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THE CALCULATION OF ATOHIC CHARGES IN MOLECULES 
BY AN ELECTRONEGATIVITY EQUALIZATION PROCEDURE: 

A DESCRIPTION OF PROGRAM CHELEQ 

Abstract 

Program CHELEQ is a Fortran IV computer program which calculates 

atomic charges in molecules containing up to 60 atoms by an electro-

negativity equalization procedure. In addition, the calculated charges 

may be correlated with experimentally determined ESCA core binding 

energies using the electrostatic potential equation, EB = kQ + V + 1, 

or using a relaxation corrected potential equation, EB = kQ + V + 1 + ER. 

The program determine~ the parameters k and 1 by linear least squares 

.analysis. 

Introduction 

Program CHELEQ is a Fortran IV computer program l.vhich requires 

approximately 64,400 (octal) core ffiemory to load and 55,000 (octal) core 

to execute using the RUN76 Fortran compiler for the CDC 7600 computer 

* at the Lawrence Berkeley Laboratory. The program, as dimensioned in 

this write-up, can calculate charges on molecules containing up to 

60 atoms, and each atom may be bonded to up to 6 other atoms. A further 

restriction is that the total number of bonds (a multiple bond equals 

only one bond) may not exceed 60. 

1 The electronegativity equalization procedure used by program 

CHELEQ to calculate atomic charges in molecules is based upon a 

* The amo~t of required core memory can be significantly reduced if the 

dimensions of certain arrays are reduced. This possibility is discussed 

in Appendix A. 
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2 
definition of electronegativity by Iczkowski and Margrave. To calcu-

late the atomic charges in a molecule using this method, the molecule 

is first represented by a valence bond structure, which may be the 

average of several resonance structures. Charge-dependent, orbital 

eletronegativities are then defined for each of the hybrid bonding 

orbitals represented in the valence bond structure. Charge is then 

transferred through the bonds until the electronegativities of each 

pair of mutually bonded orbitals are equalized. More specifically, 

one must solve one equation of the following type for each bond in the 

molecule: 

Snm · ~ . ] 
0 7 x(s)n - x(p)n . 

(1 + 1\un) • 
(1) 

The qij are the unknown quantities, and one obtains n equations and n 

unknown qij's for a molecule containing n bonds. The charge on an 

atom i is given by: 

(2) 



0 0 0 0 

-3-

-The rationale for these formulas and definitions of the quantities 

appearing in the formulae appear in references 1 and 3. In Ref. 1, 

results are presented for molecules containing primarily first row 

atoms whereas Ref. 3 includes molecules containing heavier atoms. 

The program described in this work includes the revisions presented 

in Ref. 3 together with value for x(s), x(p) and h for the elements 

from hydrogen through radon. 

The interp~etation of ESCA core binding energies by the electro-

4 static potential equation provides a simple method of evaluating 

atomic charges. This equation has the form: 

~(A) = kQA + V + 1 (3) 

where EB is a core binding energy, k and 1 are parameters, QA is the 

charge on atom A, and V is the po~ential due to the other atoms in the . 

molecule and is equal to 

e2 ~ QB/RAB 

f1t 
A better description of ESCA chemical shifts should be given by 

a modification of this equation which includes the effects of the elec-

tronic rearrangement, or relaxation, which takes place during photo-

emission. 3 This equation .has the form: 

(4) 

~' k, and 1 are defined as before. In order to calculate the relaxa

tion energy, ER, two charge calculations must be made: one for the 

neutral molecule, and one for the isoelectronic cation which is obtained 

by substituting the core of the next heavier atom on the periodie 
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table (Z+l) for the core of the ionized ato~ (Z). Using the charges 

from these two calculations, the relaxation energy is given by: 

(5) 

Program CHELEQ includes the option of using the calculated charges to 

correlate ESCA binding energies by means of either Eqs. 3 or 4. In 

the latter case, the calculation for the isoelectronic cation is auto-

matically carried out by the program. 

Program Description 

The topology of the valence bond structure, that is, which atoms 

are bonded to which other atoms, bond orders and formal charges, are 

read into the program atom by atom together with the atoroic numbers of 

the atoms. The program then deterEines the hybridization of each atom 

from the topological data and calculates the right-hand side of Eq. 1, 

which is the charge independent part of the equation, for each bond. 

Then, the system of Eq. 1 is written in matrix form: 

AX= B 

where A is an nxn matrix·of coefficients from the left-hand sides of 

Eq. 1, X is an nxl matrix of the q .. and B is an nxl matrix of the 
~J 

right-hand sides of Eq. 1. The values of the qi are determined by 

the Gauss-Seidel procedure for solving systems of linear equations. 

(6) 

Atomic charges are then calculated by summing the appropriate qij for 

an atom and adding this sum to the formal charge of the atom. 

If an ESCA core binding energy correlation including electronic 

relaxation effects is being made, the program increases the atomic 

number of the ionized atom, together with its formal charge, by one 
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unit, and the calculation is repeated for the isoelectronic cation. It 

is possible to specify a different topology for the isoelectronic cation 

than for the neutral molecule. * * The Q or Q and V or V terms are 

stored and/or calculated and then stored for each molecule in the data 

set which is being correlated. After all the charge calculations have 

been made, the program fits the data to the _electrostatic potential 

equation by determining the parameters k and 1 through least squares 

analysis. After printing the experimental and calculated binding ener

gies, their difference, and the relaxation energy (if Eq. 4 was used 

for the correlation), the standard deviation and two correlation coef-

ficients are calculated. Finally, a rough plot of the correlation is 

printed. 

A simplified flow chart of the program is presented in Fig. 1. 
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X8L747- 3703 

Fig. 1 
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Data Input for Program 

The first operation in supplying input data to the program is to 

numerically order the atoms in the molecules. For example: 

These numbers will be used by the program as indices, and will specify 

whi~h atoms are bonded to which other atoms. 

