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Abstract

The present paper examines the role of an electrostatic field generated by the outermost monolayer of
metal ions prior to gas adsorption in aiding the dissociation of homonuclear diatomic gas molecules. The
interaction of five homonuclear diatomic gases, Cla, F2, Ho, N> and O,, with several pure metals are
examined using Coulomb’s law to calculate the attractive and repulsive forces between the electrons or
ions in the gas molecule and the free surface metallic electrons or ions assuming a Bohr model. These
calculations demonstrate that the total energy of the electrostatic fields from the metals can exceed the
molecular binding energies of Cl,, F», and O, at some distance from the metallic surface thereby
suggesting that these gases interact primarily with the metallic surface in their atomic states after
molecular bond dissociation prior to reaction. In contrast, H, and N, gases do not dissociate prior to
reaching the metal surface due to the fact that the effective charge of the gas ions is less than the total
electron charge at the outermost electronic shell. The present results correlate linearly with the
electrochemical series standard reduction potential as well as with the Pauling electronegativity for
several metals.

1.0 Introduction

The corrosive action of reactive gases on metals and alloys is of utmost importance in many
engineering applications. The reaction of a gas with the surface of a metal can lead to the formation of
either protective or nonprotective reaction products, such as hydrides, nitrides and oxides, between the
metal and the gas [1-4]. Therefore, understanding and establishing the fundamental concepts of how
corrosive gases react with metallic systems is crucial for developing methods to protect metals and alloys
from corrosive attack. The fundamental nature of gas-metal surface reactions has been recognized to be of
primary importance of study for over a century [5-15]. Gas-metal surface reactions are commonly
encountered in many engineering applications leading to billions of dollars of investment in the
development of coatings and other technologies designed to protect components from gaseous corrosive
attack. In the specific case of aerospace applications, a few examples of coatings development include
thermal barrier coatings for gas turbine engines for aircraft [ 16,17], and metallic and non-metallic
protective coatings for chemical [ 18] and nuclear thermal propulsion rockets [ 19].

At a fundamental level, when a gas reacts with a metal surface to form a reaction layer, most
chemistry textbooks implicitly assume that the reaction occurs at the surface of the metal involving an
electron charge transfer from the metal to the gas atom to form the chemical bond of the reaction product
[20,21]. For example, the oxidation of pure lithium with oxygen gas is represented by the chemical
equation

4 Li(s) +05 (g) — 2 Li,O (1.2)
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This reaction is depicted as a two-step process involving a charge transfer [20]:
4Li(s)—>4Li'+4¢e (1.b)
O:(g)+4e 207 (1.c)

In reality, the process is much more complicated involving a number of sub-steps. On deeper
reflection, the reaction of the gas with the metal surface must involve other sub-steps, which are not
always explicitly stated in textbooks and other publications [2-5], but which must occur before the
formation of the final reaction product(s), which in the case of Equation (1.a) is Li,O. Several sub-steps
have been proposed by many models to explain the initiation of a gas-metal surface reaction [2-15].
Briefly, the initiation of a gas-metal surface reaction is assumed to follow the subsequent order of events:
(1) The gas molecules collide randomly with the surface of the metal resulting in their velocities being
reduced to zero; (2) the gas molecules are adsorbed into the metallic surface by either chemisorption or
physisorption; (3) a charge transfer occurs between the adsorbed gas molecule and the metal atoms due to
electronegativity differences; (4) the charge transfer results in the dissociation of the gas molecule under
the action of Coulomb repulsion and “the filling of antibonding levels” in the adsorbed gas molecules [8];
(5) the direction of the electron spin orientation needs to flip, if necessary, either in the dissociated gas or
in the metal atom so as to satisfy Pauli’s exclusion principle before the metal and the dissociated gas
atoms can bond [22]; (6) the reaction is formed with the bonding of the gas atom to the metal atom; and
(7) the continued growth of the reaction layer occurs by one of the many processes discussed elsewhere
primarily involving the diffusion of anions and cations [1-5].

