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T h i s  report  describes the computer prograni WNIN which can be used 
t o  manipulate s t a t i c  and dynamic models o f  crys ta l s  or  isolated molecules 
and t o  ca lcu la te  t h e i r  energies frorri interatomic potential  functions.  I t  
is. applicable t o  a wide var ie ty  of substances ranging froin ionic c r y s t a l s  
t o  7 arge organic mol ecul es . 

da ta  input,  a program l i s t i n g ,  and the o u t p u t  fro111 t e s t  problems. The 
program i s  avai lable  from the au thor  oil request. 

The repart  includes a description o f  t h e  program, instruct ions fo r  
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1.  INTRODUCTION 

T h i s  report  describes t h e  computer program HMIN which i s  capable o f  
rnani pill a t i  n y  s t a t i c  and dynamic model s of crystal  s o r  isolated molecules 
and  calculat ing t h e i r  energies from interatomic potential  functions. 
The program may be used f o r  a wide variety o f  substances ranging from 
ionic c rys t a l s  t o  large organic molecules. 

which may ro t a t e  or t r a n s l a t e ,  molecules composed o f  r igid segments b u t  
w i t h  in ternal  rotat ion about  cer ta in  bonds, or individual atoms with 
p o s i t i o n s  which can change independently. 
describe e i t h e r  c rys t a l s  o r  isolated molecules, and the model may be 
constrained t o  conform t o  any desired crystal  o r  molecular s y m e t r y ,  
The parameters which describe the s t ruc ture  include the crystal  l a t t i c e  
parameters and the t rans la t ions  and or ientat ions o f  the r ig id  uni t s .  

contributions: ( 1 )  Coulomb energy, ( 2 )  van der Naals a t t r a c t i o n ,  
( 3 )  interatomic repulsion, ( 4 )  a quadratic potential  associated with a 
covalent bond,  ( 5 )  a quadratic potential  associated w i t h  an i n t r a -  
molecular bond angle, ( 6 )  an energy associated with torsional s t r a i n  
about a covalent bond,  a n d  ( 7 )  any additional energy terms specified by 
user subroutines. 

The models under consideration may be b u i l t  up o f  r ig id  molecules 

These uni ts  may be used t o  

The energy calculated fo r  the model may include the following 

One applicdtion o f  t h e  program i s  t o  niinimize the energy by 
adjusting the struc,tural parameters, and three d i f f e ren t  techniques are 
avai lable  for  t h i s  purpose. 
second der ivat ives  o f  the energy w i t h  respect t o  the parameters, the 
methad o f  steepest  descents which requires f i r s t  der ivat ives ,  and a 
search technique which requires no der ivat ives .  

The progr-ain can a l so  calculate  the vibrational frequencies and 

These a re  Newton's method which requires 

normal coordinates fo r  any s t ruc ture  a t  an energy minimum. In  t h i s  way 
i t  i s  possible t o  stcrdy the internal modes of an isolated molecule, the 
l a t t i c e  modes of r ig id  molecules i n  a c r y s t a l ,  o r  the interact ion o f  
l a t t i c e  modes and internal  modes of f l ex ib l e  molecules in a c rys t a l .  

Another scheme o f  operation may be used t o  adjust  parameters of  the 
potential  functions using the riiethod o f  l e a s t  squares. Observations for  

1 
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t h i s  
1 a t t  

calculat ion may include known 
ce energies,  and i t  i s  possib 

s t ruc tura l  parameters and experimental 
e t o  use information from several 

substances t o  adjust  potential  parameters coniiiion t o  them. These obser- 
vations may be appropriately weighted. 

In a l l  of these calculat ions where f i r s t  and second derivatives a re  
needed, they a r e  obtained numerically. This qreat ly  simp1 i f i e s  the 
application of constraints  and increases the i l e x i b i l  i t y  of the program. 

detai led descriptions o f  various procedures, instruct ions f o r  data i npu t ,  
a prograni l i s t i n g ,  and the output froin t e s t  problems. Some information 
on WMIN was presented e a r l i e r  (Busing, 1972) ,  and examples o f  published 
research u s i n g  the program are  l i s t e d  in Section 1 1 . 2 .  The program i s  
avai lable  from the author on request. 

This report  includes a preliminary description of the program, 
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2. OVERALL DESCRIPTION 

2 . 1  General 
This sect ion i s  intended d s  a br ief  overall  descr ipt ion o f  the 

program. Later sect ions w i l l  deal with various aspects in more d e t a i l .  
We will begin by describing some of the  program variables  making use o f  
t h e i r  symbolic names where appl icable .  
included in the l i s t i n g  o f  the  program,  Section 9 .2 .  

this i s  always calculated by the functfon subprogram WCALC. This 
energy W i s  a function o f  parameters which can be divided in to  two cate- 
gor ies :  the energy parameters, which a r e  coe f f i c i en t s  i n  the expressions 
fo r  the potent ia l  energy of the model, and the s t ruc tura l  parameters, 
which define the geometrical posi t ions o f  the  atoms in the molecule o r  
c r y s t a l .  The principal purpose o f  the  program WMIN i s  t o  m a n i p u l a t e  
e i t h e r  the energy parameters o r  t he  s t ruc tura l  parameters f o r  ane o r  
more substances in a way which depends on the MODE o f  the  ca lcu la t ion .  
Any parameters t o  be adjusted in t h i s  way must appear in the overal l  
parameter l i s t  P. This a r ray  i s  made u p  of the common parameters PC, 
which a r e  usually the energy parameters o f  the model; the l a t t i c e  parm-  
e t e r s  A f o r  each substance; ro ta t ions  SXR, SYR, and SZR and t rans la t ions  
TR f o r  each r ig id  g roup  ( o r  individual atom) in each substance; and 
ex t ra  parameters PX fo r  each substance. 

adjustment of ce r t a in  parameters (usual ly  the energy parameters) using 
c e r t a i n  other  parameters (usual ly  the s t ruc tura l  parameters) a s  obser -  
vat ians .  The matrix equation solved i s  

A glossary o f  these synbols i s  

O f  cent ra l  importance i s  the  energy W of the molecule or c rys ta l  a n d  

For mode 0 ( i - e . ,  MODE = 0 )  the program WMIN performs a least-squares  

where d i  = aW/ap i ,  the  f i r s t  der iva t ive  of the  energy with respect  t o  a 
s t ruc tura l  parameter p i ,  and B i j  = a2W/apiaq the second der iva t ive  of 
the energy with respect  t o  a s t ruc tu ra l  parameter pi and an energy param- 
e t e r  q The equation i s  solved f o r  aq the  changes in the energy 
parameters which  w i l l  t end  t o  minimize the values o f  the f i r s t  der iva t ives  
d i ,  using an appropriate  weight matrix w .  

j’ 

J *  j y  

I 
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Program WMIN computes a l l  of the reqiiircd f i r s t  a n d  second 
deri v a t i  vcs numerical 1 y by modi fyi  ng one o r  tw parameters i n the overall 
l i s t  P and entering subprogram WCRI-C t o  ca lcu la te  the modified energy. 
This procedure will  be discussed in de ta i l  i n  Sect-ion 6.5.  

Both the observations pi and t h e  variables  q .  ai-e represented iii 
J 

I n  one t o  one correspondence with t h i s  the overall pdrameter l i s t  P .  
a r ray a r e  two integer  arrays K? and K Q ,  -the observatian selection itite- 
gers and  the variable select ion in tegers ,  respectively.  These arrays 
a r e  s e t  u p  from the i n p u t  data tu -the projt-am, aiid non-zero values o f  

KP o r  KQ speci fy observations or var iables ,  respectively.  
For  modes 1 ,  2 ,  3 ,  or 4 t h e  program minimizes the energy by 

adjusting only tii t? s t ruc tura l  parameters. Far t h i s  purpose the program 
ignores t h e  input values o f  KQ arid subs t i tu tes  t h o s e  o f  KP so t h a t  the 
s t ruc tura l  parameters specified by KP serve as b o t h  observations a n d  

variaS1 cs. 
For mode 1 the energy i s  minimized by Newton's method solving the 

ma t r i x eq u a t i o n 

where d a n d  B a r e  made up o f  the f i r s t  a n d  second derivatives a s  before. 
In t h i s  iiiode, however, B i s  a symmetric matrix because the structiural 
parameters which defirie t h e  observations are  a l so  the parameters i o  be 
v a r i  cd.  

- 1 

- 

For mode 2 t h e  program minimizes the energy by -the: method o f  steepest  
descents which requires only the F i r s t  der ivat ives  t o  be calculated,  a n d  
i n  mode 3 the program uses a search technique which requires no duriva- 
t i v e s .  For mode 4 -tile program minimizes the energy as  f o r  tilode 1 a n d  
then solves the dynamical eigenvalue problem f o r  the vibrational f r e -  
quencies and normal coordinates. In mode -1 the program steps t h r o u g h  
values o f  any three specified parameters in  t h e  array P, enters  WCALC, 
and pri tits the i-esul t i  rig energy f o r  each coiiibi nation o f  parameter values 

d i r e c t l y  by !4MIN, several other. arrays a r e  important t o  the energy 
Althaugh parameter  l i s t  P i s  the only array ~ h i c l i  can be varied 



calculat ion.  Array X'iZ co t i t a i r i s  the f ract ional  coordinates of the PJA 
atoms in the basic asymetr ic  u n i t  o f  a crystal  or isolated rrialecule. 
These coordinates wh.ici.1 a re  read a s  i n p u t  a re  riot  i n  general !;sed a s  
var iables  o f  the program, 
SYK, a n d  SZK or t rans la t ions  'TR o f  the r i g i d  bodies away from these b a s i c  
pos i  tioris. 
tion are  stored in X Y Z R .  A l i s t  o f  the  MAC atoms i n  a u n i t  c e l l  i s  
generated from the coordinates o f  FilA atanas and the NS syriiriietry t r a n s f a r -  
mations g i v i n g  t.he proper weight ts atoris in c rys t a l  Icgraphit: :  idpeciijl 

posi t i  ons ,  The coordi m - k s  o f  t h e s e  NAC atonis a re  generated from the 
basic asymriietric u n i t  on  each entry t u  WCALL and s t o r e d  i n  arrays XC, 
YG, and ZC. I t  i s  these coordinate  a r rays ,  which i n c l u d e  t h e  effect:; o f  
r ig id  body r o t a t i o n  snd t r a n s l a t i o n ,  t h a t  a r e  used d i r e c t l y  i n  t he  energy 
ca l  clal a t  i on. 

Instead, the variables a r e  the r o t a t i o n s  S X R ,  

T h e  c o o r d i n a t e s  of the NA atonis a f t e r  r o t a t i o n  and t rans la -  

Ot.her a r rays  o f  importance a re  those which  describe t he  properties 
a-f NFA cheinical kinds a f  atCJills.. These inc ' lude the a tomic  inasses AMASS 
and the Fa1 1 owing energy paramete rs :  Q, the C o u l  ornb charges. on the atoms j 
PI-, t he  van der Waals coef f ic ien ts ;  AR, t he  repulsion r a d i i ;  and BK, the 
softness parameters f o r  repul s ion I 'The roles  of these garmeters i n  the 
potential  energy expression wi l l  be discussed i n  deta i l  i n  another 
section. Although the pardmeters Q ,  P L ,  A R ,  arid RII canriot be varjed 
d i r e c t l y  by program WMIN, i t  I s  the purpose o f  the coirnmin pdrameter a r r a y  
PC t o  pertnit the inclirect adjustment o f  these and  v a r i o u s  other param- 
e t e r s .  
subroutine CNSTRN prepared by the user. 'This routine tnay s e t  the  values 
o f  Q 3  PI., AR, and BK i n  ternis o f  the values o f  the car;jr!1nn parameters K ,  
and i n  t h i s  way C;NSTRN serves t o  define the meaning of the parametws PC. 
In general the coiiimor1 parameters PC have no e f f ec t  on t h e  energy calcu- 
l a t ion  except as defined by subroutine CNS'TRN and  two other routines t o  
be rrieritioned below. Parameters PC a r e  cal led conmon . ..- because one s e t  of 

values iiiay apply t o  more than  one substance in a s i n g l e  calculat ion.  
The extra par.amet,ers PX p l a y  this Same ro le  a s  parameters defined by 
the user except t h a t  a separate array PX i s  assoc ia ted  w i t h  each sub- 
stance. Subroutine CNSTRN can a l s o  be used t o  specify any desired 
relat ionship between a t o m i c  coordinates o r  r ig id  body translat ' ions and  
r o t a  t i  ons 

The l i n k  between these energy parameters and the array PC i s  
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2.2 M A I N  Program - 

word M A I N ) .  This rout ine,  which does n o t  appear in the flowcharts of 
bigs. 2 . 1  t u  2 .5 ,  has the principal purpose of assigning space t o  133 
arrays a t  run t i m e .  Storage i s  a l loca ted  on the basis o f  16 i n p u t  
in tegers ,  LIMY which s c t  upper l i m i t s  on various dimensions. MAIN 
passes t h e w  arrays t o  the r e s t  of tile program as subroutine arguments. 
l h i s  procedure i s  described in de ta i l  in Section 7 . 1 .  

- -  

Execution begins i n  a MAIN program ( i n  the Fortran sense of the 

2 . 3  Basic Subroutine WMIN .......... __ __ 

We w i l l  describe br ie f ly  the f l o w  of t he  program f o r  a typical 
calculat ion referr ing t o  the f l o w  charts  of Figs. 2 . 1  t o  2.5. Numbers 
o f  the boxes in these charts  correspond to statentent numbers in the 
source program. 

‘Ihere a r e  two niain paths which the calculation takes depending o n  
whether several substances a re  t o  be t reated together o r  separately.  
common parameters P C  a r e  t o  be varied by the program ( N V C  # 0;  t h i s  can 
only occur i n  mode 0 )  then informa-tion about each substance i s  written 
on auxi l iary storage (disk or tape) .  
a n d  the contribution of each substance i s  added t o  -the least-squares 
matrix of normal equations, I f  no common parameters a re  to  be varied 
( K V C  = 0 ;  t h i s  must be the case except i n  mode 0 )  then each substance i s  
t reated separately a n d  no auxi l iary storage i s  used. 

control information, including the MODE and common parameters P C .  N V C ,  
the  number of  variable common parameters, i s  determined and used t h r o u g h -  
o u t  NMIN t o  control whether calculat ions f o r  various substances are  t o  
be combined o r  n o t .  Me w i l l  f i r s t  t race  the flow f o r  N V C  = 0 so t h a t  
substances are t reated separately and no auxi l ia ry  storage i s  used. 

If 

This infortnation i s  then read back 

The basic subroutine MMIN (Fig.  2 . 1 )  begins i n  Box 500 by reading 

The substance i d e n t i f i e r  ISB i s  read i n  Box 595 and a zero value 
s igna ls  the program (Box 597)  t h a t  no fur ther  substances will be 
included. When N V C  = 0 t h i s  terminates the job.  Subroutine WPRE i s  
cal led from Box 620 to  read input and make preliminary calculat ions f o r  
the one substance. This subroutine ( F i g .  2 . 2 )  s to res  parameters i n  the 
overall l i s t  P a n d  s e t s  the observation and variable select ion integers 
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KP and K Q .  Subroutines SETA and CNSTRN a re  a lso ca l led  from \@RE. Upon 
return from WPRE the MODE i s  tes ted (Box 630) and fo r  mode -1 the mapping 
procedure (Box 1710) i s  i n i t i a t e d .  Otherwise the pragrani pr in ts  the 
overall parameter l i s t  P (Box 635) and i n i t i a l i z e s  a cycle o f  paranieter- 
adjustrnerrt (Box 745) .  

cycle by entering f u n c t i o n  subprogram WCALC. Because t h i s  energy calcu- 
l a t ion  i s  a major p a r t  of the program we will  discuss i t  in some de ta i l  
in Section 2.4.  
entry WCALC p r in t s  various contributions t o  the energy and  l i s t s  the 
shor tes t  interatomic dis tances .  If intramolecular energy i s  t o  be 
calculated for  f l ex ib l e  molecules then WCA1.C c a l l s  GC2X which computes 
and  p r in t s  bond dis tances ,  bond angles, and conforniation angles and  t he i r  
contributions t o  the energy. Finally WCALC p r in t s  WC, WV, WR,  WX, and 
WT the Coulomb, van der Waals, repulsion, a n d  intramolecular energy 
contr ibut ions,  and  the to t a l  energy, respectively.  Upon return from 
WCALC the  to t a l  energy i s  a l so  stored as the variable N. 

I n  Box 800 the program makes the f i r s t  energy calculat ion of the 

A t  t h i s  point we will merely note t h a t  on t h i s  f i r s t  

I n  Box 815 the program t e s t s  the MODE a n d  branches t o  the niininiuni 
energy search (Box 2035) for  mode 3. 
loops in Box 820 t o  generate numerically the f i r s t  and second der ivat ives  
of the energy with respect t o  parameters specified by the observation 
and variable select ion integers  KP and KQ. For each der ivat ive one or 
two parameters P a r e  modified and  WCALC i s  entered to  ca lcu la te  the 
modified energy. On these e n t r i e s ,  however, WCALC follows a much f a s t e r  
procedure t h a n  on the f i r s t  entry and produces no printed o u t p u t .  Again 
t h i s  will be described in more de ta i l  in Section 2 .4 .  

Otherwise WMIN enters  a s e r i e s  o f  

I f  the  experimental energy WOBS i s  to  serve a s  an observation in a 
least-squares adjustment of paranieters, then i t s  contributions t o  the 
least-squares matrix AN and vector VN a re  computed in Box 1010. This 
can only occur i n  mode 0.  

branches t o  minimize the energy by the method of s teepest  descents (Box 
1850). 
der ivat ives  a re  printed.  The vector DYC i s  the negative of DW, the f i r s t  
der ivat ives  of the energy with respect t o  s t ructural  parameters (i . e .  

I n  Box 1030 the MODE i s  agctin tes ted a n d  in mode 2 the program 

For mode 0 ,  1 ,  or 4 the program proceeds t o  Box 1085 where the 
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t h e  vector d o f  i q s .  1 and 2), and i t  i s  these f i r s t  der ivat ives  which 
the  program will attempt Lo reduce t o  zero. The m a t r i x  BTR ( B  of Eqs. 1 
and 2 )  contains the  second der ivat ives  so that. R T R  and DYC together 
define the observational equations. These arrays a r e  used t o  s e t  up -the 
matrix AN arid the vector V N  e i t h e r  .for- Newton's method o r  For the method 
o f  l e a s t  squares, 
not be incliided depending on t h e  control input. 

- - 

I n  the l a t t e r  case the weight matrix WMAT may or may 

I n  Box 1200 these l i n e a r  equations a r e  solved for  the changes i n  
t h e  variable parameters. For t h i s  pur-prise t h e  matrix A N  i s  inver-ted 
u s i n g  the [nethod o f  principal component analysis .  'That - i s ,  the e-lgen- 
values EUAL a n d  eigenvectors EUEC of AN a r e  determined arid usrd t o  
generate i t s  inverse. Eigenvalues which are  siiialler than ,4RE times the 
1 arges t. oiie correspond t o  poor1 y detrrmi nsd  1 i near combi nations of 
var iables ,  and these a re  oiiiitted from t h i s  calculat ion.  'The overall 
r e s u l t  i s  to  avoid t h e  problem of  s i  ngu i  a r  o r  i 11 -conditioned matrices 
a n d  t u  reveal t o  the iuser the sets  of redundant parai1ieter.s which cause 
them. Finally the revised parameters are calculated and  p r i n t e d ,  and 
the program returns t o  Boxes 745, 800, and 820 for another cycle o f  

ref i nemen t . 
On the final cycle (cycle nurrrbrx. NC -t 1 )  the Iprngraiil does i7ot make 

any parameter adjustment. 
where only t h e  . f i r s t  der ivat ives  o f  .the energy a r e  printed.  
the program c a l l s  subroutine NDYN (Box 1548) t o  ca lcu la te  vibrational 
frequenci e5 and normal coordi nates. This reut i  ne wi 11 be descri bed i n  
de ta i l  i n  Sections 2.5 a n d  6 - 1 0 .  Finally i n  Box 1550 the program gen- 

Instead i t  branches a t  Box 1007 t o  Box 1505 
I n  mode 4. 

e ra tes  revised atom coor 
which have been varied,  
ca lcu la t ions ,  

In Box 1605 two cop  
One o f  t h e w  i s  diverted 

i n a t c s  and punches ca rds  f o r  any parameters 
lilese cards may be used fo r  i n p u t  t o  fur ther  - 

es o f  a summary of the calculation a re  printed.  
t o  a sepzrate o u t p u t  stream so t h a t  i t  may be 

readily saved a s  a n  abs t rac t  of t i l e  ra lcu ia t ion .  
re turns  to  Box 595 t o  read i n p u t  for another substance or  terinSnate the 
j o b ,  

more t h a n  one substance a r e  Lo be varied (and  t h i s  can only occiir i n  

The pvogram then 

Nhen N V C  # 0 indicating t h a t  parameters PC which may be common i o  
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mode 0 )  then I.JNII! follows a somewhat d i f f e r e n t  path as indicated in  
F i g .  2.1. I n i t i a l  input t o  the j o b  i s  redd in BQX 500 as before, and 
auxi l ia ry  d i s k  or tape storage i s  i n i t i a l i z e d  o r  rewound i n  Box 590. 
The substance flame STITLE and a non-zero l i d e n t i f y i  nq integer  XSrj a r e  
read in Box 595 and  WPfE i s  cal led from €$ox 620 t o  read i n p u t  and 
i n i t i a l i z e  the m l c u l a t i a n  for  one substance. I n  Box 625 a l l  the neces- 
sary information f o r  one substance i s  written as  a record on the auxil-  
i a ry  storage and the program returns t o  Nox 535 to  read input for  the 
n e x t  substance. 

When the i n p u t  f o r  a l l  substances has been read and stored a zero 
value o f  1SB terrriindtes t h i s  l o o p ,  and i n  Box 610 an end-of-fi le i s  
writ ten on the auxi l ia ry  s torage.  I n  Eox 635 the proqratn p r i n t s  the 
overall  parwneter l i s t  P which includes the common pararneters PC and the 
parameters A, %I?, SYR, SZR, TR, and PX for each substance. A cycle o f  
refinement i s  i n i t i d l i z e d  i n  Box 745, the auxi l ia ry  storage -is rewound 
(5ox 775)  arid information for  the f i r s t  substance i s  read from this  
storage i n  Box 780. The proyrarii now proceeds t h r o u g h  Boxes 800, 820, 
1010, and 1085 as before adding t he  contributions of one substance t o  
the least-squares matrix a n d  vector AN and YN. 

i s  repeated unt,i 1 the end-of - f i  1 c i s  encountered on the a u x i l  i a ry  
storage,  
substances dnd the prograrri proceeds i n  BQX 1209 t o  obtain the  revised 
parameters a s  before a 

when any revised paranieters f o r  each substance dre punched on cards (Box 
1550) e When the end-of-f i le i s  encountered on t h i s  Fina l  cycle t h e  
revised common parameters a r e  punctied (Box 1600) ,  one p a i r  of surnnar-ies 
a r e  p r in t ed  for the calculat ior , ,  and the j o b  i s  terniindted. 

Information f o r  the next substance i s  read (Box 780) and the process 

A t  th i s  point the AN and V N  include contributions from a l l  the  

Further cycles dre  performed i n  the same way u n t i l  the f i n a l  cycle 

2 - 4  C-unction WCALC 
T h e  function subprogram WCALC which ca lcu la tes  the energy f o r  a 

On the f i r s t  entry t o  substance i s  shown s c h e n i d t i c a l l y  i n  F i g .  2 .3 .  
this routine (from Rox 800 o f  the  rnain prograrn) the calculat ion i n  NCALC 
followbs a p a t h  which i s  considerably d i f f e r e n t  froin t h a t  trlkexi on 
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subsequent e n t r i e s .  This division of flow i s  controlled by a switch ISW 
whic,h i s  s e t  t o  one before the f i r s t  entry a n d  t o  zero t h e r e a f t e r .  
principal purpose o f  t h i s  division i s  t o  increase the speed of execution 
of the l a t e r  calculat ions w h i c h  make use of information stored on the 
f i r s t  entry.  
culating numerical f i r s t  and second der ivat ives ,  th i s  procedure often 
saves a fac tor  of ten or  more in computing time. 

Another important purpose o f  t h i s  division i s  to  insure t h a t  the 
energy calculated on subsequent e n t r i e s  includes contributions from 
exactly the same terms as  t.hat from the f i r s t  entry.  
f o r  the accurate calculat ion o f  numerical der ivat ives .  WCALC a l so  prints 
cer ta in  o u t p u t  on the f i r s t  entry b u t  not on subsequent passes. 

IBK may cause cer ta in  sections o f  the program t o  be bypdssed i n  subse- 
q u e n t  e n t r i e s  to  WCALC, b u t  o n  t h i s  f i r s t  entry both of these indicators 
a r e  zero so t h a t  no by-passing occurs. 

I n  Boxes 500-555 WCALC picks u p  parameters from the overall l i s t  P, 

c a l l s  subroutine SETA to  es-tablish symmetry constraints  on the l a t t i c e  
parameters, a n d  calculates  quant i t ies  based on these parameters. Then 
a f t e r  ca l l ing  the user routine CNSTRN (Box 560) the program uses the 
r i g i d  body rotat ions and t rans la t ions  t o  es tab l i sh  the basic atoiii coor- 
dinates  XYZR and those o f  a l l  atoms in the c e l l ,  X C ,  Y C ,  and ZC (Boxes 

The 

Because WCALC i s  entered repeatedly in the course of ca l -  

This i s  necessary 

Several other indicators  including t h e  argument IBY a n d  the switch 

605-665). 
The Ewald constant CK controls  whether reciprocal l a t t i c e  sums f o r  

the Coulomb or van der Waals energy terms a r e  to be calculated i n  Boxes 
685, 700-775, a n d  800-870. 
Otherwise these slim a r e  made over N Q  s h e l l s  in reciprocal space w i t h  
r ad i i  specified by QLIM so t h a t  t h e i r  values accumulated t o  each l i m i t  
can be examined f o r  convergence. Each s e t  o f  indices HX, HY,  HZ of a 
reciprocal l a t t i c e  p o i n t  i s  tes ted in Box 750 against  the l imi t s  af the 
shell  and then checked by the user ' s  subroutine REJECT which can be 
programmed t o  eliminate space group absences thus speeding up  t h e  calcu- 
l a t i o n .  
WX'f, HYT, and HZT (Box 7 7 5 )  For use in subsequent e n t r i e s  t o  WCWLC.  

In Box 800 the s t ruc ture  factors  a r e  computed and t e r m  a r e  added  

I f  C K  = 0 these summations a r e  bypassed. 

The indices o f  acceptable l a t t i c e  points a r e  saved i n  arrays 

to  Coulomb a n d  v a n  der Waals sums w i t h  modification fac tors  based on the 
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Ewald constant C K  t o  increase the r a t e  of convergence. 
u n i t  c e l l  a r e  a lso computed in Box 895 as a p a r t  o f  the reciprocal 
l a t t i c e  ca lcu la t ion .  

Next in Boxes 940-1305 subroutine WCALC computes various sums over 

Sums over the 

the interatomic vectors of  the d i r e c t  l a t t i c e .  This summation i s  made 
in two par t s .  F i r s t ,  i f  a reciprocal l a t t i c e  summation has been made 
( C K  # 0)  i t  i s  necessary t o  subtract  o u t  the e f f ec t s  o f  a71 vectors (with 
no l imi ta t ion  on t h e i r  lengths)  between bonded atoms or atoms in the 
same r ig id  body {Box 955) .  
to ta l  energy, b u t  there  i s  no simple way to  omit them from the reciprocal 
l a t t i c e  sums. 

Next, the contributions of vectors not between bonded atoms o r  atoms 

These contributions a r e  n o t  wanted in the 

in the same r ig id  body a re  computed including the appropriate modification 
fac tors  i f  the Ewald constant C K  i s  n o t  zero. These vectors a re  divided 
in to  NR s h e l l s  depending upon t h e i r  lengths and the specified l imi t s  
RLIM so tha t  the r e s u l t s  accumulated t o  each l imi t  can be examined fo r  
convergence. 
the d i r ec t  l a t t i c e  sum a re  stored (Boxes 955 and 1215) during t h i s  f i r s t  
entry t o  WCALC f o r  use on subsequent en t r i e s .  
loops a specified number of the shor tes t  interatomic distances and t h e i r  
contr ibut ions to  the energy a r e  printed (Box 1305). 

Next, in Box 1365 subroutine CWX 4s entered t o  compute any extra 
energy WX such a s  the internal  energy o f  polar izat ion which has been 
programed by the user. 
i s  entered to  add  contr ibut ions which depend on bond dis tances ,  bond 
angles, and conformation angles in a way specified by the NCT input 
cards which set u p  the connection tables  IACT, I C T ,  I D Z ,  IAZ, and ITBR. 
This subroutine which i s  diagrammed in the flow char t  of Fig. 2 .4  a l so  
has  two paths o f  flow controlled by the switch ISW. On the f i r s t  entry 
subroutine GCWX generates a l l  d is tances ,  angles,  a n d  conformation angles, 
and ca lcu la tes  t h e  contribution of each t o  W X .  T h i s  information i s  
printed and stored for  use by the subroutine on subsequent e n t r i e s .  

Upon return from GCWX function subroutine WCALC p r in t s  WC, W V ,  WR, 
W X ,  and WT, the  Coulomb, van der Waals, repulsion, a n d  internal  energies,  
and the t o t a l  energy, respect ively.  The  value of the  function WCALC i s  
s e t  t o  WT and  the subprogram returns t o  WMIN. 

The specif icat ions for  each vector used in e i the r  p a r t  o f  

After completing these 

Then the general extra energy subroutine GCWX 
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Later e n t r i e s  t o  WCALC from Box 820 ( F i g .  2 . 1 )  fo r  the calculat ion 
of nunierical der ivat ives ,  from Box 1770 f o r  energy mapping, from Box 
1850 f o r  the method o f  steepest  descents, o r  from Box 2035 for  the mini- 
iiiuiii energy search a re  made w i t h  the switch ISM = 0 so t h a t  the subprogram 
rrrakes use o f  quant i t ies  stored on t h e  f i r s t  entry.  AFtei- making i n i t i a l  
calculat ions and s e t t i n g  u p  the  atomic coordinates (Boxes 500-665, Fig. 
2 - 3 )  the subroutine makes a rapid reciprocal l a t t i c e  summation (Boxes 
780-885) using the indices of the reciprocal l a t t i c e  p o i n t s  which were 
stored on the f i r s t  entry.  The u n i t  c e l l  sums a r e  made (Box 895) and 
the d i r e c t  l a t t i c e  sums a r e  accumulated (Box 1390) f o r  the l i s t  of 
vectors stored e a r l i e r .  

Subroutines CWX and GCWX a r e  cal led (Box 1500) t o  ca lcu la te  extra 
energy WX. The l a t t e r  routine (Fig. 2 . 4 )  loops over distances,  angles,  
and conformation angles which were stored on t h e  f i r s t  entry.  
WCALC re turns  t o  W M I N  w i t h  the t o t a l  energy a s  WT and also as  the value 
of the function WCALC. 

Finally 

Several indicators  a r e  used by WCALC t o  speed u p  the calcula,tion of 
the energy on a l l  e n t r i e s  a f t e r  the f i r s t  one of  each cycle,  t h a t  i s  f o r  
switch I S W  = 0.  These will be mentioned br ie f ly  here and described i n  
more de ta i l  i n  Section 7 . 2 .  

The indicator  I B Y  which serves as an argument o f  WCALC has a value 
of 0 t o  7 established by function subroutine ISYPAS. This indicator  
operates t o  bypass the e n t i r e  reciprocal l a t t i c e  summation, d i r e c t  
l a t t i c e  summation, or extra  eriergy calculat ion when the r e s u l t s  o f  these 
will be unchanged from the previous entry.  I B Y  causes t h i s  bypassing 
only in iriode 0 and i f  der ivat ives  w i t h  respect to  common parameters PC 
a r e  being calcul ated.  

no change i n  conimon pararueters PC, l a t t i c e  parameters A, or extra param- 
e t e r s  PX since the previous entry.  The array I C C  serves a s  a s e t  of 
s imilar  indicators f o r  the coordinates of each atoiii i n  the c e l l .  If 
I C C A X  = 0 and the indicators  I C C  a r e  zero for  a l l  the atoms involved in  
a par t icu lar  d i r e c t  l a t t i c e  vector i n  WCALC o r  in  a bond, angle, or 
conformation angle i n  GCWX, then the corresponding energy t e r m  will be 
the same a s  i t  was on the previous entry and i t  i s  simply picked up from 

WCALC a lso  s e t s  another indicator ICCAX t o  zer-o i f  there  has been 
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storage and  added to the sum. 
term f o r  the sum and a lso  saves i t  f o r  use on the next entry.  

Otherwise the program recalculates  the 

c 2.5 Subroutine . WDYN .I-- 

I n  mode 4 the program proceeds t o  minimize the energy by Newton’s 
method j u s t  as i t  does fo r  mode 1 .  On the f ina l  cycle o f  refinement, 
however, the niat,r ix o f  second der ivat ives  BTR i s  saved and in Box 1540 
( F i g .  2.1) the  main program cd’lls subroutine WDYN t o  ca lcu la te  and p r in t  
the vibrational frequencies and  normal coordinates f o r  the potential  
energy model o f  the substance. 
shown schematically in F i g .  2.5.  

T h e  f l o w  diagram f o r  t h i s  subprograin i s  

I n  Box 500 W D Y N  obtains DXQ, DYQ, and  DZQ, the der ivat ives  o f  
Cartesian coordinates o f  the atorns with respect t o  the rigid-body rota- 
t i o n s  and  t rans la t ions  which serve as the NVD dynamic var iables .  These 
der ivat ives  a re  obtained numerically by iricrementing one variable param- 
e t e r  P ( 1 )  a t  ii time and entering WCALC t o  obtain the corresponding s e t  
o f  Cartesian atomic coordinates. For t h i s  purpose a switch IBK i s  s e t  
nori-zero t o  indicate  t h a t  WCALC need only compute the atom coordinates 
and can then return wlithout calculat ing the energy (5ox  662, Fig. 2 . 3 ) .  

masses AMASS t o  s e t  u p  the mat r ix  A K E  with elements which a re  the second 
der ivat ives  o f  the  kinet ic  energy with respect t o  the ve loc i t ies  
expressed in terms of  the dynamic variables.  

procedure, then the corresponding rows and columns a re  removed from 
rriatrix BTR (Box 555) sinc,e these parameters cannot ~ e r v e  as dynamic 
var iables .  

I n  Box 535 (Fig.  2 .5)  W D Y N  uses these der ivat ives  and  the atamic 

I f  l a t t i c e  parameters served a s  variables in the energy miniirriization 

Matrices R T R  and A K E  a r e  then printed.  
I n  Box 605 subroutines a re  cal led which solve the general matrix 

eigenvalue probl em 

where B a n d  K are  mat rice^ BTR a n d  A X E ,  respect ively,  which correspond 
t o  the F and G-I matrices i n  the usual spectroscopic notation. The sub- 
routines solve for  r,, the diagonal eigenvalue matrix which i s  stored a s  - 
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the  vector E V A L ,  and U, the eigenvectors which a r e  stored i n  array BTR. 
The frequencies in wave numbers a r e  stored i n  F K E Q  (Box 6 4 5 ) ,  a n d  the 
eigenvalues a n d  eigenvectors a r e  p r i n t e d  (Box 655) .  

For each such mode (Box 657) i t  USES E V E C  and D X Q ,  D Y Q ,  a n d  DZQ t o  get]- 

c r a t e  the displacements X Y Z D  of each atom referred t o  a Cartesian system. 
(This system i s  taken as t h a t  defined by the input data for the f i r s t  
r ig id  body.) 
a r e  then printed.  

I n  Box 676 the program performs a s e r i e s  o f  loops to  generate For 
each syrninetry operation a quantity CHAR which i s  the group-theoretical 
character o f  a non-degenerate mode and which i s  re lated t o  t h a t  character 
for  a degenerate one" 
repeats the calculat ion f o r  the next normal mode. When a l l  NVD modes 
have been analyzed subroutine W D Y N  returns to  WMIN. 

Next W D Y N  s t d r t s  a l o o p  over the N V D  normal modes o f  vibration. 

The frequency and  atomic displacements f o r  one normal mode 

These quant i t ies  a r e  printed and the program 
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ORN: DWG. 7 3 -  l Z 8 2 l A  

ond NPC. 
Read common parameters Pr: 
and variable w e c t i c n  
integcrs KOC. 
Copy PC h t o  overill 
pniameter Itst P. 
Set vmable sclecticn KO 
occordsnq to MODE ond 

61 0 

No more 
s ~ ~ s t o n ~ e s  

cnI_ 

ond suostunse add parameters to 
overall I s t  P,  and 
set observation and 

625  Rewind 
uux liary 

Write informotion for 
one subrtansr un 
auxiliary disr. storage 

I t  l<PW f O  compute 
contribution of the 
observed energy 
WOBS to  the leasf-  
squares matr ix  AN 
a n d  Vector VN.  

l ? O  T 
Colculore numericalb 
thGSc first and 
second derivatives 
*hich are required, 
Appropriate parometa 
P ( i )  are incremented 
ana function ioutine 
WCALC i 5  entered 
repea redly. - ~ -  

Read input to specify 
variables for erergy mapping 
~ ~ I c ~ l a t i o n .  Loop tnrough 
these iariubles. CALL WCALC, 
ond print fesdttt:y enerqy 
f o r  each set of parameters. 

r- 2 
Perform t 6 T G  stages 
of energy mmimliotion 
using a search teChPigve. 
Each trtal energy 15 

cycle? 

unless number ,of 

G 7 5  1 
Ptint weroll purometer 
l is t  P. 
Count observotiuns and 
variables olnd set NO 
and NV. 

solve for principal 

Test eiqenvotues and 
reject poorly determined 

Colculate parameter 

by setting 1BK= I 
ond entering functioli 
routine WCAi.C.  
Punch revised 
parameters for 

Punch revised 
common parameters 

Add contribution of this 
substance to matf i r  AN 

Figure 2 .1 .  Basic subroutine W M I N ,  which ad jus t s  selected parameters 
by var ious  procedures depending on t h e  mode specif ied.  
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O R N I L  DVJG. 73-12820 

............... 

symmet ry  
.................... ... ......... 

sum5. 

540 530 .- 

atom description 
cards including 

I I E x ~ a n d  bosic I 
asymrnett  ic  uni t  
and m o d i f y  N A .  
Read assign me nt  s 
o f  atoms to r i g i d  
bodies,  I R 8 .  

_I_I. . 

d e s c r i p t i o n  of 

820 

and var iab le  
se lec t ion  K P S  a n d  
KPS for th is  
substance a n d  set 
ove ra l l  se lec t ion  
K P  a n d  K Q  
accord ing  to MODE 

.... 

.......... 

. .  

720 
Loops to  store 
lat t ice parameters 
A ,  r i g i d  body 
rotations SX R ,  
t ranslat ions TR, 
and extra parameters 
PX in overal l  
parameter  l i s t  P. 

98.0 ........... 
C4LI.. SETA 
to  set l a t t i ce  
parameter 
sytnme?ty 
... ........ 

I a t  t ice para in et  ers . 

I R E T U R N ~  
Cartesian tronsfoimat ion 
matrices A C Z  based 
on in i t ia l  values of 
the lat t ice cararneteas. 

F i g u r e  2 .2 .  Subroutine WPRE, which reads the input and makes 
preliminary calculat ions f o r  one sulsstance. 
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O R N L -  DVIG. 7 3 -  12819A 

bockbone atoms 

Start loops over 
NCT backbone 
atoms and up to 
six angles f o r  
each. 

deformotion energy. 
S tore  information 
for use in fost 
summoiions. 
Print resul ts.  

6 2 0  

Start loops over 
NCT backbone 
atoms and up to 
nine conformation 
angles for each of 
four  bonds. 

Compute 
conformation energy 
Store information 
for use in fast 
summations. 
Print results. 

I 

Done 1 
6g+L 

bonds. 

,7;;any;on) , ,750 4 , 
Recalculote 

energy. ...... ...... 

__. 

over l i s t  of 
angles. 

pa ramet e r 

energy 

795 
N o 0  n e 3  

Recalculate 
contribution to 
ongle deformation 
e n e r g y .  

Start fast loop 
over list o f  
conformat ion 
angles. 

........ 

and I C C  for 
parameter 

conformat ion 

Figure 2 . 4 .  Subroutine GCWX, which makes a general calculat ion of 
the internal energy o f  a molecule. 
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500 

I. Oop to modify paramstrrs 
P ( I )  and enter LVCAL C 
repeatedly to obtoin 

1720, +he derivative; of to store kinelic 
Cartesian r,oordiriares wi th  enerqy motrlx 
respecf to rigid-body 
rotatiorls u n d  trons!atlons. 
Pr i i i t  DXU. e tc .  

m ~ s ~ s  r w c s  

ORNL-DWG. 73-1281 

eigenvalue problrnl 

F i g u r e  2.5. Subrout ine  WDYN, which ca lcu la tes  t h e  v i b r a t i o n a l  
f requenc ies  and normal modes for  a substance. 
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3. CI-iE V R U C  I^URAL MODEL. 

3.1 Introduction 
The s t ruc tura l  model which i s  manipulated b y  WMIN iilay consis t  of 

r ig id  molecules which r o t a t e  o r  t r a n s l a t e ,  molecules made up of r i g i d  
segments, or individual atams with po;iitions which can vary independently. 
These units a re  used t o  describe e i t h e r  zrysta7s o r  isolated molecules, 
and the  mode? may be constraincd t o  any desired c rys ta l  or im01ecular 
symmetry. I n  t h i s  section we will describe how the program se%s up  tlicsz 
models. Examples of some o f  the  p o s s i b i l i t i e s  avai lable  t o  thc  usci- are  
presented i n  Section 5.  

3.2 ~. Genera- -. .~ ~ the Coniplete ___ ..... h i t  ___ Cell 
All s t ruc tures  a r e  se t  u p  i n i t i a l l y  by subroutine WPRE i n  terms o f  

the c rys t a l  lographic u n i t  ce l l  parameters, f ract ional  atom coordinates,  
and symmetry opera t jons .  The s i x  u n i t  c e l l  or l a t t i c e  paranwters, a ,  b ,  
c ,  cos a ,  cos 6: and cos y, a r e  input t o  the  array A, and these define 
t h e  axes to  which the atom coordinates a r e  referred.  Fractional coor- 
dinates  for  each o f  NA atoms i n  the  basic asymmetric u n i t  a r e  read t o  
array X Y Z ,  and NS symmetry cards defining o p e r a t i o n s  which will generate 
a l l  the  atoms o f  the unit  cel l  a r e  i n p u t  t o  array SYM. The s;/mme!:ry 
cards inlrst include the i d e n t i t y  operation x , y , z ,  usually a s  the f i r s t  
entry.  Some other r e s t r i c t i o n s  on the  sequence of the symmetry cards 
will  be mentioned below; these a r e  especial ly  important i f  the s t ruc ture  
i s  described a s  centrosymmetric w i t h  I C E N T  = 1 .  

specifying an integer  stored i n  array IKA. This i n p u t  inay include some 
exlra  pseudo-atom or  points which d o  n o t  contribute t o  the energy, b u t  
which a r e  used a s  described below t o  define rigid-body coordinate 
systems. For these extra atoms ' I K A  i s  se t  t o  Z ~ W .  Each atom in the 
asyi-metric u n i t  i s  assigned t o  one o f  NRB r i g i d  bodies  by specifying an 
integer  stored i n  array IRB. This will  be discussed in n-tore de ta i l  
bel ow. 

An isolated molecule may be described i n  a Cartesian angstrom 

Each o f  .the NA i n p u t .  atoms i s  defined a s  a chemical k i n d  by 

coordinate system by s e t t i q  the l a t t i c e  parameters A a t  1 , l  ,1 , O , O , O ,  
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using only one syiimetry card for x,y,s, a n d  reading t h e  atain coordinst;es 
expressed i n  angstroni  units  

t o  generate NAC atc i - is  in the u n i t  ce l l  
atom i s  storecii i n  several a r m y 5  w h i c h  are printed f o r  the  user’s 
inspection. 
o f  the sequence nurtiber o f  t h e  atom in the i n p u t  l i s t .  arid the ~ u m h e r  o f  
the symmetry card used t o  generdt-i: atom I: in the c e l l .  The a r r ays  XC, 
YC,  and ZC c o n t a i n  t h e  f rac t iona l  coordinates o f  -the generated atoms. 
Later these coordindtes will define the atom p o s i t i o n s  from which the 
energy i s  computed, and  X C ,  YC, arid ZC w i l l  be recomputed each t ime the 
model i s  adjusted by moving a r i g i d  body o r  an ind iv id t rd l i  d t o m .  I n  
MPRE 
generated coordinates can be c-mapared wi t;h theill (mndu?o 1 . D )  t o  avoid  
placing two atorris i n  t h e  same posit ion.  ( T h i s  caniparison i; only made 
f o r  two atoms with the same TU. 
an extra atom a t  the  Same posit ion as aiiothcr atatn, EiRd lh l ’s  i s  permitted. 
A cor-e-shell model for  an atom could a l s o  be generated with t h e  two com- 
ponents a t  the same location provided tha t  they have d i f f e ren t  value.: of 
I K A . )  The comparison enables t h e  program to  recognize atoms on special 
crystallographit- p o s i t i o n s  such a s  inversion centers ,  ro%ation dxes, or  
mirror platies. 
posit ion is  generated. This i n fo rmt ion  i s  used l a t e r  t o  es tab l i sh  the 
expression f o r  the formula uni t  and the mul t ip l ic i ty  o f  each aton i ’ s  
c o n t r i b u t i o n  t o  the energy. 

Subroutine WPRE U S ~ P  the NA input a t o m  and the 5 symmetry cards 
I n f o r m t i o n  ataoi-it each s i ~ h  

I n  t h i s  o u t p u t  the  a r rays  JAC drid ISC cons is t  r c s p ~ c t i v e l y  

however, these generated coordinates a re  s t o r e d  only so t h a t  new1.y 

OLcasiondlly the user  niay w i s h  t o  p u t  

The a r r a y  SMG s tores  a cotnnt of the plurr~ber of  t i rnes edch 

A multip 
FMC. This i s  
posit ions and  

i n  I R B C  which 
I n  t h i s  

r i g  

3 . 3  

the 

i e r  used in the s t ruc ture  factcjr calculat ion i s  stored in  
d i f f e ren t  fr-om 1 . 0  only  f o r  c,ertain atoms i n  special 
o n l y  when the s t ruc ture  i s  t reated as  centrosylrinietric. 
n i t i a l  calculat ion subroutine WPKE a l s o  s tores  a n  i n teye r ’  

a s s i g n s  each atom o f  the uni t  c.el1 t o  one of the NRB*NS 
d bodies in the c e l l .  

Re1 axing Symmetry Constraints __.I._.__._ 

Subroutine MPRE includes a fea ture  which permits the user t o  expand 
a s y m e t r i c  uni t  t a  include atoms generated by the f i r s t  several 
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symmetry cards.  This procedure i s  invoked by s e t t i n g  control integer 
IRSC t o  the  number of symmetry operations to  be used for  t h i s  expansion. 
When IRSC i s  greater  than one the program generates a new l i s t  o f  atorris 
from the begintilng of the u n i t  c e l l  arrays described above. 
of NA i s  increased, and t h i s  l i s t  i s  used a s  though i t  was the i n p u t  
l i s t  t o  regenerate the atoms in the u n i t  c e l l .  This time, however, the 
second symmetry card (and perhaps o thers )  generates atoms which d u p l  i e a t e  
those from the f i r s t .  Thus some of the syrnrrietry cards a r e  jgnored,  a n d  
the atorris generated a r e  in the same or equivalent posit ions as those 
previously found, 

The value 

- 
I here a r e  two reasons t h a t  the user rnay wish t o  c a l l  on t h i s  

procedure. lhe f i r s t  i s  related t o  the f a c t  t h a t  WMIN requires t h a t  any 
col lect ion of atoms which i s  t reated as  a r ig id  body must be contained 
e n t i r e l y  i n  one asymmetric u n i t .  
( C 6 H 6 ) ,  f o r  example, where there a r e  three unique C atoms and  three 
unique H atoms each related t o  another atom of the molecule by a center 
of inversion. I f  a l l  twelve atoms a r e  to be included i n  the same r i g i d  
body then they must a l l  be i n  the atom l i s t .  
(as  i l l u s t r a t e d  in Example 5.2.1 and Test Problems 2A and  2B) by making 
the second symmetry card correspond t o  the center of inversion -x, -y, 
-z a n d  s e t t i n g  IRSC a t  2 .  Since th i s  symmetry card i s  thereaf ter  effec-  
t i v e l y  bypassed, i t  i s  necessary t o  t r e a t  the s t ruc ture  as noncentro- 
symmetric w i t h  ICENT = 2 .  

The second reason f o r  using th i s  fea ture  i s  t h a t  ordinar i ly  WMIN 
constrains the s t ruc ture  t o  maintain the symmetry specified by the sym- 
metry cards.  T h i s  appl ies  n o t  only t o  the energy minimization in modes 
1 ,  2 ,  or  3, b u t  a l so  t o  the vibrations calculated i n  mode 4. If i t  i s  
desired t h a t  these symmetry constraints  be relaxed theti the s i z e  of the 
asymmetric u n i t  must be increased and the specified symmetry operations 
bypassed. This i s  i l l u s t r a t e d  for  the isolated ethane molecule, C,H6, 

i n  Example 5 .3 .3  a n d  Test Problem 3B. S i x  symmetry cards a r e  needed t o  
generate the e ight  atoms o f  the molecule from the two input atoms. 
se t t ing  IRSC = 6 the asymmetric u n i t  i s  expanded t o  e ight  atoms and only 
the f i r s t  symmetry card i s  ef fec t ive ,  so there a r e  no constraints  on the 
vibrations allowed in  mode 4. 

A problem a r i s e s  f o r  c r y s t a l l i n e  benzene 

This can b e  accomplished 

By 

(This example and the t e s t  problem a lso  
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i l l u s t r a t e  t h a t  i t  i s  permissible t o  add redundant symmetry cards which 
f a c i l i t a t e  the ident i f ica t ion  o f  the characters of the vibrations in 
mode 4 .  ) 

3.4 m i d  ._.I-__ Bodies as S t r u 2 u r a l  Variables .. ...._ 

assigned t o  one o f  NRB r igid bodies by specifying an integer  stored in 
array IRB. I t  i s  the ro ta t ions  and t rans la t ions  o f  these r ig id  bodies 
which a re  used as the s t ruc tura l  variables in WMIN, n o t  the atomic 
coordinates themselves. 
(or extra  atom) which i s  t o  serve as i t s  or igin.  
l i shes  a Cartesian coordinate system f o r  each r ig id  body which i s  defined 
e i t h e r  in terms of the crystal  axes o r  in terms o f  three atoms ( o r  extra  
atoms) o f  the s t ruc ture .  

If  defined in terms of the crystal  axes, the right-handed system 
has i t s  x-axis para’llel t o  the a-axis and i t s  y-axis in the a , b  plane. 
Thus i f  the crystal  axes a re  orthogonal, the Cartesian axes paral le l  
them. When defined i n  terms of three atoms u ,  v ,  and w, the x-axis 
pa ra l l e l s  the direct ion u t o  v y  and the y-axis l i e s  in the three-atom 
plane on the s ide of w .  

spec i f ies  the displacements of the or igin iiieasured in h g s t r o n  uni ts  
along the three direct ions o f  i t s  Cartesian axes. The rotat ion o f  a 
r ig id  body i s  defined by SXR, SYR, and SZR, rotat ions measured in radians 
about each of i t s  three Cartesian axes. 
perforiiis these var ia t ions w i  11 now be described. 

When subroutine WCALC i s  entered values of TR, SXR, SYR, and SZR, 
which define the r i g i d  body t rans la t ions  and ro ta t ions ,  have been s e t .  
The program uses t h i s  information t o  convert the input coordinates X Y Z  
o f  the asymmetric uni t  t o  adjusted coordinates XYZR in a way which i s  
described by the following pseudo-Fortran matrix equation: 

Each atom o f  the basic asymmetric uni t  (as  read or as generated) i s  

For each r ig id  body the user spec i f ies  an atom 
The user a l s o  estab-- 

The t rans la t ion  of a r ig id  body i s  defined by the vector TR which 

The way in which the program 

X Y Z R ( - , I )  = XYZR(-,IZJ) + C A  * {TR(-,J) 
+ RM * ACZ(-,J) * C x v z ( - , r >  - X Y Z ( - , I Z J ) - ~ I  . 

XYZ(-,IZJ) i s  the vector o f  i n p u t  coordinates fo r  the or igin atom o f  
r ig id  body J ,  This i s  subtracted from X Y Z ( - , I ) ,  the input coordinates 
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0-f atom I .  Matrix ACZ(-,J) converts .the coordinates t o  the Cartesian 
system o-F t-igid body J .  RM i s  an orthogonal r o t a t i o n  matrix derived 
froin SXR(J),  SYR(J), and SZR(J), t h e  rotdt ions fur r ig id  body J .  
these Cartesian cmrd ina te s  a r e  ro tz ted ,  t h e  spec ' f ied t rans lz t ion  
TR(-,J) i s  added. 
Ihe crystal  system by matrix CA which i s  spec i f ic  for- r ig id  body J ,  
Finally the coordinates of tine or igin ah xi-^., XYLR(-,ILJ), a r e  added t o  
produce t h e  transformed atom coordinates XYZR(-,I). 

After 

T h e n  the Cartesian coordinates a re  converted hack t o  

I n  order t o  keep the geometry 0.f a r ig id  body unchanged even though 
the l a t t i c e  parameters a re  adjusted,  subroutine WPRE s e t s  u p  the matrices 
ACZ(-,J) for  each r i g i d  body on a basis of t h c  i n p u t  u n i t  c e l l  parameters. 
T h e  matrix CPI, on  the other hand, i s  based on the current  values o f  these 
pararticters . 

t o  array X Y Z R .  Then  i t  steps through t he  r ig id  bodies 1 ,2 ,  . . .  NRE i n  
sequence transforming a71 the atoms of  one before s- tar t ing on the atoms 
of the next. 
defiining a t o m .  
XYZR(-,IZJ) iiiay e i t h e r  be i n  i t s  i n p u t  posit ion or- i t  may have been 
generated by a previous r ig id  body transformation. 
ACZ a r e  de-fined f o r  Cartesian axes based on input atom posi t ions,  b u t  
matrix CA i s  f o r  axes based on atoms which may belong t o  a previously 
transformed r ig id  body. 
a r e  defined i n  terms of atoms o f  r ig id  body 1 ,  then r ig id  body 2 "rides" 
on r ig id  body 1 and undergoes the . t rans la t ions  and ro ta t ions  of  b o t h .  
These considerations make i t  easy to  s e t  up models f a r  segmented o r  
f l e x i b l e  molecules. 

Note a l so  t h a t  atoms assigned an IRB o f  zero do n o t  belong ~ C J  any 

Before beginning t h i s  transformation the program copies array X Y Z  

Note the e f f e c t  which t h i s  sequence has on the or igin-  
XYZ(-,IZJ) i s  an atom i n  i t s  i n p u t  posi t ion,  b u t  

Similarly matrices 

T h u s  whei? the or ig in  and axes o f  r ig id  body 2 

Some examples o f  these will be given i n  Section 5. 

r i g i d  body. They may cantr ibute  t o  t he  ei?ergy, b u t  they reriiaixi i n  
posi t ions defined hy t h e i r  fixed f rac t iona l  coordinates. 

After subroutine WCAL-C has finished s t o r i n g  t h e  transformed 
coordinates X Y Z R  f o r  t h e  asymmetric u n i t ,  i t  loops t h r o u g h  the NAG atonis 
o f  the uni t  ce l l  and reca lcu la tes  XC, Y C ,  and ZC froin XYZW and SYM u s i n g  
t h e  a.toiii and syrnnietry operation speci-fisd by JAC and ISC. 
a f t e r  a r i g i d  body rat.ation or  t rans la t ion  the overall s t ruc ture  maintains 

T h u s  even 



t h e  desired symmetry. I t  a's t h e  coordinates XC, YC,  a n d  Zi which a r e  
used Far the energy cc2lculat ion.  

TR,  SXR, SYR, and S I R ,  a re  usually read a5 zero. In t h i s  case the 
i n i t i a l  vallies o f  XYZR d r e  the  same ds XYZ.  During the course o f  d j o b  
which min im izes  the  energy t he  t r ans l a t ions  and  ro ta t ions  may beeurrie 
non-zero arid the l a t t i c e  parameters may a l s o  change. A t  t h e  end o f  edch 
j o b  the program piAnches the r e v i s e d  ' l a t t i ce  parmeters. I t  a l s o  punches 
atom coordinate cards ,  b u t  these  transmit coordinates  XYZR ra ther  than  
XYZ, and ,  t o g e t h e r  with the new l a t t i c e  parameters, describe the  revised 
s t ruc tu re .  I f  Further adjustments are  t o  be made these cards can be 
used as  i n p u t ,  and TR, SXK, SYK, and SZR can a g a i n  be assunled t o  s t a r t  
at: zero. 

A t  the  b e g i n n i n g  o f  a c a l c u l a t i o n  the translations and ro t a t ions ,  
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4 .  C A L C U L A T I O N  OF THE ENERGY 

4.1 In t roduc t ion  .. - 

div ided  i n t o  non-bonded i n t e r a c t i o n s  and i n t e r a c t i o n s  between bonded 
atoms. Non-bonded i n t e r a c t i o n s  inc lude  the Coulomb energy,  van d e r  Waals 
a t t r a c t i o n ,  and r epu l s ion  terms.  These may a r i s e  from in t e rmolecu la r  
i n t e r a c t i o n s  i n  c r y s t a l s  and in t r amolecu la r  terms f o r  f l e x i b l e  groups 
e i t h e r  i n  c r y s t a l s  o r  in  i s o l a t e d  molecules .  

The terms i n  the energy c a l c u l a t e d  by subrou t ine  WCAI..C can be 

Bonded i n t e r a c t i o n s  inc lude  terms f o r  bond s t r e t c h i n g ,  bond ang le  
deformat ion ,  and changes i n  conformation a n g l e s .  These c o n t r i b u t i o n s  
apply  t o  f l e x i b l e  molecules ,  e i t h e r  i s o l a t e d  o r  in  a c r y s t a l ,  b u t  they  
would n o t  g e n e r a l l y  be included i n  a model of a c r y s t a l  composed of r i g i d  
mol ecul  e s  - 

The program permi ts  cons iderabl  e f l  exi  bi 1 i t y  in  t h e  form of the 
p o t e n t i a l  by a l lowing  the use r  t o  p repa re  sub rou t ines  which d e f i n e  the 
repiul s i o n  temis  
t i o n  t o  t h e  t o t a l  energy.  This f l e x i b i l i t y  i s  permi t ted  p r i m a r i l y  
because any d e r i v a t i v e s  of the energy which a r c  r equ i r ed  a r e  obta ined  
numer ica l ly .  For the same reason i t  should not  be d i f f i c u l t .  f o r  a 
programmer t o  inake d r a s t i c  changes i n  the way the energy i s  c a l c u l a t e d  
i f  t h e s e  appear  d e s i r a b l e .  

t h e  conformation energy ,  and any o t h e r  des i r ed  c o n t r i t u -  

We w i l l  b e g i n  by d i scuss ing  the mathematical methods used t o  
c a l c u l a t e  t h e  Coulomb and van der  Waals energies f o r  c r y s t a l  l a t t i c e s .  
Then we wi l l  d e s c r i b e  how these methods a r e  implemented by the program. 
F i n a l l y  t h e  c a l c u l a t i o n  o f  the bonded i n t e r a c t i o n s  w i l l  be descr ibed  in  
d c t a  i 1 . 

4.2 L a t t i c e  ....... ____.- Sums f o r  Coulomb __ ........ and van der k.laa1.s Energy 
We cons ider  a c r y s t a l  t o  be an i n f i n i t e  p e r i o d i c  a r r a y  of atoms and 

d e f i n e  i t s  l a t t i c e  energy a s  the nega t ive  of the work requi red  t o  sepa-  
r a t e  these atoms i n f i n i t e l y  f a r  a p a r t .  
u n i t  i s  then 

The Coulomb energy per formula 
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one a l l  
ce l l  c e l l s  

where q i  and q a r e  point charges, r i s  the distance between them, and j i j  
Z i s  the number of formula uni ts  per c e l l .  The fac tor  l/Z i s  needed 
because, considering a sum over the e n t i r e  c r y s t a l ,  each distance i s  
i ncl uded twice. 

The van der Waals energy per formula uni t  i s  given by a s imilar  
expres s i  on 

one a l l  
ce l l  c e l l s  

where pi and  p a r e  su i tab le  coef f ic ien ts  for  atoms i and j .  
j 

4.2.1 -- The Ewald-Bertaut-Williams I Me$@ 

energy of a c rys ta l  converges very slowly unless special procedures a re  
adopted. 
(1921) and amplified by Bertaut (1952).  
shown t h a t  s imi la r  methods can be applied t o  the calculat ion of the 
van der Waals energy, E q .  ( 2 ) ,  i n  order t o  improve i t s  convergence. 
paper by Ni jboer and DeWette (1937) a l so  contains much useful background 

I t  i s  well known t h a t  the  summation of equation ( 1 )  for  the Coulomb 

The method which i s  used in t h i s  program was pioneered by Ewald 
Recently Williams (1971) has 

A 

information on these methods. 
For calculat ions involving isolated molecules t h e  method reduces 

t o  the usual straightforward suninlation over the interatomic distances,  
and the reader who i s  riot  in terested in c rys t a l s  tiiay omit t h i s  sect ion.  
Section 4.2.2 on avoiding dupl icate  terms i n  the d i r ec t  l a t t i c e  SUP may 

be important, however. 

fa1 1 ows : 
Williams shows t h a t  expressions ( 1 )  a n d  ( 2 )  can be rewrit ten as 
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one a l l  
c e l l  c e l l s  

i j # i  

w = -  1 
c 2 1  

qi qjri j - l  [er-ic ( a )  3 

reciprocal 
1 a t t i  ce 

one 
c e l l  

2 9 i  9 
K 
Z 

- -  
i 

a n d  
one a l l  
ce l l  c e l l s  _ -  

w z -  -1 p . p . r .  . - 6 [ ( 1  + a* + a ' ' /2)exp(-a2)]  
v 2 2  1 J 1 J  

reciprocal 
1 a t t i  ce 

I F  ( h ) 1 2 Q 4 ( h ) 3 [ J -  e r f c ( b )  + $/* _ -  
3vz v -  

where 
(59 

and 
b2 = .rrQ(h)2/K2. 
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The f i r s t  summations i n  expressions ( 3 )  and ( 4 )  wjll be cal led the 
d i r e c t  l a t t i c e  sums and  these a re  simply sums over the interatomic 
vectors.  Convergence of these d i r e c t  l a t t i c e  sums i s  accelerated by 

multiplying each tern1 by a modification function in brackets [ 
kids a value decreasing from unity t o  zero a s  the distance r . .  (and thus 

1 3  
the argument a )  increases. The function e r f c ( a )  in Eq. ( 3 )  i s  the e r ror  
f uric t i on cornpl emen t 

The amount t h a t  i s  l o s t  from each d i r ec t  l a t t i c e  sum because o f  the 
modi f ica i ion  function i s  compensated f o r  exactly by the reciprocal 
l a t t i c e  sum w h i c h  makes u p  the remaining p a r t  o f  Lqs, ( 3 )  and ( 4 ) ,  
summation i s  made over reciprocal l a t t i c e  paints analogous to  r e f 1  ections 
w i t h  indices h 'I i h , k , a )  in r-ray d i f f rdc t ion  experiments. The quan- 
t i t i e s  I F c ( _ h ) i  and  I F v ( _ h ) l  a r e  analogous t o  the s t ruc ture  fac tor  marjni- 
tudes f o r  re f lec t ion  h b u t  w i t h  the charge qi o r  the coef f ic ien t  p i  
replacing the atornic sca t te r ing  fac tor  i n  the usual x-ray expressions. 
Tk 11 s 

which 

This 

one 
ce l l  

qiexp (2ni  h - x  ) - _. i F ( h )  = c - .  
i 

one 
ce l l  

where xi  i s  a vector o f  coordinates f o r  atoin i .  The quantity Q ( h )  = I h j  
i s  the-length of the reciprocal l a t t i c e  vector and V i s  the vo lu ie  o f  a 
uni t  c e l l .  Convergence o f  these reciprocal l a t t i c e  SUITIS i s  accelerated 
by multiplyirig each term by the modification function ( i n  brackets) which 
decreases from unity t o  zero as  Q ( h )  (and therefore the argument b)  
i ncrea ses . - 

Also included i n  expressions ( 3 )  and  ( 4 )  a re  summations of q i 2 ,  pi7' 

arid pi over one unit  c e l l .  
of the 11 = 0 terms t o  the reciprocal l a t t i c e  sums. 

These sums a r e  i n  e f f ec t  the contributions 

- 
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The value o f  Wc or  W v  obtained from expressions ( 3 )  o r  ( 4 )  i s  
independent o f  the quantity K which i s  known a s  the Ewald constant.  
This constant K does determine what par t s  of the r e s u l t s  wil l  be obtained 
from the  d i r e c t  and reciprocal l a t t i c e  sums, because i t  en te rs  in to  a 
and b,  the arguments for the modification functions. For. K = 0 only the  
d i r e c t  l a t t i c e  sum contr ibutes ,  because i t s  modification function i s  
unity and t h a t  o-f t he  reciprocal l a t t i c e  sum i s  i den t i ca l ly  zero. For 
l a rge r  values o f  K the reciprocal l a t t i c e  s u m  becomes increasingly 
i mpo r t a  t i  t . 

4 . 2 . 2  Avoiding the I D u n c a t i o n  - of Terms 

i s  des i rab le  t o  avoid recalculat ion of terms which a r e  ident ical  because 
of symmetry. We will  now show t h a t  expressions ( 3 )  and ( 4 )  can be 
reduced t o  the following equations from which dupl icate  terms have been 
la rge ly  eliminated: 

I n  computing the  Coulomb and van der Waals energies ,  W c  and I d v 9  i t  

asym a l l  
un i t  c e l l  s 

g .  . n . q . q . r  -1[erfc(a)]  
i j  i 1 J i j  w =  

C 

I ,2,or 4 
octant  s 

tl#0 - -  

a sym 
uni t  

- K  n i q i 7  
i 

asym a l l  
un i t  c e l l  s 

w =  g .  i j  . n . p . p . r  i 1 J i j  - -6 [ . (1  +- a2 + a4/Z)exp(-a2)] V 
i j # i  

k ( j  ) z i  
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1,2,or 4 
octants  

a syiii 
u n i t  

+ (?&. - k)exp(-b2)] f __--- T T ~  72 KG n i p i ?  
i 

For the d i r e c t  l a t t i c e  terms the summation over i f o r  one c e l l  has been 
replaced by a sumriation aver one o f  the asymmetric u n i t s  i n  the c e l l .  
This change i s  compensated f o r  by multiplying each term by n i l  the 
number of times atom i appears i n  the formula u n i t .  The reason f o r  t h i s  
i s  t h a t  n i  = sm./Z where s i s  the number o f  asymmetric un i t s  i n  the c e l l .  
The atom mul t ip l ie r  mi would be unity unless atom i i s  shared by more 
than one asyrninetric u n i t  in which case i t  would be the appropriate 
f rac t ion .  

1 

These considerations have a l so  been applied t a  the u n i t  c e l l  sums 

The number of t e r m  i n  the d i r e c t  l a t t i c e  surn has been s t i l l  fu r ther  
t o  obtain the f i n a l  terms i n  iqs. ( 9 )  and (10) .  

reduced by modifying the range of the sum over j .  
the atoms i n  the  basic asyrmetric u n i t ,  and each atom j i s  symmetrically 
equivalent t o  some atom i .  
l e n t  atom so t h a t  k ( j )  defines the crystal lographic  k i n d  of a t m  j .  For 
every interatomic vector r i j  there  i s  another symmetry re la ted  vector 

w i t h  i '  = k ( j )  which wauld duplicate the contribution o f  r i j  t o  
the surn provided t h a t  i # k ( j ) .  We have therefore  included i n  the  s u m  
over j only those terms f o r  which k ( j )  3 i and doubled the f i n a l  value 
of the r e s u l t .  
vector r 

The index i numbers 

Let k ( j )  be the value o f  i f o r  t h a t  equiva- 

i ' j '  
r 

I f  i = k ( j )  then the vector r i l j ,  is  ident ical  t o  the 
so t h a t  no duplication would have occurred. T h i s  i s  i j  
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compensated f o r  by the mul t ip l ic i ty  factor g i j  which i s  one i f  k ( j )  > i ,  
and one half f o r  k ( j )  = i. 

Because Q ( h )  = Q ( - h )  and  l F ( h ) l  = / F ( - h ) \  ( F r i e d e l ' s  L,aw) i t  i s  never 
necessary t o  sum o v e r  more than one hemisphere o f  reciprocal space. 

mult ip l ic i ty  fac tor  c ( h )  then has the value of two for a l l  l a % t i c e  pc;inis 
except those shared by the two hemispheres; f o r  -these i t s  value i s  one. 

depending on the Laue g r o u p  of the c r y s t a l .  
exaniple, anly one quadrant o f  reciprocal space i s  rieeded, and f o r  ortho- 
rhombic or cubic systems one octant  o f  space suf f ices .  
the quantity c ( h )  takes on walues o f  2,  4 ,  o r  8 depending on how the 
point 11 i s  s i tuated with respect .to the boiundaries o f  the volume included. 

o f  the  strlrctlure f a c t o r  magnitudes I F c ( b )  1 and I F v ( h )  I .  
centrosymmetric crystal  s 

The reciprocal l a t t i c e  sums need not be made o v e r  the e n t i r e  l a t t i c e .  

I * 

The 

-" 

The range of the reciprocal l a t t i c e  sum can often be fur ther  reduced 
For monoclinic crystals, f a r  

I n  these cases 

- 
The usual c rys t a l  lographic procedures a re  applied t o  the calculat ion 

For non- - 

where 
one 
ce l l  

A =  c qicos27#lxi 4- Icyi + R Z .  1 ) 
i 

0 ne 
c e l l  

B =  q . s i n 2 n ( h x i  1 + kyi + L Z ~ }  . 
C 

i 

Here x i ,  yi, and z i  a r e  the fract ional  coordinates o f  the atoms referred 
t o  the crystallographic axes, and t i ,  k ,  and R a r e  the Miller indices 
which define the vector h. 
o r i g i n  the calculat ion can be simplifed t o  

For c rys ta l s  with a symmetry center  a t  the 
... 
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where 

Here the summa Lion i s  made only over one atoiii of each centrosymmetrica?1y 
rclated pa i r .  The mul t ip l ie r  wi i s  one except for  atonis in special 
posit ions (such a s  the or iya 'n)  which pa r t i c ipa t e  in both centrosynimetri- 
ca l ly  re la ted halves of the c e l l .  
W M I N  i t  i s  sorrietirnes necessar,y -to t r e a t  a centrosymmetric crystal  a s  
nlnn-ciltntr-.osynme?-ric. 
the cor rec t  r e s u l t .  

For these atoms m i  i s  one half .  I n  

This increases the calculat ion time b u t  produces 

I F  ( h ) I 2  i s  calculated in an analogoiis way by subs t i tu t ing  pi f o r  v -- 
q .  i n  Eqs. (11 )  t o  ( 1 5 ) .  

1 

4.2.3 Eliminat,ion o f  Certain Non-bonded Terms ll.__.._..l_ ..._._....._ I._.._._.__._._ _l_.__..__.____ll__l. - 

I t  i s  usually desirable  f o r  non-bonded Coulomb, van der Waals, and 
repulsion terriis to  be omitted f o r  atom pairs  within the same r ig id  body 
o r  f o r  cer ta in  atoiii pairs  in a f l ex ib l e  molecule. When only the d i r e c t  
l a t t i c e  sum i s  being rrrade, as i s  the case fo r  an isolated molecule o r  
fo r  the calculat ion o f  the repulsion, the par t icu lar  terms can simply be 
l e f t  out o f  the summation. This i s  not  the case, however, f o r  Coulomb 
o r  van der Waals terms when the Ewald-Bertaut-Will iams method i s  being 
used because there  i s  no simple way of omitting spec i f ic  interact ions 
from the reciprocal l a t t i c e  sum. Instead i t  i s  necessary to  compute 
these terms and  subtract  them from the f inal  r e s u l t .  The d i r ec t  l a t t i c e  
terrns fo r  such a pa i r  in Eqs. ( 9 )  and (10)  then become 

t ( r . . )  = g . . n . q . q . r  - l [ e r f c ( a )  - 11 C 1J i j  I 1 J i j  

and 
t ( r . . )  = - g - . n - p - p . r  -6[(1 + a 2  f a'+/Z)exp(-a?) - l ]  ( 1 7 )  V 1J I J  1 1 J i j  

Note, however, t h a t  although the d i r e c t  l a t t i c e  sums in Eqs. ( 9 )  and (10)  
often need n o t  be made o u t  t o  more than a few hqs t rom un i t s ,  a l l  terms 
t o  be eliminsted must be coniputed regardless of the length o f  vector r i j .  



34 

Program 
symbol 

Occasionally i t  will be desirable  .to use a model i n  which two atoms 
a r e  located in the same posit ion.  This s i tua t ion  may occur i n  a core- 
shel l  model of a polarizable atom, f o r  example. 
v a n  der Waals term f o r  such a pair  o f  coincident atoms would be unde- 
f ined,  so t h a t  we a r e  only interested in the case when the interact ion 
term i s  t o  be eliminated. The quant i t ies  needed are  the values o f  
t c ( r .  . )  and t v ( r .  . ) ,  expressions (15 )  a n d  ( 1 7 ) ,  fo r  r 
a r e  given by 

The Coulomb or 

= 0 ,  a n d  these 1J 1J i j  

I Evaluated in WPRE 
A1 gebrai c symbol Equation 1 a t  statement number: 

t c ( 0 )  = - 2Kg. n . q . q  i j i i j  

9,lO 
, 9,10,16,17,18,19 

a n d  
t (0) = g . . n . p . p . ( I T 3 K 6 / 6 )  . 

V 1 J 1 1 J  

680 
680 

4.2.4 Implementation o f  the Lat t ice  Sum Calculations 

van der Waals contributions to  the energy of non-bonded interact ion f o r  
the s t ruc tura l  model. Table 4.1 rela. tes the mathematical symbols of the 
previous section t o  the For t ran  syiiibols i n  the program and l i s t s  the 
statement numbers a f t e r  which each quantity i s  evaluated. 
ment numbers correspond approximately t o  the box numbers i n  the flow 
charts  o f  Figs. 2 . 2  a n d  2.3. 
been given in Section 2 . 4 .  

-.__.____ ---.I.. .................... ~ 

Equations ( 9 )  t o  ( 1 9 )  a re  used to  ca lcu la te  the Coulomb and 

These s t a t e -  

A description of the program sequence has 

5 
6 I 

Table 4 .1 .  Symbols used in implementing the calculation 
of Coulomb and van der Waals energy. 

735 
740 

FMC( J )  
ZMC 

ZAP1 ( I ) 
FM 
SQTPIK 
SQTPDK 

i 
1 or 2 
GK 

n 

& /  K 
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P r o g r a m  1 

Table 4.1. (Continued) 

P I D K S Q  
RTP I Z 
P I N H Z  
P I  CKZ 
P I C K  
CKKCAL 

VA 
R T P I Z V  
P I  NHZV 
P I C K Z V  
HX 
HY 
HZ 

QQ 
H M 
ARG 

QJA 
P L J A  
A F  
AFV 
BF 

BFV 
YYM 
EXPYYM 

FSQ 
SF 

FSQV 

QH 

T/  K2 
1 /hi! (kcal / m o l  e )  ** 
-7r9 /2 /3Z 

. r r 3 ~ 6 / 1 2  

- TT K3Z/6 

- K  (kcal/mole) 

V 
1 / 2 ? r V Z  (kcal/mol e )  
-n9 /2 /3VZ 

- 7 ~  K3 Z/ 6V 

I , E, 

9 
10 
10 
10 
9 

1 9,lO 
I 9 
I 
I 
i 
I 
I 
I 
I 9,10,11,12,13, 

10 
10 

14,15 

9,lO 
9,lO 

12,13,15 
12,13,15 

1 2* ,  13*, 1 5" 
11,12,15 

11 *, 12*, 15" 
11,13 

11*,13* 
9,lO 
3,lO 

9,11,14 
9 

10,11*,14* 
10 

Evaluated i n  MPRE 
a t  statement number: 

740 
745 
74 5 
745 
745 
745 

Evaluated i n  WCALC 
a t  statement number: 

555 
555 
555 
555 

735,795,845 
740,795,340 
745,795,835 

750 , 795 
765 , 795 

802 
802 
802 
802 
802 
805 
805 
81 0 
81 0 
81 5 
81 5 

82 5 
825 



36 

Table  4.1.  (Continued) 
....... .......... ~ _ _ _  ........... ....... - .- 

1 r 

~ 

Algebraic  symbol ~ Ecya t i  on 
.... ..... ~ ....... ..... L -. . .- .... 

