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A new method of comparing and analyzing the electrostatic potential (ESP) charges of the common atom or
group to evaluate and compare the stabilities of covalent compounds was introduced. That is, covalent
compounds will become more stable when the electron acceptors accept adequate electrons and possess adequate
negative charges, and the electron donors donate adequate electrons and possess adequate positive charges
accordingly. All calculations were performed by density functional theory (DFT) and the general gradient
approximation (GGA) method with the Beck-LYP hybrid functional and the DNP basis set in Acceryls’ code
DmoP. Calculation results verified the method considering the molecular structure is well applied in the
covalent molecule systems of hydrides, oxides, alkyl radicals, and nitro compounds. Furthermore, the method
has good operability, for the charges can be easily obtained by simple calculation.

1. Introduction and Methodology charges currently, such as Mulliken chardeslectrostatic
. ) potential (ESP) chargés? Hirshfeld charges, natural charges,
Usually, geometry structure, including bond length, bond oo r0es derivated from charge equilibration methods (QEQ), and
angle, and dihedral angle, and electron structure such as bongy, o, charges. The charges of a group are charge algebraic
order (BO), bond population, orbital composition and charac- g;mmation of all atoms on the group. By comparing the charges
teristic (for example, the phase and energy level of the highest ;¢ iho common atoms or the common groups, we can compare
occupied molecular orbital, HOMO, and the lowest unoccupied ha stabilities of the covalent compounds of the same group,

_molecul_ar orbital, LUMO), and orbital stabilizing energy (orbital ¢, example, the hydrogen atoms in hydrides, the oxygen atoms
interaction) can be used to evaluate the strength of a covalent, -qvalent oxides. and the nitro groups in nitro compounds

bond and further the stability of a covalent compound. AlSo, ec e used ESP-derived charges as the indicators of stabilities
the atomic positions in the periodic table can tell us the chemical 54 calculated them according to the following equatfons.
characteristics of the compounds containing the corresponding

atoms and help us to compare the molecular stabilities of one 1 . ]2
group. In this paper, a new method of calculating and comparing Oz(qa = ‘ZWi V() — z_ (1)
the charges of the common atoms or groups to evaluate and N4 cul O

compare the stabilities of the covalent compounds is introduced.

In covalent compounds, different atoms or groups have Ineq 1, wherew; is the integration weight at poimt V(r;) is
different abilities to attract or offer electrons, i.e., some atoms the Coulomb potential at poiimt andgy is the fitted charge on
or groups are electron acceptors, and others are electron donorsatom o.. The total molecular charge is conserved, using a
Atoms or groups should be charged once the compounds areLagrange multiplier. The grid pointsn eq 1 are selected based
formed. The common (same) atoms or groups in different on the following criteria:
compounds possess different quantities of the charges, due to _
the different chemical or bonding environments in the different wr, < R Aacr, = R 2)
compounds. So we can explore the chemical environment,

including the molecular stability, by the charge quantity of the where R™ and R® are the internal and external radii of the
atom or group. Covalent compounds will become more stable gtomic o shells and depend on the atom type. To make the
when the electron-attracting atoms or groups accept adequatgesults less sensitive to the selection of the grid, the concept of
electrons and the electron-offering atoms or groups donate g |ayer border was introduced. The weightshange smoothly

adequate electrons. Accordingly, the electron acceptors possesgcross the border layer, as evident from the following formula:
adequate negative charges and the electron donors possess

adequate positive charges. Atomic charges are defined quantities, W = [l—IWJjnt][l _ I—l (1 —woY] 3)
not physical observables. There exist some defined atomic : o o @ o

* Corresponding author. E-mail: zcy19710915@yahoo.com.cn. where W™ and w2 are the partial weights calculated with
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Figure 1. (A) The ESP charges of hydrogen atoms, Pauling electronegativitigsf(non-hydrogen atoms (R), bond lengths, and bond energies
in hydrides. The arrows point to the increase of molecular stability (bond length decreases and bond energy increases). Monotonic relationships

betweenyr and ESP charges of hydrogen atoms in the same rows (B) or in the same columns (C). The bond lengths, bond engrgieseand
cited from ref 8.