Table I shows the binding energies, (Ug)x and outer electronic shell configurations, where x is either
CL F, H, N or O to indicate the gas composition, for five homonuclear diatomic gases [23-25]. It is
evident that the magnitudes of (Ug)s, are fairly large so that the dissociation of the stable gaseous
molecular bonds would require a lot of energy from an external source. Yet, it is well known that metals,
such as aluminum, form a protective oxide scale at room temperature even at very low partial pressures of
0,. It is also well known that alkali metals are reactive at room temperature if exposed to air or oxygen
due to rapid oxidation' [3,20,21,26]. These observations suggest that the stable covalent-bonded oxygen
molecules had dissociated before recombining with the metal atoms as part of the oxidation process. The
fact that the energy required to dissociate the O, bond must equal or exceed 498.3 kj mol™' (Table I) poses
the important question: What is the source of this energy to dissociate the molecular bonds at room
temperature? The fact that some metals oxidize at room temperature while others, such as noble metals,
do not is indeed curious. Thermal energy alone is insufficient to dissociate oxygen molecules significantly
at room temperature since the probability of dissociation of 1 mole of oxygen gas molecules is about
10"*. The dissociation of gaseous molecular bonds by a charge transfer requires a significant diffusion of
the gas molecules into the first few atomic layers of the metal. This mechanism is an unlikely rationale at
room temperature since the diffusion rates are low for most metals with homologous temperatures less
than 0.4 T, where Tr, is the absolute melting temperature. Clearly, there must be another force field that
is sufficiently strong to dissociate covalent bonded oxygen molecules at room temperature.

! The fact that these metals have low melting points does not have any relevance on the dissociation of the oxygen
molecules.
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TABLE I.—BINDING ENERGIES, (Us)x [23], BOND LENGTH, A [23], OUTER ELECTRON SHELL CONFIGURATION
[24], EFFECTIVE NUCLEAR CHARGE AT THE OUTERMOST ELECTRON SHELL, (Z*), [25], NUMBER

OF ELECTRONS IN THE DIATOMIC BOND, (qe)g [20,21], AND THE VALUES
OF CHARGEIN COULOMBS FOR Cly, F2, H2, N2 AND O2

Gas Us Bond Outer Effective Number of (Z#%)q, (qe)e (qe)et (Z*)e,
(T=298 K), length, shell nuclear charge, | electrons in © © ©
(kJ mol™) A, (Bohr (Z*)g, at the the diatomic
(m) model) | outermost shell | bond, (qe)e, =
(Slater Rules) 2 x bond
order

Ch 242.6 1.99x1071° 3s23p° 6.10 2 9.76x1071 | -3.2x107"° 6.6x1071°
F2 156.9 1.42x10710 2s%p’ 5.20 2 8.32x1071 | -3.2x1071° 5.1x1071°
H> 436.0 7.46x1071 Is! 1.00 2 1.60x107"° -3.2x1071 -1.6x107
N2 945.3 1.10x10710 2s22p? 3.90 6 6.24x1071° -9.6x107 -3.4x107Y
02 498.3 1.21x10710 2s?2p* 4.55 4 7.28x1071° | —6.4x107"° 8.8x1072°