Pro g rani 
symbol 

I 
~ 

YM 
s i v  

cs F 

VSF 

SQ 

SPP 

SPL 

SQK 

SPPK 

SPLK 

I 

I A 

GI-? I 

J 

JA 

GM 

b 

x 
h fO I 

(1/27iVL) (kca l /mole)  
I - -  

h+ 0 I 
I , 

- ( n 9 4 3 V Z j  / 
h+O I - -  

n j Q ;  

i 
i 

n ip ;  i 
i I 

I 
I 

-Z: n j P i  
i 

-KX niq; (kcal/mole) ’ 

( T 3 ~ 6 / 1 2 ) x  nip? 
i 

- (n3K3/6L)(  nipi)* 

i 

i 

i 

i 

i n 

10 
10 

9 

10 

9 

10 

10 

9 

10 

10 

16,17,78,19 
9 ,10  

16,17,13,19 
9 , lO  

16,17,18,19 
9,lO 

16,17,78,13 
9, lO 

1 6 ~ 7  , i 8 , i  9 
9,lO 

16 ,17 , i8 ,19  
3,lO 

I Eva1 u a t e d  i n W C K C  
a t  s ta te rngnt  number: 

i 
I 
1 
I 
i 

! 

i 
I 

i 
i 
I 

825 
825 

850,885 

850,885 

897 

897 

897 

905 

91 5 

91 5 

955 
11 50,1395 

955 
1150,14415 

957 
1152 

958 
17 52,1395 

9 $8 

11 52,141 5 
960,565 

I 155 ,  i 160,141 5 
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Tab le  4.1. (Con t inued)  
I __ ................ __ 

syrnbo 7 A I  gebrai (3 symbol 
.... __ ............. 4 __ 

1 

2 

V TM 

SVDN 

C TM 

SG 

SGK 

X PI 

XXI.4 

v rjw 

CMB 

w C 

WV 

cc: 
i jfi 
c (kc.al/rnole) 

i j f i  
a 

Equation 

16,17 
9,10 

1 9  
17 
1 0 

10 

18 
15 
5 
9 

9 

16 
9 

17 
10 
1 7  
10 
16 

9 
9 

10 

995 
11 7 5  9 147 5 

997 ,? 462 
1 @05,1470 

1240, T (150 , I  478 

997 1DCSS,1249,1410, 
1450 3 1462,1470 

999 1464 
7 01 5 3 1480 

1250,7458,1480 
999,101 5 , I  250,141 0, 

1458 1464 1481) 

1290,1490 

1 OQO 1455 
1175 

10@5,Z470 
1240 1470 
1005 ,1 470 
124O,1470 
101 5,1490 
1250,1480 
1365,1490 
1365 1490 

*An a s t e r i s k  on the e q u a t i o n  tiunioer means t h a t  t h e  q u a n t i t y  i s  
used fo r  the analogous calculat ion of t h e  van der Maals energy. 

**Quant i t ies  l a b e l e d  (kcal/mole) have been m u l t i p l i e d  by 332.17 t o  
COnVert f r Q m  e' h - ' .  
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4 .3  Mon- bonded . . . . .. . . . . Repul . s i  on Terms 
The repulsion energy WR i s  

d i r e c t - l a t t i c e  suiiis SG and SVDW 
accumulated i n  the same I O O ~ S  as  the  
described above. Each term i s  given t he  

same weighting f a c t o r  GMT as  t h e  corresponding Coulomb o r  van der Waals 
term. J u s t  as in  the  above sums, terms a re  omitted f o r  interatomic 
contacts  within the samr? r ig id  body or f o r  bonded contacts defined by 
the molecular connection tab le .  If IGEFI = 1 then terms a re  a l so  omitted 
f o r  contacts  between two atoms bonded La the same atom. 

Because WR i s  accumulated only as a d i r e r t - l a t t i c e  sum, i t  i s  
iitiportant t o  s e t  t he  sumiiiation l i m i t  2L.TM large enough t o  achieve t h e  
desired convergence. 
l a ted  f o r  two or more s h e l l s  in  d i r e c t  space. 

Convergence can be ver i f ied  by examining WR calcu- 

Repulsion (o r  a t t r a c t i o n )  terms from three sources may be included 
or  omitted, depending on the  control integer  I R E P .  Bui l t  in to  the 
program i s  a standard repulsion term o f  the form suggested by Gilber t  
( 1  968) : 

where the ai  i s  a radius and b i  i s  a sof tness  parameter corresponding to  
AR(1) and BR(1) in the  potential  parameter input.  The units a r e  
kcal/niole and angstroms. 

u s e r ' s  function subprograms R E P L  and GPOT.  
o f  a term which i s  any desired function o f  the dis tance R -  Such an  
expression could a l s o  include special  forms of a t t r a c t i v e  terms i f  they 
a re  needed. 
by t h i s  rout ine,  o r  common parameters PC o r  extra  parameters PX tnay be 
used t o  specify the  potent idl .  The use of X P L  i s  i l l u s t r a t e d  in Test 
Problems 2 A  and 2B, Sections 9 . 4  and 10 .2 .  

Additional terms f o r  each non-bonded contact tiiay be computed by 
R E P L  permits the  calculat ion 

The potent ia l  parameters AR and B R  may be redefined f o r  use 

GPOT serves a s imi la r  purpose, b u t  more arguments a re  avai lable  to  
For example, i t ,  so t h a t  more complicated functions can be programmed. 

GPOT permits the introduction o f  a potential  which depends on the angles 
subtended by atoms adjacent t o  t h e  non-bonded contact .  
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4.4 Molecular Conformation Energy 
For s t ruc tura l  models w h i c h  include f l e x i b l e  or segmented iiiolecules 

i t  i s  usually necessary t o  include an extra  energy WX which depends on 
the bond dis tances ,  bond angles,  and torsion angles defining the molec- 
u la r  conformation. A general calculat ion o f  WX i s  performed by sub-  
rout ine GCWX which generates a l l  of these distances,  angles,  and 
conformation angles from a connection tab le  provided as  i n p u t .  
and a l so  Test Problems 2A, 3A, and 3B give i l l u s t r a t i v e  examples. 

Section 5 

hCT cards a r e  included in th i s  connection tab le ,  one f o r  each 
backbone atom, t h a t  i s  one f o r  each atom which is  bonded t o  more than 
one other atom. (Thus f o r  a hydrocarbon molecule the carbon atoms are  
the  backbone atoms.) On card J i s  IACT(J), the atom number of a backbone 
atom; and ICT(l ,J) ,  ICT(Z,J), ICT(3,J), ICT(4,J), the numbers o f  u p  to  
four atoms bonded t o  i t .  If fewer than four atoms a r e  bonded t o  t h a t  
backbone atom, then the l a s t  values of ICT a r e  l e f t  blank. 

arrays XC, YC, and Z C  which describe the complete u n i t  c e l l .  (See 
Section 3.2.) Often these a r e  just the i n p u t  atom numbers, b u t  i f  a 
molecule has crystal lographic  symetry  t h e n  i t  tnay be iinportant t o  
include more than the asymmetric u n i t  i n  the connection tab le .  
5.2.5 i l l u s t r a t e s  this s i t u a t i o n .  

The atom numbers used a r e  the sequence numbers of the atoms i n  the 

Example 

For each backbone atom u p  t o  four bond distances can be generated, 
b u t  the program examines the  connection tab le  t o  avoid duplicating bonds .  
The program also generates u p  t o  s i x  angles w i t h  each backbone atom as 
the vertex. Finally,  f o r  each bond t o  another backbone atom the program 
generates u p  t o  nine conformation angles. In general these calculated 
distances and angles a r e  p r i n t e d  a s  output,  and i t  may be useful t o  
include a connection t a b l e  f o r  a molecule even i f  no conformation energy 
i s  t o  be calculated.  The connection t a b l e  should not be used t o  obtain 
distances or  angles between non-bonded atoms, however, as  such use would 
cause the corresponding non-bonded energy terms t o  be omitted. 

f ixed then i t  i s  not necessary t o  include terms which depend on these 
distances and angles i n  the  energy calculat ion.  
or  tors ion angle which is  allowed to  vary probably requires a corresponding 

If the s t ruc tura l  model constrains bond distances and angles t o  be 

B u t  any distance,  angle, 
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term i n  WX. Subroutine GCWX computes sirch terms using c o e f f i c i e n t s  
stored a s  common parameters PC and selected by t h e  i n p u t  integer arrays 
I D T ,  IAZ, arid ITBK associated with t h e  connection table.  

- 
lhc! energy of a bond distance d i s  calculated as 

where k i s  a force constant and d i s  dn equilibrium distance.  The 
parameters do and kd a r c  taken as corimon paramelers P C ( I D Z J 1 )  and 
P C ( P D Z J 1  1- l ) ,  respeclive!y, whcrc IDLJI i s  specified f o r  each bond in 
array I D Z .  The uni ts  of do  a r e  angstroms and those o f  kd a r e  kcal mole-1 

keep i 1 in a reasonable range. 

d 0 

The i n p u t  i n  P C ( I D Z J 1  I- 1 )  i s  made smaller by a fac tor  o f  0.01 t o  

ihc  energy o f  a bond a n g l e  ~1 i s  calculated s imilar ly  a s  - 

W(a) = + k (a - cy. )2 
Q 0 

where k i s  a force constant arid Q i s  an equilibrium angle. Again the  
parameters ~1 and k a r e  taken as P C ( 1 A Z N J )  and PC(1AZNJ I- l ) ,  respec- 
t - ively,  where IAZNJ i s  s p e c i f i e d  f o r  each angle in array I A Z .  T h e  units 
o f  a 

a 0 

0 a 

a r e  degrees and those of k are  kcal mole-1 degree-2. 
0 cy 

A contribution t o  the conforniation energy LJX may be made f o r  each 
o f  u p  t o  nine torsion angles about a bond between t i ~ e  backbone atoms. 
One integer I T K J  stored in array I'TKR controls  the calculat ion of the 
energy terms f o r  a l l  nine o f  these angles. I f  TTKJ i s  set a t  a negative 
value the program c a l l s  the u s e r ' s  subroutine NCNF which may be p r o -  
grammed t o  ca lcu la te  t h e  energy contribution, WCF z w(+), in any desired 
way. An example of a subroutine which calculates  

i s  used i n  Test Problems 3A a n d  38 f o r  the Inolecules ethane and  propane. 

I n  th i s  case the programmer elected t o  store the bar r ie r  h c i y h t  E as 
o n e  of the coinrnon parameters PC.  
user must take i n t o  account the f a c t  t h a t  a contribution WCF ( i n  
kcal/mole} w i l l  be made For each o f  the nine torsion angles about a bond. 

+ 
it1 s e t t i n g  t h i q  bar r ie r  height the 



An a l t e rna t ive  form f a r  the energy associated with a to~sion angle  
i s  b u i l t  i n t o  the program. T h i s  forrii i s  the wrap-around Gauss.iar1 

Here a and  b a r e  height and width pdrameters of a Gaussiari function o f  
the torsion angle 6. l o  avo id  d i scont inui t ies ,  4 i s  considered t a  cover 
many revolutions and the contribution frorn each i s  summed. This function 
has a maxiinurn a t  
approaches the Form of t h e  function cos 9. 
th i s  function by taking parameters a and b f rom PC(1TKJ) arid P C ( S T K J  + I > ,  
respect ively,  
a bond .  

= 0 and a minimum a t  (t = i r .  For large values o f  b i t  
Subroutine GCWX implements 

A term i s  calculated f o r  each o f  the torsion angles about 

(I. 5 Add a’ t i  uria 1 Energy Terms 

eriergy WX by means o f  subroutine CNX programmed by the user.  
o f  such a term m i g h t  be the internal energy o f  an  induced d i p o l e  

..l-__l.l_. 

Any other terms which may be desired can be included in the extra 
One example 

w. = v”/2a  ( 2 5 )  
1 

where 1-1 i s  the dipole mornent and (Y i s  the po la r i zab i l i t y .  
rnunient car1 a lso  be expressed a s  the product of a charge q and  a separa- 

The dipole  

t ion R so t h a t  

cdi a2q2 /2a  . 
I n  a core-shell riiodel of  an atom one m i g h t  assume f 

variable  geometry. Subroutine DST could be used t o  
9,, and WX would be calculated according t o  Eq. ( 2 6 )  

xed charges with a 
a b t a i  r i  the separation 

A1 t e rna t ive ly ,  in a polarizable iiwlecule i t  might be reasonable t o  
hold the geometry fixed and l e t  the charges vary. These charges could 
be defined by one o r  more extra parametxrs P:! which would be rised by 
subroutine CNSTRN t o  se t  Q For the various kinds o f  atorns. Subroutine 
C*WX would calcu’late W X  e i t h e r  f r o m  the PX values o r  f r o m  the 0 ’ s .  
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Another use o f  CWX would be t o  simulate the e f f e c t  o f  applying a 
high hydrostatic pressure t o  the crystal  by adding a negative term pro  
port onal t o  pnV. I n  t h i s  case WX would be proportional t o  the (negat 
change in uni t  c e l l  volume: 

1dX = CONST * PRES * ( V A  - V A Z ) / Z M C  . ( 2 7 )  

Here VA i s  the u n i t  c e l l  volume in f i 3  (from C O M M O N / A B / ) ,  VAZ i s  the c e l l  
volume a t  zero pressure,  ZMC i s  the number of formula uni ts  per ce l l  
(from C O M M O N / D U B L / ) ,  PRES i s  the pressure in kilobars,  and CONST = 

1.43929 x t o  convert W X  t o  kcal/mole. 
Other examples o f  extra energy terns  would include any forms of 

conformational energy not calculated by G C W X .  A term f o r  the out-of- 
plane bend o f  a bond t o  a benzene r i n g  could be computed 

avai lable  subroutines such as DST, ANG,  o r  CONF f o r  computing a dis tance,  
angle, or torsion angle, respectively.  .41so avai lable  a r e  subroutines 
V E C ,  NORM, and A V V  .for manipulating vectors defined by atom posi t ions.  
Other 3-by-3 matrix and  vector routines include DIFV, SUMV, NM, M V ,  and 
V M V .  The operation of these subroutines i s  described i n  the program 
l i s t i n g .  

f o r  example. 
I n  programming subroutine CWX the user. may ca l l  on any of  the 

4 .6  Size of the Formula Unit 
lhe Coulomb, van der Waals, and  repulsion energy terms, calculated 

a s  described above, a r e  expressed in kcal/mole for one formula uni t .  
For some purposes the s ize  of t h i s  formula uni t  i s  unimportdnt since i t  
merely estaol ishes the scale  of the calculated noti-bonded interact ion 
energy. 
energy terms are  t o  be included i t  i s  necessary t o  choose the formula 
u n i t  in a consis tent  way. 

i n  one of two ways depending on  the input integer IZAM. If IZAM = 0 
then the program examines the l i s t  o f  atoms generated f o r  the u n i t  ce l l  
a n d  chooses the formula uni t  a s  the smallest f rac t ion  of this  c e l l  which 
contains an integral  number o f  each crystallographic k i n d  o f  atom. 
Alternatively the user may control the s i z e  of the formula uni t  by sett ing 

However, when molecular conformation energy or other extra 

Subroutine WPRE (Box 655) es tabl ishes  the s i z e  o f  th i s  formula u n i t  
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I Z A M  a t  the number of times the f i r s t  input atom i s  t o  be included. 
e i t h e r  case the program pr in ts  ZMC, the number of formula uni ts  in the 
c e l l ,  and ZAM(I), the number of atoms o f  each kind I in t h i s  formula. 

Example 5.2.5 describes the s i tua t ion  for  sol id  binaphthyl which 
has a crystal lographic  twofold axis  re la t ing  the two naphthyl groups. 
With IZAM = 0 the program would generate the formula C10H7, b u t  by se t t ing  
IZAM = 2 the user can cause the program t o  generate the correct  formula 

C20H14. 
two naphthyl groups, b u t  a term based on the bond distance in the n a p h t h y -  
naphthyl l ink ,  for  example, would be included only once. 

I n  

Conformational energy ternis would be included f o r  each o f  the 
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5. ILLUSTRAI IVE EXAMPLES 

5 , 7  Introduction .... 

I n  t h i s  section we tabulate in schematic form some of .the iriput 
required f o r  several spec i f i c  problems. The substances used a s  examples 
include both molecular and ion ic  c r y s t a l s  as  well as  i so la ted  molecules. 
The s t ruc tu ra l  model s represent r i g i d ,  segmented, and f 1 exi bl  e mol e- 
cu les .  Some o f  these examples correspond d i r e c t l y  with the Test Problems 
included i n  Sections 9 and 10, 

The information l i s t e d  f o r  these exaiiiples per ta ins  mostly t o  the 
establishment of the s t ruc tu ra l  models and the se lec t ion  of the in te rna l  
energy t e rm.  I t  i s  important t o  r e a l i z e  t h a t  t h e  program allows con- 
s iderable  f l e x i b i l i t y  in the way the models a r e  s e t  up. We have t r i e d  
t o  include notes explaining which choices a r e  mandatory and which are  
opt iona l .  

For matters pertaining t o  c rys ta l  synlriletry thz user wil l  f ind  i t  
useful t o  r e f e r  t o  the .......... International ..................... Tables f o r  X-ray_Cry_staj lography 
( 1  952) .  

5.2 __-.I. Molecular Crystals -. ........ 

Example 5.2.1 
Substance: Benzene, C6H6 

Tr ea tmen t : 
Phase: __.ix_- Crystal 
Reference t o  s t ruc tu re :  ___ 

_____1_ See a l s o :  Test Probleiiis 2A and 2B 
Unit c e l l :  Orthorhombic, var iab les :  a ,  b ,  c 
Symmetry: Pbca (No. 6 1 ) ,  NS = 8 

Ri g i d mo 1 ec II 1 e 

Bacon, Curry, and Wilson (1964). 

Sequence o f  cards:  X Y 
- X  -Y 

!2+X L2-y 
+ X %+Y 

- X  S+y 
X 52-y 

4- X -Y 
++X Y 

The iiiolecule with 1 2  atoms has a center  of inversion a t  the o r ig in ,  and 
i t  i s  generated from s i x  input atoms by the f i r s t  two symmetry cards. 
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Because o f  this sequence the s t ruc ture  must be t reated a s  
noncentrosymmetric i n  the reciprocal l a t t i c e  sums, 
- Reciprocal ......... ._...............I l a t t i c e  -. symmetry: .- . ICENT = 2 ,  HXNEG = 0, HYNEG = 0, HZNEG = 0.  
REJECT ternis with t i X  = 0 and H Y  + 2n o r  H Y  = 0 and i i Z  f. 2n or kiZ =; 0 and 
Hi( f Zn, because they will  be zero. See subroutine liEJECT included i n  
t,he Test Problems. 
_. Atom numbers: NA = 7 ,  IRSC = 2 ,  

generates NA = 13 
................ 

4 

I 

Extra atom 7 i s  used a s  the or igin abou% which the molecule can ro ta te .  
Formula u n i t :  C,H,, TZAM = 0 
.J._---- Rir l ’d  bodies: NRB = 1 ,  IRBA = 0 
____.--.l_l 

Variables . 
Rigid A t  oms Origin Axes Rotations ___ Translations- 
body i ncl uded - I2 IU I V  1% ._ ---Y x ___I_ A - 2 - u  

1 1 - 13 7 0 1 1 1  a o o 
The Cartesian axes para l le l  the c rys ta l  axes. Because the molecule i s  
located at a center o f  syrnrnetry ne t rans la t ion  i s  permitted. 
Connection t a b l e :  N C T  = 6 

I ACT 
1 
2 

......... .- 

3 
8 
9 

10 

.. I CT 
2 4 1 0 0  
1 3  5 0  
2 6 8 0  
3 9 1 1 0  
8 10 12 0 
1 9 1 3 0  

__ ............. 

This t d b l e  i s  optional b u t  may be included t o  ca lcu la te  distances and 
angles,  See Test Problem 2A. 
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Example 5.2.2 

Substance: . . . . .. . .. 

~ Treatment: ____ 

.____ Phase: Crystal 

Reference: . .. . .-. . . 

___. Unit _____ c e l l :  Orthorhombic, var iables:  a ,  b y  c 
Symmetry: .... .___ Pbca (No. 61 ) NS = 6 

. . .. . . . 

Benzene, C 6 H 6  
F1 exi b l  e molecule 

Bacon, Curry a n d  Wilson ( 1  9 6 4 ) .  

Sequence of cards : X 
++X 

+- X 

+- X 

++X 

- X  

- X  

X 

This sequence allows the  s t ruc tu re  to  be t rea ted  as  centrosymmetric in  
the reciprocal 1 a t t i c e  sums. 
- Reciprocal l a t t i c e  symmetry: Saine as  txample 5.2.1 except t h a t  ICtNT = 1 .  
Atom numbers: N A  = G 

4 

I 

I 
28 

Since t h e  molecule i s  n o t  t rea ted  a s  one r ig id  body i t  does n o t  have t o  
f a l l  e n t i r e l y  in one asymmetric un i t .  
Formula uni t :  C 6 H 6 ,  IZAM = 2 
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Rigid .- ................. bodies: NRB = 6, -. 

R i g i d  
body 

1 
2 
3 
4 
5 
6 

Atoms 
included 

1 
2 
3 
4 
5 
6 

I R B A  = 1 
__ Variables ... 

Origin ___ Axes ................... I___ Translations 
IZ IU IV I W  x y 2 

.......... 

--.- 

1 0 1 1 1 
1 0 1 1 1 

0 1 1 1 
1 0 1 1 1 
2 

2 0 1 1 1 
3 0 1 1 1 

The choice o f  or ig in  atom may not be par t icu lar ly  important, b u t  we have 
elected t o  niake each successive atom r ide en i t s  previously introduced 
neighbur. This may a f f e c t  the r a t e  o f  energy minimization, b u t  will 
have no e f f e c t  on the f i n a l  s t ruc ture  or vibrational frequencies. The 
several Cartesian a x i s  systems para1 le1 the crystal  axes. 
Connection . t ab le :  __ - .. NCT = 6. Flust generate a l l  bond dis tances ,  angles,  
and torsion angles f o r  f u l l  molecule. 

I A Z  _____ IDZ _ _ ~ - _ _  I CT ..... _I_.__ -. IACT 
1 27  2 4 0  a a b O  c d O d 0 0  
2 1 3  5 0  a a b O  c d O d O O  
3 2 2 5  G O  a a b O  c d O d O O  

25 3 2 6 2 8 0  a a b O  c d O d O O  
26 2 5 2 7 2 9 0  a a b O  c d O d O O  
27 26 1 3 0 0  a a b O  c d O d O O  

ITBR 
e e O O  
e e O 0  
e e O O  
e e O O  
e e O O  
e e O O  

Specification o f  conformation energy terms : 
( a )  C-C bond s t r e t c h  terrri 
( h )  C-H bond s t r e t c h  term 
( c )  C-C-C bond angle bend 
( d )  C - C - H  bond angle bend 
( e )  X - C - C - X  tors ion angles ( four  of thein abou t  each bond) 

Soine o f  t h e  e n t r i e s  i n  IDZ arid ITER a r e  i r re levant ,  because the program 
does not use both distances 1 - 2  and 2-1,  f o r  example. 

Example __ 5.2.3 
Substance: - o-Terphenyl, C L 8 H , ,  

____.l.l_l_l Treatment: ..... 

. . . ~  Phase: Crystal 
Refererice t o  s t ruc ture :  Brown and Levy (1  979) a 

Unit c e l l :  Orthorhombic, var iables:  a ,  b,  c 

Three-segment niolecule w i t h  only r i n g - r i n g  tors ion permitted 
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~. Syrimetry: _.-__ P2,2,21 (No. 1 9 ) ,  NS := 4 

Sequence o f  c a r d s  : X +- x 
+-tx 

- X  

Reciprocal ..... ___ l a t t i c e  .... syrrirnetry: .... __ .... ICENT 1:: 2 ,  H X N E G  = 0, W N E G  = 0, H Z N E G  = 0. 
REJECT terms w i t h  HY .:I HZ ~z 0 and I t X  f 2 n  o r  H X  :: HZ = 0 a n d  HY j’ 2n o r  
H X  = l i Y  = 0 and H Z  $ 2 n ,  because t h e y  a re  zero. There a r e  so  few o f  

these  terms t h a t  i t  may not be wor-thwhile .to program S U b r i J U t i n e  R E J E C T .  

Atom ___ numbers: ..... __ NA 34 
25 

4 4  40 - \ 

\ / 
8-7 

/ \ 2 3  

/ 
28 
\ 
44 -- 

29-45 

I6 - 67 3-4 
\ 

\ 
21 

/ 
20 

\ 
34 

/ 
30 

Extra  atoms 33 and 34, which c o i n c i d e  with atoms 2 and 1 4 ,  w i l l  be used 
t o  d e f i n e  t h e  segmented body coord ina te  systems.  
_I__ Formula u n i t :  C I ~ H ~ L , ,  IZAM := 0 
- Rigid bodies :  I_... N R B  = 3 ,  I R B A  = 0 

Variab les  
....___...___I 

R i g i d  Inc ludes  G r i g i n  .~ ,Ax e s Rota t i ons ........ Tra ris 1 a t i  .......... ofis 
body ___ atoms __ Iil. IU IV -1ii x y z -__Y- X z 

1 1 1  1 1 ,  7-13, 7 0 1 1 1  

2 2-6, 19-23 1 7 1 3 3  1 0  0 0 0 0  
3 14-18, 28-32 13  8 1 3 3 4  1 0  0 0 0 0  

24-27,33,34 
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The choice o f  or ig in  f o r  r i g i d  body 1 i s  n o t  important, 
f o r  tine def in i t ion  o f  the  coordinate systems o f  r i g i d  bodies 2 and 3 .  

'I%czy cou ld  have been defined without u s i n g  extra atoms, b u t  these a r e  
des i r ab le  f G r  the more complicated five-segment model o f  Example 5 .2 .4 .  
.__ Connection tab le :  NCT 18 

See Section 3.4 

-. 1 ___ ACT ~ I GT 1 DZ ~ IAZ ___ IPRB 
1 2 6 3 0  0 a O a 0 0  b b c O  
3 1 3 1 9 0  b O Q Q  
3 2 4 2 0 0  
4 3 5 2 1 8  
5 4. 6 22 0 
6 5 1 2 3 0  0b00 
7 1 2  8 1 0  O a O a O O  b b c O  
e 7 9 1 3 0  O a O a O O  b b c O  
9 8 10 24 Q b000 

10 9 11 25 0 
11 10 1 2  26 8 
1 2  11  7 27  Q 
13 18 1 4  8 0 O a O a O O  b b c O  
'14 13 15 28 0 b Q O O  
15 74 15 29 0 
16 15 1 7  30 0 
1 7  16 1 s  31 0 
18 17  13 32 0 0b00 

S p e c i f i c a t - i o n  o f  conformation energy terms: 
( a )  Ring-link in-plane angle  term. heeded only f o r  five-segrnent 

( b )  Ring-link out-of-plane tors ion angles. Needed only f o r  f i v e -  

( c )  R i n g - r i n g  torsion angle term. 

madel o f  Exariiple 5.2.4. 

segment modcl o f  Example 5 .2 .4 .  

Some o f  the  e n t r i e s  i n  ITBR a r e  i r re levant  because the program does not 
generate conformation angles about  b o t h  1 - 7  and 7-1 ,  f o r  example. 

Example 5.2.4 
Substance: __ ...- o-Terphenyl, C l n H l l t  
Treatment: __- 

r ing-l ink bends a s  well as ring-ring torsion 
......-. Phase: __ Crystal 
Reference: - 

Unit c e l l ,  Syrnmetvy, Reciprocal l a t t i c e  symmetry, Atom _____...._._I__.. numbers, ~_I___ and 
Fortnula u n i t :  See Example 5 .2 .3  

Five-segment model permitting b o t h  in-plane and out-of-plane 

Brown and Levy (1979). 

_I ____ - 
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Rigid bodies: N R B  I= 5,  I R B A  = 0 

Vari ab1 es ..-____I __.___ 

Rigid Includes O r i g i n  Axes Rotations ____ Translations ........................ 

I U  IV IN x y z x y z  ___ - .- ______  ............... ....... body ....... .__ a toms IZ ~ . _ _  

1 7-8, 24-27 7 0 1 1 1  1 1 1  
2 1 ,  33 7 1 0 7 8 0 1 1  0 0 0  
3 2 -6 ,  19-23 1 7 1 3 3  1 1  1 0 0 0  
4 13, 34 8 1 1 8 9 0 1 1  0 0 0  
5 14-18, 28-32 13 8 1 3 3 4  1 1  1 0 0 0  

See Section 3 .4  f o r  t h e  defini t ion o f  the Cartesian axes. Note t h a t  
with these def in i t ions  the ring-ring tors ions a r e  x-rotat ions,  the o u t -  
of-plane ring-link bends are  y-rotat ions,  and the in-plane ring-link 
bends a re  z-rotat ions.  
- Connection . -I__ t ab le :  See Example 5 , 2 , 3 .  

__ Example 5 . 2 . 5  
Substance: 1 , l ' -Binaphthyl,  C20H14 

Treatment: .. ........... 

Phase: Crystal 
Reference t o  s t r u c t u r e :  ....... Kerr and Robertson (1969) .  
-. h i t  ................. c e l l :  Monoclinic, variables:  a ,  b y  c y  cos6 
Symmetry: C2/c (No. 15) , ius = 8 

Segmented molecule w i t h  only ring-ring torsion permitted 

Sequence of cards:  X 

$+X 
is- x 

4- X 
!2+ X 

- X  

- X  
X 

Y 
Y 

2-I-y 
%+Y 

- Y  
._ Y 

%-Y 
!2.- y 

For convenience the second card has  been selected a s  the twofold axis  
which generates the second half o f  the molecule From the i n p u t  atoms. 
(This would be required i f  the molecule was t o  be t reated as one r ig id  
body w i t h  IRSC = 2 . )  
-_ Reciprocal .................. l a t t i c e  symmetry: ICENT = 1 ,  HXhEG = 1, H Y N E G  = 0 ,  HZNEG = 0. 
REJECT terms w i t h  H X  + t i Y  f 2n  o r  with H Y  = 0 a n d  WZ # 2 n .  These terms 
a r e  zero. 
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-. Atom nurribers: NA = 19 

I 17 (481 I 36 I I 

/"\ /27\ 35 28 26 

22 

24 
1 

32 
I 

33 

The molecule  i s  l o c a t e d  on a twofold a x i s  a t  x = 0, z = 1/4. Atom 18 i s  
an e x t r a  atom s i t u a t e d  on t h i s  a x i s  and used a s  a segment o r i g i n .  
Atom 1 9  i s  an e x t r a  atom w h i c h  c o i n c i d e s  w i t h  atom 2. I t  i s  used t o  
define a segment c o o r d i n a t e  system. 
__--_-I_ Formula u n i t :  C20H14, IZAM = 2 
Rigid bodies :  N R B  = 2 ,  I R B A  = 0 

Vari ab1 es -___-_-- II_ 

Rigid Inc ludes  Or ig in  Axes Ro ta t ions  T r a n s l a t i o n s  _- 

1 1 ,  18 ,  1 9  1 8  0 0 1 0  0 1 0  
2 2-1 7 1 1 8  1 1 9  1 0  0 0 0 0  

body a toms I2  IU IV I W  x y z Y -  X z 
__l___l ___ 

ho te  t h a t  r i g i d  body 1 i s  c o n s t r a i n e d  t o  r o t a t e  about  the twofold o r  
t r a n s l a t e  a long  i t .  
the 1-20 d i r e c t i o n  w h i c h  i s  a l s o  the 1-20 bond d i r e c t i o n .  The second 
half o f  the molecule  i s  gene ra t ed  by symmetry from these segments.  

Rigid body 2 r i d e s  on r i g i d  body 1 and r o t a t e s  about  
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. Connection _ _ _ _  t a b l e :  N C T  = 20 - 

I A C ' I  
1 
2 
3 
4 
5 
6 
/ 
8 
9 

10 
20 
21 
22 
23 
24 
2 5  
76 

28 
29 

2 i  

1-1 t l R  
~ - -~ IA7 - I CT I DZ 

7 9 1 0 0  O O a O  
1 3 1 1  G 
2 4 1 2 0  
3 10 13  0 

10 c 14 0 
5 / 1 5 0  
G 8 1 6 0  
7 9 1 7 0  
1 8 1 0 0  
4 5 9 0  

71 28 1 0 
20 27 30 0 
11 23 31 0 
27 29 37 0 
29 25 33 0 
24 25 34 0 
15 21 35 0 
26 28 36 0 
10 2/ 29 0 
23 24 28 0 

O O a O  

Spa i f i c a t i o n  o f  conforlnation eilergy t a m i s :  
( a )  R i n g - r i n g  t o r s i o n  a n g l s  ( f o u r  o f  them) 

Because no d i s t a n c e s  o r  a n g l e s  a r e  v a r i e d  i n  lh is  model, t h e  on ly  
i n t e r n a l  energy terms needed a r e  f o r  the  t o r s i o n  a n g l e s .  In [ a c t ,  on ly  
thoscl t w o  c a r d s  f o r  backbone a t o m  1 and 20 need bc included; the r e s t  
are  o p t i o n a l .  

5 . 3  ____ I s o l a t x d  b l ~ l e c ~ l e s  ____ 

Exampl e 5.3.1 
___.I... Substatice: Propane, C,i.i, 
T rea tment :  E e x i b l e  molec~ i l e  c o n s t r a i n e d  t o  C symmetry 
-- Phase: Isolated molecule 
____._.I. Refererice ____ t o  structure:  _I_____...-- 

See a l s o :  Test Problcm 3A 

___. U n i t  ........ c e l l :  
cosy ':I 0 ,  a l l  c e l l  parameters  f i x e d .  

.- Syrmetry:  

2v 

Gayles and King (1965) .  

__.________ 

-- 
Cartesian angstrom system, a b = c = I ,  C O S ~  = c o s ~  = 

cpv, analogous t o  Pmm2 (No. 25), NS := 4 
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Sequence of cards:  x 
x 

- x  
- X  

Y 
-Y 

Y 
-Y 

Rec i prncal 1 a t: t i c e sjitime try: 
are  rr:ade f o r  a n  i sa la ted  molecule. 
Atom i n p u t :  NA := 5 

1 rre 7 evil ri t ~ P.!o rcc i prcca 1 3 a t t  i cf i  s iiiiis Ixl_.-....-.......̂ ...... 

_.II_ ._l.._l.. ... 

z Y __ __ 

1 C 1  0 0 0 
2 C3 1 -26808 u - 0.843 9 1 
3 I-( 1 0 0.87588 0.65883 
4 H2 1 2.16177 0 -8.223% 5 
5 tQ 2 1.31 300 0.813090 -1.49101 

x .... . ... . . . . . .. . .... !.lame _-- Nn. 

For  this  syrririiet,r*y the or igin o f  E i s  ar%itra..y. I t  has been isaktei-i a t  C 1 .  

These atoms a r e  generated by the syiiiiiietry cards 
Formula uni t :  
R i g i d  bod.ies: ... 

R i g i d  
- bo& 

1 
2 
3 
4 
5 

In minimizing 

C&, IZAM = 0 
N R E  = 5 ,  IKBA = 1 

- Yariab7 es  
Atoms O r i g i n  Axes Translati6Ky 

x y z  
1 1 0 0 0 1  
2 2 G 1 0 1  
3 3 0 0 1  1 
4 4 0 1 0 1  
5 5 0 1 1 1 

------__ TU I V  I W  ...... ~ ..x.._......__ 
IZ 

1___1_-- 

included ~ 

the energy i t  would be permissible t o  hold the z o f  a t o m  1 
fixed since i t  forins a redundant l inear  combination w i t h  t he  z c o o r d i -  
nates of the other atoms. 
the principal component, analysis  (see Section 6 . 2 )  w i l l  generate a zero 
eigenval ue arid o m i t  the cor-responding e i g e n v e c t o r .  

I t  i s  a l s o  sa t i s f ac to ry  t o  vary i t  because 
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For a dynamic calculat ion a l l  the z coordinates must be varied. 
z f a r  atom 1 would be equivalent t o  assigning i t  i n f i n i l e  rndss. 

Conncction tab le :  N C T  = 3 

F i x i n g  

__ I_ - 

ITBR 
~ ____ I A L  - I DZ - IACT IC I ___  - 

1 2 8  3 6 a a b b  c d d d d e  f f O O  
2 i 4  5 7 a b b b  d d d e e e  f 0 O i )  
a 1 9 1 0 1 1  a b b b  d d d e e e  f 0 0 0  

Specification of conformation energy te rns :  
( a )  C-C bond s t r e t c h  term 
( b )  C-W bond s t r e t c h  term 
( c )  C-C-C bond angle bend 
( d )  C-C-H bond angle bend 
( e )  i l -C-H bond angle bend 
( f )  X - C - C - X  torsion angles 

Some of the e n t r i e s  i n  IDZ a n d  ITBR a re  i r re levant ,  because the program 
does n o t  use both distances 1 - 2  a n d  2 - 1 ,  fo r  example. 

Example - 5 , 3 . 2  
- Substance: Ethane, C 2 H 6  
Treatment: ... 

Phase: Isolated mol ecul e 
F1 exible staggered molecule constrained t o  D3d syniiiietry 

Reference t o  s t r u c t u r e :  .................. ~- 

- See .................... a lso :  
U n i t  ,- c e l l :  
cosy = -0 .5 ,  a l l  c e l l  parameters fixed. 
._ Symmetry: __ 

NS = 6 

Shaw, I..epard and Welsh ( 1  965) .  
Test Problem 3A 

Hexagonal angstrom system, a = b = c = 1 ,   COS^ = cos6 = 0 ,  

D 3 d ,  analogous t o  special posit ions 6 k  of P 3 1 m  (No. 1 6 2 ) .  

Sequence of cards : X 
0 

- X  
- x  
0 
X 

0 
X 

- X  
0 

- X  
X 

z 
Z 
Z 

- T  

-z 
- Z  

Reciprocal l a t t i c e  .... .- symmetry: .- ... I r re levant .  iio reciprocal l a t t i c e  sums 
are  made f o r  an isolated molecule. 
Atom i n p u t :  NA = 2 ....................... 
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i 

No. ... Name 
1 c 
2 H 

Atom numbers : ___l.-.....__l _I 2 

\ i 
3' ' I  

4 

- Y 
0 0 
1.02162 0 

X 

8 

5 /i' 
\ 6 

Z 

0.76700 
1.16110 

- lhese atoms a r e  generated by the symmetry cards. 
Formula uni t :  C,H6, IZAM = 2 
Rigid bodies: N R B  = 2 ,  IRBA = 1 
_____.____ 

-__II 

Variables 
Rigid Atoms Origin - Axes -_-.-.___ Trans1 at! on? 
body i ncl uded I X Y z -_.__..-_I I U  I V  I W  

II 

IZ __-- 
1 1 1 0 0 0 1  
2 2 2 0 1 0 1  

Since symmetry i s  constrained t o  L3d there a re  only three var iables .  
These variable coordinates determine the three internal  parameters: 
C-C distance,  C - H  d is tance,  and C-C-H bond angle. 
__- Connection t ab le :  NCT = 2 

ITBR ._I -...- I CT I DZ IAZ __I..___.. I IACT 
1 5 2 3 4  a b b b  c c c d d d  e 0 0 0  
5 1 6 7 8  a b b b  c c c d d d  e 0 0 0  

Specification of conformation energy terms: 
( a )  C-C bond s t r e t ch  term 
( b )  C-H bond s t r e t ch  term 
( c )  C-C-H bond angle bend 
( d )  H-C-H bond angle bend 
( e )  H - C - C - H  torsion angles. T h i s  term i s  i r re levant  for  t h i s  example 

b u t  i s  required fo r  Example 5.3.3. 

E x T l e  5 . 3 . 3  

l_l_.-l Substance: Ethane, C2HG 
Treatment: 
w i t h  the symmetry cons t ra in ts  relaxed for dynamical calculat ions 

__ ._- 

Flexible staggered molecule w i t h  i n i t i a l  symmetry D3d b u t  
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Phase: Isolated mol ecul e 
Reference ~ _ _ _  .. t o  ..... s t ruc tu re :  ..... - 

See a l so :  __ 

-. Unit - .__- c e l l :  

Symmetry: .___ ...... 

N.S ::: 1 2  

Sliaw, 1.epar-d and We1 sh ( 1  965). 
Test Problem 38 

See Example 5.3.2. 
li3d, analogous t o  general posit ions o f  F3lin (No. 1 6 2 )  

Sequence n f  ca rds :  X 

-Y 
y-X 
y-x 
- Y 

X 
- x  

Y 
x -y 
X -Y 

Y 
- x  

Y 
X -Y 

Y 

X - Y  
-Y 

y-X 

-- Y 

y -. x 

-X 

-x  

X 

X 

Note t h a t  only t h e  f i r s t  s ix  cards a r e  needed t o  generate a l l  the atoms 
of  the molecule. 
ident i fying the characters  of tho vibrat ions.  

- Atominput:  ......... 

generates NA = 8 .  
..... Atom riumbers and ___ formula __ u n i t :  
Rigid .... _____ bod ies :  - 

-. Ihe remaining six a r e  optional ly  included t o  a id  in  

Same a s  Example 5.3.2 except t h a t  RA r:: 2 ,  IRSC = 6 which 

See Example 5.3.2 
NRB = 8 ,  I R B A  2- 1 

V a r i a b l e s  __ ̂______. ___ 
R i g i d  I nc 1 udes Origi ti ......... Transla __ t f  ons Axes 
body atoms 

_.__ ___ __ 
X E 

. ...... .... __.- IU I V  IW __. ...... J!- ....... IZ 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 

Note t h a t  we p e r m i t  th ree  dpgrccs of freedom for  each o f  ihe e ight  atoms. 
( h i s  nicans t h a t  s i x  o f  the 24 vibrational modes will have ze ro  frequency. 
I t  i s  not permissible t o  h o l d  one atom fixed as t h a t  would be equivalent 
t o  assigning i n f i n i t e  mass til t h a t  atom. 
- Connection -_ - t ab le :  See Fxanple 5 .3 .2 .  



000 0 I 2 I 
on0 0 L 1 1 
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Reference .t;o s t r u c t u r e :  .... 

... U n i t  c e l l :  .... Orthorhombic, v a r i a b l e s :  a ,  b, c 
Qmmett-y: 

See ,  f o r  exampl e ,  Wyckoff ( 1  9 6 3 ) .  

Pnma (No.  6 2 ) ,  PIS = 8 

Sequence o f  c a r d s :  X 

++x 
&+ x 

$-X 
%-X 

X 

- X  
- X  

Y 
!2.-y 

Y 
'2-y 

-Y 
+y 

-Y 
?$Y 

Note t h a t  c a r d s  have been grouped i n  p a i r s  r e l a t e d  by the m i r r o r  plane 
- - 

a t  y = 0.25 .  This  i s  so t h a t  t h e  e n t i r e  SO4 ion w i l l  f a l l  i n  the  b a s i c  
asymmetric u n i t  when symmetry c o n s t r a i n t s  a r e  r e l a x e d .  
Reciprocal l a t t i c e  __ _. symmetry: ICEN'T = 1 ,  H X N E G  = 0 ,  H Y N E G  r- 0 ,  H Z N E G  = 0 .  
REJECT terms w i t h  H X  = 0 and H Y  + HZ # 211 or HL = 0 and H X  f 2 n  s i n c e  
they would be zero.  
Atom i n p u t :  NA = 6 ,  IRSC = 2 ,  g e n e r a t e s  NA = 7 

X Y z ___.. . No. Name 
1 K 1  0.6768 0 . 2 5  0.4182 
2 K 2  -0.0115 0 .25  -0.2954 
3 s 0.2358 0 .25  0.41 55 
4 01 0.0315 0 .25  0.4032 
5 02 0.2970 0 .25  0.5579 
6 03  0.2997 0.0410 0.3484 

Note t h a t  K1 and K2. a r e  two c r y s t a l l o g r a p h i c  kinds o f  potassium atoms. 
lhese and S ,  01,  and G 2  a r e  in the m i r r o r  plane a t  y = 0.25.  Because 
03 i s  o f f  t h i s  plane i - t  occurs  twice a s  o f t e n  a s  the  o t h e r s ,  thus 
completing -the SO4 i o n .  

.-. 

- - 

Formula . u n i t :  _- K 2 S 0 4 ,  IZAM = 0 
R i p d  bodies :  N R B  = 3 ,  I R B A  1 0 

Var.iab1 es 
.. ..... Rota t i  ons  ..... Trans 1 a t  i on s Axes 

1 1 1 0 0 0 0  1 0 1  
2 2 2 0 0 0 0  1 0 1  
3 3-7 3 0 0 1 0  1 0 1  

__ - -. -. ~ __ Rigid Includes O r i g i n  
~. body ....... a toms .... IZ IU IV I W  ~- x Y '? x Y ?..._ 
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Because each r ig id  body is  on the mirror plane a t  y = 0.25 only x and z 
t rans la t ions  a re  permitted, and the SOL,” ion can ro t a t e  only abou t  the 
y a x i s .  
__I Connection tab le :  NCT = 1 

IACT 
3 

I CT 
4 5 6 7  

This tab le  i s  optional b u t  may be included t o  ca lcu la te  bond distances 
and angles in  the S O L + =  ion. 
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G .  MATHEMATICAL METI-IODS 

5 ,  'l Introduction _________ 
In Section 2 . 1  we described the operatioti  of !\INIII i n  the various 

lilodes which adjust  e i t h e r  the energy parameters or t h e  s t ruc tura l  param- 

e t e r s  of the model. I n  th i s  chapter we will go into more de ta i l  on the 
mathematical methods which a re  used. I t  i s  hoped t h a t  an understanding 
of these methods wil l  enable the user t o  obtain sa t i s fac tory  r e s u l t s  
with fewer f a i l u r e s  and f a l s e  s t a r t s .  
t a t i o n  of the method of l e a s t  squares as i - t  i s  used in WMIN and  then 
proceed t o  describe the par t icu lars  of modes 0, 1 ,  2 ,  3, and 3 .  

\!e begin with a general presen- 

6 .2  Flethod of Least Squares ~ and ~ l _ l  P r i  nc'lpal .... Component ...... . Anal vsi s 
For convenience we will f i r s t  define a number of symbols t o  be used 

y(O), a vector o f  m observed quant i t ies .  

-__-.I __ 

in the following discussion: 
I n  WMIN these quant i t ies  

are a W / a p i ,  the der ivat ives  o f  energy w i t h  respect t o  the s t ructural  
parameters f o r  the known s t ruc ture .  They a r e  "observed" t o  be zero 
s ince the s t ruc ture  i s  s tab le .  

For mode 0 x ( '  ) ,  a vector o f  n t r i a l  parameters t o  be varied.  
these are usually t h e  energy parameters q i ;  f o r  mode 1 they a re  strwc- 
tural  parameters. 

x('). These a r e  the values of ab.l/api ca ' lculakd from the p i ' s  and q i ' s  
o f  the model. 

y ( ' ) ,  a vector of rii quant i t ies  calculated frorri the t r i a l  parameters 

x(2), a vector of n improved parameters t o  be obtained. 
E, an m*n m a t r i x  o f  derivat ives  w i t h  u i j  = a y i ( ' ) / a x  ( ' 1 .  I n  W I N  

y, an m*m weight matrix. If the observations y(O3 a r e  independent 
we have 5 i j  = a 2 W / a p i a q .  fo r  mode 0 or B i j  = a2\W/apiap.  f o r  MODE = I .  

t h e n  w i s  diagonal and w i i  = l / 0 2 ( y i ( ' ) ) .  For equal weighting we can 
s e t  w i i  = 1 .  For careful work i n  mode 0 we must have w = V I 1  where V 
i s  the m*m variance-covariance matrix o f  y('). 
discussed below. 

J 

I t s  ca;culation will-be 

- s ,  an n*n diagonal scaling matrix chosen so t h a t  the diagonal - 
elements of  - - - -  s B h' B s are  unity. 'This i s  accomplished by inaking s i i  :: 

---. ---- 

1 / 4 8  w -8) i i .  



L 

A = s B w B S ,  the scdled and weighted n 1 a t r . i ~  o f  the nornia1 
I - < - - - -  

equations. 
A, the ti*n diagonal matrix w i t h  elements A .  which a r e  t h e  - 1 

matrix of eigenvectors of A. 
which i s  normalized t o  uni ty .  

Each colurnn 
Ne have A = 

eigenvalues o f  A. 
U, t h e  n * r ~  n r t h o g o n d l  

represents one eigenvectot, 
U < " -  A U and II ~" A - l i .  

5 = ~ - - ~ ( x ( ~ )  - ~ ( l ) ) ,  the vector o f  principal components. 
g = u s ii w ( y ( * )  - y ( ' ) ,  the  transformed vector o f  observations.  
Noid let .  us develop the method o f  l e a s t  squares t o  o b t a i n  t h e  

- . " . , _ ,  - 

improved paranieters 5 " ) .  The observational equations are  

arid weighting we have 

In W I I N  y ( O i  = 

car ry  i t  a l o n g  f o r  gene ra l i t y .  
inrid c o u l d  be omitted frijiil the  equations, b u t  WE w i l l  

I f  n + m then we n i u s t  use the method o f  l eas t  squares: 

For sonie purposes i t  i s  des i r ab le  LO sca le  t h e  parameters u s i n g  s <IS 

d s f i  ned above : 
." 

U s i n g  t h e  syinbol A f o r  the l e a s t  squares matr ix  we have: 

O f t e n  these equations a re  solved by inverting A PO t h a t  - 
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b u t  i f  A i s  s i n g u l a r  o r  i l l - c o n d i t i o n e d  t h i s  procedure f a i l s .  We w i l l  
u s e  i n s t e a d  t h e  method o f  p r i n c i p a l  component a n a l y s i s .  Determi ne t h e  

I 

e igenvalues  and e i g e n v e c t o r s  o f  A - and s u b s t i t u t c  U . - -  A U f o r  A :  

o r ,  s i n c e  U-1 = U ,  - - 

Using  o u r  e a r l i e r  d e f i n i t i o n s  we may w r i t e  

Now s i n c e  A - i s  diagonal w i t h  elements A 

w i t h  e lements  and we have n independent equat ions  
i t s  i n v e r s e  ),-l i s  a l s o  diagonal i 

c i  = A . - 1  g 
1 i .  

(2) - x ( ' ) )  Each c i  i s  a l i n e a r  combination o f  t h e  parameter changes ( x  
5 

and,  s i n c e  i t  depends on o n l y  one element o f  g and the  corresponding 
A . - ~ ,  i t  i s  known a s  a p r i n c i p a l  I___ ..._.._ component of t h e  parameter changes.  

i 

1 
A well determined mat r ix  A w i l l  have a l l  o f  i t s  e igenvalues  of 

comparable s i z e .  A s i n g u l a r  m a t r i x ,  o n  the  o t h e r  hand, w i l l  have a t  
l e a s t  one e igenvalue  equal t o  ze ro ,  and a poorly determined mat r ix  w i l l  
have one o r  more e igenvalues  which a r e  small compared t o  the o t h e r s .  I f  

i s  sinall o r  zero  t h i s  means t h a t  the l i n e a r  combination o f  parameters 'i 
r e p r e s e n t e d  by c i  i s  poorly determined.  
so c i  w i l l  be l a r g e  and w i l l  cause t h e  l a r g e  parameter changes t y p i c a l  
o f  a problem t h a t  i s  f a i l i n g  t o  converge.  The a v a i l a b i l i t y  o f  the eigen-  
va lues  and e i g e n v e c t o r s  in  p r i n c i p a l  component a n a l y s i s  permits  severa l  
p o s s i b l e  remedies f o r  t h i s  s i t u a t i o n .  

A small A .  means a l a r g e  A. 
1 i 

F i r s t ,  t h e  e i g e n v e c t o r s  a s s o c i a t e d  w i t h  small e igenvalues  can be 
examined t o  l e a r n  which l i n e a r  combinations o f  x i  a r e  poorly determined.  
The problem can then be repea ted  holding some o f  the of fending  parameters 
c o n s t a n t .  

Second, an au tomat ic  procedure i s  p o s s i b l e  i n  which t h e  p r i n c i p a l  
components c a s s o c i a t e d  wi th  small e igenvalues  a r e  o m i t t e d .  This  i s  i 
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done most simply by replacing x i - l  with zero i f  h i  i s  small or zero,  
Let A- I  be the diagonal matrix bvith k i i - l  so modified. 
changes a re  

k 
Then the parameter 

When t h i s  method i s  used i t  i s  impartant t o  remember t h a t  the i l l -  
conditioned problem has been made t o  appear we1 1 -behaved by applying 
cons t ra in ts .  I n  general these constraints  w i l l  n o t  be obvious Frorri the 
parameter changes which r e s u l t .  

constant may be added t o  each diagonal element o f  matrix A. 
the e f f ec t  o f  adding that constant t o  each eigenvalue x i .  
values a r e  thus increased proportionally imre than  large ones and the 
1 arge  parameter chdnges t h d t  t h e y  would  cause are  e f fec t ive ly  damped. 

We will ~IQW cons ider  two special cases which are  re1evdn-t t o  the 
subsequent discussion. 
which n o  pr-incipal cornpol-ents dre omitted. I n  t h i s  case 

Third, followirig a procedure suggested by Marquardt (19631, a smal 1 
This has 

Siiiall eigen- 
- 

Consider f i r s t  the well-behaved problem for  * 
= A-1 and -. 

Then Equation ( 1 1 )  becomes 

o r  

so t h a t  when no pr incipal  _ .̂I.i. cornportents are omitted scaling - has no e f f e c t  
on t h e  parameter changes. -_ Nevertheless, WNIN scales  the matrix before 
determining the principal corriponents unless the user specif ies  otherwise 
(by se t t i ng  S L I M  a t  a negative value) .  

Next we consider the case when 
variables i s  equal t o  the number o f  
i t  may have an inverse,  and  

n = m, t h a t  i s  the tiumber o f  
observations. Then since B i s  square - 



- lhen from Equation ( 1 4 )  we have 

or  

so t h a t  weighting make5 110 difference -__ t o  the ~ r e s u l t  whPn the _ _ _  number o f  - 
__ variables  ____ equals  __ the  nuniber _-___ o f  observalions.  __ Furthermore, in l h i s  case ,  
the  least-squares procedure Cjives r e s u l t s  ___ --__ identiclll __- t o  those --__ obtained -__ by 
solving _____ the  observa t iona lequat ions  ____ d i rec t ly .  __ I n  general for  the mini - 
mization o f  energy  w i t h  modes 1 o r  4 we have n m ,  because Ihc var iablzs  
a r e  t h ?  s t ruc tura l  parameters and t h e  observations a r c  the der iva t ives  
with respect t o  these parameters. [herefore, in  t h r se  modes no weight 
matrix i s  needed a n d  t he  observational cquations may be solved d i r e c t l y ,  
a procedure known a s  Newton's method. t o r  mode 0 ,  on t h e  other h a n d ,  

the  number o f  var iable  energy parameters wil l  usually be less  t h a n  the 
number o f  observations. I n  t h i s  case the inethod o f  l e a s t  squares must 
be used and t h e  resul ts will depend on the weighting scheme. 

- - _ _ I  ___ - - _ _ _  

_ _ _ _ _  ~- 

6 . 3  Calculation ---. of ~ the ....... Weight ...______ Matrix 
Inclusion of a weight matrix w will in general a f f e c t  t h e  parameter 

. . . . . . . 

- 
changes in mode 0 .  
covariance inatrix associa tcd wi th-the-observations y"). 
vations a r e  the der iva t ives  of the energy w i t h  respect  t o  t h e  s t ruc tura l  
parameters, t h a t  i s  yi  (O) = a W / a p i ,  and they a re  assumed to  be zero. 
Errors i n  the observed s t ruc tura l  parameters, however, would imply e r ro r s  
i t i  these der i  vat i  ves. 

We know that w = V - l  where V i s  t h e  variarrcc- 
These obser- - 

NOW in general ,  i f  f- i s  a vector o f  quan t i t i e s  derived frorn - 
parameters p, the variance-cavariance matrix associated with f i s  given - - 
by 

where V i s  the  variance-covariance mat r ix  o f  p arid D i s  r7 matrix with - P  Dij - - 3 f j / 3 p i .  Now i f  we i den t i fy  y(O) w i t h  f-we ha;e 0.. = 3 2 w / a p i a p . ,  - - 1 J  J 
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and we may take ’J a; the diagonal matrix w i t h  elements V p i i  = “ ’ ( p i ) .  
O u r  weight m a t r i x  i s  t k e n  

- P  

In WMIN WE ca lcu la t e  the elements U i  
be very good i n  the i n i t i a l  stages o f  parameter- adjustment. Use o f  the 
w e i g h t  r i i i r t r i x  may therefore  cause d i f  ficu7 t i e s  unless i t  i s  postponed 
t o  the f i n a l  s t a g a  o f  refiiiewwt:. 

from a model fa r  W which may not  

6 . 4  .......~..__I_____... Tnc . lu r inn  I_ o f  ._.l_l_____....._ the Experimental __ .I__..._ Energ]:, as  an  Observation ___ 

She experimental energy, if i t  i t ,  avai’lable, may be used as an  
observat. ion in t h e  1 east-squares a d j  ustinent o f  energy parameters f o r  
mode 0. 
for  an atam-atorri potential.. 
way t o  USE? the experiiiierital energy i r !  other modes of WMIN where the 
anergy o f  the model i s  b e i n g  minimfzed.  

I t  can he especially ef fec t ive  i n  es tabl ishing an energy scale  
O n  t h e  other hand,  there i s  no appropriate 

In  the least.-squares problem we can l e t  the experimental energy 
i a “ )  = yl(’) and the calculated energy M‘’) = y 1 ( ’ ) .  Then 6 i s  a one- 

E 1  \ 

r w  matrix with E ti 3 
w i t h  respect t o  t h e  variable eneryy pdrameters. 

= 8 L d i ’ ’ / a q . 9  the der ivat ives  of the calculated energy 
We may use a sca la r  

1 - 1  

the least-squares equation i s  

As - B i s  a one-row matrix we see t h a t  inclus 
a single term t o  be added to each element o 
least-squares n o r m 1  equat ions.  

one observation t o  

on o f  the observation causes 
the rnatr x and vector of the 

6 .5  __l__l Calculation of t h e  - Derivatives - - 

( o r  Q ~ )  a re  made numerical1y us ing  the fo l lowir ig  expressions: 
All der ivat ives  o f  the energy W with respect t o  the  parameters pi  

a2W/api’ = [w(pi  + api) -t b1(pi - a p i )  - 2 ~ ( p ~ ) ] / n ~ p ~  , ( 2 2 )  
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a n d  

j ’W/api” j  = [W(P i  + n p i ,  p j  + + W ( P i ,  P j )  

.- LOi f n p i >  P j )  - W ( P i ,  p .  f : I p . ) ] / ap .n  1 P j  . ( 2 3 )  J J 

Here the parameter increments h p  are  quant i t ies  small enough t o  give a 
good approximation t o  t t ic  der iva t ive  b u t  l a rge  enough t o  pb>oduce an  
energy change aW with a reasonable number o f  s ign i f i can t  f igures .  The 
increments f o r  the standard s t ruc tura l  parameters a re  buil-t in to  the 
program, b u t  ,the increments f o r  the common parameters P C  o r  extra param- 
e t e r s  PX must be provided by the user as input d a t a .  A ru le  of t h u m b  
i s  t h a t  n p i  can be about times p i  o r ,  a l t e rna t ive ly ,  :‘pi 
can be a b o u t  10-1 times n ( p i ) ,  a n  estimated standard e r r o r  f o r  p i .  

The above expression fo r  the f i r s t  der iva t ives  would be exact i f  
the energy were a l i nea r  function o f  the  parameters. S imi la r ly ,  the 
expressions for  the second der iva t ives  would be exact i f  the energy were 
a quadratic function o f  the parameters. 

i 

or 

One important advantage o f  using numerical der ivat ives  i s  -the ease 
with which cons t ra in ts  can be applied.  After a parameter i s  incremented, 
two subroutines,  SETA a n d  CNSTRN, a r e  entered before the energy i s  
recalculated.  SETA es tab l i shes  the cons t ra in ts  between uni t  ce l l  param- 
e t e r s  for  c rys t a l s  o f  high symmetry. For a cubic c r y s t a l ,  f o r  example, 
i t  s e t s  b = a a n d  c = a so t i r a t  when the program increinents c e l l  pararn- 
e t e r  a i t  automatically increments b a n d  c a l so .  The quant i ty  aW/aa 
t h u s  calculated represents the der iva t ive  subject  t o  the cons t ra in t  t h a t  
a cubic ce l l  i s  maintained. Subroutine CNSTRN i s  a u s e r ’ s  rout ine which 
allows almost any other desired cons t ra in ts  t o  be establ ished in a 
s imi la r  way. 

- Ihe use of numerical der ivat ives  a l s o  permits grea t  f l e x i b i l i t y  in 
the form of the potential  energy functions.  User rout ines  R E P L  a n d  GPOT 
permit the introduction of atom-aton) poten t ia l s  o f  almost any desired 
form. The rout ines  need ca lcu la te  only the energy of the in te rac t ion ,  
a n d  the numerical der iva t ives  a r e  obtained automat.ically. 

6 . 6  Adjustiiient __ o f  Energy ...... parameters Using ..... Mode .... . 0 . .- 

minimize the f i r s t  der iva t ives  o f  the  energy by adjust ing the energy 
Mode 0 uses a l l  of the  mathematical methods described above t o  
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parameters of the model. 
implerriented, and we will discuss the program o u t p u t  a t  the various 
s tages .  Test Problem 3A, Section 10.3,  i l l u s t r a t e s  the o u t p u t  from 
mode 0 when  observations from two substances are  combined. 

We will describe how the procedures a re  

Five input parariieters which will be mentioned below appear on the 
overall  control card.  These are the weight indicator  JWGT, the parameter 
l imi t  indicator  IPLM, the acceptable r a t i o  of eigenvalues ARE, the 
scaling l imit  SLIM, and  the Marquardt compromise constant CMPR. 

each substance involved, the program pr in ts  a l i s t  o f  a l l  RP parameters 
with the i r  names NAMP, values P, and increinents DP. The substance 
nuinber associated with each parameter i s  given by ISGP where zero 
designates the coniiiion paraineters. Non-zero values f o r  KP a n d  K Q  indicate 
observations and  var iables ,  respect ively,  and  DKT i s  the f ract ional  
s h i f t  t o  be applied i f  t h i s  k i n d  of  damping i s  specified (see Section 
8 . 1 ) .  S P  i s  the standard e r ror  which rliay be assigned t o  each parameter 
a n d  used t o  generate the weight matrix i f  IWGT # 5. 
lower a n d  upper l imi t s  on the allowed ranges of the variable parameters. 
These a r e  s e t  a n d  used only  i f  IPLM # 0. 

After reading the input and  nlaking preliminary calculat ions for  

PP4N a n d  PMX are  

The program proceeds t o  t r e a t  one substance a t  a time entering WCALC 
t o  obtain the energy W and  then using the numerical procedures o f  
Equations ( 2 1 )  t o  (23)  t o  obtain the f i r s t  der ivat ives  DW and the second 
der ivat ives  DDWIJ. 
represents (y(’) - y ( ’ ) ) .  DDWIJ i s  stored in the appropriate element o f  
BTR,  the matkix 8 of Section 6.2.  I f  a weight niatrix i s  t o  be calculated 
DDWIJ i s  a l so  s t i r e d  in UMAT, a iiiatrix which represents D of  Section 6.3, 
I n  obtaining these der ivat ives  care  has been taken t o  avoid the dupli- 
cation of any energy calculat ions.  Other time saving features will be 
described in Chapter 7.  

DW i s  negated a n d  stored in the vector DYC which 

- -  

If the experimental energy is  t o  be used as  an observation the 
program pr in ts  WOWC and  the vector DWDQ which represent (W(’) - W (1  ) )  

and a w / a q  respect ively,  as described in Section 6.4.  These quant i t ies  
a re  then used t o  coriipute AM and VM, the contributions which a re  added 
t o  A N  and Vh, the matrix and  vector of the l e a s t  squares normal equations. 

I f  IWGT # 0 the program computes and pr in ts  the weight matrix WMAT 
according t o  Equation ( 1 9 ) .  

j ’  

Next the f i r s t  a n d  second der ivat ives  o f  
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the  er ipryy a r e  pr i  n t 4 .  
ifie quan t i t i e s  which t h e  program  ill tr-j t o  reduce t o  7 ~ 1 - 0 .  I ne  second 
der iva t ives  rrom n i a t c i x  6Tg a r c  label led appropria ie ly .  

I he col unin D Y C  1 i s t s  the dcriva t i  ~ E S  -qW/?p. , 
1 

- 

Also printed a rc  the discrepancy far tot  s SDNS a n d  RDWS which a re  
the weighted o r  uiiweiyhted SUIII o f  squares o f  dprival ives  DYC f o r  onci 
substance a n d  i t 5  s q u a r e  r o o t ,  r e s p c t i v e l y .  I he prograiii iiicn uses U Y C ,  

BTR, a n d  i:JMP!l ( i f  included) t u  coliipute AM a n d  VM, the contributions o f  

t h i s  SlJbStanCe whicl"l a r e  add?.' t o  ,?N ani; V N ,  tihe iiiaiv i x  and tik v w i o r -  
o f  t h e  l e a s t  squares n o m a 1  equation<, Equalion ( 3 )  above. 

After riiaki ny  these ca lcu la t ions  f o r  csch substance, t i ip  prograni  
p r i n t s  the overall  discrepancy fac tors .  SDWST i s  the weighted 01- 

unweigihted sum o f  sqirares o f  the  derivatsves D Y C  a n d  ihe enerqy d i f f c r -  
ences WOWC. RDWSl i s  SQRT(3DWSI j ,  and SIGMA i s  SQRJ(SDWST/DGF) where 
D G F  1 5  N O - N V ,  LflLT nurnhpr o f  degrccs o f  ri-eedom. 

Thc pragvalli t h p n  prevdres t o  solve t h e  norma1 q u a t i o n <  by the 
method o f  priticipal coiiiponent analysis  desrribcd in  Scction 6 . 2 .  The 

scal ing matrix SAN, the s of Equation (4), i s  cornputcd fro111 t h e  diagonal 
elements o f  matrix AN a n d  pi- inkd.  A diagonal elci;ien!: l e s s  t han  the 
inpiit scaling l i m i t  SLIM caiises the corresponding eleiiient o f  SAN -to be 
s e t  t o  z e r ~ .  (-[he scal ing niat.:*ix wil l  be or i i i t t pd :  i . e . ,  sei t o  uni ty ,  
i-f SLIM i s  read a s  a negative number.) 

The matrix AN and vector V N  a r c  then scalcd ani; CMl)f< i s  added t o  
each diagonal el einent t o  implement Marquard t ' s  compromise. !de t hen  

compute t h e  eiyenva?ues, EVAL and  eigenvcctGrs E V E C  o f  m t r i x  A N .  lhese 
a r e  t h e  matrices ,2 a n d  U o f  Equation ( 7 ) .  
which makes i t  easy t o  examine each principal component t o  detFrlnii?e .the 

These a re  printed in a way - - 

contr i  b u t  i on 
3A,  Section 
a r e l a t ive ly  
l a rges t  EVAI.. 

ables  DCC an  

o f  each var iable .  ReferrSng t o  t h e  o i i l p i t  o f  Test  Problem 
0 . 3 ,  we see t h a t  t h e  Pigenvalues range f rom 7.01 t o  0 .264,  
narrow span, so the problem i s  well determined. The 
corresponds t o  a component whicih includcs mostly t h e  var i -  

At-tCH, and, s ince t h e i r  coef f ic icn tz  have the  Same sign,  
we can say t h a t  t h i s  component i s  mostly the __ siiin o f  these var iables .  
The smallest  t V A l  , o n  the other h a n d ,  inclLtdes t hese  salni! var iables  b u t  
with coe f f i c i en t s  o f  oppositc s ign.  We concludr. therefore .  t h a t  i t  i s  
the difference o f  these var iables  which i s  IPSS r e 1 1  determined. 



69 

parar.r.ieter i s  t e s t ed  a g a i w t :  t h e  lower d r d  upper l i m j t s ~  PMN and N 4 X .  
I f  any  par~arneter has moved o u t s i d e  t h i s  ~'arirje, t hen  the nuinber clfr pr 
i ; ipal coii ipnnents used  i s  reduced by om-? and the eii t ire ca' l lculatiori  o 
parameter changes i s  repeated .  

T h i s  complete p r o c e d ~ i r e  i s  repeated f o r  a t o - t ~ l  o f  NC cycles  o f  

refirierrient. 'Iken one more cycle i s  made t o  calctilaGe t h e  energy W ,  

II - 

-L s 

f i r s t  deriv,mti ves DYC, and the d iscrepancy  f a c t o r s  f o r  t h e  f i n a l  param- 
e t e r s .  A surimry of  the pa.rairieters a f t e r  each cycle  j s  printed a , t  the 
end o f  the  rur1. 

6 . 7  Energy Min i r r i i sa t i on  by Newton's Metbiod, Mude 1 
F a r  enerqy tninii-ni zat , ian  t1.y N e w t ~ n '  5 rnethod the v d r i a b l  es  a r e  t h e  

~ ~...~ .......... ~ .~ ............................... ~ ......................... ~ ........ _. - 

s t ruc tura l  parameters a n d  the o b s e r v a t i o n s  are  t h e  derivat ives  w i t h  

respect t o  t hese  parameters. We have s h o w n  in Section 6 .2  t ha t ,  iindler 

these circui-riSLinces, t he  observatiornal equations (1  ) inay be solved 
d i r e c t l y  and t h a t  weighting has rio e f f e c t  on t h e  r e s u l t .  I n  niode 1 ,  
therefore ,  W M T N  does not normnlly ca lcu la te  a w e i g h t  r r i a t r i x  or  use the 
method o f  l e a s t  squares. 'The user may override th i s  decision, however, 
by s e t t i n g  ttw leas t  squares indicator  ILSQ non-zero,  b u t  t h i s  would 
only be done f o r  t e s t  purposes. 
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I n  mode 1 the coiiitnon parameters a r e  fixed so each substance i s  
t reated separately.  
i n  t h i s  mode. 
second der ivat ives ,  DQ and  DDWIJ, a s  before. I he experimental energy 
WOBS may be printed,  b u t  i t  i s  n o t  used i n  the calculat ion.  The output 
column D Y C  again l i s t s  the negatives o f  the f i r s t  der ivat ives ,  a n d  the 
second der ivat ives  a r e  appropriately label led. 

Test Problem 2A o f  Section 1 0 . 2  shows typical o u t p u t  
The program cnlculates  the energy W a n d  i t s  f i r s t  a n d  

- 

Because the observational equations a r e  t o  be solved d i r e c t l y ,  the 
matrix BTR (which i s  syriirnetric i n  t h i s  case) and vector D Y C  are  siml'ly 
copied in to  locatioris ,414 a n d  V N .  Then the method of principal component 
analysis i s  used J u s t  as i n  mode 0 f o r  determining the parameter changes. 

I n  th is  mode the printed eigenvalues E V A L  give information a b o u t  
the s t a b i l i t y  of the model. 
tu re  i s  near a n  energy m i n i m u m .  
indicate  t h d t  the model i s  near a maximum or a saddle point.  One o r  
more zero eigenval l ies w o u l d  indicate t h a t  redundant parameters have been 
included a s  variables.  I n  t h i s  case the principal components m i g h t  
represent the rotat ions o r  t rans la t ions  o f  a n  isolated inolecule or 
coordinates along a polar crystal  ax is .  Principal components with 
negative or zero eigenvalues will usually be omitted automatically, 
depending on the value o f  input parameter ,4Rt,  the acceptable range of 
ei  genval ues. 

mode 0 .  For a s tab le  model which i s  behaving correct ly  the derivatives 
D Y C  a n d  the discrepancy factor ROWS should become very small a f t e r  
sever61 cycles.  Oscil lating models can sometimes Le brought ti.) conver- 
gence by damping with fract ional  s h i f t s .  This i s  done by select ing the 
i n p u t  values o f  K P ,  a s  described in Section 8.1.  Piodels which a r e  f a r  
from equilibrium may n o t  converge a t  a l l  with mode 1 ,  a n d  preliminary 
adji.istnient w i t h  modes 2 or 3 i s  recommended in those cases. 

I f  a l l  eigenvalues a r e  posit ive the s t ruc-  
One or more negative eigenvalues would 

Parameter changes a n d  e r rors  a r e  calculated a n d  printed as i n  

6 .8  -. Method . . . .. . .. . .. of Steepest . . . . . .. . Descents, .. .. . . Mode ~. 2 
The energy minimization procedure using Newton's method, mode 1 ,  

works very well when the model i s  already close t o  a local minimum. I n  
other s i tua t ions  i t  may n o t  work a t  a l l .  Because Newton's method 



71 

atteinpts t o  minimize the f i r s t  der ivat ives  of the energy, i t  may well 
locate  a local maximum o r  a saddle point in the energy. 
parameters happen t a  represent d saddl e point,  Tilewton's method cannot  
move off o f  t h i s  p o i n t  toward a minirnum. 
methods of minimizing the energy have been included in IrlMIN. 
6 . 9  describes mode 3 ,  a modified Kosenbrock search technique which works 
very well. 
of  s teepest  descents procedure, mode 2 ,  which i s  described in t h i s  
sect ion.  
any model can be minimized by the combined use of modes 1 and 3 .  For 
t h i s  reason no exainple o f  mode 2 i s  included in the t e s t  problems. 

For the method o f  s teepes t  descents WMIN calculates  the energy W 
and i t s  f i r s t  der ivat ives  DW. 
vector i n  parameter space, the direct ion in which the energy decreases 
most rapidly.  
culating the energy for  each parameter s e t .  The r e su l t s  o f  each t r i a l  
may be printed (depending on I P R T ,  see Section 7 .3 )  so t h a t  the user may 
follow the search procedure. 
energy WXN i s  less t h a n  the previous lowest value WXL. Then a limited 
binary search f o r  a minimum i s  made in which the s tep s i ze  i s  halved 
fou r  times. The old a n d  new parameters a re  printed with t h e i r  changes 
and the program goes back t o  recalculate  W and OW on the next cycle.  

parameter X D R D  f r o m  the overall  control card.  A t r i a l  value o f  0.01 i s  
recommended, b u t  some experimentation with t h i s  parameter may be needed. 
Too small a s tep  s i z e  will  increase the search time unduly. Too large 
a s tep may move the model completely o u t  of the s t a r t i ng  region t o  a 
d i f f e r  e n t 1 oca 1 m i n i in um . 

If the s t a r t i ng  

For t h i s  reason two other 
Section 

For t rad i t iona l  reasons the program a lso  includes a method 

In  pract ice  t h i s  mode may not be needed, because the energy of 

These f i r s t  derivatives define a gradient 

The program makes a s tep  search along t h i s  vector ,  recal-  

Stepping continues a s  long as  the new 

The i n i t i a l  s t ep  s i z e  for  the search i s  determined by input 

6 . 9  Modified Rosenbrock __ll_l_ Search, Mode 3 
I n  mode 3 the program minimizes the energy using a very simple 
__.__I- 

search technique based on the ideas of Rosenbrock (1960) .  
a r e  used; only the energy W i s  calculated for  various t r i a l  values of 
the parameters. 
t h a n  does fiewton's method, b u t  i t  will always move toward a lower 

No derivat ives  

The procedure takes longer t o  reach a f ina l  minimum 



H
 

-h
 

4
 

m
 
i
 

-i
 

Ln
 

r
t 

r
t
 

--
I.
 3.
 

W
 

d
 

.+
. 

o
m

 
-5

 
*>

 

6
-

7
2

 
a
5
 

fD
 

ID
 

s
<

 
A
.
 

r
+

 

o
w

 
X

P
 A
.
 

v
) v,
 m rt
-
 

r+
 
0
 

E
 

1
 

P
 

H
 

-h u 3
 - r

t J
 

ea 0
 

rt
 
J
 

0
 

7
 

s
 

8
, Is
 
il u -I ;D

 

A
. 

v
) 

a
 

5
 

0
 

DJ
 

r
t m
 

-5
 

r
i 

3
- 

9
, 

3
 

ZZ
 
0
 

c
 

;o
 

rr
 
S
 

m
 

r-
t 

3
, 2.
 

r
c

-
u

 
4
.
 

W
 

0
-

5
 

--
I.
 

s
o

 
-5

 

c
 

r
t

 
a

s
 



73 

t he  prcgram moves on t o  t h e  next variable paraiireter and repeats the 
pr0CedUW" 

When a1 1 the  va.riabl e pai-awter~s have heen ad.jus.ted i r i  the 
e x p l  oi-a.tc;ry search .the program proceeds ti-, make a vector search  i ri w h i c h  
a1 I v a r i ab le s  a r e  ad jus t ed  sitriul t.aneous1y. The dia-ecti'on tztkzn i s  t h a t  

explmr-atory seai-ch. IJach pararneter i s  ci-ianged b.y an amount EPSI. * 
VBEST(I) where EPSL. i s  i n i t i a l l y  s e t  a t  0 . 2 5 .  
analogoins t o  t h a t  used f o r  t he  explara tory  secirch. ,4 S U C C ~ S S  causes 
EPS1.. t : ~  he increased by a f ac to r  of 3 .0;  a fa i lure  cause's i t  t o  be 

o f  t h e  v e c t o r  'dBES1- made U P  o f  t h e  net P ~ T ~ I H I E ~ ~ ? ~  changes F r ~ t n  t h e  

The procedure i s  exactly 

hal\led and i q a t e d .  One f a i l u r e  arid i)ne success ends -the vector search 
and tenninatc.; t h e  stage.  Ex.ploratory searches fo9 lowed by a vector 
search are repeated NSTG tlirnes i n  each cycle. 

A n  important.  fea ture  o f  this sedrc.h procedure i s  t h d t  t he  values o f  
EPS( I ) ,  the increments f o r  each parameter, a re  auton-iaticaliy a .djusted t o  
optimum s i r e  and d i r ec t ion .  T'his adjustment caritiuiues throt ighoi i t  the 
energy rn in i tn iza t ion  with t h e  current values o f  EPS(I) b e i n g  carried over 
from s- taye  t o  stage a n d  from cycle  t o  cyc le .  
approached the values of E P S ( 1 )  get  sri id' l1e~' and so do t he  parameter 
chitriyes? which a r e  t h e  e1ernen-t;s of VBEST, 
o f  these  changes \ /SSQg becomes alrnost zero the search i s  terrni riated 
w j t h  u3 p r i n t e d  rnessaye. 

Test Prob1eii-i 2B, S e c t i o n  10,2, illustrates t h e  o u t p u t  from a rnode 3 
energy minimizat ion.  The i n i t i a l  c a l c u l a t i o n  o f  the  energy produce.; the  
same o u t p u t  a s  the other iiiodes. The results o f  each t r i a l  calculat ion 
may a l s o  be printed (depending on IPRI, see S e c t i o n  7 . 3 ) .  These include 
t he  parmeter number I ,  t h e  incrcrrient EPS(  I ) ,  the parameter  value P ( 1 )  , 
and the tria.1 energy WTR. This ~ u t p u t  w i l l  eaiat-,le the user t o  f o l l o ~  
the course of the search, i f  necessary. A t  the end of each cycle the  
o l d  and new parameters  are printed t o g e t h e r  w i t h  t h e i r  cl-ianyer; a 

As the rniri.irxicini i s  

lhen the sum o f  the  squares 

6.10 Ccilci~lation o f  V i b r a t i o n a l  ~ ~ ........................... Frequencies and  Normal r".loc.les, Mode ___̂I___ 4 

of  these calculatians arc  made i:~ subroutine kdDYN w h i c h  i s  shown schemat- 
i c a l l y  i n  Fisure 2.5.  ble will rww descr-i'be thhe conipi~i'tdt;ional methods i n  

The operation o f  mode 4 was described b r i e f l y  i n  Section 2 . 5 ,  Most 



74 

more d e t a i l .  
3B, Section 10.3. 