Card 1: Data Set Card 

columns 6-10 (right justified): The number of molecules in the 

data set (NC) 

columns 16-20: punch NOFIT in these columns if just atomic charges 

are desired, i.e., no binding energy correlation. Leave these columns 

blank for a ground state correlation (equation 3). Punch RELAX into 

these columns for a correlation including relaxation effects (equation 

4). (FIT). 

columns 21-80: The title of the data set. Any combination of 

alphameric characters may be used (LABLE) 

* * Restriction NC ~ 7S 

Format (S~~, IS, SX, AS, 6Al0) 

Card 2: Title card for the (first) molecule 

columns 1-80: Name, etc. of the first molecule. Any combination 

of alphameric characters may be used (CNAME) 

FORMAT (10A8) 
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Card 3: General information about the molecule 

columns 6-10 (right justified): the number of atoms in the 

molecule (NA) 

columns 16-20 (right justified): the index of the (i.e. the 

number assigned to) the core ionized atom (}ffiSCA). This may be left 

blank if no ESCA correlation is desired. 

columns 26-35: the core binding energy of the ionized atom in 

electron volts (BEX). This also may be left blank if no ESCA correla-

tion is desired. 

* . *. Restriction NA ~ 60 

Format (SX, 15, SX, IS, SX, FlO.O) 

Cards 4 ···: Atom data cards. One card for each atom in the molecule. 

The order of these cards is important. The first card must contain 

the information about the atom which was assigned the index 1, the 

second card~ be for the atom assigned index 2, etc. 

columns 6-10 (right-justified): The atomic number of the atom 

represented by this card (NZ). 

columns 16-20: The formal charge of the atom (C). 

The next data on the card are for the bonds between the atom represented 

by this card and other atoms in the molecule. BNDSTO is the index 

previously assigned to an atom in the molecule, and N is a bond order. 

columns 22, 23 (right justified): BNDSTO for the 1st bond, that 

is, the index of an atom which is bonded to the atom represented by 

this card. Any bond may be used for the "first" bond. 



0 0 0 0 ~ 1 0 b 8 9 J 

-9-

columns 25-28: N for the first bond 

columns 30,31 (right justified): BNDSTO for the 2nd bond (if any). 

columns 33-36: N for the second bond (if any). 

columns 38,39 (right justified): BNDSTO ••• 

columns 41-44: N ••• 

columns 46,47 (right justified): BNDSTO 

columns 49-52: N ••• 

columns 54,55 (right justified): BNDSTO 

columns 57-60: N ••• 

columns 62,63: (right justified): BNDSTO ••• 

columns 65-68: N • • • 

columns 70-80: The distance from the atom represented by this 

card to the ESCA ionized atom, in Angstroms. (If this card represents 

the ionized atom, R = 0.0). This datum may be omitted if no ESCA 

correlation is desired (R). 

*Restrictions* NZ < 86; an atom may be bonded to no more than 

6 other atoms. 

* * Default Value If, for any bond, the field for N is left blank, 

the program will a5sume N = 1 (a single bond). 

Format (5X, 15, 5X, F5.0, 6(1X, 12, lX, F4.0), lX, Fll.O) 

Calculations made for the isoelectronic cations used in relaxation 

correlations sometimes have different bond orders than do the neutral 

molecules. For example, the. ground stat;e of a carboxylic acid- can ·b~~ 

represented by" the structure: 

~0 
R-c· 

'-oR 
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The isoelectronic cation for a carbonyl core-ionized oxygen could~ 

however, be represented as an intermediate between the two structures: 

+ ,F 
R-- C ~(-~) 

"OH 

To use different bond orders and formal charges in the calculation for 

the isoelectronic cation than were used for the neutral molecule, the 

following procedure is followed. Punch a 1 in column 1 of each atom 

data card where there will be a change in the bond orders or the formal 

charge. Immediately following such an atom data card is another card 

with C, BNDSTO, and N information punched in columns 16-68 using the 

same format as the atom data card. When this procedure is used for 

the card representing the ionized atom, the formal charge on that atom, 

for the isoelectronic cation, is the charged punched onto the second 

card, not F + 1, as is the case_ for "nonrial': molecules. Cards which c 

represent atoms with the same bond orders and formal charges in both 

the ion and the neutral molecule, for example the atoms in the R group 

of the carboxylic acid, need not be altered. 

Format (lSX, FS.O, 6-(lX, 12, lX, F4.0)) 

Card 5: The title card for the second molecule in the data set. The 

second and subsequent molecules are treated exactly ,the same as the 

first molecule. 

Sample input data for three molecules is given below. Carbon 

monoy~de, a molecule which has multiple bonding and non-zero formal 

charges, is represented by the structure 



o u a o ~ 2 o b a 9 4 

-11-

-1. +1. 
3.0 

where the atom indices are written as subscripts, the bond order is 

written above the bond and the formal charges are written above the 

appropriate atoms. Formic acid has different structure representing 

the neutral molecule and the isoe1ectronic cation for the carbonyl 

oxygen. The structure for the neutral.molecule is: 

0 

1.0 ~2 
H5 c 

~ 1.0 
H4 03 

The structure for the carbonyl oxygen isoelectronic cation is: 

+.6 

~yF2 

Hs----cl . 
I , -~4 +.4 

' 1.0 0 -----H 3 4 

Finally the structure for SiF
4 

is simply: 
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CA~6VN HCNOXIPE ( lS ~I~Dl~G 5NERGY 
z 1 Z9t .•n 
b -1.0 2 3.0 
a 1.0 l 3.0 

FQP.MIC Af.IO 0 15. CARSONYL 611\P.l'\G f~~~-<CY 

5 z 538.79 
1 ~ o.o 2 z.a :; i..j 5 1.0 

o.o 2 .l.b :: 1.4 5 1.0 
1 8 o.o 1 2.~ 

o.n 1 l.b 
1 8 c.o l 1.;) 4 :..\> 

~.4 1 i. .4 4 l.O 
1 o.o .3 l,O 
1 o.o l 1.() 

Sl LICoJN TE T RAF LlJ:::iU De SI zo ~/2 Cl I NO tr,c; cNEP.CY 
5 5 111.79 
9 5 
9 5 
9 5 
9 5 

l4 l 2 3 

o.G 
1.128 

1.213 

o.c 
2.21 

2.64 
1.98 

1. 51t 

1.54 
lo 54 
1.54 
o.o 
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APPE::rDIX A 