The objective of the present paper is to examine whether an electrostatic field created by the presence
of a positively charged metallic ion surface monolayer at the outermost external surface [27] is
adequately strong to cause the dissociation of gas molecules significantly at room temperature. Using
Coulomb’s law, and assuming a Bohr atomic model for evaluating the effective charges of gas and metal
ions for simplicity, the total electrostatic interaction energy, (Ug)m, of the electrostatic field of a surface
metal (m) atom acting on a gas (g) molecule is calculated as a function of the distance between the gas
molecules and the metal surface for different metals and five homonuclear diatomic gases, Cl, F2, Hz, N»
and Os. The values of (Ug)n for each metal are compared with the room temperature values of (Ug)s,
(Table I) [23] for each gas in order to examine if (Ug)m > (Ug)x, Which is the condition for the dissociation
of the gas molecules. For simplicity, the additional effect of temperature is not considered so that the
present calculations are conservative since the effect of temperature would reduce the critical strength of
the electrostatic field required to dissociate the gas molecules. For simplicity, it is noted that the present
model considers the Coulombic forces between the outermost electronic shell of a metal atom and the
bond plane of a gas molecule. The essential question that the paper tries to answer is: Are the electrostatic
Coulomb forces exerted by the outermost electronic shells of the metallic surfaces sufficiently strong to
break up the molecular bonds of the homonuclear diatomic gases? While more refined calculations using
wave mechanics may provide additional insights, the answer to this question is unlikely to change
significantly from the simple approach adopted in the present paper.

2.0
2.1 Theoretical Approach and Model

Coulombic Force and Energy Calculations

Figure 1 is a schematic representation of the metallic bond showing the metal ions surrounded by a
sea of electrons in the first few layers of atoms at the free surface. The model considers the total
electrostatic field, (Eg)m, generated by the metal ions of the outermost layer of surface atoms, AA, with an
effective nuclear charge of Z,,. The total electrostatic force, (Fg)m, due to (Eg)m, acting on the gas
molecular bond plane, BB, at a distance, d, from the outermost electronic shell of the surface atoms was
determined in order to calculate (Ug)m = (Fg)med.

The magnitude of (Fg)m is given by

(FE)m = (FR)mg + (FR)gm + (FA)mg + (FA)em ()
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where (Fr)mg is the repulsive force between Z;,, and the gas, Z;, nuclei, (Fr)qm is the repulsive force

between the outer shell metal electrons, (qe),, and the number of bonding gas electrons in the diatomic
covalent bond, (qe)g, (Fa)m is the attractive force between Zg and (qe)m, and (Fa)gm is the attractive

force between Zp,and (qe)g.

The attractive and repulsive forces are given by Coulomb’s law [28]

where g, is the permittivity constant and (
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Figure 1.—Schematic showing the metal (m) ions surrounded by
a sea of electrons in the first few layers of surface atoms. The
electrostatic field, (Ee)m, due to the outermost electron shell of
the first layer of atoms in plane, AA, acts on the gas (g)
molecules at some distance, d, from the molecular bond plane,
BB causing their dissociation when (Ug)m = (Us)x. where x is
either Cl2, F2, H2, N2 and Oa.
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2.2 Assumptions and Data References

The values of (Ug)m were calculated for the interaction of several different pure metals (Table 1) with
five homonuclear diatomic gases, Cl,, F», Hz, N2 and O, (Table I). Table I shows the binding energies, (Ug)x
[23], bond length, A [23], outer electron shell configuration of the gas atom [24], the magnitudes of (Z*),
[25], the magnitudes of (qc)g [20,21], and the values of the charges in Coulombs for Cl,, F», H», N> and O,.
Table II shows twenty four different pure metals including alkaline, noble, and refractory metals that were
analyzed. Other data shown in Table II include the electron configuration in the outermost shell of the metal
[20], the magnitudes of (qe)m [24], the magnitudes of (Z*)m [25], the values of the charges in Coulombs,

Pauling electronegativity, y, [21], and electrochemical series standard reduction potential, E, [29].

TABLE II.—DESCRIPTION OF THE PURE METAL, ELECTRON CONFIGURATION IN THE OUTERMOST SHELL,
NUMBER OF ELECTRONS IN THE OUTERMOST SHELL, (qe)m, [24], EFFECTIVE NUCLEAR CHARGE AT
THE OUTERMOST ELECTRON SHELL, (Z*)m [25], THE VALUES OF CHARGE IN COULOMBS,
ELECTRONEGATIVITY, y, [21], AND ELECTROCHEMICAL SERIES
STANDARD REDUCTION POTENTIAL, E°, [23,29]

