR1 and
MR2. Here, the induction effect and conjugation effect between
groups Gl and Gll in any group of isomers are taken equivalent,
and some other interaction, for example, steric effect, strain
forces, etc. are neglected. From Table 3, we found that the
hydrogen bond energies are within 7-36 kJ/mol, and satisfied
with the experimental criterion of hydrogen bond. We can also
find that there is a strongest hydrogen bond between H atom on

OH group and O atom on NO, group. This is due to the best
condition of hydrogen bond formation of them among seven
cases: the shorter O. . .H distance and the closer 180° of OH-ON
angle. The offset of amino groups are restricted by C=C bond
owing to their strong conjugation effect, which influences the
hydrogen bond formation from amino groups and leads to the
less hydrogen bond energies.

Application of the method to evaluate the interaction of
appointed groups or atoms

Examples for some groups of molecules with the same skeletons

From above discussion, we can find that the sign of E; of
appointed groups can well reflect their interaction nature. For
instance, the positive E; among nitro groups (in M21-M29)
implies the repulsion among them and the helplessness to
molecular stability; whereas the negative E; among nitro and
amino groups (in M13-M20) implies the attraction among them
and the helpfulness to molecular stability. Is there a quantitative
relationship between E; and the molecular stability? In this paper,
we selected two groups of the simplest halogenated hydro-
carbon to address the issue. Here, E; are of all halogen atoms, and
the molecular stabilities are measured by the total bond
dissociation energies (3BDE) cited from Reference [18]. Up to
the present, there have been many researches on the factors
influencing BDE such as steric, inductive, resonant and field
effects, and so forth."9-2*) Obviously, this study confirmed an
E-2BDE correlation and offered a new approach to investigate
BDE and molecular stabilities.

Very different from other halogenated methane, fluoro-
methane has increasing C—X and C—H BDEs with increasing
F atom. It may be out of the common rule of organic chemistry,
that is, the more the same atoms or groups displacing hydrogen
atom on carbon atom, the less bond energy resulting from the
more repulsion among these substitutes, for example, in Table 4,
the more nitro group displaced, the less bond energy of C—Nitro.
But we can surprisingly find that the BDE changes of all C—X and
C—H bonds agree well with E; of all X atoms. That is, the more
negative E; accords with the more BDE. It verifies again the
introduced method. Obviously, we will draw a wrong conclusion

Table 4. E; (kJ/mol) and BDE (kJ/mol) of CH,_.X,,

X CHsX CH,X, CHXs3 X,

F E; — —45.4 —109.2 —154.7
C-F 460.2+84 496.2 533.9 546.8 + 2.1
C-H 4238+4.2 431.8 445.2 —

a E, — 1.23 12.28 414
-l 35024+1.7 338.1 320.5+6.3 296.6
C-H 419.0+23 407.1+4.2 3925+25 —

Br E; — 9.24 31.19 71.41
C-Br 29414+ 2.1 290+10 2749+13.0 228.94+9.6
C-H 4272124 4171+75 399.2+84 —

| E; — 15.87 4444 91.26
C-l 23894 2.1 217.1+84 2205433 192 +50
C-H 433+84 4310+ 84 423 +29 —

NO, E — 435 1155 2023
C-NO, 260.7 + 2.1 2184 211.3 176.1
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Table 5. E; (kJ/mol) and BDE (kJ/mol) of halogenated methane

CH FyCl —60.3 4213+84 4623 +10 364+ 8 —

CH FCl, —19.2 4109+84 453 +23 3460+ 134 —
CHCI,Br 12.8 387 £ 21 — 310£17 2504+ 21
CHCIBr, 216 371+ 21 — 299 + 21 244 + 21
CF5Cl —100.7 511.7 365.3

CF,Cl, —48.7 482.0£10.5 3339+10.5

CFCl3 —0.8 4393 +4 3209+84

CCl3Br 411 287 +10.5 2314+42
CCl,Br, 50.4 274+17 2255417
CCIBr3 60.4 261.5+10.5 2109+ 10.5
CH,4 4393+04

that the more substituted F atoms can result in the less C—F BDE
if we only consider the repulsion among F atoms.

