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A new approach to the evaluation of stability of chemical species is proposed. The main idea is to allow the
species to conceptually interact via a special type of chemical reaction so that an equilibrium state is achieved.
Additionally, the energies of the species are allowed to vary from their initial (standard) to their equilibrium
values so that the energy change of any conceivable reaction at equilibrium is equal to zero. The equilibrium
energies of the species are further evaluated using an optimization procedure similar to that of the least-
squares method. A species is considered unstable if the difference between its initial and equilibrium energy
is positive (the species releases energy). On the contrary, if the difference between the initial and the equilibrium
energy of a species is negative, the species is stable (the species absorbs energy). This type of stability of
species is referred to as the overall stability. Employing the response reactions (RERs) formalism, one shows
further that the overall stabilities of the species may be partitioned into different types of contributions. In
particular, it is shown that the conventional definition of stability of the species is just an appropriately
normalized part of the overall stability.

Introduction formation reactions increase it may be concluded that the order

The relative stabilities of a given class of species are normally of stability of the first four alkanes is

evaluated on the basis of stoichiometric and thermochemical
considerations. In particular, one of the simplest and most often CHy(9) > CoHe(9) > C5He(9) > C;H1(9)
employed procedures is as follows. First, an appropriate set of
reference species is selecfeNext, a certain type of reaction It may be noticed that the same result is obtained if enthalpies
involving each test species and reference species, along withof formation are normalized to 1 mol of hydrogen.
their energy (enthalpy) changes, is generdte&inally, the As a second example, let us consider the evaluation of the
energy (enthalpy) changes of the reactions are normalized to ahomodesmotic resonance energy (RE) of benzene and corbnene.
common characteristic of the test species, e.g., energy (enthalpy)n this case, the reference species are ethylene and butadiene,
change of the reaction per atom, per mole, per ring, sper  whereas the chemical reactions are referred to as homodesmotic
electron, etd. In many cases, the evaluation of the relative reactions. To determine the relative stabilities of benzene and
stabilities of the species employing the procedure briefly outlined coronene, the enthalpy changes of the homodesmotic reactions
above gives correct results. There are cases, however, when thare further normalized to one electron. The results are (kJ/
predicted relative stabilities of the species are completely mol)®
erroneous.

The following two simple examples illustrate the procedure. AHJ-O AHjO/ne
Zhﬁ& it 115 well-known lthat the relatlye stabilities of alkanes 3H,C=CH—CH=CH, —

"Honro decrease as increases. Thisorrect statements
normally proved on the basis of the enthalpies of formation of 3H,C=CH, + benzene  -89.9 -15.0 (V)
alkanes. In other words, the reference species are C(gr) and 18H,C=CH—-CH=CH,—~
H2(g), whereas the respective chemical reactions are conven-  24H,C=CH, + coronene —418.0 —17.4 (Vi)
tional formation reactions. Further, the enthalpies of formation
are normalized to one mole of carbon. For instance, for the first on the basis of these stoichiometric and thermochemical

four alkanes we have (kJ/mél) considerations, it is concludgthat coronene is more stable than
benzene; i.e., coronene is more aromatic than benzene. This
AH?, AHY/n conclusion, howeveiis wrong that is, the situation is just the
C(gr) + H,(g) = CH,(9) _74_9 _74_9 0 opposite! A rigorous quantitative proof of this statement is
2C(gn)+ 3H,(g)=C,H4@) —83.8 —41.9 (ii) presented below. Here, we consider only a brief qualitative

analysis. The energy (enthalpy) change of any chemical reaction
3C(gn+ 4H,(9) = CHg(9)  —104.7 —34.9  (iii) reflects theoverall difference in enthalpy (energy) between the
4C(gr)+ 5Hy(g) = CHio(g) —125.6 —31.4 (iv) reactants and products. Thus, from reaction v it follows that 3
mol of ethylene plus 1 mol of benzene at standard conditions
Because the enthalpy changes per mole of carbon in theseare more stable than 3 mol of butadiene by 89.9 kJ. Similarly,
from reaction vi it follows that 24 mol of ethylene plus 1 mol
* Corresponding author. E-mail: ifishtik@wpi.edu. of coronene are more stable than 18 mol of butadiene by 418
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kJ. If reaction v is multiplied by 6 and reaction vi is multiplied  energy, or, simply, energy. It is thus convenient to define the
by —1 and both reactions are added, we obtain vectors

coronenet 6H,C=CH, — 6benzene B=(B,B,, .., BP)T (1)
AHS = —121.4 kd/mol (vii)

" E0= (% ES, ... EY)T )
From this relation it may be concluded that 6 mol of benzene
are more stable than 1 mol of coronene and 6 mol of ethyleneLet g; (j = 1, 2, ...,s) be a set of structural units from which

by 121.4 kJ. Similarly, multiplying reaction v by 8 and reaction the species can be assembled. In particldamay represent

vi by —1 and adding them we have the atoms, bonds, groups in Benson's sensel’éBecause a
group can be always associated with an atom, bond, etc., in
coronenet 6H,C=CH—-CH=CH, — 8benzene what follows by structural unit we mean a group. Further, let

gj be the number of groupg; in the species BWe thus can

0o _
AHg;i; = —301.2 kd/mol (viii) define the matrix

viii

Thus, 8 mol of benzene are more stable that 1 mol of coronene 01 91 ... Ois
and 6 mol of butadiene by 301.2 kJ. Now, an energy (enthalpy)

balance for benzene and coronene over reactiendiiclearly g= 91 Q22 o Gos
shows that benzene is more stable than coronene. Indeed, the T e
huge stability of coronene in reaction vi, i.e-418 kJ, is Op1 Y2 ... Ops

compensated by its instability in reactions vii and viii, i.e., 121.4

kJ + 301.2 kJ= 421.4 kJ. On the other hand, the modest Often rankg’ = g < s. In such cases, the linearly dependent
stability of benzene in reaction v, i.e-89.9 kJ, is substantially ~ columns ing’' may be dropped so that we can define a submatrix
increased by its stability in reactions vii and viii, i.es6 x

121.4 kJ— 8 x 301.2 kJ= —3138.0 kJ. From these simple 911 Y12 ... Yig

considerations, it is seen that the evaluation of the relative _ {91 922 ... O

stabilities of species based exclusively on direct comparison of 9= L (3)
the energy (enthalpy) changes of single reactions involving test U 9o .. Ooq

and reference species is inadequate and can result in erroneous

conclusions.

such that rang = g. The submatrixg is referred to as thgroup
matrix.

Next, we define and generate a set of linearly independent
hemical reactions involving species, B, ..., B,

There is a tacit assumption in the literature that the relative
stabilities of chemical species are determined mainly by the
selection of the reference species (stable with respect to what’?)C
and thermochemistry of the species (how much?). This point
of view especially persists in evaluating more subtle types of R —

. S : . p=vB=0 (4)
relative stabilities of species such as resonance and strain
energies. Though the choice of the reference species and thei
thermochemistry is decisive, the relative stabilities of species
may be significantly affected by an inappropriate account for T
their stoichiometry. In many cases, failure to appropriately p = (o1 P2 s ) (®)
account for the stoichiometric factor may cause serious errors.
Thus, in the first example discussed above, the stoichiometric andv is the stoichiometric matrix
factor is small and the order of relative stability of the species

(Nherep is the reaction vector

is not affected. In the second example, however, the stoichio- Vig V2 .. Yy
metric factor is dominant and neglecting it causes a serious Vor Voo ... Vg

= p 6
error. Y= o (6)

In this work we present a new approach to the evaluation of
the stability of chemical species. This approach follows directly
from our previous results that chemical thermodynamics
stoichiometry and the least-squares method are interrelated.
More specifically, we propose a new rigorous definition, an
algorithm of evaluation, and a remarkable interpretation of the
stability of chemical species. The approach is general and valid
for any type of stability.