Reducing the Core Memory Required by Program CHELEQ 

As listed in this write-up, program CHELEQ can handle molecules 

containing up to 60 atoms. This limit may be larger than is necessary 

for many users. If this dimension is reduced. considerable savings of 

core ntemory will result. The following arrays. may be redimensioned 

from 60 to some other number~ n. 

a b CON (60,60) ~ CON(n,n) ' 

LAB (60,60) ~ LAB(n,n)a 

S(60,60) ~ S(n,n)a,b 

BNDSTO (60,12) ~ BNDSTO(n,l2)a,b 

N(60,12) + N(n,Q2)a,b 

B(60) ~ B(n)c 

C(60) ~ C(n)a,b 

Cl(60) ~ Cl(n)a 

NZ(60) ~ NZ(n)a,b 

RAD(60) ~ RAD(n) 8 

SQ(60) ~ SQ(n)a 

X(60) ~ X(n) c 

COMNON/ARRAYS/V(60,61) ~ V(n,n+l)a,b 

COMMON/ARRAYS/A(60,61) ~ A(n,ri+l)c,d 

The array PLOT(60,60) in subroutine ESCAL ~hould not be redimensioned. 

a in the main program appears 
b in subroutine CONST appears 
c in subroutine LINEQ appea:r:s 
d in subroutine ESCAL appears 
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PRGGRA~ CHElFO (JNP!JT,CUTPUT,TAPE5=1NPUT,TAPE6=0UTPUT) 

C PRilt,Pt\"'1 c~~I:LEQ CALCULATES NET AT 1Jr-11C CHI\P.GES USING AN ORBITAL 
C Elf:CTFiflNFGATIVITY EQUALiiATTON )-1FTHnr)"ofVFLCJI.>f0 AY -w:··l.~JcfCCv 
c 
C PROG~AM IS PARAMfTfRT7~D FOR TH~ FLEMENTS H THROUGH RN 
C MAXq·HJi-1 NU~RER IJF ATOt-1S IS 60, '-lAXJP-IUM NUMBER rJF CSIGMAt BONOS IS 60 

C THb VCRS ION CCHH/1 !NS A LE~_ST S9_UA~f-~ ~!I nF .. THE CH_A~GE __ OJS}RIBUT!ONS 
C H1 CXP[I-\l'-1[NH.L !1UH;JtJ:; f!IJER.GIES USING THE ~'SCA POTENTIAL MODEL 
C E B=K •:<CJ+V+L 
C Tr ~~TATN A ~IT nF ~~~1ING FNERGY AGI\INST CHAPGF CI.E. TO IGNORE 
C fH:: Pf1Tri\ITIAL TFVMt lJMTT THE BONQ DIST.~NCFS ON THf DATA CARDS 
C Nll\XIMill\l NUM13ER G!= CiJMP.JUNf>S IN BINOING ENERGY CORRELATION IS 75 
( 

c 
c 
r. 
c 
c 
c 
c 
c 
c 
c 
r: 
c 
c 
c 
c 
c: 
c 
c 

{ ~~ 0!. fT 

CARD 2 
CARD 3 

CAf~OS 4, ••• 

NlJMf3fF; OF C'JMPOlJNOS IN THF RUN 
FOR A PFLAXATinN CORRECTED FIT OF CHARGES TO BINDING 
P~FRGP'S, PUNf.H RELAX IN COLUMNS 16~20. 

IF Nn FIT nF CH~R~ES TO BI~OING ENERGIES IS WANTED, 
PUNCH NOFTT TN C0LU~NS 16-20. GENERAL ALPHAMERIC 
JNFClR"'\1\TinN ~B'IIIT TH~ DATA SET M4Y BE' PUNCHED IN 
COl!IMNS ?.l-110. 
F0Pf-1AT ( 5X, I':>, 5X,A5,6~l')) 
NAMF, ~TC. F~~MAT (l0A3t 
~IUMP.fP o:: !\T 1l~S IN CD"'1POU!\JO,)·~U~BER. OF THE IONIZED ATOM, 
fXPFri~ENTAL A!I\IDING ~NERGV FORMAT (5~,15,5X,(5,5X,FlO.Ot 
IF ~0 ~IT 15 WANTED, BINDING ENERGIES AND IONIZED ATOM 
NIJMrq:.:p t.1AY [1E LJ~JTTI:;f) .. ··-·. .. . . - . . .......... . 

(nNE PEP H J'-'! t AT C1M I C NU~BER, FORMAL CHARGE, (NEXT 
INF~ LISTE8 PAIRWISE FOR EACH BG~J) NUMBER 0~ 

ATO~~ '3'JNr>EO lf1, ~DNO OP,DER CJF THAT BONO (UP TO 51 X 
BONDS PER ATOMt, ~TSTANCE TO IONIZEn ATOM (ANGSTROMS) 

F0R M .\ T ( 11 , 4 ~!_I 5, 5 X, F 5. 0, 6 ( 1 X, ~ 2 ,l ~ !F 4. 0 t_, l>.C, _F 1 ~.!_0) 
C ·**NOTE** 
C TO IJSF f)[FFfRENT B0"100Rf)ERS IN THE ISO!:LECTRONIC (t,TION (IN 
C DFLAXATION COPRfCTED ~8 FTTSt, s~? PROGR&M WRITEUP flBL REPORTI. 
( 

C 6DD!TJ;J\!M. COMPPUNDS PdNCHEO TN SAI-1f. MANNER 
c 
C PRnG~t~MEO BY W.~.PEPRY AT U.C.B. 
c 

DIMfNSIO~ CNA~f(10,7~1,NZ(~DI,RNOST0(60,12),N(60,12),LAB(60,60) 

DIMENSION CnN(60,60),((60t,SQ(60t,~OR(60I,C1(60t 
QJME~SJ0N LABl.E(~t, 8fX(75t,~A0(61t,VA(i51,QESCA(75t 
OIM~NSICN Sft1,61t 
Q.[ AI N 
INTFGf.R BNDSTO 
rnM~QN/CnEFFT/B(1001,CK,A 

