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PREFACE

This document comprises the final report for the program
"Automated Estimation of Gas Phase Thermokinetic Parameters
for High Ignitioﬁ Temperature Solid Gun Propellants.' The work -
was pefformed for the Ballistic Research Laboratories, Aberdeen
Proving Grounds, Maryland, by McDonnell Douglas Astronautics
Company, under Contract DAADO05-72-C-0098. This final report
covers the period from 15 November 1971 to 15 January 1973.

The report is submitted in two volumes:

Volume I ~ A FORTRAN Program for C(‘nﬁputing the
Thermochemical Properties of Complex
Gas Molecules by the Method of Group
Additivity |
(Books 1 and 2)

Volume II — Definition of Réquirements for Estimation

of Kinetic Parameters
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ABSTRACT

A FORTRAN program for calculating the thermodynamic
properties of complex gas molecules by the method of group
additivity is documented herein, Included are descriptions of
the computational method, characteristics, functions, input/
output formats, and logic structure of the program. Seventeen
case calculations for diversely structured molecules are
presented., Also depicted are a listing of the program, a
complete glossary of the program variables and the tables of

data comprising the data library input.
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Section 1
INTRODUCTION

The increased emphasis in recent years on high level material performance
and cbntrolled chemical reactions has intensified the need for versatile ana-
lytical programs capable of estima;‘.ing the thermodynamic and kinetic prop-
erties of compounds, Moreover, there are more specific reasons why these
capabilities are important, First, the size, cost, and purity of the sample
and the expense and time required for measurement of the data are frequently
excessive, Secéndly, an accurate thermokinetic computational method can
serve as a material screening device and predictive tool for estimating the

properties of promising new compounds and postulated chemical structures,

The objectives of this investigation are related to the above requirements,
They comprised the (1) development of an automated program and (2) prelim-
inary tasks prerequisite to future development of an automated program for
estimating the respective thermodynamic and kinetic properties of gas
molecules, The results achieved in the present study are twofold: (1) develop-
ment of a large computer program for calculating the thermodynamic prop-
erties of complex gas molecules and (2) definition and extension of methods
and requirements for estimating the kinetic parameters of several classes of
gas-phase chemical reactions, The latter work is described in Volume II of
this report, The future goals of the program, which were instrumental to
the initiation of the present study, can be summarized as follows: (1) char-
acterization of the thermodynamic profiles of high-temperature solid gun
propellants and (2) estimation of the burning rates of gaseous-solid propel-

lant mixtures.

The computation of the thermodynamic properties in our computer program
is based on the principle of additivity of group properties developed by Benson

and coworkers (1 through 3). This method was selected for its applicability to




both chemical thermodynamics and kinetics and its accuracy and versatility
in handling gas molecules with complex functional groups using only very

simple molecular structural data as input,

A complete documentation ahd description of the program are presented herein,
Sections 2 and 3 contain descriptions of the computational method and other
basic properties of the program as well as the input/output procedures.
Section 4 contains exémples of case calculations representing a broad spec-
trum of organic compounds, The logic structure and ¢computational criteria

of the program are discussed in Section 5 for those interested in probing
further the logic operationé of the program, The appendices contain a com-

plete listing of the program, a glossary of the program variables and a listing

of the program data library.




Section 2
PRINCIPAL PR'OPERTIES AND CHARACTERISTICS

The Thermochemical Group Additivity Computer Program (TGAP) is a
highly automatic, .self-consistent FORTRAN IV computer program for
calculating the thermochemical propérties of complex gas molecules as a
function of temperature and one atmosphere of pressure. The program is
capable of handling neutral, non-fragmented molecules composed by

hydrogen, carbon, oxygen and/or nitrogen atoms,

The input to the program has been minimized as much as possible' for facile
and rapid utilization not only by physical scientists and engineers but also

by persons with a more limited knowledge of chemistry.

2.1 COMPUTATIONAL ME THOD _

In TGAP, the thermochemical properties of the molecule are calculated by
the Group Additivity Method of Benson (1 through 3). Unlike the more simple
atomic additivity techniques for the evaluation of various types of molecular
properties, the group additivit;r ‘r.rilethod is primaril"y an empirical second-
order approximation technique that genefally yields results well within the

limits of experimental data.

The group additivity methdci treats a molecular thermodynamic property as

a composite of the thermochemical contributions resulting from the various
atomic groups in the molecule and from the higher order structural inter-
actions and symmetry of the molecule. The latter include those contributions
arising from nonbonded next-nearest-neighbors (Eis, ortho, gauche)
interactions, ring (strain) corfections, rotational symmetry and optical iso-
merism. In the assignment of the group property values themselves, account
is also taken Whenevv‘er possible of differences in the bond environments of

next-nearest-neighbors and next-next—ﬁearest-neighbors. For example, the
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thermodynamic properties of the group C-(H)Z(C)(C*L are different
depending whether the ligand C* is bonded to another carbon atom by means

of a single, double or triple bond.

In the terminology of group additivity, a group is defilkned as any polyvalent
atom (ligancy 22) in a molecule together with all its ligands. Any molecule
composed of two or more groups, such as CHBCH3 and CH3CHOH_CH3,‘ is
amenable to treatment by the group additivity method. In this réport, the
central atom in the group is referred to as the '"core'" atom and the remain-

ing components of the group that are bonded to the lcor"e atom are frequently

described as ''ligands. "

The equation for the calculation of the thermochemical property F by the
method of group additivity is .

NG NC
£ e Z f rou ’ Z (fi)' Z (f auche
i=1 group i=1 i=1 gat
{
NR NO
E f. + f. + R E ln
T (1)ring ( ortho ( )1nternal
1=1 i=1] :
- R lrl(‘r)external * R ln (n)optical isomers -

where the number and type of each contribution are ‘spec'ifiedv explicitly.

In the Thermochemical Group Additivity Program, the data for c'alculati'ng

the first five terms of the above equatmn are derived from the tables of

group properties, ring corrections, =nd second order 1nteract10ns of

Benson (1 and 2) for hydrocarbons and oxygen and nitrogen—containing

compounds. These data are listed in Appendix.A.'



2.2 PROGRAM FUNCTIONS ‘ _
TGAP is a structurally 1ntegrated program des1gned for minimum data 1nput
by the user. An important feature of the program is its capablhty of per-

forming a detailed structural delineation of a molecule.

For the purpOSes of the calculat1on, the molecule can be regarded as a
topological network of 1nterconnected atoms Wthh can form hnear arrays,
branch Junct10ns, closed loops or r1ngs as well as complex comblnatlons of
these. The computatlonal obJect1ves are ach1eved by a series of scanmng,
pattern recogmtwn compar1son tests, and other subtle logical, topology-
oriented operations which enable the computer to 1dent1fy the molecule and
recognize such structural COmpleXltleS as r1ng closure, branch splltt1ng,
and symmetry., The principal logical determinations and calculatmns
performed by the program are listed below. »

A. Identification of core ligand and constituents.

B Determlnatlon of bond order and dlrectlon

C. Identification of s1ngle and fused r1ng structures

D. Determ1nat1on of longest chain in the molecule ‘

E Detect1on of gauche interactions in non- cyclic groups and between

cychc and non-cyclic structures

'Detectwn of c1s 1nteract10ns in non- cychc groups and

R

non- aromatlc rlng structures
G. Identification of ortho interactions in aromatic-type structures

H. Detection of ditertiary- ether structures

-
.

Identification of pyr1d1ne type structures and of ortho and para
substitutions therein.
J. Determination of internal rotational symmetry.

Determination of external rotational symmetry and optical
isomer propertles (i.e. ldentxflcatlon of enantlomers, .
mesgo structures, pseudoasymmetrlc atom )

L. Calculation of the 1nd1v1dua1 thermochemical contributions and

the gross thermochemical properties of the molecule.
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Operation K is somewhat limited in its applicability. ?At_ present, the
external symmetry number is co"mputable for molecules whose central |
atomn is not part of a ring structure or else is part of a monocycllc
benzene-type ring. If the molecule contalns one or more ring structures
but the central atom is not a ring atom the symmetry number can be
calculated also. The reason other oer‘tralﬂzed ring structures cannot be

handled is that virtually every ring constitutes a umque symmetrlcal

situation that must he treated independently in the absence of molecular

coordinate data. In the case of optically active molecf‘lles the logic and
rﬁathemaﬂcal constraints (1) require the presence of asymmetrlc carbon

atoms and (2) take into account only those asymmetric atoms which form -
part of'thé' pr1nc1pa1 chain. Fortunately, these conditions are sat15f1ed by

the majority of such molecules.

The program exacutes the calculations by performing a (1) topological
structural analysis of the molecule for the identification of structural
groups, second- o.rdEr'interaétions ) and ring structures; (2) a symmetry
analysis of each atom in the molecule and of the molecule as a whole;

(3) a speu_flcatlon of the secondary, ring, and symmetry contrlbutlons to
the thermodynamic propertles and (4) a cross match of each group with
the corresponding group values contained in the Data lerary and summa-

tion of these results.

If all the thermochemical data for a particular group value are missing from
the Data Library, the program identifies the group or groups involved, and

prints a warning message.

2.3 COMPUTATLONALACCURACY

The thermochemical propurtles calculated by the program are usually in
good agreement with corresponding experimental values up to the upper
temperature limits of availability'df the empiric_;al'data “(about 1000° to
1500°K), The original heat éapacit)‘r'd'ata of Benson‘”are recorded at
regular temperature intervals lip to 1500°K for those compounds of
interest here. These data have been curve fitted to a regular third order

polynomial for utilization by the program. The temperature range of the



thermocherrucal propertles ralculated by the program extends from 298° K
to 5000° K Obv1ously, ‘the val1d1ty of the data at the upper temperature
range is uncertaln partmularly since complex orgamc gas molecules are
unstable at these elevated temperatures.l However, it does serve to prov1de

extrapolated data limits for the unstable superheated gas state.

A number of calculations executed by the program are presented in .
Section 4 that 1llustrate the versatility of the program and its accuracy
at 398°K and 1000°K. The molecules selected for th1s purpose represent

a broad spectrum of structural and topological propert1es.

2.4 DIMENSION LIMITS OF PRINCIPAL VARIABLES

The program is capable of handling essentially any size molecule the user
is likely to input. The following is a list of the prevailing dimensional
limits on the size of the molecule and its structural properties. If any of
these dimensions are exceeded, the program will print an explanatory

diagnostic and terminate the case calculation.

Core atoms in molecule 100
Number of unique rings 40
Core atoms in ring structure 30
Number of chain segments 60
Core atoms per chain segment . 50

2.5 COMPUTER CORE REQUIREMENTS

The program was developed and tested on a Control Data 6500 computer
with the RUN compiler and CP loader under the scope 3.3 operating
system. In this system, the program requires 34595 or 1034438 core
locations exclusive of the auxiliary system routines. The only auxiliary
mathematical system routine required is the standard natural logarithm

subprogram which occupies 55 or 678 core locations.

2.6 RUN TIME REQUIREMENTS
The computation time requirements are a function of the size and complexity

of the molecule. On the CDC 6500, the thermochemical properties of a




large molecule composed of 27 carbon atoms an@ 46 hydrogen atoms with
one ring structure and 13 second order corrections can be calculated in
approx1mately 3 seconds. Molecules of more convent1onal s1ze, i.e,, 15 or
less core atoms require on the average 1.5 seconds or less. Cornpilation

of the program takes 8 seconds and load1ng 3 seconds.

Many data processmg systems are capable of ac ceptmg a complled deck

or a comp1led program file directly. Th1s type of input requires approx1-

mately 3 seconds for loading.




' Section 3

INPUT/OUTPUT PROCEDURES .-

This section describes in detail the input/outpﬁt data formats of the

program. Basic operational instructions are also presented.

3.1 INPUT FORMATS N _
The input to the program consists of.‘(l) punched c;azfds, comprising data
which are characteristic of each; molecule, an_'“d (2) the TGAP CRO,UP
_ADDITIVITY DATA LIBRARY which is a fixed‘.dat-él: pajckag‘e_pe’rmanently

stored in the program.

3.1.1 Punched Card Input

The definitions and formats for the punched card data input are given in

’

‘Table 3-1. As shown therein, each case deck is followed by a #%% card

‘whereas the data deck itself is followed by an END card.

‘The Tables of Thermochemical .Group values are printed at the ve_ry

‘beginning of the first case calculation, providing, of course, the output

iﬂag 1s appropriately set. Accordingly, it is necessary to set this flag

only once in the data deck of case one. .This printout operation isv_ néver :

' repéated when subsequent cases of ;.E:.L run are executed re‘gard_less; of the
value of the output flag in these cases, . The aser also has the option to print

" an identification label and to eliminate the prihtout of the pvograrﬁ title and

_ case number, The program title printout flag can be individually set for
each case calculation, The printout of the case number in all case calcuia‘-‘

“tions of a given run is controlled by the case number printout flag o‘f_.éa.se

" number one,

The program alwéys computes the external rotational symmetry nnmber

and optical isomer contributions unless the molecular structure is of the

type described in Section 2.2, in which case a warning message is

printed. In any event, the user has the option to input the symmetry
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Table 3-1

PUNCHED CARD DATA FORMAT FOR PROGRAM TGAP

» Column . :
Number Number Type/Symbol: Format Description
-1 : 4-6 . Numeric I3 Printout opfions (0JK):
' ' K=0 no printout of Data Library
K=0 data are printed,
J=0 title and case number printed,
J=1 title and case number not printed,
J=2 title - yes; case number’'- no,
J=3 title - no; case number - yes,
1 7-9 ANl.:;mez»‘ic 13 . External rotation symmétry number
' (optional}. ’
1 10-12 ‘ NLir_n‘eric ‘ 13 " Number of enantiomers (optional).
1 A 13-15 Numeric S13 Number of meso structures (optionai).
1 T 31-80 50A1 - Molecule identification label (optional).
2 to N 1-80 YH, C, O, N, 80A1 Graphic formula of the molecule.
(N s51) - o= 8 ~ ' -
N+1 1-3 ! A3 Denotes end of case., .- -~ -~ - -
A3

Last Card 1-3 ‘ END

*]3 data are right adjusted in the data field

Denotes end of data deck.




number and/or the asymmeiric properties (number of enantiomers and

meso structures) directly., These are utilized by the program to compute

the corresponding contributions te the entropy. The program then prints

both the input and computed preliminary parameters and entropy contributions.
When the symmetry number and/or optical parameters are input, the entropy
contributions derived from these data are used to compute the total entropy
and free energy of the molecule. In the more general case when these
parameters are not input, the parameters calculated by the program are

used instead of the input parameters to calculated the corresponding molecular

properties,

Table 3-2 depicts the FORTRAN symbols available for inputting the graphic
formula of the molecule. The codes for the chemical atoms and radicals are
identical to their conventional chemical symbols. The graphic formula is
constructed essentially the same as the handwritten version. The following
rules describe the procedures for punching the graphic formula onto the

input cards,

A. Always use the designated bond symbols to represent the bonds

] between atoms, but do not insert bonds between the 'a'chon:lsw 6‘f ’ai"“ o
‘radical. For example, input -CN but not -C-N for thz rédiéai CN

B. Chemical symbols must be placed at the end of the hond symbol,
but not on the side. For example C----H not »C""H'

C. The number and types of bonds assigned to an atom or radical
must be sufficient to satisfy its valence.

D. There are a maximum of eig_hf bond pdsitions available about a
particular atom, as shown in Figufe 3-1. If the atom is located
near a card bouvnldary, the number of locations that are available
for bonding, is, of course; reduced.

E. The bond between two chemical entities can be any length but its
direction must be linear. Absolutely ns deviation from linearity is
allowed when constructing a bond.

F. There is considerable freedom in the way the Bonds connectiné a
radical can be positioned. Table 3-3 shows various permissible
positions for the different radical types listed in Table 3-2. The

actual oz;der of the atoms in the radical does not matter, for

instance -NO2, -N20, -2NO, etc., are val:l acpep:_ca,_bl:g._ .

11




: Table 3-2 ‘ Lo
SYMBOLS FOR SPECIFICATION OF GRAPHIC FORMULA

Atoms

H

C

O

N’
Radicals

. CO

CN

NO
NO2

Bonds
Single -
‘ Double =

| COLUMN ———pp

CARD

Figure 3-1. Maximum Number of Directions Available for Chemical Bonding

CR44
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Table 3-3
PERMISSIBLE ‘ATOMIC POSITIONS FOR RADICALS

Type 1. Components = 2, Connectivity = 1

N e N NC- - ¢c- c- 45° < o < 315°
C- C- ' N N ‘ ‘
(a) : (b) (c) (d) (e}
Type 2. »Compohents = 2, Connéétiﬁzity =2
O O et T
-CO -C- -C- -C- C-
- S o : _ 5
(a) ® (e (@ (€)%
Type 3. Components = 3, Conneétivity =1
2 . 2 : =N . 45° % g £315°
O 6] O '
-N -N " -NO2 2
(a) (b) (<) (d)
Also N
-0
2
. (e)

*Do not use if radical is in the top leftmost location of the molecule.

G. Atoms and radicals cannot be adjacent to bonds to which they are
not connected. Thus the linkage
=C-H,

H,

is not allowed because H1 is also adjacent to the bond between
-C and H,.: This is easily corrected by adding an additional bond
symbol between C and Hl’ namely,
=C--H1

H

13




This rule is perhaps the easiest to overlo#k and, consequently,

should be given special attention when formulat'ing the structural
input. In the event any of these rules are violated, a diagnostic
message is printed, the current case calculation is aborted, and

the next case calculation (if any) is begun.

3. 1 2 Data Library Input
The TGAP GROUP ADDITIVITY DATA LIBRARY is composed of Benson's

thermochem1cal group additivity values and interaction corrections for
hydrocarbons and compounds containing oxygen and mtrogen These data
ve listed in Appendix A, Except for the contr1but10ns of rotational sym-
metry and entropy of mixing due to optical isomerism which are handled
separately, the DATA LIBRARY constitutes the basic data bank for the
calculation of the thermochemical properties of the molecule. Once the
specific molecular groups and interactions are identified by the various
logic routines of the program, the group contributions and corrections
specified by the program are abstracted from the DATA LIBRARY and

summmed to determine the gross thermochemical properties of the molecule.

The principal components of the DATA LIBRARY are the Tables of Thermo-
chemical Group Values which the program will output when so directed by
the user. A listing of this output is given in Table A-1. The remaining data
consist principally of the thermochemical corrections for ring structures
{Table A-2) and the thermochemical contributions for various types of

gauche, cis, and ortho interactions (Table A-3}).

The data in the LIBRARY are permanently stored in the program by means
of data statements. These are positioned in the block data subprogram

DATAY and Subroutine CORCIG. : g

3.2 OUTPUT FORMAT
All output occurs via the printed mode and comprises both input and calcu-
lated data. In addition to the thermodynamic properties, the output of the

program provides information on the structure and symmetry properties of

!

14




the molecule. These data are, in essence, by produ-cts‘o'f:the
thermochemical computations. The 1nd1v1dual output arrays are descrlbed

below in the order in which they are prrnted by the program

3,2.1 Molecular Structure

This is a printout of the graphic formula of the molecule in exactly the

same form it is input into the program The structure is automat1cally

centered on the printout sheet regardless of where it appears on the 1nput

card.

3.2,2 Atomic Composition

The types of atoms in the molecule and the number of each are printedn next.

This includes, of course, the atomic constituents of each radical.

3.2.3 "Group Structure and Composnron

This is a prlntout of a mu1t1 group property array, it comprrses the

following items.

A. Group number — the ordinal number assi’gne'd to each group
This number 1dent1f1es the group as well as the core atom thereof

B. Group we1ght — an 1nteger which is unlque to each chemical group
and which correlates the group with its thermochemical group
values. SR ‘ N |

C. Chemical symbol of the individual components of the'group.

D. Row and column coordinates of group’ components. For single
atoms, the row and column coordinates represent the particular
card and column in the structural input deck conta1n1ng the spec1es
For radlcals the coordinates’ may be shifted one or two locatlons
away from the 1nput coordmates since the program ultlmately packs
all the symbols of a radical into one word '

E. Bond vector — the bond direction between a llgand and the core at'om
in a group. The numbers represent the bond directions depicted
in Figure 3 1. C | ‘

F. Bond type — the mu1t1p11c1ty of each chemlcal bond in the group.

- G. Group number of core atom — this number 1dent1fles those l1gands

in a group which are also core atoms.

15



3.2.4 Ring Spec1f1cat10ns v

If ring structures are present, the program prmts the total number of
members in each unique ring in the molecule together with the group

number of each member.

3.2.5 Ligand Identification

This prlntout 1dent1fles each unique pa1r of complex llgands in the molecule
‘which have 1dent1cal structures. The corresponding core atom is also speci-
fied, Here the term ligand refers to all the atoms in a particular chain or
branch which is bonded to a specific_core atom. The ligand is considered
complex if it has one or more core atoms, and not merely atoms with

connectivities of one like hydroger},‘ CN, etc.

2.6 Atomic Composition of Group Components .

In this printout, the atomic composition of each ligand and core atom in a
group is specified. Here the term ,li'g'é.nd’ has the same significance as in
3.2.5., Ifthecoreatomhappens tobe parfof ha. ring, the atomic distribution of
the ligénds which form part of the ring structure is quite arbitrary In either
case, the total number of atoms of a partlcular type which are contalned in a

group should correspond to the total number of such atoms in the molecule.

3.2.7 Properties of the Longest Chain

This printout gives the number of core atoms present in the longest chain

in the molecule and the group number of each atom.

3.2.8 Nongroup Interaction and Symmetry Contributions

The nongroup interaction correction for thé heat of formation of ring struc-
tures includes a correction for the strain energy. The majority of the ring
correclions are for mionocyclic rings whose ring number is printed in column

two. A few are for dicyc[ic and tricyclic fused ring structures.

Other nongroup interaction corrections include ortho, para, cis, gauche
alkene, and ditertiary ether corrections. In this case, the group numbers
of the core atoms invol&e_d in the interaction are printed in column two and

the number of interactions of each type is displayed in column three.

16
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The symmetry corrections refer to internal rotations of twofold and

threefold symmetry.

3.2.9 External Rotational Symmetry Contribution

The calculated symmetry number and the corresponding entropy contribu-

tions are printed next. If the symmetry number is not calculable, it is
indicated in the printout. In this case the calculated symmetry number is
set to one and the entropy to zero. If the symmetry number is input, it is

also output together with the entropy contribution computed therefrom. .