Ym V2 ... 1/mp

' By analogy with the conventional chemical stoichiometry matrix
v may be derived from

vg=20 (1)

In other words the chemical reactiopgre required to preserve
the type and number of groups. For this reason it is appropriate
Notation and Definitions to call them group additivity (GA) reactions. Obviously, when
. . . the groups are associated with atoms, bonds, etc., the GA
We conspler a set cﬁchemlcal species BBy, ..., B, Each . reactions are equivalent to conventional reactions, isodesmic
of the Sp‘gc'es Is characterized by a standard thermOOIyI’“"‘m'creactions, homodesmotic reactions, etc. As well-known from
quantity i (i =1, 2, ...,p) that is appropriate to desc_rlbg the jinear algebra, the number of linearly independent solutions of
species stability, e.g., standard enthalpy of formatigt;, eq 7, i.e., the number of linearly independent GA reactians
total ab initio enthalpyHiO, standard Gibbs free energy of s equal tam= p — rankg = p — g.1 An arbitrary set of linearly
formation AG%, etc. For simplicity, in what follows, the independent reactiopsmay be generated by solving eq 7 using
quantity Ei0 (i=1, 2, ..,p) is referred to as the standard any appropriate procedure.
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Finally, define the vector arbitrarily, the overall stability vectd® is unique. In other words,
Sis independent of the choice of
AE® = (AES, AED, ..., AES)T (8)
Overall Stability of the Species in Terms of Response

whereAE] (j = 1, 2, ...,m) are the energy changes of the GA Reactions

reactionsp; j = 1, 2, ...,m). From chemical thermodynamics Equation 14 has precisely the same mathematical form and,
it is known thatE® and AE° are interrelated via consequently, the same properties as the equations considered
in our previous work:® In particular, we have shown that such
AE® = yE°® 9) thermodynamic and stoichiometric relations can be uniquely
partitioned into a sum of contributions associated with a special
A New Definition of the Stability of Chemical Species class of reactions, referred to as response reactions (RERs).

Because this result is crucial to our analysis, we consider briefly
the partition ofSinto contributions coming from RERs. Clearly,
in our case, these are GA RERs. Following the general RERs

] : ) formalism, we, thus, define a GA RER as a reaction that
by their standard ener g =1, 2, ...,p). We further allo . ’ ' ! :
y thel gigs (i P) N W involves no more than rardgg+ 1 = q + 1 species. Let these

the species to react according to reactions 4, thus arriving at an 1 ies be B B B herei. | S
equilibrium state of the system. At the same time, the energies.q ?pefqlta:[s el 'tz.' B‘qih gl v(\j/'t.erelﬁ, '2<’ '<q "‘+<1
of the species are assumed to vary from their standard valueg® & Set oTintegers sa |sfy|ng € conditior=liy = Iz = ...
0 (i — . e — Ilqg < igr1 = p. A GA RER is denoted bg = g(Bi,, Bi,, ..., B,

; (i=1,2,...,p) to their equilibrium values5™ (i =1, 2, ..., B, h e h ies involved in th a |

). Thus. we define the vectors i+1), thus spec!fylng the species involved in this particular
P)- ’ GA RER. Technical details of the enumeration of GA RERs
are presented in the Appendix. Further, ba{g) be the
stoichiometric coefficient of species Bnd AE(g) the energy
change of a particular GA RER. Then, the overall species
_ =0 _ 0 0 0 T

S=E -E¥=(E-E'E-E'.E-F) (11) stabilitiesS (i = 1, 2, ...,p) may be partitioned into contributions

coming from GA RERs according to

When§ = E? — E*®> 0, the species Bossesses an excess of

Our approach to the evaluation of stability of chemical species
may be formulated as follows. We define an initial state of the
system such that the specieqiB= 1, 2, ...,p) are characterized

E%= (B E5% ... )" (10)

energy as compared to the equilibrium state. As a result, the 1 o .
energy of species;Blecreases during the reaction; i.e., species §= BzVi(g) AE*(9) i=1,2,..p (15)
Bi releases energy. On the contrary,§f= E° — E™ < 0, g

species Bhas a deficit of energy as compared to the equilibrium
state. In this case, the energy of speciemBreases during the
reaction; i.e., species;Biccumulates energy. On the basis of

where

n
these considerations, the stability/instability criterion in a D= Ez sz(g) (16)
chemical system comprising speciggiB=1, 2, ...,p) is defined k;
as
(a) Species Bis unstable if§ = E? -E%>0 Because the GA RERs are stoichiometrically unique, the
(b) Species Bis stable if§ = Eio -E9<0 independence of the overall stability vec®pon the choice of
(c) Species Bis at equilibrium if§ = E? — E¥= 0 v is self-evident.
For reasons that will become clear later on, the ve&t®
referred to as theverall stability vector. Interpretation of the Overall Stability of Species

o ) . In view of eq 15, the overall stability of the speci8gi =
Quan_tltatlve Evaluation of the Overall Stability of 1, 2, ...p) has a remarkable chemical meaning. Namely, the
Species overall stability may be uniquely partitioned into a sum of

Obviously, to be able to evaluate the overall stabilities of contributions associated with GA RERs. Each of these contribu-
the species, i.e., the vect& it is necessary to evaluate the tions has a simple form; i.e., it is equal to the product between
vector E®9, This can be done by requiring that at equilibrium the stoichiometric coefficient of the species in the GA RER,
the energy changes of the GA reactignare equal to zero,  *i(9), and the energy change of the GA RERE’(g). Notice
ie., that the sign of the produak(g) AE®(g) is independent of the

direction of the GA RER. Because the sum in eq 15 runs over
vE®9=0 (12) a complete set of GA RERs and the latter are stoichiometrically
unigue, the overall stability of the species represents a unique
Combining eqs 12 and 9 we have stoichiometry and energy balance. Besides, the overall stabilities
of the species are appropriately normalized. Indeed, the function
vS= AE° (13) D in eq 15 is the same for all species and may be treated as a
common normalization factor.
Now, the overall stability vectolS may be evaluated by To appreciate other major consequences of the overall stability
minimizing the producB'S subject to the constraints given by  of the species, let us partition the list of species$iB-1, 2, ...,
eq 13. The procedure has been described in detail elsewherep) into n reference B(i =1, 2, ...,n) andp — ntestB (i =n
The result i$ +1,n + 2, ..., p) species. Consider, for instance, the overall
stability of the test species,Bi. According to eq 15, the overall
S=v'(m")AE° (14) stability of B,+1 is a sum of contributions coming from all of
the GA RERs involving species,By, i.e., a sum of contributions
Notice that although the stoichiometric matmxis generated coming from GA RERg = g(Bi,, Bi,, ---, By Bn+1). These GA
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RERs may be further partitioned into three types. The first type
involves the speciesB; andq reference species, i.@ = g(Bi,,

Biy -y By, Bnt1) Where 1< iy < iy < ... <iq = n. The second
type of GA RERs involves the species B and a variable
number of both reference and test species, g.e, g(Bi,, Bi,,

vy Bx, Bix+1’ Bix+21 vy Bq, Bn+1) where 1< ip <ih < ... <ix =
nandn+ 1 < ixy1 < ix+2 < ... <ig =< p. Finally, the third type

of GA RERs involves the species,B andq test species, i.e.,

g = o(Bi, Bi,, ..., By Bn+1) wheren + 1 < iy < iy < ... </q

< p. Correspondingly, the overall stability of the speciesB
may be partitioned into three different types of contributions.
The first type of contributions comes solely from the interaction
of Bn+1 With the reference species 8= 1, 2, ...,n). The second
type of contributions is a mixed one, that is, comprises
interactions between the specieg:Band a mixed set of
reference B(i =1, 2, ....n)and testB(i=n+2,n+ 3, ...,

p) species. The third type of contributions include interactions
between the species,B and the remaining test species (B
=n+ 2,n+ 3, ..,p). To distinguish among these types of
contributions, it is appropriate to call themlative, mixed and
directstabilities. Thus, in the general case, the overall stabilities
S+ (=1, 2, ..p— n)of the test speciesB; ( =1, 2, ...,

p — n) may be partitioned into relativeS(;"), mixed @Tﬂ-),
and direct Sfﬂ-) stabilities