The negative E; of F atoms in fluoromethane in Table 4 shows
there are strong attractions between F atoms through carbon
atom, although they have the same negative charges which can
result in the coulomb repulsions. In fact, all C—F bonds and C—H
bonds are shortened when F atoms increasing in molecules. It
tells us the overlap of atomic orbits increasing on not only C—F,
but also other bonds. Therefore, E; of X atoms in halogenated
methane can reflect the nature and strength of the interaction of
X atoms. That is to say, through a carbon atom, all F atoms are
attractive one another, unlike other halogen atoms or nitro
groups. It is the unique characteristic of fluoride.

By means of E; of halogen atoms or BDEs in relevant molecules,
Table 5 confirms a fact that there is an attraction between F atoms
and other halogen atoms, and the more F atoms the more
attraction; whereas the repulsion among Cl and Br atoms, and the
more Br atoms the more repulsion. Apparently, E; of all halogen
atoms has a comprehensive sense of molecular stability, whereas
BDE only reflects the stability of an individual bond. That is, E; and
BDE have comprehensive and individual senses, respectively.
Then, the total BDE, 3BDE, has a comprehensive sense too and
may be dependent on E;. Therefore, the E; of all halogen atoms
versus %BDE of halogenated methane was plotted on Fig. 1. We
can find there is a good linear E-XBDE dependence, and
accordingly, E; is also a useful tool to evaluate the molecular
stability. Figure 1 also demonstrates a decreasing order of %BDE

2300 o

2200 o

with an increasing order of E; when increasing substituted
halogen atoms from F to Cl, Br, and | atoms. For example, >BDE
deceases and E; increases as an order of CF,, CCl,, CBry4, and Cly, or
an order of CF,, CF3Cl, CF,Cl,, CFCls;, and CCl,.

We also calculated halogenated ethane (for isomers, only the
most stable one with the least E; was discussed). This case is
similar to halogenated methane. That is to say, there is also an
approximate linear E-XBDE correlation for halogenated
ethane (Fig. 2). We also find 3BDE deceases and E; increases
as an order of C,Fs, CyCls, CoBrs, and Cslg, or an order
of CoFs, CoFsCl, CoF4Cly, CoF5Cls, CoF,Cly, CoFCls, and C,Clg. On
the one hand, it verifies again that F atoms can decrease the E; of
all substituted halogen atoms and increase the molecular
stability. On the other hand, it verifies again that E; can be used
as a tool to assess the molecular stability only for a separate group
of analogues.

Example for the appointed groups in different molecules

The previous work"® and above section confirmed that E; of all
substitution groups or nonhydrogen atoms around a molecular
skeleton is a tool to evaluate molecular stability and has a
comprehensive sense. Here, as a complement, we will discuss the
application of E; to the appointed groups in different on an
individual sense. That is to say, the interaction of appointed
groups in different molecules is concerned. It should be
emphasized that the designed isodesmic reactions for F;

2100 ] IBDE=1360.4-6.0E, R=0.9815 %000 F
4
2000 -] 2900 ZBDE=2614.19-4.77E , R=0.9695
1000 2800 4
j 2700 4
1800 7 2 2600
1700 -] 2500
. ) ]
% 16800 4 cx acHgl, 2400
= 1500 7 'E 2300 -
ul 1400 CFeLm 8 CHBI, %3 2200 -
[ERE CHEI~, CHY, & 2100
1200 ] cHC L 1 CHET 4 2000
1100 ] CHcIBr,® 1800 4
2on0 ] cclpr® 1800
4 1700 +
900 -|
4 1600 o
s00 c, 1500 o
700 T T T T T T T T T T T T 1400 . . . : : ; T T T T T T T T \

:
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E, kJimol

Figure 1. £ of all halogen atoms versus 3BDE of halogenated methane

80 .40 20 0 20 40 60 80 100 120 140 160 180 200 220
E, kdimol

Figure 2. £ of all halogen atoms versus =BDE in halogenated ethane
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M2121 M2229 M2341 M24 58 M25 89

Scheme 7. £; (unit in kJ/mol) of two nitro groups in different chemical
environments