O u t p u t  from a mode 4 ca lcu la t ion  i s  shown i n  Test Problem 

The matrix equation t o  be solved i s  

where 5 i s  the potent ia l  energy matrix with elements B .  
and K i s  t h e  kine t ic  energy matrix with elements K i j  = a2T/ab iap j ,  the 
der ivat ives  of the k ine t ic  energy T with respect t o  the generali7ed 
ve loc i t i e s  i '  
F and G-I o f ten  used i n  spectroscopic ca lcu la t ions  (Eyring, \!alter and 
Kimball, 1944; Wilson, Decius and Cross, 1955). Solving Equation ( 2 4 )  
produces the eigenvalue and eigenvector matrices n 5 and U .  - Matrix h i s  
diagonal with elements h i  r e la ted  t o  the vibrational frequencies so t h a t  

= a ' W / a p j a p j  
1 j  

- R and K a r e  b o t h  symmetric and correspond t o  the matrices 

Each column o f  -the eigenvector matrix _U describes one normal mode o f  
vibration in  terms of the dynamic variables pi. 

We will  choose as these dynamic variables the rigid-body ro ta t ions  
and t r ans l a t ions  which a re  the s t ruc tu ra l  parameters pi of Sections 6 . 6  

and 6 . 7 .  The c rys ta l  l a t t i c e  parameters, however, a r e  not used a s  var i -  
ab l e s  s ince  they would correspond t o  low frequency e l a s t i c  vibrations o f  
the  c r y s t a l .  
which i s  computed numerically as  i n  mode 1 .  

Idith th i s  l imi t a t ion ,  the  matrix B - i s  j u s t  the matrix BTR 

The k ine t ic  energy O F  the  s y s t m  i s  

3 

where k numbers the  atoms in  the  formula u n i t ,  m k  i s  the mass of each 
atotii, and R := 1 , 2 , 3 ,  i s  a Cartesian component o f  velocity f o r  
atom k. Noting t h a t  a i L k / a b P i  = 5 x a k / a p i ,  we can express the required 
k ine t ic  energy der iva t ives  a s  

a k '  
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3 

The coordinate der ivat ives  a re  obtained numerically according t o  the 
expression 

When inode 4 i s  specif ied SJMIN performs NC cycles  o f  energy 
mininiization, just as in  iriode 1 ,  and t .hen enters  subroutine WDYN. 
Derivatives of the Cartesian coordinates with respect t o  each dynamical 
var iable  a re  calculated accordiriy t o  Equation (28) arid stored i n  arra.ys 
DXQ, U Y Q ,  a n d  OZQ.  For t h i s  purpose each dynamic variable P i s  incre- 
rnented or  decrerriented i n  t u r n  and CiCAL is  entered with break indicator  
I B K  s e t  nonzero. T h i s  causes WCAL t o  obtain Cartesian coordinates XYZC 
f o r  each atom a n d  t o  e x i t  a t  t h a t  pa in t ,  omitting the energy calculat ion.  
To sirriplify the in te rpre ta t ion  o f  the output,  each atom i s  referred t o  
the same Cartesian system, namely t h a t  defined f o r  t h e  f i r s t  r i g i d  body 
i n  the l i s t .  The values o f  LXQ, D Y Q ,  and DLQ a r e  printed as o u t p u t  i n  

a way which allows users te, visual ize  the dynamic variables which they 
have defined. In  Test Problem 30 we have s e t  IPKT to ornit this o u t p u t  
which would be par t icu lar ly  s in ip le  i n  t h i s  case hecause each atoin i s  
treated a s  a separate r i g i d  body and referred t o  the same axes .  

The derivat ives  DXQ, DYQ, and 27.4 a r e  then used, together w i t h  the 
atomic masses AMASS, t o  ca lcu la te  t h e  matrix A K E ,  which i s  the kinet ic  
energy rnatrix - K ,  according t o  Equation ( 2 7 ) .  

wh.ich were varied i n  the f i r s t  cycles a r e  removed from matrix B T R ,  and 
these two syrririietric mtt- ices  are printed The program then solves 
Equation (24)  s tor ing the eigenvalues "i in  EVAL and the eigenvectors 
i n  t h e  location o f  STR, and these q u a n t i % i e s  a re  a l so  printed.  

vibrat ion.  
w i t h  the  l a r g e s t  eigenvalue, and presents the r e s u l t s  i n  the  following 
way. The frequency FREQ i n  Kaisers (cm-I) i s  calculated frori i  Equation 
(35 ) .  

Any l a t t i c e  parameters 

Each eigenvalue and eigenvector represent one normal mode o f  
The program takes each o f  these modes i n  sequence, beginning 

The re1 a t i v e  C a r t e s i a n  d i  s p l  acernents XYZD o f  e 3 ~ h  atom are computed 
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-from the eigenvector and the der ivat ives  D X Q ,  D Y Q ,  a n d  DZQ,  and these 
displacements a r e  printed.  Again they a r e  a l l  referred io the same 
Cartesian system, t h a t  defined f o r  t h E  f i r s t  r igid body. 

'The symmetry o f  the vibration can be determined by examining t he  

atomic displacements involved, h u t  t h i s  i s  no-t always a t r i v i a l  task.  
Ihe program therefore proceeds t o  compute for. each symmetry operation a 
quanti-ty cal led C H A R  which i s  re la ted t o  the g r o u p  theoretical  character 
of t h a t  v ibrat ion.  lhis i s  done by f i r s t  computj i ig  UU, ihe sum of  the 
squares of a l l  atomic displacements. l hen  i t  appl ies  the symmetry 
operation t o  b o t h  the atoiiiic coordinates and  t o  the displacements. 
each atorn, a f t e r  1 ocating the symmetry re1 aied one, t h e  transformed 
displacements a r e  compared with the original o w s .  This i s  done  by 
accumulating f o r  a l l  the atoms the inner product US of  t h e  transformed 
displacements with the o r i g i n a l  ones. CHAR i s  then s e t  t o  US/UU. Thus 
a vibration which i s  syrririietr-ic w i  til respect t o  a syriirnetry operation will 
produce a Ct iAR of +1 ,  a n d  an  antisymmetric vibration generates a CHAR 
o f  -1 .  Degenerate modes rrray produce intermediate values, the s i g n i f i -  
cance o f  which will  be described below. 
cannot be -found because o f  a n  e r ror  i n  the problem s e t  u p s  -the program 
s e t s  CHAR t o  a large number which serves a s  i n  e r ror  i n d i c a t o r . )  

- 

- 

For- 

( I f  a symmetry equivalent a t o m  

The in te rpre ta t ion  o f  the o u t p u t  of CHAR i s  best explained by 
reference t o  the output of Test Problem 3B, Section 10.3, which re fers  
t o  the isolated molecule of ethane? C 2 H 6 ,  a s  described in Section 5.3.3. 
Ethane has point symmetry D3d (Tm), a n d ,  although only s i x  symmetry 
cards a r e  needed t o  generate the m~leci i le ,  the t e s t  problem includes 
cards -for a l l  twelve symmetry operations of the point g r o u p  so t h a t  the 
corresponding values o f  CHAR can be computed. Table 6.1 l i s t s  the 
character table  f o r  D 3 d .  
(1955) or Eyring, Walter, a n d  Kimball ( 1 9 4 4 ) . )  

(See, f o r  example, Wilson, Decius, and Cross 

Examining %he t e s t  o u t p u t  we see t h a t  f o r  F R E Q ( 1 )  the value of 
C H A R ( 7 )  corresponding t o  inversion i ,  i s  - 1 .  
a s  a u-type vibrat ion.  Values o f  +I a n d  -1 corresponding to  the C 3  a n d  
C2 symmetry operations , respect ively,  esta-bl ish the syniinetry o f  ihe inode 
a s  AZu, and the remaining values of CHAR corroborate t h i s .  For FREQ(Z), 
on the other hand, we find t h a t  d l  1 values of CHAR a r e  +l , so  t h i s  
represents a t o t a l l y  symmetric A v ibrat ion.  

T h i s  i d e n t i f i e s  the mode 

l g  
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3d Table  5.1. Characters of' Group  D 

Rotations a n d  
E: 2 c 3  3c: i 2S,  3,Sd t rans la t ions  

5 u 1 
1 1 5 II I 

1 
.1 
0 

1 

1 'I 1 
1 1 -1 
2 -1 0 

.1 - 1  -1 
1 -7 z 1 1 I 

E U 2 -1  0 ... L 3 1 0 ( T x '  '1, 1 
.... ............................... ~ . .- .~ -. _. ___._ f 

We note t h a t  t he  ~ , ? l u e s  o f  F R E Q ( 3 )  arid F R E Q I . 1 )  a r e  very nearly the 
Presumably their- f r e -  same, so we ident i fy  these as  a degenerate pa i r .  

FKEQ(4) .  Thus f o r  the 
1 = 2 ,  f o r  C, we o b t a i n  
= 0,  and  for  i we get - 
v i bra t i on s a. s be 1 o n y i r.r y 
modes in the o u t p u t  can 

quencies wou1cl be ident ical  i f  'it were n u t  f o r  r ~ ~ t i d - ~ f f  er rors  i n  o u r  
ni.cirierica1 procedures  I n  order t o  compare t h e  resi.nI t s  w i t h  Tab1 e 6.1  
i t  i s  necessary t ; ~  add corresponding values o f  CHAR under FREQ(3)  arid 

dent i ty  opera t ion  E we have a character o f  1 + 

-0.5 - 0 .5  := -1 , f o r  c i  we have 0.537 - 0.537 
- 1 = -2.  We can then i d e n t i f y  the p a i r  c/-f 

to symmetry species E . The rernainirig noma1 
be ident i f ied  i n  a siniilar way. 

U 

I n  order t o  generate the desired v i b r a t i o n a l  riiodes f o r  a systerii i t  
i s  usually necessar,y t o  relax the symmetry constraints  a s  described in 
Section 3.3.  T h i s  i s  because d n y  d i s tor t ion  o f  our- model i s  always 
required t o  conforni  t o  the symmetry imposed. Coiripdrison o f  the t r e a t -  
iwnt of ethane i n  Test Problems 3A and 38 shows t h a t  relaxing i:he syrrmtry 
c o n s t r a i n t s  i ncreases the number o f  atorris NA and a1 SO increases the 
nurnber o f  independent var iables ,  
i s ,  o f  course, equal t o  .Clre riurnbet- o f  these va r i ab le s .  

The number- o f  norma1 rnudes cal  culateed 

In t h e  case a f  an isolated molecule, t h e  inclusion o f  three variables 
- f w  each atorn means thd . t ;  s ix  redur-adant parameters have been int,rc;c.iiic;cd 

corresponding t o  the riio1ecular rotcltions and t rans la t ions ,  These will 
appear as  zer.o frequencies in the 1-esul t i n g  normal modes. Exariiininy the 
ou lpu- t  o f  l e s t  Problem 30 we f i n d  t h a t  t he  f inal  s ix  iriodes, F R E Q ( 1 9 )  t o  



78 

FREQ(  2 4 )  , have sIna11 va lues  f o r  the f r e q u e n c i e s .  Exariii n i  n g  the atoiiii c 
displacements  and the  va lues  of CHAR WE can i d e n t i f y  F R E Q ( l 9 )  a s  t h e  
r o c a t i o n  about z and F R E Q ( 2 9 )  and tREQ(21) a s  tile degenera te  p a i r  of E 

9 
r o t a t i o n s  about  x and y .  F R F Q ( 2 3 )  i s  the  A t r a n s l a t i o n  i n  the  z 
d i r e c t i o n ,  and FREQ(72) and F R I i q ( 2 4 )  a r e  the d q e n e r - a k  E t r a n s l a t i o n s  
i n  the x and y d i r e c t i o n s .  

2 u  
U 

F a i l u r e  of the  program t o  produce e x a c t l y  zero  f r e q u e n c i e s  f o r  
Lhese redundant modes i s  a measure of the p r e c i s i o n  o f  the numerical 
d e r i v a t i v e s  used i n  s e t t i n g  up  the niatrix 3. Probably the  s i t u a t i o n  i s  
aggravated i n  t h i s  t e s t  problem because our  C a r t e s i a n  v a r i a b l e s  d o  not 
hdve the t h r e s - f o l d  symmetry of the e thane  molecule.  In any case ,  the 
l a r g e s - t  redundant f requency i s  o f  the  o r d e r  of one percent  o f  t h e  highest  
f requency c a l c u l a t e d .  Presuiiiahly wc can expec t  a s i m i l a r  percentage 
accuracy i n  t h e  c a l c u l a t i o n  of the  low frequency ex-ternal modes involving 
l a r g e  r i g i d  bodies .  

I t  m i g h t  be assunied t h a t  one could orni-t; t h e  redundant t r a n s l a t i o n s  
frolii the p r ~ ~ b l e n i  by holding one atom f i x e d .  
indeed reduce the number of dynamic v a r i a b l e s  and e l i n i i n a t e  the three 
t r a n s l a t i o n s ,  h i l t  the  c a l c u l a t e d  f r e q u e n c i e s  and normal inodes would be 
i n c o r r e c t  s i n c e  on@ atom would be f i x e d .  The procedure would be equiva-  
l e n t  t o  a s s i g n i n g  i n f i n i t e  niass to t h a t  atoni. 

Such a procedure would 

O n  t h e  o t h e r  h a n d ,  i t  i s  pern i i ss ib le  t o  apply symmetry c o n s t r a i n t s  
t o  the model i f  only c e r t a i n  v i b r a t i o n a l  modes a r e  d e s i r e d .  Thus i f  the  
f r e q u e n c i e s  of e thane  a r e  c a l c u l a t e d  w i t h o u t  r e l a x i n g  t h e  symtiictry con- 
s t r a i n t s  of Tes t  Probieni 3A, then there a r e  only t h r e e  dynamic v a r i a b l e s  
a n d  on ly  the three i o t a l l y  syiiifiietric ii v i b r a t i o n a l  modes w i l l  be c a l -  
c u l a t e d .  Care i i i us t  be 'cdken w i t h  t h i s  procedure,  however. The propane 
molecule ,  C 3 t l B ,  a s  descr ibed  i n  S e c t i o n  5 . 3 . 1  has 10 s t r u c t u r a l  param- 
e t e r s ,  b u t  one z -coord ina te  i s  redundant .  Irr niinimiring the energy of 
propane only 9 v a r i a b l e s  need be used, b u t  to  c a l c u l a t e  the  t o t d l l y  
syinmeLric v i b r a t i o n s  i n  inode 4 a l l  10 dynamic v a r i a b l e s  i i i us t  be inc luded .  
Fixing one stoom would aga in  be e q u i v a l e n t  t o  a s s i g n i n g  i t  i n f i n i t e  mass 
and would produce i n c o r r e c t  r e s u l t s .  

l g  

S i m i l a r  c o n s i d e r a t i o n s  apply to the c a l c u l a t i o n  o f  the v i b r a t i o n a l  
rliodcs i n  c r y s t a l s .  I f  we r e l a x  a l l  c o n s t r a i n t s  so  t h a t  the  c:ily sylnnietry 





7 .  S P E C I A L  PROGRAFl F E A I U R E S  

I. 1 __ Dynalnic . Dimens ionixof  ..___ . __ Arrays 
WRIN uses 133 ar rays  with diriiensions which depend Oi? the  pat-ticular 

probleiii under study. 
veriient o r  wasteful t o  use fixed dinic1i5ion statements.  A dynamic 
dimensioning system has therefore  been provided in program W,IN which 
se t s  u p  the storage al: run tirne based on 1 6  input inkeyers L T M .  

- 
I h e  broad range of such problem makes i t  incon- 

Storage For each o f  the  133 ar rays  i s  al located in one master 
a r r a y  S using the pointer l i s t  K so t h a t  Lhe arrays s t a r t  a t  S ( K ( l ) ) ,  
S ( K ( 2 ) ) ,  atld so on t o  S(K(133)) .  
nia jor  subroutines o f  the  prograrli a s  siAbroutine arguments. Inside these 
subroutines the  arrays 6 . r ~  renaiiied ~ i t h  t h e  nineironic symbols used 
i i i r o u g h o u t  t h i s  report .  M A I N  c a l l s  each o f  these routines o n l y  once, 
and fo r  t h i s  i n i t i a l i z i n g  entry the subroutine rranies have the su f f ix  I 
added t o  becoi-ile W D Y N I ,  WPREI ,  W C A L C I ,  c t c .  Each o-F these routines a l s o  
has a n  entry point WDYN, WPRE, IrlCALC, e t c .  used f o r  all l a t e r  c a l l s .  
Some such c a l l s  require nci additional arguments; others  require a f e w .  

A d i rec tory  t o  the arrays as  a l located i s  printed a t  the  s t a r t  of  

These locat ions a r e  passed to eleven 

each problem, a n d  the t e s t  problem o u t p u t ,  Section 10, provides some 
examples wh ich  may be i l l u s t r a t i v e .  Ihe overall  s torage a r ray  S i s  
taken as. NST 8-byte words. I t s  s i z e  i s  es tabl ished by subroutine MASTER, 
and i t  may be enlarged a t  run time by recompiling only t h a t  small 
rout ine.  The pointer  a r ray  K, which contains  the s t a r t i n g  location o f  
each of t h e  133 ar rays ,  i s  calculated from the 16 input i n t ege r s ,  I-IN. 
For th is  purpose two prese.t a r rays ,  Ll and 1.2, specify the two quan t i t i e s  
LIM(1.1 ( I ) )  and LIFl(LZ(1)) which a re  multiplied t o  compute the dimension 
o f  a r r a y  I .  rhus the  array ETR i s  diniensioned NVMAX*NOSMAX. The array 
LIM a l so  cor ta ins  preset  integers  from 0 t o  1 2  in locat ions LIM(20) t o  
LTM(32), and these are needed f o r  computing the  s izes  o f  ar rays  such a s  
A C Z  dimensioned 9*1\1RBM,4X or AMASS dimensioned l'kNKAMP,X. I n  computing K 
t h e  program uses a t h i r d  preset  a r ray ,  I T Y P E ,  which spec i f i e s  whether 
each ar ray  cons i s t s  o f  6-byte or 4-by-tc words. 

- 

The printed d i rec tory  l i s t s  t h e  array name, t h e  namcs of the l imi t s  
which determine i t s  dimensions, i t s  s i ze  in words, the word s i z e  i n  



bytes, and the kexadecirna1 address o f  each array i n  t h e  overall storage 
array S .  T h e  l a t t e r  i s  useful i f  -it i s  necessary t o  l oca t e  am array i n  

a program dump;. 

W M Z N  which i s  most 1 ike ly  t o  cause d i f f i c u l t i e s  vk~en d i f f e ren t  computers 
o r  d i f f e ren t  o p e r i ~ t i n g  systerils a r e  used. 
d iscr rss iny with users any  prob?c._ms which may arise and  any modifications 
wh?ch prove usef?al oil  par-ticular machi w s .  

This dynaiiiic diriiensionirig p r o c e d u w  T: 5 probably the one feature  o f  

The a u t h o r  i s  i n t e r e s t e d  in 

7 . 2  Bypass i nc 3 L7u 1 i c i l  ..... !:.: __..! Tal cul 2. 7 t i  i ~ n s  
Most  o f  the campi4ter time [used by W F I i N  involves the repeated 

calculat ion o f  the e w r g y  in subroutines !dCALC and GCWX. 
ca lcu la t . ions  a r e  iiidde fo l lowing  a change in o n l y  one o r  t w o  parameters 
SO t h a t  ri!an.y o f  the energy terms would remain unchanged. 
inclmded i n  WMIN t o  avoid the repeated calculat ion o f  such unchanged 
terms w i l l  be descvibed below. T h i s  d e s c r i p t i o n  iiiay be o f  no in t e re s t  
t o  t h e  casual user o f  the program, but  any programmer Raking modifica- 
t ions t,o W C A P C  o r  GC.klX should be i l ~ d r e  o f  these fea tures ,  
incliucled i n  the flowcharts, Figures 2.3 a n d  2 . 4 .  

Often these 

Two mechanisms 

They are  

The f i r s t  t i m e - s a v i n g  procedure involves bypassing the calculat ion 
of  d i r e c t  l a t t i c e  energy terms w l i i c h  dre predicted t o  be unchanged frotii 
t h e i t -  previous values. Each such term depends on cer ta in  constants and 
o n  possible variables which are  the '~omiiiori parameters PC, the l a t t i c e  
parameters A ,  the e x t r a  parameters PX, a n d  the coordinates,  X C ,  Y C ,  a n d  
ZC, o f  the atoms in the c e l l .  O n  each entry t o  WCALC the values o f  these 
variables. a r e  saved in arrays PCSW, ASV, PXSV, XCSV, YCSV,  and ZCSV, 
respec,tively. 
compared with the saved values and indicators  a re  se t  t o  zero i f  no 
change has occurred. If the l a t t i c e  parameters a re  unchanged then I C A  
i s  s e t  t o  zero and  the i n i t i a l  uni t  ce l l  ca lcu la t ions  a r e  bypassed. 
Indicator ICCAX i s  set t o  zero i f  PC, A ,  and FX are  a l l  unchanged, a n d  
the a r r a y  element I C C ( K )  i s  zero i f  atom K has n o t  been displaced. 
calculat ion o f  the uni t  c e l l  slims SQK, SPLK, a n d  SPPK are  bypassed i f  

ICCAX i s  zero. I n  the Fast d i r ec t  l a t t i c e  sum the  computation of the 
t e r m  between atoms I and J i s  bypassed i f  ICC( I ) ,  ICC(J), and ICCAX are  

O n  each entry a f t e r  the f i r s t  t h e i r  current values a re  

The 
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a l l  zero. I n  t h i s  case the prpviously saved ternis RSV,  VSV,  a n d  C S V  a re  
added t o  WR, SVDW, a n d  SG, respect ively.  
user rout ine GPGT i s  being used, because the enei-gy terlns could depend 
on  the posi t ions o f  a t o m  other  than I a n d  J in  that :  case.  

Thi$ bypass does n o t  occur i f  

Similar ly ,  in subroutine GCbJX, i f  I C C A X  i s  zero a n d  i f  the atollis 
involved i n  a d is tance,  bond angle ,  or tors ion angle have n o t  irioved, 
tnen tile calculat ion i s  bypassed a n d  the saved term k!SV i s  added t o  !IX. 

Ihe second time-saving feature conies in to  p l a y  o n l y  in iiiodc 0 when .. . 

der iva t ives  with respect t o  the comnion parameters PC a r e  being 
calculated.  This involves bypassing the e n t i r e  reciprocal l a t t i c e  s u i ,  

the  d i r e c t  l a t t i c e  siini, o r  the calculat ion of  extra energy in CWX o r  

GCWX, depending o n  the nature of the common paraiiieler which r ias been 
modi f i ed . 

For each cointiion parameter P C  the  tlser provides a n  indicator  KPC, 
the  kind o f  common parameter. 
a-ffects  Coulonib or v a n  der Waals energy a n d  thus the values o f  b o t h  the 
reciy-oca1 a n d  d i r e c t  l a t t i c e  sunis. 

such as  a repulsion which a f f e c t s  only the d i r e c t  l a t t i c e  sum. 
par>anieter used o n l y  by CLJX, GCWX, or WCNF fo r  the calculat ion of i n t e r -  
nal energy i s  designated with K P C  = 3. Any other type of coliinion parani- 
e t e r  must have K P C  = 0 ,  a value which prevents any  bypassing. 

11 K P C  of 1 indicates  t h a t  t h e  parameter 

A K P C  o f  2 describes a parameter 
A 

During the Calculation of numerical der ivat ives  the program makes 
repeated e n t r i e s  t o  W C A L C  a f t e r  having increiiiented e i t h e r  one or two 
parameters, P (  I )  a n d  P(J). 
I a n d  J together with the array K P C  t o  generate a bypass indica-Lor I B Y  
which i s  a n  argument for subroutine W C A L C .  IBY i s  assigned values from 
0 t o  7 ,  and the three b i t s  of i t s  binary representation specify which 
par t s  o f  the  energy calculat ion a re  t o  be bypassed, a s  i s  shown it1 Table 
7 . 1 .  The prograiri a l so  11ses the indicator  I B Y P  which i s  IBY f 1 .  Note 
t h a t  no bypassing occurs i f  zero i s  used f o r  the argument I E Y .  

The function subroutine IBYPAS uses arguments 

A s  WMIN loops t h r o u g h  the parameters calculat ing nimerical 
der iva t ives ,  the indices I a n d  J specify the parameters which have been 
incremented. 
J i s  the index o f  the  outer l o o p  a n d  changes more slowly. Subroutine 
IBYPAS uses arguments I a n d  J together with indica%ors K P C  t o  s e t  IBY 
according t o  the following ru l e s :  

I i s  the index o f  the  inner loop a n d  changes most rapidly;  



Table 7 .1  Definit ion of bypass i n d i c a t o r s  IBY and I B Y P  

Rec i proca 1 Direct I n t r a  - 
18'1 I BY I5YP 1 a 1; t: i c e '1 a t t  i c t-? m o l  ecillar 

de c i ina 7 b i  nary d ec, i rnij 1 s u m  s m  energy 

000 
001 
01 0 
01 1 
1110 
1 (31 
110 
1 1 1  

Compu t e 
Colliprn t,e 

Bypass 
Bypass 
C 011 i p 1.J t e 
Comp i i  t e  
Hypd s s 
By p a s s 

Conipu t e  
By pass 
Corn p u t e 
Wypn s s 
Compute 
Bypass 

compci t e  
By pass 

, 

1 )  No bypass ing  occurs unless (1 i s  the saiiie a s  i t s  previous value 
( I f  only one parameter P(1) has been changed the argument J i s  

2 )  No bypassing occurs uriless I 5 NPC so t h i i t  P ( 1 )  i s  a cornlimn 

3 )  No section of  the calculat ion is  bypassed unless i t  i s  permitted 

4 )  No section of the calculat ion i s  bypassed i f  ru le  (3 )  f o rced  i t s  

JP. 
fixed a t  zero so th i s  condition i s  s a t i s f i e d . )  

p a r m e t e r .  

by t i P C (  6 )  which describes parameter P( I ) .  

calculat ion on t h e  preccd i i i y  entry.  T h i s  i 5  detcrinined from tiPC(1P) 
where I P  i s  the  preceding valine o f  I .  

section o f  WCAL.C i s  bypassed 
only i f  i t  i s  cer ta in  t h a t  i t s  rest-rlt will be the same a s  t h a t  ca l cu la t ed  
on t h e  previous entry.  
as t h a t  i s  the only s i tua t ion  i n  which the common parameters a r e  varied. 
I t  i s  a l s o  c l e a r  t h a t  the maximum improvement occurs i f  energy parameters 
o f  the  same k i n d  a r e  grouped together in the common parameter l i s t .  

Ihe net e f f e c t  af these rlules i s  t h a t  

T h e  improved eff ic iency appl ies  only t o  mode 0 

7 . 3  Control ..........I o f  _I__ Printed O u t p u t  
Program W I N  can provide copious o u t p u t  including almost a l l  the 

intermediate quant i t ies  and matrices used i n  the ca lcu la t ion ,  T h i s  o u t -  
p u t  may be valuable i n  the  i n i t i a l  stages o f  a problem or when unforeseen 
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( a b l e  7 . 7 .  t f f e c t  o f  pritlt indicator IPRT 
in  cont ro l l ing  anlount o f  outpiit,. 

KhY: P = P r i f i t e d ;  FL = Printed o n  rSrst 2172 la.;; cycles;  
F = P r i n i d  o n  f i r s t  cycle ,  0 = ?ick printed.  

Dy na m i  c d i iilp n s i o n s o f a r ra y 5 

Pill i n p i i t  mirrored a s  o u t p u t  
L i  s i  O F  atoriis i n  c e l l ,  iorlrlLila uni t ,  Sonrim! 

I n i t i a l  paramate:- l i q t  
C o u n t  o f  obswvations a n d  var i ah les  
Direct a n d  reciprocal tertrls in Pncrgy 
Lis t  o f  interatomic dis tances  
Intramolecular bond distances  and  anules 
Individual t e r m s  i n  the  energy 
knrrgy mapping, mod2 - ?  
Derivatives o f  the  pnergy 
Weight matrix 
Agrement f ac to r s  
Computing I inic ana lys i s  and  recommcndalions 
Scalefactors  f o r  modes D a n d  1 
Eigenvalues and eigenvectors.  Inodes 0 a n d  1 
Scaled eigcnvectors and other  matrices 
Individual sieps in  s t e p p e s t  descent, mode 2 
Iadividual s teps  in Rosenbmck search, mode 3 
Paraineter changes, modes 0 ,  1 ,  2 .  3 ,  o r  4 
Dynamic vari ab1 e s ,  iilode 4 
Matrices engenval ues, and engenvectoi s ,  mode fl 

Normal mod? fi-equenc ies ,  Cl: spl a c m e n t s ,  a n d  

Revised atom coordinatcs,  modes 1 ,  2, 3,  o r  4 
Summary on standard o u t p u t  
Summary on aux i l i a ry  o u t p u t  

contac I s  

characters  

P P  P P P  
P P  P P P  

P P  P P r  
P F  P P O  
P P  P P P  
P P  F I F O  
P P  F I t O  

P P  t L F O  

P ?  P P P  
P P  P P ?  

P P  P P O  
P P  F I F O  
P P  P P P  

P P  F I F O  
P F L F  0 0  
P P  t L F O  
P PI- F 0 0 
P F L F  0 0  
P F L F  0 0  
P P  P 0 0  
P P  P 0 0  
P P  0 0 0  

P P  P P P  

P P  P P P  

P P  P P P  
P P  P P P  

~- 
5 

P 

P 

0 

0 

0 

0 

0 
0 
0 
P 
0 
n 
0 
0 

0 

0 
0 

0 

0 

0 

(3 

0 

0 
P 
0 
P 



7 .4 Timing ~ . .......__.___I_ Measurenients ....._-......_I.....- and Optiniization _ _  
Most o f  the machine time f o r  these computations i s  i.ised by t h e  

energy calculat ing s u b r o u t j n e  N C A L C ,  and i 1; i s  desirable  t o  knnw iiow 
t h i s  tiiiie i s  divided hetween the  varioins par ts  o f  the c a l c u l a t i u n .  We 
have therefore  defined nine s e c t i o n s  o f  pi-ogrdiii in W C A L C  arid es-kdbl i SI-ittd 

a r rays  o f  nine counters Ni' and nine timers ILT. A t  the e n d  o f  each pass 
t h r o u g h  a section i t s  c o u n t e r  fJT i s  increriiented and the elapsed time fur 
t h a t  sec t " i on  i s  added t o  i t s  timer LT.  These tiriies a r e  determined by 

the system subroutine I C L O C K  w h i c h  r e t u r n s  ceritral  processor tirile i n  
units of 0,01 seconds. On edch cycle,  a f t e r  a l l  ent,ries t u  MirALC have 
been inade, t h e  program e n t e r s  subrout ine TIMOUT wti.ich pr in ts  fo r -  each 
o f  the n i n e  sec t ions  the nmber o f  passes, the elapsed time f o r  a l l  
passes, and t h e  average -i.iiiie per pass. 

For the calculat ion o f  Coulomb or van der ldaals energy u s i n g  d i r e c t  
and reciprocal l a t t i c e  S U R S ,  subroii t jnc 'TIMOUT a l s o  computes a n d  p r in ts  
optirriurii values o f  t h e  summatior: Iiiriits, the Ewald conl;t;arit, and the 
predicted c o m p u t i n g  time f o r  s i x  d i f f e r e n t  leve ls  o f  precision. 
i s done i n  the fnl  lowing  way: 

This 

Me can assume t h a t  the computing t i m e  t i s  given by 

where Q atid rl irn are  t h e  summation l imi t s  i n  reciprocal and d i r e c t  
space, respectively.  
elapsed times ~neasured f o r  t h e  sums. I n  general these \rail1 depend on 
the p a r t i c u l a r  problem under study and on the computer b e i n g  used. 

1 i m  
TIClOUT determines t h ~  constan-ts Cf and C from the 

9 

As we have seen in Section 4 . 2 . 1 ,  t h e  limits required for- a given 
precision depend on t h e  value o f  the Ewald ciinstant I(. Increasing K 



86 

makes i t  necessary t o  include more ternis in  the reciprocal 1ati;ice sun1 
a n d  fewer in the dirsci, l a t t i c e  suni. 
by choosing K cor rec t ly  and  s e t t i ng  the  l imi t s  accordingly. 

The t o t a l  time i can be optiinized 

I t  i s  c l ea r  t t i a t  the d i r e c t  a n d  reciprocal l a t t i c e  SUiTlS should be 
compi.iteLi t o  t h e  saiiie precis ion,  s ince the poorest one deternines the 
e r ro r  of t h e i r  sum. We w i l l  assume t h a t  the precision o f  each sun1 i s  

proportional t o  the modification functions e r f c ( a )  a n d  exp(-b ' ) ,  
respect ively,  o f  Eqiua.tion (Z), Section 4 ,  when a a n d  b have t h e i r  
maximimi values.  DeiSning 

and 
s = Q  . / K  1 i n 1  

wc see t h a t  we should choose G a n d  ; so  that  

where i i s  a small number which measures the desired precis ion.  I n  
TIMOUT values o f  ~1 a n d  p a rc  stored in preset  arrays AL a n d  BT tor  T i x  

values of A ,  each a f ac to r  of ten smaller ii lan the pwcediiiy one. 
A I  though ttwse tdbulated constants a r e  based on the  modification 
funciions f o r  thc Coulonib energy, they seem t o  work f a i r l y  well fo r  
optimizing ca lcu la t ions  including v a n  der Waals terms. 

a n d  1 he ineasured constants C f  a n d  C 
Equation ( 1 )  a s  

Given U, a n d  we can rewrite 
9 

t = Cf(SK)3 -t C y ( a / K ) '  . 

Minimizing t with respect t o  K y i e lds  

( 5 )  

a n d  
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I ihe predicted time, which i s  divided equal1.y between t h e  two sums, i s  
yi vc3n by 

TIMOUT prints these four quant i t ies  as PRK, PRQ, PRR, and P R r ,  
respect ively,  for each o f  s i x  values o f  r \ .  

After a prelirninary run fo r  ii new calculat ion i t  will  usually 
inprove the eff ic iency t o  reset the l i m i t s  QLXM and  KLTM,  perhaps u s i n g  
two values f o r  each, together with the corresponding Ewald constant C K ,  

On subsequent runs the times f o r  edch sum s h o u l d  be comparable and %he 
t o t a l  t i m e  s h o u l d  be close t o  t h a t  predicted. I t  should be noted, 
however, t h a t  the optimum conditions may change i f  syiiirnetry constraint-s 
a r e  relaxed o r  i f  d i f f e r e n t  rriodes a r e  used. 
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c 
C 
C 
i 
c 
c 
c 
C 
c 
t 
c 
C 
C 
c 
C 
c 
C 
c 
c 
i 
C 
t 
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c 
c 
6 
c 
e 
c 
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(7 
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e 
c 
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t 
C 
c 
c 
c 
C 
C 
6 
c 
c 
c 
c 
C 
6 
C 
c 
C 
C 
C 

c 
C 
c 
C 
c 
CI 
C 
e 
C 
c 
C 
& 
c 
C 
c 
e 
c 
6 
C 
c. 
e 
c 

- 
1. 

C A R D  1 
COL s 
1- 9 NPCUAX - 

10-19 N A M A X  - 
19-27 NKAMAX .- 
28-36 NSWAX - 
37--1ps NkG:.1AX ._ 
66-54 NPXWAX - 
55-64 NCTMIWX - 
64-?2 NBCMQX .-" 

10-19 NFSHAX - 
19-27 NGSPjjAX - 
2tZ-36 NPSYhX - 

37-45 NP51AX - 
46-54 NOSMAX - 
5s--63 NOMAX - 
64-72 NVMAX - 

0 -  

1 -  

2 -  

3 

C o l S  
1- 3 MODE O F  REFINEMENT 

ADJUST ENERGY P A R A M E T E R 5  S P k C I F I E D  BY KQC AND 
K Q S  U S I N G  STRUCTURAL PARA#ESEHS S P E C i F i E G  BY KPS 
AS O B S E B V A T I O N 5 e  T H I S  PRQCEOURE CONVERGES ONLY 
WHFN THE PARAIeETEWS A l i E  N E A R L Y  CORRECT. I T  MAY 

S P E C I F I E D  BY KPSI KQC AND KQS ARE IGNORf-CDo 
MODE 3 P S PROBAF?i%.Y $REFERAHI.€.  
M I N I M I Z E  ENERGY U S I N G  ROSEhfjRGCK SEARCH T O  

I NS 1- 
INS1 
I N S T  
I NS4 
I NST 
I N 5  1 
I NST 
I N S T  
IN51 
I N S T  
I NS7 
I N S S  
I N S T  
IN57 
I N S r  
I N S T  
I N S V  
I N 5 T  
I N S T  
I N S T  
1 NS 1- 
[ NST 
I N S r  
INST 
I N S T  
I NST 
I N S 7  
I N S T  
I NST 
I NST 
I N S T  
I N S  1 
I NST 
I N S T  
I N S T  
I N S 1  
I N S T  
I N S T  
I NST 

5 
i o  
15 
20 
25 
3 0 
35 
4 0 
h5 
50 
55 
bO 
55 
70 
7 5  
80 
85 
90 
95 

100 
PO s 
110 
215 
120 
125 
230 
135 
148 
145 
159 
155 
P60 
165 
170 
175 
1t30 
185 
190 
195 
200 
20 5 

i N s r  ei6 
I N S T  215 
I N S T  220 
I N S r  225 
INST 230 
I N 5 7  235 
I N S T  240 

I N S 7  250 
I N S T  2.55 
I N S i  260 
I N S T  255 
INS- I '  270 
I N S T  275 

INST 285 
I N S T  298 
TNST 295 
I N S T  300 
I N S T  305 
I N S T  310 
I N S T  315 

INST 325 
I N S T  330 
I N S T  335 

I N S T  345 
I N S T  350 
I N S T  355 
I N S T  360 
I N S T  365 
I N S 7  370 
I N S T  375 
IPGT 380 
I N S T  385 
I N S T  390 
I N S i  395 

I N s r  245 

INST 280 

I N s r  32.0 

x m r  340 
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C I NST 

,. 
2. 

c 
c r. 4- 6 

7... 9 

10-12 

c 
c c - 
4. 
c 
c 
L: 
c 
c 
e. 
c 

13-15 

16-18 
c 
c 
c 
c 

22-24 

25-21" 
C 
c c 

c 
c 
13 
i: 28-36 
c 
c 
c 
C 

i NST 
XNSF 
I NST 
1 NST 
I N S Y  
K NST 
BNST 
K NST 
B NS x 
I NST 
I NST 
INST 
HNST 
5. NSX 
I N S T  
I MST 
1 r1s T 
I M S T  
I NS'X 
PNSX 
dNST 
f N S T  
EYST 
LNST 
PMST 
I NST 
I N S T  
HNST 

c 
c 
c 

37-45 

e 
c 
c. 
c 

t 46-54 

e 
c 
c. 
(2 
c 
c 
c 
c 
C 
il 
C 
c 
c 
c c. 
c 
c 

c 
13 
c 
13 

r- L 

55-63 

64-72 
O r 0 1 P )  H A Y  BE SATPSFACTOR'P,  

BOOG M A Y  BE S A T I S F A C T O R Y .  
EPSCI I N P T I A L  CONSTANT FOR %03E 3.2 

COIAlMClN 
O M I T  IF. 

C O L S  
1- 5 
6- 9 

10-16 
15-1s 

EJC. 

CDMWQN 
O M I T  IF 
COk 5 
1- 9 

1 0 - P B  . 
ET'CI. 

NOT USED. 
NAWPC(2 9 

c 
c 
c 
c 
c 
c I fJS 3 

B N S f  
INST 

PI 
c 
c I NST 
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c 
C 
c 
C 
c 
C 
c 
c 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
c 
c 
C 
C 
c 
C 
e 
c 
c 
C 
C 
c 
e 
C 
5 
C 
c 
C 
C 
C 
c 
C 
C 
C 
C 
C 
i 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
c 
C 
C 
C 
c 
C 
c 
c 
C 
c 
C 
C 
c 
C 
c 
c 
C 
C 
(1 
c 
c 
C 

8 )  COMMON PARAWEPFR MAXIMUb4 C A R S ( S 1 .  NPC FNTHiES A T  8 P F R  
O M I T  I T  NPC.EO.O, I ~ P C , F Q ~ I .  OR P F L M . ~ ~ J . O .  

C@L s 
1- 9 P C M X ( 1 ) .  V A X I M U M  A k L O W k D  VA! UE F O R  P C ( 1 ) .  

l O - - P S  PCNX(.?P 

* 
FTC.  P C W X I N P C )  

9 )  COMMON PARAMFTFR D E S C R I P T I O N -  USkD T U  SPCCL) UP P R O G R A M  
MODE 0 W H € h  P C u S  ARE BF' IF iG ADJUSTED. NPC E N T R I E S  A T  7 2  
CARD. O M I T  iF NKJC.EQ.O OR IRPc.EQ.1, 

COL 
1 

2 

i - INVOLVES ONLY P OR PL. 
2 - I N V O L V E S  ON!-Y A H .  B R .  OR PAPARdflE!?'S USE0 
3 - USED U R L Y  D Y  CWX. GCWX. O H  WCNF F O R  

CARD. 

I N  
P E H  

I N S T  825 
I N S 1  330 
I N S T  835 
I N S T  840 
I N S T  845 

I N S T  855 
I N S T  860 

INS'C 8 5 0  

I N S T  865 
I N S T  820 
I N S I  87s 
I N S T  880 
I N S T  885 

I N S T  835 
I N S T  9 0 0  

I N S T  91C 

INST m o  

I N S T  905 

I N S T  915 
I N S T  920 
I N S T  925 
I N S T  930  
I N S T  935 
I N S  I- 940 
I N S T  945 
I N S T  950 
I N S T  955 
I N S T  960 
XNST 355 
INST W O  
I N S T  97'5 
I N S T  980 
I N S T  985 
I N S T  990 
I N S T  995 

BY R EPLr i NS r I O 0 0  
I NST1005  
I N S T l O l O  
I NST 10 1 5 
I N S  T 1 0 3 0  
I N S T 1 0 2 5  
I N S T 1 0 3 Q  
I NS Y 1 0 3 5 
I N S T l O . 1 0  
I N S . T I O 6 5  

1 0 )  V A R I A B L E  S E L E C T I O N  CARD(S1  F O R  C I ) H W N  PAHAMETERS. NPC E N T R I E S  I N S T 1 0 5 0  
I NSTP 055 A T  7 2  P E R  CARD. Q W I T  I F  NPC.EQ.0. I F  Nt.EQ.0 OR MODE=NE*O 

( A N D  NPC.NE.0) THESE CARDS ARE I R R E L E V A N T  BUT MUST B E  1NCL.IJDED. I N S T 1 0 6 0  
I N S T 1 0 5 5  

1 KOC!I)s REFINEMENT I N D I C A T O R  F U R  P C ( 1 ) .  I N S T  P 07 0 
0 - PC(i) I S  NOT V A R I E D  I N  MBDE 0. I N S T 1 0 7 5  

1 TO 0 - P C ( 1 )  IS V A R I E D  I N  M O D E  0 W I T H  D A M P I N G  SEL.ECTE0 I N S T P O 8 O  
I N S T l O B S  
I N S T  P 090 
I N S T  PO35 
I N S T 1 1 0 0  

E;&* K ~ C ~ N P C )  I N S T 1  i o 5  
I N S  T I 1 1  0 
I N S T 1  2 1 5  

A COMPLETE SEI' O F  DAYA CARDS ( 1 1 )  T O  ( 3 3 )  IS P R O V I D E D  FOP, E A C H  INST1120 
SVBSTANCE TO BE I N C L U D E D  I N  THE JDB.  I N S T P i 2 5  ___  -I_x____" ._ .~..~ --___ I ll____s_______l....l__----.----------- I N S 7 1 9 3 0  

I N S ' V i P 3 5  
INS~II~O 

em. 5 I N S T P I 4 5  
1- 3 ISE. SUBSTANCE I D E N T I F I C A T i O N .  M U S T  5E NON-ZERO. INSTI is0 

M A V  BE TESTEr) 8 Y  USER SUBROUTINES. I N S i l  i55 

I N S T  P i7 0 

COL 

A S  D E S C R I B E D  I N  (301 BELOW. 
2 KQC<2) 

--_II__-, ~ ___l_____ls_l____ ._________g_____.__.__..-------.------.." ___....---_-s 

11 ) SUBSTANCE 3DEWTIF SCAT1 ON CARD. 

0--71 S T I T L E .  THE SU3';TANCE NAME. I N S  T P P 60 
I N S T 1 1 6 5  

rna c I N S l  IP  7 5  
12) CGNTROL C A R D  F O R  TI415 SUBSTANCEo --- 

1- 3 N A ~  NUMBER OF h i m s  IN ASYMWTRIC UNIT (INCLIJOING EXTRA I N S T i l 8 0  

4- rg NKA. NUMBER O F  c n E b a x c ~ C  KINDS OF ATCJNS.~ I N S I - 9 1 9 0  
ATOMS). HC71UIFIEU YY PXOGRAM I F  1IRSC.GY.l. I N S T I  185 

7- 3 NS. NUMBER O F  SYMNE~I 'RY CARDS. T H I S  I S  THE NWWBER O F  I N S 7 1  195 
E Q U I P O I N T S  I N  YHE C E L L  I N C L U D I N G  T H E  P D F H T I T Y  1NS.Y 1200 
X, Y I  2 (EVEN I F  THE Si'HUCTIIRE IS CENTERED I N S T  120 5 

I N S T 1 2 1 0  OR C E N * R O S Y M . 4 E T R X C )  . 
10-12 I C E N T .  SYMMETRY INDICAFCBR F O R  R E C I P R O C A L  b41)"1ICE SUMS I N S I P Z t 5  

AND T H I S  CENTER REC4TES THE F I R S T  N S i 2  SYMMETRY I N S T I 2 2 5  
I N S T 1 2 J B  CARDS TO T H E  W S J 2  L A T E R  ONES. 

2 - STRUCTURE IS NON-CENTROSYMMETRIC OR SYMMETRY I N S 7 9 2 3 5  
CARDS ARE N O T  I N  SEQUENCE S P E C I F P E O  Af3OVEa .INS11240 

1 - THERE I S  A CENTER OF I N V E R S I O N  A T  T H E  O R I G I N .  I NS3-1220 



c 
rJ 
c c 

13-15 
16-18 
19-21 

c 
c 
c 

22-24 
P NS'T 1-31 0 
H NS T E 3 1 5 
L NSO a 320 c 

C c 25-27 

28- 30 c 
c 
c 
c 31 -3.3 
C 
c 
c 34-36 
c 
(3 
C *  
c 

37-39 

C t 

c 
c. 
g: 
c 
t 

c 
c 
c 

4Q-42 

43-45 

46-48 

INSTI450 
E I4S ;F 1455 
I NST 1460 

4^- 
c 
e: 
c 

I N S  T 1 46 5 
E NST t 47 0 
X N S ' Y L 4 7 5  
H N S f  1480 
x bls T 0 485 
&MSTL49TP 
P NS 7 P 495 
I N S T L S O O  

t 
c 
c 
C c 
c 
c: 
c 
C 
c 
c 
c 
c c 

49-51 

5 
c 
c 
c 

52-54 

55-57 

e 
c 
c 
e *  
c 
c 
c 
a: 
c *  
(1 

58-60 

c 
c 
c 
c ALE. RTGHT FOR ANY SYMMETRY, 

1 - L A T T I C E  IS TETRAGONAL OR HEXAGONAL, €3 IS: 
CONSTRAXMED T O  EQUAL A. 

C 
c I NS T a 665 
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c 
C 

c 
C 
c 
c 
C 
c 
C 
c 
c 
C 
C 
C 14)  
C 
C 
c 
t 
c 
C 
C 
C 
C 
c 
6 
C 
c 15) 
C 
C 
c 
C 
c 
C 
C 
C 
t 
C 
C 1 6 )  
C 
C 
c 
C 
C 
C 

C 
C 
c 
C 
c 
C 1 A) 
c 
C 
c 
C 
c 

C 
c 
e. 
c 
C 
C 
C 
C 
C 

I N S T 1 6 9 0  2 - L A T T I C E  IS CUSICI  M AND (1. A R E  C O N S T R A I N E D  
T O  EQUAL d a  INsr P b r  5 

3 - L A T T I C E  IS RHBMtiOHEDRAL. B AND C A R E  I N S T  I680 
C O N S T R A I N E D  TO E Q U A L  A .  AND B E T A  Ab59 GWMWA I N S T I 6 8 5  

I N S T  1690 
I NS r 1695 

CONVERGENCE CONTROL CARD. I N S T 1 7 0 0  
COLS I N S 7  1705 

ARE C O N S T R A I N E D  TU E Q U A L  A L P H A Y  

1- 9 CK. CONVERGENCE C O N S T X b J  609 EWALD WETHOD. ' !H IS  AFFECTS I N S 7 9 9 1 0  
T+?E R A T E  OF CONVERGENCE RUT MOP THE F I N A L  R E S U i T . I N S T 2 7 1 5  

%'T!.L RkCOMMEMD A N  I NPROVED V A L U E -  
0.25 IS A S A T I S F A C T D R Y  I N I Y I A L  V A L U E ,  THE PROGRAM I NS' I  1 720 

I N S T  172 5 
0 - CAUSES R E C I P R U C A L  L A - I ' I I C E  SUM J U  D E  B Y P A S S E D .  I NS 1- a 730 

I R R E L E V A N T  I F  I C H B n E Q . 0  ANP-IVDWoEGIeO. I N S  'f P 73 5 
I NSTP 760 I F  IHOB-.€O.l THE PROGRAM S E I S  CK 0. 

I MSTl750 2 IS S A i 1 S F A C ' b O R Y .  
13-15 N R ~  NUMBER OF LIMITS FOR DIRECT SUM. ~.LE.NR.LE.S. I N S T 1 7 5 5  

2 IS S A T I S F A C T O R Y .  I N S T  1760 
I N 5 T l . 7 5 5  

R E C I P R O C A L  L A T T I C E  S V V  L I M I T S .  ( I N C L U D E  A BLANK CARD I F  8CTI.I I N S T E T Y O  
I C M B . E Q . 0  AND IVDW*EQaO.) I N S ' T 1 T 7 5  

COL s I NST 1780 
1- 9 Q L . I M ~ I I .  THE exMrrr OF THE F I R S T  SHELL IN RECIPROCAL I N S  T P 785 

ANGSYROV "41 TS. I N S T 1 7 3 0  
0.5 MAY B E  S W ' ~ E S f z A C 6 0 R Y e  THE PROGRAM W I L L  RECOMMEND I N S T I T 9 5  

I M P R 0 V ED I NSYP 80@ 
10-18 Q L I M t 2 )  I NST 18635 

0.6 MAY DE SATISFACYORY.  I N S T P  8 10 
I N S T  i 81 5 
I NS Y I 82 0 
I NSYP 825 ETC, Q L I M 6 N O )  
I N S T f 8 3 3  
I N S T 1 8 3 5  

COLS I N S T  184.0 
I- 9 R L X M [ l 9 s  T H E  LIwl l IY  OF THE F I R S T  SHE&% I N  ANGSTROM U N I T S I I N S T ~ ~ Q ~  

5.0 MAY BE S A T I S F A C T O R Y ,  THE PROGRAM W I L L  HECGMMEND I N S T 1 8 5 0  
I NS T I 8 55 

10-18 RLPWt2) I NS T L 860 
I N S  T 1865 
I NST P 870 
I N S T X 8 7 5  

EYC. R L [ # C N R )  I N S T  9 8 8 Q  
I N S T 1 8 8 5  

L A T T I C E  PARAMETERS. I N S T 1 8 9 0  
C O L S  I N S T 1 0 9 5  
1- 9 A (  1).  C E L L  PARAMEYER A s  ANGS'THOMSm I NS X I 9 0 0  

10-13 A t 2 ) .  C E L L  PARAMETER BIP ANGSTROMS* I NST,X 995 
19-27 A C 3 ) .  CELL PARAMETER C. ANCSTRfl?r;Se I N S T 1 9 1  0 
28-36 ~ ( 4 ) .  c a s I ~ ~  KPHA. I NST 191 5 
37-45 A < 5 ) .  C O S I N E  BETA. 
48-54 A 4 d ) .  C O S I N E  GAMHhe 

10-12 N Q .  NUMRER OF L I M I T S  F O R  R E C I P R O C A L  S U M .  1oLE.NQ.LE.S- I N S ' E I  745 

V A  b VE S 

- 
D I R E C T  L A T T I C E  SUM LIM1TS. 

I MPR 0 V ED VALUE S a 

6.0 MAY BE SATISFACTORY.  

STANDARD ERRORS OF L A T T I C E  PARAMETERS USED T O  WEIGHT 
OBSERWATlOMSo O M I T  I F  IWGT.EQeQ. 

e m s  
1- 9 SA( 1 ) s  STANDAFD ERROR OF A r  ANGSTRUMS. 

10-18 S A < 2 9 *  STANDARD ERROR O F  B s  AMGSTRLIIHS. 
19-27 S A ( 3 9 ,  STANDARD ERROR OF Cs ANGSTROMS. I N S T 1 9 6 0  
28-36 S A 1 4 1  e STANDARD ERROR OF C O S I N E  A L P H A .  I N S T  1965 
37-45 S A ( 5 3 .  STANDARD ERROR OF CBISLPIE LaETAo I N S T 1 9 7 0  
46-54 S A 6 6 ) .  STANDARD ERROR O F  C O S I N E  GAMMA. I N S T X 9 7 5  

INST1980 
s Y m E m Y  INFOR~VATION. NS CARDS. ONE FOR EACH EGUIWALENY IN53-8985 
P O S I T P O N  NEEDED T O  GENERATE ALII.. THE A T O M S  I N  TtIE C f 3 - L e  I NST I390 

ATaMS I N  SPECIAL- P O S I T I O N S  A R E  ALJTOWAYSCALLY TREATED BY NOT I N S Y t O Q O  
THE B A S I C  P O S I T I O N  X .  Y s  1: SHOU1.D R E  INCLUDED.  U S U A L L Y  F I R S T *  I N S T 1 9 9 5  

P L A C I N G  MORE THAN O N E  ABOR O F  T H E  SAME C+iEMPCAI_ K I N D  O N  A S X T E . I N S T 2 0 0 5  
ihss~9n i  n 

I N S I - E 9 2 0  
I N S 7 1 9 2 5  
I NSTL930 
I N S  va 935 
I N S T  1940 
I N S T R 3 6 5  
I N S T 1 9 5 0  
I N S T 1 9 5 5  

~ --- - 
I F  I C E N b c E Q - l  I N D I C A T I N G  4 CENTER OF SYMMETRY AT THE 0 R P C ; I N  I NSTZO 15 
T H E N  T H E  F I R S T  N § / 2  CARDS MUST R E P R E S E N T  P O S I T I O N S  N O T  RELATED I N S 7 2 0 2 0  
B Y  T H I S  C E N T E R *  I r;s 2-20 z 5 

1 N E ; T P O N O  - - - - -  
IF IRSC.GT.1 THE SEQWEPICE C)F SYMWETMY CARDS MUST BE CHOSEN iNST2035 

UNIT. IN THIS CASE I T  MAY NBT EE m s s r s L E  TO SET ISENPI,  I NST2045 
FURTHERMOREI THE TRANSLATI.ONAAL PBBRTS Of T H E  SYMkdLTflY DPERATIUNS XNS r205O 
MWST BE CHOSEN SO THAT GROUPS Ti3 BE C O M B I N E D  A S  ONE WSGID BODY I N S T 2 0 5 5  
R R F  ADJACENT T O  ONE ANnTi-J-ISK. INS K206Cb 

I N S 8 2 0 6 5  
I N  WOWE 4 THE SYMMETRY CARDS &WE USFU T O  A N A L Y Z F  THE SYMMETRt I N S T P O T Q  
OF THE NORMAL V I B R A T I O N S -  FOR THESE C A L C U L A T I O N S  I T  MAY 8E I W5T207-5 

so THAT r w E  FIRST IRSC CWDS GENERATE Ttw REVISED B SYMMETRIC INSTZOQO 

D E S I R A B L E  TO ADD REDUNDANT SYMMETRY CARDS. T H A T  I S  CARDS I N S T  208 0 
WHICH R E P E A T  SYMMETRY &HEADY PRESENT I N  THE A T O H  fi.IST. I NS 3-208 5 
ENOUGH C A R D S  MUST BE ADDED SO THAT THE SYMMETRY O P F R A T I O N S  I N S  T m 9 0  

c 
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C c 

c c 
c 
c 

c 
(I 
C 
c 
c 
c 
C 
c 
C 
c 
c 
c 
c 
C 
C c 

c c: 

c 
C 

e 
C 
c 
c 
c 
c 
C c 

t c 

c c 

c 
c 

c 

C 
C 
c 
e 
c 
c 
h: C 

e 
C 
C 
c 
c 
c 
C 
c 
r 
c 
(3 C 

c 
c 
c 
C 
c 
c 
t 
r_ 
c 
c 
c 
c 
c L 

c r_ 

c C 

c, C 

t 
c 

c 

c 

c 
c 

2 

1 9 3  

20 9 

2 %  F 

COLS 
1- 4 
5- 9 

I o-ne 

19-27 

CNSTRNI 1 R R E I . E V A N T  PF f V W W s E Q . O o  
28-36 ARCKI. RADIUS OF ATOM F O R  RE;b! lLSION ENERGY TERM, 

MAY UE LEFT BLANK AND SET B Y  SUBROUTENF C N S T H N s  

C@L 5 
1- 3 I R B ( 1 1 .  A N  I N T E G E R  WHICH 

WHICH A T O M  I BELQNES. 
I R O t  J )  c.EQ.0 THEN ATOM 
AND W W S T  R E M A I N  FI lXED 

4- 6 I R B ( 2 )  
7- 9 I R B C J )  

0 
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 V
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 V
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 tJ tJ
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c 
c 

e 
c 
e 
e 
c 

c i: 

c 
c 
li: 
c 

c 
e 
c 
c 
c 

C 
t 
c 
c 
c 
c 
L: 
C I P  
c 
c 
c 
c 
c 
c 
t 
c 
c 
r. 
c 
e: 249 
c 

13-15 
16-18 

19-21 
22-26 

25-27 

2&-.zcE 

31-33 

34-35 
37-39 

si 8- 4 2 

43-45 

46-48 

49-51 

52 -- 54 

55-57 
58-50 

61-63 

6b-66 

57-69 

HNST32QO 
INST3265 
X N5 T3 27 Q 
B NSTS275 
x MS T 3 2 R O  
INST3285 
INST3290 
1 NST3295 
I NSf330Q x NST3385 
INST339  0 
INST3315 
P NST33.20 
INS?3325 
I NST3330 
B NS f3335 
I N S T 3 3 4 0  
INST3345 
INS f3350 
1NST-3355 
z NST3360 
It NS f 3355 
XNST33TO 
I NS'P3315 
INSTS3B0 
I NST33RS 
INST3390 
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C 2 5 >  
c 
C 
c c 
C 
c 
C 
C 
c 26 i 
c 

C 
c 
C 
C 
c 

C 273 
$ 4  
c 
C 
C 

- 
L 

E 
L 
c 
C 
c 2 8 )  
C f  

t 
C 
I' 

C 

C 
L 25; 

- 
L 

r 

C 
e 
C 
c 

C 
C 
G 
c 

C 
c 
C 30 P 
e 

C 
C 
C 
C 
c 
C 
C 
c: 
c *  
c 
i 
c 
c 
c 
C 

c 
C 

I N S T 3 5 3 0  
I N S  13535 
I N S T 3 5 6 0  
I N S  B i 5 e i  

I N S  I- 3565 

OE15F4~VE3 ENLI'GY ;OR !;CIS SUHSTANCE. A L W A Y S  INCLUD' ClNF CARD. I N S T 3 5 8 5  
A BLANK CARD IS S 9 F T S F A * - T 0 9 Y  iF T H E  L4tl"PC:  ENFRGY I S  LlN4MOWER. I N S T 7 5 9 0  

COLS I N S T 3 5 9 5  

0 - ENERGY NOT U S E D  4 5  4N OFLSERVABION. I NS7 3605 
1 - ENERGY USLU AS A N  O B S E I - V h Y I i l N  FOR MODE O B  I NST.7610 

-1 - ENERGY USFD A S  AN O B S F R Y A B H O N  FDH MODE. 0 C:NLY I N S  if 3,515 
I N S T 3 6 2 0  
I N S 1  3625 
I N S T 3 5 3 0  
I NS T 3 6 3 5  
I N S  T36Jbci 
I N S T 3 6 4 5  
I N S T 3 6 5 0  

1- 3 K P Y S s  O B S E R V A T I O N  SELECTInN I N T E G E R  FOR OBSERVED ENERGY. I N S r 3 6 0 0  

MUST BF NCN-ZERO. 

SPMUCTCJRAL PARAMETER SELECT I O N  C A P D I  SI NPC E N T R I E S  AT 32 PER 
C h R D  MUST ALWAYS BE INCLUDED. EACH E N T R Y  CORRESPONDS Y O  ONE 
OF THE NPS PhRAMETERS FOR l H I §  SUBSTANCE I N  A L I S P  WHICH THE 
P R O G R A Y  SkTS LjP 4s FULLOWS: 

P JtQ 4wr-f Efi DESCRIT PThON NUMBE R INCLUDED 

Ak 1)  1.BTY PCF PARAMETERS . 
A E 6 )  

6 

S X R ( 1 )  
SYRCl a 

3 OR 0 

3 

6 OR 3 

NPX 

I N S f 3 7 3 5  
I N56374Q 
i Ns ~ 3 4 4 5  

I NST3165 
I N S K 3 7 7 0  
I N S T 3 7 7 5  
I NST3-PBQ 
I N S T 3 7 8 5  
I N S T 3 3 9 9  
I NS 8399 5 
I N 5  T 3 3 Q 0  
I NSF3805 
I N S T 3 8 1  0 
I NS" SQ J. 5 
I N 5 8 3 8 2 3  
I N S  T3825 
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, 

6: c 
c 
c 
c 
c 
c 
c <: 
<: 
c 
c 
c 
c 
f 
c 
c c: 
c c 

c 
I:: 
t 
c 
c 
c 
c 
c 31 1 
ĉ  
t 

c 
L. 

c 
c 
c 
c 

c 
C 
c 
c 
c 
c 
f 
e 323 
c. 
5: 
c 
c 
c 
e 
c 
c 
c 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c r= 
c 
c 
C 
c 
C 
c 
C 
c 
c 
c 
c. 
c 
c 
c 
c 
B; 
(3 
c 
c 

THE YWHRER O F  NDN-ZERO K P S 4 h l ' S  P S  N O S 9  THE NWWBER O f  

OBSERVATfUNSt NOS MUST NOT EXCEED T H E  DIMEMSXDNS SPECXFT€D* 

V R R I : A & E  SELCECTIOPI CARDtS3 FOR NPnF 0 ,  NPS EWTREES A T  7 2  PER 
C A R D  ARE ALWAYS IMCLUDEDm I F  MUDEeNEmQ OR NCeEC2.B THESE CARDS 
ARE I R R E L E V A N T  eo+ M U S T  BE HNCelroEne 

OBSFRVATZONS FOR T H I S  S C I R S ~ A N C E ~  THIS AND TnE TQTAL NUMBER OF 

COL 
1 KQStl?a SELEC,TION l N B F G E R  F O R  PARAMETFR P f %  10 

2 IccaS(22 

13 - NOT A V A R ? A 0 L E  FUR MQQE Q a  
1 TO 9 - A V A R I R P L E  FClR MODE 3 ,  

s 
* 

ETC. KQS BNPS 3 

THESE FNTRPES ARE ANMAXOUS 1-0 VHOSF FOR UPS A B U W E ~  THEY ARE 
USUALLY Z E W  E X C E P T  I N  THE S P E C I A L  C A S E  WHEN A STRWCTlJRAL 
P A R A M E T E R  FS TO BE V A R I E D  I N  N93DE 0. NON-ZERO V A L U E S  SPECIFY 
DAMPING A 5  D E S C R I B E D  AC3OYE FOR K P S .  

M A P P I N G  C A R D S ,  DM HT WU. ES5 MODE. EQm-1 e 

I N  M@iDF -1 THE PPtidGRAH STEPS THROUGH A SEGIE5 CiF VALUES F O R  
EACH UF THREE SPECIFIEI)  PARAMETERS AND C A L C U L A T E S  THE ENERGY 
OF THE SYSTEM FCR E A C H  SET. EACH V A R I A B L E  PARAMETER X5 D E F I N E D  
BY ONE CARD, ]IF L E S S  THAN T H R E E  V A R I A B L E S  ARE NEEDED T H E N  KPI. 
K P J .  AND/OR KPK CAN BE SET T O  -1. A L L  OTHER PARAMETERS ARE 
F f X E D  A T  THEXR XNIPflJK' VALUES.  

CAUTION - EACH CALCWCATXUN IS MADE WSYNC THE LIST DF INTER- 

MAPPING VARI AWES MUST mr ALTER TnF SVRUCTWRE DRASY ICALLV 
A T O M I C  CEaNTACTS SET UP I N l f I A L 1 . Y  FRnH THE INPUT STRUCTURE. XU& 

BECAUSE NEW C O N T A C T S  WHICH BECOME IMPORTANT MAY N O T  BE IN 
THE L I S T .  

4- 6 

7- 9 
10-18 
19-27 
28-36 

CARD 

1 

KPE. KTNQ UF PARAMETER FOR OUTER l a w r  
-1  - NO P A R A M E R R .  R E M A I N D E R  O F  CARD XS I R R E L E V A N T .  
0 - A COMMON PARAMETER- 
1 - A PARAMETER O f  T H I S  SUBSTANCE-  

M P I I  T H E  PARAMETER NUMBER* I F  K P I n E Q r l  THEN MPL I: 1 

N O T  USED. 
P INE.  I N I T I A L  VALUE OF PARAMETER FOR OUTER LClLoiJ. 
P Q L I s  P O S I T I V E  INCREMENT FOR PARAMETER O F  OWTER LOOP. 
P L M I .  U P P E R  L l M I T  FOB PARAMETER OF OUTER LQOPc 

F O R  L A T T I C E  PARAMETER A t 1  B * ETCI 

2 
C O L S  
1 -  3 KPJ,  K I N D  OF PARAHEKER FOR M I D D L E  LOOP. 

-1 - NO PARAMETER* R E M A I N D E R  OF CARD I f  I R R E ~ E V A N T I  
0 - A COMMON PPIRAMETeRe 
1 - A PARAMETER O F  T H I S  SUBSTANCE. 

4- 6 UP.), THE PARAMETER NLIMBER- IF UpJeEQel T H E N  M P J  = 1 
fa8 L A T T I C E  PARAMETER A ( l 3 r  ETC. 

7- 9 N O T  USEDo 
tQ--18 PINJe I N I T I A L  VALUE OF PARAMETER FOR MIDDLE L O O P .  
19-27 PDLJs POSITXWE TNCREMENX FOR PARAMETER OF M I D D L E  LOOP. 
28-36 PLMJ. UPPER LInIT FDR PARAMETER  IF MIDDLE LOOP. 

1 NS 1'3925 
I N S  83930 
INST3935 
I NS I-3940 
EN5'6394.5 
f N S T 3 9 5 0  
IPIS3-3955 
I NSf3960 
INS 3-3965 
1 NS T 3979 
I N S T 3 9 7 5  
INST3980 
I NSI-3985 
E NST3990 
I N S T 3 9 9 5  
I N S T 4 0 Q 8  
1 N S T 4 0 0 5  
f NST40 IO 
I NST40-1 5 
f N S r 4 0 2 0  
INST4025 
INST4030 

I NST4040 
I NSY4O.B 5 
I NST4050 
P N S T 4 0 5 5  
I N S T 4 0 6 O  
I N S T 4 0 6 5  
1 N S T 4 0 7 0  
I NS T 4075 

INST4085 
X N S T 4 0 9 Q  
I N S T 4 0 9 5  
I NST4 10 Q 
I NST4 1 0 5 
INST41 10 
I N S T 4  11 5 
I NST4120 
I N S T 4 1 2 5  
I N S T 4 1 3 0  
I N S T 4  135 
I N S T 4  I40 
I N S T 4 1 4 5  
I N S T 4 l  S O  
1 NS T 4  155 
I NST4 160 
I N S T 4  165 
I N S T 4  170 
I N S f 4  175 
INST4180 
I N S f 4  185 
INST4 190 
I N S  T 4  19 5 
1 N S T 4 2 0 0  
I N S T 4 2 0 5  
S N S T 4 2 1  0 
I N S T 4 2 1 5  
L N S T 4 2 2 0  
INST4225 
I N S Y 4 2 3 0  
I N S  T 4 2 3  5 
X NS T 424 0 
INST4245 
XNST4250 
I NST4255 

1 ~ ~ ~ 4 0 3 5  

I N S T ~ O S ~  
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T I &  PURPOSE O F  CNSTRd I S  TU O F C I N F  THE CONtdOPJ PRRWYETERSr P C t  OR 
EXTRA P A H 4 Y E T E R S r  " X P  OY U S I N G  YI-iTM TO SET OVI-ELIK V A R I A B L E S .  THE 
R O I J T I N F  K A Y  A L S O  BE USED TU E S T & E i L I S H  ANY DFSiRED C O h S T R A l N H S .  

C N S T R I  IS CAI.I..FTr ONCE FRnk M A I N  T O  PASS THE LOCATLUNS O F  THE 
4 R W A Y S  L I S T E D  ARDVE. 

I NST4.395 
I NS I 4 4 0 0  
I N S  T440 5 
I N S T 4 4 1  0 
I N S T 4 4 1  5 
I N S T 4 4 2 0  
INSTir425 
I N S T 4 4 3 0  
I N S T r P 4 3 5  
I N S T 4 4 4 Q  
INS 1-4445 
I NSTaQ 50 
I N S i 4 Q 5 5  
I N S T44 6 0 
I NS 7 9 6  6 S 

I NST*d8", 

I N S V W 9 5  
I N S 1 4 5 0 0  
I N S  T 450 5 
I N S T 4 5 1 0  
I N S T 4 5  15 

INS r m g o  

USER ROUT-INE CNSTHN I S  CALLED NEAR THE END O F  WPREa WHICH I S  I N S T 4 5 2 0  
FNTERED ONCE FOR EACH SUBSTANCE. AND NEAR THE B E G I N N I N G  O F  W C A L C e  I N S T 4 5 2 5  
W H I C H  IS ENTERED ONCE FOP, E4Ct I  ENERGY CAhCiII . .A7%63Ne I NST 4530 

I N S  1-45.35 
ON ENTRY. PAHAMFTERS P C c  A 9  S X R I  SYRs SZR.  TRs  AND PX H A V E  BEEN I N S T 4 5 4 0  
SET FROM THE OVERALL. PARAME?ER L I S T .  SUBROUTINE SET4 HAS BEEN I NS T4545 
ENTERED AND THE MAR I A S L E S  CF iOMS.CaN/AU/ H A V E  BEEN C A L C U L A T E D -  I N S  l-4550 

I NST4555  

I N S 7 4 5 6 5  TEFPMS OF COMMON PARAMETERS FC. THE CHARGES OR COORDINATES O F  
FRACTXCINAL A T O M S  C i l N S T l P U T X N C  A DIPQPE MAY RE SEY FROM THE E X T R A  I N S T 4 5 7 0  
PARAMETERS PX OTHER J Y P E S  OF C O N S T R A I N T S  M A Y  FIE E S T A B L I S I a E D  B Y  I N S T 4 5 7 5  
SETTING C E R T A I N  V A R I A B L E S  I N  T E R M S  OF OTHERS. I F  T H E  C A L C U L A T I O N  I N S T 4 5 8 0  
INVC9LVES MORE T M N  OWE SURSTANCE THEN CNSTRN SMOULC T E S T  XSR TO I N S 9 4 5 8 5  
IDEPJ'T SKY THE CURRENT- SIJBSTANCE- COMMON BLOCKS N A Y  B E  LNCLUOEO FOE I N S T 4 5 9 0  

I N S T 4 6 0 0  
I N S T I S Q 5  
1 NST4610  
TNSTa615 

THE SUBROUTINE G A Y  SET POTENTEAL PARAMEERS B. PL.  A R ~  on 02 IN 1 ~ ~ ~ 4 5 6 3  

I S R  AND ANY OTHER V A R I A F L E S  N O T  D I M E N S I O N E D  DYNAMICAP.k.,'r'. SEE THE I N S T 4 - 5 9 5  
rEsr PROBLEMS FOR EXAMPLES. 

I ........---.--------........ I 1 ---I----- - .I -.*_ ~ ~ . -  -------I--- __---------- 
- . . - . . - - , 
I N S Y 4 6 2 0  
I N S T 4 5 2 5  
I N S T 4 6 3 0  

THE PURP6?SE O F  CWX IS TC CAI.-CUI.ATE W X e  ANY E X T R A  C O N T R I R U T I O N  TO I N S T 4 6 3 5  
I N S  T464  0 'THE ENERGY WHICI-l I S  DESIRED BY THE USER. EXA%PLFIS M I G H T  RE THE 

I N T E R N A L  E N E R G Y  O F  P O L 4 H I Z A l f  O N  O R  ANY COWI:'ORk!A'lI Y N A L  ENERGY MOT I N S 7 4 6 4 5  
C A L C U L A T E D  BY GCWX. I N S T 4 6 5 0  

I M S T 4 6 5 5  
C W X I  IS CALL.ED ONCE F R U i l  WAIN T O  PASS THE L G C A r I O N S  OF T H E  I N S ' i 4 . 5 5 0  
ARRAYS L I S T E D  .QIQ,OVE, I NSS.4-665 

I N S T a 6 J O  
USER RCICITZNE CWX IS CALLE17 FROW WCALC JUST BEF@HE GCWX I S  ENTERED. I N S T 4 6 7 5  
THZS OCCURS ONCE FOR EBCH E N E R G Y  C.41LCUBATION. I NST45BO 

I NSS.@685 
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Dh6 E N T R Y  THE E X T R A  ENERGY WX 
CNSTRN HAS BEEN CALLED. ATOM 
A V  A I L A  At. F ,  

THE USERUS PROGRAM MUST SET C O O T  T O  THE V A L U E  OF THE PDTENTIAL. 
ENERGY IN KCAVN0E.E FOR THE P A I R -  

I. RIST509Q 
THE PURPOSE O F  REPL IS TO A L L O Y  THE USER F L E X I B X L X T Y  XN I MST5Q85 
CHOOSING THE FORM OF THE ATOM-ATUM REPULSXlaN (OR A T T R A C T I O N )  EN5165100 
POTENT I I&. INST5105 

INST5 B BO 



100 

c 
c 
C 
C 
c 
i 
c 
c 
C 
C 
L - 
1: 
C 
c 
t 
C 
c 
C 
c 
c 
c 
e: 
C 
C 
c 
C 
C 
i; 
c 
C 
e 
c 
c 
c 
c 
C 
c 
C 
c 
c 
c: 
c 
C 
C 
C 

C 
C 
c 
C 
c 
C 
c 
C 
c 
c 
6 
C 
C 
C 
C 
C 
c 
C 
c 
f 
C 
C 
C 
C 
C 
r 
C 
C 
C 
c 
c 
C 
C 

E 

C4WSE EXPONENT U N D E R F k O W e  THE USER SWOhfLD ARRANGE T O  HAVE THE 
RESUI. T REPLACED 6 Y  ZERO AcTEF( EXFONFbdT WNDFRFIOWm D E P E k O I N G  ON 
THE T N S T R L L A T I O N .  T H I S  C A N  BE DONE BY 

THE PROGRAM USES THE F13LLC)WPMG D A T A  SET REFERENCE NGMSERSe AND 
THE APPWnPfai ATE D4T4  D E F I N I T I O N  CARDS S1-1PQSLU R E  P R O V f O E D .  

L 
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DESCRIPTION 

STANDARD INPUT W S I N G  
READ STATEMENTS 

STANDARD OUTPUT USING 
PRINT STATEMENTS 

CARD CIWTPCBT U S I N G  
PUNCH STATEMENTS 

I N T E R M E D H A T E  STORAGE ( A )  
FOR EACH SUBSTANCE 

I N T E R M E D I A T E  STORAGE (El.! 
F U R  EACH SURSTANCE 

SUMMARY OF RESULTS PRXNTED 
O N  STANDARD STREAM 

REFERENCE NUMBERS 
SY H B O I  VALUE SEK BY 

-- 5 SVSTEH 

-.... 0 SYSTEM 

NO 20 M A I N  

N O  21 H A I  N 

N S P  6 M A I M  



::dr~ddr:i :o-r:>:n~ Urogra '  

T O T A L  NUMBER OF C A R D S  T R A N S C I T T T O  ( F : j P T R A N  A N D  T t S l  D A T A )  IS 6 7 4 8  M A I N  5 
M A I N  1 0  
M A I N  I5 

PROGRAM Y Y I N  

PROGRAM TO REPRESENT CFYSTA1.S OR M O L E C U L E S  B Y  A P O T E N T I A L - E N E R G Y  M A I N  50 
MODEL,  ADJUST P A R A M E T E R S  O F  T H C  P O T E N T I A L .  A D J U S T  T H E  S T R U C T U E E  M A I N  15 
F O R  M I N I M L I H  E N E R G Y .  O R  C A L C U L A T E  I T S  V I B R A T I O N A L  T R F O U F N C I E S .  M A I N  30 

V A I N  35 

W A l h  45  
M A l h  50 
M A i b l  55 
M A l h  60 
M A ! N  6 5  
M b 7 N  7 0  

W~ITTEN B Y  w .  R .  BUSING. C i i C u i s T x ~  ~ I V ~ Y I O U ~  OAK ~ ; D G E  NATIONAL MAIN 4 0  
L A B D R A T U R Y .  P. 0. B O X  X.  OAK R I D d E .  . T F N N T S S F F  31530 

Q E V I S E D  DECEMBER 1980 
SEE S U B R O U T I N E  I N S T R U  F O R  O A T A  I N P U T  I N S T R U < T 1 3 Y S .  
SEE S U B R C U T I N E  G L O S S  FCR D E F I N I T I O N S  D F  5 Y M B U L S  

J .6H 2C / 

21. 
21. 

I .  
7 .  
3 .  2 1 .  

2 1 ,  
21. 

4 .  
5 .  

7 1 .  74. 6 .  7 .  

D A T A  L 1 /  

2 1 1  
2 1 .  

8 .  

2 1 .  
'9 * 

7 t .  
A ,  

2:. 
B s  

a s ,  
C .  

2 1 .  
I ) .  

21. 
F r  
F r  

1 4 .  
2 1 ,  

G .  

2 3 .  
H .  

2 /  
i .  
J .  

