
Chemists are concerned with molecules; their archi- 
tecture, physical properties, and the physical and chemi- 
cal transformations which they undergo. But molecules, so 
the theory goes, are made up of atoms. And so it seems 
reasonable that the first step in gaining an understanding 
of molecules should he the study of atoms. An under- 
standing of the structure and stahility of atoms should go 
a long way in helping chemists understand molecules. 

In studying the atom we must first account for its sta- 
bility. Given the laws of electrostatics, why doesn't the 
negatively charged electron of the hydrogen atom spiral 
into the positively charged nucleus? Classical physics 
can't answer this question. To get an answer we must take 
cognizance of the conceptual modifications of matter in- 
troduced by quantum theory. 

However, a full-blown quantum mechanical treatment 
of the hydrogen atom is not very satisfying for most of us, 
simply because i t  is too difficult. Somehow the essence of 
the answer to the question of stability gets lost in the 
complexities of the mathematics. 

There is a real need, therefore, for a simple model of the 
atom which will explain its structure and stahility and yet 
not scarifice any rigor with respect to physical principles; 
either classical or auantum mechanical. S i m ~ l e  models 
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such as the Bohr atom and the Bohr-~ommerfeid atom do 
not satisfv the need since thev are no longer considered to 

The Stability 

- 
be couceptually correct. 

A s i m ~ l e  model of the t v ~ e  needed has been studied hv 
~ i m h a l i ( 1 )  and his student's, Neumark ( Z ) ,  and Kleiss (3j. 
The Kimball-Neumark-Kleiss model is an essential inme- 
dient of the Chemical Bond Approach to high school 
chemistry formulated by Strong and others (4). The 
model has also heen fruitfully applied to simple molecular 
systems hy Bent (5). As will be shown, the strong points 
of this model are 

1. It is conceptually correct, that is, consistent with the hasie 
postulates of quantum mechanics. 

2. It is mathematicallv simde. It reouires skill onlv in aleebra . . 
and the irmplc5t uperatr~niufcalrulu~. 

3 .  I t  g i w s  n clear and succinrt ;answer to the questrun. "Why s 
the hydrogen atom stable?" 

A Simple Model of the Hydrogen Atom 
The stahility of the hydrogen atom is the subject of this 

paper. The model of the hydrogen atom which will be 
used to explain this stahility is shown in Figure 1. It is 
composed of a point charge nucleus consisting of a proton, 
which is surrounded by a spherical electron cloud of radi- 
us R and even charge distribution throughout. Thus, the 
electron charge' density anywhere within the sphere is 
-q/(4/3rrR3). 

We beein our auest for an exnlanation of the stahilitv of " 

the hydrogen atom by considering the potential energy of 
the atom as pictured on the basis of this model. 

Potential Energy 
From basic electrostatics we know there is an attractive 

interaction between unlike charges. What is the potential 
energy of a point charge proton interacting with a spheri- 
cal electron cloud of radius R? To determine this it is nec- 
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essary to calculate the electric potential a t  the center of 
the sphere and multiply i t  by the charge on the proton. 

The electric potential is determined by calculating the 
charge in each volume element of the sphere and dividing 
it by the distance of the volume element from the center 
of the sphere. The electric potential a t  the center will 
then be the sum of all such possible terms. 

(Charge .densit") X (Volume of elemrnt) 
6 -  x m  (11 

.I, (Distance of volume 'element from center) 

The fact that in our model the charge distribution is even 
throughout the sphere makes this calculation quite easy, 
since the charge density at  any point in the sphere is -q/ 
(4/3nR3). Due to the assumed spherical symmetry of the 
charge distribution we can take the volume elements to he 
spherical shells of radius r to r + dr, as is shown in Figure 
2. The volume of each such element is 4m2dr and, there- 
fore, eqn. (1) becomes 

so that the potential energy is 

P.E. = -3q2/2R (3) 

It will be convenient to work in atomic units, a.u., in 
which q = 1, m = 1, h = 2a, 1 a x .  of energy is 27.2 e.v., 
and 1 a.u. of distance is ao or 0.53 A. In these units, eqn. (3) 
is 

P.E. = -312R (4) 

Thus, the potential energy term is favored by a charge 
cloud of vanishingly small radius. On these considerations 
alone we can not say why the electron cloud does not col- 
lapse into the nucleus. In fact consideration of potential 
energy alone suggests that the electron cloud should in- 
deed collapse into the nucleus. However, we have not con- 

".--' 
Figure 1. (left) A simple model of the hydrogen atom-proton point 
charge surrounded by spherical electron charge cloud of radius R and 
even charge distribution throughout. 

Figure 2. (right) Spherical volume elements formed by concentric 
Spheres01 radius, and r + dr. 
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sidered the kinetic energy of the electron charge cloud. 
The conceptual modifications of matter suggested by 
quantum theory are manifested in the kinetic energy 
term. Only a consideration of the total energy, kinetic and 
potential, will enable us to account for the stability of the 
atom. 