3.2.10 Optical Isomer Contribution

This contribution accounts for the entropy of mixing a'ssociate‘d"wi‘th'the
presence of optical isomers and asymmetric carbon atoms. The program
computes and prints the number of asymmetric and pseudoasymmetric
atoms, enantiomers, meso structures and the corresponding entropy
(Section 5. 3.7.5). If these properties are not calculable, it is indicated
in the printout and all pertinent values are set to zero. If the number of
enantiomers and mesoc compounds are input, they are also output together

with their entropy value.

The program also outputs the group numbers of the asymmetric atoms and

of the pseudoasymmetric atom (if any).

3.2.11 Thermochemical Properties of the Molecule

The coefficients for the heat capacity of the molecule are those for the

regular third-order polynomial

The data in the DATA LIBRARY are expressed in terms of AHf 298, 5298’

and the four heat capacity coefficients. The remaining thermochemical

17




properties of the molecule are computed by me%s of the standard

relationships below:

. . 2 ' 3 4
HY - HY = 1555 (COT +ﬂ1/2 ¢ T% +1/3 ¢,T” + 1/4 c3T)

Scons - 5298 " [COT +1/2 ¢, (298) +1/2 c, (298)° , +1/3 ¢ (298)3]

2- 3

ST =c, InT + 1/2 Czi-+l/3 C3T +Scons : :
- (G - H3gg /T) = - [1000 (7 - Hgg) - Tssr]/T
H,"I, (Total) = AHf, 298 + H° - H298

18
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' Section 4 o
EXAMPLES OF COMPUTATIONAL OUTPUT

This section contains complete listings of 17 thermochemical calculations
performed by the program for a variety of different molecular structures,
As shown in Table 4-1, the examples— include hydrocarbons, saturated and
unsaturated, symmetric and asymmetric molecules, as well as fused and
monocyclic, aromatic and nonaromatic ring structures. Nearly all types
of nongroup interactions and symmetry contributions are represented.
Table 4-2 presents a comparison of the calculated and publishéd thermo-

dynamic properties of 12 of these molecules. The agreement in the majority

of cases is very good.

Case 17 requires some special comments. The molecule in question is a
highly complex hypothetical structure formulated with the obje’ctivje‘ of demon-
strating the program's symmetry detection capabilities. It has the basic

structure CX,YZ, where carbon atom C is defined by group number 12. An

2 .
analyses of the printout reveals, that the two X ligands (group numbers 9 and

16) have been identified correctly as well as the six subordinate pairs of
complex ligands, These.data were used to compute the listed symmetry and
optical isomer properties of the molecule. The computation time for case 17

was approximately 3 seconds on the CDC-6500 computer,

Table 4-3 lists the input data for all 17 cases in the same order as the

computational output.

19
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Table 4-1 i

LIST OF SAMPLE MOLECULES

Case Number

Name

10
11
12

13

14

16

17

“Ethane

Qctyl alcohol

Valeraldehyde

tert- Butyl ether

Butyronitrile '

1 - Cyclohexylheptané
‘Phenol

2, 2, 3 - Trimethylhexane

Styrene
Aniline

Naphthalene

cis -1 -Methyl—2-ethyl cyclopentane

Trimethylmethane
Benzenehexacarbonit rile

bis (2-nitro -5— hydroxycyclohexyl)-
malononitril.e

Fused nitrogen tricyclic ring

Hypojthetic al molecule

20
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Table 4-2
COMPARISON OF CALCULATED AND PUBLISHED THERMOCHEMICAL PROPERTIES

AHE(Calc) AH; S°(calc) S C _°(calc) Cc°
Case Temperature P p
Number °K Kcal/mole cal/°K-mole Ref
1 298 -20.16 -20. 24 55.08 54. 85 12.27 12. 58 4
1 1000 79.75 79. 39 29.55 29, 33 4
2 298 -86. 16 -85. 34 123.85 124. 14 48.18 48,17 4
2 1000 ' 217.11 217.08 107.72 107,58 4
3 298 -54,58 -54. 45 91:60 91.53 30.28 29. 96 4
3 1000 147.70 147.69 63. 86 64.00 4
4 298 -87.78 -87.20 105.18 102.12 48.92 48. 76 4
4 1000 201.02 195, 26 109. 77 107. 86 4
5 298 7.47 8.14 77. 85 77.78 22.63 23.19 4
5 1000 120. 56 120.40 48. 40 48.22 4
6 298 -65.63 -65.73 138.58 137.51 64,27 65, 89 4
6 1000 274.63 274.79 162.61 162.70 4
7 298 -23.20 -23.03 74.17 75.43 24. 26 24,75 4
7 1000 124.11° 124, 65 55.50 55, 49 4
8 298 -57.70 -57.65 112.00 111, 34 50. 49 50.43 4
8 1000 213.00 212.42 117. 29 117. 38 4
9. 298 35.22 35..22 82.46 82.48 29. 20 29.18 4
9 - 1000 141.52 141. 50 67.83 67.92 4
10 298 20. 80 20. 76 - 76.29 76,28 25.70 25.91 4
10 1000 128.17 128. 38 59. 05 59.18 4
11 298 36.08 36.08 | 80.22 80. 22 31.67 31.68 4
11 1000 147, 41 147. 36 78.30 78.38 4
12 298 -35,66 -35.9 1
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GROLF NUMBER SURGHOUP H ¢
. - 1 CQHE
L1GAND
LIGANE
RUSES—— ek TGARD e oo

: L1GAND

2 CORE

LIGAND

LIGAND

LIGAND

[
-

C
¢
1
[

|
T»aoao'

e~ e L 1GAND
3 CORE,
LIGANE
LIGAAND
LIGANT
LIGANG
. CORE
LIGAND
LIGAND
] CNKE
LICGAND
L1GAND
e e . el e o LIGAND
LiGAND
é CORE
LIGAND
L1GAND
LIGANT
cem e e RIGAND .
7 COKE
LIGAND
LIGAND .
LIGAND
LIGann
L CoRe .
LIGARD
LIGAA]
LIGAND
L1GAND
$ CUME
- coo — h1GAND- .
LIGAND
LIGAND
LIGAND

l

-
TOCCCOHF POV GLLOR TGO

- - -
.
¢

PR U OR MO O LG CC R -

-

'
1

OB O OO LR OO DO OaOr IO

' t i
OO —NHOONO U COONFHEL AR OTONELADOOD NHKAKKMPOODO N
. I
i
e e = =R e o R LR R R R e e e R e e

KUMUES OF CORE ATOMS TN LONGEST CHALN w s

GROUF NUMBEH OF CORE COMSTITLENTS CF LCAGEST CHAIN o 1 2 Ay 6 T
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NONGRCUP  INTERACTION AND INTAANAL AOTATIGNAL SYWMETRY GONTRIDUTIONS
TYPE. . .—RING NUMBER .CR....AMOUNT.. HEAY OF FORMATJON . ENTROPY. _. ________ WEAT .CAPACITY COSFPICIENTS. . ... __ .
GROUP AUMBER KCAL CAL/DED X CAL/DEG X CAL/DEG KeoR CAL/DEOD Woud CalL/0HG Keey
GAUCHE ETHER 2 [} F 800
GAUCHE BTUER e oo el e e Qe mmer e o 0 800
DITERTIARY ZVHER 2 4 [] 1 8,400
INTERNAL ROTATION 1 1 2,103 °
INTERNAL ROTAT{ON .. .. . 2 1- e el ®BVABY o o e e e e
INTERNAL ROTATION 3 1 2,183
IATEHNAL ROTAT]ON 5 1 *2,183
- INTERNAL -RQTATION -~ —t 4---- — Bei63
INTERNAL ROTAT]ON 7 1 ~2,183
INTEHNAL ROTATION [] 1 2,183
INTERNAL RGTAT{ON . - 9 Y "2,3483 . o . - QG Sy pupa
.
TEXTERNAL  ROTATIONAL SYMMETRY CENTRIBUTYION
e e e . SOLACE _ SYMMETRY NUMBBR... . ENYRORY. . __. _ . o ..
COPPUTEL 2 -1.37746
CPTICAL ISOMER CONTRIBUTION
SOURCE ASYMMETRIC  PSELDCASYPFETRIC  ENANTIOMERS  VESO  TOTAL OPTICAL ISONERS - ENTRePY
. COMFUTEL 0 5 0 0 o - 0,00000
3
- - THERMCCHEMICAL PHOPEATIES OF KOLECULE.. S SR
WEAT CAPACITY COEFFICIENTS
- e CAL/DEGSMOLE . . CAL/CEGE®2oMOLE. .--CAL/ADEGseJakOLE— . CAL/LEGR®4opOLE ——r . ..o e
-9,70221192E400 2,47062417€-01 «1,0849602¢E-04 8,89037931E008
T cer) 5 TUHUTIH(3) | =(OCT)aH(Z9EII/T  H{TI-H(298)  DELNFL298) ek (T)=H(Z?
MEG K CAL/DEG«HDLE CAL/LEG=FOLE KCAL/NOLE CAL/CEGeMCLE KCAL/MCLE KCAL/FCLE
e w 290,0 - ... 43,939654 .. 105,476696 .. _ __ 6,547823 ... . 108,378666—___ 0000800 . ... =87,786000 o .
33¢6,0 49,222327 109,5C491 6,64796% 10%,17776% 2098142 o87,6818%58
420,0 43,053161 121,615164 12,282524 107,207442 $,732701 o02,047299
990,0 74,568214 136,96585; 19,18143% 111,702683 . 124633608 .w78,1483%2 ...
430,0 Rrd,120320 151,432697 27,130742 117,13%1166 20,5R0919 “£7,199081
736,06 €2,063114 185,014773 35,;951852 123,011875 29,402029 *898,377971
e BECL0 e OB475CI31 o377, 756822 e 45456152 — - 129,087C54 —— 38,951670—. 48,828321 -
?30,0 104,534500 189,778768 55.571777 13%,140850 49,171953 38,06%8047
1300,0 109,769972 201,016844 66439113 144,176%64 59,840280 ©27,939720
1200,0 120,657621 221.975792 89,357334 152,9319489 #2,807818 s4 972488
140,10 132,2054%7 241,3030%94¢ 114,529497 184,1747%5¢ 107,979674 20199674
143C,0 146,445957 260,018097 142,994565 174,987780 138,048542 48268942
e eeem . —1800,0. .————.124,304598 378,965805 174,823223-— 185 403884 168,278400 85491400 S
€38G,0 209,604862 299,0%7011 213,720848 195,821500 206,4731023

158,691023
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GROWP ADDITIVITY THERMOCHEMICAL PROPERYIES . :
- CASE.--NUMBER 5 ——
o e et e e e ime et e - MOLECULAR - -STRUCTURE o o o oo e e
- l_,._,. Mo W —_ -
HeGnCmCuCN '
; e - I i (IR - e
ATONIC COMPOSITION OF MOLECLLE
o ) T aram 7T T NumseR
" 7
. - ———— — [ — 4 R
N 1
GRCUP STRUCTYRE ANC  COMPOSTTION
TUTTTTTTTGRa0R T GROUP CHEMICAL SYRADL  GRID ROW GRID COLLNN  8OLD . BOND GRGUP KUFRER
NUMBER  WELGHY OF COYPONENT  COODRDINATE COORDINATE VECTOR TYPF . OF CORE ATOM
e & - 296 . € . .. 3. . .1t .. . .. 1.
¢ 3 13 3 1 2
¢ 3 4 ? 1 0
e e i o e b ETN FrE e FRRS [}
K 5 11 5 3 0
2 399 . C 3 .13 ) : 2
¢ 3 11 7 1 1
4 3 1% 3 1 3
- — i e e SRR P U QPRROUE Y SRS SISO O ISP e v i e s
3 5 13 5 1 0
3 67¢ 4 1 A8 3
[4 3 13 7 2
h 1 15 1 0
RS T YO 3 17 - - 0 - .
h kS 18 5 0
- - < .. ATCRIC. GOMPCSITION . UF .. CURE - ATOK- -AND——f FGANES - Ih. EACH. - GROGR—— P
GROLP NUMBER suBGROUP W ¢ c N
-t i t. CORe ] P . q e -
L1GAND 4 3 g 1
LI1GAND 1 0 0 0
- - R [P R 1 (7 1 SIS GUNNIDY UGN SO, SO e ——
LIGAND 1 0 0 0
2 COHE 0 1 0 0
LIGAND 2 2 ¢ i
L1GAND s 1 0 9
LIGAND i ] ¢ 0
. LIGAND 1 0 ¢ 0
3 CORE 0 1 0 6
LIGAND - 2 0 0
LIGAND 1 0 [1} 0
LIGAND 0 1 0 1
L1GAND 1 8 0 0
NUMEER OF CORE ATOMS IN.LOMNGEST CHAIN . . 3 . "
OKOUP NUMBER GF CORE CONSTITUENTS OF LCNGEST CHAIN @ 1, 2, 3,
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. EEP

e oo NONGRCUP.. _IKTERACTION AND . INTERNAL. .ROTATIONAL . SYNNETRY. _CONTALGUTIONS - oo o oo e o
TYPE RING NUMBER R AMOUNT KEAT OF FORMATION  ENTROPY HEAT CAPACITY COBFFICIENTS
K AL

AR SROUR_AUREER CAL/DEG—K— CALLORG—M— i i GEG-Nasd CALADEONosdCALADRG Nose
INTERNAL ROTAT[ON 1 1 ~2,103

EXTERNAL ROTAYIONAL GYKFETRY CONTAIBUTION

SOURCE SYMMETRY NUMBER ENTROPY
COMPUTEL 4 0,00000
- CRIJCAL—1SOHER CONTRIBUTION
SOURGE ASYMHETRIC PSELCCASYFPETRIC ENANTIGVERS vESE TOTAL OPTICAL ISONMERS EXTROPY
.. COMPUTEL ... ... & - .. e - 0. 0 - 0 0400000 .. - ...
THERMCCHEMICAL PROPERTIES GF HKOLECULE
[, . . HEAT CAPACITY COEFFICIENYS . _ .. . . - e e
CAL/DEGAMOLF CAL/CEGee2=pOLE CAL/DEGee3sfCLE ‘CAL/CEGew4=pOLE
1,17035649E600 8,53852661E-02 #d4,77893232E05 9,63714089E%09
T “GUF) € HUTIoHOU)  @(G(Y)eH(298))/T  MIT)ah(29A) DELHF(298)eM(T)I=N{298)
vome-.  BEG K.... CAL/DEGMCLE. .. .CAL/DEGaKOLE-.....KCAL/MOLE .. .CAL/DEGeMCLE — . XCAL/MOLE — - .. -  KCAL/MOLE. . . o
278,0 22,676310 77,646770 3737484 77,846770 ¢,000000 7.470000
360,0 22,7481C0 77,960914 3,782858 77,847276 1048374 7,515374
[RpSS— 4500 28,204946— A5,310063 —— _ $,343836+ 78, 6840830 2y 435652 ——————40,073652
5£6,0 33,126301 92,1650E3 9417898 8D,804660 - 5,680211 13,150211
©35,0 27,276962 98,580904 12,542974 83,236421 9,205490 16,675490
700¢0- .. .. 40,678B18 . . 104,6015C8 — —. .- .16,853196 . .. . B85, B84776— — .. 334115743 - cem — 20,585733 . — .. .
CBDC, O 43,877638 131£.255007 21,090369 28,563901 17,352685% ‘24,022¢00¢
95,0 464333220 115,546378 28,60228¢0 91,2721%54 71864796 29,3347%¢
e e 330 dp e BB 4G AU 1 204 BERIE L ——— 30, 34250 0 B5 I Db OB 24 PO
1206,0 51,469029 129,674178 40,3%1063 9%,1¢2862 364613979 44,083%79
1490,0 53,406970 137.770196 50,860269 104,111064 47,122788 54,392785
1600,4 - _54,919843 .. 145,009870-. .. £3,706846.- . 108,778048 - B7,960362. —~— - —-5,439382 — ..
1000,0 56,230234 154,553094 72,820:040 113,1738¢% 49,002597 76,3925%7
2006,¢ © b7,810722 157,5%7954 84221613 117,315889 80,484429 17,984329

31




R e et et I"‘ N : —_— e
OROUP  ADCITIVITY THERMOCHEMICAL Pnuwewﬁkas - PROGRAM
I _ e : CASE.. NUMBER.—— .6 : i R
;
RPN P SR e e e e e e o
. He=f CreH
K N A ¥ L] -
o -.c--c--c--c'.-c*“‘—c;-”
DRI
m e e s o ne i e e R MM R H B e MG W . - e . —_
L N \
ook ‘
. N - ATGMIC - .COMPOSITION - OF. . MOLECULE -
ATON KUMHER '

S .
. E

GRCUP STRUCTURE AND COFPOSITION

aROuP GROLF CHEMICAL SYMROL GRID ROW QRID ccluwn acLo BOND  GROUP NUFBER
NUMBER WE1GHY QF COFFONENT COORDINAYE COCRLINATE VECTOR TYPE OF CORE ATQM
Py FIT? . [ - TR} | . Rt
(4 8 40 3 1 2
h 8 34 7 0
e T N0 A NAMMNIAL UGS OO e R RO U ey
.k 10 3% I bt 0
2 399 c 8 . a0 2
I 8 37 7 1 1
[ L] LR 3 1 3
TS [ YR ¥ I SN -0 U
v 10 38 ¢ 1 0
3 399 < a 43 3
4 8 a0 7 1 2
C H 46 3 i 4
- - o e o - T T T STV | S e l] e B ] e e
3 10 4y ¢ 1 0
4 399 4 B 48 ‘ L -
C 8 3 7 3
¢ 8 49 3 5
S . e [T - 6. U I -9 - I
¥ 10 as 4 0
5 3¢ c 8 49 5
[ A 46 7 1 4
c L] 52 3 1 [}
“h 8 47 # 1 0
[ 10 47 L 1 0
[} 399 4 A ‘52 6
¢ A a9 7 1 )
[4 ] 55 3 b 7
- L H . 50 e. 1 0
4 10 - 50 6 1 0
7 359 C A k11 ?
4 8 LY 7 1 [
c 3 59 2 1 8
- - Mo & e 23 3 Y 0
L d a0 83 b 0
] 502 9 [ 59 ' ]
¢ 10 &1 4 1 10
[+ 5 59 1 b 9
- - - JEO N 8 el 85 — 7 oL 7 - - -
[ 10 7 é 1 ]
9 399 C 5 59 X 9
c L] 59 5 1 8
C N 61 2 1 11
o e o s e [ERNUUSU "I VOO S UUUPR IS Y SO O SO - SV
[ 3 57 a 1 [
n 39¢ C 10 81 10
C 8 63 2 1 12
c A 39 ] 1 ]
- Ko — 12 _...83 [ -1 0 S
L] 12 59 6 1 q
RS . 399 N 3 61 . i1
C 5 89 s [
[ 5 63 4 13
e et e et e e e -4 — 59 R JROPEEY | W . ——
L 1 63 2 ]
.12 39¢ - c L 6] 12
C. 5 43 1 1 13
C 10 61 6 1 10
. e e an e e 1 S : B Y SO SN U S e —e
. K 10 65 “ 3 0
13 399 c 5. 63 . 13
[ 3 61 B 1 11
[ B . 63 S a 12
e e ¢ ——— s an Y 3 — -85 2 13 S o
] 3 66 3 b 0
[ RO— - ] 1T JUTITT1773 BN W £ - 2 1 2T ] e e e

GROUP HIUKBERS OF VRI.NG CONSTITUENTS = & % 11, 13, 12, 104
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4T0H10—O0ORPOS T T 1OM——OF—GORE—-ATOM—AND—tHEANDS— A CH— R ———

GROLP NUMBER 8UBGROLP W c c N
- B T e e OHE - -om— o m g mve ) momm B e e e e e
L1GAND 23 12 0 0
LIGAND 1 0 0 ]
LI1GAND -3 Q. 0 [
LIGAND b 4 0 0
H CORE . 0 b 0 0
B R LI R TP e PSR TN 1 £ L1 1: Bty IR § T [\ — - -
LIGAND 3 i 0 0
LIGAND i [ 0 0
e s e e e [y JGAND 3 -6 8 8 e
3 CORE 0 i ¢ 0
: LIGAND 19 10 4 0
- U VU L U 0 17 ¥ T IR T - S SN | —
- . L1GAND 1 0 ] 0
L1GAND 1 0 0 0
— SO G pE PPV IPUNUROSY SRR ) o 1 | ~SU . N § 0 0.
LIGAND 47 9 2 0
LIGAND 7 3 0 0
e et e e e e e e e e e e o = e e e LIGAND = -n R Qe Qe . — e e
. LIGAND | i ¢ ¢ [
- L CORE 0 1 Q 0
L s LIGAND- -39 8 & ¢
LIGAND 9 * ] 4 *
LIGAND i 9 Q .0
U PRRPLO UNROO OO 0 €7 ] « SIG SUORRR' U O DUUHDSOUUN . Y P S U0 SO o
é CORE 4 i 0 ]
L1GAND 13 7 9 0
e e e e -k ] GAND——113 5 & 4
. LI1GAND 1 0 0 0
LIGAND 1 0 0 ¢
R . - PN ] . . CoMi R T O T ——— -
L1GAND 11 ¢ ] 0.
L1GAND 1 (] 4 4
- e eme et e v = rtrem e e oo LGAND e - L 0 ——~0-- ! e —
LIGAND. 1 0 0 0
[ CORE 4 1 0 0
EEE . - - - LIGAND 1D 7 -~ -0 -0 - - AR
LIGAND” 10 5 0 0
. LIGAND 1 Q ¢ 0.
B T et S MY of « L] R B oro § & —Q
. - LIGAND 16 [} ¢ ¢
LIGAND 8 4 ¢ 0
L1GAND 1 0 0 0. -
L1GAND 1 0 0 0
10 COME 0 i 0 0
s e e e — o L[GAND - @4 42— 0
LIGAND 1 0 0 ]
LIGAND 1 0 0 0
11 CORE 0. 1 =0 -0 -
LIGAND i8 9 0 0
LIGAND L] 3 0 0
USSP U Y YT SRS 9 S —§ [EROS
LIGAND 1 [ 8 0
12 CORE 0 b g [
. LIGAND 22 11 ] 0 . e
LIGAND 2 1 0 0
. LIGAND 1 0 0 0
- - PR . ~L IGAND —- - — 1 8 9— wm B
13 CORE 0 1 2 0
LIGAND 20 44 ¢ 0
LIGAND - 4 .. 2 ¢ ¢ - - - - - - - -
LIGAND 1 0 0 [
L1GAND 1 ¢ ] 0
NUMAER OF CLRE ATOKS [h LCAGEST CHAIN .o 13
GADUP HUMBER OF COKE CONSTITUENYS CF LONGESY CHAIN = 1, D L) 4, 5 6 LN 8, S 11,
13, 13, 10,
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NONGRCUP  [NTERACTION AhL INTEANAL ROTATIONAL SYMRETRY CONTRIBUTIENS