CnM~ON/A~RAYS/V(~0,6ll 

CO~MnN/ERELAX/nQI75t,DVI75t 

rtT4 AFJTI~H~rFJT/ 
L\ , •. P :. I. /'. X I ') H R r: L .\ X I 

D r 1\ D ( '5 , 'i I ~J n C ~PI), F IT , L A !3L E 
>·JPfTF (6,61 LAELF: 
f"1r; 400 NC= J, r1nCMPO 
on 1'5 I-=1,60 



ilf; 15 J=l,l2 
f'"~DSTO( I,Jl=O 

l'i \~(!,JI=O.J 

R F .6. D { '5 , 1 1 ) I C i·J .A. t·~ E ( I , N f. I , I = 1 , 1 0 ) 
i;>f:l\') {5,?.01 ~Jt\, '"'FSf.A, '3r..:X(NCI 
n r z+ o r = 1 , ~J A 
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P r £10 ( 5 , 3 0 I "''CW I I ) , "-l l ( I I , C ( I t, ( ( BN D S TO ( 1 , J I , N ( I, J I ) , J= l, 6 t , R AD ( I I 
rr: (;'~"k(!l•l .t::r). 21 31,34 

1 l k ql n ( ') • 3 2 I ( 1( T h I ( rt t'>JO 5 T 0 ( I , J ) , !\1( I , J t I , J = 7 ,12 I 
14 ('r1!'..!Tt"WE 

no~') .J~l,l2 

3 5 ! F ( '" ( I , J I + l • 0 • t :) • 1 • J l N ( 1 , J I = 1 • 0 
4J C0tHT"'IJF 

42 

nr 400 NT=1,z 
1 F 

! ~ 
! F 
I F 
')f; 

P.Ji ,>=Q.? .AND. FIT .NE. RELAXt Gn TO 400 
on .r:o. 21 "llCt.~':SCI\I=~·lZC"1ESCii'+i .. 
f~T .FQ. 21 CCM~SCAt=f(MFSCAI+l.O 

PJT .[0. ?l 42,4i.l 
46 !=l,NA 

! F ( ~, ;) P ( l l • l • r f) • 1 I G ,J T ·1 4 6 
C(Il=Cl!II 
11(1 4ft .l=l,f::. 
v r"' s HH I , J , = wm s T •J 1 r , .J + 6 l 
'l ( T , J l = N ( I, .I +6 I 

44 CONTTNIJE 
4 6 C C; ~JT I N U E 
48 CO"iTlNIJE 

Ct\t L UJNST(NA,8P\Jf)STl,r'a,c,N,CClN,S.l 
~.JR-=') 

'1n 50 T=l,Nil. 
I) (1 ') 0 J = l t 6 
K =c r~NDSTfJ(! ,.Jl 
I F ( K + 1 • t:: U. 1 l Gn TO '50 
NP, = NR+l 

') 0 C u ~-' T I "J U t 
"!R = NB/2 
"-iP,l = NBH 
DC) 55 I=l ,60 
no 55 J=l,6l 

55 VCI,Jl='J.O 
L=O 
Ol1 60 I=l,Nt-. 
no 60 J=l,6 
K = 13Nf)STO(!,Jt 
TF (K+l .ECJ. 1) GO Tn 60 
J F ( I • G T. K t GO TO 60 

c= L+l 
l~P(T,~<'I- L 
V(l ,1\tfH I = C:OI\I( t ,KI 

u n C ;-; r,! T I r i: J f 
t=O 
') n 2 ·~ 0 I = 1 , ~l A 
'HT = 1\ll<TI 
r:v1 2 o o J = 1 , 6 
K = '3NDSTO(!,J) 
IF (K+l .t=Q. 11 GO TfJ 200 
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100-
110 

120 

130 

140 

150 
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202 

204 
206 

215 
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IF ( I • G T. K) GO TO 200 
"! l K = l\ll ( K) 
L = L+l 
nn 110 JJ=I,t 
c ~= 1. 0 
KK = srnJSHl( 1 ,JJ) 
IF (KK+l .fO. ll GO Tn 110 
p= fr .r,T. t<Kl ?a, go 
f"lr) AO Lh=t,r--:R 
tr (KK .r-,). t<l C~ = (K/(N(t,JI**t\t 
IF (LAB(KK,T) .EQ. LA) V(L,LAI = V(L,LAHBCNZII*CA 
CCNTJNtJF 
GO TO 11!) 
')t~ 10() LA=l,~H1 

TF (KK .EQ. Kl CA = CK/(~(l,JI**AI 
lF (L/\B( t,KK I .EO. LAI V(L,L~ I = V(L,lA)-8HJZI l*CA 
C:CJNT!NIJF 
C nf\iT I r~!JE 
no 160 JJ=l,6 
Cl\=1.0 
KK = BNDSTO(K,JJI 
! ~-- ( KK+l .FO. 11 GO TQ 160 
IF (K .GT. KK) 120, 141 
f'G 130 LA=l,NB 
JF (KK .EQ. 1) CA = CK/(N(I,Jl**A) 
! F (I_AB(KK,K I .f(;l. LA) V(L,LA I = VCL,L~ 1-fH~ZK)*CA 
CCNTINUf 
.-; G HJ 1 6 :) 
n'J 1'50 I i\=1 ,NB 
JF (KK .EQ. [) CA = CK/(N(l,Jl**A) 
IF (LAR(K,~Y) .co. LA) V(L,LAI = V(L,LAI+BCNZK)*CA 
(GNTI NUF 
CONTTNUF 
CONTIN'JF. 
IF (NR .EQ~ ll 202, 2()4 
rui = :'HU) 
HZK = ~Z(21 
V( t,NBll = -CDi\1(1,2)/( (A(NZI )+!:HNZKH*CK/(N( l,lt**A)) 
GO Tn 206 
CALL L TNFQ (NB) 
Cf'f\lT tt\I!IE 
DO ?15 J=l,NA 
SQ(f) = C(!) 