S =S TS TS, i=12..p-n (17)

Fishtik and Datta

whereA_Ej0 .is the energy change of reaction 18 em[gj is the
normalization factor

Viati
2 2 2 2
Vi + Vi + ..+ Vig + Vgt

i=1,2,...p—q (20)

r —
Dq+i -

Direct Stability of the Species

Another useful option in evaluating the stabilities of the
species is to neglect the first two terms in eq 17. That is, to
consider the stabilities of the test species directly with respect
to each other. In other words, the direct stabiliﬁ% (=1,

2, ...,p — n) of the test speciesB; j = 1, 2, ...,p — n) are
equal to the overall stabilities in the subsyster(BBn+2, ..,
Bp). Clearly, such stability is meaningful only if the number of
test speciesp — n, exceeds the rank of the group matgx

Conventional vs Overall Stability of the Species

On the basis of the above interpretation, it is easy now to
figure out what is the interrelation between the conventional
and the overall stabilities of the species. The conventional
stabilities of the species are normally defined as the relative
stabilities of the test species,B (j = 1, 2, ...,p — n) with
respect to reference species(B= 1, 2, ...,n). In other words,
the conventional stabilities are the relative stabilities in the

The above interpretation reveals that the overall stability of current terminology. At the same time, there is a substantial
chemical species is the most exhaustive one in that it takes intodifference between the conventional and relative stabilities. To
account all of the possible interactions among species. More be able to formulate this difference quantitatively, consider two
importantly, however, eq 17 shows that several narrower Separate cases. First, let the number of reference species B

definitions of stability may be proposed. These are described (i =1, 2, ...,n) ben= q. In other words, the number of reference

next.

Relative Stability of the Species

Most often in the literature by stability of the species is meant
the relative stability. The latter can be evaluated by neglecting
the last two terms in eq 17, i.e., considering only the relative
stability of the test specieSquj G=1,2,..p—n.ln this
case, the stability of each test specigs;®§ =1, 2, ....p — n)
is evaluatedseparatelywith respect to reference species(B
=1, 2, ...,n). In other words, the relative stabilities of the test
species By ( =1, 2, ...,p — n) represent their overall stabilities
evaluated imp — n separate subsystems;(B,, ..., By, Bnt1),

(B1, By, ..., By, Bnt2), ..., (B, By, ..., By, Bp). In particular, when
the number of reference speciess such that there is only one
possible reaction between any test and reference species, i.e.,
= @, the relative stabilities of the test specieggj =1, 2, ...,

p — q) is given by a simple relation. Thus, let the only GA
reaction in the subsystem {BB;, ..., B;, Bq+j) be

p; = vjiBy T VB, + .+ v By +

Vig+iBa+j =0

i=1,2,..p—q (18)

Obviously, this reaction is a GA RER (it involves no more than

q + 1 species). Under these conditions, according to eq 15 thethat the equilibrium energie& (i

relative stabilities of the test speciegB(j =1, 2, ...,.p — Q)
are given by

S =

1

:
D+

AE)  j=1,2,..p-n (19)

species is such that there is only one possible GA reaction
between a given test specieg:B( = 1, 2, ...,p — @) and the
reference speciesii = 1, 2, ...,q). This reaction is given by

eq 18. In this case, the conventional stabilities, denoted by
%ﬂ-, are just the energy changes of the GA reaction per one
mole of the test species,B (j =1, 2, ...,.p — Q)

1

Vit

AE

i i=1,2,..p—q (22)

These conventional stabilities are often further normalized to a
certain characteristic of the test species, such as, the number of
atoms, bonds, rings; electrons, etc. Comparing eq 21 with eq
19 it can be seen that the difference between the conventional,
Si+j» and relative,S,;, stabilities is due to different ways of
normalization. More specifically, the relative stabili&w eq

19, refers to the entire GA reaction whereas the conven-
tional stability, %ﬂ" eq 21, refers to one mole of the test
species.

Another distinct case ia > g + 1, that is, the number of
possible GA reactions between a given test species and the
reference species exceeds one. Under these conditions the
conventional stabilities of the test speci$ﬂ, are defined
only with respect to “equilibrated” reference species. It means
1, 2, ...,n) of the
reference speciesi B = 1, 2, ...,n) are evaluatedeparately
i.e., the test species)§ (j = 1, 2, ...,p — n) are completely
eliminated from the “equilibration” process. In this case, as
shown by us recentl§the conventional stabilities are equal to
the energy changes of arbitrary GA reactions involving test and
reference species. In particular, if the arbitrary GA reactions
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are chosen as GA RERg,= g(Bi,, Bi,, ..., B, Bnt1) Where 1 pp=-B,—2B,+B;=0
< i1 < iz < .. <ig = n, then the conventional stabilities are

0_ Apg0_
given by AE; = AH; = —74.9 kJ/mol

p,=—2B,—3B,+B,=0
AEj = AH) = —83.8 kJ/mol

1
SH= grE@=
nt ps=—3B, —4B,+B,=0

91 G2 . Gy Ef AE3= AHS = —104.7 kd/mol
1 9,1 9,2 ..Y%,q E py= —4B, — 5B, + By =0
i@y 4. o o 4 S AES = AH} = —125.6 kd/mol
! 9,1 9,2 ..9%aq EY 4 4 :
i1 Yntj2 - Intig Eﬁﬂ- The stoichiometric matrix and the energy (enthalpy) change
. vector are thus equal to
j=1,2,..p—n
Bl BZ BS B4 BS BB
where -1 -21 0 0 Ofp
|2 =30 1 0 O0fp,
Y=|-3 =40 0 1 0]p,
Oi,1 9,2 ... 9q —4 50 0 0 1|ps
Vo (Q) = 9,1 9,2 ... 9,q =0 23) —749
[ 0_ 0o_ _838
9,1 9,2 ... Giq AE"= AH"= —104.7
—125.6

Again, the conventional stabilities refer to 1 mol of the test

species. On the contrary, the relative stabilities refer to the entireSl"bSt'MIng these relations into eq 14 and performing the

respective matrix operations we obtain

system.
S, =3.1kJ/mol S, = —5.4 kdJ/mol
Examples S,=24.1kd/mol S =0.9 kd/mol
The theoretical developments presented above are next S; = —23.6 kJ/mol S = 7.2 kd/mol

illustrated with the help of examples. The examples were

selected so as to cover a large variety of applications from It is seen that methane {Band ethane (B are the only stable
different areas. species. Notice also that the order of stability of alkanes is
CHa(g) > CoHe(g) > CsHs(g) > CaHio(9).