TYPE. oo ... RIUG NUMBER CR._AMBLAT.. REAT.CF »DRMATJON... EMTROPY._. _. e _. .MEAT, CAPACITY.COEFFICIENYS oo .. -
GROUP NUMBEF rCAL CAL/DEG % CAL/DEC X CAL/DEG Kee2 CAL/DEG Koe3 CAL/LEG Nesyd
RING CCRRECTION i 1 000 18,800 «4,3120€404 25547602 *1,1337E05 1,0333Ew02
GAUCHE ALKANE  ..oceo . B 7 U S L 400 . . . .. C e e e e el
INTERNAL ROTAT]ON b 1 2,183
EXTERNAL ROTATIONAL SYMMETRY CCNTRIBUTION
T ELRCE SYMMETRY NUMHER ENTRQFY
cevryTEL 1 0.00000
CPTICAL ISOMER CCENTHIBUTICA
SOULrE ASYMMETR]C PSELDCASYMMETRIC EMNANTICPERS VESC TCTAL CPTICAL 150MEBRS FATRCPY
B R 21 TR £ -1 - e | T e ~0¢00000 e
THEANMCCHEMIUAL  PROPERTIES - OF +CLFrULE
[ S UUS DU R U U - e HEAT_CAPACITY. COEFFICIENTS O S S SN ——
CAL/DEGeVMOLE CAL/CEQeeE=MULE CAL/DEGee3=pOLE CAL/CEGesd=pCLE
«“1,73210325€%0¢ 3,28186451F=01 | 1 ,8923574%Em04 4,14826524E08
M ey € WETYoMEiY)  otGET)eMIZGEYI/T - FIT)=H(Z98)  DELMF{268)er{TIan(298)
e = BEG R e CAL /L LML E e CALDEGaMOLE e HCAL/MOLF oo e CAL/DELGAMOLE oo KCAL/MOLE oo e  KCAL/FPELE  coim o o e n
. FELN] £4,271413 138,576770. 7,67396% 138,57677¢ 0,00G000 «$5,620000
3340.0 66,773714 136,007392 7,80296¢ 138,57¢2¢4 1128995 «£5,501005
430,2 . re,830710 _. 160 ,58c412 15,254981 . 141,3P8922 7,8060968 *87,949004
IS} 104,168578 101.,757279 24876134 147 353944 37,202168 »d8,427824
LT 115,906217 20£.,1741°F 36,1002 154 ANI3TE 78.476037 *27,203963
e B30 e -L83,418505. « em 224702399 .. 4B, 704995 o 162,975355 o e 001 1L030 e . @ 24,518070 L _—— -
L] 144,8°8357 240 ,20080) h2,71442) 171,4R7979 ©5,06404%¢ *10,585544
90,0 104,95 6654 257.923717 77,696481 180,17092? 70,022516 4,39851¢
AU3bew 162,012304 274,8145%8 93,564264 188,7442¢9 85,5690299 20.,26025¢
12350 175,3082382 3u5,457348 127,4138.8 205,674114 119,739443 54,10584)
144¢0,0 164,5643¢c4 333,164977 163,425566 221,943834¢ 15%,751601 90,121601
6oL, 0 ... A98,74668b . 38R 376731 QUL 360284, . .o 237,447301 - 103,4R6318 . s )27, 856340 < em
LG,y 261,717551 3BL,577466 240,%76940 282,108924 e, 90297% 167,27297%
<0100 213,47005% 403.,407665 282,1.32747 266,278274 208,728782

$74,3%8782
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- .CASE__NUMBER v

GAOUP ACLITIVITY THERMOCHEWICAL PROPERTIES PRCGRAK

e v e MO E G AR B TRUG TR B oo e < e ot e ee

0
- e e e e e ettt e e e s+ e e e = —

[+

-3

- — WG Go
L] -
L ] -
OV U 7.7 SR -1 1 U SV e e -
-3 r
c
W
ATCMIC CUMPOSITION OF MOLECLLE
T T avem T T T ThuMeeR
H ]
- S . R - [ - o R

0 1

GRCLP STRUCTURE aND

CHEFICAL SYPPOL  GRID ROW
CF COMPONENTY

GROUP  GROLF
KUMBER 113

1647
SRR SN V.7 S .

COMPOSITION

GRID CELLKA
COORDINATE COORDINATE VECTOR YYPE OF CGRg ATOM
7. PR -

BENL  BOMD GROUP AUMBER

"TRING NUPEER 1T IS 6 MENRERED

.. -GROYP. NUMBERS OF RING CONSTITUENTS & . 2, Si..
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RN Gt o memme s 3 1
“C ] L] ? 1 2
9 10 3 5 [ 3
[ 7 1 I R R 0
2 11%4 4 5 L] 2
- mmme e e e mreermmvem e O e - e, B T T By e T e e
[ 3 5 1 b ]
¢ 7 2 6 1 1
3 1038 4 10 3 3
C 7 3 1 2 1
- e me e eia e o= . SON e 32— o 5 A el S
Y 10 b 7 i [
4 P [ 3 L} O . ;
o L] s 5 1 2
K 1 L) 1 1 0
H] 1016 [4 7 7 s
[4 10 ? 5 1 7
[ 5 g 8 2 2 -
K 7 ] 3 1 ]
[ 1016 4 12 5 [
¢ 10 3 3 1 3
[4 10 ? 2 2 7
- [ 14 ] 5 1 0. -
7 1616 c 10 7 7
. e e e B e 32 B 6 2 -+ - e e =
[ 7 ? 1 .1 L]
(] 10 ] 3 i 0



B

ATCKIC COFPOSITICN ©

ORE ATOM AND LIGARLS IW. EACH GROUP
GROL® KUMEER SURGHOUP . H
by ° COKrE 0

LIGAND L
e LIGAND e 2

CORE
LIGANE
[, e o LIGAND

3 CorE
LIGANE
- LIGAND .

»

|
i

LIGAND

4 CORE
. L1GaND
LIGAND
(1%
[T

w

L CcORrROoOONOROOHRON

MO COCORAROWNSG WM
cmobocobonunoano >

H y-c:a‘n<=ru+ raaPrvo

Liadi
8 CORE

LIGAND

LIGAND

S R LIGARD. e

7 CORE
LIGAND
L1GAND
LIGAND

[ T
[EETRRY
o000 o

QldRE PR

NUHPER OF CORE ATOMS [N LONGEST CHAIN = 7 -
GHCUF FUMBER OF CORE CONSTITUENTS OF LCNGEST CHAIN = TV R T T 1

FING 1 15 SYMHETRICAL ABOUT ATCHM 2,

e e - NDKGREUP— INTERAGT 10N -AND—INTERNAL - RGTATIOMAL-—BYMMETRY - GONTHIBUTIONE  — -

TYPE RING NubBEr CR APCULANT  HEAT OF FORMATION  ENTROPY WEAT CAPACITY COEFFICIENTS
- GROLP AUMHER - vGaL CAL/DEG K CAL/DEC K - CAL/DEG Kew2 CAL/CEG Ke»d CAL/LEG Kooy
INTEHNAL AOTATION FH 1 -1.377

EXTERNAL ROTATIONAL SYKMETHY CENTRIEUTION
SOLRCE SYHHETRY AUMBER ENTROFY
CCPFUTEL : Y 0,00000
CETICAL. ISOMEK CONTHIBLTION

ECURCE dEYMREETRIC FSELLCASYVMETRIC ENANTIOMERS FESC
SEURFLTED. . . ¢ . 5 - - -0 [

TRERVCCHLFLCAL  PROPEKTIES C{ VELFECULE
. .MEAT CAPACITY. COEFFICIERTS - .. -

=R, 094G1I0LEDL T 1.36374631E=01 1,02081739E~04 €,93023004E~08
1 [T s HETYeMlL)  o(GET)api (298037  R(1)=k(298)
CLBG Koo~ GALZLEGeBOLE cam - GALZLFAMOLF- - KGAL/MOLE -« ~GAL/PF RaM{| B roonn - KCAL/UOLE orome oo
Ut g 24,2a25896 75,172545 2,80 .53 79,17¢54¢ 0,050700
20b.0 P4,422214 75,33534) 2, 849759 79,173043 44478
A0 3i,907848C 83,43:852 546R2164 74i27BAG4 2,681083
Sul, 0 38,275790 G91,264346 9264282 Th, 458941 6,403702
90,8 43,310664 CERR ALY 13,29°571 01,2191%2 10,4r9090
10040 - - 47,869247 . 105.667430 - - 17,83856%5 . B, D5)TTR e 150320840 o
26,0 50 ,676654 112.24%732 22,743385 - B7,3202C6 17,942405%
00,0 63,81807¢ 11€.375497 27,947733 9Q,424217 25,147152
169C,0 55,562199 124,10%472 33,391691 93,518162 30,594310
180w, 0 $9,103967 134,5¢16841 44,868082 9% ,504€90 42,0608101
1450,0 63,158546 | 143,971673 57,087665 105,490%184 54,207084
1638,0 68,BU28Y5 . —.182,747297 ... T0,244058 ... 130,005424 - 87,443477. o .-
1630 .0 77,532377 161,317942 84,814391 11%,754713 R2,013811
2000 ,0 90,734730 170,125540 101,556%06 120,747977 98,755926
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CAL/D[G;MOLE 7 CAL/CERae2~FOLE CAL/DEGew3abCLE CAL/LCEfeed=pCLE

TCTAL OFTICAL FSOMERS
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RING NyMBEK 4 (1S & MEMGERED
GROYP NUHBERE "OF "RING CONSYITUENTS — w2, - 8~ T &) E I T i -
RING NUMBER 2 15 & MEKBERED
BROUP -NUMBERS—OF ‘RING CONSTITUENTS—w ——--97 - 100  12: - 14, 13 11}

COMPLEX L1GANDS 7 AND 9 CF CORE aTOM '8 ARE GQUAL,
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ATORIC CONPOSITION OF CORE aTor_AND_LIOANDS 1N BAcH OROuP

GROUP NUpBER usGRAUP [ ¢ ] N
1 CORE ] 1 [} [
VIGAND 30 14— ¢ ¢
LIGAND i -0 [ [
LIGAND 1 0 ] ]
] T e R T R Bl
LIGAND i 0 1 0
LI1GAND 38 14 5 4
tTOAND L3 1} v L
3 CORE 0 L .0 0
LIGAND §6 13 [ 4
LIGAND —————@——~—¢ = f@ - Tt T Tmess mvmemens s smeenen e -
LIGAND 3 0 0 ]
LIGAND i [} (4 ¢
L] CORE 0" ] R [
LIGAND 49 19 S 4
LIGAND 1 [} [ 0
5 —QORE T T T T g T T T T e e e
LLIGAND 2 3 i [
LIGAND 16 13 ] 4
TIGARD 1 0 14 v
LIGAND i 0 0 0
é CORE 0 1 4 0
- LIGARD -85 "~ g3 - € 3 - T T T e e e
L1GARD 4 2 0 0
LI1GAND i 0 0 0
LIGAND 14 [ 4 1
Y CORE 0 1 0 0
LIGAND 4 2 i 0
— LIGARD — = B ~———§ 7 2~ ° f T T e s -
LIGAND %0 1 3 3
LIGAND 1 0 0 14
.4 CORE B4 b ] )
LIGAND 10 [ 3 b
LIGAND 10 [ 3 ]
CIGAND ——— 9"~ g — - "y T e T T
L1GAND 0 1 0 1
L CORE .0 i 0 0
CIGAND—%0 v 3 3
LIGAND v 5 3 i
' LIGAND 3 [ [} 0
10 1l R e e e
LIGAND 11 10 3 3
LIGAND ] 4 1 0
LIGAND 1 [} [ 0
L 1GAND 0 0 2 1
11 CORE 0 i ¢ 0
T e LIGAND - — 48 14 6 4 -
LIGAND 3 [ 0 0
LIGAND i 0 ¢ 0
114 CORE o—-3 ¢ ~——0 —
LIGAND 12 11 S 4
LIGAKD ¢ 3 3 [
- === == = LIGAND - 1 - - g N s e
LIGAND 1 ] 0 4
13 CQRE [ i [ [
LIOAND— 46— — 5 — - Semme— e
LIGAND i 0 1 [
LIGAND 2 i 0 0
- e - e = 7 LIGAND - Y 0 ] ¢ N
14 CORE 0 i [ [\
LIGAND 14 12 L] 4
LIGAND * A St R
LIGAND b 0 0 0
LIBAND i [ 0 0
ST 3@ e o CoRE - N [N I T
LIGAND 19 135 5 4
L1GAND 1 [ 0 [
M AER DY COR[-ATONS - IN LONGEST “CHAINTET—— 4§ ~—~ -
GROUP NUMBER GF CORE CONSTITUENTS OF LONGEST CNAIN » 0:. 2, i 3, & 0 [ 1] LI Y TR § ]
TV a7y 4]
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JRg— e © demears o e

NOKGRGWP INTERACTION AND INTERNAL RTATIONAL BYWMETRY CONTRIBUTIONS
MO —FORMATLON——ENTROPY—— —— — ~—KERT—CAPAC VY COBFP L IENYS—— —— - -~

GROUP AUMBER KCAL : CAL/DEG K CAL/DEG K CAL/DEG Keed CAL/DED Neod CAL/UBG Keéeg
RING CORRECYION 1 1 1000 18,800 »1,3320E001 2935478002 1 4337Ewp8  {,0331En0¢
e i RING- CORREGTEON——— e R o e e 000 e — - 38y 000 - - w3 (JL20Ee0L  -2¢B5476002 -#1,1337600% —1,0331E000
GAUCHE ALKANE 7 8 “ - 3,200 :
GAUCHE ALKANE 9 [] 3,200 .
37y
INTERNAL ROTATION 40 1 =1,377

EXTERNAL ROTATIONAL SYMMETRY CONTRIBUTION

SOURCE SYMMETRY NUMBER ENTROPY
CGMFUTEt k) 137746

OPTEAL 1 FOMER-—CONPREBUT 1ON—————— == = o E

SQURCE AQYHHETRlC PSEUDOASYFHETR[C ENANTIOMERS YESQ YOYAL OPTICAL TIOMERS © BNTROPY
———————COHPy TR~ R e R Attt N B L e 0,00000 -
THERMGCHEMICAL PROPERTIES OF MOLECULE
e e - HEAT CAPACITY ‘CORFFICIANTS - o
CAL/DFG-NOLE CAL/LEGe®*2~MULE CAL/DEGee3=MOLE " CAL/CEGewdaapOLE
v o o '3_188§1?§?5701 3 S.alﬁt?;QbE‘pl 3, 14934274Fn04 5.537166!45-06
T cePy »{1).»!0) o{BLT)mH(298))/T ntT)-H(zva) nELNr(2931~H11)-H(290)
i< uxr10tr-HDLE“‘_—'tlLIDEF-Fﬂrf““—”10‘LIHOLE““_“GAL/DFG-HCL! —— KCAL/MOLE —— L1 E
298,0 - 46,990856 184,187636 31089954 184,1P7616 0+000000 148, 400000
300.0 T 47,411107 184,503342 311843%¢8 184,1086888 1094402 '1‘6.365598
o 487704777 200,872353 81920786 186729527% = 5839932 " wiA2, 829188
50040 A3, 208268 217.592487 165444305 190,R83785 13,35%4354 n135,10%649
800, ¢ 96,98383¢ 234,016329 257474348 196,710723% 22,)384554 n126,079448
ST e BP0 T T 108, 4836887 - 0 249,857268 0 - 35,764214 T 203,1797%2 32,674260 #115,785%4p
830,0 117,9%0068 264,979272 47,09846) 209,987386 44,009509 #104,45049
930, ¢ 125,805209% 279,3377%¢ 8,298519 216 ,8R4717 ) %6,209565 »92,25043%
ICCO T 1327351329 292,943024———— 723210870~ ——223,816608 -~ 69,126916 - - -w?9,333084 T
1236.,0 142,645449 318.,040873 99,779%537 237,486237 96,689%63 »81,770437
1430,0 152,090254 340,7%3908 129,271740 2990 ,624047 126,10280% *22,278198
e —— 4800 0T 162743607 - 361,727807 - (1804709928 - 263,215978 197,619%47 9,159%87
1800,¢ 177,463330 381,693247 194,640294 275,276363 194,350340 43,000340
2000,0 198907288 401,430048% 232,143138 204 ,903433 229,0%3304 Iﬂ.!'d:ll
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GROUP ADDITIVITY THERMOCHEPICAL PAOPEATIES PROGRAM

CASE NUMBER 18

MOLLCULAR  STRUCTURE

L]
v L
He=C MNeeCooM o
- - .
S e g - . [ - [ ~

He=l HeoCoal o
LIS . )
—w v w L]

H Nesnocsulrmh
[]

. e e e e e -

H

ATOMJC CURPDSETICN OF MOLECULE

AYOM NUMBER
L] 12
B A hd
L] 2

GROUP  STRUCTURE AND COKPOS[TION
GROUP GROLF CHEFICAL SYMBOL  GRID RON GRID COLUMN  BOND  BOND GROUP NUMBER

NUP‘gER NELE:Y OF CCHIEONENT CUO‘ID;N”E COORDINATE VECTOR TYPE OF CORE ATOM
- - - Lo o . 4 1 .
4 10 4 L 1 3
) 4 b4 2 i 2
LA 4 — 8 t 0
[ ? 1 ? 1 )
Q- 908 - S B 4 -- 7 -- H
¢ 7 4 6 1 i
[4 4 15 3 i 4
< s 10 S Rt i 5
3 843 c 10 ] 3
e e SR mem ee— 43 - v - . e 6
¢ 7 4 1 b 1
H 13 1 [J 1 [
¥ 1% by 7 T ]
4 31} [ 4 19 4
- ha S 7 7 i 2
c 13 13 Ed 1 ?
v h 1 18 ? b ¢
- B 4 1s - 3 1 @
] 815 [ 7 bY B ]
- g 15 4T b 2 . R K
[ 10 10 5 1 ]
k ? 13 3 1 Q
¥ 4 | afianhatunlt AR S
[ 905 N 13 ? [}
o T < tT 10 10 2 b L]
L 10 4 ] 1 3
¢ 13 15 3 1 ?
? 83 ¢ 13 15 ?
[ 4 18 by 1 4
T T T N 13 ? 7 1 [}
) 13 18 3 1 [
k 18 18 4 1 ____0 . e
8 81l c 10 10 [}
C 7 10 1 i ]
““““ - N T13 ? L3 i [3
4 10 ? ? 4 [
h 10 13 3 i Q

FING NUMBEE 1 1S & MEMEEKLD

OO UPHUMBE RS OF R INOCONSTHIUENYS—e - — —¢; 1) 1) 2y 45 T4 -

KING KUMBER 2 IS & MEPBFRED

T T O UM RO R NG E RS TN S YT s %y r Qg

RING NUMBFR 3 IS8 6 MEMLERED

S HOUP MU R OF RN O CONS T BN TS 28— T i
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ATCKIC COMPOSITION OF CURE ATOP AND LI0ANDS i?ﬁ' EACH " GROUP

WIUUT T RUREER BUHGROUP "

e o g PU—

CURE ]
LIGAND 0
s o | TGANTY 7 -
LIGAND
1 CURE
TIGAND
LIGAND
3 CORE
T LIGAND — =
LIGAND
LIGAND
TTIGAND

0

coNooOHroon

|
cavoooo

i

i

i
i

NECO 2RO
RN RO QO

aoocoo

|

‘ CORE
LIGAND
Commmar tmm et L IGAND
LIGAND
. L1GAND
b COnE
L1GAND
6 CORE
e e e L {GANG
LIGAND
7 - CORE

1
|
o
|
!

'
t
f
H

'
'
'

“L1GAND
LIGAND
LIGAND
,,,,, = e e g e e -~ GORE- - -
LIGAND

. »
COMMRDOIIOOTHPRNTOHM

j]
{

CHODUPNNOTHOOHAKRAGD

1}
3
|
i
R
{
!
i
i
|

coococcosovoooooo
cOoocOoNOrOoOrOoDDOORN
i

NUPFER 0? CORi lTDPB lN LONGEST ENAIh L] 8
GROUP RLNGER CF COFE CDhSYlYUENYS CF LONGEST CNA[N ‘= 1, 3 6 &, LY H 4

NOKGRCLP IPTEHACTION ARD INTERNAL ROTATIONAL SYMMETRY CONTRIBUTIONS

TYPE RING NUFRER CR ANOUNT "REAT 0 FORHAYION EnTROPY HEAY CAFACITY COEFFICIENTS
GROUP NUKBER Keal CAL/DEG K CAL/DEG K CAL/DEG K'l! CALIDEG K'ul CIL/DEG K"l

THNGCORRECTLON 'y ry 3 T HOC (RRCINRAEREO i b SR A

EXTERNAL HROTATIONAL SYMHETRY CONTRIBUTION

- ~ = BUURE R~ -SYMMETRY—RUNBER - = ENTROPY =« -es - == = e
NOT CALCULABLE o 0,00000

tkYicaL ISOMER CONYRIBUTION

SQURCE ASYMMETFIC FSELDOASYMMETRIC ENANT{QrERS ¥ESD ?DW!L DPT\CAL XSUHERS ENTRCPY
COMPUTEL 0 [i] - 0 0 ¢ 0.,00000

RPN NG e P TRORY AND-PREE-ENERGT A TA-BELTNMAY -BE -EFF -a- FEW-PERCENT DUE TO-POSSIBLE - - - - — o
CONTRIFUTION(E) FROR EXTERNAL "OTATIONAL SYNMETRY 0R/AND OPTICAL 1SOMER]8M,

THERMGCHEMICAL PROPERTIES OF MOLECULE

HEAT CAPACITY COEFFICIENTS

CAL/DEGeMOLE CAL/CEGee2~MOLE CAL/DEGee3eHOLE CAL/DEGe=4~MOLE
R - “4,49730648C 0y 242792337 6F~01 -wd, 81711793k w04 9.052125315-08
—— =Py e Rt 12 B8 212 ) oo ~—1mﬂ)-Hz9M)I'rw—hn‘)-w?13y---nltlrtzva)wn)-mzﬂ?— e
NEG K - CAL/UEG-MOLE CAL/DEG-VDLE KCAL/MDLF CAL/DEG=MRLE KCAL/HOLE KCAL/MOLE
298,90 36,107064 31,8Ru00¢ 1148794 31,680000 0 ouocno 12,600000
R P LT L I - L LLEY V- 32.136329 i 4.225433 - - 31,880B54 1076642 12,6%76642
460.,0 50.576861 44,918117 8,697526 33,546274 4,548736 17,14873¢
50040 AG, 974934 57,301349 143265265 37,068360 161126494 22,716494
00D 57312393 “O% 04393020y T17893—————41,42878) — 16,5691037 - 729, 189103 s T
76040 74,645380 RO, 069453 27,878448 46,169982 23,729¢57 36,329857
BEG.0 7%,6n8026 90377977 35,603958 %4,059018 314455167 44,055167
e 94070 A3, 814457 100,009498 - - 43785346 ~ - 55,068861 39,63695% 82,21655"%
10060 87,358602 1094027297 . 52,347447 50, ,P7B64Y 4B,19684656 60,79865¢
1200,0 94,057743 125,541131 70,482890 70,2¢20881 46,33389¢9 78,933899
1490.0 102,497869 140634323 - - 90086823 < 79,2%0157 - 85,937832 98,537832
1600,0 115,392204 155,098198 111778785 87,679451 107,629794 120,279994
1B00,0 135,453767 169,764139 136,721320 96,112734 1324572529 14%,172929
200050 16873999882 - — - yaf 488 eBs

607618978 304, 281994 ———182,470383 " = - 1757070588~
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OROUP  ADDITIVITY TMERMOCHEPICAL PROPERTIES PROGRAN

CASE NUMEER 17

MOLECULAR STRUCTURE

HYPOTHETICAL MOLECULE

L] L} H N H L]
- s - e . H e N Ne bk H L]
—t = YRR ETE w
-ee Comp [} [ = L Lremaf=aly
- . ) L g = L) - HeeC = s o .
[RESS - - - e S,
L]
h N 4 Hosl Coey .
. a e we NGesCmeCN
Ny 1] Aol S o . § L d n
ese » W W M [ ] »
L] [ ».n C - e Croi
—w—— — v —ft 0 - Creefmuft —- - weE e T v oo e s e
L [ - - - ] . n .. "
beol K o= oC =~ oC - L] - .
v - A w w Nl
® sma |} ] - - . .. »
W oC e« MHeaGeweg HonCosreolnei
e e g e ® — - . e
c - LEDET] H L}
ema Heel - -
Lol o
He
L

~
S Y 1+ | CUPPOSIV_!'CN OF MOLECULE

ATUM NUMBER
" - . . —_—
¢ 4b
v M
- e - N ‘.