WRJTE (6,2501 (CNAME(I,NCt, J=l,lOt 
f)'J ?.40 L=l,NB 
DO 230 l=l,NA 
~G 230 J~l,6 
K-= Bl\lflSTO.(I,JI 
T F ( K +- l • '= 0.. 11 G0 T n 2 3 0 
T~ (J .GT. K) GC TCi 230 
IF (IA:HI,t<l .EQ. ll 210,230 

210 ,.JRTTF (6,2201 I, K, VCt,NBl), I, K, S(l,Kl, 1<, t, S(K,Jl 
S 0 ( I I = S Q ( I I +V ( L, N B 1 ) 
S0(KI = SQ(KI-V(L,N111 
i,IJ 1n 24-0 

230 (f1f'llTT NtJf 



c 
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240 CDrHIN!JE 
TQTCHG=O.O 
VAt NCJ =0 .• 0 

243 
246 

DO 270 I=l,"J.~ 

TOTCHG = TOTCHG+SQ(II 
!F (RAD(I )+t.O .EQ. 1.0) 246, 243 
i/ A ( N.C ) = VA ( N C ) + 14. 4 * S Q (1 tl R A 0 ( I I 
CONTI~UE 

! F ( I • fQ. ME SC A I Q E S~~.~ !"~(:l ___ ::_ __ ~_g ( p 
w ~~ I T [ ( 6 , 2 6 0 I I , S Q ( I I , N l ( J t , C ( I ) t 

1 ~ t11l ( I ) 
2 1 0 C Dr'H I NU E 

!..iPITf (6,280t TOTCHG 
!F (NT .EQ. 1) S~VE1=QESCA(NCt 

JF (NT .EQ. ~~ SAVEZ=VA(NCt 

···•& --- -~ ... ~-- . .,...-.... ~~~.---.--- ·-- ,.. ___ ..,,. .... _.._.,_ .... _ . .-....« .. -~~~ .... 

(BNDSTO( I,J t ,N( I,J I ,J=lt6t, 

1 F (NT • c:Q. z, 0r:: sc ,\ ( ~c ,:;o. s*·(e;iEsc-A c~kY+.sAvr:ff~o~ 5 
OQ(NC.t=O.O 
DVCNCt=O.O 
I~ (NT .EQ. 21 DQ(NCI=QESCA(~CI-SAVEl 
TF (NT .EQ. 2t VA(NCI=0.5*(VA(NCI+SAVE2t 
TF (NT .c:Q. 2) I)V(t\JC)=~.~JNJJ.-SAYE? ... ~---··--·-··---·--·· 

400 CO~TYNUE 

IF (FIT .EO. AFITt GO TO 500 
CALL ESCAL(NOCMPO,BEX,CNA~~.~ESCA,VAI 

C FOR~AT STATEMENTS 
c 

-- ... ~-· "&_,_ ........... ~- .. --- ··---~- ... _, __ ,._.,._.,¥_ .. _.._ ... .,.._..,..._.,~-~----......... _..._,_,. _,__, __ ~ --·~--.... _.. . .,.,.,. ... ~~"" ,__._........,._ .. ____ ...... ······--·· ··~ ,.., ~ ......... ._ 

1 FORMAT ( lHll 
5 FORMAT (5X,I5,5X,A5,6419) 
6 FDRMAT (// 20X,6Al0 //t 

10 FORMAT (10A81 
20 FORMAT (5X,I5,5X,t5,5X,FlO.Q,5Xt 
10 FORMAT {ll,4X,T5,5X,F5.0,6(1X,I2,1X,F4.0),1X,Fll.O) 
32 FORMAT (15X,F5.0,6fii~Tf~·ix·,-F4.t:ffi" ···---···-·--,···-···--..................... ----··· .......... --

?20 FO~MAT (20X,2HQ(,I3,1H,,J3,4~t = ,F8.5,10X,2HS(,J3,1H,,I3,4H): , 
1 FB.5,5X,2HS(,I3,1H,,l3,4HI : ,F8~~·. 

250 FO~MAT (//// lOAA ////t 
260 FOR~AT (/ lOX,l4HCHARGE ON ATOM,t~,3H = ,FlO.s,t6X,I5,5X,F7.4, 

l 6(1X,I2,1X,F5.31,5X,F7.4t 
2so FoRMA r , '' z sHr aT AL MoCEcul..'iR- ct:fARGE--·-;;··-·;FTo: 5~-~,T,_ ...... ___ .... ·· .... ·-···-··-·-·--··-
<JOO STOP 
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SUBROUTINE CONST(NA,3NOSTO,NZ,C,N,CON,S) 
c 
C SUBRQUTINF CONST CALCULAT~S I.HE ... ~Qf\t~TANT TERMS IN THE ELECJR.Q~f:GATiyiTX .. 
C EQUALIZATION EQUAl F1NS 
r: 

OIMENSION BNDST0(60,12),NZ(601,S(60,60),X$(100J,XP(l00) 
DIMENSION C(601.~(6~tl2),CON(60,60) 
COMMONICOEFFTIB(lOOt,CK,A 
~EAL N, N(J, NMI~ 

INTEGER 8NDSTO 
DATA (XS(II,I=l,lO'Jl I 2.21,0.0,2*0.0,3.25,4.84,6.70,8.98,10.31, 

l 11.44,0.74,1.77,2.69,3.88,4.62,5.12,6.26,7.35,0.77,1.36,1.20, 
2 1.32,1.45,1.56,1.60,1.64,1.70,1.75,1.75,1.66,3.18,4.06,3.84, 
3 4 • 9 7 ' 5 • 94 , 6 • 00' {) • 50 ' 1 • 2 6 , 1 • 11 ' 1 • 2 2 ' 1. 2 3 ' 1. 3 0 ' 1 • 36 ,1 ~ 42 ' l. 4 5 ~ 1. 3 5 ' 
4 1.42,1.46,2.88.3.80,4.22,4.81,5.06,5.00,2*0.0,1.08,14*0.0,1.23, 
5 1 • 3 ~, 1. 4o, 1 • 4 A, 1 • ') 2, 1. 5", ~·~ 44 ~ i ·.·;.:·2 ·; r:-44-~2-~-4-,.-~-z. 3 5 ·,·-f:s·a ~ 3 ~o6, I:· 9, · 
6 4.7,14*0.0 I _ . 