; . TABLE 1: Decomposition Percentage (%) of Hydrogen
respect to all ESP centers in the system: Halides (HX) at 1273 K
nt _ 1 3 § 1_ HX HF HCI HBr HI
Wg = Y % negligible 0.0014 0.5 33
— mi jnt
p = min[max[—1,(r;, — Rg)/AR],1] 4) hydrogen atom, RH) covalent compound, and hydrogen atoms
are the common atoms in them. In Figure 1A, from left to right
Wﬁft= l-p3 — §p + 1 in the same row (the same period), or from the bottom to the
4 4 2 top in the same column (the same main group), the ESP charges
p = min[max[~1,(,, — ét)/AR],l] (5) of hydrogen atom, the non-metallicity or electronegativity) (

of non-hydrogen atom, and the bond energy increase, while the
. ter bond length decreases, i.e., the stability of the hydride increases.
whereAR is the "diffusion” width of the layer t.)o_rotler. Thus,  cerainly, this regular change of molecular stability can be seen
thﬁ wi change smoothly from 0 to 1 in the regldﬁt— AR, from the decomposition percentage at 1273 K of hydrogen
Ry + AR and from 1 to 0 across the external raff” — AR, halides (in Table 1). Figure 1 shows that the ESP charges of
Rﬁx + AR. The final set of linear equatlons is solved via the the hydrogen atoms are very consistent W|th)@h9f the non-
Gauss elimination teChniqUe to determine the point Charges. hydrogen atoms. That is to say, the |arge[he non_hydrogen

All calculations were performed by density functional theory ztom has, the more positive charges the hydrogen atom
(DFT) and the general gradient approximation (GGA) method possesses in the corresponding hydride. The figure also indicates
with the Beck-LYP hybrid functional and the DNP (double-  that there are monotonic relationships betweenand ESP
numeric-quality basis with polarization functions) basis set in charges in the same rows or in the same columns. Because the
Acceryls’ code Dmol® At the same time, bond length, bond »p Of hydrogen is 2.20, more than that of boron (B), silicon
energy, dissociation energy, dissociation temperature and de'(Si), arsenic (As), and tellurium (Te), the hydrogen atoms are
composition percentage at a specified temperature, and the indeX|ectron acceptors and have negative charges in these relevant
of impact sensitivity of explosive, the heightdifrom where Ly qrides. They are usually unstable, for their hydrogen atoms
a given weight falling upon the compound gives a 50% gre neither electron donors nor effective electron acceptors (too
probability of initiating explosion, were used to assess the o, negative charges). In other hydrides, the non-hydrogen
molecular stabilities. Additionally, the data not explained in this  53toms have morgs and stronger non-metallicities than hydrogen
paper were cited from ref 7. atoms. So, the hydrogen atoms are electron donors and possess
positive charges. The compounds become more stable when they
offer more electrons and have more positive charges. Therefore,

2.1. Hydrides.Hydrides are a kind of important and simple ESP charges of the hydrogen atoms can be used to compare
(only the single bond between the hydrogen atom and the non-the molecular stabilities of different covalent hydrides, the same

2. Results and Discussion
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Figure 2. The ESP charges of oxygen atoms inadd SQ, and their
thermal stabilities.

TABLE 2: ESP Charges of Oxygen Atoms (Q, e) and
Decomposition Temperature {p, K) of Oxide R,O

RO Ok ClLO Br,O 1,0 H,O

Qo, e 0.081 —0.168 —0.233 —0.279 —0.704
Tp, K 523 293 303 273623 exists stably at 1273 K

TABLE 3: Homolytic Reactions of Alkanes and Their
Reaction Heat Cited from Ref 9

homolytic reaction
CH4 - CH3 +H
C2H6 - Csz +H

CsHg — Me,CH + H
MesCH — MesC + H

heat of reaction

AH = 435 kJ/mol
AH = 410 kJ/mol
AH = 397 kJ/mol
AH = 381 kJ/mol

as yp of the non-hydrogen atoms, bond length, bond energy,
and decomposition percentage at a specified temperature.
2.2. Covalent Oxides.Covalent oxides are another kind of

important compound, and the oxygen atom is the common atom

Zhang et al.

atom, possesses the more negative charge, and the corresponding
oxide has the higher composition temperature and the higher
stability (in Table 2).