GHWEUP STRUCTURE aND COMPOSITION
QRIS GAQLP - - CHEMICAL SYMBOL URID ROW @RID COLUMN  SOND  BOND GROUP NUMBER -
NUMBER WEIGHY OF CCHPOKENT CUOHD;NAT! COORDINATE VECTOR TYPE QOF CQORE ATOR
3

1 298 c i
- Tl ¢ .- - M 1 2
k 1 1 ¢ 1 0
[ i L] 2 3 ¢
— 5 g T =
2 399 C S s H
. 1) 3 3 e . I A S
c 7 7 4 1 3
k 3 ? 2 1 0
e TN ’ 3 [] 1 [
3 605 4 7 ? 3
C 5 |- B - i 27 7 T
[ 4 10 2 b3 4
¢ 9 9 . 1 ]
T - - ¢ - 10 4 [] 1 6
1 256 C 4 10 4 - ——
[f 7 7 e TR T Tt R
[ i i0 i 1 0
M 1 13 2 by 0
e oo N A} 13 3 1 0
S 399 ¢ 9 9 3
1’4 4 T ] 1 f J
c 13 13 4 1 ?
|3 12 9 3 1 0
e i & & 7 6 1 ol
[ 206 [4 10 . 6
T -7 Ty T T T Ty
H 13 L] H 1 0
] 13 1 b 1 0
e e ¥ 1 ¥ - 1 ¢
? 1160 ¢ 13 13 7
T v 9 8 T k]
c 15 15 4 3 8
LN 10 16 2 1 0
e — DL bt LA 1 - e 1 0
] S0z c 15 18 (]
1 13 13 1 4
[4 17 17 [ b 9
4 19 §) ] i 10
- it bt kbl | B N 3 0 -
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9 1181 [ 17 17 i 9
1 1% 19 L. 1 L
< 13 21 2 1 11
4 23 23 4 1 12
- e | -t SR R e T T S 13 . .
10 309 ¢ 19 11 10
—t 13 1% 2 1 8
¢ 23 7 6 1 14
d 22 11 L) 1 0
I —H 17 9 TR TUTUAT TTITTIQ T e e
11 399 ¢ 13 21 11
13 17 17 [ —} 9
4 10 21 1 1 15
4 13 18 7 1 0
— ——— — R PR - - 1 ° . - —
12 s02 4 23 23 12
< 17 17 8 1 9
4 23 27 3 1 14
4 .26 20 [ 1 17
e v 2 T 20 ’ i 0 . — -
13 9EL ca 20 17 13
¢ 17 17— - e Sk
1] 22 17 1] 1 18
———— e s e e e ~~1‘--»-— . -502 ---v—-—..__-_—A..c. - ——— .237— e — 7 . - - o e 1‘ R
|4 19 11 2 1 10
C 25 ? 5 1 24
¢ 20 B L A B R
[ 20 ? 1 1 [
e € e 1 L R A L I 1 | 1%
¢ 13 21 5 i 11
c 7 21 1 1 19
1 » F e R it St 1 Bt
4 13 24 4 1 21
B 1 P B T b T At I L eI R § 16
¢ 23 23 ? b 12
co 20 24 8 1 26
t— 18 T i Ui & A et
¢ 2% 27 S 1 28
e 3 A 4 e R e i . Il 20 . 17
¢ 2) 23 2 1 12
[ 29 20 H 1 0
— 28 DY e S Tt Lt B
2 26 'Y 7 3 0
4§ - OS2 = e 17 18
co 20 1? L i 13
h 24 17 L 1 4
19 296 4 7 2 . 19
4 10 21 k] bs 15
o — e T TP - . h - R - 7 - 18 , 1 U -
b 4 i8 A 1 0
[ . F13 1 by 0
20 1237 c 7 24 29
[4 10 21 6 1 19
e ¢ ‘ 27 2 i 22
¢ 9 26 4 H 23
Pt 294 £~ 13 24~ Rt - B
¢ 10 21 R i 15
[ 13 27 3 1 ]
- —— - - 15 26 “ 1 0
v 16 24 ] 1 0
22 e € 4 27— e iaat T M -
4 ? 24 [} 1 20
h 2 25 L] 1 0
e e R R 27 1 1 0
n 2 29 2 1 [
23— 1 ———— -~ 9 g6 PRSI Y RO Rl -
[ 7 24 A 2 20
M 7 28 2 i ]
e - [ - 18 2n ‘ b3 [
24 296 [4 29 ? 24
- - s T A A 23 oy 1 1 14 -
k 27 9 4 1 Q
k 28 7 5 1 0
- — 27 s [ St —
2% 298 < 20 4 23
¢ 23 - < e ey g g e e e
B 23 4 5 1 0
h 20 1 ? 1 0
T e Eo 17 4 1 1 °
26 L2FY co 20 L} N .26
C 2T TTTTITRY T T o4 Ty 16 i —
c 18 26 ? 1 29
- i 1/ B0z - ] 18 - 32 27
C 23 27 [ by 16
[ 14 36 2 3 30 .
T 18 TTIETTTTTT ¥ LT -} T
h 16 30 8 1 0
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28 309 W - 2% - 27 \ 28
4 23 7 b3 i 16
¢ 27 27 ] i 32
1 44 iy 3 1 -0
] 23 kL] 7 S [
T 29 - B8 - -0 0 - 18 26 29
: ’ . co 20 2 1 26
L4 16 28 H 1 0
3 11069 C 14 3¢ 3¢
1 ia 32 L] 1 27
il 11 i 34 1 1 N
CN 14 3 7 31 [
Ch 14 30 3 S 0
3 364 4 18 38 33
c 18 32 7 1 27
S T L 23 a9 4 1 34
h 18 39 3 1 0
L 20 34 [ i °
32 1479 [ e? 2?7 32
’ c 2% 27 1 1 28
mrm e T, o T a7 - 32 3 1 40
c 29 27 L) 1 a1
4 27 23 7 1 42
33 39 4 1 38 ) 33
] 14 36 3 1 30
e - L 38 1 1 33
14 9 34 [] 1 [
N 9 38 2 by Q
34 502 4 23 4 34
¢ 18 36 . 8 i 3
- ket - e ¥ At § 2 1 45
C 23 47 3 1 46
] 23 38 7 1 0
3% 603 4 7 36 35
4 11 36 5 1 33
- Y - A R . 8 b 36
C 4 36 by 1 37
c 4 39 H 1 38
36 296 4 S 34 - 36
¢ 7 38 . b 33
— IRl T -7 - 3z 8 1 0
[ 5 3 ? i 9
K 3. 32 8 1 ¢
37 298 [+ 4 3s 37 .
c 7 38 3 1 35
I T Tt T - H - - 2 b 34 - 8 b3 0
[ b 38 1 1 0
k 2 3 2 1 1
38 399 (4 4 39 as
4 k4 38 4 by 35
— i - R A T 3 1 3
4 2 41 2 i 0 -
[ 7 42 4 1 0
39 29 4 4 44 39
[ 4 39 14 1 34
= Rt pooe o s 2 ‘6 2 1 [
+ 4 47 3 by 0
.} 6 46 ) 1 [
40 1237 c 27 32 40
¢ 27 27 7 i J2
e ¢ - 27 - 3¢ 3 1 43
c 29 34 4 2 44
—4% 29¢ — 20 27— — -4y - e ——-
4 27 27 1 b 32
v 29 30 3 1 0
- R 2 - - 30 . 1 ¢
] 32 27 3 1 0
s 29¢ < T 29 B e ¥t
[ 27 27 3 b} 32
+ 30 25 5 1 0
T - - [ - 30 - 22 ] 1 ¢
] 27 22 ? 1 ]
—a3 R X144 < 27 38 Ay
c 27 32 7 by 40
k 2% 36 1 1 0
— T s e e e 4 27 34 3 1 0
" 29 38 ] 1 0
i soat ¢ 29 P 0 G
. C 27 32 8 2 A0
] 32 34 L] 1 0
- - b el LN 22 ¢ 1 ¢
1] ‘296 [ 17 47 45
p 23 N PN - RO S
N 15 49 2 1 [
[ 17 L1 3 1 Q
— e - — L R et L I - 4% N 1 0
44 296 4 23 49 46
. ‘5 w3 % '_”1'-—‘——‘—_“:. T T TR e m e e e
b a1 49 H i 0
[ 23 50 3 1 [
B iy L B L L i ¢ -




COMPLEX LIGANDS 19 AND 21 CF CORE ATEM 43 ARE BGual,

COMPLENLIGANDS —36—AND—37—-CF—CORE £ TCr —-38—-ARE ‘EOUALY -

COMPLEX LIGANDS 4% aND 46 CF CORE ATPM 34 ARE FQUAL,
COMPLEX LIGANDS 41 AND 42 CF COKE ATCM 32 ARE EQUAL,
TTCOMFLEX LTGAREY ™ 97 AND™ 14 7CF CORE A¥CM 42 ARB EQUAL, T 7 = =~ 777~
COMFLEX LIGANDS 24 AND 25 CF CORE ATCM 14 ARE EQUAL,
COMPLEX LIGANDS 4 AND 6 CF CORE ATCM 3 ARE EulUaL, P
—ATOPICTCOMPOSTTION " CF—CORE  ATCW —aND--LT1GANDS- (N EACW “GROUP - TTmoemE e e
QROUF. hUMBEH JuBGROUP H c [+ N
e et e e e 3 - - - cORg - g { ° o
LIGAND 75 a7 . 4
LIGAND 1 0 0 8
L IGARND T T g g e T T - e I il
LIGAND i 1] ¢ ]
? CORE 0 1 0 0
_ [ —_— < LI1GAND 73 40 q 4
LIGAND 3 1 ¢ 0
LI1GAND 1 [} ¢ 0
L1GAND QT T T T s e e
3 . CORE Q 1 0 4
- LIGAKD Ll 2 0 G
- - B e ow e = LIGAKD 3 1 [ [}
LIGAND a7 a3 4 4
LIGAND 3 by ¢ 0
— - ] e ae— R T R e e s e e
LIGAND 75 a 4 M
L1GAKD 1 [/ - 4
- LIuAND 1 0 ¢ [
LIGAND 1 0 t 0
] CORE 0 i 7 o
- VIGAND T 3V %77 ¢"" DT - i o S o
. - LIGAND 65 42 4 «
LIGAND ‘1 ¢ ¢ ¢
e e e s . LIGAND 1 g ¢ ¢
[ CORE 0 1 ¢ [
LTGAND 75 ay ] .
—_ LIGAND ™ 1T g [t TR - T e e e
LIGAND 1 0 0 0
LIGAND 1 0 [ ¢
A - i - CORE ° 1 [ ¢
LIGAND 14 6 ¢ 0
LIGAND LE] 39 4 2
LIGAND 0 1 1 ]
LIGAND 0 1 9 i
o8 CORE 0 1 ¢ t
T s s e S L1GAND 18 9 ¢ 2
LIGAND 5% 4 4 2
LiGaNk 8 4 ) 0
—— e LAGAND - Sl It - 0~ S e e e -
$ CLRE 0 1 4 0
L16AND 23 - 14 4 2
....... - e P A . LIGAND -~ - 13 Pd 0 o
LIGAND 41 28 2 2
LIGAND 1 S e ¢,
16— CORE ~— - Q==-geem g - @ T - o - At
LIGAND 68 Ay aq 4
LTGAND ? 3 g ¢
o - o “LIGAND - 1 0 c 0
LI1GAND 1 0 0 0
11 CORE 2 1 0 0
- LIGAND 8 ay 1 .- - T e e e e
LIGAND 11 [ 9 0 =
LIGAKND 1 ¢ o 0
- — s S S LIGAND - 1 o 0 0
12 . CORE n 1 0 0
LIGAND 37 23 ¢ 2
- BIGARD —~=-37 93 - T TR o w e s s e -
LIGAND 3 1 [ 0
LIGAND 1 ] 0 ] -
B - =23 - - CURE ] 1 1 ]
LIGAND 77 .7 2 4
- LIGAND i T b 1
14 “CORE T e L T ittt
L1GAND n 45 4 4
LIGAND 3 1 9 ]
e S e e - e e =~ L1GAND a- g [ 0
LIGAND 1 ] Q ¢
1% CORE 0 1 0 0
L GAND T 42— — A% o e T e
LIGAND 3 i 0 0,
LIGAND 5 3 0. 0
et - - © - LIGAND 3 1 o [N
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61

1

16 CoRE 0 Y [ [
LIGAND 41 2% 2 2
LIGAND T—1 2 0
LIGAND 23 14 [} 2
L1GAND i3 7 ] 0
B § e L iy SN SCEES 0 - - G e e
LIGAND LA} 4 4
LIGAND ) 0 [ ]
CTUAND - 1) v v
LI1GAND i 0 [ Q
Y] CORE 9 [ i ]
----- - LIGAND— =¥ -~ - 48 - oo - g s S o s e -
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INTERACTION —AND —SNTERNAL—ROTATIONAL —SYNNETAY- - CONTRIBUTIONS - —~=-- o oo oo

TYPE RING NUMBER OR AMOUNT KEAY OF FORMATION  ENTROPY WEAT CAPACITY COEFFPICIENTS
C QROUP NUMBER -- - & - KCAL . CAL/ZDER N - - CAL/DED-®  CAL/DEQ NoeR CAL/DEQ Keed Cal/DUG Kose
GAUCHE ALKANE 2 3 2 1,600
GAUCHE ALKAME 3 2 1,600
AU CHE~NTIANE rd 7 r's 17600
GAUCHE ALKANE 7 8 4 3,200
GAUCHE ALKANE 8 9 q 3,200
—QAUCH 1 ;808
GAUCKE aALNAME 9 11 2 1,600
GAUCHE ALNANE 9 12 4 3,200
GAUCHF~ALKANE~— LT e T 11 J e oo - T
GAUCHE ALKAME 11 1b 2 1,600
GAUCHE ALKANE 12 16 4 3,200
————GAUCHE—ALR AN 1627 4 3,200 T T T e e e Tom T
GAUCHE ALKANE 16 28 ? 3,600
GAUCHE ALKAKE 2?2 N 4 3,200
GAUEHF~ALKARE~ ———————2) I ~— =y o - g T -
GAUCHE ALXANE 8 32 H 1,600
GAUCHE ALKALE gﬂ 33 2 1,600
SAUCHERLRANE 3Lr—5¢ 1 800 -
QAUCKE ALKANE 3 3 2 1,600
BAUCHE ALKAME 35 38 2 1,600
——— GAUCHE~ALMENE =9 1y T Qo R T i T
GAUCHE ALKENE 15 20 2 2800
GAUCHE ALKENE 16 26 2. 500
CrUCHE—ATREME CI 4N ) B - 4L o
INTERNAL ROTATION 1 1 »2,183
INTERNAL ROTATICN 4 1 ®2,183
——{NTERNAL—ROTATION § T 2,483 - °
JRTYERNAL RUTATION 17 1 2,483
INTERNAL ROTATION 19 1 -2,143
KTERNATROTAFION 74 1 2,183 —_
NTERNAL ROTATIRN 22 1 2,483
KTERNAL RCTATIOM 24 1 =2,183
——RTERNALRCTATLON 2% 1 T oo 2,183
MTERNAL ROTATION 36 1 =2,183
NTERNAL ROTATION 37 1 =2,183
NERAL-ROTATLON Y 1 w2103
NTERNAL RQTATION 4 i 2,183 S
NYERNAL ROYATION 42 1 =2.183
N FERNAL—ROFAF O~ — 83— e g — 2,183 - ) -
NTERNAL ROTAT]ON 43 1 *2,483
NTERNAL ROTATION [ 1 2,183

=== o = — ~EXYERNAL —~ROTAYTJONAL SYMMEYRY -CONTRIBUTION - -

SOURCE SYKMETRY NUMBER ENTROPY
COMPUTEL 3 0700000
CPTICAL ISOMER CONTRIBUTION
FUT PRSP E T ENANTIOWERS ~——PESO——TOTAL OPTICAC 1 SONERS — — ~ENTRQPY—
COHPUTEL 4 1 12 4 16 B,50985
GROUP NUMBER OF ASYMMEYRIC CAREOMN AYOR(5) = L)) 9, 16, 2y, o
GROUP-KUMNER  OF "PSEUDOASYYI'ETRIC "CANBON ATOM & 12
N THERKCCHEMICAL PROPEMTIES OF MOLECULE
- HEAT CAPACITY CORFFICIELTS
CAL/DEGPMOLE Cal/LEGe»2=NULE CAL/DEGee3eMOLE CAL/DEGee4nMOLE
»2,56412355€901 1.0220045%E¢r0 lﬂ,’lzolﬂzlﬁﬂof 1,60680340E907
Y cir) € H{T)»KIG)  @{G{T)nk1298))/T  K{T)ek(29g) DELNF{298)¢k(T)ak(gve8]
PEG-—x CAL/LEC=MOLE ~— CAL/DFCaPOLE ~— RCAL/MOLE CAL/DEGRPOLE KCAL/MOLE - XCAL/YOLE
298,90 225,1n4519 525,984945 32,2957786 825,654948 0,000030 ®#326,720000
300,0 226,533717 827,465711 32,747495 52%,9m909e4 . 451719 . n326,24828,
; 863966699 601437773 ———581¢yI326—— 535, 648893 — 26,3073 - w300, 302448 - e —
5¢0,0 342,200876 671,779235 90234474 55%,9062338 57,935068 »268,761302
800,0 3R7,195568 738,2¢5249 126,76892¢ 580,t10009 94, 473444 »232,22685¢
Ve0o - 424,9180931 - - 80, 871697 - 167,431162 - - —607,621116 135,135406 »191,%64594
40,0 458,33)764 859,727219 2114542330 635,689054 179,248%534 r147,49346¢
9¢0,0 482,4067904 915,0264%2 2%56,519884 663,608572 226,224108 »100,475892
—1 00Tl EEANT 1L 987012009307 ;878017691 ;430366275 ,502241 w8 117799 o e

1200,0 538,234314 1062,08748¢ 412,275%070 745,438008 379,979294 53,279294
1400,0 366,441757 1147,2016¢22 522,777006 796,097884 490,48123 163,7012)1
O 450704 1224,735565 --—- -6307971873—-———645,54302% - 600,676097 279,976097
1800,0 635,983499 1297,13E655 701,992224 - 091,751739 729,696449 402,9906449
20060,0 692,763288 1366,899733 894,5151235 933,7%0088 662,2593%0 53?.5!9350
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. Table 4-3 (Page 1 of?d)
LIST OF INPUT DATA FOR SAMPLE CALCULATIONS

1 0 0 0O
H H
H=C==C=H
2] H
- X-%-)
0 0 0 0
'HHHHHHHH
H=C=C=C~C~=C=C=C=C=0=~H
AR R HAAHRAA—
[-X-X
0 0 0 0
HHHH
=——=—="=10
H=C=C=C-C=C-H
F A AA
- X-X-)
0 0 0 0 ;
H H H H H H
(FI—— - H
- C c -
He=C=C=~=Q===C=C==H
- - C C -
H  =—- - H

H H HH H H
23 -
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Table 4-3 (Page 2 of 6)
LIST OF INPUT DATA FOR SAMPLE CALCULATIONS

- 000D
HHH
H=C=C=C~CN

H HH

I - k- 4 - e -

S | RAR ¢ A ) 19 Zamey
H  H
LA
_ H==C C~=-H
- - ) H H H H B H H ~——ssrTTTT
H==Ce~C=~C==C=*C==C==C-==C C--H
H H H H H H H H C H
R HH -
-2 X4
6 0 0 0
]
0
C
H~C C=H
H=C C-H .
C
- H
E-X-X -3
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Table 4-3 (Page 3 of %)

I‘_),IS%‘ Og I‘I’\IPUI_1 DATA FOR SAMPLE CALCULATIONS:

i

H H
H - HH-H

T

)

A

]

)

'

:
s B s R e
Iltt.wlln

[

1

'

)
‘] -

1

'

1

1
r’ill:u

]

'

'

i

'

]

X

I
I
X

-2 2 4
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Table 4-3 (Page 4 of 6)

LIST OF INPUT DATA FOR SAMPLE CALCULATIONS .