DATA X$(2), X$(31, XS(4) I 2.15, 0.84, 2.15 I 
fJATA XS(551_,_ XS(56l I 0.4, 1.15. I ·-
DATA (X$(J),t=58,7lt I 1.06,1.07,1.07,1.07,1.07;1.01,1.11,1.10, 

1. 1.10, 1. ~ 9 •J_.l1, ~. q, t. o6 •.t!_Et.J..... ... _ _ . . . .. _ _ ______ ......... . 
DATA (XP(It,I=l,1001 I 4*0.0,1.26,1.75,2.65,3.49,3.90,4.40,0.32, 

1 ~.56,1.11.1.82,2.21,2.63,2.95,3.50,1.38,0.42,1.20,1.32,1.45, 
2 L.56,1.60,1.64,1.7G,l.75,1.75,1.66,1.22,2.09,2.40,2.56,2.62, 
3 3.00,0.54,0.34,1.11,1.22,1.23,1.30,1.36,1.42,1.45,1.35,1.42, 
3 1.46,0.92,2.08,2.36,2.77,i.52,2.60,2*0.6,L.08,14*6.~,1.23,1.33, 
5 l.40,l.4A,l.52,1.55,1.44rlo42,1.44,0.94,1.28,1.44,1.76,1.q6, 
6 2.4.14*0.0 l - -·-- '. ... ..... .. . .... 

nATA XP!3t, XP(41, XP[55t, XP(56t I 0.47,0.82,0.4,0.25 I 
DATA (XP(!),J=~A,7LI I 1.06,t.n7,l.07,1.07,l.OT,l.Ol,l.11,1.10, 

1 l.lO.l.lO,l.ll,l.ll, l.u6,1.14 I 
~ATA (B(ft,I=l,lOO) I 12.85,3*~.0,8.4,11.2,12.1;15.3,17.0,19.0, 

1 4.67,5.30,5.85,7.37,10.75,9.82,11.1,9.50,2.88,4.52,10*5.0,6.32, 
2 6. PO' 8 .e;a ;T~:(:4o", 9. 4:i~ Io: o·o~ 4":T8",4. 2-4;TO'is:-o·;-6· :oz' 4-~·35 ;a~ ff~-. -· ... 
3 tl.87,9.15,9.00,4.0,4.0,24*5.0,6.0,5.0,8.0,10.0,9.0,8.0,14*0•0 I 

DAT~ B(2),B(3,,A(4t I 15.0,4.6,6.3 I 
DATA XS(55),XP(55),8(55) 19.6,4.7,20.0 I 
DATA·A, f.K, f:H, HFAC I 0.10, 7.3,·2.7,.10.0 I 
1)2=01*1.6/2.7 
bri 50 t'=l,NA 
IF CNZ(ll .GT. 21 Gil T·J 10 
00 '5 J=1,6 
K=RNDSTO( f ,J I 
IF (K+l .FQ. U GO TO '5 
S(J,K)=1.0 
C mH T NiJE··· 
GO Tr 50 

1 J CC~ 1 T I ~JtJE 
Tf CNZ(!t .r..r. 101 GO TIJ 25 
SS=O.n 
<;N=O.O 
,..,, 15 J=l,6. 
K:BNDSTO(I,JI 
IF (K+l .EO. U 
TF (N(J,JI .u::. 
SS=SS+l.O 

GO ro ts 
1 .0 I GO TO 15 



Sr>.;=SN+N( Y,J) 
1 5 ( r,~!T T NU f 

:) C1 2 0 J = l, 6 
K.=BNPST!l{ I,J J 
IF (Kt-l .FQ. 11 GO TO 20 
S IK=4.')+SS-Sf\J 
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Tf (SIK .GT. AINT(SIK+J.05)J SIK=AJ~T(SIKJ 
S(J,K)=1.0/SJ!< 

20 Cnt~TTN'JE 

GO Tf"J 'lO 
? ~ C G 1>4 T l N U f 

TS=O.O 
sc;=n.n 
SN=O.O 
DS=O.O 
PN=O .o 
NMIN=l.O 

30 

no 30 J=l,6 
K~BNDSTO(l,Jt 

IF(K+l .fQ. t) GO TO 3·1 
1\JIJ=N(J,J) 
T S= T 5 + 1. 0 
r r: < ~J I J 
IF tNIJ 
lF (NIJ 
IF (1\JIJ 

• GT. 
.GT. 
.LT. 
.LT. 

1. 0, 
1. 0, 
1.0) 
l. 0, 

IF (NJJ .~T. N~TN) 

C l)~JT I I'JU E 
l)fl 45 J=l,6 
K=RNDSTO (I ,J I 

SS=SS+l.O 
S''l=SN+NJ J 
PS=PS+l.O 
P"J=PN+NTJ 
~~MI N:=.~J J ___ _ 

lF (K+l .1:0. 1) GO TO 45 
!\J I J = N ( T , J ) 
r~ (PS .EQ. TS .AND. C(It .GE. O.~t GQ lO 40 
SIK=4.0+SS-SN+PS-PN 
IF fSIK .GT. AINT(SIK+0.051J SIK=AINTCSIK) 
St I ,KI =1.0/SIK 
Go rc 42 

40 UlNTINlJE 
IF (NIJ .EQ. NMIN) S(I,K)=(NIJ-0.5)/NIJ 
1F (TS .EQ. 5 .A~D. PN ~lf: ·3.9ift .. G.(f"''ro·--4f .. 
rr: UJf.J .NE. NM!N) S(l,KI=(NJJ-0.6667l/NJJ 
Gf1 rn 4? 