Metal Outer Number of | Effective nuclear (Z*)m, (ge)m [(Z*)mH(qe)m] Electro- E°
shell electrons in charge, (Z*)m, © © ©) negativity, )
(Bohr the outer at the outermost %
model) shell, shell
(ge)m (Slater rules)
Al 3s%3p! 3 3.50 5.60x10°" —4.8x107" 8.0x10%° 1.5 -1.6620
Ag 5s! 1 4.20 6.72x107" -1.6x107%° 5.1x107% 1.9 0.7996
Au 6s! 1 3.70 5.92x10°" -1.6x107" 4.3x107" 2.4 1.6800
Be 22 2 1.95 3.12x107" -3.2x107%° -8.0x1072! 1.5 —-1.8470
Ca 4s? 2 2.85 4.56x107" -3.2x107" 1.4x1071° 1.0 —-2.7600
Co 42 2 3.90 6.24x107" -3.2x107%° 3.0x107 1.9 —-0.2800
Cr 4s! 1 3.45 5.52x107" -1.6x107" 3.9x107" 1.6 —0.9130
Cu 4s! 1 4.20 6.72x107" -1.6x107%° 5.1x107 1.9 0.5220
Fe 452 2 3.75 6.00x107" -3.2x1071 2.8x107" 1.8 —0.4090
Hf 62 2 3.15 5.04x107" -3.2x107%° 1.8x107" 1.3 -1.5500
Li 2s! 1 1.30 2.08x107" -1.6x107%° 4.8x107% 1.0 —3.0450
Mg 3s? 2 2.85 4.56x107" -3.2x107" 1.4x10°1° 1.2 -2.3750
Mo 5s! 1 3.45 5.52x107" -1.6x107%° 3.9x107 1.8 —0.2000
Na 3s! 1 2.20 3.52x10°" -1.6x107" 1.9x10°1° 0.9 -2.7100
Nb 5s! 1 3.30 5.28x107" -1.6x107%° 3.7x107% 1.6 -1.0990
Ni 452 2 4.05 6.48x1071 -3.2x1071 3.3x107" 1.9 —0.2300
Pb 6s26p? 4 5.65 9.04x107" —6.4x1071° 2.6x107 1.9 —-0.1263
Pt 6s! 1 3.55 5.68x1071 -1.6x107" 4.1x107"° 2.2 1.1800
Ta 62 2 3.30 5.28x107" -3.2x107%° 2.1x107° 1.5 —0.6000
Ti 452 2 3.15 5.04x1071 -3.2x1071 1.8x1071° 1.5 -1.6300
\Y% 4s? 2 3.30 5.28x10°" -3.2x107" 2.1x107" 1.6 -1.1750
W 6> 2 3.45 5.52x107" -3.2x107%° 2.3x107° 1.7 0.1000
Y 552 2 3.00 4.80x107" -3.2x107" 1.6x10°1° 1.2 -2.3720
Zn 452 2 435 6.96x107" -3.2x107%° 3.8x107" 1.6 —0.7628
Zr 552 2 3.15 5.04x10°" -3.2x107" 1.8x10°1° 1.4 -1.4500
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Certain assumptions were made to simplify the calculations of (Ug)n, without getting into details of
quantum mechanics as discussed below:

a) As mentioned earlier, the effect of temperature is ignored. Thus, the values of (Ug)m calculated in
this paper are higher than the energy actually required to dissociate the molecular bonds of the
gases if thermal energy is included. Although the calculations are strictly valid for 0 K, the fact
that the experimental values of (Ug)x are reported for 298 K [23], the figures indicate that the
comparisons are made at 298 K instead of 0 K. The crossover points of the curves for the
different metals would shift to higher values of d if thermal energy was included.

b) The values of Zg and Z;,, were calculated for the outermost electron shell of the atoms using the
Slater rule to account for electron shielding effects assuming that the atoms can be represented by
a Bohr model [30]. An online calculator was used for calculating these values for each metal and
gas [25].

c) Since the five homonuclear diatomic gases investigated in this paper form a covalent bond with a
bond order, N, each containing two electrons that need to be separated by (Fg)m to cause the
complete dissociation of the gases, the magnitude of (qe)g= 2N.

d) The magnitudes of (qe)y, for the metal atoms were determined for the outermost electron shell
[20,24]. An online tool was used to determine the number of valence electrons in the outermost
shell [24].

e) The present analyses implicitly assume that the gases are dry. The effect of moisture in the gases
is likely to change the magnitudes of the electrostatic forces.