1 .  3. 
D A T A  L E /  

2 .  h .  
3 .  1 3 .  

1 1 .  
7. 

4 .  

2. 
5 .  

7. 
6 .  
7 .  

1 1 .  
1 2 .  

8 .  
9 .  

1 7 .  
4. 

A s  

I .  
8 .  

16. 
C .  

1 1 .  
D .  

1 1 .  
E .  

; 4. 
F .  

I G. 
G r  

2. 
PI . 

4 / 
I .  
.I . 

8 .  
8. 

1 .  

8. 
7 .  
3 .  
4 .  4. 

4. 
4 .  

5 .  

4. 
6 .  
7 ,  
8 .  4. 

4 .  
4. 

9 .  

4 .  
4 ,  
B .  
C .  8 .  

8 ,  
4 .  

D .  
E .  

4. 
A. 

F .  
5 .  

8. 
5 .  

H .  

8/ 
I #  
J I  

O A T A  l T Y P C /  

29 
15, 
2 1 .  
21. 
21 * 
21. 
2 1 .  
21, 
21. 
21  * 
23. 
21.  
71. 
? i s  
P I .  
21. 
21. 
21. 
23. 

5. 
14 .  
13.  
16. 
$ 1 .  

Y .  
16. 
5. 
14. 
13. 
13, 
1 5 .  

1 .  
13. 
1 1 .  

5 .  
15.  
1 : .  
2. 

8. 
8. 
8. 
8. 
4. 
4 .  
4. 
4. 
4. 
4. 
4. 
4 .  
8, 
8 .  
8 .  
8. 
R .  
8 .  
8 .  

70. 
21. 
21 * 
21, 
21, 
21. 
21. 
21. 
P I .  
21. 
21. 
2 1 ,  
21. 
7 1 .  
21. 
21.  
73. 
1 4 .  
23. 

2 0 .  
4 .  

16 .  
1 6 .  
1 1 .  
1 1 .  

2 .  
5 .  

I S .  
1 .  
2. 

1 4 .  
I .  
6. 

1 1 .  
5. 
5. 1 4 . 
2 .  

n. 
8 .  
8 .  
8 .  
4 .  
4 .  
4. 
4 .  
4 .  
4 .  
4. 
4 .  
8 .  
8 .  
4 .  
8 .  

8. 
8 .  

8. 

16.  
21 * 
16. 
lb. 
21. 
26. 
2. 

2 1  * 
21. 
21. 
7 1 .  
Z i .  
21. 
z i .  
2i. 
21. 
14. 
21. 
23, 

1 6 s  
1 1 .  
2. 
io. 
:O. 
7. 
4. 
5 .  
9. 

1 7 .  
3 .  

16. 
16. 
6. 

16. 
5 .  

14 .  
13 .  

2 .  

8. 
4. 
8, 
R .  
4. 
4. 
4. 
4. 
4. 
4 .  
4 .  
4. 
n ,  
R .  
8. 
8. 
8. 
8 ,  
e .  

21,  
21. 
21 * 
2. 

21, 
2. 

21, 
21. 
21. 
21. 
21. 
21. 
21. 
21. 

2 .  
3 2 .  
21.  
71. 
2 3 .  

3. 
1 1 .  
1 5 ,  

4. 
I J .  

4. 
1 3 s  

5 .  
9. 
9. 

13. 
13. 
3. 
6. 
4.  
4. 

13. 
13 .  

2. 

8. 
8. 
8. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
D .  
8 .  
8. 
4. 
8 .  
8 .  
8 .  
4. 

1 6 .  
21 .  
16 .  
2 1 .  
2 1 .  
24. 

2 .  
2 .  

2 1 .  
21. 
21. 
7 1 .  
2 ! .  
2). 
2 : .  
2 1 .  
21. 
2 1 .  

7 .  

16. 
13. 

2, 
1 0 , 
lil .  

r .  

'. 9 
13. 

8 .  
1 .  

13 .  
13. 

6 .  
13, 

5 .  
1 1 .  

I 3  . 
4. 

23s 
8. 
8 .  
8 .  
4.  
4. 
4.  
4. 
4 . 
'I . 
4. 
8. 
8 .  

8. 
A. 
4. 
8. 
8. 

e. 

!E 

4PXMAX 
NPMAX 

0 
7 

A R  

020 
GMT 
H Z l  

I sv 
J ( S V  
K P C  

L B C J  
N A M P X  

P C  
P NX 

S P Y  
S ZR 
V M  
xc 
L A M  

npc 

I nz 

a 

21 
21 
16 
21 
21  
2 4  

. -  
MA:N 7 5  
H A ; N  80 
M A I N  8 5  
4 A l N  9 0  
M A I N  9 5  
M A I N  1 0 0  
M A I N  I 0 5  
M A I N  1 1 0  
M A I N  1 1 5  
M A I N  170 
M A I N  125 
M A I N  130 
M A I N  135 
M 4 I N  140 
M A I N  145 
M A I N  1 5 0  
M A I N  155 
M A I N  160 
M A l N  165 
W A I N  170 
M A I N  175 
M A I N  I 8 0  
MA N 185 
M A I N  190 
M 4 1 N  I 9 5  
M A I N  200 
M A I N  P O 5  
M A I N  7 1 0  
M A I N  715  
h A l N  220 
M A I N  225 

" L A I N  235 
M A I N  240 
M A I N  245 
MA.N 250 
M A i N  255 

M ~ I  N 23n 

21 M A I N  2 6 0  
2 1  M A I N  265 
21 M A I N  2 7 0  
2 1  M A I N  275 
2 1  M A I N  280 

71 M A l N  290 
2 1  M A I N  795 
2 1  M A I N  300 
21 M A I N  305 
21 M A I N  312 
2 M 4 1 N  3 1 >  

2 1  M A I N  320 
M A I N  125 

3 M A I N  330 
1 M A I N  335 
2 M A I N  340 

1 i  M A I N  345 
15 M 4 I l l  350 

7 M A I N  355 
9 MA:hl 350 
9 MA:& 3155 
1 M 4 I N  770 
8 M A I N  375 
fi M A I N  380 
1 M A I N  385 

13 M A I N  390 
3 M A I N  395  

14 M A I N  400 
5 MA:N 405 

16 M A I N  410 
4 M A I N  4 1 5  
2 M A I N  420 

M A I N  4 2 5  
8 M A I N  430 
8 M A I N  4 3 5  
8 M A I N  4 4 0  
8 M A I N  445 
4 M A I N  4 5 0  
4 M A I N  455 
4 i l A i h  460 
4 VA',+., 4 8 5  
4 ,LiAiP., 4 7 0  
4 U A i N  4 7 5  
4 M A I N  480 

A V A C N  4 9 0  
8 MA:N a 9 5  
8 W A I N  500 
8 M A I N  5 0 5  
R M A l ' 4  510 
$ M A I N  515 
n M A I N  1,0 

21 MAIN 2n5 

n MAIN 485 

H A I N  5 2 5  

C 

C 
5 

C 
C 

c 
C 

C 
C 

r 

C 

c 
C 

< 
c 

J I M C N S I O N  O F  UVERALL. S T O R A G F  A R R A Y  b 15  S F T  It4 5 l J R R C U l : Y F  M A b T t l l  M A I Y  550 
M A I N  555 
M A I N  560 C O M M O N / S / S (  1 )  

C A L L  M A S T E R < N S I I  M I T N  S h S  

P U T  L I M I T S  I N  1 
N P C H A X = L I M I  I )  
N 4 M A X  = L I H (  2 )  
N K A M A X = L I M I  3 )  
YSMAX = L l M (  4 )  
N R S M A X = L I * (  5 )  
N P X M A X Z L  It41 h 1 
N C T N A X = L I M (  7 1  
N B C M A X r L I M (  8 )  
NMAX = L I M (  9 )  
N F S M A X = L l M !  10) 
N G S H A X I L I M I  I 1  1 
%PSI1 4 x = L : Y i  12) 
NPMi;h = L i b 1 1 1 3 1  
N f l S M A X = L : M l  1 4 i  
~0hOr.X =L:Mt 1 5 .  
N V M A k  =LiM: I S >  

SET D A T A  S E T  R E F E R E N C E  NUMBERS 
Y 0 = 2 0  
N 3 = 2 1  
Y s D = 2 2  
N S P = b  

TO 1 5  

M A i N  5 7 0  

M A l N  M A l N  3 7 5  580 
M A I N  5 8 5  
M A I N  590 
M 4 1 N  595 
M A I N  600 
M A I N  605 
U A l Y  410 
M A I N  515 
M A I N  620 
U A l W  A>?. .. . _-. 
M A I N  030 
M A I N  535 
M A i N  640 
MA:N 645 
MAIP4 650 
M A I N  6 5 5  
M A I N  6 6 0  
M A 1  N t.65 
M A I N  C 7 0  
M A I N  675 
M 4 1 N  680 
M A I N  6 8 5  
M A 1  N 5'90 
M A I N  C95 

M A I N  705 
M A I N  710 
M A I W  7 1 5  
M A I N  720 
M A I N  725 
M A I N  730 
M A I N  735 
M A : N  7140 

MAIN 730 

, ,I . . . . . 
M A ' N  750 
MA:N 755 
q A 1 N  760 
M A I N  765 
M A I N  1 7 0  
M A l N  775 
M A I N  780 

SPECIAL T R C A T ~ E N T  o r  AUXILTA~Y Y A T R  ICES T M A T   AN^ U M A T  
L l =  1 4  
I F I N V M A X . G T . N O S M A X )  LLz16 
L I f 1 I2 1 -*I 
L I  I 1 15 )=CL 
L Z I  11 P I = L L  

70 

75 

RO 

9 u  
95 

I 0 0  

I 1 0  

120  

P R I N T  T O T A L  STORAG; U S E D  AYD T E S T  F O R  O V r h F L O W  
OR IFIT 

I70 T O R M A T ( ' O *  , I n . *  8 - B Y T E  STf lRAGF L @ C A T I O N S  H A V E  8zf ' l  
130 9 K S T  .NST 

I P R O G R A M  15  D I M E N S I O N E D  F O R ' . I R I  
I F ( K S T . L E , N S T I  GO TO 150 
P 9 1 N T  1 4 O . t i D I F F . K B Y T E  

1 4 0  F O R M A T I ' O C O M M O N / S /  A N D  NST MUST llc I N C R F A S E U  t l Y ' * l t  
l w l l  L ADD.. 14. .K B Y T E S  T O  TME ' I E G I O N  U'iED. * )  

M A I N  795 
MAIF4 fl00 
M A I L !  805 
M A l h  8 1 0  
M A I h  ti15 

M A I N  825 
W A I N  8 3 0  
M A I N  835 
M A I N  840 
M A I N  845 
M A I N  850 
M A I N  855 
M A I N  860 
M A I N  565 
M A I N  870 
M A I N  875 
M A I N  880 
M A I N  8 8 5  
M A I N  8 9 0  
M A I N  895 
M A I N  900 
M A I N  905 
M A I N  910 
M A I N  915 
* A l N  9 2 0  
M A ! N  9 2 5  
M A I N  970 
M A I N  9 3 5  
M A I N  940 
M A I N  945 
M A I N  9 5 0  
M A I N  9 5 5  

MAIL) 820 

UAIN 9 6 0  
M A i N  9 6 2  
M 4 1 N  970 

R E Q U E S T E D .  T H 6  M A I N  MA:h 97'1 Y e 0  

MA'l .8  915 

C A i L  E X I T  
I50 P R I Y -  1 6 0 . K D I F F . K B Y T T  
Ih0 F O R M A T ( * O C O M M d N / S /  A N D  N S T  MAY RF D F C H E A S t O  E l * * I ' > .  

7 1 L L  R r D U C E  THE R t G I O N  U S E D  BY'.Ih,'K ' IYTF '> . ' I  
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C 

C 
C 

C 

C 

C 

C 

C 
C 
C 
C 
c 
C 
C 

c 

\ M A I N 1 0 7 0  
H*11(2075 
M*I'41060 
M A I N 1 0 8 5  
M A I N 1  023 
hi4ITi!055 
M A I N l I 0 0  
N A I N 1 1 G 5  
X ~ I N I S 1 3  
* 4 1 N l l 1 5  
M A I N l I P C  
M A 1  N I l L 5  

I*biN$l30 
M A I N I  135 
MA I HI 140 
H d I N l  1 4 5  
M A 1  N i  152  
M A I N I  155 
M A I N I I L O  
M A 1  NI 1 b 5  
M b  I hi' 2 7 0 

S U Z R O U T I N E  WM I N  ( ACZ,AMshMASSs AN,  AR. RR 

U k l  N1233 
M A I N 1 2 3 5  
M A 1  N l 2 4 Q  
MAIN1245 
M A l N 1 2 5 U  
M A I N 1 2 5 5  
MA I N112E0 
M A  I t4 3265 
M A I N 1 2 7 0  
X h I N 1 2 7 5  
MA1 1.1 i 26 0 
M A I t i 1 2 e 5  
M A l N l P S 0  
M A l N P 2 5 5  
M 4 S N 1 3 0 0  
M A I N 1 3 0 5  

Y M I N  5 
W M I N  10 
Y N I N  15 
W M l Y  20 
W U I N  25 
WNIN 3 0  
*14Xf.I 35 
" M I N  40 
W M I N  45  
Y U I N  50 
W H I N  55  
W M l N  60 
WUlN 65 
U U I N  70 
X M I N  75 
*I.lfN 00 
Y M I N  8 5  
W M I h  9 0  
* M I N  45 
W N I N  100 
V M I Y  10% 
W M I N  110 
W M I M  1 1 5  
W Y I N  IQO 
W M l N  125 
Y M I N  130 
H M I N  135 
W M I N  140 
X'41*i 156  
W M I ? I  150 
W H I N  1 8 5  
U 1 I Y  160  

W M l N  170 
W M l N  175 
U M I N  100  

W M I N  190 
W M i N  195 
Y M I N  200 
WMltr  2 0 5  
W M I N  210 
WMIN 215 
X I I I N  220 
W U I Y  229 
W M I N  230 
W M I Q  235 

' Y U I N  240 
Y M l N  2'-5 

m w i -  165  

W Y K N  iayl 

W M l ' i  ZS<i 
WHIN 244 
Y N X N  J O G  
Y M I Y  305 

C 

C 

C 

5 0 5  

510 
85 

515 
3% 

523 
3 5  

515 
40 

530 4 5  
53's 
50 

2 I rl 
91 5 
52 0 
325 
<3@ 
335 
3 4  0 
545 
350 
455 
560 
365  
970 
175 
38 0 
38 5 
39 0 
39 5 
400 
40 s 
*IO 
425 
420 
425 
430 
4 3 5  
450 
4 4 5  
45 0 
955 
b00 
GO 5 
9 7 0 

480 
*8% 
490 
49 9 
5 0 0  
505 
510 
51 5 
520 
5 2 '3 

55 0 
5 3 5  
5.10 
545 
550 
555 
5 0 0  
56 5 
570 

580 
585 
550 
5f5 
63 0 
605 
610 
615 
620 
625 
631) 
635 
640 
6 4 5  
65.3 
655 
66 0 
66 5 
670 
4T5 

155 
69 0 
69 5 
735 
705 
71 0 
713 
720 
725 
130 
735 
?40 
7 4 5  
750 
1-5 
7 6  0 
765 
7 7 9  
775 
7 8 0  
1 5 5  
710 
-.?F 

sf. 5 
81 9 
320 

475 

5 r 5  

683 

..&. - 

as; 
ai  3 

a25 
e3 i) 
835 
843 
8-5 
5 5 0  
635 
86 5 

A 

0 
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C 
635 
640 
105 

I 

6 4 5  

6 5 0  
6 5 5  

110 
5 6 0  

I 

C 

P R I N T  O V E R A L L  P A R A H E l C R  
I F 1  I P R T - 3 1 6 4 0 . 6 4 0 . 6 6 5  
P R I N T  105 
F O R M A T ( # O  I NAMPC L I  

30 6 6 0  I = I . N P  
K O l = K O I  S I  
I F ( K O I I 0 4 5 , 6 4 5 . 6 5 0  
DKT<O: = O  I 0 
G J  YO 655 
D < T < Q ! = D K T ( K O  I ) 
P Z I N T  I ( ? .  I . N A N P l : ) . P l I  
. S P i  1 )  .ISBPI1 1 
F O R N A T l X . 1  3 . 5 X . A 4 . 4 F I I .  
C O N V I  N U 5  
COUNT O B S E R V A T I O N S ,  V I R  

K P I I !  K O I I )  O K T I K O )  

L I S T  

P I I )  
SP(  I 1  

O P (  
ISBP!I 

I )  .PUX 

11.6.1 

S E T  U P  

1 P H N ( 1 )  
. I  

P H X I I I  

C E R T A I N  A R R A Y S  
665 NO=O 

MU=" 

NOV=O 

I F < K P (  I l ) 6 7 0 . 6 8 0 . 6 7 0  

1 F I N O . L E . N O Y A X )  GO T O  672 
P R I N T  I 1 2 . N O H A X  

DO 6 9 5  I = I . N P  

670 N O = N O t I  

I t 2  F O R H A T ( . O t * t  NUMBER O F  D B S E R V A T I O N S  F X C E E D S  P R E S E T  L I M I T  O F ' s 1 4  
, . I  . * . . I  .. 

C A L L  E X i T  

N O 8 7 1  N O I = N A H P l  I )  
i F ( K 0 Z  1 1 1 6 7 5 ~ 6 9 0 ~ 6 7 5  

6 7 5  N O V = N D V + I  
GO T O  685 

6 8 0  1 F l K O 1 1 ) 1 6 8 5 . 6 9 0 ~ 6 8 5  
6 8 5  N V = N V t l  

6 7 2  JOUT~NO)=I 

I F ( N V . L E . N V M A X )  GO T O  6 8 7  
P R I N T  113 ,1 lbMAA 

113  F O R N X T l ' O L b U  NUMBER O F  V A R I A B L E S  E X C E E D S  P R E S E T  L I M I T  O F ' s I 4  
I * L * . l ,  

bel 

690 
6 9 5  

7 0 0  
7 0 5  

C 

7 1 0  
7 1 5  
720 

7 2 5  

7 3 0  
7 3 5  
1 1 5  

7 4  0 
C  

JC=L 
I P R C = I  P R T - 2  
GO T O  1 6 0  

C  S T A R T  S U B S E O U E N T  C Y C L E S  
7 4 5  JC= I C 

7 5 0  i O R C = l P R T - L  
IF1 I C - N C Y  ) 7  5 5 . 7 5 0 . 7 5 5  

cn I" 76" 

.~ . . . ,  
:ALL E X I Y  
I O U 1  I N V ) = I  
N O U T i  NV )=NAMP I I 1  
P S ( L . N V ) = P l I )  
L I (  I I = N V  
C O N T I N U E  
DGF= NO-NV 
IF (  D G F  ) 7 0 0  
OGF= 1.5 
N V V = N V t N V  
SET L E A S T - S O U A R E S  A N D  
1 F 1 1 1 5 0 ) 7 2 5 . 7 1 0 , 7 2 5  
1FI N O - N g I  7 2 5 r 7 1 5 . 7 2 5  
I F  ( NO-NOV) I25.72 0 I 7 2 5  
Ls=o 
I W T = o  
GO T O  730 
Ls= i 
I wT= I WGT 
IF( ?PET-41 7 3 5 . 7 3 5  - 1 4 0  
P R I N T  I I ~ . N O I N V . N O V . L  
F O R M A T ( ' 0  NO N V  
S T A R T  F I R S T  C Y C L E  
Ic=l  

70 0 . 7 0 5  

W E I G H T  

S .  I W T  
NOV 

I NO1 CA 

LS 

TORS 

I W T .  I X . 5 1 6 )  

"I .I 
1 5 5  I D R C = I P R T  

7 6 0  DO 7 6 5  I = L . N V V  
7 6 5  A N I  11-0 .O 

C C L F A R  M A T R I X  A N 0  VECTOR 

"" 77" r = I . N Y  _ _  . . .. 
7 7 0  V N I  I I = 0 . 0  

SOW 5 1 = 0 . 0  

1 F I N V C ~ 7 1 5 ~ 8 0 0 ~ 1 7 5  
C  P R E P A R E  TU R E A D  A U X I L I A R Y  S T C R A G E  I F  COMUON P A R A Y  ARE V A R I A B L E S  

775  R F W l N O  NO 

T A  

C  

C  
7 8 5  

7 9  0 
120  

12s 
C 

7 9 5  

T E S T  FOR L A S T  C Y C L E  
I F  I I C-NCY 1 190 I I 6 0  0 * 7 9 0  
P R I N T  D I S C Q E P A N C Y  F A C T O R S  E X C E P T  ON L A S T  C Y C L E  
P Q I N T  1 2 0 . T I T L E . D A T E . I C  
FC)R*IAT( IHL . i 8 A 4 . 8 X . A 8 / * O C Y C L E ' .  1 3 )  
R D W S T = O S Q R T i  SDWST) 
S I G N A = O S O R T I  S U W S I / D G F )  
P R  I N 1  
F O R M A T 1  '0 ROWST 
S A V E  D I S C R E P A N C Y  F A C T O R  FOR O U T P U T  I N  SUM'IARY 
i F I  I C - 9  1 7 9 5 . 7 9 5 .  I 2 0 0  
R D W S S l l C l = R D W S T  

SDWST 
125. ROWST, SDWST. 5 I G M A  

GO r c  i z o o  
C I N I T I A L I Z E  COUNTERS AND T I H F R S  

800 DO 605 I=I.Y 
N T l  I ! = O  
L T I  I )=O 

8 0 5  C O N T l N U k  

S I G U A ' / X  3 E 1 5 .  E 

W H I N  ab5 
W H I N  870 
WUTN 875 
W H I N  880 

W M I N  890 
W H I N  895 
W H I N  9 0 0  
W H I N  905 
W H I N  910 
W M i N  915 
WHVN 920 
W H I N  925 
W H I N  9 3 0  
W M I N  935 

WH:N W Y l N  9 4 5  9 4 0  
W H I N  9 5 0  
W H I N  955 
W N I N  9 6 0  
W H I N  965 

W M I N  975 
W H I N  9 8 0  
W H I N  985 
W H I N  9 9 0  
W N l N  995 
W N l N I O O O  
W H I N 1 0 0 5  
W H I N 1 0 1 0  
W H I N I O L S  
W H I N 1 0 2 0  
W H I N 1 0 2 5  
W H I N 1 0 3 0  
W N I N L O o S  
W H 1 N l 0 4 0  
W M I N l 0 4 5  
W H I N 1 0 5 0  
W U I N L 0 5 5  
W H I N I O 6 0  
W H I N 1 0 6 5  
W H I N 1 0 7 0  
W H I N 1 0 7 5  
WW' IN lO80  
W Y I  NlO85 
W h I N 1 0 9 5  
W P I N t 0 9 5  
W Y l N i l O O  
W H I N t l O 5  
W M l N l l l O  
W W I N l 1 1 5  
W H I N l  120 
W H I N l  125 
W H I N l 1 3 0  
WH: N I L 3 5  
W H I N 1 1 4 0  
W M X h l . 4 5  
W M I h l l S O  
WMlk1155 
W M X  h1 I hO 
W r i l h l i C S  
W H I N 1 1 7 0  
W H . N I 1 1 5  
W U - N I  130 
W M i N 1 1 8 5  
W M l N l l 9 O  
W Y I N 1 1 9 5  
WH I N 1 2 0 0  
WMI N 1 2 0 5  
W M I N I P I O  
W H I N I Z 1 5  
W W I N 1 7 2 0  
W H I N 1 2 2 5  
W M I N 1 2 3 0  
WUI  N 1 2 3 5  
W H I  NL 240 
W H I N 1 2 4 5  
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W M I N 1 P L 5  
WN. I IN IZb0  
W H I N 1 7 6 5  
W H I N 1 2 7 0  
W M l N 1 2 7 5  
W H I N 1 2 8 0  
W M I N 1 7 R 5  
W N I N 1 2 9 0  
W N I  N I P 9 5  
WN I N 1 3 0 0  
W H I N 1 3 0 5  
W H I N 1 3 1 0  
W U I N l 3 1 5  
W H I N 1 3 7 0  
W H I N 1 3 2 5  
W M I N 3 3 3 0  
WN I N L 335 
W  U I N  1 3 4 0  
W H I N  1145 
W H I N 1 3 5 0  
WMI N 1 3 5 5  
W M l  N 1 3 6 0  
W H I N 1 3 6 5  
WM I N I 3 7 0  
WY I N 1375 
W M i N l 3 8 0  
W M I N 1 3 6 5  
W M I N 1 3 8 0  
WMI N  1 3 r 5  
WMI N 1 4 0 0  
W M I N L 4 0 5  
W M I N 1 4 1 0  
W M ' N 1 4 1 5  
W M i N 1 4 2 0  

WHIN a85 

WHIN 970 

C S E T  I N D I C A T O R S  
I " Y = o  
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130 
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C  

8 2 5  
8 3 0  

8 4 0  
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8 5 0  

a35 

C 
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C  

C  
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8 8 5  

8 9 0  
C  

C  

a 9 5  
C  

C  
9 0 0  
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910 

C 
915 
9 2 0  
9 2 5  
9 3 0  

C  

935 
9 4 0  

C  
9 4 5  
9 5 0  
9 55 
9 6 0  

965 
970 

C 
9 7 5  

C  
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iS&i  
DUMMY E N T R Y  TO I N I T I A L I Z E  I B Y D A S  
{ B Y  = I B Y  P A S  I 0.0. K P C  1 
E N T E R  WCALC F O R  F I R S T  ENERGY C A L C K A ~ r I O > I  OF T H I S  C Y C L T  
H- WC A L  C  ( 0 1 
1sw=o 
P R I N T  C A L C V L A T E O  E N E R G Y  
P R I N T  1 3 0 , T I T L E . D A T E .  ST I T L E  
F O R M A T (  LHO s t 8 A 4 .  8X.  AB/X,L 7 A 4 1  
P R I N T  135.1C.WOBS.W 
F O R M A T I ' O  WOBS 
S A V E  C A L C U L A T E D  E N E R G Y  FOR O U T P U T  I N  SUMMARY 
IF( I C - 9  181 0 e 8 LO, 8 1  5 

WCALC B E F O R E  C Y C L E ' .  1 3 / X s  2 F l l . 4 1  

I S 1  1c1=w 
JUMP I F  R O S E N B R O C K  S E A R C H  IS T O  B E  MADE F O R  H:NIUULI  E N E R G Y  
i F ~ H O O E - 3 1 8 2 0 r 2 0 3 0 . a ? 0  
-TART i o m  PRL-LIY!N,IXY TO ~ERIVAT:VE CALCULATION 

1H RESPEC 

E N E R G Y  

:T ro THIS P A R A M E T E R  

-. . . _ .~  
DO L i b 0  I = i o N P  

1FI i S B P ( I 1  1 0 2 5 r 8 3 0 r 8 2 5  
IF1 I F l K P (  1 S 8 P I  I > ) 8 5 0 , 8 3 5 , 8 5 0  I )-IS81 8 6 0 . 8 3 0 . 8 6 0  

I F ( K O (  I ) 1849.8601 840 
IF1  I C - N C I  1 8 4 5  . 8 6 0 , 8 4 5  
I F < K P W l d 5 0 , 8 5 5 . 8 5 0  
O E C R E H E N T  P A R A M E T E R  AND RECAL 
P I S A V E = P ( I )  
P (  I I =P I SAVE-D P I I 1  
1 X N (  I l = W C A L C i  i S Y P A S 1  1,  OIKPCI 
P C I  ) = P l h A V t  
Ih iCREWENT P d R A M E T E R  AND R E C A L C U L A T E  ENERGY 
P I S A V E = P < l .  
P C  I ) = P I S A V E + D P l I )  
U P <  I I = W C A L C l  I B Y P A S (  I . O , K P C ) )  
P i ! l = P I S A V E  
C O N T I N U E  
S T A R T  L O O P S  T O  S T O R E  F I R S T  A N 0  SECOND D E R I V A T I V t S  O F  E N E R G Y  
i y = o  
I M = O  

ARE DERIVATIVES IO aE CALCJCI & T E D  M I  

. C U L A T E  

TANCC 

I N = O  
DO 1 0 0 5  J = I . N P  
DOES P A R A M E T E R  P E R T A l N  TO C U R R E N T  SUBS 
IF ( :SBPi  JI  -158)  8 7 0 . 8 6 5 . 8 7 0  
IS P A R A N F T F R  U S E 0  A S  A N  O B S E R V A r I O N  
I F ( K P 1  J l  ) e 7 5 9  870.875 
YO. S E T  U E R I V A T I V E  T O  Z E R O  
DW( J)=O.O 
H J i J ? = I Y  
GO T U  1005 
YES. C O M P U T E  A N D  STORE D E R I V A T I V E  
I Y= 1 Y  + Y  
Y J I J I - I Y  
D W l J ) = ( W P ( J ) - W N l J Y I / ( Z . O * D P l J ) )  DYCC : Y > = - D W l J )  

SPWI  Y ) = S P (  J )  
OMII'CALCULATION OF SECOND DEQIVS FOR HCTHOD OF STEEPEST 
~ F l U O O E - 2 1 Q ~ 0 ~ L 0 0 5 ~ 8 8 0  
O N 1  r S E C O N J  D E R I V S  O N  L A S T  C Y C L E  U N L E S S  F R E O U E N C I F S  A R E  
IF1  I C - Y C Y )  890 (I 8 8 5 . 8 9 0  
I F (  MODE-41 1 0 0 5 . 8 9 0 .  I005 
S T A R T  I N N E R  L O O P  TO S T O R E  SECCND D E P I V S  I N  R T R  L A N U  U M A T  

I D O = O  15 P A R A M E T E R  A  V A R I A B L E  
I F 1  K O 1  I 1  )895.915.895 
1 H = 1  M + l  
15 I T  A  C O H L a N  P A R A H E T E F  
I F 1  I S B P i S ) ) 9 0 0 . 9 1 0 ~ 9 0 0  
D O E S  I T  P E R T A I N  T O  T H I S  S U B S T A N C E  
IF1 I S B P I I  ) - I S B I 9 0 5 . 9 1 0 . S 0 5  
B T R (  I H  1=0 a 0 

on 1000 I=I.NP 

1000 
.1-1 

GO r o  940 
I S  W E I G H T  U A T R I X  T O  B E  U S E D  A N D  1 5  P A R A U E T E R  A N  O R S E R V A T  
I F l i W T l 9 2 0 ~ 1 0 0 0 ~ 9 2 0  
I F ( K P I : > ) 9 2 5 r  1 5 0 0 , 9 2 5  
I F I : S ~ P 1 I I - I S ~ ~ i J O O ~ 9 3 0 ~ ~ 0 0 0  
I N= i t i +  1 
IS D E R I ' l A i i V E  709 U M A T  SAME A S  T H A T  J I J h T  S T C R E O  I N  R T R  
I F I  K D 3 1 9 0 5 . 3 3 5 . 9 9 5  
.c-. ._.-. 
i DO= I 
IF1 I - J  I 9 4 5  98 0 , 9 7 5  
P I C K  U P  O E R I V A T I V E  I F  I T  H A S  B E E N  C O M P I I T F D  
I F 1  I S B P I I  l - I S B ) 9 7 5 * 9 5 0 . 9 7 5  
I F l K P (  I )  1 9 5 5 . 9 7 5 . 9 5 5  
I F I I W T ~ 9 0 0 . 9 6 5 . 9 6 0  
L M =  I MJ I I ) - l  I * N O S + H J l  J 1 
D O W I J = U M A T ( L H l  
G O  T O  9 6 5  
IF( K O (  J! ) 9 7 0 . 9 7 5 . 9 7 0  
L N = L M J <  I!- I ) * \ I V + L I (  J )  
GO DDW T O  I J r B  985 I ; ?<  L H )  

C A L C U L A T E  S E C O N D  O E R I V A T I V E  F O R  I N U T  EOUAL 
P I S A V E = P (  I I 
P ~ I I = P I S A Y E + O P l  1 1  
P J S A V E = P l  J ! 

P ' J  &PI I = P J S A V E + D P (  J=WCALCI I BYPAS(  J )  I .  J. K P C ) )  
P i l I = P I S A V E  
PC J l = P J S A V E  
J O W I J = ( W P P l J + W  -WP( 1 ) -WPl  J > I / ( O P I  I l * D P ( J l )  
GO T O  985 
C A L C U L A T E  SECOND D E R I V A T I V E  F O R  I E Q U A L  T O  
DDW I J=< WP( I l + W N l  I ) -2 
GO T O  985 
T E S T  IF1 IS) S W I T C H  995.990.995 A N D  STORE I h  BTR OR U N I T  

O t l  I .,I D P  ( I ) **2 ) 

P R E  

. T O  

J 

V I L  

J 

I U Z L Y  



i-fa 
L 135 

1 1 4 0  
C 

1145 
fY5 

1153  
I155 

I160 
I 1 6 5  

SI70 

I175 

C 

C 

C 

c 
I 1 R C  

l i e (§  

119; 

1245 
C 

l S 3  

1255 

.IGENVECTDRS UF M A T R I X  AND " R I N T  THEM 

N A M P I J I  UYCI 

AUY STORAGE I F  

SUUSTAWCE 

J! 

USED 



1335 E V A L ( K  ) = I  . O / E V A L (  Io 

1 3 4 0  C O N T Y N U E  
NVU= N VU+ 1 

c n  T n  9 7 . 5 "  - - . - - - -. 
1 3 4 5  P R I N T  2 3 0 . N V U  
230 F C I R M A T ( * ~ O N L Y  F I R S T ' . i 3 . '  V A R I E D . )  

C S A V E  N U M B c R  U S E 0  -OR F i W c  S U H M A k Y  
I 3 5 0  
1355 N V U S ( S C + I I " N L L ~  

1 3 6 0  1J=O 
DO 1390 J = l . N V  
J I=J  
D O  1385 I = L . N V  
I F (  I -J l1365. 1 3 7 0 . 1 3 7 0  

1365 A N I J = A N ( J I l  
GO TO 1380 

1 3 7 0  I K = I  
J K = J  
A h 1  J=O.O 
Dc 1 3 7 5  K = l . N V U  
A & I J = A N I J + E V A L ( K I * E V E C ( I K I * E V E C ( J K I  
I K: I K i  NV 
JK= JK+NV 

1 3 7 5  C O N T I N U E  
1380 $ J = I J + l  

I F  ( SC-G I 1355. 1 3 1 5  9 L360 

C GENER.ATE I N V B R S ?  ' I , \TRI,X I N C L U D I N G  O N L Y  N V U  E l G E N U t C T O R S  

A N ( I J 1 ' A N I J  
J I=J I + N V  

1385 C O N T I N U E  
1 3 9 0  C O N T I N U F  

1*=0 
DO 1415 J = l . N V  
P O J  = 0.0 
30 1410 ? = I . N V  
I M =  I M t  1 
P n J = P O J + V N (  I l * A N (  I N 1  
IF( 1-J 1 1 4 1 0 . 1 3 9 5 ,  141 0 

I F ( L S l 1 4 0 5 ~ 1 4 0 0 ~ 1 4 0 5  

C C A L C U L A T E  P A R A M E T E R  C H A N G E S  A N D  T H E I R  ERRORS 

1 3 9 5  O I A G = A N ( l Y l  

1400 E R R I J I = O l A G * S A N ( ~ ) * * l r 5 1 6 H *  

1405 E 

AMETERS A N 0  P R I N T  
I F (  I P R T - 2 1  1420.1420. 1 4 2 5  

1 4 2 0  P R I N T  P35. ( C  
235 F O R M A T ( ' 0 P A R A M E T E R S  A F T E R  C Y C L E '  

I C H A N G C  NEW P ERR. I 
1425 I D = O  

I B = O  
00 1 4 7 5  I = l . N P  
P S V l 1  ) = P I  1 1  
I F I  ,KO i I I I I 4 3 c .  1475.1430 

1 4 3 0  i u L i o + i  
KUl=KO(IA 
POK=PD ( I O  I 8 DK T ( K O  I 1 
P ( I l = P ( I l + P D K  

C S L V E  P A R A M E T E R S  F O R  SUMMARY O U T P U '  

NAMP O L D  P 

1 4 6 0  ;R=I  
1 4 1 5  C O N T I N U E  

C T E S T  I N D I C A T O R S  AND I F  N E C E S S A R Y  REDUCE NUMBER Oc V A R I A B L F S  
I F ~ I P L M l L 4 8 0 . 1 5 0 0 ~ 1 4 8 0  

1 4 8 0  i f (  1 B l L 4 8 5 . 1 5 0 0 ~  1485 
1485  YVU=NVU-1 

P R I N T  2 5 O s N V U  

DO 1 4 Y O  I = l . N P  
P ( I  I = P 5 v ( I  I 

250 F O R V A T (  'ONVMBTR OF V A R I  A B L E 5  Q E D U C F D  T U '  m 13) 

1490  

1 4 4 5  

1 5 " "  

CONTINUE 
I F (  N V U l 1 4 9 5 . 1 4 9 5 ,  1 3 5 0  
N C S = I C - L  
GO T O  I 6 1 0  
J U q P  RACK F O R  N E X T  C Y C L E  
I c = I c + L  
E o  i o  7 4 5  

.... 

C P R I N T  D E R I V A T I V E S  O N  L A S T  C Y C L E  U N L E S S  NllMDER OF C Y I C L L S  I S  ZERO 
1505  I F ~ H O D E - 4 1 1 5 1 0 ~ 1 5 L 5 ~ 1 5 ~ 0  
1510 I F ( N C I l 5 l S .  1525.5 5 15 
1 5 1 5  I F ( I P R T - 3 1 1 5 ~ 0 . 1 5 2 6 . i 5 2 5  
I520 P R I N T  2 5 5 1 1 C  
255 F O ~ ~ A T ( ' 0 3 E R i Y A T i Y E S  O E F D R E  C Y C L E .  13/. J N A M P ( J 1  D Y C ( J I ' 1  

2 6 0  F O R M A T ( X .  1 3 . 2 X . 4 4 . F l l  - 4  1 

1525 JF(IPRC-1)1530.1530.153S 

P R I N T  2 6 0 . 1 J U T S ~ J 1 , N 0 S S ~ J 1 ~ D Y C ~ J 1 ~ J ~ l r N ~ S I  

c ANALYZE AND PRINT TINES F O R  VAGI~US PARTS IIF ENEPGY CALCULATION 

1530 C A L L  T I M O U T  

1 5 3 5  IF',MCDE-4IL545.1540.1545 
1540 CA1.L WDYN 

1 5 4 5  I F ( \ I C  > 1 5 5 0 . 1 5 8 5 .  1550 

C C A L L  S U R R O U T I N F  T U  C A L C U L A T E  A N D  P R I N T  V I d f r A i I J N S  I F  S P C C I F I E D  

C MAKE F I N A L  E N T R Y  TU WCALC AND P R I N T  H t V I S t D  A T E 1  C D O R D I q A T t S  

W H I N 3 0 9 0  
W Y I N 3 0 9 5  
YM:N3tOO 
W M i N 3 i 0 5  
W M 1 N l I I O  
WN: N3: I 5 
WMi  N 3 1 2 0  
W M I  N 3  125 
W N I N 3 1 3 5  W M I  N 3 1 3 0  

W M  I N 3 1 4 0  
W M I N 3 1 4 5  
WMI  N 3 1 5 0  
W M 1  N 3 1 5 5  
W W I N 3 1 6 0  
Y M I N 3 1 6 5  
W N I N 3 1 7 0  
W M I N 3 1 7 5  
W M I N 3 1 8 0  
W H I N 3 1 8 5  
W M I N 3 1 9 0  
W H I N 3 1 9 5  
W M I N 3 2 0 0  
W M I N 3 2 0 5  
W M I N 3 2 L O  
WM k N 3 2 1 5  
WM:N3220 
W M Z N 3 2 2 5  
W M l N 3 2 3 0  
W M I  N 7 2 3 T  
W H I N 3 2 4 0  
W H I N 3 2 4 5  
WMI  N 3 2 5 0  
W H I N 3 2 5 5  
Y M I  N 3 2 6 0  
WHI N 3 2 6 5  
WMI Y 3 2 7 G  
W M i N 3 2 7 5  
WMI  N 3 2 R O  
W M l N 3 2 8 2  
W M I  N3295 
WMI N 3 2 9 5  
W M t N 3 3 0 0  
WML N 3 3 0 5  
W U E N 3 3 1 0  
W M I  N 3 3 1 5  
W M l N 3 3 2 0  WMI  N 3 3 2 S  

W N I  N 3 3 3 0  
WMl  N 3 3 3 5  
W W I N 3 3 4 0  
W M I N 3 3 4 5  
W H I N 3 3 5 0  
W MI N 3 3 5 5  
W M l N 3 3 6 0  
W M I N 3 3 h 5  
W M I N 3 3 7 0  
WMl  N 3 3 7 5  
WMI N 3 3 8 0  
WM I N 3 3 8  5 
Y M I  N 3 3 9 0  
WMI N 3 3 9 5  
W U I N 3 4 0 0  
W M I N 3 4 0 5  
WMI  N 3 4 1 0  
WM i N 3 4 1 5  
W M i N 3 4 2 0  
W M I N 3 4 2 5  W l l I  N 3 4 3 0  

Y M L  N 3 4 3 5  
W U I  N w 4 0  
Y M I  N 3 4 4 5  
WMI  N 3 4 S 0  
WM: N 3 4 S 5  
W Y I  N3460 
W M 1 N 3 4 6 5  
W M I N 3 4 7 0  
W M I N 3 4 7 5  
W M 1 N 3 4 8 0  
W M I N 3 4 8 5  
W M I N 3 4 9 0  
W M I N 3 4 9 5  
WMI N 3 5 0 0  
WMI N 3 5 0 S  
W M I h J 5 1 0  
W ,I 1 h 3 5  15 
W M i N j S L O  
W M i b ' 3 5 2 5  
W M I  N3C130 
W M l N 3 5 3 5  
W M I  N 3 5 4 0  
WMI  N 3 5 4 5  
W U I  N 3 5 5 0  
WMI  N 3 5 5 5  
WM I N 3 5 6 0  
Y M I  N 3 5 6 5  
W M I N 3 5 7 0  
W U I  N 3 5 7 5  
W M I N 3 5 8 0  
W M I N 3 5 R 5  
WMX N 3 5 9 0  
W M l N 3 5 9 5  
WMI  N 3 6 0 0  
WM 1 N 3  60 5 
W M I N 3 6 1 0  
W M I N 3 6 1 5  
WMI  N 3 6 2 O  
W N I V 3 6 2 5  
WM I N 3 6 3 0  
W H I N 3 6 3 5  
W M I  N 3 6 4 0  

C 
1 5 6 0  
1565 

2 7 5  
1 5 7 0  

1 5 7 5  
1580 
280 

1585 
1 5 9 0  
285 

1 5 9 5  
1 5 9 7  
I600 
ZYO 

1605 
l e 1 0  
1615 
1620 

C 

C 

C 

C 

P U N C H  A T M  C O O R D I N A T E S  IF A L T E R E D  
I F ( N V R l 1 5 6 5 . 1 5 7 5 . 1 5 6 5  
DO 1570 J=L.NA 
P U N C H  
F O R M A T ( A 4 . 1 5 .  1 8 X . 3 F 9 . 5 1  
C O N T I N U E  
P U N C H  E X T R A  P A R A M E T E R S  I F  A D J U S T E D  
I F ( N V X l 1 5 8 0 . 1 5 8 5 . 1 5 8 0  
IPUNCH 

F O R M A T  ?U>ICH VI? ICATlONAL ( 8 F Y .  5 1  
T i - <  W O E - 4  > 3595. l590.1595 

2 7 5 , N A H E : J l .  1 K A (  J I .  ( X Y Z R (  1. J l ,  I = l  9 3 )  

2801 < P X L  11. I = l  v N P X 1  

F R E O U E N C I E S  I F  C A L C l h A T E  

I F (  N C I  1597 1605. I 5 Y 7  
I F l N V C l 7 8 0 . 1 6 0 5 . 7 8 1  
OUNCH 
F O R M A T (  8 F 9 . 5 1  
P R E P A R E  TU P R I N T  SUMMARY, ONCE ON E A C H  O F  
NCS=NC 
I F (  N C S - 8 1 1 6 2 0 . 1 6 2 0 . 1 4 1 5  
N C S = 8  NCY S=NCS+ I 

N S O = N S D  
N 5 U =  1 

290. ( P C C  11, I = I  . N P C l  

1 6 2 5  N S U = 2  t F ( I P R T - 4 1 1 6 2 E . 1 6 2 5 . L 6 3 0  

1 6 3 0  D O  1695 N = l . N S U  
2 9 5  W R I T E ( N S O . 2 9 5 )  F O R M A T (  m Lltl*4**tt*tl*t******L****tt*****tft**l***********~***** 

3 0 0  F O R M A T  ( I H O ,  I 8 A 4 . 8 X . A 8 )  
W R I T E ( N S O . 3 0 0  I T I T L E .  D A T E  

I F ( N V C I l 6 4 0 .  i 635.1640 
1635 W R I T T I N S n . 3 0 5 1  S T I T L E  

1 6 4 0  
3 0 5  F O R H A T < X . l 7 A 4 1  

W R i  TE 0450. 3 :O I 

310 F O i ) M A : ( ' O  HOJE N C  N P C  I L S Q  l W G T  l P L M  l P R T  N S T G  I B P C  

MODE v NC.  E P C .  I L S O i  1 WGT, I P L M .  I P R T  * N S T G  t I B P C  
1 . f i R E . S ~ l h . C I ' P R . X O R 3 . E P S C  

I 
2 / X . 9 1 5 . 5 E I 2 . 3 1  

S L I M  CUPR XDRD E P S C .  A R E  

i F : N P C l l 6 4 3 . 1 6 4 4 .  1443 

F O R M A T ( / (  X. 81 5 X s A 4  1 1  I 
W R I  T E  (NSO,  312 I 

1643 W R I T F ( N 5 0 . 3 1 1 1  ( N A M P C ( I l , I = l . N P C I  
311 

317  F U R M A T ( X . 8 F 9 . 5 1  
i P C %  I 1 . 1 = 1 .  NPC I 

1 6 4 4  I F ( N V C ) 1 6 5 0 , I 6 4 5 . 1 6 5 0  
1645 W R I T E  INSO.  315 I NA.NKA.NC. I C E N T  .HXNEG .HYNEG.HZNEG. NRB .NPX.NHl' 

1 .  I C M B ,  I V U Y .  1 R E P . i  MOL. NCT. I R S C  + I Z A M .  I G F M .  I R B A .  I S E T A  

I M R P  l C M s  I V D W  I R E P  l M O L  NCT I R S C  I Z A N  I G t M  I R 8 A  I S E T A '  
P / X . 4 1 6 . 3 F 6 . 1 .  1 3 1 6 1  

315  F O R H A T I ' O  NA N K A  N S  I C E N T  HXNEG HYNECl H Z N E G  NRB N P X  

1 6 5 0  I F ( N C 1 1 6 5 2 . 1 6 8 0 . 1 6 5 2  
1 6 5 2  W R I  T E I NSO ,320 I 

W R I T F ' N S O .  3 2 5 1  

NO s N V  s NO'/, L S .  I W T 
380 F O R M A T i ' O  NU N V  N O V  L S  I W T ' / X . 5 1 6 1  

( I  s I = I  . N C S l  
3 2 5  TURHA; : *O*  . ? O X . ' P A R A M E T E R S  A F T E K  F A C H  CYCLE' . '  

1 J NAMP OKT I h l T l A L ' . I 7 , 7 I l l 1  
D O  I 6 5 5  I = l . N V  
J = I O U T ( I I  
K O l = K O (  J )  
D K T K  il I = DKT ( K 0 I I 
Y R I  T E (  NSO. 3 3 0 )  
FORMAT,, X. I 3 . 2 X .  A4.  F7.3 I Q 1 1  - 6  I 

1 6 5 5  C O N T I N U E  
I F ( M 0 D E - 4 1  1 6 6 0 . 1 6 6 5 . 1 6 6 0  

1 6 6 0  I F ( M O 0 F - 2 1  l G 6 5 . 1 6 7 0 . 1 6 7 5  
1665 W Q I T E ( N 5 0 .  3 3 5 1  ( N V U S (  I I . I = 2 . N C Y S l  

1 6 7 0  W 9 1  T E (  N S C . 3 4 0 1  ( R D W S S (  1 1 .  I = L  . * I C s )  

J.NOUT < I 1 . D K T K O  1. ( P S  1 K s I I 9 K = l  s NCY 5 1 
3 3 0  

3 3 5  FORMAT(LHO.12X.'NVU'.12Xi8:llI 

340 F O R M A T (  I H O . 1 Z X .  ' R D W S ' , 9 F 1 1 > 4 )  
I F ( N V C l 1 6 8 0 . ~ .  5 7 5 . 1 4 8 3  

F O R M A T  ( L H O  s 12 X. ' W  
1 6 7 5  W R I T E ( N S 0 . 3 4 5 1  : W S : I  I . I = I . N C Y 5 J  

1 6 8 0  I F ( Y 0 D E - 4 1  1 6 q O s 1 4 8 S 1  1690 
1685 W R I T E ( N S U . 3 5 0  I : F R E Q I  I ) . I = l . N ' I U )  

1 6 9 0  W R I T E (  NSO 355 )  

3 4 5  ' . Y F l  1-4 1 

3 5 0  

355 FORMAT(  ' O ; i * * $ * * * * * * * * * * * * * t * t * * * t t t t t * * * * * * * * f ~ . * * * * ; * * * * $ b ~ * * *  

F O R M A T (  'OFREO 2 I 1  8 /<. 0' .8F 10.2) 1 

NSO= N S P  
1695  C O N T I N U E  

1 7 0 0  T F ( N V C l 1 7 0 5 . 5 9 5 . 1 7 0 5  
1 7 0 5  R T U R N  

c B A C K  FUR N E X T  SUBSTANCE IF T Q E A T F ~  SEPA,~ATELY.  O T t l r R W l h E  I i E X T  JC 

C E N E R G Y  M A P P I N G  V' IDE 
c SET U P  OARAM AND N A M t  FCR OUTPUT I F  L F S S  T H A t i  T t i 9 r T  A 9 r  S T L V P k t l  

1 7 1 0  P ( N P M A X ) = O - O  
f4AMPI  NPMAX I =NONE 

c Q E A O  D A T A  FOR OUTER L o w  

c SET P A R A M E T E R  NUMBER FOR OUTER LCDP. TERN IN AT^ MAPPING ut? BLANK 

I715 HEAD 3 6 0 . K P I  , M P I , P l N I  . P O L 1  . P L M I  
3h0 F O R M A T t 2 1 3 . 3 X . 3 F 9 . 0 1  

l F ( K P I ) L 7 3 0 . 1 7 P O .  1 7 3 5  
1770 I b ( H P I  1 1 7 2 5 ~ 5 9 5 r  1 7 2 5  
1 7 2 5  L P I = M P l  

GO T O  1 7 4 0  

cr,  T,, , 7 n n  
1 7 3 0  L P I = N P M A X  

1 7 3 5  C P l I ; P i + N P C  

1 7 4 0  P R I N T  3 6 5 . T  l l L E , O A T E  ST ITLE 
C P R I N T  T I T L E S  AND OUTER L O O P  I V P U T  

3 6 5  F O R Y A T  ( I H 1 .  L R A 4 . 8 X . A 8 / X . l 7 A 4 )  
3 7 0 . K P I  ,UP1 . L P I  . P I N I . P D L I  . P L H I  

3 7 0  F O R M A T ( . O  K P I  MPX L P I  P I N 1  
P R I N T  

1 /X .  31 6 s 3F9.51 
C R E A D  D A T A  F O R  M I D D L E  L U C P  

R E A D  3 7 5. K P  J 9 Y P  J 9 P I  N J  , ?2L.< * P L Y  J 
3 7 5  F O R U A T 1 2 1 3  r 3 X . 3 F Y  -0 I 

C S E T  P A R A M E T t R  NUMBEG F O F  b1:DDLE L O O P  
I F ( K 2 J )  1 7 4 9 . 1 7 5 0 .  I 1 5 5  

D 

TWU au T P U T  S T R E A M 5  

p011 P L M I '  

WM 1 N 3 645 
WM i N 3 6 5 0  
WMI  N 3 6 5 5  
WM 1 N 3 6 6 0  
W M l N 3 6 6 5  W M I  N 3 6 1 0  

W kll C3575 
WL1lih3680 
WS!  N S 6 Y 5  
* h i :  k 3 6 Y  J 
I N 1  N3695 
Y M I  W M l N 3 7 0 5  N 3 7 0 0  

WM I N 3 1 L  0 
WMI N 3 7 1 5  
W M I N 3 7 2 0  
W111N3725 
W M I N 3 7 3 0  
W M I N 3 7 3 5  
WMl  N 3 7 4 0  
W M : h 3 1 4 5  
~ ~ 1 ~ 1 3 7 5 5  W M i  b . 3 7 5 0  

W N I  N 3 1 6 0  
WMI N 3 7 4 5  
W H I N 3 7 7 0  
WMI N 3 7 7 5  
W M l N 3 7 8 0  
W M I N 3 7 8  5 
W M I  N 3 7 5 O  

I I W M I N 3 7 9 5  
W M I N 3 8 0 0  
W M I N 3 R 0 5  
W M I N 3 8 1 5  W M I  N 3 8 1 0  

WMI N3.820 
W M I N 3 8 2 5  
WMI N 3 8 3 0  
WMl  N 3 8 3 5  
W M I N 3 8 4 0  
W M I N 3 8 4 S  
WMI N 3 8 5 0  
W H I N 3 8 5 5  
W ' 1 1  N 3 8 A O  
WM I N 3 8 6 5  
WMI N 3 8 7 0  
WMl  N 3 8 7 5  
W M i  N 3 8 8 0  
W M 1 N 3 8 A 5  
WM : N 3 8 9 0  
W H l  N 3 8 9 5  
WMI W M I N 3 9 0 5  N 3 Y 0 0  

W M l N 3 9 1 0  
W Y l N 3 9 1 5  
W 9 : N 3 8  25 
W h i N 3 9 2 5  
W M i  N 3 9 3 0  
W W : NL1135 
WM I N 3 Y 4 0  
Y M i  N3345 
WM:N3Y50 
W M I N 3 9 5 5  
Y M I N 3 9 5 0  
W M \ N T Y 6 5  
WMi  ~ 3 9 7 0  
W Y I N 3 9 7 5  
U h l I N 3 9 0 0  
W M I  L 1 3 9 8 5  
W M l b l 3 5 9 0  
W M I N 3 9 9 5  
W M S  N4000 
W U I N 4 0 0 5  
W 4 1  WM I N40 N 4 0  LO I5 

WMIN4OZC 
W M I  N 4 0 2 5  
WM I N 4 0 3 0  . I W N I N 4 0 3 5  
W Y I  N 4 0 4 0  
WMI  N 4 0 4 5  

IB W M I  N4050 
W M I N 4 0 5 C  W M L N 4 0 6 0  

M M I N 4 0 6 5  
W M I  N 4  0 7 0  
W M I N 4 0 7 5  
WYI  N 4 0 8 0  
W M I N 4 0 8 5  
W M I N 4 O P O  
W M I N 4 0 9 5  
W '41 N 4  LOG 
W M I  N4 I 0 5  
W l l I  N41 I O  
W M I N 4 L L S  
W *I1 N 4  120  
WMI N 4 1 2 5  
W N I  W W  I N 4  N4 135 I 3 0  

WM I N4 140 
W M I N 4 1 4 5  
W M l  N 4 1 5 0  
W M I N4 \ 55 
W " i N 4 l h O  
W &I ! N4 165 
WM : N 4  ( 7  0 
WV1; N 4 1 T 5  
WM I N4 180 
WM I N 4  185 
WM7 N 4 1 Y 3  



ALL 

PDLJ PLHJ. 

PDLK PLMK. 

I T S  PRILITiNG IS F I N  ISHE 

wv 

LA7 i ON 



I F 1  WTR-YCUR-1-  0 0 - 6 1  2 I2 5 s 2  125.21 10 
2110  l F l I S U ~ 7 L Z O . 2 1 1 5 . 2 L 2 0  
2115 € P S I  I l = - O - 5 * E P S I I )  

2120 E P S t I ) = E P 5 ~ 1 1 / 3 . 0  
2125 C O N T I N U E  

IFL= 1 
GO T O  2080 

C E X P L O R A r O R I  S E A R C H  F I N I S n E D .  COMPUTE VECTOR O F  P A R A M E T E R  C H A N G E S  
VBSQ=0.0 
DO 2130 I = l . N P  
V B E 5 T ( 1 l = P l I ) - P B A S E (  11 
V 8 s o = V 8 S Q + V 0 E S T l I  l**2  
P E A S E 1  I ) = P I  I 1  

C T E S T  F O R  E N D  O F  C Y C L E  
2130 C O N T I N U E  

l S T G = I  STG+1 
I F t  I S T G - N S T G I  2 1 3 5 . 2 L 3 5 . 1 9 6 0  

C  T E S T  FOR 4 U L L  VCCTOR OF P A R A M E T E R  C H A N G E S  
2135 I F I V B S Q - I  . O D - 1 5 ) 2 1 4 0 . 2 1 4 0 . 2 1 4 5  
2 1 4 0  P U I N I  4 7 0  

4 7 0  F O R M A T (  I O * I * S E A R C H  T E R M I N A T E D  B E C A U S E  V B E S T  H A S  BECOME N U L L '  1 

E P S L = O  
I N C  R E MI 
D D  
P I  
w T R = W C A L C l O )  
I F 1  I P R C l 2 1 6 0 . 2 1 6 0 ~ 2 1 6 5  
P R l N T  4 7 5 . E P S L . W T R  
F O R M A T ( 6 X . " * ' . O L 6 . 6 . l 6 X . F I 6 . 6 )  
I F 1  WTR-WCUR 12 190.2 190-2 170 
F A I L U R E .  I F  N O  S U C C E S S  Y E T  R E D U C E  I N C R E M E N T S  AND 
OD 2 1 7 5  I = I . N P  
P I 1  l = P ( I I - E P S L + Y B i S T I P l  
I F (  WTR-WCUR-I - 0 0 - 6 1 2 0 7 0 . 2 0 7 0 ~ 2 1 8 0  
IF1 I S U ) 2 0 7 0 , 2  1 8 5 . 2 0 7 0  
EPSL=-O.S* E P S L  

.25 
ENT P A R A M E T E R S  AND C A L C U L A T E  ENERGY. P R l N T  

2155 I = I , N P  
I ) = P l I I + E P S L C V B E S T l  1 )  

GO T O  1960 
c VECTOR SEARCH. PARAMETERS ADJUSTED TOGETHER UNTIL A T   LEAS^ ONE 
C S U C C E S S  A N 0  AT L E A S T  ONE F A I L U R E  HAS OCCURRED 

2 1 4 5  

C 
2150 
2155 

2160 
4 7 5  

2 1 6 5  

2170 
2 1 7 5  

2 1 R O  
8 1 8 5  

C 

O U T P U T  

CHANGE S I G N  

IFL=1 
GO TO 2150 

C S U C C E S S .  I F  NO F A I L U R E  E T  I N C R E A S E  I N C R E M E N T S  A N D  R E P E A T  
2 1 9 0  WCUR=WTR 

2195 E P S L = 3 . O * E P S C  
I F 1  I F L ) 2 0 7 0 . 2 1 9 5 .  2 0 7 0  

1 s u = 1  
CD T O  2150 
END 

W M l N 5 3 0 0  Y M I  N 5 2 9 5  

W M I N 5 3 0 5  
WMI N 5 3 1 0  
WH I N 5 3 1 5  
W H I N 5 3 2 0  
W Y I N 5 3 2 5  
W M I N 5 3 3 0  
WMI N 5 3 3 5  
W H I N 5 3 4 0  
W M I N 5 3 4 5  
W N I  N 5 3 5 0  
W H I N 5 3 5 5  
W M I  N 5 3 6 0  
W M I N 5 3 6 5  
W M l  N 5 3 7 0  
WN 1 N 5 3 7 5  
WMI N 5 3 8 0  
W M l N 5 3 8 5  
WMI N5390 
WMI N 5 3 9 5  
W H I N 5 4 0 0  
W M I N 5 4 0 5  
WMI N 5 4 1 0  
W M I  N 5 4 1 5  
Y M l N 5 4 2 O  
WMI N 5 4 2 5  
Y M I  N 5 4 3 0  
W M I  N 5 4 3 5  
W M l N 5 4 4 0  
WMI N 5 4 4 5  
W  M I  N 5 4 5 0  
W H I  N 5 4 5 5  
W M i N S 4 6 O  
Y M l N 5 4 6 5  
WM1 N 5 4 7 0  
WN 1 N 5 4  f 5 
WM 1 N 5 4 8 O  
WHI  N 5 4 8 5  
W M I N 5 4 9 0  
W H I N 5 4 9 5  
WM W H I  I N 5 5 0  N 5 5 0  0 5 

WMI N 5 5 1 0  
WHI  N 5 5 1 5  
WMI N 5 5 2 0  
W H I  N 5 5 2 5  
WM I N 5 5 3 0  
W H I N 5 5 3 5  
W H I N 5 5 4 0  

WDYN 5 
WDYN 10  
Y D Y N  15 
WDYN 20 
WOYN 2 5  
WDYN 30 
WDYN 35 
WDYN 4 0  
WOYN 4 5  
WDYN WJYN SO 55 

WDYN 6 0  
WDYN 65 
WDYN 7 0  
WDYN 7 5  
WDYN 8 0  
WOYN 85 
WOYN 9 0  , WDYN 95 
WDYN 100  
WOYN 105 
WDYN 110 
WOYN 115 
WDYN 120 
WOYN 125 
WDYN 130 
WOYN 135 
WDYN 1 4 0  
WDYN 145 
Y D Y N  150 
WDYN 155 C A L C U L A T E  F R E O U E N C I E S  A N )  NORMAL MODES 
WDYN 165 E N T R Y  WDYN 

SET I N D I C A T O R  T O  S T O P  ENERGY C A L C U L A T I O N  A F T E R  COORDS A R E  O B T A I N E D Y D Y N  WOYN 165 170 
W 3 Y N  175 I B K = i  

:E:ULATE D E R I V A T I V E S  O F  ATOM C 3 O P 3 5  Y:TH R t S P E C T  T O  V A R I A B L E S  WOYN 180 
WJYN 185 
WOYN 1 9 0  N P C A = N P C + 7  

WDYN 195 DC 5 2 0  I = N P C A v N P  

WDYN 200 
I F ( K O 1  1 1 ) 5 0 0 . 5 2 0 . 5 0 0  

WDYN 205 
WDYN 210 P I S A V E = P ( I I  

WDYN 2 1 5  P ( l I ' P I S A V E - D P (  I 1  
WDYN 2 2 0  

W = W C A L C l O )  
WDYN 225 

DO 510 K = I . N A  

WDYN 2 3 0  D O  505 L=l.3 

WDYN 235 
X Y Z N I L , K I = X Y Z C l L . K I  WDYN 240 

WDYN 2 4 5  
WOYN 250 
WDYN 255 P ( I I = P I S A V E + O P ( I )  
WDYN 260 w = W C A L C ( O I  

WOYN 265 P ( I  ) = P I S A V E  

WDYN 270 OU 515 K = l . N A  
WDYN 2 7 5  D X a ( I 1  K ) = ( X Y Z C ( I . K l - X Y L N <  1.K)  1 / ( 2 . O * D P I I ) J  

WDYN 2 f l O  
DYO ( I I : K )= I X I  Z C I  2 K  I -XY ZN I 2.K ) ) /  ( Z.O*DP ( 1 ! ) 

WDYN 885 
DLOI I I 7 K I =  1 XY ZC ( 3 .  K ) - X Y  ZN i 3 S K  1 1 / I  2-  0 * D P l  I 1 

WDYnl 290 
WDYPi 295 

500  I l = I I * l  

C S A V E  C A R T E S I A N  COORDS G E N E R A T E D  I N  ENERGY 5 U B R O U T : N E  

5 0 5  C O N i i N U E  
510 C O N T l N U E  

515 C O N T I N U E  
E 2 0  C O N T I N U E  

I B K - - O  

C G E T  NUMBER O F  D Y N A M I C  VARIABLT' . .  E X C L U D E S  L A T T I C C  P A R A M E T E R S  

C P R I N T  D E R I V A T I V E S  
NVD=NV-NVA 

I F I I P R T - 2 9 5 2 5 . 5 2 5 . 5 3 5  
525 DO 530 I = l r N V D  

P R ~ N T  5.1. (K. NAMEIK I . o x m  I .KI . O Y O (  I .KI .azo(; . K )  ,u=i .NA) 

O Z i l '  5 F J R M A T l ~ O D Y N A M 1 C  V A R I A B L F * . 1 4  DXa D Y Q  1 / 1 6 X . * A T D U  
PI( 1 l X . 1 3 . 2 X . A 4 . 3 F l l . 6 )  1 

530 C D N I l N U E  

535 D D  550 f = l . N V O  
OU 545 J=L.NVD 
A K F I  J=O -0 
00 5 4 0  K = l r N A  
L= I K A (  K  I 
I F I L )  5 4 0 . 5 4 0 . 5 3 8  

C  S E T  U P  K i N E T l C  ENERGY M A T R I X  ( I N V E R S E  O F  U S U A L  G M A T R I X )  

538 A K E  I J = A K E I  J + Z A M ( K  I.AMASS( L I*  1 3 X Q t  1. Y I * D X O (  J .Io +DY 0 1  L . K I  L D Y Q I  J. K )  

540 C O N T E N U E  S J = I + N V D 1 ( J - - I )  

J I = J I N V O * ( I - t )  
A K E (  I J ) = A K E I J  
*.(E{ JI l = A K F  IJ 

I + D Z Q (  1 . K ) I I D Z Q  I J . U ) )  

5 4 5  C D N r I N U E  
550 C D Y T S N U E  

555 
5 6 0  i J = O  

C REMOVE T E R M S  I N  L A T T I C E  P A R A M E T E R S  F R O M  P O ' E N - I A L  E N E R G Y  M A T R I X  
IF1  N V A l 5 6 0  e 575.56 0 

K L = N V t N V I  
OD K L = K L + N V A  570 J = l . N V D  

O D  565 I = I , N V D  
l J= IJ+ I  
K L = K L + l  
8 T R l I J ) = B T R ( K L )  

565 C O N T I N U E  
570 C O N T I N U E  

5 7 5  N V A P = N V A + l  

580 P R I N T  10.1 I O u T l I ) . N O U T (  I l . I = N V A P . N V )  

C  P R l N T  P O T E N T I A L  E N E R G Y  M A T R I X  

I F I S P R T - 1 ) 5 8 0 . 5 8 0 ~ 5 9 0  

F O R M A T I  '0' . 1 4 X .  * B T R ' / (  1 5 X  .9( 1 5 . 2 X . A 4 )  1 1  10 
K 2 = 0  
00 535 J = I , N V D  
K I = K 2 +  I 
K 2 = X B t N V D  
J V D = J + N V A  
P R I N T  F O R M A T I X .  1 5 . 2 X . A 4 , 3 X . 9 F l l  .4 / (  1 5 X . 9 F l  I . 4 ) 1  15, I OUT I JVD 1 .  N O U T ( J  VD). I BTR ( K  1 .K=K1.  KZ 1 

15 
585 CONTINUE 

C P R I N T  K I N E T I C  ENERGY M A T R I X  
590 IF( I P R T - - 1 )  5 9 5 . 5 9 5 . 6 0 5  
595 P R I N T  %Os( I O U T (  1) . N O U T I  1 ) .  I = N V A P + N V l  
20 F O R M A T  I '0 ? .  I 4 X .  . A K E  / I  1 SX .9( 15. Z X  . A 4  ) I I 

u2=0 
DO 6 0 0  J = L . N V D  
K I = K Z t l  
Y 7 = Y 3 * N V "  

3  , -. . . . - . , - . .- - . 
G O  T O  7 2 5  

CALzyJAJ_E, F R E E U E N C I E S  I N  WAVE NUMBERS 
6 4 0  C A L L  T R A N S F ( B T R . A ~ E . T Q . N V O . N V D . N V D 1  

6 4 -  
C 

6 5 0  CON.? iNUF 
C P R I N T  F I G E N V A L U E S  A N D  E I G E N V E C T O R S  

I F 1  I P R T - I )  6 5 5 3 6 5 5 . 6 6 5  

4 0  F ? R M A T I . O . . I "  ' C s ' C T '  

J F V A I  

655 P R I N T  40.C I O U T I  1)  s N O U T 1  1 ) .  I = N V A P . N V  ) 

._ .- . . 
J V O =  J+NVA 
P R I N T  

6 0 0  C O N T I N U E  

605 I F 1  N V D - 1 ) 6 2 0 1 6 1 0 . 6 P O  
E10 I F I A K E C  1 1 )  6 2 5 . 6 2 5 . 6 1 5  
615 E V A L ( I I = R T R I L ) / A K E ( I )  

2 5 .  I D  UT I J V D  1 N O U T  ( J V O  I .  I A K E  ( U 1 K = K I  v K 2  1 
25 F D R M A T I X .  1 5 . 2 X . A 4 . 3 X . 9 F l l  . 4 / 1 1 5 X . 9 F l l . 4 ) )  

C T R E A T  S P E C i A L  C A S E  O F  O K Y  ONE V A R I A B L E  

B T 7  I I 1  = I .  O / D S O R T (  A K E I  I f ) 
GO T O  6 4 5  

C S O L V E  E I G E N V A L U E  P R O B L E M  
620 C A L L  A X a B X I N V D . B T R . A K E . N V O . T O . N E )  

E25 3 0  F O R M A T l m O t * I  P R I N T  3 0  

6 3 0  C A L L  H O U S E H { B T R . N V D . N V O . C V ~ . V N )  

I F (  N E 1  6 2 5 , 6 3 0  s 625 

A X E L B X  F A I L S  * * * ' I  
GO T O  7 2 5  

C A L L  V A L V E C I F V A L v V N . 0 T R  .NE ,NVD .NVD) 
I F I N E I  6 3 5 . 6 4 0 . 6 3 5  

6 3 5  P R I N T  3 5  

6 4 0  C A L L  T R A N S F ( B T R . A ~ E . T Q . N V O . N V D . N V D 1  
C C A L C U L A i E  F R E Q U E N C I E S  I N  WAVE NUMBERS 

6 4 5  DO 650 I = L . N V D  

6 5 0  C0N. I  I N U F  

655 P R I N T  40.C I O U T I  1)  s N O U T 1  1 ) .  I = N V A P . N V  ) 

3 5  F O R H A T <  ' O C * *  V A L V E C  F A I L S  ***' 1 
G O  T O  7 2 5  

F R E O I  I I = D S  I G N ( D 9 O R T  I D A B 5 1  E V I L (  I I 1 1 .  C V A L  ( I 1 I I 1  08- 5 9 4  1 DO 

C P R I N T  F I G E N V A L U E S  A N D  E I G E N V E C T O R S  
I F 1  I P R T - I )  6 5 5 3 6 5 5 . 6 6 5  

4 0  F ? R M A T I . O . . 1 4 X . ' E V E C '  
J E V A L I J )  ~ 9 1  1 5 . 2 X . A 4 ) / 1 1 5 X . 9 1  I 5 . 2 X v A 4 1 ) )  .\--" 

DO 6 6 0  J = l , N V D  

45 
660 

665 
C 

C  

C 

I J = I J + l  

S Y S T E M  

WDYN 300 
WOYN 305 
WDYN 310 
WDYN 3 1 5  
WDYN 3 2 0  
WDYN 3 2 5  
WDYN 330 

WDYN WDYN 3 4 0  3 3 5  
WDYN 3 4 5  
WOYN 350 
WOYN 355 
WOYN 360 
WDYN 365 
WJYL 370 

WDYN 380 
WDYN 385 
WOYN 390 
Y D Y N  395 
WDYN 4 0 0  
WOYN 4 0 5  
WOYN 4 1 0  
WDYN 4 1 5  
WDYN 4 2 0  
WDYN 4 2 5  
WDYN 430 
WDYN 435 
WDYN 4 4 0  
WOYN 4 4 5  
WOYN 4 5 0  
WDYN 455 
WDYN 4 6 0  
WDYN 465 
WDYN 4 7 0  
WDYN 4 7 5  
WDYN 4 0 0  
WDYN 4 8 5  
WDYN 490 
WOYN 4 9 5  
WDYN 500 
WOYN WOYN 505 510 

WDYN 515 
WDYN 5 2 0  
WDYN 525 
WOYN 530 
WDYN 535 
WOYN 5 4 0  
Y D Y N  5 4 5  
WDYN 553 
WDYN 555 
WDYN 5 6 3  
WDYN 565 
WDYN 5 7 0  
WDYN 575 
Y D Y N  5 8 0  
WDYN 585 
WDYN 5 9 0  
WDYN 5 9 5  
WDYN 600 
WDYN 605 
# J Y N  6 t O  

W 3 Y N  WDYN 6 2 0  615 
W 3 Y N  625 
WDYN 6 3 0  
WDYN 635 
* D I N  6 4 0  
W3YN 6 4 5  
WDYN 650 
WDYN 655 
WDYN 660 
WDYN 665 
WDYN 6 7 0  
WDYN 075 
WDYN 680 
W 3 Y N  685 
WDYN 690 
WDYN 6 9 5  
H D Y N  7 0 0  
WDYN 705 
WOYN 710 
W 3 Y N  715 
WOYN 7 2 0  
WOYN 7 2 5  
WOYN 730 
WDYN 735 
WDYN 7 4 0  
WDYN 7 4 5  
WDYN 750 
WDYN 755 
WDYN 7 6 0  
WOYN WDYN 7 6 5  7 7 0  

WDYN 7 7 5  
KDY N 7 8 0  
W J Y N  7 8 5  
WOYN 790 
VlDYN 795 
W 3 Y N  800 
W D I N  805 
WDYN 810 
WDYN 815 
WDYN 8 2 0  
WDYN 825 
WDYN 8 3 0  
W3YN 8 3 5  
WOYN 8 4 0  
WOYU 895 
k 3 Y  N A 5 0  

moihr 375 

d 

0 
M 



10  
15  
2c 
2 5  
3 0  
35 
40 
Y 5  
60 
55 
DO 
i. 9 
7 0  
7 5  
83 
35 
90 
9 5  
100 
i 05 
I t 0  
I 2 s 
i2G 
12s 
:>c  
135 
1 4 C  
6L5 
IS3 
155 
160 
1 0 4  

C 



DO 595 I = L . N S  WPRE 7 3 0  
DO 585 J=L.NA 

X X C = S Y M (  1. 1 1 + S Y M t  2. I l * X Y l i  1 .J l i S Y U (  3 . 1 1  * X Y L ( Z r  J 1 

YYC=SYML5.  I l + S Y M :  6. I ) * X Y 2 1 I .  J l+SYM( 7 .  I 1  * X Y Z ( 2 *  J J  

Z L C = S Y H ( 9 .  I l + S Y M (  10.1 l * X Y Z ( !  ,J l + S Y M < I  1 ,  i I * X V L <  2 . J )  

I F ( K l 5 5 0 . 5 8 3 . 5 5 0  

C G I N E R A T F  P O S I T ! O N  

WPRE 755 
WPRL 7 6 0  
WPRE 7h5 
WPRE 7 7 0  
WPRE 7 7 5  
U P R E  780 
Y P R E  7 8 5  
WPRE 7 9 0  
WPRE 795 
WPRE 800 
WPRE 805 
WPRE 810 
WPRE 815 
WPRE 820 
WPRE 825 

WPRE 8 3 5  
WPRE 840 5 6 1  I~lUAF?S(XXC-XCil.l1-0.00L456Zs562.575 

WPRE 3 5 0  
5 6 2  1F ( D A 9 S l Y Y C - Y C ( l .  11-0.00 1 ? ' > 6 3 ,  S b 3 . 5 7 5  
563 I ( OAi -S  ( Z Z C - Z C (  L I I -  0.00 1 > 565 > 5 6 5 . 5 7  5 

C D U P L I C A T E S  P R E V I O U S  P O S I T I O N .  A C C U M U L A T E  M U L T I P L I C I T Y  O F  P R E Y  P O 5  WPRE 855 
5 6 5  S K I  L l = S M C  ( L  I + I  - 0  WPHE 860 

C CHANG'I M U L T 1 P L I C I T Y  O F  S P E C I A L  P O S I T  F n R  S T R  F A C  C A L C  I F  IREUUIHEU WPRE 865 
WPRE 8 7 0  
WPRE 8 7 5  
WPRE 880 

WPRC 8 9 0  
WPRE 895 
WPRE 900 
WPRE 9 0 5  
WPRE 910 
WPRE 915 
WPRE 9 2 0  
WPRE 925 
WPRE 930 
WPRE 935 
WPRE 9 4 0  
WPRE 945 
WPRE 950 
WPRE '455 
WPRE 960 
WPRE 965 
WPRE 9 7 0  
WPRE 9 7 5  
WPRE 980 
WPRE 985 

YCWPRE 9 9 0  
I WPRE 995 

WPRElOOO 
LC. I 

U P R E I O O S  
W P R F l O l O  

W P R E l 0 2 0  
W P R F 1 0 2 5  
W P R E L 0 3 0  
U P R E L O 3 5  
WPR E 1040 
W P R E 1 0 4 5  
WPRE I 0 5 0  
W P R E 1 0 5 5  

I N V E R S E  O F  F I R S T  S Y V M E T R Y  T E A N S F O R M A T I O N  W P H E l O h O  
W P R E 1 0 6 5  
W P R E l 0 7 0  
W P R E l 3 7 B  
I PI1 E 1 O H  0 
W P R E 1 3 a 5  
WPR E 139 0 
W P R E 1 0 9 5  
WPRE 1 I O 0  
WORE1 I O 5  
W P R E I I  L O  
W P R E I  115 
W P R E 1 1 2 0  
W P R E 1 1 2 5  

F I R S T  SYMMETRY O P E R A T I O N  1 5  S I N G U L A R .  PROGRAM A S S U M E S W P R E 1 1 3 0  
W P R E I  135 
WPR t I 1 4 0  
Y P R E 1 1 4 5  
WPREL 150 
w PRE 1 155 
W P R E l  I 6 0  
W P R E I  1 6 5  
W P R E l 1 7 0  
W P R E I  1 7 5  
W P R E I  180 
W P H E I I B 5  
W P R E I L P O  
W P R E 1 1 9 5  
W P R E l 2 O O  
W P R E l 2 0 5  
WPRE 1210 
WPR E l  2 I 5  
W " R E 1 2 2 0  
WPRE I 2 2 5  
W P R E l Z B O  
WPR E l  735 
W P R E l 2 4 O  
WPRE 1 2 L 5  

137 FOFINAT i .0***  F X P A N D E D  N V M t l E i i  O F  ATOMS PRODUCES BY R E L A X I N G  S Y M M t T F W P R t 1 2 5 0  
W P R E 1 2 5 5  
W P R E 1 2 6 0  
W P I 1  E l 2 6 5  
W P R E l 2 7 0  

0 4 5  C U N T I N U E  

W P R E I  2 7 5  
W P R t  1280 

650 P E A 0  125% ( 1 R B  f J I J= l  .NA I 
1 2 5  F J R M A T ( 2 4 1 3 )  

I + S Y M (  4 . I I * X Y Z ( 3 . J !  