Kinetic Energy 

The most imnortant concentul modification of matter 
suggested by quantum theory is that wave-behavior is 
sometimes narticle-like (nhotoelectric effect) and narticle- 
behavior i6 sometimes -wave-like (electron dif6action). 
The method of calculating the wavelength of any particle 
was first suggested by De Broglie. He.postulated that the 
wavelength was inversely proportional to the momentum 
of the particle, with Planck's constant serving as a propor- 
tionality constant. That is 

h = h/(mv) (5) 

Restricting an electron to move in a small region of 
space (for instance, in the potential well created by the 
nucleus) quantizes its kinetic energy. This is a direct re- 
sult of the wave-like characteristics of the electron. In 
forcine the electron to move within a snhere of radius R. 
we restrict the possible wavelengths dhich the electron 
can have. From e m .  (5) we see that restricting (auantizine) - .  
the values of A restricts (qua6  

- 
tizes) the values of momentum, 
which in turn restricts (quan- 
tizes) the kinetic energy. 

Half integral wavelengths, 
(n/2)& must fit within the diam- 
eter of the sphere, otherwise 
the electron will interfere with 
itself destructively. In other 
words, standing waves of the 

as 

@ 
electron must he set up in the ~ i g ~ r e  3. standing waves 
sphere, as is shown in Figure 3. of wavelength 4R/n set 
Mathematicallythis is expressed up in a sphere of radius 

R. 

(n/2)A = 2R where n = 1,2. .. (6) 

It is important to notice that we have introduced a qian- 
tum number, n, and that it will eventually show up in the 
kinetic energy term, expressing the fact that forcing a 
particle to move within a restricted region of space quan- 
tizes its kinetic energy. 

Substituting eqn. (5) into eqn. (6) results in 

Squaring hoth sides and rearranging yields, 

and dividing hoth sides by 2m to get the kinetic energy 

K.E. = 1/2mv2 = n2h2/32mRZ (7) 

Actually this result is in disagreement with a rigorous 
calculationz by the factor, 9/rZ. Since this is a number 
close to one, the disagreement is not serious. This is the 
price we have to pay for the simplicity of the derivation. 
The correct expression for the kinetic energy of the elec- 
tron charge cloud is 

K.E. = (9n2h2)/(32a2mR2) = 9nZ/8RZ (8) 

The Stability of the Hydrogen Atom 

The expression for the total energy of the hydrogen 
atom can now be written down 

T.E. = 9n2/8RZ - 3/2R (9) 

It is obvious a t  once why the electron cloud of the hydro- 
gen atom does not collapse. While the potential energy is 
favored as the radius of the cloud gets smaller, the kinetic 
energy gets larger. Lower potential energies are achieved 
by contracting the charge cloud, hut lower kinetic ener- 
gies are achieved by expanding the charge cloud. The po- 
tential energy term gets larger inversely as the first power 
of R, hut the kinetic energy term gets larger inversely as 
the second power of R. 

So starting with a large charge cloud and allowing it to 
contract, any lowering of energy initially achieved due to 
the potential energy term is eventually lost if the charge 
cloud contracts too much. The kinetic energy of the elec- 
tron cloud keeps i t  from collapsing into the nucleus. This 
is shown in Figure 4, where total energy, kinetic energy 
and potential energy are plotted as a function of R for the 
ground state, n = 1, of the hydrogen atom. 

Figure 4. Total energy, kinetic energy and potential energy of the ground 
State of the hydrogen atom as a function of R, the radius of the electron 
charge cloud. 

The minimum in the curve, representing the equilihri- 
um configuration, corresponds to a ground state energy of 
-0.5 ax.. or. in more common units. -13.6 e.v. This cal- 
culation is  in exact agreement with the experimental 
value for the ionization notential of the hvdroeen atom. 

The minimum in the total energy curve Tor the ground 
state could have been found analytically by setting n = 1 
in eqn. (91, taking the first derivative with respect to R, 
and setting i t  equal to zero. 

d(T.E.)/dR = -9/4R3 + 3/2R2 = 0 (10) 
Solvingfor R we obtain 

R = 1.5 a.u. 
The minimization process determines the radius of the 
ground state electron cloud. When this value of R is suh- 
stituted into eqn. (9) the energy of the ground state is ob- 
tained 

T.E. = -0.5 a.u. = -13.6e.v. 

Excited States 

In addition to predicting the correct ground-state ener- 
gy, a viable model of the hydrogen atom should also give 
correct results for the excited states. To determine the 
energies predicted for all excited states of the hydrogen 
atom, eqn. (9) is minimized with respect to the variable R, 
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and an expression is obtained for R as was done for the 
ground state. The result is 

R = (3/2)nZ (11) 

This expression gives the value of the radius of the 
charge cloud in terms of the quantum number, n, for all 
excited states. Substituting this expression into eq. (91, 
we obtain the values of the total energy for all possible 
states of the hydrogen atom. 

In summary, we have assumed a conceptually valid and 
mathematically simple model for the hydrogen atom. Cal- 
culations based on this model are in agreement with ex: 
periment. Due to the model's simplicity it has given a 
clear and succinct answer to the question, "Why is the 
hydrogen atom stable?" 

The author would like to thank Professor Henry Bent 
for reading this paper and for making several very helpful 
suggestions. 
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