NO2

NO; NO,
Q2N NO2 O,N NO; QN NO, NO» NO2
O,N NO,
OaN NO2 O NOz  ON N NO, NO,
NG, NO,
NO2
M26 166 M27 181 M28 3541 M29 3891

Scheme 8. E; (unit in kJ/mol) of six nitro groups in different chemical
environments

calculation for the appointed groups in different molecules are
different. For example, following reactions indicated these
differences. Equations Eqn. 3-53-5 are designed for calculating
E; of two nitro groups in dinitro-, trinitro- and tetranitromethane,
respectively. In fact, designing isodesmic reactions for E;
calculation in Section ‘Validity confirmation of the new method’
are also different from one another.

2 HgC—NO, - CHy — OZN/\NOZ (3)
2 0,N" N0, = HgC—NO; (4)
: z 0,N" NG,
NO, NO2
A~ -
= 0,N7 "NO OuN NO 5
202’\‘)\,\‘02 B 2 2 2 (5)

NO,

In above nitromethane, the length of C—NO, bond increases
from 1.543 Ain dinitromethane to 1.548 A in trinitromethane and
1.582A in tetranitromethane, and Mulliken charges on nitro
groups decrease from —0.190e to —0.152e and —0.050e can
accordingly lessen the repulsion between two nitro groups. By
means of the new method, we obtained the calculated E; of two
nitro groups in dinitro-, trinitro- and tetranitromethane which is
44, 29 and 15kJ/mol, respectively, showing the repulsion
decrease. It verifies my new approach.

From Egns 1 and 2, we can find the most advantage of
the method introduced in this paper is that £; of any two or more
appointed groups within a molecule can quantitatively reflect the
nature (attraction or repulsion) and strength of their interaction.
Schemes 7 and 8 give illustrations of different E; of two and six
nitro groups in different molecules, respectively. Section ‘Steric
effect’ belongs to this case too (the isodesmic reactions can be
seen in Supporting Information). In Scheme 7, two ortho-
positional nitro groups in different molecules have different E;.
Owing to the free rotation the C—NO,, M21 can have the least E;
of two nitro groups (repulsion mainly). In M22, two nitro groups
linked with abundant electron body C=C bond have the best
orientation to avoid their repulsion, and therefore less E; than

M23, M24 and M25. Apparently, the more the linked structure’s
ability to donate electrons to nitro groups can more decrease the
repulsion between two linked nitro groups. C60 has more ability
to offer electrons than benzene ring and C=C, so, M23 has less E;
than M24 or M25 accordingly.

Scheme 8 shows the case of six nitro groups in different
chemical environments (molecules). Owing to the free rotation of
C—NO, bonds and the large distances among nitro groups, M26
has the least E; denoting the least repulsion. But M27 has the
larger E; for the closer distances among nitro groups, even though
C—NO, bonds can also rotate freely. Obviously, M28 has more E;
due to rotation restriction of C—NO, bonds and closer distances
among nitro groups, and M29 has the largest E; due to the
electron deficiency of C—C and the closest distances among
nitro groups. Theoretical qualitative descriptions are in good
agreement with quantitative calculated results. At the same time,
we can also find the abundant electron body linked with nitro
groups can efficiently decrease the repulsion among nitro
groups.

CONCLUSION

A new approach reported in this paper is necessary in case of the
inefficiency of interaction descriptions of appointed groups or
nonhydrogen atoms within a molecule. The method can just
quantitatively evaluate these interactions by designing unique
isodesmic reactions, further calculating their energy changes, and
getting so-called interaction energy (E;). Typically, there are two
applications of the method: (1) for any group of molecules with
the same skeleton, E; of all substitution groups or nonhydrogen
atoms can be used to compare their molecular stabilities; (2) for
the appointed groups in different molecules, E; of them can reveal
the nature (attraction or repulsion) and the strength of their
interaction. All these indicated that E; is a useful tool to describe
the interaction of appointed groups or nonhydrogen atoms.

SUPPORTING INFORMATION

The total energies of some molecules mentioned in the paper
and some illustrations for designing isodesmic reactions to
calculate mutual effect energies were contained in supporting
information.
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