Let us now analyze the overall stabilities in this system in
terms of RERs. Because ragk= 2 a GA RER in this system
involves 2+ 1 = 3 species. That is, any three species from a
total of six define a GA RER. Consequently, the number of
GA RERs is equal to 6!/3!/3& 20. For instance, the species
B;, B3, and B, define the following GA RER

Stabilities of Alkanes. Overall Stabilities Consider the
overall stabilities of the first four alkanes with respect to C(gr)
and H(g). In this case the system compriges= 6 species
includingn = 2 two reference species, B= C(gr) and B =
H2(g), andp — n = 4 test species, namelyzB= CH4(g), B4 =
C2He(9), Bs = CzHg(g), and B = C4H1¢(g). Obviously, the GA
matrix is just the formula matrix, i.eg; = C, g2 = Ha:

108
C H, 9(B;,B3,B) =|1 2 B3| =-B, —3B;+2B,=0
1 0 |B; 2 3B,
0 11|B
1 2 82 Similarly, the enthalpy change of this GA RER is
— 3
9= 2 3 [B, 100
3 4 |Bg AH(g) = |1 2 —74.9| =57.1 kd/mol
4 5 |Bg 2 3 —838

A complete list of GA RERSs along with their enthalpy changes
Further, the GA reactions in this system are conventional is presented in Table 1. As can be seen, the GA RERs may be
chemical reactions whereas the GA RERs are conventionalfurther partitioned into three subsets. Thus, each of the first four
RERs. The energies are equal to the enthalpies of formation of GA RERs involves only one test species and, hence, the

B1, Bz, Bs, B4, Bs, and B and are, respectively 0, 6;79.4, contributions coming from these GA RERs may be regarded
—83.8,—104.7, and—125.6 kJ/moP First, we generate a set as the relative stabilities of the species. The next 12 GA RERs
of linearly independent reactions. Because rgnk 2 the involve two test and one reference species; i.e., the contributions
number of linearly independent reactions is equahtes p — associated with these GA RERs represent the mixed contribution

rankg = 6—2 = 4. These can be selected, for instance, as to the stabilities of the species. Finally, each of the last four
formation reactions GA RERs involve only test species; that is, the contributions
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TABLE 1: A Complete List of RERs Involving C(gr), H »(g),
and the First Four Alkanes

RERs AH(g), kd/mol
1. g(Bl, Bz, Bg) = 282 +B3;= 0 —74.9
2.9(B1, B, By) = —2Bl 3B, +Bs=0 -83.8
3. g(Bl, By, B5) =—-3B; — 4B, +Bs=0 —104.7
4. g(Bl Bz Be) = —4B;|_ SBZ + Bs =0 —125.6
5.9(B1, Bs, Bs) = —B; — 3B; + 2B, = 0 57.1
6.9(B1, B, Bs) = —2B; — 4B; + 2Bs = 0 90.2
7.9(B1, B3, Bs) = —3B; — 5B; + 2B = 0 123.3
8.9(B1, By, Bs) = —B; — 4B, + 3Bs = 0 21.1
9.9(B1, B4, Bs) = —2B; — 5B4 + 3B = 0 422
10. g(Bl, Bs, Be) = _Bl - 585 + 4Be =0 21.1
11.g(Bz, Bs, B4) =-B,+2B;—B4s=0 —66.0
12. g(Bz, Bs, B5) = _282 + 3B3 — Bs= 0 —120.0
13. g(Bz, Bg, BG) = —382 + 483 - Be =0 —174.0
14. g(Bz, B4, B5) =-B,+ 384 — ZBS =0 —42.0
15. g(Bz, B4, Be) = _282 + 4B4 - 286 =0 —84.0
16. g(Bz, B5, Be) =—-B,+4Bs — SBG =0 —42.0
179(83, B4, Bs) = -Bg + 284 - Bs =0 12.0
18. g(B3, B4, Be) = _283 + 3B4 — Be= 0 24.0
199(83, Bs, Be) = _B3 + 335 - ZBG =0 12.0
20.g(B4, Bs, Be) =-B;+2Bs—Bsg=0 0.0

coming from these GA RERs comprise the direct stabilities of
the test species. As an example, consider the partition of the
overall stability of propane (§ into contributions associated

with GA RERs. Thus, employing egs 15 and 16 and the data

from Table 1, the overall stability of 8may be partitioned into
contributions coming from GA RERs as

§= %05(—104.7+ 2x90.2+3x21.1-5x%x 21.1+

120.0+ 2 x 42.0— 4 x 42.0— 12.0+ 3 x 12.0+ 1 x
0)=0.9 kJ/mol

where 105 is the normalization factDr eq 16. As can be seen,

propane (B) is stable according to some GA RERs, i.e.,

3. 9(B,, B, B)=—3B,— 4B, + B, =0
AH%(g) = —104.7 kd/mol
10. g(B,, By, By) = —B, — 5B, + 4B, =0
AH%g) = 21.1 kJ/mol
16. g(B,, By, By) = —B,+ 4B, — 3B, =0
AH%(g) = —42.0 kJ/mol
17. 9(Bs, B, By) = —B,+ 2B, — B; =0

AH%(g) = 12.0 kJ/mol
unstable according to other GA RERs, i.e.,

6. g(B,, B, By) = —2B, — 4B, + 2B, =0

AH%(g) = 90.2 kJ/mol
8. 9(B,, B, By) =—B, — 4B, +3B;,=0

AH%(g) = 21.1 kJ/mol

12. g(B, Bs Bg) = —2B,+ 3B, — B; =0
AH%(g) = —120.0 kJ/mol

14. g(B,, B, B)=-B,+3B,— 2B,=0
AH%g) = —42.0 kd/mol

19. g(B, B, By) = —B,+ 3B, — 2B, =0

AH%g) = 12.0 kJ/mol
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and neutral according to one GA RER, i.e.,

20. g(B, By, By) = —B,+ 2B, — By =0

AH%(g) = 0.0 kd/mol
Overall, however, in this particular system, propane is un-
stable.

Relative Stabilities.Consider now the relative stabilities of
the first four alkanes, that is, the separate stabilities with respect
to reference species, i.e.; B C(gr) and B = Hy(g). According
to the definition, the relative stabilities of alkanes are equal to
the overall stabilities in four separate subsystems, i.a,, BB
Bs), (B1, B2, By), (B1, Bz, Bs), and (B, B,, Bg). Because there
is only one reaction in each subsystem, we can employ eqs 19
and 20. We thus have

(i) pp=-B;—2B,+B;=0
AE) = AH? = —74.9 kJ/mol
+1)(—74.9
% = %‘Fl): —12.5 kJ/mol
(i) p,=-2B,—3B,+B,=0
AES = AHJ = —83.8 kJ/mol
+1)(—83.8
Sz’l = %“rl): —6.0 kJ/mol
@iy py=—3B,—4B,+B;=0
AEJ = AHJ = —104.7 kJ/mol
+1)(—104.7
% = (94)‘(W): —4.0 kJ/mol
(iv) p,=—4B,—5B,+Bz=0
AE) = AHJ = —125.6 kJ/mol
+1)(—125.6

Hence, the first four alkanes are stable with respect to reference
species whereas their relative stabilities decrease as the molec-
ular mass increases.

Direct Stabilities Finally, let us analyze the direct stabilities

of the first four alkanes, that is, their stabilities relative to each
other. By definition, the direct stabilities are equal to the overall
stabilities in the subsystem comprising only the test species. In
our case this is the subsystems(B4, Bs, Bs). From the form-
ula matrix it is readily deduced that the number of
linearly independent reactions in this subsystem is equal to 2.
An arbitrary set of such reactions may be selected, for instance,
as

ps = —By+ 2B, AE2 = AH =

—Bs=0 12.0 kd/mol

pe=—2B,+3B,—Bg=0 AEl= AHZ= 24.0 kJ/mol

The stoichiometric matrix and energy change vector are

B, B, By B
112 <10 Jps o .0 (120
V= [—2 30 1],06 AET=ART=1240
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Substitutingy into eq 14 and performing the necessary matrix
operations, we obtain

S=

S = 4.8 kd/mol

—3.6 kd/mol  §!= 1.2 kd/mol

§=

Thus, in this subsystem, methaneg)Bnd butane (B are stable
whereas ethane gBand propane (8 are unstable. Notice that
the order of direct stabilities of alkanes differs from the order
of overall and relative stability. More insights into these results

—2.4 kd/mol

may be obtained on the basis of the decomposition of the direct

stabilities into contributions associated with GA RERs (last four
GA RERs in Table 1).

