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Several authors have recently presented numerical solu- 
tions for Schrodinger's equation using spreadsheets (13). 
This note describes an integration algorithm developed by 
Bolemon (41, which is accurate and very easy to program. 

To imnlement Bolemon's aleorithm, Schrodiwer's equa- - 
tion is written in the following form. 

The algorithm, which was derived using Taylor series 
expansions, is as  follows 

..................... .., . . 

1 NUMERICAL SOLUTIONS TO SCHRODINGER'S 
EQUATION FOR 

1 2 THE MORSE POTENTIAL 

4 1. SET PARAMETERS BELOW I 
7 XMIN = -2.0000 De= 2.0000 

8 XMAX = 16.0000 

9 DELTAX= 0.0600 

10 

( 11 2. ENTER ENERGY GUESS + 1.87495 

3 3. PRESS ALT-X TO SEE wave function AND ANY KEY -- ---. .-.. 

15 4. PRESS ALT-Z TO SEE wave function SQUARED AND 
ANY REY TO RETURN 

Figure 1. Quattro template for the numerical integration of 
Schrodinger's equation for the Morse potential. 
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Figure 2. The Morse potential. 

The cell structure of the spreadsheet, combined with its 
integrated graphics, provides an ideal programming envi- 
ronment for Bolemon's algorithm. Figure 1 shows the first 
20 rows of a template prepared to solve Schrodinger's 
equation for the Morse potential, shown in Figure 2. 

The top 15 rows represent the user interface, while the 
numerical integration occurs in the region below row 17. 

To begin, the user enters parameter values in rows 6-9 
and then enters an energy guess in cell D11. Pressing Alt-X 
invokes a macro program that displays the wave function 
so that the user can see if i t  is an acceptable solution of 
Schrodinger's equation. If i t  is not, another guess for the 
energy is made. The template is placed in the automatic 
recalculation mode so that each time a new energy is 
entered, a new wave function is generated. ARer a solution 
has been found, pressing AlbZ invokes another macro pro- 
gram that displays the wave function squared. 
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Figure 3. Wave functions generated with energy guesses of (A) 
1.87505, (6) 1.875, and (C) 1.87495 hartrees. 



To indicate how the template has been programmed to solution. The electrode is positioned at the center ofthe first 
execute the integration algorithm, the formnlas for cells box, and the contents of the jth box characterizes the 
A20, B20, C20, and D20 are presented below. solution at a distance fj - 1)Ax from the electrode. 

A20: A19+$DELTAX Fick's first law governs the flux of electroactive molecules 

B20: 2*$MASS*($DEe(1-@EXP(-$BETA*A2O)lA2-$Em) 

C20: (2*C19-418 + $DELTAXA2/12*iB18*C18+10*B19*C19)Y 
(1-B20*$DELTAXA2/12) The partial derivative can be recast for small Ax in our 

discrete model as 

The algorithm that begins in cell C20 depends upon two 
seed values for the wave fundion in cells C18 and C19. The 
left boundary condition (y = 0) is placed in C18 and an 
arbitrary positive value in C19. 

Schrodinger's equation has an exact analytical solution Fick,s second law holds, as well for the Morse potential, thus providing a test of the numer- ,, . . . 
ccx, tl aJ(: 
at - a 

In finite difference form 

Ax Ax J(x+- ,  t ] - J ( x - - , t )  
- C(x, t + At) - C(X, tl - 2 - 2 

dt Ax (41 

C(z ,  t + At) = C(x, t )  + D d C ( x  + Ax, t )  - 2C(x, t )  + C(x - h, t ) )  

(5 )  

For fi = P = 1 and D, = 2, there are two bound states with 
energies of 0.875 and 1.875 hartrees. Figure 3 shows the 
wave function generated with energy guesses of 1.87505, 
1.875, and 1.87495 hartrees to illustrate the accuracy ofthe 
algorithm and the sensitivity of the graphical method of The combined, discrete form of the first and second laws is 
displaying the wave function. These results were achieved 
using the spreadsheet program Quattro with an integra- 
tion grid of 300. 

Many different problems can be solved with a single 
template because the only fundamental difference between where D~ = ~&,(&)2 is the dimensiouless model diffusion 
One problem and the is the potential term in coefficient. Equation 5 allows the calculation of the concen- 
f i x )  in eql. This can easily be changed directly in column B tration ofa species in any box at  time t + ~t by reference to 
or through the use of a macro Program imbedded the concentration in that box and the two adjacent boxes at  
where in the template (2). time t. 

An experienced spreadsheet programmer can prepare a In this model At and Ax are not independent. We cannot 
template of this sort with two graphs in 15 min. The author allow a molecule to diffuse any further than an adjacent 
has found that students with some previous to boxduring time element At. This constraint places anupper 
spreadsheets are able to prepare a template and obtain limit on the model diffusion coefficient, D ~ <  0.5, 
solutions to Schrodinger's equation for several traditional In order to simulate chronoamperometry, we start with a 
problems in a single 4-hr computer laboratory. homogeneous solution where the concentration of 0 in all 

the boxes is unitv. Once the exoeriment starts. the concen- 

Simulation of Single-Step Chronoamperometry 
via Spreadsheet 

Hal Van Ryswyk 
Harvey Mudd College 
Claremont, CA 9171 1 

Simulation techniques are oRen used in electrochemis- 
try. Students can use spreadsheet-based simulations to 
visualize diffusion processes quickly and grasp the funda- 
mentals of voltammetric techniques. 

The simplest voltammetric experiment is single-step 
cbronoamperometry, wherein an electrode is stepped from 
a potential where no electrochemistry occurs to one where 
a species in solution is reduced at a diffusion-limited rate. 
The current-time response is described by the Cottrell 
equation. Derivation of the Cottrell equation and analysis 
of the resulting concentration-distance profiles requires 

tration of 0 in thk first box is dhven to zero by the electrode 
via the reaction 

In response to the concentration gradient established by 
the reaction at  the electrode surface, 0 diffuses towards the 
electrode. We simulate this diffusion using eq 5. The cur- 
rent obtained is proportional to the flux of 0 into the first 
box; all of 0 entering the first box is reduced to R. The 
current resulting after step k + 1 in the simulation is 

Z(k + 1) = C(2, k ) w  (7) 

The current during the first iteration is calculated differ- 
ently because there is no flux. This initial current due to 
the electrolysis of 0 in the first box is 

The calculated current is the internal charge oassed .. . 
knowledge of ~ i p l a c c  transform cechniques.   ow ever, ju- during theiterationdivided hy thedur&mofthe iteration. 
dicious applicationofdiscretemathematicsallows a simple For bookkeeoine ourooses. the current Ztk~ occurs at time . 
simulation of the siugle-step cbronoamperometric exp&- tltl= (k  - 0.5$1. 
ment using a spreadsheet. This simulation illustrates the In the soreadsheet. each column will corresoond to an 
concentration&tance profiles as a function of time, and instantanfous conceniration-distance profilea~calcul~ted 
it serves as an introduction to simulation techniques in by the kth iteration at time t ,k lI .  The concentratiom in the 
electrochemistry. first column are set to unity,-except for the first box, where 

The first step in our simulation is to break the electrolyte the concentration is zero. 
solution into a series of small, discrete volume elements The simulation begins with the application of eq 5 to 
starting at the electrode and extending 1 boxes into the calculate the concentrations in the adjacent column at time 
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