I t S Y N I  R + : J  L X Y L < I . J !  

: t S Y M 1 1 2 . 1 1  * I ( Y Z ! 3 . J 1  

C COMPARF. N C 1  P O ! i l T : U N  U I T H  ALL ATOMS ALRE,%DY 5 J 3 R E D  
550 J? 575 L I I r K  

5 5 3  IF: I M O L l 5 6 L . 5 5 4 . 5 6 1  
I F 1  I K A ( J I - I K A I J A C ( L 1  1 1 5 7 5 . 5 5 3 . 5 7 5  

C C O U P A R E  C O O R D I N A T F S  M O D  1.0 F O R  C R Y S T A L  
5 5 4  XXD=XXC-XC : L 1 - ) 1 0 . 3 0 1  

555 I Y u = Y Y C - Y C l L l + l O . 0 0 1  

5 6 0  Z Z D = Z Z C - - Z C ( L l + L O . O O I  

I F (  AMOO( X X U  s I - 0 1 -  0.002 1 5 5 5 . 5 5 5 . 5 7 5  

I F (  A M O 9 i Y Y D .  I .O 1-0.002 1 Ch0.560 7 5 7 5  

I F < A M O ' > ( Z Z D . l  . 0 ) - 0 . 0 0 2 ~ 5 6 5 . 5 6 5 . 5 7 5  
C C G U P A h E  C O O R 3 l b l A T E S  FOR I S D L A T E O  MOLECULE 

WPRE a30 

WPRF a 4 5  

l F ( L - N A F l 5 7 0 , 5 7 0 . 5 0 5  

GO T O  5 e 5  
5 7 0  FMC(LL=0.5 

5 7 5  CONT:NUE WPRE 885 
C P D S I ' I O N  I S  U N I O U E .  STORE I T  

m u  K=U+I 
X C (  K I =XXC 
Y C ( K I = Y Y C  
ZC( K 1 = Z Z C  
J A C l  K l = J  
I !;C( K l = I  
SMC ( K  1 = 1  .O 
F M C ( K  I = L -  0 
I R B C l K l = ( I - I  I * N R B + I R B (  J I 

5 8 5  C O N T I N U F  
C S E T  NUMBER O F  ATOMS N E E D E D  F O R  S T R U C T U R F  F A C T O R  C A L C U L A . f l O N  

I F (  I - N S F l 5 9 5 . 5 9 0 . 5 9 5  
590 N 4 F = K  
3 9 5  C O Y T I N U E  

5 SET NUMBER O F  ATOMS I N  C E L L  
N A C = K  

C P R I N T  L I S T  OF ATOMS I N  C E L L  
I F (  I P R T - 4 1 6 0 0 ~ 6 0 0 ~ 6 1 5  

xc 
6 0 0  P R I N T  105 
105 F O Q M A T ( ' 0  I NAME I S C  JAC SMC FMC I R K  

DO 6 1 0  I = I , N A C  
J = J A C  ( 1 1  
P R I N T  110 .1  .NAME( J I .  I S C I  I 1  . J A C (  I I .SMC( I 1  . F M C (  1 1 .  I P B C I  11 . X C (  I I 

wpa(EIo i5  L,YC( 1 I.ZC( I I 
110  F Q R M A T ( X . 1 3 . 2 X ~ A 4 . 2 1 6 , F t .  0,Fb. L.Ihr3F9.5! 

6 0 5  D Q I N T  115 
LIS F ? R M A T ( .  A B U V E  ATOMS U S E D  TO COMPUTE S T R U C T U R E  F A C T U R S . 1  
h 1 0  C O Y T I N l J E  

6 1 5  1 F ~ K R S C 1 6 2 0 ~ 6 5 5 ~ 6 2 0  

I F (  I - N A F l 6 1 0 .  6 0 5 . 6 1 0  

C T E S T  WHETHER SYMMETRY C C N S T R A I N T S  A P E  T O  B E  R E L A X E D  

C 4 L L  I N V R 5 ( T M .  3 . T M l  

I F .  0 1  6 3 5 . 6 3 0 . 6 3 5  
C T E S T  F O R  S I N G U L A P I T Y  

T Y l 3 > = J . O  
i M 1 4 J = S . 3  
T M ( 5 1 = 1 . 0  
T'1(61=0.0  
T M ( 7 1 = 0 . 0  
TM(81=0.0 
r v ( 9 l = l . 0  

C STORE. E X P A N D E D  L I S T  O F  A T 3 M S  
6 3 5  0'1 6 4 5  K = I . N A C  

I F (  I S C I K I -  C R S C I  6 4 0 . 6 4 0 . 6 5 0  
6 4 0  T V (  L I = X C L K i - S Y M (  1 , I )  

T V ( 2 ~ = Y C ( K ~ - S Y ~ ( 5 ~  I I 
T V ( 3 l = Z C ( K l - S Y M l 9 ~ 1 1  
C 4 L L  M V ( T M , T V . X Y L ( I  S K I )  
J= J A C l  K l  
" I A u E ( K  ) = N A M E (  J I  
I K A ( K I = I K A l  J l  
NA=K 
ZF(NA.LE.NAMAX1 GO T O  645 
P R I N T  1 2 3 v N A M A X  

IY C O N S T R A I N T S  E X C E E D S  P R E S F T  L I U 1 T  O F . , I 3 .  * * * * I  
C A L L  E I I T  

C R r 4 Q  ASS!GhMFNT 3F A T O M S  T U  R I G l U  B U U I E S  

C P R I N T  F X P A N J F D  ATOM L I S T  
P R l Y T  1 3 0 ,  I J . N A N E i J 1 ,  l K A <  Jl , I R R : J J ,  ( x Y Z <  I s J I  r I = I . 3 1  .J=I . N A l  

130 F O R M A T (  * O R E V I S E D  A T S M  L I S T  A F T F C  C E L A X I Y G  SYMMETFY C 3 N S T U A I N T S '  
I / '  J N A M F  l K A  I R E  X Y 2 '  
8/( X, 1 3 , 2 X . A 4 , 2 1  h. 2 X . 3 F 9 . 5  1 1  

C SET S W I T C H  A N D  JUMP B A C K  TU R E C A L C U L A T E  A T O M S  I N  C E l L  
YL19c=" " 
GD TO 5 4 0  

i T E S T  WHETHER I Z A M  D E F I N E S  S I Z E  OF F O R M U L A  U N I T  

C YES. S E T  SUCMX A C C O R D < N G l Y  
6 5 5  l F ( I Z A M ) b 6 5 r 6 6 5 . 6 6 0  

6 6 0  SMCMX=SMCI I I * D F L O A T (  I L A M I  
GO T O  480 

665 SMCMX=O.O 

6 7 0  S M C M X = S M C ( I I  I F ( S M C (  I I -SMCMX 1 6 7 5 . 6 7 5 1 6 7 0  

6 7 5  C O N T I N U E  

c NO. FINO MAXIMUM NUMBER OF A T O M S  FALLING ON ONE SPFCIAL PO~ITION 

00 675 I = L . N A  

C C O M P U T E  NUMBER O F  N O L E C L L E S  OR FORHiJCA U N I T S  I N  C E L L  
680 FNS=NS 

Z H C i F N S l S M C M X  
C COMPUTE NUMBER OF ATOMS O F  E A C H  K I N O  I N  M O L E C U L E  OR F O R M U L A  U N I T  

O n  685 I=I.NA 
Z A M ( 1  l = S Y C M X / S M C <  I )  

C P R I N T  T H E S E  R E S U L T S  
6 8 5  C O N T I N U E  

f F ( I P R T - 4 1 6 9 0 . 6 9 0 , 6 9 5  
690 P R I N T  
135 F 3 R V . A T I . O  Z M C ' / X I F ~ . I / ' O  I N A M E ( I 1  Z A M ( 1 1 '  

135, ZHC .! I ,NAME(  1 I .  LAM< I 1 . 1 - 1 .  NAD 

I / !  X -13 v 4 h .  A 4 .  F9.: I 1 
C Q E A D  AND P R I N T  D E F I N I T L C N S  OF R I G 1 0  B O D Y  C O O R D I N I \ T t  

1,  S X H  1 J 1 .  S I R (  J 1 ,  S Z R l  J 1 .  ( T R  < I ,  J J , I = I .  31, J=l , N R R l  

I .  SXRC Jl .SY R l  J 1 r S Z R (  J 1 s  i T R <  l r  J 1 s I = 1 . 3 1  v J= l  .NU81 

I S Y R ( J 1  S L R ( J 1  T R 1 I . J )  T R I 2 . J )  T R 1 3 . J )  
Z / ( X ,  I3.416.8F9.511 

695 RERC 

1 4 0  

? 4 0 r (  IZ: J I  . I U :  J I .  : V (  J I ,  I W (  J I  . S S R (  J I .  S T R ( J 1  

FORWAT ( 4 1  3 3 6 X  . Z F 9  .O s bF6 -0 1 
P R I N T  1 4 5 .  ).-I. f L ( J J .  l u l J l r  I v (  JI . I w ( J l  . S S R ( J I  . S T R (  Jl 

1 4 5  FORMAT( .O J I Z ( J 1  I U I J I  I V : J l  l W ( J 1  S S R ! J l  S T R (  

C R E A D  AND P R I N T  ATOM C O N N E C T I O N  T A B L E  

b Y S T t  

Jl 

. MS 

SXF 

C 

7 0 0  

ATOM 

I A= I A C T (  I I 
DO 7 1 0  J=I .4  
J A = I C T I  J.1 I 
I F ( J A . E O . 0 1  GO TO 710 
I F l J A . G 7 . { A l  GO T O  7 0 1  

DO -00 L P I s N C T  
I F ( J A . E O . i A C T ( L I I  GO T O  7 0 9  

CONT I F ( N B C . G E . N B C M A X 1  I N U E  GO T O  7 0 2  
N R C = N B C + I  
L B C l  ( N R C I = J A  
L B C J I  N B C l =  I A 
G O  T O  7 0 5  

TEST YUETHEE JA I S  BACKDONE 

701 I F ( N B C . L T + N B C M A X l  GO TO ' 0 4  
7 0 2  P P I N T  1 5 7 . N R C M 4 X  
157 F O R M A T ( ' O * * *  NUYBER O F  E N D E D  C O N T A C T S  G E N E R A T E )  F X C E E D S  I 'h tSET I 

l M I T  O F  ' . 1 3 r '  ***'I  
C A L L  E X I T  

704 N B C = N R C + l  
L B C  I ( N R C l = I  A 
L B C J ( N 0 C l I J A  

C A 0 0  P A I R S  O F  G E M I N A L  A T C M S  TU L I S T  I T  1 G t M . N t . U  
7 0 5  IF l IGEH.EQ.O.OR.J .EO.4 I  G O  TU 710 

J P = J + l  
DO 708 K = J P , 4  
K A =  1 C T  I K ,  I 1 
K F ( K A . E O . , I l  GO TO 7 0 8  
I E ( N B C . G E v N B C M A X I  GU T U  7 0 2  
NYC=t l t lC+L 
I F ( K A . L T . J A 1  GO T O  7 0 6  
L 3 C  1 I NRC 1 = J A  
L B C J (  N B C l = K A  
GO T O  70d 

7 0 6  L B C I ! N B C l = U A  

7 0 8  
710 
7 1 5  

7 2 0  
160 

7 2 5  
7 3 0  
1 6 5  

170 

I 7 5  

1 30 

185 

1YO 

C 

, 7 2 5  1 . L B C J l K  I s K - 1  ,NRCL 

J m / l X .  1 2 ( 2 1 4 . 2 X I  1 1  
T R A  P A R A M E T E R  I N F C R M A T I O N  
0 
l . I = l . N P X l  

1 1 .  I = 1  . N P X I  
1 * / ( X .  8 1 5 X s A 4 )  1 1  
= I  .NPX 1 

1-1 . N P X J  
I ' / ~ X . 8 f 9 . 5 1 1  
l = l r N P X l  

I I = I ,  NPX 1 

TO 733 
i - /! x, 81- 9.5 I I 

WPR E I 2 8 5  
W D Q E I 2 I O  
WPR E 1  2 9 5  
W PR: i 300 
WPF G 3 0 5  
hi'h E \ 3's 0 

WPR 7 I370 
YPR W P R E l 3 3 0  E I 325 

W P R E l 3 3 5  
W P R E 1 3 4 0  
W P R E 1 3 4 5  
W P R E 1 3 5 0  
W P R E 1 3 5 5  
W P R Z 1 3 6 0  
W P R E 1 3 b 5  WPR E l  37 0 

W P R E 1 3 7 5  
WPR E I 380 
WPRE 1385 
Y P R E l 3 9 0  
W P R E  1395 
W P R E  1 4 0 0  
W P R E 1 4 0 5  
W P R E l 4 l O  
WPR i 1 4  I5 
W P R E 1 4 2 0  

W P R E L 4 3 O  
WPR E 1 4  35 
WPR E l  4 4  0 
W P R  E 1445 
U P R E  1 4 5 0  
WPR E I 4 5  5 
WPQ WPR E l  E I 4 6 5  460 

UPR E l  470 
WPRE 1475 
W P R E 1 4 8 0  
W P R E 1 4 8 5  
Y P R E l 4 9  0 
WPRC 1495 
W P R E l 5 0 0  
W P R E 1 5 0 5  
W P R E l S l O  
Y P R E  151 5 
WPRE1520 
WPRE 1 5 2 5  
WPR E L 5 3 0  

j Y W P R F 1 5 3 5  
Y P R  E I 54 0 
W P S E 1 5 4 5  

WPF'F 1555 
W P C E 1 5 6 0  
W P R  E 1 565 
W P R E I  570 
WPRE 1 5 7 5  
WPR F I 580  
W J R E 1 5 8 5  
W P R E l 5 9 0  
W P f ( E 1 5 9 5  
U D R E I 6 0 0  
WPRE 1 GO 5 
WPREl 6 L 0 
W P F I E 1 6 1 5  

- 1  W P R E l 6 2 0  W P R E  1 6 2  5 

W P R E 1 0 3 0  
W P R E l 6 3 5  
WPRE 1 6 4  0 
W P R E l 6 4 5  
W P R t 1 6 5 0  
W P R E l h S S  
W P R E I  66 0 
W P R E 1 6 6 5  
WPR E I 6 7 0  
W P H F 1 6 7 5  
W WPR P R E  E l  I 6 8 5  6 8 0  

W P R E l  b 9 O  
WPQ E 169 5 
W P R T 1 7 0 0  
W P R E 1 7 0 5  
W P R t l 7 1 0  
W D q E 1 7 1 5  
U P R E I  7 2 0  

WPR E I 7 3 0  
W P Q E 1 7 3 5  
W P R E l 7 4 0  
* D Q E  1 7 4 5  
WPRC17L.O 
W P R E 1 7 5 5  
W P R E L 7 6 0  
W P R E l 7 6 5  
L ' D Q E 1 7 7 0  
I P R C 1 7 7 5  
W P R E i  W"REI  7 8 0  165 

W3R E 1700 
W P R F 1 7 9 5  
W P R E I R C O  
WORE1 R 0 5  
W P C t  1 8 1  0 
W P R E I R I 5  

WPRE I 82 5 
N P R E L ' J 3 U  
W P R E I R 3 5  

w PICE L 3: 5 

w p a r  I 4 2 5  

W P P E : ~ ~ ~  

WPHFITZS 

H P x E i 8 ? n  



. 

O V F R A L L  P A R A M  L 

L I S T  ALRLA,JV  51 

. I S T  

GO T U  760 
C S U 8 S T A Y C E S  T R E A T E D  S E P A R A T E L Y -  S T A R T  A T  i IND Of COMMON P A R A M E T E R S  

C 5 4 V E  S T A R T I N G  P U X N T  F O R  T H I S  S U B S T A N C E  
? S i  K-NOC 

760 I N X ( a K  
I F (  ! ~ K + C + i F 1 - - 4 * 1 9 B A l t N R Y * N P X . L E . N P M A . X )  GO 70 762 
P P I N ?  2 1 2 . E i P V C X  

217 F C Q * A T ( ' O * * *  NUVEER O F  P A R A H E T E Q S  E X C E E D S  PRCLSET L I M I T  OF'.14 
i . '  * * * . I  

762 50 755 xzis3 

C i L C  E X I T  
C STO' tE  L A 7 7  I C E  P A R A M E T t 9 S  

e + b  
E50 

C 

C 
C 

aas 
(19J 

1x 

3.1f1 

1. 
1 :  



500 

5 0 5  
510 

5 1 8  

5 2 0  
'75 

5 3 0  

5 3 5  

5 4 0  
C 

C 

5 4 5  

5 5 0  
C 

C 
555 

W C A L  
WCAL 
WCAL 
W C A L  
WCAL 
W C A L  
WCAL 
# C A L  
U C A L  
WCAL 
d C A L  
Y C A L  
WCAL 
WCAL 
Y C A L  
WCAL 
WCAL 
W C A L  
WCAL 
WCAL 
W C A L  
WCAL 
W C A L  
WCAL 
WCAL 
WCAL 
W C A L  
WCAL 
W C A L  
WCAL 
Y C A L  
WCAL 
WCAL 
WCAL __I_ 

THE A B O V E  IS C A L L E D  O N C E  FROW M A I N  T O  S E T  C O C A T  @ N S  O F  AXRAY<, # C A L  2 4 0  
"CA. 2 4 1  

1.823, V A  
D I M E N S I O N  U X ( 3 J s U Y i 3 )  
D A T A  U X / I ~ O O O ~ O ~ O D O ~ O ~ O D O / ~ U Y / 0 ~ O D O ~  I.ODO.O.ODO/ 
REAL.*4 U X M A X . U X M I N . H Y M A X . H Y M I N . H Z M A X ~ H Z M I N . H X I I ~ Y , H Z . H X M . H Y M , H M  

1.GXMAX. G X M I N ,  G Y M A X s G Y M I  N. GZMAX r G Z M I  N.GX.GY.GZ. SRD 
R E T U R N  

C A L C U C A I E  T H E  E N E R G Y  OF UplE C R Y S T A L  OR M O L E C M E  
T H R E E  P R E S E T  I N D I C A T O R S  C n N T R O L  THE F L O W  O F  T H I 5  C A L C U L A T I O N  

1 S W = l  O N  F I R S T  E N T R Y  O F  E A C H  CYCLE. S E T S  UP T A B L E S  USED L A T E R  
1 S w = O  O N  S U B S E Q U E N T  E N T R I E S .  USES T A B L E S  T O  S P E E D  C A L C U L A T I O N  
1 0 Y = O  F O R C Z 5  A L L  P A R T S  OF E N E R G Y  TO B E  C A L C U L A T E D  
I 0 Y = I  T O  7 B Y P A S S E S  R E C A L C U L A T I O N  O F  U N C H A N G E D  T E R M S  
I B K = O  N O R M A L L Y  
I B K = l  C A U S E S  R O U T I N E  T O  T E R M I N A T E  A F T E R  S E T T I N G  ATOM COORDS 

F U R T H E R  B Y P A S S I N G  C O N T R L L L E l  B Y  I N T E R N A L  I N O l C A T U R b  I C C A X  A N D  I C C  

F R O M  O V E R A L L  P A R A M F T F R  L 1 S T  

. . . ... 
3c1 515 :=1.b 

K = K + 3  
D P  520 1 ~ 1 . 3  
K = K + I  
T R I I . J ) = P ( K I  
C O N T I N U E  
C O N T I N U E  
I F :  N P X  1530 # 54 0. 530 
DO E35 ! = i r N P X  
K=K + 1 
P x s v ( I l = P A ( I )  
P X i  I I I P t l !  
C O N T I N U E  
E N T E R  R O U T I N E  T O  C O N S T R A I N  L A T T I C E  SYMMETRY 
C A L L  S E T A (  1 S E T A . A )  
T E S T  F O R  C H A N G E  I N  L A T T I C E  P A R A M E T E R S  AND S E T  l N D I C A T O R  
I C A = I  
I F  ( I SW I555 s 545. 5 5 5  
DO 550 I = l . 6  
I F ( A ( i # - A S V ( I  11555.550.555 
C O N T I N U F  
N O  CHANGE. B Y P A S S  C A L C U L A T I O N S  B A S E D  O N  L A T T I C E  P A R A M E T F R S  
I C A = O  

S E T  C 0 E F F I C : E N T S  f N V O L V l N G  L A T T I C E  P A R A M E T E R S  
A A (  Il=A(l1**2 
A A <  2 I =  A ( 1  I * A (  2 1 1 4  ( 6  ) 
AA I 3 I= A 1 I I * A I  3 ) *A*.  5 1 

G n  T O  560 

7 0  
7 5  
80 
R S  
90 
9 5  

100 
105 
1 1 0  
1 1 5  
120  
I25 
130 
135 
1 4 0  
145 
150 
155 
I 6 0  
165 
I -'o 
I75 
IHO 
1 A 5  
190 
I 9 5  
200 
20 5 
2 1 0  
215 
220 225 
230 
1- i 

.. 
I C A L  
l i A L  
W C A L  
WCAL 
WCAL 
WCAL 
WCAL 
Y C A L  
W C A L  
WCAL 

P5J 
25 5 
2b0 
2b5 
270 
275 
280 
285 
29 0 
29 5 

WCAL 300 
WCAL 305 
WCAL 310 
WCAL 315 
Y?. l  7 9 n  l.~" 
WCAL 325 
WCAL 330 
W C A L  335 
W C A L  340 
W C A L  345 
WCAL 350 
WCAL 355 
WCAL 360 
WCAL 365 
WCAL 370 
WCAL 375 
WCAL 380 
WCAC 385 
WCAC 390 
W C A L  395 
WCAL 400 
Y C A L  405 
WCAL 410 
WCAL 415 
Y C A L  420 

WCAL WCAL 425 430 
WCAL 4 3 5  
WCAL 4 4 0  
WCAL 4 4 5  
WCAL 450 
WCAL 455 
WCAL 460 
W C A L  4b5 
WCAL 4 7 0  
H C A L  475 
W L A L  4d0 
WCAL 485 
WCAL 490 
WCAL 495 
W C A L  500 
WCAL 505 
WCAL 510 
WCAL 515 
WCAL 520 
WCAL 575 
WCAL 530 
WCAL 535 
WCAL 5a0 
H C A L  545 
VICAL 550 
VICAL 555 
W C A L  560 
WCAL 565 
WCAL 570 
WCAL 575 
WCAL 580  
WCAL 585 
WCAL 590 
WCAL 595 
WCAL 600 
WCAL 605 
l C A L  6 : O  
I I C A L  015 
hlCAL. 520 

C 

c 
565 

565 

570 
57E 

* C & L  6 2 5  
A L  h30 
A L  635 

A L  h45 
W i A L  650 
W C A L  b55 
'NCAL 660 
W C A L  665 
W C A L  070 

d23=Z . O t B B l  6 1  

A L  04n 

E - 2  SET o i ~ r i  COI.I~TLI\INI; 

r 1NSON ~ ' A A 4 W t T 5 P S  A N r  iii7 I N 3 1 C A T O R  

, 30 570 :=I.NPI 

, C O N T I N U E  , l c D c = O  

580 l C " X i 1  

3 F', n C (  I l - P C s Y ,  I 1 )  ' i n0  I 5 7 0 . - 8 0  
WCAL 700 
V C A L  705 
W C A L  7 1 0  
Y C A L  715 
W C A 1 ~  723 
WCAI. 7 2 5  
WCAL 730 
d C A L  735 
1 C A L  7 4 0  

C S E T  O V E l i A L L  I N L l l C A T D l i  'OR C H A N G E  I N  i O H M O t l .  L A T T I C t .  O M  t X T F i A  P A F  W C A L  745 
Y C A L  7 5 0  
Y C A l  755 
WCAL. 760 

C C O ' I N T  4 N L  T I Y E  0 4 5 5 5 4  ~ ~ P f l I J G b I  I N I T I A L  L A L C U L A T I O N S  

WCAL 765 
W C A L  77%) 

C T 1  PEC:DRDCAL AND O l R E C T  5UWS. D I R E C T  SUM O N L Y .  IJR B Y " A 5 S  R O T d  * S A L  780 
W C A I  7135 

E . 6 0 5 . 0 0 5 .  I J Y O .  1 3 5 1 0 . 1 4 9 5  * 1 4 9 5 )  9 l B Y =  W C A L  790 
CCLilRD i N A T F C  FROM U I G I I )  H G J Y  R C ' T A T I O N S  AN@ T Q A N S I  A T I O N S W C A L  795 

W C A L  800 
WCAL 8 0 5  

t T  C 1 1 0 9 D I N A T E S  r Q n M  1 N P U T  V A L l l t S  

WCAL 810 
W C A L  815 
W C 4 1  820 
W C A L  825 
WCAL 830 
WCAL 835 
U C A L  R U O  
WCAL 045 
W C A L  850 
W C A L  855 
Y C A L  860 
Y C A L  865 

W C A L  875 
W C A L  880 
W C A L  885 
WCAL R 9 0  
W C A L  895 
WCAL 900 
WCAL 9 0 5  
WCAL 910 
U C A L  9L5 
WCAL 920 
W C A L  925 

W C A L  935 
C S A V F  O N F  C S Y S T A L  T O  C A R T E b I A N  M A T R I X  FZlR C A L C  OF N O G M L  V I E E A T I O N S X C A L  940 

WCAL 945 
W C A L  950 
W C 4 L  955 
W C A L  9b0 
WCAL 9b5 
W C A L  970 
W C A L  WCAL 975 9 3 0  

W C A L  935 
W C A L  990 
W C A L  W C A L I  495 000 

W C A L 1 0 0 5  
W C A L I O I O  
W C A L I 0 1 5  
W C A L l O 2 0  
W C A L 1 0 2 5  
W C A L I  W C A L I O 3 0  035 

W C A L I 0 4 0  
W C A L I O 4 5  

V C C T C R  T R T .  Y A T I I I C E S  4 C 2  'WERE P A V E D  B Y  WPRE W C A L 1 0 5 0  
W C A L 1 0 5 5  
W C A L l O 6 0  
W C A L l O 6 5  
W C A L 1 0 7 0  
W C A L 1 0 7 S  
WCAL I 0 8 0  
W C A L l O a 5  
W C A L 1 0 9 0  
W C A L l 0 ' ? 5  
W C A L I I O ?  
W C A L I  1 0 2  

C P A V E  C A R T E S I A N  C O O R D I N A T E S  I F  R F O U I F E D  F O P  C A L C  O F  NORW V l D R A T l O h S W C A L I 1 1 0  
W C A L I I I S  
W C A L I I Z O  
W C A L I  I25 
W C A L 1 1 3 0  
WCAI I 135  
U C A L I : 4 0  
* C A L I  1 4 4  
W C A L I ! S d  
W C A L I : 5 5  
W C A L I i 6 U  
W C A L l l b 5  
W C A L l 1 7 0  
WCAI I 1 7 5  

L T E 5 T  F n D  C H A N L E  I N  t X T R A  I ' A P A M C T E R S  A N P  S E T  I N I D I C A T L I R  

I F ( N P X 1 5 B S . 5 Y 5 . 5 8 5  

I F ( D X I  1 L - D X S V I :  I 1 6 0 0 . ~ ~ 9 0 . t . O U  
585 nTi 5 9 ~  . - - I . ~ P x  

590 C O N T I N U E  
595 ICPx:0 

600 ICCIX=I~P~~ICA+ICPY 

N T I  I ) = N T (  I l + I  
L T F =  'CLOCK I 0 I 
L T (  l ) - L T ( l I + C T ~ - t . T I  
L T I = L T F  WCAL r ' s  

c 5 5 :  U P  

X Y L R C  I .  J ) = X Y Z <  : t J !  

t i 0  c i w r i w u t  
615  C O N T I N U E  

C S T 4 9 T  L O O P  THRDUGH 4 1 L l C  B U U I E S  
Do h h O  J = l . N R n  
I U J = I U ( J I  
I L J l I Z  I J l  
I F (  I l l J  1 6 2 5 .  6 Z U . 6 2 5  

C S F T  U O  A X E S  D A S F D  DN L A T T I C t  C U i I R D l N A l E S  
620 C A L L  A X E S ( U X * L ' Y . U T I  

W C A L  n70 
GO i n  6 3 0  

t 2 5  l V J = l v (  J I  
I Y J - I W  7 J I  
C A L L  m F v (  XYII~( I .  IVJI . X Y Z R (  I .  1u.i) ,UV)  
I F (  I W J  . E Q . O )  GO TO 678 
C 4 L L  
C A L L  A X F S i U V , U W . U T l  
G P  T O  6 3 0  

C SET IJP A X E S  R A S E D  LIN 5 P E C I F I E D  A T O M 5  

D I F V ( X Y Z G (  I . l W J )  . X " Z R ; I ,  'UJ) . U W I  

5 S E T  U P  A X E S  F O R  S P E C I A L  C A S F  O F  L I N E A R  S U L t C U L E  

C G E N E R A T E  I M A T R I X  F O R  C A R T E S I A N  TO C R Y S T A L  T U A N S F 0 7 M A T I f l N  
628 C 4 L L  A X E S ( U V . U X . U T 1  

630 C 4 L L  M M ( A A r l J T . A C I  
T R AN 5 ( AC s C A  I WCAL 9-30  C A L L  

C A L L  I Y V H S (  CA.0. C A )  

IF(J.CO.II c ~ 1 . 1  TRANS(AC.ACBI  
I F ( I P B A . E ~ > . O I  GO T O  6 4 0  

C A L L  
GO T O  6 4 3  

C O M I T  Q O T A I I O N  M A T R I X  
MM'CA. A C Z I  I. J) . C R A  1 

C A L L  
C A L L  M M ( C A ,  TM vCI2A) 

M M  (RM 7 AC L( I * J ) * T M  I 

643 C A L L  M V i C A .  TR < 1. J 1 .  T P T  ) 
CALL s u w (  xyzu (  I, I Z J  I .TFT .TPT ) 
C A L L  M V ( C R A , X Y % i  I . I Z J l  . T V )  
CA1.L D I F V (  T Q T , T V . T R T I  

DO b55 I = l . N A  
I F ( J - l R e ( 1 )  1655,545.655 

C A L L  S 1 J Y V I T R T ~ X Y Z H ~ 1 ~ 1 I ~ X Y Z R ( I . L 1 ~  

I F 1  I BK 1650 s 6 5 5 . 6 5 0  

C G F N E R A T F  C O O R D I N A T E S  F U R  E A C H  A T O M  I > ,  T H I S  R I G I D  BODY 

5 4 5  C A L L  M V ( C R A . X Y Z (  I * 1 )  . X Y Z R (  1 . 1  ) )  

6 5 0  C A L L  M V ( 4 C B . X Y Z R I  1 . 1 )  s X Y Z C ( 1  B 1 ) )  
655 C l N T l N U r  
t b0  C O N T I N U E  

c TEUMINATE ROUTINE I F  ONLY C~~,R:)INATES A Q E  N t t v E L i  
I F  ( I FIK I I S 2  5.665.1525 

C S E N E R A T E  C O O R D I N A T t S  FOR 4 L L  * T O Y S  I N  U N I T  C E L L  
C65 90 685 K = l . N A C  

I = I S C ( K )  
J = J A C (  K l  

x C S Y = X C ( I o  
Y C S V ' Y C ( I 0  

c C A V C  ~ ~ R D I N A T F S  ustu WEVIOUSLY 



I .  

3 !  

685 C D N T I N U E  
C COUNT A1W T I M E  P A S S E S  TWOUGH C O C I R D I N A T ~  C A L C U L A T I O N S  

N T I  ZI=NT(2)+l 
L T F = I C L O C K ( O )  
L I  ( 2  I - L T I ?  ) + L T F - L T  I 

C 

69i l  

695 
C R E C l P R O C A L  

LT l i ' L .TF  
CFIEPARE W R  SL.Y SVER RECIPROCI\L L A Y T l C E  
SF-0.0 
S F V - O . 0  
IC( 15W 1 7 0 0  + 690,700 
i F (  C K I  7 8 0 1  6 P S  ,180 
%Of ? I U S *  E N T R Y  A N D  EWALO C J N S T A N T  IS ZERO. 
S Q X S O * O  
S P L * " 0 . 0  
S~C*=O.F 
GO T C  1390 

C F I R 9 T  F S T H I  O F  CYCLE. P R I N T  C A P T ! O N  
700 I F (  $ P R C - 2 )  705.705 ,710  
705 P Q I N I  5.71 T L E  +OATE. ST I T L E  

9 F @ R * A T ! I H L  ~ I ~ A ~ . R X I A ~ / X . ~ ~ A ~ I  
PRINT 1 0 . J C  

10 FOQM4T ( 1 0 C Y C L E * ,  13 I 
N F S - 0  
l F ( C K ) 7 2 0 . 7 1 5 . 7 2 0  

7 1 0  NF-O 

C E W A L D  C C N S r A p i T  iS ZERO. O M I T  R E C 1 " R C C A L  L A T T I C C  SLIM 
715 C S F - I O ~ O  

suy. 

5 
?20 
725 

I 4 

F X R S T  E N T 9 Y  OF 

V S F  

E A C H  C Y C L E  

QMAX 

?35 

C 

740 

74 5 

790 

755 

360  
C A B S E N C E S  

. .. 

IF( 1 ~ ~ ~ ) 8 3 5 : 7 e s . a 3 5  
C CUMPUTE M L J L T I I X I C I T V  F A C T O R  

C STORE I N D I C E S  AND MiKTIPLICITY FJQ USE O N  L A T E R  E N T R I E S  
765 HU=H7M+(I.O+AMLNl (HZ,  l . O l O <  L . O - t r Z M G )  I 

I F l  N F S - M S M A X ) 7 7 0 ~ 7 7 5 . 7 7 5  

4 x 1  ( K F S ) = H X  
H Y T ( N F S l = H Y  
H L 1  < N F S  );HZ 
Y H T C N F S ! = H N  

GO T O  8 0 0  

7 7 0  N F S . s N F S + l  
719 N F = Y F + L  

C JUMP TO S T * U C T U k E  F A C T O R  C A L C U L A T I O N  

C F k S T  R E C I P R O C A L  L A T T I C E  5 U H  U S E D  O N  E Y T R I E S  OTHER + l i A N  PlAST 
C B Y P A S S  I F  N O  R E C I P R O C A L  L A T T I C E  P O I N T S  WEFE FOUNO W I T H I N  RANGE 

780 I F (  L t F S 3 7 9 0 . 7 8 S . 7 9 0  
785 VSF=O.O 

c s F - 0 . O  
GO T O  890 

C S T A R T  F A S T  H E C I P Q O C A L  L A T T l C F  SUM 
190 in-1 

C P I C K  UP I N l l C k S  AND U U L T I P L I C I T I  5 T O R k O  O N  F I P S T  ENTRY 
796 H X = H X T ( l H l  

H Y = H I T t  lH3 
! 4 7 = ~ 7 T c I ~ l  H H = H M T (  i ~ i  
QO*HX*HX*D 1 I ' H Y * < H Y * 5 2 2 + H X F B I  P 1 + ~ Z I ( ~ Z * a 3 3 + H Y t @ 2 3 + H X t Y l 3 )  

C S T R U C T U R E  F A C T O R  C A L K U L A T I O N  USED F O R  B C T H  SLOW A N D  F A S T  SUMS 

WCYL i 180 
Y C A L L  155 

N C A l . 1 2 5 0  
W C A L I Z S S  
i l C A L i 2 G C  
WC A L  1265 
K C A L I P I O  
* i A L i P P S  
H C A L 1 2 0 3  
n ' i A L 1 2 8 5  

WCAC:310 
W C R L L I I 5  
*C*LIIIP* 
X C A L 1 3 2 S  
* C A L I 3 3 0  
WCAC 135 E 
%CALI340  
HCAL.1345 
YinLl3FO 
l iC4L1355  
Y < ! A L $ 9 b 0  
NCA5.1365 
C C A L I . ~ 7 0  
W C A C i 3 1 5  
WCAL 13RG 
W C A L 1 3 h S  
WCALI3 I )F  
W C A L I S I S  
H C A L 1 9 0 0  
W C A L 1 4 d 5  
U C A L l D !  0 
W C * L . I 4 1 5  W C A L 1 4 2 0  

b i A L  L q25 

n'LAl.1435 
Y C A L 1 4 9 0  

A L 1 4 4 5  
ALi450 
AL1955 
AL:4nn 

Y i A L i b 6 5  
WCALIB?C 
X C A L l 4 7 5  
A C A L i 4 t i J  
WCALl485 
X C A L l 4 S O  
%iAL19F3 
W C A L  1 50 0 
I C 4 C L 5 i i 5  

W C A L 1 5 1 5  
%CALI520 

H C A L l S l O  
W C A L I S 3 5  
W L ' A L I 5 4 0  
WCAL1545 
* C A L L 5 5 0  
* rAL1555 
I C A L I S I O  
W C A L I  5565 
K C A L 1 5 T O  
W C A L 1 5 7 5  
W C A L 1 5 8 0  
Y C A L i S S 5  
* C A L I 5 9 0  
H C A L  L595 
W C A L l B D O  
W C A L I O O ' J  
W C A L l 6 l O  
Y C A L 1 6 1 5  
H C A L I  620 
WCAL 162 5 
W C A L l 6 2 0  
W C A L I  639 
Y C A L  1 6 4 0  
U C A L 1 6 4 5  
W C I L l b S U  
W C A L 1 6 5 b  
YCbLlbt5 W C A L l  660 

W C A L I 6 7 0  
W C A L 1 6 7 5  W C A L l 6 8 0  

W C A L I B B S  
W C A L i 6 9 0  
W C A L . 1 6 9 5  
W C A L 1 7 0 0  
Y C A L I T O S  
W C A L 1 7 1 0  
W C A L l ? 1 S  Y C A C l 7 2 0  

# C A L I 7 2 5  
X C A L 1 7 3 C  
W C A L 1 7 3 5  

X C A L I 4 3 U  

w c A L x s i a  

ucnc1525 

. , .. 



C 

C 
C 

555 

957 

$5R 

C 
959 
960 

965 

970 

975 
9 8 0  

985 
990 

r 

C 

C 
9 9 5  

C 
C 

99b 
99 7 

C 
598 
990 

C 

C 
IO00 

I005 

C 
L O 1 0  
I015 

C 
I020 
I025 
I o i n  

I 035 
1040 

C 
I 0 4 5  

c 
C 

1 0 5 0  
I O 5 5  
1060 
I 0 6 5  
I 0 7 0  
I 0 7 5  
I OR0 

IO90 
I 08s 

I C A L 2 3 0 0  
W C A L 2 3 0 5  

wR=O.O 

W C A L 2 3 l O  
'IVDW=O .O 

W C A L 1 3 1 5  
REP=O.O 

W C A L 2 3 2 0  
IDW=O.O 

W C A L 2 3 2 5  
CMB=O.O 

W C A L 2 3 1 0  
R T U = O . O  

W C A L 2 3 3 5  
VTM=O.O 

W C A L 2 5 4 0  
C T M = O . O  

W C A L 2 3 4 5  
NG=3 
NGS=O 
I F  E W A L D  C O N S T A N T  I S  ZERO B Y P A S S  C A L C U L A T I O N  O F  I N T R A B D D Y  TERMS W C A L ? 3 5 0  
I F <  C K 1 9 5 5 . 1 0 4 5 . 9 5 5  W C A L d 3 5 5  
T R E A T  A L L  ? N T R A B O D Y  AND BONDED C O N T A C T S  S P E C I A L L Y .  T H E Y  M U S T  BE W C A L 2 3 b O  

S U B T R A C T F D  OUT S i N C E  THEY ARE A L R E A D Y  IN R E C I P R O C A L  L A T T I C F  S U M W C A C 2 3 6 5  
W C A 1 2 3 7 0  
W C A ~ 2 3 7 5  

DO 1 0 4 0  I = l . N A  

W C A L 2 3 8 0  
1 A = J A C l  I) 

W C A L 2 3 8 5  
I K = l K A ( I A l  
IF (  I K 1 1 0 4 0 . 1 0 4 0 . 9 5 7  

W C A L 2 3 9 0  
W C A L 2 3 9 5  

G M I = Z A M ( I )  

WCAL2OOO 
W C A L 2 4 0 5  
W C A L 2 4 1 0  
WCA L24; 5 
W C A L 2 4 2 S  
V C A L 2 4 Y S  
W C A L 2 4 3 0  
W C A L 2 4 3 5  
W C A L 2 4 4 0  
W C A L 2 4 4 5  
W C A L 2 4 5 0  
W C A L 2 4 5 5  
W C A L 2 4 b O  
W C A L 2 4 6 5  
W C A L ? 4 7 0  
W C A L 2 4 7 5  
W C A L 2 4 8 0  
Y C A L248 5 
l C A L 2 4 9 0  
WCA L 249 5 
W C A L 2 5 0 0  
WCALZSO 5 
W C A L 2 5 l O  
W C A L 2 5 1 5  
W C A L 2 5 2 0  
W L A L 2 5 2 5  
W C A L 2 5 3 0  
W C A L 2 5 3 5  
W C A L 2 5 4 0  
W C A L 2 5 4 b  
W C A L 2 5 5 0  
W C A L 2 5 5 5  
W C A L 2 5 6 0  
W C A L 2 5 h 5  
W C A L 2 5 7 0  
W C A L Z 5 7 5  
W C A L 2 5 8 0  
W C A L 2 5 8 5  
Y C A L 2 5 9 0  
W C A L 2 5 9 S  
W C A L 2 6 0 0  
W C A L 2 6 0 5  
W C A L 2 6 1 0  
W C A L 2 6 1 5  
W C A L 2 6 2 0  
W C A L 2 6 2 5  
Y C A L 2 6 3 0  
W C A L 2 6 3 5  
W C A L 2 6 4 0  
WCAL26115 
WCAIL7650  
W C A L 2 6 5 5  
W C A C 2 6 6 0  
WCA L 2  6e 5 
W C A L 2 h 7 0  
W C A L 2 6 7 5  
W C A L 2 6 8 0  
W C A L 2 6 8 5  
W C A L 2 6 9 0  
W C A L 2 6 9 5  
W C A L 2 7 0 0  
W C A L 2 7 0 5  
W C A L 7 7 1 0  
Y C d i  7 7 1  9 

I 0 5 5  

1060 

1075 

IO80 

1095 

I P = l + l  
IF (  l P - N A C ) 9 5 8 , 9 5 8 . 1 0 4 0  
DO 1035 J=IP.P.IAC 
JA= JAC(  J) 
J K = I K h ( J A )  
I F (  J K b  1035.1035.959 
O M I T  TERM O R  S E T  M U L T I P L I C I T Y  O E P t N D l N G  V N  ATOM NUMBERS 
I F (  JA-1  A 1  1035.960.965 
GM= 0 . 5 t G M  I 
GO TO 973 
G M z G M I  
T E S T  F O R  P A I R S  I N  SAME R I G I D  BODY 
I F (  I R B C I l ) - I R B C (  J l 1 9 7 5 9 S 9 5 . 9 7 5  
T E S T  F O R  P A I R 5  I N  L I S T  CF BUNDS 
IF !  N B C ) 9 8 0 , 1 0 3 5 . 9 8 0  

I F (  I - L E C I :  K 1  1 9 9 0 . 9 8 5 . 9 9 0  
IFIJ-LBCJ1Kli990.Y35.9YO 
C O l l  r l N U E  
GO T O  1035 
C O M P U T E  V A N  DER W A A L S  AND C0ULOW.B TERNS. R E P U L S I O N  TERM I S  
D X = X C ! J l - X C !  I 1  
D Y = Y C i J I - Y C I I )  
D Z = Z C i J ) - Z C i  I 1  
RR= D X t  OX* A I I + DY *( DY t A 2 2 + D  X t A  I 2 )+D Z* ( D Z 8  A 3 3 t D Y  * A2 3 t D X 8  A I  3 1 
9 = 0 S O R T < R R )  
l F L R R - l ~ O D - 2 0 1 9 9 6 ~ 9 9 6 ~ l O O O  
T R E A T  S P E C I A L  C A S E  O F  ZERO R 
C O U P U T E  L I M I T I N G  V A L U E  CF W I L L I A M S  M O D I F I E D  V A N  DER WAALS 1 
I F <  I V D W l 9 9 7 . 9 9 8 . 9 9 7  

V T N = 2 . O t P I C K t G M t P L I  I K  1 *PC(  JIO 
5VDW=SVDW+VTM 
COMPUTE L l M I T l N G  V A L U E  OF EWALD M O D I F I E D  CDULOMS T E R M  
IF (  I C M B  l 9 9 9 . I O 2 0 . 9 9 9  
c*0=0.0 
CTM=-E.O*CK+GMtQ( I K ) * U ( J K )  
SG= SG+CTM 
GO T O  I 0 2 0  
T R E A T  U S U A L  C A S E  OF NON-ZERO 9 
X M = S O T P l K * R  
C A L C L X A T E  W I L L I A M S  MODIFIED V A N  DER WAALS TERM L I S S  U N M O D I F  
IF( i V D W 1 1 0 0 5 ~ 1 0 1 0 ~ 1 0 0 5  
VOW =-PL  ( I K 1 t P C  I J K  1 / ( R R  f ER t RR 1 
XXM=XMtXM 
VTM=GM*VDW*( I 0 . 5 f X X M I X X M t X X M + 1 . 0 1  * D E X P ( - X X N l - l  - 0 )  
S V D Y = S V D W t V T Y  
CALCUL A T E  E W A L D  M O D I F I F D  COULDHI? T r R M  L F 5 5  U N * I I I D I F ~ C D  
1FI I C N B l l O I 5 .  l O 2 O , I O l 5  
C ~ B 1 0 ( 1 K l * U ( J U ) / R  
C r * = C * B ' G I * i D E 9 F C I X M ) - 1  .O 1 
SG= S G I C T M  
STORE Q U A F I T I T I E S  N E E D E S  F O R  F A S T  SUM ON L A T E F  E N T R I E S  
I - (  N G 5 - N G S M A X 1 1 0 2 5 ~ 1 0 3 0 ~ ~ 0 3 0  
NGS=NGS+I  
NG=NG+I  
GXT (NGS)=O.  0 
G Y T  ( N G S  1-0.0 
G Z T l N G S ) = O . O  
I A T ( N G S I = I  
J A T  I N G S  ) = J  
S R B T  I N G 5 1  = 1.0 
G M T (  N G 5 l = G M  
U T (  W G S l = R  
R E P T I N G S I = S . O  
V>W Tl NGS 4 = V D  W 
CMB I < NGS I = C H B I F K C  A L  
R S V i N G S ) = O . O  
V S V ( N G S I = V T M  
CSV I N G S  l = C T M  
C O N T I  NUF 
C O N T I N U E  
S A V E  NUMBER O F  TERMS I N  SAME R I G I D  BODY O R  BONDED 
NSRB=NG 
P R r P A R E  F O R  SUM O V E P  D I R F C T  L A T T I C E  V E C T D F S  ON F I R S T  t N T R I  
F I N D  M A X I M U M  AND M I N I M U M  V A L U F S  OF C O I R D I N A T E S  I N  U N I T  C E L L  
CXM I N -  100. 
C Y M I N = 1 0 0 .  
C 7 M l N = 1 0 0 .  
CXMAX=-LOO. 
CYMAX=-100 .  
CZM AX=- 100. 
DO 1 1 1 5  I = I . N A C  
IF(XC(II-CXMlN)1050~1055~ 
C X * I N = X C ( I )  
I F ( X C (  I I - C X M A X ) 1 0 6 5 . 1 0 6 5 .  
CXMAX=XC(  I I 
I F (  Y C ( 1  ) - C Y M I N l l 0 7 0 ~ 1 0 7 5 ~  
C Y M I N = Y C ( I )  
I F ( Y C (  I ) - C Y M A X ) I 0 8 5 r l O 8 5 .  
CYMAX=YC(  I I 
I F ( L C ~ I ) - C I N I N 1 L 0 9 0 ~ 1 0 9 E .  
C Z M I N = Z C ( I )  

DO 990 K=~.NEIC 

vnu=o.o 

1095 
I 100 

I105 
I l l 0  

c 

1 1 1 5  
C 

C 
I 1 2 0  

ZERO 

l E R M  

I EO 

I I60 

1 1 6 5  
C 

1 1 7 0  

I 1 7 5  

C 

1180 
I I R S  
I190 
I195 
1200 

I 2 0 5  
$ 2 1 0  

> 2 1 5  
C 

1218 

1220 

I225 

I230 

C 
1 2 3 5  
1 2 4 0  

C 

1 1 2 5  

c 
I130 

C 
I135 
1 1 4 0  
1145 

I150 
C 

1152  

C 

C 
1153 
1 1 5 5  

C 
I 2 4 5  
I250 

C 
1255 
I 2 6 0  
1265 

I R = l  
START C A L C U L L T L U N S  F U R  ONE i l E L L  
QRM I N-RRMAX 
R M A X = D L I M (  I R )  
RRMAX=AMAX**Z  

iF( I M O L 1 l 1 2 5 . 1 1 3 0 ~ 1 1 2 5  
G X M I N - 0  .O 
GYYIN=O.O 
G Z M  1 N r  0.0 
G XM AX = 0.0 
GYMAX=O.O 
GZMAX-0.0 
GO T i l  I135 
COMPUTE LIMITS FUR LATTICE T~ANSLATIONS IN C R Y S T A I  
G X M l  N=R : *RMAXtCXMAX-BXM I N  
G Y ~ I Y = B > t R M A X t C Y M  9X-BYM IN 
G Z W I N m B 3 * r M A X + C L * A X - B L H  I N  
GXM I N I -  A I  N T  1 L X M  I N  1 
GYM: N = - A I  N T <  GYM I N  I 
G 7 N : N = - A I N T < G Z M l N  I 
C X M I X ; B I I $ ~ ~ A X + B X M n X - C Y n  
~ , Y h l A X = H ? ~ : : h l A X t i ; Y M A X - - C Y M l \ I  
G 7 L l A X = ' ~ 3 . ~ R * l A X + t l L * I I \ X - C L M  1 ' 4  
6 X  MAX= A I N S  r GX rl A X  1 
G Y M A X = A I t I T  I G Y H k X J  
G I M A X = A I N T  ( GZUIAX l  
S T A R T  1 D O P 5  1JVFH I L A T T l C C  I R A N S L A T I O N S  
GX= CXM I N  
G I Z G Y M I N  
GL=GLM 1 N 
S T A R T  OUTER L O O P  U V F R  Uht  
UP 1 2 7 5  I = I . N A  
1 4 = J A C ( l I  
I K = l K A (  1 4 )  
I F (  I K I  1 2 7 5 .  I 2  7 5 .  I152 
D X I = G X - X C <  I I 
O Y I = G Y - Y C <  I I 
0 2 1 - G L - Z C i  I )  
G M I = Z  AM ( I 1 
S T A 9 T  I N N F R  L C O P  OVER U N t  
DO 1 2 7 0  J = I . N A C  
J A = J A C l  J I  
JK= 1 K A .  JA 1 
I F (  J U )  1 2 7 0 . 1 2 7 0 . 1  153 
O M I T  TERM OR S E T  M U L T I P L I  
I F (  J A - !  A l 1 2 7 0 ~ 1 1 5 5 ~  I 1 6 0  
GM=O.  5:GM I 
G O  T O  I 1 6 9  

FLIYINATE LATTICE TRANSLATIONS FCR C A S E  P F  ISOL~TCD MIC.CUCE 

A S Y M M t l R I C  

U N I T  C E L L  

C I T Y  D F P F N D I  

'JN I T 

NG D N  A T T M  

G M = G M l  
C O M P U T F  D I S T A N C t  SQUARED A N 0  T E S T  WHETHCR I T  T A L L  5 I N  L H E L L  
S X = n X I + X C : J  I 
D Y = D Y I + Y C (  J I 
O L = D Z I + Z C (  J I 
R R = D X L D X * A l  I + D I * (  O Y * A 2 2 + O X * A l 2 1  + D Z * ( D Z I A 3 3 + l ' Y * A 7 3 + D X L I \ L 3 1  
IF1 RR-RRMIN I 1 2 7 0 .  1 2 7 0 . 1 1 7  0 
I F (  RR-RRNAX I 1  1 7 5 . 1 1 7 5  7 1 2 7 0  
1 Y  S H E L L .  COMPUTE D I S T A N C F  
R = D S O R T I R R )  
XM=SQTP :K*R 
0 1 1 1  P A I R  I F  i N  $ A N €  H I C l U  B i i D Y  OR POYDEU. T E 9 M  A L R E A D Y  I N C L  
I F ( G X ) L 2 1 5 .  I 180.1215 
I F ( G Y  1 1  215.1 185. I21 5 
IF: G 2  11215. I 1  40, I 2 1  5 

I F ( N B C 1  1 2 0 0 . 1 2 l 5 s  I200 
DO 1 2 1 0  K = l r N L I C  
I F  i 1-1 B C  I ( K I ) 12 I 0 s I20 5 * 12 10 
I F !  J - L B C J (  K 1 )  1 7 1 0 . l 2 7 0 ~ 1 2 1 0  
C d N T I  ElUE 
C A L C U L A T E  R t P U L S l D N  T E S V  
I F l l R t P . E O ~ O )  GU TL) 1235 

GO T O  ~ 1 2 2 5 ~ l 2 2 0 ~ 1 2 2 0 ~ 1 2 1 0 1 1 7 1  R ~ 1 7 1 R ~ L 2 I R ) ~ I ~ t P  
H t P = G P U T l  ISB.1 e J 
GO T O  ! l 2 2 5 ~ l 2 2 0 ~ 1 2 2 O ~ 1 2 3 0 ~ l 2 2 5 ~ 1 2 2 0 ~ 1 2 ? 0 I ~ I R ~ P  
R E P = R E P + R E P L I  1 5 R .  KU.JK,R) 
GO T O  l 1 2 2 S ~ ~ 2 3 0 ~ 1 2 2 5 ~ l 2 3 0 ~ l 2 ~ 5 ~ I 2 ~ 0 ~ 1 2 2 5 1 ~ I R E P  

R F P = R E P + B H l J * D E X P ( ( A R ( I K ) + A ~ ( J K 1 - R l / ~ R l J )  
RTM=G'I*REP 
WR=WR+RTM 
C A L C U L A T E  V A N  DER W A A L S  T E R M  M G D I F I I U  Fat< W I L L I A M S  METHOU 
I F (  I V D W 1 l 2 4 0 1  1245.1240 
V D W r - P L I  1 K )  bPL1 JK ) / (  RR*f iR*RG 1 
X X H = X M t X M  
VTM=GM*VDW+( 0 .5 *XXM*  X X M t X X M t l  - 0 )  * D E X P I  - X X M I  

IF:IPBC<I)- IRRC(J) I I 195.1 2 7 0 .  I 1 9 5  

s r  o= .J a n 
I A $ JA 9 1K 3 JK s GX ,GY * G 2  9 DX. 3 Y  . D L  .n 1 

BRI J = B R I I K ) + B R (  JU)  

SVDW=SVDWtVTM 
C A L C U L A T E  CCULDUU TERM U C D I F I E C  F C R  EWALD UCTI IOD 
I F 1  iCMB)1250, ! 2 5 5 . 1 2 5 0  
CMS=U( I K ) * Q ( J K ) / R  
C T q = C M B * G M * D E F F C ( X U )  
<.-- :. Irr.. I y - . , y r L , .  

:TORE O U A N T I T I E S  N E t O E U  F U R  F A S T  SUM 3t4 L A T E F  E N T S I C 5  

N G S = N G S + l  
NG=NG+I 
GXT ( N G S ) = G X  
GY T (  N G S  I = b Y  

F (  NGE-NGS9Ah 11260. I 2 6 5  s I 2 6 5  

uni 

w C A L 2 9 6 0  
W C A L 2 9 5 5  
WCA;2970 
WCA,LL97L, 
WCA'L29JO 
W C A 1 2 9 0 5  
W C A L 2 9 9 0  
W C A L 2 9 9 3  
w C A L 3 0 0 0  
WCAL.7005  
W C A L 3 0 1 0  
W C A L 3 0 1 5  
W C A L 3 0 2 0  
Y C A L 3 0 2 5  
W C A L 3 0 3 0  
W i A L 3 0 3 5  
W C A L 3 0 4 0  
WCAL-1045  
WCAL70CiO 
W L A L 3 0 5 5  
W C A L 3 0 6 0  
W C A L 3 0 6 S  
W C 4 L 3 0 7 O  
W C A L 3 0 7 5  
WCAL3OBO 
WCA L :il h 5 
YCAL3SCIO 
W C A L 3 1 0 0  i C A L 3 i J 9 5  

W C A L 3 1 0 5  
W C A L 3 1 1 O  
W C A L 3 l I ' J  
W C A L 3 I Z O  
W L A L 3 1 2 5  W C A C 3 1 3 3  

W C 4 L 3 1 3 9  
W C A L S I Y O  
Y C A L 2 I I ) S  
W C A L S I S O  
W C A L I  I45 
U C A L 3 1 6 0  
W C A L 3 1 6 5  
W C A L 3 1 7 0  
W C A L 3 1 7 5  
W C A L 3 1 8 0  
W C A C 3 1 A 5  
W C A L 3 1 9 0  
W C A L 3 1 9 5  
W C A L 3 2 0 0  
W C A L 3 1 0 5  
W C A L 3 2 1 0  
W C A L 3 Z I "  
W C A L 3 2 2 0  
W C A L 3 7 I 5  
W C A L 3 7 3 0  
W C A L 3 1 3 9  
W C A L 3 2 4 0  
WCAL 3 24 5 
W C A L 3 2 5 0  
W C A L 3 2 5 T ~  
W C A L 3 2 0 0  
W C A L 3 7 6 5  
N C A L 3 2 7 0  
W C A L 3 2 7 5  
W C A L 3 2 8 0  
W C A C 3 2 8 5  
Y C A L 3 2 9 0  
W C A C 3 2 9 5  
W C A L 3 3 3 0  
W C A L 3 3 0 5  
WCA1.3310 
W C A L 3 3 1 5  
W C A L 3 3 2 0  
W C A L 3 3 2 5  
W C A L 3 3 3 0  
W C A L 3 3 3 5  
W C A L 3 3 4 0  
W C A L 3 3 4 5  
W C A L 3 3 5 0  
W C A L 3 3 S 5  
W C A L 3 3 6 0  
W C A L 3 3 6 5  
W C A L 3 3 7 0  
WCAC.3375 
W C A L 3 3 8 0  
W C A L 3 3 9 5  
WCAL3s 'dU 
W C A L 3 3 Y S  
WCAL3UOS 
W C A L 3 4 0 5  
W C A L 3 4 I  
W C A L 3 4 1  _I 



W C Al-342 0 
W C A L 2 4 2 5  
X C A i 3 4 3 0  
W C A L . 3 4 3 4  
W C A L 3 4 4 U  
# i A L 3 4 4 5  
Y C X L 3 4 5 0  
l C A L 3 4 5 5  
W F A L 3 4 6 0  
W C A L 3 4 6 5  
' X C A L 3 5  7 J 
e i A L 3 4 7 5  
I C A L J 4 e  3 
W i A L 3 4 E  5 
k C A L 3 4 5 . 0  
X L A C 3 4 9 5  
W C A L 3 5  tia 
W C A L 3 5 3  5 
W C A L 3 S 1 0  
W C h L 3 5 1 5  
W C A L 3 5 2 0  C C U U P U T E  A N D  P h I Y T  R E S U L T S  FOR O l R t C r  L A T T I C E  SUM TO L I M I T  OF S H E L . L W C A L 3 5 2 5  
W C A L 3 5 3 0  
R C A L 3 5 3 5  
W C A L 3 5 4 0  
V C A C 3 8 4 5  
W C I L 3 5 5 0  
W C A L 3 f 5 5  
W C A L 3 5 b C  C SORT AND > G I N ?  RESJLTS FOR A L I 4 I T E D  &UMBER OF S i O R T E S T  D I S T A N C E S  H C A L J C 6 9  

G H T I  N S S  1-GM 

$ S V l N G S > - V T M  
CSV ( N G S I s i T M  

1270 CONTINUE 
1275 CONT I N u t  

C A D V 4 N i E  A h D  T E S T  LATTICC T R A N S L A T I J N S  
G L = G Z i l . C  
I F ( C Z - G Z * A X I I I S O I  1 1 5 0 . 1 2 8 0  

Id80 GY=GY+1.0 
I F (  GY-GYMAX) :  1 4 5 . 1 1 4 5 .  I285 

1285 C X = G X + l . O  
I F ( G X - C X M A X I 1 1 4 0 ~ 1 1 4 0 ~  1 2 9 0  

1290 S G K x S G t F K C A L  
lF(Ib'RC-i112'15~1?95~13OO 

1295 PRINT ~ ~ . S G ~ ~ S V D W , W R . H ~ ~ . N G . N S R S  

1300 I R = l R + 1  

1 3 0 5  I F l Y G S 1 1 3 5 5 ~ 1 3 5 5 . 1 3 1 0  
131 3 
1'15 O R I N T  45 

40 F O R M A T ( X . 9 F 1 5 . 6 . 2 1 1 5 )  
C h D V A N C F  A N D  ? E S T  L S G P  THROUGH S H E L L S  

I'i lF ' -NR! 1 1  2 0 . 1 1 2 0 , 1 3 0 5  

I F  < IPSC-I I 1 3 1  5 -13  t 7 , 1 3 5  5 

45 FORMAT( .O G X  CY G 2  I J 
I VDW R E P  SRB' 

GN R NAMCS 

C I N I T I A C S L E  COUNTER A N D  CUNPUTC X A K t M U M  Nd'M6t-E 1 u  BE P R l U T E D  

C S T A 9 T  OUTF-R L O O P  T O  P R I N T  UP T O  N G S  L I N E S  

C L O O P  1 0  F l N D  S a A L L F S T  D I S T A N C E  

I R O = O  
NRPA= 1 ASS 1 N R P  l e 1  0 W C A L 3 6 0 5  

WCAC 361 U 
W C A L 3 6 1 5  
H C A L 3 6 2 0  
H C A L 3 6 2 5  
I C 1 1 3 6 3 0  
W C A L 3 6 3 5  
Y C A L 3 6 4 0  
V C A L 3 b 4 5  
W C A L 3 6 5 0  

WCAL366C 
W C A L 3 b t S  
6 C A L 3 6 7 i r  
W C h L 3 6 7 f  
W C A L 3 6 E 3  
H C A L 3 6 b 5  
W C A L 3 6 9 0  
WC41.3695 
W i A L 3 7 0 0  
k C A L 3 7 0 5  
W C A L 3 7 1 0  
WCA L3715 
W C A L 3 7 2 0  
W C A L J 1 2 5  
W L A L . 3 7 3 0  
W i A L 3 7 3 5  
W C 4 L 3 7 4 0  
W C h L 3 7 4 5  
W C A L 3 7 5 G  
W C A L 3 7 5 5  
W C A L 3 7 6 0  
L L A L  376 5 
W C h L 3 1 1 C  
F C A C 7 7 7 5  1 ~ 1 6 . ' .  T H I S  E X C E E D S  T H E  P R E S k l  L I N I T  O F ' . I 6 / 5 X a ' ? H E  I N I T I A L  E N E P G I W C A L 3 7 6 0  

E C A L C U L A T I O N  ! S  C O R R E C T  tlUT D E R I V A T I V E S  
W C A L 3 7 S O  
W C A L 3 7 9 5  
W C A L 3 8 3 0  
l C A L 3 8 0 5  
W C A L 3 6 1 0  
W C A L 3 8 L 5  
W C d L 3 6 2 0  
W C A L 3 r Z S  
W C A L 3 8 3 0  
W C A L 3 6 3 5  
W C A L 3 8 4 0  
U C A L  3845 

n3 I S S O  I = ~ . ~ G s  

S M L = l O O .  
DO 1325 J = l s k G S  
I F I X T ( . l I - S M L I  1 3 2 0 1 1 3 2 5 1  132s 

JS=J 
1327 S M L = R T ( J l  

1325 C O N T I N U E  
S H E  9IGID BODY JR 3 3 N 3 E O  I F  N R p  is N L G  yCAc3655  

1 3 3 0  I F I N R P J 1 3 4 5 r 1 3 3 5 ~  133 
C T Z R M T N A T E  I F  L I M I T  ON NUMBER TO BE P R I N T E D  H h S  B E E N  REAC!-ED 
1-35 I R P = I F P + l  

C P R I N T  L I N E  
1340 l A = I A T < J S i  

JA; -JAT< J S I  
I A = J A C (  1.4) 
J A = J L C ( J A I  
I G x = G x T (  JS I 
I GY=GYT(JS 
I G Z =  GZT I d s  J 
P R I N T  

I F (  1 RP-NRP A I L 34U.1340.1355 

5 0 . 1  GA. I G Y s  IGZ * I A T (  J S )  * J A T I  J S  I 
~ . ~ M T ( . I S } . S M L . N A * E ( I A )  .NAClE l . IA l  . C M S T t J 5 1  . V D W T ( J S I . R E P T I J S l  
Z i S R F T ( J 5 1  

56  F O R M A 1  < X . 5 1 3 9  2 F 9 . 5 r Z X  +A+.X.44 .3FY - 3  .Fa. 1 I 
C S T O R h  L-ARGE V A L U Z  FOR C I S T A N C E  JUST O R I q T E D  AND C O N T I N U E  

C TEST FOR OVERFLLlY O F  5 T L W A G E  A R R A Y S  AND PRINT M E S S A G E  

1 3 4 5  n r I J s ) = i n o .  
1 3 5 @  C O N T I Y V E  

1?55 
1 3 6 0  P E I N 1  i S r ( . I G , N C S  

, , .- I F  < NG-NGSI  1 3 6 0 1  1365.1360 

55 FORI(A'< 'OII* hUHBEG OF I N T E I 3 h T O H I C  V E C i O R S  GE*:ERA?-EO 15. 

W C A L ~ ~ ~  C C A L C U L A T E  T O T 4 L  COULOMB A N D  V A N  DER WAA;SE&R:nE NOT' *** ' )  
1 365 X C- C S F C  ?(IC. + SGK 

WV=VSF + S P L  K+S?PI(+ SVDW 

N T ( 6 ) = N T C 5 1 + 1  
LT==ICLKK(O) 
L T t O I = L T t B ) + L T F - L T l  
L T l = L T F  

wxr0.0 
C A L L  C I X  

I F !  N U :  13701 13751 I370 

C COLINT AND T l V E  PASSES T W O U G H  SLOW D I R E C T - L A T T I C E  SUM 

C EYTER GSER R O U T I N E  T O  C b L C U A T E  E N E R G Y  U F  P O L A R I Z A T I O N .  CTC 

C CUNPitT$ E N E Q C Y  O F  D I S T A N C E S .  A N G L E S .  A R 3  T O R S I O N  A N G L E S  

C C D N P U T E  AND P R I N T  f U T A L  E N E R G Y  A N D  R E T U Z N  FkOM F I R S T  ENTRY 
Y C A L ~ B ~ O  
wcnLms5 1x10 CALL v r ~ ~  

N C A L 3 8 6 0  
w C A L 3  tBS 
WCAL38 ' l l  
W C A L J 8 1 5  
WCAL3RP.O 
V C A L 3 8 8 5  C CCI)NT AND T I M E  PnSSES THROUGH SCOW l N T E R N 4 L  E N E R G Y  C A L C U L A T I O N S  l C A L 3 8 5 0  
X C A L 3 8 P 5  
b C A L  393 0 
* C A L 3 9 O L j  
W C A L 3 9 1 0  
* C * L 3 9 1 5  
WCAL.3920 
W C * L 3 9 2 5  
dCAC3931J 
WCAL39.15 
C C P L 3 9 4 0  
W C A L 3 5 4 5  
H C A b 3 Y 5  G 
W C A L 3 9 5 5  
Y C 1 1 . 3 9 6 3  
W C A L 3 9 5 5  
l l i A L 3 9 7 0  
V C A C 3 9 7 5  
Y C A L 3 1 6 3  

1375 WT=wC+"V+YR+VX 

1 3 8 0  P R I N T  O V I W C . Y S ~ * R I U X , ~ T  
S F <  IPIIT-41 I 380. : 3 60.138 s 

nc WV W R  WX w 'r * 60 FORMAT( ' 5  
I / X r S F S . 3 1  

1385 NT(R)=NT(81+1 
L 7 F = I c L @ c ~ L Y )  
L T (  8 l = L T (  5 I + L T F - L  r 3 
LTI =L Ty: 
GO Ti? 1223 

1390 5 C = O . 5  
X R - 0 . 0  
svDI=uIo 

S F < N G S  )I4901 14YG.  1395 

C XAKE F A S T  U I K E C i  L A T T I C E  SUMS O N  E k T R I E S  4 F r F R  THE F I R S T  

C S T A 9 T  i Q O P  T*ROUGI i  S T O R A G E  A R R A Y S  

1395 0 4  $ 4 8 5  IG=l,NGS 
C P l C U  U9 T N E  A T O X  N U M B E R S  

I = l A T (  I G )  
J = . ) A T l I G >  

IF( 1 C C A X . N E m O - O R s i C C 4  : i r N E I O . ~ R . I C t ( J i . h E ~ ~ , ~ ~ . ~ ~ E ~ . ~ ~ . ~ ,  
C T E S T  I H E T l i E R  P A R I I H E T F R S  CR A T O M  C O O R D I N A T E S  H A Y E  CHAhIGED 

1 GO TC 1415 



C 

C 
500 

505 
5 

510 

5 1 5  
520 

5 2 5  

5-30 

540 
5 4 5  
LO 

5 5 0  
555 

c 

5 6 0  
1 5  

5 6 5  

/MAX/  1JSED 8 Y  M A I N .  W H I N ,  WDYIY. WPREI WCALC. AND (ICY* 
COMMONIMP.X/NPCNAX . N A Y A X  .NKAMAX v N S M A X  .NRBMAX.NPXWAX. YCCNAX .NBCHAX 

1 . H M A X . N F ~ M A X . N G S M A X . N P S W \ X . N P N n X .  NOSMAX .NOMAX.NVMAX .NJ r  NB.NSD. N S P  
/ITGR/ USED B Y  WMIN, WDVN. WPRE. WCALC. GCWX. IBIPAS. TIMOUT 
COMMON/ I T G R /  I B K  9 I C C A X  , I C E N T .  I C U B .  I G E M .  I L S O  . I MOL. I N K  . I P t N .  1 PRC 
1.IPRT. I R 0 A .  I R E P e I R S C .  158.  lSW.1VDW.IWGT. I Z A M . J C . K O Y r K P W S . L T I 9 1  
2. MODF.NA. NAC. NAFI NBC. NCT. NKA .NOS .NP, N P C v N P R r  N P S s N P X .  1101 ISETA 
~ . N R . N R B . N R P I N S , N T ( ~ ~  .NV,NVA.NVC. N V D .  NVR . N V U S I  9 )  i N V X  

R E T U R N  

GCYX 40 
GCWX 4 5  
GCWX 50 
GCWX 55 
GCWX 6 0  
GCYX 65 
GCWX 7 0  

GCWX 
GCYX 
GCWX 
G C Y X  
G C Y X  
GCWX 
G C Y X  
GCWX 
GCYX 

.1 

75 
80 
85 
90 
95 
100 
105 
110  
115 

GCWX 120 
T H E  A B O V E  15 C A L L E D  O N C E  FROM M A I N  T O  S E T  L O C A T I O N S  O F  A R R A Y S  GCWX 125 

G C Y X  I30 
G E N E R A L  C A L C U L A T I O N  O F  t X . f R A  E h E X G Y  OF SCND D I S T A N C E S .  ANGLES.  GCWX 135 

GCWX 140 
G C Y X  145 

AND T O R S I O N  ANGLES.  
THESE ARE G E N E R A T E D  F R O M  THE C C N V F C T I O N  I A B L E S  I A C T  AND ICT. 
I A C T ( J J r J = l . N C T  IS T H E  NUMBER G F  A BACKROPI'F ATOMl 1.E. A N  ATOM GCWX 150 
C O N N E C T E D  TO MORE T H A N  O N E  OTHER ATOM. I C T ( I . J l . l = I , 4  IS THE G C Y X  155 
NUMBER O F  E A C H  OF F O U R  ATOMS B O N D E D  T O  T H E  B A C K S O N E  ATOM I A C T L J ) .  GCWX 160 

GCYX 165 
E N T R Y  GCWX 
I F (  I SW I500 
ON F I R S T  E N T R Y  O F  C Y C L E  C A L C U L A T E  A L L  a U A N T I T I E S s  P R I N T  T H E N .  

7 2 5  s 50 0 

A N D  SET UP T A B L E S  F O R  USE O N  S U B S E Q U C N T  E N T R I E S  
M=O 
BOND O I S T A Z I S E S  
I C  C LPPi-I 3 SO5 9 505.5 10 
PRlYT 5 
F O A M A ~ i 1 J R 3 N 3  O I S T A N C E S ' I 2 5 X .  
00 5 5 5  I=l.NCT 
l A =  I A C T (  I )  
Do 7 5 0  J = L r 4  
JA= I C T ( J .  I J 
I F l J A . E O . O J  GO TO 550 
I F ( J A . G T . I A 1  GO T O  520 
DO 51s K = I , N C l  
SF(JA~EO. IACTEK))  GO r o  550 
C O N T I N U E  
D I J = O S T ( I A . J A )  
I D Z J  I= XOZ I J. I 1 
I F (  l V Z J l  ) i 3 0 . 5 2 5 . 5 3 0  
WD-U .O 
GO r o  540 
WD=PC! I O % J I + I ) * I O I J - P C I l D Z J I l  
wx=wx+wo 
H = M + I  
:F~M.GI.MMAX) GO T O  540 
:A'?V(M ) = I A  
J A S V < M ) = J A  
I sv (M)=I 
J S V l M ) = J  
WSV( u>=wo 
I F ( I P R C - L ) 5 4 5 . 5 4 5 . 5 5 0  
P R I N T  L O.NAHE( JACC I A  1 1 .  M M E l  JAC 
F 3 R h l A l ( 2 (  X. A 4  >, 1 3 X s  2  14. RX s -9 .4  
C O N 7  I N U E  
C O N T I N U E  
N D S T = N I N O I N . M M A X )  
BONO A N G L E S  
1 F ( l P R C - 1 1 5 ~ 0 . 5 6 0 . 5 6 5  
P R I N T  15  
F O R M A T (  , 0 8 0 N D  A N G L C S ' / Z S X .  ':A 
DO 6 1 5  . Is1 .NCT 
JA= I A C T I J  I 

* I A  J A '  

)**Z*50. 