- H H

L1

-F H

— H H-

[ I I B S

H=-C-C-C--H
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Table 4-3 (Page 5 of 6)
LIST %)F OINPUT DATA FOR SAMPLE CALCULATIONS

0 0
e — S —_ —
C
——
NC=C Cc-CN
NC-C - C-CN
[of
C
e —ay - -~ e
Bus

NUZ

C ' C-===C====C - c

C====C CN C-~---C

= = = = R

aea

I
=z
)
!
[}
]
]
i
]
(@)
]
|
I

2

i
[}

]
(@]
: I
A
[}
(n]
]

|
I
[

N
I
i
)
(@)
I
]
1
(]
]
[}
I
[}

W Ne==m==- Co=H L
H
Py -3
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Table 4-3 (Page 6 of 6)
LIST OF INPUT DATA FOR SAMPLE CALCULATIONS

0 0 0 0 "HYPOTHETICAL MOLECULE
H H H H 4 H H _
- H=H  H=H H H

c H == T eee - -

- - - — - eee  +  H
HoC He=C € H H C H

- c - - - - - - - H
Heef H == oc - oc - H - -
- - - - - - - - - H
- === H 0 - - - - - -
O - H==C===C T o C-=H
o ) - - , i

C ) - H=C~-H -H H

H o= H -= H==(C=C====C===C=H
H H o= == = = -
H = « C==H C H
H R =-- --

H H H
33 '
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_ Section 5 ,
LOGIC FRAMEWORK OF PROGRAM

The TGAP program is written in the proposed American Standard version of
the FORTRAN IV interpretive language., No machine language routines nor
nongeneralized FORTRAN statements that are unique to specific compilers
are employed. The intent, of course, is to be able to run the program on

essentially any computer system without the need of modification or revision,

The program is composed of 55 routines. These are listed in Appendix B. A
complete glossary of the program variables is presented in Appendix C. TGAP
is also the name of the main routine inthe program which calls the principal

subprograms into execution. Figure 5-1givesthelogic flow chart for TGAP.

There are three main divisions in the logic structure of the program. Each
of these is discussed in some detail below. Described herein are also the
basic rules and decisions which govern the calculation of the various nonring

interaction corrections and symmeti‘y contributions of the molecule.

5.1 PROCEDURE FOR GROUP IDENTIFICATION
Section 1 of the program is concerned with the identification of the groups and

group components as well as the group weights, bond vectors, and bond types.

Subroutine STAND is the control subprogram for Section 1. There are a total
of 12 routines employed in this section. The cross reference map is dis-
played in Figure 5-2. Several routines such as IDENT, ASSIGN, BOND,
NUMBER, SUMATM perform different basic functions and are employed more

than once.

Subroutine STAND controls the scanning of the graphic formula input array
GRID (i.]j) of the molecule. The scan order is first rows then columns, start-

ing with the left uppermost location (1,1) of the array. Unless an error was
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CR44

=

YYES

CASE = CASE +1

, 2

NO 2

CASE = 1 AND IPRINT #>
R

f YES

CALL GADATA (PRINT
GROUP CONTRIBUTIONS)

$I |

CENTER AND PRINT .
GRAPHIC FORMULA

T

1IERR = O’

sTOP

CALL STAND
(SECTION 1 - IDENTIFIES GROUPS;
WEIGHTS BOND TYPES AND DIRECTIONS)

Y% IERR = 0 >

Eo

—P

e 'r:_;,"A -

PRINT AVAILABLE DATA

CALL CHAINM
(SECTION 2 -IDENTIFIES CHAINS BRANCHES, RINGS)

v

' "°—< IERR = 0 > ’-

{ YES

CALL CORCIG
(SECTION 3 - CALCULATES ALL NORIGROUP

~ ANDSYMMETRY CORRECTIONS)

2

FIND GROUP CONTRIBUTIONS
(CALL ORDER AND SEARCH) -

v

COMPUTE THERMOCHEMICAL PROPERTIES

Figure 5-1.

[

Flow Chart for Main Contro! Routine TGAP
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CR44 -

STAND :
v v v v v v
IDENT DELTA 1 _ FIND DELTA 2 ‘SCAN SHIFT
Nufsea ‘BOND -7 IDE+NT
v
ASSIGN
ASSIGN sumfm MIﬁ
ASStIGN ID:N.T BID NUMBER S\TM
l I
As:GN SVU:A"I'M ' Mutl'l‘ '_ ASSIGN

Figufe 5-2. Subroutine Cross Reference Map for Section 1

committed on input, the first nonblank character is a chemical symbol.
Subroutine IDENT determines 1f the symbol is valid and if it is composed of a
single_' ¢haracter or.more' than one character, such asl'the radicals CO, CN,
NO é_nd NOZ' Subroutine FIND ascertaiﬁs if the first atom is a core or non-
core atom. If it is a noncore atom, it finds the core atom of this particular
group. The identification of all the other group components in the molecule
is perfofmed by SCAN. The scan operation proceeds from group to group
until'a terminal core atom is reached. 1If Branch stru.ctures are present, the
scan_‘x operation is then shifted to a new bAra.nch'\}vhich has not yet been

examined,

The scan directions are set by Subroutine ASSIGN. Subroutine BOND checks

the validity of symbols used as chemical bonds and scans same until a dif-
ferent character is encountered. In Section 1, Subroutine SUMATM computes
the atomic composition of the molecule and later in Section 3 the atomic com-

position of each ligand.
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The identification weight for the core atom and all ligand atoms of a group is
computed by Subroutine DELTALl. The group weight is modified by Subrou-
tine DELTA2 when one or more of the ligand atoms is also bonded to a sur-

rounding carbon atom by means of a double or triple bond, as for example in

the groups
H-C-C-=2¢C and H-C-C=C¢C
i : 3

C - C. .

The group weight is altered once more in Section 3 of the program if aro-
matic carbon atoms are present in the molecule. In order to execute this

operation, however, all ring structures must already have been classified.

The presence of a ring structure is manifested when the identity flag of a par-
ticular core atom about to be scanned registers 1000, thus indicating the atom
has already been processed in a previous Acy‘cle_;:.' This '\'Nill_'zic't':i‘{»af’e"»thé r1ng ‘:

identification operations in Sections 2 and 3.

Several important molecular property arrays and variables are generated.in
this section. These include array IX (i, j, k) which contains the basic struc-
tural data described in_3. 2.3, the connectivity array KON(i), the core atom '
arrays NC(i) and NW(i), the group -weight array MOLWT(i), the branch-atom
array IDBR(i), the total number of branch atoms NOBR and the total number

of core atoms KCC.

5.2 PROCEDURES FOR CHAIN AND RING IDENTIFICATION

Section 2 of the program identifies all the chain segments and the components
of each unique ring in the molecule. Subroutine CHAINM. is the control sub-
program for Section 2. A total of 8 routines are emiployed in this section.

The cross reference map for these subroutines is presented in Figure 5-3.
Subroutine CHAINM monitors the calculation of the chain properties. For

this purpose the first element in the first chain is set equal to the first

terminal core atom in the molecule. If no such atom is present, each core
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CHAINM
NEWKC RING " NEWCOL LESSEN RESETR CHANGE
LESSEN NEWKC ORDER
ORDER

Figure 5-3. Subroutine Cross Reference Map for Section 2

atom in the molecule must bée a component of a ring structure. In this case,
the {irst element is set equal to the core atom of group number one. The
core atom bonded to element one becomes the second element in the chain, .
and so on, until a ring closure or a terminal atom is reached. All linkage

information is derived from the IX molecular property array.

If a terminal atom is reached and there are branch jurictions in the molecule,
Subroutine NEWCOL constructs the new chain by first locating the nearest
branch atom with unused core ligands. Subroutine NEWKC finds the group
number of the core ligand which is to replace the previous chain segment of
the branch: The procedure is continued until all the core ligands of every
branch atom have been procéssed. In this cycle the group numbers of the
components of each chain are stored in array NBC(i, j), the locations of the
branch atoms in each chain in array NBX (i, j), and the total number of

components and branch atoms in each chain in array NBS(1, j).
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In the event the presence of a ring was detected in Section 1, the program now
checks each new element in the chain for ring closure. When this occurs,

the particular chain is closed and a new chain is started by Subroutine NEW-
COL providing, of course, there are still new chain segments to be formed.
One advantage of this procedure is that the ring components are defined
simultaneously with the chain elements. Subroutine RING copies the ring
cdmponents and ring size in array IRING(i. j). When polycyclic fused ring
structures are present, the same ring may be identified more than once with
the ring elements stored in a different order. Subroutine RING also checks

for situations such as this and eliminates the duplicate ring structures.

When all the chain segments have been constructed, three data checks are
performed that may lead to a redefinition of the number and size of the ring
structures and the length of the chains: '

A. If more than one rmg is present, each ring is checked by Subre'utihe
LESSEN to determme whether it is a basic cyclic unit and nota
comp051te of two or more ring units. All composite ring structures
are discarded. ' '

B. 1If the first atom in the first chain is a ring atom and two or more
rings are present separated by a chain segment, it is- llkely the
lengths of all the chains can be 1ncreased the same amount Slmply
by shifting the initial scan location of the r1ng next to the branch
point. ThlS is accompllshed by Subroutlne RESETR Case 15 in

o Section 4 is an example of this type of 51tuat10n

C. Subroutine CHANGE will also increase the 1engths of all the chams
an equal amount if there is a chain that contains only one branch
atom and more ""non-similar' atoms than '"'similar' atoms., The
"similar' atoms are those atoms hsted first in the chain and com-
Arnon to a.ll the chains in the molecule. This type of 51tuat10n is
1llustrated below with an example of a chain and ring 1dent1flcatlon
procedure. The core atom group numbers that appear in the skele-

ton drawing of the molecule demonstrate the order in which the
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graphic formula is scanned in Section 1. Each column contains the group
numbers of the elements in the chain. Prior to the execution of CHANGE

the ""'similar'" atoms consisted of atoms 1, 2, and 3.

13 15

17

a o o o o a Q

18

 Chain One: 18, 17, 10, 7, 4, 5, 8 . '
; i , _ : ring components

Chain Two: 18, 17, 10, 7, 4, 6, 9,'11, 12, 14, 16, 15, 13 I

Chain Three: 18, 17, 10, 7, 4, 3, 2, 1

5.3 PROCEDURES FOR DETERMINATION OF NONGROUP INTERACTIONS
AND SYMMETRY ‘

Section 3 of the program is a multi-functional logic structure that computes
the various nonbonded, nongroup molecular interaction corrections, the
contributions for internal and external rotational symmetry and the entropy of
mixing contribution associated with the asymmetry or optical activity of the

‘molecule.

Subr'outine CORCIG is the main or control subprogram of Section 3. A total
of 33 subroutines compose the logic structure of this section. The subrou-
tine cross reference map is depicted in Figure 5-4. The logic and computa-
tional prc':‘cedure's associated with the principal functions of this section are

described below.

5.3.1 Gauche Interactions

The program identifies the gauche alkane, alkene and ether interactions of

the molecule and computes the total contribution of each to the heat of
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CORCIG
CISCOR SYMTRY HEXGON CYCORR EXTROT SORNG! INTROT
CISCOR
¢ 3 ¥ v
FUSION v
PRINT1, CiIS SCANCH SCANBR PRINT 1 OXYATM CcIS GAUCHE CTWO
PRINT 2, Cis
CRINGS,
NRINGS,
ORDER,
DITERE,
ASYMC,
MAXCHN, SETUP SETUP SYMANG Cis LINEAR SETUP LINEAR EQUAL
ENTSYM
SHIFT
SAME EQUAL SAME EQUAL ORDER SETUP EQUAL EQUALR
"EQUALR EQUALR SAME EQUAL EQUALR FIRSTR DELETE
FIRSTR DELETE FIRSTR DELETE EQUALR FIRSTR DELETE A
FIRSTR DELETE

Figure 5-4. Subroutine Cross Reference Map for Section 3




formation. The individual gauche contributions are small as shown in

Appendix A, In highly branched molecules, however, ‘the sum of these con-

tributions can amount to several kilocalories.

Table 5-1 depicts the various types of gauche interactions and gives the rules
used to establish the presence or absence of gauche configurations. Actually
the two central atoms M1 and M2 in the gauche alkane and gauche alker;e type
interactions can be either (a) two non-ring atoms or (b) one ring and one non-
ring atom. An example of the latter is found in the compound cis-1-
methyl, 2-ethyl cyclopentane, In the drawing below the two central
carbon atoms involved in the interaction are labelled 1 and 2. Also refer to

Case 12 in Section 4 for the thermoc;hemical property calculations of this

molecule.

H W
" \ 7
C —H
H H \c'/'
NS <}
H — Q,l ~H -

-~
/ \1
3
H
H
7 \
H
\
H H
Table 5-2 gives the number of gauche interactions associated with the most
stable configuration of each type which are not already included in the group
:value of 1\/11 or MZ" For example, in the linkage (C)3C—C(C)(:C) the gauche
“interaction between the double bonded carbon ligand and the ligands of the

first carbon is taken into account by the group C(C) (Cd), in which Cd repre-

sents a carbon atom double bonded to another carbo3n atom, Hence, this
interaction is not included in the table, Furthermore,‘ in accord with
Reference 2, the gauche interaction for (C)(H)ZC—C(C)(Cd) is ignored due to
the small magnitude of this correction. The central atoms represented in
the table are of the carbon-éarboh, carbon-nitrogen, and ether types, The
‘central atoms are not included in the ligand count. The columns entitled
Type 2 give the number of ligands bonded to atoms one and two which are of

the type designated by Rule 2 (cf. Table 5-1), Those configura‘gions with a

total of 6 ligands (3 and 3) are gauche alkane interactions whereas the 2-3
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combination represent gauche alkene types. In the ethers, the maximum

number of interactions is less since oxygen has only the one CO ligand in

addition to the CO ligand that constitutes the central bond,

Table 5-1
RULES FOR DETERMINATION OF GAUCHE INTERACTIONS

" Alkane o I © Alkene
o) 2 v g Y
\. ‘ //’ ' a " \ ' /
C ——C . : ,C — C
7 1

v’ 4 -
x .

w w X
U X X
X U W_
N QY \C \
C—~——N :
ngl : S :
W )

Atoms 1 and 2 must be carbon atoms or a carbon and a ni'tro'gen
atom of the indicated connectivities.

Ligand U, X etc, must be a heavy (non-hydrogen)’étbm.'

Ether

~ Atoms 1 and 2 must be a carbon and oxygen atom of the indicated

connectivities.

" Ligand U, V, and W must beba heavy (non-hydrogen) atom. Atom

3 must be a.carbon atom.,
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The gauche interaction configurations are identified by Subroutine GAUCHE.
Each pair of carbon atoms in the molecule is checked for the presenceiof

gauche formations according to the rules of Table 5-1. . Use is also made of .

Table 5-2

NUMBER OF GAUCHE INTERACTIONS FOR
-C-C, C-N AND C-O CENTRAL ATOMS

Atom(1) Ligands  Type 2  Atom(2) Ligands  Type 2 Interactions

C 1,2,3 0,1,2,3 C 3 0 0
C 1,2,3 0 C 3. ©0,1,2,3 0
C 3 1 C 3 1 0
C. 3 2 C 3 1 1
C . 3 3 C 3 1 2
C 3 2 C 3 2 2
C 3 3 C 3 2 4
C 3 3 C 3 -3 6
C 2 1 C 3 1 0
C 2 2 C 3 1 0
C 2 1 C 3 2 0
C 2 2 C 3 2 2
C 2 1 C 3 3 0
C 2 2 C 3 3 2
C 1,2 1,2 C 1,2 1,2 0
C 1,2,3 0,1,2,3 N 1,2 0 0
C 1,2,3 0 N 1,2 1,2 0
C 3 1,2 N 2 1 0
C 3 3 N 2 1 2
C 3 1 N 2 2 1
C 3 2 N 2 2 2
C 3 3 N 2 2 4
C 2 1 N 2 1 0
C 2 2 N 2 1 1
C 2 1 N 2 2 1
C 2 2 N 2 2 2
C 1 1 N 1,2 1,2 0
C 3 0 o) 1 0 0
C 3 1 O 1 0 0
C 3 2 . o) 1 0 0
C 3 3 o) 1 0 0
C 3 0 o) 1 1 0
C 3 1 e 1 1 0
C 3 2 o) 1 1 1
C 3 3 o) 1 1 2
C 1,2 1,2 o) 1 0, 1 0

o

[0.0]




Table 5-2 to compute the total contributions to the heat of formatmn
Subroutines CORCIG and SORNGI monitor the selectlon of the non- cycllc

atom pair and the cyclic/non-cyclic atom pair, respectively.

5. 3.2 Ditertiary Ether Contr1but10ns

In addition to the four gauche ether contributions, d1tert1ary butyl ethers
require an additional correction to the heat by formation of 8.4 kcal/mole.
If gauche ether interactions are present, Subroutine DITERE determines
whether the carbon atom in every two adjacent CO ether linkages has a ter-
tiary butyl structure and appiiés the appropriate correction to the heat of

formation.

5.3.3 Cis Contributions

In some respects the identification and correction of cis effects is. similar to

that of gauche interactions. Each atom pair is examined individually, non-
ring atoms and non-aromatic ring atéms may be involxlred,-» and the overall
operation is monitored by Subroutines CORCIG and SORNGI, . as before.
There are however, some differences in the application of these two types of
interactions in addition to the obvious dissimilarities in structure.- In the.
case of cis configurations, the thermochemical corrections apply to the
entropy (in specific cases) and the heat capacity as well as to the heat of
formation. .Furthermore, the corrections vary for certain st,ructur:'al groups.
Lastly the rules for identifying the cis interactions are different. These ‘
rules and modifications are listed in Tables 5-3 and 5-4, respectively. The
standar,gi cis thermochemical corrections are listed in Appendix A. Table 5-4

lists only those corrections that are non-standard.

The calculation of the cis contributions is performed in two consecutive
interphased steps. The first step, which is executed by Subroutine CIS, tests
for the presence of the central carbon linkage and identifies the atom pairs on
either side of the central bond. Subroutine CISCOR determines whether the
composition and bonding properties of each ligand pair correspond to rule 2.
If the critéria are satisfied, a search is initiated for the special structural
configurations listed in Table 5-4. On the basis of these analyses, the
appropriate cis corrections are selected and assigned to the pért‘ihent

functions.
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Table 5-3 .
RULES FOR DETERMINATION OF CIS INTERACTIONS

X Xt X "IY' X Yoo
\ / o ) V 4' ,
C=—=C | SR o
/ 1_ 2\ s 1 211\ o
Y . ‘& l | (
(a) Nonring - N ’ (b)_Ring '
1. C1 and C2 must be carbon atoms with a connectivity of 3(a) - -
or 4(b).
2. X and X' or Y and Y' must also be carbon atoms with a connec-

tivity = 3. If all four ligands are carbon atoms with connectivi-

ties = 3, there are two cis corrections for the atom pair,

~ The molecule cis-l-’methyl. - 2-éthyl cyclopentane al‘so:provides an example
of a cis interaction in a ring structure. - The central atoms (1 and 3) are

indicated in the graphic formula of the molecule presented in Section 5. 3. 1.

"5.3.4 Ortho Corrections

In addition to the three aforementioned types of nongroup interactions, the
program also corrects for still another type of nonbonded next-nearest
neighbor interaction éxhibited by aromatic structures — the ortho interaction.
In the case of pyridine, there is a correction f‘of'para as well as ortho sub-

stitution in the ring.

The assignment of these corrections as well as those for the ring structures
_(see Sections 5. 3.5) is preceded by a series of logisticltest's and determina-
tions thati establish the identity of the ring structure itself. For this purpose,
the program has to distinguish between simple ahd fused ring structures,
aromatic and nonaromatic cyvc‘lic rings, and benzene, pyridine, and higher
nit—rogen’ —_qontaining a}ro’matics. In addition, it must _establish the size
composition, intra-ring bonding properties, and the types of nonring atoms

bonded to the ring. A few of thesc_a__pljoperties,_ such as,the size and.

82




NON-STANDARD CIS CORRECTIONS FOR
SPECIFIC CONFIGURATIONS

Table 5-4

t-Bu C -
NS
c=cC
/ AN
H H
t-Bu C
NS
C=C\_
t-Bu C
i;Bu | t—Bu
AN /
/C=‘—C\
C - c
t-Bua t-BLll
N/
Cc=C
AN
t-Bu t-Bu

Two cis interactions

- AHg 598"
(kcal /mole)
t-Bu
N\
4, /C———"
t-Bu
| N
8. . c=¢
H
t-Bu
\
12. C==
/
t—B'u -
20. C\
==
H
3.

(kcal/mole)

6.0

110.0

. 14.0

. S
(cal/° K-mole)

1.2

-0.6
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components of the individual ring units, are computed in Section 2 of the
program, as described earlier. Subroutine FUSION in‘itiates the entire ring
calculation procedure of Section 3. FUSION is a dual function routine that
identifies the set(s) of fuéed ring ‘SYSterh(s) présent in the molecule and
determines certain symmeﬁi‘y characteristics'of these 'p‘olycyclicl structures
such as the number and type of atoms that are common to any and to all ring
pairs in the set. This information is also used later in the symmetry

calculations.

In order to maintain the nomenclature of the structural inpﬁt as close to
‘standard chemical notation as possible, no special symbols are assigned to
aromatic carbon and nitrogén atoms. Instead the identification of these
aromatic groups is performed directly by the program. Subroutine CYCORR
executes the identification proc_eAd.ure's. Figure 5-5 illustrates the various
different types of aromatic groups in question. Once identification is
achieved, Subroutine HEXGCN alteré the identification weights of all the

conjugated aromatic groups in the molecule. The resultant weights

correspond to the true identification weights assigned to the various

CR4a4

.¢ c ¢ . N ' C
| / N / / N\
X ==-C* c* X ~—C* X == C* N
il I Il | Il
c c c c
(o] ot N
/ \ / N\ /
X == C* C X wmgCe N c*
| . | | Il
N N. N
c c
/ N\ /7 \
N* c N* N
Il | 1l
c c

Figure 5-5. Carbon and Nitrogen-Containing Ring Groups Requiring Special Processing
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aromatic groups, These weight modifications are performed on both
monocyclic and polycyclic fused ring systems as well as on nonring groups

bonded to these ring systems.