3.0 Results and Discussion
3.1 Metal-Chlorine Interactions

Figure 2 shows the variation of (Ug), with increasing values of d for metal-Cl, gas interaction for Al,
Ag, Cr, Li, Mg, Mo, Na, and Zr, where the horizontal broken line represents the value of (Ug)ci =
242.6 k] mol™" at 298 K [23] so that the gas molecules will dissociate when (Ug)m > (Ug)ci under the
electrostatic field. It is important to note that d = 0 nm is the free surface of the metal so that (Ug)m <
(Us)cr at a value of d = 0 nm indicates that the undissociated gas molecules are adsorbed at the metal
surface.” An examination of Figure 2 reveals that Cl, is not adsorbed by any of the metals shown in the
figure.’ Instead, the gas molecules dissociate due to the force generated by (Er)n when 0 < d < d., where
d. is the critical distance at which (Ug)m = (Ug)ci, depending on the metal. Interestingly, the (Ug)m — d
curves shift to lower values of d for more reactive metals, such as Al and Li, where the position of the
curve for each metal with respect to other metals is acutely dependent on the relative magnitudes of
(Zsy + (qe)m). Metals with lower values of (Z;, + (qe)m) generate weaker Coulombic forces, (Fg)m, S0
that the dissociation of the gas molecular bonds are more likely to occur closer to the free surface of the
metal as (Fg)m increases with decreasing values of d than for noble metals, such as Ag and Au, with
higher values of (Z, + (qe)m)- When the bond dissociation occurs closer to the metal surface, it is more

2 A negative value of d < 0 nm does not have any physical meaning. Thus, only values of d > 0 nm are considered in
this paper so that d < 0 nm is assumed to be d = 0 nm.

3 Beryllium is an exception for which (Z% + (qe)m) = —4.8%1072' C due to the fact that Z};, is smaller than (q¢)pm.
Thus, the magnitudes of (Ug)s. < (Ug)x as a function of d are negative when the metal interacts with Cl,, F» and O».
Notably, (Ug)se < (Ug)x for H, and N, for d > d. = 0.01 nm. Thus, H, and N, may either dissociate very close to the
Be surface or be adsorbed at the surface due to the very low value of d..
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likely that the gas atoms will react with the metal as the attractive forces of the metal ions pull the
dissociated gas molecules towards them. In contrast, when the bond dissociation occurs at a greater
distance from the metal surface, it is more likely that the dissociated gas molecules will disperse away
from the metal surface under the action of thermal convection. Thus, the gas is less likely to react with the
metal, and these metals are less reactive, such as the noble metals.

Figure 3(a) and (b) show the variations of E” and y against d.. Both plots show that E® and y increase
linearly with increasing d.. The most reactive metals with more negative values of E® and lower values of
y are clustered at lower values of d. while the more noble metals exhibit more positive values of E° and
higher values of  clustering at higher values of d.. The linear relation between E° and d. and that between
v and d. are given by Equations (5.a) and (5.b), respectively:

E’=050d.-2.82 (V)  (R%=0.648) (5.2)
x=0.13d. + 1.10 (R% = 0.509) (5.b)

In Equation (5.a), E® has a unit of V with the slope and the intercept having units of V/nm and V,
respectfully. On the other hand, Equation (5.b) is unitless.