. 1 4 X I  

0 

N=O 
DO 610 I = 1 , 3  
i A =  l C T (  I r  J I 
I F < : A J 5 7 0 . 6 1 5 . 5 7 0  

5 1 0  l P = < + l  
DO 605 K = I P . ~  
N=N+ 1 
K A =  I C T I  K, J I 
I F  ( K A I  5 7 5 . 6 1  0 ~ 5 7 5  

S 7 S  A I J U = A h G I l A . J A . < A )  
I A Z N J = l  A i ! (N.J )  
I F I  l A Z i . r . 1 1 5 8 5 ~  5 8 0 , 5 8 5  

S R Q  W14;O.O 

5 8 5  W A = P C I  I A Z N J I I  ) L : A I J K - P C I  I A Z N J )  ) * * 2 * 0 + S  
WX= WX+W A 
r=n+1 
IF (M.GT.MMAX)  GO TO 595 
I A S V i M I = I A  
J A S V I M ) = J A  
K A S V < M ) = h A  

cn T n  595 

WD' )  

W A ' )  

GEWX i i o  
GCWX 175 
GCWX LdO 
c r w v  \A=. C .L_n  /".1 

GCYX 1 9 0  
GCWX I 9 5  
GCWX 2 0 0  
GCWX 205 
GCWX 2 1 0  
GCWX 215 
GCWX 220 
GCWX 2 2 5  
GCWX 2 3 0  
GCWX 235 
GCWX 2 4 0  
GCWX 2 4 5  
G C Y X  2 5 0  
CCWX 255 
C C Y X  2 6 0  
GCWX 2 6 5  
GCWX 270 
GCWX 2 7 5  
GCWX 2 8 0  
GCWX 285 
GCWX 2 9 0  
GCWX 295 
G C Y X  300 
GCWX 3 0 5  
G C Y X  310 
GCWX 3 i 5  
GCWX 3 2 0  
G C d X  325 
GCWX 330 
GCWX 335 
GCWX 3 4 0  
GCWX 345 
GCWX 35@ 
GCWX 355 
GCWX 3 6 0  
GCWX 365 
GCWX 3 7 0  
GCWX 375 
GCWX 3 8 0  
GCYX 385 
GCWX 3 9 0  
GCWX 395 
GCWX 4 0 0  
GCWX 4 0 5  
GCWX 410 
GCWX 4 1 5  
GCWX 4 2 0  
GCWX 425 
GCYX 4 3 0  
GCWX 435 
GCWX 440 
GCWX 4 4 5  
GCWX 450 
GCWX 455 
GCWX 4 6 0  
GCWX 4 6 5  
GCWX 470 
GCWX 475 
GCWX 4 8 0  
GCWX 4 8 5  
GCWX 4 9 0  
GCWX 495 
GCWX 500 
GCWX 505 
CCWX 510 
GCWX 515 
GCWX 5 2 0  
GCWX 525 
GCWX 5 3 0  
GCWX 535 
GCWX 5 4 0  
GCWX 545 
GCWX 550 

GCWX G C l X  5 6 0  5 5 5  
ccwx 565 

G C W X  sao 
GCYX 5 7 0  
GCWX 5 7 5  

GCWX 585 
GCWX 5 9 0  

h 3 0  

4 3 5  

6 4 0  
€45 

6 5 5  
O h 0  

668 

670 

675 
676 

U A = f C T ( Y . J I  
I C  I !A- J A )  7 l 5 . 7 1 0 . 6 3 0  
00 I 0 5  F.'L . N C . !  
IF( K +-: I C  r i ,N I I 7 0 5 . 6 3 5 . 7  05 
D O  7 5 0  I = L , *  
I A =  i C T <  1. J i 
PFI I A - K A ) 6 4 0 . 7 0 0 . 6 4 0  
I F <  $ A 1  6 4 5 , 7 0 0  ~ 6 4 5  
DO 695 L = l r 4  
LA=XCT(L.N)  
I F I L A - J A l 6 5 5 ,  t95.655 
I F ( L A  1 6 6 0 . 6 1 5 . 6 6 0  
CNF-CONF!  I A 1 J A .  KA * L A  ) 
I T U J =  I TBR(  K .  J I 
: F {  i T K  J 1 6 6 8 . 6 7 0 . 6 7 5  
C A L L  WCIIFi I A .  JA.KA,LA.CNF 
GO T O  676 
:VCF=O a 0 

W C F = P C l  I T K J  ) *WRAG(RAD*CNF 
WX=WX+UCF 
N=N+ I 
IF (M.GT.MMAX1 GO TO 685 

J A S V (  M ) = J A  
K A S V  ( M )=UP, 
L A S V l  H J a A  
I S V ( N ) = K  
J S V (  M )=J 
w s v l  M)=WCF 

GO ro  685 

I I S V I H  l = l A  

6 8 5  I F ( I P R C - i ) 6 9 0 . 6 9 0 . 6 9 5  
6 9 0  1. P R I N T  I A + J A .  3 0 , N A H E ( J A C ~ l A I ) . N M E ( J A ~ l J ~ l  KA. L A  s CNF. WCF I , N A N E l J A C I K L ) ) . N A  

695 C O N T I N U E  
7 0 0  C O N T I N U ?  

7 0 5  C O N T I N U E  
7 1 0  C O N T I N U E  
7 1 5  C O N T I N U E  

30 F O R M A T ( 4 I X  s A4) ,3X,414,FS.2 .F9.4)  

GO T O  7 1 0  

N C N F = M I N O ~ M . M M A X J - N A N G - N D S T  
IF(M.LE.MMAXI GO Tn 845 
P R I N T  35.N.MMAX 

35 F O R M A T <  I O * * *  NUMBER OF I N T R A M O L E C U L A Q  D I S T A N C E S .  4NGL 
L R M A T I O N  A N G L E S  C O N T R I B U ! l N G  T O  T H E  ENERGY 15.. I 4 . ' . ' /  
2 E D S  T H E  P R E I E T  L I M I T  O F  ~ 1 4 .  T H E  I N I T I A L  ENERGY CAL 
3 7 R R E C T  BUT U E E I V A T I V E S .  ETC.  A R E  NOT. * * * . I  

GO T O  845 
C ' 4 5 1  C A L C U L A T I O N  U S E D  A F T E R  F I R S T  E N T F Y  

7 2 5  M=O 

7 3 0  90 7 5 5  L=LrNOSI 

I F (  N D S T  1 ' 3 0 ~ 7 6 0 . ~ 3 0  
C BOND D L S T A b I C E  1 

"-,,*I -.- -, . . 
I A= 5 A S V  ( M  1 
J A =  J A S V l M  I 
IF( : C i A X l 7 5 0 .  7 3 5 . 7 5 0  

7 3 5  I F <  I C C l I 4 I ) 7 5 0 . 7 4 0 . 7 5 0  
7 4 0  I F l ' < C C ( J A )  J 7 5 0 . 7 4 5 . 7 5 0  

745 W X = Y X + W S V ( M )  
GO r o  755 

C A T O M S  H A V E  N O T  MOVED S I K C  L A S T  F N T R Y .  A D D  TERM USED 

c A T D M S  HAVE MOVED. RECALCULATE TFFM ANV S A V E  i r  
750 I = I S v ! N )  

755 
7 6 0  

7 6 5  
c 

7 7 0  
7 7 5  
7 R 0  

7 8 5  
C 

7 9 0  

7 9 5  
8 0 0  

805 
C 

810 

870 
e2c 

830 

e15 

c 

C 

J=  J SV;  V 1 
3 1 J = D S T (  1 A . J A )  
I D Z J I = i D Z (  J ,  I 1  
wD=PC(  I D Z J  1+1 l I ( D I J - P C (  I ' 3 Z J 1 )  ) * * 2 * ' 5 0 . 0  
wsv ( M I - W O  
wxrwx+wo 
CONT !NUE 
I F ( N A N G ) 7 6 5 . 8 0 0 , 7 6 5  
B O N D  A N G L E S  
O n  7 9 5  L = l . N 4 N G  
M=M+ I 
I A = C A S V ( N )  
K A = I i A S V l N '  J A - J A S V ( M 1  

! F < 7 C C A X l  1 9 0 . 7 7 0 . 7 9 0  
IF (  I F ( I C C ( J A ) )  I C C (  ! A J  J 7 9 0 . 1 1 5 . 7 9 0  7 0 0 . 7 8 0 . 7 Y O  

I F (  I C C ( U A )  1 7 9 0 . 7 8 5 . 7 9 0  
ATOMS HAV': N O T  MOVED S I h C E  L 4 9 T  E N I b Y .  
wx=ux+wsv! M ! 

A T O M S  H A V E  MOVED. ? E C A L C U L A T E  CECP AND 
N= i S V  ( M  1 
J ' J S V ( M )  
A I J U = A N G i  I A * J A , K A )  
I A Z N J L I  A 2  ( N. J ) 
wA=PC l I A Z N  J + 1 I * l A I JK-PC l I A Z V J  1 ) ** ?*O. 5 
W S V i N ) ~ W A  
WX=#X+WA 
C O N T I N U E  
I F ( N C N F l B 0 5 . 8 4 5 . 8 0 5  
C O N F O R M A T I  O N  A N G L E S  
D O  840 L = l . N C N F  

GO T n  795 

M = Y l + L  I A - l r ! S V ~ M l  

JA- J AS V ( H  1 
KA:KASV ( M I  

A i r D  T E F N  

5 A V F  I T  

A 3 U  T t R N  

S A V E  I T  

USEU 

J h E D  

P P E V I C U b L Y  

G C Y X  595 
G C Y X  6 0 0  
GCWX 6 0 5  
G i W X  6 1 0  
GCWX 615 
GCWX 6 2 0  
GCYX 625 
GCWX 6 3 0  
G C Y X  635 
GCWX b e 0  
GCWX 645 
G C Y X  650 
GCWX 655 
GCWX b 6 0  
GCWX 665 
GCWX 6 7 0  
GCWX 675 
G C Y X  6 8 0  
GCWX 685 
GCWX 6 9 0  
GCWX 695 
GCWX 7 0 0  
GCWX 7 0 5  
GCWX 710 
GCWX 715 
GCYX 7 2 0  
GCWX 7 2 5  
GCWX 730 
GCWX 7 3 5  
GCWX 7 4 0  
scwx 745 
GCWX 750 
GCWX 755 
GCWX 7 6 0  

;cwx 7'0 
GCWX 7 7 5  
GCWX 7 8 0  
GCWX 785 
GCWX 7 > 0  
GCWX 795 

GCWX 805 

:E(.CWX ,615 
CGCWX 8 2 0  

GCWX 3 3 0  
GCYX 835 
GCWX 840 
GCWX 845 
GCWX 850 
GCWX 855 
GCYX 8 6 0  
GCWX 865 
GCWX 8.70 
GCYX 875 
GCWX 880 
GCWX R R 5  
GCWX a90 
GCWX a 9 5  
GCWX 9 3 0  
GCWX 925 
GCWX 9 1 0  

GCWX GCYX 9 2 0  915 
GCWX 9 2 5  
GCWX 5 3 0  
GCWX 935 
GCWX 940 
GCWX 9 4 5  
G I W X  9 5 0  
GCWX 955 
GCWX 9 6 0  
GCWX 965 
GCWX 9 7 0  
GCWX 975 
GCWX 9 8 0  
GCWX 985 
GCWX 9 9 0  
5 c w x  985 
GCWXI  905 
<;cwx1 a t 0  
i c w x  10 i E. 
GCWXLOZO 
G C W X I O Z S  
GCW X I  030 
G C W X 1 0 3 5  
G C W X 1 0 4 0  
G C W X l O 4 S  
G C W X 1 0 5 0  
i .CWXlO55 
G C W h 1 0 6 0  
G C W X 1 0 6 h  
GCW X I 0 7  0 
G L  W J\ 1 0 7 5 
G C W X I O B J  
G C W X I O R 5  
G C W X 1 0 9 0  
G C W X 1 0 9 5  
G C W X l l O O  
G C W X l  I O 5  
G C W X l l l O  
G C W X l 1 1 5  
G C Y X l l 2 0  
G C w X l 1 2 5  4cw x I i i o  
G C W X I  ri- 
C > L W  X I  : j: 0 
G C W X l i 4 5  

z c w x  7 5 5  

G C W X  no0 

:OGCWX a i o  

G C W X  a 2 5  

GCWXI a d o  



535 
5'40 

C 
c 

c 
c 
C 
c 
C 
c 
C 
C 
C 

545 

385 
370 
37 i 
35 3 
35 5 
J Y  0 
395 
4 l j J  
4 c 5  
4 1 3  
6 1 5  
a20 
4 2 5  
43 3 
$35 
4411 
445 
S E 3  
6 5 5  
A 6 3  
St5 
4 T a  
a7c 
:an 
465 
49 a 
4 9 5  
sc.0 
5 0 5  
51 0 
515  
523 
' 2 "  

535 
535 
593 
54 5 
55:: 
5 5 5  
560  
663 
5 7 0  
5 7 5  
58 U 
5 5 5  
tis0 

_ J  

TC10(1153 
G C W X 1 1 6 0  i i W X l l S 5  

G C W X l 1 6 5  
G C W X L I T G  
G C W X l 1 7 5  
G C W X l I B S  G C W X l  :RC 

C C W X I  205 

G C W X l I 9 0  
G C W X 1 1 9 5  
G C k X l 2 O U  

" C W X 1 2 I 3  

ITK J. WCFI 

' . U C < l T K J L I l I  

10 
1 5  
20 
25 
30 
3 5  
4 0  
4 5  
5 0  

5 
10 
15 
20 
2 5  
30 
15 
4 3  
45 
50 
55 
5 3  

5 
I O  
15 
20 
25 
30 
35 
4 9  
0 5  
5 0  
5 5  
60 
6 5  
7 0  
7 5  

80 R 5 

ANG 
ANG 
ANG 
ANG 
ANG 
A N 5  
AN% 
ANG 
A N C  
ANG 

A X E L  
. . * l * * * * * * * * * , l * * * * * * * * * * * * * ~ ~ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 4 ~ * * ~ h x ~ L  A Y C L  

A X E L  
&*EL 
A X E L  
A X E L  
4 i E L  
A X E L  
A X E L  
A X E L  
A X E L  
A X E L  
AXE\. 
A X E L  
A X t L  
A A E L  
A X E L  
A X E L  
A X E L  
AXEI .  
AXEL. 
A X € L  
A X E L  
A X C L  
A X C L  
A < E L  
Xit i  
A X E L  
4 X E L  
A X E L  
4XEC 

cn 5 b 5  P I . N  
DO 565 I = J , l j  

Y L I l  I s  J I 
K = I - I  
I F  ( h r L T w J 7  GO TO 559 
X=S- 1%. J i = a t  I .  < I  

END 

B V V  
A Y Y  
4 Y Y  
A'fV 
A V V  

F d N C T  1 ON A V V (  X, V 1 
C O M P U T E  1HP A N G L E  I N  D E G R E E S  B E T W E E N  VECTORS X h N V  Y. 
V E C T O R S  A R E  R E F E R R E D  TD C R Y S T A L  C O O R D I N A T E  SYSTEM. 
1 w P L t C  I T  R E A L * 8 < A - n r O - i  I 
/ A B /  U S ~ D  ny WPQE. YCALC. AVV, CDNF. D ~ T .  NORM, UNIT 

K=K- 1 
GC T O  555 
C O N 1  I N U L  
A t 1  3 J) 'X /OL< P I 
CUlvT I NUE 

5 6 0  

569 
i = r r r L  = o 
iiETURb! 

5 T q E  S Y M M E T R I C  M A T 9 I X  ? U A 5  S T ! 3  EE' IVRNED 
E 

A X E L  
A X E L  
A X E L  
A X E L  
A X E L  

XHERE A IS S V Y .  A N 9  8 IS SY*.  AND POS.3Ef. TO ?HE S T A V D A R O  F O R M  A X E L  A X E L  h I F I  P * 2 = LAMDA I Z  

SIJHROU1 I N E  A X E L t i X l  INN, A. 
R F A L f B  

IO. O L ,  I B A I  L I 
A (  1 0 . 1  ) . B I  ID. 1 ) a m - <  I 1  r X . Y  

C UHCGR4N AUTtd3R G .  e. Y E S T L E Y  
C C G M P U T l r l G  TECHNOLOGY C C . Y l F F .  U Y I U N  C A R B I D E  CCRP.. N U C L E A R  3 I V . s  
i c 4 K  9 1 D G t i  'ENN. 
C T H f S  PROGRAM R E D U C E S  T K  GE'qERAL PROBLEM h X = L A M D A  f B t X A X E L  

R E T U R N  
END 

4 X E E  5 
*..yt-s I O  
A X E 5  15 
A X C S  2 0  
A X E S  2 5  
A X E 5  30 
A X E S  35 
A X E S  4u 
A X E S  9 5  
AaEs 5 0  
A X E S  5 s  
A X E S  6 3  
A X F S  hS 
A X E S  7 0  
A X E S  7 5  
A X E S  80 
A X E S  as 
A X E S  90 

C 
C 
C 
C 

C 

500  

1 0 9 s  

A X 1  

v 
T H I  * A f R I C k S  A AND B N t E D  O N L Y  BE D E F I A Z J  F O R  T F t  U P P F Q  TPIRNGULAAX?;  A X E L  P O R T I O N .  

* " G I  - , ~ -  
VN RETURN a WILL WOLD T H E  D R I G I C N A L  8 L N  T h E  U D P E R  P O P T I O N  AND A X E C  
T H E  O F F  D I A G O N A L  ELEMEkTS O F  THE CYCLESKY D E C D V ? C S I T I O N  M I T f i I X  A X E L  
i I N  +NE LCWEQ P S R T l O Y .  T K t  S I N G L Y  C . I M E Y S I C N E ' 2  AGFlAV D L  S I L L  W J L D A X T L  

A X E L  n X F l  V I  AGONAL E L E M E N T S  O F  L .  .. 
2 N  R E T U R N  A WILL t i O L i i  THE LOWER PClTION CF 7 H C  5 Y H .  W A T G I X  P XN 1 A X C L  
LOWER T R l A N G U C A 9  D n R T I C N  AYD ThE O F F  JlAGCNaL C L E M E N I S  U F  THE C R h X E L  

THE G I A G O N A L  E L E M E N T S  C.F A A X E L  
AXEI. 

4 4 R T I X  A 1 N  T H E  U P P E R  P O R T I S N  
LRST.3 ."_. RnCL 

t d  I S  THE ORDER OF A A ~ O  12 1 s  THE DIMENSION SIZE CF A IN TnC CALAXEL 
W O G R A M .  A X E L  
I F  I 4  IS N E G A T I V E  r h E N  C I I U L E S L Y  D E C O Y P O S I T I O N  XS A S S V I K V  C U M P L E l E  A X E L  
AND C N L I  T H E  F O R M A T I O N  3F I> 1 5  L E F T -  A X E L  

C N S I  
CN5: 
C N S T  '.YST 
C N S T  
C N S 7  
C NS T 
cncr 
CYST 
CNST 
C N S i  
C Y 5  r 
C S S ?  
ChST 
CWST 

1 o  
( 5  
26  
2 5  
30 
35 
E O  
45 
50 
5 5  
60 
65 
70 
7 5  

A X E L  
I F A I L  SS A F L A G  W H I C H  I N V I C A T E S  C G M P L F T I O N  IF 1 3  IS 0 A N D  Ik- A X E L  
O I C A T E S  T E R Y 1 Y A T I O N  3JE TO 6 F A I L I N G  7 3  B E  P O S O  3EP.(P05518LI B E - A X E L  

A X E L  l X F l  C b U S E  OF ROUNO-OFF t R 9 C R S )  I F  I T  I S  I s  

THE ABOYF I S  C 4 i L E D  O l j C E  F?OY UA!N T O  S t T  L O C A T I O N S  O F  A R R A Y 5  

SET V A K l A B L E S  
DUMMY RULIT INE 

?N TERNS lF CCMMJh P4Nd*E 
T O  BE R E P L A C E D  3 Y  USER 

PARAdE'ERS 

E N T R Y  CEiSTRN 
RET'JR'I 
E-rm 

c 
5 2 5  

530 



C DUMMY R O U T I N E  TO 8F R E P L A C E D  B Y  USER 

E N T R Y  CWX 
R E T U R N  
EEID 

C W X I  55 
C C X T  60 
C W X l  0 5  
c w x :  7 0  
c * x :  75 

D I F V  5 
D I F V  L O  
D l F V  15 
D I F V  20 
D l F V  75  
D l F V  30 
D l F V  35 
D l F V  4 0  
D I F V  4 5  

DST 5 F U N C T I O N  D S T I  1.J) 
D S I  10 COMPUTE THE D I S T A N C E  I N  ANGSTROMS B E T W E E N  ATOMS I AND J. 
DST 15 I M P L I C I T  R E A L I 8 ( A - H , O - Z )  
OST 20 / A B /  USED BY WPRE. WCALC, AVV. CONF. D S T .  NORM. U N i T  

COMMON- 'AB/AAl9)  * A I 1  . A 2 2 . ~ 3 3 , A 1 2 . A 1 3 . A 2 3 . 8 8 0 . 8 1 1  .822,B33.812.813 D I T  25 
D S T  3 0  
DST 35 D I M E N S I O N  V ( 3 1  
DST 4 0  C A L L  V P C ( I . J , V J  
DST 45 D S T = D S O R T 4 V l 1  ) * * 2 * A L  l + V < 2 l * : V 1 2 )  * A 2 2 + V (  l W A 1 2 )  
DST 50 
D S T  55 R E T U R N  
DST 6 0  E N D  

I 023. VA 

I ~ V ! 3 l l ~ V ~ 3 ) * i 3 3 + V l 2 ) * A 2 3 + V ~ l ) * A l 3 ) J  

GMAD 5 
GMAD I O  

I5 
GMAD 20 
C H A D  25 
G Y A D  30 
GMAD 35 

ADD TWO G E N E R A L  M A T R I C E S  T O  F O R M  R F S U L T A N T  G E N E R A L  M A T R I X  GMAD 40 
G Y A J  45 
CMAO 50 
G M A n  5 5  C & L L  

S U B R O U T I N E  GMADD(A.B.R.N.M) 
I M P L I C L '  R E A L * 0 I A - H ~ O - - Z I  
s ~j I e =. * e  - e .  .- .. . .-e. - - .- -a. - -. . . . . .. . . . -.. . . . . . . . . GMAD 

S U B R O U T I N E  GMADD 

P U R P O S E  

U S A G E  
GM ADD< A. 0 . R .  N *  M )  

& A j  j; 
GMAD 6 5  
GMAD 70  
GMAD 75  
GMAD 80 
GMAD 85 
GMAD 90 
GMAD 95 
GMAD 100  
GMAD 1 0 5  
GMAD 110  
GMAD I15 
GMAD 120 
GMAD 125 
GMAD 130 
GMAO 135 
GMAD 140 

- . . * * . . e  * * * e  * e. I . .  . e . .  . . . . . . . . . . . . . . a .  .. . . . .. . . . . . . ... GMAD 145 

D I M E N S I O N  A < l l . 3 i l J . R (  I I GMAD G M A 3  150 LSS 

D E S C R I P T I O N  O F  P A R A M E T E R S  
A - NAME O F  F I R S T  INPUT M A T R I X  
B - Y A M E  O F  5 E C O N C  I N P U T  M A T R I X  
R - N A M E  OF O U T P U T  M A T R I X  
N - NUMBER OF ROWS I N  A r B . R  
H - NUMBER OF C O L U M N S  I N  A.6.R 

REMARKS 
A L L  M A T R I C E S  M U S T  B E  STORED A S  G E N E R A L  M A T R I C E S  

S U B R O U T I N E S  AND F U N C T I O N  SUBPROGRAMS R E Q U I R E D  
NDNE 

METHOD 
A D D I T I D N  I S  P E R F O R M E D  E L E M E N T  B Y  E L E M E N T  

C A L C U L A T E  NUMBER O F  E L E M E N T S  

NM=N** 

ADD M A T R I C E S  

DO 500 I = L . N M  

RTT URN 
E N D  

5 0 0  R l l ) = A ~ ~ l + B ~ ~ ~  

PURPOSE 
M U L T I P L Y  TWO G t N E R A L  M A T R I C E S  T O  FORM A R E S U L T A N T  G E N E R A L  
M A T 9 I X  

U S A G E  
C A L L  GMPRDI  A.8. R, h. M ,L I 

D E  S C R I P T I O N  OF P A R A Y E T E R S  
A - N A M E  O F  F I R S T  I N P U T  M A T R I X  
8 - N A M E  O F  SECOND I N P U T  M A T R I  
R - NAME OF O U T P U T  M A T R I X  
N - NUMBER O F  ROWS I N  A 
M - NUMBEQ OF COLUMNS I N  A A N 0  
L - NUMBER O F  C O L U M N S  I N  R 

X 

Rr lWS I N  B 

G I P R  35 
GMPR 4 0  
GWPR 45 
GMPR 50 
GMPH 55 
GUPR 60 
GMPR 6 5  
GMPR - 0  
G V P R  75 
G M P R  81 
G*lPR 05 
GMPR 90 
GHPR 95 
C M D Z  ,",? - .. . .  ."" 
GMPR 105 
GMPR 110 
GYPR 115 A L L  M A T R I C E S  MUST R E  S T O R E D  A S  G E N F R A L  M A T R I C E S  
GMPR l 2 G  M A T R I X  e C A N N O T  B E  I N  T H E  SAME L O C A T I J N  A S  N A T i I l X  A 

M A T X l X  R CANNOT 0- I N  T H F  S A M E  L D C A T I J N  AS M A T R I X  B 
NUMBER O F  COLUMNS O F  M A T R I X  A MUST Bk E Q V L  T O  NUMBER OF R O W E i F I  :$+; 

GMPR 1 3 5  OF M A T R I X  R 

REMARKS 

GMPR 1 4 0  
GMPR 1 4 5  
GMPR 150 
GMPR 155 
LMPR I60 

THE U B Y  L M A T R I X  a I S  P R E M U L T I P L I E D  B Y  TNC N B I  M M A r l i l X  A 5 M P R  165 
CIUPR 170 AND T H E  R E S U L T  I S  STORED I N  THF N nY L W A T R I X  R. 

5 U B R O U T I N E S  AND F U N C l l 3 N  SURPROGRAUS R E Q U I R t 3  
NONE 

v E r Y m  

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 

C 

C 
C 
C 
C 
C 
c 

C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 

c 
C 
C 

C c 
C 
c 
5 
C C 

c 

c 

GMPR I85 
GMPR 190 
GMPR 195 
GMPR 200 
GMPR 205 
GMPK 2 1 0  
GMPR 215 
GMPR 220 
L Y P R  225 
GMPR 230 
GMPR 2 3 5  
GMPR 240 
GMPR 1 4 5  
GMPR 2 5 0  
GMPR 255 
GMPR 260 
G M P h  265 
GMPR 270 

SUBROIJT I N E  G M T R A I  A.R. N. H I  GMTR 5 
GMTR 10  I Y P L T C  I T  R E A L 8 8 ( A - H . O - Z )  .... '.~.................'.....................-....................GMTR 15 
GMTR 20 
G M T R  25 
GMTR 30 
GMTR 35 
GMTR 40  
GMTR 45 
G M T R  5 0  
GMTR 5 5  

S U B R O U T l N E  GMTRA 

P U R P O S E  
T R A N S P O S F  A G E N E R A L  W A T i t l x  

C A L L  
U S A G E  

G M T U A I  A.R 3 *1. M I  

D E S C R I P T I O N  OF P A R A M E T E R S  
A - N A M E  O F  M A T R I X  TO BE T R A N S P O S E D  
R - N A M E  O F  R E S U L T A N T  M A T R I X  
N - NUMBER O F  ROWS O F  A AND COLUMNS OF R 
M - NUMBER OF COLUMNS OF A AND R o w s  OF R 

REMARKS 
M A T R I X  R CANNOT B E  I N  T H E  SAME L O C A T l O N  A S  M A T R I X  A 
M A T O I C E S  A h k 3  R U U S T  B F  STORED A S  G E N E R A L  M A T R I C E S  

S U B R O U T I N E S  AND F U N C T l  ON S U B P R O G R A Y S  R F O U I R L 3  
NONE 

METHOD T R A N S P O S E  N B Y  M M A T R I X  A T O  F O R M  M B Y  N M A T R I X  R 

........... - .............................................. 
D I M E N S I O N  A l l l . R < l l  

IH=O 
DO 5 0 0  I = l . N  
I I z 1 - N  ~. . . 
DO 500 J=l . M  
I J= I J+N 
I R= I R I  I 

500 R l : R ) r A ( I J )  
R E T U R N  
END 

..... 

G H T R  6 3  
GTTR 6 3  
5 M I R  70 
CWYR 75 
GHTR 8 3  
GMTR 8 5  
GMTR 9 0  
GMTR 95 

GMTR GMTR LOO LO5 
GMTR 110 
GMTR 1 1 5  
GMTR I20 
GMTR 125 
GMTR 130 
GMTR 135 
GUTR 140 ... GMTR r45 
GMTR 1 5 0  
G H T R  155 
GMTR 160 
GMTR 165 
G U T R  170 
GMTR 175 
G H T R  180 
GMTR 185 
GMTR 1 9 0  
G Y T R  195 
GHTR 200 
GMTR 2 0 5  

F U b I C T I C N  G P O I  1 I A R .  BR s I A C T ,  I C T  . 1 5 C  9 JAC . P C .  PL. P X . 0 .  SYM. XC .Y C .  Z C I  
I N P L l C  17 REALtBl A--H. 0-2 1 
D I V E N S I C N  

RETIJRN 

T H E  A B O V E  I S  C A L L E D  O N C E  F R O M  M A I N  T O  SFT L O C A T I O N S  V F  ARRAYS 

U S F R  R O U T I N E  T O  C A L C U L A T E  A G F N E R l \ l  NUN-BONDED t N E R G Y  T E G M  
E N T E R E D  O N L Y  IF IREP.GE.4  

GPOT 5 
G P O T  10 
G P O 1  15 
SPUT 20 

GPOT GPOT z 8  
G P C T  4 0  

AH1 l).BR[l J .  I A C T I L ) .  I C T l 4 ,  I J I l S C (  L 1 .  JAC 1 1 ) .  Dc( 1 I . P L (  I ) 
I .PX(  1 I . G <  i 1 .SYM(12.1) , X C l  1 )  .YC(  I )  .7C!  1 I 

tieor 2 5  

w o r  45 
con7 C n  
. . _ Y .  ~" 
GPOT 55 
GPOT 6 0  
G P D T  65 
GPOT 7 0  
C P O T  7 5  
G P O 1  80 

G T P R  5 
G T P R  I O  

a .  e.. . ., .. . . . . .. . . .. . ... -. .. . .... .... .. .. G T P R  I5 
G T P R  20  
G T P R  25  
G T P R  30 
G T P R  35 

P R E M L I L T : ~ L Y  A G E N T R A L  M A T R I X  B Y  TrlE TNAEISPOSF O F  A N O T H E P  ( ITPH 40  
G T P R  4 5  G E N E R A L  M A T R I X  
G T P R  5 0  
G T P h  5 s  

SURROUT I N F  
I M P L I C I T  9 E A L * 8 l A - H . U - Z )  

G T P R D I  A.0.R e h. "I rL I 

a .  * . . .. e.. 

S U B R O U T I N E  G T P R D  

PURPOSE 

U S A G E  
CALL G T P R D (  A . 8 . R . h r M . L )  

D F S C R I P T I O N  OF P A R A M E T E R S  
A - N A M E  OF F I R S T  INPIIT MATSIX 

N - NUMBER OF H O W S  IN A AND n 
0 - N A M E  O F  S E C O N D  I N P U T  Y A T R I X  
R - N A M E  OF OUTPUT M A T 2 I X  

M - NUMBER OF C O L U M N ?  !N A AND 2OWS 
L - NUMBER L1F C O L L M N S  I N  B AND R 

G T P R  1 1 0  
i i T P I <  11, 

G T P R  :P5 

R r M A R K  j 
M A T . ? I X  R C A N N O T  B E  I N  T H E  SAME L O C A T I U N  A 5  M A T R I X  A 
M A T 9 I X  R C A N N U T  B E  i N  T H E  CAMc L O C A T I O N  AS M A - F I X  Li 
A L L  M A T R I C E S  UIJ5T B E  S T O R E D  A S  I E N F R A L  M A T R I C E S  

( ITPI< 1 2 0  

G T P R  130 
"l9.R is5 

NCNE G T P h  ' L O  
G T P R  165 
G T P h  15" 

M A r R I X  T R b Y S > O S E  O F  A 15 N O T  A C L J 4 L L Y  CALcULAIED. 1 l J : T T C T J .  G T P C  155 

S U O R O U T I N E S  AND F U N C T I O N  S V D P F O G L A M S  R F I U I C t 3  

METHOD 



C 
C 

E L E M E N T S  U F  M A T R I X  A 4 R E  T A K E N  C U C U N F I W I D E  R A T H E R  T H A N  
' O X R I S E  FOR P O S T U L L T I P L I C A T K O N  d'f H h T X ' 1 X  Y. 

G T P G  I 6 0  
G l P R  165 
GTPX 1 7 0  ... C T F H  i t s  
G T P F  1 8 0  
GTPR :e5 
GSPH i90 
G T P R  !95 
GTPF. 800 
GTPR 205 
L T O R  E l 0  
G T F l  2'15 
GTPR 220 
G T P R  225 
GTPii 2 3 C  
G T S h  235 
G T P R  240 
G T F F  2 4 5  
GTPR 250 
G T P R  255 
GTPR 263 
GIPH 265 

C I P  AND JP AaZ VALVES OF I A N 0  J O N  P I 3 E V I O U S  E N T R Y  
C 

C J JM1HAP:GED. S T A R T  L O O P  T O  TEST I P  AND T H E N  I 
:FP J-JP)LiU.500,540 

5 0 0  IPEC=L 
191R:;L 

C 

C 
5 3 5  

5 1 0  

C 

C 
5 1 5  

520 

C  

C 
525 

5 3 0  535 
C 

C 
5.L3 
545 

553 

IbYP 05 

!BY' ir5 
I!?\'? 1 0 0  

!6*P 5 lil 

113YP 
18yp 
I B Y P  
I B Y P  
I B Y P  
I 9 Y  F 
i?,',' 
S B V P  
I"YP 
i Y T P  
1 3 Y P  
:eYP 
I B Y P  
I B Y P  
I P Y P  
I B I P  
:BYP 
I D Y P  
I B Y P  
l H Y P  
:BY.= 

I E Y F  
J B Y P  
I i i l P  
IBYP 
I R Y ?  
1 B Y  P 
I W P  

I e Y P  90 

:aY? i o 5  

IBY'I  

c ............................................................... , 
c 

DIH'2b69CN 

l i iS0  
1<=--N 
00 5 0 3  K=I.L 
I J = U  
I < ( s I K - N  
O U  500 J = l . M  
1521% 
I a = l u + i  

OJ 500 I = I , N  
I J= I J t  1 
13=1 R+ L 

R t T V R N  
F V O  

A i 1  3 . 8 1  1 1 .  R: L 1 

R(in)=j 

5 0 0  % t I R ) = R ( I R I + I ( x ~ I * s ( I 8 )  

IWX:;3 
i o  538 vr1.2 
tu0 Z Y D A S S  U N L E ~ S  B O T 3  I P  A N 0  I *RE COMMON P A R A M E T E R S  
iF(lY-NPC)5G51535,54' 
1F IP I S  2 5 9 0  f H l S  : S  I P I I T I A L  V a L J E  T? DE I G N 3 R E D  
IF( I?)SPO.F30~510 
T E S T  K I N D  C c  ioMMON P A R A M E E R .  I F  K P C  :5  7 E R n  on NOT S Y P I S S  
K P C I F - K P i l  I? ) t l  
GO T C  1 5 4 5 . 5 1 8 . 5 2 0 1 5 2 5 1  . K D C I P  

IREC--O 
R E a U L S l O N  PARAMETER. I N C L U D E  D I R E C T - L A T T I C Z  SL2M 
I D I R = O  
GO T C  5 3 0  
I N T R A M O L E C U L A R  E N E R G Y  P A F A M E T Z R -  I N C L U D E  I N T E R N A L  C N t R G Y  C A L C  

S U 8 S T I T u T E  I FOR XP A N D  REPEAT 

COVLOME CH V A N  o w  WAALS. IKLUVE B O T H  w c i p n o c ~ i  AND DIRZCT c 

r w = o  
r 9 = 7  

115 
120  
125 
1'0 
1 3 5  
1 4 9  
145 
153 
155 
160 
105 
170 
175 
180 
165 
190 
1 4 5  
Z O O  
2 3 5  
2:0 
215 
220 
2 2 5  
230 
P.35 
243 
24 5 
250 
255 

i U H S  

S U B = O U T  I N E  YOVSEH< A 9 I i). NI 0, E I 
C U'JUSFHOLDER R E D U C i I O N  G F  L I A T R I X  T O  T R I D I A G U N A L  
C  PRC6HAN AUTHOfi  Gr X I  rlE5TLEY 
C CONPUTI '4G T t C 3 N O L L I G I  C E N T E R .  U N I O N  C A R B I D E  CURP.9 
i USK i i l > S € .  TENN. 

F C R H  B E F O R E  V A L V E C  

N U C L E A R  DI'J.. 

H l l U S  5 
H O U S  10  
.(nus 1 3  
L(0us 2 0  
H O U S  2s 
HOUS 3 0  
H 3 U S  37 
HOUS 40 
nous 4 5  
X O U S  5 0  
H O U S  55 
H O U S  60 
w u s  65 
H J U S  73 
I4OUS 75 
H O J S  80 
H O U S  b S  
HnVS P O  
+IOU$ 9 5  

H C J S  I C 5  
t lOU5 I 1 0  

-luus 120 
H J U S  125 
HCUS IJI) 
h O J S  135 
HGUS 140 
h C i l S  1 4 5  
H O J S  150 
H O U S  155 
H O U S  160 
HOLlS 3 6 5  
HGUS 170 
H U U S  175 
Hod8 I8U 
HOUS 165 
ro i l s  1Y0 
HOUC I S 5  
h O U S  200 
H O U S  205 
H O U l  2 1 0  
H O U S  215 
HOJS 220 
HOUS 2 2 5  
h W S  230 
HOUS 235 
na's 240 
h O U S  2 4 5  
HOW5 250 
HOUS 255 
H O U S  260 
HOUS 265 
H O U S  2 7 0  
h O U S  275 
H O U 5  280 
HOUS 2 8 5  
H U U S  290 
H o d s  295 
HOUS 300 
HOUS 308 
H O U S  3 1 G  
H W S  315 
H W S  320 
H U U S  325 
H O U S  330 
H O U S  335 
H U V S  3 4 0  
H 3 U 5  345 

naus l o a  

n w s  1 1 5  

C O N i l N J t  
SET V A L U t  O F  I B Y P A S  
! B Y =  I WXFB*:OI R*4" I a E C  
GO r0 550 
J H A 5  CnANGCO. 30 NUT B Y P A S S  A N Y  P A U r  O F  E N E a C Y  C A L C U L A T I O N  
8 9 s  I -~ 
l o = <  
I B Y = u  
I BY PAS= I d Y  
QETWRN 
F W  

5 0 0  

I N v n  5 
fNYI1 10 
L N V R  15 
I L t V R  20 
i N < R  25 
I N v s  30 
I W V R  35 
I U v S  4 C  
l l . (VR 4 5  
INi 'R  53 
1 " l Y i .  5 5  
1'4VR 60 
J N V K  6 5  
l N V i  70 
I N V R  75 
I N V i i  130 
l N V R  8 5  
I N V R  90 
I N V R  95 
I Y V R  1 0 0  
I N V R  105 
I N V E  (It 
1 ' lVR 1 1 5  

5 0 5  
610  

S U B P O U T  !NE INVRS(XID s 7 )  
I M P L I C I T  R E A L % B ( A - H * O - Z )  
G I V E N  3 B Y  3 M A T R I X  X. STORE J E T E R M I N A N T  
Z M A Y  B E  THE S A K  A S  X. 
D I M E N S T O N  X t 9 l r X * 1 9 J . Z ( 9 ) . Z Z I 9 )  
DO 5uc ! = I ,  9 

C 
C 

500 

5 0 2  
5 0 5  
510 

A T  0 AND I N V e R S E  2.  

51s 

5 2 0  
5 2 5  
5313 

S U B I O J T  I N <  L G K I  I I J ,  I 9  3 N .M .US1 L i l K  5 
I * I P L I i I T  R E A L * X < A - h . D - - Z  > L O K  S O  .l.....+............ rrr.............................................L3~ 15 

L U K  L C K  20 2 5  
SUBFOUTILtE L S K  I S D Z H E H L I  L O C I  

LGK 30 
P U R P C S E  L i i K  35 

CCM-UTE & YECTCR S U B S C R I P T  FOR A N  E L E M E N T  I N  A M A T R I X  OF LCK 4 0  
S P E C I F 1  ED S T O R A G E  MODE L G R  4 5  

LOK 50 
U S A G E  LO*. 55 

C A L L  L O K  ~ l . J . I H . N . M . M S 1  LOK bO 
L O K  6 5  
L O K  7 0  
L O X  75 
L O L  80  
LO< 55 
LOS 90 
I aU Q 5  
L O <  I:<$ 
LSh 105 
L U K  I 1 3  
LOK 115 
LOK L20 
LW 125 
LUII  130 
L M :  1 3 5  

L O X  : A 5  
L w. 
L JK 
L TJI; 
L'X 
LOK 
L O K  
L J K  
L O K  
LUK 
L O K  
L O K  L 0% 

LOK $ 4 3  

535 

540  

54s 

, K 1  I C 
C 
C 
C  
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
t 
C : 
C 
c 
c 
t 
C 
C 
C 
C 
C 

C  
C 
C  
C 
C 
C 
C  
C 
c 
C 
C  

DESCRIPTION OC PbRAHETEHS 
I - -on  N U M B E R  OF E L E M ~ N T  
J - COLU*N N w n m  OF- ELEMENT 
IH - R E S ' A T A U T  VECTOF! S U B S C R I P T  
N - VUMBER O r  RCW5 I N  M A T R I X  
Y - !CUIIBER C F  COLUMNS I N  M A T R I X  
MS - O N E  D I G I T  NCP18EU FOR S T O R A G E  MODE OF M A T R I X  

C - G t ' t E R A L  
1 - S Y U M E T F I C  
2 - O I A G O N R L  

REMAR&S 
hGNE 

S U B R O U T I N E S  AND F U N C T I O N  SUBPHOGRAMS R C O U I C E J  
NONE 

S U t 3 S C R I P T  IS C O M P U T E D  FOR A M A T R I X  W I T H  N * H  ELEMEFI'TS 
I N  STURAGE ( G E N E G A L  M A T W I X )  
S U S S C R X 0 1  IS C U N P U T E U  F U R  A M A T R I X  W I T H  N * { N C i J / 2  l'i 
S T X A G E  l U P a E R  T R I A h G L E  OF S I M M E T H I C  M A T U I A ) s  I F  
ELEqENT I S  1 Y  L D Y E R  TRIANGULAR P O R T l U n %  S U 3 5 C R X P T  i s  
CORRFSPGNDING ELEMEFT I N  U>PER T f i I A b i G L E ,  
S U 8 S C " I P T  IS COMPUTED F C R  4 M A T R I X  WITH N ELEMENTS 
IN S T O R A G E  t D I A G O h A L  E L E M E N T S  OF 31 A G i l n A L  M A T F I X  J 
IF  ELEMEM1 IS YCT Oh 3 i h G O N I L  ( A N 3  THEREFGAE NO? I N  
S T O R A G E I .  I R  I S  S € T  T U  ZERO. 

550 

555 
560 
665 

5 7 3  
575 

ME'FHGD 
ns=o 
MS= I 

155 
155 
160 
1g5 
170 
175 

185 
190 
198 
206 205 

Lao 

I B Y P  5 
l B Y P  1 0  
I e Y P  15  
I B Y P  20 
1 6 Y P  2 5  
1 I I P  30 
l B Y P  35 
I D Y P  40  
IE'IP 45 

C 

Hf=2 



500 

5 0 5  
510 

515 

520 

525 
530 

500 

C 
C 
C 
C 
c 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C c 
C 
C 
C 
C 

C 
c 
C 

I I X = N * I  J X - I l + I X  
GO T O  530 
IF  I I X- J A I  
S R X = I X + ! J X I J X - J X I  /2 
GO Ti3 530 
I R X = J X + l  I X *  IX-IXI/Z 
GO T O  530 
I R X = O  
I F 1  I X- J X I  
I R X = I X  
I R = I R X  
UETLJRN 
END 

51 0 ~515.5 15 

530 I 525~53 0 

L UK 
L C U  
L C U  
L OK 
L O K  
L OK 
L OK 
L O K  
L OK 
L O K  
L OK 
L OK 
L C U  

M A S T  
M A S T  
M A S T  

S U B R O U T I N E  M A S T E R q N S T I  
U S E R  R O U T I N E  TO S E T  THE O V E R A L L  S Y O R A G E  A V A I L A B L E  T O  B E  
A L L O C A T E D  BY THE M A I N  PROGRAM 

"&ET .-". . 
M A S 1  
M A Z T  
M A S T  
H A 5 T  
M A S T  
M A S T  

MCPY 
MCPY ............................................................... MCPY 
N C P Y  
MCPY 
MCPY 

S U F I 9 O U T I N r  K P Y  

MCPY 
MCPY 

PURPOSE 

MCPY 
MCPY 
MCPY 

S U B R O U T I N E  
I M P L I C I T  R E A L t 8 ( A - - H + O - Z  I 

M C P Y I  A. R .  N s M V M S  J 

COPY t N T I R E  M A T R I X  

U S A G E  

YCOY 
C L L  MCPV 1A.R.N.M.MS) 

D E S C R I P T I O N  OF P A R A M E T E R S  
L - NAME OF I N P U T  M A T R I X  
R - NAME O F  O U T P U T  M A T R I X  
N - NUMBER O F  ROWS I N  A OR 
M - NUMBER O F  COLUMNS I N  A 
NS - O N E  D I G I T  NUMBER F O R  

0 - G E N E R A L  
I - S Y M M E T F I C  
2 - O i A G O N A L  

R 
OR R 
S T O R A G F  MODE OF M A T R I X  A < A N D  

REMARKS 
NONE 

S U B R O U T I N E S  A N 0  F U N C T I O N  SUBPROGRAMS R E Q U I R E D  
L O K  ( F O R M E R L Y  L O C I  

MCPY 
MCPY 
MCPY 
MCPY ................................................................. .MCPY 
MCPY 
MCPY 
MCPY 

D I M E N S I O N  A I 1 l ~ R I I l  

M C P Y  
MCPY 
MCPY 
MCPY 

METHOD 
E A C H  E L E M E N T  OF M A T R I X  A IS MOVED T O  T H E  C O R R E i P O N D l N G  
ELEMENT OF M A T R I X  R 

COMPUTE VECTOR L E N G T H .  I T  

C A L L  LOK(N.M.  IT .N.M.MS1 

C O P Y  MATR;  X 

DO 500 ! = I I  IT 
R ( I  ) = A <  1 1  
RETURN 
END 

M t P Y  
M C P l  
MCPY 
MCPY 
MCPY 
MCPY 

M i N V  
M I N V  

S U B R O U T I N E  

H I N V  
I MPL I C I T R E A L  * 8 (  A-H. 0-2 ) .................................................................. M I N V  

M l N V  
M I N V  
M l N V  
M I N V  
M l N V  
M I N V  
M l N V  
M l N V  

M I  N V I A . N .  D .L .M) 

S U B P O U T I N E  M I h V  

PURPOSE 
I N V F R T  A M A T R I X  

U S A G E  
CAAL M I N V i A . N * D . L . M I  

AND 
O E S C R I P T I O N  O F  P A R A W E T E R S  

R E S U L T A N T  I N V E R S E -  
A - I N P U T  M A T R I X .  D E S T Q O Y E D  I N  C O M P U T A T I O N  

N - ORDER OF M A l R I X  A 
0 - 0.0 IF S I N G U L P P ,  1.0 IF A L L  R I G H T .  
L - UORU VECTOR 3F i i N G T H  N 
M  - n m K  v:c.roR JF LENGTH VI 

R E P L  A C E D  BY 

REMARKS 
M A T R I X  A MUST B E  A G E N E R A L  M A T R I X  

N I N V  
M I N V  
M l N V  
* I N V  

5UBROUT N E S  AND F U N C T I U N  SUBPROGCAMS R E O U l k E D  
NONE 

X i N V  
\(:NV 
W I N V  .................................................................. H L N V  M I N V  
M I N V  
M I N V  

D I Y E N S I O N  A ( I l . L ( I ) . M ( I l  ............................................................... M:NV 
M l N V  

METHOD 
T H E  S T A N D A R D  G A U S S - J U C D A N  METHCD IS USED.  

245 C 
250 C 
255 
260 
26 5 
27 0 
275 
280 
285 
290 
29 5 
30 0 
305 

5 
I0 
15 
20 520 
25 C 
3 0 C 

C 
525 

35 
40 
$5 
50 570 
55 
60 
65 
70 
75 
80 535 
85 C 
90 C 
95 C 

C 
540 

100 

545  
105 
I10 
11s 
120 550 

555 
125 
130 
135 
1 4 0  560 
145 C 
150 C 
155 C 
160 
165 
170 
175 
180 

565 
185 
190 
i95 570 

5 7 5  
200 
20 5 
2 6 U  C 
215 C 
220 C 
225 
230 

1 1 0  
115 610 
170  615 
125 
130 620 
135 

S E A R C H  F O R  L A R G E 5 7  

D=1.0  
NK=-N 
00 590 K = l . N  
NK=NK+LI 
L < K I = K  
M { K l = K  
KI<=VK+< 
S S G A = A l K K I  
00 510 J=K.N 
I Z = N t l  J - 1 1  
DO 515 1 s K . N  
I J = I Z + I  
I F  ( D A B S  I B l  G A ~ - O A B S l A l  
f l I G A = A ( l J l  
L ( K ) = I  
M l K I = J  
C O N T I N U E  

I N T E R C H A N G E  ROWS 

' E L E M E N T  

1 J l 1 1  505.510.510 

J=LC K 1 
I F ( J - K I  525.525.515 
K I E K - N  
DO 520 I = l . N  
K I = K I + N  
H O L O = - A i U l  > 
J : = X  I - K + J  
A ( K I l = A < J l )  
A I J t l  = H O L D  

I N T E R C H A N G E  C O L U M N S  

I = M ( K )  
IF( I - K I  540.540.530 
J P = N * (  1-1 I 
DO 535 J = l r N  
JK=NK+J 
J I=JP+J 
HOLD=-A4 J K  I 
A l J K I E A ( J 1 )  
A ( J 1 1  = H O L D  

D i V l C E  C O L U M N  BY M I N U S  P I V O T  ( V A L U E  OF F 
C O N T A I N E D  I N  B I G * )  

I F I B I G A I  550.545.550 
D=0.0 
R E T U R N  
DO 560 I = I . N  
I F I I - K l  5551560.555 
I K = N K +  I 
A < I K I = A ( I K I / 1 - Y I G A 1  
C O N T I N U E  

R E D U C E  M A I R I X  

D i V I J E  R O Y  B Y  P I V O '  

R E P L A C E  P I V O T  R Y  R E C  I P R K A L  

A l K K ) = l  . O / B I G A  
CONT I N U F  

F I N A L  ROW A N 0  C O L U M N  I N T E R C H A N G E  

w - u  _-.. 
K = l K - I l  
I F I K I  630,630r600 
I = l . l K l  
I F ( 1 - K )  bl5.615.605 
JO= N t  I K - I  3 
J R = N * l  1-1 I 
DO b 1 0  J = i . N  
JK=JQ+J 
H O L D = * (  J K  I 
J I = J R + J  
A ( J K  l = - A ( J l l  
A I J I I  =HOLD 
J = M W I  
I F I J - K l  595.595.620 
K l r K  - N  
DO 625 I = i . N  
K I=K i + N  
HOLD-A(h1I 
J I = K i -  K t J  
A < K &  ! = - A ( J  1 
A ( J I 1  =HOLD 
GO T O  595 
R E T U R N  
E N 0  

' I V O T  E L E M E N T  I S  



M A T H I X  A 

MA f R I C E S  . T O  W M B t  

C 
C 

500 
e35 

C 
C 
C 

41; 

515 

5 20 
525 

533 
535 
540  

M V  E 
NV 10  
MY 16 
MY 2 0  
MY 25 

sa3 
5 0 5  

810 

.J >*VI 

. 3  

5 
IO 
15 
20 
2 5  
zo 
35 
90 
9 5  
50 
'5-5 
€0 
6 5  
? J 

8 3 
tl5 
0 0  
95 

I t 3  
1L'S 
113 

7 5  

- -  n I J E  5 
F L J E  I O  
i C J E  15 
R E J t  E 0  
KB.IE 2'. 

SUBHCtfTINE REJECT( 1 5 8  .HSr H Y . H Z ,  I R E J I  
C A Y 3 l C  C h i C V L A T I O N  OF S P A C E - G ~ U W  F B S C N C E S  I N  R E C I Z R O C A L  S u n  
C DUMMY ROUTXNE TO 9E CEPLLCFD B Y  USCS 
c IREJ=G ow E N T R Y -  SET I K E J = I  ~3 OMIT A S ~ A C ~ - - C ~ O U Z  A O S C N C ~ .  

RETUPV 
E N 0  a E j E  30 

C 

IC 
15 
z i) 
2 5  
30 
35 
90 
% S  
55 
55 
f. 0 
b 5  
70 
35 

d S  
90 
9 5  

100  
i o 5  

ao 



T O l A L T = T O 7 A L T + S E C I  I I 
i F ~ k T ( 1 1 1 5 0 ~ ~ 5 0 5 ~ 5 0 0  
A V T (  I l = S B C (  I ) / F L O A T i N T <  I) 1 
GO T 3  519 

500 

5 0 5  A V T I I I = O . O  
510 C O N T I N U E  

P R I N T  5 
5 FORMAT( .ONUMBER O F  P A S S E S  AND T I M E  S P E N T  @N V A R I O U S  sz  c I Y  C A L C U L A T I O N  F O R  T H I S  C Y C L E ' / I Z X . '  NT 

P R < N T  IO.INT( I I  .SEC(. I I.AV:{I I ,  I = I  .91 
10 F O R M A T ( *  I N I T I A L  * r I t , F Y r Z . F 9 . 4 /  

2' C O O R D I N A T E S ' . l b ~ F 9 ~ 2 I F 9 u n l  
3. SLOW R E C I P  :, IblF9.2.F9 ,41' 

F A S T  R E C I P  , I b . F 9 . 2 . F 9 . 4 /  2: U N I T  C E L L  . . Ib .F9 .2 .F9.4 /  
6' SLOW D I R E C T  9 Ib.F9.2. F9.4/ 
7' F A S T  D I R E C T : .  16 .F9 m 2. F9.4/ 
0' SLJW C O N F I G  . f b , F 9 . 2 . F 9 . 4 /  
9 '  F A S T  C O N F I G ' . I 6 . F 9 . 2 . F 9 . ~ I  

P R I N T  I S s T O T A L T  

I F ( C K )  5501 5 5 0 . 5 1 5  
I 5  F O R M A T ( * O T D T A L  T I M E  ( S E C I  ' s F 9 . 2 1  

915 I F ( O M A X ~ 5 5 0 . 5 5 0 ~ 5 2 0  
520 P R I N T  2 0  

2 0  F O R N A T I  ' O S U M M A T I O N  L I M I T S  F O R  M I N I N I I M  T I M E ' /  
I 4 X s ' D F L  15 P R O P O R T I O N A L  T O  R E L A T I V E  ERROR C F  RESUL 
2 4X. * P R O  I S  RECUMMENOED O L I N . /  
3 4X.  * P R R  IS RECOMNENOED R L I M ' I  
4 4 X , * P R K  IS RECOMMENDED V A L U E  O F  C K ' I  
5 4 X s . P R T  I S  P R E D I C T E D  T O T A L  T I M E  P E R  C Y C L E  FOR R E C l  
6 C T  SUMS. /  
7'0 D E L  PRQ PR R P R K  PRT.2 

F L F = S E C ( 4 1  + S E C I 3 1  
I F (  FLF 1 5 2 5 , 5 2 5 . 5 3 0  

5 2 5  FLF=O.OOS 
5 3 0  F L G = S E C ( 7 ) + S E C ( b )  

5 3 5  F L G = 0 . 0 0 5  
540 C F = F L F I O H A X * *  3 

C G = F L G / Q H A X * * 3  
C F C G = ( C F / C G l  * * O s  1 . 5 6 6 6 7  
SCFCG= D SQRT (C F t C G  J 
03 545 1=2,7  
A L B T = A L ( I I * R T (  I I 
S O A L B T = D S a R T ( A C R T )  
P R O = S O A L B T / C F C G  
P R R = S Q A L R T I C F C G  
P R K r D S Q R T ( & L I  i l ~ 0 T ( I l l ~ C F C G  
P P T  = 2 .  J*SC F C G l A I L R T I  S Q A L B T  
P R I N T  25.1 .PRO.PRR.PRK.PFT 

I F  I F L G I  5 3 5 . 5 3 5 . 5 4  0 

2 5  F O ? W A T t '  1 . 0 E - . . I I r 3 F 9 . 5 . F Y . 2 1  
545 CDNTINIJE 
550 RETURN 

E N D  

T l M C  
T I M C  
T ' M O  
T I M 0  
T I N O  
( 1 M O  
T I M O  

N E R G T I I 1 3  

T I M E  
T I M 0  
T I M 0  
T I N O  
T i l l 0  
T I M O  
T I M 0  
TINO 
T I N O  
T I N O  
TZMC 
T I M 0  
TINO 
T IMD 
T I M 0  
T I M O  
T I M 0  
T I M @  
T I M 0  
T I M 0  

D I R E T I N D  
T I N O  
T I N O  
T I M 0  
T I M 0  
T I M 0  
T I M 0  
T I N O  
T I N O  
T I M 0  
T I M O  
T I M 0  
T l M O  
T I M 0  
T I N O  
T I M O  
T I N O  
TIMO 
T I M 0  
T I M E  
T I M O  
T I N O  
T I M O  
T I M D  
I 1 M O  

r iMo 

110 
115 
:Po 
125 
130 
135 
140 
145 
1 5 0  
1 5 5  
160 
165 
1 7 0  
1 7 5  
180 
185 
I 9 0  
I 9 5  
20 0 
20 5 
2 1  0 
2 1  5 
2 2  0 
225 
230 
23 5 
240 
2 4  5 
2 5 0  
25 5 
26 0 
265 
2 7  0 
2 7  5 
28 0 
20 5 
2 9 0  
29 5 
300 
305 
3 1  0 
31 5 
3 2 0  
325 
330 
335 
34 0 
34 5 
3 5 0  
355 
3 6 0  
365 
37 0 
37 5 

U N I  T 

C V E C T O R S  A R E  REFE,<RED TO C R I S T A L  A X I S  S Y S T E M  U N I T  
I M P L I C I T  R E A L  1 8 1 A - - H , O - - Z  1 U N I T  

C / A 8 1  USE0 B Y  W R E .  WCALC. AVV.  CONF.  D S T .  NORM. U N I T  
C D M N O N I A B / A A I 9 )  . , ~ l i . A ~ 2 . A 3 3 . A L 2 . A l 3 , A 2 3 . O B i 9 )  .Bll .822.833.812.B13 UN:T U N l  T 

U N I T  D 1  N E N S I D N  
D O  500 1Z1.3 U N I T  

500 Y I I l = x ( I )  U N I T  
D=DSQRT(Y( 1 1 * * 2 * A 1 1 + 1 ( 2  ) * C Y (  2 ) * A Z Z + Y { 1  ) * A 1 2 ) t Y  <31 *(I( 3 1 t A 3 3  U N I T  

l + Y 6 2 l t A 2 3 + Y ( L  ) C A 1 3 1 )  U N I T  
U N I T  00 505 1=1.3 
U N I T  

R E T J ? N  U N I T  
END 

5UBROUT:NE UN I T ( X ,  2 I 
c STORE A T  z A UNIT VECTOR :N THE DIRECTION OF X.  z N A Y  ~ r .  SANE A S  XUNIT U N I T  

UNI r I . 0 2 3 . V A  
X (31. Y I 3 J L 1 3  ) 

5 0 5  z(f)=Y(Il/O 

5 
10 
15 
20  
25 
30 
35 
4 0  
45 
50 
55 
60 
65 
7 0  
7 5  
BO 

P A R T S  O F  E 
A V T '  I 

. M A T R I X  

N U C L E A R  

F F D M  

D I V .  

h0u5 
, E H V A L V  V A L V  10 5 

V A L V  1 5  
V A L V  2 0  
V A L V  2i 
V A L V  3 0  
V A L V  3 5  
V A L V  40 
V A L V  4 5  
V A L V  50  
V A L V  55 
V A L V  60 
V A L V  65 
V A L V  7 0  
V A L V  7 5  
V A t V  00 
V A L V  05 
V A F V  9 0  
V A L V  95 
V A L V  100 
V A L V  105 
V A L V  110  
V A L V  115 
V A L V  1 2 0  
V A L V  1 2 5  
V A L V  130 
V A L V  1 3 5  
V A L V  1 4 0  
V A L V  145 
V A L V  150 
V A L V  155 
V A L V  1 b O  
V A L V  165 
V A L V  170  
V A L V  175 
V A L V  180  
V A L V  I S 5  
V A L V  1 9 C  
V A L V  I Y ' i  
V A L V  200 
V A L V  2 0 5  
V A L V  210 
V A L V  2 1 5  
V A L V  2 2 0  
V A L V  2 2 5  
V A L V  2 3 0  
V A L V  2 3 5  
V A L V  2 4 0  
V A L V  2 4 5  
V A L V  250 

V A L V  2 6 J  
V A L V  2 6 5  
V A L V  273 
V A L V  2 7 5  
V A L V  780 
V A L V  2 8 5  
V A L V  2 9 0  
V A L V  2 9 5  
V A L V  300 
V A L V  3 0 5  
V A L V  3 1 0  
VACV 3 1 5  
V A L V  320 
V A L V  3 2 5  
V A L V  3 3 0  
V A L V  3 3 5  
V A L V  3 4 0  
V A L V  3 4 5  
V A L V  350 
V A L V  355 
V A L V  3 6 0  
V A L V  365 
V A L V  3 7 0  
V A L V  3 7 5  
VXLV 380 
V A L V  785 
V A L V  390 
V A L V  395 
V A L V  200 
V A L V  405 
Y A L V  V A L V  4 1 0  4 1 5  

Y A L V  420 
Y A L V  425 
V A L V  4 3 0  

V A L V  2 5 5  

S U J R O U T I N E  VALVEC(D.E.A. IC.N. ID1 
C GET E I G E N V A L U E S  A N D  E I G E N V E C T O R S  OF T R I D I A G O N A L  
C PROGRAM AUTHOR G. W .  W E S T L E Y  
C C O M P U T I N G  TECHNOLCGY C E N T E R .  U N I O N  C A R B T D E  CORP- .  
C OAK R I D G E .  TENN. 
C 

-1. / 

I P R O C A L  AND 

a = 0.000 
D O  550 L = I . N  

J =  

no 5 
H =  
1F I 

5 0 5  
5 1 0  
515 

DO 5 " 5 2 0  

5 2 5  

F = F + H  
P = D ( N )  
c = 1 . 0 5 0  
s = 0.0'30 
I = N  

OSE OF X 1 3 . 3 1 .  X AND Z MAY t l E  T H E  SAME. 
I R A N  
T R A N  
T R A N  
T R A N  
T R A N  
T R A N  
T R A N  
T R A N  
T R A N  
T R A N  
T R A h i  
T R A N  
T R A N  
T R A N  
T R A N  
T R A N  
T R A N  
T R A N  
T R A N  

5 
I O  
15 
2 0  
25 
3 0  
35 
40 
45 
5 0  
55 
60 
65 
7 0  
75 
80 
85 
YO 
95 

C 

5 0 0  

5 30 

5 1 5  

5 05 

540  

545 T R A N  5 
S U R R O O T I N E  T R A N S F I A . U , D . I O . N , N O F M )  T R A N  1 0  

C TFcANSFCRM k I G E N V E C T O R S  A F T E R  A X E L B X .  HDUSEH. AND V A L V E C  T R A N  15 
R E A L * 8  

c * f * * * * * t f * t * * * * * * * * * * * l * * * t t * * * l * * l * * * * * * * * * * * * * * * * * * * . ~ * ~ * * * * * * * ~ * * : : T R A N  T R A N  25 2 0  

h THE COLUMNS OC A A R E  THE 5 I G E N V E C T O R S  OF P. T R A N  4 0  
T H A N  45 

C THE D I A G O N A L  E L E M F N i S  n- L A R E  ' N  T H E  ARRAY D. 
C 

A I I D . 1  1.0I I D .  I ) . D I  I 1 , X v C  

C T R A N  30 
C T R A N  35 

T H E  O F F - 3 1 A G O N b L  ELLMCk;S O F  L A R T  I N  T H E  LOWER P O R T I O N  O F  El- 
T R A N  T R A N  5 0  55 

. . . . . . . . . . . . . . . . . . . . . . . .  
00 510 J= l ,NORM 

C = 0.ODO 
OC 500 I = l . N  

C = D S O R T ( C 1  
DO 5 0 5  I = I e N  

C O N T I N U E  

A ( N , J I =  A I N . J I / D I N l  
I = N- l  

X = 4 I I . J )  
K K  = I + l  
DO 5 2 5  K = K K s N  

A I 1 . J )  = X / D ( I l  
1 = 1-1 

C O N T I N U E  

C = C + A ( I . J I * * Z  

A I : . J l  = A ( I + J I / C  

DO 5 3 ' J  Jri .NORM, 

I F  (I.LT.II GO r o  5 3 0  

X = X - U : K . I 1 8 A I h .  

G O  r o  520 
R E T U R N  
END 

P = D I l ,  
I F  I1 .EO.Y)  GO T O  5 6 0  
I I = l e l  
D O  5 5 5  J = I l . N  

Ii I D ( J l . L E - P I  G O  T O  555 C 
C Y = J  

555 
5 6 0  TO 5 7 C  

J . K I  

T R A N  75 
T R A N  80 
T R A N  85  
T R A N  90 
T R A N  95 
T R A N  100 
T R A N  105 

T R A N  T R A N  I 1 0  1 1 5  
T R A N  120 
T R A N  ?25  
T R A N  : S O  
T R A N  135 
T R A N  140  
T Q A N  145 
T R A N  150 
T R A N  155 
T R A N  l b 0  
T R A N  165 
T R A N  170 

5 0 0  

E 0 5  
CI 0 
515 5 6 5  

570 

5 7 5  5 2 0  

J)  5 2 5  V E C I  5 
V t C l  L O  
V E C I  15 
V t C l  2 0  
V F C I  2 5  5 30 



.. 

V E C I  30 5 TLIE ABOVE I S  C4LLEO O W E  F i i O M  M A I N  TO S E T  L O C A T I G k S  O F  A R R A Y S  V L C 1  35 

V E C I  4 5  
V L C l  50 C E 3 7 9 1 4  ' IECTCR v FHOR ATCN I 7 0  ATOM J .  

C V E C I  4 0  

% , C ? T  = E  

C 
C 

5 0 0  

W A O R A T I C  OR B I L I N E A R  

. X 2 ! 3 1 * i I < J . 3 1 )  

FORM 

V E C I  60 
V E C l  65 
Y E C I  7 0  
V E C I  75 
V E L 1  60 
" C C I  6 5  

v1v 
VMV 
vHV 
vuv 
V H V  
"MY 
VML 
VMV 

YNV 
VMV 

Y n v  

I C  
15 
20 
P i 
30 
35 
40 
45  
5 0  
55 

C USPR H O l l l i N E  TG C A L C U L A l - E  E K C R G V I  WCF. CF Tc?FSIJbi  ANGLE Ihi * C N F  e 0  
C D F G R C C 9 ,  CNCl 3 ' I F I N E C  0Y ATOMS !A .  J A ,  ti4. AND LA.  C A L L E D  ONCE WCMF b S  
C F 3 R  E A C H  C J R F O R M A T I O N  A h G L E  A a O U T  S C N D  JA--hA IF THE C J R R E S P O X D i N G  mCNF 50 

W L N F  55 5 L T ' d R - L T - 0  U'CVT- F" . . - . . . - 
# C N F  6 5  
WCNF 70 
WCNF 75  

C'IITRY Y C N F ( I A . J ' l r Y . A . L I . C I ' I F . I T K J . I C F 9  
K E l  U R N  
EVD 

, f iqP;G b 
W R d G  10 
Y R 4 G  15 
* R A G  20 
" R A G  2 5  
* R A G  30 
WRAG 35 
*K*G 4 0  
WRAG 45 
WRAG 53 
WHAG 55 
H R A G  BO 
# R A G  05 
WRhS 7 0  

C 
c 
C 

C 
C 
C 
C 
5 
C 
C 

C 

c 
C 

C 
C 

C 
C 
c 
t 
C 

C 
E 
c 
C 

C 

C 
C 

C 
C 
C 
L 
C 
C 

C 
c 
C 

C 
C 
C 
C 
C 

C 
C 

C 
F. 
C 
C 
C 
C 
C 

C 
C 

C 
c 
C 
C 

C 
C 
C 
C 
i 
C 
C : 
C 
C 
c 
c 
C 
C 
L : 
: c 

L C 
c 
C 
C 

B X M L N  
B T ' l A X  
B Y H T N  
BZIdAX 
U L q 1 N  
C * ( R )  
C A 6 (  Q i 
oi 
C F C G  
CG 
t H A \ i i . ( N S )  
CK 
C K K C A L  
CMB 
C U B 1  [ Y G S I  
CIiPR 
C N F  
i N S T R Y  
C G N F  
C O S h K i  
C R A I B I  
C 5 F  
CSV( FIGS1 
C T N  
CWX 
C X  
C X M A X  
C l M I N  
CV 
C I M A X  
C Y M i N  
c z  
CZNAX 

M l N I M U M  V A L U E  UF A l - O M  CUORir I N  BA5IC ASYMloETTHIC U Y I T  
XAXI '+UM VALUE OF ATL'M C O L ~ R D  L N  I 3 A S I C  A S Y U Y E T R I C  U N I T  
M l N I H U M  V A L U E  OF A T C M  C U 3 R V  1 N  B h S I C  4 S Y M M E T R I C  U C I l T  
V A X ~ W U N  V A L V E  13F A T O M  COaCn I N  B A S I C  ~ ) s Y l l t d i T R I C  UF.'IY 
NIN?MUt> VALUE OF ATOM COORD I N  6 A S f C  ASYMMET9:C U N I T  
S N Y t . R S t  OF C & R T € S l A > <  T R A N S ~ C I ~ M A T I O N  h(pIT I I IX  
Ti iAYSFCRhi @ & . S i t  C A G T E S I A k  TO C R Y S T h L a  I N V E R S E  OF ACf3 
T O l A L  1 I M  PER U N I T  VCLU4E OF R E C I P R C C A L  I P A C E  
S I X T H  ROOT O F  < S F / C G I  

CHA2ACTEP OF NO9MAL MOCIC W I T H  i t S P i C T  i n  E & C H  SYM O P  
CONST4hT K I N  E I A L U  S U M M A T I O I  HET-IGD 
-FI(CALLCk 

COchi l*4@ T E R M  S A Y C U  =OR OUT"UT> K C A L f M C i E  
CONSTANT A D D E D  Ti. D I A G  EL 
C O N F O R M A T I O N  A N G L E .  DEGREE 
U S F R  SUBRDLTlNE T C  CONSTRA 
S d 6 R O U T I N E  TO C 4 L C U L A T E  CO. 
CUS( mC.1 
M A T R I X  C 4 r C q ' L A C Z  
R T P I Z V * S F ,  SCALED R E C I P R I 1 C A L  CCIULULLB SUM 
M O D I F I E D  C O U L i M D  T E R M  S A V t - 3  F U R  N E X T  E N T R Y  
U O O I F I E D  COULOMB TERh I N C L d D I N G  N d L T I P L I C I T Y  
U S E R  S U B R O ~ ~ T ~ W  T O  C A L C U L A l E  E X T R A  E N E R G Y  
C O S ( S X R ( J ) )  
M A X I % U L I  V A L U E  OF ATOM Cone0 I N  U N i T  C E L L  
M I h f M U Y  V 4 t U E  OE ~ T U M  C i l i l f i D  I N  U N i T  CELL 
i35(SYRiJI 1 
V A X i I I U M  V 4 L U E  OF a T O W  COORD I N  U N I l  C E L L  
M I N I M U M  V4LUE rr' A T J M  C 6 C R D  I N  U N P ?  CCLL 
C O S ( S L R <  J I  3 
M A X I M U M  Y4LUE OF A T D M  CO3RD I N  U N I T  CELL 

T a m L  T I W  PER u y i r  VOLJXE OF J X H S C T  SPACE 

t o m a w  rCon 

N J M a W  UF UEGREES ilr FfiEED04 N3-NV LUF: 1 f F  NG=NV)  
D I 4 s O N A L  ELEMENT OF i N V E R B E  A N  
S l ! t?ROUTlNE TO S U B 7 R A C T  IWO 3rl V F C T O C S  
80x3 OS STASCC 
T4DLE OF D h M 9 1 ! l i  FACTChS SCT B Y  D A T L  STATEMENT 
DKif K G i  I 
I N C R e Y f N T S  CUJA N U X t 5 l C A I  O C 9 I V S  W I l H  
INCXEKCNTI FUR I U W E R I C A L  n 
I N C R E Y E I I T S  F O E  NUME= I C C L  n 
S i J 6 9 0 U T I N E  3O CALCULLATE 251 
DII IDP. f-1TL.r D E 9 1 v . A T I Y t S  3 
D E R I V A T I V E  C?F C Y E R G I  WIT14 
- U W ( 1 1  
COIIPLINEN~ OF ~:CHCTONIC DISPAYCE i~ CAYSTAL c o o a x  

I 

G L O S  245 
G L C S  1 5 0  
G L J S  ZE5  
G L O S  2 6 0  
G L D S  2C.s 
GLGS 270 
GCCC 2 7 5  
GLCS 203 

G L O S  305 
GLGS 31c 
G ~ i . 5  31s 
G L O S  120 
G L O S  325 
GLOS 330 
G L C S  335 

G C i r S  375 
G-CS 38: 
G L G S  365 

G L C S  435 
G L G 5  441) 
GCOS 445 

GLU5 535 
GLCS 599 
G c i r S  545  
G L C S  
G L  os 
G L O S  
G L C S  
G L G S  C , d  
G L D t i  5 1 5  

G L G S  565 
GLCS j e o  

IEGLOC 620 
< GLG5 625 
GLOS 330 
C L C S  e35 
G L U S  64' 
GLUS 045 

GLDS 573 

& O S  700 
5 L O S  705 
G L C 5  7 1 0  
GLCS 715 
L L O S  720 
i L C S  7 2 5  
GLl?S 7 3 5  
CLOS 735 
G i C S  143 
GL"': 745 
G1.11I: 753 
I;L.OS 785 
GLUS 7Bi. 
GI.US l b 5  
< i i G i  i T 5  



HXHEG 
HX'T I N F 5  I 
h Y  
H Y N  
t i Y N A X  
H Y M I N  
H Y N E G  
H Y T 1 N F S  1 

H Z M A X  
H Z N I N  
H Z N E G  
H Z T I  N F S  I 
I A C T I  N C T I  
I A S V  ( M N A X )  
I A T (  N G S I  
I A Z  ( 6. N C T  I 
I A Z N J  
I B  
I B K  
I B P C  
101  
I R V P  
I B Y P A S  
I C  
I C A  
I C C (  N A * N S  I 
1 C C A X  
I C E N T  
I C L O C U  
I C M B  
I C P C  
I C P X  
I C T ( 4 . N C T )  
I O A Y  
1 DO 
l O l R  
I D Z ( 4 ,  NCT ) 
102 J I 
IFL 
I F S T  
1G 
IGEM 
I G X  
I GY 
I G L  
IM 
I K A ( N A 1  
I L S Q  
i W V L  
IN.( 
I N V R S  
I O d T ( N V 1  
I P L Y  
I P R C  
I P R T  
IO 
I!? 
I R B ( N A 1  
I R B A  
1 RBC ( N A I N S  
I R F C  
! R E J  
:REP 
I R i T  
I R P  
I R S C  
IS 
I SB 
I S R P I N P )  
T S C < N A * N S l  
I S E f A  
I S T G  
1 9 T P  
1% 
l S V I  MnAX9 
ISW 
1 7 8 9  (4 .NCT 
7 i U J  
I T Y P E (  1331 
I U ( N P B 1  
I U J  
l V (  N R B I  
I V D W  
I V J  
I W I N R B )  
IWGT 
I W J  
TWT 
IWX 
I Z I N R B I  
I Z A M  
I L J  
J AC ( N A  t NS! 
J A S V ( M M A X >  
J A T I N G S  
J C  
JOT S ( N O S 1  
J U U T  ( N O  I 
J S  
J S V (  M M A X I  
U A D R ( l 3 3 1  
K A S V ( M M A X 1  
K P (  N P I  
K P C C N P C I  
YDC I D 
UP1 
K P J  
KPK 
K P S (  N P S )  
KPW 

nz 

h':iikR OF I N P U T  ATOM FOR ATOM I N  U N I T  C E L L  
I N O E X  S A V E O  FOR L A T E R  C A L C  OF C O N F O R M A T I O N  E N E R G Y  
I Y O E X  OF ATOM I N  U N I T  C E L L  S A V E D  FOR N E X T  E N T R Y  
5 A M E  A S  I C  B U T  I N  C O q N O N  
JO'SIil :i O V F R A L L  P h R d M  N U M B E k  O F  08s I 
P A R A M E l E R  NUMBERS OF OWSERVb.TIONS S A V E O  F O R  O U T P U T  
I N D E X  O F  SMALLES?. I N T E R A T O U I C  D I S T A N C E  F O U N D  
i N O E X  S A V E D  F O R  L A T E ?  C A L C  O F  C O N F O P M A T I O N  E N E R G Y  
H E X A D E C I M A L  A D D R E S S  OF E A C H  A R R A Y  I N  S 
I N D E X  S A V E D  FOR L A - E R  C A L C  O F  C O N F O R M A T I U N  ENERGY 
O B S E R V A T I O N  S E L E C T I O N  I N T F G F R S .  1 I F  USED.  0 I F  NOT 
K I N O  O F  P C .  1 Q O H  PL,  2 AR O R  BR. 3 F O R  GCWX. 0 
UPC(  > P I  
K I N D  OF P A R A M  I N  M A P  MODE. - 1  NONE. 0 CONNUN.  1 R E G  
K I N D  DF P A R A M  I N  U A P  MODE- - 1  NONE. 0 COMMON. I R E G  
K I N D  O F  P A R A M  I N  MAP MODE. - 1  NONE. 0 COMMON. 1 R E G  
O B S E R V A T I O N  S E L E C T I O N  I N I E G E R S  F O R  O N E  S U B S T A N C E  
INDICATOR F O R  WOBS. o NOT USED, 1 USED. - 1  SOHE~IWES 

G L O S 1 2 7 0  
G L O S 1 2 7 5  
G L O S  I28 0 
G L O S l 2 8 5  i L D S 1 2 9 0  

5 L O S : 2 9 5  
GCO S i 3 0 0  
G L O S 1 3 O S  
G L O S 1 3 1 0  
G L O S 1 3 1 5  
G L O S 1 3 Z O  
G L O S 1 3 2 5  
G L O S 1 3 3 0  
G L O S L 3 3 5  
G L O S 1 3 4 0  
G L O S  1345 
G L O S  GLOS 1 3 5 0  I 3 5 5  

.Y 

I N D I C A T O R  F O R  WOBS. U S E D  T O  S E T  KPW G L O S 1 3 6 0  
V A R I A B L E  S t l E C T I O N  I N T E G E R S .  1 T O  9 I F  V A R I E D .  E L S E  O G L O S 1 3 6 5  

c UPWS 
C U B ( N P 1  
C K M C N P C I  V A R I A B L E  S E L E C T I O N  I N T E G E R S  F O R  COMMON P A R A M E T E R S  G L O S I 3 7 O  
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C r 

A L P H A N U M E R I C  ATOM NAME 
A L P H A N U M E R I C  NAME O F  E A C M  ( C H E M I C A L )  K I N D  OF ATOM 
NAMES O F  L I M I T S  U S E D  TO S E T  D I M E N S I O N S  
A L P H A N U M E R I C  NAME O F  P A R A M E T E R S  I N  O V E R A L L  L I S T  
A L P M A N U M E R I C  NAWES O F  COMMON P A R A M E T E R S  
N P H A N U M E R I C  NAMES O F  E X T R A  P A R A M E T E R S  
A L P H A N U M F R I C  C O N S T A N T S  * R X .  RY. R Z '  
K P H A N U M E R I C  NAME OF SYMMETRY O P E R A T I O N  
A L P H A N U M E R I C  C O N S T A N T S  * T X .  T I .  12. 