Subroutine HEXGON also determines the number of ortho corrections in
benzene and pyridine-like rings as well as the number of para correctlons
in the latter. Both monocyclic and fused polycyclic r1ng systems are
included. In order to qualify, the ortho and para substituted ligands can be

any atom or group other than hydrogen (See Section 4, case 14),

5.3.5 Ring Contributions

The ring corrections to the thermochemical properties of the molecule are

associated with the ring structure itself. In most cases the ring correction
for the heat of formation equals the strain energy of the ring, These correc-

tions are applied to ‘all ring structures listed in Appendix A,

Subroutine CYCORR assigns the appropriate correction to single ring units.

. Subroutine CRINGS performs this function for spiropentane and the six

bicyclo compounds and Subroutine NRINGS does it for the fused tr'icyclic
nitrogen-containing ririg In each case, the procedure entalls a check of
the size, composrtlon and bondmg character1st1cs of the rmg In the case of
fused ring systems, the number of. rlngs, the propert1es of each and the

types and number of atoms in common have to be determlned also.

A few of the sample calculations in Section 4 mvolve rmg correctlons
Aromatic systems appear to be exceptlons Th1s is because in aromatic

systems the ring correctlon is already included in the group thermochemlcal

contrlbutlons.

5.3.6 Symmetry Logic Structure: Part I

The logic schemes for the determination of the symmetry of the molecule ahd
of the individual groups thereof are the most extenswe and complex of the
loglc structures of the program. These symmetry operatmns are divided mto
two parts. Part I, which is discussed in this section, performs the basic
internal group by group symmetry evaluations of the molecule‘. In particular,

the ligands of each group are compared one versus another and the similarity
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or dissimilarity of their structures is determined. Hé;re as before, the term
ligand denotes all the atoms, -one or more, which forrré the bond chain or
"branch' of a 'pérticular core atom. A tetrahedral carbon atom, for example,

has four ligands each composed_of one, two or any number of atoms.

The principal steps in the logic framework of Part I are outlmed in Flgure 5-6.
The flgure lists only the control routines for the mdlcated steps. The names

of the auxiliary subprograms are given in Figure 5-4,

The symmetry calculations df Part I are initiated and controlled by Subfou—
tine SYMTRY The atomic»c‘ompos-ition’calculations performed by' SYMTRY
and its auxiliary routines SCANCH and SCANBR serve as a sicree‘ning medium.
In this manner, c.omple}lc ligand pairs v;/ith dissimilar atomic compositions are
from the start automatically eliminated from the more t1me consuming
structural identity tests. Groups in which the core atom of the group is also

a ring atom are likewise exempt from undergoing addltlonal symmetry anal-

ysis in Part 1.

The structural similarity of two or n;ore 1igands which contain no core akto_ms,
such as H, CN etc., is determined at once by directly comparing the atomic
COI‘l’lpOSlthn of the ligands. If the ligands are complex, that is they contain
core atoms, the structural smularltles of ‘each ligand palr must be deter-
mined bond by bond and branch by branch. A pair of ligands is not consid-
ered dissimilar until all possible branch pa1r combinations of the two ligands
have been tested. This operation is performed by Subroutine EQUAL. If
ring structures are encountered during the structural analysis of a ligand
pair, the equality of the ring structures is determined b“y Subroutine EQUALR
and by auXiliary routines FIRSTR énd‘DELETE. The pfogram can ‘actual'ly
handle several ring formations per ligand. The limits imposed on the various
variables are those for ring formations in general, namely, 30 components

per ring and a total of 40 ring units per molecule.
Once the structures of a ligand pair are found to be similar, several blocks

of symmetry identification data pertment to the partlcular ligands and groups

are generated and stored by Subroutme SAME. These comprlse. (a) the
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CR&4

J=ids

< 4> xoC yes RETURN

DETEAMINE ATOMIC COMPOBITION
OF EACH LIGAND IN GROUP J
(SYMTAY)

CORE ATOM I8 A RING ATOM \ YES : >

(SCANCH AND SCANBR) /

NO .

SETU”

COMPOSITION OF LIGAND PAIR MO
18 EQUAL / P

YES

CORE ATOMS ~ DATA
(SETUP) " {SAME)

T

STRUCTURE OF LIGAND YES
PAIR 18 IDENTICAL ,
(EQUAL)

LIGAND PAIR {8 COMPOSED OF NO RECORD

NO

Figure 5-6. Main Logic Flow Chart for Symmetry Calculations: Part |
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greup numbers of the atoms in the ligand pair(s) which are bonded directly
to the core atom. (KCSAME(i, j)); (b) the number of elements in (a), the
number of different ligand pairs, and the code type assigned to each similar
ligand (NOSAME(i, j)); and (c) the total number of similar ligands of each
type in the group (NTOTAL(i, j)). N o

5:.3.7 Symmetry Logic Structure: PartII ‘ ‘ =
'"The symmetry data calculated in Part I are utilized in.Part II to compute '

the various molecular properties listed in Figure 5-7. Each of these

9.

properties is discussed below.

5.3.7.1 Identification of Asymmetric Atoms
The fi.rst function in the final sequence of symrﬁetry calculations consists of
' determining the total number of asymmetric atoms in't}ile molecule and
the groﬁp numbers of these ‘atoms. ‘> The following ére the criteria employed
by the program for the selection of asymmetric atoms.

A. The core atom must be a carbon atom

B, It must be a nonrin-g'atbm - 7

C. It must have a connectivity equal to 4, i.e., tetrahedral.’ :

D

The four ligands of the core atom must be dissimilar

These tests are conducted by Subroutine ‘ASYMC', If all the aforementioned
algorithms are satisfied by a particular .atom, the asymmetry counter
NASYMC is incremented by one and the group number df the atom is stored
in array IOPATM,

The data are utilized later to cbmpute the entropy effects arising from opti-
cal ijsomerisn'i, These data are also used in the cornpufation of the longest

chain which is described next. ' - F

5.3.7.2 Determination of the Longest.Chain ’ \ :‘
The calculation of the longest chain is a prerequisite to the computation of
the external symmetry number, If asymmetric atoms are not present, the !
longest chain is simply taken as the léngest of the chains in the molecular

chain array which was identified and constructed in(Seci‘:ion 2 of the program,
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IDENTIEY AGVERITRIC CARBON ATOMS
{ASYMC)

FIND LONGEST CHAIN IN MOLECULE
(MAXCHN} . ’

DETERMINE EXTERNAL ROTATIONAL
SYMMETRY NUMBER
(EXTROT)

COMPUTE EXTERNAL ROTATIONAL
SYMMETRY CONTRIBUTIONS
{INTROT)

. : COMPUTE CONTRIBUTIONS FOR
‘ EXTERNAL ROTATIONAL SYMMETRY
\ AND OPTICAL ISOMERISM

: (ENTSYM)

Figure 5-7. Main Logic Flow .C'hart for Symmetry Calculations: Part 1l

CRas
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e

When there is more than one chain of maximum length, the one located first _

in the chain array is selected as the longest chain of the molecule.

In the event asymmetric atoms are present and there is more than one chain
of maximum length available, theprogf_éiﬁ“'c’bmputes the, number of asym-
metric atoms present in the first chain of maximum length identified. If.all
the asymmetric atoms are contained in this chain, no reaefinition_is neces-
éary. If ohly‘some of these atoms are contained therein, all other c'hains“
equal to the longest chéin in sizé are examined for their content of asym-
metric atoms. That chain of maximum length containing the greatest number

of asymmetric atoms is designated the longest chain in the molecule.

The above tests are executed by Subroutine MAXCHN. The number of the
components and the chain number of the longest chain are stored in array
MBS, and the group numbers of the chain components in array MBC. These

data are also output by the routine.

5.3.7.3 Determination of the Symmetry Number

The computation of the symmetry number, a properfy that characterizes the
~external rotational syrﬁmetry of the molecule, is a multi-phase logic-
controlled operation executed by Subroutine EXTROT. The principal steps
involve finding the central atom or atoms in the molecule and the number of

structurally identical ligands bonded to this atom or atoms.

For the purpose of this analysis, the céntral atom is defined as the atom iﬁ
theAcenter' of the longest chain. If the chain contains an odd number of
atoms. the molecule has one central atom. If the number of chain constitu-
ents is even, there are two central atoms in the molecule whose ligands have

to be analyzed for similarity of structure.

Once the even or odd multiplicity of the chain is established and with it the
’nurhber of central atoms, additional classifications are made to determine
the symmetry number of the molecule. These new classifications include
the type and connectivit‘y of the central atom(s) and the symmetry charac-
teristics of the ligands. . The princ'ipal alg’orithms of the classification

scheme are listed below. The _'sy'rrrmevtﬂry-number of configurations not
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listed theréin is set equal to one. The symbol Cp refers to the axial .

rotational symmetry of the ligand.

Rules for the As signment of the Symmetry Number
A. Odd Number of Atoms in the Longest Chain
1. Central Atom is a Carbon Atom
a, Two Ligands -
(1) X-C=Y
(a) Xand Y are both linear, =1

‘ o . (b) Xislinear and Y is symmetrical (or vice versa),
| ¢ = symmetry of Y ‘ ’
(c) X and Y both have the same axial rotational
symmetry Cp’ »
o =C
P
(2) X=C=Y |
(a) X=Y . c=2x Cp
(b) X #Y, same as(l}
'b. Three 'Liga;nds 4

oz

X = Y and Z is linear or has c‘p =C,, © =2
c. Four Ligands

(1) CX,YZ, o

2
. (2) CXZYZ’ o= 2
(3) CX3Y, o=3
(4) CX4 and X is linear or has C_ = C3, og=12
l CX4ananotlinearor C #C,, =6
v p 3
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B.

2. Central Atom is an Oxygen Atom |
/N
X Y
X=Y g =2
3. Ce’ntral Atom is a Nitrogen Atiom'

a. Two Ligands , v
X-N=Y o =1

B. ' Three4 ‘Ligands
NXYZ

X=Y=2, 0 =3
Even Number of Atoms in the »LongestAChain
1. Two Central Atoms are Unique: 0=1
2. Two Central Atoms are Carbon Atoms
a. Two Ligands _
X=C-C=Y or X=C=C=Y Sameasl.2,
b. Three Ligands B '
Y>C ]

(1) C=z o

il
—

= Y and Z is linear or has

C =C,, 0 =2
X P 2

=
N/
Q
"
Q
n
N
¥
I

c. Four Ligands

W W=C-C'i};
~z
X =Y = Z and W 1is linear orlhas Cp = C3, o =
(2)
Sc.c
w” ~z
(a) W=X=Y_=Z o =4
(b) W=ZandX =Y o =2
" (¢) W=Xand¥Y=Z o =2
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d.

(4)

(3) X Y
S

W/ | \z
X=YandW=2 o=2
Five Ligands
W\, %
_C—C Y o =1
V/ \Z ‘
Six Ligands
V—C—C%Y
v Tz
(1) UsV=W=X=Y=2 o= 6
(2) U=V=Y=Zand W=X o=
(3 U=V=WandX=Y =2 =
W=X, V=Y, U=2Z

Two symmetry configurations are possible:-

(a) Dissymmetric, nonasymmetric form

W Y
N LA
cC—C” - ' g = 2.
S .
v O«

(b) Nondissymmetric form

W z
ph'¢
\C-.—C_ g o =1
2N
Vo X

Two Central Atoms are Oxygen Atoms

X-0-0-Y (assuming nonplanar structure)

X=Y o= 2

Two Central Atoms are Nitrogen Atoms

a.

Two Ligands
X -N = N - Y

X=Y » o=2
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o b. Three Ligands

c. Four Ligands.

e , |
As indicated in Section 2.2, the program does not determine the symmetry
number of a molecule whose central atom(s) is(are) part of a ring structure
unless the ring is a monocyclic benzene-type ring. In the latter case, the

symmetry number assignments are made according to the following rules:

U
Z v
Y W
X
Condition o .
U=V, X=Y, W=2 2
U:W,X:z,cpzczfor'v,Y 2
U=W, X=2, V=Y, C =CyforV, ¥ 2
U=X, V=Y, W=2Z 2
U=V=W, X= 2, Cp:CZfor‘V,Y 2
U=V=W, X=Y=172, Cp:szorallligands 2
U=W=Y, V=X=Z _ ' 3
U=W=Y, Vv=X-= 172, Cp:szorallligands 6
U=V=W=X, Y=2Z 2
U=V=W=Y, X=2Z, Cp:CZforV 2
U=V=X=Y, Cp:CZforW,Z 2
U=V=X=Y, W=2 2
U=V=X:=Y, W= 2, Cp;czforw,z 4
U=V=W=X=Y, Cp:CZforallligands 2
U=V=W=X=Y=2 6
U=V=W=X=Y= Z, Cp: C2 for all ligands 12
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5.3,.7.4 Calculation of Internal Rotation Contributions

The program computes the contributions to the entropy associated with the .
internal rotation of one or more groups of atoms in the molecule, The rotation
about the bond axis can be either of C3 or CZ symmetry. Specifically, the
program applies this correction to tetrahedral carbon atoms of C3 symmetry

aromatic rings (benzene and pyridine types) of C2 symmetry, and -NOZ groups.

In the case of fetr'a.hedrai atoms, the rotation can involve a simple structure

4 like -CH3 or groups in which the structures of the identical ligands are highly
complex, (For example, carbon group 12 of case calculation 17, Section 4,)
Subroutine INTROT looks for core atoms which are carbon atoms with a
connectivity of four and three structurally identical ligands. Each of these
groups is assigned a threefold rotational axis and an entropy, correction
equal to -R ﬁnS. If'the particular internal rotation has élre.aay- l;egxr{hé“luded »
in the external rotational symmetry of the molecule, it is eliminated from

this calculation,

The auxiliary routine CTWO assigns a twofold axis of rotation and an entropy
correction of ~R £n 2 to NO2 groups and to aromatic rings of C2 symmetry
providing each of these structures is bonded to a nonlinear ligand. The
linearity of the ligand is determined by Subroutine LINEAR. The twofold
rotational symmetry of a ring is established by Subroutine EQUAL and its
auxiliary subprograms. This calculation is feasible even when there are

complex ligand subroutines present in the structure of the ring.

5.3.7.5 Calculation of Optical Isomer Contributions

In order for a molecule to be optically active, it must in general be dis-
symmetric, that is, it must lack an alternating (Sn) axis of symmetry (5).
From the intramolecular point of view, the most frequently encountered
albeit not necessary, condition for optical activity is the presence of an
asymmetric carbon atom. The criteria used by the program to identify the

presence of asymmetric carbon atoms were presented in Section 5.3, 7. 1.

Subroutine ENTSYM computes the optical properties (number of enantiomers

and meso structures) of a molecule in which the optical activity is due to the
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i
1

' presence nonring asymmetric carbon atoms, The number of active
conformations or enantiomers (a) and the number of meso structures (m) is .
computed directly from equations A, B, or C (6).

A, All asymmetric carbon atoms are different:
a2V m= o | 8
B. Like asymmetric carbon atoms are present and Y is even:
L)
a= Z(Y-;) m= 2 2

C. Like asymmetric carbon atoms are present and Y is add:

v 5

where Y is the total number of asymmetric carbon atoms including the
pseudoasymmetric carbon atom (if any).»' The latter is defined as follows:

If two like asymmetric carbon atoms are joined to a carbon atom attached

to two different nonasymmetric groups, two active forms and two meso

. forms are possible. The central atom in such compounds is called a
pseudoasymmetric carbon atom, The pseudoasymmetric carbon atom and

. meso structures are identified by Subroutine EXTROT. Ohly that asymmetric
carbon atoms contained in a single éhé.in of the tnoiecalé can be included in
the above equations, The program takes into account all astmetri‘c carbon
atoms contained in the longest chain where, if necessary, the latter is rede-

_fined in the manner described in Section 5. 3. 7. 2.

Subroutine-: ENTSYM also computes the enthropy contribution due to external

rotational symmetry

S=-R1lu (0)
and optical isomerism
S = R 1n (n)

where n = 2 + m. The assumption is made here that all isomers are present

in equal amounts,
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. . ‘ PREFACE
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The report is submitted in two volumes:

Volume I — A FORTRAN Program for Computing the
Thermochemical Properties of Complex
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{Books 1 and 2)
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ABSTRACT

Group additivity thermodynamic methods are applied to the
calculation of Arrhenius parameters, Studies of several classes
of unimolecular reactions are presented together with preliminary
methods developed for the calculation of kinetic rate constants,
The problems associated with bimolecular reactions are reviewed
and some preliminary solutions suggested. Where required to
~support this work, thermodynamic functions of radical-containing
groups, single bond strengths, and pi bond strengths for various
compounds are calculated. A computer scheme to calculate the

rate constants for simple unimolecular fission is presented,
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Section 1
INTRODUCTION

Although the advantages of applying chemical kinetics to the solution of many
physico-chemical problems are well recognized, the measurement of basic
kinetic data is tedious and time-consuming. In addition, the sample size and
sample purity required for such measurements are often prohibitive. This
makes it especially difficult to evaluate new and potentially useful chemical
compounds. A reliable method for estimating the kinetic parameters of as
yet un-studied compounds would be particularly valuable.

Systematic exploration of current data 01"1 gas phase reactions by Benson(l)
has revealed that for some reaction categories, the Arrhenius parameters
can be fitted with the aid of some simple rules into the frame work of transi-
tion state theories. These rules involve in part the extension of the methods
of group additivity to the calculation of kinetic parameters. The purpose of
the present work was to investigate more thoroughly and improve upon those
reaction categories to which these methods have been applied and to extend

the group additivity methods to other reaction categories.

The first task of the kinetic investigation was to examine critically empirical
methods of estimating activation energies.for elementary chemical reactions.
This has proved to be a fairly involved task because the problems associated
with different reaction categories are very specific for each category. Before
a systematic set of rules for the computation of kinetic parameters can be
formulated and ultimately adopted to computer programming methods, it is
necessary to understand fully the problems and techniques involved in calcu-
lating activation energies. Therefore, the majority of work on this project was

devoted to the first task of estimating activation energies.

Several specific classes of reactions were investigated in depth. This approach

was used rather than a general survey involving less detailed analysis of a




large number of reaction classes in order to understand more fully the problems

associated with empirical methods of estimating activation energies.

The ultimate goal of this project is to develop uniform techniques to

calculate rate constants of elementary chemical reactions rapidly.
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Section 2

METHODS FOR ESTIMATING THE ACTIVATION ENERGY AND '
FREQUENCY FACTOR OF GAS PHASE CHEMICAL REACTIONS

For a simple unimolecular reaction

A K B

the rate constant k can be described by the Arrhenius equation

k = Ae - E/RT

where E is the activation energy, R is the gas constant, T is the reaction .
temperature in °K, and A is the frequency factor. Transition state theory..
postulates the participation of an '"activated complex'' or excited intermediate

in chemical reactions. For the simple unimolecular reaction this is repre-

sented by

A—-al -8

where AT is the excited intermediate of the transition state. The frequency

factor A, as given by the transition state theory is

A = Sl}:-z exp (AST/R)

where AST is the entropy of activation, that is, the change in entropy in going

from reactant A to the transition state AT. The other terms have their usual

significance. Similarly the activation energy”E is equal to

E = aHT + RT

‘where AHT is the enthalpy of activation, namely, the difference in enthalpy

between the transition state and reactant. These equations can easily be
generalized to more complex elementary reactions with more than one reactant

or product. In any case, the values of AST and AHT are required to calculate

the rate constant.
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Benson la) has examined the experimentally determined Arrhenius parameters
for the most common reaction categories and has derived fairly simple rules
for estimating entropies of activation through consideration of the changes in
molecular structure in going from reactants. to transitién state. The rules

for computing the A factors are uniquely defined for each particular transition
state model, and are based on changes in bond lengths, bond bending and
stretching frequencies, and barrier heights to internal rotation. The method
used by Benson is fairly general and can be applied with success to a wide

variety of reaction categories.

In contrast, the problems enéountered with the calculation of AHT for different
reaction classes has proved to be specific, or nearly specific, for each
reaction class. In practice, only those classes of reaction were chosen for

the study of methods for calculating AH*, for which methods have been well
developed for calculating ast. There are several reasons for thi’s approach.
First, the transition state model addpted for these reaction classes has been
shown to be accurate due to é,greement of calculated and experimental A
factors. Second, for these classes, in general, a large amount of experimental
data is available for comparison of results. Finally, the methods for calcu-
lating AHT can be combined with those for AST to generate reaction rate

constants for those classes.

The methods applied to several classes of unimolecular and bimolecular
reactions will be discussed in this section. In addition, the work performed
to determine some bond energies and heats of formation required for this

work will also be discussed.

2.1 CALCULATION METHOD FOR AH(° OF RADICAL GROUPS, BOND
STRENGTHS IN SINGLE BONDS AND Pi BONDS

After the onset of this work, it was evident that group additivity thermodynamic
functions were required for radical containing groups. The need for these values
values arose several times during the course of this work. Benson and
O‘Neal(z) have given a partial tabulation, but additional data were required.

In addition, their tabulation does not take into account delocalizaticon in radical
groups which possess multiple-bonded ligands. That is, Benson and O'Neal's

formulation would give the same group value for the heaj: of formation of the

)




group [ C-(Cd)(HZ)] as for fv-C-(C)(HZ)] . In their calculation, a second step
is required to account for the delocalization of the unpaired electron by the
double bonded carbon. The present calculation incorporates the effect of
delocalization into the group values. This is compatible with group values for
non-radical groups and removes an additional step from the calculations. This

is advantageous for machine calculations.

A second requirement for these calculations was a tabulation of bond strengths.
Benson(lb) has given a fairly compléte tabulation, but additional data were
required. For example, previously in group additivity calculations, the same
value of bond energy was assigned to a carbon-carbon single bond in a hydro-
carbon chain as to a C-C bond alpha to a carbon-oxygen single bond. It was
found to be necessary to differentiate between two cases such as this in order
toaccurately account for differences in activation energy. In addition, pi bond
energies of C=C and C=0O double bonds were required. It was possible to
calculate all required bond strengths using group additivity thermodynamic

methods and group values of radical groups.

2.1.1 Method of Calculation of AHfC of Radical Groups

The formula
AHof[-R] = DH® [C-H] + AHfOIHR] - AHfo [ H]

is used to calculate the heat of formation AHfo of the radical group -R.
DH® [C-H] represents the bond strength of the carbon-hydrogen bond of the
saturated group HR which on dissociation yields the radical ‘R. AHC [-H]
is the heat of formation of a hydrogen atom, namely, 52.1 kcal/mole. All

heats of formation are for the standard state at 298°K.

It is necessary to use the value of DH® [C-H] which best reflects the ligand
environment of the group HR. For example, the difference in the C-H bond

strength for the CH, group of C_H, and CH_,=CH-CH_ is 10. 5 kcal/mole.