41 C r!NTJ NU!= 
IF fNIJ .NE. N~I~) S(J,K)=(NtJ-0.5)/NIJ 

42 CfWT l NUE 
tF (c;(T,K) .LT. o.of s«t~K)=O.O 

·'t r'i f. 'HH I N!l F 
c:;o CllNTI~U[ 

on 70 T=l,NA 
~.;LJ = Nll I I 
r:~r=Dl 

IF (NZI .GT. 181 CFI=02 
f)tj 60 .J=l,A 
K = R i-J n S T n ( J , J ) 
rF (l<t-1 .Ec.J. 11 GO Ttl 60 
~UK = N Z ( K) 



c 

0.. n '·'.·.·.·.,~ U"' ".<.i "" ~ --. ~ o -~-a 9 9 

CFK=Dt 
TF :nzK .GT. U·l CF'\=DZ 

1-J r J = ~~ ( r , J , 
IF (NI . .J .LT. l.JI NIJ=L.O 
(ON( I,K) : HFAC*(XP(Nlf)-XP(NZK)+S(I,KI/NIJ**A*(XS(Nlt)-
X P ( N l I ) I - S ( K , I I HJ LJ **A * ( X S ( N l K ) -X P ( ~ l K ) I I + ( B ( N Z I ) *C ( I I *C F 1-

2 8(N7KI*C[KI*CFKI 
60 CD!HTNUF 
7J CC'~HTNIJF 

RE:TU!>_N 
\:NO 

S U !3 R nt J T I N r:: L [ N E 0 ( '·J t 

r_. ~ IJB R !1UT I NE L t NE Q SOL V!: 5 N. SI MUJT AN EOUS. EQU_A. l IQN S. IN .. N UNKNOWNS 
( RY THE MFTHOQ OF GAUSS-SffOEL 
c 

nJMF~STON 8(601, X(601 
Cn~MrN/!~RAYS/A(60,~1) 

f•ATA ~PS I 0.0001 f. 
)ATA '-1AX 1100/ 
TTF.R=l 
Nl=N+l 
no 1 !=l,N 
lqll=A(I,I\Jll 

l X(ll='l.f) 
lO RTG=O.O 

00 70 1-=l,N 
20 SIJM=O.O 

yr. (T .EO. ll GO TO 40 
LAS1'=I-l 
DO ':\0 J=l,lAST 

30 SUM=SUM+A(l,JI*X(JI 
TF (I .fQ. Nl GO Tn 60 

40 TNITl.=T+l 
DO 50 J=l NI TL., 1~ 

.:;;1 SU!"1=SU'HA(J,JI*X(JI 
6 0 T U 1 P = ( B ( I l- <; l JM I I A ( T , I I 

IF (ARS(TEMP-X(J)) .GT. BIG) BIG=ABS(TEMP-X(I)) 
70 )((fi=TEMP 

IF (ITER .Gr. MAXt GO TO 80 
ITFR=ITF.R+l 
IF (BJG .G~=. FPS, r,n T'l 10 
GO Tn (lf) 

80 CAtL fAIL 
90 00 100 I=l,N 

100 A(l,Nll=X(II 
RETURN 
FNf1 

SUPROUTINE F,'ITL 
WRITE (6,11 

l FOP~.A;T (// 10X,38HGI\USS-$F:IOE:L SOL.t)Jl_QN DID NOT C{)NVEP.GE //t 
RFTURN 
END 
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5URR0UTI~~ ~SC4L (NC,BEX,CN,QE,Vt 

r SUfnrUTINE i=.:SCAL !'~Tf~;"'IN'-S THE PflTENTIAL M(tf)EL PARAMETERS K AND l 
C BY t LFAST SQUAPfS FIT Tri THf OATA, AN6~LOTS THE CORRELATIONl 
c 

:l I ~~ r ~!S ! r 1\l r-· I. 0 T ( 6 n , r, 1 I , CN ( 10, 75 t , BE ( 75 I , R f X ( 1 '5 ) , Q E ( 75 I , V ( 75 t 
C fii'*MON I A Q R 4 Y S I A ( 60,61 t 
rnMMDN/~REL8Y/D0(751,DV(75l 

FQI!IV.ALENCf (A(lt,PLOT(ttl. _ 
DATA OGT,O,X,Y,RLA~K I lH.,lHO,lHX,lHV,lH I 
S'JMX = n.o 
SUMY = O. 0 
XSQ = 0.0 
YSQ = 0.0 
XYPROD = 0.0 
r10 ta M=t,nc 
SUMX = SUMX + IJEO'l) 
S ' J M Y = S U lv1 Y + ( 13 F X (t~ I - V t t.t t I 
XSQ = XSO + (QF(M)t**2 
VSQ = YSQ + tREX(~t-V(Ml1**2 
XYPROD = XYPR0D + Q~(M)*(REX(M)-V(M)) 

1 () ( fJ fo.!T I NU E 
SL'lPF = CNC*XYP~OD-SU"'1X*SUMYI/(NC*XSQ-SUMX**2t 
CEPT = (XSQ*Slli~Y-SlHX*XYPR0f))I(I\IC*XSQ-SUMX**2) 
WRITE (6,11 
wqrr~= (6,20l 
I;! R J T r.: ( 6 , 3 0 I S L C P E , C ~ P T 
;,iRITr ((;,20) 
lrlR1TE (6,40t 
Dt:VSQ = 0.0 
!')I') 5 0 ..., = 1 • !'! c 
~RITE (.6,601 (C~(J,~I,I=l,lOI 
\''PITE (6.711 Q[(Ml, vp.q 
RE(MI=SLOPEOQ~(M.+V(Mt+(EPT 

fR=SLOP~*DC(M)+nV(~} 

',.JR,ITF (6tH0) P,F(Mt, qFXOO, ER 
nr:V=f3F(~I-BFX(M) 

;H<JT!= (6,901 D~\f 

DEVSO=DEVSO+OEV**2 
51) Cm!TINIJF 

ST~DFV=SQ~T(O~VSO/(~C-111 
CCOEFT = (N(*XYPROD-SUMX*SUMY)/SCRT((NC*XSQ-SUMX**2l*CNC*YSQ-

l SUMY**?.tl 
SUMX = 0.0 
SUMV = 0.0 
XS0 = 0.<) 
YSO = ').! 
XYPRrm = J.f) 
•)fl 5'> ~~=l,!\C 

s·.t~x ~ s·J~~.x .. BF("'t 
S U t-1 Y = S U 1111 Y +- ;~ E X ( M I 
X50 = YSO + (~F(~li**Z 