G L O S l 3 7 5  
G L O S  I300 

KOT 

G L O S 1 3 8 5  
KQSC N P S )  

GLOSl390 
K R S C  

GLOSl395 
L l ( 1 3 3 I  

G L 0 5 1 4 0 0  
L P I  133) 

G L O S I V O S  
L . *SV(H:*AXI  

G L S S 1 4 1 0  
G L 3 3 1 4 1 5  

L a C J ( N B C 1  

G L O S 1 4 2 0  
L I ( N P 3  

GL051425  
L I N f 3 8 1  

L P I  G L O S l 4 3 0  
G L O S 1 4 3 5  

LPJ 

N S G L O S l 4 4 0  
L P K  

G L O S 1 4 4 5  
L S  

GLOS 145 0 
L T ( 9 )  

G L O S 1 4 5 5  
L T F  

P S  G L O S 1 4 b O  
L T I  

G L O S b 4 . 5 5  
. M  

G L O S 1 4 7 0  
c MCPY 

C M I N V  G L O S 1 4 7 5  
G L O S  1480 

C M J I N P I  

t L 3 S 1 9 8 5  
C WM 

GLDS1490  
C MMAX 

G L O S 1 4 9 5  
C MODE 

G L O S l 5 O O  
C M R I  

G L O S  1505 
C N D J  

GLOS 151 0 
C MPK 

G L O S 1 5 1 5  
C MPRO 

G L O S 1 5 2 0  
c MV 

G L O S I 5 2 5  
C N A  

G L O S 1 5 3 0  
C N A C  

C N A F  G L O S 1 5 3 S  
G L 0 5 1 5 4 0  

C N A M A ( 6 1  

G L O S 1 5 4 5  
C N A M A R Y I 1 3 3 1  

GLOSl550 
C N A H A X  

GLO 51555 
C N A H E C N A I  

G L O S 1 5 b O  
C N A M K ( N K A l  

G L O S 1 5 6 5  
C N A N L I M ( 3 2 1  

G L O S 1 5 7 0  
C N A N P ( N P 1  

G L O S  1 5 7 5  
C N A M P C C N P C I  

G L O S I S S U  
C N A M P X ( N P X 1  

G L O S l 5 . 3 0  
C N A M S f N S l  
C N A M T I 3 I  

G L O 5 1 6 J O  
C NANG 

G L 0 5  1605 
C N B  

G L O S 1 6 1 0  
C N B C  

G L O S  I b 1 5 
C N B C M A X  

G L 0 5 1 6 2 0  
C NC 

G L O S  1625 
C N C N F  

GLOSL630 
C N C S  

C NCT G L O S l 6 3 5  
G L 0 5 1 6 4 0  

C N C T M A X  

G L O S l 6 4 5  
C NCY 

G L 0 5 1 6 5 0  
C N C Y S  

G L 0 5 1 6 5 5  
C NO 

G L O 5 1 6 6 0  
C N D S T  

G L O S 1 6 6 5  
C N E  

G L O S L 6 7 0  
C M  

G L O S L 6 7 5  
C N F S  

G L O S 1 6 8 0  
C N F S N A X  

G L 0 5 1 6 8 5  
C NG 

G L 0 5 1 6 9 0  
C NGS 

G L O S l 6 9 5  
C N G S U A X  

G L O S 1 7 0 0  
C NUA 

G L O S 1 7 O S  
C N K A M A X  
C N O  

G L O S l 7 1 ~  
G L 0 5  171 > 

C YOBSCNUI 

G L O S 1 7 2 0  
C NOMAX 

GLO S I  7 2 5  
C NONE 

GLO S I 730 
c NOS 
C NOSMAX 

G L U S 1 7 3 5  
G L O S l 7 4 0  

C N O S S I N O S I  

G L O S l 7 4 5  
C N O U T q N V )  

G L U S l 7 5 0  
C NOV 

G L O S 1 7 5 5  
C N P  

E NPZ. G L O S 1 7 b O  
G L O S 1 7 b 5  
G L O S  I 7 7 0  
G L O S 1 7 7 5  
GLO 5 1 7 8 0  
G L 0 5 1 7 R 5  
G L O S L 7 9 0  
G L O S  1795 
G L 0 5 1 8 0 0  
GLOSIBOS 
G L O S  181 0 
G L O S L  81 5 

NHPllO G L O S 1 8 2 0  
G L O S  1835 

L a c i 6 w c )  

C N A M R I J )  G L O S I ~ ~ ~  

GLOSIW~ 

. 
N C S t l .  NUMBER OF C O L U M N S  I N  SUMMARY O U T P U T  
DATA S E T  R E F E R E N C E  NUMBER F O R  A U X I L I A R Y  S T O R A G E  
NUHBER O F  BOND D I S T A N C C S  
ERROR T N O T C A T W  S E T  BY V A L V E C  
T O T A L  NUMBER OF T E R M S  I N  R E C I P R O C A L  L A Y T I C E  SUMS 
NUMBER O F  R E C l P  L A T  T E R M S  STORED.  L I M I T E D  TO NFSMAX 
O l M E N S I O N  W I C H  P L A C E S  U P P E R  L I M I T  ON NFS 
T O T A L  NUMBER OF T E R M S  I N  D I R E C T  L A T T I C E  SUMS 
NUMBER O F  D I R  L A T  T'RNS STORED. L i M l T E O  T O  NGSMAX 
D I M E N S I O N  WHlCM P L A C E S  U P P E R  L I M I T  O N  N G S  
NUMBER O F  ( C H E M I C A L )  K I N D S  O F  ATOMS 
O I M E N S I @ N  WHICH P L A C E S  UDPER L I M I T  O N  N U A  
MJMBER O F  P A R A M E T E R S  U S E D  A S  O B S E R V A T I O N S  
A L P H A N U M E R I C  KAMES C F  O S S E 9 V A T : O N S  S A V E D  FO2 OUTPUT 
D I M E N S I O X  W I T C H  !PLACES UI'PER L I M I T  ON YO 
A L P M A l * U M t R l C  C O N S T A N T  . N O N E .  
NOMBER O F  CBSERVATICNS F O R  C U R R E q T  ScJBSl  ANCF 
J I M E N S I O N  WHICH ;PLACES U P P E Q  L I M I T  i l N  NOS 
A L P H A N U M E R I C  NAMES OF O B S E R V A T I O N S  F O R  ONE Z U B S T A N C E  
A L P H A N U M E R I C  NAMES O F  V A R I A B L E S  FOR O U T P U T  
NUMBER O F  O B S E R V A T I O N S  W H I C H  A R E  A L S O  V A R I A B L L S  
O V E R A L L  NUMBER O F  P A R A M E T E R S  
NUMBER O F  P A R A M E T E R S  CPMMON T O  S E V E R A L  S U B S T A h C E S  
N P C C 7  
O f M E Y S I O N  WHICH P L A C E S  U P P E R  L ; M I T  O N  N P C  

,.--,. 
C N P C M A X  
C C NPMAX NPR O:NENSION wnicn PLACES UPPER L I M I T  ON NP 

c b P S  
C N P S M A X  
c N P X  
C N P X U A X  
C NO 
C NR 
C N 9 B  
C NROMAX 
C N R P  
C N R P A  
C N S  
C N S D  
C N S F  
C N S Y A X  
C N S 0  
C N S P  
C N S R B  
C N S T  
C NSTG 
C N S U  
C N T ( 9 1  
C N V  
C N V A  

N V A + l  
NUMBER O F  V A R I A I B L C  C O U P O N  P A R A U E T E R S  
NUMBER O F  D Y N A M I C  V A R 1 A B l . E S .  NVO=NV-NVA 

C N V A P  
C NVC 
C N V D  
C NVMr iX  DIMENSION unicti PLACES UPPER LaMir  ON NV 



.. 

ONLY 

I 

lSTRN 

v lCALC 

c 
C 

C 
C 

C C 
c 
C 
C 
c 
C 
C 
C 
C 
C c 
c 

C 

C 
C 
C 
C 

C 
C 
C C 

C 
C 
c 
C 
C 

C c 
C 
C 
c 
C 

C 
I; 
c 
C 
C 
c 
C 
C 
C 
C 

C 

c 
c. 
C 

c 

C 

C 

c 
C 
C 

C 
C 
C 
C ; 
C 

C 
C 
C 
c 
C 

: 
: 

; 
c 
C 
c 

C 



C WCNF 25  
C THF ABOVE I S  CAL.LED O N C E  FROM M A I Y  T O  SET L O C A T I O N S  O F  A R R A Y S  I C N F  30 
c WCNF 35 
C U S E R  ' I J U T i k E  T O  C A L C U L A T E  E N E P G Y .  W C F I  C+ i U R S i D N  A N G L E  I N  WCNF 4 0  
C U E G R E t L .  CNF. V E F l N l t D  0 I  A T O M 5  I A .  J A .  KA.  AND L A .  C A L L E D  ONCE WCNF 4 5  
c FUR rfIcH CGNFDRMATIDN ANGLE ADPUT ~ T N D  JA+A IF THE COQRESPONDING WCNF 50  

W i V F  55 C ? T B R o L T . O  
C WCNF 6 0  

WCI4F 65 ENTRY 
C WCNF F O R  E T H A N E  AND P R O P A N E  WCNF 7 0  

WCF=O. 5 f P C  ( 7 ) f (  I .O+DCOS (3.0*0.0 1 7 4 5 3 2 9 2 5 * C N F )  I Y C N F  7 5  
R E T U R N  WCYF 8 0  
E N D  WCNF 85 

WCNF( I A .  JA .  K A  .LA.CNF.  I T K  J .WCF 1 

5 . 5  . n p ~ t  l i a t a  'o r  i f s t  PrcbJEih 

FUNC T 1 ON I C L O C K  ', DUMMY ) l C L 0  5 
I C L O  L O  C S U B S T I T U T E  ROUTYNE. REMOVE I F  L I B R A R Y  R O U T I N E  IS A V A I L A B L E .  

C O T H E R Y I S E  P R O V I D E  A R O U T I N E  T O  S E T  I C L O C K  . N  I l N l T S  O F  0.01 S E C  I C L O  15 
C OF C E H T R A L  PQUCESSDR . T I M F .  7CLO 20 

I C L O C K = O  I C L O  25 
R E T U R N  I C L O  30  
EN3 I C L O  35 

S U B k O U S  I N E  : D A Y < h U A T E  1 I D A Y  5 

C I I T ~ ( F R W I S E  P R n V l D E  A R O U T I N E  T O  S E T  N D A T E  A S  T H E  A L P H A N U M E R I C  D A T C . I D A Y  I5 
Q E * L t R  INDATE, MDATE I D A Y  20  
D A T A  U D A T E / * S E E  I D A Y . /  I D A Y  25 
N D A T E = M O A l  E I D A Y  3 0  
R E T U R N  I D A Y  35 
END I D A Y  40  

C S U 3 5 T I I U T t  P O U T I N E .  REMOVE I F  L l R R A R Y  R D U T I N E  IS A V A I L A B L E .  I D & Y  10  

4 2 
5 0  

.EM LA. A D  
0 0 0  

AR CL 
2.43 

0.001 

2 4 2 
7 0 0  1 2  :6 

0 4 ii 0.00?\ 0*000001 
JUST R2PULS:UPs P A R A N E T C R S  F O R  

BRNA E R i L  
3-01.3 0 . 2 3 8  

0.0001 0.000L 

0 
1 

0 
N A C L  

1 
1 

0 . 0 0 2  

I D A T A  5 
L D A T A  LO 

D A T A  I5 
I O D A T A  D A T A  2 0  25 

D A T A  3 0  
D A T A  35 
D A T A  4 0  
D A T A  4 5  
DATP. 5 0  
D A T A  45 
D A T A  00 
D A T A  65 
D A T A  70 
3 A T A  75 

0 0 L J A T A  90 
0 0 L D A T A  8 5  

0 0 I V A T A  9 5  
D A T A  100 
D A T A  105 
D A T A  1 1 0  
V A T A  115 
D A T A  120 
D A T A  I25 
D A T A  130 
D A T A  135 
D A T A  140 
D A T A  145 

I D A T A  D A T A  1 5 0  i 5 5  

l D A T A  160 
D A T A  165 

L O D A T A  1 7 0  
D A T A  1 7 5  
D A T A  180 
D A T A  1 8 5  
D A T A  190 
D A T A  195 
D A T A  2 0 0  

0 0 1 D A T A  D A T A  2 0 5  210 

0 0 I D A T A  215 
0 0 I V A T A  2 2 0  
0 0 I D A T A  225 

D A T A  230  
D A T A  2 3 5  
D A T A  240 
D A T A  245 
D A T A  2 5 0  
D A T A  255 
D A T A  2 6 0  
C A T A  265 
D A T A  270 
U A T A  2 7 5  
V A T A  280  
D A T A  285 

D A T A  D A T A  295 290 
D A T A  300 

8 O D A T A  3 0 5  

6 D A T A  V A T A  310 315 
CbIH IOVA:A 3A'A -320 3 2 5  

3 . 7 4 0 0 0 3 A I - A  D K A  330 335 

D A T A  340 
O . O l D A T A  3 A i A  345 350 

D A T A  3 5 5  
D A T A  360 

STTNCD. D A T A  365 
D A T A  370 
D A T A  3 7 5  
9 A T A  380 
3 A T A  305 
3 A F A  190 

D 0 - 1 J A I A  '100 
0 0 - 1 D A T A  405 
0 0 l D A T A  410 
0 0 - 1 O A T A  415 

0 0 0 0 L D A T A  L O A T A  425 4 7 0  
0 0 - 1 3 A T A  430 

D A T A  435 
D A T A  440 
D A T A  6 b t . 5  
VA:A D A T A  4 5 5  450 

3Ay .A  460 
:.A;A '~65 
3 A T A  470 

o o I ~ A T A  90 

o o 1 3 n r A  395 

T L S T  Pun%* 
O l *  

A R N h  
1 - I d  

0.001 
7 2 2 2  
IO00 

3 N A C L  
? 2 4  

0.31 
0.64 

6 . 4  
5.b28 

C N S T  5 
C N S T  LO 
C N S T  15 
C N S T  20 
C V S T  25  
CNST 3 0  
C N S T  3 5  
C N S T  40 
CNST 45 
C N S T  50 
C N S T  55 

z o o  
2 2  

0-72 
7.0 

5.628 
0 1  
0 1  

0.5 I 
0.5 L 

I 

0 2 0 1 0  L 0 1 0 0 0 0 0  

0 

1 2  
C 

5 - 6 2 8  0 0 
0 0  0 0 1 0  

0.5 0 0 0 0  
0 0  0 0 1 0  

0.5 0 I 0 0 0  

0 
0.5 
0 . 5  

0 T H E  A B U V E  I S  C A L L E D  ONCF FROM M A I N  TI) SET L C C A T I O N S  O F  A R R A Y S  

STT V A R I A F I L E S  I N  TERMS OF COMMON P A R A M E T E R S  AND C X i R A  P A R A M E T E R S  
C N S T R N  FOR TEST P R O B L E M S  

E N T R Y  C N S T R N  
GO T C ( 5 0 0 . 5 0 0 . 5 6 0 . 5 6 5 ) .  I S B  
CNSTRN FOR E T H A N E  A N 0  PROPANE 
AR( I ) = P C (  1 )  
A R I  Z I = P C < Z )  
B R (  I ) = P C t 3 )  
RR( 2 ) = P C i 4 )  
P L (  I ) = P c i 5 )  
P L ( 2 I r P C i 6 l  
GCI T 3  5 8 0  
C N S T R N  'OR N A C L  
A*( I )=PC: 1 ) 
AR( Z ) = P C ( 2  1 
R R :  1 ) = P C ( 3 1  
BR; 2 ) = P C ( 4 )  
GO T O  5 8 0  
C N S T R N  FOR RCNZCNE 
PL< 1 ) = P c (  1 )  
P L $ E ) = P C ( E )  
Q (  i l = - P C (  9 )  
a 1 7 ) =  pc(9) 
C D N T  I N U E  
R E T d R h  
EYD 

C N S T  
C N S T  
C N S T  
C N S T  
C N S T  
C N S T  
C N S T  
C N S T  
C N S T  
C N 5 1  
C N S T  
CNST 
C N S T  
CNST 
C N S T  
C N S T  
C N 5 T  
C N S T  
C N S T  
C N S T  

c NST 
C N S T  
C N S T  
C N S T  
C N S T  
C N S T  
C N S T  
C N S T  
C N S T  

cm: 

b0 
65 
7 0  
7 5  
80 
85 
9 0  
95 
100 

110 
115 
120 
125 
130 
I35 
140 
145 
: 5 0  
155 
160 
16s 
170 
175 
I80 
185 
1 9 0  
195 
200 
705 

i os 

N A  
C L  -1 
Y A  I O 0 
C L  

0 
2 0.5 0.5 0.5 

1 2  
1 0  
2 0  
0 0 0 

100000000000 
00 0 000000000 

C 
c o o  

2 2 
5 0  7 0 0  

.EM I E .  MAP ,-NERGY 
0 0 0 0 4 1  

4 2 
1 2  16 

0.0001 0.00000L 
O F  N A C L  

0 1 
1 

0 . 0 0 2  

1 .2 

0 
T E S T  P R O B l  

- 1  0 4 

l N A C L  
2 2 4  

,5 .31 
3 . 6 4  

6.4 
5 . 6 2 8  

I noo 0 

0 

C 
5 6 0  

1 0 1 O I O O  D 0 

C 
6 6 5  0 0 

0 0 1  
0 .5  0 0 1  0 1 

0.5 0 I 

0 
0 
0 
0 
0 

0 
0 . 5  
0.5 

0 
N A  
C L  
N A  1 

2 
1 2  

C L  

I "  

0 0 0 
0.5 0.5 0.5 

R E J r  
R E J E  
R E J E  
R E J E  
R E J E  
K E J E  
R E J E  
R E J E  
R E J E  
R E J E  
R Z J E  
R E J E  
XEJE 
R E J E  
R E J E  
R E J E  
R E J E  
R E J E  
R E J E  

5 
10 
15 
2 0  
25 
3 0  
35 
40 
4 5  
5 0  
5 5  
G O  
6 5  
70 
75 
8 0  
85 
YO 
9 5  

SUB R O U T  I N E  HX 3 HY .HZ. I R E  J ) 
A V O I D  C A L C U L A T I O N  O F  SPACE-GROUP A s S E N C E S  I N  R E C I P K O C A L  SUM 
I R E J = O  ON FNTRY. S E I  I R E J = I  T O  O M I T  A SPACE-GROUP ABSENCC. 
R E J E C T  FOR T E S C  P R O B L E M S  
GO T D ~ 5 4 5 . 5 4 5 ~ 5 0 0 ~ 5 L 0 1 ~ 1 S 8  

R E J E C T  < IS8 . .  
2 0  
0 0 0 

100000000000 
000000000000 C 

sou 
505 

5 1 0  
515 
570 
= 2 5  
530 
5 35 
540 
E45 

C 

- I  
o.no 0.05 1.20  

5.5 0.1 6.0 
0 1  
I 1  

) 5 4 5 . 5 0 5 . 5 4 0  
.540 s 5 4 5 . 5 4  0 . P B C A  

I. 2.0 1 1  5 4 0 . 5 2 0 . 5 4 0  
525r530 
s 2 - 0 1  1 5 4 0 . 5 3 0  9540 

9 13 2 8 1 0 
0 50 700 1 2  21 b 

3 
T E S T  P R O B L E M  2 A .  M I N I M I Z E  E N E k G Y  B Y  N E W T O N ' S  M E T H O 3  

t 2 9 o o o o 4 o o .ooo1  o.noooo i  
P L  c PL n BCC 8 C H  RHH ccc 
"Y 

6 
b 

0 .a02 
C 7 H  

3.67000 

0 . 0 1  

I R F J = I  
C C N T I  N U €  
9 E T U R N  
EYD 

". , 
2 4 . 0 2 3 7 2  5 . 7 0 2 1 8  87.80210 15.b5620 2 . 7 Y L 7 3  3 . 6 0 0 0 0  

0 . 1 5 3  

0.001 
1 1 7 2 7 7 7 7 1  

0.01 0 . 0 1  0.01 0.01 0.01 0.01 

F U N C T I O N  R E P L  I I  AR s BR s PC IPL .PX. 01 R E ? L  5 
I M P L I C I T  R E A L  *A(  A-H.  0-7 ) R C P L  1 0  

R E P L  1 5  D l r l E N T I C N  
R E T U R N  "FY, 7 "  

AR(  Ii,BR(L) sUC( 1 ) . P L (  1 )  . P X :  1 )  . O ( I )  

aaooooooo 
4 8 E N Z E N E .  P O T E N T I A L  O F  W I L L I A Y S  A N D  S T A R R  ( 1 9 7 7 ) .  C-H 
7 2 8 2 0 0 0 1 5 ~ 1 1 2 0 6 7 0 0  

0.30 2 2 
0.44 0.51 

B U N D  SHU 
0 0  

C R E P L  2 5  
C T H E  ABOVE IS C A L L E D  ONCE FROM M A I N  T O  S E T  L U C A T I U N S  O F  A R R A Y S  R E P L  3 0  

C U S E R  R O U T I N E  TO C A L C U L A T E  R E P U L S I O N  E N E R G Y  R E P L  4 0  
C E N T E R E D  O N L Y  I F  I R F P = 2  R E P L  4 5  

.- - -" 
C R E P L  35 4 . 4 5  

7 . 4 4  
5.20 
9.55 6.92 

.O I O  0 

.O - I  0 0 

.5 1 0 0 

.5 - 1  0 0 

.O - 1  0 0 

.O L 0 0 

.5 - 1  0 0 

.5 I 0 0 

0 0 
.O 0 1 D 
.o 0 -I 0 
.5 0 - 1  0 
. 5  0 1 0 
.5 0 L 0 
.5 0 - I  0 

.O .O 0 0 - I  L O  0 

0 
.o 
.o 
.O 
.O 
.5 
.5 
.5 
.5 

- 0 . 0 5 6 9  
-0.1335 
- 0 . 0 7 7 4  

- 0 . 0 9 0 6 2  
-0.231 I 5  
- 0 . 1 3 4 4 5  - 

0 . 1 3 8 7  
0 . 0 4 6 0  

-0.0925 
0.24040 
0 ~ 0 7 9 6 5  

-0.16068 

-0.0054 
0 .  i 2 6 4  
0.:295 

-0.00936 
0.2~8136 
0 . 2 2 4 9 5  

S U B R O U T I N E  W C N F I  1 I K A . J A C . K )  
lNPLlCIT P E A L * 8 1 A - H . O - L  1 
O I M F N S  I O N  I K 4 (  1 ) + J A C (  1 )  IPC(  1 )  
RE'UQN 

WCNF 5 
WCNF LO 
WCNF I5 
WCNF 2 0  



I -  . .  

L 2  
I i )  
2 0  

5 1 6  U 8 1 0 1 4 1 0  
I 5 2 ; 4 8 IO 1.1 IO - I  0 0 

- 1  0 0 

1 0  

14 14 I 4  16 16 16 
14 1 4  14  26 16 16 

1 l J U O U  

0 0 

0 0 
0 0 1 0  0 0 - 1  0 

o o i o  
3 
3 
i) 
0 

0 

0 
2. ?hi77 
:.3:330 

1.26808 

12 i 4  14 1 4  1 4  16 
1 4  14 1 4  lo In 1 6  
14 14 1 4  16 1G IO 

0 
0 
J 

c( J 
3 0 ?I 

CALCULATE F R E o U E ~ C :  
0.03300: 

P A R A L L E L  C A 9 I E 5 I i\. N 
1 1 2 6 0 0  

3 
24 

0.002 
:ES  OF WOLECI 

5 Y S Y H 5 .  
i o  

I 3  
I L 1 

a 1 0 0  

' 3 - 1  . u 
0 - 1  1 0 
i) a - :  o 
0 1 0 J  
G - I  0 0 
r ? U I O  

J a - !  0 

0 3 -0.5 
0 0 1 0  
o : - i  (i 
3 - :  0 G 
0 0 1 0  
0 - 1  0 0 
C I - '  0 
0 0 - i  .3 
3 - 1  i 0 
4 1 3 0  
0 3 - 1  a 
3 : 0 0  
a - ;  1 0 

I 2.00 3q 
:.1)ca1 

3 0 0.71750 
L.02?.52 0 1.16iIO 

I O  10 
10 1 0  

c 3  
c 3  
C 2  
c L 
C ?  
8 
S b  
56 
1 
P l  
M 
c 

. . . .  
0 1 - 5  u 
(I 1 - 1  0 
3 0 1 3  
0 - 1  0 J 

H 
C 
H 

0 

a 1 0  
a 10 

14 14  1 4  l b  16 16 
14 14  1 4  I 6  1 6  i 6  

- 1  0 0 
- 1  0 0 

0 
0 

C 
n 
C 1 
H 2 

0 
1.01162 
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10. T t S F  PROBLCM OUTPUT 

lhe  fo l lowing  output  i s  provided 5 0  Lhat i t  can be v r r i f i e d  t h a t  
t he  program works  proper ly  w i t i i  i h c  t c s t  da ta  of Sec t ion  3 .5  a n d  t h e  

user r o u t i n e s  o f  Sect ion  9 . 4 .  I n  o r d e r  to save space herc  we have  s e t  
Ltie p r i n t  i tndicator  IPRT (see Sec t ion  7.3) a t  values  which cause soiiie ~f 

t h e  O \ J ~  pi i t  io be orni t ted,  and we have fur ther  t r u n c a t e d  p a r t s  of the 
pr i f i t o u t .  In rw i l i i i f i g  t h e  t e s i  problems, however, the ucer  w i l l  probably 
w i s h  t o  leave  IPRT a s  z e r o  to o b t a i n  the coltiplete o u t p u t .  

16 1 1 1 

5 
A N  

I N V H A X  
.I NV'4AX)  

6 
AR 

I 1  t N K A " 4 ' 8  
2 
P 

0 0 1 3 0 0 P O  

16 
D d G Q  

( I  t N V N A X I  
I 
8 

0 0 0 0 2 2 ~ 8  

x 
( N Y M A X  

8 T i  R R  
e N K A Y 4 X )  ( I  I r l O S M A  X )  

2 

0 0 3 0 i) 0c 4 

4 
C H A k  

I 1  * N S N A X )  

1 
4 C L  

( 9  *.'O PI44 X )  

18 
8 

c 3 c c o 0 0 0  

2 
A K F  

I O  
I Q I  

0 
R 

0 0 0 0 3 0 9 0  

12 
J P  

I 1  
I N?"4.X! 

16 
8 

0 0 0 0 2 1 C 8  

4 
4 M A i 5  

( 1  t N K R Y I I '  

2 
8 

U C S ( I C U 9 8  

1 4  
DPY 

I 1  
* Y P X % \ X  ! 

3 
6 

0000iP68 

2 4  

I N V H b X  
f N V f 4 b I  $ 

I 
? 

00002338 

E V E C  

a 
0 00 0 0 0 AH 

a 
I) O O O J O O  0 

5 
0 O O 0 0 0 D 8  

1 1  
c sv 

I 1  
I N G S H A X I  

700 
8 

O O O O O B E R  

2 1  
E P 5  

I 1  t NP-9'1 
16 
8 

0 0 0 0 2 3 2 8  

3 1  
H M T  

1 1  
¶NFSMAX1 

50 
4 

0 0 0 0 5 4 9 5  

13 
O"1 

I 1  
'U^C U P  K I 

4 

15 
D V  

1 1  * " P N A X I  
16 

11 

I N V N A X  * N A M A X I  
2 

0 x 0  
19 

I ' IVMAX * NAWLX)  
2 

019 
7 0  

( NVMAX 
f N A M A X I  

2 

D z a  

8 
0 0 0 0 2 2 4 8  

23  
E V A L  

I 1  * N V M A X I  
I 
8 

0000?380 

8 
0 0 0 0 7 2 6 8  

8 
0 0 0 0 2 2 F O  

8 
0 0 0 0 2 3 a 0  

8 
0 0 0 0 2 3 0 8  0 0 0 0 2 3  l r  

22 
Eh R 

1 1  * NVLI%.Y)  
1 
8 

0 0 0 0 2 3 A 8  

32 
V X T  

I 1  
8 N F S H A X )  

50 

25 

( N A N A X  * N S M A X )  
8 

F 1Ic FRE:6 
( 1  * N V M A X I  

1 

2 7  
G M T  

1 1  +,!45HAX) 
100 

2 8  
G X T  

I 1  
f V G  SMA X I  

700  4 

000039;P 

? 3  
G Z T  

11 * NGSM A X  > 
100 4 

0 0 0 3 4 F A 8  
4 

0 0 0 0 2 3 C O  

35 
I A C T  

( 1  
* N C T H A X I  

2 
4 

o o o m m n  
45 

I P B C  
C N A M A X  
1 N S M A X )  

8 
4 

0 0 0  06920 

55 
JASV 

( 1  
I H H A X )  

0 
4 

0 0 5 0 6 9 F O  

55 
K O C  

( 1  f -NPCMAXI  
4 
4 

0 0 0 0 7 5 8 3  

8 
00 0 O 2 3 E O  

36 
I A S V  

( 1  
I H M A X )  

0 
4 

o o s o 5 n c n  
46 

I S B P  
( 1  * N P V A X I  

16 
4 

0 0 0 0 6 9 a o  

8 
000023iE8 

3 1  
I A T  

1 1  
*LJGSHAX) 

700 4 

00005OCO 

4 7  

I N A M A X  
I N S V A X I  

8 4 
00006980 

t s c  

4 
0 0 0 0 * l h B 8  

33 
n T Y  

I t  
+NFSYP.X I  

5 0  
4 

0 O O O i C 2 8  

3 a  
n Z T  

( 1  
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0.001 000 
0.0000L0 
oIoooo lo  
0.0000LO 
0.0000lO 
0.000010 
0.000010 
O.OOOOLO 
0.000 0 LO 
0" 0000 I O  
0.000010 
0 .ooonro 
0.000010 

wo NV NOV LS i w r  
6 6 6 0 0  

PMNC I 1  
0. 0 
0.0 
0.0 
090 
0.0 
0.0 
0.0 
0.0 
0.0 
6.44 0 00 0 
8.550090 
5.920000 

-0.200000 
-0.200000 
-0.200000 
- 0.200000 
-0.200000 
-0.200000 
-0.500000 
-0.500000 
-0.500000 

1 

PHXlI 1 
0.0 
0.0 
0 - 0  
0-0 
0.0 

0.0 
0.0 
0" a 
8.440000 
10.550000 
7.920000 
0.20000 0 
0.20000 0 
0.200000 
0.200000 
0.200000 
0.200000 
0.500000 
0-500000 
0.500000 

0.0 

K P I  I 1  
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
0 
0 
0 
1 
1 
1 
0 
0 
0 

u a i i )  
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
0 
0 
0 
1 
I 
1 
0 
0 
0 

D U T I K Q I  
0 .o 
0 .O 
0 .O 
0.0 
0.0 
0 .O 
0 .O 
0 .O 
0.0 
1 .a00 
I .000 
1.000 
0 .o 
0.0 
0.0 
I .a00 
1.000 
I .a00 
0.0 
0.0 
0 .O 

T F S T  PROaLEH 2 A  MINIMIZE E N E R G Y  BY NEWTON.5 U C T H O D  
BENZENE. POTENT:AL O F  WILLIAMS AND S T A R R  119773, C - H  BDhD Z H O R T E N E O .  

CYCLE I 
N t  
20 
34 

Q Y 9 X  
0 .440000 
0.510000 

S P P K  
6 - 89 0 190 

10 

7.004175 
7.093283 

V S F  
-4 .a40 2 5 8  
-$.84P977 

S OK S P L K  
-27.992757 -36.108733 

SVDW 
16.920684 
16.8423%3 

C5F 
4.471 021 
4.475676 

NG 
222 
3 39 

R M A X  
4.450000 
5 . 2 0 0 0 0 0  

5 GK 
21.189748 
21.181 217 

G X  GV GL I 2 
0 0 0 1 4  
0 0 0 3 6  
0 0 0 8 1 1  
0 0 0 LO 13  
0 0 0 2 5  
0 0 0 9 1 2  
0 0 0 2 3  
0 0 0 9 1 0  
0 0 0 1 1 0  
0 0 0 3 8  
0 0 0 1 2  
0 0 0 8 9  
0 0 0 2 6  

0 0 0 I 1 3  
0 0 0 6 8  
0 0 0 3 5  
0 0 0 10 12 
0 0 0 2 4  
0 0 0 9 1 1  
0 0 0 3 1 1  
0 0 0 4 1 0  
0 0 0 1 5  
0 0 0 8 1 2  
O O O L 3  
0 0 0 8 1 0  
0 0 0 5 6  
0 0 0 12 13 
0 0 0 2 1 0  
0 0 0 3 9  
0 0 0 4 1 3  
0 0 0 6 1 1  
0 0 0 1 9  
0 0 0 2 8  
0 0 0 4 s  
0 0 0 11 12 

- I  - 1  0 6 2 5  
- 1  0 0 5 26 

0 0 - I  4 38 
0 0 0 5 3 1  

-1  -1  0 6 24 
- I  0 0 4 26 

0 0 0 3 1 0  
0 0 0 1 8  
0 - I  - 1  11  39 

0 0 0 2 9  
- 1  0 - I  4 45 

0 0 0 11  52 
- 1  0 -1 I 4 s  

0 0 0 8 5 2  
- 1  - I  0 3 24 
- 1  0 0 4 23 
0 - 1  - 1  8 39 
0 0 0 1 3 2  

- 1  0 -I 3 4 4  
0 0 0 IO 51 

o o o 9 1 3  

o o o 4 3 2  

G H  
1.00000 
1.00000 
1.00000 
1 .00000 
1.00000 
1.00000 
L.OOOOO 
L.00000 
1.010000 
L.00000 
t .00000 
1.000@0 
L.00000 
L.00000 
1.00000 
1.00000 

1.00000 
I .  00000 
1.00000 
1.00000 
1.00000 
1 .00000 
L.00000 
1.00000 
1.00000 
1.00000 
I .00000 
I .  00000 
1.00000 
1.00000 
1.00000 
1 .ooooo 
1.00000 
L.00000 
1.00000 
1.00000 
1.00000 
L.00000 
1.00000 

L.OOOOO 
1.00000 
I .00000 
1.00000 
1.00000 
1 . 0 0 0 0 0  
I .  00000 
1.00000 
1.0@000 
1.00000 
1 .oooo* 
1.00000 
1.00000 
1.00000 
1.00000 
1.00000 

1.ooooa 

1 .oooao 

R 
L.02000 
I .02000 
1.020 00 
1.02000 
1.02003 
1.02003 
1.38713 
I. 387 1 3  
L .38944 
1.38944 
1.39297 
I .3Y297 
2.08830 
2.08830 
2 .09262 
2.09262 
2.09612 
2.0961 2 
2.09681 
2.09681 
2.09790 
2.09790 
2.09930 
2.0'3930 
P.40204 
2.40204 
2.40564 
2.40954 
2.40730 
2.a0730 

2.41086 
2.41228 
2.41228 
2.41311 
2.41311 
2.87419 
7.. 674 1 9  
2.73179 
2.73179 
a.732 30 
2 -73230 
2.76769 
2.78218 
2.78798 
2.78798 
2.78897 
2.81141 
2.811 41 
2.96634 
2.96634 
3.04631 
3.046 31 
3.07634 
3.07634 
3.181 00 
3.18100 

2.41086 

NAMl  
CL 
c3 
c 1  
c 3  
c 2  
c2  
c 2  
c 2  
CL c 3  
C l  
CL 
c 2  
c 2  
C I  
H3 
c3 c3 
c2 
c 2  
c 3  
H I  
C l  
C1 
CL 
c 1  
H2 

C? 
c 3  
H I  

C I  
c 2  
HI 

H 3  

H I  

H3 

c 3  
CL 
H I  
H I  
c 2  
H I  

C I  
C1 
c 3  
H l  
C I  
c1 
c 3  
c 3  

n2 

n 3  

n i  
n2 

n2 

n i  

H i  

:S  
H I  
n3 
n i  
H3 
H2 
H2 
c 3  
c3 
c3 
C 1  
C2 
c2  

H 3  

C l  
H2 
HZ 
H I  
Ml 

c3 
H2 

c3 
c 3  
H3 * 3  

c 3  
c 2  
H 3  
H I  
C2 
C I  

H2 
H 2  
H3 
ti2 
HI 

n 3  
n3 

nr 

n2 

ti.? 

n i  
n 3  
c 3  
C I  
H3 
H 3  
c 2  
H3 
H3 
H3 
n3 
til 
c 3  H3 

H3 
t i2 
n2 

R E P  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.127 
0.127 
0.102 
0.102 
0.102 
0.102 
0.0 
0.0 
0.083 
0 .OR3 
0.0 
0.076 
0.076 
0.293 
0.293 0.218 
0.218 
0.196 
0.196 
0.133 0.133 

T R  1 2 . 5 )  
0.0 

0 0  
0 0  
0 0  
0 0  
0 0  
0 0  

8 I L  

SPIII 
0.0 
0.0 
0 .O 
0.0 
0.0 
0.0 
0 .O 
0.0 
0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

9 1 0  

I S 9 P I  I ) 
0 
0 
0 
0 

0 
0 
0 
0 
4 

4 
4 4 

0 1  -06-81 

N S R B  
66 
66 

SRB 
1 .O 
1.0 
1.0 
1.0 
1.0 
1 .O 
I .O 
1.0 
1.0 
1.0 
1.0 
1 .O 
1.0 
1.0 
1.0 
1.0 
1 .O 
1.0 
1.0 
1.0 
1.0 
I .O 
1.0 
1.0 
1.0 
1.0 
1.0 
1 .O 
1.0 
1.0 
1.0 
1 .O 
I .O 
1 .O 
1.0 
1.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.0 
L .O 
0.0 
0.0 
1.0 
0.0 
0 .O 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

9 1 2  



.. 
--I 
0 

- I  
0 

-1  
0 

- 1  
0 

- 1  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 

- I  
0 
0 
0 

- - I  
0 

-1 0 

0 
0 
0 
0 
0 
0 0 
0 
0 
0 
0 

5 47 
I 51 
5 48 
2 51 
2 44 
9 51 
5 49 
3 51 
I 4 4  
8 5 1  
4 35 
2 37 
1 6  
8 13 
3 4  

IO 1 1  
P 13 
6 9  
3 12 
s 10 
2 11 
4 9  
I I2 

BOND DISCANCES 

c 1  ce  
5 1  H I  
C I  c3 
e2  c3 
cz  ii.7 
C 3  H l i  
c 3  c 1  
C I  c2 
C I  L(1 
e2  c3  
c 2  112 
c 3  L(3 

B O N D  4 N G L E S  

c2  c i  n i  
C R  C I  c3 
d l  c i  c3 
c 1  c2 c3 
C I  c 2  1i2 
c3 c2  n? 
c2 c3 +'.I 
c 2  i3 c i  
H 3  c3 CI 
c 3  C I  c7 
C 1  CI H I  
CP C I  H I  
CI C I  c3 
C I  C2 H 2  
c3 CP Hi: 
5 1  c3  C 8  
Cl c3 139 
cz  c3 1.13 

1 . 3 0 0 0 0  
i.oaoao 
I. 00000 
1 .00000 
i .oooon 
1.00000 
I. oooa I) 
1.00000 
1.00000 
1.00000 

1.00000 
1.00000 
1 . 0 0 0 0 0  
I .  00000 
I .  00000 
1 . 0 0 0 0 0  
1.00000 
1.00000 

I .00000 
I .  0 0 0 0 0  
I .  00000 

1.un00o 

i.ooaoo 

C C N F O R M A T I O N  4 N G L E B  

I A  J A  
1 2  
1 4  
1 10 
2 3  
2 5  
3 6  
3 8  
8 9  
8 11 
9 10 
9 12 

10 1 3  

I A  J A  KA 
2 1 4  
2 1 10 
4 1 IO 
1 2 3  
I 2 5  
3 2 5  
2 3 6  
2 3 8  
6 3 8  
3 8 7  
3 8 I 1  

8 9 10 
8 9 12 

10 9 18 
1 LO 9 
1 10 13 
9 10 13 

9 a I I  

I A  JA KA 
4 1 2  
4 1 2  

IO I 2 
LO 1 2. 
2 1 10 
2 1 LO 
4 I LO 
4 1 10 
1 2 3  
1 2 3  
5 2 3  
5 2 3  
2 3 8  
2 3 8  
6 3 8  
h 3 8  
3 8 9  
3 8 9  

I 1  8 9 

8 9 10 
1 2  9 LO 
12 9 10 

i t  e 9 
8 9 i o  

H2 
C I  H 2  
c2  
C P  
C 2  

c3 
C 1  
c1 
>I 1 
C.' 
e1 
C l  
e3 
c3 
C 2  
H 3  
c 3  
H Z  
C 2  
H I  
C I  

ti? 

L A  3 
5 
3 
5 
9 

9 
13 6 

8 
8 
8 
9 

11 
7 

11 
IO 
12 

12 
I 13 
1 

13  

13 

i n  

0.133 

0.126 
0.126 
0.113 
0.113 
0.111 
0.i1i 0.109 
0.109 
0.102 
0.102 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0 - 0  
0.0 
0.0 

0 . 1 3 3  

0.0 

we w w  WR WX Y T  
-2 .336  -17.219 7-093 0.0 -12.462 

T E S T  "QOBLEH Z A .  H I N I Y I Z E  E N E R G Y  B Y  NEWTON'S METHOD 
BENZENE. OO~EWIAL OF WILL~IAMS AND STARR ( 1 9 7 7 ) .  c-ti a a w  SUOUTENED, 

Y O 8 5  UCA1.C B E F O R E  C Y C L E  I 
0.0 -12.4818 

0.0 
0.0 

0.0 0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
I .O 

1 .o 1.0 
1.0 
1 .O 
1.0 
1 .O 
1.0 
1.0 
1.0 
1 .O 

0.0 

0 .0  

0 1 - 0 6 -  e 1 

D E X I V I T I Y E S  B k F O R E  C Y C L E  1 
DDW/OPCI I n P f ~ i  FOR I -  

I 1  B 12 c I h  R X  17 R Y  18 R Z  J N A H ~ C J I  D' fCCJ) IO A 
10 4 -0.3839 3.6350 1 - 0 3 4 9  2-3891 1 . 6 Y 4 6  -513282 5.1128 
1 2  c -0.4161 2-3CYI 1.1361 315'339 -3.0774 2.6013 1 . 6 0 0 5  

17 R Y  - 0 . 6 0 0 6  -5.3282 0 - 5 1 7 4  2 . 9 0 1 3  -0.0504 39.lSlO - 8 . b Y H Y  

11 R -0.5953 1 . 0 3 4 9  2.1567 1 . 1 3 6 1  2 . 8 0 6 2  0.51-?4 -1.8993 
16 R X  a.13b7 1.8946 2.8062 - 3 . 0 7 7 4  8 3 . 3 3 6 ~  -01aso4 13.8940 

18 9% 0.2706 5.1128 -1 .8993 1.60afr 13.8940 -8.4989 23.6989 

RDWS SOWS 
O.IIIO~LD ai 0.1233~30 0 1  

VUMSCR SF P A S S E S  AND T I M 5  S P E N T  ON V A R I O U S  
N T  SEC A V T  

C O O R D I N A T E S  28 0 . 0 6  0.0021 
5LOW R S C S P  L 0 . 0 7  0 . 5 7 0 0  
F A S T  R E C I P  2 7  1.71 0 . 0 6 3 3  

5LUW 01QECT 1 0.38 0.3200 
F A S T  D I R I C T  2 7  1.04 0.0385 
SCOW C O N F I G  1 0.03 0+036U 
F A S T  C J N F I G  2.7 0.0 0.0 

T i l T l L  T I M E  tSECr  3.23 

I N I T I A L  2 8  0.0 0.0 

U N I T  <EL!.. 15 0.0 0.0 

P A R T S  OF ENERGY C A L C U U T I C N  

S U H M A T I n N  L I M I T S  FClH M I N I M U M  T I M E  
EL I S  P H O P L ~ T I C N A L  Tn  RXATIYE Z R R O R  DF RESULT 
P R O  1 5  UECCMMENDEO QLIM 
iiUR I S  RFCOMMENDE7 R L i M  
OTK 1 5  PCCCMHENO'D VALUE O F  C K  
PRT 1 5  CRF:OICTED TOTAL T I M E  w n  C Y L L C  I-en n C C I . w a c A L  AND DIRECT SUMS 

FUR t1115 CYCLE 



140 

1 1  8 12 c 16 R X  17 R Y  18 R Z  
SAN( I I 
10 A 
0.510640 3.680833 0.527497 0.1095'3 0.159819 0.205417 

1 1  B 12 c 16 R X  17 R V  18 R Z  
EVCC< 1 ,  J) 

J EVAL(J1 LO A 
I 0.2140 01 -0.660896 -0.296303 -0.467945 -01157183 0.242572 -0.415814 
2 0.15iD 01 -0.021754 0.507740 0.466600 -0.225982 0.493374 -0.479089 
3 0.1130 01 -0.127148 0.394547 -0.242188 0.855316 0.393757 -0.015843 
4 0.9340 00 0.093833 0 440551 -0.301581 -0.178775 -0.682440 -0.473120 
5 0 .168D 00 -0.211856 OZ546184 -0.348162 -0.405108 5-144143 0.589271 
6 0.6170-01 0.699487 -0.079537 -0.561822 -0.109387 01416771 -0.161986 

J EVPLtJI  LO A 1 1  8 12 c 1 6  R X  17 R Y  18 R Z  
I 0.2140 0 1  -0.337480 -0.20L762 -0,2?6839 -0.017218 0.038768 -0.085015 
2 0.1570 01 -0.OlL109 0.345736 0.246130 -0.024?55 0.078850 -0.098413 
3 O.LL3D 01  -0.065233 0.268660 -0.17775L 0.093614 0.030958 -0 .00325U 
4 0.9340 00  0.047915 0.795992 -0.t59083 - 0 . O l I l 0 6  -0.109067 -0.097187 
5 0 .168D 0 0  -0.112267 0.371915 -0.183659 -0.W9377 0.023037 O.lZIO46 
6 O.6 l iU-01 0.357i86 -0.054159 -0.285282 -0.011983 0.066508 -0.033275 

S A q '  I )*EVtC( 1 ,  J I 

~NAT*E!.I4T*SANtEVEC 
J NA'I'<.L: U ( C ( J I  1 2 3 4 5 6 

-0.3839 -2.7687 -0.0670 -0.2~15 0.1717 --ooo723 0.0865 
-0.5963 -0.9309 1.1720 0.6519 0.6044 0.134R -0.0072 
-0.5161 -1.8977 1.3904 -0.5166 -0.5341 -0.1109 -0.0532 
0.1367 -3.0595 -3.2426 8.7847 -1.0982 -0.6214 -0.0616 

-0.6006 3.2469 4.8523 1.3640 -3.9891 0.1515 0.1608 
0.2906 -4.3303 -3.6659 -0.0868 -2.1517 0.4820 -0.0486 

LO A 
1 1  E 
I2 c 
16 R X  
17 R V  
18 RZ 

NEW P ERR 
3ARAv.4ETERS A F T E 9  CYCLE 1 

OLD P CHANGE 
7.*10000 -0 .0~4042 7.385958 2.446508 
9.550000 -0.308son 9.241500 1.2508te 

I N e X P  
LO A 
I L  B 
12 c 
16 R X  0-0 
17 RY 0.0 
18 R Z  0.0 

6.92Q000 0.036751 6.856751 1.808869 
0.018533 0. 018533 0.025089 

-0.025348 -0.028348 0.103647 
-0.023601 -0.023601 0.138643 

T E S T  PRUBLCI 2A MlNlHiZE ENERGY B Y  NEWTON'S YETHOD o 1-06-e I 
G E N I E I I E .  PjTENTi41. OF WILLIAMS A M 3  S T A R C  (19SSI. C-H EDl!D 'IHORTENED. 

CYCLE 2 
wv W R  WX WT 

-2.480 -18.795 8.731 0.0 -12.545 
1c 

T E S T  PROSLEM 2A MINIMIZE ENERGY 8V NEWTOY'S HETHOD 01-06-81 

SENZENE. POTENi;bI .  O F  WILLIAMS AND STARR (19771. C-H BONO SHORTENED. 

WC&C B F F O R E  CYCL.E 2 
- 1  2.5625 

W O 3 S  
0.0 

DERIVATIVES BEFORE CVC1.F 2 

12 c 16 R X  17 HY I 8  R Z  
ODU/D~Ul>UP(J I  FOR I =  

1 1  B J NA$!:PtJI OYC(J) LO A 
0.0809 4.7457 1.565? 2.5881 2.6514 -7.96'37 6.2370 
0.1602 1.5552 3.2900 1.99TT 2.8943 1.4934 -3.3410 
0.1530 2.5881 1.9Y7T 4.5370 -&a2327 5.5350 1.1577 
0.0083 2.6514 2.8943 -4.2327 95.89SR -0.8017 20.6461 
0.2626 -7.2697 1.4934 5.5350 -0.8017 58-0556 -10.2936 

-0.1549 6.2370 -3.3440 1.1577 20.6a61 -10.2936 31.4228 

10 A 
I 1  8 
12  c 
16 R X  
17 R Y  
I 8  R Z  

R O V S  sow5 
0.3855040 00 0.148613D 00 

N E V  P ERR 

9.241500 0 a038753 9.280253 0.5051 58 
L O  A 

6.956751 0.009379 6.966130 0.568241 
I 1  B 
12 c 
LE R X  0.018533 -0.000618 0.017915 0.010377 
1 7  R V  -0.026348 0.003156 -0.023192 Oo031)664 
18 RZ -0.OP3601 -0.000773 -0.024373 0.056802 

PARAMETERS AFTER CrCLF 2 
OLD P CHANGE 

7.385958 0.005352 7.391309 0.734726 
I NAMP 

0 1-06-8 I TEST P'IOBCEM Z A  MINIMILE ENERGY BY NEYTON.5 UETI-IO0 
BENZEYE. P O T E N T ~ A L  OF- WII.LTAUS AND S T ~ R R  (1977).  c-n BOND S:GRTCNED. 

CVCLE 3 

NF 
1 9  
32  

OMAX 
0.440000 
0.510000 

SPPX 
6.890180 

*R 
8.308982 
8.4 I4729 

VSF 
-4.570555 
-4.5731 51 

SaK SPCK 

CSF 
4.3169eh 
4 , 3 2 3 0 4 5  

-27.992757 -37.155395 

SVDW 
16.425523 
16.336318 

VI: n5r8 
66 
66 

2 2 8  
3 56 

R M A X  
4.050000 
5.200000 

SGK 
21.209902 
21.207870 

SRB 
I .O 

C'IB VDH REP G X  G I  GZ I J G M  R NAMES 
0 0 0 1 4 1.00000 1.02000 C I  H I  -7.623 -121.643 0.0 1.0 
0 0 0 3 6 1.00000 1.02000 C3 H3 -7.623 -121.643 0.0 1.0 o o o 8 I I  1.00ooo 1.02noo C L  H I  -7.623 -121.643 0.0 1.0 
0 0 0 10 13 1.00000 1.02000 C3 H 3  -7.623 -121.643 0.0 1 .O o o o 2 5 t . o ~ o o o  1.02003 c2  ~2 -7.623 -121.617 0.0 1 .O 
0 0 0 9 12 1.00000 1.02003 C2 H 2  -7.623 -121.617 0.0 1.0 

5.586 -80.213 0.0 1 .O 5.582 -79.000 0.0 1 .O 5.582 -79.000 0.0 1.0 
0 0 0 2 6 1.00000 2.00830 C2 ti3 -3.723 -1.652 0.0 1.0 o o o 9 13 I.OOOOO 2.08830 c 2  ~3 -3.723 -1.652 0.0 1.0 
0 0 0 1 13 1.00000 2.09262 C1 H3 -3.716 -1.631 0.0 1.0 
0 0 0 6 8 1.00000 2.09262 H3 C l  -3.716 -1.631 0.0 1.0 
0 0 0 3 5 1.00000 2.0'3612 C3 H2 -3.710 -1.615 0.0 1.0 
0 0 0 10 12 1.00000 2.09612 C 3  H7 -3.710 -1.615 0-0 1.0 
0 0 0 2 4 1 00000 2.09691 C 2  til -3.708 -1.612 0.0 1 .O 
0 0 0 9 I 1  1:OOOOO 2.09681 C2 HI -3.708 -1 .612 0.0 L .O 
0 0 0 3 11 1.00000 2.09790 C3 H 1  -3.706 -1.607 0.0 1 .O 
0 0 0 4 LO 1 . O O O O O  2.09790 HL C3 -3.706 -1.607 0.0 I .O 
0 0 0 1 5 1.00900 2.09930 C I  H 2  -3.704 -1.600 0.0 1.0 
0 0 0 8 12 1.00000 2.03930 C1 H2 -3.704 -1.600 0.0 1 .O 3.237 -3.005 0.0 1.0 

3.232 -0.168 0.0 I .O 

1.0 
1 .O 
I .O 

5.606 -81.016 0.0 
5.606 -81.016 0 . 0  
5.596 -80,213 0.0 

o o o 2 3 i.oooo~ 1.38713 c 2  c 3  
0 0 0 9 10 1.00000 1.38713 c 2  c 3  

0 0 0 3 8 1.00000 1.38944 c 3  C l  
0 0 0 1 2 1.00000 1.39297 C l  c 2  
0 0 0 8 9 1.00000 1.39297 c 1  cz 

0 0 0 I 10 1.00000 1.33914 C 1  C3 

1.0 

1.0 
1.0 

3.237 -3.005 0.0 
o o o 1 3 I.QOOOO 2.40201 ca c 3  

o o o 12 13 1.ooooo 2.40564 H Z  ~3 

0 0 0 8 10 1.00000 2.40204 CL C3 
0 0 0 5 6 1.00000 2.40566 H P  H3 

0 0 0 2 10 1.0009G 2.40730 C Z  C 3  
0 0 0 3 9 1.00000 2.40730 C3 C2 

3*732 -0.168 0.0 
3.230 -2.966 0.0 
3.239 - 2 . S h t  0.0 



0 0 0 4 1 3  
0 0 0 5 1 1  
0 0 0 1 9  
0 0 0 2 8  
o c o 4 5  
0 0 0 11 12 

- i - I  0 h 2 5  
- 1  3 0 5 23 

o o -1 a JO 
0 0 0 5 2 7  

- 1  -! 0 G 24 
- I  0 0 4 26 
0 - I  - 1  I 1  39 
0 0 0 h 3 2  
0 0 0 5 1 0  

0 0 0 I 1  52 
0 0 0 1 s  
0 0 0 2 9  

- 1  0 - 1  1 4 4  
0 0 0 0 5 2  

- 1  -1  0 7 7zc 
- 1  0 0 4 23 
0 -1 -1  R rY 
0 0 0 I 3 2  
0 0 -1 4 3% 
0 0 0 2 1 7  

- . I  0 0 5 13 
0 0 0 3 5 1  

- I  ? 0 5 'la 
0 0 o 2 5 1  

- 1  0 - I  i 44 

- . I  0 0 5 .a7 
0 0 0 1 5 1  

- 1  0 - i  3 4 4  
0 0 0 I O  S I  

- 1  0 -1 2 40 
0 0 0 4 5 1  

- 1  -1 0 6 22 
- 1  0 I d 25- 
0 - 1  0 3 :a 
0 0 -1 io 3 1  
O O O l 6  
0 0 0 8 1 3  
0 0 0 5 4  
0 0 0 1 0  i l  
0 0 0 2 1 3  
0 0 0 6 9  
0 0 0 3 1 2  

- - I  o - I  a 45 

o o a a F ; r  

c 1  C L  
c 1  H I  
C I  c1 
c2  UCP 
c2 115 
C' 113 
c 3  C I  
e 1  C Z  
C I  111 
c2 c1 
s i  n z  
c 3  143 

1 A  
I 
1 
1 
2 
2 
3 
3 
R 
W 
0 
9 

IO 

I A  
2 
2 
4 
I 
1 
3 
2 
2 
6 
3 
3 
9 
8 
8 

IO 
I 
1 
9 

1A 
4 
4 

10 
10 
2 

2 4 

I 
L 
5 
5 
2 
2 
E 
6 
3 
3 

I 1  
i 1  
8 
8 

1 2  
12 

J A  
2 
4 

I O  
3 
5 
6 
S 
9 

11 
10 
12 
13 

.,A 
1 
i 
1 
2 
2 
2 

3 3 

3 
8 
8 

9 
9 
9 

LO 
PO 
10 

e 

J A  
I 1 
1 
I 
1 
I 
1 
I 
2 
2 
2 
2 
3 
3 
3 
3 
8 
8 
8 
8 
9 
9 
9 
9 

H 3  
1-1 1 
C 2  
CI 
!i 2 nc 
t l2  
:+ 3 
i(i 
M I  
U l  
n 3  is3 

n s 
c3 H 3 

:+:I 
c1 
C 2  
I1 3 
H3 
H 1 
c3 
H3 
i i  3 
c z  
H I  
c3 
$4 2 
c2 

Y Z  !i 2 

H2 
C 1  H." 

li 2 
; I 2  
3 2  
% 2  
C d  
n? 
14 1 
hl 
!i 3 
:i3 
i i  1 
H l  
I 4  3 
c 2  
3 2  

W S  
0.0 
0 -  !I 
0-0 
0.9 
010 0- 0 

0. d 
0.0 
0.0 
0.0 
01 0 

0.0 

wn 
0 - 0  
o 1 0  
0. n 
O r  3 
0 . 0  
0 .  0 
01 0 
O " 3  
0.0 
0 "  0 
0 . 0  
o,o 
01 0 
0.3 a*  0 
0% 0 
010 
0 . 0  

nics 
0.0 
0.0 
0" 0 
0.0 
0.9 0 -  0 
O r  e 
O " 0  
0.0 
0* u 0 - 3  

0- 5 
0.0 
0 . 3  
0" 0 
0. u 
I. G 

9 "  0 
0 . a  
0.0 
n. 0 
0 . 0  
000 

0.0 

1.0 
1.0 
1.Q 
I .O 
1-0 
I s o  
0.0 
0.0 
0.0 
0.0 
0.0  
0.0 
0 10 
0-0 
I * @  
o * o  
I .? 
1.0 
0.0 
0-0 
t,D 
0 .o 
0 .0  
Q r O  
a * o  
010 
0.0 
0"0 

0.0 
0-0 
0 . 0  
0.0 
0.0 
0.0 
0 .0 
0-0 
0..0 
0 . 0  
O I O  
0J0 
L .O 
1-0 
1 - 0  
1 - 0  
I .a 
1 * 0  
1 .0 

(r .a 

n.o 

a. o 



1 4 7  

F L S I  R ' I C I P  1 2  0.72 0.0600 
U N l T  CE1.L 8 0.0 0.0 
S L U Y  O i < Z C T  1 0.33 0.3500 
FAST DIRECT 1 2  0-49 0.0908 
S L C Y  C i ' : r I G  I 0.02 0.OZO0 
F . i S 1  C C ' K l G  1 2  0.0 0.0 

T J T A I  T I Y E  I S E C I  I .4'1 

S U Y * A T l I N  L I M I T S  F O 9  U I N l H U H  T I " ?  
3;L ; j  P R O P U R T i O N A I  1" R E L A T I b E  t R R O R  O F  R E S l L T  
PRO 1 5  R E C O M I 5 I D F - D  OI.IM 
* ' w i n  15 ZCCnMMENOZd HLLM 
PX:< i S  EECOM%CNOEO VAtLUE O F  CK 
P R T  I S  P H E C I C T C D  T O T A L  T I M E  P E R  C Y C L F  F O R  R E C I P R O C A L  A N D  D I R E C T  SUMS 

c:!L 
1 .OF-7 
1 .0L--3 
1. I )E-C 

l r O E  5 
I .OF-7 

I .nr-s 

P R G  

3 . 4 4 1  39 
3.51578 
0 .?BO64 
0.63915 
0.69602 

n. 351 08 
2RZ 

3.52052 
e.4260' 
5.171'19 
5.82239 
6.409 13 
6.97939 

PR T 
0.51 
1.01 
1-61 
2.30 
3.07 
3.97 

NAME 
c i  
c 2  
c 3  
H I  
H2 H l  
X T R l l  
Cl 
c2 
c3 
H I  
H2 
n3 

I K A  
1 
I 
I 
2 
2 
2 
0 
I 
I 
L 
2 
2 
2 

I RB 
1 
1 
1 
L 
1 

Y 
0 . 1 4 1  48 
0. 046R5 

-0.0 9487 
0.24522 
0.08043 

-0.16480 

2 
-0.00736 
0.12761 

-0.01275 
O - X Z 1 0 9  
0.23064 
0.0 
0.00736 

- 0 .  I2 769 

0.01 275 
- 0 . 2 2  109 
-0.23064 

0.13278 

-0.13278 

* * * * * * * * t * * * * * l * * * . * * * * * * * * * * * * * * ~ * * * * * * * ~ ~ ~ * ~ ~ * * * * * ~ ~ *  

T E S T  P R O R L E M  ?A. H I N I H I Z E  E N F R G Y  BY N c l l O N * S  *1ETHOD 01-06-8 I 
B E N Z E N E .  P O T E h l I A L  O F  W I L L I A M S  A N D  F T A R R  11977). C-H BOND L H C R T E N E D .  

YODL N C  N P C  
1 2 9  

DL c x n  
an 

i4.02372 5.70218 
0 . 1 5 3 0 0  

c1A Y < l i  N S  
I3 2 8 

'K' h V  N O V  
b 6 6  

ILSQ I%GT IPLM 1 m . r  NSTC I a P c  ARE S L I M  CMPR XDRD EDSC 
0 . 2 0 0 0 - 0 2  0.100D 0 2  0 0 0 2 4 0 O.IOOD-03 0.1000-05 0.0 

ECC B C H  3HH CCC CC H C H H  

87.80210 15.65620 2.79170 3.60000 3.67000 3.74000 

ICCYT WANEG HYLl'G H L h r C  N U B  PIPX N R P  i C P I 5  1 V D I l  I H E P  I M O I .  NCT LRSC I L A W  I G E Y  I R B A  I S E T A  
2 0.0 0.0 0.0 1 0 8 1 I 2 0 6 2 0 0 0 0 

L S  I W T  
0 0  

J U A Y P  D Y T  
10 A 1.000 
I 1  8 1.000 
12 c 1.000 
16 R X  1.000 
17 R Y  1.000 
I8 R Z  1.000 

N V U  6 6 

P O Y S  O . i l l l O  0 1  0.36550 0 0  

Y -12.4618 -12.5445 -12.5492 

I**+. r ~ * * * * * * * + f ' t * * * * * * t * ~ , ~ ~ * * ~ ~ ~ * * * " ~ ~ * * * * * * * ~ * ~ * * *  

D I L A M I C  D I > 4 E i ! S l O N S  FnQ W N I N  

\PCU..h NAHAX N K A M A X  N S H 4 X  N R B M S X  N P X i l A X  NC'UAX 
9 13 2 8 I O I 

50 700 12 2 1  6 6 
??::a,< NFSLIAX N G S Y A X  N P S H A X  'iP23I-X V O i W A X  NUWAX 

N S C M A X  
1 

N V H A X  
6 

5 
A N  

I N V N A X  * N V M A X I  
36 
8 

00000 178 

0 

I 
A C Z  

I 9  
t N ? Q M A X )  

9 
R 

00000000 

2 
A U E  

I O  * 0 )  
0 
8 

0ooooo48 

1 
A M  

I NV'4AX 
I N V N A X I  

36 
8 

00000048 

13 
D P C  

I 1  
+NPCMb.X) 

9 
8 

01~002590 

2 3  
EVAIL  

* N V H * X I  
I 1  

6 

4 
A M A 5 S  

1 1  
t N K A L L W  I 

2 
8 

00000158 

6 7 8 

( N V M A X  

2 2 36 
8 8 8 

0 0 0 0 0 2 9 8  3 0 0 0 0 2 A 8  0 0 3 0 0 2 0 8  

0 T R  9R 0 R  
( 1  ( 1  
* N U A M A X )  V N X A N A X )  8 N O S M A X )  

9 I O  
C H A R  C'48T 

11 1 1  * N S M A X I  8 N G 5 1 1 4 X 1  
8 7 c -  
8 

0000030.= 

ARRAY 
D I H E Y -  

S I O N S  
.liRDb 
R 'IlES/WORD 
- E X  ADDRESS 

1 1  
C S V  

I 1  
I N G S M A X )  

700 
E 

O O O O O F O 8  

12 
DP 

I 1  N P M A X )  
21 
8 

000024E8 

1 4  
DPX 

1 1  
t N P X Y b X  I 

15 
DW 

1 1  * N P M A X )  
21 

0 0 0 0 2 b O d  
8 

18 
n-- 

17 

I N V M A X  ' 
OXO 

16 
DYDa 

11 * N V M A X )  * NAM"' 

I I F R A Y  
7 I M c n -  

5 I3PJC 
WCRDS 
R Y  TES/UORD 
H E X  &DDRESS 

ci - i~ O C F F  8 
00002538 

P 
000"- 

120 
v s v  

119 
V N  

1 1  1 1  * N V M A X )  *IMGSMAX) 
6 700 

2 4  

I N V H L "  * '  
E V S C  

8 8 
0 0 0 0 D L 5 R  0 0 0 0 3 L 8 8  

130 
X Y L R  

129 

13 
X Y Z N  

128 

13 
X Y Z U  

I N A M 2 - i l  N A M A X I  I VAI4:Y) I N A M A X )  * N A M A X I  

1 2 7  
X Y Z C  

126 

( 3  13 
X Y Z  

( 3  

39 39 39 39 3q 
8 8 a a 8 

0 0 0 0 F A l R  0 0 0 0 F R 5 0  OOJ3FC88 O O O C F D C O  O O O O C t F 8  

..C 
1 N A Y A X  

104 8 

OOOOF608 

N S Y A Y J  -1 1 
0 
8 

oooc~53a ~i r  630 

133 
ZC 

I NAMAX * N S H A X )  
I04 

00010308 

I 3 2  
Z A  '1 

< I  
8 N A M A X )  

1 3  
8 

00 0 I 0 3  7 0 
.U!?O 

4 D D R E S S  

O C A T l D N S  H A V E  BiEv R E Q U L - ~ L O .  THE P R O G R A M  IS D I M E N S I J N F D  F O R  1 2 0 0 0  



143 

r(P7rlt I I 

I 
1 I 2 2 2 2 2 2 

K N A Y <  
I C  Z H  

J N A M E  
I c 1  
2 c2 
3 ci 
4 

2 % 
7 X?Hh 

I N A V E  
1 CL : :$ 
4 H I  
5 H 2  
5 H3 
7 X T R A  
a C I  
9 c2 

IO c3 
I 1  H I  
12 'A2 
13 .<3 
I d  C I  
15 C 2  
1 6  c1 
1 7  H t  l e  nz 
19 !I? 
E O  X T R A  
21 i l  
22 c 2  
13 c ; 1  
,?I n1 
2 5  il:? 
76 n3 
% ?  51 
28 c i  
29 c 3  
30 H I  
3 1  b ' 2  
32 1,3 _ _  = -  X P W I  
3 4  C l  
3s c3 
36 C3 
37 H I  
Zr! HZ 
39 '13 
40 CI 
4 1  c2 
42 C 3  
43 Hl 
4 4  H P  
&S H3 
a6 X T R A  
4 7  Cl 
48 C Z  
4 9  c 3  
50 H I  

5 2  H J  
5 1  n z  

bBl?\lE A l U H Z  

o-n 
0.0 

I < , %  
I 
I 
I 
2 2 
2 
0 

ISC 
I 
I 
I 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
.a 
4 
4 
5 
5 
5 
5 
5 
5 
5 
6 
4 
6 
6 
6 
b 
7 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
9 

0 PL A r  DU AMEACP 
0 .0 0.0 0.0 0.0 
0 .I3 0.0 O I 0  0.0 

I o n  
0 
0 
0 
0 
0 
0 
0 

J A C  
I 
2 
3 
4 
5 
6 7 
1 
2 
3 
4 
5 
6 
I 
2 
3 
4 
5 6 
7 
I 
2 
3 
4 
5 
6 
I 
2 
3 
4 

6 
7 
1 
2 
3 4 
5 
6 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 

SMC 
1. 
I. 
1. 
1. 
I .  
1. 
2. 
1. 
1. 
1. 
1. 
I .  
1. 
1. 
I. 
1.  
1. 
1. 
I .  2. 
1. 
1. 
I .  
1. 
I. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
2" 
1. 
I .  
I .  I .  
I. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
2. 
1. 
1. 
1. 
1. I. 
~~ 

8 - I .  
U5EO TO CSMPUTE 5 1  

Y C  
O n 1 3 9 7 0  

- 0 1  %>Y?SO 
0.24040 
0-07905 

-0-16068 
0.0 

-0.L3870 
-01 04600 
0.09250 

-o.zaoba 
-0. n7965 
O - l b 0 6 8  
0. 351 30 
0.45400 
0" 5.92 50  

0. $ 2 0 3 5  
9r560Ld 
Os50000 
0 I - 3 8  70 
0.50600 
i ) .40950 
0 . 1 4 0 4 0  
0.57965 
0.33932 
0 a 6 3 A  7 0  
0 . 1 4 6 0 0  

0.74 0 bo 

I1 s 3 3 0  32 
0 . 5 0 0 0 0  
0.36130 
0.45400 
0.59250 
0.25960 
0.42035 
0.65066 

-0.13870 
- 0 . U 4 6 0 0  
0.09260 

-r).29040 
- -0 .07965 

01 16068 
0.0 
0.13870 
O - O l o r i O  

-0.09250 

0 .  07965 
-0.16068 

c . n 4 e o o  

a.is96o 

o.an??,o 
a.57965 

0.2aouo 

Zt 
-0.0054Y 
0.12640 
' I .  12g50 

-0.930036 
0.21886 
0-  22444 
0 - 0  
0. 11054u 
-0.17660 
-0-1%9.50 

O.Odl)Jb 
-0.21 886 
-0" 22495 
0.00540 

-0.17640 
-u.12950 
0.*10136 

-0. ? I  sf30 
-0.224q5 
0. i l  

-oI a o j 4 o  
U.IEGUO 
11.12750 

-0 .I 09'336 
U.21C186 
0.22&45 
0 I 50540 
0.3?.360 
3.3705.3 
0.50'>36 
0.28114 
0.27505 
0.50000 
0.11Y46U 
Lleh2640 
01 b2YB0 
0.49064 
0.71886 
U . 7 2 & 9 5  
0119460 
0.02640 
o. 6 z v m  
0.49064 
0 - 7  I dah 
0.72495 
0 .53500 
0.50540 
0.37360 
U. 3 7 0 EO 
,3r5093G 
0.?61 14 
0.27505 



I W-90-10 

h 0.0 
b 0.0 
b 0.0 

0'0 
0.0 

f 0-0 
t 0'0 
v 0 -0 
* 0.0 
b 0.0 
b 0.C 
t 0'0 
0 0'0 
0 0-0 
0 0.0 
0 0.0 
0 0'0 
0 0.0 
C 0'0 
0 0- 0 
c 0.0 

:IldnSI IllriC 

0.0 
0.0 
0'0 

000- I 
000.1 
000- 1 

0.0 
0.0 
0'0 

000.1 
000.1 
000- I 

0-0 
0-0 
0- 0 
0- 0 
0-0 
0.0 
0'0 
0.0 
0.0 

ion)i)li3 

0 
0 
0 
1 
1 
1 
0 
0 0 
I 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 

0 I1 lox 

0 
0 
0 
1 
1 
1 
0 
0 
0 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
I1)dX 

GOOUOS'O OCOO0S.O 

oocoo5-0 
000002~0 
000002.0 

00000Z.C 
030002.0 
UUuO 76.L 
oonoss-ot 
ooooth.8 

0003UC'O 0 000oz -0 

0.0 
0.0 
0.0 
0'0 
0.0 
0-0 
0-0 
0.0 
0 -0 

0000~6'0- 
000oOS-0- 
000005'0- 
00000Z.O- 
000002.0- 
000002.0- 
OCOQGZ.0- 
0ooooc -0- 
ooonnz-o- 
000076.5 
0000'&~% 
0U"L PO -9 

0 -0 
0 -0 
0 *O 
0.C 
0 -0 
0 '0 
0 -0 
0 -0 
0.0 

01" 000.0 
010300*0 
010000.0 
010000.0 
010000 -0 
010000.0 
010000~0 01 0000-0 

010000~0 
010000'0 
010000~0 
0 I V irOG '0 
000 100 '0 
oo-iu 10 ~ 0 
000010 -0 
C00010~0 
000010-0 
000010~ 0 
000010-0 
000010-0 
000010.0 
<>Id@ 

0-0 
0.0 0'0 
0.0 
0.0 
0'0 
0-0 
0-0 

000026'9 0'0 

000055.6 
ir1)00V*.L 
0OOESI.O 
O0OOvL-E 
0000L9.E 
iDOSV9.L 
OOL 16L '2 
002959.51 
001 208. in 
0RIZOi.S 
OZLE 20 b2 
Llld VN 

IZ 
02 
bl 
Wl 
11 
91 
51 
-1 
El 
21 
11 
01 
b 
H 

5 

1 
? 
1 
1 

PL31115' 
0.1 
0.1 
0. I 
0' 1 
0.1 
0.1 
0. I 
0- 1 
0.1 
0.1 
0- I 
0.1 
0'1 
0- 1 
0' 1 
0- 1 
0- 1 
0.1 
0- 1 
0.1 
0.1 
0.1 
0.1 
0.1 
0'1 
0.1 
0.1 
0- 1 
0.1 
0'1 
0'1 
0' 1 0. I 
0- 1 
0.1 
0.1 
0'1 
0.1 
C' 1 
0' I 
0.1 
0- 1 
0.1 
0- 1 
0- I 
0' I 
0' 1 
0.1 
c-1 
0.1 
0. I 
0.1 

1 J.,j 

-33 01 
El 
71 
11 
01 
b 
% 
' 9 
b 
E 
2 
1 
El 
21 
11 
or 
6 
8 
1 
9 
S 
b 
E 
1 
I 
L1 
21 
11 
01 
6 R 

i 
9 
5 

L 
2 
I 
El 
2! 
11 
01 
6 
D 
L 
9 
S 
* c 
2 
1 
;i r 

a3sn SI 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 

L 
L 
5 
< 
5 
S 
S 
5 
S 

S 
S 
5 
5 
5 
F 
E 
E 
E 
E 
E 
i 
c 
E 
E 
E 
E 
E 
1 
1 
1 
1 
1 1 

i 
1 
1 
is 1 

0." 
3N2 

tOlV a/ 
EH 

I* 
E3 
23 
13 

VblY 

2 I4 
1U 
13 
23 
13 
EH 

IH 
13 
23 
13 

VdAY 
SH 
2u 
lh 
t3 
13 
13 

IH 
lli 
E> 
z> 
13 

vel* 
ir. 

1H 
E3 
23 
13 
LH 
7H 

2n 

En 

2n 

En 

Zn 

:: E3 
I) 

VHlY 
EH Z r, 

I *I 
LS 
13 
13 

5,VN 

13an 
25 
IS 
05 
Gb 
Wb 
LO 
9" 
SO 
b0 
EO 
1Q 
IV 
00 
6E 

LE 
oi 
CE 
Ei 
ZE 
1E 
0E 
62 

17 
?L 
>L 
01 
E2 
22 
12 
32 
51 
81 
11 

aL 

__ 11 

a2 

5: 01 
El 
21 
11 
01 
6 
a 

1 



0 0 ”  0 1 1  
0 0 0 10 13 
0 0 0 2 t  
0 0 0 9 1 2  
0 4 0 2 3  
0 n 0 9 1 0  
0 0 9 1 L J  
0 0 0 9 8  

0 0 0 9 0  
C O O 2 6  
0 0 0 9 1 3  
0 i, 0 1 1 3  
0 0 0 6 8  
0 0 1 1 3 5  
0 0 n 10 12 
0 0 0 2 4  
0 (r 0 9 1 1  
0 0 0 3 1 1  
0 0 0 4 1 0  
O O O L S  
0 0 0 8 1 2  
0 0 0 1 3  
0 0 0 8 1 3  
0 0 0 5 6  
0 0 0 12 13 
0 0 0 2 1 0  
0 0 0 3 9  
0 0 0 4 1 3  
0 C 0 6 1 1  
O O O L B  

0 0 0 0 5  

-1 - I  0 G 25 
-1 0 0 5 ?5 
0 a - 1  * 30 
0 0 0 5 3 7  

- 1  -I 0 F 74 
- 1  0 0 4 26 

0 0 0 3 1 0  
O G O l 8  
0 -1  -1  1 s  39 
0 0 0 4 3 2  
0 0 0 2 8  

- I  a - I  .% 4s 
0 0 0 I 1  5 2  

- 1  0 -1 I 4s 
0 0 0 8 ‘r? 