As mentioned above, it is difficult to compare stabilities of
oxides, owing to multi and complicated bonding manners of
the oxygen atoms. But when some covalent oxides are in the
same group (the same bonding characteristic), we can compare
their stabilities by the rule.

2.3. Alkyl Radicals. The stabilities of the alkyl radicals have
well been researchédit can be seen from Table 3 that their
stabilities decrease as Mg > Me,CH > C,Hs > CHs. The
stabilities of the corresponding €4 bonds in the parent
molecules (alkanes) increase in the same order. Becauge the
of hydrogen (2.04) is less than that of carbon (2.55), the
hydrogen atoms are the electron donors in alkanes. According
to the rule, the more positive charges the hydrogen atom
possesses, the more stable the correspondingd @onds
become. Commonly, the strength of the weakest bond deter-
mines the molecular stability. So we can use the least positive
charges or the most negative charges on the hydrogen atom of
one type (such as primary hydrogen atom, secondary hydrogen
atom, and tertiary hydrogen atom) to evaluate the strength of
the C—H bond of the corresponding type. Either in four isolated

in them. In above hydrides, all the hydrogen atoms bond with molecules (methane, ethane, propane, and 2-methypropane in
non-hydrogen atoms by single bonds, i.e., they have the same'9ure 3) or in one molecule (2-methybutane), the charges on

bond type, the single bond. Generally, comparing with hydrides, the hydrogen atoms show a good relationship between the

oxides are more complicated, due to the multi bonding mannerscharges and the strengths of & bonds and the stabilities of

of oxygen atoms. To compare the stabilities of covalent oxides, the corresponding radicals. Further, the more positive charges

we classed the oxides according to their bond types (single, the hydrogen atom possesses, the stronger thel Gond is
double, triple, or resonant) and compared their stabilities by and the less stable the corresponding radical is. Because methane

charge analyses.

O3 and SQ (in Figure 2) have the same bonding characteristic
(two o bonds and onélz* bond). In these two molecules, the
common atom is oxygen atom and an electron acceptpis O
less stable than SOdue to the rapid decomposition of; @t
437 K and the stable existence of S8 the same temperature.
The negative charges of the common atom ir{tBe termination
oxygen atom) are less than those in,SThis verified that the

has the most positive hydrogen atom charges, #t$i®ond is

the strongest and it has the most heat of homlytic reaction;
methyl radical is the least stable. Secondary and tertiary
hydrogen atoms possess fewer positive charges, even negative
charges, so they can be more easily dissociated from the parent
molecules, have lower heat of homlytic reaction, and the
corresponding radicals are more stable.

2.4, Nitro Compounds.Nitro compounds are also a group

more negative charges the electron acceptor possesses, the mod important compounds, applied especially in the field of

stable the molecule becomes. DEIO,, BrO,, 10,, and HO
(in Table 2) are of another bond type (onéond between O
and R, O-R). In this kind of oxide, oxygen atoms are the

explosives. Today, nitro compounds are still the main and most
important explosives containing C, H, N, and O. So it is
interesting and meaningful to investigate the stabilities of nitro

common atoms, but not all are electron acceptors. That is to compounds as high-energy materials. Different from the above

say, the oxygen atom in QRs an electron donor. From this
viewpoint, Ok should not belong to the group of GI(BroO,,
10,, and HO but instead to the group of HF. For @&nd HF,

hydrides and oxides, the common part of the nitro compounds
is not an atom, but a group, the nitro group. To verify that there
is a relationship between molecular stability and nitro group

we can use the rule to compare their stabilities. Fluorine atoms charges, we calculated the C-nitro bond lengths and nitro group
are common atoms and electron acceptors in these twocharges of nitrobenzene and nitroanilines (right in Figure 4)
molecules. Their negative charge quantities (0.081e and 0.388eand related the nitro group charges with C-nitro bond lengths,

respectively) can explain that @Eecomposes at 523 K and
HF exists very stably 1273 K. As to C¥OBrO,, 10,, and HO,
the rule can also work well to explain and compare their

which are used to measure the strength of C-nitro bond and the
stabilities of the compounds (for the compounds of the same
group). The calculation results showed there is an approximate

stabilities: the common atom and electron acceptor, oxygen linear correlation between the nitro group charges and C-nitro

Methane

Ethane propane

Figure 3. The ESP charges of hydrogen atom in alkanes. The hydrogen atom indicated in a circle has the least positive charge or the most negative

charge for a particular type of hydrogen atom.