2500 | :
\ Metal-Chiorine ~ 1=298K
Cr,
2000
N
[e]
E \Zr
5
= 1500 | )
=
% ®
2 .
5] B -
9 1000 A ) ’ Dissociated ~H
=} e -~ region
=5 A -
500 - A ~ . 3
(Ugler S T T )
0 Undissociated region
L I
0.0 05 10 15

d (nm)

Figure 2.—Plot of (Ue)m against d for Al, Ag, Cr, Li, Mg, Mo, Na, and Zr, where
d = 0 is the surface of the metal. The magnitude of (Us)ci = 242.6 kJ mol"
[23] is represented by the broken horizontal line, where the region (Ug)m >
(Us)cr indicates that the Clz molecules dissociate under the action of (Eg)m.
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4.0 T
Metal-Chlorine

EO (V)

30 T T T T
Metal-Chlorine

0.5+ -

0.0

0 2 4 6 8 10
(b) dc (nm)

Figure 3.—Correlation of (a) E° [23,29] and (b)  [21] with dc for several metals prior to
reacting with chlorine gas demonstrating that reactive metals with lower values of E°
and y have low values of dc and noble metals have high values of dc.

NASA/TM-20230004019 8



3.2 Metal-Fluorine Interactions

Figure 4 shows a similar variation of (Ug)m With increasing values of d for metal-F, gas interactions
for Al, Ag, Cr, Li, Mg, Mo, Na, and Zr as in Figure 2. The horizontal broken line represents the value of
(Up)r = 156.9 kJ mol ™" at 298 K [23]. Just as in the case of the chlorine molecules, the fluorine molecules
also dissociate prior to reaching the metal surface under the action of the electrostatic field. One
significant difference between the metal-chlorine and the metal-fluorine interactions is that the values of
(do)r > (dc)ci, where (dc)r and (dc)cr are the values of d. for F, and Cl,, respectively. Figure 5(a) and (b)
confirm that E° and y increase linearly with increasing d. consistent with the results shown in Figure 3(a)
and (b) including identical magnitudes of the intercepts at d. = 0 nm.

The linear relation between E° and d. and that between  and d. are given by Equations (6.a) and
(6.b), respectively:

E’=0.41d.—2.82 V) (Rﬁ =0.648) (6.2)
x=0.11d. +1.10 (R3 =0.509) (6.b)
2500 — | | Z
. \ Metal-Fluorine T=2%K
A\ OAl
: \U\ XAg
2000 - ﬁ:ﬂr, eCr -
- Mg < A OLi
5 P \ AMg
€ ) OMo
\2_, 1500 . \ N . ®Na |
"uE] Loz o tar
2 . M @Na
5 1000+ . ® Dissociated
A . N region T~
=) A R ' |
500 ' o _ .
AL T —
U @ "—u TTTT—— g 4
0 | Undissociated Egion_l 1
0.0 0.5 1.0 1.5

d (nm)

Figure 4.—Plot of (Ue)m against d for Al, Ag, Cr, Li, Mg, Mo, Na, and Zr, where
d = 0 is the surface of the metal. The magnitude of (Us)r = 156.9 kJ mol~' [23]
is represented by the broken horizontal line, where the region (Ug)m > (Us)F
indicates that the F2 molecules dissociate under the action of (Eg)m.
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Figure 5.—Correlation of (a) E® [23,29] and (b) y [21] with dc for several metals prior to
reacting with fluorine gas demonstrating that reactive metals with lower values of E°
and y have low values of dc and noble metals have high values of dc.

33 Metal-Hydrogen and Metal-Nitrogen Interactions

The plots of (Ug)m against d for Al, Ag, Cr, Li, Mg, Mo, Na, and Zr are vastly different for metal-
hydrogen (Figure 6) and metal-nitrogen interactions (Figure 7) than those for Cl, (Figure 2) and F
(Figure 4). An examination of Figure 6 and Figure 7 reveals that (Ug)m < (Ug)nand (Ug)m < (Ug)~ for
hydrogen and nitrogen, respectively, where (Ug)i = 436.0 kJ mol ™' and (Ug)x = 945.3 kJ/mol (Table I)
[23], with the values of (Ug)m increasingly negative in magnitude with decreasing values of d. Both these
gases do not dissociate under the action of the electrostatic field because (Zg + (qe)g) < 0 (Table I).