- 1  --I 0 3 21 
- 1  D o a ZY 
0 -1 --1 8 3 9  
0 0 0 1 3 2  

- 1  n -1  3 44 
0 0 0 10 51 

- 1  0 0 5 *7 
0 Q 0 1 5 1  

- 1  0 0 5 48 
0 0 0 2 5 1  

-1  0 - - I  2 94 

- I  0 0 5 49 
0 0 0 3 5 s  

- 1  0 -1  I 4J 
0 0 0 83 51 
0 0 -1  4 35 
0 0 0 2 3 7  
0 9 0 1 6  
0 0 J 8 13 
0 0 0 . 1 4  
0 0 0 1 0  P I  
0 0 0 2 1 3  
0 4 0 h B  
0 0 0 7 1 2  

0 0 3 - 1 1  

0 0 0 1 1 2  

0 0 0 1 2  

n o o z o  
o n o 1 1  12 

o o 9 9 5 1  

0 0 0 $ 2 9  

o o o a q  

H I  
I1 3 H2 
Y 7  
L j  ,I3 
c3 
CI 
C 2  
C ?  I, 3 

33 
C 1  
H2 
*I2 
t i  1 
H I  
111 
c 3  
H? 
H2 
c3 
c 3 
i i  3 
Y 3  
c 3 
c.2 

’11 
c.2 
Cl 
,I2 
U P  
l i2 
113 
‘12 
H I  
t ,  1 
ti3 
f. 3 
c I 
ti3 
H3 
C L  
I1 3 
H 7 
ti 3 
I1 3 
H I  
C 3  t i  3 

H3 
H2 
H? 
c 1  
H2 
t2 
t42 
H2 
8 2  
c 3  
HZ 
HP 
.i 2 

C B  i i  1 
t, 3 

w 1  
I* L 
w 3  
i2 
H2 C d  
t i  1 
c 2 
H? 

x 3 

n3 

143 

5.596 -80-213 
5.990 - d O l . ? : 3  
5.582 -F9.000 
5.5.52 - 7 9 . 0  

--3.7?3 - 1 . 6  

-3.703 -11012 
--3.706 . - I s 6 0 7  
-3 .7m -1.807 
- 3 - 7 0 4  - l a b 0 0  
-3.704 . - 1 . o 0 0  
3.237 -.3r005 
3.737 -3.505 
3.232 - J . I R S  

3.222 -0.1.555 
3.222 -n. iLi: i  
P . Y ~ Y  . . o S 1 ~ 8 v  
Z. 908 -0. UWI 
2-846 - 0 . O T d  
2.846 --0~1)78 
2.846 -0.070 
B , R 4 G  --010Id 
> v a o 2  - - i a c n e  
2. w 5  -l.?4J 
2.789 -3.069 
2*7S? - - J * l l h ?  
,~ .78a .-I.?;,; 
2 n 7 E 5  - 0 a 0 6 6  
2-766 - - 0 n l j 6 0  

- 2 , 6 2 1  - n a ? l ) i  
-2.62L -0..?01 
--2r553 -0.IT1 
-2.553 - o r 1 7 1  
-2.528 - O r 1 6 2  
-21529 --1l. 152 
-2 r ’ r44  -Q.l .32 
-2.444 -0.132 
-2,444 -01132 
- 2 r 4 4 4  -0.132 
-2 .433 -9 .129 
-2,433 - 0 r l T B  
--2r410 -0.122 
-2.410 - - o . t 2 2  
- 2 , 4 0 7  -0..120 
-2 ,407 - 0 . ~ 2 o  
-Zr402 -0.119 
--z,402 - n . i i q  
-2,390 -0 .115 
-2.390 -0.116 

.. . - 0 . I O I  
-2r33A - - 0 , I U L I  
-2,334 - 0 n P 0 0  
- ?*332  -0.100 
-2.332 - 0 . I U J  
-7.331 -0.10d 

145 

0.0 
0.0 0.0 
0.9 
a , 0  
0.0 
0.0 
0.0 0*0 

0.0 3.0 
0.0 
0.0 
0-0 0.0 
01 0 
0 . 0  
C.0 
0n0 

0.0 
0.0 
0.  0 
0.0 
o,n 
0.0 
0.C 
0.0 
0.0 
0.0 
0 . 0  
0-0 
0.0 
0-9 
0 1127 
0.127 
O . i ( l 2  
0.1c7 
0"101 
0"102 
0.0 
a * 0  
0.083 
0.083 

0.076 
O r  075 
0.293 
0.275 
0.215 

l 3 . 5 9 6  

0.133 
0.133 
0.133 
0.133 
0.126 
0. I26 
0.113 
.2 .113 
0.111 
u.111 
0.109 

n.0 

n.0 

0 . 2 1 8  

0 . 1 9 6  

0.109 
05tn2 

a. o 

o.a 

0,102 
9.0 

0.0 
1)"0 
0.0 

0.0 
010 
0 .0  
010 
0 . 0  

*It WV WR WX dT 
-2.136 -17.225 7 .103 0.0 - 1 P . 4 5 7  

li 
IO 
I 1  
I t  
12 
12 
15 
I h  
I5 
16 
17 
1 7  
I 8  I 0  
I 8  

I S  
18 

* * 
I Q  
10 
10 
10 
I 0  
I O  
LO 
10 
11 
11 
11 
11 
I 1  
11 
11 
I 1  
11 
12 
12 
12 
12 
12 
1 2  
12 
12 
I 6  

le 

P ( I )  

7.439951) 
9 .SSO 100 
9.549950 
619803 00 
6.419050 
0”0001 00 

0.001300 
0+004000 
0. 0003 O l i  

-0.000050 
0.050100 
0- D O 0 4 O O  
0.001300 
0 a 004000 
0 . O l P f U U  
0.036400 

7 -  4401 on 

o .on0400 

7.439807 
7.439747 
7 .% 39 297 
7.43794 7 
7.033tlY7 
7. a21 747  
7a3H529l 
7 -275947 
9.549897 

9.5492.437 
9.54194 7 
9.543887 
9 -531 74 7 
9.495297 
9 * 355947 
9 . O S 7 8 9  7 
5.919847 
6 -019147 
6.91929I  
6.91 793 7 
6-91 381)T 
D - Y O I  747 
6 16652437 
5.755947 
0.002281 

9.54074 7 

UT% 
-1  2.45731 9 
-12.457375 
-12r457317 
-12.4574OS 
-12 .457354 
--12.457*31 
-1  2.447445 

-l2.457547 
-17 .457338 
--12+457487 - 12.45 7577 - 1 2.4 5 76 O b  - 12 I 45 76 48% - 1 2 .4579 3” 

-12.059426 
-12.454221 
-12.U5Y33- 
-12.494375 
-12.450430 
-12.459452 
- I  2. u s 9 5  I 9  
-l2.45971F! - 12 + 460313 
-12.462055 
-12  . a e690 i  
-1  2.477991 
-12.471117 
-12.478016 

- 12-45 7a82 

-12.4585tiil 

-12.47a003 
- 1  2 - 4  7n324 
--L2.4379013 
-12.481 05.3 
- 1 z . ~ , ~ 6 9 . % 6  
-1 2.502997. 
-12.528310 
- I  2.30b892 
-12 .52832U 
- 1 2 . 5 2 a 3 4 Y  
-12.528425 .- 12 -528645 
-12 mS29261 
-1  2.530695 -- 1 a .  531 U U l  
- lZ14940Fl I  - 12.53 1 7  02 

1.0 
1 - 0  
1 r 0  
1.0 
1 .O 
I .o 
1.0 
1.0 
1.0 
I .o 
1.0 
1 r O  
1.0 
1.0 
1.0 
L .a 
1-0 
1a0 
I .3 
L -0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1 - 0  
1.0 
1.0 
I -0 
1 - 0  c .o 
0.0 
0.0 
cso 
0.0  
0 .0  
I .O 
1 - 0  
0 - 0  
0.0 
1.0 
C . 0  
0 .0 

0. 0 
0.0 
0 . 0  
010 
0.0 
010 

0.0 
0.0 
0"0 

0.c 
0.0 
0.0 

0.0 
0.0 
0.0 
0 - D  
I .O 
1.0 1.0 
1"0 
1.0 
1.0 
1 i o  
1.0 
100 
1.0 
1 .O 

0.n 

0.0  

0.0 

0.n 



146 

16 
17 
17 
17 
17 
17 
17 
18 
18 * * 
* 

LO 
LO 
1 1  
1 1  
I !  12 
1 2  
16 
16 
16 
17 
17 
18 
18 
18 * * * 
10  
1 0  
LO 
1 0  
10 
LO 
1 1  
11  
12 
12 
16 
16 
17 
17  
17 
18 
18 

0.2700000-02 - 0 . 5 0 0 0 0 0 0  -0d 
-0.150000D-03 
-0.4500000-03 
-0.L350000-02 
- 0 . 4 0 5 0 0 0 0 - 0 2  
-0.121 5000-01 
0.81C0000--02 - 0.4050 000-02 
0.2500000 00 

- O . L P E O O O D  00 
o .625000~--01 

-0.3125000-01 
-0.3645001)-0 1 
0.1822~ao-oi 

-0.1093500 00 
0.54b7SOD-0 1 

-0.2733 750-0 I 
-0.3645000-Cl 
0.1822500-01 
0.9000000--03 
0.2700000-02 
0.810000D-02 

-0.409000D-Q2 

-0.4050000-02 
-0 .121500D-01  
-0.3645000-01 

0.250000D 00 
0.7500000 00 
0.2250000 0 1  
0.1822 500-01 

-0.9 11 2500 -02 
0.4556250-02 

-0.22781 20-02 
0.1139069-02 

-0.569531D-03 
- 0 . 2 7 3 3 7 5 0 - 0 1  

0.182250D-01 
0.5867500-01 
0.2700OOO-02 
0.81000GO-02 

0.2025 000.-02 

- 0 . 1 2 1 5 0 0 D - O L  
0.6 075OOD--J? 

-0. 1 2 1 5 o ~ n - o ~  

-0. e?oizsD-oi 

- 0 . 4 0 ~ 0  o m - 0 2  

-0. i 012500 -02 

O C R A M E T E q S  A F T E R  C Y C L E  
D L 0  P 

7.440000 
9.550000 
6.920000 

I YAWP 
LO A 
I 1  8 
12 c 
16 R X  0.0 
17 R Y  0.0 
18 R Z  0.0 

T C T A L  T I N E  I S E C )  

0.004981 
-0.000 1 03 
-0 rn 00 0 253 
- 0 ~ 4 0 0 7 0 3  
-0.002053 
-0 .006103 
-0.018253 

0.020956 
0.008806 

7.350555 
7.405230 
9 -2.31 722 
9.945747 
9.363734 
6 -830555 
6 -885230 
0 -003 I 5  I 
0.00585 1 
0.013951 

-0.009964 
-0.082 I 1  4 

0 .004859 
-0 “00 l2Yl 
-0.043741 

7.443388 
7.41 6050 
7.4297 19 
7.422885 
7 .426302 
7.424593 
9.314 I 85 
9.2321 72 
6.923388 

0.01  2 I20 
0.020220 

-0.01 7875 
-0 -01 I800 

-0 -035538 
-0.017313 

0.978063 

-0.014837 

- 12.531 I 8 2  
- 12.53 1229 
- 1  2.531 307 - 12.53153h 
- 1  2.5321 62 
-12.533486 
-12.532332 
- 1  2.531 838 
- 1  2.53371 5 
-12.525457 
-12.533448 
- I  2 -532771 
- I  2.5339 L 5 
-12.527490 
-12.534 171 - 12.52 1381 
-1  2.527653 
-12.535014 
-12.528952 
-12.535742 
-12.535957 
-12.536139 
-12.532471 
-12.536534 

- 12.597555 
-12.538054 
-12 .512184 
-12.538559 
-12.538645 
- 1  2.525305 
- 1  2.537886 - 12.538462 
-12.538595 
-12.538535 
-12.53864% 

-12.540217 
-12.530972 
-12 -540389 
- 1  2.532432 
-12.541213 
-12.530611 
-12.541 1 ‘I4 - 12 -540425 
-12.581277 
-12.537427 - 1 2 - 5 4  L 453 

- 1 2 . 5 3 2 4  a4 

-i2.5386arr 

r I N E  S P E N T  O N  V A R I O U S  P A R T S  O F  E Y 5 R G Y  C 4 L C U L A T I D N  F U R  T H I S  C V C L E  
S E C  A V T  

0.03  0.0003 
0.19 0.0020 
0.05 0.0500 
4.99 0 . 0 5 2 0  
0.0 0.0 
0.3a 0.3900 
4.46 0.0465 
0.0 0.0 
0.01 0.0001 

10.07 

S I I M N A T I O N  L I M I T S  F O R  H I N I N U M  T I M E  
D E L  15 PROPORTIWyAL TO R E L A T I V E  ERROR O F  R E S U L T  
DR9 IS R E C G W H E N D t U  Q L I M  

P R K  I S  RECOMYENDED V A L I J E  O F  C K  
P R T  IS P R E O I C T E O  T O T A L  T I 3 E  PER C Y C L E  F O R  R E C I P R O C A L  A N D  D I R E C T  SUMS 

PRR 15  RECOMUENOEW a L I M  

D E L  
1 -0E-2 
1 .OE-3 
1 .QE-4 
1 .OE-5 
1 .OE-6 
1 .OF-? 

PRO 
0 -33126 
0.41647 
O.a.8666 
0.547@6 
0.60307 
0 sb5673 

PR R 
3.73116 
4.69086 
5.48144 
6.17075 
6.79259 
7.3969 a 

P R K  
0.27605 
0.281 40 
0.28460 
0.28684 
0.28855 
0.28931 

P‘! T 
3.11 
6.19 
9.88 

14.09 

24.27 
18.79 

T E S T  P 9 0 0 L E M  2 8 s  M I N I N I Z F  E N E R G Y  01 M O D I F I E S  ROSENBROC6 S E A R C H  
BiNZENE. D O T E h T i A l  O F  W I L L I A M S  A N 0  5 T A P R  (1977) .  C-H BOND S h O R T E N E D -  

C Y C L E  2 
WV WR w x  Y T  

-21442 -18.404 8.304 0.0 -12.542 
d C  

T E S T  P R O B L E M  20 M I N I M I Z E  E N E R G V  86 M O D l F I E D  R@SENBROC< S E A R C H  
B E N Z E N E .  D O f E N T i A L  O F  W I L L I A M S  A N 0  STeiRR 11977) .  C-H BOND StIORTENED. 

WCALC B E F O R E  C Y C L E  2 
- 1  2.5923 

woes 
0 .O 

N F X  P 
7.425163 -0.025620 7-3995*2 
9.314185 -0.031930 9.282255 

1 0  A 

6.923388 0.037197 6.960505 
1 1  8 
12 C 
16 R X  0.012120 0.005943 0.017563 
17 R I  -0.014837 -0-005815 -0.021652 
18 RZ -0.017313 -0eQ07517 -0.024830 

P A R A M E T E R S  A F T T 9  C Y C L E  2 
0I.D P C H 4 N G E  I N A N P  

T E S T  PROBLEM 25 M I N I M I Z E  E N E R G Y  0‘1 M O D I F I E D  RO5ENBROCX S E A R C H  
B E N Z E N E .  P O T E N T i A L  OF W I L L I A M 5  A N )  S T A R R  1 1 9 7 7 1 .  C-H BONO 5 H q R i l E N F O .  

C Y C L E  3 
OMAX 

0.420000 
0.490000 

V S F  
-3.455749 
-3.457902 

C S F  
3.754069 
3.7884 I 7  

N F  
1 7  
28 

01- .0 t - -B l  

01-06-81 

01-06-81 

5PPK 
5.622002 

S lay SPLV: 
-27.059665 -33.549459 



1 4 7  

WR RM4X 
RI  3262iJ7 4 . 6 ~ i a o o o  
a"398326 5.43am0 

5 GK S V D Y  
? 0 ~ 8 0 4 A l l  32.987590 
2 0. iJ L O  3D6 12.897322 

NG 
246 
424 

NSRB 
66 
66 

GN 

1.00000 
i .oaooo 
I . o ao o o i . o o a a o  
l.00000 
1.00000 
L~00000 
I .  00000 

1 .  00000 
1 rOOOO0 
L.OOUU0 

I. 00000 
I .  oooou 
l.00000 
1.00000 

t .  aa3oo 

I. oooao 

~.aoooo 
I I oooao 
i -ooooa  
1.00000 
1 . 0 0 0 0 0  
1 .00009 

1.00000 
1 .oaooo 
1 e ooaoo 
1.ooaao 
i .aocoa 
1.00000 
l.*0000 
1.oovfJ0 
I .ooaoo 
1.oonoo 
I .  oooao 
1.ooaou 
i.oaono 
I . d u m a  
L .aaooo 
1 .oonoa 

i .oaooa  

i.ooaoa 

i.?)aooo 
I . w o o 0  
I .  aaaoa 
I .oooon 
I "  aoaoa 
i .oaoo0 

1 .  00000 

I .00000 
1"00000 

1.00000 
1.00000 

I. uooo0 

l . C O n 8 0  
I .00000 
1 . 0 0 0 0 0  
I .  uaooo 
1.ooooa 
I .  oauoo 
1 . o o w a  
1.ooooa 

i . m o o o  
i.aao0o 
t .aaooa 

1. oooaa 

i .oaooa 
i - aoooo  
i - o a o o o  I. aaoao 
1.ooaoo 

1.0oooa 

1.00000 
1. O u O o n  

I .  00000 

I .  00000 
1.00000 

I .  00000 
1. oooo0 
1.00000 

1.00000 

R 
1.a200o 
i.a?oon 
1.0200a 
1.02000 
I .0;003 
I.02UOJ 
I -38713 
1.38711 
1.33944 
1138944 
1.39297 
I.39297 
2.09030 

2 - 0 Y 2 6 2  

2.0901 2 
2.0961Z 

2.09681 
2.09790 
2.00790 
2. u9930 
2.09930 
%.40E04 
2.40204 

2.40504 
2.40730 

2.41U8h 
Z.*IO'J6 

2.41228 
2.41311 
2-  41.31 6 
2,99554 
2.5'3554 
2 s 62599 
2 m68509 
2.73554 
2.73564 
2 -  74207 
2.74207 
2- 76 769 
2.76827 
2.76827 
2.782 I 8  
z .78897 
2.9549% 
2 .OYI9? 
2.97679 

2.08830 

2.0926a 

2. a i b a  I 

a.+as64 

2.40730 

2.41228 

7.5176 79 
2 . y n 4 0  
2.97748 
3.1b990 
3 - l b Y 9 0  
3 * 17337 
3.1 73 87 
3.17582 
3.17582 
3 18Y 3 1 
3.1R931 
3.21036 
3.21035 
3.21938 

3.22b63 
3.22603 
3.29993 
3.29983 
3.31129 
3-311 2 1  
3.32387 
3-32387 
3.32499 
3 " 3324 99 
3 * 389 43 
3 -32943 
3.331 09 

3.21938 

1IAC 
C1 
C 3  
Cl 
C3 
ce 
c e 
C %  
c2 
c1 
c 3  
C I  
il 
C Z  
C 2  
C 1  
t i  3 
c -3 
$2 3 
C 2  
L Z  
c3  
I1 I 
il 
C l  
Cl 
c1 
H ?  
C 2  
t3 
HI 
t i  3 
c 1  
c 2  
li I 
H I  
H 3 
t i  2 
H I  
H 2  
113 
H I  
n 1  
Ii 1 c 3  
H 1 

C1 
C Z  
c 1 
c1 
c 3  
H I  
C 1  
C I  
H I  
c2 
H2 
c3 
H2 
c2 
c 1  
c1 
H2 
C 1  c 3  
t 3  
C ?  
c z  
H3 
c7 
C 3  
c3 
c 1  
C 1  
c 3  
C J  
C 2  

c 3  

niZ 

n i  

n .3 

n E5 
HI 
H 3  
H 1  
n3 

H2 
c3  
c 3  
C 3  
C I  
C 2  
c2 
u3 
n 3  
H3 
CL 
H? 

H I  
H I  
H 1 
c 3  
ti2 

C3 
C3 
3 3  
H 3  
c 3  
C ?  

H I  
CP Cl 
PI  2 
4 7  

H3 
n 2  

u I 
a3 
1i3 
H3 
c 3  
11 3 

C 1  
C2 

H 3  
tl 1 
c 3  
H3 
Ii 3 
c2 
H I  
C 3  

c 2  

H 2  
H 2  
C1 

H2 
t i2 

H2 
c 2  
H 1  
I1 I 

fiI 3 
H I  

H 3  
C 2  H2 

HZ 

n 2  

n2 

n3  

n 2  

n1 

ti3 

n 3  

n2 
n 2  

~2 

n% 

n3  

n3 

n i  

CMB 
-7.623 
-7.b23 
-7.623 
-7.623 
- 7 . 6 2 3  
-J.623 
5.606 
5.606 
5.596 
3.586 

5.582 
-1a.723 
-3.7z3 
-3.716 
-3.716 
-3.710 

--3.708 
-7.708 
-3.706 
--3 s 706 
-3.754 
-3.704 
3.237 
3.237 
3.232 
3.232 
3- 230 3.230 
3.225 
3.225 
3.223 
3.2?:3 
3.222 
3.222 
2.996 
2 . Y Y 6  
e.951 
% a 9 5 1  

2.642 
2.836 
2.836 2.809 
2.809 
2.809 
2.795 
2.7813 

-2.631 
-7.631 
-2.612 
-2.617 
-8.612 
-2.612 
-2.u53 
-2.453 
- 2 . 4 5 U  
-2.usa 
-2.448 
-2.440 
-2.438 
-2.438 
-2.422 
-2.42 2 
-2.415 
-2.415 
-2.410 
-2.410 
-2.356 
-2.356 
-2.348 
-2.348 
-2.339 
-2.339 
-2.33y 
-%.339 
-2.335 - P. 3.35 
-2.334 

i . 5 n ~  

-3. ? i o  

z . n w  

Y D 1  
-1 2 1.643 
-121.643 
-1 2 I .  043 
- t  2 I I 643 

- 1 2  1 .e17 
-81.016 
-81.016 

- I  2 I .  61 r 

--8a.a13 
-80.213 
-77.000 
-79,000 

-1.652 
-1.552 
-1.h31 
-1.631 
-1.615 
-1.8315 
-1 .612  
-1.612 - 1 s 60.7 
-1 .607 

-1.500 
-3.005 
-3.00'5 
-0.168 
-0 .168  
-2.966 
.~ 2 s 9bC 
-0.166 
-0 .166 
-2.929 
-2.92') 
-0.155 
-0.165 
-0.106 
-0-106 
-0.099 
-01099 
-0.0711 
-0.078 
-0107b 
- 0 . 0 7 G  
-1.2FJII 
- O . I ? P  
-0.072 
-1.244 
-1.226 
-0.206 
-0.206 
- 0 . 1 Y . f  
-0 .197 
- 0 . 1 9 7  
-0.197 

-0.135 

-0.139 
-0.134 
--0.13* 
-0.130 
-0. 130 
-0.125 
-0 .125 
-0 .  I 2 3  
-0.123 
-0.171 
-0.121 
--0.106 
-0.106 
-0. L O 4  

-0.107 
-0. 102 
-0.101 
-0.101 
-0 .101 
-0.101 
- 0 . I O O  

- I  .6ao 

- n 4 1 3 5  

- a n 1 3 s  

-0 . ia4 

R E P  
0.0 
0.0 

9.0 
0.0 

0.0 
0.0 
0.0 

0.0 

0.0 0.0 

O r  0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0" 0 
0.0 
0.0 
0 . 0  
0.0 
0.0  
0.0 
O I G  
0.0 
0.0 
0.0 
Oil70 

o r a  

0-0 

a. o 
0.0 

0-0 

aIo 

0.170 
0.152 

0.101 

0.098 

a.0 

0.15Z 

0.101 

0.098 

0.089 
0.089 
0.0 
0-0 
0.305 
0.30s 
a . a Z  

a. 281 

0 202 
0.281 

0.139 
0.139 
0- 137 
0.137 
0.136 
0-136 
0.129 
0 1129 
0 " l d O  
0.12a 
0 . 1 1 6  
01116 
0.113 
0,113 
0 - 086 
0.Q86 
O " 0 8 . 3  

0.083 0.0 

0.0 
0.0 

0.0 
0.0 

0. a 

a.0 

*c wv WR wx WT 
-2 .460  -18.483 8.398 0-0 -12.545 

TEST PROBLEM 28. H l N l U I Z E  ENERGY BY *OVIFIED RUCENBRQCK SEARCH 
a E h l Z E N E .  POTENTIAL GF WILLIAMS A W  STARG (1977) .  C-tl 3ONO IHVHTENCD. 

WUHS WCALC BEFORE CYCCE 3 
0.0 - I  2.5445 

J NAN€ 
I c 1  
2 C 2  
1 c 3  
4 H I  
5 H2 
6 H3 
r YTRA 
a C I  
9 c z  
10 c 3  
11 H l  
1 2  H 2  
11 N3 

IKA 
I 
I 
1 
2 

2 2 
0 
I 
1 
1 
2 
2 
2 

I R 3  
I 
I 
I 
1 
I 1 
1 
1 
1 
I 
1 
I 
1 

x 
-0.06 180 
-0- 1331 5 

-0.1071 1 

-0.12542 

-0 .a7220 

-0.23054 

0 . a 6 1 8 0  

a. 07220 

0.23054 

0.0 

0.13515 

0.1071 1 

0.12542 

Y 
0. I 4 1  43 

-0.09492 

0 . 0 8 0 2 b  
-0.16488 
0.0 

-0. 1 41 43 
-0.04635 

0.09492 

0 . 0 4 6 3 5  

0.245 13 

- a . ~ u s i 3  
-0.08026 

0.16488 

S U B  
1.0 
1.0 
1.0 
I .o 
I .O 
1.0 
I,O 
L r O  
1.0 
1.0 
1 -0 
1.0 
1.0 
I .0 
1r0 
1.0 
I .o 
1.0 
1.0 
1.0 
I .a 

1 " a  
1.0 

1.n 

1.0 
1.0 

l r O  

I .a 
1.0 
1.0 
I .O 
I .o 
1.0 
1.0 

0.0 
0 . 0  

0.0 
0r0 

0.0 
0.0 
I .a 
0.0 
0.0 
1 .O 
1.0 
0 .0  
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.3 

0.0 
0.0 
0.0 

0 . 0  
0.0 
0.0  
0 . 0  

0.0 
0.0 
0.0 
1.0 
1 .O 
1.0 1 .O 
1.0 
1.0 
L -0 

1.a 

I .n 

0.0 

o . a 

0 .0  

0.0 

0.a 

0.0 

0.0 

a i - 0 6 - 8 1  

f$tt*$~*t~S*~tttt**t+Clt*Lt+t+***~***~~******88**8*8~b**~**$$* 

TEST ?RDBLEM 28- MINIMIZE ENERGY BY MODIFIED ROSElrBROCK SEARCH 01-06-81 
BENZENE. PUTENTIAL OF WILLIAMS AND S T A R F  (1977).  C-H S a m  s t n ~ i E ~ E o .  

W V E  Nc NPC ILSQ IWGT IPLM I P n T  NSTG IWPC ARE S L I M  CMPR XDRD EPSC 
0.2031)-az 0 . 1 0 0 ~  0 2  3 2 s o o o 2 4 a O.IOOD-O~ O.IODD-OS 0.0 

PL c PL H ECC BCH Otiti ccc CCH CHH 
O t i  

2 4 . 0 2 3 7 8  5 . 1 0 2 1 8  87.30210 15.65C80 2.79170 3.60000 3.67000 3.74000 
0.1S300 

N A  NKA NS I C E N T  HXNEG UYNEG HZUEG NR8 N?X NUP I C M B  IVDW I U E P  l Y O L  NCT tR5C I Z A M  iGEM I 9 H A  I S F T A  
13 2 8 2 0 .0  0.0 0 . 0  I o 8 I I 2 a o 2 0 o o a 
XO NV N G Y  L 5  I W T  
6 6 6 0 0  



148 

P A R A M F T E R S  A F T E R  E A C H  C Y C L E  
J N A X P  DK7 I N I T I A L  1 2 

1 0  A 1.000 7.440000 7.425163 7 . 3 9 9 5 9 2  
1 1  H 1.000 9-550000 9.314185 9 . 2 8 2 2 5 5  
1 2  c 1.000 6 . 9 2 O D O O  6.923388 6 . 9 5 0 5 8 9  

O.Ol212O 0 . 0 1 7 5 6 3  
-0.014837 - 0.021 6 5 2  

16 RX 1.000 0.0 

- 0 . 0 1 7 3 1 3  - 0 . 0 2 4 8 3 0  
1 7  R V  1.003 0.0 
1 8  R Z  1.000 0.0 

u -12.4574 - 1 2 . 5 4 2 3  - 1 2 . 5 4 4 5  

* * * * * . * * * * * * * : " C ~ ~ . * * * * * * * * * ~ ~ ~ * ~ * * * * * * ~ . ~ ~ - ~ * * * * * * ~ * * * *  

N S M A X  NRBHAX NPXHDX N c T m x  

N P S M A X  NRMAX NOSMAX NDYAX 

12 8 0 3 

3 0  50 2 4  2 4  

N B i H A X  
1 0  

N V N A X  
2 4  

2 3  

( N V N A L  

0 5 7 6  
8 8 

0 0 0 0 0 2 4 0  0 0 0 0 0 2 4 0  

AM AK E 
( 0  
8 0 I * N V M A X I  

4 
A Y 4 S S  

1 1  LPIKA9.2X I 
2 
8 

00001~40 

1 4  
DUX 

I 1  
*NF 'X* l4X l  

0 
8 

00003CS 0 

24 

I NVNAX 
E V E C  

t NV..' 

5 
A N  

1 N Y N a T  
t N V H A X I  

576 
8 

0 0 0 0 1 4 5 0  

6 7  
bP 57 

( 1  I 1  
t N K A H I X 1  * N C A Y 4 X )  

2 
8 8 

00002650 0 0 0 0 7 . 5 6 0  

8 

1 N \ ' W * *  
C Y J S Y A X I  

5 7 6  
a 

00002070 

B T? 
9 

C H A R  
1 1  * N S * E X I  

12 
d 

0 0 0 0 3 8 7 0  

13 
DPC 

LP 
GP 

( 1  I 1  
t N l ' * A X l  * N P C M + X I  

50 17 
8 a 

0 0 0 0 3 A 3 8  0 0 0 0 3 B C 8  

1s 
DW 

I 1  * NPM.) :  I 
50 

I 8  
01 c 

< 

8 
0 0 0 0 3 C 5 0  

25 

8 
90 O O P F  0 8 

1 2 0  
v s v  

1 1  
I N G S M A X I  

30 
8 

0 0 0 oca90 

21 
4 P ? * V  E P S  
O I * 1 E n -  

SO 
S I O X 9  

WORDS 
3 Y T F S / X O X D  8 
HEX 4 D C P F 5 C  00005160 

I 1  t hP,l,h*, 

119 
'; N 

I 1  * 'dV"llX1 

24 8 
OOOOC7GO 

I 1  * " V ' % 4 X )  

24 8 
O O J O C 7 1 0  

1 2 8  
X Y L D  

I 3  Y A M A X I  
24 

. A I  
30 4 

.-008 O O O O C 6 9 8  

1 2 7  
x r z c  

126 
X I Z  

I 3  ( 3  
t N A Y D X I  N A U A X )  

2 4  2 U  
8 8 

0009P310 0 0 0 0 F i Q O  

31 
A R R A Y  HHT 
D I M E N -  

S I O N S  
WORDS 

u 

1 8  .. 
8: 1 E S I  '2 

. L S  
xc 

I N A H 4 X  * N S H A X )  
-4 
8 

0 OOOEO LO 

129 
X Y Z h  

I 3  * N A U - X I  
24 
a 

0000E550 

130 
X Y Z R  

I 3  
I N A M A X I  

29 
8 

0 0 0 "F:) t 0 

* * A X 1  
4 6  

B 
0 0 0 0 3 E A 0  

8 
u U O O C G I O  0 0 0 3 E 4 9 0  

133 
Z C  

1 NAMAX 

96 

1 3 2  
L A M  

I 1  f N A " * X l  * N S H A X I  I * 
.. 

8 8 
0 0 0 0 E 9 O O  0 0 0 0 E A 1 0  

7 5 8 5  8 -B ITE  S T C R A G E  L C C A T I O N S  42.YE B E E N  REOUESTED. T H E  P R U G R A N  I S  S I H E N S I O N F D  F O R  1 2 0 0 0  

C O U M G N / S I  A N P  Y F T  MAY B C  C E C R E A S E D  H I  1 4 1 4  WORDS. T H I S  WILL R E D U C E  TFE R E G I O N  J S t O  B Y  3 b K  3 Y T F S .  

i t S i  P l O i i L C M  3A. ADJUST E N E R G Y  F A R 9 Y E T E R S  F O R  E T H A W L D  P R @ D A + E  M C l ~ E C U L E S  

MODE NC NPC ILsa i u i ~  I P L H  I P R T  N S T G  IBPC A R E  SLlN 
0 1 17 0 0 0 2 4 0 0.1000-01 0.1000-05 

A Q H  ni:c BR Y P L C  PLH T0H DCC 
ACCC KCCC A C W  Kccn A n c n  

L.MPC1 I I 

K iH 
ARC 
K  CC OCH 
K M C H  

W I I I  
1 . 7 1 1 0 0  1.23400 0.14070 0.14510 %2.6+000 4 . 9 4 0 0 0  0 . 2 8 1 6 7  1-90000 
9.26800 1.00000 6.35100192.00000 0.01169109.50000 0.Ol673110.00000 
0 . 0 1 7 9 9  

0 1  -06- 5 1  

CMPR 
0.0 

DPCI I 1  
0.00100 O . O O L O O  0.00010 0.01010 0.01000 0.01000 0.00100 O.OOlO0 
0.00100 0 .00100 0.00100 O . 1 1 O O O  0.00010 0.10000 O . O O O 1 O  0.10000 
0.000 10  

K E C ( 1 )  
2 2 2 2 I 1 3 3 
3 3 3 3 3 3 3 3 
3 

oi-oa-ai 

IMrd NCT 
I 2  

T E S T  P R O S L E H  3 A r  AOJIJST E N E R G Y  P A R A W E T L H S  F O R  ETHANE 3 PR@F.ANE MOL-ECULES 
ETFANE. T o T a L L r  s y u n E T R t c  

1 5 8  
1 

N A  l i K A  N S  I C E N T  I ' X N E G  !IYWEG HZllEC N X B  UP% URD I C M B  I V D 9  I 9 E P  
2 2 6 2 1.0 1.0 0.0 2 0 1 0  0 1 I 

CK NQ N 3  
0.0 I 1  

~ L I M I I I  
0.0 

FLIMIII 
10.00000 

A l l )  
0.0 -0.50000 I .00000 1 .ooooo 1 . 0 0 0 0 G  0.0 

l R S C  
0 

I Z A M  IGEM I R S A  I S E T A  
2 0 1 0  



14-9 

K ?1A'4K 
1 c  
2 H  

USED 

0.0 
0.0 

XeA 
I 
1 
2 
2 
2 

ISC 
I 
1 
I 
I 
I 
2 
2 
3 
3 
3 

J A C  SXC 
1 4. 
2 2. 
3 2. 
4 2"  
5 1. 
3 2. 
5 1. 
2 2. 
4 2. 
5 I .  
5 I .  

i u  SUMP?'TC S 

J 1111b I U ( J )  I V C J I  1 Y t . j )  S S R I J I  ST17tJ) S X R t J I  S Y R C J I  S 7 R ( . J l  TR(1.J) TR(Z1J l  T R ( 3 . J )  
0.0 0 . 0  

0.0 

o x o  
0 . 0  

0 .0  

0 - n  

0 . 0  n.o 
0 . 0  o .n 

0 . 0  

0 . 0  

0.0 

0.0 

0-0 050 
0 rO 0 " 0  0 "0 

010 
0 . n  0 - 0  

0.0 

0.0 
O " 0  

0.0 

0 . 0  

0.0 
0 r O  
0 . 0  
0 . 0  n. n 0.0 

I L 0 0 0 0 . 0  
2 2 o o o 0.0 
3 3 0 0 0 0.0 
4 4 o o o 0.0 
5 5 a 0 0 0 . I  0 . n  

10: I nz I TBR 
I 8 B LO 10  12 14 14 14 14 16 - 1  -1 0 0 

2 8 10 10 1 0  14 1 1  14 16 It .  16 - I  0 0 0 
8 8 LO 10 10 14 1 4  19 IC 16 I f ,  - 1  0 0 0 

I A C i  I C T  
2 8 3 6  
1 4 5 7  
1 9 LO 11 

L B l I l  C B C l  
1 2  1 8  1 3  1 6  ? 4  2 5  2 7  8 9  8 1 0  3 1 1  

Y P Y S  CPvi woos S i G I C  
0 0 0,O 0.0 



T E S T  P R O D L i ' E  3A. ADJUST E N E R G Y  P A F 4 H E T E R S  F O R  

1 
2 
3 
4 
5 
6 7 
8 
9 

LO 
1 1  
12 
13 
14 
15 
16 
17 

19 
20 
21 
2 2  
23 
24 
z5  
26 
27 
2 8  
29 
30 
3 1  
32 
33 
39 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 

49 
50 

la 

4 8  

,J C 
13 

A 
0 
C 
C O S A  
C O S B  
C O S G  
T X  
i Y  
T 2  
T X  

T L  
A 
Fl 
C 
COSA 
C O S 8  
C 0 5 G  
T X  
T I  
T Z  
T X  
T Y  
T Z  
T X  
T Y  
T I  
T X  
T Y  
T L  T X  
T Y  
T Z  

r v  

N V  
4 

0.0 
0.0 
0.0 
0.0 
I .  000000 
I .000000 
I .oooooo 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 0.0 
0.0 
0.0 
0.0 0.0 
0.0 
0.0 

NOV L S  I W T  
0 1 0  

150 

ETHANE. P i i i l P A t i E  M O L E C U L E S  

P M X (  I ) 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
2.000000 
2 .00O000  
2 . 0 0 0 0 0 0  
0.200000 
0.200000 

-0.300000 
0.50 00 0 0 
0.500000 
0.500000 
0-500000 
0.500000 
0.500000 
2.000000 
2 . 0 0 0 0 0 0  
2.00000 0 
0 .20000  0 
0.200000 
0.20000 0 
0.500000 
0.500000 
0-500000 
0.500000 
0.500000 
0.500000 
0.500000 
0.500000 
0.500000 
0.500000 
0.500000 
0.500000 
0.500000 
0.500000 
0.500000 

K P I I I  K O 1 1 1  
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 I 
0 0 
0 1 
0 0 
0 1 
0 0 
0 0 
0 0 
0 1 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
1 0 
1 0 
0 0 
I O 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
1 0 
1 0 
0 0 
1 0 
0 0 
I O 
1 0 
1 0 
0 0 
1 0 
1 0 
I 0 
1 0 

OKT 1 K U I  
0.0 
0.0 
0 .O 
0 .O 
0.0 
0.0 
0.0 
1.000 
0 .O 
I .000 
0.0 
1.000 
0 .a 
0 .O 
0.0 
1 .ooo 
0.0 
0.0 
0.0 
0 .O 
0.0 
0.0 
0 .0 
0.0 
0 .0 
0.0 
0.0 
0.0 
0 .O 
0 .O 
0 .O 
0.0 
0.0 
0.0 
0.0 
0 .O 
0.0 
0.0 
0 . 0  
0.0 
0 .O 
0.0 
0.0 
0.0 0 .O 
0 .O 
0.0 
0.0 
0.0 
0 .0 

01-06-8 I 

S P I  I I 
0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .O 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

T E S T  PUOOLCM 3 A s  ADJUST E N E R G Y  P A R A M E T E f i S  F O R  E T H A N E .  PROPAWE M O L E C U L E S  01-06-81 ETHANE, TOTAI.1.Y S V H U E T R I C  

C Y C L E  I 

S V O Y  WR R M A X  N G  NSRB 
0 

S GK 
45.300624 10.0000o0 0.0 -11.619650 8 

G H  R N A H F S  C Y 9  VDW R E P  S R B  

0 0 0 1 6 2 . 0 0 0 0 0  2.18203 C H 0-0 -1.036 4.106 0.0 o o o I 7 2.ooooo 2.18203 c H 0.0 -1.136 4.106 0.0 
0 o o I 8 2.ooooo 2.18203 c H 0.0 -1.036 4.106 0 . 0  
0 0 0 2 7 3.00000 2.53699 H H 0.0 -0.007 0 . 2 3 0  0.0 

0.0 0.032 0.730 0.0 0 0 0 2 8 3.00000 2.53699 H H 

GX GY GZ I J 
0 0 0 2 3 3.00000 1.76950 H H 0.0 -0.795 3.197 0.0 
0 0 0 2 4 3.00000 1.76950 H H 0.0 -0.795 3.197 0.0 

0 0 0 2 6 3.00000 3.09313 H H 0.0 -ouo2a 0.034 0.0 

BOND D I S T A N C E S  

c c  
c n  
C H  
C H  
C H  
C H  
C H  

BCNO ANGLES 

C C H  

n c n  
H C H  

C C H  
c c n  

W C H  
C C H  
c c n  
C C H  
H C H  
H C H  
H C H  

C O N F O R M A T I O N  A N G L E S  

n c c n  
H C C H  
H C C H  
H C C H  
H C C H  
H C C H  
n c c ~  
H C C n  
H C C H  

YC WV 
0-0 -11.620 

I A  J A  
1 5  
1 2  
1 3  
1 4  
5 6  
5 7  
5 8  

I A  JA KA 
5 1 2  
5 1 3  
5 1 4  
2 1 3  
2 1 4  
3 1 4  
1 5 6  
1 5 7  
1 5 8  
6 5 7  
6 5 8  
7 5 8  

I A  
2 
2 
2 
3 
3 
3 
4 
4 
4 

J A  
1 
I 
1 1 
1 
I 
I 
I 
1 

K A  
5 
5 
5 
5 
5 
5 5 

5 
5 

L A  
6 7 

8 6 
7 
8 
6 
7 
8 

D I J  
1.5340 
1.0950 
1.09% 
1.0950 
1.0950 
1.0950 
1.0950 

A 1  JK 
111.09 
111.09 
111.09 

107.80 
107.80 
111.09 
111.09 
111.09 
1 0 7 . 8 0  
107.80 
107.80 

107.80 

C N F  
180.00 
60.00 

-60.00 
-6OrOO 
180.00 
60.00 
60.00 

-60.00 
i8o.00 

WR U X  UT 
05 .301 21.415 55.096 

WD 
3.831 8 

2. a350 
2.8659 

2.8558 
2. e658 

2. R d j e  

2.o65a 

U A  
0.0213 
0.0213 
0.0713 
0. on35 

0.0435 
0.021 3 
0.0213 
0.0713 
0.0"35 
0 . 0 0 3 5  
0.0435 

0.0435 

WCF 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 

0. ooao 

0.0000 

T E S T  PROBLEM 3A-  A D J U S T  E N E R G Y  P A R . 4 Y E T E R i  FOR ETHANE, P R D P A V F  MOLECU1.ES 
E TI-AWE- T O T A L L Y  S Y M M E T R I C  

woss WCALC R E F U U E  C Y C L E  I 
0.0 55.0965 

o 1-06-8 I 

I b B P l  1 )  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 

2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

D E R I V A T I V E S  B t F O Z E  C Y C L E  1 
D D L I D P ( I I D P 1 J J  FOR I =  

J N A M P C J J  D Y C ( J 1  8 DCC 1 0  O C H  12 ACCC 16 A H C H  

27 T X  -210.2888 0.0 -3555.2440 0.0 - 2 .  I507 
26 T 2  96.8350 -853.6000 1371.4544 0.0 -5.5752 

29 T Z  -82.93G9 0.0 -1371.4e.47 0.0 5.5752 

R D Y S  SDWS 
0.2459210 03 01604769D OS 
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.. 

N U M B E R  O F  PASSES AND T T M F  SPENT UN VAQIOUS P A R T 5  O F  EUERGY CALCULAllnN F O R  TI315 CYCLE 
NT S E C  AVT 

C C O R O F U A T F S  1 0  O m 0 1  0.0010 

F d S T  R t C i l  0 0.G 010 

F A S T  0 I X E C T  9 0-0 0.0 
SLCW CQNFIC; 1 0 - 0 1  0.0100 

l N 1 l I A . i  2 3  0.0 0.0 

S L C Y  %'ECI* 0 0.0 O * O  

l J N I T  CFCC 0 0.0 0.0 
SLOW o x w c r  I O ~ O P  O . O L D O  

I-FPISY C U M F I G  22 o r l o  O . O F ~ C .  

T E S C  WUOBl.E*l 3 4 -  A D J U S T  ENEPGV PARhrlErERS F O R  E T I i A N E .  PROPANE M Q L E C U L 5 9  
ORCPANE. TOTALLY SYYUEFRIC 

C'fCLt' I 

--'LO1677452 SYOW 77.508281 WR 10.000000 R M 4 K  N G 
27 

SGK 
019 

CM5 vnw a w  SRR G X  (rY GZ 7 J c;M R NAMES 

OOhU U I S T A N C C S  

c 1  c i l  1 2  1.5260 3.3879 

1 .3 1.0960 2.9267 CI Ill 
1 6  1.0960 2.9267 

c 2  d 2 1  2 4  1-0910 2.6290 
2 5  1.0910 2.5300 c.2 H 2 2  
2 7  I r O Q l O  2.6300 c 2  ti22 

c 2  1i21 8 9  
8 I n  I.0910 1 . 6 3 U 0  ci l  H82 

1-0910 2.h300 C P  ti22 8 I 1  
a m c  ANGLES 

II J A  D I J  WD 

CI c2 1 8  1.52~0 3.3e79 

CI wa 

a .0910  2.6210 

I A  JA XA A I J K  WA c2 Cl C d  2 1 8  112.93  0.6322 
c.7 C I  H I  2 1 3  I O Y . 5 4  0.0000 

2 1 6  10'3.54 0.09"O c z  c i  n i  
C 2  C l  M I  8 1 3  109.~4 o.aouo 
c7  C I  111 8 1 6  109.59 O I J U 0 0  
i i 1  c 1  H I  3 1 5  f o 6 . 1 0  0.13~~1 
CI c2  f121 
Cl CI H22 1 2 5  111.20 0 .0202  
c 1  Ci? w22 1 2 7  Ill.20 0.0242 
H ~ I  c2 n 2 2  4 2 5  L O T .  58 0.048 1 

4 2 7  107.69  0.0481 . t P l  c7 n2z 
5 2 7  107.69 000480  1422 C P  H 2 P  

C I  C ?  t i 2 1  1 8 9  111.20 0.0242 
1 8 I O  111.20 0.0291 C 1  C B  H I ?  

C I  r 2  H 2 2  1 8 I 1  111.20 O.Oz.%i! 
9 8 IO 107.69 0 .0481 H Z I  ii H22 

H ? L  c e  H22 9 8 11 107.65 0.0461 
107.61 Us0480 

1 2 4  L L L I Z O  0.0242 

I (22  c2 ,122 10 8 1 1  

c 2  C I  c2 H Z 1  8 1 2 4 l@O.UO 0.00oo 

n i  C L  c 2  H Z ~  3 1 2 4 57.99 o.oooa 
H I  C I  c 2  tt22 3 I 2 5 -67.01 0.0008 n l  C L  c2 H Z ~  3 I 2 7 177.99 0.0008 
n i  CI c2 n 2 1  6 I 2 4 -57.79 0.0008 : i 1  c i  c2 H2-7 b I 2 5 -177.99 0.0008 H1 C I  C2 H22 b I 2 7 62-01 0.0008 c 2  C l  C E  H 2 1  2 L 8 9 iarn.00 a.oooo c 2  c1 C 2  PI?,? 2 1 8 LO -60-00 0.0000 c 2  c 1  c2 biz2 2 1 8 11 60.00 0-0000 n i  c i  c2 H 2 1  3 1 8 9 -5'7.19 0.0uon I l l  c1 c 2  ti22 3 1 8 I O  5?-01 0.0008 n i  C I  cz 1122 3 1 8 11 -177.99 0.0008 H I  c1 c2 H71 6 1 8 9 57.99 0 . ~ 0 0 ~  
H I  C I  c2 H22 6 1 a 1 0  1-n.99 O . O O O R  H I  Cl C 2  h22 b I a I I  - -6%.01 o.oo08 

C O W G R V A T I  ON ANGLES 
i A  J A  <A L A  C W  '4 C F 

c 2  C l  iz H 2 2  B I 2 5 53.00 0.0G00 
C2 c l  CI n22 8 1 2 7 -60.00 0.0000 

'3C WV WR Y X  UT 
0-0 --80*67? 77.608 29.619 86.5150 

TE5T P7UBCCU 3 A -  A D J U S T  ENERGY P A R A M E T E R S  FUP ETHANE. PROP4NE MOLECULES 
wnp ' rw.  rnrAiLy SYMMCTHIC 

WDDS YCALC HLFTJRE CYCLE 1 
0.0 86.54YEi 

iCAIV*TIV'S 8EF09E cv 

12 ACCC 
0.7295 

-0.7295 
-0 .4ae3 

0.0 
0. 0 
0 , O  0.0 

0.0 
0.0 
0. a 

0 I-0h-R I 

NSRM 
0 

01-06-a~ 



1 5 7  

ROWS sows 
0.2140L40 03 0-458011D 05 

N ~ P B E R  OF P A S ~ E ~  AND TIWE SPENT O:J V A R I O U S  P A R T S  OF ~ W E " ~ G Y  CALCUIATION T O R  rnis CYCILE 

C O O R D I N A T E S  31 0.08 O.OW* 

N T  SEC AVT 
I h I T 1  A L  6 5  0.01  0.0002 

SLCW R E C I P  
F I S T  W E C I P  
U N I T  C F L L  
S L C d  D I R E C T  1 0.02 0.0200 
F A 9 2  D I R E C T  3 0  0.05 O - O O L ?  
S L O X  C O ' F I G  1 0.03 0 . 0 3 0 0  
F A S T  C O N F I G  6" 0.43 0.0067 

T O T Z ~  r r - d E  ( S E C )  0.67 

0 0.0 0.0 
0 0.0 0.0 
0 0 - 0  0.0 

T E S T  P'qSLE'4 3," ADJUST ENi9C.I- P b R A H E i E R S  F O R  E T H A h E .  P R U P A Y L  M U L E C l J l  E S  

C Y C L E  1 

RDtlST SDWST S I G M A  
0.3260040 93 0.105379D 06 0.1035680 03 

5 4 N <  1 )  
8 DZC LO JCH 12 ACCC 16  A t I C H  

0.000771 0.000187 0.876145 0.389734 

0 1  --06-8 1 

EVECC 1 ,  J ) 
J E V A ,  !J' 8 DCC LO OCH 12 ACCC 16, , A H C H  
1 0.2010 0 1  -0.630035 0.432201 0.P3MIB5 -0,330003 
2 0.9540 0 0  0.042950 -0.150624 0.960301 0.230813 
3 0.7740 00 -0.211690 -0.678&49 -O.OZhl?G -0.425525 
4 0.2640 0 0  - 0 . 7 3 8 2 1 5  -0.131)70U -0.142789 0-646kBZ 

5 & Y ( l l t E V E C l I . J )  
J EVA1 <.I) 8 DCC LO DCH 12 ACCC 16 At'CH 
I 0 . 2 0 l D  0 1  -0.000h73 0.000081 0.20Z3585 -0.052Qa3 
2 0 954D 00 0.000033 -0.000028 0.041369 0.020712 
3 017740 0 0  -0.000103 -0.003165 -0.022951 -0.038le4 
4 0.26"O 00 -0.000563 -0.0000?% -0.LZS104 0.057084 

WHAT I R M A T * S A N * E V E C  
J N A Y P C J )  D Y C t J )  2 3 4 

29 T L  -a2.9369 - 0 ~ 4 0 6 1  0.1541 0.0128 0.3568 

26 T Z  96.8350 0.826: -0.1874 0.1265 0.1290 
27 T X  -210.2888 -0.1736 0 . 0 5 5 7  0.6671 -0.0378 

98.8410 0.5870 -0.5632 0.1166 0.1661 38 T Z  
39 T X  
41 T Z  -63.6117 -0.6134 -0 .5118 -0.0538 0.0208 
43 T Y  -53.6806 -0.0222 0.0052 0.2102 -0mOA07 
44 T Z  -41 .1278 -0.1413 0.0527 0.0682 0.1058 
45 T X  -5b.7685 -0.1*51 0.0532 0.1273 0.0922 

62.3053 0.527i 0.5454 -0.0075 0.0731 

47 T Z  -39.0~0 0.0281 -0.0135 0.1826 - 0 ~ 0 ~ 7 5  
48 T X  -3.1328 - o . L ~ * $  n.oTs7 - 0 ~ ~ 1 6 9  0.2062 
49 TI -110.1700 - 0  099% 0.0318 0.3855 -0.0227 
50 T Z  El.4682 0:1992 -0.0727 -01183b -0.6223 

E R R  t N A U P  O L D  P CHANGE 
8 DCC 1.400000 -0.034140 1.365860 0.127765 

12 A C C C  107.000030 -0.078450 101.921534 98.599858 

hEW P P A R A M E T E R S  i s F l E R  C Y C L E  I 

10 D C H  1.000000 0.057144 1.057144 0.022089 

16 A ~ + C H  1~o.oooooo - o . o m i a ~  L O Y . % ~ ~ ? W  13.939300 

o L -06-a I 
T E S T  P R O B L E M  3A. ADJUST 
ETrhNE.  T O T A L L Y  S Y M M E T R I C  

kr4ERGY P A Q A H L T E R S  F0" E T H A M F  I P 9 0 P A N E  M O L F C U L E S  

C Y C L E  2 

5GK 
0.0 

R 'A,< 'i 
10.000000 

I R  
45.300621 

5'13% 
- 1  1.619650 

R N A M E S  C M B  VDW 
0.0 -0.795 
0.0 -0.795 
0.0 -1.036 
0.0 -1.035 
0.0  -1.036 
0.0 -0.072 

0.0 -0.028 

G M  GX GI' GZ 1 J o o o 2 3 3.00000 1 . 7 s s a  n H 
o o o 2 4 3.00000 1.76950 H n 

o 0 0 1 8 2.00000 2.18203 c H 

0 0 0 L 6 2.00000 2.18203 C H 
0 0 0 I 7 2.000Q0 2.18203 C H 

0 0 0 2 7 3100000 2.53593 H H 0.0 -0.092 0 0 0 2 8 3.0)OOOO 2.536'40 H H 
0 0 0 2 6 3 .00000 3.09313 H H 

a n m  DISTANCES 

c c  
C H  
C H  
i H  
C H  
C H  

c n  

C C H  
C C H  
C C H  
H C H  
H C H  
H C H  
c c n  
C C H  
C C H  
H C H  
w C H  
n C H  

O I J  WD 
1.5360 0.0330 
1.0950 0.4550 
1.0950 O " U 5 5 0  
1.0950 0-4550 
1.0950 0 ~ 4 5 ~ 0  

1.0950 0.4550 

I A  J A  
1 5  
1 2  
1 3  
1 4  
5 6  
5 7  
5 8  

I.OOSO 0.4550 

I A  1.6 KA 
5 1 2  
5 1 3  
5 1 4  
2 1 3  
2 1 4  
3 1 4  
1 5 6  
1 5 7  
1 5 8  
6 5 7  
6 5 8  
7 5 8  

A I J K  Y A  
111.04 0.0213 
111.03 0.0213 
111.09 0.0213 
107.80 0.0~23 
107.80 0.0*23 
107.80 o . w z 3  
llL.04 0.0213 
1 1 1 . 3 9  0.0213 
I 11.09  0.081 3 
107.80 0.5h23 
107.80 0.0423 
107.80 0.0423 

L A  J A  K A  L A  CN' * C F  

2 I 5 a -50.00 0.0000 
3 1 5 6 -60.00 0.0000 
3 1 5 7 180.00 0.0000 

CCNFORMAT I O N  ANGILLS 

H C C H  
H C C H  
H C C H  

2 I 5 6 180.00 0.0000 
2 I 5 7 60.00 0 . 0 0 0 0  

n C c H  
n c c n  
H C C H  
H C C H  
n c c H  
n C C H  

3 1 5 8 60.00 0.0000 
4 1 5 6 60.00 9 . 0 0 0 0  
4 I 5 7 -60.00 0.0000 
4 1 5 8 180.00 0.0000 

N G  
8 

REP s m  
3.197 0.0 
3.197 0.0 
4.106 0.0 
4.106 0-0 
4.106 0-0 
0.230 0.0 
0.230 0.0 
0.039 0.0 

N S R S  0 
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T E i i  PRiJdLEN .7A. 
9TI-&N? s TOTALLY S'IMME l n l c  ADJUST ENERGY PARAYETEi l .5  FOQ E THAN€... P R O P A N E  IYJI~ECI;L&S 

N3-35 K A L C  OC'ORE cYct.F 2 
0-0 2.8 260 

VERIVATiVES REFORE CY0.E 2 
J N A e P 1 . J )  0 7 C I J )  

2 6  T Z  - - 1 0 . 8 4 5 7  
2 7  T X  -7.1937 
29 T I  - 4 1 . 3 9 1 6  

01-06-a1 

TCTAl.  T l U E  ( S E C I  0 -05 

J N d M E  I X A  I R B  

2 H  
X V z 

2 2 P.0ZISZ n,o 1 .16110 
0.0 O n 7 6 7 0 0  I t  I 1 0.0 

TEST PQO6i. FS 3A.  A D J U S T  FWErGY FAR.AMFTEIIS FOR E T I ' d N E .  PROPdNI:  MDLECULES 
#'HOPAXE- T ~ J T A C L V  LYMut-TRiC 

CYCLE ? 

RWAX NG 27 
SVDW qn SGK 

0.0 -20  a 6 7 7 4 5 2  '77.608281 I 0 /. 0 81 0 c 0 0 

R E D  3.397 
3,2B% 
3.262 
3.2e2 
4,4'ib 
4.07.5 
4.234 
4.234 4"234- :. 2-33 
6.234 
4.634 
0.267 
0.267 
0.245 
0.245 
6.553 
i ) . L T O  
0.472 
9.472 
0-037 
0 . 0 3 7  
0-027 
0.043 
0.003 
0.003 
0.001 

aahiil ANGLES 
I A  J A  KA .AI . IK  Y A  

C Z  C I  cz  2 1 8  I l 2 . & 0  0.6417 
c 2  c 1  d l  2 1 3  107.34 0.0000 

2 l G  109.54 0.0000 c z  C I  H I  
8 1 3  109 .54  0.0000 C 2  C L  i i a  

HI C L  U L  

C I  c2 PI22 

- % I  C ?  H a %  
PI22 C% h'z? 5 2 7  107 .54  0.0468 

I 8 IO IP1.20 0.0242 c 1  c z  -22 

U 2 L  C2 u2.2 9 8 10 107.69 0.0468 
9 8 11 107.69 0.0-611 9 2 1  c2 ne;' 

ti82 c2 h22 LO 8 1 1  1 u i . m  n.0408 

I A  .JA K A  1.A 5 NF \YCF 

e I 2 7 -801cDJ 0.0000 
i l l  (II  c2 t i 2 1  3 I 2 4 57.99 O . O O 0 R  

c2  C l  111 8 1 6  109.34 0.0100 

C I  c 2  Ii21 1 2 4  111.20 0 . 0 2 a 2  
C I  C ?  H 2 2  1 2 s  111.20 0.02*2 

c 1  c2 t i 21  1 8 9  111.20 O.U2*2 

C l  c e  h 2 P  1 9 11 111.20 0.01.1-:' 

3 1 6  108.10 0.1947 

1 2 7  111.20 5.0242 
'-121 i2 ,122 4 2 5  107.09  0.0460 

4 2 7  107.69 0.0968 

C C h F t l R M A T I O N  AiuCLES 

c 2  C I  c2 Hal 5 I 2 4 180.00 0.0000 
C 2  C I  t? H Z Z  8 I 2 5 bi1.00 0 . * > 0 0 0  
C P  C 1  CZ H L 2  

3 I 2 5 - 6 2 . 0 1  0 .0008 e 1  C l  C? HP2 
'(I  c i  5% He2 3 1 2 7 1 7 7 ~ 9 9  0-000.3 

6 I 2 4 -57.99 0 . U O O M  '(1 Cl C %  l i Z 1  
6 I 2 5 -177.99  O . G W O C ,  H I  C l  C2 H22 

H i  c1 Ct a22 6 I 2 7 6 2 - 0 1  0.0008 
c2 C I  i2 H 2 l  2 1 8 1 l R 0 . 0 0  0.0000 

2 I 8 1 0  -60.00 a.,moo c z  C P  c2 n?? 
2 1 I 11 I , O " C O  0.0000 c z  c i  C Z  U P 2  

ill c1 < a  T i 2 1  3 I 8 0 - 5 7 . 9 9  0 . 0 0 ~ 8  
3 I a I O  62.01 0.0008 n 1  C I  c 7  t i22 

U l  CP <:2 H,?Z 3 I 9 1 1  - - 1 7 7 . 1 9  O . G O " R  
6 1 8 9 57.l? 0.0006 141 C I  ca n z i  
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I .  00000 
1.00000 
1.00000 

R 
1.70950 
1.76950 
1.76950 
1.76950 
1.76950 
1.75950 
2.18203 
2.18203 
2.18203 
2.18203 
2.18203 
2.18203 
2.53639 
2.53699 
2.53699 
2.51699 
2.53699 
2.53619 
3.09313 
3.09313 
3.09313 

rd# 
n 
n 
n 
H 
H H 

C 
C 
C 
H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

n 

i l J C L E 5  

I A  JA 
I S  
1 2  
1 3  
1 4  
5 6  5 7  
5 8  

I A  JA KA 
5 1 2  
5 1 3  
5 1 4  
2 1 3  
2 1 4  
3 1 4  
1 5 6  
1 5 7  
I 5 8  
6 5 7  
6 5 8  
7 5 8  

I A  
2 
2 
2 
3 
3 
3 L 
4 
4 

JA 
I 
1 
1 
1 
I 
I 
I 
I 
I 

KA 
5 
5 
5 
5 

5 
5 
5 
5 

iMES H 

H 
H 
H 
H 
n 
n 
n 
n 
C 
C 
C 
H 

H 

H 
H 
H 
H 
ti 

ti 

n 

CMR 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

vow 
-0.705 
-0.795 
-0.735 
-0.795 
-0.795 
-0.795 - 1.036 
-1.036 
-1.336 
-1.038 
-1.038 
-1 -036 
-0 .QQ2 
-0.091 
-0.092 
-0.092 
-0.012 
-0.092 
-0.328 
-0.028 
-0.028 

R E 2  
3.197 
3.197 
3.197 
3.197 
3.197 
3.157 
an106 
4.106 
4.106 
4.106 
4.106 
4.106 
0.230 
0.230 
0.230 
0-230 
0.270 
0.230 
0.034 
0.034 
0.034 

L A  6 
7 
8 

C N F  
180.00 
60.00 

-60.00 
-60.00 
18O90O 
60301 
60*00 

- 6 0 ~ 0 0  
1no.oo 

I C  Y V  WT nx 4v 
0.0 - 1 1 . 6 2 0  45.301 9.145 42.826 

Y C F  
0 . 0 0 0 0  
0.0000 
0.0000 
0.0000 
0. a 0 0 0  
0.0000 
0.0000 
0.0000 
0.0000 

D K T l K a J  
0 .O 0 .O 
0.0 
0.0 
0 .O 
0.0 
0 .O 
0.0 
0.0 
0 .O 
0 .O 
0.0 
0 .O 
0 .O 
0 .O 
0.0 
0 .O 
0 .O 
0.0 
0.0 
0.0 
0.0 
0 -0 
I .000 
1.000 
I .000 
I .000 
I .000 
1.000 
1.000 
I .000 
I .000 
1.000 
I .000 
I .000 
1.000 
1 .000 
1.000 

1 .000 
1.000 
I .000 
1.000 
I .ooo 
I .000 
1.000 
1 . D O 0  

I .on0 

SPILJ 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .O 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

01-06-81 

T E b i  P R O B L E M  38. M I N I M I Z E  E N E R G Y  AND C A L C U L A T i  F H E O V E h C I E S  OF M O L E C U L E S  
E T H A N E .  NC S Y M V F T R Y  R E S T R I C T I O N S .  PARAI.1.EI C A Q T E S l l N  S Y S T E M S .  

o 1-06-8 I 
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R Z F O R E  C.4 

1 D I C < J l  

-0*0000 

-0..0000 

-5.L229 

- I  e i w a  

o.3noo 

- 0 " 7 3 2 "  

0.59519 

-1.0393 

-0.7329 

0.5995 

1.0383 

-0.7 329 

0- ton00 

0.0000 

5.4229 

I .  1990 

- 0 .  0000 

I .  03d3 

0.7329 

-1.0386 

0,732'4 

.. . 
32 5 
775 

0 
0 
0 
I 

324 
1 

3211 

0.08 
1 . 3 "  
0 i o  
0.3 
0.0  
0.02 
0.14  
0191 
O s 6 7  

J 

I 

2 

4 

5 

5 

7 

a 

9 

10 

I 1  

12 

27 T X  
36 1 x 
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1 3  

1 4  

15 

I t  

17 

18 

19 

2 0  

2 1  

22 

23 

24 

O S 8 5 0  00 

0.5340 00 

0 . 5 l i U  D O  

0.3740 00 

0 . 3 5 1 U  Od 

0.4530-01 

0.76 1 0-02 

0.373D-02 

0.320 D-@2 

0.1570-04 

-0.3450--0 b 

-0.4600-03 

-0.0 17495 
0.100770 
0.210743 

- 0 . 2 1  0726 
0.080939 

-0.233914 
-0.2337 34 
0.0445 15 
-0.168741 
0.168748 
0.0000 32 

O.OS0403 
-0 -266 I44 
0.123120 
0.123120 

-0.000425 
-0.372928 
0.3727 15 

-0.000018 
-0.353078 
-0.353045 
0.375745 
0.251348 

-0.2512hZ 
-0.000001 
0.134269 
0.134273 
0.373080 
0.163792 
0.165712 
0 1003643 
0.001 588 
0.001603 

-0.348715 
-0.154550 
-0.153569 

-0.080385 

0.0 o l e  1 I 
-0.000001 
-0.08 300 L 

0.000079 
0.4064557 

-0.4 06366 
0.00000 I 
0.3887 13 

0.220097 
-0.139076 
-0.1 38947 

0.000044 
-0 m 04377 7 
0.043703 

-0. I75547 
0.210257 
0.2 10515 

-0.265161 

-0 - 0 3865 1 
-0.0000LO 
-0.000190 
-0.00018l 
-0.301 L 66 
-0.407995 
0.408001 

-0.349185 
-0.224428 
-0.224433 
-010031~7 
-0.0 0199 1 
-0.0 02027 
-0.373413 
-0.240316 
-0.24041 7 

-0.0829~9 

0.388220 

0 . 0 3 e 6 a  

- 0.4 14542 
0.264298 
0.20 I336 

-0.201335 
-0.044330 

0.092000 
0.123763 
0.24385a 

-0.243858 
0.000006 - 0.436169 
0.436039 
0.01 4 1  37 
0.227566 
0.2277 12 
0.003021 
0.0-08776 

-0.008803 
-0.000013 
-0.123563 
-0.123559 
0.000026 
0.100835 

0.000025 
-0.140296 - 0. I4 0292 
-0.005382 
-0.002251 
-0.002229 
0.573550 
0.238743 
0.238748 
0.000265 
0. 000088 
0.000069 

0.09 L 883 

-0.100844 

0.01 7452 
-0.238549 

-0.210727 
O.Lb7710 
O.OR494S 

-0.233926. 
0.053751 

-0.044514 
0.168748 

-0.00006 I 
0.000032 

-0.080388 
0-21692 7 

-0.2bb 138 
0.123117 

-0.000309 
-0.000422 
-0.372995 
-0.00001 1 - 0.00 0 00 3 
0.353052 
0.41 4 0 1 9  

-0.37551 L 
-0.251 253 
-0.00000 1 
0.000012 

-0.134253 
0.27071 1 
0.373200 
0.163864 
0-002642 
0.003847 
0.001618 

-0.252899 
-0.348820 
-0.154753 

- 0 . i m 7 8 1  

0.009423 

-0.00000i 
0.I3824BO 

-0.000 172 
0.000091 
0.4O65OO 

-0. O O O D O  0 
-0.000oOL 
-0.385230 
-0.140066 
0.220-083 

-0.139064 
-0.000007 

0.0000h2 
-0.043781 
-0.32-01h9 
-0.175557 
0.2 1026 I 

-0.383258 
0.2 €51 27 

-0.038650 - 0.000 008 
0.00001 1 
0.000195 

-0.030838 

0.407994 
-0.102209 
-0.349 190 
-0.22112 7 
-0.000920 
-0.00312'3 
-0.002027 
-0.108962 
-0.373416 
-0.24029 1 

-0.ooaooo 

0130>1e2 

0.414552 
0 -423585 

-0.26429") 

-0.0713"4 
-0.OR5318 
0.091 85L 
0 -036305 

-0.123765 
-0.243868 
0.01)0099 

-0.6 36151 
-0.494047 
0.016136 
0.227551 

-0.000002 

0.00877~ 
-0.00000? 
-0.000013 
0.123552 

-0 -2 02249 - 0.0 0007 3 
-0.100834 

0.000012 
0.000025 
0. I40313 

-0.005308 
-0.002220 
0 -238743 
0.573554 
0.238741 
0.000037 
0.000262 

-0. i?n L 334 

0. oooona 

0.00002? 

- o .onz?o 9 

0. oooof,n 

J N L Y  F I R S T  18 v A R l E D  

T E S T  P R O B L E M  381 M I M I M I Z E  E N F R G Y  AND CALCIJ1.ATE F R E Q U E N C I E S  OF M O L E C U L E S  
E T P A V L E ~  r i a  S Y M r c x w  R E i T u I c r I o N s .  PARALLEL CARTESIAN SYSTEMS. 

CVCI.C ? 

ilC WV U R  UX WT 
0.0 -11.875 46.519 8.130 42.775 

T E S T  PROBLEM 30. MINIMIZE E N E R G Y  A N D  C A L C U L A T E  FREQUENCIES OF M O L E C U L E S  
ETHf iOiTr  N O  5 Y r l M E T R Y  R E S T R I C T I O N S .  PARAL1.EL C A R T E S I A N  SYSTEMS. 

wc&c BEFORE CYU.E 2 
42.7753 

woes 
0.0 

.E 2 

Ff iEQ( 1 )  
2963.76 

I 2 

3 4 
5 
6 
7 
a 

0.210744 
0.238535 

-0.733797 
0.167727 

-0.168740 
-0.083769 

0.090*09 
-0.000060 

0.173119 
0.216918 

0.372692 
-0.000313 

0.353061 
0 .C30005 

0.25 1359 
-0 e41 3963 

-0. 134265 
O.OOOOL4 

0.165632 
0.27oe40 

0.001627 
0.002648 

-0- 153520 
-0.253074 

0 1-0 6-8 L 

OI-ot-31 

 DINATE ATE 
n Y  

-0.000209 
-0.000009 
0 -3232 19 

-0.320659 
-0.0 00770 
-0.000012 
0.323319 

-Or320630 

Q Z  
-0.037266 

0.1475 1 6  
0. I4871 8 
0- I4751 1 

-0.037271 
0.147541 
0.148761 
0.1 47496 

C H A R k C T E l i  OF V I B R A T I O N  Wlin !?CSPECT T O  S lMf i iETRY OPESAT1 ON 1 
I 1 2 3 4 5 6 7 n 9 10 

N A N S ( 1 )  E c3 c 3  c2 C2 c2 I 56 56 H 

C h A R ( 1 )  1.0000 1.0000 1 .0000  -1.0000 -1.0000 -1.0000 -1.0000 -1.0000 --1.0000 1.0000 

1 2  1 1  

N 'I 

1.0000 i.0000 

2 1  
33 

C A R T E S I A N  NORMAL 
ATOM O X  
c -0.000215 
H -0.371707 
H 0.187096 

C 0.000207 
H 0.371 I23 

n 0,187223 

n --o.187170 
n -0.187071 

COORDINATE 
D Y  

-0.0000 18 
- 0 * 0 0 0 0 0 2  
-0.324107 
0.324322 

-0.0 000 14 
-0.000002 
0.329231 

-0.324060 

D L  
0.032112 

-0.146758 
-0.147894 
-0.147997 
-0.032107 
0.1 46765 
0.147953 
0.147871 

I 1 2 3 4 5 6 7 8 9 IO  
C H I C - A C T F X  O F  V I B H A r l O N  WITH WESPECT TO SYMp4!:TRY OPERATION I 

1 2  
N A * S I 1 3  E c3 c3 C 2  C 2  C2 1 56 56 M 

I 1  

M N 
C C A R ~ ! )  i.oooo i .oooa i.oooo i .oooo 1.0000 L.OOOO 1.oooo i.oooo 1.0000 i.om70 

I . 0 0 F , O  1 .oooo 
- -- __ -_ _-_ . . . .... - .. _- - - .. _ _  _--_ -_-_- -. . 

1 
2 
3 
4 
S 

C A R T E S I A N  NORMhC C O C : P D I N A T E  

C 0.030498 -0.055590 
ATOM 

H -0-244335 -0.001561 

H 0.132940 0.227286 
C 0.030508 -0.055592 

D X  D Y  

n -0~851833 0.436183 

D Z  
0.000128 

-0.1 00861 
0.208166 

-0.lORB13 
0.000140 

0 e-03300 i 
-0.000000 

- 0.4 063 76 
-0.000124 

-0.386273 
-0.000001 

-3. I 369 37 
-0.140069 

3.04 3 r  18 J 
-0.090009 

0 . 2 1  0504 
-0.320185 

0.03864 3 
0.333232 

0.000179 
o.noooo6 

-0.A37988 
0.03 O R ' I  

-0.224430 
-0.152214 

-0.OOlY93 
-0.000005 

-0-210131 
-13 I 08983 

0.201334 
-0.423586 

o.owoin 
- 0.077365 
0.243867 

-0.036292 

0.436046 
0.000098 

0-227717 
-0.994029 

- 0.008803 
-0.000003 

O.LZ~S&B 
-0.000010 

0.1-008$5 
0.202260 

0.140310 
0.000005 

-0.007265 
-0.002275 

0 - 238738 
0.238743 

0.000094 
0.000102 
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CM.* ,RACTiR OF V 1 W R A T I U N  WITH RESPECT TU S Y M N C T R Y  O P E R A T I O N  I 
1 2 3 4 h 7 8 9 1 0  

N a r ( 5 t l I  E c3 ' I 3  c2 c7 C P  1 56 56 M 

CHPR(I I  I.OOOO -Q.SOOO -0.5000 o . s - j ro  O . * W O  -0.9931 - I  .oooo a.5000 o - s o o o  -0.5370 

1 2  11 

Y H 

-0.41520 0.9991 

_-_ 
F S Z O C  4 )  C A R T E S I A N  PIOQMAL CDOROlNATF 

2946.17 A T O M  D X  9r D Z  
I c -0.055599 -0.0.30570 *~000023 

0.442~62 -0.00ua5i o.ia2soo 
0.00396~ -0.oa04s2 -0.co~sa4; 

2 n  
3 n  
4 H  0 . . 2 L 5 t S h  0,374843 -0.118564 
5 C - 0 a O G 5 5 t 3 5  -0~030903 0.000035 

0 - 4 4 2 8 2 0  - - 0 . 6 0 0 A 5 4  0 -  L R . : T I A  
0.004049 -0.010581 --0-004621 

6 H  
7 n  
a n  0.21 513Y 0 . 3  ?e611 -0,178549 

C H A R 4 C T t R  CJC V I S i l A T I O N  W I T H  R E S P E C T  TlJ SYMMETRY U P L H A I I U N  I 
1 2 3 4 5 6 7 8 9 10 

12 
N A M i f l I  E C3 c 3  C T  C 2  C 2  1 56 56 M 

11 

M Y 
C H A R ( 1 1  1.0000 - 0 . 5 0 0 0  -0.5005 -0 .5371 -0046.20  0.9991 - 1 . O O B O  0,5000 0.50VO 0.5371 

0.4520 -0.0991 

CI IA4 ,?%CT2H OF V Z R R A T I O N  HdTH RFSPCCT T O  SYr(METP7 U P E R A T I O N  1 
I 1 2 3 4 5 6 7 8 9 13 

1 1  12 
N B X i <  I )  E C 3  c3 C ?  cz  c2 1 56 Sh H 

Y M 
C W B R I I )  1.0000 -0.5000 - 0 ~ 5 0 0 0  -0-9999 0 . 5 1 0 5  0.4884 1.0000 -0aS000 -0 ,LOOr)  -0.9999 

0.5t05 0.9844 

C A R T E S I A N  NORMAL 
A r O M  D X  
C -0.063653 
ti 4-51 0292 
n 0.L27524 
rl 0.1 5 4  I76 
C 0 - 0 0 3 6 6 0  

H -0.1274PG 
H --DolP4SSO 

n - 0 . 5 i 0 ~ 3 4  

C H A H R C T T R  QF VI?3'PATlON WIfH R E S P k C r  T 3  5 ' f N I E T R <  D P E R A T l D N  1 
t 1 2 3 4 5 6 7 8 9 1 0  

N A Y 9 C 1  1 E C 3  c2 c2 C2 1 56 56 M 

C H A ~ I ( I ~  I ~ O O O O  -0.50ao -3.500'3 0.9999 - 0 1 s i n 5  - - o . ~ Y u  1.0000 -O.SOOO -o.sooo 0.9999 

1 2  
c3 

I 1  

Y 9 

-0.5105 - 0 . P B 9 4  

C O O R D I N A T E  
DY 

0.0C0000 
-0~000009 
-01 I 3 6 8 5 6  

3.136851 
-0.0ti0000 
-0.000001 
0.136883 

- 0 * 1 3 R U 0 5  

0 2  
-0 .107329 

O o 3 0 T 6 1 5  
0.307503 
01307507 
0.107339 

-0.301sra 
-0.307553 

-0.30-r637 

C A R T E S I A N  NORMAL 
A l C M  > X  
C OIOOOOl? 
H 0.105401 
n - 0 . o a ~ o ~ 5  
H -0.082374 

0 .000009 
0.165376 

14 -0eO83051 
H -9.082336 

CCUHO I N ATE 
01 

O.OOUO6h 
-0.000582 

0.143401 
-0~1434130 
0 a 00 0057 

0 . 1 4 3 3 9 5  
-0.143463 

.-O.OOO~OC. 

CHdRACTER t3F V 2 R F ) A T I O N  W I T i l  R E S P E C T  T U  S V W M F T W  3 P E R A T l n N  I 
t I 2 3 4 5 G 7 8 9 

NAWS111 E c 3  c 3  c 2  c2 c2 1 56 96 Y 

C n r s ( 1 )  1.0000 1 .0000 1.0000 - 1 . O C O O  -1.000lI --1.0000 -1 .0000 -1.0000 -1.0000 1.oc 

1 1  12 

M H 

1.0000 I .OO00 

0 

0 

F l i F O t  9) C A R T E S I A N  N O R M A L  C U O R O I N A T E  
1433 .51  A T O M  o x  DY 0 2  

1 C -0.041659 0.020629 - 0 ~ O J O O C O  
2 H - C . 1 1 8 5 3 6  - 0 . 2 2 2 5 1 R  0.19UJ45 
3 H  0.18521 8 0.233861 -0 .174354 
4 9  O s U 2 9 0 2 9  -U,257203 -0.013273 
5 C -0.041650 0.020636 -0.Oi9005h 
6 H -0.11(1527 -0.222609 0.190336 

8 U  0.O290L 9 -0.251 157 -0.0 I32 15 
7 n  0.1851oa 0.233714 -0.11634'~ 

CUAR.ACTEII I+ V I i l R A T l O N  # I T H  R E S P E C T  TC S Y M V E T R Y  CYERATlD1.I I 
I 2 3 4 5 6 7 8 9 L O  

1 2  
NAMSIII E c3 c3 C P  c 2  c2 1 5.5 5 4  n 

11 

H n 
--0+9920 0.3869 

C H A P ( 2 I  1.0000 - 0 + 5 0 0 0  --0.5000 -0.6051 0.9920 --0.3869 -1.0000 O m 5 0 0 0  0.5000 Q s G 0 5 <  
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C U U C O I N A T E  
DV 

0.041676 
- 0  nn905? 
-0.145423 

0. 0986 i 3  
0. oc 1 h 39 

-0.4486a L 
-0.145243 

0.098569 

O Z  
- O I O O O O e h  
-0 ' 0 939 87 
-0.117105 

0.212007 
-0.OC00S3 
-0.092a06 
-0.1 17032 

0.2LL915 

CHARACTFR O F  V I B R A T I O N  W I T H  R E S P E C T  TC SYV*'ETPY O P E R A T I  0.4 I 
2 3 4 5 b 

Ci l  ) I D : L I T F  
3 Y  

0.0*"014 
-0.515882 
-0.034600 
-0 .048<- -  
-0.044933 

0.516200 
0.03*760 
0.048473 

DZ 
0.00000" 
0.004727 
-0.167371 

0.158509 
-0.000000 
-0.004631 

0.163328 
-0. I 58699  

1 

7 

L.OOOO 

8 

s 6 

0.5000 

e 
56 

9 

16 

0-5000 

1 

56 
H A4 

C L B 9 ( I !  1.0000 -0.5000 -0.5000 - 0 . Q Q S 7  0.6557 0.5$?0 1.0000 -0.5000 -0.5000 
0.4C57 0.5430 

~ _ _  _ _ _ _ _ _ _  _ ~ _ ~  ~ ---.----- 

D i  
C A E T E S I A N  NIII)UI\L C O U P O I N A T T  
A T C r  O X  D Y  

- R E O (  I 2 1  
14%6. -<  
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