YSQ = YSO + (Bf:X(!'-1) 1**2 
~ypnon = XYPPnn + BE(MI*BEX(~) 

') 'i C nNT P.JUF 
C(nEFF = (NC*XVP~OD-SUMX*SUMY)/SQRT((NC*XSQ-SUMX**2t*lNC*VSQ-



c 

1 

0 0 q (l '.J ii~ ' , ~ ... vr.,~o69o 
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StJMY**211 
:1~ t TE (6,100) 
' . .JP IT!=. (6,1101 STDDEV 
~IP I TE (6,1151 CCOfFT 
\-IR ITE (6,1161 CC1E:Ft: 
I.JP f T!= t6,liJOI 
,_, R IT f ( 6' 1't '"'11 
'1 c~ 12 o "" :: 1 , (, o 
D 0 1 2 () "' = l , A 0 
PLnT(M,NI = bLANK 

12') CONT!NUE 
DO 130 M::l,60 
"1M = hl-t>1 
PL(~T(MM,Ml .:: U 
PLOT ( 1 ,M I = nriT 
o U)T ( M, 1 ) = DOT 
PL0T(6Q,MI :: [')~JT 

PLO; (M, 60) -= DOT 
130 CONTJNIJF 

140 

150 

RFMIN = BE(ll 
!3 E .M f, X -= B F { 1 I 
on 1 40 ~ = 1 , "' r. 
IF (B~(M) .LF. AEMI~I BfMIN = REtMl 
IF (BF(M) .GE. ~FM~X) BEMAX = AEIM) 
IF (B~X(~I .LE. BEMT~I BEMJ~ = REX(M) 
rr (~fX(~) .GE. 8~MAXI Bf.M~X : BEX(M) 
COI\!T INUE 
F4(TR = (56.01/(BEM~X- BEMINI 
nn 1 '50 1-1 = 1, N c 
IX=IF!X(FACTP*(~E(MI-BfMINII~3 

IY=S8-IFtXIFACTq*(BEX(MI-BEMINI) 
<;YM=X 
!F (PLOHIX,IYl .EO. X .OR. PLOTCIX,JY) 
PLOT(IX,IVI=SY~~ 

CONTINUE-
WRITE (6,U 
WRITE (6.1601 
WRIT( (6,1701 PtrH 
WRIT[ (6,1801 
\.JRITF (6,1<10) 
WRITF (6,2001 
'AR1TF (6,210) 
RfMJN=BEMIN-2.0/FACTR 
BEMAX=RfMAX+Z.O/FACfA 
~PJTF (6,?201 BFMIN, SEMIN 
V.'RITE (6,230l f3Et~AX, t\t;~AX 

.':Q. Yl SYM=Y 
" ' ..... ~ 

r: PlP~/lT STf\Tf!'1f:IH<; 
c 

1 Fn><.MAT ( lHl) 
? 'l ;: ~ R ~~ A ,.. ( C) X , 5 (1 t-~ • • •• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

1 • • • • • • • I I 
~0 ~CQMAT(5X,2H. , LBH~INDING ENERGY= (, Fl0.5, 11H)*Q + V + (, 

l Fl0.5, 7H, EV .l 
40 Ff!PMAT (2H ///1 
h0 FnRMAT (~X,l0A8/) 



-24-

7 ;) r GR M t T ( ~5 X , 4 i i Q = , F 1>':) • 5 , l 5 H P 0 T E ~ T I A L = , F l 0 • 5 , 3 H E V ll 
80 r=(J 0 ~~AT ('5X,Jf11-E"A CAI_C = ,Fl0.5,3H EV,5X,9HEt3 EXP = ,Fl0.5,3H EV, 

i 5X,9HERELAX = ,FL0.5,3H r:.v II 
90 '-rJRM,t>.T (lOX,lZ~OFVL'\TI'JN =, t:tQ.5, 3H fV/l) 

100 ~rRMAT (5~,3RH•••••••••••••••••••••••••••••••••••••• /) 
110 FOFMAT (5X,23H. STA~OA~D OFVI4TIO~ = ,Fl0.5, 5H EV .t 
115 Ft;nMAT (5X,28H. COF':(.f:":U\TJON t::IJEFFICI!:t-JT = ,F8.5,2H .,5X,l3HEB-V V 

lS. K<'J+I.I 
116 r:oRMAT (5X,28H. (iJI<.K.::LATION COEFfiC_I~-~J = ,r-a.s.~zH .. ~!?X!l~'::f~~--Y.S~ 

1 I(Q+V+ll 
160 FOP MAT ( 10X,62HLEAST SQUARES PLOT OF OBSE>:tVED VS. CALCULATED BIND 

1 I ;,1 G EN E P. G I F: S I 
l70 r=nRMAT (AuA2t 
180 ~nRMAT (// l0X,6HLFGfNO //) 
190 FORMAT (5X, 19HX-AXIS IS THE CALCUL4Tf0 BINOING ENERGY /t 
200 f::ORMAT (5X, .37~iV-AX1S. ·rs r·~~E 5B.SE"R\/E6 BINDING ENEPGY/f. 
n 1 cnp~AT (5X, lOSH/I.N l( lNDIC.!\TFS ONf f)ATA POT!\JT ASSIG~.!ED THAT POSIT 

liGN. A Y JNStCATES TA~ (OR MOREl POINTS AT THE POSITION.//) 
2~n ~ORMAT (SX,lSH ORIGIN IS AT(, F10.5, lH,, Fl0.5, 4H) FV /1 
230 Ff)RMAT (5X,21H (X~AX, YMAXt IS AT t, Fl0.5, lH, Fl0.5, 4Ht EV 

1 IIIII) 
kfTURN 
J::ND 



r------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
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any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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