Unlike Clp, F> and O, for which Zg > (qe)g, the values of Zg < (qe)g for H> and N> so that the latter
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gases are adsorbed at the metal surface where the dissociation of the gas molecules presumably occurs by

a different mechanism similar to those described elsewhere [8,9,11,12,14,15].
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Figure 6.—Plot of (Ug)m against d for Al, Ag, Cr, Li, Mg, Mo, Na, and Zr, where d = 0
is the surface of the metal. The magnitude of (Ug)x = 436.0 kJ mol-' [23] is
represented by the broken horizontal line, where the region (Ug)m > (Us) indicates
that the region where Hz2 molecules dissociate under the action of (Eg)m.
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Figure 7.—Plot of (Ug)m against d for Al, Ag, Cr, Li, Mg, Mo, Na, and Zr, where d = 0
is the surface of the metal. The magnitude of (Us)n = 945.3 kJ mol~' [23] is
represented by the broken horizontal line, where the region (Ue)m > (Ug)n indicates
that the region where N2 molecules dissociate under the action of (Eg)m.
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3.4  Metal-Oxygen Interactions

Figure 8 shows the variation of (Ug)m against d for Al, Ag, Cr, Li, Mg, Mo, Na, and Zr for metal-
oxygen interactions. The horizontal broken line represents the value of (Ug)o = 498.3 kJ mol ™' at 298 K
[23]. The variation of (Ug)m with d follows the same trend as shown in Figure 2 and Figure 4 for Cl, and F,
respectively, with the magnitudes of (Ug)n increasing with decreasing values of d. The curves cross the
(Ug)o horizontal line from the undissociated to the dissociated region at d = d. indicating that the oxygen
molecules are dissociated by the electrostatic field before reaching the metal surface. Clearly, the oxygen
molecules are not adsorbed by the metal surface but instead react with the metal as individual gas atoms.
The O, molecules dissociate at higher values of d for the noble metals than for the reactive metals, which
suggests that the oxygen atoms can diffuse away from the metal surface instead of reacting with it thereby
allowing these metals to remain in their pristine state at room temperature. Significantly, the present results
do not support the assumptions made by several metal-oxygen interaction models that assume that the
oxygen molecules are first adsorbed at the metal surface prior to their dissociation into atoms and interaction
with the metal [5,7,8,10,13].

Figure 9(a) and (b) show that the magnitudes of E° and y increase linearly with increasing values of
d. similar to the observations for the halogen gases (Figure 3 and Figure 4). The linear relation between
E° and d. and that between y and d. are given by Equations (7.a) and (7.b), respectively:

E°=7.63d.—2.82 (V) (R% =0.648) (7.2)
x =1.98d. + 1.10 (R% = 0.509) (7.b)
These correlations are stronger than those for Cl, (Egs. (5.a) and (5.b)) and F» (Egs. (6.2) and (6.b)). Once

again, the magnitudes of the intercepts at d. = 0 nm are identical to the values given by Equations (5.a)
and (5.b) and (6.a) and (6.b) for Cl, and F», respectively.
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Figure 8.—Plot of (Ug)m against d for Al, Ag, Cr, Li, Mg, Mo, Na, and Zr, where d =0
is the surface of the metal. The magnitude of (Ugs)o = 498.3 kJ mol-! [23] is
represented by the broken horizontal line, where the region (Ug)m > (U)o
indicates that the O2 molecules dissociate under the action of (Eg)m.
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3.5 General Comments