3 378 2 3

Therefore, the approximation will be used that the bond strengths given by

Benson for saturated hydrocarbons can be corrected for the presence of a C,
ligand in the HR group by subtracting 10. 5 kcal/mole. Similarly the C-H bond
strength for the CH'3 group of propé.ne is 98 kcal/mole compared tp the value
for acetone of 98. 3 kcal/mole. A value of 0.3 kcal/mole is thus added to the

5




C-H bond strengths in saturated hydrocarbons to correct for the replacement
- of a carbon ligand by a carbonyl ligand. Finally, a value for the C-H bond of
the CH3 group of propyne of 91. 5 kcal/mole and of methanol of 95. 9 kcal/mole
gives correction factors of -6.5 kcal/mole for C, ligands and -2.1 kcal/mole

for single bond oxygen ligands respectively.

.Table 2-1 contains the AHfO for a series of radical groups :‘R. Included in =
the table are the values of AHfO [HR] used as obtained from Benson(lc),
and the C-H bond strength used. Also included is the model compound used
for the bond strength along with the resultant correction factors. Where two
or more ligands are presenf which require a correction factor, the correction

factors are considered additive.

Table 2-1
HEAT OF FORMATION OF RADICAL GROUPS

| AHLO [-R] AHPIHR] DH®(C-H] Correction

‘R kcal/mole kcal/mole kcal/mole Model kcal/mole
*C-(C)(H) 35.8 -10.08 98 H-CH,CH, -
-C=(Cg)(H,) 25.5 -9.95% 87.5 H-CH,CHCH, -
*C-(CO)(H,) 36. 1 -10.08 98. 3 H-CHZCHg +0. 3
+C-(C,)(H) 37.5 -4.95 945  H-CH(CH,), -
- C-(C4)(C)(H) 27.1 -4.76 84.0 H-CH(CH,), -10.5
-C-(CO)(C)(H)  37.7 -5.0 94. 8 H~CH(CH3)2 +0.3
*C-(Cy) 37.0 ~1.90 91 H-C(CH,), -
“C-(CQ)(C,) 26.9 -1.48  80.5 H-C(CH,), -10. 5
+C-(H,)(0) 33.7 -10.08 95.9 H-CH,CH, -2.1
- C-(HY(C)(0) 31.8 -8.5 92.4  H-CH(CH,), -2.1
“C-(0),(C) 17.5 217.2 86.8 - H-C(CH,), -4.2

*The value of Hf [C-(Cd) *H3)] was not available from Benson(la). This

value was calculated from the AHfO = 4.9 kcal/mole for CH,CHCH,.




2.1.2 Method of Calculation of Single Bond Strengths
Various C-C, C-O, C-H, and O-H bond strengths were required to compute

the energies of activation. The general values of these bond strengths were
not accurate enough since they do not take iﬁto account the effect of nearest
neighbor environments in the compounds where these groups occur. Some of
these bond values were already available but most values had to be calculated
using group additivity methods. For example, for a C-C bond of the type
C-CH—CHZ-O(whqre the longer bond indicates the one to be broken) no value
for the bond strength could be obtained. The model compound CH3CH2CHZOH
was chosen and the bond energy calculated from the reaction

AE + CH3CH2CHZOH-CH3CHZ- + -CH,OH
Group additivity thermodynamic calculations are applicable to this problem,
and the AHfo of the radical groups previously derived can be used for this

purpose. Two examples are given in Table 2-2.

Table 2-2
SINGLE BOND STRENGTHS .

Bond Strength

Bond Type Bond Environment Model Compound kcal/mole
Cc-O C-0O CHZ-O CH3OCHZOH 88.0
C-C C- CH2 CH2-O CH3CH2CHZOH 83.0

2.1.3 Method for Calculation of Pi Bond Strengths

Values of the pi bond strength for various C=O and C=C bonds are required.

For symmetric compounds such as ethylene, the pi bond strength is defined

as the difference of the C-H bond strength in the cleavage of ethane.

DH {(CH

i.e. EA”[CHZCHZI 3CH2-H] - D [CHZCHZ-HI

E z[CH,CH,] 98 - 138.5 = 57.7 kcal/mole

t

Experimental values are available for this example, but group additivity

thermodynamic methods along with radical group values have been used to




calculate the pi bond energy of those compounds which lack such experimental
data

l |

e.g., Ep[CH,CH = CHCH,| = DH [CH, CHCH,CH,] - DH [CH,CHCHCH,]

Experlmental values are available for the first bond energy but the second bond

energy is calculated by group additivity.

The same principle is applied to asymmetric compounds. The pi bond energy

for propene is defined by the scheme:

CH CHCH + H-

DH

. , \
CH3CH2CH3 CH,CHCH, + H,
’ .
DH
1
CH;CH,CH, + H:
where
, i -,
E5(CH,CHCH,| = DH, -DH, = DH, - DH,

In Table 2-3 are the pi bond energies along with the bond environment and

model compound used in the calculations.




Table 2-3
PI BOND STRENGTHS

Bond Strength
Bond Type Bond Environment. Model Compound kcal/mole
/ /
C =0 C-—C< CH3C\ 82.6
o] ' OH
/
C =0 H——C\ CH,0 75.0
H
/O /O
C = O C—C\ CH3C< 74.5
H H
C = C CH, = CH - O CH,CHOH 52.8
C = C CH, = CH, | CH,CH, 59.5
C = C C-CH = CH-C CH3CHCHCHCH3 57.7
C = C C-CH = CH2 ' CH3CHCH2 58. 4

2.2 UNIMOLECULAR REACTIONS

The majority of work on individual reaction classes has centered on unimolec-
ular reactions. The emphasis on unimolecular reactions was for two reasons.
First, these reactions constitute the simplest reaction category, and if a

trial method to calculate activation energies fails here, it is not likely to work
.for more complex classes of reactions. Second, many bimolecular reactions
can be treated as the reverse of unimolecular reactions. Kinetic information
calculated for the latter case can then be used, by means of detailed balance,

to compute comparable data for the more complex bimolecular reactions.
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2.2.1 Simple Fission Reactions

Simple fission of a molecule into an atom and molecule or two molecules is
the simplest case of unimolecular reactions. The procedure for calculating
the A factor for these types of reactions is well documented and straight for-
ward. In additién, with the assumption that i&he back reaction for the associa-
tion of two radicals or a radical and atom has zero activation energy, the -
activation energy for simplé fission reactions is |

= o 4
Ea. = AHR+ RT

where AHI‘z is the endothermicity of the reaction defined as

AH% = AH? [products] - AH? [reactant]
these AH? are easily calculated by group additivity thermodynamic methods
using the radical group values given above. Two examples are:

1. C,H,— 2 [-CH,]

Observed EA = 91.7 kcal/mole at T = 800°K
Calculated from group additivity:

o _ o oy . o _ :
AHp = 28HZ, g0 0y [CH3] AH, 500%K [C,Hl = 90.6 kcal/mole
EY = AHOR + RT = 92.2 kcal/mole
2. C,H, ONO, —C,H.O + NO,

Observed EZ = 41, 2 kcal/mole at T = 420°K -
Calculated from group additivity

.o — 17O C 10
AHp = AHp, s9g0x [CHO1 + HE, 00 [NO,
(o] - )
- AHE, 420°K [CZHSONOZI_ = 41, 6 kcal/mole
E2 = AHL + RT = 42.4kcal/mole

' The agreement in both cases is good, and even with this method only applied to
a few examples, it seems fairly certain that the method is applicable to a wide

variety of simple fission cases.
|

10




Some possible problems can be anticipated. In many cases there is a lack

of group heat capacity values available to allow extrapolation of AH? at 298°K
to the appropriate reaction temperature. In the examples given above, this
extrapolation has been made for the cases where heat capacity exists, but an
important deficiency in the group value tables is this lack of heat capacity data.

This may limit the effectiveness of higher temperature calculations.

One advantage of this present method is that the use of the radical group
values given above already accounts for resonance stabilization of the unshared
electron in the free radical molecule. This is an improvement over earlier
methods which had to account for resonance stabilization by a general cor-- .~
rection factor in a separate calculation step. But some problems may be
encountered when conjugated chains or rings are available to stabilize the free

radical.

In any case, since the calculation for the A factors for these types of reactions
is well established, the inclusion of this method to calculate the activation
energy should provide a succéssful method to calculate rate constants for

simple fission reactions without any great difficulty.

2,2.2 Three Membered Ring Reactions

This class of reactions represents a fairly involved reaction system. O'Neal

and BenSon(Z) have postulated a biradical mechanism for these reactions, and
thesr have developed a system to calculate aSt for individual reactions. In
addition, they have done extensive work on a method to estimate activation
energies for this class of reactions. This class of reactions was studied in
this project so as to better understand the application of group additivity
methods to the calculation of Arrhenius parameters for more complex classes
of reaction and also to éee what improvements could be offered on the present

method.




The simplest reaction of this class is the pyrolysis of cyclopropane to give

propylene

CH

‘ CHZ:'CH-CH

3

CH, —————CH

2 2

Using a biradical mechanism, the reaction can be divided into several distinct

steps.

1.

Ring Opening. For vring openings to the corresfyonding biradical,
AH.E can be estimated directly using group additivity thermodynamic
methods. Again, the group values of the radical groups are required
for this step. ‘ :
Temperature Correction. The AH? given in the tables (lc) is for
298°K. Heat capacity data has to be used to correct this to the
reaction temperature. There is an important lack of heat capacity
data for radical groups, and this may prove to limit the effectiveness
of some calculations. ‘ ; | |

Transition States. Modification of the bi-radical structure to the
structure of the transition state must be made and the corresponding
AHE deduced for this step. This is the important step since the value
for AHg for this step can only be obtained by empirical methods. In
addition, for a given cyclopropane ring reaction several transition
states are possible, and all of these have to be accounted for in this
step. As an example the cyclopiropane decomposition is considered
in detail. - |

Step 1. Ring opening via a bira{iical mechanism

CH, |

12




au! = 2aH? [.C - (H)(C) - 28Hg [C - (H,)(C,)) - aHP (4]

54, 0 kcal/mole

. where AH? '{A] is the three member ring strain energy as given by
Benson(z); A
Step 2. For a reaction temperature of 770°K a correction of 0. 8 kcal/

| 4 to anl
mole must be added to AHL 298°K
Step 3. Transition State, The decomposition of cyclopropane yields

propylene. The transition state involves a hydrogen atom migration:

CH
H »
7\
H2 CH2

The measured activation energy is 65. 6 kcal/mole at 770°K. As

CHZ

ow,  cH, :

calculated

Ea = A‘HT +'AHT

1 > AHE + RT = 65.6 kcal/mole

All the factors in this equation are known except AH‘r , that is the

correction factor for hydrogen atom migration in the transition state.

Its value can be deduced to be

T _
HHmig = 9.3 kcal/mole

The numerical values differ somewhat from those of O'Neal and

(2)

Benson' ', due mainly to different values for the radical groups.

This deduced value for the energy associated with hydrogen atom

migration in a 1, 3 biradical will be used for other 3-membered ring
calculations. The assumption is made that this value can be used at

all temperatures.

13




A second possibility is available in step 3 above, that is closure of
the three membered ring. The reaction of the cis-trans isomeriza-
tion of 1, 2-dideutero-cyclopropane has been studied and an experi-

mental activation energy obtained of é4. 2 kcal/mole at 720°K.

Therefore

AHE = 8.0 kcal/mole

Again, the assumption is made to use this value at all temperatures.

The biradical mechanism is demonstrated for the case of cis-1,2 -

dimethylcyclopropane.

The reactions are;

CH3 CH3 CH3

(1)

cis-trans

‘CH——— CH CH———CH isomerization
\ / CH, |
CH2 CH3
(2)
_—— CH3CHCHCH2CH3
(3) CH3CH2C|CH2
CH3
(4) CH,CHCCH,
CH

3

14




An important point in three membered ring reactions is that several

sites are availabie for the biradical, for example,

§r3 cr3 | CF3'TCF3
CH\—/-CH — ——~ .CH -CH
CH, CH,
CH,  CH, CF3 Cr3
CH§:7;CH .CH — CH
CH, | '-_CH2

The calculated and observed activation energies for the above reactions are
shown in Table 2-4,

Table 2-4.
CALCULATED AND OBSERVED ACTIVATION ENERGIES

Reaction Temperature E_ (Calculated) E (Observed)
Product OK _ kcal/mole ~ *cal/mole

1 689 61. 4 59. 4

2 . 689 62.7 61, 3%

3' ' 689 64.1 61.9

4 ’ 689 64.1 62.3

*Average of 61.2 and 61.4 for cis and trans form form of pent-2-ene.

The agreement is good for the activation energies. This methods appears to
‘be generally applicable to these small ring compounds. O'Neal and Benson( 2)
have also investigated cyc‘lob'uta.ne reactions and these methods also are

applicable in that case. Nevertheless, several pfoblems are evident. First,
if a multiple bond is available alpha to an unshared pair of electrons, delocal-

ization will occur. Presumably, -since the group values for radical groups

15




already account for this ‘deloca.lization»,- this can be handled in a straightforward
manner. The problem of conju.g-ated chains or rings being available for further
stabilization of the free radical has not been studied. More important though,
double bonds can allow for migration of the unshared paif. This can lead to
new mechanisms with different transition states. For example, the major

product of vinyl cyclopropane decomposition is cyclopentene.

CH

> CH CH, cle
CH CH, ' .CH -CH,
CH/ | \CH /
2 2
CH -CH ‘ CH CH
2
\CH/ ' \CH/ i
2 2
0 ik
CH CH,
\_/
CH, .

This five membered ring closure mechanism can also be. treated in a manner

similar to the three membered ring closure. This results in

AHI: = 8.3 kcal/mole
5
Applying this value of AHZ: to the reaction

' 5

C|H3

CH2=_CH CH3 CH -

| / \

CH——CH CH, Cle
CH ' CH CH

16



yields an activation energy of 47.8 kcal/mole. The observed E, is 48, 6 kcal/ '
mole. Again the agreement is good, but this simple example does give some
indication of the problems associated with complex side chains. They greatly
increase the total number of possible products and provide new transition states.
Extensive experimental data will be required to provide model systems for

many possible transition states.

2.2.3 Six Centered Elimination Reactions

A large fraction of unimolecular gas phase reactions appear to take place by
way of four centered and six centered cyclic activated complexes. The vast
majority of the four centered reactions are the elimination of hydrogen halides
from the alkyl halides to produce olefins. Losses of water, ammonia and HZS
from tertiary alcohols, amines, and mercaptans have been observed in only a
few cases. Since this program is not concerned with halogen containing
compounds we will not investigate four centered reactions at this time. Instead
we will investigate six centered reactions which involve esters, alcohols and
ketones. These reactions are more applicable to the interests of this program,
and it is believed that the techniques developed for six centered reactions will

be equally applicable to four centered reactions.

‘Methods have been developed for calculating AST for different classes of six
ceptered elimination reactions but little work has been done on estimating AH-fL
for these types of reactions(3). ‘

The information and experience gained in the study of the two previous cate-~

gories of unimolecular reactions were applied to several six-centered elimina-

tion reactions.

Below are given model reactions for the various categories of six centered
reactions which were studied. In all cases, the transition state involves a
six membered ring containing bonds of fractional order. This results in an

overall polarization of the molecule between the two reacting ends.

17




Esters

& ol o 3
',/O O+«H 2 H4 '
A )
CH3C\ — CH3C\ - CHZ CH3COOH
OCH,CH, NO CH;
Ethyl acetate
a - Unsai:urated Alcohols
B |
CH CH, - H
. 2 R C.H
/ 2 ‘ / 3
HC OH HC O— +
CH, —CH, . CH, . CHj

But-3-ene-1-0l

Allylic Rearrang ement

5 6+ :
CD, CD CD, « CD CD
/ 2 2 , 2 2 : / 2
CH >CH ——»CH/ xCH ——CH
\CH'Z——CHZ » \CH2 . CHZ/ \CH2

1, 1, 6,, 6 - Tetradeutero ~1, 5 - hexadiene

Allylic Ethers

8~ 8+
/CHZ a /CHZ- Hoo C,H,
CH CH3——-CH CHZ———. +
.\O—-CHZ/ \o . CHZ/ . CH,CHO

Ethyl vinyl ether

18
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5. Diesters

o) ' ' :
/ Q CH
3 CH.O
_C—CH 0 -\\c/éf o ¢

Methylene diacetate

6. H - atom transfer

/CHZ /CH'Z‘S_ /CH3
s T o«
\CH/ \ \CH/ \CH ’ \CH/ \CH

1, 3 - hexadiene (cis)

The assumption was made that all bonds formed or broken in the transition state
of the model compound are of order one-half. The energy involved is equated to
one-half the appropriate bond strength. The various bond strengths required

were calculated by group additivity thermodynamic methods as outlined above.

The six-membered ring of partial bonds produces a polarization of the reacting
ends of the six membered chain. The polarization energy is the difference

involved in the energy required to produce the partial bonds and the observed

activation energy.

The various model compounds listed above were chosen as the simplest
examples for which experimental data were available. The experimentally
observed activation energies are listed in Table 2-5 along with the correction

for end interaction AHT deduced by this method.

19
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i

. Table 2-5
ACTIVATION ENERGIES AND END INTERACTION CORRECTION

E | AHT
a ‘ _ P

Reaction Category Model - Compound kcal/mole = T°K kcal/mole
Esters . Ethyl A(_:etate A 48.0 725-876 13. 8
o - unsaturated But-3-ene-1-o0l ' 41.0 643-685 13.2
alcohols : _ ‘
Allylic 1,1,6,6 - tetra - 35.5 ' 530 ' 4.4
Rearrangement deutero - 1,5 -

hexadiene
Allylic Ethers ethyl vinyl 44.4 = 640-721 3.5

ethers . v
Diesters methylene 36. 4 493-578 17. 2

: diacetate ’
H-atom transfers 1,3 —.hexad.ien,e 32.5 474-518 14,1
: {cis)

Ea was calculated from the summation of one-half the bond energies of those
bonds being broken in the transition state, and the subtraction of (1) one-half
the bond energies of those bonds being formed, and (2) AHT, to account for

the stabilization of the transition state due to the end polarization.

One important consideration for these reaétiofxs is the effect of substituent
groups attached to the six membered ring. These groups do not enter directly
into the transition state, but have the effect of adding or withdrawing electron
density from the ring, thereby increasing or decreasing the magnitude of the
end interaction. The class of ester reactions was chosen to investigate sub-

stituent effects since they encompass a large amount of experimental data.

The mod.el.compound for ester reactions is the d‘,ec‘:omposition of ethyl acetate
into ecetic acid and ethylene. In studying compounds with hydrocarbon sub-
stitution at the a or P position of the transition state r.ing, account must be
taken of the changing bond environment as well aé the change in electron

density of the ring.
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‘The two cases of methyl substitution at the B position of the ester along with

the nonsubstituted model compound, ethyl acetate are illustrated below.

O .

4/¢ CH,COOH
(I) CH,C +
OCH,CH, CH,CH,
4%¢o ' _ . CH,COCH
(II) CH,C : : +
OCH(CH,), CH,CHCH,
4¢¢o CH,COCH
(1) CH,C : +
O-C(CH,), CH,C(CH,),

The calculated and observed activation energies are given in Table 2-6 along

with the correction per methyl group.

Table 2-6

- ACTIVATION ENERGIES AND CORRECTIONS |
FOR f METHYL SUBSTITUENTS

Reaction Observed Calculated Number Correction per
Number  AE-kcal AE-kcal CH3 groups C,H3 group-kcal
I 48.0 48.0 0 —_—
II 45.0 48.8 ’ I . -3.8
III , 40.0 49. 4 2 -4.7

Therefore an average correction of -4. 3 kcal per CH3 group will be applied.

In a similar manner, the following are examples of ethyl substituents at the

B position; and the corresponding calculated corrections per ethyl group. The
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activation energies and the calculated

presented in Table 2-7.

corrections per ethyl group are

CH,COCOH

° o
(IV) CH,C +
OCHCI—lI3 CH,CHCH,CH,
(CH,CH,
/o CH,COOH
(V) CH,C +
O-CCH|3 CH, C(CH,CH,),
(CH,CH,),

Table 2-7

’ ACTIVATION ENERGIES AND CORRECTIONS
' FOR B ETHYL SUBSTITUENTS

Reaction Observed Calculated

Number of Correction per

Number AE-kcal AE-kcal Ethyl Groups Ethyl group-kcal
I 48. 0 48.0 0 ‘ _—
v 45.2 48.8 1 .36
A% 38.0 49. 4 2 -5.7

The average correction is -4. 7 kcal per ethyl group.

Methyl substituents at the a position are sho‘wn in (VI) and (VII):

/o CH,COOH
(VD) CH,C —_— +
OCH,CH,CH, CH,CHCH,

22




" CH,COGH
(VII) CH,C ' —_— +

3
\:o.'-.f,c_};zc;x—x(c:_n:‘).z CH,C(CH,),

The data for these substituents are shown in Table 2-8.

Table 2-8

ACTIVATION ENERGIES AND CORREC TIONS
FOR o METHYL SUBSTITUENTS

o0
Reaction Observed Calculated Number of Correction per
Number AE-kcal AE-kcal Methyl Groups Methyl group-kcal
T 48,0 48,0 0 —
VI 47.7 . 46.8 | 1 | 40.9
VIL 47.3 46.1 2 +0. 6

The average correction is therefore +0. 7 kcal per CH3 group.

Examples of ethyl substitution at the a position are:

S ' CH,COOH
(VII) CH,C | - —_— +
O(CH,),CH, CH,CHCH, CH,
CH,COOH
(IX) CH3C\ | —_— +
OCH, CH(CH,CH,), CH,C(CH,CH,),

Data for the ethyl substituents at the a position are shown in Table 2-9.
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Table 2-9
ACTIVATION ENERGIES AND CORRECTIONS

FOR a ETHYL SUBSTITUENTS

Reaction Observed Calculated . Number of "Correction per
Number AE-kcal AFE-kcal Ethyl groups Ethyl group-kecal
I 48.0 0 —
VIII 46.0 1 -0.8
IX 45.8 2 -0.2

This results in an average c¢

a position.

orrection of -0. 5 kcal per ethyl group at the

This method for hydrocarbon substituents can be applied to other classifica-

tions of groups as well. The lifniting factor is the lack of sufficient experi-

mental data for model compounds.

Table 2-10 lists a variety of ester reactions to which our six-centered

reaction method was applied to calculate the activation energy. The observed

values of AE are from a tabulation of experimental values by Benson(3). The

values in parentheses are activation energies calculated from observed rate

constants and Benson's tabulation of A factors. In most cases where a wide

discrepancy exists between experimental values and Bensdn's "calculated"

activation energies, Benson's values are probably more accurate. The

values of AE calculated by the present method are in good agreement with

the observed values.