Stabilities (Homodesmotic Stabilization Energies) of Ben-
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i.e., 41/11/3'= 4. For instance, if we eliminate;Bthe generated
GA RER will involve B,, Bz, and B

3 0

g(B,) = 0B, By BY = |5, 1| = 240, + 30,

18B, — 24B, + 3B, =0

The energy (enthalpy) change of this GA RER is

0

AH(g) = AH%g) = = —24AH? + 3AHS =

24 AHO

903.6 kJ/mol

A complete list of GA RERs generated in this was is presented
below

zene and CoroneneAs mentioned in the Introduction, the 1. g(B,, B,, B;) =3B, —3B,+B;=0
conventional approach to the evaluation of the homodesmotic AEO AH? = —89.9 kJ/mol
stabilization energies (HSE) may result in serious errors. Next, 2 ’
we analyze the evaluation of the HSE for benzene and 2. 9(B,, B,, B,) =24B, —18B,+B,=0
coronené.For this system, we have two reference species, i.e., AEO AHO —418.0 kJ/mol
B1 = ethylene and B= butadiene and two test species, i.e.,
Bs; = benzene and B= coronene. 3. 9(By, B; B)=—-18B, +18B, -~ 3B,=0
Overall Stabilities. The reactions defining the HSE for AE} = AHJ = —364.2 kJ/mol
benzene and coronene, eqgs v and vi, are linearly independent
and, hence, can be directly used to evaluate the overall stabilities4' 9(B2, By, B,) = 18B, — 248, + 38, =0
of the species. Employing the above notation of the species these AE) = AHJ = 903.6 kJ/mol

reactions may be written as

p,=3B,—3B,+B,=0 AE}=AH!=

p,=24B, — 18B,+ B, =0

—89.9 kJ/mol

AE) = AH) = —418.0 kJ/mol
This gives the following stoichiometric matrix and energy

changes vector

B, B, B, B,
I3 -3 1 0]p o o [-899
v= [24 ~18 0 1],02 AE"=AH"=_4180

Substitutingy andAEC into eq 14 and performing the respective
matrix operations gives

S, = —3.0 kJ/mol
S, =19.4 kJ/mol

S, = —22.8 kd/mol
S, = 2.7 kJ/mol

Thus, the most stable species in this system is benzege (B
and not coronene (B as stated in ref 6. Moreover, overall,
coronene (B) is even unstable in this system.

This behavior of the system may be easily rationalized by
partitioning the overall stabilities of the species into contributions
coming from GA RERs. The latter may be obtained either from
the group matrix or by linearly combing the set of linearly
independent GA reactions, i.@s andp,. For simplicity, let us
generate the GA RERs starting fropp and p,. By definition
(see Appendix) a GA RER may be generated by linearly
combingm = 2 linearly independent GA reactions so as to
eliminate at leasin — 1 = 2 — 1 = 1 species. Thus, the total
number of GA RERs in this system is equal to the number of
ways 1 species may be selected from a totgh ef 4 species,

As can be seen, according to the first two GA RE&8;, B>,

B3) andg(B, B2, By), both benzene (8 and coronene (B are
stable with respect to ethylene ijBand butadiene (B. From

the third GA RERg(B1, B3, Ba), it follows that benzene (B

is more stable than ethylene ijBand coronene (B. Finally,
according to the fourth GA RERy(B», B3, Bs), benzene (B

is more stable than butadienejBind coronene (. An exact
stoichiometric and thermochemical balance according to eq 15
gives

é 89.9— 18 x 364.2— 24 x 903.6)=
—22.8 kd/mol

%_124

S, = 1243( —418.0+ 3 x 364.2+ 3 x 903.6)= 2.7 kd/mol

where 1243 is the normalization factbr, eq 16.

Relatve Stabilities.The relative stabilities of benzene 4B
and coronene (B are equal to their overall stabilities in the
subsystems (B B, B3) and (B, B,, By), respectively. Because
both of these subsystems may be described by only one GA
reaction, the relative stabilities may be evaluated employing eqgs
19 and 20. We thus have

(i) p,=3B,—3B,+B,=0
AEY = AH? = —89.9 kJ/mol
_ (+1)(-89.9)
S = 919+ 1 — 47 kimol
(i) p,=24B,—18B,+B,=0
AE) = AHJ = —418.0 kJ/mol
_ (+1)(-418.0)
S=57+a2at 1 0> kJ/mol

As expected, both, benzenesfBnd coronene (B are stable
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with respect to the reference species. However, benzejés(B
much more stable than coronene)B

Fishtik and Datta

TABLE 2: Resonance Energies (RE) and Overall $) and
Relative Stabilities (&) of Linear Acenes (in kJ/mol)

Direct Stabilities.Because the number of test species is less
than 3, the direct stabilities of the test species cannot be

evaluated.

Stabilities (Resonance Energies) of Linear Acenesn a
recent paper Schleyer et’dicalculated the resonance stabiliza-
tion energies (RE) of linear acenes. The RE were assumed to
be equal to the negative energy (enthalpy) changes of the
reactions

n 1,3-cyclohexadiene- trans-perhydroacene
n cyclohexenet acene (20)

RE REfre S S
benzene (B 137.3 22.9 4.9 —6.9
naphthalene (§ 250.3 25.0 —2.6 —4.8
anthracene (8 350.4 25.0 —3.6 —-35
tetracene (&) 438.7 24.4 1.3 —-2.7
pentacene (B) 534.1 24.3 2.6 —2.2
hexacene (By) 644.2 24.7 -35 -1.9
heptacene (B) 734.6 24.5 0.3 —-1.6

TABLE 3: Species Notation and Overall Stabilities §,
kJ/mol) in Linear Acenes Example

S
wheren=3, 5,7, 9, 11, 13, 15. The Schleyer et al. DFT results B., 1,3-cyclohexadiene 245
are summarized in Table 2 (for species notation, see Table 3). B., cyclohexene —245
On the basis of these estimations it was concluded that the RE Bs, cyclohexane -4.9
of linear acenes pere is essentially constaralong the series. B, benzene 4.9
We show below that this conclusion is incorrect. Bs, trans-perhydronaphthalene 2.6
Overall Stabilities.Because the reactions that define the RE Be, naphthalene —26
’ : ) B+, transperhydroanthracene 2.8
are linearly independent, they can be used directly to evaluate Bg, anthracene 28
the overall stability of the species in the system Bo, trans-perhydrotetracene -13
Bio, tetracene 1.3
pp=—3B,+3B,—B;+B,=0 B11, trans-perhydropentacene -2.6
o__ 0_ Bi1,, pentacene 2.6
AE; = AH; = —137.2 kJ/mol B1s, trans-perhydrohexacene 35
B4, hexacene -3.5
p,=—5B;+5B,— B, +Bs=0 B1s, trans-perhydroheptacene -0.3
AES= AH)= —250.2 kJ/mol Bis, heptacene 0.3
p3=—7B;+7B,—B,+Bg=0 To understand the reasons of such behavior, consider the
AEO AHO —350.2 kJ/mol partition of the overall stabilities of the species into contributions
coming from GA RERs. In this case, the GA RERs may be
ps=—9B,+9B, —By+B;;=0 generated from the set of linearly independent GA reactions,
AE4 AH4 —438.9 kJ/mol gsAbéigI?y discussed in the Appendix. Becgu;e nrk 7, a
may be obtained by linearly combinipg p, ..., p7
ps=—11B; +11B,— B;; + B;,=0 so as to eliminate at least 7 1 = 6 species. Alternatively,
AEo AHO —533.9 kJ/mol eliminating at least 6 species implies that a GA RER will involve
no more than 16- 6 = 10 species. This means that the total
pg=—13B, +13B, - B3+ B, =0 number of GA RERs is equal to the number of ways 6 species
AEO AHO —643.9 kJ/mol may be selected from a total of 16, i.e., 16!/6!/£0B008. The
distinct number of GA RERSs, however, is much smaller because
p;=—15B,+ 15B, — B;s+ B;z;=0 of a substantial number of repetitions and “zero” GA RERs.
AEo AHO —734.3 kJ/mol Indeed, an inspection efreveals that half of the columns differ

by other half just by a factor of 1. That is, trying to eliminate

are

v=

Thus, the stoichiometric matrix and the energy changes Vectorgoncomnantly, e.g., species, Bnd B, will result in a “zero”