2-methypropane 2-methybutane
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Figure 4. Dependence of the C-nitro bond lengths and the charges on the nitro group in nitroanilines.
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Figure 5. The ESP charges of nitro group in nitrobenzenes and their impact sensitivitigs (H

bond length (left in Figure 4): the more negative nitro group are a constant. However, the nitro group charges are evidently
charges, the shorter C-nitro bond length. This indicates that nitro different among them. So, it may be the advantage of the rule.

group charges can be used to evaluate the stabilities of nitro R,

compounds. (l: (R1,_R,,R3=N_02) -0.174 (1.567)
~ We have related the charges on the nitro group with the 'IV \“4 ((21‘;';’6:2:2;:)) 0200 1.567)
impact sensitivity (measured by the heighiopHof the explo- _C_ _C_ (R,;R,=NO,,R,=NH,) -0.203 (1.567)
sivel0 Data in Figure 5 show that nitro group charges can be '|‘/ ’|‘ |'|‘ (R;=NO,,R,=H,R;=NH,) -0.215 (1.567)
regarded as a structural parameter to assess impact sensitivity. I N N N, (R,=NOR;R;=NH,) -0.228 (1.567)
The compound will have high 4 when it has large negative 2 :

nitro group charges. Additionally, from the viewpoint of nitro Tri-s-triazines

group charges, it can be tentatively concluded that Th&lO, 3. Conclusions

compounds TATB, DATB, LLM-105, and FOX-7 are less
sensitive (higher drop height values) than the MO, com-
pounds RDX, HMX, and CL-20 and the-NO, compounds
PETN and NG. Certainly, the impact sensitivity depends on
many factors besides nitro group charges, so there is no
completely monotonic correlation between them. But it is

By comparing the stabilities of hydrides, covalent oxides,
alkyl radicals, and nitro compounds, it can be found the charges
of the common atom or group in one sort of covalent compounds
can be used as a new method and a structural parameter to
evaluate and compare the molecular stabilities, for they are
; ) derived from the molecular structures (this method can possibly
notat_)l_e_o_fthe rul_e of nitro group charges to evaluate the impact ,coq to other covalent systems). Also, they can be easily
sensitivities of nitro explosives. obtained by simple calculation, so this method has good

For polynitro aromatic compounds, it must be emphasized gperability. However, some points should be emphasized when
that the approach is competent only when the nitro groups ysing the rule. (1) The charges should be on the common atom
cannot react with other substituents such as amino, hydroxy, or on the common group of the covalent compounds, for
alkyl, and sulfur groups. Many experimental evidences indicate example, the hydrogen atoms in the hydrides or the nitro groups
that the nitro group primarily reacts with these substituents ij the nitro compound. (2) The bond joining with the common
through its oxygen atom (€N bond is conserved here) when  atom or group should be of the same type, for example, the
polynitro aromatic compounds are heated or shock&b, the  single, double, triple, or resonant. (3) The bond joining with
rule works well in polynitro aromatic compounds when the the common atom or group should be the weakest in the
C—NO; rupture is the initial step of explosive decomposition. molecule, for the strength of the weakest bond determines the

By the way, the nitro group charges may be more sensitive molecular stability.
than bond length. For instance, in tri-s-triazines (also called
“Pauling ring”), when the substituents change from nitro to \
amino grougs) and hydrogen atoms, the nit?o group char(‘;essupport from CAEP’s funds (No. 200220501 and No.
change obviously, but the bond length of C-nitro keeps a 42101040309).
constant, 1.567 angstrom. Apparently, the molecular stabilities References and Notes
cannot be evaluated by bond length, for there should be stability (1) muliiken, R. S.J. Chem. Phys1995 23, 1833.
differences among these six molecules, C-nitro bond lengths  (2) Singh, C. U.; Kollman, P. AJ. Comput. Chenml984 5, 129.
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