The present results have demonstrated that the magnitudes of the total Coulombic forces acting on the
Cl, F; or O, gas molecules due to the electrostatic field generated by the first monolayer of metal ions
can be sufficiently large to cause them to dissociate. The interactions of these gas molecules with the
metal surfaces, except Be, results in an increase in the magnitudes of (Ug)m with decreasing values of d to
values greater than (Ug)x thus causing the dissociation of the gas molecules (Figure 2, Figure 4, and
Figure 8) contrary to assumptions made in theoretical models regarding metal-gas interactions, where it is
assumed that the gas molecules are first adsorbed at the surface before dissociation [2-5,7,8,10,13]. The
positive values of (Ug)m and (Fg)m indicate that the molecular bonds dissociate under the action of a total
repulsive force. Conversely, H, and N, exhibit increasingly negative values of (Ug)m with decreasing
values of d with values less than (Ug) thereby suggesting that they are adsorbed at the metal surface as
undissociated molecules (Figure 6 and Figure 7) in agreement with theoretical models [9,11,12,14,15]. In
this case, the negative values of (Ug)m and (Fg)m indicate that the total force acting on the H, and N>
molecular bonds are attractive in nature.

Equations (5) to (7) suggest that the magnitudes of E° and y increase linearly with the values of d. for
Cly, F2 and O; for which (Z; + (qe)g) > 0. Interestingly, the values of E’ and y converge to identical
values of —2.82 V and 1.10, respectively, for these three gases when d. = 0 nm. This convergence of the
three lines to identical intercepts was confirmed by plotting the E® and y data for the three gases on a
single plot. Thus, a generic relationship can be written as

E’ = E*ed. —2.82 V) (8.a)
x =0, +1.10 (8.b)

where E* is a constant with units of V/nm, and 0 is a unitless constant. It is important to note that E* has
units of an electric field. The exact reason why the values of E’ =—2.82 V and y = 1.10 for d. = 0 nm are
1dentical for the reactions of Cl,, F, and O, with the metals is unclear. It is cautioned that there is a lot of
scatter in the data shown in Figure 3(a) and (b), Figure 5(a) and (b), and Figure 9(a) and (b) to draw a
definitive conclusion. However, it is possible that E® = —2.82 V and = 1.10 represent threshold values of
E’ and y for a metal in order to generate sufficiently strong electrostatic forces to dissociate homonuclear
diatomic gases for which (Z; + (qe)g) > 0 at some distance from the free surface. Unlike the other

metals, the value of Z};, < (qe)m for Be so that (Ug)g. < (Ug)x for the five homonuclear diatomic gases.
Thus, these gas molecules do not dissociate prior to reaching the Be surface under the action of the
electric field and instead they are adsorbed at the metal surface.

4.0 Summary and Conclusions

The present paper examines whether an electrostatic field generated by the outermost monolayer of
metal ions at the surface of a metal is strong enough to dissociate the molecular bonds of five
homonuclear diatomic gases, Cl,, F», Hz, N> and O,. The total electrostatic fields generated by several
pure metals were calculated using Coulomb’s law to determine the attractive and repulsive forces between
the electrons and ions in the gas molecule and the free surface metal electrons and ions assuming a Bohr
model. Except for Be, for which Z;, < (qe)m, the magnitudes of (Ug)m, due to the electrostatic fields
generated by the outermost monolayers of atoms for these metals are greater than (Ug)x of Cly, F», and O,,
where x is either Cl,, F», Hz, N3 or O, at some distance from the metal surfaces. This observation
suggests that these gases dissociate before they reach the metal surface contrary to assumptions made by
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current theoretical models that assume that these gas molecules are adsorbed at the metal surface prior to
dissociation of their stable covalent bonds [5,7,10,13]. In contrast, H, and N> do not dissociate before
reaching the metal surface because the values of Z; < (qe)g for these gases. Instead, they would be

adsorbed at the surfaces of these pure metals prior to the dissociation of their molecular bonds in

agreement with current models [9,11,12,14,15]. The magnitudes of E® and y correlate linearly with the
critical dissociation distances, d., at which (Ug)m = (Ug)x as

E’ = E*ed. —2.82

y = 0ed.+1.10

where E* is a constant with units of V/nm, and 0 is a unitless constant.
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