A RER, i.e., a GA RER in which all of the stoichiometric
coefficients are equal to zero. Obviously, a “zero” GA RER
has no effect on the stabilities of species. We thus conclude

g B P B B B B By Be Bo Buo B Biz Bia Bue Bis Buo that to generate stoichiometrically distinct GA RERs, half of
-3 3 .11 0 0 O O O O O O O o 0 0}, . . .
s © 0 110 00 0 0 0 0 0 0 0l the columns iny may be disregarded. For instance, eliminating
7 70 00 0-110 0 0 0 0 0 0 0]es B, B4, B, Bs, Bio, and B results in the following GA RER
-9 9 0 0 0 O O O0 -11 0 0 0 0 0 0 |pa
-1 11 0 0 0O O O O O O -11 0 O 0 0 |prs ’ —
13130 0 0 0 0 0 0 0O 0O 0 -11 0 0 |ps 9(B2 By, Be, By Bro By =
IflS 50 0 0 00 0 0 0O 0O 0 O 0 -11 |7 9(By, B, B, B4, By, Byy, Bys, Biyy Bis By
AE® = AH® = (—137.2,—250.2,—350.2,—438.9, 3 10000p
—533.9,—643.9,—734.3) 5 01000p;
7 001000p;
Substitutingy and AE° into eq 14 gives the overall species |9 0 0 0 1 0p,| =
stabilities that are presented in Table 3. The results are quite 11000 0 1ps
surprising. For instance, benzeneg\Bwhich certainly is the 130000 0p
most aromatic (stable) species in this system, appears to be 6
unstable (antiaromatic). On the contrary, cyclohexeng (8 150000 0p7
the most stable (aromatic) species in the system. 1505 — 130, = —15B,3+ 15B,, + 13B;5— 13B,; =0
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Similarly, the enthalpy change of this GA RER is equal to

3 1000 0AH?
5 0100 0AHS
7 0010 0AHS
AHY@)=AH%g)=|9 00 0 1 0AH]|=
11 0 0 0 0 1AH?
130 0 0 0 OAHS
1500 0 0 0AHY
15AHJ — 13AH?
= —113.0 kd/mol

A complete list of stoichiometrically distinct GA RERs along

with their enthalpy changes is presented in Table 4. On the basis

of these data and by employing eq 15 let us analyze the stability
of benzene (B, for instance. As can be seen from Table 4,
benzene (B is involved in 7 GA RERs. According to one of
them, namely
1.-3B,+3B,—B;+B,=0 AHJ=—137.2 kd/mol
benzene (B is stable. Notice, that this GA RER coincides with
p1, i.e., the reaction that is used to define the conventional RE.
In all of the remaining GA RERs, however, benzenae)(B
unstable

8. —5B;+5B,+3B;—3B;=0 AH}=64.4 k/mol
9. —7B;+7B,+3B,—3B;=0  AHJ=90.0 kd/mol
10. —9B,+ 9B, + 3B, — 3B,,=0
AH3, = 80.3 kd/mol
11. —11B,+ 11B,+ 3B;; — 3B;,=0
AH?, = 92.1 kJ/mol
12. —13B,+ 13B,+ 3B,;—3B,,=0
AHY, = 147.3 kd/mol
13. —15B,+ 15B,+ 3B;;— 3B;;=0

AHY, = 144.4 kJ/mol

A rigorous energetic and stoichiometric balance according to
eq 15 gives

= % —137.2+ 5 x 64.4+ 7 x 90.0+ 9 x 80.3+

11 x 92.1+ 13 x 147.3+ 15 x 144.4)= 4.9 kJ/mol

S

where 1360 is the normalization factbr;, eq 16.

Relative Stabilities.The relative stabilities of linear acenes
may be evaluated by applying eq 19 to GA reactipny, ...,
p7. For instance, the relative stability of benzene is determined
on the basis op; and, according to egs 19 and 20, is equal to

_ (F1)(—137.2)

S£1_9+9+1+1_

—6.9 kd/mol

Similar calculations for the remaining acenes are presented in
the last column of Table 2. As expected, all of the linear acenes

are stable with respect to the reference species. Their stabilities,

however,decreasealong the series.
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TABLE 4: Complete List of Stoichiometrically Distinct GA
RERs and Their Enthalpy Changes AH;, kJ/mol) in Linear
Acenes Examplé

GA RERs AH;
1.-3B;1+3B;—B3s+Bs=0 —137.2
2. _581 + 5Bz - B5 + Be =0 —250.2
3.—7B1+7B,—B7;+Bg=0 —350.2
4, _981 + ng - Bg + BlO =0 —438.5
5.—11B; + 11B, — B11 + B1,=0 —533.9
6. —1331 + lSBz - 813+ 814: 0 _6439
7.—15B; + 15B, — Bis+ B1s=0 —734.3
8.—5B3+ 5B;s+ 3Bs —3Bs =0 64.4
9.—7Bs+ 7B4+ 3By —3Bg =0 90.0
10.—9Bs+ 9B4 + 3By — 3B1o=10 80.3
11.—11B3+ 11Bs + 3B11 — 3B12, =0 92.1
12.—13Bs + 13Bs + 3B13 —3B14 =0 147.7
13.—15B3; + 15B4 + 3B15s — 3B1s =0 144.4
14.—7Bs+ 7B + 5B7 — 5Bg =0 —0.4
15.—9Bs + 9Bs + 5By — 5B1p =0 —59.4
16.—11Bs + 11Bs + 5B11 — 5B12 =10 —82.8
17.—13Bs + 13Bs + 5B13— 5B14=0 —33.1
18.—15Bs + 15Bs + 5B15 — 5B1s =0 —81.6
19.—987+9Bg+ 7Bg— 7810:0 —82.4
20.—11B; + 11Bg+ 7B11 — 7B1, =0 —115.1
21.—-13B;+ 13Bg+ 7B13— 7B14s=0 —45.2
22.—15B; + 15Bg + 7Bis — 7B1s =0 —113.0
23—llBg+ 11B10+ 9811_ 9812: 0 —18.4
24.—13By +13Byo + 9B13— 9B, =0 95.0
25.—15By + 15B;p+ 9B15 — 9B1s= 0 31.4
26.—13B11 + 13B1>+ 11Bi3 — 11Biy =0 142.7
27.—15B1; + 15B;, + 11Bi5s — 11B1s =0 69.0
28.—15B3 + 15B14 + 13Bis5- 13B1s =0 —113.0

a For species notation, see Table 3.

Direct Stabilities Due to the stoichiometric particularity of
the system, the evaluation of the direct stabilities of linear acenes
is prohibited. The point is that within this selection of the
reference species, there is no way to write a balanced GA
reaction involving only the linear acenes.

Instabilities (Strain Energies) of CycloalkanesFinally, we
illustrate the application of the theory presented above to the
evaluation of the strain energy. As an example, we consider a
simplified model of strain energy of the first four cycloalkanes.
Conventionally, the strain energies of cycloalkanes are defined
with respect to linear alkanes. To simplify the treatment, we
select only five alkanes as reference species, namely, ethane
(B1), propane (B), butane (B), pentane (B), and hexane (§.