Table 2-10

ACTIVATION ENERGY FOR SIX CENTERED REACTIONS

AE-kcal AE-kcal
‘Observed Calculated
1. CZHSCOOCZ — 48,5 48. 0
C2H4 + CZHSCOOH
2. Isopropyl acetate — 45. 0 44.5
C_.H, + CH,COOH 46, 3

3776

3
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Table 2-10
ACTIVATION ENERGY FOR SIX CENTERED REACTIONS (Continued)

AE-kcal AE-kcal
Observed Calculated
t - Butyl acetate — 4 40. 5 40. 8
(CH3)2C = CH2 + CH3COOH | 40.0
sec - Butyl acetate — 46. 6
cis-trans-2butene + CH3COOH ' (45. 2) 43, 8
l-butene + CH3COOH (45. 2) 44.1
t-Butyl propionate — | 39. 16 40. 8
isobutene + CZHSCOOH
N-Propyl acetate — : , ‘ 47.7 47.5
‘C3H6 + CH COOH 48. 3 ’
N-Butyl acetate — : 46.0 46. 3
1-butene + CH3COOH '
N-Pentyl acetate — 46. 4 46.3
l1-pentene + CH3COOH :
3-Methylbutyl acetate —= | 47.9 . 46.3
CH,COCH + CH, = CHCH(CH,) .

3 2 7 372 ‘
2-Methylpropyl acetate — 48. 8 47.5
isobutene + CH3COOH '
2-Methylbutyl acetate — ' 45,7 46.3
CH,COOH + CH, + C(CH,)C_ H

3 2 3772
2-Ethylbutyl acetate — ‘ - 49,7 -
CH3¢OOH + CH, = C(.CZHS)Z (45. 8) 45. 1
2-Pentyl acetate — 43.7
CH3COOH + 2-pentenes (cis, trans) (43. 8) 42, 6
CH COOH + 1-pentene - (43.8) 44,1

' 3-Pentyl acetate — | 44,7 43. 4
CH COOH + 2-pentenes (cis, trans)
2-Heptyl acetate — 45.3
CH3COOH + 2-heptenes (cis, tArans) (43. 6) 42. 6
CH,COCH + 1-heptenes : (43. 6) 44,1

3
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| Table 2-10 |
AC'I‘IVATION ENERGY FOR SIX CENTERED REACTIONS (Continued)

AE-kcal AE-kcal

Observed Calculated
16. 3-Heptyl acetate — . . . 46.9
' CH COCH + 2-heptenes (cis, trans) (42. 8) © 43,4
CH3COOH + 3-heptenes (cis, trans) (42. 8) 42. 2
17.  4-Heptyl acetate — - 44.9 42.2
CH COOH + 3_heptene_s (cis, trans) 42,7 :
18. 3-Methyl - 2-pentyl acetate — 43,2 44,1
3-Methylpent - l-ene + CH,COOH (43.5)
3-Methylpent - 2-enes (cis,trans)
'+ CH,COOH | - (43. 5) 43,3
19. 2,4 - Dimethyl - 3-pentyl acetate — S 44,7 44,1
(CH3)Z C = CH(i = C3H.7) ‘ {43.0)
20. 2,3 - Dimethyl - 2-butyl acetate — 41,3 . 41,17
CH3COOH + tetra methylethylene ' (37.9)
CH3COOH + CH2 = C(CH )CI_—:{(CH3)2 (37.9) ' 40. 4
21. 3-Methyl - 3-pentyl acetate — 42. 4 :
CH COCH + 3-methylpent - 2-ene (c1s trans) (38.0) 39.7
CH3COOH + 2-ethylbut - l-ene " (38.0) 40.0
22, 2-Methyl - 2-pentyl acetate — , ‘ 40. 6
CH3COOH + 2-methylpent - l-ene (38. 3) 40. 4
CH3COOH + l-methylpent - 2-ene - (38.3) . 38.9

The above results demonstrate the systemati;: method as applied to substit-
uent effects for ester reactions. A similar method can be used to gain
correction factors for oxygen, nitrbgen, and halogen containing substituents.
Similarly, it is expected that this method can be applied to the other classes

of six centered reactions.

2.3 BIOMOLECULAR REACTIONS

In general, biomolecular reactions can be separated into three classes —

metathesis or atom transfer, association reactions, and displacement
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reactions. Some of the inherent problems and tentative solution methods for

each of these reaction categories are described below,

2.3.1 Metathesis Reactions

An example of hydrogen atom transfer is:

H+ C

2He ™ Hp *+ CHg

The transition state for this type of reaction involves some structure such

as:
H

H-H--- C—CH

X—(I | 3

The method of partial bond orders used in the six centered elimination
reactions may be applied here to calculate activation energies. Problems
are sure to be encountered in these atom transfer systems due to unequal
sharing of the atom in questioh in the transition state. But a large set of

data exist for many classes of metathesis reactions so empirical correction

factors may be deduced.

A first step in calculating an entropy of activation for atom transfer reactions
may be to assume a constant A factor for any one class of atom transfer. The

A factors appear to be fairly constant within any one class.

Since most atom transfer reactions involve only two bonds being simultane-
ously made or broken, this category of reactions may prove to be success-
fully handled by group additivity methods. Most certainly some empirical

correction factors will be needed nevertheless.

2.3.2 Association Reactions

Such association reactions as radical-radical recombination may be best
handled by calculating the back rate for unimolecular decomposition and

using the principle of detailed balance to calculate the desired rate. But
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more complicated processes of association will require careful considera-
tion of the vibrationally excited intermediate produced. For the general

type of reaction:

A+B ®» AB*¥ a AB

the intermediate AB* is usually vibrationally excited and unless this en‘ergy
can be transferred to other degrees of' freedom, fhe iﬁtermediate will
decompose back to reactants. The rate ,o‘f,d.eactivati'on of this type of excited
intermediate will be an important steép in solving reacﬁon rate calculations
for these bimolecular reactions. A potential approachifor estimé,ting the rate
of decomposition of larger iﬁtermediafes is in the Rice-Ramsperger-Kassel
model which treats the decomposition rate of an activated molecule in terms
of transition probability and the density of vibrational quantum states. These,
in turn, are a function of certain estimated or assigned variables such as the
critical energy or minimum quanta of vibrational energy required for

decomposition. The low-pressure limit for deactivation can also be

calculated.

For small (di- or triatomic) intermediates, it may be possible and indeed
desirable to utilize the more accurate Rice-Ramsperger-Kassel-Marcus

model.

2.3.3 Displacement Reactions

This type of reaction appears frequently in the chemistry of unsaturated
compounds. For example: |

CH3 . CH3

It may be possible to calculate activation energies for these reactions by
assuming a stable structure for the‘transition state and using group addi-
tivity methods to calculate the AH of this species. Free radical group -
vadd..iti'vity data, such as that estimated during fhe_ cbursve of this study, would
be utilized to compute the heat of formation. In order to account for differ-
ences in bond strengths, chemical environments, etc. , correction factors -
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will most probably have to be determined for various ctlasses of compounds,
as in our treatment of unimolecular reactions. These calculations may be
hindered by the fact that little quantitative data seem to be available for this

type of reaction.
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Section 3

SCHEME FOR COMPUTER CALCULA.TION OF THE
MOST PROBABL.E REACTION RATE

For any elementary reaction to which there are severall possible reaction
paths, and therefore,‘ several pos sibie products, the most straightforward
way to compute the most probable path would be to calculate the rate con-
stant for all paths, and eliminate any paths which 'ha;ve‘a rate of less than
10 percent of the fastest path. This'appears to be a reasonable criterion by
which to predict the major products of a reaction. To save computer cal-
culation time a preliminary screening method may be possible. Since many.
reactions of a given molecule along similar paths should have similar AST,
it may be possible to calculate AHT and eliminate all but the most important
paths having the smallest activation energies. Then the ast could be cal-

culated for only these most important paths.
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, Section 4
METHODS OF HANDLING COMPLEX REACTION SYSTEMS

Complex reaction systems involve multiple, parallel, or successive elemen-
tary reaction steps. For this study, complex reaction systems are divided
into two general catégories: Additive Reaction Systems and Successive

Reaction Systems.

4,1 SUCCESSIVE REACTION SYSTEMS
These systems are defined as reaction systems which require one or more
successive elementary steps to go from reactant to product. This is repre-

sented by:

— —_ ——— —"
A— A — A, A — A o , o (1)

- This reaction group can be very complicated due to the fact that ét each
elementary step different products may be possible. This will produce
branching reaction systems leading to different products. Parallel processes
are also possible. In addition, the different products at each individual step

may influence other steps.

Fortunately there are some basic considerations which make it possible to
sort out those pathways which are important. In any chain reaction of the
sort de.scribe‘d in (1) it is necessary that the intermediate or chain propaga-
tion steps be very fast. This is necessary if the chain reaction is to compete
favorably with the concerted mechanism. For example in the decomposition

of H2 and Br,, the follbwing concerted mechanism is possible:

2.!
I—II--...Br H— Br
| . .
: I
! t
i i m— +
| I
i
| 5
[} ) . ) .
H---Br H — Br (2)
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The chain reaction would be : | '
H, + Br — HBr + H - | (3)

H + Br, — HBr + Br ' ‘ (4)

2
In order that several successive steps can compete with a concerted mecha-
nism, the chain propagation steps must have low activation energies. In
addition, the intermediates (Al" AZ’ -- An’ in re'ac‘tion‘(l)- ) must be highly
reactive intermediates, i.e., atoms and free radicals. This now limits

somewhat the possible pathways.

4. 1.1 Criterion for Favorable Chain Propagation Steps
(1d)

Following the recommendations of Benson. , we will limit the possible
chain'propagation steps to three types of elenﬁentary reactions: addition,
atom abstration, and unimolecular fissioh. In addition, Benson has proposed
a criterion for the activation energies. of chain propagation reactions. For
bimolecular steps AE/Q < 5.5 and unimolecular steps AE/6 =14 where 6 =
2.303 RT kcal/mole. This is an estimation of the activation energy required
so that the chain propagation steps will be rapid enough to compete with a

concerted mechanism.

4.1.2 Method for Determining Chain Propagators

In order for a chain reaction to proceed, some catalytic agent must be pro-
duced and then used to propagate the chain, the overall concentration of the
propagator not increasing with time. Benson has proposed a general method
to find the chain propagator. We have tested this for the decomposition of
ethyl chloride and found that it successfully predicts the correct reaction

mechanism. ’ =

The procedure is the following: Some radical R is chosen. It can only

abstract ari atom:

— .CH_CH,Cl + RH

. 2772
R- + C,H.Cl — -CH3CHC1 + RH
— CH3CHZ + RC1 : (5)
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There are three possible propagation steps. The exothermicity of the
reactions is given in kcal/mole.

* CH,CH,Cl — CH,CH, + Cl-  21.3 (6)
CH3CHC1 —= CH,CHCl + H: 43,1 ' (7)
CH,CH,  — CH,CH, + H- 39. 0 (8)

Clearly, considering that activation énergy Ea > AH, reactions (7) and (8)
are too slow to be considered only reaction (6) will be the propagation step.
Reaction (6) produces the radical Cl, so in order for this to be a chain
process, the unspecified chain carrier R in reaction (5) must be Cl. The

possible reactions with their AH are given below.

cCl- + C2H5C1 — -CHZCH2C1 + HC1 -5.0 (9)
Cl- + CZHSCI — CH3CHC1 + HC1 -8.4 (10)
Cl: + CZHSCI — CH3CH2 + ClZ +21.3 : (11)

Again only reactions (9) and (10) can compete, and as shown above only the

decomposition of - CHZCHZCi can compete. The final reaction system is

given,
Cl- + CH3CH2C'1 —_— CHZCHZCI + HC1 ’ (12)
~CHZCH2C1 — CHZCHZ + Cl- : (13)

Therefore,. the only products of CH3CHZC1‘ decomposition are CH‘2CH2 and
HCl, and we have deduced the important elementary steps needed to calcu-
late the overall rate. Unfortunately it has been found difficult to apbly this
method to more complex systems. A fair amount of chemical knowledge
seems necessary to make a preliminary choice of important reactions;
otherwise the number of possible reactions becomes difficult to handle.

It is necessary to include t_he'chemistry of initiation and termination

reactions to d‘evelop a realistic list of possible reactions.
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4. 1.3 Initiation Reactions

For homogeneous systems, monoradicals must appear and disappear two at
a time. It will be necessary to test all possible sources of radicals in a given
system, the most rapid formation being the one observed. It is possible to

develop an appropriate criterion to test some of the poésibilities.

Shown in Table 4-1 are a factors and alcti\;ation energiés for a variety of
unimolecular reactions involving the fission of a molecule into two radicals.
While there is considerable 1:ange for the activation energies, logA = 16

+1 sec—1 for many systems. In contrast, bimoleculai- reactions of two
molecules to two radicals (the reverse of radical disproportionation) have

logA = 9 + 1 liter/mole.sec.

. Table 4-~1
FISSION OF MOLECULES INTO TWO RADICALS

Reaction Log A E(kcal/mole) T(°K)
C,H, — 2CH, : 16. 0 86.0 850
C,H , — 2C,H, . 17.4 82 400
CH,00CH, — 2CH,0 15. 4 36. 1 410
C,H,ONO — C,H,0 + NO - 14.2 37.7 430
C,HZONO, — C,H.O + NO, ~16.9 41,2 420
CH,N = NCH, — CH, + NNCH, 17.2 55,5 600
C H, - CH,C,H, — C/H. - CH, + C,H,  14.9 - 68.6 950
C(NO,), — C(NO,), + NO, 17.5 40.9 470

(

that for the rates of unimolecular and bimolecular fission to be equal, E1 -
EZ =(9.4+ 2) 0, where 8 .= 2.303 RT kcal/mole, and E1 is the activation
energy for the unimolecular step and EZ is the activation energy of the

bimolecular process. At 2000°K E1 - E2 = 88 + 18 kcal. This is so high that

Considering these values of pre-exponential factors Benson le) has shown

bimolecular initiations will almost never happen. At 1000°K El - E2 = 44 +
9 kcal. It will be necessary to test possible bimoleculari_ and unimolecular

- processes with this criterion.
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In most case, the bimolecular initiation process will never occur, except

with few exceptions. One example given by Benson (le) is the pyrolysis of

olefins.

C3H6 ——~ C3H5‘+ H AH1 = 87 kcal/mo;e

2C,H, — C,H, + C;H, AH, = 48 kcal/mole

In this case near 1000°K the bimolecular process must be included in the

kinetics.

4.1.4 Termination Reactions

The rates for several representative radical recombination reactions are

given in Table 4-2.

Table 4-2
RADICAL-RADICAL ASSOCIATION REACTIONS

Log k

Reaction (Liter/mole sec) " T(°K)
2CH, — C,H, | 10.5 400
ZCZHS —_ C4H10 10. 4 400
CH, + C,H, — C,H, | 10. 7 400
CHy +n - C;H, — n - C,H 10. 7 | 400
21 - CH, — C(H, 10. 8 400
2 t - C4H9 —_— C8H18 9.5 373
2t - C4H90 —_ C8H19OZ 8.8 420
CH3 + NO —& CH3NO 8.8 300

Most of these reactions fall in the range of Log k = 9.8 * 0. 5 liters/mole sec.
Disproportionation reactions for large radicals also have the same rate range.
To a first approximation all radical-radical recombinations or disproportion-
ations will be considered to have nearly the same rate. As the radical chain
carriers build up in concentration, the termination reactions will be governed

by this rate.
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The only exception to this case is the recombination of two small radicals

(CH,, NO, Cl). In certain pressure regions these reéctions will be third
order. These molecules will have to be treated as special cases. Possibly
the number of small radical reactions involved in most reactions can be

minimized, and specific experimental data used for these reactions.

4.2 ADDITIVE REACTION SYSTEMS ,

These systems are defined by a molecule or molecules in which two or more
distinct elementary steps are p0351b1e with the initial reactants. This can be
represented by the following: If re.active center A can un’def’go an elementary
step to produce A', and simAilarly B to B'u, then an additive reaction system

would contain both A and B, that is:
A— B— A'— B!

This represents the additive reaction class in its simplest form. If both
reactive center A and B are present in a molecule, then the product of the
reaction is just the sum of the reactions of the two‘reactive centers. An
additional mechanism may be'possible. We will term this the interference
mechanism. That is to say with both A and B present in the same molecule,
the possible elementary steps which lead to products will be‘ something
different than A to A' and B to B'. In other words, the simultaneous occur-
rence of both A and B may interfere with the '""usual' elementary reactions.

For instance B to B' may be blocked by the presence of A.
A—B — A'—B

Or another possibility is that A and B together may produce some different

elementary step.
A—B — A'—C

It is clear that in such cases as two carbon-carbon double bonds widely
separated in a hydrocarbon chain so that there is no con_]ugatlon the
appropriate chemical entities will undergo their usual reaction, unhindered
by the presence of each other. This would be a simple ad.d,1t1ve case. As long
as we are able to calculate the individual elementary steps, the simple addi-

tive case will just be the sum of the possible'elementafy steps. But it will
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be necessary to investigate more thoroughly the possible 'interference"

mechanism possible for different combinations of A and B.

For example the molecule
H C O
2 \ /
CH-CHZ-C<

H,C . ' O-CH,CH

2 27773

would be expected to undergo reactions specific to both 3-membered rings
and to esters. The presence of the ring will not influence to any great extent
the six centered elimination pathway of the ester; nor will the ester group
interfere with -the biradical mechanism of the small ring. The final prod-
uct distribution depends only on the relative rates of the two independent
pathways and the reaction conditions. This is a simple example of the addi-

tive reaction class.
A more complex situation arises when 'interference'’ between two distinct
reaction centers can occur. An example of this type are the reactions of

bicylopropyl. The usual biradical mechanism’'is present for each ring

separately and 4 mono- and 9 di-ene products are found. Some examples

are given below. _

37




All these products arise due to "addition'" of the pathw‘ays-possible from the
two distinct reactive centers. But several pathways-are possible only if both

reactive centers are present. These reactive_pathwayé are not due to simple

"addition'' of reactive pathways. For example

> — O

This pathway in fact produces the major pfod.uct for the bicyclopropyl mol-
ecule. Another example of an interference process is when a double bond is
adjacent to a 3-membered ring. The usual reactive pathways of the ring and
double bond are available, but the following reaction produces one of the

major products.

This five-membered ring closure mechanism is not possible unless both the

3-membered ring and double bond are present together.

We have not investigated the possible interference mechanisms for a wide
variety of systems. But these few examples indicate that they are of major
importance. Some complex molecules which contain more than one reactive
center will be able to be treated by simple addition of our present methods.
But additional study will be required to locate impoftanf classes of inter-
ference mechanisms. Due to all the possible combinations between reaction
categories, there may be many special cases which require special

treatment.
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Section 5

POTENTIAL PROGRAMMING METHODS
FOR COMPUTER APPLICATION

Two examples have been chosen to demonstrate the application of computer
methods to the reaction kinetics techﬁique. These are simple fission reactions

and reactions of simple fission with resonance stabilization.

5.1 SIMPLE FISSION REACTIONS

The conditions for this reaction catégory are that the products of a unimo-
lecular reaction are radicals and/or atoms: and no concerted reaction path
with a much lower activation energy is available. The activation energy at
temperature T, is defined by E = DA-B + RT, where DA-B is the bond dis-

sociation energy of the reaction coordinate. For the reaction
A-B— A- + B

DA-B = -AHf(A-B) + AHf(A-) + AHf(B' ). The assumption here is that the back
reaction for the recombination of two radicals has zero activation energy.

The calculation for the entropy of activation is straightforward. The various

contributions to the entropy of activation are (a) reaction path degeneracy,
R In(g) (b) external rotation which can be shown to be R 1n(6DA_B/RT)1/3

except for the case of H or D atom cleavage where it is zero, (c) hindered
internal rotation to free rotation in the transition state, ASfr = Sf - Sh (these

3
values are tabulated by Benson ), (d) reduction in frequency of bending
modes, sbf = 5 e.u. for the case of atomic and free radical products, Sbf =
10 e.u. when the products are two radicals, (e) entropy associated with

is the entropy of stretching of

reaction coordinate, Asrc =S where Ss

st’ t

a bond undergoing cleavage,
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The entropy of activation, therefore is

T o_ - 1/3
AS' = RLng + RLn (6DA_B/RT) + AS + 5, .+ ASfr

rc bf

and the calculated rate constant is

Kk = (21}—‘11) exp (AST/R) exp (-E/RT)
This method for the calculation of the rate constant»of;a simple fission

reaction can be adapted to computer programming. This is represented

below in Figure 5-1.

5.2 REACTIONS OF SIMPLE FISSION WITH RESONANCE STABILIZATION
This case is very similar to the simple fission case with some exceptions. |
The conditions are the same Qith the addition of the fact that a C-C pi bond
is one C-C single bond removed from the réaction site. This means that
cleavage results in an atom and oléﬁn or radical and olefin, The carbon-
carbon double bond stabilizes the radical product by resonance delocaliza-
tion. This mechanism producés changes in both activation energy and entropy

from that in the simple fission case.

The activation energy is calculated in the same way as in the simple fission
case, but it is necessary to use the group values for the radical groups
developed earlier in this prbgram. These group values already account for

resonance stabilization of the radical.

The entropy calculation is similar, but the participation of the 7 bond in the
transition sté,te must be accounted for. This bond contributes mainly to the
internal rotation where a 1/2 pi bond torsion is assigned -3.5 e.u. Also the
entropy decrease for the tightening of the C-C single bond due to resonance
is obtained by increasing its normal vibrational frequency by about 1. 3. The

resulting computer flow diagram is given below in Figure 5-2.

It would be a simple matter to integrate these two scherhes_together to treat

simple fission cases with and without resonance stabilization.
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SIMPLE FISSION WITH RESONMANCE STABILIZATION

Da—g = AHglA) +
AH,B) — A (AB)

Sps = Sew. RADICAL +

OLEFIN

GO TO SIMPLE
FISSION CASE

As

rot =

1/3

—#| RLn(6D, p/RT)

Asrd = RLng

As = -Sst (A-B)

rc

Sbf = 1.0e.u.

ONE
PRODUCT
H ATOM

‘ RETURN ’

[ 3

. €
K= Ae /RT

sst = 3.6 eu. _—.

\ 4
-4
L]

s, = shac-c)

Figure 5.2, Flow Chart 2
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