The test species are: cyclopropanes)(Bcyclobutane (B,
cyclopentane (B, and cyclohexane . Hence, we have a total

of p = 9 species from whicln = 5 are reference species
and the remaining — n = 4 are test species. We further
employ the Benson group additivity approach. According to
Benson, this particular system may be described by two types
of groups, i.e.gs = CHz andg, = CH,. Thus, the group matrix

is

9; O 9, 9,

2 0|B, |1 0]|B,;
2 1|B, [1 1]|B,
2 2|B; |1 2|B,
2 3B, |1 3|B,

g=|2 4 |Bs~|1 4 [Bs rankg=2

0 3([Bg |0 3 |Bg
0 4|B, |0 4|B,
0 5|Bg |0 5 |Bg
0 6[By |0 6 |Bg
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TABLE 5: Stabilities (Strain Energies) of Cycloalkanes: S (Conventional Stability), S (Overall Stability),
S (Relative Stability), § (Direct Stability) 2

AH, s S S S S S g
B;, ethane —83.8 0.04 19.8 36.6 34.5 8.1 0.6
B,, propane -104.7 0.03 9.9 18.3 17.3 4.0 0.3
Bs, butane —125.6 0.02 0.0 0.0 0.0 0.0 0.0
B4, pentane —146.8 —-0.29 —10.2 —18.6 -17.5 -4.3 0.3
Bs, hexane -167.2 0.20 —19.6 —36.4 —34.2 -7.8 -0.4
Bs, cyclopropane 53.1 115.5 86.1 60.9 98.3
B+, cyclobutane 28.4 111.6 72.4 43.1 55.9
Bg, cyclopentane —76.4 28.1 —21.4 8.0 —33.8
Bo, cyclohexane —-123.1 2.2 —-57.1 0.5 —65.5

a All Energy Units, kJ/mol. Experimental Enthalpies of Formation From NIST Database.

Notice that, to generate GA reactions with stoichiometric selecting the first two reference species @&d B results in
coefficients equal to the smallest integers, we divided all of the the following GA RER for B
elements in the first column ig by 2. The energies of the

speciesk; (i = 1, 2, ..., 9) are equal to the experimental 10B;
enthalpies of formatiomf;H?i (i=1,2,..,9) and are presented 9B, B, B)=|1 1B, =3B, —3B,+B,=0
in Table 5. 0 3 B¢

Cornventional StabilitiesAccording to eq 22, to evaluate the
conventional stabilities, it is necessary to know the equilibrium Hence, the conventional stability ofsBs
energies of the reference speciES{i = 1, 2, ..., 5). The latter

need to be evaluated separately, i.e., excluding the test species. 1 0 E™ _
This can be done by, first, evaluating separately the overall . 10 ~8384
y , _ eq| _ —
stabilities of the reference specie®,(i = 1, 2, ..., 5), and S=11 E(Z) =1 1 —-104.73 = 115.47 kJ/mol
then, using eq 11, to find the equilibrium energies, i.e., 0 3 E 03531

Ef9=E’— S(i=1,2, .., 5). Because ramk= 2, the number _ _ _ _
of linearly independent GA reactions among five reference Any other selection of two reference species will result in
species is equal to 5 2 = 3. These may be selected, for precisely the same stability. For instance, selectinguid B

instance, as gives
p =B, —2B,+B,=0 AE>=AH?=0.0 kJ/mol 108,
g(B;, B3, Bg) =|1 2 B3| =3B, —3B;+2B,=0
p,=2B,—3B,+B,=0 AE)= AHj = —0.3 kd/mol 0 3 Bs
p3=3B,—4B,+B;=0 AE}= AH}=0.2 kJ/mol . 10E |10 -8384
S=31 2 E%| =|1 2 —125.62 = 115.47 kd/mol
thus resulting in the following stoichiometric matrix and energy 2 0 3 E° 0 3 53.1
changes vector 6
B. B. B. B. B Similar calculations for B Bg, and B give $ = 111.56 kJ/
1 2 3 4 5 .
1 21 0 0 mol, S = 28.05 kJ/mol, and; = 2.24 kJ/mol. Notice also that
P1 0_ 0.0 the stabilities of the test species are positive quantities; i.e., the
v=|[2 =30 1 0jlp, AE"= AH —0.3 test species are unstable (strained) with respect to reference
3 =40 0 1]p; 0.2 species
Overall Stabilities.To evaluate the overall stabilities, we first
Substitutingy and AEC in eq 14 gives generate an arbitrary set of linearly independent GA reactions
involving both test (B, By, B3, B4, Bs) and reference (8 B,
= (0.04, 0.03, 0.02;-0.29, 0.20) Bs, By) species, for instance
Knowing S andE® = AH?, we can evaluat&®d pp=B;—2B,+B;=0 AEY = AH? = 0.0 kJ/mol
_ _ _ 0__ 0_ _
E*=S— E°= (~83.84,—104.73,~125.62,~146.51,— p;=2B,~ 3B, +B,=0 A =AH;=~0.3 kJ/mol
167.40] ps=3B,— 4B, +B,=0  AES= AHZ=0.2 ki/mol

Now, the conventional stabilities ofsBB7, Bs, and B may be ps=3B,—3B,+Bs=0 AEJ= AHJ=115.8 kJ/mol
evaluated according to eqs 22 and 23, i.e., as the energy

(enthalpy) change of an arbitrary GA RER. Because @rk ps=4B, —4B,+ B, =0 AE0 AHO =112.0 kd/mol
2, a GA RER in this system involves no more than rgnk 1

— 2+ 1 = 3 species. One of these species should be the test pg= 5B, —5B,+ Bz =0  AE}= AHg= 28.1 kJ/mol
species whereas the remaining two species may be selected 0 0

arbitrarily from the list of reference species. For instance, p;=6B, —6B,+By=0 AE; = AH;= 2.3 kJ/mol
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Thus
Bl BZ B3 B4 BS BG B7 BB BQ
1 -2 1.0 0 0 0 0 Ofp
2 -3 01 0 0 0 0 Ofp,
3 =4 0 0 1 0 0 0 0lps
v=]3 =3 0 0 0 1 0 O Ofpy
4 -4 0 0 0 0 1 0 Olps
5 -5 0 0 0 0 0 1 Ofps
6 —-60 0 0 0 0 O 1fps L
0.0
-0.3
0.2
AE’=AH’=(115.8
112.0
28.1
2.3
| [

The overall stabilities of the species calculated according to eq
14 are presented in Table 5. As expected, the most unstable

(strained) species are cyclopropang)(8nd cyclobutane (B.
Interestingly, cyclopentane gBand cyclohexane (@} are the

most stable species in this system, i.e., more stable than the

reference species.

Relative Stabilities According to the above development, the
relative stabilities of the test specieg By, Bg, and B are equal
to their overall stabilities in the subsystems (B,, B3, B4, Bs,
Be), (B1, B, Bs, Bs, Bs, By), (B1, B2, Bs, Bs, Bs, Bg), and (B,
B, B3, By, Bs, Bg), respectively. As an example, consider the
relative stability of B. Our starting point is a set of linearly
independent GA reactions, e.g.,

p;=B,—2B,+B;=0  AE)= AH{= 0.0 kd/mol

p,=2B,—3B,+B,=0 AEJ=AHS= —0.3 kd/mol
p3=3B,—4B,+B;=0  AE3= AHj=0.2 kJ/mol

ps=3B,—3B,+Bs=0 AEj= AHJ=115.8 kJ/mol

The stoichiometric matrix and energy change vectors are

Bl BZ B3 B4 BS BG

1 -21 0 0 0lo, 0.0
12 =30 1 0 O0|p 0__ o_|—-0.3
V=13 —40 0 1 0lps AETAH =02

3 =30 0 0 1|ps 115.8

Employing eq 14, we obtair§, = 60.9 kJ/mol. Similar
calculations for the remaining test species give (Tabl&,5¥
43.1 kd/mol,S; = 8.0 kJ/mol, ands, = 0.5 kd/mol. Again, the
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group, namelyg, = CH,, the group matrix for the test species
becomes

N

Bs
B,
Bg
By

(23N 6) BF SV (e}

Thus, a GA reaction involves no more than rank 1 =1 +
1 = 2 species. An appropriate set of linearly independent GA
reactions may be selected as

pg=—4B;+3B,=0  AES= AH}= —127.2 kJ/mol

po=—5B;+3B;=0 AEj= AH)= —494.7 kJ/mol

pro=—6Bs+3By=0  AEJ,= AH), = —687.9 kJ/mol
This gives the following stoichiometric matrix and energy
change vector

By B, By B
—43 0 0]ps —127.2
v=|-50 3 0 |ps AE®=AH=[-494.7
-6 0 0 3 |pwo —687.9

Substitutingy and AE? in eq 14 and performing the matrix
operations, we obtai = 98.3 kJ/mol,S} = 55.9 kJ/mol,S

= —33.8 kJ/mol, anc& = —65.5 kJ/mol. As can be seen,
cyclopropane (B and cyclobutane (B are unstable whereas
cyclopentane (B and cyclohexane (§} are stable. Overall,
however, the instability (strain energy) decreases in the same
order.

Discussion and Concluding Remarks

It is well-known that the absolute stabilities of chemical
species cannot be evaluated on the basis of purely thermo-
chemical considerations. That is, except for the trivial case of
isomeric species, the thermochemical characteristics of the
species are not directly related to their stabilities. It is also well-
known that the only way to evaluate the stabilities of chemical
species is to employ certain stoichiometric considerations. These
stoichiometric considerations are various and strongly depend
up on the type of stability. So far, different types of stability of
species, mainly relative stabilities, have been considered
separately.

In this work, a general thermodynamic and stoichiometric
theory of stability of chemical species has been proposed. More
specifically, a new rigorous definition, as well as an analytical
equation for the stability, has been presented that explicitly
relates the thermochemical and stoichiometric characteristics of
the species. The main feature of this general result is a clear
interpretation of the stability. Thus, the stabilities of chemical
species can be always formulated in terms of a certain class of
stoichiometrically unique chemical reactions and their thermo-

instability (strain energy) decreases in the order cyclopropanechemical characteristics. This interpretation also reveals that

(Bg) > cyclobutane (B) > cyclopentane (B > cyclohexane

several types of stabilities of species may be visualized and

(Bg). Notice that, numerically, the relative stabilities are less defined. In particular, in a system comprising a given set of

than the conventional stabilities.
Direct Stabilities.Finally, consider the direct stabilities of
test species 8 B7, Bg, and B, i.e., their stabilities with respect

reference and test species one can define and evaluate the overall
stabilities of the species. This type of stability is the most
complete in that it takes into account all possible contributions

to each other. Because all of the test species involve only onecoming from both reference and test species. The overall
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stabilities may be further decomposed into relative and direct  Alternatively, a complete list of GA RERs may be generated
stabilities. Clearly, the most useful and physically insightful type starting from an arbitrary set ah linearly independent GA
of stability is the relative stability, i.e., the stability of a given reactions. Let these be

species with respect to a certain set of reference species. As

shown in this work, the relative stability of species is closely

related to the conventional stability. At the same time, the p1= V1B F VB + . v B, =0

conventional stability, as distinct from the relative stabilit _ —

defined in this WOI‘k},/ is not appropriately normalized. As i\ P2 = VaBy F vBy o B, =0
consequence, in many cases the conventional stabilities of the

species are erroneous.

p

Pm=VmB1 T VpBo + ..+ v B, =0 (Ada)

Appendix: Enumeration of GA RERs oo . oo .
PP Let furtheriy, iy, ..., iq, ig+1 @andjy, j2, ..., im-1 be two ordered

The main property of the GA RERs is their stoichiometric sets of integers satisfying the condition

uniqueness. This means that the GA RERs are independent of

the way they are generated. Here we briefly discuss two different l=sip<ip<..<ig< qu =p
methods of the enumeration of GA RERs. o

Most easily, the GA RERs may be enumerated starting from 1=)i<l< . <ipy=p
the group matrixg, eq 3. If theq + 1 species involved in a GA {igi 5 7-q, -qﬂ} U{ip i it ={ 1,2, ...p}

RER are B, Bi,, ..., B, Bi,,, Whereiy, iz, ...,iq, ig+1 is a set of
integers satisfying the conditiondi; <iy < ... <ig <ligt1 =<

p, then the general equation of a GA RER denotedy(®,, Then, the set of speciesBB;, ..., B, may be partitioned into
Biz ... By Bigy) is given by two subsets. The first one comprisgs- 1 species B, Bi,, ...,
i1 Bi» Bigia that are involved in a GA RER whereas the second
_ _ subset comprises the remainipg- (q + 1) = m — 1 species
9B, By, - B, B ) ZVik(g)B'l NG Bi Bj, ... B, that are not involved in a GA RER.
Accordingly, the set oin linearly independent GA reactions
where eq A4, may be presented as
Elll €i1,2 (] 0 q+1
E|21 6|2,2 6|2q 0 Zvl'kB'k+ ZVth i
e . N
€1 €2 ... €9 O k. Vz. B, + sz
vik(g)= €1 €2 ... g 1 (A2)
€igal Ciga2 o Cipa O
. v e »
€1 €2 ..€%q O E
elq E‘q E_q Pm Z mi |k+ Z mj, Jh (AS)
igrpl Tigrn2 e Vigepd 0

An ivalent w. write th m ion i . S
equivalent way to write the same equation Is Consider now the derivation of a RERB;,, Bi,, ..., B, Bi..,)

B, B B,B,,)= by linearly combining the above set oflinearly independent
- i GA reactions

9.1 G2 .. Y

1

%1 G2 . Gua By 9B, B, . B, B )=yt App ot Ao =0

e .. |=0 (A3) (A6)

9,0 Y2 .. Y Biq

Gpat Giga2 - Yigaa B‘q+1 Clearly, 11, Ao, ..., Am Need to be selected so as to eliminate the
species B, Bj, ..., B, i.e., them — 1 species that are

A similar equation is valid for the energy change of a GA not involved in a GA RER. This procedure results in
RER

9,1 %2 ..%q E Vij, Vi, e Vijpy P2

9,1 G, . 9,9 B, g(B. B, .., B,B )= Vai, Vai, . V2i., P2 -0
AE(Q) = |... e e (A4) 7 T T Pty e

glql giq,Z gqu Eiq vajl vajz ’vajml Pm

[FISTENTE giqﬂ,q Eiq+1 (A7)
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Taking into account the explicit form qgf1, p, ...
we further have

] Pm: qusy

gl(Bil' Biz’ o as' Bis+1) -
qt+1 m-

1
’V .
- Tlimg Zvl,ikBik+ Zvl,thjl
= =

qt+l m-

1
’V .
- V2 Evz’ikBik+ VZ,thjh
= =

Vij, Vaj,
Vo, V2,

gt+1 m1
V.-

Mg Z‘Vm,ikBik + ZVm,thjh

= A=
Vi, Vi,
q+1 . .
— Z Vaj, Vi,
&l ..
Vi, Vmj

mj, .. ’Vm,jn,r1

mj, “mj, ...

ST ST

TR TH Bik+
Vm,ik
Vi, V1,

m1
Z”z,j1 Vaj,
&l ..

1/m,jl Vm,j2 Vm,jm1 Vm,jh

ST ST

Vi Ve, B =0
In

It is seen that whenevdr= 1, h=2, ...,.h=m — 1 two

columns in the second determinant are equal and, consequently,
the determinant is equal to zero. That is, the stoichiometric

coefficients of the species;BB;,, ..., B, are equal to zero,

i.e., are not involved in the resulting GA RER. Hence, the

equation of the GA RERY'(Bi,, Bi,, ..., By, Bi.,) is
q+1
9B, B, ...B,B_)= Zv’ik(g)Bikz 0 (A8)
k=
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where
Vi, Vg, e Vi, Vi
v'i(9) = 2y V2ip e V2ing V2i (A9)
Ymj, Ymj, oo Ymj, Vi,

Obviously, the thermodynamic functions of the GA RERs may
be expressed through the thermodynamic functions of the
linearly independent GA reactions, p2, ..., pm Via similar
relations, i.e.,

Vi, Vi, .. V1, AE
Voi Vo Vo AE

AE(g)= | 2 "2 o Hm T2 (A1)
Vm,jl Vm,jz Vm,jml AEm

The stoichiometric uniqueness of the GA RERs implies that
9B, B, ..B,B_)=v9B.B,...B,B_) (All)
wherey is a constant.
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